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Abstract

A lo largo de los últimos años, ha surgido un gran reto, los diferentes gobiernos muestran
una mayor concienciación medioambiental debido a una mayor preocupación por el cambio
climático. Los Vehículos Eléctricos (VE) están desarrollándose con el objetivo de reducir las
emisiones de gas invernadero, y aumentar el uso de energías renovables.

Las baterías constituyen una parte importante del VE, ya que su desarrollo representa la
clave para ser atractivos para los clientes (tiempo de carga, autonomía, suponen la mitad del
coste del VE, etc.).

Este trabajo presenta un cargador de VE bidirectional adaptable a la fase de la Red.
Permite la carga de la batería (en horas de precio bajo) y vender energía a la Red cuando
es cara. Es capaz de hacerlo con una corriente sin armónicos y con factor de potencia de
desplazamiento unitario, eliminando el problema de los VE que existen en el mercado.

A su vez, el algoritmo permite detectar si la conexión es trifásica o monofásica, y adapta
el cargador.

La función de ecualización de las celdas de la batería es implementada para evitar un
envejecimiento prematuro o explosión de la batería. Además, se realiza un mapeo de la salud
de las celdas, que permite su análisis y cambio.

Finalmente se implementa la función de compensación de potencia reactiva y regulación
de la tensión en el Punto de Conexión Común.

Los resultados de simulación y experimentales presentados validan el cargador diseñado.





Abstract

Along the last years, the research on electric vehicles has become of special interest due
to the environmental awareness (which leads to autoemission standards getting stricter to
follow, more efficient transportation vehicles, Government incentives, etc.), the continuous
increase of the oil price, because of the natural resource exhaustion and the instability in the
Middle Easet, etc. Hybrid Electric Vehicles (HEVs) were the first proposed solution to the
trend toward more electric vehicles, and nowadays Electric Vechiles (EVs) are coming out
more and more.

Batteries represent an important element in EVs, as its development represents the key
for EVs to be attractive for the customers (charging time, battery autonomy, battery life, etc.),
and in addition it supposes approximately half of the total cost.

A Phase-Adaptive Bidirectional EV Charger is presented, and developed simulation and
experimental results validate its performance. It allows the battery charge (G2V - Grid to
Vehicle mode), demanding energy from the Grid in peak-off times, and the Vehicle to Grid
(V2G) operation, which delivers the energy back to the Grid in peak times of electrical
consume. These operations are carried out by using a novel Balanced Sinusoidal Source
Current control strategy, which allows a perfect sinusoidal and balanced source current in
phase with the positive sequence fundamental component of the phase-neutral Grid voltage,
achieving a unity displacement power factor. In this way, the charger turns the car into a
smart vehicle, reducing the existing problem of harmonic current demand by EV and PHEVs,
and improving the power quality of the electric power system.

In addition, a single-phase and three-phase connection is allowed with this EV charger, as
a phase detection function is implemented, which allows the algorithm to detect if the Grid
with which the EV is connected is single-phase or three-phase, and configures the suitable
parameters to accomplish its bidirectional operation properly.

Equalization systems are necessary as series strings of batteries are utilized, and imbalance
conditions can lead to poor performance and safety hazards. Balancing is not enough when
battery aging manifests; therefore, a health management is essential. A novel active battery
equalization control is presented, which is able to accomplish its balancing management
during both driving and charging EV operations. On-line unhealthy cell detection and cell
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change decision is implemented by taking advantage of the balancing system topology,
whose design is detailed. Simulation results prove the correct equalization during driving,
and experimental results validate the equalization and unhealthy cell detection functions.

Finally, the reactive power compensation and the PCC voltage regulation is implemented.
It is achieved according to an established reactive power and PCC voltage reference. Simula-
tion and experimental results prove how the reactive power is being compensated, and the
PCC voltage regulated. The saturation of the reactive current is used to keep the power under
predefined limits.
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R resistance

Ratio ratio of energy losses

RC Resistor-Capacitor network

SecMax Security Zone at maximum voltage

SecMin Security Zone at minimum voltage

SoC State of Charge (%)

SW switch

T temperature

t time

Tindex active semiconductor switch (transistor) numbered by index

V constant or RMS voltage

v voltage

Greek Symbols

∆η efficiency degradation

ηeq equalization efficiency

Subscripts

1 fundamental component of an alternating variable

ambient ambient temperature

avg average

Bat battery pack

BMS,re f reference value comes from the BMS

c capacitor

Celli ith-cell

ch battery charging operation
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charger charger

ci ith-capacitor

cuto f f cutoff frequency of a filter

d direct-axis

disch battery discharging operation

eq equalization

equiv equivalent

f inal final value

GS MOSFET Gate-Source

I current

i subscript index

ilower corresponding lower cell for the ith-element

inv inverter

iupper corresponding upper cell for the ith-element

junction junction temperature

L inductor

loss loss

LPFilter Low Pass Filter

max maximum

meas measured

min minimum

min1 minimum difference when difference is increasing

min2 minimum difference when difference is decreasing

N Nominal
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n subscript index

OC Open Circuit

q quadrature-axis

re f reference

RthCS thermal resistance from case to heatsink

RthJC thermal resistance from junction to case

RthSA thermal resistance from heatsink to ambient

s represents the Grid value in single-phase, and a, b, and c values for the phase-a,
phase-b, and phase-c, respectively, in a three-phase system

sample utilized sample time

series series connection

sw switch

Total total calculation

v voltage

Other Symbols

v̂ peak value of v

V RMS value of v

N
∑

i=0
summation of the sequence of consecutive integers from 0 to N

u unit vector of v

v⃗ space vector v

Acronyms / Abbreviations

1ph single-phase

3ph three-phase

AC alternating current
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ac alternating current

ASRF Autoadjustable Synchronous Reference Frame

BEV Battery Electric Vehicle

BMS Battery Management System

BSSC Balanced Sinusoidal Source Current

CAN Controller Area Network

DC direct current

dc direct current

EMI Electromagnetic Interference

ESS Energy Storage Systems

EU Europe

EV Electric Vehicles

EV SE Electric Vehicle Supply Equipment

G2V Grid to Vehicle

LEMU Local Energy Management Unit

LFP Low Pass Filter

PCC Point of Common Coupling

PF Power Factor

PFC Power Factor Correction

PHEV Plug-in Hybrid Electric Vehicles

PI Proportional-Integral

PPF Passive Power Filter

PV Photovoltaic solar energy

PWM Pulse-Width Modulation
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RES Renewable Energy Sources

RMS Root Mean Square

T HD Total Harmonic Distortion

T PT L−PFC Three-Phase Three-Level Power Factor Correction

US United States

V 2G Vehicle to Grid

V 2H Vehicle to Home

ZCT Zero Current Transition

ZV T Zero Voltage Transition



Chapter 1

Introduction

The fossil fuel has been the dominant primary source of energy in the existing transport.
However, it is common knowledge that the reserves of fuel in the Earth are limited. In
addition, due to the instability in Middle East and the increasing concern for the ecosystem,
alternative energy is acquiring major relevance.

A big challenge is being pursued, governments are concerned with a more environmentally
friendly world due to an increasingly global climate change awareness. Plug-in Hybrid
Electric Vehicles (PHEV), and Electric Vehicles (EV) are emerging with the aim of a
reduction in the greenhouse gas emissions, and the usage increase in more efficient and
sustainable energies [1–3]. As a result, along the last years, the research on EVs has become
of special interest.

An important part in EVs is the battery, as its development represents the key for EVs to
be attractive for the customers (charging time, battery autonomy, battery life, etc.), and in
addition it supposes approximately half of the total cost. Many different battery technologies
are being analyzed for portable applications, however lithium based batteries are currently
the best option, as they provide high voltage and adequate energy density and power density
[2, 4–12].

The battery charger converts the alternating current distributed by the mains into the
direct current needed to recharge the battery. This mode of operation is known as Grid to
Vehicle (G2V). However, the Vehicle to Grid (V2G) concept has arisen in the last years,
allowing returning back to the Grid the energy stored in the battery packs that has not been
used by the vehicle.

At present, there are commercial EVs in the market, but their battery chargers are single-
phase unidirectional G2V chargers, which in turn demand a current with a high distortion.
From the Grid point of view, these EVs behave as non-linear loads, causing harmonic
disturbances in the voltage at the point of coupling. Taking into account the exponential
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increase in the usage of EVs expected in the next years, it is very essential to develop
non-disturbing chargers in order to contribute to improve the power quality of the electrical
distribution, as EVs can play the role of a source of energy storage. This new function is
based on the Smart Grid tendency, as it is expected an electrical Grid evolution from the
centralized to the distributed generation.

In Chapter 2, a novel on-board Phase-Adaptive Bidirectional EV Charger is presented,
which allows both G2V and V2G operation modes, demanding or injecting into the Grid
sinusoidal and balanced currents, with unity displacement power factor, contributing to
the improvement of the power quality. This charger is phase-adaptive, detecting the phase
connection with the Grid (single-phase or three-phase), and adapting the algorithm parameters
to properly perform its function with both single-phase and three-phase Grid connections.

On the other hand, EVs require battery packs with large strings of cells in series (cell
is called each battery that makes up the EV battery pack) to meet the necessary battery
requirements. Nevertheless, imbalance of cells is very usual and an important matter in the
battery system life. An unbalanced battery can cause premature cells degradation, explosion,
or capacity reduction. Attending to the aforesaid problems, it is undoubtedly necessary to
implement a battery equalization system, which provides a safe and effective use of the
battery.

In Chapter 3, a novel battery equalization active method is presented by applying a
novel control to a Shunt Transistor-based equalization method. In addition, an on-line cell
deteriorated detection and change decision is implemented.

Finally, due to the growth of the renewable energies and the EVs, the electronic converters
play an important role in the distribution systems, as active functions could be applied to
manage the power flow. Therefore, in Chapter 4, a new function is added and implemented
in the Phase-Adaptive Bidirectional EV Charger algorithm: reactive power compensation,
implementing a saturation of the reactive current in the algorithm, in order to keep the system
under safety limits. Simulation results prove how the reactive power is being compensated
and the saturation of the reactive current is used to keep the power under predefined limits.

Chapter 5 analyzes the different conclusions and further work suggestions.



Chapter 2

Electric Vehicle Battery Charger -
Bidirectional Operation

2.1 Background

Electric Vehicles (EV) are coming out more and more looking for the usage increase in more
efficient and sustainable energies (PAPER-XXI).

Battery chargers represent a crucial part in the development of the EVs (Electric Vehicle).
They must perform with high efficiency and reliability, and are a key factor for the charging
time and the battery life [13]. Their performance relays on the utilized components, and
the designed control and switching strategies. Nowadays, a great study of charger models
is being carried out, and reviewed in Section 2.2; however, most of the PHEVs (Plug-in
Hybrid Electric Vehicles) and the EVs (Electric Vehicles) battery chargers on the market
behave as nonlinear loads, which generate significant amount of harmonic current, and cause
harmonic disturbances in the voltage at the point of coupling. An experimental measurement
of the current demanded by a commercial car (Reva-i) using a Fluke 1760 Three-Phase
Power Quality Recorder has been conducted. The waveform of the current while charging
the battery is shown in Fig. 2.1a, and the harmonic spectrum is displayed in Fig. 2.1b. The
Total Harmonic Distortion (THD) of the demanded current is over 20%, far exceeding the
value recommended by the standard IEEE-519.

It is expected an exponential increase in the usage of EVs in the next years; so EVs will
be an integral component in the operation of Smart Grids, and therefore, their power quality
impact, concerning voltage profile, fundamental and harmonic losses, current Total Harmonic
Distortion and current imbalance have to be properly assessed. The impact of the EVs in the
Grid power quality is being analyzed in recent years [14–16].
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(a) Reva-i measured current waveform while charging the battery

(b) Reva-i current harmonic spectrum while charging the battery

Fig. 2.1 Reva-i charging current analysis
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The Society of Automotive Engineers (SAE) has taken the lead on developing power
quality and charge efficiency requirements for vehicles. The SAE Standard J2894 [17]
provides guidelines and standards for the quality of the charging voltage and current at the
vehicle itself. It is based on Electric Power Research Institute (EPRI) Recommended Practice
TR-109023 [18], but it is more exigent concerning power quality issues comparing to it: the
current THD is reduced from 20% to 10% and the power transfer efficiency is increased
from 85% to 90%. Since this document is listed by the National Institute of Standards and
Technology (NIST) as a reference standard for the Smart Grid, it is very important to design
battery chargers capable of fulfilling it.

At present, most of commercial EVs utilize single-phase unidirectional G2V (Grid to
Vehicle) chargers (the energy flows from the Grid to the EV battery); however, the concept of
V2G (Vehicle to Grid) is arisen (the energy stored in the EV battery pack that has not been
used is returned back to the Grid). Fluctuations in the consumers demand to the Grid [19],
which occurs every day, together with the need for voltage and frequency regulations, lead
the electrical Grid to have many inefficiencies which are costly and wasteful [20, 21]. High
demand, which exceeds the capacity of the base-load power plants, is alternated with periods
of low demand that could lead to circumstances with wasted unused energy. An increased
market penetration of the EVs including V2G functions could reduce the electrical demand
problem, bringing about a network stability of the distributed generation development, and
improving the efficiency of the Grid [22–25]. The bi-directional charger operation must be
carried out by drawing a clean sinusoidal current in phase with the Grid to avoid harmful
harmonic currents and poor power factor.

Regarding this new trend, specially in homes equipped with charging points for EVs, in ad-
dition to the G2V and V2G operation modes, the EVs can also behave as a voltage source capa-
ble to feed the home loads. This operation is known as Vehicle to Home (V2H). An optimized
power demand to the Grid can be achieved (PAPER-IV,PAPER-XV,PAPER-XVI,PAPER-XVIII).

Another critical issue to take into account in the development of charging equipments is
the time required to recharge EV batteries. It depends on the total amount of energy that can
be stored in the battery pack, and the power available from the battery charger. According to
it, the design of three-phase chargers will allow, on the one hand, managing a higher power
flow between the battery and the Grid and, on the other hand providing or demanding a
three-phase constant power, contributing to attain balanced voltages in the distribution Grid.
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2.1.1 Charging Modes and Infrastructure

The different EV charging modes define the charger power, the effect on the grid, the charging
time, location, and effect on the Grid [13]. These modes, which are described in the standard
IEC 61851-1:2014 [26], are

• Mode 1: EVs are connected to the Grid through a non-dedicated circuit and socket-
outlet (AC - alternating current), with no communication with the vehicle. There is a
current limitation of 16A and a voltage limitation of 250V ac (single-phase) or 480V
ac (three-phase). The power is between 3.7kW (single-phase)-11kW (three-phase).
Earthing is required. There is no in-cable control box.

• Mode 2: EVs are connected to the Grid through a non-dedicated circuit and socket-
outlet (ac), with in-cable control box. There is a control function and a protective
function integrated in the cable or the wall-side plug. Pilot signal functions are
incorporated. There is a current limitation of 32A and a voltage limitation of 250V ac
(single-phase) or 480V ac (three-phase). The power is between 7.4kW (single-phase)-
22kW (three-phase). Earthing is required.

• Mode 3: Fixed and dedicated charge post. A dedicated circuit and socket-outlet
is utilized. Communication functions are defined. The power is between 14.5kW
(single-phase)-43.5kW (three-phase).

• Mode 4: Fast charge (CHAdeMO standard). Dedicated charge post (Electric Vehicle
Supply Equipment, EVSE). The EV is connected to an off-board DC charger. The
current is limited to 400A. The power is between 38-170kW. It has a permanently
installed control and protective function.

The Standard SAE J1772 citeSAE1772, proposes a different classification of charger
power levels (which is presented in [13, 27]), defining three power levels:

• Level 1: This is the slowest method. The voltage level is 120V ac (US)/ 230V ac
(EU). It utilizes an on-board single-phase charger with a power of 1.4kW (12A) and
1.9kW (20A). It is typically used for charging at home or office, using a non-dedicated
socket-outlet.

• Level 2: It is considered the primary method for dedicated private and public facilities.
The voltage level is 240Vac (US)/ 400Vac (EU). It utilizes an on-board single-phase or
three-phase charger, with a power of 4kW (17A), 8kW (32A) and 19.2kW (80A). It
requires a dedicated EVSE (Electric Vehicle Supply Equipment).
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• Level 3: This is a fast charging method, installed in highway rest areas and city
refueling points. It operates with a 208-600Vac three-phase circuit, and the EV is
connected to a DC off-board charger. The charging power is between 50kW-100kW. It
requires a dedicated EVSE.

The EVSE should be located in the EV for Level 1 and Level 2, in Level 3 it should be
outside.

The standard IEC 62196-2:2011 determines the plugs and socket-outlets that can be
utilized to charge the EVs [28]. This standard covers the basic interface accessories for
vehicle supply as specified in IEC 62196-1 [29], and intended for use in conductive charging
systems for circuits specified in IEC 61851-1:2010.

IEC 62196-2:2011 defines three plug types:

• TYPE 1: SAE J1772 plug, also named Yazaki plug. It allows up to 7.4kW and 32A. It
is only valid for single-phase and DC charging. It is preferred in US.

• TYPE 2: VDE-AR-E 2623-2-2 plug, also named Mennekes plug. It allows up to
43.5kW and 63A. It can be utilized for single-phase, three-phase and DC charging. It
is preferred in Europe.

• TYPE 3: EV Plug Alliance, also named Scame plug, It allows up to 43.5kW and 63A.
It can be utilized for single-phase and three-phase. It is preferred in France.

For a DC charging two more plugs can be found:

• JARI DC fast charge plug. It is developed by TEPCO and is based on the CHAdeMO
protocol. Utilized for Mode 4 (Level 3) operations, with a power up 50kW-100kW,
and a 200V-500V DC voltage.

• Combo plug. There are two versions: the DC pins are combined with the Type 1 plug
in the US version, and with the Type 2 plug in the European version.

[13] presents a wide list of other different international charging codes and standards for
EVS.

2.1.2 Our Contribution

Based on the EV battery charging modes (Section 2.1.1), and a review of the different
solutions (Section 2.2), we are focusing on an on-board level 1 and 2 bidirectional battery
charger. Along the last years, a great study of the battery charger control for PHEVs and EVs
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has been carried out [30–32], but most of them can only charge the battery or do not take
into account the Grid power quality.

The contribution of our work to this field is the development of a novel battery charger,
which is presented in Section 2.3, whose control strategy is applied to a simple topology in
order to check that it allows bi-directional operation, charging of the battery and feeding
power from the vehicle to the Grid. Both V2G (Vehicle to Grid) and G2V (Grid to Vehicle)
modes (the energy frows from the EV battery to the Grid and from the Grid to the battery,
respectively) are implemented, and are carried out taking into account the power quality. The
battery charging and discharging are achieved demanding or injecting into the Grid currents
without harmonics and with unity displacement power factor, regardless of whether the Grid
voltage is ideal (sinusoidal) or distorted, contributing to the concept of Smart Grids. No
disturbances in the Grid voltage can affect the generated reference current to demand or
inject into the Grid, as the reference current is generated from the fundamental component of
the phase-neutral Grid voltage.

This control allows single-phase and three-phase operations. Section 2.3.3 presents how
the algorithm can detect the connection type and determine the phase configuration to adapt
the control to single-phase or three-phase.

Simulation results are presented in Section 2.4, and the system validation with experi-
mental results in Section 2.5.

2.2 Electric Vehicle Battery Charger Review

A large amount of complete battery charger reviews can be found [13, 20, 33–37]. The
typical nominal battery voltage levels for EV applications are between 300V and 400V; as
the Grid voltage is 120V ac/230V ac, the rectification stage is usually chosen boost, with the
aim of fending off an avoidably high conversion ratio between the DC-link and the battery.
A general EV battery charger classification is depicted in Fig. 2.2.

Fig. 2.2 presents five different classification categories.
Attending to the charger location, battery chargers can be on-board (they are located

inside the EV) or off-board (the charger is partially located outside the EV).
By taking into account the charger connection, on-board chargers can be conductive

(they use direct contact and a cable between the EV plug and the socket-outlet) and induc-
tive/wireless (the power is transferred magnetically).

Based on the charger topology, dedicated (the battery charger is independent of the EV
motor) and Integrated (the EV motor windings are utilized as the inductors for the battery
charger) chargers can be listed. Two-stage converters include an AC/DC converter stage
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Fig. 2.2 General EV battery charger classification

connected to a DC/DC converter stage, which are categorized inside the charger electrical
waveform category. The AC/DC converter transforms the AC parameters (voltage and
current) into DC ones; then the DC/DC converter adapts the AC/DC converter output voltage
into the DC voltage suitable for the energy storage unit, which is usually a battery.

According to the charger energy flow direction, the battery chargers can be unidirectional
(they can only perform a G2V operation) and bidirectional (they can perform G2V and V2G
operations).

The main topologies are presented along the next sections.

2.2.1 Unidirectional AC/DC Converters

Conventional AC/DC Boost Converter

This topology is based on a diode bridge that rectifies the Grid voltage (vs). For a single-
phase (1ph) configuration (Fig. 2.3a), the diodes D1 and D4 conduct when the Grid voltage is
positive, and D2 and D3 conduct when the Grid voltage is negative. The output voltage is then
boosted, obtaining the converter DC output voltage. The three-phase (3ph) configuration,
shown in Fig. 2.3b, behaves similarly by applying the aforementioned explanation for each
individual phase, where va is the phase-a voltage, vb is the phase-b voltage, and vc is the
phase-c voltage. D1 , D3, and D5 diodes conduct for positive phase current flows (the Grid
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(a) Single-phase (b) Three-phase

Fig. 2.3 Schematic of a unidirectional Conventional AC/DC Boost Converter

(a) Single-phase (b) Three-phase

Fig. 2.4 Schematic of a unidirectional Interleaved AC/DC Boost Converter

to Vehicle direction is considered the positive direction) for phase-a, phase-b, and phase-c,
respectively; otherwise, D2 , D4, and D6 conduct.

This topology is only valid for low power because of the diode bridge conduction losses,
and the drawback of the inductor design for high power.

Interleaved AC/DC Boost Converter

Interleaving has been proposed to reduce battery charging current ripple and inductor size.
Based on the Conventional AC/DC Boost Converter, it consists of two boost converters in
parallel, operating 180◦ out of phase. It has the advantage of paralleled semiconductors.
With ripple cancellation at the output, it also reduces stress on output capacitors. However, as
occurs to the previous one, it presents high bridge rectifier conduction losses. This topology
is preferred by the industry for on-board charging applications and is used for 3.3kW level-2
chargers. Single-phase and three-phase versions of this topology are shown in Fig. 2.4.

Symmetrical and Asymmetrical Bridgeless AC/DC Boost Converter

These converters keep the boost topology and avoid the need for the rectifier input bridge,
so they obtain higher efficiencies at higher power levels. However, the electromagnetic
interference (EMI) increases.
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(a) Single-phase (b) Three-phase

Fig. 2.5 Schematic of a unidirectional Symmetrical Bridgeless AC/DC Boost Converter

(a) Single-phase (b) Three-phase

Fig. 2.6 Schematic of a unidirectional Asymmetrical Bridgeless AC/DC Boost Converter

A schematic of the Symmetrical Bridgeless AC/DC Boost Converter is shown in Fig. 2.5
for single-phase and three-phase configurations. Attending to Fig. 2.5a, four different
operating modes are implemented: when the Grid voltage is positive, in case T2 is o f f
(mode 1), the current flows through the diode D1, through the capacitor and DC side, and
finally through the diode D2. In case T2 is on (mode 2), the current flows through the switch
T2, and through the diode D4; meanwhile the capacitor is discharging and supplying current
to the DC side. mode 3 occurs when the Grid voltage is negative and T4 is o f f . In this mode,
the current flows through D2, then through the capacitor and DC side, and finally through D1.
If the switch T4 is on (mode 4), the input current flows through T4 and then passes through
D2; meanwhile the capacitor is discharging and supplying current to the DC side. A similar
description can be stated for the three-phase configuration (Fig. 2.5b).

Fig. 2.6 illustrates the asymmetrical version for single-phase and three-phase configura-
tions. Attending to the single-phase configuration, for a positive Grid voltage, during mode 1
the current flows through D1, the capacitor and DC side, and finally through the diode D4;
during mode 2, the current flows through the switch T2 (which is on) and D4, while the
capacitor is discharging and supplying current to the DC side. For a negative Grid voltage, in
mode 3 the current passes through D3, the capacitor and DC side, and D2; and during mode 4
D3 and T1 are conducting, whilst the capacitor is discharging and supplying current to the
DC side.
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2.2.2 Bidirectional AC/DC Converters

Dual-Buck AC/DC Half Bridge Converter

This converter is presented in [33], and is a modification of the Symmetrical and Asymmetrical
Bridgeless AC/DC Boost Converters. It places the two active semiconductor switches in a
diagonal structure, and in consequence a four-quadrant operation is accomplished. As the
switches are not connected in series, there is no need of shoot through protection. Single-
phase and three-phase versions of this topology are shown in Fig. 2.7. The converter operating
principle for a single-phase configuration is detailed in [38]:

For the rectifier mode, the positive and negative Grid voltage half cycles are analyzed as
follows. In the positive half cycle, when T4 is on, the capacitor CDClink2 is discharged, and
the energy of both CDClink1 and CDClink2 is transferred to the DC side. When T4 is off and
D3 is on, the capacitor CDClink1 is charged, and the energy of both CDClink1 and CDClink2 is
transferred to the DC side. In the negative half cycle, when T1 is on, the capacitor CDClink1

is discharged, and the energy of both CDClink1 and CDClink2 is transferred to the DC side.
When T1 is off and D2 is on, CDClink2 is charged, and the energy of both CDClink1 and CDClink2

is transferred to the DC side. For the inverter mode, a similar analysis can be carried out,
However, in this case, the energy is transferred from the DC side to the Grid.

Active semiconductor switches are controlled to generate a two-level unipolar voltage
waveform on the AC side in each half cycle: +vCDClink1 (CDClink1 capacitor voltage) and
−vCDClink2 (CDClink2 capacitor voltage) voltages.

Inverter mode and three-phase configurations follow a similar analysis.

AC/DC Half-Bridge PWM Converter

In Fig. 2.8, the single-phase and three-phase configurations are illustrated. A four-quadrant
power transfer can be performed. T1 and T2 (similarly for T3 and T4) cannot be turned on at
the same time, as it would cause a fault current (a short circuit or shoot through would take
place). It must be avoided by including dead times.

The positive and negative Grid voltage half cycles are analyzed for the single-phase
configuration rectifier mode, and a similar analysis can be carried out for the inverter mode
(which transfers the energy from the DC side to the Grid). A similar study can be applied to
the three-phase configuration as well.

T1 and T2 are alternately being turned on and off, allowing the current to pass through
them or through the diodes, as these ones are forward biased when their associated transistor
is on. For the rectifier mode, in the positive half cycle, When T1 is on (T2 is off ), the current
flows through D1, the capacitor CDClink1 is charged, and the energy of both CDClink1 and
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(a) Single-phase

(b) Three-phase

Fig. 2.7 Schematic of a Bidirectional Dual-Buck AC/DC Half-Bridge Converter

(a) Single-phase (b) Three-phase

Fig. 2.8 Schematic of a Bidirectional AC/DC Half-Bridge PWM Converter

CDClink2 is transferred to the DC side. When T1 is off (T2 is on), the capacitor CDClink2 is
discharged, and the energy of both CDClink1 and CDClink2 is transferred to the DC side. In
the negative half cycle, when the switch T1 is on, the capacitor CDClink1 is discharged, and
the energy of both CDClink1 and CDClink2 is transferred to the DC side. Otherwise, if T1 is
off, the current flows through D2, CDClink2 is charged, and the energy of both CDClink1 and
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CDClink2 is transferred to the DC side. Overall, in the positive half cycle, CDClink1 is always
charged, but CDClink2 is always discharged; and in the negative half cycle, CDClink1 is always
discharged, but CDClink2 is always charged. The charge balance is maintained through the
entire line cycle.

Active semiconductor switches are controlled to generate a two-level unipolar voltage
waveform on the AC side in each half cycle: +vCDClink1 (CDClink1 capacitor voltage) and
−vCDClink2 (CDClink2 capacitor voltage) voltages.

According to [39], this topology reduces the DC-link voltage ripple and balances the
supply currents, even when the supply voltages are unbalanced.

AC/DC Full-Bridge PWM Converter

In comparison with the AC/DC Half-Bridge PWM Converter, the component stresses are
lower in the AC/DC Full-Bridge PWM Converter; although, the complexity and cost of
control circuitry is higher.

The rectifier (G2V) and the inverter (V2G) modes follow similar analysis. On the
other hand, the three-phase configuration operates almost exactly like three independent
single-phase circuits that share the same capacitor and DC side.

Two different three-phase configurations, with similar analysis, are presented in Fig. 2.9b
and Fig. 2.9c. Their comparison in [39] concludes that the Four-legged three-phase one
reduces the DC-link voltage ripple and balances the supply currents, even when the supply
voltages are unbalanced.

T1 and T4 are turned on simultaneously; the same with T2 and T3. If T1 and T4 are on,
T2 and T3 are off, and vice versa. When the transistors are activated, the current can pass
through them, or through their paralleled diodes that are forward biased. The single-phase
(Fig. 2.9a) rectifier mode acts as follows: in the positive half cycle, when T1 and T4 are on (T2

and T3 are off ), the current flows through D1 and D4, the capacitor CDClink is charged, and
the energy of CDClink is transferred to the DC side. When T1 and T4 are off (T2 and T3 are on),
the capacitor CDClink is discharged as the current passes through T2 and T3, and the energy of
CDClink is transferred to the DC side. In the negative half cycle, when the switches when T1

and T4 are on, the current passes through them, the capacitor CDClink is discharged, and the
energy of CDClink is transferred to the DC side. Otherwise, if T1 and T4 are off, the current
flows through D2 and D3,which are forward biased, CDClink is charged, and the energy of
CDClink is transferred to the DC side.

Active semiconductor switches are controlled to generate a two-level unipolar voltage
waveform on the AC side in each half cycle: +vCDClink (CDClink capacitor voltage) and −vCDClink

voltages. A different control could add an extra voltage level (0V) by activating T2 and T4.
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(a) Single-phase

(b) Three-legged three-phase (c) Four-legged three-phase

Fig. 2.9 Schematic of a Bidirectional AC/DC Full-Bridge PWM Converter

AC/DC Three-Level PWM Converter

These converters, shown in Fig. 2.10 for single-phase and three-phase configurations, are
used at high power ratings at high voltages with boost voltage for bidirectional power flow.
They provide a high power quality at the Grid side with reduced THD, high power factor and
reduced EMI noise. In addition, the boost operation is performed regulating the DC output
voltage, and ripple free, insensitive to load and supply disturbances [39]. On the other hand,
they present a higher complexity, control circuitry and cost.

The single-phase configuration (Fig. 2.10a) is analyzed, which can be applied to the
three-phase one. In the rectifier mode, it operates there are six valid witching states [40].
Both CDClink1 and CDClink1 transfer energy to the DC side.

• State 1. T1, T2, and T6 are activated. The capacitors are charged in case of rectifier
mode (G2V), or discharged in case of inverter mode (E2V). The voltage generated on
the ac side (between the points a and b) is vCDClink1 + vCDClink2 .

• State 2. T2, T3, and T6 are activated. CDClink2 is charged (in G2V operation), or
discharged (in V2G operation). The voltage generated on the ac side is vCDClink2 .

• State 3. T3, T4, and T6 are activated. The voltage generated on the ac side is 0V.
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(a) Single-phase

(b) Three-phase

Fig. 2.10 Schematic of a Bidirectional AC/DC Three-Level PWM Converter

• State 4. T1, T2, and T5 are activated. The voltage generated on the ac side is 0V.

• State 5. T2, T3, and T5 are activated. CDClink1 is additionally discharge (G2V) or
charged (V2G). The voltage generated on the ac side is −vCDClink1 .

• State 6. T3, T4, and T5 are activated. CDClink1 and CDClink2 are additionally discharge
(G2V) or charged (V2G). The voltage generated on the ac side is −vCDClink1 − vCDClink2 .

As a result, three different voltage levels are generated on the AC side for each Grid
voltage cycle. For the positive Grid voltage cycle: ±vDClink (where vDClink = vCDClink1 +

vCDClink2), ±vDClink/2 (where vDClink/2 is vCDClink1 or vCDClink2), and 0V .

2.2.3 DC/DC Converters

Unidirectional DC/DC converters are not analyzed due to their simplicity. Attending to the
bidirectional ones, presented below, the change of the bidirectional topology active switches
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Fig. 2.11 Schematic of a Half-Bridge Bidirectional DC/DC Converter

(transistor paralleled with a diode) by a simple diode yield to the unidirectional configurations
(which works only for G2V operations), and a similar analysis can be brought about.

Half-Bridge Bidirectional DC/DC Converter

This converter (Fig. 2.11) works as a buck converter in one direction (when charging the
battery with G2V operation) and as a boost one in the other (when discharging the battery
with V2G operation). T1 and T2 are controlled with a PWM signal, and have opposite values.

In G2V operation, when T1 is on, the current flows through the transistor to charge the
battery; and when T1 is off the current charges the battery though D2.

During V2G operation, when T1 is on, the current flows through the forward biased diode
D1 to discharge the battery; and when T1 is off the current discharges the battery though T2.

This topology can operate at any direction with fewer components than other topologies,
so the control circuitry is simplified. However, the inductor might be bulky.

Dual Active Bridge Bidirectional DC/DC Converter

Dual Active Bridge Bidirectional DC/DC Converter
Two full-bridges (already explained) are utilized. This topology is shown in Fig. 2.12. When
G2V operation, the active bridge made up with T1, T2, T3, and T4, converts the DC voltage
obtained from the DC-link (output of the AC/DC converter) into an AC voltage. This voltage
passes through the transformer to the active bridge made up with T5, T6, T7, and T8, which
rectifies the signal that is then delivered to the battery.

The opposite process is carried out for a V2G operation.
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Fig. 2.12 Schematic of a Dual Active Bridge Bidirectional DC/DC Converter

2.2.4 Integrated Chargers

In [13], it is explained how Integrated chargers are used to minimize weight, volume and cost.
These topologies utilize the motor windings for filter inductors, or an isolated transformer
and the motor drive inverter serves as a bidirectional AC/DC converter. Low cost and high
power bidirectional EV charge can be implemented.

Two-Motors Two-Inverters Integrated Battery Charger

The EV contains two motors. The main motor starts up the engine when the vehicle is being
driven), and charge the battery during battery charging mode. The auxiliary motor is utilized
to deliver regenerative energy to the battery (during driving) and charges the battery during
battery charging mode. Both motors are used as inductors for the AC/DC converters. This
topology is shown in Fig. 2.13.

One-Motor One-Inverter Integrated Battery Chargers

Three different topologies can be considered depending on the motor type ([13]):

• Nonisolated/Isolated Cases for Induction Motors. A similar analysis can be carried
out in comparison with the Two-Motors Two-Inverters Integrated Battery Charger;
however, in this case there is only one motor.

• Nonisolated/Isolated Cases for Permanent Magnet Motors. Each phase is connected to
two parallel Full-Bridge converters as illustrated in Fig. 2.14. The Grid is connected to
center taps in each phase, splitting the currents into equal and opposite portions.
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Fig. 2.13 Schematic of a Two-Motors Two-Inverters Integrated Battery Charger

Fig. 2.14 Schematic of a Nonisolated/Isolated Cases for Permanent Magnet Motors
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Fig. 2.15 Schematic of a Nonisolated/Isolated Cases for Reluctance Motors

• Nonisolated/Isolated Cases for Reluctance Motors. The phase windings are utilized to
form the AC/DC converter as shown in Fig. 2.15.

2.2.5 Analysis of the Converters and Battery Chargers

Unidirectional chargers only allow G2V operations, but they present lower complexity,
size and cost. Bidirectional chargers allow both G2V and V2G operations; however, the
bidirectional power flow must overcome the battery degration due to the frequent cycling.

Integrated chargers decrease the volume and cost. Two-Motors Two-Inverters Integrated
Battery Charger can operate with high power, and does not need extra filter inductors. Its
control complexity is high. One-Motor One-Inverter Integrated Battery Chargers have less
control complexity, size, and weight. It does not need additional filtering, and can operate
at high power. However, they can present high magnetization currents, special winding
configuration, or extra cost [13].

On-board chargers are power limited. Off-board ones imply higher cost.
For conductive chargers, the driver needs to plug-in the cable, inductive chargers are

power limited.
Conventional AC/DC Boost Converter is widespread for low-power applications, but it

is not valid for power levels higher than 1kW [33]. Interleaved AC/DC Boost Converter
decreases the current ripple, utilizes smaller inductors, and reduces the current of the active
switches, but diode conduction losses are still high. Symmetrical and Asymmetrical Bridge-
less AC/DC Boost Converters present higher efficiencies. Dual-Buck AC/DC Half Bridge
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Converter allows a bidirectional operation with increased efficiency. It requires two coupling
inductors. AC/DC Half-Bridge PWM Converter needs fewer components, with lower cost
and control complexity, but it presents high component stress. In AC/DC Full-Bridge PWM
Converter more components are needed, and the control complexity and cost are higher;
nevertheless, the component stress is lower. AC/DC Three-Level PWM Converter performs
with a higher control complexity, number of components, and cost. On the other hand, it
presents a high efficiency. Half-Bridge Bidirectional DC/DC Converter utilizes fewer compo-
nents, but the inductor could be bulky for high current. In Dual Active Bridge Bidirectional
DC/DC Converter, the control complexity and size are higher. The efficiency is high.

2.3 Proposed Battery Charger Topology, Algorithms and
System Functionalities

For this study, the EV battery and the Grid are considered the flow source and sink, re-
spectively; and therefore, the sign flow criterion follows: the bidirectional battery charger
performs a battery discharging mode (flow from the battery towards the Grid, what corre-
sponds to a positive direction), and a battery charging mode (flow from the Grid towards the
battery, what corresponds to a negative direction)

The battery charger topology is designed by connecting two stages. Stage 1 is a Half-
Bridge Bidirectional DC/DC Converter (presented in Section 2.2.3). This topology is
chosen as the proposed control can be implemented, and in addition, it offers high efficiency
bidirectional capability, and low cost and circuit complexity. Stage 2 is a single-phase AC/DC
Full-Bridge PWM Converter and a three-phase AC/DC Half-Bridge PWM Converter for
the single-phase and three-phase analysis, respectively. The chosen three-phase topology is
explained in Section 2.2.2. It offers high efficiency bidirectional capability and according to
[39], this topology reduces the DC-link voltage ripple and balances the supply currents, even
when the supply voltages are unbalanced. The chosen single-phase topology is explained in
Section 2.2.2. It offers high efficiency bidirectional capability and lower component stress.

The DC/DC converter is in charge of adapting the battery output voltage to the suitable
inverter input voltage, and fix it to a constant level, regardless of a battery voltage variation
due to its State-of-Charge (SoC). The aim of the bidirectional inverter is whether to convert
the DC values (from the DC/DC converter) to the suitable AC values, in order to inject (or
demand) sinusoidal currents in phase with the voltage into the Grid; or convert the AC values
(from the Grid) to the suitable constant DC values (in case the battery is being charged) with
which the DC/DC converter works.
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Fig. 2.16 General electric diagram of the three-phase bidirectional battery charger

2.3.1 Three-Phase Topology

The three-phase bidirectional battery charger topology is shown in Fig. 2.16.

The control strategy and tracking technique, together with simulation and experimental
results, are presented in Appendix B, and Appendix C, and the most important aspects are
pointed out below.

The bidirectional DC/DC converter (Half-Bridge Bidirectional DC/DC Converter, pre-
sented in Section 2.2.3) is connected to the battery by a filter inductor that has an associated
inductance (Ldc) and internal resistance (Rdc).

The bidirectional AC/DC converter (three-phase AC/DC Half-Bridge PWM Converter,
presented in Section 2.2.2) is connected to the Grid at the Point of Common Coupling
(PCC) as follows: the mid-point of each leg is connected to each Grid phase through a filter
inductor that has an associated inductance (La, Lb, and Lc, for phase-a, phase-b, and phase-c,
respectively) and internal resistance (Ra, Rb, and Rc, for phase-a, phase-b, and phase-c,
respectively). The mid-point of the DC-link is connected to the Grid neutral conductor with
no impedance.

Each leg works with its own Grid phase independently.

Control Strategies

The control strategies generate the reference currents for each converter. They try to maximize
the use/injection of AC power from/into the Grid, reducing the power ratios: load harmonic
factor and load unbalanced factor.
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As explained for the single-phase topology, the DC/DC converter is controlled by the
battery current, iBat . The reference current value is received as a command from the Battery
Management System (BMS) as follows:

iBat = IBMS,re f . (2.1)

The novel control strategy proposed for the AC/DC converter is a Balanced Sinusoidal
Source Current (BSSC) strategy, which tries to attain a unity displacement power factor. This
ratio is maximum if the positive-sequence fundamental active power is equal to the effective
apparent power. With this control strategy, in the V2G operation mode, the injected current
is balanced, sinusoidal, and in phase with the Grid positive-sequence fundamental voltage.
In the charging operation mode (G2V), the current demanded from the Grid is balanced,
sinusoidal, and against phase with the Grid positive-sequence fundamental voltage.

The Space Vector in abc coordinates of the phase-neutral Grid voltage (⃗vs) is defined as

v⃗s =

 va

vb

vc

 , (2.2)

where va, vb, and vc are the instantaneous values of the phase-neutral Grid voltages for
phase-a, phase-b, and phase-c, respectively.

The norm of v⃗s (∥⃗vs∥) is obtained as

∥⃗vs∥=
√

v2
a + v2

b + v2
c . (2.3)

i⃗s represents the Space Vector of the Grid current (inverter output current) instantaneous
values for phase-a, phase-b, and phase-c.

i⃗s =

 ia
ib
ic

 , (2.4)

where ia, ib, and ic are the instantaneous values of the Grid currents for phase-a, phase-b, and
phase-c, respectively.

The norm of i⃗s (
∥∥∥⃗is,meas

∥∥∥) is obtained as

∥∥∥⃗is
∥∥∥=√i2a + i2b + i2c . (2.5)
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By considering (2.2) and (2.4), the inverter reference current Space Vector in abc coordi-
nates is obtained by multiplying a constant, K, by the unit vector of the positive-sequence
fundamental component of the measured phase-neutral Grid voltage (⃗u+s1

), yielding to

i⃗s,re f = K · u⃗+s1,meas. (2.6)

The instantaneous reference inverter output power (pinv) is defined as

pinv = v⃗s,meas ·⃗ is,re f . (2.7)

where v⃗s,meas is the Space Vector of the measured phase-neutral Grid voltage instantaneous
values for phase-a, phase-b, and phase-c; and i⃗s,re f is the reference Grid current Space Vector.

From (2.6) and (2.7), pinv is determined as

pinv = v⃗s,meas ·K · u⃗+s1,meas = v⃗s,meas ·K ·
v⃗+s1,meas∥∥⃗v+s1,meas

∥∥ , (2.8)

where v⃗+s1,meas is the Space Vector in abc coordinates of the positive-sequence fundamental
component of the measured phase-neutral Grid voltages, and its norm is

∥∥⃗v+s1,meas
∥∥.

The calculation of the mean value of pinv yields

Pinv = pinv =
K∥∥⃗v+s1,meas

∥∥ · v⃗s,meas · v⃗+s1,meas, (2.9)

where Pinv is the inverter output active power; and K and
∥∥⃗v+s1,meas

∥∥ are constant values.

As only components with the same harmonic order and the same sequence yield the
average value, (2.9) follows

Pinv =
K∥∥⃗v+s1,meas

∥∥ · v⃗+s1,meas · v⃗+s1,meas =
K∥∥⃗v+s1,meas

∥∥ ·∥∥⃗v+s1,meas
∥∥2

= K
∥∥⃗v+s1,meas

∥∥ . (2.10)

By finding K,

K =
Pinv∥∥⃗v+s1,meas

∥∥ . (2.11)

Neglecting the power losses in the charger, Pinv equals the mean value of the charger
input power, that is to say, the output battery power, according to

Pinv = vBat,meas · iBat,meas, (2.12)
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Fig. 2.17 General block diagram of the three-phase bidirectional inverter control strategy

where vBat,meas and iBat,meas are the measured instantaneous battery voltage and current,
respectively.

By including (2.11) and (2.12) in equation (2.6), i⃗s,re f is calculated as

i⃗s,re f = K · u⃗+s1,meas =
Pinv∥∥⃗v+s1,meas

∥∥ · u⃗+s1,meas =
Pinv∥∥⃗v+s1,meas

∥∥ · v⃗+s1,meas∥∥⃗v+s1,meas
∥∥ . (2.13)

Finally, from (2.13), the inverter reference current Space Vector is determined as

i⃗s,re f =
vBat,meas · iBat,meas∥∥⃗v+s1,meas

∥∥2 · v⃗+s1,meas. (2.14)

The Matlab/Simulink block diagram of the inverter control strategy is displayed in
Fig. 2.17.

An Autoadjustable Synchronous Reference Frame (ASRF) has been used to obtain the
positive-sequence fundamental component of the Grid voltage.

Tracking Techniques

The switching signals of both converters are generated with a Dead-Beat controller [41–43].
In a Dead-Beat control (Fig. 2.18), the control algorithm calculates the necessary duty cycle
to allow the phase current to reach its reference at the end of the following modulation period
(Tc). This unit delay is due to the use of a sampler. At any particular sampling instant, the
current state of the controlled output is sampled while a control signal is sent to the process at
the same time. The consequence of this control action will be observed at the next sampling
instant.
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Fig. 2.18 Dead-Beat control

Attending to Fig. 2.16, the duty cycle for the DC/DC converter can be calculated from

Ddc · vdc = vBat − vRdc − vLdc, (2.15)

where Ddc is the DC/DC converter duty cycle, vdc is the DC-link voltage, vBat the battery
voltage, and vRdc and vLdc are the voltage of the inductor internal resistance and the inductance,
respectively.

According to Fig. 2.16 and Fig. 2.18, equation (2.15) can be rewritten as

Ddc · vdc = vBat − iBat,meas ·Rdc −Ldc
iBat,re f − iBat,meas

Tc
, (2.16)

where iBat,re f is the reference battery current, and iBat,meas is the measured battery current.

It is important to note that the subscripts re f and meas are utilized to mention reference
and measured values, respectively.

Based on (2.16), the duty cycle of the DC/DC converter control is calculated as

Ddc =

(
vBat − iBat,meas ·Rdc −Ldc

iBat,re f − iBat,meas

Tc

)
· 1

vdc
(2.17)

From (2.17), the block diagram of the current controller for the DC/DC converter is
shown in Fig. 2.19.

Attending to Fig. 2.16, by assuming that the two capacitors in the DC-link have the same
voltage, the duty cycle for one of the legs of the inverter can be calculated from

Dacs ·
vdc

2
+(1−Dacs) ·

(
−vdc

2

)
= vRs + vLs + vs, (2.18)

where Dacs is the duty cycle for phase-a, phase-b, and phase-c; vdc is the DC-link voltage,
vRs and vLs are the voltage of the inductor internal resistance and the inductance (for phase-a,
phase-b, and phase-c), respectively, and vs is the instantaneous phase-neutral Grid voltage.



2.3 Proposed Battery Charger Topology, Algorithms and System Functionalities 27

Fig. 2.19 Block diagram of the current controller for the DC/DC converter

From (2.18), it can be obtained

Dacs ·
vdc

2
− vdc

2
+Dacs ·

vdc

2
= vRs + vLs + vs, (2.19)

that can be simplified as

Dacs · vdc −
vdc

2
= vRs + vLs + vs. (2.20)

According to Fig. 2.16 and Fig. 2.18, equation (2.20) can be written as

Dacs · vdc −
vdc

2
= is,meas ·Rs +Ls

is,re f − is,meas

Tc
+ vs, (2.21)

where is,re f is the reference phase Grid current and is,meas the measured phase Grid current.
Therefore, the duty cycle of one of the legs of the inverter control is calculated as

Dacs =

(
is,meas ·Rs +Ls

is,re f − is,meas

Tc
+ vs +

vdc

2

)
· 1

vdc
. (2.22)

Attending to (2.22), the block diagram of the three-phase current controller for the inverter
is shown in Fig. 2.20.

In the previous expressions which calculate the duty cycle for both the DC/DC converter
and the inverter, the small variations in the estimation of the parameters are compensated
by the term of the reference currents, which are obtained from the output of the stable
PI controller. The DC/DC converter final reference current determination can be seen in
Fig. 2.21a, and follows

i∗Bat,re f = KiBat
p ·

(
iBat,re f − iBat,meas

)
+

KiBat
i
s

·
(
iBat,re f − iBat,meas

)
, (2.23)
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Fig. 2.20 Block diagram of the current controller for the AC/DC converter

where KiBat
p and KiBat

i are the proportional and integral constants of the PI controller for the
reference battery current controller loop.

The three-phase inverter final reference current determination can be seen in Fig. 2.21b,
and follows

is,re f , f inal = is,re f −

(
Kisre f

p ·
(
vdc,re f − vdc,meas

)
+

Kisre f
i
s

·
(
vdc,re f − vdc,meas

))
·v+s , (2.24)

where Kisre f
p and Kisre f

i are the proportional and integral constants of the PI controller for the
reference Grid current controller loop.

Based on Fig. 2.16, Fig. 2.22 shows a schematic that explains how the different stages in
the battery charger are linked.

2.3.2 Single-Phase Topology

The single-phase bidirectional battery charger topology is shown in Fig. 2.23.

The control strategy and tracking technique, together with simulation and experimental
results, are presented in Appendix A, and the most important aspects are pointed out below.

The bidirectional DC/DC converter (Half-Bridge Bidirectional DC/DC Converter, pre-
sented in Section 2.2.3) is connected to the battery by a filter inductor that has an associated
inductance (Ldc) and internal resistance (Rdc).

The bidirectional AC/DC converter (single-phase AC/DC Full-Bridge PWM Converter,
presented in Section 2.2.2) is connected to the Grid at the Point of Common Coupling
(PAPER-VII), PCC, as follows: the mid-point of each leg is connected to the Grid phase
through a filter inductor that has an associated inductance (La) and internal resistance (Ra),
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(a) Reference battery current PI control

(b) Reference DC-link voltage PI control

Fig. 2.21 Block diagram of the reference battery current and DC-link voltage PI controls

Fig. 2.22 Schematic of the different control stages for the battery charger

and with the neutral wire by a filter inductor that has an associated inductance (Lb) and
internal resistance (Rb).
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Fig. 2.23 General electric diagram of the single-phase bidirectional battery charger

Control Strategies

The control strategies generate the reference currents for each converter.They try to maximize
the use/injection of AC power from/into the Grid, reducing the power ratios: load harmonic
factor and load unbalanced factor.

The DC/DC converter is controlled by the battery current, iBat . The reference current
value is received as a command from the Battery Management System (BMS) as follows:

iBat = IBMS,re f , (2.25)

where iBat is the battery current, and IBMS,re f is the reference current value that comes from
the BMS.

A novel Sinusoidal Source Current control strategy is proposed for the bidirectional
inverter. The aim of this control strategy is that the charger injects (or demand) into the Grid
a current without harmonics, in phase with the fundamental component of the phase-neutral
Grid voltage, attaining a unity displacement power factor.

A similar analysis as the one followed for Section 2.3.1 can be followed. The only
difference that has to be taken into account is that the phase-b and phase-c voltage and current
values are set to zero. Therefore, from (2.2), the Space Vector in abc coordinates of the
phase-neutral Grid voltage (⃗vs) is defined as

v⃗s =

 vs

0
0

 , (2.26)

where vs is the instantaneous value of the phase-neutral Grid voltage.
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Fig. 2.24 General block diagram of the single-phase bidirectional inverter control strategy

The Space Vector of the Grid current (inverter output current) instantaneous value is
defined as

i⃗s =

 is
 , (2.27)

where i⃗s is the Grid current Space Vector and is is the instantaneous value of the Grid current.

By considering (2.26) and (2.27), from (2.14), the inverter reference current Space Vector
is determined as

i⃗s,re f =
Pinv

∥⃗vs1,meas∥2 · v⃗s1,meas. (2.28)

In single-phase ∥⃗vs1,meas∥ follows

∥⃗vs1,meas∥=Vs1,meas, (2.29)

where Vs1,meas is the fundamental component of the measured Grid voltage.

In conclusion, the final inverter reference current is determined as

is,re f =
vBat,meas · iBat,meas

V 2
s1,meas

· vs1,meas, (2.30)

where is,re f and vs1,meas are the instantaneous values of the reference Grid current and
measured Grid voltage, respectively. vBat,meas and iBat,meas are the measured instantaneous
values of the battery voltage and current, respectively.

Fig. 2.24 shows the Matlab/Simulink block diagram that generates the inverter reference
current.
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(a) Positive slope (b) Negative slope

Fig. 2.25 Hysteresis-Band tracking technique to follow the reference current in the DC/DC
converter

An Autoadjustable Synchronous Reference Frame (ASRF) has been used to obtain the
positive-sequence fundamental component of the Grid voltage, according to [44]. The ASRF
block will be treated in Section 2.3.3.

Tracking Techniques

The switching signals of both converters are generated with a synchronous Hysteresis-Band
controller. At every sample time, the measured current is compared with the reference current
(equation (2.25) or (2.30), depending on the converter). In case the measured current is lower
than the reference one, a positive slope for the current is needed to decrease the error and the
configuration in Fig. 2.25a is applied; otherwise, the configuration in Fig. 2.25b is carried
out. Fig. 2.25 shows the schematic of the Hysteresis-Band for the DC/DC converter.

In order to achieve a proper operation of the inverter, it is necessary to satisfy

vdc > 2vRac + v̂s, (2.31)

where vdc is the DC-link voltage (inverter input voltage), vRac is the voltage of the associated
inverter inductor series resistance, and v̂s is the peak value of the phase-neutral Grid voltage
(which is the maximum instantaneous value the voltage can reach).

Attending to Fig. 2.23, the inverter can work in two different configurations:

a) T3 and T6 are on; T4 and T5 are off.

By analyzing the inverter, and assuming La = Lb = Lac and Ra = Rb = Rac, it can be
obtained

vLac =
vdc −2vRac − vs

2
> 0, (2.32)

where vLac is the instantaneous inductor voltage (the voltage associated with the
inductance), and vs is the instantaneous value of the phase-neutral Grid voltage.
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This configuration is utilized to obtain a positive slope for the inverter current, because
vLac is always positive since (2.31) is assumed, and its variation is negligible during
the sample time (it is considered that it remains constant during the sample period).

b) T3 and T6 are off ; T4 and T5 are on.

A new analysis provides

vLac =
−vdc −2vRac − vs

2
< 0. (2.33)

According to (2.31), vLac is always negative and it can be concluded that the inverter
output current is a straight line with a negative slope.

In the previous expressions, the small variations in the estimation of the parameters are
compensated by the term of the reference current, which is obtained from the output of the
stable PI (Proportional-Integral) controller for the DC/DC and AD/DC converters, as it will
be seen later.

2.3.3 Phase-Adaptive Bidirectional EV Charger

In Section 2.3.2 and Section 2.3.1, the proposed bidirectional single-phase and three-phase
charger controls, respectively, were presented.

As it has been mentioned previously, there is a large variety of charger control proposals;
however, all of them focus on either single-phase or three-phase operation. In Section 2.1.1,
the different charging modes and plugs were briefly analyzed. The different charging modes
(according to the standard IEC 61851-1:2014) allow single-phase and three-phase operations,
in Mode 1 and Mode 2. EVs are connected to non-dedicated socket-outlets, and Mode 1 has
neither communication nor protection.

Based on this reasoning, a Phase-Adaptive function is proposed and integrated in this
work. It allows automatically detecting the type of Grid to which the EV charger is connected
(single-phase or three-phase), and adapts the algorithm to perform the proper bidirectional
operation. This additional function allows the user to connect the EV with both a single-phase
and a three-phase Grid connection.

Phase-Adaptive Bidirectional EV Charger Topology

The final charger topology utilized for both the single-phase and three-phase operation is the
one detailed for Section 2.3.1.
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Fig. 2.26 Connection of the TYPE 2 plug for the three-phase operation

By utilizing the plug TYPE 2 (IEC 62196-2:2011), the electrical connections for the
three-phase and single-phase operation are shown in Fig. 2.26. L1, L2, and L3 represent
the phase-a, phase-b, and phase-c, respectively; and n represents the neutral connection.
The Proximity pin controls if the EV is connected to the Grid and locked. The Control
Pilot pin allows the communication to establish the maximum mains current transmission
(10A, 16, 32A, or DC fast charging). It is assumed that an adapter is connected to the
cable for the single-phase operation, that connects the L1 phase to the EV charger a-leg
(legT3−T4); and the neutral pin to the EV charger b-leg (legT5−T6), and the c-leg (legT7−T8). It
is also assumed that once the EV charger is connected to the Grid, the charger is initially
stopped and only measuring the Grid voltages; once the three-phase/single-phase operation is
detected, it starts working with either T 3−T 4−T 5−T 6−T 7−T 8 (three-phase operation)
or T 3−T 4−T 5−T 6 (single-phase operation, with T 7−T 8 = o f f ).

Voltage Characteristics of Electricity Supplied by Public Electricity Networks

The Grid voltage analyzed is focused on the Spanish mains: 230V of phase-neutral RMS
voltage value, and 50Hz of frequency.

Based on the utilized topology (explained in Section 2.3.3), for an ideal three-phase Grid,
the sum of the instantaneous phase-neutral Grid voltages (vsum) equals zero (its RMS value
is also zero), as shown in

vsum = va + vb + vc = 0V ⇒Vsum = 0V, (2.34)

where va, vb, and vc are the instantaneous values of the phase-neutral Grid voltage for phase-a,
phase-b, and phase-c, respectively. Vsum is the RMS value of vsum.
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Table 2.1 Odd harmonics - multiple of 3

Order h Relative voltage

3 5.0%
9 1.5%
15 0.5%
21 0.5%

In case the EV is connected to a single-phase Grid, the phase-neutral Grid voltage is
measured in the a-leg, and the measured voltage in the b-leg and c-leg are zero. As a result,
in an ideal case, the sum yields to a signal whose RMS value is 230V, as follows in

vsum = va + vb + vc ⇒Vsum = 230V. (2.35)

However, several standards must be taken into account when considering the voltage
characteristics of electricity supplied by public electricity networks: UNE-EN 50160:2011
[45], UNE-EN 61000-2-2:2003 [46], and UNE-EN 61000-2-12:2004 [47].

In a real situation, in a three-phase Grid connection, the sum could not be zero due to the
effect of the electrical perturbations, and there might be homopolar components due to:

• There might be DC component.

• There might be triplen harmonics.

• There might be unbalanced homopolar content in the fundamental component.

Table 2.1 presents the allowed disturbances for the triplen harmonics.
As a result, in a three-phase Grid connection with 230V of RMS nominal voltage value,

the maximum third-harmonic RMS value of the Grid voltage is three times (the triplen
homopolar components of phase-a, phase-b, and phase-c are in phase) the maximum third
harmonic RMS voltage value of one individual phase, yielding to

V3 =Va3 +Vb3 +Vc3 = 3 · (230V ·5%) = 34.50V, (2.36)

where V3, Va3 , Vb3 , and Vc3 are the maximum third-harmonic RMS value of the Grid voltage,
phase-a, phase-b, and phase-c Grid voltages, respectively, allowed by the current regulation.

A similar reasoning is carried out for the ninth-harmonic,

V9 =Va9 +Vb9 +Vc9 = 3 · (230V ·1.5%) = 10.35V, (2.37)
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where V9, Va9 , Vb9 , and Vc9 are the maximum ninth-harmonic RMS value of the Grid voltage,
phase-a, phase-b, and phase-c Grid voltages, respectively, allowed by the current regulation.

The fifteenth-harmonic is

V15 =Va15 +Vb15 +Vc15 = 3 · (230V ·0.5%) = 3.45V, (2.38)

where V15, Va15 , Vb15 , and Vc15 are the maximum fifteenth-harmonic RMS value of the Grid
voltage, phase-a, phase-b, and phase-c Grid voltages, respectively, allowed by the current
regulation.

Finally, the twenty-first-harmonic is

V21 =Va21 +Vb21 +Vc21 = 3 · (230V ·0.5%) = 3.45V, (2.39)

where V21, Va21 , Vb21 , and Vc21 are the maximum twenty-first-harmonic RMS value of the Grid
voltage, phase-a, phase-b, and phase-c Grid voltages, respectively, allowed by the current
regulation.

In conclusion, instead of zero, due to the triplen harmonics, the sum RMS value of the
phase-neutral Grid voltages can be expressed in terms of the RMS values of its Fourier series
components

Vtriplen =

√
V3

2 +V9
2 +V15

2 +V21
2 = 36.35V, (2.40)

where vtriplen, is the maximum triplen harmonic RMS value of the Grid voltage allowed by
the current regulation.

According to the standards, the homopolar component voltage in the fundamental com-
ponent (vhomopolar,1) must be lower than the relative voltage of 2%; and therefore,

Vhomopolar,1 = 3 · (230V ·2.0%) = 13.80V, (2.41)

where Vhomopolar,1 is the sum RMS voltage value of the three individual phase-neutral voltage
homopolar components.

If a DC component of 5% is admitted (VdcComp), then

VdcComp = 3 · (230V ·5.0%) = 34.50V, (2.42)

where VdcComp is the sum RMS voltage value of the three individual phase-neutral voltage
DC components.
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Fig. 2.27 General block diagram of the Phase-Adaptive bidirectional inverter control strategy

Finally, by taking into account the triplen harmonics (2.40), the homopolar component in
the fundamental component (2.41), and the DC component (2.42), the maximum expected
RMS voltage due to disturbances is

Vmax,disturbances =
√

V 2
triplen +V 2

homopolar,1 +V 2
dcComp = 51.98V. (2.43)

Phase-Adaptive EV Charger Algorithms

The inverter control strategy for the single-phase topology is displayed in Fig. 2.24. The
three-phase inverter control strategy is shown in Fig. 2.17. Fig. 2.27 presents the adaptation
that allows both single-phase and three-phase inverter control strategy generation.

It is also important to notice that attending to the previous sections, the three-phase
operation is implemented as previously explained; however, when the single-phase operation
is detected, the ASRF block must include the aforementioned modification, and in case a
Dead-Beat control is utilized, Dacs is calculated by considering Ls =La+Lb, and Rs =Ra+Rb

in (2.22).

Phase-Adaptive Function Simulation

The phase Grid detection function has been simulated in order to show the correct perfor-
mance. The block diagram that performs this decision is illustrated in Fig. 2.28.

As it can be seen in Fig. 2.28, the Grid instantaneous voltages are summed and its RMS
value is compared with 51.98V (this value is the one obtained in Section 2.3.3). In case
the sum value is lower, a three-phase Grid operation is selected (Phase = 1); otherwise, a
single-phase operation (Phase = 0) is carried out.

A simulation has been carried out where the phase-neutral RMS Grid voltage is 230V,
and the frequency is 50Hz. In addition, the mains presents an example of possible dis-
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Fig. 2.28 General block diagram of the phase detection function

Fig. 2.29 Simulation results of a phase detection decision

turbances that it can contains, that is to say, third harmonic (5%), ninth-harmonic (1.5%),
fifteenth-harmonic (0.5%), and twenty-first-harmonic (0.5%), what corresponds to the maxi-
mum allowed triplen harmonic disturbances, and homopolar component in the fundamental
component of 2%.

Fig. 2.29 illustrates the results obtained from the simulation. From top to bottom, in the
upper subplot the phase-neutral Grid voltages are shown; in the second subplot, the result
of summing these aforementioned voltages presents the voltage caused by the aforesaid
disturbances; the third subplot illustrates the RMS value of the disturbances voltage; and
finally, in the last subplot the phase detection decision is exposed.

Analyzing Fig. 2.29, initially 0.04s are taken by the system to become steady. At the
beginning, the EV is connected to a three-phase mains. The second subplot shows how
the sum is not zero, and it presents the result of the disturbances effect. The disturbances
RMS value is lower than 51.98V, and therefore, the last subplot displays 1, which means
“Three-phase mains connection is detected”. From 0.1s, the EV is connected to a single-phase
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Fig. 2.30 Block diagram of the ASRF algorithm

Grid (the sum RMS value becomes the RMS Grid voltage value) and 0.05s later, the decision
displays 0, which means “Single-phase mains connection is detected”. From 0.06s to 0.08s,
the first and second subplots are zoomed in order to detail the waveforms.

Autoadjustable Synchronous Reference Frame (ASRF)

An Autoadjustable Synchronous Reference Frame (ASRF) has been used to obtain the
positive-sequence fundamental component of the Grid voltage at the PCC, according to [44].

Fig. 2.30 presents the block diagram of the ASRF algorithm, where the subscript s is
utilized to reference a phase parameter in single-phase mode, and phase-a, phase-b, and
phase-c in three-phase mode. So, v⃗s is the phase-neutral Grid voltage Space Vector in
abc coordinates, for three-phase mode (according to 2.2) or single-phase mode (according
to 2.26). P represents the Park transformation matrix (it transforms from a-b-c to 0-d-q
coordinates), and vs,0, vs,d , and vs,q are the zero-sequence, direct-axis, and quadrature-axis
components of vs, respectively. LFP is a Low Pass Filter. v̄s,q is the DC term of vs,q, which
in turn is the quadrature-axis positive-sequence fundamental component of v⃗s(a,b,c). ω

is the rotation speed (rad/s). v̄s,d is the DC term of vs,d , which in turn is the direct-axis
positive-sequence fundamental component of v⃗s. P−1 is the inverse Park transformation; and
finally v⃗+s1

is the positive-sequence fundamental component phase-neutral Grid voltage Space
Vector.

The synchronization is obtained by annulling the mean value of the quadrature component
(v̄s,q). The mean value of the direct component (v̄s,d) becomes equal to the norm of the
positive-sequence fundamental component of the phase-neutral Grid voltage.

For a single-phase mode, this algorithm is also valid by clearing the input phase-b and
phase-c vectors (⃗vb = v⃗c = 0), and multiplying by three the output for the phase-a vector.
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Defining the Ratings of the Topology Components

An equivalent circuit of the single-phase EV battery charger topology (three-phase topology
follows similar analysis) is proposed in [48]. It can be represented by the cascaded connection
of a DC boost converter and a buck converter in the charging mode of operation.

Based on [48–50], the input current is controlled to be in phase with the Grid voltage, so it
follows a sinusoidal reference at Grid frequency. As the switching frequency is much higher
as compared to the Grid frequency, the current reference can be considered as a constant
value for a single switching period and the average value of the AC inductor ripple is to be
equal to this value. The Ac inductance value is given by

Ls =
vdc

4∆is fcac

. (2.44)

where Ls is the total ac inductance (coupling inductance), vdc is the total instantaneous value
of the DC-link voltage, ∆is is the acceptable ripple value of the inverter output current (ac
side), and fcac is the inverter switching frequency.

The lower the acceptable ∆is, the lower the inverter output current THD, but the higher
the value of Ls. A high Ls value leads to a greater number of turns and, hence, higher size
and weight. Size could be reduced by increasing the converter switching frequency ( fcac),
which in turn increases the switching losses. The inductance design must keep the tradeoff
between the Ls and fcac values.

When single-phase operation is carried out, in PFC (Power Factor Correction), because
the inverter output current is in phase with the Grid voltage, the power demanded or injected
into the Grid oscillates with twice the Grid frequency. The DC-link capacitor stores the
excessive energy when the power demanded from the Grid is higher than the power delivered
to the battery, and releases the stored energy in the opposite case. Therefore, the DC-link
voltage oscillates with the second harmonic of the Grid frequency as well [48, 49].

CDC−link =
2Pinv

ωc∆vdcVdc
. (2.45)

where CDC−link is the total ac capacitance of the DC-link, Pinv is the power injected/demanded
into the Grid, Vdc is the average value of the DC-link voltage, and is regulated by the control
algorithm of the inverter.



2.4 Simulation Results 41

Fig. 2.31 Block diagram in MATLAB-SIMULINK of the complete system

Finally, with the aim of limiting the ripple on the battery current, the total inductance
utilized for the bidirectional DC/DC converter is taken into account. As the battery voltage is
assumed to be constant, the DC/DC converter filter inductance, Ldc, is calculated by

Ldc =
vBat −

v2
Bat

Vdc

∆iBat fcdc

. (2.46)

where vBat and iBat are the instantaneous values of the battery voltage and current, respec-
tively; and fcdc is the DC/DC converter switching frequency.

As it was explained for the Ls design considerations, there is a tradeoff between the Ldc

and the fcdc values.

2.4 Simulation Results

The system is modeled and simulated by using MATLAB/Simulink, and the block diagram is
depicted in Fig. 2.31. The different variables that appear as inputs and outputs have already
been analyzed. In addition, it develops an scheme that can be analyzed in parallel with the
one in Fig. 2.22. A Dead-Beat has been utilized in the AC/DC converter.

Table 2.2 presents the simulation specifications for the system described in Section 2.3.3.
As it is explained in Section. 3.3.4, the battery model is based on an Open-Circuit Voltage

(represented by a controlled voltage source) in series with a resistance.

2.4.1 Single-Phase Simulation Results

With the aim of proving the correct performance of the system when the mains presents
disturbances, the Grid voltage includes a high harmonic distortion in the third-harmonic
(T HDv3 = 10%), and the seventh-harmonic (T HDv7 = 10%).
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Table 2.2 System specifications

Parameterc Value

Battery Type MP 176065 Integration (4 batteries) – Li-ion
RMS grid voltage 20V
Grid frequency 50Hz
Bus voltage (vdc) 90V
Ldc 10,540mH
Rdc 0,153Ω

La 15,848mH
Ra 0,383Ω

Lb 14,955mH
Rb 0,383Ω

Lc 13,277mH
Rc 0,381Ω

Tc 1/(20kHz)
Battery current −3A (G2V); 3A (V2G)

(a) G2V (b) V2G

Fig. 2.32 Single-phase G2V and V2G operations. Upper subplot, distorted Grid voltage
(T HDv3 = 10% and T HDv7 = 10%); lower subplot, reference and measured Grid currents

As the reference current is obtained from the positive-sequence fundamental component,
no harmonic distortion will affect the reference current generation.

Fig. 2.32 illustrates the phase-neutral Grid voltage (upper subplot). Its harmonic spectrum
is detailed in Fig. 2.33, which presents the expected harmonic distortion (3th and 7th har-
monics are distorted a 10%). The Grid voltage THD (Total Harmonic Distortion) is 14.1%,
calculated according to

T HDv = 100 ·

√√√√∑
h̸=1

(
Vsh

Vs1

)2

, (2.47)
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Fig. 2.33 Harmonic spectrum of the phase-neutral Grid voltage

where T HD is the Total Harmonic Distortion, the subscript v indicates the THD in voltage, h
indicates the order of harmonic, the subscript 1 represents the fundamental component, the
subscript sh is the combination of the subscript s (Grid) and h, and V represents the RMS
value. THD in current (T HDI) follows the same equation, changing the RMS voltage value
by the current one (I).

The lower subplot in Fig. 2.32 illustrates the generated reference Grid current and the
measured demanded one from the Grid (for a G2V operation), or measured injected one
into the Grid (for a V2G operation). Fig. 2.34 shows the harmonic spectrum of the current
demanded from the Grid (G2V), whose T HDI is 1.2%. The injected current harmonic
spectrum (V2G) is detailed in Fig. 2.35, in which it can be observed that its THD is 1.2%,
and its third-harmonic is the only one that presents distortion (approximately 1%).

2.4.2 Three-Phase Simulation Results

In this case, a different distortion has been included in the Grid voltage. Now the distortion is
included in the fifth-harmonic (T HDv5 = 20%), and the seventh-harmonic (T HDv7 = 10%).

It will be demonstrated again that as the reference current is obtained from the positive-
sequence fundamental component, no harmonic distortion will affect the reference current
generation.

Fig. 2.36 is focused on the phase-a Grid parameters. phase-b and phase-c follow similar
results as it will be seen later. It illustrates the phase-neutral Grid voltage in the upper subplot.
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Fig. 2.34 Harmonic spectrum of the Grid current during G2V operation

Fig. 2.35 Harmonic spectrum of the Grid current during V2G operation

The lower subplot in Fig. 2.36 illustrates the generated reference Grid current and the
measured demanded one from the Grid (for a G2V operation), or measured injected one into
the Grid (for a V2G operation).



2.5 Experimental Results 45

(a) G2V (b) V2G

Fig. 2.36 Three-phase G2V and V2G operations. Upper subplot, distorted Grid voltage
(T HDv5 = 20% and T HDv7 = 10%); lower subplot, reference and measured phase-a Grid
currents

(a) G2V (b) V2G

Fig. 2.37 Evolution of the measured and reference Grid currents (phase-a, phase-b, and
phase-c), when the Grid voltage is distorted

Fig. 2.37 shows the evolution of the measured and reference Grid currents (phase-a, phase-
b, phase-c), for G2V and V2G operations, when the mains presents harmonic distortion.

2.5 Experimental Results

A prototype has been built. The utilized parameters are the ones in Table 2.2, allowing a
comparison between simulation and experimental results. The control platform, DS1104
dSPACE, and a four branches SEMIKRON inverter are utilized to complete the system.
Tektronix TD5 510A oscilloscope is used to measure the desired signals. Two different
sources are employed: an ideal source voltage, which is the output of an autotransformer
whose input is the mains; and the voltage source “6834B AC Power Source/Analyzer”,
which provides harmonic distortion. The prototype is shown in Fig. 2.38, with the ideal and
distorted Grid sources.
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(a) Ideal Grid voltage (b) Distorted Grid voltage

Fig. 2.38 Built prototype

(a) Ideal Grid voltage (G2V mode) (b) Ideal Grid voltage (V2G mode)

Fig. 2.39 Experimental results obtained when the EV charger is connected to an ideal single-
phase Grid. From top to bottom, Grid voltage (50V/div) and current (1A/div), and battery
voltage (25V/div) and current (5A/div in G2V mode, 2A/div in V2G mode)

2.5.1 Single-Phase Experimental Results

Fig. 2.39 presents the measured signals of the Grid voltage and current, and battery voltage
and current, when the Grid is considered ideal. Both G2V and V2G operation modes are
shown.

Fig. 2.40 presents the same signals measured for the ideal Grid, although now the Grid
is distorted according to T HDv3 = 10% and T HDv7 = 10%, as it was designed to obtain
simulation results. The charge mode is the only mode that can be carried out since the AC
Power Source does not let the system to inject currents into the Power Source.
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Fig. 2.40 G2V mode. Experimental results obtained when the EV charger is connected to a
distorted single-phase Grid (T HDv3 = 10% and T HDv7 = 10%). From top to bottom, Grid
voltage (30V/div) and current (2A/div), and battery voltage (25V/div) and current (5A/div)

(a) Ideal Grid voltage (G2V mode) (b) Ideal Grid voltage (V2G mode)

Fig. 2.41 Experimental results obtained when the EV charger is connected to an ideal three-
phase Grid. From top to bottom, Grid voltage (50V/div) and current (2A/div in G2V mode,
1A/div in V2G mode), and battery voltage (25V/div) and current (5A/div)

As it can be seen, the high distortion presented in the Grid voltage does not affect the
Grid current, as the reference current generation is not affected.

2.5.2 Three-Phase Experimental Results

The measured signals of the Grid voltage and current, and battery voltage and current, are
presented in Fig. 2.41 when the Grid is considered ideal. Both G2V and V2G operation
modes are shown.

Fig. 2.42 shows from top to bottom the phase-a Grid voltage, and the evolution of the
measured Grid currents (phase-a, phase-b, phase-c), for G2V and V2G operations, when the
mains is ideal.
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(a) G2V (b) V2G

Fig. 2.42 phase-a Grid voltage (50V/div) and evolution of the measured Grid currents (2A/div
in G2V mode, 1A/div in V2G mode), phase-a, phase-b, and phase-c, when the Grid is ideal

(a) Distorted Grid voltage (50V/div); Grid current
(5A/div), Battery voltage (25V/div) and current
(5A/div)

(b) Measured Grid voltage (50V/div) and phase-a,
phase-b, and phase-c Grid currents (5A/div)

Fig. 2.43 Experimental results obtained when the EV charger is connected to a distorted
three-phase Grid

Charging and discharging currents are different due to the internal series resistance of
both the filters and the battery, what causes that the Grid currents have different levels and
the same ripple seems to be higher.

The same Grid voltage distortion defined in the simulation was implemented, that is
to say, T HDv5 = 20% and T HDv7 = 10%. The measured signals of the Grid voltage and
current, and battery voltage and current, are presented in Fig. 2.43a. The charge mode is
the only mode that can be carried out since the AC Power Source does not let the system to
inject currents into the Power Source.
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Fig. 2.43b shows from top to bottom the phase-a Grid voltage, and the evolution of the
measured Grid currents (phase-a, phase-b, phase-c), for G2V operation, when the mains is
distorted.

As it can be seen, the high distortion presented in the Grid voltage does not affect the
Grid currents, as the reference current generation is not affected.





Chapter 3

Electric Vehicle Battery Equalization
and Cell Health Analysis

3.1 Background

EVs require battery packs with large strings of cells in series (cell is called each battery that
makes up the battery pack), as a single electrochemical battery is not enough to meet the
necessary voltage, power and energy requirements.

Imbalance of cells in battery systems is very usual and an important matter in the battery
system life [51–54]. It is caused by two major categories [55–57], they are the internal sources
that consist of manufacturing variance in physical volume, variations in internal impedance
and differences in self-discharge rate; and external sources such as thermal difference across
the pack. A battery system without a balancing technique takes special importance in Li-
based cells [58–60], since it can lead its cells to be overcharged, undercharged, or even
overdischarged [61].

Imbalance harms performance can be summarized in four different groups [62]. The first
group deals with premature cells degradation due to the overvoltage exposure. The effects
of the cell degradation caused by imbalance is auto-accelerating; once a cell has a lower
capacity, it is exposed to an increasingly higher voltage during charge, what makes it degrade
faster, and so its capacity becomes even less, closing the runaway circle. The second group
is safety hazards from overcharged cells. Overcharging and overheating of the battery lead to
a reaction of the active components with electrolyte and with each other ultimately, inducing
explosion and fire. Thermal run-away can be caused merely by overcharging a single cell to
voltages above 4.35V [62]. Other cells of the pack will also join the explosive chain reaction
if one cell is compromised. The third group is based on the early charge termination resulting
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in reduced capacity. The charging process is finished if one of the cell voltages exceeds the
programmable cell over voltage threshold due to safety reasons. Finally, the last and forth
group deals with early discharge termination. In order to prevent the overdischarge of the
cells and resulting damage, the discharge process is finished if any of the cells reaches the
low voltage threshold.

Based on the aforementioned problems, it is undoubtedly necessary to implement a
battery equalization system to provide a safe and effective use of the battery [63–68]. A
substantial number of equalization methods is being studied and developed, and are deeply
analyzed in Section 3.2.

Another important issue to take into account is the battery health. After numerous cycles
of charging/discharging, the cells suffer a degradation that leads their series resistances to
increase, and to decrease the pack capacity and increase the energy loss during its operation
and equalization [69].

3.1.1 Our Contribution

A battery equalization active methods review is presented in Section 3.2. The different
equalization methods are explained, analyzed, and compared; although, it is focused on
active methods as these are the most efficient ones. A final table, whose parameter weights
are adjustable, summarizes the methods and provides a guide and a means to choose the
suitable one depending on the application.

Based on the review, we are focusing on the Shunt Transistor equalization method. A
novel control is applied to this method, which is explained and presented in Section 3.3.
We will see why a dissipative method is ample for EVs battery pack equalization, and how
by applying this new control, a better equalization process is implemented, working at any
battery operating mode (driving and charging mode).

By taking advantage of its implementation and hardware design, it will be set out a
developed supplemental functionality by only adding extra new control algorithms: on-line
cell deteriorated detection and change decision.

Simulation results are presented in Section 3.4, and the system validation with experi-
mental results in Section 3.5.
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Fig. 3.1 Classification of the battery equalization methods

3.2 Battery Equalization Active Methods Review

3.2.1 Classification of the Battery Equalization Methods

The review of the battery equalization methods is presented in Appendix D, and the most
important aspects are pointed out below.

Balancing methods can be divided into three main groups: battery selection (building
the battery pack by selecting the cells with similar properties), passive methods (no active
control is used to balance) and active methods (external circuitry with active control is used
to balance), as shown in Fig. 3.1.

It has to be mentioned that along the figures of the different topology schematics, Icharger

is the charging (Icharger > 0) and the discharging (Icharger < 0) source current.

Battery Selection

By properly selecting cells so that their properties are uniform (similar electrochemical
characteristics) [70–72] in order to make up the battery pack, the issues of voltage imbalance
can be mitigated.

Two different screening processes are carried out to accomplish the selection. The first
one is a capacity screening, the cells are discharged at different current regimes according to

CCelli =
∫ tSoC=100%

tSoC=0%

iCellidt, (3.1)
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where CCelli is the ith-cell capacity defined as the maximum electrical charge (Ah) that the
cell can deliver from the fully charged state to the fully discharged state, iCelli is the ith-cell
current, and tSoC=100% and tSoC=0% are the times when the State-of-Charge of the ith-cell is at
the fully charged and discharged states, respectively. Only cells with similar average capacity
are selected.

The second screening process is applied to the previously selected cells. At different SoC,
pulse type discharging/charging currents are applied, followed by a rest period to return to
the electrochemical and thermal equilibrium condition. Cells with similar voltage variance
are selected as it means they have similar series associated resistance.

This method is not enough to keep the series string balanced since their self-discharge
can vary differently along their lifetime. It can only be useful in case of complementing a
balancing system.

Passive Methods

No active control is used to balance. Passive methods can only be used for Lead-acid and
Nickel-based batteries as Li-based batteries cannot be overcharged.

They can be subdivided into two subgroups: Overcharge and Fixed Shunting Resistor.
In the Overcharge method, when cells are fully charged, due to internal reactions the

cells stop being charged and the energy is converted into heat rather than stored. It is only
effective on a small number of series cells as balancing problems grow exponentially with the
number of series cells [58, 73–75]. It cannot be repeated forever without eventual damage of
the battery, since the side reactions and the loss of water degrades the performance and life
of the unit. The Fixed Shunting Resistor method [76, 77] uses a resistor in parallel with each
individual cell in the pack, and the current is partially or totally bypassed from the cells in
order to limit the cells voltages. This method is continuously bypassing current and therefore
continuously wasting energy.

Active Methods

Active balancing methods use external circuits to actively transport the energy among cells
in order to balance them, and are the only ones that can be implemented for Lithium-based
batteries [74, 77–81]. Only the basic methods are presented, although there are variations that
can optimize the equalization process by adding new components or modularizing [56, 82].

Attending to the energy flow, active balancing methods can be grouped into five categories:
Cell Bypass, Cell to Cell, Cell to Pack, Pack to Cell and Cell(s) to Pack to Cell(s).

A diagram of the different active balancing methods is shown in Fig. 3.2.
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Fig. 3.2 Classification of the different active equalization methods

In Cell Bypass methods, cells currents are bypassed when the cells voltages reach their
upper limit. Cell to Cell methods transfer the extra energy stored in the most charged cells to
the adjacent least charged ones. Cell to Pack methods transfer the energy from the highest
voltage cell to the whole battery pack, Pack to Cell methods transfer the energy from the
whole battery pack to a single cell, by means of galvanic isolated DC/DC converters, and
finally, Cell to Pack to Cell methods transfer the energy from the set cell(s) to the whole pack,
from the whole pack to the target cell(s) or from the set cell(s) to the target cell(s).

3.2.2 Cell Bypass Methods

Three groups subdivide this method: Complete Shunting method, Shunt Resistor, and Shunt
Transistor methods.
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Fig. 3.3 Schematic of a Complete Shunting equalization method

Complete Shunting

Each individual cell is individually controlled by only using two power switches (or bidi-
rectional switches, attending to the utilized topology) [83–86], as shown in Fig. 3.3. Each
cell is fully shunted, that is to say, it is disconnected from the current path, when either it
reaches its maximum voltage (minimum in discharge mode) or it is close to a reference value,
depending on the control strategy.

The advantages of this method are the relatively low cost and high efficiency. It is easy to
be modularized. The main disadvantage is that the battery charger must be able to cope with
a wide range of battery voltage, and it can only be used for low power applications since the
higher the currents through the switches are or the number of cells is (the higher the voltage
of the whole battery pack is), the less the efficiency is because of the switches on-resistance,
and the efficiency degradation per cell follows

∆η =−
Rsw · Icharger

nc · vCelli
, (3.2)

where ∆η is the efficiency degradation, Rsw is the on-resistance of the bypass switch module,
Icharger is the charger current, nc is the number of cells in the battery pack, and vCelli is the
ith-cell voltage (V).
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Fig. 3.4 Schematic of a Shunt Resistor equalization method

Shunt Resistor

A switch in series with a resistor is set in parallel with each individual cell in the battery pack
[61, 68, 87–89], as shown in Fig. 3.4.

The switches are controlled in two different modes: in the first mode, all of them are
commanded by the same signal, that is to say, they all are set either on or off at the same time.
In the second mode, cells voltages are monitored and each switch is commanded individually,
so when the imbalance conditions are sensed, it is decided which resistor is shunted and
a fraction of the current bypasses the cell (cells can be balanced during both charge and
discharge modes). When a cell is bypassed, the current through the cell is

iCelli = Icharger −
vCell

R+Rsw
, (3.3)

where iCell is the current through the cell, Icharger is the current delivered by the charger, vCell

is the cell voltage, R is the resistor set in parallel with the cell, and Rsw. is the resistance
associated with the switch.

The efficiency degradation per cell follows

∆η =−
v2

Cell
R+Rsw

. (3.4)
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Fig. 3.5 Schematic of a Shunt Transistor equalization method

The advantages of this method are the low cost and easy implementation. The main
disadvantage is that it can only be utilized for low power applications as it has an excessive
power dissipation and therefore a low efficiency operation.

Shunt Transistor

It shares the same idea as the Shunt Resistor method. A transistor is set in parallel with each
individual cell [87, 89, 90], as shown in Fig. 3.5.

During charging, when the cell reaches the maximum voltage, the current is proportionally
bypassed around the cell and so this cell is charged at constant voltage. In this method, the
current is only shunted at the end of the charging process, so compared to Shunt Resistor
working in the first mode, it has less energy loss. Compared to Shunt Resistor working in
the second mode, it does not need intelligent control, and therefore the cost is lower. By
considering Rsw = 0, and R the transistor on-resistance, (3.3) and (3.4) can be applied to this
method.

3.2.3 Cell to Cell Methods

This method can be subdivided into five methods, the Switched Capacitor, the Double-Tiered
Switching Capacitor, the Cûk Converter, the PWM (Pulse Width Modulation) Controlled
Converter and the QuasiResonant and the Resonant Converter ones.



3.2 Battery Equalization Active Methods Review 59

Fig. 3.6 Schematic of a Switch Capacitor equalization method

Switched Capacitor

In this method, two states are alternated continuously for each two consecutive cells. In
the first state, a capacitor is set in parallel with its corresponding upper cell, and therefore
the capacitor is set to the cell voltage, delivering or demanding energy from the mentioned
cell. Once each capacitor has reached its corresponding upper cell voltage (viupper), the stored
charge (Qci) for the i-capacitor is

Qci =Ci · viupper , (3.5)

where Ci is the capacitance of the ith-capacitor.
In the second state, the capacitors are set in parallel with their corresponding lower cell,

transferring or demanding energy from this one in order to reach this new voltage. After
cycles of this process, both cells will be balanced [57, 91–97]. The topology is depicted in
Fig. 3.6.

Each switching cycle, the ith-capacitor transfers the current ici from the most charged
adjacent cell to the least charged adjacent cell according to

ici =Ci
(
viupper − vilower

)
fsw, (3.6)

where vilower is the lower cell voltage of the ith-capacitor and fsw is the switching frequency.
Therefore the capacitor behaves like a resistance and the equivalent resistance Rc is

Rc =
viupper − vilower

ici

=
1

fswCi
. (3.7)
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Fig. 3.7 Schematic of a Double-tiered Switching Capacitor equalization method

By taking into account the on-resistance of the switches (Rsw), the total resistance for the
ith-capacitor (Rswi) is

Rswi =
1

fswCi
+2

Rsw

D
, (3.8)

where D is the Duty Cycle.

The efficiency degradation per capacitor follows

∆η =−
(
(
viupper − vilower

)2

Rswi

. (3.9)

The main advantages of this method are the efficiency, low complexity and the possibility
of low and high power applications. No sensing or closed-loop control are needed. The main
disadvantage is the speed, as the lower the voltage difference between adjacent cells is, the
lower the balancing current is, and therefore the lower the balancing speed is.

Double-Tiered Switching Capacitor

This method is a derivation of the Switched Capacitor one, the difference is that it uses two
capacitor tiers for shuttling energy [98, 99] and the equalization time is reduced even to a
quarter. Fig. 3.7 shows the mentioned topology.

Similar advantages and disadvantages are obtained compared with the Switched Capacitor
method, Section 3.2.3. The advantages compared with the Switched Capacitor are the
balancing time and the lower balancing capacitor currents while simultaneously transferring
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Fig. 3.8 Schematic of a Cûk Converter equalization method

more charge along the string of cells. It is due to a better charge distribution between the
most charged cells and the least charged ones. The disadvantages are higher cost and size.

Its equations are analyzed in [100], which are not presented in this overview because of
their extension.

Cûk Converter

Each two neighbored cells are connected to an equalization module that allows the energy
transfer from the cell with the highest voltage to the cell with the lowest one through the
energy-transferring capacitor [69, 101–104]. The topology of this method is shown in
Fig. 3.8.

The circuit is driven by PWM signals. By focusing on the Cell1 and Cell2 (the same
ideas can be applied to the rest of pairs of adjacent cells), and considering that the Cell1
voltage is higher than the one of the Cell2, two steps are carried out to transfer the energy
from the Cell1 to the Cell2 in order to balance: along the first period, the switches SW12
and SW21 are turned off and on, respectively. The current from the Cell1 (iL1) charges the
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capacitor C12. Along the second period, the switches SW12 and SW21 are turned on and off,
respectively, and the capacitor energy is transferred to Cell2.

The average currents for the inductors L1 and L2 are

iL1 =

1
2

(
vCell1

L1 D2 + vCell1−vC12
L1 (1−D)2

)
fsw

, (3.10)

and

iL2 =

1
2

(
vCell2−vC12

L2 D2 + vCell2
L2 (1−D)2

)
fsw

, (3.11)

respectively, where vCell1 and vCell2 are the Cell1 and Cell2 voltages, L1 and L2 are the
inductors set in parallel with the Cell1 and Cell2, respectively, D is the switching Duty
Cycle, and fsw is the switching frequency.

Attending to (3.10) and (3.11), it can be deduced that ideally the higher the switching
frequency is, the lower the balancing currents iL1 and iL2 are, and therefore the lower the
losses of the associated resistances are, and in consequence the higher the efficiency is.

The main advantage of this method is that it can be utilized in high power applications,
but its main disadvantage is its control complexity.

PWM Controlled Converter

Three different topologies can be implemented [105]. The basic topology is shown in Fig. 3.9.
Every module for equalization is connected across each two adjacent cells to allow next-
to-next energy transfer from the cell with the highest voltage to the cell with the lowest
voltage. The energy is firstly transferred from the highest voltage cell to the inductance
where it is stored, and then the inductance discharges the energy to the lowest voltage cell.
The proposed circuit is derived from the buck-boost converter. The energy transfer and the
flow direction are carried out by adjusting the duty cycle of the corresponding transistors,
which are activated with a PWM signal [106–115].

Taking into account the inductance losses (RL) and the switch losses (conduction loss
(Rsw)), the power losses per every pair of cells follow

Ploss = i2LRsw + i2LRL, (3.12)
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Fig. 3.9 Schematic of a PWM Controlled Converter (Cell to Cell) equalization method

where Ploss is the total power loss, fsw is the switching frequency, and iLi,i+1 is the average
balancing current for the pair Celli-Celli+1 that can be calculated as

iLi,i+1 =
1
2

(
vCelliD

2 − vCelli+1 (1−D)2

Li,i+1 fsw

)
, (3.13)

where D is the switching Duty Cycle, vCelli and vCelli+1 are the cell voltages of the Celli and
the Celli+1, and Li,i+1 is the inductor between them.

This method is good for high power applications, but its control is complex.
There are proposed variations that optimize the balancing such as [116], which uses a

capacitor in parallel with every pair of switches, or [117] which allows to transfer the energy
between non-adjacent cells.

QuasiResonant/Resonant Converter

Both the QuasiResonant Converter and the Resonant Converter methods are similar to the
PWM Controlled Shunting method [118].

The QuasiResonant Converter topology is shown in Fig. 3.10. Each pair of balancing
module switches is commanded by a PWM signal, as in the PWM Controlled Shunting. The
difference is that instead of using an inductor, a resonant circuit is utilized to transfer the
energy between the neighbored cells, achieving the zero current switching function for the
symmetrical and bi-directional battery equalizer. This topology allows a reduction of the
switching losses and EMI (Electromagnetic Interference) emission of the battery equalizers
[119–121]. Some modifications can be carried out in order to obtain Zero Voltage (ZVT)
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Fig. 3.10 Schematic of a QuasiResonant Converter equalization method

Zero Current (ZCT) Transitions [118]. ZVT technique eliminates the capacitive turn-on loss,
and reduces the turn-off switching loss as it slows down the voltage rise and reduces the
overlap between the switch voltage and the switch current. ZCT technique eliminates the
voltage and current overlap by forcing the switch current to zero before the switch voltage
rises [122].

Equations are not presented in this overview due to their extension.
In the Resonant Converter, instead of using intelligent control to monitor and generate

the switches PWM signals, a resonance circuit is used for each equalization module which
both transfers the energy and commands the switches using a Zero Voltage-Zero Current
Transition Converter [123]. A start-up circuit is needed to start the resonance.

This method is good for high power applications, but its main disadvantage is its high
control complexity.

3.2.4 Cell to Pack Methods

This method can be subdivided into five methods: the Shunt Inductor, Boost Shunting,
Multiple Transformers, Multisecondary Windings Transformer, and Switched Transformer
ones.

Shunt Inductor

The configuration of this method is shown in Fig. 3.11. In case a cell is detected to have a
higher voltage than the other ones of the pack, the inductor is alternately set in parallel [124]
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Fig. 3.11 Schematic of a Shunt Inductor equalization method

with the cell (the cell is shunted by the inductor), activating the corresponding switches of
the cell, and with the whole pack, activating the switches SWa and SWb in the figure, with
the aim of transferring the extra energy from the imbalanced cell to the pack.

The average inductor current when a cell is being balanced is

iL =
1
2

(
vCelliD

2 − vBat (1−D)2

L fsw

)
, (3.14)

where VCelli is the most charged cell voltage, vBat is the voltage of the whole battery pack, D
is the switching Duty Cycle, L is the inductance, and fsw is the switching frequency.

The power losses follow

Ploss = i2L ·2Rsw + i2L ·RL, (3.15)

where Ploss is the power loss, Rsw is the on-resistance of the switch, and RL is the internal
resistance of the inductor.

This method is good for high power applications, but it is very slow since only one cell is
being balanced at every instant.

Boost Shunting

When imbalance is detected, the switch associated with the highest voltage cell, together
with the SWr switch (in Fig. 3.12), start to be controlled by a PWM signal, transferring the
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Fig. 3.12 Schematic of a Boost Shunting equalization method

extra energy from the cell to the other cells in the string [125]. The topology of this method
is shown in Fig. 3.12. The balancing module works as a boost converter.

The efficiency of the balancing process per cell is

Ploss =

nc
∑

i=0

(
v(0) fsw +

Icharger
2CCelli fsw

)
Icharger +

v2
Celli
L2

i

R
f 2
sw

nc
∑

i=0

(
vi1iF − i2FRCell − vi0iF

) , (3.16)

where Ploss is total power loss, nc is the number of cells in the battery pack, v(0) is the residual
capacity of the ith-cell at the beginning of the charging, fsw is the switching frequency, Icharger

is the charging current, CCelli is the capacitance of the cell, vCelli is the ith-cell voltage, Li is
the inductor, R is equivalent resistance of the MOSFET, the ith-cell and the inductance, iF
is the discharging current, RCell is the intrinsic resistance of the ith-cell, vi1 is the charging
voltage limit, and vi0 is the discharging voltage limit.

Some variations can be carried out in order to efficiently shorten the equalization time
[126–129].

This method is good for high power applications, but its control complexity is high.

Multiple Transformers

A switch in series with the secondary side of a transformer is set in parallel with each
individual cell in the battery pack. The primary sides are set in parallel as shown in Fig. 3.13,
obtaining an isolated DC/DC converter for each individual cell [76, 130].
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Fig. 3.13 Schematic of a Multiple Transformers (Cell to Pack) equalization method

When a cell voltage exceeds the voltage threshold, the excess energy is transferred back
to the battery pack by controlling its corresponding switch, and therefore its corresponding
DC/DC converter. This process has two steps. In the first period, the corresponding switch is
turned on and the energy is stored as a magnetic field. In the second period, and attending to
Fig. 3.13, the corresponding switch is turned off and the switch SW is turned on, so the the
current flows through the primary side of the transformer and is recovered into the whole
battery pack.

The equation of the average current recovered into the whole battery pack when a single
cell is being balanced is similar to equation (3.14).

This method is good for high power applications buy it is really expensive, the cost and
size are high too, and it has a high control complexity.

Multisecondary Windings Transformer

When imbalance is detected, the switch associated with the highest voltage cell is switched
on and a current out of the cell into the transformer starts to flow. Because of the inductance,
the amount of current rises linearly over time. As the inductance is a fixed characteristic of
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Fig. 3.14 Schematic of a Multisecondary Windings Transformer (Cell to Pack) equalization
method

the transformer, the on time of the switch defines the maximum current value. The extra
energy from the cell is completely stored as a magnetic field [131]. Once the switch is turned
off, the switch SW (Fig. 3.14) is turned on and the transformer behavior is changed into a
generator mode, so the energy is fed into the whole battery pack via the big primary winding.
This method topology is shown if Fig. 3.14.

The average current for the ith-cell, the one which is being balanced, is

iCelli =
1
2

vCelliD
2

Li fsw
, (3.17)

where iCelli is the average ith-cell current, vCelli is the ith-cell voltage, D is the switching Duty
Cycle, Li is the corresponding inductor of the ith-cell, and fsw is the switching frequency.

This method can be used in high power applications but its cost and size are really high
and its balancing speed is low.
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Fig. 3.15 Schematic of a Switched Transformer (Cell to Pack) equalization method

Switched Transformer

All the cells are connected to the secondary side of a transformer through a pair of switches
and free-wheeling diodes as shown in Fig. 3.15. This method transfers the energy from the
highest voltage cell through the transformer into the battery pack [132–134] by activating
the corresponding cell switches. It is carried out in two steps; along the first period, the
the excess of energy is extracted from the cell and stored in the transformer in the form of
magnetic flux, by activating the corresponding switch of the cell, and in the second period the
aforementioned switch is turned off and the current is recovered into the whole battery pack.

The average current for the ith-cell is similar to the one in equation (3.17).

This method can be utilized in high power applications, but its cost, size, and control
complexity are high, and in addition it is relatively slow.

3.2.5 Pack to Cell Methods

This method can be subdivided into five methods, the Voltage Multiplier, Full-Bridge Con-
verter, Multiple Transformer, Multisecondary Windings Transformer, and Switched Trans-
former ones.
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Fig. 3.16 Schematic of a Voltage Multiplier equalization method

Voltage Multiplier

In this method, two states are alternated continuously since the switch is controlled by a
square signal. In the first state, each cell is being discharged through the even-numbered
diodes, and therefore capacitors are being charged. The variations in the cells voltages are
small enough to be negligible during a single switching cycle since the capacitors have a very
low capacitance. During the off period, the charger current is distributed to the capacitors and
through the odd-numbered diodes to the cells, which are charged with more or less current
depending on whether the cells are less or more charged with respect to the average voltage,
respectively [135–138]. The topology is depicted in Fig. 3.16.

The DC equivalent circuit is built with a current source, whose current is duty controllable
as Icharger (1−D), and each cell, whose voltage is vCelli , is connected to this aforementioned
current source via two diodes and an equivalent resistor Requivi that follows

Requivi =
1

Ci fsw

(
1− exp

(
−D

fswCiRci

)) +
Rci

1−D
, (3.18)

where Ci is the capacitor connected to the ith-cell, fsw is the switching frequency, D is the
switching Duty Cycle, and Rci is the series resistance of Capacitori. When cells are balanced,
the current from the current source is equally distributed to the cells, in case of imbalance,
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the current is preferentially distributed to the cell with the lowest voltage until the balance
state is reached.

According to the DC equivalent circuit, the power losses follow

Ploss =
N

∑
i=1

i2Celli ·Requivi, (3.19)

where Ploss is the total power losses, N is the number of cells in the battery pack, and iCelli is
the balancing current for the ith-cell.

Equation (3.19) shows that the power losses tend to be large when the current is unequally
distributed to the cells, since the loss is proportional to i2Celli .

This balancing method can be utilized in high power applications. Its cost is relatively
low and its efficiency can be high if the switching frequency is high enough to reduce Requivi ,
and the utilized cells have a voltage high enough to neglect the forward voltage drop of the
diodes.

Full-Bridge Converter

This method is based on the Full-bridge PWM converters [139–141], as shown in Fig. 3.17.
They can be used as a AC/DC converter, which is suitable for plug-in, or as a DC/DC
converter. Energy is transferred from the whole battery pack to the individual cells.

The main advantages of this method are the relatively high efficiency, its easy modularity
and its suitability for high power applications. Its main disadvantage is its control complexity.

Multiple Transformers

The current from the charger is switched into the primary side of the transformer, when
imbalance is detected, and so currents are induced in each of the secondaries. The secondary
with the least reactance (due to a low terminal voltage on the cell) will have the most induced
current. Therefore, each cell receives charging current inversely proportional to its relative
SOC [74, 77–79, 112, 142–145]. The topology utilized for this method is shown in Fig. 3.18.

A variation includes a switch per cell in series with the primary side. When imbalance
is detected, the corresponding primary side switch SWi of the lowest voltage cell ith-cell is
controlled, and the rest of switches are deactivated. The balancing process is carried out in
two steps. In the first step the corresponding switch SWi is turned on and the primary current
of the ith-cell builds up. In the second step the switch is turned off and the corresponding
rectifier diode is turned on, so that the magnetizing current flows into the cell.
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Fig. 3.17 Schematic of a Full-Bridge Converter equalization method

Fig. 3.18 Schematic of a Multiple Transformers (Pack to Cell) equalization method

This balancing method is good for high power applications. The presented variation is
slow as only one cell is being balanced simultaneously. Its cost is high.
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Fig. 3.19 Schematic of a Multisecondary Windings Transformer (Pack to Cell) equalization
method

Multisecondary Windings Transformer

When imbalance is detected, the switch connected to the transformer primary winding is
switched on, and so some energy is stored in the transformer. Then the switch is switched
off and the energy is transferred to the secondaries of the transformer. Most of the induced
current will be provided to the cell(s) with the lowest voltage (lowest reactance) via the
diode(s) [109, 131, 146–154]. Fig. 3.19 shows a diagram of the topology of this method.

There is a variation which includes a switch per cell in series with the secondary side.
Once the energy is stored in the transformer in the form of magnetic flux, the effective voltage
of the target cell is the same as the cell voltage, but the effective voltage of the non-target
cells is regarded as the sum of the cell voltage and the diode on-drop voltage. The difference
of effective voltage causes the current unbalance and it is used for the charge equalization.

A second variation is the Ramp Converter Method, which is called a Ramp Converter
because of the shape of the primary current waveform. This circuit uses frequency modulation
to regulate the average primary current, and therefore the sum of the rectified average
secondary currents is also regulated. On one half cycle most of the current is supplied to
the lowest voltage odd-numbered battery(s), and on the other half cycle most of the current
goes to the lowest voltage even-numbered battery(s) [155]. This method only requires one
secondary winding for each pair of batteries instead of one per battery.

This method presents high cost, size and control complexity.
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Fig. 3.20 Schematic of a Switched Transformer (Pack to Cell) equalization method

Switched Transformer

This method is similar to the Multisecondary Windings Transformer. The difference is that
this method uses only one switched transformer to transfer the energy from the whole battery
pack to the lowest voltage cell through an array of switches, which selects the target cell that
has to be equalized [74, 77, 80, 109, 112, 156]. The topology is shown in Fig. 3.20.

High cost, size and control complexity are the main characteristics of this method.

3.2.6 Cell to Pack to Cell Methods

This methods can be divided into two categories. The first group deals with the Shared
methods which transfer the energy from the most charged cells to a tank and from the tank to
the least charged ones in the battery pack, regardless of whether the cells are adjacent or not.
Shared methods are grouped into three main groups, which are PWM Controlled Converter,
Single Switched Capacitor, and Single Switched Inductor.

The second group of methods are the Distributed methods that allow the Cell to Pack
equalization, in case the cell to be equalized has a higher voltage than the reference one (the
reference voltage is usually the average or the threshold), and the Pack to Cell equalization in
case the cell to be equalized has a lower voltage than the reference one. Distributed methods
are grouped into three main groups, which are Bidirectional Multiple Transformer, Bidirec-
tional Multisecondary Windings Transformer, and Bidirectional Switched Transformer.
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Fig. 3.21 Schematic of a PWM Controlled Converter (Cell to Pack to Cell) equalization
method

PWM Controlled Converter

The cell balancing circuit is composed by buck-boost converters that connect the stack cells
with a capacitor tank. Different topologies are found which carry out the same function.
[157] proposes N-1 parallel converter legs, where N is the number of cells in the pack, as
Fig. 3.21 shows. For each inverter leg, the input voltage source can be represented by a part
of the stack cells and the output voltage can be represented by the remaining part of the stack
cells.

The balancing current values depend only on the unbalanced voltage fractions of both
sides of the inductors terminals. Balancing currents flow naturally in the good directions,
from where the voltage potential fraction is greater to where the voltage potential fraction
is smaller to keep voltages equal. [158–160] propose a buck-boost converter per cell in the
stack.

By considering that vCelli is greater than vCelli+1 , the mean steady state balancing current
iLi,i+1 follows

iLi,i+1 =
DvCelli − (1−D)vCelli+1

DRCelli +(1−D)RCelli+1 +Rsw +RLi,i+1

, (3.20)

where D is the switching Duty Cycle, RCelli and RCelli+1 are the cell internal resistances, Rsw

is the transistor static drain-source on-resistance, and RLi,i+1 is the inductor series resistance.

The control complexity of this method is high, the same as cost and size which are also
high. It can be used for high power applications.
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Fig. 3.22 Schematic of a Single Switched Capacitor equalization method

Single Switched Capacitor

This method is based on the Switched Capacitor. Firstly, the controller only selects the
switches that parallel the highest voltage cell with the capacitor. Once the capacitor reaches
the cell voltage, the controller only selects the switches that parallel the lowest voltage cell
with the capacitor, transferring the excess energy from the capacitor to the cell [161, 162].
Its topology is shown in Fig. 3.22.

Relatively low cost and high efficiency can be obtained for high power applications with
this method. As only one cell is balanced at the same time, the equalization is slow.

Single Switched Inductor

This method is similar to the Single Switched Capacitor, the only difference is that instead
of using a capacitor, an inductor is utilized to store the energy and transfer it between the
cells [163–167]. The topology is shown in Fig. 3.23. [168] proposes a small variation which
changes the inductor by a transformer, carrying out the same idea of equalization.

The transferred energy Etrans is

Etrans =
1
2

vCellmaxD
2

L f 2
sw

, (3.21)

where vCellmax is the most charged cell voltage, D is the Duty Cycle, L is the inductance, and
fsw is the switching frequency.
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Fig. 3.23 Schematic of a Single Switched Inductor equalization method

Similar advantages and disadvantages can be obtained compared to the Single Switched
Capacitor method.

Bidirectional Multiple Transformers

This method allows transferring the energy from each stack cell to the main battery bus
and vice versa [76, 169–171]. During charging the individual cell voltages are regulated
by transferring the excess energy to the battery bus. During discharging, the energy can be
transferred from the battery pack to the weak cells. The topology is shown in Fig. 3.24.

This method combines the different advantages of the Multiple Transformers method of
the Cell to Pack and Pack to Cell groups.

Bidirectional Multisecondary Windings Transformer

Each cell is in parallel with a switch in series with an inductor (the secondary side of a
Multisecondary Windings transformer), as shown in Fig. 3.25. When imbalance is detected,
this method allows different control types. The first control type lets the energy to be
transferred from the pack to the weak cell(s) by firstly activating the switch of the primary
side, and then turning it off and activating the corresponding switches of the target cell(s).
Another control allows the energy transfer from the most charged cell (when it becomes
overcharged) to the rest of the stack cells, by activating the corresponding switch of the most
charged cell to transfer the energy to the primary side of the transformer (it works as an
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Fig. 3.24 Schematic of a Bidirectional Multiple Transformers (Pack to Cell) equalization
method

inductor tank) and as a result, the energy is transferred from that cell to other cells with most
of the energy directed to the lowest voltage one, since the current absorbed by each cell is
directly proportional to the voltage difference between its terminal voltage and the healthy
module terminal voltage. The least charged cell accept more current compared to other cells
[131, 172, 173]. This second control type can be implemented using a similar topology that
eliminates the primary inductor and transfer the energy directly between cells, as described
in [174–177].

Bidirectional Switched Transformer

A single transformer is utilized to transfer the energy from the most charged cell to the pack,
or from the pack to the weakest cell (the least charged one), selecting the corresponding
switches [178–184]. A basic diagram of the topology is shown in Fig. 3.26.
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Fig. 3.25 Schematic of a Bidirectional Multisecondary Windings Transformer equalization
method

Fig. 3.26 Schematic of a Bidirectional Switched Transformer equalization method
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3.2.7 Comparison

In this section, all of the active balancing methods are compared and presented in Table 3.1.
T represents the balancing nature, which can be ST (Shunting), SL (Shuttling) or EC (Energy
conversion). Components defines what components are utilized and the number of them.
Finally, twelve parameters are analyzed and used for comparison between the different
methods, using a numeric scale where 1 is the minimum value and 3 the maximum one for
each parameter, the average of the parameters for each method is obtained and presented
as the Total. A comparison can be carried out based on Total, and as it can be seen the
Switch Capacitor and the Double-Tiered Switching Capacitor are the ones with the highest
average value. The total average of the analyzed parameters has been calculated by using
the same weight for each of them, however, their weight should be modified according to
the application. Cell Bypass methods are the cheapest ones, and in addition they are easily
modularized and controlled. Cell to Cell methods are more efficient and can be used in high
power applications. Cell to Pack, Pack to Cell, and Cell to Pack to Cell methods allow low
switch voltage and current stress even in high power applications.
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Table 3.1 Classification of active balancing methods

T Components P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 Total
Equalization method SW R L C D

Complete Shunting ST 4n 3 3 1 3 3 3 2 3 3 3 3 1 2.58
Shunt Resistor ST n n 3 1 1 1 1 3 1 3 2 3 3 1 1.92
Shunt Transistor ST n 3 1 1 1 1 3 2 3 3 3 3 1 2.08
Switched Capacitor SL 2n n-1 3 3 3 3 3 1 2 3 2 3 3 1 2.50
Double-Tiered Switching Capacitor SL 2n 2n-3 2 3 3 3 3 2 2 3 2 3 3 1 2.50
Cûk Converter SL 2(n-1) n n-1 2 2 3 3 1 2 2 1 2 2 3 3 2.17
PWM Controlled Converter (Cell to Cell) SL 2(n-1) n-1 2 2 3 3 1 2 2 1 2 2 3 3 2.17
QuasiResonant/Resonant Converter SL 2(n-1) 2(n-1) n-1 1 2 3 3 1 2 2 1 1 2 3 3 2.00
Shunt Inductor SL 2(n+1) 1 1 2 2 3 3 1 1 2 1 3 1 2 3 1.92
Boost Shunting EC n+1 n+1 1 n+1 2 2 3 3 1 2 2 1 2 2 3 3 2.17
Multiple Transformers (Cell to Pack) EC n 2n n 1 1 3 3 1 2 2 1 1 3 2 2 1.83
Multisecondary Windings Transformer (Cell to Pack) EC n n+1 1 1 1 3 3 1 1 2 1 1 1 2 3 1.67
Switched Transformer (Cell to Pack) EC 2n 2 2n+1 1 1 3 3 1 1 2 1 1 2 2 3 1.75
Voltage Multiplier SL 1 n 2n 3 3 3 1 1 2 2 3 2 3 1 2 2.17
Full-Bridge Converter EC 4n 1 3 3 3 1 3 2 2 2 3 3 3 2.42
Multiple Transformers (Pack to Cell) EC 1 2n n 1 1 3 1 1 2 2 3 1 3 2 2 1.83
Multisecondary Windings Transformer (Pack to Cell) EC 1 n+1 n 1 1 3 1 1 2 2 3 1 1 2 3 1.75
Switched Transformer (Pack to Cell) EC 2n+1 2 1 1 1 3 1 1 1 2 1 1 2 2 3 1.67
PWM Controlled Converter (Cell to Pack to Cell) EC 2(n-1) n-1 1 1 2 3 3 1 2 2 1 2 3 2 2 2.00
Single Switched Capacitor SL 4n 1 3 3 3 3 3 1 2 1 3 1 3 2 2.33
Single Switched Inductor SL 4n 1 2 2 3 3 3 1 2 1 3 1 3 2 2.17
Bidirectional Multiple Transformers EC 2n 2n 1 1 3 3 1 2 2 1 1 3 2 2 1.83
Bidirectional Multisecondary Windings Transformer EC n+1 n+1 1 1 3 3 1 2 2 1 1 1 2 3 1.75
Bidirectional Switched Transformer EC 4n+1 2 1 1 3 3 1 2 2 1 1 2 2 3 1.83

Parameters of Comparison
T. Balancing nature: ST (Shunting), SL (Shuttling), EC (Energy Conversion)
Components. S (Switches), R (Resistors), L (Inductors), C (Capacitors), D (Diodes)
P1. Cost (1: expensive, 3: cheap)
P2. Efficiency (1: low, 3: high)
P3. Application (1: only allows low power, 3: allows high power)
P4. Charge/Discharge type (1: unidirectional, 3: bidirectional)
P5. Best effective period (1: one effective mode, 3: both modes are effective)
P6. Speed (1: low, 3: high)
P7. Implementation (1: low, 3: high)
P8. Complexity (1: high, 3: low)
P9. Size (1: big, 3: small)
P10. Modular (1: difficult, 3: easy)
P11. Switch Voltage Stress (1: high, 3: low)
P12. Switch Current Stress (1: high, 3: low)
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3.3 Proposed Equalization Topology, Algorithms and Sys-
tem Functionalities

The proposed equalization topology, algorithms and system functionalities are presented in
Appendix E, and the most important aspects are pointed out in the following sections. As it
was seen in Section 3.2.7, the Switch Capacitor and the Double-tiered Switching Capacitor
equalization methods are the ones with the highest ratio, but their speed is an important
disadvantage, as explained in Section 3.2.3. so, along this section, an analysis of the Cell
Bypass methods is carried out, followed by the Shunt Transistor topology analysis. Finally,
the proposed different algorithms and system functionalities are explained, which include the
equalization control algorithm, the on-line cell deteriorated detection and change decision,
and the communication between the battery equalizer and the battery charger.

3.3.1 Cell Bypass Methods Analysis

An interesting reasoning about dissipative equalization methods is expounded in [5, 185–187].
Nowadays this is one of the most common techniques despite the fact that there is a large
variety of methods. This proposal dissipates the remaining capacity of those individual cells
that need to be equalized, balancing the remaining capacity differences that exist between
the cells in the pack. Low cost and easy implementation are implicit features.

These cited references itemize how several studies believe that the equalization capability
of this method is insufficient, and slow with a small equalization current, with heat dissipation
problem in case of larger equalization currents. Energy would be wasted leading the EVs to
a shorter driving range.

However, in case the battery pack is properly manufactured with Battery Selection
(Section 3.2.1), the equalization capability could be sufficient. The self-discharge rate
and the battery non-uniformity emergence are very slow processes (3-5% per month), and
therefore the current needed for equalization is also relatively low and does not consume
much energy. [185] supposes a situation with a poor designed battery pack where the total
capacity decreases 20% each 200 cycles. It means that the capacity difference between cells
increases 0.1% per cycle. Assuming a battery pack nominal capacity of 100Ah, the equalizer
has to cope with only 0.1Ah per cycle. In that case, for 1h of balancing time, the maximum
needed equalization current would be only 100mA, that is to say, 0.4W of maximum heat
dissipation (by considering 4V the maximum cell voltage). It concludes that this method is
ample for on-line equalization in EVs. In addition, it demonstrates that the non-dissipation
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battery equalization only increases the capacity approximately 2%, taking into account that
the existing non-dissipation methods feature bulky size and high implementation cost [72].

A Shunt Transistor equalization topology has already been studied and is presented
in Section 3.2.2. According to this methods, as occurs to the Shunt Resistor method, the
equalization process starts when the individual cells reach their maximum voltage, which is
considered the reference. In that situation, through a feedback network based on transistors
and operational amplifiers working as comparators with the reference voltage, the different
cells are bypassed, keeping the cells voltages at approximately the maximum reference
cell voltage. This equalization does not have a smart control that can cope with different
functions, and must start at the end of the charging process, with a low battery current, since
there is no smart current control. As a result, the equalization time, and therefore the full
charging time, are very long.

Other than the end of the charging process, with low battery current, Complete Shunting
and Shunt Resistor methods should not be utilized. The continuous switch between normal
operation and bypassed operation for a cell, during its equalization, can lead its voltage to
vary (due to its series resistance) in a range that makes its control more laborious, and in
addition it makes difficult for the management system to know the real state of the battery.

When on-line comparing the different cells to determine their imbalance, voltage-based,
SoC-based (State-of-Charge-based), and pack remaining capacity-based algorithms can by
applied. Many different studies can be found trying to on-line obtain an accurate value of the
SoC and the cells capacities [51, 185, 186, 188–194]. Most of them are not accurate or need
numerous cycles to solve the problem of low precision, others are difficult to implement, can
be unstable, or need long time. For instance, fuzzy logic algorithm needs hundreds of fully
charge cycles to accurately predict the capacity [186]. But in a real EV usage, a driver might
only fully charge the battery occasionally, and in that case a proper equalization cannot be
carried out.

According to the aforementioned reasoning, a Shunt Transistor topology is utilized and
its equalization algorithm is based on the cell voltage. The over-equalization problem will be
also addressed along the next sections.

Before analyzing the proposed equalization, two assumptions are taken into account:

First, the battery pack must be constructed with a Battery Selection process, as it allows
an accurate selection of those cells with similar electrochemical characteristics, minimizing
the manufacturing variations impact on the battery performance, and so on the equalization
efficacy [195].

Secondly, a thermal management must keep the different cells under approximately the
same temperature. The temperature is a key factor as it plays an important role in battery
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Fig. 3.27 Schematic of a Shunt Transistor equalization method topology

performance and battery life [1, 196–206]. This is out of the scope of this research, so it
is assumed that the battery pack is effectively cooled/heated so that the battery pack does
not encounter uncontrolled temperature variations, maintaining the cell temperatures within
their operating range for an optimum performance and longevity of the battery system,
minimizing the cell temperature difference, and limiting the cell temperatures below the
allowed maximum one.

3.3.2 Shunt Transistor Topology Analysis

The proposed equalization system is based on the Shunt Transistor method, whose topology
is presented in Appendix E and Appendix F. The basic idea lies in a MOSFET placed in
parallel with each individual cell in the battery pack (PAPER-XIV,PAPER-XIX), as it is shown
in Fig. 3.27. However, it needs a specific hardware design, which is described in Section 3.5.
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Unlike the common use of MOSFETs in Power Electronics (switch mode), in this case the
electronic device is working in saturation mode, becoming a variable resistance whose value
can be accurately controlled by a properly designed algorithm. As it has been aforementioned,
the Shunt Resistor method could also perform a similar function, nevertheless in some cases,
the switching bypass of the cell can lead its voltage to a variance range that seriously difficult
its control. In addition, when the cell voltage is close to its maximum value, the voltage
fluctuation can exceed this maximum value, and as result this method is not convenient for
safe control. The Shunt Transistor method is working in a continuous mode and the aforesaid
problems are not applied.

By designing a proper algorithm, the MOSFET can manage the amount of current that
passes across its corresponding cell. By managing all the cells in the battery pack, a suitable
battery pack equalization can be achieved.

As it can be seen in Fig. 3.27, when a cell that has to be bypassed is being charged, the
MOSFET deviates a determined amount of current (calculated by the algorithm) from the
total battery current, and as a result the final current through the cell is lower. This process
decreases the cell charging speed. On the other hand, when the cell is being discharged, the
current across the cell is the sum of the total battery current and the determined current that
the MOSFET deviates. This process increases the cell discharging speed.

The MOSFET gate-source voltage is the variable that allows the MOSFET current control.
According to the MOSFET output characteristics (Fig. 3.28), by considering the drain-source
voltage a constant value (this is the cell voltage), the increase of the gate-source voltage
brings about the MOSFET current increase, and vice versa. This approach is the core of the
control algorithm, which is explained in detail along the next section.

3.3.3 Equalization Control Algorithm

The CC-CV (Constant Current - Constant Voltage) battery charging protocol is the most
simple and common one, and is carried out in two stages [207]: in the first stage, the battery
is charged at a constant current until the battery terminal voltage reaches a pre-defined
value (it is usually the maximum battery voltage). Along the second stage, this cited pre-
defined voltage value is kept by gradually decreasing the battery current. Once the current is
approximately null, the battery is fully charged. This process is therefore applied for each
individual cell in the battery pack.

The voltage cell (vCell) and current cell (iCell) variations along the typical charging
process is depicted in Fig. 3.29a. As it can be seen in this figure, both stages are named as
modes which represent a higher level of cell operation classification. Mode1 represents the
operations in which the battery is really working, so it can be a constant current operation
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Fig. 3.28 Regulation of the bypassed current though the MOSFET. Example of the IXTP
75N10P MOSFET curve

in case of a charging process, but could also represent the driving mode (discharging the
cell) with the regenerative breaking (charging the cell). Mode2 represents the operation of
the last stage in charging mode, in which for security reasons, and aiming for an effective
charge (avoiding the different associated resistances effects), the maximum cell voltage, Vmax,
is reached and kept constant by decreasing the cell current. This scheme of modes can be
utilized to frame some variations that can be found in the CC-CV protocol, whose goal is to
improve the charging performance, as in [208].

According to the approach based on modes, the algorithm is defined in two parts, which
allows us to control every operating mode in which the different cells can work, as we will
see later.

First, we are analyzing Mode1.

Each voltage cell is individually measured and the average value is calculated. The mean
value is considered the reference, and the differences between the individual cell voltages
and the reference are the independent variables (di f f ), as in

di f fn = vCelln − vavg, (3.22)

where vCelln is the voltage of the n-cell (V), vavg is the average voltage of the cells in the
battery pack (V), and di f fn is the difference (V).

As each cell is thence independently controlled, from now on we will refer to one
individual cell (unless otherwise noted) and its considerations and calculations will be
applied to the rest of cells in the battery pack. Therefore, diff refers to di f fn.
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(a) Cell working modes (b) Cell MOSFET current versus Cell difference

Fig. 3.29 Cell Operations

Fig. 3.29b shows the three different zones in which each individual cell is operated
in Mode1. It represents the cell equalization current, which is the current through its
corresponding MOSFET (ieq) as a function of the variable (di f f ). Ieq,max represents the
maximum equalization current, that is to say, the bypassed current is saturated to a pre-
defined maximum level with the aim of limiting the power losses. Di f fmax is the pre-defined
maximum allowed difference. In case this difference is reached, the equalizer will operate
at its maximum equalization current level. As it is displayed, higher difference levels than
Di f fmax will keep the MOSFET current at Ieq,max. Ieq,min2 and Di f fmin2 are the minimum
values for the cell equalization current and the cell difference, respectively, when the cell
difference is being decreased. On the other hand, Ieq,min1 and Di f fmin1 are the minimum
values when the cell is difference is increasing. Both minimum values provide stabilization.
When di f f = 0, the equalization current is null, no current is bypassed across the MOSFET
since this cell is balanced.

The objective of the equalizer is to decrease the difference between cells by decreasing
the difference between the cell voltages and the reference (the mean value). The cells with
a higher voltage than the reference one are equalized. They have a positive difference, and
so they can follow the Fig. 3.29b. The higher the difference is, the higher the amount of
current is bypassed across the MOSFET. During the charging operation, an increase in the
cell equalization current lowers the rate of current employed to charge the cell (Fig. 3.27). At
the moment that di f f = 0, the MOSFET is switched off. Cells with lower voltage than the
reference (negative di f f ) are not equalized (no current is bypassed), as they must be charged
as much as possible to catch the reference. Along the discharging operation, an increase
in the cell equalization current increases the amount of current through the cell (Fig. 3.27),
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and as a result the MOSFET is dissipating energy up to the instant in which the cell voltage
catches the reference (di f f = 0). Once di f f = 0, the MOSFET is switched off.

Fig. 3.29b illustrates how for a high difference (Zone3), a quadratic equation is utilized
(Appendix E). A quadratic is preferred in comparison with a linear equation (Appendix G),
because the quadratic one presents a higher ieq for the same value of di f f . It allows the
system to react stronger in the middle of Zone3 and decrease the cell difference faster.

The equation for the Zone3 is

ieq =
Ieq,min2 − Ieq,max

(Di f fmin2 −Di f fmax)
2 (di f f −Di f fmax)

2 + Ieq,max, (3.23)

where ieq is the cell equalization current (A) and di f f is the difference between the cell
voltage and the reference (V).

The utilized MOSFET is an n-channel, which is working in saturation mode (Ap-
pendix E).

As we will see later, the output of the algorithm has the calculated ieq as a reference, and
a Proportional-Integral control modifies the vGS to reach the desired cell equalization current.

In both charging and discharging modes, a hysteresis band is utilized for low differences.
It accomplishes two purposes. The first one is to avoid unnecessary losses. When the cell is
balanced, a cell voltage oscillation around the reference will occur due to fabrication and
thermal variances between the cells, and in consequence the equalizer could be switched on
and off repeatedly. It would cause a considerable and unnecessary power dissipation. The
second goal is to optimize the cell equalization time. In Section 3.2.7, two capacitor-based
balancing systems were mentioned with high grade. However, one of their disadvantages
is their speed, since the lower the voltage difference between adjacent cells, the lower the
equalization speed. This problem is avoid in our balancing system with the hysteresis band
that keeps a higher current value for very low differences, and in addition it is preventing
worthless low equalization currents.

From equation (3.23), the equalization current value in Zone1 is a constant obtained
according to

di f f = Di f fmin1, (3.24)

and in Zone2, it is the constant given by

di f f = Di f fmin2. (3.25)



3.3 Proposed Equalization Topology, Algorithms and System Functionalities 89

Fig. 3.30 Algorithm that determines the cell operating zone for ieq calculation

The three cell operating zones for the Mode1 control algorithm have been described. The
flowchart shown in Fig. 3.30 illustrates the algorithm in charge of determining the zone in
which the cell has to be operated, according to its condition (diff ). It will allow to determine
diff based on the zone, and as a result (3.23) obtains the needed cell equalization current to
accomplish the balance.

Attending to Fig. 3.30, the algorithm checks if the value of di f f is higher than the
pre-defined constant Di f fmin2. In this case, the cell should be operated in Zone3. Otherwise,
from this zone, the cell enters in the hysteresis band of Zone2 up to the instant in which it
returns to Zone3, or in which the cell is balanced (di f f ≤ 0) and the equalizer is switched
off for this cell. Once in the balanced state, if an unbalance is detected again (di f f is higher
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than the pre-defined constant Di f fmin1), the cell comes into the hysteresis band of Zone1,
from where the cell can derive to a balanced state or to Zone3, as explained in Fig. 3.30.

Now we proceed to analyze Mode2, which was briefly explained previously.

Fig. 3.29a describes this mode as the one at the last stage of the charging process. While
the EV is being driven (Mode1), its cell voltages will always be below Vmax, because of the
discharge for the driving and the supply of the different electronic devices. The regenerative
breaking charges the battery, but it will never do it with a higher or equal amount of energy
than the consumed during driving. In conclusion, this cell voltage (Vmax) can only be reached
when the cell is pretended to be fully charged, and at this moment, the cell enters into the
Mode2 cell operating mode. As it has been aforementioned, this mode also represents a
security mode; so in our algorithm, it involves a discharging security mode as well. When
the cell reaches the pre-defined recommended minimum voltage (Vmin), Mode2 is utilized to
avoid a higher cell discharge.

Mode2 (which is also called for us as the Security Zone) is activated during charging (the
internal variable SecMax is set), when the cell voltage (vCell) reaches a pre-defined maximum
voltage (Vmax), or activated during discharging (the internal variable SecMin is set), when the
cell voltage reaches the pre-defined minimum voltage (Vmin).

Once a cell enters into Mode2, it is treated separately without taking into account
the battery pack average voltage value. Vmax or Vmin (depending on the battery charging
or discharging process, respectively) becomes the reference value for this specific cell.
Meanwhile, the remaining cells that are operating in Mode1 still operate as explained for this
mode. Fig. 3.31 illustrates the final diff that will be applied to equation (3.23), taking into
account the cell operating mode.

As it can be seen in Fig. 3.31, in case the cell is operating in Mode1, the final difference
(di f f f inal) applied to equation (3.23) is the explained for this mode (di f fMode1). If the cell is
operating in Mode2, at the instant that the cell enters in this mode, the value of diff is stored
in a temporal variable (Diff ), which allows the system to store the initial conditions for the
control. di f f f inal is calculated according to Diff and the output of a Proportional-Integral
(PI) controller whose input is the difference between Vmax and vCell . The goal is to keep the
cell under the voltage limit by controlling the amount of current across the cell.

As we will see in Section. 3.3.4, the battery model is based on an Open-Circuit Voltage
(represented by a controlled voltage source) in series with a resistance. When the cell enters
into Mode2, the cell voltage is the sum of the Open-Circuit voltage (it is the real cell voltage)
and the voltage drop due to the series resistance. So, as the cell is being charged/discharged,
the PI control is gradually bypassing more and more current, minimizing the effect of the
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Fig. 3.31 Algorithm that determines the final diff based on the cell mode

series resistance (the lower the cell current is, the less the effect of the series resistance is),
and allowing the cell to reach its fully charge/discharge state under an accurate control.

The activation of Mode2 for any cell in the battery pack will influence in the battery
charger operation as it will be explained in Section. 3.3.5.

3.3.4 On-line Cell Deteriorated Detection and Change Decision

Battery models are particularly studied when talking about EV batteries [209–212]. A
typical battery representation is based on a electric circuit that consists of a controlled
voltage source (it represents the battery Open Circuit Voltage, VOC), a series resistor (it is the
ohmic resistance, which is responsible for the instantaneous voltage drop), and N sets of RC
networks (it describes some internal polarization processes). However, the most common
one (it is the one we use, applied to a cell in our case) is a simple controlled voltage source
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(whose voltage, vCell,OC, is a function of the cell current) in series with a constant resistance
(Rseries), as in [185, 213]. vCell and iCell are the terminal cell voltage and current, respectively.

vCell,OC is obtained from

vCell,OC =V0 −K
Q

Q−
∫

iCelldt
+Aexp(−B

∫
iCelldt), (3.26)

where V0 is the battery constant voltage (V), K is the polarization voltage (V), Q is the battery
capacity (Ah),

∫
iCelldt is the actual battery charge (Ah), A is the exponential zone amplitude

(V), and B is the exponential zone time constant inverse (Ah)−1.
The last important aspect treated in this work is related to the cell health. After a

Battery Selection process to choose the different cells to make up the battery pack, negligible
manufacturing differences will become prominent and show up along the cell life. The motive
is related to possible different thermal conditions between cells [214], or a bad equalization
system, which lead the cells to a heterogeneous environment; aging after a large number of
charge/discharge cycles, etc.

The battery health study is a recent field as the EV growth is pushing to a battery
manufacturing and performance optimization. [215] presents an interesting review that
analyzes the different aging mechanisms. To evaluate aging, different indicators are examined
such us State-of-Health (SoH), End-of-Life (EoL), State-of-Function (SoF), or Remaining
Useful Life (RUL). The capacity fade is brought about the electrolyte decomposition and
loss of active materials (material dissolution, structural degradation, electrode delamination,
etc.). The increase of the cell series resistance is caused by a loss of electrical contact within
the porous electrode and the passive films at the active particle surface.

Several different ways to study the cells health can be found, by prediction methods
[69, 216–219], or as explained in [220], which defines the EV battery end-of-life by when
batteries no longer satisfy daily travel needs of a driver. [214, 215] describe the different
methods to estimate the battery health, which are:

1. Electrochemical models [221]

2. Equivalent circuit based models [222]

3. Performance based models

4. Analytical models with empirical fitting [223–229]

5. Statistical approach [230, 231]

Electrochemical models and Equivalent circuit based models cannot be directly applied to
all the batteries, as technologies are continually being changed and improved. Performance
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based models are rarely tested on real vehicle data, because they are difficult to model since
there are a lot of environmental variables interacting. Analytical models with empirical fitting
have to be implemented by counting every time under the same conditions (including external
temperature), and require recalibration at regular intervals. Fuzzy logic is hard to implement,
adding significant errors. Statistical approach methods require a considerable data set to be
effective. They have low accuracy.

[215] concludes that the actual methods cannot be applied to a real EV diagnosis experi-
ment, as they are not able to perform a proper aging estimation. [216] also considers that
a suitable method still remains lacking for a practical use in a battery management system
application.

According to the existing studies that confirm the series resistance is a relevant parameter
to examine the battery health, and by analyzing the aforementioned battery health estimation
methods, a novel on-line method is presented in this paper, which is based on the battery
equalization system performance. It avoids an estimation, which is usually complex, hard
to obtain accurate results, and sometimes needs empirical fitting. This method does not
predict, it evaluates the cell behaviors in the battery pack (attending to the equalization
system operations) and proposes possible individual cell changes when they are marked as
deteriorated.

Attending to [213], when a battery system is equalized (each cell in the battery pack has
the same Open-Circuit voltage, vCell,OC) and the current across the pack is null (the series
resistance effect is eliminated), all the individual cells in the battery pack will have the same
cell voltage vCell .

Starting from the equilibrium (the battery pack is equalized and its current is null), the
initiation of a charging battery current (it is considered positive) causes the series resistance
effect appearance, and in consequence the measured cell voltage, vCell , is altered, expressed
as

vCell = vCell,OC + iCell ·Rseries. (3.27)

The worse the State of Health of a cell is, the higher the series resistance is; and therefore,
the higher the product iCellRseries is in comparison with a healthy cell. In consequence, the
measured voltages of unhealthy cells are higher. In this case, the proposed equalization
system, explained in Section. 3.3.2 and Section. 3.3.3, recognizes an unbalance condition and
partially bypass (according to the algorithm) the higher voltage cell currents, which in turns
are the unhealthy cells. By taking advantage of the system topology, the measurements of the
cells voltages and equalization currents are utilized to obtain the total energy losses produced
by the unhealthy cells. In conclusion, if all the cells in the battery pack remain with the same
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health, there is no imbalance and no current is equalized (there is not over-equalization),
leading the cells to have the same ratio of energy losses. If there is an imbalance condition
during charging, an over-equalization occurs, and in this case, unhealthy cells are partially
bypassed, obtaining their corresponding energy losses. The unhealthier a cell is, the higher
its voltage is and the higher its equalization energy losses are. Under an imbalance condition,
unhealthy cells will have a higher energy losses ratio relative to the total battery energy
losses.

The power losses of a cell that is being equalized follows

PCell,loss = vCell · ieq, (3.28)

where PCell,loss is the instantaneous power losses of an equalized cell (W), vCell is the voltage
cell (V), and ieq is the cell equalization current (A).

From (3.28), the energy losses of an equalized cell during charging are calculated in
discrete time as

ECell,lossch =
ns

∑
1

vCell · ieq ·∆tsample, (3.29)

where ECell,lossch is the energy lost (Wh) associated to a cell during charging, ns is the number
of samples measured from the start of the energy calculation to the current instant, vCell is the
voltage of the analyzed cell, ieq is the equalization current of the analyzed cell, and ∆tsample

is the sample time for the algorithm (h).

Similar approach is regarded for the battery discharging operation (the current is con-
sidered negative). Starting from the equilibrium (cells are equalized and the battery current
is null), the initiation of a battery discharging current causes the series resistance effect
appearance as well, although in this case iCell is negative in (3.27), and in consequence the
measured cell voltage, vCell , is altered, and is lower.

An unhealthy cell has a lower measured voltage than a healthy one (as the unhealthy cell
has a higher series resistance). However, when the proposed equalization system recognizes
an unbalance condition, an over-equalization occurs, and again the higher voltage cells are
the ones that are partially bypassed. It is important to notice that in this case the highest
voltage cell is the healthiest one, and the lowest voltage cell is the unhealthiest one. In
consequence, an inverse relationship is established between the cell instantaneous power
losses and the energy losses associated to a cell, as described in

ECell,lossdisch =
ns

∑
1

(
vCell,max · ieq,max − vCell · ieq

)
·∆tsample, (3.30)
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where ECell,lossdisch is the energy lost (Wh) associated to a cell during discharging, vCell,max

and ieq,max are the voltage (V) and current (A), respectively, of the cell with the highest
instantaneous power losses in the battery pack, and vCell and ieq are the voltage (V) and
current (A), respectively, of the analyzed cell.

From (3.29) and (3.30), the total energy losses associated to an individual cell (ECell,loss)
follows

ECell,loss = ECell,lossch +ECell,lossdisch. (3.31)

The total energy losses of the equalization system (ETotal,loss) are calculated attending to
(3.31) as

ETotal,loss =
nc

∑
1

ECelli,loss, (3.32)

where nc is the number of cells that make up the battery pack, and ECelli,loss is each individual
cell (the ith-cell) energy losses calculated according to (3.13).

Equations (3.31) and (3.32) are utilized to obtain the ratio of energy losses of each
individual cell, determined by

RatioEi,loss =
ECelli,loss

ETotal,loss
, (3.33)

where RatioEi,loss is the ratio (calculated per unit) of the energy losses of the ith-cell (of each
individual cell) in the battery pack.

The ratio is only calculated during Mode1, as in Mode2 cells operate independently and
the obtained results would be corrupted.

A small amount of total energy losses are expected (it is expected at least 95% of
efficiency), and for a healthy battery pack, RatioEi,loss should be similar for all the cells. For
instance, in a 100 cell battery pack, each RatioEi,loss should be close to 1% (or 0.01 in case it
is per unit). In the proposed algorithm, a cell is going to be considered unhealthy, and its
change is recommended, if its ratio is equal or higher than 10 times the one corresponding
to the healthiest cell (the cell with the lowest ratio). As a result, we can get a health map of
the different cells in the battery pack, including a recommendation of the cells that should
be changed. With the aim of optimizing the cell usage, the change decision will only be
accepted in case the total energy losses (ETotal,loss) are higher than the 5% of the total battery
energy (95% of efficiency) utilized for charging and discharging (ETotal,Bat).

ETotal,Bat is calculated as

ETotal,Bat = iBat ·
nc

∑
1

vCelli, (3.34)
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where iBat is the battery current (A), and vCelli is each individual cell voltage (ith-cell voltage).
Finally, the equalization efficiency calculation (ηeq) yields to

ηeq =
ETotal,loss

ETotal,Bat
. (3.35)

3.3.5 Communication Between the Battery Equalizer and the Battery
Charger

The communication between the equalizer and the battery charger is established with the aim
of optimizing the battery management, in this case by limiting the maximum battery current.
The signals sent from the equalizer to the charger are:

• Ieq,max, which is the maximum current (A) that the equalizer can fully bypass. As we
will see, it is 2A.

• iBat . When all the cells have SecMax (Fig. 3.31) set, Ieq,max is higher than the current
needed by each cell to be fully charged, and so the charger is gradually decreasing the
battery current according to the signal iBat .

• SecActivation. This signal is set when any cell activates its corresponding SecMax or
SecMin (Fig. 3.31). With this signal set, the charger must saturate the battery current
to a maximum of Ieq,max, allowing the equalizer to fully control each cell current.

• STOP. This signal is activated when any cell in the pack reaches a maximum (Vcell,max)
or minimum (Vcell,min) voltage recommended by the manufacturer; for example, 4.2V
as maximum.

The battery charger executes the following algorithm: in case the STOP is set, the charger
is stopped. When the SecActivation signal is set, at least one cell in the battery pack entered
into the Mode2 and the battery current is saturated to a maximum of Ieq,max, with the aim
of allowing the equalizer to be capable of fully bypass the cells. Once the SecActivation is
activated, the battery current value will follow the equalizer commands by reading iBat . If it
is not activated, the charger current follows its own algorithms.

3.4 Simulation Results

In Appendix H, it is shown how the system can equalize when the battery current is much
higher than the maximum equalization current.
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Fig. 3.32 Cell equalization currents and REVAi battery current profile

Appendix E and Appendix I illustrate the equalization system performance in a real
driving situation. The route was followed with a REVAi electric vehicle (in Badajoz, Spain) to
obtain a real driving current profile. The battery current was measured, which is utilized as the
input battery current for the simulation. The battery current is positive and negative because
the regenerative breaking is implemented. Positive current is caused by the regenerative
breaking, and negative current is the one utilized to drive the vehicle.

In Appendix E, the cell model is designed according to [213]. The cell parameters are
adjusted to fit the real cells we have in the laboratory, which are Li-based batteries, with
100Ah capacity. Ten cells are set in series and utilized with an initial SoC of 88%, 87%, 86%,
86%, 84%, 84%, 83%, 83.5%, 83.5%, 83%, respectively, simulating a SoC difference of 5%
between the most charged one and the least charged one.

The equalization system parameters, which were previously explained, are set as fol-
lows: Vmax = 4V , Ieq,max = 2A and Di f fmax = 0.06V , Ieq,min2 = 1A and Di f fmin2 = 0.035V ,
Di f fmin1 = 0.75 ·Di f fmin2V .

The modeled MOSFET is the IXTP75N10P (IXYS Corporation).

Simulations are implemented by using Matlab/Simulink.

In Fig. 3.32, the ten equalization currents can be examined, which correspond to the ten
cells in series that make up the battery pack.

Finally the battery current (obtained from a real driving with a REVAi EV) is presented.
This battery current is applied to the system as the input, as previously mentioned. Attending
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Fig. 3.33 Obtained results during a driving period for: upper subplot, cell voltages and
reference voltage (V); lower subplot, efficiency (%)

to the figure, Cell 1-4 (which are the most charged ones) are partially bypassed. By focusing
on ieq,1, the different zones (Fig. 3.29b) are clearly distinguished.

Fig. 3.33 presents the ten cell voltages and their average value (which is considered the
reference) in the upper subplot.

It demonstrates how at the end of the simulation, the different cells are equalized. The
lower subplot displays the efficiency. At the beginning of the simulation the efficiency is
lower as the system is equalizing, but it demonstrates that at the end of the simulation the
efficiency is high (close to 99% in this case), as no currents are bypassed once the system
is equalized during the driving period. In addition, as the maximum equalization current is
established at 2A, it keeps the overall efficiency high, taking into account the high values
that the battery current reaches.

If the battery pack was set to charging mode after this simulated driving period, as the
battery is equalized at the end of the route, the charging period would start with all the cells
balanced and they would reach Vmax more or less at the same time. So, the charging time
would be optimized. The full control of the current across the MOSFETS at any battery
operation allows the equalizer to be monitoring, and working, at every battery operation,
even when the battery current is really high during driving.
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Fig. 3.34 Picture of the built prototype for battery equalization and on-line unhealthy cell
detection with cell change decision

3.5 Experimental Results

3.5.1 Prototype Design

Finally, a prototype has been built, and a picture is shown in Fig. 3.34. Three cells are utilized
to make up the battery pack, and their corresponding three equalization boards are built and
connected.

Fig. 3.35 depicts a complete schematic that explains how the experimental equalization
prototype is designed for each individual cell.

As it can be observed, it is based on rapid prototyping, by utilizing the real time target
machine Speedgoat. The algorithm is implemented in a host computer which runs Mat-
lab/Simulink (based on xPC Target). It can performs the different simulations which, once
correctly checked, are downloaded to the target machine (the connection is established with
TCP/IP protocol through Ethernet). During the experimental operation, the target computer
executes the algorithms and control the overall system.

Two I/O modules (IO102 and IO301) are used for Speedgoat. IO102 reads the different
analog measurements; they are the battery current (iBat), and each individual cell voltage
(vCell,n) and equalization current (ieq,n), that is to say, for n cells, there are 1+2n analog mea-
surements. IO301 outputs the PWM (Pulse-Width Modulation) signals that are subsequently
converted into the MOSFET gate-source voltages for each cell. Therefore, for n cells, there
are n PWM outputs. The Speedgoat IO signals are colored in green.
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Fig. 3.35 Schematic that explains how the experimental equalization prototype is designed
for the n-cell

The blue lines represent the electrical connections in the control side. This side has
common ground for all the control side cell equalizers in the battery pack. For the n-cell,
the algorithm converts the desired ieq,n into the vGS,n. vGS,n is an analog value that has to be
isolated (with the aim of isolating the control and power electrical connections) and adapted
to the cell voltage level in the series string. Both goals are got by converting first vGS,n into
a PWM signal (which is the IO301 output), and secondly, leading this signal to a digital
isolator (ISO7421FE). This isolator is supplied by two isolated +5V power supplies. A +15V
power supply is installed in the equalization system (control electrical connections side). It
feeds a voltage regulator (LM7805C), whose output (+5V) is utilized to supply the control
side of the digital isolator. On the other hand, an isolated DC/DC converter (MEA1D1515SC)
inputs the +15V of the control side power supply and outputs +15V for the power side. This
+15V in power side is finally regulated to +5V with the LM7805C to supply the power side
of the digital isolator.

The red line symbolizes the power side electrical connections. The voltage level of each
cell power side is set by establishing the power ground in the negative terminal of the cell
(the MOSFET Source terminal).
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The output PWM signal of the digital isolator (0V and +5V) is level shifted (0V and
+15V) with the MC14504BCP to increase the voltage range that can be controlled for the
MOSFET vGS,n. Finally a first order RC low-pass filter converts the PWM signal into an
analog one, which is the input of the MOSFET Gate terminal. The cutoff frequency of the
filter ( fcuto f f ) is calculated as follows

fcuto f f =
1

2πRLPFilterCLPFilter
, (3.36)

where fcuto f f = 45Hz, RLPFilter = 1.6kΩ, and CLPFilter = 2.2µF .

The battery and the cell equalization currents are measured with the current transducer
LEM LA25. An accurate cell voltage measurement is essential [232–235] and has been
deeply studied. In the proposed system, the voltage measurement is implemented with an
order of accuracy of millivolts, and is developed with the isolated voltage sensor ACPL-C87,
whose differential output is converted to a single-ended signal with an op-amp TLC25L2BC.
Both current and voltage measurements allow isolation between the control and the power
sides.

The heat sink where the MOSFET is mounted is calculated from the given equation

Tjunction = PowerDev · (RthJC+RthCS+RthSA)+Tambient , (3.37)

where Tjunction is the junction temperature at a given power (0.8 times the maximum junction
temperature is recommended), which is 140oC, PowerDev is the power dissipated in the de-
vice (Vmax · Ieq,max), which is 8.4W (4.2V ·2A), RthJC is the thermal resistance from junction
to case (0.42oC/W obtained from MOSFET datasheet), RthCS is the thermal resistance from
case to heatsink, which is set to 0.25oC/W , RthSA is the thermal resistance from heatsink to
ambient, and Tambient is the ambient temperature of the surrounding air (70oC). RthSA is the
heatsink performance, and its obtained value is 7.66oC/W . In consequence a TO220 5oC/W
heatsink is utilized.

This system design allows a modular configuration, as each cell can be placed in the
battery pack, with its individual cell equalization board mounted on each individual cell.

3.5.2 Equalization Experimental Results

Appendix H presents experimental results for a Mode1 equalization process. In this case, the
battery current is equal to Ieq,max.

Appendix E presents experimental results for a battery current much higher than Ieq,max,
which are shown below.
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Fig. 3.36 Experimental results that show the battery equalization in Mode1 for a 10A battery
discharging

Fig. 3.36 presents the experimental results obtained when the battery pack is being
discharged at 10A.

The upper subplot shows the three cell voltages and their average value (their reference).
The lower subplot shows the battery current and the three equalization currents for Cell1-3.
At the beginning, the battery current is null and the voltage cells remain constant. From
190s to 210s, the battery current is set to 10A, and the equalizer is switched off with the
aim of demonstrating how the voltage cells are decreasing (cells are being discharged) and
maintaining the imbalance. At 210s the equalizer is switched on and the equalization starts.
It is observed how the voltage difference between cells is being reduced. At the end of the
figure, it can be seen that the cells are equalized. This equalization process corresponds to
Mode1 in Fig. 3.29a.

Mode2 operation (Fig. 3.29a) is shown in Fig. 3.37.

The data acquisition starts with the battery pack being charged at 5A (current higher
than Ieq,max). At 110s, when the first cell reach the maximum voltage (4V), the battery
current is decreased to Ieq,max, which allows the equalizer to have full control of the different
cell currents. At 165s the last cell reaches Vmax and the battery current is being decreased
according to the algorithm. At 460s the three cells are fully charged and the battery current
becomes null.
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Fig. 3.37 Experimental results that show the battery equalization in Mode2

3.5.3 On-line Cell Deteriorated Detection and Change Decision Exper-
imental Results

The battery pack was made up taking into account that Cell1 is the healthiest cell, and Cell3
is the unhealthiest one. Fig. 3.38 presents from top to bottom, the cell voltages (V) and their
reference in the upper subplot, the battery and equalization currents (A), the efficiency (%),
and at the bottom subplot the ratio (%) of energy losses of each individual cell, calculated as
described in (3.33).

At the beginning, the system is in equilibrium with all the voltages at the same level and
the battery current null, so in this case, the health estimation algorithm is activated from the
beginning. At 25s, a 10A battery charging starts. As Cell3 has a higher series resistance, its
voltage becomes higher and the equalizer partially bypass its current. The efficiency at the
beginning is low, but it soon becomes high, pointing at the Cell3 as the unhealthier one. At
the end of the charging process, the energy cell ratios are 12.67%, 19.48%, and 67.84%, for
Cell1, Cell2, and Cell3, respectively. The efficiency is a little below 95% (a cell change is
advised as it is less than 95%), and a health map of the cells in the pack is obtained, showing
the cell that clearly decreases the efficiency.
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Fig. 3.38 Experimental results that show the battery pack health analysis performed by the
algorithm



Chapter 4

Electric Vehicle Battery Charger Smart
Functions

4.1 Background

The existing electrical Grid is evolving from the centralized to the Distributed Generation
topology.

The integration of large Renewable Energy Sources (RES) like wind and photovoltaic
(PV) solar energies into the power system has grown up recently (commercial PV inverters
can be tested with a novel PV array emulator presented in [PAPER-III] and [PAPER-XVII]).
These RES are intermittent in nature and their forecast is quite unpredictable. This growth
of local generation can influence the power flows and impact negatively on the feeder
voltage in the distribution system, which has to withstand the load variation and the hostile
circumstances in order to effectively maintain the voltage level and improve the voltage
stability of the power system [236–238]. As a result, the PCC (Point of Common Coupling)
voltage control has to be taken into account. Therefore, large Energy Storage Systems (ESS)
will be required to smoothly support electric Grids so that the electrical power demand and
operating standards are met at all the times [239].

The Smart Grid infrastructure is shifting the existing Grid, as advanced metering, infor-
mation and communication control systems will be required.

At present, domestic customers’ appliances normally draw large harmonic and reactive
current from the Grid. It can lead to numerous problems in power systems and consumer
products, for example, overheating in equipment and transformer, blown capacitor fuses,
excessive neutral current, low power factor, etc. Besides, loadings with low PF (Power Factor)
draw more reactive current than those with high PF. The larger the reactive current/power, the
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larger the system current losses and lower the network stability [240]. Therefore, electrical
utilities usually charge the industrial and commercial customers a higher electricity cost with
a low PF.

To solve the harmonic and reactive current problems, power filters are one of the most
suitable solutions.

Residential users are expected to play a key role in improving the efficiency of the
network, through the adoption of intelligent mechanisms for managing the energy demand
and optimally managing the available resources. Energy Management Systems (EMS) are
being integrated with domestic and residential applications, which optimize the home energy
consumption. In [PAPER-IV], [PAPER-XV], [PAPER-XVI] and [PAPER-XVIII] a Local Energy
Management Unit (LEMU) is presented. It allows the user to demand an optimized constant
power to the Grid, which in turn is lower than the maximum peak power that can be demanded
by the user. The currents demanded to the Grid are sinusoidal and in phase with the Grid
voltage. In addition, it controls the different smart devices connected to the house. All these
functions yield great savings for the user whose power consumption is efficiently managed.

The V2H (Vehicle-to-Home) function is an EV (Electric Vehicle) Smart Function studied
in [22, 241, 242], which acts as a home backup power supply, providing energy to the home
loads.

In the view point of power utility, many studies have shown that interconnection of high
penetration level of EVs to power Grid could affect the system operation. The impacts of
EV charging on harmonics, power demand load profile, systems losses, voltage profile, and
transformer overloading have been comprehensively investigated. The results showed that
uncoordinated EVs charging could go beyond the safe operating limits of power Grid even
for modest level of EV interconnection [243].

Intelligent scheduling of the EV charging will alleviate the negative impact on the Grid
and is also attainable to relieve the stresses on the power distribution system facility. An
interesting evaluation of the charging infrastructure requirements and operating costs for
plug-in EVs is presented in [244], which concludes that charging time strategy is the most
important factor in reducing EV operating cost, while greater numbers of charging locations
provide diminishing benefits for PHEVs (Plug-in Hybrid Electric Vehicle). Higher charging
power capability, combined with an acceptable charging time strategy, offer only slight
benefits for PHEVs, but charging power is an important factor in increasing BEVs (Battery
Electric Vehicles) functionality and decreasing public charging requirements. The EV
integration into the Smart Grid is analyzed in [239]. Different Smart Charging approaches
that coordinate the EVs with the Grid are examined in [245, 246].
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EVs are a good candidate to play an important role as dynamic loads and potential
dynamic Energy Storage Systems, using the V2G (Vehicle-to-Grid) and V2H (Vehicle-to-
Home) contexts [237, 238, 241, 247–249].

In the recent years, due to the growth of the renewable energies and the EVs, the electronic
converters play an important role in the distribution systems, as active functions could be
applied to provide ancillary services such as reactive support [250–252]. Battery chargers
are an important part in the EVs [20, 32, 50, 253–257]. Using a more advanced EV battery
charger topology and controller compared to conventional methods available in the market,
the EVs can also supply power quality functions such as reactive power compensation,
voltage regulation, harmonic filtering, and power factor correction [258]. Considering its
benefits, Smart charging with V2G has been found advantageous and attractive in the long
term operation of the Grid. In the future, utilities would want to communicate EV charging
power with the customer and control it with an incentive in return.

Nowadays, most of the commercial EVs only allow the G2V (Grid-to-Vehicle) operating
mode, that is to say, the EV battery charging. However, new trends include the V2G and
V2H functions, which allows a power injection into the Grid and home, as EVs can play the
role of a source of energy storage.

The harmonic and reactive power compensation based on the generalized instantaneous
reactive power theory for three-phase power systems is detailed in [259, 260].

With rising interests in the Grid ancillary service uses of EVs, a large amount of re-
searches can be found analyzing different topologies and control methods that can perform
bidirectional power transfer using an EV as a distributed energy resource [13]. However,
there has not been much technical analysis about active functions using bidirectional EV
chargers and more work is needed in charging system application demonstrations and their
performance results [261].

For reactive compensation, PPFs (Passive Power Filter) were the first solution. Traditional
methods are based on shunt capacitors and AC filters [250, 262]. Their cost is low, but they
present low dynamic performance, and their compensation is affected by the impedance and
the operation status of the power Grid, which can lead to resonances with other elements
[236, 262, 263].

The different possible current quality compensating circuits for the high power unidi-
rectional EV battery charger are reviewed in [264] (similar approach can be applied to the
bidirectional configuration), which are typically composed of three main circuits:

1. A three-phase input AC/DC converter.

2. A current quality compensation circuit.
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(a) Single switch PFC current quality compensation

(b) TPTL-PFC current quality compensation

Fig. 4.1 Unidirectional series type current quality compensation

3. An isolated DC/DC converter.

The current quality compensating circuits can be classified into two main groups: series
type and shunt type, whose control is analyzed in [264].

Series type compensation is shown in Fig. 4.1, and can be divided into:

• Conventional single switch Power Factor Correction (PFC).

• Three-Phase Three-Level Power Factor Correction (TPTL-PFC).

Triangular carrier-based sinusoidal PWM method can be applied to generate the PWM
trigger signals for the switching devices, with the aim of obtaining sinusoidal system input
currents. According to [264], PFC method is not a convenient solution for the EV charger, as
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(a) APF current quality compensation

(b) LC-HAPF current quality compensation

Fig. 4.2 Unidirectional shunt type current quality compensation

it requires a very high dc input voltage to compensate the current quality problems. TPTL-
PFC method presents higher THD (Total Harmonic Distortion) in comparison with the shunt
type compensation methods.

Shunt type compensation is shown in Fig. 4.2, and can be divided into:

• Active Power Filter (APF).
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• LC coupling Hybrid Active Power Filter (LC-HAPF).

The concept of APF (Active Power Filter) was introduced by Gyugyi in 1976, they
overcome the disadvantages inherent in PPFs. Later on, different hybrid APF (HAPF)
topologies, composed of passive and active parts in series and/or parallel, have been presented,
in which the active part is a controllable power electronic converter, and the passive part is
formed by RLC component. Its goal is to improve the PPF compensation characteristics and
reduce the APF voltage and/or current ratings [240].

In APF and LC-HAPF compensating methods, the different reference compensating
currents are determined by the three-phase instantaneous pq theory. The APF method
requires a high dc-link operating voltage, but requires lower operating current and presents a
low THD. LC-HAPF method requires much lower dc-link operating voltage and current, and
presents better reactive power and current harmonics compensation; nevertheless, it requires
the largest number of components and can be costly. Its control complexity is high [264].

In [33, 49, 258, 261, 265, 266], bidirectional EV chargers for V2G reactive power com-
pensation are suggested, validated with simulation and experimental results. The controllers
fulfill a charging power command from the EV user and, at the same time, supplies the
agreed reactive power when demanded by the utility Grid. Both active and reactive powers
are the reference commands used by the controller. However, authors are not taking into
account the voltage regulation at the PCC. In addition, harmonic compensation is not taken
into account either.

In [243], a novel control topology solves the PCC voltage regulation. A simple direct-
voltage control is able to inject sufficient reactive power into the distribution network to
regulate the dc-link voltage. But, it cannot follow reactive power commands.

In [267–269], interesting harmonic compensation controls are described, by using a
LC-HAPF compensating topology. Simulation results prove their correct performance. These
controls cannot follow reactive power reference commands.

A LC-HAPF compensating method is analyzed in [240]. By controlling the dc-link
voltage, a dynamic reactive power compensation is achieved. Once again, authors are not
taking into account both the voltage regulation at the PCC and the harmonic compensation.

Finally, [264] presents an interesting table that compares the different solutions for 50kW
unidirectional high power EV battery chargers, which is shown in Table 4.1

4.1.1 Our Contribution

As it was studied in Section 4.1, the existing control methods only take into account at most
one active function, and it can be only carried out with either single-phase or three-phase
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Table 4.1 Comparison between different current quality compensations for 50kW unidirec-
tional high power EV battery chargers

Conventional
PFC

(Vin = 540V )

TPTL-PFC
(Vin = 543V < 50% >,
Vin = 500V < 100% >)

APF
(Vin = 500V ,
Vdc = 800V )

LC-HAPF
(Vin = 500V ,
Vdc = 280V )

No. of IGBT 1 (1200V,
250A) 4 (600V, 200A) 6 (1600V, 80A) 6 (600V, 80A)

No. of Diode 2 (1200V,
250A) 6 (600V, 200A) 6 (1600V, 80A) 6 (600V, 80A)

No. of AC Inductor — 3 (53µH, 200A) 3 (3mH, 80A) 3 (2mH, 80A)

No. of AC Capacitor — 3 (4.4µF , 400V) — 3 (200µF ,
400V)

No. of DC Capacitor — 2 (2500µF , 400V)

1 (5mF, 1200V)
Practical: Series
connection of 3
(10mF, 400V)

1 (5mF, 400V)

Voltage Signal
Sensor Circuit 1 1 4 4

Current Signal
Sensor Circuit — — 6 6

Initial Cost Lowest Low High Medium

Reactive Power
Compensation No for low Vin Fair Very Good Very Good

Current Harmonics THD > 20% THD < 11% THD < 8% THD < 6%

Compensation
Range

50% - 100%
Load 50% - 100% Load 0% - 100%

Load
50% - 100%

Load

Fault Protection
Easily bypass by

a controllable
1-phase switch

Easily bypass by two
controllable 1-phase

switches

Easily bypass by
a controllable

3-phase switch

Easily bypass by
a controllable
3-phase switch

Control algorithm Simple Simple Not simple Not simple

configuration, but not both of them; therefore, we are proposing a novel control method that
can manage several active functions (in addition to G2V and V2G functions) by plugging in
the EV to the home PCC:

• Reactive power compensation (inductive and capacitive) can be achieved according to
specific commands from the EVSE (Electric Vehicle Supply Equipment).

• PCC voltage regulation is implemented, minimizing the PCC voltage drop problems.

• Harmonic compensation is included, in order to ensure that the currents demanded/injected
into the Grid are sinusoidal and in phase with the Grid voltage, minimizing the effect
of the large harmonic and reactive currents draw by domestic customers’ appliances.
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Fig. 4.3 Smart House

All these functions can be implemented since a priority-based algorithm is designed,
implementing a current limitation control, and keeping the EV battery charger under the
safety limits of the weakest element.

The EV connection in a Smart Home is depicted in Fig. 4.3). The flow directions and
wiring distributions are shown. The Local Energy Management Unit (LEMU) allows the
bidirectional energy flow between the home and the EV, and between the home and the power
Grid.

In Section 2.3.3, a Phase-Adaptive Bidirectional EV Charger was presented. Its control
is designed for a non-Smart connection, that is to say, once the EV is plugged in, for instance
in a house, the control (based on the user’s commands or a predefined profile) follows the
reference battery current for a G2V or a V2G operation. Only active power is considered. The
power demanded or injected into the Grid depends on the battery reference current, battery
voltage, and the different losses associated with the battery charger operation (operation from
the battery viewpoint).

Based on the aforementioned proposal, another contribution of our work to this field is
the development of a novel control that is suitable for both non-Smart and Smart connections,
and both single-phase and three-phase connections, including several Smart Functions that
are managed to keep the EV battery charger under its safety limitations. It allows the EV
charger to work at any connection type: Smart and non-Smart. When the Phase-Adaptive
Bidirectional EV charger is to be operated with a non-Smart connection, the charger follows
the proposed Section 2.3.3 control; however, when the Phase-Adaptive Bidirectional EV
charger is to be operated with a Smart connection, references are set from the Grid viewpoint,
and in addition, Smart Functions are available.

With a Smart connection operation, the Grid active power becomes the reference, so the
battery current is determined to satisfy the Grid active power and the different battery charger
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losses, keeping the DC-link voltage at its reference value. Both G2V and V2G operations are
defined.

For a non-Smart connection, the different parameters needed by the EV battery charger
should be predefined or set by the user (charging current profile, predefined active/reactive
power for a certain time, etc.).

When the EV is plugged in a Smart connection, the EVSE (Electric Vehicle Supply
Equipment) set the reference commands. The communication between the EV and the EVSE
is carried out according to the standard ISO 15118-1:2013 [270], ISO 15118-2:2014 [271],
and ISO 15118-3:2015 [272] (Road vehicle- Vehicle to grid communication interface). The
reference commands sent to the EV battery charger are:

• Smart −enable. This variable is utilized by the EVSE to notify the EV battery charger
of the non-Smart/Smart connection.

• Ps,re f . It is the active power demanded or injected into the Grid.

• Qs − enable. This variable is utilized by the EVSE to notify the EV battery charger of
the reactive power compensation activation.

• Qs,re f . It is the reactive power reference that the EV battery charger must follow.

• Vs − enable. This variable is utilized by the EVSE to notify the EV battery charger of
the PCC voltage control activation.

• Vs,re f . It is the PCC voltage reference that the EV battery charger must follow.

Smart connection operation is analyzed throughout the following sections. G2V and
V2G operations, together with reactive compensation (according to a reactive power refer-
ence), voltage regulation at the PCC (according to a PCC voltage reference), and harmonic
compensation are implemented. Their Smart control algorithm is presented and analyzed in
Section 4.2.

The four quadrants of operation in the P-Q power plane will be analyzed, and it will be
demonstrated how our control algorithm allows the four-quadrant operation.

All the aforementioned Smart functions can be implemented as a safety limit with priority
is designed, keeping the weakest element of the system operating under its maximum current
value. The priority algorithm leads the direct-axis Grid current component to have a higher
priority than the quadrature-axis Grid current component.

Simulation results are examined in Section 4.3, in which the Smart Phase-Adaptive
Bidirectional EV Charger operates in the four quadrants, showing the correct performance of
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Fig. 4.4 General electric diagram of the three-phase bidirectional battery charger

the designed control algorithm, and analyzing the different operations. Finally, experimental
results are presented in Section 4.4, which validate the previously studied simulation results.

4.2 Phase-Adaptive Bidirectional EV Charger with Smart
Functions

4.2.1 EV Charger Topology

The proposed charger topology has already been analyzed in Section 2.3.3, and is illustrated
in Fig. 4.4.

The topology is mainly based on two power stages. The first one is a three-phase
bidirectional AC/DC converter, which can operate in single-phase and three-phase Grid
connections. It connects the Grid with a DC-link. The second stage is a DC/DC bidirectional
converter that connects the DC-link and the EV battery.

The presented design allows both the battery charge by demanding the energy from
the Grid (G2V), and the energy injection (V2G) into the Grid (this process is useful, for
example, when the vehicle is parked at peaks of consumer energy demand). In addition,
active functions can be carried out.

4.2.2 Control Strategies

The control system is designed to work in both non-Smart and Smart connection contexts
(the user must indicate the connection mode). In addition, both single-phase and three-phase
connections are implemented (the phase-detection algorithm is implemented and explained
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in Section 2.3.3). As a result, the proposed control strategies allow the user to plug in the EV
regardless of the connection type.

The non-Smart connection is analyzed and presented in Appendix J and Appendix K. As
aforementioned, the battery current is the active reference (battery viewpoint), and ancillary
services are covered with both direct-axis (d-axis) and quadrature-axis (q-axis) components.
G2V (Grid to Vehicle) and V2G (Vehicle to Grid) operation modes are implemented. The
active power during these modes lets the battery charge and the energy injection into the
Grid, respectively. In addition, both modes include reactive power compensation with the
aim of regulating the reactive power consumption, including a saturation function designed
to protect the EV system. Simulation results probe how the EV battery charger can follow
active and reactive commands.

Smart connection will be described throughout this section.
It follows a Grid viewpoint, that is to say, the active reference follows the command of

active power that has to be demanded/injected into the Grid (both G2V and V2G operations
are defined). The battery current is determined to satisfy the Grid active power and the
different battery charger losses, keeping the DC-link voltage at its reference value. Finally,
Smart Functions are designed and integrated in the EV battery charger algorithm: Reac-
tive power compensation (inductive and capacitive) can be achieved according to specific
commands from the EVSE (Electric Vehicle Supply Equipment). PCC voltage regulation
is implemented, minimizing the PCC voltage drop problems. Harmonic compensation is
included, in order to ensure that the currents demanded/injected into the Grid are sinusoidal
and in phase with the Grid voltage, minimizing the effect of the large harmonic and reactive
currents draw by domestic customers’ appliances.

The current controllers for the DC/DC converter and the inverter are the same as the ones
presented in Section 2.3.3. Fig. 4.5 presents the block diagram of the current controller for
the DC/DC converter, and the block diagram of the EV charger current controller for the
AC/DC converter is shown in Fig. 4.6.

DC/DC Converter Control Algorithm

The control strategy algorithm for the DC/DC converter has been modified by comparison
with the one explained previously for the Phase-Adaptive Bidirectional EV Charger, in
Section 2.3.3.

Fig. 4.7 illustrates the block diagram of the control algorithm that determines the final
reference battery current.

When the Smart configuration is enabled (Smart − enable signal is on), the input ref-
erence battery current (iBat,re f ), which in this case comes from DC-link voltage control
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Fig. 4.5 Block diagram of the current controller for the DC/DC converter

Fig. 4.6 Block diagram of the current controller for the AC/DC converter

Fig. 4.7 Block diagram of the final reference battery current control

algorithm (explained below), is led to the output. When the Smart configuration is disabled
(Smart−enable= o f f ), the algorithm follows the strategy already explained in Section 2.3.3:
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iBat,re f is set as a command by the user and is compared with the measured battery current.
The error is lead to a PI controller that calculates the final reference battery current.

Bidirectional Grid Active Power Control Function

Attending to the AC/DC converter control algorithms, the control strategy has been modified,
with the aim of including the Smart Functions. This algorithm allows the system to interface
with the power Grid.

The control strategy of the d-axis Phase-Adaptive bidirectional inverter current component
accomplishes the bidirectional active power control. Both positive (V2G) and negative (G2V)
active power flows can be performed. The system follows the active power reference
command provided by the EVSE.

Fig. 4.8 shows the block diagram of the d-axis Phase-Adaptive bidirectional inverter
current control strategy.

As it can be seen in Fig. 4.8, dashed lines differentiate the non-Smart and the Smart
operation modes. A switch, controlled by the Smart enable signal Smart − enable, allows
the corresponding algorithm selection.

This section is focusing on the algorithm in charge of the Smart Functions, the remaining
functions are omitted in this section to avoid an unnecessary repetition; therefore, for more
information, refer to Section 2.3.3.

The non-Smart operation mode follows the same control strategy as already explained in
Section 2.3.3.

In order to obtain the final reference Grid current value, the maximum current allowed
for the system is taken into account, which depends on the weakest element, and in this
case the inverter is considered the weakest element. Therefore, the variable IN (inverter
nominal current) is an EV battery charger internal variable that is utilized to limit the current
references.

Harmonic compensation will be analyzed in the following sections; therefore, throughout
this section it is assumed that EV battery charger is connected to the EVSE and no load is
connected in the home. As a result the Grid powers, voltages, and currents are the same as
the EV battery charger ones.
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Fig. 4.8 Block diagram of the direct-axis Phase-Adaptive bidirectional inverter current control strategy
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Attending to Fig. 4.8, IN is the inverter nominal current, Ps,re f is the reference inverter
output active power, and is,meas represents the Space Vector of the measured Grid currents
instantaneous values for phase-a, phase-b, and phase-c, since the abc coordinates Space
Vector i⃗s,meas is defined as

i⃗s,meas =

 ia,meas

ib,meas

ic,meas

 , (4.1)

where ia,meas, ib,meas, and ic,meas are the instantaneous values of the Grid currents for phase-a,
phase-b, and phase-c, respectively.

The subscripts re f and meas mean reference and measured, respectively.

vs,meas represents the measured phase-neutral Grid voltage Space Vector in abc coordi-
nates, since the abc coordinates Space Vector v⃗s,meas is defined as

v⃗s,meas =

 va,meas

vb,meas

vc,meas

 , (4.2)

where va,meas, vb,meas, and vc,meas are the instantaneous values of the phase-neutral Grid
voltages for phase-a, phase-b, and phase-c, respectively.

The variable Phase determines the single-phase/three-phase operation, according to the
Phase-Adaptive function analyzed in Section 2.3.3. iBat and vBat are the measured battery
current and voltage, respectively. Finally Smart − enable is the variable that enables the
Smart operation.

The outputs of the ASRF block [44] are θ (theta), which is the angle formed by the
synchronous reference frame and the α −β frame; Vs1,d,meas, which is the RMS value of the
positive-sequence fundamental direct component of vs,meas; ud , which is the positive-sequence
fundamental d-axis unit vector of vs,meas; uq, which is the positive-sequence fundamental
q-axis unit vector of vs,meas; and v⃗+s1

(a,b,c) is the fundamental phase-neutral Grid voltage
Space Vector of vs,meas.

The subscript 1 indicates that the parameters are referred to the fundamental component.
The subscripts d, and q symbolize the d-axis and q-axis components.
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The block “P = abc−0dq” represents the Park transformation matrix (it transforms from
abc to 0dq coordinates), and is defined as

P =

√
2
3


1√
2

1√
2

1√
2

cos(θ) cos
(
θ − 2π

3

)
cos
(
θ + 2π

3

)
−sin(θ) −sin

(
θ − 2π

3

)
−sin

(
θ + 2π

3

)
 , (4.3)

where Is1,d,meas and Is1,q,meas are obtained, which are the RMS value of positive-sequence
fundamental direct-axis and quadrature-axis components of is,meas, respectively.

The measured inverter output power, Ps,meas, is obtained (taking into account that the
ASRF synchronizes the Grid voltage positive-sequence fundamental component with the
direct-axis) as

Ps,meas =Vs1,d,meas · Is1,d,meas ·PAps, (4.4)

where PAps is the “Power Adaption block” of Ps,meas that multiplies three times the input in
case of three-phase operation.

I∗s,d,re f is defined as

I∗s,d,re f = K p
p ·
(
Ps,re f −Ps,meas

)
+

K p
i
s

·
(
Ps,re f −Ps,meas

)
, (4.5)

where K p
p and K p

i are the proportional and integral constants of the PI controller for the active
power controller loop. PI (Proportional-Integral) controller is added in order to compensate
the different losses, and reach the desired references.

Is,d,re f smart is the final RMS value of the d-axis Grid current, which multiplied by ud

yields to the instantaneous final reference d-axis Grid current is,d,re f .

Reactive Power Compensation and PCC Voltage Regulation Control Function

Power reactive support (both inductive and capacitive) and PCC voltage regulation are
implemented functions with the q-axis Grid current control, as it is shown in Fig. 4.9.

As it can be be seen in Fig. 4.9, dashed lines differentiate the

• Maximum quadrature-axis Grid current determination. It allows the EV charger to
work under the safety limits.

• Reactive Compensation Control Algorithm.

• Voltage Regulation Control Algorithm.
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Fig. 4.9 Block diagram of the quadrature-axis Phase-Adaptive bidirectional inverter current control strategy
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Fig. 4.8 shows the calculation of the Fig. 4.9 input variables Is,d,re f smart , Is,d,re f nonsmart ,
Vs1,d,meas, Is1,q,meas, and uq.

By focusing on the reactive compensation control algorithm, two commands from the
EVSE are read: Qs − enable and Qs,re f .

Once Qs − enable is set, the RMS value of the reference q-axis Grid current iqs,q,re f is
calculated.

The reactive power is calculated (taking into account that the ASRF synchronizes the
Grid voltage positive-sequence fundamental component with the direct-axis) as

Qs =−Vs1,d · Is1,q ·PA, (4.6)

where PA is the corresponding “Power Adaption block” that adapts single-phase and three-
phase control algorithms.

Based on Fig. 4.9, and according to (4.6), the measured inverter output reactive power,
Qs,meas, is obtained as

Qs,meas =−Vs1,d,meas · Is1,q,meas ·PAqsmeas, (4.7)

where PAqsmeas is the “Power Adaption block” that multiplies three times the input in case of
three-phase operation.

Iq
s,q,re f is the calculated RMS value of the q-axis reference Grid current, which allows the

EV battery charger to follow the reactive power reference. It is obtained as

Iq
s,q,re f =

−Qs,re f

Vs1,d,meas ·PAqsre f
−
(

Kq
p ·
(
Qs,re f −Qs,meas

)
+

Kq
i

s
·
(
Qs,re f −Qs,meas

))
, (4.8)

where Kq
p and Kq

i are the proportional and integral constants of the PI controller for the
reactive power controller loop, and PAqsre f is the “Power Adaption block” of Qs,re f that
multiplies three times the input in case of three-phase operation.

By focusing on the PCC voltage regulation control algorithm, two commands from the
EVSE are read: Vs − enable and Vs,re f .

Once Vs − enable is set, the RMS value of the reference q-axis Grid current ivs,q,re f is
calculated, following the expression

Iv
s,q,re f = Kv

p ·
(
Vs,re f −Vs,meas

)
+

Kv
i

s
·
(
Vs,re f −Vs,meas

)
, (4.9)

where Kv
p and Kv

i are the proportional and integral constants of the PI controller for the PCC
voltage regulation controller loop.
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As it can be seen in Fig. 4.9, if Vs−enable is set, Iv
s,q,re f is selected as the output (I∗s,q,re f ),

else Iq
s,q,re f is chosen.

I∗s,q,re f is saturated by Is,q,max with the aim of keeping the system under safety limits,
obtaining Is,q,re f .

The equation that determines whether the calculated currents are under the nominal
current (IN) limit follows

IN ≥
√(

Is,d,re f
)2

+
(

I∗s,q,re f

)2
. (4.10)

The maximum current allowed for the system is taken into account, and therefore, the
variable IN is utilized to limit the final reference q-axis Grid current value.

In case (4.10) becomes true, both Is,d,re f and I∗s,q,re f are considered; otherwise the priority
is given to the d-axis component (which remains the same), and the q-axis component is
limited to Is,q,max, fiven by

Is,q,max =
√

I2
N − I2

s,d,re f . (4.11)

Finally, if Qs − enable is set, the final instantaneous reference q-axis Grid current is
calculated according to

is,q,re f =
√

2 · Is,q,re f uq. (4.12)

From Fig. 4.8 and Fig. 4.9, the final instantaneous reference Grid current (is,re f ) is

is,re f = is,d,re f + is,q,re f . (4.13)

DC-link voltage Regulation

The small variations in the estimation of the parameters are compensated by the term of the
reference current, which is obtained from the output of stable PI controllers.

In Fig. 4.10, the block diagram of the final reference battery and Grid currents calculations
is shown, including the aforementioned compensations; the DC-link voltage is regulated and
is kept at its reference value.

Due to the different parameter estimation variations, and the different system losses,
the DC-link voltage must be regulated and kept at its reference value, since it can suffer
important fluctuations. As it has been aforementioned, depending on the non-Smart/Smart
EV battery charger connection, a the charging view point is taken into account.
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Fig. 4.10 Block diagram of DC-link voltage regulation

For a non-Smart connection operation, the battery current is the reference and the Grid
current is adjusted to maintain the DC-link voltage, that is to say,

i∗s,dc = Kisre f
p ·

(
vdc,re f − vdc,meas

)
+

Kisre f
i
s

·
(
vdc,re f − vdc,meas

)
, (4.14)

where Kisre f
p and Kisre f

i are the proportional and integral constants of the PI controller, for
the DC-link voltage regulation controller loop, which adjusts the reference Grid current.

The variable i∗s,dc is multiplied by ud to get a instantaneous Grid current value in phase
with the phase-neutral Grid voltage. Finally it is added to the previously calculated in-
stantaneous reference Grid current, obtaining the final instantaneous Grid current value
as

is,re f , f inal = is,re f−= ud · i∗s,dc. (4.15)

For a Smart connection operation, the Grid power is the reference and the battery current
is adjusted to maintain the DC-link voltage, that is to say,

iBat,re f , f inal = Kibatre f
p ·

(
vdc,re f − vdc,meas

)
+

Kibatre f
i

s
·
(
vdc,re f − vdc,meas

)
, (4.16)
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Fig. 4.11 Block diagram of the PCC current distribution

where Kibatre f
p and Kibatre f

i are the proportional and integral constants of the PI controller,
for the DC-link voltage regulation controller loop, which adjusts the final reference battery
current (iBat,re f , f inal).

Harmonic Compensation Function

The last covered Smart Function deals with the harmonic compensation.

Up to now, the EV battery charger has been following commands from the EVSE. It has
been assumed that EV battery charger is connected to the EVSE and no load is connected
at home, hence the Grid powers, voltages, and currents are the same as the EV battery
charger ones. Throughout this section, harmonic compensation is included, in order to ensure
that the currents demanded/injected into the Grid are sinusoidal and in phase with the Grid
voltage, minimizing the effect of the large harmonic and reactive currents draw by domestic
customers’ appliances.

Based on Fig. 4.4, the new distribution of the Grid currents at the PCC is illustrated in
Fig. 4.11.

As it is depicted in Fig. 4.11, is,pcc is the EV battery charger output current (the current
demanded or injected by the EV battery charger), iload,pcc is the current demanded by the
load connected in the home, and igrid,pcc is the Grid current, that is to say, the current
demanded/injected into the Grid.

The control algorithm explained throughout the previous sections is valid to cope with
this function. However, in this new situation, the control algorithm input variable is,meas is
receiving igrid,pcc, and so the algorithm can control and make sure igrid,pcc (Grid current) is
drawing a sinusoidal waveform.

Two sensor boards (Each one of them has three current sensors to be able to measure the
three-phase situation) are needed:
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Fig. 4.12 Schematic of the different control stages for the Smart Phase-Adaptive Bidirectional
EV Charger

• Sensor board to measure is,pcc. It is the one we have used up to now, which is located
at the EV battery charger.

• Sensor board to measure iload,pcc. It should be located at home, and the EVSE should
deliver its measured values to the EV battery charger.

Including this new function, the control input variable is,meas follows

is,meas = is,pcc − iload,pcc. (4.17)

It is important to highlight that the control algorithm is unchanged to include this function,
and only the input variable is,meas is considered for this new function. Consequently, for
any case, the input variable is,meas is given by (4.17), and the EV battery charger receives
iload,pcc = 0 for a non-Smart connection.

Control Stages Coordination

Based on Fig. 4.4, Fig. 4.12 shows a schematic that explains how the different stages in the
Smart Phase-Adaptive Bidirectional EV Charger are linked.

The different P-Q power plane operating zones are analyzed and represented in the P-Q
power plane in [258, 261, 265]. When our proposed Smart Phase-Adaptive Bidirectional EV
Charger is working in the Smart mode, the system can work at any of the four P-Q power
plane operating zones, which are illustrate in Fig. 4.13

Table 4.2 summarizes the different P-Q operations (α is the angle in the P-Q power plane)
in which the Smart Phase-Adaptive Bidirectional EV Charger can work.
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Fig. 4.13 P-Q power plane operating zones

Table 4.2 Summary of the different P-Q operations in which the Smart Phase-Adaptive
Bidirectional EV Charger can work

Quadrant Power Factor
cos(α)

Active Power
(P)

Reactive
Power
(Q)

Operation Mode in
P-Q power plane

α = 0◦ Positive Zero V2G
I 0◦ < α < 90◦ Positive Positive V2G and inductive

α = 90◦ Zero Positive Inductive
II 90◦ < α < 180◦ Negative Positive G2V and inductive

α = 180◦ Negative Zero G2V
III 180◦ < α < 270◦ Negative Negative G2V and capacitive

α = 270◦ Zero Negative Capacitive
IV 270◦ < α < 0◦ Positive Negative V2G and capacitive

4.3 Simulation Results

4.3.1 Description of the Simulated System

A simulation analysis has been carried out to validate the proposed novel Smart Phase-
Adaptive Bidirectional EV Charger control. Good dynamic response under the EVSE
command variations, and good steady-state operation conditions are provided by the proposed
control.

The block diagram of the simulated system, implemented by using Matlab/Simulink,
is shown in Fig. 4.14. It is designed by following the topology presented in Section 4.2.1,
which is based on two power stages:

• Three-phase bidirectional AC/DC converter. It can operate in single-phase and three-
phase Grid connections.

• DC/DC bidirectional converter. It connects the DC-link and the EV battery.
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Fig. 4.14 Matlab/Simulink block diagram of the simulated system
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The fixed-step size (fundamental sample time) of the simulation is set to 0.0002s.
The main parts in the block diagram of Fig. 4.14 are highlighted with a green dashed

circle:

• Control. The different control algorithms, explained in Section 4.2.2, are implemented
in this block. This block also includes the inputs of the different commands provided
by the user or previously predefined (in case of non-Smart connection), or the EVSE
(in case of Smart connection).

• PCC. Point of Common Coupling. The Grid, the EV battery charger, and the Load are
connected to this point.

• 1ph/3ph Grid. These blocks represent the Grid. Three controlled voltage sources are
utilized to allow the three-phase Grid implementation. By simply clearing phase-b and
phase-c, a single-phase connection (phase-a) is obtained.

With the aim of testing the PCC voltage regulation control algorithm, the Grid has been
turned into a weak Grid (higher Grid inductance). It is achieved by adding a series RL
impedance (Lgrid), which is the line impedance, as it can be seen in Fig. 4.14.

• AC/DC Converter. This is the three-phase bidirectional AC/DC converter (6 IGBTs
are utilized to build the three-phase AC/DC Half-Bridge PWM Converter), which can
operate in single-phase and three-phase Grid connections. A Dead-Beat is used to
follow the Grid current reference. The Grid neutral wire is connected to the mid-point
of the DC-link.

• DC-link. Its midpoint is connected to the Grid neutral point.

• DC/DC Converter. This is the bidirectional DC/DC converter (2 IGBTs are utilized
to build the Half-Bridge Bidirectional DC/DC Converter). A Dead-Beat is used to
follow the Grid current reference.

• Battery. A lithium-based battery is utilized. It is made up with 15 cells in series, with
a total nominal voltage of 48V and a total capacity of 100Ah. For the simulation, the
initial battery SOC (State of Charge) is set to 60%. As it is explained in Section. 3.3.4,
the battery model is based on an Open-Circuit Voltage (represented by a controlled
voltage source) in series with a resistance.

• Load. This load is built with a three-phase diode-bridge and a resistance. It pretends
to reproduce the effect of the large harmonic and reactive currents draw by domestic
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Table 4.3 Summary of the different parameters values set for simulation

Parameter Symbol Value

Grid voltage (RMS value) V s 230V
Grid frequency f s 50Hz
Line inductance Lgrid 4mH
Line resistance Rgrid 1mΩ

Inverter nominal current IN 5A
AC/DC Converter - Inductor: inductance Ls 19mH
AC/DC Converter - Inductor: resistance Rs 766mΩ

AC/DC Converter - Switching frequency fcac 20kHz
DC-link voltage vdc 700V
DC-link capacitance CDC−link 4.40mF
DC/DC Converter - Inductor: inductance Ldc 7.50mH
DC/DC Converter - Inductor: resistance Rdc 38mΩ

DC/DC Converter - Switching frequency fdac 20kHz
Load resistance Rload 150Ω

Table 4.4 List of the different controller parameter values set for simulation

Parameter Symbol Value

Proportional constant for PI controller (active power-loop) K p
p 0.0001

Integral constant for PI controller (active power-loop) K p
i 0.05

Proportional constant for PI controller (reactive power-loop) Kq
p 0.001

Integral constant for PI controller (reactive power-loop) Kq
i 2.5 ·10−6

Proportional constant for PI controller (PCC voltage-loop) Kv
p 0.5

Integral constant for PI controller (PCC voltage-loop) Kv
i 30

Proportional constant for PI controller (non-Smart DC-link
voltage-loop) Kisre f

p 0.0003

Integral constant for PI controller (non-Smart DC-link voltage-loop) Kisre f
i 0.0006

Proportional constant for PI controller (Smart DC-link voltage-loop) Kibatre f
p 2

Integral constant for PI controller (Smart DC-link voltage-loop) Kibatre f
i 30

customers’ appliances. A “Three-Phase Breaker” block has been added to decide
whether the load is considered to be connected at the PCC or not.

The inductance of Ls and Ldc, and the capacitance CDC−link are designed according to
Section 2.3.3, achieving less than 2% of current ripple [258].

The different system parameter values are summarized in Table 4.3, and the controller
parameters are listed in Table 4.4.
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Fig. 4.15 0.3s-2.3s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr);
is,meas (A) for phase-a, phase-b, and phase-c, respectively; phase-a measured Grid current
is−a,meas (A); Is−a1,meas (V), Is−a1,d,meas (V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

4.3.2 Active and Reactive Power Control Simulation Results

General View of the Active and Reactive Power Control Simulation Results

The control is set for a smart connection mode. A profile for the active and reactive power
reference commands has been designed. As it will be seen with the different simulation
results presented in this section, along the two seconds of simulation, this profile shows the
Smart Phase-Adaptive Bidirectional EV Charger operating at any possible working mode. It
starts with only active power, followed by only reactive power.Then the four quadrants in
the P-Q power plane are commanded, proving the correct performance under the limitation
of the inverter nominal current. Finally, the control receives a command that overpasses
the EV charger limits, with the aim of showing how the control algorithm keeps the Smart
Phase-Adaptive Bidirectional EV Charger working under the limits of the weakest element
(the inverter).

Fig. 4.15 presents the evolution along the whole simulation time (2s) for (from top to
bottom):

• Reference and measured active power (Ps,re f , Ps,meas), measured in (W); and reference
and measured reactive power (Qs,re f , Qs,meas), measured in (VAr).

• Measured Grid current is,meas (A) for phase-a, phase-b, and phase-c, respectively.

• Measured phase-a Grid current is−a,meas (A).
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Table 4.5 Command profile for the simulation results of the active and reactive power control

Time (s) Ps,re f (W) Qs,re f (VAr) P-Q Power Plane operating modes

0.0s-0.4s 0 0
0.4s-0.6s -1500 0 Charging
0.6s-0.8s 0 -3000 Capacitive
0.8s-1.0s 1000 2000 Quadrant I
1.0s-1.2s -1000 2000 Quadrant II
1.2s-1.4s -1000 -2000 Quadrant III
1.4s-1.6s 1000 -2000 Quadrant IV
1.6s-1.8s -1000 -2000 Quadrant III
1.8s-2.1s -1000 -5000 Quadrant III (overpassing limit)

• RMS value of the phase-a positive-sequence fundamental component of the mea-
sured Grid current (Is−a1,meas), and its d-axis (Is−a1,d,meas) and q-axis (Is−a1,q,meas)
components. Measured in (A).

• Phase evolution of the positive-sequence fundamental component of the measured Grid
current (θ ◦

Is−a1,meas), measured in (degree).

As it can be seen in Fig. 4.15, the command profile (illustrated in the first subplot) follows
different configurations at steps of 0.2s, as described in Table 4.5, covering all different
operations the Smart Phase-Adaptive Bidirectional EV Charger can perform.

In Fig. 4.15, the forth subplot fulfills

Is−a1,meas =
√

I2
s−a1,d,meas + I2

s−a1,q,meas. (4.18)

Finally, the Is−a1,meas phase evolution (θ ◦
Is−a1,meas) is illustrated in the fifth subplot, and

is calculated as

θ
◦
Is−a1,meas = arctan

(
Qs,meas

Ps,meas

)
. (4.19)

At 0s-0.4s, Is−a1,meas = 0 and its phase is zero; however, due to the small measured
variations, the phase is switching as 0◦ and 180◦).

Details will be explained below, by zooming in on the time segments in which there are
changes in the power command profile.

Fig. 4.16 presents the evolution along the whole simulation time (2s) for (from top to
bottom):

• Reference and measured active power (Ps,re f , Ps,meas), measured in (W); and reference
and measured reactive power (Qs,re f , Qs,meas), measured in (VAr).
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Fig. 4.16 0.3s-2.3s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr);
vs,meas (V) for phase-a, phase-b, and phase-c, respectively; phase-a measured Grid current
is−a,meas (A); phase-b measured Grid current is−b,meas (A); phase-c measured Grid current
is−c,meas (A)

• Measured instantaneous Grid voltage vs,meas (V) for phase-a, phase-b, and phase-c,
respectively.

• Measured phase-a Grid current is−a,meas (A).

• Measured phase-b Grid current is−b,meas (A).

• Measured phase-c Grid current is−c,meas (A).

Details will be explained below, by zooming in on the time segments in which there are
changes in the reference power command profile.

Finally, Fig. 4.17 presents the evolution along the whole simulation time (2s) for (from
top to bottom):

• Reference and measured active power (Ps,re f , Ps,meas), measured in (W); and reference
and measured reactive power (Qs,re f , Qs,meas), measured in (VAr).

• Reference and measured DC-link voltage vdc,re f and vdc,meas (V).

• Measured battery voltage vBat,meas (V).

• Measured battery current iBat,meas (A).
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Fig. 4.17 0.3s-2.3s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr);
reference and measured DC-link voltage vdc (V); measured battery voltage vBat,meas (V);
measured battery current iBat,meas (A)

Analyzing Fig. 4.17, at 0.4s-0.6s, there is only negative active power, so the battery is
being charged, the measured battery voltage is higher (due to the battery series resistance),
and the measured battery current becomes negative. At 0.6s-0.8s, as there is only reactive
power, the battery current becomes null (the only battery current utilized is to regulated the
DC-link voltage) and the DC-link capacitor is enough to supply the reactive power (capacitive
operating mode). At 0.8s-1.0s, a positive active and reactive power condition is set, which
lead the charger to deliver the active power (the battery current becomes positive, and the
battery voltage decreases due to the battery series resistance), and the DC-link capacitor
supplies the reactive power (inductive operating mode). At 1.0s-1.2s, the negative active
power (power demanded from the Grid) is used to charge the EV battery, and the positive
reactive power is supplied by the DC-link capacitor. At 1.2s-1.4s, both active and reactive
power are negative, that is to say, active power is used to charge the EV battery and the
reactive power compensation is achieved with a capacitive operating mode. At 1.4s-1.6s, the
EV battery charger delivers the positive active power, and works in a capacitive operating
mode to compensate the negative reactive power. At 1.6s-1.8s, the EV charger is set as at
1.2s-1.4s, and finally at 1.8s the reactive power is increased up to -5000VAr, in order to
overpass the system limit. As the limit is set based on the nominal current inverter (5A),
and the active power has a higher priority than the reactive power, it can be seen that the
active power reaches its reference (the battery is charged according to the EVSE active power
command), but the reactive power is saturated.
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Detailed description of the Active and Reactive Power Control Simulation Results

Along this section, the main changes in the power profile are zoomed in, with the aim of
highlighting the dynamic response, and the good steady-state operation conditions provided
by the proposed control.

At 0.6s, the EVSE command changes from (Ps,re f =−1500W , Qs,re f = 0VAr) to (Ps,re f =

0W , Qs,re f =−3000VAr), that is to say, from charging to capacitive operating mode. From
Fig. 4.15, zooming in at 0.6s, the measured phase-a Grid current change is illustrated in
Fig. 4.18a.

It can be seen the change in the measured Grid current waveform, and also how Is−a1,d,meas

changes from -2.15A to 0A, Is−a1,q,meas changes from 0A to 4.3A, and Is−a1,meas = Is−a1,q,meas.
Finally, θ ◦

Is−a1,meas changes from −180◦ to −90◦. From Fig. 4.16, zooming in at 0.6s,
Fig. 4.18b is obtained. The Measured instantaneous Grid voltage presents a high ripple since
the Grid has been turned into a weak Grid; however, it can be seen the low ripple of the
measured Grid currents. At 0.6s, it is shown the fast dynamic response of the measured Grid
currents for phase-a, phase-b, and phase-c, respectively.

At 1.0s, the EVSE command changes from (Ps,re f = 1000W , Qs,re f = 2000VAr) to
(Ps,re f =−1000W , Qs,re f = 2000VAr), that is to say, from quadrant I to quadrant II. From
Fig. 4.15, zooming in at 1.0s, the measured phase-a Grid current change is illustrated in
Fig. 4.19a.

Is−a1,d,meas changes from 1.4A to -1.4A, Is−a1,q,meas remains at -2.9A, and Is−a1,meas

remains at 3.2A. Finally, θ ◦
Is−a1,meas changes from 63◦ to 117◦. From Fig. 4.16, zooming in

at 1.0s, Fig. 4.19b is obtained. It can be seen the fast dynamic response of the measured Grid
currents for phase-a, phase-b, and phase-c, respectively.

At 1.2s, the EVSE command changes from (Ps,re f = −1000W , Qs,re f = 2000VAr) to
(Ps,re f =−1000W , Qs,re f =−2000VAr), that is to say, from quadrant II to quadrant III. From
Fig. 4.20a and Fig. 4.20b, it can be seen the change of Is−a1,q,meas, and therefore the change
of θ ◦

Is−a1,meas.

At 1.4s, the EVSE command changes from (Ps,re f =−1000W , Qs,re f =−2000VAr) to
(Ps,re f = 1000W , Qs,re f =−2000VAr), that is to say, from quadrant III to quadrant IV. From
Fig. 4.21a and Fig. 4.21b, it can be seen the change of Is−a1,d,meas, and therefore the change
of θ ◦

Is−a1,meas.

Finally, at 1.8s, the EVSE command changes from (Ps,re f =−1000W , Qs,re f =−2000VAr)
to (Ps,re f =−1000W , Qs,re f =−5000VAr), that is to say, at quadrant III, the system is lead
from a normal operation to a condition of security limitation. From Fig. 4.22a and Fig. 4.22b,
it can be seen that Is−a1,meas reaches 5A and the reactive power is saturated (the active power
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(a) 0.6s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); is,meas (A); is−a,meas

(A); Is−a1,meas (V), Is−a1,d,meas (V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

(b) 0.6s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (V); is−a,meas

(A); is−b,meas (A); is−c,meas (A)

Fig. 4.18 Simulation results: from charging to capacitive operating mode

has higher priority and is not saturated) in order to avoid higher Is−a1,meas. It keeps the
inverter working under its maximum safety limit (inverter nominal current).
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(a) 1.0s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); is,meas (A); is−a,meas

(A); Is−a1,meas (V), Is−a1,d,meas (V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

(b) 1.0s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (V); is−a,meas

(A); is−b,meas (A); is−c,meas (A)

Fig. 4.19 Simulation results: from quadrant I to quadrant II

4.3.3 PCC Voltage Regulation Simulation Results

General View of the PCC Voltage Regulation Simulation Results

The control is set for a smart connection mode. A profile for the different reference commands
to regulate the RMS value of the PCC voltage has been designed. As it will be seen with
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(a) 1.2s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); is,meas (A); is−a,meas

(A); Is−a1,meas (V), Is−a1,d,meas (V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

(b) 1.2s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (V); is−a,meas

(A); is−b,meas (A); is−c,meas (A)

Fig. 4.20 Simulation results: from quadrant II to quadrant III

the different simulation results presented in this section, along the simulation period (2s),
this profile shows the Smart Phase-Adaptive Bidirectional EV Charger regulating the PCC
voltage at different values, higher and lower than the RMS Grid voltage in Spain (which is
230V).
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(a) 1.4s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); is,meas (A); is−a,meas

(A); Is−a1,meas (V), Is−a1,d,meas (V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

(b) 1.4s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (V); is−a,meas

(A); is−b,meas (A); is−c,meas (A)

Fig. 4.21 Simulation results: from quadrant III to quadrant IV

It starts with only active power. Then three different RMS PCC voltage commands are
set: a higher value than the initial one, followed by a lower value than the initial one, are
set. Both reference commands keep the Smart Phase-Adaptive Bidirectional EV Charger
performing under the limitation of the inverter nominal current. Finally, the control receives
a command that overpasses the EV charger limits, with the aim of showing how the control
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(a) 1.8s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); is,meas (A); is−a,meas

(A); Is−a1,meas (V), Is−a1,d,meas (V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

(b) 1.8s. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (V); is−a,meas

(A); is−b,meas (A); is−c,meas (A)

Fig. 4.22 Simulation results: from quadrant III to limited quadrant III operation

algorithm keeps the Smart Phase-Adaptive Bidirectional EV Charger working under the
limits of the weakest element (the inverter).

The command profile to show the RMS PCC voltage control follows different configura-
tions at steps of 0.5s, as described in Table 4.6, covering all different operations the Smart
Phase-Adaptive Bidirectional EV Charger can perform.



4.3 Simulation Results 141

Table 4.6 Command profile for the simulation results of the RMS PCC voltage control

Time (s) Ps,re f (W) Vs,re f (V) Operating modes

0.0s-0.5s 0 230
0.5s-0.8s -1500 230 Charging
0.8s-1.1s -1500 233 Charging and increasing PCC voltage
1.1s-1.4s -1500 227 Charging and decreasing PCC voltage

1.4s-1.7s -1500 200 Charging and decreasing PCC voltage
(overpassing limit)

Fig. 4.23 0.45s-2.2s. From top to bottom, Vs,re f (V) and Vs,meas (V); is,meas (A) for phase-a,
phase-b, and phase-c, respectively; phase-a measured Grid current is−a,meas (A); Is−a1,meas
(V), Is−a1,d,meas (V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

Fig. 4.23 presents the evolution along the whole simulation time (2s) for (from top to
bottom):

• RMS value of reference and measured PCC voltage (Vs,re f , Vs,meas), measured in (V).

• Measured Grid current is,meas (A) for phase-a, phase-b, and phase-c, respectively.

• Measured phase-a Grid current is−a,meas (A).

• RMS value of the phase-a positive-sequence fundamental component of the mea-
sured Grid current (Is−a1,meas), and its d-axis (Is−a1,d,meas) and q-axis (Is−a1,q,meas)
components. Measured in (A).
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Fig. 4.24 0.3s-2.2s. From top to bottom, Vs,re f (V), Vs,meas (V); vs,meas (V); is−a,meas (A);
is−b,meas (A); is−c,meas (A)

• Phase evolution of the positive-sequence fundamental component of the measured Grid
current (θ ◦

Is−a1,meas), measured in (degree).

As it can be seen in Fig. 4.23, the PCC voltage reference command profile (illustrated in
the first subplot) follows different configurations at steps of 0.3s, as described in Table 4.6,
covering all different operations the Smart Phase-Adaptive Bidirectional EV Charger can
perform.

At 0.0s-0.5, Is−a1,meas = 0 and its phase is zero; however, due to the small measured
variations, the phase is switching as −180◦ and 180◦).

Details will be explained below, by zooming in on the time segments in which there are
changes in the PCC reference voltage command profile.

Fig. 4.16 presents the evolution along the whole simulation time (2s) for (from top to
bottom):

• Reference and measured RMS PCC voltage (Vs,re f , Vs,meas), measured in (V).

• Measured instantaneous Grid voltage vs,meas (V) for phase-a, phase-b, and phase-c,
respectively.

• Measured phase-a Grid current is−a,meas (A).

• Measured phase-b Grid current is−b,meas (A).
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Fig. 4.25 0.3s-2.2s. From top to bottom, Vs,re f (V), Vs,meas (V); vdc,re f (V), vdc,meas (V);
vBat,meas (V); iBat,meas (A)

• Measured phase-c Grid current is−c,meas (A).

Details will be explained below.
Finally, Fig. 4.25 presents the evolution along the whole simulation time (2s) for (from

top to bottom):

• Reference and measured RMS PCC voltage (Vs,re f , Vs,meas), measured in (V).

• Reference and measured DC-link voltage vdc,re f and vdc,meas (V).

• Measured battery voltage vBat,meas (V).

• Measured battery current iBat,meas (A).

Analyzing Fig. 4.25, at 0.5s-0.8s, there is only negative active power (-1500W), so the
battery is being charged, the measured battery voltage is higher (due to the battery series
resistance), and the measured battery current becomes negative. The reference RMS PCC
voltage is 230V, which is the initial value. At 0.8s-1.1s, the reference RMS PCC voltage
is set to 233V, and the DC-link capacitor is enough to supply the reactive power utilized
to reach the reference. At 1.1s-1.4s, the reference RMS PCC voltage is set to 227V, and it
can be seen its effect on the DC-link voltage, as the DC-link capacitor supplies the reactive
power to reach the reference. Finally, at 1.4s, the reference RMS PCC voltage is set to 200V.
In this case, the reactive current needed, together with the active one utilized to charge the
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battery, would be higher than the inverter nominal current, and therefore, the reactive power
is saturated (the active current has higher priority than the reactive one). The RMS PCC
voltage can not reach the reference.

Detailed description of the PCC Voltage Regulation Simulation Results

Along this section, the main changes in the reference RMS PCC voltage profile are zoomed
in, with the aim of highlighting the dynamic response, and the good steady-state operation
conditions provided by the proposed control.

At 0.8s, the EVSE command changes from (Ps,re f =−1500W , Vs,re f = 230V ) to (Ps,re f =

−1500W , Vs,re f = 233V ), that is to say, from charging to charging and inductive operating
mode, which rises the RMS PCC voltage. From Fig. 4.23, zooming in at 0.8s, the measured
phase-a Grid current change is illustrated in Fig. 4.26a.

It can be seen the change in the measured Grid current waveform, and also how Is−a1,q,meas

changes from 0A to -2.7A, and Is−a1,meas changes from 2.2A to 3.5A. Finally, θ ◦
Is−a1,meas

changes from 180◦ to 128◦. From Fig. 4.24, zooming in at 0.8s, Fig. 4.26b is obtained. The
measured Grid voltage presents a high ripple since the Grid has been turned into a weak Grid;
however, it can be seen the low ripple of the measured Grid currents. At 0.8s, it is shown
the fast dynamic response of the measured Grid currents for phase-a, phase-b, and phase-c,
respectively.

Finally, at 1.4s, the EVSE command changes from (Ps,re f =−1500W , Vs,re f = 227V ) to
(Ps,re f = −1500W , Vs,re f = 200V ), that is to say, it is working in charging and capacitive
(decreasing the RMS PCC voltage) operating mode, and is lead from a normal operation to a
condition of security limitation. From Fig. 4.27a and Fig. 4.27b, it can be seen that Is−a1,meas

reaches 5A and the reactive current is saturated (the active power has higher priority and
is not saturated) in order to avoid higher Is−a1,meas. It keeps the inverter working under its
maximum safety limit (inverter nominal current).

4.3.4 Harmonic Compensation Simulation Results

The control is set for a smart connection mode, although the harmonic compensation can be
carried out for non-smart connection mode as well.

Initially, an active power reference of -2000W (charging the battery) is being followed
and the load is disconnected from the PCC. At 0.6s the load is connected to the PCC, and the
Smart Phase-Adaptive Bidirectional EV Charger compensates the current waveform draw by
the load, achieving a sinusoidal Grid current. This load connection is shown in Fig. 4.28.
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(a) 0.8s. From top to bottom, Vs,re f (V), Vs,meas (V); is,meas (A); is−a,meas (A); Is−a1,meas (V), Is−a1,d,meas
(V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

(b) 0.8s. From top to bottom, Vs,re f (V), Vs,meas (V); vs,meas (V); is−a,meas (A); is−b,meas (A); is−c,meas

(A)

Fig. 4.26 Simulation results: rising the RMS PCC voltage

Fig. 4.28 presents the load connection to the PCC, and the harmonic compensation carried
out by the Smart Phase-Adaptive Bidirectional EV Charger. The measured Grid voltage
is shown in the first subplot, the second, third and forth subplots show the measured Grid
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current, measured Smart Phase-Adaptive Bidirectional EV Charger output current, and the
measured current demanded by the load, respectively.

4.4 Experimental Results

4.4.1 Description of the Prototype

From the prototype utilized to obtain the non-smart operation experimental results, presented
in Section. 2.5, some variations have been applied. The final built prototype is shown in
Fig. 4.29.

This new prototype follows the same configuration as the schematic presented for the
simulation tests in Section. 4.3, and shown in Fig. 4.14.

As it was depicted in Fig. 4.14, Fig. 4.29 illustrates the main parts, which are highlighted
with a green dashed circle:

• Control. The control execution is based on rapid prototyping.The same control algo-
rithms utilized for the simulation tests, and explained in Section 4.2.2, are transferred
to the control platform DS1104 dSPACE. The inputs of the different commands pro-
vided by the user or previously predefined (in case of non-Smart connection), and the
EVSE (in case of Smart connection), are introduced by the user in this case. Smart
operation function, including active and reactive power control, and RMS PCC voltage
regulation, is implemented.

• PCC. Point of Common Coupling. The Grid and the Smart Phase-Adaptive Bidirec-
tional EV Charger are connected to this point.

• 1ph/3ph Grid. The output of an autotransformer, whose input is the mains, is the
utilized ideal source voltage. It provides the three-phase Grid supply. By simply
disconnecting phase-b and phase-c, a single-phase connection (phase-a) is obtained.

With the aim of testing the PCC voltage regulation control algorithm, the Grid has been
turned into a weak Grid (higher Grid inductance). It is achieved by adding a series RL
impedance (Lgrid), which is the line impedance, as it can be seen in Fig. 4.29.

• AC/DC Converter. This is the three-phase bidirectional AC/DC converter (6 IGBTs
are utilized to build the three-phase AC/DC Half-Bridge PWM Converter), which can
operate in single-phase and three-phase Grid connections. A Dead-Beat is used to
follow the Grid current reference. The Grid neutral wire is connected to the mid-point
of the DC-link.
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Table 4.7 Summary of the different parameters values utilized for the prototype

Parameter Symbol Value

Grid voltage (RMS value) V s 20V
Grid frequency f s 50Hz
Line inductance Lgrid 1.84mH
Inverter nominal current IN 3A
AC/DC Converter - Inductor: inductance Ls 19mH
AC/DC Converter - Switching frequency fcac 20kHz
DC-link voltage vdc 90V
DC-link capacitance CDC−link 4.40mF
DC/DC Converter - Inductor: inductance Ldc 21mH
DC/DC Converter - Switching frequency fdac 20kHz

Table 4.8 List of the different controller parameter values utilized for the prototype

Parameter Symbol Value

Proportional constant for PI controller (active power-loop) K p
p 0.01

Integral constant for PI controller (active power-loop) K p
i 0.6

Proportional constant for PI controller (reactive power-loop) Kq
p 0.01

Integral constant for PI controller (reactive power-loop) Kq
i 0.6

Proportional constant for PI controller (PCC voltage-loop) Kv
p 0.005

Integral constant for PI controller (PCC voltage-loop) Kv
i 12

Proportional constant for PI controller (non-Smart DC-link
voltage-loop) Kisre f

p 0.004

Integral constant for PI controller (non-Smart DC-link voltage-loop) Kisre f
i 0.06

Proportional constant for PI controller (Smart DC-link voltage-loop) Kibatre f
p 0.1

Integral constant for PI controller (Smart DC-link voltage-loop) Kibatre f
i 0.5

• DC-link. Its midpoint is connected to the Grid neutral point.

• DC/DC Converter. This is the bidirectional DC/DC converter (2 IGBTs are utilized
to build the Half-Bridge Bidirectional DC/DC Converter). A Dead-Beat is used to
follow the Grid current reference.

• Battery. A lithium-based battery is utilized. Three cells in series are utilized to make
up the battery pack, with a total nominal voltage of 9.6V and a total capacity of 7Ah.

A four branches SEMIKRON inverter is utilized for both the AC/DC Converter and the
AC/DC converter of the Smart Phase-Adaptive Bidirectional EV Charger.

The inductance of Ls and Ldc, and the capacitance CDC−link are designed according to
Section 2.3.3, which are similar to the ones utilized for the simulation tests.

The different system parameter values are summarized in Table 4.7, and the controller
parameters are listed in Table 4.8.
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Table 4.9 Command profile for the experimental results of the active and reactive power
control

Time (s) Ps,re f (W) Qs,re f (VAr) P-Q Power Plane operating modes

0s-3s 0 0
3s-5s -100 0 G2V
5s-7s 0 -100 Capacitive
7s-9s 30 50 Quadrant I
9s-11s -100 50 Quadrant II
11s-13s -100 -50 Quadrant III
13s-15s 30 -50 Quadrant IV
15s-17s -100 -50 Quadrant III
17s-20s -100 -200 Quadrant III (overpassing limit)

The Tektronix TD5 5034 Digital Phosphor Oscilloscope is used to measure the desired
signals.

4.4.2 Active and Reactive Power Control Experimental Results

General View of the Active and Reactive Power Control Experimental Results

As it was configured for the simulation results, the control is set for a smart connection mode,
and a profile for the active and reactive power reference commands has been designed.

Similar profile as the one used for the simulation test is implemented, allowing a com-
parison. Similar results are obtained. Although, the values for the experimental results are
scaled-down, as the power utilized for the prototype is lower.

Table 4.9 presents the profile, which follows different configurations at steps of 2s.
The test is executed for 20 seconds, showing that the Smart Phase-Adaptive Bidirectional

EV Charger can operate at any possible working mode. As explained for the simulation tests,
the designed power reference command profile starts with only active power, followed by
only reactive power.Then the four quadrants in the P-Q power plane are commanded, proving
the correct performance under the limitation of the inverter nominal current. Finally, the
control receives a command that overpasses the EV charger limits, with the aim of showing
how the control algorithm keeps the Smart Phase-Adaptive Bidirectional EV Charger working
under the limits of the weakest element (the inverter).

Fig. 4.30 presents the evolution along the whole experimental test time (20s) for (from
top to bottom):

• Reference and measured active power (Ps,re f , Ps,meas), measured in (W); and reference
and measured reactive power (Qs,re f , Qs,meas), measured in (VAr).
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• Reference and measured DC-link voltage (vdc,re f , vdc,meas), measured in (V).

As it can be seen in Fig. 4.30, the command profile (illustrated in the first subplot) covers
all different operations the Smart Phase-Adaptive Bidirectional EV Charger can perform.

At 3s-5s, there is only negative active power, so the battery is being charged (G2V). At
5s-7s, as there is only reactive power, the DC-link capacitor supplies the reactive power
(capacitive operating mode). At 7s-9s, a positive active and reactive power condition is set,
which lead the charger to deliver the active power V2G), and the DC-link capacitor supplies
the reactive power (inductive operating mode). At 9s-11s, the negative active power (power
demanded from the Grid) is used to charge the EV battery (G2V), and the positive reactive
power is supplied by the DC-link capacitor. At 11s-13s, both active and reactive power
become negative, that is to say, active power is used to charge the EV battery (G2V) and
the reactive power compensation is achieved with a capacitive operating mode. At 13s-15s,
the EV battery charger delivers the positive active power (V2G), and works in a capacitive
operating mode to compensate the negative reactive power. At 15s-17s, the EV charger is
set as at 11s-13s, and finally at 17s the reactive power is increased up to -200VAr, in order
to overpass the system limit. As the limit is set based on the nominal current inverter (3A),
and the active power has a higher priority than the reactive power, it can be seen that the
active power reaches its reference (the battery is charged according to the EVSE active power
command), but the reactive power is saturated.

It is important to highlight from Fig. 4.30, that the measured values can reach the
references with a fast response. The measured Grid voltage and current fast responses will
be detailed below.

Fig. 4.31 presents the evolution along the whole experimental test time (20s) for (from
top to bottom):

• Reference and measured active power (Ps,re f , Ps,meas), measured in (W); and reference
and measured reactive power (Qs,re f , Qs,meas), measured in (VAr).

• Measured instantaneous Grid voltage vs,meas (V) for phase-a, phase-b, and phase-c,
respectively. It is obtained from the oscilloscope (50V/div, 2s/div).

• Measured phase-a Grid current is−a,meas (A). It is obtained from the oscilloscope
(5A/div, 2s/div).

• Measured phase-b Grid current is−b,meas (A). It is obtained from the oscilloscope
(5A/div, 2s/div).

• Measured phase-c Grid current is−c,meas (A). It is obtained from the oscilloscope
(5A/div, 2s/div).
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Details will be explained below, by zooming in on the time segments in which there are
changes in the reference power command profile.

Detailed description of the Active and Reactive Power Control Experimental Results

Along this section, the main changes in the power profile are zoomed in, with the aim of
highlighting the dynamic response, and the good steady-state operation conditions provided
by the proposed control.

At 3s, the EVSE command changes from (Ps,re f = 0W , Qs,re f = 0VAr) to (Ps,re f =

−100W , Qs,re f = 0VAr), that is to say, the G2V operation starts to charge the EV battery.
The change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is illustrated in Fig. 4.32.

At 5s, the EVSE command changes from (Ps,re f =−100W , Qs,re f = 0VAr) to (Ps,re f =

0W , Qs,re f = −100VAr), that is to say, from charging to capacitive operating mode. The
change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is illustrated in Fig. 4.33.

At 9s, the EVSE command changes from (Ps,re f = 30W , Qs,re f = 50VAr) to (Ps,re f =

−100W , Qs,re f = 50VAr), that is to say, from quadrant I to quadrant II operation area in
the P-Q power plane. The change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is illustrated in
Fig. 4.34.

At 11s, the EVSE command changes from (Ps,re f =−100W , Qs,re f = 50VAr) to (Ps,re f =

−100W , Qs,re f =−50VAr), that is to say, from quadrant II to quadrant III operation area in
the P-Q power plane. The change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is illustrated in
Fig. 4.35.

At 13s, the EVSE command changes from (Ps,re f = −100W , Qs,re f = −50VAr) to
(Ps,re f = 30W , Qs,re f = −50VAr), that is to say, from quadrant III to quadrant IV opera-
tion area in the P-Q power plane. The change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is
illustrated in Fig. 4.36.

Finally, at 17s, the EVSE command changes from (Ps,re f =−100W , Qs,re f =−50VAr) to
(Ps,re f =−100W , Qs,re f =−200VAr), that is to say, at quadrant III, the charger is lead from
a normal operation to a condition of security limitation. In order to reach these references,
the inverter nominal current must be overpassed; however, the control algorithm keeps the
inverter working under a safety condition by limiting the reactive power (the active power
has a higher priority). The change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is illustrated in
Fig. 4.37.
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Table 4.10 Command profile for the experimental results of the RMS PCC voltage regulation
control

Time (s) Ps,re f (W) Vs,re f (V) Operating modes

0s-5s -50 20 Charging
5s-7s -50 20.5 Charging and increasing PCC voltage
7s-9s -50 19 Charging and decreasing PCC voltage

9s-10s -50 16 Charging and decreasing PCC voltage
(overpassing limit)

4.4.3 PCC Voltage Regulation Experimental Results

General View of the PCC Voltage Regulation Experimental Results

The control is set for a smart connection mode. A profile for the different reference commands
to regulate the RMS value of the PCC voltage has been designed.

Similar profile as the one used for the simulation test is implemented, allowing a com-
parison. Similar results are obtained. Although, the values for the experimental results are
scaled-down, as the power utilized for the prototype is lower.

Table 4.9 presents the profile, which follows different configurations at steps of 2s.
The test is executed for 10 seconds, showing that the Smart Phase-Adaptive Bidirectional

EV Charger can operate at any possible working mode (increasing and decreasing the PCC
voltage).

As explained for the simulation tests, the designed PCC voltage reference command
profile starts with only active power. Then three different RMS PCC voltage reference
commands are set: a higher value than the initial one, followed by a lower value than the
initial one, are set. Both reference commands keep the Smart Phase-Adaptive Bidirectional
EV Charger performing under the limitation of the inverter nominal current. Finally, the
control receives a command that overpasses the EV charger limits, with the aim of showing
how the control algorithm keeps the Smart Phase-Adaptive Bidirectional EV Charger working
under the limits of the weakest element (the inverter).

Fig. 4.38 presents the evolution along the whole experimental test time (10s) for (from
top to bottom):

• RMS value of reference and measured PCC voltage (Vs,re f , Vs,meas), measured in (V).

• RMS value of the phase-a positive-sequence fundamental component of the mea-
sured Grid current (Is−a1,meas), and its d-axis (Is−a1,d,meas) and q-axis (Is−a1,q,meas)
components. Measured in (A).

Is−a1,meas is calculated according to (4.18).
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Initially, the active power is set to -50W (G2V, EV battery charging process) and is kept
during the experimental test. It can be seen in Fig. 4.38 that Is−a1,d,meas (V) remains constant
at almost -1A.

Although the RMS Grid voltage was set to 20V, due to associated series resistances, the
measured RMS voltage at PCC is 19.5V. This is the reason why at 0s-5s the measured RMS
PCC voltage is 20V, but Is−a1,q,meas ̸= 0A, in fact Is−a1,q,meas is around -0.6A. Is−a1,q,meas is
regulating the RMS PCC voltage. A charging and capacitive operating mode is being carried
out.

At 5s-7s, the reference RMS PCC voltage is set to 20.5V, which is a higher value than
the initial one. Is−a1,q,meas reaches -1.4A (Is−a1,meas = 1.6A), and the RMS PCC voltage rises
to the reference.

At 7s-9s, , the reference RMS PCC voltage is set to 19V, which is a lower value than the
initial one. Is−a1,q,meas reaches 0.9A (Is−a1,meas = 1.3A), and the RMS PCC voltage decreases
to the reference.

Up to now, the reference commands were leading the EV charger with a Is−a1,meas under
the inverter nominal current. Finally, at 9s, the reference RMS PCC voltage is set to 16V.
In this case, the reactive current needed, together with the active one utilized to charge the
battery, would be higher than the inverter nominal current, and therefore, the reactive power
is saturated (the active current has higher priority than the reactive one). The RMS PCC
voltage can not reach the reference.

Fig. 4.39 presents the evolution, along the whole experimental test time (10s), for (from
top to bottom):

• Reference and measured RMS PCC voltage (Vs,re f , Vs,meas), measured in (V).

• Measured instantaneous Grid voltage vs,meas (50V/div) for phase-a, phase-b, and phase-
c, respectively.

• Measured phase-a Grid current is−a,meas (5A/div).

• Measured phase-b Grid current is−b,meas (5A/div).

• Measured phase-c Grid current is−c,meas (5A/div).

Details will be explained below.
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Detailed description of the PCC Voltage Regulation Experimental Results

Along this section, the main changes in the reference RMS PCC voltage profile are zoomed
in, with the aim of highlighting the dynamic response, and the good steady-state operation
conditions provided by the proposed control.

At 5s, the EVSE command changes from (Ps,re f = −50W , Vs,re f = 20V ) to (Ps,re f =

−50W , Vs,re f = 20.5V ), that is to say, the EV battery is being charged (G2V operation)
and the RMS PCC voltage rises. The change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is
illustrated in Fig. 4.40.

At 7s, the EVSE command changes from (Ps,re f = −50W , Vs,re f = 20.5V ) to (Ps,re f =

−50W , Vs,re f = 19V ), that is to say, the EV battery is being charged (G2V operation) and
the RMS PCC voltage decreases. The change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is
illustrated in Fig. 4.41.

Finally, at 9s, the EVSE command changes from Ps,re f =−50W , Vs,re f = 19V ) to (Ps,re f =

−50W , Vs,re f = 16V ), that is to say, decreasing the RMS PCC voltage, the charger is lead from
a normal operation to a condition of security limitation. In order to reach these references,
the inverter nominal current must be overpassed; however, the control algorithm keeps the
inverter working under a safety condition by limiting the reactive power (the active power
has a higher priority). The change in vs,meas, is−a,meas, is−b,meas, and is−c,meas is illustrated in
Fig. 4.42.
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(a) 1.4s. From top to bottom, Vs,re f (V), Vs,meas (V); is,meas (A); is−a,meas (A); Is−a1,meas (V), Is−a1,d,meas
(V), and Is−a1,q,meas (V); θIs−a1,meas (degree)

(b) 1.4s. From top to bottom, Vs,re f (V), Vs,meas (V); vs,meas (V); is−a,meas (A); is−b,meas (A); is−c,meas

(A)

Fig. 4.27 Simulation results: limited RMS PCC voltage control
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Fig. 4.28 Harmonic compensation simulation results. From top to bottom: vs,meas (V);
igrid,meas (A); is,meas (A); iload,meas (A)

Fig. 4.29 Picture of the built prototype
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Fig. 4.30 1s-20s. Experimental. From top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f (VAr),
Qs,meas (VAr); vdc,re f (V), vdc,meas (V)
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Fig. 4.31 0s-20s. Experimental results: from top to bottom, Ps,re f (W), Ps,meas (W), Qs,re f
(VAr), Qs,meas (VAr); vs,meas (V) for phase-a, phase-b, and phase-c, respectively; phase-a
measured Grid current is−a,meas (A); phase-b measured Grid current is−b,meas (A); phase-c
measured Grid current is−c,meas (A)
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Fig. 4.32 3s. Experimental results: G2V start operation. From top to bottom (10ms/div),
Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (50V/div); is−a,meas (5A/div) ;
is−b,meas (5A/div); is−c,meas (5A/div)
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Fig. 4.33 5s. Experimental results: from charging to capacitive operation. From top to bottom
(10ms/div), Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (50V/div); is−a,meas
(5A/div) ; is−b,meas (5A/div); is−c,meas (5A/div)
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Fig. 4.34 9s. Experimental results: from quadrant I to quadrant II operation. From top to
bottom (10ms/div), Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (50V/div);
is−a,meas (5A/div) ; is−b,meas (5A/div); is−c,meas (5A/div)
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Fig. 4.35 11s. Experimental results: from quadrant I to quadrant II operation. From top to
bottom (10ms/div), Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (50V/div);
is−a,meas (5A/div) ; is−b,meas (5A/div); is−c,meas (5A/div)
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Fig. 4.36 13s. Experimental results: from quadrant I to quadrant II operation. From top to
bottom (10ms/div), Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas (50V/div);
is−a,meas (5A/div) ; is−b,meas (5A/div); is−c,meas (5A/div)
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Fig. 4.37 17s. Experimental results: from quadrant III to limited quadrant III operation.
From top to bottom (10ms/div), Ps,re f (W), Ps,meas (W), Qs,re f (VAr), Qs,meas (VAr); vs,meas
(50V/div); is−a,meas (5A/div) ; is−b,meas (5A/div); is−c,meas (5A/div)
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Fig. 4.38 0s-10s. Experimental. From top to bottom, evolution of: Vs,re f (V) and Vs,meas (V);
Is−a1,meas (V), Is−a1,d,meas (V), and Is−a1,q,meas (V)
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Fig. 4.39 0s-10s. Experimental results: from top to bottom (1s/div), Vs,re f (V), Vs,meas (V);
vs,meas (50V/div); is−a,meas (5A/div); is−b,meas (5A/div); is−c,meas (5A/div)
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Fig. 4.40 5s. Experimental results: G2V and PCC voltage rise operation. From top to bottom
(20ms/div), Vs,re f (V), Vs,meas (V); vs,meas (50V/div); is−a,meas (5A/div) ; is−b,meas (5A/div);
is−c,meas (5A/div)
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Fig. 4.41 7s. Experimental results: G2V and PCC voltage decrease. From top to bottom
(20ms/div), Vs,re f (V), Vs,meas (V); vs,meas (50V/div); is−a,meas (5A/div) ; is−b,meas (5A/div);
is−c,meas (5A/div)
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Fig. 4.42 9s. Experimental results: G2V and PCC voltage limited decrease. From top to
bottom (20ms/div), Vs,re f (V), Vs,meas (V); vs,meas (50V/div); is−a,meas (5A/div) ; is−b,meas
(5A/div); is−c,meas (5A/div)



Chapter 5

Conclusions and Future Works

5.1 Conclusiones

Al comienzo de esta Tesis se ha explicado cómo en los últimos años, el crecimiento exper-
imentado del uso del VE (Vehículo Eléctrico) está guiando el mercado a centrarse en esta
materia, y por ello se están llevando a cabo importantes investigaciones que se centran en
diferentes elementos del VE. Las baterías son una parte fundamental en las aplicaciones rela-
cionadas con el VE, ya que determinan características tales como tiempo de carga, autonomía
de la batería, coste del VE, etc.

A lo largo de esta Tesis se ha presentado un Cargador de VE Bidireccional Adaptable
a la Fase de la Red. Opera con una estrategia novedosa de control de Corriente de Fuente
Senoidal Balanceada, demandando (G2V, siglas en inglés de Red-a-Vehículo) or inyectando
(V2G, siglas en inglés de Vehículo-a-Red) en la Red eléctrica una corriente senoidal con un
factor de potencia de desplazamiento unitario, consiguiendo que el vehículo se convierta en
un vehículo inteligente, y contribuyendo a la llamada Red Inteligente. Los algoritmos del
cargador son implementados en una topología simple, basada en dos etapas: la primera etapa
es un convertidor DC/DC que adapta la tensión de la batería a la tensión adecuada de entrada
del inversor (DC-link), que es fijada a un nivel constante. La segunda etapa es un convertidor
AC/DC que convierte los valores ac de obtenidos de la Red al valor constante adecuado para
el DC-link (en el modo G2V), y los valores del DC-link a los valores adecuados de ac de la
Red (para la operación V2G).

Se ha analizado cómo los algoritmos pueden detectar el tipo de fase de la Red con la que
el VE se ha conectado, y adapta los parámetros para poder llevar a cabo las operaciones de
G2V y V2G en conexiones a redes monofásicas y trifásicas.

Se han mostrado resultados de simulación y experimentales, validando el cargador
propuesto.
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Debido a los requerimientos de los VEs, se necesitan packs de baterías en serie, y el
desbalanceo que ocurre entre ellas es un problema muy importante a tener en cuenta debido
a peligros de seguridad y de un mal funcionamiento.

Además, diferentes condiciones térmicas entre las baterías, ecualización pobre durante el
uso de las baterías, o simplemente el envejecimiento debido a los ciclos de carga/descarga
de éstas, son causas de la degradación de las diferentes baterías en el pack de baterías. Un
sistema que pueda gestionar la salud de éstas es importante para poder tener al sistema
trabajando apropiadamente.

En esta Tesis se ha presentado un novedoso control de ecualización de baterías activo,
que es incluído en el cargador previamente explicado y presentado. Este control se basa
en el método Shunt Transistor, que es un método disipativo. Basado en los satisfactorios
resultados de simulación y experimentales obtenidos, y en los análisis referenciados, es un
método adecuado para la ecualización de baterías en VEs. A lo largo de la Tesis se han
explicado los diferentes algoritmos de control de ecualización diseñados, analizando los dos
modos de operación de las baterías (Modo1 y Modo2), y detallando las tres zonas en las
cuales las baterías son controladas en el Modo1.

También se ha explicado la función añadida de detección on-line de celdas deterioradas y
decisión de cambio. El algoritmo construye un mapa de salud de las celdas, y finalmente, de
acuerdo a las pérdidas de energía de ecualización de éstas, toma la decisión.

Los resultados de simulación analizan la ejecución del ecualizador propuesto durante
un período de conducción real, considerando como entrada del sistema los datos reales de
corriente de batería medidos. Al comienzo de la simulación, casi la mitad de las baterías del
pack necesitan ser parcialmente bypaseadas, pero una vez que el sistema está balanceado,
el ecualizador gestiona el pack sin bypaseo, y como resultado, la eficiencia se incrementa.
Los resultados experimentales conseguidos validan los diferentes algoritmos explicados a lo
largo de la Tesis, y prueban la correcta ecualización del pack de baterías y la detección de
las baterías deterioradas. Se muestra la alta eficiencia tanto en los resultados de simulación
como en los experimentales. Se expera en cualquier caso una eficiencia superior al 95%, y
teniendo en cuenta que para los resultados experimentales algunas baterías en el pack estaban
elegidas deterioradas intencionadamente, la eficiencia es incluso así cercana al 95%.

Finalmente, se diseña un algoritmo de compensación de potencia reactiva para apli-
caciones relacionadas con el VE. El convertidor AC/DC bidireccional permite al sistema
conectarse a la Red. A su vez, mantiene constante la tensión del DC-link, y además permite
la compensación de potencia reactiva. Con el objetivo de evitar sobrepasar el límite de
potencia del sistema, se diseña un algoritmo de prioridad de potencia activa, saturando la
potencia reactiva. De acuerdo a las características del sistema y a la potencia activa, se cal-
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cula un límite máximo de corriente reactiva. Los resultados de simulación y experimentales
demuestran cómo el algoritmo del sistema es capaz de compensar la potencia reactiva y cómo
satura la corriente reactiva cuando se va a sobrepasar el límite máximo. La potencia activa de
referencia es la potencia de la batería, y la potencia reactiva de referencia es la establecida
por un perfil predefinido, que proviene del llamado EVSE (siglas en inglés de Equipo de
Suministro del VE).
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5.2 Conclusions

This dissertation introduced how the EVs growth, experienced in the recent years, is leading
the market to focus on this matter, and consequently it is bringing about significant researches
which center on the different EVs elements. Batteries in EVs applications are fundamental,
as they determine characteristics such as charging time, battery autonomy, EV cost, etc.

A Phase-Adaptive Bidirectional EV Charger has been presented. It operates with a novel
Balanced Sinusoidal Source Current control strategy, demanding (G2V) or injecting (V2G)
into the Grid a sinusoidal current with a unity displacement power factor, making the vehicle
to become a smart vehicle, contributing to the so-called Smart Grid. The Phase-Adaptive
Bidirectional EV Charger algorithms are implemented in a simple topology, based on two
stages: the first stage is a DC/DC converter that adapts the battery voltage to the suitable
inverter input voltage (DC-link), which is fixed to a constant level. The second stage is an
AC/DC converter that converts the AC Grid values to the suitable constant DC-link ones (for
G2V mode), and the DC-link values to the suitable AC Grid ones (for a V2G operation).

It has been analyzed how the algorithms can detect the Grid phase type with which the
EV is intended to be connected, and adapts the parameters to properly perform the G2V and
V2G operations in single-phase and three-phase Grid connections.

Simulation and experimental results are shown, validating the Phase-Adaptive Bidirec-
tional EV Charger.

Series string of batteries are necessary due to the EVs requirements, and the cell imbalance
comes out as a considerable problem to deal with: safety hazards and poor performance are
the two main outcomes.

Different thermal conditions between cells, poor equalization during the battery usage, or
just aging after numerous charge/discharge cycles, cause the degradation of the different cells
in the battery pack. A health management is essential to keep the system working properly.

A novel active battery equalization control has been presented in this dissertation and
included to the Phase-Adaptive Bidirectional EV Charger. This control is based on the Shunt
Transistor method, which is a dissipative method. Based on the obtained simulation and
experimental results, and on the referenced analyses, dissipative methods are feasible for EV
battery equalization. The different designed equalization control algorithms were explained,
analyzing the two cell operating modes (Mode1 and Mode2), and detailing the three zones in
which the cells are controlled in Mode1.

The On-line cell deteriorated detection and change decision functionality is described.
The algorithm builds a health map, according to the energy losses ratio of each individual
cell, detects the unhealthy cells, and finally, attending to the equalization energy losses the
change decision is taken.
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Simulation results analyze the equalizer performance during a real driving period, con-
sidering the real acquired battery current data as the equalization system input. At the
beginning of the simulation, almost the half of the cells need to be partially bypassed, but
once the system is balanced, the equalizer manages the pack without bypassing, and as a re-
sult, the efficiency increases. Experimental results validate the different algorithms explained
along the dissertation, and proves the accomplishment of the battery pack equalization and
unhealthy cell detection. In both, simulation and experimental results, the efficiency is shown.
It is expected an efficiency higher than 95%, and by taking into account that in experimental
results, some cells set in the pack were intentionally chosen unhealthy, the efficiency was
even so close to 95%.

Finally, a reactive power compensation algorithm applied to EV applications has been
implemented and included. The bidirectional AC/DC converter allows the system to interface
with the Grid. It keeps the DC-link voltage constant, and in addition allows the reactive power
compensation. In order to avoid overpassing the power limit of the system, an active power
priority has been designed with a reactive power saturation. A maximum reactive current
limit is calculated according to the system characteristics and the active power. Simulation
and experimental results demonstrate how the system algorithm can compensate the reactive
power and how it saturates the reactive current when it is going to overpass the maximum
limit. The reference active power is the battery power, and the reference reactive power is
established by a predefined profile, which would come from the EVSE.
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Fig. 5.1 Next generation equalization system prototype

5.3 Future Work

With the aim of improving the system, new topologies for the battery charging operation can
be utilized, which can be suitable for high power, with higher efficiency.

The equalization system can be built in small boards that replace the big-size prototype
utilized for experimental results. These small boards can be set on each individual cell in the
battery pack, and this new system can be similar to a final product. Moreover, communication
between the different boards can be added, and so a plug and play system is built. Fig. 5.1
shows an schematic of how the next prototype could be designed.

The design of small boards needs the use of microcontrollers, which can implement the
different control algorithms and their size is reduced. As it can be seen in Fig. 5.1, each
cell can have an external board that measures its current, voltage, and temperature. The
microcontroller that these boards contain is in charge of managing the amount of current that
passes through its corresponding cell. All the data that are measured are, in turn, sent to a
central board, by using the CAN (Controller Area Network) protocol, which also contains
a microcontroller. This central board microcontroller is in charge of executing the main
algorithm that coordinates all other external boards.
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Fig. 5.2 External board mounted on a cell of the battery pack

Fig. 5.3 Built equalization system external board

As it is deduced, there is no need of computers, as the microcontrollers can execute
all that functions that were executed by them. On the other hand, microcontrollers allow
CAN communication, which is the communication utilized for vehicle applications. Digital
input and output control can be utilized to identify the different external boards during the
communication. Analog inputs can allow the measurement of the different parameters of the
system. PWM control manages the current that passes through the corresponding cell, CAN
communication lets the communication between the external boards and the central one.

In Fig. 5.2, the build board mounted on a cell of the battery pack can be seen (as it was
previously mentioned, each cell has its own external board). Attending to Fig. 5.2, it can be
easily observed the remarkable decrease of the prototype size.

Fig. 5.2 shows the external board after soldering the components.
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Non-disturbing bidirectional charger for PHEVs and EVs 
 
 

Abstract. A new algorithm for a bidirectional battery charger for PHEVs (Plug-in Electric Vehicles) and EVs (Electric Vehicles) is proposed. It 
achieves the battery charging and the Vehicle-to-Grid (V2G) modes, demanding or injecting currents into the grid without harmonics and with unity 
displacement power factor, regardless of whether the grid voltage is ideal (sinusoidal) or distorted, as the generated reference current is obtained 
from the fundamental component of the phase-neutral grid voltage, contributing to the concept of Smart Grids. Simulation and experimental results 
are included to validate the design (topology and its control) of the proposed charger. 
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Introduction 

The fossil fuel has been the dominant primary source of 
energy in the existing transport. However, it is common 
knowledge that the reserves of fuel in the Earth are limited. 
In addition, due to the instability in Middle East and the 
increasing concern for the ecosystem, alternative energy is 
acquiring major relevance. 

Nowadays, the research on more efficient vehicles has 
motivated the development of Plug-in Hybrid Electric 
Vehicles (PHEV) and Electric Vehicles (EV). There are 
commercial EVs in the market, with chargers to connect the 
vehicle to the grid, but these chargers allow only the 
charging of the battery, and demand a current with a high 
distortion. From the grid point of view, these PHEVs and 
EVs behave as non-linear loads, causing harmonic 
disturbances in the voltage at the point of coupling. Taking 
into account the exponential increase in the usage of EVs 
expected in the next years, it is very essential to develop 
non-disturbing chargers in order to contribute to improve the 
power quality of the electrical distribution system. 

Along the last years, a great study and development of 
the battery chargers for PHEVs and EVs has been carried 
out [1]-[7], but most of them can only charge the battery and 
others, very similar to the work presented in this paper [8], 
do not take into account the grid power quality. 

Along the following lines, a novel single-phase 
bidirectional charger is proposed, as it lets a V2G (Vehicle-
to-Grid) and a G2V (Grid-to-Vehicle) modes (the energy 
flows from the vehicle battery to the grid and from the grid 
to the battery, respectively) and it is carried out taking into 
account the power quality. The battery charging and 
discharging are achieved demanding or injecting into the 
grid currents without harmonics and with unity displacement 
power factor, regardless of whether the grid voltage is ideal 
(sinusoidal) or distorted, contributing to the concept of 
Smart Grids. No disturbances in the grid voltage can affect 
the generated reference current to demand or inject into the 
grid, as the reference current is generated from the 
fundamental component of the phase-neutral grid voltage. 
In addition, any battery technology can be used. 

Simulation and experimental results are included to 
verify the design of the proposed charger. 
 
Battery Charger Topology 

This single-phase bidirectional battery charger allows a 
battery charging mode (flow from the grid towards the 
battery, what corresponds to a negative battery current) and 
a battery discharging mode (flow from the battery towards 

the grid, what corresponds to a positive battery current). 
Any technology of battery can be used. It has two power 
stages, as shown in Fig. 1: stage 1 is a DC/DC bidirectional 
converter; stage 2 is a single-phase bidirectional inverter. 

The DC/DC converter adapts the battery output voltage 
to the suitable inverter input voltage and fixed it to a 
constant level regardless of a battery voltage variation due 
to its State-Of-Charge (SOC). The aim of the bidirectional 
inverter is whether to convert the DC values (from the 
DC/DC converter) to the suitable AC values, in order to 
inject sinusoidal currents in phase with the voltage into the 
grid, or to convert the AC values (from the grid) to the 
suitable constant DC values with which the DC/DC 
converter works. 

The bidirectional DC/DC converter, shown in Fig. 2, is 
explained in [9]. 

An H-bridge topology is used for the bidirectional 
inverter, as it is shown in Fig. 3. The mid-point of each leg is 
connected to the grid by a filter inductor with an internal 
resistance RAC and an inductance LAC. In order to achieve a 

proper operation of the inverter, it is necessary to satisfy 
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Fig.1. General electric diagram of the bidirectional charger 



 
where: Udc – DC inverter input voltage, ûAN – peak value of 

the phase-neutral voltage (which is the maximum 
instantaneous value it can reach). 
 

The inverter can work in two different configurations: 
 

a) S1-ON; S2-OFF 
 

Analyzing the inverter and neglecting the drop voltage of 
RAC, it can be obtained 

 

(2)  0
2

a dc AN
L AC

di U u
u L

dt


    

 

where: uL – inductor voltage, ia – inverter output current, 
uAN – instantaneous phase-neutral grid voltage. 
 

uL is always positive since (1) is assumed and its 
variation is negligible during the sample time, so it is 
considered that it remains constant during this period. 

It can be concluded that the inverter output current is a 
straight line with a positive slope 

 
b) S1-OFF; S2-ON 

 
A new analysis provides 
 

(3)  0
2

dc AN
L

U u
u

 
   

 

According to (1), uL is always negative and it can be 
concluded that the inverter output current is a straight line 
with a negative slope. 
 
Battery 

A great variety of battery models has been implemented 
to be able to simulate the battery behaviour in PHEV and 
EV [10]-[15]. In this paper, a battery model has been 
implemented to be able to simulate the behaviour of three 
types of batteries: Lead-Acid, Nickel-Metal-Hydride (NiMH) 
and Lithium-Ion (Li-ion). 

A model based on a controlled voltage source in series 
with a constant resistance has been used, as it is shown in 
Fig.4. 

The controlled voltage source is modelled with a non-
linear equation [16]. 

The parameters of the model are obtained from the 
manufacturer’s discharge curve and the electrical 
characteristics from the datasheet of the battery, as shown 
in Fig.5. 

In addition, to complete the battery model and take into 
account the self-discharge in case the car is parked and left 
for long time, a new block has been designed and inserted 
into the battery model to include this parameter. 
The self-discharge is measured as the percentage per 
month of reduced stored charge of the battery without any 
connection between the electrodes, so the proposed block 
adds to the input current an additional amount that causes a 
battery discharge equivalent to the self-discharge and it is 
implemented as shown in Fig.6.: no connection between the 
electrodes is detected when the battery current is zero and 
no variation occurs, what implies that the battery current 
and its derivative is zero. This detection keeps in memory 
the value that the SOC had when the disconnection 
occurred and calculates the amount of current needed to 
simulate the correct self-discharge. 
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Fig.3. Electric diagram of the three-phase inverter 
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Fig.6. Non-linear battery model 

 
Fig.5. Obtaining of battery model parameters from 
manufacturer’s datasheet of Saft Ni-MH VHT F. 

 
Fig.4. Non-linear battery model 



Generation of the converters reference currents 

The DC/DC converter is controlled by the battery 
current, Ibat, and its reference current value comes from the 
Battery Management System (BMS) as follows: 

 
 

(4)  ,bat ref BMSI I  

 

where: Ibat,ref – reference battery current, IBMS – BMS 

current. 
A novel Sinusoidal Source Current control strategy is 

proposed for the bidirectional inverter. The aim of this 
control strategy is that the charger injects (or demand) into 
the grid a current without harmonics, in phase with the 
fundamental component of the phase-neutral grid voltage, 
attaining a unity displacement power factor. 

The inverter reference current, ,a refi , is obtained 

multiplying a constant, K, by the unit vector of the 

fundamental component of the phase-neutral grid voltage, 

1ANu , 

 

(5)  
1 1, · ·a ref AN ANAi K u I u   

 

where: IA – RMS value of the injected (or demanded) 

current into the grid. 
The output instantaneous power is calculated as 
 

(6)    NAN A ap t u i  

 

where: pAN(t), uAN, ia – inverter output power, voltage and 

current. 
Equation (5) is calculated according to 
 

(7)  
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where: PAN - the inverter output active power (calculated as 
the mean value of pAN(t)), UAN1 - the RMS fundamental 

component of the phase-neutral grid voltage. 
The unit vector is calculated as 

 

(8)  
1

1

1

AN

AN

AN

u
u

U
  

 

where: 
1ANu  - the instantaneous fundamental component 

of the phase-neutral grid voltage. 
Neglecting the power losses in the charger, PAN equals 

the mean value of the charger input power, so equation (7) 
can be finally solved as 
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where: Ubat- the battery voltage, Ibat- the battery current. 

Fig.7 shows the Matlab/Simulink block diagram to 
generate the inverter reference current. An Autoadjustable 
Synchronous Reference Frame (ASRF) has been used to 
obtain the fundamental component of the grid voltage [17]. 
 

 
 
Tracking technique 

The switching signals of both converters are generated 
with a synchronous hysteresis band controller. At every 
sample time, the measured current is compared with the 
reference current (equation (4) and (9), depending on the 
converter). In case the measured current is lower than the 
reference one, a positive slope for the current is needed to 
decrease the error and the configuration a) is applied, 
otherwise, configuration b) is carried out (see Fig.8 in case 
of the DC/DC converter). 

 
Simulation 

Fig.9 shows the complete system, performed using 
Matlab/Simulink. Two different battery technologies are 
used to demonstrate the adaptability of this charger. The 
chosen simulation values are the ones available for getting 
experimental results and are presented in TABLE 1. Results 
are obtained using both a sinusoidal grid voltage and a grid 
voltage with harmonic distortion. Both conditions are 
analyzed in two different modes: G2V and V2G. 

 

 
 

 
 
 
Table 1. Parameters of the model 

Battery 
  VHT F – Saft (10 batteries)              -- (NiMH) 
  MP 176065 Integration (4 batteries) -- (Li-ion) 

RMS grid voltage   20 V 

Grid frecuency   50 Hz 

Bus voltage (Udc)   90 V 

LDC   10,540 mH 

RDC   0,153 Ω 

LAC1   15,848 mH 

RAC1   0,383 Ω 

LAC2   14,955 mH 

RAC2   0,383 Ω 

Battery current   -3 A (G2V); 3 A (V2G) 
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Fig.10a and Fig.10b present the charger behaviour in 
the G2V and V2G modes, respectively, using a Li-ion 
battery and connected to an ideal grid voltage. The upper 
subplots show the phase-neutral grid voltage and the lower 
ones display the generated reference current and the 
demanded one (or the injected current, in case of V2G) to 
the grid. It can be checked that a sinusoidal current and 
against phase with the fundamental grid voltage is 
demanded if a G2V mode is being carried out (in phase with 
the fundamental grid voltage in case of a V2G mode). The 
THDis (Total Harmonic Distortion of the grid current) are 
4,2% and 4,0% for G2V and V2G modes, respectively. 

The same specifications are simulated and displayed in 
Fig.11a and Fig11.b, but using a NiMH battery, and similar 
conclusions can be obtained. The THDis are 4,9% and 
4,5% for G2V and V2G modes, respectively. 

Starting from the conditions established to obtain Fig.10, 
the grid voltage is modified and a harmonic distortion is 
added: THDv3 = 10% and THDv7 = 10%. Fig.12 shows the 
same parameters displayed in Fig.10, taking into account 
the new grid voltage specifications. No distortion affect the 
reference current generation and therefore, a sinusoidal 
current is demanded (or injected) to the grid as in Fig.10. 
The new THDis are 4,2% and 4,7% for G2V and V2G 
modes, respectively. 

Fig.13 is obtained simulating the Fig.12 conditions, but 
using the NiMH battery. The battery type does not influence 
the operation of the bidirectional charger and no grid 
voltage distortion affect the reference current generation as 
occurred in Fig.12. The THDis are 4,7% and 4,4% for G2V 
and V2G modes, respectively. 
 

 
 
 

 
 
 

 

 
 

 
 
Experimental results 

Once simulation results validated the battery charger 
topology, the control algorithms and the tracking technique, 
a prototype was built to corroborate the obtained results. 
The same specifications mentioned in Table 1 for simulation 
are used in the prototype to get the experimental 
measurements, which let us to compare the simulated 
results with the experimental ones. The control platform, 
DS1104 dSPACE, and three legs of a four legs SEMIKRON 
inverter, one of the legs for the DC/DC converter and two 
for the AC/DC converter (see Fig.1), are utilized to build the 
mentioned system. Tektronix TD5 510A oscilloscope is 
used to measure the desired signals. 

Fig.14 and Fig.15 show the built prototype using a Li-ion 
battery and connected to an ideal voltage source and a 
distorted grid voltage, respectively. 

Fig.16-Fig.21 show the grid voltage and current, 
according to the different conditions of the grid voltage, the 
different working modes (V2G and G2V) and the different 
battery types studied. 

These figures correspond to Fig.10.a, Fig.10.b, Fig.11.a, 
Fig.11.b, Fig.12.a, Fig.12.b, Fig.13.a and Fig.13.b, 
respectively, which let us to compare the simulation and the 
experimental results and confirm all the ideas and theory 
developed above. 

Experimental figures also show the battery voltage and 
current to present the context in which the measurements 
were taken. 
 
 

 
                 a)                                          b) 
 

Fig.13. Distorted grid voltage (THDv3=10% and THDv7=10%). 
NiMH battery. The upper subplots show the grid voltage and the 
lower ones the reference and real grid current for a) G2V and b) 
V2G modes. 

 
                 a)                                          b) 
 

Fig.12. Distorted grid voltage (THDv3=10% and THDv7=10%). Li-
ion battery. The upper subplots show the grid voltage and the 
lower ones the reference and real grid current for a) G2V and b) 
V2G modes. 

 
                 a)                                         b) 
 

Fig.11. Ideal grid voltage. NiMH battery. The upper subplots 
show the grid voltage and the lower ones the reference and real 
grid current for a) G2V and b) V2G modes. 

 
                 a)                                          b) 
 

Fig.10. Ideal grid voltage. Li-ion battery. The upper subplots 
show the grid voltage and the lower ones the reference and real 
grid current for a) G2V and b) V2G modes. 



 
 

 
 

 
 

 

 

 

 

 

 

 
Fig.21. Distorted grid voltage (THDv3=10% and THDv7=10%). 
NiMH battery. From top to bottom, grid voltage (30 V/div) and 
current (5 A/div) and battery voltage (25 V/div) and current 
(20 A/div). G2V mode. 

 
Fig.20. Distorted grid voltage (THDv3=10% and THDv7=10%). Li-
ion battery. From top to bottom, grid voltage (30 V/div) and 
current (2 A/div) and battery voltage (25 V/div) and current 
(20 A/div). G2V mode. 

 
Fig.19. Ideal grid voltage. NiMH battery. From top to bottom, 
grid voltage (50 V/div) and current (1 A/div) and battery voltage 
(25 V/div) and current (10 A/div). V2G mode. 

 
Fig.18. Ideal grid voltage. NiMH battery. From top to bottom, 
grid voltage (50 V/div) and current (1 A/div) and battery voltage 
(25 V/div) and current (10 A/div). G2V mode. 

 
Fig.17. Ideal grid voltage. Li-ion battery. From top to bottom, 
grid voltage (50 V/div) and current (1 A/div) and battery voltage 
(25 V/div) and current (5 A/div). V2G mode. 

 
Fig.15. Prototype connected to a distorted grid voltage. 

 
Fig.16. Ideal grid voltage. Li-ion battery. From top to bottom, 
grid voltage (50 V/div) and current (1 A/div) and battery voltage 
(25 V/div) and current (10 A/div). G2V mode. 

 
Fig.14. Prototype connected to an ideal voltage source. 



Conclusions  

A new algorithm for a bidirectional charger for electric 
vehicle batteries has been proposed. A generic battery 
model has been implemented, which has been improved 
since the self-discharge effect has been included. The 
battery charger is implemented using a DC/DC converter 
together with an inverter. The novel control strategy 
proposed for this charger let the battery (any battery 
technology is allowed provided that all of its parameters 
values are within an admissible range) be charged (G2V) or 
discharged (V2G) demanding or injecting current into the 
grid with high quality: it is sinusoidal and with a unity 
displacement power factor, leading to the improvement of 
the power quality of the electric distribution system. This 
fact is the main contribution of this paper. 

This bidirectional charger model has been validated 
since it has been subjected to different tests of simulation 
under ideal and distorted grid voltage, which in turn have 
also been corroborated by experimental results, obtained 
with a built prototype configured using the same values of 
the simulation model. 
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a  b  s  t  r  a  c  t

This  paper  presents  a smart  grid  compatible  electric  vehicle  on-board  battery  charger.  Based on a  novel
control  strategy,  the  charging  equipment  can  operate  bi-directionally,  demanding  or  injecting  a  balanced
and sinusoidal  with  no  harmonics  current  into  the grid,  regardless  of  the  grid voltage  quality,  minimizing
the losses  in  the power  flow.  The  control  strategy  of the charger  tries  to fulfill  the  recent  IEEE  Standard
1459-2010,  with  the  objective  of maximizing  the  use/injection  of  AC power  from/into  the  grid,  and
reducing  the  load  harmonic  factor  and  load  unbalanced  factor.  Simulation  and  experimental  results  are
included  to  test  the  charger  under  different  source  voltage  conditions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Plug-in hybrid electric vehicles (PHEV) and electric vehicles (EV)
have recently become more attractive options over combustion
engine-based vehicles, due to the high fuel price and environmental
concerns. The success of widespread electric vehicle implantation
depends on the reliability of both the electric grid and the charg-
ing equipment. The cost of the batteries make the energy price of
battery supplied power expensive, which implies that not only a
robust and reliable charger is needed, but also with high power
efficiency and minimum impact on the power quality of smart grid
distributions systems.

Nowadays, a great study of charger models is being carried out
[1–9]. However, most of the PHEVs and the EVs battery chargers
on the market are high power nonlinear devices which gener-
ate significant amount of current harmonic. It is expected that
the EVs will be an integral component to the operation of smart
grids, and therefore, their power quality impact, concerning voltage
profile, fundamental and harmonic losses, current total harmonic
distortion and current imbalance have to be properly assessed. The
impact of the EVs in the grid power quality is being analyzed in
recent years [10–12].

∗ Corresponding author. Tel.: +34 924289600x86787.
E-mail addresses: jagallardo@peandes.unex.es (J. Gallardo-Lozano),

milanes@unex.es (M.I. Milanés-Montero), mguerrero@peandes.unex.es
(M.A. Guerrero-Martínez), eromero@unex.es (E. Romero-Cadaval).

The Society of Automotive Engineers (SAE) has taken the lead
on developing power quality and charger efficiency requirements
for vehicles. The SAE Standard J2894 [13] provides guidelines and
standards for the quality of the charging voltage and current at
the vehicle itself. It is based on Electric Power Research Institute
(EPRI) Recommended Practice TR-109023 [14], but it is more exi-
gent concerning power quality issues comparing to it: the current
THD is reduced from 20% to 10% and the power transfer efficiency
is increased from 85% to 90%. Since this document is listed by the
National Institute of Standards and Technology (NIST) as a refer-
ence standard for the Smart Grid, it is very important to design
battery chargers capable of fulfilling it.

Another critical issue to take into account in the development
of charging equipments is the time required to recharge electric
vehicle batteries. It depends on the total amount of energy that can
be stored in the battery pack, and the power available from the bat-
tery charger. According to it, the design of three-phase chargers will
allow, on the one hand, managing a higher power flow between the
battery and the grid and, on the other hand, providing or demand-
ing a three-phase constant power, contributing to attain balanced
voltages in the distribution grid.

In this paper, an on-board three-phase battery charger suitable
for smart grids is presented. A novel control strategy is devel-
oped and then applied to a very simple topology in order to check
that it allows bi-directional operation, charging of the battery and
feeding power from the vehicle to the grid (V2G). The V2G tech-
nology is crucial from the viewpoint of the European Union [15]
and the bidirectional converter allows to use the Full Electric Vehi-
cle as an energy storage system for the electric grid, charging the

0378-7796/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsr.2012.03.015
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Fig. 1. General electric diagram of the bidirectional charger.

batteries in peak-off times and delivering the energy back to the
grid in peak times of electrical consume. This electric transfer must
be done fulfilling the parameters regarding power quality collected
in the SAE Standard J2894, regardless of the grid voltage quality.
The control strategy is based on the terms of power defined in
the recently published IEEE Standard 1459-2010 [16], which mod-
ifies traditional ratios of power efficiency in case of distorted and
unbalanced conditions.

This paper is organized as follows. The bidirectional charger
topology is reviewed in Section 2. The control stage, composed of
the control strategies and current controllers is presented in Section
3. Simulation and experimental results are presented in Sections 4
and 5, respectively. Finally, some conclusions are summarized in
Section 6.

2. Bi-directional battery charger topology

The topology of this three-phase bidirectional battery charger
is designed with two power stages, as shown in Fig. 1: stage 1 is
a DC/DC bidirectional converter; stage 2 is a three-phase bidirec-
tional inverter.

The aim of the proposed topology is to charge the battery
demanding energy from the grid (in case the vehicle is pretended
to be driven in a near future) or to discharge it returning the energy
into the grid (for instance, when the car is parked at peaks of con-
sumer energy demand to the grid).

The DC/DC converter is in charge of adapting the battery output
voltage to the suitable inverter input voltage. In addition, the vol-
tage in the inverter input is fixed to a constant level, independently
of the voltage variation in the battery output due to its State-Of-
Charge.

On one hand, the bidirectional inverter performs the function of
converting the DC values (from the DC/DC converter) to the suitable
AC values in order to inject (or demand) sinusoidal currents in phase
with the voltage into the grid. On the other hand, in case the battery
is being charged, the inverter converts the AC values (from the grid)
to the suitable constant DC values with which the DC/DC converter
works.

The criterion to determine the charge or discharge of the battery
is the direction of the current. Positive battery current corresponds
to a discharge process (flow from battery towards the grid). There-
fore, negative battery current corresponds to a charge process (flow
from the grid towards the battery).

Two operating modes are implemented for the DC/DC converter:
a first charging mode, in which the current flow is from the bat-
tery towards the grid, and a second mode, the discharging one,
where the current flows from the grid towards the battery [17].
The bidirectional DC/DC converter topology is shown in Fig. 2.

A three-phase three-leg topology with mid-point DC bus is used
for the bidirectional inverter, as it is shown in Fig. 3.

Fig. 2. Electric diagram of the DC/DC converter.

Fig. 3. Electric diagram of the three-phase inverter.

The mid-point of each leg is connected to the grid by a filter
inductor with an internal resistance RAC and inductance LAC, while
the mid-point of the DC bus is connected with no impedance to the
neutral conductor.

To carry out an analysis of the bidirectional inverter it is impor-
tant to highlight the following point: it is needed a signal of control
for each leg, that is to say, three signals of control, as its activation
causes the activation of S1 switches in each leg and the deactivation
of S2 switches (and vice versa). Each leg works with its own grid
phase independently.

3. Control stage

The control strategy of the charger tries to fulfill the recent
IEEE Standard 1459-2010 [16], with the objective of maximizing
the use/injection of Ac power from/into the grid, and reducing the
power ratios proposed by this Standard: the load harmonic factor
and load unbalanced factor.

3.1. Control strategies

The DC/DC converter is controlled by the battery current, Ibat.
The reference current value comes from the BMS:

Ibat,ref = IBMS. (1)
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Fig. 4. Block diagram of the inverter control strategy.

The control strategy proposed for the AC/DC converter is a
Balanced Sinusoidal Source Current (BSSC) strategy, which tries
to attain a unity displacement power factor, PF+

1 [16]. This ratio
is maximum if the positive-sequence fundamental active power,
P+

1 is equal to the effective apparent power, Se. With this control
strategy, in the charging operation mode, the current demanded
from the grid is balanced, sinusoidal and against phase with the
positive-sequence fundamental source voltage. In the V2G opera-
tion mode, the injected current is balanced, sinusoidal and in phase
with the positive-sequence fundamental voltage. This proposed
control strategy ensures compliance with the SAE Standard J2894
[13].

The output instantaneous power is calculated by

p(t) = uANiA + uBNiB + uCNiC, (2)

where uAN, uBN and uCN and iA, iB and iC are the output voltage and
current in each leg in the ac side, respectively.

The inverter reference currents, iinv,ref, are obtained multiplying
a constant, K, by the unit vector of the positive sequence funda-
mental component of the phase-to-neutral grid voltage, as shown
in

iinv,ref = K · �u+
s1

= Ps

|u+
s1

| · �u+
s1

, (3)

where Ps is the three-phase active power injected or demanded
from the grid, �u+

s1
is the unit vector of the positive sequence funda-

mental component of the phase-neutral grid voltage and
∣∣u+

s1

∣∣ is its
module.

The unit vector is calculated as

�u+
s1

=

⎡⎢⎣ u+
AN1

u+
BN1

u+
CN1

⎤⎥⎦
√

u+
AN1

2 + u+
BN1

2 + u+
CN1

2
, (4)

where u+
AN1

, u+
BN1

and u+
CN1

are the instantaneous positive sequence
fundamental components of the phase-neutral grid voltage.

According to (4),  Eq. (3) can be solved as shown in

iinv,ref = Ps

u+
AN1

2 + u+
BN1

2 + u+
CN1

2

⎡⎢⎣ u+
AN1

u+
BN1

u+
CN1

⎤⎥⎦ . (5)

Fig. 5. Diagram of the dead-beat control.

Neglecting the power losses in the converters, the input and
output power are equal, so

PAN = Ubat · Ibat, (6)

where Ubat and Ibat are the battery voltage and current (input volt-
age and current of the DC/DC converter) so, Eq. (5) is finally solved
(and therefore, the inverter reference current obtained) as

iinv,ref = Ubat · Ibat

u+
AN1

2 + u+
BN1

2 + u+
CN1

2

⎡⎢⎣ u+
AN1

u+
BN1

u+
CN1

⎤⎥⎦ . (7)

The block diagram of the control strategy of the inverter is dis-
played in Fig. 4. An Autoadjustable Synchronous Reference Frame
(ASRF) has been used to obtain the positive sequence fundamental
component of the grid voltage [18].

3.2. Current controller

The switching signals of both converters are generated with a
dead-beat controller [19–21].  In a dead-beat control, the control
algorithm calculates the necessary duty cycle to make the phase
current reach its reference by the end of the following modulation
period (Fig. 5). This unit delay is due to the use of a sampler. At
any particular sampling instant, the current state of the controlled
output is sampled while a control signal is sent to the process at the
same time. The consequence of this control action will be observed
at the next sampling instant.

Attending to Fig. 2, the duty cycle for the DC/DC converter can
be calculated from

Ddc · Udc = UBat − uRDC − uLDC, (8)
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where Ddc is the duty cycle, Udc is the bus voltage, UBat the battery
voltage and uRDC and uLDC are the voltage of the inductor internal
resistance and the inductance, respectively.

According to Figs. 2 and 5, Eq. (8) can be written as

Ddc · Udc = UBat − imed,dc · RDC − LDC
iref ,dc − imed,dc

Tc
, (9)

where iref,dc is the reference battery current and imed,dc the measured
battery current. Therefore, the duty cycle of the DC/DC converter
control is calculated as

Ddc =
(

UBat − imed,dc · RDC − LDC
iref ,dc − imed,dc

Tc

)
· 1

Udc
(10)

Attending to (10), the block diagram of the current controller
for the DC/DC converter is shown in Fig. 6.

Attending to Fig. 3, the duty cycle for one of the legs of the
inverter can be calculated from

Dac · Udc

2
+ (1 − Dac) ·

(
−Udc

2

)
= uRAC + uLAC + uAN, (11)

where Dac is the duty cycle, Udc is the bus voltage, uRAC and uLAC are
the voltage of the inductor internal resistance and the inductance,
respectively, and uAN the instantaneous phase-neutral grid voltage
(in this case, for the leg connected to the phase A).

From (11), it can be obtained

Dac · Udc

2
− Udc

2
+ Dac · Udc

2
=  uRAC + uLAC + uAN, (12)

that can be simplified as

Dac · Udc − Udc

2
= uRAC + uLAC + uAN. (13)

According to Figs. 3 and 5, Eq. (13) can be written as

Dac · Udc − Udc

2
= imed,ac · RAC + LAC

iref ,ac − imed,ac

Tc
+ uAN, (14)

where iref,ac is the reference grid current and imed,ac is the mea-
sured grid current. Therefore, the duty cycle of one of the legs of
the inverter control is calculated as

Dac =
(

imed,ac · RAC + LAC
iref ,ac − imed,ac

Tc
+ uAN + Udc

2

)
· 1

Udc
. (15)

Attending to (15), the block diagram of the three-phase current
controller for the inverter is shown in Fig. 7.

In the previous expressions which calculate the duty cycle for
both the DC/DC converter and the inverter, the small variations
in the estimation of the parameters are compensated by the term
of the reference current, which is obtained from the output of the
stable PI controller, as it can be seen in Fig. 8 for the DC/DC converter
and in Fig. 9 for the three-phase inverter.

Based on Fig. 1, Fig. 10 shows a schematic that explains how the
different stages in the battery charger are linked.

4. Simulation results

The model system used for the simulation (based on [22]), using
MATLAB-Simulink, is shown in Fig. 11.  The parameter values are
summarized in Table 1 and will be the same as used to obtain exper-
imental results, as it will be explained in the following section. Two
different cases are simulated:

(a) Case 1: sinusoidal source voltage.
(b) Case 2: voltage source with harmonic distortion.

Both Case 1 and Case 2 are simulated and studied in two different
modes: G2V (Grid-to-Vehicle, the current flows from the grid to the
battery) and V2G (the current flows from the battery to the grid).

Table 1
Simulation specifications.

Battery type VHT F – Saft (10 batteries)
RMS  grid voltage 20 V
Grid frequency 50 Hz
Bus voltage (Udc) 90 V
LDC 10.540 mH
RDC 0.153 �
LAC (phase A, B, C) 15 mH
RAC (phase A, B, C) 0.380 �
Battery current −3 A (G2V); 3 A (V2G)

4.1. Case 1: sinusoidal source voltage

(a) Charge mode (G2V)
In Fig. 12,  the phase A of the grid voltage is shown in the upper

subplot. In the lower subplot, the reference current and the real
current demanded to the grid are displayed.

In Fig. 13,  the measured currents demanded to the grid are
displayed together with the reference ones.

As Figs. 12 and 13 show, the current demanded from the
grid is balanced, sinusoidal and against phase with the positive-
sequence fundamental source voltage.

(b) Discharge mode (V2G)
In Figs. 14 and 15,  the same parameters of Figs. 12 and 13

are displayed, respectively, for the discharge mode. It can be
seen that the current injected from the battery to the grid is
balanced, sinusoidal and in phase with the positive-sequence
fundamental source voltage.

4.2. Case 2: voltage source with harmonic distortion. HDv5 = 20%
(5th harmonic); HDv7 = 10% (7th harmonic)

In this case, harmonic distortion is included in the grid voltage.
It allows to check the performance of the charge when the mains
present disturbances. As the reference current is obtained from the
voltage positive sequence fundamental component, no harmonic
distortion will affect the reference current generation. To carry out
the simulation, the parameters remain equal as in Case 1 and only
the grid voltage changes. The grid voltage and the generation of the
reference and measured currents are shown for

(a) Charge mode: in Fig. 16 and 17.
(b) Discharge mode: in Fig. 18 and 19.

It can be seen that the reference currents are generated sinu-
soidal without harmonic distortion and are correctly followed.

5. Experimental results

To get experimental results, a prototype has been built. The
used battery is mentioned in Tables 1 and 2. The control platform,

Table 2
Experimental specifications.

Battery type VHT F – Saft (10 batteries)
RMS  grid voltage 18 V
Grid frequency 50 Hz
Bus voltage (Udc) 90 V
LDC 10.540 mH
RDC 0.153 �
LAC – phase A 15.848 mH
RAC – phase A 0.383 �
LAC – phase B 14.955 mH
RAC – phase B 0.383 �
LAC – phase C 13.277 mH
RAC – phase C 0.381 �
Battery current −3 A (G2V); 3 A (V2G)
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Fig. 6. Block diagram of the current controller for the DC/DC converter.

Fig. 7. Block diagram of the current controller for the inverter.

Fig. 8. Block diagram of the battery reference current PI control.

Fig. 9. Block diagram of the bus voltage PI control.
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Fig. 10. Diagram of the different stages in a V2G mode.

Fig. 11. Block diagram in MATLAB-Simulink of the complete system.

Fig. 12. Evolution of the grid voltage and measured and reference grid currents (phase A), charge mode, ideal voltage source.

Fig. 13. Evolution of the measured and reference grid currents (phase A, phase B and phase C), charge mode, ideal voltage source.
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Fig. 14. Evolution of the grid voltage and measured and reference grid currents (phase A), discharge mode, ideal voltage source.

Fig. 15. Evolution of the measured and reference grid currents (phase A, phase B and phase C), discharge mode, ideal voltage source.

DC1104 dSPACE, and a four branches SEMICRON inverter are uti-
lized to complete the system. The used parameters are similar to
the ones used in simulation, in order to facilitate the comparison
between both the simulation and experimental results, and are
shown in Table 2.

Two different situations are checked: the first one is carried
out using an ideal voltage source and the second one utilizing
a voltage source with harmonic distortion. The chosen voltage

source that provides harmonic distortion is “6834B AC Power
Source/Analyzer”.

5.1. Case 1: sinusoidal source voltage

In Fig. 20,  the prototype is shown. It is equivalent to the electric
diagram shown in Fig. 1 and the one simulated and shown in Fig. 11.

Fig. 16. Evolution of the grid voltage and measured and reference grid currents (phase A), charge mode, voltage source with harmonic distortion.
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Fig. 17. Evolution of the measured and reference grid currents (phase A, phase B and phase C), charge mode, voltage source with harmonic distortion.

Fig. 18. Evolution of the grid voltage and measured and reference grid currents (phase A), discharge mode, voltage source with harmonic distortion.

(a) Charge mode
In Fig. 21,  from top to bottom, the phase A grid voltage and

current and the battery voltage and current are shown respec-
tively. As it can be seen, the current injected into the battery is
−3 A (a negative value, as it was expected for the charge mode).
In Fig. 22,  from top to bottom, the grid voltage and phase A,
phase B and phase C grid currents, respectively, are shown.

In both Figs. 21 and 22,  it can be checked that the phase A
current is against phase with the phase A positive-sequence
fundamental source voltage.

(b)  Discharge mode
In Figs. 23 and 24,  the same parameters than in Figs. 21 and 22

are shown, respectively. It can be seen that the current injected
into the battery is 3 A.

In both Figs. 23 and 24,  it can be checked that the phase A
current is in phase with the phase A positive-sequence funda-
mental source voltage. Charging and discharging currents are
different due to the internal series resistance of both the fil-
ters and the battery, what causes that the grid currents have
different levels and the same ripple seems to be higher.

Fig. 19. Evolution of the measured and reference grid currents (phase A, phase B and phase C), discharge mode, voltage source with harmonic distortion.
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Fig. 20. Prototype with ideal voltage source.

Fig. 21. From top to bottom, grid voltage and current (phase A) and battery voltage and current; charge mode, ideal voltage source.

Fig. 22. From top to bottom, grid voltage (phase A) and phase A, phase B and phase C currents; charge mode, ideal voltage source.
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Fig. 23. From top to bottom, grid voltage and current (phase A) and battery voltage and current; discharge mode, ideal voltage source.

Fig. 24. From top to bottom, grid voltage (phase A) and phase A, phase B and phase C currents; discharge mode, ideal voltage source.

Fig. 25. Prototype with voltage source with harmonic distortion.
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Fig. 26. From top to bottom, grid voltage and current (phase A) and battery voltage and current; charge mode, voltage source with harmonic distortion.

Fig. 27. From top to bottom, grid voltage (phase A) and phase A, phase B and phase C currents; charge mode, voltage source with harmonic distortion.

5.2. Case 2: voltage source with harmonic distortion. HDv5 = 20%
(5th harmonic); HDv7 = 10% (7th harmonic)

The prototype is shown in Fig. 25.
The charge mode is the only mode that can be carried out since

the Ac Power Source does not let the system to inject currents into
the Power Source.

Figs. 26 and 27 show the same parameters than in Figs. 21 and 22.
The grid voltage appears with harmonic distortion and the battery
current is −3 A. The current demanded from the AC Power Source is
balanced, sinusoidal and against phase with the positive-sequence
fundamental source voltage.

6. Conclusions

This paper proposes a novel control strategy (based on the recent
IEEE Standard 1459-2010) that is applied to an on-board battery
charger for PHEVs and EVs and ensures compliance with the Smart
Grid requirements regarding power quality. A very simple topology
for this three-phase bi-directional charger is used since the study

is focused on the control strategy. Its validity is confirmed through
the simulation and experimental results obtained and summarized
in the present paper.
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Abstract- A three-phase battery charger for electric vehicles is 
proposed in this paper. The charger is bidirectional, allowing the 
Charging and Vehicle to Grid operation modes. A novel 
Balanced Sinusoidal Source Current control strategy is 
proposed so that the charger demands or injects into the grid a 
perfect sinusoidal and balanced source current in phase with the 
positive sequence fundamental component of the phase-to-
neutral grid voltage, achieving a unity displacement power 
factor. In this way, the charger turns the car into a smart 
vehicle, reducing the existing problem of harmonic current 
demand by electric and hybrid vehicles and improving the 
power quality of the electric power system. The topology and 
control stage of the charger are shown. Simulation tests are 
conducted to validate the proper operation of the charger under 
sinusoidal, distorted and unbalanced source voltages.  

 

I. INTRODUCTION 

Hybrid Electric Vehicles (HEV) and Electric Vehicles 
(EV) are becoming more and more attractive due to the 
higher oil prices and the development of new battery 
technologies, such as Lithium-Ion, which have higher power 
and energy density. The battery charger converts the 
alternating current distributed by electric utilities into the 
direct current needed to recharge the battery. This mode of 
operation is known as Grid to Vehicle (G2V). However, a 
Vehicle to Grid (V2G) concept has arisen in the last years, 
allowing returning back to the grid the energy stored in the 
battery packs that has not been used by the vehicle. This 
operation mode will cause a great impact on the power grid. 
Specifications for V2G technology are still being developed 
by the Society of Automotive Engineers as part of the ZigBee 
Alliance [1]-[3]. 

At present there are commercial EVs with single-phase 
unidirectional G2V chargers, which demand a highly 
distorted current form the grid. As an example, the measured 
current demanded by a commercial car (Reva-i) while 
charging the battery is shown in Fig. 1(a) and the harmonic 
spectrum is displayed in Fig. 1(b). The Total Harmonic 
Distortion (THD) of the demanded current is over 20%, far 
exceeding the value permitted by the standard IEEE-519. If a 
proliferation of EVs is expected in the next years, it is very 
important to investigate in the control strategies of chargers in 
order to reduce the harmonic distortion demanded by the 
batteries or the power grid will suffer a power quality 
degradation. 

Besides, the time required to recharge electric vehicle 
batteries depends on the total amount of energy that can be 

stored in the battery pack, and the power available from the 
battery charger. According to it, the design of three-phase 
chargers will allow, on the one hand, managing a higher 
power flow between the battery and the grid and, on the other 
hand, providing or demanding power to help balance loads. 
Nowadays, a great study of charger models is being carried 
out [4]-[11]. 

In this paper a three-phase bidirectional (G2V and V2G 
operation modes) battery charger is presented. The novel 
control strategy proposed for the charger turns the car into a 
smart vehicle, demanding or injecting a sinusoidal and 
balanced source current, with unity displacement power 
factor, contributing to the improvement of the power quality. 
Simulation models of the battery pack, including the self-
discharge effect, and the charger have been implemented to 

 
a) 

 

 
b) 

 
Fig. 1.  Demanded current to the grid by the electric vehicle Reva-I 
when charging the battery. (a) Waveform of the demanded current; (b) 
Spectrum of the demanded current (THDI = 20,475%). 



validate by simulation the proper operation of the charger 
under sinusoidal, distorted and unbalanced source voltages. 

II. BATTERY MODEL 

Some battery models have been implemented to be able to 
simulate the battery behavior in HEVs and EVs [12]. In 
general, existing battery models can be classified in three 
main types [13]: experimental, analytical and electric circuit-
based models. The first type uses differential equations to 
simulate the complex electrical-chemical process in a battery 
[14] so, it requires intensive computations to solve the 
interdependent partial differential equations and they are 
difficult to be configured and used [15]. Analytical models 
simulate an equivalent mathematical representation to 
approximate the battery performance [16]-[18], but they 
ignore circuit features (voltage and internal resistance). 
Electric circuit-based models are useful to represent electrical 
characteristics of batteries [19]-[21].  

According to it, an electric circuit-based model has been 
used for the battery model. A novelty in this model is the 
inclusion of the self-discharge effect, as it is an important 
parameter since cars can be parked for very long time. A 
controlled voltage source (modelled with a non-linear 
equation) in series with a constant resistance [19] is used to 
simulate the behavior of Lead-Acid, Lithium-Ion (Li-Ion) and 
Nickel-Metal-Hydride (NiMH) batteries, as shown in Fig. 2. 

A Simulink block is created to implement the battery 
model with one input (the current provided by the BMS) and 
two outputs: State-of-Charge (SOC) and voltage between the 
electrodes. 

The parameters of the model are obtained from the 
manufacturer’s discharge curve and electrical characteristics 
from the datasheet of the battery (Fig. 3). The battery used in 
the different simulations is implemented with eight modules 
of “MP 176065 Integration” of Saft Batteries. It is important 
to mention that it is assumed the same characteristics for the 
charge and the discharge cycles [19]. 

In Fig. 4, the input parameters mask in the battery model is 
shown. 

In addition to represent the battery behavior during driving, 
cars can be parked and left for long time, so the battery model 
must have into account the self-discharge and a new block 
has been designed and inserted into the battery model to 
include this parameter. The self-discharge is measured as the 
percentage per month of reduced stored charge of the battery 
without any connection between the electrodes, so the 
proposed block adds to the input current an additional amount 

that causes a battery discharge equivalent to the self-
discharge and it is implemented as shown in Fig. 5. 

From Fig. 5, it can be seen that no connection between the 
electrodes is detected when the current is zero and no 
variation occurs, what implies that the derivative of the 
battery current is zero. This detection keeps in memory the 
value that the SOC had when the disconnection occurred and 
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Fig. 2.  Non-linear battery model. 

 
Fig. 3.  Datasheet of the battery “MP 176065” of Saft Batteries. 

 
Fig. 4.  Input parameters in the model for “MP 176065 Integration” of Saft. 



calculates the amount of current needed to simulate the 
correct self-discharge. 

A simulation has been implemented to check whether the 
self-discharge function works correctly (Fig. 6). 

In Fig. 6, the battery model is shown with zero Amperes of 
reference input current, which simulates no connection 
between the electrodes. The instantaneous SOC and output 
voltage can be measured from the outputs of the model. 

The initial SOC has been set to 100% and the self-
discharge have been set to 2.5%. Attending to these values, in 
a period of a month, a drop of 2.5% (from 100% to 97.5%) of 
the SOC is expected. The result is shown in Fig. 7. 

III. BIDIRECTIONAL BATTERY CHARGER 

A. Topology 
A three-phase bidirectional battery charger is studied in this 

paper. This bidirectional charger has two power stages: stage 
1 is a DC/DC bidirectional converter; stage 2 is a 
bidirectional inverter.  

In Fig. 8, the topology of the proposed charger is shown. 
The aim of this topology is to charge the battery demanding 
energy from the grid (in case the vehicle is pretended to be 
driven in a near future) or to discharge it returning the energy 
into de grid (for instance, when the car is parked at peaks of 

consumer energy demand to the grid). 
The DC/DC converter is in charge of increasing the battery 

output voltage to the suitable inverter input voltage. In 
addition, the voltage in the inverter input is fixed to a constant 
level, independently of the voltage variation in the battery 
output due to its State-Of-Charge. 

On one hand, the bidirectional inverter performs the 
function of converting the DC values (from the DC/DC 
converter) to the suitable AC values in order to inject (or 
demand) sinusoidal currents in phase with the voltage into the 
grid. On the other hand, in case the battery is being charged, 
the inverter converts the AC values (from the grid) to the 
suitable constant DC values with which the DC/DC converter 
works. 

The criterion to determine the charge or discharge of the 
battery is the direction of the current. Positive battery current 
corresponds to a discharge process (flow from battery 
towards the grid). Therefore, negative battery current 
corresponds to a charge process (flow from the grid towards 
the battery). 

B. DC/DC Bidirectional Converter 
It has two operating modes: a first charging mode, in which 

the current flow is from the battery towards the grid, and a 
second mode, the discharging one, where the current flows 
from the grid towards the battery [22]. 

C. Bidirectional Inverter 
A three-phase three-leg topology with mid-point DC bus is 

used for the bidirectional inverter, as it is shown in Fig. 9. 
The mid-point of each leg is connected to the grid by a filter 
inductor with an internal resistance RAC and inductance LAC

To carry out an analysis it is important to highlight the 
following points: 

, 
while the mid-point of the DC bus is connected with no 
impedance to the neutral conductor. 

• It is needed a signal of control for each leg, that is to 
say, three signals of control, as its activation causes 
the activation of S1 switches in each leg and the 

 

 
Fig. 6.  Simulation to test the self-discharge function. 
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Fig. 5.  Calculation of the battery self-discharge current. 
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Fig. 7.  Effect of the battery self-discharge. 
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Fig. 8.  General electric diagram of the bidirectional charger. 



deactivation of S2 switches (and vice versa). Each 
leg works with its own grid phase independently. 

• It is necessary to satisfy 
 

 2· ANdcU u> , (1) 
 

where Udc is the DC inverter input voltage and ûAN

IV. CONTROL STRATEGIES 

 is the 
peak value of the phase-neutral voltage (which is the 
maximum instantaneous value it can reach). 

The control strategies generate the reference currents for 
each converter. 

A. DC/DC Converter 
The DC/DC converter is controlled by the battery current, 

Ibat
 
. The reference current value comes from the BMS: 

 ,bat ref BMSI I= . (2) 
 

B. Bidirectional Inverter 
The output instantaneous power is calculated by 
 

 ( ) AN BNA B CCNp t u i u i u i+= + , (3) 
 

where uAN, uBN and uCN and iA, iB and iC

A novel Balanced Sinusoidal Source Current (BSSC) 
control strategy is proposed. The objective is that the charger 
injects (or demand) into the grid a current without harmonics, 
in phase with the positive sequence fundamental component 
of the phase-to-neutral grid voltage, attaining a unity 
displacement power factor. 

 are the output 
voltaje and current in each leg in the ac side, respectively. 

The inverter reference currents, iinv,ref

 

, are obtained 
multiplying a constant, K, by the unit vector of the positive 
sequence fundamental component of the phase-to-neutral grid 
voltage, as shown in 
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where Ps
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 is the three-phase active power injected or 

demanded from the grid,  is unit vector of the positive 

sequence fundamental component of the phase-neutral grid 
voltage and 
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u +  is its module. 

The unit vector is calculated as 
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where 

1ANu+ , 
1BNu+  and 

1CNu+  are the instantaneous 
positive sequence fundamental components of the phase-
neutral grid voltage. 

According to (5), equation (4) can be solved as shown in 
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The inverter output power is equal to the inverter input 

power, so 
 

 ·s dc dcP U I= , (7) 
 

where Udc and Idc

 

 are the output voltage and current of the 
DC/DC converter (input voltage and current of the inverter), 
equation (6) is finally solved (and therefore, the inverter 
reference current obtained) as 
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The block diagram of the control strategy of the inverter is 

displayed in Fig. 10. An Autoadjustable Synchronous 
Reference Frame (ASRF) has been used to obtain the positive 
sequence fundamental component of the grid voltage [23]. 

V. TRACKING TECHNIQUES 

The switching signals of both converters are generated with 
a synchronous hysteresis band controller. At every sample 
time, the measured current is compared with the reference 
current, (2) or (8), depending on the converter. 

 
Fig. 10.  Block diagram of the control strategy of the inverter. 
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Fig. 9.  Electric diagram of the three-phase inverter. 



The block diagram of the tracking technique for both 
converters is shown in Fig. 11. 

 

VI. SIMULATION RESULTS 

The complete system simulated, using MATLAB-Simulink 
is shown in Fig. 12. The parameters values are summarized in 
Table I. 

1. Case 1: Sinusoidal source voltage 
a) Charge mode 
In Fig. 13(a), the phase A of the grid voltage is shown in 

the upper subplot. In the lower subplot, the reference current 
and the real current demanded to the grid are displayed. 

b) Discharge mode 
In Fig. 13(b), the generation of the reference current and 

the measured current are shown for the discharging mode. 
Fig. 13 shows that the reference current is correctly 

followed in both charge and discharge modes and the 
obtained THDis

2. Case 2: Voltage source with harmonic distortion. 
HDv3 = 20% (3

 is 8,1% and 9,4%, respectively. 

rd harmonic); HDv5 = 20% (5th

In this case, harmonic distortion is included in the grid 
voltage. It allows to check the performance of the charger 
when the mains present disturbances. As the reference current  

 
harmonic) 

TABLE I 
PARAMETERS OF THE SIMULATION MODEL 

RMS grid voltage 230 V 
Grid frequency 50 Hz 

U 1380 V dc 
LDC = L 50 mH AC 
RDC = R 5 Ω AC 

I_BMS 10 A 

is obtained from the voltage positive sequence fundamental 
component, no harmonic distortion will affect the reference 
current generation. To carry out the simulation, the 
parameters remain equal as in Case 1. The generation of the 
reference and measured currents are shown for 

a) Charge mode: in Fig. 14(a). 
b) Discharge mode: in Fig. 14(b). 
The effect of harmonic distortion can be seen in the voltage 

(upper subplot in Fig: 14(a) and Fig. 14(b)). The lower 
subplots show that the reference current generated is 
sinusoidal without harmonic distortion and it is correctly 
followed. The obtained THDis

3. Case3: Voltage source with imbalance (zero 
sequence and negative sequence of the fundamental 
component: 20%) 

 for both the charge and 
discharge mode is 8,4% and 8,6%, respectively. 

The performance of the charger is checked under 
unbalanced grid voltage conditions. No disturbances will 
affect the reference current generation. The generation of the 
reference and measured currents are shown for 

a) Charge mode: in Fig. 15(a). 
b) Discharge mode: in Fig. 15(b). 
The effect of imbalance can be seen in the voltage (upper 

subplot in Fig: 15(a) and Fig. 15(b)). The lower subplots in 
Fig. 15 show that the reference current generated is sinusoidal 
without imbalance and it is correctly followed. The obtained 
THDis

VII. CONCLUSIONS 

 for both the charge and discharge mode is 8,4% and 
8,6%, respectively. 

A three-phase bidirectional battery charger for electric 
vehicles has been presented in this paper. The charger 
operates with a novel Balanced Sinusoidal Source Current 
control strategy, demanding or injecting into the grid a 
balanced and sinusoidal current, making the car to become a  
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Fig. 12.  Block diagram of the control strategy of the inverter. 



 
 a) b) 
Fig. 15.  Evolution of the unbalanced voltage and the current into the 
bidirectional inverter’s output during (a) battery’s charge (b) battery’s 
discharge. 
 
 
smart vehicle contributing to the so-called Smart Grid. 
Simulation results under ideal and disturbed source voltages 
are presented to test the operation of the proposed charger. 
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� A final table that summarizes, compares the main active balancing methods, and evaluates them is given.
� The methods operation principle (with pros/cons) is exposed for research and commercial purpose.
� The main parameters that affect the operation are identified, including the main equations.
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a b s t r a c t

Many different battery technologies are available for the applications which need energy storage. New
researches are being focused on Lithium-based batteries, since they are becoming the most viable option
for portable energy storage applications. As most of the applications need series battery strings to meet
voltage requirements, battery imbalance is an important matter to be taken into account, since it leads the
individual battery voltages to drift apart over time, and premature cells degradation, safety hazards, and
capacity reduction will occur. A large number of battery equalization methods can be found, which present
different advantages/disadvantages and are suitable for different applications. The present paper presents a
summary, comparison and evaluation of the different active battery equalization methods, providing a
table that compares them, which is helpful to select the suitable equalization method depending on the
application. By applying the same weight to the different parameters of comparison, switch capacitor and
double-tiered switching capacitor have the highest ratio. Cell bypass methods are cheap and cell to cell
ones are efficient. Cell to pack, pack to cell and cell to pack to cell methods present a higher cost, size, and
control complexity, but relatively low voltage and current stress in high-power applications.

Crown Copyright � 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Along the last years, the research on electric vehicles has
become of special interest due to the environmental awareness
(which leads to autoemission standards getting stricter to follow,
more efficient transportation vehicles, Government incentives,
etc.), the continuous increase of the oil price because of the natural
resource exhaustion and the instability in the Middle East, etc.

Hybrid Electric Vehicles (HEVs) were the first proposed solution
to the trend toward more electric vehicles [1], and nowadays EVs
(electric vehicles) are coming out more and more [2].

Different battery technologies have been studied and utilized for
the EVs, but new researches are developing the Lithium-based

batteries which are becoming the most viable option for portable
and mobile energy storage applications, especially for EVs [3e13].

Most of applications for batteries need a higher voltage than the
one that can be obtained from a single electrochemical battery and
series strings of batteries are used to meet voltage requirements in
EVs [14e21].

Imbalance of cells (each battery that makes up the whole battery
pack is called cell hereafter unless otherwise noted) in battery sys-
tems is very usual and an important matter in the battery system life
[22e25]. It is caused by two major categories [26e28], they are the
internal sources that consist of manufacturing variance in physical
volume, variations in internal impedance and differences in self-
discharge rate; and external sources such as thermal difference
across the pack. A battery systemwithout a balancing technique takes
special importance in Li-based cells [29e31], since it can lead its cells
to be overcharged, undercharged, or even overdischarged [32].

Imbalance harms performance can be summarized in four
different groups [33]. The first group deals with premature cells
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degradation due to the overvoltage exposure. The effects of the cell
degradation caused by imbalance is auto-accelerating, once a cell
has a lower capacity, it is exposed to an increasingly higher voltage
during charge, what makes it degrade faster, and so its capacity
becomes even less, closing the runaway circle. The second group is
safety hazards from overcharged cells. Overcharging and over-
heating of the battery lead to a reaction of the active components
with electrolyte and with each other ultimately, inducing explosion
and fire. Thermal run-away can be causedmerely by overcharging a
single cell to voltages above 4.35 V [33]. Other cells of the pack will
also join the explosive chain reaction if one cell is compromised.
The third group is based on the early charge termination resulting
in reduced capacity. The charging process is finished if one of the
cell voltages exceeds the programmable cell overvoltage threshold
due to safety reasons. Finally, the last and forth group deals with
early discharge termination. In order to prevent the overdischarge
of the cells and resulting damage, the discharge process is finished
if any of the cells reaches the low voltage threshold.

Based on the cited problems, the equalization for the Lithium-
based series-connected battery string is necessary in order to
mainly keep the energy of the cells balanced and extend their
lifetime [34e39].

Along this paper an overview of the battery equalization
methods is presented, which is focused on active methods as these
are the most efficient ones. In Section 2, they are organized into the
three main groups. Since only active methods are efficient, Section
3 is focused on active equalization methods, in which a brief
description of each method is outlined. Finally Section 3.6 presents
a table that summarizes and compares all the methods introduced
in the previous section. In Section 4 conclusions are highlighted.

2. Balancing methods

Balancing methods can be divided into three main groups:
battery selection (building the battery pack by selecting the cells
with similar properties), passive methods (no active control is used
to balance) and active methods (external circuitry with active
control is used to balance), as shown in Fig. 1.

It has to be mentioned that along the schematics of the different
topologies shown in the different figures, Icharger is the charging
(Icharger > 0) and the discharging (Icharger < 0) source current.

2.1. Battery selection

By properly selecting cells so that their properties are uniform
(similar electrochemical characteristics) [40,41] in order to make up
the battery pack, the issues of voltage imbalance can be mitigated.

Two different screening processes are carried out to select the
similar cells. The first one obtains the cells with similar average
capacity by discharging at different current regimes. It is based on

CCelli ¼
ZtSOC¼100%

tSOC¼0%

ICellidt; (1)

where CCelli is the cell capacity defined as the maximum electrical
charge (Ah) that the cell can deliver from the fully charged state to
the fully discharged state, ICelli is the cell current, and tSOC¼100% and
tSOC¼0% are the State of Charge of the cell at the fully charged and
discharged states, respectively.

The second screening process is applied to the cells selected in
the first one. Pulse type discharging/charging currents are applied
for different SOC points to select the cells with similar voltage
variance (similar series resistance associated with the cell).

This method is not enough to keep the series string balanced
since their self-discharge can vary differently along their lifetime
[42]. It can only be useful in case of complementing a balancing
system.

2.2. Passive methods

No active control is used to balance. Passivemethods can only be
used for Lead-acid and Nickel-based batteries as Li-ion batteries
cannot be overcharged.

They can be subdivided into two subgroups: overcharge and
fixed shunting resistor.

In the overcharge method, when cells are fully charged, due to
internal reactions cells stop being charged and the energy is
converted into heat rather than stored. It is only effective on a
small number of series cells as balancing problems grow expo-
nentially with the number of series cells [5,29,43,44]. It cannot be

Fig. 2. Fixed shunting resistor method.

Fig. 1. Classification of the battery equalization methods.
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repeated forever without eventual damage of the battery, since
the side reactions and the loss of water degrades the performance
and life of the unit. The fixed shunting resistor method [45,46]
uses a resistor in parallel with each individual cell in the pack,
as shown in Fig. 2, and the current is partially or totally bypassed
from the cells in order to limit the cells voltages. This method is
continuously bypassing current and therefore continuously
wasting energy.

2.3. Active methods

Active balancing methods use external circuits to actively
transport the energy among cells in order to balance them, and are
the only ones that can be implemented for Lithium-based batteries
[43,46e50]. Only the basic methods are presented in Section 3,
although there are variations that can optimize the equalization
process by adding new components or modularizing [27,51].

3. Active methods

Attending to the energy flow, active balancing methods can be
grouped into five categories: cell bypass, cell to cell, cell to pack, pack
to cell and cell(s) to pack to cell(s).

A diagram of the different active balancing methods is shown in
Fig. 3.

In cell bypass methods, cells currents are bypassed when the
cells voltages reach their upper limit. Cell to cell methods transfer
the extra energy stored in the most charged cells to the adjacent
least charged ones. Cell to pack methods transfer the energy from
the highest voltage cell to the whole battery pack, pack to cell
methods transfer the energy from the whole battery pack to a
single cell, by means of galvanic isolated DC/DC converters, and
finally, cell to pack to cell methods transfer the energy from the set
cell(s) to the whole pack, from the whole pack to the target cell(s)
or from the set cell(s) to the target cell(s).

3.1. Cell bypass

Three groups subdivide this method: complete shunting
method, shunt resistor, and shunt transistor methods.

3.1.1. Complete shunting
Each individual cell is individually controlled by only using two

power switches (or bidirectional switches, attending to the utilized
topology) [52e55], as shown in Fig. 4. Each cell is fully shunted, that
is to say, it is disconnected from the current path, when either it
reaches its maximum voltage (minimum in discharge mode) or it is
close to a reference value, depending on the control strategy. The
advantages of this method are the relatively low cost and high ef-
ficiency. It is easy to be modularized. The main disadvantage is that
it can only be used for low power applications since the higher the
currents through the switches are or the number of cells is (the
higher the voltage of the whole battery pack is), the less the effi-
ciency is because of the switches on-resistance, and the efficiency
degradation per cell follows

Dh ¼ �RlswI
NVcell

; (2)

where Dh is the efficiency degradation, Rsw is the on-resistance of
the module bypass switch, I is the current, N is the number of cells,
and VCell is the cell voltage.

3.1.2. Shunt resistor
A switch in series with a resistor is set in parallel with each

individual cell in the battery pack [32,39,56e58], as shown in Fig. 5.
The switches are controlled in two different modes: in the first
mode, all of them are commanded by the same signal, that is to say,
they all are set either on or off at the same time. In the secondmode,
cells voltages are monitored and each switch is commanded indi-
vidually, so when the imbalance conditions are sensed, it is decided

Fig. 3. Classification of the different active balancing methods.
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which resistor is shunted and a fraction of the current bypasses the
cell (cells can be balanced during both charge and discharge
modes). When a cell is bypassed, the current through the cell is

Icell ¼ Icharger �
Vcell

Rþ Rsw
; (3)

where ICell is the current through the cell, Icharger is the current
delivered by the charger, VCell is the cell voltage, R is the resistor set
in parallel with the cell, and Rsw is the resistance associated with
the switch.

The efficiency degradation per cell follows

Dh ¼ � V2
cell

Rþ Rsw
: (4)

The advantages of this method are the low cost and easy
implementation. The main disadvantage is that it can only be uti-
lized for low power applications as it has an excessive power
dissipation and therefore a low efficiency operation.

3.1.3. Shunt transistor
It shares the same idea as the shunt resistormethod. A transistor

is set in parallel with each individual cell [56,58e61], as shown in
Fig. 6. During charging, when the cell reaches the maximum
voltage, the current is proportionally bypassed around the cell and
so this cell is charged at constant voltage. In this method, the cur-
rent is only shunted at the end of the charging process, so
compared to shunt resistor working in the first mode, it has less
energy loss. Compared to shunt resistor working in the second
mode, it does not need intelligent control, and therefore the cost is
lower. By considering Rsw ¼ 0, and R the transistor on-resistance,
(3) and (4) can be applied to this method.

3.2. Cell to cell

This method can be subdivided into five methods, the switched
capacitor, the double-tiered switching capacitor, the Cûk converter,
the PWM (Pulse Width Modulation) controlled converter and the
QuasiResonant and the resonant converter ones.

3.2.1. Switched capacitor
In this method, two states are alternated continuously. In the

first state, each capacitor is set in parallel with its corresponding
upper cell, and therefore the capacitor is set to the cell voltage,
delivering or demanding energy from the mentioned cell. Once
each capacitor has reached its corresponding upper cell voltage
ðVui Þ, the stored charge ðQci Þ for the i-capacitor is

Fig. 6. Shunt transistor method.

Fig. 4. Complete shunting method.

Fig. 5. Shunt resistor method.
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Qci ¼ CiVui ; (5)

where Ci is the capacitance of the i-capacitor.
In the second state, the capacitors are set in parallel with their

corresponding lower cell, transferring or demanding energy from
this one in order to reach this new voltage. After cycles of this
process, both cells will be balanced [28,62e68]. The topology is
depicted in Fig. 7.

Each switching cycle, the i-capacitor transfers the current Ici
from the most charged adjacent cell to the least charged adjacent
cell according to

Ici ¼ Ci
�
Vui � Vli

�
fsw; (6)

where Vli is the lower cell voltage of the i-capacitor and fsw is the
switching frequency.

Therefore the capacitor behaves like a resistance and the
equivalent resistance Rc is

Rc ¼ Vui � Vli
Ii

¼ 1
fswCi

: (7)

By taking into account the on-resistance of the switches (Rsw),
the total resistance for the i-capacitor ðRswi Þ is

Rswi ¼ 1
fswCi

þ 2
Rsw
D

; (8)

where D is the duty cycle.
The efficiency degradation per capacitor follows

Dh ¼ �
�
Vui � Vli

�2
Rswi

: (9)

The main advantages of this method are the efficiency, low
complexity and the possibility of low and high power applications.
No sensing or closed-loop control are needed. The main disad-
vantage is the speed, as the lower the voltage difference between
adjacent cells is, the lower the balancing current is, and therefore
the lower the balancing speed is.

3.2.2. Double-tiered switching capacitor
This method is a derivation of the switched capacitor one, the

difference is that ituses twocapacitor tiers for shuttlingenergy [69,70]
and theequalization time is reducedeven toaquarter. Fig. 8 shows the

mentioned topology. Similar advantages and disadvantages are ob-
tained compared with the switched capacitor method, Section. 3.2.1.
The advantages compared with the switched capacitor are the
balancing time and the lower balancing capacitors currents while
simultaneously transferringmore charge along the string of cells. It is
duetoabetterchargedistributionbetween themost chargedcells and
the least charged ones. The disadvantages are higher cost and size.

Its equations are analyzed in Ref. [71], which are not presented
in this overview because of their extension.

3.2.3. Cûk converter
Each two neighbored cells are connected to an equalization

module that allows the energy transfer from the cell with the
highest voltage to the cell with the lowest one through the energy-
transferring capacitor [18,72e75]. The topology of this method is
shown in Fig. 9. The circuit is driven by PWM signals. By focusing on
the Cell1 and Cell2 (the same ideas can be applied to the rest of
pairs of adjacent cells), and considering that the Cell1 voltage is
higher than the one of the Cell2, two steps are carried out to
transfer the energy from the Cell1 to the Cell2 in order to balance:
along the first period, the switches SW12 and SW21 are turned off
and on, respectively. The current from the Cell1 (IL1) charges the
capacitor C12. Along the second period, the switches SW12 and
SW21 are turned on and off, respectively, and the capacitor energy
is transferred to Cell2.

The average currents for the inductors L1 and L2 are

IL1 ¼
1
2

�
VCell1
L1 D2 þ VCell1�VC12

L1 ð1� DÞ2
�

fsw
; (10)

and

IL2 ¼
1
2

�
VCell2�VC12

L2 D2 þ VCell2
L2 ð1� DÞ2

�
fsw

; (11)

respectively, where VCell1 and VCell2 are the Cell1 and Cell2 voltages,
L1 and L2 are the inductors set in parallel with the Cell1 and Cell2,
respectively, D is the switching duty cycle, and fsw is the switching
frequency.

Attending to (10) and (11), it can be deduced that ideally the
higher the switching frequency is, the lower the balancing currents
IL1 and IL2 are, and therefore the lower the losses of the associated
resistances are, and in consequence the higher the efficiency is.

Fig. 7. Switched capacitor method.
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The main advantage of this method is that it can be utilized in
high power applications, but its main disadvantage is its control
complexity.

3.2.4. PWM controlled converter
Three different topologies can be implemented [76]. The basic

topology is shown in Fig. 10. Every module for equalization is
connected across each two adjacent cells to allow next-to-next
energy transfer from the cell with the highest voltage to the cell
with the lowest voltage. The energy is firstly transferred from the

highest voltage cell to the inductance where it is stored, and then
the inductance discharges the energy to the lowest voltage cell. The
proposed circuit is derived from the buckeboost converter. The
energy transfer and the flow direction are carried out by adjusting
the duty cycle of the corresponding transistors, which are activated
with a PWM signal [77e86].

Taking into account the inductance losses (RL) and the switch
losses (conduction loss (Rsw)), the power losses per every pair of
cells follow

Ploss ¼ I2LRsw þ I2LRL; (12)

where Ploss is the total power loss, fsw is the switching frequency,
and ILi;iþ1

is the average balancing current for the pair CellieCelliþ1

that can be calculated as

ILi;iþ1
¼ 1

2

 
VCelliD

2 � VCelliþ1
ð1� DÞ2

Li;iþ1fsw

!
; (13)

where D is the switching duty cycle, VCelli and VCelliþ1
are the cell

voltages of the Celli and the Celliþ1, and Li,iþ1 is the inductor be-
tween them.

Fig. 8. Double-tiered switching capacitor method.

Fig. 9. Cûk converter method. Fig. 10. Cell to cell PWM controlled converter method.
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This method is good for high power applications, but its control
complexity.

There are proposed variations that optimize the balancing such
as [87], which uses a capacitor in parallel with every pair of
switches, or [88] which allows to transfer the energy between non-
adjacent cells.

3.2.5. QuasiResonant/resonant converter
Both the QuasiResonant converter and the resonant converter

methods are similar to the PWM Controlled Shunting method
[89].

The QuasiResonant converter topology is shown in Fig. 11. Each
pair of balancing module switches is commanded by a PWM signal,
as in the PWMControlled Shunting. The difference is that instead of
using an inductor, a resonant circuit is utilized to transfer the en-
ergy between the neighbored cells, achieving the zero current
switching function for the symmetrical and bi-directional battery
equalizer. This topology allows a reduction of the switching losses
and EMI (Electromagnetic Interference) emission of the battery
equalizers [90e92]. Some modifications can be carried out in order
to obtain Zero Voltage (ZVT) Zero Current (ZCT) Transitions [89].
ZVT technique eliminates the capacitive turn-on loss, and reduces
the turn-off switching loss as it slows down the voltage rise and
reduces the overlap between the switch voltage and the switch
current. ZCT technique eliminates the voltage and current overlap
by forcing the switch current to zero before the switch voltage rises
[93].

Equations are not presented in this overview due to their
extension.

In the resonant converter, instead of using intelligent control to
monitor and generate the switches PWM signals, a resonance cir-
cuit is used for each equalization module which both transfers the
energy and commands the switches using a zero voltageezero
current transition converter [94]. A start-up circuit is needed to
start the resonance.

This method is good for high power applications, but its main
disadvantage is its high control complexity.

3.3. Cell to pack

This method can be subdivided into five methods: the shunt
inductor, boost shunting, multiple transformers, multisecondary
windings transformer, and switched transformer ones.

3.3.1. Shunt inductor
The configuration of this method is shown in Fig. 12. In case a

cell is detected to have a higher voltage than the other ones of the
pack, the inductor is alternately set in parallel [95] with the cell (the
cell is shunted by the inductor), activating the corresponding
switches of the cell, and with the whole pack, activating the
switches SWa and SWb in the figure, with the aim of transferring
the extra energy from the imbalanced cell to the pack.

The average inductor current when a cell is being balanced is

IL ¼ 1
2

 
VcelliD

2 � VBatð1� DÞ2
Lfsw

!
; (14)

where VCelli is the most charged cell voltage, VBat is the voltage of
the whole battery pack, D is the switching duty cycle, L is the
inductance, and fsw is the switching frequency.

The power losses follow

Ploss ¼ I2L 2Rsw þ I2LRL; (15)

where Ploss is the power loss, Rsw is the on-resistance of the switch,
and RL is the internal resistance of the inductor.

Fig. 11. QuasiResonant converter method.

Fig. 12. Shunt inductor method.
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This method is good for high power applications, but it is very
slow since only one cell is being balanced at every instant.

3.3.2. Boost shunting
When imbalance is detected, the switch associated with the

highest voltage cell together with the SWr switch (in Fig.13) start to
be controlled by a PWM signal, transferring the extra energy from
the cell to the other cells in the string [96]. The topology of this
method is shown in Fig. 13. The balancing module works as a boost
converter.

The efficiency of the balancing process per cell is

Ploss ¼
PN

i¼0

�
Vð0Þfsw þ Icharger

2CCelli
fsw

�
Icharger þ

V2
Celli
L2i

R
f 2swPN

i¼0

�
Vi1IF � I2FRcell � Vi0IF

� ; (16)

where Ploss is total power loss,N is the number of cells in the battery
pack, V(0) is the residual capacity of the ith-cell at the beginning of
the charging, fsw is the switching frequency, Icharger is the charging
current, CCelli is the capacitance of the cell, VCelli is the ith-cell
voltage, Li is the inductor, R is equivalent resistance of the MOSFET,
the ith-cell and the inductance, IF is the discharging current, RCell is
the intrinsic resistance of the ith-cell, Vi1 is the charging voltage
limit, and Vi0 is the discharging voltage limit.

Some variations can be carried out in order to efficiently shorten
the equalization time [97e100].

This method is good for high power applications, but its control
complexity is high.

3.3.3. Multiple transformers
A switch in series with the secondary side of a transformer is set

in parallel with each individual cell in the battery pack. The primary
sides are set in parallel as shown in Fig.14, obtaining an isolated DC/
DC converter for each individual cell [45,101].

When a cell voltage exceeds the voltage threshold, the excess
energy is transferred back to the battery pack by controlling its
corresponding switch, and therefore its corresponding DC/DC
converter. This process has two steps. In the first period, the cor-
responding switch is turned on and the energy is stored as a
magnetic field. In the second period, and attending to Fig. 14, the
corresponding switch is turned off and the switch SW is turned on,
so the current flows through the primary side of the transformer
and is recovered into the whole battery pack.

The equation of the average current recovered into the whole
battery pack when a single cell is being balanced is similar to
Equation (14).

This method is good for high power applications buy it is really
expensive, the cost and size are high too, and it has a high control
complexity.

3.3.4. Multisecondary windings transformer
When imbalance is detected, the switch associated with the

highest voltage cell is switched on and a current out of the cell into
the transformer starts to flow. Because of the inductance, the
amount of current rises linearly over time. As the inductance is a
fixed characteristic of the transformer, the on time of the switch
defines the maximum current value. The extra energy from the cell
is completely stored as a magnetic field [102]. Once the switch is
turned off, the switch SW (Fig. 15) is turned on and the transformer
behavior is changed into a generator mode, so the energy is fed into
the whole battery pack via the big primary winding. This method
topology is shown if Fig. 15.

The average current for the ith-cell, the one which is being
balanced, is

ICelli ¼ 1
2
VCelliD

2

Lifsw
; (17)

where ICelli is the average ith-cell current, VCelli is the ith-cell
voltage, D is the switching duty cycle, Li is the corresponding
inductor of the ith-cell, and fsw is the switching frequency.

This method can be used in high power applications but its cost
and size are really high and its balancing speed is low.

3.3.5. Switched transformer
All the cells are connected to the secondary side of a transformer

through a pair of switches and free-wheeling diodes as shown in
Fig. 16. This method transfer the energy from the highest voltage
cell through the transformer into the battery pack [103e105] by
activating the corresponding cell switches. It is carried out in two

Fig. 13. Boost shunting method. Fig. 14. Cell to pack multiple transformers method.
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steps, along the first period, the excess of energy is extracted from
the cell and stored in the transformer in the form of magnetic flux
by activating the corresponding switch of the cell, and in the second
period the aforementioned switch is turned off and the current is
recovered into the whole battery pack.

The average current for the ith-cell is similar to the one in
Equation (17).

This method can be utilized in high power applications, but its
cost, size, and control complexity are high, and in addition it is
relatively slow.

3.4. Pack to cell

This method can be subdivided into five methods, the voltage
multiplier, full-bridge converter, multiple transformer, multi-
secondary windings transformer, and switched transformer
ones.

3.4.1. Voltage multiplier
In this method, two states are alternated continuously since the

switch is controlled by a square signal. In the first state, each cell is
being discharged through the even-numbered diodes, and there-
fore capacitors are being charged. The variations in the cells volt-
ages are small enough to be negligible during a single switching
cycle since the capacitors have a very low capacitance. During the
off period, the charger current is distributed to the capacitors and
through the odd-numbered diodes to the cells, which are charged
with more or less current depending on whether the cells are less
or more charged with respect to the average voltage, respectively
[42,106e108]. The topology is depicted in Fig. 17.

The DC equivalent circuit is built with a current source, whose
current is duty controllable as Icharger(1 � D), and each cell, whose
voltage is Vi, is connected to this aforementioned current source via
two diodes and an equivalent resistor Reqi

that follows

Reqi
¼ 1

Cifsw

�
1� exp

�
�D

fswCiRci

��þ Rci
1� D

; (18)

where Ci is the capacitor connected to the ith-cell, fsw is the
switching frequency, D is the switching duty cycle, and Rci is the
series resistance of capacitori. When cells are balanced, the current
from the current source is equally distributed to the cells, in case of
imbalance, the current is preferentially distributed to the cell with
the lowest voltage until the balance state is reached.

According to the DC equivalent circuit, the power losses follow

Ploss ¼
XN
i¼1

I2Celli Reqi
; (19)

where Ploss is the total power losses, N is the number of cells in the
battery pack, and ICelli is the balancing current for the ith-cell.

Fig. 15. Cell to pack multisecondary windings transformer method.

Fig. 16. Cell to pack switched transformer method.

Fig. 17. Voltage multiplier method.
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Equation (19) shows that the power losses tend to be largewhen
the current is unequally distributed to the cells, since the loss is
proportional to I2Celli .

This balancing method can be utilized in high power applica-
tions. Its cost is relatively low and its efficiency can be high if the
switching frequency is high enough to reduce Reqi

, and the utilized
cells have a voltage high enough to neglect the forward voltage
drop of the diodes.

3.4.2. Full-bridge converter
This method is based on the full-bridge PWM converters [109e

111], as shown in Fig. 18. They can be used as a AC/DC converter,
which is suitable for plug-in or as a DC/DC converter. Energy is
transferred from the whole battery pack to the individual cells.

The main advantages of this method are the relatively high ef-
ficiency, its easy modularity and its suitability for high power ap-
plications. Its main disadvantage is its control complexity.

3.4.3. Multiple transformers
The current from the charger is switched into the primary side

of the transformer, when imbalance is detected, and so currents are
induced in each of the secondaries. The secondary with the least
reactance (due to a low terminal voltage on the cell) will have the
most induced current. Therefore, each cell receives charging cur-
rent inversely proportional to its relative SOC [43,46e48,83,112e
115]. The topology utilized for this method is shown in Fig. 19.

A variation includes a switch per cell in series with the primary
side. When imbalance is detected, the corresponding primary side
switch SWi of the lowest voltage cell ith-cell is controlled, and the
rest of switches are deactivated. The balancing process is carried
out in two steps. In the first step the corresponding switch SWi is
turned on and the primary current of the ith-cell builds up. In the
second step the switch is turned off and the corresponding rectifier
diode is turned on, so that the magnetizing current flows into the
cell.

This balancing method is good for high power applications. The
presented variation is slow as only one cell is being balanced
simultaneously. Its cost is high.

3.4.4. Multisecondary windings transformer
When imbalance is detected, the switch connected to the

transformer primary winding is switched on, and so some energy is
stored in the transformer. Then the switch is switched off and the
energy is transferred to the secondaries of the transformer. Most of
the induced current will be provided to the cell(s) with the lowest
voltage (lowest reactance) via the diode(s) [14,80,102,116e123].
Fig. 20 shows a diagram of the topology of this method.

There is a variation which includes a switch per cell in series
with the secondary side. Once the energy is stored in the trans-
former in the form of magnetic flux, the effective voltage of the
target cell is the same as the cell voltage, but the effective voltage
of the non-target cells is regarded as the sum of the cell voltage
and the diode on-drop voltage. The difference of effective voltage
causes the current unbalance and it is used for the charge
equalization.

A second variation is the ramp converter method, which is called
a ramp converter because of the shape of the primary current

Fig. 18. Full-bridge converter method.

Fig. 19. Pack to cell multiple transformers method.

Fig. 20. Pack to cell multisecondary Windings Transformer method.
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waveform. This circuit uses frequency modulation to regulate the
average primary current, and therefore the sum of the rectified
average secondary currents is also regulated. On one half cyclemost
of the current is supplied to the lowest voltage odd-numbered
battery(s), and on the other half cycle most of the current goes to
the lowest voltage even-numbered battery(s) [124,125]. This
method only requires one secondary winding for each pair of bat-
teries instead of one per battery.

This method presents high cost, size and control complexity.

3.4.5. Switched transformer
This method is similar to the multisecondary windings trans-

former. The difference is that this method uses only one switched
transformer to transfer the energy from the whole battery pack to
the lowest voltage cell through an array of switches, which selects
the target cell that has to be equalized [43,46,49,80,83,126]. The
topology is shown in Fig. 21.

High cost, size and control complexity are the main character-
istics of this method.

3.5. Cell to pack to cell

This methods can be divided into two categories. The first group
deals with the shared methods which transfer the energy from the
most charged cells to a tank and from the tank to the least charged
ones in the battery pack, regardless of whether the cells are adja-
cent or not. Shared methods are grouped into three main groups,
which are PWM controlled converter, single switched capacitor,
and single switched inductor.

The second group of methods are the distributed methods that
allow the cell to pack equalization, in case the cell to be equalized
has a higher voltage than the reference one (the reference voltage is
usually the average or the threshold), and the pack to cell equal-
ization in case the cell to be equalized has a lower voltage than the
reference one. Distributed methods are grouped into three main
groups, which are bidirectional multiple transformer, bidirectional
multisecondary windings transformer, and bidirectional switched
transformer.

3.5.1. PWM controlled converter
The cell balancing circuit is composed by buckeboost converters

that connect the stack cells with a capacitor tank. Different

topologies are found which carry out the same function. [127]
proposes N-1 parallel converter legs, where N is the number of
cells in the pack, as Fig. 22 shows. For each inverter leg, the input
voltage source can be represented by a part of the stack cells and
the output voltage can be represented by the remaining part of the
stack cells. The balancing current values depend only on the un-
balanced voltage fractions of both sides of the inductors terminals.
Balancing currents flow naturally in the good directions, from
where the voltage potential fraction is greater to where the voltage
potential fraction is smaller to keep voltages equal. [128e130]
propose a buckeboost converter per cell in the stack.

By considering that Vi is greater than Viþ1, the mean steady state
balancing current ILi;iþ1

follows

ILi;iþ1
¼ DVi � ð1� DÞViþ1

DRCelli þ ð1� DÞRCelliþ1
þ Rsw þ RLi;iþ1

; (20)

where D is the switching duty cycle, RCelli and RCelliþ1
are the cell

internal resistances, Rsw is the transistor static drainesource on-
resistance, and RLi;iþ1

is the inductor series resistance.
The control complexity of this method is high, the same as cost

and size which are also high. It can be used for high power
applications.

3.5.2. Single switched capacitor
This method is based on the switched capacitor. Firstly, the

controller only selects the switches that parallel the highest voltage
cell with the capacitor. Once the capacitor reaches the cell voltage,
the controller only selects the switches that parallel the lowest
voltage cell with the capacitor, transferring the excess energy from
the capacitor to the cell [131,132]. Its topology is shown in Fig. 23.

Relatively low cost and high efficiency can be obtained for high
power applications with this method. Slow balancing as only one
cell is balanced at the same time.

3.5.3. Single switched inductor
This method is similar to the single switched capacitor, the only

difference is that instead of using a capacitor, an inductor is utilized
to store the energy and transfer it between the cells [133e137]. The
topology is shown in Fig. 24. [138] proposes a small variationwhich
changes the inductor by a transformer, carrying out the same idea
of equalization.

The transferred energy Etrans is

Etrans ¼ 1
2
ViD2

Lf 2sw
; (21)

Fig. 21. Pack to cell switched transformer method. Fig. 22. Cell to pack to cell PWM controlled converter method.
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where Vi is the most charged cell, D is the duty cycle, L is the
inductance, and fsw is the switching frequency.

Similar advantages and disadvantages can be obtained
compared to the single switched capacitor method.

3.5.4. Bidirectional multiple transformers
This method allows transferring the energy from each stack cell

to the main battery bus and vice versa [45,139e141]. During
charging the individual cell voltages are regulated by transferring
the excess energy to the battery bus. During discharging, the energy
can be transferred from the battery pack to the weak cells. The
topology is shown in Fig. 25.

This method combines the different advantages of the multiple
transformers method of the cell to pack and pack to cell groups.

3.5.5. Bidirectional multisecondary windings transformer
Each cell is in parallel with a switch in series with an inductor

(the secondary side of a multisecondary windings transformer), as
shown in Fig. 26. When imbalance is detected, this method allows
different control types. The first control type lets the energy to be
transferred from the pack to theweak cell(s) by firstly activating the
switch of the primary side, and then turning it off and activating the
corresponding switches of the target cell(s). Another control allows
the energy transfer from the most charged cell (when it becomes
overcharged) to the rest of the stack cells, by activating the

corresponding switch of the most charged cell to transfer the en-
ergy to the primary side of the transformer (it works as an inductor
tank) and as a result, the energy is transferred from that cell to
other cells with most of the energy directed to the lowest voltage
one, since the current absorbed by each cell is directly proportional

Fig. 23. Single switched capacitor method.

Fig. 24. Single switched inductor method.

Fig. 25. Bidirectional multiple transformers method.

Fig. 26. Bidirectional multisecondary windings transformer method.

J. Gallardo-Lozano et al. / Journal of Power Sources 246 (2014) 934e949 945



Author's personal copy

to the voltage difference between its terminal voltage and the
healthy module terminal voltage. The least charged cell accept
more current compared to other cells [102,142,143]. This second
control type can be implemented using a similar topology that

eliminates the primary inductor and transfer the energy directly
between cells, as described in Refs. [144e147].

3.5.6. Bidirectional switched transformer
A single transformer is utilized to transfer the energy from

the most charged cell to the pack, or from the pack to the
weakest cell (the least charged one), selecting the corresponding
switches [148e154]. A basic diagram of the topology is shown in
Fig. 27.

3.6. Comparison

In this section, all of the active balancing methods are
compared and presented in Table 1. T represents the balancing
nature, which can be ST (Shunting), SL (Shuttling) or EC (Energy
conversion). Components defines what components are utilized
and the number of them. Finally, twelve parameters are analyzed
and used for comparison between the different methods, using a
numeric scale where 1 is the minimum value and 3 the
maximum one for each parameter, the average of the parameters
for each method is obtained and presented as the Total. A com-
parison can be carried out based on Total, and as it can be seen
the switch capacitor and the double-tiered switching capacitor are
the ones with the highest average value. The total average of the
analyzed parameters has been calculated by using the same

Fig. 27. Bidirectional switched transformer method.

Table 1
Classification of active balancing methods.

* T Components P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 Total

SW R L C D

3.1.1. ST 4n 3 3 1 3 3 3 2 3 3 3 3 1 2.58
3.1.2. ST n n 3 1 1 1 1 3 1 3 2 3 3 1 1.92
3.1.3. ST n 3 1 1 1 1 3 2 3 3 3 3 1 2.08
3.2.1. SL 2n n � 1 3 3 3 3 3 1 2 3 2 3 3 1 2.50
3.2.2. SL 2n 2n � 3 2 3 3 3 3 2 2 3 2 3 3 1 2.50
3.2.3. SL 2(n � 1) n n � 1 2 2 3 3 1 2 2 1 2 2 3 3 2.17
3.2.4. SL 2(n � 1) n � 1 2 2 3 3 1 2 2 1 2 2 3 3 2.17
3.2.5. SL 2(n � 1) 2(n � 1) n � 1 1 2 3 3 1 2 2 1 1 2 3 3 2.00
3.3.1. SL 2(n þ 1) 1 1 2 2 3 3 1 1 2 1 3 1 2 3 1.92
3.3.2. EC n þ 1 n þ 1 1 n þ 1 2 2 3 3 1 2 2 1 2 2 3 3 2.17
3.3.3. EC n 2n n 1 1 3 3 1 2 2 1 1 3 2 2 1.83
3.3.4. EC n n þ 1 1 1 1 3 3 1 1 2 1 1 1 2 3 1.67
3.3.5. EC 2n 2 2n þ 1 1 1 3 3 1 1 2 1 1 2 2 3 1.75
3.4.1. SL 1 n 2n 3 3 3 1 1 2 2 3 2 3 1 2 2.17
3.4.2. EC 4n 1 3 3 3 1 3 2 2 2 3 3 3 2.42
3.4.3. EC 1 2n n 1 1 3 1 1 2 2 3 1 3 2 2 1.83
3.4.4. EC 1 n þ 1 n 1 1 3 1 1 2 2 3 1 1 2 3 1.75
3.4.5. EC 2n þ 1 2 1 1 1 3 1 1 1 2 1 1 2 2 3 1.67
3.5.1. EC 2(n � 1) n � 1 1 1 2 3 3 1 2 2 1 2 3 2 2 2.00
3.5.2. SL 4n 1 3 3 3 3 3 1 2 1 3 1 3 2 2.33
3.5.3. SL 4n 1 2 2 3 3 3 1 2 1 3 1 3 2 2.17
3.5.4. EC 2n 2n 1 1 3 3 1 2 2 1 1 3 2 2 1.83
3.5.5. EC n þ 1 n þ 1 1 1 3 3 1 2 2 1 1 1 2 3 1.75
3.5.6. EC 4n þ 1 2 1 1 3 3 1 2 2 1 1 2 2 3 1.83

*Every analyzed method is defined by its section number.
Parameters of comparison
T. Balancing nature: ST (Shunting), SL (Shuttling), EC (Energy Conversion).
Components. S (Switches), R (Resistors), L (Inductors), C (Capacitors), D (Diodes).
P1. Cost (1: expensive, 3: cheap).
P2. Efficiency (1: low, 3: high).
P3. Application (1: only allows low power, 3: allows high power).
P4. Charge/Discharge type (1: unidirectional, 3: bidirectional).
P5. Best effective period (1: one effective mode, 3: both modes are effective).
P6. Speed (1: low, 3: high).
P7. Implementation (1: low, 3: high).
P8. Complexity (1: high, 3: low).
P9. Size (1: big, 3: small).
P10. Modular (1: difficult, 3: easy).
P11. Switch Voltage Stress (1: high, 3: low).
P12. Switch Current Stress (1: high, 3: low).
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weight for each of them, however, their weight should be
modified according to the application. Cell bypass methods are
the cheapest ones, and in addition they are easily modularized
and controlled. Cell to cell methods are more efficient and can be
used in high power applications. Cell to pack, pack to cell, and cell
to pack to cell methods allow low switch voltage and current
stress even in high power applications.

4. Conclusions

With the aim of solving the numerous problems which can
occur in case of battery imbalance, a large number of battery
equalization methods are available. It can make the selection
difficult whenever a battery equalization system has to be applied
to a battery pack. In order to make the decision easier, a complete
overview of the active balancing methods is presented in this
paper. A final table summarizes and compares their main char-
acteristics, introducing a good resource to analyze (by adjusting
the parameters weights depending on the application) and
defining the most suitable method according to the application. By
setting the same weight for every parameter, as it is shown in
Table 1, the switched capacitor and the double-tiered switching
capacitor methods are the best option according to the obtained
results.
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Glossary

HEV: Hybrid Electric Vehicle
EV: Electric Vehicle
PWM: Pulse Width Modulation
Icharger: Charging/Discharging current
N: Number of cells in the battery pack
CCelli : Celli capacity
ICelli : Celli current
VCelli : Celli voltage
SOC: State of Charge (%)
Dh: Efficiency degradation
fsw: Switching frequency
D: Switching Duty cycle
Rswi : Switchi on-resistance
Qci : Capacitor stored charge
Ci: Capacitori capacitance
Rci : Capacitori series resistance
Ici : Capacitori current
Vui ;Vli : Upper and lower voltage cell
Li: Inductor average current
RL: Inductor series resistance
VBat: Battery pack voltage
Ploss: Total power loss
Reqi : Equivalent resistor
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a b s t r a c t

Battery Equalization systems are necessary as cell imbalance can lead to poor performance and safety
hazards. In this paper we present a novel active battery equalization control, based on the Shunt
Transistor method, which is feasible for EV battery equalization. Unlike the actual Shunt Transistor
control methods that can only operate at the end of the charging process, the proposed smart control is
able to accomplish the equalization during both driving and charging EV operations (optimizing time and
performance) with a high final efficiency. Balancing is not enough when battery aging manifests;
therefore, health management is essential. By taking advantage of the proposed system, a novel on-line
unhealthy cell detection and cell change decision function is implemented. The proposed health analysis
can be performed during normal driving, without the need for numerous charging/discharging cycles, a
considerable data set, or complex models or estimations. Simulation results and experimental validation,
in a battery pack made up with three cells, first prove the correct equalization during driving (with a real
driving profile) and charging/discharging operations, with high efficiency (over 95%); and secondly,
validates the cell health analysis, obtaining a cell health map and detecting the unhealthy cell placed on
purpose.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Electric Vehicles (EVs) require battery packs with large strings of
cells in series, but this configuration can lead to cell imbalances [1].
An unbalanced battery system can cause its cell voltages to drift
apart over time, and can cause over-voltage exposure (which leads
to premature cells degradation), safety hazards (explosion), early
charge termination and early discharge termination, which lead to

capacity reduction. It is undoubtedly necessary to implement a
battery equalization system to provide a safe and effective use of
the battery. A substantial number of equalization methods are be-
ing studied [2].

According to [2], equalization methods can be grouped into
three main different categories: first, Battery Selection, which
makes up the battery pack by selecting the cells with the same
properties. Second, Passive Equalization, in which no active control
is utilized to equalize. It cannot be used for lithium-based batteries
as there is a high risk of explosion. Third, Active Equalization, which
is characterized by the use of external circuits to actively transport
the energy, and it is the only one that can be employed for lithium
based batteries, which are currently the best option [3e14].
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Active methods are likewise divided into five subcategories [2]:
Cell Bypass equalization methods bypass the current of those cells
that reach their maximum/minimum voltage, waiting for the
remaining cells to reach the maximum/minimum voltage as well.
These methods are easy to implement, easy to modularize, and
their cost is low; however, their existing control strategies only
allow them to be used at the end of the charging/discharging
process, when their efficiency is low. Cell to Cell methods pass the
extra energy that is stored in the cells to the adjacent ones with
lower stored energy. They may present higher efficiency, but
whether their speed is slow or their control complexity is high. In
Cell to Packmethods, the energy is extracted from the most charged
cell in the pack and equally delivered to all the cells through the
pack terminals. Pack to Cell methods transfer energy from the pack
to the least charged cell. Cell to Pack to Cellmethods transfer energy
by implementing both Cell to Pack and Pack to Cell methods. In Cell
to Cell, Cell to Pack, Pack to Cell, and Cell to Pack to Cell methods,
conventional topologies based on DC/DC converters tend to be
complex and expensive, and their efficiency can be low [15]. To-
pologies based on inductors and transformers might be costly and
bulky for large-scale or high power applications. Multi-winding
transformers require strict parameter matching among multiple
secondary windings, therefore their design can be difficult and
their extendibility can be really poor.

In ref. [2] a table is presented that summarizes and evaluates the
different equalization methods. By applying the same weight to
every compared parameter, it concludes that switch capacitor and
double-tiered switching capacitor reach the highest ratio. Never-
theless, in techniques based on switching capacitors, the energy
transfer between the cells is a function of the voltage difference
between cells. As a result, when the voltage difference is low, the
equalization speed decreases and cells can remain unbalanced for
very long. They are not particularly effective for lithium-based
batteries [15].

Another important issue to take into account is the battery
health. After numerous cycles of charging/discharging, the cells
suffer a degradation that leads their series resistances to increase,
and to decrease the pack capacity and increase the energy loss
during its operation and equalization [16].

According to the previous analysis of the equalization methods,
throughout this paper we are focusing on the Cell Bypass equal-
ization method. In Section. 2, first we will see why a dissipative
method is ample for EV battery pack equalization. Then we will
examine how by applying our proposed smart control to a Shunt
Transistor method, we take advantage of the Cell Bypass benefits
(low cost, low complexity, easy modularization, etc.), and a better
equalization process is implemented, working at any battery
operating mode (driving and charging mode), which cannot be
carried out with the existing control strategies, as it will be
explained below. Equalization during driving lets the system to
increase the efficiency as the equalization is carried out from the
beginning of the EV operation. After a relatively short time,
equalization is achieved and from that moment the equalizer is
deactivated and there are no losses; as a result, the efficiency is
continuously increasing. In addition, it highly decreases the time in
which cells operate under unbalanced conditions, unlike the
existing control methods that can only operatewhen the cells reach
their maximum or minimum voltage. Our novel smart control also
allows an optimized full charge: conventional control methods fix a
low constant battery current at the end of the charging process,
which partially ensures a full charge once the cells reach the
maximum voltage. We individually monitor the cell current re-
quirements, and based on a designed communication between the
battery equalizer and the battery charger, a regulated battery cur-
rent is continuously determined and updated, leading the cells to

an optimized full charge. It allows a loss optimization, and unnec-
essary energy waste is avoided. Finally, by taking advantage of our
system implementation and hardware design, it will implemented
a developed supplemental function by only adding extra new
control algorithms: on-line deteriorated cell detection and change
decision. We will analyze why the equalization energy losses must
be evaluated differently for charging and discharging cell opera-
tions, and how our proposed algorithm utilizes the energy losses
and over-equalization (evaluated separately for cell charging and
discharging) as an advantage to detect unhealthy cells. A healthy
battery pack would result in negligible equalization losses.

Simulation results, presented in Section. 3, and the system
validationwith experimental results in Section. 4, prove the correct
performance of the novel smart control for equalization and fully
charge, and validates the cell health analysis, obtaining a cell health
map and detecting the unhealthy cell placed on purpose. Finally
Section. 5 highlights the different conclusions.

2. Equalization topology, algorithms and system functions

2.1. Cell bypass methods

An interesting reasoning about dissipative equalization
methods is expounded in refs. [5,17e19]. Nowadays this is one of
the most common techniques despite the fact that there is a large
variety of methods. This method equalizes the battery pack by
dissipating the remaining capacity differences that exist between
the cells. Low cost and easy implementation are implicit features.

In case the battery pack is properly manufactured with Battery
Selection, the equalization capability could be sufficient. The self-
discharge rate and the battery non-uniformity emergence are
very slow processes (3e5% per month), and therefore the current
needed for equalization is also relatively low and does not consume
much energy. [17] supposes a situation with a poor designed bat-
tery pack where the total capacity decreases 20% each 200 cycles. It
means that the capacity difference between cells increases 0.1% per
cycle. Assuming a battery pack nominal capacity of 100 A h, the
equalizer has to cope with only 0.1 A h per cycle. In that case, for 1 h
of balancing time, the maximum needed equalization current
would be only 100 mA, that is to say, 0.4 W of maximum heat
dissipation (by considering 4 V the maximum cell voltage). It
concludes that this method is ample for on-line equalization in EVs.
In addition, it demonstrates that the non-dissipation battery
equalization only increase the capacity approximately 2%, taking
into account that the existing non-dissipation methods feature
bulky size and high implementation cost [20]. However, the effi-
ciency is limited with the existing control strategies, as they only
allow this method to be used at the end of the charging/discharging
process.

A Shunt Transistor equalizationmethod has already been studied
and is presented in the literature [2,21,22]. According to these ref-
erences, the equalization process starts when the individual cells
reach their maximum/minimum voltage, which is considered the
reference. Through a feedback network based on transistors and
operational amplifiers working as comparators with the reference
voltage, the different cells are bypassed, keeping the cells voltages
at approximately the maximum reference cell voltage. This equal-
ization does not have a smart control, and must start at the end of
the charging process, with a low battery current. As a result, the
equalization time, and therefore the full charging time, are very
long.

Complete Shunting and Shunt Resistor methods could also
perform a similar equalization with a constant switch between
normal operation and bypassed operation for a cell; but first, it can
lead its voltage to vary (due to its series resistance) in a range that
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makes its control more laborious, and in addition it makes difficult
for the management system to know the real state of the battery.
Secondly, when the cell voltage is close to its maximum value, the
voltage fluctuation can exceed this maximum value, and so this
method is not convenient for safe control. As a result, existing
control strategies are only performing at the end of the charging
process, with low battery current.

As it is presented along this work, based on the Shunt Transistor
method, we are proposing a smart control (the aforementioned
feedback network is removed) which can determine the exact
amount of current that will be bypassed, and it is achieved in a
continuous mode (the aforesaid switching mode disadvantage is
avoided). As a result, the equalization can be performed at any
battery operation, including driving, charging, and discharging
operations. It allows an equalization time and efficiency optimi-
zation. In addition, new functions can be implemented such as
optimized cell full charge.

When on-line comparing the different cells to determine their
imbalance, SoC-based (State of Charge-based), pack remaining ca-
pacity-based, and voltage-based algorithms can by applied. Many
different studies can be found trying to on-line obtain an accurate
value of the cell SoC or capacity [17,18,23e30], as they require ac-
curate estimation, but it is difficult to implement, since they cannot
be directly measured [18]. presents a very interesting work that
accurately predicts the remaining cell capacities by implementing a
fuzzy logic-based algorithm; however, hundreds of fully charge
cycles are needed to achieve it and solve the problem of low pre-
cision, and in a real EV usage, a driver might only fully charge the
battery occasionally, so in that case a proper equalization cannot be
carried out. Other methods are difficult to implement, can be un-
stable, or need long time. We focus on a voltage-based algorithm,
because it is the most feasible to realize and our system can directly
measure the cell voltage with high precision.

Before analyzing the proposed equalization, two assumptions
are taken into account: first, the battery pack must be constructed
with a Battery Selection. Secondly, a thermal management must
keep the different cells under approximately the same temperature.

Manufacturing variations impact on the battery performance,
and so they impact on the equalization efficacy too [31]. The Battery
Selection method is based on a screening process that allows an
accurate selection of those cells with similar electrochemical
characteristics. It is accomplished with two successive procedures
[2,20,32,33]. The first screening process is a capacity screening, and
only cells with similar average capacity are selected. The second
screening process is applied to the previously selected cells. Cells
with similar voltage variance (for pulse type discharging/charging
currents) are selected, as it means they have similar associated
series resistance.

The temperature is a key factor as it plays an important role in
battery performance and battery life [34e45]. This is out of the
scope of this paper, so it is assumed that the battery pack is effec-
tively cooled/heated so that the battery pack does not encounter
uncontrolled temperature variations, maintaining the cell tem-
peratures within their operating range for an optimum perfor-
mance and longevity of the battery system, and minimizing the cell
temperature difference.

2.2. Shunt transistor topology

The proposed equalization system is based on the Shunt Tran-
sistor method. The basic idea lies in a MOSFET placed in parallel
with each individual cell in the battery pack, as it is shown in Fig. 1.
However, it needs a specific hardware design, which is described in
Section. 4.

Unlike the common use, we utilize the MOSFET in its saturation

mode, becoming a variable resistance whose value can be accu-
rately controlled by a properly designed algorithm. It allows man-
aging the amount of current that passes across its corresponding
cell. By managing all the cells in the battery pack, a suitable battery
pack equalization can be achieved.

The MOSFET gateesource voltage is the variable that allows the
MOSFET current control. According to the MOSFET output charac-
teristics, by considering the drainesource voltage a constant value
(this is the cell voltage), an increase of the gateesource voltage
brings about a MOSFET current increase, and vice versa. This
approach is the core of the control algorithm, which is explained in
detail in the next section.

2.3. Equalization control algorithm

The CCeCV (Constant CurrenteConstant Voltage) battery
charging protocol is the most simple and common one, and is
carried out in two stages [46].

The cell voltage (vCell) and cell current (iCell) variations along the
typical charging process are depicted in Fig. 2a. In our case, Mode1
represents the operations in which the battery is really working, so
it can be a constant current charging process, but could also
represent the driving mode (cell discharge) with the regenerative
breaking (cell charge). Mode2 represents the operation of the last
stage in charging mode, in which for security reasons, and aiming
for an effective charge (avoiding the different associated resistances
effects), the maximum cell voltage, Vmax, is reached and kept con-
stant by decreasing the cell current. This scheme of modes can be
utilized to frame some variations that can be found in the CCeCV
protocol, whose goal is to improve the charging performance, as in
ref. [47].

According to the approach based on modes, the algorithm is
defined in two parts, which allows controlling every operating
mode in which the different cells can work, as we will see later.

First, we analyze Mode1.
Each cell voltage is individually measured and the average value

is calculated. The mean value is considered the reference, and the
differences between the individual cell voltages and the reference
are the independent variables (diff), as in

diffn ¼ vCelln � vavg; (1)

where vCelln is the voltage of the n-cell (V), vavg is the average voltage
of the cells in the battery pack (V), and diffn is the difference for the
n-cell (V).

As each cell is thence independently controlled, from nowonwe
will refer to one individual cell (unless otherwise noted) and its
considerations and calculations will be applied to the rest of cells in
the battery pack. Therefore, diff refers to diffn.

Fig. 2b shows the three different zones in which each individual
cell is operated inMode1. It represents the cell equalization current
ieq (the current through its corresponding MOSFET) as a function of
diff. When diff � 0, the equalization current is null (the MOSFET is
switched off). Ieq,max represents the pre-defined maximum equal-
ization current (a saturation), with the aim of limiting the power
losses. Diffmax is the pre-defined maximum allowed difference,
fromwhich the equalizer will operate at its maximum equalization
current level. Ieq,min2 and Diffmin2 are the minimum values for the
cell equalization current and the cell difference, respectively, when
the cell comes from Zone3. On the other hand, Ieq,min1 and Diffmin1

are the minimum values when the cell comes from diff ¼ 0 (it is
equalized). Both minimum values provide stabilization.

The hysteresis band of Zone1 and Zone2 that we are proposing
accomplish two purposes. The first one is to avoid unnecessary
losses. When the cell is balanced, a cell voltage oscillation around
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the reference will occur due to fabrication and thermal variances
between the cells, and in consequence the equalizer could be
switched on and off repeatedly, causing a considerable and un-
necessary power dissipation. The second goal is to optimize the cell
equalization time and prevent worthless low equalization currents.
The equalization speed depends on the cell voltage difference, and
the hysteresis band keeps a higher current value for very low
differences.

The objective of the equalizer is to decrease the difference be-
tween cells by decreasing diff in those cells that satisfy diff � 0. The
Mode1 control algorithm operates according to Fig. 2b. During the
charging operation, ieq lowers the rate of current employed to
charge the cell (Fig. 1). Cells with diff � 0 are not equalized, as they
must be charged as much as possible to catch the reference. During
the discharging operation, ieq increases the amount of current
through the cell, and as a result the MOSFET dissipates energy up to
the instant in which the cell voltage catches the reference.

In Zone3, a quadratic equation is utilized, since in comparison
with a linear one, the quadratic equation presents a higher ieq for
the same value of diff. It allows the system to react stronger in the
middle of Zone3 and decrease the cell difference faster. In Fig. 2b, by

defining the vertex as (Diffmax, Ieq,max), the equation for the Zone3
follows

ieq ¼ Ieq;min2 � Ieq;max

ðDiffmin2 � DiffmaxÞ2
ðdiff � DiffmaxÞ2 þ Ieq;max: (2)

As we will see later, the output of the algorithm has the calcu-
lated ieq as a reference, and a Proportional-Integral control modifies
the vGS of the utilized n-channel MOSFET to reach the desired cell
equalization current.

From equation (2), the equalization current value in Zone1 is a
constant obtained according to

diff ¼ Diffmin1; (3)

and in Zone2, it is the constant given by

diff ¼ Diffmin2: (4)

Now we proceed to analyze Mode2.
This mode corresponds to the last stage of the charging process

(Fig. 2a), since Vmax can only be reached when the cell is assumed to

Fig. 1. Equalization system topology with current distribution for battery a) charging b) discharging.
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be fully charged. It also represents a security mode. In our algo-
rithm, when the cell reaches the pre-defined recommended mini-
mum voltage (Vmin), Mode2 is utilized to avoid a higher cell
discharge.

In Mode1, the final difference (difffinal) applied to equation (2) is
the previously explained one for thismode (diffMode1). At the instant
that the cell enters inMode2, it is managed separately. The value of
diff is stored in a temporary variable (Diff), which defines the initial
conditions for the Mode2 control. Vmax or Vmin (depending on the
battery operation) becomes the reference value for this specific cell.
difffinal is calculated according to Diff and the output of a
Proportional-Integral (PI) controller (whose input is Vmax � vCell).
Meanwhile, the remaining cells, which are operating in Mode1, still
operate as explained for this mode.

We will analyze the battery model in Section. 2.4. The cell
voltage is the sum of the Open-Circuit voltage (it is the real cell
voltage) and the voltage drop due to the series resistance. So, when
the cell enters into Mode2, as the cell is being charged/discharged,
the PI control is gradually bypassing more and more current,
minimizing the effect of the series resistance (the lower the cell
current is, the less the effect of the series resistance is). It allows the
cell to reach its fully charge/discharge state under an accurate
control.

2.4. On-line deteriorated cell detection and change decision

Battery models are particularly studied when talking about EV
batteries [48e51]. The most common one (we use it applied to each
cell) is an electric circuit that consists of a simple controlled voltage
source (it represents the battery Open-Circuit Voltage, vCell,OC,
which is a function of the cell current) in series with a constant
resistance (it is the ohmic resistance, Rseries, which is responsible for
the instantaneous voltage drop), as in refs. [17,52]. vCell and iCell are
the terminal cell voltage and current, respectively.

vCell,OC is obtained from

vCell;OC ¼ V0 � K
Q

Q �
Z

iCelldt
þ Aexp

�
� B

Z
iCelldt

�
; (5)

where V0 is the battery constant voltage (V), K is the polarization
voltage (V), Q is the battery capacity (Ah),

R
iCelldt is the actual

battery charge (Ah), A is the exponential zone amplitude (V), and B
is the exponential zone time constant inverse (Ah)�1.

After a Battery Selection process, negligible manufacturing dif-
ferences will become prominent and show up along the cell life.
The reason is related to possible different thermal conditions be-
tween cells [53], a bad equalization system (which lead the cells to
a heterogeneous environment), or aging after a large number of
charge/discharge cycles.

The battery health study is a recent field as the EV growth is
pushing to a battery manufacturing and performance optimization.
[54] presents an interesting review that analyzes the different ag-
ing mechanisms. To evaluate aging, different indicators are exam-
ined such as State-of-Health (SoH), End-of-Life (EoL), State-of-
Function (SoF), or Remaining Useful Life (RUL). The capacity fade
is brought about by the electrolyte decomposition and loss of active
materials (material dissolution, structural degradation, electrode
delamination, etc.). The increase of the cell series resistance is
caused by a loss of electrical contact within the porous electrode
and the passive films at the active particle surface.

Many works analyzing the cell health can be found. [55] pre-
sents a really interesting work that defines the EV battery end-of-
life by when batteries no longer satisfy daily travel needs of a
driver. Its disadvantage is that the health conclusions are taken for
the battery pack. We are proposing in our method an individual cell
health map that allows a change decision for each individual cell.
Healthy cells can remain in the pack. Cost optimization is achieved.

[53,54] describe the different methods to estimate the battery
health, which are:

1. Electrochemical models [56,57].
2. Equivalent circuit based models [58].
3. Performance based models
4. Analytical models with empirical fitting [16,59e67].
5. Statistical approach [68e71].

[54,68] conclude that the actual methods cannot be applied to a
real EV diagnosis experiment, as they are not able to perform a
proper aging estimation. [56] predicts cell aging by including side
reaction kinetics and solid electrolyte interphase formation in an
electrochemical model; however, it presents a high complexity and
cannot be directly applied to all the batteries, as technologies are
continually being changed and improved. [58] explains an inter-
esting SoH estimation method for single cells. Nevertheless, the
SoH can only be deduced after the constant-current (CC) step of the
charging profile, and requires the same conditions. Performance
basedmodels are rarely tested on real vehicle data, because they are
difficult to model, since there are a lot of environmental variables

Fig. 2. a) Cell working modes; b) cell MOSFET current as a function of cell difference.
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interacting [16]. Focused on Analytical models with empirical fitting,
in 2015 [59], analyze the battery health as function of the influ-
encing PHEV stress factors and the battery charge throughput. But
it requires experimental data to obtain the utilized coefficients. [60]
estimates the SoH based on the quantified model accuracy deteri-
oration with increasing battery aging. However, Analytical models
have to be implemented by counting every time under the same
conditions (including external temperature), and require recali-
bration at regular intervals. Fuzzy logic one is hard to implement,
adding significant errors. Statistical approach methods require a
considerable data set to be effective. They have low accuracy.

According to the existing studies that confirm the series resis-
tance is a relevant parameter to examine the battery health, a novel
on-line deteriorated cell detection and change decision method is
proposed in this paper, which is based on our battery equalization
system performance. Our method avoids battery parameter pre-
dictions (unlike most of the existing methods), as accurate pre-
dictions are hard to obtain, and require several operation cycles or
empirical fitting to reduce the error accuracy. Our technique is
based on the cell behaviors in the battery pack during the EV
driving and charging operations (unlike the existing methods that
are implemented only for the CC step of the charging profile). The
unhealthy cell decision is taken based on the total equalization
losses ratio associated with the cell (we avoid a large data set and
complex electrochemical, analytical or statistical models). Finally,
we propose possible individual cell changes for those cells marked
as deteriorated. Over-equalization is considered in the algorithm,
and we will analyze that in the cell equalization loss origin, it is
important to distinguish the charging operation from the dis-
charging one, it is not taken into account in the existing methods
[16].

Attending to [52], when a battery system is equalized (each cell
in the battery pack has the same vCell,OC) and the current across the
pack is null (the series resistance effect is eliminated), all the in-
dividual cells in the battery pack will have the same cell voltage
vCell.

Starting from the equilibrium (the battery pack is equalized and
its current is null), the initiation of a charging battery current (it is
considered positive) causes the series resistance effect to appear,
and in consequence the measured cell voltage, vCell, is altered,
expressed as

vCell ¼ vCell;OC þ iCell$Rseries: (6)

If all the cells in the battery pack remain with the same health,
there is no imbalance and no current is equalized (there is not over-
equalization), leading the cells to have the same ratio of energy losses.

If there are unhealthy cells, the worse the SoH of a cell is, the
higher the series resistance is; and therefore, the higher the
product iCellRseries is in comparison with a healthy cell. In conse-
quence, vCell of unhealthy cells are higher. In this case, our proposed
equalization system recognizes an imbalance condition and
partially bypass the higher voltage cell currents (an over-equaliza-
tion occurs), which in turns are the unhealthy cells. By taking
advantage of the system topology, the measurements of the cells
voltages and equalization currents are utilized to obtain the total
energy losses produced by the unhealthy cells. The unhealthier a
cell is, the higher its equalization energy losses ratio (relative to the
total battery energy losses).

The power losses of a cell that is being equalized follows

PCell;loss ¼ vCell$ieq; (7)

where PCell,loss is the instantaneous power losses of an equalized cell
(W).

From (7), the energy losses of an equalized cell (discrete time)
during charging are

ECell;lossch ¼
Xns
1

vCell$ieq$Dtsample; (8)

where ECell;lossch is the energy lost (Wh) associated with a cell during
charging, ns is the number of samples measured from the start of
the energy calculation to the current instant, and Dtsample is the
sample time for the algorithm (h).

Starting from the equilibrium in the discharging battery oper-
ation, the initiation of a discharging battery current causes the
series resistance effect to appear as well, although in this case iCell is
negative in (6), and in consequence vCell is altered. An unhealthy cell
has a lower vCell than a healthy one. However, when our proposed
equalization system recognizes an imbalance condition, an over-
equalization occurs, and again the higher voltage cells are the ones
that are partially bypassed. It is important to notice that in this case
the highest voltage cell is the healthiest one, and vice versa. In
consequence, an inverse relationship is established between the
cell instantaneous power losses and the energy losses associated to
a cell, as described in

ECell;lossdisch ¼
Xns
1

�
vCell;max$ieq;max � vCell$ieq

�
$Dtsample; (9)

where ECell;lossdisch is the energy loss (Wh) associated to a cell during
discharging, vCell,max and ieq,max are the voltage (V) and current (A),
respectively, of the cell with the highest instantaneous power los-
ses in the battery pack, and vCell and ieq are the voltage (V) and
current (A) of the analyzed cell.

From (8) and (9), the total energy losses associated to an indi-
vidual cell (ECell,loss) follows

ECell;loss ¼ ECell;lossch þ ECell;lossdisch ; (10)

and the total energy losses of the equalization system (ETotal,loss) are

ETotal;loss ¼
Xnc
1

ECelli;loss; (11)

where nc is the number of cells that make up the battery pack, and
ECelli;loss is each individual cell (the ith-cell) energy loss calculated
according to (10).

The ith-cell energy loss ratio is determined by

RatioEi;loss ¼
ECelli;loss
ETotal;loss

; (12)

which is only calculated during Mode1, as in Mode2 cells operate
independently and the obtained results would be corrupted.

The equalization efficiency of a healthy battery pack is expected
to be close to 100% (equalization currents are not needed), and
RatioEi;loss should be similar for all the cells. For instance, in a 100 cell
battery pack, RatioEi;lossz1%. In the proposed algorithm, a cell is
going to be considered unhealthy, if its ratio is equal or higher than
10 times the one corresponding to the healthiest cell (the cell with
the lowest ratio). As a result, we can get a health map of the
different cells in the battery pack, including a recommendation of
the cells that should be changed. To optimize the cell usage, the cell
change decision will only be accepted in case
ETotal;loss � 5%,ETotal;Bat (a small amount of total energy loss is ex-
pected for unhealthy battery packs, at least 95% of equalization
efficiency), where ETotal;Bat (total battery energy utilized for
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charging and discharging) is calculated as

ETotal;Bat ¼ iBat$
Xnc
1

vCelli ; (13)

where iBat is the battery current (A), and vCelli is each individual cell
voltage (ith-cell voltage).

Finally, the equalization efficiency calculation (heq) yields to

heq ¼ ETotal;loss
ETotal;Bat

: (14)

2.5. Communication between the battery equalizer and the battery
charger

The communication between the equalizer and the battery
charger is established to optimize the full battery charge, in this
case by regulating the maximum battery current.

The signals sent from the equalizer to the charger are:

� Ieq,max. It is the maximum current (A) that the equalizer can fully
bypass. We set it to 2 A for EV applications.

� iBat. When all the cells operate inMode2, Ieq,max is higher than the
current needed by each cell to be fully charged, and so the
charger is gradually decreasing the battery current according to
the signal iBat.

� SecActivation. This signal is set when any cell enters into Mode2
it leads the charger to saturate the battery current to Ieq,max.

� STOP. This signal is activated when any cell in the pack reaches
the maximum (Vcell,max) or minimum (Vcell,min) voltage recom-
mended by the manufacturer; for example, 4.2 V as maximum.

3. Simulation results

A simulation analysis has been carried out to validate the pro-
posed novel active battery equalization control with the on-line
unhealthy cell detection and cell change decision. Three 7 A h Li-
based cells were utilized to make up the battery pack. The
different system parameters and initial conditions were adjusted to
fit the real values and experimental tests carried out in the labo-
ratory. This adjustment allows a clear comparison and control
validation.

The equalization system parameters, which were previously
explained, are set as follows: Vmax ¼ 4 V, Ieq,max ¼ 2 A (this value is
set for EV application, where currents can reach up to 200 A) and
Diffmax ¼ 0.06 V, Ieq,min2 ¼ 1 A and Diffmin2 ¼ 0.035 V,
Diffmin1 ¼ 0.75,Diffmin2 V.

The cell model is designed according to [52]. The modeled
MOSFET is the IXTP75N10P (IXYS Corporation).

Simulations are implemented by using Matlab/Simulink.

3.1. Equalization simulation results

Fig. 3a presents the simulation results obtained when the bat-
tery pack is being discharged at 10 A (Mode1). From top to bottom,
the upper subplot shows the three cell voltages and their average
value (reference). The second subplot shows the battery current
and the three equalization currents for Cell1e3. The equalization
efficiency can be followed in the lower subplot.

The initial cell SoCs are set to 100%, 99.5%, and 94%, which is
considered a high imbalance condition. At the beginning, the bat-
tery current is null and the equalizer is deactivated, therefore the
cell voltages remain constant and imbalanced. At 190 s, a 10 A

discharge battery current starts (the equalizer is deactivated). As it
can be seen, cells are being discharged (their voltages are
decreasing), but the imbalance persists. At 210 s, the equalizer is
activated, and Cell1 and Cell2 start to be partially bypassed. Due to
the high imbalance, ieq1 ¼ ieq2 ¼ Ieq;max. It can be seen how cell
voltage differences are decreasing, and as a result the system is
being equalized. At this time, we also start to evaluate the equal-
ization efficiency, which is initially around 86%.

One of the advantages of this proposed equalization method is
that the equalization, and so all the losses, occurs at the beginning
of the equalizer operation, which is the beginning of the driving or
battery charging operation, and it is when the efficiency is lower. In
a short time, the equalizer can balance the system and from that
moment there are no losses, causing a continuous efficiency in-
crease for the rest of the driving/charging operation. The longer the
battery operation is, the higher the final efficiency is too. In addi-
tion, higher battery currents (for the same Ieq,max) lead to a higher
efficiency. As the equalizer is monitoring the cell voltage all the
time, in case an imbalance occurs during the driving/charging, the
equalizer would be activated again.

At 328 s, Cell2 decreases its imbalance along Zone3, and ieq2
decreases according to (2). It allows an efficiency increase. At 404 s,
Cell2 enters into Zone2 and ieq2 ¼ Ieq;min2. It is its final stage before
the cell is balanced. At 405, Cell1 decreases its imbalance along
Zone3, and at 439 s, it enters into Zone2. At 404 s the system is
balanced. From now on, the equalizer is switched off, and there are
no losses. As a result, the efficiency is continuously increasing. We
stop the simulation at 1000 s where the efficiency is around 96%.
Unlike our proposed control algorithm, the existingmethodswould
operate the battery under the imbalance condition (it degrades the
battery faster) and only at the end of the charging/discharging
operation, they would carry out the equalization (their efficiency is
lower and they add extra time for the equalization).

Fig. 3b presents the simulation results obtained when the bat-
tery pack is being fully charged (Mode2). At the beginning, there is a
slight imbalance (96.96%, 96.5%, and 96% SoC for Cell1e3), and the
battery is charged at 5 A (which is higher than Ieq,max) in Mode1. At
48 s, one cell reaches Vmax (Mode2 starts), and the equalizer com-
municates this condition to the battery charger, which saturates the
battery current to Ieq,max (it allows the equalizer to fully control iCell).
At 188 s, all the cells have reached Vmax. The equalizer communi-
cates this condition to the charger and it decreases the battery
current according to the maximum current needed for the cells
(communicated by the equalizer). At 277 s, the three cells are fully
charged and the battery current becomes null.

Finally, the simulation is also utilized to illustrate the equalizer
performance in a real driving situation (Mode1). The route was
followed with a REVAi electric vehicle (in Badajoz, Spain) to obtain
a real driving current profile. The battery current wasmeasured and
utilized in the simulation. The battery current is negative (driving)
and positive (regenerative breaking).

A Li-based battery, with 100 A h capacity, is modeled. Ten cells
are set in series and utilized with an initial SoC of 88%, 87%, 86%,
86%, 84%, 84%, 83%, 83.5%, 83.5%, 83%, respectively.

In Fig. 4a, the ten equalization currents (Cell1e10) and the bat-
tery current are shown. Fig. 4b presents the ten cell voltages and
their average value in the upper subplot, and the efficiency evolu-
tion in the lower subplot.

At the beginning of the simulation, Cell1e4 (which are the most
charged ones) are partially bypassed. As it has been aforemen-
tioned, we propose a control that can cope with the equalization
during the driving, so from the beginning of the driving the
equalizer is operating. Most of the losses occur at the beginning,
when ieq are higher (the efficiency is initially lower). Additionally,
the battery current is initially very low (the EV is on, but stopped in
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the parking lot), and Ieq,max is set for high battery currents. In a short
time the battery is equalized, and from that moment the equalizer
is deactivated and there are no losses, leading to a continuous ef-
ficiency increase.

By focusing on ieq1 (Cell1 is the most imbalanced), the different
zones are clearly distinguished. It starts in Zone2with ieq1 ¼ Ieq;min2.
At 220 s, the cell is equalized but returns to Zone2. At 350 s, it enters
into Zone3, and at 400 s is back to Zone2. From 2500 s, the times in
which ieq1 ¼ 0 are more and more frequent.

At the end of the simulation, it is demonstrated how the
different cells are equalized, and howdue to the initial equalization,
at the end of the simulation the efficiency is high (close to 99% in
this case). It is achieved since no currents are bypassed once the
system is equalized during the driving period. In addition, as the

maximum equalization current is established at 2 A, it keeps the
overall efficiency high, taking into account the high values that the
battery current reaches.

3.2. On-line deteriorated cell detection and change decision
simulation results

In this case, three cells with different series resistance are uti-
lized. Cell1 is the healthiest cell (its Rseries remains the same), and
Rseries is increased by 0.007 U and 0.01 U for Cell2 and Cell3,
respectively.

Fig. 5 presents from top to bottom, the cell voltages (V) and their
reference in the upper subplot, the battery and equalization currents
(A), the efficiency (%), and at the bottom subplot the ratio (%) of

Fig. 3. a) Simulation results that show the battery equalization in Mode1 for a 10 A battery discharging. b) Simulation results that show the battery equalization in Mode2.
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energy losses of each individual cell, calculated as described in (12).
At the beginning, the system is in equilibrium with all the

voltages at the same level and the battery current null, so in this
case, the health estimation algorithm is activated from the
beginning. At 25 s, a 10 A battery charging starts, and due to the
Rseries, the system becomes unbalance. Cell3 voltage becomes
higher and the equalizer partially bypass its current (over-equal-
ization). The efficiency at the beginning is lower, but it soon be-
comes high, pointing at the Cell3 as the unhealthiest one. At the
end of the charging process, the energy cell ratios are 0%, 16.03%,
and 83.97%, for Cell1, Cell2, and Cell3, respectively. The efficiency is
around 95% (cell change is advised), and a health map of the cells
in the pack is obtained, showing the cell that clearly decreases the
efficiency.

4. Experimental results

4.1. Prototype design

Finally, a prototype has been built, and a picture is shown in
Fig. 6a. Three cells are utilized to make up the battery pack, and
their corresponding three equalization boards are built and
connected.

Fig. 6b depicts a complete schematic that explains how the
experimental equalization prototype is designed for each individual
cell. As it can be observed, it is based on rapid prototyping, by
utilizing the real time target machine Speedgoat. The algorithm is
implemented in a host computer which runs Matlab/Simulink
(based on xPC Target). It is downloaded to the target machine

Fig. 4. a) Cell equalization currents and REVAi battery current profile. b) Obtained results during a driving period for: upper subplot, cell voltages and reference voltage (V); lower
subplot, efficiency (%).
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(Ethernet connection with TCP/IP protocol). During the experi-
mental operation, the target computer executes the algorithms and
controls the overall system.

The analog measurements are the battery current (iBat), and
each individual cell voltage (vCelln ) and equalization current (ieqn ).
The PWM (Pulse-Width Modulation) output signals are converted
into the MOSFET gateesource voltages for each cell.

The blue lines represent the electrical connections in the control
side. This side has common ground for all the cell equalizers in the
battery pack. For the n-cell, the algorithm converts the desired ieqn
into the vGSn . vGSn is an analog value that has to be isolated (with the
aim of isolating the control and power electrical connections) and
adapted to the cell voltage level in the series string. Both goals are
got by converting first vGSn into a PWM signal (which is the
Speedgoat output), and secondly, leading this signal to a digital
isolator (ISO7421FE). This isolator is supplied by two isolated þ5 V
power supplies. A þ15 V power supply is installed in the equal-
ization system (control electrical connections side). It feeds a
voltage regulator (LM7805C), whose output (þ5 V) is utilized to
supply the control side of the digital isolator. On the other hand, an
isolated DC/DC converter (MEA1D1515SC) inputs the þ15 V of the
control side power supply and outputs þ15 V for the power side.
This þ15 V in the power side is finally regulated to þ5 V with the
LM7805C to supply the power side of the digital isolator.

The red line symbolizes the power side electrical connections.
The voltage level of each cell power side is set by establishing the
power ground in the negative terminal of the cell.

The output PWM signal of the digital isolator (0 V and þ5 V) is
level shifted (0 V and þ15 V) with the MC14504BCP to increase the
voltage range that can be controlled for the MOSFET vGSn . Finally a
first order RC low-pass filter converts the PWM signal into an
analog one, which is the input of the MOSFET Gate terminal. The
cutoff frequency of the filter (fc) is calculated as follows

fc ¼ 1
2pRLPFilterCLPFilter

; (15)

where fc ¼ 45 Hz, RLPFilter ¼ 1.6 kU, and CLPFilter ¼ 2.2 mF.
The battery and the cell equalization currents are measured with

the current transducer LEM LA25. An accurate cell voltage mea-
surement has been deeply studied [72e75]. In the proposed system,

the voltage measurement is implemented with an order of accuracy
of millivolts, and is developed with the isolated voltage sensor ACPL-
C87, whose differential output is converted to a single-ended signal
with an op-amp TLC25L2BC. Both current and voltagemeasurements
allow isolation between the control and the power sides.

The heatsink where the MOSFET is mounted is calculated from
the given equation

Tjunction ¼ PowerDev$ðRthJC þ RthCSþ RthSAÞ þ Tambient ; (16)

where Tjunction is the junction temperature at a given power (0.8
times the maximum junction temperature is recommended),
which is 140

�
C, PowerDev is the power dissipated in the device

(Vmax,Ieq,max), which is 8.4 W (4.2 V, 2 A), RthJC is the thermal
resistance from junction to case (0.42

�
C/W obtained from MOSFET

datasheet), RthCS is the thermal resistance from case to heatsink,
which is set to 0.25

�
C/W, RthSA is the thermal resistance from

heatsink to ambient, and Tambient is the ambient temperature of the
surrounding air (70

�
C). RthSA is the heatsink performance, and its

obtained value is 7.66
�
C/W. In consequence a TO220 5

�
C/W heat-

sink is utilized.
This system design allows a modular configuration, as each cell

can be placed in the battery pack, with its individual cell equal-
ization board mounted on each individual cell.

4.2. Equalization experimental results

Fig. 7 presents the experimental results carried out under
similar conditions to the ones set for Fig. 3. Therefore, a similar
analysis can be followed.

Fig. 7a presents the experimental results obtained when the
battery pack is being discharged at 10 A (Mode1). From top to
bottom, the upper subplot shows the three cell voltages and their
average value. The second subplot shows the battery current and
the three equalization currents for Cell1e3. The equalization ef-
ficiency evolution can be followed in the lower subplot. At the
beginning, the battery current is null and the cell voltages remain
constant. From 190 s to 210 s, the battery current is set to 10 A,
and the equalizer remains deactivated, with the aim of demon-
strating how the cells are being discharged and maintain the
imbalance. At 210 s the equalizer is activated and the

Fig. 5. Simulation results that show the battery pack health analysis performed by the algorithm.
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equalization starts (we start to count the efficiency too). It is
observed how the voltage difference between cells is being
reduced. At the end of the figure, it can be seen that the cells are
equalized. The efficiency is initially lower but after a short time,
the system is equalized, and from that moment there are no
losses, leading to a continuous efficiency increase. At the end of
the data acquisition it is around 97%.

Mode2 operation is shown in Fig. 7b. The data acquisition starts

with the battery pack being charged at 5 A (current higher than
Ieq,max). At 110 s, when the first cell reaches the maximum voltage
(Vmax), the battery current is decreased to Ieq,max, which allows the
equalizer to have full control of the different cell currents. At 165 s
the last cell reaches Vmax and the battery current is being decreased
according to the algorithm. At 460 s the three cells are fully charged
and the battery current becomes null.

Fig. 6. a) Picture of the built prototype. b) Schematic that explains how the experimental equalization prototype is designed for the n-cell.
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4.3. On-line deteriorated cell detection and change decision
experimental results

The battery pack was made up taking into account that Cell1 is
the healthiest cell, and Cell3 is the unhealthiest one.

Fig. 8 presents the experimental results carried out under
similar conditions to the ones set for Fig. 5. Therefore, a similar
analysis can be followed.

Fig. 8 presents from top to bottom, the cell voltages (V) and their
reference in the upper subplot, the battery and equalization currents
(A), the efficiency (%), and at the bottom subplot the ratio (%) of
energy losses of each individual cell, calculated as described in (12).

At the beginning, the system is in equilibrium (cell voltages are
equal and the battery current is null), and so the health estimation
algorithm is activated from the beginning. At 25 s, a 10 A battery

charging starts. As Cell3 has a higher series resistance, its voltage
becomes higher and the equalizer partially bypasses its current.
The efficiency is initially lower, since our proposed algorithm
equalizes at the beginning of the operation, but it soon becomes
high, pointing at the Cell3 as the unhealthiest one. At the end of the
charging process, the energy cell ratios are 12.67%, 19.48%, and
67.84%, for Cell1, Cell2, and Cell3, respectively. The efficiency is a
slightly below 95% (a cell change is advised as it is less than 95%),
and a health map of the cells in the pack is obtained, showing the
cell that clearly decreases the efficiency.

5. Conclusions

A novel active battery equalization control has been presented
in this paper. This control is based on the Shunt Transistor method.

Fig. 7. a) Experimental results that show the battery equalization in Mode1 for a 10 A battery discharging. b) Experimental results that show the battery equalization in Mode2.
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Based on the obtained simulation and experimental results, and on
the referenced analyses, dissipative methods are feasible for EV
battery equalization. The different designed equalization control
algorithms were explained, analyzing the two cell operating
modes, and detailing the three zones in which the cells are
controlled in Mode1.

The different advantages of the proposed algorithm (applied to
the Shunt Transistor) have been analyzed. This proposed novel
control algorithm allows equalization during any battery operation
(driving/charging), unlike the existing control strategies for the Cell
Bypass, and most of the other existing methods. Equalization is
performed from the beginning of the battery operation, and so
efficiency is lower at the start, but it can equalize after a short time,
and from that moment there are no losses (the battery will operate
under a balance condition), leading to a continuous efficiency in-
crease. Any slight deviation can be immediately corrected. Time
and efficiency optimization are accomplished.

The on-line deteriorated cell detection and change decision
function is also implemented. We analyze why the equalization
energy losses must be evaluated differently for charging and
discharging cell operations, and how we can build a health map,
according to the energy losses ratio associated to each individual
cell, detect the unhealthy cells, and finally, take the change
decision.

Simulation results analyze the equalizer performance during
similar conditions to the implemented experimental tests (their
comparison allows a control validation), and during a real driving
period. At the beginning of the simulations, a lower efficiency is
obtained, but after a short period the systems are balanced, the
equalizer manages the pack without bypassing, and as a result, the
efficiency increases continuously (more than 95%).

Experimental results validate the different algorithms explained
throughout the paper, and proves the accomplishment of the bat-
tery pack equalization and unhealthy cell detection with high ef-
ficiency (over 97%).

In both, simulation and experimental results, the efficiency is
shown. Efficiency is expected to be higher than 95%, and by taking
into account that in experimental results, some cells set in the pack
were intentionally chosen to be unhealthy, the efficiency was even
so close to 95%.
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ABSTRACT 
This paper describes a new multiport fast charger for an electric vehicle based on the concept of the 
active power electronic transformer. Energy sources, chargeable batteries and storages are connected 
together via a common multi-winding transformer and simple full-bridge inverters. The theoretical 
control principles and the proposed topology are verified by computer simulations. 

KEYWORDS  
Power converters for EV, converter control, battery management systems. 

1. INTRODUCTION 
Smart grid ties together distributed energy sources, storages and consumers. Important energy 
conversion and routing nodes in the supply chain from the source to an electric vehicle are 
transformers. Conventional distribution transformers lack flexibility and bidirectional energy control 
capability that is required to comply with the smart grid concept. One possibility is to replace the 
conventional low frequency transformer by a medium or high frequency one and add appropriate 
power electronic converters [1] to the input and output of the transformer. The resulting active power 
electronic transformer (APET) complies with all requirements of the smart grid concept [2]. 
The problems in the fast charging stations of the state-of-the art electric vehicle are: low frequency 
sub-station transformer; additional energy losses due to many energy conversion states; separate 
isolation transformers in each charging converter; low intermediate DC-bus voltage [3]. 
To overcome those problems, the APET could be integrated to the electric vehicle fast charging station 
topology (Figure 1), (Figure 3 (a)), thus creating multiport topology where EV batteries, energy 
storages, energy grid and renewable energy sources are tied together by one high frequency 
transformer. 
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Figure 1 General topology of the multiport fast charger of the electric vehicle based on the concept of 

active power electronic transformer. 

The proposed multiport topology [4], [5] based on the APET has many beneficial features: power 
control (active and reactive power); voltage control (compensation of voltage sags and peaks); current 
control (short-circuit current limitation); integration of distributed generation (MPP tracking, energy 
storage) [2]. 
Multiport topology eliminates separate isolation transformers, lowers the number of energy conversion 
stages, weight, complexity, cost and energy losses during EV battery charging. Renewable energy 
ports along with the energy storage port allow shifting of the energy peak demand and thus, further 
save energy.  
The main purpose of the proposed topology is to deliver energy from the grid to the EV battery. The 
energy overflow can be stored in the energy storage [6]. Energy storage between the charging cycles is 
replenished by the solar cell array or the grid. Possible energy flows are shown in Figure 2. 
 

    
 

(a)                                                (b)  
Figure 2 (a) Possible energy flows inside the charging station, (b) voltage waveforms during different 

operating modes. 

Overall performance of the proposed charging station was verified by computer simulations done with 
PSIM software. 
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The voltage controller, typically a proportional–integrative (PI1) controller, controls the amount of 
power required to maintain the dc-link voltage constant. The voltage controller delivers the amplitude 
of the input current. To obtain the sinusoidal input current reference, the voltage controller output is 
multiplied by a sinusoidal signal (Iac), which is a shape signal with the unity amplitude and the same 
phase and frequency as the grid voltage. The current controller (PI2) compares the input current with 
the current reference and generates appropriate pulse width modulated output (fixed frequency).  

2.2 CONTROL OF THE CHARGING STATION 
Charging station has two distinctive operating modes: the renewable energy storage mode and the EV 
battery charge mode. In both modes the energy flow is directed by the altering phase angle φ and the 
duty cycle D, as shown in Figure 3 (b). In both operating modes the current and voltage of chargeable 
batteries must be controlled according to battery charging characteristics [8], [9]. 
Renewable energy port supplies the energy only to the storage port between the charging cycles. As all 
the other ports are switched off, the whole charging station can be described and controlled as a dual 
active bridge DAB. The control is simplified by an assumption that energy flow can only be from the 
renewable energy port to the storage (      (b) 
Figure 5). 

 
(a)       (b) 

Figure 5 (a) Vector diagram and (b) energy flow model of the renewable energy storage mode [8]. 

The power flow from the renewable energy port to the storage port can be expressed as follows [11]: ,         (1) 

,            (2) 
where NTR is the transformer transfer ratio, N2 is the number of windings of the transformer renewable 
energy port, N3 is the number of windings of the transformer storage port, U2 is the DC-link voltage of 
the renewable energy port, U3 is the storage port battery voltage, fs is the switching frequency and L23 
is the multiport transformer leakage inductance. Phase angle φ (rad) between the voltage waveforms 
U2 and U3 can be written as: ,            (3) 
where tφ is the duration of the phase overlap during the whole period T. 
During the EV battery charge mode the energy is directed from the grid and the storage port to the 
charger port (Figure 6) (b). 

 
(a) (b) 

Figure 6 (a) Vector diagram and (b) energy flow model of the EV battery charging mode. 
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Although theoretically all energy flow directions are possible between U1 U2 and U3, only energy 
flows from U1 to U3 and U4 along with the energy flow from U3 to U4 are allowed during the EV 
battery charging mode, as shown in Figure 6 (a). Thus, the allowed power flow can be described as 
follows: ,          (4) 
where each individual power flow between the two ports a and b is expressed by the following 
equation if the phase shift is large (outer mode) [10]: 1 ,           (5) 1 1 ,        (6) 
where Db is the duty cycle of the respective port voltage waveform, Ua and Ub are port voltages, Lab is 
inductance between the ports (usually transformer leakage inductance), ω is the angular frequency and 
φab is the phase angle between port voltages. 
Duty cycle Db is calculated by: 

.            (7) 
Transformer transfer ratio NTR must conform to the following: 

,            (8) 
where Ubmin is the minimum voltage of port b. 
If the phase angle is small (inner mode): 1 1 ,         (9) 
then the power flow calculation is simplified to the following form: 

.            (10) 

3. BATTERY BALANCING 
The energy storage electrochemical battery U3 is composed of many series connected cells. Every cell 
has slightly different properties. Property differences lead to the cell voltage unbalance. An active 
balancing system [12] can partially bypass the charging/discharging current of the whole battery by 
using MOSFETs that are connected parallel to the battery cells (Figure 7). 
 

 
Figure 7 Principle of the equalization system. 

Balancing system is continuously controlling the battery state of charge. Every cell voltage vcell,i must 
be measured. Arithmetic mean of all cell voltages v�cell is the reference value. The difference changes 
between the cell voltage and the cell voltage reference value trigger changes in the charge/discharge 
current bypass: 

∑
=

⋅=
n

i
icellcell U

n
U

1
,

1 ,        (11) 

cellicellidiff UUU −= ,, .        (12) 
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If the cell voltage is lower than the reference, then no current is bypassed. If the cell voltage is 
higher than the reference, then the cell is partially bypassed. 

, Charge ,Cell n eq ni i i= − . (13)
 
Bypass current is regulated by altering the gate-source voltage Ugs.i of every MOSFET: 

max

,

,
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batt
Tigs Δ

⋅
++⋅

⋅+=
λ

.        (14) 

where K is the MOSFET conduction parameter, λ is the MOSFET lambda parameter, Ibatt is the 
battery charging current, UT is MOSFET threshold voltage, Ucell,i is the ith cell (drain-source) voltage, 
Udiff,i is the difference between the cell voltage and the reference, and ∆Umax is the maximum limit of 
Udiff,i. 

4. SIMULATION RESULTS 
To evaluate the performance of the EV multiport fast charger based on the APET, the planned 
downscaled 1kW laboratory model was simulated in the PSIM software with the parameter values 
shown in  
Table 1.  

 
TABLE 1 

SIMULATION PARAMETERS 

Symbol Parameter Value 
Ugrid input voltage (RMS) 230 V, 50 Hz 

Udc=U1 Grid port DC-link voltage 400 V DC 
U2 Renewable energy port DC-link voltage 300 V DC 

U3=U4 Storage and EV battery max. voltage 50 V DC 
U3min=U4min Storage and EV battery min. voltage 35 V DC 

Us Solar cell battery output voltage 300 
Usmin Solar cell battery min. output voltage 150 

L1=L2=L3=L4 Stray inductance of multiport transformer  50 µH 
Lin Grid port input inductor 100 mH 

C1=C2=C3=C4 DC-link capacitances  50 µF 
fsw Synchronized switching frequency of individual 

ports 
30 kHz 

N23 Turns ration of the multiport transformer 
(renewable energy port to storage port) 

2:6 

N14 turns ration of the multiport transformer (grid port 
to EV charger port) 

1:6 

 Storage and EV battery type Li-Fe-Po 
P23=P14=P34 Max. power flow between different ports 1 kW 

 
The grid converter was designed with the power factor compensation algorithms. The algorithm 
consists of two control loops: dc link voltage and line current. 
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Figure 8. Input magnitudes and the dc-link voltage (PF is close to unity). 

The simulation shows how the algorithm works (Figure 8). The line current (IRL1) and voltage (Ugrid) 
are in phase and sinusoidal, thus the unity power factor is achieved. Also, the dc link voltage (Udc) is 
stabilized to 400 V (U1=Udc). 
 
Three energy flow modes were simulated:  

1. energy flow from the renewable energy port to the storage port (energy flow from PEBB2 to 
PEBB3); 

2. energy flow from the grid and renewable energy ports to the EV fast charger port at the 
beginning of the EV battery constant current charge mode (max current. min voltage), (energy 
flow from PEBB1 and PEBB3 to PEBB4); 

3. energy flow from the grid to the EV fast charger port during the EV battery constant voltage 
charge mode (max voltage. min current), (energy flow from PEBB1 to PEBB4). 

 
Figure 9. Voltages, currents and power flow during the energy flow from the renewable energy port to 

the storage port (from PEBB2 to PEBB3). 

Figure 9 shows the energy flow from the renewable energy port to the storage port (from PEBB2 to 
PEBB3). Power flow P23 can be regulated either by the altering phase angle between U´2 and U´3 or by 
adjusting the duty cycle of PEBB2 control signals. 
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Figure 10. Voltages, currents and power flow during the EV battery constant current charge mode 

(from PEBB1 and PEBB3 to PEBB4). 

During the EV battery constant current charge mode energy flow from PEBB1 and PEBB3 to PEBB4 
is required (Figure 10). U´1, U´3 and U´4 voltages are adjusted by the duty cycle (Equation 7). In order 
to lower the PEBB4 output voltage ripple (U3 charging voltage), C4 must have at least 500 µF 
capacitance. Energy flow from the storage to the EV battery charger (PEBB3 to PEBB4) can only be 
maintained until U4 U3. Although the mean values of voltages of different energy sources can be 
equalled by changing the duty cycle and the transformer winding number, the energy flow from a 
lower voltage to a higher voltage energy source is problematic. 
Phase angle between PEBB1 and PEBB3 is minimal but the angle between PEBB3 and PEBB4 can 
reach up to 60 degrees in order to achieve higher charging currents. Charging current itself is also 
limited by stray inductances of the multiport converter L1 to L4 and the switching frequency fsw 
(Equations 6 and 10). In a real charging system, the high power flow and current ripple at large phase 
angles (< 300) can pose a serious problem and therefore proper filtering in the charging stage must be 
paid attention to. 

 
Figure 11. Voltages, currents and power flow during the EV battery constant voltage charge mode 

(from PEBB1 to PEBB4). 

Power demand is lowered during the constant voltage charge mode of the EV battery ( 
Figure 11). Power flow from PEBB3 to PEBB4 is not possible as the storage battery is empty and its 
voltage has fallen to 35 volts and must be replenished between the charging cycles of the EV battery. 
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Charging power has fallen to a low level (< 20 W) and EV battery voltage reaches 48 V (full battery is 
50 V). 

5. CONCLUSIONS 
The current paper proposes a multiport fast charger of the electric vehicle based on the concept of the 
active power electronic transformer. The new concept offers the following benefits: power control 
(active and reactive power); voltage control (compensation of voltage sags and peaks); current control 
(short-circuit current limitation); integration of distributed generation (MPP tracking, energy storage). 
The multiport topology enables the reduction of power losses and the complexity of the power circuit 
and increases power density. The grid converter works as a synchronous rectifier supplying the 
multiport converter part with energy. 
In the multiport section of the fast charger the energy flows are controlled by altering the phase angles 
between the control signals of each port. Computer simulations showed that the proposed topology is 
able to direct the energy flow between all ports with the following limitations: if power flow from the 
energy storage to the EV battery is required, then the following condition must be true (U4 U3); the 
phase angle should be kept under 60 degrees, Equations 1, 6 and 10 enable calculation of the mean 
value of power that is transferred from one port to another (simulations did show high power ripple). It 
is also shown that the proposed topology and control methods are adequate enough to follow the EV 
battery charging characteristics. The experimental prototype is currently under construction and 
measurements results can be presented in the full paper. 
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Abstract – In electric vehicle applications, it is necessary to use 

series strings of batteries since the required voltage is higher than 
the one that can be obtained from a single battery. Due to several 
factors, imbalance of batteries in these battery systems is usual 
and an important factor that has to be taken into account. Many 
balancing methods have been developed with a lot of different 
advantages, but all of them also have a lot of disadvantages such 
as complexity and/or high cost, which are the common problems 
that can be found in most of these equalization methods. In the 
present work, a low cost and very simple equalization method is 
proposed, in which a novel control is applied to a shunting 
transistor topology. It allows the transistors to regulate the 
amount of current that goes through each battery cell in the 
string depending on their State of Charge (SOC), during the 
charging process. This control ensures that the least charged cells 
to be charged faster, and the most charged ones to be charged 
more slowly. Design criteria are discussed and simulation results 
are carried out in a generic battery low power application which 
proves the control method. Fast equalization with a low 
complexity and cost is obtained. 

 
Keywords – Batteries, current control, power MOSFET, power 

dissipation. 

I. INTRODUCTION 

Along the last years, the research on electric vehicles has 
become of special interest for many reasons such as 
environmental awareness (which leads us to a more efficient 
transportation vehicles and Government incentives), 
continuous increase of the oil price due to the natural resource 
exhaustion and the instability in the Middle East, etc. Hybrid 
electric vehicles (HEVs) were the first proposed solution to 
the trend toward more electric vehicles [1], and nowadays 
BEVs (Battery Electric Vehicles) are coming out more and 
more. Different battery technologies have been studied and 

utilized for the EVs (Electric Vehicles), but new researches 
are developing the Lithium-ion batteries which are becoming 
the most viable option for portable and mobile energy storage 
applications, especially for EVs [2]-[4]. 

Most of applications for batteries need higher voltage than 
can be obtained from a single electrochemical battery and 
series strings of cells (each battery that makes up the whole 
battery pack is called cell hereafter unless otherwise noted) are 
used to meet voltage requirements in EVs [5]-[6]. 

Imbalance of cells in battery systems is very usual and an 
important matter in the battery system life. A battery system 
without a balancing technique can lead its cells to be 
overcharged, undercharged, or even overdischarged, and it 
takes special importance in Li-ion cells [7]-[9]. The reasons of 
this imbalance may be of two categories [10]: internal sources 
(manufacturing variance in physical volume, internal 
impedance and self-discharge rate) and external sources such 
as thermal difference across the pack. 

There are many different balancing methods [11]-[13]. 
Balancing methods can be classified into passive balancing 
methods and active balancing ones. In passive equalization an 
external overcharge is enforced to allow weak cells to reach 
the less weak ones. At high SOC (Battery State-of-Charge), 
the charge process for lead-acid and nickel cells becomes 
inefficient since its water begins to dissociate and energy goes 
into electrolysis rather than the charge process. However, Li-
ion cells do not have the aqueous component, and so do not 
have the gassing overcharge process that allows a passive 
equalization in other chemistries. Since the Li-ion battery is 
the most important one, according to these previous lines, this 
paper is focused on an active balancing method. The different 
active methods are summarized in Table I [11]-[12]. 

TABLE I 

CLASSIFICATION OF ACTIVE BALANCING METHODS 

 Shunting Method Shuttling Method Energy Converter Method 

 Complete shunting   

Resistor Balancing Dissipative resistor   

Capacitor Balancing  
 Single switched capacitor 
 Switched capacitor 
 Double-tiered capacitor 

 

Inductor Balancing 
 Single inductor 
 Multi-inductor 
 Boost shunting 

 
 Single-windings transformer 
 Multi-windings transformer 
 Multiple-windings transformer 

Energy Converter Balancing   

 Cûk converter 
 Buck or/and Boost converter 
 Flyback converter 
 Ramp converter 
 Full-bridge converter 
 Resonant converter 
 Quasi-resonant converter 
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Shunting active balancing methods remove the excess 
energy from the higher voltage cell (or cells) with the aim to 
let them wait for the lower voltage cell (or cells) to catch up 
with them. 

Shuttling active balancing methods utilize external energy 
storage devices (usually capacitors) to shuttle the energy 
among cells in order to balance them. 

Energy converters are featured by fully control of balancing 
process. 

All of these balancing methods have been developed with a 
lot of advantages, but all of them also have a lot of 
disadvantages such as complexity and/or high cost, which are 
some of the common features that can be found in most of 
these equalization methods. In the present work a low cost and 
very simple method is proposed, presenting a novel control for 
a shunting transistor balancing method in a generic battery 
charging process. In Section II the proposed equalization 
system is presented and in Section III the different simulation 
results are shown, validating this proposed control balancing 
method. Finally, Section IV remarks the different conclusions. 

II. EQUALIZATION SYSTEM DESIGN 

The main idea of this equalization system is to use a 
MOSFET working in saturation mode as a variable resistance, 
instead of using a resistance, whose value is fixed. The aim of 
this new control is to regulate the amount of current that goes 
through the cells that make up the battery in order to balance 
the whole battery system. A large number of advantages are 
obtained by using this equalization system together with the 
novel control. In addition to the advantages of the shunt 
resistor -for example reliability, effectiveness, low cost, 
simple to implement, suitability in modular design, fast 
equalization during charging, etc.- it reduces disadvantages 
such as energy losses, since the bypassed current through the 
MOSFET decreases when its corresponding cell is being 
closer to be balanced or even it stops being bypassed under 
some conditions. 

The bypassed current through the MOSFET is regulated 
varying its gate-source voltage according to Fig.1. 

 

 
Fig.1.  Regulation of the bypassed current though the MOSFET. Example of 
the SiS452DN MOSFET curve. 

 
Fig.2.  Configuration of the equalization system for two cells. Distribution of 
the currents in battery charging mode. 

The higher the gate-source voltage of the MOSFET is, the 
higher the bypassed current through the MOSFET is, and 
therefore the less the corresponding cell is charged, and vice 
versa. 

In order to be able to equalize during the charging process 
or during the regenerative braking, a MOSFET is set in 
parallel to each cell of the string. The MOSFET is an n-
channel device. The topology is shown in Fig.2. 

The main idea of the equalizer is to measure the voltage of 
every cell that makes up the battery, set the average voltage of 
the aforementioned measurements which is considered the 
reference one, and extract the difference between every cell 
voltage and the cells average value. 

During the battery charging process, cells with lower 
voltage than the average one need to be charged as much as 
possible in order to reach the average value as soon as they 
can. These cells receive all the current that comes to the 
battery from the charger, and therefore their corresponding 
MOSFETs (n-channel one) are set to the off-state and they do 
not bypass the cell. On the other hand, cells with higher 
voltage than the average one need to stop being charged, in 
order to approximate to the average value more and more 
since this mentioned average value is increasing as the lower 
voltage cells are being charged. Once all the cells reach the 
reference the battery can be considered balanced. 

With the aim to optimize the charging process, instead of 
bypassing all of the current of the higher voltage cells until the 
battery is balanced and then keeping charging all the cells 
together, the higher voltage cells are charged in a lower rate of 
current, bypassing the remaining current. The closer to the 
average value the higher cell voltage is, the lower the amount 
of current is bypassed by the corresponding MOSFET. Once 
the cell voltage reaches the average one, the MOSFET is set to 
the off-state and all of the current that comes to the battery 
goes through the cell. It allows the system to decrease the 
energy losses. 
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Fig.3.  Schematic of the batteries and average voltages in an a) unbalance 
system. b) charging equalization process. 

 
The aforementioned process of equalizing under the charge 

conditions is depicted in Fig.3. 
In order to decide how much current is bypassed when a 

cell is unbalanced, a maximum difference diffmax between the 
cell voltage and the reference (the average value) is set. The 
difference of the i-cell diffi is defined as 

  
i

bati batdiff V V  , (1) 

where:  
 

ibatV is  the voltage of the battery (cell) number i and 

 
batV is the average voltage of the whole battery system, 

obtained as 

 
 

1

1
i

N

bat bat
i

V V
N 

  , (2) 

where N is the number of batteries connected in series that 
builds the whole battery system. 

When the difference of an unbalanced cell is equal or higher 
than diffmax, all of the current is bypassed through the 
corresponding MOSFET, and therefore the system is waiting 
for the cell voltage to approach to the average one. When the 
difference is equal or lower than diffmax, the current is partially 
bypassed to the cell, and the difference keeps decreasing, until 
the error (the difference between the cell voltage and the 
reference one) is zero, when all of the current must go through 
the cell, so the MOSFET is set to its off-state. As it has been 
mentioned and also shown in Fig.1, the amount of bypassed 
current is set by the gate-source voltage of the MOSFET (n-
channel). According to the previous lines, the gate-source 
voltage is obtained as a linear function of the difference 
between the cell voltage and the average one. Fig.4 represents 
such relationship. 

 
Fig.4. Linear relation between the gate-source MOSFET voltage and the 
difference between the cell voltage and its reference one. 

For an n-channel MOSFET, the equation of the drain 
current in saturation mode is 

    2
1

2D GS T DS

K
I V V V   , (3) 

where ID is the MOSFET current, K is the conduction 
parameter, VGS is the gate-source voltage, VT is the threshold 
voltage, λ is the lambda parameter and VDS is the drain-source 
voltage. 

The MOSFET works in the saturation region whenever it is 
kept working fulfilling 

 GS TV V , (4) 

and 
 DS GS T GS DS TV V V V V V     . (5) 

According to (4), VGS,min from Fig.4 is obtained as 

 ,minGS TV V . (6) 

VGS,max from Fig.4 is found from (3) according to 

  
,max

,max

2

1
bat

GS T
DS

I
V V

K V
 


. (7) 

The equation of the line in Fig.4, is obtained as 

 
,min ,max ,min

max0 0
GS GS GS GSV V V V

diff diff

 


 
, (8) 

which leads to 

  
,max
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, (9) 

and therefore 
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V diff V
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. (10) 
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The lower the difference is, the lower the bypassed current 
is, and the less the equalization is being carried out. It means 
that the reference would be like an asymptote that is reached 
in the infinite time. Once the cell voltage is inside a very 
narrow margin of error (very small difference with the 
reference) the bypassed current is negligible, but before 
reaching this margin the speed of the equalization process was 
slower and slower, that increases the energy losses, and after 
having reached this cited margin, the system keeps equalizing 
until the infinite time that is when the reference is reached also 
decreasing the efficiency. 

 
Fig.5.  Algorithm of the activation/deactivation of the different MOSFETs. 

 
Fig.6.  Algorithm explaining how to obtain the gate-source voltage of the 
activated MOSFETs. 

In order to decrease the energy losses even more, and 
therefore optimize the control more, an intermediate level of 
VGS (and diff) is set. When an unbalanced cell starts the 
equalization process from a high difference, the control is kept 
according to Fig.4, but when the difference reaches the 
mentioned intermediate level, from that moment this 
difference is considered fixed (although it really keeps 
decreasing), and so the bypassed current is fixed into an 
intermediate value that allows the cell voltage to get zero error 
(zero difference between the cell and reference voltage). 

Once the cell voltage comes to zero error, and its 
corresponding MOSFET is set to off-state, the cell 
equalization process is stopped. Considering that there can be 
manufacturing and thermal variances between cells, its voltage 
could be oscillating around the reference that could cause the 
activation and deactivation of the equalization process, and a 
considerable increase in the energy losses. The way this 
problem is solved consists of the utilization of the 
aforementioned intermediate difference level. When the cell 
voltage gets the zero error, the equalization process is 
deactivated until the difference comes to the intermediate level 
that is when the equalization is activated again. This idea 
avoids energy losses which can decrease the efficiency of the 
system. The algorithm that decides whether the n-channel 
MOSFET are activated or deactivated is shown in Fig.5. The 
algorithm that explains how the gate-source MOSFET voltage 
is calculated is shown in Fig.6. 

III. SIMULATION RESULTS 

The modeled system consists of 3 cells, each of them in 
parallel to an n-channel MOSFET, the equalizer control 
system and finally the input of the whole system, which is the 
current that is injected into the whole battery system or 
delivered by this one. The cells utilized are the batteries 
“Batterist PQ5400 LP2”, which have been modeled [14]-[15]. 
The n-MOSFETs (modeled in their saturation region) are the 
“Vishay Siliconix SiS452DN”. The Matlab/Simulink model of 
the proposed system is given in Fig.7. Below the charging 
process is simulated and studied with a help of this model. 

The amount of current that is injected into the battery is set 
to 7A. The SOC of the cells is set to 50%, 60% and 70% for 
the cell number 1, the cell number 2 and the cell number 3, 
respectively. Fig.8 is divided into three subplots. The first 
subplot shows the cells voltages. It can be seen that after some 
hundreds of seconds, the system can be considered balanced. 
The second subplot shows the cells currents. Two of the cells 
(the ones which started with a SOC of 50% and 60%) are 
being injected all the current since their voltage is lower than 
the average one. One of these cells with lower SOC suffers a 
small deviation that is solved placing its control in the 
intermediate level, and recovering the balanced state after a 
short time. The remaining cell (the one which started with a 
SOC of 70%) is not injected current at the beginning, then it is 
injected more and more gradually, until it reaches a level (the 
intermediate level aforementioned) in which the amount of 
injected current keeps constant in an intermediate value, and 
finally the cell is injected all of the current (7A). 
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Fig.7.  General block diagram of  in Matlab/Simulink. 
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Fig.8.  Matlab/Simulink simulation of discharging mode - subplots (from top to bottom): cells voltages behavior, cells currents behavior, MOSFETs currents 
behavior. 
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The third subplot depicts the MOSFETs currents, which are 
the ones bypassed to the cells. It represents the equalization 
process behavior. As it can be seen, the MOSFETs that are in 
parallel to the lower voltage cells bypass zero current since all 
of the current is injected into the corresponding cells, and the 
effect of the small deviation of one of them is shown as the 
MOSFET bypasses the intermediate level of current. This 
intermediate level is mainly enough to bring the cell to its 
balanced state, which allows the system to decrease the energy 
losses. The remaining cell (the one that started with a higher 
voltage than the average one, that is to say, with a higher 
SOC) is fully bypassed at the beginning, and therefore it can 
be seen that all of the current goes through its corresponding 
MOSFET. Then, the cell is being balanced more and more, 
thus, the MOSFET is bypassing less and less current. When 
the intermediate level is reached, the MOSFET starts to 
bypass a constant current until the cell is considered balanced, 
and then the MOSFET is set to its off-state and the cell is 
injected with all of the current. 

Once it has been checked that the different cells in a string 
can be balanced, Fig.9 shows the lost energy as a function of 
the time. It has to be reminded that the different cells SOCs 
are set in order to simulate a huge unbalance (from 50% of 
SOC the least charged cell to 70% the most charged one). 
After a charging process of the cells (taking into account that 
the minimum considered SOC was 50%), it can be checked 
that at the beginning, the amount of losses is high since there 
is a big unbalance and the equalizer has to work hard, but at 
the end it can be seen that the relation of lost energy in the 
equalization process over the total energy delivered by the 
battery to the charger is really low and is 10%. 

 
Fig.9.  Relation of lost energy over total energy delivered by the battery (%). 

IV. CONCLUSIONS 

Battery system equalizer is a very important issue in an 
application design which includes energy storage. A well 
balanced battery system can mainly increase its life, its safety, 
and optimize the capacity of the battery. The equalizer system 
has to be able to carry out a proper balance minimizing the 
lost energy during its operation, obtaining the proposed aim in 
the shortest possible time, and minimizing its complexity and 
cost. 

In this paper, based on the shunting transistor equalization 
topology, a novel control is presented, in which all the 

aforementioned requirements can be satisfied. This simple 
topology and novel control allow lower losses and low cost 
equalization, obtaining good results in a really short time. This 
equalization can be carried out in the battery charging process, 
which allows the battery system to be balanced, and therefore 
all the cells in the series string are working under the same 
conditions along the whole battery life. 
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Abstract – Electric Vehicle (EV) researches are currently 

becoming of special importance and the EV battery system is 

particularly relevant in the EV design. In these applications, 

series connected batteries are necessary since a single battery 

cannot achieve the voltage requirements. Internal and external 

sources lead the batteries string to become unbalanced, which is 

an important factor to be taken into account, as premature cells 

degradation, safety hazards, and reduced capacity will occur for 

unbalanced systems. The different balancing methods are 

presented and compared in this paper, and finally the switch 

capacitor and the double-tiered switching capacitor are 

considered the best option. However, their speed depends on the 

voltage difference between the batteries in the string, and when 

their voltage difference is low, the equalization speed decreases 

significantly, leading the battery pack to be unbalanced for 

longer. A novel equalization method is presented, that improves 

the aforementioned methods performance by applying a new 

control to a shunt transistor method. Low cost, size, and 

complexity, together with higher speed and efficiency are 

obtained. A prototype has been built, and experimental results 

are presented. 

 

Keywords – Batteries; Battery Management Systems; Battery 

chargers. 

I. INTRODUCTION 

Nowadays, a large part of the vehicles research is being 

focused on EVs (Electric Vehicles) because of many reasons 

such as environmental awareness (which leads to auto-

emission standards getting stricter to follow, more efficient 

vehicles, Government encouragements, etc.), continuous 

increase of the oil price due to the natural resource exhaustion 

and the worrying instability in the Middle East, etc. 

Hybrid Electric Vehicles (HEVs) were the first step to the 

trend toward the Electric Vehicles [1], and BEVs (Battery 

Electric Vehicles) are currently coming out more and more [2]. 

There is a great variety of different battery technologies, 

which have been analyzed and applied to the EVs, but new 

researches are developing the Lithium-based batteries which 

are consolidated as the most viable option for energy storage 

applications, especially for EVs [3]–[5]. 

Most of applications with energy storage are designed with 

a battery voltage higher than that which can be obtained from 

a single electrochemical battery, and therefore series strings of 

cells (each battery that makes up the whole battery pack is 

called cell hereafter unless otherwise noted) are used to meet 

voltage requirements such as in EVs [6]–[8]. 

Because of the cells string configuration, cells imbalance in 

battery systems is a problem to deal with and an important 

matter in the battery system life [9]. A battery system without 

a balancing technique can lead its cells to be overcharged, 

undercharged, or even overdischarged, and it takes special 

importance in Li-ion cells [10]–[12]. 

Imbalance harms performance can be classified in four 

different groups [13]. The first group deals with premature 

cells degradation because of the overvoltage exposure. The 

second group is safety hazards from overcharged cells. The 

third group is based on the early charge termination resulting 

in reduced capacity, and finally, the forth group deals with the 

early discharge termination. This imbalance is caused by two 

major categories [14]–[15], they are the internal sources that 

consist of manufacturing variance in physical volume, internal 

impedance variations and self-discharge rate differences; and 

external sources such as thermal difference across the battery 

pack. 

Many different balancing methods can be found in [16]–

[19]. According to [16], balancing methods can be classified 

into three main groups, as shown in Fig. 1: Battery Selection, 

Passive Balancing methods, and Active Balancing ones. 

Battery Selection methods deal with designing the battery 

pack by selecting the cells with similar properties. These 

methods are not enough to keep the series string balanced 

since the cells self-discharge can vary differently along their 

lifetime. It can be useful in the case of complementing a 

balancing system. 

 

 

Fig. 1. Classification of the battery equalization methods. 

In Passive equalization no active control is used to balance. 

Only Lead-acid and Nickel-based batteries can be used as Li-

based batteries cannot be overcharged. At high SOC (Battery 

State-of-Charge), the charge process for lead-acid and nickel-

based cells becomes inefficient since its water begins to 

dissociate and energy goes into electrolysis rather than the 
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charge process. However, Li-based cells do not have the 

aqueous component, and so do not have the gassing 

overcharge process that allows a passive equalization in other 

chemistries. Since the Li-based battery is the most important 

one, according to these previous lines, this paper is focused on 

active balancing methods, which use external circuits to 

actively transport the energy among cells in order to balance 

them. 

Fig. 2 shows the classification of the different active 

balancing methods [16]. 

In Cell Bypass methods, cells currents are bypassed when 

the cells voltages reach their upper limit. Cell to cell methods 

transfer the extra energy stored in the most charged cells to the 

adjacent least charged ones. Cell to pack methods transfer the 

energy from the highest voltage cell to the whole battery pack, 

pack to cell methods transfer the energy from the whole 

battery pack to a single cell, by means of galvanic isolated 

DC/DC converters, and finally, cell to pack to cell methods 

transfer the energy from the set cell(s) to the whole pack, from 

the whole pack to the target cell(s) or from the set cell(s) to the 

target cell(s). 

The different active methods are summarized and compared 

in Table I [16], where * is every analyzed method which is 

defined by its section number in [16] and follows the same 

order than shown in Fig. 2. 

Parameters of comparison: 

T. Balancing nature: ST (Shunting), SL (Shuttling),  

EC (Energy Conversion). 

Components. S (Switches), R (Resistors), L (Inductors),  

C (Capacitors), D (Diodes). 

P1. Cost (1: expensive, 3: cheap). 

P2. Efficiency (1: low, 3: high). 

P3. Application (1: only allows low power, 3: allows high 

power). 

P4. Charge/Discharge type (1: unidirectional, 3: bidirectional). 

P5. Best effective period (1: one effective mode, 3: both 

modes are effective). 

P6. Speed (1: high, 3: low). 

P7. Implementation (1 low, 3: high). 

P8. Complexity (1: high, 3: low). 

P9. Size (1: big, 3: small). 

P10. Modular (1: difficult, 3: easy). 

P11. Switch Voltage Stress (1: high, 3: low). 

P12. Switch Current Stress (1: high, 3: low). 

 

 

Fig. 2. Classification of the different active balancing methods. 
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TABLE I 

CLASSIFICATION OF ACTIVE BALANCING METHODS 

* T Components P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 Total 

  SW R L C D              

3.1.1 ST 4n     3 3 1 3 3 3 2 3 3 3 3 1 2.58 

3.1.2 ST n n    3 1 1 1 1 3 1 3 2 3 3 1 1.92 

3.1.3 ST n     3 1 1 1 1 3 2 3 3 3 3 1 2.08 

3.2.1 SL 2n   n − 1  3 3 3 3 3 1 2 3 2 3 3 1 2.50 

3.2.2 SL 2n   2n − 3  2 3 3 3 3 2 2 3 2 3 3 1 2.50 

3.2.3 SL 2(n − 1)  n n − 1  2 2 3 3 1 2 2 1 2 3 3 3 2.17 

3.2.4 SL 2(n − 1)  n − 1   2 2 3 3 1 2 2 1 2 3 3 3 2.17 

3.2.5 SL 2(n − 1)  2(n − 1) n − 1  1 2 3 3 1 2 2 1 1 3 3 3 2.00 

3.3.1 SL 2(n + 1)  1  1 2 2 3 3 1 1 2 1 3 2 2 3 1.92 

3.3.2 EC n + 1  n + 1 1 n + 1 2 2 3 3 1 2 2 1 2 3 3 3 2.17 

3.3.3 EC n  2n  n 1 1 3 3 1 2 2 1 1 2 2 2 1.83 

3.3.4 EC n  n + 1  1 1 1 3 3 1 1 2 1 1 2 2 3 1.67 

3.3.5 EC 2n  2  2n + 1 1 1 3 3 1 1 2 1 1 2 2 3 1.75 

3.4.1 SL 1   n 2n 3 3 3 1 1 2 2 3 2 1 1 2 2.17 

3.4.2 EC 4n     1 3 3 3 1 3 2 2 2 3 3 3 2.42 

3.4.3 EC 1  2n  n 1 1 3 1 1 2 2 3 1 2 2 2 1.83 

3.4.4 EC 1  n + 1  n 1 1 3 1 1 2 2 3 1 2 2 3 1.75 

3.4.5 EC 2n + 1  2 1 1 1 1 3 1 1 1 2 1 1 2 2 3 1.67 

3.5.1 EC 2(n − 1)  n − 1 1  1 2 3 3 1 2 2 1 2 2 2 2 2.00 

3.5.2 SL 4n     3 3 3 3 3 1 2 1 3 3 3 2 2.33 

3.5.3 SL 4n  1   2 2 3 3 3 1 2 1 3 3 3 2 2.17 

3.5.4 EC 2n  2n   1 1 3 3 1 2 2 1 1 2 2 2 1.83 

3.5.5 EC n + 1  n + 1   1 1 3 3 1 2 2 1 1 2 2 3 1.75 

3.5.6 EC 4n + 1  2   1 1 3 3 1 2 2 1 1 2 2 3 1.83 

 

The total average in Table I has been calculated by using 

the same weight for each parameter and as it can be presented, 

the switch capacitor and the double-tiered switching capacitor 

are the ones with the highest average value. 

In the switch capacitor method [16], two states are 

alternated continuously: in the first state, each capacitor is set 

in parallel with its corresponding upper cell, and therefore, the 

capacitor is set to the cell voltage (Vu,i), delivering or 

demanding energy from the mentioned cell. In the second 

state, the capacitors are set in parallel with their corresponding 

lower cell, transferring or demanding energy from this one in 

order to reach this new voltage (Vl,i). After cycles of this 

process, both cells will be balanced. The topology is depicted 

in Fig. 3. 

Each switching cycle, the ith-capacitor (Ci) transfers the 

current (Ic,i) from the most charged adjacent cell to the least 

charged adjacent cell according to 

 . (1) 

where fsw is the switching frequency. 

The double-tiered switching capacitor method is a 

derivation of the switched capacitor one, the difference is that 

it uses two capacitor tiers for shuttling energy, and the 

equalization time is reduced even to a quarter [16]. Its 

topology is presented in Fig. 4. 

 

Fig. 3. Switch Capacitor method. 

 

Fig. 4. Double-Tiered Switching Capacitor method. 
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Based on (1), the equalization speed of these two methods 

(switch capacitor and double-tiered switching capacitor) 

depends on the cells voltage difference. In consequence, when 

the voltage difference is low, the equalization speed is very 

low as well, and this is probably a big disadvantage, since the 

different cells remain unbalanced for longer. 

According to the parameters of comparison, a low cost and 

very simple method is proposed, presenting a novel control for 

a Cell bypass balancing method in a generic battery charging 

process. The equalization current, and therefore the 

equalization speed, is high. 

In Section II the proposed equalization system is presented 

and in Section III and Section IV the different simulation and 

experimental results are shown, respectively, validating this 

proposed balancing method. Finally, Section V remarks the 

different conclusions. 

II. EQUALIZATION SYSTEM DESIGN 

In this paper a new control for a shunt transistor (cell 

bypass) equalization is presented. This method is based on a 

MOSFET working in saturation mode as a variable resistance, 

instead of using a resistance, whose value is fixed. The goal of 

this new control is to manage the amount of current that passes 

through each cell that makes up the battery pack, in order to 

balance the whole battery system. This control allows easy 

implementation and low complexity, it is easy to modularize 

and the efficiency is improved in comparison with the 

conventional control methods since the bypassed current 

through the MOSFET decreases when its corresponding cell is 

being closer to be balanced or even it stops being bypassed 

under some conditions. 

The bypassed current through the MOSFET is regulated 

varying its gate-source voltage. The higher the gate-source 

voltage of the MOSFET is, the higher the bypassed current 

through the MOSFET is, and therefore the less the 

corresponding cell is charged, and vice versa. 

In order to be able to equalize during the charging/driving 

process or during the regenerative braking, a MOSFET is set 

in parallel to each cell of the string in the battery pack. The 

MOSFET is an n-channel device. 

The voltage of every cell that makes up the battery is 

measured, and their average voltage is calculated and 

considered the reference. 

The difference between every cell voltage and the cells 

average value is extracted. 

When battery charging mode or regenerative braking during 

driving (discharging mode is opposite), cells with lower 

voltage than the average one need to be charged as much as 

possible in order to reach the average value as soon as they 

can. All the current that comes to the battery from the charger 

passes through these cells, and therefore their corresponding 

MOSFETs are set to the off-state and do not bypass the cells. 

On the other hand, cells with higher voltage than the 

average one are charged in a lower rate of current, bypassing 

the remaining current. The closer to the average value their 

voltage is, the lower the amount of current is bypassed by their 

corresponding MOSFET. Once the cell voltage reaches the 

reference, its MOSFET is set to the off-state and all the 

current coming to the battery goes through the cell. The 

opposite process occurs during discharging. It allows the 

system to decrease the energy losses. 

The aforementioned process of equalizing under the charge 

or regenerative braking during driving conditions is depicted 

in [20], but in our case the equalization method establishes a 

maximum for the MOSFET equalization current, IM,max (green  

solid line in Fig. 5), in order to keep the losses under a limit. 

The lower the difference is, the lower the bypassed current 

is, the less the equalization is being carried out, and the lower 

the equalization speed is. This problem increases the energy 

losses, and in consequence decreases the efficiency. 

Something similar happens in the switch capacitor and the 

double-tiered switching capacitor methods (whose 

equalization current depends on the voltage difference 

between cells). 

In order to avoid this problem, this proposed balancing 

method adds a minimum level of the bypassed current through 

the MOSFET, IM,min, and the difference between the cell 

voltage and the reference (diff), as shown in Fig. 5. When an 

unbalanced cell starts the equalization process from a high 

difference, the control is kept according to Fig. 5 (red dotted  

line), but when the difference reaches the mentioned minimum 

level, from that moment this difference is considered fixed 

(although it really keeps decreasing), and so the bypassed 

current is fixed into a minimum value (blue solid line in 

Fig. 5) that allows the cell voltage to get zero error (zero 

difference between the cell voltage and the reference). 

Once the cell voltage comes to zero error, and its 

corresponding MOSFET is set to off-state (the cell 

equalization process is stopped). Considering that there can be 

manufacturing and thermal variances between cells, its voltage 

could be oscillating around the reference, what could cause the 

activation and deactivation of the equalization process, and a 

considerable increase in the energy losses. This issue is solved 

by using the aforementioned minimum difference level: when 

the cell voltage gets the zero error, the equalization process is 

deactivated. In case the difference increases again, the 

equalization process is activated when the minimum level is 

reached. This idea avoids energy losses that can decrease the 

efficiency of the system. 

 

Minimum level

IM

diffdiffmin

IM,max

IM,min

diffmax

Maximum current

 

Fig. 5. Linear relation between the MOSFET current and the difference 

between the cell voltage and its reference. 
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By increasing the minimum level, the equalization speed 

can be increased as well, although it means that the losses 

increase too. The tradeoff can be adjusted depending on the 

application. 

The algorithm that decides whether the n-channel 

MOSFETs are activated or deactivated, and the algorithm and 

the mathematical foundation that explain how the gate-source 

MOSFET voltage is calculated are presented in [20], and lead 

to the equation of the amount of current that is bypassed for 

the ith-cell, which follows I 

 . (2) 

where VGSi is the MOSFET gate-source voltage, Ibat,max is the 

current received from the battery charger, K is the MOSFET 

conduction parameter, λ is the MOSFET lambda parameter, VT 

is the MOSFET threshold voltage, Vcell,i is the ith-cell (drain-

source) voltage, diffi is the difference between the ith-cell 

voltage and the reference, and diffmax is the maximum 

difference established in the control. In case the voltage 

difference is higher than diffmax, all of the current is bypassed 

through the corresponding MOSFET. 

When the difference is equal or lower than diffmax, the 

current is partially bypassed through the MOSFET, and the 

difference keeps decreasing, until the error is zero that is when 

all of the current must go through the cell, and so the 

MOSFET is set to its off-state. 

This method is only applicable to small currents. The idea 

of this equalization control is to avoid high unbalance that 

could lead to high currents. This control allows the system to 

balance during both charging and driving modes, as the 

amount of current through the cells and the MOSFETS are 

controlled (linear mode). It allows the system to be controlled 

all the time and not only at the end of the charging mode. This 

way, the control never allows the system to be highly 

unbalanced, small currents could be enough to keep the 

system under control. In case a new cell has to be inserted in 

the battery pack, this cell should be fully charged and inserted 

into the pack when this one is also charged, avoiding 

unnecessary imbalance, and therefore high currents. 

III. SIMULATION RESULTS 

A charging process is simulated for an unbalanced battery 

pack, which is made up with 5 Li-ion cells. The modeled 

system consists of 5 Li-ion cells, each of them in parallel to an 

n-channel MOSFET, the equalizer control system, and finally 

the port of the whole system (the battery pack), which is the 

current that is, in this case, injected into the battery system. 

The cells utilized are modeled as in [21]–[22]. The n-MOSFETs 

(modeled in their saturation region) are the “IXTP 75N10P 

MOSFET”. 

The simulation has been carried out by using 

Matlab/Simulink. 

The battery pack is charged with a constant current of 50 A. 

The maximum bypassed current through the MOSFETs is 

established at 5 A. By limiting this value, the efficiency is 

improved. The results are shown in Fig. 6. 

As it can be seen in Fig. 6, the cell voltages and currents, 

and the bypassed current through the MOSFETs, are shown 

respectively from top to bottom. The first subplot shows, 

attending to the cell voltages, how the battery is balanced 

before the end of the charging process. 

The second subplot represents the different cell currents.  

3 of them are not bypassed, and therefore they are being 

injected 50 A. Initially, the remaining cells are partially 

bypassed until the system is balanced. However, as third 

subplot shows, a maximum of 5 A are bypassed through the 

MOSFETs, and it is followed then by a linear relationship 

with the voltage difference (as the difference is decreasing), as 

explained in Fig. 5, until the IM,min value is reached. Once the 

system is balanced all of the MOSFETs are in their off-state 

and no current is bypassed. 

IV. EXPERIMENTAL VALIDATION 

A prototype has been built based on rapid prototyping, as 

shown in Fig. 7. 

A laptop is used as a host computer, where the algorithm to 

be executed is implemented by using Matlab/Simulink, based 

on xPC Target. 

Once the implementation was tested in simulation, it is 

downloaded to the target computer, which is the real time 

target machine Speedgoat, in charge of controlling the 

prototype operation. The host and the target computers are 

connected through Ethernet by TCP/IP protocol. The utilized 

Speedgoat I/O modules are IO102 for reading the analog 

measurements (the current received from the charger, and the 

different MOSFETs currents and voltages), and IO301 for 

delivering the PWM signals, which are the VGS values for the 

different power MOSFETs. 

The target machine sends the VGS of each MOSFET to the 

control board, by using a digital signal controlled with a PWM 

module whose voltage levels are 0 V and 5 V. 
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Fig. 6. From top to bottom, cell voltages (V), currents (A), and MOSFET 

currents (A) during a charging process. 
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Fig. 7. Schematic of the prototype. 

 

 

Fig. 8. PI control algorithm. 

The control board allows the isolation of the received 

digital signal, which in turn is boosted from 5 V to 15 V, in 

order to cover a wider range of the MOSFETs VGS. 

Finally low pass filters allow the MOSFETs to receive their 

corresponding constant VGS voltages. 

Once the system is built, while the MOSFET is bypassing 

current its temperature increases due to its on-resistance, and it 

takes the MOSFET out of control. In this situation, the current 

increases more and more leading the device to increase its 

temperature more, so its current becomes even higher, closing 

the runaway circle. 

In order to set the system under control, a feedback loop is 

designed, which measures the cells voltage and current. Under 

this control, when a MOSFET bypasses current, its 

temperature raises and in consequence its current raises too. 

So the algorithm, which includes a Proportional-Integral 

algorithm (adjusted by trial and error), modifies the VGS (it is 

decreased) until the current decreases to its reference. As a 

result, the temperature is also decreased and the current and 

temperature are controlled. A heating sink is mounted with the 

MOSFET to ensure the device correct performance. 

The PI controller algorithm is depicted in Fig. 8. 

With the aim of presenting how the algorithms work, Cell1 

and Cell2 voltages are measured, and Cell3 voltage is just 

introduced manually in the algorithm. This way, by adjusting 

the Cell3 voltage to different values, the system is relocated in 

different situations and its study is much easier. 

The battery charger current is set to 2 A. 

Fig. 9 presents the measurements of the instant voltages and 

the corresponding MOSFETs currents for Cell1 and Cell2 

along a testing time. It also presents the manually introduced 

instant Cell3 voltage and its theoretically calculated 

corresponding MOSFET current. 

Attending to Fig. 9, from the initial time to 400 s, it can be 

seen that Cell3 voltage is set to a lower voltage. According to 

the algorithm, Cell1 and Cell2 are partially bypassed. As the 

Cell1 voltage is lower than the Cell2 one, Cell1 bypassed 

current is lower too. 

From 400 s to 450 s, Cell3 voltage is set to a higher voltage. 

In this case, the system assumes that Cell1 and Cell2 need to be 

charged as much as possible, and therefore no current is 

bypassed, however Cell3 is partially bypassed. 

From 450 s to 850 s, Cell3 voltage is set to a lower voltage 

again, but the difference is lower (in comparison with the first 

time interval), and the bypassed current is lower. 
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Fig. 9. Charging mode. Upper subplot, from top to bottom, instant Cell1, Cell2 and Cell3 voltages, respectively. Lower subplot, from top to bottom, instant Cell1, 
Cell2 and Cell3 corresponding MOSFETs currents, respectively. 

From 850 s to 900 s, the difference decreases, and Cell1 

enters into the aforementioned algorithm minimum level. 

From 900 s to 1700s, Cell1 is balanced and therefore no 

current is bypassed, and Cell2 enters into the algorithm 

minimum level. 

From 1700 s, all the cells are balanced and from this 

moment the battery charge can carried out without bypassing 

current up to the fully charged state. 

V. CONCLUSION 

Equalization in a series string of batteries is fundamental, 

and takes special importance in an EV design, where the 

number of cells in the string is high. A well balanced battery 

pack assures a significant increase in its lifetime and safety, 

and guarantees its capacity optimization. A brief explanation 

of the different equalization methods, together with its 

comparison, has been presented. Parameters such as cost, 

efficiency, speed, complexity, size, or easy modularization 

conclude that switched capacitor and double-tiered switching 

capacitor methods were the best option. However, along this 

paper it is has been mentioned an important disadvantage of 

these methods: their speed depends on the voltage difference 

between cells, and as a result, when cells voltages are close, 

the equalization speed decreases significantly. It leads the 

battery pack to remain unbalanced for longer. 

In this paper a novel equalization control for a shunt 

transistor (cell bypass) method is presented. This proposed 

active equalization system includes the different advantages of 

the shunt transistor method such as easy modularization, low 

cost and complexity (compared with other active methods 

[16]), and adds extra advantages such as higher speed and 

efficiency. The speed increase is obtained by partially 

bypassing the most charged cells while the EV is being 

driving/charging (it allows the battery system to be equalized 

all the time), and by adding the explained minimum bypassing 

level, which in turn improves the efficiency. Simulation 

results show that the battery can be charged/discharged at a 

current higher than the amount of current which can be 

bypassed by the MOSFETs. A prototype has been built, and 

experimental results prove the current management for the 

equalization process.  
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Abstract— A study of a novel control method for a battery cell 
equaliser, based on the shunting transistor method is presented. 
The method allows cell balancing in both battery operating 
modes, recharging and driving modes. To verify the applicability 
of the method, computer simulation was conducted analysing 
how the system balances during a driving period, by following a 
real current profile measured from a real REVAi driving. The 
obtained results show how at the end of the driving period the 
system is already balanced, allowing a subsequent high speed 
charge and avoiding a later equalisation stage. Finally, the 
integration of the balancing system into a higher level system, 
based on a multiport converter topology is discussed. 

Keywords— cell balancing; cell management system; electric 
vehicle charging; electricity storage; multiport converter 

I.  INTRODUCTION 
The electrochemical batteries in vehicular applications and 

elsewhere are composed of multiple cells, connected in series 
for voltage matching, sometimes in parallel for current and 
coulomb capacity matching. A major problem concerning the 
series connexion is related to voltage equalisation, as the cells 
in the serial string have different properties. Consequently, 
their recharging or discharging time varies, meaning that they 
are exposed either to overcharge or deep discharge, which 
results in rapid degradation as compared to the battery pack on 
average.  

To overcome the unbalance of the cells, several 
equalisation methods are used. The large variety of the 
methods can be grouped into three main types [1]-[5]: 

1. Battery selection method that designs the battery pack 
by selecting the cells with properties as similar as possible.  

2. Passive balancing methods, in which no active control 
is used. They can lead to the overcharge of the single cells.  

3. Active balancing methods, which deploy external 
circuits to actively transfer the energy [6]. 

A lithium-based battery technology [7]-[9] was used for the 
design of the novel algorithm [10] and only Active Balancing 
methods can be applied to this battery type to avoid 
overcharge, and a resulting explosion. According to [6], Cell 
Bypass methods are easy to implement, easy to modularize, 
and their cost is low. However these methods can only be used 
at the end of the charging process. When one of the single cells 

reaches the maximum voltage, the charging current is 
decreased to a low value and all the cells are being bypassed 
whenever they reach the maximum value, in order to wait for 
the least charged one. Their efficiency is low. Cell to Cell 
methods have higher efficiency but whether their speed is low 
or their control complexity is high. Conventional topologies 
based on DC/DC converters tend to be complex and expensive. 
Multi-winding transformers require strict parameter matching 
among multiple secondary windings, therefore their design can 
be difficult and their extendibility is really poor. In addition, 
the required number of inductors is large, and this introduces 
the possibility that they are costly and bulky for large-scale 
applications [3], [11], [12]. 

In this paper, a study of the novel control for a Shunt 
Transistor (Active Balancing) is presented. A MOSFET is set 
in parallel to each cell of the battery pack, working as a 
variable resistance [10], as shown in Fig. 1. Therefore, the 
amount of current through each cell can be controlled (by 
partially bypassing current) during charging (Fig. 1a) or even 
during discharging (Fig. 1b) by controlling the equalisation 
current that flows through the MOSFET always in the positive 
direction. It allows balancing during driving, which leads the 
system to be balanced before the end of the charging process, 
and therefore no energy is wasted waiting for the least charged 
cell and the total time of the charging process is decreased. In 
addition, as the balancing system is controlling continuously, 
as soon as there is a State-of-Charge deviation of any cell, the 
system correct it, decreasing the bypassing time and in turn the 
losses. 

Other advantages are the easy modularization and the low 
control complexity. The topology shown in Fig. 1 is 
characterised as follows: 

, Charge ,Cell n eq ni i i= − during charging 

, Discharge ,Cell n eq ni i i= − during discharging 
(1) 

Section II, first briefly describes the system, and secondly, 
demonstrates, based on simulations, that the balancing system 
can equilibrate the cells during driving. As a result there is no 
need of equilisation at the end of the charging process, saving 
time and energy (the system does not wait for the least charged 
cell to be charged). Section III presents the integration of the 
balancing system into a higher level system based on a 
multiport converter topology. 
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Fig. 1. Scheme of the equalisation system: (a) charging, (b) discharging. 

II. DESCRIPTION AND MODELLING OF THE BALANCING 
SYSTEM 

A. Objectives 
The goal is to ensure continuous control of the battery State 

of Charge (SOC). Thus, as soon as a minimum unbalance is 
detected, the balancing system is activated (during charging or 
during driving), which leads the cells to a balanced state. This 
guarantees that the current will be only a minimal fraction of 
the charge or discharge current and losses in MOSFETs are 
minimised. This paper will show how the system behaves 
during a normal driving profile. As the battery is continuously 
being balanced, in case the battery is going to be charged, it is 
equalised before the charging process ends, and therefore there 
is no need to wait for the least charged cell. It implies time and 
energy savings. 

On the other hand, if a new cell is inserted in the battery 
pack, it should be inserted fully charged if the remaining cells 
in the pack are also fully charged. It can avoid unnecessary 
high unbalance that would increase the losses considerably. 

This paper does not address a highly unbalanced state, which 
would require other types of actions such as a static contactor. 
Equations are presented in [10]. 

 

B. Simulation results  
The REVAi electric vehicle is utilised for the present study. 

It has been driven from a set point to home and then back. 
Fig. 2.a shows the utilised vehicle and Fig. 2.b shows the 
itinerary followed in Badajoz (Spain). 

The currents demanded or injected (regenerative braking) 
into the battery during the itinerary were measured, and are 
applied to the simulation in order to represent a real current 
profile for the battery. 

The real lead-acid battery included in the REVAi was 
modeled and five cells connected in series were simulated as 
the battery pack. The simulation results will show that this 
system can be applied to the vehicle even with the real lead-
acid cells it already has. To simulate the balancing system, 
Matlab-Simulink was used [10]. The cells were set to 90%, 
88%, 86%, 84%, and 82% of SOC. The MOSFET 
IXTP75N10P was used. The measured current driven profile 
was followed in order to show how the system is balancing 
along the driving period, as shown in Fig. 3. 

The algorithm includes a current saturation, and so no more 
than 5A can be bypassed through the MOSFET. This way it is 
ensured a better efficiency and system constraints. 

From Fig. 3.a to –Fig. 3.e, it is shown the bypassed currents 
through the MOSFETs set in parallel with the cell1, cell2, 
cell3, cell4, and cell5, respectively. As it can be seen, the 
bypassed currents are controlled with different analog values 
from zero to 5A that is the maximum allowed by the control 
algorithm. 

Fig. 3.f shows the measured REVAi current during the 
itinerary followed in Fig. 2.b, which is used as the reference 
current profile applied to the battery pack. 

 

a) b) 
Fig. 2. a) REVAi utilised.  b) Itinerary. 

 

246



0

5

 

 

MOSFET
1

0

5

 

 

MOSFET
2

0

5

 

 

MOSFET
3

0

5

 

 

MOSFET
4

0

5

 

 

MOSFET
5

0 1000 2000 3000 4000 5000 6000
-200

0
200

Time (s)

 

 

a)

b)

c)

d)

e)

f)

C
ur

re
nt

 (
A

)

Battery Current

 

Fig. 3. Bypassed currents during the simulated driving period. From top to 
bottom: a) MOSFET1 current, b) MOSFET2 current, c) MOSFET3 current, d) 
MOSFET4 current, e) MOSFET5 current, f) total battery current. 

 

A zoomed area of the evolution of the different cells 
voltages is presented in Fig. 4. 

At the end of this simulated period, the battery is equalised. 
Attending to the obtained results, after the driving period, in 
case the battery is decided to be charged, it would be in an 
equalised state. Therefore there is no need to start an 
equalization period after charging, and there is no need to wait 
for the least charged cell, which in turn allows an increase of 
the efficiency and a decrease of the charging time. Any 
possible small deviation during charging could be immediately 
corrected with the balancing system. 

The energy efficiency of the balancing system along the 
driving period is plotted in Fig. 5. It can be checked that at the 
beginning, the efficiency is lower as the unbalance is bigger 
and a higher amount of current has to be bypassed by the 
different MOSFETs. However, along the driving period, the 
more equalised the battery pack is, the less the amount of 
current is bypassed, and therefore it explains why the final 
efficiency of the system, at the end of the driving period, is 
approximately 95%. 

III. INTEGRATION INTO A HIGHER LEVEL SYSTEM 

A. The cell management system 
In the state-of-the-art batteries, the cell data is acquired and 

processed and the cells are balanced by a so-called battery 
management system (BMS). 

Using the implemented transistor-based bypass current 
control, the BMS can be distributed between the individual 
cells by applying the cell management systems (CMS). The 
core of a CMS is a microcontroller that acquires measurements 
from the controlled cell and forms the control actions as 
described in the preceding sections (Fig. 6). 

The cell voltage, temperature and bypass (equalisation) 
current are measured by the corresponding sensors, connected 
to the microcontroller’s analogue inputs. Inside the CMS, the 
analogue/digital conversion together with the SoC estimation is 
carried out. 
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Fig. 4. Cells voltages evolution during the simulated driving period. 
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Fig. 5. Efficiency of the balancing process during the driving period. 

The battery-level management can be implemented in an 
upstream controller, which calculates the mean cell voltage 
v�cell and controls the power flows in a global scale. For 
instance, the overall BMS can be a built-in function of the 
charger, which can regulate its current and voltage according to 
the data acquired by single CMS units. 
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Fig. 6. Signals processed by a cell management system. 

B. Application example: the multiport converter 
In the state-of-the-art electric vehicle fast charging stations, 

several energy sources and different storages are usually 
integrated via common dc or ac link [13]. Consequently, all of 
those sources and storages need many energy conversion stages 
to be interconnected, resulting in complexity, high price and 
low efficiency problems. To overcome those problems, an 
integrated multiport converter topology [14], [15] (Fig. 7) can 
be used to tie together separate short, medium and long term 
energy storages along with battery chargers and alternative 
energy sources. In the integrated multiport converter topology, 
one common high-frequency transformer is used to connect 
separate energy conversion stages. This common transformer 

247



also provides galvanic isolation between the grid, storage 
devices and charging converters and matches different voltage 
levels. The cell management systems based on the previously 
described algorithms can be implemented both in 
electrochemical and supercapacitor batteries, both for the 
stationary storage (Fig. 7, upper right corner), or for the 
onboard battery (Fig. 7, lower right corner). 

PV panel

GS

Wind generator

 
Grid

Primary battery
storage

Secondary supercapacitor
storage

EV
battery

Bidirectional 
qZS converterCommon grid 

coupling

High frequency transformer

 
Fig. 7. Multiport topology based expanded electricity storage system with 
integrated renewable energy sources. 

IV. CONCLUSIONS 
This paper has presented a study of a novel control for a 

shunt transistor battery equalization method, which can be used 
in applications such as electric vehicles. This control method 
allows a better balancing performance, as the current through 
the cell can be managed during both charging and driving 
modes. As our simulation results show, along a driving 
operation, the different cells can be effectively balanced. Once 
the battery pack is balanced, the losses are minimised by 
deactivating the shunting transistor. A later charging process 
would be carried out under a balanced condition, and therefore 
there is no need of a later equalization stage, which allows time 
and energy savings. If any cell becomes unbalanced at any 
time, the equalisation system is re-activated and the unbalanced 
cell returns to its balanced state.  

The overall battery management system can be effectively 
distributed between multiple cell management systems and the 
battery-level control implemented as a separate function of an 
upstream controller. 

Future work and possible implementation will focus on the 
integration into a higher level system together with the 
introduction of the multiport converter approach. 
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Abstract—Along this paper, it will be presented how the 

Electric Vehicle (EV) bidirectional chargers can help the 
Distribution Grid. In addition to the battery charge and the 
Vehicle-to-Grid functions (V2G), the reactive power can be 
compensated according to an established reactive power 
reference. A three-phase bidirectional inverter connected with 
a DC link to a DC/DC bidirectional converter is utilized in the 
topology. The different modifications that are needed in the 
control algorithm and in the power stage are determined. 
Simulation results are shown, which prove how the reactive 
power is being compensated and the saturation of the reactive 
current is used to keep the power under predefined limits. 

 
Index Terms—Electric Vehicle, Bidirectional Charger, Distri-

bution Grid, Reactive Energy, Control Algorithm. 

I. INTRODUCTION 
The research on more efficient vehicles together with the 

increasing environmental concern and the conventional 
energy resources exhaustion have lead the Plug-in Hybrid 
Electric Vehicles (PHEVs) and the Electric Vehicles (EVs) 
to represent a more attractive alternative over the combus-
tion engine-based vehicle [1]–[6]. In addition, the develop-
ment of the lithium-based batteries is making the EVs to 
come out more and more [7]. 

Battery chargers are an important part [8]–[14]. At 
present, most of the commercial EVs only allow the G2V 
(Grid-to-Vehicle) operation mode, that is to say, the EV 
battery charge. However, new trends include the V2G 
(Vehicle-to-Grid) function, which allows a power injection 
into the Grid, as EVs can play the role of a source of energy 
storage. This new function is based on the Smart Grid ten-
dency [15]–[20], as it is expected an electrical Grid evolu-
tion from the centralized to the distributed generation. 

The growth of local generation can influence the power 
flows and impact negatively on the feeder voltage in the 
distribution system, which has to withstand the load varia-
tions and the hostile circumstances in order to effectively 
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maintain the voltage level and improve the voltage stability 
of the power system [18]–[19]. As a result, the PCC (Point 
of Common Coupling) voltage control has to be taken into 
account. 

Harmonic and unbalance factors are managed in latest 
researches [21], but few focus on reactive compensation 
[29]–[30], some of which only analyze the charger in G2V 
mode, and they do not manage the maximum limits of the 
system in the algorithms. 

For reactive compensation, traditional methods are based 
on shunt capacitors and ac filters. Their cost is low, but the 
compensation is affected by the impedance and the opera-
tion status of the power Grid, which can lead to resonances 
with other elements [22]–[24]. 

In the recent years, due to the growth of the renewable 
energies and the EVs, the electronic converters play an 
important role in the distribution systems, as active func-
tions could be applied to manage the power flow [25]–[28]. 

Along this paper, according to the battery power, which is 
considered the power reference, an EV battery charger is 
designed to control the active power, and in addition the 
reactive power compensation function is implemented. For 
both battery charge operation, and power injection into the 
Grid, different reactive power situations are taken into 
account, analyzing the behavior of the charger and proving 
the correct management of the power flow. The saturation 
of the reactive current is implemented in the algorithm in 
order to keep the system under safety limits. 

In section II, the bidirectional battery charger topology is 
presented, section III analyzes the control system and the 
main equations, and section IV presents the simulation 
model and the different simulation results. Section V shows 
the obtained conclusions. 

II. BIDIRECTIONAL BATTERY CHARGER TOPOLOGY 
The proposed charger is shown in Fig. 1. It is mainly 

based on two power stages. The first one is a three-phase 
bidirectional inverter, which connects the Grid with a DC 
link. The second stage is a DC/DC bidirectional converter 
that connects the DC link and the EV battery. 

The presented design allows both the battery charge by 
demanding the energy from the Grid, and the energy 
injection into the Grid (this process is useful, for example, 
when the vehicle is parked at peaks of consumer energy 
demand). 

III. CONTROL SYSTEM 
Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G) opera-

tion modes are implemented. 

Grid Reactive Power Compensation by Using 
Electric Vehicles 

Javier Gallardo-Lozano, Enrique Romero-Cadaval, Senior Member, IEEE, Victor Miñambres-Marcos, 
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Fig. 1.  Battery charger topology. 
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Fig. 2.  Control algorithm to interface with the Grid. 

The active power during these modes lets the battery 
charge and the energy injection into the Grid, respectively. 
In addition, both modes include reactive power compensa-
tion with the aim of regulating the reactive consumption. 

Two different control algorithms are described. The first 
control algorithm allows the system to interface with the 
power grid, and the second one with the EV battery. 

Fig. 2 shows a brief schematic of the algorithm that 
allows the interface with the power Grid. 
Attending to Fig. 2, the inputs of the system are the 
measured Grid (a three-phase Grid is considered) voltages 

( ,s abcv


) and currents ( ,s abci


); the battery current, which to-
gether with the battery voltage defines the battery power 
(Pbat,meas) for both G2V and V2G modes; the reactive power 
reference (it is considered an input calculated by another 
system), QRef; the reference and measured bus voltage 
(Vbus,ref and Vbus,meas, respectively); and the inverter nominal 
current (IN). The output is the demanded or injected current 
into the Grid (is,ref(a,b,c)_f). 

The “abc-to-0dq” block represents the Park transfor-
mation. Based on [31] the active power, Pmeas, is calculated 
in dq components as 

 

 , , _·meas s rms d rms measP V I= ,  (1) 

 
where Vs,rms is the RMS value of the measured Grid voltage, 
and Id,rms_meas is the RMS value of the measured Grid direct 
current. The reactive power follows 

 

 , , _·meas s rms q rms measQ V I= − ,  (2) 

 
where Iq,rms_meas is the RMS value of the measured Grid 
quadrature current. 
 

The PLL is the one designed in [32], which synchronizes 
with the positive-sequence fundamental component of the 
Grid, and obtains the RMS value (Vs,rms), and the corre-
sponding three unitary direct voltage signals (vd,x), and the 
three unitary quadrature voltage signals (vq,x), where x is a, 
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b, and c. iq,meas is the measured quadrature reactive current, 
iq,rms,ref_i is a pre-calculated initial value of the RMS quadra-
ture reactive current, Qmeas is the measured reactive power, 
iq,rms_sat is the saturated value of the quadrature reactive 
current. Is,ref(a,b,c)_f represents the final values of the de-
manded or injected currents into the Grid. 

PI controllers are added in order to compensate the 
different losses, and reach the desired references. 

The inverter is chosen to cope with the maximum direct 
current that can be needed, and so the current limitation will 
be only applied to the quadrature reference current. 

The equation that determines whether the calculated 
currents are under the limit IN follows 

 

 2 2
, _ , _N d rms i q rms iI I I> + ,  (3) 

where Id,rms_i and Iq,rms_i are the initial calculated values for 
the direct and quadrature currents, respectively. 

In order to obtain these final reference Grid current 
values, the maximum current allowed for the system is 
taken into account, which depends on the weakest element, 
and in this case the inverter is considered this aforemen-
tioned element. Therefore IN is utilized to limit the direct 
and quadrature current references. 

In case the logic operation becomes true, both initial 
currents are considered, otherwise the direct current and the 
saturated quadrature current (Iq,rms_sat) are the ones utilized to 
obtain the final references. The saturated quadrature current 
follows 

 

 2 2
, _ , _q rms sat N d rms iI I I= − ,  (4) 

 
Based on the obtained RMS current references, the 

instantaneous values are calculated by applying using vd,x 
and vq,x. 

Fig. 3 presents the algorithm to interface with the EV 
battery. A PI block represents the Proportional-Integral 
control carried out in that step. 

Attending to Fig. 3, the inputs are the reference (Ibat,ref) 
and measured (Ibat,meas) battery current, and the measured 
battery voltage (Vbat,meas). The output is the current injected 
or demanded from the DC link (Idc). 

IV. SIMULATION RESULTS 
Fig. 4 shows the block diagram of the simulated system, 

implemented by using Matlab/Simulink. 
Four main stages can be distinguished: 
• Stage 1: The Grid voltage measurement (230 V RMS 

value, 50 Hz), the reference battery current (25 A), 
the reference reactive power (it follows a profile 
that is described below), and the reference inverter 
nominal current (4 A) are introduced. 

• Stage 2: The battery and the DC/DC converter are 
modeled. The battery is set to 60% of SOC (State 
of Charge) and is modeled in [21].The bus voltage 
is set to 650 V and the capacitor value is 4mF, the 
inductor value (LDC) is 30 mH, and the switching 
frequency is 10 kHz. A Dead-Beat is utilized to 
follow the battery current reference. The control 
algorithm to interface with the battery (Fig. 3) is 
implemented. 

• Stage 3: The three-phase bidirectional inverter is 
modeled. The inductor value (LAC) is 13 mH, and 
the switching frequency is set to 20 kHz. A Dead-
Beat is used to follow the Grid current reference. 
The Grid neutral wire is connected to the midpoint 
of the DC-bus. The control algorithm to interface 
with the power Grid, which is shown in Fig. 2, is 
implemented. 

• Stage 4: The current Grid is demanded or injected into 
the Grid. 

Two different situations are carried out: Grid-to-Vehicle 
(G2V) and Vehicle-to-Grid (V2G) operations. 

Ibat,meas Vbat,measIbat,ref

PI

end

Idc

Pbat,meas

  + −

x

 
Fig. 3.  Control algorithm to interface with the EV battery. 
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Fig. 4.  Block diagram of the simulated system. 
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A. Grid-to-Vehicle (G2V) Operation 
Fig. 5 shows the active power reference, whose value is 

the constant power stored by the battery; the measured 
active power, calculated according to (1); the reactive power 
reference, which follows a predefined profile; and finally 
the reactive power reference, calculated according to (2). 

From 0 s to 0.2 s, reactive power reference is set to 0 VAr. 
The charger behaves like commercial ones, with no reactive 
compensation. From 0.2 s to 0.4 seconds, the reactive power 
reference is set to 1500 VAr, and according to (3), the 
maximum Grid current is lower than the inverter nominal 
current, therefore reactive current is not saturated. From 
0.4 s to 0.7 s, the reactive power is increased up to 3000 VAr 
and in this situation the reactive current must be saturated. 
From 0.7 s, a negative reactive power (–1500 VAr) is set as 
the reference. 

Fig. 6 shows the Grid phase a voltage and current. At the 
start no reactive power is set as a reference, and therefore 
the system behaves like a commercial EV charger, that is to 
say, only the active power is demanded from the Grid. 

At 0.2 s, a reactive power reference of 1500 VAr is 
established. It can be seen how the system is able to com-
pensate the reactive power, and the Grid current is shifted 
compared to the Grid voltage phase. The amount of 
compensated reactive power is low, so the direct and quad-
rature currents are low as well, and (3) gives true. As a 
result, no reactive current is saturated. 

At 0.4s in Fig. 7, it can be seen the behavior of the Grid 
current when the reactive power is increased and the 
reactive current becomes saturated, as (3) gives false. In the 
upper subplot the Grid voltage is depicted with the aim of 
showing the phase reference. 

During this simulation, the battery is being charged at 
constant power, as the battery voltage variation is consid-
ered negligible, and the battery power is taken as the power 
reference, that is to say, it remains constant regardless of the 
reference reactive power variation. Saturations in the Grid 
power might occur. Fig. 8a shows the battery voltage (V) 
and current (A), and its SOC (%) evolution during the 
simulation time. Fig. 8b shows the bus voltage at 0.2 s and 
0.4 s (instants when reactive power reference changes). It 
can be seen that there is a short change that is quickly 
compensated by the PI, keeping the voltage constant. 

B. Vehicle-to-Grid (V2G) Operation 
Fig. 9 presents a V2G operation in which the active 

power is a constant negative value. 
 

0 0.2 0.4 0.6 0.8 1-2000

-1000

0

1000

2000

3000

Time (s)

P
ow

er

 

 

Pref (W)
Pmeas (W)
Qref (VAr)
Qmeas (VAr)

 
Fig. 5.  Active and reactive power references and measured active and 
reactive powers during G2V operation. 

0.18 0.185 0.19 0.195 0.2 0.205 0.21 0.215 0.22-500

0

500

G
rid

 V
ol

ta
ge

 (V
)

 

 

Reference (V)

0.18 0.185 0.19 0.195 0.2 0.205 0.21 0.215 0.22
-5

0

5

Time (s)

G
rid

 C
ur

re
nt

 (A
)

 

 

Reference (A)
Measured (A)

 
Fig. 6.  G2V operation. From top to bottom, window of the phase a Grid 
voltage (V) and current (A), respectively, when the reactive Grid current 
compensation starts at 0.2 s. 
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Fig. 7.  G2V operation. From top to bottom, window of the phase a Grid 
voltage (V) and current (A), respectively, when the reactive Grid current 
becomes saturated at 0.4 s. 
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                            a)                                             b) 
Fig. 8.  G2V operation. a) From top to bottom, Battery voltage (V), current 
(A), and SOC (%) evolution. b) Bus voltage (V) around 0.2 s and 0.4 s. 

 
Reactive power follows the same profile as for the G2V 

simulations. From 0 s to 0.2 s no reactive is set. The EV 
charger just injects active power into the Grid. From 0.2 s to 
0.4 s, the reactive current is under the limit, and as a result it 
is not saturated. From 0.4 s to 0.7 s the reactive current 
passes the limit and is saturated. 

In Fig. 10, the reactive power reference changes from 
0 VAr to 1500 VAr, so in addition to the active power 
injection, the reactive power compensation is also imple-
mented. At 0.2 s the Grid current phase shift can be 
observed. 

Fig. 11 presents the change in the phase a Grid current 
when the reactive Grid current becomes saturated, as the 
reactive power increases. 

The simulation of the V2G operation leads the battery to 
a constant power discharge, as explained previously for the 
G2V operation. Fig. 12a shows the battery voltage (V), 
current (A) and SOC (%) for this process. Fig. 12b shows 
how the bus voltage is controlled. 
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Fig. 9.  Active and reactive power references and measured active and 
reactive powers during V2G operation. 
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Fig. 10.  V2G operation. From top to bottom, window of the phase a Grid 
voltage (V) and current (A), respectively, when the reactive Grid current 
compensation starts at 0.2 s. 
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Fig. 11.  V2G operation. From top to bottom, window of the phase a Grid 
voltage (V) and current (A), respectively, when the reactive Grid current 
becomes saturated at 0.4 s. 
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Fig. 12.  V2G operation. a) From top to bottom, Battery voltage (V), 
current (A), and SOC (%) evolution. b) Bus voltage (V) around 0.2s and 
0.4 s. 

 

 

 

V. CONCLUSION 
Along this paper, a reactive power compensation method 

applied to EV applications has been presented. 
The topology has been shown, which is made up of a 

three-phase bidirectional inverter together with a DC/DC 
bidirectional converter. The three phase bidirectional in-
verter allows the system to interface with the Grid. It keeps 
the bus voltage by demanding or injecting energy into the 
Grid, and compensates the reactive power. The DC/DC 
bidirectional converter lets the interface with the EV battery, 
controlling its active power. 

In addition to the active power control, the reactive power 
compensation is implemented. In order to avoid overpassing 
the power limit of the system, an active power priority is 
established and a maximum limit is calculated based on the 
system characteristics and the active power. 

The whole system is modeled and simulated with 
Matlab/Simulink. Simulation results demonstrate how the 
system algorithm can compensate the reactive power and 
how it saturates the reactive current when it is going to 
overpass the maximum limit. The reference active power is 
the battery power, and the reference reactive power is the 
Grid reactive power. 
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Abstract— En este artículo se demuestra cómo los 
cargadores bidireccionales de los Vehículos Eléctricos (VE) 
pueden ayudar a la Red de Distribución. Además de la carga 
de la batería y de la función V2G (siglas en inglés de Vehicle-
to-Grid), la potencia reactiva puede ser compensada a partir 
de una referencia de potencia reactiva establecida. La 
topología usada es un inversor bidireccional trifásico 
conectado, a través de un bus de continua, a un convertidor 
DC/DC bidireccional. Se presentarán las diferentes 
modificaciones que deben llevarse a cabo en el algoritmo de 
control y en la etapa de potencia. Se mostrarán los resultados 
de simulación, probando cómo la potencia reactiva es 
compensada y la función diseñada de saturación de la corriente 
reactiva mantiene la potencia bajo unos límites predefinidos. 

Index Terms— Vehículo Eléctrico, Cargador Bidireccional, 
Red de Distribución, Energía Reactiva, Algoritmo de Control. 

I. INTRODUCTION

CTUALMENTE los VEHE (Vehículos Eléctricos
Híbridos Enchufables) y los VE (Vehículos Eléctricos)

representan una alternativa atractiva sobre los vehículos 
basados en motores de combustión [1]-[5]. Además, el 
desarrollo de las baterías basadas en la tecnología de litio 
está permitiendo que los VE estén desarrollándose cada vez 
más [6]. 
Los cargadores de baterías son una parte importante del VE 
[7]-[13]. Actualmente, la mayoría de los vehículos eléctricos 
comerciales sólo permiten el modo de operación G2V 
(Grid-to-Vehicle, siglas en inglés de Red-a-Vehículo), es 
decir, la función de cargador del VE. Sin embargo, las 
nuevas tendencias incluyen la función V2G (Vehicle-to-
Grid, siglas en inglés de Vehículo-a-Red), que permite la 
inyección de potencia en la Red de Distribución, ya que los 
vehículos eléctricos pueden jugar el papel de fuente de 
almacenamiento de energía. Esta nueva función se basa en 
la tendencia a la Red Inteligente (Smart Grid) [14]-[19], ya 
que se espera una evolución de la Red eléctrica de la 
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generación centralizada a la generación distribuida. El 
crecimiento de la generación local puede influenciar en los 
flujos de potencia e impactar negativamente en el suministro 
de energía en el sistema distribuido, que tiene que resistir las 
variaciones de carga y las circunstancias hostiles con el 
objetivo de mantener los niveles de tensión y mejorar la 
estabilidad de la tensión del sistema de potencia [17]-[18].
Como resultado, se tiene que tomar en cuenta el control de 
la tensión en el PCC (Punto de Conexión Común). 

La corrección de armónicos y desequilibrio ya ha sido 
tenido en cuenta en anteriores trabajos [20], pero pocos se 
centran en la compensación de reactiva [21]-[22], algunos 
de los cuales sólo analizan el cargador en el modo de 
operación G2V, y no gestionan los límites máximos del 
sistema en los algoritmos. Para la compensación de reactiva, 
los métodos tradicionales se basan en condensadores en 
paralelo y filtros en alterna. Su coste es bajo, pero la 
compensación es afectada por la impedancia y el estado de 
operación de la Red de Distribución, que puede llevar a 
resonancias con otros elementos [23]-[25]. 

En los últimos años, debido al crecimiento de las energías 
renovables y de los VEs, los convertidores electrónicos 
juegan un papel importante en los sistemas de distribución, 
ya que se pueden aplicar funciones activas para gestionar los 
flujos de potencia [26]-[29]. 

A lo largo de este artículo, de acuerdo con la potencia de 
la batería, que es considerada la referencia de potencia, se 
diseña un cargador de VE para controlar la potencia activa, 
y además implementa la función de compensación de 
potencia reactiva. Tanto para el modo de operación de carga 
de batería, como para la inyección de potencia en la Red, se 
tienen en cuenta diferentes situaciones de potencia reactiva, 
analizando el comportamiento del cargador y probando la 
correcta gestión del flujo de potencia. Se implementa un 
algoritmo para la saturación de la corriente reactiva con el 
objetivo de mantener el sistema bajo unos límites de 
seguridad. 

Para el diseño del algoritmo presentado a lo largo de este 
trabajo, las potencias de referencia activa y reactiva se 
consideran valores de entrada al sistema, determinados por 
el EVSE (Electric Vehicle Supply Equipment, siglas en 
inglés de Equipo de Suministro de Vehículo Eléctrico). La 
comunicación entre el VE y el EVSE debe llevarse de 
acuerdo al estándar ISO 15118 (Road vehicles – Vehicle to 
grid communication interface).

En la sección II, se presenta la topología del cargador 
bidireccional de batería, la sección III analiza el sistema de 
control y las principales ecuaciones, y la sección IV 
presenta el modelo de simulación y los resultados obtenidos 
para las diferentes situaciones de potencia activa y reactiva. 
La sección V muestra las conclusiones obtenidas. 
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Fig. 1.  Topología de cargador de batería. 

II. TOPOLOGÍA DE CARGADOR BIDIRECCIONAL DE BATERÍA 
El cargador propuesto es mostrado en la Fig. 1. Se basa 

principalmente en dos etapas. La primera es un inversor 
bidireccional trifásico, que conecta la Red con el bus de 
continua. 

La segunda etapa es un convertidor bidireccional DC/DC 
que conecta el bus de continua con la batería del vehículo. 

El diseño propuesto permite tanto la carga de la batería 
demandando energía de la Red, como la inyección de 
energía en la Red (este proceso es útil, por ejemplo, cuando 
el vehículo se encuentra aparcado en horas con picos de 
demanda de energía). 

III. SISTEMA DE CONTROL 
Se implementan los modos de operación Grid-to-Vehicle 

(G2V) y Vehicle-to-Grid (V2G). La potencia activa en estos 
modos permite la carga de la batería y la inyección de 
energía en la Red, respectivamente. Además, ambos modos 
incluyen la compensación de potencia reactiva con el 
objetivo de regular el consumo de reactiva, incluyendo una 
función de saturación diseñada para la protección del 
sistema del VE. 

A continuación se describen dos algoritmos de control. El 
primer algoritmo de control permite la interconexión del 
sistema con la Red, y el segundo permite la interconexión 
con la batería del VE. La Fig. 2 muestra un breve esquema 
del algoritmo que permite la interconexión con la Red. 

De acuerdo con la Fig. 2, las entradas del Sistema son las 
tensiones de la Red (se considera una Red trifásica) medidas 

( ,s abcv bv ) y las corrientes ( ,s abci bi ); la potencia de la batería 
(Pbat,meas) para los modos G2V y V2G, definida a partir de la 
corriente y la tensión de la batería; la referencia de potencia 
reactiva (se considera una entrada establecida por el EVSE), 
QRef; la tensión de bus de referencia y medida (Vbus_ref y 
Vbus_meas, respectivamente); y la corriente nominal del 
inversor (IN). La salida es la corriente demandada o 
inyectada a la Red (is,(a,b,c)_ref). El bloque “abc→0dq” 
representa la transformada de Park. De acuerdo con [30] la 
potencia activa, Pmeas, se calcula en componentes dq como 

, , _·meas s rms d mean measP V I

donde Vs,rms es el valor RMS de la componente fundamental 
de secuencia directa de la tensión de Red medida, e 

Id,mean_meas es el valor medio de la componente directa de la 
corriente medida de la Red. 

La potencia reactiva se determina como 

, , _·meas s rms q mean measQ V I

donde Iq,mean_meas es el valor medio de la corriente de 
cuadratura medida de la Red. 
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Fig. 2.  Algoritmo de control para la interconexión con la Red. 
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El PLL (ASRF son las siglas en inglés de Adjustable 
Synchronous Reference Frame) empleado en este trabajo 
fue diseñado en [31], que sincroniza con la componente 
fundamental de secuencia positiva de la Red, y obtiene el 
valor RMS (Vs,rms), correspondiente al valor medio de la 
componente directa de la tensión de Red, y las 
correspondientes tres señales de tensión unitarias directas 
(vd,x), y las tres señales de tensión unitarias de cuadratura 
(vq,x), donde x es a, b, y c. iq_meas es la corriente reactiva de 
cuadratura medida, iq,mean,i_ref es un valor medio inicial pre-
calculado de la corriente reactiva de cuadratura, Qmeas es la 
potencia reactiva medida, iq,sat es el valor de saturación de la 
corriente reactiva de cuadratura. is,(a,b,c)_ref representa el valor 
final de las corrientes demandadas o inyectadas en la Red. 
Se añadieron controladores PI con el objetivo de compensar 
las diferentes pérdidas y alcanzar las referencias deseadas. 
El inversor es elegido para que pueda soportar la corriente 
directa máxima que sea necesaria, y así la limitación de 
corriente será sólo aplicada a la corriente de cuadratura de 
referencia. La ecuación que determina si las corrientes 
calculadas están bajo el límite IN es 

2 2
, , , ,N d mean i q mean iI I I

donde Id,mean,i y Iq,mean,i son los valores iniciales calculados 
para las corrientes directa y de cuadratura, respectivamente. 

Con el objetivo de obtener estos valores finales de 
referencia de corriente de Red, se tiene en cuenta la 
corriente máxima permitida para el sistema, que depende del 
elemento más débil, y que en este caso se considera el 
inversor como el elemento más débil. Por lo tanto, IN se 
utiliza para limitar las corrientes de referencia directa y de 
cuadratura. En el caso de que la operación lógica sea 
verdadera, ambas corrientes iniciales son tenidas en cuenta, 
de lo contrario se utilizan las corrientes directa y la saturada 
de cuadratura (Iq,sat) para obtener las referencias finales. La 
corriente saturada de cuadratura sigue la ecuación 

2 2
, , ,q sat N d mean iI I I

A partir de las corrientes medias de referencia obtenidas, 
los valores instantáneos son calculados aplicando vd,x y vq,x. 

La Fig. 3 presenta el algoritmo para interconectar con la 
batería del VE. El bloque PI representa el control 
Proporcional-Integral llevado a cabo en ese paso. De 
acuerdo con la Fig. 3, las entradas son la corrientes de 
batería de referencia (Ibat_ref) y medida (Ibat_meas), y la tensión 

de batería medida (Vbat_meas). La salida es la corriente 
inyectada o demandada desde el bus de DC (Idc). 

IV. RESULTADOS DE SIMULACIÓN 
La Fig. 4 muestra el diagrama de bloques del sistema 

simulado, implementado usando Matlab/Simulink. 
Se pueden distinguir cuatro etapas: 

 Etapa 1: Se introducen los datos de la medida de la 
tensión de Red (230V RMS, 50Hz), la corriente 
de batería de referencia (25A), la potencia 
reactiva de referencia (sigue un perfil que es 
descrito posteriormente), y la corriente nominal 
de referencia del inversor (4A). 

 Etapa 2: Se modela la batería y el convertirdor de 
DC/DC. La batería es configurada al 60% de 
SOC (State of Charge, siglas en inglés de 
Estado-de-Carga) y es modelada en [20]. La 
tensión del bus es 650V y el valor del 
condensador es de 4mF, el valor de la bobina 
(LDC) es 30mH, y la frecuencia de conmutación 
es 10kHz. Como técnica de modulación para el 
seguimiento de la referencia se utiliza Dead-
Beat. Se implementa el algoritmo de control para 
interconectar con la batería (Fig. 3). 

 Etapa 3: Se modela el inversor bidireccional 
trifásico. El valor de la bobina (LAC) es 13mH, y 
la frecuencia de conmutación es 20kHz. Se 
utiliza Dead-Beat como técnica de modulación. 
Se implementa el algoritmo de control para 
interconectar con la Red, que es mostrado en 
Fig. 2. 

 Etapa 4: La corriente de Red es demandada o 
inyectada en la Red. 

Se simulan dos modos diferentes: G2V y V2G. 

Ibat_meas Vbat_measIbat_ref

PI

end

Idc

Pbat_meas

  
x

 
Fig. 3.  Algoritmo de control para interconectar con la batería del VE. 
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Fig. 4.  Diagrama de bloques del sistema simulado. 
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A. Modo de operación Grid-to-Vehicle (G2V) 
La Fig. 5 muestra la referencia de potencia activa, cuyo 

valor es la potencia constante almacenada por la batería; la 
potencia activa medida, calculada de acuerdo con (1); la 
potencia reactiva de referencia, que sigue un perfil 
predefinido; y finalmente la potencia reactiva medida, 
calculada según (2). 

Desde 0s a 0.2s, la referencia de potencia reactiva es 
puesta a 0VAr. El cargador se comporta como uno 
comercial, sin compensación de reactiva. Desde 0.2s a 0.4 
segundos, la referencia de potencia reactiva es puesta a 
1500VAr, y de acuerdo con (3), la corriente de Red máxima 
es menor que la corriente nominal del inversor, por lo tanto 
la corriente reactiva no se satura. Desde 0.4s a 0.7s, la 
potencia reactiva es incrementada a 3000VAr y en esta 
situación la corriente reactiva se debe saturar. Desde 0.7s, se 
pone de referencia una potencia reactiva negativa (-
1500VAr). 

La Fig. 6 muestra la corriente y la tensión de la fase a de 
la Red. Al comienzo, no hay referencia de potencia reactiva, 
y por lo tanto el sistema se comporta como un cargador de 
VE comercial, es decir, sólo se demanda desde la Red 
potencia activa. A 0.2s, se establece una referencia de 
potencia reactiva de 1500VAr. Se puede ver cómo el 
sistema es capaz de compensar la potencia reactiva, y la 
corriente de Red es desplazada comparada con la fase de la 
tensión de la Red. La cantidad de potencia reactiva 
compensada es pequeña, así que las corrientes directa y de 
cuadratura son bajas también, y (3) da verdadero. Como 
resultado, la corriente reactiva no se satura. 

En Fig. 7, a 0.4s se puede ver que el comportamiento de 
la corriente de Red cuando la potencia reactiva es 
incrementada y la corriente reactiva se satura, ya que (3) da 
falso. En la gráfica superior se muestra la tensión de Red 
con el objetivo de mostrar la referencia de fase. 

A lo largo de esta simulación, la batería se carga a 
potencia constante, ya que la variación de la tensión de la 
batería es considerada despreciable, y la potencia de la 
batería es considerada como la potencia de referencia, es 
decir, permanece constante independientemente de la 
variación de la potencia reactiva de referencia. La Fig. 8a 
muestra la evolución de la tensión de la batería (V), la 
corriente (A), y su SOC (%) durante el tiempo de 
simulación. La Fig. 8b muestra la tensión del bus a 0.2s y 
0.4s (instantes en los que cambia la referencia de potencia 
reactiva). Se puede ver que hay un pequeño cambio que es 
rápidamente compensado por el PI, manteniendo la tensión 
constante. 

B. Modo de operación Vehicle-to-Grid (V2G) 
La Fig. 9 presenta el modo de operación V2G en el cual 

la potencia activa es un valor negativo constante. 
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Fig. 5.  Potencia activa de referencia y medida y potencia reactiva de 
referencia y medida, durante el modo de operación G2V. 

 
Fig. 6.  Modo de operación G2V. De arriba a abajo, ventana de la tensión 
de Red (V) y corriente (A) de la fase a, respectivamente, cuando la 
compensación de corriente de Red reactiva comienza a 0.2s. 
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Fig. 7.  Modo de operación G2V. De arriba a abajo, ventana de la tensión 
de Red (V) y corriente (A) de la fase a, respectivamente, cuando la 
corriente de Red reactiva se satura a 0.4s. 
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                            a)                                             b) 
Fig. 8.  Modo de operación G2V. a) De arriba a abajo, evolución de tensión 
de batería (V), corriente (A), y SOC (%). b) Tensión de bus (V) alrededor 
de 0.2s y 0.4s. 

La potencia reactiva sigue el mismo perfil que para las 
simulaciones de G2V. De 0s a 0.2s no hay potencia reactiva. 
El cargador del VE simplemente inyecta potencia activa en 
la Red. De 0.2s a 0.4s, La corriente reactiva está bajo el 
límite, y como resultado no está saturada. De 0.4s a 0.7s la 
corriente reactiva pasa el límite y es saturada. 

En la Fig. 10, la referencia de la potencia reactiva cambia 
de 0VAr a 1500VAr, así que además de la inyección de 
potencia activa, también se implementa la compensación de 
potencia reactiva. A 0.2s, se puede observar el 
desplazamiento de la fase de la corriente de Red. 

La Fig. 11 presenta el cambio en la corriente de Red de la 
fase a cuando la corriente reactiva de la Red se satura, al 
incrementarse la potencia reactiva. 

La simulación de la operación V2G produce una descarga 
a potencia constante de la batería, como se explicaba 
previamente para el modo de operación G2V. La Fig. 12a 
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muestra la tensión de la batería (V), la corriente (A) y el 
SOC (%) para este proceso. La Fig. 12b muestra cómo es 
controlada la tensión del bus. 
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Fig. 9.  Potencia activa de referencia y medida y potencia reactiva de 
referencia y medida, durante el modo de operación V2G. 
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Fig. 10.  Modo de operación V2G. De arriba a abajo, ventana de la tensión 
de Red (V) y corriente (A) de la fase a, respectivamente, cuando la 
compensación de corriente de Red reactiva comienza a 0.2s. 

 

0.38 0.385 0.39 0.395 0.4 0.405 0.41 0.415 0.42-500

0

500

G
rid

 V
ol

ta
ge

 (V
)

 

 

Reference (V)

0.38 0.385 0.39 0.395 0.4 0.405 0.41 0.415 0.42
-5

0

5

Time (s)

G
rid

 C
ur

re
nt

 (A
)

 

 

Reference (A)
Measured (A)

 
Fig. 11.  Modo de operación V2G. De arriba a abajo, ventana de la tensión 
de Red (V) y corriente (A) de la fase a, respectivamente, cuando la 
corriente de Red reactiva se satura a 0.4s. 
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Fig. 12.  Modo de operación V2G. a) De arriba a abajo, evolución de 
tensión de batería (V), corriente (A), y SOC (%). b) Tensión de bus (V) 
alrededor de 0.2s y 0.4s. 

 

V. CONCLUSIONES 
A lo largo de este artículo, se ha presentado un método de 

compensación de potencia reactiva aplicado a VEs. Se ha 
mostrado la topología, que ha sido diseñada con un inversor 
bidireccional trifásico junto con un convertidor 
bidireccional de DC/DC. El convertidor bidireccional de 
DC/DC permite la interconexión con la batería del VE, 
controlando su potencia activa. El inversor bidireccional 
trifásico permite al sistema interconectarse con la Red. Éste 
mantiene la tensión del bus al demandar o inyectar energía 
en la Red, y además permite la compensación de potencia 
reactiva. Con el objetivo de evitar exceder el límite de 
potencia del sistema, se ha diseñado una función de 
prioridad de potencia activa con saturación de potencia 
reactiva, calculándose un límite máximo de corriente 
reactiva de acuerdo con las características del sistema y la 
potencia activa. El sistema es modelado y simulado con 
Matlab/Simulink. Los resultados de simulación demuestran 
cómo el algoritmo del sistema es capaz de compensar la 
potencia reactiva y cómo satura la corriente reactiva cuando 
se va a sobrepasar el límite máximo establecido. La potencia 
activa de referencia es la potencia de la batería, y la 
referencia de la potencia reactiva viene impuesta por un 
perfil predefinido, que vendría establecido por el EVSE. En 
futuros trabajos se mostrarán los resultados de una 
implementación práctica de la solución. 
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