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Abstract — Impedance-source networks are an
increasingly popular solution in power converter
applications, especially at single stage buck-boost power
conversion to avoid additional front end dc-dc power
converters. In the survey papers published, no analytical
comparisons of different topologies have been described,
which makes it difficult to choose the best option. Thus,
the aim of this paper is to present a comprehensive
analytical comparison of the impedance-source based
buck-boost inverters in terms of passive component
count and semiconductor stress. Based on the waveform
of the input current, i.e. with or without a transformer,
and with or without inductor coupling, the impedance-
source converters are classified. The main criterion in
our comprehensive comparison is the energy stored in
the passive elements, which is considered both under
constant and predefined high frequency current ripple in
the inductors and the voltage ripple across the
capacitors. Two-level and multilevel solutions are
described. The conclusions provide a “one-stop”
information source and a selection guide of impedance-

source based buck-boost inverters for different
applications.
NOMENCLATURE
L inductances
L relative unit of inductance
Ci» capacitances
C relative unit of capacitance
B boost factor
Ts switching period
M modulation index
Kcr, 2 voltage ripple factors
Kii, > current ripple factors
Vin input voltage
Ver peak line output voltage
Vpcr, 2 de-link voltage
Ver, 2 capacitor voltage
Vi, 2 inductor voltage
AVe voltage ripple across capacitors
Z) blocking diode voltage
Var blocking transistor voltage
Pour  output power
Py input power
P power
Iy input current
Ly average inductor current
I, inductors current

ripple inductors current

S12 active boost cell transistors

T; .12  inverter transistors

Dy, 02 impedance-source diodes

Dy s clamping diodes

Vol volume of the inductor

Volc  volume of the capacitor

Erw summarized energy stored in the inductors
Ecw summarized energy stored in the capacitors
Dy summarized diodes voltage stress

Tw summarized transistors voltage stress

I. INTRODUCTION

In recent years, renewable energy capacity has been
growing rapidly. Renewable Energy Sources (RESs)
supplied 16.7% of the world electrical energy consumption
in 2010. By the end of 2014, the installed capacity of wind
and solar PV power generation had reached 370 GW and
177 GW, correspondingly. The main challenge is the
potentially distributed and inherently intermittent nature of
these RESs [1]. A fuel cell, another promising renewable
technology, is used, for instance, in boat supply systems, in
power generation, sustainable transport as a hydrogen buffer
[2]. These renewable technologies require power electronic
systems for distributed energy harvesting and grid
integration.

In PV systems, several configurations may be used. The
string technology is a demanded solution where high
efficiency of the PV system is required [3], [4]. One of the
major drawbacks of the string technology is its poor energy
utilization at partial shadowing. It leads to wide range input
voltage variations. Traditionally, the Voltage Source
Inverters (VSI) or Current Source Inverters (CSI) cannot
provide more than twice higher input voltage regulation
ratio. The main practical limitation lies in the low
modulation index, which in turn leads to poor output current
quality. Intermediate voltage boost dc-dc converters are used
in order to overcome that drawback. At the same time, this
solution is topologically more complex and harder to control
because of the two-stage power conversion. Fig. la shows a
generalized concept of the buck-boost dc-ac converter
performance for a single input dc source.

The first solution, a two-stage energy conversion, is a
traditional approach. The second and the third approach that
are based on an intermediate Impedance-Source (IS)
network or active boost cell are single-stage energy
conversion solutions [5]-[10]. The buck-boost solutions
based on an active boost cell are rare in industrial
applications.
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Recent solutions based on the IS networks have been
extended for various fields of application. Z-Source Inverters
(ZSIs) and quasi-Z-Source Inverters (qZSIs) for grid
integration into low voltage energy sources were proposed in
[11], [12]. ZSIs overcome the limitation of the conventional
grid-connected inverters: they have a buck, a boost mode and
do not suffer from Shoot-Through (ST) states. ZSI and qZSI
utilize the cross-conduction states to boost the input dc-
voltage by switching on both the top and bottom switches of
at least one inverter leg. This unique boosting technique
improves inverter reliability. QZSIs are similar to the
previously presented Z-source inverters. The main
advantages of qZSI over ZSI are: lower source stress,
reduced component ratings and a simple control method.
qZSI drives continuous input current from the source and
shares a common ground with a dc-source, which is suitable
for RESs and other applications [13]-[26], in particular for
the PV systems. These inverters are capable of performing
Maximum Power Point Tracking (MPPT) with no need for
an extra dc-dc converter. At the same time, the main
drawback of the ZSI and gZSI lies in the low dc-link
utilization under constant boost control [27]-[30]. In order to
overcome the drawback, many IS derivations have been
proposed [31]-[45]. References [46]-[49] present a good
overview of existing solutions.

Another trend in power electronics is the modular and
multilevel converter applications. Industry and academia are
showing increased attention towards multilevel converters as
one of the preferred choices of power electronic conversion
for high-power applications. The reason is that they can
achieve high power wusing mature medium-power
semiconductor technology.

MLIs have advantages over conventional and very well-
known two-level inverters. These advantages are: improved
output quality and larger nominal power in the converter.

Multilevel converters are a good solution for low power
and low voltage applications as well. Reduced voltage stress
allows using fast MOSFET semiconductors among
industrially verified Si technologies. In particular, Three-
Level (3L) inverters have attracted increasing attention in
industrial applications, such as motor drives [54], active
filters [55], [56], and renewable energy systems [57]. The
result is higher power quality, better electromagnetic
compatibility, lower switching losses, and no need for a
transformer at the distribution voltage level [58]-[60].

Based on [50], it can be concluded that the Neutral-Point-
Clamped (NPC) inverter is the most attractive solution for
industrial applications. The NPC inverter has become quite
popular because of lower number of capacitors, particularly
in the 3L case.

The Cascaded H-bridge (CHB) solution is well suited for
high-power and high-level applications because of the
modular structure that enables higher voltage operation with
classic low-voltage semiconductors. The phase shifting of the
carrier signals moves the frequency harmonics to the higher
frequency side, and this, together with the high number of
levels, enables a reduction of the average device switching
frequency and lower losses. However, it requires a large
number of isolated dc sources, which, for instance, could be
realized in PV panels.

This paper contains a comprehensive analysis of the IS
networks in terms of size and passive element count, amount
and voltage level of required semiconductors for a single-
stage inverter application. Two- and multilevel buck-boost
inverters based on the already existing IS networks are
compared. Next, the concept of our analysis and comparison
is described. Section III reviews all the recent IS networks.
Section IV describes already existing multilevel solutions
based on IS networks. A comparative analysis of the
topologies discussed is presented in section V and
conclusions are given in section VI.

Despite numerous review [46]-[49] and comparison [61]-
[67] papers about IS networks, many gaps still exist in the
knowledge regarding these topologies. Several papers are
devoted to the design of IS networks [15]-[17], [25], [63]-
[65]. Each study describes a certain case of IS network with
a predefined type of the load.

This paper presents a comparative analysis in terms of
size and volume of the passive elements. Also, operation
conditions of semiconductors in different IS networks are
compared.

Fig. 2 shows

the operation principle of the traditional Z-source network in
simple terms.
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Fig. 2. Basic Z-Source network (a), in ST state (b) and active state (c).

There are two general modes of the operation of the
circuit considered. In a ST state, the energy is stored in the Z-
Source network elements and the operation mode where the
stored energy in the amount of energy source supplies the
load. The equivalent circuits for these modes are shown in
Figs. 2b and 2c, respectively. It is known that
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where Ds is the ST duty cycle, Vpc is a dc-link voltage, Vv is
the dc input voltage, Ve, Ve are capacitor voltages.

Many modulation techniques [70] - [87] can be applied to
such topologies. All of them can be distinguished by the ST
state generation. In such topologies, at equally distributed ST
states, the modulation index M has its upper limit M < [-Ds,
but the dc-link voltage has the lowest ripple. In the opposite
case (maximum boost control), the modulation index has a
wider range (M<I), but it requires larger passive elements.

To analyze and compare the different topologies, a
constant boost control with equally distributed active states
was assumed.

The main objects of our comparison were the passive
elements and semiconductors. Along with the capacitance,
the main parameter for the comparison of the capacitors is
the maximum voltage Along with average current, the main
parameter for the comparison of the inductors is inductance
[67] - [69].

Taking into account the above conditions, the equation
for the peak line output voltage Vp; as a function of the input
voltage can be written as:

1

P =M T s
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where Vp; is a constant voltage level that is considered as a
referenced dc-link voltage that must be maintained for the
normal operation of the VSI.

At equally distributed active states, the modulation index
M has its upper limit M<[-Ds. As a result,
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At the same time, high frequency generation of the active
states causes high frequency ripples, as illustrated in Fig. 3.
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Fig. 3. Idealized waveforms of capacitor voltage and inductor current.
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It is evident that the values of the passive components
have to be calculated taking into account the predefined high
frequency ripples of the voltage and the current. The current
ripple through the inductor and the voltage ripple through the
capacitors strongly depend on the ST duty cycle Ds:

TS‘DS . TS‘DS
d V. V.
Al = J % = I L.dt:%.rs.ps,(é)
0

L 1
The average input current is obtained by means of power
balance, where it is assumed that the output power Poyr is
approximately equal to the input power Pyy:
Py =Viy Ay = Poyr = P. (N
At the same time, it can be claimed that the average input
current Iy is strongly connected with the average inductor
current /4y
Iy =1,. ®
From the equations presented above, the minimum
inductance value can be estimated to maintain the Boundary
Conduction Mode (BCM) in the inductor current, which is a
condition of normal operation:

Al
2“ <Ly, )

Finally, the inductances L, L; in the Z-source network
can be expressed as:

L =1,» 15 Viv-(1=Ds)-Ds
2-P (1-2Dg)
From the last equation, the minimum inductance value
can be estimated to maintain high switching frequency
ripples in the inductor current, which is the condition for the
BCM operation and depends on the input parameters, i.e.
input voltage and power.

(10)
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Fig. 4. The characteristics of ZSI: dc-link voltage (a), inductance (b) and capacitances (c) versus input voltage dependences.

The voltage ripple AV, across the capacitors can be
analyzed similarly. The capacitor voltage ripple can be
expressed as:

TsDs

IiCI(t)dt __r
0

1
AVey = — —.TyDs.(11)
¢ Viv -Ci
Taking into account that the average capacitor voltage
must be constant, the equation for the voltage ripple factor

K¢ can be derived as:

_AVe  P-Tg-Dg-(1-2Dg )

Ko = (12)
©Va  KeV’we(1-Ds)
As a result, the capacitor values can be calculated as:
P-Tg-Dg-(1-2D

Ke V2w (1-Dg)
where Kei=Kc:=Ke.

The above representation of the passive elements
calculation is not well informative. In particular, the
equations contain the ST duty cycle that depends on the input
voltage. In this case, it is more convenient to express the
passive components taking into account Eq. (3). Finally, it
can be represented as a function of the input voltage Viy:

Vin(Ve, =Vin )
Ver (2-Vp, =Viy )
Ver (VoL =Vin )
2V (2-Vp, =Viy)
In these equations, the L and C are relative units of

inductance and capacitance respectively. These parameters
are introduced for simplicity for further analysis:

Ly=L,>2-L-
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Fig. 4 shows several curves that represent the performed
analysis for the passive components and dc-link voltage
estimation in relative units as a function of the input voltage
where one unit of the voltage corresponds to the Vp;.

It should be noted that the buck mode converter works
like a traditional VSI and the IS network is not involved in its
normal operation. In conclusion, only the boost mode is
considered in Fig. 4.

It is evident that the maximum dc-link voltage
corresponds to the minimum input voltage. The inductance
has a more interesting dependence. The required capacitance
value rises rapidly with the input voltage decreasing. It
should be noted that all the dependences are derived for

constant input power condition. Also, the unity power factor
with a symmetrical load is assumed. Losses are not taken
into account. It is also clear that the point with zero input
voltage is a theoretical assumption. In a real system, passive
elements will be selected according to the voltage and power
profile of the input source.

The next section presents a comprehensive overview of
the existing IS inverters based on the component design
guidelines described above! The final equations that define
the passive element values and the voltage stress on the
semiconductors are summarized in Tables II and III.

III. OVERVIEW OF THE BASIC IS NETWORKS

Further modifications of different IS networks are shown
in Fig. 5. All IS networks are subdivided into the following
groups: separated inductive components (Fig. 5a, b),
magnetically coupled inductive components (Fig. 5¢-e h-k),
and those transformer-based (Fig. 5, 2). The
implementation of magnetically coupled inductors or
transformers in the IS networks can result in a higher
voltage boost factor due to the turns ratio. The IS networks
can roughly be divided (Table I) as follows: those with
Continuous Input Current (CIC) highlighted in Fig. 5 and
other ones with Discontinuous Input Current (DIC).

TABLE I
CLASSIFICATION OF IS NETWORKS
'Separate Coupled inductors Transformers
inductors
Z-source , T(trans)-Z-
source,
DIC Z-source T(trans)- quasi-source LCCT-Z-source
Y-source,
T-Z-source, I'-Z-source
Quasi-Z- Quasi-Z-source, LCCT-Z-source
CIC source T(trans)- quasi-source with CIC
’ with CIC, LCCT quasi-
EZ-source
Z-source

Z-source and qZS networks [11], [12] belong to the
topologies that can comprise single magnetic components as
well as coupled magnetic components; the result is reduced
core losses, core size and winding losses. Fig. Sa presents
the qZS topology. A ZSI has DIC, a qZSI has CIC. It is well
known that the boost factor B of both circuits is defined as:

_ Ve _ ; (18)
Viv 1-2-Dg
Fig. 5b presents the EZ-source or Embedded Z-source
network shown in [14], [31], which has CIC. This topology
contains multiple independent voltage sources, which is an
advantage (PV panels, fuel cells). At the same time, the EZ-
source network is its drawback.
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Additionally, a disadvantage of the network is
asymmetrical working at the asymmetrical input voltage.
An EZ-source network can be used in a system with an
energy storage. The boost factor of the circuit is
expressed as given by Eq. (18).

The T (trans)-Z-source (Fig. 5¢) [39], T(trans)-quasi-Z-
source network (Fig. 5d) [35], and T(trans)-quasi-Z-
source network with CIC (Fig. 5¢) [40] have magnetically
coupled components. These circuits have a higher boost
factor than the previous circuits and can be defined as:

- (19)
1-(n+1)- Dy
where 7 is the turns ratio of the coupled inductors. The
main drawback of these circuits is the leakage inductance.
The LCCT Z-source circuit is an inductor-capacitor-
capacitor-transformer Z-source circuit. LCCT Z-source
and quasi-Z-source [90], [36], [37] circuits are shown in
Figs. 5/, 5g and 5h, respectively. LCCT Z-source and
LCCT Z-source with CIC topologies include a high
frequency ideal transformer. The capacitors of the LCCT
circuit help to prevent the transformer core from
saturation [90]. Only one inductive element is used to
store the energy during the boost operation. The Quasi-Z-
source circuit has CIC. The boost factor of the circuit is
expressed by Eq. (19).
I'-Z-source network [44] contains a coupled inductor as
well. The circuit is shown in Fig. 5i. I'-Z-source circuit
has DIC and a high boost factor B:

(20)

T-Z-source network (Fig. 5k) [39] contains a two-
winding dual inductor. T-Z-source network has DIC. This
circuit has a higher boost factor than the previous circuits
because of the turns ratio of the coupled inductor. The
boost factor of the circuit is defined as:

B 1
1-(2+n+m)-Dg

Due to the resonant effects, the transient currents can
be significant. Additionally, element count in this circuit
is higher than in the topologies, but the input current is
discontinuous.

Y-source network [42] belongs to the IS networks with
magnetically coupled components. It is a three-winding
inductor. The circuit is shown in Fig. 5j. Y-source
network has DIC. The boost factor of the circuit is
defined as:

e2))

B= 1 . (22)

1_(N3 +N, J'Ds
N3 =N,

A wide class of the converters based on this network is
presented in [42]. However, the buck mode is not
experimentally verified. The disadvantage of this
topology is the presence of the leakage inductance. It also

applies to any other IS topology where the dc-link is
connected to a coupled inductor only.

IV. OVERVIEW OF THE IS-DERIVED BUCK-BOOST MLIS

The combination of any IS networks with multilevel or
cascaded inverters gives a single-stage energy conversion
with buck-boost capabilities and reduces voltage stress on
the semiconductors. At the same time, most of the



modifications discussed have a larger number of passive
components. The following section presents a
comprehensive overview along with the comparison of
the components.

A. Z-source-derived buck-boost MLIs

Fig. 6 shows Three-Level (3L) Neutral-Point-Clamped
(NPC) topologies based on the IS network with DIC. The
single-stage buck-boost MLI was proposed in [88] as the
logical extension of the Two-Level (2L) inverter and ZSI.

As compared to the traditional NPC inverter, the
inverter uses two additional Z-source networks for
boosting its input voltage to a higher dc-link voltage.

Although it is theoretically feasible, in terms of
economy, it is not the best solution since it uses two
isolated input voltage sources and a number of passive
elements, which may increase the cost, size and weight of
the inverter. To decrease passive component count, the Z-
source NPC inverter with a single impedance network has
been proposed in [88]. However, this topology (Fig. 6b)
must also be fed from two input voltage sources. Another
option is to use front-end decoupled capacitors.

In the case of separated input voltage source and two
ZS networks (Fig. 6a), passive element count is larger, but
their values per element are smaller. It means that the Z-
source network is distributed.
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In the topologies with the high-frequency transformers
and with two additional capacitors introduced, the Z-
source NPC inverter with a single IS network could be
supplied from a single input voltage source [89]-[92]
(Fig. 6¢). Fig. 6d illustrates a similar solution with a
double transformer and a separated input voltage dc
source. The main difference lies in the boost characteristic
that is equal to Eq. (19).

By using a transformer with a turns ratio different
from 1:1, an input voltage gain higher than that with the
traditional Z-source network can be achieved. The dc-link
utilization is improved as well.

It should be noticed that the instantaneous magnetic
flux in the transformer is equal to zero and it can be
assumed to be ideal. Fig. 7 illustrates the dependences of
passive elements and dc-link voltage versus the input
voltage with a different turns ratio n. It can be seen that in
this solution with n=2, the dc-link is utilized better and
passive elements are smaller.

At the same time, in [89] these solutions are not
verified experimentally. The balancing issue of the
transformer may require additional investigations.

The final equations that define the passive element
values and the voltage stress on the semiconductors are
summarized in Tables II and III.
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Fig. 6. 3L NPC topologies based on IS network with discontinuous input current: the inverter with two Z-source networks and separated input voltage sources
(a); the Z-source NPC inverter with a single impedance network and separated input voltage sources (b); the transformer Z-source NPC inverter with a single
input voltage source (c); the transformer Z-source NPC inverter with a separated input voltage source (d).
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Fig. 8 shows a four-level (4L) inverter. In this case, all
input power is distributed between several input Z-source
networks. The idea presented in [89], [91] is quite simple.
It is a generalized example of any Z-source network to
MLIs realized on the basis of the “Diode Clamped”
topology.

Because of the possibility to regulate the output
voltages separately in each Z-source, such MLIs are
suitable to be applied in the supply systems with locally
dispersed energy sources. At the same time, it should be
noted that this topology has not been verified
experimentally and requires further investigation.
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Fig. 9 illustrates a further extension of the idea of the
multiple dc-link source of the multilevel diode clamped
topology [93] that has only two impedance Z-source
networks. This paper describes also the non-optimized
five-level Z-source diode-clamped inverter with four Z-
source networks. It is derived similar to the inverter in
Fig. 8 by means of adding a voltage source with the Z-
source network.

Reference [93] has also revealed newly identified
partial ST states, which are discussed in detail in the next
section. As a result, the proposed inverter can boost its
output voltage, while the switch with more distinct voltage
levels is used to improve output waveform quality.

Fig. 10 shows further modifications of the 3L ZSIs.
Fig. 10a shows the 3L Z-source DC-Link Cascaded
(DCLC) inverter [94], [95]. The passive elements are the
same as in the NPC. The only difference between the 3L
NPC inverter and the DCLC inverter lies in the
asymmetrical blocking voltage on the transistors and
absence of the clamping diodes. The DCLC inverter can
only be modulated using the modified Phase Disposition
(PD) pulse-width modulation (PWM) scheme because it
lacks redundant switching states.
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Fig. 9. Five-level diode clamped Z-source inverter.

In the case of the dual configuration (Fig. 105) [94],
[95], the phase output voltage of the transformer
corresponds to the line input voltage. The dc-link voltage
can be twice smaller at the turns ratio equal to 1. The input
voltage equal to 0.5 p.u. corresponds to the margin
between the buck and the boost modes. The main
difference between the dual solution with separated and
single Z-source network (Fig. 10¢) lies in the power flow.
In the second case, the amount of passive components is
reduced by half, but their sizes are larger.

Cascaded solutions based on the Z-source networks
have been reported in several papers [96], [97]. Simple
cascading is described in [97]. Two Z-source networks,
two isolated input voltage sources and two 2L Full Bridge
(FB) inverters provide five-level output voltage per single
phase.
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Fig. 11 shows the general principle of more complex
cascading of the hybrid-sourced network in the 3L NPC
[96]. This method requires three isolated input voltage
sources and N networks. The total boost voltage of these
converters is

1-D
Vpp = —5
1—-(1+N)Dy
where Vin=Vini+Vina+Vins.
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Fig. 11. N-level Z-source-based inverter.

VINI

In this method, the number of networks N cascaded
together must always be odd with the middle network
assumed as

K= N+l . 24)
2

Note that in order to split the input voltage sources and
realize this structure, in addition to impedance network
components, decoupled capacitors are required.

Paper [96] describes another cascading method where
N-1 additional capacitors and 2(N-1) additional diodes are
used for connecting N IS networks together at their
respective dc-links. Called a dc-link cascaded solution, it
ensures very high boost performance:

1-Dyg

N+l
(I-2-Dg) ?

Ve = Vin - (25)

References [98] and [99] provide a further
comprehensive study of the Z-source-based MLIs, in
particular in ac-ac applications.

Fig. 12 shows the multilevel Z-source-based inverter
with a reduced number of switches. Paper [100] describes
a new inverter topology based on a mixture of cascaded
basic units and one FB unit. The basic unit includes one Z-
source network, one input dc voltage source and two
switches generating two voltage levels. The cascaded
basic units produce positive and zero-voltage levels. At
the same time, the inverter proposed obtains positive,
zero- and negative voltage levels. Only a single-phase
solution has been studied in detail, but a three-phase
design is also possible.

The basic unit can operate in three different modes:
zero, active and ST states. In the ST state, both switches S;
and S, are conducting and the output voltage is zero. The
active state is generating when only S is conducting. Zero
state corresponds to the S» conduction.
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Fig. 12. Z-source-based MLI with a reduced number of switches.

The overall number of power semiconductor switches
is reduced with respect to the traditional MLIs. In this
topology, the peak output voltage is not limited to the dc
sources voltage summation similar to the traditional
cascaded MLIs; it can be boosted with Z-source network
due to the ST state generation. As compared to the



traditional Z-source inverter, the total harmonic distortion
of the injected voltage is decreased.

Fig. 12 demonstrates that any N-level topology is
achievable under the principle described above. It is
obvious that the proposed solution can be expanded to a
three-phase system.

Passive elements along with semiconductors of a Z-
source network are estimated similar to any of the above
presented topologies, as summarized in Tables II and III.

B.  Quasi and Trans-quasi-Z-source-derived buck-boost
MLIs

Further development of the IS based buck-boost MLIs
is connected with trans-Z-source and trans-quasi-Z-
SOURCE inverters. In particular, Fig. 13 shows 3L NPC
solutions [101], [102].

Resulting from the extended theory of the Z-source
inverter, the transformer based Z-source and the quasi-Z-
source (trans-Z-source and trans-Quasi-Z-source) inverters
are proposed in [35].
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Fig. 13. 3L NPC trans-Z-source inverter (a) and trans-quasi-Z-source
inverter (b).

Both of the inverters consist of a transformer to
replace the two inductors in the original Z-source
impedance network, removing one capacitor from it. This
can enhance the boosting capability of the Z-source
network and reduce one passive component, thus lowering
the size and the cost of the system.

The circuit configuration of the trans-Z-source NPC
inverter is shown in Fig. 13a. Fig. 13b shows the circuit
configuration with the trans-quasi-Z-source NPC inverter,

where the only difference is the location of the input
voltage source. Each of them has two cascaded
transformer based IS networks, namely the upper side
network and the lower side network. The inductors Z; and
L, are the primary and the secondary winding of the
transformer located at the upper side network, while L3
and L4 are the primary and the secondary winding of the
transformer located at the lower side network.

The main difference in the first and the second
approach lies in the current shape of the input voltage
source, which can have Continuous Conduction Mode
(CCM) in the second case unless no null state is used.

At the same time, it should be noticed that these
magnetic elements have no instantaneous magnetic flux
equal to zero and must be designed as coupled inductors.
This solution with n=2 has a better characteristic for dc-
link use similar to the transformer based solutions in
Figs. 6¢ and 6d.

Based on the average flux in the coupled inductors and
the values of the passive elements in order to provide
CCM and the same voltage ripple across the capacitors,
the overall size of the passive elements will be the same as
in the transformer Z-source-based solution.

Another solution with CIC is described in [103]-[106].
It is based on the double Quasi-Z-source (qZS) network
and single input voltage source (Fig. 14). Resulting from a
steady state analysis of the three-phase solution, it can be
concluded that the overall size of the magnetics and
capacitors is the same as in the 3L NPC solution with two
Z-source networks (Fig. 6a). The voltage on the capacitors
is unequally distributed. Internal capacitors C, and C;
have constant voltage at the constant boost control. The
voltages on the capacitors C; and Cy are proportional to
the ST duty cycle.

C
b—ﬂ%\—@—fé{'\—I Di\lTI Ty, T

L
=]
_ B
=G T TAT; g
Vi 0 o
— &
1 Cs mT Eek T S
§ Voutan,.e
L; Dp, Ly D:s\'
T
T ATy 12
|C4_y -

Fig. 14. 3L NPC qZS inverter with continuous input current.

Recently, another trans-Z-source NPC inverter
presented in [109], [109] and shown in Fig. 15 was
patented [107], [108]. The same topology, called the trans-
Z-source NPC inverter, was described in [35]. Also, this
topology has the same name and similar configuration as
the topology presented in Fig. 13a.

To distinguish that topology from the previous one, it
will be called a T-source NPC inverter since it is based on
the T-source network presented in [33] and patented
before in [107].
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Fig. 15. 3L NPC T-source inverter.

Due to the turns ratio between the coupled inductors,
the boost factor is equal to (19). An important issue is that
the total instantaneous magnetic flux is not equal to zero.
As a result, the magnetic elements must be designed as
coupled inductors. The size of the coupled inductor is
defined by the magnetizing inductance L), and the current
of the magnetizing inductance /js. The topology presented
has two coupled inductors, the values of which as a
function of the input voltage in the BCM are shown in
Table IIL.

By a coupling with the turns ratio different from 1:1,
an input voltage gain is similar to the transformer Z-source
based inverter. Dc-link utilization illustrated in Table I is
improved as well.

In the following papers [110], [111], focus was on the
3L NPC T-source inverter with CIC based on IS networks
presented in [40]. It was shown that the CIC T-source
inverter has better performance due to the continuous
input current. At the same time, the overall size of the
passive elements remains the same.

Finally, Fig. 16 reveals the I'-source inverter proposed
in [109].
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Fig. 16. 3L NPC I'-source inverter.

It is based on the idea similar to that with the coupled
inductors. But in such configurations, the input voltage
gain has opposite dependences, where the turns ratio 1:1
corresponds to the maximum boost (20).

Similar to the T-source inverter, dc-link utilization
may be improved considerably by proper selection of the
turns ratio.

V. COMPARATIVE ANALYSIS OF THE IS-DERIVED BUCK-
BOOST INVERTERS

To summarize the results of our comparative analysis
of the buck-boost inverters based on IS networks, the
relative size of the passive components along with the
voltage stress on the semiconductors were estimated.

Our assumption here is that the volume of the
magnetics Vol is proportional to the stored energy:

LI
Vol, =, =—A~

, (26)

which is estimated by means of the inductance L and the
average inductor current Iy. For convenience and
generalization of the analysis, the summarized magnetics
energy in relative units was introduced as:

N 2
LTy
By =) A 27)
i=1

where N is the number of inductances. Such parameters
allow estimating and comparing the required amount of
magnetic elements, their sizes and cost for a certain
topology.

Similar parameters can be introduced for the
capacitors:

N 2
C. V2, ..
E :§ i "V MAXi 8
Ccw oy 2 > ( )
where Ecy is the summarized energy stored in the

capacitors.

It is well known that size, volume and cost of the
capacitors strictly depend on the maximum voltage and
capacitance. The size of the passive elements depends
strongly on the material and switching frequency as well,
but these parameters were assumed to be the same for all
topologies.

In order to estimate the contribution of semiconductors
to the topologies above, their amount and blocking voltage
was also taken into account. The currents were neglected
because of their dependence on the modulation
techniques.

N
Dy = ZVBDi , (29)
i=1
N
Ty = ZVBTi (30)
i=1

The power density and the specific weight depend on
the introduced parameters.

Fig. 17 shows diagrams that illustrate comparative
analysis in terms of the summarized parameters. First of
all, it is concluded that high boost performance requires
more stored energy in the passive elements. Fig. 17a
shows that qZSI with a higher boost level must have larger
passive elements to provide the same ripple of the current
and voltage. In addition, the voltage stress across
semiconductors is increasing.

Specifically, Fig. 17b shows the comparison between
the Z-source NPC inverter and the transformer Z-source
NPC inverter in the boost mode with the turns ratio n=2.
Viv was equal to 0.5 p.u., which corresponds to half the
Vpr voltage. It can be seen that due to the transformer and
reduced ST duty cycle, the blocking voltage of the



semiconductors is lower, the passive elements are slightly
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Dy - summarized diodes voltage stress

Tw - summarized transistors voltage stress

TABLE Il. VOLTAGE STRESS ON THE SEMICONDUCTORS OF THE BUCK-BOOST INVERTERS WITH IS NETWORKS

_ Inverter
Topology Ne Diodes Ne Transistors Ne Diodes
3L NPC with single/two Z-source | D, v % D~ v
networks, 3L NPC ¢ZS inverter | D, Vpp ——2L Ti-Ti2 Vp, - Dl’ Vi, -2
(Fig. 6b/Fig. 6a, Fig. 14) 2 2 o 2
3L NPC with single transformer Z-
source network Do Vor Ve Vv Ti-Ti» Veo  Ver Viv %’_ Ve + Ve _ VI_N
(Fig. 6¢) n n 2 2n 2n © 2 2n 2m
3L NPC with two transformers Z-
source network/3L NPC T-source | p,,,
inverter/3L NPC trans-Z/qZS | ppy | VEL 4 VEL Vv T,-Tpy Ver Voo Vv Dosl Voo Ve Vv
inverter 2 2n 2n 2 2n 2n ° 2 2on 2n
(Fig. 6d/ Fig. 15/ Fig. 13a/Fig. 13b)
3L DCLC with two Z-source Ti-Ts 1% _VI_N
Do, Vi PL
networks Vi ——N 2
. Doz PL
(Fig. 10a) 2
T7-Ti, 2-Vp —Viy
3L dual inverter with single Z-
source network Do Ve =V Ti-Th, Ve =Vin
(Fig. 10b)
3L dual inverter with two Z-source D
networks Dm, Vor =Viy Ty-Ti Ve =V
(Fig. 10¢) 0
Z-source-based MLI with reduction Ti-Ts 2 Ve —Viy
£ swi Dor- 2V —Viy
of switches D 2V —V
(Flg 12) ON N S]-SZN M
N
3LNPC FF',S"“lrge inverter '[3)01’ Jen Vv Vv T, Jree Vv Vi % ~ Ve Vv Vi
(Fig. 16) e | T 22 " s 22 "
TABLE III. COMPARISON OF PASSIVE ELEMENTS OF THE BUCK-BOOST INVERTERS WITH IS NETWORKS
Topology — Inductors Capacitors
Ne verage Value Ne Average voltage Value
current
2L/3L NPC with
single Z-source L, P 5L Vin (Ve =Viy ) Cy v c. Ve (VoL =Vin)
network L Vin Vor (2-Voy — C; PL 2V, (2 Vo —
(Fig, 6b /) pL(2Vpr =Viy) (2 Ve, =Viy)
3L NPC/DCLC with
- P Vin (VL = - Ve (Ve =V,
two Z-source networks | £/ — Ve Vi) ¢ Ve . VeV =Vin)
(Fig. 6a /Fig. 10a) 4 IN VoL (2-Vp, =Viy ) ! 2 Vin (2:Vpp =Viy)




) Ve «
C @(Hn),ﬂ Viy ((n+1)-Vp, =n-Viy )
3L NPC with C; 2 2
transformer Z-source | Lj, P I Viy «(n+1)-(Vp, =Viy ) X(VPL—W
network L, Vin Vor -((n+1) Vo —V ((n+1)-Vp, =Viy)
(Fig. 6c, Fig. 6d) pr((n+1)-Vpp =Viy) : !
G, Vv Ve (Ve —Viy)
G 2 Viv -((n+1)-Vp =V )
3L dual inverter with
single Z-source Ly, P 5. Ve =Vin) Ch VpL c. Ve Ve =Viy)
network L Viv Vep -(2-Vp, =Viy) = 2 Vin (2:VpL =Viy)
(Fig. 10¢)
3L dual inverter with L P Vin (Vor =V ) C- Vi, Voo (Vo =V )
two Z-source networks | ING 4L —— c C——
(Fig. 10b) ! N Ve -(2-Vp, =Viy ) ! 2 2V (2 Ve =Viy)
Z-source-based MLI
with reduction of L- P 2L Viy(Vp =Viy) C- Ver c. N-Vpp (Ve =Viy)
switches Lav Viv N Ve (2Vp, ~Viy) Cov N 2V 2V =Viy)
(Fig. 12)
3L NPgl\t;e::r—Z/qZS L P . Vi (n+1)-(Vp, =V ) C- Vi _Vm Ve, =Vin)
(Fig. 13a/Fig. 13b) Ly Viv 2Vpy ((n+1)-Vp, =Vyy) G 2 Vin ((n+1)-Vp, =V )
2
Ci, VoL =Viv co_¥Vm
C. (2. _
3L NPC qZS inverter | L;- P L. Vin(VeL —Vin) ’ 2 Viv (2 VoL Vi)
Fig. 14 L
(Fig. 14) 4 Viv VpL-(2-VpL =V ) C,, Vpr c. Ve Ve =Viy)
Cs 2 Vin -(2Ve, Vi)
- P-(n+1
3L NPC T-source L, (n+1) Viv n? (VoL =V iy ) c. Vo Ver-(Vpr, =Viy)-(n+1)
inverter I Viv-n | L C C-
(Fig. 15) v (n+1)-Vpy ((n+1)-Vp, =V, ’ 2 Vv ((n+1)VpL =Vpy)
3LNPC I'source | , P ,n Vin - (Ver =Viy) c v n Vpr-(VeL =Viy)
inverter LM/, V_ ‘_n—] ’ Ch ZPL '_n—l. -
(Fig. 16) i IN Ve (o= Ve =Viy) 2 2 Viv (- VrL=Viy)

As can be seen from the comparison of the ZST and the
qZSI, no differences in terms of overall size of the passive
elements and semiconductors were found. Taking into
account that the qZSI solution has the CIC, the Z-source
network is not superior over the qZS network.

Under Z-source derived topologies with different
passive element count, no differences were found in terms
of summarized storage energy in capacitance and
inductance. The overall size of the passive components is
almost the same. Regarding the reliability issues, it is
preferable to have fewer components.

Our further comparison focuses on the solution based
on the coupled inductors with different turns ratios (T-
source and I'-source networks). In this model, the coupled
inductor is represented by means of the magnetizing
inductance and an ideal transformer with the turns ratio #.

Fig. 17¢ shows figures that correspond to different
turns ratios of the coupled inductors of the T-source
networks. It can be seen that a higher value (n=4) of the
turns ratio leads to a reduced ST duty cycle, the blocking
voltage of the semiconductors is lower (about 10 %), the
passive elements are decreasing as well (about 10 %). At
the same time, higher turns ratio of the inductors leads to a
more complex design.

It can be concluded that despite the different
configurations of the IS networks, the overall size of the
magnetics remains the same. Definitely, from a
manufacturing point of view, the overall size of the large
single inductor can be smaller than the overall size of
several separated inductors with the same stored energy.

VI. CONCLUSIONS

IS networks are becoming increasingly popular in the
research area, in particular in single-stage buck-boost
inverter applications. This paper has presented a
comprehensive analytical comparison of the IS based
buck-boost inverters in terms of passive components and
semiconductors. All of them can be classified according
to the CIC or DIC, with or without a transformer, with or
without inductor coupling.

It should be mentioned that this study focused only on
lossless systems. However, resonance phenomena that
may occur in any IS networks should be taken into
account along with switching frequency selection and
closed loop system design.

The main criterion for our comparison was stored
energy in the passive elements, which was considered
under constant and predefined high frequency current
ripple in the inductors and the voltage ripple across the
capacitors.

Many solutions based on Z-source and qZS networks
exist and are being discussed. We demonstrated clearly
that the difference lies in the input current waveform and
voltage distribution across the capacitors, but the overall
size of the converters designed for identical operating
conditions is the same. In addition, there is no difference
in terms of voltage stress on the semiconductors. qZSI is
a more preferable solution due to CIC. The conclusion
may be extended to all IS networks. Solutions with DIC



have no advantages over their modifications with CIC.

A wide input voltage regulation requires larger passive
elements. Also, the voltage stress across semiconductors
is increasing. The modulation techniques with unequally
distributed ST states decrease the voltage stress across
semiconductors. In order to mitigate such oscillations,
passive element size should be increased as well.

MLIs are now an interesting solution even in low
voltage low power applications mostly due to their higher
switching frequency and the reduced output filter size. At
the same time, novel IS networks extend the input voltage
range regulation without increasing the number of energy
conversion stages.

Separation of the input voltage source leads to an
increased passive element count and probably to
deteriorated reliability but the overall size of the
converter may be approximately the same.

Several papers have presented inverters based on T-
source and I'-source networks that have coupled inductors
and a capability of better dc-link utilization. Better dc-
link use is achieved by means of the turns ratio of the
coupled inductors different from 1. Along with the
reduced capacitor size achieved by the better dc-link use,
it leads to a more complex design of the coupled
inductors. It is similar to the Z-source transformer based
MLIs. In that case, the transformer is separated from the
inductors and can be considered as ideal.

In addition, it should be noticed that solutions with
improved dc-link utilization (T-source, Y-source, I-
source) may have a problem in practical applications
because of the leakage inductances in the coupled
inductors. Very high number of turns ratio of coupled
inductors is not recommended for practical
implementation.

Inverter stages may differ. Converter types line NPC,
DCLC and dual topologies have been discussed in the
literature. DCLC topology requires no clamping diodes
but half of the transistors have doubled voltage stress.
The dual topology semiconductors have twice lower
voltage stress than the NPC inverter, but an additional
transformer is required.
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