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Analytical Comparison between Capacitor Assisted and
Diode Assisted Cascaded Quasi-Z-Source Inverters

Abstract. The quasi-Z-source inverter is a very attractive topology because of its unique capability of voltage boost and buck functions in a single
stage. But its voltage boost property could be a limiting feature in some applications where very high input voltage gain is required. The input voltage
gain could be extended by the implementation of the cascaded quasi-impedance network. This paper discusses four novel cascaded quasi-Z-source
inverters. Steady state analysis of topologies operating in continuous conduction mode is presented. Performances of topologies were compared
and experimentally validated. Moreover, some problematic issues of proposed topologies were pointed out and discussed.

Streszczenie. Quasi-Z falownik z prostym obwodem impedancyjnym jest bardzo interesujgcym rozwigzaniem topologicznym ze wzgledu na
unikalng mozliwo$¢ jednostopniowego przeksztatcanie DC/AC w potgczeniu z funkcjami obnizania i podwyzszania napiecia. W niektérych
aplikacjach jego wtasciwosci podwyzszajgce sg jednak niewystarczajgce. Wyzsze napigcie wejsciowe mozna uzyska¢ w wyniku zastosowania w
quasi-Z-falownikach kaskadowych obwodéw impedancyjnych. W artykule oméwiono cztery nowe topologie kaskadowych quasi-Z-falownikéw.
Przedstawiono wyniki analizy stanéw statycznych tych ukfadéw przy przewodzeniu ciggtym. Poréwnano wfasciwosci badanych topologii,
zweryfikowane eksperymentalnie. ~ Omoéwiono takze inne problemy zwigzane z proponowanymi ukfadami. (Poréwnanie analityczne ukfadow
kaskadowych quasi-Z-falownikoéw z kondensatorem wspomagajgcym i z dioda wspomagajaca).

Keywords: quasi-Z-source inverter (qZSl), PWM converter, continuous conduction mode (CCM), discontinuous conduction mode (DCM).
Stowa kluczowe: quasi-Z-falownik, przeksztattnik PWM, tryb przewodzenia ciggtego, tryb przewodzenia impulsowego

Introduction gZSlI, Fig. 1a) could be derived by the adding of one diode
Quasi-Z-source inverter (qZSl) is a new promising (D), one inductor (L3) and two capacitors (Cs and Cy) to the

power conversion technology perfectly suitable for traditional gZSI with continuous input current [6-8].

interfacing of renewable (i.e., photovoltaic, wind turbines) [

and alternative (i.e., fuel cells) energy sources [1-3]. The v G

qZSI has the following advantages: D, L D> I

Ly
e boost-buck function by the one-stage conversion; 3 —DH —"—-0 |
e continuous input current (input current never drops i
to zero, thus featuring the reduced stress of the Ui i Cso Une
input voltage source, which is especially topical in Second [
such  demanding applications as  power stage "‘t}

conditioners for fuel cells and solar panels);
e excellent reliability due to the shoot-through
withstanding capability;

e low or no in-rush current during start up; b) o S

e low common-mode noise.

However, the efficiency and voltage gain of the qZSI are
limited and comparable with the conventional system of a Un G5 -
voltage source inverter with the auxiliary step-up DC/DC JK’}
converter in the input stage [4]. The concept of extending ‘

the gZSl gain without increasing the number of active
switches was recently proposed by several authors [5-8]. Fig. 1. Capacitor assisted cascaded qZSI topologies: basic CAC
These new converter topologies are commonly referred to 925! (8) and MCAC qZSl (b).

as the cascaded qZSI or extended boost qZSI and could be G

generally classified as capacitor assisted (CA) and diode i
assisted (DA) topologies [5]. In this paper four different Dy L = - [—c
cascaded qZSls with continuous input current will be

presented, analyzed and compared. Moreover, some
problematic issues of these converters will be pointed out
and discussed.
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Cascaded gZSls — Basic Topologies

It should be noted here that this paper provides a
general coverage of the cascaded voltage-fed qZSIs with
continuous input current. All the topologies to be discussed

a) : A
Uiv
and analyzed have a common property - the input inductor  b) : ~n _@i_
Uiv

L4 that buffers the source current. It means that during the
continuous conduction mode (CCM) the input current of the
converter never drops to zero, thus featuring the reduced
stress of the input voltage source.
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Capacitor Assisted Cascaded qZS| ‘}}
The investigated topologies are presented in Fig. 1. The

basic topology of a capacitor assisted cascaded qZSI (CAC  Fig. 2. Diode assisted cascaded qZSI topologies: basic DAC qZSlI
(a) and MDAC gZSl (b).
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The modified topology of a capacitor assisted cascaded
gZSI| (MCAC qZSl) could be derived from the CAC gZSI
simply by the changing of the connection points of
capacitors C, and Cjs, as shown in Fig. 1b.

Diode Assisted Cascaded qZSI

The investigated topologies are presented in Fig. 2. The
basic topology of a diode assisted cascaded gZSI (DAC
gZSl, Fig. 2a) could be derived by the adding of one
capacitor (C3), one inductor (L3) and two diodes (D, and D3)
to the traditional qZSI with continuous input current. The
modified topology of a diode assisted cascaded qZSI
(MDAC qZSlI) could be derived from the DAC gZSI simply
by the changing of the connection points of the capacitor
Cs, as shown in Fig. 2b.

Steady State Analysis of Cascaded gZSls

Generally, the topologies shown in Figs. 1 and 2 could
be represented by the PWM inverter coupled with the
cascaded qZS-network. In the same manner as the
traditional qZSl, the cascaded qZSl| has two types of
operational states at the dc side: the non-shoot-through
states (i.e., the six active states and two conventional zero
states of the traditional three-phase voltage source inverter)
and the shoot-through state (i.e., both switches in at least
one phase conduct simultaneously) [7]. To simplify the
analysis the inverter bridge was replaced by a switch S
(Fig. 3). When the switch S is closed, the shoot-through
state occurs and the converter performs the voltage boost
action. When the switch S is open, the active (non-shoot-
through) state emerges and previously stored magnetic
energy in turn provides the boost of voltage seen on the
load terminals.

| 0—e—YYY
Cascaded quasi-Z source
Uin network Unc S CoTF Ro
—o

Fig. 3. Simplified power circuit of the cascaded gZSI used in the
analysis.

The operating period of the gZS-converter in the CCM
generally consists of a shoot-through state fs and an active
(non-shoot-through) state ta:

(1) T=t,+t¢,.
Equation (1) could also be represented as

t t
2 “2+35=D,+D,=1,
) TPt
where Da and Ds are the duty cycles of an active and

shoot-through states, correspondingly.

Capacitor Assisted Cascaded qZS|

Fig. 4 shows the equivalent circuits of the CAC qZSI
operating in the CCM for the shoot-through (a) and active
(b) states. At the steady state the average voltage of the
inductors over one operating period is zero:

Based on that fact and defining the shoot-through duty
cycle as Ds and the non-shoot-through duty cycle as (71-Ds),
the inductors’ voltages over one operating period could be

represented as

Uy =i, =Dg(Uyy +Ugy )+ (1=Dg )U )y —Ugy )= 0
UL2 = 17L2 :DS(UC4 +U01)+(1_DS)(UC4 _UCZ): 0
U,=u, :Ds(Uc4 +UC1)+(1_DS)(UC1 _Uc3) 0
Up=u,= Ds(Uca)_ (l _DS)(UC4): 0

(4)

The peak DC-link voltage is

- 1
5 Upe =U,\y ——.
®) DC IN1_3DS

The boost ratio of the input voltage is
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U, 1-3D,
i2 L2 Lo

= cl I

-] + 32
upc=0

ot o]

Cy
-
n Cs
—+ )
i L ,Z’ i i L2 D: iz s L3 Io Lo
mm_._m__o_m
+ = Pt + = + =
i up1=0 upz=0
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Fig. 4. Equivalent circuits of the CAC qZSlI: during the shoot-
through state (a) and during the active state (b).

Fig. 5 shows the equivalent circuits of the MCAC qZSI
operating in the CCM for the shoot-through (a) and active
(b) states.

(b)

[
——

iz L3 Lo

Io Co== Ro []

Fig. 5. Equivalent circuits of the MCAC qZSI: during the shoot-
through state (a) and during the active state (b).

t+T t+T
U, = Iulet =0;, U,= Iu“dt =0, Based on (3) and defining the shoot-through duty cycle
(3) t ¢ as Ds and the non-shoot-through duty cycle as (71-Ds), the
4T inductors’ voltages over one operating period could be
U= Iu“dt =0. represented as
t
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The peak DC-link voltage is and the boost ratio of the
input voltage of the MCAC gZSI is exactly the same as of
the CAC topology (Egs. (5) and (6), correspondingly).

Diode Assisted Cascaded qZS|

Fig. 6 shows the equivalent circuits of the DAC qZSI
operating in the CCM for the shoot-through (a) and active
(b) states.

(b)
Fig. 6. Equivalent circuits of the DAC qZSI: during shoot-through
state (a) and during the active state (b).

Based on (3) and defining the shoot-through duty cycle
as Ds and the non-shoot-through duty cycle as (7-Ds), the
inductors’ voltages over one operating period could be
represented as

Uy, =uy :DS(U[N +Ucz)+(l_Ds)(Unv _Uc1) 0
3

8) (U =up, :DS(UCI)+(1_DS)(UC1 -Uc ):
Uy =y, = DS(UC3)+ (1 _Ds)(ch -Uq - Ucz) =0

The peak DC-link voltage is

1

9 Upe =Up ———.
9) pC IND§—3DS+1

The boost ratio of the input voltage is

(10) B=—C - ! .
Uy D2-3D+1

Fig. 7 shows the equivalent circuits of the MDAC qZSI
operating in the CCM for the shoot-through (a) and active
(b) states. Based on (3) and defining the shoot-through duty
cycle as Ds and the non-shoot-through duty cycle as (7-Ds),
the inductors’ voltages over one operating period could be
represented as

Uy =uy :DS(UIN+Ucz)+(l_DS)(UIN_UCI):O
(1) U =up :DS(UC1)+(1_DS)(_UC3):O
Uy =uy; :Ds(ch +U01)+(1_DS)(UC3 _Uc2):0

The peak DC-link voltage is and the boost ratio of the
input voltage of the MDAC gZSI is exactly the same as of
the DAC topology (Egs. (9) and (10), correspondingly).
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(b)

Fig. 7. Equivalent circuits of the MDAC qZSI: during the shoot-
through state (a) and during the active state (b).

Comparison of Operating Properties of Different
Cascaded gZSI Topologies
Voltage boost properties

Generally, capacitor assisted and diode assisted
cascaded qZSIs have common advantages, such as
continuous input current and increased boost factor of the
input voltage for the same value of the shoot-through duty
cycle as with the traditional gqZSI [1-3]. Moreover, in the
lossless approach the CAC and MCAC gZSls could ensure
up to 1.25 times higher boost than that of DAC and MDAC
topologies (Fig. 8).

4 )

Input voltage boost ratio B

1 | . .
0 0,05 0,1 0,15 0,2 0,25

Shoot-through duty cycle Ds

—o-Traditional qZSlI
—=DAC and MDAC gZSI

-6~-CAC and MCAC qZSI

Fig. 8. Comparison of idealized boost properties of capacitor
assisted and diode assisted cascaded qZSlIs

Operating voltages of capacitors in QZS-networks

The central idea of the modified cascaded gZSls is to
reduce the operating voltages of capacitors in the gqZS-
network. Thus, by changing the interconnection points of
capacitors C, and C3 (as shown in Fig. 1b) the CAC qZSI
could be easily transformed to the MCAC gZSlI, which will
feature significantly reduced voltage of capacitor Cs.
Moreover, the voltages of capacitors C,...Cs will be
equalized. In the similar way, simply by changing the
connection points of the capacitor C; of the DAC qZSI (see
Fig. 2b) its operating voltage could be decreased by more
than six times. The average values of capacitor voltages in
different cascaded qZSIs are compared in Table 1.
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Table 1. Average voltages of capacitors in different cascaded qZSlIs

Average voltage, V
Capacitors
CAC qZsI MCAC qZSI DAC qZSI MDAC qZSI
c 1-2Dy y. 1=2Ds D; —2Dg +1 D -2Dg +1
IN J 2 A1 N R2 A~ 1
! 1-3D; M 1-3D; ' DI -3Dg +1 ™' DI -3Dg +1
D’ 2Dy - D;
e v, —2Ls D5 = D5 Uy 2205
1-3Dq Dy -3Dg +1 D3 -3Dg +1
1-D D 1-D Dy —D;
U N U S U N S N
Cs 123D, 123D, N DI 3D, +1 NI 3D, +1
D
Uy —"—
Ci "1-3Dy
Analysis of Simulation Results 60
To verify theoretical assumptions a number of Uc3 [V]
simulations were performed by the help of PSIM simulation 45
software. The proposed cascaded gZSl topologies were 30 Uct [V] Ue2 V]
evaluated with the switching frequency /=30 kHz and shoot- 15
through duty cycle Ds=0.167. The input voltage was set at Ucd M|
30 V and the load resistor selected was 5 Q. To simplify the 0
analysis losses in the components were neglected. 0.10124 010125 0.10126  0.1012D.10128
Capacitors and inductors selected for the qZS-networks Time (s)
have the following parameters: (a)
Ls...L3=65uH; 50
Cs...C4= 180 UF. 40 el V]
30
Capa{mtor Assisted Cascaded qZSls . 20 Uc2, Uc3, Ucd [V]
Fig. 9 shows the general operating waveforms of the 10
CAC and MCAC qZSIl topologies. As expected, both 0
converters operate normally, producing twofold boost of the 0.10124 0.10125 0.10126  0.1012D.10128
input voltage (Un=30V, Upc=60V, Figs. 9a and 9b). Time (s)

Moreover, both topologies ensure the continuous input
current (Fig. 9a) in the CCM.

40 -

30 Uin [V]

20 lin [A]

—_— T~

10

0

0.10124 0.10125 0.10126 0.1012D.10128
Time (s)
(a)

80

60 Udc [V]

40

20 ldc [A]

0

0.10124 0.10125 0.10126 0.1012D.10128
Time (s)

(b)

Fig. 9. Simulated waveforms of the CAC and MCAC gZSls: input
voltage and current (a) and DC-link voltage and current (b).

Fig. 10 shows the operating voltage profiles of

(b)
Fig. 10. Capacitor voltages: CAC gZSI (a) and MCAC gZSI (b).

Table 2. Comparison of average voltages of capacitors in CAC and
MCAC qZSls

. Average operating voltages
Capacitors CAC qZS| MCAC qZSI
C, 399V 404V
C, 19.8V 9.8V
Cs 49.6 V 9.8V
Cq 10.1V 10.3V

Diode Assisted Cascaded qZSls

Fig. 11 shows the general operating waveforms of the
DAC and MDAC qZSls. Both converters operate normally,
producing the demanded boost of the input voltage
(Un=30V; Upc=57V, Figs. 11a and 11b). As expected,
both topologies ensure the continuous input current
(Fig. 11a) in the CCM.

Fig. 12 shows the operating voltage profiles of
capacitors in DAC and MDAC gZSI topologies. The average
values of capacitor voltages are compared in Table 3. It
shows that by changing the interconnection points of the
capacitor Cs; (Fig. 2b), its operating voltage could be
decreased by more than six times.

Table 3. Comparison of average voltages of capacitors in DAC and
MDAC qZSls

capacitors in CAC and MCAC qZSls. The average values of ] Average operating voltages
capacitor voltages are compared in Table 2. It shows that Capacitors DAEB qZSI MDAEB qZSI

by changing the interconnection points of capacitors C, and C, 395V 395V

Cs, as in Fig. 1b, the operating voltage of the capacitor Cs C, 17.2V 174V

was reduced by five times. Moreover, the voltages of Cs 474V 7.7V
capacitors C,...C4 are equalized now.
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40 -

30 Uin [V]

20 lin [A]

0

0.10124 0.10125 0.10126 0.1012D.10128
Time (s)
(@)

80

60 | dc[V]

40

20 dc [A]

0

0.10124 0.10125 0.10126 0.1012D.10128
Time (s)

(b)

Fig. 11. Simulated waveforms of the DAC and MDAC qZSils: input
voltage and current (a) and DC-link voltage and current (b)

60
Uc3 [V]
40
Uc1[V]
20
Uc2 V]
0
0.10124 0.10125 0.10126 0.1012D.10128
Time (s)
(@)
60
40 1V
20 UC2[V]
0 T3 [V]
0.10124 0.10125 0.10126 0.1012D.10128
Time (s)

(b)
Fig. 12. Capacitor voltages: DAC qZSI (a) and MDAC gZSI (b).

In Fig. 13 the operating waveforms of the diode D3
(see Fig. 2 for details) are presented. It is shown that for the
discussed application the low-voltage low-power fast
recovery or the Schottky diode could be used.

20 143 [A]
15 -
10
5
0

-5
0.10124

v [ §

0.10125 0.10126 0.1012D.10128
Time (s)

Fig. 13. Operating voltage and current of diode D;.

Experimental Results

In order to verify theoretical assumptions the laboratory
setups corresponding to the investigated topologies were
assembled. 600 V/200 A IGBT with extra low saturation
voltage was selected for S (Fig. 3). Components used in the
gZS-networks had the following properties:

Ly...L3=50 uH; R.=3 mQ); type: toroidal inductors;
C1...C4 =180 uF; type: polypropylene capacitors;
D4...D3 =100 V/80 A power Schottky diodes.

In the first experiment, main operating waveforms of the
proposed topologies were acquired and compared. The
shoot-through duty cycle was set at 0.167. As seen from
Fig. 14b, due to the losses in the components of the qZS-
network both of the capacitor assisted topologies could
provide only a 90% of a theoretically predicted input voltage
gain (DC-link voltage amplitude 54 V instead of 60V). In the
case of diode assisted topologies (Fig 15b) the practical
voltage gain for the same operating conditions was reduced
by 9% in comparison with the theoretically predicted (DC-
link voltage amplitude 52 V instead of 57 V).

Tek L Trig'd M Pos: -30.00 5 CHE Tek L Trig'd
d

| Coupling Coupling
Uw (10Vydiv) = Upc (25V/div) =
B Limit B Limit
ori] ori]
2001Hz 2001Hz
. o o
o Im (10A/div) . Inc (20A/div)
L T (N 5
Curtent f Voltase
a Invert 3.""1[ nvert
ori) ori)

CH2 10.0v M0 M0
RefC 1.00Y S00ps  RefD 1,00v S00us

4 Pos: =30.00 08 CH2
+

CHA 10,04 RefC 1.00Y S00ps  RefD 1,00v S00us CH3 2004

(a) (b)
Fig. 14. Experimental waveforms of input voltage and current (a)
and DC-link voltage and current (b) of the CAC and MCAC qZSis.
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+
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CH2 10.0v M0 M0
CHA 10,04 RefC 1.00Y S00ps  RefD 1,00v S00us CH3 2004 RefC 1.00Y S00ps  RefD 1,00v S00us

(a) (b)
Fig. 15. Experimental waveforms of input voltage and current (a)
and DC-link voltage and current (b) of the DAC and MDAC qZSls.

During the second experiment the boost properties of
the proposed topologies were experimentally verified and
compared with theoretical results. In the conditions of fixed
input voltage (30 V) and constant load (5 Q), the shoot-
through duty cycle of the converters was increased step by
step from 0 to 0.25.

120

o
o

DC-link voltage Uoc [V]
(<))
5]

30
0 0,05 0,1 0,15 0,2 0,25
Shoot-through duty cycle Ds

-e-CAC and MCAC (experimental)  -#=DAC and MDAC (experimental)

-5-CAC and MCAC (theoretical) =~~DAC and MDAC (theoretical)

Fig. 16. Theoretical and practical boost properties of the proposed
topologies.

Fig. 16 shows that all of the presented topologies suffer
from the boost factor reduction, which is mostly caused by
the losses in the inductors and diodes of the qZS-network
as well as by voltage drops in the interconnection wires. In
order to achieve higher possible voltage gain and efficiency
these problematic issues should be first addressed during
the design routine of cascaded qZSls. Another interesting
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fact is that all four topologies have demonstrated identical
boost properties within the shoot-through duty cycle range
of 0...0.15, which could be considered during proper
topology selection for different applications.

Due to the presence of the input inductor L; all the
proposed topologies feature the continuous input current in
the CCM, as predicted in the analysis. It means that in the
CCM the input current never drops to zero during the shoot-
through states, thus featuring the reduced stress of the
input voltage source, which is especially topical in such
demanding applications as power conditioners for fuel cells
and solar panels. However, in the case of small loads,
relatively low switching frequency and low inductance
values of Ls...L3 the proposed converters could start to
operate in the discontinuous conduction mode (DCM) and
the input current falls to zero during some part of the
switching period. This DCM operating mode causes the
overboost effect of the DC-link voltage, which can lead to
instabilities of the converter and must also be taken into
account during the sizing of converter components.

To demonstrate the overboost effect of the DC-link
voltage the proposed topologies were tested in light load
operating conditions when the DCM occurs. The converter
was loaded by a 33 Q resistor and the shoot-through duty
cycle was increased step by step from 0 to 0.25. The results
of the experiment are presented in Fig. 17. It was stated
that the overboost effect is most pronounced in the DAC
and MDAC gZSls with the shoot-though duty cycle Ds lying
in the range from 0.04 to 0.24 (Fig. 17b). In the case of
CAC and MCAC gZSls the maximal voltage overboost was
11% from that theoretically predicted while in the case of
DAC and MDAC qgZSIs the maximum overboost reached
was 20%. In practice, this undesirable effect can be
compensated with appropriately chosen inductances and
switching frequencies.

110

90

70

50

DC-link voltage Uoc [V]

30

0 0,05 0,1 0,15 0,2 0,25

Shoot-through duty cycle Ds

—o~Experimental -e-Idealized

(a)

[y
[
o

<—— DCM operation —— >

o
o

v
o

:

DC-link voltage Unc [V]
3

o

0,05 0,1 0,15 0,2 0,25
Shoot-through duty cycle Ds

—o~Experimental -e-Idealized

(b)

Fig. 17. Transition from CCM to DCM operation: CAC and MCAC
gZSils (a); DAC and MDAC gZSis (b).

Conclusions

In this paper four cascaded qZS| topologies were
proposed, discussed and compared. These topologies were
classified as capacitor assisted and diode assisted. A
steady state analysis of topologies operating in the
continuous conduction mode was performed. Theoretical
study was validated by the simulations and experiments.
Moreover, some problematic issues of proposed topologies
were pointed out and discussed.

It was experimentally stated that in similar operating
conditions the discussed topologies provide an identical
boost factor of the input voltage within the shoot-through
duty cycle range of 0...0.15. Thanks to the presence of the
input inductor L, all the discussed cascaded gZSls have
continuous input current in the CCM, thus featuring the
reduced stress of the input voltage source.
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