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Abstract

In this paper, a new circuit is proposed for step-up Z-source inverter based on QZSI (quasi-Z-source inverter). The proposed
topology inherits all advantages of the conventional topology. The proposed topology in comparison with conventional
topology reduces the ST (Shoot-through) duty cycle by over 25% at the same voltage boost factor. Theoretical analysis of the
proposed gZSI in the ST and non-ST operating modes is described. Then in order to show the performance of the proposed

ZSl|, the simulation results on PSCAD software are used.
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1. Introduction

The Z-source converter employs a unique
impedance network to couple the converter main
circuit to the power source. The Z-source converter
overcomes the limitations of the conventional
voltage source and current source converters and
provides a new power conversion concept. In [1],
the step-up dc/dc converter family with a cascaded
gZS-network has been presented. Presented circuit
in [1], could be derived by adding of one diode, one
inductor, and two capacitors to the conventional
gZSl and inherits all advantages of the conventional
topology such as boost and buck conversion in a
single stage, continuous input current, and
improved reliability. Moreover, as compared to the
conventional gZSlI, reduces the ST duty cycle by
over 30% at the same voltage boost factor. Due to
the decreased ST duty cycle, the values of inductors
and capacitors of the presented gZSlI in [1] could
also be decreased. On the other hand, for the same
component ratings and voltage and current stresses,
this circuit will ensure a higher voltage boost factor
than with conventional topologies. The presented
gZSl! in [1] can be applied to almost all dc/ac,
ac/dc, ac/ac and dc/dc power conversion schemes.
To further decrease the ST duty cycle at the same

voltage boost factor, the number of stages of the
gZS-network could be increased.

In [2], the main circuit of the Z-source
inverter or three-phase Z-type inverter has been
presented. This inverter has two different operating
modes including ST state and non-ST state. In [2],
the main circuit of the Z-source inverter and the
operation principle have been described in detail.
Simple boost control method is used for controlling
gZsl [3].

To improve the performance of the
conventional ZSls, in [4] several topologies have
been developed. These inverters are similar to the
Z-source inverters presented in previous works, but
have several advantages, including in some
combination, lower component count and
simplified control strategies. The gqZSI topologies,
like the ZSls, are well suited for systems which
require a large range of gain, or a large gain, such
as motor controllers and renewable energy
applications.

1. Proposed topology

In this paper a new topology for step-up Z-
source inverter is proposed based on qgZl. This
cascaded structure inherits all advantages of the
conventional topology. The proposed topology in
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comparison with conventional topology reduces the
ST (Shoot-through) duty cycle by over 25% at the
same voltage boost factor. According to the Fig. 1,
the proposed circuit is derived by the adding of one
diode, one inductor and two capacitors to the
presented gZSI in [1]. The inverter at the output of
ZSI can be single-phase or three-phase. In Fig. 1,
the single-phase inverter is used. The proposed
topology in comparison with the presented circuit
in [1], reduces the ST duty cycle by over 25% at the
same voltage boost factor. Due to the decreased ST
duty cycle, the values of inductors and capacitors of
the proposed topology could also be decreased. On
the other hand, for the same component ratings and
voltage and current stresses, the proposed topology
can generate a higher voltage boost factor than the
conventional topologies.

In order to analyze the proposed structure in
ST and non-ST modes it is supposed that all of the
circuit elements such as diodes, capacitors and
inductors are ideal.

One of the SPWM control methods for Z-
source inverters, is simple boost control method.
Fig. 2 shows the modulation, the driver signals for
the four switches, and the ST signals of simple
boost control method. If we use two right lines V |

and V_ in conventional SPWM control method,
simple boost control method is obtained. In this
method, two straight lines (Vv and V ) are
employed to realize the ST duty ratio ( Dy, ) [3].
The first one (V) is equal to the peak value of the
sinusoidal reference voltages while the other one (
V) is the negative of the first one. Whenever the

triangular carrier signal is higher than the positive
straight line or lower than the negative straight line,
the inverter will operate in ST. Otherwise it works
as a conventional PWM inverter [11].

| Second
I, Stage
Il

Fig. 1. Proposed quasi Z-source inverter figure
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2. Circuit analysis of the proposed qZSlI

The equivalent circuits of proposed topology
during non-ST and ST modes are shown in Fig. 3.
With this explanation that, in non-ST state the
inverter bridge seen by dc side is equal to a current
source and diodes conducts and the voltage V.

increases stepwise from zero to its maximum (
Viema ). BUt in the ST state, the inverter bridge

seen by dc side is equal to short circuit and diodes
do not conduct and the inverter bridge input voltage
(V4. =0) and energy stored in capacitors is
transferred to the inductors.

By applying KVL to circuit for Fig. 3(a) we
have:

Vi, =V, _Vc1 @)
Vi, :Vc1_vcs :Vc4 _ch 2
Vig=Ves Vs Ve Ve, (3)

Vig=Ves Voo ="Veo (4)

By applying KVL to circuit for Fig. 3(b) we
have:

Vi, =V, Ve, (®)
Vi, =V Ve, (6)
Vig=Vez Ve (7

Vi, =Ves (€)
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Fig. 2. Equivalent schemes of the proposed gZSl (a) non-ST
state (b) ST state

In steady state, the average value of voltage
across inductors equal to zero. In other words:
:

s

IVlet =D V; +V¢,) +(1-Dg )V, -V,;)=0 ©)

s

‘[VLZ dt =Dg; V¢, +Ve ) +(1=Dgp )WV —Ve,) =( (10)

0

TS

IVLS dt = DST (VC3+VCG)+(1_DST )(Vce _VCA):( (11)

0

T

jvu dt = D¢ (\/C5)+(1_DST NV¢e)=0

0

(12)

Simplifying (9) and (12) and considering (1)
to (4), we obtain as below:

1-3D
V — STV-
¢t 1-4Dg (13)
3D
V., =——5T \/.
€% 1-4Dg (14
1-2D
=——V, (15)

¢ 1-4Dg,
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2D
V., =—St V.
C4 1_4D5-|— i (16)
1- DST
=Ty, 17
€ 1-4Dg; (17)
D
V.. =——ST v\
¢ 1-4D, (18)

Considering (4), (17) and (18), the maximum
amount of dc-link voltage (v, ..) is obtained as

below:
v 1t V (19)
d c,max 1_4D5-|— i

Voltage across the inductors at ST and non-ST
states can be obtained considering the equations of
voltage across the capacitors. It is approved that
voltage across the inductors at non-ST and ST
states are the same. Thus we have:

Al
Vi =V, =V =V, =V, =L

AT, (20)
Considering (5) to (8), we have:
1-D
L C5 1_4DST i (21)

Supposing current ripple and constituting of
Ai and AT, (ST period) from (22) and (23) in

above equation, the amount of v _ is obtained as

(24).
Al =021, (22)
ATS =Ts DST (23)
0.21
v, =L Loy
L TS DST C5 (24)

Finally constituting of I, from (25) in above,

the amount of inductances of proposed gZSI is
calculated as (26):

I =— (25)

L= DSTVi2 1_DST
0.2Pf, | 1-4D;
P is the rated power and f is the frequency
of gZSlI.

By applying KCL for Fig. 2(a), the following
equation can be obtained:

(26)

g =l +ic, =1, (27)

|L1=i01+i03+ic5+idc (28)

fca =l +ic,— 1, (29)

IL3 =icz"‘ic4+ic5+idc (30)

fes =lis— 1 +ice (31)
By applying KCL for Fig. 2(b), we have:

ic1 =—l,=-1, (32)
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icz ==l (33)
ic3=_||_3 =_ics (34)
i<:4 =l z_ics (35)

In the steady state, the average value of
current through capacitors is zero. Neglecting the
ripple of flowing current in inductor, we have:

Ts

Ii(:ldt:DST (_IL)+(1_DST)(IL_IL+iC2):0 (36)

T

s

IiCZdt:DST(_IL)+(1_DST)(IL_IL+iC1):0 (37)

s

jiCBdt:DST(_IL)+(1_DST)(IL_IL+iC4):0 (38)

s

ic,dt =Dg; (=1 )+(1=Dg )(I 1 +ic3)=0 (39)

© Sy,

T

Iicsdt =D, (I, )+(1-Dg, )1, —1, +ics)=0  (40)
0
TS
J.iCGdt:DST(IL)+(1_DST)(IL_IL+iC5):0 (41)
0
Considering (32)-(41), for ST state the
following equation for capacitors current is
obtained:
i01:ic2:icszic4:i05:icezic (42)
According to (27) to (31), for non-ST state the
following equations are obtained:

i(:1=icz (43)
ica=lc, (44)
icszice (45)

In order to obtain the values of capacitance
Cl, Cz, C3, C“, Cs and Co according to (46)

and substituting AT, from equation (23), we have:

46
o e o
2P _ Vaems (47)

e 0.03v,  T,D
Finally according to (42), for ST state and
substituting v . .. from (19) the following result is
obtained:
2PD, (48)
0.0V e f s

P
0.015,°f

c,=C,=C,=C,=C,=C,=C =

DST (174DST )
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According to (19), the voltage gain is declared
as below:

Bt 1 (49)
V, 1-4D,
Considering the above equation, we can show
the duty cycle of ST state is:
Dsr = % (50)
The duty cycle for presented topology in [1] is
given by:
B-1
3B
For same voltage gain for presented topology in
[1] and proposed topology, we have:
B -1
4B _

B-1

3

Dgr = (51)

(52)

Nlw

Considering the above equation, it is seen that
duty cycle of ST state for proposed gZSI is about
0.25 less than the duty cycle of ST state for
presented gZSlI in [1].

In order to calculate the values of inductors of
proposed structure, note that the values of
inductances in presented qZSl in [1] is obtained as
below:

2
L= DSTVi 1 DST (53)
0.2Pf, (1-3D,,

Considering (26) related to inductors of
proposed structure is divided to (53) related to
inductors of presented gZSI in [1]. Then substitute
of values related to proposed structure duty cycle
and values of duty cycle related to presented qZSl
in [1], we obtain:

DSTVi2 1_DST
0.2Pf, | 1-4Dq;

5 =0.784 (54)
DV, 1-Dy
0.2Pf, {1-3Dq,

Note that in above equation, input voltage,
rated power and operating frequency is considered
the same for each two structures. It is obviously
known that in proposed qZSI the value of inductors
will be 21.6% less than presented qZSI in [1].

In order to calculate the values of capacitors in
proposed structure, note that the values of

capacitances in presented qZSI in [1] is obtained as
below:

P

:WDST (1-3Dg;) (55)

Considering (48) related to capacitors of
proposed structure is divided to (55) related to
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capacitors of presented gZSl in [1]. Then substitute
of values related to proposed structure duty cycle
and values of duty cycle related to presented qZSlI
in [1], we obtain:

P

0.015V,*f, Dsr (L1=4Dsr )

5 =075 (56)

0.015V,*f

Note that in above equation, input voltage,
rated power and operating frequency is considered
the same for each two structures. It is obviously
known that in proposed qZSl the value of
capacitors will be 25% less than presented gZSI in

[1].

DST (1_ 3DST )

The waveforms of voltage and current for
proposed gZSI is shown in Fig. 4 for Dy, =0.125.

It is to be noted that in Fig. 4, A, is the carrier
wave, A, is the reference sinusoidal wave, positive
straight line (V) is equal to maximum of reference

sinusoidal wave and negative straight line (V,) is
equal to minimum of reference sinusoidal wave.
Also T, and T, . are switching period of ST

state and non-ST state at a complete switching
cycle respectively.In Fig. 5, ST state duty cycle is
shown as a function of the voltage boost factor for
presented one stage and two stage gZSI also for
proposed gZSl.

The ST duty cycle of the proposed gZSI and
positive input voltage should never exceed one-
fourth of the switching period, while in the
conventional topologies, it is, in theory, possible to
use the ST duty cycle values up to one-half (for
single-stage) and one-third (for two-stage).
Practically, it is not advisable to operate at high ST
duty cycle values because it will cause high power
losses in the components, which could seriously
reduce the converters efficiency.

Dy, \
0.4 OneS t/a%//i
0.35 | //M/m/ n//
03 Two Stages
0.25 /

/ Third Stages
02 / Pt
015 Iy

0.1 1y

0.05 | / |

Fig. 3. Shoot-through duty cycle as a function of the voltage
boost factor for different types of qZS-networks
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3. Experimental verification

In contrast to the presented solution in [1], the
proposed gZSl, provides a reduction of 25% in the
ST duty cycle at the same input voltage boost
factor. Despite the increase number of passive
components and their summarized values, rated
values of the inductors and capacitors of the
proposed gZSI could also be reduced in comparison
with the presented qZSI in [1]. For example,
despite the 25% capacitance reduction, the
summarized capacitance value (
C,+C,+C,+C,+C,+C;) required for the
proposed gZSl is 12.5% higher than that of the
presented gqZSI in [1]. The summarized value of the
required inductance (L, +L, +L,+L,) will also be

4.53% higher. From here, the feasibility of the
proposed qZSI emerges.

Considering losses in the components of the
gZS-network (voltage drops in diodes, transistors
and inductors), 88V was set as the desired dc-link

voltage, which means that the twofold boost of the
input voltage was required. Moreover, it was stated
during the experiments that the proposed qZSl
ensures continuous input current in the ST
operating mode.

According to equations obtained for voltage
across the inductors and capacitors, theoretical
results are discussed also proposed values for
inductance and capacitance are calculated to
compare with results of simulation. Then in order to
show the performance of proposed qZSl, the results
of simulation are presented by PSCAD software.

Assuming V, =44V and Dy =0.125 in
(13) to (19) we obtain the values of voltage across
the C,, C,, C,, C,, C,, C, and maximum dc-link
voltage (V. ...) @ shown in table 2. Also the
values of voltage across the inductors at non-ST
state are obtained using (1) to (4) via substituting
the calculated values of voltage of capacitors at a
defined V,. Then similarly the value of voltage
across the inductors at ST state are obtained as
shown in table 2 using V, and voltage of capacitors
in (5) to (8). In order to calculate the values of
inductors in proposed structure, according to (54)
and defining 37.5uH for value of inductors in two
stage inverter, we obtain 29.4 uH as the value of
inductors for proposed qZSI. Similarly according to
(56) and defining 240uF for value of capacitors
of presented gqZSI in [1], we obtain 180uF as the
value of capacitors of proposed qZSI. The values of
output load, frequency of reference wave and

frequency of switching used in software are as
shown in table 1.
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4, Conclusion

The proposed configuration inherits all
advantages of the presented gZSI in [1]. Moreover,
the proposed qZSI reduced the ST duty cycle by
over 25% at the same voltage boost factor and
component stresses as the presented qZSI in [1].
Moreover, during the experiments it is known that
the proposed topology, ensures continuous input
current in the ST operating mode, thus featuring the
reduced stress of the input voltage source. Despite
the reduced ST duty cycle, the proposed gZSl,
provides the demanded twofold boost of the input
voltage. The proposed topology provides a
reduction of 25% in the ST duty cycle at the same
input voltage boost factor. It is obviously known
that in proposed gZSI the value of inductors and
capacitors will be 21% and 25% less than
conventional structure respectively. Despite the
increase number of passive components and their
summarized values, rated values of the inductors
and capacitors of the proposed gZSI could also be
reduced in comparison with the presented gZSI in
[1]. For example, despite the 25% capacitance
reduction, the summarized capacitance value
required for the proposed gZSl (

Ci+C,+C5+C, +Cs +Co) js 12.5% higher than that
of the presented qZSI in [1]. The summarized value
of the required inductance (L, +L,+L,+L,) will

also be 4.53% higher.

Table.1.
Usable parameters for proposed qZSI for Dg; =0.125
v, Iy
Dy 0.125

c,=C,=C,=C,=C,=C,| 180uF

L=L,=L,=L, 29.4 uH

Output load values

R, =10Q[ L, =1mH

Frequency reference 50Hz
Frequency switching 10kHz
Table.2.
Results of theoretical and simulation of the proposed qZSI
Computational | Simulation
results results
Veu 55 54.99
Ve, 33 33.16
Ve, 66 65.8
Ve, 22 22.37
Vs 11 11.21
Ve 11 10.79
Vi, =V, =V =V, (non-ST) -11 -11
Vi, =V,,=V,=V,,(ST) 11 16.9
Vg emax 88 88.1
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Fig. 5. Measured waveforms of the proposed qZSI for

Ds; =0.125 (a) input voltage converter (b) voltage across
the capacitor C, (c) voltage across the capacitor C, (d)
voltage across the capacitor C, (e) voltage across the
capacitor C, (f) voltage across the capacitor C, (g)

voltage across the capacitor C; (h) voltage across the
inductors (i) output voltage converter
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