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The conventional quasi-z-source inverter (QZSI) is not capable of
producing DC-side voltage gain without shoot-through operation.
This restricts freedom of control and performance. The decoupled
control between modulation index (MI) and duty ratio for
producing DC-side voltage gain at MI = 1 is not permitted. In this
context, this paper proposes a novel active-switched impedance
network. This is capable of producing DC-side voltage gain either
in shoot-through mode or in the absence of shoot-through state. In
effect, variable DC-side voltage gains are achieved at a fixed value
of M1, even at MI = 1 (without the dead-time requirement of the

Efficiency inverter bridge). For low-gain operations (up to 2.5), the DC-side

DOI: https://doi.org/10.30765/er.2489 voltage gain is achieved by the proposed active-switched QZSI by
restricting the shoot-through duty ratio to a low value (0-0.1). In
high-gain (>2.5) operations, the variable-boosting operations of
the proposed QZSI are achieved without shoot-through operation
(MI = 1) by controlling its active switch. This increases efficiency
by discarding the shoot-through state at high gain. The suggested
closed-loop control logic of the proposed QZSI is also provided to
meet the load voltage. The simulation work is conducted in
versatile operating conditions to highlight its diversified
performances. The experiments also verify its operations under
different conditions.

1 Introduction

There are various types of quasi-z-source inverters (QZSI) [1, 2] that have been proposed by the researchers
for practical usage after the inception of ZSI [3]. The topology is mainly used in converting low DC voltage
directly into AC voltage in the applications of solar power conversion systems and electrical vehicles. This is
a single-stage power inverter with several advantages over a two-stage power conversion that consists of a
cascaded connection of a boost converter and a voltage source inverter. The advantages are cited as both
bucking and boosting of voltage conversion, pulse width modulation (PWM) of the power switch of the
inverter bridge without dead time in the switching signal, reliable operation by sustaining shoot-through
operation of the power switches, and no dead time-prone distortion or electromagnetic interference. The
impedance network of QZSI provides DC-side voltage gain along with the prevention of short-circuit current
at the DC source or DC bus. The non-isolated topologies for the last two decades are developed, namely
extended boost [4], enhanced boost [5], high boost or gain [6, 7], ultra-high gain [8], enhanced ultra-high gain
[9], etc. All works emphasize the improvement of shoot-through-based voltage gain by reducing the range of
the shoot-through duty ratio. This accomplishes the operation of QZSI with a high value of modulation index
(MI). There is a coupling [10] between the relationship between shoot-through duty ratio and MI. The
decoupling between the two control variables is not permissible in the above-mentioned topologies. The shoot-
through state, zero state, and active state of PWM signals [11-13] are required to be chosen such that the
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required DC-side voltage-boosting action and power requirement at the AC-side are simultaneously fulfilled.
The shoot-through state decides the voltage boost, whereas the MI decides the amplitude of the AC voltage.
Here, the restriction of shoot-through span in PWM signals at high MI puts a limit on the voltage boost. Thus,
high gain at a high modulation index cannot be achieved. On the contrary, the Ml is lowered at higher voltage
gain. This increases total harmonic distortion (THD). Thus, the QZSI (Figure 1(a)) lacks control freedom. In
[14-16], different topologies with control freedom are suggested. Here, shoot-through-less variable voltage-
boosting actions are not noticed, thus control flexibility is partially restricted. The comparisons with the
features stated in the state-of-arts are given in Table 1.

Table 1. Comparative features among state-of-arts.

No. of Shoot- Shoot- Variable Dead
Network in Active through - through- Boosting Time
Reference Switch based Gain less Gain at M=1
[5] 1 ! ___ No No No
1-4D, +2D,

[6] 1 _ No No No

1-4D, +2D,~
[7] 1 -2 No No No

1-4D, +2D,"

1

[14] 1 =N No No No
[15] 2 1-ND, No No No

1-(2+N)D,
[16] 2 =5 No No Yes
Proposed 1 — Yes- | Yes No

sh J
Load
V:;’Io
(a) Conventional QZSI
VC3 ll C3
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+ - + -
b ﬂ*%—wl -5,
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(b) Proposed QZS network-based inverter
Figure 1. Conventional and proposed QZSIs.
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In this context, a versatile active-switched QZSI is proposed, which primarily facilitates the flexibility of
controlling DC-side voltage gain irrespective of the value of MI and also enhances shoot-through-based
voltage gain. Here, the separate duty ratio control provides variable shoot-through-less gains to further enhance
control flexibility.
The following distinguishable features of the suggested impedance network are mentioned:
L. The suggested QZSI provides DC-side voltage gain without shoot-through operation. This feature is
not noticed for existing QZSIs in the literatures,
ii.  The duty ratio of the active switch (S7 in Figure 1(b)) is different from the shoot-through duty ratio of
inverter bridge switches, unlike many conventional QZSIs,
iii.  The ON time of the active switch (S7 in Figure 1(b)) of the proposed impedance network is permitted
to extend during the non-shoot-through period for flexibility of control,
iv.  The adjustment of DC-side voltage gain can be decoupled from the adjustment of modulation index
(or shoot-through duty ratio).
v. The shoot-through duty ratio-based DC-side voltage gain is also increased through the proposed active
switched QZSI,
vi. A high boost in voltage is possible with joint controls of the duty ratios during shoot-through and non-
shoot-through operations,
vii.  The low shoot-through or non-shoot-through-based boosting action improves efficiency.

The operation of the suggested inverter along with its modulation method are discussed in section 2.
Different mathematical analyses to characterize the performance of the proposed QZSI are also provided in
section 3. The investigations and results of different studies are described in section 4. Section 5 concludes the
findings.

2 Operation of proposed quasi-Z-source inverter

The conventional and proposed QZSIs are shown in Figure 1. The suggested active switched impedance
network (Figure 1(b)) comprises inductors (Li, L2, Ls), capacitors (Ci, Cs, Cs), diodes (Di, D,, D3), and an
independently controlled switch (S7). Here, different power switches are controlled as follows:

(i) Shoot-through duty ratio adjustments are made through the control of power switches in the inverter
bridge,

(i) The duty ratio of switch ‘S7’ is separately controlled from the inverter bridge switches. Thus, duty
ratio control during the non-shoot-through stage is permitted. In effect, variable DC-side voltage gains are
obtained irrespective of the MI of the inverter bridge.

Sometime, the anti-parallel switch [17] across D, (Fig. 1(a)) or D3 (Figure 1(b)) avoids the irregularities in
DC-bus voltage [18] for the wide power range of operation [19] of the power converters in Fig. 1. This also
helps to improve the voltage gain of proposed QZSI in Figure 1(b).

2.1 Shoot-through (ST) state (0-Ty)

In this state- Si- S7: ON; D» and Ds: OFF; Di: ON; Ly, L, and Ls: Charging; C;: Charging and C», Cs:
Discharging.
2.2 Non-shoot-through (NST) state (Ts, -Ts7 and Ts7 -T,)

In this state- Si- S7: ON; D> and Ds: OFF; Di: ON; Ly, Ly and Ls: Charging; C;: Charging and C», Cs:
Discharging.

The operation in either sub-mode 2a (Figure 2(c)) or sub-mode 2b (Figure 2(d)) occurs on the basis of either
non-conduction (Ds7<0.5) or conduction (Ds7>0.5) of diode ‘D>’, respectively.
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(a) Circuit in shoot- (b) Circuit in non-
through period (0- shoot-through
Ta) period: sub-mode 1
(Tsn-Ts7)

(c) Circuit in non- (d) Circuit in non-shoot-
shoot-through phase: through phase: sub-
sub-mode 2a (T,7-T,) mode 2b (T,7-T,)

Figure 2. Circuits during different operations.

2.3 Pulse width modulation (PWM) logic

The simple boost control (SBC) PWM [3] technique for the proposed QZSI is applied. The PWM signals
for the upper switches of the inverter bridge, shoot-through pulse, and pulse for switching of ‘S;” are shown in
Figure 3. Here, the various duty cycles of the PWM signals are taken as Dg,=0.25 (M=0.75), and Ds;=0.6 for

E‘“‘1: 1 1 :
el L1 LT
VY 'V
=l J1 1 J1 T
=00 ]

03 0. 20005 0.3001 0.30015 03002
Time (s)

¥os

Figure 3. Pulses for switching of upper leg switches and S7, and ST state.
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3 Performance and control of proposed quasi-Z-source inverter
The various issues are discussed as follows:
3.1 Various stresses on different elements

In the suggested QZSI (Figure 1(b)), two types of DC-side voltage gain arise in consideration of the circuits
in Figures 2(c) and 2(d), depending on the gain range. These are presented as follows:

3.1.1 Voltage gain (<2.5) from the modes in Figures. 2(a) and 2(c)

The Volt-Sec equations for the inductors ‘L, and L’ together in switching period (Ts) are mathematically
written:

T,

s

[(7,+7,,)de=0 (1)

0
The equation in (2) is expressed from (1) as,

( in+VC3)Dsh+( in
+(V,, Ve =Ver )(1

n

VC2 )(Dﬂ - D.vh ) + VinDﬂ
Ds7) = 0

2)

Here, the shoot-through duty ratio and duty ratio of active switch (S7) are symbolized as ‘Dg’ and ‘Ds7’,
respectively.

In case of the inductor ‘L3’ as,
thch +(1_th)(_Vc3) =0 3)

From (3), it is given in below,

D
Ves = (1 _ ;;Xh chz (4)

From (2) and (4), the capacitor is derived as given below,

(1+DS7)(1—DM)

I/in
Cc2 (1—D§7)(1—Déh) s Cl1 in
+—VCI
(1_2Dyh)

The peak value of DC-bus voltage is calculated from (6) using (4) and (5),
6
pl’Vin = 21/1"/(1_2Dvh) ( )

In (6), boosting factor is denoted as ‘Byi’. The gain of conventional QZSI is,

P 7)
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The plots in Figure 4 present the enhancement of shoot-through-based voltage gain is achieved for the proposed

case in comparison to conventional gain up to gain value of 2.5.

——Bc ——Bpl
6
R 4
g2
0
0 0,05
Dsh

Figure 4. By;vs. Dy, using (6).
3.1.2. Voltage gain (>2.5) from the modes in Figures. 2(a), 2(b) and 2(d)
In the inductor ‘L,’, the mathematical expression is written,
DV, +(1-D,)(V,~V2) =0

From (4) and (8), the following equations are derived,

1 D 1
Ver = Vs Ve =| —2— Y
I_Dﬂ I_Dvh I_D.\'7

Therefore, the peak of DC-bus voltage is,

I}d(r = 1 1 ‘V;n = Bp'Vin
1_D5h l_Ds7

0,1

®)

©

(10)

In (10), the ‘B;’ indicates boosting gain. Its value is finite even at ‘Ds,=0’. In (4)-(6) and (10), the duty ratios

and MI varies as, 0<Dg<0.5, 0<Dy7<1 and 0<M<I.

The plots in Figure 5 reveal that the boosting gain is varying with the variations of the duty ratio (Ds7) of the
active switch ‘S;’. Here, the gain due to the variation increases at a particular value of shoot-through duty
ration (Dg). Thus, it indicates decoupled duty ratio control of ‘S;” from shoot-through duty ratio is permissible
using the proposed QZSI to obtain variable DC-side voltage gains even at ‘Dg=0’.
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Bc Bp(Ds7=0.5) Bp(Ds7=0.6) Bp(Ds7=0.7)
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Figure 5. B vs. Dg, under variable D7 using (10).

3.2 Proposed closed loop voltage control

The proposed closed loop control logic for regulating its output voltage is shown in Figure 6. Here, the
boosting gain value up to 2.5 (threshold value) is considered as low-gain, and the output voltage is controlled
by ‘Dsw=Ds7’ (range: 0-0.1). For high-gain operation, the output voltage is regulated by adjusting ‘Ds;” (0.5-
0.75) only at fixed M=1 (Ds=0) as given in Figure 6.

T-True B>2359 D

F - False PR S7PWM T
A 7
4

Figure 6. Proposed control logic diagram.

3.3 Power losses

The derived current expressions for calculating losses in different elements of the proposed inverter are
listed in Table 2. The efficiency at varying gains is shown in Figure 7, which shows improved efficiency in
the case of proposed control in Figure 6.
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Table 2. Current and Loss expressions.

Element Current Loss
1-D
1 =1 =" .
Li(rRms) = L L2(RMS) 1-3D, + D;hz DC
B<25: 1
I =] .
L3(RMS) 1— 3D;11 4 DXhz DC
b 2 2 2
L: B = ILI(RMS)rLl +1L2(RMS)rL2 +1L3(RMS)VL3
ILI(RMS) =0
1
B>25: 1L2(RMS) :?IDC
s7
]Ls(RMS) =Ip
_ (1 _D.\h )3/2 1/D\-h
ICI(RMS) = 1-3D, +Dth Ipe
D, /1-D,,
B<2.5:4 L s = m%
. «'D 1-D, _ 72 2 2
C: Leus) = 13D(7+D21"" Fe = 1yqusyler Hearus)Ter T esrus)Tes
2
ICI(RMS =0
B>25: ]C2RMY \IDV7/17DY7'II)C
1C3(RMS) =0
I = (I*D.«h) Io-T L= (I*Dsh) I
DI(AVG) 1-3D, +D5/12 C> 4 pi(rMS) \/D_m(l -3D, +sz) DC
B <25 Iy 70”&’ MZ) )0 1 P, =30,FV,;
Ly oy = ———00 1, o1 = I .
D P T1-3D, 40, T imD, (1-3D,+D,7) | Py :( picavey T pacave) + ID3(AVG)) Vis
; —0:1 0 R, = ( pirms) T D2(RMS) +1D3(RMS))
DI(AVG) DI(RMS) =
B>25:31 =0;/ =0 By =F, + By +F,
R DZ(AV(J k4 D2 R’V[.S
I,
1o =1pesl =0
p3(avG) = A pc> L p3(rus) I-D,
D, (1-D,)
S7(AVG) 73D+D2 DC
B<25:
2D, (1-D T, +T,
1Y7(RM§) = = ( ;h)lnc Py, = ( ff) Fo Ve ds30av6)
g 2 AR 1-3D+D . 2
. 2
7 D, 7 Feonp _157(RMS Ts7
s04v6) = [ _p_ ' PC
B>25: 7 P, =Py + Feonpy
. AP
ST(RMS) — DC
(RMS) 1-D,,
(T +Ts) 1 5 L
B \/D 2, 16(1—D)P02 Py oy, = 6. = 5 o FS'VDC‘TI
. invi N sk
S 1-6. S 9 9m*M*B'Vc.cos’ ¢ Feonpary = 61; _im(raas)Ts_imv
Iy =1, +1 )
S P, = Esyiwy + Feovpawr

Efficiency: UZKnILl (P +F+P+P,+P,,)
V.1,

in
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Figure 7. Efficiency.

3.4 Operation without shoot-through state (M=1)

The circuit diagram for the special operation of the proposed inverter at M=1 is shown in Figure 8. The
shoot-through-less DC-voltage boosting operation is possible due to the circuit configuration in this operation.
This does not require dead time for the inverter bridge switches due to the presence of ‘L3’.

Figure 8. Circuit under the operation at M=1 (Ds=0).

4 Studies and results

The simulation and experimental studies verify the workings of the proposed QZSI. The derived

expressions for designing the network passive components and various parameter values are listed in Table 3.
The studies are presented as follows:

Table 3. Values of the parameters.

Parameters Design Formula Value
L],Lz, L3 L :(1+ZD\,1)(1—D\,1)VW L= DV, L= D, (1-D,)V,, 0.6 mH
2(1-2D,)AL,.F, "7 AL FET (1-2D,)AlLL F,
C1,C,Cs ¢l o 3MDJV, . __ 3MDJ, 220 pF
AV E T 8R(1-D, ) AV F, 8R(1-2D,, ) AVuy E,
Fs - 10 kHz

4.1 Simulation studies

The working of the suggested QZSI is tested under different gains of 2.5 and 3.3. The results are shown in
Figure 9. The input voltage (Vin) is 80 V and 54 V in the two gain cases respectively. The reference peak value
of output voltage (V,) is 90 V in Figure 6. In case of gain of 2.5 (Figure 9a), the two capacitors’ (V2 and V3)
and peak of DC-bus voltages (Vac) are calculated using (4) - (6) and found as 180 V, 20 V and 200 V,
respectively. In the gain of 3.3 (Figure 9b), the voltages are 180 V, 0 V and 180 V, respectively according to
(8) - (10). The responses in Figure 8 agree with the calculated values.
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(a) Gain = 2.5 (Eq. 6) (b) Gain =3.3 (Eq. 10)
M=0.9, Ds7=0.1 M=1, Ds;=0.7
15 20
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Figure 9. Various responses at two different gains.

4.2 Experimental studies

The proposed QZSI (MOSFET switch-TOSHIBA: 2sk3878) are tested in hardware as per Figure 6 with
the controller (NUCLEO-G474RE Development Board) and the driver (TLP 250). The hardware set up is
shown in Figure 10. Figure 11 shows the various captured responses. The performance is almost similar to that
of the respective simulation study of Figure 9.

Figure 10. Proposed QZSI in Test Setup.
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(a) Gain =2.5 (Eq. 6) (b) Gain = 3.3 (Eq. 10)
M=0.9, Dg;=0.1 M=1, D;=0.7

Figure 11. Experimental responses and scales: Va. (1:60); Ve, Vin &Vo(1:50); I1(1:4).

5 Conclusion

An improved quasi-z-source network has been introduced in this paper. The merits of the suggested
inverter are mentioned as follows: (i) the DC-side voltage gain is achieved through combined duty ratio
controls during shoot-through and non-shoot-through operations; (ii) enhanced voltage gain is achieved
through non-shoot-through duty ratio control; (iii) the non-shoot-through duty ratio is decoupled from
modulation index for getting variable DC-side voltage gain at a fixed value of modulation index; (iv) operation
at M = 1 with variable voltage gains is permitted; (v) elimination of shoot-through state at higher gain operation
reduces losses; (vi) in addition to control freedom, the shoot-through-prone DC-side voltage gain is augmented
through the suggested active switched qZSI at low gain operation. The diverse features declare the proposed
boost inverter a superior option over the existing QZSIs.
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