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Abstract: A modified single-stage Quasi-Z-Source (QZS) boost DC-DC converter using a single
MOSEFET switch with a single-stage switched-inductor (SI) network is proposed in this paper. The
DC-DC converter proposed in this study provides an extra voltage gain compared to the traditional
QZS DC-DC converter. An additional capacitor and diode circuit are added to the existing QZS
converter to decrease the voltage stress on the MOSFET switch. Therefore, compared to the traditional
QZS boost converter, the proposed Modified QZS (MQZS) converter provides large voltage gain
under a low duty ratio, less voltage stress, and continuous input current. Moreover, the reliability
and the conversion efficiency can be increased. The derivation of the proposed MQZS converter and
its operation, selection of parameters, and comparison with another similar converter are discussed
in this paper. Lastly, the simulation and experimental results are illustrated to prove the notional
deliberations of the proposed MQZS converter.

Keywords: boost converter; modified quasi-Z-source (MQZS); quasi-Z-source (QZS); switched-
inductor; voltage gain; voltage stress

1. Introduction

Current manufacturing developments and the vast extraction of traditional fossil
energy have led to increasing environmental pollution and energy shortages. New energy
resources, such as wind and solar, renewable and environmental, must, therefore, be devel-
oped to substitute conventional fossil fuel sources [1,2]. Nonetheless, renewable energy
sources generate a low voltage, far from the voltage required in different applications.
Therefore, the demand for DC-DC converters is on the rise, and much research is being
conducted on this topic. Other applications, such as high-intensity discharge lamps, electric
vehicles, fuel cell energy sources, solar photovoltaic energy sources, X-ray systems, DC mi-
crogrids, etc., also need high-step voltage converters [3]. In principle, the traditional dc-dc
boost converter delivers a large voltage gain with a duty ratio nearer to unity. Practically,
nevertheless, the dc-dc converter’s voltage gain is restricted by the internal elements of the
capacitor and inductor, diode reverse recovery issues, large duty cycle, device rating, and
electromagnetic interference [4,5].

Many topologies of power converters have recently been published in literature using
many boosting methods. The converters based on the transformer, such as H-bridge,
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push-pull, flyback, etc., may be decent choices to attain high gain and isolation. Since
the converter requires a high-frequency transformer, an additional circuit to handle the
transformer’s leakage inductance is a must; therefore, the converter structure is large and
costly [6,7]. In addition, large voltage stress is due to the transformer’s leakage inductance
on the semiconductor devices. Therefore, the clamp networks are essential to recycle
the energy released by the leakage inductance and to reduce the voltage stress of the
semiconductor switches [8]. Recently, the converters based on the coupled inductor are
famous for achieving a high voltage gain without/with isolation; nevertheless, additional
voltage clamp circuits are required to reduce the inductor leakage inductance effects, which
further increase the overall price of the converter. Additional losses related to the voltage
clamp devices are also introduced [9,10]. Other possible solutions may be quadratic and
cascaded converter structures. Still, a high-voltage device continues to be required, as the
switch voltage is equivalent to the output voltage of the converter.

Moreover, two or more dc-dc converters in the cascaded structure led to circuit dif-
ficulty and higher costs. In addition, complex control is needed because the gain of the
converter is extremely non-linear, and two or more semiconductor devices have to be
coordinated. Many converters are developed using SI, hybrid SI, switched-capacitor, volt-
age lift, voltage multiplier, and interleaved structures to improve the performance of the
traditional converters [11-13]. However, there are numerous power conversion stages,
and the MOSFET switch stress is equivalent to or larger than the output voltage. In addi-
tion, the converters with various multiplier cells increase the converter’s dimensions and
hence the overall cost. Various converters are discussed in the literature to decrease the
MOSFET device’s current and voltage stress and achieve a large voltage gain at a low-duty
ratio [14,15].

However, the DC-DC converters discussed above are complicated, and the converter
voltage gain is inadequate for various real-time systems. Therefore, the efficient concept of
Z-source structure was first suggested in 2003 [16]. Two X-shape capacitors and inductors
form the Z-source impedance network. The Z-source structure was first tested with the
DC-AC inverters for boost and buck capability. In the meantime, due to various advantages
of the Z-source structure, it was applied successfully to the solar photovoltaic and fuel
cell system applications. In particular, the QZS inverter has benefits such as less capacitor
voltage stress, continuous input current, and the output and input common ground. The
Z-source and QZS networks can also be used to improve the converter output gain. A
Z-source converter is discussed in [16], and the converter voltage gain is greater than the
conventional converter voltage gain. In [17,18], an alternate Z-source converter is discussed
in which a Z-source system replaces the inductor in the traditional converter. In [19-24], an
MQZS converter was presented, delivering a larger voltage gain than the other converters
in the literature. Nevertheless, in many industrial applications, the voltage gains from
the Z-source converters remain insufficient, so the design of higher step-up converters
remains challenging.

Therefore, this paper proposes a modified MQZS structure with a single-stage SI
network connected with the traditional step-up converter, decreasing the voltage stress of
the MOSFET and improving the voltage gain more than the conventional QZS-based boost
converter. The remainder of this paper is organized as follows. The working concept of the
Continuous Conduction Mode (CCM) converter is presented in Section 2. Section 3 dis-
cusses the steady-state study of the suggested MQZS converter under CCM and parameter
selection. Section 4 explains the simulation outcomes to prove the theoretical discussions.
The hardware results and performance assessment are discussed in Section 5, and Section 6
presents the conclusion.

2. Operation of the Proposed MQZS DC-DC Step-Up Converter

Figure 1 illustrates the structure of the existing QZS boost converter [17,18]. The SI
circuits are used to expand the voltage gain more than the traditional boost dc-dc converter.
Nevertheless, the voltage strain over the MOSFET raises with the converter gain; therefore,
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the MOSFET voltage stress is equal to the load voltage of the QZS converter. Therefore,
the suggested converter voltage gain is slightly increased by the slight modification in the
connection, and the voltage stress is condensed by connecting one diode and capacitor
extra than the converter shown in Figure 1 [25,26]. The circuit structure of the suggested
MQZS boost converter is depicted in Figure 2, in which the inductors are discharging series
and charging parallel to realize a high voltage gain.
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Figure 1. Existing SI-based QZS step-up converter topology.
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Figure 2. Suggested SI-based MQZS step-up converter structure.

As indicated in Figure 2, the converter is different from the traditional QZS converter
in two ways. Firstly, the connection of the output diode, Ds, is changed to the junction point
of the diode, Dy, Dy, and L; (as indicated with red color arrow mark), which improves the
voltage gain. Secondly, the clamping network that contains one capacitor, C;, and one diode,
Dy, is added (as indicated in the pink color box line), reducing the stress on the MOSFET
switch. The following hypotheses are formulated before beginning the circuit analysis.

e  The selected power semiconductors are ideal
e  The proposed converter is working in the mode of continuous conduction
e  Pulse-width modulation is the control approach utilized by switch S

The converter operation is divided into two modes. The theoretical waveform is
illustrated in Figure 3. The current path during the two modes is illustrated in Figure 4.
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Figure 4. Operating modes of the MQZS; (a) Mode—a; (b) Mode—b.

Mode-a (tg — t1): Mode-a starts when the MOSFET device, S, is turn-on. The current
path is illustrated in Figure 4a. During this mode, the inductors, L; and L,, charge over
the diodes, D3 and D;. The diode, Ds, is forward biased due to its higher potential and
distributes the required energy to the load. In addition, the C; is getting charged through
the load and the diode, Ds. The diodes D, and D, are reverse-biased due to their lower
potentials. The mode ends when S is switched off at t = t;. Throughout this duration, the
output capacitor, Cy, stores the energy.

Mode-b (t; — t3): When the S is switched off, mode-b starts at ¢ = £;. The current path
is illustrated in Figure 4b. The diodes D1, D3, and D5 are turned off due to their lower
potential, and the diodes D, and D, are forward biased due to their higher potential points.
During this mode, both the inductors start discharging the energy through the diode D,,
the diode D4 and the clamp capacitor C;. Thus, the MOSFET voltage stress is condensed by
the C; and the diode, D4. The output capacitor delivers the energy required by the load
during mode-b. When the switch, S, is switched on, this mode is terminated at t = ¢,.

3. Steady-State Analysis and Parameter Selection of the Suggested MQZS Converter
3.1. Analysis during Steady-State

The theoretical discussion of the suggested converter is presented in this chapter for
CCM operation only. During the first mode, the diode D; and the capacitor C; are coupled
in series with the source to provide the required energy to the load over the MOSFET
switch. Kirchhoff’s voltage law (KVL) is applied to find the expressions for the inductor
voltages, Vi, and V;, and are written as follows.

Vi, = Vi, = Vi 1)

The proposed MQZS converter output voltage is found using the following expression
during mode—a.
Vout = Vz’n + Vq (2)

During the second mode, the diode D4 provides a path for the discharging current
of the inductors to flow through the capacitor, C;. Again, by applying KVL, the following
equations are derived.

Vi, + Ve, = Vin— Vg 3)
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The average voltage of the inductor is equivalent to zero as per the volt-second balance
theory during steady-state conditions. Therefore, the voltage across the capacitor, V¢,, is
written as follows.

Vcl = Vin + Vd3 + le 4)

The duty ratio of the MOSFET device is defined as D and is equal to T,,/Ts, where T}
denotes the total switching duration of the switch, and T, is the conduction period of the
switch. Therefore, the diode voltage stresses, V3, and V;,, are presented as follows.

D

Vi 37 1-D

=Vu Vin ©)

1

Substitute Equations (4) and (5) in Equation (2) to derive the proposed converter
output voltage equation, V¢, and is given as follows.

D 2
Vi =
m=1-D

D
Vout:Vin + Vin + 7Vin +

) 1-D Vin (6)

Therefore, the theoretical voltage gain, M, of the proposed MZS converter is written
in Equation (7).
Vout 2

Ve 1-D @

The voltage across the MOSFET switch, V4, and the diode, V;,, is derived as follows.

M:

1+D

Vds:vd4:‘/i”+vd3+vd1:ﬁ

Vin ®)
The voltage across the diodes V;, and V;; is derived as follows.
de = Vin (9)

1

Vis=1"p

Vin (10)

3.2. Parameter Selection

The average inductor current, I, and I, is calculated using the following equation.

2

I, 2 = mlout

=1 (11)

1

In general, the expression for the individual inductance, L; or L, is written as per
Equation (12), and the actual expression for finding the minimum value of the inductance,
L1 min, OF Ly 4in, is written as follows: assuming 40% inductor current ripple.

1-D)V, 1-D)V,
legigglﬂf,zzgﬁgglﬂL (12)
fSX(VoXXILl fSXO/OXXILZ
_ Rx(1-D)D _ Rx(1-D)D (13)

) P R
Lmin = LT 04 x 2 1AM T AT 04 % 2

where R denotes the load resistance, f; is MOSFET switching frequency, and %X is the
inductor current ripple in percentage. The capacitor, C1, value is chosen as per the following
equation, in which %x represents the voltage ripple in percentage.

(1—D) x Lout

= -t 14
G Vin X %x X fs (14)
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The value of the output capacitor is chosen as per the following equation, in which %x
represents the voltage ripple in percentage.

(1—D) x Ipus

Cp=— ) = out
27 Vot X %x X fo

(15)

4. Simulation Results

The electrical specification and various variables of the proposed MQZS converter
are recorded in Table 1. The simulation was performed using PLECS standalone software
installed in a laptop with a 4.44 GHz clock frequency and 16 GB RAM. The same has been
included in the revised version. The performance of the MQZS converter is validated using
the specifications listed in Table 1.

Table 1. Ratings of the MQZS converter.

S. No. Parameters Range
1 Output powert, Pyt 400 W
2 Output voltage, Viur 200V
3 Input voltage, V;, 30V
4 Inductance, L1 and L, 300 uH
5 Capacitance, C; and C; 10 uF and 100 nF
6 Switching frequency, fs 100 kHz
7 Load resistance, R 100 OO

As discussed earlier, the converter is simulated with the input voltage at 30 V and a
constant load at 100 Q2 (400 W). The MOSFET duty cycle is adjusted to 70% to reach the
required voltage gain of 6.67. First, the simulation waveforms for the V;; and V;,, and the
current stress of S and Dy are demonstrated in Figure 5.

:“1507 Y- R f ) = vas v)
m— ]ds (A
E 100441444 ¥ | S B e W Sl L3
n
o 50
= 0 —
I | 1
4.0000 4.0002 4.0004 4.00006 4.0008 x le-1
Time in Seconds
(a)
E 150
_nga“ 100
a 50
0
4.0000 4.0002 4.0004 4.0006 4.0008 x le-1
Time in Seconds
(b)

Figure 5. Current and voltage stress waveforms: (a) MOSFET switch, S; (b) Diode, Dy.

From Figure 5, the MOSFET switch voltage stress and Dy are noticed as 170 V and are
equal to the theoretical discussion as per Equation (8). To prove the converter operation
in CCM, the current wave shape of inductors is seen in Figure 6. It is seen from Figure 6
that the converter is operating at CCM (current never reaches zero at any instant). The
inductor’s average current is equivalent to 6.95 A.
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4.0000 4.0002 4.0004 4.0006 4.0008 x le-1
Time in Seconds

Figure 6. Inductor current waveforms of the converter.

The current and voltage stresses of the diodes, D1-D3 and D5 are demonstrated in
Figure 7. From Figure 7a,b, the diode voltage stress, V; and V, are equivalent to 70 V. The
diode voltages, Vj,, are equal to 30 V, as realized in Figure 7c. The voltage across the diode,
Vi, is equal to 100 V, as realized in Figure 7d. All the voltages are equal to the theoretical
values as per Equations (5), (9) and (10).

107
— : _ —1d1 (A
= 100+ : :
<
2 50+
=)
0 " ’
T T T T
4.0000 4.0002 4.0004 4.0006 4.0008 % le-1
Time in Seconds
(a)
80 - - - - - - - — [V d3 (V)
en 60 — 1d3 (A
=
s 40
2
A 20
0 ; ;
i i i i
4.0000 4.0002 4.0004 4.0006 4.0008 < le-1
Time in Seconds
(b)
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— Vd2 (V)
e~ W— 1d2 (A
/| 20
L
=
E 107 ey ey [y - Py [y
0
4.0000 4.0002 4.0004 4.0006 4.0008 < le-1
Time in Seconds
()
................. s . | — Vds (V)
— 1d5 (A
0 1 T
4.0000 4.0002 4.0004 4.0006 4.0008 x le-1
Time in Seconds
(d)

Figure 7. Current and voltage stress waveform: (a) Diode, Dy; (b) Diode, D3; (c) Diode, Dy;
(d) Diode, Ds.

Figure 8 depicts the waveforms for the capacitor, the source voltage, and the input
current. From Figure 8a, it is noticed that the capacitor voltage is equal to 170 V as per
Equation (4). The main benefit of the MQZS step-up converter is a continuous input current.
The input current is continuous, as seen in Figure 8b.
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Figure 8. Current and voltage stress waveforms: (a) Capacitor, Cy; (b) Input source.

Figure 9 illustrates the output voltage and current waveforms of the MQZS converter.
It is noticed from Figure 9a that the load voltage is equal to 200 V with the output current
of 2 A, as seen in Figure 9b.

- = Vout
Z 200 P.

0 T T
0.00 0.05 0.10 0.15 0.20 0.25
Time in seconds
5 (a)
§ 2 -
=
&
= 1
(&)
0 1 T T
0.00 0.05 0.10 0.15 0.20 0.25
Time in seconds
(b)

Figure 9. Current and voltage waveforms: (a) Output voltage; (b) Output current.

From the above simulation results, the MQZS converter performs better according
to theoretical analysis, as noted. In addition, the proposed MQZS DC-DC converter
accomplishes better performance than the traditional QZS converter.

5. Hardware Results

The experimental prototype of the suggested MQZS converter with a 400 W rating is
made and verified in the research laboratory environment. The electrical specification of
the MQZS converter is recorded in Table 1, and the devices required for the prototype are
recorded in Table 2.
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Table 2. Required Devices of the MQZS Converter.

S. No. Components Type Range
1 MOSFET IRFB4110PbF 100V, 120 A
2 Diodes, D1 —Ds MURS860 600V, 8 A
3 Inductors, L; and L, Powdered Iron Core 300 uH, 15 A
4 Capacitors, C; and Cp Electrolytic 10 uF, 250 V and 100 puF, 250 V
5 Gate Driver TLP250 -
6 Load resistor, R Wire wound 100 O

The duty cycle of the MOSFET device is tuned to 70% to obtain the essential voltage
gain from the proposed converter. The MQZS converter’s current and voltage waveforms
are seen in Figure 10 for V;;, = 30 V and V,,; = 200 V. The switching frequency of the
MOSEET switch is 100 kHz. The source voltage and input current waveform are illustrated
in Figure 10a. As seen in Figure 10a, the input voltage is 30 V, and the average input current
is 14.2 A. It is also noted that the source current is continuous. The voltage across L; and L,
is depicted in Figure 10b. The average current of both L; and L; is equal to 7.08 A, and the
CCM operation of the converter was also observed. In addition, the output voltage and
output current of the MQZS converter is depicted in Figure 10c.

[TStop’] [SVAA Y% E— VAV

1;: 10A/div

t Y

Vin: 5}0AV/div ;

..,(a)..

= 0 PAAATT T AAAA

]
Ir; & Ij,z.‘ 2A/div

g e 7 \\ K

W . R

Vii & Via: 100V/div

)

Figure 10. Cont.
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Figure 10. Experimental waveforms of the MQZS converter.

As seen in Figure 10c, the output current of the MQZS converter is equal to 2.1 A, and
the output voltage of the converter is equivalent to 198.2 V. The MOSFET switch voltage
stress is less than 200 V as per Equation (8), and it has been seen in Figure 10d. In addition,
the continuous conduction mode of the converter is confirmed, as seen in Figure 10d. The
voltage waveforms, such as V,, V,, V3, and V;,, are depicted in Figure 11.

As seen in Figure 11a, the voltage of the diode D is less than 70 V, and the voltage
across the diode D is less than 30 V, and these voltages are the same as per Equation (5) and
Equation (9). Figure 11b displays the voltage waveforms of V;, and V;,, and the values of
these voltages are equal to 58 and 200 V, respectively, as per Equation (5) and Equation (10).
The capacitor voltage, V,, waveform is illustrated in Figure 11c and equals less than 170 V.

The proportional-integral (PI) controller verifies the dynamic response of the MQZS
converter. The output voltage of the converter is sensed using the voltage sensor, LEM LV
25-P, and fed to the comparator to compare the actual voltage and converter’s reference
voltage. The controller gain of the PI controller is chosen as K; = 0.01 and K}, = 0.5 based
on the trial-and-error method. The voltage control can control the output voltage at 200 V,
even if the input voltage is continuously changed, as shown in Figure 12, from 35 to 25 V.
The source voltage is retained as 30 V at the beginning, and at t = 5 s, the source voltage
is changed to 35 V and changed to 25 V in 10 s again. The proposed converter’s dynamic
output voltage waveform for the change in input voltage is seen in Figure 12. As seen in
Figure 12, the MQZS converter maintains a constant output voltage, regardless of the input
voltage change.
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L VB

...............................................

i s s g BOOW Bl oo s i

RSSO 000 . S 9

Figure 11. Various waveforms: (a) V, and Vy,; (b) V, and Vi ; (¢) Ve, and V.

It is fair to compare the suggested converter with the conventional QZS converter.
Therefore, the converter performance comparison in terms of the capacitor voltage, the out-
put voltage, the switch voltage stress, and the input current with the traditional converter
is listed in Table 3.
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Vour: 50 V/div

Vin: 35V :
: Vin: 25V

Figure 12. Dynamic response of the MQZS converter.

Table 3. Performance comparison among QZS and MQZS converter at V;, = 30 V with same
output voltage.

Traditional QZS [16] Proposed MQZS
Parameters N ;
Expression Value Expression Value
Vout 14Dy 109.09 V at 2y 109.09 V at
1-D"m 0.57 duty cycle 1-D% 0.45 duty cycle
Vs Vout 109.09 V ++8v,, 79.09V
Ve, Vout 109.09 V 0.85 X Vour 9273V
Ly Continuous Continuous

From Table 3, the switch voltage stress and capacitor voltage stress of the proposed
converter are lesser than the traditional QZS converter for the same output voltage. The
traditional converter can obtain the output voltage of 109.09 V at 57% of the duty cycle,
whereas the proposed converter can obtain the same output voltage at 45% of the duty cycle.
From these discussions, it is concluded that the performance of the proposed converter
better than the traditional QZS converter in all aspects. Thus, the dimensions and cost of
the suggested MQZS converter have been reduced mostly. Figure 13 displays the voltage
gain characteristics of the MQZS converter and other similar converters in the literature.
Besides, the MQZS converter voltage gain by considering the internal elements of various
components is also demonstrated in Figure 13.

20

18 =0 |Ghaderi et al., 2019]
[Ghaderi et al., 2018]
16 [Ardi et al., 2016]
= 14 [Padmanaban et al. 2019]
'5 12 == [Shen et al. 2017]
@ 10 =0 Proposed Converter (Ideal)
g 8 8= Proposed Converter (Practical)
e
” 6
4
2 S
0
0.2 0.4 0.5 0.6 0.8 0.9
Duty Cycle

Figure 13. Voltage gain characteristics of various converters [18-20,25,26].
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Figure 13 shows that the voltage gain is reduced at a high duty cycle due to the
influence of parasitic components of various devices. Therefore, it is not advisable to
operate the converter at a high duty cycle, i.e., beyond 70% duty cycle. In addition, the
high duty cycle also reduces the conversion efficiency due to high voltage drop across the
parasitic elements and the conduction power losses. The efficiency curve assessment of the
suggested MQZS converter with the other converter structures is illustrated in Figure 14.
As seen in Figure 14, the effectiveness of the suggested MQZS converter is high due to a
smaller number of components when related to the converters discussed in the literature.
The maximum efficiency of the MQZS converter at 300 W is 94.2%, and the converter’s
efficiency at full load is equivalent to 93.1%.

95
\Q
= 90
Z [Ghaderi et al., 2019]
5 - [Ghaderi et al., 2018]
é 85 —&—[Ardi et al., 2016]
= . —4==|Padmanaban et al. 2019]

* —8==[Shen et al. 2017]
80 Proposed
100 200 300 400
Output Power (Watts.)

Figure 14. Efficiency curve of different converters [18-20,25,26].

6. Conclusions

This paper comprehensively studied and analyzed the traditional QZS converter and
modified the QZS dc-dc boost converter with one MOSFET switch. The proposed MQZS
converter is an enhanced version of the traditional QZS converter, as it offers a high voltage
gain, similar to the QZS converter. The prototype of the proposed MQZS dc-dc converter is
made and experimented with in the laboratory environment. The experimental outcomes
confirm the theoretical discussion and simulation results of the MQZS dc-dc converter.
The operation, analysis, and parameter selection of the proposed MQZS converter were
detailed in this paper. Moreover, the performance comparison is made with converters in
previous works, and it is noted that the proposed MQZS converters offer high performance
in the non-isolated converter category. The MQZS dc-dc converter can attain high output
voltage gain with less voltage switch stress of the MOSFET, diodes, and capacitor. It also
has benefits such as low cost and high-power density. Thus, the suggested MQZS converter
is more appropriate for renewable energy systems that require a high output voltage from
a low source voltage. In the future, the proposed converter can also be extended to various
applications, such as electric vehicle power train systems, solar photovoltaic powered
pumping systems, DC microgrid systems, etc.
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