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High Step-Up Quasi-Z Source DC-DC Converter

Mohammad Mehdi Haji-Esmaeili

Abstract—In this paper, a high step-up quasi-Z Source (QZS)
dc—dc converter is proposed. This converter uses a hybrid switched-
capacitors switched-inductor method in order to achieve high volt-
age gains. The proposed converter have resolved the voltage gain
limitation of the basic QZS dc—dc converter while keeping its main
advantages, such as continuous input current and low voltage stress
on capacitors. Compared to the basic converter, the duty cycle is
not limited, and the voltage stress on the diodes and switch is not
increased. In addition to these features, the proposed converter has
a flexible structure, and extra stages could be added to it in order
to achieve even higher voltage gains without increasing the voltage
stress on devices or limiting the duty cycle. The operation principle
of the converter and related relationships and waveforms are pre-
sented in the paper. Also, a comprehensive comparison between the
proposed and other QZS based dc—dc converters is provided which
confirms the superiority of the proposed converter. Simulations are
done in power systems computer aided design (PSCAD) in order to
investigate the maximum power point tracking (MPPT) capability
of the converter. In addition, the valid performance and practical-
ity of the converter are studied through the results obtained from
the laboratory built prototype.

Index Terms—DC-DC converter, high step-up, impedance net-
work, quasi-Z source (QZS).

1. INTRODUCTION

OWADAYS, power electronic converters play an impor-
N tant role as renewable energy interface devices [1]-[3].
Also, they are widely used in other applications, such as dis-
tributed generation resources, power factor correction equip-
ment, hybrid electrical vehicles, air-space industries, and high
voltage direct current (HVDC) [4]-[7]. In some applications,
multistage power conversion is required, and simultaneous use
of several different types of converters is needed. This increases
the number of elements which will result in lower efficiency,
higher power loss, higher possibility of failure and lower re-
liability of the whole system. Impedance network based con-
verters as an emerging technology in energy conversion are
invented to overcome these disadvantages [8], [9]. They have
capability of single-stage power conversion, and they could
overcome the limitations of classical converters. Single-stage
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Fig. 1.  QZS dc—dc converter [16].

power conversion will result in important advantages, such as
fewer components, lower power loss, higher efficiency, higher
reliability, and lower cost compared to multistage conversion.
Various impedance network based converters were proposed in
the recent years. A comprehensive review of these structures is
given in [10] and [11]. Impedance networks proposed in recent
years can generally be classified as: one-transformer/coupled
inductor based (TCIB), and, two-nontransformer/coupled in-
ductor based (n-TCIB). Comparing these two structures, TCIB
structures have two main advantages as higher voltage gain
and electrical isolation between input and output. On the other
hand, n-TCIB converters have advantages, such as lower vol-
ume, lower weight, lower cost, lower voltage, and current stress
on their elements, lower power loss, and higher efficiency. How-
ever, their main weakness is their lower voltage gain which can
limit their use in high gain applications. Generally, there are
four different methods which have been proposed in order to in-
crease the voltage gain of n-TCIB converters using: one-diode-
capacitor-inductor units [12], two-switched-inductor units [13],
three-switched-capacitor units [14], and four-hybrid switched-
capacitors switched-inductors units [15].

Among different types of n-TCIB network based converters,
quasi-Z source (QZS) network has some key advantages, such as
continuous input current, low voltage stress on capacitors, and
common ground between input and output of the circuit. These
advantages make this impedance network suitable for a variety
of applications. However, similar to other n-TCIB converters, it
suffers from low voltage gain which this issue can limit its use
in high gain applications. Therefore, in recent years, different
structures have been proposed in order to increase its voltage
gain while keeping the main features of it unchanged. Basic
QZS dc—dc converter structure is shown in Fig. 1.

High-frequency transformer has been used in [17] and [18],
and coupled inductors have been used in [19] and [20], in order
to increase the voltage gain of QZS impedance network. But,
the fact is that using transformers or coupled inductors results
in some disadvantages which are listed as follows.

1) Peak of voltage/current stress on diodes and switches will

be increased.
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2) Even a small value of a dc voltage will cause the magnetic
core to be saturated. This will disrupt the operation of the
converter.

3) Saturation of magnetic core will result in a drastic de-
crease in the inductance value of transformer or coupled
inductors, which this will cause a severe stress on the
switch.

4) Higher weight, higher volume, higher power loss, and
lower efficiency of the converter.

Considering the above mentioned drawbacks, using trans-
former or coupled inductors is not a proper method to improve
the voltage gain of QZS network.

Another method which has been presented in [21]-[24] is
cascading several modules of QZS network to increase the total
voltage gain. But, in this method, the number of components
is notably increased. This results in high power loss, low ef-
ficiency, high possibility of failure, and low reliability of the
whole system. Therefore, this method also cannot be counted as
a suitable and optimized solution.

In [25], atwo-stage and a general multistage structure for QZS
converter have been proposed. This converter has improved the
basic QZS converter by increasing its stages. The only advantage
of this converter is that it can attain same voltage gains in lower
duty cycles. However, this advantage is at the cost of extra
elements.

In [26], switched capacitors have been added to the basic
QZS converter. The voltage gain has been improved while the
voltage stress on elements has been kept unchanged and the duty
cycle of the switch has not been limited. But, the voltage gain
improvement is not significant, and this converter also cannot
reach high voltage gains in practice.

In [27], switched inductors have been used to improve the
basic QZS converter. The voltage gain has been improved. How-
ever, the duty cycle has been limited. Voltage stress on the switch
and diodes has also been increased. Considering the mentioned
limitations, this topology does not have the ability to reach high
voltage gains in practice.

In [28], a combined switched-inductors switched-capacitor
method has been employed to improve the QZS converter. The
voltage gain relationship has been improved. But, the drawbacks
mentioned for [27] also exist for this converter.

In [29], a voltage-lift cell has been added to the QZS con-
verter. This converter has better voltage gain compared to the
above-mentioned structures. However, duty cycle limitation and
increased voltage stress on diodes and switch still exist in this
converter. Therefore, despite the voltage gain improvement, this
converter also cannot reach high voltage gains in practice, con-
sidering the mentioned limitations.

In this paper, a novel QZS dc—dc converter with high step-
up capability is proposed. In addition to the QZS network, this
converter uses switched-capacitors and an extra inductor in order
to achieve high voltage gains. The proposed converter keeps
the main advantages of the basic converter. Also, the voltage
stress on the diodes and switch will be kept unchanged, and the
duty cycle of the switch will not be limited, compared to the
main QZS converter. In addition to theoretical improvement,
the topology of the proposed converter, allows it to reach high
voltage gains practically. Also, the proposed converter has a

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

D,
D, o
|—1. L N
T 16 CF RV,
C.=F

ﬂﬁ@ L, ;¥

Proposed high step-up QZS dc—dc converter.

Fig. 2.

flexible structure, and extra stages can be added to achieve even
higher voltage.

In Section II, structure of the proposed converter and circuit
operation principles will be presented and the related relation-
ships will be obtained. In Section III, a comprehensive compar-
ison between the proposed converter and other structures will
be provided. Designing calculations will be presented in Sec-
tion IV. Then, in Section V, the simulation results in power
systems computer aided design (PSCAD) will be presented. In
Section VI, experimental results will be provided to examine the
practicality of the converter. Finally, Section VII will provide a
conclusion.

II. PROPOSED CONVERTER

The structure of the proposed high step-up QZS dc—dc con-
verter is shown in Fig. 2. In addition to the QZS network,
this converter uses C3, Cy, C5, and Cy as switched capaci-
tors. The switching of the capacitors is done in offline mode
using Do, D3, and D,. The inductor L3 is also used as the
switched inductor in order to increase the voltage boost capabil-
ity. It should be mentioned that, in order to convert the proposed
converter to an inverter, an H-bridge (including four switches
and four diodes) should be connected in parallel with the output
capacitor.

The proposed converter consists of three operation modes.
Circuit operation explanations and necessary relationships will
be provided. In the following relationships, D represents the
duty cycle of the switch. It is obtained by dividing the on-time
period of the switch by the total period as

pofom it
T T
It is obvious that if the on-time of the switch equals to DT,
then, the off-time of the switch will be (1-D)T.
D’T represents the time range of second operation mode of
the converter (t; < ¢t < ty). D’ is calculated as
to —t1

D' = ——. @)

. (0

A. Model (ty <t <ty)

The equivalent circuit of the proposed converter in its first
operation mode is shown in Fig. 3. This mode begins as the
switch turns ON. In this mode, Ly and Lo are charged by C
and C; through the path provided by the switch. Capacitor C'
charges L3, (4, and the load. Also, considering the conduction
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Fig. 3. Equivalent circuit of the proposed converter for mode 1.

of Dy, the energy of the load will be provided by the input volt-
age source, and C, Cy, and Cj. Therefore, the current passing
through Ly, Lo, and L3, and the voltage across C increase and
they get charged. While, the voltages across Cp, Cy, Cs, Cj,
and Cy decrease and they get discharged. This mode will end as
the switch turns OFF.

Considering the ON/OFF situations of the switching devices,
by applying Kirchhoff’s Voltage Law (KVL) to the main circuit,
the following relationships can be written for the first operation
mode:

vpr = Vi +vee 3)
vpr = Vo +vee — Vo3 — Vo5 — V06 4)
VL2 = U1 &)
VL3 = Vo3 — Vo4 (6)

B. Modell (t; <t <ty)

As the switch turns OFF, the second mode of operation begins.
In this mode, D;, D3, and D, are forward biased, while, D,
and Dy are reverse biased. The equivalent circuit of the con-
verter in this mode can be achieved by applying the mentioned
ON/OFF states of the switch and diodes to Fig. 3. In this mode,
inductors Ly and Ly charge the capacitors Cy, Cs, and C5 and
also charge C through the path provided by D,. The capacitor
(s is also charged by L3 and Cy. Therefore, the voltages across
C1, Cy, C3, C5, and Cy increase and they get charged, while,
the voltage across C'y and the currents passing through Ly, Lo,
and L3 decrease and they get discharged.

Considering the ON/OFF situations of the switching devices,
by applying KVL to the main circuit, the following relationships
can be written for the second operation mode:

v = Vi — v (7
VL1 = V02 — V06 (8)
Vpg = vVc1 — Vo3 + Uoa — U0 )
VLo = —Uo2 (10)
vpy = —Vi +ves — vea — ves- (11)

C. Modelll (t; <t <T)

As it was mentioned, in mode II, the voltage across Cy de-
creases while the voltage across Cj increases. As v.4 reaches
V¢, the voltage across Dy gets positive, and therefore, D gets
forward biased and ready to conduct. As Dy conducts, the third
operation mode begins. Therefore, in this mode, the switch is
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still OFF, Dy, D3, and D, are forward biased, and D, and Dj
are reverse biased. The equivalent circuit of the converter in this
mode can be achieved by applying the mentioned ON/OFF states
of the switch and diodes to Fig. 3. In this mode, L; and Lo
charge C'3 and C5 and also Cj through the path provided by D;.
Meanwhile, considering the conduction of D5, the capacitors
Cy and Cj are connected in parallel and get charged through
Ls. Therefore, the voltages across C, Cy, Cs, Cy, Cs, and Cy
decrease and they get discharged, while, the currents passing
through L, Lo, and L3 increase and they get charged.

Considering the ON/OFF situations of the switching devices,
by applying KVL to the main circuit, it is concluded that the
relationships obtained for mode II [relationships (7) to (11)] are
also valid for mode III. Also, the following relationship can be
written for this mode:

VL3 = —vCy. (12)

D. Theoretical Waveforms

Before presenting the steady-state analysis, the obtained the-
oretical waveforms will be presented in this section. The wave-
forms of the proposed converter are shown in Fig. 4. They have
been illustrated through the calculated voltage and current re-
lationships of components in each of the operation modes. The
waveforms, respectively, from top to bottom, are related to gate
pulse of the switch, currents of L;, Ly and Ls, and voltages of
Ci,y ..., Cg.

E. Steady-State Analysis

By applying voltage balance law in a period for L; using (3)
and (7), the following relationship is obtained:

Vi— (1 —=D)vcy + Dvca = 0. (13)

By applying voltage balance law for L, using (5) and (10),
the following expression can be written as:

D

Vo2 = m”cy (14)

By replacing veoo from (14) into (13), Vi and Vo in the
steady state are obtained as follows:

15)

(16)

By applying voltage balance law for L; using (3) and (8), the
following expression is obtained as:

D (V; + Ucz) + (1 — D) (UCQ — UCG) = 0 (17)

Replacing Vo from (16) in (17), Vg will be obtained as
follows:

2D

Vee = <1—2D) Vi. (18)
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Fig. 4. Theoretical waveforms of the proposed converter.

Applying voltage balance law for L3 using (6) and (11), the
following expression is obtained as:

D (ves —vesa) + (1= D) (Vi +ves — ves — veog) = 0.
(19)

By replacing Vg from (18) into (19), (Ves — Vioy) will be
obtained as follows:

1-D
ch—vmz( )V;.

1-2D 0

Applying voltage balance law for L, using (5) and (9), the
following expression is obtained as:

Duvei + (1 — D) (ve1 —ves +veg —ves) = 0. 20
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Applying Viq and (Vs — Vioy) using (15) and (20) into the
above relationship, V5 will be obtained as follows:

D
Vos = (1 —2D> V.

Applying voltage balance law for L3 using (6), (11) and (12),
the following expression is obtained as:

—vcq + (D + D) vez — D' (Vi +veg) = 0.

(22)

(23)

Applying the relationships (18) and (20) into the above rela-
tionships will give V>3 and V(o4 as follows:

1
Vos = (1—2D> Vi

D
ver= (1—2D> v

Applying voltage balance law for L; using (4) and (7), the
following expression will be obtained as:

(24)

(25)

D (Vy, +vc2 —ves —ves —vee)+(1 — D) (Vi —ver) = 0.
(26)

Finally, replacing Vi1, Voo, Vs, Vos and Vg from (15),
(16), (24), (22) and (18) into the above expression, the voltage
gain relationship will be obtained as follows:

v, 2+D
¢= Vi 1-2D°

By applying KVL to the main circuit (shown in Fig. 2), and
using the above-calculated voltage relationships of capacitors in
steady state, the voltage stress on the switch and diodes can be
calculated. The following relationships show the voltage stresses
on the diodes (anode to cathode) and switch (drain to source) in
the steady state as follows:

@27

1
= f 2
vs (129)" (28)
Up1 = Up2 = VUp3 = Up4 = UD5 = UD6
= L V; 29)
n 1-2D) "

III. COMPARISON

In order to give a comprehensive comparison between the
proposed and other QZS network based converters, Table I is
provided. In this table, circuit structures, voltage gain relation-
ships, maximum duty cycles of the switches, and voltage stresses
on diodes and switches are presented.

In comparison for voltage gain relationships, it can be seen
that the proposed converter can reach higher voltage gains com-
pared to other structures. Also, no limitation is created for the
duty cycle of the switch compared to the basic converter. There-
fore, the duty cycle can be adjusted up to the maximum value of
50%. In order to give a graphical comparison about the voltage
gains of the converters, Fig. 5 is illustrated. The slope of the
curves should also be noticed. The curves related to converters
presented in [25]-[29] have steep slopes near D, . It means
that, although these converters can reach high voltage gains in
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TABLE I
COMPARISON BETWEEN THE PROPOSED AND OTHER QZS BASED DC-DC CONVERTERS

. Vol i .
Refs. Structures Components | Voltage gain | Dy oltage st;i:;stc(;lréscllodes 2 Main features and drawbacks
2 Diodes
. 1 Switch 1 -1 Basic Conventional Quasi-Z source DC-
. G=—— . Vv , =V, =—V
[16] Fig. 1 2 Inductors 1-2D 0.5 Vo100 =5 1-2D ' DC Converter
3 Capacitors
v Improved voltage gain
3 Diodes VCapability of adding extra stages to the
1 Switch 1 -1 converter for reaching higher voltage gains
G=—— Vo paps=Vy=—oV
(251 3 Inductors 1-3D 0-331Vor.02.05 S 1-3D ' xNot a significant voltage gain improvement
5 Capacitors xThe duty cycle is limited
xStill cannot reach high voltage gains
3 Diodes V ooy =1 VImproved voltage gain
[26] 1 Switch _1+D 05 ! S 1-2D " v Unchanged voltage stress on devices
3 Inductors 1-2D ’ __-b xNot a significant voltage gain improvement
5 Capacitors P2 12D xStill cannot reach high voltage gains
1+D
. Voips = Vs :_{ ) Z)V(
5 Diodes 1-2D-D +Improved voltage gain
1 Switch _1+D _ 1-D xThe duty cycle is limited
[27] - 2 041 |Vp,=- 2 i .
3 Inductors 1-2D -D* 1-2D -D xIncreased voltage stress on devices
3 Capacitors D xStill cannot reach high voltage gains
Vo= \1op —p2 )
Vv = ﬂv v dvol .
6 Diodes prp2 = oY X’;r;lpls)ve volta§elga{n ;
[28] 2 Switches =P oss |y =*2[—H) ) Inersased anltage stress on devices
2 Inductors 1— 3D . D3 1-3D ncrease ! voltage stress on devices
2 Capacitors 1+D XExtra switch
Vi psoe=Vsis2 =—[1 D )V( xStill cannot reach high voltage gains
: V== 2 Vv
3 Diodes 1-3D Improved voltage gain
s - 1 Switch 2(1-D) 1-D xThe duty cycle is limited
2 =TT 033 Vo pa=—a
(29] L D, | L 4 Inductors G 1-3D 033 [Vo2.08 1-3D xIncreased voltage stress on devices
VT T SJj CT &Y |4 Capacitors _2(1-D) xStill cannot reach high voltage gains
s = 1 _ 3D i
/High step-up capability
= 5 Diodes v _ il v 4 Capabili?y of adding ; extra stages for
o 1 Switch 24D p1.p2.03.04.05 = o reaching higher voltage gains
2 Fig. 2 = 0.5 v Unchanged voltage stress on devices
9] 3 Inductors 1-2D 1
& 7C itor: Vy= 4 x Lack of common ground between the input
apacitors 1-2D and output of the converter
X Initial inrush current for D5 (for a few uS)
20 : : : ; . .
Commintion 025 Ti6] related to Fhe proposed copverter has a mild slope, apd it can
18} 52} . generate higher voltage gains than other structures, with a safe
16 | e [27] ] distance from D, margin. To give a numerical example, as it
14+ 53} i can be seen in Fig. 5, for reaching the voltage gain of 16, the
| | "= Proposed High Step-Up Comverter curve related to the proposed converter the voltage gain of 16
with the duty cycle of 0.425 with a mild slope, while, the curves
G l related to other converters reach their saturation zone with steep
8 7 slopes for the voltage gain of 16.
6 : As shown in Table I, in comparison for voltage stress on
4 | devices, despite the improvements in voltage gain relationships
) i for the converters presented in [25] and [27]-[29], the voltage
‘ L i stresses on the switches are increased, and they are equal to the
00 005 01 015 02 025 03 035 04 045 05 output voltage.
b Another issue is the voltage stresses on the diodes. Voltage
Fig. 5. Voltage gain comparison between the proposed and other QZS based ~ S{I€SS€s of all diodes in [25] and [28] and D; in [27] are equal

dc—dc converters.

theory, reaching such high voltage gains in practice is impos-
sible for them. But, as it can be seen in the figure, the curve

to the output voltage. Also, voltage stress of D in [29] is more
than the output voltage. In another meaning, despite the volt-
age gain improvement in these converters, the voltage stresses
on diodes and switches are significantly increased. These high
voltage stresses will increase the defection possibility of these
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TABLE II
RELATIONSHIPS FOR 2, 3, AND K-STAGE STRUCTURES

Number Voltage gain Dy ax
of stages G)

Voltage stress on devices

2+2D -1

2 G=355 05 vp1 =--=wvpg = —vs = (15975)Vi
2+3D —1

3 G=355 05 wpy=-=vp7r=-vg=(795)Vi
2+ K D —1

K G=32352 05 wpr=-=vpni2=—-vs=(95)Vi

elements which leads to low reliability of the whole system.
Also in high gain application, these converters need switches
and diodes with high power rates (several times bigger than the
nominal power rate of the load). It leads to higher cost, higher
power loss, and lower efficiency of the converters. These is-
sues also can limit the voltage gains of converters in practical
uses. But, as it can be seen, the proposed converter has kept
the voltage stress on diodes and switch unchanged, compared
to the basic structure. Comparing the proposed and other QZS
based converters, improving the voltage gain while not changing
the duty cycle limitation and voltage stress on the switch and
diodes can be counted as the main advantages of the proposed
converter.

The proposed converter also has the capability of reaching
higher voltage gains through adding extra stages. The stages
can be increased by repeating the part including Cs, Cy, Do,
and L3. Relationships for 2-stage, 3-stage, and K-stage struc-
tures in steady state are provided in Table II, which include the
relationships for voltage gain and voltage stress on diodes and
switches. As it can be seen in the table, higher voltage gains
will be available in multistage structures. The interesting fea-
ture which should be noted is that the duty cycle of the switch
is not limited, and the voltage stress on diodes and switches are
unchanged in all of the multistage structures.

After mentioning the advantages of the proposed converter, it
should be mentioned that a disadvantage of it compared to the
other structures, is lack of common ground between the input
and output. This issue should be considered if common ground
between the input and output was necessary. Another issue is that
considering the connection between Cj and the input source, an
initial inrush current will exist for diode Ds. However, due to
the simulations done for the converter, this initial inrush current
only lasts about a few microseconds and it is not long enough to
make any damage to the diode. Also, in the experimental tests
and without any soft-starting circuit for D5, no problems were
observed.

IV. PARAMETERS DESIGN
A. Inductors Ly, Lo and Lj
Generally, the following relationship is valid for an inductor
on a switching period:
~ Wi.D
- f s Al L .

(30)

Replacing Vi1, Vo, Vs, and Vg, from (15), (16), (24),
and (25) into (3), (5), and (6), respectively, gives the following
relationships for Vi, Vo, and Vi3 in the switching period
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(0<t< DT):
1-D
Vit =V = <1—2D> Vi (3D
1-D
Vi = (12D> Vi. (32)

Applying V11, Vi and Vi 3 from the above relationships into
(30) gives the following relationship for L, Lo, and L3 as:

1-D\ DV,
L1 = Lo — 4
Lo (1—2D> AL f,

;. _(1=DY DV,
P~ \1-2D) AL ¥,

where AI; represents the ripple of the current passing
through the inductor. The average current passing through in-
ductors Ly and L» is equal to the input current, while for Ls,
it is equal to the output current. Therefore, considering the cur-
rent ripple as 10% of the input current for L; and Lo, and 50%
of the output current for L3, the following relationships are
obtained as:

(33)

(34)

1-D DV;?
_[D(1-D)(2+D) V2
Lg_[ T }(0.5)]%. (36)

B. Capacitors Cy, Co, Cs, Cy, C5, Cg, and C,,

Generally, the following relationship is valid for a capacitor

on a switching period:
D.I¢

fs A‘/C

where AV is the voltage ripple of the capacitor which in
the calculations, it is considered as 2% of the voltage across
capacitors. The voltages across capacitors C, Cy, Cs, Cy, Cs,
and C} are given in relations (15), (16), (24), (25), (22), and (18),
respectively, and, the voltage across C,, is equal to V.

Considering the average current passing through each of ca-
pacitors in a switching period (0 < t < DT), the following

C:

(37

relationships are obtained for capacitors C1, ..., Cs and C,:
o= |52 e 9
Cy =(1-2D) (0()21;"‘/72]2 (39)
s = [Kéli?f](oogkﬁfs 0
@:%:%:(ZE?(M£Wﬂ @b
c;=(1—0)<2;i§>2m05%7ﬁ. (42)

V. SIMULATION RESULTS

In order to investigate the maximum power point
tracking (MPPT) capability of the proposed converter,
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TABLE III
PARAMETERS USED IN THE SIMULATIONS

Ly,Ly, Ly C1,Cy  C3,...,C6,C, fs Ry T diodes
3 mH 330 uF 100 pF 40kHz 500 Q 0.03 Q
TInductors T"Capacitors T"Switch 7. (K)y TE) G, (W/mz)
0.1 0.003 0.05 Q 298 293 1000
G (W/m?) Vocr Isc, N Rg
800 180 V SA 360 36 Q
X Coordinate Y Coordinate
350 Fe
| oy ‘
300+ . |
250-
200+
1504
100~§
50
| +X
‘ 0 20'0 25‘0
S = Duty Cycle
D 1978%\/\/\/\/\
109.930 = Yo
e W\
109.910
109.900
109.890
109.880
=Py
301.00980
301.00978
301.00976
301.00974
301.00972 W\/\/
301.00970
385.280 =Ye
385.240
35 20 W
385.160
385.120
385.080
0.49990 0.49992 0.49994 0.49996 0.49998 0.50000
(b)
Fig. 6. Simulation results. (a) Power versus voltage diagram of the PV panel.

(b) Waveforms including duty cycle, Vpy, Ppy, and V.

simulations are done in PSCAD. In the simulation, a pho-
tovoltaic panel is connected to the converter. The pa-
rameters used in the simulation are shown in Table III.
T., T, Voerry Iscr, Gry G, N, and Rg are related to the PV
panel and they respectively represent reference temperature,
ambient temperature, open-circuit voltage of PV, short-circuit
current of PV, reference sun radiation, solar radiation on the PV
panel surface, number of serried PV cells, and series resistance
of the PV panel. A PI controller is used for controlling the duty
cycle of the switch in order to track the maximum power point.
Fig. 6(a) shows the simulation result for output power versus
output voltage of PV panel. As it can be seen, the P-V curve is
being increased from zero, and finally, it stopped by reaching
the maximum power point. In Fig. 6(b), the duty cycle of the
switch, output voltage and output power of PV panel, and the
output voltage of converter are shown. As it can be seen, the duty
cycle is constantly adjusted by PI controller. The output power
of PV panel fluctuates around 150.128 W which due to Fig. 6(a),
it is the maximum power point. Also, the output voltage of the
converter is 270 V with an acceptable ripple. Therefore, consid-
ering the simulation results, MPPT capability of the proposed
converter is confirmed.
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TABLE IV
SPECIFICATIONS OF THE PROTOTYPE

Vi and V, fg CyandCy Cg,..., Cg and C,
24 and 365 V 40 kHz 330 uF 100 uF
Duty Cycle L; and Lo L3 Ry,

42% 2 mH 2.8 mH 8852
Microprocessor ~ MOSFET Diode Optocoupler
ATMEGA 32A  IRFP260N  MURI1560 TLP250

TABLE V
THEORETICAL VERSUS PRACTICAL VOLTAGE GAINS

Dutycycle 02 025 03 035 0.4 0.42 044  0.46
GTheory 366 45 575 7.83 12 15.125 2033 30.75
Practical 354 431 548 744 11.03 1356 17.22 2481

VI. EXPERIMENTAL RESULTS

In order to prove the feasibility of the proposed high step-up
dc—dc converter, a 150 W prototype has been synthesized in
the laboratory. The specifications of the prototype are listed in
Table IV.

The switching pulse applied to the gate of the switch is shown
in Fig. 7(a). The duty cycle is considered as 0.43.

Experimental results of the output voltage are shown in
Fig. 7(b). As it can be seen, the output voltage has the value
of 365 V, which means that the prototype has successfully gen-
erated the voltage gain of 15.2. It is worth mentioning that, con-
sidering the duty cycle of 0.43, the expected theoretical voltage
gain obtained from relation (27) is 17.35. The difference be-
tween the theoretical and practical voltage gains is normal, and
it is because of the internal resistance of the components. In or-
der to give a better comparison between theoretical and practical
voltage gains for different duty cycles, experiments are done in
the laboratory and the results are summarized in Table V.

The input current waveform is shown in Fig. 7(c). It is con-
tinuous, as it was expected. The waveforms of voltage stress on
the switch (drain to source) and diode D, are shown in Fig. 7(d)
and (e), respectively. Voltage stress peaks of other diodes are
similar to diode D;. As it can be seen in the waveforms, the
voltage stresses have the peak of 150 V. Therefore, this proves
that the proposed converter has highly improved the voltage
gain of the basic converter without changing the voltage stress
on the switch and diodes.

The results for the voltage across the capacitor C is also
shown in Fig. 7(f).

In order to investigate the efficiency of the proposed con-
verter, the experiments were done at four different power levels
as 50, 100, 150, and 200 W. The experiments were done for
different duty cycles from 0.2 to 0.48. The input voltage for
all the experiments was considered as 24 V. Also, a variable
resistance was used in the output to adjust the output power to
the desired value in all situations. The input and output voltages
and currents were measured in each scenario using the oscil-
loscope, to calculate the efficiency. The efficiency results are
shown in Fig. 8. As it can be seen, the converter has its best
efficiency response for the duty cycles between 0.3 and 0.46.
For very low and very high duty cycles, the power loss increases
and the efficiency of the converter decreases which this issue
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Fig. 7.
Voltage stress of Dy (Vp1). (f) Voltage across Cy (V).

Efficiency (%)
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4
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Fig. 8. Experimental efficiency analysis results of the proposed converter.

TABLE VI
EFFICIENCY OF THE PROPOSED AND CONVENTIONAL CONVERTERS

Voltage Gain 2 3 4 5 6
%Eff. (conventional) 949 923 89.6 86.6 83.2
9Eff. (proposed) 833 841 873 884 90.1

is rational and inevitable for all step-up dc—dc converters. As
it can be seen in Fig. 8, the proposed converter has a desirable
efficiency. Experimental efficiency analysis is also done for the
conventional and proposed QZS converters. Considering that
the conventional converter could not reach voltage gains higher
than 6, the comparison is done for voltage gains between 2 and
6. The obtained results are shown in Table VI. As it can be
seen in the table, as the voltage gain increases, the efficiency
of the conventional converter decreases, while the efficiency of
the proposed converter increases. That is because increasing the
voltage gain causes the conventional converter to reach its sat-
uration zone soon, and the parasitic power losses will decrease
the efficiency. It is worth mentioning that, as it can be seen in
Fig. 8, the efficiency of the proposed converter will also de-
crease by reaching the saturation zone. Anyway, for this range
of voltage gains, the proposed converter has better efficiency in
higher gains.

VII. CONCLUSION

An improved QZS based dc—dc converter with high step-up
capability was proposed. In addition to the QZS network, the

(e)

M1aops
M Pos:8.60ps

CHI=20.0U M18.8ps

M Pos:0.00ps

Experimental results. (a) Gate pulse of the switch (Vgg). (b) Output voltage (V). (c¢) Input current (7;). (d) Voltage stress of the switch (Vpg). (e)

proposed converter has used a combined method of switching-
capacitors and switching-inductor. It could resolve the voltage
gain limitation of the basic converter while keeping its main
advantages, such as continuous input current and low voltage
stress on capacitors. The maximum duty cycle and voltage stress
on the switch and diodes remain unchanged. Therefore, this will
not affect the voltage gain of the converter in practice. Extra
stages can also be added to the converter to achieve even higher
voltage gains. It was seen that the voltage stress on diodes and
switch stays unchanged after increasing the stages.

Circuit operation principles, analysis, and necessary relation-
ships were presented. A comparison between the proposed and
other QZS-based converters was also provided. Considering the
results, the superiority of the proposed converter to other struc-
tures was confirmed.

The simulations were done in PSCAD using a photovoltaic
panel input. The results have confirmed the MPPT capability of
the converter.

A 150 W prototype of the proposed converter was also synthe-
sized in the laboratory. The experimental results have confirmed
the theoretical analysis, and the practicality of the converter and
its proper efficiency have been assured.

Considering the approved advantages of the converter, such as
continuous input current, high voltage gain, low voltage stress on
elements, and MPPT capability, it could be a suitable choice in a
variety of industrial applications, such as photovoltaic systems,
fuel cells, permanent magnet synchronous generator (PMSG)-
based wind turbines, and power systems based on battery banks
and super capacitors. Also, in applications such as uninterrupt-
able power supply, and LED lamps, low and varying voltage
of the battery and fuel cell should be converted to the standard
dc bus voltage (380—400 V), which the proposed converter can
be a suitable choice for them. The point which also should be
mentioned is that, considering the nonisolated structure of the
proposed converter, in applications which an isolation between
the input and output side is required, an isolating transformer
could be used in series with the converter.
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