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In power converters, the total harmonic distortion (THD) can be decreased by using two strategies which are filtering
and controlling methods. The filtering strategy is indeed costly because of using hardware devices (such as capacitors and
inductors). A suitable strategy to control the modern power converters without using the hardware devices is the pulse
width modulation (PWM) technique. In this paper, three new PWM control methods based on mathematical equations for
various Z-source inverters (ZSIs) are proposed. Controlling the duty cycles of switches is the basic idea of these methods to
control the output voltage. The proposed control methods are analyzed under the circumstances of constant input and
balanced output voltage (CIBOV) and ripple input and balanced output voltage (RIBOV). The advantages of the proposed
methods are control of voltage, current and harmonic distortion. Other advantages of these methods are lower value for
THD and elimination of low-order harmonics. The correct operation of the proposed PWM techniques is proved by using

Pulse width modulation (PWM), Quasi-Z-source inverter (qZSI), Shoot-through (ST) state, Total harmonic distortion (THD).
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I. INTRODUCTION

The dc-ac converters (or inverters) are suitable topologies
for medium-power and high-power applications. Hence, these
converters have a main role in the industry and urban lifestyle
[1]-[4]. Up to now, various topologies of inverters have been
presented such as inverters based on voltage source (VSIs),
current source (CSIs), and impedance source (ZSls). Each
one of them has its own limitations that should be considered
in switching states [4]-[8]. The inverter topologies based on
the Z-source network have the capability of voltage boost by
shoot-through (ST) states. Moreover, they are suitable for
applications such as photovoltaic, fuel cell, motor drive, and
wind turbine [7]-[10].

In a power converter, power losses can be lower by reducing
the value of total harmonic distortion (THD). To achieve this
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aim, a suitable topology or control method can be employed.
Moreover, filtering and controlling strategies can decrease the
THD and eliminate low-order harmonics [1]-[3]. The filtering
technique needs some hardware devices (such as capacitor and
inductor). To decrease the size and cost of the filter, the higher
switching frequency can be profitable which causes more
switching losses. Hence, that's better to focus on control
methods [1], [2], [11].

In the ac output of an inverter, the magnitude, frequency,
and phase can be controlled by an appropriate control method.
The pulse width modulation (PWM) techniques have the
capability to control the switching states, and in comparison
with other strategies can cause a decrease in low-order
harmonics [1]-[3], [11]. UP to now, several PWM techniques
for inverter based on Z-source topology have been introduced.
The main purpose of them is a simple implementation, high
voltage gain, low device stress, less commutation per
switching cycle, and low harmonics and THD [12]-[18].

Three basic techniques are the simple boost control (SBC),
maximum boost control (MBC), and maximum constant
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boost control (MCBC) [12]. In order to control the ST duty
cycle (D, ) in the SBC method, a triangular carrier wave is

compared to two straight lines. But, in MBC and MCBC
strategies, the ST states generate from the comparison of two
envelope curves with the triangular carrier waveform. The ST
time per switching cycle is constant for SBC and MCBC. But,
it is variable for MCB. The MBC technique has a higher
voltage boost factor and lower voltage stress across the
devices in comparison with the two others. However, it has
the drawbacks of low-frequency ripples on the Z-source
network. In order to reduce the volume and cost of the LC
network, the elimination of low-frequency current ripples is
needed which is achieved by a constant ST duty cycle [12].

Other various solutions have been introduced in [13]-[15] to
reduce the inductor current ripple for the ZSI topologies. In
[13], a switching technique for the ZSI has been presented.
This strategy has used the unequal ST time intervals to reduce
the inductor current ripple. This method compared to the
conventional method with equal ST time intervals can reduce
the inductor current ripple by 27.8% without increasing the
number of switching states. Also, to reduce this problem, [14]
has employed the advanced bus clamping switching sequences
as titled ABC4-MCB control method. This method in
comparison with the ZSVM6-MCB strategy, for the equal
average switching frequency, reduces the maximum
instantaneous inductor current ripple around by 34%. In this
technique, the reduction percentage of the inductor current
ripple is constant over the entire range of the ST time interval
(0-0.48). In [15], the current ripple of ZSI has been firstly
analyzed. Moreover, a comparison between ZSI and VSI has
been given in terms of current ripples. At last, a variable
dc-link voltage and switching frequency method has been
employed to reduce the conduction and switching losses
without increasing the predicted peak current ripple.

Ref. [16] has introduced a dual switching frequency
modulation algorithm for ZSI and gZSl to combine
high-frequency PWM with low-frequency singular PWM
which causes a reduction in the converter size as it operates at
the high switching frequency.

In [17], several new control methods for single-phase ZSls
have been presented. Also, a comparison among them has
been given. Moreover, an optimized closed-loop control
scheme has been designed to eliminate more harmonic. These
techniques in comparison with conventional boost control
strategies have a simple algorithm, more flexible voltage gain,
and lower harmonics.

In [18], an improved sinusoidal PWM (SPWM) method for
the one-phase and multi-phases approaches of the quasi ZSls
(9ZSils) has been introduced. The main aim of this strategy is
that a similar control signal at per time interval can be
generated by the controller because one of the switches is
turned on and the other one is turned off. Also, the switching
state of another MOSFET can be produced by a NOT gate. In

this paper, the related mathematical analysis of gZSI has been
also provided and the controller is designed based on these
calculations.

In [1] and [2], several PWM control methods for
conventional VSI have been introduced. The basic idea of
them is to control the duty cycles of the switches in such a way
that a load sees a controllable average voltage. Inspired by [1]
and [2], three new PWM control methods based on
mathematical equations for various single-phase Z-source
topologies have been proposed in this paper. Significantly, the
proposed methods have been analyzed for a conventional
single-phase gZSI. The main advantage of the proposed
methods is based on the mathematical foundation. In other
words, the proposed methods include some mathematical
equations in which each one of them has a controllable
capability. Other benefits of proposed methods are lower value
for THD and elimination of low-order harmonics. This paper
is categorized as follows. In section Il, a brief review of the
conventional single-phase qZSI topology is performed. In
section 1lI, the operating principle of three proposed PWM
control methods with related equations is presented. Since the
proposed methods can also generate the desired output voltage
from a regulated and unregulated input voltage. So, in this
section, these methods are analyzed under situations of
CIBOV (constant input and balanced output voltage) and
RIBOV (ripple input and balanced output voltage). Section 1V
provides a comparison between the proposed methods and
other methods. The simulation results given in section V prove
the correct operation of the proposed methods.

Il.  CONVENTIONAL QUASI-Z-SOURCE
INVERTER (QZSI)

Fig. 1 shows the conventional single-phase gZSI topology
[19]. This inverter has two modes such as shoot-through (ST)
and non-shoot-through (non-ST) switching states. The
equivalent circuits of qZSI are shown in Fig. 2. Considering
Fig. 2(a), in the ST switching state (Tg, time interval), the
switches are turned on, whereas, the diode of D is turned off.
In this mode, the following equations can be obtained:

VLl,sh :Vdc +VC2 ’ Vo,sh = o (1)

Vigsh = Ver

=D

Tidf =ig

Fig. 1. Conventional single-phase gZSI topology [19].



International Journal of Industrial Electronics, Control and Optimization [GRA0ZAR | =(e{® Rl

(a) (b)
Fig. 2. Circuits of gZSlI; (a) ST state, (b) non-ST state.

where v, and v, are the voltages across the L, and
L, inductors, V., and V., are the voltages across the
C, and C, capacitors, and V,, and v, are the input and

dc-link voltages of the inverter, respectively.

According to Fig. 2(b), in the non-ST switching state
(T, time interval), the diode of D is turned on,
whereas, the switches have different states of turning on. In
this mode, the following equations can be written:

Vi1 nsh =V —Ver, Vionsh = Ve, V, =V +Ve, )

o,nsh

In steady-state, the average voltages across C, and C,
capacitors (V., and V., ) for all times can be calculated as
follows [10], [19]:
= L= Do Vie Voo = & Vic

1-2D,, 1-2Dg,

©)

Cl

where D, is the duty cycle of the ST switching state,
which can be defined as follows:

T
D, = =1-M )

where M is the modulation index of the inverter.
From Equs. (2) and (3), the maximum voltage across the
de-link (V, e ) is equal to [10], [19]:

1
Vo,max = BVdc = mvdc (5)
where B is the boost factor of the gZSI.
By substituting Equ. (4) into Equ. (5), we have:
y ZA[HL] ©
2 Vo,max

Assuming a purely resistive load ( R, ), the average current

through the dc-link (1, ,, ) for all times is equal to:

1-D
o,av — — 0, max (7)
FQL

ON switchesduring Tg,
(ST switching state)
A
-

S S5
S, “S4 |S,

v o
ON switchesduring Tpg, {ON switchesduring T;
v

(non— ST switching state) ON switchesduring T,

Fig. 3. First proposed control method.

I1l. PROPOSED MATHEMATICAL PWM CONTROL
METHODS FOR SINGLE-PHASE ZSIs

The various PWM strategies have been introduced to
control the Z-source topologies [12]-[18]. The PWM strategies
presented in [1] and [2] are based on mathematical equations.
But, these PWM control methods have been designed for the
inverter topologies based on voltage-source. Hence, in the
inverter topologies based on the Z-source network, the ST
switching state should be added to these control methods. In
this paper, by using the concepts of PWM control methods
presented in [1] and [2], three new PWM control methods
based on mathematical equations are proposed for various
single-phase Z-source topologies. The main purpose of these
methods is to control the ST duty cycle ( Dy, ) through which

a load can be able to see a controllable average voltage. In the
mathematical proposed control methods, the sampling time

(T,) is divided into two time intervals as Ty, and T, for
the Z-source inverters, which can be written as follows:
Ts = Tsh +Tnsh (8)

where Ty, and T, are the ST and non-ST switching

states, respectively, which considering Equ. (6) can be
obtained as follows:

— — _ — E _ Vdc (t)

Tsh - Dsh Ts - (1 M)Ts - 2 [l Voymax (t)J (9)
—_ it =Tl Ve (®)

Tnsh - (1 Dsh)Ts - MTs - 2 [1"' Vovmax (t)J (10)

Considering Equs. (8) and (10), the non-ST switching state
(time interval of T, ) is also divided into two-time intervals

suchas T, and T,, which can be written as follows:
T =T +T, 5 DT, <T, <(1-D)T fori =12 (11)

It is noticeable that the proposed strategy is based on a
matrix of the switches (S ), which can be defined as follows:

S, S
s { 1 } (12)
82 S4 2x2
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ST state,
i
0 »t
S1 &S,
i
0 »t
S, &S3
1
Ok — - >t
T m
Thsh = - Dsh )Ts Tsh = Den Ts

Ts

Fig. 4. Control signals of the first proposed PWM control
method.

A. First Proposed Control Method

In the first proposed control method, the sequence of
turning on and off for the switches is shown in Fig. 3. In the
non-ST switching state (time interval of T, ), when the
switches of S, and S, are turned on for the time interval
of T,, the switches of S, and S, should be turned off for
this time and vice versa for the time interval of T,. To
generates the ST switching state (time interval of T, ), the
S, to S, switches are turned on. When the switching
frequency of inverter ( f;) in comparison with the output
frequency of inverter ( f_) has been selected big enough
( f,>> f_ ), the average voltage across the output load

(Vieaq ) Can be obtained as follows [1]:

1 1
Vioad (t) — (rl _TZ)Vo,nsh == (Tl _TZ)Vo,max (t) (13)

nsh nsh

From Equs. (11) and (13), the values of T, and T, are
equal to:

-|-1 _ Tnsh 1+ V'—Ld(t) for Tsh < Tl < Tnsh (14)
2 Vo max (1)

T, = Tosn 1_V'-Ld(t) for T, <T,<T, (15)
2 Vo, max (t)

Fig. 4 shows the first proposed control signals for the
switches of single-phase inverter based on the Z-source
network. The first control method can be analyzed under two
conditions as follows:

1) Achieved Results for Constant Input and Balanced Output
Voltage (CIBOV): In this case, the dc input voltage has the
constant value, smooth and without the ripple, which can be
defined as follows:

Vdc (t) = Vdc (16)

In the CIBOV case, the voltage of output load (v, ., ) is
considered as follows:

VLoad (t) :Vo,max Sin th (17)

where V,

omax and o, are the maximum and angular speed
of the output load voltage, respectively.
By substituting Equs. (16) and (17) into Equs. (14) and (15),

the values of T, and T, are equal to:

T, = @=Dy)Tg A+sinat) = M (1+sin o, t) (18)
2 2f,
Tz _ (1_ Dsh )Ts (1—Sin a)Lt) = % (1—Sin Cl)Lt) (19)

In this case, the current through the RL output load
(1029 ) is €Qual to:
iLoad (t) = Io,max sin (a)Lt +¢L) (20)
where |, .. is the maximum current through the RL

output load and ¢, is the phase difference between the

voltage and current of RL output load, which can be
calculated as follows:

V,

I 0,max

TR (L)

From Equ. (13), the relation between dc-link and output
currents for the time interval of T, can be calculated as

follows [1]:

io,nsh (t) = Ti (Tl _Tz) iLoad (t) (22)

nsh

J ¢Load =tan 1(ﬂ) (21)
RL

Considering Equs. (18) to (22), in the non-ST switching
state, the instantaneous current of dc-link (i, ., (t)) is equal
to:

|
io,nsh ®= Ogax [cosg, —cosat +4, )] (23)

2) Achieved Results for Ripple Input and Balanced Output
Voltage (RIBOV): In this case, the dc input voltage has
variable value, not smooth and with ripple, which can be
defined as follows:

Ve () =V4 +V, sinot VI v, () >0 (24)

By substituting Equ. (24) into Equs. (14) and (15), the
valuesof T, and T, areequal to:

1-D_ )T V, max SINO
T1=( 5“)5[1+ : L]

2 Vomax TV, SiNot

) (25)
:ﬂ L VO,maXS'“_th
2f Vo max TV, Sinayt
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Fig. 5. Second proposed control method.

T _ (1_Dsh )Ts 1 Vo,max SIna)Lt
) Vo ma TV, SNt

M 1 Vo max SIN@
T2 T Ve PV, SiNat

B. Second Proposed Control Method

In the second proposed control method, the sequence of
turning on and off for the switches is shown in Fig. 5. In this
method for the time interval of T , the switches of S,

nsh 1

(26)

and S, are turned on and the switches of S, and S, are
turned off for the time interval of T, and vice versa for the
time interval of T,. The time interval of Ty is similar to

the first proposed method.
Considering f, >> f_, the average voltage across the

output load (v, ,,q ) is equal to:

1

1
(_Tl +T2)Vo,nsh :T_(_Tl +-I—z)vo,max ) (27)

nsh nsh
From Equs. (11) And (27), the values of T, and T, are
equal to:

V Load (t):

T, = Toof g Viea® | g0 T, <T,<T. (28)
2 Vo,max (t)

Tty Ve ® g g o 1 ()
2 Vo,max(t)

The second proposed control signals for the switches of
single-phase Z-source inverter are shown in Fig. 6. This
control method can be analyzed under two conditions as
follows:

1) Achieved Results for Constant Input and Balanced Output
Voltage (CIBOV): In this case, by placing Equs. (16) And
(17) into Equs. (28) And (29), the values of T, and T, are

equal to:

— (1_ D25h )Ts (1_Sin th) = %(1—5"] CULt)

S

T, (30)

© 2021 IECO 171
ST state,
1
0 >t
S;1 &S,
1
0 >t
S, &S3)
1
oL — = >t
< T > T, >
‘Tnsh =(1-Dg )Ts ) Tsht: Dgn Ts

TS

Fig. 6. Control signals of the second proposed PWM control
method.

-+~ First PWM method----»--- Second PWM method:--»,

ST statey

1

0 >t
S, &S,

i

0! »t
S, &S,

1

0 — >t

t Tsh =D T. Dk

Thsh = - Dgh )Ts

nTg mTg
T,

A A
v.V

S

Fig. 7. Control signals of the third proposed PWM control
method.

_ (1_ Dsh )Ts (L+sin a)Lt) - %(1+ sin Ct),_t)

S

T (31)

2) Achieved Results for Ripple Input and Balanced Output
Voltage (RIBOV): In this case, by placing Equs. (17) And
(24) into Equs. (28) And (29), the values of T, and T, are

equal to:

Tl = (1_Dsh )Ts [1_\/ Vo,max Sina)Lt J

2 omax TV, SiNayt
(32)
M 1 Vo max SN t
- 2f Vo ma TV, Sinot
T,= (-Dg)T, 14 Vo,max SinfoLt
2 Vi max TV, Sinat
(33)

M V, max SiN @ T
=—11+ ‘ -
2f Vo max HV, Sinayt
C. Third Proposed Control Method
By combining both the first and second proposed PWM
methods, the third control method is proposed. In this method
a sampling time period is divided into two sections such as
n and m, which are shown in Fig. 7. The third proposed
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control signals for the switches of single-phase Z-source
inverter are shown in Fig. 7.

According to Equs. (13) And (27), the average voltage
across the output load (v, ,4 ) can be obtained as follows:

Vigag (1) = Ticrl -T,) +Tﬂ(—n +T,) }vo,maxa) (34)

nsh nsh

1V. COMPARISON

Various PWM control methods have been introduced for the
ZSI topologies. But overall they can be classified into
carrier-based PWM strategies [12]-[18]. In this technique, the
control signals for switch gates generate from the comparison
of linear or curve reference waves with the triangular carrier
waveform. Hence, the pulse widths of signal gates can be
equal or unequal which causes the values of the ST duty cycle
will respectively be constant or variable [9], [12].

Three fundamental and most important PWM control
methods are related to the simple boost control (SBC),
maximum boost control (MBC), and maximum constant
boost control (MCBC) [9], [12]. Table I and Figs. 8 and 9
present a comparison between the three techniques of SBC,
MBC, and MCBC. Considering Table | and Figs. 8 and 9, the
SBC method is used to control of D, (ST duty cycle) in

which the ST time per switching cycle is kept constant.
Hence, the boost factor will be a constant value. Under these
conditions, the dc inductor current and capacitor voltage,
which are associated with the output frequency, will have no
ripples. In this strategy, the value of Dy, is decreased with

the increase of M, which causes relatively high voltage stress
across the devices. In the MBC method, the ST time per
switching cycle is variable. MBC in comparison with SBC
not only reduces the voltage stress across the devices for the
same modulation index but also increases the voltage boost
factor and inverter voltage gain. However, it has the
drawbacks of low-frequency ripples on the Z-source network.
So that the inductor current ripple becomes significant when
the output frequency is low, and a large inductor is required.
In order to reduce the volume and cost of the LC network, the
elimination of low-frequency current ripple is needed by
using a constant ST duty cycle. At the same time, a higher
voltage boost and lower voltage stress for any given
modulation index are simultaneously demanded. The MCBC
method is introduced to achieve the above aims [9], [12].

Proposed control methods not only can be achieved all the
benefits of SBC, MBC, and MCBC but also they have a
number of unique advantages that are listed below:

e The most important advantage of the proposed control
methods is having a mathematical basis.

TABLE |
CoMPARISON OF SBC, MBC, AND MCBC STRATEGIES.

Voltage boost Inverter voltage Devices voltage
ST duty cycle g 9 g

PWM factor gain stress
1 V1V,
method DShzTLh B= G=MxB s Vde
T 1-2Dg, versus G
1 M
SBC — 2G-1
1-M 2M -1 2M -1
27— 33M z M 3/3G-M
MBC — ——
Py 3J§M -z 3\/§M -7 V3
J3m ! M
MCBC 1-XT 61
16 SBC
14 MBC
12
©) P - N N B L MCBC
£
S 8 R
(5]
g TN
S 4t sSiT
2 e [TSeeniis ks o O Y T Ty
0 - - ' : '
ML LW ML LW ML LW ML ©
OV OONOURNOXOIM®I WS
SEo KSR 2320 2o
o =] S} o ° e i
Modulation index (M)

Fig. 8. Comparison of voltage gain versus modulation index.

e

Cad

® 10 —= SBC

g g Lo ... MBC i~
= v :
S —--F-"McBc P
o~ P
g6 7 Lo

£2 PP

o A 22

@ Z 4 2

s 2 o

S

>

1 15 2 25 3 35 4 45 5
Voltage gain (G)

Fig. 9. Comparison of normalized devices voltage stress versus
voltage gain.

e Considering Equs. (4) to (6), the used relationship
between D,, and M is related to the SBC method.

Hence, all obtained results for the proposed methods
will be under this technique. However, due to the
capability of the proposed methods, the D, and M

relationship related to the MBC or MCBC methods can
be used instead of the SBC.

e The switching states of the SBC, MBC, and MCBC are
generated by comparing two straight lines or two curves
with a triangle carrier waveform each of which had its
own advantages and disadvantages. But the proposed
control methods have used a series of mathematical
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equations for generating the switching states which can

overcome their disadvantages
harmonics and THD).

e According to Fig. 7 (nT, + mT, =T,orn+m=1), the
N or m can be used to control the one parameter of
the inverter. Thus, in the third proposed technique, not
only the voltage and current can be controlled but also it
can control (or eliminate) the extra parameters such as
harmonic and THD without any hardware elements.

(such as higher

V. SIMULATION RESULTS AND DISCUSSION

In this paper, the proposed PWM methods are implemented
for qZSI topology. To prove the correct performance of the
proposed PWM control methods under CIBOV and RIBOV
conditions, the achieved results of the simulation are used.
Moreover, in the same condition, a comparison is done
between proposed and SBC methods in terms of harmonics,
THD, and dynamic response. Table Il shows the used
parameters for the simulations.

A. Check the Correct Operation of the Proposed Control
Methods
Figs. 10 to 15 show the simulation results of the proposed
PWM control methods for single-phase qZSI under CIBOV
and RIBOV operations. According to Table II, the input
voltage source and the maximum amplitude of RL output
load voltage are equal to V,, =50V and V, =250V,

0, max
respectively. That means the boost factor of the inverter is
equal to B=5. Simulation Results for Single-Phase gZSI
under three proposed control methods can be analyzed as
follows:

1) Obtained Results for the First Control Method: Figs. 10
and 11 show the simulation results for the first proposed
PWM control method under CIBOV and RIBOV operations,
respectively. From Equs. (6) and (4), the modulation index
and duty cycle should be M =06 and Dy =04,
respectively. From Equs. (1) and (2), the obtained voltages
across the dc-link of qZSI for ST and non-ST states are
Voo =0V and v, o =250V , respectively, which are

shown in Figs. 10(b) and 11(a). The voltage and current of
RL output load under CIBOV and RIBOV operations are
shown in Figs. 10(d, e) and 11(c, d), respectively.

2) Obtained Results for the Second Control Method: Figs.
12 and 13 show the simulation results for the second
proposed PWM control method under CIBOV and RIBOV
operations, respectively. From Equs. (1) and (2), the obtained
voltages across the dc-link of gZSI for ST and non-ST states
should be v, =0V and v, =250V , respectively,

which are shown in Figs. 12(b) and 13(a). The voltage and
current of RL output load under CIBOV and RIBOV
operations are shown in Figs. 12(d, e) and 13(c, d),
respectively.

3) Obtained Results for the Third Control Method: Figs. 14
and 15 show the simulation results for the third proposed
PWM control method under CIBOV and RIBOV operations,
respectively. Figs. 14(b) and 15(a) show the obtained
voltages across the dc-link for ST and non-ST states,
respectively. Figs. 14(d, e) and 15(c, d) show the voltage and
current of RL output load under CIBOV and RIBOV
operations, respectively.

As a result, considering the obtained theoretical and
simulation results, the simulation results shown in Figs. 10 to
15 are similar to the theoretical analysis, which proves the
suitable performance of the proposed PWM control methods.

TABLE Il
USED PARAMETERS FOR THE SIMULATION.
Quantity Symbol Value
Input voltage source Ve 50V
Maximum output voltage Vo max 250V
C,=C, 2mF
Z-source network
L=L, 0.5mH
R. 400
Output load values L, 5mH
fL 50Hz
Switching frequency fg 20kHz

First Control Method (CIBOV)

ms1=54
“T.50 ~ T T
1.00 ‘ ‘
T[Ty
0.50 A5
0.00 - et
ms2=353 Lo
150 - Then + T
1.00 :
0.50 « —
Tsi
0.00 - :
1 1
0.20p00 0.20005 0.2001
(@
First Control Method (CBOV) First Control Vethod (CIBOV)
=N T -
375_| yo[V] T 3‘1;2’3 2 mjo[A
> 20
250 7T "
125 nsh > sh‘ 0
0 I -10
0.20000 0.20005 02001 0200 0220 0.240
(b) (c)
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Fig. 10. continued

First Control Method (CIBOV)
= yLoad
o v

First Control Method (CIBOV)
= jl oad [A]
T5.0

Fig. 10. Simulation results for the first proposed PWM control
method under CIBOV operation; (a) gate pulses of switches,
(b) voltage of dc-link, (c) current of dc-link, (d) voltage of RL
output load, (e) current of RL output load.
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Fig. 11. Simulation results for the first proposed PWM control
method under RIBOV operation; (a) dc-link voltage, (b) current

of dc-link, (c) voltage of RL output load, (d) current of RL
output load.
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Fig. 12. Simulation results for the second proposed PWM control
method under CIBOV operation; (a) gate pulses of switches,
(b) voltage of dc-link, (c) current of dc-link, (d) voltage of RL
output load, (e) current of RL output load.
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Fig. 13. Simulation results for the second proposed PWM control
method under RIBOV operation; (a) dc-link voltage, (b) current
of dc-link, (c) voltage of RL output load, (d) current of RL
output load.
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Fig. 14. continued
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Fig. 14. Simulation results for the third proposed PWM control
method under CIBOV operation; (a) gate pulses of switches,
(b) voltage of dc-link, (c) current of dc-link, (d) voltage of RL

output load, (e) current of RL output load.
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Fig. 15. Simulation results for the third proposed PWM control method under RIBOV operation; (a) dc-link voltage, (b) current of
dc-link, (c) voltage of RL output load, (d) current of RL output load.
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B. Harmonic and THD Analysis

The harmonic spectrums and THD results of output voltage
and current for the proposed and SBC control methods under
different operational conditions are illustrated in Figs. 16 to
19. In CIBOV and RIBQV cases, the harmonics components
of the proposed methods are less than the SBC method (Figs.
16 and 18). Also, the THD of the output voltage for the
proposed methods is less than the SBC method (Figs. 17 and
19). The THD of the output current for the first and second
proposed methods is almost equal to the SBC method. But, it
has a lower value for the third proposed method. In addition,
the reduction of harmonics and THD values for the third
proposed strategy is more in comparison with the first and
second proposed methods (Figs. 17 and 19).
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Fig. 16. Harmonic spectrums under CIBOV operation; (a) SBC method, (b) first proposed method, (c) second proposed method,
(d) third proposed method.

SBC method (CBOV) SBC method (CBOV) First Method (CBOV) First Method (CBOV) Second Method (CBOV) Second Method (CIBOV) Third Method (CBOV) “Third Method (CBOV)
THD of vLoad (%) THD of iLoad (%) THD of vLoad (%) THD of iLoad (%) THD of vLoad (%) THD of iLoad (%) THD of vLoad (%) THD of iLoad (%)
\\ \\ \\ \\ \\ \\ \\ \\
100 0 100 0 100 0 100 0 100 0 100 0 100 0 100
4.31502 2.77545 3.11847 2.85078 3.12347 2.85421 2.06547 1.74374

(@) (b) (© (d)
Fig. 17. THD analysis under CIBOV operation; (a) SBC method, (b) first proposed method, (c) second proposed method, (d) third
proposed method.

Harmonics of vLoad for SBC method (RIBOV) Harmonics of iLoad for SBC method (RIBOV)
200.0 5.0
0.0 B et L 0.0 fefmessssemeseirsnnsialnnalalrsnannnneTnne st -
[1] 152.351 [1] 3.85495
(@)
Harmonics of vLoad for first method (RIBOV) Harmonics of iLoad for first method (RIBOV)
200.0 5.0
(ol PR 0.0 Mol el | gl d 0 I IS S J S S S g i
[1] 143.68 [1] 3.59858
Harmonics of vLoad for second method (RIBOV) Harmonics of iLoad for second method (RIBOV)
200.0 5.0
(o TN 0 0.0 Nl lotel |t | I
[1] 143.682 [1] 3.59834
(©)
Harmonics of vLoad for third method (RIBOV) Harmonics of iLoad for third method (RIBOV)
200.0 5.0
0.0 41 1 00§ 1 )d
[1] 153.187 [1] 3.82698

(d)
Fig. 18. Harmonic spectrums under RIBOV operation; (a) SBC method, (b) first proposed method, (c) second proposed method,
(d) third proposed method.
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Fig. 19. THD analysis under RIBOV operation; (a) SBC method, (b) first proposed method, (c) second proposed method, (d) third
proposed method.
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Fig. 20. Dynamic response evaluation under CIBOV operation; (a) SBC method, (b) first proposed method, (c) second proposed
method, (d) third proposed method.
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Fig. 21. Dynamlc response evaluation under RIBOV operation; (a) SBC method, (b) first proposed method, (c) second proposed method,
(d) third proposed method.

C. Dynamic Response Evaluation

In order to dynamic change evaluation in the output of
gZSl, the output resistance value ( R ) will be changed
among 20, 40, and 60 ohms. During this evaluation, the
output inductor value has a constant value (L, =5mH). Figs.

20 and 21 show dynamic change evaluation in the gZSI
output by using the proposed and SBC control techniques
under CIBOV and RIBOV operations. For different values of

output resistance (R, ), the simulation results shown in Figs.
20 and 21 demonstrate the appropriate operating of dynamic
changes in the gqZSI output for proposed methods under

CIBOV and RIBOV operations. Also, the output current in
the proposed strategies has a lower amplitude in the transient

mode in comparison with the SBC method.

VI.

The design of a suitable control method for the inverters
can be an effective solution to the elimination of low order
harmonics, the lower value for THD, and decreasing the size
and cost of the filter. Hence, in this paper, three new PWM
control methods based on mathematical equations were
proposed for controlling the various single-phase ZSls. The
proposed methods can also be extended to the various
three-phase Z-source topologies. Regardless of whether the
input voltage is constant or variable, the proposed PWM
techniques can produce a desired balanced and unbalanced

CONCLUSION
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voltage at the output of the inverter. The proposed methods
were analyzed under different circumstances (CIBOV and
RIBOV), which the worthiness of them was confirmed by
obtained simulation results in PSCAD software.
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