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Abstract: The purpose of this study is to increase
the voltage gain (U,) for a quasi-Z-source indirect
matrix converter (IMC) feeding a three-phase
Permanent Magnet Synchronous machine (PMSM)
drive system. Due to the low U, of the IMC, a quasi-
Z-source development was connected with the
traditional IMC to boost the motor's supply voltage.
Space Vector modulation (SVPWM) was used to
generate the required switching signals (PWM) for
the proposed converter. The system U, increased as
a result of the shoot-through duty (D) of the rectifier
side, which increases the output voltage amplitude
for the quasi-Z-source system. The proposed
converter can regulate the output voltage of quasi-
Z-source IMC automatically under voltage sag, step
changes in applied load torque on the motor, and
changes in the desired speed when the required U,
of quasi-Z-source IMC is greater than 0.866. This
value is achieved by choosing the optimized value of
D and the modulation index of the rectifier side
(m,). Variable speed from zero to the rated value can
be controlled by using closed-loop field-oriented
control. The proposed converter was simulated in
the MATLAB/Simulink environment to verify the

system's efficiency.
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1. INTRODUCTION

The most common use of AC-AC converter
topologies in industrial applications is a
conventional DC-bus voltage source converter.
DC-bus capacitor makes the conventional back-
to-back bulky and reduces its operational
lifespan [1-3]. Gyugi and Pelly developed the
AC-AC converter without a DC link capacitor
component and with a forced commutated
Cyclo-converter [4, 5]. The matrix converter
(MC) configurations are categorized into direct
matrix converter (DMC) and indirect matrix
converter (IMC). The IMC overcomes the
commutation challenges associated with the
DMC [6-8]. Both have been key research areas
for many years. Compared to the Back to Back
converter (B2BC), the matrix converter stands
out because of its most impressive features,
such as its unity power factor, high power
density, low harmonics with sinusoidal
waveforms,  bidirectional power flow,
reliability, and extended lifetime in hostile
situations, make the matrix converter most
impressive [9, 10]. The IMC performs two
stages (AC-DC-AC) conversions without a DC-
bus capacitor filter, while DMC only does a
single stage (AC-AC) conversion. Both
converters share the same features; the IMC's
simple commutation is more akin to the B2BC's
than the DMC's [11]. Despite several features in
the development of the MC, its limitations have
prevented it from becoming widely used in
industry [12]. Similar to B2BC, MC's voltage
transfer ratio of 0.866 is relatively low. Many
studies were conducted to improve the voltage
ratio, which connects a transformer in series
with the input supply voltages and the load.
However, a bulky transformer also affects the
MC's compactness. Over-modulation region
operation of the MC is another way [13]. After
that, a Z-source IMC was proposed to increase

the DC-bus voltage of the inverter by adding the
Z-source network between the rectifier side and
inverter side of the IMC [14]. However, in this
case, the DC-bus requires sizable capacitors
and inductors [15, 16]. To improve voltage gain
with fewer switches and passive components, a
specific type of Z-source DMC was proposed.
However, they still have to resolve the DMC's
difficult commutation. In the present paper,
quasi-Z-source IMC is used to feed the
synchronous machine drive system under
supply voltage sag. Closed-loop field-oriented
control is used to get accurate speed control
with a variable load. Space vector modulation
(SVPWM) is used to generate the required
switching signals. The present paper is divided
into the following sections: In Section 2, the
proposed quasi-Z-Source IMC is introduced
with SVPWM. Section 3 presents the analysis
and operation of the quasi-Z-Source IMC.
Section 4 presents the parameter design of the
quasi-Z-source and the algorithm of the shoot-
through duty ratio. Section 4 presents the field-
oriented control strategy. Finally, Section 5
presents the simulation results.

2,THE PROPOSED QUASSI-Z-SOURCE
IMC

The proposed quasi-Z-source IMC converter, as
shown in Fig. 1, contains three parts: the quasi-
Z-source, the rectifier side, and the inverter
side. The quasi-Z-source is added with the
supply voltage, and it consists of three switches,
S; (j= a, b, and c), that can be controlled by the
required switching signals (PWM), and six
capacitors Cj,, and inductors Lj, (z= 1, 2, and 3).
The proposed converter can operate in the buck
and boost modes because it has the same
switching signal PWM due to a special
impedance network [17].
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Fig. 1 The Proposed Quasi-Z-Source IMC Converter.

2.1.Space Vector Modulation for IMC
(SVPWM)

Space vector modulation is an alternate
approach to operating PWM switches that
focuses on efficiency, user-friendliness,
reducing the total harmonic distortion (THD),
and optimizing the transfer ratio. The SVM
algorithm claims many advantages. These
characteristics render SVPWM more suitable
for applications that need high voltage, as the
complexity of states and the number of
redundant switching states show a substantial
increase with the number of levels. The
SVPWM is employed to ensure that the output
voltages of the inverter match the correct values
at any switching time with a smaller time delay
[18]. SVPWM is a power electronic switching
control technology that recognizes switching
sequences by assigning a switching vector in the
d-qg space [19-21]. By selecting the valid
switching States of a three-phase matrix

converter and determining their corresponding
on-time duration, the SVPWM approach is
utilized to regulate the voltage and frequency of
the inverter stage [22]. For the rectifier stage,
the supply current is fed to the SVPWM to
generate the desired sinusoidal input current
and is controlled by the power factor. The
modes of the rectifier's switches are classified as
active vectors or zero vectors. To increase the
output voltage of the quasi-Z-source by
inserting the shoot-through zero vector during
the zero vector of the rectifier stage, a simple
boost control was presented in [23, 24], as
shown in Table 1. In this condition, a voltage
boost is obtained by short-circuiting the three-
phase supply voltage [25, 26]. For example,
select sector one, the vectors I,» and I,. combine
to generate the input reference current vector,
L5, as shown in Fig. 2.

Table 1 DC-Bus Voltage, Switching Groups, and Input Current Vectors.

N Ude Sa: Sh+ Sc+ Sa- Sb- Se- Vector State

1 Uac 1 [} 0 [} 0 1 Tac Active

2 Ube 0 1 0 [} o) 1 Ipe Active

3 -Ua 0 1 0 1 0 o} -Lab Active

4 -Uac o] 0 1 1 0 [} -Lac Active

5 -Ube o} o 1 o 1 o -Ine Active

6 Uab 1 o 0 o 1 [} Tab Active

7 Zero 1 o 0 1 0 (o} Taa Zero

8 Zero o 1 0 o 1 o Inb Zero

9 Z€ero 0o o 1 o o} 1 Lec Zero

10 Zero 1 1 1 0 0 0 Ia Shoot-through zero vector
11 Z€ero 0 0 0 1 1 1 Ia Shoot-through zero vector
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1 ch

Fig. 2 SVPWM for Rectifier Side.

From the three vectors in the sector, the duty
cycles can be obtained by:

LT

d, = m;, sin ( A ;ST,) (1)

dg = my, sin (Si + E) (2)

d, = Const(dg <1—-d,—dpg) 3)
d0r=1_du_dﬁ_ds (4)

where (m;, = 1 — D) is the modulation index of
the rectifier side, §; is the input current vector
angle, and d, dg, d,, and d,,, are the duty ratios
of active vectors, shoot-through, and zero
vectors, respectively. Figure 3 shows the
SVPWM diagram for the inverter side.

7]

Fig. 3 SVPWM Diagram of the Inverter Side.

The inverter side is similar to a conventional
voltage source inverter, which contains six
effective vectors and two zero vectors [27]. The
dutyratios can be obtained by:

T
d, = m,, sin( § - &) (5)
d, = m,, sin g, (6)
doi=1_dt_dtp ()

where m,,; is the modulation index of the
inverter side, 8, is the output voltage vector
angle, and d,, d,,, and d,; are the duty ratios of
active vectors and zero vectors, respectively.
The modulation pattern combines the
switching states of two stages in one switching
period to provide a balance of the supply input
currents and the output voltages. Because the
DC-bus has two positive line-to-line input
voltages, the inverter stage-switching pattern
must be divided into two groups. The resulting

switching sequence is shown in Fig. 4. Duty
cycles can be determined using the following
formulas:

dya = dy - dg (8)
duﬁ =d,- dﬂ 9)
d,=d, d, (10)
doig = dy; - dg (11)
doiﬁ =d,; - dﬂ (12)

where dyq, dyg, Ay, dugs doia, and d,g are the
duty cycles of different vectors of output voltage
for one switching period. Figure 4 shows that
during commutation in the rectifier stage, the
DC bus current is zero, and the inverter
operates on a zero vector. As a result, during
commutation, zero current switching is ensured
on the rectifier stage, reducing switching losses
and simplifying the commutating problem,
which is quite complex with DMC [28].

jTikrit Journal of Engineering Sciences | Volume 32| No. 3! 2025

roze A0



https://tj-es.com/

? Ahmed K. Hannan, H. A. Hasan, et al. / Tikrit Journal of Engineering Sciences 2025; 32(3): 2346. :‘

1 0

|

— I

Inverter stage | | | I
|

| |

<> (—>I

CHIEI > > > IO

. 1 Toiq | Ty | Tha ITaia | T"iﬁ I Ly I Tup | T”w | Lor I
Rectifier stage | | 5 -
2 2 r 20
ll TR ;ll ﬁ \._| |
I\ >< >
|
g T
Y

Fig. 4 Switching Sequences for the Proposed Converter.

2.2.0peration and Analysis of the
Proposed Converter

The proposed converter is operated in two
states called the shoot-through state and non-
shoot-through state, as shown in Fig. 5. In the
shoot-through state, the switch of the upper
side of the rectifier, which is marked green color
S;+ (j= a, b, and c), is switched on (short circuit).
The switches S; of the quasi-Z-source are
switched off (open circuit), as shown in Fig. 5
(a). In this case, the arm inductors of the quasi-
Z-source will charge for one switching time. The
shoot-through duty cycle can be obtained (D =
T,/Ts). Thus, by adjusting the shoot-through
duty, the output voltages of the quasi-Z-source
can be increased to the desired value.

Mm

S{I- Sb— \Sc- \

Since L = Lj,, and C=Cj;, j (a, b, ¢), z (1, 2, 3)
from Fig. 5 (a), the following equations can be
obtained:

Upjp =W+ U, — Ry X igjy (13)
Upjp = Ugjy — Ry X iy (14)
icjl = _iL]-Z (15)

ic,, = iy, (16)

In the non-shoot-through state, as shown in
Fig. 5 (b), the three bidirectional switches S; of
the quasi-Z-source are switched on (short
circuit), which is marked green, with a time
period (1-D) Ts, and the switch of the upper side
of the rectifier operates conventionally. In this
case, the Inductors charge the capacitors, and
the output voltages of the quasi-Z-source are
the summation of the voltage across the two
capacitors in each phase [13].

(a)
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Fig. 5 The Proposed Converter with: (a) Shoot-Through State, (b) Non-Shoot-Through State.

From Fig. 5 (b), the following equations can be
obtained:

up, =w— U, — Ry Xy (17)
Uy, = —Uc, — Ry Xy, (18)
ic, = iy, — i (19)

ic;, = iy, — i (20)

where u/, and i; are the output voltages and
currents of the quasi-Z-source, respectively.
For one sampling time T, the average voltage
across the quasi-Z-source inductors and the
average current through the quasi-Z-source
capacitors should be zero, R, = 0. Therefore,
Egs. (13)-(20), the average equations can be
written as:
u,, =D (u]- + ucjz) +(1-D) (u]- - ucﬂ) =0 (21)
u,, =D (ucn) +(1-D) (—ucjz) =0 (22)
i, =D (iy,) +1-D)(ig, — ;) =0 (23)
i, =D (—iy,)+ (1 -D) (i, —i;) =0 (24)
where L, is the inductor current. From Egs.
(21)-(24), the capacitor voltages and the current
that pass through the inductors of the quasi-Z-
source are:

N (25)

1 (1-2p) J
-_b 26
Uep = iapy Wi (26)
iy, =i, = § (27)

From Egs. (25)-(27), the quasi-Z-source output

voltages and currents can be written as:
1

U = —_— .
u; —(II_ZZD)u] (28)
., (1-2D) ,

7~ (a-b) Lj (29)

As a result, the voltage boost factor (Q) can be
written as:

Q=—(fD < 0.5) (30)
The average DC-bus voltage of the proposed

converter is:
U'ge = ;Ui Q m;, cos(6,) (31)

where 6, is the phase angle between the output
phase voltage and the current of the quasi-Z-
source. The modulation index mg, of the
inverter side and the voltage gain U, can be
written as:

V3 U,
U’dc
0.866(1-D) Moyt

(32)

Ug = = (33)
3.CONTROL SHOOT-THROUGH DUTY
RATIO
According to Eq. (33), to get the best choice of
shoot-through duty ratio D, assume m,; = 1.
Therefore, the shoot-through duty ratio can be
expressed as:

Moy =

Up—0.866 U;

T 20p-0866U; (34)
Figure 6 shows the control algorithm of the
shoot-through duty ratio D. In the first stage,
the amplitude of the input voltage and output
voltage of the proposed converter is measured
to obtain the voltage gain. In the second stage,
the voltage gain is compared with the 0.886
factor to decide the operation of the proposed
converter. If the voltage gain is equal to or less
than 0.886. Then, the IMC does not need to
increase the voltage, and the quasi-Z-source is
operated as a filter with m;, = 1,and D = 0. On
the other hand, when the voltage exceeds
0.866, the duty ratio will equal Eq. (34) to
achieve optimal operation of the proposed
converter.
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Fig. 6 Control Algorithm of the Duty Ratio.

4.PARAMETERS SELECTION OF
QUASI-Z-SOURCE

Since the inductor of the quasi-Z-source is
necessary to reduce the switching current
fluctuation and the capacitor requires limiting
switching voltage fluctuation, from shoot-
through to non-shoot-through states, the
voltage and current fluctuations are
represented by the following expressions [29]:

. u;D(1-D)
Al = Ts (35)
Aug =2, (36)

The inductance and capacitance of the quasi-Z-
source can be calculated as [30]:

Ii rate
€z =t (1 - 2D) (37)
L> U;D(1-D) (38)

T fski Irated (1-2D)
where [in ,.4:04 is the supply input current, f; is
the carrier frequency, and k, and k; represent

the fluctuation ratio of the voltage and current,
respectively.

5.FIELD ORIENTED CONTROL (FOC)
Field-oriented control (FOC) is a high-
performance technique used to control
synchronous and asynchronous machines,
which is similar to the separately excited DC-
machines speed control method [31, 32]. In
recent years, FOC has become a widely accepted
technique for AC motor drive systems [33-35].
FOC provides excellent control capability over
the applied load torque and variable speed
ranges. The FOC requires a transformation of
stator currents from the stationary reference
frame to the rotor flux reference frame (also
called Clark-Park transformation) to obtain the
direct current i; and the quadrature current i,
[36]. The iys and igs can be calculated from the
following expression:

[l:d] 2 [ cos 6,

iq] 3

cos(6, — 0)

—sinf@, -sin(6,—0) -—sin(0,—209)

(39)

LB out

cos(0, — 20) ] [i“’ ""t]

Lcout

where 6, represents the rotor angle, and d =
2m/3. For surface-mounted PMSM, the
inductances L, andL, are equal, so the
generated torque can be written as:

3p .
Te = EE (Am . lq) (40)

where p is the number of pole pairs, and 4,, is
the permanent magnet flux linkage. The
mechanical load torque and the rotor

mechanical speed w, can be written as:

dw,
Te=T,+B o +] —

(41)
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w, = (@) - de 42)

where T, is the applied load torque on the
motor, J is the inertia coefficient, and B is the
friction coefficient. Figure 7 shows the
implementation of FOC. The motor speed is
compared with the reference speed, and the
error is applied to the PI controller to obtain i,
which is proportional to the torque. Since the
surface-mounted PMSM, the i} is set to zero.
After that, i; and i; are compared with actual i,
and i;, and the error is applied to the PI
controller to get uy and u,. At high speeds, to

remove the coupling terms of wu, and
ug (we(Laig + Ap) and—w,Lg ig)), a
decoupling control block is used to remove the
coupling part. ugz" and uy result from
decoupling control block, and they are written
as:

(43)
(44)
is the electrical rotor speed in

u; = —w.L, i,
= we (Lgig + Ap)

*k
Uyq
_ Wrp

where w,
rad/s. Finally, the referencesu; and uj are
converted into (u}, u;,u;) using inverse Park-
Clark transformation [36].

Uuq
. k T s u ¥
la lq ” ug * b
. q 1 abc u,
oy —»@—» PI Pl >
S veve T
4 i, u,
30/m 0,
Decoupling
w, P2 Control
ia —>
Ip —>
7 abc
c —»

Fig. 7 FOC of PMSM.

6.PROPOSED CONVERTER BASED ON
PMSM DRIVE SYSTEM

Figure 8 shows the proposed converter-fed
PMSM. The quasi-Z-source supplies the
inverter stage. The inverter stage feeds the

PMSM with variable frequency and voltage,
FOC to get the desired speed, and SVPWM to
generate the required switching signals for the
rectifier and inverter stages.

)Llndirect Matrix Converter

i=(a,b,c ]
w3 (a,b,c) s j L :

L 0
Y Quasi-Z Rectifier Inverter J ;}
Source 7 E } Stage —> Stage é

% Switching | ” | Switching
* uoj Signals (PWM) Signals (PWM) A
@ —> .. for Rectifier for Inverter s
wr /e o uU da uoj* ?-:"
=]
; " —> FOC Ui > Eq (34) —#P1 Space Vector —>]| Space Vector " 5
o] > T) D—) PWM Tﬂ) PWM 2
0 &

Fig. 8 The Proposed Converter Based on the PMSM Drive System.
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7. SIMULATION RESULTS AND
DISCUSSION

To evaluate the effectiveness of the proposed
converter, the MATLAB\Simulink environment
was used. The parameters of the drive system
are listed in Table 2. The proposed converter
was tested under two states to demonstrate its
performance, i.e., transient and steady-state.

Table 2 Simulation Parameters.
Propused Converter Parameters

Parameters Value
Supply voltage Uin 220V/50Hz
DC-bus voltage Ui 220V
Capacitance of quasi-Z-source C; 10 uF
Capacitance of quasi-Z-source C- 25 uF
Inductance of quasi-Z-source 4mH
Carrier frequency fs 10kHz
PMSM Parameters
Parameters Value
Rated active power Ps 1.5 hp
Number of pole pairs pp 2
Rated speed 3000 rpm
Rated line-to-line voltage Urated 380V
Rated load torque 3N-m
Stator resistance 2.564 Q
Stator inductance 8.5mH
Magnetic flux 0.172Wb
Moment of Inertia J 0.0008 kg-m?
7.1.State 1

In this state, the PMSM was operated with
variable speeds, i.e., 500, 1500, 2500, and 3000
rpm, with a load torque of 2 N-m from o to 5.5
seconds. After each 1.5 second, the speed
increased, as shown in Fig. 9. At 5.5 second, the

applied load torque increased with its rated
value, as shown in Fig. 10. Also, the quadrature
current i; increased because it is proportional to
the torque, as shown in Fig. 11. The motor speed
remained at the same value 3000 rpm because
the PI controller returned it to the set value. As
the applied load torque increased, the output
currents also increased with THD, i.e., 1.85 %,
2.5%, 2.91%, and 3.12%, respectively, as shown
in Fig. 12. The torque increased with the speed,
according to Eq. (41). The supply input current
increased due to the increase in the output
currents with THD, i.e., 2.12%, 2.35%, 2.6% and
3.4%, as shown in Fig. 13. From (0-1500) rpm,
there is no need to increase the voltage because
the voltage gain Uy is less than 0.866. Thus, the
shoot-through duty ratio was o, and the quasi-
Z-source operated as a filter. However, when
the speed exceeded 1500 rpm, the shoot-
through duty ratio D also increased. This
behavior occurred because the quasi-Z-source's
voltage gain exceeded that of the conventional
IMC, with Uy > 0.866, which is determined by
the required speed. Increasing the load torque
at 5.5 seconds increased the duty ratio D, as
shown in Figs. 14 and 15, respectively. The
converter output voltages were regulated to
obtain the required motor speed and load, as
shown in Fig. 16. The DC-bus voltage increased
as the output voltage increased to fit the desired
output voltage, as shown in Fig. 17.
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4000 F 1200 Prdvdirerd 2500 Motor speed
—_ 1499 2499
E 3000 2 2.05 2.1 3.8 385/ S
= 501 - ¢
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55’_ 499 3000 —
& 1 't 1.1 l/’
1000 [ 2950 ]
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0 1 2 3 4 5 6 7
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Fig. 9 The Motor Speed and Reference Speed.
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Fig. 10 The Applied Load Torque and Motor Torque.
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Fig. 17 DC-Bus Voltage.
7.2.State 2 also increased, as shown in Figs. 19 and 20,

In this state, the proposed converter operated
with rated motor speed of 3000 rpm and
applied load torque of 3 N-m with 100% and
under 75% and 40% voltage sag supply voltage
from 220/v3 V to 165/v3 V to 132/v3 V and
return to its rated value through a period of (1.5,
3, and 4.5) second, respectively, to demonstrate
that the system can automatically regulate
output voltage by selecting the best D value, as
shown in Fig. 18. Due to the supply voltage
decrease, the voltage gain U, increased to
require the motor voltage gain from (1.2 to 1.52
for 75% voltage sag) and (1.52 to 1.8 for 40%
voltage sag). Thus, the shoot-through duty ratio

respectively. Figure 21 shows how the DC-bus
voltage was adjusted during a voltage sag to the
required level based on the reference motor
speed, and then returned to its original value
while the voltage sag returned to its rated value.
As shown in Fig. 22, the converter output
voltage responded similarly to the DC-bus
voltage. The motor speed was maintained at
3000 rpm when the supply voltage was reduced
because the FOC regulated the output reference
voltages to fit the set speed. However, the load
torque ripple increased when the supply voltage
decreased, as shown in Fig. 23. As the supply
voltage decreased, the converter output current
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with THD by 3.4%, 5.3%, 6.23%, and 3.4%,
respectively, as shown in Figs. 24 and 25,
respectively.
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remained at the same value with THD by 3.12%,
4.92% and 5.74%, and 3.12%, respectively.
However, the supply input current increased
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8.CONCLUSIONS

The present paper proposes a quasi-Z-source
IMC to drive a three-phase PMSM, as shown by
the simulation results. The proposed quasi-Z-
source IMC included all the capabilities of a
traditional IMC in addition to its ability to boost
voltage, allowing it to achieve a greater voltage
gain than conventional converters. The voltage
boost control strategy D was used to adjust the
voltage gain of the quasi-Z-source IMC in
response to changes in supply voltage, motor
speed, and torque load. This action is also
helpful for reducing the current and voltage
stresses in the quasi-Z-source by choosing the
best possible value for D. The input currents
were in continuous mode, which means that the
system did not need to add an input filter,
reducing the size and cost of the converter.
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