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Abstract. An enhanced technique combining
hysteresis current (HC) and sine pulse width
modulation (SPWM) for generating the switch-
ing pulse to the inverter is proposed for speed
control based on a rotor field-oriented control
(RFOC) strategy in the induction motor drive.
HC method is a simple and robust control
method, it has a fast response in speed control,
but the rotor speed and the stator current have
high ripple. SPWM method, a popular method
in triangular carrier wave modulation methods,
has high precision in controlling the speed and
torque of the motor; however, the high overshoot
of the speed response in the transient phase is
the weakness of this method. In this paper, a
combined method of the above two methods,
called hysteresis current-sine pulse width modu-
lation (HCSPWM), is proposed for motor speed
control. The simulations are implemented at
various speed ranges in MatLab/Simulink en-
vironment. The simulation results have proved
that the proposed method has a lower overshoot
than the SPWM method in the transient-

state and a lower ripple than the HC method in
the steady-state in the same operating condition.

Keywords

Field-oriented control, hysteresis current
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Nomenclature

Stator voltage components in
[x,y] system

isez,%sy  Flux and Torque current components
Im Magnetizing current

USz, USy

Rs,Rgr Stator and rotor resistances
Lg, Ly Stator and rotor inductances
L., Magnetizing inductances

Tr Rotor time constant

Wm,Wen  Mechanical angular speed

D Pole pair number

VR, Y Rotor flux and Rotor flux angle
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1. Introduction

Once known for the outstanding performance in
constant-speed applications, the three-phase in-
duction motor drive (IMD) has overcome the
problems of complex control structures to widen
the application range in speed control [1]. The
robust development of power electronics technol-
ogy has created flexible Voltage source inverters
in supplying electric motors. Correspondingly,
modern control algorithms have been focused on
recent research to achieve high control efficiency
in IMD systems.

In speed control applications where high accu-
racy is not required, the group of Scalar control
methods is a preferred choice [2]. The princi-
ple of the Scalar control method is to adjust the
voltage and frequency so that they are constant
during operation [3, 4]. Typical scalar control
systems do not need feedback sensors, thus re-
ducing the cost of the control system [5, 6]. How-
ever, IMD applying a scalar control system has
a low-speed control response and cannot operate
in low-speed areas [7].

Field-oriented control (FOC), a typical
method of the vector control group, is applied
to high-performance speed control applications
[8, 9]. FOC uses a current space vector sepa-
ration technique to control flux and torque in-
dependently, similar to a separately excited DC
motor [10, 11]. A [z, y] rotating coordinate sys-
tem with the x-axis matching to the rotor flux
vector is used in the FOC method [12]. The sta-
tor current vector is decoupled to two perpen-
dicular components, “is.,%sy,” as shown in Fig.
1 [13]. The rotor flux is maintained constant by
controlling the “ig,” component, and the “ig,”
component adjusts the motor torque to achieve
the demanded speed [14, 15].

The FOC method’s IMD system requires cur-
rent sensors and a speed sensor for feedback sig-
nals to the FOC unit. The FOC unit will gener-
ate the demand signals, which be modulated into
inverter switching pulses. Finally, the switching
pulses will control the power-inverter to provide
the voltage to the IMD. Depending on the FOC
output demand signal type, we will have dif-
ferent switching pulse modulation methods. If
output demand signals are the current signals,

Fig. 1: Current vector diagram of FOC scheme.

the hysteresis current (HC) control method can
be used to generate switching pulses. The sine
pulse width modulation (SPWM) method can
be applied if the output is the demand voltage
signals.

In typical HC methods, the inverter switch-
ing pulses are resulted from the comparison al-
gorithms between the demand current signals
and feedback current signals [16]. A hysteresis
band (HB) is used in the HC technique to de-
termine the high or low level of switching pulse.
In [17], the HC method with a fixed-HB is ap-
plied to control the IMD. IMD controlled by the
HC method worked stably with a periodic rotor
flux angle in various operating conditions. In
[18], the speed control of IMD applying the HC
method is performed with various HB values.
The high performance of IMD is demonstrated
by experiment results using DSP1103. Paper
[19] describes two HC methods corresponding
to fixed-HB and sinusoidal-HB for speed control
of IMD. The sinusoidal-HC method is more effi-
cient and produces lower current harmonics than
the fixed-HB method. Paper [20] presents three
HC types: fixed-HB, variable-HB, and fuzzy-
HB. The simulation results have proved that the
Fuzzy-HC process has the best effect on ripple
and harmonics.

In typical SPWM, the inverter switching
pulses are generated from comparing the de-
mand three-phase voltages signals and high-
frequency triangular carrier waves [16, 21]. The
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modulation method works effectively when the
amplitude of the sinusoidal modulation wave is
less or equal than that of the carrier wave [22].
The paper [23] presents a control model of IMD
using SPWM with an improving speed control
unit. The sliding mode control technique is ap-
plied to the speed controller instead of the clas-
sical PI technique in this article.

Both the HC and SPWM methods have the
same FOC control schemes. Because the in-
verter switching control is directly controlled by
current, the HC method has a lower overshoot
during transient states. On the other hand, the
SPWM method has the advantage of lower rip-
ple in operation. In this paper, the HCSPWM
method combining HC and SPWM techniques
is proposed for speed control in IMDs. The pro-
posed method combines the advantages of the
above two ways in the motor control process, in-
cluding low overshoot in the transient phase and
low ripple in the steady phase. The simulations
are performed at nominal speed and low speeds
to prove the efficiency of the proposed method.

The FOC method for
speed control in IMD

2.

Three motor speed control methods, including
HC, SPWM, and HCSPWM, will be presented
in this section.

2.1. The FOC scheme applying

the HC control technique

The block diagram of the IMD applying the HC
technique for the speed control is illustrated in
Fig. 2. Reference values, including magnetiz-
ing current and motor speed, are set for the op-
erating mode of the IMD. The measured stator
currents and rotor speed are feedback to the con-
troller using the FOC scheme.

The three-phase stator current is transformed
into [a, B8] coordinate by Clarke, as Eq. (1):

2 1 1

ia| _ |3 3 31 « i,
ip Oi_i .

l DC-bus

Commands: i,,*, o,
— Lo Current sensors
Iop,
o FOC o HC b fngerer ——O0—»
.| Scheme controller |

)

Hie

Encoder

O

(a) General Block diagram

Inverter \

sy
calculation

abc->af

Current-mode| |18

We

Speed —
controller (Pl)

(b) Detailed block diagram

Fig. 2: Block diagram of the FOC using HC control [17].
Three-phase current is converted from [a, b, c].

Where three-phase current “i,,ip,%.” can be
measured directly, or we can also measure two
currents “iq, ;" and determine “i.” by the Kir-
choff law: i, = —ig4 — 1p.

In the Current model block [17], current el-
ements “igq,is,” in rotating coordinate corre-
sponding to rotor axis are transformed from cur-
rents in [o, 8] coordinate, as Eq. (2):

1Sd cose sine 1Sa
. . x| (2)
15q —SmeE COSE 158

€= /pwmdt

The current elements “i,,q,4" are calculated by
Eq. (3):

_ 1
R R

(3)

1Sd,q
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In Eqgs. (4), (5), magnetizing current elements
in [a, 8] system are converted to determine the
rotor flux vector in the Current-model, as in Fig.

2 and Fig. 3.

e cose —sine T,

el = < | ")
Tmp sine Ccos € tmg

- Amplitude of magnetizing current:

- Amplitude of the rotor flux: ¥g = Ly,im

- Angle of the rotor flux: v = arctg( z,m’B )

/Lﬂ’LOt

Actual
value 7
.

band Reference

o TWFWWTW -
IRIgERIAE

Fig. 3: Hysteresis current control technique [19].

Applied
voltage

0.5V

As a result, with the input of current compo-
nents “isq, 455" through Eqgs from (2) to (4), the
current model has estimated the magnitude and
angle of the rotor flux.

Through the ideal PI controller, the deviation
between the feedback rotor speed and the refer-
ence speed is estimated by the adaptation algo-
rithm as below:

Y = K,[X(e) + Ki / X (e)di]
0

(6)

where Y =T, X (e) = w(e);w(e) = w* — wp,.

The reference current elements “ig,,is,” are
determined from the setting value and measured
rotor speed value, as in Eq. (7), (8).

iy = i (7)

2 LRT>
-3k —— e 8
"= 35 " Tt ®

The reference three-phase stator current
“ik 47,15 is converted as Eq. (9).
cos(y)  —sin(y)
iy 27 . 2w
iF | = [cos(y = =) —sin(y— —)
‘b 3 3
Zc 2 . 2
cos(y + ?) —sin(y + ?)

(9)

ISy
The actual three-phase current is compared with
the reference three-phase current to generate the
inverter switching pulses. As a result, the actual
current will be maintained inside the boundary
corresponding to the hysteresis band as Fig. 3,
[19].

2.2. The FOC scheme applying

the SPWM technique

In this case, the FOC unit will provide the ref-
erence voltage as output signals for the SPWM
controller to generate the inverter switching
pulses. The block diagram of IMD applying the
SPWM technique for the speed control is illus-
trated in Fig. 4.

In the block “T2/3,” the three-phase stator
current is converted into [«, 3] coordinate by Eq.
(1).

Like the HC control technique, the Current-
model is used to generate magnetizing current

im,” and the rotor flux angle “~,” by Eqs. (2)-
(5).

In the block “T2/2)” the actual current in
[, ] combined with the rotor flux angle to
transfer into [z, y] coordinate system, as below:

sy — siny cosvy ig

By applying the PI controller, as in Eq. (6),
the difference between the setting and actual
magnetizing current is used to create the ref-
erence current component “i5,.” And, the dif-
ference between reference speed and measured
speed is used to generate the reference current

ok
component 2 Sy

sin 7y
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(b) Detailed block diagram

Fig. 4: Block diagram of the FOC using SPWM tech-
nique.

In the [z, y] coordinate system, the difference
between the reference current and the actual
current through the PI controller will generate

the reference voltage, “ug,, ug,.”
The voltage signals in [z, y] coordinate are in-
versely converted into [a, 8] by Eq. (11):

UGS cosy — sinvy USx
=1 . X (11)
usp s 7y COs 7y Uusy
The voltage signals in [, 8] coordinate are in-
versely converted into [a, b, c] by Eq. (12):

1 0
Yl ol 1 VB g,
up | = D) X “ (12)
ul 1 V3 ?
2

The reference voltage signals are modulated by
the SPWM technique [24], as in Fig. 5, to gener-
ate the inverter switching pulses for speed con-
trol in IMD.

Reference wave
Carrier wave

— Swilching pulse

0 01 02 03 04 05 06 07 08 09 1
Time

Fig. 5: Typical SPWM technique.

2.3. The FOC scheme applying

the HCSPWM technique

Because both the HC and SPWM techniques use
the FOC control scheme, two control methods
can be designed to operate parallel. A method
combining HB control with SPWM control by
the OR logical operator, called the HCSPWM
method, is proposed to generate the inverter
switching pulses. The control structure of the
HCSPWM method is shown in Fig. 6.

Similar to the two above control structures,
the measured current “i,,,” are transformed
into [, 8] and [z,y] coordinate systems. The
current model is used to estimate the magnetiz-
ing current, rotor flux components.

Two control methods, including HC and
SPWM, operate parallel, as described in Fig. 6-
(b), with corresponding equations.

Figures 7 and 8 describe the combination of
HC and SPWM methods for generating switch-
ing pulses for inverter control in the proposed
method.

IMD applying method HCSPWM has the ad-
vantages of both methods HC and SPWM. The
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Fig. 6: Block diagram of the FOC using HCSPWM
technique.

Logical
Operator

[Switching]

HCSPWM Switching

HC Controller

Fig. 7: Switching pulse generation of HCSPWM tech-
nique.

control response has a lower overshoot in the
transient phase and a lower ripple during the
steady operation phase.

HC Switching

T T T T T f T

0 i i L I I i i i I I
018 01805 0180 Q1815 0182 Q1825 0183 01835 0184 01845

SPWM Switching

T T T T T T T T T T

0 1 1 L L 1 | 1 1 L L
018 0805 0181 01815 0182 01825 0183 01835 0184 01845

HCSPWM Switching
1 1 T T 1 1

a5t -

oc I I I I | 1
018 01805 0180 Q1815 0182 Q1825 0183 01835 0184 01845

Time
Fig. 8: Switching pulses of HC, SPWM, HCSPWM

technique.

3. Simulation results

Speed control simulations of IMD will be per-
formed corresponding to three above control
method in MATLAB/SIMULINK environment.
The motor parameters are listed as below:

Pratea= 2.2 (kW), wrgtea = 1420 (rpm),

Urated = 400 (V)7 p = 27 Tratedload = 14.8
(Nm)

Rs = 3.179 (), Ry = 2.118 (),

Ls = 0.209 (H), Lg — 0.209 (H), L, —
0.192 (H)

The FOC structure model in MAT-
LAB/SIMULINK is implemented according to
the block diagram in Fig. 6-(b). Simulations
will be implemented with each method in order
under various operating conditions.

Integral Time Absolute Error (ITAE) index
is used for assessing each method’s performance
[25]. The ITAE index is appropriate for eval-
uating the error between an actual signal and
a reference signal in the steady-state for a long
time. In this paper, the IATE index is estimated
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for 5 seconds.

T
ITAE = /t lew(£)] dt
0

(13)

where ey, (t) = Wepn, — W,

Total harmonic distortion of the current

(THDI) index is used for assessing the quality
of the phase current [26, 27], as shown below:

0
> I3
n=2

5

THDI(%) = 100 (14)

Where: “I;” RMS value of fundamental fre-
quency current; “I,,” RMS value of harmonic
frequency current; n: harmonic order.

Study 1: The performance of the IMD sys-
tem is simulated at a reference speed of 1000
rpm with a load of 10 Nm in three methods ac-
cording to the sequence HC, SPWM, HCSPWM
methods. The demand speed is set from zero
to rated speed in 0.5 seconds, with a rated load
value and the simulation process corresponding
to T=1.5 s.

Figures 9-(a), 10-(a), and 11-(a) present the
real speed responses of three control methods
in speed control of IMD. The overshoot of
the SPWM method is the highest of the three
methods. Otherwise, the proposed HCSPWM
method has an overshoot equivalent to the HC
method.

The three-phase currents are depicted in
parts: b) of Figs. 9-11. In the steady-state,
the stator current in the HC method has the
highest harmonic of the three methods. Parts ¢)
shows the presentative switching pulse period of
three methods. Parts d) of Figs. 9-11 present
the electrical torque of the methods. The elec-
trical torque of the HC method oscillates very
vigorously; in contrast, the other two methods
have a slight fluctuation.

The overshoot speed, total harmonic distor-
tion current (THDI), and ITAE index of the
methods are present in Tab. 1. The HCSPWM
method combines the advantages of the HC and
SPWM methods with low overshoot, small rip-
ple, and low harmonic distortion. The proposed

method has an overshoot similar to the HC con-
trol method in the transient phase. Besides, the
IMD operates for a long time, the ITAE, the
THDI indexes of the HCSPWM method will be
equivalent to that of the SPWM method.

Tab. 1: Overshoot speed, ITAE index, THDI of three
control methods at 1000 rpm — 10 Nm.

HC SPWM | HCSPWM
Overshoot 3 36 12
(xpm)
ITAE index | 0.6974 | 0.4761 0.5768
THDI(%) 11.25 1.2 1.2

Study 2. Like the above case, the speed con-
trol is simulated at a reference speed of 355 rpm
(25% rated speed) with a load of 3 Nm. The
motor accelerates quickly and reaches a steady-
state corresponding to the command speed, as
in Figs. 12-(a), 13-(a), and 14-(a).

The overshoot of the SPWM method is still
the highest of the three methods in this case.
The proposed HCSPWM method has an equiv-
alent overshoot with the HC method. In the
steady-state, the stator current is most distorted
in the HC method. The HCSPWM method has
the same current distortion as the steady-state
SPWM method, as in Parts b) of Figs. 12-14.
The switching pulse of the three methods is de-
scribed in Parts ¢). The electrical torque is in-
dicated in Figs. 12-(d), 13-(d), and 14-(d). The
overshoot speed, total harmonic distortion cur-
rent, and ITAE index are present in Tab. 2.

Tab. 2: Overshoot speed, ITAE index, THDI of three
control methods at 355 rpm — 3 Nm.

HC SPWM | HCSPWM
Overshoot 4 14 6
(xpm)
ITAE index | 0.3069 0.237 0.239
THDI(%) 7.4 1.5 1.8

Study 3: Similar to the above case, the speed
control is simulated at a reference speed of 5%
rated speed (71 rpm) with a load of 3 Nm. The
motor accelerates quickly and reaches a steady-
state corresponding to the command speed, as
in Figs. 15-(a), 16-(a), and 17-(a).
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The SPWM method still has the highest over-
shoot of the simulation methods. The proposed
HCSPWM method has an overshoot similar to
the HC method. The HCSPWM method has the
same current distortion as the SPWM method in
the steady-state, as shown in Parts b) of Figs.
15-17. Parts c¢) present the switching pulse di-
agram of three techniques. In the steady-state,
the stator current is most distorted in the HC
method. The electrical torque is shown in Figs.
15-(d), 16-(d), and 17-(d). The overshoot speed,
total harmonic distortion current, and ITAE in-
dex are present in Tab. 3.

Tab. 3: Overshoot speed, ITAE index, THDI of three
control methods at 71 rpm — 3 Nm.

HC SPWM | HCSPWM
Overshoot 0.5 9 0.8
(rpm)
ITAE index | 0.2512 | 0.1166 0.1199
THDI(%) 8.7 1.1 1.1

The simulation results demonstrated that the
proposed method has a fast control response
with low overshoot during transient and low rip-
ple in steady operation. The specific of the pro-
posed method combines the advantages of each
component technique with each appropriate con-
trol stage. The HCSPWM method can be con-
sidered equivalent to a soft-switching strategy
between two control structures corresponding to
two operating stages while still maintaining the
stability and synchronization of the IMD system.

4. Conclusion

The paper has proposed the HCSPWM method,
combined from the HC and SPWM control tech-
niques by the OR logical algorithm, according to
the FOC schema for the speed control. The fea-
sibility of the proposed method has been demon-
strated through simulation results under vari-
ous operating conditions. The proposed method
obtained a lower overshoot than the SPWM
method in the transient phase and a lower ripple
than the HC method in the steady phase. In par-
ticular, the proposed method has an IATE index
equivalent to the SPWM method in the steady-
state of operation. The proposed method com-
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Fig. 9: FOC Performance with HC technique at 1000
rpm - 10 Nm.

52 (© 2022 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 6 | ISSUE: 1 | 2022 | March

T
1000
——Ref speed
T 800 Real_speed
a
=
T 600
0]
Q
Q
n
£ 400
2
o]
v
200
0
|
0 05 1 15

Time (seconds)

(a) Reference and real rotor speed

VAVAAvAy

Current (A)

o 05 1 15
Time (seconds)

(b) Three—phase measured current

T_WFT(_WFT(

RN

1 1.0005 1001

1.0015 1.002 1.0025

(¢) Switching pulses

— — -Load torque
Electrical torque

o 05 1 15
Time (seconds)

(d) Electrical torque

Fig. 10: FOC Performance with SPWM technique at
1000 rpm -10 Nm.

Ref speed
Real_speed

Time (seconds)

(a) Reference and real rotor speed

—— Aphase
Bphase

C phase

i
l‘ m ‘ ll‘l!l
Urmm -

o 05 1 15

Offset=0 Time (seconds)
(b) Three—phase measured current
‘
s
s
e
e
e ni

0742 07422 07424 07426 07428 0743 07432 07434 07436 07438 0744

(¢) Switching pulses

— — -Load torque
Electrical torque.

o 05 1 15
Time (seconds)

(d) Electrical torque

Fig. 11: FOC Performance with HCSPWM technique
at 1000 rpm -10 Nm.

(© 2022 Journal of Advanced Engineering and Computation (JAEC) 53



VOLUME: 6 | ISSUE: 1 | 2022 | March

350 -

Rotor speed (rpm)

Time (seconds)

(a) Reference and real rotor speed

Current (A)

Time (seconds)

(b) Three-phase measured current

1 F———— | — B S —

Switching pulse HG

1 1005 1.01

1015 1.02
Offset=0
(¢) Switching pulses
.
— — ~Load lorque
e
o
st ]
E
=z
2.l
5
3
g
LB e
-
2 —<
>
.
,
E
P
.
. ]
Offset=0 Time (seconds)

(d) Electrical torque

Fig. 12: FOC Performance with HC technique at
rpm — 3 Nm.

54

355

400 F 7
350
peed
. 300 - Real_speed 7
Sl -
=
B a0t
[}
Q
@ 150
s
3
g 1o .
50
0
| |
0 05 1 15
Offset=0 Time (seconds)

(a) Reference and real rotor speed

Aphase,
B phase
C phase

Time (seconds)
(b) Three-phase measured current

—— Swilching pulse SPWM
1 I

1 1.0002 1.0004 1.0006 1.0008 1001 1.0012 1.0014 10016 1.0018 1002

(¢) Switching pulses

— — - Load torque
Electrical torque.

Time (seconds)

(d) Electrical torque

Fig. 13: FOC Performance with SPWM technique at
355 rpm — 3 Nm.

(© 2022 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 6 | ISSUE: 1 | 2022 | Marc

h

300

Rotor speed (rpm)
2
5

50

Time (seconds)

(a) Reference and real rotor speed

[
A
!

Aphase
8 phase
| C phase

ARAARARARAAAAR AR T

RREERREEN
A
[HLMLA )

i
!

AN AN
I minmn
AL
Offset=0 Time (seconds)
(b) Three-phase measured current
‘ ‘
s
os
J i J UL
Dﬁ“B 06;55 DE‘AQ 0.6495 0‘55
oreara
(¢) Switching pulses
— — ~Load forque

Electrical torque.

o 05 1
Time (seconds)

(d) Electrical torque

Fig. 14: FOC Performance with HCSPWM technique

at 355 rpm — 3 Nm.

(© 2022 Journal of Advanced Engineering and Computation (JAEC)

@
3
T

Rotor speed (rpm)
s B 8 &
— 1T

)

05 1 15
Time (seconds)

(a) Reference and real rotor speed

ol
Time (seconds)
(b) Three-phase measured current
[ I [ [ I Swltcm‘ng pulse HC
) S N S M — T
s
os
S i . LIl
1‘ 1.01 1‘02 W‘DJ ’\IDA 1.05 W‘DS 1‘07 1.08 ’\‘DQ 11
—
(¢) Switching pulses
5 — — ~Load torque

Electrical torque

05 1 15
Time (seconds)

(d) Electrical torque

Fig. 15: FOC Performance with HC technique at 71

rpm — 3 Nm.

55



VOLUME: 6 | ISSUE: 1 | 2022 | March

& @
5 3

Rotor speed (rpm)
w
]

Offset=0 Time (seconds)

(a) Reference and real rotor speed

6f + Aphase 8
— B phase
\ i C phase
A \ p N NN ~J
\ / \ / \ / \ I
\ VAR / \ [N /
\ \ \ Y \ \ s \ \ i
] M \ /: \ 1/ \ \ ]
< / AN \ [/ \
5 NS / \ Vo
D o f 1 T 1 1
5 / \ / \ \
o
2
4
sF !
o 0s 1 15
Offset=0 Time (seconds)

(b) Three-phase measured current
N

(LI

1 1.0002 1.0004 1.0006 1.0008 1001 1.0012 1.0014 1.0016 1.0018 1002

(¢) Switching pulses

— — - Load torque
Electrical torque

o 05 1 15
Offset=0 Time (seconds)

(d) Electrical torque

Fig. 16: FOC Performance with SPWM technique at 71

rpm — 3 Nm.

Rotor speed (rpm)

L L0 ll

60 - ——Ref speed 2
Real_speed

@
B
T

=
&

o
g
T

Offset=0 Time (seconds)

(a) Reference and real rotor speed

0 05 1 15

Offset=0 Time (seconds)

(b) Three-phase measured current
(At WHATATH

R AATH R AR

LDV

07 07002 07004 07006 0.7008 0701 07012 07014 07016 07018 0702

Offset=0

(¢) Switching pulses

— = ~Load torque
Electrical torque

o 05 1 15
Time (seconds)

(d) Electrical torque

Fig. 17: FOC Performance with HCSPWM technique

at 71 rpm — 3 Nm.

56 (© 2022 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 6 | ISSUE: 1 | 2022 | March

bined the advantages of each component method
corresponding to the appropriate control stage.
Thus, the HCSPWM method can be considered
a possible selection in controlling the speed of
the IMD. However, the proposed method is a
mixed-method, so the high fluctuation in the
starting phase still exists as a disadvantage of
the HCSPWM method. Future studies should
improve this problem by applying intelligent al-
gorithms to adjust the PI controller’s parame-
ters and the hysteresis band to achieve a more
efficient control process.
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