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Background and Objectives: Due to the high torque ripple and stator current
harmonics in direct torque control using a two-level inverter, the use of multi-level
inverters has become common to reduce these two factors. Among the multilevel
inverters, the Neutral-point-Clamped Inverter has been given more attention in
the industry due to its advantages. This inverter has 27 voltage vectors by which
torque and flux are controlled. In order to reduce torque ripple and current
harmonic as much as possible, methods such as space vector modulation methods
or the use of multi-level inverters with higher levels have been considered. But the
main drawback of these methods is the increase of complexity and cost.
Methods: In this article, virtual voltage vectors are used to increase the number
of hysteresis controller levels. These vectors are obtained from the sum of two
voltage vectors. In this way, we will have 12 voltage vectors in addition to the
diode clamped inverter’s voltage vectors. Therefore, we can increase the number
of torque hysteresis levels from 7 levels to 11 levels.

Results: Considering that the proposed method uses virtual vectors and voltage
vectors, it does not increase the cost and computational complexity. Also, one of
the requirements of using this method is the use of fixed switching frequency,
which solves the variable switching frequency problem of conventional methods.
Therefore, the proposed control reaches an overall optimization.

Conclusion: To verify the feasibility of the proposed method and compare it with
the conventional method, both of these methods are simulated in the MATLAB
/Simulink environment and the simulation results represent the efficiency of the
proposed control method. This method achieves less torque ripple and harmonic

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

current without increasing the cost and computational complexity.
(@Ol

Introduction

torque and flux ripple [4], [5].

Direct torque control (DTC) is one of the practical motor
drive system controllers. This controller advantages
include no need for other reference frame transforms,
very simple structure, high transient response and its
robustness. This controller directly controls flux and
torque with a hysteresis controller, choosing best voltage
vector in each area to reach and control flux and
torque [1]-[3] However, DTC has disadvantages like high

Doi: 10.22061/jecei.2024.10894.745

One method to reduce torque ripple and current
harmonics is using multilevel inverters. Multilevel
inverters, besides mentioned advantages, benefit from
reduced switching frequency, reduced switching losses,
and reduced voltage stress on switches [6]-[8]. Multilevel
inverters classify into several categories based on
structure, with most important being Neutral-Point-
Clamped Inverter (NPCI), flying capacitor inverters, H-
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bridge inverters, and cascaded inverters.

NPCls widely used in industry due to advantages. Its
advantages include easier bidirectional power transfer
capability, use at all voltage levels, and simpler
structure [9]-[12]. Various methods propose to further
improve these inverters' performance in reducing torque
ripple. These methods include using modulation
techniques in DTC, using virtual vectors, or using other
control methods like model predictive
controller [13]-[17]. In [18], a NPCI controls a five-phase
induction motor. This paper uses a modulation method
calculating switching time in switching period using two
voltage vectors for switching, reducing transient states.
In [19], a NPCI controls a permanent magnet synchronous
motor (PMSM), where duty cycle calculation reduces
torque and flux ripple. In [20], PWM uses for induction
motor control, improving motor performance. However,
a 60-pulse converter supplies the inverter for improved
power quality. In [21], a NPCI uses for PMSM control,
where duty cycle calculates for inverter switching. This
method improves motor performance, reducing torque
and flux ripple. In [22], switching time of two voltage
vectors in switching interval adjusts, and a torque
regulator replaces hysteresis controller, increasing
control system efficiency. In [23], a NPCI uses for PMSM
drives, employing two voltage vectors in duty cycle. Duty
cycle calculation method minimally depends on motor
parameters. These control methods with PMSM enhance
control system advantages and stability. PMSM, due to
their benefits, are main rivals to induction motors. Among
these benefits are high power density, compact size, low
copper losses from lacking rotor windings, and simple
structure [24]-[29].

Conventional methods typically employ either direct
torque control based on lookup tables or duty cycle
calculation with multiple voltage vectors applied within a
duty cycle period. In lookup table-based approaches,
switching frequency varies, and some methods don't
utilize the inverter's full capacity, using medium-
amplitude voltage vectors to reduce torque ripple even
when larger vectors are needed. For instance, paper [30],
an example of a conventional duty cycle-based method,
uses medium voltage vectors in scenarios requiring large
voltage vectors. The proposed method in this paper uses
fixed switching frequency for direct torque control,
resolving the variable switching frequency issue.

Conversely, duty cycle calculation methods often use
virtual voltage vectors without considering the sufficiency
of the inverter's voltage vector. For example,
reference [21] employs three voltage vectors for motor
control in each duty cycle period, which is unnecessary in
some intervals. The proposed method not only considers
the number of voltage vectors in hysteresis bands but also
maximizes inverter capability, using only one voltage
vector in these bands. Additionally, in hysteresis bands

with low torque ripple amplitude, an appropriate voltage
vector is applied, and in some intervals, two voltage
vectors are used for better torque variation response.

To prevent significant increases in switching
frequency, the proposed method considers voltage
vectors of previous and subsequent levels. When using a
virtual voltage vector, only one voltage vector is
employed to generate it. This approach effectively
addresses the limitations of conventional methods while
optimizing inverter performance and torque control.

The paper innovates by increasing hysteresis controller
levels without adding switches to enhance voltage
vectors. Traditionally, multilevel inverters reduce torque
ripple in direct torque control of two-level inverters by
increasing voltage vectors. A two-level inverter has 8
voltage vectors, while a diode-clamped inverter has 27,
each with unique amplitudes and angles.

This method, instead of increasing voltage levels, sums
voltage vectors to create new vectors with different
amplitudes and angles from the main ones, applied based
on torque hysteresis levels. This approach increases
voltage vectors to 39, achieving more vectors and
hysteresis levels without additional switches, thus
reducing torque ripple and current harmonics.

The method necessitates fixed switching frequency, an
advantage over conventional variable-frequency
hysteresis controllers. This fixed frequency approach
marks a significant improvement from traditional
techniques. By combining vector summation and fixed
frequency, the paper presents a novel solution for
enhancing inverter performance without increasing
system complexity, addressing key limitations in existing
direct torque control methods.

Different sections here are: Section 2 discuss about
technical work preparation. Section 3 presents simulation
results, and Section 4 provides conclusions.

Technical Work Preparation

A. The Conventional Direct Torque Control Method Using
a NPCI

The NPCI, due to advantages, is one of industry's most
widely used inverters. Fig. 1 shows three-phase three-
level inverter. As seen in this figure, each inverter leg has
4 power electronic switches and 2 diodes, with each
power electronic switch connected to DC link through a
diode. Each switch in this inverter represents by symbol
Skfn, where k corresponds to phase number {A, B, C}, f
indicates switch position {p for positive, N for negative},
and n specifies switch number.

Table 1 illustrates switching pattern for one inverter
leg. As inferred from this table, if ‘Sap1’ and ‘Sap2’ turn
on, voltage +vdc/2 produces at inverter output. If switch
’Sapl’ and ‘Sanl’ on, inverter output voltage is 0. If ‘San1’
and ‘San2’ turn on, voltage -vdc/2 produces at inverter
output.
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Table 2: Diode clamped inverter’s voltage vectors

Switches of inverter

+
SBP1 SCP1
SBF;ZJ scpP2
Lin
k
DC son2 scn2 %}
sargJ sc;ﬂ%}
\
- \ )
VA VB VC
PMSM
Fig. 1: Three-phase, three-level diode clamped inverter.
Tablel: Switching table of NPCI
SApl  SAp2  SAnl  SAn2  hase
P P Voltage
On On Off Off Vdc/2
Off On On Off 0
Off Off On On -Vdc/2
Sector 4 Sector 3
Vo V4
Sector 5 Sector 2
V15,
V16, V21
V7 V22 V3
Sector 6 Sector 1
V17,
5 V14 V20
V8 V23 2 - V2
AV4 1
27,
Sector 7 Sector 12
V18
V9 >
Vi3
V24 V19)
Sector 8 X2 Sector 11
V10 V12
Sector 9 Sector 10

Fig. 2: Distribution of voltage vectors in the af plane.

W _
Y ¥ ¥ 88 el enee
0 0 0 0 0 0 ¥ 0 -
0 o 0 Vdc/2/3 0
11 0 1 0 0 V5 Vdef1/2 m/6
11 1 1 0 0 T, Vdce/2/3 /3
01 1 1 0 0 Vs Vde/1/2 /2
0 0 1 1 o0 1 ¥V Vdcy/2/3 2m/3
0o 0o 1 1 o0 1 VW Vdc/1/2 571/6
0 0 1 1 1 1 Vg Vvde2/3 ™
0o 0 0 0 1 1 W Vdey/1/2 7m/6
0 0 0 0 1 1 Wy Vdef2/3 4m/3
0o 1 0 0 1 1 V, vde/1/2 31/2
11 0 0 1 1 V, Vde/2/3 5m/3
1 1 0 0 0 1 V3 Vde\/1/2 117/6
1 1 0 1 0 1 V VdeJ1/6 0
1 1 1 1 0 1 Vi  Vde/J1/6 n/3
0 1 1 1 0 1 Vg, Vde\/1/6 2m/3
0 1 1 1 1 1 V; VdeJ1/6 ™
0 1 0 1 1 1 Vg vde/1/6 41/3
1 1 0 1 1 1 Vo Vde\/1/6 5m/3
01 0 0 0 0 W Vd,f1/6 0
01 0 1 0 0 Wy Vd,f1/6 m/3
0 0 0 1 0 1 Vp Vdcy1/6 2m/3
0 0 0 1 0 1 Vy Vdc./1/6 s
0 0 0 0 0 1 V,  Vdcf1/6 47m/3
01 0 0 0 1 Vg Vde\/1/6 5m/3
01 0 1 0 1 Vy 0 -
11 1 1 1 1 Wy 0 -

Table 2 shows voltage vectors of three-phase three-
level diode-clamped inverter. This table displays 27
voltage vectors resulting from this inverter. State 'l1'
corresponds to respective switch being turned on, while
state '0' corresponds to switch being turned off.
Additionally, Fig. 2 illustrates distribution of voltage
vectors in af plane.
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In direct torque control, two hysteresis controllers are
used to control the torque and flux, where the hysteresis
levels are determined based on the available voltage
vectors for control objectives. In the three-level diode-
clamped inverter, there are 27 voltage vectors, and the
conventional method utilizes 20 voltage vectors. To
understand the operation of direct torque control,
consider the (1) and (2). Equation (1) represents the
torque relationship in a PMSM, and (2) is the derivative of
(1) with respect to time. Equation (2) shows how torque
variations affect the load angle and, consequently, how
they influence the flux.
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3P, . .
T = n [22,L,sin6 + A (L, —L,)sin20] (1)
dT, 3PA '
£ =——=[24 L cosd+ A (L, —L )cos25]5
dt 4Lqu[ e Lt | 2

In this relationship, P represents the number of pole
pairs, As is the stator flux, Ld and Lq are direct- and the
quadrature-axis inductances, Am magnitude of rotor flux
linkages and & is the angle between these two flux linkage
vectors and its name is load angle.

These variations are achieved by changing the voltage
vector. To further clarify this, consider Fig. 3. As seen in
this figure, the voltage vector affects the flux value, load
angle and consequently, the torque. Therefore, by
utilizing different voltage vectors, various control states
can be achieved.

Fig. 3: Load angle and torque adjustment by voltage vectors.

Table 3: Conventional look-up table of DTC

According to Fig. 3, for example, it can be said that
vector V4 causes torque control at its highest level,
increasing both torque and flux, while vector V10
decreases the flux and controls the torque at its lowest
level.

Therefore, the direct torque control table using the
conventional method can be represented as shown in
Table 3.

The hysteresis loops for torque and flux are given by
(3) and (4).
+3 for 3AT <T,

+2for 2AT, <T, <3AT,

+1for AT, <T, ~<2AT,

Ofor —AT, <T, <AT, 3)
-lfor —2AT, <T, <-AT,

~2for 3AT,<T, <-2AT,

—3forT, <-3AT,

(4)
@=0if1,_ <-AL/2

{(p =1if 4, >AA/2
B. The Proposed Method for DTC Using Voltage Vector
and Virtual Voltage Vector

To further reduce the torque ripple, the number of
hysteresis levels must increase.

To increase the number of hysteresis levels, the
number of available voltage vectors for control in the
desired regions must increase.

sector 1 2 3 4 5
AT

+3 V4 V4 V6 V6 V8 v8 V10 V10 V12 Vi2 V2 V2
1 42 wv3 V5 V5 V7 V7 V9 v9 vil vil V13 Vi3 V3
+1 V15 V15 Vie Vie V17 V17 V18 V18 V19 V19 V14 Vi4
0 V27 v1 V27 Vv1 V27 V1 V27 V1 V27 V1 V27 V1
-1 Vv19 Vi Vvi4 Vi4 V15 Vi5 Vie Vie V17 V17 V18 V18
-2 V1l vi3 Vi3 V3 V3 V5 V5 V7 V7 V9 vo Vi1
-3 V12 vi2 V2 V2 \Z v4 V6 V6 V8 v8 V10 V10
+3 V6 V6 V8 v8 V10 V10 V12 Vi2 V2 V2 v4 V4
0 +2 s V7 V7 V9 V9 vil Vvil vi3 Vi3 V3 V3 V5
+1 Ve Vie V17 V17 V18 V18 V19 V19 Vi4 V14 V15 V15
0 vi V27 v1 V27 V1 V27 V1 V27 V1 V27 V1 V27
-1 vig Vvi8 V19 V19 V14 Vi4 V15 V15 Vie Vie V17 V17
-2 V9 vil vil Vi3 Vi3 V3 V3 V5 V5 V7 V7 V9
-3 V10 V10 V12 V12 V2 V2 V4 V4 Ve V6 V8 V8
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In this paper, virtual voltages are used to increase the
number of voltage vectors, such that a fixed duty cycle is
defined for this controller, and in half the interval one
voltage vector is used and in the other half duty cycle
another voltage vector is used. To obtain the virtual
vectors, the average vectors and half vectors are used,
because the sum of the complete vectors has a value
equal to the average vector and is collinear with it. The
sum of the virtual vectors is obtained as follows:

11
SV, 42V, =061V 25 (5)
2° 2 3

The virtual voltage vectors are obtained as shown in
Table 4. Fig. 4 shows the distribution of these vectors in
the af plane. Therefore, 12 voltage vectors are added to
the control voltage vectors, and using these vectors, the
hysteresis levels can be increased and an 11-level lookup
table can be provided. The lookup table for switching the
NPCl is presented as Table 5. The hysteresis levels in the
proposed method are defined by (6) and (7).

p=1if /15m >AL/2

p=0if4_ <-AL/2 ©

+5forT, ~>5AT,

+4 for 4AT, <T, ~<5AT,
+3 for 3AT, <T, <A4AT,
+2 for 2AT, <T, <3AT,
+1for AT, <T, ~<2AT,
Ofor —AT, <T, <AT, 7)
-1for —2AT, <T, <-AT,
-2 for-3AT, <T, <-2AT,
-3 for-4AT, <T, <-3AT,
—4 for -5AT, <T, ~<-4AT,
-5forT, ~<-5AT,

error

Ve V5 V4

VR3 V15,
V16, VIvARS
V22 V3

R9 VR

ve \\//1273 V14 V20 v
VR4 N 1 VR1

¢
V9 V18, VIR11

V13
V24 V19 .
VR5 V25 VR

V10
Vil V12

Fig. 4: Distribution of voltage vectors and virtual voltage
vectors in the af plane.

DTC block diagram is shown in Fig. 5. In the next
section, the simulation results will be examined in detail.

o,

v
Te

Te* ' Y
‘ ‘ Switching table +—> NPCI
AS™ -D@-D

A  Ase— . le—is
Te:]\ Estimation / Vs

Fig. 5: Block diagram of DTC with proposed look-up table.

Table 4: Virtual vectors synthesis table

. . Sum of two
Virtual vector Virtual vector

voltage vector

VR1 Vs, Vi3 0.61V,£0
VR2 V3, Vs 0.61\44%
VR3 Vs, V7 0.61\/542§
VR4 V7, Ve 0.61V, /7
VRS Vo, Vi1 0.61\44—2%
VR6 Vi, Vi3 0.61\/547%
VR7 V20, V21 0.35\44%
VR8 v21,v22 0.35\/54§
VR9 V22,V23 0.35\/545%
VR10 V23, V24 0.35\/547%
VR11 V24, V25 0.35\/54%
VR12 V25, V20 0.35\4411%

C. Smooth Vector Switching and Neutral-Point Voltage
Balancing Control

According to paper [30], whenever voltage vectors of
large and small magnitudes are applied to the motor,
neutral point oscillations occur. To prevent these
oscillations, switching should be limited to adjacent
vectors, adhering to the smooth voltage vector switching
criterion. The hysteresis controller for flux control is a
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two-level controller that oscillates between +1 and -1.
Therefore, if the torque is continuously changing within
the positive hysteresis band, for example, if the flux
vector is also in the first region, according to the voltage
vector switching table, the voltage vectors are adjacent to
each other, and the voltage vector transition is from one
vector to its adjacent vector. This approach ensures that
the switching occurs between neighboring vectors,
maintaining the smooth voltage vector switching
principle and minimizing neutral point oscillations.

Furthermore, paper [26] states that the charge balance
of DC link capacitors depends on the balance of the
neutral point voltage. Therefore, if the neutral point
voltage is zero, according to the following equations, the
DC link capacitors are charged and discharged in a
balanced manner:

ia = icl - icZ (8)

Table 4: proposed look-up table of DTC

. dv,,
cl 1 dt
. dv,, (9)
Iy =C,—=
dt
v
Vcl:% Vo
(10)
VcZ :ﬁ—i_vo
2
. dv,
i,==-2C ™ (11)
1,
v, :zj’odt (12)

Therefore, if the neutral point voltage equals zero, the
neutral point balance is maintained, and the DC link
capacitors are charged in a balanced manner.

sector 1 2 3 4 5 7 8 9 10 11 12
AT
+5 v4 va V6 V6 V8 V8 V10 V10 V12 V12 V2 V2
+4 V3 V5 V5 V7 V7 V9 V9 Vi1 Vi1 V13 V13 V3
+3 V3+V5  V34V5  V5+V7  V74V5  V74V9  V74V9  VO+VI1  VO+VI1  VI1+VI3 V1I+VI3  VI3+V3  VI3+V3
+2 VIS V15 V16 V16 V17 V17 V18 V18 V19 V19 V14 V14
+1 V204V21  V214V22 V214V22 V22423 V22423 V23+V24  V23+V24  V24+V25 V24+4V25 V25+4V20 V254V20 V20+V21
1 0 V27 V1 V27 V1 V27 V1 V27 V1 V27 V1 V27 Vi
-1 V244V25  V25+V20 V25+V20 V214V20 V21+V20 V21+V22 V214V22  V22+V23  V224V23  V23+V24 V23+V24  V24+V25
2 V19 V19 V14 V14 V15 V15 V16 V16 V17 V17 V18 V18
-3 VI14VI3  VI14VI3  V34VI3  V3+VI3  V34V5  V3+V5  V54V7  V54V7 V749 V74V9  VO+VI1 V94Vl
-4 Vil Vi3 Vi3 V3 V3 V5 V5 V7 V7 V9 V9 Vil
5 V12 V12 V2 V2 va va V6 V6 V8 V8 V10 V10
+5 V6 V6 V8 V8 V10 V10 V12 V12 V2 V2 V4 V4
+4 V5 V7 V7 V9 V9 Vi1 Vi1 V13 V13 V3 V3 V5
43 V54V7  V54V7  V74V9  V74V9  VO+VI1  VO4VI1  VI3+VI1 VI3+VI1  VI3+V3  VI3+V3  V34+V5  V3+V5
+2 V16 V16 V17 V17 V18 V18 V19 V19 V14 V14 V15 V15
+1 V214V22  V23+V22 V23+V22 V23+V24 V234V24 V244V25 V24+V25 V25+4V20 V25+V20 V20+V21 V20+V21 V21+V22
0 0 V1 V27 vl V27 V1 V27 Vi V27 V1 V27 V1 V27
-1 V234V24  V244V25  V244V25 V204V25 V204V25 V214V20 V214V20 V214V22 V214V22 V224V23  V22+4V23 V23+V24
-2 Vi V18 V19 V19 V14 V14 V15 V15 V16 V16 V17 V17
-3 VO+VI1  VO+VI1 VII14VI3 VI1+4VI3  VI3+V3  VI3+V3  V5+4V3  V54V3 V547 V54V7 V74V V7+V9
-4 V9 Vi1 Vi1 V13 V13 V3 V3 V5 V5 V7 V7 V9
-5 V10 V10 V12 V12 V2 V2 V4 ! V6 V6 V8 V8
Results and Discussion results are discussed in detail in this section. The

To evaluate the feasibility of the proposed method, the
conventional method and the proposed method were
simulated in the MATLAB/Simulink environment, and the
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parameters of the studied PMSM are observable in Table
6. It should be noted that both methods under study were
simulated under the same conditions and with identical

J. Electr. Comput. Eng. Innovations, 13(1): 197-208, 2025



Reduction of torque ripple using virtual vectors in direct torque control method using Neutral-Point-Clamped Inverter

motors. In this section, first, the steady-state results are
studied, and then experiments entitled transient and no-
load experiments are performed.

In the transient experiment, different speeds and loads
were applied to the motor. In the no-load experiment, the
motor started its operation from the unloaded condition,
and then load variations were applied at a constant
speed.

Fig. 6 shows the steady-state experiment. In this
experiment, the motor was running at 180 rad/sec, and a
torque of 4 N.m was applied to it.

Fig. 6(a) corresponds to the conventional method, and
Fig. 6(b) corresponds to the proposed method. As
observed, in the proposed method, the torque ripple is
significantly lower than the conventional method, and the
steady-state responses are as good as the conventional
method.

Table 6: parameters of PMSM

Pole pair: Pn 4
Stator resistance: Rs 0.57Q
d-axis inductance 8.72 mH
g-axis inductance 28.8 mH
Magnet flux linkage: 0.108 wh
)‘m
Vdc 310v

Fig. 7 shows the FFT analysis of the stator current,
where Fig. 7(a) corresponds to the conventional method,
and Fig. 7(b) corresponds to the proposed method. As
observed, the stator current harmonics are significantly
reduced compared to the conventional method, which is
one of the advantages of the proposed method.

[\
=
—]

(S
(—)
(—]

I 1 L

Te (N.m) Omega (rad/sec)
(—)

0 0.5 1

1.5 2 2.5 3
Time (sec)

Time (sec)
(a) Conventional methode

(]
=
=

(rad/sec)
\

—
=
=]

=

Time (sec)

ot
1 L]
T T

Te(N.m) Omega

=

15 2 2.5 3

Time (sec)

O ORI

e

0.5 1

1.5 2 2.5 3

Time (sec)
(b) Proposed methode

Fig. 6: Steady state performance. From top: speed, Torque & stator current.
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Fundamental (14 Hz)=17.99, THD=15.38%

A& & o =

~
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"IIIII'II||||||II|III|I.lll.lIl||l.|I|-|||.|||.||.|..|...||..|..|||.
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(a) Conventional methode

& —
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H
E 8
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-
§ 4
LN [
E 0 1 Illllllllllll..lnnll-.._l-.|_ .......... e flanale asgals 54
0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)
(b) Proposed methode

Fig. 7: FFT results of stator current.

Fig. 8 displays the motor experiment under transient 1 N.m, which increased to 4 N.m in 1 sec and then
conditions. In this experiment, the initial speed value was decreased to 1 N.m in 2 sec. As observed, the transient
188 rad/sec, and then it increased to 250 rad/sec in 1.5 results of the proposed method are as good as the
sec. In this experiment, the torque value was also initially conventional method.

204
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&S <@
- T
| |
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o Un
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(a) Conventional methode
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(b) Proposed methode
Fig. 8: Dynamic performance. From top: speed, Torque & stator current.

Fig. 9 shows the no-load test of the motor in to 4 N.m and then returns to 0 N.m. In this experiment, it
simulation. In this test, the motor speed remains constant is observed that under load torque changes, the motor
at 250 rad/sec, and the load torque increases from 0 N.m maintains its stability and follows the reference values.

g T T T

2 200 ]

£

= 100 ]

E)D 0 I 1 1 I 1
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(a) Conventional methode
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Fig. 9: Load disturbance. From top: speed, Torque & stator current.

Conclusion

In this paper, the DTC method is used for controlling a
PMSM. In this controller, the motor is powered by a NPCI.
NPCls have 27 voltage vectors, but in the conventional
method, only 20 voltage vectors are used for switching,
and a maximum of 7 hysteresis levels can be defined. In
the proposed method, virtual vectors are formed to
increase the number of levels to reduce torque ripple and
current harmonics. By forming virtual vectors, the
problem of variable switching in the conventional method
is solved, and the hysteresis levels are increased to 11
levels. The constant switching frequency leads to reduced
losses and increased system efficiency. In the proposed
method, the amount of torque ripple has decreased
significantly, and current harmonics have also decreased.
Another advantage of this method compared to
modulation methods is the simplicity of the controller.
Therefore, the proposed system provides an overall
improvement over conventional method.
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