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In this study, flux angle control (FAC) with discontinuous modulation is presented
for induction motor drives with the aim of optimizing motor and inverter losses
under light load conditions. The proposed approach implements the discontinuous
modulation technique in flux angle control for the first time and emphasizes proper
drive performance while reducing its losses. The discontinuous pulse width
modulation (DPWM) method optimizes switching by strategically injecting zero
sequence voltages, reducing inverter losses and thermal stress on power electronics
components, and improving system reliability. The proposed method is simulated
in MATLAB software and compared with PWM and SVM techniques in drive
efficiency and loss reduction. Comprehensive simulations confirm the superior
performance of this combined approach and show the optimal balance between
switching losses, harmonic quality, and current and torque ripple compared to
PWM and SVM methods. The simplicity of implementation of the DPWM
method, along with its ability to maintain acceptable output voltage quality and
reduce overall system losses, while taking advantage of the advantages of PWM
and SVM methods, emphasizes its suitability for practical industrial applications.
This work contributes to the continued development of high-efficiency motor drive
systems by highlighting the advantages of integrating flux angle control with
discontinuous modulation strategies.

1. Introduction

modifications and advanced control techniques.

Among the electro-mechanical devices transforming
energy from electrical to mechanical, Induction Motor
(IM) can be surely considered a workhorse of the
industry when directly fed by the ac grid [1]. IMs are
extensively utilized across various industrial sectors,
including manufacturing, transportation, and energy
systems, owing to their robustness, cost-effectiveness,
and high efficiency. Notably, IMs account for more than
60% of industrial motor applications, consuming a
significant portion of electrical energy in industries [2].
Consequently, enhancing the efficiency of these motors
is a critical objective, aligning with global energy
conservation goals and the increasing emphasis on
sustainable practices.

Efficiency improvement strategies for IMs can be
broadly categorized into two main approaches: structural
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Structural modifications involve optimizing the design of
the rotor, stator, and winding configurations, which can
be costly and complex to implement in existing systems.
In contrast, control-based strategies offer a flexible and
cost-effective solution by optimizing motor operation
through intelligent control techniques, often referred to
as Loss Minimization Algorithms (LMAs). These LMAs
can be further classified into offline and online methods,
with online methods subdivided into model-based,
physics-based, and hybrid approaches [3].

One such advanced control method is Flux Angle Control
(FAC), which aims to enhance motor efficiency,
particularly under light-load conditions, by adjusting the
angle between the stator current and the rotor flux
direction. This method ensures optimal motor operation,
minimizing losses by setting the flux angle to the
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optimum value. A key component of flux angle control is
the selection of an appropriate inverter modulation
technique, which directly affects the quality of the motor
current, the level of harmonic distortion, and the overall
efficiency of the drive system.

Inverter modulation methods play a pivotal role in
determining the performance of induction motor drives.
Among the most commonly employed techniques are:
Pulse Width Modulation (PWM), Space Vector
Modulation (SVM) and Discontinuous Pulse Width
Modulation (DPWM) are the most commonly employed
techniques in the inverter modulation methods [4-6].
DPWM, in particular, has garnered significant attention
due to its ability to achieve high efficiency by reducing
switching losses. Various DPWM techniques have been
proposed in the literature, including DPWMO0, DPWMI,
DPWM?2, and DPWM3, ecach exhibiting unique
characteristics and performance trade-offs. Recent
studies indicate that DPWM can effectively reduce
switching losses without significantly compromising
output voltage quality or motor current THD [7].

The performance of each modulation method in the
motor drives is evaluated based on key criteria, including
Total Harmonic Distortion (THD) of the motor current,
switching losses of the inverter, voltage quality at the
inverter output, current ripple in the motor windings and
torque ripple, which affects the smoothness of motor
operation.

Mr Asiminoaei in [8] applies Discontinuous PWM in
active power filters to reduce harmonics and improve
power quality. It highlights lower switching losses and
enhanced system efficiency. The method also improves
filter performance and electromagnetic compatibility. [9]
presents a generalized discontinuous PWM scheme for
three-phase voltage source inverters. It optimizes
switching patterns to reduce switching losses and
improve inverter efficiency. The approach also ensures
better control and lower harmonic distortion. In [10], the
effects of continuous and discontinuous PWM schemes
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2 presents a detailed explanation of the flux angle control
method and its implementation. Section 3 provides an
overview of the modulation techniques studied. Section
4 discusses the simulation setup and results, offering a
detailed analysis of the performance of each modulation
method. Finally, Section 5 concludes the study.

2. Flux Angle Control (FAC)

Given the importance of induction motors, as
mentioned in the previous section, improving the
efficiency of these motors has attracted significant
attention from researchers. Consequently, various
methods have been developed to reduce losses and
enhance the overall efficiency of these motors. In general,
the studies conducted in this area can be divided into two
main categories: the first category involves studies
focused on the optimal design of induction motor
structures [15, 16], while the second category includes
research on control strategies and optimal operation of
these motors [17-20]. Flux angle control, which belongs
to the second category, has recently been introduced to
reduce motor losses at light load conditions [13, 14, 21].
The core idea of this control method lies in manipulating
the angle between the stator current vector and the rotor
flux vector (aligned along the d-axis). This angle,
referred to as the flux angle (8;), significantly influences
torque production and motor losses. According to the
electromagnetic torque expression of an induction motor:

r-3rL

22°L

m| 1 |.|1,|.sin(6,) 1)

As shown in Fig. 1, increasing the flux angle while
reducing the rotor flux magnitude allows the motor to
produce the required torque while minimizing the
magnetic field intensity, thus reducing both copper and
core losses under light-load conditions.

on power losses in voltage-source inverters for induction Table 1. List of Symbols
motor drives are compared. It analyzes how different symbol description symbol  description
modulation strategies impact switching and conduction R (Q) Stator resistance p Number of poles
losses. The findings guide optimal PWM selection to ’ . .
enhance drive efﬁcgien%l}ll. In [Fl], generalized continual- R, (Q)  Rotorresistance L.(H) Rotor inductance
clamp and split-clamp PWM schemes are analyzed for R,(Q)  Tronlossmodeling 7 (4) Stator current
induction motor drives. It discusses their effects on resistor. _ vector
inverter losses, torque ripple, and harmonic performance. L, (H)  Mutualinductance A Web) Rotor flux vector
The study helps in choosing the best PWM strategy for L,(H) Rotor leakage 0.(Deg)  Rotor flux
efficient motor control. In [12], a new generalized inductance ’ direction
method of discontinuous PWM strategies is proposed to @, fROtatmg reference

rame

minimize switching losses. It focuses on reducing
inverter power losses while maintaining output
performance.

This paper does not aim to reintroduce the concept
of flux angle control (FAC), which was originally
proposed by the authors [13, 14]. Instead, it investigates
anovel aspect of FAC: its integration with discontinuous
PWM (DPWM) and other modulation methods (like
SVM and PWM). To the best of our knowledge, this is
the first comparative analysis of FAC under different
modulation schemes, highlighting its impact on losses,
harmonic distortion, and real-time feasibility. The
remainder of this paper is structured as follows: Section
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Field rotation direction

is
Stator flux direction

Fig. 1. Flux level and flux angle direction in rotor and
stator in FAC
2.1. Minimization via Optimal Flux Angle
Total controllable losses in an induction motor can be
expressed as the sum of stator copper loss, rotor copper
loss, and iron loss. Assuming the rotor flux /Ir is aligned
N

with the d-axis (i.e., /Lq = (), the optimal flux angle &

that minimizes total losses can be analytically derived.
By taking the derivative of the total loss equation with

respect to 9S and setting it to zero, the optimal angle is
found to be:

,B.\/; + a.\/;) @
Jo—ay
o, L

Where ¢ =—¢—m | }/=Rs+a2.(RS+Rfe) ,
fe

6,),, =atan(

L
ﬁ=1+i’" =R ([ 4R 0 4R (@ + )

Ir Ir

This equation determines the optimal flux angle that
yields the minimum total loss for a given operating
condition. Although the optimal flux angle depends on
certain motor parameters, its sensitivity to variations in
these parameters in minimal. The detailed derivation and
parameter sensitivity analysis are provided in [13], and
are not repeated here for brevity since the main focus of
this work is on modulation strategy.

3. Overview of Modulation Techniques

Modulation techniques are essential for controlling the
output of voltage source inverters (VSIs), which are
widely used in electric motor drives, renewable energy
systems, and power converters. These methods generate
gate signals for power semiconductor switches in a way
that allows the inverter to synthesize sinusoidal or quasi-
sinusoidal AC output voltages from a DC source. The
choice of modulation method significantly affects the
harmonic quality of the inverter output, the efficiency of
the system, the switching losses, and the thermal
performance of the switching devices [2, 22]

In the context of flux angle control for induction motors,
the role of modulation becomes even more critical. Since
this control strategy adjusts the angle between stator
current and rotor flux to minimize losses—particularly
under light-load conditions—the performance and

IJRTEL, 2025, Vol.4, No. 1, pp. 545-552

precision of the modulation directly influence the
system's overall energy efficiency and dynamic response.
Three major modulation approaches are considered in
this study:

1. Sinusoidal Pulse Width Modulation (SPWM)

2. Space Vector Nodulation (SVM)

3. Discontinuous Pulse Width Modulation (DPWM)
Each method offers specific advantages and trade-offs in
terms of voltage linearity, harmonic distortion, switching
frequency behavior, and computational complexity.

3.1. Sinusoidal Pulse Width Modulation (SPWM)
Sinusoidal PWM is one of the earliest and most
commonly used methods for inverter control. It involves
comparing a sinusoidal reference signal with a triangular
carrier waveform to generate switching signals. The main
advantage of SPWM is its simplicity and ease of
implementation. However, it suffers from limited voltage
utilization and generates more switching events
compared to more advanced techniques like SVM or
DPWM [4].

If Vref (Z‘ ) is the reference signal and the carrier is a

triangle wave V.~ (¢) then:
L V. @)>V,,.@
S(t) — ref ( ) c'amei ( ) (3)
0 otherwise

This binary signal is then used to drive the inverter
switches.

These methods suffer from limited DC bus
utilization (approximately 78.5% of the DC voltage) and
from a higher switching frequency, which results in
increased switching losses.

3.2. Space Vector Nodulation (SVM)

Space Vector Modulation is a more advanced approach
that considers the inverter switching states as vectors in
the complex plane. SVM calculates the required output
voltage vector and synthesizes it using a combination of
the nearest active vectors and zero vectors within each
switching period. This technique maximizes DC bus
voltage utilization (up to 15% more than SPWM), offers
lower total harmonic distortion (THD), and provides
better control over switching transitions [5, 6].

Fig. 2 presents the eight inverter voltage vectors in
conjunction with the reference voltage vector.

> VI(IOO)
(011)

V5 (001 Ve aon

Fig. 2. Voltage vectors of all eight switching states
along with the reference vector at SVM


https://doi.org/10.48308/ijrtei.2025.240319.1092

548 Citation information: DOI 10.48308/ijrtei.2025.240319.1092, International Journal of Research and Technology in Electrical

Industry

Based on the angular position of the reference vector (i.e.,
the sector it lies in), the switching times are determined
using the following equation, which is specifically
applicable to angles between 0° and 60°.

Vi=dy +dy, Jr%oV0 +%°V7 )

3.3. Discontinuous Pulse Width Modulation (DPWM)
Discontinuous PWM methods, such as DPWMO,
DPWMI1, and DPWM3, are designed to reduce switching
losses by clamping one or more inverter legs to the
positive or negative DC rail during portions of the
switching cycle. By reducing the number of switching
transitions per cycle, DPWM significantly lowers
switching losses and improves thermal efficiency—
particularly under high-frequency operation [7]. These
methods are highly beneficial in flux angle control,
where efficient switching becomes critical at low torque
and low flux levels. However, DPWM may introduce
additional harmonic components due to the
discontinuities, requiring careful harmonic evaluation.
The core principle behind these techniques is to enhance
performance by adding a zero-sequence component to
the reference voltage vectors. Studies have demonstrated
that the performance of a three-phase inverter improves
when a suitable zero-sequence signal is added to the
reference voltage waveform [17]. In all carrier-based
PWM methods, the resulting reference signal can be
represented as:

Vo=rT+y, (5)

Where V' "is the reference signal and V,is the zero-

sequence signal [23]. If the zero-sequence component is
zero, the method is referred to as SPWM. However, when
the added zero-sequence signal causes the phase legs to
be clamped to either the positive or negative DC rail for
part of each switching period, the method is known as
DPWM. A block diagram illustrating the injection of the
zero-sequence signal using a single common triangular
carrier is shown in Fig. 3 [24].

There are six common implementations of
Discontinuous PWM (DPWM) techniques. In all of these
methods, each phase leg of a three-phase inverter remains
unswitched (clamped) for 120° within each switching
cycle. The methods differ in terms of the duration and
positioning of the clamping intervals.

carrier signal
generator

signal calculation

V,: +Q v, 5 O EI
: e AEYEN =
b L — =]

v 507 YN —

>
Zero-sequence T
V,

Fig. 3. Block diagram of zero-sequence signal injection
[25]
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(e) DPWMO
Fig. 4. Reference signal of common DPWM method
[12]

In DPWMI, the 60° unmodulated (clamped)
intervals are centered around both the positive and
negative peaks of the fundamental reference voltage.
This configuration performs best with resistive loads,
where the peak current aligns with the peak voltage [3].
DPWMO is the most suitable arrangement for capacitive
loads, as its clamping period is centered 30° before the
peak of the reference voltage. Conversely, DPWM2, with
its clamping period centered 30° after the reference
voltage peak, is best suited for inductive loads. The 60°
clamping intervals can also be positioned anywhere
between those used in DPWMO and DPWM2. By
aligning the clamping period as closely as possible with
the peak current, switching losses can be minimized.
DPWM3, on the other hand, features four 30° clamping
intervals spaced 60° apart. Among the six DPWM
strategies, DPWM3 yields the lowest harmonic
distortion, whereas DPWMI1 exhibit the highest [24].

In this paper, flux angle control is implemented
using PWM, DPWMI, and SVM methods. In the
DPWMI method, the zero-sequence voltage is calculated
according to Equation (6). Fig. 5 shows the normalized
waveform of the reference voltage, zero-sequence
voltage, and the modified reference voltage.

(-1-v,) 0°<o<60°

1-v)) 60°<0<120°

(-1-V) 120°<6<180°

VO = * 0 0 (6)
(1-V,) 180° <0 <240

(-1-V) 240° <6 <300°

A-v.") 300°<6<360°

(f) DPWM2



https://doi.org/10.48308/ijrtei.2025.240319.1092

| Vou

549 Citation information: DOI 10.48308/ijrtei.2025.240319.1092, International Journal of Research and Technology in Electrical
Industry

...............

i i
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time(s)

Fig. 5. DPWMI modulation waveform

|
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4. Simulation setup and results

In this section, the results of implementing the flux angle
control method using SPWM, SVM, and DPWM
modulation techniques in MATLAB software are
examined. The characteristics of the induction motor
used in the study are listed in Table II. Simulation results
are provided for a load corresponding to 10% of the rated
torque and 50% of the rated speed. Based on the motor
parameters and Equation (2), the resulting flux angle is

calculated to be approximately 45 degrees.

Table I1. parameters of induction motor
Nominal rating of induction motor

P, = 1.5 Kw R, = 5350
V.= 2200 R, =3.150
I, =334 L, =11.33mH
w, = 2860 Rpm L, =11.33mH
T,=5N.m L, = 04941 H
P=2 Rse = 2401102
J =0.0014 kg.m? cos ¢ = 0.85

The block diagram of flux angle control using the
discontinuous modulation method is shown in Fig. 6. In
this control strategy, the motor speed is first compared
with the reference speed. The resulting error is processed
by a PI controller to determine the reference torque.
Based on the reference torque and the reference speed,
and according to the motor parameters and Equation (2),
the flux angle as well as the reference components of the
stator current are calculated. By comparing the reference
stator current components with the measured output

currents from the motor, the reference stator components
are obtained. Finally, by transforming them into the
three-phase system and calculating the zero-sequence
voltage component, the reference three-phase voltages
are determined. The PWM switching frequency is set
to 10 kHz with a simulation step of 5 us. The inner
current loop is updated every switching period and
designed for a bandwidth of 800 Hz (=8% of 10 kHz),
considering PWM and computational delays. The outer
speed loop operates ten times slower, with a bandwidth
of 80 Hz. PI controllers are tuned by pole-placement
(symmetrical optimum) using motor electrical and
mechanical parameters. The flux angle control and zero-
sequence injection require only algebraic and
trigonometric calculations. These operations are
computationally lightweight compared with the 100-ps
switching period, making real-time implementation
feasible on standard ARM/DSP/FPGA hardware.[13].
Fig. 7 illustrates the motor’s speed and torque output
characteristics. This figure confirms that the motor is
successfully achieving the required speed and torque. In
this case (a), the flux angle is 45 degrees, while in vector
control the flux angle is approximately 9 degrees. The
flux magnitude in flux angle control is 0.5 Weber,
compared to 1 Weber in vector control. The efficiency of
flux angle control in this case is 24%, whereas in vector
control it is approximately 10%. In section (b), the motor
load change from 10% of rated torque and 50% of rated
speed to 20% of rated torque and 40% of rated speed in
the second 2 is plotted, which shows that the proposed
method maintains its stability. Fig. 8 shows the current
vector and flux angle in flux angle control and vector
control at 10% of the rated torque and 50% of the rated
speed. This figure clearly shows the increase in flux angle
and the reduction in the motor’s stator current. A
reduction in stator current leads to a decrease in the flux
level and consequently reduces motor losses.

In the following, we examine the quality of the inverter
output voltage under flux angle control using three
methods: SVM, PWM, and DPWM. To this end, we
compare the inverter line voltage FFT, the phase current
THD, the torque ripple, and the switching losses for these
three methods

N 4
* V abc sk
\ 1 gs Vi
. Kl > —>
a)m T :/>—> PI > dq 5 Two Level
3 ° | Flux Angle - \ T »| Zero-sequence e wo Leve
Pl "| Calculation [+ 1 ° injection V- Inverter
—( > PI | abe > >
+4 ; RN r/ >
- %
ds
1 . Vds
ils I, |1
o ds qs
Ias
abe IbS / Induction
To

motor

w

m

dq I cs. ‘\

Fig. 6. Block diagram of flux angle control with DPWM
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Fig. 7. Torque and speed of motor in (a) 10% and 50% of
rated Torque and speed and (b) 10% and 50% of rated Torque
and speed to 20% and 40% of rated Torque and speed in
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Fig. 8. Current Vector and flux angle in vector control
and flux angle control in 10% of rated Torque and 50%
of rated speed
Fig. 9 present the phase voltage waveforms for the three
modulation methods. In the SVM method, the phase
voltage waveform closely resembles a sinusoidal shape,
oscillating between -200 V and 200 V (with a DC link
voltage of 300 V). In contrast, the PWM and DPWM
methods exhibit phase voltage waveforms oscillating

between -150 V and 150 V.

Additionally, to better illustrate the periods when
switching does not occur in the DPWM method, Fig. 10
compares the PWM and DPWM phase voltage
waveforms. It can be seen that during certain intervals in
the DPWM method, no switching events take place,
effg}ctively reducing switching losses.

Va (DPWM)|
——Va (PWM)
——Va (SVM)

T

Va(Volt)

time (s)
Fig. 9. Inverter output phase voltage for the three
methods: SVM, PWM, and DPWM
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No switching time in DPWM method
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——Va (DPWM)
e Va (PWM)

L 1 L L ! 1 L L L
315 3152 3154 3.156 3158 316 3162 3164 3.166 3168
time(s)

Fig. 10. Inverter output phase voltage for the two
methods: PWM, and DPWM

Figures 11, 12, and 13 show the FFT of the inverter
output line voltage for the three modulation methods:
SVM, PWM, and DPWMI1. The harmonic spectrum is
obtained through FFT analysis of the simulated
waveforms, with a sampling frequency of Fs=1/Ts,
considering components up to the Nyquist limit.

:140 FFT of Inverter Output Voltage
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Fig. 12. FFT of the inverter line output voltage in PWM
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Fig. 13. FFT of the inverter line output voltage in
DPWM
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The analysis of the inverter output voltage spectra under
the three modulation methods-SVM, PWM, and DPWM-
reveals several important characteristics. The SVM
technique produces a more uniform frequency spectrum,
with lower amplitude of higher-order harmonics,
indicating superior output voltage quality and reduced
THD. This leads to improved motor performance and

10

x10%
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reduced thermal losses. In contrast, the PWM method
shows significant harmonic components at the switching
frequency and its multiples. While it may have slightly
higher harmonic content than SVM, PWM is easier to
implement and control. The DPWM method
demonstrates reduced switching frequency harmonics
due to the clamping periods inherent in its operation. This
effectively reduces switching losses, although the
amplitude of some lower-order harmonics is slightly
higher compared to SVM, which could impact dynamic
performance. Overall, these observations highlight the
trade-offs between output voltage quality and switching
losses across the three modulation techniques.

Figures 14 and 15 show the phase current waveform and
the motor output torque waveform, respectively. The
phase current waveforms indicate that the current ripple
is higher in the SVM method due to the reduced
switching frequency. In contrast, the PWM and DPWM
methods exhibit lower current ripple because of the
higher switching frequency. The motor output torque,
which directly depends on the phase current, shows a
similar trend.

0.9 T T T T T T T — s OPWM
= =las (PWM)
0.8 ===las (SVP)

0.7
06
<
Bosky

0.4

0.3

0.2 T

29804 2.9806 2.9808 2981 29812 2.9814 2.9816 2.9818 2982 2.9822
time(s)

Fig. 14. Motor phase current under SVM, PWM, and
DPWM methods

—To (DPWM)
— Te (PWM)
121 —==Te (VM)

54
)

Torque(N.m)
=4
o

I
IS

0.2 b

3.0606 3.0608 3.061 3.0612 3.0614 3.0616 3.0618 3.062 3.0622 3.0624
time(s)

Fig. 15. Output torque of the motor under SVM, PWM,
and DPWM methods

Figures 16-18 respectively illustrate the stator current
THD of the motor, the inverter line voltage, and inverter
losses at 60% of the rated speed and 10—-70% of the rated
torque. The total harmonic distortion (THD) is calculated
using MATLAB’s built-in THD function, where the
distortion is normalized with respect to the fundamental
component and all higher-order harmonics up to the
Nyquist frequency are included.

Under flux-angle control, the stator current THD
obtained with DPWM is generally comparable to SVM
and becomes the best option at 60% rated torque (—8.6
dB), whereas PWM—although exhibiting the cleanest
line-voltage spectrum at low—medium loads (<-60 dB)—
shows pronounced degradation at high loads. The
observed mid/high-load deterioration across all methods

IJRTEL, 2025, Vol.4, No. 1, pp. 545-552

is consistent with fixed PI gains tuned at 10% rated
torque; gain scheduling or adaptive tuning would reduce
ripple substantially. DPWM intentionally trades line-
voltage THD for reduced switching activity and
common-mode voltage, yet the machine inductance
effectively filters high-frequency components so that the
current THD remains low. Consequently, with proper
controller scheduling, DPWM offers an attractive
balance of current quality, efficiency, and EMI/CMV

performance compared to SVM and PWM.
Comparison of THD in SVM, PWM, and DPWM

—— SVM
-6 —=— PWM
Bl —— DPWM

\

| I |
© o ~

THD of Stator Current (dB)

|
-
o

=11

10 20 30 40 50 60 70
Torque (%Te)

Fig. 16. Comparison of stator current THD (in dB) for
SVM, PWM, and DPWM under different torque levels
Comparison of THD in SVM, PWM, and DPWM

-6 —=— PWM
—— —— DPWM

\

| | |
0 0 ~

THD of Stator Current (dB)

|
=
o

=11

10 20 30 40 50 60 70
Torque (%Te)

Fig. 17. Comparison of line voltage THD (in dB) for
SVM, PWM, and DPWM under different torque levels
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I PWM
—+— DPWM

=
ES

=
w
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5. Conclusion

In This paper presented flux angle control combined
with DPWM for induction motor drives. Compared with
PWM and SVM, the DPWM method reduces switching
losses by about 30%, directly improving efficiency and
reliability. While PWM achieves the lowest line-voltage


https://doi.org/10.48308/ijrtei.2025.240319.1092

552

Citation information: DOI 10.48308/ijrtei.2025.240319.1092, International Journal of Research and Technology in Electrical

Industry

THD and SVM provides stable but higher current
distortion, DPWM offers a balanced compromise: it
maintains current THD at levels comparable to SVM—
even outperforming it at certain loads—while accepting
higher voltage THD that is naturally filtered by the motor
inductance. Overall, DPWM provides an efficient,

practical, and reliable modulation

strategy ~ with

acceptable waveform quality.
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