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Abstract—An improved vector control method is presented in
this study to enhance synchronous reluctance motor (SynRM)
performance. The maximum torque per ampere (MTPA) tech-
nique has demonstrated good dynamic properties since the torque
control is closely tied to the current control. The selection of the
control approach is primarily influenced by how the reference
current values will be defined. Additionally, a five-level neutral-
point-clamped (NPC) inverter replaces the traditional two-level
inverter. Only eight voltage vectors can be produced by a two-level
inverter, whereas one hundred twenty-five voltage vectors can be
generated by a five-level inverter. The goal is to produce an output
voltage vector that closely resembles the reference voltage vector
in order to ensure a quick response on the one hand and enhance
dynamic performance on the other. An exact comparison of the
suggested vector control strategy’s properties is made once it has
been simulated in MATLAB/Simulink. The acquired findings are
satisfactory and high performance is attained in terms of response
time, torque ripple reduction, and current waveform improvement.

Keywords—Synchronous reluctance motor; Performance im-
provement; MTPA control strategy; Five-level inverter topology;
Ripples reduction

I. INTRODUCTION

Electric machines are now required to be more efficient and
small, and there are several solutions available to meet this goal
[1]. Due to their many benefits, such as their high power density
(15kW/L) and high efficiency (>95%), machines exploiting
rare heaps of the earth (PMSM, for instance) are frequently
the technological solutions used [2]. However, the realities
and limitations of the market for rare piles of earth drive
businesses to develop palliative measures that are less expensive
and economically hazardous. The paper will therefore examine
synchronous reluctance machines as a substitute technology in
this setting [3].

Thus, stepper control [4] or vector control [5] have been
used to design high-efficiency synchronous reluctance motors
for high-power industrial applications [6]. It was discovered that
the torques seen in these motors retain significant fluctuations
and produce noise, preventing their usage for air conditioning
or other applications that might benefit the general public [7].

There are a lot of negative aspects of SynRM. The rotor’s
salience, which is where the electromagnetic torque originates,
generates ripples on it, which can cause vibrations and acoustic
noise [8] [9]. This sort of equipment has a poor power factor,
which causes the inverter to be oversized [10]. Additionally, it
is quite susceptible to magnetic saturation, which significantly
affects the average torque created [11]. The major goal of this
research is to create a vector control optimization approach to
boost SynRM’s performance, particularly in terms of efficiency
[12].

As seen by a significant number of recent articles, developing
optimization techniques at the control level in order to improve
SynRM performance is still a hot topic [13], [14], [15], [16],
[17], [18]. The textile sector, machine tools, and applications
requiring fast rotating speeds are the current application areas
for SynRM. It is currently employed in applications for traction,
electric vehicles, pumping, and ventilation [19].

Standard pulse width modulation (PWM) is typically used to
regulate two-level inverters, although this relationship does not
eliminate harmonics in the inverter output voltage [20], [21].
These harmonics are reduced by the three PWM-based carriers
in the five-level NPC structure, which also ensures a constant
switching frequency.
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II. STATE-SPACE MATHEMATICAL MODEL OF SYNRM
The dynamic model of the SynRM, which is defined by

the electrical and mechanical characteristics and describes the
electromagnetic and electromechanical processes, must be un-
derstood in order to regulate the SynRM’s variable speed [22].
The classical model based on the Park transformation complies
with the following presumptions, according to [23]:

• The magnetic circuits’ hysteresis is minimal;
• There is an unsaturated magnetic circuit;
• Gap harmonics are not considered;
• The air gap’s sinusoidal spatial distribution of the

magneto-motive forces;
• The influence of temperature on the value of the resistors

is disregarded.
The synchronous reluctance motor’s electrical equations in the
d-q reference frame are:[

vds
vqs

]
=Rs

[
ids
iqs

]
+

[
Ld

Lq

]
d

dt

[
ids
iqs

]
+ pΩ

[
0 −Lq

Ld 0

][
ids
iqs

]
(1)

The d-q reference frame’s current components are ids and iqs.
Stator voltage components include vds and vqs. Stator resistance
is denoted by Rs. The direct and quadrature axes’ inductances
are denoted by Ld and Lq . The pole pair number is p, and Ω
is the mechanical speed. An expression for the electromagnetic
torque is:

Tem =
3

2
p(Ld − Lq)idsiqs (2)

The total flux through the windings d and q in the rotor-related
frame is denoted by: {

ϕds = Ldids
ϕqs = Lqiqs

(3)

hence {
vds = Rsids +

dϕds

dt − pΩϕqs

vqs = Rsiqs +
dϕqs

dt + pΩϕds
(4)

with
ϕs =

√
ϕ2
ds + ϕ2

qs (5)

and
tan δ =

iqs
ids

(6)

Following (2), the torque equation is:

Tem = p(ϕdsiqs − ϕqsids) (7)

The rotor motion is described as follows:

J
Ω

dt
= Tem − Tl − fΩ (8)

Where f is the friction coefficient, Tl is the load torque, and
J is the motor inertia. The product between the current and
the mechanical speed on the one hand, and between the current
and its derivative on the other, are the terms of non-linearity
in the synchronous reluctance motor model in (1) [24], [25].
The vector diagram of the steady-state synchronous reluctance
motor is shown in Fig. 1.

Fig. 1: Steady-state vector diagram of the SynRM

III. OPTIMAL CURRENTS CALCULATION FOR THE MTPA
STRATEGY

A. Constant Current Angle Control

In order to indirectly control the ids and iqs stator current
components in the d-q reference frame, one must manipulate
the SynRM torque. However, a degree of freedom permits max-
imizing a second criterion because the torque is proportional to
the product ids × iqs (efficiency, speed range, power factor,
etc.). As a result, there are as many control strategies as there
are criteria. The vector control law comprises a loop for speed
regulation in addition to two current loops, one for each axis
[26], [27].

The present loops are on the first level. These loops reg-
ulate the stator current d-q components to maintain steady-
state signal stability. The anti-windup controller rejects the
electromotive force that connects the two axes (d and q) and
provides zero static error [28].

The tangent of the current angle (δ), which is the angle
between the current space vector and rotor-oriented d-axis stator
current, is used to estimate the d and q-axis reference currents
from the reference value of torque in the MTPA constant current
angle control approach [29], [30]. Below is a quick explanation
of the MTPA current angle control technique’s estimation of the
reference currents.

B. MTPA strategy

This approach ensures great performance at low speeds and
during start-up [31]. You can express the electromagnetic torque
as follows:

Tem =
3

2
p(Ld − Lq)idsiqs =

3

2
p(Ld − Lq)i

2
ssin(2δ) (9)

The greatest torque in absolute values is obtained for δ = ±π
4

for a certain current modulus is [32]. When we get ids=|iqs|,
the references of the currents are as follows:

i∗ds =
2T ∗

em

3p(Ld − Lq)
(10)
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and
i∗qs = i∗dssign(T

∗
em) (11)

In order to attain the current limit idsmax
at point P1, which

corresponds to the maximum torque, the current increases in a
45° direction from point O [33]. The current limits on the d
and q axes, ids1 and iqs1 thus result in:

ids1 = iqs1 =

√
2

2
ismax (12)

The MTPA control strategy’s trajectory is depicted in Fig. 2.

IV. ANTI-WINDUP CONTROLLER FOR SPEED LOOP
REGULATION

Generally, proportional-integral (PI) regulators are utilized
for automation control. This is done by juxtaposing the speed
reference cue to the real computed speed signal. Afterward, the
juxtaposition error will be the PI controller input. PI controllers
generally ignore the physical limitations of the system, such as
maximal current, and voltage. The PI controller used in this
research is the anti-windup regulator. This makes it possible to
ameliorate the performance of the speed control by annulling
the windup fact caused by the saturation of the neat integrator
[34]. Fig. 3 displays the block diagram of the suggested anti-
windup speed controller.

This strategy incorporates correcting the integral action ac-
cording to the differentiation between the control signal and
the saturation boundary. The difference is transmitted to a
gain block (pursuing time constant Ti) before returning to the
integrator. Each anti-windup controller has three tuning gains;

Fig. 2: MTPA control trajectory

Fig. 3: Structure of the proposed anti-windup controller.

their values are determined by trial and error. This technique
consists of performing repetitive tests and tuning each gain
separately from the others to view its effect.

V. FIVE-LEVEL NPC INVERTER DESIGN

A. Main topology

Fig. 4 depicts the general structure of the five-level NPC
inverter. Three symmetrical arms make up this arrangement, and
each arm has eight bidirectional switches mounted in series. To
prevent a short-circuit of the inverter input continuous voltage,
these switches must not be opened or closed at the same time
[35].

A bi-controllable semiconductor Sij (i=A, B, C and j=1,. . . ,
8) and a diode placed in anti-parallel make up each switch. Ten
floating diodes per arm Dk (k=1, . . . , 10) are used to ensure
the application of various voltage levels at each arm’s output
[36].

Fig. 4: The structure of the five-level NPC inverter.
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Because it provides five different voltage levels per arm–
+Vdc

2 , +Vdc

4 , 0, −Vdc

4 , −Vdc

2 –this inverter is known as a five
level inverter.

Seven different voltage levels can be applied to the same
phase by combining the twelve switches on the same arm:

(1, 1, 1, 1, 0, 0, 0, 0) → +Vdc

2

(1, 1, 1, 0, 1, 0, 0, 0) → + Vdc

4
(1, 1, 0, 0, 1, 1, 0, 0) → 0

(1, 0, 0, 0, 1, 1, 1, 0) → − Vdc

4

(0, 0, 0, 0, 1, 1, 1, 1) → −Vdc

2

(13)

In contrast to the two-level inverter, which can only supply
eight voltage vectors, this results [37]. According to Fig. 5, the
seven-level NPC inverter can generate one hundred twenty-five
voltage vectors [38].

The output voltage vector’s one hundred twenty-five positions
divide the vector diagram into six triangular sections. Thirty-
six triangular regions make up each sector. As a result, the
entire vector diagram contains two hundred sixteen triangular
sections.

For many system applications, multilevel inverters are a good
option, particularly for drive systems. This is due to the several
benefits they offer, including reduced total harmonic distortion
(THD) and improved power factor [39].

B. PWM strategy

Multilevel converter control techniques are an extension
of two-level converter control strategies. Over the past two
decades, a number of triangular-sinusoidal multilevel converter
approaches have been researched.

Fig. 5: Space vector diagram of the provided voltage vectors
by the five-level NPC inverter.

(a) Symmetrical triangles

(b) Saw-tooth leading edge

Fig. 6: Examples of triangular carriers

The carrier signal must be composed of line segments with
equal slopes in order to have a linear adjustment characteristic.
As depicted in Fig. 6, a contrast is drawn between the saw-tooth
carriers and the symmetrical triangular carriers.

The advantage of the symmetrical triangles technique is that
it permits sampling at a frequency that is twice as high as
the carrier frequency, which produces a signal that is often of
higher quality. Multilevel inverters often built on carriers with
symmetrical triangles. The modulation approach is character-
ized by their arrangement [40], [41].

The modulated signal and the control signals are determined
by the combination of the comparison signals. The converter
produces the modulated signal via the control signals; it typ-
ically serves no purpose as a signal and frequently travels
straight from the comparison signals to the converter’s control
signals [42].

In Fig. 7, the most common shapes are resumed: noitem-
sep,topsep=0pt

• In-phase carriers (Fig. 7(a)),
• Alternate carriers (Fig. 7(b)),
• In-opposition carriers (Fig. 7(c)).
The performance of the suggested five-level inverter, which

is based on MTPA vector control, is improved in this research
article using alternative carriers.

In Fig. 8, the proposed vector control scheme’s block dia-
gram including the multilevel NPC inverter, PWM modulation
method, and anti-windup controllers is shown.
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(a) In-phase carriers

(b) Alternate carriers

(c) In-opposition carriers

Fig. 7: Main carrier arrangements

VI. SIMULATION RESULTS AND DISCUSSION

A. Simulation environment

The conventional technique and the suggested method are
contrasted, emphasized, and discussed. The PWM controller
uses alternate carriers, and four alternate carriers are com-
manding the five-level NPC inverter. The rated power and the
parameters of the synchronous reluctance motor used in this
simulation investigation are listed in Table I. The simulation
results in a low-speed zone with load application are shown
in Fig. 9. 5 N.m of load torque is suddenly applied at t1=0.6s

TABLE I: Rated power and parameters of the machine used in
the simulation

Rated power 1.1 kW
Rated speed 1500 tr/min
Rated voltage 220/380 V
Rated torque 7 N.m
Frequency 50 Hz
Pole pair number 2
Stator resistance 6.2 Ω
Apparent stator inductance Ld 0.34 H
Apparent stator inductance Lq 0.105 H
Inertia moment 0.08 N.m.s2

Viscous friction coefficient 0.0001 N.m.s/rad

and removed at t2=1.6s. The THD value of the electromagnetic
torque is displayed in Fig. 10, and the THD value of the phase
current is highlighted in Fig. 11.

B. Results analysis

The two vector control techniques kept good dynamics when
starting up, as shown in Figs. 9(a), and (b). The applied load
is quickly rejected by the speed controller-based anti-windup
action on the proposed scheme.

The proposed technique based on multilevel inverter has a
quick response time comparing to the conventional technique.
The transient response is fast because the anti-windup controller
in the speed loop rejects the windup action caused by the
saturation of the integrator.

The torque waveform in the proposed technique based on
multilevel inverter in Fig. 9(d) is smoother than that of the
conventional technique in Fig. 9(c). The torque ripples are
reduced significantly. The more the inverter level is increased,
the more the torque ripples are reduced.

The phase current waveform in the proposed technique based
on multilevel inverter in Fig. 9(f) are smoother than that of the
conventional technique in Fig. 9(e). The phase current ripples
are then reduced. The more the inverter level is increased, the
more the phase current ripples are reduced.

The d-q current components (ids and iqs) waveform in the
proposed technique based on multilevel inverter in Fig. 9(h) are
smoother than that of the conventional technique in Fig. 9(g).
The current’s shape is improved significantly.

Fig. 8: The proposed control scheme.
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(a) Mechanical speed: conventional scheme
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(b) Mechanical speed: proposed scheme
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(c) Electromagnetic torque: conventional scheme
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(d) Electromagnetic torque: proposed scheme
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(e) Phase currents: conventional scheme
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(f) Phase currents: proposed scheme
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(h) d-q stator currents: proposed scheme
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Fig. 9: Test in a low-speed region with load application
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(a) Torque THD: conventional scheme

(b) Torque THD: proposed scheme

Fig. 10: Torque THD improvement

(a) Phase current THD: conventional scheme

(b) Phase current THD: proposed scheme

Fig. 11: Phase current THD improvement
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The phase voltage in Fig. 9(i) shows the voltage waveform on
one leg of the conventional two-level inverter. Fig. 9(j) shows
the voltage waveform on one leg of the proposed five-level
inverter.

The line voltage in Fig. 9(k) shows the two voltage levels
generated by the conventional two-level inverter. Fig. 9(l) shows
the five voltage levels generated by the proposed five-level
inverter.

The torque ripples have been reduced notably with the pro-
posed multilevel inverter topology. The conventional technique
has a high torque ripple level of 6.24% (Fig. 10(a)) compared to
5.46% for the five-level topology (Fig. 10(b)), with a difference
of 0.78%.

The phase current ripples have also been reduced remarkably
with the proposed multilevel inverter topology. The conven-
tional technique has a high current ripple level of 64.19% (Fig.
11(a)) compared to 44.12% for the five-level topology (Fig.
11(b)), with a difference of 20.07%.

The maximum torque per ampere (MTPA) vector control
strategy ensures high performance and operation dynamics,
even at very low-speed regions. The key is the choice of the
way the reference current values will be defined. This strategy
is used mainly at start-ups and for low speeds. MTPA consists
of minimizing the current for a given torque to reduce the Joule
losses.

The quantity of produced torque ripples is a particularly
important feature in the case of speed control applications.
This is because an immoderate amount of torque ripples lead
to imprecise positioning. The precision becomes significantly
more difficult or even impossible. Moreover, the torque ripples
can lead to resonances that can harm the mechanics.

For example, the proposed technique is suitable for more
precise position control applications, conventional computer
numerical control (CNC) machines, etc., while the conventional
technique is suitable for simple positioning applications, simple
CNC machines (i.e. the ones that use stepper motors, or
brushless DC motors for positioning), etc.

VII. CONCLUSIONS

For the synchronous reluctance motor operation, a better vec-
tor control method based on the MTPA strategy and multilevel
inverter architecture has been designed and simulated. Overall,
the suggested method improved dynamic system performance
while being run at a very low speed. The system responded
quickly to an instant load application, which demonstrates faster
dynamics. When compared to the conventional scheme, the
proposed technique’s torque pulsation and current distortion
were smoother. Significantly less torque and current ripples
were seen, and their waveforms were smoother. Based on
the acquired results, a system developed using the suggested
technique was very accurate and efficient; the performance of
the enhanced system is significantly impacted by the addition of

multilevel inverter topology based on alternating carriers PWM
and anti-windup controllers.

This study can be developed into a reliable sensorless system.
First off, switching from PI controllers to fuzzy logic controllers
or sliding mode ones can be a significant deal. Second, the
speed trans-coder can be replaced with an extended Kalman
filter for mechanical speed observation.
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