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Abstract: This paper presents different vector control strategies in order to improve the
performance of a synchronous reluctance motor. As the torque control is directly related to
the current control, many strategies can be implemented. Depending on the criterion to be
optimised, there are therefore many strategies. The suitable control strategy choice is mainly
determined by the way the current reference values will be defined. For that purpose, four
techniques are detailed: constant current control, maximum torque per Ampere; maximum torque
per Weber, and maximum power factor control. All these techniques have been simulated in
MATLAB/Simulink, and precise comparison of their characteristics is brought out. The obtained
results are satisfactory and good performance is achieved, such as response time, torque ripples
reduction, and current improvement. These results will help in deciding which of the four-vector
control strategies can be employed in high-performance drive applications, and when and under
what conditions.
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1 Introduction

Electrical machines offer many advantages which are
accentuated by the development of complementary
technologies in power electronics and industrial computing.
These advantages lead electric machines to replace the
classic solutions offered by thermal motors, mechanics,
or hydraulics in many sectors such as industry or
transport. Renewable energies also constitute a tremendous
opportunity for the development of electrical machines,
whether they are slow, in the case of the direct conversion
of wind or tidal energy, or on the contrary, very fast to carry
out inertial storage, for example. Electric motors consume
nearly 60% of total electrical energy in industries. The
efficiency of an electric motor is therefore a fundamental
parameter. Recently, many authors have proposed different
control and powering methods in order to optimise their
performance (El-Refaie, 2019).

The synchronous reluctance machine (SynRM) has
received much attention for many applications in the
industry in recent years due to its simple structure and
low manufacturing cost. The SynRM is also functionally
robust; it is relatively well working as it has no associated
permanent magnets, which is also an advantage for
high-temperature applications (Zakharov et al., 2018).
Therefore, it has no demagnetisation problems or associated
losses. In the sensorless control domain, it has a major
advantage compared to an induction machine because it has
a natural salience. In addition, there are no rotor losses,
which allows a higher mass torque than that of an induction
machine. These different advantages seem to give it chance
for new developments (Murataliyev et al., 2022).

However, SynRm has also significant drawbacks. The
salience of the rotor which is at the origin of the
electromagnetic torque causes ripples on the latter, which
can result in vibrations and acoustic noise. The power
factor of this type of machine is generally low leading to
over-sizing of the inverter (Kim et al., 2020). In addition,
it is very sensitive to magnetic saturation, which has
a strong impact on the developed average torque. The
main objective of this work is to develop vector control
optimisation methods in order to increase the performance
of the SynRM, especially in terms of efficiency (Babetto
et al., 2018).

Because of the limitations of reached current and stator
voltage according to the used strategy, many criteria can
be favoured. For example, minimising the current for a
given torque to reduce the Joule losses [a method known
as maximum torque per ampere – MTPA (Accetta et al.,
2020)] and minimising the current for a given torque to
reduce the power factor [a method known as maximum
power factor control – MPFC (Chen et al., 2021)].

Developing optimisation methods at the control level in
order to increase SynRM performance remains a hot topic,
as shown by a large number of recent publications. The
current applications of the SynRM are in the fields of the
textile industry, machine tools, and applications with high
rotational speeds. Recently, it has been used for traction,
electric vehicle, pumping, and ventilation applications
(Gallicchio et al., 2022; Yamashita and Okamoto, 2020).

This research paper aims to improve the performance of
SynRM vector control by proposing four robust techniques.
The research can be summarised in two stages:

• the vector control is improved by exploiting a degree
of freedom which helps to optimise efficiency, speed
range and power factor

• there are therefore as many control strategies as
criteria, and the most interesting strategies have been
highlighted and explained.

2 SynRM state-space mathematical model

The variable speed control of the synchronous reluctance
motor requires the knowledge of its dynamic model
defined by the electrical and mechanical parameters,
which describe the electromagnetic and electromechanical
phenomena. According to Arafat and Choi (2018) and
Carlet et al. (2019), the classical model based on the Park
transformation respects the following assumptions:

• the hysteresis in the magnetic circuits is negligible

• the magnetic circuit is unsaturated

• gap harmonics are not taken into account

• the spatial distribution of the magneto-motive forces
in the air gap is sinusoidal

• the effect of temperature on the value of resistors is
neglected.

The electrical equations of the SynRM 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)

ids and iqs are current components in the d-q reference
frame. vds and vqs are stator voltage components. Rs is
the stator resistance. Ld and Lq are the inductance of the
direct and the quadrature axis. Ω is the mechanical speed
and p is the pole pair number. The electromagnetic torque
is expressed as:

Tem =
3

2
p(Ld − Lq)idsiqs (2)
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Figure 1 Steady-state vector diagram of the SynRM

Table 1 Rated power and parameters of the SynRM

Rated power 1.1 kW
Rated speed 1,500 tr/min
Rated voltage 220/380 V
Rated torque 7 N.m
Frequency 50 Hz
Pole pair 2
Stator resistance 6.2 Ω

Apparent stator inductance Ld 0.34 H
Apparent stator inductance Lq 0.105 H
Inertia moment 0.008 N.m.s2

Viscous friction coefficient 0.0001 N.m.s/rad

In the frame related to the rotor, the total flux through the
windings d and q is expressed 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)

The torque equation in (2) becomes:

Tem = p(ϕdsiqs − ϕqsids) (7)

and the rotor motion is expressed by:

J
Ω

dt
= Tem − TL − fΩ (8)

where J is the motor inertia, TL is the load torque, and f is
the friction coefficient. The synchronous reluctance motor
model in (1) is nonlinear; the terms of nonlinearity are the
product between the current and the mechanical speed on
one hand, and between the current and its derivative on
the other hand (Heidari et al., 2021; Noussi et al., 2021).
Figure 1 shows the vector diagram of the synchronous
reluctance motor in the steady-state.

The rated parameters of the machine used in the
simulation are listed in Table 1.

3 Vector control of SynRM

Controlling the SynRM torque means indirectly controlling
the ids and iqs stator current components in the d-q
reference frame. However, as the torque is proportional to
product ids.iqs, a degree of freedom allows optimising an
additional criterion (efficiency, speed range, power factor,
etc.). There are therefore as many control strategies as
criteria. The vector control law has two current loops (one
for each axis) and a loop for speed regulation (Ismaeel
et al., 2019; Zerzeri and Khedher, 2021).

3.1 Vector control architecture

The block diagram of the SynRM vector control
architecture is presented in Figure 2. The asterisk ∗

designates the reference quantities. This cascade structure
is classic and has three levels of control. The first level
corresponds to the current loops. These loops control the
stator current d-q components, in order to achieve constant
signals in the steady-state. A simple PI controller guarantees
then zero static error and rejects the electromotive force
which couples the two axes (d and q) (Zahraoui et al.,
2019).

The second level defines the current set-points i∗ds
and i∗qs depending on the desired torque. The goal is to
optimise current and voltage limitations. Finally, the last
level concerns speed control and use differently an IP
controller (Zahraoui et al., 2020). The PI controllers tuning
gains have been calculated by pole placement technique
(Zahraoui et al., 2022).

3.2 Vector control strategies

From the torque equation of the SynRM defined in
equation (2), it is clear that the control of the
electromagnetic torque is based on controlling the currents
ids and iqs simultaneously, giving an additional degree of
freedom. The choice of control strategy will depend on
how to define the i∗ds and i∗qs references. Several strategies
exist and are differentiated by the criterion to be optimised
(maximising torque, efficiency, or power factor) and the
required performance (for example, torque control at low
speed or during transients, etc.) (Dwivedi et al., 2020).
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Figure 2 Vector control structure of the synchronous reluctance motor

3.3 Constant current control

When the required speed control Ω is less than the nominal
value Ωn, then this vector control type is suitable for this
case. Below nominal speed, ids current component is kept
constant (Scalcon et al., 2021), hence:

i∗ds = Cte (9)

where

Cte =
ϕ∗
smax

Ld

√
2

(10)

Stator flux-linkage maximum value is then derived from the
electromagnetic torque reference value:

ϕ∗
smax

=

√
4T ∗

emLdLq

3p(Ld − Lq)
(11)

Above nominal speed, ids current component decreases
with speed as follow:

i∗ds =
Ωn

Ω
Cte (12)

The q-stator current reference, based on equation (2), is
obtained as:

i∗qs =
T ∗
em

3p(Ld − Lq)i∗ds
(13)

3.4 Constant current angle control

There are three different strategies of constant current angle
control. These strategies are MTPA, MTPW and MPFC.
The d and q-axis reference currents are estimated from
the reference value of torque utilising the values of the
tangent of the current angle (δ), which is the angle between
the current space vector and rotor-oriented d-axis stator
current. A brief description about estimation of reference
currents is included below for different current angle control
techniques (Lin et al., 2020).

Figure 3 MTPA control trajectory (see online version
for colours)

3.4.1 MTPA strategy

This strategy is used mainly at start-ups and for low speed
(Tinazzi et al., 2019). The electromagnetic torque can be
expressed by:

Tem =
3

2
p(Ld − Lq)idsiqs

=
3

2
p(Ld − Lq)i

2
s sin(2δ)

(14)

For a fixed current modulus is, the maximum torque in
absolute value is obtained for δ = ±π

4 . We then obtain
ids = |iqs|, hence the references of the currents:

i∗ds =
2T ∗

em

3p(Ld − Lq)
(15)

and

i∗qs = i∗dssign(T
∗
em) (16)



Vector control strategies for synchronous reluctance motor 5

When the current starts to increase, it follows a 45◦
direction starting from point O to reach the current
limit idsmax at point P1 (Figure 3) corresponding to the
maximum torque.

3.4.2 MTPW strategy

The MTPW or maximum torque per volt (MTPV) strategy
is used when the MTPA method does not ensure high
performance, the cause is the voltage limitation due to
the increase in speed. In steady-state, the stator voltage is
proportional to the stator flux and the rotational speed: vd ∝
ϕsΩ. Therefore, for a given speed and limiting voltage,
the corresponding stator flux can be determined (Mahmoud
et al., 2018). The maximum torque per flux unit (MTPW)
strategy consists in choosing δ = ±π

4 (Figure 4), what leads
to the following current references form:

i∗ds =
2LqT

∗
em

3pLd(Ld − Lq)
(17)

and

i∗qs =
Ld

Lq
i∗dssign(T

∗
em) (18)

3.4.3 MPFC strategy

The MPFC or maximum torque per kilo-volt-ampere
(MTPkVA) strategy is used to supplement certain operating
conditions, so as not to have to oversize the static converter
(Sangwongwanich, 2020). The power factor can be obtained
from the following expression:

fp =
vdsids + vqsiqs

|vs||is|
(19)

hence

fp = cos(ϕ) = (ξ − 1)

√
sin(2δ)

2 tan(δ) + ξ2cotan(δ)
(20)

The power factor fp = fδ is given by a curve (Figure 5)
which has a maximum which is ξ−1

ξ+1 for the angle δ such
that tan(δ) =

√
ξ. To obtain a good power factor, a large

salience ratio is therefore required, which justifies the flux
barrier or axially laminated rotors.

3.4.4 Synthesis of strategies

In Figure 5, the possible operating points are represented
from point A to G. Point A corresponds to the MTPA
strategy, point G corresponds to the MPFC strategy and
point C corresponds to the MTPW strategy. These three
points produce the same torque for different current values
(Kerdsup et al., 2018). Points A, D, and B have the same
current but different fluxes and different power factors.

If the MTPA strategy is used at a low speed, switching
to the other points is necessary if the speed increases
sufficiently. In the method proposed by some authors
(Cheng and Tsai, 2021; Lee et al., 2022), the trajectory is

from point A to point D (point giving the maximum power
factor MPFC for tan(δ) =

√
ξ ).

Figure 4 MTPW control trajectory (see online version
for colours)

Another trajectory is proposed to switch from the MTPA
method, which is always used at start-up and at low speed,
to the MPFC method when limitations appear. In this
method, an angle δ = 45◦ for which ids = iqs must be
imposed first, and when the speed increases this strategy
can no longer be maintained because the flux on the
d-axis cannot exceed the nominal value of the stator
flux: idsmaxxd = Ωϕsmax . When the current on the d-axis
reaches its maximum value idsmax

, ids = idsmax
is kept and

iqs is varied, such that:

i∗qs =
2Tem

3p(Ld − Lq)idsmax

(21)

The objective is to arrive at the MTPW method where
tan(δ) = ids

iqs
=

√
ξ =

√
Ld

Lq
.

3.5 Control setting

3.5.1 Choice of sampling period

To obtain efficient vector control for a synchronous
reluctance machine, it is important to choose a sufficiently
small sampling period. In fact, the reference voltages
calculated by the control law will be blocked and therefore
constant during this period. However, in the steady state,
the phase of the stator voltages must evolve all the more
quickly as the machine rotates at high speed (Lin et al.,
2019; Varatharajan et al., 2022). For an angular velocity
Ω, during a sampling period Ts, the rotor of the machine
rotates through an angle:

∆θ = ΩTs (22)
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Figure 5 Network of curves giving power factor and torque with stator flux and stator current as parameters (see online version
for colours)

Figure 6 Test of performance comparison under load torque disturbance, (a) test at 100 rad/s speed step with load application
(b) test at 100 rad/s reverse speed step with load application (see online version for colours)
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In steady-state, the phase of the reference voltages changes
only because of the Park transformation which is related to
the position of the rotor. It must therefore be updated at
period Ts. For sensorless control, this may cause computing
power problems.

3.5.2 Choice of stator current dynamics

The instantaneous torque of the SynRM is proportional to
the product of the ids and iqs stator current components.
The previous section presented the different solutions
allowing to take advantage of this degree of freedom in
the steady state. It remains to consider the management of
transitional regimes.

The behaviour of the SynRM could resemble to that of
a DC machine with separate excitation, if the dynamics of

the current ids were much lower than that of the current
iqs. However, unlike other machines for which the inductor
has a high inductance, the inductance Ld and Lq of the
SynRM are of the same order of magnitude so the dynamic
performance of the current loops of the d and q axes are
also close.

The tests showed that it was necessary to slow down
the dynamics of the current ids, otherwise, the current iqs
could not follow its reference when the speed is high. The
problem arises in particular when switching from MTPA
mode to MTPW mode which generates a rapid change in
the set-points ids and iqs. We then observe that the term
Ld

dids
dt saturates the inverter in voltage, to the detriment of

the current iqs which cannot reach its reference.



Vector control strategies for synchronous reluctance motor 7

Figure 7 Speed error between the four strategies, (a) speed error: Ωreference − ΩMPFC (b) speed error: ΩMPFC − ΩMTPW

(c) speed error: ΩMPFC − ΩMTPA (d) speed error: ΩMPFC − ΩConstant (e) speed error: ΩMTPW − ΩMTPA

(f) speed error: ΩMTPA − ΩConstant

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

-20

0

20

40

60

80

100

S
p
e
e
d
 e

rr
o
r 

(r
a
d
/s

)

Speed error

(a)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

-0.1

-0.05

0

0.05

0.1

0.15

0.2

S
p
e
e
d
 e

rr
o
r 

(r
a
d
/s

)

Speed error

(b)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

-2

-1

0

1

2

3

4

5

S
p
e
e
d
 e

rr
o
r 

(r
a
d
/s

)

Speed error

(c)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

-8

-6

-4

-2

0

2

4

6

8

10

12

S
p
e
e
d
 e

rr
o
r 

(r
a
d
/s

)

Speed error

(d)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

-2

-1

0

1

2

3

4

5

S
p
e
e
d
 e

rr
o
r 

(r
a
d
/s

)

Speed error

(e)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

-6

-4

-2

0

2

4

6

8

S
p
e
e
d
 e

rr
o
r 

(r
a
d
/s

)

Speed error

(f)



8 Y. Zahraoui et al.

Figure 8 Torque waveform of the four strategies, (a) electromagnetic torque: MPFC (b) electromagnetic torque: MTPW
(c) electromagnetic torque: MTPA (d) electromagnetic torque: constant current (see online version for colours)
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The simplest solution would be to make ids = Cte, to
the detriment of the performance of the machine. But, we
would then lose one of the advantages of synchronous
reluctance machine, compared to synchronous permanent
magnet machine. We will therefore keep the MTPA
command which varies ids, but decreases its dynamics,
compared to that of iqs. Experimental tests have shown that
it takes at least a ratio of ten between these two dynamics.
This is achieved by adding low-pass filtering of the ids
reference. The dynamics of the torque will therefore be
given by that of the current iqs (Li et al., 2019; Tawfiq
et al., 2021).

4 Results and discussion

4.1 Simulation environment

The block diagram of the synchronous reluctance motor
closed-loop vector control is shown in Figure 2. The rated

power and parameters of the machine used in simulation are
given in Table 1. The same speed and current controllers
have been used for all four techniques (constant current,
MTPA, MTPW, and MPFC).

Figure 6 shows the mechanical speed response at
a speed step of 100 rad/s and at reverse speed. To
demonstrate the robustness of these control methods
throughout the steady-state phase, a load torque of 5 N.m is
introduced at t1 = 0.7 s and removed at t2 = 1.7 s. Figure 7
displays the speed error between the different techniques.
Figure 8 exposes the electromagnetic torque waveform.
While Figure 9 shows the phase current waveform.
Figure 10 displays the d-q current components waveform.
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Figure 9 Phase current waveform of the four strategies, (a) phase current: MPFC (b) phase current: MTPW (c) phase current: MTPA
(d) phase current: constant current (see online version for colours)
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4.2 Results analysis

The time response of MPFC, MTPW, and MTPA strategies
is very quick compared to the constant current technique.
The latter technique is more affected by the load
application. The constant current technique has a significant
overshoot of the reference. MPFC and MTPW have almost
the same response time, with less speed error between them.
That speed error does not exceed 0.2 rad/s. Their speed
waveforms are almost identical. Even at reverse speed, the
three strategies MPFC, MTPW, and MTPA keep the fast
response time and do not overshoot the reference. The static
error of all techniques in the steady-state is null, which
shows the effectiveness of these control strategies.

The torque waveform of MPFC and MTPW has a
reduced level of ripples, while the torque of the MTPA has
a chopped waveform. The applied load value is 5 N.m, it is
introduced at t1 = 0.7 s and removed at t2 = 1.7 s, it can
be clearly seen in the torque waveforms.

The phase current waveform of MPFC and MTPW has
a reduced magnitude and ripples level. The constant current
technique has the highest current consumption rate among
all the four strategies.

The d-q current components of MPFC have almost an
identical waveform with less magnitude at start-up. The
constant current technique and MTPA have the highest
magnitude among all the four strategies.
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Figure 10 d-q current components waveform of the four strategies, (a) d-q current components: MPFC (b) d-q current components:
MTPW (c) d-q current components: MTPA (d) d-q current components: constant current (see online version for colours)
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5 Conclusions

In this paper, we presented the modelling, identification,
and simulation of many vector control strategies for
SynRM operation improvement. The four proposed control
strategies offer a degree of freedom in the choice of stator
currents since only their product is imposed by the desired
torque. Different strategies are then possible, depending
on the targeted performance. At low speed and to obtain
maximum acceleration and efficiency, the MTPA strategy is
generally used. To achieve higher speeds, without requiring
the too high voltage of the inverter DC bus, it is then
necessary to switch to the MTPW strategy. MPFC strategy
is the best because it ensures fewer torque ripples. These
vector control strategies have been adjusted, tested, and
validated in simulation.

This research can be improved into a robust sensorless
scheme. Firstly, the insertion of fuzzy logic controllers
instead of PI controllers can be a big deal. Secondly, an
extended Kalman filter for mechanical speed observation
can replace the speed trans-coder.
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