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Abstract—In recent years the synchronous reluctance
machines (SynRMs) have received much attention. They
have some good features such as high torque density, high
reliability and low cost. This paper aims to give an overview
of SynRMs with particular emphasis on the history,
research status and industrial application. Besides, concept
and basic operating principles of such machines are also
described. Moreover, some hot spots of the research on the
SynRMs are introduced. Several methods to improve the
average torque and reduce torque ripple of the SynRMs in
the past literatures are presented including topology design
and control strategies. An overview of the methods from
different aspects to realize high efficiency for the SynRMs
is given which contain rotor optimization, winding
configuration, material improvement, control schemes and
so on. Some approaches suitable for high speed application
are also introduced. It can be seen that the SynRMs have
broad development prospects and great potential in
industrial application.

Index Terms—Efficiency, High speed, SynRMs, Torque.

[. INTRODUCTION

ECENTLY the synchronous reluctance machines have

attracted much attention for owning high torque density
and relatively high efficiency. Compared with induction ma-
chines, the SynRMs have less loss and higher efficiency [1].
They have broad prospects in research field and industrial
application [2]-[6].

Theory with reference to the SynRMs appeared in the early
1920s [7]. The rotor is insulated by several flux barriers which
helps to generate reluctance torque and the cross section is
shown in Fig. 1. However, this structure brings strong vibration
and the machine volume is larger compared to the induction
machine for the same performance. In 1967, Lawrenson and
Agu proposed a new rotor topology with higher saliency ratio

Manuscript received November 18, 2021; revised September 23, 2022;
accepted February 17, 2023. Date of current version March 12, 2023.

This research was undertaken in part by the National Natural Science
Foundation of China (NSFC) under Grant 52107046, and in part by the
Fundamental Research Funds for the Central Universities, HUST
(2021XXJS009). (Corresponding Author: Yawei Wang )

Xuan Li, Yawei Wang, Yuhang Cheng, Dawei Li, and Ronghai Qu are with
the Huazhong University of Science and Technology, Wuhan 430074, China
(e-mail: m202172105@hust.edu.cn, yaweiwang@hust.edu.cn,
m202171950@hust.edu.cn, daweili@hust.edu.cn, ronghaiqu@hust.edu.cn).

Digital Object Identifier 10.30941/CESTEMS.2023.00030

which showed better performance than the conventional
structure. However, the application is limited due to the
complex structure, low power factor and high cost. In 1970s [8],
two kinds of rotor structure were proposed. As shown in Fig.
2(a), the rotor is axially laminated which has high saliency ratio
and high efficiency but the manufacture is relatively difficult.
Fig. 2(b) [8] shows the transversely laminated rotor which has
low cost and a robust structure. Later on, the transversely
laminated rotor has been the basis of the SynRM rotor design
and the research on improving the performance of such
machine has been going on.

The SynRMs have been gradually used in the industrial
landscape. Instead of permanent magnet (PM) motors, the
SynRMs with flux barriers on the rotor were applied in water
pump [9]. The load angle is higher than that of the PM motor,
but the copper losses in the stator are higher because of the
higher stator current. The SynRMs are also applied in electric
vehicles (EVs) for their wide speed range and the ability of
providing high torque in the low speed region and high power
in the high speed region. They have been well studied in
[10]-[15] and the future work will be focused on the reduction
of torque ripple which is significant to EVs [16]. Moreover, the
SynRMs can be applied in a flywheel-based energy storage
system [17] for their zero no-load electromagnetic losses and
relatively low cost. The disadvantages are the low power factor
and mechanical limits. A doubly excited brushless reluctance
machine is used in wind power generation system [18]. The
generation of electromagnetic torque and electromechanical
energy conversion are due to the mutual flux linkage variations.
The SynRMs can also be applied in all fractional horse power
fields including home appliances [19], because of the low cost
and the acceptable efficiency level. The SynRM with outer
rotor is also a good choice for electric bikes [20] for their
inherent advantages.

Many companies have also been focused on the research and
production of the SynRMs. The well-known company ABB
from Switzerland provides the SynRMs for variable speed
application as shown in Fig. 3 [21]. According to the IEC TS
60034-30-2:2016 report, one kind of SynRMs is suitable for
four pole machines below 200kW. The rotor volume is small
which eliminates rotor iron losses and the efficiency level
reaches IE4. Some products made of aluminum also have high
efficiency. Another way to improve efficiency is using ferrite
magnet to assist magnetizing. The efficiency of one product
whose rated power is 5.5kW and rated speed is 3000rpm
reaches 90% when operating at rated speed. REEL from France
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(b) (b)
Fig. 2. (a) Axially laminated rotor structure [8]. (b) Transversely laminated
rotor structure [8].

Fig. 3. SynRM provided by ABB [21].

also provides the SynRMs with high output power [22]. Okuma
from Japan provides permanent magnet assisted synchronous
reluctance machines whose efficiency is increased by 4-9%
comparing with induction machines [23]. Siemens company
from Germany produces a kind of the SynRM whose efficiency
is 14% higher than IE1 and 3% higher than IE3 [24].

In this paper, special attention will be paid on the review of
the SynRMs in terms of the torque performance and efficiency.
In Section II, basic concepts and the operating principle of the
SynRMs will be introduced. Then in Section III, studies on
improving the average torque or reducing the torque ripple of
the SynRMs are listed. Afterwards, design aspects of the
SynRMs for high speed application are investigated in Section
IV and an overview of the researches on improving efficiency
is given in Section V. Finally, the conclusion is drawn in the
end.

II. BASIC CONCEPTS AND OPERATING PRINCIPLES OF THE
SYNRM MOTORS

The basic concepts and mathematical model of the SynRMs
have been well studied in [25]-[30]. The stator of the SynRM is
almost the same as the induction machine. Three phase AC
currents are injected into the stator winding when the SynRM
operates and the flux lines close in the direction of a minimum
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Fig. 4. d-q axis equivalent circuits of the SynRMs. (a) d-axis circuit. (b)
g-axis circuit [31].
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Fig. 6. The relationship between power factor and saliency ratio [31].

reluctance. Due to the high saliency ratio of the rotor structure,
when the stator current vector deviates from d-axis, a
reluctance torque is generated to rotate the rotor towards the
direction with minimum reluctance. The voltage and current of
the SynRMs in the d-q reference frame are expressed as:

Ji
v, =Ri, +L, %— olL,i, (1)

h
v, =Ri, +L, %— olL,i, (2)

where v and v, are d- and g-axis voltage, iz and i, are d- and
g-axis current, Ly and L, are d- and g-axis inductance, R is the
resistance of the stator and w is the electric angular velocity.
The equivalent circuit is shown in Fig. 4 [31].
When the machine is at steady-state condition, the voltage
equations are derived as [31]:
Vi=R1,—oL/]I, 3)
V,=RJI,+oL,1, 4

The phasor diagram representative of the SynRM is shown in
Fig. 5 [31], where ¢ is the angle between terminal voltage and
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current, a;° is the current phase angle and ¢ is the phase angle
between the flux linkage and d-axis.
The electromagnetic torque of the SynRM can be derived as:

3 .. 3 s
T:EP(LJ_L{;)W,; =Ep(§—1)Lq1dzq (5)

where £ is defined as the saliency ratio of the machine which is
given by:

£ = Ly (6)
L‘I
The power factor is defined as:
cosQ = ®,T ™)
—mVI
2

where w,, is the mechanical angular speed, V" and / are the peak
value of the voltage and current and m is the phase number.
Then the power factor of the SynRMs can be derived as [31]:

sin 2a;
cosp=(&-1 i (®)
7= )\/2 (52 cota; + tan af)

The relationship between the power factor and the saliency
ratio is shown in Fig. 6 [31]. It can be seen that the power factor
increases with the improvement of saliency ratio. It is also
noticed that the power factor of the SynRM is quite low which
limits its application in high performance fields.

III. STUDIES ON TORQUE CHARACTERISTICS IMPROVEMENT OF
THE SYNRM MOTOR

One of the research hot spots on the SynRMs is the
improvement of torque characteristics which includes in-
creasing the average torque and reducing the torque ripple.

A. Improvement of the Average Torque

The average torque of the SynRM is significantly af- fected
by the rotor structure and especially the flux barrier
configuration. Several flux barrier shapes have been pro- posed
in the literature, including fluid shaped, rectangular shaped,
circular shaped, U shaped and hyperbolic shaped flux barriers
as shown in Fig. 7. The influence of rotor geometry parameters
including the number of rotor pole pairs and air-gap length has
been studied [37], [38] and the average torque can be improved
by choosing optimal parameters. Considering magnetic
saturation, the single flux barrier is optimized to maximize the
saliency ratio and improve the torque [36]. The topology of the
investigated machine model is shown in Fig. 8 and the design
process is shown in Fig. 9 [36]. Two designs of the SynRMs
with different types of flux barriers which are C-type and
U-type respectively are investigated and the torque
characteristics are compared in [39]. The results showed that
the C-type flux barrier design provides slightly higher torque by
2.3% with respect to the U-type flux barrier design for the U-
shape case causes some saturation at the bending area which
impairs the performance. Single-parameter variable method is
utilized to design a U-type flux barrier rotor in [40] and the
optimization process is from a one-layer flux barrier to a
complex two-layer flux barrier. The models of flux barrier

q-axis

d-axis

Fig. 7. Rotors with different flux barrier shapes and arrangement. (a) Fluid
shaped [32]. (b) Rectangular shaped [33]. (c) Rectangular shaped with a
cutting rotor [33]. (d) Circular shaped [34]. (e) U shaped [34]. (f) Hyperbolic
shaped [35].
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Fig. 8. Topologies of the investigated machine model [36].

parameters are shown in Fig.10 [40].

It can be noticed that the parameters increase with the
number of flux barriers [41]. The cross section is shown in
Fig.11 [41]. The SynRMs with segmented rotor are studied in
[42] and different configurations of the proposed rotors are
shown in Fig. 12 [42]. Different rotor structures are optimized
and compared for a high speed solid rotor SynRM [43] as
shown in Fig. 13 [43]. Axial holes are drilled in a smooth rotor
and a jacket with non-magnetic material is added to the rotor to
reduce the aerodynamic losses on the rotor when running at
high speed. The results show that the proposed model generates
10% better average torque than the classical model and reduce
aerodynamic losses which allows the rotor cooling to be
simplified.

The electromagnetic design of four models of outer rotor
SynRM are reported in [44]. They have the same number of
stator slots but different pole numbers. The output power,
torque and torque ripple are compared and the best structure is
selected. Taguchi method is used to optimize the machine.

B. Reduction of Torque Ripple
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Fig. 9. Rotor structure with single flux barrier. (a) Basic structure. (b)
Proposed structure [36].
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Fig. 10. Rotor structure with rectangular shaped flux barriers. (a) Onelayer
flux barrier. (b) Two layer flux barriers [36].

Fig. 11. Rotor structure with multi-flux barriers and winding configuration
[41].

Fig. 12. Different configurations of the segmented rotor [41].

(2 (®)
Fig. 13. Cross section of a solid rotor. (a) Drilled. (b) Drilled and slitted [43].

Rotor slot pitch and flux barrier angle can be selected as the
main design parameters for the torque ripple reduction without
interfering the average torque [45], [46]. The SynRMs using
asymmetric flux barrier arrangement are investigated and the
torque ripple can be reduced without sacrificing the average
torque [47], [48]. In [49], [50], rotors are designed to be
composed of different laminations. Each lamination is designed
to cancel a torque harmonic of given order and after the
combination the torque ripple is reduced obviously. Torque
ripple can also be reduced by configuring auxiliary slots on the
rotor [51]. A design method of varying the barrier angles for
torque ripple reduction is reported in [52]. The method leads to
a phase shift of the flux harmonics which cause torque ripple
mainly.

In addition, the torque ripple of the SynRMs can be reduced
via control method. The square-wave and sine-wave drive
strategies ware compared in [53]. The torque performances
were analyzed and the sine-wave drive proved to be able to
improve the machine performance. Moreover, the frozen
permeability method is used to separate the torque ripple
caused by current harmonic and inductance harmonic
respectively which illustrates the torque resources. A robust
and simple control system for the SynRM drive is presented
taking saturation effects into consideration as reported in [54].
It is found that cross-magnetic saturation affects the
performance of the system most significantly. In motoring and
braking modes of operation the system performs well. Low
torque ripple and sinusoidal currents are achieved by applying
such control system which show its feasibility. Current vector
was directly controlled in [55], [56] and the maximum torque
per flux control strategy was used in field weakening region.
The torque capability is proved to be improved compared with
conventional field weakening control. Different means to
improve the torque characteristics of the SynRM are listed and
compared in Table 1.

IV. DESIGN OF THE SYNRM MOTOR FOR HIGH-EFFICIENCY

With the growing concerns over carbon emissions, the
energy-saving electric motors have drawn extensive attention
over the last decade. Due to the inherent merits, the SynRMs
are viewed as the most promising motor topologies, and many
researches have been conducted on this topic.

A. Rotor Design and Optimization

The SynRMs are able to achieve high efficiency when the
rotor is well designed and optimized which enhance the total
performance.

An automatic design procedure [57] of the SynRM for higher
torque density, fewer losses and lower torque ripple has been
proposed. A stochastic optimization algorithm accompanied
with finite element analysis is utilized and the computational
burden is lightened through a careful subdivision of the design
procedure. A two-step procedure for a time-efficient
multi-objective genetic algorithm (MOGA) was proposed in
[58], having as output a front of the SynRM motor designs that
are Pareto optimized in terms of torque characteristics.
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TABLE I
COMPARISON OF MAIN METHODS TO IMPROVE THE TORQUE CHARACTERISTICS
OF THE SYNRM
. Average . .
Design forque Torque ripple Shortcomings
Barrier ) )
shqpe Improved Reduced High des%gn
design complexity
[33]-(35]
Multi-flux :
barriers Improved Reduced Inc;:erl:rer(lle?;sslgn
[40], [41]
Asymmetric .
flux barrier Unchanged Reduced Malﬁ?éa;tﬁnng
[47]-[50] Y
Auxiliary :
slots Unchanged Reduced Po;zcz;;esrézlty
[16],[51]
Control -
High
strategies Improved Reduced har d\:/ireercos ¢
[53], [55]

In [59], the motor parameters such as stator slot tooth width,
the web thicknesses of the rotor, and the rotor flux barriers were
optimized to obtain high torque with low torque ripple at the
steady-state operation. In the optimization step, the stator outer
diameter, the rotor diameter and the air gap were kept constant.
A multi-objective genetic algorithm was used with two
different fitness functions as maximizing average torque and
minimizing torque ripple. The structure of the designed motor
and optimized parameters are given in Fig. 14 [59].The
optimized SynRM motor was determined in IES efficiency
class while it can be easily manufactured in IE4 efficiency
class.

It was reported in [60] that with the same stator diameter,
number of stator slots and stack length as a premium efficiency
induction motor, the SynRM drive system efficiency was
shown to be superior to that of the premium efficiency (IE3)
induction machine drive system on a certain power level. The
algorithm called Modified Method of Feasible Direction
(MMFD) was used which has been found to be good at finding
at least a local optimum. The optimized result was shown in
Fig.15 [61]. For pump and fan VSD applications the 5.5 kW
RSM with a weighted efficiency of 92.2%, satisfies the
requirements of the IE4 classification.

It was proved that the performance of the SynRMs could be
improved by appropriately selecting the number of barriers and
placing them at an optimum location in [61]. Based on the flux
path analysis, the segment to barrier thicknesses were defined
and a high-performance multi- barrier design was proposed.

A new design strategy of the SynRMs for pump and fan
applications is reported in [62]. The rotor and stator geometry
are different from classical design and fractional slot windings
are applied which results in torque ripple reduction. The new
design reduces the number of stator slots and the slot area is
thus bigger which allows increasing the filling factor and the
efficiency. The cross section of the designed model is shown in
Fig. 16(a) [62]. Fig. 16(b) [62] shows a series of optimization
parameters.

In [63], the SynRM was designed to achieve the IE4
efficiency class and to be competitive to the benchmark BLDC

(a) (b
Fig. 15. Cross section of the SynRM motor optimized for maximum drive
system efficiency [60].
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Fig. 16. (a) Cross section of four-pole SynRM when ¢=2.5. (b) Optimization
parameters [61].

motor in terms of torque per weight ratio and efficiency. The
design was based on the design software tools which were
PC-based brushless DC motor analysis (PC-BDC) and
finite-element analysis (PC-FEA).

The characteristics of the SynRMs with high efficiency for
industrial application were analyzed in terms of design
parameters like the number and the ratio of the barrier in [64].
Then the proper design specification that satisfied the
requirements was found. An analytical model was proposed to
design high-performance SynRMs while the ratio of total flux
barrier width to total iron sheet width, the number of flux
barriers and additional rotor diameters were selected to be the
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design parameters [65]. The selection of the optimization
algorithm was influenced by the smoothness of the objective
function and the presence of computational errors and the
Nelder-Mead method was used which is applicable to
non-smooth and noisy functions. Then the Pareto front could be
found in which are the optimized solutions. The results showed
that the efficiency of the new SynRM at 90% rated speed was
90.7% which met the requirement of the IE5 class.

A methodology for design of high efficiency synchronous
reluctance machine series in frame sizes IEC- 80 up to IEC-160
was proposed in [66]. In conventional parametrization, the
circular barrier was defined with four main parameters as
shown in Fig. 17(a) [66]. It was not suitable for the reason that
large intervals of such parameters may lead to a varieties of
unfeasible geometries and the computation time is relatively
long. Thus, an alternative parametrization of a circular barrier
geometry was proposed which is shown in Fig. 17(b).

B. Stator Winding

The winding configuration is significant to the performance
of the SynRM and the SynRMs using fractional- slot
concentration windings (FSCWs) has been investigated [67],
[68]. This winding type has the advantage of higher torque
density, higher efficiency and robustness of the rotor structure.
Due to the rich harmonic contents in the stator magnetomotive
force (MMF), the SynRMs with FSCWs shows even lower
power factor and higher torque ripple. Low saliency ratio and
the reduction of average torque are also observed when FSCWs
are applied. Besides, the potential even space harmonics and
the lack of slot pole combinations limit the use of FSCWs. In
[69], the toroidal windings were studied and different winding
configurations are shown in Fig. 18 [69]. It has been proved that
the toroidal windings are able to maintain the merits of FSCWs
while they eliminate the even space harmonics and allow a
wide range of slot pole configurations which have high
fundamental winding factors. The efficiency of the machine
can also be improved through using toroidal windings.

In [70], the wound field SynRM was investigated and a new
design method adopting a dual winding and series/parallel
switching was proposed. The schematic diagram is shown in
Fig. 19 [70] and the method turned out to be able to extend the
speed range and also improve the efficiency of the machine.

C. Air-gap

In [71], the impacts of air-gap length on the performance of
axially laminated synchronous reluctance machines are
investigated and it is found that the eddy current losses on the
rotor caused by high-order spatial harmonics which are
produced by the stator can be reduced by increasing air-gap
length. The stator losses is also reduced when the air-gap length
increases. However, thicker air-gap length causes larger current
for achieving the same torque, and thus, leads to higher copper
losses in the stator. A trade- off between the air-gap thickness
and machine performance should be reached during the design
procedure.

D. Magnetic Materials

Fig. 17. (a) Parametrization of the SynRM with circular barriers in
SPEED PC-BDC software. (b) New parametrization of the SynRM with
circular barriers [66].

The influence of electrical steel grades on the torque and
efficiency of the SynRMs [72] was investigated. Four steel
grades are considered which are M600-100A, M400-50A,
M330P-50A and NO20 respectively and the machine geometry
are all the same. The analytical model is established and the
results are validated through FEA method. The final results
show that the material properties have an obvious effect on the
efficiency and output power of the SynRMs. For example, the
efficiency of the machine using NO20 is 9% higher than that
using M600-100A. Two kinds of synchronous reluctance
machines which have different iron materials but the same
dimensions and iron and winding structure are tested at full
loading [73]. It turns out that the efficiency of both reach more
than 90% and one is better than the other in high speed region
while in high torque region the latter one is better than the
former one.

E. Control Strategy

Another way to realize high efficiency is to develop a
suitable control strategy.

In [74], it is found that there exists many combinations of d-
and g-axis current while each of them provides a specific torque
characteristic. The efficiency is variable and an optimum
current vector that provides the maximum efficiency at every
operating point can be obtained. For practical realization, an
optimum-efficiency controller is used with the help of a loss
model and interferences like saturation factors, harmonic
effects are taken into account. A small perturbation is added to
the d-axis current reference seeking for a minimum input
power.

High efficiency was achieved based on a control method
called fuzzy control in [75], [76]. The d- and g-axis armature
current, flux linkage, armature resistance and equivalent iron
loss coefficient were estimated using the extended Kalman
filter. In [77], the nonlinear control scheme based on feedback
linearization was proposed for higher dynamic performance
and efficiency optimization of the SynRMs. A linear
torque-speed characteristic was achieved since the torque could
be regulated by selecting the product of d- and g-axis torque
currents as one of the output variables.

It is reported that the maximum efficiency operation was
identical to the Minimum Power Per Torque (MPPT) operation
in [78]. The block diagram is shown in Fig.20 [78]. The input
power variation corresponding to the current angle could be
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Fig. 18. Different winding configurations [69].

Fig. 19. The schematic diagram of the armature windings [70].
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Fig. 20. The block diagram of speed control system with MPPT tracking
method [78].

obtained by injecting small sinusoidal signal into the current
reference angle and it was zero at the MPPT operation point.
Then the maximum efficiency point was traced without
dependency on motor parameters.

A drive strategy for high efficiency using a neural network
was proposed in [79], [80]. The neural network is capable of
mapping the nonlinear relation between the input and output
signals. Using the proposed method, the high efficiency drive
could be achieved even in transient states. Moreover, the
number and the shape of the conductor bar were chosen as
design variables in [81] and the starting stability of the line-start
synchronous reluctance machine was enhanced through such
design. Then high efficiency driving could be achieved.

As for the control of the SynRM, the d- and g-axis
inductances which varied in the SynRMs were significant
factors for motor drive, some methods of calculating the two
inductances have been presented in past literatures. One of

Fig. 22. Sketch of a one pole SynRM rotor [86].

them taken iron loss and cross magnetic saturation into account
[25], [26]. Based on conventional analytical model, the voltage
equations were changed and the inductances were calculated
through the modified model.

In [82], a loss minimization controller was proposed for
SynRM drive. The optimum current oriented to minimal loss
was calculated considering cross-magnetic saturation.

V. DESIGN OF THE SYNRM MOTORS FOR HIGH-SPEED
APPLICATION

The use of the synchronous reluctance machines for
high-speed application remains almost unexplored yet. The aim
of this section is to present the potential of a high-speed
synchronous reluctance machine.

It has been found that the mechanical behavior of the
SynRMs can be significantly improved by introducing ribs to
the rotor construction [83]. It is effective for the rotor to
withstand high speed through adding central ribs in the flux
barriers. However, this will cause the generated torque
decreasing. To compensate the torque loss, rotor flux barriers
are designed and rotors with Zukovski barriers are proved to be
able to generate higher torque whose structure is shown in
Fig.21 [83].

In [84], a hybrid design approach for the SynRMs suit- able
for high-speed operation is proposed. A comparative study on
different soft magnetic materials is presented. It is proved that
in the lower speed range, the CoFe has better performance
mainly due to higher saturation flux density while machines
with SiFe provide better performance at high speed due to
lower iron losses [85].

To optimize the rotor structure for high-speed application, an
optimization procedure which is called the multi- objective
differential evolution (DE) algorithm was implemented in [86].
The sketch of a one pole SynRM rotor with some design
parameters is shown in Fig. 22 [86]. Further optimizations at
different speeds were presented which aimed to determine the
influence of the speed on the overall performance and the rotor
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barriers shape. It had been verified that the flux-barrier
geometry was the most suitable solution at the rated speed of
20000 rpm.

VI. CONCLUSION

This paper gives an overview of the studies on the SynRMs
in the past literatures. The SynRM has advantages including
high torque density for making full use of reluctance torque,
high efficiency, high reliability and wide speed range. The main
shortcoming is that the power factor is relatively low which
means more drive energy is needed. The average torque can be
improved and the torque ripple is reduced through rotor design.
Parameters related to rotor flux barrier geometry are often
chosen as design parameters and several different optimization
algorithms can be utilized. As for the improvement of
efficiency, one way is to design the stator and rotor structure or
using different materials and another way is to apply an
optimum control strategy.

The future study on the SynRMs will focus on further
improvement of average torque and efficiency. If break-
throughs in materials research or innovative development of
machine topologies are made, the SynRM will enable higher
torque density and efficiency.
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