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This study involved the modelling and analysis of a proposed linestart three-phase concentrated non-overlapping winding
synchronous reluctance motor (cnWSynRM). The machine was
modelled and analyzed in natural phase variables, avoiding the
usage of complex matrix transformations that the usual d-q model
requires. Performance characteristics such as speed, torque,
inductances, phase currents, and rotor currents were measured
as machine performance characteristics. The torque plot
generated by the simulation revealed the presence of torque
pulsations caused by the magneto-motive force (MMF) of the nonoverlapping concentrated winding stator. When compared to the
calculated rated torque of the motor, the proposed motor
demonstrated a good torque overload capability of roughly a
36.91% increase. Although the conventional distributed winding
synchronous reluctance motor is quite common due to its ability
to produce better sinusoidal MMF, the proposed cnWSynRM will
be easier to construct due to its fewer stator slots while still
having the benefits of the concentrated winding topology. The
natural variable model of the proposed machine was validated
using finite element analysis (FEA), and the results were in good
agreement.
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1. INTRODUCTION
Synchronous reluctance machines (SynRM) are gaining popularity recently and will continue to do so
because the cost of materials is much lower than that of permanent magnet machines. The SynRM is a singlysalient alternating current (AC) machine with a rotor that produces electromechanical energy using the
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principle of reluctance. The hypothetical and technical description of this machine with an induction motor
stator and salient-pole rotor without field-windings was first presented in Kostko, (1923). Researchers see it
as a viable alternative to other AC machines due to its low manufacturing cost, simple rugged structure,
high-speed capability, lack of excitation losses, short-time overload capability, and so on (Lipo 1991; Xu et
al., 1991; Betz et al., 1993; Vagati, 1994). The SynRM's main drawbacks are its low output power, poor
power factor, and poor torque (Vagati, 1994; Boglietti et al., 2005).
The stator windings of electrical machines play a significant role in the production of electromagnetic torque;
hence the winding configuration of an electrical machine is important. Electrical machine stator windings
can be grouped as concentrated or distributed. Concentrated windings are made up of coils with nonoverlapping end windings, whereas distributed windings are made up of coils with overlapping end
windings. Concentrated windings can also be classified as overlapping or non-overlapping.
The concentrated non-overlapping winding topology is of interest in this study. The reason for selecting this
winding type is because of its several advantages when compared to the distributed winding (Chong et al.,
2011; Zhao et al., 2018). The primary benefits of using the concentrated non-overlapping winding topology
are its compact design and non-overlapping coil ends, which result in lower copper loss, shorter axial length,
and higher efficiency (Chong et al., 2011; Kim et al., 2014; Barre and Napame, 2015; Pop et al., 2016;
Dajaku et al., 2017; Zhao et al., 2018). Another advantage is that it has a higher fill factor, which results in
a higher torque density/power density. When compared to distributed windings, this winding topology has a
lower operating temperature and is less expensive, has better tolerance concerning phase faults and is easier
to manufacture (Kwon et al., 2006; Zhu et al., 2008; Inoue et al., 2011; Gundogdu et al., 2014; Epemu and
Obe, 2021).
A review of the underlying challenges and opportunities in the use of concentrated windings in permanent
magnet machines was carried out in El-Refaie, (2009), where the author explored the vast advantages the
fractional slot concentrated windings will have when used in permanent magnet motors and some challenges
such as high winding harmonics. Concentrated windings have been overlooked because they produce a
substantial amount of magneto-motive force (MMF) harmonics, which can cause excessive iron loss.
Concentrated windings, on the other hand, are capable of producing sinusoidal MMF and EMF waveforms
with the right slot and pole combinations similar to that of distributed windings (Cros and Viarouge, 2002).
Several studies have been carried out on the use of concentrated non-overlapping windings in the interior
permanent magnet machine (IPM), (Libert and Soulard, 2004; Munoz and Degner, 2008; Chong et al., 2008;
Lee et al., 2010; Vu Xuan, 2012; Yue et al., 2015; Pouramin et al., 2015). To the best of the knowledge of
the authors no work have been carried out on the synchronous reluctance machine (SynRM) in the natural
phase variables. Although in Aliyu, (2014), natural phase variable modelling of an interior permanent magnet
machine having different stator topologies was done, the concentrated winding type considered in the study
was the overlapping type, and the results from the study were not validated. The evidence of MMF harmonics
produced by the concentrated overlapping winding topology was also not presented.
The advantages of concentrated non-overlapping windings have not been exploited in the SynRM. Most of
the work on SynRM carried out have the distributed winding stator. The purpose of this paper is to model
the cnWSynRM in natural phase variables and to show the feasibility of the model using FEA. It should be
noted that the natural phase variable model is the modelling of the motor using the machine variables directly.
The method considers only the fundamental MMF and produces the same result as the d-q model that
involves complex transformations (Abdel-Halim and Manning, 1990). A similar natural phase variable
method used previously was used in this study (Obe and Binder, 2011; Umoh et al., 2021).
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2. METHODOLOGY
2.1. Description of Motor
The concentrated stator winding reluctance motor has a dumb-bell rotor with damper windings to dampen
low-frequency oscillations, presented in Figure 1(a) and a 12-slot full-pitch double-layer concentrated nonoverlapping stator as seen in the winding clock diagram in Figure 1(b) was used in this study. The parameters
and dimensions of the proposed machine, derived from the conventional distributed SynRM in (Obe, 2009)
is presented in Table 1 and was also used for the study.

Figure 1: (a) Concentrated stator winding reluctance motor (b) Winding clock diagram of the cnWSynRM
Table 1: The machine circuit parameters and dimensions
Parameter
Value
Machine dimensions
Frequency (F)
50 Hz
Stator outer radius
Moment of inertia (J)
0.0402 kg/m2
Stator inner radius
Winding connection
Y
Rotor radius
Rated power (Prated)
5.5 kW
Effective stack length
Rated speed
1500 rpm
Airgap length at pole face, g1
Rated torque (Trated)
35 Nm
Airgap length between poles, g2
Phase voltage (Vph)
370 V
Stator slot depth
Stator resistance (Rs)
Ratio of pole arc to pole pitch
1.82 Ω
Stator leakage inductance (Lls)
0.256 mH
Number of Pole pairs
Rotor d-axis leakage
Number of winding layers
2.5 mH
inductance (Lldr)
Rotor q-axis leakage
3.2 mH
Number of slots
inductance (Llqr)
Number of turns
Rotor d-axis resistance (Rdr)
0.12 Ω
Rotor q-axis resistance (Rqr)
Stator slot pitch
0.25 Ω

Value
105.2 mm
67.99 mm
67.69 mm
160.22 mm
0.4 mm
21.3 mm
18 mm
2/3
2
2
12
96
30°

2.2. Machine Equations

The natural variable model (NVM) of the cnWSynRM is presented in this section. The mathematical model
of the stator and rotor voltages of the line-start three-phase concentrated non-overlapping SynRM
(cnWSynRM) are presented in their natural phases in Equations (1) and (2).
=

+

(1)

57
A.M. Epemu and B.E. Nyong-Bassey / Nigerian Research Journal of Engineering and Environmental Sciences
7(1) 2022 pp. 54-68

=

+

(2)

Equation (1) is the stator voltage equation, while Equation (2) is the rotor cage voltage equation.
represent stator resistances,
represent stator currents,
represent stator flux linkages,
represent
d-q rotor cage resistances,
represent d-q rotor currents, and
represent d-q rotor flux linkages.
The parameters of Equations (1) and (2) in matrix form are:
=

(3)

=

(4)

=

(6)

=

(5)

=

(7)

=

(8)

=

(10)

=

(9)

The flux linkage equations of the cnWSynRM stator and rotor windings are expressed in Equations (11) –
(12):
=

=

+

+

(11)
(12)

The inductance matrix (
) comprises of the self and mutual inductances of the stator winding.
is the
matrix having the self and mutual inductances of the rotor cage windings and
is the matrix
comprising of the mutual inductances of the stator and the rotor cage windings. The variables relating to the
stator and rotor windings are denoted by the subscripts s and r.
The inductances are represented in matrix form as follows:
=

(13)
=

(14)
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=

(15)

The diagonal components in Equation (13) contains the magnetizing and the leakage components. The main
stator winding self and mutual inductances are presented in Equations (16) and (17).
=

= −/
!

+

4

− ∑+./,1,2,...
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The stator winding self and mutual inductances are
the stator leakage inductance denoted as

() − * + )

() − *5+ )
, and

(16)
(17)
. The self-inductance also comprises of

, ( is the harmonic number, pr is the number of pole pairs, α sk

and α mk are the four-quadrant arctangent representing the angular displacement of each harmonic from the
reference. Note Laa 0 , and Laa1 are inductance constants derived from inductance plots and ϴr is the rotor
angle.
The mutual inductances between the stator windings and the rotor cage winding in the q-axis and d-axis are
stated as
= ∑+.!,6,7,...
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are the fictitious d-q axis magnetizing inductances.

Flux linkage can be stated in terms of rotor variables to stator windings (Equation 22).
=:
; ′

′

′

<

=

′
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(22)

Therefore, inductance referred to the rotor parameter is given as:
() ) =

/
6

; ′

′

<

′

(23)

Referring the self-inductances of the rotor cage windings to the stator will give Equation (24).
′

=

′

+
0
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+

5

(24)
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The cnWSynRM electromagnetic torque equation derived from co-energy is shown in Equation (25).
?@5 = / B
A

C DE

CFG

B

(25)

where, I s is the stator current, p is the number of poles and Ls is the stator inductance presented in Equation
(26) and (27)
=:

=

B =

(26)
(27)

By substituting Equation (26) and (27) into (25), the electromagnetic torque equation (Equation 28) is
obtained as the independent sum of torque produced by each stator current, showing the contribution of each
winding.
CDIJKE
CFG

?@5 = H CDN
/
+ IJKELMG
A

CFG

+

+

CDIJKELMG
CFG

CDLMG
CFG

O

(28)

The relationship between the electromagnetic torque of the machine (?@5 ) and rotor speed (P ) is given in
the mechanical dynamic equation while ignoring the effect of friction:
?@5 = Q RST ' P + ?D
/

(29)

where Q is the total inertia of the rotating mass, ?D is the load torque, and ' is the number of rotor pole pairs.

2.3. Transient and Dynamic Simulation in MATLAB/Simulink

In MATLAB/Simulink, the dynamic simulation of the three-phase line-start cnWSynRM was implemented
in natural phase variables using only the fundamental harmonic. The motor's circuit specifications and
machine dimensions were extrapolated from a similar conventional distributed winding synchronous
reluctance machine (Obe and Binder, 2011). The simulations were run at a frequency of 50 Hz and a constant
supply voltage of 370 V. The magnetizing d-q inductances of the motor windings calculated from Equations
(20) and (21) are 5 = 9.61 mH and 5 =9.71 mH. The line-start cnWSynRM's initial transients and
dynamic behaviour were observed. At 1 second, a load torque of 25 Nm, about (70% of rated torque) was
applied to evaluate the dynamic behaviour of the model.

2.4. Finite Element Analysis in ANSYS
The transient and dynamic simulation of the proposed cnWSynRM was also done in Ansys Maxwell
Electronics Desktop FEA software using the design parameters given in Table 1 for validation of the motor
model. The cnWSynRM was also simulated as Line-start with a supply voltage of 370 V at a frequency of
50 Hz. The simulation time of 2 seconds was used and a 25 Nm load torque was introduced after 1 second.
The speed, torque, phase currents, self and inductances, torque-speed performance characteristics of the
machine were then observed and presented alongside the results gotten from the natural variable model
(NVM).
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3. RESULTS AND DISCUSSION
The performance characteristics of the cnWSynRM in natural phase variables and FEA are presented in this
section. In Figure 2 and Figure 3, the speed characteristics of the machine model simulated in natural phase
variables and FEA were presented. According to the speed plot in Figure 2, the cnWSynRM took roughly
0.28 seconds to reach a synchronous speed of 157.1 rad/s following an initial speed transient surge of 185.5
rad/s at start-up. A transient speed rise of 158.7 rad/s was recorded for the cnWSynRM after the introduction
of 25 Nm load torque after 1 second which later settled at a synchronous speed of 156.8 rad/s at 1.18 seconds.
The FEA speed plot of 1633 rpm showed an initial rise in speed and later settling at 1500 rpm. After 1 s of
simulation, and a 25 Nm step load was introduced, the motor experienced transient disturbance before
reaching steady-state at about 1500 rpm. The results demonstrate minor deviations from synchronism that is
dampened after a short amount of time due to the damper windings on the rotor as seen in Figures 2 and 3.
The torque characteristic of the NVM model shown in Figure 4 did exhibit slight evidence of torque
pulsations induced by MMF of the concentrated non-overlapping winding stator. At start-up, there was an
initial torque rise of 179.5 Nm which settled with ripples at about 0.3 seconds. The torque ripple plot in
Figure 5 was extrapolated from the torque performance plots of Figure 4. The extrapolation was done before
the introduction of load torque. From the torque ripple plot of the cnWSynRM, a maximum ripple value of
5.28 Nm and a minimum ripple value of -10.46 Nm was observed.

Figure 2: NVM speed against time

Figure 3: FEA speed against time

Figure 4: NVM torque against time

Figure 5: NVM torque against time showing ripples

The cnWSynRM FEA plot in Figure 6 had more torque pulsations or ripples in comparison to the NVM
model, after a starting transient rise of about 343 Nm was observed. The cnWSynRM settled after 0.2 s with
a ripple amplitude of 75 Nm. After 1s, the torque ripple increased to an amplitude of 121 Nm resulting from
the application of a 25 Nm step load. The FEA torque ripple plot presented in Figure 7 was extrapolated
from the torque plot of Figure 6. The extrapolation was done before the load torque was introduced. The
FEA torque ripple plot of the cnWSynRM had a maximum ripple value of about 80 Nm and a minimum
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ripple value of about -70 Nm was observed. The phase A self-inductances of both the NVM and the FEA
models of the cnWSynRM were presented in Figures 8 and 9. The mutual inductances were shown in Figures
10 and 11. The inductance plots of the machine are essential since they define the behaviour of the
cnWSynRM because it influences the SynRM's reluctance torque. The Stator phase A currents of both NVM
and FEA models are shown in Figure 12 and Figure 13. The NVM current plot shows the stator winding
phase A current, which is similar to the currents obtained in phases B and C, with starting transient current
of 250 A and later settling at 150 A. The stator phase current of the cnWSynRM FEA plot (Figure 13) was
observed as 123 A (RMS). Both plots are quite similar and in good agreement.
The torque-speed characteristics depict the relationship between the machine model's speed and torque
throughout the operation phases, from start to full load speed. The torque-speed plots of Figures 14 and 15
revealed that at synchronous speed, an initial settling torque value of 0 Nm was obtained. When a load is
applied, the torque value rises from 0 Nm to a settling value of 25 Nm, indicating that a full load torque is
occurring at full load speed. From the FEA torque speed plot, the effects of MMF harmonics are very
obvious, which is not seen in the NVM plot.

Figure 6: FEA torque against time

Figure 7: FEA torque against time showing ripples
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Figure 8: NVM stator self-inductance of phase A

Figure 9: FEA stator self-inductance of phase A

Figure 10: NVM stator mutual-inductance of phase A and phase B
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Figure 11: FEA stator mutual-inductance of phase A and B

Figure 12: NVM stator winding phase A current

Figure 13: FEA stator winding phase A current
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Figure 14: NVM torque-speed characteristics

Figure 15: FEA torque-speed characteristics

The monitoring of the speed characteristic determined the loading capability of the cnWSynRM. In
MATLAB/Simulink, the motor was set to Ramp load, and a load torque of 5 Nm was introduced starting at
2 seconds, as shown in Figure 16. According to Figure 17, the cnWSynRM started losing synchronism at
10.58 seconds. As a result, the cnWSynRM's maximum load torque was 47.92 Nm at 10.58 seconds. The
maximum load torque was derived from the Ramp load plot (Figure 16) and the speed plot under Ramp load
(Figure 17), by observing the values at 10.58 seconds when the motor lost synchronism. Synchronous
reluctance motors are known to have good torque overload capability, which means the motor can keep
running at load greater than the rated load. Several literatures have shown this fact (Štumberger et al., 2006;
Pop et al., 2016; Dajaku et al., 2017; Epemu and Obe, 2021).
The field plots of the cnWSynRM are presented in Figures 18 and 19. The magnetic flux density of the model
presented in Figure 18 had a maximum magnetic flux density of 2.7165 T and a minimum magnetic flux
density value of 0.1811 T. The magnetic vector potential of the cnWSynRM model in Figure 19 was 0.0342
Wb/m at its maximum and -0.0342 Wb/m at its minimum. These plots were derived in ANSYS using the
earlier presented Maxwell’s equations. The plot is not possible in MATLAB/Simulink using the NVM
method. The magnetic flux densities and magnetic flux lines distributions of the cnWSynRM are visible in
the plots. The field plot showed higher magnetic flux density and flux distribution on the stator laminations
of the motor and also on the rotor pole face in between the damper windings.
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Figure 16: Ramp loading for cnWSynRM

Figure 17: cnWSynRM rotor speed against time under ramp loading

Figure 18: cnWSynRM FEA magnetic flux density magnitude
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Figure 19: cnWSynRM FEA magnetic flux lines showing the magnetic vector potential

4. CONCLUSION
The natural variable model (NVM) was used to simulate the proposed concentrated non-overlapping winding
synchronous reluctance motor and was validated using finite element analysis (FEA). In the NVM and FEA
models, the proposed cnWSynRM was simulated as a line-start with a voltage supply of 370 V. The FEA
torque plots revealed more torque pulsations caused by the concentrated stator winding, which would not be
visible in the NVM. Although the FEA model validated that the cnWSynRM is viable and also presented the
evidence of MMF harmonics in its results, meaning its more accurate, it does not invalidate the results from
the NVM as both results are in good agreement. When compared to the rated torque, the simulation showed
that cnWSynRM could tolerate a 36.91% increase in torque overload. The concentrated winding SynRM
will be easier to construct because it has fewer slots than the traditional distributed winding SynRM. The
key rewards of using the concentrated winding topology, such as reduced axial length, compact design, and
shorter coil-ends, which result in lower copper losses and higher efficiency, was taken advantage of. Hence
the proposed machine is viable and can be used in constant-speed applications and also as pumps in the oil
and gas industry. The study also implies that the natural phase model can be used in other AC machines
analysis because it provides some form and accuracy without requiring complex transformations as seen in
the popular conventional d-q model. The FEA results obviously validated the NVM model when the
performance characteristics of the cnWSynRM were compared. This proves that the cnWSynRM is feasible.
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