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Modelling and Analysis of Concentrated and Distributed 
Winding Synchronous Reluctance Motors in Direct-Phase 

Variables and Finite Element Analysis 
 
 

Abstract. The modelling and analysis of a proposed line-start three-phase concentrated (overlapping) and conventional distributed winding 
synchronous reluctance motors was carried out in this study. The machine inductances were determined using Winding Function Theory (WFT) and 
the analysis of the machine was done in Direct-Phase Variables (DPV). The machine performance characteristics such as Speed, Torque and 
Phase currents were observed. ANSYS Finite Element Analysis (FEA) software was used to validate and show the viability of the models as 
harmonics are taken into account in the FEA simulation. The results obtained from the FEA simulation showed the presence of MMF harmonics and 
airgap permeance harmonics that produced torque ripples. Although distributed winding SynRM showed slightly better overload capability the 
proposed concentrated winding SynRM will be easier to construct due to its fewer stator slots.  
 
Streszczenie. W pracy przeprowadzono modelowanie i analizę zaproponowanych synchronicznych silników reluktancyjnych trójfazowych 
skoncentrowanych (nakładających się) i konwencjonalnych o uzwojeniu rozproszonym. Indukcyjność maszyny wyznaczono za pomocą teorii funkcji 
uzwojenia (WFT), a analizę maszyny przeprowadzono w zmiennych fazach bezpośrednich (DPV). Zaobserwowano charakterystyki pracy maszyny, 
takie jak prędkość, moment obrotowy i prądy fazowe. Oprogramowanie ANSYS do analizy elementów skończonych (FEA) zostało użyte do walidacji 
i wykazania wykonalności modeli, ponieważ w symulacji MES uwzględniane są harmoniczne. Wyniki uzyskane z symulacji FEA wykazały obecność 
harmonicznych MMF i harmonicznych przepuszczalności szczeliny powietrznej, które powodowały tętnienia momentu obrotowego. Chociaż 
rozproszone uzwojenie SynRM wykazało nieco lepszą zdolność przeciążania, proponowane skoncentrowane uzwojenie SynRM będzie łatwiejsze 
do zbudowania ze względu na mniejszą liczbę szczelin stojana. (Modelowanie i analiza skoncentrowanych i rozproszonych synchronicznych 
silników reluktancyjnych o zmiennych fazach bezpośrednich) 
 
Keywords: Direct-Phase-Variable Model, Finite Element Analysis, Synchronous reluctance motor, Winding Function Theory. 
Słowa kluczowe: silnik reluktancyjny, silnik synchronicz\ny, metoda elementów skończonych. 
 
 

Introduction 
 The Synchronous reluctance motor (SynRM) is singly 
salient and the rotor (without field-excitation windings) is 
constructed in a way that uses the principle of reluctance to 
produce electromechanical energy conversion [1].  
Recently, the SynRM is considered an attractive alternative 
to the induction motor (IM) for constant speed applications. 
The experimental comparisons show that the SynRM with a 
transversely laminated rotor can provide 10 – 20% more 
torque than the IM [2,3]. A rotor cage is needed for good 
damping if the SynRM is line-start. The advantages of the 
SynRM are the simple rugged structure, low cost in 
manufacturing, short-time overload capability, no excitation 
losses on the rotor, high-speed capability, easy field 
weakening capability etc. [4,5]. Some shortcomings of the 
SynRM are poor power factor, poor torque performance, 
and low output power. Reasonable successes have been 
achieved in improving these shortcomings by optimizing 
different rotor structures with flux barriers to improving 
saliency [6–8], the use of permanent magnets to improve 
saliency [9, 10], and the use of dual-windings with 
capacitance injection to improve power factor [11, 12].   
 A comprehensive procedure for calculation of machine 
inductances of the conventional distributed SynRM was 
presented in [13], and calculation of inductances and torque 
of an axially laminated SynRM was presented in [14]. 
Direct-phase-variable modelling of a conventional 
distributed SynRM considering spatial harmonics was 
presented in [15], and the performance of the machines 
was observed though not validated by FEA. Similar 
procedures used in [15] were employed in this study. The 
consideration of harmonics was necessary because 
concentrated windings produce a significant amount of 
MMF harmonics [16], however appropriate slot and pole 
combinations have the capability of achieving sinusoidal 
MMF waveforms, and MMF harmonics cause flux variation 

in the machine airgap and this result in induced rotor 
losses. A five-phase direct phase variable (DPV) model of 
the SynRM and the permanent magnet synchronous motor 
was presented in [17, 18], results showed that the DPV and 
the Finite Element Analysis (FEA) model were in good 
agreement.  
 The purpose of this paper was to model and analyze a 
proposed concentrated (overlapping) and conventional 
distributed winding SynRM in direct-phase variables 
compare their performance characteristics, and validate 
results gotten with that of FEA to show the feasibility, 
accuracy and existence of harmonics in the models. 
 
Determination of Machine Inductances 
 The machine models considered in this study were a 
proposed (a) 12-slot full-pitch single layer concentrated 
winding and (b) 36-slot full-pitch single layer distributed 
winding, with dimensions presented in Table 1. The winding 
clock diagrams are shown in Fig. 1. The traditional 
dumbbell rotor with damper windings was used for this 
study. 
 

 
Fig. 1. Winding clock diagrams of (a) concentrated winding SynRM 
(b) distributed winding SynRM 
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 The determination of machine inductances is crucial as 
it defines the behaviour of the SynRM since it influences the 
reluctance torque of the SynRM. The expression for the 
calculation of stator self and mutual inductances is 
presented in equations (1) and (2) 
 

஺஺ܮ			(1) ൌ ݈ݎ଴ߤ ׬ ஺ܰ
ଶሺ߶ሻ݃ିଵሺ߶, ߶௥ሻ݀ߠ

ଶగ
଴  

஺஻ܮ   (2) ൌ ݈ݎ଴ߤ ׬ ݊஺ሺ߶ሻ ஻ܰሺ߶ሻ݃ିଵሺ߶, ߶௥ሻ݀ߠ
ଶగ
଴  

 
where µ0 is the magnetic permeability, r is the machine 
radius, l is the stack length. 
 

 The winding function (expression) of an arbitrary phase 
A, with Pp number of pole-pairs by Fourier series, can be 
written as (3), [15] 
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k = 0, 1,2, for phases A, B, C, respectively, showing the 
phase shift of the various phases, Nt is the number of turns 
per pole per phase, Pp is the number of pole pairs, n is the 
harmonic order, m is the number of phases, φ is the stator 
circumferential position and kwn is the winding factor for the 
nth harmonic. 
 

Table 1. Machine dimensions 
Machine dimensions Values 
Stator outer radius                         105.2mm 
Stator inner radius  67.99mm 
Rotor radius 67.69mm 
Effective stack length 160.22 
Airgap length at pole face, g1        0.4mm 
Airgap length between poles, g2    21.3mm 
Stator slot depth                            18mm 
Ratio of pole arc to pole pitch        2/3 

Number of Pole pairs                     2 
Winding connection                       Y 
Number of winding layers              1 
 Distributed 

winding  
Concentrated 
winding 

Number of slots 36 12 
Number of turns 32 96 
Stator slot pitch 10° 30° 
 

The airgap expression is presented in (4), [14] 
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where g1 and g2 are the airgaps at pole face and between 
poles, β is the pole arc to pole pitch ratio, kc is the Carter 
coefficient, accounting for slot openings, θr is the angular 
position of the rotor and ϕ is the stator circumferential 
position. 
 

 The stator to rotor mutual inductances was determined 
using (2), but the rotor cage winding expression in the rotor 
reference frame was employed. The actual rotor winding 
expression is presented in equations (5) and (6) [19] 
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The fundamental (d-q) components of the d-axis and q-axis 
rotor winding expression derived from [20], is shown in 
equations (7) and (8) 
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where	݊௠ ൌ 1 2ሺ݊௕ െ 2ሻ⁄ , ݊௣ ൌ 1 2ሺ݊௕ ൅ 2ሻ⁄ , nb is the 
number of rotor bars per pole, γ is an angle known as the 
rotor slot span and	ߦ ൌ ሺ߮ െ  .௥ሻߠ

 
Fig. 2. Phase A winding function of a 12-slot concentrated stator 
winding showing the actual, the sinusoidal and the harmonic 
spectrum (Sum up to the 30th harmonic) 

 
Fig. 3. Phase A winding function of a 36-slot distributed stator 
winding showing the actual, the sinusoidal and the harmonic 
spectrum (Sum up to the 30th harmonic) 
 

 
Fig. 4. Self-inductance of concentrated stator windings, for phase 
A, Lasas 

 
Fig. 5. Self-inductance of distributed stator windings, for phase A, 
Lasas 
 
 The phase A actual (including MMF harmonics) and 
sinusoidal winding function of the concentrated and 
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distributed winding configurations, their harmonic spectra 
are shown in Fig. 2 and Fig. 3. The concentrated winding 
configuration is seen to have more MMF harmonics than 
the distributed winding. The self-inductances are presented 
in Fig. 4 and 5, while the stator to rotor mutual-inductances 
are shown in Fig. 6 and Fig. 7, calculated using equation (1) 
and (2). 
 

 
Fig. 6. Mutual-inductance between concentrated stator 
winding, of phase A and phase B, Lasbs 

 
Fig. 7. Mutual-inductance between distributed stator winding, for 
phase A and phase B, Lasbs 
 
Machine Equations 
 The voltage equations for a conventional three-phase 
line-start SynRM is given in (9) and can be written in matrix 
form as seen in (10)  

(9)  ܸ ൌ ܴܫ ൅
ௗ

ௗ௧
ሺܫܮሻ 

(10)  

ۏ
ێ
ێ
ێ
ۍ ௔ܸ௦

௕ܸ௦

௖ܸ௦

௤ܸ௥

ௗܸ௥ے
ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ۍ
௔௦ݎ 0 0 0 0
0 ௕௦ݎ 0 0 0
0 0 ௖௦ݎ 0 0
0 0 0 ௤௥ݎ 0
0 0 0 0 ےௗ௥ݎ

ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ۍ
݅௔௦
݅௕௦
݅௖௦
݅௤௥
݅ௗ௥ے
ۑ
ۑ
ۑ
ې

൅

ௗ

ௗ௧

ۉ

ۈۈ
ۇ

ۏ
ێ
ێ
ێ
ێ
ۍ
௔௦௔௦ܮ ௔௦௕௦ܮ ௔௦௖௦ܮ ௔௦௤௥ܮ ௔௦ௗ௥ܮ
௕௦௔௦ܮ ௕௦௕௦ܮ ௕௦௖௦ܮ ௕௦௤௥ܮ ௕௦ௗ௥ܮ
௖௦௔௦ܮ ௖௦௕௦ܮ ୡୱୡ௦ܮ ௖௦௤௥ܮ ௖௦ௗ௥ܮ
௤௥௔௦ܮ ௤௥௕௦ܮ ௤௥௖௦ܮ ௤௥௤௥ܮ ௤௥ௗ௥ܮ
ௗ௥௔௦ܮ ௗ௥௕௦ܮ ௗ௥௖௦ܮ ௗ௥௤௥ܮ ےௗ௥ௗ௥ܮ

ۑ
ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ۍ
݅௔௦
݅௕௦
݅௖௦
݅௤௥
݅ௗ௥ے
ۑ
ۑ
ۑ
ې

ی

ۋۋ
ۊ

 

 
Equation (9) can be re-arranged to achieve equation (11) 
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, and θr is the angular position of the 

rotor.  
The stator self and mutual inductances in the voltage (10) 
can be expressed as (12) and (13) 
௔௦௔௦ܮ (12) ൌ ௟௦ܮ ൅ ଵܮ െ ଶܮ ݏ݋ܿ 2  ௥ߠ
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where Lmd and Lmq are the magnetizing d- and q-axis 
inductances. Lls is the stator leakage inductance. The self 
and mutual stator inductances for the other phases are 
similar to the equations (12) and (13) with a phase shift of 
2π/3.  
 The stator to rotor mutual inductance was given in 
equations (16) and (17) 
 

௔௦௤௥ܮ  (16) ൌ ௠௤ܮ  ௥ሻߠሺݏ݋ܿ
௔௦ௗ௥ܮ  (17) ൌ ௠ௗܮ  ௥ሻߠሺ݊݅ݏ
 

The stator to rotor mutual inductances involving other 
phases of the motor is similar to the equations (16) and (17) 
with a phase shift of 2π/3. 
 

The electromagnetic torque equation of the SynRM was 
expressed in equation (18) 
 

(18)  ௘ܶ ൌ
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where, 
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(20)  ሾܫோሿ ൌ ሾ݅௤௥ ݅ௗ௥ሿ் 
 

Is and Ir are the stator and rotor current respectively. The 
submatrices [Lss(θr)] and [Lsr(θr)] are the stator and stator-
rotor inductances in equation (10). 
 The relationship between the electromagnetic torque of 
the machine Te and rotor speed ωr is given in the 
mechanical dynamic equation (19) while ignoring the effect 
of friction. 

(21)  ௘ܶ ൌ ܬ ቀ
ଶ

௉
ቁ ௣߱௥݌ ൅ ௅ܶ 

 

Dynamic Simulation of the Line-Start Synchronous 
Reluctance Motors Using MATLAB/Simulink 
 The dynamic simulation of the concentrated and 
distributed winding SynRM was carried out in direct-phase 
variables in the MATLAB/Simulink environment. It should be 
noted that the direct-phase model that considers only the 
fundamental MMF yields almost the same result as the d-q 
model. Also, note that a line-start three-phase supply 
consists of only the fundamental and the reason is that 
triplen harmonics are co-phasal and are eliminated from the 
line-to-line waveforms.  
  The SynRM has a constant supply voltage of 370V 
at a frequency of 50Hz. The machine parameters were 
extrapolated from [15] and the machine dimensions 
presented in Table 1. were used for the simulation. The 
stator winding resistances Rsc = 1.35Ω and Rsd = 1.504Ω for 
the concentrated and distributed winding respectively. The 
rotor d – and q – axis inductances and resistances were: Llqr 
= 6.2mH, Lldr = 5.5mH, Rqr = 0.25Ω and Rdr = 0.12Ω. 
 The simulation time of 6 seconds was used and a load 
torque of 25 N-m (70% of rated torque) was introduced after 
3 seconds. The rated torque of the machines was 
calculated to be 35 Nm. The performance characteristics of 
the machine were then observed. The performance 
characteristics of the line-start concentrated and distributed 
winding SynRM considering just the fundamental, simulated 
in MATLAB/Simulink were presented in Fig. 8 – Fig. 15. The 
simulation of the same machine models was also carried in 
in ANSYS Electronics Desktop which takes into 
consideration all harmonics is presented in the next section. 
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Fig. 8. Concentrated winding SynRM speed against time  

 
Fig. 9. Distributed winding SynRM speed against time 

 
 

Fig. 10. Concentrated winding SynRM phase A current against time 
with the inclusion of winding harmonics  

 
Fig. 11. Distributed winding SynRM phase A current against time 
 

 
 
Fig. 12. Concentrated winding Torque against time 

 
Fig. 13. Distributed winding SynRM Torque against time 

 
Fig. 14. Concentrated winding Torque against Speed  
 

 
Fig. 15. Distributed winding Torque against Speed  
 

Dynamic Simulation Using Finite Element Analysis 
    Ansys Maxwell Electronics Desktop Finite Element 
Analysis software was used for the analysis of the machine 
models, using the design parameters given in Table 1 for 
validation of the models. The SynRMs were also simulated 
as Line-start with a supply voltage of 370V at a frequency of 
50Hz. The simulation time of 2 seconds was used and a 
load torque of 25Nm was introduced after 1 second. The 
Speed, Phase A currents, and Torque performance 
characteristics of the machine were then observed in Fig. 
20. – Fig. 25.  

 

Fig. 20. Concentrated winding SynRM FEA Speed characteristic 
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Fig. 21. Distributed winding SynRM FEA Speed characteristic 
 

 

Fig. 22. Concentrated winding SynRM FEA phase A stator current 

 

Fig. 23. Distributed winding SynRM FEA phase A stator current 

 

Fig. 24. Concentrated winding SynRM FEA Torque characteristic 
 
    The torque plots of the direct-phase variable models 
presented in Fig. 12 and Fig. 13 did not show the evidence 
of torque ripples caused by MMF harmonics and airgap 
permeance harmonics, while the FEA torque plots in Fig. 24 
and Fig. 26 showed the presence of such harmonics which 
resulted in torque ripples.   
 

 
Fig. 25. Concentrated winding SynRM FEA Torque characteristic 
showing the Torque ripples 

Fig. 
26. Distributed winding SynRM FEA Torque characteristic 

 
Fig. 27. Distributed winding SynRM FEA Torque characteristic 
showing the Torque ripples 
 

     The torque ripple plots of Fig. 25 and Fig. 27 were 
extrapolated from the torque performance plots of Fig. 24 
and Fig. 26 for both FEA machine models. The 
extrapolation was done before the introduction of load 
torque. From the torque ripple plot of the concentrated 
winding SynRM (Fig. 25), a maximum ripple value of 
10.62Nm and a minimum ripple value of -11.85Nm was 
observed. The torque ripple plot of the distributed winding 
SynRM (Fig. 27) showed a maximum ripple value of 
19.23Nm and a minimum ripple value of -19.07Nm. 
 

 

Fig. 28. Concentrated winding SynRM FEA Torque-Speed 
characteristic 
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Fig. 29. Distributed winding SynRM FEA Torque-Speed 
characteristic 

    The loading capabilities of the concentrated and 
distributed winding SynRM were determined by the 
monitoring of the speed characteristics of both the 
concentrated and distributed winding SynRM. The 
machines were placed on Ramp load in ANSYS and a load 
torque of 2 Nm starting value was introduced from zero 
seconds. The machines were simulated for 4 seconds and it 
was observed that the maximum load torque of the 
concentrated winding SynRM was 31.69 Nm at 3.06 
seconds as presented in Fig. 28. The maximum load torque 
of the distributed winding SynRM was 38.38 Nm at 3.73 
seconds as seen in Fig. 29.  

 

Fig. 30. Concentrated winding SynRM FEA Speed characteristic 
under Ramp loading 

 

Fig. 31. Distributed winding SynRM FEA Speed characteristic 
under Ramp loading 

Conclusion 
    The concentrated and distributed winding synchronous 
reluctance motors were simulated using a combination of 
winding function theory and the direct-phase variable 
model. The motors were simulated as Line-start in direct-
phase variables. Actual (sums to the 30th harmonic) and 
sinusoidal inductance calculations of the various winding 
topographies using MATLAB/Simulink showed the presence 
of winding harmonics. It was observed that results from the 
direct-phase variable (DPV) models for the Line-start 

SynRMs were similar to the results from the Finite Element 
Analysis (FEA) Line-start simulation which included all 
spatial harmonics, as seen in the torque plots. Thus, FEA 
models which included all harmonics were more precise 
nonetheless it does not annul results gotten from the direct-
phase variable models which utilized just the fundamental 
MMF. The results from both methods compare favourably. 
This also implies that the direct-phase variable model can 
be applied to other AC machines since it gives some form 
and accuracy and is faster in simulation time when 
compared to FEA. 
    The study also showed that the distributed winding 
SynRM had a better overload capability when compared to 
its concentrated winding counterpart. The simulation 
showed that distributed winding SynRM could tolerate 
torque overload of a 9.66% increase, while the 
concentrated winding SynRM showed a decrease of 9.46% 
when compared to the rated torque. 

Although the distributed winding SynRM gave better 
torque overload capability than the proposed concentrated 
winding SynRM with a higher number of turns, the 
concentrated winding SynRM will be easier to construct as 
it has fewer slots. The key benefits of adopting the 
concentrated winding topology, such as reduced axial 
length, compact design, shorter coil-ends which results in 
lower copper losses and higher efficiency can be utilized. 
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