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Abstract. The direct-phase variable (DPV) model of a five-phase synchronous reluctance motor (SRM) for direct-on-line starting is presented.  The 
model eliminates the dependence of inductances on rotor position. Machine performance characteristics namely vector potential, speed, flux linkage 
and current were monitored under different conditions. The DPV model was simulated in MATLAB/Simulink while a finite element model (FEM) was 
simulated using ANSYS Maxwell FEA software for comparison and validation. Very close similarities in obtained results justify the DPV model. 
 
Streszczenie. Przedstawiono moddel pięciofazowego reluktancyjnego silnika synchronicznego wykorzystywanego do startu on-line. Zbadano 
potencjał wektorowy, szybkość, strumień rozproszony i prąd w różnych warunkach pracy.(DPV model i analiza pracy pięciofazowego 
synchronicznego silnika reluktancyjnego do bezpośredniego startu on-line) .  
 
Keywords: direct-on-line (DOL), direct-phase variable (DPV), finite element model (FEM), five-phase synchronous reluctance motor (SRM) 
Słowa kluczowe: silnik reluktancyjny, silnik pięciofazowy, silnik synchroniczny. 
 
 

Introduction 
The conventional starting method in most industrial 

processes utilizing the induction motor are the direct-on-line 
starting, star-delta starting and the auto-transformer 
starting, which have served the industries for several years 
[1,2]. Owing to the high cost of utilization of the power 
electronics drives systems, advancement in the area of 
electric machine design can minimize the use of the power 
electronics drives, with minimal or no compromise to the 
machine performance especially where variable speed 
operation is not desired. Considering the most common and 
easily used starting method; the direct-on-line staring, the 
machine windings can be modelled to have a similar 
waveform as its supply voltage. The squirrel cage placed on 
the rotor has been the backbone of direct-on-line starting 
methods. The synchronous reluctance motor (SRM) can 
also be modelled to harness these advantages by using a 
cage rotor. The SRM has a conventional stator similar to 
that of the induction motor (IM), but utilizes reluctance 
torque for energy conversion, and can be modelled as a 
simplest form of a salient pole synchronous motor without 
any field winding [3,4]. Earlier design improvements of the 
SRM seeks to improve saliency ratio of the rotor [5,6,7,8].  

For the synchronous machine, the stator inductances 
depend on the rotor position, as the transformation of the 
machine variables to the d-q frame to remove these 
dependencies is adopted by many authors especially for the 
multi-phase machines [9]. The unnecessary encumbrances 
associated with the d-q modelling are readily eliminated 
using the DPV model [10]. The phase variable model has 
remained an essential model in predicting the machine 
performance during faults and unbalanced conditions [4, 
11,12]. The phase variable model takes into account the 
stator phase windings and the rotor d-q windings of the 
machine, representing the machine equations in terms of 
the machine variables, as compared to the direct-
quadrature (d-q) axis transformation of which the stator 
phases are transformed to a fictitious axis of references. 
The combination of the Winding Function (WF) model and 
the direct-phase variable model has been proven to give 
accurate result that can be compared with the Finite 
Element Method (FEM) [4]. The finite element model [4, 
13,14,15,16,17,18,19,20,21], has helped in electric machine 
design optimization, and in reducing design error to a 
minimum.  

The use of the multi-phase machines has assisted in 
torque production without an increase in the copper loss of 
the machine by the utilization of additional harmonics with 
the fundamental component, and helps in the optimization 
of the air-gap magneto motive force (MMF) [11,22]. The 
advantage of the 5-phase over 3-phase machine is that 
torque pulsation especially for SRM is highly reduced 
[23,24,25]. 

The present study is aimed at developing a direct-phase 
variable (DPV) model of a five-phase synchronous 
reluctance motor for direct-on-line starting. The developed 
model will be subjected to performance test during normal, 
loaded, fault and unbalanced conditions considering the 
following performance characteristics; vector potential, 
speed, flux linkage and current. The suitability of the 
developed DPV model will be validated by comparing the 
results with results obtained using the FEM which is widely 
considered as near ideal. 
 
Phase variable model of five-phase synchronous 
reluctance motor 

A five-phase (5-ph), cage rotor synchronous reluctance 
motor having 4-pole, 40 slots is modelled for direct-on-line 
starting. The supply is a 5ph voltage from a converter, 
without any form of control, modelled to have a similar 
waveform as in Fig. 1 (i.e. a sinusoidal waveform of the 
(first and the third harmonics) to reduce torque ripples. 
 

 
 

Fig.1. Supply voltage waveform 
 

The voltage equation for a five-phase SRM is given in [4] 
as. 
 

(1)     
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(2)         

(3)    ; ; ; ; ; ;    
(4)   ; ; ; ; ; ;  
 

where  is the rotor position. The rotor inductances are 
function of the rotor position.   and  are the machine 
current and voltage matrices and are given in (3) and (4) 
respectively. The inductance matrix is given in (5). 
 

(5) 
′

    

where, 

(6)     

(7)    
0

0
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where  is the stator inductance matrix,  is the rotor 
inductance matrix referred to the stator,  is the mutual 
inductance matrix between the stator and the rotor referred 
to the stator,  is the rotor q-axis leakage inductance 
referred to the stator and  is the rotor d-axis leakage 
inductance referred to the stator. 
 

(9) 
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where R is the resistance matrix. The expression for the 
electromagnetic torque is given in (10). 
 

(10)   

(11)  , , , ,    

(12) ,     

(13)     

 
Where 	,	  , ,  and   are the stator current matrix, rotor 
current matrix, inertia constant, number of machine poles 
and load torque respectively. 
The Stator resistance can be calculated from (14), 
 
(14)     

Where: ,  and  are the conductivity, total volume of 
conductor per phase and the conductor cross-sectional 
area. 
 
Inductance Calculation 

The motor structure showing the cross-section of the 
five-phase SRM is shown in Fig. 2. On the basis of this 
cross-section, the configuration of the full-pitched double 
layer winding is tabulated in Table 1.  

 

Fig.2. Cross Sectional Area of 5ph SRM showing winding layout 
 

The winding function can also be approximated using 
the fundamental and the third harmonic components to 
represent the different phases with regard to their 
respective phase shifts. 

The different phase windings for any of the phases will 
be of the form shown in (15). 

(15) ∅ ∅ ∝ 3 ∅ ∝  

 

where,  is 0, , , 	  for A, B, C, D and E phases 

respectively, while ∅  is the stator circumferential position.  
Fig. 3 shows the winding functions plot against the stator 
circumferential position of phase A of the machine using the 
winding function method and its approximation from utilizing 
only the fundamental and the third harmonic components to 
represent the actual winding function. Similar plot can be 
made with the necessary phase shift.  
 
Table 1.  5-ph 4-pole winding of ACEBD double layer winding 
configuration 

4-POLE ACEBD WINDING CONFIGURATION 

Slots 
Full-pitch 

Layer 1 Layer 2 
1   
2   
3   
4   
5   
6   
7   
8   
9   
10   

 

The expression for the calculation of stator inductances 
is presented in (16). 

(16) ,    

where   and 	  are the winding functions of phase 
X and Y respectively and φ is the stator circumferential 
position, ,  is the inverse air gap function which is a 
function of the stator circumferential position (  ) and the 
rotor position ( ), while  is the axial length of the air gap of 
the machine, r is the radius to the mean of the air gap and 

 is the permittivity of free space. The inverse air-gap 
function including the third harmonic component is given in 
(17). 
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Fig. 3.  A-phase winding function 
 
 

 (17) ∅ , 2 ∅ 6 ∅
       

where, 

(18)      

(19)    

where  the main air gap length,   is the inter-polar slot 
space and β is the ratio of pole arc to pole pitch. 
From a generalized equation of inductances, (16) yields: 
(20)          
where the expression for  and  are given in (21) and 
(22) as: 

(21) 

1
1

1
1
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(22)	

cos 2 cos 2 cos 2 cos 2 cos 2
cos 2 cos 2 cos 2 cos 2 cos 2
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where 2 ; 2 ; 2 ; 2 ; 

2 ; 
 

The mutual inductances between the stator and the 
rotor are given in (8). If desired, the q-axis and the d-axis 
magnetizing inductances can be obtained from the stator 
inductance values, and are given in (23) and (24) 
respectively. 

 

(23)  

(24)     

where, 

(25)    
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Simulation of the Dynamic Process 
The design parameters of the 5-ph SRM are given in 

Table 2.  The developed machine was monitored for 
performance characteristics at synchronism, loading and 
during fault and loss of synchronism. 

The machine speed characteristics are simulated using 
MATLAB/SIMULINK for the DPV and ANSYS Maxwell 
software for the FEM. A load torque value of 50N-m 
introduced at 0.98 seconds, representing a continuous 
running duty cycle for the motor, and subsequently a loss of 
e-phase fault while on load, lasting for 0.5 seconds was 
created at 1.7 seconds in both simulations. A ramp load 
torque spanning from 50 Nm to 110 Nm within 0.5 seconds 
was introduced at 3.0 seconds to determine the load 
carrying capacity of the models. The combined load torque 
is shown in Fig. 4. 

 

 

Table 2.  5-Phase SRM machine dimensions and circuit parameters 
Quantities Value Quantities Value 
Stator outer/inner radius 105.02/68.09 Number of poles 4 
Rotor radius 67.69mm Frequency 50Hz 
Effective stack length 160.22mm Pole arc/pole pitch ratio 2/3 
Number of slots 40 Phase voltage  370V 
Number of turns 48 Rotor q-axis leakage inductance  4.2mH 
Main airgap length  0.4mm Rotor d-axis leakage inductance  3.5mH 
Inter polar slot space  21.3mm Rotor q-axis resistance  0.08Ω 
Stator slot depth 18mm Rotor d-axis resistance  0.52Ω 
Stator slot pitch 9° Moment of inertia J 0.0389kg/m2 

 

Table 3. Settling time and loss of synchronism for speed characteristics   

Settling time and loss of synchronism for Speed characteristics 

Model 
Synchronism 
 

Loading 
Fault 

Fault Cleared Loss of Synchronism 

Time (Seconds) 
FEM 0.887 1.601 2.189 2.905 3.115 
DPV 0.889 1.600 2.182 2.854 3.168 
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Table 4. Speed performance characteristics 

Model 
Start 
Max-Min, % 

Loading  
Max-Min, % 

Fault 
Max-Min, % 

Fault Cleared 
Max-Min, % 

Speed Transient (rpm) 
FEM 1564 – 1430, 8.93 1512 – 1480, 2.13 1528 – 1437, 6.07 1564 – 1470, 6.27 
DPV 1642 – 1413, 15.27 1513 – 1479, 2.27 1531 – 1464, 4.47 1527– 1483, 2.93 

 

 
 

Fig. 4.  Load torque against time 
 

The speed characteristics for the DPV and FEM are 
presented in Fig. 5. Greater settling time is observed in the 
FEM model. At synchronism, a settling time of 0.887 se-
conds is recorded for DPV as compared to a settling time of 
0.887 seconds for FEM. The settling time for the speed du-
ring different conditions of synchronism, loading, fault and 
subsequent rectification of fault are tabulated in Table 3. 

The speed transient characteristics at start showed the 
least percentage value rise of 8.9 % about the synchronous 
speed for FEM as compared to a percentage value rise of 
15.27 % for the DPV. The speed transient characteristics at 
loading showed a least percentage rise of 2.27% and 
2.13% for FEM and DPV respectively. At fault a least 
percentage transient rise values of 4.47 % and 6.07% is 
observed for DPV and FEM respectively. When the loss of 
e-phase fault was cleared, the least transient percentage 
rise value of 2.93% and 6.27% are recorded for DPV and 
FEM respectively. A lower value of difference in percentage 
rise were observed on loading, fault and when the fault was 
cleared. The Speed transient performance characteristics at 
start, loading, fault and when the fault is cleared are 
tabulated in Table 4. 

The Speed characteristics plots for FEM showing 
transient at start, loss of phase fault and loss of 
synchronism are presented in Fig. 6, Fig. 7, and Fig. 8 
respectively. 

 

 
 

Fig. 5. Speed characteristics from start to loss of synchronism 
(FEM and DPV) 
 

The flux linkage at synchronism, loading fault and when 
the fault was cleared was monitored with the FEM and the 
DPV and are tabulated in Table 5. The plot of the a-phase 
flux linkage during synchronism for FEM and DPV are 
presented in Fig. 9. A 1.95% drop is observed in the FEM 
as compared to 0.69% drop as recorded in the DPV. A 

22.7% drop is recorded for FEM during fault as compared to 
2.53 % drop for the DPV. The current characteristics for the 
five phases are similar since a symmetrical winding and 
loading is employed, the A-phase stator current 
characteristics are presented for both models in Fig. 10 for 
FEM and DPV, and tabulated in Table 7. 

 
Fig. 6. Speed characteristics (showing transient at start to 
synchronism) 
 

 
 

Fig. 7. Speed characteristics (showing transient at loss and 
subsequent restoration of e-phase fault) 
 

 
 

Fig. 8. Speed characteristics (showing loss of synchronism on 
loading)  
 

 
 
Fig. 9.   Flux linkage characteristics at synchronism for FEM and 
DPV 
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Fig. 10.  Current characteristics for DPV and FEM 
 
 

A high transient rise is observed in the FEM at start, with 
a value of 111.3 A as compared to a value rise of 87.73 A 
for DPV as shown in Table 6. 

At synchronism, a value of 16.11A and 16.56 A is 
recorded for FEM and DPV respectively. On loading, a 
current rise of 19.16A and 16.56A was observed for FEM 
and DPV respectively. The highest variation is observed 
during fault with a value of 4.02% as compared to at 
synchronism, loading and when the fault was cleared.  

The torque performance of both models at loss of 
synchronism are tabulated in Table 7.  At loss of 
synchronism due to the introduction of ramp load at 3.0 
seconds, spanning between 50Nm and 110Nm a carrying 
capacity of 63.74Nm and 70.16 Nm are recorded for FEM 
and DPV respectively.  

 
  

Table 5. Flux linkage performance characteristics  

Flux Linkage performance characteristics 

Model 
Synchronism ± 

Loading ± 
Fault 
(Max-Min) 

Fault 
Cleared ± 

Flux Linkage Characteristics (wb) 
FEM 1.126 1.104 0.8534 - 0.8537 1.105 
DPV 1.154 1.146 1.117 -1.144 1.145 

 
Table 6. Stator A-Phase Current performance characteristics  

Stator A-Phase Current performance characteristics 

Model 

Start Transient 
(Max-Min) 
 

Synchronism 
Loading 

Fault Fault 
Cleared 

Current Characteristics (A) 
FEM 111.3 – -61.15 16.11 19.16 40.05 19.11 
DPV 87.73 – -53.97 16.56 19.01 38.44 19.01 

 
 

Table 7. Maximum load torque  
Maximum Load Torque for Loss of Synchronism 

Model Load Torque (Nm) Time (Seconds) 
FEM 63.74 3.115 
DPV 70.16 3.168 

 

Conclusion 
The developed DPV model of five-phase synchronous 

reluctance motor (SRM) for direct-on-line starting has been 
analysed using MATLAB/Simulink and validated using 
ANSYS Maxwell. The performance characteristics of the 
vector potential, speed, flux linkage, a-phase current and 
the load carrying capacity were considered. The machine 
was modelled with full-pitched stator winding configuration 
with the developed model accounting for the third 
harmonics of the Air-gap MMF.  

The developed DPV model and the FEM were 
monitored and compared for performance characteristics at 
start, on loading, during loss of e-phase fault, and loss of 
synchronism due to loading. Apart from a higher transient 
rise at start, observed with the FEM, both models show 
similar performance characteristics of the parameters for 
the considered conditions. A highest variance of 4.02 % rise 
in current is observed during fault between the models while 
the load accommodating capacity of 70.16 N-m at 3.168 
seconds for the DPV and 63.74 at 3.115 seconds for the 
FEM were recorded.  

With these competitive results when compared to the 
FEM which is nearly ideal, it is sufficient to conclude that 
the developed DPV model can satisfactorily give adequate 
information on the analysis of 5-phase SRM and can as well 
be extended to other multi-phase machines. 
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