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Abstract---This paper proposes the PWM based on fault 

tolerant control strategy for multi-phase permanent magnet 

synchronous motor and also provides the comparison of 

three phase and five phase permanent magnet synchronous 

motor (PMSM) in terms of various types of fault accurse in 

the five phase (PMSM). At the end the paper simulation 

results are provided of current, rotor speed and rotor torque 

of both the three phases and five faze PMSM. 
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I. INTRODUCTION 

Today most of the modern industrial drive consists of a 

power electronic converter like rectifier, pulse width 

modulating inverter (PWM), digital controller for 

implementing the control algorithms, feedback sensors there 

for several faults can affect the machine performance or may 

stop the machine, fault in any of the aforementioned will 

stop the drive running or at least it affects the drive 

performance. In an applications such as power plants, 

aerospace, railway locomotives, automobiles, chemical 

plants, etc., where the single fault in a single drive can result 

in tremendous damages of materials and machines. The 

most common type of faults is open circuit faults in machine 

windings (phase) and inverter switches (line). But the five 

phase machines are advantageous over conventional three 

phase machines for fault tolerant operation because, in five 

phase machines, when faults occur in one or more of the 

phases the machines can still continue operations using the 

remaining healthy phases without additional hardware 

requirement. 

II. WINDING CONNECTIONS AND FAULTS 

 Winding Connections A.

There are (n + 1)/2 alternatives for connecting the phases of 

an n-phase electric machine [2], [3]. So for 3-phase and 5-

phase connection there are two and three alternating 

connections respectively. 

 
Fig. 1: Possible three phase connection, Y and Delta 

Fig.1 and Fig.2 shows the possible three phases and five 

phase connection respectively. For five phase stator winding 

there are total three Star, Pentagon, and Pentacle 

connections which is shown in the Fig.2. The operational 

speed range of five phase PM motors can be extended by 

changing the configuration of stator windings from 

conventional star connection to pentagon and pentacle 

connections. 

 
Fig.2: Possible five phase connection (a) Star, (b) Pentagon, 

and (c) Pentacle 

For the same power level and inverter voltage, rms 

current flowing in phase windings of the motor with 

pentagon and pentacle connections is less compared to the 

star connected motor. 

  Fault in Five Phase Winding B.

Here we have to consider the different types of fault in five 

phase connection of machine winding. For the star 

connected PM motor is possible with open circuit fault in 

one or two phases, whereas with pentagon or pentacle 

connection, it is possible to continue operation even with 

simultaneous loss of three phases. Therefore, pentagon and 

pentacle connections seem to be advantageous over 

conventional star connection regarding fault tolerant 

operation. The phase faults and line faults are treated in the 

same way for star connection while the pentagon/pentacle 

connections analyzed separately. The faults can be 

categorized in the following eight groups. 

Possible faults in the line and phase 

(1) Single phase (1Ph);  

(2) Adjacent double phase (A2Ph);  

(3) Nonadjacent double phase (NA2Ph);  

(4) Adjacent triple phase (A3Ph);  

(5) Nonadjacent triple phase (NA3Ph);  

(6) Single line (1L);  

(7) Adjacent double line (A2L);  

(8) Nonadjacent double line (NA2L). 

 
Fig. 3: Open-circuit faults in phase windings of a five-phase 

motor with pentagon connection: (a) 1Ph, (b) A2Ph, (c) 

NA2Ph, (d) A3Ph, and (e) NA3Ph. 
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Fig. 4: Open-circuit line faults in a five-phase motor with 

pentagon connection: (a) 1L, (b) A2L, and (c) NA2L. 

From the above list, the first five cases are faults in 

stator windings of motor, while the last three ones are 

related to faults in inverter switches. For a five phase 

machine with pentagon connection, these faults are 

represented in Figs. 3 and 4 respectively for phase and line 

faults.  

III. MODELING OF FIVE PHASE PMSM 

The model for five phase PMSM in this section is derived 

from the three phase model of PMSM discussed. A model of 

a five-phase PMSM is developed initially in phase variable 

form. In order to simplify the model by removing the time 

variation of inductance terms, a transformation is applied 

and so called d-q-x-y-0 model of the machine is constructed. 

It is assumed that the spatial distribution of all the magneto 

motive forces (fields) in the machine is sinusoidal, since 

only torque production due to the first harmonic of the field 

is of relevance in this paper. 

 The model of five-phase PMSM in abc frame can be A.

written as follows directly in terms of circuit theory. 

Stator voltage equations: 

Vs = Rsis + 
  

   
                                     (3.1) 

The air-gap flux linkages are presented by 

λs = λss + λm                                                         (3.2) 

Substituting for the flux linking stator windings due 

to the currents in the stator windings in terms of the stator 

currents and stator winding inductances, 

λs =Lss is + λm                                                        (3.3) 

Lss is the stator inductance matrix which contains 

the self and mutual inductances of the stator phases, and λm 

is the established flux linkage matrix due to the PM stator 

viewed from the stator phase windings. 

In (3.1) Rs, is, λs, Vs are the stator resistance, 

current, flux linkages, voltage matrices respectively. 

Now phase voltages, currents and flux linkages applies to 

(3.1)  Vs = [ Va Vb Vc Vd Ve ]
T
 

(3.4)  Is = [ ias ibs ics ids ies ]
T
 

(3.5)  Rs = diag[ Rs Rs Rs Rs Rs] 

(3.6) The matrix of stator inductances is given by : 
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The self and mutual inductances are assumed to have same 

value for all the phases. 

(3.7)  LAAS=LBBS=LCCS=LDDS=LEES 

(3.8)   Labs=Lbcs=Ldes=Leas 

To simplify the machine model an arbitrary 

transformation which transforms the five phase motor 

variables into a reference frame rotating at an arbitrary 

angular velocity. The transformation matrix for this system 

is given by the following matrix. 
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(3.9) 

Using the transformation matrix for θr = 0. 

[Ks] 
-1

 can be obtained by pseudo orthogonal property 

[Ks] 
-1

 = 
 

  
[Ks] 

Multiplying equation (3.1) by transformation matrix gives 

the voltage equations in rotor reference form 

[Ks] Vs = [Ks] Rsis +[Ks] pλs           (3.10) 

Vqdxy = 0                      (3.11)  

[Ks] Rs [Ks] 
-1

iqdxy0 + [Ks] p [Ks] 
-1

λ qdxy0 +p λ qdxy0  

Where 

λ qdxy0 = Lqdxy0 iqdxy0 + λm                                       (3.12) 

Vqdxy0 = [ Vq Vd Vx Vy Vo ]
T
      (3.13) 

 [Ks] Rs [Ks] 
-1

 = diag ( Rs Rs Rs Rs Rs)     (3.14) 

iqdxy0 = [ iq id ix iy io ]
T
      (3.15) 
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(3.17)

 

 Where, 

Ld = Lls+ Lm 

Lq = Lls+ Lm 

Lls is the stator windings self-leakage inductance 

and Lm mutual inductance of stator windings 

   

[
 
 
 
 
  

 
 
 
 ]

 
 
 
 

      (3.18) 

On substituting the values from equations (3.12)-

(3.18) the following matrix is obtained, 

   (3.19) 

So from above matrix we can write, 

Vq = Rs iq+p λq+ ω λm+ ωLd iq 
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Vd = Rs id+p λd – ωLq id 

Vx= Rs ix+p Lls 

Vy= Rs iy+p Lls 

Vo= Rs io+p Lls 

The electromagnetic torque equation is given by, 

Te = 
 

 
 
 

 
{λd iq - λq id }     (3.20) 

IV.  SIMULATION RESULT 

A five phase motor and a three phase motor are both rated as 

4.4 kW and fed by a PWM inverter. The PWM inverters are 

built entirely with standard Simulink blocks. Their output 

goes through Controlled Voltage Source blocks before being 

applied to the PMSM block's stator windings. The load 

torque applied to each machine's shaft is fixed to 7N.m. Two 

control loops are used. The inner loop regulates the motor's 

stator currents. The outer loop controls the motor's speed. 

As shown in Fig.5 

 

Fig. 5: Block diagram of Fault Tolerant Control Strategy for 

Multi-Phase Permanent Magnet Synchronous Motor 

(1) Each machine starts under normal operation (all healthy 

phases). 

(2) At t = 0.06 second, phase ''A'' of both machines is 

disconnected. 

(3) At t = 0.09 second, each controller's current references 

are varied to compensate for the phase loss. 

(4) At t = 0.12 second, phase ''B'' is also disconnected from 

the five-phase machine. 

(5) At t = 0.15 second, the controller's current references of 

the five-phase machine are varied to compensate for the 

two phases loss 

 

Fig. 6: Output of five fazes PWM Inverter. 

Observe that due to the change of current 

references during the two successive faults, the five-phase 

machine currents are increased to keep the 

electromagnetique torque at the same value and to prevent 

large ripple. Also, good speed regulation is maintained. 

Less good results are observed with the three-phase 

machine. It can be seen that the electromagnetic torque has a 

lot of ripple which propagates to the regulated speed. 

In summary, it is demonstrated that the five-phase 

machine can be much more fault-tolerant than the three-

phase machine. 

 
Fig. 7: Three phase and Five phase current wave form 

without fault, (time Vs current). 

 
Fig. 8: In 3-phase current waveform at 0.06sec and 5-phase 

current waveform at 0.06sec and 0.12sec fault, (time Vs 

current). 

Fig. 8 can show that at the time of the fault the 

value of the stator current is increase in the remaining 

healthy phase to maintain the rotor speed constant. Fig.8 

shows the PMSM rotor speed waveform in the 3-phase and 

in the 5-phase. 

 
Fig. 9: Rotor speed in 3-phase and 5-phase PMSM, (time Vs 

speed RPM.) 

Fig.9 shows the rotor speed in 3-phase and 5-phase 

PMSM. The variation in speed is accurse at the time of fault 
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but as we compare the result of the both the waveforms we 

can easily say that the variation in the 5phase rotor speed is 

much lower or we can say it’s almost constant even after the 

fault. 

 
Fig. 10: Electromagnetic torque in 3-phase and 5-phase 

PMSM, (time Vs N*m.) 

Fig.10 shows the electromagnetic torque in 3-phase 

and 5-phase PMSM. As we compare both the output torque  

waveforms we can easily say that the variation in the 5phase 

motor torque is much lower or we can say it’s almost 

constant even after the fault. 

V. CONCLUSIONS 

This paper has presented a comparison between the 3-phase 

and 5-phase Permanent Magnet Synchronous Motor 

(PMSM) with its stator winding and different types of fault. 

And from simulation result of the stator current and rotor 

speed waveform we can say that the variation in the 5-phase 

PMSM is less as compare to 3-phase PMSM or it’s 

negligible 
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