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 Multiphase machines have gained attention in numerous fields of pplications 
such as Aircraft, ship propulsion, petrochemical and automobiles, where high 
reliability is required. The additional number of phases guarantees that the 
system continues to operate in faulty conditions compared to the traditional 
three-phase machine due to the high degree of freedom. Among faults able to 
affect multiphase system, break between a machine phase and the voltage 
source inverter (VSI) degrade the performance of the control. In this paper, a 
five-phase permanent magnet synchronous machine (PMSM) is fed through a 
fault tolerant voltage source inverter with new structure to ensure drive 
continuity when open circuit occurs. The five phase PMSM is controlled 
with fuzzy logic regulator to minimize disturbance impact that can arise fault 
condition. Paper is accomplished with real time simulations using 
MATLAB-Simulink in order to validate the new topology and show the 
effectiveness of the proposed solution.
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1. INTRODUCTION 

Certain applications like electric vehicles, wind or marine current turbines and ships propulsion, 
require a high reliability of on-board equipment. The electrical machine is the heart of these applications and 
it is sometimes highly desirable even essential to keep its operation even under severe conditions where a 
failure emerges and the intervention becomes risky or too expensive. 

A certain number of these applications then betted on the training system by supporting the 
multiphase machine where number of phases is higher than three, it offers a certain number of additional 
freedom degrees compared to the classical three-phase machines [1]. These freedom degrees can be exploited 
to improve the  torque density [2] or to control several machines serial or parallel connected [3]  or to 
maintain a certain operation during the fault conditions. 

A defect on an inverter’s or in its connection with the corresponding multiphase machine winding 
generally leads to degradation by rupture of a stator phase. It is the most common fault in machine-converter 
association [4], this causes the annulation of the current in the corresponding phase and thus the appearance 
of a torque ripple. The development of control which maintains a constant torque is more than necessary. In 
the literature many research works addressed to fault conditions such as in [5] a predictive control scheme is 
modified to allow post fault operation of a five-phase drive when one phase is open. In [6], new currents are 
imposed to minimize joule's losses in remaining phases and avoid torque ripple when one phase goes in 
open-circuit, when the control scheme is validated by simulating an actuation system with a five-phase 
segment motor.  
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In [7], optimal currents which minimise joule's losses are obtained by applying instantaneous power 
balance theory after introducing the concept of fault tolerant currents in the spatially symmetrical phases. The 
goal of all these works is to compensate fault described by an open phase and keep operating drive system 
with the remaining healthy phases, no additional hardware was proposed, nonetheless, it may be more 
beneficial and less expensive. Several open circuit faults can damage the performance system [8]; they 
include the open phase machine. Phase can be lost in the machine side (stator winding part), one need to 
consider the remaining phases only for the control purpose. It can also be lost in the inverter side, therefore, 
leg become unable to ensure supply. 

Focusing on the energy conversion chain, the faulty mode appears as soon as a component of the 
supply of the multiphase machine is defected. Among its origins, one note: faults related to ON/OFF switches 
and faults related to connection machine-inverter. 

When the fault on an element directly implies opening phase, this leads to annulation of the 
corresponding current. On the other hand, if a controlled switch does not open or if a machine winding is 
short-circuited an overcurrent appears, the fuse protection in series with the transistor intervenes and 
eliminates the current increase to protect the machine and avoid conductors overheating. Hence, in the two 
previous fault-cases current is zero. The immediate consequence is unbalanced in the magnetic mortice force 
(MMF), which involves creating torque harmonics, then adverse effects on the driven mechanism appears. 
Moreover, the opening of one phase does not make it possible any more the inverter to feed corresponding 
winding. A stator potential of the machine is not controlled any more. This aspect particularly takes into 
account synchronous permanent magnet machines, because flux produced by remaining phases generates 
uncontrolled voltage in the lost phase.  

The present work focus on fault tolerant control of five-phase PMSM by reconfiguration of its 
inverter after one open leg connection, seeking prevention of further damages. The proposed strategy has no 
impact on control technique used in healthy condition. 

As far as the authors know that there is no work extended on the multiphase motor and its 
association with multiphase VSI. The paper is structured as follow: Section 2 presents modelling of five-
phase permanent motor and its inverter, section 3 introduced the proposed solution after an open connection, 
section 4 describes fuzzy logic controller used to regulate speed motor followed by simulation results and 
discussion. Conclusion will be object of section 5. 
 
 
2. FIVE-PHASE SYSTEM MODELING 

The five-phase PMSM behaviour obeys a certain number of equations expressed all in a natural 
base. These equations present a strong coupling which can obstruct the development of its control. With the 
five-order transformation (1) of Concordia, one manages to overcome this problem by obtaining the system 
of decoupled equations (2).  

Finally, by applying Park transformation (3), one obtains the system (4) considered as a suitable 
model of control where mechanical equation is added. 
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Where: 
òθ = ω dte e  and 

ωe design the electrical motor speed 
ω = pΩe  

Power circuit topology of a five-phase voltage source inverter (VSI) is a standard structure (figure1) 

containing ten switches Si  and ('S i = 1…5)
i

offering =
52 32 combinations, each switch consists of two 

semiconductor devices, connected in anti-parallel: a bipolar transistor or IGBT and a diode. Inverter’s input 

is a DC voltage regarded further on being constant Vdc  . The load is a why coupled five-phase permanent 

magnet synchronous machine (PMSM) of which phase voltages are denoted (v i = 1…5)in . The relation 

between these output voltages and inverter’s switches are given in (5). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Five-phase voltage source inverter 
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Since it is about five-dimension and according to five phase PMSM modelling, vectors in two level 

VSI can be projected into two two-dimensional subspaces 1 1(α β )and (α2β2)  [9] as depicted in figure2. 

Space vectors form 3 decagons in each plan. In the literature, for three-phase inverter, control of switches can 
be ensured with different techniques of pulse width modulation (PWM) such as sinusoidal pulse width 
modulation (SPWM) and space vector pulse width modulation (SVPWM). There is an increasing trend of 
using SVPWM technique due to the easiness of digital realization, reducing harmonics and switching losses 
with better dc bus utilization [10]. With five-phase inverter, SVPWM is ensured after satisfying certain 

criteria [11]. Sector in which evolves the vector reference voltage is determined first in 1 1(α β )   plan, then, 

according to its parity, a temporal average of four vectors limiting the studied sector (2 large and 2 medium 

vectors) adequately selected is calculated allowing to filter, in 2 2(α β )plan, third harmonic. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Switching vectors in reference frames 1 1(α β )  and 2 2(α β )  
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The sector in which the reference vector evolves at a given moment can be identified by respecting 
an algorithm where components of this vector are determined and compared [12], it can also be identified by 
calculating switching functions representing each one a half plan of membership of the reference [13] or 
simply by determination of the phase reference vector α such as : 

 

5
π

)
α

N = int(sect
 (6)

 

 
Where the function int (.) provides the integer part of element between brackets. 

Topology given in Figure 1 does not allow a fault tolerant control in open circuit fault condition: the 
bipolar transistor or the IGBT can fall in the OFF state and remains in this situation regardless of the gate 
voltage value. An open circuit fault occurs due to lifting of bonding wires caused by thermic cycling. It may 
be caused by a driver fault or a short circuit fault induced IGBT rupture. 

Open circuit faults do not cause system shut-down but degrade its performance. The proposed 
solution consists of anticipation by envisaging a rupture between one phase machine and the corresponding 
inverter arm: an additional switch, initially opened, intervenes by its closing to connect lost phase machine to 
the mid-point O of DC bus (Figure 3). 

Five new switches (
i

k i = 1…5) , normally opened, are prepared to commutate, any inverter arm 

can be disconnected, the corresponding switch have to balance and save the disconnected phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Tolerant arm-phase rupture configuration 
 
 
3. ASSOCIATION BEHAVIOR AFTER LEG-PHASE  BREAK 

Since this study concern the loss of only one phase, suppose that at a given time, connection 

between phase 5 and VSI is lost, switch 5k is ON, five-phase PMSM is then supplied through an inverter 

with new structure using four arms, only 42 = 16 combinations are possible, relation (1) is no longer 
available, it’s replaced in this case by equation (7) and 16 different vectors irregularly spaced with six 

different amplitude form an unbalanced polygon in each 1 1(α β )  and 2 2(α β )plans, so, using SVPWM leads 

to treat different cases and may not be simple.  
Aiming to adjust the output current and to track the current reference, hysteresis current control is 

used. Comparing the instantaneous current in the five-phase PMSM with the reference signal, the controller 
should adjust the duty cycle of the PWM signal in the inverter [14]. 
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A database of 49 rules can be summarized in table 1 where seven membership functions is defined 
for each input, they are noted respectively NG, NM, NP, EZ, PP, PM and PG to be able to describe, in a 
linguistic way, the state of the error and its variation. Membership functions are triangular form, the 
fuzzification method adopted is the max-min method and the defuzzifiation is centroid method. 

 
 

Table 1. Definition of base rules for error and its variation 
 NG NM NP EZ PP PM PG 

NG NG NG NG NM NM NP EZ 
NM NG NG NG NM NP EZ PP 
NP NG NG NM NP EZ PP PM 
EZ NG NM NP EZ PP PM1 PG 
PP NM NP EZ PP PM PG PG 
PM NP EZ PP PM PG PG PG 
PG EZ PP PM PG PG PG PG 

 
 
5. RESULTS AND ANALYSIS 

Simulation results are illustrated in Figure 5 using fuzzy logic controller in healthy and faulty 
modes. The parameters of the studied five-phase PMSM and its inverter are specified in Table 2. The motor 
is drived at 1500rpm without load. 

Figure 5.a presents the reference and actual speed, Figure 5.b shows electromagnetic torque, stator 

currents in the rotating frame (d q )1 1  are given in Figure 5.c and given in Figure 5.d when expressed in the 

reference frame 1 1(α β ) . Figure 5.e and Figure 5.f highlight the revolutions of current and voltage in the 

reference frame respectively.  Finally, disconnected phase current and its zoom are given in Figure 5.g and 
Figure 5.h. 
 
 

Table 2. Parameters of five phase PMSM and inverter 
Variable Value Unit 

R 0.67 Ω 
Lp 3.2 mH 
Ls 
m 
J 

Vdc 

Fe 

0.93 
0.2 

0.001 
400 

5000 

mH 
Wb 

Kg.m2 

V 
Hz 

 
 

Five phase PMSM is running while a connection rupture between phase number 5 and the 
corresponding leg inverter  happens at time fault tf=0.5s, at t=0.55s, additional switch commutate to bring 
operating system back, phase number 5 is connected again, but to middle point O as it mentioned before. 

One can notice the impact of this disturbance in all waveforms during lost phase time (tf=0.05s). 
Indeed, motor speed reaches rapidly its final value with a small overshoot, rise and response times almost 
equal respectively to 7.7ms and 8.5ms. This confirms the high dynamic and efficiency of fuzzy controller 
even at fault instant: impact of disturbance is almost insignificant.  

The electromagnetic torque has some peaks at tf and an acceptable ripple ensured by the adopted 
solution and Iq1 current has the same torque’s form which permit to verify last relation in (4) where torque is 
controlled with Iq1 current only, Id1 is kept zero. 
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(h) 
 

Figure 5. Simulation results using fuzzy logic controller in healthy and faulty modes 
 
 

6. CONCLUSION 
A wye coupled five-phase PMSM has been studied in a particular case when connection between 

one phase and leg inverter is severed. Caused disturbance has been extenuated by connecting the lost phase to 
mid-point DC bus inverter, forms of different responses have been improved by the use of fuzzy logic 
controller. One can notice that successful operation without changing or modifying the used controller 
neither the machine modelling is guaranteed, this minimize the tolerant solution cost and downtime which 
have a real impact on the whole system revenue. 
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