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Abstract—In this paper, we present an analytical model of the 
currents flowing in a 5-phase PMSM. The analytical expressions of 
the currents are derived both in the stationary and the synchronous 
frames. This analytical model depends on the fault effect 
parameters: phase shift, amplitude modification and bias. The 
flexibility of the model allows analysing the different fault 
signatures in any of the reference frames whatever the coupling of 
the windings (isolated or non isolated neutral). At first, this 
analytical model has been validated by comparison with a 
numerical model obtained from simulations. Afterwards it has been 
used to evaluate the fault effect on the transformed currents. The 
results have shown that depending on the fault type, the current 
waveforms exhibit changes (additional components, mean or 
variance changes) and the current vector trajectory is also 
distorted. Therefore, the fault signature may be extracted from 
features in the time, frequency or time-frequency domain. The 
results have also shown that the fault features should be tracked in 
all the frames. 

Keywords—5-phase permanent magnet synchronous machine, 
fault modelling, fault diagnosis 

I. INTRODUCTION  

Multiphase machines (ie. with number of phases higher than 
3) have regained attention in the last decades [1]. The higher 
number of phases facilitates the power splitting and 
naturally increases the resilience. They are attractive in high 
power applications or in applications with high requirements 
of availability. This is the case for aerospace and marine 
applications [2-4]. Electrical machines are more and more 
present in ship propulsion or on-board electrical energy 
production. One of the most popular multiphase machines is 
the five-phase permanent magnet synchronous machine [5].  
For maritime applications, the design is conservative 
because no breakdown is tolerable. Moreover the duration 
of stopping ships for maintenance must be minimal due to 
the high cost. Therefore it is relevant to develop efficient 
maintenance tools to increase the reliability and the 
availability. Condition-based maintenance is now widely 
accepted as the most suitable method. It requires continuous 
monitoring and the implementation of Fault Detection and 
Diagnosis (FDD) methods [6-8]. In electrified ships, the 
currents flowing in the machine windings contain valuable 
information on the status of the electrical actuator. 
Following the general scheme described in Fig. 1 for each of 
the four steps, different approaches can be used. 
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Fig. 1. Fault Detection and Diagnosis general scheme 
 
The requirements for a fault detection and diagnosis method 
are summarized in Fig. 2 [9]. 
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Fig. 2. Fault Detection and Diagnosis method requirements 
 
They are defined as follows: 

• The simplicity that is defined as the amount of 
information for processing; 

• The sensitivity that is defined as the capability of 
the method to detect a fault at its earliest stage; 

• The robustness that measures the capability of the 
method to perform despite the perturbations. 

 
The selection of a method is a compromise between these 
requirements. 
 
In this paper, we are interested in developing an analytical 
model that can be used for a systematic analysis of the fault 
effect in a 5-phase PMSM. The model is based on the 
currents flowing in the machine windings. The main 
assumption is that any fault in the drive (in the power 



converter, the machine or the load) will affect the current. 
Therefore, fault features should be retained from the current 
vector trajectory or characteristics in a stationary or 
synchronous frame.  
The paper is organised as follows. In section II the fault 
effect modelling is presented. The expressions of the currents 
in the different frames are derived. In section III, the 
analyses of the effects for the different fault types are 
presented. Finally, a conclusion closes the paper. 

II. FAULT EFFECT MODELLING 

A- Phase Current modelling 
 

The 5-phase Permanent Magnet Synchronous Machine can 
be modelled in three different frames: 

o the natural frame with the 5 phases for which the 
variables are denoted x1 to x5, 

o the stationary transformed frame with 3 equivalent 
fictitious machines (a one–phase homopolar 
machine for which the variables are denoted x0, a 
two-phase principal machine for which the 

variables are denoted xpα and xpβ, and another 
two-phase secondary machine for which the 

variables are denoted xsα and xsβ 
o the rotating transformed frame with also 3 

equivalent fictitious machines (a one–phase 
homopolar machine for which the variables are 
denoted x0s, a two-phase principal machine for 

which the variables are denoted xpd and xpq, and a 
two-phase secondary machine for which the 
variables are denoted xsd and xsq. 

 
We assume that any fault in the energy conversion chain 
(power converter, electrical machine or sensors) will affect 
the currents. The fault will induce a modification of the 
amplitude (gain fault Δij), the mean value (γj) or a phase 
shift (φj) in the jth phase.  
In the following, we limit our study to the fundamental 
component of the phase currents. 
We can therefore write the faulty current in the natural 
frame as: 
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Where tωθ = , ω is the angular frequency, t the current time 
and I represents the RMS value of the phase current. 
In the following we will adopt the simplified following 
notation: 

)1(2 jj iI Δ+=δ  

The transform matrixes from the natural frame to the 
stationary frame and from the stationary frame to the 
rotating one are respectively denoted Tns and Rsr and are 
defined as: 
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With these matrixes, the transformed currents can be 
obtained as follows in the stationary frame: 
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and in the synchronous rotating one: 
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The results obtained with two transformations will be 
denoted as simulated variables. 
 
When a fault occurs, the currents flowing in the windings 
are distorted, so will be the transformed ones. However, the 
analysis of the fault (type and level) on the currents would 
be improved if we have at our disposal an analytical model 
of the transformed currents [10-11]. This model should 
depend on the fault parameters and be as accurate as the 
numerical model derived from the transformation matrixes. 
But it will be more flexible as it will offer the possibility to 
analyse the waveforms to detect the fault but also to 
estimate the fault severity and enhance fault isolation.  
 

B- Modelling of faulty current in the stationary frame 
 

Notation: in the following, variables with lower script “h” 
refer to healthy condition while those with lower script “f” 
refer to the faulty case. 
 
From (1) and using the matrix Tns, we can derive the 
analytical expressions of the currents in the transformed 
stationary frame as follows: 
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Where the coefficients depend on fault parameters. 

)
5

8
cos()

5

6
cos()

5

4
cos()

5

2
cos(

))
5

4
)1(sin()(sin(

2

1
)sin(

))
5

4
)1(cos()(cos(

2

1
)cos(

54321

5

2
11

5

2
11

πγπγπγπγγ

πφφδφδ

πφφδφδ

++++=

−−++=

−−++=





=

=

C

jB

jA

j
jjj

j
jjj

 (3) 

 

)
5

8
sin()

5

6
sin()

5

4
sin()

5

2
sin(

))
5

4
)1(cos()cos((

2

1

))
5

4
)1(sin()(sin(

2

1

5432

5

2

5

2

πγπγπγπγ

πφφδ

πφφδ

+++=

−−+−=

−−−=





=

=

F

jE

jD

j
jjj

j
jjj

 (4) 

 

)
5

6
cos()

5

2
cos()

5

8
cos()

5

4
cos(

)
5

2
)1(sin()

5

)1(4
cos()sin(

)
5

2
)1(cos()

5

)1(4
cos()cos(

54321

5

2
11

5

2
11

πγπγπγπγγ

πφπδφδ

πφπδφδ

++++=

−−−+=

−−−+=





=

=

J

j
j

H

j
j

G

j
jj

j
jj

 (5) 

 

)
5

6
sin()

5

2
sin()

5

8
sin()

5

4
sin(

)
5

2
)1(sin()

5

)1(4
sin(

)
5

2
)1(cos()

5

)1(4
sin(

54321

5

2

5

2

πγπγπγπγγ

πφπδ

πφπδ

++++=

−−−=

−−−=





=

=

M

j
j

L

j
j

K

j
jj

j
jj

 (6) 

 
and 
 







=

=

=

=

−−=

−−=

5

1

5

1

5

1

)
5

2
)1(sin(

)
5

2
)1(cos(

j
j

j
jj

j
jj

P

jO

jN

γ

πφδ

πφδ

   (7) 

 
As one can see in Fig. 3, for the case of a combined fault 
(gain, phase shift and offset) the analytical model fits with 
the numerical one obtained from simulations. It can be 
therefore used for the analysis of fault effect and the 
extraction of fault signatures. 
 

 
Fig. 3. Phase currents flowing in the fictitious primary machine 
 
C- Modelling of faulty current in the synchronous frame 
 
In the same way, the expressions of the currents in the 
synchronous rotating frame can be derived from (2) and the 
rotation matrix Rsr. 
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      (8) 
 
Through the coefficients defined in (3), (4), (5) and (6), 
these currents also depend on the fault parameters.  
As one can see in Fig. 4, for the case of a combined fault 
(gain, phase shift and offset) the analytical model in the 
synchronous frame also fits with the numerical one. It can 
be therefore used for the analysis of fault effect and the 
extraction of fault signatures. 
 

 
Fig. 4. q axis currents flowing in the fictitious primary machine 
 

III. FAULT EFFECT ANALYSIS  

 
In healthy condition, in the stationary frame there is no 
current flowing in the secondary machine and no homopolar 
current as confirmed by the following equation: 
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And in the synchronous frame, the currents are of DC type 
and only one component is not null as confirmed in (10). 
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At fault occurrence, new components and distortions will 
appear in these current components. The fault diagnosis 
method should be able to extract significant and sensitive 
features from the waveforms or from the current vector 
trajectory. 
However, to use properly this model, the coupling mode of 
the phases should be known. Because depending on how the 
windings of the machine are connected, e.g. isolated or non 
isolated neutral, the model is constrained and the fault 
parameters should be tuned adequately. 
 
A. Isolated Neutral 
 
If the neutral of the machine is isolated or ground-connected 
with high impedance, the phase currents are constrained 
such as: 

0>∀t  

0)
5

2
)1(sin()1(2

5

1

5

1

=++−+Δ+=
==

jjj
jj

j jiIi γφπθ  (11) 

As a consequence, to evaluate a single gain fault in phase 1 
(meaning no offset nor phase shift), setting Δi

1
≠ 0 would 

not be sufficient to satisfy (9). To evaluate a gain fault in 
one phase of isolated neutral machine, the same fault level 
should be set in each phase as: 

54321 iiiii Δ=Δ=Δ=Δ=Δ . 

One can see the effect of a 10% gain fault in one phase on 
the current trajectory in the stationary frame (α,β) of the 
primary fictitious machine in Fig. 5. 
 

 
Fig. 5. Trajectory of the current vector in the stationary frame of the 
primary fictitious machine (10% gain fault in phase A) 
 

 
Fig. 6. Fictitious primary machine q axis currents in the synchronous frame 
(10% gain fault in phase A) 
 
If we observe the results displayed in Figs. 5 and 6, it can be 
concluded that the fault features should be looked for in the 
variation of the variance in the primary fictitious machine 
components in the stationary reference frame or in the mean 
value change of the primary fictitious machine components 
in the synchronous reference frame. These parameters can 
be considered as fault features [12]. 
 

 
Fig. 7. Trajectory of the current vector in the stationary frame of the 
secondary fictitious machine (10% gain fault in phase A) 
 
However, if we look at Fig. 7, there is clearly no fault effect 
in the stationary frame (α,β) of the secondary fictitious 
machine.  
 
B. Non-Isolated Neutral 
 
If the neutral of the machine is connected, (11) is no longer 
respected, as there is a homopolar current component.  
In this case for a for a 10% gain fault in phase A, we should 
set, 1.01 =Δi  and 05432 =Δ=Δ=Δ=Δ iiii . If we observe 

the current trajectory of the primary fictitious machine in the 
stationary frame in Fig. 8, we can notice the distortion of the 
trajectory from a circle to an ellipse. The parameters of this 
new trajectory can be used as fault features. 
Compared with Fig. 5, we can also notice the effect of the 
phase coupling despite the same fault conditions. 
 



 
Fig. 8. Trajectory of the current vector in the stationary frame (α,β) of the 
primary fictitious machine (10% gain fault in phase A) 
 
If we look at Fig. 9 and compare it with the results displayed 
in Fig. 6, we can also notice the appearance of a current 
component flowing in the α axis of the secondary fictitious 
machine. The characteristics of this current can be in this 
case used as fault features. 
 

 
Fig. 9. Trajectory of the current vector in the stationary frame of the 
secondary fictitious machine (10% gain fault in phase A) 
 
Compared with Fig. 6, if the neutral is not isolated, for the 
same fault conditions, if we look at Fig. 10, we can see that 
in both d and q axes, the characteristics of the currents differ 
significantly from the healthy case. 
 

 
a) d axis currents 

 
b) q axis currents 

Fig. 10. (d,q) fictitious primary machine currents in the synchronous frame 
(10% gain fault in phase A) 
 
In the case of a 30% gain fault in phase C we should set, 

3.03 =Δi  and 05421 =Δ=Δ=Δ=Δ iiii . If we observe the 

current trajectory of the primary fictitious machine in the 
stationary frame displayed in Fig. 11, we can notice both a 
phase shift and the distortion of the trajectory from a circle 
to an ellipse. These parameters can be used as fault features. 
 

 
Fig. 11. Trajectory of the current vector in the stationary frame (α,β) of the 
primary fictitious machine (30% gain fault in phase C) 
 
In the case of a combined fault (gain, offset and phase shift) 
in phase C, the trajectory of the current in the fictitious 
primary machine is displayed in Fig. 12. One can also notice 
a distortion of the trajectory with a simultaneous 
modification of the amplitude and a phase shift. 
 
 
 



 
Fig. 12. Trajectory of the current vector in the stationary frame (α,β) of the 
primary fictitious machine (30% gain fault, 10% phase shift and 10% offset 
fault) 
 
For the same fault conditions, if we look at the waveforms 
displayed in Fig. 13, we can also notice significant changes 
from the healthy case with additional components combined 
with mean value and variance changes. 
 

 
Fig. 13. Primary fictitious machine (d,q) current waveforms in the 
synchronous frame (30% gain fault, 10% phase shift and 10% offset fault) 

 

IV. CONCLUSION 

In this paper, we have presented an analytical model of 
the currents flowing in a 5-phase PMSM. This analytical 
model has been validated with the numerical model obtained 
with simulations. This analytical model is devoted to design 
the fault diagnosis methodology. The main assumption of 
this model is that whatever the fault, there is a signature in 
the currents flowing in the windings. The fault can induce a 
phase shift or/and a modification of the amplitude or/and a 
bias. The parameters of this analytical model are all related 
to the fault effect. Therefore, the model is flexible and 
allows analysing all the fault signatures in all the frames 
(stationary and synchronous). The results have shown that 

depending on the fault type, its signature may be extracted 
from features in the time, frequency or time-frequency 
domain. The results have also shown that the fault features 
should be also examined in all the frames.  
It should also be pointed out that the model could be 
extended to cope with environmental nuisances so as to 
develop the most efficient fault detection, fault isolation and 
fault estimation methodology. 
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