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The polyphase machine provides increased reliability by enabling operation with one or 

more phases in fault, and the most common faults are stator fault, it’s for that a new 

analysis model of stator open phase faults in a five-phase induction motor has been 

presented in this paper. A new modeling of five phase induction machine in natural frame 

is elaborated, and the performance of five phase induction machine was analyzed under 

stator open phase using the principal component analysis (PCA) method. The PCA is a 

tool to reduce multidimensional data to lower dimensions while retaining most of the 

information, where the effect of the fault conditions caused by open phase on 

electromagnetic torque, mechanical speed, stator current and efficiency of this motor has 

been investigated. The findings of this research may be useful and help researchers who 

are interested on the fault tolerant control to minimize or eliminate this effect.  
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1. INTRODUCTION

One of the advantages of using polyphase machines in 

addition to increasing the torque density and power 

segmentation is their fault tolerance. Indeed, after studying the 

behavior of these machines for their power mode and energy 

quality [1-3], the search is to look at the case of continuity of 

operation during a fault, whether at converter or machine level. 

Several work shaves been started in this direction [4-7]. 

The elements of a training system are interdependent so that 

a failure in an element can cause the total shutdown of the 

system and this type of situation has a significant cost in some 

applications. Several defects can appear on the electric 

trainings (as shown in Figure 1), they are distributed in the 

papers [8-11]: 

• Fault in the machine (stator fault, rotor);

• Fault in the drive chain (mating defect, sensors);

• Power supply fault (imbalance of power supply, fault in

the power electronics converter).

The absence of a feeding phase is less noticeable when their 

number increases. In this sense shows that according to the 

acceptable tolerance on the torque ripple, the loss of one of the 

phases can be admitted without any modification of the 

command. The measurements made show that indeed the 

torque ripple is reduced as the number of phase’s increases. In 

this case no treatment method is used. One of the advantages 

of power segmentation at the power converter, besides energy 

quality, is the fault tolerance. In fact, when a power electronics 

switch is lost due to a malfunction of the control or wear of the 

control, the system can operate with reduced capacity, which 

is called degraded mode [11-13]. During this paper, some 

defects of a polyphase drive system will be studied. These 

defects are located at the stator of the five-phase induction 

motor. 

To solve these defects, this paper establishes a new 

modeling of the five phase induction machine in the natural 

frame (real frame) without adding new circuit or estimated 

resistance to simulate a fault, with the aim to examine the 

effect stator oprn phase fault on the performance of five phase 

induction machine. The open phase fault was created by 

introduce a high resistance in series with the phase in default, 

which cancels the current which crosses it. It is indented to 

provide information about the impact open phase fault on the 

torque ripples, Joule losses in the stator and rotor, and 

mechanical speed. The remainder of this paper is organized as 

follows: Section 2 analysis model of five phase induction 

machine in degraded mode, and describes the model of the 

machine, Section 3 presents a computer simulation to endorse 

the theoretical achievement given in Section 4 Finally some 

conclusions are made in Section 5.  

2. ANALYSIS MODEL OF FIVE-PHASE INDUCTION

MOTOR IN DEGRADED MODE

This section will be dedicated to modeling the five-phase 

induction motor when opening one or more phases. The 

impact of such a defect on the temporal evolution of the 

different quantities of the machine will be implemented. The 

simulation of this kind of failure is feasible in two different 

methods with a single objective, which consists of canceling 

the current flowing through the faulty phase. 

2.1 Electrical circuit reconstruction 

From this type of approach, the faulty phase is directly 

removed from the stator electrical circuit. This forces the 

reformulation of the matrices of the stator. 
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Figure 1. Different defects that can happen in drive system 

 

2.2 Modeling in the natural frame 

 

This approach consists of modeling the machine in the 

natural base in a healthy diet. Then introduce a high resistance 

in series with the phase in default, which cancels the current, 

which crosses it. With this approach several faults can be 

simulated. 

 

2.3 Model of the five-phase induction machine in degraded 

regime in the natural base 

 

The dynamic behavior of the five-phase induction motor is 

described by the equations mentioned here after where; the 

voltage equations of five phase induction motor are expressed 

as follow: 

{
[V𝑠] = [𝑟𝑠][𝑖𝑠] + [𝐿𝑠]

𝑑

𝑑𝑡
[𝑖𝑠] +

𝑑[𝑖𝑟]

𝑑𝑡
[𝑚𝑠𝑟] +

𝜕[𝑚𝑠𝑟]

𝜕𝜃

𝑑𝜃

𝑑𝑡
[𝑖𝑟]

[0] = [𝑟𝑟][𝑖𝑟] + [𝐿𝑟]
𝑑

𝑑𝑡
[𝑖𝑟] +

𝑑[𝑖𝑠]

𝑑𝑡
[𝑚𝑟𝑠] +

𝜕[𝑚𝑟𝑠]

𝜕𝜃

𝑑𝜃

𝑑𝑡
[𝑖𝑠]

 (1) 

 

After a few arrangements leading to: 

 

{
 
 

 
 
𝑑
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 (2) 

 

The Eq. (2) can be written in the following form: 

 

 

{
 
 
 
 

 
 
 
 
𝑑

𝑑𝑡

[
 
 
 
 
𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
𝑖𝑠𝑑
𝑖𝑠𝑒 ]
 
 
 
 

= [𝐿𝑠]5𝑥5
−1

(

 
 

[
 
 
 
 
𝑣𝑎
𝑣𝑏
𝑣𝑐
𝑣𝑑
𝑣𝑒 ]
 
 
 
 

− [𝑟𝑠]5𝑥5

[
 
 
 
 
𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
𝑖𝑠𝑑
𝑖𝑠𝑒]
 
 
 
 

−

(

 
 𝑑

𝑑𝑡

[
 
 
 
 
𝑖𝑟𝑎
𝑖𝑟𝑏
𝑖𝑟𝑐
𝑖𝑟𝑑
𝑖𝑟𝑒]
 
 
 
 

)

 
 
[𝑚𝑟𝑠]5𝑥5 −

𝜕[𝑚𝑠𝑟]5𝑥5
𝜕𝜃

𝑑𝜃

𝑑𝑡

[
 
 
 
 
𝑖𝑟𝑎
𝑖𝑟𝑏
𝑖𝑟𝑐
𝑖𝑟𝑑
𝑖𝑟𝑒]
 
 
 
 

)

 
 

𝑑

𝑑𝑡

[
 
 
 
 
𝑖𝑟𝑎
𝑖𝑟𝑏
𝑖𝑟𝑐
𝑖𝑟𝑑
𝑖𝑟𝑒]
 
 
 
 

= [𝐿𝑟]5𝑥5
−1

(

 
 
−[𝑟𝑟]

[
 
 
 
 
𝑖𝑟𝑎
𝑖𝑟𝑏
𝑖𝑟𝑐
𝑖𝑟𝑑
𝑖𝑟𝑒]
 
 
 
 

−

(

 
 𝑑

𝑑𝑡

[
 
 
 
 
𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
𝑖𝑠𝑑
𝑖𝑠𝑒 ]
 
 
 
 

)

 
 
[𝑚𝑠𝑟]5𝑥5 −

𝜕[𝑚𝑟𝑠]5𝑥5
𝜕𝜃

𝑑𝜃

𝑑𝑡

[
 
 
 
 
𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
𝑖𝑠𝑑
𝑖𝑠𝑒]
 
 
 
 

)

 
 

 (3) 

While knowing that the mutual matrix stator / rotor and rotor 

/ stator are given as follows: 
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With: 

 

[𝑚𝑟𝑠]5𝑥5 = [𝑚𝑠𝑟]5𝑥5
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With: 

 
𝑑𝜃

𝑑𝑡
= 𝑃Ω = ω (5) 

 

The electromagnetic torque is expressed as follow: 

 

214



 

𝐶𝑒𝑚 =
𝑃

2
([𝑖𝑠]

𝑡 𝜕[𝑚𝑠𝑟]

𝜕𝜃
[𝑖𝑟] + [𝑖𝑟]

𝑡 𝜕[𝑚𝑟𝑠]

𝜕𝜃
[𝑖𝑠]) (6) 

 

 

3. SIMULATION RESULTS 

 

The model has been implemented under MATLAB / 

Simulink. The machine is started in normal mode, a load of 

15𝑁.𝑚 is applied at t=1.5s once the regime is established, the 

opening of one or two phases is caused at t=2s. In this way 

several scenarios are studied: 

• Opening of one phase “phase a” 

• Opening of two adjacent phases “phase a and b” 

• Opening of two non-adjacent phases “phase a and c” 

The mechanical performance of the machine 

(electromagnetic torque, mechanical speed and efficiency) 

under the various faults are given in Figure 2, Figure 3 and 

Figure 4 respectively. While Figures 5-7 shows the shape of 

the stator currents. 

 

 
 

Figure 2. Electromagnetic torque of the five phase induction 

machine under different phase opening faults 
 

 
 

Figure 3. Mechanical speed of the five-phase induction 

machine under different phase opening faults 
 

 
 

Figure 4. Efficiency of the five-phase induction machine 

under different phase opening faults 

 
 

Figure 5. Stator current of the five-phase induction machine 

with the phase “a” open 

 

 
 

Figure 6. Stator current of the five-phase induction machine 

with the phase “a and c” open  

 

 
 

Figure 7. Stator current of the five-phase induction machine 

with the phase “a and b” open  

 

 

4. INTERPRETATION AND ANALYSIS OF RESULTS 

 

Given the large number of tests and data obtained, it is 

difficult to interpret all defects that can arise in a traction 

system. To overcome this difficulty a multi-variable 

(multidimensional) analysis is required.  

For this, we have gathered all the data obtained in a single 

table with as witness current. This table will be processed by a 

Principal Components Analysis method that can be done with 

several statistical packages such as (Statistical, R, and SAS), 

for our analysis, the XLSTAT software is used. 

When studying a large number of quantitative variables 

simultaneously. The difficulty comes from the fact that the 

individuals studied are no longer represented in a plane, two-

dimensional spaces, but in a larger dimension space. The goal 

of Principal Component Analysis (PCA) is to return to a two-

dimensional space while preserving as much information as 
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possible. It is therefore necessary to obtain the most relevant 

summary of the initial data.  

It is the variance-covariance matrix (or that of the 

correlations) that will make it possible to produce this relevant 

summary, because we essentially analyze the dispersion of the 

considered data. From this matrix, we will extract, by an 

appropriate mathematical process, the factors we are looking 

for, in small numbers. They will make it possible to realize the 

desired graphs in this small space, by deforming as little as 

possible the global configuration of the individuals as is 

defined by the set of initial variables. It is the interpretation of 

these graphs that will make it possible to understand the 

structure of the analyzed data. 

 

 
 

Figure 8. Correlation circle 

 

Before dealing with all the defects in the drive system, we 

here propose to treat the first fault family. We start with phase-

opening faults with a balanced sinusoidal supply. We applied 

the PCA in Table 1 to do this we must first identify the 

statistical individuals, for our case the default types are 

considered as statistical individuals that are noted (S, D1, D2 

and D3). 

From the Table 2 a strong correlation of electromagnetic 

torque with speed and efficiency is noticed, but the 

fundamental of current inverse correlation with speed and 

efficiency. According to the Table 3, all the variables are in 

perfect agreement with the first fictitious component of the 

PCA. 

The circle of correlations illustrated in the Figure 8 gives an 

immediate synthetic view of the interactions between the 

variables in a very explicit graphical way. The angle between 

C
moy 

em , moy and moy is low which means a strong correlation. 

On the other hand, the angle between the moy and i
fon 

d  is around 

180°, which means a strong inverse correlation between these 

two. 

The diagram (see Figure 9) groups the first factorial plane 

with the circle of correlations that allows us to better compare 

the interactions that exist between the deferential variables 

with the deferential phase opening defects. The healthy regime 

superimposes on the range of moy and as the Euclidean 

distance separating the defect D1 of S is the weakest, and as 

the correlation between then moy and i
fon 

d  very weak then D1 

is not dangerous a short term. However, the defects D2 and D3 

are further moy and as they are closer to the i
fon 

d  then these two 

defects are more dangerous than D1, is the latter that should 

be monitored the most. What is sense, the loss of a phase is 

less harmful than the loss of two phases. 

 

 
 

Figure 9. Representation of individual 

 

Table 1. Failure to open phase with a direct supply 

 
Code Default type 𝚪𝒆𝒎

𝒎𝒐𝒚
(𝑵.𝒎) 𝒊𝒅

𝒇𝒐𝒏
(𝑨) 𝛀𝒎𝒐𝒚(𝒓𝒅 𝒔)⁄  𝜼𝒎𝒐𝒚 THD(%) 

S Healthy 13.35 3.375 150.8 0.9 0.01 

D1 Opening of phase “a” 13.31 4.623 150.46 0.882 0.03 

D2 Opening of phases “a” and “b" 13.226 6.34 149.878 0.8508 0.04 

D3 Opening of phases “a” and “c" 13.17 6.522 149.629 0.8505 0.06 

 

Table 2. Variables correlation matrix 

 
Variables 𝚪𝒆𝒎

𝒎𝒐𝒚
(𝑵.𝒎) 𝒊𝒅

𝒇𝒐𝒏
(𝑨) 𝛀𝒎𝒐𝒚(𝒓𝒅 𝒔)⁄  𝜼𝒎𝒐𝒚 THD (%) 

Γ𝑒𝑚
𝑚𝑜𝑦

(𝑁.𝑚) 1 -0.963 0.994 0.957 -0.970 

𝑖𝑑
𝑓𝑜𝑛

(𝐴) -0.963 1 -0.987 -0.998 0.934 

Ω𝑚𝑜𝑦(𝑟𝑑 𝑠)⁄  0.994 -0.987 1 0.982 -0.964 

𝜂𝑚𝑜𝑦 0.957 -0.998 0.982 1 -0.913 

THD(%) -0.970 0.934 -0.964 -0.913 1 
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Table 3. Squares variables 

  
F1 F2 

Γ𝑒𝑚
𝑚𝑜𝑦

(𝑁.𝑚) 0.981 0.007 

𝑖𝑑
𝑓𝑜𝑛

(𝐴) 0.980 0.017 

Ω𝑚𝑜𝑦(𝑟𝑑 𝑠)⁄  0.998 0.000 

𝜂𝑚𝑜𝑦 0.967 0.032 

THD(%) 0.940 0.053 

 

 

5. CONCLUSION 

 

In this paper a new analysis model of stator open phase 

faults in a five-phase induction motor was presented. The 

method used in this work based on the use of model in the 

natural frame was clearly mentored, and the most advantage 

of this model is that it can be used easily to study the defects 

resulting from connections or disconnections winding, as it 

was demonstrated in this paper, and also the magnetic non-

linearity and the effect of space harmonics are taken into 

account which makes the analysis more interesting. The results 

provided by the method of classification (PCA) are very 

encouraging despite this type of statistical tool is little used 

until now in the field of electrical machinery, or in this work 

demonstrate the interest of this method since it makes the 

variables homogeneously balanced between them and 

provided a set of correlations of the variables which makes the 

collection of information and effects very easy. 

This paper allowed us to synthesize the effect of stator open 

phase faults while focusing on their genesis and effect, and 

always has as results in different cases, an increase in torque 

ripples and decrease in mechanical speed and efficiency, 

where there is a strong correlation between electromagnetic 

torque, mechanical speed and efficiency, or there is a strong 

inverse correlation between efficiency and fundamental of 

current.   
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NOMENCLATURE 

 

𝑓 Viscous friction 

𝐽 Inertia 

𝑖𝑠 
𝑖𝑟  
𝐿𝑚 
𝐿𝑠 
𝐿𝑟 
𝑃 
𝑅𝑟 
𝑅𝑠 
𝑣𝑟  
𝑣𝑠 

Stator currents 

Rotor currents 

Magnetizing inductance 

Per phase stator leakage inductance 

Per phase rotor leakage inductance 

Number of pole pairs 

Rotor resistances  

Stator resistances 

Rotor voltage 

Stator voltage 
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Greek symbols 

 

𝜓𝑟  Rotor  flux  

𝜓𝑠 Stator flux 

𝜃𝑟 Electrical angle  

Γ𝑒𝑚 Electromagnetic torque 

𝜔𝑟 Rotor electrical speed 

Ω𝑟  Rotor mechanical speed 
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