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Abstract— Increasing interest has been shown in multiphase 

drives for medium and high-power industrial applications, 

owing to their specific advantages when compared to their 

three-phase counterparts. High-resistance connections cause 

stator resistance unbalance, leading to a degraded performance 

of the machine, which in turn affects the efficiency and 

reliability of the machine and the overall system.  

In this paper, an improved field-oriented control scheme is 

designed to detect stator high-resistance connections, localize 

the affected phase/phases, and compensate the effect of the 

stator fault in order to keep the drive behavior nearly 

unchanged until a safe procedure to stop the drive is activated. 

The proposed control strategy is based on an analytical model 

that takes into account the stator resistance unbalance 

introduced by a high resistance connection, exploiting the 

control signals derived from multi-reference frame current 

regulators. 

The theoretical analysis of the diagnosis approach and the 

corresponding fault-tolerant control strategy are fully tested by 

numerical simulations. 

Keywords— Fault diagnosis, high resistance connection, 

electrical fault detection, fault location, fault tolerance, 

permanent magnet motors, variable speed drive. 

I. INTRODUCTION 

Multiphase machines have gained significant interest by 

the research community in the last decade, becoming a 

feasible solution for a wide range of industrial applications.  

Actually, multiphase Permanent Magnet Synchronous 

Motors (m-PMSMs) are well recognized as a favored choice 

for applications requiring high reliability, ranging from 

traction systems to energy generation systems [1], [2]. Due to 

their high-power density, large power-to-weight ratio, high 

efficiency, and high torque-to-current ratio, m-PMSM 

represent a potential solution for modern aerospace or 

traction systems, as well as several applications requiring 

high availability and fault tolerance capabilities [2], [3].  

However, m-PMSM are exposed to stator faults which, if 

not detected and localized at incipient stage, can propagate 

leading to serious damages for the whole drive [4]. 

High-resistance connections (HRCs) are common 

problems that can affect the stator winding connections at 

the motor terminals and/or the power devices connected 

between the machine and the supply source in industrial 

drives [5], [6]. They are generally caused by a combination 

of poor workmanship, thermo-mechanical effects, and/or 

contact surface damage. Thus, the contact resistance increase 

is accelerated, leading to localized thermal overloading, 

which imposes a voltage unbalance to the motor. It can be 

concluded that the propagation of HRC will not only affect 

the concerned stator phases, but also the mechanical parts and 

very probably shortening its lifetime.  

The classical techniques for detecting HRC include the 

offline resistive imbalance test, or visual inspection. Reliable 

sensorless techniques dedicated to online monitoring, which 

are based on negative-sequence current and zero-sequence 

voltage have been proposed for three-phase machines [7], [8]. 

Different techniques for the diagnosis of stator faults have 

been developed. Impressive research efforts have been 

carried out in recent years for the development of fault-

tolerant strategies under faults for m-PMSMs [9], [10], [11], 

[12]. In [12], two current control modes, that tolerate an 

open-phase fault for six-phase PMSM, which provide 

minimum stator losses and maximum torque output are 

developed.  

An attractive approach based on the combination of merits 

of both common and separate neutral point configurations for 

optimizing the performances under open-phase fault for six-

phase PMSM, is presented in [10]. A postfault decoupling 

model with reduced-order transformation is established for 

six-phase PMSM in [13], where the current references are 

reconfigured with the aim to ensure minimum losses and 

torque maximization. An interesting diagnosis technique 

developed for five-phase PMSM is developed in [14]. The 

proposed approach is based on the combined use of the so-

called “magnetic field pendulous oscillation” and the 
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symmetrical components method. Although the experimental 

effectiveness of the proposed approach, for detecting and 

localizing the fault, the necessity of operating at steady state 

condition remains its main limitation. 

 In [15], the model of a five-phase PMSM, under mixed 

stator HRC, and rotor demagnetization, was developed. An 

IFOC scheme that can maintain a nearly undisturbed 

behavior of the system, and furthermore detect and localize 

stator HRC is presented. Recently, the control principle 

developed in [15] was extended to six-phase PMSM, and 

experimentally validated in [16], where the detection process 

of HRC was based on tracking the output voltage of a current 

regulator implemented on the plane d5-q5, dedicated to the 

compensation of the inverse component introduced by the 

stator HRC.  

The main contribution of this paper is the fact that the 

assessment of the developed model under HRC exploits all 

the available subspaces to develop the principle of the fault 

tolerant control, and to design an on-line quantitative 

detection and localization methodology for six-phase 

PMSMs. More specifically, here the proposed strategy for 

on-line quantitative fault-detection and fault-localization is 

based on the exploitation of all the additional current 

regulators implemented to neutralize the disturbances 

imposed by the HRC on the stator currents. The theoretical 

analysis of the proposed strategy for online quantitative fault-

detection and fault-localization associated to the fault-

tolerant control scheme are analytically developed and tested 

by numerical simulations. 

II. SIX-PHASE PMSM MODELING 

The motor considered is a 30° asymmetrical six-phase 

PMSM affected by HRC, with separated neutral points (Fig. 

1). The developed model is valid in the general case of six 

different stator resistances.  

Based on the concept of the Vector Space Decomposition 

(VSD) principle [16], [17], and the stator winding design 

with two isolated neutral points, leading to stator current in 

the 3rd subspace equal to zero, the formulation of the voltage 

equations, expressed in the stator reference frame, can be 

limited to the 1st and 5th subspaces as: 
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d
iRiRiRiRv S
SSSSSSSSS

1*
505

*
4

*
1

*
10101

ϕ
++++= −+

 (1) 

dt

d
iRiRiRiRv S
SSSSSSSSS

5*
51050

*
10145

ϕ
++++= +−

 (2) 

The upper symbol "*" is used to represent the complex 

conjugate value of a variable. As can be evidenced in (1) and 

(2), the stator resistance voltage drops are described by two 

real ( −+
00 , SS RR ) and two complex  ( 410 , SS RR ) resistance 

components, which are defined by the following 

transformations:  
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where �� = �� �/	. 

The stator flux space vectors can be formulated as 
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where γ = (π–β)/2 and β is the magnet pole arc in electrical 

radians. 

Based on the previous formulations, the electromagnetic 

torque Tem can be formulated as 
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where the constant values ϕMρ  depend on the rotor permanent 

magnet shape and the stator winding arrangement.  

Based on the torque expression (9), and besides the 

fundamental component, different additional oscillating 

contributions can be evidenced. Thus, in order to ensure a 

uniform torque, the control system should be tuned for 

keeping 
5S

i  equal to zero. Whereas a specific machine 

design can be adopted for minimizing the contribution of the 

11th flux harmonic, which was practically achieved by using 

a stator winding pitch of 165°. 

 
Fig. 1. Asymmetrical six-phase surface-mounted PMSM with two separated
neutral points. 

 



III. HRC FAULT Tolerant Control 

To better emphasize the principle of the proposed IFOC 

strategy, it is useful to reformulate the stator voltage 

equations (1)-(2) in the rotating reference frames, where the 

needed current regulators are conventionally implemented. 

Substituting the stator flux space vectors formulated by (7)-

(8) into (1)-(2), respectively, and applying the adequate 

transformations from stator to rotating reference frames 

(superscript “r”), the new stator voltage equations can be 

written as 

( ) ( ) θγφωγφω

ω

12
111

11
1

1,1101

11cos22cos2
j

MM

r
SS

r
S

S
r

HRCS
r

SS
r
S

ejj

iLj
dt

id
LviRv

−

+

−+

+++=
 (10) 

( )

( ) θγφω

γφω

12
7

5,55

7cos14

5cos10

j
M

M
r

HRCS
r
S

ej

jvv

−
−

+=
   (11) 

where 
θ2*

1
*
10,1

jr
SS

r
HRCS eiRv −=     (12) 

θθ 6*
10

4
14,5

jr
SS

jr
SS

r
HRCS eiReiRv −−− +=   (13) 

It is worth noting that the space vectors r
HRCSv ,1  and 

r
HRCSv ,5  represent the voltage drops introduced by the stator 

HRC, in the d1-q1 and d5-q5 planes, respectively.  

The basic FOC strategy is often adopted for multiphase 

PMSM, where the control scheme for six-phase configuration 

can be clearly identified by the current controllers PI1.1, PI5.1, 

PI1.2 and PI5.2 illustrated in Fig. 2. The basic FOC 

configuration can be improved in such a manner that the 

performances of the machine are not altered by stator HRC. 

Examining the formulation of the stator voltages (10)-(11), 

the quantities r
HRCSv ,1  and r

HRCSv ,5 appear as disturbing 

quantities caused by the presence of HRC. In order to cope 

with these disturbing effects, an Improved FOC (IFOC) is 

proposed (Fig. 2). For correct stator current reference 

tracking, three additional current controllers, namely PI1.3, 

PI5.3 and PI5.4, have been implemented in reference frames 

synchronized with the different angular speeds of the voltage 

vectors drops r
HRCSv ,1  and r

HRCSv ,5 . 

Finally, it is important to note that the output voltages of 

the added current controllers PI1.3, PI5.3 and PI5.4, can be very 

useful for implementing the new on-line stator HRC 

diagnosis strategy suitable for six-phase PMSM drives. This 

issue will be investigated in the next section. 

IV. HRC FAULT DETECTION AND LOCALIZATION 

Based on the voltage space vectors (10)-(13), expressed in 

the rotating reference frames, the proposed IFOC scheme is 

able to achieve a proper tracking of the reference stator 

current space vectors 
r

refSi ,1  and 0,5 =r
refSi , in healthy 

conditions as well as under stator HRC.  

Examining the four stator resistance components 

expressed in (3)-(6), one can note that under balanced stator 

resistance for the healthy case, only +
0SR , i.e. the mean value 

of the six stator resistances, is different from zero. Thus, the 

remaining three components 1040 ,, SSS RRR− are 

representative of the stator HRC that can affect the symmetry 

of the six phase-resistances. 

According to (10)-(13), and taking into account the 

behavior of the proposed IFOC control scheme (Fig. 2), it is 

possible to recognize that the voltage outputs of the current 

controllers PI1.3, PI5.3 and PI5.4 assume the following 

expressions 
*
1

*
103.1

r
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*
103.5

r
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r
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According to (14)-(16), the estimated stator resistance 

components 1040 ,, SSS RRR−  can be estimated as 

 

Fig. 2. Block diagram of the proposed control scheme. 
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Based on the inverse transformations, corresponding to 

those formulated by (3)-(6), and taking into account the 

estimated stator resistance components expressed in (17)-

(19),   the estimated phase resistance deviations with respect 

to their mean value can be evaluated by the following 

equations 
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By monitoring the values of the six resistance variations 

(20)-(25) it is possible to ensure a clear detection and localize 

the extend of the HRC propagation. 

V. SIMULATION RESULTS 

To evaluate the performance of the proposed IFOC 

architecture and the associated diagnosis strategy (Fig. 2), the 

controlled six-phase PMSM drive was implemented in 

Matlab/Simulink™ for numerical simulations. The main 

parameters of the motor are listed in Table I, which 

corresponds to the real machine used for the experimental 

tests. HRC fault was emulated by additional resistors in series 

with the phase affected by the fault.  Initially, the six-phase 

PMSM was controlled by the basic FOC algorithm 

configuration, where only the current regulators PI1.1, PI1.2, 

PI5.1, and PI5.2 are activated. The simulations were carried out 

under healthy and HRC fault (Radd=1.0 p.u.) in phase a1.  

The corresponding current waveforms of phases a1 and b2 

are reported in Fig. 3-a and Fig. 3-b, respectively, where the 

current magnitude variation from healthy to faulty conditions 

can be observed. A third simulation was carried out, where 

the six-phase PMSM is unbalanced by the phase a1 

(Radd=1.0 p.u.) but controlled by the proposed IFOC 

algorithm. As can be seen in Fig. 3-c, the machine operation 

is regular with balanced currents (Fig. 3-c), confirmed by a 

null current space vector of 5Si  on plane α5-β5 (Fig. 3-f), 

leading to a good ability of the proposed IFOC to compensate 

the effects of unbalance although the important degree of 

unbalance with 1.0 p.u. of Rs in phase a1. 

 
Fig. 3. Behavior of the drive when the six-phase PMSM operates at rated 

speed and 50% of the rated load. (a) Healthy machine controlled by a 
standard FOC. Unbalanced machine by phase a1 (Radd=1.0 p.u.) when 

controlled by (b) a standard FOC, and (c) the proposed IFOC. (d)-(f) Loci of 

the current space vector on plane α5-β5 corresponding to the (a)-(c)
conditions, respectively. 

 
Fig. 4. Simulation results: Behavior of the drive when the six-phase PMSM 

is controlled by the IFOC and is operated at 1000 r/min with 50% of the rated 

load. (a) Stator current of phase a1. Waveforms of the d-q voltage outputs of 
the current controller (b) PI1.3, (c) PI5.3, and (d) PI5.4. (e)  Estimated resistance 

variation of the stator phase a1 with respect to the actual average value. 

Fig. 5. Simulation results: Behavior of the drive when the resistance of phase 

a1 is increased by 0.36 Ω. The six-phase PMSM is controlled by the IFOC 
and is operated at 1000 r/min with 50% of the rated load. (a) Stator current 

of phase a1. (b) Resistance variations of the stator phases with respect to the 

actual average value. 



In Fig. 4, the behavior of the proposed IFOC strategy, 

where the additional resistor (Radd) inserted in series to 

phase a1 is increased from zero to 1.0 p.u., is reported. 

Initially, the machine operates in healthy condition 

(Radd=0.0 Ω) during the first-time interval of 1 s. The d-q 

voltage components generated by the current controllers PI1.3, 

PI5.3, PI5.4, and the resistance deviation ΔRSa1 are equal to 

zero. As soon as the stator resistance RSa1 increases of 1.0 p.u. 

(0.36 Ω as rated value) at t=1s, the voltage components 

vPI1.3,d-q, vPI5.3,d-q, and vPI5.4,d-q change to compensate the effect 

of the stator asymmetry, and at the same instant (at t=1s) the 

resistance deviation ΔRSa1 change from 0.0 Ω to about 0.3 Ω 

with respect to the average value of the phase resistances. 

Theoretically, the mean value of the six phase resistances 

becomes 0.42 Ω. Thus, the expected resistance deviation 

ΔRSa1 is 0.72-0.42 ≅ 0.3 Ω, which is validated by the 

numerical simulations result reported in Fig. 4-e, leading to 

an accurate full stator HRC detection and quantification.  

In order to assess the ability of the proposed approach in 

terms of stator HRC localization, the resistance variations 

ΔRSan,bn,cn (n=1,2) of all phases have been evaluated and 

reported in Fig. 5, under the same operating conditions. As 

can be seen in Fig. 5-b, the resistance deviation ΔRSa1 is of 

0.3 Ω, whereas the remaining five deviations are respectively 

equal to 0.36-0.42 ≅ -0.06 Ω, leading to an accurate detection, 

quantification and localization of the stator fault.  

Fig. 6 shows the behavior of the machine under two stator 

phases affected by HRC. Initially, the machine operates 

under healthy condition for a first-time interval of 1 s. Then, 

the resistances of phase a1 and b2 are incremented by 0.36 Ω 

and 0.18 Ω, respectively. The detailed behavior of the 

resistance deviations of all phases is reported in Fig. 6-b. 

With the actual mean value of the phase resistances (0.45 Ω), 

the resistance deviations of ΔRSa1 and ΔRSb2 are equal to 0.27 

Ω and 0.09 Ω, respectively, whereas the remaining phase 

deviations are equal to -0.09 Ω. These theoretical values are 

clearly validated by simulation results reported in Fig. 6-b, 

leading to an effective quantitative detection and localization 

of the stator phases affected by HRC.  

Finally, in order to evaluate the sensitivity of the proposed 

approach for detecting and localizing a phase affected by 

HRC, the PMSM was run at 1000 r/min with 50% of the rated 

load, for different stator HRC severities, i.e., Radd=0.18 Ω, 

0.36 Ω (equal to Rs), 0.54 Ω, 0.72 Ω, 0.9 Ω, and 1.08 Ω, 

affecting phase-a1.  

The behavior of each phase resistance variation, under the 

considered stator HRC severity cases, are reported in Fig. 7. 

Observing the proportional evolution of the resistance 

variation of phase a1, corresponding to the increments of 

unbalance, it is evident that the detection process adopted 

provide not only clear discrimination between healthy and 

faulty conditions, but also an effective quantification of the 

HRC fault severity. Furthermore, the equal values of the 

phase resistance variation of the remaining five healthy 

phases, when compared to resistance variation of phase a1, 

confirms the ability of the proposed approach to localize the 

fault. It is worth noting that the more significant is the degree 

of HRC, the more the phase affected by the fault is 

quantitatively easier to be localized. 

VI. CONCLUSION 

The paper presents a new mathematical model for an 
asymmetrical six-phase PMSM under HRC fault, which 
exploits the additional degrees of freedom used to investigate 
the behavior of the motor in different α-β planes. The 
presented analytical model has a general validity, showing the 
possibility to investigate new diagnostic techniques based on 
monitoring the manipulated control signals in different 
reference frames. It is shown that the proposed strategy 
provides not only detection, but also effective localization of 
more than one phase affected by HRC fault.  

Actually, the proposed strategy is experimentally 
implemented and have shown very promising results. A 
complete set of experimental tests under different conditions 
will be presented in a future publication. 

TABLE I.  PARAMETERS OF SIX-PHASE PMSM 

Phase resistance 0.36 Ohm 

Pole number  4 - 

Phase inductance 1.44 mH 
Slot number 48 - 

Stator winding pitch  165° el. degrees 

Rated speed 1000 rpm 

 
 

Fig. 6. Simulation results: Behavior of the drive when the resistances of phases 

a1 and b2 are increased by 0.36 Ω and 0.18 Ω, respectively. The six-phase 

PMSM is controlled by the IFOC and is operated at 1000 r/min with 50% of 
the rated load. (a) Stator current of phase a1. (b) Resistance variations of the 

stator phases with respect to the actual average value. 

 
Fig. 7. Simulation results: Behavior of each phase resistance variation with 
respect to the average value, under different stator HRC severities affecting 

phase-a1. The six-phase PMSM is controlled by the IFOC and is operated at 

1000 r/min with 50% of the rated load. 
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