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�Abstract -- Multiphase induction motors are receiving more 

and more interest in applications where safety and high 

reliability of operation are key items. Thus, condition 

monitoring of stator faults is crucial for guaranteeing high 

motor performance and efficiency. In this paper the behavior of 

an asymmetrical twelve-phase induction motor, with quadruple 

three-phase winding configuration, is investigated under high 

resistance connections affecting the stator windings. The 

analysis leads to a simple and effective methodology for 

detecting and localizing stator high resistance connections at 

incipient stage. The proposed approach is based on the 

computation of the voltage space vectors evaluated in the 

available four α−β planes. The performance of the proposed 

strategy is confirmed by means of numerical simulations. 

 
Index Terms— High-resistance connections, fault detection, 

fault localization, stator faults, multiphase induction motors, 

multiphase drives. 

I.   INTRODUCTION 

ULTIPHASE drives are nowadays well recognized as 

an attractive option for high current/high power 

applications as they provide higher efficiency and higher 

reliability than their three-phase counterparts [1], [2]. Their 

main advantages include: 1) amplitude reduction and 

frequency increase of torque pulsations, 2) lowering the rotor 

harmonic current losses and decreasing the dc link current 

harmonics, 3) higher fault-tolerance capabilities owing to its 

intrinsic active redundant structure. Thus, they are 

particularly adapted for energy production and transportation 

electrification where safety-critical is a key item, such as 

wind power generation systems [3], electrical ship 

propulsion [4],  or electrical vehicles [5]. 

Among different topologies, multiphase induction motors 

based on multiple three-phase winding sets (symmetrical or 

asymmetrical configuration) are becoming the preferred 

options. Aside the reliability of the associated standard three-

phase converters, multiple three-phase configuration 

provides an advantageous power flow modularity control, 

which is particularly useful in case of stator fault conditions. 

In this paper, an asymmetrical twelve-phase induction 
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motor, using a quadruple three-phase winding configuration, 

is investigated. As illustrated by Fig. 1, the four three-phase 

stator windings, with isolated neutral points, are arranged in 

the stator slots with a spatial shift of 15° electrical degrees. 

They are supplied by four independent two-level three-phase 

voltage source inverters. Due to the magnetic coupling 

among the four three-phase windings, the description of the 

quadruple three-phase machine is not trivial. Thus, a suitable 

machine model, based on multiple Space Vector 

Representation (SVR), has been developed [6]. 

Although the advantages of multiphase induction motor 

drives in terms of fault tolerance, they are exposed to stator 

faults which if undetected and localized at incipient stage can 

lead to major damages. Thus, condition monitoring of stator 

faults is crucial to define the appropriate fault-tolerant 

strategy that can be applied by exploiting the available 

degrees of freedom [7]–[10]. Stator winding faults are 

commonly classified as short-circuit and open-circuit [11]. 

Other stator winding degradations are not destructive at 

incipient stage but can evolve and initiate serious damages to 

the motors. In addition to the well-known percentage (21%) 

of stator windings faults, established in [12], an important 

survey on converter reliability has revealed that 31-37.9 % of 

all converters failures are caused by power parts [13], [14]. 

Nowadays, high resistance connection (HRC) is clearly 

identified as a potential initiator of the stator failures. More 

specifically, HRC is a gradual degradation that commonly 

affects the motor power connections and/or the associated 

converters. HRC is generally caused by poor workmanship, 

excessive vibration levels, metal fatigue, and accentuated by 

overheating.  

Different techniques for stator faults diagnosis and fault 

tolerance have been already presented in literature for three-

phase induction motors [15], [16]. The classical techniques 
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Fig. 1.  Schematic diagram of the asymmetrical twelve-phase induction 

motor drive consisting in four voltage source inverters supplying a 

quadruple three-phase windings. 
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for detecting high resistance connections comprise practices 

such as offline resistive unbalance test, infrared 

thermography, the voltage drop survey, and visual 

inspections. Recently, sensorless on-line techniques based on 

the zero-sequence voltage, negative sequence current, and 

negative-sequence regulators have been proposed for three 

phase induction machines [17]–[21]. 

For multiphase induction motors, the main contributions 

have been mainly oriented to the development of fault 

tolerant strategies more than fault diagnosis approaches [7].  

In [22], a control scheme that can detect the stator 

resistance asymmetry in a seven-phase induction motor has 

been presented. More recently, an improved field-oriented 

control scheme for twelve-phase induction motor has been 

proposed in [6], where the stator asymmetry can be detected 

and compensated ensuring an undisturbed behavior of the 

induction motor drive.  

Among different diagnosis strategies, signal-based 

methods are actually the preferred approaches [8]. In the 

present paper, a new simple and effective diagnosis approach 

is proposed for providing fast detection and localization of 

incipient stator high resistance connections in an 

asymmetrical twelve–phase induction motor drive. 

II.   TWELVE-PHASE INDUCTION MOTOR MODELING 

The considered machine is a 15° asymmetrical twelve-

phase induction motor composed by four three-phase 

windings whose neutral points are isolated, as illustrated by 

Fig. 2.  

Every three-phase winding set, namely A, B, C, and D, 

can be described in terms of a three-phase zero-sequence 

component, and a three-phase space vector. The 

corresponding direct and inverse transformations are given 

by (1)-(2) and (3)-(5), respectively. 
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where the symbol “*” identifies the complex conjugate, and 

H = A, B, C, and D. 

A.   Multiple SVR 

Multiple SVR is very useful for multiphase machines 

analysis. Here, a model for an asymmetrical twelve-phase 

induction motor, having four separate neutral points, has 

been developed by introducing six specific space vectors, 

which can be formulated as: 
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Two further space vectors, depending on the four zero-

sequence components, are defined as follows: 
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The corresponding inverse transformations are given by 
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B.   Twelve-phase Machine Model under Healthy Condition 

The analytical model of the twelve-phase induction 

machine, expressed in terms of multiple SVR in a stationary 

reference frame, can be expressed by (20)-(25) as in [6]: 

 
Fig. 2.  Quadruple three-phase winding configuration for asymmetrical 

12-phase IM.  

66
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where the stator voltage vectors and the associated stator 

flux vector, expressed in the ρth α-β planes, are given by (20) 

and (21)-(22), respectively. The rotor current vector and the 

rotor flux vector, expressed in the α1-β1 plane, are denoted as 

1Ri , 1Rϕ respectively. The parameters LS1, LR1, and M1 are 

the self and mutual inductances of the first α-β plane, 

whereas ρlSL are the stator leakage inductances expressed in 

the ρth α-β planes, and p the number of pairs of poles. 

Finally, the electromagnetic torque is expressed by (25), 

where "·" denotes the scalar product. As can be seen, the 

variables involved in the electromagnetic torque developed 

by the machine are related to the α1-β1 plane, thus the torque 

control is achieved by acting on the space vector 1Sv . 

Considering (20)-(22), three other decoupled sets of 

equations, expressed in the α5-β5, α7-β7, and α11-β11 planes 

(auxiliary variables), respectively, can be identified. Since 

the space vectors 5Sv , 7Sv , and 11Sv  define the auxiliary 

stator current vectors, they must be kept contemporarily 

under control. 

C.   Twelve-phase Machine Model under HRC Condition 

For a twelve-phase induction motor affected by HRC, 

leading to a stator resistance unbalance, the elaboration of a 

new analytical model is necessary. As can be seen from the 

previous formulation of the healthy machine established by 

(20)-(25), in case of stator asymmetry only the stator voltage 

equations (20) written in the four ρth α-β planes must be 

accordingly reformulated. Thus, starting from the fact that 

the twelve stator resistance phases can be different, the 

formulation of the twelve stator voltage equations is needed, 

which can be expressed by: 
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where the three-phase zero-sequence resistance components 

RSA0, RSB0, RSC0, RSD0, and the three-phase resistance space 

vectors SAR , SBR , SCR , SDR  are formulated by (34) and 

(35), respectively. 
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Owing to the star connection of each three-phase set of 

windings, the corresponding current zero-sequence 

components are equal to zero. By introducing the three-phase 

space vector representation, the three-phase stator voltages 

can be formulated as 
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An effective stator HRC detection and localization 

approach, based on the developed model and more 

specifically on equations (30)-(33),  has been developed in 

[6]. According to  equations (26)-(29), the stator voltage 

space vectors, expressed in the α1-β1, α5-β5, α7-β7, and α11-

β11 planes, are directly affected by the HRC fault.  

More specifically, under steady state operating conditions, 

each stator voltage space vector comprises not only a direct 

but also an inverse component. Thus, a simple and effective 

new diagnosis technique for HRC detection and localization 

can be based on the direct analysis of the four stator voltage 

space vectors 1Sv , 5Sv , 7Sv , and 11Sv , expressed by (26)-

(29). According to (36)-(39), also the three-phase voltage 

vectors SAv , SBv , SCv , and SDv are subsequently affected by 

the stator asymmetry, leading to a second alternative of 

signal analysis for possible detection and localization of the 

fault. These approaches will be fully investigated in the next 

sections. 
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TABLE I 

TWELVE-PHASE INDUCTION MACHINE PARAMETERS 

 

Prated = 100 kW  RS =  5.7 mΩ  LSl5  = 43.4  µH

IS, rated = 113 Arms  RR =  6.1 mΩ  LSl7  = 41.7 µH

VS,rated = 150 Vrms  LS1 =  2.67 mH  LSl11 = 77.7 µH

fS,rated =  200 Hz  LR1 =  2.71 mH 

 p = 2 (pairs) M1 = 2.59 mH 
 

 

III.   STATOR DISTURBANCE-FREE CONTROL SCHEME 

The twelve-phase induction motor control scheme is 

based on a rotor Field-Oriented Control (FOC) scheme, 

ensuring a decoupled regulation of torque, and rotor flux 

(Fig. 3). The current regulators PI(c) and PI(d), which are 

implemented in a reference frame synchronized with the 

rotor flux, are adopted to track the current references. 

The basic control configuration has been enhanced in such 

a way that the machine operation is not affected by stator 

asymmetries. More specifically, under healthy condition, the 

current space vectors 5Si , 7Si , and 11Si  are theoretically 

equal to zero. However, when the stator symmetry is lost, the 

proposed control system is designed to apply the appropriate 

voltages, so these currents are maintained equal to zero. 

Therefore, a stator disturbance-free operation of the 

multiphase drive is ensured. Hence, to compensate the 

negative effects of these fault components, pairs of PI 

regulators (PI(e), PI(f), PI(g), ..., PI(j), PI(k)) implemented in 

two reference frames rotating in the same and in the opposite 

direction of the field-oriented reference frame, have been 

implemented in each plane. Finally, it is important to notice 

that the regulator gains tuning is not critical, and it has been 

made by trial-and-error method. 

IV.   SIMULATION RESULTS 

To investigate the performance of the proposed approach 

for stator fault detection and localization, the twelve-phase 

induction motor controlled by the proposed control scheme 

have been implemented in Matlab/Simulink. The machine 

parameters are reported in Table I. The DC bus voltage for 

each three-phase VSI is of 215 V, where the switching period 

is of 100 µs. All simulations have been carried out running 

the induction motor at constant speed of 3000 rpm, and the 

rotor flux and torque references are maintained constant at 

rated values (0.092 Wb, 160 Nm). 

Initially, the behavior of the induction machine has been 

tested under healthy condition, where the twelve stator phase 

resistances are identical and equal to Rs. Then, for the same 

rated operating point, an additional resistance, equal to 50% 

of the rated resistance Rs, is added to phase A1. The four 

figures (Fig. 4 to Fig. 7) show the behavior of the drive, in 

terms of loci of the voltage space vectors expressed in the 

 
Fig. 3.  Control scheme of the twelve-phase induction motor with the capability of stator asymmetry compensation.  
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four α-β planes, respectively, under healthy and faulty 

operating conditions. As can be seen in Fig. 4, the locus of 

the voltage space vector 1Sv is circular for healthy condition 

(Fig. 4-a), as well as under faulty operating conditions (Fig. 

4-b). This result ensures a good performance of the twelve-

hase machine in terms of torque ripple. The corresponding 

loci of the voltage space vector 5Sv , are reported in Fig. 5-a 

and Fig. 5-b, respectively, where the behavior of the drive is 

very different from healthy to faulty conditions. More 

specifically, under healthy condition, the locus of 5Sv  is 

zero (Fig. 5), which is expected by the control system, where 

the set point of 5Si  is assumed equal to zero (Fig. 3). 

However, under faulty condition, the voltage space vector 

5Sv  increase sensibly as shown in Fig. 5-b, which justify the 

existence of a direct and inverse components as expected by 

equation (27). Observing the corresponding loci of the 

voltage space vectors 7Sv and 11Sv , depicted in Fig. 6 and 

Fig. 7, respectively, the same observations can be made. In 

fact, the reported results shown in Fig. 6-b and Fig. 7-b were 

analytically predicted by equations (28) and (29), where the 

contributions of a direct and an inverse component due to the 

presence of HRC is expected. At this point of the 

investigations, the loci of the voltage space vectors 5Sv , 

7Sv and 11Sv have shown significant shape variations, from 

healthy to faulty condition, leading to an interesting stator 

HRC fault signature for this type of multiphase induction 

machines. The established detection approach, which allows 

a clear discrimination between healthy and stator fault 

operating condition, can be quantitatively emphasized by 

spectral analysis of the respective ρth voltage space vectors. 

The spectra of the voltage space vectors 1Sv , 5Sv , 7Sv and 

11Sv are depicted in Fig. 8-Fig. 11, respectively, under 

healthy and stator HRC. The spectra of 1Sv  under healthy, 

and faulty condition are reported in (Fig. 8-a) and (Fig. 8-b), 

respectively, where the dominance of the fundamental 

component can be clearly evidenced for both cases, which 

confirm the circular behaviors observed in Fig. 4-a, as well 

as in Fig. 4-b for the faulty case. It should be noted that 

under a 50% of stator unbalance affecting phase A1, the 

inverse component has shown a relevant amplitude of 

approximately -30 dB.  

Comparing the spectra of 5Sv  under healthy (Fig. 9-a), 

and faulty (Fig. 9-b) condition, the contributions of the direct 

and inverse components, from healthy to stator fault 

condition, can be clearly evidenced with amplitudes of 

approximately -30 dB (Fig. 9-b). It is worth noting that this 

result is in a complete accordance with the analytical 

formulation of the voltage space vector 5Sv  formulated in 

(27), and confirm the loci behavior of Fig. 5. The same 

conclusions can be made when examining the spectra 

corresponding to the voltage space vectors 7Sv and 11Sv ,   

reported in Fig. 10 and Fig. 11, respectively under healthy 

Fig. 4. Loci of the voltage space vectors, in the α1-β1 plane, under a) healthy 

condition, and b) stator asymmetry of 50% in phase-A1. The vector-

controlled machine is rotating at constant speed of 3000 rpm, and under the 

rated torque of 160 Nm. 

 

 Fig. 5. Loci of the voltage space vectors, in the α5-β5 plane, under a) healthy 

condition, and b) stator asymmetry of 50% in phase-A1. The vector-

controlled machine is rotating at constant speed of 3000 rpm, and under the 
rated torque of 160 Nm. 

 

 

Fig. 6. Loci of the voltage space vectors, in the α7-β7 plane, under a) healthy 

condition, and b) stator asymmetry of 50% in phase-A1. The vector-

controlled machine is rotating at constant speed of 3000 rpm, and under the 
rated torque of 160 Nm. 

 

Fig. 7. Loci of the voltage space vectors, in the α11-β11 plane, under a) 

healthy condition, and b) stator asymmetry of 50% in phase-A1. The vector-
controlled machine is rotating at constant speed of 3000 rpm, and under the 

rated torque of 160 Nm. 

5 5

7 7
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and stator HRC. At this level of investigations, the amplitude 

variation of the direct and inverse components emerged 

under faulty condition, can be adopted as reliable fault 

indexes for detecting and quantifying stator HRC affecting a 

twelve-phase induction motor. Once the fault is detected, the 

localization of the fault is a key step for defining actions to 

be taken, and mainly the appropriate fault-tolerant strategy 

that can be applied by exploiting the available degrees of 

freedom. Loci of the voltage space vectors 1Sv , 5Sv , 7Sv

and 11Sv , under different stator asymmetries of 50% 

affecting phase A1, phase C3, phase D1, and phase-B2, are 

reported in Fig. 12a-Fig. 12d, respectively. Observing the 

angle variations adopted by each locus of the voltage space 

vectors 5Sv , 7Sv , and 11Sv , according to the fault location 

cases, leads to an effective identification of the phase 

affected by the stator HRC. As already analytically 

established by equations (36)-(39), the reference voltage 

space vectors SAv , SBv , SCv and SDv , are also affected in 

case of stator HRC. In Fig. 13, the spectra of the voltage 

space vectors SAv , SBv , SCv and SDv , under a stator 

asymmetry of 50% in phase-A1, are reported. As can be seen 

only the voltage space vector SAv  is concerned by a relevant 

inverse component (~ -12 dB), which allows not only the 

quantification of the stator HRC but also to localize the 

three-phase windings and/or the associated three-phase 

inverter affected by the fault. This approach is also 

confirmed by a second case of stator HRC affecting phase B2 

(Fig. 14), where only the spectrum of the corresponding 

voltage space vector SBv  (Fig. 14) has shown a relevant 

inverse component.  

The voltage spectra of SAv , SBv , SCv and SDv  have been 

analyzed for all cases of single-phase machine affected by 

stator HRC. Only the space vector corresponding to the 

three-phase winding, affected by the fault, has shown a 

relevant inverse component, leading to an effective and 

simple approach for stator HRC detection and localization in 

twelve-phase induction motor.  

V.   CONCLUSION 

In this paper, the behavior of a multiphase induction 

motor was investigated under the assumption that the stator 

winding is affected by an incipient stator high resistance 

connection. The analysis leads to a new simple and effective 

diagnosis approach for detecting and localizing stator high 

resistance connection in a twelve-phase induction motor.  

The proposed approach is based on the exploitation of the 

different degrees of freedom of the twelve-phase drive, 

where the control system provides suitable signals that are 

exploited for detecting and localizing the stator fault. The 

theoretical analysis is confirmed by numerical simulations of 

the multiple space vector-based modeling of the investigated 

twelve-phase induction motor drive.  

Finally, further analysis of the proposed approach, against 

the control parameters and the operating conditions, are 

needed. This will be the subject of a future paper. 

 

Fig. 8. Spectra of the voltage space vectors, in the α1-β1 plane, under a) 

healthy condition, and b) stator asymmetry of 50% in phase-A1. The vector-
controlled machine is rotating at constant speed of 3000 rpm, and under the 

rated torque of 160 Nm. 
 

 

 Fig. 9. Spectra of the voltage space vectors, in the α5-β5 plane, under a) 

healthy condition, and b) stator asymmetry of 50% in phase-A1. The vector-

controlled machine is rotating at constant speed of 3000 rpm, and under the 
rated torque of 160 Nm. 

 

 

Fig. 10. Spectra of the voltage space vectors, in the α7-β7 plane, under a) 
healthy condition, and b) stator asymmetry of 50% in phase-A1. The vector-

controlled machine is rotating at constant speed of 3000 rpm, and under the 

rated torque of 160 Nm. 

 

 

Fig. 11. Spectra of the voltage space vectors, in the α11-β11 plane, under a) 

healthy condition, and b) stator asymmetry of 50% in phase-A1. The vector-

controlled machine is rotating at constant speed of 3000 rpm, and under the 
rated torque of 160 Nm. 
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Fig. 12. Loci of the voltage space vectors, in the a) α1-β1 , b) α5-β5 , c) α7-β7 , 

and d) α11-β11 planes, under different stator asymmetries of 50% affecting 
phase A1 (black trace), phase C3 (blue trace), phase D1(magenta trace), and 

phase-B2 (red trace). The vector-controlled machine is rotating at constant 

speed of 3000 rpm, and under the rated torque of 160 Nm. 

 
Fig. 13. Spectra of the voltage space vectors a) SAv , b) SBv , c) SCv and d) 

SDv , under a stator asymmetry of 50% in phase-A1.  

 
Fig. 14. Spectra of the voltage space vectors a) SAv , b) SBv , c) SCv and d) 

SDv , under a stator asymmetry of 50% in phase-B2.   
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