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Abstract 

A post-fault model of six-phase PMSMs with an open-circuit fault is presented. First, the two key properties of the well-known 

vector space decomposition transformation for the healthy machine, namely decoupling and orthogonality, are discussed. Then 

a dedicated transformation with similar properties for a faulty machine with one open-circuit fault is derived. It maps the phase 

domain variables on a new five-dimensional space; the current which builds the magnetomotive force vector in the airgap is 

mapped on a separate sub-plane, and the currents which do not affect the magnetomotive force vector on the three remaining 

dimensions called zero-sequence axes. The proposed transformation is generic and can be applied to different star connections, 

i.e., grounded, connected, and isolated star points. Then, the model of the machine linked with equivalent circuit diagrams is 

developed. Moreover, the fault-tolerant control of the faulty machine based on the derived faulty model is presented. 

Simulation results are provided to illustrate the properties of the transformation and show the validity of the proposed model. 

 

Keywords: open-circuit fault, post-fault model, PMSM, six-phase machines, vector space decomposition.  

1 Introduction 

Six-phase electric machines are an interesting solution for safety-critical applications [1–3]. Thanks to higher redundancy, they 

can offer higher reliability compared to their three-phase counterparts [4, 5]. Moreover, unlike other multi-phase machines like 

five- or seven-phase machines [6, 7], they can be supplied with two off-the-shelf three-phase inverters. Additionally, they allow 

for higher torque density, lower torque ripple, and lower current per phase for given power compared to their three-phase 

counterparts [8]. The last merit can be attractive for applications with too high phase currents with respect to the converter 

switches. 

Two approaches are developed for modeling six-phase machines in the rotary reference frame in terms of transformed 

variables [9, 10]. Compared to the phase-domain model, such models can greatly simplify the control of the machine. The six-

phase machine can be treated as two three-phase systems, and well-known methods for modeling three-phase machines 

adopted [11]. Alternatively, the whole winding can be considered as a single entity and Vector Space Decomposition (VSD) 

transformation is applied [12]. 

With the first approach, the currents are mapped on two sets of transformed variables; however, magnetic coupling between 

the two systems occurs; it can hinder the performance of the controller. The latter approach decomposes the current which 

contributes to energy conversion to just one pair of transformed currents, therefore, as far the torque is related, the control 

looks like the one of a three-phase machine. However, still there are four currents with zero contribution to the airgap 

magnetomotive force (MMF), called zero-sequence current hereafter, which can be controlled to achieve other control targets 

like suppressing current harmonics [8, 13]. 

In case of open-circuit (OC) fault, the VSD transformation loses some of its benefits because the winding is not balanced 

anymore. For example, with one OC fault the machine turns basically into a five-phase machine with unbalanced winding; 

therefore, the quantities relating to the faulty phase are not relevant anymore, as they cannot affect the machine performance. 

Applying the VSD transformation to the faulty machine still can map the airgap MMF-creating current on a separate plane where 

the energy conversion occurs (basically the faulty machine can be considered as a healthy machine with zero current at open-

circuited phase). However, then the zero-sequence currents 

automatically take some value and cannot be controlled 

independently. In mathematical terms, the six transformed 

variables are not independent anymore. 

Because of this current dependency, the fault-tolerant control 
methods based on the healthy-machine model relies on 
optimization in order to calculate the reference currents [14– 
18, 20]. The phase currents are the optimization variables, and 
minimizing the copper loss and/or extending the range of the 
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torque without violating thermal limits defined as the maximum allowable copper loss are the objectives. The main difference 
lies in the machine model applied for the optimization problem formulation. 

For example, some papers are based on the machine model obtained using the dual-Park transformation [16–19], while some 
studies use the machine model derived from the VSD transformation [14, 15, 20]. 

Moreover, the objective function can be defined in different manners. Normally, minimizing the copper loss for given torque 
is the objective [14]. However, in the case of one or 

more OCs, the phase currents do not have necessarily the same amplitude, and at a certain torque, one or more currents reach 
their nominal value. Therefore, the maximum achievable torque will be limited by the copper losses in the overloaded phases. 
In order to extend the range of the torque, the optimization can be formulated to have the total copper loss distributed uniformly 
among the phases; this formulation is known as the maximum torque strategy [14]. Moreover, both of these objectives, i.e., 
minimum copper loss and maximum range of torque, can be considered at the same time during the optimization; this strategy 
is called full-range minimum copper loss [15, 21]. 

The main contribution of this paper lies in proposing a new transformation for a six-phase winding with an OC fault with similar 
proprieties to the well-known VSD one developed for healthy machine. Such transformations are also presented in [22–25]. 
However, they are for the machine with isolated stars. The proposed one in this paper is generic and applies to six-phase 
machines with isolated, connected or grounded star points. Moreover, corresponding equivalent circuit diagrams are derived 
for different star connections. To the best knowledge of the authors, such diagrams are missing in the literature for the faulty 
machine. They provide physical insight into operation of the machine in the faulty case. Moreover, the fault tolerant control 
method based on the faulty machine model is developed. Compared to optimization-based control method, it is more 
straightforward as it does not require any extra effort to calculate and control non-zero oscillating zero-reference current with 
minimum control loss strategy. 

The VSD transformation is introduced in Section 2, and its essential properties are discussed in Section 3. In section 4, the 

derivation of the dedicated transformation is detailed. In section 5, the model of a faulty six-phase, permanent magnet 

synchronous machine (PMSM) is derived. Section 6 presents some simulation cases to prove the validity of the proposed models. 

Finally, the fault-tolerant control results for both minimum-loss and maximum-torque control strategies are presented. 

2 VSD Transformation for Six-phase Winding 

The six-phase winding consists of six phases, further referred to as A1, B1, C1, A2, B2, and C2. The phases are arranged into two 

stars with the phase shift of a 30 ◦elec (see Figure 1). The VSD transformation maps the phase quantities on six new variables 

[12]: 
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         (1) 

 

where X is either phase current, voltage, or flux linkage. 

The current which contributes to the airgap MMF is transformed to the αβ sub-plane, while the currents mapped to the z1z2 

and o1o2 sub-planes result in zero MMF in the airgap. Hence, αβ currents can contribute to energy conversion and torque, while 

the other currents just lead to extra copper losses. 

3 Physical Interpretation of VSD 

The VSD transformation has two important properties, namely, decoupling and orthogonality. In order to study the first property, 

it is useful to calculate the airgap MMF. Assuming sinusoidal distribution for the phase winding, the contribution of each phase 

to the airgap MMF is [11]: 
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     ,     cosx x xmmf t Ki t     (2) 

where θ is the position in the airgap and θx is the position of the phase x magnetic axis with respect to an arbitrary reference 

both in electrical degree, K is a constant proportional to the number of turns per phase. Taking the magnetic axis of phase A1 

as the reference, the airgap MMF due to all phases reads: 

         ,   cos sinmmf t Ki t Ki t      (3) 

where 

  ABC

3 1 3 1
,    1 0

2 2 2 2
i t  

 
      

 
V I V  (4) 

  ABC

1 3 1 3
,    0 1

2 2 2 2
i t  

 
     

 
V I V  (5) 

and  

             
T

ABC 1 2 1 2 1 2A A B B C Ci t i t i t i t i t i tI  

According to (3), as far as the airgap MMF is related, the dual-star winding is equivalent with a two-phase balanced winding with 

currents iα(t) and iβ(t) and the same number of turns per phase as the original winding. Indeed, if the airgap MMF is considered 

as a vector, just two currents flowing in a two-phase winding suffice to define this vector. 

Vα and Vβ are the same as the first two rows of the VSD transformation matrix in (1). Therefore, the VSD transformation 

essentially maps the current producing the airgap MMF to iα(t) and iβ(t). In Figure 2, the corresponding phase currents for given 

iα(t) and iβ(t) calculated by the inverse VSD transformation are shown in the form of phasor diagrams. It is assumed that iα(t) 

and iβ(t) form a balanced positive-sequence two-phase system and all other currents are zero. Moreover, all the currents are 

purely sinusoidal. The phase currents form two balanced, positive-sequence, three-phase systems corresponding to the two 

stars, where the second system lags the first one by 30 ◦elec.. 

The case where only iz1 and iz2 are non-zero is shown in Figure 3. In this case, iz1 and iz2 form a balanced 2-phase system, 

however, with negative sequence. Again, the phase currents form two three-phase positive-sequence balanced systems, but the 

second system lags (leads) the first one by 210 (150) ◦elec. (when iz1 and iz2 are positive-sequence, then the second system leads 

the first one by 210 ◦elec. and the three-phase systems are negative-sequence). The resulting MMFs are [11]: 

   1

3
,     cos

2
mmf t K t     (6) 

   2

3
,   cos

2
mmf t K t      (7) 

mmf1(t,θ) and mmf2(t,θ) denote the MMFs of the first and second star, respectively. They are rotating fields with opposite 

phases. Therefore, the total MMF in the airgap due to iz1 and iz2 is zero. 

Similarly, in Figure 4, the currents for the case with only non-zero io1 and io2 are shown. There is 30 ◦elec. phase shift between 

the two currents (the phase shift is selected randomly). The phase currents in each star have the same phase, but there is a 30 
◦elec. phase shift between the currents of the two stars. The phase shift between the currents of the two stars is the same as 

the one between io1 and io2. The resulting MMFs are: 

   1 2, , 0mmf t mmf t    (8) 

in this case, the phase MMFs in each star sum up to zero. 

This simple study illustrates the decoupling property of VSD. It not only provides a better insight into the machine operation 

but makes the modeling and control simpler as well. 

Another important property of the VSD transformation is orthogonality. In order to study this property, it is useful to calculate 

the magnetic energy stored in the machine. Ignoring saturation, in terms of phase variables, it reads [11]: 
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  T

ABC ABC ABC

1

2
W t  Ψ I   (9) 

where 

             
T

ABC A1 A2 B1 B2 C1 C2Ψ Ψ Ψ Ψ Ψ Ψt t t t t tΨ  

In terms of the transformed variables: 

  T

VSD VSD VSD

1

2
W t  Ψ I   (10) 

Using the VSD transformation, (10) can be written as: 

  T T

VSD

1

2
W t  Ψ T TI   (11) 

with T the VSD transformation matrix of (1). The energies obtained according to (9) and (11) are equal, when the following 

condition is fulfilled: 

T

6T T I   (12) 

with I6 the 6×6 identity matrix. Equation (12) implies that T is an orthogonal matrix. It means: 

i j

i i

. 0     

. 1

v v for i j

v v

 



  (13) 

where v is one column or row of the transformation and i,j = 1,2,..6. It can be concluded that the orthogonality guarantees that 

the machine models based on phase and transformed variables are equivalent (for example the torque calculated using both 

models are the same). 

4 Dedicated Transformation with One OC 

When there is a phase OC fault in a dual-star machine, the variables related to the faulty phase are not relevant anymore. Hence, 

it can be considered a five-phase machine with unbalanced winding. In this section, a dedicated transformation for the faulty 

machine with one OC fault is derived. 

Without loss of generality, it is assumed that phase C2 is open-circuited. The machine winding configuration after the fault is 

shown in Figure 5. Similar to the healthy machine, the airgap MMF is calculated as: 

          ,   cos sinmmf t K i t i t      (14) 

where 

  f

3 1 3 1
,    1

2 2 2 2
f fi t  

 
      

 
V I V  (15) 
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,    0
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f fi t  
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 
V I V  (16) 

and           
T

f 1 2 1 2 1A A B B Ci t i t i t i t i tI . 

Similar to the healthy machine, according to (14), the airgap MMF can be represented by iα and iβ flowing in a two-phase balanced 

winding. Moreover, the two vectors are orthogonal. 

The phase currents of the faulty machine span a five-dimensional space. Therefore, the dimension of the dedicated matrix 

needs to be 5×5. Taking Vαf and Vβf as the first two rows of the matrix, the three others need to be selected. If these rows are 

selected as vector of currents which lead to zero MMF, they will be orthogonal with Vαf and Vβf. Similar to the healthy machine, 
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when the currents in the three phases of the healthy star are the same while other currents are zero, the resulting MMF will be 

zero. Therefore, io1 can be defined as: 

   1 f ,    1 0 1 0 1o of ofi t  V I V  (17) 

In order to have zero MMF in the airgap, the two other current vectors should meet the following conditions: 

    0i t i t     (18) 

with iα(t) and iβ(t) defined in (15) and (16). It means: 
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(19) 

Moreover, when the sum of the currents of the first star is zero, i.e., iA1(t)+iB1(t)+iC1(t)=0, these two vectors will be orthogonal 

with Vo. By applying this condition, (19) can be simplified to: 

     
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 (20) 

Eq. (20) consists of two equations with four unknowns. It can be written in terms of two new currents. Let us define two new 

currents as function of iA2 and iB2: 

 
 
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 (21) 

Using (20) and (21), all phase currents can be calculated as a function of ix(t) and iy(t) as follows: 
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 (22) 

The two columns of the 5×2 matrix above can be considered as two vectors of currents for which the airgap MMF is zero: 

   1

1 3 3 3

3 3 3
zi t d c d c c d

ad bc

 
       

fI  (23) 

   2

1 3 3 3

3 3 3
zi t a b b a a b

ad bc

 
        

fI  (24) 

For the orthogonality of these two vectors, the following condition should be satisfied: 

5 5 1 1
* * * * 0

3 3 3 3
d b c a d a c b              (25) 
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There are an infinite number of solutions for (25), as there are four unknowns with just one equation. One solution is a=−b=1 

and c=d=1, producing: 

 1 1 f 1

3 1 3 1 3
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The dedicated VSD transformation for the faulty machine with single OC at Phase C2 can be built by assembling all the vectors, 

namely Vαf, Vβf, Vzf1, Vzf2, and Vof, as the rows of the matrix. Moreover, according to (13) in order to have an orthogonal matrix, 

the vectors should be normalized: 
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 (28) 

It should be noted that thanks to orthogonality, the above transformation is power-invariant. The amplitude-invariant version 

cannot be defined because with the unbalanced winding, the currents do not necessarily form a balanced system even under 

fault-tolerant control. 

5 Model of Six-phase PMSMs with One OC 

In this section, the model of the machine with one OC at phase C2 based on the proposed transformation is derived. The voltage 

equations in the phase domain are: 

 ,       A1,B1,C1,A2,B2x x x

d
v ri x

dt
    (29) 

where v, i, ψ are phase voltage, current, and flux linkage, respectively, and r is the phase resistance. The latter is assumed to be 

the same among all phases. Phase C2 equation is irrelevant. 

By transforming (29) using (28), the voltage equations in terms of the transformed variables are obtained as: 

 ,       , , z1,z2,o1x x x

d
V ri x

dt
      (30) 

If it is assumed that the phase winding distributions are purely sinusoidal, the stator and rotor magnetic steel is linear, the PM 

flux linkages with phase winding are sinusoidal, and the mutual flux leakage of phases is zero, the self- and mutual-inductance 

of the phase winding can be expressed as [11]: 

 cos 2xx l mA mB xL L L L     (31) 

   cos cos  for xy mA x y mB x yM L L x y        (32) 

where x,y ∈{A1,B1,C1,A2,B2}, Ll is the leakage inductance of the phase and θx  and θy are the electrical angular positions of the 

rotor d-axis with respect to the magnetic axes of phases x and y, respectively. LmA is the average value of magnetizing inductance 
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and LmB the amplitude of its variation with rotor position. With cylindrical rotor, LmB is zero. It should be noted that the 

inductance harmonics greater than 2 are ignored. 

As there are five phases, the size of the inductance matrix is 5×5, containing 5 self-inductances and 20 mutual inductances. 

Based on the above assumptions, the relationship between phase currents and flux linkages can be written as: 

PM Ψ LI Ψ   (33) 

where L is the inductance matrix, Ψ, I and ΨPM are the vectors of the phase flux linkages, the phase currents, and the phase PM 

flux linkages, respectively. The phase PM flux linkage can be represented as: 

 PMx PM xcos      (34) 

where ψPM is the amplitude of the PM flux linkage, which is the same for all phases. 

Assuming the magnetic axis of Phase A1 as the reference, the flux linkage equations in the phase domain in (33) can be 

transformed by (28) (Both sides of (33) are multiplied by the coefficient matrix in (28)): 
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 

 





 

 

     
    

                    
     

         

 
  
  

Q I

I

Q

.  (35) 

where θr is the rotor position with respect to the magnetic axis 

of Phase A1 in electrical degree and In is the nxn identity matrix. 

The flux linkages of different axes are decoupled, except for the coupling between α and β axes which is caused by the 

magnetic saliency of the rotor like the healthy machine. Moreover, the flux linkages due to PMs and the airgap MMF are mapped 

just to αβ sub-plane and form an orthogonal two-phase system. 

The voltage equations in terms of equivalent inductances can be obtained from (30) and (35). For the sake of simplicity, let us 

for now ignore the magnetic saliency of the rotor, i.e., LmB = 0. Then, the voltage equations read: 

 3 3l mA PM r

d
V ri L L i sin

dt
          (36) 

 2 2l mA PM r

d
V ri L L i cos

dt
          (36) 

 ,       z1,z2,o1x x l x

d
V ri L i x

dt
    (37) 

where ω is the angular speed of the rotor in electrical rad/s. 

The αβ voltage equations are not balanced; the magnetizing inductances (3LmA and 2LmA) and the amplitude of flux linkages 

due to the PMs are not the same. The voltage equations relating to the z1, z2, and o1 axes are identical to the healthy machine. 

The machine model is shown in Figure 6. 

Applying the Park transformation to αβ voltage equations in (36) and (37) produces more complex equations because  the 

unbalance. In this regard, it is useful to define substitute variables for the β-axis variables, i.e.,: 

' '3 2
,   

2 3
V V i i       (39) 

The squared of the voltage coefficient in (39) is equal to the ratio of the α-axis over β-axis magnetizing inductance in (36) and 

(37). It is equivalent to referring the β-axis equation to the primary winding of an ideal transformer with turn ratio √3:√2. 
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The machine model in αβ sub-plane is shown in Figure 7. 

The β-axis voltage equation in terms of the substitute variables is: 

 ' ' ' ' 3 ' 2l mA PM r

d
V r i L L i cos

dt
          (40) 

with 
3

2
r r   and 

3

2
l lL L   . In terms of the new variables, the magnetizing inductances of the two axes are the same and the 

PM flux linkages form a balanced two-phase system. 

Applying the Park transformation to voltage equations in αβ sub-plane in terms of substitute variables (with LmB 0 ) gives: 

d dh df

q qh qf

V V V

V V V

     
      

     

  (41) 

0

3

3 3

3 3

dh d D Q d

qh q D Q q PM

D l mA mB

Q l mA mB

V i sL L i
r

V i L sL i

L L L L

L L L L






        
                    

  

  

 (42) 

   

) 2

'

)2

)2

) 2

sin(2

2

sin(22

2

sin(2

2

sin(2

2

r

r
df dl

l l

qf qr

r

r

r

r

r

sin
V iL

r r L L s
V i

cos

sin

cos













  
     

         
       

  

 
 
 
 
 
 

 C C

C

(43) 

s denotes time derivation operator. (Eq. 42) is the same as the voltage equations of the healthy six-phase machine. Eq. (43) 
represents the extra voltage terms introduced because of the fault. They depend on the phase resistance, leakage inductance, 
and rotor position. 

As far as the machine control is related, the voltage terms in (43) which are just a function of current (the first two terms) 
affect the steady state response and can be compensated by a feed-forward network. The last term in (43) affects the transient 
response and cannot be compensated easily because it includes the time derivative of currents. Assuming that the leakage 
inductance is relatively small, its effect on the transient response can be ignored. Moreover, because the same inductance as in 
the healthy-machine case appears in the first four terms, the same controller can be used for both healthy and faulty machines. 

The machine torque reads: 

 d q q d

r

W
T p i i




   


  (44) 

where W is given by (9). d  and  q are the flux linkages obtained by transforming  α and ' β to the synchronous frame: 

 '
0 3

0 0

d D d PM
l l

q Q q

L i
L L

L i

       
                

C  (45) 

Eq. (44) is essentially the same as the torque equation for the healthy machine obtained based on the power-invariant VSD 

transformation. 

5.1 Isolated Star Points 

The introduced model applies to the general case where the two-star points are grounded (zero-sequence currents can flow 

independently in the two stars). In the case that the two-star points are isolated, the sum of the currents in the first star is always 
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zero, and therefore io1 = 0. Moreover, the currents of the two healthy phases of the second star are always equal with a negative 

sign, i.e., iA2 = −iB2. According to (28), we obtain: 

2

3

3
zi i    (46) 

Then, 
'V

 can be defined as (47). 

 

'

2

3 3

2 3

' ' ' 3 ' 2

z

l mA PM r

V V V

d
r i L L i cos

dt

 

   

 
    

 

   

 (47) 

With isolated star points 2r r   and 2l lL L  . The voltage equations of the α and z1 axes remain the same, and the z2 and 

o1 axes ones are not relevant anymore. The machine model with two isolated star points is shown in Figure 8 (a). 

5.2 Connected Star Points 

With two connected star points, the sum of the phase currents must be zero. In terms of transformed variables, it means: 

1 26 3 0o zi i i     (48) 

It is useful to define a new current as: 

2 12 3 6circ z oi i i    (49) 

Based on the (48) and (49), the voltage equations can be rewritten as: 

 

'

2 1

3 3 6

2 9 9

' ' ' 3 ' 2

z O

l mA PM r

V V V V

d
r i L L i cos

dt

 

   

 
     

 

   

 (50) 

2 12 3 6circ z o circ l circ

d
V V V ri L i

dt
      (51) 

With connected star points 
5

3
r r   and 

5

3
l lL L  . The z1 axis voltage equation remains the same. The machine model with 

connected neutral points and one OC at phase C2 based in (50) and (51) is shown in Figure 8 (b). 

6 Simulation Results and Fault-tolerant Control 

In this section, the simulation results for the control of the machine with one OC fault at Phase C2 based on the model presented 

in the previous section is implemented. 

The electrical parameters of the six-phase PMSM modeled in this section are included in Table 1. The cross-section of the 
machine is shown in Figure 9. The stator has 12 teeth and there are 10 poles on the rotor side with interior PMs. The stator 
winding is made up of 2 stars shifted by 30 ◦elec.. The phase and coil directions are shown on the coil sides by letters 
corresponding to the phases. The outer surface of the rotor is shaped in order to minimize the cogging torque of the machine. 
More information about the machine including geometrical parameters can be found in [8]. 

For emulating the OC fault, the dual-star machine model is implemented in the phase domain, and a large-value resistor is 

connected in series with Phase C2. The reference currents or voltages are calculated based on the transformation in (28) and 

equations in Section 5. The control structure applies simple PI controllers for dq currents and single-phase controller [27, 28] for 

zero-sequence currents. 

The simulations are conducted using MATLAB/SIMULINK. The block diagram of the controller is shown in Figure 10. The 
measured phase currents are decoupled using the proposed transformation in (28) into αβ sub-plane and z1, z2, and o1 axes. 
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The β-axis current is referred to the primary winding of the transformer shown in Figure 7. Then, similar to the healthy machine, 
the DQ currents are fed as the input to the PI controller. Finally, the calculated reference voltages are referred back to the 
secondary winding of the transformer, and using the inverse of the proposed transformation, the corresponding reference phase 
voltages are calculated. 

The feed-forward network is used in order to decouple D and Q-axis voltage equations. It is shown in Figure 10 (b) for the case 
with two grounded neutral points. Besides the term for compensating the induced voltage because of D- and Q-axis flux linkages, 
there are two extra terms for compensating the coupling because of the phase resistance and leakage inductance according to 
(41). These two terms depend on the rotor position. It should be noted that with isolated and connected star points, these two 
terms need to be multiplied by factors 2 and 4/3 according to equations (47) and (50), respectively. The z1, z2, and o1 currents 
are controlled separately using three single-phase controllers. The block diagram of the controller is shown in Figure 10 (c). 

In order to study the decoupling property of the dedicated transformation, the simulation results for the machine with two 

grounded star points are shown in Figure 11 (a). The reference dq currents are selected for nominal torque. All currents are 

normalized with respect to their maximum value at healthy operation. Moreover, the same reference as for αβ currents is used 

for normalizing z1-, z2-, and o1- axis currents. iz1, iz2, and io1 are supplied at 0.1 s, 0.15 s. and 0.2 s, receptively. The phase and 

amplitude of the currents are selected randomly. Upon injecting these currents, the torque remains the same and no disturbance 

on iα and iβ0 is observed. It clearly shows the decoupling effect of the transformation. 

The effect of the feed-forward voltages for compensation of the coupling terms between the d- and q-axis because of the 

resistance and leakage inductance (see (41)) is shown in Figure 11 (b). The simulation results are for the case with connected 

star points. Moreover, all zero-sequence currents are zero. The feed-forward voltages proportional to the leakage inductance 

and resistance are supplied at 0.1 s and 0.15 s, respectively. The voltages are normalized with respect to the maximum value of 

the phase BEMF. It can be observed that upon supplying the feed-forward voltages, the ripple in the dq currents reduces, and 

consequently the torque ripple decreases. Finally, when both voltages are fed to the machine, the ripple in the dq currents and 

torque is totally removed. 

In order to study the effect of leakage inductance on the coupling between d- and q-axis during the transient period, the step 
response of the controller is shown in Figure 12. The two star points are isolated, and the step response of the q-axis current for 
two different cases is studied. In Figure 12 (a), the step response for the original value of the leakage inductance is shown. Unlike 
the healthy-machine case, the iq deviates from the first-order closed-loop system response. Some overshoot in the current and 
subsequently torque is observed and, moreover, id is affected during the transient period. This occurs because of the 
uncompensated coupling between the d- and q-axis in terms of current derivative caused by the leakage inductance (see (43)). 
In Figure 12 (b), similar results with leakage inductance reduced by a factor of 10 so that its effect on the transient response 
diminishes are shown. In this case, the step response is much closer to the one of a first-order system, and the overshoot in the 
torque and current is mush smaller compared to the previous case. 

Thanks to the dedicated transformation, when the zero-axis currents are zero, the control corresponds to the minimum-loss 
strategy. Unlike the optimization-based fault-tolerant control approach which relies on the healthy machine model, there is no 
need to assign any reference value to the zero-sequence currents. However, in order to switch to maximum-torque strategy, the 
proper zero-axis reference currents should be supplied. They can be obtained using an optimization algorithm as discussed in 
[14, 15, 20]. In Figure 13, simulation results for these two control strategies with connected or isolated star points are shown. 
The control strategy is switched from minimum-loss to maximum-torque at 0.1 s. With the maximum-torque strategy the peak 
of the phase currents are equal and the total copper loss distributed uniformly among phases. However, because of the zero-
axis currents, the total copper loss increases. 

7 Conclusion 

A dedicated transformation for a faulty six-phase PMSM machine with one OC fault is developed. It offers similar advantages like 
VSD one for the healthy machine. Moreover, it provides clear insight into operation of the faulty machine. The derived 
transformation is general and can be applied for various 6-phase winding diagrams in terms of connection of the two star points. 
Although in this paper the model of a six-phase faulty PMSM is obtained, the transformation can be used for other types of six-
phase machines like inductions ones. The control concept of the machine based on the new transformation using PI controllers 
and feed-forward network was developed. It was shown that the control corresponds to minimum loss control strategy while 
the zero-sequence currents are zero. Compared to optimization-based fault tolerant control methods, it does not need any extra 
effort to calculate required zero-sequence currents. However, Additionally, similar methodology like what detailed out in this 
paper for a six-phase machine can be applied to derive corresponding transformations for other multi-phase winding at faulty 
operation. 
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Table1 The electrical parameters of the six-phase PMSM) 

Fig. 1: Six-phase winding configuration 

Fig. 2: The phase and transformed currents when only iα and iβ are non-zero, (a) iα, iβ and (b) phase currents 

Fig. 3: The phase and transformed currents when only iz1 and iz2 are non-zero, (a) iz1, iz2 and (b) phase currents 

Fig. 4: The phase and transformed currents when only io1, io2 are non-zero, (a) io1, io2 and (b) phase currents 

Fig. 5: Six-phase winding configuration with one OC fault at Phase C2 

Fig. 6: Model of the faulty six-phase machine with one OC at Phase C2 

Fig. 7: Six-phase machine model in αβ sub-plane with one OC at phase C2 in terms of substitute variables 

Fig. 8: Model of six-phase machine with one OC at phase C2 and (a) isolated and (b) connected star points, (a) isolated star 

points, (b) connected star points 

Fig. 9: The cross-section of the dual-star PMSM; the coil directions and phases are shown by letters on the coil sides 

Fig. 10: The block diagram of the controller based on the dedicated transformation for the machine with two grounded star 
points and one OC at Phase C2; (a) the control structure, (b) the feed-forward network, and(b) single-phase controller applied 

for the control of the zero-axis currents ( D d dL L M   and Q q qL L M  ) 

Fig. 11: Simulation results with phase C2 at OC, (a) zero-axis currents are supplied at 0.1, 0.15, and 0.2 s to the machine with 

grounded star points, (b) the feed-forward voltages corresponding to the phase leakage inductance and resistance (equation 

(41)) are supplied at 0.1, and 0.2 s, respectively, to the machine with connected star points 

Fig. 12: Simulation results for the step response of the Q-axis current with phase C2 at OC while all other reference currents are 

set to zero with isolated neutral points; (a) original leakage inductance (b) reduced leakage inductance 

Fig. 13: Switching from minimum-loss to maximum-torque strategy at 0.1 s by injecting proper zero-axis currents found by 

optimization with isolated and connected star points 
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nominal power voltage Pnom 800 W 
nominal phase voltage Vnom 62.5 Vrms 
nominal phase current Inom 7 Arms 
nominal torque Inom 8 N.m 
d-axis inductance Ld 5.5 mH 
q-axis inductance Lq 6.1 mH 
PM flux linkage ψPM 70.5 mV.s 
d-axis mutual inductance Md 1.7 mH 
q-axis mutual inductance Mq 2.7 mH 
phase resistance r 1.0 
leakage inductance Ll 3.8 mH 

 

 

 

Fig. 1: Six-phase winding configuration 

 

    

 (a) iα, iβ (b) phase currents 

Fig. 2: The phase and transformed currents when only iα and iβ are non-zero 

     

 (a) iz1, iz2 (b) phase currents 
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Fig. 3: The phase and transformed currents when only iz1 and iz2 are non-zero 

    

 (a) io1, io2 (b) phase currents 

Fig. 4: The phase and transformed currents when only io1, io2 are non-zero 

 

Fig. 5: Six-phase winding configuration with one OC fault at Phase C2 

 

Fig. 6: Model of the faulty six-phase machine with one OC at Phase C2 

- 

Fig. 7: Six-phase machine model in αβ sub-plane with one OC at phase C2 in terms of substitute variables 
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Fig. 8: Model of six-phase machine with one OC at phase C2 and (a) isolated and (b) connected star points 

 

 

Fig. 9: The cross-section of the dual-star PMSM; the coil directions and phases are shown by letters on the coil sides 

 

 

(a) isolated star points 

 

 

(b) connected star points 
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(a) control structure 

 

(b) single-phase controller  

 

(c) feed-forward voltage 

Fig. 10: The block diagram of the controller based on the dedicated transformation for the machine with two grounded star 
points and one OC at Phase C2; (a) the control structure, (b) the feed-forward network, and(b) single-phase controller applied 

for the control of the zero-axis currents ( D d dL L M   and Q q qL L M  ) 
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(a) injecting zero sequence currents 

 

(b) supplying feed-forward voltages 

Fig. 11: Simulation results with phase C2 at OC, (a) zero-axis currents are supplied at 0.1, 0.15, and 0.2 s to the machine with 

grounded star points, (b) the feed-forward voltages corresponding to the phase leakage inductance and resistance (equation 

(41)) are supplied at 0.1, and 0.2 s, respectively, to the machine with connected star points 
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(a) original leakage inductance 

 
(b) reduced leakage inductance by a factor 10 

Fig. 12: Simulation results for the step response of the Q-axis current with phase C2 at OC while all other reference currents are 

set to zero with isolated neutral points; (a) original leakage inductance (b) reduced leakage inductance 



19 

 

(a) isolated neutral points 

 

(b) connected neutral points 

Fig. 13: Switching from minimum-loss to maximum-torque strategy at 0.1 s by injecting proper zero-axis currents found by 

optimization with isolated and connected star points 
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