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Abstract—This paper proposes a strategy using new 
transformation matrices to calculate new current references when 
a non-sinusoidal seven-phase permanent magnet synchronous 
machine (PMSM) has an open-circuited phase. The new current 
references allow to obtain a smooth torque with similar copper 
losses in the remaining healthy phases even when the back 
electromotive force (back-EMF) is non-sinusoidal. A real-time 
current learning process using an adaptive linear neural network 
(Adaline) is applied to extract from measured currents useful 
harmonic components in torque generation. It improves torque 
quality, especially at high speed, even when standard 
proportional-integral (PI) controllers are applied. In addition, 
similar copper losses in the remaining phases with the new current 
references can avoid overheating of windings. The effectiveness of 
the proposed control strategy is validated by numerical results. 

Keywords—Multiphase machine, seven-phase PMSM, non-
sinusoidal back-EMF, fault-tolerant control, Adaline, similar 
copper loss. 

I. INTRODUCTION 

LECTRIC drive systems with variable speeds using 
multiphase machines have been more attractive since the 

last decades owing to technology evolution of semiconductors 
and microprocessors. The ability to tolerate faults of electric 
machine drives and  the reduction in per phase converter power 
rating make multiphase machines dominant compared to three-
phase machines [1]. In electric drives, open-circuit or short-
circuit faults may happen in stator windings or power 
converters. Among them, open-circuit types are the most 
frequent faults [2]. In post-fault operations, a reconfiguration of 
current control is required so that the drives can operate without 
torque pulsations, overrated currents and voltages. Owing to 
more degrees of freedom than three-phase machines, the fault-
tolerant operations of multiphase machines can be undertaken 
without any additional hardware. The common idea of post-
fault current reconfigurations is to maintain the magnetomotive 
forces (MMFs) like in healthy mode as early presented in [3, 4] 
for induction machines and recently described in [5] for 
synchronous machines.  

Indeed, to preserve the healthy MMFs, the approach in [6, 7] 
was proposed to obtain constant currents in d-q reference 
frames that are associated with main harmonics, creating most 
of the torque. This approach does not require any modification 
of the Clarke transformation matrix and PI controllers. 
However, in other frames, d-q currents are time-variant. If the 
corresponding harmonics of back-EMF exist, the torque ripple 
becomes significant. Studies [6, 7] can reduce the torque ripple 
with more constant current references for PI controllers. 

However, new phase currents generate different copper losses 
in the remaining healthy phases, possibly leading to overheating 
of a phase winding. 

Similarly, based on [3, 4], many studies using reduced-order 
transformation matrices under open-circuit faults have been 
introduced in recent years. New transformation matrices with 
orthogonality property are derived from post-fault 
mathematical models of the drives. However, most of these 
studies [8-12] only deal with sinusoidal back-EMFs. If these 
methods are applied to non-sinusoidal machines, high torque 
ripples are dramatically generated because of interactions 
between back-EMF harmonics and the fundamental current as 
analyzed in [13]. Only studies [14-16] consider non-sinusoidal 
machines with the presence of the 3rd harmonic of back-EMF. 
Study [14] applies two new Clarke matrices for the 1st and 3rd 
harmonics to obtain phase current references. Torque ripples 
due to the 3rd harmonic of back-EMF are eliminated by the 
injection of the 3rd harmonic current. However, all new current 
references in rotating frames for control are not constant, 
leading to a reduction in torque quality with PI controllers at 
high speed. Meanwhile, strategies in [15, 16] are proposed for 
non-sinusoidal five-phase PMSMs using only one reduced-
order Clarke transformation matrix for each case of faults. New 
current references are analytically calculated to obtain a 
constant torque. However, since all d-q current references for 
control in [15, 16] are time-variant, proportional-integral-
resonant controllers with two-resonance frequencies and back-
EMF compensation are applied. Another solution to solve the 
problem of tracking time-variant current references is the use of 
hysteresis controllers as presented in [17-19]. Phase currents are 
directly controlled without any transformations. Nevertheless, 
hysteresis controllers cause variable switching frequencies, 
more switching losses, high-frequency currents and 
electromagnetic compatibility problems. Therefore, this 
solution can be used for low power applications. From the 
analyses of studies [8-20], a solution to have more constant d-q 
current references for control in variable-speed drives is 
interesting, especially at high speed. Recently, [21] has 
proposed a control structure to use constant current references 
for post-fault control. However, unequally distributed copper 
losses and high total copper losses can be observed in [21]. 

In this paper, a fault-tolerant strategy applying reduced-order 
transformation matrices is proposed for seven-phase non-
sinusoidal PMSMs in a single-phase open-circuit fault. New 
current references result in similar copper losses in the 
remaining healthy phases, avoiding overrated currents 
(overheating) in a particular phase. Especially, the proposed 
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strategy applies a control structure with time-constant 
references of main d-q currents (generating most of the torque). 
It can improve the torque performance with conventional PI 
controllers at high speed. In this control structure, a real-time 
current learning process applying a simple adaptive linear 
neural network (Adaline) is used to extract harmonic 
components from measured currents in natural frame. Thus, this 
Adaline-based learning process helps to obtain constant 
feedback d-q currents for control. Compared to other 
conventional harmonic extraction methods such as Fast Fourier 
Transform and Phase-Locked Loop, Adaline gives a better 
performance because of its online learning, fast convergence, 
and simple implementation in real time [22]. 

The paper is organized as follows: Section II describes the 
modeling of a seven-phase PMSM. Then, new current 
references with similar copper losses and a new control 
structure are explained in sections III and IV, respectively. 
Finally, the proposed strategy is validated by numerical results 
in section V. 

II. MODELING OF A SEVEN-PHASE PMSM

In this study, a seven-phase PMSM with non-sinusoidal 
back-EMF is considered. Several hypotheses are described as 
follows: apart from the 1st harmonic, the back-EMF has a 
significant proportion of the 3rd harmonic; the machine has 
seven phases equally shifted and wye-connected; the magnet 
circuit saturation is not considered in the back-EMF and flux 
calculations; and iron losses are not considered. The voltage 
and torque of the machine can be written as follows: 

  d
d

 sR
t
iv i + L e (1) 

TmT ne i (2) 

where v, i, e, and en are the 7-dimensional vectors of phase 
voltages, phase currents, back-EMFs and speed-normalized 
back-EMFs respectively (𝒆𝒏 =

𝒆

ఆ
); Ω is the rotating speed of

rotor; 𝑅௦ is the resistance of stator; [𝑳] is a 7 by 7 stator 
inductance matrix; 𝑇௠ is the electromagnetic torque of the 
machine. 

In healthy mode, the conventional rotor field-oriented control 
(RFOC) is used to control the machine [21]. The classical 7 by 
7 Clarke and Park transformation matrices ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝒄𝒍𝒂𝒔𝒔𝒊𝒄൧ and ൣ𝑻𝑷𝒂𝒓𝒌
𝒄𝒍𝒂𝒔𝒔𝒊𝒄൧ 

are applied to convert the machine parameters from natural 
frame into d-q frames for control. The current transformation is 
written as follows:  

  T T classic classic
dq Park Clarkei T T i   (3) 

where   A B C D E F Gi i i i i i ii  and  1 1 2 2 3 3 d q d q d q yi i i i i i idqi . 

The seven-phase machine can be mathematically 
decomposed into 3 fictitious two-phase machines with 
reference frames (d1-q1), (d2-q2) and (d3-q3) and 1 zero-
sequence machine with (y) [23]. A fictitious machine is 
associated with a given group of harmonics as presented in 
Table I. The control is simple if each fictitious machine contains 
only one harmonic, for example the 1st, 9th, 3rd and 7th 
harmonics. As the wye connection, the zero-sequence current iy 
is equal to zero. Therefore, six constant d-q currents (id1, iq1, id2, 
iq2, id3, iq3) are independently controlled in healthy mode by PI 
controllers. Current references can be calculated from torque 

TABLE I 
FICTITIOUS MACHINES AND ASSOCIATED HARMONICS OF A SEVEN-PHASE 

MACHINE WITH ONLY ODD HARMONICS 

Fictitious machine Frame Associated harmonic ( 0m ) 

1st machine  d1-q1 1, 13…7m ± 1 
2nd machine  d2-q2 5, 9…7m ± 2 
3rd machine  d3-q3 3, 11…7m ± 3 
Zero-sequence machine  y 7, 21…7m 

reference with Maximum Torque Per Ampere (MTPA) [17]. 

III. NEW CURRENT REFERENCES WITH SIMILAR COPPER

LOSSES 

A. New transformation matrices 

In fact, the use of new transformation matrices for multiphase 
non-sinusoidal back-EMF machines in faulty modes has been 
proposed in studies such as [14, 21]. This approach can be 
summarized as follows: 

1) The use of fundamental current: When phase A is opened,
its current is zero. Therefore, the first column of the classical 
Clarke transformation matrix in [6], associated with phase A, 
should be removed. The classical Clarke transformation matrix 
in the post-fault condition ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝒇
൧ for a seven-phase machine 

can be as follows: 

 

cos( ) cos(2 ) cos(3 ) cos(4 ) cos(5 ) cos(6 )
sin( ) sin(2 ) sin(3 ) sin(4 ) sin(5 ) sin(6 )

cos(2 ) cos(4 ) cos(6 ) cos(8 ) cos(10 ) cos(12 )2 sin(2 ) sin(4 ) sin(6 ) sin(8 ) sin(10
7 cos(3 ) cos(6 ) cos(9 ) cos(12 )

     
     
     
   
   

f
ClarkeT ) sin(12 )

cos(15 ) cos(18 )
sin(3 ) sin(6 ) sin(9 ) sin(12 ) sin(15 ) sin(18 )

1 / 2 1 / 2 1/ 2 1 / 2 1 / 2 1 / 2

 
 

     

 
 
 
 
 
 
  

(4) 

where 𝛿 = 2𝜋/7 is the spatial displacement angle of two 
adjacent phases of a seven-phase machine.  

In (4), the first, third and fifth row vectors are no longer 
orthogonal to each other, hence three reference frames (d1-q1), 
(d2-q2) and (d3-q3) are coupled. Consequently, currents cannot 
be properly controlled without any reconfigurations.  

New transformation matrices for seven-phase non-sinusoidal 
machines can be determined according to the preservation of 
the fundamental MMF like in healthy mode. The relationship 
between new current references in natural frame (iB1, iC1, iD1, 
iE1, iF1, iG1) and currents in new rotating frames (id11, iq11, id21, 
iq21, ix1, iy1) is described as  

       TT 1 11 1
1 1 1 1 1 1 11 11 21 21 1 1

 B C D E F G d q d q x yi i i i i i i i i i i iClarke ParkT T (5) 

where (id11, iq11) represent the fundamental space currents; (id21, 
iq21) and ix1 are the second and third space currents, respectively; 
iy1 is the zero-sequence current (always equal to zero due to the 
wye connection); index 1 in all variables means that only 
fundamental currents are considered; ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟏 ൧ and ൣ𝑻𝑷𝒂𝒓𝒌
𝟏 ൧ are 

new Clarke and Park 6 by 6 matrices as presented in [21]. 
New Clarke matrix ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟏 ൧ is determined from ቂ𝑻𝑪𝒍𝒂𝒓𝒌𝒆
𝒇

ቃ in (4). 
The remaining row vectors of the new matrix ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟏 ൧ are 
orthogonal to each other, allowing to control independently 
currents in new rotating frames. If a sinusoidal back-EMF 
machine is considered, the generated torque is constant. 
However, the torque has ripples due to interactions between the 
1st harmonic of current and the 3rd harmonic of the considered 
back-EMF. From (2) and (5), the machine torque Tm1 can be 
generally described in (6) with an average torque Tconst1 and its 
harmonics as 



 

  
1 1 3 11 1 2

TT
1 21 21 1

ˆ (2 ) (4 )

   

m const q

d q x

T = T + E i f θ + f θ

+ i i infe M
(6) 

 1

0.363 0.521 0.232
0.815 0.232 0.418

0.452 0.418 0.521
0.452 0.418 0.521
0.815 0.232 0.418

0.363 0.521 0.232

 
   

   
 
   

M   (7) 

where 1 1 117 2const qT E iˆ ; 𝐸෠ଵ and 𝐸෠ଷ are the amplitudes of the 1st 

and 3rd harmonics of en; θ is the electrical position; f1 and f2 are 
trigonometric functions of 2θ and 4θ respectively; enf is a 6-
dimentional vector of back-EMF derived from en by removing 
the back-EMF of phase A; [𝑴𝟏] is a constant 6 by 3 matrix in (7) 
and obtained from the 3rd to 5th columns of  ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟏 ൧
ିଵ. 

In (6), currents (id21, iq21, ix1) can be used to eliminate the 
impact of the 1st and 3rd harmonics of enf on torque ripples by 
simply imposing currents (id21, iq21, ix1) to be zero. However, 
torques with frequencies 2θ and 4θ in Tm1 cannot be eliminated 
because of the presence of the 3rd harmonic of back-EMF with 
amplitude 𝐸෠ଷ. Therefore, the 3rd harmonic currents need to be 
injected to compensate the pulsating torques 2θ and 4θ. 

2) The injection of the third harmonic current: The 3rd

harmonic currents in natural frame (iB3, iC3, iD3, iE3, iF3, iG3) are 
calculated from new rotating frame currents (ix3, id23, iq23, id33, 
iq33, iy3) as 

       TT 1 13 3
3 3 3 3 3 3 3 23 23 33 33 3

 B C D E F G x d q d q yi i i i i i i i i i i iClarke ParkT T (8) 

where (id33, iq33) represent the 3rd harmonic space currents while 
ix3 and (id23, iq23) are the first and second space currents; iy3 is 
the zero-sequence current (always equal to zero due to the wye 
connection); index 3 in all variables means that third harmonic 
currents are considered; ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟑 ൧ and ൣ𝑻𝑷𝒂𝒓𝒌
𝟑 ൧ are new Clarke and 

Park 6 by 6 matrices as presented in [21]. 
ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟑 ൧ is defined from matrix ቂ𝑻𝑪𝒍𝒂𝒓𝒌𝒆
𝒇𝒂𝒖𝒍𝒕

ቃ in (4) to obtain the 
orthogonality property of its row vectors, enabling to control 
independently currents in the new rotating frames. From (2) and 
(5) and (8), the total torque Tm13 can be expressed as 

  
    

13 13 3 11 1 33 1 2

T TT
1 21 21 1 3 3 23 23

ˆ ˆ (2 ) (4 )

      

m const q q

d q x x d q

T = T + E i E i f θ + f θ

+ i i i i i infe M M
(9) 

 3

0.418 0.452 0.521
0.521 0.363 0.232
0.232 0.815 0.418
0.232 0.815 0.418
0.521 0.363 0.232
0.418 0.452 0.521

 
  

   
  
    

M (10) 

where  13 1 11 3 337 2 const q qT E i E iˆ ˆ ; [𝑴𝟑] is a constant 6 by 3 

matrix in (10) obtained from the 1st to 3rd columns of ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆
𝟑 ൧

ିଵ. 
From (9), to eliminate torque ripples 2θ and 4θ, the 3rd 

harmonic space current iq33 needs to be calculated as 

33 3 1 11
ˆ ˆ( / ) q qi E E i . (11) 

B. Proposed Similar Copper Losses (SCL) 

To eliminate the impacts of harmonics of enf in (9), currents 
(id21, iq21, ix1) and (ix3, id23, iq23) can be defined according to two 
current design options: Robust Control Approach (RCA) and 
Similar Copper Losses (SCL). Indeed, RCA has been presented 
in [21]. The six currents (𝑖ௗଶଵ, 𝑖௤ଶଵ, 𝑖௫ଵ) and (𝑖௫ଷ, 𝑖ௗଶଷ, 𝑖௤ଶଷ) are 
imposed to be zero. Therefore, besides the 1st and 3rd harmonics, 

(a) (b) 
Fig. 1. The 1st harmonics of the 6 healthy phase currents designed by RCA (a), 
and by SCL (b) with an open-circuit fault in phase A. 

if the back-EMF contains other harmonics such as the 9th 
harmonic in the second fictitious machine (Table I), the 
generated torque Tm13 is still constant and equal to Tconst13 
according to (9). Thus, RCA has robustness. The 1st harmonic 
components of the six healthy phase currents in natural frame 
are shown in Fig. 1a. Notably, their amplitudes are very 
different, probably causing overheating in phases B and G. 

In this study, the current design option SCL is proposed. Its 
main idea is to distribute similarly copper losses to all 
remaining healthy phases, hence, the local thermal limit of each 
phase winding can be respected. Due to the back-EMF 
harmonic property, the 3rd harmonic currents account for a 
small proportion compared to the 1st harmonic currents. 
Therefore, RMS currents as well as copper losses mainly 
depend on the 1st harmonic currents. Then, the 1st harmonic 
components of the 6 healthy phase currents in natural frame can 
be designed according to [3] as follows: 

0
1 110.6591 sin( 21.4 ) B qi i (12) 

0
1 110.6591 sin( 90 ) C qi i  (13) 

0
1 110.6591 sin( 158.6 ) D qi i (14) 

0
1 110.6591 sin( 158.6 ) E qi i  (15) 

0
1 110.6591 sin( 90 ) F qi i (16) 

0
1 110.6591 sin( 21.4 ) G qi i (17) 

It is noted that their amplitudes are designed to be identical 
as shown in (12)-(17) and Fig. 1b. Whereas currents (𝑖ௗଵଵ, 𝑖௤ଵଵ, 
𝑖ௗଷଷ, 𝑖௤ଷଷ), generating torque, are constant, currents (𝑖ௗଶଵ, 𝑖௤ଶଵ, 
𝑖௫ଵ) need to be calculated from (5), (12)-(17) as follows: 

 21 11 11

sin(6 / 7)
cos( ) sin( )

sin(5 / 7)
    d d qi i i (18) 

11 11
21 1 1

sin( ) cos( ) cos(3 / 7)
8 / 7 sin(6 / 7)

cos(2 / 7)8 / 7 sin(3 / 7)

   
           

d q
q C C

i i
i i i (19) 

11 11
1 1 1

sin( ) cos( ) cos( / 7)
8 / 7 sin(2 / 7)

cos(2 / 7)8 / 7 sin(3 / 7)

   
           

d q
x C C

i i
i i i .(20) 

However, from (9), as currents (𝑖ௗଶଵ, 𝑖௤ଶଵ, 𝑖௫ଵ) are time-
variant, these currents interact with harmonics of back-EMF 
(1st, 3rd,…) in enf, causing torque ripples. Thus, from (8)-(9), 
currents (𝑖ௗଶଷ, 𝑖௤ଶଷ, 𝑖௫ଷ) eliminating the torque ripples caused by 
the 1st and 3rd harmonics of back-EMF are written as 

 23 33 33

sin(6 / 7)
cos(3 ) sin(3 )

sin(5 / 7)
    d d qi i i (21) 

33 33
23 3 3

sin(3 ) cos(3 ) cos(3 / 7)
8 / 7 sin(6 / 7)

cos(2 / 7)8 / 7 sin(3 / 7)

   
           

d q
q C C

i i
i i i

(22) 
33 33

3 3 3

sin(3 ) cos(3 ) cos( / 7)
8 / 7 sin(2 / 7)

cos(2 / 7)8 / 7 sin(3 / 7)

   
           

d q
x C C

i i
i i i

(23) 



0
3 330.6591 sin(3 90 ) C qi i  (24) 

where iC3 is the 3rd harmonic component of phase-C current in 
(24). 

From (9), (11)-(24), the total torque Tm13 can be expressed as 

 13 13 1 11 3 33
ˆ ˆ7 2 m const q qT = T E i E i . (25) 

It is noted that Tm13 in (25) is constant when the 1st and 3rd 
harmonics of back-EMF are considered. If the back-EMF has 
other harmonics (9th, for example), torque ripples may appear 
due to the interaction between these back-EMF harmonics and 
6 variable currents (𝑖ௗଶଵ, 𝑖௤ଶଵ, 𝑖௫ଵ) and (𝑖௫ଷ, 𝑖ௗଶଷ, 𝑖௤ଶଷ). Notably, a 
lower total copper loss and evenly distributed copper losses in 
phases are the advantages of SCL. 

IV. CURRENT CONTROL STRUCTURE APPLYING ADALINE

The current control structure using constant d-q current 
references with RCA for post-fault control has been proposed 
in [21]. Fig. 2a describes the control structure when phase A is 
opened. Reference values of currents (id11, iq11, id21, iq21, ix1, iy1) 
and (ix3, id23, iq23, id33, iq33, iy3) are directly used for control. This 
structure facilitates the current control using simple controllers 
such as PI with constant d-q current references. Because zero-
sequence currents (iy1, iy3) are always equal to zero due to the 
wye-connected stator windings, their controllers are not 
necessary. Thus, ten PI controllers are used to control 10 d-q 
currents in which at least 4 currents (id11, iq11, id33, iq33) mainly 
generating torque are constant, allowing to improve torque 
quality. Six d-q currents (id21, iq21, ix1, ix3, id23, iq23) that do not 
contribute to the average torque can be constant or time-variant 
based on current design options RCA and SCL. The output 
signals of PI controllers, voltage references in d-q frames, are 
converted into natural frame by using inversions of new 
transformation matrices (ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟏 ൧
ିଵ, ൣ𝑻𝑷𝒂𝒓𝒌

𝟏 ൧
ିଵ, ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟑 ൧
ିଵ,

ൣ𝑻𝑷𝒂𝒓𝒌
𝟑 ൧

ିଵ). Then, the sums of the voltage harmonics of each 
phase in natural frame are used to calculate the duty cycle and 
Pulse Width Modulation (PWM) signals for the seven-phase 
inverter. 

The measured currents of the healthy phases are provided to 
extract useful harmonics of measured phase currents by the 
real-time current learning process (RTCL). From the back-EMF 
assumption, the 1st and 3rd harmonics are considered as useful 
harmonics in this study. RTCL facilitates the use of new 
transformation matrices (ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆

𝟏 ൧
ିଵ

, ൣ𝑻𝑷𝒂𝒓𝒌
𝟏 ൧

ିଵ, ൣ𝑻𝑪𝒍𝒂𝒓𝒌𝒆
𝟑 ൧

ିଵ
,

ൣ𝑻𝑷𝒂𝒓𝒌
𝟑 ൧

ିଵ) to obtain estimated constant d-q currents for feedback 
(response) signals of PI controllers. If these harmonics are not 
separated, constant feedback currents cannot be obtained 
because one transformation matrix for the two harmonics (1st 
and 3rd) do not exist [13, 14, 21]. 

The most important part of RTCL is an Adaline that is 
presented in Fig. 2b. It separates harmonics of the measured 
current of only one arbitrary phase in the remaining healthy 
phases (phase B, for example). Then, the other phase currents 
are derived from the Adaline-based estimated current (phase B) 
according to their mathematical relationships in current design 
options (RCA or SCL). Notably, SCL with (12)-(17) is the 
contribution of this present study. The Adaline structure 
includes four inputs (1st and 3rd harmonics), four weights 
(constant values), and one output (estimated current). Its 
learning process (weight updating) depends on the updating 
rule (Least Mean Square - LMS) and the learning rate η. A 
proper value of η can guarantee stability of the system (0<η<1). 
More details about the Adaline design can be found in [21].   

V. NUMERICAL VERIFICATION 

A. Studied multiphase drive description 

To verify the proposed strategy SCL, a seven-phase electric 
drive is studied. Parameters of the machine drive are described 
in Table II. A 7-leg voltage source inverter with a PWM 
frequency of 10 kHz fed by DC-bus voltage supplies the seven-
phase PMSM. The speed-normalized non-sinusoidal back-EMF 
waveform is shown in Fig. 3. The 3rd harmonic amplitude is 
equal to 32.3% of the 1st harmonic amplitude. 

To validate the strategy, the torque ripple, denoted by ∆𝑇, 
can be expressed as  

Δ 100%


 max min

average

T T
T

T
 (26) 

where 𝑇௠௔௫, 𝑇௠௜௡, and 𝑇௔௩௘௥௔௚௘ are maximum, minimum, and
average values of the machine torque Tm13, respectively. 

B. Calculated results 

Calculated results are obtained from reference values without 
PI current controllers, PWM, and an inverter. To respect the 
rated RMS current of 5.1 A, the current references 𝑖௤ଵଵ = 7.5 A 
and 𝑖௤ଷଷ = −2.4 A must be imposed in faulty mode, leading to a 
torque of 15.9 N.m. Both RCA and SCL theoretically generate 
constant torques with the considered back-EMF. 

(a) (b) 
Fig. 2. The new current control structure with more constant d-q current references when phase A is open-circuited.
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TABLE II 
ELECTRICAL PARAMETERS OF THE STUDIED SEVEN-PHASE MACHINE DRIVE 

Parameter Value 
Stator resistance Rs (Ω) 1.4 
Self-inductance L (mH) 14.7 
Mutual inductance 𝑀ଵ (mH) 3.5 
Mutual inductance 𝑀ଶ (mH) -0.9 
Mutual inductance 𝑀ଷ (mH) -6.1 
1st harmonic of speed-normalized back-EMF (V/rad/s) 1.3 
3rd harmonic of back-EMF over 1st harmonic (%) 32.3 
Number of pole pairs p 3 
Rated rotating speed (rpm) 750 
Rated RMS current of seven-phase PMSM (A) 5.1 

Fig. 3. Speed-normalized back-EMF of the studied seven-phase machine. 

In healthy mode, MTPA [17] is used to calculated current 
references to generate the same torque (15.9 Nm), facilitating 
comparisons in terms of currents and copper losses. Phase 
current references in healthy mode at 750 rpm (the rated speed) 
are shown in Fig. 4a. In faulty mode, total current references for 
the remaining healthy phases with RCA and SCL at 750 rpm 
are shown in Figs. 4b and 4c, respectively. The maximum peak 
current with SCL (6.8 A) is 31% lower than that of RCA (8.9 
A). The calculated per phase and total copper losses compared 
to healthy mode are described in Table III. Per unit (pu) is used 
to describe the changes of copper losses in faulty mode 
compared to healthy mode. It is noted that calculated copper 
losses with SCL in the remaining healthy phases are similar. 
These values are between 2.25 and 2.42 pu (an increase of 
7.6%). Meanwhile, those by RCA vary from 0.7 to 2.9 times 
(an increase of 300%). Especially, SCL generates a total copper 
loss (1.98 pu) that is 16% lower than RCA does (2.3 pu). 

C. Simulated results 

Simulated results are obtained from the model of the studied 
drive in MATLAB/Simulink with PI current controllers, and a 
voltage source inverter controlled by PWM. To make 
comparisons, an operation includes three stages as follows: 

1) Stage 1: The studied drive operates in healthy mode with
RFOC scheme and MTPA strategy.

2) Stage 2: An open-circuit fault of phase A happens
without any reconfigurations.

3) Stage 3: New current references with RCA or SCL are
imposed in the new control scheme using Adaline with
the learning rate η=0.0001.

From Fig. 5, the simulated torque ripple is lowest at 6.3% in 
healthy mode. When phase A is opened, the torque ripple 
increases to 35%. The new scheme with RCA or SCL can 
significantly reduce the torque ripple. SCL has a slightly higher 
simulated torque ripple (12%) than RCA does (9.5%) because 
SCL requires the control of six time-variant currents (id21, iq21, 
ix1, ix3, id23, iq23). Current responses of (id21, iq21, ix1) obtained 
from the learning process of Adaline are almost the same as 
their references. The control performance of (ix3, id23, iq23) is 
presented in Fig. 6. Phase currents (response signals) with RCA 
and SCL are shown in Fig. 7. The simulated results are in good 

(a) (b) (c) 
Fig. 4. (Calculated result) Phase current references in healthy mode (a), total 
current references for the remaining healthy phases when phase A is opened 
with RCA (b), and by proposed SCL (c), at 750 rpm. 

TABLE III 
COPPER LOSSES IN POST-FAULT OPERATION WITH RCA AND SCL COMPARED 

TO HEALTHY MODE FOR THE SAME TORQUE AT 750 RPM 

Phase 
RCA [21]  Proposed SCL 

Calculated (pu) Simulated (pu) Calculated (pu) Simulated (pu) 
B 4.45 4.61 2.25 2.37 
C 2.52 2.54 2.42 2.44 
D 1.11 1.12 2.27 2.32 
E 1.11 1.12 2.27 2.31 
F 2.52 2.55 2.42 2.46 
G 4.45 4.51 2.25 2.33 

Total 2.3 2.33 1.98 2.01 

Fig. 5. (Simulated result) Torque in the 3-stage operation with new current 
references by RCA and proposed SCL in the new control scheme at 750 rpm. 

(a) (b) (c) 
Fig. 6. (Simulated result) Control performance of currents ix3 (a), id23 (b), and 
iq23 (c), with proposed SCL in the new control scheme when phase A is opened 
at 750 rpm. 

(a) (b) 
Fig. 7. (Simulated result) Phase currents with RCA and proposed SCL in the 
new control scheme at 750 rpm when phase A is opened. 

accordance with the calculated (reference) results in Fig. 4. The 
simulated copper losses are summarized in Table III. Although 
SCL has a slightly higher simulated torque ripple compared to 
RCA, it generates a lower total copper loss (2.01 pu with SCL 
compared to 2.33 pu with RCA) and evenly distributed copper 

0 0.05 0.1 0.15 0.2

Time (s)

-2

-1

0

1

2

3

B
a

ck
-E

M
F

 (
V

/r
a

d
/s

) Speed-Normalized back-EMF

C
u

rr
e

nt
 (

A
)

Healthy 
mode

0 0.01 0.02 0.0267

Time (s)

-10

-5

0

5

10

RCA

0 0.01 0.02 0.0267

Time (s)

-10

-5

0

5

10

SCL

0 0.4 0.8 1.2 1.6 2 2.4

Time (s)

0

10

20

0.6 0.6267
11

15

19

1.2 1.2267
11

15

19

To
rq

ue
 (

N
.m

)

Healthy mode
Phase A is opened 

without reconfigurations
New control scheme  
with RCA or SCL

2 2.0267
-1

0

1

2 2.0267

Time (s)

-10

-5

0

5

10

RCA

2 2.0267

Time (s)

-10

-5

0

5

10

SCL



(a) 

(b) 
Fig. 8. (Simulated result) Torque performance under the variation of the rotating 
speed (a) and the variation of torque reference (b), using proposed SCL in the 
new control scheme. 

losses in the remaining healthy phases (2.31 to 2.46 pu for SCL, 
1.12 to 4.61 pu for RCA). 

The dynamic performance of the new control structure using 
SCL is shown in Fig. 8 under variations of the rotating speed 
and torque reference. It is noted that the speed variation from 
550 rpm to 750 rpm does not have impact on torque generation 
(∆𝑇 ≈ 12%). The variation of torque reference from 12.9 N.m 
to 15.9 N.m makes the torque ripple vary from about 12% to 
14% due to the variation of the average torque. The transient 
time is about 0.3 s with a Adaline learning rate of η=0.0001. 

VI. CONCLUSION

The paper has proposed a fault-tolerant strategy in which 
classical PI controllers for main currents (generating torque) are 
facilitated with constant references under faulty mode. 
Especially, with new current references, copper losses are well 
distributed in the remaining healthy phases. It can avoid 
exceeding local thermal limits of stator windings. In addition, 
total copper losses have been reduced compared to the existing 
study. A seven-phase non-sinusoidal machine has been chosen 
for validation but the machine with other phase numbers can be 
applied. When another phase or more phases are open-circuited, 
the proposed control strategy can be adapted with new 
transformation matrices. 
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