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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.

1. 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 3™ harmonic of back-EMF.
Study [14] applies two new Clarke matrices for the 1%t and 3™
harmonics to obtain phase current references. Torque ripples
due to the 3™ harmonic of back-EMF are eliminated by the
injection of the 3" 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



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 1% harmonic, the back-EMF has a
significant proportion of the 3™ 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:

v=Ri+[L]$ e (1)

T =eli @)

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

back-EMFs respectively (e, = %); Q is the rotating speed of

rotor; R, 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 [T&25¢] and [Tgassi
are applied to convert the machine parameters from natural
frame into d-q frames for control. The current transformation is
written as follows:

i, = [Teee [ Teime 18t ©)
where i =i, iyicipipipic] and iy =iy iy i iy s ipsi,].

The seven-phase machine can be mathematically
decomposed into 3 fictitious two-phase machines with
reference frames (di-q1), (d»-q2) and (ds-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 1%, 9t 39 and 7
harmonics. As the wye connection, the zero-sequence current i,
is equal to zero. Therefore, six constant d-q currents (ia1, ig1, ia2,
i, ia3, Ig3) 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 (m € N )
1% machine di-q1 1,13...7m £ 1

2™ machine dr-q> 5,9..Tm+2

3" machine ds-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 4 is opened,
its current is zero. Therefore, the first column of the classical
Clarke transformation matrix in [6], associated with phase 4,
should be removed. The classical Clarke transformation matrix
in the post-fault condition [T%,,,.] for a seven-phase machine
can be as follows:

cos(0) cos(28) cos(35) cos(45) cos(55) cos(66)
sin(d) sin(20) sin(30) sin(40) sin(50) sin(66)

[Tf ] \/5 c0s(28) cos(40) cos(65) cos(85) cos(100) cos(120)

Clarke | —

sin(20) sin(49) sin(65) sin(85) sin(105) sin(126) | (4)
7 | cos(365) cos(66) cos(96) cos(125) cos(155) cos(185)

sin(30) sin(69) sin(90) sin(129) sin(150) sin(185

JISE) Jﬁ) 1/2) 1/2) 1/2) 1/2)
where 6 = 2m/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 (di-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 (iz, ic1, ip1,
i1, iF1, ic1) and currents in new rotating frames (a1, 11, i1,
i1, Ix1, iy1) 18 described as

- f. . . . . o.T
[1131 Loy Upy Lgy Uk lol]T = [Tcltarke] I[Tllark] l[lml Lot Lao1 Lgo1 I lyl] 3)

where (ia11, ig11) represent the fundamental space currents; (ix1,
ig1) and iy 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; [T¢q4] and [Th..| are
new Clarke and Park 6 by 6 matrices as presented in [21].

New Clarke matrix [T4,,] is determined from [1f,,,,] in (4).
The remaining row vectors of the new matrix [T§...] 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
1t harmonic of current and the 3™ harmonic of the considered
back-EMF. From (2) and (5), the machine torque 7, can be
generally described in (6) with an average torque Tconss1 and its
harmonics as



Tml = Tconsll +E‘iflll {fi(ze) +‘f2(40)}

+e:f {[Ml][idZI iq21 ixl]T}

0363 0.521 0.232
—0.815 —0.232 —0.418
_| 0452 -0.418 0.521
M]=| 0452 0418 -0.521 (7
—0.815 0232 0418
0.363 —0.521 —0.232
where T

"t =N7/2E,i, 3 By and E; are the amplitudes of the 1%

and 3™ harmonics of ex; 8 is the electrical position; fi and f; are
trigonometric functions of 26 and 46 respectively; ens is a 6-
dimentional vector of back-EMF derived from e» by removing
the back-EMF of phase 4; [M,] is a constant 6 by 3 matrix in (7)
and obtained from the 3" to 5 columns of [Tye] -

In (6), currents (iu21, ig1, ix1) can be used to eliminate the
impact of the 1% and 3" harmonics of e on torque ripples by
simply imposing currents (iax1, i1, ix1) to be zero. However,
torques with frequencies 26 and 40 in T,,1 cannot be eliminated
because of the presence of the 3™ harmonic of back-EMF with
amplitude £;. Therefore, the 3™ harmonic currents need to be
injected to compensate the pulsating torques 26 and 46.

2) The injection of the third harmonic current. The 3"
harmonic currents in natural frame (izs, ic3, ip3, ig3, iF3, ig3) are
calculated from new rotating frame currents (ix3, im3, ig23, ia33,
iq33, iy3) as
ligs ics i s s ] = [Toumel " [Taun] " [is s iy s i 1,5] - (8)
where (i3, ig33) represent the 3™ harmonic space currents while
ivy and (ig3, ip23) are the first and second space currents; i3 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; [T3,4,4.] and [T3,,,] are new Clarke and
Park 6 by 6 matrices as presented in [21].

[T21arie] is defined from matrix [r/iu} | 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 713 can be expressed as

T;nl3 = I;(mstlS + {E3iqll + Eliq33} {ﬁ(ze) +.f2(40)}

r S T (€)]
+enf{[Ml][ld21 Lo lxl:' +[M3]|:lx3 lim lq23:|
0418 -0.452 0.521
0.521 -0.363 —0.232
_| 0232 0815 -0418
[M:]=| 6232 0815 0418 (10)

-0.521 -0.363 0.232
-0.418 -0.452 -0.521

where 7, 7/2(Eliqu+E3iq33); [M;] is a constant 6 by 3

const13

matrix in (10) obtained from the 1* to 3™ columns of [T%,arke]_1

From (9), to eliminate torque ripples 20 and 460, the 3™
harmonic space current i33 needs to be calculated as

iq33 = _(Ez / El)i¢]11 . (11)

B. Proposed Similar Copper Losses (SCL)

To eliminate the impacts of harmonics of eusin (9), currents
(ia21, ig21, ix1) and (i3, ia3, ig23) 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 (igz1, ig21, ix1) and (ix3, ig23, ig23) are
imposed to be zero. Therefore, besides the 1% and 3" harmonics,

(2 (b)
Fig. 1. The 1% harmonics of the 6 healthy phase currents designed by RCA (a),
and by SCL (b) with an open-circuit fault in phase 4.

if the back-EMF contains other harmonics such as the 9™
harmonic in the second fictitious machine (Table I), the
generated torque 7,13 is still constant and equal to Tons13
according to (9). Thus, RCA has robustness. The 1% harmonic
components of the six healthy phase currents in natural frame
are shown in Fig. la. 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 3™ harmonic currents account for a
small proportion compared to the 1% harmonic currents.
Therefore, RMS currents as well as copper losses mainly
depend on the 1% harmonic currents. Then, the 1% harmonic
components of the 6 healthy phase currents in natural frame can
be designed according to [3] as follows:

iy =0.6591i ,, sin(6 +21.4") (12)
i, =0.6591i,,,sin(6+90) (13)
iy =0.6591i,, sin(6+158.6") (14)
iy, =0.6591i,,, sin(0 - 158.6") (15)
i, =0.6591i,,sin(6 —90°) (16)
ig = 0.6591i , sin(6 —21.4") (17)

It is noted that their amplitudes are designed to be identical
as shown in (12)-(17) and Fig. 1b. Whereas currents (g1, {g11,
lg433, iq33), generating torque, are constant, currents (igz1, ig21,
i1) need to be calculated from (5), (12)-(17) as follows:

sin(67/7) ;. L
iy = —W(zd“ cos(@)—i,,, sm(@))

BT Sin(&r”){[% sin(@) +i,,, cos(d) _i(_lj[cos(3;r/7))_ici (19)

~N8/7sin(3x /7) cos(2z /' 7)
o . iy sin(@) +i,,co8(0) . \(cos(z/7)) .
i, = 8/751n(27r/7)|:( RS0 ) —zmj(cos(zﬂm]—lc,} .20)

However, from (9), as currents (igz1, igz1, ix1) are time-
variant, these currents interact with harmonics of back-EMF
(1%, 3',...) in ens, causing torque ripples. Thus, from (8)-(9),
currents (igz3, ig23, ix3) €liminating the torque ripples caused by
the 1% and 3™ harmonics of back-EMF are written as

[ —%(z‘d33 cos(30) — i, sin(39)) @21

I3 810(30) + 1,35 c0s(30) j(cos(?ﬂr / 7)) . }
C3 Cc3

I,y =8/ 7sin(67/7) [(

N8/ 7sin(3z/7) cos(27z /' 7)
(22)
. R iy3,810(30) + i 3, c08(30) cos(7z/7) .
b T 8/7sm(2”/7)[[ 8/ 7sin(37 / 7) _'“](cos(h/ 7))_1”}

(23)



i = 0.6591i 5, 5in(30 +90") (24)

where ic3 is the 3™ harmonic component of phase-C current in
(24).
From (9), (11)-(24), the total torque 7,13 can be expressed as

T=T,m; = 72 (Eliqll +E3iq33) . (25)

It is noted that 7,13 in (25) is constant when the 1% and 3™
harmonics of back-EMF are considered. If the back-EMF has
other harmonics (9", for example), torque ripples may appear
due to the interaction between these back-EMF harmonics and
6 variable currents (igz1, ig21, ix1) and (ixs, ig23, igz3). 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 4 is
opened. Reference values of currents (igi1, iqi1, ia21, ig21, ixt, iy1)
and (ix3, ia23, Iq23, La33, 1433, 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 (i1, §,3) 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 (i1, 11, ia33, ig33) mainly
generating torque are constant, allowing to improve torque
quality. Six d-q currents (iz1, i1, Ixl, Ix3, d23, 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 ([T%'larke]_l’ [Tll’ark]_l’ [T%larke]_ls
[T{’,ark]fl). 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 1% and 3™ harmonics are considered as useful
harmonics in this study. RTCL facilitates the use of new

[T,%ark]fl) 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 (1%
and 3™) 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 (1% and 3™ 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 7. A
proper value of 7 can guarantee stability of the system (0<x<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 3™ harmonic amplitude is
equal to 32.3% of the 1* harmonic amplitude.

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

T,

max

Tonin 100%

average

AT = (26)
where Tpax, Tmin, and Tgyerqge are maximum, minimum, and
average values of the machine torque 7,13, 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 ig;; = 7.5A
and ig3; = —2.4 A must be imposed in faulty mode, leading to a
torque of 15.9 N.m. Both RCA and SCL theoretically generate

. . -1 -1 -1
transformation matrices  ([Tfarse) (T3] [T310rke]
Clarke El Park H Clarke s : .
constant torques with the considered back-EMF.
i v, . .
dilref ‘ : . 11 V1 ) RTCL [ ' (lm?m/& l/f}im/)
: i ; [ d11_res, .
i ¥ lg11 res, Y i H . =
qiiref ® q11 Ve1 iﬂli‘i. ic1_est ; v lBimea
: la21 res 1 11 | {Current i~ & q11_res; 1
La21 ref P de1 [Thame]™ [VD1 i Dosign | [ip, oo [Tharse] A ¢ Output P
) ‘.--i . m. < [, 5 mea| |y i 4 optons L LT ctarkel fia pey il @.ﬁ:‘zﬁr
lg21ref 2 921 qul [T ]—1 E1 & Adaline! { RCA H ipy o X - ¢ B est :
< Clarkel 1y o | & o [Thark] |iqzires] ¥
X Tl res F1 iscL i |; ! > Weight updating (LMS rule)
Lxiref > Vx1 T H F1est i i 4 = 11+ W ey cOs (0)
—. vy - i 5 x1res | L\ J;t‘ "”’uum
_ | i ¢ . 2= 1
vy =0 VB_ref| Inverter ‘ I Adaline M= st
) 2 .~ & L - Ha = Ba W ierror Si
Ix3ref > Vx3 ZH cref, Z:nhase lip3_est ip3 est, LH .
—’,_ '. Vp3 B i
. () Vp ref| PMSM |. jlci est . ix3 res
td23 ref ) x3.res Vazz v Lc_mea| & i3 est S ad
i laz3 v, 3 1 < Ve, ip_med| i1 est ip3 est la23 res,
L S ldz3re 23 = X - 3 ¢ H |
M. [Tard ™ |vbs VF_ref - P [T 1arke) ; ¥ ] !
ld33 e“iqZ3 re: v, * 1| v, VG ref| [£.mea - lez e ; M&’ E i
x . a33 -1| Vg3 5 ; - . j y {
el [P} [Té1arke] = i iFiest : [TRark] igas res .
] ) N LF_mea x iF3 est, |a33resy, Ha Weights
1433 ref -laaz,re Vg33 F3 X ) i3 res'
¥ 0 Vg3 (G.mea st == f i
i 3= . .
i X cos(0) sin(6) cos(36) sin(30) Inputs
(@) (b)

Fig. 2. The new current control structure with more constant d-q current references when phase A4 is open-circuited.



TABLEII
ELECTRICAL PARAMETERS OF THE STUDIED SEVEN-PHASE MACHINE DRIVE

Parameter Value
Stator resistance R, (Q) 1.4
Self-inductance L (mH) 14.7
Mutual inductance M; (mH) 3.5
Mutual inductance M, (mH) -0.9
Mutual inductance M; (mH) -6.1
1* harmonic of speed-normalized back-EMF (V/rad/s) 1.3
3" harmonic of back-EMF over 1% harmonic (%) 323
Number of pole pairs p 3
Rated rotating speed (rpm) 750
Rated RMS current of seven-phase PMSM (A) 5.1

3

— Speed-Normalized back-EMF
2

1

0

Back-EMF (V/rad/s)

-2
0 0.05 0.1 0.15 0.2

Time (s)
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 A4 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 #=0.0001.

From Fig. 5, the simulated torque ripple is lowest at 6.3% in
healthy mode. When phase 4 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 (i1, i1,
ixt, ix3, ia23, ig23). Current responses of (i1, ip21, ix1) Obtained
from the learning process of Adaline are almost the same as
their references. The control performance of (i3, im3, ig23) 1S
presented in Fig. 6. Phase currents (response signals) with RCA
and SCL are shown in Fig. 7. The simulated results are in good
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Fig. 4. (Calculated result) Phase current references in healthy mode (a), total
current references for the remaining healthy phases when phase 4 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 1.12 227 2.31
F 2.52 2.55 2.42 2.46
G 445 4.51 2.25 2.33
Total 2.3 2.33 1.98 2.01
Phase A4 is opened New control scheme
Healthy mode without reconfigurations; ~ with RCA or SCL:
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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.
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Fig. 6. (Simulated result) Control performance of currents i3 (a), ix3 (b), and

i3 (c), with proposed SCL in the new control scheme when phase 4 is opened

at 750 rpm.
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Fig. 7. (Simulated result) Phase currents with RCA and proposed SCL in the
new control scheme at 750 rpm when phase A4 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
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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
(AT = 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 #=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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