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Drives with Minimum Torque Ripple

Duc Tan Vu, Member, IEEE, Ngac Ky Nguyen, Member, IEEE, and Eric Semail, Member, IEEE

Abstract- For non-sinusoidal electromotive force (NS-EMF)
multiphase machines, this paper proposes a new strategy and
control scheme to guarantee smooth torque under an open-phase
fault. Notably, the conventional proportional-integral (PI)
controllers implemented for vector control in healthy mode can be
used in the faulty mode. The strategy is based on reduced-order
transformations while the control scheme applies a simple
artificial intelligence algorithm using a specific online-trained
Adaptive Linear Neuron (ADALINE). Indeed, the inputs of
ADALINE require the knowledge of rotor position and NS-EMF
harmonic rank to optimize the learning time. The proposed
strategy and control scheme are tested on a seven-phase machine
with a strong Total Harmonic Distortion (THD) of NS-EMFs,
containing numerous harmonics Hkx (THD=38% with 100% H1,
32.3% H3, 9.4% H7, 12.5% HY, 10.3% HI11). Numerical and
experimental results are presented in this paper. This paper is
accompanied by a video demonstrating the experimental results.

Index Terms-Multiphase machine, seven-phase machine, non-
sinusoidal electromotive force, fault-tolerant control, reduced-
order transformation, adaptive linear neuron.

I. INTRODUCTION

The wuse of sinusoidal electromotive forces (S-EMFs)
impacts the cost of the machine because S-EMFs not only
induce constraints on machine design and manufacturing but
also lead to a non-optimal use of magnets. For emerging
electrical automotive mass-market, machines with non-
sinusoidal electromotive forces (NS-EMFs) are attractive but
pulsating torques appear. Therefore, S-EMF three-phase
machines are usually chosen with vector control, using
proportional-integral (PI) controllers in rotating (d-q) frames.
With a n-phase machine, high-quality vector control can be
generalized in multi-rotating frames even with NS-EMFs.
More precisely, NS-EMFs containing maximum (n+1)/2 (n is
odd) and (n+2)/2 (n is even) harmonics can be accepted [1].
Therefore, the constraints on the EMF harmonic spectrum are
alleviated when » increases. Moreover, as fault tolerance is
provided with a multiphase machine, safety margins on power
components can be reduced since a failure does not lead to a
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Fig. 1. Three fault-tolerant strategy groups based on transformations of currents
between natural and decoupled frames.

drive breakdown. Nevertheless, in faulty mode, the
requirement for smooth torque is more difficult to be satisfied
with NS-EMFs. Consequently, a reconfiguration with new
reference currents is required to ensure smooth torque, but
these currents are usually complex and time-variant in rotating
frames. The strategies to find new reference currents for open
circuit faults can be generally classified into three strategy
groups based on Fig. 1. After examining different existing
strategies, we will propose an approach dedicated to NS-EMFs.

The first strategy group is to determine new reference
currents in decoupled frames using classical transformation
matrices. Remaining healthy phase currents have unidentical
waveforms. Main sinusoidal magnetomotive forces (MMFs)
generating most of the torque are preserved. In other words,
main reference d-q currents are time-constant to facilitate
current control. However, other d-q currents are forcedly time-
variant, potentially causing torque ripples. This approach was
early presented in [2, 3] for induction machines, and has been
more recently described in [4-6] for permanent magnet
synchronous machines (PMSMs). For example, in [4], four
main constant d-q currents are preserved for torque generation
in a post-fault 7-phase machine. However, other two d-q
currents must be time-variant. If NS-EMF harmonics
associated with the two varying currents are significant, torque
ripples are inevitably generated as described in [5] (>30%).
Therefore, varying reference d-q currents in the first strategy
group not only pose challenges for PI controllers but also
generate torque ripples with multi-harmonics in NS-EMFs.

The second group of fault-tolerant strategies is to define new
reference currents in natural frame while the classical
transformation matrices are preserved. Remaining healthy
phase currents can be directly defined either to obtain a
constant torque or to have an expected current waveform. The
approach with a constant torque [7-11], regardless of multi-
harmonics in NS-EMFs, results in arbitrary current waveforms
like the first group strategies. Meanwhile, if an expected
current waveform is considered, current amplitudes and copper
losses can be imposed as in [5] but the torque is possibly no
longer constant with NS-EMFs. Especially, different from the
first group, all reference d-q currents in the second group are
time-variant [5, 7-11], making current control design with PI
controllers difficult at different operating points.



In the third strategy group, new reference currents are
determined by finding new transformation matrices. For
example, new reference currents for a n-phase machine with
one opened phase are determined by finding new (n-1)-by-(n-
1) transformation matrices. In other words, a post-fault n-phase
machine is considered as an asymmetrical (n-1)-phase
machine. The new matrices are defined according to the
preservation of sinusoidal MMFs as in healthy mode. The
orthogonality between rows of the new matrices must be
guaranteed for new decoupled frames. Most studies in this
group deal with 5-phase S-EMF machines [12-20] and a
constant torque is generated by sinusoidal phase currents.
Notably, [20] proposes a general approach to find new
transformation matrices to obtain constant reference d-q
currents with sinusoidal phase currents. However, for NS-
EMFs, high-ripple torques are significantly generated due to
interactions between NS-EMF harmonics and the fundamental
current as analyzed in [21]. Only a few studies [22-24]
consider 5-phase NS-EMF machines with the presence of the
third harmonic. New reference currents are calculated to obtain
constant torques but all reference d-q currents for control are
time-variant. Therefore, the control of varying reference
currents is a challenge in the third strategy group.

To sum up, the three above strategy groups, in case of NS-
EMFs, deal with varying reference d-q currents that possibly
generate torque ripples and pose challenges for control. It is
difficult to control varying reference d-q currents with
conventional PI controllers when the speed increases, making a
high demand for higher bandwidth controllers. If PI controllers
are applied as in [22], high-ripple torques are inevitable,
especially at high speed. It is possible to completely change the
control by using a simple solution with hysteresis controllers as
presented in [3, 7, 8, 25]. Nevertheless, hysteresis controllers
have inevitable variable switching frequencies, high switching
losses, and electromagnetic compatibility problems. Therefore,
this solution can be used for low-power applications. Model
Predictive Control (MPC) is another solution as presented in
[13, 19]. Due to a high number of iterations, MPC possesses
high computational costs, especially in case of multiphase
drives. It also requires accurate system knowledge for the
model prediction, and it has high switching frequencies.
Resonant PI (PIR) controllers can track varying currents in
faulty conditions for S5-phase machines [13, 23, 24, 26].
However, in general, PIR requires accurate estimations of the
frequency and parameter-tuning procedures, and it has a poor
performance in dynamic states.

In [27], reference currents for 6-phase machines in faulty
modes are tracked by Artificial Intelligence (AI) combined
with fuzzy logic control. Despite a good tracking performance,
specific knowledge is required for parameter setup, and the
calculation burden is a challenge. Meanwhile, adaptive linear
neuron (ADALINE), a simple type of Al, can be a suitable
solution. ADALINE possesses several outstanding advantages
[10, 28-30] such as self-learning, fast convergence, and simple
implementation in real-time systems if their inputs are well
chosen. ADALINE weights are constant in steady states and
fast converge in transient states.

TABLE |
CONSIDERED COMPARATIVE CASES IN THIS STUDY
Description
Healthy mode using constant reference d-q currents with
MTPA [7, 8] in the conventional RFOC scheme”
2 One phase is open-circuited without any reconfigurations
Imposing new varying reference d-q currents with MTPA [7, 8]

Case

3 in the pre-fault control scheme”

4 Imposing new varying reference d-q currents with the proposed RCA
in the pre-fault control scheme”

5 Imposing new constant reference d-q currents with the proposed RCA

in the proposed ADALINE-based control scheme
"The pre-fault control scheme is the RFOC scheme used in healthy mode.

In this paper, the idea is to preserve the conventional PI
controllers using constant reference currents in faulty mode
with minimum torque ripple. A reconfiguration strategy, based
on new transformation matrices (the third strategy group), is
proposed for a single-phase open circuit fault. The strategy can
generate a constant torque regardless of multi-harmonics in
NS-EMFs. Therefore, it can be called Robust Control
Approach (RCA). To avoid the control of varying reference
currents, a new control scheme using a specific online-trained
ADALINE is proposed. The ADALINE is based on the
knowledge of rotor position and NS-EMF harmonic rank. It is
used to extract amplitudes and phase angles of torque-
producing harmonics in measured phase currents. Thus, time-
constant feedback signals for the PI controllers are obtained.
Notably, the proposed ADALINE-based control scheme with
RCA can solve all problems caused by varying reference
currents as previously discussed in the three strategy groups.

A 7-phase PMSM with multi-harmonics in NS-EMFs is used
to verify the proposed strategy and scheme. The scheme is
numerically and experimentally compared with the
conventional Rotor Field-Oriented Control (RFOC) scheme.
Five comparative cases are described in Table I for thorough
evaluations of the proposed strategy and control scheme.
Because of being used in healthy mode (case 1), the RFOC
scheme is called the pre-fault control scheme. In post-fault
operation, the pre-fault control scheme is preserved with
strategies Maximum Torque Per Ampere (MTPA) [7, 8] (case
3) and RCA (case 4). In the pre-fault scheme, both MTPA and
RCA have varying reference d-q currents. However, RCA can
be used in the proposed control scheme with constant reference
d-q currents (case 5), allowing to keep the PI controllers. A
demonstration video is provided with this paper.

The paper is organized as follows. Section II presents the
modeling and control of a 7-phase drive in healthy mode.
Proposed strategy RCA is described in section III. The pre-
fault and proposed control schemes are explained in sections
IV and V, respectively. Numerical and experimental results are
described in section VI.

II. MODELING AND CONTROL OF A SEVEN-PHASE PMSM
IN HEALTHY MODE

In this study, a 7-phase PMSM with NS-EMFs is considered
with several assumptions for the modelling as follows: apart
from the main 1% harmonic (H1, 100%), the NS-EMFs have a
significant proportion of the 3" harmonic (H3, 32.3%) and a



small but unneglectable proportion of the 9" harmonic (H9,
12.5%); 7 phase windings are equally shifted and star-
connected; the magnet circuit saturation is not considered in
calculations of NS-EMFs and fluxes. The voltage and
electromagnetic torque of the machine can be expressed as:

K=R55+[L]%+ng )]
T;m _ejorl (2)

. T . re ... . . o.qT
with v= [VA Vg Ve Vp Vi Vi VG] s L= [lA Iglclplplp ZG] 5
B T
e, =lesesecepe;ep e

where v, i, and eqor are 7-dimensional vectors of phase voltages,
phase currents, and speed-normalized NS-EMFs, respectively;
Rs is the resistance of one phase of the stator; [L] is a 7-by-7
stator inductance matrix; € is the rotating speed of rotor; Tem is
the electromagnetic torque of the machine.

The speed-normalized NS-EMF of one phase (e4, es, ec, ep,
ek, er, Or eg) is given by:

e =Y E, sin{h[e—(j—l)%”}wh (€)

with hefl, 3, 9 and j e[1,7]

where j represents the phase number corresponding to seven
phases from 4 to G; E» and ¢ are the speed-normalized
amplitude and phase shift angle of harmonic 4, respectively; 6
is the electrical position.

To facilitate RFOC as presented in [4, 5], the classical 7-by-
7 transformation matrices, Clarke [7,,. ]| and Park [P,..] .

are applied to convert parameters of the machine from natural
frame into decoupled d-q frames. For example, the
transformation for currents is presented as

[ldl Lyt Lag Tyo Laz Uy3 lz] :[I)alassic][llassic][lA lglclplplp lG] “

Thus, a 7-phase machine can be mathematically decomposed
into 3 two-phase fictitious machines (FMs) and 1 zero-
sequence machine (ZM) with corresponding reference frames
[31]. One FM and its reference frame are associated with a
given group of harmonics as described in Table II.

The RFOC scheme, called the pre-fault control scheme in
this study, is described in Fig. 2. In healthy mode, seven
optimal reference phase currents i, are calculated from
reference torque Tem rer by using MTPA [7, 8] as

||jno,.2 T;,m_ref (5)

zref =

TABLE II
FICTITIOUS MACHINES, REFERENCE FRAMES, AND ASSOCIATED HARMONICS
OF A 7-PHASE MACHINE (ONLY ODD HARMONICS)

Fictitious machine Frame  Associated harmonic m e N,
1* two-phase machine (FM1) di-q 1,13, ..., 7m=1

2™ two-phase machine (FM2)  do-qo 59,...7m+2

3" two-phase machine (FM3)  ds-¢3 3,11,...,7m+3
Zero-sequence machine (ZM) z 7,21,...,7m

i v, M=
M7T:A switch 'dl,re[ 2 @ d1_ref N qu_“_‘
Tom re [f. ] [ ] lig1rer oyl laLrer, "A_re§
X for [ kref; - (Ll B_re,
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43 mea
i
49.mea [Pctassic]
49 mea x
N [Tctassicl
Lq1_mea i 4
id1 mea 2 .
6,36,96 PMSM

Fig. 2. RFOC scheme for torque control (called “pre-fault control scheme).

where

is the norm of vector enr. A constant torque can

eVlOV
be generated by constant d-q currents if each two-phase
fictitious machine contains only one harmonic of NS-EMFs.

The selection of a harmonic of currents in each frame for
control depends on the main harmonics of NS-EMFs. A
constant torque is produced by using simultaneously three
harmonics: the 1% for FM1, the 9% for FM2, and the 3" for
FM3. Therefore, 6 constant d-q currents (i1 ref, iql ref, id9 ref,
ig9 ref, id3 ref, iq3 ref) are controlled by 6 conventional PI
controllers (i rer is always zero due to the star connection).

III. PROPOSED POST-FAULT REFERENCE CURRENTS WITH RCA

A. Reduced-order transformation matrices

When phase 4, for example, is opened, is becomes zero.
Therefore, the first column of the classical Clarke
transformation matrix in [4], associated with phase 4, should
be removed. The classical Clarke matrix in the post-fault
condition for 7-phase machines can be written with only 6
columns as follows:

cos(0) cos(25) cos(30) cos(40) cos(59) cos(69)

sin(0) sin(20) sin(35) sin(49) sin(50) sin(60)
3 c08(20) cos(40) cos(60) cos(85) cos(105) cos(120)
[Tﬁm,,]:\ﬁ sin(25) sin(46) sin(65) sin(85) sin(105) sin(125)
7| cos(35) cos(65) cos(96) cos(125) cos(155) cos(185)

sin(39) sin(60) sin(99) sin(129) sin(1595) sin(185)

1/2 /2 72 Vir2 Virz iz

(6)

where 0=2m/7 is the spatial phase shift angle.

In (6), the first, third and fifth row vectors are no longer
orthogonal to each other. Three reference frames (di-q1), (do-
q9), and (d3-g3), decoupled in healthy mode, become coupled in
faulty mode. Consequently, currents cannot be properly
controlled without any reconfigurations. The post-fault 7-phase
machine can be considered as an asymmetrical 6-phase
machine with 6-by-6 transformation matrices. Therefore, the
relationship between new currents in natural frame (is1, ic1, ip1,
ie1, ir1, ic1) and in d-q frames (ia11, igi1, ia91, igo1, ix1, iz1) can be
represented through 6-by-6 transformation matrices as

. . . . . . 1T -1 -1r. . . . . .17
[lBl Loy Ipy gy Uy lGl] :[Tl] [Pl] [ldll Lo Laor Ygo1 1y lzl] (7N
(cos(8)-1) (cos(28)-1) (cos(3)-1) (cos(45)—1) (cos(55)-1) (cos(65)-1)
sin(0)  sin(28)  sin(36)  sin(40)  sin(56)  sin(65)
T= 2| cos(20) cos(46)  cos(60)  cos(80)  cos(100) cos(120) (8)
[ 1} 7| sin(20)  sin(40) sin(69) sin(86)  sin(100)  sin(120)
sin(38)  sin(65)  sin(99)  sin(120)  sin(155)  sin(180)
12 12 172 172 12 172



cos(0+ ) sin(@+¢,)
—sin(@+¢,) cos(0+ @)
7] ©)

0 0
0 0
0 0

where [T;] and [P,] are new 6-by-6 Clarke and Park matrices

in (8) and (9), respectively; @1 is the phase shift angle of the 1%
harmonic of NS-EMFs as previously described in (3).

The subscript 1 in all variables of (7) means that the
fundamental components of currents are being considered.
Frames (d11-q11) and (do1-go1) represent 2 two-phase fictitious
machines while x1 and z1 represent 2 zero-sequence machines.
For simplicity, d-axis current is1 is zero. Due to the star
connection, i1 is zero.

New Clarke matrix [7;]is determined from [T, ]in (6) by

removing its fifth row because this row vector is not orthogonal
to the first and third row vectors, and (d3-¢3) frame in healthy
mode becomes x in faulty mode. In addition, coefficient -1 is

added to the first row of [T, ] to respect the orthogonal

property between row vectors. After these modifications, the
row vectors of the new matrix [7;] in (8) are orthogonal to

each other, allowing to control independently currents in the
new decoupled d-q frames.

The generated torque is constant if S-EMFs are considered
as in [12-19]. However, in this study, the considered NS-EMFs
consist of extra harmonics, including 3" and 9 as described in
(3). Therefore, from (2)-(3) and (7)-(9), the electromagnetic
torque 7emi, obtained with only sinusoidal currents, can be
generally described as

T, = szl tE; lqll {f (29) +1 (4‘9)} TE olgl1 {fs (89) +/, (l 09)}

. 10
€ror /t{ 1][’491 o1 T} (10)
with 7, = \/7/2E,iq]1 ;

T
e =[esecepepepeg] =e,, u+

Znor_ft +eé

gnoi‘7ﬁ3 nor _ ft9

where Taver is the average torque; Ei, E3, and Eo¢ are
respectively the amplitudes of the 1%, 3", and 9" harmonics of
a speed-normalized NS-EMF in (3); fi, f2, f3, and fi are
trigonometric functions of harmonics 26, 46, 86, and 106,
respectively; enor 1 is a 6-dimensional vector derived from enor
in (1)-(2) by removing e4; enor si1, €nor fi3, and enor siv are 6-
dimensional vectors derived by preserving only the 1%, or 3%,
or 9" harmonic in exor s, respectively; [Ki] is a constant 6-by-3

matrix obtained from the 3" to 5" columns of [7;]"

In (10), the harmonics of the torque are generated by
interactions between the fundamental components of currents
and the harmonics of the NS-EMFs. Terms f; and f4 caused by
the fundamental current and the 9" harmonic of NS-EMFs are
nullified due to the chosen matrices, leading to an expression
of the torque as

T,=T, . tEji 1411 {fl (2'9) + 1 (49)}

e, fr{[K [ld9l S ixl:|T} (an

In (11), by simply imposing currents (i1, ig91, ix1) to be zero,
torque ripples caused by harmonics of enor s can be eliminated.
However, torques with frequencies 26 and 46 cannot be
eliminated due to the 3™ harmonic of NS-EMFs with amplitude
E3 and constant current igi1.

It will be seen that the injection of the 3™ harmonic
components of currents allows to compensate the pulsating
torques 26 and 46. Indeed, the 3™ harmonic components of
currents in natural frame (is3, ic3, ips, i£3, ir3, iG3) are calculated
from new d-q currents (ix3, ia93, ig93, Ia33, I¢33, iz3) as follows:

. . . . . . T 1 —Ir. . . . . . 1T
[133 ez lpy gy Ups 103] = [Ts] [Ps] [lx3 laoz Lgo3 La33 Ig33 lz3] (12)
sin(J) sin(29) sin(39) sin(49) sin(59) sin(65)
cos(20)  cos(49)  cos(69) cos(80) cos(108)  cos(120)
T. 2| sin(20) sin(49) sin(65) sin(80) sin(100) sin(120) (13)
[ 3] 7 (cos(3b) 1) (cos(éé‘) 1) (cos(%) 1) (cos(126)-1) (cos(156)-1) cos(lSé‘) 1)
sin(39) sin(69) sin(99) sin(120) su}};é‘) sin(189)
12 12 12 Vi2 12 12
100 0 0 0
010 0 0 0
_{001 0 0 0
[P3:'7 000 cos(39+¢,) sin(30+¢;) 0 (14)
00 0 —sin(30+¢,) cos(30+¢;) 0
000 0 0 1

where [T;] and [P;] are new 6-by-6 Clarke and Park matrices
as presented in (13) and (14), respectively; @3 is the phase shift
angle of the 3" harmonic of NS-EMFs as described in (3).

Like (7), the subscript 3 in all variables of (12) means that
the third harmonic components of currents are being
considered. Frames (doi-qo3) and (d33-g33) represent 2 two-
phase fictitious machines while x3 and z3 represent 2 zero-
sequence machines. For simplicity, d-axis current is3 is set to
zero. Besides, the zero-sequence current i3 is zero due to the
star connection. Similar to [7}], 6-by-6 matrix [73] in (13) is
defined from matrix [T, | in (6) by eliminating its first row

because this row vector is not orthogonal to the third and fifth
row vectors, and (di-¢q1) frame in healthy mode becomes x3 in
faulty mode. In addition, coefficient -1 is added to the fifth row

of [T ﬁm,,] due to the requirement of orthogonality. As a result,
the orthogonal property of row vectors in [7y] enables to
control independently currents in new decoupled d-q frames.

From (2)-(3) and (7)-(14), the electromagnetic torque Tem13,
obtained with non-sinusoidal currents, is expressed as

= T;vel} {ESqul + Ellq33} {fi (29) +j; (40)}
+ {E3lq33 + E9lq33 } Js (66) + Eoiqssfs (126)
. . T . . . T
+€:or_ft {[Kl ][ld9l Lot L] t [K3]|:lx3 Lo3 lq93] }

7/2(Eji,y, + Esi,35)

T

eml3

(15)

with T

avel3 —

where Tae13 is the average torque with the additional third
harmonic components; f5 and fs are trigonometric functions of
harmonics 66 and 126, respectively; [K3] is a constant 6-by-3

matrix obtained from the 1% to 3 columns of [7;]”

In (15), f5 and fs caused by the 3™ harmonic current and the
3" and 9" harmonics of NS-EMFs are nullified due to the
chosen matrices. In addition, to eliminate torque ripples at



frequencies of 26 and 46, current ;33 in (15) needs to be
calculated as

iq33 =—(E, /El)iqll (16)

Simultaneously, the effect of the 1% and 3™ harmonics of
NS-EMFs (enor fit and enor i3 in enor £1) in the last term of (15) is
also eliminated. Finally, the electromagnetic torque is
calculated with an impact of the 9" harmonic of NS-EMFs
enor 9 as follows:

T .=T

eml3 ~ Lavel3
. . .7 . . . T

+€Ior_fl9 {[Kl][ldm Lot Ia +[K3:H:lx3 Lyo3 lq%] }

with 7, = \/7/_2I:E]iq]1 + Esiq33:| = \/7/_2[(E12 - E;)/El:liqll

B. Robust Control Approach (RCA) for new reference currents

+

(17)

From (15)-(17), (iq11, ig3) are imposed as constants to
generate the average torque while currents (ia11, ia33) are zero. If
six currents (i1, igo1, ix1) and (ix3, ia93, iq93) are imposed to be
zero, the electromagnetic torque 7em13 in (17) is constant and
equal to the average torque Tuvel3 as

T;ml} = 7;‘,(,13 = M[Eliqll + ESiq33:| = M[(Elz _E32 )/El]iqll (1 8)

From (7)-(9), the 1% harmonic components of reference
currents in the six remaining healthy phases are calculated
from currents in d-q frames as follows:

iy =0.9158,, sin(0 +152.8" +¢,) (19)
i, =0.6899i , sin(6 +49° + ) (20)
iy = 0.4304i,, sin(0 +32.6° + ¢, (e2)
iy = 0.4304i,, sin(0 —32.6" + @) (22)
i, =0.6899i , sin(6 — 49" + ;) (23)
ig, =0.9158i ,,sin(0 —152.8° + ) (24)

Calculations for (iss, ic3, ip3, iE3, iF3, iG3) are similar by using
(12)-(14) as

iy = 0.8473i,,,5in(30 +15.9° + 9,) (25)
icy =0.6157i,,5in(30 ~137.3" + 9,) (26)
iy, = 0.6348i ,,5in(30 +124.8" + ) (27)
iy = 0.6348i ,, 5in(30 ~124.8" + ,) (28)
ipy =0.6157i 5, 5in(30 +137.3" + ;) (29)
igy = 0.8473i,,,5in(30 ~15.9° + ) (30)

In summary, the total torque in (18) is constant and obtained
by using reference currents calculated from (16) and (19)-(30).
Reference currents of the six remaining healthy phases in the
post-fault operation are combinations of the 1% harmonic
currents in (19)-(24) and the 3" harmonic currents in (25)-(30).

The drive using the above new reference currents (RCA) has
robustness. Indeed, a constant torque can be obtained in post-

fault operation with multi-harmonics in NS-EMFs (1% in FM1,
9" in FM2, and 3™ in FM3). Therefore, RCA can solve the
existing problem in the first group strategies in dealing with
multi-harmonics in NS-EMFs. Specifically, in [2-6], d-q
currents generating most of the torque (1* and 3™ harmonics,
for example) are preferred to be constant. Other d-q currents
are forcedly time-variant (9" harmonic). If the corresponding
NS-EMF harmonic (9" harmonic) is not null, torque ripples are
inevitable. Generally, RCA can be adapted for multiphase
machines with different phase numbers.

IV. PRE-FAULT CONTROL SCHEME IN POST-FAULT OPERATION

A. Maximum Torque Per Ampere for faulty modes

Optimal currents, generating maximum constant torques
with minimum copper losses, are obtained either by using the
Lagrangian multipliers in [7] or by the real-time vectorial
control approach in [8]. Although the two approaches are
different, the obtained optimal currents in [7] and [8] are the
same. These methods are called Maximum Torque Per Ampere
(MTPA) for multiphase machines. Without loss of generality,
the vectorial approach in [8] is presented and compared with
the proposed strategy and control scheme in this paper. When
phase A is opened, new reference phase currents for the six
remaining healthy phases irs s, generating a constant reference
torque Tem ref, are given by [8] as

with e, :(Ze/}%g 31)
.

j=2

_ €nor7ﬁ _gz T

Lo i = | 2 Lem_ref

where n is the number of phases; e: is a zero-sequence speed-
normalized NS-EMF vector to satisfy a null zero-sequence
current in the star connection; u is the 6-dimensional unit

gnur7 St - gz

vector;

e

—nor _ft -

gz” is the norm of vector (gw e gz) .

Theoretically, the optimal reference currents in (31) can
generate constant torques with minimum copper losses.
Especially, by using classical transformation matrices, six
reference d-q currents are time-variant as shown in Fig. 3a.
These varying reference currents are controlled by PI
controllers of the pre-fault control scheme in Fig. 2.

B. The proposed RCA in the pre-fault control scheme

Constant reference d-q currents (iai1, igi1, ia91, igo1, ix1) and
(ix3, ia93, 1493, 433, ig33) from RCA can be used for control.
However, it is difficult to obtain corresponding constant
feedback signals for current controllers because at least the 1%
and 3™ harmonics are combined in measured phase currents. In
literature review, no transformation matrices have been found
to obtain all constant d-q currents with post-fault multi-
harmonic phase currents.

For the sake of simplicity, the pre-fault control scheme in
Fig. 2 can be reused. Indeed, i;11 is obtained from a reference
torque Tem rer by using (18), and ig33 is then derived from (16).
Thus, new reference currents for remaining healthy phases are
the sums of their 1% and 3™ harmonic components in (19)-(30).
Classical matrices are used to transform these new reference
currents from natural frame into d-q frames for control,
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Fig. 3. (Numerical results) New post-fault reference d-q currents at 350 rpm
with MTPA [7, 8] (a), and with the proposed RCA (b), for the pre-fault control
scheme in Fig. 2 (at least ia1_ref; iq1_ref; id3_rer, and ig3_rer are not constant).

resulting in varying reference d-q currents as in [22-24]. Fig.
3b shows new reference d-q currents with RCA using classical
transformation matrices. Notably, RCA possesses null
reference currents in (do-q9) frame. Therefore, NS-EMF
harmonics associated with the second fictitious machine (5"
and 9™, for example) will not generate torque ripples.

V. PROPOSED ADALINE-BASED CONTROL SCHEME
IN POST-FAULT OPERATION

A. The proposed ADALINE-based control scheme

The new control scheme for an open circuit fault in phase 4,
as described in Fig. 4, can directly control constant currents,
facilitating current control with limited bandwidth controllers
as PI. Feedback signals for current controllers can be obtained
from non-sinusoidal measured phase currents. Indeed,
measured phase currents and electrical position are sent to a
real-time current learning (RTCL) block to determine torque-
producing harmonic components of measured phase currents.
From the NS-EMF assumption in this study, the 1% and 3"
harmonic components of phase currents need to be determined.
Therefore, RTCL extracts harmonic components of all
measured phase currents in natural frame. After that, new

matrices ([7;],[P]) in (7)-(9) and ([T4],[P:]) in (12)-(14)
transform the extracted current harmonics into d-q frames to
obtain necessary time-constant feedback signals for current
controllers. Due to the star connection, currents (i-1, i-3) are
always equal to zero. Thus, in the proposed control scheme, 10
PI controllers are used to control 10 constant currents (iqi1, igi1,
ido1, igo1, ix1) and (ix3, ia93, iq93, ia33, Ig33). Among these 10
currents, 2 currents (ig11, ig33) mainly generate torque while the
others are imposed to be zero.

The key part of RTCL is a specific ADALINE that is
presented in the next subsection. The ADALINE extracts
harmonics of the measured current of only one arbitrary
healthy phase among the six remaining healthy phases. Then,
the other phase currents are derived from the ADALINE-based
extracted current according to RCA strategy. To sum up, from
Fig. 4, there are three steps to implement RTCL as follows:

1) Extract the first and third harmonics of an arbitrary
measured healthy phase current by using the ADALINE.

2) The first harmonic of this current is used to calculate the
first harmonics of other phase currents by using RCA (apply
(19)-(24) when phase 4 is opened).

3) The third harmonics of phase currents are equal to
differences between measured phase currents and the
corresponding first harmonics as described in RTCL of Fig. 4.

B. Descriptions of the proposed ADALINE in RTCL

Without loss of generality, the measured phase-B current
iB_mea 1s chosen for the harmonic extraction when phase 4 is
opened. With the NS-EMF assumption, the 1% and 3"
harmonics are torque-producing components, i3 mea can be
expressed by Fourier coefficients as

B mea = [y;k sin(6) + ,u; COS(H)} + |:,u; sin(30) + ,uZ cos(30)}

=[ (ﬂl*)Z +(,u;)2 sin (9+arctg('u—§)J+[ (”;)2 +(,uZ)2 sin (39+arctg(’u£)] (32)
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Fig. 4. Proposed ADALINE-based control scheme using RCA to control 10 constant d-q currents with PI controllers when phase 4 is opened.
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Fig. 5. Harmonic extraction of the measured phase-B current using an
ADALINE with a single layer, for NS-EMFs with 1% and 3™ harmonics.

where ,uf are the coefficients of harmonic components (j=1,
J

2,3, 4); 8 is the electrical position measured from an encoder.

The harmonic extraction of by the proposed
ADALINE is shown in Fig. 5. The input vector and the weight
vector of the ADALINE are defined by:

] B _mea

Xx=[sin(@) cos(@) sin(36) cos(36’)]T (33)
(34)

where (u1, u2) are weights representing harmonic 6; and (u3, u4)
are weights representing harmonic 36.

Then, the output of the ADALINE y is given by:

T
a=l i )

. . . T
Y=IB est =IBl est TIB3 est =H X=
=4 8In(0) + it cos(O)] +[ 143 sIn(30) + 14 cos(30)]

where iz e is the estimated current, iz esr and iss ess are the
extracted first and third harmonic components of the current.

(35)

Four weights (u1, u2, 13, na) can be updated by using iterative
linear Least Mean Square (LMS) rule. Compared to other types
of artificial neural networks, the ADALINE weights can be
interpreted [10]. The weights are updated at each sampled time
kas

ke +1) = p(k)+ [y g () = (k)| x(k) = (k) + iy (R)x(K) - (36)

where # is the learning rate; ys is the desired output (iz med);
ierror 18 the error between i mea (ya) and iz est ().

The learning rate mainly depends on the sampling time in
calculations and desired signal characteristics such as
amplitudes. Generally, 7 must be between 0 and 1 to guarantee
the system stability. An increase in # results in faster
convergence but may lead to divergence. On each iteration, the
weights are enforced to converge to the coefficients of the
measured current i mea. After a given number of iterations, the
weights converge as

* . .
,uj(k) = U then ip oy = I eq (37)
k—x© koo~

* . .
where u are the coefficients of the measured current given
j

by (32). Finally, the estimated current iz e converges to the
measured current i mea t0 Obtain extracted harmonics.

The accuracy of the ADALINE training can be evaluated by
using Mean Squared Error (MSE) as
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Fig. 6. (Numerical results) Validation of the proposed ADALINE with
different desired current waveforms (a), with different rotating speeds (b), with
different current amplitudes (representing different reference torques) (c).
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where N is the number of data points.

In this system, the knowledge of harmonics in the electric
drive leads to the determination of the ADALINE inputs. The
nonlinear inputs with sine and cosine functions of electrical
positions & and 36 vary within -1 and 1. However, the relation
between the input vector and the output is linear. The weights
are constant in steady states, and fast convergence can be
observed in transient states. Three desired current waveforms
at 350 rpm are used to validate the ADALINE convergence as
described in Fig. 6a. When a new current waveform is applied
(at 0.4 s and 0.8 s), the learning rate must be greater than zero
(#=0.0005). The transient (training) periods are less than 0.1 s
(with MSE=0.3229 and MSE=1.1602). In steady states, the
ADALINE output can properly track the three desired currents
(MSE=0) even when learning rate 7 is zero.

In Fig. 6b, rotating speed variations between 250 rpm and
350 rpm (at 0.4 s and 0.8 s) do not lead to variations in
amplitudes and phase shift angles of current harmonics. Only
the ADALINE trigonometric inputs vary faster or slower
within -1 and 1 (electrical period variations). Thus, four
weights are unchanged even when the learning rate is greater
than zero in the transient periods (MSE=0). However,
variations in current amplitudes at 0.4 s and 0.8 s in Fig. 6¢ can
represent reference torque changes in this study. In this case,
the weights need to be automatically updated to obtain new
values. The learning rate must be greater than zero (1=0.0005)
in the transient periods (MSE=1.1233 and MSE=0.5105). In
steady states (MSE=0), the learning rate can be zero.
Therefore, the proposed control scheme using the ADALINE
can be applied to variable-torque and -speed applications.

Compared to conventional harmonic extraction methods
such as Fast Fourier Transform, Low Pass Filters, and Phase-
Locked Loop, the ADALINE possesses several outstanding
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advantages such as self-learning, fast convergence, and simple
implementation [10, 28-30]. The use of a single ADALINE in
the proposed control scheme can avoid the calculation burden,
allowing RTCL to be easily implemented in real-time systems.
In this study, the S-function builder in MATLAB Simulink is
used to implement the ADALINE.

VI. NUMERICAL AND EXPERIMENTAL VERIFICATION

A. Descriptions of the experimental test bench

The proposed fault-tolerant control scheme with RCA is
tested with an experimental 7-phase test bench as described in
Fig. 7a and Table III. A 7-phase PMSM is supplied by 7 legs of
a 12-leg voltage source inverter (VSI) using IGBTs. The VSI is
fed by a DC-bus voltage in parallel to a programmable resistive
load to absorb the regenerative energy. The two-level single
modulation carrier-based Pulse Width Modulation (PWM)
strategy with a frequency of 10 kHz is used to generate
switching signals for IGBTs. A dSPACE 1005 processor is
used to execute the algorithm. The dSPACE I/O boards
transmit the switching signals to the VSI, receive the rotor

TABLE III

ELECTRICAL PARAMETERS OF EXPERIMENTAL 7-PHASE PMSM DRIVE
Parameter Unit 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 M3 mH -6.1
The 1% harmonic of speed-normalized NS-EMFs E V/rad/s 1.27
Number of pole pairs p 3
Rated RMS current A 5.1
Rated torque N'm 32
Rated speed rpm 750
Rated power kW 2.5
Rated voltage v 113
Maximum DC-bus voltage Vpc A% 200
PWM frequency kHz 10
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Fig. 7. Experimental 7-phase drive test bench (a), and an experimental speed-normalized NS-EMF with its harmonic spectrum in the 7-phase PMSM (b).



position signal from an encoder, and receive phase current
signals from current sensors. In computer PCI,
MATLAB/Simulink is used for programming, including the S-
function builder block for the ADALINE. When this
MATLAB program is compiled, the 7-phase drive is controlled
through a dSPACE control interface, namely ControlDesk (also
in PCl). To create an open-circuit fault in a phase, an
interrupting signal from ControlDesk is sent to the VSI to open
simultaneously two IGBTs of the related phase (leg) of the
inverter, disconnecting this phase from the power source.
Notably, the 7-phase PMSM is mechanically connected to an
industrial 3-phase PMSM (“Parvex”) as a load machine. The
load machine drive is used to independently adjust the speed of
the 7-phase test bench by using a control interface, namely
DIGIVEX, installed in computer PC2.

In Fig. 7a, the axial-flux 7-phase PMSM has two rotors
respectively with 6 poles and 18 poles. Its electrical parameters
are described in Table III. An experimental speed-normalized
NS-EMF of one phase and its harmonic spectrum with
THD=38% are shown in Fig. 7b. Specifically, the 1% and 3™
harmonics accounting for the highest proportions (100% H1,
32.3% H3), are exploited to generate the average torque.
Meanwhile, the 9" harmonic (12.5% H9) is considered as a
disturbance, generating torque ripples in degraded mode.
Moreover, the experimental NS-EMF consists of other
harmonics with minor proportions, for example, the 7%, 11%,
and 13" harmonics.

With such a NS-EMF, keeping smooth torque in normal and
faulty modes is challenging, especially alongside the additional
requirement to keep simple PI controllers as the heart of the
control. Due to the presence of three harmonics, the waveforms
of currents are complex in natural frame (Fig. 8b and Fig. 10)
even if they are constant in d-q frames.

Generally, to evaluate torque quality in this study, torque
ripple AT can be calculated as

_ max(T,,,) —min(T,,,) 100%

AT (39

ave

where max and min are functions to obtain maximum and
minimum values of the instantaneous torque 7em, respectively;
Tuve 1s the average torque.

B. Numerical results

In this study, numerical results including calculated and
simulated results are obtained by considering only 1%, 3, and
9% harmonics in NS-EMFs. The calculated results are directly
obtained from reference currents. Therefore, calculated post-
fault torques by either MTPA [7, 8] or the proposed RCA are
constant. Meanwhile, the simulated results are derived from the
drive model in MATLAB Simulink with PI controllers for
currents. Five operating stages, corresponding to five cases
presented in Table I, are used for validation as follows:

1) Stage 1: Optimal currents in (5) with MTPA [7, 8] are
used for healthy mode in the pre-fault control scheme (Fig. 2).
Hence, six constant reference d-q currents are used for control.

2) Stage 2: An open-circuit fault happens in phase 4 without
any reconfigurations. The current of phase 4 becomes zero.

3) Stage 3: The pre-fault control scheme is preserved, and
new varying reference d-q currents (Fig. 3a) with MTPA [7, 8]
are imposed.

4) Stage 4: The pre-fault control scheme is preserved, new
reference d-q currents (Fig. 3b) by the proposed RCA are
imposed.

5) Stage 5: The proposed ADALINE-based control scheme
with RCA (Fig. 4) is applied to facilitate control of constant
reference d-q currents.

To respect the rated RMS current 5.1 A of the considered
PMSM in all operating stages, a reference torque of 15.9 N.m
is chosen. In Fig. 8a, simulated torques in the five operating
stages at 100 rpm, 350 rpm, and 750 rpm are described. At 100
rpm, torque quality by MTPA (stage 3) and by RCA (stages 4
and 5) is not significantly different (5.3% to 7.5%). Thus, at
low frequency, PI controllers are sufficient. Meanwhile, at 350
rpm, simulated torque ripples in stages 3 and 4 using the pre-
fault control scheme (14.8% and 12.7%, respectively) are much
higher than that of stage 5 (8%). At this speed, PI controllers
cannot properly track varying reference currents (Fig. 3) in
stages 3 and 4. Meanwhile, in stage 5, constant reference
currents are used for control in the proposed control scheme
(learning rate #=0.0001).

Interestingly, the effectiveness of the proposed ADALINE-
based control scheme becomes clearer at higher speeds (a
torque ripple of 8.6 % in stage 5 compared to 17 % in stages 3
and 4 at 750 rpm). The numerical post-fault torques in stages 3
to 5 at 100 rpm, 350 rpm, and 750 rpm are summarized in
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Fig. 8. (Numerical results) Simulated torques in 5 operating stages at 100 rpm
(red), 350 rpm (yellow), and 750 rpm (blue) (a), calculated reference phase
currents at 350 rpm with MTPA [7, 8] in healthy mode (stage 1), with MTPA
[7, 8] in faulty mode (stage 3), and with the proposed RCA in faulty mode
(stages 4 and 5) (b).



TABLE IV
NUMERICAL AND EXPERIMENTAL TORQUE RIPPLES WITH NEW REFERENCE
CURRENTS BY MTPA [7, 8] AND RCA WHEN PHASE 4 IS OPENED

Operating Stage 3" Stage 4 Stage 5™
speed A7 with MTPA [7, 8] (%) AT with RCA (%) AT with RCA (%)
Q(pm) — cql sim exp cal _sim__exp cal _sim___exp
100 0 54 18.1 0 53 129 0 7.5 159
350 0 14.8 36 0 127 279 0 8 18.5
750 0 17.7 - 0 17.1 - 0 8.6 -

cal: calculated; sim: simulated; exp: experimental.
* Using the pre-fault control scheme (Fig. 2).
** Using the proposed ADALINE-based control scheme (Fig. 4).

TABLE V
NUMERICAL AND EXPERIMENTAL COPPER LOSSES WITH NEW REFERENCE
CURRENTS BY MTPA [7, 8] AND RCA WHEN PHASE 4 IS OPENED AT 350 RPM

Stage 3" Stage 4" Stage 5™
Phase Puss with MTPA (pu)  Pioss With RCA (pu)  Puss with RCA (pu)
cal sim____exp cal  sim exp cal  sim___ exp
B 1.88 1.87 1.88 445 437 392 445 445 482
C 143 136 131 252 220 174 252 249 268
D 130 129 126 111 139 148 1.11 1.1 1.03
E 129 123 123 111 108 098 1.11 1.1 116
F 1.21 124 125 252 227 230 252 250 236
G 1.65 1.66 1.64 445 407 403 445 440 421
Puoss o 125 124 123 230 220 210 230 230 232

cal: calculated; sim: simulated; exp: experimental.
* Using the pre-fault control scheme (Fig. 2).
** Using the proposed ADALINE-based control scheme (Fig. 4).

Table 1IV. In the pre-fault scheme, RCA has slightly lower
torque ripples compared to MTPA. Indeed, all reference d-q
currents by MTPA (Fig. 3a) are not constant with high
frequency oscillations while RCA has 2 constant reference
currents (ivv=ig=0) (Fig. 3b).

To generate the same average torque, calculated remaining
healthy phase currents with RCA (stages 4 and 5) have a higher
maximum peak value compared to MTPA (stage 3) and healthy
mode (stage 1) as presented in Fig. 8b. Numerical post-fault
copper losses (stages 3 to 5) compared to those of healthy
mode (stage 1) are summarized in Table V. Per unit (pu) based
on parameters of healthy mode is applied to evaluate changes
of parameters in the post-fault operation over healthy mode.
The calculated and simulated results are similar, especially in
stage 5 with the ADALINE-based control scheme. Calculated
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copper losses per phase Puss with MTPA (stage 3) are
significantly different from 1.21 to 1.88 pu. Those values of
RCA (stages 4 and 5) dramatically vary from 1.11 to 4.45 pu.
By using optimal currents, MTPA generates a lower calculated
total copper 1oss Pioss o (1.25 pu) compared to the proposed
RCA (2.30 pu) but with higher torque ripples.

To conclude, the proposed ADALINE-based control scheme
using RCA has much better post-fault torque quality than the
pre-fault scheme using MTPA. However, RCA results in a
higher maximum peak current and a higher total copper loss.

C. Experimental results

The speed of the experimental drive is limited to 350 rpm
due to the limit of DC-bus voltage 200 V as described in Table
III. If the speed is higher, the proposed control scheme could
be more effective as previously presented in the numerical
result section (Fig. 8a). In addition, experimental torques are
derived from measured currents and estimated NS-EMFs.

Fig. 9 shows the torque performance in the 5 operating
stages (as in the numerical result section) at 100 rpm and 350
rpm. The experimental torque ripples (A7Zexp) are higher than
the numerical ones (A7car and ATiim). The main reason is that
the experimental NS-EMFs contain extra harmonics such as
11" and 13" (see Fig. 7b), causing more torque ripples.
However, in general, the experimental torques are in good
accordance with the numerical torques.

In Fig. 9a, the pre-fault control scheme at 100 rpm well
performs regardless of time-variant reference currents.
Therefore, the effectiveness of the proposed control scheme is
not clear at 100 rpm. When the rotating speed increases to 350
rpm in Fig. 9b, the pre-fault control scheme no longer properly
functions with varying references, leading to an increase in
torque pulsation. Specifically, in healthy mode, the
experimental torque ripple is at about 12.3%. When phase 4 is
opened without any reconfigurations, the torque ripple
increases to about 55.7%. The torque ripple slightly declines to
36% when new reference currents by MTPA are imposed.
Without changing the control scheme, RCA generates a torque
ripple of 27.9%. Finally, with the proposed control scheme
using RCA, the torque ripple significantly decreases to 18.5%.
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Fig. 9. (Experimental results) Torque performance in five operating stages at 100 rpm (a), and at 350 rpm (b).
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Fig. 10. (Experimental results) Measured phase currents in five operating stages at 350 rpm (a), zoomed measured phase currents in stage 5 with amplitudes and

phases of their harmonic components (1%, 3, 9%) (b).

The experimental torque ripples of stages 3 to 5 are
compared with the corresponding numerical results in Table
IV. Notably, as the numerical results, MTPA generates higher
experimental torque ripples than RCA in the pre-fault control
scheme. In addition, the proposed control scheme results in
better torque quality compared to the pre-fault control scheme.
As previously discussed in section III.B, strategy RCA is a
solution to deal with torque ripples in the first group strategies
[2-6]. Indeed, under the same machine-drive conditions as in
this study, study [5] with RFOC imposes constant currents (a1,
iql, i3, ig3) to generate most of the torque. Currents iz and igo
are forcedly time-variant. With the 9" harmonic of NS-EMF at
32.3%, a torque ripple of 33% is generated at 191 rpm.
Meanwhile, the proposed strategy RCA without or with the
ADALINE-based control scheme has lower torque ripples of
27.9% and 18.5% at 350 rpm, respectively.

Like numerical results, the maximum peak and RMS
currents created by RCA in stage 5 of Fig. 10a are highest (9.8
A and 5.3 A, respectively). Experimental copper losses of
MTPA (stage 3) and RCA (stages 4 and 5) compared to healthy
mode (stage 1) are summarized in Table V. It is noted that the
experimental results are in good accordance with the numerical
values. RCA leads to highest differences in experimental
copper losses per phase (1.03 to 4.82 pu in stage 5). The total
copper loss with MTPA (1.23 pu) is much less than that of
RCA (2.10 pu in stage 4 and 2.32 pu in stage 5). Despite higher
torque quality, strategy RCA owns a higher maximum peak
current and a higher total copper loss than MTPA. This can be
limitations of this proposed strategy.

The remaining healthy phase currents and their harmonic
spectrum in the proposed ADALINE-based control scheme
with RCA (stage 5) are presented in Fig. 10b. Measured phase
currents are like their reference currents in Fig. 8b. Each
measured phase current includes harmonic components with
corresponding amplitudes and phase angles. In general, these
measured phase currents mainly contain the first and third
harmonics with different amplitudes and phase angles as

previously described in (19)-(30). For example, among the
remaining phases, amplitudes of the first and third harmonic
components of currents of phases B and G are highest in Fig.
10b. Especially, tiny proportions of the 9" harmonic
components are found in measured phase currents. These
harmonics are created by the 9" harmonic components of the
NS-EMFs.

In the pre-fault control scheme, current responses are unable
to properly track their varying references with PI controllers at
350 rpm. For example, currents ig1, creating most of the torque,
cannot be sufficiently controlled in the pre-fault scheme with
either MTPA (stage 3) or RCA (stage 4) as described in Fig.
11a. In contrast, the proposed ADALINE-based control scheme
with RCA has significantly better tracking performance with
time-constant references as plotted in Figs. 11b and 1le,
leading to the lowest torque ripple in stage 5 of Fig. 9b. Indeed,
the control performance of currents (a1, igi1), generating most
of the torque, and currents (i1, igo1, ix1) is of a high quality as
presented in Fig. 11b. Notably, currents (isi1 _est, igi1 est, id91 est,
ig91 est, Ixl_est) have no high-frequency components from
measurements because these currents are obtained from the
extracted currents (l.Bliest, l.Cliest, l.Dliest, l'Eliest, Z.Fliest, l'Gliest) as
described in RTCL of Fig. 4. Meanwhile, (ia33 est, iq33_est, 1493 _est,
iq93 est, Ix3 est) in Fig. 1lc have high-frequency components.
Indeed, (ic3 est, iD3 est, IE3 est, IF3 est, iG3 est) are derived from
differences between measured phase currents and extracted
currents (icl_est, ID1 est, IEL est, IF1 est, IGl est) as described in
RTCL block of Fig. 4.

To implement the proposed control scheme, main harmonics
of iB mea are extracted with the proposed ADALINE as
described in Fig. 12a. In the 5-stage operation, the learning
process starts in stage 4 to prepare for stage 5. Then, weights
can be automatically updated in response to variations of speed
or torque. Four weights with learning rate #=0.01 converge to
four coefficients of current harmonic components in (32)
within 0.212 s (see Zoom 1). Then, current harmonic
components (i81_est, iB3_est) are extracted from iz est (i8_mea) as
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Fig. 11. (Experimental results) Current control performance at 350 rpm: current
RCA (stage 4) (a), currents (i1, iqi1, ido1, igo1, ix1) (b) and (iass, ig33, ia93, ig93, Ix3) (C)

ig1 in the pre-fault control scheme with MTPA [7, 8] (stage 3) and the proposed
in the proposed ADALINE-based control scheme with RCA (stage 5).
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Fig. 12. (Experimental results) Learning the measured current of phase B (ip s/~ i

B mea) in stages 4 and 5 at 350 rpm, ADALINE weight convergence with learning

rate #=0.01, extracted current harmonic components iz; s and is;_es (a), MSE of the ADALINE calculated from Zoom 1 (b).

described in Zooms 2 and 3 of Fig. 12a. Suitable learning rates
need to be determined according to the sampling time of
calculations, desired current characteristics such as amplitudes.
In this study, these values are chosen between 0.005 and 0.05
in experiments. If the learning rate is higher, the system
instability may appear when the reference torque varies. Based
on Zoom 1, MSE is calculated to evaluate the accuracy of the
ADALINE as described in Fig. 12b. MSE reduces from 4.774
in the learning period to 0.729 after the learning period.

The dynamic performance of the proposed ADALINE-based
control scheme with RCA (stage 5) under variations of the
rotating speed and reference torque is shown in Fig. 13.
Specifically, in Fig. 13a, the speed controlled by the Parvex
load machine varies between 250 rpm and 350 rpm. For a
reference torque of 15 N.m, the 7-phase PMSM is smoothly
controlled with torque ripples of 21% and 22%. As previously
discussed in subsection V.B, the rotating speed variations
theoretically do not lead to variations in amplitudes and phase
shift angles of current harmonic components. Only ADALINE
inputs using sin(@), cos(d), sin(30), and cos(36) change.
Therefore, four weights are almost unchanged in response to
rotating speed variations. This characteristic can be
experimentally confirmed by currents (i3 mea, i8 esr) and weights
(see Zooms 1, 2, and 3). An increase in the learning rate #
(0.005 to 0.05) results in a shorter learning time (0.14 s to
0.028 s).

In Fig. 13D, the rotating speed is controlled at 300 rpm and
the reference torque varies between 0 and 10 N.m. The torque

ripple is 23% when Tem res is 10 N.m. Reference torque
variations lead to changes in phase current amplitudes. In this
case, four weights dramatically change in response to reference
torque variations. This statement can be experimentally
validated by currents (is_mea, i5_est) and weights (see Zooms 1,
2, and 3). An increase in the learning rate # (0.005 to 0.05)
results in a shorter learning time (0.78 s to 0.07 s), leading to
shorter transient periods of the torque control.

To sum up, from the numerical and experimental results, the
proposed ADALINE-based control scheme using RCA has
much better post-fault torque quality compared to the pre-fault
control scheme using MTPA. It is thanks to robustness of RCA
and the use of constant reference d-q currents for control.
However, a higher maximum peak current as well as a higher

total copper loss are two limitations of the proposed strategy
RCA.

VII. CONCLUSION

This paper has proposed a fault-tolerant strategy and a
control scheme to obtain high-quality torque in single-phase
open circuit faults. The proposed strategy RCA applying the
reduced-order transformation approach can obtain a constant
torque under the effect of multi-harmonics in NS-EMFs. To
keep, in faulty as in healthy mode, the standard PI controllers
with constant reference currents, a simple Al algorithm is used.
It is based on an ADALINE which has the particularity to use
the knowledge of NS-EMF harmonic ranks and the rotor
position. Torque pulsations are then automatically reduced
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