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Abstract—The paper presents a stationary frame control strat-
egy to achieve optimal current control for star-connected polyphase
permanent-magnet machine under asymmetric phase faults,
namely, phase open circuit (OC) and phase short-circuit (SC) con-
dition. Current regulation under these faults is particularly chal-
lenging because optimal torque control strategy generates nonsinu-
soidal current references with unbalance in both fundamental and
higher order working harmonics, to achieve minimal copper losses
and torque ripple under fault condition. Under field-weakening op-
eration, voltage limit introduces additional control problems. The
paper describes a solution for these control issues by employing a
novel controller in stationary frame. This control strategy allows
minimal reconfiguration of the control structure from healthy to
postfault operation. Extensive simulation and experimental results
are presented as validation for the proposed strategy.

Index Terms—Current control, fault tolerance, flux weaken-
ing, permanent-magnet machines, torque control, variable-speed
drives.

NOMENCLATURE

Vdc DC link voltage (V).
R Phase resistance of the motor (Ω).
p Number of pole-pairs.
L Phase inductance of the motor (H).
ij Current in phase j (A).
ψj Total flux linkage of phase j (V·s).
Ψm1 , Ψm3 Fundamental and third harmonic flux linkage mag-

nitude (V·s).
θ Rotor angle in electrical radians (rad).
f Electrical frequency (Hz).
k Field weakening factor.
Tj Torque contribution by phase j (N·m).
Td Demand torque (N·m).
Tf Torque due to SC fault (N·m).
Fj Fault index of phase j.
s Laplace operator (s−1).
z−1 Unit-delay operator.
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λ1 , λ2 Lagrange multipliers.
ωzn , ξzn Resonant angular frequency (rad.s−1) and damp-

ing factor of the nth complex zero.
ωpn Resonant angular frequency of the nth complex

pole (rad.s−1).
k∞ Proportional gain.
ZOH Zero-order hold.

I. INTRODUCTION

FAULT-TOLERANT operations are increasingly becoming
important in improving reliability and safety of electric

drives, especially in aerospace and automotive sectors [1], [2].
Operation under fault condition commonly known as “limp-
home” mode [3] is essential for providing high degree of avail-
ability, and reliability demanded in safety critical application
such as flight control surface actuation and electric vehicle trac-
tion. To improve fault handling capability further, multiphase
machines have been proposed in [1] and [4] due to more de-
grees of freedom available for postfault operation and control
compared to three-phase machines.

The issues associated with fault-tolerant operation in
permanent-magnet machines can be divided into two major
tasks. The first task is to generate appropriate current references
that produce minimum torque ripple and minimum copper losses
under fault conditions. In [5]–[8], zero-torque ripple under open
circuit (OC) fault was achieved by adjusting phase current an-
gles to produce forward rotating stator magnetomotive force
(MMF). However, this method is applicable when rotor flux is
purely sinusoidal and does not lead to minimum copper loss.
The performance deteriorates further in practical PM machines
that have higher order harmonics in back-EMF [9]. In [10]–[13],
current references was optimized for maximum torque based on
off-line calculations accounting for third harmonic in back-EMF
for a five-phase machine with different winding configurations
under OC fault. In [14]–[18], an online optimal current refer-
ence generation technique was presented for phase short-circuit
(SC) and OC faults, which minimized the overall stator copper
losses. However, operation under field weakening mode was
not addressed. Optimal torque control (OTC) proposed in [19]
obtained minimum stator copper loss with online computation
of the current references under both OC and SC faults. Further-
more, with application of a weighting factor on the flux linkage,
the OTC could be used in field-weakening regime. However, this
method was only applied to five-phase machine with each phase
driven individually by H-bridge converters. Modifying the cur-
rent references such that OTC can be applied to star-connected
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machines can extend the applicability of the technique to a larger
class of machines.

The second task is the tracking control of the generated
current references. Tracking the current references obtained
through the OTC or other current reference generation tech-
niques is quite challenging. This is because under fault con-
ditions, the machine loses its symmetry and the standard syn-
chronous frame based current control is no longer effective due
to presence of time-varying components. This is particularly
problematic in the OTC since the current references generated by
the OTC algorithm are typically unbalanced and have higher or-
der harmonics [19]. Hysteresis current controller is typically em-
ployed for current controls [5]–[8], [11], [12], [14]–[16], [19].
However, this results in variable switching frequency, which in-
creases switching loss and electromagnetic interference (EMI)
emission. In [20] and [21], a synchronous frame current control
technique based on modified Clarke transformation was pro-
posed for pulsewidth modulated (PWM) drives under OC fault.
However, higher order harmonics in back-EMF was ignored in
torque computation and operation under phase SC fault, field
weakening as well as transition of control from healthy to fault
were not addressed. In [22], postfault control of six-phase in-
duction machine was presented for low-speed operation using
additional negative sequence controllers under OC fault oper-
ation. In the various control methods proposed in literature, a
general control technique for tracking current references, which
are unbalanced and contains higher order harmonics under in-
verter voltage limit has not been addressed.

One solution to tracking time-varying signals is proportional–
resonant (PR) controllers [23]–[25], which have been employed
for applications in active harmonic filtering in grid applications.
However, they are optimized to operate around a fixed funda-
mental frequency since the grid fundamental frequency varies
only slightly. In variable-speed drives, however, the fundamen-
tal frequency of motor currents is speed dependent. Analysis of
transient response of resonant controller for variable-speed drive
application was performed in [26] only for a narrow range of
frequency (30–50Hz). However, fundamental frequency varies
over a wide range especially in multipole PM drives. In addition,
the standard PR controllers are not suitable for operation near
the inverter modulation limit due to their inherently high open
loop gain, which may cause stability problem under voltage sat-
uration [27]. To improve performance under voltage saturation,
an antiwindup scheme was proposed in [27] for the PR con-
troller, albeit operation under only single excitation frequency
was demonstrated. In [28], an alternative control strategy was
proposed to solve the antiwindup problem for operation under
fixed fundamental frequency.

This paper is concerned with control of a fault-tolerant PM
machine under OC or SC fault with a unified control strategy,
which allows for smooth transition between healthy and fault
modes of operation. The paper contributes to the body of knowl-
edge in the following aspects:

1) extension of the OTC reference generation for star-
connected PM machine;

2) a new stationary frame resonant current controller struc-
ture operating with fixed PWM switching frequency, it is
capable of tracking time-varying current references with

multiple frequency components, which vary with drive
speed, and operate stably under controller output voltage
saturation;

3) voltage injection technique under fault condition to in-
crease modulation range and dc-link voltage utilization in
conjunction with the proposed resonant control;

4) field-weakening algorithm based on a search algorithm for
operation under healthy and fault operation in conjunction
with the proposed resonant control.

The rest of the paper is organized as follows. Section II de-
scribes optimal current reference generation for star-connected
PM drives operating under healthy or fault mode in both con-
stant torque and field weakening regions. Section III develops
resonant current control for tracking the time-varying references
in stationary frame over a wide speed range with due account
of voltage saturation. Section IV presents a zero voltage in-
jection scheme to extend drive operating range, and Section V
addresses the issue pertinent to field weakening operation. Ex-
perimental results are presented and discussed in Section VI
before conclusion is given in Section VII.

II. OPTIMAL CURRENT REFERENCE GENERATION

In order to obtain optimal currents under fault conditions, the
demand torque should be met and the ohmic losses should be
minimized [29]. This is because windings are limited in their
heat dissipation capacity and injecting more current to obtain
prefault torque level will lead to overheating of the winding,
possibly leading to further failure. However, minimizing ohmic
losses does not result in optimal currents during field weakening
operation, since the inverter output voltage is limited by the dc-
link voltage and the drive will not be able to realize the reference
currents due to control saturation. Hence, a cost function that
minimizes both currents and voltages is needed. This can be
achieved using the OTC, wherein for a given torque demand Td ,
the phase current references of an m-phase SPM machine can
be obtained by minimizing a cost function given by

Λ =
m∑

j=1

(Lij + kFjψj )
2 . (1)

The fault index Fj is defined as

Fj =

{
1, j �= l

0, j = l
(2)

where l is the faulted phase. The flux linkage ψj and the instan-
taneous torque Tj of jth phase can be expressed as

ψj = Ψm1 cos [θ − (j − 1) 2π/m]

+ Ψm3 cos {3 [θ − (j − 1) 2π/m]}

Tj = aj (θ) ij = p

(
dψj

dθ

)
ij (3)

where p is the number of pole pairs. The currents references
have to meet the torque demand constraint given as

Td =
m∑

j=1

Fjaj (θ) ij . (4)
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Fig. 1. Five-phase fault-tolerant SPM machine topology.

For the case of a short-circuit fault in phase l, the pulsating
torque Tf , given by (5) generated by the SC current il , should
be cancelled by the torque produced by the remaining phases in
order to obtain zero torque ripple

Tf =

{
0, OC fault

al (θ) il , SC fault
. (5)

Since the phase windings of the fault-tolerant machine con-
sidered are star-connected, Kirchhoff current law for the healthy
phases given by (6) needs to be considered in the overall mini-
mization, i.e.,

0 =
m∑

j=1

ijFj . (6)

The objective function of the constrained optimization prob-
lem can be obtained by applying the method of Lagrange mul-
tipliers expressed by

Λ=
m∑

j=1

(Lij + kFjψj )
2 +λ1

⎡

⎣Td − Tf −
m∑

j=1

(Fjaj (θ) ij )

⎤

⎦

+ λ2

m∑

j=1

ijFj . (7)

The instantaneous current in phase j can then be derived by
minimizing the objective function and is given by (8)–(9), and
10 shown at the bottom of the page

ij =
−λ2Fj + λ1Fjaj − 2kFjψjL

2L2 (8)

λ2 =

(
λ1

∑m
j=1 Fjaj − 2kL

∑m
j=1 Fjψj

)

∑m
j=1 Fj

(9)

TABLE I
SPECIFICATION OF THE PROTOTYPE FIVE-PHASE FAULT-TOLERANT PM

MACHINE

Maximum speed 3000 r/min Phase resistance 380 mΩ
Rated torque 1.86 N·m Phase inductance 2.8 mH
Rated rms 6.5/

√
2A Cable Resistance/phase 300 mΩ

Number of phases 5 DC link voltage 50 V
Number of pole pairs 6 Fundamental flux linkage

magnitude (Ψm1 )
19.1 mV·s

Switching/Sampling
frequency

10 kHz Third harmonic flux linkage
magnitude (Ψm3 )

416 μV·s

For the purpose of simulation and experimental validation a
five-phase fault-tolerant PM machine shown in Fig. 1 is consid-
ered, and its specification and parameters are given in Table I. It
is to be noted that this machine topology has negligible mutual
inductance between phases [30].

It should be noted that the proposed reference current gen-
eration is an extension of the technique described in [19] for
separately excited phase windings to the star-connected wind-
ing configuration. It yields smooth torque under healthy and
fault conditions with minimum copper loss while satisfying
voltage constraint at high speeds. The proposed method, and
those presented in [14]–[18] has lower joule loss per unit torque
for star-connected machines compared to the offline methods
[10]–[13]. However, the methods presented in [10]–[18] cannot
operate under field weakening.

Fig. 2 shows the current references and their spectrums gener-
ated from the optimal current control technique with Td = 0.7
N·m, and k = 0.7 when phase 1 (i.e., phase A) is open cir-
cuited. It can be clearly seen that the currents have the first,
third, and fifth harmonics although the fifth harmonic is quite
small. This is expected since back-EMF of the machine contains
only the first and third harmonic components, the interaction of
the same frequency components contribute to average torque.
By minimizing the ohmic losses, even-order harmonics will not
be present since it does not contribute to average torque. It can
also be seen from the FFT plots that the fundamental and third
harmonic components in each phase are different. Current refer-
ences for a phase SC fault can be similarly generated, and they
exhibit the similar features to those of the OC fault. Due to space
limitations, the SC results are not shown. The presence of the
high-order harmonics and unbalance poses a challenging prob-
lem for current reference tracking. This issue will be addressed
by control design elaborated in the next section.

III. CURRENT CONTROL

Traditionally current control in PM drives is performed in syn-
chronous reference frame [31], in order to convert sinusoidal

λ1 =

⎧
⎨

⎩2L2 (Td − Tf )
∑m

j=1 Fj + 2kL

⎡

⎣
∑m

j=1 Fj

(∑m
j=1 Fjajψj

)

−
∑m

j=1 Fjψj

(∑m
j=1 Fjaj

)

⎤

⎦

⎫
⎬

⎭
[∑m

j=1 Fj

(∑m
j=1 Fja2

j

)
−

(∑m
j=1 Fjaj

)2
] (10)



SEN AND WANG: STATIONARY FRAME FAULT-TOLERANT CURRENT CONTROL OF POLYPHASE PERMANENT-MAGNET MACHINES 4687

Fig. 2. OTC with OC fault in phase 1 with Td = 0.7 N·m and k = 0.7: (a)
instantaneous currents and (b) FFT.

current references, which are time-varying into direct current
(DC) references. This control structure is effective only if a ma-
chine operates in symmetrical or balanced conditions. However,
the balanced condition is no longer true when a fault occurs. Al-
though many authors have proposed modified control structure
in synchronous reference in order to maintain operation under
fault condition [20]–[22], [32], most of the methods are focused
on the OC fault, assuming current and back-EMF to be single
frequency and operating in the constant torque region.

To track the reference currents generated by the OTC, current
control in the natural stationary frame (abcde) is proposed. The
benefit of the tracking control in the natural stationary frame
is that the controller structure remains same in healthy and
fault conditions, except for turning off the controls for a faulted
phase. In doing so, the controllers in the other healthy phases
are not affected. Secondly, under field weakening operation,
voltage saturation can be dealt with individually for each phase
rather than combined in the form of space vectors. However, the
drawback of this method is that the control references are no
longer constant quantities but is time-varying with higher order
harmonics, which make the controller design more challenging.

One of the effective methods for tracking periodic time-
varying currents in stationary reference frame is PR control and
its variants [23]–[25], [33]. For tracking multiple frequency ref-
erences, a number of resonant controllers are usually employed
in parallel. Since the resonant poles are located at frequencies of
interest, steady state tracking is guaranteed. However, one of the
limitations of the PR control is that the location of its open-loop
zeroes is not placed directly. This can be appreciated as follows

Fig. 3. Proposed current controller structure.

using an example of single PR controller:

H (s) = Kp + KI1
s

s2 + ω2
1

= Kp
s2 + 2 [KI1/ (2ω1Kp)]ω1s + ω2

1

s2 + ω2
1

. (11)

It can be seen that the order of the numerator is the same as
that of the denominator. However, there is only one degree of
freedom (damping coefficient), which can be specified by gain
selection for Kp and KI1 , whereas the natural resonant angular
frequency in the numerator has to equal the angular frequency
ω1 of the tracking reference. Moreover, the location of the zeroes
can change as more resonant controllers are added in parallel to
track references with more than one frequency components. It
is well known that open-loop zeroes affect the transient perfor-
mance [34]; therefore, although the above structure will enable
zero steady state tracking error, the control system performance
may be limited by the inability to place the zeroes optimally [28].

The restriction on open-loop zeroes can be solved by employ-
ing an alternate control law given as follows:

H (s) = K∞
∏

n=1,3,...,n

s2 + 2ξnωzns + ω2
zn

s2 + ω2
pn

(12)

where ωzn and ξzn are the resonant angular frequency and the
damping factor of the nth complex zero, respectively, and ωpn

is the resonant angular frequency of the nth complex pole, cor-
responding to the desired frequency component(s) to be tracked
by the controller. This controller enables independent selection
of the locations of its resonant poles and zeroes.

In addition, resonant controllers are sensitive to discretiza-
tion when transforming from s-domain to z-domain for real-
time implementation [35]. It is therefore preferable to design
the controller in z-domain, to avoid performance deterioration
introduced by discretization [28]. The control law given by (12)
can be discretized using matched z transformation to maintain
the location of poles and zeroes. The resonant controllers can
have stability problem when the delay introduced by digital sam-
pling is significant with respect to the fundamental frequency
[35], [36]. In order ensure control stability at high fundamental
frequencies, a predictive compensation technique is used [28],
resulting in the final controller structure given by (13) and (14)
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TABLE II
OPTIMIZED CONTROLLER PARAMETERS

Parameter Value Parameter Value

K∞ 16.00 ωz 3c −14.84
ωz 1c 21.311 kz 3ω 14.42
kz 1ω 2.835 ξ3c 0
ξ1c 0.9633 k3ξ 0
k1ξ −3.2e-3 p1c 0.72

kp 1 6.02e–4

and shown in Fig. 3

H (z) = K∞
z

z + p1

∏

n=1,3,...,n

z2 − a1nz + a2n

z2 − 2z cos ωpnTs + 1
(13)

a1n = 2eσ cos (υznTs)

a2n = e2σ

σ = −ξnωznTs

υ = ωzn
√

1 − ξ2
n (14)

where a1n and a2n are the controller coefficients corresponding
to the nth complex zero and Ts is the sampling time, assumed
to be 100 μs in this study. Further, n is limited to 3, in this
study, implying only the first and third harmonics of the current
reference are actively controlled.

Due to speed, hence frequency variations, it is necessary to
tune the controller over a wide operating speed range. This is
particularly challenging since it implies that, as the resonant
poles move with operating speed of the machine, the closed-
loop poles and zeroes and the open-loop resonant poles of the
system will move with the system frequencies. Therefore, the
open-loop zeroes have to be modified as a function of system
frequencies in order to achieve acceptable control performance.

For the five-phase machine illustrated in Section II, at least
two current harmonics, namely, the fundamental and the third
harmonic needs to be controlled. In order to keep the complex-
ity of the controls to minimum, the poles and zeroes of the
system are scaled as a linear function with respect to the system
fundamental electrical frequency f expressed as

ωp1 = 2πf, ωp3 = 3 × 2πf

ωz1 = ωz1c + kz1ω f

ξ1 = ξ1c + k1ξ f

ωz3 = ωz3c + kz3ω f

ξ3 = ξ3c + k3ξ f

p1 = p1c + kp1f (15)

where (ωz1c , kz1ω ) and (ωz3c , kz3ω ) are the constant intercepts
and frequency-scaling coefficients of the resonant angular fre-
quencies of the complex zeroes (ωz1 , ωz3), respectively. (ξ1c ,
k1ξ ) and (ξ3c , k3ξ ) are the constants and frequency-scaling coef-
ficients for the damping factor of the first and the third complex
zero, respectively. (p1c , kp1 ) are the constant and frequency-

Fig. 4. Open-loop transfer function magnitude plots at 300 and 3000 r/min.

Fig. 5. Tracking performance of proposed resonant controller at (a) 300 r/min
and (b) 3000 r/min. (Dot) Reference current and (solid) closed-loop current
response.

scaling coefficients for the real pole p1 . The 11 tunable
parameters of the system are selected through an optimization
process to minimize the integral-square error (ISE) given as
follows [37]:

C =
∑

f

∫
(y (t) − u (t))2dt (16)

where y(t) and u(t) denote, respectively, the output and the input
(reference) of the closed-loop system at system frequency f.
The objective function C is the sum of the ISE errors over
the target system frequency range [30–300 Hz], corresponding
to speed range of [300–3000 r/min]. Operation below 30 Hz
can simply be achieved using only proportional gain since the
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Fig. 6. Settling time variation in number of electrical cycles (+/− 4% crite-
rion) with motor speed.

Fig. 7. Movement of closed-loop poles (x) and zeros (o) under (0.5x, 1x
and 2x) variation of motor phase resistance and inductance. 1x is nominal
parameters.

bandwidth will be sufficient to obtain desirable current tracking.
The optimization is performed using patternsearch function in
the global optimization toolbox in MATLAB [38].

Some constraints need to be imposed during optimization in
order to reduce computation time and avoid searching unfea-
sible controller parameters. Since the controller is not actively
tracking the fifth harmonic while the OTC algorithm does gen-
erate a small fifth harmonic in the reference, the closed-loop
transfer function should have a gain of 0 dB or less at the fifth
harmonic frequency to ensure that the fifth harmonic will not be
amplified under healthy conditions, and it can be expressed as

20 log
(
|CLTF|ω=5ωe

)
≤ 0. (17)

The closed-loop transfer function should have a low peak gain
such that in events of speed change, the delay in speed measure-
ment will not lead to excessive overshoots. This condition can
be expressed as

max (20 log (|CLTF|)) ≤ 1.8. (18)

The maximum value of controller proportional gain is a
tradeoff between transient response and noise sensitivity and is

Fig. 8. Current error comparison of the proposed controller with PI controller
with same control bandwidth (1 kHz) at 1000 r/min.

Fig. 9. Controller structure with antiwindup.

Fig. 10. Zero-sequence voltage injection.

Fig. 11. Modulation index with and without voltage injection (only phase 1
is shown).
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Fig. 12. Torque–speed characteristic under healthy (h), single-phase OC and
single-phase SC (SC) with (w inj) and without voltage injection.

Fig. 13. Final controller structure including voltage injection.

Fig. 14. Effect of field weakening coefficient k on voltage and current (Td =
0.71 N·m at 2000 r/min). (Dashed-dotted) Peak voltage (V) and (solid) peak
current (A).

limited to 16 in order to limit the open-loop bandwidth to about
fs /10. To constrain the optimization search, the maximum fre-
quency of zeroes is restricted to six times the system angular
frequency. The search constraints for parameters are given in
(19), and the results of the optimal design are summarized in

Table II

1 ≤ K∞ ≤ 16

−1 ≤ p1 ≤ 1

0.01ωe ≤ ωz1 ≤ 6ωe

0 ≤ ξ1 ≤ 4

0.01ωe ≤ ωz3 ≤ 6ωe

0 ≤ ξ3 ≤ 4. (19)

It can be observed from the optimized controller parameters
that both k3ξ and ξ3c is zero, and therefore, the damping ratio ξ3
need not be computed online but simply set to 0. Fig. 4 shows
the bode plot of the open-loop transfer function (OLTF) for two
rotor speeds. It can be observed that for the plot associated with
each speed, there are two resonant poles corresponding to the
first and the third harmonics. In the lower speed regime only one
zero with low damping corresponding to ωz3c can be observed,
whereas in the high-speed operation both zeroes exhibit low
damping as expected from the damping factor frequency-scaling
coefficients (ξ1c , k1ξ ). It is worth mentioning that the developed
current controller will also work with other methods of current
reference generation.

Fig. 5 shows the controller tracking response at 300 and 3000
r/min. It can be observed that the controller is able to track
the references within 1.2 electrical cycle. In order to quantify
this further, theoretical settling time of the controller at various
operating speeds of the machine is shown in Fig. 6. The average
settling time of the controller is less than 1.2 electrical cycles.
It should be pointed out that it is possible to tune resonant
controller(s) for a fast settling time of less than a quarter cycle
of a reference with fixed frequency as reported in [28]. However,
this is not the case if the frequency of a reference varies unless
the proportional gain is increased to a high value, which would
compromise noise rejection property.

Fig. 7 shows the variations of closed-loop poles when the
motor parameters are varied from 0.5 to 2 times their nominal
values. It can be seen that although the poles/zeroes are shifted
from those designed with the motor nominal parameters, they
are within the unit circle and hence the system is robust even
with four times variations in parameters.

Fig. 8 compares the current error of the proposed control
verses a conventional PI controller with back-EMF feed-forward
compensation for the same control bandwidth (1 kHz) at 1000
r/min with the same current reference as shown in Fig. 5. It
can be seen that the PI controller results in a large current error
while the resonant control gives superior performance as noted
in previous literature [23]–[25], [33].

Resonant controllers due to its inherently high gain at the
resonant angular frequency can quickly wind up when operating
close to the voltage limit. An anti-winding-up protection similar
to that reported in [28] and [34], shown in Fig. 9, is employed.
It can be shown that under linear condition (no saturation), the
closed-loop transfer function of the inner controller feedback
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Fig. 15. Field-weakening flowchart.

Fig. 16. (a) Dynamometer setup with test machine and fault relays and (b)
five-phase inverter board.

loop is equal to H(z), given as follows:

V (z)
U (z)

=
K∞

1 +
(
H (z)−1 − K−1

∞

)
K∞

= H (z) . (20)

Since the term in the forward path of the controller is only
a proportional gain and all the states of the controller (present

Fig. 17. Simplified schematic of the test setup.

Fig. 18. (a) Torque–speed and (b) k-speed plots for healthy operation.

in the feedback path) are driven only by the actual (saturated)
values, windup does not occur [34].

IV. ZERO-SEQUENCE VOLTAGE INJECTION

By employing the proposed resonant controller, the current in
each phase is controlled separately. The PWM signals for each
inverter leg are also generated separately from the controller
command voltage for each phase. To boost inverter output volt-
ages, zero-sequence voltage is injected into the modulator inputs
[39], as shown in Fig. 10.
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Fig. 19. (a) Torque–speed and (b) k-speed plots for phase-1 OC operation.

The injection of the zero-sequence voltage reduces the peak
voltage command to the modulator without affecting the line-
to-line voltage. By way of example, Fig. 11 compares sinusoidal
modulation index command (Mi) in healthy conditions with the
output of the voltage injection block. It can be seen that the
output (M ∗

i ) is lower in magnitude (95.1%) than (Mi), and this
can improve the torque–speed characteristic, especially in the
field-weakening region.

Fig. 12 compares the torque–speed characteristics of the five-
phase PM machine under healthy and fault conditions with and
without the zero-sequence voltage injection. They are obtained
by application of the OTC algorithm to generate phase current
references under the voltage and current limits and assuming
that tracking of these references are perfect. The weight factor
for field weakening at a given speed is obtained by a search
algorithm to maximize the torque under the voltage and current
constraints. It can be observed that with the zero-sequence volt-
age injection, torque capability of the drive can be improved by
around 9.18% in healthy case, around 22% in OC fault case,
and around 30.8% in SC fault case at a speed of 1800 r/min.

Fig. 13 shows the final controller structure including voltage
injection block, where Vj,unsat is the output of the jth phase
proportional gain controller K∞.

Fig. 20. (a) Torque–speed and (b) k-speed plots for phase-1 SC operation.

V. FIELD WEAKENING

On the basis of the analysis in Section II, the field weakening
can be performed in the OTC scheme by changing the value of
the field weakening constant k. The effect of changing k in (1)
leads to an increase in the field weakening current at the same
torque set point, so that the overall flux in the machine is reduced.

In [19], it was proposed that torque error be utilized for deter-
mining the amount of field weakening. This was performed since
the control in [19] utilized hysteresis current controller and it is
not possible to determine command voltages generated by the
modulator. However, traditional field weakening control for PM
machines utilizes voltage command to determine field weaken-
ing [40]. Fig. 14 shows the simulation result of varying k on
peak current and voltages, at a fixed load torque Td = 0.71 N·m
and speed of 2000 r/min. It can be observed that as k is varied,
peak current increases monotonically; however, peak voltage
first decreases and then increases. Therefore, a key requirement
for the k-update algorithm is to reduce the peak voltage and this
is achieved using perturb and observe (P & O) algorithm. This
is quite different from the traditional field weakening algorithm
in healthy machines due to the unbalanced currents demanded
by the OTC in fault condition. In this method, the sign of the last
perturbation, i.e., change of k, and the sign of the last peak volt-
age change are used to determine the direction of next change
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Fig. 21. Current response to step change in torque (Td = 0 to 1 N·m) under
healthy operation (a) at 0.023 s with k = 0 at 600 r/min (60 Hz) and (b) at
0.0287 s with k = 0.3 at 2000 r/min (200 Hz).

in value of k. If the peak voltage demand is less than Vdc /2, k is
reduced in order to reduce current demand, thereby reducing the
copper losses. Due to the nonsinusoidal currents generated by
the OTC under fault condition, voltage waveforms are also non-
sinusoidal. Hence, peak voltage (Vpk ) cannot be determined a
priori; therefore, it is measured every electrical cycle by the con-
troller. The field weakening algorithm is detailed in a flowchart
shown in Fig. 15, where Vth is a threshold voltage used to reduce
the effect of voltage noise on the algorithm. Vth is set at 1 V in
this paper. The algorithm is evaluated every four electrical cy-
cles denoted by q in order to allow the controller to settle after
change in k. Although this field weakening controller will have a
slower response compared to conventional field weakening con-
trol in healthy machines, it should be appreciated that under fault
condition, the conventional field weakening controller cannot be
used due to presence of unbalance and harmonic voltages.

VI. EXPERIMENTAL RESULTS

To validate the developed fault-tolerant control strategy, a
five-phase PM machine was designed and fabricated. The test-
rig shown in Fig. 16(a) comprises of a Lenz dynamometer

Fig. 22. Current response to transition from healthy to phase-1 OC (a) at
0.03 s with Td = 1.2 N·m at 600 r/min (60 Hz) and (b) at 0.024 s with Td = 1
N·m at 1200 r/min (120 Hz).

connected to the five-phase motor. An incremental encoder
is used for rotor position feedback. A five-phase custom-built
MOSFET inverter is used to control the motor as shown in
Fig. 16(b). The inverter is controlled through a floating point TI
DSP board (TMS320F28335 EzDSP). Commands to the DSP
board are issued using either CAN interface via LabView or
through the USB connection via the TI Code Composer studio.
Fig. 17 shows the simplified schematic of the setup.

To validate the design, first steady-state torque–speed char-
acteristics are obtained, by sweeping the Td and k command
until maximum torque is obtained without violating the volt-
age or current limit. Fig. 18 shows the predicted and measured
torque–speed characteristics and variation of k with speed. The
reduction in the measured torque is expected and is attributed to
voltage drop in the devices, controller tracking error, and to vari-
ation in back-EMFs over a mechanical cycle due to tolerance
on magnet properties and dimensions.

Figs. 19 and 20 show similar comparisons for the OC and SC
fault in phase 1, respectively. To test the transient response of
the current controller, step loading of 1 N·m (53% nominal load)
is performed at 600 and 2000 r/min under healthy condition, as
shown in Fig. 21. It can be observed that the controller settles
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Fig. 23. Current response to step change in torque under phase-1 OC (a)
Td = 0 to 1 N·m at 0.027 s with k = 0 at 600 r/min and (b) Td = 0 to 0.6 N·m
at 0.023 s with k = 0.45 at 2000 r/min.

within 1.5 electrical cycles. Due to limitations of number of
oscilloscope channels only four currents waveforms are shown.

To test the performance of the controller during transition
from healthy to fault operating mode, an OC phase fault is
initiated in phase 1 by opening phase-1 contactor at 0.03 s
at 600 r/min and 0.024 s at 1200 r/min. The resultant current
waveforms are shown in Fig. 22. It can be observed that the
controller tracks new references within 1.5 electrical cycles.

Torque step responses under the OC are tested at 600 and 2000
r/min, and the results are shown in Fig. 23. It can be observed
that the current settles in less than 1.5 electrical cycles. Similar
tests are performed under the SC fault in phase 1 at 600 and
2000 r/min, and the current waveforms are shown in Fig. 24. It
is to be noted that under the SC condition current references are
not 0 even with k = 0 (no field weakening). This is expected
since the OTC generates current references to cancel out the
pulsating torque due to phase-1 SC. It is also worth mentioning
that the speed regulation of the dynamometer used in the test
setup is not ideal, and a step load change also causes a speed
deviation of approximately 80 r/min, which causes the transient
to exhibit slightly sluggish response compared to simulation.

Fig. 25 shows the response of field weakening controller
at 2200 r/min with a torque step from 0.2 to 0.5 N·m. The

Fig. 24. Current response to step change in torque under phase-1 SC (a)
Td = 0 to 0.8 N·m at 0.025 s with k = 0 at 600 r/min; (b) Td = 0 to 0. 45 N·m
at 0.0278 s with k = 0.45 at 2000 r/min.

Fig. 25. Responses of voltage error, current tracking error, and the field weak-
ening factor (k) to step change in torque (Td ) from 0.2 to 0.5 N·m under phase-1
OC at 2200 r/min.
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Fig. 26. Measured current and torque waveforms under SC (phase 1) at 600
r/min (a) without OTC control and (b) with OTC (Td = 0). I1 is the SC current
flowing in phase 1.

peak voltage error is the difference between the maximum peak
voltage demand and the maximum inverter phase voltage Vdc /2.
It can be seen from the plot that the current tracking error is
minimal after 0.2 s. It is to be noted that the torque step causes the
speed of the machine to change, and this results is the variation
of k to continue after 0.2 s.

The effect of the OTC on torque ripple reduction can be appre-
ciated in measured torque in SC condition at Td = 0 as shown
in Fig. 26. It proves the efficacy of the OTC in achieving ripple
torque reduction. Similar measurements under other operating
conditions were also obtained but are not shown due to paper
length limit.

VII. CONCLUSION

The paper has described and validated a novel current con-
troller in natural stationary frame for fault-tolerant operation of

polyphase machines. The unique contribution of the paper is
a resonant control structure that allows pole–zero placements
adapted to variable-speed operations. It also incorporates zero-
sequence voltage injection and a suitable field weakening con-
trol to increase torque and speed operating range of a fault-
tolerant permanent-magnet machine drive. It has been shown
that the proposed control is capable of tracking unbalanced
and nonsinusoidal current references over a wide speed range,
including field weakening. The proposed control operates un-
der both healthy and fault conditions with minimum reconfig-
uration. The methods presented in this paper provide new in-
sights into the design of stationary frame-resonant controls for
variable-speed drives.
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