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Abstract— Fault-tolerant control (FTC) techniques for multi-
phase permanent magnet (PM) motors are usually designed to
achieve maximum ripple-free torque under fault conditions with
minimum ohmic losses. A widely accepted approach is based on
flux distribution or back EMF (BEM) model of the machine to
calculate healthy phase currents. This is essentially an open-loop
technique where currents are determined (based on motor fault
models) for each fault scenario. Therefore, it is highly model
dependent. Since torque pulsation due to open-circuit faults and
short-circuit faults are periodic, learning and repetitive control
algorithms are excellent choices to minimize torque ripple. In this
paper, iterative learning control (ILC) is applied as a current
control technique for recovering performance in multiphase
PM motor drives under fault conditions. The ILC-based FTC
needs torque measurement or estimation, but avoids the need
for complicated fault detection and fault diagnosis algorithms.
Furthermore, BEM-based FTC and ILC-based FTC are proposed
that initiates the learning from a model-based approximate guess
(from the BEM method). Therefore, this method combines the
advantages of both model information as well as robustness to
model uncertainty through learning. Hence, the proposed method
is well suited for high-performance safety critical applications.
Finite element analysis and experimental results on a five-phase
PM machine are presented for verification of the proposed control
schemes.

Index Terms— Fault-tolerant control, five-phase machines, iter-
ative learning control, permanent-magnet machine.

I. INTRODUCTION

THERE is an increasing interest to move toward more
electric drive systems in various applications. Although

design requirements are varying, there is no room to make a
compromise on safety and reliability of the electric drive in
aerospace and naval systems. In the aerospace industry, failure
of an actuator, which in worst case scenario will result in loss
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of the aircraft, must have a probability of <1 × 10−9 per
flight hour. Faults in motor windings and converter switches
have probability of 1.4×10−8 and 8.6×10−5, respectively [1].
Thus, safe fail approach for fault tolerance is not a valid option
in safety-critical applications. In other words, the drive system
has to continue operation with acceptable performance even
under such fault conditions.

Extensive research work has been reported on fault-tolerant
operation of conventional three-phase motor drives under fault
conditions [2], [3]. Five-phase machines are advantageous over
conventional three-phase machines for fault-tolerant operation.
In five-phase machines, when faults occur in one or more of
the phases, the machines can still continue operation using the
remaining healthy phases without additional hardware [4], [5].
Several research works have been reported over the last decade
on back EMF model (BEM)-based fault-tolerant control (FTC)
of permanent magnet (PM) machines. Fault-tolerant operation
of the multiphase PM machines and the multiphase induction
machines are discussed in [6] and [7], respectively.

However, these works consider only sinusoidal distribution
of stator windings. A current control strategy for a five-phase
PM motor is introduced in [8], where combined first- and
third-harmonic order currents are used for the excitation of
the healthy stator phases. This method does not minimize the
stator ohmic loss and output torque ripple. Wang et al. [9]
describes an optimal torque control strategy for fault-tolerant
PM brushless ac drives, which enables ripple-free torque
operation while minimizing the copper loss under voltage and
current constraints. In [10], an optimal control technique for
the fault-tolerant operations of the multiphase PM machines is
proposed where currents in the healthy phases are controlled
to continue the machine operation with minimum stator ohmic
loss and minimum output torque ripple constraints. An FTC
technique for five-phase PM motors with trapezoidal BEM
is presented in [11] where fundamental and third-harmonic
current components are used for the excitation of the healthy
stator phases.

Most of the fault-tolerant schemes are based on flux den-
sity and BEM model of the multiphase machine. They just
consider torque ripple resulting from interaction between sup-
plied currents and BEM. Furthermore, cogging torque, high
frequency flux and BEM harmonics, and current measurement
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errors are usually ignored. Since under fault condition there
is a periodicity in the electromagnetic torque of multiphase
PM machines, repetitive [12], [13] and learning [14]-based
approaches are attractive candidates to operate drive system
with minimum torque ripple. Repetitive control is preferred
in systems with continuous operation, while iterative learning
control (ILC) is the preferred algorithm for run-to-run control.
However, since the model of the motor does not involve any
dynamics (i.e., we ignore transients), both repetitive control
and ILC reduce to the same algorithm.

We will address the ILC design problem in this paper (which
is equivalent to the repetitive control problem). The ILC
[15] is a feedforward control design technique for repetitive
processes. The ILC algorithms use information from earlier tri-
als (executions or experimental runs) of the repetitive process
to improve the performance in the current trial. The key design
issue in the ILC is the efficient utilization of this information
to improve the performance of the closed-loop system using as
few trials as possible. Due to its simple design, analysis, and
implementation, ILC has been employed in many applications
including industrial robotics [16], [17], computer numerical
control tools [18], injection molding systems [19], rapid
thermal processing [20], and microscale robotic deposition
[14]. A review of ILC can be found in [21]. In [22], an
ILC algorithm was employed to minimize torque ripple of
a three-phase PM synchronous motor where cogging torque,
flux harmonics, and current sensing errors are analyzed as
pulsating torque ripple sources. Since the torque ripple due
to open-circuit and short-circuit faults is also repetitive with
a known period, related to operating speed, ILC is a natural
choice for ripple minimization under fault conditions.

In this paper, we propose ILC as an efficient technique to
improve fault tolerance of multiphase PM machines. Three
FTC schemes will be discussed in this paper for multiphase
PM machines. First, we review BEM-based FTC schemes. The
BEM-based FTC scheme performance is greatly dependent
on BEM data and fault information. Furthermore, it is really
challenging to consider the effect of cogging torque and
current measurement errors.

Therefore, an ILC-based control is introduced for improved
fault tolerance as second scheme. The ILC-based scheme
offers a torque ripple-free solution with approximate infor-
mation of the BEM waveform, without using any explicit
fault information. As an added benefit, with ILC-based FTC
scheme, repeating torque disturbances at the pulsating fre-
quencies are also compensated. This ripple-free operation of
PM machine using proposed ILC-based approach requires
measurement or estimation of motor output torque. In addition,
because there is no fault information in ILC-based scheme,
the initial learning starts from healthy operation currents and
learning is executed to reject torque ripple without considering
total ohmic loss of the machine.

Thus, finally third scheme proposed here is a combined
FTC that inherits benefits of both BEM-based FTC and ILC-
based FTC (BEM+ILC). This scheme is a promising control
technique for multiphase PM motor drives to ensure high
performance under fault conditions. This FTC scheme offers
guaranteed ripple-free operation with optimal currents that

Fig. 1. Faults in a five-phase machine, from left to right: open-circuit fault
and short-circuit fault.

minimize total ohmic losses of the PM machine. Finite element
analysis (FEA) results are presented for a five-phase PM
machine to investigate proposed control schemes. It should be
noted that although focus of this paper is on single-phase faults
in a conventional star-connected five-phase PM machine,
proposed control techniques can be extended to multiphase PM
machines with any number of phases and any connection of
stator windings under open-circuit and short-circuit faults. The
proposed control techniques are developed assuming constant
speed reference and constant load torque. There is no limit for
operation under variable load torque as long as system is able
to follow reference current profiles. For continuously changing
speed, the proposed algorithm will need to be modified to
depend on position rather than time-based learning.

This paper is organized as follows. Section II reviews
BEM-based FTC for multiphase PM machine drives. The
ILC-based FTC scheme is introduced in Section III. Verifica-
tion of proposed control technique by FEA and experimental
tests are presented in Sections IV and V, respectively. Finally,
conclusions are drawn in Section VI.

II. BEM-BASED FTC

In this section, BEM-based FTC scheme is briefly reviewed
for multiphase PM machines. Schematic view of open-circuit
fault and short-circuit fault in one phase of a five-phase motor
is shown in Fig. 1. It is assumed that the faulty phase will be
disconnected from external supply under short-circuit fault
condition.

An optimal open-circuit fault technique for five-phase
PM machines was proposed in [10] and [23] considering
all possible connections of stator windings as well as fault
types. Current control problem was posed as an optimization
problem, where the optimization objective is to produce ripple-
free electromagnetic torque with minimum ohmic losses under
open-circuit fault conditions. A simple closed-form equation
was used to calculate reference optimal currents in all cases
where a lookup table is utilized to represent the effect of fault
type. Assuming constant speed operation, the phase current
vector, i , and speed-normalized BEM vector, k, of an n-phase
motor are defined as

i = [
i1 i2 ... in

]T ∈ �n

k = [
k1 k2 ... kn

]T ∈ �n. (1)



MOHAMMADPOUR et al.: FAULT-TOLERANT OPERATION OF MULTIPHASE PM MACHINES USING ILC 203

Fig. 2. Block diagram of BEM-based FTC scheme.

Elements of BEM vector k are time varying scalars that
form an n-phase balanced set and their instantaneous values
depend on electromagnetic design of the motor and rotating
speed. The goal of the open-circuit FTC is to achieve desired
ripple-free torque with minimum ohmic loss

i∗ = arg min
i

1

2
i T i. (2)

Subject to

FT i = 0

kT i = T ∗ (3)

where T ∗ is desired torque. Matrix F is fault matrix and
its elements are selected to represent constraints imposed by
stator winding connection and fault location(s).

Thus, the objective function for this purpose is defined as

f (p1, p2, i) = 1

2
i T i + p1

(
T ∗ − kT i

) + p2 FT i (4)

where p1 and p2 are Lagrangian multipliers. The optimization
problem can be solved analytically offline to find the optimal
currents as

i∗ = F
′
k

kT F ′k
T ∗ (5)

where F−1
l is left inverse of matrix F defined as

F−1
l = (

FT F
)−1

FT (6)

and F
′

is given by

F
′ = (

In − F F−1
l

)
. (7)

Using this method, fault-tolerant operation of a five-phase
PM motor under open-circuit faults is possible. However,
successful operation of fault-tolerant scheme depends on BEM
model of the motor and relatively complicated fault detection.

Using a similar approach, short-circuit fault tolerant under
steady-state operation is analyzed in [24]. It was assumed that
fault current is limited to nominal current of the motor and
mutual coupling between phases is negligible. Optimization

problem can be solved to find the optimal currents for short-
circuit faults as

iref = Tref

kT F ′k
F

′
k + kT F−T

r isc

kT F ′k
F

′
k − F−T

r isc (8)

where F−T
r is right inverse of matrix FT , defined as

F−T
r = F

(
FT F

)−1
(9)

and F
′

is given by (7). isc is equal to zero for healthy operation
and for a single-phase fault is given by

isc =
[

i f

0

]
. (10)

Fault current will depend on operating conditions specifi-
cally motor speed and fault impedance. Therefore, for the most
common case of short-circuit fault with zero fault impedance,
short-circuit current can be calculated through analytical equa-
tions, FEA, or experimental tests. However, in practice short-
circuit faults occur through a resistive path with unknown
value of resistance value. Furthermore, estimation of fault
current and its effect on output torque of the motor is quite
complicated.

Fig. 2 shows a conceptual block diagram of BEM-based
FTC. Reference speed and measured speed are represented by
w� and w, respectively. Proper operation of the BEM-based
FTC depends on accuracy of the machine model and a
relatively complicated fault detection and fault diagnosis algo-
rithm. Complete instructions to set F for multiphase motors
together with a comprehensive lookup table for five-phase
motors are presented in [10]. A current controller is used to
generate gate drive signals for the voltage source inverter and
to make the stator phase currents to follow the optimal current
references. Short-circuit faults represent more challenging
scenario because current of faulty phase depends on fault
resistance. A detailed mathematical representation of optimal
solution for short-circuit faults is explained in [24]. As it can
be seen from (8), optimal currents under short-circuit fault are
even more tied with operating condition of the motor including
short-circuit current of faulty phase. Current of the faulty phase
on the other hand is dependent on working speed and fault
impedance. Thus, in Section III, a learning-based approach is
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Fig. 3. Block diagram of the ILC-based and BEM+ILC-based FTC schemes.

Fig. 4. Speed-normalized BEM waveform of the five-phase PM machine.

proposed to decrease or even eliminate dependency on BEM
model and fault conditions.

III. ILC-BASED FTC

The ILC is based on the fact that the performance of
a system that executes the same task multiple times can
be improved by learning from previous executions. For a
PM machine under fault condition, periodic torque ripple
is generated during each line cycle. This torque ripple can
be minimized by updating healthy phase currents, in each
line cycle, considering torque ripple characteristic and input
current of previous line cycle. A brief review is presented here.
Application of ILC for fault tolerance in multiphase motors
was proposed in [25]. Open-circuit faults were studied for a
five-phase PM motor using FEA. Here, we will consider both
open-circuit fault and short-circuit fault. Furthermore, experi-
mental test results are provided to investigate effectiveness of
proposed control techniques.

A. ILC-FTC

Consider the discrete time, linear time invariant, single-input
single-output system

y j (m) = P(q)u j (m) + d(m) (11)

where m is the time index, j is the iteration index, q is the
forward time-shift operator qx(m) ≡ x(m + 1), y j is the
output, u j is the control input, and d is an exogenous signal
that repeats each iteration.

Here, y is the output torque Tm , u is vector of reference
input current i∗, and d is any repeating term of torque like
oscillating torque due to fault or cogging torque. P(q) is
BEM vector of the PM machine. Therefore, plant equation is
given by

Tm = kT i + Td (12)

where Td is oscillating torque disturbance. The performance
or error signal is defined by e j (m) = yd(m) − y j (m) where
yd is the desired output. A typically used linear ILC learning
algorithm is

u j+1(m) = Q(q)[u j (m) + L(q)e j (m + 1)] (13)

where Q(q) and L(q) are defined as the Q-filter and learning
function, respectively.

Fig. 3 shows block diagram of the proposed ILC-based
FTC scheme. Motor output torque, Tm , is measured and
compared with the reference torque, T ∗. Torque error and
reference current of the current iteration ( j ) are used to
calculate reference current of the next iteration. There-
fore, torque measurement is required in ILC-based FTC.
In addition, the ILC-based FTC tries to minimize torque
ripple regardless of fault condition. As a result, it can
react to a fault without the need for a complicated fault
detection and diagnosis algorithm, and at the same time
eliminates any repetitive torque ripple due to model mis-
matches.
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Fig. 5. FEA results for input currents and output torque with ILC-based FTC scheme. (a) and (b) Iteration 0. (c) and (d) Iteration 1.

Assuming a balanced five-phase BEM for PM machine,
reference currents can be found using

i∗
0 = (

(kT k)−1)T ∗k. (14)

Note that k is position dependent (and hence time dependent),
as shown in Fig. 4. There is no need to have an exact model
of the BEM waveform of the machine because learning-
based controller updates currents in each iteration in order
to minimize torque ripple. The objective of learning is to
minimize torque error, T ∗ − Tm . Thus, the update law for
the ILC current i I LC, j+1 is given by

i∗
I LC, j+1 = i∗

I LC, j + βk(kT k)−1e j for j ≥ 0 (15)

where

e j = T ∗ − Tm, j. (16)

Learning function is selected using (14) considering the
fact that we want to calculate updated currents for new
iteration from torque error. Here, convergence of the proposed
ILC-based FTC is analyzed. Output torque of the motor at
iteration j + 1 is given by

Tm, j+1 = kT i∗
j+1 + Td . (17)

Note that the objective of ILC is to make i∗
j+1 converge to

the ideal reference current i∗ such that Tm, j+1 tends to T ∗.
Theorem: The learning scheme (15) is convergent by

choosing β to satisfy 0 < β < 2.
Proof: Torque error at iteration j + 1 is calculated as

e j+1 = T ∗ − Tm, j+1 = kT i∗ − kT i∗
j+1

= kT [i∗ − i∗
I LC, j − βk(kT k)−1e j ]

= e j − βkT k(kT k)−1e j . (18)

This can be simplified as

e j+1 = (1 − β)e j . (19)

It is easy to see that the convergence condition is |1 − β| < 1,
which can be expressed as 0 < β < 2.

Therefore, tracking error will converge to zero with proper
selection of β. However, it should be noted that in the
experimental tests, learning scheme was modified slightly to
enhance its robustness against perturbations and nonperiodic
disturbances. The modified equations of motor model and
learning scheme are given as

Tm, j+1 = kT i∗
j+1 + Td + Td, j+1 (20)

i∗
I LC, j+1 = (1 − α)i∗

I LC, j + βk(kT k)−1e j

+γ k(kT k)−1e j+1 for j ≥ 0 (21)

where Td, j+1 is nonrepeating torque disturbance. Selection
of α and γ values is a tradeoff between perfect learning
and robustness. With these new definitions, tracking error is
calculated similarly to be equal to

e j+1 = 1 − α − β

1 + γ
e j + αkT i∗

0 − Td, j+1

1 + γ
. (22)

Thus, the convergence condition is given by
∣
∣
∣
∣
1 − α − β

1 + γ

∣
∣
∣
∣ < 1. (23)

It is worth to note that in the presence of nonperiodic torque
term Td, j+1 and forgetting factor α, the tracking error will not
converge to zero, but its upper bound is limited.

Although ILC-based FTC operation is possible without
fault information, solutions found by this method are not
necessarily optimal from ohmic loss point of view. Therefore,
in Section III-B, ILC-based FTC is combined with BEM-based
FTC to utilize advantages of both methods for a high-
performance motor drive in safety critical applications.

B. BEM+ILC-FTC

An FTC method is proposed in this section that combines
model-based and ILC methods. Fig. 3 shows the block diagram
of the BEM+ILC-based FTC scheme. As noted in earlier
ILC literature, initialization of the ILC scheme is critical to
guarantee rapid convergence. We therefore propose using the
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Fig. 6. FEA results for input currents and output torque with BEM+ILC-based FTC scheme. (a) and (b) Iteration 0. (c) and (d) Iteration 1.

initial solution under fault condition from the BEM-based FTC
scheme to initialize the learning algorithm

i∗
0 = (

F
′
k(kT F

′
k)−1)T ∗. (24)

Assuming exact BEM data and fault information, initial
solution of the BEM+ILC method is exactly the same as
BEM-FTC solution and will provide ripple-free torque with
minimum ohmic losses. With BEM+ILC method, initial solu-
tion of BEM method will be adjusted precisely using ILC
to ensure ripple-free torque. Hence, with BEM+ILC method,
ripple-free toque is achieved with a five-phase current set very
close to analytical solution obtained by BEM-FTC method that
minimizes ohmic losses.

Fault-tolerant currents are updated using the following
equation:

i∗
I LC, j+1 = i∗

I LC, j + β
(
F

′
k(kT F

′
k)−1) (

T ∗ − Tm, j
)

for j ≥ 0 (25)

where learning function is selected based on the solution for
BEM-based control method. The BEM+ILC-based control
scheme can be seen as two control algorithms running in
parallel to ensure high performance operation of multiphase
PM machines under fault conditions. Even in the case of
failure of one algorithm, due to faults in torque transducer
or wrong fault detection, the other algorithm can offer high
level of fault tolerance. Convergence analysis of BEM+ILC
method is similar to the analysis discussed for ILC method in
Section III-B. The FEA results of a five-phase PM machine
are presented in Section IV to analyze three FTC schemes
discussed in Sections III-A and B.

IV. FEA OF PROPOSED FTC SCHEMES

In order to evaluate ILC-based FTC schemes, 2-D FEA
results are presented in this section for a five-phase
PM machine. The FEA is widely accepted method for design
and analysis of electric machines [26]. The FEA is used
to solve partial differential equations of the electromagnetic
fields in the electric motor for analyzing and simulating the

Fig. 7. Two-norm of torque error versus iteration number for ILC-based
FTC scheme.

Fig. 8. Two-norm of torque error versus iteration number for BEM+ILC-
based FTC scheme.

behavior of nonideal motors. Under fault conditions, BEM-
based control will bring system close to its optimal operating
point from ohmic loss point of view with minimum torque
ripple. The ILC-based controller on the other hand will adjust
currents around optimal operating point to achieve ripple-free
torque. Therefore, the BEM+ILC-based control has benefits of
both control methods. However, BEM model of the machine,
fault detection and diagnosis, and torque information are
required for this method. It should be noted that a rough model
of the machine BEM is enough for successful operation of the
BEM+ILC-based FTC.

A five-phase four-pole PM machine is considered in this
paper. The stator of the machine has 15 slots with double-
layer windings. The inner diameter of the stator, the outer
diameter of stator, and the stack length of the machine are
65, 120, and 80 mm, respectively. The air-gap length of the
machine is 0.5 mm. The PMs are NdFeBr with residual flux
density, Br = 1.2 T. The speed-normalized BEM waveform is
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Fig. 9. Five-phase motor drive system used for experimental tests.

(a) (b)

Fig. 10. Five-phase current and output torque under normal operation.

Fig. 11. Current of faulty phase and output torque under short-circuit fault condition.

shown in Fig. 4. The fast Fourier transform of the measured
BEM data is carried out to obtain its frequency components.
It is found that the machine BEM contains 11% third harmonic
and 3% seventh harmonic. The BEM data are used to calculate
optimal currents using FTC schemes developed in the previous
sections under different fault conditions. The FEA results
are presented here assuming single-phase open-circuit fault
condition on a star-connected machine. The FEA results for
ILC-based FTC scheme are shown in Fig. 5. It is important to
note that no fault information is used in the ILC-based FTC.
Therefore, initial solution is healthy operation solution as

in (14). Fig. 5(a) and (b) show input currents and output
torque of the machine before initiating ILC, respectively.
Phase 1 is assumed to be faulty phase. It is obvious that output
torque ripple is very large. There are two major ripple com-
ponents of output torque. First ripple component with higher
frequency and smaller magnitude is due to cogging torque.
Second ripple component has higher magnitude and lower
frequency and it is introduced here due to open-circuit fault
of phase 1. The input current and output torque information
are used in learning, (25), to calculate input currents for the
first iteration as shown in Fig. 5(c). Output torque of the
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Fig. 12. Output torque under open-circuit fault condition.

machine for first iteration is shown in Fig. 5(d). Although
torque ripple is still large for a high performance system, but
there is significant reduction in torque ripple.

Simulation results for BEM+ILC-based FTC scheme are
shown in Fig. 6. Here, fault information is used for initial
solution as in (24). Fig. 6(a) and (b) show input currents
and output torque of the machine before initiating ILC,
respectively. Phase 1 is again assumed to be faulty phase.
It can be seen that with BEM+ILC-based FTC scheme torque
ripple of initial solution is significantly smaller than initial
solution of ILC-based FTC. The torque ripple in this case
is mainly due to cogging and fault effect is compensated by
BEM-based FTC used for initial solution. The ILC is used
to cancel torque ripple and achieve a ripple-free torque. Input
current and output torque data are used in learning, (25), to
calculate input currents for first iteration as shown in Fig. 6(c).
The output torque of the machine for first iteration is shown
in Fig. 6(d). The two-norm of torque error is used to evaluate
the operation of learning quantitatively. Fig. 7 shows two-norm
of torque error for six iterations with ILC-based FTC scheme.
The two-norm of the torque error for BEM+ILC-based control
scheme is also shown in Fig. 8. It can be seen that two-norm of
torque error is decreasing significantly at each new iteration.
The BEM+ILC-based control scheme converges faster than
ILC-based control scheme because of better initial solution.

V. EXPERIMENTAL RESULT

To verify the proposed control strategy by experiments,
five-phase four-pole PM machine of previous section is con-
sidered in this paper. Experimental test results under both
open-circuit fault and short-circuit fault are presented.

The block diagram of the drive system to implement
the proposed fault-tolerant technique is shown in Fig. 3.
A 256-pulse/revolution optical encoder is used to sense the
rotor position angle. Motor speed is compared with the refer-
ence speed to obtain the speed error. A PI controller is used to
estimate reference torque, which decides the amplitudes of the
reference current profiles. Using the fault information, appro-
priate fault matrix is selected for the normal or fault-tolerant
operation of the motor under BEM-based FTC technique.
Five-phase PM machine in this paper has a trapezoidal BEM
waveform that can be estimated with sinusoidal functions
of fundamental and third-harmonic frequencies of angular

Fig. 13. Output torque under short-circuit fault condition.

velocity. Therefore, BEM waveform is estimated based on
instantaneous rotor position acquired by the encoder.

Well known five-phase to dq transformation together with PI
controllers and space vector pulsewidth modulation (SVPWM)
are used for current control. The SVPWM-based vector con-
trol is selected due to its excellent performance in normal
operation.

Fig. 9 shows the five-phase PM motor drive used for
experimental tests. An insulated-gate bipolar-transistor-based
five-leg two-level voltage source inverter is used as the
motor drive for the experimental verification of the pro-
posed solutions. The line currents are sensed with four Hall
effect current sensors. A digital controller is used for the
implementation of the control scheme. Proposed ILC-based
approach is implemented along with standard vector control
and additional computational burden due to ILC is not signif-
icant. In addition, using proposed control approach, one may
even skip complicated fault identification scheme. Additional
memory is required in order to save input current and torque
error information of each line period (iteration). However,
considering continuing progress in microcontrollers used in
high-performance motor control applications, the additional
computational and memory burden of the proposed control
algorithm are not really significant. The machine is tested with
a reference speed of 600 r/min. Load torque under the normal
operating condition is ∼1.7 Nm. For ILC-based control, output
torque of the motor is estimated using simple BEM model of
the motor where cogging torque is neglected. This estimation
technique is simple and effective. Furthermore, this makes
ILC more interesting for practical application by eliminating
the need for an expensive torque transducer. Fig. 10 shows
steady state currents [Fig. 10(a)] and output torque [Fig. 10(b)]
waveform of the motor under normal operation. It can be seen
that currents are just proportional to their corresponding phase
BEMs. Output torque shows a small ripple due to cogging
torque, which is not considered in optimal current calculations.
It should be noted that experimental test results for output
torque are obtained using a torque transducer with a bandwidth
of 200 Hz.

The PM machine used in this paper has a very large
short-circuit current at 600 r/min. Therefore, short-circuit
tests are carried out using a 0.5-� auxiliary fault resistor to
prevent damage to the motor windings and to avoid possible
demagnetization of PMs. When fault occurs in one of the
phases of the motor, output torque shows oscillating behavior.
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Fig. 14. Experimental results for step change in load torque under star connection and single-phase open-circuit fault condition. (a) Current in a healthy
phase. (b) Output torque.

For example, current of the faulty phase and output torque of
the motor are shown in Fig. 11(a) and Fig. 11(b) under short-
circuit fault condition. As expected fault current waveform is
similar to that of the motor BEM. It can be seen that short-
circuit current results in large oscillations in the output torque,
which in turn can cause mechanical vibration of the motor
and acoustic noise. The experimental results of the output
torque for the same load torque are shown in Figs. 12 and
13 for open-circuit fault and short-circuit fault, respectively.
Results are presented for three test cases: 1) without using
FTC; 2) using BEM-FTC; and 3) finally, ILC-FTC. It can
be seen that using FTC, either ILC or BEM, torque ripple
is reduced compared with non-FTC operation. Output torque
measurement for BEM+ILC-based control is not shown in
this graph as it gives almost the same result as BEM-based
FTC. This can be justified by the fact that torque estimation
method used here considers torque ripple component due to
fault condition. It can be seen that for both fault types, FTC
techniques offer significantly smaller torque ripple compared
with the operation without using FTC. Furthermore, ILC-based
FTC shows slightly smaller torque ripple than BEM-based
FTC. For instance, under open-circuit fault condition (Fig. 12)
torque ripple without using FTC is ∼35%. With BEM-FTC
and ILC-FTC torque ripple is ∼22% and 18%, respectively.
For short-circuit fault condition, torque ripple is 56% without
FTC as shown in Fig. 13. Torque ripple is decreased to 38%
using BEM-FTC and 32% using ILC-FTC. Finally, it should
be noted that minimization of torque ripple is related to the
performance of the current controller in addition to proper
calculation of reference currents. This is why torque ripple

seems to be still relatively large in spite of application of
proposed FTC techniques. However, it should be mentioned
that ILC is a plug-in control and is fairly decoupled from
the main control (hysteresis, vector, and so on). Although
hysteresis-based control usually has better performance in
terms of torque ripple, but its not desirable control technique
for high performance multiphase drives due to problems
associated with variable switching frequency.

In order to investigate dynamic performance of the proposed
control technique under steady-state fault conditions, experi-
mental tests were executed under an abrupt change in load
torque. Fig. 14 shows current of a healthy phase and output
torque of the motor under a step change in load torque. It can
be seen that drive system shows good dynamic performance
even under steady-state fault condition.

Finally, experimental tests are carried out to analyze transi-
tion from healthy to faulty operation using proposed control
approach. Fig. 15 shows test results during transition from
healthy operation to single-phase open-circuit fault condition.
Load torque and motor reference speed are the same for
healthy and faulty operation. As it can be seen from Fig. 15(a),
current of faulty phase drops to zero as a result of open-circuit
fault. Currents of two healthy phases, adjacent to faulty phase
[Fig. 15(b)] and nonadjacent to faulty phase [Fig. 15(c)] are
also shown before and after fault. It can be seen that there
is relatively big increase in the current of adjacent healthy
phase. Last waveform in Fig. 15(d) shows output torque of
the motor. Although torque ripple is higher under steady-state
postfault operation, transition from normal to faulty operation
is smooth.
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Fig. 15. Experimental results for transition from healthy condition to single-phase open-circuit fault condition. (a) Current of faulty phase. (b) Current of
adjacent healthy phase. (c) Current of nonadjacent healthy phase. (d) Output torque.

VI. CONCLUSION

A new approach based on ILC is proposed to improve
performance of multiphase PM machines under open-circuit
and short-circuit fault conditions. The BEM-based con-
trol technique minimizes torque ripple and copper loss
using fault information. Different from BEM-based FTC
scheme, ILC-based FTC scheme does not need fault infor-
mation. However, solutions obtained by ILC-based control
are not necessarily optimal from ohmic loss point of view.
The BEM+ILC-based control scheme offers ripple-free output
torque after couple of iterations, while currents are optimized
to minimize total ohmic losses of the machine. In fact ILC can

be used as a parallel control algorithm with BEM-based FTC
to ensure high-performance operation of the fault-tolerant PM
machine.
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