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ABSTRACT
The present study deals with sensorless fault-tolerant control (SFTC) of five-phase Interior Per-
manent Magnet Synchronous Motors (IPMSMs). First, a Proportional-Integral Model Reference
Adaptive System (PI-MRAS) speed estimator is proposed. The MRAS compares outputs of ref-
erence and adaptive models. Then, PI controller is utilized to generate the estimated speed by
minimizing current errors between the two models. Second, a novel Sign Integral Terminal Slid-
ing Mode Controller (SITSMC) is suggested in the presence of open phase faults. The proposed
controller tolerates these faults through a transformation matrix tuning technique in view of
equal current and minimum copper loss schemes. Meanwhile, SITSM controller utilizes the esti-
mated speedof PI-MRASblock. Third, stability of the closed-loop system is providedby Lyapunov
theorem. Finally, simulation results validate the feasibility and effectiveness of the suggested
SFTC strategy both in normal and open one phase faulty conditions for a five-phase IPMSM.
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1. Introduction

Nowadays, the multi-phase permanent magnet syn-
chronousmotors (PMSMs) are one of themost exciting
candidates in high tech processes such asmilitary appli-
cations, aerospace, marine applications and the elec-
tric vehicles [1–3]. High-power density, lower current
per phase without increasing the stator voltage, high
efficiency, and the lower torque ripples are the bril-
liant advantages of multi-phase IMPSMs. Furthermore,
multi-phase PMSMs are able to proceed their operation
with one or even two lost phases, which increases the
reliability of the processes [4–6].

Field Oriented Control (FOC) is one of the most
common techniques for speed control of multi-phase
PMSMs [6]. This technique allows to deal with the
five-phase IPMSM like a DC motor by decoupling and
transferring the equations from the stationary refer-
ence frame abcde to the rotary reference framed1q1d2q2
with a zero-sequence variable [7]. The FOC aims to
control the current vector, while it needs accurate data
of the rotor speed or position. In this regard, differ-
ent sensors like the resolvers and encoders have been
proposed [8]. However, a special motor construction is
required to mount the sensors in the IPMSM drive. In
addition, speed sensor installation increases the system
costs on one hand and decreases the system reliability
on the other hand [9,10]. Thus, driving the five-phase
IPMSMs without speed or position sensors is an inter-
esting topic and various estimators have been devoted
including high frequency injection with an observer

[9], sliding mode observer [10], Kalman filter [11] and
MRAS [12].

The MRAS is one of the simple methods to estimate
the rotor position and speed. This method ensures the
estimator convergence via Popov’s hyper stability the-
ory [12,13]. In this regard, the rotor speed is estimated
by PI-MRAS structure which considers the stator cur-
rents or rotor fluxes as the state variables [14,15]. The
MRAS has been used in lots of studies for speed esti-
mation of three-phase PMSM and Induction Motors
(IMs). However, there are few papers about investigat-
ing ofMRAS for five-phase IMs [15,16]. To the author’s
best knowledge, the MRAS technique has not been
applied as the speed/position estimator for five-phase
IPMSMs.

Once a system encounters with partial faults such
as sensor faults, it will cause the loss of global con-
trol objectives. Therefore, it is important to compensate
for the effect of faults, which can improve the security
and reliability of systems [17–19]. The IPMSMs may
encounter with different faults. These faults can be cat-
egorized as follows [20]: (a) Mechanical faults such as
bearing damages and rotor eccentricities. (b) Magnetic
faults such as demagnetization. (c) Electrical faults such
as the open phase and short circuit faults. (d) Other
equipment’s faults such as sensors faults.

The open phase fault is the most common fault
which occurs in the supply disconnection or winding
disconnection inside the stator in a star connection.
Open phase fault causes the Magneto Motive Force
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(MMF) oscillations, speed reduction, ripples, current
increasing, and deformation which may imply winding
damages [21]. Thus, compensating the open phase fault
effects is necessary for five-phase IPMSMs.

The open phase fault can be detected through the
associated phase current sensor. Thus, the control
scheme should switch to the related Fault-Tolerant
Control (FTC) algorithm. This method is simple and
straightforward, however, it has some disadvantages
like delay existence and sensor failure [22,23]. Thus,
some online fault detection methods have been pro-
posed in the literature for the three and multi-phase
motors [23,24]. The present study is focused on the
open phase fault detection through the current sensors.

There is no doubt that the sliding mode control
(SMC) is a very effective and useful control tech-
nique and has plenty of advantages like containing
a robust and accurate behaviour [25,26]. Because of
these advantages, SMC has been used in many linear,
nonlinear, uncertain, stochastic and faulty systems etc.
[27–29]. In this method, two main types of surfaces
including the linear and nonlinear sliding surfaces have
been suggested [30,31]. It is worthy to state that the
nonlinear sliding surface is also known as a terminal
sliding surface. The terminal sliding surface shows fast
and high precision response vs. the linear sliding sur-
face [7]. In the basis of the noted benefits, the Terminal
Sliding Mode Control (TSMC) seems to be a powerful
technique for fault tolerance.

The FTC along with the sliding mode observa-
tion/control techniques has been studied in lots of
papers. Combining fault-tolerant sliding mode con-
troller with delta operator or fuzzy T-S model covers
nonlinear systems actuator faults [28–30]. The TSM
controllers for three-phase PMSM have been studied
in [31–35] and recently have been used for five-phase
PMSM in the normal and opened phase faulty states
[36–38]. To the author’s best knowledge, there are few
researches around designing the FTC in view of TSM
for five-phase IPMSM [39].

In view of the foregoing discussion, we are going
to propose, a SFTC strategy to control/estimate the
mechanical speed and compensate the open phases
fault of five-phase IPMSM. Comparative simulations
validate the effectiveness of the suggested SFTC
(SITSMC+PI-MRAS). The main contributions of the
suggested method are as follows:

1. A novel SITSM controller is designed in both nor-
mal and open one phase faulty conditions. The
main idea of this method is the total MMF main-
tenance in the normal and faulty states.

2. API-MRAS speed estimator is developed to reduce
the speed sensor cost.

3. Both of the equal current and minimum copper
losses fault-tolerant schemes are investigated in the
proposed SFTC.

The rest of this paper is organized as follows.
Section 2 presents a mathematical model for five-phase
IPMSM. Two fault-tolerant schemes are introduced in
Section 3. The PI-MRAS speed estimator is developed
in Section 4. Section 5 proposes a novel SITSM con-
troller which employs the estimated speed instead of
measures speed. The closed-loop system configuration
is explained in Section 6. Section 7 simulates various
scenarios to show the performance of the proposed
control strategies. The Conclusion Section concludes
the paper.

2. Five-phase IPMSMmathematical model

A five-phase IPMSMmathematical model in the rotat-
ing reference frame d1q1d2q2 is presented as follows
[1]:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vd1 = RsId1 + dψd1
dt − ωeψq1

Vq1 = RsIq1 + dψq1
dt + ωeψd1

Vd2 = RsId2 + dψd2
dt

Vq2 = RsIq2 + dψq2
dt

Te = J dωmdt + Fωm + Tm

⎧⎪⎨
⎪⎩
Te = 5

2
P
2 (ψrIq1 + (Ld − Lq)Iq1Id1)

ωe = Pωm

(1)

where Vd1, Vq1, Vd2 and Vq2 are d1q1d2q2-axis volt-
ages, Iq1, Id1, Iq2 and Id2 denote the stator currents, Rs
is the stator resistance, ψq1, ψd1,ψq2 and ψd2 represent
the stator flux-linkage components, Ld and Lq are the
d1q1-axis inductances, ωe and ωm are the electrical and
mechanical angular velocities, Te denotes the electrical
torque, P is the number of poles, J represents the rota-
tional inertia, F is the friction factor and Tm shows the
motor load.

The stator flux-linkage relations with the stator cur-
rents are given as

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ψd1 = LdId1 + ψr

ψq1 = LqIq1
ψd2 = LId2
ψq2 = LIq2

{
Lq = L + Lmq

Ld = L + Lmd
(2)

where ψr represents the rotor permanent magnet flux-
linkage, L is the d2q2-axis inductance, and Lmq, Lmd
denote the d1q1-axis mutual inductances.

Substituting the flux linkage relations (2) in (1), gives
us the five-phase IPMSMmathematical model as

⎡
⎢⎢⎣
İd1
İq1
İd2
İq2

⎤
⎥⎥⎦ =

⎡
⎢⎢⎢⎣

− Rs
Ld

ωe
Ld
Lq 0 0

−ωe
Ld
Lq − Rs

Ld 0 0
0
0

0
0

− Rs
Ld
0

0
− Rs

Ld

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎣
Id1
Iq1
Id2
Iq2

⎤
⎥⎥⎦



566 Y. ZAFARI AND S. SHOJA-MAJIDABAD

+

⎡
⎢⎢⎢⎣

1
Ld

0 0 0
0 1

Ld 0 0
0
0

0
0

1
Ld
0

0
1
Ld

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎣
Vd1
Vq1
Vd2
Vq2

⎤
⎥⎥⎦

+

⎡
⎢⎢⎣

0 0 0 0
0 −ωe

Lq 0 0
0 0 0 0
0 0 0 0

⎤
⎥⎥⎦

⎡
⎢⎢⎣

0
ψr
0
0

⎤
⎥⎥⎦ (3)

It is worthwhile to mention that the pseudo orthogonal
transformation matrix that transfers the abcde station-
ary reference frame variables of five-phase IPMSM into
the d1q1d2q2 rotating reference frame is defined by [1].

M(θ)−1 = 5/2M(θ)T

M(θ)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

cosθ cos
(
θ − 2 π5

)
cos

(
θ − 4 π5

)
sinθ sin

(
θ − 2 π5

)
sin

(
θ − 4 π5

) cos
(
θ + 4 π5

)
cos

(
θ + 2 π5

)
sin

(
θ + 4 π5

)
sin

(
θ + 2 π5

)
cosθ cos

(
θ + 4 π5

)
cos

(
θ − 2 π5

)
sinθ
1√
2

sin
(
θ + 4 π5

)
1√
2

sin
(
θ − 2 π5

)
1√
2

cos
(
θ + 2 π5

)
cos

(
θ − 4 π5

)
sin

(
θ + 2 π5

)
1√
2

sin
(
θ − 4 π5

)
1√
2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4)

where θ is the rotor electrical angular position.

3. MMF of five-Phase IPMSM in normal and
faulty conditions

TheMulti-phase machines are potentially fault tolerant
to open phase faults in a closed-loop control drive [1].
In other words, maintenance of the total MMF without
one phase is possible.

The stator MMFs in view of the stator windings
sinusoidal distribution is given by [1,2]:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

MMFa = 1/2NImcos(θ)cos(ϕ)

MMFb = 1/2NImcos
(
θ − 2π

5
)
cos

(
ϕ − 2π

5
)

MMFc = 1/2NImcos
(
θ − 4π

5
)
cos

(
ϕ − 4π

5
)

MMFd = 1/2NImcos
(
θ + 4π

5
)
cos

(
ϕ + 4π

5
)

MMFe = 1/2NImcos
(
θ + 2π

5
)
cos

(
ϕ + 2π

5
)

(5)
where N denotes the total number of turns for each
phase, “ϕ” represents the spatial angle, Im shows the
amplitude of the phase currents and θ = ωet where ωe
is the electrical angular speed.

Since the totalMMF of stator is aggregation of all the
phases MMFs, thus one finds

MMFtotal(θ ,ϕ) = MMFa(θ ,ϕ)+ MMFb(θ ,ϕ)

+ MMFc(θ ,ϕ)

+ MMFd(θ ,ϕ)+ MMFe(θ ,ϕ) (6)

which is given by

MMFtotal(θ ,ϕ) = 5
4
NIm cos(θ − ϕ)

= 5
8
NIm(e−jθ ejϕ + ejθ e−jϕ) (7)

On the other hand, the total MMF is expressed as

MMFtotal(θ ,ϕ)

= 1
4
N

[(
Ia + ej

2π
5 Ib + ej

4π
5 Ic + e−j 4π5 Id + e−j 2π5 Ie

)
e−jϕ +

(
Ia + e−j 2π5 Ib + e−j 4π5 Ic + ej

4π
5 Id + ej

2π
5 Ie

)
ejϕ

]
(8)

Comparing (7) and (8), results in (9) in a healthy con-
dition.

5
2
Imejθ = Ia + ej

2π
5 Ib + ej

4π
5 Ic + e−j 4π5 Id + e−j 2π5 Ie

(9)

Now, assume that phase “a” is opened by the wind-
ing faults or disconnections in the power transmission
wires, keeping the total MMF level with the remaining
four phases is possible in infinite ways. Equal current
scheme and minimum copper losses schemes are two
of the aforementioned ways to keep the total MMF in a
certain range in our design.

3.1. Equal currents scheme

In equal current scheme, the idea for maintaining the
same MMF is considering the current pairs equal and
opposite as [1]: I′b = −I′d, I

′
c = −I′e. This consideration

implies that

I′b = −I′d = 5Im
4
(
sin

( 2π
5

))2 cos (θ − π

5

)

I′c = −I′e = 5Im
4
(
sin

( 2π
5

))2 cos
(
θ − 4π

5

)
(10)

Therefore, the stator currents (when phase “a” is open)
can be expressed in the following d1q1 reference frame
as

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

I′b = 1.382
(
Iq1 cos

(
θ − π

5
) + Id1 sin

(
θ − π

5
))

I′c = 1.382
(
Iq1 cos

(
θ − 4π

5
) + Id1 sin

(
θ − 4π

5
))

I′d = 1.382
(
Iq1 cos

(
θ + 4π

5
) + Id1 sin

(
θ + 4π

5
))

I′e = 1.382
(
Iq1 cos

(
θ + π

5
) + Id1 sin

(
θ + π

5
))

(11)
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The Equation (11) is given in the following transfer
matrix form [35].⎡

⎢⎢⎢⎢⎣
I′a
I′b
I′c
I′d
I′e

⎤
⎥⎥⎥⎥⎦

= 1.382

⎡
⎢⎢⎢⎢⎣

0
cos

(
θ − π

5
)

cos
(
θ − 4π

5
)

cos
(
θ + 4π

5
)

cos
(
θ + π

5
)

0
sin

(
θ − π

5
)

sin
(
θ − 4π

5
)

sin
(
θ + 4π

5
)

sin
(
θ + π

5
)

⎤
⎥⎥⎥⎥⎦

[
Iq1
Id1

]
(12)

3.2. Minimum copper losses scheme

Another scheme to manage the total MMF level is
known as minimum copper losses. In this method, the
remained four healthy currents can be considered as
follows [39]:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

I′b = Im(x1 cos θ + y1 sin θ)
I′c = Im(x2 cos θ + y2 sin θ)
I′d = Im(x3 cos θ + y3 sin θ)
I′e = Im(x4 cos θ + y4 sin θ)

(13)

where x1, x2, x3, x4, y1, y2, y3 and y4 are constants that
can be calculated. To keep the MMF with the remained
four phases in (9), one has

5
2
Imejωet = ej

2π
5 I′b + ej

4π
5 I′c + e−j 4π5 I′d + e−j 2π5 I′e (14)

Utilizing (13) and (14), yields⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0.309x1 − 0.809x2 − 0.809x3 + 0.309x4 = 2.5
0.309y1 − 0.809y2 − 0.809y3 + 0.309y4 = 0
0.951x1 + 0.588x2 − 0.588x3 − 0.951x4 = 0
0.951y1 + 0.588y2 − 0.588y3 − 0.951y4 = 2.5

(15)
Another constraint is I′b + I′c + I′d + I′e = 0, which
gives us {

x1 + x2 + x3 + x4 = 0
y1 + y2 + y3 + y4 = 0

(16)

To minimize the copper losses, the target function
“C(x1, x2, x3, x4, y1, y2, y3, y4)” is defined as below

C(x1, x2, x3, x4, y1, y2, y3, y4)

=
4∑

i=1
(x2i + y2i ) = x21 + y21 + x22 + y22 + x23

+ y23 + x24 + y24 (17)

Now, the target function should be minimum in view
of (15) and (16) constraints. Applying the genetic

Figure 1. Schematic diagram of MRAS.

algorithm (GA) obtains the optimal currents⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

I′b = 1.468Imcos(θ − 0.224π)
I′c = 1.263Imcos(θ − 0.846π)
I′d = 1.263Imcos(θ + 0.846π)
I′e = 1.468Imcos(θ + 0.224π)

(18)

The results are expressed based on the fact that
x cos θ + y sin θ can be represented with one sine
function A cos(θ +�) where A = √

x2 + y2 and � =
tan−1

(
x
y

)
.

4. Model reference adaptive system for
five-Phase IPMSM

Our paper is going to propose a sensorless control
scheme based on the MRAS on a five-phase IPMSM
for the first time. The MRAS algorithm compares the
outputs of reference and adaptive models. An adaptive
mechanismbased onPI controller is utilized to generate
the estimated speed by minimizing the error between
the reference and adaptive models. This concept is pre-
sented in Figure 1.

According to (1), only Id1, Iq1 currents are involved
in the torque production. Then, by considering that
ρd = Id1 + ψr

Lq , ρq = Iq1, ud = vd1 + Rs ψr
Lq and uq =

vq1, the reference and adaptive models of Figure 1 can
be expressed by (19) and (20), respectively.

[
ρ̇d
ρ̇q

]
=

[ −Rs
Ld

ωe
Lq
Ld

−ωe
Ld
Lq

−Rs
Lq

] [
ρd
ρq

]

+
[

1
Ld

0
0 1

Lq

] [
ud
uq

]
. (19)

[
ρ̇d˙̂ρq

]
=

[ −Rs
Ld

ω̂e
Lq
Ld

−ω̂e
Ld
Lq

−Rs
Lq

] [
ρ̂d
ρ̂q

]

+
[

1
Ld

0
0 1

Lq

] [
ûd
ûq

]
(20)
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Accordingly, the estimated speed can be obtained as

ω̂m = kp[ρdρ̂q − ρ̂dρq] + ki ∫[ρdρ̂q − ρ̂dρq] (21)

where kp and ki are the proportional and integral
parameters (ω̂e = Pω̂m).

5. Sign integral terminal slidingmode
controller for five-Phase IPMSM

In this section, a novel fault-tolerant controller is pro-
posed for the speed control of five-phase IPMSM.
According to Equation (1), when Id1 = 0 and A =
5
2
P
2 (ψr), the electrical torque is given by

Te = 5
2
P
2
(ψrIq1 + (Ld − Lq)Id1Iq1)

= 5
2
P
2
(ψrIq1) = AIq1 (22)

Thus, by defining the parameters h1 = F/J, h2 = 1/J,
h3 = A/J, one obtains

ω̇m = −h1ωm − h2Tm + h3Iq1 (23)

Let us rewrite (23) along with the estimated speed
ω̂m, thus one finds

˙̂ωm = −h1ω̂m − h2Tm + h3Iq1 − f (t) (24)

where f (t) is the sum of lumped uncertainties.
Now, consider the following error and sliding surface

for the speed control

ec = ωref − ω̂m (25)

σ = ec + μ
t
∫
0
sign(ec)dτ (26)

where μ > 0.
By taking the time derivative of (26) and substituting

(24), one obtains

σ̇ = ėc + μsign(ec)
= ω̇ref − ˙̂ωm + μsign(ec)
= ω̇ref + h1ω̂m + h3Tm − h3Iq1 + μsign(ec)
+f (t)

(27)

To stabilize (27) dynamics, the control law is suggested
as

Iq1ref = 1
h3

[h1ω̂m + h2Tm + ω̇ref + Kcσ

+ Kswcsign(σ )+ μsign(ec)] (28)

THEOREM 1: Consider the sliding surface (26) with
the sliding surface dynamic (27), thus the control law (28)
guarantees the rotor speed error zero convergence.

Proof Let us consider the following Lyapunov candi-
date function:

V = 1
2
σ 2 (29)

Taking the time derivative from (29) in view of
(27)–(28), results in

V̇ = σ σ̇ = σ(ω̇ref + h1ω̂m + h2Tm − h3Iq1
+μsign(ec)+ f (t))

= σ
(
ω̇ref + h1ω̂m + h2Tm + μsign(ec)+ f (t)

−h3
(

1
h3

(
h1ω̂m + h2Tm + ω̇ref + Kcσ

+Kswcsign(σ )+ μsign(ec)
)))

= σ(f (t)− Kcσ − Kswcsign(σ ))

Thus, one finds

V̇ = −Kcσ
2 − Kswc|σ | − f(t)σ (31)

Inequality (31) assures the sliding surface zero con-
vergence for Kswc ≥ |f(t)|.

It is worthy to mention that the reference currents in
d1 − d2 − q2 axismanaged to be zero in order to reduce
the power losses.

6. Simulations

The schematic diagram of five-phase IPMSM control
process in faulty mode through the proposed approach
is illustrated in Figure 2. This figure contains the five-
phase IPMSM, SITSM controller, five-phase PWM,
speed estimation block through PI-MRAS, transforma-
tionmatrix and finally the Fault Detection andDiagno-
sis (FDD) blocks.

The five-phase IPMSM parameters are listed in
Table 1.

Simulations have been carried out in MATLAB/Sim
power environment to verify the effectiveness of the
suggested control strategy. Simulations are performed
with a 100-kHz switching frequency. Furthermore,
the proposed SFTC (PI-MRAS+ SITSMC) strategy
parameters are listed in Tables 2 and 3.

To consider the motor drive limitations in practice,
the control signal is limited to 50 A by a saturation
block. Moreover, a low pass filter is applied to the con-
troller output signal in order to reduce the chattering
effects. The filter cutoff frequency has been adjusted to
1000/2π .

In the following subsections, the analyses proceed in
the normal and open phase faulty conditions with equal
current and minimum copper loss fault tolerance tech-
niques.Moreover,multiple comparative simulations are
done to show the proposed method effectiveness and
performance.

(A) Normal drive
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Figure 2. SFTC schematic diagram for five-phase IPMSM.

Table 1. Parameters of five-phase IPMSM.

Parameters Unit Values

Stator resistance (Rs) � 2.875
q1-axis inductance (Lq) H 0.0075
d1-axis inductance (Ld) H 0.0025
d2q2-axis inductance (L) H 0.0007
Rotational Inertia (J) Kg.m2 0.089
Rotor PM flux (ψr ) Wb 0.175
Friction Factor - 0.005
Number of poles (np) - 6

a - 0.0562
B - 11.2360
c - 29.4944
ρ - 1
P - 6

Table 2. Parameters of PI-
MRAS.

Parameters Values

kP 20
ki 2

Table 3. Parameters of
SITSMC.

Parameters Values

Kswc 5000
Kc 50
μ 10

The developed strategy performance is validated in
the normal drive under the following changes:

The initial reference speed is set to 100 rad/s at
t = 0.0 − 0.35 and 0.75 − 1 sec, and it is increased to
120 rad/sec at t = 0.35 − 1 sec.

Figures 3–6 demonstrate the simulation results of
SFTCmethod in the presence of the above changes. All
of these figures contain some sectional extra zoom to
provide more information. Figure 3 and 4 indicates the
reference, estimated and measured rotor speeds. This
figure shows that the rotor estimated speed is converged
to the measured value. Moreover, the estimated speed
tracks the reference value very well. In Figure 5, the
IPMSM torque is demonstrated which is kept constant

Figure 3. Measured and reference rotor speed in the normal
drive.

unless during the motor start time and the reference
speed variations. Moreover, the stator currents have
been presented in Figure 6. The amplitude of currents
are high during the motor start time and the reference
speed variations, while they are well arranged at the
next moments.

(B) Open phase fault with the equal current scheme

The suggested SFTC strategy under the open one
phase fault along with the equal current scheme toler-
ance is tested on the following changes:

1. The initial reference speed is set to 100 rad/s at t =
0.0 − 0.55, 0.75 − 1 sec and then it is increased to
120 rad/s at t = 0.55 − 0.75 sec.

2. The open phase fault is set to t = 0.35 sec and
the inverter matrix replacement is performed at
t = 0.45 sec. Showing the faulty results is the sim-
ple reason of 0.15 sec intentional delay in SFTC
implementation.

Figures 7–10, are indicating the simulation results of
SFTC in the presence of the stated changes. Figures 7
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Figure 4. Measured and estimated rotor speed in the normal
drive.

Figure 5. Motor torque in the normal drive.

Figure 6. Stator currents in the normal drive.

and 8 illustrates the reference, estimated and measured
rotor speeds. In these figures, it is clear that the esti-
mated rotor speed is converged to the measured speed,
and the measured speed is converged to the reference
value with small amount of tracking error. Moreover,
the speed estimation/tracking is well even during the
faulty time interval. The motor torque and stator cur-
rents are displayed in Figures 7 and 8, respectively. It
can be seen that SFTC approach reaction is excellent
against the open one phase fault in view of equal current
fault-tolerant scheme.

Figure 7. Measured and reference rotor speed in the open
phase fault in view of equal current scheme.

Figure 8. Measured and estimated rotor speed in the open
phase fault in view of equal current scheme.

Figure 9. Motor torque in the open phase fault in view of equal
current scheme.

(C). Open phase fault with the minimum copper loss
scheme

The proposed SFTC method under the open phase
fault with theminimum copper loss scheme is validated
in the following conditions:
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Figure 10. Stator currents in the open phase fault in view of
equal current scheme.

Figure 11. Measured and reference rotor speed in the open
phase fault in view of minimum copper loss scheme.

1. The initial reference speed is set to 100 rad/s at t =
0.0 − 0.55, 0.75 − 1 sec and then it is increased to
120 rad/s at t = 0.55 − 0.75 sec.

2. The open phase fault is set to t = 0.35 sec and the
inverter matrix replacement is performed at t =
0.45 sec.

Figures 11–14, demonstrate the simulation results of
SFTC in the presence of the noted changes. Figures 11
and 12 illustrate the reference, estimated and measured
rotor speeds. These figures exhibit that the estimated
rotor speed is converged to the reference/measured
speed with small errors even in the faulty times. Fig-
ures 13 and 14, represent the motor torque and stator
currents. It is evident that SFTC strategy reaction is
superb against the open one phase fault in view of
minimum copper loss fault-tolerant scheme.

(D). Comparative simulations

To compare the proposed method effectiveness with
the existing methods, a common fuzzy-PI controller
with 25 rules for each gain has been designed accord-
ing to [12]. It is worthy to notify that the proposed

Figure 12. Measured and estimated rotor speed in the open
phase fault in view of minimum copper loss scheme.

Figure 13. Motor torque in the open phase fault in view of
minimum copper loss scheme.

Figure 14. Stator currents in the open phase fault in view of
minimum copper loss scheme.

SITSMC and fuzzy-PI controllers are utilizing the same
PI-MRAS observer and transformation matrix. The
rotor speed for the normal drive, and open phase
fault-compensation schemes are demonstrated in Fig-
ures 15–17.

From Figures 15–17, it is evident that the proposed
SITSMC shows less tracking errors in comparison with
the sensorless fuzzy-PI controller in the normal and
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Figure 15. Measured and reference rotor speedwith sensorless
fuzzy-PI strategy in the normal drive.

Figure 16. Measured and reference rotor speedwith sensorless
fuzzy-PI strategy in view of equal current scheme.

Figure 17. Measured and reference rotor speedwith sensorless
fuzzy-PI strategy in view of minimum copper loss scheme.

faulty conditions. The speed estimation error andmod-
elling imperfections are the main reasons of the steady-
state tracking errors existence in Figures 15–17. More-
over, the fault occurrence at 0.35 sec is another cause
of the steady-state tracking errors for the sensorless
fuzzy-PI in Figures 16–17, while the proposed robust
controller is able to reduce the tracking errors progres-
sively.

7. Conclusion

In this paper, SFTC strategy is designed and developed
for five-phase IPMSMs. In the first step, the PI-MRAS
speed estimator is proposed. The MRAS compares the
current outputs of the reference and adaptive models.
Then, PI controller is applied to generate the estimated
speed byminimizing the output errors between the two
models. In the second step, SITSMC is designed in the
presence of open phase faults. The suggested controller
tolerates these faults through the transformationmatrix
in view of the equal current and minimum copper
loss schemes. Meanwhile, SITSM controller utilizes the
estimated speed of PI-MRAS block. In the third step,
stability of the closed-loop system is dscussed by Lya-
punov theorem. Finally, the simulation results confirm
the feasibility and effectiveness of the proposed SFTC
strategy both in the normal and open one phase faulty
conditions. The suggested sensorless control strategy
is able to detect and tolerate the opened phase fault
very well in comparison with the sensorless fuzzy-
PI method. Moreover, the speed estimation/tracking
errors of five-phase IPMSM are so small even during
the fault occurrence.
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