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Abstract—Fault-tolerant control of a five-phase (5Ph) perma-
nent magnet (PM) motor has been recently widely studied, however
decoupled modeling under faulty conditions is discussed in less de-
tails. In this paper, decoupled model of the 5Ph PM motor under
single-phase open fault is investigated and based on the proposed
model field oriented control (FOC) is applied to the motor. The pro-
posed model is based on the concept of preserving values of funda-
mental magnetic motive force (MMF) and back electromotive force
(EMF) under single-phase open fault, the same as in healthy case,
along with keeping equal torque equation at fundamental rotating
space. Nevertheless, the output torque still presents some noises
due to third harmonics of air-gap flux and system uncertainties,
and to cope with those disturbances, sliding mode control (SMC)
is proposed in the speed loop to improve the speed performance.
The proposed SMC contains a PI controller and a chattering term,
and thus it can be easily tuned. The decoupled model is verified by
transient finite element analysis finite element analysis (FEA) and
further experiment results are presented to confirm the effective-
ness of the proposed control strategy.

Index Terms—Adaptive sliding mode control (SMC), decoupled
model, five-phase PM motor, postfault control.

I. INTRODUCTION

FAULT-TOLERANT capacity is one of the most outstand-
ing features of five-phase (5Ph) permanent magnet (PM)

motors. It increases reliability of 5Ph drive and guarantees safe
operation, and hence attracts great attention. In comparison with
conventional three-phase (3Ph) PM motors, 5Ph machines ex-
hibit a higher phase redundancy and even after failures of one
or more phases the faulty machine can still continue to op-
erate [1], [2]. Among the most common type of faults is the
open circuit fault, which occurs between the machine and in-
verter power supply, and many articles on fault-tolerant con-
trol have been published in this field. In fault-tolerant control,
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remaining phase currents have to be rearranged and adapted for
open circuit conditions [3]–[7]. In most of the related literatures
the postfault current reconfiguration is based on criteria of pre-
serving undisturbed rotating magnetic motive force (MMF) as
in the normal operation [4], [5]. The postfault current reconfig-
uration problem is a multiple-solution problem, but the unique
solution (or optimal solution) can be found by applying addi-
tional constraints such as: minimizing overall joule losses, keep-
ing balanced phase currents, and minimizing postfault torque
ripples [7]–[9]. The reconfiguration of phase currents can also
be done in other different ways. In [10] mirror symmetry of
healthy phases with respect to the faulty phase is proposed to
rearrange postfault currents while keeping fundamental power
constant. In [11], the same approach as previously [10] is ex-
tended to a pentagon-connection motor, and the output torque
is improved by a zero-sequence current; however, additional
hardware connections are required for the sake of controlling
the zero-sequence current. Arafat and Seungdeog [12] present
an advance vector control method to maximize the postfault
torque with the aid of reluctance torque, but the optimal current
solution varies with load conditions. Consequently, published
articles focus on how to improve the postfault torque by the
injection of third harmonic currents and similar torque behav-
iors are given. Also notice that most of above methods for the
calculation of postfault currents are motor parameter dependent
and only off-line solutions are presented. For the purpose of
calculating postfault currents in real time, a vectorial approach
is developed in [13], however the computation is still complex
especially when taking into account a machine with trapezoidal
back-electromotive forces (EMFs).

It should be emphasized that most methods for calculating
optimum current references are performed at phase coordinate,
thus only hysteresis current control can be applied for the per-
fect tracking performance of ac signals [8], [14], [15]. However,
hysteresis control is not a desirable approach for high-power
application due to problems associated with inconstant switch-
ing frequency [16]. For most industry applications field oriented
control (FOC) with synchronous frame PI controllers is more
attractive [17].

FOC is an effective motor control method that turns the ro-
tor position coupled motor model into a simple system. With
FOC phase currents can be decoupled into, respectively, flux-
generation and torque-generation components. Then the torque

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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and flux are independently controlled like a separately excited
dc motor. FOC of 5Ph motors in normal operation has been
successfully implemented [8], [18]. As for the implementation
of FOC in postfault operation, two categories of methods exist.
In the first case, FOC in normal operation is still considered
to be applicable under faulty conditions, where failure phases
are treated as a disturbance. Based on above principle, faulty
motors are controlled in an intelligent manner [19], [20]. On the
other hand, a new transformation of the faulty motor model into
synchronous frame is performed. In [17], a postfault model at
a synchronous frame is proposed for postfault operation of 5Ph
PM motors. Based on this model, FOC with synchronous frame
PI controllers is possible for 5Ph PM motor drive. However, co-
efficients of presented model are time variant, thus performance
of current PI controllers will be degraded and its application is
also restricted. In [7], FOC of a 5Ph induction motor under open
fault is carried out basing on a set of reduced order Clarke and
Park transformations. But detailed formation of the postfault
motor model has not been presented. Clearly, fault-tolerant con-
trol at synchronous frame is attractive for 5Ph PMSM drive, but
up to the present time no decoupled model with time-invariant
coefficients is presented. In this paper, a decoupled model under
open fault is proposed, thus FOC- and carrier-based PWM can
be utilized for the 5Ph PM motor drive and this is one of main
contributions.

It has been shown in related literatures that the postfault torque
cannot be maintained as constant as in normal operation [13],
[21], [22]. The ripples of the postfault torque can be resulted by
third air-gap flux. But some other factors also cause torque oscil-
lations like shaft misalignments and system uncertainties. Due
to those facts the smooth control of rotor speed becomes diffi-
cult. Conventional methods are focused on the improvement of
the speed by suppressing torque ripples with harmonic current
injections. However, those approaches can only be completed
if a high accurate postfault torque model with all uncertainties
predicted and high-resolution transducers are possessed. Hence
mentioned above methods are difficult to be implemented on
a practical 5Ph drive. Because of the excellent disturbance re-
jection, nonlinear speed controls have been widely used in 3Ph
drive [23], [24]. But papers focused on nonlinear speed controls
in a postfault operation of 5Ph drive are rare. To suppress high
uncertainties of a practical drive and improve the speed out-
put, nonlinear controls should be developed under motor faulty
conditions. Of many nonlinear controllers, sliding mode control
(SMC) stands out due to ease of implementation and insensi-
tiveness to system disturbances, thus it is quite suitable in the
motor postfault operation.

SMC is introduced to overcome system uncertainties by alter-
ing the system dynamics with a discontinuous control structure
[25]. The system uncertainties can be external load disturbances,
unknown parameters, and system nonlinearity. The design pro-
cedure of SMC has been sufficiently detailed in [26] with a state
space method. With an SMC the modeling error, which is usu-
ally stemmed from the linearization of nonlinear system, can be
compensated at the expense of system chattering. In order to im-
prove the dynamic performance of an SMC, many methods have
been attempted that can be classified into: First, adopting ad-

vanced reaching laws, which are nonlinear functions of tracking
error, to restrict chattering level; second, developing an adaption
law to estimate system uncertainties. The latter is usually avail-
able in the control of highly nonlinear mechanical system [27],
[28]. In [27], SMC with a Fuzzy logic adaption is developed for
an underactuated mechanical system. This intelligent adaption
law leaves some issues to be used in a real-time control system
like motor drive. In [28], the backing stepping technique
based on a new adaption law is proposed to estimate unknown
parameters for a nonlinear hydraulic-mechanical system, and
prescribed goals are reported to be achieved. This method is
applied to a linear induction motor for position tracking and
uncertainties occurred in the motor drive are compensated [29].
More recently a SMC-based disturbance observer is developed
to compensate uncertainties in the speed tracking [30], and speed
dynamics is improved. However, the structure of this SMC is
complex and it is not suitable in the application of a multiphase
motor drive. This paper focuses on controlling the rotor speed in
a simple and effective manner, and it is of great importance for
steady smooth running of the 5Ph motor under faulty conditions.

In this paper, a decoupled model of 5Ph PM motors under
single-phase open circuit is proposed, and then based on this
model FOC and SMC in the speed loop are further investi-
gated. The decoupled modeling of faulty motors is based on
concepts of preserving values of both fundamental MMF and
back-electromotive force (EMF) the same as in normal opera-
tion and a set of reduced order Clarke and Park transformations
is derived for this purpose. Consequently, voltage and torque
equations at synchronous frame are formulated and they remain
similar to those in normal operation. Thus, FOC and CPWM
can be performed in postfault operation successfully. However,
if fundamental MMF and back-EMF are preserved, third space
air-gap flux will result in torque ripples. And to improve the
motor speed performance an adaptive SMC is proposed. It in-
cludes a PI controller and a chattering term (shown as a sign or
saturation function), and it is quite simple in structure thus can
be easily implemented.

Improvements of the faulty motor drive are:
1) A decoupled model of the 5Ph motor under a single-phase

open circuit is proposed. Compared to previous works,
merits of this model are:

a) it is simple and flexible to perform real-time calcu-
lation of postfault currents at synchronous frame;

b) FOC is feasible with CPWM modulation in the post-
fault operation;

c) based on this decoupled model, some advanced con-
trol methods have a potential to be applied, e.g., sen-
sorless control of the 5Ph PM motor in the postfault
operation.

2) A simple and effective adaptive SMC is also developed
for the smooth running of the faulty motor. It shows a
good speed dynamics and steady-state behaviors, and has
a potential to replace the PI controller in the application
of a slow time-variant system.

The organization of this paper is as follows. The decoupled
modeling is detailed in Section II, and an adaptive SMC based on
the Lyapunov function method is developed in Section III. Then
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the decoupled model is verified by finite element analysis (FEA)
in Section IV. Finally experimental results are provided as a
confirmation of effectiveness of the proposed postfault control.

II. PROPOSED DECOUPLED MODELING UNDER

SINGLE-PHASE FAILURE

The rotor type of studied motor can be as well as a surface or
interior one, which is fed by a 5Ph half-bridge power inverter.
The choice of faulty phases could be arbitrary, and we assume
that the open circuit fault occurs in A-phase. Also we assume
that PM flux density is not affected by the temperature, and
cogging and magnetic saturation effects.

A. Principle for Decoupled Modeling

In the presence of open circuit, the 5Ph motor turns out to
be an unbalanced one. The remaining healthy phase winding
distribution is unsymmetrical relative to the normal mode, thus
phase currents should be rearranged to adapt for the specific
faulty condition. The values of remaining phase currents should
be reconfigured in an asymmetrical manner in order to keep
undisturbed rotating MMF before and after the faulty condition.
Nonetheless, the voltage equation of normal mode is sufficient
to describe the behavior of this faulty motor, and it is shown as

⎡
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, iA ≡ 0 (1)

where uA , uB , uC , uD , and uE are motor terminal voltages,
which are supplied by a voltage-fed 5Ph half-bridge inverter;
and eA , eB , eC , eD , and eE indicate back-EMFs. Elements in the
main diagonal of inductance matrix represent self-inductances,
whereas the off-diagonal elements are mutual inductances. Mo-
tor parameters including phase inductances and back-EMFs re-
main unchanged because the motor itself has not been damaged.
This can be explained by recognizing that stator phase windings
can always be disconnected from power supply by circuit break-
ers or fuses, which are designed to prevent the motor from over-
current. Thus short circuit faults in the motor are transformed to
open circuit faults [31], [32].

In the case of open fault, there is no control input to regu-
late faulty phases. From control viewpoint, the overall voltage

equation can be reduced to 4-dimension, and it is given by
⎡
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In normal operation, the motor model at phase coordinate is
usually decomposed into two orthogonal subspaces, i.e., fun-
damental rotating space and third times rotating space, with
extended Clarke and Park transformations [18], [33]. However,
in the presence of open faults, the symmetry property of the
synchronous frame motor model is vanished. For the imple-
mentation of FOC under faulty conditions, a new set of Clarke
and Park transformations should be developed. In this paper, the
decoupled modeling of a faulty motor is based on the concept
of maintaining fundamental MMF and back-EMF the same as
in normal operation, and it is described as follows.

Since fundamental MMF is preserved equal to normal mode,
for disturbance-free operation the postfault currents can be re-
configured by [8]

F =
5
2
NIej(θ+(π/2)) =N(iA + γiB + γ2iC + γ3iD + γ4iE ),

iA ≡ 0 (3)

where F represents fundamental MMF; N is winding turns
number; I is the magnitude of fundamental excitation current;
γ = ejδ , and δ is the spatial shifting angle between adjacent
phases, being δ = 2π/5; θ denotes the rotor electrical position;
and iA , iB , iC , iD , and iE are phase currents, respectively.

Based on the above principle, it is impossible to maintain
equal third space MMF, and third space currents at α–β plane
can be calculated by

iA + γ3iB + γ6iC + γ9iD + γ12iE= ia3 + j iβ3 , iA ≡ 0
(4)

where iα3 and iβ3 are third space currents at α–β plane.
In consideration of the zero-sequence current, which is con-

straining to zero because of stator winding star connections, (3)
and (4) can be synthesized as

2
5
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⎥⎥⎥⎥⎦

⎡
⎢⎢⎣
iB
iC
iD
iE

⎤
⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

iα
iβ
iα3
iβ3
0

⎤
⎥⎥⎥⎥⎦

(5)
where iα and iβ are the fundamental space currents at α--β
plane, respectively. In this paper, star winding connection is
preferable due to the absence of zero-sequence current, and
the rule of (5) can never be applied to motors with open-type
windings.

Since the third row vector in (5) is not orthogonal with other
vectors, by removing the third line and correcting the first row
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vector with zero-sequence current, one can obtain

2
5

⎡
⎢⎢⎣

cos δ + x cos 2δ + x cos 2δ + x cos δ + x
sin δ sin 2δ − sin 2δ − sin δ
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1 1 1 1
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⎥⎥⎦

×
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i3
0

⎤
⎥⎥⎦ (6)

where i3 represents the third space current; x is the correction
factor. It should be noted that the equality of the first row still
holds because of no zero-sequence current.

For the postfault operation, the trajectory of back-EMFs of
healthy phases should also form a circle, and the correction
factor x in (6) is selected for above purpose. Thus, we define a
reduced order Clarke transformation as

[Tclark ]=
2
5

⎡
⎢⎢⎣

cos δ + x cos 2δ + x cos 2δ + x cos δ + x
sin δ sin 2δ − sin 2δ − sin δ

− sin 2δ sin δ − sin δ sin 2δ
1 1 1 1

⎤
⎥⎥⎦.

(7)
Projecting back-EMFs of remaining phases toα–β plane with

this new Clarke transformation, it yields

Eα = cos δEb + cos 2δEc + cos 2δEd + cos δEe

− x(Eb + Ec + Ed + Ee)

= xEa + cos δEb + cos 2δEc + cos 2δEd + cos δEe (8)

Eβ = 0Ea + sin δEb + sin 2δEc − sin 2δEd − sin δEe (9)

where Eα and Eβ are back-EMFs of α–β frame; and Ea , Eb ,
Ec , Ed , and Ee are back-EMFs at the natural reference frame.

As can be seen from (8) and (9), when x in (7) is not
properly selected, back-EMFs of remaining phases at α–β
plane cannot form a circle. This means electromagnetic en-
ergy conversion of the faulty motor is unstable. Because of
Ea + Eb + Ec + Ed + Ee = 0, the trajectory ofEα andEβ

under faulty conditions can form a circle by letting x =−1. Thus,
circle rotation of remaining phase back-EMFs is achieved and
kept the same as in the normal mode.

To simplify the decoupled modeling, we use the following
to represent the voltage equation of the 5Ph motor under faulty
conditions

[Us ] = Rs [Is ] +
d

dt
([Ls ] [Is ] + [ψm−s ]) (10)

where [Us ] denotes the phase-voltage vector, [Is ] is the phase-
current vector, [Ls ] indicates phase-inductance matrix; [ψm−s ]
represents the vector of PM-flux linkage; and Rs the stator
resistance. The subscript “s” means that (10) is established at
the natural reference frame. Hereafter, (10) indicates a reduced
order voltage equation where A-phase related quantities have
been removed due to the absence of current. Then with a reduced
order Park transformation, as shown in (11), the faulty motor
model can be transformed into synchronous frame (d–q–3–o

frame)

[Tpark ] =

⎡
⎢⎢⎣

cos θ sin θ 0 0
− sin θ cos θ 0 0

0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ (11)

where [Tpark ] is a reduced order park transformation matrix
under single-phase open fault. This rotational transformation
incorporates a standard Park representation used for a 3Ph
ac motor drive, as indicated in the first two rows. Thus, α–β
frame components can be transformed to dc components. Since
the trajectory of a third space component under open fault is
unable to form a circle, this component can never be decoupled
with a rotational transformation.

Therefore the motor terminal voltage equation at the d–q–3–o
frame can be expressed by

[Uqd3o ] = [Tpark ] [Tclark ] [Us ]
∂2Ω
∂u2

= Rs [Iqd3o ] + [Tpark ] [Tclark ]
d([Ls ] [Is ])

dt︸ ︷︷ ︸
Induced EMF

+ [Tpark ] [Tclark ]
d [ψm−s ]

dt︸ ︷︷ ︸
Back EMF

(12)

here

[Udq3o ] = [Tpark ] [Tclark ] [Us ] , [Idq3o ]=[Tpark ] [Tclark ] [Is ].
(13)

By taking a derivative of magnetic co-energy with respect to
rotor electrical position (θ), one can obtain torque equation

Te =
∂Wco

∂θ
= P

(
1
2

[
IT
s

] ∂ [Ls ]
∂θ

[Is ] +
[
IT
s

] ∂ [ψm−s ]
∂θ

)

(14)
where Wco indicates magnetic co-energy. As can be seen, the
precise knowledge of phase inductance is required for the post-
fault torque calculation. In most of related articles, the magnetic
energy stored in the toroid is omitted; however, this part is im-
portant for some types of PM machines. Thus, phase inductances
should be considered in the postfault torque calculation.

B. Decoupled Model Under Single-Phase Open Fault

In a 5Ph motor the windings are usually wound in a trape-
zoidal fashion and give a trapezoidal-shape back-EMF. Accord-
ing to the winding function theory this type of rectangular stator
winding produces first, third, fifth, and seventh harmonic back-
EMFs [17]. To simplify the postfault modeling, only the first
and third harmonics are considered.

Back-EMFs are produced by magnetic flux linkages. Since
A-phase is uncontrollable, we will remove A-phase related
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quantities from the PM flux linkage vector [17], [18], [33]

[ψm−s ] = ψm1

⎡
⎢⎢⎣

cos(θ − δ)
cos(θ − 2δ)
cos(θ − 3δ)
cos(θ − 4δ)

⎤
⎥⎥⎦ + ψm3

⎡
⎢⎢⎣

cos 3(θ − δ)
cos 3(θ − 2δ)
cos 3(θ − 3δ)
cos 3(θ − 4δ)

⎤
⎥⎥⎦

(15)
where ψm1 and ψm3 denote ,respectively, amplitudes of first
and third harmonics of PM flux linkage.

According to (12), the back-EMF at synchronous frame is

[Edq3o ] = [Tpark ] [Tclark ]
d

dt
[ψm−s ]

=
d([Tpark ] [Tclark ] [ψm−s ])

dt

− d [Tpark ]
dt

[Tclark ] [ψm−s ] (16)

where [Edq3o ] represents back-EMF vector at the d–q–3–o
frame.

Substitute (7), (11), and (15) into (16) one can obtain

[Edq3o ] =

⎡
⎢⎢⎣
Ed

Eq

E3
Eo

⎤
⎥⎥⎦= ωψm1

⎡
⎢⎢⎣

0
1
0

0.4 sin θ

⎤
⎥⎥⎦+ ωψm3

⎡
⎢⎢⎣

0
0

3 cos 3θ
1.2 sin 3θ

⎤
⎥⎥⎦

(17)
where Ed , Eq , E3 , and Eo are, respectively, d-axis, q-axis,
third space, and zero-sequence components of back-EMFs. As
can be seen, back-EMFs of fundamental space are completely
decoupled whereas third space component is pulsating. Since the
reduced order Clarke transformation can only keep fundamental
back-EMFs equal to normal mode, the fluctuation of back-EMF
at third space is unavoidable. The back-EMF of third space (E3)
will interact with fundamental space currents, generating power
ripples and this is undesirable for the postfault operation. Also
it should be noted that there are no ripples in power output
at zero-sequence space due to absence of the zero-sequence
current.

Fundamental currents flow in stator windings, produc-
ing self-induced and mutually induced EMFs, and according
to (12) those induced EMFs at synchronous frame can be
expressed by

[
EL−dq3o

]
= [Tpark ] [Tclark ]

d([Ls ] [Is ])
dt

=
d([Tpark ] [Tclark ] [Ls ] [Is ])

dt

− d([Tpark ] [Tclark ])
dt

[Ls ] [Is ]

=
d [Ldq3o ]

dt
[Idq3o ] + [Ldq3o ]

d [Idq3o ]
dt

− [Ω] [Ldq3o ] [Idq3o ] (18)

where

[Ldq3o ] = [Tpark ] [Tclark ] [Ls ]
[
(Tclark)

−1
] [

(Tpark)
−1

]

(19)

[Ω] =
d([Tpark ])

dt
([Tpark ])−1 = ω

⎡
⎢⎢⎣

0 1 0 0
−1 0 0 0
0 0 0 0
0 0 0 0

⎤
⎥⎥⎦ .

(20)

In above relationships [EL−dq3o ] indicates the induced EMF
due to stator current variation; [Ω] the matrix of angular speed
(electrical); and [Ldq3o ] the inductance matrix of d–q–3–o
frame. In normal operation the inductance matrix at two ro-
tating subspaces is constant and symmetrical, thus the first term
of (16) is [0], which is indicated as a time derivative of [L−dq3o ].
The reduced-order Clarke transformation presented in this paper
also guarantees that inductances of fundamental synchronous
rotating space are constant.

According to the spectrum of winding density distribution,
[Ls ] incorporates leakage inductance quantity, zero-frequency
as well as second and sixth harmonic inductance quantities.
Neglecting the sixth harmonic of [Ls ] due to its small value,
inductances of remaining phases can be presented as [17], [18],
and [33]

[Ls ] = Lls [I4 ] + [L0θ ] − [L2θ ] + [L6θ ] , [L2θ ] ≈ 0 (21)

[L0θ ] = Lm

⎡
⎢⎢⎣

1 cos δ cos 2δ cos 2δ
cos δ 1 cos δ cos 2δ
cos 2δ cos δ 1 cos δ
cos 2δ cos 2δ cos δ 1

⎤
⎥⎥⎦ (22)

[L2θ ] = Lθ

⎡
⎢⎢⎣

cos 2θ1 cos 2θ4 cos 2θ2 cos 2θ0
cos 2θ4 cos 2θ2 cos 2θ0 cos 2θ3
cos 2θ2 cos 2θ0 cos 2θ3 cos 2θ1
cos 2θ0 cos 2θ3 cos 2θ1 cos 2θ4

⎤
⎥⎥⎦ (23)

where Lls is leakage inductance; [I4 ] is an identity matrix of
order 4; [L0θ ] is constant inductance matrix, with Lm being
its magnitude; [L2θ ] is the second harmonic inductance matrix,
which is modulated by θ, withLθ being its magnitude; and θi =
θ − iδ, being i = 0, 1, 2, 3, 4. The motor inductance is related
to a machine structure, and as previously illustrated its value is
not affected by open circuit faults. In some published articles
[L2θ ] is not considered in posttorque modeling; however, this
part is crucial for most machines performing advanced control
(e.g., sensorless control) and thus cannot be neglected.

Substitute (7), (11), and (21) into (19) one can obtain d–q
frame inductance matrix as shown in (24), where Ld = Lls +
2.5(Lm − Lθ ), Lq = Lls + 2.5(Lm + Lθ ), respectively.

As can be seen, (24) gets symmetrical when all of the zero-
sequence related components from the fourth row and fourth
column are removed. The values of Ld and Lq under open
fault remain the same as in normal mode [33]. This property is
important to dynamic behaviors of inner current loops, which
strongly relies upon d–q frame inductances. Thus adopting such
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a model frees the model-based control from determination of a
new set of parameters for the postfault operation.

By ignoring the zero-sequence related quantities, substitute
(7), (11), (17), and (24) into (12), the voltage equation at
d–q–3, see (24) and (25) as shown at the bottom of the page,
frame can be derived as shown in (25), where ud , uq , and u3 are,
respectively, voltage quantities of d-axis, q-axis, and third space;
and id , iq , and i3 are, respectively, current quantities of d-axis,
q-axis, and third space. It is interesting to see that this voltage
equation at fundamental space remains the same as in normal
operation. This is because values of the MMF and back-EMF of
fundamental space are kept equal to normal operation ones, and
it is done by utilization of reduced order Clarke transformation
where x = −1.

From control point of view, phase currents are decoupled into
three parts: a flux-generating part (id), a torque-generating part
(iq ), and third space part (i3), respectively. Thus this faulty
motor model enables the regulation of electromagnetic torque
by iq and field weakening by id , and it is also possible to use
synchronous frame PI controllers.

Substitute (7), (11), (15), and (21) into (14), the electromag-
netic torque is obtain as

Te = Te1 + Te3 (26)

Te1 =
5
2
Pidiq (Ld − Lq ) +

5
2
Piqψm1 (27)

Te3 =
5
2
Pψm3

(
3i3 cos 3θ+

3 (−iq cos 2θ + id sin 4θ)
2

+
3 (iq cos 4θ + id sin 2θ)

2

)
(28)

where Te denotes overall electromagnetic torque, Te1 is a funda-
mental torque, and Te3 stands for ripples in the torque. As can be
seen, because of preservation of fundamental MMF and back-
EMFs, the fundamental torque (Te1) also remains the same as
in normal operation. As previously noted, the third space back-
EMF is pulsating with frequency 3θ and amplitude 3ωψm3 .
Torque ripples (Te3) exist due to the fact that this pulsating
back-EMF (E3) interacts with fundamental space current as
well as third space current:

E3 = 3ωψm3 cos 3θ =
1
2
3ωψm3e

j3θ +
1
2
3ωψm3e

−j3θ . (29)

The pulsating back-EMF, shown as above, can be divided
into two oppositely rotating vectors, i.e., positive and negative
sequences, each with half the amplitude of overall pulsating

back-EMF. The positive- and negative-sequence components
interact with fundamental space currents, generating power os-
cillation at twice and four times of synchronous speed. Along
with that the third space EMF also interacts with third space
current, inducing extra power ripples.

The decoupled model is one of the main contributions of
this paper. With this model FOC can be used for the post fault
operation with a little modification to the normal mode control
scheme.

III. PROPOSED NONLINEAR SPEED CONTROL

A. FOC for PostFault Operation

According to (26), the postfault torque is determined by the
fundamental torque (Te1). Clearly, with id = 0 control the aver-
age torque can be determine by iq . The third space current value
(i3) can be acquired by imposing additional constraints: phase
current reconfiguration is calculated by lowest joule losses (LJL)
or a equal joule losses (EJL) control criteria.

1) LJL Control Criterion: When adopting LJL criterion, cur-
rent references at d–q–3 frame can be presented as

id = 0, iq = constant, i3 = 0. (30)

Since the joule losses can be expressed byRs(i2d + i2q + i23)
according to (14), it is clear that minimal losses value (Rs i

2
q) is

achieved by adopting id = 0 and i3 = 0 control.
By substituting constraints of id = 0 and i3 = 0 into (26), the

torque under LJL criterion is simplified as

Te = KT eiq

(
1 − 1

2
ψm3

ψm1
cos 2θ +

1
2
ψm3

ψm1
cos 4θ

)
,

KT e = 2.5Pψm1 . (31)

In above equation the torque constant KT e is defined as
2.5Pψm1 where the coefficient 2.5 is introduced by 5h electrical
power calculation, and coefficient 1/2 in the torque expression
is a result of the separation of positive and negative sequences
from the pulsating back-EMF, whose trajectory cannot be pre-
served as a circle at the new α–β plane due to open circuit
faults.

2) EJL Control Criterion: When the EJL criterion is
adopted, the current amplitude of each healthy phase is required
to be kept equal. In this case, the phase current can be recon-
figured by imposing extra constraints of ib = −id and ic = −ie
[34]. According to the principle of preservation of fundamental

[Ldq3o ] =

⎡
⎢⎢⎣

Ld 0 0 (Ld − Lls) cos θ
0 Lq 0 −(Lq − Lls) sin θ
0 0 Lls 0

−0.4(Ld − Lls) cos θ 0.4(Lq − Lls) sin θ 0 0.2(7Lls − Ld − Lq − (Ld − Lq ) cos 2θ)

⎤
⎥⎥⎦ (24)

⎡
⎣
ud
uq
u3

⎤
⎦ = Rs

⎡
⎣
id
iq
i3

⎤
⎦ +

⎡
⎣
Ld 0 0
0 Lq 0
0 0 Lls

⎤
⎦ d

dt

⎡
⎣
id
iq
i3

⎤
⎦ − ω

⎡
⎣

0 Lq 0
−Ld 0 0
0 0 0

⎤
⎦

⎡
⎣
id
iq
i3

⎤
⎦ + ω

⎡
⎣

0
ψm1

3ψm3 cos 3θ

⎤
⎦ (25)
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TABLE I
PREFERENCES OF THE REQUIRED JOULE LOSS CONTROL CRITERION

Lowest Joule Losses Equal Joule Losses

a = 1.5ψm 3 /ψm 1 a = 1.146ψm 3 /ψm 1

b = 1.5ψm 3 /ψm 1 b = 1.854ψm 3 /ψm 1

MMF, we can obtain the following relationship from (6)

iβ = sin δib + sin 2δic − sin 2δid − sin δie

= (ib + ic) (sin δ + sin 2δ) (32)

i3 = − sin 2δib + sin δic − sin δid − sin 2δie

=
sin δ − sin 2δ
sin δ + sin 2δ

iβ = 0.236iq cos θ (33)

where sin δ−sin 2δ
sin δ+sin 2δ = 0.236.

Thus we can obtain optimal postfault currents of d–q frame
for the purpose of EJL control, and it is given by

id = 0, iq = constant, i3 = 0.236iq cos θ (34)

Then substitute (34) into overall torque equation (26) as

Te = KT eiq

(
1 − 1.146ψm3

ψm1
cos 2θ +

1.854ψm3

ψm1
cos 4θ

)

(35)
where 1.146 = 3

2 (1 − sin δ−sin 2δ
sin δ+sin 2δ ) 1.854 = 3

2 (1 + sin δ−sin 2δ
sin δ+sin 2δ ).

Therefore a generalized torque equation can be expressed as
follows, considering above criteria for joule losses control:

Te = KT eiq (1 − a cos 2θ + b cos 4θ) (36)

where a and b are defined as harmonic factors, and they are
shown in Table I.

As can be seen, with id = 0 control the torque behavior is non-
linear, and torque ripples concentrates mainly on the frequency
that is twice and four times of synchronous speed. Clearly am-
plitudes of harmonics are related toψm3/ψm1 , thus motors with
sinusoidally distributed winding are more appropriate for torque
ripple free applications, due to ψm3 = 0. However, the studied
motor has trapezoidal-shape back-EMFs, and it is impossible to
alter the stator winding configuration. Torque ripples result in
a fluctuation of the rotor speed, which means if speed curve is
smooth, then the electromagnetic torque is also thought to be
constant. From control point of view, nonlinear speed control
should be developed to suppress unpredicted and unmodeled
dynamics of a real drive.

B. Nonlinear Speed Control

Commonly, the torque command is generated by the speed PI
controller. It is general knowledge that the PI controller cannot
deal with problems associated with nonlinear system [28], [30],
and thus we utilized SMC to tackle this issue.

Motion equation of 5Ph drive is expressed as
{
θ̇ = ω
ω̇ = (P/J)Te − (P/J)TL +D(t)

(37)

where J is the measured value of rotational inertia constant, Te
represents the control input; TL indicates the load torque; and
D(t) denotes the lumped disturbance, which is formulated as

D(t) = −Bmω(P/J) + f(ΔJ,ΔBm ) + funknown(t) (38)

where Bm represents measured value of viscous friction co-
efficient; f(ΔJ, ΔBm ) indicates the mismatch between the
measured parameters and real values; and funknown(t) denotes
time-variant disturbances that can be traced to the cogging ef-
fect, magnetic saturation effect, nonlinearity of voltage source
inverter, etc. D(t) is assumped to be bound as

max(|D(t)|) < K (39)

where K is a positive constant.
Define the sliding surface as

s = c e = c (ωref − ω) (40)

where e is the angular speed tracking error; subscript “ref”
means the corresponding variable is a reference; and c is a
positive constant that guarantees the system state error is driven
to the sliding surface at finite time. The state error always moves
from an initial condition to the sliding surface s = 0 and stay on
it if sṡ < 0.

The control strategy of SMC is to find a control law such
that the angular speed can track the reference. The control law
is based on the Lyapunov function method, and it incorporates
TL , which is however difficult to be measured precisely. In this
paper, TL is updated by an adaptive algorithm that is described
as the following.

Define estimated error of load torque as

ΔTL = TL −
�

T L (41)

where
�
TL is estimated value of the load torque and ΔTL is the

estimated error.
Define the Lyapunov function as

V =
1
2
s2 +

1
2λ

ΔT 2
L , λ > 0 (42)

where λ represent the adaption gain.
To force e and ΔTL converge to zero, the derivative of V must

satisfy the requirement of less than zero:

V̇ = sṡ+
ΔTL (ṪL −

�̇

T L )
λ

= c2eė− ΔTL
�̇

TL
λ

= c2e

⎛
⎝−PTe

J
+
P

�

T

JL
−D(t) +

PΔTL
J

⎛
⎝1 − J

�̇

TL
λPc2e

⎞
⎠
⎞
⎠.

(43)

In above relationship, the time derivative of TL is assumed
to be zero. This is because the sampling period of adaptive
approach is much smaller than variations of the kinetic noise
which is viewed as a constant during the sampling period.

The derivative of angular speed tracking error (e) is given by

ė = (ω̇ref − ω̇) = −P
J
Te +

P

J
TL −D(t). (44)



5480 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 7, JULY 2017

Thus the control law can be obtained by letting V̇ < 0, and it
is given by

−P
J
Te +

P

J

�

TL = −K1e−K2sign(e), K1 > 0, K2 > K

(45)
whereK1 represents state feedback gain;K2 denotes chattering
boundary level; and sign (·) represents a sign function.

In this paper, we use an adaptive approach to estimate the
value of TL and it is shown as

�̇

T L =
Pλc2

J
e. (46)

Then substituting control law (Te) and adaptive law (
�

TL ) into
(43) yields

V̇ = −K1c
2e2 − ce [K2sign(e) +D(t)] < 0. (47)

According to (47), asymptotic stability of a controlled system
is guaranteed in the presence of system uncertainties and it also
means that both of measured angular speed and estimated load
torque converge to their respective reference or real values.

In the above relationship, one should notice that a high value
of K2 increases system chattering, but this can be partly im-
proved by employing a saturation function instead of a sign
function.

Thus the control law Te can be designed as follows:

Te =
JK1

P
e+

λPc2

J

∫
e

︸ ︷︷ ︸
PI Control

+
JK2

P
sat(e)

︸ ︷︷ ︸
chattering

. (48)

As can be seen, the first two terms of (48) represents a PI
controller, which already contains the estimation of load torque.
The last term of (48) corresponds to system chattering that is
utilized to suppress uncertainties and disturbances. By includ-
ing a simple chattering term on the basis of PI controllers, the
speed performance gets enhanced with this new controller. The
proposed method is also easy to implement and can guarantee a
smooth running even in the presence of noises. The system chat-
tering can be reduced by development of an advanced reaching
law instead of a saturation function. However, it will cost addi-
tional multiplications in a digital signal controller (DSC) and is
not considered in this paper.

Substitute (36) into (48), one can obtained

i∗q =
JK 1
P KT e

e+ P λc2

JKT e

∫
e+ JK 2

P KT e
sat(e)

(1 − a cos 2θ + b cos 4θ)
(49)

where i∗q is the q-axis current reference.
Fig. 1 shows the block diagram for proposed nonlinear speed

controller. The coefficients that are required to be tuned include
K1 , K2 , c, and λ. Of these coefficients K1 is correlated to the
convergence rate of angular speed tracking error, whereas K2
is related to the system noise grade, including external load
disturbances and parameter perturbations. A larger c in the PI
controller can guarantee a smaller static tracking error of angular
speed, and a smaller λ ensures a smaller estimated error of load
torque. Along with that, cλ together determines the estimation

Fig. 1. Block diagram for proposed SMC.

Fig. 2. Cross section of studied 5Ph PM motor.

rate of load torque and the larger value always accelerates its
convergence.

IV. FAULT-MODE MODEL VERIFICATION BY FEA

To verify proposed decoupled model 2-D FEA is carried out
based on the Ansoft/Maxwell software. Fig. 2 shows a cross
section of the 5Ph surface PM motor with double-layer
fractional-slot winding configuration. The parameters of this
prototype motor are listed in Table II. Accuracy of proposed
decoupled model is verified under the LJL and EJL control
criteria.

A. Preservation of Fundamental Back-EMFs

Studied motor gives a trapezoidal-shape back-EMFs that
mainly contain first and third harmonic components. Fig. 3
shows back-EMFs of A-phase and α–β frame, respectively. As
can be seen with proposed Clarke transformation, first harmon-
ics are preserved the same as these are in normal operation.

B. Verification of Decoupled Model Under LJL Criterion

To verify the accuracy of proposed model, remaining four
phases are excited with iq = 2 A under the LJL criterion. The
torque-position characteristic by FEA is depicted in Fig. 4.

As can be seen from Fig. 4, the motor under single-phase
open circuit continues to operate, but with fluctuations in
the profile of output torque. Harmonic components of this torque
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TABLE II
PARAMETERS OF PROTOTYPE MOTOR

Symbol Description Quantity

Stator inner diameter 146 mm
Stator outer diameter 210 mm
Length of stator iron 65 mm
Air gap length 3 mm
Rotor outer diameter 140 mm
Magnet Materials NdFeB
Magnet Thickness 8 mm

ψm 1 Fundamental PM flux linkage 0.5154825 Wb
ψm 3 Third harmonic PM flux linkage 0.024718 Wb
Ld d-axis inductance 7.34 mH
Lq q-axis inductance 9.18 mH
Ll s Leakage inductance 1.74 mH
P Pole pairs 2
Rs Stator resistance (100o) 1.1 Ω

Number of Slots 30
Rated Phase voltage 100 V
Rated Speed 900 r/min

Fig. 3. Back-EMFs of A-phase and α–β frame under single-phase open fault.

Fig. 4. Torque-position (electrical) characteristic under the LJL criterion.

TABLE III
HARMONIC CONTENTS OF OUTPUT TORQUE UNDER THE LJL CRITERION

Description Value

Fundamental Torque 5.12248 N·m
2nd harmonic torque 0.37514 N·m
4th harmonic torque 0.39588 N·m
30th harmonic torque 0.36898 N·m

are listed in Table III, and comparisons with analytical solutions
are performed as below.

According to (36), the fundamental torque is 5.154 N·m,
whereas in the simulation this quantity is 5.12248 N·m. The
discrepancy of these two results is 0.0312 N·m and the value of
fundamental torque can be kept the same as in normal mode.

Fig. 5. Torque-position characteristic by FEA under the EJL criteria.

TABLE IV
HARMONIC CONTENTS OF THE OUTPUT TORQUE EJL CRITERION

Description Quantity

Fundamental Torque 5.12248 N·m
2nd harmonic torque 0.28024 N·m
4th harmonic torque 0.48841 N·m
30th harmonic torque 0.36898 N·m

Fig. 6. Overall control scheme under single-phase open circuit fault.

The second harmonic torque is 0.3708 N·m by (36) versus
0.37512 N·m by FEA, and the fourth harmonic presents
0.3708 N·m by (36) versus 0.39588 N·m by FEA. The second
and fourth harmonics by FEA are consistent with solutions
of (36).

The 30th harmonic is resulted from cogging effect and this
is one of the system uncertainties. In addition, the saturation
effect also results in the difference between FEA and analytical
results.

Clearly, the behavior of output torque by (36) remains close
to that by FEA and this confirms the accuracy of the proposed
decoupled model.

C. Verification of Decoupled Model Under the EJL Criterion

Further to investigate proposed decoupled model, currents
under the EJL criterion are applied to the motor where iq is still
equal to 2A.

The torque-position characteristic and harmonic contents
of output torque are shown in Fig. 5 and Table IV, respec-
tively. As can be seen, the fundamental torque by FEA is
5.12852 N·m, and second and fourth harmonics are 0.28024
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TABLE V
PRACTICAL PARAMETERS OF PROTOTYPE MOTOR

Symbol Description Quantity

ψm 1 Fundamental PM flux linkage 0.535872 Wb
ψm 3 Third harmonic PM flux linkage 0.033492 Wb
Ld d-axis inductance 6.54 mH
Lq q-axis inductance 8.32 mH
Rs Stator resistance 1.1 Ω

Rated speed 600 r/min

Fig. 7. Back-EMFs of healthy phases.

Fig. 8. Healthy phase currents with iq = 2A under: (a) LJL criterion. (b) EJL
criterion.

Fig. 9. Waveforms of α–β frame currents and rotor position with iq = 2 A
under: (a) LJL control criterion; (b) EJL control criterion.

and 0.48841 N·m, respectively. According to solutions of (36),
the fundamental torque is 5.154 N·m, and second and fourth
harmonics are 0.2832 and 0.4582 N·m, respectively. The results
by FEA also remain close to solutions of (36), and by this the
accuracy of proposed model can also be confirmed.

V. EXPERIMENTAL MEASUREMENTS

An experiment set composed of a 5Ph PM motor, a 5Ph
half-bridge inverter, and a dc generator as the load has been

Fig. 10. Waveforms of d–q–3 frame currents and rotor position with iq = 2 A
under: (a) LJL criterion; (b) EJL criterion; id , iq , and i3 are scaled to 2A/div,
θ scaled to 4 rad/div.

Fig. 11. Waveforms of rotor position, q-axis current and ripple speed with
iq = 2 A under: (a) LJL control criterion; (b) EJL control criterion; iq is scaled
to 2 A/div, Δω is scaled to 10 r/(min ·div), θ scaled to 4 rad/div.

Fig. 12. Waveforms for speed ripples suppression with PI and SMC under:
(a) LJL criterion; (b) EJL criterion; iq and i3 are scaled to 2 A/div, Δω is
scaled to 5 r/(min ·div), θ scaled to 4 rad/div.

developed for verification of the suitability of the proposed
model and the proposed control algorithm. A 32-bit floating
point DSC (TMS320F28335) and a FPGA (XC3S500E) are uti-
lized for the implementation of the overall control algorithm.
Fig. 6 shows the control scheme of the 5Ph PM motor for the
postfault operation. In the block diagram the CPWM unit and co-
ordinate transformations are calculated in the FPGA, whereas
the fault-tolerant control is completed in the DSC. The rota-
tional inertia of this drive is about 0.335 kg�m2 , the switching
frequency of IGBTs is fixed at 10.30 k Hz, sampling frequency
of AD converters is set at 5.15 k Hz, and the dc-link voltage
is 300 V. The motor structure parameters are shown in Table II
also some measured electrical parameters are listed in Table V.

A. Implementation of FOC Under Faulty Condition

One should note that oscilloscope used during the experiment
has only four input channels, which is the reason why in Fig. 7
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Fig. 13. Speed step response from 150to 300 r/min with a full load under: (a) LJL criterion with PI; (b) EJL criterion with PI; (c) LJL criterion with SMC;
(d) EJL criterion with SMC; iq and i3 are scaled to 1 A/div, ω is scaled to 100 r/(min ·div), θ scaled to 4 rad/div.

only four back-EMFs curves are shown. For the sake of im-
proving iron utilization, a 5Ph PM motor, as shown in Fig. 7, is
designed to give a trapezoidal back-EMF. The third harmonics
of back-EMFs will cause torque ripples, and this deteriorates
the speed performance in the postfault operation.

Fig. 8 refers to healthy phase currents under, respectively, the
LJL and EJL control criteria with iq = 2A. In Fig. 8(a), LJL
control is performed and the maximum amplitude of remaining
phase currents is 2.936 A. In Fig. 8(b), attributed to the EJL con-
trol criterion current amplitudes of remaining phases are equal
with value of up to 2.76 A. The presented Clarke transforma-
tion is not unitary matrix, thus the amplitude of healthy current
cannot be kept equal to 2 A. As can be seen from Fig. 8, the
postfault control is effective based on proposed model under,
respectively, the LJL and EJL criteria.

Fig. 9 shows waveforms of α–β frame currents and rotor
position with iq = 2A. As can be seen under the LJL and EJL
control criteria, iα and iβ are orthogonal to each other with equal
amplitudes (2 A), and this means that value of fundamental
MMF is preserved equal to the healthy case one.

Fig. 10 refers to waveforms of d–q–3 frame currents and rotor
position under the LJL and EJL control criteria. As can be seen,
the profiles of id and iq are plane with almost no distortion,
and it means a synchronous frame PI controller is effective.
Adopting i3 = 0 control under the LJL criteria in Fig. 10(a),
i3 = 0.236iqcosθ is used in Fig. 10(b) aiming to keep equal
current amplitudes of healthy phases. The PI controller at high
speeds showed unsatisfactory performance when tracking ac
signals in Fig. 10(b), to improve its performance additional
resonant control can be used, but this is out of the scope of this
study.

Fig. 11 shows waveforms of rotor position, q-axis current and
speed ripples (Δω) under, respectively, the LJL and EJL control
criteria. As can be noted under both two joule losses control
criteria, the speed ripples are within ±6 r/min corresponding to
average value of 300 r/min. The speed ripples (Δω) frequency
is at twice and four times of the synchronous speed and it is
clearly caused by third harmonics of air-gap flux.

Fig. 14. Speed step response from 300 to 600 r/min with 50% rated load
under: (a) LJL criterion with SMC; (b) EJL criterion with SMC; iq and i3 are
scaled to 1 A/div, ω is scaled to 200 r/(min ·div), θ scaled to 4 rad/div.

The ripples in the speed are small, and this can be explained
by the fact that torque ripples are filtered by the rotational inertia
of the shaft. Hence, a conclusion can be draw that by applying
of proposed transformations and current PI controllers at d–q–3
frame, the output torque ripples are virtually minimal except of
some ripples that are caused by third harmonics of air-gap flux.

B. Nonlinear Speed Control Under Faulty Condition

Fig. 12(a) shows the contrast between experiments for speed
ripples suppression with PI and SMC. As can be seen from
Fig. 12(a), which is under the LJL criterion, the PI controller has
speed ripples within ±7 r/min corresponding to average value
of 60 r/min. And then at the instant of 1.25 s SMC is active
and speed ripples are restrained to ±4 r/min. Also comparisons
are carried out before and after applying SMC under the ELJ
criterion, and similar results are achieved as shown in Fig. 12(b).
Those experimental results validate the proposed SMC has a
potential of speed ripple suppression.

Fig. 13 shows the speed step response under PI and SMC
with a full load. Fig. 13(a) shows the PI controller under the
LJL criterion and the speed settle time is within 1 s from 150 to
300 r/min. Fig. 13(c) shows SMC also under the LJL criterion
with settle time equal to 0.3 s. As can be seen, in comparison with
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Fig. 15. Motor postfault operation under load disturbance at the instant of 2.5 s, 300 r/min under: (a) LJL criterion with PI; (b) EJL criterion with PI; (c) LJL
criterion with SMC; (d) EJL criterion with SMC; iq and i3 are scaled to 1 A/div, ω is scaled to 200 r/min, θ scaled to 4 rad/div.

Fig. 16. Motor post-fault operation under load disturbance at the instant of 1.5 s instant, 600 r/min under: (a) LJL criterion with PI; (b) EJL criterion with PI;
(c) LJL criterion with SMC; (d) EJL criterion with SMC; iq and i3 are scaled to 1 A/div, ω is scaled to 500 r/min, θ scaled to 4 rad/div.

a PI controller [as shown in Fig. 13(a)], the speed response with
SMC has no overshoot, and a fast convergence rate is presented.
This conclusion is also confirmed by experimentation shown in
Fig. 13(b) and (d) under the EJL criterion

Fig. 14 shows the speed step response with 50% rated load.
Fig. 14(a) refers to the speed step response with SMC under
the LJL criterion and the speed settle time is 0.5 s from 300 to
600 r/min (rated speed). Fig. 14(b) exhibits the speed step re-
sponse under the EJL criterion and the settle time is also 0.5 s.
The speed response has no overshoot and a good steady behavior
is always achievable.

Fig. 15 demonstrates the motor postfault operation with a
full load at 300 r/min. Fig. 15(a) and (c) shows motor operated

under the LJL criterion with PI and SMC, respectively. As can
be noted after the occurrence of a disturbance in the load, speed
settle time is about 1 s with PI controller whereas with SMC
this time is 0.5 s, which is nearly half of the settle time with a
PI controller. Similar results can be obtained when the motor is
operated with the EJL criterion, as shown in Fig. 15(b) and (d).

Fig. 16 shows the motor postfault operation with 25% of
rated load disturbance applied at 600 r/min. Fig. 16(a) and (c)
refers to the LJL control criterion with PI and SMC, respec-
tively. As can be seen with a PI controller, there are notice-
able speed oscillations and the settle time is 2 s long, whereas
with SMC oscillations in the speed response are absent. The
motor operation under the EJL control criterion yields similar
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performance as shown in Fig. 16(b) and (d). Consequently, with
SMC the speed behavior in the presence of disturbance in the
load is found to be satisfactory.

VI. CONCLUSION

This paper proposes a decoupled modeling of the 5Ph PM
motor under single-phase open fault. Based on this model, the
postfault control can be done with the FOC method. This model
is based on concepts of preserving the postfault value of both
fundamental MMF and back-EMFs equal to the normal opera-
tion, thus electromagnetic energy conversion can be sustainable.
However, due to incapability of preserving MMF and back-
EMFs of third space, the torque behavior is fluctuated. To sup-
press these fluctuations and improve speed performance, SMC
in the speed loop is proposed.

The proposed model is verified by FEA under the LJL and
EJL control criteria, and results show that the spectrum of output
torque is consistent with the proposed analytical model.

Experiments were carried out on a 5Ph drive to verify the
proposed control technique and the postfault motor model. FOC
of the motor with an A-phase open circuit was performed, and
plain d–q frame current profile was achieved. Proposed SMC
in the speed loop was utilized and as a result the waveform
of rotor speed became steady, which stand as a confirmation
of successful speed ripples suppression. Along with that, fast
convergence and small static error in the speed response were
achieved.

In its structure proposed SMC contains a PI controller and a
chattering term (shown as a saturation function or a sign func-
tion), which makes it easy to implement in a DSC without long
computational process.
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