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ABSTRACT In order to minimize the torque ripple of five-phase induction motor under open-phase faults,
the conventional strategy makes the stator current space vectors to move along the circular anticlockwise
trajectories. However, the torque ripple is suppressed indirectly based on the coupling between spatial
harmonic fields, and the analytical expression of the torque ripple is not considered. In this paper, according
to the steady-state model using symmetrical components (SCs), the torque ripple is mainly caused by the
first and fourth SCs. Hence, several possible current commands are deduced under single-phase fault and
two-phase fault by suppressing the first and fourth SCs. Under single-phase fault, the proposed strategy
shows better performance than the conventional strategy in terms of torque ripple, average torque and
efficiency. Under adjacent two-phase fault, the proposed strategy shows lower torque ripple but a lower
efficiency than the conventional strategy, and these two strategies can be selected according to the specific
application requirements. Finally, the effectiveness of the proposed strategy is validated by the experimental
results.

INDEX TERMS Five-phase induction motor, fault-tolerant operation, minimum torque ripple, symmetrical

component.

NOMENCLATURE MT synchronous frame whose 7'-axis is
Lk magnetic inductance with sequence order k . " 90° leading to M-axis ]
losk and lo,  stator and rotor leakage inductance iy and iy fundamental current command in

with sequence order k M -axis and T-axis

R, stator resistance iyey and iy third harmonic current command in
R rotor resistance with sequence order k P M-axis and T -axis
1) fundamental synchronous electric angular Ir and I; RMS sequence value of fundamental
speed and third harmonic currents under
wy rotor mechanical angular speed o healthy condition
Ws1 fundamental slip angular speed Ir1-Irs five-phase fundamental current phasor
Wnk synchronous electric angular speed with I1-Is five-phase third harmonic current
harmonic order n and sequence order k e phasor
®e(max) maximum cross frequency Lk stator sequence current with harmonic
Lin RMS current with harmonic order 7 in the order n and sequence order k
healthy case T rotor sequence current with harmonic
order n and sequence order k
The associate editor coordinating the review of this manuscript and Teay average torque
approving it for publication was Zhixiang Zou . ATe] 4 and ATe3 2 ripple torque
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Py total copper loss

Vik sequence voltage with harmonic order
n and sequence order k

Snk motor slip with harmonic order n and

sequence order k

p pole pair number

Ym phase margin

Dmnk air-gap flux with harmonic order n and
sequence order k

Vie dc-link voltage

EM F,— EM F, five-phase estimated electromotive
force

kp and T; proportional resonant controller gains

T4 transport delay

3 take an imaginary part
time

* conjugate complex

MMF magnetomotive force

M induction motor

SC symmetrical component

EMF electromotive force

PR proportional resonant

I. INTRODUCTION
Multiphase motors have been widely used in air-craft
drives, locomotive traction, electric ship propulsion and high-
power industrial applications [1], [2]. As the number of
phases increases, the required stator current amplitude can
be reduced without changing phase voltages and output
power [3], [4]. Besides, multiphase motors have competitive
advantages over three-phase motors such as lower torque
pulsations, higher power density, lower dc-link current har-
monics and better power distribution among a higher number
of phases [5], [6]. The fault-tolerant capability is one of
the most interesting topics in multiphase stand-alone drives
since no additional hardware is required if they are properly
configured [7]. Various kinds of faults may occur in the motor
drive system, while the power switching devices and the
machine windings are the most vulnerable [8], [9]. According
to [10], the possibility of faults on the switching devices is
much higher than that on machine windings, and more than
70% of the faults would finally turn to open-circuit faults.
Under the fault conditions, due to the redundant degrees of
freedom, the multiphase motors can continue to operate with
a lighter load even though no fault-tolerant control strategies
are used [11]. One or more faulty phases lead to the asymme-
try of power supply, which would affect the rotating trajectory
of the air-gap MMF and finally result in serious torque ripple.
Therefore, fault-tolerant control strategies are required to
suppress the torque ripple and improve the output power.
There are mainly two types of fault-tolerant control strategies
for multiphase IMs in the existing literatures: Model-based
and MMF based methods.

Several model-based methods have been presented in
[2], [12]-[15]. When an open-phase fault appears, the con-
ventional Park transformation matrix should be reconstructed
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because of the asymmetry in the stator phase currents.
Therefore, a reduced order model of a dual three-phase IM
using decomposition transformation based on an asymmetri-
cal winding structure is presented in [12], and the dynam-
ics of the motor can be decomposed using an M-T plane
model to represent the electromechanical energy [13].
Kianinezhad et al. compute the steady-state electromag-
netic torque oscillations of a six-phase symmetrical IM.
The magnitude of the pulsating torque depends on the dif-
ference between the af-subspace current components [14].
By using the same modeling approach, the pulsating torque
components are eliminated for a five-phase and nine-phase
motor, respectively [2], [15]. However, for the multiphase
concentrated-full-pitch winding IM, the reconstruction of the
Park transformation matrix cannot provide a diagonal mutual
inductance matrix (L) in the off reference frame. Hence
the torque cannot be decoupled, and the torque ripple still
exists during post-fault operation under single-phase fault
[2], [15]. The model-based methods can only be used in the
motor with sinusoidal distributed winding structure, and the
coupling between spatial harmonic fields limits its use in
the concentrated-full-pitch winding IM.

The MMF-based methods do not depend on the motor
model, and the current commands are required to ensure
the invariance of the stator MMF [16], [17]. With this con-
straint, there are four different fault tolerant control strategies,
e.g., the maximum torque strategy [18], [19], the minimum
copper loss strategy [20], [21], the best flux distribution
strategy [22], [23], and the minimum torque ripple strategy
[16], [24], [25]. Specifically, the torque ripple needs to be
minimized in the drive train and marine propulsion, because
the high-magnitude torque ripple yields serious vibration and
acoustic noise which, in turn, affect their lifetime [26], [27].
In the heathy case under fundamental power supply, only
the fundamental MMF exists and it moves along the circular
trajectory. In the open-phase faults case, the third harmonic
MMFs appear which rotate at +w/3, and the interaction
between the fundamental MMF and third harmonic MMFs
leads to the torque ripple [16]. Therefore, the conventional
minimum torque ripple strategy makes the fundamental cur-
rent space vector to move along the circular trajectory in order
to eliminate the coupling [25].

Regarding the harmonic current injection in the healthy
case, the air-gap flux distribution is nearly rectangular and
the fundamental air-gap flux can be larger than the rated
value, thus the torque density and the iron utilization are
improved [28]-[30]. However, during the post-fault opera-
tion, the third harmonic current space vector will generates
the coupled fundamental MMF rotating at £3w. Hence the
coupling between the fundamental MMF and the spatial
harmonic MMFs is more complex, and the torque ripple
cannot be treated simply through the analysis of current
space vectors. For example, when the maximum torque strat-
egy is used for a five-phase IM with third harmonic cur-
rent injection, there is no difference for the torque ripple
between the post-fault condition and the fault condition [17].
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The current space vector moves along the elliptical trajectory,
which only illustrates the existence of the torque ripple. But
the high-amplitude torque ripple cannot be explained because
the relationship between the MMF and the torque ripple is
ignored. Similarly, the torque ripple is suppressed indirectly
from the conventional strategy based on the current space
vector, and it is necessary to analyze and suppress the torque
ripple in an analytical way.

SC theory was first proposed in 1918 to analyze the steady-
state performance under asymmetrical power supply [31],
and it has been used widely in the multiphase drive appli-
cations [20], [22], [32]-[36]. Because of the MMF coupling
for the multiphase IM under open-phase faults, the torque
cannot be decoupled using traditional multiphase Park trans-
formation. However, based on SC transformation, positive
and negative sequence currents in all harmonic subspaces
can be decomposed. As a result, the steady-state equiva-
lent circuit model of a five-phase IM is established, and
the effect of stator winding connection on the performance
can also be analyzed [32], [33]. Moreover, according to the
constraints associated with the fault phase and optimization
objective, the current commands under open-phase faults can
be deduced [20], [22]. In addition, based on the features of
SCs under fault conditions, a robust fault detection method
was proposed for a five-phase motor in [34]. In order to
suppress low frequency current harmonics and improve the
stability of the current controller, the positive and negative
sequence currents related to all SCs are controlled in the
rotating frame separately [35], [36].

In this paper, based on the five-phase steady-state model
using SCs, the torque ripple is mainly related to the first and
fourth SCs because these two SCs interact with the funda-
mental mutual inductance (fundamental mutual inductance
is nine times larger the third harmonic mutual inductance).
Hence the first and fourth SCs need to be suppressed in order
to minimize the torque ripple. Then based on the stator MMF
invariance, several possible current commands are deduced
under single-phase fault and two-phase fault. Moreover, third
harmonic current injection is considered. By comparing their
performance in terms of torque ripple, average torque and
efficiency, the optimum strategy is selected and the effec-
tiveness of the proposed strategy is validated by experimental
results.

Il. OPEN-PHASE FAULTS ANALYSIS USING
STEADY-STATE MODEL IN TERMS OF

SYMMETRICAL COMPONENTS

A. STEADY-STATE MODEL

The SC transformation for a five-phase system is given as

1 a a? @ at
1 1 & & a® a8
Al=-|1 & & & a" (1)
S1y &4 B8 a2 46
1 1 1 1 1
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FIGURE 1. Schematic diagram of the five-phase motor drive.
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FIGURE 2. Five-phase induction motor equivalent circuit for any
sequence k.

where a is ¢/%. A general scheme of the five-phase motor
drive is shown in Fig. 1, the five-phase IM winding is con-
nected in star with an isolated neutral point, and the steady
state zero sequence current is equal to zero. The relationship
between phase values and sequence values can be found by
using the transformation [A] and it is given as

_ — Iry In
Wl [ S I
Iz I3 | =IA1 | Ir3 |+ | I3 2)
Iy I3y s T
4 4
0 0 e -
Lls | Lhis

The steady-state model based on the SC theory under funda-
mental power supply is established in [32]. In order to ana-
lyze the torque ripple with third harmonic current injection,
the work in [32] is extended into a more general model and
the model contains eight sequence circuits. The equivalent
circuit is shown in Fig. 2. The iron core loss consists of
hysteresis loss and eddy loss. Because the slip frequency is
generally much smaller than the stator frequency, the rotor
iron core losses is neglected and only the stator iron core loss
is considered [37].

Phynk = Skny@2i 10| A3)
Pednk = Skea @i Inwl? )

Then the iron loss can be represented in the equivalent cir-
cuit through an iron loss resistance Ry, and is only valid
when w # 0. The saturation will induce a third harmonic
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TABLE 1. Motor slip distribution for any sequence K.

Stk Value 83k Value
Sit s $31 (2+s5)/3
S12 4-3s 32 2-s
S13 35-2 $33 s
Si4 2-s S34 (4-5)/3

component in the stator currents. According to [33], the effect
of this component can be ignored because the average torque
of the five-phase motor is mainly produced by the fundamen-
tal currents.
nw
Rip= —— 5

\fen nwkeg + khy (5)
where n is the harmonic order of 1 or 3. The rotor current mr
is given as

Jn@ Ly Rpen | Gn Lk + Ren)

[— _

Ink = Ink . . .
Jn@ Ly Rpen [ GnwLink + Rfen) + Rykc /Snk + jnologk
(6)
The iron core current mr is
_— — — JnwLyy
Tonk = (e + Tpge )= 7

Rfen +jnwLmk
The motor slip s,x related to sequence k and the harmonic
order n is given as
Wpk — Wr
Spk = ———— ®)
Wnk

where w,; corresponding to the sequence k is given as

205 dd k)

Opk = )]
2mnfs (even k)
(k—=5)

According to (8) and (9), the value of s, distribution is
shown in Table 1 and s is defined as s.

The torque of the five-phase motor under unbalanced oper-
ation is produced by all the SCs, and the results of the average
torque and ripple torque are:

Tot) = Toay + AT + AT (10)

Toav = SpLot SU1iI11 - +T1a Ta' + k31 + 134 1))
+ 15pL3S(T3l1s - 4Ta Tia +1a303 +132 T))

Y]
AT = SpLoaS{AnTis + 1 By + Ty e
+nls 4T Ty + T Ty e 7!
+ (I + Bl )
+Tia Iy 4+ s Ty e e
+1l3d % + Ty Ty e (12)
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AT = 15pLysS{(T3ly + T T2 + sl el
+ I Ts + 5 T + T3l e 72!
+(Ti3l3; + T3liy el !
+ (T3 + 150 T3 e
+ 3l & + Ty Tz e ) (13)

The total copper loss including the stator copper loss, rotor
copper loss and iron core loss is given as

Py = 50| + |Ta|* + s + [Tl
+ B + T2+ [Bs] + [Tl )R
ST AT S S
+5(‘111 ‘ +‘114 ‘ +‘131 ‘ +‘134 ‘ )R 1
Y S S S
+5(’112 ’ +’113 ’ +‘132 ‘ +‘133 ‘ )R;3
+5(Tent|” + [Ter2” + [T + [TeraRer
+5(Teat|* + [Tesa|” + T3] + |Ba HRes (14

At the same time, the efficiency is a key factor and its
expression is

T
Efficiency = —eavw/P (15)
Teavw/ D+ Py
B. TORQUE RIPPLE ANALYSIS
The SC distribution of five-phase fundamental and third har-
monic currents under healthy condition is

I =1;L0
Iy =1,20 (16)

In=Il3=lu=h =l =I=0

The fundamental MMEF is only produced by 71 and the third
harmonic MMF is only produced by I33, hence no torque
ripple exists. When phase ““a” is under open circuit, If_l and
1,1 are zero. According to (2), the constraint associated with

[T

phase “a” is

In+Ta+nh3+nhs=0

R (17)
L1+ +13+134=0

[T 1]

Similarly, when phase “‘a
circuit, the constraint is

and phase “b”’ are under open

Ii+In+Ti3+14=0
a ' Th+a Tn+al3+a*s=0
Li+In+h3+15h3=0
a_la+a_25+a_3g+a_4az 0

(13)

TP

For the non-adjacent two-phase fault (phase ‘““a” and
phase ““c” are under open circuit), the constraint is

In+Io+Ti3+Tis=0
a_2m+a_4m+a_6m+a_8m= 0
Li+1+ 53+ 154 =0
ahi4+a T +a hy+a¥hy =0

(19)
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Regarding the third harmonic current injection, all SCs I -
T34 are nonzero. According to (11)-(13), besides an average
torque 7,4y, there are also two pulsating components at three
frequencies (2f;, 4fs and 6f;), i.e., ATe14 and AT632. Under
the fundamental power supply, I31-34 are zero and the torque
pulsates at 2f;. In addition, AT;4 is the product of L,,; and
the function of first SC and fourth SC (111, I14, I31 and I34),
and ATS2 is the product of L3 and the function of second
SC and third SC (I12, 113, Iz and I33). As Ly, is nine times
larger than L3, the coefficient of ATe14 is three times larger
than that of ATS’2 and ATe14 plays a key role in the torque
ripple [32].

C. PERFORMANCE EVALUATION

Through the equivalent circuit model in Fig. 2, the torque
ripple, average torque and efficiency can be calculated. In this
paper, rotor field-oriented control is used to control the five-
phase IM. The current commands in M-T axis are calculated
to satisfy the demanded flux and torque [28].

. or
IMs1 = o
m

" L L
M3 = 18~ " Ts1 0
i T (Lml + LOrl)

Tsl — R,

’ p¢ Ly (1 + 316Rl
e 1 Lml Lr3 er i

I3 = 6 Lm3 Lrl Rr3 el

The first fundamental and third harmonic sequence currents
111 and I33 are

T
111 = Ly L(arctan zm — 5)
st @1
T _ Ts3
I33 = I3/ (arctan = — —)
I3 2

The fundamental slip angle speed is given in (21).

7K
o = DR (22)
lMsl(Lml + Lor1)

The fundamental supply angle speed @ can be calculated
through the sum of the slip angle speed ws; and a given
speed w,. Then all the sequence currents in the equivalent
circuit can be acquired using MATLAB script. The torque
ripple, average torque and efficiency can be evaluated with
the change of the speed and load, and the overall diagram is
shown in Fig. 3.

Ill. TORQUE RIPPLE MINIMIZATION

A. CONVENTIONAL MINIMUM TORQUE RIPPLE
STRATEGY UNDER SINGLE-PHASE FAULT

Based on the stator MMF invariance, the conventional strat-
egy minimizes the torque ripple by suppressing the cou-
pling between the fundamental MMF and the third harmonic
MMF [25]. As shown in Fig. 4, the fundamental spatial
plane is coupled with third harmonic spatial plane under
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SC currents calculation using (6), (7),
and (21)
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AT,, T.,., and Efficiency calculation
using (10)-(15)

End

FIGURE 3. The diagram of the performance evaluation.

Current - :
[ Fundamental Current} [ Th"dc Harrr;omc ]
Spatial Plane urren
Fundamental _; Synchronous
Spatlal Plane i speed (w)
(a'-p" Plane) *1' pPole Pairs
Third Spatial _ 5 Synchronous
Harmonic Plane i speed (o)
(o’-f Plane) 3 3p Pole Pairs
(a)
Current 4 :
[ Fundamental Current} [ Th"dc Harmtomc ]
Spatial Plane urren
Fundamental _, Synchronous _, Asynchronous
Spatlal Plane i speed (o, -@) . speed (3w, -3m)
(o'-B" Plane) *1 " p Pole Pairs '3 p Pole Pairs
Third Spatial _; Asynchronous _; Synchronous
Harmonlc Plane i “speed (1/3e, -1/30) i speed(w, -w)
Loy 53 ;
(o’-f Plane) ’ 3p Pole Pairs °2 3p Polc Pairs
(W]

FIGURE 4. The relationship between the currents and MMF under
open-phase faults. (a) Healthy condition, (b) Open-phase faults condition.

open-phase faults. The fundamental current space vector

—?1 —>3 C e .
; and i 7 produces two magnetic fields rotating at +w

and +w/3, re gectlvely_) Similarly, the third harmonic current
space vector i | pand i 3 also generates two magnetic fields
rotating at 3w and +w. In order to suppress the Couphng, the

reverse rotatmg current space vectors are removed ] and

_)53 are designed to force the coupled MMF to move along
the forward circular trajectory, as shown in the Fig. 5(a) and
Fig. 6(a). It is worth noting that all the MMFs are decoupled
by sequence currents compared with the current space vector.
111, 14, I31 and I34 represent the fundamental MMFs and 7,
113, I3 and Iz3 represent the third harmonic MMFs, and their
rotating speed is shown in Table 2.

However, the torque ripple is suppressed indirectly from
the conventional strategy, and the analytical relationship
between the MMF and the torque ripple is ignored.
Therefore, it is necessary to reevaluate and suppress the
torque ripple from its analytical expression. Through the
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Current ; p
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Current Third Harmonic
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(b)

FIGURE 5. The MMF analysis under single-phase fault. (a) Conventional
strategy (CS1), (b) Proposed strategy (PS1).

1

1o

(b)

FIGURE 6. The trajectories of fundamental current space vector under
single-phase fault. (a) Conventional strategy (CS1), (b) Proposed
strategy (PS1).

SC transformation, the SC distribution of the conventional
strategy under phase “a” open (CS1) is

T =1; 20
Iz =-I
cs1 ] h2 = 0a=0 (23)
Iy3 =1, /0
Iy =—I
Ly=I4=0

where 11 and I33 are same with the healthy condition in order
to keep the stator MMF invariance. Introducing (23) into (12)
and (13), the ripple torque is

ATY s = 5pLaS{IiL 2 + Tl e ) (24)

AT Zg) = 15pLyaS{Tnalis €™ + T3l e ")

114680

TABLE 2. Rotating speed distribution for sequence currents.

E Rotating speed a Rotating speed
IT] w E 3w
E -w/3 Tsz -0
E /3 Ts3 0]
E -0 1734 3w

TABLE 3. Rated parameters of the five-phase IM.

Parameter Value Parameter Value
Rated power 5kW R, 8.1 mQ
RMS current 72 A R 7.8 mQ
Rated speed 1940 r/min Ly, 1.58 mH
Rated torque 25 N'm L3 0.18 mH

)4 2 Losi = Logs 0.05 mH
Ry 11 mQ Loy = Loys 0.05 mH
fow 10 kHz Vie 72V

(24) states that the ripple torque is zero under the funda-
mental power supply because I31-I34 are zero. However, if
considering third harmonic current injection, the ripple
torque will be large. Because ATe14 appears and it plays
a major role in the torque ripple according to S5 IL
Moreover, the performance such as the torque ripple, average
torque and efficiency are not evaluated in the conventional
method.

B. PROPOSED MINIMUM TORQUE RIPPLE STRATEGY
UNDER SIGLE-PHASE FAULT

Because ATe14 plays a major role in the torque ripple,
the first and fourth sequence currents are proposed to be
suppressed in this paper. Under fundamental power supply,
I11 is kept constant based on the stator MMF invariance.
Combining the constraint in (17), two zero torque ripple
solutions can be deduced. The first solution is same with
the conventional minimum torque ripple strategy in (23).
In the second solution (PS1), T11 and I, are reserved as
shown in (25).

=120
PS1{T,=-I (25)
ha=I3=0

In order to compare the performance of CS1 and PSI,
the current commands are introduced in the simulation model
of §5 II. The rated parameters of five-phase IM is shown
in Table 3. The comparison results as a function of the rotor
speed under a 10 N-m load are presented in Fig. 7. The
comparison in terms of peak-to-peak amplitude of torque
ripple (in p.u of the load torque) is presented in Fig. 7(a).

VOLUME 8, 2020



S. He et al.: Torque Ripple Minimization of a Five-Phase Induction Motor Under Open-Phase Faults

IEEE Access

1
= 0.8T
N
0 0.6 I
& — CS1
~ 041 || — PS1
g
S0.21
o
H
0 I I I I
0 02 04 06 08 1
Speed (p.u)
(a)
1
=
£0.9
o
=
g038
(]
)
£0.7
>
<
0.6 1 1 1 1
0 02 04 06 08 1
Speed (p.u)
(b)
100— St
g0 b— PS1
SN
oy o0 /
=
2407 5
=
S0t 50 Zoomed
0.15 0.2 0.25

S

0 0.2 04 0.6 0.8 1

Speed (p.u)
(c)

FIGURE 7. Characteristic curves for CS1 strategy and PS1 strategy under
fundamental power supply. (a) Torque ripple, (b) Average torque,
(c) Efficiency.

As expected, CS1 and PS1 generate no torque ripple in the
whole speed range. PS1 achieves larger average torque than
CS1 except in the low speed range, as shown in Fig. 7(b).
According to Fig. 7(c), PS1 achieves higher efficiency than
CS1. As shown in Fig. 6, t_h)e rotating direction of trajectories
of current space vector i 31 is opposite between CS1 and
PS1. To sum up, it is better to choose PS1 under fundamental
supply to suppress the torque ripple as it not only achieves
no torque ripple, but also a higher average torque and higher
efficiency compared with CS1.

In terms of the third harmonic current injection, /33 and I35
are reserved in PS1. The SC distribution of third harmonic
sequence currents of the proposed strategy is

I =1,20
PS13 T = —Ix3 (26)
I3 = 134=0
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FIGURE 8. The trajectories of third harmonic current space vector under
single-phase fault. (a) Conventional strategy (CS1), (b) Proposed
strategy (PS1).

Combining with the fundamental sequence currents in (25),
the ripple torque is
AT = 15pLuy STy Ty & + Ty Ty e 2
+ 3l ¢4 + 11 Ty e !
+ I3l & + T Ty e ) 27

From (24) and (27), ATE14 of the proposed strategy is zero
and only ATE32 exists. Besides, the ripple torque of the con-
ventional strategy includes AT>% and AT)* at the same time.
Hence the proposed strategy suppresses the torque ripple
further compared with the conventional strategy. According

. . . 1 3 .
to Fig. 8, although the trajectories of i 5 and i ; rotate in
the same direction, the interaction between i ;3 and 1 ;1 is

ignored. The proposed strategy eliminates the _1)31g and the
trajectory of _1)33 moves up and down in one period. Hence
the torque ripple will be smaller, and the MMF analysis is
shown in Fig. 5(b). Similarly, introducing (23), (25) and (26)
into the simulation model of S5 II, the results of comparison
under a 10 N-m load is shown in Fig. 9 and the reference
torque is equal to the load torque. As shown in Fig. 9(a),
CS1 produces larger torque ripple than PS1 as a result of the
existence of ATEM. According to Fig. 9(b), PS1 achieves a
larger average torque than CS1 in most of the speed range.
As it can be seen from Fig. 9(c), PS1 achieves also a higher
efficiency than CS1 in most of the speed ranges. To sum up,
PS1 shows better performance than CS1 in terms of the torque
ripple, average torque and efficiency.

C. CONVENTIONAL MINIMUM TORQUE RIPPLE
STRATEGY UNDER TWO-PHASE FAULT

Under two-phase fault, there are only three phase remain-
ing and the control freedom is reduced. Hence there is
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FIGURE 9. Characteristic curves for CS1 strategy and PS1 strategy with -— o~
third harmonic injection. (a) Torque ripple, (b) Average torque, Iy =1 £0 3
Effici A +— - T
(c) Efficiency. I, =0.618111/ — ?
— — 4m
ha=1 111?
a unique solution for the fundamental currents based on cs2 Tia=0 (29
the MMF invariance. In order to suppress the torque ripple ac T T/ 4r
. . T 7 . . 33 = 1314 —(—
under third harmonic current injection, i 313 is designed to - 5
force the coupled MMF moving along the forward circular Iy =10 .
trajectory, as shown in Fig. 10(a). The SC distribution of the Iy = 0.618131/ — 5
conveptional strategy (CS2) under phase “a’” and phase “b” Ta=0
open is . . . .
The trajectories of third harmonic current space vector
Iy = I; /0 under adjacent and non-adjacent two phase fault are shown
o o A in Fig. 11(a) and Fig. 12(a). Introducing (28) and (29) into
Iy = 1.618111 £ — =5 (12) and (13), the ripple torque expressions for adjacent fault
FreTo/ 2 and non-adjacent fault are same, which are given as
13 =111t—(—
5 14 ST 2t | (TR~
114=0 AT,cs = SpLm {1l )™ + (Il e 7'}
2 2 32 7 kT Ty 2wt
CS2ap = T/ 27 (28) AT 5y = 15pLy3X{(Li3hiy + 1o I + 133013 )™
33 =0B1L— s S— Fky et
= _7/0 5 +Ui2 i3 +In ha + 1Lzl )e /™
T + (Il + Tl el
o _ 4x 13132 33012 )
I = 1618131/ — — K1k k—T% _idr
2 o 5 +(h2 B + 1 iz e
= T T j T—k5—T% __j
14 =0 +T3l5 @9 + Ty T3 €0 (30)
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FIGURE 11. The trajectories of third harmonic current space vector under
adjacent two phase fault. (a) Conventional strategy (CS2,p), (b) Proposed
strategy (PS2-1g4p), (c) Proposed strategy (PS2-2,p).

1 e 3

FIGURE 12. The trajectories of third harmonic current space vector under
non-adjacent two phase fault. (a) Conventional strategy (CS2q4c),
(b) Proposed strategy (PS2-1qc), (c) Proposed strategy (PS2-24c).
(30) states that the conventional strategy generates AT.14
and AT,.3, at the same time under two-phase fault. However,
according to the constraint in (18) and (19), there are also

VOLUME 8, 2020

other solutions to suppress the torque ripple and the conven-
tional strategy may not be the optimum solution under third
harmonic current injection.

D. PROPOSED MINIMUM TORQUE RIPPLE STRATEGY
UNDER TWO-PHASE FAULT

Similarly, the fundamental sequence currents are same with
the conventional strategy based on the constraint in (18)-(19)
and the fundamental MMF invariance. In terms of third
harmonic currents optimization, the Iz is still kept con-
stant in order to maintain the same third harmonic MMF.
Based on the constraint in (18)-(19), there are two solutions
by eliminating I34 (PS2-1) or I3; (PS2-2). The SC distribu-
tion for the adjacent and non-adjacent two-phase fault are
given in (31)-(34).

I =140
— 4
Ty = 1.618T,/ — ?”
Ty =Tt
L?)— 11 5
Iy =0
PS2— 141 2 (31)
Iz =1;/0
. 2
Ly =13l — ——
5
— _ 4rm
Iz = 1.6181331?
Ly=0
=120
— 4
T = 1.618T,,/ — ?”
T =Tt 22
E— 11 5
114=0
PS2— 241 277 (32)
I3 =1;/0
;=0
— 4
T = 0.6181331?77
_ — 4
I34 = 0.618133/ — 5
I =1; L0
— — 47
I]2=1.618]11[—?
Ty =Tt 22
i— 11 5
ps2 1, 4 1470 33
- lac EIEZO ( )
— 2
Li=Ial——
31 33 54
13_2=1.61851?n
Ly =0
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I =1 L0°
_ _ 4
T = 16181,/ — ?’T

—  —— 2m
I3 =111/—
13 e

Tra=

PS2 — 2, 11 o . (34)
I3 =1;/0
Li=0

— — 4w
Iz = 0.618[33[?

_ _ 74
oz = 0618753/ — ?”

Introducing (31)-(34) into (12) and (13), the ripple torque of
PS2-1 and PS2-2 are

AT ey | = SpLy S{(Iiliy e + (Tnlay e 721
ATS}%SZ—I = 15pL,33{(I1312 + 110 o +[33113’*)e/'2wt
T T + T T + T3k e 72t
+(I13l32 + Tsaliy e *!
+ T2 B 4Ty Ty e !
+ I3l @5 + Ty Ty e /51 (35)
AT sy = SpPLi S{T11 s &' + Iy Ty e 741}

e

ATSﬁsz_z = 15pL33{( 131y + 112 T2 +T33lh3 )

+ I T3 + 5 T + T3l e 2!
+(Ti3l3; + Ts3liy e

+ (2 T3+ T T3 e 74t

+ Tl % + T3y T3 e/} (36)

According to (30), (35) and (36), the ripple torque of CS2 is
same with PS2-1. The difference between PS2-1 and PS2-2
liesin AT 4. Besides, the MMF distribution of PS2-1 is same
with CS2, as shown in Fig. 10(b), Fig. 11(b) and Fig. 12(b).
The forward coupled funﬂemental MMF is removed in PS2-2,
and the trajectory of i % rotates at —3w, as shown in
Fig. 10(c), Fig. 11(c) and Fig. 12(c). In order to choose the
optimum strategy under two-phase fault, introducing (29) and
(31)-(34) into the simulation model of S5 II, the results of
comparison under a 5 N-m load is shown in Fig. 13-14 and the
reference torque is equal to the load torque. Under adjacent
two-phase fault, as shown in Fig. 13(a), PS2-1,, achieves
the lowest torque ripple. But CS2,, achieves the highest
average torque and efficiency, as shown in Fig. 13(b) and
Fig. 13(c). It is worth noting that these three strategies shows
a negative efficiency and average torque in the low speed
range. Because the torque ripple is high, and the motor can
continue to operate even though the average torque is nega-
tive. On the other hand, according to Fig. 14, CS2,. achieves
lowest torque ripple among three strategies. Moreover, CS2,,
shows a higher efficiency than other two strategies in most of
the speed range. Because ATe14 always exists for the two-
phase fault, which strategy is better can only be determined
through the performance analysis. To sum up, under adjacent
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FIGURE 13. Characteristic curves for CS2,, strategy, PS2-1, strategy
and PS2-2,, strategy with third harmonic injection. (a) Torque ripple,
(b) Average torque, (c) Efficiency.

two-phase fault, PS2-1,, achieves the lowest torque ripple
but with a lower efficiency than CS$S2,,. hence CS2,, and
PS2-14p can be selected according to the application require-
ments. Under non-adjacent two-phase fault, it is better to use
CS2,. and there is no performance improvement for other two
stratigies.

IV. FAULT-TOLERANT CURRENT CONTROL
The overall control diagram is shown in Fig. 15. The control
system includes a current loop and a speed loop. iy, is
constant, and i}, is determined by the PI regulator and the
speed error. Through the inverse SC transformation, the cur-
rent commands for the conventional strategy and the proposed
strategy in the phase frame are deduced. Then a resilient cur-
rent control scheme [18] is used to establish the relationship
between the currents in the synchronous MT frame and phase
frame, as shown in the appendix.

Because the phase currents are asymmetrical, a PR reg-
ulator is used in order to achieve a good response during
post-fault operation and the resonant term has a large gain at
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o and 3w [38]. The maximum cross frequency is
T / 2— Iﬁm
Wc(max) = — 37
Tq
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FIGURE 16. Experimental platform.
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FIGURE 17. Currents and torque produced by CS1 under fundamental
power supply. (a) Stator currents, (b) Measured torque.

Then the integral time constant t; is

T~ 1—0 (38)

Wc(max)

By setting the open loop gain to unity and k), is given as

R.T; 1 +w? T2
kp = _‘; lwc(max) —c(max) I; (39)
de 1+ wc(max)Tl

where 7, = (ln + 72{#-)/R;.

ematical analysis, the controller gains (k, =

According to the math-
0.5 and
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fundamental power supply.

B
=
E
= 0.0019) are applied in the current controller. In addi- z
tion, the fundamental EMF is feedforward to compensate the %
current tracking error. %
H
A V
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27 frated 2 o ST 100 ms/dlv
N V 4 ;
EMF, = Ledwcos(wt +—) Time (s)
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o Viated 3z FIGURE 21. Currents and torque produced by PS1 with third harmonic
EMF. = s——wcos(wr — —) (40) current injection. (a) Stator currents, (b) Measured torque.
27 frated 10
ENF, = aed o costr — %) V. EXPERIMENTAL RESULTS
27 frated 10 The basic configuration of the experimental system is pre-
EMF, = _Vm’ed w cos(wt — ll_rr) sented in Fig. 16. It consists of a five-phase IM interfaced with
27 frated 10 a digital control board using TMS320F28335. Coupled with
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FIGURE 22. Efficiency comparison between CS1 and PS1 under third
harmonic current injection.
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FIGURE 23. Currents and torque produced by €S2 with third harmonic
current injection. (a) Stator currents, (b) Measured torque.

a vortex loader, the IM is driven by a five-phase voltage
source inverter. The DC bus voltage is set for 72V, and the
switching frequency is 10 kHz. The power device consists
of four MOSFET with parallel structure for each phase.
To evaluate the torque pulsations under different strategies,
a torque observer in [32] is used by manipulating the current
waveforms.

A. SINGLE-PHASE FAULT

According to the appendix, the amplitude of current com-
mands of CS1 strategy and PS1 strategy are about 1.9 times
larger than that in healthy condition, so the mechanical load
is set to 10 N-m (about half load) in case the over-current
occurs in the inverter module. The experimental results were
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FIGURE 24. Currents and torque produced by PS2-1 with third harmonic
current injection. (a) Stator currents, (b) Measured torque.

“ EX]

all obtained for the fault in phase “‘a’’ and the reference speed
is set to 150 r/min. Fig. 17 and Fig. 18 shows the experimental
results under fundamental power supply for CS1 strategy
and PS1 strategy. The torque response and the stator cur-
rents contains normal operation, fault operation and post-fault
operation. Fig. 17(b) and Fig. 18(b) show that PS1 strategy
and CS1 strategy achieve almost the same torque ripple with
the normal condition during post-fault operation, which is
consistent with the theoretical results. The stator currents
for PS1 and CS1 are depicted in Fig. 17(a) and Fig. 18(a).
According to Fig. 19, PS1 achieve a higher efficiency than
CS1 strategy from 150 r/min to 1050 r/min under fundamental
power supply.

In the case of third harmonic supply, from Fig. 20(b)
and Fig. 21(b), the torque ripple of PS1 strategy is smaller
than CS1 strategy because the coupled SC I3 is removed.
The stator currents are shown in Fig. 20(a) and Fig. 21(a).
According to Fig. 22, PS1 achieve a higher efficiency than
CS1 strategy from 150 r/min to 1050 r/min under fundamental
power supply.

B. TWO-PHASE FAULT

According to the appendix, the amplitude of current com-
mands of CS2,, strategy and PS2-1,, strategy are about
3.6 times larger than that in healthy condition, so the mechan-
ical load is set to 5 N-m in case the over-current occurs in the
inverter module. The experimental results were all obtained
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FIGURE 26. Efficiency comparison between €S2, PS2-1 and PS2-2 under
third harmonic current injection.

9

for the fault in phase “a” and phase “b”’, and the reference
speed is set to 300 r/min. Fig. 23-25 shows the experimen-
tal results under third harmonic current injection for CS2,,
strategy, PS2-1, strategy and PS2-2,, strategy. The torque
response and the stator currents contains normal operation
and post-fault operation. The PS2-1 strategy achieves the
minimum torque ripple according to Fig. 23(a), Fig. 24(a) and
Fig. 25(a), which is consistent with the simulation analysis.
The stator currents for these three strategies are depicted
in Fig. 23(b) and Fig. 24(b) and Fig. 25(b). According to
Fig. 26, PS2-1, achieves lower efficiency than CS2,, from
300 r/min to 1000 r/min under third harmonic injection.
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FIGURE 27. Dynamic response by PS2-1,;, with third harmonic current
injection. (a) Stator currents, (b) Measured torque, (c) Speed.

PS2-2,, cannot be used because there is no improvement than
CS2,4p in terms of torque ripple and efficiency.

C. DYNAMIC PERFORMANCE

In order to test the dynamic performance of the proposed
strategy, the PS2-1,, strategy under adjacent two-phase fault
under is tested. With a load torque of 5 N-m under post-fault
operation, the reference speed rises from 300 to 1000 r/min,
and then decreases from 1000 to 300 r/min. The stator
currents and torque response are shown in Fig. 27(a)-(b).
According to Fig. 27(c), the speed is always stable during
accelerating and decelerating process, which illustrates that
the torque ripple can be minimized during dynamic process.

VI. CONCLUSION

Based on the MMF invariance, the conventional minimum
torque ripple strategy suppresses the torque ripple by manip-
ulate the MMF coupling. But the nonlinear analytical rela-
tionship between the torque ripple and MMF coupling is
not considered, so the conventional strategy may not be the
optimum solution. According to the steady-state model using
SCs, ATe14 plays a major role in the torque ripple and it is
related to the first SC and fourth SC. Based on the MMF
invariance, several current commands are proposed in this
paper by suppressing the first SC and fourth SC. Single-phase
fault and two-phase fault with third harmonic current injec-
tion are considered. Under single-phase fault, the proposed
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strategy (PS1) shows a better performance than the con-
ventional strategy (CS1). Two strategies (PS2-land PS2-2)
are proposed to optimize the third harmonic currents under
two-phase fault. Under adjacent two-phase fault, PS2-1,
achieves the lowest torque ripple but with a lower efficiency
than the conventional strategy (CS2,). In addition, PS2-2,,
cannot be used because there is no improvement than CS2,;,
in terms of torque ripple and efficiency. Hence PS2-1,, and
CS2,4p can be selected according to the specific application
requirements under adjacent two-phase fault. Under non-
adjacent two-phase fault, it is better to use the conventional
strategy (CS2,.) and there are no performance improvements
for PS2-1,. and PS2-2,..

APPENDIX
CS1
* o 3n . 37
ipcs1 = 1.902(iy,, cos(wt — E) + iy sin(wt — m))
. 3 . 3
+ 1.175(iy;3 cos 3(wt — —) + iy sin 3(wt — —))
10 10
9 O
gy = 1.175(i% cos(wt + E) + i3y, sin(wt + ﬁ))
” 7T . T
+ 1.902(i73 cos 3(wt — 1—0) + i3 sin 3(wt — 1—0))
o . I
Diesy = 1.175(i7, cos(wt — E) + i}y Sin(wt — E))

+ 1.902(%5 cos 3wt + 110) it sin 3wt + 110))

3n } 3n
Begy = 1.902(i7,, cos(wt + E) + i3y, sin(wt + E))

3 3
+ 1175(i%5 cos 3(wr + 1—75) it sin 3wt + %))

(A.1)
PS1

- o T . s
ipps) = 1.175(i7 cos(wt — E) + iy Sin(ot — E))
” T . . T
+ 1.175(i% cos 3(wt + E) + i3 8in 3(wt + g))
ok ok T ok . T
irpg1 = 1.902(i7; cos(wt — —) + iy, sin(wt — —))
10 10
" T . . b
+ 1.902(i3 cos 3(wt — E) + i3 Sin 3(wt — E))
ok ok T ok . 1
igps1 = 1.902(i7 cos(wt + E) + iy, Sin(wt + E))
+1.902(i%5 cos 3(wr + %) + 1%y sin 3(r + %))

% . Y4 - . 4
izps1 = L.175(iz,; cos(wt + E) + iy sin(ot + E))

+ 1.175(i% 5 cos 3(wr — %) + it sin (ot — %))

(A.2)
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(A.4)

PS2 — 24

- o 2 . . 2
i pga_n = 2.236(iy cos(wt — ?) + iy Sin(wt — ?))

2 2
+ 13820153 cos 3(0r — 2) + iy Sin 3(r = T2)

4r . 47
Dipsa_n = 3.618(i; cos(wt + ?) + ity sin(wt + ?))

2 2
+2.236(i%5 cos 3wt + %) 1%y sin 3(r + %))

Dpgo_n = 2.236(i7; cos(wt) + iy sin(wr))

4 4
+ 1.382(i% 5 cos 3(wr — %) + it sin (ot — %))
(A.5)
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