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ABSTRACT A fault tolerant control strategy for dual three-phase permanent magnet synchronous motor
(DTP-PMSM) with 0° phase shifting between two windings is proposed in this paper. When a DTP-PMSM
suffers from single- or two-phase open-circuit fault, to maintain the torque performance, current in faulty
phase must be compensated by other healthy phases, which causes asymmetric self- and mutual inductances.
Therefore, the 2" harmonic component can be observed in the dg-axis currents and torque ripple also
increases. To analyse this harmonic component in two types of faults, post-fault model of no-phase-shifting
DTP-PMSM based on vector space decomposition (VSD) method is built in this paper. Then, proportion-
integral-resonant (PIR) controller which can be used to suppress the specific periodic disturbance is applied
to compensate the 2" harmonic components. As the resonant controller is rarely dependent on motor
parameters, phase and amplitude of current harmonic, the PIR controller can be applied in no-phase-shifting
DTP-PMSM to suppress the harmonic caused by single- and two-phase open-circuit faults. The experimental
results validate the effectiveness of the proposed fault tolerant control under single- and two-phase open-

circuit faulty conditions.

INDEX TERMS Dual three-phase, fault tolerant control, harmonic suppression, vector control.

I. INTRODUCTION
Multiphase machines are widely used in industrial appli-
cations such as aerospace and traffic because of excellent
fault tolerant ability which ensures multiphase machines to
work reliably. One of the most studied and applied multi-
phase machines is the dual three-phase permanent-magnet
synchronous motor (DTP-PMSM). A DTP-PMSM contains
two sets of armature windings with a specific angle of phase
shifting. DTP-PMSMs with 30° phase shifting between two
sets of windings [1], [2] were widely researched. However,
DTP-PMSMs with 0° phase shifting [3]-[5] obtaining high
winding factor and weak coupling between two set of wind-
ings [4], [5] were rarely studied in previous research.

Vector space decomposition (VSD) method decoupling
torque-producing and flux-producing components achieves
high dynamic torque performance, so it was widely used
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for DTP-PMSMs with 30° phase shifting [6]-[8]. However,
it cannot be applied to DTP motors with 0° phase shift-
ing because fundamental and harmonic sub-planes trans-
formed by VSD method are dependent in these motors.
Another control method widely used for DTP-PMSMs is the
two-individual current control method [9], [10], in which
two sets of windings are controlled separately. This con-
trol method works properly under healthy condition, espe-
cially for DTP-PMSM with 0° phase shifting, since the
mutual inductances between two sets of windings are small.
However, for multiphase motors, the possibility of failures
including open- and short-circuit faults increases with more
power devices [11]. When these faults occur, this method is
only suitable for DTP-PMSMs with 30° phase shifting [12],
while it is unsuitable for DTP-PMSMs with 0° phase shift-
ing because two sets of windings are in phase. Therefore,
the VSD method should be modified to be suited for DTP-
PMSMs with 0° phase shifting under both healthy and faulty
conditions.
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An additional leg was applied in [13] to maintain the torque
performance under faulty condition, but the topological struc-
ture of the driver is complicated and neutral points of the
motor must be led out. Therefore, another feasible method
is connecting two neutral points [14], and then the current in
faulty phase can be compensated by currents in another set of
windings. In this way, no additional hardware is introduced
in driver system. The latter method is exploited in this paper.

However, this method causes the unbalanced currents
between two sets of windings, which leads to asymmetric
self- and mutual inductances. The asymmetric inductances
cause harmonic disturbance in the dg-axis currents. The
harmonic components of current and torque in multiphase
motors were analysed in [15]-[20]. Harmonic components in
the dg-axis currents under open-circuit fault mainly contain
the 2" harmonic caused by unbalance inductances [15], [16].
Other harmonics such as the 4™ harmonic [17] and the 6 har-
monic [19], [20] were analysed separately. However, the har-
monics of DTP-PMSM with 0° phase shifting under faulty
condition are lack of researching in literature. To suppress
current harmonics and torque ripple, the virtual synchronous
reference frame method [16], the feedforward compensation
method [18] or the genetic algorithm [21] were introduced in
fault tolerant control method.

In multiphase motors, the single- and two-phase
open-circuit fault tolerant control methods were widely
researched [11]. These different types of open-circuit fault
can occur on any phase. Therefore, the virtual synchronous
reference frame method and the feedforward compensation
method which are related to the phase and amplitude of cur-
rent harmonics need be modified under different open-circuit
faulty conditions. Meanwhile, the inaccurate motor induc-
tance measurement can influence the performance of cur-
rent harmonic suppression in the feedforward compensation
method or the genetic algorithm. However, the proportion-
integral-resonant (PIR) controller [22], [23] can suppress the
periodic disturbance and obtains strong robustness which
means that the performance of the PIR controller is barely
affected by the phase and amplitude of the current harmonics.
The PIR controller can be employed into current loop of vec-
tor control [24], [25] and suppress the current harmonic under
different open-circuit faulty conditions. However, it lacks
research in no-phase-shifting DTP-PMSM fault tolerant con-
trol. Therefore, in this paper, the PIR controller is applied in
DTP-PMSM with 0° phase shifting fault tolerant control to
suppress the current harmonics and torque ripple caused by
single- and two-phase open-circuit faults.

In this paper, single- and two-phase open-circuit fault tol-
erant control strategy for no-phase-shifting DTP-PMSM is
proposed. Firstly, in Section II, a new decoupling method
based on VSD method is established and then, pre- and post-
fault models are built. The 2" harmonic components are
revealed in the post-fault model. Meanwhile, the currents
in healthy phase which should be modified to maintain the
total magnetic motive force (MMF) under faulty conditions
are deduced in Section III. The modification of currents
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causes asymmetric inductance and leads to the 2" harmonic
dg-axis currents which are suppressed by the PIR controller
in Section IV. The comparison between the feedforward com-
pensation method and the PIR controller is provided to show
the effectiveness and advantage of the PIR controller. Finally,
experimental results are provided to demonstrate that the
proposed fault tolerant control is effective under single- and
two-phase open-circuit faulty conditions.

(a (b)

FIGURE 1. Structures of motor windings. (a) Motor with 30° phase
shifting between two sets of windings, (b) Motor with 0° phase shifting
between two sets of windings.

S
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FIGURE 2. Drive system topology.

Il. MACHINE MATHEMATICAL MODEL

A. MODEL UNDER ORIGINAL REFERENCE FRAME

The structure of windings and drive system topology of DTP-
PMSM with 0° phase shifting are shown in Fig. 1(b) and
Fig. 2, respectively, where six phases are named as phase A,
B, C, X, Y, Z. Phases A and X, phases B and Y, phases C and
Z are correspondingly in phase, so the model in the original
reference frame can be expressed as:

ug = Rgis + dy /dt (1)
Vs = Lsis + ¥y )
where u; = [ug up uc ux uy uz]’ represents the terminal
voltage vector of six phases, i; and ¥, similar to u, represent
the current and flux linkage vectors, Ry, L and v, represent

the resistance, inductance and PM flux linkage matrix of six
phases, respectively, and [5]

Ly Lp Ly, 2Ly — Ly
L, = = 3
d |:L12 L11:| [ZLo—Ln Ly )
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FIGURE 3. Equivalent drive system topology.

where
L1 M2 M1 LO M() MO
Ly=|\My Ly M|, Li=|My Lo Mo
My My L My Moy Lo
4

where L represents the phase self-inductance, M, M, repre-
sent the mutual inductances in one set of windings.

Two sets of individual windings can be parallel connected
considering that the phase shifting between two sets of wind-
ings is 0°. In this way, the DTP-PMSM is equivalent to a
single three-phase PMSM and the drive system topology is
shown in Fig. 3. The three phases of equivalent PMSM are
defined as phase A’, B> and C’. The equivalent inductance
matrix is Lg. Flux linkage of the parallel windings can be
calculated by the average of two individual windings, which
can be written as:

Vo= +¥)/2 (5)

The inductance relationship between the inductance of the
parallel windings and individual windings can be derived as:

Lo= (L1 +L2)/2 (6)

The equivalent PMSM will be further used to analyse the
2" harmonic in faulty model.

B. PROPOSED VECTOR DECOUPLING METHOD
The transformation matrix of the VSD method can be writ-
ten as (7), shown at the bottom of the page, where ¢ represents
the phase shifting between two windings.

The matrix transforms the six-phase components into the
fundamental and harmonic components. However, ¢ is equal
to zero in DTP-PMSMs with 0° phase shifting and this trans-

on the vector z;, which means that the fundamental and
harmonic components are not decoupled.

Therefore, a modified vector decoupling method suit-
able for DTP-PMSMs with 0° phase shifting is proposed.
The fundamental components related to torque performance
are deduced from VSD method. The rest components can
be defined as unbalanced components which represent the
unbalance between two sets of windings. The transformation
matrix can be expressed as:

o (1 -1/2 —-1/2 1 —1/2 —1/2 ]
8 0v3/2-v3/2 0 v3[2 -3 /2
1

Teo= |20 L 1 11
230y o 0 -1 0 0
“ 0 1 0o 0 -1 0
%3 0 0 1 0 0 —1

®)

The currents of the «-f8 sub-plane produce rotating MMF
and participate in electromechanical energy conversion. The
Zo component is zero-order component. The unbalanced com-
ponents z represent the unbalance between phase A and X,
which are in phase. The unbalanced components z> and z3
can be defined in the same way. These components are used
to solve current sharing problem, but they do not participate in
energy conversion. A rotation transformation matrix is used
to convert the «-B components to the synchronous reference
frame d-g components whereas the unbalanced components
remain unchanged. The transformation matrix can be writ-
ten as:

cos 6 sin @ 0
To, = | —sin® cosf 0 |Tgs )
0 0 n

The fundamental and unbalanced components are decou-
pled under healthy condition. The 2" harmonic components
do not exist in the dg-axis currents theoretically. The voltage
and electromagnetic equations are expressed as:

dld

ugg = 2 (Lo — Mo) Inx2 dtq + Rol 2x2844

0 2(Lo—Mo) ] . 0
_w|:—2(Lo—M0) (00 0)]"’”“”/’1""[1]

formation matrix is unsuitable since the vector « is dependent (10)
o 1 cos (271/3) cos (4n/3) cos ¢ cos (271/3 + <p) cos (471/3 + (p) ]
B 0 —sin (271/3) —sin (47r/3) —sing — sin (271/3 —i—go) —sin (471/3—}—(,0)
2t | _ L1 cos(4r/3) cos (87 /3) cos(2¢) cos (47 /3 + ¢) cos (87 /3 + ¢) )
(z]i 310 —sin (4m/3) —sin(87/3) —sinQp) —sin(4n/34+¢) —sin(87/3+¢)
1 1 1 0 0 0
o2 K 0 0 1 1 1 |
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where I, represents the 20 order identity matrix.

Ly—-Ly M—My M;—My

di
w,=2|My—My Li—Ly M —M %
M —My M| — M L — Ly !

+ Ryl 3531, (11)

T, = 1.5p (Yaiq — ¥qia) (12)

where p is the number of pole pairs.

As shown in (11), the components within unbalanced com-
ponents are not decoupled, which means that one unbalanced
component can affect others. However, they cannot affect the
fundamental components, and hence the torque performance
is immune to the unbalanced components.

C. MODEL UNDER FAULTY CONDITION
The fundamental components are coupled with unbalanced
components when the DTP-PMSM suffers from open-circuit
fault. The aB-axis self-inductances under healthy condition
are constant and equal due to the non-salient rotor struc-
ture, whereas they are asymmetric under open-circuit faulty
condition. As a consequence, when they are transformed
into the dg-axis self-inductances, the 214 harmonic compo-
nents appear. By way of example, this paper assumes that
phase A is open-circuit under single-phase faulty condition
and phases A and B are open-circuit under two-phase faulty
condition, while the conclusion is generally applicable.

The flux linkage of the equivalent single three-phase motor
based on (5) can be written as:

Yar = (Ya + ¥x) /2 = Loiar + Moig + Moicr + Yfin c0s 0
(13)

where 4 represents the flux linkage of equivalent three
phase motor, iy, ip, icr represent the three phase currents of
equivalent motor, respectively, and iy = is+ix,ig = ip+iy,
icr =ic +iz. ¥p and ¥ can be deduced similarly.

When single-phase open-circuit fault occurs, iy = 0 and
Y4 = ¥x. The flux linkage of the equivalent three phase
PMSM can be expressed as:

Ya = 2Moy — Mz) ig + 2Mo — My) ic + Liix

+ Maiy + Myiz + Ypm cos 0 (14)
Vg = Moia + Loig + Moic' + Ypmcos (0 — 27 /3)  (15)
Ve = Moia + Moig + Loic' + W cos (0 + 27 /3)  (16)

The inductances in each set of windings are asymmetric
shown in (3). However, the inductances of equivalent PMSM
are symmetric because the coupling between two sets of
windings compensates the asymmetric inductances, and the
symmetrical inductances in equivalent PMSM obtains only
when currents in two sets of windings are symmetrical. Thus,
the equivalent inductance can be affected by current distri-
bution in two sets of windings. When current amplitudes of
phase B, C, Y, Z are equal as these current amplitudes under
healthy condition, the self-inductance of phases B’ and C’
and mutual inductance in equivalent motor are unchanged,
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while self-inductance of phase A’ changes to L; which is
the phase self-inductance of DTP-PMSM. The matrix of flux
linkage can be expressed as:

Yar Ly Mo My | | in cosf
Vg |=|Mo Lo Mo | | ig |+ | cos(0 —2m/3
Yer Mo My Lo | |ic cos (0 + 27 /3

7)

The single-phase open-circuit fault causes asymmetric
self-inductance in equivalent motor shown in (17). The volt-
age equation of the dg-axis is expressed in (27), where L
represents the a-axis self-inductance under healthy condition
and equals to 2(Ly — M) / 3, AL represents the asymmetric
self-inductance and equals to 2(L; — Lo) / 3, R, represents the
stator resistance, o, 6 and Wy, represent the electric angular
velocity, electric angle of the rotor position and the flux
linkage of PM, respectively.

The equivalent PMSM flux linkage equation under two-
phase-open-circuit fault condition can be deduced as:

Yar L1 My My inr cos 6
Y =] My L1 My ip | +Ypm | cos (9 — 27‘[/3)
Yer Mo My Ly icr cos (6 + 27 /3)

(18)

The equivalent PMSM under two-phase open-circuit faulty
condition shows the asymmetric self- and mutual induc-
tances. The voltage equation can be expressed as (28),
where Ly, Lg and Mg represent the self-inductances of the
«-axis, B-axis and the of-axis mutual inductance under
faulty condition, respectively.

Post-fault models of DTP-PMSM have been built in this
section. Both single- and two-phase open-circuit faults cause
asymmetric inductances which can further bring the 2" har-
monic components. Additionally, torque performance which
is directly related to the g-axis current deteriorates because of
the 2"4 harmonic disturbance.

Ill. CURRENTS UNDER FAULTY CONDITION
The rotation MMF due to the armature windings currents
under faulty condition should maintain unchanged as healthy
condition to preserve the torque performance, Therefore,
the current of faulty phase should be compensated by other
healthy phase currents.

The rotation MMF of stator currents under healthy condi-
tion can be expressed as:

Fy=Fs+Fp+Fc+Fx+Fy+Fz
=N (iAef°° + el + i + ixe”
tiye 2 4 i)

o 2 1900
= NI, (2 cos (wt) & + 2 cos (a)t — %) /120

4 P o
+ 2 cos (wt - ?n) 240 )

= 3NI,e/ (19)
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where w represents the electrical angular velocity. N and
I, represent the winding turns of each phase and the phase
current amplitude, respectively.

The rotation MMF under single-phase fault changes as:

F{=Fp+Fr+Fx+Fy+Fy
= Ny (e + il e 4 i e + i, &2 + i, &40 )
(20)

To make sure that the MMF does not change under faulty

condition, the healthy five phase currents should be modi-
fied as:

iy = 2ipy cos(wt) (21)
ig + iy = 2ip cos(wt — 27/3) (22)
ic + iy = 2iy cos(wt + 27/3) (23)

The relationship explains that the current in phase A is
compensated by currents in phase X, since two phases are in
phase. Hence, the current in phase X must double to maintain
the MMF unchanged.

Similarly, stator currents under two-phase open-circuit
fault should be, (24)—(28), as shown at the bottom of the page.

IV. HARMONIC SUPPRESSION METHODS

A. THE FEEDFORWARD COMPENSATION

The 2" harmonic component is the dominant harmonic com-
ponent in both single- and two-phase open-circuit faults and
it leads to periodic disturbance in the dg-axis currents. The
feedforward compensation method was used to compensate
the 2" harmonic component in [17], but it is only suited for
five-phase PM motor. Therefore, the feedforward compensa-
tion method suitable for DTP-PMSM with 0° phase shifting

should be deduced. As shown in (27), the dg-axis voltages
under single-phase open-circuit fault are contributed by the
DC components and the 2" harmonic components which can

be expressed as:
cos 260 ig
S]] @

Aug | AL | sin26
[Auq] - [cosze

For motor with two-phase open-circuit fault, the 2" har-
monic components in (28) can be written as (30), shown at
the bottom of the page, where ALyg = Ly — Lg.

The 2" harmonic can be reduced by introducing feedfor-
ward compensation term shown in Fig 4. Aug and Au, acting
as the feedforward terms can be added into the reference
dg-axis voltages in close loop controller.

x s > K, + X Tt
i _ s +
Feedforward |Au,
Compensation
K + u,
; > Kt -
Feedforward |Au,
Compensation

FIGURE 4. Structure of the feedforward compensation controller.

The 2" harmonic voltages are related to the motor speed
w and asymmetric inductances. Therefore, the accuracy of
the feedforward compensation method is influenced by the
measured speed and inductance. However, the measured

iy = 2ipy cos(wt)
iy = 2iy cos(wt — 27/3)
ic + iy = 2ip cos(wt + 27/3)

ug | L+AL/2+AL00529/2
Ug —AL/ZSm 20

—AL/ZSm 20
+w
L+ AL/2— ALcos26/2
—-0.5 (La —Lﬂ) sin 26 +Myg cos 260
R 0 ig
5 R[]

|: —-0.5 (La —Lﬁ) sin 260 +Mg cos 26

Uqg

“ 0.5 (La+Lg)+1.5 (Lo —Lg) cos 20 — Moy sin 26

/L]

Aug |
Aug | | 1.5AL,gc0s26

—0.5ALyp sin 20 + Mg cos 20
— Mgyp sin 20
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—AL/2 sin 20 d | iy
L+ AL/2— ALcos20/2 | dr | ig
—L — AL/2 — ALcos26 /2
AL/Z sin 26 i
ug | |05 (La —i—Lﬁ)—i—O.S (La—Lﬁ) cos 20 + Mg sin 26 (
- 0.5 (Lo +Lg)—0.5 (Lo

(24)
(25)
(26)

—0.5(Ly Lﬁ) sin 260 +Mg cos 26
Lﬂ) cos 20 —Myg sin 20

12 1) o

—0.5 (Lo+Lg)+1.5(Ly — Lg) cos 20 —Myg sin26 | [ iq
0.5 (Lo, —Lﬂ) sin 20 — Mg cos 26 ig

(28)

1.5ALyg cos 20 — Mg sin 26 iq (30)
0.5ALyp sin20 — Myg cos 20 ig
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inductance is commonly inaccurate, which makes the
2™ harmonic currents difficult to compensate completely.
Furthermore, the phase of the 2"! harmonic components
changes with the different faulty phase, thus the controller
requires detecting the faulty phase and then adjust the control
algorithm, which increases the complexity of the harmonic
suppression method.

B. THE 2"? PIR CONTROLLER

Vector control in healthy condition can decouple the dg-axis
flux linkage completely and voltage equation does not obtain
the 2"4 harmonic component. Therefore, the PI controller can
be applied under healthy condition to track the DC compo-
nents in the dg-axis currents. However, when the dg-axis cur-
rents contain specific harmonic components, the PI controller
cannot track on and compensate these components in steady
state.

K + Ugy

+ _
> K +—
_ L s +
K, s
Ly 2

s’ +2m,5+(2m,)

FIGURE 5. Structure of the 2" PIR controller.

A PIR controller is applied by connecting a resonant con-
troller paralleled with a PI controller to suppress the 2"
disturbance in the dg-axis currents, and the structure of PIR
controller is shown in Fig. 5. The transfer function of the ideal
resonant controller can be expressed as:

G(s) = / <s + Quwo) ) G1)

where K, is the resonant gain and wy is the electrical angular
velocity of rotor.

The ideal resonant controller is difficult to apply in practice
due to its narrow bandwidth, which leads to poor frequency
robustness [26]. Thus, in this paper, the quasi-resonant con-
troller is introduced and the transfer function is:

G(s) = / (s 4 2wes + (2a0) ) (32)

where the w, is the cutoff frequency of the resonant controller.

The bode plots of the ideal and quasi-resonant controllers
are shown in Fig. 6, where the bandwidth of the quasi-
resonant controller is wider than the ideal resonant controller.
The resonant controller can produce a gain which is high
enough at the resonant frequency to accurately track the
sinusoidal signal. Therefore, the PI controller acts as the main
controller and can track the DC components in the dg-axis
currents. The resonant controller can track and compensate
the 2" harmonic disturbance in the dg-axis currents.

The PIR controller is of high robustness which means that
the compensation accuracy is little affected by the change
of motor parameters such as inductance. Moreover, different
types of fault such as single- and two-phase open-circuit
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120 quasi-resonant [~

P N MU e idealresonant }--|

Magnitude (dB)

quasi-resonant

-------- ideal resonant

Phase (Deg)
f=1

-45

90 . .
10 102 103 104
Frequency (rad/s)

FIGURE 6. Bode plot of two resonant controllers. (K, = 100,
® = 33.3 x 2 rad/s, oc = 5 rad/s).

1.3 il 5 360

12 | single twol{ 300 -
24
= , o 3 o 0y
ERER A5 AW TP & ATET) AN RTE
e, T W v \ v 120 g§
= 60 ~ @
O 09 1 1 1 1 1 1 0 ~
Tims (20 ms/div)
(@)

1.3 v 360

2 | single twol{ 300 —_
z 240 = 0
~ =}
= I Ny ALY MWAINIAY 1802 2
) 1208 8
= o2
= 60 A~
© 09 0

Tims (20 ms/div)

(b)

FIGURE 7. Simulation result of the g-axis currents under single- and
two-phase faulty conditions. (a) without applying the resonant controller.
(b) applying the resonant controller.

]
— DTP-PMSM &

FIGURE 8. Experimental setup.

faults change the phase and amplitude of the 2" harmonic
components. The simulation result is shown in Fig. 7(a).
However, the PIR controller with the same parameters can
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the 2™ resonant

* E

1
dq
r +
< PI controller
'y A

w ldq

dq20,1,2,3

ABCXYZ

Y,
A A Fault phase

> <
> ¢

A J A\

FIGURE 9. Control system schematic.

adapt to both single- and two-phase open-circuit faulty con-
ditions which is shown in Fig. 7(b). Therefore, the PIR
controller can cope with different types of fault effectively
without modifying fault tolerant control algorithm.

The motor control system schematic is shown in Fig. 9,
where 6, and w, represent the rotor electrical angle and
electrical speed, respectively.

V. EXPERIMENTAL RESULT

In this paper, a 1.1 kW surface-mounted no-phase-shifting
DTP-PMSM is used to verify the fault tolerant control
strategy. Fig. 8 shows the prototype of the experimental
system. It consists of the prototype machine, two three-
phase inverters, one dc power supply and the controller.
IGBT modules FP75R12KT4 made by INFINEON are uti-
lized as the power devices and its switching frequency is
10 kHz. The open-circuit fault is achieved by disconnecting
the motor phase directly. In the experiment part of this paper,
phase A is disconnected under single-phase faulty condition.
Phases A and B are disconnected under two-phase faulty
condition. The neutral points of two sets of windings are
connected directly. The rotor position and speed are measured
by Kubler AO2H incremental encoder. The fault tolerant con-
trol strategy is conducted on dSPACE 1007 controller. The
control cycle and sampling period of current, rotor position
and speed are 100 us. The reference of the speed is 80 rpm
and the load torque is 50 Nm in the experiments. Design
parameters of this motor are listed in TABLE 1.

A. HEALTHY CONDITION

In order to validate the proposed vector control method,
the phase currents and the dg-axis currents are provided
in Fig. 10. It can be observed in Fig. 10 that the currents
of two windings are symmetrical and the amplitude of phase
currents is about 1.1 A. Although the phase inductances are
asymmetric in single windings, the equivalent three phase
PMSM obtains symmetrical equivalent inductance under
healthy condition and no obvious harmonic can be observed
in the dg-axis currents.

VOLUME 8, 2020

| .
1
V [ Faul }&sz
ABCXYZ) diagnose (_
Encoder

TABLE 1. Motor design parameters.

Symbol Parameter Value
®, rated speed 80 rpm
Py rated power 1.1 kW
Ve DC Voltage 370 V
4% rated line-line voltage (RMS) 250V
Iy rated current (peak) 3A
Ty rated torque 130 Nm
P, number of pole pairs 16
Wiin PM flux linkage 0.948 Wb
Ry stator resistance 3Q
Ly, dg-axis inductance 19.0 mH

Current (A)

Current (A)

0.9 \ \ \
Time (50 ms/div)

(b)

FIGURE 10. Currents under healthy condition. (a) Six-phase stator
currents. (b) do-axis currents.

B. SINGLE-PHASE FAULTY CONDITION
Fig. 11 shows the currents under single-phase open-circuit
faulty condition. The 2"¢ harmonic can be observed in the
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FIGURE 11. Currents under single-phase open-circuit faulty condition.
(a) Six phase stator currents. (b) dg-axis currents.
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FIGURE 12. Currents applying the feedforward compensation controller
under single-phase faulty condition. (a) Six phase stator currents.
(b) dg-axis currents.

dg-axis currents. The feedforward compensation and reso-
nant controller are applied to suppress the 2" current har-
monic which are shown in Figs. 12-13. It can be observed that
the feedforward compensation can reduce the 2"4 harmonic in
the dg-axis currents. However, it still exists and obvious due
to the inaccurate inductance measurement. On the contrary,
the resonant controller is much more effective even when the
parameters are not accurate.
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FIGURE 13. dg-axis currents applying the 2"d PIR controller under
single-phase faulty condition.
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FIGURE 15. Comparison of torque spectra.

Fig. 14 compares the torque waveforms for three cases:
without applying harmonic suppression control, with apply-
ing the feedforward compensation and with applying the
2" resonant controller. From the FFT result in Fig. 15,
it can be observed that two methods significantly suppress
the 2" harmonic disturbances. However, the resonant con-
troller is preferable for suppression of the 2" harmonic. The
DC component is about 50.1 Nm, and the amplitude of the
2" harmonic torque is decreased from about 1.72 Nm to
0.43 Nm in the feedforward compensation and to 0.17 Nm
in the resonant controller.

C. TWO-PHASE FAULTY CONDITION

Fig. 16 shows the currents under two-phase open-circuit fault.
The feedforward compensation controller and resonant con-
troller can be applied to two-phase open-circuit fault. The
feedforward terms should be modified because the phase
of the 2" harmonic component is changed compared with
the single-phase fault. However, the resonant terms do not
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FIGURE 16. Currents under two-phase open-circuit fault. (a) Six phase
stator currents. (b) dg-axis currents.
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FIGURE 17. dg-axis currents applying fault tolerant control under
two-phase open circuit fault. (a) the feedforward compensation. (b) the
2" resonant controller.

need modification. Fig. 17 shows the dg-axis currents apply-
ing feedforward compensation and the resonant controllers.
Figs. 18 and 19 compare the torque waveforms and spec-
tra for three cases which are the same as Figs. 14-15. The
resonant controller is again preferable for suppression of the
2" harmonic. The 2" harmonic is about 1.48 Nm under
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FIGURE 20. g-axis currents under single- and two-phase faulty
conditions. (a) without applying the resonant controller. (b) applying the
resonant controller.

two-phase fault, and it decreases to 0.57 Nm and to 0.14 Nm
with applying the feedforward compensation and the resonant
controller, respectively.

By comparing these two fault tolerant control methods,
we can conclude that the 2" resonant controller has more
advantages which can suppress the 2" harmonic disturbance
better. Meanwhile, self-inductance is difficult to measure
precisely and changes with temperature and current value
considering core saturation in practice. Hence, the feedfor-
ward compensation related to inductance cannot always com-
pensate the harmonic effectively. The experiments validate
the robustness of the resonant controller which is less depen-
dent on motor parameters. The 2"¢ harmonic in the dg-axis
currents and torque can be suppressed under single- and
two-phase open-circuit faulty conditions with the proposed
fault-tolerant control method.
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The 2" harmonic components under single- and two-phase
open-circuit faults are shown in Fig. 20. The phase and
amplitude of the 2"¢ harmonic components are different
in Fig. 20(a). However, the PIR controller with the same
parameters can adapt to both single- and two-phase open-
circuit faulty conditions which is shown in Fig. 20(b). The
g-axis current harmonics in both situations are suppressed
effectively which validated the effectiveness of the PIR
controller.

VI. CONCLUSION

The paper has proposed a fault tolerant control method
for no-phase-shifting DTP-PMSM. The PIR controller is
applied in fault tolerant control to suppress the 2"¢ harmonic
disturbance in the dg-axis currents caused by asymmetric
inductance. The 2" harmonic components are analysed by
establishing DTP-PMSM post-fault models. Although the
2" harmonic components are different under single- and
two-phase open-circuit faulty conditions, the PIR controller
can adapt to both types of fault. The effectiveness of this
proposed fault tolerant control strategy is verified by the
experiments on a prototype DTP-PMSM system under both
single- and two-phase open-circuit faulty conditions.
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