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Abstract- Dual three-phase permanent magnet synchronous
machines (DTP-PMSMs) are famous for their fault-tolerant
capability. However, the complex modeling, high copper loss and
torque ripple under post-fault operation limit their further
application. In this paper, a fault tolerant control (FTC) strategy
is developed for DTP-PMSMs under the open-phase fault (OPF)
with straightforward modeling and smooth output torque. The
virtual healthy DTP-PMSM model, where the coordinate
transformation, the modulation strategy and the controller
structure remain unchanged under OPF, is adopted in the
proposed FTC scheme. And the current references are derived in
sinusoidal waves with minimum copper loss. The inaccurate
transmission of control signals under OPF is also focused on.
Comprehensive theoretical analysis shows the relationship
between the controller output voltage and the actual stator
voltage should be considered in the proposed FTC strategy
otherwise distortion in torque and current will be introduced.
The voltage compensation is utilized to compensate for the
voltage difference and ensure the smooth torque output. Besides,
a quasi proportional resonance (quasi-PR) controller is designed
to further suppress the residual torque ripple. The proposed
strategy will not induce complex implementation and heavy
computation burden. Simulation and experiment results prove
the analysis and the effectiveness of the proposed strategy.

Index Terms- Dual three-phase PMSM, fault tolerant control,

modeling, torque ripple suppression, copper loss, voltage
constraint.
NOMENCLATURE
Uy phase voltage is phase current
R stator resistance Ly stator inductance
magnetic flux in magnetic flux of
Vs stationary frame Ymd permanent magnet
P number of pole 0 electrical angle
pairs
T electromagnetic U ug ~ phase voltage in a-
¢ torque Uz, U P, z1-z2frame
ig, i, stator current in a- I leakage-inductance
ir1, 02 B, z1-z, frame ‘ in z,-z» frame
Lo, Lp, inductance in o-f electrical speed
Lop frame
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I. INTRODUCTION

Multiphase Permanent Magnet Synchronous Machines
(PMSMs) have drawn more and more attention from the
industry and academia due to their advantage in high-power
and high-reliability applications compared to their three-phase
counterparts. One promising candidate for multiphase
machines is the DTP-PMSM. It has two sets of three-phase
stator windings spatially shifted by 30 electrical degrees with
isolated neutral points. Another advantage of the DTP-PMSM
is that it can eliminate the 6™ torque harmonic pulsation. These
advantages make the DTP-PMSM suitable for applications
such as electric vehicles, railways and aircrafts [1, 2].

Reliability is a core requirement in electrical drive systems,
especially in more electric aircraft and electric vehicles [3-6].
And the fault tolerant control of PMSMs has been intensively
studied to improve the reliability. The focus of this paper is on
electrical faults, which mainly include short-circuit faults
(SPFs) and OPFs. According to [7], the failure rate of power
switches contributes more than half of all the remaining
component faults. And for DTP-PMSMs, more power
switches mean a higher failure rate. Besides, the SPFs can be
converted into the OPFs by reconfiguration, so the OPFs
caused by voltage source inverters (VSI) are studied
intensively [8-10] and further discussed in this paper.

For the DTP-PMSMs, when one or more phases are under
OPFs, the simplest way is to remove the whole faulty three-
phase winding and use the other set of three-phase healthy
phases for torque production [11, 12]. The torque output is
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smooth and the control strategy remains unchanged but this
will result in significant torque reduction. The most popular
way is to isolate the faulty phase and make use of the
remaining phases for torque production [13-15] where the
remaining healthy phases are fully utilized. Besides,
leveraging the remaining one healthy switch is also studied in
[16] for the single open-switch fault while the control scheme
remains the same as that under OPF. So this paper also
focuses on the strategy in isolating the faulty phase.

The basic requirement of the FTC is to eliminate the torque
ripple under post-fault operation. One approach is based on
inducing additional hardware. High-reliability inverter
topologies can be utilized in FTCs, such as four-leg power
converters, multilevel converters and matrix converters [17-
19]. Besides, some structures in the winding, such as open-
winding configuration, are proposed in [20, 21] to remove the
existing current constraints under OPF. However, additional
hardware will increase the cost inevitably.

Another approach is optimization-based. This type of
methods does not require additional hardware assistance and
can fully utilize the inherited advance in multiphase machines.
After the OPF occurs, the constraints in the machine system
reduce, the machine loses one degree of freedom. And the
solutions of the system equations are no more unique. So the
design of the FTC strategies is regarded as a design problem
with constraints and different optimization targets. The targets
include maximum torque, minimum torque ripple and
minimum copper loss [22, 23]. In [24], the current references
are derived with different winding configurations either in
minimum copper loss or maximum torque output. In [9], a
hybrid controller is designed to switch between different
optimization currents. And non-sinusoidal phase current
references are given in [25] to further reduce the copper loss.

Different modeling methods to the OPF machine and
various controllers are proposed to achieve the postfault
optimization targets. For the modeling strategies, the post-fault
DTP-PMSM is regarded as an abnormal five-phase PMSM in
[26], while the voltage-current equations in d-q axes are not
fully decoupled in the post-fault model and the space vector
modulation strategy also needs reconstruction. The DTP-
PMSM with single-phase OPF is considered as a healthy
three-phase PMSM and a two-phase PMSM in [27]. In [24],
the normal (i.e., not a reduced-order) decoupling
transformation is utilized in the postfault operation and the
machine with OPF is regarded as a ‘virtual healthy model’.
The advantage of this modeling method is that the same
voltage equations based on healthy decoupling equations can
still be used under postfault operations, as well as the
modulation strategy and the controller. The coupling in
currents based on the virtual healthy model are discussed in
[28, 29]. But harmonics in torque and phase current distortion

still exists under the FTC strategy because of the inaccurate
transmission of control signals in the faulty phase.

As for the controllers, iterative learning algorithm [30] and
LaGrange equation-based controller [31] are designed to solve
the optimization problem under postfault operations. A
method based on genetic algorithm (GA) is proposed in [32]

for the FTC of interior PMSMs. While these methods involve
a heavy burden to the controllers. A look-up table is developed
to avoid online computation but it proposes a high demand for
the memories [32]. Model predictive controller is also utilized
in a five-phase PMSM [33] or DTP-PMSMs [13] under OPF
with additional constraints on cost functions. And deadbeat
controller is utilized to trace the non-DC current references,
either sinusoidal [16] or non-sinusoidal [25] in FTC strategies.
While the performance of the controllers heavily relies on the
predictive model and accuracy of the machine parameters. To
reduce the effect of the inaccurate control signal transmission
under postfault operation, high bandwidth controllers are
utilized [24]. But the voltage difference in the faulty phase still
exists under postfault operation and the relative control signal
transmission is still inaccurate. Therefore, it only suppresses
the influence of the voltage difference by increasing the gain
of the controller. In addition, the use of relatively different
control algorithms under normal operation and fault-tolerant
states will also increase the complexity of the system and
reduce the reliability of the system.

The antiparallel diodes of the faulty phase have been
considered in recent research [34, 35]. When the OPFs occur,
the power switches in the faulty phase are shut down to
achieve open-circuit situation. In most cases, it is achieved by
software rather than disconnecting the faulty phase from the
inverter physically. But shutting down the power switches in
the faulty phases by software do not create the desired open-
circuit situation because of current path provided by the
antiparallel diodes. There is still insufficient research on the
effect of this freewheeling current in the postfault operation.

This paper aims to propose a FTC strategy based on the
virtual healthy model in which the modeling and the controller
of the DTP-PMSM do not need to change significantly after
the OPF to increase reliability. The difference between the
controller output voltage and the actual stator voltage is also
theoretically derived under OPF to solve the the problem of
the control signal transmission inaccuracy. Its effects are
eliminated by voltage compensation and quasi-PR controller
in the proposed FTC strategy to provide smooth output torque.
The antiparallel diode of the faulty phase is considered as well.

The rest of this paper is organized as follows. The
mathematical modeling and control strategy based on vector
space decomposition (VSD) of a healthy DTP-PMSM are
briefly introduced in Section II. The virtual healthy model to
the DTP-PMSM under OPF is discussed and the sinusoidal
current references with minimized copper loss are given in
Section III. Section IV gives a comprehensive analysis of the
torque ripple and current distortion caused by the voltage
difference between the controller and the windings. Based on
the analysis above, in Section V, the proposed FTC strategy
based on the virtual healthy model is developed. Voltage
compensation is utilized in the proposed scheme and the
residual harmonics are suppressed by the quasi-PR controller.
Simulation and experimental results are given in Section VI
and conclusions are made in Section VII.

II. OPERATION PRINCIPLE OF DTP-PMSM AND
CONVENTIONAL CONTROL SCHEMES
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A. Modeling of the DTP- PMSM under healthy operation

A simple but precise model is essential for the analysis and
control. The DTP-PMSM discussed in this paper has two sets
of three-phase windings with 30 electrical degree shift. The
neutral points of the two windings are disconnected, as shown
in Fig.1. The magnetic saturation effect is neglected and
parameters in each phase are the same to simplify the analysis.

The voltage equation of DTP-PMSMs can be expressed as

(1) and the flux equation can be given as (2) in the stationary
frame. And the torque equation can be calculated as (3) based
on the virtual displacement.

u =Ri +%

tT dt

T 1
us = [ua uh u ual uhl u(‘l] ( )
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The analysis and control in the stationary frame are
complex because of the coupled matrix of inductance. In dual-
three phase machines, the conventional decoupling method is
not effective anymore. The dual d-q axes decomposition
strategy [36] or the VSD strategy can be applied and the VSD
strategy can achieve complete decomposition. The
transformation matrix from the original stationary coordinate
system (ABC, ABiC)) to the 2-phase stationary coordinate
system (a-f, z;-zz) is shown in (4) according to [36]. The
voltage equation in this coordinate system is shown in (5).

P T B R C B
2 2 2 2
o B33 11
2 2 2 2
Tnlma/i ==*1 —l —l —ﬁ ﬁ 0 (4)
3 2 2 2 2
o V3 311
2 2 2 2
1 1 1 0 0 0
o o o 1 1 1]
R+, Laﬁi 0 0
dt dt
ull lll
1, R, L o 0
Ug | _ dt dt iy
“a 0 0 R+ L 0 2
u,, S dt i, )
0 0 0 R+in
cost
d | siné
+‘/’mE 0

Fig.1 Configuration of the DTP-PMSM system

It is only necessary to transform the a-f components into
the synchronous reference frame since only the a-f axes are
related to the energy conversion. And the transform matrix is
the same as that in three-phase PMSMs. The corresponding
torque equation in DTP-PMSMs is shown in (6) in the
synchronous reference frame.

T, =3P (L, ~L, )i, + i, | (6)
B. Control Framework
The ordinary control schemes of the DTP-PMSM under
healthy operations include the two-dimensional vector control
and four-dimensional vector control [37]. The two-
dimensional vector control only controls the current in d-g
subspace which is related to the energy conversion. The
reference voltages in z;-z; subspace are given as zero to
suppress the harmonic current. But current harmonics still
exist due to the low-impedance characteristics in z;-z»
subspace. Another strategy is the four-dimensional vector
control. It suppresses the harmonic current in z;-z» subspace
with close-loops. Nevertheless, it is more difficult to
implement. A brief control topology can be shown in Fig.2.
And three-phase decomposition space vector pulse width
modulation (SVPWM) with two identical three-phase
SVPWM modules, is used as the modulation strategy.

III. MODELING OF THE DTP-PMSM WITH OPEN-PHASE FAULT
BASED ON VIRTUAL HEALTHY MODEL

In previous FTC schemes, when the one-phase OPF occurs,
the post-fault machine is usually considered as an abnormal
five phase machine, as shown in Fig.3 (a), or regard it as a
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Fig.2 Control diagram of the DTP-PMSM system under normal operation
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Fig.3 different modeling strategies under OPF
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combination of a healthy 3-phase machine and a 2-phase
machine, as shown in Fig.3(b). The postfault model of the
machine, specifically, the voltage-current equation, need to be
redesigned according to the winding arrangement of this
abnormal machine[26, 27]. The control and modulation
strategies shown in Fig.2 might not be applicable under these
modeling schemes. Thus, large modification is induced when
switching to postfault operation, which will reduce the system
reliability and bring heavy burden to the controller.

To minimize the changes in modeling and control, the DTP-
PMSM with one-phase OPF is treated as a virtual healthy
model in this paper and the corresponding phase current
becomes zero under OPF, as shown in Fig.3(c). It is assumed
that the OPF occurs in the VSI and the windings is not
damaged. In this postfault model, the uniform decomposition
matrix, control framework and SVPWM strategy under
healthy state are also applicable under open-phase fault.

As for the machine equations in the virtual healthy model
under OPF, (4) and (5) remain the same since the winding is
not physically broken. And the effect of OPF is mainly on the
currents. The open-phase fault in phase C, is considered in the
following analysis procedure. The situations that the open-
phase fault occurs in other phases can be equivalent to this
situation by rotating.

Substituting i.;=0 into (4) and combining with Kirchhoff’s
current law, (8) can be derived,

ia f \/g
2 Ty
a_y la_y V3.3,
—1 +—1i
i/,J ibj 6 - 3 s
l.zlif =T _iaif_ibif _ iaJ \/5
iz ; abc—af} l'al ; - 2 _Tlalff (8)
0 —I
-t _(ﬁia /'+£ib /)
L0 | 0 | 6 3"
0
0

where the subscript © f° indicates the quantity under the
postfault operation. According to (8), after the single-phase
OPF in phase C; occurs, the number of the independent phase
current decreases from four to three, indicating that the DTP-
PMSM under one-phase OPF is reduced from a fourth-order
system to a third-order system under postfault operation. It is
also valid in the 2-phase stationary coordinate system (a-f3, z;-
z,). The current in f-axis and z;-axis are no longer decoupled
anymore and i.; is decided by ip, with i.;=- is. So the post-fault
voltage-current equations in o, f, z; axis are the same with (5)
and z»-axis equations can be shown in (9).
di,
% )
As for the torque equation, since the windings of the
machine remain the same, the inductance matrix remains the
same after OPF. Currents in z;-z> subspace have no
contribution to energy conversion, so the torque equation has
the same form as that in (6).

u:2 = _Rlﬂ -4

The current references under OPF are derived then. The
optimization target in this paper is to achieve the same torque
output with minimum copper loss. Since the torque is constant
under postfault operation and a surface-mounted DTP-PMSM
is studied in this paper, according to (6), the g-axis current
should be the same after the OPF, that is, /,*. The d-axis
current and z;-axis current will give no contribution to torque
production and they should be suppressed to zero to achieve
the minimum copper loss. As for the reference in z-axis
current, it will be decided by #s. So it will be determined once
the references in a, f, z; axis are determined and it is not
controllable. The current references with OPF in phase C; are
shown in (10) where the superscript * indicates the current
reference values.

i, =-1, sin &
i, ;=1 cos@ a0
i;J =0

The phase currents are optimized as sine waves to be
suitable for vector control. According to (8), the amplitude and
phase of the reference currents in phase A, phase B and phase
A, that is 6 unknown coefficients, need to be solved.
Substituting (8) into (10), the phase current references should
satisfy (11).

Id _f

cos(@+¢,)+

\/glal _f
6

37 .
T‘”Jcos(ﬁ +¢,)=-1,sind

Ib _f

cos(@+¢, )+

cos(B+¢,) = I; cosd (11)

I NEY S
”T*’cos(6+ ¢)a)+T‘”*/cos(9+ ®,)=0

where Ix cos(6+¢yx) represents the unsolved phase current, Ix
represents the amplitude and gx represents the relevant phase.
Since (11) should hold for all 4, six equations can be derived
from (11) and all the 6 unknown coefficients can be solved.
And the corresponding current references should be,

i, ;=1 cos(@ +%)

- V13 . 3
i =qu cos(0+¢,),tang, = e
i, _VB3 I cos(0+ ¢, ), tan =£
- 2 6 (12)
. B 3
iy s =71q cos(6’+5)

By = —TIq cos(t9+5)

IV. EFFECT OF THE VOLTAGE DIFFERENCE IN VIRTUAL
HEALTHY MODEL-BASED FTC STRATEGY
The FTC strategy can be designed based on the current
references as shown in (12). But for the FTC strategy based on
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Fig.4 Relationship of the controller output voltages and real voltages with
OPF in phase C;

the virtual healthy model, the current relationship above is not
the only thing that needs to be considered. Due to the OPF in
the inverter, the control signals, that is, the voltage
components, cannot be accurately transmitted to the windings
of the DTP-PMSM as well. And the main purpose of this part
is to find out the voltage difference, Au.;, between the real
winding voltage of phase Ci, u.; », and the controller output
voltage of phase Ci, uc; c, as shown in Fig.4 under OPF caused
by the inverter and to calculate the harmonic current and
torque ripple caused by Au.;, where the subscript ‘ ¢’
represents the controller output voltage signals and subscript
‘ r’ represents the real winding voltages.

Most of the existing FTC strategies consider only the
constraint in currents. While after an OPF occurs, in the actual
model, the control signal of the faulty phase cannot be
accurately transmitted to the motor due to the shutting down
of the faulty inverter, so there is also a voltage difference. It
will not affect the FTC strategies based on the abnormal five
phase machine model since there is no control signal to the
faulty phase but it will surely cause the control performance
distortion based on the virtual healthy model. Some advance
controllers are proposed [16] to suppress its effect with the
high-bandwidth characteristics. While this will bring extra
memory or calculation burden to the CPU and the effect of the
voltage difference still exists. So this part establishes the
mathematical model of the voltage difference and its effect.

Firstly, the actual winding voltage of the faulty phase C,
should be solved. The winding voltages are u, ,~u.; » as shown
in Fig.4. Since the windings are healthy under the OPF fault,
the voltage in phase C; is not zero. Specifically, u.; - is equal
to the back electromotive force (EMF) because of the rotation.
According to the voltage-current equation as shown in (1), the
relationship of the phase voltages in A;, Bi, Ci can be derived
as (13).

ualir +ub17r +uclir = 0 (13)

According to (13) and the voltage-current equation as
shown in (1), the terminal phase voltage in phase C; is,
u = _ua17

r

Uy,

cl_r

. . d
= _R(lalj +Zb1J)_E('//a1 +¥,) (14)

d
= _Z(y/al W)

and the flux components can be further expressed as,

N
cl_r = _E[Lz (lal +lbl)+7L0(lb _lc)

+(cos(0 —%) + cos(a—%”))yxmd] (15)

3ood o
= _TLO Z(Zb —i,)—y,, cost
Ly is equal to L; for surface-mounted PMSM. And (16) is
proposed to replace the differential part on the right side of

(15).

L d
ubcir = R(lb _lc) +E(W}) _‘//C)
(16)

= R(i, —i)+ (%L0 +LZ)%(ib —i)+~3y,, cosd

Substituting (16) into (15), the actual winding voltage of DTP-
PMSM on phase C; is shown in (17), where the leakage
inductance is neglected.

NG

Uy , = —T[ubl-,r —R(@, ~1,)] (17)

Secondly, the function of the inverter is discussed. It aims
to transmit the phase-to-phase voltages, us ~upicr ¢, from the
controller output, to the machine winding. According to Fig.4,
after the OPF in phase C,, since the remaining 5 phases are not
affected, the phase-to-phase voltages among phase A~Bj, that
1S, Uab, Upe, Uazp; Temain unchanged in postfault operations after
passing the inverter. But up;c;  is not equal to us;.; » anymore
due to the OPF. It is also worth mentioning that only phase-to-
phase voltages are transmitted through the inverter, not the
phase voltages, and u; c, us; . are also not equal to ua; ,, Up; »
because of the change in neutral point voltage under OPF.

Then, the controller output voltage of the faulty phase, u.; .,
is derived. g ¢, Up ¢, Uzi ¢, U o are calculated by the FTC
scheme which is designed based on voltage-current equations
shown in (5) and (9). Then the controller output voltages, u, ~
e o are derived through SVPWM. Since the virtual healthy
model is utilized, the modulation strategy remains the same
under post-fault operation. The relationship in (4) still holds
after the OPF because of the virtual healthy model. And the
voltages are written in the form of line voltages instead of
phase voltages, as shown in (18), to eliminate the influence of
the neutral point voltage.

u, zuabic Uy . +‘/§”a1b17c

Ug | 1 \/gubcic tUu . _zublclic

u —
zl_e 6 2uabic +ubcic \/gualblic
u

(18)

2.c _\/gubcic + ualblic - 2ublclic

And (13) still founds on the controller after substituting “ r”
with “_¢”. To derive the controller output voltage in phase Cj,
substituting that into (18), the relationship is shown in (19).

U, . 2uy AUy, +\/§”a1b17¢»
Ug . zl \/gubcic _3”c17c
Uy . 6 2uab7c R _\/gualblic
Mz e _\/gubcic _3“c17c

(19)
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And the controller output voltage on phase C; can be
expressed as (20) based on (19).

B3

ul‘]il‘ = _2uz2ref ——u

3 be_in
The voltage difference on the faulty phase C; can finally be
derived by subtracting (20) from (17). Since the z-axis
current is dependent on f-axis current and cannot be
controlled according to (9), u.2.r could be chosen as 0 [38].

The expression of Au,; is shown in (21).
Au, =u, ,—u, .=2Ri, =2RI cosd (21)

(20)

Equation (21) can be explained as follows. If the controller
output voltages, u, «~ucs ¢, can be transmitted to the windings
of the DTP-PMSM without error, the FTC performance would
be ideal. But due to the existence of OPF, the actual winding
voltages in phase C; will change to uc; + Auc;. It will always
exist and cannot be compensated simply by the closed-loop,
degrading the control performance.

The following part discusses the effect of the voltage
difference on the postfault DTP-PMSM. Due to the virtual
healthy model, (19) still founds by substituting “ ¢” with “ r”.
So Auc; will not affect the voltages in o and z; axes since
voltages in these axes will not be affected by phase C;. While
the voltages in f and z, axes are affected. The relationship
between the real voltage on the postfault DTP-PMSM and the
controller output voltage is shown in (22) by substituting (21)
into (19).

u u

Up | | Up e —1,Rcos0d
uZl," - uzlic (22)
u:Zﬁr usze _[qR COSH
And the influence on d-q axes is shown as (23).
IR .
Au, , =- qz sin 20
IR (23)
Au, , =-— "2 (cos20+1)

According to (23), the distortion caused by the voltage
constraint on the d-q axes is the form of sine waves and the
frequency is twice the electrical angle frequency. It will cause
the 2nd harmonic currents on the d-q axes current and torque
ripple, where the d-q axes current can be expressed in (24)
under i;=0 control. In the original stationary coordinate
system, the 3rd harmonic current components will also be
induced.

i,=1,+1,cos(20+¢,,) 4)

Since the DC components of the d-q axes current remain the
same due to the same torque, when neglecting the coupling
term [39], the amplitude and phase of the 2nd harmonic
components in d-q axes can be solved by the voltage-current
equations, as shown in (25) and (26), respectively.

{id =1,,co8(20+4,,)

I R
1, = =
2R + 2oL, )’
IR (25)
lyy=e———
2[R+ 20L,)
2L
gy = tan” () + 2
R 2
2L (26)
¢,, = tan”'( 2 LY+ 7

According to (6), the torque ripple induced by the voltage
difference can be shown in (27)

(Ld _Lq )IdZIqZ
T,=3p,| +1 .V, cos(2t9—¢q2) 27

cos(40-¢,, —¢,,)
2

So, the voltage difference will cause current distortion and
induce torque ripple. To salient DTP-PMSMs, according to
(27), for a fixed load, the value of the g-axis current will
change and it will also induce 2nd and 4th torque ripple
components. To surface DTP-PMSMs, Ls=L,, only the 2nd
torque ripple component is induced.

COS(¢42 =)
2

+(Ly=L,) 1,1,

V. PROPOSED FAULT TOLERANT SCHEME BASED ON VIRTUAL
HEALTHY MODEL

Based on the analysis above, the FTC strategies based on
the virtual healthy model have the advantages of ecasy
implementation and reduced burden on the CPU. While the
voltage difference caused by OPF needs to be considered in
the FTC scheme with the virtual healthy model. It will make
the control voltage signals unable to be accurately transmitted
to the terminals of the DTP-PMSM, inducing extra 2"
harmonic currents and relevant torque ripple which will
degrade the control performance and is unneglectable. So this
part aims to suppress the induced harmonic current and torque
ripple without significantly changing the controller under
healthy operation.

A. Basic Control Structure of FTC under OPF

Since the virtual healthy model is utilized, according to the
analysis in Section III, the basic control scheme can remain
the same as the healthy one with Proportional Integral (PI)
controllers in d-axis, g-axis and z;-axis. As for the z;-axis,
according to (9), it cannot be controlled independently. And
the actual voltage and current on z, axis will be decided if the
components in d, g, z; axes are well-controlled. So the close-
loop current controller on z;-axis is canceled in the proposed
scheme to avoid interference. And w2 is directly given in
open-loop by the proposed controller.

The topology of the proposed FTC strategy is shown in
Fig.5. after the OPF, the three-phase decomposition is utilized
as the modulation strategy. Compared to Fig.2, the basic
structure of the controller before and after the OPF remains
the same with traditional PI controllers. In the proposed FTC
scheme, only three current loops are adopted. It matches the
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Fig.5 Control diagram of the DTP-PMSM system under normal operation and
postfault operation with proposed FTC scheme

analysis that the order of the DTP-PMSM system under one-
phase OPF is reduced from 4 to 3. So, in theory, it is enough
to control this 3-order postfault system with 3 closed loops.
B. Voltage Compensation in the Proposed FTC Scheme

According to the analysis in Section IV, the OPF will
interfere with the transmission of the controller output
voltages, which will cause the voltage difference in the faulty
phase, Ci, thus introducing distortion.

If the voltage difference in phase C; is compensated under
OPF, the controller output phase voltage can be equal to the
actual voltage, that is, Au.;=0. Then the control signals can be
transmitted to the motor terminals without error, thereby
ensuring the control performance under OPF. So the aim of
the controller is to choose a suitable value of u.; . to make
Auc; equal to 0. According to (20), the controller output in
phase C; is decided by the phase-to-phase voltage between B,
C and the reference voltage of z, axis. The former one will
affect the postfault operation of DTP-PMSM so u;. should not
be revised. Since the current in z-axis is uncontrollable,
choosing different u.,.; will not influence the current of the
motor. Thus, it will not interfere with the postfault operation.

Based on (17), (20) and (21), when u.». is chosen
according to (28), the voltage difference between the
controller and the winding terminals in phase C; can be
compensated.

3

uzZref = _?

R(i, —i,)=—Ri, (28)

The relevant voltage compensation part is also shown in
Fig.5. To further simplify the postfault operation of the
controller, is in (28) can be replaced by -i.; according to (8).
After the OPF is detected, it is only necessary to change the PI
controller in z;-axis to a certain gain to compensate for the
voltage constraint.
C. Residual Harmonic Suppression based on quasi-PR
controller

According to (17), the actual winding voltage of DTP-
PMSM on phase C; is achieved by neglecting the leakage-
related voltage, L.d(iz-ic)/dt. And the voltage difference will
also be affected by that. Since the leakage inductance is
usually small, this voltage can be ignored as shown in (17).
But if the current frequency is high or there’s a high
requirement for the postfault operation, the leakage-
inductance-caused voltage needs to be considered. Since this
term contains a differential operation, it is not suitable to

compensate this item with feedforward control as shown in
(28) since it might reduce the system robustness.

The voltage difference caused by the leakage inductance
has the same frequency as the one caused by the resistance. So
2"_order harmonic currents are induced based on (24). The
quasi-PR controller [40] or multiple reference frame (MRF)
controller [41] can be utilized to suppress these 2™ order
harmonics while the latter one will induce more calculation
burden so in this article, the quasi-PR controller is used to
suppress the induced harmonics components. Compared to the
traditional PR controller, the quasi-PR controller has a limited
gain at the resonant frequency with a wider and controllable
bandwidth, thus more robust. The transfer function of the
quasi-PR controller is shown in (29). And the bode diagram is
shown in Fig.6 with different w. and ..

k.w.s
Quasi—PR = kp + —

G (29)

s* 42,5+ a)f,y
The resonant frequency is chosen as 100Hz in the bode
diagram. According to Fig.6, the quasi-PR controller is more
robust and avoids inducing resonance to the system because of
its adjustable bandwidth compared to the traditional one.
Besides, since most of the distortion can be suppressed by the
voltage compensation shown in (28), the burden of the quasi-
PR controller is small and a smaller resonant gain, k., can be
chosen to improve the robustness of the system. The resonant
frequency of the harmonic currents changes with the speed. In
the implementation progress, in order to meet the requirement
of harmonic suppression at different speed conditions, the
resonance frequency oy is derived by the feedback speed.

Magnitude (dB)

®. =20m k=50
. =2001_k=50)

Phase (deg)

0T L —

10 10° 10 10
Frequency (Hz)

Fig.6 Bode Diagrams of the quasi-PR controller

The d-q axes current obtained by the coordinate
transformation of the measured current can be directly used as
the feedback of the PI and quasi-PR controller in the proposed
scheme as the quasi-PR controller will not affect the DC
components. The proposed FTC including quasi-PR controller
is also shown in Fig.5. According to Fig.5, the references of
the quasi-PR controllers are set as 0 to suppress the induced
2" harmonics current components by tuning the bandwidth,
@, and resonant gain, k.. The controller output voltages are
added by the DC component output from the PI controller and
the 2nd harmonic output from the quasi-PR controller.

D. Transfer function and stability analysis
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Fig.7 Block diagram of the current control loop in d-q axes
Inducing the quasi-PR controller in the proposed FTC
scheme will increase the order of the system and decrease the
stability margin. Apart from the coupling in the d-q axes, the
block diagram of the current loop of the proposed FTC
scheme in d-q axes is shown in Fig.7.
And the transfer function from the reference to the current
feedback in Fig.7 is derived in (30).
I fdb A

I, L,s*+Qao.L,+R)s’+2Rw,s* +w'L,s+o' R+ A

ref
A=[k(s* +20.5+ @ ) L,s+R)+k w.sle™
where k,q, ki, are the total proportional gain and integral gain
of the controller in d-q axes, 7y is the delay time, and k=k,/Ly.
According to the bode diagram and the transfer function,
the Nyquist diagram is used to analysis the stability of the
controller [41]. The effects of the resonant parameters, k., w.
and the working frequency, o, on the stability are needed to be
discussed. The other parameters are shown in Table I and the
delay time is chosen as 100pus. When the prototype operates at
600rpm, the Nyquist diagram of the system in Fig.7 with
different resonant gain, k., and bandwidth, w. is shown in
Fig.8(a)(b). According to the Nyquist diagram, the current
loop could keep stable with different &, and w.. Specifically,
the stability margin decreases with the & and . increasing.
The stability of the proposed controller is also tested at

(30)
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Fig.9 The flowchart of the proposed FTC scheme.

different operation points. the Nyquist diagram with different
working frequency, w, is shown in Fig.8(c). The system is also
stable at different resonant frequencies. As w. increasing, the
stability margin will decrease first and then increase.

According to the analysis above, the proposed controller
will keep stable under different speed and different parameters
of the controller.

Fig.9 gives the flowchart of the implementation of the
proposed FTC scheme. The current references calculation is
based on Section III. The proposed FTC scheme has the same
PI controller in d, ¢, z; axes and SVPWM strategy as the
healthy one as shown in Fig.5. As for the current loop in z,
axis, it is replaced with feedforward voltage compensation to
compensate for the voltage difference in the faulty phase. To
further suppress the residual 2" harmonic caused by the
leakage inductance, the quasi-PR controller is utilized in d-q
axes in the proposed FTC scheme. The proposed FTC scheme
maintains the advantage of the virtual healthy model. It will
also not increase the calculation burden of the CPU thus it
doesn’t induce any iterative calculation and good transient
response can be expected.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Experimental Setup

A surface-mounted DTP-PMSM prototype is used to verify
the effectiveness of the analysis above and the proposed
strategy. The main parameters of the prototype are presented
in Table I and the experiment platform is set up, which is
shown in Fig.10.

TABLE |

PARAMETERS OF THE PROTOTYPE
Parameter Symbol  Value
DC bus voltage Upc 100V
Switching frequency  f 10kHz
Stator resistance R 0.8Q
Number of Slots N 12
Pole pairs P 5
Rated speed n 600rpm
Rated current Lyhase 2.4A
Flux linkage Y., 0.03779W,

The platform consists of a DTP-PMSM, which is controlled
by TMS320F28335DSP and two sets of driving boards based
on insulated-gate bipolar transistor (IGBT). The load machine
is connected to a resistive load on one side and the prototype
on the other side. The sampling frequency of the current loop
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is 10kHz, and 2kHz for the speed loop. The position signals
are collected by an encoder.

" Torque-
Pow"‘m' Meter

Resistive Load ! |
Toad Torque | Test DTP- %
Sensor . PMSM

For Motor ! For Boards

Fig.10 Experimental Platform

B. Simulation Verification

The simulation results are mainly utilized to verify the
derivation of the voltage difference in Section IV and whether
the proposed FTC algorithm can effectively compensate for
the voltage difference in the faulty phase. The controller
output voltage signals and the real winding voltages, in the
faulty phase C; and the phase-to-phase voltage between B,
and C; are compared under different conditions, including
normal operation, OPF in phase C; without FTC, and OPF in
phase C; with proposed FTC. The parameters in Table I are
used in the simulation model. Since the actual voltages are
processed by modulation strategies, they are chopped waves.
This makes the waveform comparison unintuitive. So the FFT
analysis is utilized in the voltage comparison, where the
amplitude of the fundamental voltages are compared, as
shown in Fig.11.

It can be seen from Fig.11 that after the OPF, the voltage
difference will occur, both in the faulty phase and the related
phase-to-phase voltage. It matches the analysis in Section IV.
When no FTC scheme is utilized, the controller output voltage
is larger than that when healthy but the actual voltage in the
faulty phase reduces. A larger controller output is due to the

45 T T T

301 [ controller output
. [l winding voltage
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Fig.11 Comparison of controller output voltages and actual voltages. (a) u.;.
(b) upicr

Phase-phase voltage between B and C (V)

regulation effect of the PI controller, but a smaller actual
voltage shows that the control signal cannot be transmitted to
the machine due to the OPF. And the proposed FTC with
voltage compensation can successfully reduce the voltage
difference according to Fig.11.

C. Experimental Verification

The proposed control scheme is investigated in the DTP-
PMSM prototype as shown in Fig.10. Five operation
conditions are compared in the experiments. They are 1)
healthy operation; 2) OPF in phase C; without FTC; 3) OPF in
phase C; with conventional 3-loop FTC based on virtual
healthy model; 4) OPF in phase C; with proposed FTC
without quasi-PR controller; 5) OPF in phase C; with
proposed FTC. The conventional 3-loop FTC based on virtual
healthy model can be designed according to Section III, part A
by removing the z;-axis and setting u.2.r as 0. And the voltage
compensation is used in 4) without a quasi-PR controller.

The parameters of the PI controllers remain the same to
provide fair comparison under different operation conditions.
The proportional gain of the PI controller for the current loop
in d-q axes is k,,=2.5, the integral gain is k;,=0.1; For the
current loop in z1-z2 axes, the proportional gain is k,.=1, the
integral gain is k;;=0.1. The proportional gain of the PI
controller for the speed loop is k,~=0.008, the integral gain is
ki=0.006. As for the coefficients in the quasi-PR controller,
the proportional element %, is chosen as 2.5, the resonance
coefficient k. is chosen as 30 and the bandwidth w. is chosen
as 6.28.

The phase currents are tested first and the speed is chosen
as 600rpm. The waveforms are shown in Fig.12 and the FFT
analysis of their fundamental components is shown in Fig.13.

To ensure the postfault operation of the prototype with

o7 w7

Ly Ip; ic

[i2avdiv]

(@ (b)

D4 iy
; \

A N\ \/ icy) -id\\ \\

[i2asdiv]

© ‘ @
A W
DA/
XXX R
. VARWAN
(e)

Fig.12 Phase current waveforms under different operation conditions. (a)
healthy (b) OPF without FTC (c) OPF with conventional FTC (d) Proposed
FTC without A-PR controller (¢) Proposed FTC
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Fig.13 FFT analysis of the phase currents under different operation conditions

minimum copper loss, the relationship among the phase
current amplitudes should satisfy (12). The phase B current
and phase C current should have the same amplitude and the
amplitude is about 1.8 times of phase A current. And the phase
A current should remain the same under postfault. According
to Fig.12(a)~(c) and Fig.13, when operating under the
traditional virtual healthy model-based FTC, the relationship
in phase currents is not consistent with (12), for instance,
though the error between iz and ic decreased compared to that
without FTC, it is still not neglectable. It shows that the
traditional FTC scheme cannot achieve its control target
because of neglecting the voltage difference. When the voltage
compensation is added in Fig.12(d), the error between the
actual current and the theoretical value is reduced obviously. It
proves the effectiveness of the voltage compensation. If the
quasi-PR  controller is also utilized, the quantitative
relationship of each phase current as shown in Fig.12(e) and
Fig.13 is basically the same as (12), achieving a further
improvement compared to Fig.12(d).

The torque under different operation conditions is also
compared. The torque waveforms are shown in Fig.14 and the
relevant FFT analysis is shown in Fig.15. The experiments are
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Fig.16 Transient response of phase C1 current when OPF occurs

done at the load torque of 1.35N-m and 600rpm. The results in
Fig.15 show that the DC component of the torque remains
unchanged under all circumstances. It shows that the main
torque ripple component is 2" torque ripple after the OPF
occurs. The conventional FTC based on the virtual healthy
model can reduce the torque ripple to a certain degree, from
0.3IN'm to 0.24N'm. And the voltage compensation will
halve the torque ripple compared to the conventional one.
Finally, the proposed FTC with voltage compensation and
quasi-PR controller can basically eliminate the 2™ torque
ripple thus providing a smooth output torque.

To test the effect of the antiparallel diodes, experiments are
proposed. The transient response of the phase C; current when
shutting down the power switches in phase C; by software can
be shown in Fig.16. It shows that the current in the faulty
phase, i.;, exists and oscillates at OA after the switches in
phase C; are switched off due to the existence of the diodes.
But the amplitude is less than 0.2A, which is minor compared

to the phase currents.
5 . . .
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Fig.17 FFT analysis of the phase currents under proposed FTC scheme with
different open-phase strategy

To analyze the effect of the antiparallel diodes on the
proposed FTC scheme more comprehensively, phase C; is
disconnected from the inverter physically to provide
comparison. The diodes in phase C; will not operate and i.; is
always 0. The experiments are operated at the same working
condition as that in Fig.12(e). The phase current waveforms
are tested. The comparison of the FFT analysis between the
diode conducting and diode non-conducting in the faulty
phase is shown in Fig.17. According to the experiment results
in Fig.17, the effect of the antiparallel diodes can be neglected
in the proposed FTC scheme. The freewheeling current in the
faulty phase under OPF can be used to extract the motor
information, such as back EMF, but it will not affect the
performance of the proposed FTC scheme.
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Fig.19 d-q axes waveforms under healthy operation and different FTC
strategies

The experiments above show the effectiveness of the
proposed strategy and its advantage on torque ripple
suppression. The proposed controller is further tested then.
According to (10), i,, iz should be symmetric under postfault
operations to achieve a good fault-tolerant performance. And
the corresponding Lissajous figure should be a circle. The o-3
axes current and the Lissajous waves are shown in Fig.18
under healthy state, the conventional three-loop FTC and
proposed FTC. And the waveforms of the d-q axes current
under different operation conditions as shown in Fig.18 are
shown in Fig.19. The a-f axes current and d-q axes current are
derived from the Digital-to-Analog (DA) interface.

According to Fig.18(b), after the OPF in phase C;, when the
conventional FTC is proposed, there’s an obvious difference
between i, and i, and the Lissajous figure is an ellipse instead
of a circle. While after the proposed FTC, i, and i; are
basically the same and the Lissajous figure is a circle, the
same as that in Fig.18(a). The experimental results in Fig.19
show that the 3-loop conventional FTC strategy based on the
virtual healthy model will not eliminate fluctuation in the d-q
axes current waveforms and the proposed strategy will greatly
reduce the current fluctuation in d-q axes, which can prove the
effectiveness of the proposed strategy.

Since no iterative calculation is needed, the proposed
strategy is promised to have a fast dynamic response. And it
can be validated by testing the phase current response under
sudden load change and speed change. The phase A current
waveform of the dynamic response is shown in Fig.20. The
waveform when speed changes from 400rpm to 600rpm, the
rated speed, is shown in Fig.20(a) and it proved the good
dynamic response. Fig.20(b) shows that the proposed strategy
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Fig.20 Transient response of phase A current (a) speed changing at normal
range (b) speed changing at higher speed (c) load changing

still operates well and has good dynamic response at a higher
speed when the speed changing from 900rpm to 1200rpm. The
load change from 0.8Nm to 1.4 Nm is shown in Fig.20(c) with
a speed of 600rpm. And the waveforms in Fig.20 prove the
good dynamic performance in the proposed strategy.

VII. CONCLUSION

In this paper, an FTC strategy for OPF based on the virtual
healthy model in DTP-PMSMs is proposed to suppress the
torque ripple and reduce the copper loss. The proposed FTC
scheme takes the voltage difference between the controller
output voltage and actual winding voltages under OPF into
consideration during the design. Voltage compensation and
the quasi-PR controller are utilized to eliminate the torque
distortion caused by the voltage difference. And the following
conclusions can be drawn,

(1) The virtual healthy model is a promising modeling
strategy to the DTP-PMSMs under OPF since the
transformation matrix keeps unchanged and both the
control scheme and the modulation scheme suitable for
healthy DTP-PMSMs can still be applicable under
postfault operations. Besides, only 3 current loops are
needed in the virtual healthy model-based FTC
compared to 4 current loops when healthy. And the
sinusoidal current references are also derived to
achieve minimum copper loss.

(2) the OPF will also interfere with the transmission of the
controller output voltage signals. The voltage
difference between the controller output voltage and
actual winding voltages in OPF should also be
considered in the virtual healthy model-based FTC
schemes. The analysis shows that ignoring that voltage
difference will induce the 2™ torque ripple component,
as well as the change in fundamental component and
34 harmonic components in phase currents.

(3) The proposed FTC scheme can successfully suppress
the torque ripple caused by the voltage difference
according to the theoretical analysis and experiments.
The voltage compensation plays an important role in
torque ripple suppression at low speeds while the
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quasi-PR controller is essential when the speed is high.
And the transient response is fast. The proposed
controller will keep the system stable under different
conditions. The effect of the antiparallel diode in the
faulty phase will not affect the fault tolerant
performance.

In conclusion, the presented method provides a solution to
the high-performance postfault operation in DTP-PMSMs
without significant change to the original controller or
complex algorithms, improving the reliability of the overall
system.
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