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Disturbance-Free Operation of Dual Three-Phase PM
Machine Under Open-Phase Fault Considering
Harmonic Current Injection

Lingling Guo ", K. Wang

Ruiwu Cao

Abstract—This article proposes a full-order vector space decom-
position (VSD) based fault-tolerant control with harmonic current
injection for surface-mounted dual three-phase permanent magnet
synchronous machine with open-phase fault to explore the limits of
copper loss reduction and available torque improvement. Different
from the conventional methods based on maintaining spatial cir-
cular rotation of magnetic motive force, the proposed method can
achieve disturbance-free operation during open-phase fault only
when g-axis current undisturbed, rather than requiring both d-
and g-axis currents to be undisturbed. Thus, the degree of control
freedom on d-axis can be released, where the simple harmonic
current injection method can be employed to further improve fault-
tolerant performance. Both theoretical and experimental results
are presented to validate the superiority and effectiveness of the
proposed method.

Index Terms—Dual-three phase machine, fault-tolerant control,
harmonic currents injection, maximum torque capability,
minimum copper loss.

I. INTRODUCTION

ITH the increasing requirements in high efficiency and

high reliability, multiphase permanent magnet (PM)
synchronous machine drives with inherent phase redundancy,
which allow for continuous operation even under postfault, are
highly appreciated at some modern industrial applications [1],
[2]. However, unexpected malfunctions, such as, open-circuit
faults, short-circuit faults, and sensor faults generally induce
disturbances into the drive system, which degrades operation
performance. To achieve disturbance-free operation, multiphase
fault-tolerant control methods have been widely investigated [3],
[4]. Since open-phase faults can act as remedies for many other
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fault types, existing fault-tolerant control methods mainly focus
on open-phase faults.

For fault-tolerant control, the essence is to optimize and
control the remaining healthy phase currents for both ensuring
the average torque unchanged and minimizing the torque ripple
[51, [6], [7]. However, multiphase machines still have additional
degrees of freedom even under postfault, especially single open-
phase faults, which leads to a higher number of unknowns than
known conditions, so the solution for fault-tolerant currents is
not unique. Generally, the minimum torque ripple is a common
objective, beside which, two optional optimization objectives,
namely, minimum loss (ML) and maximum torque (MT) can be
selected to yield the optimal currents [8], [9].

To implement postfault vector control, several reduced-order
vector space decomposition (VSD) matrixes have been devel-
oped for multi-phase machines with structural unbalance to ob-
tain decoupling models. In[10], [11], and [12], the reduced-order
VSD matrixes preserving the subspace orthogonality are devel-
oped for five-phase and dual three-phase (DTP) PM machines,
respectively. In [13] and [14], the nonorthogonal reduced-order
VSD matrix preserving the spatial circular rotation of PM flux
linkage vector and magnetic motive force (MMF) is developed
for five-phase PM machines, which provides the same mathe-
matical model as the normal one. In [15], a simple reduced-order
VSD matrix derived from the known optimal fault-tolerant cur-
rent provides a remedial field-oriented control for open-circuit
fault. Although both ML- and MT-based disturbance-free op-
eration modes can be achieved through replacing the prefault
matrix with the reduced-order ones, it requires feedforward
voltage compensators or additional matrix to obtain decoupled
d-q [10], [11], [12], [13], [14], [15]. Since reduced-order VSD
matrix is different for each possible open-phase fault, in practice,
either a large number of transformation matrices are required to
be stored, or the phase order needs to be modified to use the
same transformation matrix, which increases the complexity of
control algorithm.

In addition to replacing the prefault matrix with the reduced-
order ones, the case of preserving the prefault matrix has been
already studied to avoid transformation matrix reconfigura-
tion. For DTP machines with two three-phase winding con-
figurations, the simplest fault-tolerant control is to remove the
faulty three-phase winding containing the faulty phase when
the prefault multiple three-phase VSD matrix is preserved [16].
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Fig. 1.
control.

However, two healthy phases are disabled together with the
faulty one, which causes significant reduction in the achievable
power/torque. In [17] and [ 18], the influence of open-circuit fault
on vector control is investigated when the prefault full-order
VSD matrix is preserved. Fault-tolerant control can be achieved
through maintaining the fundamental MMF undisturbed and
then modifying loss-producing current references, as shown in
Fig. 1(c). Due to the generality, it has been presented to improve
the braking transients for six-phase induction machines with sin-
gle open-phase faultin [19], evaluate postfault current/torque ca-
pability for symmetrical and asymmetrical six-phase machines
under different fault types in [20], and achieve full-range ML for
symmetrical multiphase machines under various fault conditions
in [21]. However, the abovementioned methods are achieved
based on undisturbed rotating MMF, where only the fundamental
currents are considered. The reduction of copper loss and the
improvement of torque capability under fault-tolerant operation
are limited to some extent, as pointed out in this article.

To this end, disturbance-free operation considering harmonic
current injection is investigated. In [22], the third harmonic cur-
rent injection method is developed for further reducing copper
loss of DTP machines with two isolated neutrals configuration
under ML-based disturbance-free operation mode. Then, it is
extended to MT mode for surface-mounted [23] and interior
[24], [25] machines, respectively. However, due to the adop-
tion of multiple three-phase VSD-based fault-tolerant control,
the harmonic currents are only injected in the healthy three-
phase winding, rather than all the remaining phases, which still
limits the copper loss reduction and torque improvement. For
surface-mounted machine, the smooth torque can be provided
during open-phase faults when g-axis current is undisturbed.
In [26], through releasing the demand on d-axis current, the
optimal current is theoretically derived for DTP machines with
single and two isolated neutrals configurations under ML-based
disturbance-free operation mode. However, multiple complex
functions are required to generate current references, increasing
the complexity of fault-tolerant algorithm. Most importantly, it

(a) Vector control scheme under pre- and postfault. (b) Prefault decoupled current control. (c¢) Existing fault-tolerant control. (d) Proposed fault-tolerant

is difficult for the derivation-based method in [26] to be directly
applied to MT mode with the multiple-objective characteris-
tics, where the remaining phase currents should be optimized
simultaneously to maximize torque per ampere. Hence, in [27],
the particle swarm optimization algorithm is employed to yield
the theoretical optimal current for MT mode. However, due to the
high frequency characteristics of optimal current, it is difficult
to guarantee the accurate injection.

As mentioned earlier, previous works related with harmonic
injection either provide limited copper loss reduction or torque
improvement due to the adoption of sinusoidal currents in faulty
three-phase windings [22], [23], [24], [25], orinapplicable to MT
mode due to the single-objective characteristics of analytical
method [26], or fail to achieve the accurate injection due to
high frequency characteristics of optimal current [27]. In this
article, through investigating the influence of open-phase fault
on vector control based on full-order VSD matrix, a simple
method, which injects second and fourth harmonics into d-axis
current while keeping the g-axis current undisturbed, is proposed
for surface-mounted DTP machines with open-phase fault to
explore the limits of copper loss reduction and torque capabil-
ity improvement. Moreover, both theoretical and experimental
results verify that the performance of the proposed method is
comparable even better to the existing methods.

II. INFLUENCE OF OPEN-PHASE FAULT ON VECTOR CONTROL

For DTP machine, the Clark transformation matrix can be
expressed as

1 1 _1 V3 3 i
2 2 2 2
3 31 1
e S SN S
1 1 3 3
c_ Lt -3 -5 -¢ ¥ o (1
3 0 _ V3 V3 1 1 -1
2 2 2 2
1 1 1 0 0 0
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And the Park transformation matrix can be expressed as

cosf  sinf
L [—sin@ 0059}

©))

where 6 is the rotor electrical angle.

The open-phase fault considered here is an open-circuit fault
occurring in the connection at terminal of the machine, where the
machine is not physically damaged. Thus, the machine mathe-
matical model remains unchanged under pre- and postfault [18].
Through (1) and (2), the torque equation for surface-mounted
machine to be tested can be expressed as

T, = 3piyiq 3

where p is the number of pole pairs and 1) is the amplitude of
fundamental PM flux linkage.

When the open-phase fault occurs, the faulty phase current is
zero, i.e., iy = 0. Through inverse VSD transformation matrix,
the following relationship is satisfied:

iqcos (0 — @) — igsin (0 — o)
+i5;C0850 + 1, 8indp s = i51 = 0 “4)

where the subscript f €{a;,bi,cq1,a2,bo,co} represents faulty
phase and the corresponding faulty phase angle ¢y € {0,27/3,
—27/3,7/6,57/6,—m/2}. For the last term on the right-hand side
of the equation, the addition and subtraction operators are for
f € {a1,bi,c1} and f € {ag,ba,co}, respectively. Here, i,o is
uniformly replaced by —i,; for f € {as,bo,ca}, since i, 1+is0
=0and i,; =i, = 0 are for single and two isolated neutrals
configurations, respectively.

From (4), it can be observed that the d-q, x-y, and 01-02
currents are no longer decoupled from each other under post-
fault. However, prefault current control is designed to achieve
independent goals since they are decoupled from each other
under prefault, as shown in Fig. 1(b). Therefore, under postfault,
the prefault decoupled current control leads to the conflicts
between d-g and x-y-01-05 current controllers, which degrades
the performance of g-axis current controller to some extent [28],
[29]. From (3), the g-axis current tracking performance directly
affect the torque performance.

III. PROPOSED FAULT-TOLERANT CONTROL

In this section, the proposed fault-tolerant control with har-
monic current injection, as shown in Fig. 1(d), is described in
detail.

A. Disturbance-Free Operation Through Maintaining the
Q-Axis Current Undisturbed

To yield smooth torque under postfault, it is necessary to
maintain the g-axis current undisturbed, which can be expressed
as follows:

ig= ¢ (©)

where ¢ = T, /3pyy is a constant.
Fig. 2 shows the current trajectories on d-qg and a-3 subspaces
of postfault disturbance-free operation, where both the orange
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Fig. 2. Current trajectories on (a) d-g and (b) - subspace of postfault

disturbance-free operation.

dot and line indicate the special case i ; = 0, as shown in Fig. 1(c).
From Fig. 2(b), the fact that the trajectory of -3 current should
be circular is just a special case of postfault disturbance-free
operation. The smooth torque can be obtained even when the
trajectory of -3 currents is no longer circular.

B. Fault-Tolerant Performance Improvement Through
Injecting Harmonics Into D-Axis

Since the electromagnetic torque only relies on g-axis current,
the requirement of postfault disturbance-free operation on d-
axis current can be released to explore the limits of copper loss
reduction and torque capability improvement. In this article, a
simple alternative method is proposed to approach the optimal
results through injecting harmonics into d-axis current.

As reported in [26], [27], [30], [31], and [32], third, fifth and
even higher order harmonics (in stationary frame) have been
utilized to improve control performance under healthy state and
even fault-tolerant state. However, the requirement on control
bandwidth increases as the harmonic order increases, while
the potential benefit reduces [33], [34]. Thus, only third and
fifth harmonics are considered here, which are mapped into the
second and fourth harmonics at d-g synchronous frame. Based
on the above analysis, d-axis current can be expressed as

iqg =g (ka2sin (20 4+ pa2) + kaasin (40 4+ pq4))  (6)

where k42 and k 44 are injection coefficients for second and fourth
harmonics, respectively. @42 and @44 are the offset angles for
second and fourth harmonics, respectively.

C. Decoupled Current Control Through Modifying x-y-01-0;
Current References

Due to the additional constraints (4) introduced by faults, there
is a conflict between the independent goals of current controllers
and the fact that the actual current is coupled. For d-g current
control to be effective, it is necessary to modify x-y-01 -0 current
references under postfault to decouple d-g current from them.

To obtain x-y-01-02 current references, (4) can be rewritten as

14COSQ  + 1gSiNQ s + 1,C085p ¢ + 1,8indpy £ 151 = 0 (7)
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where i, and ig can be obtained through (2), (5), and (6), their
detailed expressions are as follows

ia = iq [ — sinf + k‘f{sin(@ + gad2> + sin (30 + gonxz) }
—i—ké‘”{sin (39 + L,Dd4) + sin (59 + <,0d4> }]

ig =iq {cos@ + k;”{cos <6 + god2> — cos (39 + <pd2> }
+k;4{cos <39 + <,0d4> — CcoSs (59 + S0d4> }] .

From (7), under postfault, x-y and o;-axis currents can be
expressed as the linear combination of a-f currents

®)

1y = k11 %0 + k1218
ty = ko1 o + ko2ig )
to1 = k31 i + k32ip

where k11, k12, ko1, koo, k31, and k3o are correlation coefficients.
They satisfy the following relationship:

cospy + k11c0sdpy + koisindbpy £ k31 = 0 (10)
singpy + k12c085¢f + koosindpy £ k3o = 0.
Specially, for two isolated neutrals configuration, it meets the
following relationship:

ka1 = 0
{k32: 0 (11)

D. Selection of Optimal Coefficient

According to the previous analysis, there exist ten unknown
variables (kq2, ka4, @a2, Pda, k11, k12, ka1, koo, k31, and k32)
and two/four equations described in (10) and/or (11), resulting
in the multiple solutions. Here, two different disturbance-free
operation modes are considered to yield optimal solutions.

1) ML Mode: The objective is to minimize stator copper loss,
whose per unit value can be expressed as

1 21 B 9
Peu = <%/0 zn:lnd9> /3Zq

where per-phase current can be expressed as

(12)

In = Gq COSPy + igSINYy + 1;C085¢y, + iy SiNdp, £ iy
(13)
where the subscript n€{aj,by,c1,a2,bs,c2} and the correspond-
ing phase angle ¢,,€{0,27/3,—-27/3,7/6, 57/6,—7/2}.
Substituting (8), (9), and (13) into (12), the normalized stator
copper loss can be simplified as

Peu = Wq Ia + wBIB + wmIm (14)
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with

;o1 1%212 + k§4 + 2 — 2kgac08 (va2)
@4 kaokgacos —
+kaokqscos (waz — paa)

=1 k2, + k3, + 2 4 2kaocos (@az) }
4| —kazkascos (pa2 — @aa)
I — 1 Zk;dgsin (‘Pd2> (15)

I

+kaokgasin (a2 — @ds)

Wwo = 1+ k{y + K3y + 2k3,

wg = 1+ kiy+ k3, + 2k3,

Wy, = 2 (k11k12 + ko1koo + 2k31ks32) .

2) MT Mode: The objective is to maximize torque per am-
pere, which is equivalent to minimizing the maximum root mean
square (rms) current at given torque.

For per-phase current, its normalized rms value can be ex-

pressed as
1 2m
I, = ﬂ/o 2d0/ (V2iq/2)

Substituting (8), (9), and (13) into (16), the normalized rms
value can be simplified as

(16)

I, = \/2 (Wnodo + Wnpls + Wom L) (17)
with
Wna = (COS@y, + k11€085¢,, + kaisinby, + k31)2
Wpg = (sing,, + k12c085p,, + kogsinby,, + I<;32)2 (18)
Wpm = 2 (cospy, + k11c08b5yp, + ko1sinbe,, + k31)
X (sing,, + k12c085¢,, + koosinbp,, + k3a) .
Then, the maximum rms current can be expressed as
Irms = maxr {IalaIblaIcla-[aZaIanICZ}~ (19)

As for torque capability, it is generally expressed as the ratio
of maximum rms current of healthy state to that of fault-tolerant
state [26], [27]. Since the maximum rms current (19) is normal-
ized with respect to that of healthy state, the maximum torque
capability at given rms current can be simplified as

TMAX = 1/Irms X 100% (20)

For ML and MT modes, the optimization objective is to
minimize (14) and (19), respectively, and both are subjected
to the restrictions as in (10). In particular, there are additional
constraints (11) for two isolated neutrals configuration. With
the help of MATLAB Optimization Toolbox in Appendix, the
optimal coefficients are obtained and listed in Tabel I, which is
applicable to any surface-mounted DTP machines and through-
out the full operation regions since the optimization procedure
does not involve any machine parameters and those parameters
related operation states (speed and load). Moreover, Figs. 3-6
show optimal current waveforms on d-g-x-y(-01) and a;-bi-cq-
as-bo-co reference frames for different disturbance-free oper-
ation modes and different neutral point configurations. Fig. 7
shows current trajectories on «-f3 reference frame, where the
trajectory of - currents is no longer circular, especially in MT
mode.
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TABLE I
OPTIMAL COEFFICIENTS FOR ML AND MT MODES WITH DIFFERENT NEUTRAL POINT CONFIGURATIONS

Neutrals Mode  Faulty Phase L LY
ki ki kot ke k3 k32 ka ks D> Das
a; -0.67 0 0 0 -0.33 0 0.25 -0.03 0 0
by -0.17 0.29 -0.29 0.50 0.17 -0.29 -0.25 0.03 -n/3 /3
ci -0.17 -0.29 0.29 0.50 0.17 0.29 -0.25 0.03 /3 -1t/3
ML a 05 029 029 017 029 017 025 003 /3 /3
b, 0.5 -0.29 0.29 -0.17 -0.29 0.17 0.25 0.03 /3 -1t/3
Single [ 0 0 0 -0.67 0 -0.33 -0.25 -0.03 0 0
isolated a; -0.72 0 -0.38 -0.14 -0.28 0 0.51 -0.07 -m/10 /10
b, 0.09 0.09 -0.47 0.66 0.13 -0.25 -0.51 0.07 -137/30 137/30
MT ¢ -0.23 -0.66 0.27 0.34 0.15 0.24 -0.51 0.07 71/30 -71/30
a, 0.34 0.27 -0.66 -0.23 0.24 0.15 0.51 0.07 -Tr/30 71/30
b, 0.66 -0.47 0.09 0.09 -0.25 0.13 0.51 0.07 137/30 -131/30
[ -0.14 -0.38 0 -0.72 0 -0.28 -0.51 -0.07 /10 -1/10
a; -1 0 0 0 0 0 0.34 -0.06 0 0
by -0.25 0.43 -0.43 0.75 0 0 -0.34 0.06 -/3 /3
¢ -0.25 -0.43 0.43 0.75 0 0 -0.34 0.06 /3 -1/3
ML a 075 043 043  -025 0 0 034 0.06 /3 /3
b, 0.75 -0.43 0.43 -0.25 0 0 0.34 0.06 /3 -1/3
Two [ 0 0 0 -1 0 0 -0.34 -0.06 0 0
isolated a; -1 0 0 -0.07 0 0 0.75 -0.25 0 0
by -0.2 0.46 -0.46 0.73 0 0 -0.75 0.25 -m/3 /3
ci -0.2 -0.46 0.46 0.73 0 0 -0.75 0.25 /3 -1/3
MT a 073 046 046 -0 0 0 075 025 /3 /3
b, 0.73 -0.46 0.46 -0.2 0 0 0.75 0.25 /3 -1/3
[ -0.07 0 0 -1 0 0 -0.75 -0.25 0 0
2 - 2 — — 2 - 2 ;
Kl : | %x’c{’c&ﬁ% 1 i : 1 Kl g
= Kb yla 35 O = Kl i = %,
5 0 Ki - & 0 Vi & 0 Ki, & 0 \J] ;
b y Lo =~ \%& ~ 1 7 =l 7 L
Ip Iy
-20 60 120 180 240 300 360 -20 60 120 180 240 300 360 _20 60 120 180 240 300 360 _20 60 120 180 240 300 360
() 0(°) 0() 00
(a) (b) (a (b)
Fig. 3. ML-based current waveforms on (a) d-g-x-y-o1 and (b) aj-bj-cq-  Fig. 5. ML-based current waveforms on (a) d-¢g-x-y and (b) aj-bj-cq-az-ba-

ag-ba-co reference frames for aj -phase open-phase fault under single isolated
neutral configuration.

2 ~ 20 il
- 1 %\K < m‘/>§
?f o o lg | ,; o il
& I} [ 1 &
=1 y ol KlX =1 \ -
2 2 [» 1y
0 60 120 180 240 300 360 0 60 120 180 240 300 360
oC° oC°
(@ (b)
Fig. 4. MT-based current waveforms on (a) d-g-x-y-o1 and (b) aj-bj-cq-

ag-ba-co reference frames for aj -phase open-phase fault under single isolated
neutral configuration.

E. Fault-Tolerant Performance Comparison

To demonstrate the superiority of the proposed method, it
is compared with previous works [18], [22], [23], [26], [27].
Table II lists the comparison results, where the copper loss, rms
current, and torque capability are calculated by (12), (19), and
(20), respectively. It can be seen from Table II that compared to
MO, M1, and M3 methods in [18], [22], and [23], the proposed
M5 method provides the lower copper loss and higher torque

co reference frames for aj-phase open-phase fault under two isolated neutrals
configuration.

2 - 2 ; s .
L . ' ) b2 wle2 lery la2
N R gk lg e yia /
o . o
bt Iy bt
-1 -1 o
Ip1
_20 60 120 180 240 300 360 _20 60 120 180 240 300 360
0(°) o
(a) (b)
Fig. 6. MT-based current waveforms on (a) d-g-x-y and (b) aj-bj-cq-az-ba-

co reference frames for a;-phase open-phase fault under two isolated neutrals
configuration.

capability, even under different neutral point configurations and
different disturbance-free operation modes. Compared to M2
and M4 methods in [26] and [27], the proposed M5 method
provides the similar copper loss and torque capability through
low-order harmonics and simple linear operations, as shown
in (6) and (9), instead of those high frequencies or complex
functions required in [26] and [27]. Table III lists the comparison
results in terms of the selected harmonic orders, applicable
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TABLE II
COMPARISON RESULTS OF COPPER LOSS, RMS CURRENT, AND TORQUE CAPABILITY
Stator copper loss pe. (p.u.) Maximum rms current /ims (p.u.) Torque capability Ty
Method N1 N2 N1 N2 N1 N2
ML MT ML MT ML MT ML MT ML MT ML MT

Healthy state 1 1 100

MO [18] 1.33 1.73 1.5 2 1.85 1.44 1.8 1.73 54.05% 69.44% 55.56% 57.8%

MI [22] - - 143 - - - 1.62 - - - 61.73% -

M2 [26] 1.29 - 1.41 - 1.67 - 1.57 - 60.24% - 63.69% -

M3 [23] - - - 1.57 - - - 1.47 - - - 68.03%

M4 [27] - - - 1.52 - - - 1.37 - - - 72.99%
Proposed M5 1.29 1.4 141 1.56 1.67 1.3 1.57 1.37 60.24% 76.92% 63.69% 72.99%

Note: MO is the fault-tolerant method without harmonic injection, while M1—M5 with different harmonic injection. (b) N1 and N2 indicate single and two
isolated neutrals configuration, respectively. (c) — indicates that the index is not provided.

2 2
N2
¥ N1 v 2
| _HO ) »
) N1

20 ‘ | 20 1‘
(=3 w (=3
= 2 kHO

-1 - -1 =

21 .0 1 2 2y 1 0 1 2

i /pu. i/pu.
(a) (b)
Fig. 7. Current trajectories on a-(3 subspace for (a) ML mode (b) MT mode,

where HO, N1, N2 indicate healthy condition, single, and two isolated neutrals
configuration, respectively.

TABLE III
COMPARISON RESULTS OF THE SELECTED HARMONIC ORDERS, APPLICABLE
DISTURBANCE-FREE OPERATION MODES, AND NEUTRAL POINTS

CONFIGURATIONS

Method Harmonic order Mode Configurations

MO [18] 1 MLMT NI1,N2

M1 [22] 1,3 (healthy three-phase ML N2

M3 [23] windings) MT N2

M2 [26] 1,3,5 ML NI,N2

M4 [27] 1,3,5,7.,9,... MT N2
Proposed M5 1,3,5 MLMT N1,N2

Note: N1 and N2 indicate single and two isolated neutrals configuration,
respectively.

disturbance-free operation modes, and neutral points configu-
rations. It should be noted that M2 and M4 methods only focus
on one operation mode, while the proposed method provides
a unified way to selectively implement ML or MT modes with
only modification of the coefficients, regardless of single, or two
isolated neutrals configurations.

IV. EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed fault-tolerant
control, an experimental platform based on dSPACE1007 is
constructed, as shown in Fig. 8. The DTP machine, which is
supplied by two two-level three-phase voltage source inverters
(Mitsubishi PM300RL1A060) with parallel-connected dc-link,
is coupled with a dc motor as the load. The phase current and
torque are measured in real time through Hall effect sensors

Computer

Test machine

Fig. 8. Experimental platform.
TABLE IV
KEY PARAMETERS OF EXPERIMENTAL SETUP
Parameter Value(unit) | Parameter Value(unit)
Pole pairs 5 Stator resistance 0.7Q
d-g inductance 1.2 mH x-y inductance 0.5 mH
PM flux-linkage 0.06 Wb Switching frequency 10 kHz
Sampling frequency 10 kHz Dc link voltage 80V
Power 600 W Rated load 6 N-m
Rated speed 1000 r/min | Rated current 10 A

R(hen)=

Fig. 9.

Control block of current controllers.

(CSM100B) and torque transducer (HBM T20WN), respec-
tively. The key parameters of experimental setup are listed in
Table IV.

In the experiments, the current controllers shown in Fig. 9
are employed to track the d-g-x-y-o1-0o current references,
where the resonant controller (red box) is only active under
fault-tolerant operation. According to d-axis current reference
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TABLE V
PARAMETERS OF SPEED AND CURRENT CONTROLLERS

Parameter
Controller i % I
Speed controller 0.01 1 -
Current q-ax@s current 0.1 1000 -
controller d-axis current 0.1 1000 0.05
X-y-01-0, current 0.3 1000 0.05
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Fig. 10. ML-based experimental results for two isolated neutrals configura-

tion. Current waveforms on (a) d-g subspace; (b) x-y subspace; (c) aj-by-c1
reference frame; (d) ag-ba-co reference frame; (e) speed, torque, copper loss,
and maximum rms current waveforms under healthy state and fault-tolerant
state; () current trajectory on a-( subspace.

shown in (6), two resonant controllers with center frequencies
2wy and 4wy are employed to track the second and fourth
harmonic components, respectively. Here, wq is the fundamen-
tal rotor electrical speed. From (8) and (9), x-y-01-04 current
references contain fundamental, third and fifth harmonic com-
ponents, which are regulated through resonant controllers with
center frequencies wy, 3wy and 5wy, respectively. Table V lists
the parameters of speed and current controllers.

A. Steady-State Operation

In steady-state operation, the DTP machine without and with
a;-phase open is running at 1000 r/min under about 4 N-m load,
i.e., 66.67% of rated load.

Figs. 10 and 11 show experimental results under two isolated
neutrals configuration for ML and MT modes, respectively.
From Fig. 10(a), the harmonics have been successfully injected
into d-axis current. And the x-y current waveforms in Fig. 10(b)
and phase current waveforms in Fig. 10(c)—(d) are consistent
with the theoretical ML-based current waveforms in Fig. 5. The
speed, torque, copper loss and maximum rms current waveforms
under healthy state and ML-based fault-tolerant state are given
in Fig. 10(e), where smooth torque and speed can be obtained
due to the undisturbed g-axis current in Fig. 10(a) for ML mode,
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Fig. 11. MT-based experimental results for two isolated neutrals configura-
tion. Current waveforms on (a) d-g subspace; (b) x-y subspace; (c) aj-bj-c1
reference frame; (d) ag-ba-co reference frame; (e) speed, torque, copper loss,
and maximum rms current waveforms under healthy state and fault-tolerant
state; (f) current trajectory on -3 subspace.

although the trajectory of actual «-f3 currents in Fig. 10(f) is
no longer circular. From Fig. 10(e), the normalized copper loss
and rms current are about 1.35 p.u. and 1.5 p.u. for ML mode,
respectively, which are close to the corresponding theoretical
values in Table II. From Fig. 11(a)—(d), both d-g, x-y current
waveforms and phase waveforms are consistent with theoretical
MT-based current waveforms in Fig. 6. It can be seen from
Fig. 11(e)—(f) that MT mode can also provide smooth torque
and speed, even under obviously unbalanced a-3 currents. From
Fig. 11(e), the normalized copper loss and rms current are about
1.5 p.u. and 1.25 p.u. under MT mode, respectively, which are
close to the corresponding theoretical values in Table II.

Figs. 12 and 13 show experimental results under single iso-
lated neutral configuration for ML and MT modes, respec-
tively. For ML mode, the current waveforms on d-gq, x-y, 01-02
subspaces in Fig. 12(a)—(c) and phase current waveforms in
Fig. 12(d)—(e) are consistent with its theoretical current wave-
forms in Fig. 3. From Fig. 12(f), the smooth torque and speed
can be obtained for ML mode, although the corresponding
trajectory of actual a-3 currents in Fig. 14(b) is no longer
circular. From Fig. 12(f), the normalized copper loss and rms
current are about 1.25 p.u. and 1.5 p.u. for ML mode, re-
spectively, which are close to the corresponding theoretical
values in Table II. From Fig. 13(a)-(e), both d-q, x-y, 01-02
current waveforms and phase waveforms are consistent with
the corresponding theoretical waveforms in Fig. 4. It can be
seen from Figs. 13(f) and 14(c) that the same smooth torque
and speed can be obtained, even under unbalanced «-8 cur-
rents. From Fig. 13(f), the normalized copper loss and rms
current are about 1.4 p.u. and 1.3 p.u. under MT mode, respec-
tively, which are close to the corresponding theoretical values
in Table II.
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Fig. 12.  ML-based experimental results for single isolated neutral configu-
ration. Current waveforms on (a) d-g subspace; (b) x-y subspace; (c) 01-02
subspace; (d) a;-by-c; reference frame; (e) az-ba-co reference frame; (f) speed,
torque, copper loss and maximum rms current waveforms under healthy state
and fault-tolerant state.
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Fig. 13.  MT-based experimental results for single isolated neutral configu-

ration. Current waveforms on (a) d-qg subspace; (b) x-y subspace; (c) 01-02
subspace; (d) a;-by-c; reference frame; (e) az-ba-co reference frame; (f) speed,
torque, copper loss and maximum rms current waveforms under healthy state
and fault-tolerant state.

Figs. 15 and 16 show experimental results for MO without
harmonic injection and M1-M4 methods with different har-
monic injection, respectively. From Fig. 15(a) and (b), for single
isolated neutral configuration, the copper losses under ML and
MT modes are 1.25 p.u. and 1.7 p.u., respectively, while the
maximum rms currents are 1.6 p.u. and 1.25 p.u., respectively.
For two isolated neutrals configuration, the copper losses under
ML and MT modes are 1.5 p.u. and 1.85 p.u., respectively,
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configuration. (a) Healthy state. (b) ML mode. (c) MT mode.
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Fig. 15. Experimental results for MO method without harmonic injection.

(a) ML- and (b) MT-based fault-tolerant mode for single isolated neutral config-
uration. (c) ML- and (d) MT-based fault-tolerant mode for two isolated neutrals
configuration.
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Fig. 16. Experimental results for M1-M4 methods with different harmonic
injection. (a) M1 method. M2 method for (b) single and (c) two isolated neutrals
configurations. (d) M3 method. (e) M4 method.

while the maximum rms currents are 1.55 p.u. and 1.5 p.u.,
respectively, as shown in Fig. 15(c) and (d). It can be seen from
Fig. 16(a) that the copper loss and maximum rms current of
M1 method are 1.35 p.u. and 1.35 p.u., respectively. For M2
method, the copper losses under single and two isolated neutrals
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based fault-tolerant state for single isolated neutral configuration.
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Fig. 18.  Experimental results under healthy state, faulty state, ML-, and MT-

based fault-tolerant state for two isolated neutral configurations.

configurations are 1.25 p.u. and 1.35 p.u., respectively, while the
maximum rms currents are 1.5 p.u., and 1.45 p.u., respectively,
as shown in Fig. 16(b) and (c). For M3 and M4 methods, the
copper losses are 1.5 p.u., and 1.5 p.u., respectively, while the
maximum rms currents are 1.3 p.u. and 1.25 p.u., as shown in
Fig. 16(d) and (e). It can be concluded that the M2 method
provides lowest copper loss, while M4 method provides the
lowest rms current, compared to other methods. Combined with
the experimental results shown in Figs. 10-13, the proposed
method in this paper provides similar fault-tolerant performance
to M2 and M4 methods under ML and MT modes, respectively.
All of these are close to the theoretical analysis in Table II.
Figs. 17 and 18 show experimental results under healthy state,
faulty stats, ML- and MT-based fault-tolerant state for single
and two isolated neutrals configurations, respectively, where the
torque ripples 7, is the ratio of the error between maximum
torque and minimum torque to the average torque. It can be seen
from Fig. 17 that under single isolated neutral configuration,
the torque ripples are 4%, 104%, 16%, and 28% for healthy
state, faulty state, ML-, and MT-based fault-tolerant state, re-
spectively. As for two isolated neutrals configuration, the torque
ripples are 4%, 124%, 20%, and 36% for healthy state, faulty
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Fig. 19. Experimental results under speed variation. (a) ML- and (b) MT-

based fault-tolerant mode for single isolated neutral configuration. (¢) ML- and
(d) MT-based fault-tolerant mode for two isolated neutrals configuration.
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Fig. 20. Experimental results under load variation. (a) ML- and (b) MT-

based fault-tolerant mode for single isolated neutral configuration. (¢) ML- and
(d) MT-based fault-tolerant mode for two isolated neutrals configuration.

state, ML-, and MT-based fault-tolerant state, respectively, as
shown in Fig. 18. These demonstrate the ability of the proposed
fault-tolerant method to suppresses the torque ripples induced by
open-circuit fault, regardless of neutral point configurations and
fault-tolerant operation modes. In addition, ML mode provides
lower copper loss, while MT mode provides lower rms current,
which corresponds to higher torque capability, even under dif-
ferent neutral point configurations.

B. Transient-State Operation

Figs. 19 and 20 show experimental results under speed and
load variations, respectively. From Fig. 19, the fault-tolerant
performance of the proposed method remains unchanged, even
when the speed increases from 500 r/min to 1000 r/min. Similar
results can be obtained when the load varies from 4 N-m, i.e.,
66.67% of rated load, to 2 N-m, i.e., 33.33% of rated load, as
shown in Fig. 20. All of them experimentally verify that the
optimal coefficient listed in Table I is independent of operation
states.
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V. CONCLUSION

This article proposed a fault-tolerant control based on har-
monic current injection for surface-mounted machines to ex-
plore the limits of copper loss reduction and torque capability
improvement, which is achieved through the vector control
framework based on full-order VSD matrix with a release of
the requirement on d-axis current and a simple modification of
other current references except d-g currents. The contributions
of this article are as follow.

1) The x-y-01-02 current references are generated based on
«- current references through simple linear operations,
instead of multiple complex functions required in [26].

2) The optimal coefficient is applicable to any surface-
mounted DTP machines and throughout the full operation
regions, without parameter dependency.

3) It provides similar fault-tolerant performance to previous
works through low-order harmonics, instead of those high
frequencies required in [27].

4) Regardless of single or two isolated neutrals configura-
tions, ML and MT modes can be implemented selectively
just through modifying the coefficient.

APPENDIX

Table VI shows the optimization code employed in MAT-
LAB software, where built-in nonlinear optimization functions
Jfmincon and fminimax are employed to solve the optimization
problems for ML and MT modes, respectively, user-defined
subfunctions Pcu, Irms, and Ifc are calculated by (14), (17),
and (10), respectively. It can be seen from Table VI that under

TABLE VI
OPTIMIZATION CODE EMPLOYED IN MATLAB SOFTWARE

variable | description

obj The selection of optimization objective. 0 is for ML
mode; 1 is for MT mode.
neu The selection of neutral configuration. 2 is for two
Input: . .
isolated neutrals configuration.
phif The selection of faulty phase angle. 0, 2773, -2 /3,

w6, 576, -2 are for faulty phase a,, by, ¢;, as, b,
), respectively.

%% main function

x0 = zeros(10,1);

Aeq = [];beq = []; %Aeq x=beq

if neu == 2 %two isolated neutral configuration: k31=k32=0
Aeq = [Aeq;zeros(1,4) 1 zeros(1,5),zeros(1,5) 1 zeros(1,4)];
beq = [beq;0;0];

end

if obj == 0 % ML mode
x = fmincon(@Pcu,x0,[],[],Aeq,beq,[],[],@nonlcon);
elseif obj == 1 % MT mode

x = fminimax(@Irms,x0,[],[],Aeq,beq,[],[],@nonlcon);
end

%% nonlinear constraint
function [c,ceq] = nonlcon(x)
c= [Jiceq = @lfes
end
Output: | x = [k, ko, ka1, ko, ks, ko, ka, ks, @i, @)

(1]

2

—

[3]

[4]

[5]

[6

=

[7]

[8]

[9

—

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

(18]

[19]
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optimization procedure, no additional parameters are required,
therefore avoiding tuning works.
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