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Self-Adaptive Fault-Tolerant Control of Three-Phase
Series-End Winding Motor Drive

Xiangwen Sun, Student Member, IEEE, Zicheng Liu
Dong Jiang

Abstract—This article proposes a simplified fault-tolerant con-
trol (FTC) method for three-phase series-end winding motor drive,
which has four bridges to achieve high voltage utilization and in-
creased degrees of control freedom. Seven fault types are analyzed
and the corresponding voltage/current derating is calculated. The
proposed self-adaptive fault-tolerant strategy applied for the first
fault category acts in both healthy and faulty conditions, which
avoids the risk of delay and error caused by fault diagnosis, and
achieves smooth fault-tolerant transition. Compared with existing
FTC methods for the same structure, the proposed control strategy
can achieve obviously better voltage utilization. In addition, to fur-
ther exploit the maximum speed potential in the linear modulation
zone, the improved common-mode voltage injection is adopted. The
performance of the proposed fault-tolerant method is validated ex-
perimentally in an open-end three-phase induction machine system
with the open-circuit fault.

Index Terms—Fault tolerant control,
inverters, motor drives.

induction motors,

1. INTRODUCTION

S ELECTRICAL drive motors are employed in more and

more important occasions [1], [2], reliability becomes a

core index for evaluating system performance. However, the
variable speed drive techniques relying on power electronics
components increase the risks of faults in motor drive. Compared
with multiphase motors, which can withstand multiple failures
and possess the basis for passive fault tolerance due to inherent
redundant control freedoms [3]—[5], [29], the three-phase motors
with weak reliability still dominate the market share in most
applications. Consequently, enough attention should be given to
the fault-tolerant control (FTC) of the three-phase motor system.
There are two typical types of FTC for the three-phase system.
The first type is the three-phase working mode, which means that
all the three-phase windings can still work after the converter
fault occurs. It can be achieved by alternate bridges or drive
reconfiguration [6], [7], [25]. Although currents flow in all the
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Fig. 1. Series of three-phase drive topologies. (a) Half bridge. (b) Delta type.
(c) Three-phase four-leg. (d) Full bridge. (e) Series-end winding.

windings, the maximum fault-tolerant output power might be de-
creased considering voltage and current limits of the inverter, un-
less the alternate bridge is implemented to ensure the unchanged
drive structure before and after the faults [8]. The second type
is the more prevalent two-phase working mode, in which the
control complexity is increased compared with the three-phase
mode [27]. To generate smooth torque, two remaining phase
currents need to be adjusted in the magnitude and phase position
to synthesize steady circular magnetomotive force (MMF) [9],
[10]; hence, the zero-sequence current pathway is required for
the newly created zero-sequence current components.

Based on the two-phase working principle above, a series
of three-phase motor drive topologies with fault tolerance has
been studied [11], [12]. Since the short-circuit faults [30] can be
transformed into the open-circuit fault through the fuses, most of
the research is based on the FTC of open phase/open circuit in the
bridge. Traditional three-phase half bridge [shown in Fig. 1(a)]
has poor fault-tolerant ability due to no zero-sequence current
pathway. The delta topology owns the zero-sequence pathway
with three bridges [see Fig. 1(b)]. However, this structure cannot
generate circular MMF when the open circuit happens on any
bridge, so the reliability is limited [13], [14]. The three-phase
four-leg type with added neutral bridge, shown in Fig. 1(c),
is proven with comprehensive fault-tolerant capability, but the
large current capacity for the neutral bridge makes it not so
attractive, especially on large-current occasions [15], [16]. The
three-phase full-bridge type, shown in Fig. 1(d), owns the highest
reliability because of decoupled winding voltage with two-side
control freedom. Nevertheless, the high hardware expenses hin-
der the applications of full-bridge type in cost-sensitive areas.
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The topology determines whether the system has fault tol-
erance capability. The corresponding FTC methods are related
to the postfault performance, mainly in transient procedure and
output capacity. After the fault occurs, the system may be in an
unstable state during the fault diagnosis time. The self-adaptive
operation can help the system skip this stage and switch quickly
to the fault-tolerant algorithm, which is realized in experiments
with full-bridge and delta type [7], [14]. However, the theoretical
basis for self-adaptive FTC has not been analyzed to explore the
implementation principle.

Because the remaining phase currents need to be increased
to keep unchanged MMF in two-phase working mode, the
current output capacity inevitably declines after the fault occurs.
The postfault output capacity is mainly determined by voltage
utilization. However, even for the full-bridge topology with the
highest voltage utilization in healthy conditions, the existing
methods cannot further retain the important advantage with
whether open-phase fault [10] or open-circuit in bridge [19].
Although more bridges are used, the output performance has
not been effectively improved.

As shown in Fig. 1(e), the series-end winding motor drive
(SWMD) topology has three-phase windings connected in se-
ries, and four accessible nodes connected to four inverter legs,
respectively. It has been proved to own good performance like
the same high voltage utilization as the full-bridge topology and
zero-sequence controllability with only one more bridge [17],
[18]. Because the number of bridges is one more than that of
the windings, the reliability and control freedom of SWMD is
worth discussing.

This article proposes a self-adaptive FTC method used
in three-phase SWMD, which realizes the fault tolerance of
SWMD for the first time. The theoretical derivation and control
principle of the self-adaptive mechanism is also introduced in
detail. From prefault to postfault conditions, the control method
remains unchanged to avoid the oscillations caused by the tran-
sition of control, which effectively reduces the requirement for
quick fault diagnosis. After the fault, the maximum operation
speed/power with the proposed FTC method has obvious ad-
vantages over existing space-vector (SV) methods [19], [24].
Combined with the common-mode voltage (CMV) injection,
the fault-tolerant operation speed range can be further extended.

The rest of the article is organized as follows. The math-
ematical analysis of a healthy drive system is presented in
Section II. Then, the postfault motor and topology characteristics
are introduced in Section III. In Section IV, the self-adaptive
FTC scheme of three-phase SWMD is proposed, containing the
field-oriented control strategy and the improved CMV injection
method. Experimental setup and results in Section V verify the
effectiveness of the proposed FTC method. Finally, Section VI
concludes this article.

II. HEALTHY DRIVE SYSTEM

The healthy three-phase SWMD is shown in Fig. 2. Different
from traditional topologies in which the winding voltage equals
the corresponding bridge output, the voltage of each phase
winding is determined by two bridge outputs at its ends in the
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Fig. 2. Three-phase series-end winding topology.

Fig. 3. Vector relationship between the phase voltage and bridge voltage.

following equation:

va 1-10 0 zlegl
vgl=101-10 U‘egQ (1)
ve 00 1 —1 leg3

Vleg4

where v4—v ¢ are the phase winding voltages and Vieg1— Vieg4
are output voltages of inverter bridges. Based on the general
pulsewidth modulation (PWM) method [18], the bridge modu-
lation wave can be obtained through phase voltage

[‘Kim} -3 [—citg‘ COES} [532;’;3] @

2
where Viq and Vi are the leg voltage components in the rotating
frame, and Vg and V,, are the stator voltage components in the
rotating frame. o = 2x/3. It should be noted that the positive
and negative sequences need to be transformed separately by
(2), and the m represents the rotation direction in which m = 1
means positive sequence and m = —1 means negative sequence.

The voltage utilization represents the maximum voltage that
can be obtained in phase winding, which directly determines
the operating speed range of the motor at a fixed dc-link volt-
age. The voltage utilization is defined as the maximum phase
voltage magnitude divided by the V.. For example, the voltage
utilization of Fig. 1(a) is 0.5 without min-max injection, which
could be 0.577 with injection.

Based on the above modulation method, the corresponding
voltage vector diagram for SWMD is shown in Fig. 3, and the
voltage utilization is /3 times that of the half-bridge structure.
With the same dc-link voltage, SWMD can significantly increase
the speed range of the motor. Because of this advantage, SWMD
becomes a good candidate for many areas including traction and
propulsion. Its structure for FTC is also with merit, which is
discussed in this article for the first time.
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Fig. 4. Postfault drive structure. (a) Category 1: the failure of legl, leg4, or
phase windings. (b) Category 2: the failure of leg2/leg3.

It should be noted that the current stress of center bridges leg2
and leg3 is v/3 times that of winding current. The SWMD can
be seen as a special case in a full-bridge topology with a 120°
phase-shift between two-side inverters, where two bridges are
multiplexed as center bridges to reserve high voltage utilization
and zero-sequence controllability. So the multiplexed bridges
are required to bear the line current rather than phase current.

III. FAULTED DRIVE SYSTEM

A. Fault Condition Analysis

It should be noted that the faults mentioned in this article
are all open-circuit faults. There are totally seven typical fail-
ure conditions, including four bridge failures (legl-leg4) and
three winding failures (phases A—C). Different from most of
the centrosymmetric topology, the current restriction brought by
inverter failure is not completely equivalent to that by winding
failure in SWMD. According to the postfault drive structure, the
seven failure conditions can be divided into two categories.

The first category involves the failures of legl, leg4, or phase
windings, which leads to the zero current of the corresponding
phase, whereas the other two-phase currents are not influenced.
The postfault drive operates similarly to the “two-phase series-
end winding” topology, as shown in Fig. 4(a). When the fault
occurs on phase B, the postfault structure is equivalent to the
full-bridge topology with a single-phase fault [10]. It can also
be seen as a special case where two middle legs [leg yin Fig. 4(a)]
are used to drive windings W7 and Ws, respectively.

An important criterion to prove the fault tolerance is that the
unchanged MMF can be synthesized under the failure constraint.
The MMF in healthy and faulty conditions is given in (3).
Before the fault, the windings are flowed through symmetrical
three-phase current i 4 = I ,cos(wr), ip = I,cos(wt—2n/3),ic =
Incos(wt—4m/3). After the fault (take the failure of phase A as
an example), i 4 is restricted to zero. The new effective current
solution that meets constant MMF in the first category of fault
can be found in (4)

2 4
MMF g = i4 cosf + ip cos <9— 37r> + ic cos <9— 37r>

2 4
MMFy = igF cos (9—37T)+ipcos <9—37r> 3)
MMFy = MMFp

tar =ta—14 = 0,ipr =ip—ia,icr = ic—ia. (4)
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Fig. 5. Current distribution after open circuit occurs on phase A.

From the results, we can find that the postfault current distribu-
tion equals the healthy three-phase currents with superposition
of a common zero-sequence component that is opposite to the
faulty phase, as depicted in Fig. 5. The phase difference of
two-phase currents changes from 120° to 60° and the magnitude
should be increased by a factor of \/3 . Therefore, under the first
category of fault, the SWMD can achieve fault-tolerant operation
in two-phase mode, at the expense of decreasing output capacity.

The second category represents the failure of leg2 or leg3,
which means two windings flow through the same currents, as
shown in Fig. 4(b). In this restriction, the winding connection
mode used in the article cannot satisfy (3) to synthesize a circular
MMF to generate smooth torque. Once the kind of fault occurs,
the motor can only be stopped. Hence, the bidirectional thyristors
are necessary for the faults of category 2 to perform reconfigu-
ration to obtain an identical structure as the first category [19],
[20]. Unstable transition cannot be avoided in this fault and a
different FTC method from that in category 1 is needed to solve
this type of fault.

It can be concluded that three-phase SWMD can withstand
five fault conditions without any hardware assistance and two
fault conditions with hardware reconfiguration, showing strong
reliability over most three-phase topologies. Although the sec-
ond category of fault could be converted to the first category
through reconfiguration, a completely different FTC procedure
is needed to solve the second category (like fault diagnosis
requirement, hardware, and modulation). In this article, we focus
on the control of the first category that contains more types of
faults in Fig. 4(a). Considering that the fault diagnosis methods
are independent topics and have been addressed in publications
[21]-[23], the detailed fault diagnosis will not be concerned and
discussed in this article.

B. Postfault Control Characteristics

Section III-A proves that the motor can achieve fault-tolerant
operation with smooth torque output under the first category of
fault. In this section, the purpose is to discuss how to control
the topology to ensure that the aforementioned modified phase
currents can be realized.

It should be noted that whether it is an open circuit of winding
or leg, the fault can be seen as a high-resistance resistor R, con-
nected in series with the corresponding phase winding, shown
in Fig. 6, which will help calculate the two-phase model from
the three-phase perspective. The SWMD owes characteristics
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Fig. 6. The equivalent schematic of open-circuit fault.

similar to the full-bridge topology in which the stator voltage
of each phase is fully decoupled and only determined by the
output of the leg. Consequently, take resistance R, and leakage
inductance L, as stator impedance Z; = (R + jwL,) < Ry
we can get postfault voltage and current relationship (A-phase
fault as an example)

Vabe = [R]'Lbc + Eabc

VA Ro+Zs 0 0 iA Ea
—lus|=] 0 zool||ig|+|Es| ©
vo 0 02| |ic E¢

where E ;. means electromotive force (EMF), and R means
postfault three-phase stator impedance. To get the zero-sequence
information, the rotation transformation matrix 7 through con-
stant power conversion (identical to traditional three-phase
transformation matrix) is introduced

Vaq0 = T[R)T ' Tiape + Eaqo

cosf cos(f — 27w) cos(d — 3m)
3 3

T:\/§ —sinf —sin(f — 27) —sin(0 — 47) | (6)
3

After the substitution and calculation, the voltage and current
relationships in dg0-plane can be obtained in the following
equation:

Because the zero-sequence voltage of fundamental frequency
for the windings is not injected in the healthy condition, vy = 0

2 1 1 1
0=v9==-R ( coswt - ig — —=sinwt - ig + 2i0> + Zsig

3 V2 V2
3 Ziy 1

1 1
= —coswt-1g — —=sinwt - 1 —ig~ 0
QROO d q+20

V2 V2

=g = \@sinwt~iq — \/icoswt-id =

1(' + iy +ie)
— (g + 1 le
V3 ’

1. )
=4/ =l = —lqg.- ®)
3
This means that the zero-sequence current is identical to the
restriction in (4). It can be easily found that even without zero-
sequence voltage control of fundamental frequency, the natural
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phase current distribution due to the open-circuit fault can satisfy
the fault-tolerant operation requirements in (3) (considering the
symmetry, other phase failures have the same conclusion), which
provides a theoretical basis for simplified FTC. The full-bridge
topology owes characteristics similar to SWMD in which the
stator voltage of each phase is fully decoupled; hence, the work
in [7] utilized the same fault tolerance foundation to achieve
smooth FTC with full-bridge structure through SVPWM.

For a faulty motor, the most important task is to be able to
withstand the impact of failure, which represents fault tolerance.
The second most important is the postfault voltage/current out-
put capacity (derating), which represents the significance of fault
tolerance.

Actually, the derating discussed here is always related to the
motor rather than the power converter, since the design of the
converter generally has sufficient margin for the consideration
of FTC or long lifetime. As for the limitation of motor, we take
the rated parameter of motor (rated voltage and phase current)
as 100% operation performance upper limit to ensure insulation
safety (voltage) and heat safety (current).

For the postfault current output capacity, the postfault phase
current magnitude is increased by a factor of /3 to keep constant
MMEF. Hence, 1/4/3 of maximum current component that con-
tributes flux and torque can be reached when the windings flow
through the currents of the rated amplitude. In some special oc-
casions like flux weakening of permanent magnet synchronous
motor (PMSM), the torque derating varies in a certain degree
[26].

For the voltage, the derating is related to voltage utilization
due to the fixed dc-link voltage on most occasions. Changed
postfault topology may greatly influence the magnitude of the
phase voltage with an unchanged modulation index [28]. The
inverter output in the dg-axis equals the EMF in dg-axis when
neglecting the voltage drop on the R, and L,,. After the fault, the
decrease of voltage utilization is related to the variation of the
high-resistance items in (6) and (7) shown at the bottom of this
page. Substitute (8) into the T'[R]T 4440 term

2
Avg = gRoo <c082wt iq — sinwt coswt - i,
+ ! t-i 0
—coswt -ig | =
V2 ’
2 . .
Avg = gRoo — sinwt coswt - 1y

V2

1
+ sinwt - 1g — —=sinwt - i0> =0. 9)

vy R cos’wt + %ZS — R sin wt coswt %Rx coswt | [, E,
ve | == —R. sinwt coswt Roosin’wt + %ZS ?%ROO sin wt ig | + | Eq |- (7)
Vo %Roo cos wt \’/—%Ro@ sinwt 3Ry + 37, 10 Ey



SUN et al.: SELF-ADAPTIVE FAULT-TOLERANT CONTROL OF THREE-PHASE SERIES-END WINDING

10943

= Hldref
ld _ ) Vy, Vdc
p& . ~ Y
—Pé .l| Pl Il »|  Modulation from 1’?’ el 5efP ark |_| I—l
= Wl V, . —» [ransform i etututtaiaie et | 7 .
Ly L of 7T ] qp Vphase 10 Vieg i (2) Posi-O Ve A Trlung?llar Gate
&0 v | 1| -carrier pigndl
- dn L . (N5 1 . ic !
1, - [ PI | Modulation from Inverse P ark Vo In%dt:m | comparison
_ 0 Van . —>» Transform = | __LZetion)
7 > PI Vphase 10 Vieg In (2) Nega:-0
qn £
Vi = 1.5V )
i~ 40 S R — = i ¥ e
. s =0.5v ;7 qp
ib 1)- PR v 072 Vie2 0'5‘_ ldp qp‘E LPF P dq/abe (0) =
! for 3wt Vi =205, , idn é[ﬂ‘s LPF dn an dq/abe (-0) |«
L Vs =—1.5V L N
(a)
Healthy condition Self-adaptive mechanism Faulty condition
v, =V , v, =V
£ € g Posi-sequence: ] ] } ] @~ "d
HF 43F 48F A9 = 3 3 3 =
Vo =V, Foul Unchanged output through (9) Smoothly Vo =V,
- PP Vo =0 'OCCU'L,S Nega-sequence: transition — PO v, #0
Realtime suppression by PI
- e - - v, =0 > > . v, #0
a
|F Ak [F A 8 zero-sequence: % 7F 4 dn
v =0 passive acquisition through (8) =0

(b)

Fig. 7.

We can clearly conclude that the voltage utilization is constant
before and after fault since no more dg-axis voltage is required
to inject for postfault topology. Combined with high voltage
utilization in healthy condition, the SWMD is quite suitable
for scenarios where the high speed and reliability is extremely
urgent.

Based on the current/voltage capacity analysis above, the
current is the only limit for a postfault motor system. The
calculated maximum output power is 1/y/3 of rated power in
general cases.

It should be noted that the actual derating of voltage utilization
is slightly larger than the theoretical value above due to the fault-
induced impedance asymmetry, which is discussed in detail in
the following section.

IV. SELF-ADAPTIVE FTC METHOD FOR THREE-PHASE SWMD

The whole control scheme of the proposed field-oriented FTC
method applied for the first category of fault is shown in Fig. 7.
Compared to the traditional motor control strategy, some extra
techniques for postfault performance improvement are adopted
in the FTC method.

A. Negative-Sequence Suppression

In healthy conditions, the windings are with symmetrical
impedance. Even considering the voltage drop of the leakage
impedance, the stator voltages are still symmetrical, as shown
inFig. 8(a), in whichwL, < R, for simplification. The inverter
can output symmetrical voltages to obtain desired three-phase
currents. However, after the fault occurs, the impedance of the
postfault controlled motor is no longer symmetrical through the
analysis of the three-phase perspective. Based on the calculated
new current distribution, we can get postfault stator voltage
distribution with unequal magnitude and phase shift, as shown

Proposed control method for three-phase SWMD with the self-adaptive capability. (a) Control diagram. (b) Self-adaptive mechanism.

Fig. 8.
fault.

Stator voltage vector diagram. (a) Before the fault. (b) After the Phase-A

in Fig. 8(b). If the inverter still outputs normal voltage under
faulty condition, there will be asymmetrical phase currents,
which could be decomposed into positive-, negative-, and zero-
sequence current components. The positive sequence contributes
to the flux and torque, and the fundamental-frequency zero-
sequence current helps to synthesize unchanged postfault MMEF.
But the negative-sequence component produces the MMF that
rotates opposite to the positive sequence and generates torque
ripple. To intuitively prove the harm caused by the negative
sequence, we could assume

I, = k4 cos(wt) + k_ cos(—wt) + ko

2 2
I, = k4 cos (wt — 37T> + k_ cos (—wt — 37r> + ko

4 4
I. = k4 cos (wt — 37r> + k_ cos (—wt — 37r) + ko. (10)
Equation (10) can represent phase current distribution in any
condition, and k4, k_, and ko mean positive, negative, and zero
sequence. When the k_ is nonzero, we could use transformation
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in (6) to get corresponding dg-plane component like (where 6 =
wt + @)

Iy, = \/§k+ cos(f — wt) + \/gk‘ cos(0 + wt)
3 3
= §k+ cos(p) + §k, cos(2wt + @)

3
= cons tant + \/;k cos(2wt + ).

Similar results can also be found in the g-axis current
(subscript p means the transformation is based on the rota-
tion direction of wt). Since the output torque 7' o< iqp - igp,
the existence of negative sequence would cause useless low-
frequency torque ripple and extra winding losses. For the
SWMD, the fault-induced negative sequence is mainly caused
by the leakage impedance Z, in Fig. 8(b); the suppression of
the negative-sequence component can effectively improve the
postfault torque quality.

In the proposed current control method for SWMD, in ad-
dition to the basic control for positive-sequence component
including flux (igp) and torque (igyp), the negative-sequence
(idgn, ign) proportional-integral (PI) controllers are also added
regardless of whether the fault occurs. In healthy conditions,
almost no negative-sequence current can be measured due
to highly symmetrical three-phase winding; the correspond-
ing negative-sequence PI controller output voltage is nearly
zero. After the fault occurs, the winding symmetry is bro-
ken, and then the considerable negative-sequence currents ap-
pear as the harmonics in ig,, iy, which cause low-order
torque pulsations and additional losses. The negative-sequence
PI controller (ign, ign) can effectively suppress the negative-
sequence current, which is mainly reflected as dc components
in negative-sequence rotation transformation (rotation direction
of —wt), and thus suppress the torque pulsations. Meanwhile,
the fundamental-frequency positive-sequence currents reflect
as twice-fundamental-frequency components for the negative-
sequence controllers, and therefore are not obviously affected
due to the low bandwidth of negative-sequence PI controllers. In
low-speed operation, the negative-sequence PI controllers with
low output limitation would not affect the system stability.

It should be noted that the impedance of the nonpositive-
sequence plane is so low that the voltage utilization drop by
negative-sequence suppression is limited, which will be revealed
in experimental results. Moreover, the adopted Park [shown in
(6)] and inverse Park transformation matrix is identical to the
traditional transformation matrix, and they are unchanged before
and after the fault.

Y

B. Zero-Sequence Harmonic Suppression

The acquisition of the zero-sequence pathway not only en-
sures the SWMD gain satisfying fault-tolerant basis but also
allows all types of zero-sequence components to flow. Con-
cerning there is obvious zero-sequence component of three
times the fundamental frequency in the EMF of actual motors,
and other nonideal factors like deadtime, system asymmetry,
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the specific proportional-resonant (PR) controller is adopted to
suppress the unwanted component, no matter in healthy or any
faulty conditions. The zero-sequence can be calculated through
the third row of the matrix (6). The PR controller is applied
to control only the triple frequency component that is set to
resonant frequency point. Since the gain of the PR controller at
the nonresonant frequency is very low, the components at the
nonresonant frequency will not be influenced by it. The zero-
sequence voltage distribution method in bridge output adopts
the method in [18], which has been given in Fig. 7.

It is worth distinguishing that the zero-sequence suppression
here only focuses on the components of three times the funda-
mental frequency 3wt, resulting from the nonideal motor EMF.
However, the zero-sequence current discussed in Section III-B,
which appears after the fault to achieve fault tolerance is at
the fundamental frequency wt. Moreover, the nonideal zero-
sequence component can also affect the voltage utilization at
a limited level, which is neglected in the theory analysis and
presented in experiments.

C. CMV Injection-Increased Linear Speed Range Limit

To fully exploit the voltage utilization limit, the improved
CMYV injection can be adopted. Different from the zero-sequence
component that corresponds to the identical part of motor phase
windings, the common-mode component is the CMV of the
inverter bridges, which will not influence the phase winding
voltage since the winding voltage is the difference of the two-
side inverter-bridge voltages. In healthy condition, we have

Vcom = — i(vmax + vmin)

Umax = max{vlegl ~ Uleg4}

Umin = min{vlcgl ~ vlcg4}~ (12)

The max/min function is to find the maximum/minimum value
among several references in the brackets.

Considering that there is a zero-sequence control (for com-
ponents of 3w?), the modulation waves of Vieg1 and vieg4, which
should be equal in theory (depicted in Fig. 4), are inconsistent.
When the postfault two-phase structure applies the CMV injec-
tion above, it is better to strip off the wave of the faulty bridge
in (12) to get postfault optimal CM V-injection results.

D. Design and Realization of Motor Control

To improve the system stability, the speed-loop bandwidth
is designed much lower than the current loop. Meanwhile, the
speed information sample (from the encoder) is with a common
low-pass filter to suppress the unwanted disturbance.

As for the induction motor, the slip frequency w, should be
calculated through

.

Lonigp
*

Trwrd

where 7, = L, /R, i4," means the g-axis current reference, and
14" means the rotor flux reference. Combined with the speed

13)

wWg =
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Fig. 9. Photograph of the motor drive platform.

information from the encoder (measure the mechanical speed
wm), the rotor flux angle can be obtained.

To track the current references, the inverter phase leg output
voltages should be obtained through PI controllers. According
to (1), for the three-phase SWMD, the phase winding voltage
is not equal to the bridge voltage; the modulation that converts
the winding voltage to the two-side bridge voltage is needed.
Afterward, the modulation wave in the dg-axis should be trans-
formed to reference waves in the abc-axis by the traditional
inverse transformation matrix. The thing that needs to be noted
is that positive sequence uses # and the negative sequence uses
-0, as shown in Fig. 7.

We choose SPWM rather than SVPWM to eliminate the need
for switching state analysis and get a better extension for more
multiphase cases in future work.

E. Self-Adaptive Mechanism of the Method

The self-adaptive mechanism of the proposed FTC method is
given in Fig. 7. The derivation results of (3)—(9) are the theoreti-
cal basis for realizing the self-adaptive control. After the fault oc-
curs, the zero-sequence current is needed to keep the unchanged
MME. Fortunately, (8) shows that the zero-sequence components
can be obtained naturally by postfault circuit structure, without
dedicated zero-sequence control. Moreover, the voltage equation
(9) shows that the positive sequence of phase voltage is kept
unchanged. Consequently, the SWMD can achieve continued
stable operation after the fault even without control assistance.

As stated in Section IV-A, the negative sequence appears after
the fault and causes harmful torque ripple. However, the added PI
controller can be activated before the fault, and actively suppress
the negative-sequence component without fault diagnosis and lo-
cation. So the proposed control strategy of the SWMD needs no
control adjustment of the positive, negative, and zero-sequence.
The system can smoothly transition from the healthy condition
to faulty operation and achieve the self-adaptive FTC.

V. EXPERIMENTAL VALIDATION

To validate the performance of the proposed FTC method for
three-phase SWMD under the first category of fault, experiments
were conducted on a three-phase induction motor platform under
the A-phase fault (achieved by a breaker), as shown in Fig. 9, with
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TABLE I
PARAMETERS OF INDUCTION MACHINE
Parameter Value Parameter Value
Pole Pairs 1 Rated Power (kW) 2.2
Rated Voltage (V) 220 Rated Current (A) 4.75
Stator
Rated Speed (rpm) | 2890 Self-Inductance (mH) 269.2
. Stator Leakage
Stator Resistance (Q)| 2.876 Inductance (mH) 9.5
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Fig. 10. Fault transient test result under light load. (a) Proposed FTC
method without negative-sequence suppression. (b) Proposed FTC method with
negative-sequence suppression.

a conventional three-phase IM fed by a commercial converter
acting as the load. The general inverter is employed to feed the
three-phase open-end winding induction machine, the general
inverter is composed of two insulated gate bipolar transistor
(IGBT) modules (FS100R12KT4G from Infineon, Viemax =
1200 V, Iy = 100 A). The proposed control method has been
implemented using a DSP TMS320F28377D controller board
from Texas Instrument. The switching frequency is 10 kHz and
the leg deadtime is set to 1 us. The main parameters of the
three-phase motor are listed in Table 1.

To fully analyze the postfault characteristics of the topology
and demonstrate the effectiveness of the proposed method, the
experiments are carried out in fault transient procedure, dynamic
performance, and voltage utilization test.

A. Fault Transient Procedure

The fault transient test under light load is carried out at
the speed of 3000 r/min in Fig. 10. The fault is with i, to
be turned to zero by opening the breaker. The three-phase
currents are given to show current distribution information,
and the g-axis current from positive-sequence transformation
can represent the output torque information (torque value and
ripple). Before the fault occurs, the symmetrical three-phase
currents and modulation waves represent that the motor is with
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TABLE IT
POSTFAULT PERFORMANCE COMPARISON WITH/WITHOUT
NEGATIVE-SEQUENCE SUPPRESSION (SEE FIG. 10)
Faulty
State Healthy Before After
suppression suppression
Torque ripple / Nm 0.13 Nm 0.29 Nm 0.15 Nm
Current asymmetry é/ 8.4% 27.5% 8.8%

symmetrical impedance. The amplitude of the modulation wave
is about 0.81 p.u. The g-axis current is with a high-frequency
ripple of 0.03 p.u. peak-to-peak (p-p) value. The torque ripple
is 0.13 N-m. Then, the current of phase A is clamped to zero by
fault, the results show that the motor can effectively withstand
the assault caused by open-circuit failure without fault diagnosis,
and the maximum magnitude of modulation wave is increased
only 10% to 0.89 p.u., which shows the high voltage utilization
characteristics of three-phase SWMD.

Fig. 10(a) shows that the motor system can still work at
rated speed after the fault even without negative suppression.
However, considerable negative-sequence component can be
captured from currents (imbalance between i; and i, second-
order harmonic with 0.1 p.u. p-p value ini,,) and torque ripple of
0.29 N-m, which deteriorate the output performance and cause
extra derating due to imbalanced current distribution.

To quantify the influence of current asymmetry caused by
negative sequence, we define the current asymmetry ¢

|mmax| - |mmin|
[Mmax|

where my,, represents the amplitude of the current with maxi-
mum amplitude and m,;,, represents the amplitude of the current
with minimum amplitude. { increases from 8.4% to 27.5% when
the fault occurs without negative-sequence suppression. Hence,
the negative-sequence component can cause obvious current
imbalance and torque ripple under the light load.

If the negative-sequence suppression is activated in Fig. 10(b),
the negative-sequence component is effectively suppressed in
less than 100 ms. The p-p value of iy, is less than 0.05 p.u.
in steady state, the torque ripple is reduced to 0.15 N-m, and
C is less than 9%, which is very close to a healthy value.
Besides, the results show that the negative-sequence suppression
will not interfere with the operation of the system in healthy
condition, proving that the FTC method needs no adjustment
or switching with the assistance of fault diagnosis, and achieve
fast self-adaptive after the fault occurs. Moreover, the use of
negative-sequence suppression will not influence voltage uti-
lization through postfault modulation wave distribution results
from Fig. 10(a) and (b). To intuitively reveal the effectiveness
of the negative-sequence suppression, the quantified analysis is
given in Table II.

To prove the proposed controller can achieve successful per-
formance even with heavy load, a fault transient test under 50%
of the rated load is given in Fig. 11(a). It should be noted that
the load is set at about 50% of the rated value considering
the postfault derating. From the results, we can find that the

¢ = x 100% (14)
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Fig. 11. Fault transient test result under 50% of rated load. (a) Proposed
FTC method with negative-sequence suppression. (b) Torque ripple comparison
without/with negative-sequence suppression.

fault tolerance is still excellent even in heavy load. After the
fault occurs, the magnitude of the positive sequence remains
almost unchanged, proving the correctness of (9). The speed
oscillations caused by torque ripple are hard to be detected even
in high-load conditions due to large rotation inertia. Fig. 11(b)
shows the fast Fourier transform analysis comparison results
of output torque without/with negative-sequence suppression.
The double-frequency torque ripple can be reduced from 0.38
to 0.03 N-m after the negative-sequence suppression, and the
postfault torque output quality can be greatly improved with the
proposed control method.

To verify the feasibility of the proposed zero-sequence sup-
pression method, a comparison test is given in Fig. 12. To prove
the suppression effect under the most serious zero-sequence
issue, the excitation current is set to a rated value under load. In
healthy conditions, the currents without zero-sequence current
(ZSC) suppression are like trapezoidal waves. By calculating
the sum of currents isy, = i,+ip+i., the triple frequency
component with a p-p value of 4.03 A can be obtained. After
activating the PR controller, the iy, isreduced to 1.32 A, and the
remaining part mainly comes from higher frequency ZSC such
as sixth and ninth harmonics. The current quality is improved
obviously. The zero-sequence component of bridge output is
also given, showing agreement with theoretical analysis. In
faulty conditions, the PR controller can also suppress the third
harmonic without affecting the fault tolerance.
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Fig. 13. Dynamic response comparison test of reversal rotation. Upper:
healthy condition. Lower: postfault condition.

B. Dynamic Performance Test

The dynamic response test is executed in Fig. 13. The refer-
ence speed is stepped from 1800 to —1800 r/min. The healthy
three-phase system finished the reversal rotation in 0.6 s. After
the fault, the loss of one-phase leads to roughly the 1/+/3 times of
maximum torque output derating under the same current mag-
nitude; hence, the two-phase system needs more time (nearly
1.1s)to follow the reference speed, as shown in Fig. 13. From the
perspective of faulty system, the dynamic response performance
in transient condition is still satisfying, without the need to adjust
PI parameters.

To demonstrate the response of the proposed FTC method
under transient load changes, the load test is conducted at
1800 r/min in Fig. 14. Restricted by the maximum current
magnitude, the load torque is lower than the rated torque. When
the load torque steps, i, is transiently increased to keep the
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Fig. 14.  Experimental results of load transient stability. (a) Healthy condition.
(b) Faulty condition.

motor speed consistent with the reference speed, whereas the
d-axis current is not affected to ensure the rotor flux stable.
Whether it is in healthy or faulty conditions, the current response
to the same load disturb is approximative due to unaffected
voltage utilization. Under no-load situation, the current qualities
in the two modes are all with low distortion. After the load
steps up, high-frequency harmonics can be captured from two
conditions. No obvious current imbalance can be detected even
after the fault, showing satisfying current component control
performance.

In this section, the dynamic performance of the postfault
system is tested. By comparing with the response of the healthy
system under the same working conditions, it is proved that the
faulty system under proposed FTC still has relatively excellent
operation capability.

C. Maximum Linear Speed Range Comparison

To explore the postfault voltage utilization variation, and
quantify the expansion of the linear speed range brought by
the CMV injection, the voltage utilization comparison test is
executed in Fig. 15. A total of four working conditions are com-
pared: healthy system without CMV injection, healthy system
with CMV injection, faulty system without CMV injection, and
faulty system with CMV injection. The motor speed is fixed at
3000 r/min with identical flux and torque current. It can be seen
that no current fluctuations can be found when the CMV is in-
jected. The lower the p-p value of modulation waves, the greater
the voltage utilization. Hence, the CMV injection can effectively
improve the voltage utilization whether in the healthy or faulty
condition through reduced modulation wave magnitudes. For the
healthy system, the CMV injection help reduce the magnitude
of modulation waves from 0.81 to 0.69 p.u., and the magnitude
decreases from 0.89 to 0.79 p.u. under faulty condition.
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TABLE III
VOLTAGE UTILIZATION COMPARISON UNDER DIFFERENT SITUATIONS

State Healthy Faulty
Type | Type Type Type Refs. Ref
Fault type I il i v [19] [24]
Utilization 0.87 1.00 0.79 0.89 0.29 0.50

By comparing the magnitude values of four situations (named
Types I-IV in Fig. 15) and taking the case of healthy system with
CMYV injection (Type II) as unit one, the comparison results
are given in Table II. For healthy system, the effect of CMV
injection is equivalent to the SVPWM, and the 15% promotion
of the voltage utilization is same as the theory. After the fault,
the voltage utilization drops about 8% due to the modulation
wave imbalance caused by negative-sequence suppression.

The voltage utilization results of existing FTC methods [19],
[24] under the same postfault drive topology are also given in
Table II1. Obviously, the motor cannot continue to run at original
speed when the postfault voltage utilization is less than 0.5 p.u.
through existing methods. In contrast, the proposed method has
better voltage utilization (0.89 p.u.) of it, due to the reasonable
control setting and topology structure.

Moreover, to intuitively compare the methods described in
the introduction and the proposal in several key fault-tolerant
performance indexes, a radar map is given in Fig. 16.

We select the two most representative three-phase FTC solu-
tions to compare with proposed ones. The work in [24] completes
the FTC of 3+1 bridge topology, and the work in [19] achieves
the FTC of full bridge by hardware reconfiguration. We can
easily conclude that the proposed FTC method for series-end
winding topology can achieve satisfying performance at a rela-
tively low cost. Compared with the full-bridge topology with the
most comprehensive fault-tolerant capability, the performance
deficiency that is mainly reflected in the second category fault
is acceptable, which shows excellent cost-effective features of
SWMD.
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Fig. 16. Performance comparison between the proposed three-phase system
and the others in introduction.

VI. CONCLUSION

Novel SWMD has been developed to expand the modula-
tion index and speed range of the ac motor. In this article, a
comprehensive fault condition analysis is given. Through the
analytical results based on postfault asymmetrical structures,
a simplified and practical FTC method applied for the first
category of fault is proposed for the three-phase SWMD under
the open-circuit fault. On the basis of positive-sequence con-
trol, the negative-sequence controller is employed to effectively
eliminate the fault-induced second-order torque pulsations. The
proposed FTC method in faulty conditions can achieve 91%
of the dc voltage utilization in healthy conditions. With im-
proved CMV injection method, the postfault linear speed range
is further effectively extended by more than 11%. Experiment
results verify that the proposed FTC method possesses excellent
steady-state and dynamic response performance.

In general, the three-phase SWMD topology has the good
fault-tolerant ability. Combined with the proposed FTC method,
the following advantages can be obtained.

1) Simplified and reliable fault-dynamic transition procedure
when the fault occurs. Based on the proposed self-adaptive
strategy, the FTC part is activated in both healthy and
faulty conditions, the fastness and accuracy requirements
for fault detection algorithms are saved.

2) Excellent speed operation range even after the fault. The
advantage of high voltage utilization for SWMD is fully
exploited with proposed control methods and improved
CMYV injection method. Compared with existing fault-
tolerant solutions, the maximum linear speed range can
be greatly increased.

According to the advantages above, the proposed self-

adaptive method is expected to help SWMD to be applied in
high reliability and wide-speed applications.
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