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Abstract—Conventional sensorless control can hardly estimate
the rotor position of faulty drives, which will cause the breakdown
of the sensorless permanent-magnet synchronous motor (PMSM)
drives in short time. In this article, a fault-tolerant (FT) control
scheme is proposed for common electrical faults and sensor faults
in the sensorless PMSM drive without using any auxiliary facilities.
In the proposed FT control scheme, by simply updating the voltage
inputs in the nonlinear flux observer, the rotor position is accurately
estimated in open-phase fault (OPF) and open-switch fault (OSF).
With the aid of the estimated rotor position, the current references
are optimized by considering the tracking error and torque ripple
for OSF and OPF. Besides, a Luenberger observer based on stator
voltages model is established to estimate the faulty phase current in
current sensor fault. The FT control for voltage sensor fault is real-
ized by compensating the measured dc-link voltage. Experimental
verification is conducted to prove the validity of the proposed FT
control scheme.

Index Terms—Electrical faults, fault-tolerant control, nonlinear
flux observer (NFO), sensor faults, sensorless permanent-magnet
synchronous motor (PMSM) drive.

I. INTRODUCTION

ERMANENT-MAGNET synchronous motor (PMSM) has

been widely used in many applications, including industrial
drives, home appliances, and electric vehicles, owing to its high
power density, simple structure, and high efficiency [1], [3],
[3], [4]. Due to the limited cost and space in some electrical
applications, the sensorless control technology has become a hot
research topic [5], [6]. On the other hand, the PMSM drives may
suffer from various faults due to extreme operations and aging,
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which will cause safety problems and uncontrollable operations.
The sensorless PMSM drives are more vulnerable to the faults
since the sensorless control fails to estimate the rotor position in
fault operations [7]. Therefore, it is necessary to investigate the
fault-tolerant (FT) control of the sensorless PMSM drives.
Open-phase fault (OPF) and open-switch fault (OSF) are two
common electrical faults, which will cause the breakdown of the
sensorless PMSM drives. Many FT control schemes have been
studied for OPF and OSF in motor drives [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22]. For
OPF, the FT control schemes can be fulfilled by adding auxiliary
circuits [8], [9], [10], using open-winding configuration [11],
[12], [13], and increasing phase number [14], [15]. In these
FT control schemes, excellent FT performance can be obtained
by establishing a new current path in OPF operations. In the
aspect of OSF, OSF can be tolerated by adding the auxiliary
circuits [16] and using the modified topologies with redundant
switching states [17], [18]. In this way, the lost current path
caused by the faulty switch can be reconstructed to improve the
FT performance. Moreover, OSF can also be tolerated as OPF.
Although the FT performance in motor drive can be improved by
using the above mentioned FT control schemes under OPF and
OSF, extra auxiliary circuits or complex topologies are required.
It will introduce extra weight, volume, cost, and failure risk. To
overcome these shortcomings, a few FT control schemes have
been conducted to tolerate the OPF and OSF in the PMSM
drive without using any redundant configurations [19], [20],
[21], [22], [23]. It should be noted that the torque ripple is
inevitable in OPF and OSF FT operations due to the loss of the
faulty part. Nevertheless, the FT control of the sensorless PMSM
drive is important for some high-reliability applications, such as
electric vehicles, elevators, and aircraft. In these applications,
continuous FT operation is required to move the system to safe
zone. In [19], the FT control for OPF is realized by introducing a
prefire angle during the current commutation in the PMSM drive.
In this case, enough current commutation angle is guaranteed,
which can eliminate the negative torque and reduce the current
tracking error in OPF operation. In [20], an FT control of OSF
is proposed based on the current prediction model in the PMSM
drive. By using the current prediction model in OSF, the healthy
voltage vector can be utilized maximumly, which can improve
the sustainability of the torque output. In [21], both OPF and
OSF are considered in the FT control of the PMSM drive. In the
FT control, the second-order component is injected to replace
the d-axis current reference after the phase currents reach their
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boundaries, which can improve the torque performance and
reduce the current tracking error. In [22], the excessive copper
loss in the PMSM drives is considered in the FT control of OPF
and OSF. By analyzing the relationship between torque and
copper loss, the torque ripple is reduced as much as possible
with the acceptable copper loss by introducing the appropriate
copper loss ratio. However, the acquisition of the appropriate
copper loss ratio is ignored. In [23], an FT control of OPF and
OSF based on online current optimization is proposed in the
PMSM drive. The d—g axis current references are optimized
online by obtaining the appropriate copper loss ratio based on
the calculation of the copper loss, which can obtain good balance
between the torque ripple and the copper loss. The above FT
control schemes possess good FT performance for OPF and OSF.
However, they only focus on the PMSM drives with position
sensors and are invalid for sensorless PMSM drives. Therefore,
the FT control scheme of three-phase sensorless PMSM drive
remains to be studied in OPF and OSF.

On the other hand, the sensorless PMSM drives are also vul-
nerable to the voltage-sensor fault (VSF) and the current-sensor
fault (CSF). The common FT control schemes for VSF and CSF
are realized by using the estimated information to replace the
measured information of the faulty sensors in the sensorless mo-
tor drives [24], [25], [26]. In [24], a single-phase-current sensor
FT control scheme for CSF is proposed in the sensorless PMSM
drive, where the faulty current information is estimated by es-
tablishing a sliding-mode observer (SMO) based on the current
space vector error reconstruction. Meanwhile, the current space
vector error is selected as the correction term to improve the
current estimation performance. In [25], the FT control scheme
for CSF is realized by estimating the faulty current information
based on the full-order SMO in the sensorless PMSM drive. In
this scheme, the full-order SMO is established according to the
full-order equations of PMSM. In [26], the FT control schemes
of CSF and VSF are considered simultaneously in the sensorless
PMSM drive, where the faulty current information and voltage
information are estimated by using a high-order sliding mode
observer and Luenberger observer, respectively. The CSF and
VSF can be tolerated by using the estimated information to
replace the faulty information in the sensorless PMSM drive.
Although the above FT control schemes can fulfill excellent
FT performance for CSF and VSF in the sensorless PMSM
drives, only sensor faults are considered in these schemes. To
improve the FT performance of the sensorless PMSM drive,
the FT control schemes should consider as many faults as
possible.

This article proposes an FT control scheme for OPF, OSF,
CSF, and VSF in the sensorless three-phase PMSM drive without
using any redundant configurations. After OPF and OSF, the
a—0 stator voltages of PMSM in faulty operations are calculated
for the voltage inputs of the nonlinear flux observer (NFO) by
establishing the relationship between the phase voltages and line
voltages. In this way, the rotor position in OPF and OSF can
be estimated. With the aid of the estimated rotor position, the
d—q axis current references are optimized to reduce the current
tracking error and torque ripple. For the CSF, the faulty-phase
current is estimated by establishing the Luenberger observer
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based on the d—q stator voltages model. Besides, a voltage
compensation based FT control is proposed for the VSF.

The rest of this article is organized as follows. Section II
introduces the sensorless control of three-phase PMSM drive.
The sensorless control of three-phase PMSM drive in fault
operation is presented in Section IIl. In Section IV, the FT
control scheme is proposed for OPF, OSF, CSF, and VSF. In
Section V, the experimental results of the proposed FTC scheme
are provided. Finally, Section VI concludes this article.

II. SENSORLESS CONTROL OF PMSM BASED ON THE
NONLINEAR FLUX OBSERVER

A. PMSM Model

The electrical model of PMSM in synchronous reference
frame can be expressed as

{ud = Ryia + %2 Ly — weLgig o

Ug = Rsiq + %Lq 4+ welgtqg + wed)f

where L; and L, are the dg-axis inductances, i4 and i, represent
the dg-axis currents. R, is the stator resistance. 1y is the PM flux
linkage. w. denotes the electrical angular velocity.

The electromagnetic torque can be expressed as

3
T, = §Np(7/’fiq + (Ld - Lq)idiq) (2)

where N, is the number of pole pairs.

B. Rotor Position and Speed Estimations Based on the NFO

In this article, the NFO is used to estimate the rotor position
to realize the sensorless control in the PMSM drive, considering
its advantages of high observing performance and simple imple-
ment [27]. The NFO for position estimation can be expressed as

2

1215(1 = Uq — Rsia + %lzjra qu% - ‘12)7"
2 3)

Ysp = ug — Rsig + %ir,@ %% - ‘%

where i, and ig is the a—f stator currents, and L, is the induc-
tance. zﬁsa, 7,/}35 and @Trepresent the estimated stator fluxes in
a—[3 frame and the estimated rotor flux, respectively.

Meanwhile, the relationship between the estimated stator
fluxs in a—f frame and the estimated rotor position can be
expressed as

{7/13(1 = Lyiq + 1/}f COS Aee 4)

1[)55 = Lsi[g -+ 1/Jf sin 6,

where 0, is the estimated rotor position.
Then, the estimated rotor position can be solved as

ée =tan" ! (gsﬁ _iszﬁ> . (®))

Based on the estimated rotor position, the rotor speed can be
simply estimated by utilizing a typical tracking-controller-type
speed estimator.
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Control diagram of the sensorless PMSM drive.

C. Control Framework

Fig. 1 presents the established control diagram of the sen-
sorless PMSM drive. In Fig. 1, the rotor position and speed
of PMSM are estimated by using NFO. Based on the current
prediction model and the deadbeat predictive current control,
the d—¢q axis prediction currents are obtained to calculate the
prediction voltage vector reference. In this way, arbitrary current
reference patterns in the proposed FT control can be tracked
quickly and precisely. Then, the space vector modulation is
adopted to generate the switching state of the two-level voltage
source inverter (VSI). In this article, the proposed FT control
for OPF and OSF is realized by simply updating the voltage
inputs of the NFO and d—g axis current references. For CSF,
the faulty current information is replaced by using the estimated
current to complete the FT control. The FT control of VSF is
realized by compensating the measured dc-link voltage. In the
proposed FT control scheme, the basic control framework will
not be changed. Therefore, the control diagram in Fig. 1 also
applies to the FT control of sensorless PMSM drive.

III. SENSORLESS CONTROL OF FAULTY PMSM DRIVE

After a fault occurs, the operation conditions of the sensorless
PMSM drive will be changed. As a result, the conventional
sensorless control fails to estimate the rotor position in the
faulty operations. However, the accurate rotor position is the
foundation of FT control. Therefore, the effective sensorless
control of the PMSM drive should be guaranteed in the faulty
operations. In this article, the effective sensorless control of the
PMSM drive is realized by simply updating the voltage inputs of
the NFO in OPF and OSF operations. In this case, the accurate
rotor position can be estimated in OPF and OSF operations.
In CSF and VSF operations, the accurate rotor position can
be estimated after introducing the FT control of CSF and VSF
without changing the original sensorless control. Therefore, in
this section, only the sensorless control for OPF and OSF in the
PMSM drive will be considered.

In this article, the sensorless control can be divided into three
conditions: healthy condition, faulty condition, FT condition.
In healthy condition, the rotor position is estimated by using
the NFO. In faulty condition, the OPF, OSF, CSF, and VSF
are considered as the nonfatal faults and the PMSM drive will
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Fig.2. PMSM drive with phase-A OPF.

not breakdown immediately after these faults occur. Therefore,
in faulty condition, the sensorless control can remain stable in
a short period of time, and the estimated rotor position error is
acceptable for the sensorless PMSM drive during the time. After
these faults are diagnosed in short time, the sensorless PMSM
drive enters the FT condition by introducing the proposed FT
scheme. Generally, the OPF, OSF, CSF, and VSF can be diag-
nosed within a fundamental period [28], [29], [30]. Considering
the short diagnosis time, the estimated rotor position error in
the faulty condition is relatively small and acceptable for the
sensorless PMSM drive before introducing the proposed FT
scheme. Thus, the estimated rotor position in faulty condition
can be used to calculate the desirable information of the proposed
FT scheme before introducing the proposed FT scheme. After
introducing the proposed FT scheme, the rotor position can be
estimated accurately by updating the faulty model for NFO.

A. Sensorless Control in OPF Operation

In normal operation, the a—f3 stator voltage references and
the a—f stator currents are selected as the inputs of the NFO
to estimate the rotor position and speed, as shown in Fig. 1. In
OPF operation, the current path of faulty phase will be blocked.
Therefore, the actual a—f stator voltages will deviate from
the a—/3 stator voltage references, which leads to the incorrect
estimation of rotor position and speed. It can be seen from
Fig. 1 that the a—{ stator currents are obtained by measuring the
three-phase currents, which can still be used to estimate the rotor
position and speed in OPF operation. In summary, the actual
a—0 stator voltages should be obtained to estimate the accurate
rotor position and speed in OPF operation. In this article, the
actual a—f stator voltages are calculated by establishing the
relationship between the phase voltages and line voltages in
OPF operation. By using the calculated a—f stator voltages
to updating the voltage inputs of the NFO, the accurate rotor
position and speed can be estimated in OPF operation.

Taking phase-A OPF as an example, the current path of the
fault phase will be blocked after phase-A OPF, and the motor is
supported by the remaining two phases, as shown in Fig. 2.
Therefore, the phase-A current will be forced to zero, and
the change of switching states in phase-A VSI leg is not any
influence for the PMSM control in phase-A OPF operation.

In normal operation, the Phase-A voltage model of the PMSM
drive can be expressed as

di ~
uan = Rgia + Ls% - Q/Jf sin eed)e (6)
t
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where i4 is phase-A current. U4y is phase-A voltage of the
PMSM.

In phase-A OPF operation, the Phase-A current will be forced
to zero. Therefore, (6) can be rewritten as

UAN = —Pf Sinée@e. (7)

In Fig. 2, the phase-B and phase-C of the PMSM can be con-
trolled normally in phase-A OPF. According to the relationship
between the line voltage and the a—{ stator voltage references,
the line voltage between phase-B and phase-C can be obtained
as

upc ~ V3uj. t))

The line voltage between phase-B and phase-C can also be
expressed as

UBC = UBN — UCN )

where upy and ucpy are the phase-B and phase-C voltages,
respectively.

According to the Kirchhoff’s voltage law, the three-phase
voltages have the following relationships:

UCN = —UAN — UBN- (10)

By substituting (10) into (9), the line voltage between phase-B
and phase-C can be rewritten as

(1)

By substituting (7) and (8) into (11), phase-B voltage can be
solved as

uBc = 2upn +uaN-.

1 R
UBN ~ §(¢f sin Oee + V3uj). (12)

Then, by substituting (7) and (12) into (10), phase-C voltage
can be calculated as
1 R
uon & 5 (1 sinfede - V3uj). (13)
By combining Clark transformation, (7), (12), and (13), the
actual a—f stator voltages in phase-A OPF operation can be
obtained in (14) after ignoring the inverter nonlinearity

{ua = —1sin éed)e

ug ~ ug (14)

By using the calculated a—f stator voltages in (14) to update
the voltage inputs of the NFO, accurate rotor position and speed
can be estimated in phase-A OPF operation.

B. Sensorless Control in OSF Operation

The OSF can be divided into two types, namely upper switch
and lower switch faults. In order to illustrate the fault character-
istics of OSF, lower switch fault in phase-A, namely S 42-OSF, is
taken as an example. After S 45-OSF, the configuration of faulty
PMSM drive is changed, as shown in Fig. 3. It can be seen from
Fig. 3 that only the current path of the faulty power switch will
be lost and other current paths remain normal.

To present the influence of the current path in S42-OSF
operation more clearly, the current path of Phase-A VSI leg
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Fig. 4. Current paths under different switch states and current directions.

(a) ia>0; Sa1 ON, Sa2 OFF. (b) ia>0; Sa1 OFF, S42 ON. (¢) ia<0; Sa1
ON, Sa2 OFF. (d) ipn <0; Sa1 OFF; S22 ON.

under the different current directions and switching states is
presented in Fig. 4. In Fig. 4, the current path in normal operation
is marked with the blue line. The red line represents the current
path in S 42-OSF operation. After S 45-OSF, the current path of
the lower switch S o5 is blocked. When the normal phase current
flows through the diode and the upper switch S 4 1, the operation
state will not be influenced since the current of the faulty phase
is not changed, as shown in Fig. 4(a), (b), and (c). When the
normal phase current flows through the lower switch S 42, the
current has to flow to the diode D 45 to establish the new current
path in the state of phase-A current inflow due to the loss of the
current path in the lower switch S 49, as shown in Fig. 4(d). As a
result, after S 42-OSF, phase-A current will be forced to zero in
the negative half fundamental period, and the Phase-A current
is normal in the positive half fundamental period. The same rule
applies equally other OSFs.

In Sa--OSF operation, the actual a—f stator voltages are
still deviate from the a—( stator voltage references due to
the loss of the current path in the lower switch S42, which
will lead to estimation error of the rotor position in the NFO.
Therefore, the acquisitions of the actual a—/3 stator voltages for
the NFO in S42-OSF operation are also necessary to realize
the effective senorless control in the PMSM drive. Based on
the above analysis, the faulty phase current in S 42-OSF oper-
ation can be considered as a combination of the normal phase
current in healthy half fundamental period and zero current of
phase-A OPF in faulty half fundamental period. As a result, the
acquisitions of the actual a—( stator voltages can be divided
into two modes. The first mode represents that the actual a—f3
stator voltages are equal to the a—/3 stator voltage references in
the healthy half fundamental period. In the second mode, the
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Fig. 5. Block diagram of the proposed FT control of sensorless PMSM drive.

actual a—f stator voltages can be calculated by using (14) in
the faulty half fundamental period. Therefore, after ignoring the
inverter nonlinearity, the actual a—f stator voltages in S 4 2-OSF
operation can be calculated as

s)

By updating the voltage input of the NFO with (15), the
effectiveness sensorless control of the PMSM drive can be
ensured in S 42-OSF operation.

IV. FT CONTROL OF SENSORLESS PMSM DRIVE

In this article, an FT control scheme is proposed for OPF, OSF,
CSF, and VSF in the sensorless PMSM drive, as shown in Fig. 5.
After OPF and OSF, the calculated a— stator voltages are used
to update the voltage input of the NFO, which can realize the
effectiveness sensorless control. Then, the current commutation
time is considered in the establishment of FT current reference
to reduce the current tracking errors and torque ripple. For CSF,
the faulty phase current is estimated by using the Luenberger
observer to realize the FT control. By obtaining the estimated
flux and actual flux, the dc-link voltage is estimated to tolerate
the VSE.

A. FT Control for OPF

Based on the proposed sensorless control of faulty PMSM
drive in Section III, the conventional FT control scheme for OPF
can be used in sensorless PMSM drive. To obtain the theoretical
minimum torque ripple in the phase-A OPF FT operation, the
polarity of the phase-B FT current reference is changed imme-
diately in [22], and the phase-B FT current reference can be
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denoted as
VBN, cosfe+Cy A
iy = pr(Lqué) . (0< b <m) (16)
—V3Np1scosbh.— A
—NZ(Ld—Lq) L (m <6< 2rm
where

C = \/3(prf c080,)° +4N,(Lq — Ly)sin(20,)T=. (17)

For the surfaced-mounted PMSM (L4 = L,), the Phase-B FT
current reference can be simplified as

T*
i = ———&——. 18
Bl \/§prf cos 0, (18)

Moreover, the overcurrent endurance of the PMSM drive
should also be considered in the phase-B FT current. Therefore,
the new phase-B FT current reference can be expressed as

i min {i%,, Imax } (1%, > 0)
b2 max {7z, —Imax} (ip; <0)

where I, s the maximum amplitude of the phase current, and
is set as 10A in this article.

According to (16) and (18), the current polarity should be
changed immediately in the positions of 71/2 and 37/2 to reach the
theoretical minimization of torque ripple. However, the actual
phase-B current cannot change abruptly due to the impact of
motor inductance. As a result, the tracking error between the
FT current reference and the actual current will be generated
and the negative torque will be generated during current com-
mutation. To eliminate the current tracking error, the desired
current commutation time should be guaranteed during the
current commutation. Smaller current commutation time will
cause the current tracking errors and larger current commutation
time will increase the torque ripple due to the decrease of the
current contribution. Thus, the desirable current commutation
time in this article is calculated according to (20) [19]

19)

T ~ LbciB
o X
Udc

where L. represents the inductance between the windings of
phase-B and phase-C. ip is the phase-B current.

According to the desirable current commutation time, after
introducing a certain margin, the commutation starting angle
and commutation stop angle near the position of 7/2 and 37/2
can be calculated as

{0;1 =5- (‘DETCae(—:‘rl = g +@€TC

2
- _ 3 ~ + _ "3 -
O =5 —wle,0, =5 + w1,

(20)

2

where 0_; and 0_, are the commutation starting angle near
the position of 7/2 and 37/2, respectively. 61, and 6, are the
commutation stop angle near the position of 7/2 and 37/2,
respectively.

In this article, the current pattern of a straight line with the
fixed slope is introduced during the current commutation to
realize the commutation starting angle and commutation stop
angle in (21), and the phase-B FT current reference during the
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current commutation is expressed as

i g (m—20,)  0f
B3 ™ ) Lmax (Qée

= Oci (22)
20 Te —=3m) b < 0. <05

Finally, the new phase-B FT current reference considering the
current commutation is denoted as

Py = {min {ij}%zv i}3} (Z:*Bl > 0) .
max {ijy,ip3} (i <0)

Since the commutation starting angle and commutation stop

angle are considered in the FT phase-B current i* B4, the desired

current commutation angle can be can be guaranteed during the

current commutation. In the positions of 7m/2 and 37/2 during the

current commutation, both the FT phase-B current reference ix

B4 and the FT torque reference 7% e_FT will be zero. According

to (23), Kirchhoff’s law, and Park transformation, the FT d—q

axis current references in phase-A FT OPF operation can be
expressed as

(23)

{iZ_FT = 2‘/3234sm9 24)

iy pr = 2\/52134 cos 0,

By using the optimized d—q axis current references, the nega-
tive torque caused by the current commutation can be effectively
eliminated compared to the conventional FT control and the
torque ripple can be further reduced.

B. FT Control for OSF

As analyzed in Section III-B, the faulty phase current will
be forced to zero under OPF. For OSF, the OSF can be divided
into upper switch fault and lower switch fault. After the upper
switch fault occurs, the current path of the upper switch is lost
in the faulty phase. As a result, the positive current of the faulty
phase can only flow through the freewheeling diode. Therefore,
the positive current of the faulty phase will be forced to zero
in the positive half fundamental period. The negative current of
the faulty phase will not be influenced since it does not flow
through the faulty switch. The same rules apply equally to the
lower switch fault. Based on the above analysis, the current
characteristics of OSF can be considered as a combination of
half fundamental period in healthy state and half fundamental
period in OPF state. As aresult, OSF and OPF share similar fault
characteristics in the faulty half fundamental period. Therefore,
atwo mode FTC is proposed for OSF. The FT Phase-B current in
(23) applies equally to Sx2-OSF in the faulty half fundamental
period. In the healthy half fundamental period, the healthy d—¢
axis current references are still used. Finally, the FT d—g axis
current references in S 42-OSF FT operation can be obtained as

i _ Zd (7;0« > 0)

d_ET 2‘/32’;34 sinf,  (iq <0) 25)
. iy (ia >0)

1 = ~

FT 2‘3/52794 coste (i, <0)

C. FT Control for CSF

In this article, the current information of the faulty current
sensor is estimated by establishing the Luenberger observer
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based on PMSM model in d—¢ coordinate system. Then, the
current information from the faulty current sensor is replaced
with the estimated current to tolerate the CSF. Typically, two
current sensors are used in the PMSM drive. For better under-
standing, phase-A CSF is selected as an example to introduce
the proposed FT control for the CSF. In phase-A CSF operation,
the measured phase-B current is correct. By using the inverse
Park transformation, the phase-B current can be denoted as

. 2 A 2
iB = COS (96 — ;) iq — sin (95 — ;) iq-

By combining (1), (26), and the conventional Luenberger
observer in [26], the Luenberger observer based on PMSM
model in d—g coordinate system can be reconstructed as

{aé=Aae+Bu+H<y—z)>

(26)

27)

with

C = [cos(ée — 2m)

= {Z.d };H:[hl ha)"s w = l e ]
Ug — Wy
where /7, and Ky denotes the specific gain coefficient, which
should be designed to decrease the estimation error with time.
According to the rank criterion, the following condition in
(28) can be met for (27) to ensure that the state variables i, and
i, can be estimated

(&

CA

rank V' = rank (28)

AT
where m denotes the order of the matrix A.
Therefore, the state variables iy and i, can be estimated by

using the Luenberger observer in (27). By using (27), the d—¢q
axis currents in phase-A CSF operation can be estimated as

{%d = %(ud - R ’AL'd —s—we%%q) + hl(iB — ’ALB)
%q LL( qu wei Zd_weL )+h2(lB_ZB)
(29)
By combining the estimated d—g axis currents and inverse
Park transformation, the estimated phase-A currenti 4 can be
estimated in phase-A CSF operation, and it can be denoted as

14 = cosBuig — sinfeiy. (30)
Finally, by using the estimated phase-A current iat0 replace
the faulty current information, the FT control for phase-A CSF

is fulfilled.
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D. FT Control for VSF

After VSF, the measured dc-link voltage Ugc_mea Will deviate
from the actual dc-link voltage Ugc_act, Which will cause the
estimation error of the rotor position and deteriorate the opera-
tion performance of the sensorless PMSM drive. To improve the
post-fault performance in the sensorless PMSM drive, a voltage
compensation-based FT control is proposed to tolerate the VSF
in this article.

In Section 11, the stator flux in a—f frame can be estimated by
using the NFO in (7). Therefore, the stator flux amplitude can

be estimated as
'(/Jest = Aga + 1/355

In the NFO, the a—f stator voltage references are used to
estimate the stator flux in a—3 frame. After VSF, the a—{ axis
voltage references will deviate from the actual a—f axis voltage
due to the incorrected U4 mea- Therefore, the estimation error
will be generated between the estimated stator flux amplitude
using (31) and the actual stator flux amplitude in VSF operation.

On the other hand, the d—¢ axis stator fluxes based on the
PMSM model can be calculated as

{%l = Lqiq + ¢y
Vg = Lqiq

(3D

(32)

According to (32), the calculated d—¢g axis stator fluxes ¢4
and 1), are only determined by the machine parameters and the
d—q axis currents which will not be affected by the measured
dc-link voltage in VSF operation. Therefore, the actual d—q axis
stator fluxes 14 and 1), in VSF operation can still be calculated
with (32) and the actual stator flux amplitude v, can be

calculated as
wact =/ ¢3 + wg

As aforementioned, the estimated stator flux amplitude est
will deviate from the actual stator flux amplitude v, in VSF
operation. To eliminate the error between the estimated stator
flux amplitude 1.y and the actual stator flux amplitude ¥,
the actual dc-link voltage should be obtained to replace the
measured dc-link voltage Ugc mea. According to (7) and (31),
the estimated stator flux amplitude . is positively related to
the a—(3 stator voltage. Meanwhile, the a—f stator voltage are
also positively related to the measured dc-link voltage Udc_mea-
As aresult, the estimated stator flux amplitude g is positively
related to the measured dc-link voltage Uqc_mea. Therefore, a
PI controller is introduced to generate the compensated dc-link
voltage Uqgc_com in VSF operation, which can eliminate the error
between the estimated stator flux amplitude 1.4 and the actual
stator flux amplitude 1., as shown in Fig. 6. By adding the
compensated dc-link voltage Ug¢_com into the measured dc-link
voltage Ugc mea, the actual dc-link voltage can be estimated.
By replacing the measured dc-link voltage Uge mea With the
estimated dc-link voltage U4, .st, the VSF can be tolerated, and
the error between the estimated stator flux amplitude s and
the calculated stator flux amplitude ¢, can be eliminated.

(33)
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Fig. 6.

Fig. 7. Experimental platform. (a) Motor. (b) Inverter.
TABLE I
PARAMETERS OF EXPERIMENTAL SETUP

Parameter Value
Number of pole pairs 4
Stator resistance 093 Q
d-axis inductance 6.26 mH
g-axis inductance 6.26 mH
Load torque 8.7 Nm
PM flux-linkage 0.3 Wb
DC-link voltage 200 V
Given speed 600 r/min
Switching frequency 10 kHz

V. EXPERIMENTAL VERIFICATIONS

To verify the proposed FTC scheme, the experimental plat-
form is established, as shown in Fig. 7. The platform mainly
includes a three-phase PMSM, a load motor, and hardware
circuits. The PMSM and load motor are coupled together by
using the couplings. The sensorless control of PMSM drive
and the proposed FT control scheme is performed with DSP
(TMS320F28335). The key parameters of the experimental plat-
form are given in Table I. In the experiment, OPF is achieved
by opening the breaker of the faulty phase. OSF is simulated
by imposing the driving signal of the faulty switch to be low
constantly. CSF and VSF are realized by changing the feedback
values of the current sensor and voltage sensor, respectively.

Fig. 8 presents the fault operation of the proposed sensor-
less control for PMSM drive in phase-A OPF. In Fig. 8(a),
the phase-A current is forced to zero, and the remaining two
phase currents remain opposite after phase-A OPF. By using the
calculated a—f3 stator voltages in the NFO, the rotor position can
be estimated accurately, and the maximum estimation error of
the rotor position is about 0.21 rad, as shown in Fig. 8(b). It can
be seen from Fig. 8 that the PMSM can operate continually in
Phase-A OPF by using the proposed sensorless control, and the
precision rotor position can be estimated.

Fig. 9 shows the performance of the proposed FT control
using i* B2 in phase-A OPF. In phase-A OPF FT operation, the
phase-A current is zero, and the patterns of the remaining two
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Fig. 8.  Fault operation of the proposed sensorless control for the PMSM drive
in phase-A OPF. (a) Three-phase currents. (b) Rotor positions.
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Fig. 9. Performance of the proposed FT control using i* B2 in phase-A OPF.

(a) Three-phase currents. (b) d—q axis currents. (c) Torques. (d) Rotor positions.

phase currents are identical, as shown in Fig. 9(a). In Fig. 9(b),
the tracking errors between the d—q axis currents and their refer-
ences are obvious since the desirable current commutation time
is not considered. Similarly, the torque output 7. cannot also
track the FT torque reference T+ e_FT, and the negative torque
is generated, as shown in Fig. 9(c). Moreover, the maximum
value of the FT torque reference T+ e_FT is equal to the torque
reference T e according to (16). In Fig. 9(d), the rotor position
of the PMSM can still be estimated accurately by using the
proposed sensorless control in phase-A OPF FT operation.

In Fig. 10, the performance of the FT control using i* B3
is presented in phase-A OPE. Compared with Fig. 9(a), the
desirable current commutation time is considered, as shown in
Fig. 10(a). In Fig. 10(b), the d—¢ axis currents can track their
references precisely. In Fig. 10(c), the negative torque and the
tracking error between the torque output 7. and the FT torque
reference T* e_FT is eliminated effectively. In Fig. 10(d), the
rotor position is still estimated accurately. It should be noted that
the torque ripple in Fig. 10(c) is inevitable for in the three-phase
sensorless PMSM drive due to the loss of the faulty phase.
Moreover, the torque reference 7% e generated by the speed PI
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(a) Three-phase currents. (b) d—q axis currents. (c) Torques. (d) Rotor positions.
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Fig. 11.  Fault operation of the proposed sensorless control for the PMSM

drive in phase-A OPF. (a) Three-phase currents. (b) Rotor positions.

controller is used as the maximum value of the FT torque output
T+ e_FT. Therefore, the torque reference T e is higher than the
load torque.

In Fig. 11, the fault operation of the proposed sensorless con-
trol for PMSM drive is presented in the S 45-OSF. In Fig. 11(a),
the three-phase currents remain the sinusoidal waveforms in the
healthy half fundamental period. In the faulty half fundamental
period, the system switches to the OPF operation. In Fig. 11(b),
the rotor position in S 42-OSF operation can be estimated accu-
rately by using the proposed sensorless control.

Fig. 12 presents the performance of the proposed FT control
using (25) in S 4o-OSF. The three-phase currents remain normal
in the healthy half fundamental period and switch to the phase-
A OPF FT operation in the faulty half fundamental period, as
shown in Fig. 12(a). In Fig. 12(b) and (c), the torque and d—q
axis currents can also track their references precisely. Compared
with Fig. 10(c), the torque ripple is decreased obviously by using
the remaining healthy switch to improve the FT performance in
S 42-OSF FT operation, as shown in Fig. 12(c). In Fig. 12(d), the
desirable performance of the estimated rotor position can still
be guaranteed.
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Fig. 13 presents the dg-axis voltage references in phase-A
OPF and S2-OSF FT operations. It can be found that small
voltage ripples are generated in the dg-axis voltage references
and its amplitude Ux amp in phase-A OPF and S 4,-OSF FT
operations since the dg-axis current references contain low-
order harmonics. Due to the occurrence of small voltage ripples
in phase-A OPF and S45-OSF FT operations, the maximum
values of the dg-axis voltage references are increased slightly
in phase-A OPF and S2-OSF FT operations compared with
normal operation. As a result, the upper limitation of the motor
speed will be decreased slightly in phase-A OPF and S 42-OSF
FT operations, which is acceptable in practical FT operation.

Fig. 14 presents the performance of the proposed FT control
in phase-A CSF. After CSF, the faulty current of the phase-A
current sensor is replaced by using the estimated current, and
the actual three-phase currents are still the sinusoidal wave-
forms with normal operation in phase-A CSF FT operation,
as shown in Fig. 14(a). In Fig. 14(b), the estimated phase-A
current is almost identical to the actual phase-A current, and the
maximum error between the estimated current and the actual
current is always less than 1A in phase-A CSF FT operation.
Meanwhile, the satisfactory performance of the rotor position
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Fig. 15.  Performance of the proposed FT control in Phase-A VSF. (a) DC-link
voltages. (b) Three-phase currents. (c) Rotor positions. (d) Speeds.

estimation and speed estimation are still remained, as shown in
Fig. 14(c) and (d).

In Fig. 15, the performance of the proposed FT control for
VSFis presented. After VSF, the error of the measured voltage is
increased from 0% to 20% within 80 ms, as shown in Fig. 16(a).
In Fig. 15(b), the amplitude of the three-phase currents is in-
creased slightly in the VSF operation. In Fig. 15(a), the flux error
A1) between the estimated flux amplitude .5 and the actual
flux amplitude 1, is also increased gradually. In Fig. 15(c)
and Fig. 15(d), the rotor position and speed estimation error
are increased in VSF operation. After the FT control of the
VSF is fulfilled, the compensated dc-link voltage Ugc com 1S
generated based on the flux error A, which is added to the
measured dc-link voltage Ugc_mea to obtain the estimated dc-
link voltage Ugc est- Meanwhile, the estimated dc-link voltage
Udc_est 18 used to replace the measured dc-link voltage U e meq
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Fig. 16. Transient performance of the proposed FT control in different op-
erations. (a) Phase-A OPF opeation. (b) S 42-OSF operation. (c) Phase-A CSF
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in the sensorless PMSM drive. The estimated dc-link voltage
Udc_est can track the actual de-link voltage gradually, as shown
in Fig. 15(a). In this process, the flux error At is decreased
gradually in Fig. 15(b). In Fig. 15(c) and (d), the estimation
errors of the rotor position and speed will be eliminated gradually
in the VSF operation and return to the low level.

Fig. 16 shows the transient performance of the proposed FT
control in different operations with the speed step from 300
to 600 r/min. In phase-A OPF and S 45-OSF operations, the
proposed FT control can still drive the motor normally when the
speed changes, and the smooth transiation can be obtained, as
shownin Fig. 16(a) and (b). In phase-A CSF, the phase-A current
can be estimated accurately to realize the FT control of phase-
CSF with the speed step, as shown in Fig. 16(c). In Fig. 16(d), the
phase-A current remains normal sinusoidal waveforms with the
speed step, which determine the measured voltage error can still
be compensated accurately. Although the estimation error of the
rotor position is increased slightly when the speed changes in
these FT operations, the error level is acceptable and always less
than 0.4 rad. Moreover, when the speed stabilizes, the estimation
error will return to the low level. It can be seen from Fig. 16 that
the proposed FTC scheme possesses good roubustness against
the transient performance in the sensorless PMSM drive.

VI. CONCLUSION

In this article, an FT control scheme is proposed for four types
of faults in the sensorless PMSM drive, namely OPF, OSF, CSF,
and VSF. First, both the rotor position is estimated accurately
in OPF and OSF operations by using the calculated a—/3 stator
voltages for the voltage inputs of the NFO. Based on the es-
timated rotor position in OPF and OSF operations, the current
commutation is considered to optimize the FT current reference.
By using the optimized FT current reference, the current tracking
errors and negative torque are eliminated effectively. Second,
the current information of the faulty phase current sensor is
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estimated by using the reconstructed Luenberger observer to
complete the FT control for CSF. Finally, the FT control of VSF
is realized by compensating the measured voltage error based
the flux error between the estimated flux amplitude and actual
flux amplitude. The experiments prove the effectiveness of the
proposed FT control scheme.
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