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This paper presents an integrated solution for a fault-tolerant three-phase permanent
magnet synchronous motor (PMSM) field-oriented control drive subjected to an open-
phase fault (OPF) integrated with effective fault-tolerant detection methodology. The fault
detection methodology is based on model predictive current control (MPCC), which is easy
to apply, detect OPF in a range of microseconds, and robust under-speed or load transient.

Key worq’s: . On the other hand, the fault-tolerant compensation is based on a neutral point connection
Fault Diagnostic . y . o ;
together with stator current regulation to maintain the magneto-motive force (MMF)
Fault Tolerant Control ; . .
. . unchanged under open-phase failure. Controlling the motor phase currents in the post-fault
Field Oriented Control . . . L .
condition ensures a rotating magnetic field similar to that produced during healthy
Open Phase Fault . . S . C
PMSM conditions thus, reducing the saturation impact and ensuring the reliability of the control
operation. The proposed integrated fault-tolerant drive is validated using MATLAB
simulation that ensure the effectiveness of the proposed solution in steady state and during
transients under different loading and rotor speed condition.
Nomenclature with high safety requirements [1], [2]. As the more complexity of
the electrical drives become, the possibility of system faults and
Va, Vb, Ve The abc stator voltages ) . .

The d . I failures increases which are hard to be prevented and can lead to
vd:Vq ¢ dg-axis stator voltages severe effects. Fault-tolerant (FT) capability is the main
tay1b, T The abe stator currents requirement of motor drives in various applications such as electric
ids, Igs The dg-axis stator curr.ents vehicles, aerospace and spacecrafts, as the reliability of the motor
P The number of pole pairs drive system is very critical [3]. Such a system should identify
R The stator resistance faults, locate their origin, and, if possible, continue to operate after
L4 L, The dg-axis stator inductances the fault happens. The Fault-tolerant control scheme involves fault
Ly The leakage inductance detection and compensation. The open-circuit fault may not cause
W, The rotor electrical speed instantaneous damage and can even remain undetected for long
Am The permanent magnet flux linkage periods thus leading to secondary failures [4]. The open-phase fault
T, The electromagnetic torque (OBF) happens in elect.rical machine .drives when a winding phgse

. is disconnected or one inverter leg fails or even due to a protection
N The winding turns . ) o o S
. . system isolating a short-circuit condition. In this situation, a large
0. The electrical rotor position angle

1. Introduction

Permanent magnet synchronous motor (PMSM) is employed
when high torque density/volume is needed, including systems
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ripple of electromagnetic torque is created and serious mechanical
vibration may happen. Fast and accurate methods of detection and
fault-tolerance are therefore urgently needed to identify, isolate the
fault early, and prevent the destruction of the whole system [5].

Among the numerous techniques for identifying faults by
sensing waveforms is the Machine Current Signature Analysis
(MCSA) which is based on Fast Fourier transform (FFT) stator
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current analysis but is limited to steady-state process and requires
stator current monitoring for at least one or more electrical post-
fault periods before detecting the fault successfully. It also needs
substantial processing energy and memory resources. Another
technique known as Park’s vector approach relies on the analysis
of stator current in the rotor reference frame [6]. The current
trajectories have a circular shape in normal conditions, the
trajectories shape changes to the ellipse in the case of open phase
fault (OPF). Modifications and developments of this technique are
presented in [7]. These methods are much simpler and faster than
MCSA, but during transient speed and load, they are subject to
false alarms. In [8], a model reference adaptive system (MRAS)
detection technique has been presented which relies on voltage
monitoring and model current calculation when a fault happens in
the steady-state; the threshold value of the detection was estimated
empirically. The model predictive current control (MPCC) that has
been presented for fault diagnostic in PMSM [9], [10] is employed
here, where it relies on the stator current prediction and estimated
error. MPCC scheme for the fault detection is found to be fast,
requires minimum processing effort and robust under transient
conditions.

Fault-tolerant control (FTC) compensation techniques for OPF
PMSM drives have been introduced in two major forms depending
on whether reconfiguration in hardware is needed or not. Methods
with reconfiguration [11] are most applicable due to the fact that
single-phase operation of the method without reconfiguration [9]
even with modifications applied has the probability of matching
the system mechanical resonance frequency at low speeds. One of
the reconfiguration methods with extra inverter leg connected to
the neutral point of PMSM is presented in [12], however still the
main drawback of this method is the extra complexity of the power
converter and additional cost and size. In [13] the authors
employed a fourth leg in a manner that it replaces the faulty leg,
yet the same drawback of extra complexity and additional cost and
size remains the same. In [14] fault-tolerant systems of five-phase
permanent magnet motor drive was studied. However, the
multiphase machines are not a suitable solution in some
application owing to the extra weight and costs. In this paper, the
FTC compensation methodology implemented is targeting a lower
cost compensation methodology [15], however, the magnitude of
the phase current is limited to its permissible limit in order to
minimize saturation impacts and ensure a sustainable motor drive
fault-tolerant operation [16].

It is commonly found in literature research efforts that are
dedicated for the fault detection [6]- [9] and others that present the
fault compensation methodology [11]-[15], while it is rarely
presented in the literature papers that provide complete solution
from the instant of open phase fault, it is detection until applying
the fault compensation methodology

In this paper the authors are introducing an integrated solution
for a field oriented controlled PMSM drive that incorporates the
benefits of fast open phase fault detection using a methodology
based on MPCC and a reconfiguration fault compensation method
that utilizes minimum additional hardware achieving a balanced
operation with balanced current in magnitude thus dramatically
reduces the torque ripples and consequently the ripples in the rotor
speed as presented in [15]. In contrary to using a pulse width
modulator in [15], the authors here deduced the required
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transformation to apply a space vector modulator which provides
less harmonic distortion.

The paper is arranged as follows, Section 2 presents the
modeling of PMSM, Section 3 presents the concept of the field-
oriented control (FOC) of PMSM, Section 4 presents the concept
of the MPCC used for OPF detection, Section 5 describes the
proposed FTC compensation strategy and Section 6 shows the
simulation results. Finally, Section 7 provides the conclusion of
this work.

2. PMSM Mathematical Model
The electrical dynamic equations of the PMSM in the abc
stationary reference frame can be written as [15], [17]:

labc aLabc

d
Vabc = Rslabc + Labc dt + We Iabc 20 + We lIjabc
r

cos 0,

A, |€os (HT - 2?”) )
cos (Hr + 2?”)

lIjabc =

Where Rg = diag(Ry) , Vape = [Va Vb Vc]T

Lipc = [ia i ic]" and the terms of the matrix L,y are
Lg+Lg—2Lis Lg-L
Lnp =Lls+( : 3 l)_( d3 q) cos[2(0r + a)]

Lgpn = Ly = _71 (Ld+L§_2LlS) - (Ld;Lq) cos[2(6, + )]

_g (h, k) = (a,b) Ozn h=a
y=4 1 (i=0o,e={ "3 =P q
T 2r —
3 (k)=(a0) = h=c
For the mechanical part:
T, =] %+ Bw, +T, 3)

T; is the load torque, B is the damping coefficient, w, is the rotor
mechanical speed and J is the moment of inertia.
The electromagnetic torque can be represented as in (4):

T, = APl (i =2 =) cos 6, + 2 (i, = i) sin6,] (@)
For the loss of one phase, the current in the lost phase becomes
equal to zero keeping a single-phase current circulating in the
remaining two phases.

For the post fault operation with the neutral of the star-connected
three-phase windings of the PMSM connected to the center point
of the DC link, the PMSM equations can be re-written as in [15]:

da;(t
V(0 = Rl (8) + d—]t() (5)
A;5(t) = (Ls + LI (1) + M4, (6)

(b, c) phase a open
where, (i,/)={ (a,c) phase b open
(a,b) phase c open
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vy =[Vi Y]" L =[ 41" Ni=[4 4]
Lq+Lg—2L; —1 (Lg+Lg—2L;
L+ () ()
Ls=] _, La+Lg—2Ls La+Lg—2Ls
7( 3 ) Lis + ( 3 )

cos[2(6; + B2)]
cos[2(6, + B5)]

Lyij = —

La—Lq\ [cos[2(0, + S1)]
( 3 ) [c05[2(9r + B2)]

J= [sin(@r + B1) Rl

sin(6; + B3)

[1, B2 and B3 are selected under the condition of open phase fault,

as defined in (8):

(i’ 0’2_7T
3 3
T 27
Bi, B2, B3)= (0,5,?) phase b open (8)
(0,%”,_7“) phase c open

) phase a open

The torque consists of two-component: reluctance torque (7er)
and excitation torque (7.») that is expressed in (9) and (10):
Te =Ter + Tem ©)

T 6M1]

= £ (150" S0y (8) + PAm 1(0) (10)

3. Field oriented control (FOC) of PMSM

The FOC method used for AC electrical machine is
concerned to let the AC machine behaves like the dc machine in
terms of decoupled torque and flux control. A FOC control
algorithm is manipulating the stator current vector in a d-q
reference frame attached to the rotor. The torque equation of the
PMSM in a d-q reference is given as:

- Ld ) ids iqs)/z (11)

Keeping the direct component of the stator current vector
equals to zero results in a torque that is controlled through the
manipulation of the quadrate component of the stator current
vector. 4,, is the permanent magnet flux linkage resembling the
flux in the DC machine so the torque can be expressed as:

T, = 3P(Apigs + (Lg

3PAmiqs
2

. 3PAm
= Kilgs , Ky = - (12)

Te =

FOC has the advantage of having a fast response and little torque
ripple.

4. MPCC method for OPF detection

The model predictive current control (MPCC) applied for
fault diagnostic relies on the stator current prediction and
estimated error to detect the abnormal situation. The current
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prediction is derived from the stator voltage equations in the d —¢
reference frame of the machine attached to the rotor (rotor field)
as given in (13) and (14) [9], [10].

digs

Vg = RSidS + Ld dt

— We Lg gs (13)

vq = Rgigs + Lg lqs + W Ly Igs + wp Ay (14)

By simplifying the derivation of the predicted current from
(13) and (14), justified by the short sampling interval of A¢, the
rotor speed w. can be considered to be quasi-constant, and linear
change of stator currents during the short sampling interval
[9].The PMSM equations can, therefore, be discretized with Euler
approximation, resulting in the prediction of stator current at the
sample t;,, as given below:
(Vd(t ) — Rslasiey + @eey Lq lgscep)

las(tip) = las(e) +

(15)

(Vq(tl — Rslgsey = We(ey) La laseepy —

we(tl—) /1m ) (16)

The objective function is chosen at the sampling time #, as
the sum of the squared errors between the predictive values of d-
and g-axis currents and their corresponding actual values as
expressed in (17) [10]:

lgs(tip) = lgs(ey) +

E= (i:is(fi) - ids(fiﬂ) )2 + (i;S(fi) - iqs(ti+1) )2 an
where E is considered to be the fault indicator. Under normal
conditions and without system failure, £ is relatively small within
the expected range, once a fault occurs, the value of £ will
increase in magnitude exceeding the error threshold £. The chart
in Figure 1 shows how the proposed algorithm differentiates
between actual fault condition and transient operation condition.
In this algorithm, the condition of having one of the phases with
zero measured current and zero predicted current fulfills the
condition of OPF. Few sampling intervals are sufficient to detect

the fault. The proposed solution has the following advantages:

1) The OPF can be identified rapidly, in a range of few sampling
intervals that are in the order of psec.

2) No considerable processing power is needed.

3) Effective during transient speed and load.

5. The fault-tolerant compensation topology

Between many configurations, the minimum level of fault-
tolerance in a three-phase drive for an OPF can be accomplished
by isolating the faulty element, opening the corresponding motor
phase, and connecting the motor stator neutral point to the mid-
point of the inverter dc bus [15], as shown in Figure 2. During the
OPF, after the system detects the abnormal condition (OPF) the
system firstly disconnects the faulty phase leg by disabling the
PWM signals to the corresponding switches of the inverter to
avoid its impact on drive behavior after applying the post fault
strategy, then fault compensation technique should begin and can
be split into two steps as follows:
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a) Connect the PMSM neutral to the mid-point of DC bus
by firing TRn to continue the machine operation as a
two-phase motor as illustrated in Figure 2.

b) Apply the post-fault current regulation technique as will

follow in this section.
.

Estimate fault indictor £
equation (17)

Current in any’
phase =0

Next sampling
period

A

Predicted current in
the same phase =0

Activate detection
method
Figure 1: Flow chart of MPCC

For the PMSM FOC drive, in the healthy operation, the stator
phase current has two components iy, iqs, representing the torque
and the flux components, respectively. During the post-fault stage,
the motor neutral to the mid-point of the DC link split the machine
phase currents into two currents where the zero-sequence
component of the phase current becomes active, i.e. ZI,#0. The
fault-tolerant control strategy [11], [15] targets to maintain the
same magneto-motive force (MMF) of the three-phase healthy
operation and balance the unbalanced open-phase fault operation.
This can be achieved by the following transformations to obtain
the set of reference voltages for the remaining two healthy phases
as follows:

Vg = AVy(b) (18)
Vs =BV (19)
Vi = RyVyp (20)

Also, similar matrices A, B, and Ri instead of Ry are used to
transform the phase currents.

Where, A = [1 _11] (A)'=:A
D
o (237
s 2COS(B1 B3) 0
N ey e
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—sin(6, + 5,
cos(6; + f3;)

—3sin(6, + ﬁz)]
3cos(6, + B,)

3cos(0, + B,) 3sin(6, + ﬁz)]
—sin(0, + ;)  cos(6, + f2)

_ [cos(@r +2)
V" |sin(6, + B,)

_ 1[cos(6, + B,)
Ry = 3 [sin(@r + ,822)

| = @y

Ry =|

And S is the transformation between the balanced alpha-beta
frame and the alpha-beta reference frame of the SVPWM given
as:

s [cos(B2)
sin(,)

—sin(f,)
cos(Bz)

Then the resulting two-phase post fault currents will increase to
/3 of the healthy phase current with phase angle shifted 60° away

from each other [11], [12]. This is illustrated by the phasor
diagram in Figure 3 for an OPF in phase (a).

. S D1 g5 D3 ¢ Ds
-
[ 1 Va Vb Ve
| == % D1 s6 P{ s D2
1
I
I
I
|
I
I PMSM
______ J _
TRn N

Figure 2: FTC motor drive configuration

This ensures the same rotating magnetic field and thus the
same stator flux linkage by maintaining the same MMF between
healthy and fault-tolerant conditions. The compensation of
voltage drops due to the variation of stator resistance [11] was
also applied to remove their effect during the fault-tolerant
operation as shown in Figure 4. The flow chart in Figure 5
summarize applied post fault compensation methodology.

Figure 3: The phasor diagram of the PMSM under OPF
458


http://www.astesj.com/

A. Saleh et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 6, 455-463 (2020)
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Wre | p | d2p | [ svewm
ield —
]| oriented — T
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—»| control :: (Yoltage dr?p Ry _.
we —
-

Proposed
FTC

C.

currents
£ r

—  MPCC
Detection i abc2dq
method

e

Figure 4: The proposed FTC system for the PMSM drive

Start from detection
method signal

Switch on the connection from the
neutral point to dc bus,
Disable pulses to the faulty leg

Calculate off unbalanced current
(Lsg* )by applying matrix A

l

Calculate off balanced current by
(L) applying matrix B

!

Calculate dq" current by applying
( laq') matrix Ry

PI controller

Compute reference dq voltage
with Rg voltage drop
compensation

Calculate af} balanced voltages by
(Vap)applying matrix Ry™!

l

Apply the matrix transformation
between the balanced af3 frame
and the af} reference frame of the
SVPWM (S)

!

SVPWM
Compute the remaining healthy
phase voltage of the motor

Figure 5: Flow chart of fault compensation control steps

6. Simulation results

In this section, MATLAB simulation results are presented
from a MATLAB Simulink model developed for the PMSM drive
system in Figure 4 with proposed fault detection and fault-tolerant
techniques under different modes of operation (healthy, during an
open-phase fault, fault-tolerant compensation). Four cases under
the different conditions and with different speed and load
conditions as presented in Table 2. The PMSM parameters are
listed in Table 1.
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Table 1: Three Phase PMSM Parameters

Parameter Value
Rated power 0.47 kw
Rated torque 2.2 N.m.
Rated current 2A
Rated speed 1000 rpm
The number of pole pairs (p) 3
Moment of inertia coefficient 0.000198 kg.m?
Stator Resistance (Rs) 595Q
d-axis Inductance (La) 12.5 mH
g-axis Inductance (Lq) 12.5 mH
The PM flux linkage (4,,) 0.2955556 Wb

Table 2: Test cases

Cases Description

In this case phase b is disconnected, detection method
A (MPCQC) is disabled; reference speed 1000 rpm, and
load torque 0.5 N.m.

In this case phase b is disconnected, detection method
B (MPCC) is disabled, reference speed 500 rpm, and
load torque 1 N.m.

In this case phase b is disconnected, the detection
C method (MPCC) enabled, reference speed 400 rpm
and load torque 1 N.m.

In this case of phase, b is disconnected, detection method
D (MPCC) is enabled, with transient speed change
from 400 rpm to 800 rpm and load torque 1 N.m.

A. phase b is disconnected, detection method (MPCC) is
disabled; reference speed 1000 rpm, and load torque 0.5 N.m.

The PMSM is first driven at healthy operating conditions. An
OPF at phase b is then applied at t=0.1 sec with the fault detection
subsystem being disabled for illustrating the error signal that is
used for detecting the fault when the integrated fault detection,
fault-tolerant compensation technique is fully applied. Att= 0.2
sec, The FTC current regulation technique is allowed to start thus,
connecting the neutral point to the mid-point of the DC link and
applying the required modification for the current control to return
back the magneto-motive force to its value during the healthy
operation as explained in section 5. Figure 6 shows the stator
currents during the OPF in phase b at t = 0.1 sec, the phase b
current falls to zero while the other two-phase currents have the
same value of the current, but with opposite polarity (phase-
shifted 180°). When the FTC compensation is applied at t = 0.2
sec, the currents of the remaining healthy phases is increased in
magnitude by 1.73 and shifted 60° apart from each other.

0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 6: Stator currents before, during the fault and after FTC compensation
(case A)
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Error(A)

ALV o v s o

.
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 7: Fault detection error magnitude before, during the fault and after FTC
compensation (case A)

iy, ()

L L L
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 8: d-axis current before, during the fault and after FTC compensation

(case A)
8
6
4
S
70
2k J
4 1 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 9: g-axis current before, during the fault and after FTC compensation

(case A)
120
100- B
S 80F 4
2
£ 6or g
=
3
& 40H 4
20 g
0 , . , . ,
0 0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 10: Rotor speed before, during the fault and after FTC compensation
(case A)

0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 11: Electromagnetic torque before, during the fault and after FTC
compensation (case A)

During the OPF the error magnitude increases due to the OPF
(t =0.1sec — 0.2 sec) then back to the acceptable range after the
FTC technique is applied (t = 0.2sec - 0.3sec) as presented in
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Figure 7. The dq currents, speed, and torque ripples severely
increase during the fault due to the OPF operation, then the FTC
technique constrained it as shown in Figure 8, Figure 9, Figure 10,
and Figure 11.

B. Phase, b is disconnected, detection method (MPCC) is
disabled, reference speed 500 rpm, and load torque 1 N.m.

During single-phase operation (OPF occurs at t= 0.1 sec)
without enabling the detection technique (MPCC), the system
cannot identify the fault and this leads to the PMSM stop and
cannot continue its operation. Until the FTC compensation is
applied at (t=0.2 sec), PMSM can return back to work with the
remaining two phases at t=0.2 sec a Shown in Figures 12, 13
and14.

0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 12: Stator currents before, during the fault and after FTC
compensation (case B)

60r 1
840
T 20
=1
30
@
20
1 1 1 1 1
_400 0.05 0.1 0.15 0.2 0.25 0.3
Time(Sec)
Figure 13: Rotor speed before, during the fault and after FTC compensation
(case B)
4
£ 2
Z
Q
3
o
50
=
2 1 1 1 1 1
0.05 0.1 0.15 0.2 0.25 03
Time(sec)

Figure 14: Electromagnetic torque before, during the fault and after FTC
compensation (case B)

C. phase b is disconnected, the detection method (MPCC)
enabled, reference speed 400 rpm and load torque 1 N.m.

Phase b is opened at 0.1 sec with the fault detection technique
(MPCC) enabled. The function of the fault detection method is to
detect the OPF and trigger the FTC-compensation for operation.
It is obvious from Figures 15 to 20 that the detection of the OPF
is only in a few psec depending on the error indicator. In normal
operation (t =0 - 0.1sec) the error as given in (17) is close to zero,
at the instant of fault at (t= 0.1 sec) the error magnitude is
increased and the MPCC detects it quickly before the error value
becomes high. Once the fault detection takes place it activates the
FTC which returns back the error value to an expected range (t=
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0.1 - 0.3 sec) as shown in Figure 16. The stator currents are
depicted in Figure 15. As shown in Figure 17 and Figure 18, the
balance in the resultant MMF can be easily observed by obtaining
the same average torque and speed as in the healthy operation at
the instant the fault is detected and FTC is activated. igs and iqs are
depicted in Figure 19 and Figure 20, respectively. Comparing case
C to case B, it can be concluded that the fast response of the fault
detection prevents the drive from halting at low-speed operation.

L L L
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 15: Stator currents in the healthy and post-fault operation

5

OPF|

%
e AW AN A A

Error(A)
(=

. . .
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 16: Fault detection error magnitude in the healthy and post-fault operation

3

2+ 4

Te(N.m.)

L
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 17: Electromagnetic torque in the healthy and post-fault operation
50

[ I VE RN
S o o
T T
I I I

Speed(rad/sec)

=
I

L L L L L
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

=

Figure 18: Rotor speed in the healthy and post-fault operation

1

0.5- b

ids(A)
t

0.5r b

1 1 1
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 19: d-axis current in the healthy and post-fault operation
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2
1.5r R
<
._'U‘
0.5r b
G L L L L L
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure20.: g-axis current in the healthy and post-fault operation

D. phase, b is disconnected, detection method (MPCC) is
enabled, with transient speed change from 400 rpm to 800 rpm
and load torque 1 N.m.

In this test case, the selective and discriminative performance
of the fault detection method is examined under healthy, fault
during transient and transients while operating in post-fault
conditions. Figures 21-23 show the case where during the healthy
operation the speed was changed from 400 rpm to 800 rpm while
the detection algorithm being activated. A large error is observed
by the fault detector similar to a fault condition however due to
the presence of actual and predicted current, the algorithm takes
no action. On the other hand, Figures 24-25 illustrate the same
case for Figures 21-23 however during the transient change, an
OPF of phase b is introduced (at t= 0.053 sec). The fault detection
method observed the fault condition and takes the proper action
for transferring the operation to the post-fault algorithm allowed
to a balanced two-phase maintaining the same MMF as for the
healthy condition with minimum torque ripples.

Moreover, the FTC-compensation strategy is tested to prove
the robustness of the system during post-fault by changing the
reference speed from 400 rpm to 800 rpm as indicated in Figure
26. It is obvious that the PMSM speed is totally able to follow the
reference speed. Figure 27 and 28 illustrate the two-phase currents
and the electromagnetic torque in the post-fault operation during
the steady-state and transient conditions of the step change in the

speed.
L — reference speed |_|
100 —actual spccl;
3
g
Z 500 ]
]
&
0 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

Time(sec)

Figure 21: Rotor speed change in the healthy operation

1 1 1 1 1
0.05 0.1 0.15 02 0.25 03
Time(sec)

Figure 22: Stator currents in the healthy operation under-speed change
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Torque(N.m.)

L L L
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 23: Torque in the healthy operation under-speed change
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Figure 24: Stator currents under- transient speed change

4
~3
g
Z 2
o]
&1
o
E ool |
1 1 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3
Time(sec)

Figure 25: Torque under transient-speed change
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Figure 26: Rotor speed change in the post-fault operation
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Figure 27: Stator currents in the post-fault operation under speed change
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Figure 28: Torque in the post-fault operation under-speed change
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7. Conclusion

An integrated fault-tolerant system for open-phase fault in
PMSM field-oriented controlled drive has been presented. This
drive system consists of a MPCC technique for the fault detection,
which is reliable, fast as only a few sampling intervals are
sufficient to identify the OPF during steady-state and effectively
under transient conditions, together with a fault-tolerant control
(FTC) compensation method which utilizes the neutral point to
split the single-phase current into two-phase currents that are 60°
phase-shifted and equal in magnitude (increased to /3 of the

healthy phase current) with minimum hardware. This guarantees
the balance in the resultant magneto-motive force allowing for the
current vectors regulation returning the operation with almost the
same average torque.

The simulation results show the smooth transition from the
healthy operation to the post fault operation immediately at the
time the fault occurs without loss of machine torque and
consequently the speed control. Moreover, the fault detection
method is robust enough to discriminate between a real OPF and
a normal operation transient condition.

The results obtained under different testing conditions show
the robustness and precision of the proposed fault detection and
fault compensation methods which makes the proposed integrated
fault-tolerant is suitable for PMSM drives used in industrial
processes to ensure the reliability of the whole system operation
even in the event of OPF.
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