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Abstract

This paper introduces a novel technique to maintain the operation of the five-phase Permanent Magnet
Synchronous Motor (PMSM) post the failure in two phases of the motor and post the failure of the speed
sensor occurs simultaneously. To achieve that, Firstly, a Fault Tolerant Control (FTC) technique is
implemented. The FTC is based on implementing two new Space Vector Pulse Width Modulation
(SVPWM) besides using Field Oriented Control (FOC) to minimize the Torque ripple and to maintain the
performance post the two-phase failure. Secondly, Algorithms are proposed to obtain the saliency position
post the failure of the two phases. The Technique is based on measuring the transient response of the
motor’s remaining healthy currents due to the inverter switching actions. These switching actions are
related to the PWM signals obtained from the new SVPWM techniques implemented post the two-phase
failure. The whole control technique post the failures is very simple to implement. Simulation results are
provided to verify the reliability of the proposed control technique to maintain the performance of the five-
phase motor drive post the failure in the two phases and the failure of the speed sensor occurred
simultaneously without compromising the preperformance (maintain the torque ripple less than 3.6 % and
3.4% post the failure). Moreover, the results have demonstrated the ability for the whole system to work
effectively over a wide speed range and load conditions post the failure.

Keywords: five-phase PMSM motor, SVPWM, open-circuit faults, Sensorless
Control. FOC

1. Introduction

Multi-phase machines have witnessed an increased interest in many industrial applications [1-2] due to the
increasing demand for a highly reliable electrical drive. Compared to the three-phase configuration, multi-
phase machines offer the intrinsic advantages of higher power density, lower torque pulsation, and better
fault-tolerance

During the normal operating conditions, multi-dimension SVPWM can be utilized in a multi-phase motor
drive to cancel the third harmonic in the stator currents to enhance the torque [3-6]. In the cases of a failure
in one phase or two phases of the five-phase motor drive, a fault-tolerant control (FTC) strategy should be
adopted to control the remaining current to obtain a minimum torque ripple, equal phase currents, and
minimum copper losses [7-9]. In these cases, the traditional PWM techniques become inapplicable due to
the unbalance in voltages and currents of the five-phase motor post the failure. Hence, hysteresis current
controller has been implemented post the failure to control the remaining currents according to the FTC
strategy [8-10]. However, the switching frequency in the hysteresis control is inconstant and that limits its
use in industrial applications. To avoid the use of hysteresis control, modified SVPWM strategies for five-
phase motor under one phase failure are used [11-12]. To realize Vector Control (VC) operation post the
failure in a single phase, and two phases, transformation matrices are introduced [13-17] and [18-20]
respectively. Other Techniques were used such as Direct-Torque Control (DTC) [21], Sliding Mode
Control [22], Model predictive control [23] to control the remaining healthy currents to minimize the torque
post the failure.

Sensorless control of five-phase motor running under normal operating conditions has been researched in
the last couple of years. This research is focusing on model-based sensorless control, direct torque control,
and high-frequency injections [24-27].

Recently, few papers were presented the sensorless control of the five-phase motor post the failure in one
phase [28-29]. To the author’s best knowledge, No paper has introduced the sensorless control of the five-
phase motor under two-phase failure yet.

The major contribution of this paper is that it is the first paper that presents a fault-tolerant five drive system
that can maintain the operation post the failure two phases of the motor and post the failure in the speed
sensor occurs. This improvement in the reliability of the drive system is related to using two strategies
during the fault. The first strategy is to implement a new FTC strategy to maintain the operation of the
motor post the failure in the two phases. The FTC is based on implementing two new Space Vector Pulse
Width Modulation (SVPWM). This strategy helps to maintain the torque ripple less than 3.4% post the
fault. The second strategy is to implement new algorithms to obtain the saliency position based on the new
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FTC strategy. The whole control technique post the failures is very simple to implement and has a
performance as good as the performance of the system under healthy operating conditions.

2. Five-phase PMSM drive

Figure 1 illustrates the five-phase PMSM drive topology [30]. The PMSM motor is modeled according to
equations (1--5).
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Where v, pcpr are the stator voltages, 7y is the stator resistance, iy pcp g are the stator currents ,
@®apcpr are the stator linking fluxes, Lya, Lpg, Lcc, Lpp and Lgg are the total stator self-inductances,
and Lyg, Lac, Lga,Lap, Lag> Lec > Lep > Lgg » Lep > Leg and Lpg are the total stator mutual
inductances. @4 p ¢ p 5 are the permanent magnet fluxes.

The stator total self and mutual inductances are dependent on rotor angle as shown below:-
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where: Lg, and , Lg is the stator mutual and self inductance. L, is the stator inductance fluctuation, and
0, is /5. both stator self and mutual inductance are modulated by saturation saliency that appears in the
term (26,.). The stator flux-linkages due to the permanent magnet are
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where £, is the peak permanent magnet flux linkage.
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Figure 1. Five-phase PMSM Drive.




2.1 Currents of the five-phase motor post the failure

Five-phase motor drives are potentially fault-tolerant as mentioned previously. By utilizing a proper FTC
strategy, the five-phase motor can maintain its operation with minimum torque ripple even post a two-phase
failure. The FTC should maintain the torque-producing MMF without the need to use a neutral line to
ensure safe operation.

Under the normal operating conditions, the currents of the five-phase motor are given in
equation (6) and figure 2 [6,31-35]:
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ic|=|Iy * cos (wt — 486,) 6)

|iD | Iy * cos (wt + 46,) Io

liEJ I * cos (wt + 26,) E

Figure 2 five-phase motor currents under normal operating condition

Where [, is the amplitude of the phase current.
If phase ‘A’ is opened as an example [6], the performance of the five-phase motor can be maintained by
setting the current in phase ‘A’ to zero and assuming that :

ig =—ip ,ic =—ig (7)
Where iy , i , ip , and i are the remaining currents in phase ‘B’ , ‘C’, ‘D’, and ‘E’ post the failure in
phase ‘A’.
The currents iy , i, ip,andig can calculated by:-
Y Y 5Im _ A T 5Im _
ip=—ip = 74(sin(0x))2COS(Wt 0,) ,ip = —ig G cos(wt — 46,) (8)

This means that to maintain the performance of the five-phase motor post the failure in one phase, the
remaining currents should be to be increased by 1.382 times the current under the normal operating
condition as shown in equation 9 and figure 3. Also, the currents besides the faulted phase should be shifted
(m/5) towards the faulted phase.
Pa] | 0 ]
I'g 1.382 * I;, * cos (Wt — 6,,)
I'c|=11.382 % I, * cos (Wt — 46,)
I [1.382 x I, * cos (wt — 66,)
I'E 1.382 * I, * cos (wt — 96,
Figure 3 five-phase motor currents post a failure in phase 'A’.
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In the same way, when the two adjacent phases ‘a’ and ‘b’ are opened, the performance of the five-phase
motor can be maintained assuming that the neutral current is zero [6]. And hence the remaining currents in
the phases ‘c’, ‘d’, and ‘e’ post the failure can be calculated as follows:-

., 5Incos(6y) ., 5Ipcos(6,)? 51,,, cos(8,)

e = tsinc2a,)z Ot ~ 200 ld = gm0 53z = 2(sin(26,))2
This means that to maintain the performance of the five-phase motor post the failure in the two adjacent
phases ‘A’ and ‘B’. The remaining current in phase ‘D’ should be increased by 3.618 times compared to
its value under the normal operating conditions while the remaining current in phases ‘C’ and ‘E’ should
be increased by 2.236 times. Moreover, the remaining current in phase ‘C” and ‘E’ should be shifted (27 /5)
towards the faulted phases ‘A’ and ‘B’ respectively as shown in equation 11 and figure 4.
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Figure 4 five-phase motor currents post the failure in the two adjacent phases adjacent phases 'A’ and ‘B’ .

Finally, when the two nonadjacent phases ‘B’ and ‘E’ are opened, the performance of the five-phase motor
can be maintained assuming that the neutral current is zero. And hence the remaining currents in the phases
‘A’, ‘C’, and ‘D’ post the failure can be calculated as follows:-

51
i = m i m _
U= 2o S = BEine,)? cosay) W T 30
ip = cos(wt + 36,) (12)

b ™ 8(sin(26,))? cos(26,)
This means that to maintain the performance of the five-phase motor post the failure in the two nonadjacent
phases ‘B’ and ‘E’. The remaining current in phase ‘A’ should be increased by 1.382 times compared to its
value under the normal operating condition while the remaining current in phases ‘C’ and ‘D’ should be



increased by 2.236 times. Moreover, the remaining current in phases ‘C’ and ‘D’ should be shifted (1r/5)
towards the faulted phases ‘B’ and ‘E’ respectively as shown in equation 13 and figure 5.
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Figure 5 five-phase motor currents post the failure in the two nonadjacent phases adjacent phases A’ and ‘B’ .
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2.2 SVPWM of the Fault -Tolerant PMSM

2.2.1  SVPWM under healthy operating condition
To regulate the currents according to equation (6), multi-Dimension SVPWM can be used [3-6]. In this
method, two stationary frames a1-B1 and a3-B3 were used to map the fundamental component and the third
harmonic component respectively of the reference voltage (V_ref) as shown in Figures 6.a and 6.b
respectively.
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Figure 6. Vector diagram of the all the vectors in (a) ol —f1 plane and (b) a3 —f3 plane in multi-dimension
SVPWM.

2.2.2  SVPWM post a failure in phase ‘A’.

To regulate the currents according to equation (9) post a failure in phase ‘A’, the asymmetric SVPWM
method can be implemented [12]. This method depends on a reconstruction of the space vector diagram
post the failure based on the distribution of the stator currents post the failure in phase ‘A’ according to the

FTC strategy as shown in figure 7.
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Figure 7. switching vectors on a-f3 axis of asymmetric SVPWM post the failure in phase ‘A’.

2.2.3  SVPWM post a failure in the adjacent phases ‘A’ and ‘B’

To regulate the currents according to equation (11) post the failure in the adjacent phases ‘A’ and ‘B’, a
novel SVPWM method is presented in this paper. This method depends on a reconstruction of the space
vector diagram post the failure in the adjacent phases ‘A’ and ‘B’ of the five-phase motor based on the
changes of the healthy remaining currents as shown in figure 8.

The vectors in figure 8 can be categorized into two groups according to their amplitudes. The first group
consists of the vectors V1, V3, V4, and V6 with amplitude equals 0.4¥*VDC. The second group consists of
the vectors V3, and V5 with amplitude equals 1.618%0.4*VDC.
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Figure 8 switching vectors on a-f3 axis of a new SVPWM post a failure in adjacent phases ‘A’ and 'B’.

The algorithm to implement the new SVPWM post a failure in the adjacent phases ‘A’ and ‘B’ is given in
table 1 and table 2. More illustrations about the new SVPWM can be found in the appendix.

Table 1. Selection of the Sector.
Angle of reference voltage (8) Sector number

0<6<80, 1
0, <0 <206, 2
20, <60 <50, 3
50, <60 <60, 4
5
6

60, < 0 < 70,
70, < 6 < 100,

Table 2: Dwell time calculation and switch sequence in new SVPWM post failure in adjacent phases ‘a’ and

Sector T1 T2 T0 Switching sequence




1 Vae 1370%Vp , pg  LO1VE g Ts —T1—T2 V1,V2,V0
0.4%VDC 0.4+VDC
’ at LTV s L2EBVE L1 Ts—T1-T2 V3,V2,V0
0.4xVDC 0.4+VDC
3 10515+ Vat03249Vp o pq o V3,V4,V0
0.4+VDC 0.4+VDC
4 ~10515+Vp Vatl3764Vp o e g o VS, V4, V0
0.4+VDC 0.4+VDC
5 Vatl 3760V g Y LITOMVE e T —T1 -T2 V5,V6,V0
0.4xVDC 0.4+VDC
6 Ya=03249Vp Ts ZLOSISVg Ts Ts—T1-T2 V1,V6,V0
0.4+VDC 0.4+VDC
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To regulate the currents according to equation (13) post a failure in the non-adjacent phases ‘B’ and ‘E’, a
novel SVPWM method is presented in this paper. This method depends on the reconstruction of the space
vector diagram post the failure in the non-adjacent phases ‘B’ and ‘E’ of the five-phase motor based on the
changes in the remaining healthy currents as shown in figure 9.
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Figure 9 switching vectors on a-f3 axis of a new SVPWM post a failure in the non-adjacent phases ‘B’ and 'E’

The vectors in figure 9 can be categorized into two groups according to their amplitude. The first group
consists of the vectors V1, and V4 with amplitude equals 0.4*VDC. The second group consists of the
vectors V2, V3, V5, and V6 with amplitude equals 1.618*0.4*VDC.

The algorithm to implement the SVPWM post a failure in the non-adjacent phases
table 3 and table 4.

3

B’ and ‘E’ is given in

Table 3. Selection of the Sector.
Angle of reference voltage (0) Sector number

0<6<20, 1
20, <06 < 36, 2
30, <0 <56, 3
50, <0 <76, 4
5
6

76, < 6 < 86,
80, < 6 < 100,

Table 4: Dwell time calculation in new SVPWM in case of a failure in phases ‘b’ and ‘e’

Sector TlI T2 TO Switching sequency
1 Ya”0325Vg  pg  20%VE g Ts —T1—T2 V1,V2,V0
0.4%VDC 0.4%VDC




—Vq+0.325+V g Va+0.325+V g

5 xTs “——LxTs Ts—T1-T2 V3,V2,V0
0.4%VDC 0.4+VDC
3 065Vg “Va0325Vp L ps Ts —T1 -T2 V3,V4,V0
0.4+VDC 0.4xVDC
4 T065Vg e “Vat0329Wp s Ts—T1—T2 V5,V4,V0
0.4%VDC 0.4xVDC
s Te0dSVg o WOV g pe pq 1o V5,V6,V0
0.4+xVDC 0.4+VDC
6 Lat0325Vp , pg  Z29VE g Ts—T1-T2 V1,V6,V0
0.4¥VDC 0.4+xVDC

2.2.5  Simulation results for the PMSM motor drive post the failure in two phases.

The multi-dimension SVPWM, asymmetric SVPWM, in addition to the new SVPWM techniques proposed
in this paper has been simulated in the SABER as shown in figure 10. Multi-dimension SVPWM will be
used under the normal operating conditions. If a failure in phase ‘A’ has occurred, the asymmetric SVPWM
technique will be used. The SVPWM techniques proposed in section 2.3.3 will be used if a failure in the
two adjacent phases ‘A’ and ‘B’ has occurred. Finally, the SVPWM proposed in section 2.3.4 will be used
if a failure in the two nonadjacent phases ‘B’ and ‘E’ is introduced. It should be mentioned here that the
faults are introduced in predefined times, and no algorithms were used to detect the fault.
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Figure 10 Speed control structure of five-phase motor drive post the failure in phases.

The simulation results obtained from implementing the FOC scheme illustrated in figure 10 are
shown in figure 11. The motor was running at 250 rpm and 50% load under the normal operating conditions
during the time periods [1.5s-2s], [2.5s-3s], and [3.5s-4s]. The stator currents in these periods were equal
in magnitude and phase-shifted by 72° similar to those given in equation (6). During the time period [2s-
2.5s], a failure occurred in phase ‘A’ of the PMSM. Hence, the asymmetric SVPWM was utilized. The
results illustrate the fact that the remaining motor currents in this period were increased by 1.382 times their
values under the normal operating conditions. Moreover, the results illustrate that the currents in the phases
‘B’ and ‘E’ were shifted by 36° towards the failure phase ‘A’. These results agree completely with equation
(9). After that, During the time period [3s-3.5s], a failure in the adjacent phases ‘A’ and ‘B’ occurred, and
at the same time, the new SVPWM technique presented in section 2.3.3 was implanted. Many observations
can be mentioned based on the results. Firstly: the current in phase ‘D’ was increased by 3.618 times its
value under the normal operating conditions while the currents in phases ‘C’ and ‘E’ were also increased



by 2.236 times. Secondly, the current in phase ‘C’ was shifted by 72° to replace the failure phase ‘B’ while
the current in phase ‘E’ is shifted by 72° towards the failure phase ‘A’. These observations agree
completely with equation (11). Finally, during the time period [4s-4.5s], The non-adjacent phases ‘B’ and
‘E’ were exposed to a failure and at the same time, the new SVPWM technique presented in section 2.3.4
was implanted. Many points can be noticed from the current waveforms in this interval. Firstly: the current
in phase ‘A’ was increased by 1.382 times its value under the normal operating conditions while the current
in phases ‘C’ and ‘D’ were also increased by 2.236 times. Secondly, the current in phase ‘C’ was shifted
by 36° towards the failure phase ‘B’ while the current in phase ‘D’ is shifted by 36° towards the failure
phase ‘E’. These observations agree completely with equation (13). The most important thing that can be
demonstrated from the result is that the ripple in speed and torque was minimum and almost negligible
even at extreme cases when the two phases of the motor were exposed to failure. It should be mentioned
here that the currents in healthy phases post the fault will increase by 3.618 and 2.236 times which will
increase the temperature of the motor if it lasts for a long time. And hence, the operation of the motor post
the fault should be restricted for a short time.

Bl rawi D} iAl D _i0y) Pyl inl O il
Phase A Phases A &b Fhases b &
healthy healthy healthy
< »d open _ » o open > o » e OPEN » (Pm) :1(s)
- [ il } PN ) sl ® » N L) »
400.0- e T e T e e e e =
£ 2000{-
(N.m) :{(s)
. “le
E -
<
(Web) : 1(s)
1,04 : : “Tyd
% 0.54 L -
R om0 AT T T e stk ety
(A):t(s)
S e - s O s
iB
iC
< 00
iD
H g H H H H H H H H H H .E
I I T 1 T T I T I I T I T 1] I
16 1.8 2.0 22 24 26 28 30 32 3.4 36 38 4.0 42 4.4
i(s)

Figure 11: simulation results of the five-phase motor drive post the failure in phases.

2.3 Saliency position track post the failure

The algorithm to obtain the saliency position while the motor is running under the normal operating
conditions can’t be used post the failures [36-37] as shown in figure 12. During the periods [1s-2s], [3s-
4s], and [5s-6s], the motor was running under the normal operating conditions and the results given in figure
12 illustrates that saliency position could be obtained properly. During the periods [2s-3s],[4s-5s], and
[6s-75s] the positions scalar couldn’t be obtained as a failure in phase ‘A’ , failure in the adjacent phase ‘A’
and ‘B’, and failure in the nonadjacent phase ‘B’ and ‘E’ have occurred respectively. This is related to the
fact that the saliency position scalars are obtained through measuring the transient responses of phase
current of the five-phase motors and the currents ‘A’ , ‘B’, and ‘E’ are zero in these time intervals due to
the failure. Moreover, the PWM signals will change according to the type of fault and hence, the sampling
time of the transient current response that is related to the PWM waveform will change also that will lead
to the zero position scalars.



It should be mentioned that the papers [38-39] have presented a new algorithm to obtain the saliency
position post the failure in one phase. But yet, no paper deals with saliency tracking post the failure in two
phases.

2.3.1  tracking the saliency post the failure in the adjacent phases ‘A’ and ‘B’

Figure 13 shows the proposed SVPWM and the PWM waveform that is used as a part of the FTC strategy
post the failure in the two adjacent phases ‘A’ and ‘B’ of the five-phase motor when the V_ref is located
in the first sector.

Figures 14a, 14.b, 14.c, and 14.d show the stator circuits of five-phase PM motor post the failure in the
two adjacent phases ‘a’ and ‘b> when the vectors VO, V1, V2 and V7 are implemented respectively.
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Figure 12 identify the saliency position under normal operating condition and post the failure according to [34-35].
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Figure 13. Sampling instant of the remaining currents post the failure in the two adjacent phases ‘A’ and ‘B’.




vDC

Figurel4. Stator circuits when: (a) VO is implanted , (b) V1 is implanted , (c) V2 is implanted ,(d) V7 is implanted

Using the circuits in Figures 14.a and figure 14.b, equation (14) can be derived:-
1) _ ; (vo)
loc *— dt (l ic )

0 (V1) (VO) (Vl) —ec o)
0 [=7n+|ip (V1) —ip (VO) +|lp *_(l vy _y (VO)) +ep (V1) —ep, VO (14)
vDC VD VO w1) epVD — (VO

log * (e = i)

Where [ ¢ p ¢ are the stator leakage inductances and e¢ p, pare the back emf.
Equation (15) is obtained through using the 01rcu1ts in figure 14.b and figure 14.c :-

lye * — (lc(vz) (Vl))
vDC i V2 - D (‘iit e,V g D
0 |=m= l-D(VZ) _ l-D(Vl) +|lp * E(l-D(Vz) _ iD(Vl)) +lep@D — e, | (15)
0 iz V2 — D w2) epV2) — g (V1)
log (s —ig™)|

Finally, equation (16) is derived using the 01rcu1ts 1n figure 14.c and figure 14.d :-
L, *—(1 v _; (VZ))

0 iV — D ecV? — e V2
vDC| =1 % |ip®7 — i, V2 | + |Lp * E(iu(w) —ip"D) [+ [ep ¥ — e, 2| (16)
0 iE(V7) _ l-E(VZ) ) v ez V7 — e, (V2
}aE*E(l’E =g~ ")

At low speeds, the drop voltage across the stator resistance and back emf can be neglected. And hence the
following equations can be obtained:-
[dil®  dif™]

c dt dt
P di(w) di(Vz)
pD|=(Z>___~0p | (17)
pE dt dt
ld vy dif;’“)J
dt dt

The saliency position scalars of the five phase PMSM motor post the failure of the two adjacent phases
A’ and ‘B’ in all sectors are given in table 5



Table5 algorithm for identifying the saliency position post the failure in the adjacent phases ‘a’ and ‘b’

Sector no pC pD pE

: di é"z) di éVl) di 1()V7) di I()VZ) di }gm) di S/O)
dt dt dt dt dt dt

5 di évs) di éVO) di [()V7) di [()VZ) di 1(3V2) di éV3)
dt dt dt dt dt dt

; di évs) di évo) di 1()V4) di I()V3) di }gw) di ém)
dt dt dt dt dt dt

A di SM) di évs) di I()VS) di I()VO) di }gw) di ém)
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dt dt dt dt dt dt

2.3.2  tracking the saliency post the failure in the non-adjacent phases ‘B’ and ‘E’

Figure 15 shows the proposed SVPWM and the PWM waveform that is used as a part of the FTC strategy
post the failure in the two nonadjacent phases ‘B’ and ‘E’ of the five-phase motor when the V_ref is
located in the first sector.
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Figure 15. Sampling instant of the remaining currents post the failure in the two nonadjacent phases ‘B’ and ‘E’

Figures 16.a, 16.b, 16.c, and 16.d show the stator circuits of five-phase PM motor under the failure in the
two non-adjacent phases ‘B’ and ‘E’ when the vectors VO, V1, V2 and V7 are implemented respectively.
Using the circuits in Figures 16.a and 16.b, equation (18) can be derived: -

loa*— (iA(Vl) - iA(VO))
i, V0,00 dt e, VD — ¢, 0

d
=1y iC(Vl) _ iC(VO) + laC * E(iC(Vl) _ l'C(VO)) + eC(Vl) _ €C(VO) (18)

i, VD _j @0 e, (VD — ¢, (VO)

VDC
0
0

d. . .
_laD * E(lu(”) - lD(VO))_

Equation (19) is obtained through using the circuits in figures 16.b and 16.c:-
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Figure 16. Stator circuits when: (a) V0 is applied (b) V1 is applied; (c) V2 is applied; (d) V7 is applied

Finally, equation (20) is derived using the circuits in figures 16.c and 16.d :-

d . .
loa * dt (lA(V7) - lA(VZ))

0 iA(V7) — iA(VZ) z eA(V7) _ eA(VZ)
0 |=r+ l-C(V7) _ ic(VZ) + 1 1,c * E(ic(w) _ ic(Vz)) + eC(V7) _ eC(VZ) (20)
VDC

i, 7 — @2 e, V) — g, V2)

d . . ,
lop * E(lu(w) - lD(Vz))

By neglecting the voltage drop on the stator resistance and the back emf, the equation below can be written:

ail’ i’

4 dt dt
p di(VZ) dl.(Vl)
pCl=|22c__ _~¢ (21)
ai¥” @iy
dt dt

The saliency position scalars of the five phase PMSM motor post the failure of the two non-adjacent phases
‘B’ and ‘E’ in all sectors are given in table 6 .

Table 6 T algorithm for identifying the saliency position post the failure in the nonadjacent phases ‘B’ and ‘E’

Sector no PA pC pD

| i ag® o ail? dil” diy” diy®
dt dt dt dt dt dt

5 di{’? _ di{’® did’® _ did’® aiy” _ diy?
dt dt dt dt dt dt

3 di{’” _ i did’® _ did’® diy® _ diy®
dt dt dt dt dt dt

A i . i me ] M) i ] i
dt dt dt dt dt dt

5 dif‘VG) j dl.lgvs) diéw) j diéVG) dl-l()VS) j dil(,VO)

dt dt dt dt dt dt




di§V1) diIgVO) digV7) digV6) dil()Vﬁ) dllgll)
dt dt dt dt dt dt

2.3.3  Simulation results for the saliency tracking post the failure in two phases

The algorithm to identify the saliency position of the five-phase motor post the failure in the two adjacent
phases ‘A’ and ‘B’ and the two non-adjacent phases ‘B’ and ‘E’ was simulated in Saber and the results are
shown in figure 17 where plafa and pbeta are alfa and beta components of the position signals. The results
demonstrate the ability of the proposed algorithms to track the saliency post the failure of the two phases
in the same quality that is obtained under the normal operating conditions and post the failure in phase ‘A’
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Figure 17 Identifying the saliency position post the fault the two phase failure using the proposed algorithms.

2.4 Speed control post the failure in two phases and post the failure in speed sensor

The speed control structure that was utilized in the paper to control the five-phase PMSM post the failure in
the two phases and the failure in the speed sensor occurred simultaneously is shown in figure 18. The SVPWM
technique is changed and hence the saliency tracking algorithm is based on the status of the five-phase motor.
For example, if the motor is running under the normal operating conditions, then, the symmetric SVPWM will
be implemented and at the same time, the algorithm proposed in [36-37] will be used to track the saliency.
While the Asymmetric SVPWM and the associated saliency tracking algorithm will be used in the case of a
fault in phase ‘A’ [38-39]. Finally, the new SVPWM techniques and saliency tracking algorithms proposed in



this work will be used post the failures in the adjacent phase ‘A’ and ‘B’ and the nonadjacent phase ‘B’ and
‘E’ respectively. A mechanical observer was used in this work to obtain a filtered speed signal wr" and a
filtered position Or"[40]. The outputs of the mechanical observer were used as a feedback signal post the
failure in the speed sensor as shown in figure 18. And to make the simulation more realistic, a 10 us a minimum

pulse width were made di/dt is sampled.
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Id1_ref=0 py Vd1_ref V, rof|
t d1 Va_refl [ A ;
S —— o symmetric
wr_ref pr—lal ref — o Vg1 _ref a1 [B v ref =t
|d3_ref_=g*7plrld3 ref d3/ v/ ref
=5 q D —== - svpwM-2
193_ref=0 Va3 ref E Ve_ref adjacent
—@—a phase 0.C
SVPWM-2
non adjacent
\. phases O.C /
Ia o0
d1 I
q g lc ;
d3 I
q D ] = s
E le,
ert
I PN ' PMSM
Position estimation
wr? Healthy
failure in ‘A’
palfa Failure in adjacent
Mechanical | phases ‘A’ & ‘B’

——— Kt

Observer pbeta | Failure in non-
adjacent phases

lBl & KE!
Figure 18 speed control structure post the failure in the two adjacent phase and the failure in the speed sensor
occurred simulatenously.

Figure 19, figure 20, and figure 21 show the performance of the five-phase PMSM drive at different conditions
post the failures. Figure 19, shows the low-speed operation of the PMSM drive under the failure of two-phase
and the failure of the speed sensor occurred simultaneously. During the time period [2.5s-6.5s] the motor was
running post the failure in the two adjacent phases ‘A’ and ‘B’ and the failure in the speed sensor at the same
time. Also, the reference speed was changed from 30 rpm to zero in this period at t=4.5s. During the time
period [6.5s-10s] the motor was running post the failure in two non-adjacent phases ‘B’ and ‘E’ and the failure
in the speed sensor. Moreover, the reference speed was changed from 0 rpm to -30 rpm in this period 8s. Figure
19 shows that the performance of the whole system post the failure in the two phases of the motor and post the
failure in the speed sensor occurred simultaneously is as good as that obtained for the motor running without
faults.
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Figure 19 low-speed operation post the failure in two phase and failure in the speed sensor.
Figure 20 demonstrates the performance of the system when high-speed steps were implemented to the drive
system post the failure in two phases and the failure in the speed sensor occurred simultaneously. The results
show that the motor responded to the speed steps (from 250 rpm to 0 and to 250 rpm) without compromising
the dynamic and steady-state performance.
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Figure 20 High-speed operation post the failure in two phase and the failure in the speed sensor.

Figure 21 shows the stability of the system to maintain the speed during the load disturbance post the failure
in two phases and the failure in the speed sensor occurred simultaneously. The results show that the system
maintains the speed in all the cases.
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Figure 21 Load steps operation post the failure in two phase and the failure in the speed sensor.

3. Conclusion
This paper has proposed a novel control technique to maintain the operation of the five-phase PMSM post
the failure in two phases of the motor and post the failure of the speed sensor occurred simultaneously. This
control technique is including an FTC strategy based on using new SVPWM techniques and also including
an algorithm to identify the saliency position post the failure. The results have shown the reliability of this
technique to maintain the performance of the PMSM drive with low torque ripple at different load
conditions post the failure. The implementation of this technique is quite easy.

4. Appendices

The dwell time under two adjacent phases are calculated using figure 13. The figure illustrate how the
adjacent vectors (V1=001, V2= 101, and VO=111) are utilized to generate the reference voltage (V_ref)
if it is located in the first sector. The duration of applying the vectors V1,V2 and VO i.e (T1/4, T2/2, and
T0/4) can be obtained as follows :-
V,*Ts =V1«T1+V2=*T2=cos (6,)=04*VDC*T1+1.618*0.4*VDC*T2* cos (6,)
Vg xTs =V2*T2*sin (0,) = 1.618*0.4*VDC*T2* sin (6,) (23)

(22)

From equations (22,23) the dwell time in the first sector can be calculated as shown below:-

T2 = b Ts (24)
1.618%0.4*VDCx*sin ()
T2 = Va*tan(ex)—V,; «Ts (25)

T 0.4+VDCxtan (6y)
The same procedure can be done for the other sectors and also when the fault is occurred in the two non
adjacent phases.
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