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1. INTRODUCTION

Many techniques for tracking the saliency of a healthy ac motor fed by three-leg inverter at low
speed have been researched such as the injection of high frequency voltage [1-3] or the injection of test
pulses [4-6]. Those techniques give good results for sensorless speed-controlled healthy (ie no faults) motors
even at zero speed and full load. In some applications such that in the coiling and spooling textile machines
and that of the aerospace and automotive (electric cars) industry, the safety procedures extremely demands a
continued operation of the motor drive system after a fault has occurred to reduce the impact of the fault on
the system operation. And hence, number of fault-tolerant strategies for sensored ac motor drives have been
used to enhance the system operation under open phase fault. The fault-tolerant strategies proposed in [7-9]
are based on the connection of either the stator windings neutral point or the motor phase to the dc link
middle point of the two level three—leg inverter through a triac. The authors of [10] proposed a two level
four-leg inverter where the fourth leg is connected to the neutral point of the motor in the case of open circuit
phase fault. In [11], the fourth leg is connected to the neutral point in healthy and faulty cases and so 3D
space vector modulation is introduced. The authors of [12] proposed the switching function algorithm for a
four-leg converter to synthesize redefined output waveforms under fault condition. In [13], a new starategy to
track the saliency in a fault-tolerant inverter in case of single phase open circuit in phase ‘a’ only has been
proposed.

This paper proposes a fault-tolerant, four-phase inverter PMSM drive topology which can be used to
track the saturation saliency in PM motors and rotor slotting saliency in induction motors in the case of a
single phase open circuit fault regardless in which phase is the fault in order to maintain a continues system

Journal homepage: http://iaesjournal.com/online/index.php/IJPEDS



IJPEDS ISSN: 2088-8694 a 1062

operation with a satisfactory performance to meet the safety procedures for the whole system and to increase
the reliability of the system.

2. RESEARCH METHOD
2.1 Fault-Tolerant Two Level Four-Leg Converter Drive Topology

Figure 1 shows the proposed faul-tolerant two level four-leg converter drive topology [14-20]. In
this topology, a fourth leg is added to the conventional three-leg inverter and the redundant leg is
permanently connected the motor neutral point to provide a fault-tolerant capability in case of an open phase
fault. Under healthy operating conditions, the fourth-leg will be redundant which means that the two switches
in this leg will be inactivated resulting in no connection between the supply and the motor neutral point.
Therefore, the proposed converter normally operates as a conventional two-level three-leg inverter. In case of
an open circuit fault in one phase, the switches on the faulty phase are disabled and the switches in the fourth
phase are immediately activated in order to control the voltage at the neutral point of motor.
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Figure 1. The fault-Tolerant Two Level Four-Leg Converter Motor Drive Configuration

2.2 Sensored Control Strategy for the Fault Tolerant Motor Drive
Indirect vector control is employed to control the speed of the motor in both normal and faulted
operating conditions.

2.2.1 Normal Operating Condition in Sensored Mode

Figure 2 shows the vector control structure used for the two level four-leg inverter motor drive
working under healthy conditions in sensored mode. The three currents of the motor are transformed to
the d-g synchronous rotating frame, id and ig, as given in (1) to be compared with the reference values.
The reference voltages (Vd and V@) generated from the controller are transformed back using equation 2 to
three phase quantities which then delivered to the space vector modulator to generate the appropriate
switching signals for the fault-tolerant inverter switches.

[1q ) cos(0) cos(6—120) cos(6+ 120)][la

Idl =3 [sin(e) sin(6 — 120) sin(0 + 120)] [Ibl 1)
L10 0.5 0.5 0.5 Ic

Va cos(0) sin(0) 1| vg

Vbl = |cos(60 —120) sin(6—120) 1]||vd 2
LVc sin(@ — 120) sin(6 +120) 1|Lvo

where 0 is the rotor angle of the reference frame. 10 is the zero sequence current while In is the motor neutral
current as expressed in equations (1) and (2), respectively. Under normal operating conditions, the neutral
current is always zero.

Sensorless Control of a Fault Tolerant PMSM Drives in Case of Single-phase Open Circuit ... (Kamel Saleh)



1063 O ISSN: 2088-8694

3- phase input supply

Id_ref=0 vd_ref Va_ref
Pl —_—
dgq
Vb_ref four-leg
> inverter
wr_ref Ig_ref Va_ref abc Vc_ref
PI —» ——>» P —> —_—

6

Id
abc «—2
___ b
[[¢] dg Ic
—— >
otor position <] PMSM

In=0

d/dt

Figure 2. Control Structure of Four-Leg PMSM Drive under Healthy Operating Conditions

2.2.2 Open Phase Fault Operation

In order to keep the performance of the motor in case of an open circuit fault condition as good as
that of the healthy motor, the rotating MMF obtained from the stator currents (la,Ib,1b) in healthy conditions,
should be maintained by the two remaining motor currents in the case of an open circuit fault condition. This
demands an increasing of the two remaining currents of the motor by /3 as well as phase shifting by
30 degrees away from the faulted phase as given in equation 3.

10 —cos(8) —sin(0)
Ib] = [V3 cos(6 — 150) V3 sin(6 — 150) [V"] ®3)
Ic V3 sin(@ — 150) /3 sin(® + 150)

To do that, a modification is introduced to the control strategy of the system in case of an open
phase fault condition as illustrated [14-20]. The reference volateg of the faulty phase is set to zero and at the
same time the switching in the fourth leg of the inverter is activated such that the neutral, which is the sum of
the two remaining output currents, can circulate. Figure 3 shows the vector control structure for the four-leg
inverter PMSM drive under a phase ‘c’ open circuit fault as an example. Vc_ref is set to zero also ic is set to
zero and the switching of the fourth leg is activated. If the fault occurs in phase b or phase a, similar
proecedures will be implemented.

3- phase input supply
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q g
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Figure 3. The Vector Control Structure for the Four-Leg Inverter PMSM Drive under a Phase 'C' Open-
Circuit Fault
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2.3 Simulation Results

The simulation of four-leg inverter PMSM drive has been carried out using SABER. A 10 Nm load
torque and a 120 rpm speed command are applied to the system. Figure 4 shows the simulation results of the
four-leg inverter PMSM drive system under healthy and faulty conditions. The motor was running at 120 rpm
in helathy conditions then a phase 'a' open circuit fault is introduced to the operation of the motor between 3s
and 4s, after that, the fault in phase ‘a’ is removed and the motor returns to a healthy operating conditions
between times 4s and 5s. Between times 5s and 6s a phase ‘b’ open circuit fault is introduced to the operation
of the motor and again the fault is removed between times 6s and 7s. Finally, a fault in phase ‘c’ is
introduced between times 7s and 8s. Under each faulty condition, the control strategy mentioned in previous
section is applied. It is clear that the controller could regulate the motor speed to follow the reference speed
properly under normal operating condition and faulty conditions. The controlled currents id and iqg are stable
at the reference levels regardless whether the motor currents are balanced three-phase sinusoidal (healthy
condition) or unbalanced 2 phase sinusoidal currents (fault condition). Also it can be seen that 10 is equal to
zero while the motor is working in healthy conditions (fourth leg is deactivated) and when the fault condition
is happened, it will start to flow by activating the fourth leg. The simulation results shows that control stategy
that is adopted in this work is succeed keep the performance of the system in faulty conditions as good as that
in helathy conditions.
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Figure 4. Performance of a Four-Leg Inveter PMSM Drive System Under Different Operating Conditions

2.4 Tracking the Saturation Saliency of PMSM under Healthy Condition

The stator leakage inductances of the induction motor are modulated by anisotropy either from the
rotor slotting or from the saturation of the main flux. The modulation can be expressed by the following
equations:

loa = Ly + ALcos(ng,0,,) (4)
lob = Ly + ALcos (nan Ban — 2?71) %)
loc =Ly + ALcos (nan(Han - %n) (6)

Where L, is the average inductance and AL is the variation of leakage inductance due to the rotor anisotropy
(ngn= 2 for saturation anisotropy).

This modulation of the stator leakage inductances will be reflected in the transient response of the
motor line current to the test vector imposed by the inverter. So by using the fundamental PWM wave form
and by measuring the transient current response to the active vectors it is possible to detect the inductance
variation and track the rotor position as shown in [6] for three-leg inverter. Figure 5a, Figure 5b and Table 1
illustrate this method.
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Figure 5. SVPWM Modulation Technique of 3-Leg Inverter in Healthy Mode: (a) Definition of Space
Vectors; (b) Switching Patterns (Waveforms) in the First Sector

Table 1. Selection of Pa, Pb and Pc in Six Sectors for a Star-Connected Machine using Fundamental PWM

Method
Pa Pb Pc

T G G Y

V1+V0 Iy Iy I I Iy Iy
2-c(=2-——2 —1-¢(=t ——¢ B e B
(dt dt) (dt dt) (dt dt)

4

V2+V0 1aodl Gl (Gl _dla Qi dic.
LreCo ~at) L+ eCo ot 2+¢Ch )

V3 (V0 V3 (V0 V3 (VO

vavo g o die dic _o(b _ iy g O
dt dt dt dt dt dt

((\j/.4> (c\i/p) %’.4) %I/'O) ((\j/.“) (c\i/'o)

V4+V0 Iy Iy I I I Iy
2+c(2——2= “l+c(—-——= “l+e(—=r-——>

(dt dt) (dt dt) (dt dt)

%,_5) (g_m (&/,5> (&/,0) (c\j/_S) (a/p)

V5+V0 _1—¢(Yhb _dhy. _1_c(Ya Ol _o(Yk _ Ol
-G o) 1= —at) 2= g

4

V6+V0 _ di; _ dig. Ay, _ Qb _ Al _ dly
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After obtaing the scalar quantities Pa, Pb and Pc then the position of the saliency can be constructed as shown
in the equation below:

P = Pa +jPg = Pa +apy +a’p. )

For four leg-inverter, in time intervals 2s to 3s, 4s to 5s and 6s to 7s (helathy conditions) the
switches in the fourth leg will not be activated so the algorithm proposed in [6] to track the saliency for three-
leg inverter PMSM drive system can be applied for the four-leg inverter PMSM drive system as shown in
Figure 6. In interval 3s to 4s (open phase fault in phase a), the measurement of the current response (dia/dt)
1 aqiV2 ai,V3 ai V4 ai,’s digV0 L ..

o o T v ar and - become zeros as ia = 0. And so the position
estimation algorithm couldn’t track the saliency in this time interval. Aslo between 5s and 6s (open phase
fault in phase b) and between 7s to 8s (open phase fault in phase ¢) the measurements of the current
responces dib/dt and dic/dt will become zeros and hence the algorithm could’t track the saliency in those time
intervals as shown in Figure 6.

. . digV
will become zero ie—~
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2.5 Tracking the Saturation Saliency of PMSM under Helathy and Unhealthy Condition

As seen in previous section, the algorithm presented in [6] to track the saliency in helathy condition
can’t be used under the case of phase open circuit fault. In this section a modified algorithm that make use of
the switching action of the IGBTSs in the fourth leg of the inverter to track the saliency in the case of open
circuit fault case using the current response of application of fundamental PWM waveform (no modification
applied to the PWM waveform). The new algorithm uses only the current response of application of
fundamental PWM wave form of healthy phases to track the saliency and doesn’t use the current response of
the open circuit phase as it will be zero. After measuring the current response of the two healthy phases and
according to the sector number of the space vector modulation state diagram that the reference voltage exist
in, the three position scalars quantities can be deduce and hence the saliency position can be optained.

Figure 7a and Figure 7b show the space vector modulation state diagram for 4-leg inverter in case of
open circuit phase fault case. If V_ref exists in first sector, then the switching sequences and the timing of the
applied vectors will be as shown in Figure 7b.
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Figure 6. Tracking the Saliency Saturation in Healthy Mode and Phase a Open Circuit Case
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Figure 8. Stator Circuits When: (a) V1 is applied; (b) V2 is applied; (c) VO is applied under phase ¢
open circuit fault

The stator circuit when the vectors V1, V2 and VO are applied are shown in Figures 8a, Figure 8b
and Figure 8c respectively. Using the circuit in Figure 8a, the following equations hold true:

(V1)
Ve = 7 * ig " + L5 * dl:zlt +elV ®)
. (V1) diz(,Vl) 1)
Ve =7 *ip 7+ lgp x— —+ e, Vpc 9)

The following equations are obtained using Figure 8b:

.(V2)

Ve = 7 * ig " + lgq * dl;t +el? (10)
- (v2) ay® w2
Ve =T xiy 7+ gy *— —+e, "Vpc (11)

Finally when VO is applied as shown in Figure 8c, the following equations hold true:

.(V0)
0 =75 % gV + lyq + o+ e (12)
. (V0) dil(,vo) (Vo)
0 =Tk +la’b *T"'eb VDC (13)

Assuming that the voltage drop across the stator resistances are small and can be neglected and the back emf
can be cancelled if the time separation between the vectors is small. Subtracting equations (12, 9) from
equations (8, 11) respectively yields:

LVD gV
Voc = Ly * (fa— - ) (14)
ail?®  qiVV
Vbe = lgp *( Zt - Zt ) (15)
Finally
ailV  ailV®
Pb = (_dt = (16)
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Pe = (Li”) _ _dfi”) an
dt dt

Pc can’t be obtained from measuring the current response in phase c as it is zero in the case of open circuit
phase. But it can be deduced from Pa and Pb according to the following equation:

Pc = -Pb-Pa (18)

For the other sectors, the same priciples can be applied as shown in Table 2

Table 2. Selection of Pa, Pb and Pc for a Star-Connected Machine in case of a phase ‘c’Open Circuit Fault
Phase ‘c’ open circuit fault

P, Py Pc
(Vl) (V 0) v2) (Vl)
V1+V2+V0 (_a a ) aly _7) PPy
dt dt
I (vs) vo
V2+V3+V0 (d a a ) ) -P. Py
dt dt
Vo) (V4) (\/_3) v0)
varvarvo (Gl _diay o diy  dipy e,
dt dt dt dt
(V_O) v4) v4) (V 5)
VA+V5+V0 (_ B d_) iy di, 'b ) -P, P,
dt dt dt
(v6) (V 5) Vo) (v _6)
V5+V6+V0 (d_ a ) di _di) -Pa_ Py
dt dt dt
(V_l) (V 0) (V0) (ve)
V6+V1+V0 (_ _ _) di, ) -P. Py
dt dt

The equations to track the saliency if the open circuit fault is in phase a or phase b can be obtained
in the same way as given in Table 3 and Table 4 respectively.

Table 3. Selection of Pa, Pb and Pc for a Star-Connected Machine in case of a phase ‘a’ Open Circuit Fault
Phase ‘a’ open circuit fault

Pa Pb Pc
v o o2
V1+V2+V0 -Py. P Iy Uk _
=2 o ) ( d n )
(vs) vo o o2
V2+V/3+V/0 -Py. P; ) (h die
dt dt dt
v Mo we v
V3+V4+V0 PP (b di, 'b ) (% _dig.
dt dt dt
V4) (VS) (\/_5) o
VA+V5+V0 PP (b _d 7) )
dt dt
V0) (V 6) (V5) (V 0)
V5+V6+V0 -Py. Pc (d 'b ) (di' C )
dt dt
wo o Ve (VD
V6+V1+V0 Py P iy 7) ( dic dic
dt dt  dt
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Table 4. Selection of Pa, Pb and Pc for a Star-Connected Machine in case of a phase ‘b’open circuit fault
Phase ‘b’ open circuit fault

Pa Pb Pc
) (\/0) (Vo) (V 2)
V14V2+V0 ( di, d a ) P, P, (d_c c )
dt dt
v2) (\/3) (V _0) (V 2)
V2+V3+V0 (Jla di, a ) P, P, (_ __)
dt dt
(\/_0) (\/4) v4) (V3
V3+V4+V0 (_ __) Py Pe di; _ %
dt dt
(\/_0) (\/4) (v5) (V0)
VA+V5+V0 (_ __) Py Pe (% _ %)
dt dt dt
(V6) (\/5) (V5) (V0)
V5+V6+V0 ( di, d a ) -P,. P, (di _ di)
dt dt
(\/_1) (vo) e o
VE+V1+V0 Ja _ _) P, P dic &)
dt dt

3. RESULTS AND ANALYSIS
3.1 Position Estimation in Sensored Mode

Figure 9 shows the results of the simulation after modifying the tracking saliency algorithm as in
Table 2, Table 3 and Table 4 in faulty conditions. Between 2s and 3s, 4s and 5s, 6s and 7s, the motor was
working in healthy conditions and hence the algorithim give in Table 1 [6] could track the saliency. Between
times 3s and 4s (fault in phase ‘a’) the algorithm given in Table 3 is used to track the saliency. Between
times 5s and 6s (fault in phase ‘b’) the algorthim given in Table 3 is used to track the saliency. Finally,
between 7s and 7.5s (fault in phase ‘c”) the algorithim given in Table 1 is used to track the saliency. Figure 9
shows the effectiveness of the saliency tracking algorithm under the case of single phase fault condition
regardless of which phase is the fault. It is worth to mention here that the differences in DC gain between
healthy and unhealthy conditions in position scalars Pa,Pb and Pc is come from the way these position scalars
are calculated and it is removed when alfa (palfa ) and beta (pbeta) components of the position are calculated
as shown in Figure 9.

3.2 Fully Sensorless Speed Control

A speed control for a PM machine has been simulated in the Saber modeling environment. The
estimated position signals palfa and pbeta are used as the input to a mechanical observer [18] to obtain the
the estimated speed signal w” and a cleaned estimated position signal #". Note that the simulation includes a
minimum pulsewidth of 10us when di/dt measurements are made similar to experimental results of [6]. This
estimated speed w" and position 8 "are used to obtain a sensorless speed control as shown in Figure 10.

3.2.1 Low Speed Operation

Figure 11 shows the results of a fully sensorless speed control of a PMSM motor driven by a four-
leg inverter at load using the algorithm proposed in [6] for the healthy case and the method proposed
above in the case of an open circuit fault condition. The motor was working in sensorless healthy mode at
speed=0.5 Hz then at time t=4 s an open circuit fault in phase ‘a’ is introduced to the system. The motor
maintained its performance after the fault. At t=6s a speed step change from 0.5 Hz to 0 Hz is applied to the
system while the motor was under open circuit fault in phase ‘a’. Figure 11 shows that the motor responded
to the speed step with a good transient and steady state response. When t=8s, the fault in phase ‘a’ is removed
and introduced to phase ‘b’, Figure 11 shows the motor was tracking the zero reference speed during this
time. At t=12s, the fault is removed from phase ‘b’ and introduced to phase ‘c’. After that, when t=14s,
a speed step change from 0 rpm to -0.5 Hz is applied to the system while the motor was working under open
circuit fault in phase ‘c’. Figure 11 shows that the motor responded to the speed step with good transient and
steady state response. Finally, at t=16s, all the faults are removed and the motor returns to healthy condition.

IJPEDS Vol. 7, No. 4, December 2016 : 1061 — 1074
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Figure 9. Tracking the Saliency Saturation in Healthy Mode and Open Phase Fault Cases Using the New
Algorithm

3- phase input supply

PP

PMSM
In

Figure 10. The Sensorless Vector Control Structure for the Four-Phase Inverter PMSM Drive under a Phase
'a’ Open-Circuit Fault
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Figure 11. Fully Sensorless Speed Steps between 0.5 Hz,0 to 0.5 Hz half under Healthy Condition and under
Open Circuit Fault Conditions

3.2.2 Meduim Speed Operation

Figure 12 shows similar results to those shown in Figure 11 of responding the motor to different
fault conditions without affecting the performance of the system but at higher speed steps (6.667 Hz to
0 to -6.667 Hz). The motor was working under healthy conditions at 6.667Hz. At t=3s an open circuit fault in
phase ‘a’ is introduced to the system. At t= 4s the fault is removed and the motor returned to work in healthy
conditions. At t=4.5s a speed step change from 6.667 Hz to zero is applied to the system. After that at t=5s an
open circuit fault is introduced to phase ’b’ till t=6s. Then, the fault in phase *b’ is removed and the motor
retuned to work in healthy conditions again. At t= 6.5 s a speed step change from 0 to -6.667 Hz is applied to
the system. And finally, at t=7s an open circuit fault is introduced to phase ‘c’. The system performance
during the healthy and unhealthy conditions and during steady state and during transient is excellent.

Figure 13 demonstrate the stability of the fully sensorless system when a load disturbance where
applied at speed (8.33 Hz) in both healthy mode and under open phase fault conditions. The motor was
working under healthy conditions at no load and at speed 8.33 Hz. At t= 2.5s a load step is applied to the
system. After that at t=4s, an open circuit fault is introduced to phase ‘a’. Then, at t=6s the load is removed.
at t=8s , the fault is removed from phase ‘a’ and introduced to phase ‘b’. After that at t= 10s, a load step is
applied to the system again while the motor under unhealthy conditions. at t=12 s the fault is removed from
phase b’ and introduced to phase ’c’ and finally at t=14s the load is removed. The results show that the
system maintains the speed in all the cases.
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4. CONCLUSION

This paper has outlined a new scheme for tracking the saliency of motor fed by a four-leg inverter in
case of a single phase open circuit fault through measuring the dynamic current response of the motor line
currents due the IGBT switching actions. The proposed method includes software modification to the method
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proposed in [6] to track the saliency of the motor under healthy condition to make it applicable in the cases of
open circuit phase condition. The new strategy can be used to track the saturation saliency in PM (2 fe)
and the rotor slotting saliency in induction motors(14*fr) similar to the method used in healthy motor drive
and the only difference between the PM and IM will be the tracked harmonic number. The results have
shown the effectiveness of the new method in increasing the safety measures in critical systems needs a
continued operation. The drawbacks of this method are increasing the total harmonic distortion of the motors
current especially at a very low speed due to the minimum pulse width in addition to the need for 3 di/dt
Sensors.

APPENDEX
The motor parameters are:- rated speed=2000 rpm, rated torque=10.3 Nm, rated power=2.15 kW,
Kt=2 Nm/A, Ke=147.0Vrms/krpm, inertia=20.5 kgcm?, R(ph-ph)=4 Q, L(ph-ph)=29.8 mH.
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