%HA

International Information and
Engineering Technology Association

Fault Tolerant Control Implementation for Inverter-Fed Induction Motors: A Real-Time
Implementation

Check for
updates

Mohammed Benslimane!, Mokhtar Bendjebar'*®, Debbagh Ammar Bouayed?

! Diagnostic Group LDEE, Universitédes Sciences et de la Technologie M.B., Oran 31000, Algeria

2 Laboratoire d’ Automatique et d’ Analyse des Systémes (LAAS), Département de Génie Electrique, Ecole Nationale
Polytechnique d’Oran Maurice Audin, Oran 31000, Algeria

Corresponding Author Email: mokhtar.bendjebbar@univ-usto.dz

https://doi.org/10.18280/jesa.560410 ABSTRACT

Received: 19 June 2023
Revised:10 August 2023
Accepted: 24 August 2023
Available online: 31 August 2023

This paper presents a study focused on the operation of a twelve-sector direct torque
control (DTC) structure under both healthy and faulty conditions for an induction motor
(IM). The fault-tolerant control (FTC) discussed herein pertains to a three-phase two-level
inverter based on an open-circuit fault of an insulated gate bipolar transistor (IGBT). In
this scenario, the gate signal of the transistor is manually forced to zero. The proposed
control mechanism is capable of maintaining stability at a certain minimum performance
level. Experimental results, derived from testing the IM under both healthy and faulty
modes using a Dspace 1104 board, display the commendable performance of the proposed
control. This improved DTC strategy, bolstered by twelve sectors, has resulted in
minimizing torque ripples, flux, and stator current oscillations, as compared to
conventional DTC. The principle provides a robust solution that effectively reduces
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vibrations and audible noise.

1. INTRODUCTION

Nowadays, the availability and service continuity of electric
drives requires an increase in performance and a reduction in
downtime. Induction motors are widely used in many
industrial processes because of their reliability low cost and
control capabilities [1-3].

In recent years, FTC control systems have become a very
motivating area of research for several research groups [4], as
the reliability obtained by continuous operation brings
advantages in terms of economy and safety [5]. In terms of
safety, for example after an unexpected stop of an electric
vehicle, the passengers will be in potential risk; such as
military vehicles and ambulances [6].

According to the advancement in technology, FTC aims for
assured operation even after a fault has occurred, leading to
more sophisticated methods of fault detection (FD) and robust
control in degraded mode [7-11]. There are two types of FTC:
the so-called active and the other passive [3, 4, 9].

The active approach necessitates fault detection and
isolation (FDI) block and a method of reconfiguring the
control system according to the information generated by the
FDI. The passive approach provides a robust control that can
maintain the performance of an acceptable operation. The first
fault tolerant control (FTC) is implemented in aircraft [9], it is
later extended to several other domains, such as electric
vehicles [12, 13], wind power conversion systems [14, 15] and
in industry [16].

Moujahed et al. [17] describes an open circuit fault of a
three-phase six-switch inverter feeding an induction motor.
The authors propose a fault tolerant DTC that will allow
maintaining the minimum performance level and a direct
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replacement of the faulty arm after its isolation by another
redundant arm.

For the same fault in study [18], the authors have proposed
a voltage reconfiguration fault tolerance for three-phase
inverter.

In this sense, Maamouri et al. [19] proposes an experimental
study of the robustness and availability of sensorless IM
controls in the presence of single and multiple IGBT opening
faults, using a sliding mode observer (SMO) based on the
super twisting technique (STO), which maintains the good
performance of estimating the machine state variables, even in
faulty operating mode and during transient states, the fault
compensation strategy is based on hardware redundancy.

Moujahed et al. [11] proposes a vision of a high
performance sensorless control based on an extended Kalman
filter (EKF) with estimation of the stator resistance applied to
a drive composed of a three-phase PMSM and a three-phase
inverter with four legs; the fourth one being the fault tolerant
redundant leg; the authors proposed a method to detect the
short circuit of the switch based on the analysis of the average
stator current value.

In this context, a corrective strategy for a tolerant structure
in degraded mode with direct torque control for an inverter
under fault is presented by Restrepo et al. [20]. It proposes an
alternative, reliable and prolonged operation by a double
inverter

Zhang et al. [6] present a topology of a fault tolerant inverter.
The authors proposed the solutions which are always based on
hardware redundancy in case a leg is lost Figure 1. The same
paper appreciated that the parallel redundant converter
approach is widely used due to its higher reliability.

The topology in Figure 1(a) and (b) is to connect the neutral
point of the motor to the center point of a capacitor bank or to
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a fourth leg of the inverter. This approach to connecting the
neutral and the triac has been used as a fault-tolerant solution
pending final maintenance. If the neutral is not available [21]
as shown in the topology in Figure 1(c), the faulty phase is
forced to connect to the center point of the capacitors; one-way
triacs are used to bypass the fault of the inverter.

+ O

(e) -

Figure 1. Topology of a fault-tolerant inverter

In this regard, Meirinho et al. [22] discusses the use of direct
torque control for phase-to-ground fault tolerance of a
permanent magnet synchronous motor (PMSM) drive, which
provides the necessary torque and current control. It can be
used in electric vehicles and other industrial installations.

Similarly, a fault tolerant control scheme for a five-phase
IM fed by a three-level inverter (NPC VSI), with a main
concept of the DTC technique proved necessary for
uninterrupted operation even after the occurrence of open
phase fault [16]. A major advantage of the proposed study is
that reconfiguration of the controller is not required when the
fault occurs.

Similarly, in the same vein, our study is based on a fault-
tolerant control law to ensure the maintenance of operation at
a minimal acceptable level of performance in degraded mode.
The solution can be a hardware redundancy as previously
described in Figure 1, while awaiting the final resolution.

We continue our proposal with a simple contribution on
fault-tolerant smooth control. Our study is different, as it is
based on Direct Torque Control (DTC)in fault-tolerant mode
at the level of the inverter supplying power to (IM).

In addition, Liu et al. [23] presents an FTC of IM drives with
sensor failure. The published methods can be divided into two
types: The first is a resilient method in which observers are
used to provide the information initially provided by the faulty
sensor. The second is a reconfigurable type, where one or more
backup controllers not requiring the faulty sensor are applied
to smoothly replace the original controller.

In this perspective, the studies [12, 24, 25] propose a
reconfigurable type FTC method for driving electric motors,
in case of mechanical sensor faults. The fault-tolerant
controller allows the smooth transition from FOC to DTC
control to ensure continuity of operation and without losing
the motor performance.

Similarly, a non-smooth control approach applied to
permanent magnet synchronous motor (PMSM) DTC is found
in study [26], which includes a real-time disturbance observer
to estimate the disturbed parameters (friction and load torque,
etc.); an observed value is used as an estimate for
compensation of localized system disturbances.

We conclude our suggestion with a simple survey or
contribution by certain authors who have addressed fault
tolerance in electrical machines.
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They propose robust control laws, sometimes imposed by
the specifications, in order to enable continuous operation
while awaiting a maintenance operation. In comparison, our
study proposes the same proposition and solution.

In this sense, Refaat et al. [27] proposes a possibility of a
corrective operation with a remarkable and reliable indicator
for the detection and diagnosis of winding faults using an
artificial neural network that ensures a fault tolerance between
turns with a DTC while adjusting the stator resistance of the
IM. This allows a continuous operation without disturbance,
even in the presence of winding faults.

In the study [3], a sensorless robust fault tolerant controller
implementation for IM based on a backstepping strategy is
presented, which is designed to compensate for load torque
disturbances and rotor resistance variations caused by broken
motor rotor bars. The authors have shown the performance of
the machine even after the fault. The proposed approach does
not require a diagnostic block or controller reconfiguration.

Guezmil et al. [28] propose in the same context, an
unknown input observer system that can solve the problem of
inter-winding short circuit fault recognition because it can
separate the input disturbances and model errors for an
induction machine. This method is developed using a
backstepping controller in order to compensate for the impact
of partial short circuit fault of the stator winding or load torque
disturbances.

Saad et al. [29] uses a new type-2 fuzzy logic controller to
improve the performance of the conventional PI controller of
the indirect field orientation control (IFOC) strategy with
broken bars. They also showed improved robustness against
parametric motor disturbances.

Similarly, the test results confirm that the hybrid approach
is robust to changes in IM parameters [30].

The present paper examines an experimental study similar
to a passive fault tolerant control that does not necessitate fault
identification (Figure 2).
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Figure 2. Passive fault tolerant control (PFTC)

The proposed approach consists in designing a robust
control based on the direct torque control of an IM fed by an
inverter under fault. This control is now considered as a high-
performance control strategy because of its fast torque and its
robustness to variations and disturbances of the machine
parameters [13].

The studies [3-5, 16-31] have dealt with passive type fault
tolerant controls that can be applied in critical systems, waiting
for the final restoration. In this paper study, the case of both a
healthy operation as well as the case of open circuit fault of the
inverter switches are considered.

The experimental implementation of the DTC algorithm is
developed using an interface linked to a Dspacel104 board, a
digital signal processor based on Matlab/Simulink graphical
programming approach. The sampling time can reach up to
(5.1073s) [32], the choice is set to an appropriate sampling time
(10%s) to minimize the different output harmonics.



2. INDUCTION MOTOR MODEL

The dynamic equation’s model of the induction motor
which is dedicated for direct torque control is expressed below

in Eq. (1) and Eq. (2). It can be written in the stator fixed
reference frame (a, ) (stationary frame) by assuming the
stator current and the stator flux as state variables.

(disa _ (Rs + RR ) s |+ Rs + Wy + 1
at ~ \or, Tor ) tse T @rlss T O Wse T 0 Wsp 0 tsa 1
disﬁ _ (Rs + RR) i+ i+ R Wy 1 W
at ~ \or, T or, ) s T Orlsa T O Yep = 07 Wse s
dgq , The produced electromagnetic torque of the induction
= Usq — Rsisq . :
dt ) motor can be determined using the cross product of the stator
D ] ) quantities (i.e., stator flux and stator currents). The torque
ar | Usp T Rsisp formula is expressed as following:

where,
ise and ig: Stator current components.
Ysq and P Stator flux components.
R, and R,: Stator and rotor resistance respectively.
L and L,: Stator and rotor inductance respectively.

2
MST'

c=1- : Blondel coefficient.

SHT
M, Mutual stator-rotor inductance.

3. CLASSICAL DTC STRATEGY
SECTORS

WITH TWELVE

The DTC control strategy is based on the direct
determination of pulses applied to the voltage inverter
switches, in order to maintain the electromagnetic torque 7e
and the stator flux s within two predefined hysteresis bands
and without measuring them. These two quantities 7. and ¥
are estimated from the measurements of the supply voltages
and the stator currents of the IM.

The estimation of the stator flux is usually done by the
integration of the back-emf (Electromotive force). The stator
flux components can be expressed using stator voltages and
currents in the stationary reference frame (a, ) by:

t

Vs = f(VSa — Rige)dt
0

3)

t
Ve = f (Vg — Ryisp)dt

0

“4)

The stator voltage components (Va, Vp) are obtained by
applying Concordia transformation on the output voltage of
the three-phase VSI.

The stator currents components (ia, if) can be obtained also
by applying Concordia transformation on the measured
currents. The stator flux magnitude and flux angle can be
computed as:

II‘UIS = ’I‘Uasz + L‘Uﬁsz (5)
v
05 = arctg( SB) (6)
l/)S(Z
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T, = p(lpsa isB - lpsﬁ isa) 7

The errors in the stator flux eys and the electromagnetic
torque 7e signals are fed to two hysteresis controllers as shown
in Figure 3.
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Figure 3. Basic configuration of classical DTC scheme

The stator flux controller (Ctx) imposes the duration of the
active voltage vectors which move the stator flux along the
reference path and the torque controller (Ctrq) determines the
duration of the zero voltage vectors that keep the motor torque
within the tolerance band defined by the hysteresis [33].

The corresponding output variables dws, dr. and the stator
flux position sector s used to select the appropriate voltage
vector from the resulting look-up table for DTC which was
proposed by Takahashi is presented in Table 1.

The complete structure of the twelve-sector DTC for IM is
shown in Figure 3.

Table 1. Look-up table for basic direct torque control [34]

Sectors
Cfix Ctrq S1 S2 S3 S4 S5 S6
1 V2 Vs Vi Vs Ve Vi
0 0 V7 Vo V7 Vo V7 Vo
-1 Ve Vi V2 V3 V4 Vs
1 Vs Vi Vs Vs Vi Va2
1 0 Vo V7 Vo V7 Vo V7
-1 Vs Vs Vi Va V3 V4

According to the research table (Table 1), there are two
states per sector that are not utilized (such as V1 and V4 in the
first sector) because they can simultaneously increase or
decrease the torque depending on the position of the flux
vector in the first or second sector. The solution is an
improvement through twelve sectors. The location of the



circular flux is divided into 12 sectors instead of 6, as shown
in Figure 4, and the six voltage vectors will be used for the
same sector. VO and V7 are zero voltage vectors [32, 34, 35].

Table 2 shows the cases where the 6 voltage vectors can be
used in the Siand Si, sectors.

3
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Figure 4. Voltage space vector in 12 sectors case
Note: IT: Increase torque, DT: Decrease torque, IF: Increase flux, DF:
decrease flux, SIT Small increase torque, SDT: Small decrease torque

Table 2. Effect of the six voltage vectors used in sectors S1

and S12
Sector: S1 Increase Decrease
Y¥s Vi1, V2, Vg V3, Vi, Vs
Te V2, V3, V4 Vs, Ve, Vi
Sector: S12 Increase Decrease
¥s Vi, V2, Vg V3, Vi, Vs
Te Vi,V2, V3 V4, Vs, Ve
.Ct
o g Che
+1 . 1
€ =TeTe Ep=Ws-ws
ATe  |-ATe |+ATe| +ATe y
7 2 Avs 0 aws
13 5
2
(a) Torque (b) Flux

Figure 5. Hysteresis comparator

Table 3. Switching table for DTC 12 sectors

Sectors

Ciix  Ctrq S1 S2 S3 S4 S5 S6

2 V2 V3 V3 \2 \2 Vs

0 1 *V, V2 *V3 V3 *Vy V4
-1 Vi *V V2 *Va Vi *V3

-2 Vs Vi Vi V2 V2 V3

2 V3 Va Va V5 Vs Ve
| 1 V4 *Va Vs *Vs Vs *Vs

-1 V7 V5 Vo Vs V7 V1

-2 Vs Vs Vs V1 V1 V2

Sectors

Cflx Cirq S7 S8 S9 S10 S11 S12

2 Vs Vs Ve V1 Vi1 V2

0 1 *Vs Vs *Ve Vs *Vi Vi
-1 V4 *Va Vs *Vs Vs *Vs

-2 V3 V4 V4 Vs Vs Ve

2 Ve Vi Vi V2 V2 V3
| 1 Vi *Vy V2 *Vs V3 *V3

-1 Vo V2 V7 Vs Vo Va

-2 V2 V3 V3 V4 V4 Vs

In order to make better use of these voltages, it is necessary
to define the small and large variations in torque and flux
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generated by these same voltages as a function of their phase
shift with respect to the limits of the sectors. For example, it is
obvious that V| can produce a large increase in flux and a small
increase in torque for sector 12.

On the other hand, in the same sector, V» greatly increases
the torque and slightly the flux.

In our case, the torque is more interesting, so to take into
account for low and high variations of the torque, a four level
hysteresis comparator for torque and a two level hysteresis for
flux are used, see Figure 5 [35].

Finally, the selection table for this technique is given in
Table 3 [35]. Noting that: (2, -2) large torque variation; (1, -1)
small torque variation; *Vi represents an undesired sequence,
because it does not generate the desired small torque variations.

4. SPEED REGULATION

The speed controller used is an anti-windup PI controller
(Figure 6) is used to obtain a high-performance speed control
and to generate a torque reference by cancelling the runaway
phenomenon which is caused by the saturation of the pure
integrator [32].

Figure 6. Speed anti-windup PI controller

To overcome this phenomenon, the strategy is to correct the
integral action based on the difference between the control
signal and the saturation limit crosses through a gain block
(tracking time constant Ti) before arriving as feedback to the
integrator.

5. DTC CONTROL FAULT TOLERANT

In this section, the DTC command in the healthy and faulty
cases is validated as shown in Figure 7. The test bench is
composed of the following elements (Figure 8).

1: A PC is used for software development and visualization
of results.

2: A dSpacel104 board connected to the PC and controlled
by the control software.

3: A separately excited generator supplying resistive loads.

4: A 3Kw three-phase induction motor whose stator
windings are connected in delta under a 380v power supply.
The parameters of the IM are given in Table 4.

5: A SEMIKRON power converter composed of a rectifier
and a three-phase inverter.

6: Two current sensors.

7: A Speed sensor to check its measurement with the speed
reference.

8: A DC bus voltage sensor.
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Figure 7. Overview of experimental electrical drive system

Figure 8. Photo of the measuring bench

An open-circuit fault in the gate drive can occur due to the
lifting of bonding wires caused by thermal cycling. It can be
triggered by a driver fault or by the rupture of an IGBT induced
by a short circuit. Open circuit faults typically do not cause the
system to shut down, but they do degrade its performance.
Consequently, these diagnostic methods can be used in fault-
tolerant component systems [36].

We affirm that our study is based on a direct fault-tolerant
torque control which can maintain minimal performance
without diagnostic blocking, with the same fault (open circuit),
pending final maintenance.

The acquisition of state variables is done in both normal and
fault modes using the control desk.

Table 4. Parameters induction motor

Induction Motor Parameters

) 380V
Pn 3kw
Cn 20Nm

Is 7A

Rs 6.0

Rr 2.8Q
Ls 0.5668H
Lr 0.5142H
Msr 0.5142H

p 2

J 0.058kgm

f 0.005Nm/rad/s

The components Vy, and Vi can be obtained from
measuring the three voltages Vas, Ven, and ve,. This requires the

installation of additional sensors and increase the cost of the
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implementation. In our steady. Vs, and Vs are obtained from
the commands (Sa, Sp, Sc) and the measurement of the DC
voltage E. By applying the Park transformation [33], we have:

2 1
« = VZE (Sa=5 (5 = 50) ®)
1
Vsg = EE(Sa =S )

5.1 Healthy operation

Figures 9(a)-(h) depict successively the waveforms for
healthy operation of the electromagnetic torque, the stator
currents, the rotational speed, the flux magnitude and its
position, their trajectory in the o-f plane, the 12 sectors
circular flux and the stator voltages Va, VB with load
introduction at 5.5s. The results of the experimental tests are
presented on the software interface of the control desk in
Figure 10.
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5.2 Faulty operation

Figures 11(a)-(h) successively show the waveforms for a
faulty operation state such: the electromagnetic torque, the
stator currents, the rotational speed, the flux magnitude and its
position, their trajectory in the o-f plane, the 12 sectors
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circular flux and the stator voltages Va, Vf. The results
obtained from the DTC with a fault and in tolerated mode are
presented on the software control panel interface in Figure 12,

the fault is introduced at time /=7s and the load is introduced
at 2.5s.



Torque zoom in default

In défault

'I—Im; (s) 10
(a) Electromagnetic torque (N)

1400
— W}
LB s e |
1000}~ i
BOOH - f- oo e 1.'9.?9, 1
1000
600 -f----n-renmoennn e 98y H
q000 - 43 135 14 145
: Time (s)
200} N ———_——
0 i i
0 5 Time(s) 10 15
(c) Rotor speed (Rpm)
10 T

14.9 14.92 14.94 14.96 14.98;

30

5 Time (s) 10

(e) Stator flux angle 6s (Rad)

15

Time (s)

5 10
(g) Twelve sectors stator flux trajector

15

T_-Currents zoom S~
/ ¥ 3 In default
 [on load | 1

"""" S0SlNH]

|_No !oadj

$ Tim-e[s] 1"(]
(b) Stator line currents (A)

15

0.5

Time (s) 1|0
(d) Stator flux magnitude ¥s (Wb)

3 = i i i i i
-3 -2 -1 0 2 3
WsB (wb)
(f) Stator flux circular trajectory
3000 . .

5 Time (s) 10
(h) a-p Stationary line voltages (V)

15

Figure 11. Experimental results DTC with fault tolerated at 7s

611



BE layoutl *

= o5

1500 80

1000 40

o
=
S

20

Celn

] Plotter

20
IO]
0

SECTEUR In1

0 2 4 8 8 10 12 14

" Wi~ Trimin In1
o

-500 ' ! 204+ =
0 2 4 12 14 1 0 2 4 6 8 10 12 14
51 Plotter o|ll@|l=s 5] Plott:
fPPC - dic122secdspace - HostService L] i
Start | Settings
E
e 100 % Length 15 =
w
I Auto Repeat Downsampling [_ =
Trigger Signal
= m

1000

oI

-1000

" phis In1

12

| L]
o
~N
-

Figure 12. Software interface control panel (faulty operation state)

6. INTERPRETATION OF RESULTS
6.1 Healthy state

The static and dynamic performances of the DTC driving
the IM in real time are illustrated in Figure 9 by applying a
nominal load torque of 20mN after a no-load start, the stator
flux reference is maintained at 2.25 Wb.

As can be seen in Figure 9(a), the torque shows a good

response with some ripple due to the hysteresis controller used.

The currents in Figure 9(b) maintain an almost sinusoidal
waveform. Figure 9(c) shows that the speed is obtained with a
slight overshoot during start-up and a rapid disturbance when
applying the load.

Figure 9(d) indicates that the magnitude of the stator flux
vector follows perfectly the reference flux. Figures 9(e)-(f)
depict respectively the position of the angle s between n and
-n radian and the stator flux evolution which is perfectly
circular in the (a-p) plane.

Figure 9(g) illustrates the twelve sectors for operating 6
active voltage vectors by sectors. As for the voltage
components (Va, Vp) of Figure 9(h), they have rectangular
waveforms corresponding to the decoupling of the inverter
supply voltage.

As can be seen in all the figures without faults, the
developed DTC achieves a no-load and load operating
performance that has allowed a good torque response and these
quantities have rectangular shapes with a slight deformation.
It can be concluded that the proposed control is robust with
fault tolerant capability.

6.2 Faulty state
It is noticed that the effect of a single fault at the inverter

level causes an increase in the electromagnetic torque of the
IM to 30mN with a noisy signal as seen in Figure 11(a).
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When the fault appears, it can be seen that the stator current
of one phase is cancelled in the positive alternation as seen in
Figure 11(b) due to the faulty transistor at the top of the first
leg. Generally, the IGBT open-circuit fault is indicated by the
loss of a positive or negative half-cycle of the inverter's output
current, depending on the location of the damaged component
within the faulty leg.

Figure 11(c) shows that the speed continues to rotate in real
time in a stable manner for a tolerated fault at t = 7s after a
slight disturbance.

In Figure 11(d), the stator flux vector modulus follows the
reference without deterioration. Figure 11(e) shows the
position angle 6 between m and -m radian of stator flux and
describes a circular path as illustrated in Figure 11(f) by
comparison as in the healthy state.

Figure 11(g) shows the twelve sectors and the voltages (Va,
VP) are indicated in Figure 11(h).

The state variables obtained under normal and faulty
conditions for Figures 9 and 11 are closely aligned,
nevertheless. Upon the occurrence of a fault, disturbances
prevail at the level of torque and currents. However, the
operating tolerance presents an image of system robustness.

7. CONCLUSION

This paper deals with the experimental use of DTC of an
induction motor fed by an inverter under healthy and faulty
states. The experimental results allowed to find the classical
waveforms of the machine in healthy and faulty state and to
design the fault tolerant strategy. This strategy has the
advantage of controlling the stator flux and the
electromagnetic torque in a satisfactory way and ensures a
powerful stability at a minimal level in case of fault occurrence.
This situation enables the industrialists to maximize their
productivity by minimizing the production stops and
improving the availability of their equipment.



For future work, the current fault-tolerant control method
can be enhanced through an advanced technique that requires
fault detection and isolation (FDI), as well as a method for
reconfiguring the control law in order to maintain system
stability and performance.
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NOMENCLATURE

DTC  direct torque control

IGBT insolated gate bipolar transistor
M induction motor

FTC  fault tolerant control

isa a-Stator current component, A
isp [- stator current component, A
Yo a- component stator flux, Wb
Vg B- component stator flux. Wb
/ws/  magnitude stator flux, Wb

Jwsl*  stator flux reference, Wb

Rs stator resistance, Q

R, rotor resistance,

Ls stator inductance, H

L, rotor inductance, H

M, mutual stator-rotor inductance, H
p number of pair poles

J moment of inertia, Kg.m?
f coefficient of viscous friction, N/rad/s
U nominal compound voltage, V
Pn nominal power, W

Cn nominal torque, Nm

Iy nominal line current, A

ia stator line current phase a, A

ip stator line current phase b, A

ic Stator line current phase c, A

T. mesured electromagnetique torque, N
T.” torque reference, N

Wr rotor speed, Rpm

we” reference speed, Rpm

e speed error

eys flux error

ere torque error

Cuy the torque controller

Chx the stator flux controller

dys output variable stator flux controller
dre output variable torque controller
K; integral gain

K, proportional gain

Oy flux angle stator, Rad

Vie DC bus-voltage, V

Va a-stationary line voltage, V

Vg B-stationary line voltage, V

VSI voltage source inverter

FDI  fault detection and isolation





