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ABSTRACT- Electromagnets have traditionally been used in all drives. Because they take up space, the size of the machine
grows in tandem with increased torque and it’s rating thereby lowering its energy efficiency. If the rotor winding is replaced with
permanent magnets, the motor will reverse. The recent improvement of magnetic materials resulted in a reduction in motor size and
more effective use of redial space. Permanent Magnet Synchronous Motors (PMSM) have a high-power factor, are extremely
durable, and require almost no maintenance. Such motors can be designed with power ranging from a few watts to a few kilowatts
for applications ranging from fans to alternators including electric vehicles. This need reliable and safe operation of drives which
would be fault tolerant. The study compares fault tolerant controllers using Direct Torque Control (DTC), and Fuzzy Logic Control
(FLC) of PMSM for stator fault. Simulations are performed for different voltages and loads under fault. DTC selects voltage vectors
using a hysteresis controller which gives better speed regulation but increases torque ripple requiring an accurate mathematical
model. The use of FLC gives similar performance by precise voltage vector selection without needing an accurate mathematical
model but has lower speed regulation. The results of DTC and FLC are show that even with failure of stator winding the motor can
function satisfactorily.
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2. LITERATURE REVIEW

The development of FTC and the implementation of hardware
methods necessitate the use of redundant sensors to deal with
sensor failures. However, serious research in analytical
solutions has been sought in the last two decades due to two
major limitations of hardware design: high cost and increased
space requirements. In comparison to DC motors and AC
induction motors, PMSMs can provide the required precision
while also meeting the need for high efficiency in a compact
form. Sensors mounted on rotor shafts have several drawbacks,
including lower reliability, noise susceptibility, increased cost
and weight, and higher complexity that is entirely dependent on
sensor accuracy.

Publisher’s Note: FOREX Publication stays neutral with regard to
Jurisdictional claims in Published maps and institutional affiliations.

#1. INTRODUCTION

The ability to save energy is one of the most convincing
arguments to adopt permanent magnet synchronous machines
(PMSM). They have a high-power factor, efficient operation,
tough design, and almost no maintenance. The use of magnets
provides better use of radial space and eliminates the

Faults can occur at the machine's terminal or in winding.
Machine current signature analysis (MCA) is a fault diagnostic
method based on fast Fourier transform (FFT) analysis of stator
current, but it is only applicable to steady-state operation [4-5].

requirement for rotor winding, lowering rotor copper loss.
Electrical drives can have a variety of faults. Appliances like
air conditioning/heat pumps, electric automobiles, and
industrial loads like pumping plants will accept such drive
behavior. Electric drives may replace traditional mechanical
actuators in automobiles to gain benefits such as increased
efficiency and greater dynamic performance. Because of its
adaptability, the PMSM is commonly used in industry which
includes excellent efficiency and a high torque/weight ratio.
The state-of-the-art of various electric drive faults is discussed
in papers [1-3].

It requires continuous stator current monitoring for at least one
or more post-fault electrical periods. Park’s vector approach is
related to stator current analysis in a rotor reference frame and
requires less computation time than MCA [6-7]. Some have
proposed zero sequence current control through the use of a
different combination of inverter bridges for fault detection at
terminals [8]. Several authors [9-11] addressed model
predictive control, finite element simulations for both normal
and post fault operations with initial and next values using
Parks' transform for multiphase PMSM with neutral,
symmetrical component theory to detect fault. Fault tolerance is
critical not only from a safety standpoint, but also from a
reliability of drive.

Website: www.ijeer.forexjournal.co.in

Performance Analysis of Fault Tolerant Operation

297


https://www.ijeer.forexjournal.co.in/
https://doi.org/10.37391/IJEER.100240

FOREX

Publication
Open Access | Rapid and quality publishing

Faults can occur at the machine's terminal or in winding.
Machine current signature analysis (MCA) is a fault diagnostic
method based on fast Fourier transform (FFT), analysis of stator
current, but it is only applicable to steady-state operation [4-5].
It requires continuous stator current monitoring for at least one
or more post-fault electrical periods. Park's vector approach is
related to stator current analysis in a rotor reference frame and
requires less computation time than MCA [6-7]. Some have
proposed zero sequence current control through the use of a
different combination of inverter bridges for fault detection at
terminals [8]. Several authors [9-11] addressed model
predictive control, finite element simulations for both normal
and post fault operations with initial and next values using
Parks' transform for multiphase PMSM with neutral,
symmetrical component theory to detect fault. Fault tolerance is
critical not only from a safety standpoint, but also from a
reliability of drive.
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Figure 1: Faults in a Motor

Inverter faults are the focus of the majority of PMSM fault
research. Several studies have been conducted on the use of
inverters with an additional phase or neutral leg and a
subsequent hardware configuration that increases complexity,
size, and cost [12]. Furthermore, the neutral point of the
machine must be accessible [13]. But among different faults,
PMSM suffers mostly from stator faults and is less addressed.
Objective of this work is application of ‘fault tolerance’ to a 3-
ph PMSM for stator fault. Organization of paper is done in
following way. Section 2 contains information on classification
of motor failures as well as the need for fault tolerance control
along with literature review. The Section 3 presents the
methodology using a mathematical model of PMSM for a
single-phase fault. In Section 4, how to use Park's
transformation to design a controller using DTC is described for
stator fault. The paper compares fault tolerant controllers using
DTC and FLC for PMSM under stator fault. Results of
simulation are presented cussed in Section 5. The discussion of
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results along conclusions, and its limitations are described in
Section 6.

2.1 Classification of Faults

Faults occur as a result of overstressed and/or long-term
operation of a drive. However, due to the extremely fast
dynamics of PMSM motors, controlling them is a very difficult
task. A fault tolerant machine is a machine- driven system that
can continue to operate satisfactorily even after a fault occurs.
Various faults that occur in PMSM are:

Electrical Faults

Loss of phase in winding
Phase-Ground Short circuit in winding
Fault at the winding terminals

Faults due to short circuit of turns

Faults in Inverter
e  Open-circuit of power device
e Short-circuit of Power device

Mechanical Faults
e Broken in rotor bars faults
e  Static and rotor eccentricity

Faults also occur in the rotor position sensor, direct current
(DC) link power supply, and motor controller. Of the overall
faults occurring in motor, faults in stator winding are the most
common failures as shown from Figure 1. A single-phase fault
is a common fault in windings, where the fault occurs on one of
the phase windings.

In the 3-ph PMSM drive fed by voltage source inverter, faults
in any of power switches may result in failure of the drive. But
some critical applications require continuous operation
(aerospace/electric vehicles etc). Hence such applications
require an earlier fault detection, to isolate the failure and assure
fault-tolerant control of the drive [14]. The threshold for a fault
is determined empirically using detection methods. The
threshold can be found within specific boundaries which
simplifies parameterization [15]. Many papers discussed single-
fault or three-phase fault separately. Table 1, gives comparative
analysis of fault detection techniques. The paper discusses fault
tolerant control for stator fault for the PMSM using DTC. This
enables a motor control system to calculate the voltages that
should be supplied to the stator in order to maximize torque
under dynamic conditions.

Development of accurate mathematical model is sometimes
difficult. For this (purpose) FLC is developed and results of
both are compared. Due to paper space constraint mathematical
analysis of 1-phase fault is discussed in paper.
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“Table 1: Comparative Analysis of Fault Detection Techniques

bidirectional fast fuse

Types of faults in Techniques used Features Demerits Applications Ref
PMSM
Inverter faults Designed using Triacs, | Vector Control, Model | Use of control strategy, Short circuit, open- [41,[51.[7],
IGBTs, MOSFETS, Predictive Control, torque ripple is reduced phase winding
like inverter. Observer based control [10],19]
Redundancy

Direct Torque Control

Relation between zero

sequence, voltage and

current by stator flux
and stator voltage

High reliability;
suitable for multiphase
PMSMs

No need of vector co-
ordinate
transformation,
Hysteresis controller

Stator faults, single
phase, Open phase

[91.[15],[20]

Field Oriented

Space Vector based
estimation of current

Control various faults
for multi-phase
machines, Low flux
ripple, low torque

Increased cost;
complex vector
computation

Stator faults, single
phase, Open phase,
turn to turn short
circuit

(1], [13], [14]

3, METHODOLOGY

Faults in armature or stator are usually related to

insulation

failure. There are two techniques to analyze faults, hardware
methods and software methods. Hardware methods use
different techniques like redundant leg, matrix converter,
redundant switch, phase redundant topology, and cascade
converter etc. to achieve fault tolerant control as shown in
Figure 2 and Figure 3 for healthy and unhealthy three-phase
system.
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Figure 2: Inverter Fed 3-Phase PMSM without fault
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Figure 3: Inverter Fed 3 Phase PMSM with fault

Sensors and associated hardware must be mounted on the rotor
for the hardware-based methods to work. Complex hardware
makes systems bulky and increases operating costs, making
them less beneficial [16]. As a result, fault tolerant control using
a low-cost software configuration has recently become popular.
This requires mathematical model, and use of voltage and
current flux estimators, paper discusses fault tolerant operation
of PMSM for single phase fault using Direct Torque Control.

3.1 Mathematical Model of PMSM under Healthy

Condition

Phase failures can be caused by faults in motor windings. Let i,
in, and ic be the motor's 3-ph current, ig, ig, and io be the motor
current in the (d-q) frame and ‘@’ be the rotor angle as expressed

in Equation 1.
cos(e—z?n) cos(e+ ) ]

H Zl_sme —sin(e-5) —sinfe+ JH(”

1
Equations (2) and (3) denote the neutral current and zero
sequence current as:

COS S}

1,. . .
0 =§(la+lb+lc) )
in =14+, +i.=3i, (3)

Under healthy conditions without fault, 3-ph current is
symmetrical. So, i,=0, therefore Equation (3) can be ignored.

3.2 Faulty Condition

Under the occurrence of single-phase fault on phase ‘@’
depicted in Figure 4, an immediate distortion occurs in zero
sequence current. Equations (4) and (5) represents these
equations of current as:

Iy = igsin® —izcos 6 (4)
in= 3i0=3 (igSin o- igcos o) (5)

The magnitude neutral current is three-times the phase current
under balanced condition and the phase angle difference is n/6
lead and lag for phases ‘c’ and ‘b’ respectively
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Figure 4: Single-phase fault on phase ‘a’

3.3 Control Strategy

Electromagnetic torque remains constant during pre-fault and
the post-fault period. Current for fault tolerant controller is
derived using this principle for faulty phase, ‘a’. By using
Equation (5), transformed linear current and zero axis current
are obtained in (d-q)-rotating frame of reference. It is computed
from this voltage to compensate for torque ripple caused by
phase fault. After a fault on phase 'a,' the electromagnetic torque
after and before occurrence of fault remain same. Hence, the
magnitudes of 'b' and 'c'-phase currents are to be varied.
Equation (6) represents the expression for electromagnetic
torque of PMSM in the dg- system.

Te = 2p[¥m iq + (La = Lq)iaig] (6)

Where ‘p’ be the number of pole pairs. By assuming same
values of inductance of direct and quadrature axis inductance,
L4 =Lq, and iq, iq be stator currents in (d-g)-rotating frame of
reference. Equation (7), denotes the simplified equation of
electromagnetic torque.

3 .
To = ~p¥m iq (7

As seen from Equation (7), the electromagnetic torque of motor
is mainly controlled by iy, quadrature axis current. When a
single-phase to ground fault occurs (here on phase ‘a’) io, zero
sequence current will not be zero. But its magnitudes are io= -
Im sin (0); i¢=0; and ig= -Im, The zero- sequence current must be
altered at this time. As the change is in i, zero sequence current;
the magnitudes of direct and quadrature axis currents, igq, iq
remain unchanged. Thus, change of io, zero sequence current
keeps the (d-g) axis currents unchanged. Its corresponding
magnitudes of the zero-sequence voltage after single-phase
fault is given by Equations (8) and (9).

Vo = Rsip + Ly % (8)

Equation (5) shows that the post fault zero-sequence current is
alternating and sinusoidal in nature. Let, Vg4, V4 be stator
voltages in (d-g) rotating frame of reference. Rs denotes stator
resistance. g and wq represents flux linkages, Lqg,, Lq be the direct
and quadrature inductances in (d-g)-rotating frame of reference.
Magnet flux linkage is represented by . Under balanced
steady-state operation of motor, the motor rotates at a constant
torque and speed, then dg quantities will become DC quantities.
Thus, the time varying components will be zero. Equation (9)
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and (10) gives stator voltage in terms of Vg, Vq, transformed
control voltage in dg-frame of reference.

. s di
Va = Rsig = Lgiqwe + La—F (9) |
Vy = Ryiq + Lalqwe + @,y + Lg 52

(10)

Equation (11) shows that voltage, zero sequence voltage, Vo
under single-phase fault is a controlled by direct axis current,
quadrature axis current, speed, and rotor angle e. Hence, Vo is
function of igand iq.

Vo = (Rsiq + Loiqw,)sine + (-Rgiq + Loigw,)cose (11)

i 4. FAULT TOLERANT PMSM FOR
SINGLE PHASE FAULT USING DTC

Recently, DTC has been considered as a viable alternative to
vector control of alternating current drives. DTC eliminates the
requirement to transform complex vector coordinates. The
stator flux linkages are accurately monitored and used as a
directional flux coordinate. The instantaneous slip between the
stator and rotor fluxes determines the rate of change of torque
in classical DTC. It is well-known for its torque and flux
control, which is both quick and dependable. Correct stator
voltage vectors can be used to increase or decrease stator flux
[17]. As a result, direct modification of stator voltage is carried
out in response to flux and torque errors to achieve simultaneous
control of flux and torque. DTC improves dynamic performance
by avoiding indirect torque control through the flux component
of current in vector control by selecting correct voltage vectors
based on stator flux linkage, torque, and stator flux angle [18].
Park's vector approach is based on a rotor frame of reference
analysis of stator current. DTC includes the flux estimator,
torque estimator, hysteresis controller, switching table, and
proportional integral (PI) controller. To estimate flux and
current enable flux, a mathematical model for a single-phase
fault is developed [19].

4.1 Stator voltage equations in abc system

Let the stator three-phase self-inductances and mutual
inductances be of same value as La=L,=Lc=L and M= M¢a = My
= Map=M mutual inductance. When fault occurs on phase ‘a’,
stator flux-linkages are given by Equations (12) to (14) on stator
side and Equations (15) to (17) on rotor side.

weq - Lig + Mi, (12)
wg, _ Lip + Mi, (13)
we._ Li. + Mi, (14)

Figure 5 depicts flux linkages of 3- in abc-frame given by.
B

UJsa=Mib+Lia
Wo=Mic+Lip >
A

C Ws=Mig+Lic

Figure 5: Flux linkages of three phases in abc form
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v, =w,, + v, cos0, (15)
v, =wy + w, cos(6, —120°) (16)
v, =w,. +w, cos(f, +120°) 17

Let ‘a’, ‘b’, and ‘Cc’ are the components of stator flux-linkages
caused by stator currents and the rotor along the a, b, and ¢ axes,
respectively. or and An are the electrical angular rotor positions
with respect to phase 'a’ and permanent magnet flux. Equations
(18) to (20) represents the stator voltage equations Va, Vb, and
Vc.

Va = Oiy + Oi + =2 (18)
Vy = Ryiy + Ol + =2 (19)
dw,

VC = Olb + Rcic + I (20)
Where V,, Vi, and V. be stator voltages and Ra Ry, Rc are stator
resistances. Assuming fault is occurring on phase, ‘a’, hence by

neglecting voltage V,, resulting voltage is given by Equation 21.
dip

Vb]_Rb OHib]+[L My|ac|
V.17 10 Rl lmM Ll|aic
dt

Y. w, sin (er - 2?”) 21)

21

Y. w, sin (er - ?)

4.2 Flux and Current Estimators

In DTC, flux estimator and current estimator are used. The
former includes an integrator that is sensitive not only to DC
offset voltage but also to the initial value [20-21]. Higher DC
offset combined with improper initial values might cause
saturation problem. This may lead to whole system becoming
unstable system. The current and flux estimators, on the other
hand, are able to overcome this issue. Monitoring of phase
currents can be used to calculate the associated currents. As a
result, the focus of this paper is on the latter. There are two
different types of current model flux estimators: one in 2-phase
stationary (a-f) system and another in 2-phase rotating (d-q)
system. Therefore, the current and flux estimator applied in a
fault-free PMSM cannot be applied straight to a faulty one. It
needs modification. The following are the modified flux
estimators that are effective for fault tolerant DTC [21-22].

4.3 Modified Current Model Flux Estimator
The flux linkages v, v are given by the stator current in
stationary a/-system expressed in Equation 22.

v |zM-1)  M-L) |y
R I T

In (ap)- stationary system, stator current, i, and iz given by
Equation 23.

, _r 1
la| _ 3 3 ib
ol = _all:] @
3 3
Hence, equation (22) is re-written by Equation 24.
ly(l lI"SO{
[og =g +

2 [Pncos Hr] (24)

3 |¥,sin 6,
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where wg = ’wg, +wi

Electromagnetic torque in two-phase, stationary system is given
by Equation 25.

T =2p (o g -¥5i) (25)
Here, p be number of pole pairs.

Equation (24) gives flux-linkages, vy and g
lyd _ Ld 0 id le

“’q]_[ 0 Lq] [iq] * [ 0 ] (26)
Equation gives ig and iqusing Clarke and Park's transformations
(25).

[id] B [cos 6, —sin 6, [—1/2 —-1/2 ] [ib] 27)

ig] ~ lsinG, cos6, |[v3 /2 —V3 /2]Lic

The magnitude of stator flux linkage ws is expressed as, ws=
NerEra

The electromagnetic torque exerted in a (d-g)-rotating system is
given by Equation 28.

T, = 3p[¥ iqt(La—Lg)igiq (28)

2
As value of mutual inductance, M = half of self-inductance L,
as shown in Equation 29.

Ls =L, :L+%L:% L (29)

4.3 DTC Controller

The primary goal of fault tolerant DTC for PMSM after a
single-phase fault is to control motor current and torque to
maintain set limits. Figure 6 shows a simplified block design of
a fault tolerant PMSM for a single-phase fault using DTC. It has
flux and torque estimators, hysteresis, and a Pl controller, as
well as an inverter in the power unit. Pl controller regulates
rotor speed and assists in accelerating rotor speed to time to
reach by mitigating steady-state error. This same torque and
stator flux linkage are adjusted by the hysteresis controller
through the proper selection of voltage vectors. If the torque or
flux deviation from the reference exceeds the allowable
tolerance, the inverter's IGBTSs are tripped [23].

) , y EMaM

| f? f 7 _@J - T

e . :
Z o s | s _’? J

E S IR S

CurrertEstimators

Figure 6: Block diagram DTC based Fault Tolerant Controller

4.4 Fuzzy Logic Controller Fed PMSM

DTC uses a hysteresis controller to regulate flux, which has
torque ripples that increase in dynamic conditions such as a
phase fault. FLC replaces the hysteresis controller in this case.
The inputs are stator flux angle, stator flux linkage errors, and
electromagnetic torque, while the outputs are voltage vectors.
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In every plane sextant region, each voltage vector is
symmetrical. As a result, by examining the state in a single
sextant region, all of the rules can be deduced. Equation (30),
was used to map the entire plane of 360° for reducing the
number of fuzzy reasoning rules. It is divided into three
sections: fuzzification, fuzzy reasoning, and defuzzification.

0+Z
7=>) (30), where theta represents the actual

theta = 6 — = (
3

3
input of the fuzzy controller and ‘0’ be its real stator flux angle
[24-25].

Fuzzy lox 3, Weo ‘T,“
Loggic: o
Control Park I —
Tranzform SYRM j Inwerter
o
dref=0 H b | L
B Iy o i
Park Clark l(: Ie
Tranzfarm | Tranzfarm | |
Id i
. ¢ I—
Rotor — g/
Targue &
angle. 2 Position Q )
Sensing K E
)
[uT]
[Re=tn)
Figure 7: Block diagram of FLC
able 2: Parameters of PMSM
Parameters Values
Rs, Stator Resistance per phase 4.3Q
L4, Inductance direct axis 7.5mH
Lq, Inductance quadrature axis 7.5mH
Number of poles 4
Voltage/ph 300V
T, Rated torque 2Nm
J, Moment of Inertia 0.00179Kgm”"2

5, RESULTS

PMSM with a pump as load is taken as an example to simulate
the result for faulty condition for PMSM whose parameters are
given in above Table 2. Simulations are carried out using
MATLAB-Simulink platform. Reference speed of motor is set
to 1500rpm. Results of simulations for single-phase to ground
fault are tabulated in Table 3. Few simulations result for phase-
ground fault are shown in Figures 8-10. Fault is applied at
T=1.6 sec for 0.04 second interval of time. Figure 8 shows
variation of speed and electromagnetic torque under single-
phase fault. It causes the change of torque, percentage of torque
ripple; change of speed, as a percentage of speed ripple. This
results in change of stator current, iac as shown in Figure 9.
Then system restores at T=1.64 second as shown in Figure 9.
Simulations are performed for variable voltage and variable
load condition. Simulation with 20% higher rated voltage for 3-
phase fault for speed and electromagnetic torque is shown in
Figurel0a, whose magnified waveform of change in speed,
change in torque waveform is shown in FigurelOb whereas
Figure 11 shows stator current when fault is applied at T=1.6sec
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for duration of 0.04sec. These simulation results are tabulated
in Table 3.

(i) Ti=8Nm, V=300, 1ph - Fault -DTC

Figure 9: Stator current

(i) V=350V, TL-6Nm,1- phase fault-DTC

Figure 10 (b): Magniffed Speed and Torque
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Figure 11: Stator current

Fuzzy rules are designed for PMSM to operate on normal and
under different fault conditions. After obtaining the FLC output
voltage vector, it is transformed to drive the inverter fed PMSM.
Due to paper constraints, these methods are not discussed in
depth. To make comparison clearer, for FLC also the fault is
applied at T=1.6 sec for an interval of 0.04 sec. Figure 12 shows
waveforms for variation in stator current, ianc; Figure 13 shows
variation of electromagnetic torque and speed, indicating fault
free, faulty and fault cleared operation of motor. Figure 14
compares the time to reach steady-state for DTC and FLC; as
observed from Figure, FLC reaches steady state quickly than
DTC but with a reduced speed than set speed, whereas DTC
gives better speed regulation but takes longer time to reach
steady state. With reduction in DC link voltage there is
considerable reduction in stator current ripple and torque ripple.
Its analysis is shown in Table 3.

(i) TL=8 Nm, V=300, Stator 1ph Fault - FLC controller

Figure 12: Stator Current

0 7] u o 0 1

Figure 13: §peed and Torque
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Figure 14: Comparison between DTC and Fuzzy steady state
reach time

Figure 15 a, b shows simulation waveforms for speed and torque
at 20% higher voltage, speed ripple is high when phase fault
applied at T=1.6sec for an interval of 0.04 second. The change in
stator current is shown in Figure 16 and comparison of DTC and
FLC to reach steady state time is shown in Figure 17.

(i) V=350V, TL-6Nm

Figure 15 (a)E'.Speed and Torque

Figure 15b: Magnified Speed and Torque
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Figure 17: Time to reach steady state
Figure 16: Stator current

Table 3: Simulation Results for Phase -Ground Fault

Controller || Voltage Stator Current Torque Torque | Speed Change Time Rotor
Variation currentin A ripple in Nm Ripple in rpm in Speed | toset angle
\Y% Imax Imin % Tmax Tmin % Nmax  [Nmin % Sec Rad

DTC 220(15% 45 25 44.4 5 3 40 1500 1485 1 0.9 240
derated)

250(10% 9 5 44.4 10 6 40 1500 1480 14 1.16 235
derated)
300-rated 14 7.5 46.4 12 7 41.7 1500 1485 1 1.22 230
350 15 8 46.7 14 8 42.9 1500 1480 14 1.46 235
-(120%)

Fuzzy 220(15% derated)| 7 4 429 45 3 333 1500 1480 13 0.78 240
250(10% 11 6 45.5 75 5 333 1500 1475 1.7 0.84 240
derated)

300- 14 7.5 46.4 12 7 41.7 1500 1478 15 0.88 240
rated

350 16 9 43.8 13 8 385 1500 1478 15 1 240
-(120%)

Simulation analysis of Table 2 is shown in Figures18-21

% Change in speed with 1ph fault
%Stator current ripple,1 ph fault 2 -
47 -
_/” 1.5 -
] A/'
45 - 1
PU— ——DTC
44 1 —t—DTC 05 -
43 - i Fuzzy
uzz
42 - Y 0
a1 220 250 Voltage 300 350
220 250 Voltage 300 350 Figure 20: Speed ripple at 1 ph fault
Figure 18: Stator current ripple at 1ph fault
Time to reach steady state, 1ph fault
% Torque ripple with 1ph fault 16 1
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40 -+ ¢ < e 1 -
30 - ——DTC 0.8 1
0.6 - —4—DTC
20 1 Fuzzy 04 -
10 - 0.2 - Fuzzy
0 0
220 250 300 350
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Figure 19: Torque ripple at 1ph fault Figure 21: Time to reach steady state at 1ph fault
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Simulation results for single phase to ground fault shows that ~ shown from Figure 21. In DTC, ripple content of speed is less
stator current ripple and torque ripple content are more or less compared to FLC as seen from Figure 20.
same but FLC reaches steady state quickly compared to DTC as

Table 4: Simulation Results for Three Phase Ground fault (with voltage variation)

Controller |Voltage Stator Current | Torque Torque Speed in rpm Change |Time Rotor
ariation  [Currentin A [ripple Nm Ripple n Speed |to set angle
\Y Imax |/ Imin % ITmax Tmin % Nmax Nmin % sec rad
DTC 200 14 6 57.1 17 6 64.7 1500 1440 4 1.16 235
220 14 6.5 53.6 15 5 66.7 1500 1450 34 1.16 235
250 15 7 53.3 17 6 64.7 1500 1445 3.7 1.14 235
300 15 75 50 17 7 58.8 1500 1460 2.7 1.14 235
350 17 8 52.9 18 7 61.1 1500 1460 2.7 1.14 235
Fuzzy 200 14 6.5 53.6 12 5 58.3 1480 1430 34 0.9 240
220 15 7 53.3 15 6 60 1475 1420 3.7 0.88 240
250 14 7.5 46.4 17 8 52.9 1470 1420 3.4 0.86 240
300 16 75 53.1 17 7 58.8 1470 1440 2 0.86 240
350 18 8 55.3 17 7 58.8 1470 1438 2.2 0.86 240

Simulation analysis of Table 4 is in shown in Figures 22-25.

% Stator current ripple %Torque ripple with variation in voltage
001 o 80 -
50 - —— 70 -
40 - 60 -
—&—DTC .
30 - 50
40 -
20 Fuzzy 30 - DTCtorqueripple
10 - 20 - Fuzzytorqueripple
0 10 -
200 220 250 300 350 0 T T T T 1
Voltage 200 220 250 300 350
i i Voltage
Figure 22: Stator current ripple at 3ph fault Figure 24: Torque ripple at 3ph fault
% Change in speed with variation in voltage
Time to reach steady state
14
4.5 + 1.2
2 1
3.5 4 i
37 0.8 -
2.5 06 4
1? | DTCspeedchange 04 | Fuzzytimeset
0 ; : Fuzzyspeedchange 0.2 DTCtimeset
0 0
200 220 250 300 350 200 220 250 300 350
Voltage
Figure 23: Speed ripple at 3ph fault Figure 25: Time to reach steady state at 3ph fault
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5, CONCLUSION

The paper discusses fault-tolerant control using DTC and FLC
for single-phase fault and three-phase fault for PMSM. It is
based on a mathematical model for the healthy and faulty
condition of a three-phase PMSM. Fault tolerant controller is
designed using DTC and FLC, whose results are tabulated in
Table 2 and 3. Results of Table 2 show that, DTC gives
maximum torque ripple of 40% and current ripple of 44% for
single-phase to ground fault whereas these values rise to 57.1%
and 66% for three-phase to ground fault. FLC reaches to steady
state earlier than DTC as seen from Figures 14 and 17, and has
lower stator current ripple compared to DTC. Percentage
change in speed for both controllers is almost same. Fault
causes stator current ripple, high torque ripples and current
unbalance in system and motor windings may lead to drawing
high circulating current. Analysis of simulation results shows
that DTC has higher torque ripple but better speed regulation,
as tuning is done by PI controller and does not require co-
ordinate transform.

Hence, designing control become quite simpler. Whereas FLC
gives faster response, reach steady-state quite early than DTC
but has poor speed regulation. Still results of both are
comparable.

Under dynamic conditions, as PMSMs have different
configuration, slot/pole combinations, and become non-linear.
This adversely affects development of accurate model which
will affect performance of DTC. All of these factors have an
impact on the correctness of the technique and an accurate fault
estimation, and determination.

The proposed method has the advantage of being able to detect
and identify faults in a few sample intervals, as well as
identifying other faults using the same model motor
performance. The effect of fault tolerant DTC in a dg-rotating
system using a current and flux estimator is identical to field-
oriented control, but it lowers model complexity. FLC is rule
based, will be considered as an obvious choice when developing
mathematical model would be too difficult as results of both are
similar. Control parameters like electromagnetic torque ripple,
stator current ripple is analysed. Method suffers from accurate
determination of fault threshold accurately, uncertainty at
higher voltage. It can be fully utilized especially in electric
vehicles, when continuing operation is necessary after a defect
until a safe stop and current control is achieved. As a result, the
proposed strategy is effective.
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