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PREFACE

This volume contains the proceedings of the first Electrical Engineering
International Conference (EEIC’19) which was held in Bejaia from December 4 to 5,
2019. This conference is an opportunity to bring together researchers, doctoral
students as well as industrialists in order to present the results of their latest
research work for some and to express their needs and proposals for others. It is in
this perspective that this conference included in its topics the majority of disciplines
covering the broad field of electrical engineering.

The holding of this first edition of the conference is not an end in itself, because
the organizers aim to register it in the long term by organizing it every two years. This
will undoubtedly create a discussion forum between the various actors of the
scientific community to exchange their ideas and define new research perspectives.

This conference will also be a godsend for industrialists and the socio-economic
sector in order to submit their issues and develop partnerships with universities and
research laboratories.

The scientific program of EEIC'19 contains the presentation of 100 selected
communications (52 in oral form and 48 in poster) as well as two plenary conferences
led by eminent researchers.

1- Pr. Noreddine TAKORABET, University of Nancy (France), “On the
hybridization of 3D Finite Element Models and Reluctance Networks for
shape optimization of magnetic devices”.

2- Pr. Aissa CHOUDER, University of M’Sila (Algeria), “Monitoring, fault
detection and diagnosis of PV grid connected systems”.

Vii
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Sliding mode control of double star induction motor
using SVM technique

Farid BELOUAHCHI/ Materials physics laboratory,
radiation and nanostructure

Electrical engineering department
University of Bourdj Bou Arreridj
Bourdj Bou Arreridj, Algeria
farid.belouahchi@univ-bba.dz

Abstract— The present paper is focused on sliding mode
control (SMC) of double star induction motor (DSIM) fed
by two-level six-phases inverter. The inverter switches
control is based on space vector modulation technique
(SVM), the use of this technique has a lot of advantages
compared with PWM, among of this advantages is
minimization of harmonic distortions in output voltages and
alternating currents generated. The (SMC) is a robust
nonlinear optimal controller. In order to reduce a torque
ripple, we tested the performance of the system under
different  operating  conditions, and by using
MatLab/Simulink the simulation results are presented and
analyzed.

Keywords: Double star induction motor (DSIM), sliding
mode control (SMC), space vector modulation (SVM),
pulse width modulation (PWM).

L. INTRODUCTION

In modern industrialized drives, the use of thripahses
machine is degraded in front of the multiphase machine for
the high reliability of this last [1, 2]. DSIM is one of the
machines multiphases. It has been used in different fields of
industry that need high power such as electric hybrid
vehicles, locomotive traction and ship propulsion and other
applications which requires safeness conditions such as
aerospace and offshore wind energy systems. DSIM
guarantees a decrease of rotor harmonics currents and lower
torque ripple and also has many other advantages such as:
reliability, power segmentation and higher efficiency, it has
a greater fault tolerance; it can continue to operating even
with open-phase faults thanks to the important number of
phases it owns [3, 4].

The sliding mode control theory was proposed by
Utkin in 1977[5]. Thereafter, the applications of its
theoretical works were developed. The sliding mode control
(SMC) is a non linear control, it has a fast dynamic response

Elkhier MERABET/ Materials physics laboratory,
radiation and nanostructure

Electrical engineering department
University of Bourdj Bou Arreridj
Bourdj Bou Arreridj, Algeria
elkheir34@gmail.com

where the system stability is guaranteed by reducing
transient state error, it ensures robustness against parameter
variation and external disturbance when the system reaches
and remains in the sliding surface. This last is the best
advantage of a sliding mode control, for this reason it has
been widely employed to control nonlinear systems that
have model uncertainty and external disturbance [6]. In
other hand the only disadvantage of the SMC is the
chattering phenomenon., this unwanted phenomenon is
appeared under high frequency ripples form caused by the
switching control law [7, 8], for eliminate this phenomene
can be used the saturation function ‘sat’ or hyperbolic
tangent instead of the utilization of the sign function in a
thin boundary layer near the sliding surface. SMC has
recently been applied on doubly fed induction generator
where it has proved its robustness against parameters
variation and disturbances in front of the both proportional-
Integral and backstepping control [9, 10].

There are several control techniques using pulse width
modulation, such as sinusoidal modulation, hysteresis
modulation, [11], DTC [12, 13, 14] and space vector
modulation [15, 16]. Space vector modulation introduced by
[17] is the most efficient and the most used technique.

The main objective of this work is to improve the quality
of the output voltage and current waveform and prove the
robustness of the SMC.

This paper is organized as follows: The DSIM model
will be presented in the next section. The control method by
SMC will be discussed in section three. Moreover, in the
fourth section the explanation of SVM technique and in fifth
section the simulation results are discussed on
Matlab/Simulink for the proposed control schemes. Finally,
a general conclusion summarizes this work.
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1. SLIDING MODE CONTROL (SMC) of DSIM

The DSIM dynamic equations in the reference d-q are
established in [18.]
A.SLIDING MODE THEORY [19]

The sliding mode control is based on the convergence of
system state trajectory to a sliding surface. The state vector
is kept around this surface by the switching control effort in
order that the trajectory slides to the origin through the
sliding surface. The design of SMC can be reach in two
successive steps:

First step: definition of sliding surfaces. The following

equation 1S the most used surface S(x) in the literature:
_ d.r—1

s() _M+Z) (xref —x) |

Where x is the state vector, X,; is the reference state vector,

r is the degree of the sliding mode and A is the weighting

factor.

Second step: Control law design

The sliding mode control has two command components

and can be written as follows:

S(l‘):ueq(l)+uN(t) 2

The component u., called the equivalent control
(decoupling control) is obtained by putting surface derivate
equals zero s(¢)" =0, its role is holding the system on the
sliding surface which is definite by s(¢) =0. The other

constituent uy is the discontinuous control (switching
control) it ensures the convergence of system state trajectory
toward sliding surface. The reaching condition is based on

Lyapunov theory stability and must verify §° -5 <0
B.APPLICATION OF SMC ON DSIM

The SMC algorithm for DSIM has been presented in
[20, 21]. In order to eliminate or decrease the chattering
phenomena in steady state, a saturation function sat(t) is
used instead the signum function sgn (t) for the switching
control [22]. The sat (t) function is defined as [23]:

sat(t) =

|s|+m 3
Where m is a small positive gain and |S| =m.

Therefore, the SMC for DSIM can be designed as follows:
Speed and flux SMC:

sk
s(a)r)—a) —w

4
s(@)=¢" —¢
The time derivative of equation (4) gives:
L J @3k L]
s (a)r) =w - 5

s* (¢ )=9"" —¢°
By substituting equations of speed and of rotor flux in [18]
into (5) we get:

2 L K
cwrea Pt (L P A1
K (wr)fa) YA 1) (qulHqujJrJTL+ v @,
m r
R L R
] _e% 7 _ m r . . 6
s (¢r)_¢ +L +L ¢r L +L (ldsl+lds2)
m r m r
Assuming that:
as1 Tlas2 T lds
i +1 =1
gsl  gs2 qs
‘ds1 = tds2 7
lqsl = lqs2
And putting:
L i
‘as ~ ' ds ldseq dsn
i =i =1 +1i 8
gs gs gseq gsn
Using equations (6), (7) and (8) we obtain:
2 L 2 L
R I e N — ] #i L
r J L +L " gseq J L +L = gsn J L
m m r
e S g S0 G o ?
ST L +L 'r L +L dseq [ +[L dsn
m r m r m r

By applying the SMC theory, we find the d-q axis
components of currents control:

Lm+Lr o Rr
i =_m _r +—Tr
dseq R L ¢r L +L ¢r
r m
J Lm+LI"

i -
se 2
qseq  p Lm

_ X S(4,)

l = —

dsn ?, ‘S(¢r )‘ +m¢
»

S(w )

i = _r
qsn @, S(wr)‘_'_ma)
r

Where Ko, et K, are positive constants.
Currents SMC:

. o .
S(stl) = ods1 " lds1

S(lqsl) =1 —1i

gsl “gsl 11

—i

. ok
S(lds2) = ds2 " lds2

S(

i =i —i
gs2’ " gs2 gs2

The derivative of equation (11) according the time gives:
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S° (ldsl) %i*dsl _%idsl

S 1)_ dtl*qsligiqsl
S° (ldS‘Z) itl*dSZ _%idSZ .
\S.( qu) :Zit Z*qs2 7%1.@92

By using equations of tension in [18] the system of
equations (12) became:
S%G

1 1
dsl) i* dsl L (dsl sldsl Ll[a} slqsl ﬂ
s

s )=i" —i v o
gsl gsl 7 \gsl™ sl qsl L s sl dsl
sl 13

o, . _ K 13 1 . 1 . *
§ i) =i dsz’z(vdsz’Rsfdsz L% o leqs2+Tr¢ wglﬂ
S

s
.. . 1 1
5 (lqs2)_l qs2_LS2(vqs2 s2qs2j T{ s s2ds2 }

Putting:
*
Vds1 =V ds1 T Vdsleg *Vasin
v o=Vt =y +v 14
gsl gsl gsleq  gsln
*
Yds2 TV ds2 T Vds2eq *Vas2n
E3
v =

gs2 v gs2 = Vqueq +Vqs2n

Finally, by following the same method used with the
currents sliding mode control, we get the decoupling control
voltages:

d * * %
Vasteg =51 g dst T Rotlas1 T (lelqsl T4 @ g,)

d x . . *
Vgsleg ~ le 2 gsl * Rsllqsl %% (leldsl ¢ r)
_ d X * % 15
vds2eq B Ls2 El ds2* RsZ’dsZ ( s2lqs2 * Tr¢ r? glj

d x . . *
Vqueq - L52 El gs2 * Rs2lq52 O (LSZZdSZ +9 r)
And also the switching control voltages:

v _ S(ldsl)
dsln dsl‘S(l 1)I_'_m »
SGE_ 1)
Vasin = K s1 25
7 s Ol+m
gsl gsl1
SG 16
v — ld92)
ds2n ds2
[$G a2+ 40
S(zqsz)
v =K
gs2n qs2 S
g2 FMysn

Fig.1 illustrates the synoptic diagram of the SMC-SVM of
DSIM.

Fig.1. Block diagram of SMC-SVM of DSIM

III. Space Vector Modulation Technique

The SVM is an algorithm for the control of pulse width
modulation (PWM), it is one of the methods to reduce
losses and decrease the distortions of the alternating current
generated from DC compared to standard PWM. For the
stator 1, the figure2 in the plan (o, P) illustrates the vectors
(v1-v¢) divide the design into six sectors, each sector is
moved 60 degrees. The reference voltage (v ) is generated

using two adjacent vectors (v;-v¢) and a null vector (v, or
v7) [24].

Vs Sector2 V2

Sector3 Sector]

Vi (011) Vi
(100) F
Sector4 Sectorb

(001) (101)

Vs Sectord Vs
Fig.2. Voltages space vector
Therefore, space vector PWM can be implemented by the
following steps:

e Step 1. Determine Vd, Vq, Vref, and angle (o)

e Step 2. Determine time duration T1, T2, TO

e Step 3. Determine the switching time of each
transistor (S1 to S6).
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1V. Simulation results and discussion

The control of the drive system has been tested by
simulation under SMC scheme using SVM technique; the
results are performed in this paper by using
MATLAB/SIMULINK. The used double star induction
motor has the following parameters, the nominal power
P, is 4.5kw, Nominal voltage V, is 220V, stator
resistances Rg; and Ry, are 3.72 Ohm, rotor resistance R,
i1s 2.12 Ohm, Mutual inductance L,, is 0.3672H, Rotor
inductance L, is 0.006H, moment of inertia J is
0.0662kg.m2, and friction coefficient K; is 0.001.All
simulation results have been obtained for two tests
conditions.

The first test is the no load start then under load with
load torque is T,= 14 N.m and reference speed is
Wer=100rd/sec.

The second test is the no load start with inversion of
reference speed from 100rd/sec to -100rd/sec.

Table I (Appendix) summarize the main THD values of
stator current with SVM and with PWM.

Fig.3, 4, 5 and 6 respectively presents different responses
of electromagnetic torque, speed and stator current with
SVM and PWM for the first test and the second test.

40

i
~ 30 —Tem
>
z
]
& 10
o}
E
0
-100 05 1 L5 2 25 3 35 4
Time (5)
(a)

Speed (rd/s)
=

=

Time (5)
(b)

20

Stator current isal (A)
=

-20

=
=
n

1.5 2 25 3 35 4
Time ()

()
Figure 3. Torque, speed and stator current responses with SVM
technique for the first test
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Figure 4. Torque, speed and stator current responses with PWM

technique for the first test.
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Figure 5. Torque, speed and stator current responses with SVM technique
for the second test.
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Figure 6. Torque, speed and stator current responses with PWM
technique for the second test.

Figures 3, 4 illustrated the simulation results with SVM
and PWM of the first test, the electromagnetic torque has
the same form of the load torque wich shows that it
compensates the load torque and the friction in the
established regime fig 3(a), 4(a), the speed reaches the
reference speed and follows it perfectly, it also noticed that
the speed controller rejects the load disturbance quickly fig
3(b), 4(b) the stator current has a peak value at the start up
of 18A with SVM fig and 28A with PWM, in the presence
of load its peak value is 7A and 1.5A in the absence of
theme (no load) fig 3(c), 4(c).

Figures 5, 6 represented the simulation results with SVM
and PWM of the second test, the speed follows its reference
and reverses such as it reaches the value -100rd/s at t=2.5s
fig 5(a), 6(a) the reversal of direction of rotation leads to a
negative electromagnetic torque of about -14N.m, when
reversing the direction of rotation from t=1.5s to t=2.5s fig
5(b), 6(b), the stator current amplitude is similar to that the
starting current fig 5(c), 6(c). It also noticed that in the two
tests the THD of current with SVM is lower than the current
with PWM.

V.CONCLUSION

In this paper the double star induction motor has been
controlled by the sliding mode control (SMC) using space
vector modulation (SVM) technique, for improve the quality
of the output voltage and current waveform and prove the
robustness of the SMC two test has been performed via
Matlab/Simlink, as can be seen from the simulation results of
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the system under different conditions with SMC-SVM, the
robustness in terms of stability and performance is reached.
An excellent stability and disturbances rejection with high
performance are offered and the phase current THD
decreases when using the SVM technique compared with

PWM.
APPENDIX
TABLE L. SVM AND PWM CORRESPONDING PHASE CURRENT THD
Tests
Parameters
Testl Test2
Current THD with SVM 14.72 13.55
Current THD with PWM 27.73 27.76
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Abstract — Direct Torque Control - or DTC - is the most
advanced AC drive technology developed by any manufacturer
in the world. DTC describes the way in which the control of
torque and speed are directly based on the electromagnetic
state of the motor. Because torque and flux are motor
parameters that are being directly controlled, there is no need
for a modulator, as used in PWM drives, to control the
frequency and voltage. However, some disadvantages are to be
deplored. The variable switching frequency, although may
result in less irritating noise emissions, produces a wide band
of harmonic spectra and is thus more likely to induce
mechanical resonance. This, in turn, may result in higher noise
emission. At low speed, the positive torque slope is large, which
can cause torque overshoot, hence increasing the torque ripple.
In this paper, we propose a simple but robust model
independent in which the production of the reference torque
value is achieved by using a self-tuning scheme for fuzzy logic
controllers (FLC’s ). The response of the fuzzy PI is compared
to the response of a classic PI speed controller. Results, shows
that the fuzzy PI speed controller has a better response in a
wide range area of motor speed.

Keywords: Induction Motor (IM), Direct torque control (DTC),
Proportional-Integral-Derivative (PID), Fuzzy Logic (FL)

L INTRODUCTION

Direct torque control (DTC) is one method used in
variable frequency drives to control the torque (and thus
finally the speed) of three-phase AC electric motors [1,2].
This involves calculating an estimate of the motor's magnetic
flux and torque based on the measured voltage and current of
the motor. The input currents are measured; flux, torque
are estimated. In this paper we propose an approach to
improve the direct torque control (DTC) of an induction
motor (IM). The proposed DTC is based on fuzzy logic
technique switching table, is described compared with
conventional direct torque control (DTC). The reference
speed which is the input of the motor controller and the
production of the reference torque value is achieved by

using a self-tuning scheme for fuzzy logic controllers
(FLC’s).

The present paper focuses about the artificial intelligence
technique particularly fuzzy logic in the speed control of
induction motor. Fuzzy logic is a technique to embody
human-like thinking into a control system [3,4].

The previously explained DTC limitations involve
plenty of nonlinear functions [S]. Therefore, artificial
intelligence is suggested to overcome the DTC limitations.
Hence, a fuzzy logic DTC controller, which is bad on the
classical DTC but includes a fuzzy logic controller, is fully
described [7,8].

The paper is organised in five sections. Section 2
describes direct torque control strategy. In section 3 the
proposed self tuning fuzzy controller is presented. In section
4, the proposed technique fuzzy logic for the speed control
of induction motor is deduced, and section 5 presents
simulations results with system performances.

II. Fuzzy LoGIC DIRECT TORQUE CONTROL

The generic Direct Torque Control scheme for an
inverter fed induction motor drive is as shown in
figure 1. The DTC scheme comprises of flux and torque
estimator, hysteresis controllers for torque and flux and
a switching table.

il _hIm'ertar

£

+
| Stator flux and

torgue estimation

Figure 1. Fuzzy DTC system with self-adaptive speed PI1.
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III. DIRECT TORQUE CONTROL STRATEGY

DTC method uses a simple switching table to identify
the most suitable inverter state to achieve a desired output
torque. The algorithm, based on the flux and torque
hysteresis controllers, determines the voltage needed to
drive the flux and torque to the desired values.
These hysteresis controllers maintain the flux and torque
within an allowed upper and lower limit.

A. Basic direct torque control for IM
From the model of the machine expressed in a reference

frame linked to the stator, the stator flux vector is estimated
from the following relationship:
6. 0=[.0-R iepar D
0
The stator flux components ¢, and @,z can be estimated

by:

Boor () = j Vyo(6) = Ry dy (1))dlt
2)
b () = j V() = Ry iy (0))dt

Where: Vo, Vg, isoand iyp are stator voltages and currents
along cand g stator axes respectively.
The magnitude of the stator flux can then be estimated by:

¢s = ¢sa2 + sﬂ2 (3)

The phase angle of the stator flux can be calculated by:

by

sa

0, =tan"' )

And the electromagnetic torque can be estimated by:

3 : ,
Te :E‘p'(¢salsﬂ _¢sﬂlsa) (5)

The full block diagram of the IM drive system controlled
by the DTC is shown in figure 1. The proportional
integral (PI) controller is used to transfer the speed feedback
in to the torque reference value.

So, the process is able to perform speed control.
Thus not only the torque, but also the speed can be
controlled.

B.  Stator flux control

Figure.2 shows the voltage vectors which are usually
used in DTC scheme with, as example, the stator flux
located in sector 1, the stator flux vector is varied in the
same direction as the applied stator voltage vector thus in
each sector four of the six non zero voltage vectors along
with zero vectors may be used.

& Axis G

Figure 2. Forming of the stator flux trajectory by appropriate voltage
vector selection.

C. Switching table for controlling flux and torque

According to the signal generated by the hysteresis
controller of stator flux and electromagnetic torque, just one
voltage vector can be selected to adjust the torque and flux.
The choice of this vector depends on the outputs of the
torque and flux controller and the position of the stator flux
vector, as shown in Table 1 [8].

TABLE L. SWITCHING TABLE

Hy | Hr | SA) | S2) | SG) | S@) | SG5) | S(6)
1 v, vy ve [vs [vs |7,
1o vy |V, |V, |V, |V |V,
J v v, v v v, |
1 vy, (v, [vs [vs [V, |7,
o v, |V |V, (Ve |V |V
o vs v (v v, vy |y
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IV. THE PROPOSED SELF TUNING FUZZY CONTROLLER
In order to highlight the performances of the proposed approach, a simulation work is carried out. A simplified block
diagram of the proposed DTC strategy, based on the fuzzy logic strategy, is shown in Fig. 3.

Commutation table
H .| I | I | 53 | S | S5 | 56) "'HHHI_T

Hyst of torgue
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Te ¥ Te
* |F 1 V. [ Vi Ve [Ve [ Ve [ W iﬂ‘- Inverter
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Figure 3.  Direct torque control using self-tuning speed controller

V.FUZZY LOGIC DTC CONTROLLER

The fuZZy control has with the same ObjectiVe of TABLEIL Kp FUZZY CONTROLRULETABLE
regulation as control realized in classical automatic.

However, it is possible to happen of an explicit model of the kp De
controlled process. Using linguistic variables in place of NB | Z PB
numerical variables, that approach represents a substantive e | NB 7 rB |z
departure from the conventional quantitative techn;ques of 7 7 rs | pu
system analysis and control. The basic configuration of a

PB Y4 PB 4

FLC (fuzzy logic controller) with three linguistic variables
(two inputs and one output) is shown in figure 4.

Corresponding linguistic values are characterized by the
symbols likewise:

T NB : Negative big
/:l:ll\ > -I]Elll_] ] NS : Negative small

Gah3 i .
Fuzzy Logke Fate TransRion2 Z: Zero. .
Cortrolkri PS : Positive small

®  zemomer gremm SN2 = PB: Positive big.
M s
: e TABLE IIl. KI FUZZY CONTROLRULETABLE

care
T e
Contraller2

Figure 4. Simulink diagram of controller base system
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PB P Z P

VI. SIMULATION RESULTS

In this section, the computer simulation results for a 1.5
kW cage rotor induction machine, using the fuzzy controller
described in section V is compared to a conventional
controller. The simulation results are effectuated with the
output gain of the speed fuzzy regulator G3 = 0.725.

i : : : :
0 H H H H
0 1 3 4 E,
Times (s)
Figure 5. Torque curves
0 : : : :
T e
0 . : i :
B 30y Y G " . P
o i i ! :
8 20(---dh-- e ronenee LV g
w : g : :
10 f--f----- EPRTIeES o 4 §oeemeeoos
0 H H H H
0 1 2 3 4 g
Times (s)

Figure 6. Speed curves

Kp

Ki

2[] 1 1 1 1
15 [ WEELEEEE e e ARESEREES
1] SR e
e boeeeees bomooees foommee emme e
0 : : : :
0 1 2 3 4 5
Times (s)

Figure 7. Kp with self-adaptive.

dettas &

Figure 8. Surface view of fuzzy controller output for KP

21 : : : :
YRS U S S SO
v : : :
D e e
18 H H H H
0 1 2 3 4 &
Times (s)

Figure 9. Ki with self-adaptive.
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s e
e\l

- S e

025 .-

Figure 10. Surface view of fuzzy controller for KI

Figures 5 and 6 show that, the torque and speed reaches
its references values, the electromagnetic torque
compensates the resistant torque and presents at starting a
value equal to 4 N.m. Fig. 7 and 9 shows that the system
using Fuzzy logic and PI control under no load have good
performance in terms of settling time.

15
1
— 0.5 [

Flux (Vvb

Times (s)
Figure 11. Stator flux components with classical DTC method

Flux-betha (W)

O

1

0.5 0 0.5
Flux-alpha [Wh)

Figure 12. Circular trajectory of stator flux with classical DTC method.

CONCLUSION

In order to realize high performance control of
induction motor, a combined controller, which combines
both DTC technique and artificial intelligence technique.
In this paper, the direct torque control of an induction
machine using self-tuning speed controller is achieved, this
is performed by incorporating a self adjusting regulator block

- into a classical direct torque control system. The fuzzy

regulator has a very interesting dynamic performances
compared with the conventional Pl-regulator. In fact, the
fuzzy regulator synthesis is realized without take in account
the machine model. Simulations and theoretical results show
the effectiveness of the proposed method DTC and self-
tuning speed controller.
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Abstract— This paper addresses the Fault Tolerant Control (FTC) passive of BLDC Machine based on Backstepping control. The
main idea of the proposed method is to modify a conventional BLDC controller by superposing an appropriate compensation
signal to offset the effect of a fault, to facilitate the procedures for setting and controlling the current . we establish a dynamic
model for direct current. We introduced a faults to test the robustness of the control laws. A theoretical analysis is presented, and

both simulation is presented in order to validate the proposed compensation . The proposed FTC-Backstepping control can

achieve favorable tracking performance.
L INTRODUCTION

The necessity of more powerful actuators in small sizes in
industrial application. The BLDC motors were gradually
replacing DC motors and to solve the problem associated
with contacts and gives improved reliability and enhances
life, we need to Elimination of brushes and commutators.
The BLDC motor has the low inertia, high efficiently, high
power factor, high torque, lower maintenance and low noise
(1] 12].

In general, the BLDC machine is powered through a three-
phase inverter transistor that acts as the electronic switch of
the phase current, The torque control is then reached at the
current control [3]. the directly control of the current is
easier than the control of the phase currents required since
the reconstitution of these currents .In most cases, a current-
controlled voltage inverter is used. As the motor torque is
proportional to the DC input of the switch, the interest is the
influencing to the current forme in order to optimize the
torque and minimize the current [4].

The backstepping design recursively selects some
appropriate functions of state variables as pseudo control
inputs for lower dimension subsystems of the overall system
[8]. The most appealing point of it is to use the virtual
control variable to make the original high order system to be
simple enough thus the final control outputs can be derived
step by step through suitable Lyapunov functions. A
nonlinear velocity controller for an induction motor was

designed based on adaptive backstepping approach, in
which over parameterization may occur[9].

On the other hand, in the control design and fault
tolerance domains, the reappears to very little new
theoretical development based backstepping approach.
Starting from those works [12] [13]. In general, the FTC
approaches can be classified into two types: the active
approach and the passive approach as presented in this
paper. The survey book [14] reviews the concepts and the
state of the art in the field of FTCs, comparative study
between these two approaches and the recent advances have
been reported in [15] [16].

The reminder of this paper is presented as follows. A
description of the studied system is presented in section I.
The Section II develops the dynamic model. The section III
is devoted to the FTC passive control based on
Backstepping approach. Finally, the simulation results to
demonstrate the robustness of the proposed approach is
presented in Section I'V.

II. MODELING AND ANALYSIS OF BLDC MACHINE

A. Equations of Electrical and Mechanical of bldc Machine
The model simplified of the BLDC Machine is shown in
Fig. 1:

For a symmetrical winding and a balanced system (Fig.
1), the vector of voltages across the three phases of the
BLDC motor is given by:
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v, R 0 01§ d L, M ||, e,
v, |=|0 R 0] +E M Ly M|i |+|e Q)]
Ve O 0 R ic LO ic €.
where
Mi, +Mi, =-Mi, 2)

Substituting Equation (2) into (1), the voltage equation of
the BLDC motor can be simplified as follows:
v R 0 0] L 0 0]}l¢ e

wl=lo & ofi[+L o L olli|t|le| @
t
v,| |0 0 RJi 00 L|i| |e

c 4 c c

Where v,, v, and v, are the phases voltages of the BLDC

Machine ; i, i, and i, are the phases currents; R is the

resistance and L is the inductance of the machine which
L=L,-M ; e,, e, and e, are the electromotive forces of the

phases.
The electric torque is given by:
ei +ei +e.i,
Cez(au b*b C(_) (4)
1)

Where C, is the electromagnetic torque and w, is the
angular velocity.

The law of meshes is applied to obtain the equations of
currents in the three phases [5].

e Sub-interval 1: the main current i; flows in the two excited
phases through the two transistors turned on, a circular
current flow in the third phase through a of the two
transistors and the diode of the freewheel.

» Sub-interval 2: the current i; flows in the two excited
phases, the diode is blocked, and the current vanishes in the
third phase.

Figl.The model simplified of the BLDC

B. Modeling of the BLDC Machine

Fig.2 show the schematic diagram for controlling the
BLDC Machine.
We will make the following assumptions:

e The six transistors 7'/, T2, T3, T1’, T2’ and T3’ have
identical characteristics. In the state "OFF" and in the state
"ON" are respectively represented by an infinite
impedance and threshold voltage vy in series with a
dynamic resistance 7.

¢ Similarly, it is assumed that the diodes DI, D2, D3, DI’
D2’ and D3’ has an infinite impedance in the state OFF
and in the state ON are threshold voltage vp in series with
a dynamic resistance 7 p.

e The model of the machine is generally established in a
landmark three-phase (a, b, c) related to the stator due to
the trapezoidal shape of the FCEM. For a symmetrical
machine winding connected in star and whose permanent
magnets are mounted on the surface [16].

BLDC Motor

M
Y
3
(e}
1L
LL

| - TZJEI}DZ Tan}Da

| | 1]

—> Control of Ud

Pulse
generation

Fig.2 : Block diagram for controlling the BLDC motor
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1d — 7‘ I|d & :r'=T_" i [Va]
& |
E " | ud
o | TR N 7y
2 T l | | | l
DC S ‘ | L Vb < © i
ud T
!7’ | ‘ ‘ Ig |_,'V_c|
o) o
2 |
o0 T [
| 5=
D
Fig. 3: Equivalent diagram of the motor-switch assembly.
A : ‘ ‘ : : :
This model can be written as follows: 2,
@
i P T2 2
. di, 4 s s s s , : s
V,=Ri,+L —*+e, (5.a) 0 50 100 150 200 250 300 350
dt angle(degree)
di
V, =Ri, +L i+ e (S,b) a. Current ia and FCEM ea and pulses T1 and T1’
c d 1 b
di, : : . . . . .
V.=Ri +L, d° te, (5.) B’
. o . . 2 of f 1
Depending on the position of the inductor, the current i, g R N / | - =]
I
is switched in phase at the time the trapezoidal FCEM in 0 50 0 15 200 250 300 3%
this phase Fig. 3. __ angle(degree) ‘ ‘
™
1
o .. -
e The model of the machine is generally established in a g0
landmark three-phase (@, b, c) related to the stator due to P 1 ) ) ) ) I I
the trapezoidal shape of the FCEM. For a symmetrical 0 5 100 150 200 250 300 350

machine winding connected in star and whose permanent
magnets are mounted on the surface [16].

T1and T1'
o =

™ T

1

350

1 | | | | I
0 50 100 150 200 250

angle(degree)

300

5F - - - - -
;
Q
ﬁ 0
o
-5¢ . L L . n n ]
0 50 100 150 200 250 300 350
angle(degree)
b. Current ib and FCEM eb and pulses T2 and T2’
Qo
Q
12}
2
Q
'5 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350
angle(degree)

angle(degree)

c. Current ic and FCEM ec and pulses T3 and T3’

Fig. 4: Control pulses of transistors for the direct sense.

From the signals of the Hall sensors, the sequence is
generated by choosing a sequence of notice pulses of
transistors well defined Fig. 5, there are 6 distinct intervals
noted /7. The opening of the 2 transistors of an arm of the
electronic switch produces the conduction of a diode D, and
D,. This corresponds to setting a series of phase with the
remaining 2 in parallel in these intervals are denoted /D and

ID’.
C. Continuous Model of BLDC Motor
Is characterized by two distinct modes:

1) DCI Mode
DC1 mode corresponds to the two phases in series
“Fig.6”:
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@ Ie=0
{vD) -
D

Fig.5 : Structure of the BLDC motor when two phases are supplied

Vc

in this mode dynamics DC1 current id is expressed by:
di,

21
dt

=u, —2(R+r)i,—2E-2v, (6)

2) DC2 Mode
In this mode, a phase in series with the other two phases
in parallel “Fig.7”:

w Ul = T n ~-—1
() — Va
T

Vc
rD
Fig.6: Structure of the BLDC motor when three phases are supplied
In this case the dynamics of the current i, check in DC2

mode: are given by:

3Lc%:2ud =3(R+7r)i, —2E-3v, +v, (7)
t

III. BACKSTEPPING CONTROL OF THE BLDC MOTOR

Recently, A backstepping control is developed control
method for nonlinear system. The backstepping technique is
featured by the final controller as well as the laws can be
derived systematically step by step. which is shown in the
following procedures[17].

A. Control objective

The control objective is to design a asymptotically stable
speed controller for the BLDC motor to make the
mechanical speed follow the reference signals satisfactorily
[18].

B. Nonlinear backstepping controller design

in this work we design systematically a nonlinear
backstepping speed controller based on suitable Lyapunov
function and adaptation laws .

The compact form of the system can be written as
follows:

X=fxx+gxU
where

x:[a) id]

1
—(—f,0-C. +k,,
et f= / ,
—(2v,—ER'i))
J

S

we define the new variable as follows:
Z =0

U=u,

Z; =y

The state-space equations of system can be written as:

l.(_fdzl -C, +k,z,
Z] J

= + xU
1 o’ 1
Z, ?(ZVI —ERZZ)

Step 1 :

Stabilization of z, to z,

SO e=z -2z,
€= 21_Zld
V(e) zéez V(e) =ee
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1 .
and we put —(—C, +k,z,) asa virtual control
J

1 1. .
so we have —(=C, +k,z,)=— f,2,+ 2, —ae
J

J
and

1
e :;(—fdzl —-C +kz,)—z,+ae

Step 2 :

V(e,el ) = %ez +%‘312

i k
U :L[[al _L‘sz'l +2Z, +a,e —Eldj+2vt -ER'’z,
a, J J

V(e,e1 )=eé+eg,

C. Results and discussion

In this section, simulations results are presented to
illustrate the performance and robustness of proposed
control law when applied to the BLDC MACHINE . The
parameters values of the motor as shown in Tab. 1.

Table 1: BLDC Motor Parameters

Item Symbol Data
resistance of phase R 4Q
phase inductance Lc 0.002H
inertia constant J 4.65¢e-6kg.m2
Back-EMF Constant ke 26.1e-3V/rd.s-1
coefficient of friction kf 1.5e-006N.m/rd.s-1
supply voltage un 48(V)
rated current In 2(A)

Fig. 8 show the results of the controller

Sl

=

I
0 0.01 0.02 0.03

=

Time (5)

a) The 3 phase currents

P I I8 A B

=

. . . L
0 0.01 0.02 0.03
time ()

s

b) Form of continuous current id

0.3

| I
0 0.01 0.02 0.03 0.04
time (S)

d) The engine torque Ce

Rad/s

I . |
0 0.01 0.02 0.03 0.04
time ()

d) Form of speed
Fig. 6: Response of the motor using Backstepping controller

1) A robustness test :

Test 1:

At time t = 0.015 s a robustness test is carried out where an
external additive defect represented by a perturbation which
is a 20% increase in the resistance phase, a 30% reduction
in the cyclic inductance, 10% of the excitation flux and The
nominal load torque 0.055 N.m The results are shown in
Fig. 7.

a1 __Ic]]
4 |
2 1
< 'F 1
2 1
4R ]
% E L L I 3
0 0.01 0.02 0.03 0.04
Time (s)
a) The 3 phase currents
‘ ‘
< ]
] ]
& 4
0 0.01 0.02 0.03 0.04

time (S)

b) Form of speed
Fig.7: Response of the motor using Backstepping controller under the
parametric variation
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Test2:

the second test represented by a 40% increase in the
resistance phase, a 40% reduction in the cyclic inductance,
20% of the excitation flux and The nominal load torque
0.065during the time interval [0.015s, 0.04s].The results are
shown in Fig. 8.

b Ic

=

]

z

L I I L
0.01 0.02 0.03

=

Time (5)

a) The 3 phase currents

Rad/s

. .
0 0.01 0.02 0.03
time (S)

s
>
2

b) Form of speed
Fig.8: Response of the motor using Backstepping controller under the
parametric variation

2)  Result discussion

e After the test, the speed remains practically
insensitive to the perturbation .

e BLDC motor speed control testing shows that
Backstepping  control  provides  good
performance even in the presence of an
external fault .

IV.  CONCLUSION

This paper presents a method of Backstepping based fault
tolerant control scheme for BLDC motor systems with
parameter variations faults. To achieve our goal a
continuous mathematical model of BLDC motor was
presented. Based on this model, we synthesized the
Backstepping control of the BLDC MACHINE . The
obtained simulation results illustrate the good performance
of the proposed method in the case of the fault (parameter
variations) for tow scenario. This work allowed us to
conclude that the Backstepping method can tolerate some
important faults such as: variation of parameter and the
variation of reference.
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Abstract—This paper proposes a numerical simulation method
dedicated to assess the integrity of windings Electrical
Insulation Systems (EIS) fed from voltage source inverters
based on the Transient Voltage Signature prediction in
correlation with the Insulation Capacitance changes. A Finite
Element Method is used to estimate the high frequency
distributed-circuit parameters such as resistances (R),
capacitances (C), self and mutual inductances (LM) of the
insulation-winding system according to the skin and proximity
effects. The (R) and (LM) matrix parameters are calculated by
the use of the magnetic vector potential magnetodynamic
harmonic formulation. In addition, the calculation of the
capacitance (C), the electric scalar potential electrostatic
formulation is applied. An equivalent (RLMC) circuit under
high frequency is then used to simulate the voltage stress
distribution among the turns of the stator winding in the cases
of healthy and degraded insulation. The spectral analysis using
the Fast Fourier Transformation (FFT) leads to establish the
insulation defect signatures.

I. INTRODUCTION

During operation environmental conditions and
mechanical stress, especially vibrations may lead to the
electrical insulation degradation. The application of pulse
width modulation (PWM) in induction motor speed control
is very popular nowadays. These pulses are responsible for
high overvoltage at motor input terminals and for an
irregular voltage distribution along the windings [1], [3].
These over-voltages are especially dangerous for the
insulation-winding system. In such a case, the effect of these
voltage transients can result in undesirable electrical and
thermal stresses in the stator windings, which can lead to the
premature failure of the insulating material between the coils
and, definitely, to the failure of the whole component.

The voltage distribution prediction has some important
diagnosis purpose concerning the maintenance and the
winding construction. The voltage level can strongly affect
the partial discharge activity inside the winding and so the
reliability of the electrical machine [2], [4]. The variations

of geometrical parameters and physical properties can be
adopted for testing the degradation of the insulation system.

The insulation testing and monitoring methods can
generally be divided into two different categories. The first
one is the offline-testing, which requires the electrical
equipment to be removed from service, whereas the second
one is on-line monitoring, which can be performed under
operation. The popular, reliable, and very frequently used
on-line methods to assess the turn-to-turn insulation system
of medium- and high-voltage electrical equipment are the
Voltage Surge test and the Partial Discharge (PD) test that
also can be applied off-line. Common off-line tests methods
used to test the phase-to-ground insulation are the Insulation
Resistance (IR), Dielectric Dissipation Factor (DDF) and
the Polarization Index (PI). Other new techniques such as
Return Voltage Method (RVM), Time/Frequency Domain
Spectroscopy (T/F-DS) measurements, Fourier Transform
Infrared (FTI), Power Factor (PF) as function of frequency,
etc... are still being explored. All of these experimental
classical methods are complementary but incomplete and
complicated with heavy experimental process since they
require the installation of costly additional equipment. In
addition, they can present serious limits for in situ
monitoring when the measurements are done in a noisy
environment [5], [6], [7]. Since the measurement of such
parameters is oftentimes not feasible due to the practical
difficulties in high-frequency range, they require high-cost
equipment and still do not describe the internal phenomena
such as the voltage distribution across the conductor,
inductive/capacitive coupling between conductors, and the
skin and proximity effects [8], [9]. Therefore, the possibility
of their determination from computational or
analytical/empirical methods is highly desirable. The Finite
Element method (FEM) Electromagnetic (EM) analysis and
electric circuits methodologies are able to model even
complex geometries such as the multi-conductor insulation
structures [10].
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A Diagnostic Indicator (DI) built with the turn-to-turn or
turn-to-ground capacitance estimated values can be used for
evaluating the health state of the insulation [11]. Indeed, it
has been shown that the value of these capacitances
increases with aging [12], [13]. So, the premature
supervision of the insulation ageing or degradation
(oxidation) requires to follow the evolution of these
capacitances during operation according to the dielectric and
geometrical characteristics. The originality of this work is
that it provides effective models based on the spectral
analysis of the inter-turn transient voltage signatures which
can be used to monitor the health-status of the electrical
insulation.

In this paper, an equivalent circuit model is used to
predict inter-turns voltage distribution in the multi-
conductor-insulation system. The equivalent circuit consists
in the turn resistances (R), the turn self and mutual
inductances (L), the turn-to-turn and turn-to-ground
capacitances (C). The high frequency (RLMC) parameters
are obtained using Finite Element Method (FEM). The
(R,L) parameters are obtained from the coupled model of
the magnetic field equation, expressed in terms of Magnetic
Vector Potential (A) and the total current (I) equation. The
capacitances parameters are obtained after solving the
electrostatic equation, using floating potential approach.

II.  INSULATED-MULTICONDUCTOR DISTRIBUTED
LUMPED ELECTRIC CIRCUIT

Based on the transmission line approach [14], the
insulated-winding is formed by N, turns modeled by the
distributed Iumped electric (RLMC)-circuits depicted by
Fig.1. The occurrence of the insulation degradation is
introduced by the addition of the inter-turn capacitance
(defect capacitance) in series with the inter-turn capacitance
in healthy state. In order to take into account the skin and
proximity effect, numerical methods are used to calculate
RLMC parameters of the multiconductor-insulation system.
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Figure 1. Lumped parameters equivalent circuit of the Turns in a Slot

III. ELECTROMAGNETICS MODELS
The problem becomes two dimensional in the (x, y)
plane. The source current density js and the magnetic vector

potential;l have only the component in z-direction. The
coupled magnetic-eddy current density (A-I) model is
described by the following equations:

~Qi}mbﬂmﬂ+&—0m

(i.i% a
oy u oy

ox u Ox

_ ) k . J k
J‘J.]a)(GJrja)g)Az(x:y)dQc +J. Jm( > ja)O‘deC
k

of Qf
= [[hact = 1
o
2
Where w is the pulsation, ¢ the magnetic permeability

ando is the electric conductivity. The symmetric
formulation of coupled equations (1) and (2) is obtained
after using the variable substitutionJ, = ( ja)U)G where

G,.is the modified electric scalar potential. To ensure the

sz 2

solution’s uniqueness, appropriate boundary conditions are
required.
The finite element (FE) formulation of the (4-1)

model equations (1) and (2) is based on the first order
triangular discretization mesh elements in which the
weighted residual method and the approximation function of
the magnetic vector potential A4, and the modified electric

field G,

form as follows:

are expressed for each conductor into the discrete

nodu aN aN
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After having expressed equations (3) for the N, . nodes

nodes
and for the NV, conductors, the algebraic equations system to

be solved is given by the algebraic equation system (4) as
follows:
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The zero matrices are related to the QO(L,N,) and
WO(N,,N,) matrices. The usual FE stiffness and mass

matrices are, respectively, K(Nyodess Nuodes) and T(N,odes,
Noodes)- The current density matrices of the N. conductors
are as follows:
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A 2D clectrostatic model expressed in term of electric
scalar potential (V) is used to calculate the capacitances
according to the insulated-multi-conductor geometry and
dielectric properties. It is given as follows:

(a[ an+i( aVD:O (10)
ox\ ox ) oy oy

for excited conductors

y
LVLyM}={O 1)

0 for ground or unexcited conductor

Where ¢ is the electric permittivity, V|, is the applied voltage
on the I'; boundaries.

The first-order triangular finite element is used to mesh
the slot box containing the insulated-multiconductor system.
Using the weighted residual method with the approximation
function of the electric scalar potential (V), the FE
formulation of (10) with boundary condition (11) is written
for each mesh node into the discrete form as follows:

nader a . a N V
” (aN )+6é\/1 (aj .I)dedy:
jéwéﬁﬁﬂﬁﬂé
T, on
where N, ,..is the total number of nodes, Nis the
Galerkine shape function of the nodei=1,..., N,z , N; is

the approximation function of the electric scalar potential
V; at the node j. For each node of the meshed domain,

equation (12), leads to the following algebraic equations
system:

(K1} ={Flr +{F}, (13)

where [K] is the stiffness matrix, {F }F,, and {F }Fd are

respectively the source terms related to the Dirichlet or
Neumann boundary conditions.

IV. RLMC PARAMETERS COMPUTATION

Based on the Finite Element (FE) formulation of
magnetodynamic-total current coupled model (4-/), the
analysis is performed to calculate the frequency dependent
(R,L) parameters of the insulation multi-conductor system.
The sequential Supply Electric Total Current process
(SETC) approach is based on N, supply sequence such as
(1,,0,0....,0),(0,1,,0,...,0),(0,0,1,.0....,0), until(0,0,...,7,)in
where [, is an arbitrary total current. While each sequence
of forced electric total current process is considered for the
(FE) formulation of the coupled magnetic-eddy current
(A -1 ) model, the related algebraic equation system (4) is
solved to get the unknown magnetic vector potential values
and the modified electric scalar potential of each conductor
mesh nodes. After each solution, the resistance, self and

mutual inductance are calculated using the impedance
formula:

[Jsz ]ik
[Vi =2 (14)

]| ]

Rjyy + joLy =

(ik)=12...N,
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The indices i=kare related to the(R;)resistance and

(L[i)self inductance. The indices i# kare related to (Rik)

and (M l-k) mutual resistances and inductances respectively.
The capacitances between turns are calculated using the

th

stored electrostatic energy of the i and ;j” conductors

under the voltage potentials V;and V) respectively. The

turn-to-ground and the self-capacitance of the i” conductor
are obtained by considering that its applied electrical
potential is J; while the potential of other conductors is

zero, such that:

1¢( 1. 5, 1 5

%zEI(gE )dQ=ECiiVi + GV = (15)
Q
W@

Cﬁ:V-z (16)

N
Cio =Cyi— ZC;‘;‘ (17)
j=Lj#i
Where C;;, Cjp and Cj; are respectively the i turn

ith

capacitance, the turn-to-ground  capacitances and

between i and ;" turn-to-turn capacitances.

V. APPLICATION AND DISCUSSIONS

The studied multi-conductor system presented in Fig. 2
consists in six isolated conductors of 1.25mm diameter and
0.04mm insulation thickness (the insulation thickness is
made of two identical insulation layers). The conductors
made of copper are surrounded by an insulation material of
electric permittivitys, =3.4. The frequency is set

to f =10 MHz .

Stator

nr=400 e
insulation

yted
ictor

Figure 2. Electrical machines geometrical slot-multiconductor system.

The calculated (RLC) parameters in the case of healthy
and degraded insulation, such as oxidation of intern

insulation layer of the first turn and all turns are given in
Table I. The emulated ageing/degradation (oxidation) of the
winding electrical insulation system concerns the sensitive
changes of the insulation dielectric properties relating to
single turn (1st) and complete turns (All turns). From the
comparison we note that only capacitances are affected by
the degradation of the insulation.

TABLE I. (RLC) PARAMETERS FOR HEALTHY AND DEGRADED

INSULATION
(FE) Models Analytical
Parameters Oxidation insulation Method
Healthy I turn | All turns [15]

Turn resistance [Q] 0.42785 | 0.42785 | 0.42785 -
Turn inductance [pH] 0.0705 | 0.0705 | 0.0705 -
Turn to turn capacitance [pF] 46.382 | 43.312 | 40.477 | 53.8047
Turn to ground capacitance[pF] 26.607 | 23.752 20.105 21.5759

The comparison between simulated and measured
transient inter-turn voltage is shown in Fig.3 when the step
voltage is applied to the coil. The results are obtained in %
of 300V voltage level.

T
NI AY
Py A

e
r“_l

[ —— FE-RLMC Circuit
= == Experiment[3]

60

50

40
30

Turn-to-turn voltage (% applied voltage)

\\I[ S
20 \
J
10
o
10
0 100 200 300 400 500
Time (ns)

Figure 3. Comparison between simulated and measured inter-turn voltage

In order to find more fault indicators, we present the
spectral analysis of the inter-turn transient voltage for
healthy and degraded insulation system for the second, third,
fourth, fifth, sixth, seventh, eighth and ninth harmonics are
depicted in Fig.4-11.

25 r

Healthy

Insulation oxidation: 1st turn
20 — Insulation oxidation: All turns H

10— I R

Inter-turn voltage magnitude (% of Fund)

V1-V2

V2-V3 V2-v4 V2-V6  V2-V6

Figure 4. Spectral analysis (FFT) of inter-turn voltage for healthy and
degraded insulation for the second harmonic rank
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Spectral analysis (FFT) of inter-turn voltage for healthy and
degraded insulation for the fifth harmonic rank
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Figure 10. Spectral analysis (FFT) of inter-turn voltage for healthy and
degraded insulation for the eighth harmonic rank
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Figure 11. Spectral analysis (FFT) of inter-turn voltage for healthy and
degraded insulation for the ninth harmonic rank

The simulation results are in concordance with experimental
measurements (Fig. 3). From the data given in Table I, the
variation of the relative permittivity due to the degradation
or oxidation of the insulation causes directly a decrease of
the turn-to-turn capacitance compared with the healthy
value. In addition, moderate capacitance changes lead to
initiate the degradation of the insulation, whereas for
significant capacitance decrease according to deterioration
or oxidation, the insulation quality is considerably affected,
and consequently the initiated inter-turn short circuits.

The key of interpretation is the trend, which allows through
the spectrum analysis (FFT) to make appear increased
magnitude of the inter-turn voltages corresponding to the
harmonics rank, particularly for the harmonics number five
to nine. In the cases of locally inhomogeneous insulation
degradation of the 1st turn, significant changes are detected
in magnitude of the inter-turn voltage harmonics. This is
observed only for the incriminated adjacent turns.The
spectral analysis establishes that the inter-turn voltage
magnitude increase from fifth harmonics rank.

We found that every harmonic rank contains enough
information that permit to evaluate the spectral analysis
magnitude of the inter-turn voltage. The evaluation of the
inter-turn voltage magnitude according to the localization of
the insulation degradation (first turn and all turn) comparing
with healthy state according to the harmonic rank are shown
in Table II.

TABLE II. EVALUATION OF THE SPECTRAL ANALYSIS MAGNITUDE OF
INTER-TURN VOLTAGE ACCORDING TO THE HARMONIC RANK

Degradation Harmonic rank
Insulation 3 5 7 8 9
Firstturn | Decrease | Increase”™ | Increase™ | Increase™ | Increase™
All turn Decrease | increase’™ | Increase” | Increase” | Increase”

VI. CONCLUSION

In this paper an indicator of insulation degradation has
been investigated. The considered insulation degradation
concerns a single turn, and all turn oxidation insulation. The
decrease in turn-to-turn capacitances is observed. The
spectral analysis obtained from the RLMC-circuit simulation
for healthy and insulation degradation, such as oxidation of

the winding electrical insulation system show increase of the
magnitude of the inter-turn voltage harmonic components is
observed for the incriminated adjacent turns. In the case of
locally inhomogeneous insulation degradation of the first
turn, a significant increase in magnitude inter-turn voltage
harmonic is observed beyond the fifth harmonic number.
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Abstract— Three mathematical models of a dual star permanent
magnet synchronous machine (DSPMSM) are presented, one in
the natural reference frame, and two others in a synchronously
rotating d-q reference frame. In order to simplify the machine
analysis, a proper transformation is needed to transform the time
varying quantities of the machine into constant variables, many
transformations are reported in the literature. In this paper, two
transformations are selected and applied to a DSPMSM. The
models are implemented and simulated using Matlab/Simulink
environment, the simulation results are discussed, finally, the
models behavior under an open circuit fault is analyzed and
discussed.

Keywords- dual star permanent magnet synchronous machine,
machine modeling, different modeling methods, rotating dq
reference frame, open circuit fault.

I. INTRODUCTION

Nowadays, power electronic converters are used to supply
alternative current machines, consequently, the machines are
decoupled from the grid, so the number of the machine’s phases
is not limited to three anymore, making possible the exploitation
of multiphase machines in domains requiring some specific
advantages, such as lower torque ripples [1] and fault tolerance
[2]. The voltage source inverter fed double star machine is one
of the widely discussed topics in the literature [3], [4].

Because the machine’s variables are not constant in time in
steady state, the use of an adequate transformation in order to
obtain constant variables presents many advantages, constant
variables are easier to analyze, and the rotor position
dependency of inductances that characterizes salient pole
machines is eliminated, simplifying the model as well as the
control of the machine.

Many modeling technics are proposed in the literature, the
double winding approach represents the machine with two pairs
of d-q windings with a mutual coupling between each other [5],
so this model is an extension of the conventional three phase
machine model. With the aim of simplifying this model, [6]
proposes a transformation where the stator circuits are
completely decoupled called extended 0dq transformation.

This paper focuses on the double star permanent magnet
synchronous machine modeling, many modeling approaches
will be presented, simulated and compared, the behavior of these
models under single phase open circuit fault will also be
simulated and analyzed.

II.  DOUBLE STAR ELECTRICAL MACHINES

Multiple star machines are a particular case of multiphase
machines, where the phases are divided into multiple three phase
sets, with isolated neutral points.

In a double star machine, the angle between the sets can have
any value from 0° to 60°, the study of [1] shows that the torque
characteristics of a double star with a displacement angle of 30°
between the sets is better than any other value, the torque ripple
is greatly reduced, also the predominant frequency has been
shifted 12 times the supply frequency [1].

The use of multiphase machines instead of their
conventional three phase counterparts presents multiple
advantages, in addition to the torque ripple reduction, as stated
above, the machine’s power is divided among more inverter
legs, so the power electronics rating is reduced, also, the
reliability of the machine is increased in case of loss of one or
more machine phases [7].

Because of the fault tolerant behavior of multiphase
machines, they are intensively used in applications requiring
continuous service even with partial power, for example, in ship
propulsion systems, aerospace applications, electrical vehicles,
and in renewable energy conversion systems [7].

III. NATURAL FRAME MODEL (ABC) OF THE DSPMSM

Before doing any transformation, the natural frame model of
the machine must be developed, figure 1 shows the coils
configuration of a dual star synchronous motor.

In order to simplify the modeling of the machine, the
following assumptions are made: all the sets are identical, and
the windings are sinusoidally distributed around the air gap,
mutual leakage inductances, saturation and eddy current are not
considered.
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Figure 1 : Dual star synchronous machine

A. Electric model
Starting from the natural reference frame, the electric
equation of the system can be written:

d Pabc ( 1)
dt

Vape = T lgpe T

where
t
Vabe = [Valvblvclvazvbz UCZ]
N PR 1
lape = [lallbllcllaz lbzlcz]
t
Pave = [Pay P, Ve, Pay Po, P, )

r=|: .

0 - 1
Qape 18 the resultant air gap flux, r a 6x6 matrix with r; the
armature resistance.

The resultant air gap flux can be written according to the
inductance matrix and permanent magnet flux vector as follow:

_[ L] My,
Pabc = [Mlz]t [LZ] ]labc + (pPMabc (2)

where [L;] the inductance matrix of the same three phase set
windings, [M;,] the mutual inductance matrix between the
different sets, and @py,, . the flux produced by the permanent
magnets given by (3).

cos(8) ]
. 2m
cos(6 — ?)

2m
cos(6 + ?)

cos(8 — a) (3)

PrMgpe = I’Upm

2m
cos(6 — 37 a)

2m
cos(6 + 3 Q)

With a the electric displacement angle between the sets, and
¥ym the amplitude of the permanent magnet flux.

B. Inductance matrix

Considering the rotor position dependency of the
inductances, the self and mutual inductances are generally
expressed by Fourier expansions [7]. Taking into account higher
order harmonics, the self inductance of winding i is written as
follow:

Li(6) = L, + Z Lschos(Zn(H +6,)+ (pl-n) (4
n=1
where Lg is a constant average value, L, is the coefficient of

inductance harmonics (2", 4%..)), 6; is the electric
displacement angle of the ith winding magnetic axis from the
reference axis (chosen to be the magnetic axis of coil A as
shown in figure 1), while ¢; is the displacement angle of the
corresponding harmonic component.

The constant term Ly, can be expressed as the sum of the
stator leakage inductance Ls, and the stator magnetizing
inductance m [8].

Lg, =L, +m (5)
Similarly, the mutual inductance between the phases can be
expressed as:

MU(G) =m COS(Gi - 9})
+ Z M,, cos(n(26 + 6, +6;)  (©

n=1

+¢;)

Considering only the first inductance harmonic (n = 1), the
self and mutual inductance equations become:

Li(8) = Lg, + Ls,cos(26;) (7)
Ml](g) =m COS(Qi - 9])
+ M, cos(26 + 6; + 6;) (8)
S i j

Comparing to the general equation given by [6], the
coefficients L, and Mg, are equal.

The full inductance matrix of the windings can be
constructed as shown in (9).
Lal 1\4(11171 Ma1C1 Malaz Malbz Malcz
IWalb1 Ly Mb1C1 Mazbl Mb1b2 Mb102
LS(Q) = Ma151 Mb1¢1 LCl Mazcl MClbz MClcz (9)
|1\/Iala.2 Iwazb1 Ma2c1 La.2 Iwazb2 Iwazc2 |
[Iwalb2 Il/[blbz Mclbz Mazbz Lb2 MbZCZJ
Iwalc2 Mblcz Mclcz Mazcz szcz ch
The four matrices presented earlier in (2) can be recognised
in this matrix.
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Note that every single term of this matrix is 8 dependent, as
a consequence, the inverse of this matrix must be calculated at
every time step, making this model very complex, time
consuming, and requires a high processing power.
C. Electromagnetic torque

The expression of the electromagnetic torque can be written
as the derivative of the electromagnetic energy stored in the
machine with respect to the geometric angle of the rotor:

P oW,
T,=——2% (10)
°~ 200,

Where 6,, is the geometric angle of the rotor, and W, is
expressed by

W, = Ei(tzbcLsiabc + iztzbc(pPMabc (1)

IV. DOUBLE D-Q WINDING MODEL

In this model, the park transformation is applied to the
natural frame system, leading to a couple of d-q windings with
a mutual coupling between theme [9].

The standard park transformation matrix for a three phase
system is defined as:

[ cos(f)  cos(8 — Z?E) cos(0 + 2?”) ]

2 2 2
T(®) = 3 —sin(f) —sin(f — ?) —sin(0 + ?) (12)
1 1 1
V2 V2 V2
Starting from this, the transformation matrix T; for a dual
star system can be deduced [9].

_ T(H) 03,3 13
Tl - [ 03’3 T(Q r— 6()] ( )

With 05 3 a 3x3 null matrix.
The transformation is given by (14).

qu = T1 Xabc ( 14)
Where X can be any phase variable vector (current, voltage or
flux).

Applying (14) to the stator flux (15) will result in (16)

®apc = Ls lgpc + PPMype (15)
®aq = (Ty Lg Tf) laq + PPMgq (16)
with
V6 V6 t
Prmag = | ¥m 0 0 —¥pm 0 0 (17

After several lines of trigonometric simplifications, the
transformed inductance matrix can be obtained.

L, 0 0 Mg 0 0]
0 Ly 0 0 M, O
0 L, 0 0 0
= £ = 1 18
Ly =Ty Lg T} My 0 0 Ly 0 0 (18)
0 Mg, 0 0 L O
0 0 0 0 0 L

In this matrix, we can see four square sub-matrices, related
to two couples of orthogonal windings dq; and dg,, with a
mutual coupling between theme.

m 3
Ldl = Ldz = LSO + =+ _LSZ

2 2
m 3
Loy =Lg, = Loy + 5 = 5 Ls,
LOl — L02 = LSO —m
3 3
Mdl = Mdz zzm‘l'ELsZ
3 3
Mlh = M‘Iz = Em_ELSZ

As can be seen, the resultant matrix inductance is not
diagonal, adding some complexity to the model simulation and
analysis.

A. The current model in the coupled d-q reference frame

The machine electric model can now be obtained by
applying the transformation matrix to the electric equation (1)
and combining the equations aforementioned, leading to the
electric equation in the dq reference frame (19).

d
Vaqg =T lgq + —;ptdq + W j Paq (19)

The current model of the machine (20) is obtained by

developing (19).

digg d¢Pqu
—:L;% (qu_wJQOPM -
dt dq dt (20)
—(r+ ijTl)idq>
Where
0 -1 0 0 0 O
B [1 0 0 0 O 0]
_1/.dli\ _[o 0o 0 0 o 0|
J=o\' Tar 0 0 00 -1 0
[0 0 01 0 OJ
0 0 00 0 O
®aq = L1y lag + Ppmy, (21

B. Electromagnetic torque

Starting from the instantaneous output power, the
electromagnetic power as well as torque can be derived.
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Poue = Va,la, + Vqilqy + Va,la, + Vg,la, (22)

By replacing the voltage by it’s equation given by (19), and
eliminating the terms giving the joule losses and the rate of
change in magnetic energy, and dividing the resultant equation
by the mechanical angular speed, the expression of the
developed electromechanical torque shown in (23) is then
deduced.

te = P((pdl ilh — Pq, id1 + Pa, ilIz — Pq, idz) (23)

V.EXTENDED D-Q MODEL

Starting from the following three phase park transformation
matrix T (), the full transformation matrix T,(8) for the dual
star system can be constructed according to [6].

[T cos(6) —sin(6)

]
27r| (24)
T(H)—\/7IX/_ cos(@——) —sin(B—?)|

. in(8 2m
\/71 cos( +—) —sin( +?)

_ T(6) T(09) (25)
O =Flreo-w) 16—

. . .1 L
Note the introduction of a coefficient 7 to get an invariant

power.

The application of this transformation to the inductance
matrix Lg(0) will result in the following matrix:
L, 0 0 0 0

0 L 0 0 0

0 —
ng 0
. 0 0 L, 0 0 0 )
L=TLTh=|og o o 1, o o (20)
0 0 0 0 L, O
[0 0 0 0 0 L
Where

Lng = Lay = Lag = Lq, = Ly —m
Ln, = Lg, + 3L, + 2m

L, = Lsy = 3L, +2m

This transformation splits the machine into two decoupled
systems, one called normal system, and the other is called anti
system, in the normal system, the current support each other,
creating a normal rotational field in the air gap, and in the anti
system, the currents oppose each other leaving only leakage
fluxes in the stator [6].

A. The current model in the extended 0dq reference frame

As done in section IV.A, the current model of the machine
in the extended 0dq reference frame is given by:

digaq ( APpmyg
= L7 | Voaq = @i Ppmog, =~
dt odq dt ( 27)
-(r+ ijT)iOdq>
with
0O 0 0 0 0 o
t—1 [0 0 _1 0 0 0 ]
j=—|T, =
w\ P dt 00 0 00 0
lo 0 0 0 0 —1J
0o 0 0 0 1 o .
PrMoag = Tp PPMape = [0 \/glljpm 0 0 0 0

B. Electromagnetic torque

Similar to what done in section IV.B, the electromagnetic
torque is given by (28).

te = P((pndinq — Qnglndg + Padlag = Pagq iad) (28)

VI. SIMULATION RESULTS

All the three models have been simulated using
Matlab/Simulink environment, the machine is simulated as a
generator driven with constant speed, and feeding a resistive
load. The simulation results are presented and discussed below.
The parameters of the considered machine are shown in table 1.

The open circuit fault it created by adding a high value
resistance in series with the load in the considered phase.

A. Safe mode operation

The figures 2-3 present the currents in the transformed
reference frames. Since the extended model splits the machine
into two distinct sub-machines, and the excitation is only present
in the normal machine, only the latter is responsible for the
entire machine torque generation, the second system describes
the losses inside the machine, unlike the coupled d-q model,
which splits the machine into two similar sub-machines, and the
excitation is present in both systems, the two sub-machines
contribute to the torque generation.

After applying the inverse transformation, the currents in the
natural frame are obtained, the currents of the transformed
models (figure 4 and 5) are identical to the natural frame model
(figure 6), the only difference is that the currents of the second
star of the coupled d-q model are inversed in respect to other
models.
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Figure 2: The currents of the extended d-q model Figure 5: The currents in the natural frame of the extended d-q
model
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Figure 6: The currents in the abc frame of the natural frame
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The torque is shown in figure 7, a zoom into the plot shows Figure 7: The electromechanical torque of the models
an error of about 0.0063% of the transformed models compared L .
. . . i B. Open Circuit Fault operation
to natural frame model in the steady sate, this error is negligible ’ i ) o
and do not influence the accuracy of the transformed models. Figure 8-10 show the simulation results of an open circuit

fault occurring at phase A;.
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Figure 8: The currents in the natural frame of the coupled d-q
model pre and post-fault occurrence

The current of the two phases of the same set (B, and C;)
decreases by about 15% compared to the pre-fault state. To
verify the Kirchhoff law, the two currents have a displacement
angle of 180°. The winding orthogonal to Aj, i.e. C,, have not
been affected. The closest winding to the faulty one (A») see its
current decreases by about 6.9%, and the current of B; increases
by 16.5%.

40
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Figure 9: The currents in the natural frame of the extended d-q
model pre and post-fault occurrence

Concerning the torque (presented in figure 11), a high ripples
appear with a frequency of about 93 Hz, which represents two
times the electric frequency of the stator current. The oscillation
amplitude reaches a value of 465.6 Nm. This comportment is
identical to the three models, confirming, once again the validity
of the models.

Currents (A)
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Figure 10: The currents in the abc frame of the natural frame

model pre and post-fault occurrence

|| e (extended d-g)
N te (coupled d-q) |1
te (natural frame) |:

1 1 1 1 1 1 1 1 i
0 001 002 003 004 005 006 007 0058 009 01

-1000

) Time (s)
Figure 11: The electromechanical torque of the models pre and
post-fault occurrence

Table 1 : Machine parameters [10]

Description | Value
Stator resistance 0.53Q
Average self inductance Ly, 18.93 mH
Second harmonic coefficient Ly, -3.03 mH
Mutual inductance m 10.53 mH
Permanent magnet flux 1.8328 Wb
Number of pole pairs 8
Rotational speed 350 rpm

VII. CONCLUSION

To simplify the analysis and control of double star machine,
an adequate mathematical model must be constructed, for this
purpose, many models are reported in the literature.

The natural frame model gives more details about the
machine since it can include all the voltage harmonics, and can
take into account saturation effect and other phenomena, but it’s
very complex to solve and requires a high computational power.
Simplified models have been proposed, the double winding
model is very simple to compute, but the mutual coupling
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between the two winding couples makes it require some more
processing time. Also, in this model, all the current components
are active, so the analysis of the machine behaviour becomes
more complex comparing to the other simplified model.

To solve the problems encountered with the double winding
model, an other transformation is proposed which fully decouple
the windings, this new approach is called extended d-q
transform, it deals with a diagonalized inductance matrix which
make it requiring less processing power.

The three models have been simulated, the results show an
error of only 0.0063% of the transformed models compared to
the natural frame model. Also a simulation under a single phase
open circuit fault have been realized, the comportment of the
three models is quite similar, confirming the validity of the
transformed models despite of their differences. The main
difference between all these models is the complexity and the
difficulty of implementation.
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Abstract—This article presents the geometric and physical
parameters influence on the thrust force of a linear three-
phase single-sided face induction motor by the finite element
method under Matlab. In fact, mathematical models were
formulated to solve partial differential equations that govern
the electromagnetic phenomenon. The objective of this work is
mainly based on the evaluation of the thrust force generated
by the motor according to the different geometric and physical
parameters such as thickness, conductivity and relative
magnetic permeability. Through this study we show the effect
of these parameters on the machine operation allowing an
efficient choice of the parameters to optimize. The used
method fixes the geometric and physical parameters which
generate the optimal forces to obtain optimal geometries. This
study makes it possible to set the parameters.

L INTRODUCTION

Linear motors have been used in rail transport and in
many industrial applications. Compared to other types, the
single-sided linear induction motor are widely used because
of its simplicity and low construction cost [1, 2], they are
widespread and meet the industry’s requirements [1, 3,4]. It is
therefore not at all surprising that it is still the subject of much
research aimed to improve its modeling and optimizing its
design [5, 6, 7, 8, 9]. Despite its simplicity of manufacture
and implementation, the modeling and calculation of different
quantities of the linear induction motor are not easy tasks.
This is mainly due to the complex geometry of linear
machines, and the non-linear character of materials. The
requirement for precision, within the design process requires
the use of accurate numerical models [10].The finite element
method is widely adopted compared to other methods and is
the most suitable to complex geometries, which has also been
the subject of several research projects [11].

In the design of a linear three-phase induction motor, we
are generally confronted to the choice issue of the physical
and geometrical parameters. It is therefore essential to go
through electromagnetic modeling, using field theory to
develop equations that govern the linear induction motor [12,
11, 9]. In this work, the study is mainly based on the
influence of different geometrical and physical parameters on
the electromagnetic force generated by the linear induction

TAKORABET Noureddine *
* Groupe de Recherche en Energie Electrique de Nancy
(GREEN), Université de Lorraine Nancy, France
noureddine.takorabet@univ-lorraine.fr

motor. The force computation is obtained under Matlab using
the 2D finite element method.

II. DEVICE STUDIED

For complex structures, numerical calculation is very
useful; it allows to define the physical quantities at different
points of the studied system.

A

Jllp ‘ |
hx?
1 1 1 ; L 1

w
D, i

4
+

Figure 1. Linear motor geometric model

The single-sided three-phase linear induction motor is
shown in Fig.1. The inductor consists of a high permeability
magn