Turkish Journal of Electrical Engineering & Computer Sciences Turk J Elec Eng & Comp Sci
(2016) 24: 2084 — 2105

© TUBITAK
TUBITAK Research Article doi:10.3906//elk-1312-59

http://journals.tubitak.gov.tr/elektrik/

Modeling and rotor field-oriented control of a faulty three-phase induction motor
based on GSA for tuning of PI controllers

Mohammad JANNATI!, Ali MONADI"*, Nik Rumzi NIK IDRIS!,
Ahmad Athif MOHD FAUDZI?, Frede BLAABJERG?
'UTM-PROTON Future Drive Laboratory, Faculty of Electrical Engineering, Universiti Teknologi Malaysia,

Johor Bahru, Malaysia
2Centre for Artificial Intelligence and Robotics (CAIRO), Universiti Teknologi Malaysia, Johor Bahru, Malaysia
3Department of Energy Technology, Aalborg University, Aalborg East, Denmark

Received: 08.12.2013 . Accepted/Published Online: 05.07.2014 . Final Version: 15.04.2016

Abstract: This paper discusses the d-q model and winding function method (WFM) for modeling and a rotor field-
oriented control (RFOC) system for controlling a faulty three-phase induction motor (three-phase IM when one of
the phases is disconnected). In the adapted scheme for controlling the faulty IM, it is necessary for the PI controller
coefficients to change. For this purpose, the gravitational search algorithm (GSA) is used for tuning of PI controllers.

The results show the strength and ability of the technique to improve the performance of the faulty IM control.
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1. Introduction

Variable speed drives can provide reliable dynamic systems and important savings in the energy custom and
costs of induction motors (IMs). Developing high performance control methods for IM drive systems needs
an accurate motor model. Recently, various techniques of modeling induction machines have been presented
[1-9]. In [1,2] dynamic mesh reluctances, in [3,4] the d-q model, in [5,6] the enhanced equivalent circuit, and
in [7,8] the winding function method (WFM) have been reported for modeling induction machines. One of
the most commonly models used for IMs is the d-q model [9], presented by Park. This method is based on
the assumption that the stator windings are sinusoidal distributed. This supposition caused the harmonics of
the windings distribution to be removed in the machine analysis. A method based on the real distribution of
stator winding for modeling and calculation of mutual inductances, which is called the WFM, was proposed
by Toliyat and Lipo [7,8]. One of the advantages of the WFM is the ability to model the fault conditions
such as cut-out fault in IMs. In [10-14], the WFM is used to analyze some common faults in IMs such as
broken rotor bars, cracked rotor end rings, shorting, opening, and abnormal stator winding circuit. Several
methods have been also presented to develop detection of faults in IMs such as stator winding faults [15,16] and
rotor bar faults [17,18]. One of the major failures in IMs is open-phase faults. Open-phase faults occur with
the opening of windings, blown fuses, etc. Based on IM equations, in [19] with comparison between current

space phasor and measured value, in [20] the extended Kalman filter (EKF) and unknown input observer, in
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[21] neural networks and look up table, and in [22] negative sequence current estimation have been shown for
detection of the windings fault of stator in the motor. In [23], a small amplitude three-phase high frequency
signal has been employed for detection of faults in stator windings for permanent magnet synchronous motors.
This method gave fast detection of open-phase stator winding and is supposed in this work. Field-oriented
control (FOC) is one of the best techniques for controlling the torque and speed in IMs. This method separates
motor current into torque and flux producing components. The torque of the motor is proportional to the
product of these two perpendicular components and they can be treated independently. This means that by
using this method the IM control is transformed to an easy control system similar to DC motors [24]. Faulty IM
control is clearly different from the balanced three-phase IM control. By using the usual balanced IM control,
for faulty IMs, considerable ripples in the torque and speed response will be present [3,4]. In 1996, Zhao and
Lipo presented a method for modeling and controlling of a multiphase IM based on FOC when one of the stator
phases is cut off [25,26]. In addition [27] presented an approach for modeling (d-q model) and controlling (FOC
method) of a dual three-phase IM when two stator phases are cut off. In [3,4], Jannati et al. showed how
the conventional FOC technique can be used for faulty three-phase IM control. The authors showed that with
some changes in the conventional vector control, unbalanced three-phase IM control is possible. In the process
of obtaining the FOC equations however, the backward components of the stator voltage equations have been
neglected [3,4]. In the present paper, d-q and WFM are discussed for modeling of a faulty IM (three-phase
IM under open-phase fault). Moreover, a new method for vector control of a faulty three-phase IM based on
the rotor flux oriented-control (RFOC) method is checked by simulations. In the proposed control method,
two new rotational transformations are used for the equations of the faulty IM. By using these matrixes, the
faulty motor equations become similar to the balanced equations. The research potential of the presented drive
system for faulty motors is particularly towards the development of PI controllers. Therefore, optimization of
the PI controllers for having high performance of the presented controlling method is essential. Some important

optimization algorithms techniques are as follows.

Central force optimization (CFO) [28], genetic algorithm (GA) [29], artificial immune systems (AIS)
[30], particle swarm optimization (PSO) [31,32], simulated annealing (SA) [33], ant colony optimization (ACO)
[34], bacterial foraging algorithm (BFA) [35,36], and gravitational search algorithm (GSA) [37] are evolutionary
algorithms that have been proposed for global optimization, e.g., complex nonlinear problems. These methods
are increasingly analyzed or improved by researchers in different areas [38-42]. These algorithms are inspired by
nature, starting from some solution points called population and determination of a global solution for problems
based on nature’s rules. Some efforts have been made to compare the performance of these algorithms with
each other [37,43-47]. The GSA is based on the Newtonian laws of gravity and was first introduced by Rashedi
et al. [37]. It models the masses that attract each other in the search space based on gravity laws, which
means that a heavy mass has greater gravitational force and move slowly. Each mass is a problem solution
and so a heavier mass is related to a good solution. In [37] the authors showed the GSA is more accurate and
leads to greater benefits in finding a global minimum point. The presented method in [37] has been compared
with some familiar heuristic search approaches such as the GA, PSO, and CFO. In this research, PI controller
gains are obtained off-line by the GSA based on the speed error. The proposed method in this paper not only
can be used for critical industrial applications where we need to have a fault-tolerant drive system but also
can be employed for vector control of a single-phase IM (the single-phase IM can be considered an unbalanced
two-phase IM). This paper is organized as follows: in part 2, the d-q model of a faulty three-phase IM with
unequal stator windings is presented. The WFM model of the faulty three-phase IM is presented in part 3.
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After that, the vector control equations for the faulty IM by using conventional transformations are presented
in part 4. In addition, the main idea of using rotational transformations for faulty three-phase IM control and
RFOC equations for the faulty motor by using novel transformations is expounded in this part. A brief overview
of the GSA algorithm is presented in part 5. The simulation results are shown in part 6 and part 7 concludes
the paper.

2. d-q Model for a faulty three-phase IM

The faulty IM drive can be shown as Figure 1 (assume that a phase cut-out happened in phase “c;”).

Sy
i ag

Figure 1. Faulty IM drive.

Sinusoidal waveform is considered for spatial distribution of the windings. Rotor and stator flux winding’s

flux axes under open-phase fault can be presented as Figure 2.
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Figure 2. Rotor and stator winding’s flux axes under open-phase fault.
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In Figure 2, 0, is the angle between “a;” and “a,” axes and 6, is the angle between “a,” and “dg”

axes. Based on Figure 2,

N =0,—0, (1)

According to Figure 2, the normalized transformation for the stator and rotor components is obtained as [4]

1 -1
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cos(y) cos(y+2mw/3) cos(y+4n/3)
sin(y) sin(y+2n7/3) sin(y+47/3) (3)

[Tr] = \/%

Applying the transformation vectors ([Ts] and [T} ]), the d-q model for the faulty motor in the stator reference

A9

frame (superscript “s”) is obtained as follows (see Appendix A):

d; dXs,

Vas = Tasigs + 8 Vs = Taslos + (4)
. Ad R s dXs, .
0= Trlgy + dtd + w,./\qT, 0= T"qu + d;ﬂ _ w?'Adr (5)
/\38 = Ldsiés + Mdi3r7/\gs = quigs + Minr (6)
Ao = Maif, + Lyig,, X, = Myis, + Ly, (7)
Pole s s s s
Te = 2 (quqszdr - Mdzdszqr) (8)
Pole dw,
5 (e —m) =J g + Fw,, (9)

where vj, and vy, are the d-q axes voltages, 5, and iy, are the stator d-q axes currents iy, and ij, are the
rotor d-q axes currents, A7, and Aj; are the stator d-q axes fluxes, and A7, and A7, are the rotor d-q axes
fluxes. 745, T¢s, and 7, indicate the stator and rotor resistances. Lgs, Lqs, Mg, My, and L, indicate the
stator and rotor self and mutual inductances. 7., 7;, J, and F' are electromagnetic torque, load torque, inertia,
and viscous friction coefficient and w, is the motor speed. As can be seen from Eqs. (4)—(9), the equations of
the three-phase IM under open-phase fault have the same structure fault with the equations of the balanced
three-phase IM. Actually, by substituting r4s = 7¢s = 75, Lgs = Lgs = Ls and Mg = My, = M in the equations
of the faulty motor, we can obtain the familiar equations of balanced motor. For a three-phase IM with balanced

stator windings in the faulty mode, we have [4]

T's = Tds = Tgs, Las = Lis + 1.5L

qu =L;js+0.5L,,s, Mg = 1.5L,,,

Mq = \/§/2LmsyLr = Lip + 1.5Lys
In summary, the difference between the d-q model of the balanced and faulty three-phase IM equations are
summarized in Table 1.

Table 1. Comparison between d-q model of the balanced and faulty three-phase IM equations.

Balanced motor Faulty motor
g-axis mutual inductance as follows: g-axis mutual inductance as follows:
M = 3Ly, My = L3,

stator g-axis self inductance as follows: | stator g-axis self inductance as follows:

Ls = Lls + %Lms qu = Lls + %Lms
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3. WFM model for the faulty three-phase IM
An alternative method that can be used to model IMs is by using the WFM. In this method, the actual spatial

distribution of windings is considered. In the analysis using the WFM, the following assumptions are normally

applied:
e Uniform air gap

e Same rotor bars

e Skew effect is neglected
e Saturation is negligible

The equations of a balanced three-phase IM with “m” rotor bars can be written as follows [7,8]:

Vs = Rls + %As ) As = Lgsls + LIy y Wr = ddifr
Vo= Relp+ 40, Ay =Lyl + LTI, T, =I1T%s=], (10)
where
S S S T ;S 'S ;S T
Vsz[”l U2 Us] , Isz[h 2 13}
T T e T T
A=A N N L=[d B ]
T T
VT:[U{ vl ... U,Tn]:[OO...O}

Rs, R, Lss, Ly, and Ly, are defined in Appendix A. The motor that is investigated in this paper has 28
rotor bars and 36 stator slots. Figures 3 and 4 show the turn function for the stator phases and the first rotor
bar for the simulated balanced motor, respectively (for the second rotor bar, the waveform of Figure 4 is shifted
to the right by 27 /28 = 7 /14). In the WFM, the winding function is defined as N(p) = n(¢)— < n(p) >,
where n(yp) is the turn function and < n(yp) > is the average value of the turn function. Therefore, based on
Figures 3 and 4, the winding functions of the stator phases and the first rotor bar are shown in Figures 5 and
6, respectively. The mutual inductance between windings “B” and “A” (L) in terms of turn function and

winding function is calculated by the following equation [7]:

6 65 295
5N 285
Phase | 4N 275
ol 95 265
C 105 255
115 245

Phase
«p» <

Phase
“p» <

Figure 3. Turn function of stator phases for simulated motor.
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An(9)
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>
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Figure 4. Turn function of the first rotor bar for simulated motor.

27

1
Lpa(Brm) = por //nB (¢,2,00m) Na (¢, 2,00m) 97" (¢, 2,0p1) dzdd) (11)
00

where “r” is the average radius of the air gap, “I” is the length of tack, “g” is the air gap function, “ng” is the
turn function of the winding “B”, and “N,4” is the winding function of the winding “A”. From Figures 2-5
and Eq. (11), Lss, Lg., and L,,. can be calculated for the balanced three-phase IM. Eq. (10) can be written as

3N 65 295
N 75 285
Phase | N 85 275
o 0 95 265
C N 105 255
N 115 245

-3N
(3N

2N

Phase
«p» <

Phase
«p <

Figure 5. Winding function of stator phases for simulated motor.

AN (9)
1-1/28
2
71
~1/28 ¢
/14

Figure 6. Winding function of the first rotor bar for simulated motor.

)
v — U3 Uiy re —rg 0 i d A3 — A3
= = Z —
v§ — v V3 0 vy o || | Ta@| Ay-as | (12)
(&1
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where
) ST — 5T ST __ rsT LS50, — LST
AT — A3 Liy — L3, Lis— L3 Lig— L3 5 " 2t 12 22 128 228
S S S S S S S S +S ST ST ST ST ST ST
A2 - A3 = L21 - L31 L22 - L32 L23 - L33 12 =+ L21 - L31 L22 - L32 LR L228 - L328
0 1 1 1 15
3 0 0 ... 0

i1

12

.7
228

Equations of the faulty motor have the same formation as the balanced motor equations. The only difference

)

is that, in the faulty mode, the row and column for the phase “c;” are eliminated.

4. RFOC for the faulty three-phase IM

In the RFOC method, by using the following matrix, machine equations are transferred to the rotating reference

frame [24]:

—sinf, cosf,

cos 0, sin 6,
[T;] = )

(13)

where 6. is the angle between the stationary reference frame and rotating reference frame. By applying

conventional transformation to the faulty motor (Egs. (4)—(9)), the following equations are obtained:

Stator d-axis voltage equation:

e te
v;rse _ (Tds;’rqs )Z‘Ise + (Lds;qu )% _ we( Lds;qu ),L'q+se + (Md;r]\/fq )dzdid{
—e —e
—we (PP )ige o (Mg )ig o (PR S we(Fegee Yigs (M) G
Myg—Mgyy
+w€( d2 < )zqre
Stator g-axis voltage equation:
. dite ‘ . .
v = (Peflen)ife 4 (P ) S 4o (Bl )i 4 o () e

dife s—Tgs\;— s—Lgs\ digs s—Lgsy;—
() T = (R - (B T e (B iy
Mg—Mg~ .— Mg—M,\ dif
Fwe(Z5—1)ig, — (F5) qut

Rotor d-axis voltage equation:

dite . X dite .
0 = (FFH) T — (we = wr) (FiSS i+ Lo — (we — wr) Lyt

— di; ¢ — .
(M My B (0 — ) (MagMaye

Rotor g-axis voltage equation:
_ Ma+M,y\ difs Ma+Mg e e digs e
0 = (F54) 4 + (we — wp) (52 )ige + g 4+ L —3= + (We — wyp)Lyi )

— di ° — L
_(MdQMq) iiq; + (we _WT)(MdQMq )ste
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where
qs,qr qs,qr
-—e < _q 1S
Uas.dr cos 0, sin 0 T, dr
Y == . .5
lgs qr sinf. cosf, Tas.qr
ki

In general, Eqs. (14)—(17) include two terms, “+e”: forward components and “-e”:

te . s
Ugs. dr cos b, sin 6, Ui, dr
ite ~ | —sinf, cos@, i

backward components
as shown in Figure 7. Each of these terms (forward or backward terms) is like a balanced motor that turns
in the forward or backward direction (in the equations of balanced IM, there are no backward terms). The
faulty IM control can be done by controlling forward and backward components independently but the control
scheme will be very complex. The backward components are generated because of different inductances in the
faulty IM model equations (My # M, and Lgs # L4s). In this paper, rotational transformations for the stator
variables that resolve this problem are proposed. The main idea of this transformation is obtained from the
steady-state equivalent circuit of the single-phase IM. This motor is generally unbalanced with two unequal main
and auxiliary windings, which are displaced from each other by 90°. The equivalent circuit of a single-phase
IM is shown in Figure 8 [48]. All the parameters in Figure 8 are defined in [48]. By applying equation (18), a

simplified circuit can be shown as Figure 9.

Figure 8. Single-phase IM equivalent circuit.
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O o, Qu

\t

V= b (Ve %) V= b (Ve %) "
Iy = % (I, — jaly) , Iy = % (I + jal,)
From Figure 9,
1 (Zia
Zi==|—% — Zim 19
1= (% - 2) (19)

Based on Figure 9, if we ignore Z,, this figure can be changed into a balanced circuit. In this case, jI ¢, Iy and

JjV ¢, Vi are the currents and voltages of the balanced IM. Eq. (18), with neglecting of Z;, can be rewritten

1 iy a I,
L N [T —ja 1| | I (20)

Eq. (20) indicates transformation matrixes for changing the variables from unbalanced mode to balanced mode
(e.g., Vo and V,, to Vy and jV ¢). From Eq. (20):

Proposed rotational transformation for stator voltages:

Vi, Vi, v/ izs cosf, sind, Vi,
= | s = Ve (21)
—\/ T sin 0. cosb,

qs
Proposed rotational transformation for stator currents:

19, . 17 A/ f;l cosf, sin 6, 17
e = [Tis} ] = Las ot (22)
—4/ e sin 0. cosb,

IV
Vy

Va
Vin

qs

7 1

qs qs qs

In our deduction the following substitutions are used:

. . 1 _ Ny Ng _  [Lgs
1—>cos€e,]—>8111957a— N, _>Nd 'V Las
Vf - Ugsvjvf — v§s7Va - ’U;s, Vm - USS (23)

It = ige,ly = igg, Lo = i3, Im — g,

As is shown, by simplifying the single-phase IM equivalent circuit, two novel rotational transformations are
obtained. It is expected by applying these matrixes (Eqgs. (21) and (22)) to the faulty IM equations, the
equations of the faulty IM become like balanced equations. By considering Lgs/Las = (My/My)? (in d-q
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model of faulty IM: My = 3/2 L,,s, My =+/3/2 Lys, Lags = Lis+ 3/2 Lyns, Lgs = Lis+ 1/2 L5 and Ly,
7?7 Lis), which is equivalent to neglecting inductance of Z; in Figure 9, rotor voltages, flux, and torque equations
become like balanced IM equations (the only difference is that in the balanced mode we have M= 3/2 L,
and in the faulty mode we have M, = /3/2 L,,s). However, the equations of stator voltage include forward
terms and backward terms (equations of flux, torque, rotor voltage, and stator voltage without supposition of
Lys/Las = (M, /My)? are given in Appendix B).

In the RFOC method [24]:

37‘ = |)‘T| ’ )‘gr = 0 (24)

Consequently, RFOC equations for the faulty IM are gained as

IAr| = Mqig,

rl = I3T,.d/dt
Mic,

We = Wy + Trl)\qu

ole M . 25
o = e i, )
e _ .d ref —e
Vgs = Ugs T Vg + Vg,

e _ ,d ref —e
U‘IS - ,qu + qu + qu

where
U, = ~weify(Lgs — 22) + (3a) (Matip=il
el = (P M e (1, - Y e
vy = weigy(Lgs — ]LM*E) +weM, ‘2:'
Uggf = (%)gs (L — J\L/I*fz)dgs

qgs

Vg M2y a2 | €0520e  —sin20, i,
i — (45 Tq—asT7d
O ( 2M3 )| - sin20, — cos 20, i¢

In Eq. (25), T,(T; = Ly /r,) is the rotor time constant. Moreover, v§, and v{, are generated using a decoupling

circuit and vng and vggf are generated using a PI controller in the vector control block diagram of the faulty IM.
The comparison between stator voltage equations of the conventional RFOC and modified RFOC is summarized
in Table 2. Based on Eqgs. (25) and Table 2, the only difference between equations of conventional RFOC and
modified RFOC is that in the modified RFOC equations it is obtained ry = ((MZ2 4+ M7) /2 M7)rs) = 2/3 r;
M = My, =+/3/2 Lys; Ly = Lgs = Lis + 1/2 Lyps; v,° and vgs as above but in the conventional RFOC

equations, we have rg; M = 3/2 L,,s; Ly = Lis + 3/2 Ly,s). Therefore, Figure 10 can be recommended for
the RFOC of the faulty IM. In Figure 10, the red colors illustrate the sections of the conventional controller
that need to be changed for faulty motor control.
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Table 2. Comparison between stator voltage equations of conventional RFOC and modified RFOC.

Conventional RFOC Modified RFOC
Stator d-axis voltage equations [24]: Stator d-axis voltage equations

according to Eq. (25):

TSM2+’I‘ M2 . M2 dis,
e _ . e +( M2\ dig, Vs = gMgs d)lgs"‘ (qu - Lf) ;tzis
Vags = Tslys s TT) dt B I Mi‘? e 4 My MgiS, — ||
M?\ e My Mig —| M| wﬁ( qs L. )qu (LT )( T, )
_WE(LS - Tr)zqs + ([T)( T, ) ro M2 =1y M2
s s . . .
+(§T3> X (cos 20,15, — sin 2962;8)
Stator g-axis voltage equations [24]: Stator g-axis voltage equations
according to Eq. (25):
reMZ4r  Mj M2 di€
e o M2 dic, Vgs = (S(QITELSGZ)ZSS + (Lgs — £2) ¢
VG = Tsigs + (Ls — Tr) yr 1

M7 . [Ar]

_ Za)4e =

e (Ls — M2Yis, + we M el Hwe(Lqs — 1)igs +weMy T,
ells = T ) T, reM2—r M3

+( AT ) X (—sin 2645, — cos 20t )

& . 4
r ]
h Pl Voo
Decoupling -1 1. 3
\\3 circuit L [ vi] HT&_E 1!}
&) + * r N rbL? —[; g 1 ]
g e
ref Pl 1 PI 207 PWM
) [ cos28, —sin28, ] signal
. COI. L~ sin 26, —cosZGe_ generatiDH
‘ L]

S

1+ T d/dt E‘ ] [ ﬁi}

didt

Figure 10. Proposed block diagram for faulty IM.

In conclusion, the comparison between the two vector control techniques is summarized in Table 3.

5. GSA

It can be observed that in the modified block diagram for the RFOC of the faulty three-phase IM, the PI
controllers should be changed from the balanced mode to the unbalanced mode. In this paper, the GSA is
employed for optimization of the PI controllers. The GSA starts with position of masses (agents) given by Eq.
(26):

X; = (2}, .yaf,nal)  for i=1,2,...,N, (26)
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Table 3. Comparison between two vector control methods.

Conventional vector control
for the balanced motor

Proposed modified vector control
for the unbalanced motor

3 to 2 transformation for the
stator currents [24]:

Tas
-5 1 1 as
tds 2 +1 2 2 ;
s | TVl B8 bs
qs 2 2 .

ZCS

2 to 2 transformation for the stator
currents according to Eq. (2):

II:ZS o \/i i(lS
i 2 s

Stator resistance [24]:

T's

1 -1

T2 |11

| S —
[Ts]

Stator resistance according to Eq. (25):

_ rd,gM§+rqu3 2

s = 2032 =3's

Stator self inductance [24]:
Ls = Lls + %Lms

Stator self inductance according to Eq. (25):
Ls — qu — Lls + %Lms

Stator and rotor mutual
inductance [24]:

— 3
M=3L,,

Stator and rotor mutual inductance
according to Eq. (25):
M =My = 2L,

Balanced rotational transformation
;e
st

for the stator currents [24]:
Uds
s | as

cos 0, sin 0,

—sinf, cos6,

Unbalanced rotational transformation
for the stator currents according to Eq. (22):
ids

Lg . - s
\/ T2 cos 6. sinf. 17

e = ;S
lgs lys

Inverse of balanced rotational transformation
for the stator voltages [24]:

-\ /i—xsinﬁe cosf,
[7¢.]

Inverse of unbalanced rotational transformation

for the stator voltages according to Eq. (21):

Vi cosf, —sinf, Vs V3, cos 0, —sind, VG,
vig | | sinf. cosf. vl vis | / ﬁ;ls sin 6, /%:S cos 0, Vs
[Ts,)~"
2 to 3 transformation for the 2 to 2 transformation for the stator
stator voltages [24]: voltages according to Eq. (2):
+1 0
Vas s -1 s
5 _1 V3 Vs Vas \/5 1 -1 Vs
Up = = 2 2 = —_—
s 3 v;s Vbs 2 1 1 U;S
Ves 1 VB
2 2
[Ts]™!
Backward components in the stator
equations according to Eq. (25):
Vay _rasM2—rg M2 las o igy
Dl ) Qe | T3 | dgs
(N cos 20, — sin 20, 19,
[ T | —sin20, —cos26, igs

Tuning of PI controllers using GSA
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where x¢ is the position of the ith mass in the dth dimension. At the specific time t the force between mass

LL s 9

and mass “j” is defined as Eq. (27):

Mpi(t) x Mo (t)
(Rij(t) + &) (xd(t) — wd(t))’

Fi(t) = G(1) (27)

where M, and M, are the active and passive gravitational mass related to agents “¢” and “j”, respectively.

G(t) is a gravitational constant that is updated by Eq. (28), € is a small constant, and R;;(t) is the Euclidian

distance between “i” and “j” agents.
G(t) = Goe T (28)
In Eq. (28), G, and « are user defined constants, T is the total number of iterations, and ¢ is current iteration.
The outcome of the total force on agent “i” in dimension d is equal to
N
Fi(t) = Z mndeg»(t), (29)
J=1.5#i

where rand ; is a random number in the interval [0, 1]. After each iteration, the velocity and position of each

agent are updated as follows:

vt +1) = rand; x vi(t) + ad(t) (30)

al(t+1) =z (t) +of (t+ 1) (31)
The masses of the agents are updated by Eqgs. (32)—(34).

Mai =My =My =M, i=1,2,....N (32)
_ fity(t) —worst(t)

ma(t) = best(t) — worst(t) (33)

Mi(t) = — i) (34)

Sy m(t)

at iteration ¢. worst(t) and best(t) are the worst and best

l( >

fit;(t) represents the fitness value of the agen

solution in iteration ¢ and can be defined for minimization as follows:

best(t) = fzt (t) (35)

6{ .-
worst(t) = max fzt (t) (36)

During each iteration, the GSA reduces the number of agents based on fitness evaluation and finally one agent
remains as the best solution of the problem. The principle of the GSA is presented in Figure 11 [37]. The
performance of the proposed faulty IM drive system varies according to the PI controller coefficients and it is
indicated by the value of the integral time absolute error (ITAE). The ITAE is considered an objective function.
The purpose of the GSA is to minimize the objective function or maximize the fitness function (fitness function
is 1/(ITAE + 1)). The parameter settings for the GSA are considered as follows:
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General initial population

>y

Evaluate the fitness for each agent

v

Update the G, best and worst of the population

v

Calculate M and a for each agent

v

Update velocity and position

Return best solution

Figure 11. Principle of GSA [37].

Population size or number of agents: 50

e Maximum iteration: 50

In Eq. (27): e =0

InEq. (28): a =20& G, =100 & T = 50

6. Simulation evaluations

To confirm the usefulness of the presented drive system for a faulty IM, a vector control drive system according
to Figure 10 is simulated using MATLAB. The simulated motor is fed by a PWM, 3-leg VSI. The WFM is
considered for modeling of the unbalanced motor. At the same time, the conventional RFOC is also simulated.
The ratings and parameters of the motor used in the vector control are given in Appendix C.

Figures 12 and 14 show the simulation results of the conventional RFOC that is utilized even after the
faulty condition is introduced. However, Figures 13 and 15 show the simulation results where the control is
swapped with the one as shown in Figure 10 at the instance the fault is introduced. In Figures 12 and 13, the
motor is started under healthy condition. Then a fault (cut-off in phase “cs”) is employed at t = 0.5 s. When t
=4 s, a step change in the load torque is then introduced (based on [49], the maximum permissible torque in the
three-phase IM under open-phase fault is about 30% of the rated motor torque). The results demonstrate that
the conventional RFOC method (Figure 12) is not capable of controlling the faulty IM accurately. However,

2097



JANNATI et al./Turk J Elec Eng & Comp Sci

important decreases in the torque and speed ripples can be seen in Figure 13, after the fault is introduced. From
Figure 12 it can be seen that with the conventional RFOC the time for the speed to recover to its reference

value after a fault is introduced is about 2 s, whereas in Figure 13 with the proposed RFOC it only took about
0.1s.
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Figure 12. Simulation results of the conventional vector controller; (a) Rotor a-axis current, (b) Stator a-axis current,

(c) Speed, (d) Electromagnetic torque.
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Figure 13. Simulation results of the modified vector controller; (a) Rotor a-axis current, (b) Stator a-axis current, (c)

Speed, (d) Electromagnetic torque.
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Figure 14. Simulation results of the conventional vector controller; (a) Rotor a-axis current, (b) Stator a-axis current,

(c) Speed, (d) Electromagnetic torque.

In Figures 14 and 15, it is supposed that the fault happens before the motor is run (like a single-phase
IM); then a load torque equal to 1 N.m at t = 2.5 s is applied to the machine. However, the proposed controller

produces fewer ripples in the speed and torque with superior acceleration (in this case, as can be seen in Figure

14(c), by using the conventional controller, the speed oscillation after applying load torque and at steady state
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Figure 15. Simulation results of the modified vector controller; (a) Rotor a-axis current, (b) Stator a-axis current, (c)

Speed, (d) Electromagnetic torque.
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is ~ 12 rpm at rotor speed of 500 rpm but by using the proposed modified controller (Figure 15(c)), the speed
oscillation reduced notably ~ 0.8 rpm at rotor speed of 500 rpm).

Figure 16 demonstrates the conventional RFOC simulated results. In starting, the IM is healthy. Then
phase “cs” of the stator is opened at t = 1 s and the IM becomes unbalanced. At the same time, a load torque
equal to 0.5 N.m is applied to the machine. Simulation illustrates that the conventional RFOC is unable to
control the faulty IM correctly (in this condition, the motor speed cannot reach the reference speed). Significant
oscillations in the electromagnetic torque and speed on the motor are observed. In Figure 17, a similar process
is performed but this time after the open-phase fault, the modified method (Figure 10) is employed. Simulation

results in Figure 17 show that the proposed modified controller decreases the torque ripples noticeably.
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Figure 16. Simulation results of the conventional vector controller; (a) Rotor a-axis current, (b) Stator a-axis current,

(c) Speed, (d) Electromagnetic torque.
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Figure 17. Simulation results of the modified vector controller; (a) Rotor a-axis current, (b) Stator a-axis current, (c)

Speed, (d) Electromagnetic torque.
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Figures 18 and 19 show the comparison between the conventional and modified controller (left: conven-
tional, right: modified). In Figure 18, the motor is starting in balanced condition. Then a phase cut-off is
introduced at t = 0.05 s. Moreover, a load torque equal to 0.5 Nm is applied at t = 0.4 s. In Figure 19, the
motor is starting in balanced condition. Then a phase cut-off is introduced at t = 1 s. In Figure 19, two load
torques equal to 0.5 Nm and 1.5 N.m are applied at t = 0.4 s and t = 3 s, respectively. Simulation results of the
conventional RFO controller show that the conventional controller is unable to control the IM under open-phase
fault properly (e.g., as can be seen in Figure 18, by using the conventional controller, the speed oscillation after
applying load torque and at steady state is ~ 8 rpm at rotor speed of 500 rpm but by using the proposed
modified controller the speed oscillation reduced notably ~ 0.5 rpm at rotor speed of 500 rpm. Moreover, from
Figure 19 (c-left), it is observed that the real speed cannot follow the reference speed after applying load torque
at t = 3 s). It can be seen from Figures 18 and 19 that the dynamic performance of the proposed system for

vector control of the faulty three-phase IM is extremely acceptable.
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Figure 18. Simulation results of the conventional (left) and modified (right) controller; (a) Rotor a-axis current, (b)

Stator a-axis current, (c) Speed, (d) Electromagnetic torque.
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Figure 19. Simulation results of the conventional (left) and modified (right) controller; (a) Rotor a-axis current, (b)

Stator a-axis current, (c) Speed, (d) Electromagnetic torque.

Figure 20 displays simulation results of the proposed modified vector control for the faulty IM in the
difference values of reference speed. Figure 20(a) shows the reference and actual rotor speed, when the speed
reference changes from 100 rpm to 700 rpm. In this figure a fault cut-off occurs at the starting. Figure 20(b)
shows the speed error between reference speed and actual speed. It is evident from Figures 20(a) and 20(b) that
the faulty IM can follow the reference speed without any overshoot and steady-state error. Figure 20(c) shows

the electromagnetic torque of the motor in the faulty condition. It can be seen from the presented results that
the dynamic performance of the proposed drive system is highly satisfactory.
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Figure 20. Simulation results of the modified controller in the difference values of reference speed; (a) Speed, (b) Speed

error, (¢) Electromagnetic torque.

7. Conclusion

In this paper, two methods for modeling (d-q and WFM) and a novel approach for the RFOC of a faulty three-
phase IM fed by PWM, three-leg VSI, is recommended. In the presented technique, a GSA is implanted for
tuning PI controllers. It can be shown that under fault condition, by using some changes in the block diagram
of the conventional RFOC, we can control the unbalanced or faulty IM. It can be noted that the faulty IM
structure is like a single-phase IM structure. It is envisaged that the presented technique for faulty IM control
can be used for single-phase IMs as well.
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A. Appendix

Obtaining equation of faulty motor in the “abc” frame:

Voltage, flux and torque equations for faulty three-phase IM in the “abc” frame can be written as the
following equations:

Stator and rotor voltage equations:

2x1 2X2 2%x3 :2x1 2x1
Vabs Rg 0 Labs N d | Mabs
3x1 = 3x2 3x3 3% 1 oy 3x1
VabeR 0 RR YabeR dt )\abcR
Stator and rotor flux equations:
2x1 2x1 2x3 2% 1
Aabs L Ly Labs
3x1 = 2x3T 3x3 3% 1
AabeR Lk Lgr LabeR
Torque equation:
_ Pole.. .7 .0Lsg,..
Te = 9 [labS} [ 89r HlabcRL

where [Vaper |, [faber]s [Aaber]s [Rr], and [Lrr], are identical to the balanced three-phase IM. It is because the
structure of the rotor has not changed. The [vaps], [tabs], [Aabs], [Rs], [Lss]s [Lsr], and [Lrs] have similar
formation to the balanced IM. The only difference in these matrixes is the row and column for the phase “c”

are removed.
Obtaining equation of faulty motor in the d-q frame

Applying the transformation vectors ([Ts] and [T.]), stator and rotor voltages and fluxes can be written

as the following equations:

[0305) = TSI [RsTs]idge] + [Ts] s (1757 M)
Nie) = (L5 [LssT5] ide) + [T5] Ll (22] iy

|
[0ir) = [T RRNT) i3] + (1] (177 ¥

o= Pgte (5] is, ) (2552) (1))

By simplifying above equation, the equations of faulty motor with different stator windings in a stationary

reference frame (superscript “s”) can be expressed as Eqgs. (4)—(9):
The matrixes Ry, R,, Lss, Lg-, and L,, in the WFM are defined as follows:

i Q(Rb—l-Re) —Ry 0 ... 0 —Ry T
—Ry 2 (Rb + Re) —-Ry, --- 0 0
[Rr] =
0 0 0 Q(Rb —I—Re) —Ry
—Ry 0 0 ... —Ry 2 (Rb + Re)
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re 0 L i i Ly L% L
R =rilys=| 0 7o 0 | [Lul=|Ls L Lss | [Lo]=| L3 L% ... L3,
U L3 L3y L3 L3y L3 Li,
[ Lmr + 2 (Lb + Le) Lrl'r'g - Lb LT’1T3 LTl’f‘m - Lb T
Lr2r1 — Ly Loy +2 (Lb + Le) LT27‘3 =Ly T2Tm
[er] LTgT‘l LTgT‘Q — Ly Ly + 2 (Lb + Le) Lrgrm
erh — Ly errz errz Ly 42 (Lb + Le)

In these matrixes, [R] is a diagonal m by m consisting of resistances of each coil, and [R,] is n+1 by n+1
symmetric where Ry, is the rotor bar resistance and R, is the end ring segment resistance. The matrix [Lgs]
is a symmetric m by m matrix. The mutual inductance matrix [Lg,| is an m by n matrix composed of the
mutual inductances between the stator coils and the rotor loops. L,,, is the magnetizing inductance of each
rotor loop. Ly is the rotor bar leakage inductance. Le is the rotor end ring leakage inductance and L,,, is the

mutual inductance between two rotor loops.

B. Appendix

Equations of faulty IM by using proposed rotational transformations:

Torque equation: Rotor voltage equations:
0 ML WM, i
__ Pole ‘S ;S ] e e dt T e1—1 e ds
Te = (quqsldr - Mdldszqr) [Ts] 0 = [Ts} —w Md M d [Tzs] [Tzs] 8
. T q s
Pol iS ] 0 Mq 7’33 d d a
- % |: Zd?" qu i| —Md 0 Z;s + [Te] r + LTE erT [Te]*l [Te] Zfir
L 5 sVl —w Ly re+ L& s sho| s,
= (25 [ i o ] me” (1) M TR
VL ) e ~ (e —wr) ql%]
T pertpper | - —w) M, M4 e
[ —-M; 0 [Tzs] [Tzs] is ]) (we wr) q qdt lgs
qas d .
r 4+ L. —(We —wy) Ly 15,
= 28 M, (15,3, — i%i5,) s i el [
(We = wyp) Ly 1 + Lr% ig,

Stator voltage equations:

v3, rs+ Lgs% 0 iS5,
re) | 3| =11 " | et |
(qs O Ts + qu% 8 8 7/;13
Mg4 0 i
e e1—1 e T
+ [Tvs] 0 Mq% [Ts ] [TS ] Z;r =
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d -e
qs weLigs Tqs T Lqs gz Lgs

[ Ugs ‘| T'qs +LQS% —weLgs [ igs ]

weM, M2 j

qdt ¢

My —weM, [igr]

qr

, -
(ﬁ%rds —Tgs)+
M? _
(37 Las — Las) & igs
+ M? i€
2 (Vérds —7gs)+ as

M,
we(375 Las = Lqs) M2
d (L~ L)

e 2 ; e
[ cos® 0, —sin 6, cos b, 19
igs | | —sinf.cosb. sin? 6, 1

qgs

M2
_we(ﬁ%Lds - qu)

where

C. Appendix
The ratings and parameters of three-phase IM are:

Voltage: 125 V, f = 50 Hz, No. of poles = 4, Power = 475 W, J = 0.0038 kg.m?, r, = 20.6 Q, L; = L,
=0.0814 H, r. =19.15 Q, L,,s = 0.851 H
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