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Abstract

This paper examined the voltage sag planning of a power system with V-V, Scott, and Le
Blanc connected transformers by using the ant direction hybrid differential evolution (ADHDE)
method. The analysis considered the ITI (CBEMA) curve and coordination of over-current
relays. Firstly, the equivalent node admittance matrix model for calculation of voltage sag was
investigated to obtain the sag severity of the system after single or two-phase faults. The
analytical equations were useful in the mathematical method and optimal planning for balance
and unbalance faults of specially connected transformers. Then, the effect of over-current relay
setting on the duration of voltage sag was discussed. The ADHDE was used to obtain the
suitable transformer impedances. The relay time multiplier parameter was also a variable. The
test on the power systems with V-V, Scott, and Le Blanc connected transformers scheme was
chosen to show the effectiveness of this method. The results showed that the voltage sag
severity could be improved by the tuning of transformer impedances and relay settings. Finally,
this paper showed the optimal transformer reactance values Xrrs=7%, system reactance values
Xtr=16%, and over-current relay settings k=0.01 was determined by using the ADHDE
approach and fault voltage, fault current, fault clearing time, and objective function were 0.6456
p-u., 14.41 p.u, 0.10554 s, and 0.0543 p.u., respectively for the 69kV bus at the V, (V-V) phase.
Although the V4 (Le Blanc) phase objective function was as high as 0.0833(p.u.), fault voltage,
fault current, fault clearing time were satisfied. Because the emigrant, accelerated and mutation

operators were embedded in ADHDE, a global optimum and faster convergence were achieved.

Keywords : voltage sag, power quality, ITI (CBEMA) curve, ant direction hybrid

differential evolution method, specially connected transformers

71

uli



72 Optimal Planning of Voltage Sag in A Power System with Specially Connected
Transformers Considering ITI Curve

1. Introduction

The voltage sag is one of indexes of power quality
degradation and a useful measure of the fault events. Some
momentary faults would cause voltage sag during the transient
period until protective relay are activated, and the circuit
breakers clean the faults. The voltage sag study the voltage
values in the system reduce to between 10% and 90% of the
normal values in a period of a few cycles by Bollen (1999) and
IEEE Std. 446-1995 [1-2]. The voltage sag magnitude and
duration are the essential characteristics. It comprises two parts:
the drop in the voltage (AV ) such as IEEE Std. (2006), IEEE
Std. 1159-1995, Das (1990), Bollen (1995) and the duration ( At)
such as Bollen (1997), Yalcinkaya, Bollen, and Crossley (1998).
While AV is determined by the system impedances and fault
types, and At is determined by the protective relays and the
action of the circuit breakers. This phenomenon can be
expressed as the rectangular area in Fig. 1. It can define the
voltage sag severity as AV At. Relevant limits on voltage sag
are defined for consumer electronic products, large electrical
equipments, and semiconductor manufacturing machines. The
Information Technology Industry Council, Computer Business
Equipment Manufacturers Association (ITI, CBEMA) has
suggested the curve, as plotted in Fig. 2 by Gomez and Morcos
(2002) and Conrad, Bollen (1997) and Kyei, Ayanar, Heydt, and
Thallam (2002) and Heydt, Ayyanar, and Thallam (1994) and
Gomez and Morcos (2002). Additionally, the Semiconductor
Equipment and Materials International (SEMI) also have
developed the SEMI curve to define the ability of semiconductor
devices and equipment during voltage sag.

Some special electrical systems usually require strong
single-phase power sources. To reduce the voltage unbalance
disturbances to the three-phase sources, some specially
connected transformers are used, such as V-V, Scott, and Le
Blanc connection schemes. Some schemes have been employed
in the railway electrification systems. The power quality issues
in railway electrification systems include the studies on the
influence of traction loads on three-phase utility systems. For
example, simplified models of specially connected transformers
have been studied in three-phase power flow studies such as
Chen (1994), and Chen and Kuo (1995) presents a network
model was proposed for investigating unbalance effects. Huang,

Kuo, Chan, Lu, and Huang (2001) used a short circuit current

study for power supply system.

However, related issues having not been addressed voltage
sag of power quality, include the specially connected
transformers equivalent simplified model for three-phase power
flow, and the EMTP based network model with unbalance
effects, and the EMTP study short circuit current for power flow.
In this paper, the short circuit voltages and currents of specially
connected transformers calculated by node admittance matrix
mathematical models. Then the voltage sag planning is
investigated by using the method of ADHDE (refer to the
appendix), which is a direct and parallel search method that
involves accelerating and migrant operations to prevent falling
into local optimal solutions by Lee, Albu, and Heydt (2004) and
Heydt and Jewell (1998) and Chang and Wu (2005) and Chiou
and Wang (1998) and Lin, Hwang, and Wang (1999, 2000).
Chang and Low, (2008) presents an ADHDE presents a heuristic
which combines the orthogonal array experiment technique and
an ant direction hybrid differential evolution algorithm
(ADHDEOA) for planning of a large-scale passive harmonic
filters problem. The addressed problem has a multi-bus and
under abundant harmonic current sources in the system. In this
study, an orthogonal array is first conducted to obtain the initial
solution. Next, an ant direction hybrid differential evolution
(ADHDE) is applied to search for a near optimum solution. In
this study, the ADHDE method utilizes the concept of ant colony
search to search the proper mutation operator to accelerate
searching out the global solution for system equipment
parameters over a wide range, such as the transformer
impedances and protective relay time multiple settings are
variables. Calculation values are compared with the of ITI
(CBEMA) curve. From the simulation results, this paper is
organized as follows voltage sag. That introduces the voltage sag
architecture models of the specially connected transformers.
Next, the article illustrates the investigating procedure and
results. Finally, the voltage sag severity of a power system with
specially connected transformer can be greatly improved by the

purposed method.
2. Methods

2.1 Equivalent Admittance Network Modeling of
Transformers

The analytical models of the three-phase to two-phase
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specially connected transformers are required in the optimal
design procedure. There are three connection schemes, which
are V-V, Scott and Le Blanc. The models are developed in
winding connections and phase coordinates, considering the

copper loss and phase-angle displacement between primary and

Ny N
secondary voltages. Let Ki = N, and k; = N, denote the turn
2 1

ratios of each phase. The Y; represents the equivalent
admittance of series impedance of each single-phase transformer

obtained in the short circuit test.

2.1.1 V-V connection

The V-V connection scheme, as shown in Fig. 3, is
composed of two single-phase transformers. It uses three-phase
power on the primary side, and supplies two single-phase loads
on the secondary side, which are the main transform (M) and the

teaser transformer (T). Then the phasor voltages and currents are

given by
V. 121 o™
S F "
Vi 0 1 -1
VC

N 10

I
I [=ko| -1 1 {T} @
I 0 -1f-™

The equivalent circuit can be made available by the
interconnection method, as shown Fig. 4. The node-voltage

equation of the three-phase to two-phase transformer in matrix

form is
IA VA
IB VB
I Ve 3)
Iy [=Y ]V
IT2 VT2
IMl VMl
_IMZ_ _VMZ_
where l;, =—lyy=lrand ly, ==l =1y

The node admittance matrix (bus admittance matrix) can be

expressed as
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T1 T2 M1 M2
'y, -y, 0 -y, vy, © 0] A
0 2y -y ¥ —-Y¥% % Y |B &)
0 -y, VY 0 0 Y. —-VY|C
-vV¢ Y 0 Yo -Y. O 0 |T1
Yi Y 0 Y Yi 0 0 |T2
0 -v. VY 0 0 Y. —VY,|MI1
0 Y. -Y O 0 -y vy |M2

The limitation with V -V connection are given below :

1. The average p.f. at which V- V bank is operating is less than
that with the load. This power factor (or p. f.) is 86.6 % of the
balanced load p.f.

2. The tow transformers in V -V bank operate at different power
factor except for balanced unity p.f .load.

3. The terminals voltages available on the secondary side
become unbalanced. This may happen eventhough load is
perfectly balanced. Thus in summary we can say that if tow
transformers are connected in V - V fashion and are loaded to
rated capacity and one transformer is added to increase the
total capacity by 4 3 or 173.2 %. Thus the increase in
capacity is 73.2 % when converting from a V-V system to a

A-A system.
2.1.2 Scott connection

Fig. 5 shows the Scott connection scheme, comprising of
two different turn ratio transformers. The main transform (phase
M) has a center-tapped winding on the primary side, and a single
winding on the secondary side. The teaser transformer (phase T)
is a single-phase transformer. The phase difference between M
and T is 90°. The phasor voltages and currents can be expressed

as follow

_ v
VT} M ERERE VE R VE] 5)
=R2 Ve
[V 0 1 -1
Ve

(1, 2/43 0 |
lg |=k,|-1/43 1 { T} (6)
e ~1/43 -1V

The equivalent circuit model can also be obtained by the
interconnection method, as shown Fig. 6. The node admittance

matrix of this scheme can be expressed as
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A B C Tl T2 M1 M2
By Ay Ay, BB g A
g Nt 9 Nt g Nt 3_ t 9\/_ t
-4 20 -16 243 —243
5 N S g g g % -2y; 2y, | B
MR- CI < I ™
y=| g Nt g i g Nt g Nt 9 t t t| C
—443 23 243 2 -2 0 o | T2
9 Yi 9 Yi 9 Yi 3 Yi 3 Yi
443 —243  -243 -2 2 T2
— W t Yo o oVt Yt 0 0
9 9 9 3 3 M1
0 -2y, 2y, 0 0 2y, -2y, M2
| 0 2y, -2, 0 0 =2yy 2y |
Assuming the desired voltage is the same on the two and phases. The phasor voltages and currents are given by
three phase sides, the Scott transformer connection consists of a
. . \Y
center-tapped ratio at main transformer, and an 86.6% (0.5, 3) V. _ A
. . . T2k, 2/3 1143 1/43 vy ®)
ratio teaser transformer. The center-tapped side of Tr. is Vi 0 1 -1 v
c
connected between two of the phases on the three-phase side. Its
center tap then connects to one end of the lower turn count side
of Tr. the other end connects to the remaining phase. The other Ia ~2/43 0 It
. _ , I [=k,| 1/4/3 1 )
side of the transformers then connect directly to the two pairs of M
e 1/43 -1

a two-phase four-wire system.

2.1.3 Le Blanc connection The equivalent circuit can also be made by the

interconnection method, as shown Fig. 8. The node admittance
The connection diagram of the Le Blanc scheme is given in matrix of this scheme be expressed as

Fig. 7. The primary windings are the same as those of a general

three-phase transformer in the delta connection. The secondary

side consists of five windings, which are separated into two

A B C T1 T2 M1 M2 )
3-43 —(3;@) —(3;«6) 3(J§2—1) —3(J2§—1) 0 0 A
—(3-43) 5_43 ~3(3-4/3) -3(3-1) 3(3-1) 3(3-43) -3(3-+3) 5
2 2 4 4 4 4
—(3-43) -3(3-43) 3- 3 ~3(/3-1) 3(/3-1) -3(3-+3) 3(3-+3)
2 2 4 4 4 4 c (10)
Y=, 3(V3-1) -3(+3-1) -33-1) 3(3-43) -3(3-+3) 0 0
12 4 4 4 4 T1
-3(+¥3-1) 3(3-1) 3+3-1) -3(3-43) 33-43) 0 0 T2
2 4 4 4 4
0 3(3:1\6) —3(34—\/5) 0 0 3(3:1\/5) —3(34—\/5) M1
0 ~3(3-43)  3(3-43) . . _3(3-43) 3(3-43) M2
L 4 4 4 4
The primary side of the Le Blanc transformer is a however, phase has only one winding). The secondary side

connection winding, its secondary side uses an unbalanced output voltage and current has a 90 phase angle difference.

winding structure (phases and have two secondary side windings;

2.2 Short Circuit Fault Calculation
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The per-unit values are used in the calculation. Fig. 9 shows
a power system with a three-phase to two-phase transformer.
The source is a balanced three-phase Y connection 161 kV
power system. There are three voltage levels such as 161 kV, 69
kV, and 27.5 kV, respectively.

The equivalent model for short circuit calculation of a
power system with specially connected transformers is given in

Fig. 10. Let the source voltages be

V
Vep =—=Z£0°
SA \/5
Ves =%4—1200 (1
V o
Ve =——£120

NG

Then, the equivalent injected currents are expressed as

ISA = VSAysrc
lsg =VsgYerc (12)
Isc =Vsc Ysre
o1 -1 Z .
where vy =75 =(Zg+Zrs +2Z.1) and 4qgs is the

series impedance of the 161/69 kV transformer. Then, the

node-voltage equation of the study system is given by

I Ia 1 Va
g Vg
I Ve
It [=Ye| Vru (13)
Ity Via
I Vui
Ima] V2

The node admittance matrix of the study system can be obtained

by
YA, D+yr i=]j=45
Y(i’j)_yT i:4:j:5,0r3i:53j:4
Ye(i. i) = Y@, D) +ym i=]=67 (14)
Y(iaj)_yM i:6,j:7,0r,i=7,j:6
Y(,j) others
where JT = Z:' = (Ziyr +Zn) !

Ym = Zl\;ﬂ =(Zom +ZML)71

It can also be found that

|
_ A
Va=Vea—
Src
lg
Vg :VSB_
src
Ic
Ve =V -
Src
It
Vipp =Vp ——
Y1
Iy
Vma =Yy ———
Ym
I, =-lr =1l
T2 ==ty =1n
|
_T
Vi =—
Yt
_ I
Vy =—
Ym

Substitute Eq. (15) into Eq.(13) can be obtained by

fi(laslgsles Ir, Iy .V V) =¢
f(laslgs les Irs Iy, Ve Vy) = ¢,
f3(0a 1gs les b, I Ve Vi) =65
fa(lastg les Ir Ty Ve V) = ¢4
fs(laslgs les b v Ve Vi) =G5
fo(laslgsleslr Ty Ve Vi) =G
f(1as1gs les Irs Ty Ve V) = ¢4

Using Taylor’s series was

ACK = g Ax ()

X KDy () L Ax (0

where

and

AX® = AC® =

¢ —( fl)(k)

¢y —(f)®
¢y —(f3)®
Cs—( f4)(k)
cs—( fs)(k)
¢ —(f)"

17 —( f7)(k)g

75

(15)

(16)

(17)

(18)

(19)
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7(&)(‘0 (ﬁ)(k) (ifl)(k) (ﬁ)(k) (ﬁ)(k)
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(ﬁ)(k) (ﬁ)(k) (i)(k) (i)(k) (ﬂ)(k)
ol 5 olg ol¢ ol; oly
Fayoo Aajao sy Ao (K
a’ Ey A A,
30 = ((3'74)(‘0 ((3'74)(‘0 ((3'74)(‘() (a|74)(k) (a| 4 )(k)
A B C T M
sy Ay Hs oo Asjoo (K o
ol olg ol olt Oly
(%)(k) (%)(k) (ﬂ)(k) (%)(k) ( ofs )(k)
ol p olg ol ol; Ol
(ﬁ)(k) (ﬁ)(k) (ﬁ)(k) (ﬁ)m (ﬁ)(k)
ol olg ol ol; Ol

(a) Two-phase balanced fault: short circuit faults in both phase T
and phase M.
There are short circuit faults at the 27.5 kV phase M and
phase T. Then y; =y,, =0.01
(b) Single-phase unbalanced fault: short circuit fault in phase T
or phase M.
There is a short circuit fault at either the 27.5 kV phase T or
phase M.
(1) Short circuit fault occurs at phase-T. Then y; =0.01
(2) Short circuit fault occurs at phase-M. Then y,, =0.01
The following equation considers the single-phase
unbalanced fault at the phase T of the power system with the
V-V scheme as an example. The function can be obtained by

Eq.(13).

f(X)=C (21
The above function is rearranged and written as Eq.(17)
If X® is an initial estimate of the variable X , the
following iterative sequence is formed Eq. (18).

At the initial stage, let the estimate of the current to be

I O To]
A

| (0)
B
[.©
C
1.0 |=
T

[ ©
M
VT(0>
VM(O)

22)

|
S O O O o o O

A solution was obtained when the difference between the

absolute value of the successive iteration is less than a specified

UINC RPN
Ny Ny
(372)“) (aasz)<k>
T M
i (s
Ny Ny (20)
(ﬁ)w) ( of, )
Ny Ny
(i)(k) (ﬁ)(k)
EVA Ny
Joyao (s ya0
Ny Ny
(ﬁ)(k) (ﬁ)(k)
Ny Ny
error tolerance.
x*kD_x®l< g (23)

where & is the desired error tolerance.

G
A
| (k)
At stage k, when the current matrix | | C(k) is known, the
| (k)
T
| (k)
M
VA(k)
VB(k)
bus voltage matrix Vc(k) can be obtained by Eq. (15).
VT(k)
VM (k)

Then the current matrix can by updated by Eq. (18). The other
equations Eq. (17), Eq. (19) and Eq. (20) was used. The
iteration is repeated until the error between stage k+1 and stage

k is acceptable.

2.2.1 Effect of Over-Current Relay

If the voltage sag is caused by a fault in the power system,
the duration (/\t) depends on the fault clearing time during
which the protective relay and the circuit breaker (CB) operate.
The relay in consideration is the over-current relay (50/51). The
operating time of the relay is obtained from the movement curve.
The operating time of the circuit breaker is related to the
mechanical characteristic and can be regarded as having a

constant value. The duration of voltage sag can be expressed as
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where tgy: protective relay operating time.
tcp: circuit breaker operating time.
In a practical distribution system, tcp is between 3 and 8 cycles.
According to the IEC 60255-22 Standard, the over current
relay (51) inverse t-I curve parameters are given in Eq. (25). The

o and B values in Table 1 determine the slopes.

()= “
Ip

where k : time multiplier

I: fault current detected by relay (normally the effective

value).

Ip : current setting threshold.

If the normal inverse curve is used, then 0=0.02, and
B=0.14 can be substituted into Eq. (25) to yield the voltage sag
duration. The value of AV /At can be used to describe the
voltage sag range where /\Vg is the drop of voltage, and At

is the duration. From Fig. 10, it can be obtained that

I
AV(gy = Ve ——1 (26)

src

where i=A,B,and C.If I =1, then

0.14k

Ay = 0.02

e @7)

I

2.2.2 Voltage Sag Analysis Procedure

Fig. 11 shows the flowchart for the calculation of voltage

sag. It is described as follows.

1. System equipment impedances are transformed to pu
values, and input equipment parameters data.

2. Select equation for fault voltages and currents at all
voltage levels are calculated, and the ranges of voltage
sag /\V ) are obtained.

3. Choose the curve of the over-current relay (50/51). The
relay operating time and the circuit breaker operating
time are added to yield the fault clearing time, which is
the voltage sag duration A\t

4. Compare AV and At with the ITI (CBEMA) curve.

5. The voltage sags satisfy requirement with ITI (CBEMA)

) ANp-O- & 77

curve.

6. If is not satisfy, then using ADHDE to compute
transformer impedance and relay settings.

7. That is repeated until the voltage sag and duration are
acceptable by change transformer impedance and reset

relay parameter.
2. 3 Problem Formulation

The ADHDE approach is used to obtain the optimal
transformer impedances and relay settings. It is described as

follows.

2.3.1 Objective function

Minimize M = ZNunacceptable—point _VITI—curve (28)
Variable vector: X =[Xqps Xm. K[
kmin <k < kmax
XTR < Xopi < X i=S.L (29

where K : relay time multiplier

Xirs and Xip : transformer impedance

2.3.2 Constraints

1. System equipment parameter: The limit conditions of system
equipment should be examined.
2. Voltage regulation: The voltage regulation must be less than

5%.

—5% <VR; <5% i=ABC (30)

3. Coordination of protective relay: The action time of a

downstream relay must be less than that of the upstream relay.

Te 2750v <Tr gokv (€29)]

3. Results

Two-phase balanced faults and single-phase unbalanced
faults are considered. Fig. 9 shows the simulation system, whose
parameters are given in Table 2 The relay follows the normal
inverse curve, where o is 0.02 and B is 0.14. Table 3 gives the
original settings.

Table 4 shows the calculation results of the 69kV bus

voltages when a two-phase balanced fault occurs at the 27.5kV
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bus for the system with the original settings. Fig. 12 gives the
comparison of the voltage sag values with the ITI curve. It can
be found that with the original settings, the voltage sag values at
the 69 kV bus are below the curve.

The ADHDE approach is used to determine the suitable
values of transformer impedances and relay k values. Table 5
gives the original settings and limitation conditions. Table 6
gives the optimal parameter values Xtrs=7%, Xtri=16%, and
k=0.01 was determined by using the ADHDE approach. Table 7
shows the calculation results of the 69kV bus for the system
with parameter values determined by the ADHDE approach. At
the V, (V-V) phase, table 7 shows that the fault voltage, fault
current, fault clearing time, and objective function are 0.6456
p-u., 1441 pu., 0.10554 s, and 0.0543 p.u., respectively.
Although the V4 (Le Blanc) phase objective function is as high
as 0.0833 p.u., fault voltage, fault current, fault clearing time are
satisfied. Because both the emigrant and accelerated operations
are embedded in ADHDE, a global optimum and faster
convergence are achieved.

They are compared with the ITI curve as plotted in Fig. 12.
When the transformer impedances and relay settings are
modified by using the ADHDE approach, the voltage values
have been raised using system faults. A short circuit fault occurs
in phase T at the 27.5kV bus, as displayed in Fig. 10, will be
examined.

Table 8 shows the results of the 69kV bus for the system
with the original setting. At the Vg (V-V) phase, table 8 shows
that the fault voltage, fault current, fault clearing time, and
objective function are 0.5322 p.u., 17.09 p.u., 0.2397 s, and
0.3197 p.u., respectively. Although the Vy (Le Blanc) phase
objective function is as high as 0.3703 p.u., the fault voltage,
fault current, fault clearing time are satisfied. The voltage sag
values at the 69kV bus are also compared with the ITI curve, as
plotted in Fig. 12. Table 9 presents the simulation results of the
69kV bus for the system with parameter values determined by
the ADHDE approach. The 69kV bus voltage values are also
compared with the ITI curve as plotted in Fig. 13. It is found that
the both Vg V¢ (Scott), and Vg V¢ (Le Blanc) voltage sag
values of 69kV bus are not satisfied with the ITI curve of the
system suffering a single-phase unbalanced fault. Hence, the

voltage sag severity also has been improved.

4. Conclusions

A study of modeling of specially connected transformers
using the optimal planning of voltage sag in a power system
considering ITI curve was introduced. Then the voltage sag
severity of a system with specially connected transformers can
be controlled by adjusting the transformer impedances and relay
settings. In this paper, balanced two-phase short-circuit faults
and unbalanced single-phase short-circuit faults are used to
investigate the problems of voltage sag. The three connection
schemes which V-V, Scott and Le Blanc connection, and node
admittance matrix of each scheme is obtained for voltage sag
calculation. This paper presents an ADHDE optimization
approach for solving the suitable transformer impedances and
relay settings values. The results are also compared with the ITI
curve. Finally, simulation results show that the voltage sag can
be improved by the proposed method.

In addition, the proposal models can be -easily
implemented into the voltage unbalance system to improved
voltage sag program studies, and then the effects of large
unbalanced specially connected transform system demands on
the power supply can be simulated accurately. The studies can be
increase acceptable effects of voltage sag for the large unbalance

loading condition.
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Table 1 Inverse t-I curve parameter of over-current relay

t-I curve setting a B
A Normal Inverse 0.02 0.14
B Very Inverse 1.0 13.5
C Extremely Inverse 2.0 80.0
D Long-Time Inverse 1.0 120.0

Table 2 System data

Balanced three-phase, 161 kV, Y-connected,
X/R=33.25, short circuit capacity=10935 MVA

TRS : 30/3®, 161/69 kV, 200 MVA, X1gs=13%, X/R=40, A/Y-g connected, Z,=20 Q
TRL : 30/20, 69/27.5 kV, 30 MVA, X1g1=10%, X/R=10
Z,,=1.1869+j3.9108 Q
Z1y7=Z1=0.97+j2.55 Q
Load Each of phase T and phase M: SMW+j3MVAR
Circuit breaker Tcg=0.08 s

Power Source

Transformer

Line

Table 3 Original setting of protection relay inverse t-I curve

Voltage level Time multiple (k)
27.5kV 0.1
69 kV 0.2

Table 4 Calculation results of 69kV bus for two-phase balanced fault at 27.5kV bus of system with original parameter settings

(tcg=0.08s)
Phase Fault voltage Fault current Relay operating time Fault clearing time At (s)
(p-w) (p-w) try (s)
Va(V-V) 0.5294 17.60 0.2371 0.3171
Vi(V-V) 0.3010 22.66 0.2174 0.2974
Vc(V-V) 0.5000 15.89 0.2462 0.3262
Va(Scott) 0.3886 19.97 0.2269 0.3069
Vg(Scott) 0.3321 22.44 0.2181 0.2981
V(Scott) 03113 22.03 0.2194 0.2994
Va(Le Blanc) 0.3426 21.45 0.2214 0.3014
Vp(Le Blanc) 0.3406 21.53 0.2211 0.3011
Vc(Le Blanc) 0.3401 21.51 0.2211 0.3011
Table 5 Original settings and limitation conditions
System parameter Original setting Limitation
TRS 30/3®
Power sourec 161/69 kV Xrrs=13% 7% <X1rs<13%
200 MVA
TRL 3029
Transformer 69/27.5 kV Xtre=10% 10%<X1r1<16%
30 MVA
Relay CO-k k=0.1 0.01<k<0.1
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Table 6 Determined parameter values using ADHDE

XTRS

XTRL

7%

16%

Table 7 Calculation results of 69kV bus for two-phase balanced fault at 27.5kV bus of system

with parameter values determined by ADHDE ( tc=0.08s)

Phase Fault voltage Fault current Fault clearing time Objective function

(p-u) (p-u) At (s) (p-u)

Va(V-V) 0.6456 14.41 0.10554 0.0543
Vg(V-V) 0.4147 19.95 0.10269 0.0827
Ve(V-V) 0.6087 13.11 0.10651 0.0865
VA(Scott) 0.5108 16.79 0.10412 0.0841
Vig(Scott) 0.4453 19.72 0.10279 0.0828
Vc(Scott) 0.4227 19.33 0.10294 0.0829
Va(Le Blanc) 0.4599 18.51 0.10329 0.0833
Vg(Le Blanc) 0.4576 18.60 0.10325 0.0832
Vc(Le Blanc) 0.4571 18.59 0.10326 0.0833

Table 8 Calculation results of 69kV bus for a single-phase unbalanced fault (phase T) at 27.5kV Bus

of system with original parameter settings (tcg=0.08s)

Fault voltage Fault current Relay operating time Fault clearing time
Phase

(p-u) (p-u) try (5) At(s)
Va(V-V) 0.6657 17.18 0.2392 0.3192
Vi(V-V) 0.5322 17.09 0.2397 0.3197

V(V-V) 0.9923 0.28 - -
Va(Scott) 0.3886 19.97 0.2269 0.3069
Vg(Scott) 0.8357 9.80 0.2998 0.3798
V(Scott) 0.9233 10.17 0.2949 0.3749
Va(Le Blanc) 0.3426 21.45 0.2214 0.3014
Vg(Le Blanc) 0.8309 10.54 0.2903 0.3703
Vc(Le Blanc) 0.9185 10.92 0.2859 0.3659

Table 9 Calculation results of 69kV bus for a single-phase unbalanced fault (Phase T) at 27.5kV bus

of system with parameter values determined by ADHDE (tcg=0.08s)

specially connected

Fault voltage

Fault current

Fault clearing time

Objective function

transformers (p.u.) (p.u.) At (s) (p-u.)
Va(V-V) 0.7239 14.39 0.10556 0.0239
Vg(V-V) 0.6087 14.31 0.10561 0.0856
Ve(V-V) 0.9923 0.28 - -
Va(Scott) 0.5108 16.79 0.10412 0.0841
Vi(Scott) 0.8545 8.22 0.11253 0.0925
V(Scott) 0.9363 8.58 0.11188 0.0919

Va(Le Blanc) 0.4599 18.51 0.10329 0.0833

Vg(Le Blanc) 0.8457 9.08 0.11103 0.0910

Vc(Le Blanc) 0.9308 9.44 0.11048 0.0905
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Appendix

Method for ant direction hybrid differential evolution (ADHDE)
can be expressed as follows:
A nonlinear constrained optimization problem can be

expressed as

Minimize M (X) (A1)
Subject to

g,(X)<0 k=1...n, (A2)

h, (X)=0 k=1,.n, (A3)

where M (X)) : objective function of variable vector X ,
X=X, XG0 X X |0

g, (X) : inequality constraints.

h, (X): equality constraints.

The ADHDEOA is a method combining both an ant
direction hybrid differential evolution and orthogonal arrays for
minimizing nonlinear and non-differential objective functions.
The ACS used in the ADHDE is mainly for finding the proper
mutation operations to speed up convergence toward a global
solution. Unlike the approach from Dorigo and Gambardella, the
difference between the objective value in the next generation and
the best objective value of the present generation constructs a
fluctuant pheromone quality. Orthogonal array is a systematic
and time-efficient approach that can aid in experimental design.
Here an orthogonal array is applied to search for the best initial
point in the search space. The ADHDE is then applied to search
for the optimum design of a passive filter. In practice, the
construction of objective function comprises four parts: total
harmonic distortion of the voltage, total demand distortion of
harmonic, total filter loss and the cost of filters. In addition, a
membership function is provided for dealing with the weight of
each objective in this study.

The entire search flowchart is shown in Fig.1. The solution

procedures are stated in detail as follows.
Step 1. Initialization

To increase convergence speed and achieve a global
optimum, the orthogonal array is initially applied to determine

the starting point. Next, the ADHDE finds the (Np-1) random

- O- & 85

initial vectors. The main key-operations of the ADHDE are
shown as follows:

The initial populations l? = 1,2,“_,(Np —1), chosen
randomly, should cover the entire search space uniformly. The

elements of individual l? are given by

X% = XM g o (XXX Ny j=12,.,D i=1,2,..(N,~1)

(A4)

where p; €[01] is a random number; x?‘i” and x?‘ax are

the lower and upper bounds of the variable, respectively.
Step 2. Mutation operation

In the mutation process, five mutation operations are
evaluated and the proper one determined through an ACS (see
Section 2.2) search process. The operations are introduced, as
follows:

(1) Scheme MO1

For each vector X{,i=1,2,..,N G+

»» @ mutant vector U7 is

generated according to

UP™ = X0 +F(X5-X3) i=12..N, (A5)

where r,randrl; are chosen randomly from the interval (1,N;)
and differ from the running index i; F<[01l isa scalar factor.
(2) Scheme MO2

At generation G, a mutant vector is generated on the basis

of the present individual X& by

US™ =XP +F(X5-X5), i=12..N, (A6)

where i#rl, i=zr2 and ri,r2e{l,2,.N,}; Fe[01] is a
scalar factor; l(fl and X rGZ are two randomly selected
individuals.
(3) Scheme MO3

Basically, Scheme MO3 works the same way as Scheme

U F3+1

MO?2 but generates U;”" according to

US™ = X7+ FI(XA - X2)+H(XG =X)L i=12..N, (A7)

The mutation process at the Gth generation begins by
randomly selecting four population individuals X ?1 , X er, lg
and XS .

(4) Scheme MO4
Scheme MO4 comprises two pair difference vectors based

on the present individual X& by
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U™ = X7 +[AXe =X )+F(X5-X5)], i=12,.,N,  (A8)

p

in which X% andXx$ are two randomly selected individuals,
and lbe is the best individual. In general, variable 4 is set to F
for computation sake.
(5) Scheme MO5

Scheme MOS5 works the same way as Scheme MO3, but a
mutant vector is generated on the basis of the random present

individual X7 by

U™ = X5 +FI(XG - X5)+(X5 - X5l i=1.2,.,N,  (A9)

p

in which X rGl , X ?2 R st s 5?4 .and lfs are five randomly

selected individuals.

Step 3. Crossover operation

To extend the diversity of individuals in the next generation,
s t

the perturbed individual Y& =gt us U el WG| and

the present individual L,G = Xlei' ,XZGi ooy X ?, oy X S‘i U are

mixed to yield the trial vector

~G+l |~ ~ ~ ~ t
Qi + _ Ufi”,US”,..,Uﬁ*l,..,USi”] (AIO)

where

G -
o - Xj,if a random number >C,
! US™, otherwise

j=12,..,D,i=12,..N, (A11)

where D is also the number of genes. Since Cg €[0,1] is the

crossover factor, it must be set by the user.

Step 4. Evaluation and selection

The parent is replaced by its offspring in the next
generation if the fitness of the latter is better; otherwise, the
parent is retained. The first step is a one-to-one competition. The
next step selects the best individual, leJrl

That is,

in the population.

XS —arg-min{M(XC)MU ™M)}, =1,2,.., N, (A12)
XE* —arg-min (M (X *")},i=1,2,...,N, (A13)

where arg-min denotes the argument of the minimums.

The foregoing steps are repeated until the maximum
iteration number or the desired fitness is achieved. In general, a
faster descent usually leads to a local minimum or a premature
convergence. Conversely, diversity guarantees a high probability
of obtaining the global optimum. A trade-off can be achieved by
slightly lowering the scaling factor F and by increasing the
population size Np ; however, more computation time is required.
The migrant and accelerated operations in HDE are used to
overcome the local minimum solution and time consumption.
The migrant and accelerating operations are embedded in the

original DE.

Step 5. Migrant operation (if necessary)

To increase search space exploration, a migration operation
is introduced to regenerate a diverse population of individuals.
The migrant individuals are chosen on a “best individual” basis

le” . The j™ gene of X is regenerated by

G+l min

. G+ _ @
+ min + . b

o XG0+ p (X = XG), if p2<W

X = =X
ji
X5+ p (X™ = X3, otherwise
(A14)

where o1 and p2 are randomly generated numbers uniformly
distributed in (0,1). The migrant population will not only
become a set of newly promising solutions but also avoid the
local minimum trap.

The migrant operation is performed only if a measure fails
to match the desired population diversity tolerance. The measure

in this study is defined as

Np D
;i
ZZ : (A15)
=2 g
D(N, —1)
where
X §+] _ X §+]
1, if JIxG“ P l>e,
i = ib (A16)
0, otherwise

Parameters &1 €(0,1) andéz € (0,1) express the desired

tolerance of the population diversity and the gene diversity with
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regard to the best individual, respectively. Here 7ji is defined
as an index of the gene diversity. A zero 77 indicates means
that the j™ gene of the i™ individual is close to the j™ gene of the
best individual. If the degree of population diversity U is
smaller than &1, the HDE performs a migration to generate a
new population to escape the local point. Otherwise, the HDE

breaks off the migration, thereby maintaining an ordinary search

direction.

Step 6. Accelerated operation (if necessary)

When the fitness in the present generation is no longer
improved by using the mutation and crossover operations, a
descent method is then applied to push the present best
individual toward a better point. Thus, the acceleration operation

can be expressed as

B Np- O- & 87
cei | Xg'h i M(XET<M(XF)

Xo =) cu G+l : (A7)
Xp™—aVM(Xg*), otherwise

The gradient of the objective function, VM(leJ’l), can be

calculated approximately with a finite difference. The step size
a €(0,1] is determined according to the decent property. First,
@ is set at unity. The objective function M (X SH )is then
compared with M(X S”). If the decent property is achieved,
ig” becomes a candidate in the next generation and is added
into this population to replace the worst individual. On the other
hand, if the decent requirement fails, the step size is reduced to,
for example, 0.5 or 0.7. The decent search method is repeated to
find the optimal &bGJrl , called X t’)\‘ , at the (G+1)™ generation.
This result shows that the objective function M(l{)\' ) should

be at least equal to or smaller than M (1&*1 ).
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