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ARTICLE INFO ABSTRACT

Article history: This paper deals with building an Adaptive Neurak#y Inference System (ANFI
Received 26 July 2016 voltage stability margin prediction model for IEBEBus System with the insertion
Accepted 21 September 2016 UPFC.Flexible A.C transmission line FACTS controllersigihis the result of rece
Published 30 September 2016 devdopments of power electronics produce solutionghi challenges faced pow

system operation. Thegre capable of controlling the network parametersriprove
power and voltage stability of the network. this paper the optimal location a

Keywords: parameter setting of UPFC have been studied. teetifitation of the most weake
ANFIS,voltage stability, UPFC model, bus is done and design consideration have been uking a MATLAB program t
UPFC control modes,voltage stability obtain the parameters of UPFC needed, mainly sareshunt voltages with their
margin. angles and their respective power in order to abthe equivalent resistance &

reactance of UPFC necessary for simulation .The I8Nfediction model have ber
done using the data set provided by UPFC contralesdrom MATLAB frogram as
an input data and the corresponding values of gel&tability margin as output da
This model is useful for power system stabilitygicgion for any value of input dat

INTRODUCTION

In recent years, the incremental demand of eledipower has led the modern power system networ|
operate under difficult and stressed situationgsehdifficulties produce a limited expansion oteieal power
generation and transmission because of limitedrenwiental restrictions and resourt

Thus,some transmission lines get over loaded and potabilisy becomes a powdransfer limiting factor
and other serious stability issues and producedvkigpthat stability is the heart of any system &g to be
kept at all circumstances to ensureeration of power system effectively with any redaictof system securit
and quality of supply.Modern developments of power electronics put in #maploy of flexible A.C
transmission system (FACTS) controllers in powerstemn. (PoonamSinghal, S.K. Agarl and
NarenderKumar, 2014)

The unified power flow controller (UPFC) is the maosany sidecdevicesin the FACTS types which ce
furnish an efficient control of power system partame such as transmissiwoltage line impendence and
phase anglg-urthermore, UPFC can provide either negative aitjve real and reactive power injections.
they can enhance system operation because it aftowsore efficient control of power flow, superioontrol
system and voltage stability. In order to all these benefits an accurate procedoreoptimal location an
parameter settings of UPFC is studied taking irdos@eration the enhancementpower system stability
mainly voltage stability.

ANFIS have been recently one of the wide spreadiggtions as it provides the distance from curi
operating point at any time the criticalpoint. It should be taking in consideration that the sucoé#sNFIS
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applications depends on the selecting highly imgrarfeatures which leads to an efficient ANFIS.rtiRamar,
V., S. Baghya. Shree, 2014)

2.UPFC Mathematical Modelling:
A UPFC usually consists of two voltage source cove representing fundamental components of output

voltages of the two converters with impedancesnvaf toupling transformers as shown. (Payam Farleadil.,
2013)
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Fig. 1:Single Line Diagram of the UPFC

The series voltage source converter produces the fuaction of UPFC. Suppose that a series voltage
source is connected between two busasdj in certain network. The series voltage source déslelied as an
ideal voltage source in series with a reactafigeas shown.
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Fig. 2:Equivalent model of UPFC between two buses

The series voltage is controllable in both magrétadd phase. S, can be defined as
Vse: rViejy (1)
r andy represent the control variables of series volamgaponent with the range4d «max.and & y «
21 ).The UPFC injection model is produced by repla¢hmgvoltage source in parallel with the line. Weda

Ise: 'jlbse V;e (2)
bse :E (3)
buasi ) Preas
v b _=I/X _ v
i s i
!
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M

Fig. 3:Modeling of Series Voltage Source into anEquivalantent source

Therefore, the injected power at buses (i) andrg)

Sis: Vi ('Ise)* (4)

Sjs:Vj (Ise)* (5)
The injected power can be simplified by substitytip andV,

Sis:Vi (J bser Viejy (6)
According to Euler's identity, which states that

el = cosy +jsiny )
And eq. (2.6) takes the form

Sis:Vi (6 —/r+90) jbse rVi*) (8)

Sis= Vibge 1 {cos(—y — 90) + j sin(—y—90)} (9

And it reduces to
Sis= - theViZsiny —j r bg,Vi? cosy (10)
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This equation can be separated into series reahaaginary part
Sis=Pis* ] Qis (11)
P, ;= —rby,Vi®siny 12)
Qis = — 1 by, Vi®cosy (13)
Similar equations can be obtained in bus (j), anakies the form
Sis=ViVibset sin(8; — 0; +y) + jV;V;bgr cos(6; — 0; +v) (14)
As  Sjs =P;s +jQjs , therefore
Pjs:Viijser Sin( 0; — Hj + )/) (15)
st:Vi ijser cos(6; — 9]' +7) (16)
So, according to the given equations the powerciige of the series connected voltage source can be
represented as two independent power injectiobasds (i) and (j) as shown.

busi busj

'P!-.'-' + J';Q."_‘. P js T e Js
Fig. 4: Equivalent power injectionEquivalent power injecid shunt branch at busiof series branch at bus |

The apparent power by the series converter is ledémias

* i (Vi'_V' *
Sseries:VseIij - rVien/ Te]) (17)
Pseries = Viijser Sin( gi - Hj + )/)' r bseViz siny (18)
Qseries= - Viijser COS( 01’ - 6]’ + }’)"‘ I’bseViZ cosy +r2bseVi2 (19)

In this model, the reactive power delivered or absd by converter 1 is not considered in this motdsl
main function is to keep the voltage level at buéthin acceptable valu@,,:is assumed to be equal to zero.
The elements of the equivalent power injectiontuitiog losses are

P; yprc=0.02 thy,V;% siny — 1.02 ViVibser sin(0; — 6; +v) (20)
Py yprc= ViVibsel sin(8; — 6; +y) (21)
Qiuprc™ - rbseV;* cosy (22)
Qjuprc = ViVjbser cos(6; — 6; +y) (23)
The elements of the equivalent power injectionhauit losses are
P, yprc=ViVjbsel sin(0; — 0; +y) (24)
Py uprc= —ViVjbser sin(8; — 6; + y) (25)
Qiuprc= - bseVi* cosy (26)
Qjuprc = —ViVjbger cos(0; — 0; +v) (27)

Depending on these equations, an injected actider@aictive power are calculated and they reprgsanmt
of UPFC design values. Also these values can be mssimulation of the studied network for the psp of
voltage stability. (MeteVural, A., Mehmet Tumay, @0

3. Identification of Weakest Load Bus Using Voltage Stability Margin:

When studying voltage stability for the purpose nfs identification, it is clear that there are two
approaches to resolving this problem of power sysfehe first is static and the second one is dynabisually
P-V and Q-V tools represent a static approach and eesult represent the static voltage stabilitytl It is
more precise to use the dynamic approach in omlesupport the weakest load bus identification biyngis
different loading conditions. (Mahdi, M.M. El-arjriRaef S.S. Ahmed)

Voltage Stability Margin represents an indicator &tability state. This indicator depends on caitic
apparent power in a certain load with respectgmdrmal value in specified operating conditiorof. Rai,
D.K., 2012)

(VSM),, = S (28)
k

In order to estimate the relation of critical baading, it is useful to use the V-1 polynomial etioia which
is described below:

Let the relation between voltage and current iredain load bus represented by the followin§*order
polynomial:

V=1 (l) =ap+a[+a,1?+.................. +a,, I™ (29)
Since the apparent power is the product of voltagkcurrent magnitudes, it equals;
S=V I=f; () = agl+a I2+ay3+................ +a,, ™! (30)

The maximum condition is written as
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g—f = 0 Which leads to the equation below

agt2al+3a,>+...oii, (m+ 1Da,,I™=0 (31)
The solution of this equation gives the value ofximum critical current and as a result the critical
apparent power is function of this current, means:
ST=£0UT) (32)
So, these relations are used to calculate thecaritipparent power in each load bus. Different iload
conditions with power flow studies give a specifadues of current coefficients. Also these valuas loe found
in power system planning center. In this thesidaheing of load buses is used.
In matrix form, the V-1 polynomial can be writtes a

R A Mra1 vy
1 I e [al =|V, (33)
1 Ik """"""" I]:n am Vk
Let AX=B (34)

Once the coefficients of polynomial or vector Xcalculated from the solution of this matrix, théical
load and Voltage Stability Margin can easily detieen

4. Determination of UPFC Parameters:

Power system solution is iterative using load flmethods. So, it is important to estimate initialues as
starting points for the solution. A Newton - Raphgmwer flow program is used to calculate the umkme of
the system with the inclusion of UPFC.As the magiét of the series-injected voltage decide the otlatt
power flow, it is necessary to specify initial vatuof this voltage. (Enrique Acha, et al., 2014)

Let P, andQ,,are specified active and reactive power at buad, @ssumind;= 1 p.u then the values of
estimated series voltage (r ad)daccording to equations (12) and (13) are

r= i 2/(Psp2 +Qqp?), and (35)

y=tan™1 i) (36)
Qsp

Assuming the value c(LL Jequals 0.1 p.u,then the initial valuesradndy are calculated and used as input

values in the program. The shunt voltage souremisa critical matter and the value of initlg}, equals 1 p.u
with zero angle and these valuesare not fixede@gahe updated at eachiteration. The solution spyhen the
values of series and shunt voltages are out of hrescribed limits. The program used incorporate WPFC
model within Newton-Raphson power flow program. Biveen flowchart represents the procedure of design
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Load Flow 1
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Fig. 5:Flow Chart of UPFC Design Procedure

It should be noted that:

% When implementing the program, iteration is inceghene at each step and ensure that the values of
r,Vn & are within acceptable limits.
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¢ The results includajected power on buses and line flows betweensagd other information need
for selection of suitable UPFC.

% The program provides the facility of using morertlame UPFC in the system which helps in nr
accurate result.

5. Simulation of Power System Using Power World Simulator:

Power world simulator is platform to simulate power systems in an easynmiants graphical use
interface makes it easy to use. There are two motleperation of the simulator. The Edit Mode ananl
Mode. In the firstone it is possible to create a new system, modifgdit it. In the second simulations can
performed as if it were a true syste(Thomas Jove bye, 2001)

6. Different UPFC Operating Modes:

The UPFC NewtorRaphson model provides the ability of controllinig constraints simultaneously
individually or in combination.Rrakash G. Burade, Dr. Jagdish B. Helonde, ).

The normal operation of UPFC means all constraamtsstimulated. Theseonstraints are active ai
reactive power, voltage magnitude. Another caseostrol active and reactive power while the volt
magnitude is fixed and so on. The given table shitwse different control modes. These modes endbe
the main purposefanstalling UPFC in the system is providing thelipof power flow and voltage regulatic
at the point UPFC connected.

Table 1: UPFC Control Modes

Mode UPFC Control Variables Sta

1 Normal UPFC Operation(all variables activa

2 Control LineActive and Reactive Powéf(=0)

3 ControlLine Active and Reactive Powelr,Eoriginal=0.9955)

The values of constraints indicated are implemeirtéde program and results are obtained and caedpi

The results obtained for each mode are useful weldping an Adaptive Neural Fuzzy Inference Sys
module. Thismodule is used as an identification of system degwinstability. The ANFIS input are serie
voltage and angle @ndy) and the output voltage stability margin

6. How to Module UPFC in Power World Simulator:

The UPFC consists of two voltage source converf®iSCs) in order to provide dynamic and st:
compensation of A.C transmission syste

The series converter which is usually operated 8§3C provides the main function of UPFC. It irg¢
active and reactive power to the network usingcige series voltage at system frequency contraihe
magnitude and phase. ThHPFC series convertds modeled by a negative resistance which represie
injected active power of series converter to thewoek and the injected reactive power is modeleda
inductive or capacitive reactancali(Akbar Mtiebirjandi, KauomarsSabzaw)

Consider thefollowing figure which represent the UPFC in -bus network one machine module
shown.

N vV 7
Ve SE - y
s<LS %, V.,Z0

+ -~ .
7 B lR

Q..
Fig. 6:UPFC in two-bus network

The current flowing in the line is calcula

| _VsLst+VselLy—VLO (37)
jXi o ) )
And the apparent power injected by series converter is expressed as:
Sse=Voe * I" (38)

Where {;.) represents the series injected voltarL_y) .So, the active and reactive power injectec
series converter are

P, ezVSZSE sin(§ —y) + —Vf;fse sin(y) (39)
Vs*Vse Vir*Vse Vse’
Qse =252 cos(8 — ) - T2 cos () +2¢ (40)
l l 1

The given figure represents the modelling of activel reactive power by a parallel combinatior
resistance and reactance.
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Fig. 7:Modelling of series convert

And the values of resistance and reactanc

= Vs’ _ VserXi (41)
Pse Vssin(8—y)+Vysin(y)
X=2se = JsetXi (42)

Qse - Vs ?05(5_Y.)_Vr cos (Y.)"'Vse . . .
The simulation of this module is performed by cating parallel elements iseries elements as sho

V48 V. £0

S 1‘\1- lR
Ruprc Xyprc
Qt.’:

Fig. 8:Modelingof the UPFC in Tw-Bus Network

And the impedances related to this representatie
_ R#X?

Ryerc =i (43)
_X+R
Xuprc T (44)

Therefore, using the values of series injectedagals, buses voltages, and the active and readiverpf
series converter, the values of resistance andtamee are calculated and implemented in power v
simulator program. Thealues of active ar reactive power of series converter are part ofrtlag lab progran
used for the solution of the netwc

6. |EEE 9-Buswith UPFC:

IEEE-9 bus system is shown in fig.). It consists of three generators and three load bumksystem dat
is given in theend of paper .The insertion of UPFC is studied thasethe procedures discussed in the prev

chapters.

8 ‘ 7 . 6 3

2 » - 8S{EMW

163w . o ] e o= = - "
o= =1 , i ={=80
» - 100MW] N 448Mvar
35Mvar\ -
|

41%\1var
= 5

9

I
125gMw )y —C
n_u

90FMW
—_
5 | |
e ] 30Mvar
,
; 72w
C’E‘D lﬁMvar

Fig. 9:IEEE-9 Bus Network

So, first it is necessary to identify the weakasd that UPFC iinserted. Thédentification is implemente
by calculation of voltage stability margin for edolad bus The lowest one represents the weake:

Voltage stability margin represents one of mainidatbrs used in voltage stability study and it givan
indication forweakest bus determination. As the value of VSMaarrunity, the load bus and the syster
stable. The calculation of VSM depends on the \&hbfecurrent and voltage in each load bus. Thismaehat
the readings of control centers could be usedhis purpose. If these readings are not availabke network
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can be tested by incremental loading of each lasdand determine the values of voltage and curesntired.
Three values of bus loading (10%, 20% and 30%sed.

This method is applied to IEEE-9 bus network. Tame values of apparent power and bus admittance is
used. Currents are calculated and eq. (30) is ddlveobtain the (a -constants) in eq. (31) and essalt the
value of critical apparent power for each load Btisally, the values of VSM of all load buses asadcalated
and the lowest one represent the weakest loadibestesults are listed in the following table.

Table 2: VSM for Different Load Buses Without UPFC

Bus No. Apparent Power VSM
5 0.9+J0.3 0.6628
7 1+J0.35 0.6504
9 1.25+J0.5 0.6056

It is clear that load bus (9) represents the waalies and the FACTS device mainly UPFC should be
placed at this bus.

5.2 Design Specification of UPFC Parameters:

According to design procedure, active and reagiiveer must be specified based on load flow resnlts
the weakest bus line and calculation of relateg)(is performed. The line flows between the weakest and
other load buses is useful in power specificatiime given table shows the branch data from load fiesults
of 9-bus without UPFC.

Table 3: Branch Data of 9-Bus without UPFC

Branch No. From Bus To Bus P(MW) Q(MVAR)
1 1 4 71.7 27.1

2 2 8 163 7.2

3 6 3 -85 155

4 4 5 30.8 0.9

5 9 4 -40.6 -38.8

6 5 6 -59.3 -13.6

7 7 6 -24.2 -23.7

8 8 7 76.3 -0.1

9 8 9 86.7 -8.5

Now, considering branch (5) of line (9-4) the valuef @, P;,) and the relatedr,y) according to
equations (35) and (36) are given in the followialgle.

Table 4: Specified Values of UPFC Parameters
Pop(p- 1) Qsp(P- 1) r
-0.5 -0.5

v (deg)
0.07071 45

These values are used as input data in mat lalrgarogvhich its solution gives the designed values of
different UPFC parameters needed and helps in girayithe data for simulation.The program is exedute
three iterations.

Table 5: UPFC Parameters for IEEE 9-Bus

Item Iteration#1 Iteration#2 Iteration#3
Series Voltage r=0.0707 r=0.0344 r=0.0862
riy y=-44.9967 y=-172.6892 v=56.4366
Shunt Voltage Ver=1 V,=0.9422 V,=0.9522
Ve L O ©=0 ©=1.4524 ©6=1.7315
Series Active Power (p.u) | - P.,_0 P.--0.0324
Series Reactive Power (p.u) | - Q.-0.05 Q.=-0.0039
Shunt Active Power (p.u) | = ------ P,._0 P,.—- 0.0638
Shunt Reactive Power (p.u) | = ------ Q-0 Q,r—- 0.5443

6. ANFIS Prediction Model Using UPFC Control Modes:

The UPFC has different modes of operation basedatimation of certain parameters and others are not
These control modes provide the input data neededNFIS (r andy) with related output which is voltage
stability margin. This model is useful for the posp of prediction of network stability accordingdertain
values of (r ang).

The training data sets for ANFIS are generatedguinee different modes of operation of UPFC in the
systemduring load flow solution.The UPFC program isplemented for each mode and the
correspondingyprcand Xyppe are calculated in order to implement the netwavkl power world simulator
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program for the purpose of voltage stability marggiculation.Collection of these data put togethertraining

data set.

Table 6: Sets of Data for ANFIS Model

Mode r Y Ryprc Xuprc VSM
#1,All Variables Controlled 0.0862 56.4366 -0.22601 -0.0272 0.7795
#2,Control P and 0.0869 59.9192 -0.2328 -0.02992 0.6495
Q. Virsta=0

#3,Control P and 0.0848 58.9808 -0.2188 -0.0239 0.6065
Q,V,=0.9955

The ANFIS is implemented and the error result 1sE67) which is acceptable and the following figarshows the detail analysis.

BN Anfis Editor nine_bus =] (S S|
File Edit Wiews
A0 Training Error — ANFIS Info. —
s
#Fof inputs: 2
# of cutputs: 1
4 # of input mfs:
e s s
=
L
2
=
Structure
o s s e o E e e e . =
o 2 4 6 8 10 __ ClearPiot |
Epochs
Load data Generate FIS Train FIS Test FIS
Type: = - Crptim. Method:
= “ i Load fr file i & i 0
@ Tr ing - R hybrid - Plot against:
. . 1 file @ Load from worksp. Error Tolerance: @ Training data
_ i Testing = o
= = I BT rtitio: I Testing data
~ | Checking @ weorksp. - S n Epochs - -
= Sub. clustering ) ! Checking data
| Bemo @ 10 =}
Load Data... Clear Data | Lo | Test Now |
| Epoch 10:error= 1.9643e-008 | | Close J |

Fig. 10:IEEE 9-Bus Training Error

m HAunfis Editor: nine_bus

File Edit Wiewr
Training data - o FIS output - = — ANFIS Info. —
0.8
# of inputs: 2
075 # of outputs: 1
# of input mfs:
= 33
£ o7
Lo
065 ==
Structurs
s s s 5=
1 L= z 25 e __Ciearpiot |
Inde:x
Load data Eenerate FIS Train FIS TestFIS
Twpe: N D ptim. Method:
z ! Load from file i - Plot inst:
@ Training = hayrbrid = aga =
- . 2 Load from worksp. Error Tolerance! @ Training data
Testing = o
; " | Grid partition e ke
| Checking Epochs; -
= ¢ Swub. clustering 10 Checking data
Demo
Load Data... | Load . Train Mow | [ [z iR - i
| Awerage testing error; 1.9643e 008 | | | Help i Close

Fig. 11:IEEE 9-Bus Training Data
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n FIS Editor: nine_bus S | (S| | i
File Edit Wiew
F fiuk
/ (sugeno}
| FIS Mame: nine_bus FIs Type: sugenoc
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Or method BEOE e e VSM
i == Type output
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Fig. 13:1EEE 9-Bus Model Rules

u Surface Viewer: nine_bus | = | X
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Fig. 14:1EEE 9-Bus Model Surface Viewer
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Anfis Model Structure |. = | =l i:i—l
input inputmf rule outputmf output

Logical Operations
and

. or

not

| Click on each node to see detailed information | | | Update | | Help | | Close | |

5 o

Fig. 15:1EEE 9-Bus Model Structure

It is evident from fig. (13) that this model proe&lthe capability of VSM prediction for any valug(ioand
v) without any need of further calculations. Anyualobtained of VSM gives an indication of degre@aiver
system stability. The surface viewer helps in repntation of the maximum and minimum system in@ties
(r andy). This model is accepted due to its low error.

Conclusion:

This paper presents an implementation procedurg®R#C placement and design consideration. The UPFC
load flow mat lab program provides the design deeaded for selection of UPFC. Voltage stability giar
helps in identification of the weakest bus in tlework. The UPFC provides the facility of differembde of
operation based on certain conditions. The regilthese UPFC control modes give a set of dataewént
ANFIS building model. This is useful in voltage lsitdy margin prediction for any value of input dat
Adaptive Neural Fuzzy Inference System is receatlgeful approach in power system stability préafict
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Appendix:
Implemented 9-Bus System Data:

Table A.1: Bus Data

Bus No. V (p.u) PL(MW) Q.(MVAR) P;(MW)

1 1.04 0 0 -

2 1.025 0 0 163

3 1.025 0 0 85

4 1 0 0 0

5 1 90 30 0

6 1 0 0 0

7 1 100 35 0

8 1 0 0 0

9 1 125 50 0

Table A.2: Line Data
From Bus Voltage Rating| Frequency Rating(Hz)
To Bus (KV) R (p.u) X (p.u) B (p.u)

1 4 16.5 60 0 0.0576 0
8 2 18 60 0 0.0625 0
3 6 13.8 60 0 0.0586 0
4 5 230 60 0.017 0.092 0.158
5 6 230 60 0.039 0.17 0.358
6 7 230 60 0.0119 0.1008 0.209
7 8 230 60 0.0085 0.072 0.149
8 9 230 60 0.032 0.161 0.306
9 4 230 60 0.01 0.085 0.176




