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ABSTRACT: This paper presents an Overview of Mathematical Steady-State Modelling of Newton-RaphsonLoad
Flow Equations Incorporating Load Tap-Changing Transformer, Shunt Capacitor and FACTSDevices, the
incorporation of these devices expand the robustness and versatility of Newton-Raphson solution technique of load
flow studies since power flow analysis of the transmission system forms the core of power system planning and
operation has it provides steady state of the entire system such as real and reactive power generated and absorbed, line
losses and the voltage magnitude and angles. The steady-state models of these discrete (LTCT and Shunt Capacitor)
and FACTS controllers produced a set of algebraic equations which will be combined with power system network
algebraic equations. The FACTS devices reviewed are Static Synchronous Series Compensator(SSSC), Thyristor
Controlled Series Compensator (TCSC),Unified Power Flow Controller(UPFC), Static Synchronous Compensator
(STATCOM), Interline Power Flow Controller (IPFC) and Static Var Compensator (SVC).This paper aims to provide a
quick review of mathematical modelling needed for conducting load flow analysis of electrical transmission network
incorporating OLTC, Shunt Capacitor and FACTS controllers.
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1. INTRODUCTION

The backbone of power system planning and operation is load flow studies, it provides detail of sinusoidal steady state
of the entire system —voltages, real and reactive power generated and absorbed and line losses. The steady state power
and reactive powers supplied by a bus in a power network are expressed in terms of nonlinear algebraic equations and
these set of nonlinear algebraic equations represent the network under steady-state conditions [1].Generally, in load
flow analysis, the power system network is modeled as an electric network and solved by iterative techniques for the
steady state power (real and reactive), voltages (magnitude and angles) at various buses [2].

One of such iterative technique is Newton-Raphson techniques,it approximates a set of non-linear simultaneous
equations to a set of linear simultaneous equations employing Taylor’s series expansion while limiting the terms to the
first approximation [3]. It has convergence characteristics which are relatively powerful compared to other known
iterative techniques. Also, the reliability of Newton-Raphson approach is comparatively good has it can solve cases
leading to divergence with other popular processes [2]. Several devices ranging from discrete to modern power
electronic devices can be incorporated into this algorithm to achieve distinct purposes such as voltage profile
enhancement, system real and reactive power losses minimization and optimal economic dispatch among others.

In its basic form, power flow equation is set up thus;
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Fig.L:A line and transformer representationﬁ between two buses (Source: Kothari and Nagrath, 2006)
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Applying KCL at bus i, the result is given inform of the equation;

L=1;+ Ly =W, —V)yu+Vivi,
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The complex power injected by the source into bus i of the system is given by:
S =P +jQ =Vl =P —jQ; =Vl

Substituting for I; in equation (2) we have;

Pi—jQi _
;= V—J =V, = Vidyie + Viviz

L
In general, for n number of buses we have;

— Pi—jQi _
I = I Vi X0 vij — Xi=1¥iiV

J#*EI

1)
()
3)

(4)

From equation (4), the mathematical formulation of the power flow problem results in a system of algebraic non- linear
equations which must be solved by iterative techniques.Application of Newton-Raphson method to the solution of load
flow equations, bus voltages and line admittances may be written in polar or rectangular form. The current I; injected

into bus i is given by equation (3) can be re-written as;

L=V, X1 vV,
In polar form;
;= ?=1|Yij||Vi| £0;; +6;

Such that the complex power at bus i is written thus:
P —jQ; = Vi'l; = Vil = 6, 37, |Y;;|IV;] 265 + 6
The Real part of the equation (7) is given as;

P; = X},|ViVY;;| cos(6;; — 8, + 6)

The imaginary part of equation (7) is given thus;
Qi = = X}|ViV; Y| sin(6y; — 6, + &)
In compact matrix form, applying Taylor’s series to expand equations (7.1) and (7.2) the initial estimate gives the

equation (8);
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The diagonal and off diagonal elements of the Jacobian matrix above are given by the following equations;
:|_:| = 2|V;Y;ilcos6;; + XisplVi Yi | cOS (B + 6, — 6;) (8.1)
F= = =21V Yylsin6y; — Tl VieYie| sin O + 8, = 6;) (82)
oo = Byl ViV il €05 (8 + 6 = 6) ®.3)
7 = ViV Yylsin (8 + 6, — 8)) (8.4)
s = V¥l cos(O + 6, = 8) k=i (85)
sor = —IViVi¥ylcos(@y + 8 —6)  k#i (86)
S = ~WVi¥ulsin@y + 6, —8) k=i 8.7)
The power mismatches is given by the equation (9) and (10);
APi(k) = Pi,spec - Pi,calc (9)
AQL'(k) = Qi,spec - Qi,calc (10)
The updated Voltage magnitudes and angles are given by;
s = 5k + Ask (11)

(k+1)| _ [y, (k) )

V] = v+ Al (12)
A. INCORPORATION OF LOAD TAP-CHANGING TRANSFORMER (LTCT) INTO THE LOAD

FLOW EQUATIONS

Load tap changingtransformers are endowed with the ability to regulate nodal voltage magnitudeautomatically by
varying the transformer tap ratiounder load; they are equipped with taps on the windingto adjust either the voltage
transformation or reactive flowthrough the transformer. The representation of a LTCT may be achieved bythe series
connection of the short circuit admittancerepresenting a per- unit transformer and an ideal transformerwith taps ratio
T :1is reported in (4).Details of thepower flow equations incorporating Load Tap Changing Transformer with Newton
Raphson iterativealgorithm is reported in (5)
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Fig.2 : Simple tap — changing transformer [4]
From Figure 1, we have,
wl= L, wenlel= Ly, w5 l) @
TiYe  TiYe T Yimie ) )
The power flow equations at both ends of the transformer with T;, allowed to vary from Ty, < T < Timaxare given
thus;

Py = VEGig + TiViVin [Gim €OS(0), — 0,) + By, SIN(B), — 6,)] (14)
Qx = VB + TiViViu [Gim SIN(Oy — 0,,) — By, €056, — 6,,)] (15)
Pm = TkZV‘n% Gmm + TkaVk [Gmk COS(Gm - Gk) + Bmk Sin(gm - Hk)] (16)
Qm = _TkZV‘rr%Bmm + TkaVk [Gmk Sin(gm - Gk) - Bmk COS(Gm - Hk)] (17)

Where Y = YVim = Grx + jBrk = Yo Yem = Yok = Gim + jBem = =Y, Iy is the current at bus K, I,,, is the current
at bus m, Y, is the admittance at bus m, V,, is the sending end voltage magnitude at bus k, V},, is the sending end voltage
magnitude at bus m, T}, is the variable tap, 6, is the phase angle of the voltage at bus k, 8,, is the phase angle of the
voltage at bus m, P, is the active power at bus k and P, is the active power at bus m, Q, is the reactive power at bus k,
Q. is the reactive power at bus m, AP, is the active power mismatch at bus k, AP, is the active power mismatch at bus
m, AQ, is the reactive power mismatch at bus k and AQ,,, is the active power mismatch at bus m.

The set of linearised power flow equations for the nodalpower injections, equations (14) — (17) assuming that theload
tap changer (LTC) i is controlling nodal voltagemagnitude at its Sendlng end (busk);

0P, OP. 0P, oP. V.

Cap T’ |90 96, Tt V. "M ap,
0P P. OP.. OP., | Ap,

APn| |20, 20, aT.™* av.'"| AT
AQ | 19 Q. Q. N, | T "

20, 20, oT.'* av,'" AV,
AQn] 6Q 6Q Q. N, V.
36, 96, o, V.’

At the end of each iteration, i, the tap controller is updated using the this relation defined by equation (19);
Tki — Tk(i—l) (ATk) T(L 1) (19)

B. MODELLING OF SHUNT CAPACITOR INTO THE LOAD FLOW EQUATIONS

Shunt capacitors are discrete controllers usually used to inject reactive power at defective buses where voltage
magnitude falls outside the acceptable voltage range of 0.95p.u to 1.05 p.u [6]. This shunt capacitor could be installed
near the load, in a distribution substation, along the distributionfeeder, or in a transmission substation. However, for the
purpose of reactive compensation at the transmission substation both inductive and capacitive reactive types are
installed [7]. The details of the power flow equations incorporating shunt capacitor with Newton Raphson
iterativealgorithm is reported in [6-7].
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The complex power flow equations for both active and reactive power for uncompensated transmission system solved
by Newton-Raphson’s iterative method are defined given below;

P, — Pd; = X", |V,V;Y;j| cos(6;; + 6, —6;,) i=123....n (20)

Qi —Qd; = = X7, |ViV;Y;|sin(6;; + 6, —6;) i=123....n (21)

Where S; = Complex power supplied to busit®,I; = Current at busi**, P,= Real power generated at bus i*, Q;=
Reactive power generated at bus i*", Pd;=Real power consumed at bus i**, Qd;= Reactive power consumed at bus i*",
V is the bus voltage, 3 is the angle associated with V, Y;; is the element of bus admittance matrix, 0 is the angle
associated with Y;; . Applying Taylor series to equation (20) and (21), the following first order approximation is
obtained thus;

AP AS

[aol =112 721l @3)
The active and reactive power mismatch is given by;
APi(k) = psch _ Pi(k) (24)
AQ,® = @ — (25)
The new estimate for bus voltages is obtained thus;
s = 58 4 ps® (26)
v = || + v (27)
With injection of reactive power via shunt capacitor, the equation (20) above becomes;

Qi —Qd; + Qc; = = X7 |[ViVYy|sin(6;; + 6, - 6;) i=123....,n (28)
Qc;=additional reactive power support at bus i**, and it value is estimated using equation (29);

Q= P [ sin (&) - sin (& (Pf(z)))] (29)

where P= Real Power for uncompensated system, Pf;, =Uncompensated system , Pf,y = Compensated system and
the capacitance value required for compensation is given by;

c=-% (30)

T 2mfv2

C. INCORPORATION OF STATIC SYNCHRONOUS SERIES COMPENSATOR (SSSC) INTO THE
LOAD FLOW EQUATIONS

FACTS controllers are basically power electronic devices which automatically control the parameters like line
impedance, bus voltage and phase angle of the network [8]. FACTS controllers are classified as Series, Shunt,
Combined series-shunt devices based on their existence in the system [9]. A member of Series controller is Static
Synchronous Series Compensator (SSSC) which is used to flexibly control bus voltage magnitudes and power flows
along the transmission lines. It has a voltage source converter serially connected to a transmission line through a
transformer. It injects voltage in quadrature with one of the line end voltage in order to regulate the active power flow
[10-11]. It does not draw reactive power from the AC system; it has its own reactive power provisions in the form of a
DC capacitor [12], the equivalent circuit of SSSC is shown below. Details of thepower flow equations incorporating
SSSC with Newton Raphson iterativealgorithm is reported in [11]

+Vg [Og —
Busi )

Fig. 3: SSSC equivalent circuit [10, 11]
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From [12], the SSSC voltage source is given by the equation;

EL, =V (cos8l, + jsins?, (31)
The boundary condition for V.zand §.zare as given in equations (32) and (33);

VCR (min) =< VCR =< VCR(max) (32)
0< 6 <2r (33)

With the SSSC Thevenin equivalent circuit of fig. 2 and equations (31) to (33), the expressions for the active and
reactive powers at bus k are written thus;
P; = VZGy — ViVi[Gyccos(8; — 0;) — Bysin(6; — 6;)] — ViVerlGyecos(8; — 8cg) — Bysin (8; — 8¢g)l

Q; = VZBy; = ViVi[Gyesin(6; — ;) — Bycos(0; — 6;)] — ViVer[Gyyesin(6; — 8cg) — By €0 (8; — 8cg)]

For the converter, the active and reactive powers are given by the equations;
Peg = ViR Gy — VerVilGiccos(8cg — 6;) — Byesin(Seg — 6;)] — VerVilGiccos(Scg — 0x) — Bysin (8cg — 6;)]

(36)
Qcr = —VérBik — VerVie[Gixsin(Scg — 0x) — Bicos(Scg — 0i)] — VerVi[Giresin(Scg — 6)) — ByyeCos (Scr — 61)]
@37)
With the inco[poration of SSSC, system admittance matrix and conventional Jacobian m_atrix is formed thus;
oP. oP. OP, OP. oP. oP
00, 90, N N 86. N T
8Pk 8Pk 8ka 8Pk 8Pk 8Pk V AQ.
_APi— 89. 80k 8V| i 8Vk 85CR 8VCR “ Aek
AP.||0Q Q Q. Q aQ Q, |AV
AQ | |20, 20. V. V. 0w Ne' | N |
AQk 8Qk 8Qk 8ka 8Qk 8Qk 8ka A—\/k
APik 89. 80k 8V| i 8Vk 85CR 8VCR “ AéckR
_AQik_ 8Pik 8Pik 8Pikv 8Pik 8Pik 8Pikv AVCR
80i 80k 8V| i 8Vk 85CR 8VCR “ VCR
Q. Q. Q,, Q. Q Q. 7
106, 00, oV, N« 06x N& =

D.

THE LOAD FLOW EQUATIONS

INCORPORATION OF THYRISTOR CONTROLLED SERIES COMPENSATOR (TCSC) INTO

Thyristor Controlled Series Compensator (TCSC) are FACTS controllers based on thyristor controlled reactor (TCRs),
it permits rapid and continuous changes of transmission impedance, controlling power flow in the line and improving
system stability[12]. TCSC belongs to the family of FACTS controllers that are used for enhancing dynamic
performance of power systems in terms of voltage/angle stability while improving the power transfer capability and
voltage profile in steady-state conditions [13-15]. The TCSC moduleis shown below in fig.3 and the details of
thepower flow equations incorporating TCSC with Newton Raphson iterativealgorithm is reported in [12, 18].
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Fig4: TCSC module connected between two buses [12, 16]

The fundamental TCSC equivalent reactance is expressed by the equation (29) below
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Xpese = —X¢ + 2EXL{2(n — a) + sin [2(7 — )]} — = )COSZ(n a){( L)Et [( (7 - a)]

tan(mr — a)

XcX1
Xc—XL,

Where X, =

The active power equations at bus k and m are given equations (40) and (41) below;

Py = ViV BySin (6, — 6;,)
Pm = VkaBmkSin (Gm - Gk)

The reactive power equations at bus k and m are given equations (42) and (43) below;

Qx = —V¢Bj —
Qm = _V‘rrlemm -
Where By, =

VieVin B €08 (6, — 6;,)
VinVie Bk €08 (6, — 6y)

1
—Bp and Brege =

—Bim, By = .
femo - mm XTcsc

(39)

(40)
(41)

(42)
(43)

With TCSC controlling active power flowing from bus k to bus m at a specified value, the set of linearised power flow

equations is given thus;
- P,
90,
op,
90,
0Q,
90,
°Q,
90,
P P Py,
20, o0, N,

Where AP AQ APZTCSC are power mismatch equation expressed as;

P,
0.
P,
00,
an
00,
°Q,
o0,

aTCSC

oP,
v
oP,
oV,
6Q
N,
6Q
v
a P:;CSC
v,

NV,

oTCSC

AP, = Poye — Py — PEoL = P3eh — pfal = 0

AQy = Qgx — Qrx — Tzzlcc lQSCh —Qi"=0
T _ preg a a

APa’ csc Pkm _ P

Teg = The active power to be controlled from bus k to bus m,
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Similarly A8, AV, AaT¢S¢ are the state variable expressed as;

AG = 9i+1 _ 91’ (48)
AV = VL'+1 _ Vi (49)
AQTCSC = TCSC(i+1) _ ,TCSC(D) (50)

AaTC5Cjs the incremental change in the TCSC firing angle at the i iteration, The Jacobian elements for the series
reactance, as a function of the firing angle o TCSC are given below. Partial derivatives of the variable series
impedance model are:

2L X = Ve BiomSin (6 — 6,,) (51)
2L X = V2B + ViV Bim€0S (6 — 61n) (52)
SPgm — ﬂ (53)
5x 85X o )
Partial derivatives of the firing angle model are given by:
sp 5x
5_: = PyBrcsc ;;SC (54)
5Q 85X
55_: = QxBresc S ;;SC (59)
B X
(;T;SC = Bfcsc ;;SC ) ) (56)
s . 4x} xc\z xc\z
X;;“ = _ (XC‘:'TXLC) [{z(n —a)+sin[2(r— )]} — XL(LnC) cos?(m — a) {(X—Z)z tan (X—Z)z ((mr— a)] — tan(m — a)}]
(57)
E. INCORPORATION OF UNIFIED POWER FLOW CONTROLLER(UPFC) INTO THE LOAD FLOW
EQUATIONS

Unified power flow controller is ashunt-series compensator; it operates as a combination of voltage regulator, variable
series compensator and phase shifter [16]. UPFChas the ability to control, simultaneously orselectively, all the
parameters affecting power flow in thetransmission line (voltage, impedance, and phase angle) and as a result, it can
fulfill functions of reactive shunt compensation, series compensation and phase shifting meeting multiple control
objectives [16-18]. The shunt converter of the UPFC controls the UPFC busvoltage/shunt reactive power and the dc
link capacitor voltage while the series converter of the UPFC controls the transmission linereal/active power flows by
injecting a series voltage of adjustablemagnitude and phase angle [18-21].

The configuration of UPFCis shown below in fig. 4 and the details of thepower flow equations incorporating UPFC
with Newton Raphson iterativealgorithm is reported in [16, 18].

Vi v

Series Transformer

Shunt Transformer mﬁ

R

AC Terminal

il

Ik

A

Fig. 5: Configuration of UPFC [18]
The UPFC voltage sources are given by the equations [58, 59] below;
Eyr = Vyr(cosédyg + jsindyg (58)
Eyr = Vegr(cosdcg + jsinbqg (59)

DC Terminal
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WhereV,, ands,; are the controllable magnitude (Vg min < Vyr < Virmax ) @nd phase angle (0 < 6y < 2m) of the
voltage source representing the shunt converter and also the magnitude V., andphase angle §. of the voltage source
representing the series converter are controlled between limits (Vegmin < Ver < Vegmax) and (0 <6y < 21 )
respectively. The active and reactive power equations are at bus k are given by equations (60) and (61) respectively;

Py = VEGry + ViV [Grmcos (8, — 0,,)+ Byysin (8, — 6,)]1 + Vi Ver[Grmcos(0y — Scr) + BymSin (0, — 8cp)] +

ViVyrlGyrcos(8y — 8yg) + Bygsin (6 — dyr)] (60)
Qx = =V By + ViV [Giem5in(8y, — 0,,) =By, €0S (8 — 0:,)] + VieVir[GrpnSin(6y — 8cg) — By €08 (6 — 8cr)] +
ViVyr[Gyrsin(6), — 6yg) — ByrCos (8, — Syz)] (61)

At bus m, the active and reactive power equations are given by the equations below;
Pk = V‘rrzlcmm + Vka [GkaOS(Hm - Gk)+ BmkSin (Gm - Hk)] + VmVCR [GmmCOS(Gm - 6CR) + BmmSin (G(m ; 6CR)]
62

Qk = V‘rrlemm + Vka [GmkSin(Hm - Hk)_BkaOS (Gm - Hk)] + VmVCR [GmmSin(Gm - 6CR) + BmmCOS (G(m ; 6CR)]
63

The active and reactive power equations for the Series converter:

Peg = VirGnm + VerVie G cos(8cr — 8x) + BimSin(Scg — 01)] + VgV [Grn €08 ((Scr — 61 + B Sin(Scr —

)] (64)

Qcr = _VCZRBmm + VerVi[Grmsin(Scg — 6x) — Brmcos(8cr — 01)] + Ver Vi [Grym SIN ((8cr — 01m) — B sin(Scg —
Om)] (65)

The active and reactive power equations for the Shunt converter:

Pyr = =ViirGyg + VyrVi[Gyr C‘_)5(5VR — 0)) + Bygsin (Syg — 6] (66)

Qur = —Vi#rByr + VyrVi[Gyr Sin(Syr — 6;) + ByrCos (8yz — 6] (67)

If UPFC is to control these following parameters: Voltage magnitude at the shunt converter terminal (bus k), active
power flow from bus m to bus k, reactive power injected at bus m andtaking bus m to be a PQ bus, then the linearized

system of equation is as follow;

0P, 0P, OP,

00, 060, N oV,
P, 0P, 0 OP.
|06, 00, oV,
AP 16Q  oQ, anv Q.
AQ 50k 80m 8VCR " 8VVR

<1 1 0Q, dQ, ﬁQmV
AP 00, 90, oV, "
Aka OP.. OP. Puy
Ap"| | 89« 06 N, "
- e 10Q, 9Q, aQ,,
00, Q. oV,
8Pbb 8Pbb 8Pbbv @
100, 00, Ns'" 0oV,

oP, |
OO

P, oP. OP,

00 OV
8Pm 8Pm VCR 0 K Agk ]

85CR 5VCR AH
Q. Q. Q|
85CR GVCR R 85VR N\/R
Q. ., , AV
85CR GVCR x m
8Pmk 8Pmkv 0 A5CR
85CR GVCR x %
Q. Q. . |Ve
0. 05.7 ° [Adw
OP. 8Pbbv @
080 No'™ 06m

Vs Vo, Ve

V.

V.,

V.,

V.

(68)
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F. INCORPORATION OF STATIC SYNCHRONOUS COMPENSATOR(STATCOM) INTO THE
LOAD FLOW EQUATIONS

Static Synchronous Compensator (STATCOM) is shunt type reactive power compensating FACTS controller capable
of generating or absorbing reactive power and most widely used of all the VVoltage Sourced Controller (VSC) [10, 22].
It consists of voltage source inverters connected to an energy storage device on one side and to the power system on the
other side. Also, at the output, STATCOM produces less harmonic content and higher compensation Volt Ampere (VA)
capacity. Inclusion of STATCOM on power system can appreciably improvedynamic voltage control in transmission
and distribution,power oscillation damping in transmission system,transient stability,voltage flicker control and active
power control in the connected lines[10].

The Thevenin equivalent circuit representing the fundamental frequency operation of theswitched-mode voltage
sourced converter and its transformer and as well as the the details of thepower flow equations incorporating
STATCOM with Newton Raphson iterativealgorithm is reported in [10, 22-23]

Busk Bus k Vi

E % Lsrc Zsc

@ Vsrc

g

o

;

Ve
Fig.6a: STATCOM schematic diagram

Fig.6b:STATCOM equivalent circuit

Figure 6: Thevenin Equivalent Circuit Diagram of STATCOM [10, 22-23]

Vsre =Vie ¥ Zsclsre (69)
Expressed in Norton equivalent form;

Isrc = Iy = Y5V (70)
Where Iy = Y- Vsre such that the bound constraint on the STATCOM voltage injection Vgr

VSTC min < VSTC < VSTC max (71)

In the above equations, V;, represents bus k voltage and Vg, represents the voltage source inverter./yis the Norton’s
current while Ig;is the inverter’s current. Also,Zg-and Ysqare the transformer’s impedance and short-circuit admittance
respectively. The current expression in (60) is transformed into a power expression by the VSC and power injected into
bus k thus;

Ssrc = Vsrelsre = VireYse = VsrcYscVie (72)
Sk = Vilsre = VercYscVi — VidYse (73)
Using rectangular coordinate representation,

Vi = ex +jf (74)
Vsre = esrc + jfsre (79)

Vsrel =+ elszrc + férc (76)
8sr¢ = m (77)
esTc
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Where |Vsrc|= voltage magnitude, 8¢r-= voltage angle, e, and fiare the real and imaginary parts of the bus voltage,

also egrc and fyrcare the real and imaginary parts of the STATCOM voltage respectively. The active and reactive
powers for the STATCOM and node k respectively are given below;

Pgre = Gyel(eére + fére) — (esrcex + fsrefi)l + Bsc(esrc fie — fsrcex) (78)
Qsrc = Gsc(esrcer — fsrcex) + Bsc(—edre — fere + esrcex + forcfi) (79)
And also,

Py = Gscl(ei + £i2) — (exesrc + fifsrc)l + Bsc(exfsrc — fresre) (80)
Qr = Gsc(erfsrc — fresre) + Bscl(ewfsrc + fresre) — (e + fi2)] (81)

The set of Iinea[ised power flow equation for the complete sysEem is given by;
oP. oP. OP. OP.
8ek 8f K ﬁes'rc 8f

| Asz— 8r\/ k 8’\/ k A&,

AN k 8ek 8f Af k (82)

APSTC 8P5Tc Gpsic 8PSTC 8PSTC AeSTC
AQ..| | ce. of, oew of, Al

k STC

8Q STC 8Q STC 8Q STC 8Q STC
oe. of, oOew Of,

The partial derivatives for the STATCOM model are given bel_ow;

STC

2 2

5P
;f = Gsc(2e — esr¢) + Bscfsrc (82.1)
5P
F: = Gg¢ (Zef - fsrc) — Bscesre (82.2)
SVk _ %
SV _ (82.3)
Ok Jep+r?

Vi _ [k
Vi _ (82.4)
Ok Jep+s?

5P

SSSP;C = —Gscex — Bscfi (82.5)
g/;s;c = —Gscf; + Bsce; (82.6)
%jc = —Gscesrc — Bscfsrc (82.7)
5P
S%jc = —GscFsrc + BscEsrc (82.8)
B
% = Gsc(2esr¢ — €;) + Bgcf; (82.9)
5P
gﬁ:ﬁ = Gsc (2Fspc — F;) — BscE; (82.10)
%jc = —Gscfsrc + Bscesrc (82.11)
5Q
%jc = Gscesrc + Bscfsrc (82.12)
5Q _
FS:E = Gscf; — Bsc(2esrc — €;) (82.13)
5Q _
ﬁ = —Gsce; — Bsc(2fsrc — fi) (82.14)
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G. INCORPORATION OFINTER LINE POWER FLOW CONTROLLER (IPFC)INTO THE LOAD
FLOW EQUATIONS

IPFC is one latest generation of FACTS controller it comprises a number of Static Synchronous Series
Compensators (SSSC) and it significantly extends the control of power flows of multi lines and as well as the concept
of voltage beyond what is achievable by the one-converter FACTS controller. The simplest IPFC consist of two back-
to-back dc-to-ac converters, which are connected in series with two transmission lines through series coupling
transformers and the dc terminals of the converters are connected together via a common dc link [24]. The schematic
representation of IPFC with two converters represented by two controllable series-injected voltage sources and as well
as thedetails of the power flow equations incorporating IPFC with Newton Raphson iterative algorithm is reported in
[24]

Vl‘ Vse ‘
Lo
- L |

74 N J

\
J‘ 4 Vi
_‘7

B

Lood
N |

)

Figure 7:Operational principle of two converters IPFC [24]

<

The power flowequations for IPFC can be derived thus;
P = Viz Gy — Zn ViVn[Gin COS(GL' - Gn) + BinSin(Gi - Hn)] - Zn ViVsey [GinCOS(HL- — O L'n) + BinSin(Gi — Ose in)]

(83)
Q; = —VL-ZBL-L- - ZnViVn[Gin sin(Gi — Gn) - BinCOS(Gi - Hn)] - Zn Vivsein[GinSin(Gi — O L'n) - BinCOS(Gi — Ose in)]
(84)
Pni = Vn2 Gnn - ViVn[Gin COS(Gn - 91’) + BinSin(Gn - 91’)] + Vjvsein [GinCOS(Hj - Hse in) + BinSin(Hj - Hse in)]
(85)
Qi = _VnZBnn - VL'Vj[Gin Sin(gn - Gi) - BinCOS(Gn - 91')] + ansein[GinSin(Gn - Hse L'n) - BinCOS(Gn - Hse in)]
(86)

. 1 . 1
Where Gin +]Bin = aa Gii = Zn Gin1 BL'L' = ZnBim Gnn +]Bnn = a

The constraint on the equivalent controllable injected voltage source magnitude and angle of the series
converter are given by;

VseMn < Vse;, < Vseln®* (87)

—II < Ose;, <11 (88)

Where Vse*™ and Vsey** are the minimum and maximum voltage limits ofVse;, respectively, the active and reactive
spec __

P, — P”épec = 0 (89)

Qni - Qni =0 (90)
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_8Pji 8Pji 0 0 8Pji 8Pji 8Pji 8Pji 0 0

o6se; 0OVse; 00, oV. 00, oV,
Q, Q, &« N N N

o6se; 0OVse; 00, oV. 00, oV,
e - 0 0 8Pki 8Pki 8Pki 8Pki 0 0 @ @
Pji _Pii 895% 8V56k. 80. 8V| 80k 8Vk
st’“ _ Q ) OPE OPE OPE OPE OPE OPE OPE OPE OPE OPE
P"k-—Pk-" oose; oVse, o06se. oVse. 060, oV, 06, oV, 00. oV.
PE OP, OP, OP, oP, oP, oP, oP, oP, oP, OP,

APi B 8056,1 8VSe,i 5956ki 5VSeki 80. 8V. 80, 8V, 80k 8Vk0
AQ || 0Q  dQ dQ dQ dQ 9Q dQ 0dQ Q
AP, o6se; oVse; o06sew oVse« 060, oV, 060, oV, 00. V.

AQ oP, OP, . . oP, oP, oP;, OP, . .
AP. o6se; 0OVse; 00, oV, 00, oV,
AQ || Q Q& Q &N N
o6se; 0OVse; 00, oV. 00, oV,
0 0 oP.  oOP. OP. oP. o OP« 0P«
o6se, oVse, 00, 0oV, 06, oV,
. . 0Q  0Q 0Q, 2Q, . . 0Q, 0Q,
o6se, oVse, 00, 0oV, 06, oV, |
AGse;
AVse;
AGse,
AVsey
| A6,
AV,
AG,
AV,
ADQ,
_Avk i (91)
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H. INCORPORATION OFSTATIC VAR COMPENSATOR (SVC)INTO THE LOAD FLOW
EQUATIONS

Static VAR Compensator (SVC) is ashunt compensatorFACTS controller based on thyristor controlled reactor (TCRS).
It is capable of regulating terminal voltages either by injecting reactive power when the system voltage is low or
absorbing reactive power from the system when system voltage is high [25, 27].Theeffectiveness of SVC depends on
itsoptimal location and proper signal selection in thepower system as it can be used to improve both voltage and
reactive power conditions of the system[27] Also, it can as well improve system stability and damping by
dynamicallycontrolling its reactive power output.

The SVC firing angle and total susceptance modelis shown below in fig.8 and the details of thepower flow equations
incorporating SVC with Newton Raphson iterativealgorithm is reported in [25, 28].

k -k

Isve

&}H/(

Fig.8b:SVC total susceptance

Fig.8a:SVC firing angle model J7

Figure 8: shows the firing angle and total susceptance model of SVC [25]
The SVC effective reactance Xsyc is determined by the parallel combination of Xc and Xtcg and is given by;

KXsye = T (92)

Xc[2(m—a)+sin 2al-nXy,
With SVC incorporation to improve defective bus voltage, the modified Jacobian matrix is given by the equation below;
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oP, oP, oP, &P, , &P ]

006, 06, 06, oV, 0V,

| oP. oP. oP. oP. , oP.

05, 058, 95, N,  N.[Aa,
oP, oP, oP, OP, , OP.| ag.
05, 08, 95, V. V.| g,
10Q, aQ, AQ, Q, | Q| av, )
05, 05, 05, V. V.| Aa
| 10Q, 9Q, AQ, Q, , Q, [AV,]
05, 88, 95, oV, oV,
0Q, Q, AQ, AQ, , AQ,

0
100, 06« 06, oV, 0oV.
If Qr = Q2 + Qsyec (94)
Then;
50k _ 80¢™ | 8Qsyc
sa  ba + Sa (95)
Since Q, depends on the firing angle () then,
80k _ 8Qsvc (96)
Sa Sa
With Qsyc = —ysvcVithen;
74 .
Qsve = =5 [XL - %(Z(H —a) +sin 2a)] (97)
Therefore equation (83) is reduced to;
S _ 2% _
s . (cos(Ra) — 1) (98)

1. CONCLUSION

An Overview of MathematicalSteady-StateModelling of Newton-RaphsonLoad Flow Equations Incorporating LTCT,
Shunt Capacitor and FACTSDeviceshas been carried out. Newton-Raphson iterative technique was adopted in the
modelling due to its superior advantagesover other iterative techniques such as better reliability since it converges

faster wi

th quadratic convergencecharacteristics and with the least number of iterations aside being independent of the

system size.The modelling shows that incorporation of both discrete and FACTS controllers increase the robustness
and versatility of Newton-Raphson solution methodology of power flow analysis.
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