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ABSTRACT

Longitudinal power systems of Nigerian 330 kV transmission network have steady-state problems of congestion,

voltage limit violation and high active power loss. Static Synchronous Series Compensator (SSSC) currently in use for
solving problems in mesh power systems has not been applied to Nigerian 330 kV power network. This work involves
the use of SSSC for solving problems associated with Nigerian 330 kV longitudinal power network using voltage

magnitude as performance metrics. Steady state modeling of power system and SSSC modeling produced two sets of
non-linear algebraic equations that were solved simultaneously using Newton-Raphson algorithm (NR) method and
was implemented using MATLAB. Results of power flow analysis of Nigerian 330 kV transmission network without
S8SC showed that, there was voltage limit violation of £10% at bus 16 Gombe (0.8973p.u). However, the results with

Incorporation of SSSC showed that, the SSSC was effective in eliminating voltage limit violation, control bus voltage

magnitude to specified value (bus 14 from 0.9462p.u. to 1.00p.u.) and reduced network active power loss by more

than 5% of base case (93.87 MW). Therefore, S55C is effective in solving steady-state problems of longitudinal power

systems.

Keywords: Longitudinal, Mesh, Newton-Raphson, SS5C modeling.

1. INTRODUCTION

The economic development and social changes around
the world are driven by availability of electricity. The
supply of this electricity involves a large
interconnection of generating sources and customer
loads through a transmission system network that
consists of transmission lines, transformers and other
ancillary equipment [1, 2]. These transmission systems
are either mesh or longitudinal in nature.

The transmission facilities in power systems provide
equal access for power evacuation to all participants at
all times, ensure full capability and reliability at
minimum technical loss and ensure equitable load
allocation to consumers. The power transferred
through a transmission network is a function of
transmission line impedance. Low transmission line
impedance enables larger power flow while high
impedance limits the flow of electricity [3].
Longitudinal transimission systems such as Nigerian
transmission system have high impedance and are
characterised by various steady-state operational
problems such as congestion, high transmission line
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losses, voltage limit violations, loss of system stability
and inability to utilise transmission line capacity up to
their thermal limits [4, 5]. These problems have been
reduced by reinforcement of generating station and
transmission line; building new power plants and
transmission lines as well as using traditional
electromechanical devices. However, long construction
time, high cost of implementation and regulatory
pressure hinder the reinforcement of transmission
lines and generation stations while low speeds,
mechanical wear and tear limit the use of
electromechanical devices [6].

The use of Flexible Alternating Current Transmission
System (FACTS) Controllers with fast responses and no
major alterations to the system layout are increasingly
replacing electromechanical devices. FACTS devices are
power electronic devices or other static controllers
incorporated in AC transmission systems to enhance
controllability and increase power transfer capability
[7]. SSSC is a FACTS controller that belongs to the
Voltage Source Converter (VSC) series connected
FACTS family. It opens up new opportunities to control
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the current and power flow over designated
transmission lines in order to increase their
deployment, increase usable transmission capacity of
lines and reduce the need for construction of new
transmission lines. It also provides dynamic reactive
power support and improve voltage profile [8].
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Figure 1: SSSC Operation Principles [9]
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1.1. Operating Principle of SSSC

SSSC consists of a coupling transformer, an inverter and a
capacitor in series with a transmission line through the
coupling transformer as shown in Figure 1 [9]. In principle,
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inadequate required fund to regulate, update,
modernize, maintain and expand the network, [5, 12].

2. POWER FLOW PROBLEM FORMULATION AND
EQUATIONS

The Power flow calculation is one of the most
fundamental components in the analysis of power
systems and is the cornerstone for almost other tool
used in power systems simulation and management.
Power flow problem involves solving a set of non-linear
algebraic equations which represent the network
under steady state conditions [14]. The power flow
equation can be written in general form.
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Where Y, = the admittance matrix, ¥** = the bus
shunt admittance, V; = the specified voltage at bus 7and
S;= the bus power injection which represents constant
power loads and generators.

n n
Ii=ViZyij_ZyijVj J#i (2)
=0 =1

SSSC can generate and insert a series voltage, which can Jd1€ real and reactive power at bus 7is

regulated to change the reactance of the transmission line in

order to control the power flow of the transmission line or tI?&

voltage of the bus, to which SSSC is connected.

1.2 Nigerian 28-Bus 330kV Transmission System

The power stations in Nigeria are mainly hydro and
thermal plants managed by Independent Power Project
(IPP) and Generation Company (GENCO) private
participating partners. The Nigerian national grid is an
interconnection of 9,454.8km length of 330kV
transmission lines with nine power stations as shown
in Figure 2. These generating stations are sometimes
connected to load centres through very long, fragile
and radial transmission lines, which are prone to
frequent system collapse [10]. The grid interconnects
these power stations with twenty eight buses and fifty
two transmission lines of either dual or single circuit
lines and has four control centres (one national control
centre at Oshogbo and three supplementary control
centres at Benin, Shiroro and Egbin [11].

The maximum transmission capacity of Nigerian
transmission system is about 4,000 MW and it is
technically weak, therefore very sensitive to major
disturbances. The challenge of this major disturbances
have been in existence for a very long time with some
identified problems such as its wheeling capacity that is
far below the required national needs, the technologies
used generally deliver very poor voltage stability and
profiles. There is also regular vandalization of the
lines, associated with low level of surveillance and
security on all electrical infrastructures with
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P+ jQ; = ViIf 3)
P — jQ;
I, = 4
14 I/i* ( )
Substituting for ; in equation (3) yields
Pi- JO; P
V—; =ViXioYij — Xj=1 ViV J#F (5)
Separating the real and imaginary parts
n
P = Z|Vi||Vj||Ytj|C°5(9ij—5i+5j) (6)
j=1
n
Q= —Z|Vi||Vj||Yij|Sin(9ij—5i+5j) @)
j=1

Expanding (6) and (7) in Taylor’s series about the
initial estimate and neglecting all higher order terms
results in a set of linear equations [12]. These
equations can be written in matrix form after

linearization as
aol = [, 52/ Law ®

2.1 Steady State Power Injection Model (PIM) of SSSC
An equivalent circuit of the SSSC shown in Figure 3 can
be derived based on the operation principle of the
SSSC where V,, is a voltage source in series with
transformer impedance. In the operation of SSSC, V,
can be regulated to control the power flow of line /-jor
the voltage at bus 7or j. In the equivalent circuit 1, =
Vie < s, Vi =V, <0,V; =V; <0
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Figure 2: 28-bus Nigerian Power System Networks [13].

The modified power flow equations with SSSC are:
I. Nodal power flow equation at bus i with SSSC
Pij = V2 gy — ViVi(gijCosby; + by;Sind;;)
— ViVee (9ijCos(8; — Os.)
+ b;;Sin(6; — 6s.)
—ViVi(g:;Sin8;; + b;jCosb;;)
— ViVee (9:;Sin(6; — Ose)
+ b;;Cos(6; — Os) (10)
ii. Nodal power flow equation at bus j with SSSC
P = Vig;; — ViV;(9i;Cos6j; + by;Sinby;)
+ VjVse (gijcos(ej - ese)
+ by Sin(6; — 6se))
- ViVj(gijSinHﬁ - bl-jCoseﬁ)
+ VjVs‘e (gijSin(Gj - Hse)

— by;Cos(6; — b)) (12)
It can be noted that equation (9) can be written as
Pij = VZgii — ViVi(gijCosby; + by;Sind;;) — PS¢ (13)
Where:
P3¢ = —VVie (gjC0s(6; — bse)
+ bL-jSL'n(GL- D)) (14)
Where P;*5¢ represents active power injection of the

9
Qij = —V{by

(11)
Qji = = Viby;

SSSC voltage source at node i. The other terms in
equation (13) take account of the real power
contribution at node i as passive two node components.
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2.2 Bus Voltage Control

In this mode, the series injected voltage is regulated to

maintain the transmission line voltage at the point of

connection to specified value, i.e.,
V,—VP“=0 or V- 145”“ =0 (15)

Where V;***° and V;***° are the bus voltage control

references.
Pi+jQj +Vse - Pji+jQji
[ij i Zse j IJ
v =
V; Re(ViIj;) =0 V;

Figure 3: SSSC Equivalent Circuits [9]

2.3 Series Voltage Control
The converter generates a fixed series injected voltage
magnitude and phase angle, i.e;

Vie = Vig”** = 007 5o — 65" = 0

(16)
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2.4 Voltage and Current Constraints of SSSC
The equivalent voltage injection V;, bound constraints
are as follows:

0<Ve < Vg**and —m<6,, <1 a7
where V'** is the voltage rating of V;, which may be
constant, or may change slightly with changes in the DC
bus voltage, depending on the inverter design. In
principle, 8, can be any real phase angle. The current
through each series converter should be within its
current rating:

e < Ie™ (18)

Where I73%* is the maximum current rating of the series
converter:
Iy = |lge| < b5 = %; lge = Iji
The modification of Newton-Raphson power flow
algorithm with simultaneous solution of power flow
constraints and power flow control constraints of the
SSSC are expresssed by equation (19) as follows:

L1 (R
e = 5] a9
Where
L T
b e W | _ |06 Vi 06 9V
[0PE  OPE | dPE OPE OJPE OPE
lae,,  ov, | 96, v, 96, oV,
FOP, 0P [op;, op, 0P 0P
96, Vi, a6, av, 99 9V
9Q; 0Q; 9Q; 0Q; 9 0Q:
005, 0V, 6_91 a_VL 69]- aV}-
K=lap, ap|' '"or or or op
05 Wi 96, av; 6, oV,
9Q; 9Q; 9Q; 9Q; 9Q; 9Q,
00, %)  |a6; Vi e, v
Af; [—APi]
Ase [AVJ —AF | —8Q:|
l= , M=|A0|,R= l,5=
AV, APE

l j‘ l N ‘
AV; —AQ;
Where F in this case is Py of SSSC, two rows and two

columns are added in the usual Jacobian of Newton-
Raphson power flow.

2.5 Modified Newton-Raphson Algorithm for SSSC
Controller

The following are the steps involved in the application

of SSSC in Newton-Raphson based power flow of

power system network and where the Jacobian matrix

and power mismatch equation of Newton-Rapshon
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solution method have been modified as presented in
the flowchart shown in Figure 4.

3. RESULTS

Test case 1: Base Case of Nigerian 28-bus system. The
results of power flow analysis of the base case of
Nigerian 28-bus 330 kV transmission system in Table
1, shows the voltage limit violation at bus 16 (Gombe)
while at buses 9 (Ayede), 13 (New-Haven), 14
(Onitsha), 19 (Jos) and 22 (Kano) the voltage
magnitude are lower than 1.0 p.u but within
acceptable limits of +10% and the overall active
power system loss is 93.87 MW.

Table 1: Nigerian 28-bus network Voltage Magnitudes
and Phase Angle without S55C

Bus Voltage Phase
Bus .
No Bus Name Type Magnitude angle
(p.u) (degree)
1  EgbinGS Swing 1.0500 0.0000
2 Delta PV 1.0500 11.9232
3 Aja PQ 1.0449 -0.2835
4  Akangba PQ 1.0118 0.6501
5 lkeja West PQ 1.0193 1.0793
6  Ajaokuta PQ 1.0358 6.1814
7  Aladja PQ 1.0451 10.3543
8  Benin PQ 1.0278 6.4591
9  Ayede PQ 0.9719 2.0025
10  Osogbo PQ 1.0142 7.7596
11  Afam PV 1.0500 10.3942
12 Alaoji PQ 1.0304 9.7870
New-
13 Haven PQ 0.9462 2.5129
14  Onitsha PQ 0.9667 3.8964
15 B Kebbi PQ 1.0328 13.8528
16  Gombe PQ 0.8973 3.3762
17  Jebba PQ 1.0486 13.3972
18 JebbaGS PV 1.0500 13.6494
19 Jos PQ 0.9950 10.2653
20 Kaduna PQ 1.0116 6.0096
21  Kainji PV 1.0500 16.5571
22 Kano PQ 0.9629 1.8617
23 Shiroro PV 1.0500 8.0748
24 Sapele PV 1.0500 7.9310
25  Markurdi PQ 1.0146 14.2568
26  Abuja PQ 1.0266 6.0111
27  Mambilla PV 1.0500 26.0437
28 gz}palant" PV 1.0500 3.2526

Test case 2: Elimination of Voltage Limit violation

This is similar to test case 1 except that, the SSSC has
been 19 and 16 for
elimination of voltage limit violation at bus 16
(Gombe).

installed between buses
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Figure 4: Flowchart for power flow solution by Newton-Raphson with SSSC controller

The results of test case 2 increased the voltage
magnitude to 0.95 thereby eliminating voltage limits
violation at bus 16 (Gombe) as shown in Figure 5. In
order to achieve this the SSSC injected a voltage
magnitude and reactive power of 0.012p.u and 9.53
Mvar in the connecting bus 19 to bus 16. Also the total
active power loss was reduced to 91.43MW.

Test case 3: Bus Voltage Control to Specified value

Nigerian Journal of Technology,

This is similar to test case 1 except that, the SSSC has
been installed between buses 8 and 14 to control the
bus voltage magnitude to a reference of VP =
1.0p.u.

The installation of SSSC controller for test case 2 is for
controlling voltage magnitude at bus 14 (Onitsha) to

the specified value (1.00 p.u.) as shown in Figure 6. In
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order to keep bus 14 (Onitsha) voltage magnitude at
1.0 p.u,, the SSSC injected reactive power of 6.81 Mvar
and the total active power loss was reduced to
91.44MW.
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Figure 5: Elimination of Voltage Limit Violation of bus
16 (Gombe) using SSSC Controller
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Figure 6: Bus Voltage Control to Specified value at bus
14(Onitsha) using SSSC Controller
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control voltage to specified value at bus 14, for multi-
control capability of SSSC controller.

The results of test obtained was 0.9526 and 1.00p.u for
eliminating voltage limits violation at bus 16(Gombe)
and controlling voltage magnitude at bus 14 (Onitsha)
to specified value (1.00 p.u.) respectively, as shown in
Figure 7. The results confirmed multi-control
capability of SSSC controller. It further enhance the
reduction of active power loss to 5.18% compared
with earlier discussed in test cases 2 and 3 as shown in
Figure 8. The SSSC controller source voltages and
injected reactive power are summarized in Table 2.
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=
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Figure 8: Total Real Power Loss (without and with
S5SC) for Nigerian 28-Bus System Network

Table 2: SSSC controllers source voltages and injected
powers in Nigerian 28-bus System
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Voltage Control of bus
14 to specified value

Elimination of voltage
Violation at bus 16

Test FromTo SSS(; state SSSC complex

Cases BusBUS variables powers
Ve (pu.) P(MW) Q(Mvar)

Base Nil Nil Nil Nil
2 19 16 0.023 0.09.61
3 814 0.032 0.0 6.81
4 19 16 0.012 0.09.53
814 0.032 0.0 6.88

Figure 7: Elimination of Voltage Limits Violation at bus
16 (Gombe) and Control Voltage to Specified value at
bus 14( Onitsha) using SSSC Controller

Test case 4: Elimination of Voltage Limit violation and
Bus Voltage Control to Specified value

This is similar to case 1 except that there are two
SSSCs installed on lines 19 to 16 and 8 to 14, used for
eliminating voltage limits violation at bus 16 and

Nigerian Journal of Technology,

4. CONCLUSION

The various test cases were carried out on Nigerian 28-
bus electrical power network without and with
incorporation of SSSC controller. The incorporation of
SSSC controller into Nigerian 330kV transmission
network, to enhance voltage profile had significant
control on Voltage magnitude at the bus directly
connected to its terminals but has little effect or no
effect on voltage magnitude of bus far away from it. The
total active power loss of the system was reduced by
more than 5.18% of the base case.

In conclusion, the application of SSSC controller to
Nigerian 330kV transmission network using Newton-
Raphson power flow solution method was used to
eliminate bus voltage limit violation and control of bus
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without
generation rescheduling or topological changes of the
system.

voltage magnitude to specified values
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