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Abstract:- This paper presents active power control
techniques on the Nigeria grid. The performance of two
basic equipments from the flexible ac transmission systems
(FACTS) family—thyristor controlled series compensator
(TCSC) and static phase shifter (SPS)—are analyzed here.A
sample data of a particular network bus voltage and phase
amgles under both schemes was used. At 50% of the
transmission line inductive reactance SPS delivered more
than 100KW while TCSC scheme was able to deliver only
about 90KW.
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1. INTRODUCTION

Electric power consumption has increased tremendously in
the last few decades. This demands continuous
improvement in energy generation, transmission and
distribution efficiency. However, installing new power
plants and transmission lines are not the immediate
solutions because installation may take several years. In
this issue, FACTS technology will provide a promising
solution. Installing the FACTS devices in the transmission
lines will improve the transmission efficiency and this will
improve the stability of the system [1, 2, 3, 4, 5, and 6].

The main objective of this study is to demonstrate the
electric power regulatory capabilities of two basic schemes
of the FACTS family: the thyristor controlled series
compensator and the static phase shifter.

However, the steady state operating condition can as well
be determined by finding out the flow of active and reactive
power throughout the network and the voltage magnitudes
and phase angles at all nodes of the network. The planning
and daily operation of modern power systems call for
numerous power flow studies. Such information is used to
carry out security assessment analysis, where the nodal
voltage magnitudes and active and reactive power flows in
transmission lines and transformers are carefully observed
to assess whether or not they are within prescribed
operating limits.

2. FACTS EQUIPMENT REPRESENTATION IN POWER
FLOWS

Until very recently, with the exception of the static var
compensator (SVC), all plant components used in high-
voltage transmission to provide voltage and power flow
control were equipment based on electro-mechanical
technology, which severely impaired the effectiveness of the
intended control actions, particularly during fast changing
operating conditions [7]. This situation has begun to
change; building on the operational experience afforded by
the many SVC installations and breakthroughs in power
electronics valves and their control, a vast array of new
power electronics-based controllers has been developed.
Controllers used in high-voltage transmission are grouped
under the heading of FACTS [8] and those used in low-
voltage distribution under the heading of Custom Power [9].
The most prominent equipment and their main steady state
characteristics relevant for power flow modeling are
discussed below.

2a) THE THYRISTOR
COMPENSATOR (TCSC)

CONTROLLED SERIES

The thyristor controlled series compensator (TCSC) varies
the electrical length of the compensated transmission line
with little delay. Owing to this characteristic, it may be used
to provide fast active power flow regulation. It also
increases the stability margin of the system and has proved
very effective in damping sub-synchronous resonance (SSR)
and power oscillations [10]. The TCSC power flow model
presented in this paper is based on the concept of a non-
linear series reactance, which is adjusted using Newton'’s
algorithm to satisfy a specified active power flow across the
variable reactance representing the TCSC [11]. The
schematic representation of the TCSC and its equivalent
circuit are shown in Figure (1).

The active power transfer Py, across an impedance
connected between nodes I and m is determined by the
voltage magnitudes |V;| and |Vn|, the difference in voltage
phase angles 8;and 6, and the transmission line resistance
Rim and reactance Xjn. In high-voltage transmission lines,
the reactance is much larger than the resistance and the
following approximate equation may be used to calculate
the active power transfer Pjp:
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If the electrical branch is a TCSC controller as opposed to
ordinary transmission line then Py is calculated using the
following expression

Vv
Pred = | XITHCS’Zl sin(6, — 6,,) .....(2)
C
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L n o ane

node .
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Fig.(1a) TCSC structure formed by fixed capacitor and TCR.

With regard to figure (1a) above, assuming that active
power is flowing from node ! to node m, the effective
reactance across the thyristor branch X (and by extension
between node I and node m, Xis) is determined by the
firing angles of the thyristors. At low loads the firing angles
are reduced thereby increasing the electrical length of the
transmission line and hence reducing amount of active
power delivered to node m. At high loads the firing angles
are also increased thereby shortening the electrical length
of the transmission line and hence increasing the amount of
active power being delivered. Equations (3) and (4) give
mathematical expressions of these scenarios. Figure (1b) is
an equivalent circuit of figure (1a) showing Xiwsc as a
variable reactance.

= |
% |

I X’!’CSC

nod:
m

Fig.(1b) TCSC equivalent variable reactance representation.

With regards to figure (1a) the resultant TCSC impedance is
obtained using the formula:

Xeer = OL[——] (3)

o-Sin (o)

and

Xter-Xc

Xicse = R tXg) 4)

Where Xrcsc is the equivalent reactance of the TCSC
controller which may be adjusted to regulate the transfer of
active power across the TCSC, hence, Pj, becomes P, 7.
Note, 0 = 23 and = - a. Also o is the conducting angle; a
is the firing angle; B is the angle of advance.

2 b) TCSC POWER FLOW MODELLING

For inductive operation the TCSC power equations at node [
are:

ViV,
= Vil [Vl sin(8;, — 6,) ... ... (5)
TCSC
NS

! cos(0; — 6,,) ...(6)

XTCSC XTCSC

For capacitive operation, the signs of the equations are
reversed. Also, for the power equations corresponding to
node m the subscripts / and m are exchanged in equations

(5)-(6).

For the case when the TCSC is controlling active
power flowing from nodes I to m at a value P,Y the set of
linearized power flow equations are:

’ﬂ oP; aP; 0P 0P; 7
20, 00 alvyl AVl 0Xrcsc
APl —| 0Py 0Py 0Py 0P 0Py

AP, 06y 36y, OlVyl AVl 0Xrcsc
s |Z|2m oo 0w o oa
| l | T 106, 06, dlVil 0Vl dXrcsc

lAQmJ Qm 9Qm 9Qm 9Qm 9Qm
APy, 26, 06, 9V 0lVml 0Xrcsc
O0Pim aPﬂ 0Pim api 0Pim
L 06, 90, alvyl 0|Vl 0XTcsc

[ 26, }
= N/ (7

AV,
laXcse

The active power flow mismatch equation in the TCSC is:
APy, = P79 — PERc ... ... (8)

And the state variable Xrtcsc of the series controller is
updated at the end of iteration (r) using the following
equation

r+1) _ () Q)
XD = X0 A DX 9)
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2c) THE STATIC PHASE SHIFTER (SPS)

The static phase shifter varies the phase angles of the line
end voltages with little delay. This is achieved by injecting a
voltage in quadrature with the line end voltage at the
sending end. This equipment may also be used to provide
fast active power flow regulation [12].

The power flow model of the static phase shifter presented
in this paper is based on the concept of a lossless
transformer with complex taps. The control variable is a
phase angle, which is adjusted using Newton'’s algorithm to
satisfy a specified active power flow across the lossless
transformer representing the static phase shifter [13]. The
schematic representation of the SPS and its equivalent
circuit are shown in Figure (2).

\series connected

transformer
n ot
excitation e m
transformer
(a)
| = ©
M g
I I node
m

(b)

Fig. (2) SPS: (a) structure formed by a series transformer,
an excitation transformer and a network of thyristors; and
(b) equivalent variable phase angle representation.

A phase shifting controller with the complex phase angle

relationships: Ty = cos @ + j sin ¢ and T; = cos @ - j sin @ has
the following transfer admittance matrix:

Il _
il
1 1 —(cosg + jsing [Vl]
X, |—(cosg — jsing 1 Vin
v (10)

where X; is the leakage reactance of the series transformer
and Ty and T; are complex tap changing variables related to

each other by the conjugate operation. Their magnitude is 1
and their phase angle is .

The active power transfer across the phase shifter Py is
calculated using the following expression:

ViV,
e = il IL' ) Sin(@, - 6, — @)

t

e (11)

Suitable adjustment of the phase angle ¢ enables regulation
of active power P, -9across the phase shifter.

2d). STATIC PHASE SHIFTER POWER FLOW MODELLING

The active and reactive powers injected at node I by the SPS
shown in Figure (2) are:

P, = [VI2Gy + Vi1Vl (G, cOs(6; — 6,)
+ Blm Sin(@l - Bm))

Q. = ViI*By + Vi1V | (B, cos(6; —
Glm Sin(gl - em))

em) -

For equations corresponding to node m the subscripts I and
m are exchanged in equations (12)-(13).

For the case when the SPS is controlling active power
flowing from nodes I to m at a value P, the set of
linearized power flow equations are:

r 0P, dP; dP; 0P

0P ]
26; 00,  OlVil 0|Vl OF
A Pl 0Py 0Py 0Py 0Py Py

APm 00, 00, alvyl 9|Vl oF
IAQ | 9Q;  0Q 9Q; 9Q; 2Q
A ! 30,  30m OIVil OlVml OF

l Om| |om 0em 00m 0Qm 3%m

APy, 26, 96m 0lv)| 0lVm| OF
OPym  OPim  OPpn  OPim %
| 06, 86, oV, 0l 9F |
- 7B,

A6,
AV, | R ¢ 23
AV, J

L AF

The active power flow mismatch equation in the SPS is:

AP, = P9 — PEate e (15)
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Equation (11) may be used for the purpose of calculating
P%and to derive the relevant Jacobian terms in equation
(14). It should be pointed out that the SPS in Figure (2b) has
the phase angle tapping in the primary winding and that its
effect may be incorporated in the phase angle 6,,. Hence,
the Jacobian terms corresponding to P, Q; Pm, and Qn are
derived with respect to 8,, as opposed to ¢, using equations
(12) - (13). For cases when the phase shifter angle is in the
secondary winding the corresponding Jacobian terms are
derived with respect to ;.

The state variable ¢ is updated at the end of iteration (r)
using the following equation:

FO =F® 4+ AF® ... (16)
The following table contains data of a standard network:

Table 1: Original network connectivity and Transmission
line parameters [14].

Sending | Receiving R X B
node node (p-u) (p-u) (p-u)
North South 0.02 0.06 0.06
North Lake 0.08 0.24 0.05
South Lake 0.06 0.18 0.04
South Main 0.06 0.18 0.04
South Elm 0.04 0.12 0.03
Lake Main 0.01 0.03 0.02
Main Elm 0.08 0.24 0.05

When TCSC was connected at node Lake to control power
flow towards node Main the following data was obtained:

Table 2: Nodal complex voltages of a typical TCSC upgraded
network [14].

Voltage System Nodes
information North South Lake Main Elm

VI (p.-w) 1.06 1 0.987 0.984 0.972
0 (degrees) 0 -2.04 -4.73 -481 -5.7

At 50% of the transmission line inductive reactance given in
table 2, the power being delivered to node Main is:

p = L8DOBY G473 + 4.81)
0.015

= 0.0904(p.u) = 90.4KW

At 100% of the transmission line inductive reactance given
in table 2, the power being delivered to node Main will be:

p = L8DOKBY G (—4.73 + 4.81)

0.03

= 0.0452(p.u) = 45.2KW

When the Static Phase Shifter (SPS) replaces the TCSC on
the same link between node Lake and node Main the
following table was obtained:

Table 3: Nodal Complex voltages of SPS upgraded network

[14].
Voltage System Nodes
information North South Lake Main Elm
V| (p.w) 1.06 1 0.984 0.984 0.97
0 (degrees) 0 -1.77 -5.80 -3.06 -4.95

Using equation (11) let the SPS reactance be 50% Of the
transmission line inductive reactance and the phase shifting
angle -2.83.

Therefore,
P= —|V12Vm| sin(6; — 6, — @)
t

= OBVOBY §in(~5.8 + 3.06 + 2.83)
0.015

=0.10139(p.u) = 101.4KW

It should be remarked that the phase shifter achieves phase
angle regulation at the expense of consuming reactive
power from the network.

Using Newton-Raphson power flow method, the
expressions for the active and reactive powers are obtained
by representing the complex voltages in polar form, that is

V, = |V,|e’® and V,, = |V,,|e/%™. Hence,

n
PL= Vil ) Vol (Gum c05(01 = 6)
m=1

n
0 =1Vl ) 1l (G 5in(0; = )
m=1
+ By,cos(0;, — 6,,) (18)

where |V;/ and |Vn| are the nodal voltage magnitudes at
nodes [ and m while 8, and 6,, are the nodal voltage phase
angles at nodes [ and m.
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These equations also provide a convenient device for
assessing the steady state behaviour of the power network.
The equations are non-linear and their solution is reached
by iteration. Two of the variables are specified while the
remaining two variables are determined by calculation to a
specified accuracy. In PQ type nodes two equations are
required since the voltage magnitude and phase angle |V; |
and 6; are not known. The active and reactive powers P; and
Qi are specified. In PV type nodes one equation is required
since only the voltage phase angle 0, is unknown. The active
power P; and voltage magnitude |V; | are specified. For the
case of the Slack node both the voltage magnitude and
phase angle |V; | and 6, are specified, as opposed to being
determined by iteration. Accordingly, no equations are
required for this node during the iterative step.

Equations (17) and (18) can be solved efficiently using the
Newton—Raphson method. It requires a set of linearized
equations to be formed expressing the relationship between
changes in active and reactive powers and changes in nodal
voltage magnitudes and phase angles.

The elements of the Jacobian matrix can be found by
differentiating equations (17) and (18) with respect to
Hl'gm' |Vl| and |Vm|

For the case when [ = m:

P N .
= |Vl| |Vm| {_Glm Sln(gl - H‘m)
2, Zl
m=

+ By cos(6; — 0,,)} — |Vi|*By

= _Ql - |VllzBll (19)
P, -
l .
= Z V| {G i c0S(8, — O) + Bpysin(6, — 6,)}
a|vil i
+ [VilGy
Py
=m+|‘/l|G” ......... (20)
l
a0 -
2% _ 1y Z Vol {Gom c0S(B) — B + Bymsin(6) — 6,)}
20, L
- ViI*Gy
=Pl_ “/llzGll ...... (21)
a0 =
- = z [Vl {G o SIN(O; — B),) — Bypcos(6; — 6,,)}
ovil &
Q
- ViIBy = — — ViIBy ... ... (22)
Vi

For the case when [l # m

oP, )
—— = [V ||V {Gyr sin(8;, — 6,,)
20,
— Bypcos(8; — 6,,)} ... ... (23)

dap, )
= |Vl|{Glm COS(@l - Gm) + BlmSln(el - em)}
0Vl

1 9Q

aae% = = IVillVn {Gim c05(6, — ) + Bimsin(6; —
0,)} e onn . (25)
a .
P f;l = [V {Gmsin(6; — 6,,) — Byncos(8; — 6,,)}
= L o~
= g e (26)

To start the iterative solution, initial estimates of the nodal
voltage magnitudes and phase angles at all the PQ nodes
and voltage phase angles at all the PV nodes are given to
calculate the active and reactive power injections using
equations (17 and 18). Since it is unlikely that the initial
estimated voltages will agree with the voltages at the
solution point, the calculated power injections will not
agree with the known specified powers.
The mismatch power vectors may be defined as:

AP(r) — (Pgen _ Pload) _ Pcalc,(r) — Pnet _ Pcalc,(r) "”(27)

AQ(r) — (Qgen _ Qload) _ Qcalc,(r)
— Qnet _ Qcalc,(r)

The Jacobian elements are then calculated and the
linearized equation is solved to obtain the vectors of voltage
updates.

0t =9 1+ A . ... .......(29)

V|0 = 7™ + AV|® ... ... (30)

The evaluation of equations (17), (18) and the linearized
expression as well as (27) - (30) are repeated in sequence
until the desired change in power injection (power
mismatch) AP and AQ are within a small tolerance, example
€=1012,

As the process approaches the solution, convergence
becomes more rapid. The figure below gives the overall
flow diagram for the power flow Newton—Raphson
method:
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Read network data and
initial conditions

l

Calculate active and reactive

powers using (17)-(18)

Use (27)-(28) to calculate power
ismatches. All values < Tolerance

Evaluate Jacobian elements
using (19)-(26)

!

Solve the linearized system

!

Update nodal voltages using
(29)-(30)

3. CONCLUSION

It is important to state that this study is not about the
steady state operation of electric power networks but
simply to analyze the regulatory and control capabilities of
two basic power control schemes.

Equations (2) and (6) are the mathematical expressions
that represent active power flow under the two different
schemes. Using the data of a particular sample network, as
shown in tables 1, 2 and 3, the active power control
capabilities of both schemes were analyzed. At 50% of the
transmission line inductive reactance, TCSC scheme was
able to deliver about 90.4KW to the next node while SPS
scheme was able to deliver about 101.4KW. Again,
decreasing the phase shift angle further will tend to
increase significantly the active power deliverable by the
SPS. Therefore, the SPS scheme is superior to the TCSC
scheme in terms of active power control and it is strongly
recommended.
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