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Abstract

The problem of power supply in most countries like Nigeria is the ability to maintain
steady supply of electricity to every part of the country without first expanding the
existing power network. This is achievable with the use of power electronic devices called
Flexible alternating current transmission system (FACTS). This paper looked at one of
the types of FACTS devices called unified power flow controller (UPFC). The unified
power flow controller (UPFC) is a combination of two inverter based compensating
device, the shunt compensating static compensator (STATCOM) and a series
compensating static synchronous series compensator (SSSC). The combination of the two
allows for control of power flow along with independent control of voltage. This paper
presents the basis upon which the UPFC operates. It gave the circuit configurations of
UPFC, the operating principles, the benefit of making use of UPFC in a power network,
modeling of power system with UPFC and then concludes with the proposal on the
placement of UPFC on the identified voltage violated areas of the 58 Bus Nigeria 330kv
transmission Line network.

Keywords: FACTS, UPFC, STATCOM, SSSC, IPFC, Modeling.

Introduction

The unified power flow controller (UPFC) is a combination of two inverter based
compensating device, the shunt compensating STATCOM and a series compensating
SSSC. The combination of the two allows for control of power flow along with
independent control of voltage.
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Control over the power flow is utilized to redirect power from overloaded parts of a
transmission system to paths with unused capacity. The most widely used method of
power flow control is through the use of phase shifting transformers (PST). A PST has a
low control bandwidth and has a high maintenance/replacement requirement. As the
power flow volatility increases in the market, the need increases for full power flow
control with a high bandwidth to be able to utilize the existing transmission system
capacity. The UPFC fills this requirement but with a high system setup cost (Tareila, C.P
(2015).

A UPFC can perform as other FACTS devices, given, that it has sufficient capability for
the situation it is to handle. From the UPFC, more advanced systems known as an
interline power flow controller (IPFC) and a generalized unified power flow controller
(GUPFC) can be derived. The IPFC and GUPFC can control power flow in multiple
transmission lines from the same substation. From the growing restriction on the
construction of new power lines, along with the increased volatility of power flow, power
flow controllers such as the UPFC have been utilized (Tareila,2015),. The first UPFC
installation went into operation on May 1, 1998 at the Inez power station in Kentucky

(American Electric Power, 2015).

Configuration of UPFC

A UPFC can perform as other FACTS devices, given, that it has sufficient capability for
the situation it is to handle. From the UPFC, more advanced systems known as an
interline power flow controller (IPFC) and a generalized unified power flow controller
(GUPFC) can be derived (Vadhera, 2014). The IPFC and UPFC can control power flow
in multiple transmission lines from the same substation. From the growing restriction on
the construction of new power lines, along with the increased volatility of power flow,
power flow controllers such as the UPFC have been utilized (Zhang, 2016). The first
UPFC installation went into operation on May 1, 1998 at the Inez power station in

Kentucky (American Electric Power, 2015).
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Figure 1. Principle configuration of an UPFC ( Zhang,2016)

A UPFC is a configuration made up of a STATCOM combined with a SSSC. This
combination allows for the both real and reactive power compensation simultaneously.
The control is possible by injecting a voltage through a series transformer and a reactive
current through a shunt transformer. The control voltage is controllable in both phase
angle and magnitude and is added with the transmission line voltage (Gupta, 2009). The
control current is also controllable in both phase angle and magnitude, and is delivered to
or received from the transmission line as needed (Nijaz, 2016). The series voltage and
shunt current signals are supplied by their own voltage source converters. Both
converters share a common DC link capacitor. The shunt converter is responsible for
maintaining the voltage on the DC link capacitor so that the active power required by the
series converter is available (Lopez and Alonso, 2016).

The DC link capacitor allows for the exchange between the two converters of active
power. There is no reactive power that flows between the two converters, and therefore,
are controlled independently by each. This gives three independently controllable
parameters for the two UPFC buses that can be controlled at once. Voltage control is
handled by the shunt converter, while control of the flow of active and reactive power is
handled by the Series converter (Aswani et al, 2015).

In practice, the series branch will need to be protected through the use of a thyristor
bridge.
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Benefits of Using a UPFC

The UPFC has the ability to provide several benefits simultaneously. The first would be
local bus voltage regulation which comes from the shunt configuration (Basu, 2018). The
second would be power flow in a transmission line which comes from the series
configuration. These are the two control modes that are most notably utilized and studied
in the analysis of a UPFC; however, the combination gives the benefits of controlling
impedance, voltage angle, and power flow in the system. Additionally, the series aspect
may gain the ability to provide direct voltage injection, phase angle shifting, and
independent impedance control (Zhang, 2016), (Peesari, 2016), (Nijaz, 2016). One
benefit that a UPFC can provide that no other device before it could offer is that during
an emergency, the series converter can control its voltage magnitude to provide voltage
support on the other side of the UPFC connection (Zao et al, 2015).

Advancements in the modeling of the UPFC has led to 13 different control modes (
Zhang, 2016):

1. Active and reactive power flow control

ii.  Power flow control by voltage shifting

iii. General Direct Voltage Injection

iv.  Direct Voltage Injection with V. in phase with V;

v.  Direct Voltage Injection with V. in Quadrature with V; (lead)
vi. Direct Voltage Injection with V. in Quadrature with V; (lag)
vii. Direct Voltage Injection with V. in Quadrature with I;; (lead)
viii. Direct Voltage Injection with V. in Quadrature with I;; (lag)
ix. Voltage Regulation with V. in phase with V;

x.  Phase Shifting Regulation

xi. Phase shifting and Quadrature Regulation (lead)

xii. Phase shifting and Quadrature Regulation (lag)

xiii. Line Impedance Compensation

Operating Principles of a UPFC System

A UPFC has the ability to control all of the fundamental power system parameters, to

dynamically compensate the AC power requirements, compensate for reactive power

through the shunt branch, compensate for real power through the series branch, and

perform phase shifting either independently or in combination (Mancer, 2015). The
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power system parameters mentioned are the transmission voltage, impedance and phase
angle.
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Figure 2. - Operating principle of a UPFC (Zhang,2016)

Figure 2. depicts how a UPFC operates (zhang, 2016). As can be seen, the series
converter is coupled to the transmission line through a series transformer, while the shunt
converter is coupled to a local bus designated through a shunt transformer. Both
converters are connected through a common DC link capacitor. The shunt converter is the
master converter, being able to both generate and absorb a controllable amount of
reactive power, along with providing an active power exchange to the series converter,
allowing it to perform as required (Ravi et al, 2014).

By defining phasor quantities, an equivalent circuit of figure 2. can be obtained where

e Vg, is the equivalent shunt voltage injected

e I, is the equivalent series voltage injected

o 7, is the impedance of the shunt coupling transformer

o 7, is the impedance of the series coupling transformer

e I, is the voltage at bus i

e U is the voltage at bus j

e 1 is the voltage at but k at the receiving end of the transmission line

e [, is the current flowing though the shunt converter

e Qg is the reactive power flowing through the shunt converter and leaving bus i

e  P;; is the UPFC series active power flowing out of bus j into i

e  Q;; is the UPFC series active power flowing out of bus j into i
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e P is the active power flowing between the shunt converter and the DC link
capacitor and leaving bus i
e P, is the active power flowing between the series converter and the DC link

capacitor

No leakage current is assumed, so the current flowing from busi to f is equal and opposite
to the current flowing from busi to f (Ramesh and Reddy,2013) :

Lip = =1 (1)
P, + g, P, + 2
Busi I, 7 I'_ I, Busj
T — N -—
| — 1

Y

V| L PE, - PE. =0 b
.+.
1,

Y X
Figure 3 - Equivalent circuit of a UPFC (Peesari , 2016)

Referring to figure 3 , the UPFC has been modeled and analyzed in the implementation of
regulating voltage on bus i and Busj controlling both active and reactive power flow in
the transmission line linking bus i and busj . These benefits are well defined and are
equivalent to that of a combination STATCOM and SSSC that the UPFC is composed of.
The UPFC provides additional control that the STATCOM and SSSC would not be able
to provide independently such as shifting phase angles, voltage manipulations, and
changing equivalent impedances. These parameters can be controlled independently or in
combinations (zhang,2016) ,Peesari,2016).

Modeling of Power Systems with UPFC

For the purpose of fundamental frequency steady-state analysis an equivalent circuit
consisting of two coordinated synchronous voltage sources should represent the UPFC
adequately. Such an equivalent circuit is shown in Figure 3. The synchronous voltage
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sources represent the fundamental Fourier series component of the switched voltage
waveforms at the AC converter terminals of the UPFC (Hingorani and Gyugyi, 2000).
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Figure 3.: UPFC Equlvalent Circuit. (a) UPFC schematic diagram; (b) UPC equivalent
circuit

The UPFC voltage sources are:
Egp = Vsp(cos s, + jsin Ssn) (2)
Ege = Vse(cos 85, + jsin &) (3)
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Where Vpand &, are the controllable magnitude (Vspmin) < Vsn < Vspmax)) and phase
angle (0 < J5, < 2m) of the voltage source representing the shunt converter.

The magnitude V,, and phase angle &,, of the voltage source representing the series
converter are controlled between limits (Vsemin) < Vse < Vsepmax)) and (0 < 8, < 2m)

, respectively.

If §¢, is in phase with the nodal voltage angle 8;, the UPFC regulates the terminal
voltage. If &, is in quadature with respect to 6;, it controls active power flow, acting as a
phase shifter. If §,, is in quadrature with the line current angle then it controls active
power flow, acting as a variable series compensator (Mustapha et al, 2015). At any other
value of §,,., the UPFC operates as a combination of voltage regulator, variable series
compensator, and phase shifter. The magnitude of the series-injected voltage determines

the amount of power flow to be controlled.

Based on the equivalent circuit shown in Figure 3.4 and Equations (2) and (3), the active

and reactive power equations are at bus i (Seifi et al, 2010).:
P, = V2Gy + V;V;|Gyj cos(6; — 6;) + By sin(6; — ;)]
+ Vl-Vse[Gl-j cos(6; — 8se) + B;; sin(; — 556)]
+ ViVslGgp cos(0; — 8sr) + By sin(6; — 8gp) ] (4)

Qi = ViZBii + VlV][Gl] Sin(Qi - 9]) + B,_] COS(G,: — 9])]
+ Vl-Vse [Gl] Sin(Qi - 553) + B,_] COS(G,: — 556)]

+ ViVsh [Gsh Sin(gi - Ssh) + Bsh COS(@i - 55h)] (5)
At bus j:
Pj = VJZG]] + V]Vl[G]l COS(Gj - 9,_) + B]l Sln(QJ - 9,_)]

+ V]VSQ [G]] COS(Gj - 556) + B]] Sln(QJ - 556)] (6)

+V]V5~e [G]] Sln(QJ — 556) + B]] COS(Gj - 556)] (7)
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Series converter:

Pee = VizGjj + Vi Vi[Gij cos (85, — 6,) + By sin(8s, — 6,)]
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+ VseV][G]] COS(5S€ - 9]) + B]] Sin(5se - 9])] (8)
Qse = ngcjj + VseVi[Gij Sin(5se - gi) + Bij COS(5se - 91‘)]
+ VseV][G]] Sin(5se - 9]) + B]] COS(5S€ - 9])] (9)
Shunt converter:
Pg, = V5, Gop + Ve Vil Ggp, cos(8g, — 6;) + By, sin(8g, — 6)] (10)
Qsn = Vi Bsn + Ve Vil Ggp, sin(8g, — 6;) — By, cos(8g, — 6;)] (11)
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Conclusion

The power flow model for UPFC was derived and written in equation 12 and with this
equation the same methods used in the next edition of this paper were used to calculate
the bus voltages and phase angles, real and reactive power (both sides of each line), line
loss and estimation of efficiency of the transmission line during the UPFC insertion in 58
bus Nigeria 330kv transmission line network. The search for the best placement of
UPFC was done having known the positions of the violated buses. The method is just to
insert the UPFC FACTS device in the line bounded or adjacent to these violated buses.
The best position is base on the degree of performance enhancement spread.

Also researched on is the effect of variation of the parameters of UPFC FACTS device on
the performance enhancement capabilities. This variation simulation was done in the best
position in which the UPFC has the best of performance enhancement. The condition for
the simulation of 58 bus Nigeria 330kV transmission network when inserted with UPFC
is presented in above sections.
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