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ABSTRACT: tn recent years, power demand has increased substantially while the expansion of power

generation and transmission has been severely limited due to limited resources and environmental restrictions.
As consequences, some transmission lines are heavily loaded and the system stability becomes a power transfer
limiting factor. Flexible alternating cuwrrent transmission systems (FACTS)technology opens up new
opportunities for controlling power and enhancing the usable capacity of present, as well as new and upgraded
lines. The Unified Power Flow Controller (UPFC) is a second generation FACTS device which enables
independent control of active and reactive power besides improving reliability and quality of the supply. The
Unified Power Flow Controller (UPFC) can control active and reactive power flow in transmission line by
means of injection controllable series voltage to the transmission line. This paper introduces a new vision of
- using UPFC that enhances and widens the range of controlling both active and reactive power flow while
minimizing the harmonics and keeping the voltage in the specified limit. A model of 110Mvar GTO based UPFC

on a 500KV transmission system is simulated and its response is analyzed using MATLAB program.
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1. INTRODUCTION
In today’s highly complex and

interconnected power systems, there is a
great need to improve electric power
utilization ~ while  still  maintaining
reliability and security. While power flows
in some of the transmission lines are well
below their normal limits, other lines are
overloaded, which has an overall effect on
deteriorating  voltage  profiles and
decreasing system stability and security.
Because of all that, it becomes more
important to control the power flow along
the transmission lines to meet the needs of
power transfer. On the other hand, the fast
development of solid-state technology has
introduced a series of power electronic
devices that made FACTS a promising
pattern of future power systems. The
power flow is a function of transmission
line impedance, the magnitude of the
sending end and receiving end voltages
and the phase angle between voltages. By
controlling one or a combination of the
power flow arrangements, it is possible to
control the active, as well as, the reactive
power flow in the transmission line. With
FACTS technology, such as Static Var
Compensator (SVC), Static Synchronous
(STATCOM), Static

Synchronous Series Compensator (SSSC)

Compensator

and Unified Power Flow Controller

(UPFC) etc., bus voltages, line impedances

and phase angles in the power system can
be regulated rapidly and flexibly. These
FACTS controllers are based on voltage
source converters. Thus, FACTS can
facilitate the power flow control, enhance
the power transfer capability, decrease the
generation cost, and improve the security
and stability of the power system [1-2].

A Static Synchronous Series Compensator
(SSSC) is a member of FACTS family
which is connected in series with a power
system. It consists of a solid state voltage
source converter which generates a
controllable AC voltage at fundamental
frequency. When the injected voltage is
kept in quadrature with the line current, it
can emulate as inductive or capacitive
reactance so as to influence the power flow
through the transmission line [3-4-5].
While the primary purpose of a SSSC is to
control power flow in steady state, it can
also improve transient stability of a power
system [6].The UPFC is a member of the
FACTS family with very attractive features
[71. The UPFC is able to control,
simultaneously or selectively, all the
parameters affecting power flow in the
transmission line (voltage, impedance, and
phase angle) [8]. It is recognized as the
most sophisticated power flow controller
currently, and probably the most expensive
one. The UPFC, which consists of a series

and a shunt converter connected by a
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common dc link capacitor, can
simultaneously perform the function of
transmission line real/reactive powef flow
control in addition to UPFC bus
voltage/shunt reactive power control [9-
10]. The shunt converter of the UPFC
controls the UPFC bus voltage/shunt
reactive power and the dc link capacitor

‘ voltage. The series converter of the UPFC

controls the transmission line real/active -

power flows by injecting a series voltage

of adjustable magnitude and phase angle

[11-12-13], on the other hand, the series
part known as SSSC can be controlled
without restrictions. The phase angle of
series voltage can be chosen independently
from line current between 0 and 27, and its
magnitude is variable between zero and a
defined maximum value. The parallel part
known as STATCOM injects an almost
sinusoidal current of variable magﬁitude at
the point of comnnection. The main
contribution of this paper is to widen the
control range of both -active and reactive

power flow.

2. Modeling
2.1 UPFC model description

The basic components of the UPFC are
two voltage source inverters (VSIs) sharing

a common dc storage capacitor, and

connected to the power system through
coupling transformers. One VSI is
connected to in shunt to the transmission
system via a shunt transformer, while the
other one is connected in series through a
series transformer [14]. A basic UPFC

functional scheme is shown in Fig (1).

device

UPFC

r-eTTm T T —
Vs L} ¢ : Vr
=y el - o
4 I S 7,

sending ! | 1e ¥ receiving

end Il end

| shunt  series

} device

1t

1
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Fig (2) shows, the schematic diagram of
a UPFC that is used to control the power
flow in a 500 kV transmission system. The
UPFC located at the left end of the 75-km
line L2, between the 500 kV buses Bl and
B2, is used to control the active and
reactive power flowing through bus B2
while controlling voltage at bus Bl. It
consists of two 110-MVA, three-level, 48-
pulse  GTO-based

connected in shunt at bus Bl and the other

converters, one

connected in series between buses Bl and
B2. .The shunt and series converters can
exchange power through a DC bus. The
series converter can inject a maximum of
10% of nominal line-to-ground voltage
(28.87 kV) in series with line L2 [15].
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Fig. 2: Schematic Diagram of UPFC

2.2 48-pulse three level

voltage source GTO inverter
The  48-pulse

comprises four identical 12-pulse GTO

converter  model

converters interlinked by four 12-pulse
transformers with phase-shifted windings
[8]. Fig (3), depicts the schematic diagram
of the 48-pulse VS-GTO converter model.
It consists of four 3-phase, 3-level inverters
-and four phase-shifting transformers. The
phase shifts produced by the secondary
delta connections (-30°) and by the primary
zig-zag connections (+7.5° for transformers 1Y
and 1D, and -7.5° for transformers 2Y and 2D)
allows to neutralize harmonics up to 45th
harmonic, The output voltage have normal
harmonics n = 48r + 1, where r =0, I, 2...,

ie., 47" 49% 95t o7t respectively, with

respect to the fundamental; on the dc side, the

lower circulating dc current harmonic content
is the 48",

The instantaneous values of the phase-
to-phase voltage Vab(t) and the phase-to-
neutral voltage Van(t) of the 48-pulse
inverter output voltage is expressed as[9].
Vapas(t) = 82m =y Vabmsin (mot + 18.75° m
+11.25%) e))

Vanas(t) = % 3 i Vamsin (mot + 18.75°

m - 18.75%) 2)
Where

Vabm = == Ve COS ( Zm) 3)
Vam = 5 Voc (1+ COS (5m)) (4

M=48r+1,r=0,12,....
i =1, for positive sequence harmonic

i= -1, for negative sequence harmonics
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The voltages vbc48 and vcad8 exhibit a
similar pattern except phase shifted by
120° and 240° respectively. Similarly the

Man, TelY

phase voltages vbn48 and vcn48 are also
phase shifted by 120° and 240°

respectively.
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Fig. 3:48-Pulse Inverter GTO’s Voltage Source Converter

The voltages vbc48 and vcad8 exhibit a
similar pattern except phase shifted by
120° and 240° respectively. Similarly the

phase voltages vbn48 and vcnd§ are also

phase shifted by 120° and 240° -

respectively. The 30° phase-shift between
the Y and D secondary's cancels harmonics
5+12n (5, 17, 29, 41, ...) and 7+12n (7, 19,
31, 43, ...). In addition, the 15° phase shift
between the two groups of transformers
(1Y and 1D leading by 7.5° 2Y and 2D
lagging by +7.5°) allows cancellation of
harmonics 11+24n (11, 35, ...) and 13+24n
(13, 37, ..). Cpnsidering that all 3n the

harmonics are not transmitted by the Y and
D secondary's, the first harmonic which are
not cancelled by the transformers are 23rd,
25th, 47th and 49th. To minimize the 23rd
and 25th we must choose appropriate
conduction angle so that we try to find the
optimizing conduction angle (sigma = 0° to
1806). The first significant harmonics are
therefore the 47th and 49.th' This type of
inverter generates an almost sinusoidal

waveform consisting of 48-steps [10].
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2.3 STATCOM control system

The model of STATCOM Control
System is shown in fig (4).Its task is to

Vibg .-

Ok

Tago

increase or decrease the capacitor DC
- voltage, so that the generated AC voltage

has the correct amplitude for the required

reactive power.

Fig. 4: STATCOM Control System

As the UPFC is expensive device. So, it is
obvious to use it as much as possible. In
this matter, the control system used in the
UPFC is divided into two type's regular
~ control and modified control.
A.Regular control
This portion represents the control loops
that are generally used
. Phase Locked Loop (PLL)
¢ Measurement System
e Regular Voltaée Regulation

» Firing Pulses Generator

B. Modified Control

This portion represents the main
contribution of this research. This portion

simply uses the following modules:

' ‘[ v
hl;ihhcgindw;&r;.
Dhvlay 4nd lyef Salacton
I—:lring pulses generator
e Phase Locked Loop (PLL) it

synchronizes GTO pulses to the
system voltage and provides a
reference angle to the measurement
system. .
Measurement System it computes the
positive sequence components of the
STATCOM voltage and current, using
phase-to-dq transformation and a
running-window averaging and also
computes active power and reactive
power.

Modified voltage: it is performed by
three PI regulators: from the measured
voltage Vmeas and two reference
voltages Vier (Veen =0.9pu.and Vipn
=].1pu, while Vs =lpu in regular
voltage regulation). The modified
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voltage block (outer loop) is shown in output (ot) and the current regulator
fig (5.a) and the regular voltage output (o angle).

regulation is shown in Fig (5.b). The

outer loop computes the reactive The advantage of using this type of control
current reference Iqref used by the loop is to modify the performance of the
current regulator block (inner loop) active and reactive power flow control and
shown in fig (6). The output of the widen the range of them.

current regulator is the o angle which 2.4 SSSC control system

is the phase shift of the inverter

voltage with respect to the system The model of SSSC Control System is shown
voltage. . fig (7).The control system consists of:

e A phase-locked loop (PLL) which
synchronizes on the positive-sequence
component of the current I. The output
of the PLL (angle ®=wt) is used to

Fig. 5: Schematic Diagram of a) Modified Voltage block, compute the direct-axis and quadrature-
b)Regular voltage axis components of the AC three-phase

Iy_Ref voltages and currents (labeled as Vd,
Vq or Id, Iq on the diagram).
____,©_. Pl —— Alpha e Measurement systems measuring the q
Err

B components of AC positive-sequence of

Controiler
- -yoltages V1 and V2 (V1q and V2q) as

Fig. 6: Schematic Diagram of Current Regulator Block

e Firing Pulses Generator it generates pulses well as the DC voltage Vdc.

for the four inverters from the PLL
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Eiring pulses
geaorator

Fig. 7: SSSC Control System

3. Simulation Results

The UPFC model has been simulated
using MATLAB/Simulink for enhancement
of active and reactive power flow control
over the Transmission Line while minimizing

the harmonics.

3.1 UPFC Conduction Angle

Selection

This is an essential step; this step is
done through simulations by varying the
conduction angle (o) from 10° to 180° and
the result show in table (1). This table
contains the difference sigma angle, total
harmonic distortion (THD -%) before and
after converter. The best point of operation
is when:

e The frequency must remain between
49.5 (-1%) and 50.5 (+1%) Hz.

e The total harmonic distortion of
voltage must THD < 8 %, V1< 5.0%,
V5<6.0%, V1< 5.0%.

Based on this rule and from table 1, A
conduction angle of 171.5 is chosen as an
optimal point.

Table 1: The result for run simulation

Relative
Sigma | VayeVa Vabe fundamental to
(degree) | (THD%) | (THD %) 60 HZ (pu)

10 283.39 | 73.94 0.0848

60 80.31 7.58 0.5015

110 35.15 6.01 0.8217
150 31.93 7.56 0.969
160 36.16 | 4.53 0.9879
170 41.76 4.35 0.9993
170.5 | 42.17 4.17 0.997
171 42.36 4.01 1
171.5 | 42.63 3.89 1
172 42.97 3.82 1.001

172.5 | 43.28 3.79 1.001
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3.2 Active and Reactive Power

Control using UPFC

Case 0: Reference Active and

Reactive Power flow Case

To specify the active and reactive power

flow reference, the UPFC is disconnected
(without control). The normal active power
flow P=+874MW. So that the reference active
power is specified in the simulink. Initially,
P= +8.74 pw/100MVA (+874 MW). The
normal reactive power flow, Q= -58.8Mvar. So
that, the reference reactive power is specified
in the simulink. Initially,” Q.= -0.588
pu/100Mvar
(-58.8Mvar).
The controllable region is obtained by
keeping the injected voltage to maximum
value 10% of nominal line-to-ground
voltage (28.87 kV) (0.1pu) and varying its
phase angle from 10" to 360",

Case 1: Active and Reactive

Power Control

At t= 0.2 sec the reference active power is
changed suddenly from 8.74 pu to 10 pu,
and at a t =0.4 sec, the reference reactive
power is changed suddenly from -0.588 pu
to 0.5pu. Fig (8) shows the reference and
controlled active power waveforms. It is
shown from this figure that both of these
wave forms coincide at the beginning.

When the reference active power changes,

the controlled one starts to follow it
linearly but it takes about 0.13 sec to do
that without any spike.

1"

105

Reference and controlled active power (pu)

85

8 v T — v r

0 ot 02 03 Dfl s ofa o7 08
Time (sec)

Fig. 8:Reference and Controlled Active Power for Casel

Fig (9) shows the reference and
controlled reactive power waveforms. It is
shown from this figure that both of these
waveforms coincide at the beginning.
When the reference reactive power
changes, the controlled reactive power is
increased linearly to follow it but takes

about 0.085sec to do that.

08 1

0.4 -

02

0 <

0.2

Reference and controlled reactive power (pu)

Q R} 0.2 DTS 0.4 0?5 06 07 0.8
Time (sec)
Fig.9: Reference and Controlled Reactive Power (Casel)
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Fig (10) shows that the injected voltage
is increased linearly from .0126pu at time
0.2 (in which the reference active power
increased) to 0.025 pu at time t =0.34 sec
(when controlled active power stabilized).
Then remained constant until t= 0.4 sec
(when the reference reactive power
increased) and starts to increase linearly to
Vi; = 0.033pu (when the controlled
reactive stabilized) then remained constant.
So the injected voltage is changed with

both of active power and reactive power.

0.05

0.045

0.04 1

0.038

0.03 4

0.028

0.02 +

0015

Magnitude injected voltage (pu)

0.01 o

0.008

’ ] ar ofz os 014 os nTa o7 08
Time (sec)

Fig. 10: Magnitude Injected Voltage (Case 1)

Fig (11) shows that, the DC voltage is
constant before t = 0.4sec (Vg4o = 19.3KV),
after the transient time the DC voltage is
raised to 20KV with increasing reactive
power. So, the DC voltage changed with

reactive power only.

20.4

202

20

19.8 o

DC Voltage (KV)

18.2 4

19 T T T T T r
0 a1 02 a3 0.4 s 0.8 o7 0.8
Time (sec)
Fig. 11: DC Voltage (Case 1)

3.3 Maximum Active Power

Control

Searching for the maximum active power
flow control using the UPFC with the
suggested current control loop, two main
cases are performed; one of them tests the
increasing of the active power to its upper
limit and the other one tests the decreasing

of the active power to its lower limit.

3.3.1 Upper Active Power
Limit (Case 2)

In this case, the reference active power
is changed from normal active power flow
(8.74 pu) to a new active power of 13pu at
t = 0.3 sec. The active power waveform of
the reference and controlled active power
are shown in fig (12). Fig (12) shows that,
the controlled active power doesn’t reach

the new reference power of 13pu, but
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reaches 12.56pu only and remains constant
by activating the UPFC device with the
suggested control. This means that, the
UPFC maximum final active power value
of 12.56 pu. Comparing this upper limit by
(12.25pu) the upper limit which menfioned
in [15], which means additional increasing
in the upper limit by 2.53% is achieved due
to adding the suggested control.

reference and controlled active power (pu)
<

T T T T T T T
] 01 02 a3 04 0.5 0.8 0.7 0.8 8-}
Time (sec)
Fig. 12: Reference and controlled active power (case 2)

3.3.2 Lower Active Power
Limit (Case 3)

In this case, the reference active
power is changed from normal active
power flow (8.74pu) to a new active power
of Spu at t = 0.3 sec. The reference and
controlled power waveform are shown in
_fig (13). Fig (15) shows that, the controlled
active power doesn’t reach the new
reference power of Spu, but reaches 5.19pu
(P=519MW) only and remains constant at

this value. This means that, the lower limit

1

E. 11
of UPFC is 5.19 pu. If this lower limit is

‘ compared by (5.53pﬁ) in [15], concluding

that the lower limit is stretched by 6.15%.

]
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) \ .
S ‘\ ref
o 8- [N et Pet
> \
° \
B g5 \
o \
= \
=
s} \
< 71 \
- \
@ \
= 65 \
g \
g \
- \
s’ :
f=4 \\
T 55 \
3 \
Ot
S
[
2
)
[
4 T T v T T g
g & gz 03 g4 05 g5 07T g 09
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Fig.13: Reference and Controlled Active Power (Case 3)

3.4 Maximum Reactive Power

Control

Searching for the maximum reactive
power control up and down using the
UPFC with the suggested control loop, two
cases are performed. One of them tests the
upper limit and the other one test the lower

limit.

3.4.1 Upper Reactive Power
Limit (Case 4)

In this case, the reference reactive
power is increased from 0.588pu to a new
reactive power of 3.0‘pu att = 0.4 sec. The

waveform of the reference and controlled
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reactive power are shown in fig (14). Fig
(14) shows that, the controlled reactive
power reaches only 2.95pu and remains
constant. So, the upper limit of the reactive
power flow the using UPFC described is
2.95pu, which is the same value mentioned

in [15].

s

3 <

25

Reference and controlled reactive power (pu)

-1 T T T T T

0 01 0.2 0.3 0.4 as 0.6 Q7 0.8 a9
Time (sec)

Fig.14: Reference and controlled reactive power (Case 4)

3.4.2 Lower Reactive Power

Limit (case 5)

In this case the reference reactive power
is changed from normal value to anew
reactive power equal (-4pu). The waveform
of the reference and controlled reactive
power are shown in fig (15). Fig (15)
shows that, the controlled reactive power
doesn’t reach to the new reference power (-
4pu) but reaches only (-3.77pu) and
remains constant at this value. So, the
minimum value of reactive power flow in
the transmission line by using UPFC
described is -377Mvar. Comparing this

Y. M. Ammar, S. S. Kaddah, S. A. Abd - Elwahab and A. M. Aly

lower reactive power limit with (-3.70pu)
which mentioned in [15], it is shown that
the lower reactive power limit is stretched

by 1.9%.

0

Qs

\

\
-1 \

____________

Reference and controlled reactive power (pu)

PY] v T r T v r
0 01 0.2 03 0.4 1] 0.8 Q7 0.8 09 1
Time (sec)

Fig.15: Reference and controlled reactive power (case 5)

4. CONCLUSION

Unified Power Flow Controller (UPFC)
with 48-Pulse three-level GTO inverter
with shifting transformers can neutralize
harmonics commendably. The main
contribution of this paper is introducing a
UPFC.
Modeling and simulation of the modified
UPFC using Matlab/Simulink has been
presented. The simulation results for the
110Mvar GTO based UPFC on a 500KV
transmission system is simulated. Prove

that the UPFC with the suggested control is

current control loop for the

stretching the control range of both
active/reactive power flows. The upper

active power limit is stretched by 2.53%
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while, the lower active power limit is
stretched by 6.15%. Apparently, the effect
of the suggested control on reactive power
is smaller compared with the active power
as the upper limit doesn't change while the
lower limit is stretched by 1.9% only. So, it
is concluded that adding this control loop
which is almost at no cost enhances the

active/reactive power control of the UPFC.
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