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This paper presents an investigation and visualization of the effect of
UPFC on power flow characteristics by incorporating it in a simple two-
bus system. The UPFC is represented by two ideal voltage sources each of
them is connected in series with a reactance. This model investigates the
nonlinearity of UPFC on the power system load flow problem. Since the
various UPFC variables equations are non-linear, a form of vector
presentation in complex power plane is used to visualize the effect of
different control variables of UPFC on line power transfer. This
visualization helps to identify the effectiveness of each one of control
variables on power control region.
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1. INTRODUCTION

The Unified Power Flow Controller (UPFC) was proposed [1] for real-time control and
dynamic compensation of AC transmission systems, providing the necessary functional
flexibility required to solve many of the problems facing the utility industry. The
UPFC consists of two switching converters, which in the implementations considered
are voltage-sourced inverters using gate turn-off (GTQ) thyristor valves, as illustrated
in Fig. 1 [1-2]. These inverters, labeled “Inverter 1”” and “Inverter 2” in the figure, are
operated from a common DC link provided by a DC storage capacitor. This
arrangement functions as an ideal AC-to-AC power converter in which the real power
can freely flow in either direction between the two terminals of the two inverters and
each inverter can independently generate (or absorb) reactive power at its own AC
output terminal. Inverter 2 provides the main function of the UPFC by injecting an AC
voltage Ve with controllable magnitude (0 < Vse < Vsermax) and phase angle

Oser (0 < 0sr<360°), at the power frequency, in series with line via an insertion

transformer. This injected voltage can be considered essentially as a synchronous
voltage source [2-5]. The transmission line current flows through this voltage source
resulting in real and reactive power exchange between it and the AC system. The real
power exchanged at the AC terminal is converted by the inverter into DC power, which
appears at the DC link as positive or negative real power demand. The reactive power
exchanged at the AC terminal is generated internally by the inverter.
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The basic function of inverter 1 is to supply or absorb the real power demanded
by inverter 2 at the common DC link. This DC link power is converted back to AC and
coupled to the transmission line via a shunt-connected transformer.
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Fig. (1): UPFC basic structure.

Inverter 1 can also generate or absorb controllable reactive power, if it is desired,
and thereby it can provide independent shunt reactive compensation for the line. It is
important to note that whereas there is a closed “direct” path for the real power
negotiated by the action of series voltage injection through inverters 1 and 2 back to
the line, the corresponding reactive power exchanged is supplied or absorbed locally
by inverter 2 and therefore it does not flow through the line. Thus, inverter 1 can be
operated at a unity power factor or be controlled to have a reactive power exchange
with the line independently of the reactive power exchanged by inverter 2. This means
that there is no continuous reactive power flow through the UPFC.

2. STEADY-STATE CHARACTERISTICS OF UPFC

A power transmission system composed of a line equipped with UPFC can adequately
demonstrate basic characteristics of the UPFC for steady-state conditions. Fig. (2)
shows a single-phase equivalent circuit of such a system [6-7]. The line is connected
between two voltage buses Vi£diand V2£02. The UPFC is represented by an ideal
series voltage and shunt voltage source each connected with a series reactance. Series
reactance of voltage source VserZ0seris included in X,. The UPFC controls power flow
of the line through continuous control of Vs and 6ser. Depending upon the system
operating conditions, voltage source VserZ0ser exchanges real and reactive power with
the system. Since a UPFC can neither absorb nor deliver real power (losses are
neglected), phase angle Oshis adjusted to compensate for real power exchange between
VshZ0sh and the system. Vshcan be adjusted to compensate for the reactive power
exchange between VserZ0serand the system. In general, by means of controlling Vsh,
the net reactive power exchange between the UPFC and the system can be regulated

[7].
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In order to visualize the effect of the UPFC control variables, (Ve, Oser, Vg, and
Bsh ), on the power flow characteristics, it is required to obtain expressions for sending-
end and receiving-end powers as a function of these control variables, this can be

achieved as follow:
Applying KCL and KVL to the system of Fig. (2), to obtain the system current

components.
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Fig. (2): Single-line diagram of transmission line and UPFC

li=12+Ish (1)
Vi = lell-l- szh|sh + VshZOsh 2
V2/82 4+ Vser /Oser = jXZlZ + szhlsh + VenZ0sh (3)

By substitution of Iy, from equation (1) into equations (2) and (3), it is possible to
get two equations in two unknowns, I, I, as equation (4) illustrate.

| X1+ Xsh — Xsh I |

I X (Xa+Xsh) || 2] 4
VlZSl - Vshlesh ( )
VZZSZ - Vserleser - Vshéesh

Solving the above linear algebraic equation, (4), it is possible to obtain I, and I,.

1 {(xsh +X2) V1£81— X2V L0 | -
5

= Xt2490 + XshVser£0ser — XshV 2.£d2
e L [XaViddut XaVanZBa ]
B XIQZQO +(Xsh + Xl)VserZeser - (Xsh + Xl)VZZSZ_ (6)
From equations (5) and (6) it is possible to obtain Iy, by substitution in equation (1)
L= L[ XeVasi= (Xi+ X2)VinLOsn -
o thégo —X1VserZOser + X1V 2252

Where X; = X1 X5 + X1 Xgp + XoXgh.
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After obtaining the system current components and UPFC shunt current, it is
possible to get expressions for the sending-end, receiving-end and UPFC powers as
follow:

The sending-end power S; can be expressed as:

Si=Pi+jQu= Vil = MZ%

XshV1V2 £(00+51-52) - XZVleh

XsthVser
+

2

£(90+51-4) ©)

4(90 +0— eser)

Xt

XshV1V2 sin(5:—52) + X2ViVen Sin(5:—0u)

¢ ©))
- XsthZ\/ser sin(& - eser)
Xt

P1=

2
Ql_(xsh+xxz)v xsh)\(/;vz c0s(51—5) -

XZVleh (61 esh) XsthVser

(10)

(61 eser)

The receiving-end power can be expressed as:

(Xsn + X1) V22
2

t

S2=P2—jQ2=Val2 =-
XshV1V2

Z90+

Z(90+82—-01) +

xlvzvsh (11)

Z(90+ 85— 0s) +
(Xsh + Xl)VZVser
X2

XsV1V2 Sin(d1—82) — XlVzVShsin(E‘)z Bsn)

X X (12)
(Xsh + X1 2 2Vser Sin(62 3 eser)

4(90 +82— eser)

P2=

2
o (Xaon + )il)Vz _ Xsr;\(/;Vz cos(52-) -

Xt t
X1V22Vsh COS(62 B esh) B (Xsh + X12V2Vser
X

t t

(13)

COS(62 - eser)

The UPFC series converter power can be expressed as:
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Xstheer . Xleeerh
Per =— 5 Sln(eser - 81) - tz

(Xsh +tX1)V2Vser
T

t

Sin(eser —esh)
(14)
Sin(eser —62)

2
Qser _ (Xsh + le)Vser . Xsh)\(/s:er 05 (eser _ 61) N

Xt t
XleezrVSh €0 ( O — esh) B (Xsh + §12V2Vser

t t

(15)
COS(eser - 62)

The UPFC shunt converter power can be expressed as:

XZ)\(/SZ“\“sin(esh ~8) + x“)’(“;VS“ Sin (0 — Oser)
XVaVa t (16)

X

Psh =

Sin(Bsn — 62)

2
Qsh = (X: +)Zzl)VSh - XZ)\(/S: Vi cOS(Bsh — 1) +

t
% COS(Osh — Oser) — % COS(Bsh — 02)

t t

(17)

From (8) to (17) it is obvious that the equation sets of UPFC are highly non-

linear and the effect of every control variable on power flow is not clear. To set the
control variables and find the borders of limitations of these variables a visualized
presentation of the UPFC control variables is very helpful.
Neglecting UPFC losses, during steady-state operation, the UPFC neither absorbs real
power from the system nor injects real power in the system (Ps + Ps, = 0). Physical
interpretation of this statement is that the voltage dc link capacitor remains constant at
its pre-specified value V. This constraint must be satisfied by the UPFC steady state
equations.

The constraint P, + Pg, = 0 implies that:
1-No real power is exchanged between the UPFC and the system; thus, the dc link
voltage remains constant.
2-The two voltage sources Vg and Vg, are mutually dependant.

Assuming that variable 6sn is assigned to regulate the dc link voltage, power flow
(both real and reactive) can be simultaneously controlled/changed by variables Oser,
Veer and Vg, of the UPFC. Among Oser, Vg, and Vg, the control variable of Oser has the
most dominant effect on the magnitude of real power flow.

According to the above assumptions it is possible to visualize the effect of UPFC
control variables on the power flow through the transmission line.
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3. EFFECTS OF VsrzZ6ser ON SENDING-END, RECEIVING-
END AND UPFC POWERS AT CERTAIN TRANSMISSION
ANGLE 5 AND SHUNT VOLTAGE SOURCE MAGNITUDE

VSH-

Figs. (3a through 3d) and Figs. (4a through 4d) show the real and reactive power of the
sending-end, receiving-end, UPFC series converter and UPFC shunt converter

respectively, versus Oser that changed from 0° to 360° at different values of Vg, from 0

to 0.15 p.u, transmission angle 6 =25, X; = X, = 0.5 p.u and V¢, = 0.9 p.u. Figs. (3a)
and (3b) show that the sending-end and receiving-end real powers are equals according
to the constraint of Pg, + Pg, = 0. This constraint shown in Figs. (3c) and (3d), where
Peer = -Psn. Figures (4a) and (4b) show that the sending-end and receiving-end reactive
powers are equals at Vs = 0, where in this case Qg = 0 as shown in Fig. (4c). Figure
(4d) shows that UPFC absorb shunt reactive power from the system where Vg, in this
case is less than the system voltage. As V., increase, the reactive power in all sides
will be changed with the change of 6serin the form of sine wave as illustrated in the
previous equations and shown in Figs. (4a) through (4d).
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Fig. (3): (a) Sending-end, (b) Receiving-end, (c) Series converter, and (d), Shunt
converter, real powers versus Oser at different values of Vg, (0-0.15) p.u.
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Fig. (4): () Sending-end, (b) Receiving-end, (c) Series converter, and (d), Shunt
converter, reactive powers versus Oser at different values of Ve, (0-0.15) p.u.

3.1 Power Flow Characteristics at Sending-End

When the UPFC is in service, the complex power at the sending-end of the system of
Fig. (2) is given by equation (8) that can be decomposed into four components as given

by (18).

S1=Sa+Sb+Sc+ Sq
Where S, to S, are:

2
S, - (Ksh + )22)V1 90
Xt

Sy — XshV1V2 9045

Se= XZVNS“ 22N 90 48—
Sq= Mggm S — Oser

t

(18)

(19)

Noting that, & in (19) is equal to d1and the voltage angle of the receiving-end (32 ) is
chosen as the reference angle. Figure (5) graphically represents S; in terms of its four

components.
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Fig. (5): Graphical representation of S, in the complex power plane.

To visualize the effect of UPFC parameters on tie line power flow, it is possible
to rewrite (8) as follows:

Si=A+BVsh L —0sh + CVser — Oser (20)
Where,
A=S:+S , B=—22Y* 19015, and

XanV/1 % (21)
C= Z90+9

2
t

In this form, the tie line power is expressed by UPFC control variables
(Vser, Bser, Vsh,and Osn ). If system parameters are kept unchanged, A,B and C remain
constant. Therefore the tie line power flow becomes only as a function of UPFC
control variables.

Now we can visualize the effect of the UPFC control variables on power flow
characteristics at sending-end. Figure (6) represents Fig. (5) in the form of (20).

Q21 (p.u)
1.6

F1 (p.u)

Fig. (6): Graphical representation of S, as a function of UPFC control variables
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As Bserand (or) Vg, are changed to regulate power flow, 0sh is also changed to
ensure that Py + Py, = 0. Thus, the tip of vector S; traces a closed path in the complex
power plane of Fig. (6). This closed path is the power diagram of the tie line when the
UPFC is in service. To identify the power diagram corresponding to (20), it can be
decomposed to real and reactive powers as (22) and (23) respectively.

Pi=a—csin(0—06sr) Or Pi—a=-—cSin(5—0Osr) (23)
Qi=b+ccos(d—0sr) Or Qi—b=ccos(S—Oser) (24)
Squaring equations (23) and (24) then adding them, results in equation (25)
(P1—a)* +(Q—b)* =c? (25)
Where:
a = 22 Gin(s) + 22V gins - 0u)

X Xt

t

b (Xsh + X2)V1* ~ XaViVe

cos(0) —

Y \)/(t2 X (©)

2V 1Vsh
————0S(d — Osh

X ( )
Xstheer

C=—ry—
Xt

If aand b are assumed as constant values, then (25) can represents a circle in the
complex power plane. However, in general a and b in (25) can not be assumed as fixed
values, since it is function of Oshand Vsh, which in turn are varied as a results of
changing Oser and/or V. Thus for different values of Oser, there are some different
values for Oshas shown in Fig. (7). Fig. (8) shows the variation of the center (a,b) of
the closed path due to the change of the series voltage source angle (0ser). Therefore
(25) identifies a closed path, with constant radius ¢ and centers on arc ef as shown in
Fig. (9), which illustrates the tie line complex power region for different values of
Oser and Veer.
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Fig. (7): Variation of (0sh) versus (0ser) at different values of the magnitude of series
voltage and 0 =25°.
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Fig. (9): The tie line complex power region at sending-end
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3.2 Power Flow Characteristics at Receiving-End

The power flow characteristics at receiving-end with UPFC connected, can be
visualized by rearranged equations (12) and (3) to be in the form of equations (26) and
(27)

P2=a+cCsSinBsr or P2—a =CSin Oser (26)
Q2=Db—-ccosOsr or Q2—b=-—CCOSOser (27)
Squaring equations (26) and (27) then adding them, results in equation (28)
(P2—a)* +(Q2—h)* =c? (28)
Where:

XshV1iVa . XiVaoVen .
a=———->—5INd +—————SINBsn

2

t t
(Xsh+ X1)V2*  XsnV1Va Xi1V2Vsh (Xsh + X1) V2Vser
b= > - >—C0S8 ————5—C0s0sn C= >
Xt Xt Xt Xt
Noting that 3 =51 and d2=0° i.e. receiving-end is taken as reference.

Also the Q-P characteristics at the receiving-end appears as an ellipse where the
radius c is constant but the center (a,b) is varied with the variation of Oshthat varied
according to the variation of Oserto achieve the constraint of P, + Pg, = 0. Figure (10)
shows the Q-P characteristics at receiving-end at power angle &= 25°for different

values of Oser from 0°to 360°and Vg, from 0 to 0.15 p.u.
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Fig. (10): The tie line complex power region at receiving-end



740 A. Ahmed

4. EFFECT OF THE SHUNT VOLTAGE SOURCE MAGNITUDE
Vsy ON THE POWER FLOW CHARACTERISTICS

Figure (11) shows the Q-P characteristics at sending-end for different values of Vg,
(0.9-1.1). This figure emphasize that when Vg, is larger than the system voltage, the
UPFC injects reactive power into the system and vice versa. Also the Q-P curves at
different values of Vg, are parallel and this emphasize that the injected shunt reactive
power of UPFC are independent on the series power.

Q1 (p.u)
0.3

025+

02r

0145

01

0.0a -

-0.05F

Wsh=1.1

01 1 1 1 1
0.3 0.3 0.4 0.45 05 055 06 0.65 0.7
F1 ()

Fig. (11): The tie line complex power region at different values of Vg, (0.9-1.1) p.u.,
Veer = 0.15 p.u., and 8 =25°

5. EFFECT OF SYSTEM POWER ANGLE ON POWER FLOW
CHARACTERISTICS

The system power angle O is another system parameter that can have the significant
effect on tie line power transfer when the UPFC is in service. Fig. (1-18) depicts the

complex power region that can be controlled by changing Oser from 0 to 360° for
two different values of power angle d .
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Fig. (12): Sending-end complex power for 6 = 25°and & = 45°.

6. CONCLUSIONS

This paper identifies the effect of the UPFC control variables ( Vser, Oser, Vsh,and Osn )

on the line power transfer by using a form of vector presentation in complex power
plane. The results show that:

The amplitude Ve, and phase angle of series injected voltage Oser have the
most effect of real power transfer if the power angle between two systems is
small.

For the large power angle, in addition to V., and Oser, the voltage amplitude of
the parallel voltage Vg, can be used for the real power control. However, Vg,
can control the line reactive power for the small power angle.

The phase angle of parallel voltage 6sn is set to regulate the DC link capacitor
voltage V.

The results assure the independency of both series and shunt compensation of
the UPFC.
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