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Abstract: In this paper, power transfer capacity is investigated for systems with a unified power 
flow controller (UPFC). The combined effects of equipment constraints? system topology and 
installation locations on the UPFC real power transfer are studied. The P-Q characteristics of 
UPFC operation under different sets of constraints are determined. The admissible operational 
ranges of UPFC control outputs (in terms of the magnitude and phase angle of its series-injected 
voltage) are investigated, and the maximum power transfer and the maximum admissible range of 
power flow change are also found. 

1 Introduction utilisation and system capacity and/or to minimis reactive 
current flow (which in turn minimises power transnussion 

The growth of electrical energy demand requires more losses) [5-71. 
transmission capacity, but the construction of new trans- 
mission facilities is constrained by environmental concerns 2 UPFC systems and increasing costs. Flexible AC transmission system 
(FACTS) devices provide new altematives in expanding the 
power transmission capacity of existing transmission lines. 
Several types of FACTS devices are available. The static 
VAr compensator (SVC) provides a direct and rapid bus 
voltage control that enhances power transmission, especially 
during low voltage conditions. The static synchronous 
compensator (STATCOM) [I] possesses the ability of 
providing faster response and greater reactive compensation 
than those from conventional synchronous condensers. The 
thyristor controlled series compensator (TCSC) can be used 
to change directly the power flow on a transmission line by 
controlling its impedance. 

The unified power flow controller (UPFC) was developed 
based on a solid-state synchronous voltage source 
(STATCOM, SVS) [2,3], and a phase-shifter [4]. It provides 
simultaneous, real-time control of all three power transmis- 
sion parameters: voltage, impedance and phase angle. 
Therefore its deployment enables power system operators 
to better manage many transmission restrictions. For 
example, a UPFC device can handle such conventional 
functions as reactive shunt compensation. series compensa- 
tion and phase shifting. More importantly, it can indepen- 
dently set and control the real and reactive power flow on a 
specific power transmission line, in order to maximise line 
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Basically, a UPFC [SI consists of two voltage-sourced 
switching inverters, as shown by system 1 in Fig. 1. The 
series inverter is connected in series onto the transmission 
line, while the shunt inverter is linked to the terminal bus. 
The two inverters are interconnected via the DC link 
provided by a DC storage capacitor. The real power can 
flow in either direction between the two inverters, and each 
inverter can independently generate or absorb reactive 
power at its own AC terminals. The series inverter injects 
onto the line voltage an AC voltage Vr<Bi, whose 
magnitude and phase angle are controllable. Any real 
power exchange between the AC system and the series 
inverter is converted into DC power, and the amount of 
DC power is supplied or absorbed by the shunt inverter 
via the DC link. The shunt inverter can also he considered 
as a current source that provides independent reactive 
compensation for the transmission system, thus the shunt 
inverter can control the terminal voltage. The shunt cur- 
rent consists of two orthogonal elements: reactive current I,, 
and active current Ip. It is current Ip that balances the real 
power injected into the transmission line by the series 
inverter. 

In this study. three systems with a UPFC will be 
considered. Parameters and operating conditions of the 
systems, shown in Fig. 1, are set to be: 

System I :  Vs = 1.015<10" P.u., V R  = 1.0<0" p.u., and 
Z L  = 0.01 + j0. I p.u. 
System 2 V S  = 1.03<30" p.u.. VRI = 1.0<Oo p.u.. V R ~  
= 1.021 - 5" P.u., V I  = 1.02, X,I = 0.3, X,z = 0.2_ 
X L I  = 0.5, X L ~  = 0.4, Xi2 = 0.25 
System 3: V s l  = 1.03<30" P.u., Vsz = 1.02<25" P.u., 

1.015, X,l = 0.2, X.9  = 0.15, X L I  = 0.4, X L ~  = 0.2, 
X R I  = 0.3, X R 2  = 0.25, PLI  = 0.1, P L ~  = 0.4 

V R I  = 1.0<0" P.U., VR2 = 1.0<0" p.u., v, = 1.02, v2 = 
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All the parameters above are given on a 100MVA system 
base. To simplify power flow calculations for systems 2 and 
3, it is assumed that the lines are lossless, that V2 changes 
according to the resulting power flow, that the magnitude of 
Vi is maintained by the UPFC, and that the voltages of the 
terminal buses at both sending and receiving sides are kept 
constant. 

3 UPFC operation and control 

The UPFC can be used to achieve all of the following 
objectives: terminal voltage regulation; series capacitive 
compensation; transmission angle regulation (phase shift) 
and combinations of the previous three. Superior to the 
conventional means, the most significant and powerful 
feature of the UPFC is its ability to control real and reactive 
power flow independently and in real-time. 

Consider system I in Fig. 1 .  Quantities V.T<8s and 
VR < O R  are terminal voltages at the sending and receiving 
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sides, respectively; VD <O,> is the line-side voltage; 
ZL denotes the line impedance; 1 represents the line 
current; and PD + jQD is the power flow. The real and 
reactive power transfers are given by the following 
expressions: 

{ ( Vi COS 8; + v, COS 8,?) 
I 

P D  =- 
R2 + X 2  

X [( V; COS @i + V.? COS 0, - V R  COS O R )  R 

+ (Vi sin Oi + V, sin 8,  - V R  sin S R ) X ]  

+ (Vi  sin Bi + V, sin 8,) 

x [(Vi sin Oi + V, sin 8, - VR sin B R )  R 

- (Vi cos 8, + Vs cos 81 - V R  cos 8 R ) X ] }  (1) 
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Q D  = m { - ( V i c O S H ; +  I VrCOS8s) 

x [( V;  sin Oi + V, sin 8, - VR COS O R )  R 

- (Vi COS 8, + COS 6, - VR COS oR)X]  

+ ( V; sin 8; + vT sin O,,) 

x [(VjcosOi + V,cosB, - V ~ s i n 0 ~ ) R  

+ (Vi sin 0; + V,> sin 6, - V R  sin 6 R ) X ] }  (2) 

In eqns. 1 and 2, PD and QD are expressed as functions of 
magnitude Vi and phase angle 0; of the injected voltage V;. 
When there is no injected voltage, magnitude V;  is 0 and the 
power flow is determined by the system's parameters and 
operating conditions. Given any voltage magnitude Vi > 0, 
the power flow solution varies in accordance with the 
change of phase angle Bi. By controlling both the magnitude 
V,  and the phase angle B ; ,  a desired power transfer can 
always be reached before system and equipment constraints 
are taken into consideration. However, in reality, system 
and equipment constraints must be imposed. and the 
W F C  power transfer capacity must be determined 
accordingly. 

4 
system and equipment constraints 

In this Section, the effects of the following system and 
equipment constraints on the UPFC power transfer 
capacity are studied one by one, in order to find both the 
admissible operational region of power transfer and 
the admissible ranges of the controllable parameters of 
the UPFC. 

. magnitude of the series injected voltage: 0 5 V; 5 Lv, . Line current through the series inverter: I 5 Ll 

UPFC power flow transfer capacity under 

magnitude of the transmission-line side voltage: LVD,,, 5 

real power exchange between the series inverter and shunt 
inverters: \PDc\ 5 Lp,,. 

V D  5 LVo,,, 

- shunt inverter current: 

Bounds L V, ~ L, ~ L ,JOmx, L L p D c  and L I ,  are self 

5 L,,, 

eXpkdndt0~ and I . ,  = \/yp. I' +I' 

4.1 Injected voltage constraint O< %< Lv 
It follows from eqns. 1 and 2 that, gmen the sines injected 
voltage Vi, PD and Q D  are functions of the phase angle 
Oi E [a"; 360"] from which a set of level curves in the P-Q 
plane can be solved, as shown in Fig. 2. In this Figure, for a 
given value of Lv, ,  the level curve is an ellipse, and its 
intenor represents all the possible values of PD and QD for 
0 5 Vi 5 Lv, and 0" 5 Bi 5 360'. The smaller the value 
Lv,,  the smaller the ellipse and the region of power transfer. 
In other words, to obtain the maximum power transfer 
capacity, Vi  should be set to its upper bound LV, (if no 
other constraints are imposed). 

4.2 Line current constraint IIL, 
The line current through the series inverter I can be 
calculated by 

I = (VS + Vi - V R ) / z L  (3) 
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4 ,  I 
I L.. = 0.25 I 

The current bound L;, in the form of I s L r ,  can be 
rewritten as 

where VZ, and are phase angles of Z,(= R + jX) and 
lo(= ( V s  ~ V R ) / Z L ) ,  respectively; and Z L ,  VS and V R  
are those defined previously. 

The P-Q level cuwes and the corresponding boundaries 
for L ,  = 4.15 p.u. and L, = 3.5 p.u. with LV, = 0.25 p.u. 
are the dash lines in Fig. 3. The solid line in Fig. 3 represents 
the P-Q characteristics with Vi  = Lv, = 0.25 p.u. There- 
fore the admissible power transfer under a even current 
bound LI is the region that is the subset of the ellipse and to 
the left of the corresponding dash line. From the Figure, it is 
straightforward to see that introducing a line current bound 
reduces the maximum real power transfer of the UPFC 
obtained only under the voltage bound Lv,. 

4 ,  I 

3 

-1 

4.3 Line voltage constraint Lv, 6 n ~ V ~ < L ~ D  _x 

The transmission line voltage of the UPFC (at its output 
side) can be calculated by 

v n  Vi - VR (5) 
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Therefore constraint L v , > , ~  5 VD 5 LLs0- can he imposed 
through the following two inequalities on the V, ~ 8, 
relations: 

Mapped into the P-Q planc using eqns. 1 and 2_ this 
constraint (with Lv, = 0.25 pa., Lv,,, = 0.9 p.u., and 
Lb,Dm = 1.1 p.u.) is shown in Fig. 4. I t  is obvious from 
Fig. 4 that this constraint does not have much impact on 
the maximum real power transfer, but it noticeably restricts 
the admissible ranges of QD and the phase angle 0,. 

4 1  1 

-1 0 1 2 3 4 5 

real power Po, P.U. 

P-Q diaraclrrisiicr wiih 0.9p.u. I Vzl I 1.i ,>.ti. unndLtI =fi.2Sp.u. Fig.4 

4.4 DCpower constraint 1 Pocl < LpDc 
Real power exchange capacity betwecn the series inverter 
and the shunt inverter is limited by the UPFC DC link 
configuration. Constraint lPD,J 5 Lp,r is equivalent to the 
inequalities: 

1 
sin(0, + a )  5 ( L P ~  ( R z  + X z )  - RV,?) (8) 

V, v F T 3  
and 

1 
sin(0i + 0)  2 (-Lp,,(R' + X 2 )  ~ RV8') 

V, m 
( 9 )  

where o/ = sin-'(,?/-). E = RVscosOs - RVR 
cos O R  + XV, sin 6s - XVR sin O R  and F = R V.y sin 0s - 
RVR sin H R  ~ X V ,  cos B.y + X V R  cos B R .  The region for 
admissible power transfers P and Q can be easily drawn, 
and its shape is similar to that in Fig. 4. One interesting 
phenomenon revealed from such a region is that the 
constraint on the DC link real power exchange has no direct 
impact on the real power transfer of the UPFC. It affects 
the reactive power transfer capacity of the UPFC and it 
restricts the range of the phase angle 8,. This indicates that 
most of the real power transfer controlled by the UPFC 
does not flow through the DC link between the two 
inverters of the UPFC. 
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4.5 Shunt current constraint ish 5 Llsh 
The shunt inverter current is the magnitude of two 
elements: reactive current I,, and active current r,]. Current 
I, is independently controlled by the UPFC so as to provide 
shunt reactive compensation, and its change, in turn, 
controls the terminal voltage. The upper hound on lq is 
determined by the UPFC shunt reactive compensation 
rating. Since Ip is to balance the real power injected into the 
line by the UPFC series inverter and hence must he in phase 
with the input tenninal voltage, it can be calculated by 

rp = ~ D c i  ~s (10) 
where PDc = Re( ViI*), Thus, it follows that 

G = 4- ( '1) 

Note that PDC is usually smaller than 1, and the term 
(PDc/ VS)' in eqn. 11 is relatively small. Thus, bound L,, 
will mainly restrict the shunt reactive compensation of the 
UPFC. In other words, bound L1,h will not much affect the 
power transfer capacity, as long as the shunt inverter 
reactive compensation rating is designed to he large enough. 

4.6 Power transfer capacity and available ranges of 
UPFC control parameters under constraints 
For implementation, the UPFC power transfer capacity 
needs to be found when all the constraints discussed 
previously are imposed together. The un-shaded region 
inside the ellipse in Fig. 5 is the admissible power transfer 
region. Roughly, PD can change between -0.8 p.u. to 
3.7 p.u., and QD can vary between -1.0 p.u. and 1.0 p.u. 
Corresponding to the P-Q characteristics shown in Fig. 5 ,  
ranges of the UPFC control parameters (magnitude and 
phase angle of the series injected voltage) are plotted as the 
un-shaded area in Fig. 6. As long as V, and Bi are chosen 
within this region, the UPFC operates without violating any 
of the aforementioned system and equipment constraints. 

4 

3 

a 2 -  

d 
g 1 -  
a 
m - 
m o -  e 

t 
For any pair of values of V, and 0; in the un-shaded 

region of Fig. 6, one can calculate the real power transfer 
Po. The relationship between the maximum real power 
transfer PO and Vi is gwen by Fig. 7 ,  and the relationship 
between the maximum real power transfer PD and 8; is 
shown in Fig. 8. Note that Fig. 7 is obtained by h n g  the 
value of V,, while maximising PD with respect to O i .  
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Sirnilarly, Fig. 8 is drawn by fixing the value of Bi ,  while 
maximising Po with respect to Vi. Figs. I and X combined 
can be used to choose the UPFC operating point that 
would achieve the maximum real power transfer. An 

I IS 

important conclusion that can he reached from Fig. 7 is that 
the maximum real power transfer is not obtained at the 
upper bound of Vi .  This is different from the conclusion 
made in Section 4.1, where no constraint other than upper 
bound Lv, is imposed. Therefore, to achieve the maximum 
real power transfer, the magnitude and phase angle should 
be chosen together, taking into consideration all the 
constraints. 

In most cases, power flow control should gve, not only 
high-level real power transrer hut also, an adequate range or 
admissible power changes (thus the flexibility of UPFC 
control). The relationship of the phase angle Bi to the real 
power transfer Pu is shown in Fig. 9 for a set of valucs of 
V,.  Although a larger amount of real power transfer can be 
achieved when Vi is chosen to he between 0.15'p.u. and 
0.175 p.u., the phase angle 8, is limited within a small range, 
and so is the admissible range of real power transfer. To 
have a relatively large continuous range for real power 
adjustment and the largest continuous operational range of 
the phase angle Bi:  the magnitude Vi should be chosen to be 
around 0.1 p.u. Therefore, a tradeoff should be made to 
determine the UPFC operational mode, since both reatures 
(larger maximum real power transfer and an adequate 
range of real power control) are important for power- 
system steady-state sccurity and dynamic security. 

4'5 4.0 I 

5 
structure and UPFC locations 

The constraints discussed in the previous Sections come 
from equipment considerations and the steady-state security 
of the transmission line. Besides these constraints, the power 
transfer capacity of a UPFC-equipped system will also be 
limited by its transmission system structure and its location. 
To study the impact of the system structure and the UPFC 
location, systems 2 and 3 in Fig. I are investigated here. 

We begin with system 2. If the UPFC is at location A, the 
UPFC can increase the real power transfer setting PI,l. in 
which case more power is drawn from the sending side via 
lines SI and S,, and the total power transfer PDI  + P D ~  is 
increased. However, this docs not mean PDZ will be 
increased. As shown in Fig. 10, this is due to the fact that 
Pi:, changes its direction as V1 and V 2  change. 

IC the UPFC is located on line Si and at location B, the 
UPFC can increase Psi, but P,%> eventually flows back to 
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Power transfer capacity against system 
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5 

4 

evidence one can observe from Fig. 12 is that power flows 
change significantly with respect to the change of the UPFC 
setting. 

-1 

--I - 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

UPFC real power transfer Pa, p.u 

Kedpowrr m i m f i r  OH ):ao~ 2 wirh I ~ P  UPFC 01 locarion A Fig.10 

the sending side through line SZ as the UPFC real power 
transfer setting increases. As shown in Fig. 11, the 
maximum total power transfer (about 3.6 p.u.) is reached 
when the UPFC real pow'er sctting is chosen to be 4.4 p.u. 
In this case, ahout 0.8 p.u. real power goes back to the 
sending side through line. S?. The existence of this upper 
limit (the maximum total power transfer) is due to the 
nature of the system power flow distribution. Therefore, the 
maximum power transfer value depends upon the system 
parameters, especially line impedance and the operation 
conditions. Compared to the case that UPFC is at location 
B, the total real power transfer with the UPFC at location 
A is ahout 5.0 p.u. with the same UPFC real power setting 
(4.4 p.u.), and the former is 1.4 p.u. (5.0-3.6) higher. 

4 

p=> i 
-2  1 I 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

UPFC real power transfer P,,, P.U. 

Reiilpowr- rroq/@r on .S)..SIOX 2 iwhli 11ie UPFC iii l ~ ~ ~ u r r o n  B Fig.11 

For the purpose of increasing the total real power 
transfer. location Cis not a good place to install the UPFC. 
This conclusion is quite intuitive, and it is verified by the 
result in  Fig. 12. Although a new maximum value of 
the total real power transfer can he found by changing the 
UPFC real power setting. this maximum value does not 
have any practical significance. More importantly, the 
change of power flow in either direction does not really 
change much the total power transfer. More very clear 
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3 

A comparison of the total real power transfer capacity of 
system 2 among these possible locations of the UPFC is 
given in Fig. 13. It is obvious that, given the Same setting of 
the UPFC, location A provides the largest total real power 
transfer. 

5.5 , I 

4.5 5.0 t 
= P 4.0 

s 
! 3.5 g 

i 

' 3.0 

2 2.5 
H - - 

2.0 

1.5 

10 
- 4 - 3 - 2 - 1  0 1 2  3 4 5 

UPFC leal power transfer seeing, p.u. 

ToraIrei i Ipoir~i  m u x f i r  of,/s,sl~ni 2 Irirh Ihe UPFC 01 Incolim A Fig.13 
or B or C 

Similar calculations can be carried out for system 3 with 
respect to locations A and B for the UPFC. The initial 
power flows on the parallel lines are PDI  = 1.0 p.u. and 
PD1 = 0.5 P.u., and the difference is due to line impedances. 
Fig. 14 show the power flow and total real power transfer 
under a set of UPFC real power settings for the UPFC to 
he at locations A and B, respectively. It is clear that, if the 
UPFC setting is chosen higher than a certain value (about 
2.4 p.u. for both locations), the real power begins to flow 
back to one of the sources through the other parallel line. 
Another observation is that more power transfer can be 
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achieved when the UPFC is installed on line 2 that has a 
smaller initial power flow (due to the larger value of its line 
impedance). 

4 ,  I I 

-2 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

UPFC sening. p.u. 

Fig. 14 
A md B 

Red ~iower tramfer of s w e m  3 wiili [lie UPFC ut locntionr 

6 Conclusions 

A UPFC can effectively increase real power transfer, and 
several constraints on the system and equipment must he 
taken into account in determining the rating, siting and 
operation mode of a UPFC. 

Admissible operation ranges of the UPFC series injected 
voltage have been found. and the maximum value of the 
power transfer has been calculated for the case that 

the voltages of the terminal buses on both sides of the 
transmission line are fixed. A tradeoff between the 
operational range of the UPFC control (magnitude and 
phase angle of the series injected volvage) and the maximum 
power transfer should be made to yield a significant (less 
than the maximum) real power transfer and an adequate, 
continuous range of real power control. 

In order to increase the total real power transfer, a UPFC 
is better located on the transmission line directly connected 
to the receiving side of the system. The increase of the 
UPFC real power transfer setting may result in a portion of 
the power flowing hack to one of the power sources through 
the other transmission lines, when parallel transmission lines 
are present. In a system with parallel transmission lines at 
the local side, the UPFC is better located on the line with 
higher line impedance (which results in smaller initial power 
flow). regardless of line losses. Such an installation will 
increase the total power transfer. 
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