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The Unified Power Flow Controller:

A possible solution to support wind energy penetration in the power

system
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Abstract — Improving power systems transfer capability, voltage level control, damping
electromechanical power oscillations and reducing transient swings becomes a great concern for
national and/or private energy companies. Around the word, in particular in emerging countries,
energy demand is in very fast growth. Developments of conventional and renewable energy
production sources follow closely such fast increase in energy absorption. But, in general,
developments in transmission lines and in hard and software control equipments are well delayed
which implies a dangerous gap between the demand and the transmission capacity. Failures can
give rise to power oscillation, voltage drop and high frequency deviations; resulting in system
integrity rapid collapse by transient stability mechanism. New technology alternatives as FACTS
can positively support conventional control systems as PSSs, AVRs and TGs .The paper deals with
this problem and aims to show that UPFC is a suitable device in particular to reinforce variable
wind energy penetration in the power system.
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Nomenclature

FACTS: Flexible Alternating Current Transmission
Systems

PSS: Power System Stabilizer

AVR: Automatic Voltage Regulator

TG: Turbine Governor

UPFC: Unified Power Flow Controller

SVC: Static Var Compensator

TSCS: Thyristor Controlled Series Capacitor
DAE: Differential and Algebraic Equations

PSAT: Power System Analysis Toolbox

I. Introduction

Around the word, in particular in emerging countries,
energy demand is in very fast growth. Developments of
energy production sources follow closely such fast
increase in energy absorption. But, in general,
developments in transmission lines and in hard and
software control equipments are well delayed which
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implies a dangerous gap between the demand and the
transmission capacity. In fact, it was proved that a great
part of failures that have severely tricked large scale
power networks are related to insufficient transfer
capability and inadequate or absent control processes.
Failures can give rise to power oscillation, voltage drop
and high frequency deviations; resulting in system
integrity rapid collapse by transient stability mechanism.
Furthermore, transients in power systems are today more
excited by the presence of wind energy sources. Such
energy is by nature variable with wind speed that is
variable with geography. Consequently, improving
power  systems transfer  capability, = damping
electromechanical power oscillations and reducing
transient swings of system variables becomes a great
concern for national and/or private energy companies.
For reasons listed before, conventional control systems
as PSSs, AVRs and TGs are insufficient for modern
power networks. This has been in reality observed more
then 20 years ago and some promising alternatives well
known as FACTS have been proposed [1]-[2]. The most
attractive solution is labelled UPFC [3]-[4].

UPFC has the ability to adjust simultaneously the bus
voltage magnitude, the transmission line reactance and
the transited power or current flow. Therefore, all
classic solutions of shunt as SVC and series as TSCS
compensation processes are present in the UPFC [5] -
[6] [7]. The general configuration of this system is
shown by Fig.1.
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Fig.1. General structure of an UPFC

The UPFC has a shunt transformer T1 driven from
the bus and a series transformer T2 injected in the line.
These two transformers are coupled by two inverters
that are separated by a DC link. The capacitor is
controlled so that some active power quantity is
extracted by inverter C1 from the bus and injected by
inverter C2 in the transmission line via transformer T2.
In terms of reactive power, the control is more flexible
in the sense that inverter 1 can works as generator as
well as receiver. Through the series part, the reactive
power balance is also relatively easy to establish.

Basic potentialities of UPFC are proved and largely
demonstrated via various mathematical modelling
approaches presented in the literature [8 to 12].
However, one can note that the proposed models treat
always the two parts separately in one hand and largely
simplify their dynamics on the other hand. Taking into
account all local variables and practical dimensional
constraints for example is not well studied.

Three principal topics cover the study summarized in
this paper. First, we believe that it very useful to present
the theory of the injection model of the UPFC and bring
out in the best possible way the mechanism of energy
transit between the two branches of the device. Second,
our aim is to present a simple but reliable control
scheme that ensures a suitable convergence to a very
adequate steady state operating point. Beside this, a
validation stage by simulation of the UPFC response in
presence of a power system is needed. To discover the
real capabilities of the device, tests in worst cases of
operating are required. It is for this reason that we have
considered the case of wind energy.

Thus, we present in section 2 the dynamical model of
the synchronous machine conjointly with transmission
power system algebraic state. Then, in section 3, we
briefly introduce the model of the wind energy source.
The great developments will be presented in section 4
that deals with the injection model of the UPFC. The
power balance of the system is investigated and all
necessary equations to introduce the principle of power
injection model are presented and commented. PQ
generators are then defined to describe the UPFC
device. The control of these generators is presented and
discussed in section 5. Finally, section 6 is reserved to
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illustration. All the necessary data of the power system
under study are given. A perturbation scenario is
simulated and the results are commented.

II. Synchronous machine model

Generally speaking, power system dynamics are
described by a mathematical model composed by DAE
[13] as indicated by equations (1) and (2).

f(w,y, p(t)) @

dx
dt
0 = g(z,y,p(t)) )

The function g(z,y, p(t)) corresponds to Ohm’s and

Kirchoff’s equations of the circuit where voltage
magnitudes and phases are illustrated by the algebraic
variables y .Variables = ,governed by the

function f(z,y, p(t)), are associated to the systems state

variables and include for example synchronous machine
speed and transient emfs. They also include control
variables as those of TGs and AVRs variables.
Variable p(t)can model an external perturbation

parameter introduced for particular topic. These DAEs
are basically solved by a trapezoidal Newton-Raphson
based technique with possible variable integration step.

In the system that will be studied, synchronous
machines are described by a fourth order model limited
to dynamics of rotor angle, machine speed and direct
and quadrature components of the internal transient emf.
No classical control is here considered to observe only
the effect of the UPFC device. Machine emf and
terminal current and voltage are expressed in a
synchronously rotating reference frame linked to a
selected slack bus. We use here conventional notations
and refer the reader to related literature and to [14] in
particular.

In this context, mechanical motion of the
synchronous machine is expressed by differential
equations (3) and (4) where P, andF; hold
respectively for the input mechanical power and the
output electric power. The parametersw;, H and
D define respectively the base frequency of the power
system, inertia time constant and damping coefficient of
the synchronous generator. Variable w, is the per unit
machine speed. Dynamics behaviour of machine
transient emf are given by equation (5) and (6)
characterizing the flux decay phenomenon. Voltage and
current components, machine active power Fyand
reactive power (); are given by algebraic equations (7)
to (11).
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Qe —FEqTy+EgIg+ Xyl +XgI 2 =0 (11)

It is to note that as mentioned above, mechanical
power Pyrand direct field voltage Fy; are kept constant

during transient. Note also that this model is written for
every synchronous machine ¢ present the power system.
Therefore, these equations are to be added to power
balance equations at machine terminal bus as follows.

Ps + p(t) — Proga — ZPLmes: 0 (12)
Q¢ — Qroad — ZQLineS: 0 (13)

III. Wind energy source model

As the principal targeted goal is here the UPFC
device study, we will consider a simplified model for
wind energy sources. Detailed models can be found in
the literature [15 to 18] and our previous works [19]
[20]. Let us recall that available wind energy generators
around the world are in great part standard squirrel cage
and doubly fed asynchronous machines.

For these machines, active power is expressed in
terms of a rotor resistance variable versus machine sleep
frequency. So for simplicity, we represent these
generators as sketched by Fig.2 where parameters Zzu
and jX,, illustrate rotor transient impedance and stator
magnetizing reactance. The stator transient impedance
can be included in the transmission line connected to the
generator. Energy extracted from the wind is
characterized by a variable active power injection p(t).

The frequency adaptation problem is assumed realized
by fast and ideal invertors. The variable p(t)is taken

dynamically slow as compared to the power system
variables. This assumption permits to consider p(t)
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constant during the integration step used while solving
DAEs. We obtain consequently a sufficiently stable
integration process. The active power injection p(¢) is

added step by step to buses power balance.

p(t)

Fig.2. The wind energy generator model

IV. The power injection model of the UPFC

First, let us indicate by k£ and m respectively the
input bus and the output bus between them the UPFC is
placed. We note by jz the transformer reactance of the
series part of the UPFC device. As the main function of
the series branch of the UPFC is to inject in the
transmission line an AC voltage with controllable
magnitude and phase, we consider an ideal series
voltage source vr delivering to the receiving bus m
the current Ij, through the reactance jzr . The shunt
branch is driven from bus & and has the function to
inject active power Pjand reactive power
@, quantities. In this point of view, we consider Fig.3
to illustrate this model widely used in literature.

‘71( vr ij Ikm Vm

Psh + sth

Fig.3. The physical model of the UPFC

Implementation of this model conjointly with
available software packages presents serious difficulties.
In fact, power systems simulation programs are based on
only shunt energy sources where zero voltage is linked
to ground point. Thus, including series energy sources in
these packages requires fundamental transformations.
To overcome this problem, a solution based on
equivalent power injection model is proposed [9]. In the
sense of this solution, we consider the equivalent model
described by Fig.4 and we give necessary developments
to establish values of P, , Q. , P, and @, .
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Fig.4. The injection equivalent model of the UPFC

Let Vi = Vie! and Vo = V,,e/% be the voltage
vectors of the input port and output port respectively.
Angles 6), and 6,, are computed with respect to the
slack bus reference frame rotating at the fundamental
frequency. The series branch is governed by the two
equivalent following equations:

Vk +vr = jIITTTkm + I_/m (14)
Tkm = _ijET - JbT(Vk - Vm) bT = 1/$T (15)

In the sense of the duality principle between
Thevenin’s voltage source and Norton’s current source,
the series part of Fig.3 can be replaced by the equivalent
circuit of Fig.5. Thus, we have a current generator
ir = —jbpur in parallel with admittance —jb; of the
transformer. This current source ir produces at ports k
and m two injected power quantities defined as
follows:

S o= Py + jQu = Viir (16)
Sm = })Im + jQIm = _VWET* (17)

— —ib —

Ikm J T Ikm

—e P

‘ A "
L
(&

Fig.5. Parallel Norton’s equivalent current

Using this equivalence solves computation of the
different injection powers of equivalent UPFC circuit
given by Fig.4. Without loss of generality but for more
convenient mathematical formulation, we consider that
series voltage source vr has an angle ~ with respect to

a reference frame transported by the voltage vector Vi
of the input bus k as indicated by Fig.6. Consequently,
with respect to the reference bus bar of the network, vr

is expressed as vr = vpe/%*?) and in the reference

Copyright © 2007 Praise Worthy Prize S.r.l. - All rights reserved

frame of V7 itisnoted vr = vpe! = vpp + Jurg -

In the remaining part of the paper we consider this frame
of work and we set:

vr = vrp + jurg = vp(cosy + jsinvy) (18)

slack o

Fig.6 .Definition of the series voltage source vector

Thus, Norton’s current-power equivalence gives rise
to the following equations:

glk = bTVk‘ (UTQ —+ j’UTD) (17)
gIm - _bTVm('UTQ —+ j‘UTD)eij(eﬂfem,) (18)

Separating real part from imaginary one gives:

Py = brVyvrq (19)
Qn. = brVivrp (20)
Py, = —brV,, (vpg cos by, + vpp sin by, ) (21)
Qun = —brV,, (vpp cos by, — vpg sin b)) (22)
O, = 6, — 0, (23)

The series voltage source vr supplies apparent
complex power defined by:

Sv =R +jQ = orTim (24)

By = bV, (vpp sin by, + vrg cos O, )
- bTUTQVk (25)

Qv = brV,, (vpg sin by, — vrp cos b, )
+ b (oppVi +07)  (26)
Assuming that the UPFC structure is lossless and
with respect to the actual circuit of Fig.3, active power

control should impose P, = F,. So to pass to the
virtual equivalent circuit of Fig4, we state:

B =Py +Pp=F + Py (27)
Pm:PIm (28)

Reactive power control of the shunt branch is realized
independently of that of active power. So, in similar
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way, the reactive power equivalence between Fig.3 and
Fig.4 implies:

@ = Qa +Qn = Qu +Cn, (29)
Qm = QIm (30)

Input and output active and reactive power injections
of the equivalent model described by Fig.4 are finally
governed by:

B, = by (vrpViy, sin O, + vV, cosOyy,) (31)
P, =—PB, (32)
@ = Qa + brurpVy (33)
Qn = bV, (vpg sin by, — vpp cos by,) (34)

Note finally that the output port of the UPFC supplies
a transmission line. The previous developments
naturally hold if we integrate the reactance of the line in
the reactance of the transformer.

V. The considered UPFC control strategy

Surely, the most important raison of using UPFC is to
enhance the power transfer capability of the associate
transport line. The transported active power by a
lossless line, as the case previously considered, is
defined by: P, = byV,V,, sin6,, (35)

For a regulated voltage, the maximum power flow
through the line varies in opposite sense with the line
reactance. Thus, a well known solution to enhance
transfer power capability is to reduce this reactance.
Decreasing xp decreases also voltage angle difference
between the two buses and can ensure a positive
reaction on transient stability phenomenon. Fixed
capacitor or variable capacitor with switched thyristor
lies in this solution. This function can be also realized
by UPFC if we impose to it to establish a compensation
ratio 7, of the transport line reactance. Let us first

consider simple control laws such as those indicated by
equations (36) and (37) to command the components of
the series voltage source of the UPFC.

dvrg U% — Urq

dt Ty (36)
dvpp U% — Urp
dt a Ty (37)

To be sure that the UPFC emulates a capacitor, the
components of the series voltage source should be
linked to those of the transported current by the
following equalities.
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Vih = —marly (38)
UTTF(Q = n2rlp (39)

Note that all components are reported in the reference
frame of the input port voltage. The reference values
being taken variable with the current line, the UPFC will
have an internal constant reactance. On the other hand,
components of the series voltage should respect
dimensional limits. We impose therefore to dynamics of
these components to respect the following constraints of
upper and lower limits.

Umin S Urp S Umax (40)

Y Umax2 - UTDZ S UrQ S \' Umaxz - UTD2 (41)

Furthermore, it is important not only to consider
voltage limits but also to take into account reasonable
limit on the power flow. The active power that departs
from the input port to the output port is given by:

By, = bTVka sin ek'm + bTVkUTQ (42)

This equation shows that the presence of the UPFC
introduces a power deviation AP (the second right
term) with respect to the base case without this device
(the first right term). In this study, we consider a
limitation ratio 7,, :

AP
= <«
Py — AP‘ =Tl (43)

This returns to consider the following constraint on the
quadrature component of the series injected voltage
source. This new constraint is treated simultaneously
with constraints (40) and (41).

_Vm |Sin ek'm | < UrQ < Vm |Sin ekm | (44)

Now, we return to the shunt branch of the UPFC. We
consider a constrained control law similar to that used
for voltage series components. It is a first order DAE
equation written as follows. The reference value is taken
proportional to voltage deviation. Because of the slow
dynamics of the interface capacitor, here not considered,
the time constant 7¢ in (45) is taken lightly greater then

7y in (40) and (41).

ref
dQs}L _ Qsh, Qsh, ( 4 5)
dt TQ

_Qmax < Qsh, < Qmax (46)

VI. Simulations and comments
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The topological structure of the test system is
depicted on Fig.7 in Appendix. It is composed by 7
buses connecting 3 transformers, 3 lines, 2 loads, a wind
energy generator G1 placed at bus 1 and 2 synchronous
machines G2 and G3 placed at buses 6 and 7
respectively. Bus 7 is use as common reference for
voltage vectors (slack bus). The UPFC will be place in
the line connecting buses 4 and 5. All parameters and
data of initial steady state operating point are given in
appendix. They are considered in pu with respect to 100
MW power base. All DAEs are solved by PSAT [21]
package except models of the UPFC and the wind
energy generator. These two models are built separately
from PSAT. At each step integration time, we get
necessary values of voltages and currents from PSAT
and we solve independently these two models. The
result is then injected in PSAT and the process
continues.

The investigated perturbation scenario includes two
parts:

Part 1: The power of the wind generator is set to a
constant of 0.5 pu and the UPFC is tested in regulating
voltage magnitude of bus 4 at 1.1 pu and in establishing
an equivalent series capacitor of 30% of the line
reactance. These two commands are injected at t=2 s
and the simulation is maintained until t=30 s,

Part 2: At t=30 s, a wind energy variation process
described by a ramp of 0.025 pu per second takes place.
At t=40 s, the protective system, detecting this high
ramp of power evolution, shutdown instantaneously the
generator. The response of the UPFC is then observed.

IV.1 Results of Part 1

Table 4 of the Appendix reports initial load flow. It
shows that buses 1, 2 and 3 in wind energy generator
neighbour have the most low voltage magnitudes. The
minimum voltage magnitude is 0.91868 at bus 1. After
applying the UPFC device, the voltage level is highly
reinforced as reported by Table 5 giving the steady state
load flow with constant wind energy value 0.5 pu. The
minimum voltage remains at bus 1 but it becomes
1.0371. Table 5 shows also that the final reactive power
of the UPFC is about 0.1261 pu which is a reasonable
value.

The transient regime is summarized by Fig.8 to
Fig.11. We can in particular observe the normal
convergence of all variables to their new steady state
values. No undesirable oscillation phenomenon is
encountered. Note also on Fig.10 that injected active
powers of the UPF move in opposite senses. This
confirms that the extracted quantity from the input port
is absorbed by the series voltage source. However, as
shown by Fig.9, the reactive power balance is not null.

Copyright © 2007 Praise Worthy Prize S.r.l. - All rights reserved

The reactive power of the input port (Q4) is positive
which implies that it is really injected in the bus that
works therefore as receiver. In contrary, the output port
works as reactive power generator. The final balance is
that UPFC furnishes a positive reactive power quantity.
It is also to remark that UPFC have effectively realized
the function of line reactance compensation. This is
confirmed by Fig.11 giving the transited reactive power
by the line 4-5. This flow is increased by about 0.3 pu.
This quantity is adequate with the value of the parameter
7, considered effectively 7, = 0.3 in simulation.

IV.1 Results of Part 2

The variable wind energy process of part 2 is shown
on Fig.12. The injected power is linearly increased from
0.5 pu (t=30 s) to 0.75 pu (=40 s). Then, the generator
is suddenly tripped. The image of this scenario is clearly
present in the dynamic response of the system. Fig.13
depicts the reactive power balance at the two ports of
the UPFC. Again, the input port is a reactive power
receiver and the output port generates reactive power.

Finally, to definitively confirm that UPFC realizes the
designed function parts 1 and 2 of the perturbation
scenario are simulated without UPFC. A typical
phenomenon of voltage collapse is observed; as
depicted by Fig.14. We conclude that the realized
control by the UPFC system is very helpful to wind
energy penetration in the power system.

5 10 t(s) 15

Fig.8 . Dynamic response of V4 and V5 (Part 1)

0.5

0 i

0 5 10 t(s) 15
Fig.9 . Dynamic response of Q4 and Q5 (Part 1)
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Fig.10 . Dynamic response of P4 and P5 (Part 1)
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Fig.11 .Response of reactive power of line 4-5 (Part 1)
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Fig.12. The wind energy variation process (Part 2)
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02 Q4
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Fig.13 . Dynamic response of Q4 and QS5 (Part 2)

Appendix
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0.8
0.6
25 30 35 t(s) 40
Fig.14. A voltage collapse phenomenon is encountered without UPFC
(Part 2)

VII. Conclusion

The main goal of this paper has concerned Unified
Power Flow Controller modelling and command. The
study is carried out in the context of large power
systems including fluctuated power injection such that
wind energy generation. Thus, synchronous machine
and wind energy source modelling is also integrated.
The UPFC model is treated with respect to the principle
of power injection equivalent sources. All necessary
equations to compute these injections are presented and
commented. The study concretized by simulation of a
didactic power system.

The simulation of a realistic perturbation scenario is
given and commented. Obtained results largely confirm
the high capabilities of the UPFC to control voltage
level and to compensate a sufficient ratio of the
associate energy transmission line. The device works
well even in highly variable injected power level. It was
shown in particular that UPFC can be a suitable solution
against voltage collapse phenomenon.
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Bus 1 Bus 4 Bus 5
Bus 2 Bus 3
Of a==
@®
G1
Bus 6
© )
G2
Fig.7.Structure of studied power system
TABLE 1II
TABLE I INITIAL STATE AND PARAMETERS OF SYNCHRONOUS
LINES AND TRANSFORMERS REACTANCES
MACHINES
From Bus To Bus X(pw) G2 G3
1 2 0.0302 oK 0.34673 0.04397
2 3 0.0500 d
3 4 0.2000 E ! 1.0362 1.2343
4 5 0.2000 4
5 7 0.0125 §T 1.0468 0.07299
4 6 0.0167 1.9762 1.8994
Shunt(Bus2) : X=5 pu Efd
Bn 32 0.3
TABLE I X4 1.59 1.59
UPFC PARAMETERS Xq 1.36 1.36
1
Umax = 0.2 Qsh max — 1 Xd, 0.349 0.349
v = 0.1 T = 0.2 Xq' 0.579 0.579
1, = 0.3 n, = 0.2 T, ' 2.88 2.88
0
! 1.08 1.08
Ty
D 2 2
H 5 5
Manuscript received November 2008, revised December2008 Copyright © 2007 Praise Worthy Prize S.r.1. - All rights
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TABLE IV
INITIAL LOAD FLOW OF THE POWER SYSTEM WITHOUT UPFC

Bus Vpw) © PG(pw) QG(uw)  PL(pw) QL(pw)

1 0.91868 30.0813 0.5 - - -

2 0.91882 29.0548 - - - -

3 0.9289 27.3763 - - - -

4 0.97672 21.0482 - - - -

5 1.0397 1.4872 - - - -

6 0.98 21.9462 3.2 1.2664 2 1

7 1.05 0 0.3 1.6709 2 1

TABLE V
LOAD FLOW OF THE POWER SYSTEM WITH UPFC (PART 1)

Bus V(pu) ©) PG(pu) QG(pu) PL(pu)  QL(pu)
1 1.0371 31.8593 0.5 - - -
2 1.0372 31.0538 - - - -
3 1.0482 29.7362 - - - -
4 1.0974 24.7492 0.48544 0.18201 . .
5 1.1205 3.9382 -0.48544 -0.05594 . .
6 1.1019 25.4594 3.1991 1.4005 2 1
7 1.1296 0 0.30094 1.6295 2 1
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