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1 Unified Power Flow Controller (UPFC)

The UPFC can provide simultaneous control of all basic power system pa-
rameters ( transmission voltage, impedance and phase angle). The controller
can fulfill functions of reactive shunt compensation, series compensation and
phase shifting meeting multiple control objectives. From a functional per-
spective, the objectives are met by applying a boosting transformer injected
voltage and a exciting transformer reactive current. The injected voltage is
inserted by a series transformer.
Besides transformers, the general structure of UPFC contains also a ”back
to back” AC to DC voltage source converters operated from a common DC
link capacitor, Figure 1. First converter (CONV1) is connected in shunt and
the second one (CONV2) in series with the line. The shunt converter is pri-
marily used to provide active power demand of the series converter through
a common DC link. Converter 1 can also generate or absorb reactive power,
if it is desired, and thereby provide independent shunt reactive compensation
for the line. Converter 2 provides the main function of the UPFC by inject-
ing a voltage with controllable magnitude and phase angle in series with the
line via an voltage source, Figure 2. The reactance xs describes a reactance
seen from terminals of the series transformer and is equal to (in p.u. base on
system voltage and base power)

xS = xkr
2
max(SB/SS) (1)

where xk denotes the series transformer reactanse, rmax the maximum per
unit value of injected voltage magnitude, SB the system base power, and SS

the nominal rating power of the series converter.

The UPFC injection model is derived enabling three parameters to be si-
multaneously controlled. They are namely the shunt reactive power, Qconv1,
and the magnitude, r, and the angle, γ, of injected series voltage V se. The
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Figure 1: Implementation of the UPFC by back-to-back voltage source con-
verters
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Figure 2: The UPFC electric circuit arrangement

series connected voltage source is modeled by an ideal series voltage V se

which is controllable in magnitude and phase, that is, V se = rV ke
jγ where

0 ≤ r ≤ rmax and 0 ≤ γ ≤ 2π.

1.1 Injection model of UPFC

To obtain an injection model for UPFC, it is first necessary to consider the
series voltage source, Figure 3.

Vi Vjjxs

Ise

Vse
Vi’

Figure 3: Representation of the series connected voltage source
.

The injection model is obtained by replacing the voltage source V se by a
current source I inj = −jbsV se in parallel with xs, Figure 3.
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Vi = Vi qi Vj = Vj qj

Figure 4: Transformed series voltage source

The current source I inj corresponds to injection powers Si and Sj which are
defined by

Si = V i(−I inj)
∗ = −rbsV

2
i sin(γ) − jrbsV

2
i cos(γ) (2)

Sj = V j(I inj)
∗ = rbsViVj sin(θij − γ) + jrbsViVj cos(θij − γ) (3)

where θij = θi − θj and bs = 1/xs.
Figure 5 shows the injection model of the series part of UPFC, where

Pi = −real(S i), Qi = −imag(S i) (4)

Pj = −real(Sj), Qj = −imag(Sj) (5)

Having the UPFC losses neglected,

PCONV 1 = PCONV 2 (6)

The apparent power supplied by the series voltage source converter is calcu-
lated from:

SCONV 2 = V seI
∗

se = rejγV i(
V

′

i − V j

jxs

)∗ (7)

jxs

Pi+jQi Pj+jQj

Vi = Vi qi Vj = Vj qj

Figure 5: Injection model of the series part of the UPFC

Active and reactive power supplied by Converter 2 are distinguished as:

PCONV 2 = rbsViVj sin(θi − θj + γ) − rbsV
2
i sin γ (8)
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QCONV 2 = −rbsViVj cos(θi − θj + γ) + rbsV
2
i cos γ + r2bsV

2
i (9)

Afterwards, the series voltage source is coupled with the shunt part of the
UPFC, which can be modeled as a separate controllable shunt reactive source.
Here it is assumed that QCONV 1 = 0, but to allow for QCONV 1 6= 0 in
the model is straight forward. Consequently, the UPFC injection model is
constructed from series connected voltage source model with the addition of
power equivalent to PCONV 1 + j0 to node i. The UPFC injection model is
shown in Figure 6.

jxs

Psi+jQsi Psj+jQsj

Vi = Vi qi Vj = Vj qj

Figure 6: Injection model of the UPFC

In Figure 6
Psi = rbsViVj sin(θi − θj + γ) (10)

Qsi = rbsV
2
i cos γ (11)

Psj = −Psi (12)

Qsj = −rbsViVj cos(θi − θj + γ) (13)

where r and γ are the control variables of the UPFC.
Besides the bus power injections, it is useful to have expressions for power
flows from both sides of the UPFC injection model defined. At the UPFC
shunt side, the active and reactive power flows are given as

Pi1 = −rbsViV j sin(θij + γ) − bsViVj sin θij (14)

Qi1 = −rbsV
2
i cos γ + Qconv1 − bsV

2
i + bsViVj cos θij (15)

whereas at the series side they are

Pj2 = rbsViV j sin(θij + γ) + bsViVj sin θij (16)

Qj2 = rbsViVj cos(θij + γ) − bsV
2
j + bsViVj cos θij (17)

The UPFC injection model is thereby defined by the constant series branch
susceptance, bs, which is included in the system bus admittance matrix, and
the bus power injections Psi, Qsi, Psj and Qsj. If there is a control objective
to be achived, the bus power injections are modified through changes of the
UPFC parameters r, γ, and Qconv1.
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2 Rating of the UPFC
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Figure 7: Algorithm for optimal rating of the UPFC
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Operation of the UPFC demands proper power rating of the series and
shunt branches. The rating should enable the UPFC carrying out pre-defined
power flow objective. The flow chart of Figure 7 shows algorithm for UPFC
rating.
The algorithm starts with definition of the series transformer short circuit
reactance, xk, and the system base power, SB. Then, the initial estimation is
given for the series converter rating power, SS, and the maximum magnitude
of the injected series voltage, rmax. The effective reactance of the UPFC seen
from the terminals of the series transformer,(xS), can be determined in the
next step.
Load flows are computed changing the angle γ between 00 and 3600 in steps
of 100, with the magnitude r kept at its maximum value rmax. Such rota-
tional change of the UPFC parameter influences active and reactive power
flows in the system. The largest impact is given to the power flowing though
the line with UPFC installed. Therefore, the regulation of the active and
reactive power flow through the series branch of the UPFC could be set as
initial pre-defined objective to be achieved within the UPFC steady state
operation. Then, the load flow procedure is performed to check whether the
pre-defined objective is achieved with satisfactory estimated parameters. If
the load flow requirements are not satisfied at any operating points, it is nec-
essary to go back in the algorithm, estimate again SS and rmax, and perform
new rotational change of the UPFC within the load flow procedure. This
loop is performed until the load flow requirements are completely fulfilled.
In addition, the active, reactive and apparent power of the series converter
are calculated for each step change in the angle γ.
With the load flow requirements fulfilled and the series converter powers cal-
culated, it has to be checked whether the maximum value of the series con-
verter apparent power max Sconv2, is larger than initially estimated power
Ss. If max Sconv2 is not larger than the power SS, it is necessary to check
whether the power SS is at an acceptable minimum level. If not, the value of
SS is reduced and the loop starts again. The acceptable minimum is achieved
when two consecutive iterations do not differ more than the pre-established
tolerance.
When the power SS is minimized, the load flow procedure is performed with
smaller step of rotational change of the angle γ(10), in order to get maxi-
mum absolute value of the series/shunt converter active power, max |Pconv1|.
The value given by max |Pconv1| is considered to be minimum criterion for
dimensioning shunt converter rating power, whereas the power SS represents
series converter rating power as a function of the maximum magnitude rmax.
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3 Power flow with the UPFC

The performance of the UPFC injection model is tested on the two area four
generator power system shown in Figure 8. The 230 km interconnecting tie
line carries 400MW from area 1 (generators 1 and 2) to area 2 (generators
3 and 4) during normal operating conditions. The injection model of the
UPFC is placed at the beginning of the lower line between buses 8 and 12 in
order to see the influence on the power flow through that line as well as on
the bus voltages. According to the algorithm for rating of the UPFC, rmax,

UPFC

G1 G3

1            5           6            7           8             9           10         11          3

G2 G4

42

12

Figure 8: Two area system with the UPFC installed

SS and max|Pconv1| are defined, although max|Pconv1| basically is not needed
in this test because the shunt part is inactive. For the value of rmax = 0.15
pu, the corresponding powers SS and max|Pconv1| are equal to 0.40 pu, and
0.2737 pu, respectively. That value of rmax is usually estimated to be accept-
able for voltage/power flow control purposes, [2].
Having the UPFC shunt part inactive (Iconv1 = 0), the UPFC has two control
parameters, r and γ, the magnitude and the phase of the injected voltage
respectively. Thereby, the shunt side voltage Vi cannot be controlled.
Figures 9, 10, and 11 show active power flow in line 8, where the UPFC is
located. Figure 9 shows the power flow in line 8 where γ is kept constant
at various values while r varies from 0 to 0.15. It can be seen that the con-
trollability of the power flow with r is maximal when γ = π/2 for increasing
power flow and when γ = 3π/2 for decreasing load flow. The relationship
between r and active power flow is monotonic for fixed γ.
Figure 10 shows the same active power flow in line 8 but with respect to ro-
tational change in r and γ. That means, r is kept constant at some values for
a full circle of the angle γ(00 : 3600). Is it obvious that the active power flow
is maximal when r is maximal. The active power flow in the system without
UPFC in line 8, is Pbase = 1.9526, whereas the maximum change in positive
directions equal to +0.6012 pu, and in negative direction −0.6711 pu. It
means that by inserting the maximum value of the magnitude r(0.15pu), the
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active power in line 8, could be changed by maximum 54.47 MW in positive
direction or by 48.98 MW in negative one, if the angle γ is appropriately
adjusted. The maximum active power flow conditions occur around 700 and
2500. Figure 11 shows the relations of the both parameters in single three
dimension picture.
Figures 12 and 13 show the bus voltages at the series and shunt side of
UPFC, with respect to the rotational change in r and γ. Because the third
parameter of the UPFC, Qconv1, is inactive, Vi is not controlled in this case.
As can be seen the voltage magnitude have opposite directions. One of them
has magnitude increased when the other one is decreased.
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Figure 9: Active power flow in line with UPFC; γ = const.
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Figure 10: Active power flow in line with UPFC; r = const.
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Figure 11: Active power flow in line with UPFC
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Figure 12: Series side bus voltage magnitude Vi = f(r, γ)
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Figure 13: Shunt side bus voltage magnitude Vj = f(r, γ)
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4 System models

4.1 Synchronous machine model

Mathematical models of a synchronous machine vary from very from elemen-
tary classical models to more detailed ones. In the detailed models, transient
and subtransient phenomena are considered. Here, the transient models are
used to represent the machines in the system, according to following equa-
tions.
Stator winding equations:

vq = −rsiq − xd
′id + Eq

′ (18)

vd = −rsid + xq
′iq + Ed

′ (19)

where
rs is the stator winding resistance
xd

′ is the d−axis transient resistance
xq

′ is the q−axis transient resistance
Eq

′ is the q−axis transient voltage
Ed

′ is the d−axis transient voltage

Rotor winding equations:

Tdo
′
dEq

′

dt
+ Eq

′ = Ef − (xd − xd
′)id (20)

Tqo
′
dEd

′

dt
+ Ed

′ = (xq − xq
′)iq (21)

where
Tdo

′ is the d−axis open circuit transient time constant
Tqo

′ is the q−axis open circuit transient time constant
Ef is the field voltage

Torque equation:

Tel = Eq
′iq + Ed

′id + (xq
′ − xd

′)idiq (22)
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Rotor equation:

2H
dω

dt
= Tmech − Tel − Tdamp (23)

Tdamp = D∆w (24)

where
Tmech is the mechanical torque, which is constant in this model
Tel is the electrical torque
Tdamp is the damping torque
D is the damping coefficient.
The d and q-axis block diagrams of the stator fluxes for the transient model
is presented in Figure 14, and the block diagram for computation of torque
and speed in the transient generator model is presented in Figure 15.
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Figure 14: Block diagram for the transient generator model
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Figure 15: Block diagram for computation of torque and speed in the tran-
sient generator model
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For time domain simulation studies, it is necessary to include the effects of
the excitation controller. Automatic voltage regulators (AVRs) define the
primary voltage regulation of synchronous machines [3]. AVR and exciter
model for synchronous generator is modeled as the standard IEEE model,
Figure 16.
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Figure 16: AVR and exciter model for synchronous generator

4.2 Load model

The loads can be modeled using constant impedance, constant current and
constant power static load models [3]. Thus,
1. Constant impedance load model (constant Z): A static load model where
the real and reactive power is proportional to the square of the voltage mag-
nitude.
2. Constant current load model (constant I): A static load model where the
real and reactive power is directly proportional to the voltage magnitude.
3. Constant power load model (constant PQ): A static load model where the
real and reactive powers have no relation to the voltage magnitude.

All these load models can be described by the following equations:

P = P0

(

V

V0

)α

Q = Q0

(

V

V0

)β
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where P0 and Q0 stand for the real and reactive powers consumed at a ref-
erence voltage V0. The exponents α and β depend on the type of the load
that is being represented; for constant power load models α = β = 0, for
constant current load models α = β = 1 and for constant impedance load
models α = β = 2.

4.3 Power system stabilizer model

A PSS can be viewed as an additional control block used to enhance the
system damping. This block is added to AVR.
The three basic blocks of a typical PSS model, are illustrated in Figure 17.
The first block is the stabilizer Gain block, which determines the amount of
damping. The second is the Washout block, which serves as a high-pass filter,
with a time constant that allows the signal associated with oscillations in ro-
tor speed to pass unchanged, but does not allow the steady state changes to
modify the terminal voltages. The last one is the phase-compensation block,
which provides the desired phase-lead characteristic to compensate for the
phase lag between the AVR input and the generator torque.

KPSS

VSMAX

sTW
1+sTW

VPSS

VSMIN

1+sT1 1+sT1
1+sT2 1+sT2

1+sT1 1+sT3
1+sT2 1+sT4

Rotor speed
deviation

Gain Washout filter
Lead / Lag

Figure 17: PSS block diagram

4.4 UPFC

Injection model of the UPFC is described in the static part of the analysis,
where the power injection model is used. However, for a dynamic analysis,
due to model requirements, current injection model is more appropriate.
Figure 18 which illustrates the UPFC electric circuit arrangement is repeated
here due to clarity. In Figure 18,

Ish = I t + Iq = (It + j ∗ Iq)e
jθi (25)

14



where I t is the current in phase with V i and Iq is the current in quadrature
with V i. In Figure 19 the voltage source V se is replaced by the current source
I inj.

Vi VjjxsIse

Ish

Vse
Vi’

Psh

Qsh

Pse , Qse

Figure 18: The UPFC electric circuit arrangement

jxs

Iinj

Vi = Vi qi Vj = Vj qj

Ish

Figure 19: Transformed series voltage source

The active power supplied by the shunt current source can be calculated
from

PCONV 1 = Re[V i(−Ish)
∗] = −ViIt (26)

From the static part we have equations:

PCONV 1 = PCONV 2 (27)

PCONV 2 = rbsViVj sin(θi − θj + γ) − rbsV
2
i sin γ (28)

From last three equations we have

It = −rbsVj sin(θi − θj + γ) + rbsVi sin γ (29)

The shunt current source is calculated from

Ish = (It + j ∗ Iq)e
jθi = (−rbsVj sin(θij + γ) + rbsVi sin γ + jIq)e

jθi (30)
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From the Figure 19 can be defined,

Isi = Ish − I inj (31)

Isj = I inj (32)

where, from the static part,

Iinj = −jbsV se = −jbsrV ie
jγ (33)

Inserting Equations 30 and 33 into Equations 31 and 32 yields

Isi = (−rbsVj sin(θij + γ) + rbsVi sin γ + jIq)e
jθi + jrbsVie

j(θi+γ) (34)

Isj = −jrbsVie
j(θi+γ) (35)

where Iq is independently controlled variable, like a shunt reactive source
from the power injection model of UPFC. Based on previous Equations, cur-
rent injection model can be presented as in Figure 20.

jxs
Vi = Vi qi Vj = Vj qj

Isi
Isj

Figure 20: The UPFC current injection model

4.5 Results

The two area system is shown again here, due to clarity in Figure 21. The
system data can be found in [3]. The system model is used as it is described
above, but without PSS. The active and reactive components of loads have
constant current characteristics (α = β = 1).
The UPFC is installed in line 8, according to Figure 21. Suppose that the
fault occurs in the system at point F. The fault is cleared after 100 ms by
opening the faulted line. Figure 22 illustrates the active power flow in line 8
in that case, for the system with and without the UPFC. The UPFC is not
controlled. The parameters of the UPFC are chosen based on static behavior
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of the UPFC. This test case is made to verify the current injection model
of the UPFC. With the control of the variables r and γ, improvements in
damping of the oscillations should be obvious.
Figure 23 proposes the general form of the UPFC control system. The UPFC
should operate in the automatic power flow control mode keeping the active
and reactive line power flow at the specified values. This can be achieved by
the linearizing the line power flow equations 16 and 17 around the starting
point resulting in the gain matrix in Figure 23. ∆γ and ∆r are the changes in
the control variables, assuming that the third control variable Iq is inactive.
Figures 24 and 25 show the first preliminary results of the proposed control
method if the specified value of the active power is Psp = 2.5[pu] and the
reactive power, Qsp = −0.02[pu], see Figures 24 and 25. The starting point
is defined at Pbase = 2.1526[pu] and Qbase = −0.1798[pu]. An alternative
control strategy for the UPFC to be investigated is based on the series voltage
udq injected by the UPFC.

If udq is the instantaneous voltage injected by the UPFC, the components
ud and uq can be related to the control variables

ud = r cos(γ) , uq = r sin(γ) (36)

and hence
r =

√

u2
d + u2

q , γ = arctan(
uq

ud

) (37)

The further studies will investigate these two control methods with respect
to performance and robustness.
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Figure 21: The two area system with UPFC installed in line 8
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4.6 Appendix

The generator parameters in per unit are as follows:
Xd = 1.8 Xq = 1.7 X ′

d = 0.3 X ′

q = 0.55 Ra = 0.0025
Xl = 0.2 T ′

d0 = 8s T ′

q0 = 0.4s H = 6.5 (for G1 and G2)
H = 6.175 (for G3 and G4) Dw = 0

The exciter parameters in per unit are as follows:
KA = 20 TA = 0.055 TE = 0.36 KE = 0 KF = 0.125
TF = 1.8 Aex = 0.0056 Bex = 1.075 TR = 0.05

The UPFC parameters in per unit are as follows:
rmax = 0.09 γ = 900 Ss = 0.4 Iq = 0 Kγ = 2
Tγ = 0.2 Kr = 0.02 Tr = 0.02
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