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Application of direct Lyapunov method to improve damping
of power swings by control of UPFC
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Abstract. Large interconnected power systems often suffer
weakly damped swings between synchronous generators
and subsystems. This paper presents an approach, based
on the use of non-linear system model and application of
the direct Lyapunov method, to improve damping of power
swings using the Unified Power Flow Controller (UPFC).
State-variable control strategy has been derived as well as
its implementation utilising locally available signals of
real and reactive power. Finally results of ssimulation tests
undertaken on a small multi-machine system have been
shown.
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1. UNIFIED POWER FLOW CONTROLLER

Unified Power Flow Controller (UPFC) belongs to the
power-eglectronics based family of FACTS devices [1]. It
can be connected in series with atransmission lineinside a
system or in a tie-line connecting subsystems in a large
interconnected system.
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Figure 1. Schematic diagram of UPFC

As shown in Fig. 1, UPFC consists of the booster
transformer TB and the excitation transformer TE linked
by back-to-back converters GTO1 and GTO2. The aim of
the booster transformer TB is to inject into the
transmission line additional voltage DU controlled both
in magnitude and phase.

The main task of the UPFC is to control the power sent
down the line in steady-state conditions. However high
speed of operation of thyristor devices makes it possible to
use UPFC also dynamically, to improve damping of power
swings. This area of application is the main subject of this
paper.

2. POWER SYSTEM MODEL WITH UPFC
2.1. Assumptions
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To generalise the considerations, it is assumed that the
UPFC can beinstalled at any point of the transmission line
(Fig.2).
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Figure 2. Generator-infinite busbar system with UPFC: a)
schematic diagram; b) single-phase diagram; ¢) phasor
diagram.

From the point of view of influencing the steady-state and
the transient state, the thyristor controlled UPFC can be
treated as an element of a very small time constant, or
approximately as a proportional element [2]. Hence the
series part of the UPFC (booster) can be modelled (Fig. 2b)
using the ideal complex transformation ratio /:
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The shunt part of the UPFC can be modelled (Fig. 2b) asa
controlled shunt susceptance B, .

The network resistance in Fig. 2.b isneglected in order to
simplify equations. The reactance of the series part of the
UPFC (booster) is included in the reactance of the left-
hand-side of the transmission link, X,. The synchronous

generator is modelled by emf. E;=E behind the

transient reactance X, . This reactance is also included in

the left-hand-side reactance X, of the transmission link. In
this simplified generator model the angle of the emf,
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d=arg E,, is also the power angle of the system and the

rotor angle, i.e. the angle between the rotor and the
synchronoudy rotating reference axis defined by the
infinite busbar voltage [3].

Voltage injected by the booster transformer can be
resolved (Fig.2c) into two orthogonal components: direct
DUg and quadrature DU . Both are proportional to the

voltage U,, feeding the excitation transformer:

DUQ:b|Ub|, DUP:g|Ub| )
. wP 91Ub|_ g
sng=——=——7F7==— (3a)
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Direct component DU, influences the reactive power
flow, hence subscript Q. Similarly the quadrature
component DU, influences the real power flow, hence
subscript P.

2.2. Nodal network equations

The left-hand-side of Fig. 2b can be treated as the
transformer of admittance Y, =1/Z, and complex
transformation ratio /7. Eliminating this transformation
ratio from the equivalent circuit results in the p-
equivalent [3]. Using this circuit, the nodal equations
describing the whole network (Fig. 2b) can be written as:

I, Y. O - hY, E,
ls = O Yb - Yo Us ©)

0 -AY, -Y, HYa+Y,+Y, U,

The first and the second row correspond to the generating
nodes (generator and infinite busbar) while the third node
corresponds to a network node. Eliminating this node by
means of the partial inversion [3] resultsin:

| (v.Y, +Y.Y,) -Av, E

g :Y-l . g 6
Is . -h YaYb (YaYb +YbYr) Us ( )
Up = 7 Y, Eg +YpYs'Us @)

2
Yoo =|A"Ya +Y, +Y, (8)

Yy is the sdf-admittance of the node where UPFC is

connected. Please note that in this nodal approach all the
currents and voltages are in the same network reference
frame, where:

By =[Eg|e”, U=l ©)
and g isthe power angle of the system.

2.3. Generator power
Generator current |, can be derived from (6) as.

* L,k *

Sy =Eq4 (Yb'bl) (Y;Yg Eq +YaY, Eg- A YaYbUs) (10)

After substituting into this equation the exponential
expressions from (1) and (9), it is possible to derive
apparent power Sy =P, +jQ, as the function of the
power angle g and the angle g of the complex
transformation ratio A#. Then, neglecting the network

resistance and using some simple but arduous algebra [4],
onecan caculate Py =Re S, as.

Py =|U4|Eq|BiB.By |/lsind cosg - cos dsing]  (12)
where B, =1/ X,, B, =1/ X, and, similarly asin (8):
By =|/1°B, + B, + By (12)

Equation (11), after taking into account (3), can be written
as.

Pg = |Us||Eg|Bt-JblBaBb [(1+ b)sin d- gcos d] (13)
In (13), generator real power is an explicit function of the
transformation ratio g, 6 . The components relating the
generator real power to the network parameters and the
shunt branch B, can be transformed the following way:
BaBb —_ Xr (14)

B,iB,B, = =
2 |/7|ZBa+Bb+Br XSXr +Xaxb

where
Xs = Xq +|A° X, (15)

is the equivalent reactance of the transmission link seen
from the generator node to the infinite busbar without
taking into account the shunt branch (Fig. 2b). Equation
(14) can be shown as a sum in the following way:
X
BB, B, -1 1 Xsice (16)
Xs Xg X; + Xgic

where
Xaxb — Xaxb

- 2

Xs  Xa+A" Xy

is a quantity corresponding to the short-circuit reactance at
the node where the booster transformer is connected.

As the rating of the shunt branch of UPFC is at least an
order of magnitude smaller than the short-circuit power in
a power system, one can assume that X, >> Xq,-. This

can be used to simplify (16) to the following form:

Xsic = (17

1 1 X
BiB,B, @—— - — —HC =B - BsB, X 18
bbabcxs Xo X, s - BsBi Xgic (18)
Substituting (18) into (13) gives after some simple algebra:
Py =bgsin d

+(L- XgicB, )b (bsin d- gcos d)

where: bg =|U S||Eg|BS is the amplitude of the power-

angle characteristic without the shunt branch.
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2.4. Generator equations
Generator swing equations are [3]:
dDw dd
MT_P"‘_ Py (d) - DE (20)
where ais earlier defined power (rotor) angle and
Dw=dd/ dt istherotor speed deviation, M is the inertia
coefficient, B, is the mechanical power, Py is the

m

electrical real power, D isthe damping coefficient.
Substituting (19) into (20) gives:

d—D:DW
ot
MIY_p hsing- 039
ot ot
+bsXgcB, sin d 1)

- (1- XgicB, )[obgsin d- ghg cos d|
These are non-linear state equations in which (a,Dwn )
are the state variables while 6,9,B, are the input
(control) variables. The equilibrium point of the state
equations has the following coordinates: ( @, Div = 0).

2.5. Power in thetransmission link

Current 1, entering the booster transformer can be
calculated from the Ohm's Law for branch Y, as
I, =Y, (Us- U,). Using this equation and (7), it is
possible to derive the following equation for the apparent
power flowing through the booster transformer:

Sn = Yb_bl(h*YaEg + YbU s)*

* * AV _ * (22)
*[YbUS(l- Yl Yy ) MY Yo Y, E,

After substituting into this equation the exponential
components from (1) and (9), it is possible to derive an
equation for S, = R, + jQ, as the function of the power

angle g and the angle g of the complex transformation
ratio /. Again, neglecting the network resistance and

using simple but arduous algebra gives [4]:

I:)b = |E9||U s|Bt_JblBaBb |h| (SindCOSQ - cosdsin Q) (23)

Q, =- |Eg||uS|Bt;blBaBb|h|(2BbBt;b1 - 1)
*[cos cosg+sin sing| + (24)
- BB, BillEy|*B2| | -|u ’B,f- Bt;&Bb)]
Equation (23) is identical to (11) apart from the sign, as
P, =- P, . Thisis due to neglecting the network resistance

and therefore the power loss. Taking into account (18),
one can write an equation similar to (19):

B, =-bssina
+bg X g,cB, sin d (25)
- (1- XgcB, )bg [psin - gcos d

Substituting for sine and cosine in (24) expressions
resulting from (3), one gets:

Qy =~ [EgUdlBriBag (2885 - 2fa+ Joos + sin ]

2 ) (26)
- Bidey BB [P uPenl- mite)

Factor |Eg||Us|BaByBrg is identical as in (13) describing
real power.

Taking into account notation from (18) and (19), one can
write:

|Eq|lU|B.ByBi =bs(l- XgicB,) 27
Let us introduce coefficients:
Ky = (28,85 - 1) (28)

Quo = BBy |/7|2|E9|256bl|3§ -|u s|2|3b(1' Bt;ble) (29)

Substituting (27)-(29) into (26) gives:
Q, =- Kybg cos d+KybgXg,-B, cosd
- Kxbs(l' X e B)[bcos d+gsin d]' Quo
The structure of this equation is very similar to the
structure of (25) expressing real power.
Please note that both real power (25) and reactive power

(30) depend on the power angleg and input (control)
variables g, 6, B, .

(30)

3. CONTROL STRATEGY BASED ON DIRECT
LYAPUNOV METHOD

The way UPFC is controlled in order to enhance damping
of power swings will be referred to as the control strategy
[14-17].

3.1. Direct Lyapunov method

The first use of the direct Lyapunov method to design the
stabilising control of power systems has been pioneered in
[5-8] by considering the optimal non-linear control of such
shunt FACTS devices like SMES or SVC. In further
papers this approach has been formulated in more
systematic way and extended also to such FACTS devices
as BR and SSC or CSC and also to PSS of synchronous
generator [9-13].

Any disturbance in the system involves a power imbalance
that moves the system trajectory from the pre-fault stable
equilibrium point to a transient point that has a higher
energy level than the post-fault equilibrium point X . If V
is negative then Lyapunov function V(X) decreases with
time and tends towards its minimum value, the system
equilibrium point A. The more negative the value of V
the faster the system returns to the equilibrium point A,
i.e. the better the damping. Consequently any given
control is optimal (in the Lyapunov sense) if it maximises

the negative value of V at each instant of the transient
state.

3.2. Application to the stabilising control of UPFC
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For the considered generator-infinite busbar system and
when the network resistance has been neglected, Lyapunov
function V can be defined [3] as the total system energy
with respect to the equilibrium point:

V=E¢ +Ep (31)
where:

= :%MDWZ
Ep :-[Pm(a’— 9)+bs (cosa’— cos.‘,;\)]

arethekinetic energy E, and the potential eneregy Ep.

(32)

At the equilibrium point (&Dik=0) of (21), the total
energy (31) is equal to zero (V =0). Any disturbance
either moves the equilibrium point, or moves the current
operating point from the equilibrium point, thus increasing
the total energy (V >0). This causes rotor acceleration or
deceleration and therefore non-zero speed deviation Dw
and a change in the power angle a .
The goal of UPFC control strategy is to enforce such
changes b(t), g(t) , B, (t) which make the system to return
as quickly as possible to the post-disturbance equilibrium
point (4 D= 0) at which V =0.
In order to achieve this goal, the control strategy must, at
any instant of time, maximise the negative value of
derivative V =dV /dt calculated aong the trajectory of
differential equations (21).
It can be easily proved that for (31):
dEy _ fEy dDw _ , dDw
dt fw dt dt
dEp _ fEp dd _ fE;
dt 7d dt 7d
Substituting into (33) the expression resulting from the
second of equations (21) one gets:
dE «
dt

Dw (33

Dw=-[P, - bgsin dow (34)

=+P,, - bgsin o|Dw- D Dw?

- (1- XgycB, )b bssin d- gbg cos d]Dw
The derivative of kinetic energy (35) contains a
component, which is equal (with negative sign) to the
potential energy (34). Adding both side of (34) and (35)
resultsin:

V zﬁq-diz - DD]/]/2
dt dt

- b{1- Xg1cB )b Snd Dw  (36)
+g(1- Xg1cB )b cosaDw
+B b XgcSin dDw

In order for each of the inputs 4,g, B, to contribute to
the fast returning of the system to the equilibrium point,
the contral strategy should ensure that all the components
in (34) are negative independently of the sign of a,Du .
This can be achieved if:

blt)=+K,|b sin o|Dw (37)
g(t)=- K b cos d|Dw (38)
B, (t)=- Kg|b sind|Dw (39)

where K ,,K,,Kg are positive coefficients.

Please remember that the product Xq,:B, is very small
as X, >> Xgic- Consequently  the  factor
(1- Xg,cB,)>1 has no influence on the sign of the
components in (34) containing inputs b,g. For the
contral strategy (37), (38), (39), assuming approximately
that (1- Xg,cB,) @, one gets:
V=-D W

- [kylsin a + K, (cos d + KeXeyolin o] 12 2
The above strategies (37), (38), (39) employ state variables
a,Dn. Simulation studies have proved that these
strategies result in a strong damping of power swings [4].
Unfortunately the state variables cannot be measured
locally especially for large power systems.

Consequently the approach presented in this paper aims at
developing a control strategy, which would be based on
locally available signals and which would emulate as
closaly as possible the state-variabl e strategy.

(40)

4. CONTROL BASED ON LOCAL
MEASUREMENTS

Let g be a measurable eectrical quantity depending on
the state variable ¢ and the inputs b,9,B, The speed
with which this quantity changes can be expressed as:

q:%:md_d+m%+m%+mdi (41)
dt fdd 9o d fdd T4 dt

If the influence of the state variable @ on the quantity qis
dominant, equation (41) can bere-written as

dg _ 1q

=T ="Dw+ €t 42

e &t) (42)

where Dw =dd/ dt while €&(t) isafunction of changesin
control variables b,g,B, .

4.1. Choice of signals
Equations (25), (30) can be re-written as.
R, =-[bssin d|+ p,(6.9,B,) (43)
Qy = - [Kxbs cos @'~ Que]+ay(£,9,B,) (44)
The first components (in square brackets) are dominant
while the components p,,q, introduced by control
strategies are less significant. Thus one can write using
equation (42):

aR, _ IR
Y :%DW+ ep(t)=-[bscosdPw+ept)  (45)
O% - 1% Dw+ 6, (t) = +K » [bs sin alDw+ ey () (46)
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Comparing (45) and (46) with (37), (38) and (39) leads to
a conclusion that the control strategy given by (37), (38)
and (39) can be replaced, with accuracy ep(t) and &5(t),

by the following strategies:

Ky d d
b(t) @+K_:% =+Kpp) % (47)
dR,
dt) @ Ko~y (49)
Ky d d
B () @ (5 = K @)

These strategies are easily executed in practice as they are
based on locally measurable signals of real and reactive
power. The effect of neglecting e (t) and e5(t) in (45)

and (46) has been analysed in [4]. The quantitative
analysis showed that neglecting ep(t) and &5(t) is

acceptable and that strategies (47), (48) and (49) emulate
reasonably well the strategies (37), (38) and (39).

However it should be emphasised that damping achieved
using the localy available signals is weaker that the
damping achieved using the state variables. Thisis due to
the fact that the gains K,,K,,Kg used in the local

strategies have to be constrained because of the influence
of inputsb,g,B, on the changes in R,,Q,. For high

values of the gains the control system becomes oscillatory
unstable.

4.2. Block diagram of the controller

The controller of each of the three inputs 6,g,B, consists
of two paths: (i) main path executing the required steady-
state control strategy (not analysed in this paper); and (ii)
supplementary control loop executing the stabilising
control discussed in this paper. The main controller is
usually an integrator with a negative feedback loop and a
relatively large time constant. The supplementary
stabilising controller (or power system stabiliser PSS) is a
practical differentiator with a small time constant.

Block diagram of such a controller for real power B, and
input signal g isshownin Fig. 3.

Py K Tgs
9 1+Tgs
Lim
Pref +
Py 1 S r g
r T's N4 J

Figure 3. Block diagram of controller

Block diagram for the reactive power Q, and signal &
would be similar.

The shunt part of UPFC can operate as the reactive power
compensator controlling the voltage U, and signal B, .

Hence the block diagram of the controller of the shunt
branch would be similar as in Fig. 3 but the input signal

for the main path would be voltage U, while the input
signal for the PSS would be Q,.

The time constant of the main control path islarge enough
not to create a strong signal during power swings. The
integrator averages the oscillatory changes of the input
signal resulting in very small changes of the output signal
so that the PSS signal dominates.

5.SIMULATION RESULTS

The effectiveness of the proposed control law will be
illustrated using a 3-machine sample system shown in Fig.
4. The parameters of this sample system have been chosen
in such a way that one generator G3 is large and
corresponds to a system (infinite bus-bar). The inertia
coefficient of generator G2 is much smaller than that of
generator G1. Therefore the swings of generator G2 are a
little faster (with respect to G3) than those of G1. A
disturbance inside the network causes both generators G1
and G2 to swing and the swings due to these two different
frequencies are superimposed on each other causing
distortions in the measuring signals. This is similar to the
swings in a real system, where the swings inside the
network (resulting from many generators) are multi-
modal.

B4

W1 B7
-} :
Gl |

L3

|

B6

B2

Figure 4. The three-machine test system

Dissertation [4] contains results of simulations undertaken
for a variety of short-circuit locations and UPFC
placements. Due to the shortage of space, here only one
example will be shown when UPFC was located in line L4
and a temporary short-circuit in bus B5 was considered.
The system responses are shown in Fig. 5. The dashed line
corresponds to the case when UPFC was not active while
the continuous line shows the influence of the UPFC.
Clearly the power swings of both generators are well
damped (Fig. 5a,b). Also the voltage oscillations are well
damped (Fig. 5¢).

6. CONCLUSIONS
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In this paper a control strategy for the supplementary
stabilising loop of UPFC has been derived using the direct
Lyapunov method and non-linear power system mode.
Contral strategy obtained by this method utilises the state
variables of the system. Hence the state variables are not
available at the point of installation of UPFC an alternative
control strategy has been also derived. It utilises locally
available signals of real and reactive power. The derived
control strategy based on local signals achieves good
damping of power swings and voltage oscillations if both
the series and the shunt branch of UPFC are controlled.
Unfortunately the damping obtained using the local signals
is much weaker than the damping which could be
theoretically achieved using the state variables.
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Figure. 5. Example of simulation results. (a) real power of
generator G1; (b) real power of generator G2; (c) voltage
at B5.



