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An Adaptive UPFC Based Stabilizer for
Damping of Low Frequency Oscillation

M. R. Banaei’ and A. Hashemi*

Abstract — Unified power flow controller (UPFC) is the most reliable device in the FACTS concept. It
has the ability to adjust all three control parameters effective in power flow and voltage stability. In
this paper, a linearized model of a power system installed with a UPFC has been presented. UPFC has
four control loops that by adding an extra signal to one of them, increases dynamic stability and load
angle oscillations are damped. In this paper, after open loop eigenvalue (electro mechanical mode) cal-
culations, state-space equations have been used to design damping controller and it has been consid-
ered to influence active and reactive power flow durations as the input of damping controller, in addi-
tion to the common speed duration of synchronous generators as input damper signal. To increase sta-
bility, further Lead-Lag and LQR controllers, a novel on-line adaptive controller has been used ana-
lytically to identify power system parameters. Closed-loop calculations of the electro mechanical mode
verify the improvement of system pole placement after controller designing. Suitable operation of
adaptive controller to decrease rotor speed oscillations against input mechanical torque disturbances is
confirmed by the simulation results.

Keywords: UPFC, State-space equations, Dynamic stability improvement, LQR, Adaptive controller

1. Introduction

Power transfer in an integrated power system is con-
strained by transient stability, voltage stability and small
signal stability. These constraints limit a full utilization of
available transmission corridors. The flexible AC transmis-
sion system (FACTS) is the technology that provides the
needed corrections of the transmission functionality in or-
der to fully utilize the existing transmission facilities and
hence, minimizing the gap between the stability limit and
thermal limit [1]. Unified power flow controller (UPFC) is
one of the FACTS devices which can control power system
parameters such as terminal voltage, line impedance and
phase angle [2]. Therefore, it can be used not only for
power flow control, but also for power system control.

Recently, researchers have presented dynamic models of
UPFC in order to design a suitable controller for power
flow, voltage and damping controls [9]-[13]. Wang has
presented a modified linearized Heffron-Phillips model of

a power system installed with a UPFC [1], [3], [7] and [11].

He has addressed the basic issues pertaining to the design
of UPFC damping controllers, i.e., the selection of robust
operating conditions for designing damping controllers;
and the choice of parameters of the UPFC (such as mg, mg,
5,ands, ) to be modulated to achieve the desired damping.

Wang has not presented a systematic approach to design
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the damping controllers. Furthermore, no effort seems to
have been made to identify the most suitable UPFC control
parameters, in order to arrive at a robust damping control-
ler and has not used the deviation of active and reactive
powers, AP, andAQ, as the input control signals. The AP,

and AQ, signals can be used for oscillation damping as

input signals due to their improved convenience over
Aaw specially in states where UPFC is set too far from the
generator.

Abido has used the PSO control to design a controller
and this manner not only is an off-line procedure, but also
depends strongly on the selection of the primary conditions
of control systems [4] and [6].

An adaptive controller is able to control a nonlinear sys-
tem with fast changing dynamics, since the dynamics of a
power system are continually identified by a model. Ad-
vantages of on-line adaptive controllers over conventional
controllers are that they are able to adapt to changes in sys-
tem operating conditions automatically, unlike conven-
tional controllers whose performance is degraded by such
changes and require re-tuning in order to provide the de-
sired performance [9]. In [14], an adaptive based controller
for STATCOM has been provided and has been used as a
VAR compensator in [15]. In this paper, the dynamic equa-
tions of AQ, have been calculated and the deviations sig-
nals of active and reactive power and their sum, and also
rotor speed deviation as input control signals for Lead-Lag
controllers have been used and their results have been
compared with each other. In addition, it has examined the
relative effectiveness of modulating alternative UPFC con-
trol parameters m, , m,, 6; andd; for damping power



198 An Adaptive UPFC based Stabilizer for Damping of Low Frequency Oscillation

system oscillations via the SVD technique. Additionally, it
has designed three kinds of power controllers including
Lead-Lag, LQR and on-line adaptive controller with RLS
technique for power systems installed with UPFC and their
effects has been compared for damping the power system
oscillations.

2. The Power System Case Study

Fig.1 shows a single-machine-infinite-bus (SMIB) sys-
tem installed with UPFC. The static excitation system
model type IEEE-ST1A has been considered. The UPFC
considered here is assumed to be based on pulse width
modulation (PWM) converters. The UPFC is a combina-
tion of a static synchronous compensator (STATCOM) and
a static synchronous series compensator (SSSC) which are
coupled via a common dc link, to allow bi-directional flow
of real power between the series output terminals of the
SSSC and the shunt output terminals of the STATCOM,
and are controlled real and reactive series line compensa-
tions without an external electric energy source.

P

ac

Fig. 1. UPFC installed in a SMIB system.

The UPFC, by means of angularly unconstraint series
voltage injection, is able to control, concurrently or selec-
tively, the transmission line voltage, impendence and angle

or alternatively, the real and reactive power flow in the line.

The UPFC may also provide independently controllable
shunt reactive compensation.

Viewing the operation of the UPFC from the stand point
of conventional power transmission based on reactive
shunt compensation, series compensation and phase shift-
ing, the UPFC can fulfill all these functions and thereby
meet multiple control objectives by adding the injected
voltage Vg, with appropriate amplitude and phase angle, to
the terminal voltage V.

2.1 State Space Equation of Power System
If the general pulse width modulation (PWM) is adopted

for GTO-based VSCs, the three-phase dynamic differential
equations of the UPFC are [6]:

Aé:mbAw

* AP - AP, -DAw

Aop=—"—"""——
M

AL - —AE, +AE +(x, —X})Ai,
T
A]::fd _ —AE + K, (AV, ¢ —Av+Au, )
TA
AV g = K;A8 + KgAE, — KgAV, + (1)

K. Amp + K 3A0p + K  Amp + K 5AS0,

The equations below can be obtained with a line arising
from Eq. (1).

AP, = K A8+ K,AE! +K AV, +

K, Am, +K A8, +K Am, +K ; A8, @
AE! = K,A8 + K, AE, +K AV, + 3
K, Am, +K A8, + K Am, +K A3,
AV, = K A8 +K(AE! +K AV, + @
K, Am, +K ; A8, + K Amy + K A5,
AV,, = K, A8+ K AE, ~K AV, + )

K, Amg + K AS; + K Am, +K 5 Ad,

The state-space equations of the system can be calcu-
lated by combination of Egs. (2) to (5) with Eq. (1):

X =Ax +Bu
X =[A8,Aw,AE!,AE,, AV, ]' (6)
u =[Au,,,Am,, A8, Amy, A5, ]"
[0 o, 0 0 0
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That Am, , Am,, AS, and AS,are a linearization of the

input control signal of the UPFC and the equations related
to the K parameters have been presented in Appendix C.
The linearized dynamic model of Egs. (2) to (5) can be
seen in Fig.2, where there is only one input control signal
for u. Fig. 2 includes the UPFC relating the pertinent vari-
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Fig. 2. Modified Heffron-Phillips model of SMIB system with UPFC.
ables of electric torque, speed, angle, terminal voltage, Vidiig =Vigia = 0. (13)
field voltage, flux linkages, UPFC control parameters and . (14)
I/rd = ‘qurq

dc link voltage.

2.2 Operating Points Calculating in Steady Condition
The primary d-q based axis of voltage, current and load

angle of the system, necessary for K parameters calculating

in Eq. (7), have been obtained for the three conditions

shown below:

CASE A-light operating condition:

P.=02pu,0, =0.01pu ®)
CASE B-nominal operating condition:
P, =0.8pu,Q, =0.167 pu 9)
CASE C-heavy operating condition:
F,=12pu,Q, =04pu (10)

STEP1: First, by solving the four equations below, we
compute the parameters )/, Vo i, and itq at every oper-
q

ating condition.

(11)
(12)

%

wd

2+I/,2:l
q

+V i =P

th lrd 1q°tq e

STEP2: By solving the 10 equations below, parameters
VEld Vth Vbd Vbq
be obtained:

isa, Ta Vi, Vg fraand Teg will

v, +V, t =1

bg
+ VE,quq =P

ac

Vipalsa
Via = (X5 +Xp )qu Ve + Vo
Vth =(xp +Xpy Jipgg — VBq + Vbq

(15)

Vialisa + VBqqu =P,
Vialea + VthlEq =P,

Ve =Via + Xelg,

VEq = VEzq —Xglgy
2.3 AQ, Calculation

In this section, the dynamic equations relevant to the re-
active power deviations will be calculated for use as the
input damping control signal. According to Fig. 1, the fol-
lowing equations can be written:

Q€ = Vzdlfq - qulrd

ot
I/tq - Eq xtllfd

(16)
(17)
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th :xqitc/ (18)
Qe :(xqirq )itq _(Ez; _'x:il.td )ild (19)

Dynamic d-q based equations of currents relevant to the
reference system can be obtained as follows:

. Xy ., mpsind V,X,,
lEd -~ q - Tt
Xys 2X 5
X ins,v, (20)
dE , C0S5+m8 SOzl )
s 2
mycosd,V, X X
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My cos S,V 21
—)
2
ip =— X, , 0085+mK sind, v, ) Xy mysino, v, i
Xax 2 Xax 2
X g (22)
XLIZ !
mycos OV, X X . 05V,
ig, =— £ EdeT gk 4t (y, sing + 120057 . ) (23)
2X,y . 2
AQ, Signal can be assumed as Eq. (24):
AQ, = K\ AS+ K\ AE, +K AV, + K Amy+ K AS, +
K sty + K\ A, (24)

From Egs. (19) to (23) in comparison with Eq. (24) the
K-constant values can be calculated as shown below:

Ko =(2x,D)(x,, + X, )V,0085/(x,5 )+
EC’lVb SINO((Xge - Xg VXqx )2X;S +1)
Ky =((Xgp - X )/%y5 )(2x;S-E!)-S (26)
K, = 2X, L((Xg, - X,z )COSFmy /22X, 5 +
(xqt - X )cos5BmB/2xqz )+
(2x;L- E‘; N(Xyg - Xg )SINO M /2X 5 + (27)
(Xge - Xy )SINTGM, /2%, 5 )
K5 =2x,Lxg, - X, )C0SOEV, /2X 5 +
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L =(mgcosd Vy Xg, )V/(2X 5 )-

(X4z /Xqz )(0.5myicos 6, Vde + (32)

V,sin6 ) -(mgcosd; Vdex, V(2x 5 )+
(X Xqx )0.5mzcos VYV, +V,sind )

S = (x5E'q/%y 5 ) - (msin( S Vg Xpy V(2% ) +

(xp/%yx )V, c086 +

0.5mgsin( 9, )V, ) - (X E'q/x5 )+ (33)
(xgemgsin( 5y )V, V(2% 5 ) -

(X4/%y 5 Y(V,c086 +0.5mysin( 5 )V, )

2.4 Singular Value Decomposition

Singular value decomposition (SVD) is employed to
measure the controllability of the Electro Mechanical mode
(EM mode) from each of the four inputs: (mg, mg,
oyand¢,) [4] and [6]. The minimum singular values_ ,
is estimated over a wide range of operating conditions
(P:[005 — 15]and g :[-04 — 04] pw.

SVD produces a non-negative diametric matrix (S) with
dimensions of 72X nand it creates unitary U and V ma-
trixes as below:

x=U*S*V (34)
[U,S,V]=svd(x)

Fig. 3 shows the o forall four inputs at 0 =0.4 pu.

According to Fig. 3, it can be seen that the EM mode
controllability with &, is more than other inputs and is the

least affected by loading conditions.
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0 0.5 1 1.5
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Fig. 3. Minimum singular value with all inputsat ¢ =0.4 pu.

3. Design of Damping Controllers

3.1 Lead-Lag Controller

The damping controllers are designed to produce an
electrical torque in phase with the speed deviation. The
four control parameters of the UPFC (i.e., mg, mp,
0yand g, ) can be modulated in order to produce the damp-

ing torque. The speed deviation Aw is considered as the
input to the damping controllers. The structure of the
UPFC based damping controller is shown in Fig. 4. It con-
sists of gain, signal washout and phase compensator blocks.
The parameters of the damping controller are obtained us-
ing the phase compensation technique [12]. According to
Fig. 4, the structures of Lead-Lag controllers with A@w and
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AP, inputs are very similar. The detailed step-by-step pro-

cedure for computing the parameters of the damping con-
trollers using the phase compensation technique is given
below.

At first, the natural frequency of oscillations &, is cal-
culated for the mechanical loop.

AP
e 1+sT,

Phase Compensator

Aw sT, 1457, Au
o Joontea]
1+sT, 1+5T,
Gain Signal Washout — Phase Compensator
AQ, | 1+sT/
200 Gr(s)= Ll H(s) A%

1+5T,
AP, 1+ 5T,
1+ 7,

Au (6;)

o) 1+ sT;
1+sT,

Fig. 4. Structure of UPFC based damping controller.

o = K%
= (35)

That the amounts of @,, K, and M has been presented

in Appendix A.
For computing the phase lag between Au and AP,

ats = jw, , we should calculate the transfer function of Fig.

5, which is a simple control model of Fig.6.
The phase Lead-Lag compensator G,.is designed to pro-

vide the required degree of phase compensation for 100%
phase compensation.

G (jo)+ Zy(jw)=0 (36)

sU Kch K8 K2 APem

i

\ 1 G3 Kpu‘
0 I N

Kqd -Kqu
G2

-Kvu
-Kvd

Kpd

Fig. 5. The graph between APgy and Au.

Assuming one Lead-Lag network, 7, =aT, the transfer
function of the phase compensator becomes,

1+ saT,

GO =107
SL2

€0

Since the phase angle compensated by the Lead-Lag
network is equal to— y, the parameters a and T, are com-

puted as,
0= 1-%— s?n ¥
—siny
1 (38)
T =— _
Cooa

The require gain setting K. for desired value of damp-
ing ratio & = 0.5 is obtained as,

26w, M

K, =
G @) (39)

And [Ge(s)and [#(s) are computed ats = j@, .

The signal washout is the high pass filter that prevents
steady changes in the speed from modifying the UPFC
input parameter. The value of the washout time constant
Tyw should be high enough to allow signals associated with
oscillations in rotor speed to pass unchanged. From the
view point of the washout function, the value of Ty is not
critical and may be in the time range of 1s to 20s. Ty equal
in 10s is chosen in the present studies.

Fig. 6 shows the transfer function of the system relating
the electrical component of the power Ap, produced by

the damping controller §, .

UPFC
Damping

Controller

=

+

(k1
[

Fig. 6. Transfer function of the system relating component
of electrical power AP, produced by damping

controller Sy
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In order to design a controller with A, input signal for
damping signa15 , transfer function f( S):LQe must be
Aw

calculated according to Eq. (24) as shown below:

H(S ) — AQe — K10H12 + K11H32 + K12H52 + K14
Aw H,, (40)

So it can be obtained:

ZAQ, = ZH(s)+ LAw (41)

Therefore, the Lead-Lag compensator G/(s) must be
designed to compensate for the phase shifting between
AQ, and Aw . The transfer function between AQ,

and A@w according to Eq. (24), has been calculated as fol-
lows:

— AQ@ — KIOHIZ +K11H32 +K12H52 +K14

H(s) i

(42)

In order to design the damping controller with in-
PutAP, + AQ,, two Lead-Lag compensators must compen-

sate for the phase angle between Au and AP, together.

3.2 LQR Controller

The LQR controller for a system described with the

state-feedback equation x = 4r + B can calculate the
optimal amount of K so that the state feedback u = —Kx
according to Fig. 7 to minimize the integral of Eq. (43).

u PLANT

L€ |

K
L=

Fig. 7. Block diagram of a state-space based system with
negative feedback.

J(u):I:(XTQx-i-uTRu—i-ZXTNu)dt (43)

In addition to calculating the optimal value of K, the
LQR calculates the solution S of the associated Riccati
equation according to equation (44).

ATs+sA—(B+N)R'(B's+N")+Q=0 (44)

The eigenvalues of closed-loop system ¢ = eig( 4 — B* K )is

calculated, too. Note that the value of K is calculated using
the response of the Riccati equation according to equation
(45).

K=R"'(B's+N")
[K,s,e] = LOR(A4,B,0,R,N) (45)

3.3 Adaptive Controller

Fig. 8 shows a block diagram of a process with a self-
tuning regulator (STR). The parameters of the power sys-
tem transfer function are estimated by estimation block
with samples taken from inputAd, and output Aew with a
specified sampling time [15], [16]. It has been shown as the
discrete transfer function of the state equation of the power
system (7) as follows:

Aw(q) _ B(q) _ bnq4 + blq3 +bzqz +b,q+b, (46)

H(q) = 5 5
As; A ' +aqi+a,q’+a,q’ +a,q+a;

The block labeled controller design contains the compu-
tation’s Diophantine equation required to perform a design
of a controller with a specified method and few design pa-
rameters that can be chosen externally. The recursive least-
square method (RLS) will be used for parameter estimation
and the design method is a deterministic pole placement
(MDPP). A general linear controller can be described by

Ru(t)=Tu,(t)—S¥(t) 47

Where R, S and T are polynomials. A block diagram of
the closed-loop system is shown in Fig. 9.

|
! |
! |
Specificaton_| Power System Parameters |
1 |
! |
|| Controller o I
| . Estimation |
| Design
|
| Controller I
I Parameters I_ _——_—— —a
Re ference I | -
Controller | Sivt‘}:r;
Input I Y Output
|
—————————— 1

Fig. 8. Block diagram of Self Tuning Regulator.

uc r " : Y 2 Y
R A
{ s
R
Controller v Plant
u, u v
Ru:Tu(_fSy—»é:)— B
A
Uc BT y

AR + BS

Fig. 9. A general linear controller with 2 degrees of freedom.
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General equations of R, S and T are polynomials and
have been calculated by MDPP as follows:

R(q)=q" +nq +nq’ +rq+r,
S(q)=50q"+5¢" +5,0> +53q+s, (48)
T(q)= 094 +t1q3 +t2q2 +5q +1,

The closed-loop characteristic polynomial is thus:
AR+BS =4, (49)

The key idea of the design method is to specify the de-
sired closed-loop characteristic polynomial 4... The poly-

nomial R and S can then be solved from Eq. (49). In the
design procedure we consider polynomial 4 .to be a de-

sign parameter that is chosen to give desired properties to
the closed-loop system. Eq. (49), which plays a fundamen-
tal role in algebra, is called the Diophantine equation. The
equation always has solutions if polynomials A and B do
not have common factors. The solution may be poorly con-
ditioned if the polynomials have factors that are closed.
The solution can be obtained by introducing polynomials
with unknown coefficients and solving the linear equations
obtained. In fact, in an off-line state, the adaptive controller
parameters are as according to Fig.10.

A —— Dynamic
L .R

4 —— » Pole

b S

Assynmeni

Fig. 10. Block diagram of off-line adaptive controller in-
puts and outputs.

ﬁis the desired transfer function of power system. B
A

m

and 4 polynomials must be chosen in the way that the

adaptive controller can omit the perturbation in input me-
chanical torque with suitable speed. The desired transfer
function used in this paper according to Eq. (46) offers as below:

4

y(@ _ B.(@) _ q
u@ A,(@ q'+aq’+a,q’ +aq’+a,q+a; (50)

According to Fig.10, designing an adaptive off-line con-
troller (MDPP technique) consists of the three following
steps:

1. Selection polynomials of 4,8, and 4, as below:

deg A, =degA=n (51
deg B, =degB=m (52)
deg A, =degA—degB" -1 (53)

B,=B'B" (54)

That B* and B~ are strongly and poorly damped roots
polynomials.

2. The Diophantine equation is formed as below and will
be solved for finding R'and S polynomials:

AR'+B S=4,4, (55)
3. Calculating R and T control as below:

R=R'B" (56)
T=AB (57)

o m

But the on-line control design consists of the three fol-
lowing steps:

1. Selection polynomials of 4, B, and 4, .
2. Calculation of » matrix with RLS as in the equation below:

B

yq)=—ulq) (58)
A(q)y(q)=B(q)u(q) (59)

Wg)+ay(g—1)+a,y(qg=2)+...+a,y(qg—n)=
bu(g+m-n—1)+..+b,u(qg—m) (60)
y(q):[fy(qfl) ...... -wWg-n) u(g+m-n—1) ... u(qu)] Z’I’ (61)

s,

Wq)=¢"(g-1)0 (62)

K(q)=P(a)q)=Pg= DKl +¢"()P(a- D) (63)

P(g)=P(g-1)-P(g-D¥q I + 4" (9)P(a- D))" x
4" (0)P(q-D)=[1 - k() ())P(g-1) (64)
é(q):9(4—1)+K(q)[y(q)—¢r(q)9(q—1)} (65)

3. Calculation of R, S and T polynomials with MDPP.

3.4 Simulation Results

Eigen-value (electro mechanical mode) calculations
should be done before any controller designing. Table 1
shows the electro mechanical mode of the system without
any controller, equipped with Lead-Lag, LQR and an adap-
tive controller.

Based on the above table, pole placement of the closed
loop system equipped with controllers has improved in
comparison with open loop systems and an on-line adap-
tive controller has the best result among them.

The linearized model of the case study system in Fig. 1
with parameters shown in Appendix. A and K parameters
shown in Appendix. C, has been simulated with MATLAB/
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SIMULINK. In order to examine the robustness of the
damping controllers to a step load perturbation, it has been
applied a step duration in mechanical power (i.e.,
AP, =0.01pu) to the system seen in Fig. 2. Consequently,
the reference system has four inputs; the damping input
signal in Fig. 3 has been added to the most effective input
O, calculated by the SVD technique. Fig. 11 shows the

dynamic responses of Aw with different operating condi-
tions by Lead-Lag controller for ¢, input control signal.

Table 1. Electromechanical mode of the individual terms at
Nominal loading condition

Without 0.1052+ j2.8455
controller
Oy my Oy my
Lead-Lag
—1.780+ j2.7446 | —0.46+ 2.9 [—14187 + /7276 |3.3661+ j1.3204
LQR -0.417 £ j2.9290
On-line
Adaptive —1.394 + j0.3304
controller
10°
8 X
6 -
2 |
3
8
2 -
o
0 5 10 15
Time(s)
. @
15 x 10
10 1
2 5 i
ot
8
0
_5 - 4
0 1 2 3 4 5
Time(s)
(b)
x10°
10}, 1
2 s —
ol
8
0 —
_5 . |
0 1 2 3 2 5 6
Time(s)
©

Fig. 11. Dynamic responses of A@ with input control
signal 5, for different operating conditions (a):

Light load (b): Nominal load (c): Heavy load.

It is clearly seen that the dynamic performance at a
heavy condition is better significantly compared to that
obtained at light and nominal loadings because the speed
deviation has been damped with minimum settling time at
a heavy condition. The response of the nominal condition
has the second rank after the heavy condition because its
settling time is less than five seconds and its peak ampli-
tude value is even greater than the heavy condition.

According to the above, it can be calculated by dynamic
responses to the AP, =0.01pu perturbation for other input

control signals that by comprising all of the responses, we
can see that adding the damping control signal to s, is

better than other control inputs because of its speed oscilla-
tion damp with a shorter time than five seconds and mini-
mum amplitude. Fig. 12 shows the dynamic responses of
A for nominal operating conditions by Lead-Lag con-
troller with AQ,, AP, and AP+AQ input control signal.
By comparing the above figures with those obtained by
the controller with A@ input in Fig. 11.b, it can be seen
that the response quality of AQ, ,AP, AP, +AQ, based

2
; (0]
o
T
8
“o 5 10 15 20
Time(s)
. (@
1OX 10
5 H
=
]
@
a
0
-5 L L L L
0 5 10 15 20 25
Time(s)
. (b)
4 x 10
z 2 I
8
3
0
2 1 2 3 4
Time(s)
(©

Fig. 12. Dynamic responses of A, at nominal operating
conditions for different input control signal (a):
AQ, (b): AF, (c): AP +AQ,.
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controller is less than Aw based controller in terms of

peak amplitude. Therefore it has been used from A®
input signal for LQR and adaptive controller designing.

It can be seen by the dynamic responses to the
AP, =0.01pu perturbation of input mechanical power for

systems equipped with an LQR controller in the following.

Fig. 13 shows the dynamic responses of A@ at nomi-
nal condition with LQR damping controller.

Dynamic response has nearly the same quality in com-
parison with the Lead-Lag controller at Fig. 11 (b) in terms
of settling time and peak amplitude. Fig. 14 is related to an
estimation of the control reference system in the on-line
adaptive controller at nominal condition calculated by RLS
technique. Some of the coefficients of the transfer function
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15x1O

10

Delta W

0 1 2 3 4 5
Time(s)
Fig. 13. The dynamic responses of A@ at nominal condi-
tion with LQR damping controller.
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Fig. 14. Adaptive controller polynomial coefficients of
RLS estimated plant at nominal operating condi-

tion:(a): b, (b): q,.

of the power system in Eq. (45) and their estimation by
RLS technique have been shown in Fig. 14. It can be seen
that the estimation of transfer function coefficients have
been converged to the polynomials of the reference power
system model at less than 20 iterations.

After estimation of the transfer function of the reference
control model, in order to calculate the on-line adaptive
controller polynomial coefficients, the Diophantine equa-
tion must be solved. In the following, it has been shown
some of the parameters R and S in Fig. 15 at a nominal
condition. It can be considered that the coefficients have
been converged at less than 20 iterations.

Samples have been taken from the input and output of
the transfer function of the case study with sampling time
T.=0.01s for adaptive control designing. The desired

transfer function of Eq. (50) has been presented in Appen-

dix B. Fig. 16 shows the dynamic responses of A@ with
adaptive controller at nominal operating loads due
to AP, =0.01pu perturbation.

It is clearly seen that the dynamic performance at differ-
ent loading conditions have an almost similar quality in
terms of settling time and peak amplitude. From compari-
sons between the results of the adaptive controller with
Lead-Lag, LQR controllers and without controller, it can
be seen that the dynamic response of the system equipped
with an adaptive controller (Fig. 16) in comparison with
the system equipped with an LQR controller (Fig. 13) has
greater quality because the adaptive controller could de-
crease the settling time for more than 0.1 seconds. Also, the
dynamic response of the system equipped with the adaptive
controller (Fig. 16) in comparison with a system equipped
with Lead-Lag controller (Fig. 11 (b)) has less settling time
and the peek amplitude amount of the adaptive control is
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Fig. 15. Adaptive controller parameters calculated with
Diophantine equation at nominal operating condi-

tion:(a): 7, (b): S§,.
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Fig. 16. Dynamic responses of A@ with adaptive con-
troller at different operating conditions due to
AP, =0.01pu (a): Light (b): Nominal (c): Heavy.

less than Lead-Lag controller, too. Moreover, the proposed
adaptive controller stabilizes the power system, while the
power system without a controller is unstable according to
Table 1. So, the adaptive controller gives the best results
according to Table 1.

4. Conclusion

In this paper, a UPFC has been used for dynamic stabil-
ity improvement and state-space equations have been ap-
plied for the design of damping controllers. Simulation
results operated by MATLAB/SIMULINK show that using
input speed deviation signal is better than inputs of power
deviations, and also adding control signals to the active
power control loop of the shunt inverter decreases speed
oscillations effectively. According to the simulation results,
the designed adaptive controller for the system has the per-
fect effect in oscillation damping and dynamic stability
improvement in comparison with other controllers.
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Appendix

A: The test system parameters are:
Generator:
M =2H =8.0MJ/ MVA
D=0.0
T, =5.044s
X,=10pu
X, =0.6 pu
X, =03pu
Excitation System:
K, =100
T,=001s
Transformer :
X, =0.1pu
X, =X,=0.1pu
X,=X,=0.1pu
Transmission Line:
Xy =03pu
X, =X, +X,+X,=05pu
Operating Condition:

V,=1.0pu

P =0.8pu

V, =1.0pu

f=60Hz

Parameters of DC Link:
Vi =2pu

C, =1pu

B: Adaptive controller parameters:
A, =(g—0.01)(g—0.03)(g—0.02)(g—0.1)(g+0.1)
B, = q
A4, =1
degB, =degB=m=4
degAd, =degd=n=5

C: K parameters
_ Vi 150 =XV, sinS | (%, Ly + V), )Xy —Xys )V, cOSS

o Xaz R
K, = —(rgy + X)WV + (X5 +xE)x:11’q
XazXa Xas
K, =1+ (xg =%, )(Xpp + X))
Xax
K,=- (xy —x,) (x4 —X,4)V, SIS

Xax
, .
B ViaX, (%, —x,)V; coso _ Vig¥a (X gp — x4 )V, SN 6

1

5
Vix,s Vix;s
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s +x; (Xpp +Xp))
=

K
Vixgs

K, =0.25C, (V, sind(my coSOpX 4z =My COSO X, ))—
My COSO,X, N

Xax
V, cosd(my sindyx, —my sind,x,

My COSO X, + M COSO X,y

K, =-0.25
Xas
My sind,(my, coSO,X, —M, COSO X ;)
+

K, =0.25Cdc( 5
Xay

my, 8SinO, (M, COSO ;X , —Niy COSO,X,,)

2x,5

My COSO, (M, SINSyx,, —my SiNS,x,;) N

quZ

m; oSO (—my SinOyx, ; +my sm&Equ))

qu z

_ Y _Iqu; W Xpg = Xgp W SING 4

pe
2x45

(xq[td +V, X Xpg ~Xee W €085y

zqu

=(I/td _Iqu(:i )(de — X )I/dcmE COSé‘E +

poE
2x,5

(x Ly + Vi =gy + %0 Wy SIS

2x,s
_ Vy 71,qx; )Xy — Xy )X, SING, .
2x,5
(quh, +V, )( Xy~ Xyp W, coso,

zqu

K,

Ko = (Va _Iqu; )X + Xy W, COSSy +

OB

2x,5

(x 1 +V, )(—xq, +x

L GE WMy $indy

2xq z
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, .
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