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Abstract- 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. To increase stability a novel on-
line adaptive controllers, has been used analytically to
identify power system parameters. Suitable operation of
adaptive controllers to decrease rotor speed oscillations
against input mechanical torque disturbances is
confirmed by the simulation results.

Keywords: Dynamic Stability Improvement, Adaptive
Controller.

I. INTRODUCTION

A unified power flow controller (UPFC) is one the
FACTS devices which can control power system
parameters such as terminal voltage, line impedance and
phase angle [1] and [2]. Recently, researchers have
presented dynamic UPFC models 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]. Wang has not
presented a systematic approach to design 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
controller and has not used the deviation of active and
reactive powers, AP, and A4Q, as the input control

signals. 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
system with fast changing dynamics, like the power
system better, since the dynamics of a power system are
continually identified by a model. Advantages of on-line
adaptive controllers over conventional controllers are that
they are able to adapt to changes in system operating
conditions automatically, unlike conventional controllers
whose performance is degraded by such changes and
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require re-tuning in order to provide the desired
performance [9]. In [14], an adaptive based controller for
STATCOM has been provided and has been used as a
VAR compensator in [15].

Il. THE POWER SYSTEM CASE STUDY

Figure 1 shows a single-machine-infinite-bus (SMIB)
system 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
combination of a static synchronous compensator
(STATCOM) and a static synchronous series
compensator (SSSC) which is coupled via a common dc
link.

mB
Figure 1. UPFC installed in a SMIB system

I1l. STATE SPACE EQUATIONS 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]:

. - AP,— AP, -D4
Aé‘:a)bAa),Aa):M
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Aé' B _AEq +AE; +(Xg —Xx§) i,
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NV i = K, A8 + K AE] — Ky ANV, +
Kedmg + K ;40 + K Am, + K ;, A5,
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The equations below can be obtained with a line arising
from Equation ().

input control signal for u. Figure 2 includes the UPFC
relating the pertinent variables of electric torque, speed,

AP, = K A5 + K, AE; + K AV, + (2)  angle, terminal voltage, field voltage, flux linkages,
UPFC control parameters and dc link voltage.
KedMe + K546 +KpAmg + K, A5,
AE, = K, 45 + K AE! + K AV, + 3) [0 oy 0 0 0 ]
Koo AMe + K o, A5, + Koy AMg + K 5, A, K b K Kpd
N, = KA + K AE! + K, AV, + (4) M M M M
o Kyq K3 1 Kod
KedMg + K ;40 + Kpamg + K 5 A5, A=l Tm T
ANy, = K, A8 + KGAE, — KAV, + 5) Tao Tdo  Tdo
dc 7 8 q 9 dc KAKS KAKG 1 KAK pd
Kedme + K ;40 + K yAamg + K 5 A5, TA TA TA A
The state-space equations of the system can be K 0 K 0 _K
e ; ; 7 8 9 7
calculate d by combination of Equations (2) to (5) with n Y
Equation (1): B KO KO KO KO
. pe pce pb P
X = Ax+Bu M M M M
X =[AS, Aw, AE!, AE ; , N T' (6) o e Kqee Kqb Kqe
B= v ' ' v
T T T T
do do do do
U =[ A, AMe, AG, Amg, 45, Ka KaKie KaKye  KaKy  KaKyg
where Am., Am, , Ao and A5, are a linearization of Ta Ta Ta Ta Ta
the input control signal of the UPFC and the equations | 0 Kee Keee Keb Keab |
related to the K parameters have been presented in
Appendix 3. The linearized dynamic model of Equations
(2) to (5) can be seen in Figure 2, where there is only one
K
L
lAPm
{1r AR a7 1 Aw| o, | AS
1L Ms + D S
N
K
(Kal K] K] K
AE 1 5
Ky +Tg | ~
K
] T
K8
Au + 0 1 AV,
B K - dc
> s + K
R
1K)

Figure 2. Modified Heffron-Phillips model of SMIB system with UPFC

A. Adaptive Controller

Figure 3 shows a block diagram of a process with a
self-tuning regulator (STR). The parameters of the power
system transfer function are estimated by estimation
block with samples taken from input A5, and output Aw
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with a specified sampling time [15], [16]. It has been
shown as the discrete mod of the state equation of the
power system (7) as follows:

H(q) = 4@ _ B@) _ by’ +b,q° +b,q” +b,q+b,
45 AQ) o +aq'+a,q +a,q°+a,q+a

(8)
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The block labeled controller design contains the
computation’s Diophantine equation required to perform
a design of a controller with a specified method and few
design parameters 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) - Sy(t) 9)
where R, S and T are polynomials. A block diagram of the
closed-loop system is shown in Figure 3. General
equations of R, S and T are polynomials and have been
calculated by MDPP as follows:

R(@)=q*+1rg’+rg° +rq+r,

4 3 2
S (q) =50 +80° +5,0° +5,0+5, (10)
4 3 2
T(q):toq +40° +1,0° +1,0 +t,
Self “Tuning — Regulator | I
' |
' |
Specificaton | Power System Parameters |
' |
o |
I Controller . |
| . Estimation 1
| |Design |
: Controller |
| Parameters == 4
Re ference | I
| | Controller | Power
| Input | System Output
|l |

Figure 3. Block diagram of Self Tuning Regulator
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Figure 4. A general linear controller with 2 degrees of freedom

The closed-loop characteristic polynomial is thus:
AR +BS = A, (11)

The key idea of the design method is to specify the
desired closed-loop characteristic polynomial A.. The
polynomial R and S can then be solved from Equation
(11). In the design procedure we consider polynomial A_
to be a design parameter that is chosen to give desired
properties to the closed-loop system. Equation (11),
which plays a fundamental role in algebra, is called the
Diophantine equation. The equation always has solutions
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if polynomials A and B do not have common factors. The
solution may be poorly conditioned 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 Figure 5.

A——

Dynamic
Pole

B —— —R

Am4> —» §

[E—

B,——

Assynment

A, ——

Figure 5. Block diagram of off-line adaptive controller inputs and outputs

m

is the desired transfer function of power system. B,

and A, polynomials must be chosen in the way that the
adaptive controller can omit the perturbation in input
mechanical torque with suitable speed. The desired
transfer function used in this paper according to Equation
(8) offers as below:

y(a) _ B, (@) _ q
u@ A.@ a’ +ag'+a,q’ +a0q’+aq +a
According to Figure 4, designing an adaptive off-line

controller (MDPP technique) consists of the three
following steps:

1. Selection polynomials of A, B, and A, as below:

4

(12)

deg A, =degA=n (13)
degB, =degB=m (14)
deg A, =deg A—degB* -1 (15)
B, =B"B~ (16)

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 +BS=AA (17)
3. Calculating R and T control as below:

R=RB* (18)
T=AB, (19)

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

1. Selection polynomials of A, , B, and A, .

2. Calculation of ¢ matrix with RLS as in the equations:

Y(@) = u(a) (20)

A(@)y(a) = B(q)u(a) (21)

y@+ay@-D+a,y(@-2)+..+a,y(q—n) = 22)

=bu(@+m-n-1)+..+b,u(qg—m)

y(@)=[-y(@-1) ..y(@-n) u(@+m-n-1) 23)
. u(@-m)fa ..a, b ..b T

y(@) =¢"(a-1)0 (24)

K(a) = P(q)¢(q) = P(@-D)g(a)[I +¢" (a)P(q-1)p(a)] " (25)
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P(q) = P(a-1)~P(a-DA@) +¢" @P@-DHDI" < o5
x¢" (Q)P(q-1) =[1 - K(a)¢" (@)]IP(q-1)
0(q) = 0(q-1) + K(a)[y(a) - 4" (0)9(q )]

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

(@7)

IV. SIMULATION RESULTS
The linearized model of the case study system in
Figure 1 with parameters is shown in Appendix 1 and has
been simulated with MATLAB/ 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., 4P, =0.01pu) to the system

seen in Figure 2. Figure 6 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 of the power system in Equation (10) and their
estimation by RLS technique have been shown in Figure
6. 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.

150

Estimated b4

1001

50

Coefficient Amount

40 60 80
Number of Samples

@

20 100

= Estimated a1

Coefficient Amount

20 60 80
Number of Samples

_ . ® . .

Figure 6. Adaptive controller polynomial coefficients of RLS estimated

plant at nominal operating condition, (a) b, , (b)

100

After estimation of the transfer function of the
reference control model, in order to calculate the on-line
adaptive  controller  polynomial coefficients, the
Diophantine equation must be solved. In the following, it
has been shown some of the parameters R and S in Figure
7 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 Equation (12) has been
presented in Appendix 2. Figure 8 shows the dynamic
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responses of Aw with adaptive controller at nominal
operating loads due to AP, = 0.01pu perturbation. , it can

be seen that the dynamic response of the system equipped
with an adaptive controller (Figure 8) has adequate
quality because short settling time as 0.1 seconds. Also,
the dynamic response of the system equipped with the
adaptive controller (Figure 8) has an agreeable small peek
amplitude amount.

15
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Figure 7. Adaptive controller parameters calculated with Diophantine
equation at nominal operating condition, (a) I, , (b) s,
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Figure 8. Dynamic responses of Aw with adaptive controller at
different operating conditions due to 4P, =0.01pu,, (a) Light,
(b) Nominal, (c) Heavy
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V. CONCLUSIONS

In this paper, a UPFC has been used for dynamic
stability improvement and a state-space equation has been
applied for the design of damping controllers. Simulation
results operated by MATLAB/SIMULINK show that
using an input speed deviation signal decreases speed
oscillations effectively. According to the simulation
results, the designed adaptive controller for the system
has the perfect effect in oscillation damping and dynamic
stability improvement.

APPENDICES

Appendix 1. The Parameters of Test System
Generator:

M =2H =8.0 MJ/MVA
D=0.0

T4, =5.044 s

X, =1.0pu

X,=06pu

X;=03pu

Excitation System:

K, =100

T,=0.01s
Transformer:

Xe =0.1pu
Xe=X;=01pu
Xg=Xgz=01pu
Transmission Line:

Xg =0.3pu

X =Xg + X5+ X =05pu
Operating Condition:
V,=1.0pu

P, =08pu

V, =1.0pu

f =60 Hz

Parameters of DC Link:
V., =2pu

Ce =1pu

Appendix 2. Adaptive Controller Parameters
A, =(q-0.01)(q—-0.03)(q—0.02)(q-0.1)(q+0.1)
B,=¢"

A=l

deg B, =degB =m=4

deg A, =degA=n=5

Appendix 3. K Parameters for UPFC HVDC Network

K. = (th - Ithlli )(XdE - th)vb sing n (qum +th)(qu _XqE)Vb coso
L=

Xz Xqx
— _(XBB + XE)th + (XBB + XE)Xé Itq

XdZXd XdZ

K,
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1+ (Xé _Xd)(XBB +XE)

“ Xgx
K, = - (Xg = X4 )(Xge = Xg )V SINS
Xix
_ VigXq (Xgt =Xqe )V, €0SS VigXy (Xye = X )V, SINS
° Vi Xgx V Xyy
, Yo Otun X, Ot + %)

ViXgs

K, =0.25C (V, sin 8(mg COS & Xge —My COS S Xy ))—

Mg COS Og Xy .

Xgx

V,, €0 (Mg SiN &g Xy — Mg SIN O X,

Mg COS Oy Xg + Mg COS O Xgg

K, =-0.25
X4z

K, =0.25Cdc(

Mg SiNJg (Mg COSIg Xy — Mg COSOE Xy ) .

25
Mg Sin dg (Mg COS S Xgy —Mg COSI Xy, )
2Xgy

Mg COS g (Mg SIN G Xy, —Me SIN S X e ) .

2qu

Mg COS O (=M SIN O X e +Mg SINS qu))
2%,z
(Vig = g Xg )(Xgg —Xge Ve, SINS¢ +
2Xgy
(Xq Itd +th )( XBq B XqE )Vdc Cos 5E
2Xgy
_ (Vg = Ithé )(Xgg —Xge VaeMg COSS: 4
2%y

K:

pe

peE

(X +Vig )(—Xgq +Xge VaeMe SINGE

2XCIZ
k= (Vi = X )X = Xeg JXg; SISy
pb +
2Xy5
(Xq Ild +th )( th - XqE VdC Ccos 58
ZXQZ
K — (th B I‘qxé )(XdE + th )VdcmB COS&B
25
(Xl +Vig J( =X + X4e WyMg SiNSg
2XQZ
K :—(Xé _Xd )(XBd _XdE)Vdc Sin 5E
* 2X4y
K = — (Xé — Xd )(XBd - XdE )mEVdC COS§E
% =
! 2X4y
K — (Xa B Xd )(Xd( - XdE )Vdc Sln 5B
v X4y
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((th — Xge JMg SiN Sy "

Kpd :(Vm - 2XdZ

lgXs)

(Xgg = Xge JMe SIiNG
2Xyy

E)+

(Xq = X4g JMg COS 5 .

(qutd +th )(

2%,z
(Xgg — Xqe )M COS &g
ZXQZ
!
K —_ (X5 = X4 )(Xge — X )MV COS T
e 2X
z
K ——(x — (Xgg = Xag JMe SiNSe (X — X4 Mg SiN Sy
qe (Xd Xd )( 2 + 2 )
Xgx Xgs
K - Vig (Xgq = Xge Ve €080 Vi (Xgq — Xge Wy SIN g
ve — -
2VthZ 2Vtxd2
K Vi Xq (XqE - XBq)mEVdc sin Jg Vi Xg (Xgg = Xgg )MV, COS S
E -
! AV Xy AV Xy
K = th Xq (th - XqE )Vdc Cos 5E _ th Xé (th — Xge )Vdc sin 5E
vb T
2V X,z 2V X4y
K Vig X, (XqE - th)mBVdc sin o + V‘quXé (Xge + Xy Vg COS T
-
! 2V Xy 2V Xyy
K = Via Xq (Xgg = Xge )M €COS S . (Xq — Xge )Mg COS Iy ~
vd T
2V X5 2X,5
thmEXé (XBd B XdE)Sin 5E " Mg (th B XqE)Sin 5E

Vi Xy 2%y
SinJg (Mg COS O Xgg — My COS g Xy ) N

2Xyy

Vv
K, =0.25C,, ~%&

Ve COS S (Mg SIN O Xg, — Mg SIN S X )

2xqz
0.25m,

Kes = (cosOglg, —sindeglgy) +

dc

%(mEVdC COS O

de

(Mg COS O Xgy —Mg COS S Xye ) N
X4y

. (Mg SiN g X e + Mg SIN O Xg, )
m.V, sinJ. B B “qE E E”Bq )
2X
ax

K, =0.25C,,

Xy
Vi €0S 8 (Mg SINJg X — Mg SIS X e )

2X,y

_0.25m,

Kes (cos gl gy —sinSglgy) +

dc
0.25 (Mg COSS: Xy + Mg COSIg Xy, ) N

2Xyy

(MmgV,, COS S

de
. (—=mgSind X, +Mc SINSX )
mBVdc Slné‘B B E “qt E E "qE )

2Xgs

V. SiN S5 (—M¢ COS S Xy + My COS 5 Xy, ) .
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