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Damping of Generator Oscillations Using an Adaptive UPFC-based Controller
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Abstract: In this study a UPFC-based non-linear adaptiverotier is proposed and designed to damp
generator oscillations. The adaptive controllerigtess based on determination of control signahgsi
a new linear quadratic pole placement control lag mentification of power system parameters with
recursive least squares method with adaptive dinegt forgetting factor. A new model of UPFC has
been introduced too. The simulation results shoat tihie adaptive controller can damp power
oscillation more effective than the conventionaDRlontroller and it is not sensitive to the loading
conditions and the changes in power system topology
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INTRODUCTION characteristics of the control system is achievadaf
wide range of operating conditions. In this study a
The main function of Unified Power Flow adaptive UPFC-based stabilizer is used for damping
Controller (UPFC) is independent control of actared  low frequency oscillations. The design algorithm is
reactive power of transmission line and regulatidn based on a new linear quadratic pole placementaont
bus voltage by injection or absorption of reactivelaw and recursive least squares identification weth
power. This devise can be used to improve transienwith adaptive directional forgetting factor. A new
stability margin or to damp low frequency oscilet#" model of UPFC as an average model has been
3 In recent years many researches are focusedeon tpresented and simulated in a power system. In the
modeling of UPFC and its interactions with the powe presented model all electrical and mechanical modles
system. But most of these researches use a stesidy s system has been considered and only the dynamics of
model of the electrical network and disregard nekwo switching is neglected. The simulation results slioat
dynamics. However coordination of multiple control the new model has enough accuracy for low frequency
loops of UPFC is one of the most important probléms studies.
UPFC controllers design. fhHefron-Phillips model of
UPFC, is presented and its controllers design withProposed model of UPFC: A detailed model of UPFC,
gradient-type optimization method is discussed® In including dynamics of switching, can be used for
selecting control  signals, controllability and dynamic studies of the network. As a result the
observability indexes are discussed. Papic anl &l simulation time in low frequency and multi machine
and” introduce a new control system for decouplingpower systems studies is very long. As an
multiple control loops of UPFC. In that researcle th approximation, in some researches it is assumedtha
parameters of UPFC and transmission line must beurrents and voltages are sinusoidal and the alaktr
known and as a result the main problem of thesenodes of network have been negleBledin the
methods is the system nonlinearities and the vglofi  proposed model of this study, all electrical and
design only for a particular operating condition. mechanical modes of system have been considered and
Changing in loading condition or the topology o&th only the dynamics of switching has been omitted.
network results in changes in the system paramatets Figure 1 shows a two machine system. In order to
state space matrixes of linearized system, but theontrol the active and reactive power of the
structure of the designed controllers remains @stt  transmission line and to regulate the voltage o By
can not be expected that the effectiveness o0& UPFC has been used. The shunt converter is a thre
coordination between system and its controllerthés  level PWM inverter with carrier frequency of 1.6 KH
same as before in the new operating conditioff! In The control signals of this inverter are m (modofat
and® multi-variable control design methods for solving index) and angle of injected shunt voltage withpees
the problems of coupling between multiple controlto phase angle of bus, Boltage, i.e.p. Reactive power
systems of UPFC has been presented. But thesw bus voltage can be regulated by engan control
methods are based on linearized model of system, toactive power absorption or DC bus voltage. The robnt
In M and"Y! application of adaptive control algorithms system of shunt inverter is shown in Fig. 2. Thiz ¢,
for SVC, TCSC is explained and the desiredis the reciprocal of the slope setting of shuntenter
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reactive current versus bus bar voltage which is The block diagram of Fig. 5 is based on the
assumed to be 3% in this study. The other parameteequations (3-6). As it can be seen in this figusng

are given in appendix. The series inverter con$ts the instantaneous voltages and currents of shudt an
four three level inverters which are connected Wy t series inverters, the DC voltage can be determined
zigzag-delta and two zigzag-star transformers¢oA8  time domain. The control signalg, 3,0 and m are

bus. The primaries of transformers are connected Q54 obtained by controllers and then according to

series and form a 48 pulse invefferThe amplitude of equations (1) and (2), the series and shunt-injecte
series injected voltage is controlled by overlaglarr voltages can be determined.

shown in Fig. 3. Changing of 3 with respect to angj

voltage B results in the series injected voltage angle
changes. Pl controllers shown in Fig. 4 generage th
control signals. Using the voltage of bus B2 as the
reference, the injected voltages of series and tshun

. . a
inverters for phase (a) can be written as equat{ahs -—
and (2). ) -—-
By By ;a’cI
4——| Reference

Fig. 3: Control of series injected voltage with stamt
DC bus voltage
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Fig. 2: Control system of shunt inverter

- * 3 *cp
€ =K MV sin( et +0) (1) Fig.5: Determination of DC bus voltage

L owvy weis O
G =Ko "Veo SmE sin(at+4) @) In UPFC, the control signals obtained from
The coefficients of Kand K depend on the type of different controllers are transmitted to the pulse
the inverters. Neglecting the switching dynamicsl an generation unit. This unit generates pulses for all
for lossless inverters the main equations can litewr  switches, so that the desired series and shuragesit

as follows. are produced to achieve the specified control divjes.
Pe = P = (P)sum * (Pac) sy (3) Each switch opening and closing changes the togolog
Vie “(lee) s Vo™ (1) sy =(Cotizen. * G, @ of the_system and as a result the new set of agebr
re i)+ (e +e i, +e.i) and dlfferenual_quauons rr_1ust be solved for t_Iew.n
topology. Considering the high frequency of switghi
« =& (5) the process needs long simulation time and enough
Ve memory. For low frequency studies we can negleet th
1. switching dynamics and the proposed model can be
Vdc = Ejldcdt +Vc (0) (6) used.
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Fig. 7: Simulation results of the proposed modgl. a
Active and reactive power of line. b) Bus &d
B3 voltages. c) Series injected voltage

To show the validity of proposed model, the system
shown in Fig. 1 has been modeled with its all dtai
including switching dynamics. In the study, thisdab
is named the detailed model. The same power system
has been modeled based on the proposed methodt, too.
is assumed that at the start of simulation, thepegtits
of line power flow are 300MW and 100MVAr and the
phasors V and \ are equal. At t = 0.3 sec., the set
points have been changed to 500 MW and 300 MVAr.
Figure 6 and 7 show the simulation results of the
detailed and proposed models, respectively. A good

agreement between the results can be seen in these

figures. The simulation time of the proposed model,
about ten times faster than the detailed model ahd
electrical modes of network have been detected, too

In order to improve system damping, a
supplementary damping controller can be added itgith
output u,,, used to modulate the reference of active

power flow controller (Fig. 4) to provide damping
effects. The damping controller can be a conveation
PID controllel®! (Fig. 8) or an adaptive damping
controller suggested in the next section. H(s)he t
transfer function between controller and systempuit
as shown in Fig. 8 and given in the following edprat

Linearized Power System

r"(—fm,up . G(S) y N

Mmax

Limiter H(s)

A
A

PID Controller

.
min

Fig. 8: Linear (PID) power oscillation damping
controller
T +
H(9) = Ko i x 18T (7)

€1+sT, 1+sT,
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This controller can be designed with linear contro m, = ¢.a, (13)
methods for the linearized system, around an operat
condition*®*3 It will act effectively for the operating 4 :ﬂ_m2 + /(ﬂ+ m,)? —m? (14)
point but if the loading condition or topology diet 2 2

network changes, designer can not be sure about the ., /)I2—4m§

result of interaction between controller and system o= (15)
Designing Adaptive Damping Controller: In this 2

section, an adaptive power oscillation-damping 4 -m (16)
controller based on a new linear quadratic pole 20

placement algorithm will be presented. Fig. 9 shaws m

power system with parallel lines. A UPFC has beend: = srm, 7

installed in one of these lines, to control thevecand X _ .
reactive power of the line and regulating the AG bu . The discretized control law of this system can be
voltage. The reference signals of UPFC are thdVritten as follows:

disturbances of the system and u is the contralasig (k) =i[rouc +ru (k-1)

The system output (y) can lew, or line active power o (18)
fluctuations. The relationship between u and y ban ~%Y(K) ~ay(k-1)- pu(k -1)]
written in descretized form: The parameters of controller are determined by
y(k) +a,y(k-1)+a,y(k-2)= o solving following two Diophantine equations:
bu(k-1)+bu(k - 2) ®  AZHP(z)+BEHQZY =D Y (19)
Where k is the number of sampling. The B(z')R(zY)+F(z")S(z'Y)=D(z) (20)
co_efficients of_ the quuz;ttion (8) will I(JSLeSs)timgtm:_ifr_le,t_ Where we have:
using recursive least squares identification -, __;, _ 1 5
method considering adaptive directional forgetting D(z7)=1+d,z" +d,z (1)
factof'”. Equation (8) can be written in z domain as A(z") =1+az ' +a,z”? (22)
follows: 1 2 1 B(z')=bz"+b,z? (23)
zZ +b,z” B(z- - -
Gl=—2E o - BE) @  PEH=p+pst (24)
1+az" +a,z AZ™) -1 -1
Q(z7)=0q, +q,z (25)
R(zY) =r,+rz" (26)
F(zY)=1-z" (27)

In equation (20), S(z*) is an appropriate
polynomial but with minimum degree of one. The
parameters of system must be estimated in each
Ly sampling period. The identification algorithm is

recursive least squares method using adaptive
directional forgetting factor.

I
shunt
-—

I
[rfc.siﬂm s desery

: Shunt . Series 0
iw’miﬂf { inverter %Id{ inverter yk = ekal'@ (28)
0O O 0o o
Hk—l =[alya2;b1|b2;] (29)

Fi .79: Power system with parallel lines
J Y P A =["Yer Yiezrr U Uy ) (30)

Linear Quadratic Gaussian design method can be The elements of vectog, , are the estimated
used for designing adaptive damping controllerthis  parameters computed in previous step and the elsmen
method the cost function of equation (10) is mimed.  of the vector g are output and input values, which
J =i{[ u(K - YR Z+a[(R]} (10) must be used for the_ computa_tion of the output

k=0 currenty, . The exponential forgetting method can be

In equation (10)¢ is penalization of controller further improved by adaptive directional forgetting
output and, is reference signal. The optimal control which changes forgetting coefficient with respect t
law for minimizing the cost function of (10) is @imed ~ changes of input and output signal. Process paeasnet
by solving Especial Factorization Problem. The&'® updated using recursive equation:

necessary equations have been given by (11)-(17). 6 =6  + Ci @ (v. -G .. 31
M= (a4 o)+ 07 +b3) ap TR O o
m =¢.(a +aa,)+bp, (12) $=4.Coua (32)
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The covariance matrix C is updated in each step RESULTS

according to equation (33):
— _ Ck—l'@ %T 'Ck—l
G =Cy T ig Y (33)
where
e=g,, Do (34)
é
Forgetting coefficient is updated as follows:
1
é = (35)
(Vi +1)7 ¢
1+ @+ p){In@+é&)+ -1 }
@+ PUINA+ O+ -1
Where:
Vk = ¢I<—1(Vk—1 +1) (36)
_nT 2
,7 = (yk ik—lﬁ() (37)
k
_ 9T7 2
A =l +M} (38)

1+¢

To present the merits of the proposed adaptive
controller, the system shown in Fig. 9 has been
simulated in three cases, a) without any damping
controller, b) with a PID controller and c) with an
adaptive controller. The set point of active povew
in the line with UPFC is 0.5 p.u.. At t= 3 sec.¢ thet
point has been changed to 0.75 p.u.. The load afgle
generator for the three cases are presented il Eégc,
respectively. Load angle of generator without any
damping controller has poor damping (with the
mechanical mode of =-0.47+ j 8.37). Considering

the parameters of H(s) given in appendix, the
mechanical mode is shifted to new location

(A, =-4.84% j 8.25). Considering the Fig. 12b and c it

can be seen that the adaptive controller can démp t
oscillations better than the PID controller fortenges
in the operating conditions. Figure 12d and e shkiav
active power of generator and control signal ofptida

In each sampling period, the estimated parametersontroller, respectively. The second simulationais
of the system are determined. With the help of @hesthree phase fault simulation for three cycles & bius

parameters and solving especial factorization gmbl
desired characteristic polynomidd(z™") is specified
and then, the control signal is obtained by soluing
Diophantine equations. The block diagram of the

adaptive controller is shown in Fig. 10. The cohtro
signal and the active power reference can be seen

Fig. 11.
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characteristics Controller system
—_— )
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Fig. 10: Block diagram of adaptive controller
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Fig. 11: Adaptive damping controller

near the generator. The generator load angle fer th
system with PID and adaptive damping controller are
presented in Fig. 13a and b, respectively. Itéacthat
the adaptive controller damps the system osciliatio
better. Figure 13c shows the control signal of &dap
Fontroller.
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CONCLUSION

- - - In this study a new model of UPFC for dynamic
503 3% 4 455 studies is proposed. Using this model, an adaptive
Time ( sec.) damping controller has been designed. It is shdvan t

the proposed designed controller can damp power
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Fig. 12: Operating point and generator load angle'system oscillations better than PID controller.

(@)

changes, a) without any damping controller, b)
with  PID controller, c¢) with adaptive

controller, d) Control signal of adaptive
controller, e) Active power of generator

Considering the simulation results, it can be sener

the adaptive damping controller is not sensitivéotd
condition and system topology changes. In the adapt
controller phase, a new Linear Quadratic Gaussid@ p
placement algorithm based on recursive least sguare

method using adaptive directional forgetting faci®r
introduced, too. In this algorithm control signa i
obtained by solving two Diophantine equations and
minimizing an objective function.

Appendix

The parameters of Fig. 1:

R =R,=0.05pu., X;= X = 0.85p.u,

V.=V, =1pu,
V, =400kV,§ = 400MVA and G 75m
The parameters of Fig. 9:
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R =R,=0.05pu. and X=X, =

Generator:

Xy =0.3pu., X,= 0.9U ., P = Au. 6.

H=35sec and D= 0.05p.u.

Excitation:

K,=200 and J= 0.05se 7.

The parameters of UPFC:

Ky =33k, = 0.15k,, = 0., = 0.1

T, =0.05k,, = 3k, = 70 antt, = 7( 8.

The parameters of PID controller, H(s):

T,=5sec., T, = 0.1sec.,

T, =0.5sec. anK; = 26u. 9.

Series and shunt inverter transformers:

thhunt =0.1pL|., I:\)[shunt = Oobu .

Xy =0.1pu. andR,,, = 0.0pu.

10.
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