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ABSTRACT

This paper presents a new nonlinear control ofiflexac transmission systems (FACTS) controllens the
purpose of reducing interarea oscillations in posystems. FACTS controllers consist of series, shama combination
of series-shunt devices that are organized withbillk power system through injection buses. supergithe angle of
these buses can actually damp low frequency irgarascillations in the system. The initiated cdntnethod is based on
locating an equivalent reduced connection with im&ar system for the network from where the domimaachines are
derived based on dynamic interconnection. It iscdieed that if correctly selected, measurementsainbtl from this
subsystem of machines are adequate inputs to tBa S&ontrollers to control the power system. THeativeness of the
suggested method on damping interarea oscillatisnapproved on the 68 bus, 16 generator systemtheofNew

England/New York network.
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INTRODUCTION

AS high voltage power electronics become affordalleé have a big area of operation, adjustableaasitnission
systems (FACTS) controllers will become more widead in the transmission system to control activepl/ across
congested corridors and guarantee voltage secdédtywell as, FACTS controllers can provide prontssolutions to

many of the stability problems that happens withim bulk power system.

FACTS controllers can be classified into three majmoups: shunt devices such as the Static Synohson
Compensator (STATCOM), series devices like thacswtnchronous series compensator (SSSC) and stried devices

like the unified power flow controller (UPFC)

Along with steady-state solutions such as powew flend voltage control, an additional benefit of HAC
controllers established in the transmission systethat they can also effectively control actively oscillations which
can damage generators, increase line losses, ahighlynwear and tear on network components. Theeefadvancing

appropriate control strategies is essential bef@TS can be confidently utilized in the powerteys.

Many authors have examined utilizing FACTS, pattidly UPFCs to damp interarea oscillations usinguality

of practical approaches [1]-[10]. Interarea ostidlas could occur in a system because of eveniegmkuch as unexpected
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load changes or faults. In [1]-[5], oscillation daing is formed on a linear control approach to tHeFC and power
system, whereas further authors observe nonlineatra systems theory and Lyapunov Energy Functifi}s[10].
Basically, nonlinear advancement are more effedtivdarge perturbations or when the supply sysstate get separated

significantly from the initial operating point.
UPFC MODEL

The UPFC is the most adaptable FACTS device. Isistsof a combination of a shunt and series marhected
through the DC capacitor as shown in Figure 1. Nlofler the STATCOM and SSSC can easily be extra@tech the
UPFC model by considering the shunt and seriesartens separately. The series connected invertierdinct a voltage
with manageable magnitude and phase angle in seiiesthe transmission line, therefore providesvacand reactive

supply to the transmission line. The shunt-connkteerter

@ Transformer @

3

-+~ Converter Converter

.“..' d B !
< —— "

: @ L" :E (B~ @

Figure 1: Unified Power Flow Controller Diagram

Provides the active power drawn by the series lrgnas the losses and can separately provide veacti
compensation to the system. The UPFC model is diyefi2] as shown in (1)—(5) at the end of the nege, where the

parameters are as shown in Figure 1. The curiddtsand igl are theda components for the shunt current. The
currentsig2  andig2 are thedd components of the series current. The voltddés1 and V2£62 are the send and
receiving end amp magnitudes and angles, respbctiiee UPFC is controlled by varying the phaseles¢:l. 22 )and

(k1. k2 ) dimensions of the converter shunt and seriesubwipitages €1. €2 ), respectively.

The supply balance equations at bus 1 are given by

0 =1, ((ig, — 14,) cos 6, + (i, — g, ) sin8y | -
W E_?:LVE ¥Vjjcos(f; —6 —94))

1)
0= 1 (i, — i) sin, — (ig, — ig, ) cas 8, ) —
V,EP_ V.V, sin(8, — & —q,)) "
and at bus 2
0=
Vi((ia 0008 | i 5in6y) ¥y B, VVy cos(8;
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o=
124 L"[H; sindy + 1 cosfy ) — V; I0_, Vi ¥y cos(8; —
6 — 03;)

(4)
CONTROLLER DESIGN

The controller design has three stages.
A. Stage |

The aim of the first design stage is to find thented changes in mechanical powers required to cbotite

system. To acquire the quantity of mechanical poreguired, it is initially felt that the mechanicabwerdMj | are
backup into the systems model. Point thisrik/ for controller advancement; in the final controlisi not needed that the

generator mechanical powers actually vary.
Under this assumption, the system model of (10)(amhyl becomé® = Fx) +cU 5)
And® = [G12y 85007 v Byeay]

Though it is just in need of system frequenciesurretto steady-state rapidly, a subset of (5) is

2y = flx) + gu (6)

Where®t = [8162 v 0x] gz = lwg g oyl

where
f{xl:] =
— w—li E, Lh s EyYypcos(6, — 0 — @)
[ : ]
~ Ey 2l B Yypcos(by — 6 — oyp)
- 0
M1 -
g=1 = H
0 1
M1

u = [Pml Pm2...Pmn ]

Letting x1s, x2s, and us denote the steady-stdteyafx1l, x2 and u, respectively, then the misiakgenerator

rotor frequencies becomes
e = X2-X2s
And
é = f(x)-f (x1s)-gus+gud.
Equation (21) can be stabilized with inﬁﬁi[so that
ug= g~ [l x5 )-gu,+Ke]
Where K is a positive definite matrix and
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g =—Ke
B. Stage li

In Stage |, the necessary changes in the geneyat@thanical powers were found that controls tistesy. In
Stage Il, these changes are coded into controkign the FACTS controllers. As seen before, tigegator mechanical
powers do not really change as a result of the gqweg control. Therefore, making use of the desaetive supply

changes, a new control signal is introduced
AU = Ugesiped — Waerual
Where “dssiredgnd “actual gre the desired and real values given for the rgéme mechanical supply. This

mismatch is translated into the desired changélseFACTS’ bus voltage angles, as given in (2%hatend of the page,

where
L=l )

A= [A6;0ume. 86,17

N £n

The nonlinear system (25) is derived numericalllyﬁfo Note that if , then the system of equations is not

square and a perfect solution to (25) is not pésslh such case, the equations are derived totfincbest fit t& which

minimizes the error in (25). Those values are theing calculated by the desired current injectifom ,: “a ,f *dz ,: a2

from the supply balance (6)—(9).

C. Sage I11; In Stage lll, the desired current injections aanslated into real control values for the FACTS
controllers. As early, this approach is advancedie UPFC only, noting that similar approaches lsaradvanced for the
SSSC and STATCOM. To identify the real control itfpua predictive control based on [14] is used. Fhaple

methodology of predictive control is to developamymptotically stable controller such that in aiinafnonlinear system,

the outpuﬁ"{t] records a said reference va:‘{:]g:tj in terms of a given performance:
%= fx() + g(x@® Ju()

%O =mE®) iz

Where™ is the number of outputs is same as the numberpoits in“(t)  The receding horizon performance

index is given by
1 T
j= 5[ (Ft 4+ 1) — St L r))dr e (Flt £ 7) — O(t + 1))dr

Where T is the predictive period. The orginal cohimput”':t] is given by the initial value of the optimal caoitr
inputﬁ':t T for 0 = T 27 gng(t + 7) whenT 0.

The irreplaceable predictive control law is given b

'H':t:] = _{Lﬂ {J?_lh{x:]:]—L{Kﬂ_fp L LFF!-':I:] _ @I:ﬂj{tj
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Wheré” is the relative degree for the system outputsufassy that all outputs have the exact relative depand

L s the Lie derivative defined by

v
Ly ==
4" = 3 ¥ The matrixf is given by
hiz)— u:(??
Lih(z) —wlt(t)
M= T

L?_ﬁ hz) — w1

y—don T
The matrix K is the first rows of the matﬁ'lié’r Yor where

W, = [U"[.:l+1_.:l+1.j ":nf"uj.:l+L.:l+r+Lj ]
T

¢|j.:l_p+lj"' t|E“'|j.:|+r+1_.:|+r+1.j
Yo = [U"[L.:lnj t|'5".31,.:|+r+1.:.]
ar t|'!"'|j.:|_.:|+1.j"' ";E:[.:l_.:l+r+1.j
Where
Ti—j—i
Yij = -dif-aiie-at =g, PP 1
And

T = diaglT...... T} e R™™

Returning to (1)—(5), the relative degree for dltre outputs i’ = Land assuming the control order td be 0
then the control law for the UPFC becomes

up= ol — )4y e i 4
Iy £08 8y L, 4.
¥ac wglge dr 9L
-3L1 Ay L, ¥ sing, L, d
up = (i i) + i —— g+ ——+———i
wgbg. T i ! e ! e lic gV, dt i
—301 { } Rl ‘i:‘i F! cos ﬁg Il Cos Ei ‘i:‘! d
U = fg, = i3 ool gt - ; . taz
WV T de dr T Vie Ve wpVg  dt
=3L; . . Ry L, Vysing, W sing L d
Uy = ( i } el i ¥ 1 + - + L

g —ig)+ e 3 v r fq1
wsvdtr s : de de Il’r!r ll"dr ws"dr dt *
These inputs are then translated into the complits for the UPFC

ky = afuy +ug
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Figure 2: Three Stage Control Process
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SELECTIVE FEEDBACK MEASUREMENTS

Based on Dominant Machines

The control method proposed in the previous sect@rds generator rotor frequencies to be implerdeBieen if
with recent advances in wide area frequency meamne (FNET) it may be possible to provide same cdtglobal
measurements, it is still not accomplished to assthat all generator rotor frequencies are equalbilable. However, it
is logical to assume thatsabset of the measurements is available for feedback hadrémainder of the states can be
valued based on the available measurements. Thelikelg machines to obtain measurements from hos¢ machines
which overlook Consistent groups there are numeneethods for computing consistent groups in trediure [15]-[18].
In [18], the consistency associated method is basechodal analysis and Gaussian elimination withdainting on the
chosen eigenvectors of the system to find the densd generators and their group members. The @ijedvectors are
chosen depend on the least oscillatory modes ofyhtem. Once the dominant machines are identifie@duced order
system is calculated which captures the “slow” dgita of the original system. In this process, t@aining unstrained
states of the system can estimated based on ties sthich are measured via singular perturbati@h [let the dominant
machines be ordered from 1 to Q and the rest ofrthehines be numbered from Q+1 to N, then therdiffee in the non-

dominant machines can be neared using a zero-#n orddel by

-XQ+LQ+:L Xo+im

359+1]

Ay

L X.‘.T_Q+1 X:.r_.*.r

DTS APV A 5 Lo S V.S

EE:I_‘!{‘J_R":"ER - ‘F‘l:r:;.‘i}j_k:\r_;l-ﬂak

Where
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And
by = —EE ¥ sin(6; —6; — 955) i
pi = — EYiT B EYysin(6; — & — ¢y) i

Note than when only the dominant machines are ofatethe control action, only the rows correspoigdia the
dominant machines will be utilized in (25) thereloyvering the order of the system. This is advantagesince the

pseudo-inverse required to crack the set of equaiBmore nearly square providing better convergen
EXAMPLE AND RESULTS

Although the control has been advanced using thesitdal generator model, the control approach el
approved using the full 10th order model which uidels an exciter/AVR, turbine, and governor dynanildge model is
shown in the Appendix. The proposed control isdatd on the 68 bus, 16 generator New England/Naw tést system.
The network data and coherent groupings are the sanin [19]. The transmission tie lines are degliatith bold lines.

The reference generators for the five areas aré3G3, G14, G15, and G1

Table 1: Facts Parameters

M| I | B [ Iz [ R ] C©
UPFC__ | 001 | 0.15 | 0.001 | 0.015 | 25 | 1400
STATCOMs | 001 | 010 | na | am | 25 | 1200

Figure 3 shows a subset of the generator speetisn@iFACTS controllers in the system compared teeCh).
Not all responses are given for the sake of breVihe opted generators are taken from four of i donsistent areas
(generator 15 is by itself in an area and is neem). Note that the generators go unstable asudt fsthe error, but the

proposed control is able to stabilize the systethrapidly mitigate the oscillations.

Figure 4 shows the active power injections of tH-Q. The series injection is depicted in the tgpré and the
shunt injection is given in the below figure. Instiigure, Case 2 (bold) is matched to Case 3 )tfihese series active
power injection for the given control is very moge®nsequently the rating of the series transforamel converter do not
need to be extremely large. The shunt active sugpigiated to the series active power

de

—Fehunt = Feeries — R_dr

Thereforezunt will be opposite in polarity tbzeries and will have variation in magnitude by the losseshe
converter. Furthermore, during transients the dk tGapacitor will charge or discharge active suppligo note that by
definition, the shunt active supply absorbed isitp@s thus while steady-state the STATCOM will alds active supply
and the figures indicate a positive value. The slkonverter injects active supply into the systamirdy the fault. Similar
behavior is displayed by the STATCOMs as shownigufe 8. Figure 9 depicts the dc link capacitotagés. The UPFC
and one of the STATCOMSs experience a drop of apprately 5% while the second STATCOM experiencesiimum
increase in voltage. This is valid, since to damgiltations, it may be compulsory to inject actsugply in some areas and

absorb active power in other areas.
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Figure 4: UPFC Injected Active Power
CONCLUSIONS

A three stage nonlinear control scheme has begroped for damping interarea oscillations by mudtipACTS
controllers. Any FACTS device that can controliiteerface bu angle(s) with the supply network cétze this control
approach. The method uses the generators’ freqeeias the result data for the control. Using measents from the
dominant generators and estimating the rest ofstliges based on correspondence reduced systemsh@nma to
considerably reduce the number of needed globakunements for better control. Based on the intiomatesults, the
suggested method shows confirming results for waide control of power systems there are many isshieh need to be
given try however. There is a Considerable comprtat burden for the controller which needs fastgesssors for actual
performance However, good invasive groupings vaiér the computation time by developing the cakedlgprocess.
Future work will also consider the Effect of timelays and communication noise in the measured terrthe control

effectiveness Sensitivity of the proposed methoslygiem not reliable and topology changes will dlsastudied.
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Figure 5: FACTS VDC: Case 2 (bold) and Case 3 (dash).
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