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Abstract This paper proposesa new contol approachfor a unified power flow contoller (UPFC) for power system
oscillation damping. This contol is simple to implement yet is valid over a wide range of operatirg conditions. It is
also effecive in the presenceof multiple modesof oscillation. The proposedcontol is implementedn several testsystems
andis compaed againsta traditional PI contol.

Index Terms Oscillationdampingpower systenstability, unified power flow contoller (UPFC).

.  INTRODUCTION
ONE of bulk the most promising netwvork controllersfor the pwer systemare the family of power electronicsbased
controllers,known asf &xible actransmissiors y s t BAQTS) dévices. FACTS deviceswork by modifying power flow
in individual lines of the power grid, maintainingvoltage stabiliy, and dampingoscillations. TheDOE National Trans
mission Grid Studyreleasedn May 2002identified FACTS dvicesasplaying a significantrole in thefi | n temtEnkgy g
Sy st efnhe future. This rapid control has been shown to be éfective in achieving voltage supportand stability
improvement thusallowing thetransmissiorsystemo beoperatednore dficiently with a smallerstability margin. Therapid
developmentof thepower electronicandustryhasmadeFACT Sdevices increasinglattractve for utility deploymentdueto
their flexibility andability to effectively control power systemdynamics. Therimary functionof the FACTS s to control
the transmision line power flow; the secondaryfunctions of the FACTS can be voltage control, transient stability
improvementandoscillation damping.The unified power flow controller (UPFC)is the mostversatileFACTS device. The
UPFC isableto simultan@uslyprovide bothseriesandshuntcompensationo atransmision line providing separate control
of theacive andreactve powerson thetransmissiorine.

In recentyears,the useof the UPFCfor oscillationdamping haseceéved increasedattention.Several appioaches
have been taento the modeling andcontrol of the UPFC. Perhapghe mostcommonapproach igo modelthe UPFCasa
power injection model. Thepower injection modelneglectsthe dynamicsof the UPFC andusesthe UPFC adive and
reactve power injection asthe controlinputsinto the power system.This approacthasthe advantagesof simplicity and
computational fficiency sincethe fastdynamicsof the UPFC areneglected.

While effective from a highevel control viewpoint, this approach assumes tha UPFC is ideally (and
instantaneously) able to provide the required active and reactive powers
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Fig. 1. UPFC hierarchicatontrol.

In the caseswhere UPFC dynamicsare included,the mostcommon approachto controlling the UPFC hasbeento use
PI control. Pl controlis simpleto implement, yetvery dfective in damping aroscillatory modewhenit is properly tuned.
Pl controlis lesseffective in dampingoscillations that contaimultiple modes.For multiple modedamping, everal lead
lag blocksarerequiredthatrequireadditionalcoordinated tuningSecondy, Pl controlbecomesncreasinglyesseffective as
the systemconditionsmove from the operatingpoint around whichthe controllerwastuned. For this reasonijt is desirable
to develop controllers thatare imperviousto changesin opeating condition andthat are effective for multiple mode
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oscillation damping.In this pape, a new controlis proposedhatis dfective over awider rangeof operatingconditionsand
is able todampmultiple modeseffective. Specificallyin this pape, we will

1) Presenthedevelopmenif a new controlfor the UPFC;
2) Showits effectivenesver arangeof operatingconditions ananultiple modesand
3) Comparat with atraditionalPl controlmethod.

The proposed controis the dynamic control requiredto achéeve given acive and reactve power flow and voltage set

points.All systemlevel control tacitlyassumes thahe UPFC caninstantaneously achie the requiredsetpoints.However,

there can be degradationof performancedf a significant time lagexists betweenthe time the setpoint is given andthe
time at which the UPFC acheves the desiredinjected voltages. Theroposecdcontrolleris a nonlineardynamic control
that translateshe desiredsystemlevel control into gating control asshown in Fig. 1.ldeall, the systemlevel control set
pointswould not be constant power flows (or currentinjections),but ratherwould be
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Fig. 2. Unified power flow controi:lerdiagram

Time varying in orderto achieve the desiredsystemresponsehis paperassertshata linear control.is inadequate térack
a moving target dueto therequirementhatit be tunedfor differentopeating conditionsandrequiresa much larger number
of parameters. The proposed nonlinear control has the advantages tfaekiid) and is independent of tuning.

. UPFC STATE MODEL
The unified power flow camoller, or UPFC, is the most versatile FACTS device. It consists of a combination of a shunt and
series branches connected through the dc capacitor as shown in Fig. 2. The series connected inverter injects a voltage wi
controllable magnitude and phasegke in series with the transmission line, therefore providing real and reactive power to
the transmission line. The shurdnnected inverter provides the real power drawn by the series branch and the losses and
can independently provide reactive compeinsato the system. The UPFC model is a combination of the synchronous
static compensator (STATCOM) and static series synchronous compensator (g%i8(3)agollows
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where the parameters are as shown in Fig. 2. The currents .41
and 443 are the dg components of the shunt current. The cur-
rents i4y> and ¢, are the dg components of the series current.
The voltages V3 Z2@4 and Vo ¢2 are the shunt and series voltage
magnitudes and angles, respectively. The UPFC is controlled by
varying the phase angles (v, cv2) and magnitudes (kq, k2) of
the converter shunt and series output voltages (e;. e2). respec-
tively.
The power balance equations at bus 1 are given by

0=1] ((:?:dl — ?:.:;;2) cos 68y + (iﬂh — ‘E:q-z:l SiIll?]_)

- Zﬂ: ViYi,jcos(¥r — 05 — Puj) (6)
J=1
0=V {(:dl — g, Sy — (g, — ig.)0c088)
— Vi Zn: ViYqysin(é1 — &5 — d1y) (7)
J=1
and at bus 2
0 = V2 (dg, cos @z + i5, sin @)
B P Zﬂ: VYo cos(Bz — 65 — o) (8)
0=V (i:.zzsli_n Ho — ig, Ccosdz)
B, Zﬂ: V5 Yoy sin(@z — 65 — oy ). (9)
=1

From the figure. the following guantities are defined:

5,0 powers injected from the system into bus 1;
S powers injected from bus 2 into the system:

Fon - Qsh powers injected by the shunt converter;

i R A JE powers injected by the series converter:
P active power from shunt to series converter less
losses:

Finis Qing powers injected by the series transformer
= Vipjd3 where Vig; = V1 — Vo,
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I11I. New UPFC CONTROL

A. Series Controf

The control objective for the series portion of the UPFC is
inject a variable series voltage into the line such that the line
powers track a desired active line power 57 and desired reactive
power (3. The target values are chosen for the particular power
system application and may be chosen to be a constant value or
to damp oscillations. In addition, the shunt portion of the UPFC
is utilized to maintain the bus voltage at the sending end (bus 1 in
Fig. 2) and the dc link capacitor voltage. The inputs vy, f1 . v,
and %o are controlled to achieve these objectives.

Starting with the series portion of the UPFC, the desired
powers are converted into desired currents i§2 and e;; . through

[fg;z] _ [cosé’z sin @ }—1 [sz‘_,.f’1r"2:| (10

i sinds — oosfds Q35,2

Note that in per unit, the current in both windings of the series
transformer are the same value, therefore the desired line power
flows are used to calculate the target series currents.

To track the target. new state variables g4, and e,, are defined
such that

i, — tda (11)
iE — i (12)

Edy

Egro

leading to new state eqguations
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Let control inputs be defined as

Uy = fs COS o (15)

ez — ko sin aes. (16)

A positive definite Lyapunov function is given by

. c c
Vo= Eaﬁz + Eefﬂ,c = 0. (17)
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The derivative of V7 is given by

W Rszws
V= piusz1 + poitzs + Py — c—F (ed. +eZ.) (18)

S

where
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The derivative V7 is cuaranteed to be negative if

Przy + potizz + ps = —cz (€3, +e2,) c2 > 0. (19)

Therefore from Lyvapunowv’s second theorem on stability [9].
this system is asymptotically stable if (19) is satisfied provided
the control inputs are selected as

[ ] = {z=-

where
L, — Ws Viae [ cosdy —sinéq
2= L., sin @4 CcOos @
. 7o (Rogia, + Vzcoosfz — VicosO) — wig, + L%
2T | 2 (Resiqe + Vesinte — Visinbh) + wia, + Srih, |
Equations (15) and (16) can be solved for Ao and cvs from
ko = v/ u3; + uds (21)
and
tan—1 % =z => 0
o = ¢ tan~t X2 4 ogr oy < O (22)
sin Tt 422 4py — 0.

Both A2 and cv2 are limited to bound the magnitude of the in-
jected current and therefore limit the injected active and reactive
powers. The parameter = is usually chosen to be a large number
and may be tuned to obtain the desired damping time frame.
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A finer control may be achieved however, by introducing an mddit parameter such that (20) becomes

fs, . i
Uz . Wsr., 2 —Ws €dly
Cz . = Ez - R. .

(23)

By splitting ¢ into two separate parameters (¢g, and cg, ),
a weighted control is possible whereby ¢4, or i;, can be more
tightly controlled, and subsequently s or ().

B. Shunt Control

The control objective for the shunt portion of the UPFC istold. The first objective is to regulate the shunt bus voltage
magnitude at the reference value. This is similar to the voltageot@spect of a STATCOM. The second objective is to
maintain the dc link capacitor voltage. The control of many voltage sourced converters (such as the STATCOM and SSSC)
requires a near constant dc link voltage to have effective control. While th&kdafiacitor may discharge briefly during
transients to provide active power to the system, a significant voltage sag may result in severe control degradation as th
converter is no longer able to inject the desired current into the syBtenvoltage magtude at the shunt bus is primarily
impacted by injected reactive power, whereas the dc link voltage is primarily impacted by the active power absorbed by the
shunt converter to charge the capacitor. Therefore a similar control approach for the STATCla@Miedued such that

i, — 5, | _ [<cosea sine; |0 [ SV (2
3 : =dry &y — O L L v -

oy -
Ly Legra

The desired reactlive power (2%, is the reacltive power required
for voltage support at the shunt bus and may be chosen indepeaen-
dently. The desired active power /3 howewver is not indepen-
dent of P . The shunt active power must account for the losses
in the shunt and series branches of thhe UPFC and is theretfore

= —(FPo. + Floss) (25)
where

V.E.
Rdr:-
It is not possible to a pricori designate an exact target value for
Hloss . but a target value can be estimated. From the series con-
trol, values for ¢5; , and ¢7, can be obtained. One objective of the
shunt portion is to maintain Vv . at a constant value., thus V_ 7. can
also be specified. Thus

Phoss = Rso (4, + €5.) + sy, (5, + £3,) + (26)

Pihee = Reo ((25.)7 + (25.)7)
+ ey (2,7 + (25.)7)

(Vi7)2 - i
Lol 4 (Vi — V). (27)

-+ Rdr:
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The last term in (27) reflects the dependence of MH,ss on V.

The constant & is a nonnegative number. Substituting these
values into (24) vields

cos &y (i, — ¢, ) +sin @y (i, — €},)
— (72 + ey (G2 + G3)%)

+ R (G2, + (i5.)7)

LV v v -
Fr ke [}dc‘. de‘) .-"IIrLl (28)
[5' f'ad
sin#y (£, — €4, ) —cos @y (if,, — ik, ) = Q1 /V7.
(29

These equations can then be solved for ¢} and ¢} . Since
these eguations are nonlinear, to have an exact solution for fé&l
and 5;.1 requires the iterative solution of (28) and (29). In most
cases however. a fairly close approximation can be obtained by

solving

; . . . —1
?’.:il = — 1_ cos ) + 2‘531 13,‘11‘ sinéy + Qg,?n 13{,11
i Vi sin @y — cos @y
- 2 . = A R = - .
w | 2 + Lis ((zj}z} + (i2,)7 ) + i_dsj_Rdc + E(VE — Vie)
Q7
where ¢ and ¢, are the initial shunt current values.

Following the same procedure above, new state variables ey,
and e,, are defined

eay = %, — ia, (30)
and
w1l —1
= " Ey —
WS&L = s
Loa Ey (32)
., _ e
s Ws .- — €1 a1
where
cn — wsVae [ cos®y —siné,
Y sin #y Ccos Hy
o ﬁi—(Rsligl + Viecos @) — wi, + j—tigl
P e (Reis, + Visin®y) + wil, + i,
and
typ = ko CcOs ovg
1z — fop simievq

from which %&; and vy can be determined similar to (21) and
(22).
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IV. CONTROL IMPLEMENTATION
The series and shunt controls proposed in the previous section are first applied to the small test system shown is Fig. 3. Th
system is a tw@rea system with one low frequency inter aremle in the 1.0Hz range. Bus 11 is a virtual bus added.

ottt | He
2 o % 7 8 o
ot 0

Fig. 3. Two-area tessystem
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Fig. 4. Controlframework.

Systemthe generator@remodeledastwo-axis generatorsvith a simpledc exciter, voltageregulata, andturbine/gvernor.
The generator andetwork equationsaregivenin the Appendix.The primary objedtve ofthe UPFC isto damptheresulting
inter areaoscillations.Additional objecivesareto maintainthe dclink capacitorvoltagel;. andthe voltage atous 6. The
pro- posedcontrolleris comparedgainst a Pcontrollerwhere

w1l | _ [ Kiaa Kyag 1 [ ear
| a2 | L K Legdd K lgg | | Eg1 |
L Kigar Kidgr 1 (33
K. K : 7
| VigdT LegagI | | €1 |
w21 | _ | Kodga Kaag €d2
| 22 | | HWoga Kogg | | €42
Fogar Kaagr Cu2 34
T K K. . 5
| fogdr L2ggrl | L €q2 |

ThePl parametersvereinitially choservia standargrocedured0 andthenfurtherrefinedusinga geneticalgorithmto pro-
ducethe bestresults possiblé 1. For an even comparison, botlthe Pl controller andthe proposedcontroller arebasedon
the samecontrol schemeshown in Fig. 4. This controlis basedondg seriesand shuntcurentinjectionsasdeterminedy
(10)and(24).Fig. 4 shows thecortrol diagramfor thecontrollers. Theonly differencebetweerthe proposedontrollerandthe
Pl controlleris the shadedlocks,in which (23)is replacedby (33) and(32) is replacedoy (34). How- ever, notethatthe PI
controllerrequires16 parametersvhereas th@roposeccontrollerhasthreeparametes (c1, 2, k). The parameterdor the
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proposedcontrol are chosento be large postive constantandrequireverylittle tuning. The parameterfor both controllers
aregivenin Tablesl andll for Cased andlIl.

TABLE 1
PROPOSED CONTROLLER PARAMETERS
cq | 1000
cg | 1000
k 10
TABLE II
Pl CONTROLLER PARAMETERS FOR CASES I AND 11
Kigdad -6.86e-03 Kogd 1.21e-01
Kldq -2.98e-01 szq -7.72e-05
Klqd 5.43e-02 K2qd -3.51e-03

KlddI 2.34e-01 K2d,dI -9.67e-02
Klqu 1.26e-02 K2d,qI -9.28e-04
Klqu 2.59e-02 qudf -1.46e-01
KquI 1.96e-02 K2qu -8.00e-00

-0.9 1.1
PR Py 1.05 |
=
pr ATl S SR N S E R
- /'r = ’
= a2 V P 0.95
2
-1.3 0.9
() 0.1 0.2 0.3 0.4 0.5 o 0.1 02 03 04 05
{a) (b)
o1 1.01
g ° g 1
o g _
= AP =" o0.99 r
0.2

o 0.1 0.2 0.3 0.4 0.5 [e] 0.1 0.2 0.3 0.4 0.5

c (d)
time (seconds) time (seconds)

Fig. 5. UPFCcontrolvalue$ Casel.
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It is possible to neglect the cross-coupling terms in the PI con-
troller (K44, K1 g0, 244, €tc.) to yield only eight parameters
that need to be tuned. There is a slight degradation in perfor-
mance when these mutual affect terms are neglected.

A, Case l

At 0.1 s, athree-phase-to-ground fault is applied to the system
on bus 10. The fault is cleared at 0.2 s without removing any
lines. The UPFC is designed to control four quantities to a ref-
erence value: P, ()2, V] and V.. These results are summarized
in Fig. 5 for constant reference values. The active power /7 is
also shown in Fig. 5(a). Note that since /% and ()3 are constant,
bus 5 simulates a constant “PQ" bus, thus the fault on bus 10
does not sufficiently propagate into area 1. Since the active and
reactive power at bus 5 only varies slightly, generators 1 and 2
only experience slight variations due to intra-area oscillations,
but the interarea oscillations are substantially reduced. These are
shown (along with w3) in Fig. 6. Similarly, bus 6 is essentially
a “PV” bus with constant power (/7 ) and voltage (V) and area
1 and area 2 are essentially decoupled by the UPFC.

The system dynamics responses comparied against the PI
controller and no control are shown in Figs. 7—10 for the param-
eters given in Tables I and II. In Figs. 7-9 the dotted lines indi-
cate the uncontrolled system dynamic responses. The system is
stable but exhibits sustained interarea oscillations. The response
of the system with the PI controller is shown with the thin line.
The proposed controller response is the bold line. Fig. 7 shows
the active power flow on the tie line between areas 1 and 2. Both
controllers exhibit good damping response as compared to the

GLIO er i : AN IMPROVELD UPFC CONTROL FOR OSCILLEATIHON DANMPING
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Fig. 6. Generator frequencies (rad/s }—proposed control—Case L.
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Fig. 10. Injected UPFC power for PI and proposed control—Case L.

UN damped case. Fig. 8 shows the voltage at bus 6. The results of the Pl and proposed controller are virtually
indistinguishable and both show excellent voltage control. Fig. 9 shows the frequency dynamics of generator 3. Both
controllers shw similar damping as compared to the uncontrolled case. Fig. 10 shows the injected power during the fault
which is less than 20% of the steaatgte power flow on the line. Note that the power injection for the proposed control is
greatest at the fault imation (0.1 s), whereas the PI control is maximum at the fault clearing (0.2 s). During the fault (after
transients), the power injection of both controllers is nearly the same. This similar behavior allows an even comparison
between controllers. Bothcor ol | er s exhi bit a fAspikeo at fault initia
before the controller reacts. This is an artifact of the transmission modd theea@lgebraic network equations provide
instantaneous propagation of the feaghavior throughout the system. In actuality, the fault propagation rate depends on the
dynamics of the RLC transmission network and is not instantafdebesefore in practical situations, the spike magnitude
would probably not be as high.

The duration bthe spike depends on several factors: the controller design, the sampling rate of the digital signal
processor, the switching frequency of the power electronics, and the microprocessor speed. In the results shown, the onl
factor apparentisthecontrelr desi gn and the fAsampling rated which ca
time domain simulationin this case, both controllers can be said to act eqizasily

B. Case Il

One substantial difference betweamehr and nonlinear contrelisis that linearized control is typically optimized
arounda single operating point, but a nonlinear controller is relatiffependent of a particular operating point. To
illustrate the differenceis controller response, the saroontrollers (same pametersjpre now subjected different operating
conditions. Inthis case, the same system is used except that the generator mrert@tered slightly to change the
frequency of the interaraaode. the power flow response to the same disturbance is1shdvig. 11. The uncontrolled
system is stable with sustained oscillatiofise proposed controller still exhibits good dampahgracteristics with very
rapid damping. The PI controller stdlamps the oscillations but at a much slower rate. To be igffetite Pl controller
must be retuned to the new frequencystillation.
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Fig. 12. Active power between buses 5 and 6—Case III.
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Fig. 13. UPFC control values—Case II1.

Power exceeds its limits. In this case, the fault is not remawdidi 0.5 s. The resulting active power flow on linigg5s
shownin Fig. 12 has roughly twice the swing nmitgde of Case ISimilar to Fig. 5, all of the controlled parameters are
shown inFig. 13.However, the injected power exceeds 20% of the sistadgpower flow on the line (assumed to be the
UPFC limit). Thereforeconstraints are put on the injectedveo to keep it belowhe UPFC limit. The injectedower under
limited and noAimited operation isshown in Fig. 14. The dashed line indicates nteximum injected power limit. The
resulting active power flowsn line 56 are shown in Fig. 15. Note thalthmugh the performancef the UPFC in
maintaining a constant active powertbe line is somewhat degraded, it rapidly brings the power ik to the reference
once the fault is cleared
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Fig. 14. UPFC injected power—Case [II.
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15. Active power between buses 5 and 6—Case ITI.

D. Case IV

Next, the proposed c ogtetinthé 11&hbudtest sgsterh ghown iin\Fig. 16 The URKF@ was placzed

on line 26 30 and a threphaseto-ground fault occurred on bus 43 at 0.2 s and was cleared at 0.4 s. The UPFC objective
was to regulate the post fault active power flow on the linehd\it the controller, highly nonlinear active power
oscillations are induced by the fault as shown in Fig. 17. As in the small test system, the proposed controller exhibits neal
immediate control. Fig. 18 shows the injected power from the UPFC requirethisw&the damping shown in Fig. 17.

Note that the amount of injected active power is considerably less than the amount of active power flow on the line and is
only a few percent of the line rating.

E. Case V

In the last case, two UPFCs are placed in ttldus system. They are placed on linkek15(at bus 5) andiZ12 (at bus 7).

These placements were chosen such that the two UPFCs were in close proximity to see if they adversely affected eac
otherds performance. I'n t UiPFCdaspowehese mwefer anderval sa
state): These values were chosen to show the impact of both positive and negative reference values on the behavior of tt
UPFCs. The dynamic impact of these changes are shown in Figd.. Fg. B shows all of the series and shunt powers of

the two UPFCs in response to the commanded reference changes. The top plot shows the active series powers of the UPF(
UPFCL1 is shown as the solid trace whereas UPFC2 is the dashed trace. The middle pltiteskeriss reactive powers

and the bottom plot
GUO er al.: AN IMPROVED UPFC CONTROL FOR OSCILLATION DAMPING

Fig. 16. IEEE 118bustestsystem.
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