978 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 15, NO. 3, JULY 2000

A Unified Model for the Analysis of FACTS Devices
In Damping Power System Oscillations—Part Ill:
Unified Power Flow Controller

HaiFeng WangMember, IEEE

Abstract—This paper presents the establishment of the lin-
earized Phillips—Heffron model of a power system installed with a
Unified Power Flow Controller (UPFC). Two applications based
on the Phillips—Heffron model are demonstrated: 1) Study on the
effect of UPFC DC voltage regulator on power system oscillation
stability; 2) Selection of damping control signal for the design of
UPFC damping controller.

Index Terms—FACTS, Phillips—Heffron model, power system
dynamic stability, power system modeling, UPFC.

I. INTRODUCTION

HE UNIFIED Power Flow Controller (UPFC) was
proposed [1] for the Flexible AC Transmission System 3 i
(FACTS), which is a multiple-functional FACTS controller i L 5
with primary duty to be power flow control. The secondary
functions of the UPFC can be voltage control, transient stabilifjg. 1. A UPFC installed in a single-machine infinite-bus power system.
improvement, oscillation damping [2]—[4], etc. In [2] and [3],
it is demonstrated by examples that the UPFC can be véBy applying Park’s transformation on the three-phase dynamic
effective to damp power system oscillations. So far, howevslifferential equations of the UPFC and ignoring the resistance
the damping function of the UPFC has not been investigatadd transients of the transformers, the dynamic model of the
thoroughly. In this paper, the linearized Phillips—Heffron modé&JPFC is [3]

[8],_ [9] of a power system installed with a UPFC is derived Vip= MpVde Ior V= Mmplde jsp (2.1)
which turns out to be of the exactly same form as that of the 2 2

unified model presented in [10] and [11] for SVC, TCSC and dvg. 3mg ) iRd

TCPAR. Thus methods proposed in [10] and [11] based on the dt  4C,, [cos 6 sin ér] iBg

Phillips—Heffron model can be directly applied for the analysis
and design of UPFC damping control function, which is not
to be repeated in the paper. Instead, two applications ba
on the Phillips—Heffron model which are special to UPFC al T o
demonstrated: 1) Study on the effect of UPFC DC voltage Vi=jaipli + Vi

regulator on power system oscillation stability; 2) Selection Vi =V +jznvIn+V,

B . i};d

+ 10y, [cos 6 sin 6] [qu} (2.2)
d .

E}om Fig. 1 we can have

of damping control signal for the design of UPFC dampin]g _ i
rom which we can obtain
controller. .
. Tpp ., ME S ORULTR
tpd = q
Il. SINGLE-MACHINE INFINITE-BUS POWER SYSTEMS Ldz 2z4n )
o o _ TdE mp sin 0pvqc
Fig. 1 is a single-machine infinite-bus power system installed + T Vi cos 6 + - 5
with a UPFC which consists of an excitation transformer (ET),
a boosting transformer (BT), two three-phase GTO based ig _ Mg COS O EVde® By
voltage source converters (VSC's) and a DC link capacitor. ! 2z45
In Fig. 1, mg, mpg, 6g andég are the amplitude modulation zqr [ mpB cos 64 Vi sin
ratio and phase angle of the control signal of each VSC - Tgn 9 + Ve sin
respectively, which are the input control signals to the UPFC. .
. Tdt mp sin 6gug.
1By = — —— <Vb COS(S—I—f)
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MmE oS OpUdeTqE

1B =

2.7,’(12
ZTqr [ Mp CcOS OUde
tos\ 2

4V, sin 5) (2.3)
Tgs

where

zgx =(xg + g +xp)(xp +xpv) + epleg + 218),
Ty =%q+ TtE TBge =B+ XBV + T4+ TtE,

Ty =%q+Tip +XE

/ /
zgs = (g +xp+xp)(@p +apyv) +op(ry + 2E),
/ /
T4 =%y + Xt TBd = XB +XBv + T4+ Tk,

/
rpp =B +¥Bv, Tg =Ty +T+g+IE

By use ofiy,

ipd + iBd, iq¢ = tEq + ipg and linearizing

(2.2), (2.3) and the nonlinear dynamic differential equations of
the power system [10], we can obtain the linearized model to be

Ab
Ad
AE(’I
AEfd
r 0 Wo 0 0 7
K, D K5 0
= K K. 1
—T—f 0 —T—/g | | AF
do do do AEfd
Ky K5 0 KaiKg 1
L Ty Ty T4 -
_ 0 _
_Hpu
M
+ _qu Avdc
1,
KaKyqg
L T,
r 0 0 0 0 T
_ K _ Kpse _Ep K
M M M M
+ _qu _Kqée _qu _Kqéb
T3, 13, T3, 13,
KAKIJE KAKIJ(SE KAKUb KAKU(Sb
- TA TA TA TA -
AmE
Abp
Amp (2.4)
Abp
where
Avg, = K:AS + KgAE + K..A Kose A6
Ud K9+8( 7A0 + KgALy, + Ree AME + K5 AOE
+ Ko Amp + Kesp Adp) (2.5)
If we denote
Afy = [Avge Aug]
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Fig. 2. The linearized Phillips—Heffron model.

Kpa Kya KaKyqg
M Tclzo TAT(/zo
Kp= , K, = , Ky =
r KPuk ¢ Kquk ' KAKUW»
M T(lzo TATcllo
(2.6)

the linearized model of (2.4) can be shown by Fig. 2, wheris

the input control signal to the UPFC which could#g;, m g,

6g or 6g. From Fig. 2 we can see that the linearized model is
of the exactly same form of the unified Phillips—Heffron model
for SVC, TCSC and TCPAR [10].

lll. M ULTI-MACHINE POWER SYSTEMS
Without loss of generality, we assume that inramachine
power system, a UPFC is installed between nodes 1 and 2 as
shown by Fig. 3. Thus we have
Yilvl +Iig+Y13Vg =0
?;QVQ — TEQ + ?23Vg =0
?31?1 + ?32?2 + ?33Vg :Tg (31)

whereY’,; andY?, are self admittance at node 1 and 2 with
T12 = x1E + g2 €xcluded and

Ig = [Igl Igo

T T T
Ign] ?

Vg = [Vﬂl
From Fig. 3 we can have

Vi=joriglie+ Ve

Vﬂ2 Vﬂn ]T

Ve =jzpalpe+ Ve + Ve, Ig =1 —Ip (3.2)
From (3.2) and (2.1) we can obtain
Vi
Vo

Lip| _ 1 [—jlep+ep +p)
Tgo Ty —JTE

JTE
Jjlzig + zg)

I 1 1 jzr+zm) JjTE Ve
Ts —JTE jrp+zr)| | Vi
(3.3)
wherezy, = (z1g + 7g)(zg + TE2 + 25) — 2%. Then by

substituting (3.3) into (3.1) we can have

Tg = Wg + FEVE + FBVB (3.4)
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VEt%T"E% é — Fig. 4. The linearized Phillips—Heffron model.
Gac :

Substituting (3.6) into the linearized dynamic equations of the
3 : n-machine power system [11] we can obtain (3.7) at the bottom
L= of the next page. If we denote

mg 5 mg o : At [A A ] K |: M—led :|
: * — Vde Uk |, = ’
b UREC d k P M_leuk
Fig. 3. Ann-machine power system installed with a UPFC. K [ T:iz)qud } [ TleAde }
q = — ) Vv = _

Ti.‘lOquuk TAlKAKvuk
where the linearized model of (3.7) can be shown by Fig. 4, whare
C_v v Yo 171 Yis could bemg, mg, 6g or 5. Obviously, the model is of the

=Y = [Yar Yar]Y. Yas exactly same form as that of the unified model for SVC, TCSC

and TCPAR presented in [11].

[j(zp2+xR)
Fp=—[Ys YaulY, ' o IV. EFFECT OFUPFC DC \bOLTAGE REGULATOR ON POWER
JEEL SYSTEM OSCILLATION STABILITY
_ 3,5,2 For the continuous and effective operation of a UPFC, the
J*E DC voltage across the UPFC link capacitor must be kept con-
Fe=-[Ya ?31]?’;1 . o= stant, which can be achieved by Iinstalling a DC voltage regu-
—j(z1p +28) lator g = Tpo(s)(Vaeres — vae) in the UPFC [2], [3]. The
L Ts DC voltage regulator functions by controlling the exchange of
— jlzp +2p +2p) JjTE active power between the UPFC and the power system. Hence
_ Yy, - . Zs its influence upon power system oscillation damping should be
Y, = i i(erm +25) expected and can be investigated based on the Phillips—Heffron
JTE Yy — LEETEE) | model developed above.
re re For example, if itis assumed that the active power input to the

For then-machine power system, the terminal voltage of thgPFC installed in the single-machine infinite-bus power system

generators can also be expressed in the common coordinatesfasig. 1 is Pypre = waelqe. The power balance equation

[12] Vg = Eg — jx41e —j(xq —x; )Ly, from which and (3.4) of the power system should b8, — P. = P,.. + Pyrrc,

we can obtain where FP,,,(constant) is the mechanical power input to the gen-
= P — = erator,P. the electric power output from the generator dig.

Iy = Ca[Eq — j(xq —Xa)la + CEVE+ CVE]  (35) e accelerating power to the rotor movement of the generator.
At steady-state operatio},,0 — P.o = 0 sinceP,..o = 0
and Pyprco = vdeolaco = 0(Lgeo = 0). During the dy-
namic process, the power balance is achieved to eds#tet
ALy =Y A8 + FqAE, + GqAvg, + HeqAmp APqec + APypre = 0. Thus APyprc varies in opposition

to that of AP, asAP,.. does so that the active power is kept
+HpqAmp + ReqAdéE + RBqAds  (3.68) in balance. Therefore Pyprc is opposite toAP. in phase
ALy = YqAS + FyAE, + GqAvy, + HgaA and thus leada&\w by 90 degrees. Sind@,.v4. = I4. [3], Wwe

4 aB0+ Falky + Halte + Hpadme can haveAPypre = vicoAlae + lacoAvae = vacoAlg. =

+ HgaAmp + REaAdg + RpgAdp (36b) sCVy0Avpc. SO0 Avy, |agSAPUpFC by 90 degrees in phase

whereGyq = (C ' + jx4) 1, Cg = C 'Fg, Cp =
C 'Fs.Ind; — ¢; coordinates, the linearized form of (3.5) is



WANG: A UNIFIED MODEL FOR THE ANALYSIS OF FACTS DEVICES IN DAMPING POWER SYSTEM OSCILLATIONS—PART llI

and hence in the same phase witly, which can be expressed
asAvg. = KpcoAw.
Therefore, from the unified model of the power system

TABLE |
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DAMPING TORQUE (DT) CONTRIBUTION AND INFLUENCE OF THEUPFC

CONTROL ON SYSTEM OSCILLATION MODE

installed with the UPFC of Fig. 2, we can obtain the “di
rect electric torque” [10] contribution from the UPFC DC Study case
voltage regulator to the electromechanical oscillation loop !

the generator to b&\Trpe = —Kpy, ITpoc(jws)Avg. =

—Kpu, Toc(jws) KpewAw. Hence, if the DC voltage regu- with (P)

lator is a PI controller an&’p,, > 0, the proportional control

of the DC voltage regulator will provide the power system wit| with (DC)
negative damping torque. Whilst the integral control of the D

DT | oscillation mode damping ratio (§)
and frequency (f)

no UPFC | 0.0 | 01834+t j4.6694 | £=0.04,f =0.74
0.0 | -01721+ j44505 | £=0.04,f =0.71

with (AC) | 0.0 | —01850+ j43361 | { =0.04,f =0.69
-3.1 | -0.0550+j4.4588 | £=0.01,f =0.71

voltage regulator contributes no damping to system oscillations

Parameters of an example single-machine infinite-bus powe
system to be installed with a UPFC are given in the Appendix.
It is used to confirm the simple analysis above and demonstrat
the negative effect of the UPFC DC voltage regulator on powel
system oscillation stability. The UPFC is equipped with power
flow, voltage control function and a DC voltage regulator,

UPFC DC voltage regulator applied

(P) : uk:mB:KPf(Pe7’€f_Pe)7 /
pOWEf ﬂOW controller 0 without UPFC or DC voltage regulator
(AC): ur =mp = Kyvpi(Vewer — VEr), t (second)
AC voltage regulator 0 2 4 6 8 10
(DC): wuy = bg = Kpc(Vdcrer — Vac),

DC voltage regulator Fig. 5.

From the Phillips—Heffron model of the power system we obtabzcillation damping.

Kps. = 1.1503 > 0, which indicates that the UPFC DC voltage

Non-linear simulation to test the effect of UPFC control on system

regulator damages system oscillation stability. Table | presents?2) UPFC power flow and voltage controller have little influ-

the results of Damping Torque (DT) and oscillation mode com-

ence on system oscillation damping.

putation from system Phillips—Heffron model, from which we Fig. 5 gives the confirmation from the nonlinear simulation

can see that

where a three-phase to-earth short circuit occurs on the trans-

1) UPFC DC voltage regulator supplies negative dampingission line between the UPFC bus and the infinite bus at 1.0
torque and reduces the damping of system oscillatia@cond and is cleared after 100 ms. Fig. 6 shows the variation

mode, as indicated by the simple analysis;

of various signals which confirms thatv,,. varies in the same

X = AX + BAu

where
i 0 wol 0 0
-M 1K, -M 1D -M 1K, 0
A=| -T'K4 0 ~T,.'Ks Tt
—-TA'KaKsy 0 —-Tx'KaKe —-T1*
L K~ Kg 0
i 0 0 0
—M‘lee —M_lede —M_leb
B = _Tiit)l Kge _Tiit)l Kqde - Tiit)l Kb
_Txl KAKve _Txl KAdee _Txl KAKvb
L Kce K(:(Se ch

X = [A6T Aw? AE, AEpp Avg]”
Au=[Amg ASp Amp Aég]”

—Mﬁled
—Tﬁ{oqud
~Tx'KaKya
—Ky

-M-1 Kpan
— T Kgan
~TA'KaKyap

K. s

(3.7)
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0.4 4 = ngmpiydy w3

-0.6 d output
0.8 t (second) ' L
- damping
0 2 4 6 8 10 controller
5 m2

Fig. 7. The example power system.

TABLE 1l
CALCULATION RESULTSBASED ON THE PHILLIPS-HEFFRONMODEL

.o:os t (second) uy |Kbi()Li )|uk A, Cand f
° 2 ¢ ° ’ " mg | 02976 %=—030%2.86 | C=0.Lf =045
Fig. 6. Non-linear simulation with UPFC installed. mp | 0.1493 A=-051+j490 | £=0.1,f =0.78
, _ . - g | 0.0683 A=-036%3.17 | {=0.Lf =050
Ecatlﬁz ;Vi:;hﬁ:airﬁé?m is opposite taA P, as indicated 5, 00 A= 009t 363 | C=0,f=058

damp the low-frequency oscillation. The locally available active
line power delivered along the transmission line will be adopted
as the feedback signal of the damping controller.

To introduce a damping function into the UPFC, the output To select the input control signal of the UPFC among
control signal from the damping controller can be selectefl, myz, 65 and 6z, the index | Kp;(\i)|w, for ug to be
amongmg, mp, g andép so that a most effective dampingy, ., mp, 6 and 65 is calculated respectively from system
control can be achieved (to obtain the satisfactory dampipgijllips—Heffron model. The results are given in Table II.
control at minimum control cost, i.e., lowest gain value of therom Table 1l it can be seen that the calculationss; (\;)|u,
damping controller). Based on the Phillips—Heffron model, thsredicts that the most effective signakis: for the design of

V. SELECTION OFUPFC NPUT CONTROL SIGNALS FOR
APPLYING DAMPING CONTROL

selection can be made as follows. the damping controller.
The state equation of the power system of (2.4) and (3.7) canmo confirm the prediction, a pure-gain damping controller
be arranged to be is designed and installed. To achieve an improvement of the
Aé; 0 wo 0 AS; 0 damping ratio of the oscillation mode to around 0.1, the gain
Ao | = | —kj —d;  Agz| | Awj |+| By | Awg value of the damping controllef, has to be set to be & =
% Agq Ass Ags x B; 4.0 Whenuk = Mg, 2) K = 6.0 Whenuk = mp, 3) K =

10.0 whenw;, = ég; 4) The oscillation mode is uncontrollable
- : whenu = 6. The assignment of the oscillation mode by the
Kii(Ai) = B2 + Azs(A\il — Agz)™ Bs, bi(\i) is the control- damping controller is shown in the third column in Table II.
lability index of the UPFC damping controller on the oscnlanor,tig_ 8 presents the nonlinear simulation when the pure-gain

mode; of interest andu;, is theith element of the left eigen- y,mning controller is applied. The oscillation is triggered by a
vector of system state matrix associated withFrom (2.4) and 66 nhase short circuit occurring on the transmission line be-

(3.7) it can be seen that for different input control signals of the oo node 3 and 5 in the example power system at 1.0 second
UPFC, onlyK,;(\;) changes. Therefore, to the oscillation MOJEs the simulation and is cleared after 100 ms.

ofinterest\;, mg, mp, op andép have same value afiz and  opyiously, the application of the pure-gain damping control
modal observability index;(A;). Therefore,|Kyi(Ai)|can be gjifies thatu, = my is the best selection for the design of

used for the selection of the most effectlvg mput.controll signgdle UPEC damping controller since the minimum control cost
amongmp, mp, ép andép. In the following, this applica- (e |owest gain) is needed to provide the required damping.

tion based on the Phillips—Heffron model of the power systefis confirms the prediction byK;(\;)|., calculated from the

installed with the UPFC will be demonstrated by an examp|g aarized model of the power system. Fig. 8 also shows the

three-machine power system as shown by Fig. 7, the parame;géaative damping effect of UPFC DC voltage regulator.
of which are given in Appendix. A low-frequency oscillation of

around 0.6 Hz has been observed in the power system. The re-
sponsible oscillation mode ) = —0.08774;3.6284. AUPFC

is to be installed at the middle point of the transmission line be- The major contributions of this paper are

tween node 3 and 4. It is decided that a damping controller will 1) Establishment of the linearized Phillips—Heffron model
be designed as one of the secondary functions of the UPFC to of single-machine and multi-machine power systems

Then it can be proved that();) = Kui(\)w;z [13], where

VI. CONCLUSIONS
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u =5, 37/(11 :$72 =0.163, x4, =0.33,
s (deg.) S2Ping controller applied with u =mg 37;11 =24y = 0.0765,
12 uy =my #ls =0.173 K1 = K43 = 20.0,
45,  without UPEC and uk K3 =100, T4 =Ta3=0.05s,
401 T42 =0.01S. Z;3 = 50.6 (double lines,
3B5r Zo3 =340.1 Zp, = Zpy =3j0.03 Vi, =1.0/14°,
303 Vo =1.0/5°, Va3 =1.0/0° Lz =1.07+ 410
:: Kpc =50, Tpe =0.01s.
UPFC DC voltage controller applied REFERENCES

t (seccnd)

(1]
(2]

Fig. 8. Non-linear simulation of the three-machine example power system
installed with a UPFC.
3]

0 2.0 4.0 6.0 8.0 10.0

installed with a UPFC, which adds the UPFC into the
category of FACTS controllers for their unified model [4]
[10], [11]. [5]
2) The applications of the Phillips—Heffron model are
demonstrated by 1) studying the effect of UPFC DC
voltage regulator on power system oscillation stability;
2) selecting the most effective damping control signals

for the design of the UPFC damping controller. [7]

APPENDIX
. . (8]
Example single-machine infinite-bus power system:
9
H=40s, D=00, Ty, =>5044s, z4=1.0, &
zq = 0.6, xil =03, z7r =003, x;g=xgp=0.3, [10]
K4=100, T4 =001S, w40 =10kv,
Kpf =10.0, Kyp = 10.0, Kpc =20 p.u, [11]
P =10, Vgo="Vy =10,
[12]
[13]

The (converter time constant= 0.01 s.

Example three-machine power system:
H, =H, = 20.09 s, H3 =11.8s,
Dy =Dy = D3 = 0.0, TéOl = TéOQ =758,

nos =478, xg =xa2 =019, w43 =041
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