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Robust Transient Stabilization of a Synchronous Generator in a
Uncertain Power Network with Transfer Conductances

G. Damm, F. Lamnabhi-Lagarrigue and C.M. Verrelli

Abstract— The robust transient stability problem of a syn- uncertainties in all system parameters.
chronous generator in an uncertain power network with trans-  |n this paper, we address the transient stabilization prabl
fer conductances is addressed. A robust adaptive nonlinear ¢, tne particular power systems structuted above con-
feedback control algorithm is designed on the basis of a . . AR .
third order model of the synchronous machine: only two sidered. The single machine-infinite busf model is however
System parameters (Synchronous machine damp”']g and inertia not Used SO that remote network dynamICS effeCtS are taken
constants) along with upper and lower bounds on the remaining into account. Following the theoretical developments #j[1
uncertain ones are supposed to be known. The conditions to be [17], [21], a robust adaptive nonlinear feedback control is
satisfied by the remote network dynamics for guaranteeing’:  gagigned which does not assume the knowledge of the system

and L., robustness and asymptotic relative speed regulation t ting for th hine d . d inerti
to zero are weaker than those required by the single machine- parameters excepling for the machiné damping and inertia

infinite bus approximation. constants. On the basis of upper and lower bounds on the
uncertain model parameters,; and L., robustness and
I. INTRODUCTION asymptotic relative speed regulation to zero are guarentee

Power networks are among the most complex Iarge—scal"tj—:‘nOIer a set of assumptions on the network Qynamlcs Wh'Ch
: . . are weaker than those required by the single machine-
interconnected nonlinear systems ([3], [12]). Mechan&zad .~ . oo .

infinite bus approximation, while the controller paramster

electrical perturbations such as load shedding, generatlgre adapted using the robust adaptive techniques in [18}. Si

tripping or short circuits may force one or more generatorslation results with reference to a 3-machine, 9-buses powe
to go out of step and to be disconnected from the network. ' P

The transient stabilization problem consists in the design network illustrate the effectiveness of the adopted aproa

a suitable excitation feedback control keeping each gczcnreraShOWIng that the proposed ro_bust nonlm:_aar exutatlonropnt
; revents each network machine from going out of step in the
close to the synchronous speed when mechanical and electri-

cal perturbations occur (voltage regulation is not conside presence of electrical parameter perturbations and unmod-
at this stage). On the basis of linear approximations arou elled dynamics and improves the performance with respect to

operating conditions, decentralized linear controllersrev Q ecoqtrollgrm [15] based on the single mgchme.-mﬁ'nUG b.
é)proxmatlon. The presented approach in conjuction with

first designed, which however may not be able to guarant«%e special structure of power systems considered hemgsallo
the power grid stability (see [10]) and to handle the severe P P y

. 4 h . I us, without assuming the availability of the machine in&trn

disturbances and contingencies typically occurring in groow : .

. ... voltage measurement, to solve the robust transient stabili

networks. In the recent years, several nonlinear algoslthrrgion roblem of a svnchronous aenerator in a power network
have been proposed for power systems control. For a par- P y g P

ticular power systems structurel consisting of a group of in the presence of transfer conductances and uncertainties

generators tied together by a strong network of transrm'ssict)he most of system parameters, which is typically a difficult

lines and linked to a single generator by a comparativel&esu“ to obtain for general structures of power systems (se
weak set of tie lines, the single machine-infinite bus a or instance [9], [11], [13], [18], [20], [23]. [24], [25].98],

proximation, which models all the remaining network as Flzg], [30D).
fixed voltage source and an impedance, is advantageous in Il. SYSTEM DYNAMIC MODEL

the nonlinear control design: transient stabilization &e&n A power system consisting of generators interconnected

achieved even without requiring the knowledge of critica{hrough a transmission network is described by dheorder
parameters ([5], [6], [7], [10], [14], [15], [20], [22], [46 nonlinear model in [19]1 < i < n]
[27]). In particular,Ls and L., robustness and asymptotic . o

relative speed regulation to zero are achieved in [15] despi b = wi
. D; wo wo
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synchronous speed,(rad/s), the damping constant;(p.u.) O, = fﬂwr + ﬂpmr _ &per (2)
and the inertia constant/;(s), while the third equation 2H, 2H, 2H,
constitutes the-th generator electrical dynamics involving P — 0P —OodrL — O Lar Per .y Pfe%"
. . . er @ — 1rder 2rddriqr 3r 4ar
the transient EMFE/,(p.u.) in the quadrature axis, the Iy 1z
input ug;(p.u.) to the thyristor amplifier, the gaity; of the 95T1q2T + O Poy P2
excitation amplifier, the direct axis transient open cirtione + [I—} Ufr — (Qer + B”IT
constantT’,,(s), the direct axis reactancg;(p.u.) and the " P v
direct axis transient reactanag,(p.u.). Thei-th generator +al, (15, + Lfr))wr + I—”RT
electrical equations are qr
n in which é,, w,, P., are the state /variablesfr is the coptrol
P, = E3G;+E), Z [E;jGij cos (6i5) input, GGU = ﬁm’kgzr = (L}d;i‘:), O3, = 7&”"@2;:%"),
J=1,ji 04 = T 05, = T Osr = e and the term
+EZUB” sin (5”)i| n .,
n R, = Z qu [Grj cos (6,5) + Byjsin (577-)}
Qei = *E:I%B” + EC/IZ Z |:E21]GU sin ((5,J) Jj=1,5%#r
e "y [ Gy sin (0,5) — ELy By cos (6
—E; ;Byj cos (5@‘)} -l (IS'L +I§¢) +j_§¢rwj{ 43 Gir S0 (0r5) aBri cos ( ”)}
I, = — E{’I, By + zn: [E(/UGU sin (0;;) represents the effect of the network remote dyna}r/nics (the
Pl i groupG s of _generators) on theth ge_n_erz_itor, wherg; ; =
) B ;—E 0, With E , the pre-fault equilibrium value foky ;.
—E,;Bij cos (5@‘)} In the practice, the exact values of the model parameters
n are hard to obtain, and in particuld?,,, G,., B,,. are
Ii = E,Giu+ Z [E(’U-Gij cos (i) lumped parameters which account for unmodelled dynam-
j=1,5#i ics such as turbine and load dynamics. Those parameters
L E' B sin (5__)} may undergo sudden on line variations due to mechanical
qj P 1] . . .
and electrical perturbations and faults. In the following,
0ij = 06—, we will suppose the parametess), D,., H, to be known
Vi, = \/(%quf n (EZ” _xzh_ldif and will assume that: the uncertain piecewise continuous

parameterd,.(t), zqr(t), x},.(t), k.-(t) and the uncertain
in which (for the i-th generator):Q.;(p.u.) is the reactive constant parameter,.,. are within the corresponding known
electrical power[,;(p.u.) is the direct axis current,;(p.u.)  positive bounds(T},,.. Tiorar)s (Tdrms Tarnr)s (T,
is the quadrature axis curreni;(p.u.) is the terminal z},.:/), (kerm, kernr)s (Grrm, Grrar); the uncertain constant
voltage,G;;(p.u.) andB;;(p.u.) are thei-th row and thej- parameterB,.. is within the corresponding known bounds
th column element of nodal conductance and susceptanO8,,m, Brar); the mechanical input powef,,,.(t) € D, is
matrices, respectively, at the internal nodes after eltimg ~ a clasC' function satisfyingP,,,ar > Py (t) > Py and
all physical buses, which depend efy;(p.u.), on the trans- [P (t)| < Parr, With Py, Prens, Prre Known positive
former reactancer;(p.u.), on the loads and on the transmis+eals. Physical considerations concerning transmissies,|
sion line reactance;;(p.u.) between thé-th generator and loads and mechanical turbines make the above assumptions
the j-th generator. The nodal conductance and susceptarié@sonable in the transient stabilization problem of power
matrices represent the full power network of transmissionetworks.
lines and loads connecting the power generators.
In this paper, we study a particular structure of power
systems, i.e., a grouf,; of n—1 generators, tied together by A suitable control problem formulation is introduced in
a strong network of transmission lines, which is linked to &his section, which will allow us to solve the transient
generatory,, (in the following referred to as-th generator) Stabilization problem for the synchronous generatgr by
by a comparatively weak set of tie lines. Accordingly, wequantitatively characterizing the robustness with respec
explicitly compute P., [G,; and B,;, 1 < j < n, are both permanent and vanishing model parameter perturba-
assumed to be constant], so that ¢kl generator third order tions. Denote bys,.; € Ds the pre-fault constant value for

dynamic model can be written ag [ > cr, > 0 (see [20]}]  the power anglé, and lett;..,, 0i-1s be the known positive
) bounds on the uncertain parametés(t), 1 < < 6, with
0p = wr P,.-(t) a suitable estimate of the uncertain mechanical power
P,.-. The transient stabilization problem addressed in this
lWe assume that there exist bounded connected operDsetnd Dy, paper is rigorously formulated as follows.
such thatEy,.(0) > 0, d-(t) € Ds and Pe,(t) € Dp imply Ig,(t) > Definition 1 (T . Stabilizing C D A h
cr > 0, which describes the whole practical operating region af th D€finition 1 (Transient Stabilizing Control): Assume that
generator. for any bounded piecewise continuous real-valued function

IIl. PROBLEM STATEMENT



uy,(-) defined onRy and for all t > 0: i) for eachj # r,  holds. A transient stabilizing contral,. is called a transient
1 < j < n, thej-th generator power anglé; (¢), the relative adaptive stabilizing control for the-th generator if it guar-
angular speedv;(t) and the quadrature axis transient EMF antees, the additional property: (S3) asymptotic regolati

E;;(t) are piecewise differentiable functions of timeand
boundedness of the-th generator variables), (¢), w,(t),
Per(t) implies boundedness af;;(t); ii) there exist u,,
vr, pr (Unknown) non-negative real$,,, (-), @ur(-), @pr(-)
known K., functions andg,.(¢) (unknown) bounded non-
negative real-valued function of timesuch that

(g, (10:(7) — 611}

R (1) <

sup {g-(7)} + HrPur
0<r<

+rur (i (o (7)]})

Olilfé(t{‘Per(T) - P’mr(T)|}> .

+p7'§5m- (

Define Ej,, €20, €5r (1 < j < 6) are positive reals]:

ur(t) = [5,() = Spsrwp(t), Pon(t) = Prr ()]
&) = [y T, Pur(t) = By(D)]"
wdr(t) - [Pmr (t); alrJVI - 01r7n + E1r,y 927’M - lem

+527'a 037"M - 03rm + €3r, 947"M - 94'rm + E4r,
max{0s,rr — Os5rm + €50, 06000 — Osrm + €61}

! /
Larmr — Ldrm + Exry BT’I“M - B'rrm + EBr,

T
sup {gr(7)}, s v, pr ]
0<r<t

A bounded control lawy, is called a transient stabilizing

i.e.

lim

t—o0

H [8,() = 875, wr(t), Per(t) — Pry]

‘:0.

IV. NONLINEAR DESIGN AND STABILITY ANALYSIS

By virtue of techniques similar to those used in [7], we
design, in this section, a transient adaptive stabiliziogtiol
for the r-th generator according to Definitions 1 and 2.
Define the power angle regulation and relative angular speed
tracking eIrorsd, = 8, — dps, &y = Wy —w, with 4, being
the power angle constant reference value aficheing the
relative angular speed time-varying reference sighgl Is
a positive control parameter]

5
_Ek&'ér-

T

3
Design the active electrical power time-varying reference

signal P}, as [k, k.pr are positive control parameters]
5

2H, .5 .,
P’ = |:7kiw7' r —k rWr — . 67'
er wy L e = oy
+7@7:| + p’mr (4)
kwpr

which relies on the estimat@,,,. of the uncertain mechanical

control for the r-th generator if it guarantees the closedPOWer P, satisfying the estimation lawkfe., k. are

loop system to satisfy the following: (SI). disturbance
attenuation property, i.e.

<

ly-(£)]1? hir(€-(0))e™c" +
holds for allt > 0, wherehy,.(¢,.(0)) > 0, ¢, > 0 and~y,.(r)
is a classK,, function; (S2)L£, disturbance attenuation
property, i.e.

%MMWMNM)

T 1 T
| I < e o)+ 5 [ s )b
holds for any giverT” > 0, wherehs,.(£,-(0)) > 0 and~s,.(r)
is a classK., function.

Definition 2 (Transient Adaptive Stabilizing Control):

Assume that, in addition to assumptions i)-ii), there exi

to, Mgr, Ysr, Ywr and -y, non-negative reals such that: iii)
the uncertain machine parametef3,.(t), Ts,.(t), zar(t),
xl,,.(t), ker(t) are constant for allt > to; iv) the following
inequality:

t
lim [ R2(7)

t—o0 to

t
dr S MRT + Yér f{m / [6T(7—) - 6rs]2d7—
t—00 Jy

t
FYeor tlim/ [wT(T)]QdT
— 00 to
t

[Per (T) -

to

Py (T))%dr

e tlggo

positive control parameters]

. 2H, /5 2

ky w§

1
+—+

P = o+ wo (kaer 4 k. 16H? kwm)wr
or = (ka + % + ki + 18@3’%’”) [—qér
+%wr + Per — %(gkw + % + k%
4—1;§33kwpr)a»} (5)
Prrm < Pppr(0) < Py

and introduce the active electrical power tracking error:
P., = P., — P},.. Design the robust control law, with
Stpe stat_;i_lizing and robustifying terms., @, as [y, krr
are positive control parameters]

Iy

fr = - - Ur
(057"1(?7- + 967'Per)
Ky Ly (21(; + 2P3T)v315€,.
T R 2
4(957“1(?7“ + GGTP67'> (05rml(?7» + 067*mPeT)
5 ~ wo -~ 5Drk5T
r o = ——k TPer r T
v g ler o er T LY

Idrper
1

qr

°H, X A
+7wr + 917’Per + 027*1(11“[(11” + 937“
(0]




2

~ PZ
+94r 1-2 T I2

5ksr
+Qerwr - i

4&)0
2H 1 5 D, =
kwr 7)[ kwr ) T 57"
o (4 o (4 +2H wWr +

| + ()
12 p?

+ A:ir (Idr + I§r>w7“

[Drwr - Wo(pmr - Per):|

p@’!
+2H R

2
kRT’ Perp kT‘ dr* er
er

412, 4 2,

PA ofa  2\2 ke (5
i (1ren) et (th w15 ) | = 5 (G
D e+ o Ly
47Ty T g,

k, P2
E’I‘P
4 I2

o, = —

pe?" |:PeQr + Iderq2r +

(UO k

7k7‘ wpTr
Tyl 16H2 P

+kwlpr)2p” -
—|—<pw(max {@op(7)} + k:(;T max {6, (T )})

0<r<t 0<r<t

(5 (quas, 5:(7)})

0<r<¢t

PM?"

kper

+<ppr( max {Por(r)} + Pruras = Ponyon +

QZ( bor 5 kwpr - k‘”) 022, 1Gr (7))
#[ (1 o) + T s, (5:0)
+1]

whose the time derivative of functioy,. along the trajecto-
ries of the error system satisfies

Vr < _g (k57‘52 + kcu + kprP2 + kperf)2 )

P2 403, +03, + 03, + 03,

=

+max {02,,03, } + @3 + B}

+ sup {g-(7)}* + py + 17 + pi
0<r<t

we can establish [recall property 1. of the projection algo-
rithm] that the robust adaptive nonlinear feedback control
algorithm (3)-(7) is a transient stabilizing control foreth-
th generator. Suppose that, in addition to assumptioni, i)-i
assumptions iii)-iv) hold and consider the quadratic figrct
[Bjrs Bery Ber (1 < j < 6) are positive reals]
1 s N2 1 ~12 1 D2
Wr = Vrt 5 Zﬂjrajr + §ﬂ:rrl'dr + iﬁBTBir
j=1

whose time derivative along the trajectories of the error

system, for allt > t,, satisfies [recall property 4. of the
projection algorithm]

5
—71%,“52 Eor 2 k P2
Rr(t)2

er

W, <

7kpe7'P2 + (8)

which rely on the estimate&;,, i/,., B, of the uncertain provided that the yet to be defined functiofis (t), & (1),

parameter9;,, z,., B, whose estimation laws (< j < 6)
[functions &y, (1), &.(1), &(t) are yet to be chosen]

&(t) (1 < j <6) are chosen as

PP

IdTIque

A 591 = - ﬁ = ) 592 = 6 - )
f;, = Proj [591 (1), aﬂ,em,eﬂM,gﬂ} 1 o
~ _ Idrperper Perper
aj.r/m < ajr(o) < erM 593 = qrﬁdr ’ 594 Igrﬁélr )
jdr = PI‘Oj fib(t) i{iwl'/drm?xiirM’EIT’} I U P .
R o, = St : 9)
x({rm S xélr (0) S x/dTM (7) ’ (05rlgr + HGTPST)ﬁf)’I’
BT’I" = PI‘Oj |:§b (t) Brr; B’r‘rm; B’I‘TM7 5Bri| 59 _ Pervrper
Brrm < Brr (0) < Bunum ' (€5T13T + HGTPET)ﬁGT
. . . I3+ 2. )wr Py ;
are designed by using the projection algorithm & = _( ar + ar )@ & = _Pgrwrper.
Proj(C, 2, 2rmy 2rmy €20) IN[18] [(2pm — €20) > 0] Bar ’ ﬁBrlgr
whose properties are the following [which hold
provided that the uncertain constant, and the SINC€d., &, Pep, Py, are boundeddr, ©py Pery Py are
iniial condition 2,(0) belong to the compact setbounded so thad, (1), &(t), Fer(t), P (t) are uniformly
oy zena]ls Lo Zem — Ex2r < 20(t) < zpar + €., CONtNUOUS for alk > ty. On the other hand, by virtue of as-
for all + > 0, 2. Proj[¢,2,-,-,-] is Lipschitz sumptions iii)-iv), if kr, > max{‘*,g“;, 4,?::7 12,’37%
continuous; 3. |Proj[C, 2, Zrm, Zray €2r)| < |C]; 4. with
(20 — 2, )Proj[C, 2, Zpms ZrMs €2r] > (20 — 20)C. Defining - 25 ) 2H,
the estimation errors1( < j < 6): 0; = 6 — 0;p, Tor = 76r+§%rk5r+ [wo ( ki, + )
z, = 1-':# — gﬁ%r, B,, = B,, — B,, and considering the +§Drkérr
guadratic function 1w pr
Liso 9 5o D2 ~ = 92 4[2HT (§k §l<: L)r
Vo = (et PR+ PE) Ter Yor 870y \gher Fghor 32 ) ] o



then, according to (3), (4), (8) and Barbalat's Lemma, wi .
can establish that the robust adaptive nonlinear feedba ST ‘
control algorithm (3)-(7), (9) is a transient adaptive stab i ,w"/*j _
lizing control for ther-th generator. The result holds for any . L/ SO
initial condition (of ther-th generator) and positive control
parametef;, maintaining, according to (S1),.(¢t) € Ds and
P..(t) € D, (guaranteeind,,(t) > c;, > 0) for all ¢t > 0. ’ T ‘
The main result of this paper can be summarized in th _ﬁ o
following theorem, which somehdwextends the recent BTN
theoretical contribution in [15]. :
Theorem: The robust adaptive nonlinear feedback control 2 T T - R B CRR
algorithm (3)-(7), (9) is: 25— r B
« a transient stabilizing control for the-th generator; W A 4
» a transient adaptive stabilizing control for the-th Bl ——fe fo N e
generator when RN

4’767“ 4'7wr 16’7})7‘ 167pr} ’ : fﬁ]

b b b
kor =~ kur ~ Kpr kper Fig. 1. Proposed control algorithm [Generator 1 (solid)n&ator 2 (dot),
it it _ it Generator 3 (dash)]: a) Power angle regulation erégrs 6;5 (1 <z < 3);
for any initial Condltlon.(Of .th.er th generator) and positive b) Relative angular speeds; (1 < ¢ < 3); c) Active electrical powers
control parameter,. malntalnlng,.accordmg to (S, (t) e p, (1<i<3).
Ds and P..(t) € D, (guaranteeingl,.(t) > ¢ > 0) for

all ¢t > 0.

krr > Inax{

severe perturbation, synchronous speeds are quicklyregisto
while fast regulation of both power angle and electrical
In this section we illustrate the performance and th@ower is guaranteed. For comparison, the same simulation is
robustness of the feedback control algorithm (3)-(7), (@) iperformed by applying (to each generator of the network) the
the presence of unmodelled dynamics: the proposed contrgdnlinear robust adaptive control (with control paraneter
is applied to each generator of the popular Western Systes = 0.1, k, = 3, k, = 120, k = 0.001, 3; = 0.0000001,
Coordinating Council (WSCC) 3-machine, 9-bus systemt < i < 7 and initial conditiond 6;(0) = 0 i = 1,2,4,5,
reported in [19] and [1] D; = 0, 1 < i < 3] and f5(0) = “L2BEO) 9y(0) = P,,, 6-(0) = 1) designed in
described by the two-axis model in [19] from which the[15] on the basis of a (third order) single machine-infinite
model (1) has been derived by neglecting the dynamics s model. As illustrated by the simulation results regbrte
the fast damper-winding’’;,, and by using the simplification in Fig. 3, neglecting the transient behaviour of the other
xqi = xly; With z4;(p.u.) being the quadrature axis reactancegenerators and the interconnections between them may be
The initial conditions for the state variables are compuigd critical for the control design in [15]: in the presence of th
systematically solving the load-flow equations of the nekwo considered perturbation, synchronous speeds can notlguick
and by computing the values of the algebraic variables. Fogstored.
1 < i < 3, the functions@,;(-), @ui(-), @pi(-) are set

V. SIMULATION RESULTS

equal tol(-) 0.00) [I(-) is the identity function], the control CONCLUSIONS
parameters are chosen A§ = k.; = kpei = kopi = 1, A robust adaptive nonlinear feedback control (3)-(7), (9)
kpi = 720, k; = 0.001, kg, = 0.1, B1;, = B2 = f3; = has been designed on the basis of a third order model (1) of

Bai = Bsi = Bei = Bui = Bri = 348000 while the initial a synchronous generator in an uncertain power network with
conditions for the parameter estimates are set equal to ttransfer conductances. The proposed controller guamntee
corresponding nominal values. In order to avoid division byhe £, and L., disturbance attenuation and asymptotic

zero, forl < i < 3, n(P.;) and n(I,) replace P.; and regulation properties (S1)-(S3) under assumptions on the
I, in the control algorithm (3)-(7), (9), respectively, wherenetwork dynamics generalizing those required by the single

n(€) = g, if &> 0.05 The goal of the simulation is to machine-infinite bus approximation used in [15].
0.05, otherwise.
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