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Abstract: The transient stabilization problem of a synchronous generator in a multineagbimer system is ad-
dressed. A robust adaptive nonlinear feedback control algorithresigided on the basis of a third order model
of the synchronous machine in a multimachine power network which takes icooiaicthe effect of transfer con-
ductances and of the remote network dynamics: it does not require thénmaaiernal voltage measurement and
relies on the knowledge of only three model parameters and of upper &erd bmunds on the uncertain ones.
Sufficient conditions to be satisfied by the remaining part of the networgfaranteeing’, and £, disturbance
attenuation and relative speed regulation are derived which are moeeajtiman those required by the single
machine-infinite bus approximation.

Key—Words:Power system control, robust nonlinear control, adaptive corisohnd L, disturbance attenuation.

1 Introduction disturbance attenuation and relative speed regulation
) o are guaranteed under certain assumptions on the net-
The transient stabilization problem of power net- \york dynamics which are more general than those re-
works, which are large-scale interconnected nonlinear quired by the single machine-infinite bus approxima-
systems, consists in the design of a suitable excita- tjon. Simulation results with reference to a 3-machine,

tion feedback control keeping each generator close to g.pys system illustrate the closed loop performance.
the synchronous speed when mechanical and electri-

cal perturbations, such as load shedding, generation

tripping or short circuits, occur. The standard linear 2 Problem Statement and Nonlinear
controll_ers yvhlch are deS|gneo_I on the _b_a3|s of linear Control Desi gn

approximations around operating conditions may not

be able to handle the severe disturbances and contin- A large-scale power system consistingrofgenera-
gencies typically occurring in power systems so that, tors interconnected through a transmission network is

in the recent years, several nonlinear control algo- described by the nonlinear third order model in [10]
rithms have been proposed, leading to significant ad- [1 < i < n]

vances in power system control ([6], [8], [11], [12],

[4], [9)). 0 = wi
In this paper we extend the analysis presented in [9] o — _&w' LY p W (1)
by taking into account the effects of transfer conduc- 2 ;" 2H; ™ 2H; ¢
tances and of remote network dynamics: the resulting . E;  (xa— )

. . . / o ct o T di di )
control for the transient stabilization of a synchronous E;; = T Wi T g T Iy
generator in a multimachine power network, does not d0i d0s d0i

n
Pei = E;%G“ + Etljz Z [EQJG” COS (51])
J=1,5#i
Bz‘j sin ((5”)}

assume the availability of the machine internal voltage
measurement as well as the knowledge of the model
parameters excepting for machine damping and in-

ertia constants and synchronous spe#d.and £, +E[U



n

Qi = —EgBi+Ey; Y. [Etlszij sin (9;)
j=Lj#i
’ / 2 2
—E;;Bij cos ((51’]')} — Ty (Idi + Iqi)
n
I; = —EéiBii + Z {Engij sin (d;;)
pw
—E;Bjj cos (5@-)}
n
Iy = EGi+ > {E;jGij cos (6i;)
j=Lj#i
+E(;jBij sin (5@‘)}
0ij = 0i—9;
2 2
Vie = \/vgi + vgi = \/(%qu‘) + (E(/p' - ‘rilildi)

in which (for thei-th generator)y;(rad) is the power
angle w;(rad/s) is the relative angular speéqi(p.u.)
is the transient EMF in the quadrature ax#%;(p.u.)
is the active electrical poweF,,,;(p.u.) is the mechan-
ical input power,Q.;(p.u.) is the reactive electrical
power, I4;(p.u.) is the direct axis currenf;(p.u.)
is the quadrature axis currerit;(p.u.) is the termi-
nal voltage,us;(p.u.) is the input to the SCR ampli-
fier, wo(rad/s) is the synchronous spedd,(p.u.) is
the damping constantt;(s) is the inertia constant,
T,,(s) is the direct axis transient open circuit time
constant,z4(p.u.) is the direct axis reactanck,;
is the gain of the excitation amplifie€;;;(p.u.) and
Bi;(p.u.) are thei-th row and thej-th column ele-

ment of nodal conductance and susceptance matrixes,

respectively, at the internal nodes after eliminating all

physical buses, which depend on the direct axis tran-

sient reactance/;;(p.u.), on the transformer reactance
x7;(p.u.), on the loads and on the transmission line
reactancer;;(p.u.) between the-th generator and
the j-th generator. Direct computation &f;(¢) time
derivative [;; andB;;, 1 < j < n, are assumed to be
constant] allows us to rewrite the dynamic model (1)
as [[4; > cri > 0 ([7])]

5 =

wi
) D; wo wo
- 2t D p o U p. 2
Wy 2Hiwl+2Hi mi 2H, el ( )
P S kci Igi + Pez'Gii Ue — Pei _ G” ié
- Tém Iyi & Tém Tc/lm fi
(@ai — H?Zh-)j s Gii(rai — ;) 1ai Pei
T dilqi T I
d0s d0z qr

p2
—Qeiwi — Biiﬁwi —zy (Ic%i + Iq2i)wi
qi

P.:
+=—R;
Iy

in which §;, w;, Pe; are the state variablesy; is the
control input and the term

Z {Etlzj [Gij cos (0ij) + Bij sin (51‘]‘)}
J=1j#i

+w; [E(/UGZ] sin ((5”) — EéJB” COos (51 )} }

R, =

represents the effect of the network remote dynamics
on thei-th generator.

In this paper, we restrict our analysis to a particular
power systenPS, which consists of a grou@',, of

n — 1 generators [tied together by a strong network of
transmission lines] which is linked to a single gener-
ator g, (referred to as-th generator) by a compara-
tively weak set of tie lines: the transient stabilization
problem of the synchronous generaggrin the multi-
machine power networRS is addressed. Let us state
the theoretical result of the paper (the proof is omit-
ted).

Theorem: Consider ther-th generator dynamics.
Denote byd,; the pre-fault constant value for the
power angle), and assume that for atl > 0

i) for eachj # r, 6;(¢t) and E,;(t) are continu-
ous functions of timeand boundedness 6f(t),
wr(t), Per(t) implies boundedness &f ;(t);

ii) ) there exisfu,, vy, p, Non-negative realsy,,,(-),
Yur(+), Yor(+) Koo functions andy,.(t) bounded
non-negative real-valued function of timsuch
that

‘Rr (t)| < Oi&gt{gr (T)} + Nrwur (Orgfgt{’ér (T)
~bral}) + vrur ((mass {lor () 1})

oo (g2 (| Per(7) = Ponr (1)1}):

i)y there existay, known non-negative reals and
() known K, functions such that fot =

[V, p
@Z}lr(')

I”) Per(t) > cpr > 0;

< alr+90lr(') = @lr(')

iv) the unknown (possibly time-varying) parame-
ters T, (t), zar(t), 0, (t), ker(t) and the un-
known constant parametdr,.,. are within the
corresponding known positive physical bounds
(T(g()rm’ TCIIOTJ\/])’ (‘Td"'m’ xdTM)’ (lerm’ ‘T:h']\/])’
(kcrma kch); (Grrma GT‘T‘M);

v) the unknown constant parametgy,. is within the
corresponding known physical bounds,,,

BTTM) ;



Vi) | Py (t)| < Pag, with knownPyy,..

Then the nonlinear adaptive feedback control algo-

rithm [kdr’ kor, kpry kpera kpr‘v kr, kRpp Bjra /8331”1
BBry €jry €2ry €Br (1 < § < 6) are positive control
parameters]
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is bounded and guarantees the closed loop system
(2)-(3) to satisfy, in terms ofy.(t) = [0.(t) —

Ors 7w7"(t)Aa Per(t) - Pmr(t)]T'a xr(t) = [yr(wT,
Pmr(t) _Pmr (t)]Tv wdr(t) = [Pmr (t)a leM_elrm+
e1rm02rm — O2rm + €20,030 01 — O30 + €30, Oarns —

64rm + €4, maX{QSTM - 657’m +Es5r 7967‘M - eﬁrm
+€6r}axélr]\/[ - x/drm +ézr, Brrvt — Brem +EBr,
sPo<r <19 (T) }sirs virs )", the following proper-
ties:

(S1) exponential convergence add, disturbance
attenuation, i.e.

et 1
ly- (I < hige *t+k*71r(\|wdr(~)lloo)

holds for allt > 0, wherehq,(z-(0)) > 0, ¢, >
0 and~1,(r) is a classk, function;

(S2) L, disturbance attenuation, i.e.

1 T
1 NI < har+ 5= [ (e (Dl)ar

holds for any giver?” > 0, wherehg, (x,.(0)) >
0 and~s,(r) is a classko, function.

If, in addition to previous assumptions, there exist a
non-negative realy and positive reald{ g, Ysr, Yor
Ypr SUCh that

Vii) Py (t), T, (t), zar(t), 4,.(t), ker(t) are con-
stant for allt > tg;

viil)  limy oo f R2(T)dT <

FYor iy oo [ [6:(T) — O] dr

+Yeor limy o0 fti) [wr(T)]2dT

+ypr limy oo ftto [Por(T) — P (7)]2dT;

i 1 ksr Ysr kor Ywr kpr
o0 min { (5 ~ ), (b - B2). (' -
kper Avpr it < 25 2
( Z - klsr } > OWIth’Y&r = ’Yér+§7wrk5r+

2
4[205? (812, +1) + Yor aNd Yy =

MRT

Aypr
er ’

§ Drkér
4 wo

2
29 +4 2(5? (gkwr + %k(sr + ]%lm)‘| Yprs




then controller (3) guarantees the additional prop-
erty:

(S3) asymptotic convergence, i.e.

lim {|[6, (1) = 0.

t—o0

- 6T57w7”(t)5 Per(t) - Pmr]

Remark 1:The proposed control algorithm (3) re-
lies on the locally measured signats; w,, Per, 14y,

Iy, Qer (the method for measuring the power angle
0, can be found in [3], [2] and [5]).

Remark 2:Let X, (y,1, yr2, Yr3, Rr) be the sys-
tem consisting of thg-th generatorsj(# r) with in-
puts they,.(¢) vector components. (t), yr2(t), yr3(t)
and output the functio®,.(¢). Less restrictive condi-
tions than those required in the single machine-infinite
bus approximation are to be satisfied by the remain-
ing part of the network: assumptionjj)is satisfied if
system®,. (y,1, yr2, yrs, Ry) is Input to Output Stable
with gain functionsy,,-(-), Yur (), ¥ (-); assump-
tion i),y requires the knowledge of suitable functions
Gur (), @ur(+), @pr(-) which majorize the gain func-
tions ¥, (+), Yur(+), Ypr(+); @assumption viii) is satis-
fied if system®, (y,1, yr2, yr3, R,) has finiteL, gains,
bounded from above by the positive numbefts;, /3,

V ’er/3, \/ '7pr/3-

3 Simulation Results

In this section we will test by simulation the con-
trol algorithm (3) with reference to each generator
of the popular Western System Coordinating Council
(WSCC) 3-machine, 9-bus system described in [10]
and [1] [D; = 0, 1 < ¢ < 3], with the aim of nu-
merically checking the conservativeness of the condi-
tions provided by the theorem, of testing the perfor-
mance and of verifying the robustness of the proposed
control law with respect to unmodelled dynamics: the
simulation is carried out by using the two-axis model
(see [10]) from which the model (1) has been derived.
The initial conditions for the state variables are com-
puted by systematically solving the load-flow equa-
tions of the network and by computing the values of
the algebraic variables. Fdr < i < 3, the func-
tions @i (+), Pvil-), @pi(-) are set equal tc’:d(-)‘[opo)
[id(-) is the identity function], the control parame-
ters are chosen ds; = k,; = 0.01, k,; = 720,
kpez—kwpz—l k —0001 kRz—Ol ﬁlz—/@Qz—

631 ﬁ4z = ﬁ52 = ﬁﬁz ﬁm ﬁBz = 48000,

€1i €2 = €3 = §4z €5 = €6i = Exi =

eg; = 0.00001, while Py;; = 1 and the known upper

and lower bounds on the model parameters values are

kclm = 06, kclM = 14, Tdlm — 01, TdlM — 02,
i = 0.05 p.U., 2l 5, = 0.07 p.u., Ty, = 6 P.UL,

Tl = 12 p.u., G = 0.5 p.u, Gy = 1.5 p.u,,
Prim =03p.u., Py =1.1p.u., By = —6p.U,,
By = -1 p-u-akCQm = 0.6, keons = 1.4, 240, =

0.7, zgonr = 1.1, 2l = 0.09 p.U., 2/pp,, = 0.14
P.U., Thoom = 4 P-U., Tigopns = 8 P.U., Goopy = 0.3
p.U.,GQQM = 0.6 p.U., Pnom = 1.2 p.U., Ppopy = 2
p.u.,ngm =—6 p.u.,ngM =-1 p.U.,kcgm = 0.6,
kch = 1.4, Td3m = 1.2, Td3pM — 1.5, x’dgm = 0.1
P.U., 2lspy = 0.3 pU., Tos,, = 4 P-ULThosp = 8
p.U.,Gggm =0.1 p.U.,Gggju =04 p.u.,ngm =0.4
p.uU.,Py3n = 1.2p.U., B3z = —6p.U., B3z = —1

p.u.. The goal of the simulation is to verify the effect
of a three-phase fault occurring near bus 7 at the end
of line 5-7 at¢ = 0.001 s, which is cleared in five
cycles (0.083 s) by opening line 5-7. The same sim-
ulation is performed by testing separately (with refer-
ence to each generator of WSCC) the proposed con-
troller and both the IEEE-Type | and the fast exciters
with PSS (the exciter data are taken from [10], while
Koy=m=24, 17 =173 =05 7n =17 = 005

and the saturating limits ate0.1 in the PSS diagram

in [1]). The results are reported in Figures 1-3: the
proposed controller restores the synchronous speeds,
while the linear controllers either cannot survive the
severe fault or can only mantain the system stable.

Figure 1: Proposed control [Generator 1 (solid), Gen-
erator 2 (dot), Generator 3 (dashed)]fa); b) d;—d;s
Clw; d) Py €) Vi f)uy;

4 Conclusions

A robust adaptive nonlinear feedback control (3) has
been designed on the basis of a third order model
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Figure 2: IEEE-Type | exciter with PSS [Generator 1
(solid), Generator 2 (dot), Generator 3 (dashed)]; a)
Pri b)6; — 6is CQw; d) P €) Vi f) uy;

(1) of a synchronous generator in a multimachine
power network with nontrivial conductances. Only
three model parameters and upper and lower bounds
on the uncertain ones are required to be knows.

and L, disturbance attenuation and asymptotic regu-
lation propertiegS1}(S3)are guaranteed under suit-
able conditions to be satisfied by the network dy-
namics which generalize those required by the single
machine-infinite bus approximation.
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