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Abstract

The robust transient stabilization problem (with stability proof) of a synchronous gen-
erator in an uncertain power network with transfer conductances is rigorously formulated
and solved. The generator angular speed and electrical power are required to be kept close,
when mechanical and electrical perturbations occur, to the synchronous speed and me-
chanical input power, respectively, while the generator terminal voltage is to be regulated,
when perturbations are removed, to its pre-fault reference constant value. A robust adap-
tive nonlinear feedback control algorithm is designed on the basis of a third order model
of the synchronous machine: only two system parameters (synchronous machine damping
and inertia constants) along with upper and lower bounds on the remaining uncertain
ones are supposed to be known. The conditions to be satisfied by the remote network
dynamics for guaranteeing £> and L robustness and asymptotic relative speed and volt-
age regulation to zero are weaker than those required by the single machine-infinite bus
approximation: dynamic interactions between the local deviations of the generator states
from the corresponding equilibrium values and the remote generators states are allowed.

Keywords. Robust nonlinear control, adaptive control, £ and L., disturbance attenuation,
large-scale systems, power systems control.

1 Introduction

Power networks are among the most complex large-scale, interconnected nonlinear systems
(see [1], [2] for the development of dynamical models of increasing complexity). They have
continuously increased in size, power and number of components, but with a large acceleration
in the last two decades. A rather difficult control problem, which attracted in the past the
interest of the control community and has recently become a major concern as the dramatic



blackouts in North America, Italy and Germany confirm, is represented by the power systems
transient stabilization: dynamic nonlinear systems interconnected through a large-scale net-
work are required to be controlled, on the basis of partial measurements of the local state
variables only, in spite of time varying perturbations of almost all system parameters. In par-
ticular, the transient stabilization problem consists in the design of suitable excitation feedback
controls such that: i) the angular speed and electrical power of each generator are kept close to
the synchronous speed and mechanical input power, respectively, when mechanical and elec-
trical perturbations, such as load shedding, generation tripping or short circuits, occur; ii) the
terminal voltage of each generator is regulated to its pre-fault reference constant value when
perturbations are removed. Decentralized linear controllers were first designed on the basis
of linear approximations around operating conditions. This strategy was motivated by the
fact that power systems were relatively small since production and consumption areas were
not far. However, this situation has largely changed in the last two decades since the small
power systems have been interconnected in order to increase performance and security: large
amounts of electric power fluxes are transmitted from one region to another to cope with time-
varying consumption and production levels. As a consequence, the overall system complexity
has largely increased and the behaviour of such scattered plants has become unpredictable with
disregarded nonlinear network phenomena arising: linear controllers may be no longer able to
guarantee the power grid stability (see [3]) and to handle the severe disturbances and contin-
gencies typically occurring in power networks. In the recent years, several nonlinear algorithms
have been proposed for power systems control. For a particular power systems structure M
consisting of a group of generators tied together by a strong network of transmission lines
and linked to a single generator g,, by a comparatively weak set of tie lines, the well-known
single machine-infinite bus approximation, which models all the remaining network as a fixed
voltage source and an impedance, is advantageous in the nonlinear control design: transient
stabilization of the generator g,, can be achieved, with a stability proof, even without requiring
the knowledge of critical parameters ([3], [4], [5], [6], [7], [8], [9], [10], [11], [12]). In particular,
L5 and L robustness and asymptotic relative speed regulation to zero are guaranteed in [8]
despite uncertainties in all system parameters.

In this paper, we rigorously formulate and solve the transient stabilization problem (with
stability proof) for the particular power systems structure M above considered. The single
machine-infinite bus model, used in [3], [4], [5], [6], [7], [8], [9], [10], [11], [12] - which neglects
the transient behaviour of the other generators as well as the interconnections between them,
does not capture the typical multivariable nature with nonlinear complex coupling of power
systems (see for instance the inter-area oscillations) and does not take into account the effect
of the generator g, dynamics on the remote nework dynamics - is not used since interactions
between the dynamics of the generator g,, and the remote network machines are allowed: the
transient behaviour of the remote generators states is allowed to depend on the local deviations
of the generator states from the corresponding equilibrium values. Following the theoretical
developments in [13], [14], [15] (even though they do not apply to the model considered in this
paper in which an uncertain function multiplies the control input), a robust adaptive nonlinear
feedback control is designed for the generator g, which does not assume the knowledge of the
overall system parameters excepting for the machine damping and inertia constants. On the
basis of upper and lower bounds on the uncertain model parameters, Lo and L., robustness
and transient stabilization are guaranteed under a set of assumptions on the network dynamics



which are weaker than those required by the single machine-infinite bus approximation. The
presented approach in conjunction with the special structure of power systems considered here
allows us to rigorously formulate and solve the robust transient stabilization problem (with Lo
and L, robustness) of a synchronous generator in a power network in the presence of transfer
conductances and uncertainties in almost all system parameters under possible dynamic inter-
actions between the local deviations of the generator states from the corresponding equilibrium
values and the remote generators states: this constitutes the main original contribution of the
paper with respect to the results obtained in the literature for more general structures of power
systems (see for instance [9], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25]). Simulation
results with reference to a general 3-machine, 9-buses power network show that the proposed
robust nonlinear excitation control prevents each network machine from going out of step in
the presence of electrical parameter perturbations and unmodelled dynamics and improves
the performance with respect to the controller in [8] based on the single machine-infinite bus
approximation.

2 System dynamic model

A power system consisting of n generators interconnected through a transmission network is
described by the 3n-order nonlinear models in [26], 1 < i < n,

51' = W

) D; wo wo

i = = i + 577 Pmi — 5 Pei 1
“ om, Y T om, 2H, (1)
E/_ _ kei Ui — El[]i - (xdi - xfji)Id_

L

in which the first two equations represent the i-th generator mechanical dynamics involving the
power angle §;(rad), the relative angular speed w;(rad/s), the active electrical power P.;(p.u.),
the mechanical input power P,,;(p.u.), the synchronous speed wg(rad/s), the damping constant
D;(p.u.) (which is an often neglected non-negative parameter) and the inertia constant H;(s),
while the third equation constitutes the i-th generator electrical dynamics involving the tran-
sient EMF E7;(p.u.) in the quadrature axis, the input uy;(p.u.) to the thyristor amplifier, the
gain k.; of the excitation amplifier, the direct axis transient open circuit time constant T7,(s),
the direct axis reactance z4;(p.u.) and the direct axis transient reactance z/,(p.u.). The i-th
generator electrical equations are

n
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in which (for the i-th generator): Q.;(p.u.) is the reactive electrical power, I (p.u.) is the
direct axis current, I,;(p.u.) is the quadrature axis current, V;;(p.u.) is the terminal voltage
with (d, ¢)-components (vg;, vg;), Gij(p.u.) and B;;(p.u.) are the i-th row and the j-th column
element of nodal conductance and susceptance matrices, respectively, at the internal nodes
after eliminating all physical buses, which depend on z/;(p.u.), on the transformer reactance
x7i(p.u.), on the loads and on the transmission line reactance z;;(p.u.) between the i-th
generator and the j-th generator. The nodal conductance and susceptance matrices represent
the full power network of transmission lines and loads connecting the power generators: the
network reduction of the load busses makes unsatisfactory the assumption of negligible transfer
conductances (see [19]), which is typically used in power systems control design.

The pre-fault equilibrium, 1 <i <n,

0 = Ois
w; = 0
E(/;i = (lziO
with
Pi = Pu

guarantees, when all model parameters take their unperturbed values, that the voltages Vi,
1 <i < n, are equal to their corresponding reference constant values V5, 1 <1i < n.

In this paper, we study a particular structure of power systems, i.e., a group Gp; of n —
1 generators, tied together by a strong network of transmission lines, which is linked to a
generator g, (in the following referred to as r-th generator) by a comparatively weak set of
tie lines. First note that the electrical power P,; affinely appears in the relative angular speed
dynamics in (1): it represents an actually measured variable (thus available for feedback as a
measured output) which is to be kept close to the mechanical input power during perturbations
(thus to be controlled as a controlled output). Therefore it is advantageous to explicitly
compute its dynamics in order to obtain a triangular structure for system (1) which is suitable
for control design. Let us restrict the analysis to the r-th generator and let us compute [G,;
and B,;, 1 < j <mn, are assumed to be constant]

P = Epllar + EpGr| + Bfy 3 [ByGrjcos (615) + Eiy By sin (3,5)]
j=1.j#r

_E;T Z [E;jGrj sin (6,;) — Ef”»Brj cos (&«j)} [w,« - wj}.
J=15#r
We assume that there exist bounded connected open sets Ds and D, such that Ej,.(0) > 0,
d-(t) € Ds and Per(t) € Dy, imply I, (t) > crr > 0, which describes the whole practical



operating region of the generator (see [9]). The r-th generator third order dynamic model can
be thus written as

5 = w,
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in which 6,, w,, P, are the state variables, u¢, is the control input, 6, = T+’ 0o, = (rd%jizin)
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represents the effect of the network remote dynamics (the group Gps of generators) on the
r-th generator, where E{U =FE;; — Elj5, 1 <j<mn,j#r. The expression of the function
R, (t) will be crucial in the control design since it will allow us to rigorously formulate and
solve the robust transient stabilization problem (with Lo and L, robustness) of a synchronous

generator in a power network characterized by the special structure in exam.

In the practice, the exact values of the model parameters are hard to obtain, and in partic-
ular P, Gy, By are lumped parameters which account for unmodelled dynamics such as
turbine and load dynamics. Those parameters may undergo sudden on-line variations due to
mechanical and electrical perturbations and faults. In the following, we will suppose the pa-
rameters wy, D,, H, to be known' and will assume that: the uncertain piecewise continuous
parameters T, (t), ar(t), x;,.(t), ker(t) and the uncertain constant parameter G,, are within
the corresponding known positive bounds (77,..., Tiorar)> (Zdrm, Tarnt), (Ehpms Thras)s (Kerm,
kerar)s (Grrm, Grrar); the uncertain constant parameter B, is within the corresponding known
bounds (Byym, Brrar); the mechanical input power P,,,.(t) € D, is a class C* function satisfying:
Porrt > Por(t) > Prypm and |Pmr(t)| < Pyry, with Py, Poras, Parr known positive reals.
Physical considerations concerning transmission lines, loads and mechanical turbines make the
above assumptions reasonable in the transient stabilization problem of power networks: upper
and lower bounds on the equivalent conductances and susceptances can be computed, while the
mechanical input power is usually the output of a slower first order dynamic system (controlled
by a higher level control). On the other hand, the knowledge of bounds on the uncertain model
parameters somehow restricts the on-line variations which can be tolerated by the controller
and this is in line with the local result which will be obtained in the following.

1The parameters D,., H, typically represent mechanical characteristics of the physical machine.



3 Control problem formulation

A suitable control problem formulation is introduced in this section, which will allow us to
solve the transient stabilization problem for the synchronous generator g,, by quantitatively
characterizing the robustness with respect to both permanent and vanishing model parameter
perturbations. Let the pre-fault constant value for the power angle §,. satisfying d,s € Ds and
let 0;rm, Birar be the known positive bounds on the uncertain parameters 6;,(t), 1 < i < 6,
with Py, (t) a suitable estimate of the uncertain mechanical power P,,,.

We will introduce in the following certain assumptions which are to be satisfied by the re-
maining part of the network in order to guarantee desired transient and asymptotic closed
loop properties: they will impose conditions on the performance achieved by the controllers
of the remote network generators (and in particular restrictions on the disturbance caused
by remote network dynamics in response to the local deviations of the generator states from
the corresponding equilibrium values) and will represent less restrictive conditions than those
required by the single machine-infinite bus approximation in which no interaction between the
local r-th generator deviations from (8, — s, wy, Per — Ppnyr) = 0 and the remote network
dynamics is taken into account. They will allow dynamic (and not only static as in [16] and
[22]) interactions between the local deviations of the generator states from the corresponding
equilibrium values and the remote generators states: assumptions imposing only static interac-
tions between the local deviations of the generator states from the corresponding equilibrium
values and the remote generators states may not be able to comply with the typical instabil-
ity phenomena in which the behaviour of generators in the network becomes oscillatory with
increasing amplitudes. Let X, (y,1, Yr2, Yrs, Rr) be the system consisting of the j-th generators
(j #r, 1 <j <n) with inputs the y,(t) vector components y,1(t), yr2(t), yr3(t) (i.e. the local
r-th generator deviations from (8, — d,s,wr, Per — Ppr) = 0) and output the function R,.(t).
The subsequent assumption ii) will be satisfied if the controllers of the remote network genera-
tors make the system ¥, (y,1, Yr2, yrs, Rr) Input to Output Stable with uniform gain functions
Gur (), @ur(+), @pr(-), while the subsequent assumption iv) will be satisfied if the controllers of
the remote network generators force the system 3, (y,1, Yr2, Yr3, Rr) to have uniform finite £
gains (recall that functions in Lo represent signals having finite energy over the infinite time
interval (tg, +00) and therefore the L4 gain can be interpreted as the ratio between the energies
of the input and the output). Finally, the subsequent condition vi) will impose that, in the case
of vanishing perturbations, the pre-fault state values for the remaining part of the network are
asymptotically recovered provided that asymptotic regulation (S3) (for the r-th generator) is
achieved. The transient stabilization problem addressed in this paper is rigorously formulated
as follows.

Definition 1 (Transient Stabilizing Control): Assume that (t > 0):

i) for each j # r, 1 < j < n, the j-th generator power angle §;(t), the relative angular speed
wj(t) and the quadrature azis transient EMF Ey (t) are piecewise differentiable functions
of time t and boundedness of the r-th generator variables 0,(t), w,(t), Pe-(t) implies
boundedness of Ey;(t);



ii) there exist ., vy, pr (unknown) non-negative reals, @ur(-), @ur(-), @pr(-) known Ko
functions® and g,.(t) (unknown) bounded non-negative real-valued function of time t such
that the following inequality:

RO < s (e} + a2 (25 100(7) = 8rsl}) + 01 (o {ln (]}
ey (8% {|Per () = P (7)1}

holds uniformly in wg,(-).

Define [ejr, €xr, €pr (1 < j < 6) are positive reals]:

T
yT(t) = [6r(t) - 5r87wr(t)7 P, (t) - Pmr(t)}
A~ T
&(t) = [yv" (t)Tv P (t) — Py (t)]
wdr(t) = [Pm'r(t); elrM - elrm + €1, 027"M - 92rm + €2r, 937’M - 937‘771 + €3r, 94TM - 94rm + €4r,

max{05rM - 95rm + Es5r, 067"M - 96rm + 567“}; xldrM - xldrm + Exr, BT’I"M - Brrm + EBr;

T
sup {gr(7)}, pors vry pr] -
0<r<t

A bounded piecewise continuous real-valued control law wy,(-) is called a transient stabilizing
control for the r-th generator if it guarantees the closed loop system to satisfy the following:

(S1) Lo disturbance attenuation property, i.e.

wQ(t) + (Per(t) - Pmr(t))Q < hlr(gr(o))e_crt + kir’er(der(')Hoo)

T

holds for all t > 0, where hy1,(§-(0)) >0, ¢, > 0 and y1,(r) is a class Ko function;

(S2) Lo disturbance attenuation property, i.e.
T 1 [T
/0 [WE(T) + (Per(T) — PmT(T))2] dr < he(§:(0)) + ]?/0 Yor (|[war (T)[)dT

holds for any given T > 0, where ha,(&-(0)) > 0 and y2,(r) is a class Koo function.

According to the previous definition, the effect of model parameters variations from their
unperturbed values is quantified by properties (S1)-(S2), which give bounds on L. and L
regulation errors. While the formulation introduced in Definition 1 leads to a closed loop
robustness characterization, the adaptive formulation introduced in the following definitions
allows us to obtain asymptotic relative speed regulation to zero in the case of definitely constant

2The requirement that the Koo functions @r(+), @ur(-), Gpr(-) are known, which makes them to play the
role of design functions, somehow restricts the remote network disturbance effects tolerated by the resulting

controller, in line with the local result we are going to obtain.



permanent parameter perturbations and asymptotic voltage regulation in the case of vanishing
parameter perturbations.

Definition 2 (Transient Adaptive Stabilizing Control): Assume that, in addition to
assumptions i)-ii), there exist non-negative reals to, Mpy, Vsr, Yor and vypr such that:

iii) the uncertain machine parameters Pp,,(t), T}, (t), xar(t), x0,(t), kep(t) are constant for
all t > to;

iv) the following inequality:

t
lim RQ( Ydr < Mg, + %, hm / — 0ps)2dT +Yer ligl / [wy(T)]2dT
— 100 tO

t——+o0 to

+fypr hm / e (T) — mr(T)]sz

to

holds uniformly in wg,(-).

A transient stabilizing control uys,(-) is called a transient adaptive stabilizing control for the
r-th generator if it guarantees, the additional property:

(S3) asymptotic regulation, i.e.

i 81) — rm ),Pot) P

t——+oo

‘:0.

Definition 3 (Adaptive Regulating Control): Assume that, in addition to assumptions

i)-ii), iv)

v) there exist a non-negative real ty such that all the model parameters take their unperturbed
values (i.e. all the perturbations are removed) for all t > to;

vi) under the asymptotic requlation property (S3), for each j # r,

Jim [6;(1) =d5] = 0
Jim (0] = 0
Jim [Eg(0) = Egpo] = 0.

A transient stabilizing control ug,(-) is called an adaptive regulating control for the r-th gener-
ator if it guarantees, the additional property:
(S4) asymptotic voltage regulation, i.e.
lim [Vie(t) = V5] = 0.

t——4o00



4 Nonlinear robust design and stability analysis

By virtue of techniques similar to those used in [6], we design, in this section, a transient
adaptive stabilizing control® for the r-th generator according to Definitions 1 and 2. The
subsequent control design is motivated by the choice of the quadratic function V, and W,
which will be introduced in the following. Define the power angle regulation and relative
angular speed tracking errors

Sr = 57’ - 57"5

O = wp—wk

with d,5 being the power angle constant reference value and w;' being the relative angular speed
time-varying reference signal

* _ 5 N
W, = 4 k5T5T . (4)

We design the active electrical power time-varying reference signal P, as

* —_—
P, =

2H,. 15 - 5
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- 1 R
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D,
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which relies on the estimate Py, of the uncertain mechanical power P, satisfying the estima-

tion law?
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and introduce the active electrical power tracking error

P, = P,-P’.

3Note that the control techniques developed in [8], [13], [14], [15] do not apply to the model (3) due to the
presence of the uncertain term (95T13T + 061 Perr) multiplying the control input uy,.
4Note that the dynamics of the relative angular speed w, can be rewritten in the more compact form
. wo
w = wr+ —~F
™ T 2HT, mnr
in which
D, wo

T Tom " T 2w,

PET

is available for feedback.



We design the robust control law uy, with the robustifying terms v,., m, as

L Ky Ly (21;; n 2Pfr>vZPm,
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k. /5 5 5 k, 1 Wi 1 \2-
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# g2, Per 00} Pt = P+ 04 0 (G 4 g ) o (60}
2H, 25 4 5D, ks, =
+{ wo (1 + Tﬁkér) + 4wy } Orgggt{(S"(T)}) + 1}

which® rely on the estimates ;,, #,., By, of the uncertain parameters 8;,, /., By, whose
estimation laws (1 < j < 6) [functions &g, (1), .(), & () are yet to be chosen]

élr = PI"Oj |:§9j (t)7 éjra ejrmy ejT‘Ma 5jr] B gjrm < é]r(o) < oer
‘%:ir = PI‘Oj |:€$ (t)’ ‘/ifir’ ‘r:irm’ x:iTM7 E$T:| ’ x:irm S j&r(o) S x:iTM
BT‘T = PI‘Oj [gb(t)v Brr: Brrvm B?"T‘M7 EBT] 5 Br?“m < Brr(o) < BrrM

will be designed by using the projection algorithm Proj[¢, Z;, 2Zrm, Zri, €2r) I0 [8] [(Zrm —€2r) >
0]

¢ if zem <2 < zpm
¢ if Z2-<zmn and (>0
if 2. > 2, d ¢<0
PI'Oj [C, ZAT] C ZT”IQ_ZA% ? 7i Zr M an C >
C 1_W if Zr < Zrm and C<0
22 2

5Note that infinite memory is formally required by the controller (7) to compute the time function
maxg<,<¢{f(7)} with f(-) : R — R piecewise differentiable (see Section 5 for a finite memory implemen-
tation of the controller).
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whose properties are the following:
1. Zrm — Ezr § 2r(t) S ZrMm + Ezry vt 2 0;
2. Proj[¢, 2y, -, -, -] is Lipschitz continuous;
3‘ |Pr0j [C) 2’!‘7 Z’l‘ma ZTMa EZTH S |§|7
4. (zp — 2)Pr0j[C, 2, Zrm, 2rM s E2r) > (20 — 2¢)C

[which hold provided that the uncertain constant z. and the initial condition 2,.(0) belong to
the compact set [2m, 2rar]]. Define the estimation errors (1 < j < 6)

éj = 9jr — éjr
i‘:ir = x:;lr - i‘ler
Brr = BTT - Brr
so that, on the basis of the r-th generator dynamics (3), we obtain the error dynamics
. 5 ~
67’ = - Zkérér + Wy
N 5 DyN. = wo ~ wo 7 1.
[d = *7kwr 7) r*(sr 7Pmr*7Per*7r 8
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. P2 - 2 v ~ P, . P2,
04, 4 Gy + gy —err — B, —”
Iqr (057“137« + 967‘P€7‘) (957“137« + 067"Per> IqT
L (21;’; n 2P3T) (95TI,§T n GGTPST)'UEPW P
w7 N2 T
(95rlgr + 96rPe7‘) (05rmlgr + eﬁrmPer) ar
5 5 5 k 1 w? 1 ~
- 7k<m" —k T —k er = 7. 70]47&1 T 7)Pm7“
(Ghor  ghor + Jhoer + T m T TemE e T
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Pmr = _(7]C er - 7 70]%) r)Pm'r Pmr~
ger bt T ez e +
Consider the quadratic function
1/~ - .
Vi = (Reaie R Pl)

and compute the time derivative of function V, along the trajectories of the error system (8).
By using property 1. of the projection algorithm and by completing the squares, we obtain

1

) 5 - . . ) - - - -
Ve < _1 (kgr(Sf + kwr‘;}? + kaPEQ’I‘ + kperpgzr) + L Pﬁw + 0%7‘ + ng + 9?2)r + eir

+max {0202, } + @3 + BE + sup {gn(1)} + 2 + v+ p?
0<r<t
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so that, according to (4)-(5) and property 1. of the projection algorithm, we can establish
that the robust adaptive nonlinear feedback control algorithm (4)-(7) is a transient stabilizing
control for the r-th generator. Suppose that, in addition to assumptions i)-ii), assumptions
iii)-iv) hold and consider the quadratic function

6
_ 1 E 02 1 ~12 1 R2
W’r‘ - V’r + 5 =~ ﬁjrejr + iﬁﬂ?”‘xdr + iﬂBrBir

whose time derivative along the trajectories of the error system (8), for all ¢t > ¢, is given by

. 5 =« 5 D wo = 1 5 5 5

Wr, = ——k réz_(ikwr 7’>~2 — P&y — —— @2 — ~kyp, P2 rPer
goror = \gher T og ) T o, T T T e T
b (218 +2P2) (0,12 + 06, P )22 5

~ 5 5
4 ~ ~ 2 T RTPET’ - (kar + Zkér + kaeT
(957'137‘ + 967'P€T') (957'm13r + 967'mpe7') ar

kr 1 wd 1 V5 5 ) k 1 wd ~
D 7 kw s )PmrPer - (7]9 er - 7 70]%) T>P2
Tyt T emter T, girer ¥t T ez e ) P
. - ~ - X ~ ~ . ~ I ,.Pe,.ﬁ’e,. .
+PmTPmr - 917‘ [PeTPer + 61r91r:| - 027“ |:Id7‘Iquer + ﬁ2re2r:| - 937‘ dj—i + ﬁ37‘93r‘|
qr
~/ 2 2 7 by 1 Pgrper A 7 Pgrwrper S
—Tgy |:(Idr + Iqr)wrper + 6zr$dri| - 94T 72 + ﬁ4r94r - B'rr T + BBrBrr
qr qr
- I2T,UTP€T N ~ Pervrper A
+05r ~ ! ~ - ﬂ5r95r + 961“ ~ ~ - 667"067“
(957“137- + 967“Per> (95rlq2r + GGT'PCT)

If we choose the yet to be defined functions &g, (), £.(t), &(t) (1 < j < 6) so that

A [ Perper N N
01 = Proj|— 3 7917‘791rm7017‘Ma€1r:|7 O1rm < 01,(0) < 010
A [ I rI rper N A
927“ = PI'Oj _%7 927’, 82rm7 92rM7 52’1“:| B 92rm S 921”(0) é 927”]%
o 2r
. ¢ Iy PP, - R
037' = PI‘Oj _%50“7 037’7 037'm7 037']\/[7 837":| 5 937’m S 937(0) S 93T'M
- qri”3r
A . Pgrper A A
947’ = PI‘O_] |:_ 72 7947‘7 04rma 947’M7 54ri| ; 947‘m < 94r(0) < 947‘M (9)
qrﬂ4r
5 12 v, P, R N
B . qrUrLfer
05, = Proj l(éSTIgT i é(jTPer)ﬁg)T , 050, O50m, O5001 557“] s O5pm < 05, (O) < Osrm1
5 P.,v.P., A .
97‘ = PI‘Oj N 67167 aeTaeTmaeT 7ET79T7RS9TOS9T
¢ [(95r13r + 967“Per)ﬁ6r ¢ ¢ orit =6 ] ‘ ¢ ( ) orit
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(13, + 12 ), Por

2! . ~ / / / A /
Tagr = Proj |:_ 3 s Lars Larms TdrM > 5567“:| y Larm < Ty (O) < Zgppg
zr
A . P2 I:’ A ~
Brr = PI‘OJ [_ﬁa BTT‘? Brr'rru BT’!‘M7 EB’I‘:I ) Brrm S BT"I‘(O) S BTTM
Brigr

then, by using property 4. of the projection algorithm and by completing the squares, we obtain

5
4

R,(1)?

W’r S kér(SZ
er

mw k P2 - kperp2 (10)

Since 4, &, Poy, Py are bounded, according to (8) and assumption i), gr, Op, Per, Py are
bounded so that 6,(t), @ (t), Pey(t), Pmr(t) are uniformly continuous for all ¢ > to. On the
other hand, by virtue of assumptions iii)-iv), if

4’757’ 4’7&)7‘ 16WpT 16’Ypr }

krr > max{
" k&r7 ku.n"7 kpr ’ kper

with
_ 25 2H, /25 5 D,ks,
Yor = Yor + 8'7w7k6r+4[ ( k67" )JFZ 2 } pr
2H, /5 5 1 2
’Vwr = 27«;.)7‘ + 4|: <7kw’r‘ + 7]{:57“ + 7):| Ypr (11)
wo \4 4 Ewpr

then, by integrating (10) we obtain

t
. Mg,
lim [ ks 2(7) + kur@2(7) + ke P2(7) + per P2, (7) ]| d7 - < Wlto) + 5 (12)
t——+oo to er

so that, according to (4)-(5) and Barbalat’s Lemma, we can establish that the robust adaptive
nonlinear feedback control algorithm (4)-(7), (9) is a transient adaptive stabilizing control for
the r-th generator. Finally, from (2) it is straightforward to establish that, under the additional
assumptions v) (implying iii)) and vi), asymptotic voltage regulation (S4) is achieved so that
the robust adaptive nonlinear feedback control algorithm (4)-(7), (9) is an adaptive regulating
control for the r-th generator. The result holds for any initial condition (of the r-th generator)
and positive control parameter k, maintaining, according to (S1), §,(t) € D5 and P.,(t) € D,
(guaranteeing Iy, (t) > ¢y > 0) for all ¢t > 0.

The main result of this paper can be summarized in the following theorem, which somehow®
extends the recent theoretical contribution in [8].

Theorem: The robust adaptive nonlinear feedback control algorithm (4)-(7), (9) is:

e q transient stabilizing control for the r-th generator;

6Here the machine damping and inertia constants are assumed to be known.
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e q transient adaptive stabilizing and an adaptive regulating control for the r-th generator
when (see (11))

455 Wur 167, 167,

krr > max{ , , —= —F },
" kér kwr kpr kper

for any initial condition (of the r-th generator) and positive control parameter k, maintaining,

according to (51), 6,(t) € Ds and P, (t) € D, (guaranteeing I4-(t) > crr > 0 so that singular-

ities in the controller are avoided) for all t > 0.

The robust adaptive nonlinear feedback control algorithm (4)-(7), (9) relies on: the available
signals” 6,.(t), wr(t), (Iar(t), I4-(t)) (depending on a common reference for measuring the
machine rotor angle), Pe,(t), Qer(t) (recall (2) and see for instance [16], [17], [22], [24]); the
positive control parameters ks, kwr, Kprs kpers Kwprs kry krr, Bjrs Bors BBrs €jry €xrs €Br
(1 < j < 6) whose role may be evaluated by examining both the closed loop error equations
and the corresponding functions V, and W, with their time derivatives. The parameters ks,
kwr, kpr, kper direct affect the dynamics of ST, @, Per and pmr, respectively; the parameters
kwpr, kr, krr characterize the robustifying terms in (5), (6) and (7); the parameters 5., Bz,

Ber (1 <j <6) are the adaptation gains for 0;,, &/,., By, (1 < j < 6) and the larger they are
chosen the slower the adaptations for 0;,, &/,., By, (1 < j < 6) result.

5 Simulation results

In this section we illustrate the performance and the robustness of the feedback control al-
gorithm (4)-(7), (9) in the presence of unmodelled dynamics: the proposed control is applied
to each generator of the popular Western System Coordinating Council (WSCC) 3-machine,
9-bus system reported in [26] and [30] [D; = 0, 1 < ¢ < 3] and described by the two-axis model
([26]) 1 <i <3

5,‘ = W
) D; wo wo
g = = i + = Pmi — = Pei

“ om, Y T om, 2H;

. E. (xgi — xly)
E. = — di qr di I i

“T T T

. k. E. (Id‘—l‘/-)
B = 2y, - —2 et diJ oo

T T U Th Tg
P = FEuly+Egly = vails +veily
Qei = Eyla— Eyly —xy, (Igi + Igi) = Vgilai = Vaily
Iy = Z {EéjGij sin ((5”) — E;jBij coS ((51'3‘) + EéjGij CcoS (5U) + EéljBij sin ((5”)
j=1

"Methods for measuring the power angle &, can be found in [27], [28], [29].
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E’N
I
[

{EéjGij cos (62J) + E(lszij sin ((51']‘) — EéjGij sin (6@‘) + E(/ijBij coS (5ij)

Vie = \/(Eéi'i_zfii[qi)z_'—(E{Ji_z:ﬁ[dif - \/m

from which the model (1) has been derived by neglecting the dynamics of the fast damper-
winding E’,, and by using the simplification z4; = x/, with x4 (p.u.) being the quadrature axis
reactance. The initial conditions for the state variables are computed by systematically solving
the load-flow equations of the network and by computing the values of the algebraic variables.
For 1 < ¢ < 3, the functions @,;(-), @vi(-), Ppi(-) are set equal to H(-)|[07+OO) [I(-) is the identity

function| i.e. @;i(q) = ¢, j = p,v,p (¢ € [0,+00)), the control parameters are chosen as
ksi = kwi = kpei = kopi = 1, kp; = 720, k; = 0.001, kp; = 0.1, B1; = Bo; = [3; = Bas =
Osi = Bei = Bri = PBpi = 348000 while the initial conditions for the parameter estimates are
set equal to the corresponding unperturbed values. The time function s(t) = maxo<,<:{f(7)}
is implemented as

[
=

_ i, if f(t) > s(t = h)
s(t) = { s(t —h), otherwise » t2h
s(0) = f(0)

with h the integration step and t = [h (I € Ny). In order to avoid division by zero®, for
1 <4 <3, n(P.;) and n(1y;) replace Pe; and Iy, in the control algorithm (4)-(7), (9), respectively,
where

n(E) = {g, if € >0.05

0.05, otherwise.

The goal of the simulation is to verify the effects of a three-phase fault occurring near bus 7
at the end of line 5-7 at ¢ = 0.001 s, which is cleared at 0.084 s by opening line 5-7 (circuit
breakers reclose at ¢ = 1 s). Figure 1-2 show a satisfactory performance of the proposed control
even with the physical saturations (which are hit several times according to Fig. 2(b)): despite
the considered severe perturbation, synchronous speeds are quickly restored while regulation of
both electrical power and terminal voltage is guaranteed. For comparison, the same simulation
is performed by applying (to each generator of the network) the nonlinear robust adaptive
control (with control parameters ks = 0.1, k, = 3, k, = 120, £ = 0.001, 5; = 0.0000001,
1 < i < 7 and initial conditions® 6;(0) = 0 ¢ = 1,2,4,5, (0) = Les0:O) 4.0y = p,

R 92(0)
07(0) = 1)

O koo~
o= Ug — Py
s sin(d,.) 27y sin(é,.) 2
- k
P = 001 + Z@T@f

8Recall that the simulation is carried out by using the fourth order model and by applying the proposed
controller to each generator of the network.
9We denote by ufro the nominal input value.
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N ~ k _ k _ 5 -
01 = —bOiw, + 05+ ksw, + —0pw? + ~&p + ku@r + Or

4 "4

6; = piProj |:(¢2i(:}7‘ + (lg?»iper)aéi}7 0:(0) € [Bim, Oina], i=1,3,4,5
b, = 52PFOJ[ - Per)aéi:|7 02(0) € [O2m, O211]
05 = (Proj|~uaPer,bi], 05(0) € Bom,bons]
b0, = 7PYOJ[ V1w, z}, (0) € [07m, O711]

¢ if Qi < 0; < Oin

C if Qi<9im and CZO

Proj[,6:] = {°© R if 03> 0y and (<0

(Oini+pi)%—0in?
Oim (Oim —pi) > 0, Oine(bins+pi) > 0

C[l M} if é, >0, and C >0

5
I .
vy = —kpper + 020, — waper - ¢30 - Z; ¢3101 - 7Per Z ¢3z
P21 = —wp, P23 = 1, Pos = @25 = 0
_ k k - k_ _ k_o
@30 = Perwpcotg(d,y) — ks [(4% +—+k,+ I ) (07 + §wrv1) + 41)1] w

“ o N o k; o
—0701 + (elwr - 93) (97 + §wrvl>
¢31 = wr(bsv ¢32 = Per¢s» ¢33 = _¢Sa ¢34 = - er7 ¢35 = Wr Sin2(6r)

_ k k k A k. _ k_,
s = {<4wr+ 7 T ke +ks— 01 + 2wrw7~) (97+§wrv1) +4v1}
Sr = 6r - 67‘57 ajr =w, + kagr, PGT = PST Pe*’r’

designed in [8] on the basis of a (third order) single machine-infinite bus model. As illustrated
by the simulation results reported in Figs. 3-4, neglecting the transient behaviour of the other
generators and the interconnections between them may be critical for the control design in [8]:
in the presence of the considered perturbation, synchronous speeds are not quickly restored
while electrical power and terminal voltage regulations are not satisfactorily obtained.

Conclusions

The transient stabilization problem (with stability proof) has been rigorously formulated in
Section 3 and solved in Section 4 for a particular power systems structure M consisting of
a group of generators tied together by a strong network of transmission lines and linked to
a single generator g,, by a comparatively weak set of tie lines. A robust adaptive nonlinear
feedback control (4)-(7), (9) has been designed for the generator g,, which does not assume
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(a) Pawer angle regulation errors

Figure 1: Proposed control algorithm [Generator 1 (solid), Generator 2 (dot), Generator 3
(dash)]: a) Power angle regulation errors d§; — ;s (1 < ¢ < 3); b) Relative angular speeds w;
(1 <i<3); c) Active electrical powers P,; (1 <14 < 3).

the knowledge of the overall system parameters excepting for the machine damping and inertia
constants: an innovative design technique has been used since available techniques developed in
[8], [13], [14], [15] do not apply to the model (3). The proposed controller guarantees the L4 and
L disturbance attenuation and asymptotic regulation properties (S1)-(S4) under assumptions
i)-vi) on the network dynamics generalizing those required by the single machine-infinite bus
approximation (which does not capture the typical multivariable nature with nonlinear complex
coupling of power systems and does not take into account the effect of the generator g,
dynamics on the remote nework dynamics) and allowing dynamic interactions between the
local deviations of the generator states from the corresponding equilibrium values and the
remote generators states (in order to comply with the typical instability phenomena in which
the behaviour of generators in the network becomes oscillatory with increasing amplitudes).
In our view the result of this paper constitutes a first step towards rigorous mathematical
formulations and solutions to the multimachine transient stabilization problem.
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(a) Terminal voltages

Figure 2: Proposed control algorithm [Generator 1 (solid), Generator 2 (dot), Generator 3
(dash)]: a) Terminal voltages V;; (1 <i < 3); b) Control signals uy; (1 <i < 3).
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