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Abstract. This paper deals with the problem of L,
disturbance attenuation for Hamiltonian systems. We
first show that the L, gain from the disturbance to
a penalty signal may be reduced to any given level if
the penalty signal is defined properly. Then, an adap-
tive version of the controller will be presented to com-
pensate the parameter perturbation. An adaptive L,
controller for the power system is designed using the
proposed method and a simulation result with the pro-
posed controller is given.
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1 Introduction

A powerful design technique for stabilization of nonlin-
ear systems is passivity-based control (PBC)[l]. In the
PBC framework, the controller design proceeds along
two stages. The first stage is to render passive a map
with a suitably defined storage function, and the second
stage is to perform an output feedback. For mechani-
cal systems the design process has a physical meaning,
e.g. the first stage can be carried out by shaping the
potential energy of the system in such a way that the
new potential energy function has a strict local mini-
mum at the desired equilibrium, and the second stage
is nothing but damping injection. Recently, the design
technology has been extended to a broader class of sys-
tems described by port-controlled Hamiltonian (PCH)
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models. Indeed, the Hamiltonian function in PCH sys-
tems is the total energy, potential and kinetic energy
in physical systems, and can play the role of Lyapunov
function for the system. However, when the system is
forced by external input such as set-point regulation,
the Hamiltonian function dose not necessarily have a
minimum at the desire operating point. In this case,
we could employ a pre-feedback and shape the Hamil-
tonian function such that the closed loop system has
Hamiltonian structure with the modified function to
ensure stability. Furthermore, under some detectabil-
ity conditions, asymptotic stability is also ensured. The
problem of passivity-based control for PCH systems
has been investigated by [2]~[4] and several applica-
tion examples have been illustrated by [5, 6].

In practical engineering, disturbance attenuation and
parametric uncertainty are also important issues. PBC
design method has been extended by many researchers
to achieve 'y—dissipativity[7] that not only guarantees
asymptotic stability but also renders the Lo-gain from
disturbance to a penalty signal less than a given level
v > 0. As PBC design, a key to solve the distur-
bance attenuation problem along this line is to con-
struct a proper storage function that ensures the ~-
dissipativity. Several effective methods have been re-
ported by [8]~[10]. For nonlinear systems with un-
known parameters, the PBC design methodology has
been extended to include adaptive mechanism.

In this paper, we are interested in the problem of L,
disturbance attenuation for the Hamiltonian systems
with parametric perturbations. It will be shown that
for a given v > 0, 7y-dissipativity can be achieved by
making a sufficiently large damping injection in the
second design stage only, if the penalty signal is prop-
erly defined. Then, we will consider the case when



the Hamiltonian system involves parametric perturba-
tions. We shall show that if the perturbations satisfy a
suitable matching condition, then an adaptation mech-
anism can be added to the feedback controller to es-
timate the controller parameters corresponding to the
parameter perturbations.

Another aim of this paper is to apply the proposed
approach to power systems. Application examples of
the PBC methodology on the power system have been
shown by [11, 12]. An adaptive Ly-disturbance attenu-
ation control has been illustrated by [13], and an Hamil-
tonian system view has been reported by [6]. In this
paper, it will be shown that the proposed approach
can be applied to the excitation control problem of the
power system with electrical parameter perturbations.

2 Preliminaries

Consider the port-controlled Hamiltonian system with
dissipation described by

i =[J(z) — R(z)) %I;[—(m) +g(z)u
o (1)
y=g ($)5‘$‘($)

where £ € X, an n-dimensional manifold, u,y € R™
are the input and output, respectively; H : R™ - R
represents the total stored energy called Hamiltonian
function, J(z) is a skew-symmetric structure matrix,
and R{z) is a non-negative symmetric matrix.

An interesting property of this class of the systems is
that the Hamiltonian function H(z) can play the role
of Lyapunov function for stability analysis, i.e. if H(x)
admits a strict minimum at z., then z. is an stable
equilibrium of the unforced systems

i = [J(x) - Bla)] S (@) 2)

Usually z. corresponds to the zero operating point,
therefore the control input can be used to shape the
Hamiltonian function H(z) — H.(z) (and eventually
to inject additional damping R(z) — R.(z)) such that
under a proper feedback u = a(z), the closed loop sys-
tem has the Hamiltonian structure, i.e.

- B9 4 g@ale) = 1~ RT3

and H.(z) admits a strict minimum at a desired equi-
librium zo. This problem has been investigated by [2].

The main objective of this paper is the disturbance
attenuation. We will start with the model (1) to which
we add a disturbance

0H

& = [J(2) - Rz)] 5 ~(2) +g(&)(u+w)  (4)

where w € R™ is an unknown disturbance.

The L, disturbance attenuation objective is as follows:
Given a penalty signal z = ¢(z), a disturbance atten-
uation level v > 0 and a desired equilibrium zy € R™.
Find a control law u = k(z) and a positive storage
function V(z) such that the v-dissipation inequality

V+ Q@) < sl ~ P, Vo (5)

holds along all trajectories of the closed loop sys-
tem consist of (4) with the feedback law, where
Q(z) (Q(z) # 0,Vx # z¢) is a given non-negative defi-
nite function.

3 Control Law Design

3.1 Known parameter case

Suppose that for the system (4) there exists such a
feedback u = a(z) that preserves Hamiltonian struc-
ture with a modified Hamiltonian function H.(z) and
a symmetric non—negative matrix R.(z), i.e. (3) holds,
and H. admits a strict minimum at the desired equi-
librium zo. A method for seeking such a feedback law
a(z) has been proposed by [2].

Let the penalty signal is defined as follows

2 = h(a)g” (7)o (0) ©

where h(z) is a weighting matrix.

Theorem 1. Consider the system (4) with the penalty
signal (6). For any given v > 0, the L, disturbance
attenuation objective is achieved by the following feed-
back control law.

u = afz) + f(z)

Proof. Note that, under the feedback (7), the closed
loop system with the modified Hamiltonian function
H, can be represented by

£ = [e(e) ~ Bu(e)] 0 4 g(2)(6(2) + )
T ®
2 = ha)g" (1) 52 (@)

Along any trajectory of this system, a straightforward
calculation gets

_9TH. , 0H. 9"H.
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Hence, by substituting 3(z) into the right side and
setting the non-negative definite function Q(z) =
0TH, OH

oz ($)Rc(m)6—;(z), we have

Fo+ Q) < S0Pl P}, Yo (10

This means the Hamiltonian function H. serves as the
storage function for the closed loop system. i

Remark 1. The PBC design mentioned in Section
1 allows us to calculate the pre-feedback a(x) which
shapes the energy and adds damping, that is, H(z) —
H. (z), R(z) - R.(z) in such a way that the unforced
system, i.e. w = 0, is stable at the desired equilibrium
Tg. Theorem 1 shows that in order to furthermore
render the closed loop system ~-dissipative, we only
need to inject additional damping in the second stage

Re(z) = Ro(@) + 9(0)} {1 + W7 (2)h(2) } 4" ).

3.2 Adaptive case
We now consider the case when the model of system (4)
involves parameter perturbations. Let the parameter
perturbations be represented by a constant vector p
whose nominal value is zero. Suppose that the system
(4) is represented by

. OH

i = [J(2,p) - R(z,p)] 5 (@p) + 9@)(u+w) (1)
For simplicity, we denote J(x,0) = J{(z),R(z,0) =
R(z) and H(z,0) = H(z).
In this case, the modified Hamiltonian function H.,
Je, R. and the pre-feedback law a will involve the per-
turbed parameter vector p, i.e. under the state feed-

back
u=a(z,p)+v (12)

the closed loop system can be represented as follows
. 0H.
& = [J(z,p) = Re(2,p)] —5—(2,p) +9(z)(v +w) (13)

Decompose all functions related to the perturbed pa-
rameters p as follows:

O0H. OH.

oz Oz
Je(z,p) = Je(z) + Ay(z,p), a(z,p) = a(z) + Aua(z,p)
where A;(z,0) = 0 (1 = H, R, J, a). It should be
noted that we denote the corresponding nominal func-
tions as H.(z) = H.(z,0),J.(z) = J:(x,0),R:(z) =
Rx,0) and a(zr) = a(z, 0) for simplicity.

+ Ah(zvp)y Rc = Rc(z) + AR(zap)v

Since the parameter perturbation vector p is unknown,
we substitute the nominal function a(z) with the nom-
inal parameter for the previous feedback a(z,p), and
design an adaptive controller

{ u = a(2) + fa(s,9)

b = ¢(x) (14

where § € R? is a parameter estimate vector

Therefore, our goal is to seek the functions 8,(z,8),
¢(z) and to modify the energy function H.(z) in such
a way that the y-dissipation inequality

U+Q@ < 3l - eP)  (19)

holds for a properly constructed storage function
U(x,9).

Theorem 2. Consider the system (11) with the
penalty signal (6). Assume that there exists a func-
tion ¥(z) such that

{Je(z,p)=Re(z, ) }An(z,p)~9(2) Au(z) = g(z)¥" ()8
(16)
hold for all z. Then, for any given v > 0, the adaptive
L, disturbance attenuation problem is solved by
1(1 OH -
, = —— —7 T TY e T
B {72 +h h}g p U (z)0

2
6 = DU(@)g" (@) e (z)

(17)

where 6 € R? denotes a constant parameter vector,
6 is an estimation of § and I' = diag{p1,p2, -, pq},
pi >0 =1,2,q).

Proof. For system (11), we perform the feedback (14)
with functions given by (17). Then, using the condition
(16), the closed loop system can be presented by

b= Uelep) ~ Re(op)] e (2)
+9(@){¥T ()0 + Ba(z,0) +w}  (18)

For this system, we modify the energy function H. to
generate the desired storage function U as follows:

Uz, 0) = Ha(z) + %(9 — @)Y O - d()  (19)

Then, along any trajectories of the system, we have

oTH, 0H.
U - 9z (:L‘)Rc(m,p) oz (.’E)
OTH, [ 1.1 7., 7OH:
+ 5z {—5[?14‘}1, h]g '—6?""(1)}
oTH,

+ L2 (2)g(2) 87 (2)(6 — B) — 6T (9 - @D)

oz

Note that, the parameter adaptation law is given by

OH,

0 = ¢(z) = T (a)g” () 5

(z) (21)

Thus, by the same techniques used in the proof of The-
orem 1, we obtained

0+Q@) < 3 { ol - P v (2)



Remark 2. The basis of the feedback control law
B.(z,8) is the control law given in Theorem 1, i.e. the
first term in f, is the damping injection to achieve -
dissipativity for the nominal system. The second term
¥7T (z)d is constructed based on the parameter estima-
tion for compensation of the perturbed parameter. In
view of condition (22), boundedness of parameter esti-
mation 6 as well as convergence of z(t) towards a mini-
mum of H.(z) is guaranteed. Notice, however, that this
point does not correspond to the minimum of the actual
energy function H.(xz,p), but to one that results from
our g priori estimate. Therefore, the presence of pa-
rameter uncertainty will induce a shift in the achieved
equlibrium. This bias will, of course, dissapear if the
estimate error § — 0 converges to zero, which requires
some persistency of excitation requirements.

4 Application to Power Systems

In this Section, we will apply the proposed controller to
the problem of excitation of power systems. The prob-
lem has been addressed by many researchers. A non-
linear control approach based on the exact lineariza-
tion method has been proposed by [14], while PBC
have been investigated by [11, 6, 12]. L. disturbance
attenuation problem has been also studied by [13, 7]
for the power system. The design proposed in [?] is
based on 7-dissipativity, however, the physical energy
was not taken account in constructing the storage func-
tion. The controller obtained by constructing the stor-
age function recursively has a rather complex structure.
We will show that the power system forced by a con-
stant excitation signal which is for set-point regulation
has the Hamiltonian structure. Therefore, applying
the proposed design approach, the ~y-dissipativity can
be achieved by simple feedback, injection additional
damping only, and the controller can be easily extended
to the adaptive version.

4,1 System description

A simplified single-machine infinite bus power system
with silicon-controlled rectifier (SRC) direct excitor is
as shown in Fig.1. A model for excitation control of

this system can be written as follows:(14]

§ = w(t) —wo (23)
] D W
o = —3rw(t) ~wol + H{Pn — Pe()} (29)
. . 1 24—
__ 1 Td~ 14 ) 2
£, T’E Tao x5, Vacoso+ TdO Vi+w (25)

E!(t)V,

where P.(t) —L7—sind is the active electrical
E

power, §(t) and w(t) are angle and speed of the rotor,

respectively. E;(t) is the transient EMF in the quadra-
ture axis of the generator. Vy denotes the control input
of the SCR. amplifier of the generator, and w denotes
the unknown disturbance which caused by faults in the
line or loads level variation, etc. !

We only consider the excitation control loop. Hence,
we assume that the mechanical input power P,, and the
speed of synchronous machine wy are constants. Define
the state variable by

Ty =6, Ta=w-wy, r3=F, (26)

Then, dynamics of the system can be represented by
the following state space model:

Ty =Ty
Lo = —Dpyzo — brzzsinz, + P (27)
I3 =crcosz, —crr3+V +w

where the control input V(t) = T%Vf(t), and the pa-
rameters are defined by
D (/.J()‘/_s Wo Td — :E:l

—7b = aP_ Pm,C T 7
Mt T Ml M ™ T Tl

Dy =

As it is well-known (see e.g. [12] for a recent refer-
ence) if we insert a constant excitation input V (t) = 4,
then the system with w = 0 has a local equilibrium
(Z1e,0, z3.) solution of

{ brrs.sinz,, = P

CTZ3e — C[, COST1e = U

with an energy-like function

H.(z)

1
= 5:1:% + brzs(coszy. — coszy)

1brc

_P($1—$1e)+_ LT
2 Cr,
that qualifies as a Lyapunov function for the forced

system (27) with the constant input

(1123 - 2)36)2 (28)

V(t) =@ = crz3. — €L COS T1e (29)

It is easy to check that H.(z) admits a local strict min-
imum at (z;.,0,z3.), and the forced system (27) with
the feedback control

V() =t+v (30)

can be represented by the following formulation with
the Hamiltonian function (28)

. O0H,
i = () ~ Relo)) e (a) 4 gla)o + ) (31)
where g(z) = [0 0 1] and the matrices defined by
0 1 0 0 0 0
J=|-1 00|, Re=|0 Dy O (32)
0 00 0 0 &

18ee 7] for the notation of the model parameters.



4.2 Control law design

Consider the penalty signal defined by (6) with the
weighting function h(z) = [ z1 272 gsz3 |7, q >
0(i = 1,2,3), i.e.

z = h(x) {bL(cosxle —coszy) +

brer (o — xge)}
L
(33)

Our goal is as follows: For given desired equilib-
rium (z1e,0,2z.3) and any given disturbance attenua-
tion level v > 0, find a feedback control law such that
the closed loop system consist of (27) and the control
law has the property of y-dissipativity.

As mentioned above, the system (27) forced by the con-
stant input (29), a(z) = @, has the Hamiltonian struc-
ture and the total energy function H. admit a strict
minimum at the desired equilibrium. Thus, applying
Theorem 1 to the system (27) gets s desired feedback
law as follows:

3
111
= Or¥3e — CLCOST1e — 5 [? + quxf]
i=1
brer
= bL(COlee - COS.’I)l) + c—(xs —_ x3e) 34)
L

We now design the adaptive controller for the power
system. When a fault occurs or the structure of the
network changed, the parameters of the electrical equa-
tion will change drastically, and so, the equilibrium z;.,
z3. will be changed. Therefore, it is reasonable in the
practical power systems to consider the uncertainties
in the coefficients of electrical equation ¢y, cr, 1. and
Z3.. We consider the parameter perturbation as fol-
lows: ¢ = ¢ +p1, cr = Cc7+P2,C08T . —> COST1e+DP3,
Z3. — T3e + pa, where p1,pa,p3,ps are bounded un-
known constants.

Then, it is easy to check that the Hamiltonian function
H.(z,p), the structure matrices J.(z,p), R.(z,p) and
the feedback a(z,p) can be decomposed by

0H, 0H

e (z,p) = 2 +An(z,p), Rc(z,p) = R.+Ar(z,p)

Je(z,p) = Jo(x) + As(2,p), a(z,p) = a(z)+Adz,p)
with the perturbed functions defined by

An(z,p) =[0 0 b8 +br85(z3—23.)]", As(z,p) =0,

Ar(z,p) = diag{0, 0, 7}, Ao =6
L

where

cT + P2
9 = — , 9, =
1 =DP3 cL+p1p4 2

cr+p:  Cr
e +p1 cn’

85 = {(cr + p2)(@3e + pa) — (cL + p1) cos(z1e + p3)}

—{erse —cpcoszye}

Define the parameter estimate vector 8 = [6; OQ]T,
where 6, = 6] — 65 and 6, = 65, and let the matrix
function be given by

UT(z) =[1 (23— z30)] (35)

Thus, the perturbed functions will satisfy the match-
ing condition (16). From Theorem 2, we obtained the
following adaptive feedback law

(ERTES %[;15 + 23:1 q2z2){br(cos T1. — cOS 1)
. +%CT($3 —3e)} — b1 — (x3 — 13.)02
0,1 = p1{br(cosz1. — cos ;) + bLg—(mg —z3.)}

6, = p2{br(cos zle—cosx1)+bL%f(wg—x;;e)}(a:g—zge)
(36)
where p; > 0 and p2 > 0 are the adaptation gains.

4.3 Simulation results

The simulation was implemented in the PSASP pack-
age which is a professional testing system for power sys-
tems designed by Chine Electrical Power Research In-
stitute. A synchronous generator (100MW) against an
infinite-bus with SCR. excitor was chosen as the exam-
ple system. Dynamical performance under a fault will
be tested for the cases with different disturbance atten-
uation level v. The fault considered in this simulation
is a symmetrical three-phase short-circuit fault during
the time period 0~0.2(sec.), and the fault location is
at the middle of the transmission line. Also, the limi-
tation of excitation value 0.0(p.u.) < V(t) < 4.0(p.u.)
is considered in the simulation.

We consider the following operating point: dp =
0.7439rad., wo = 1.0p.u.,Ejy = 0.9361p.u.. Hence,
the desired equilibrium is given by (z1.,0,z3.) =
(0.7439,0,0.9361).  The weighting coefficients in
penalty signal are chosen as ¢; = ¢2 = ¢3 = 0.1, and
the parameter adaptation gains as p; = p» = 0.01. Us-
ing these design parameters and nominal parameters of
the power system, the adaptive controller with L, dis-
turbance attenuation was designed by Theorem 2. A
simulation results with the designed controller are as
shown in Fig.1 and Fig.2.

Figure 1 shows the responses of the power angle 4(t),
the relative speed of the generator w(t) and the tran-
sient EMF E;(t) with the adaptive controller when
the disturbance attenuation level are chosen by v =
10.0,1.0,0.1, respectively. Figure 2 shows a simulation
result when the model parameter used in the controller
design is perturbed 50% from the nominal values. The
parameter estimation is also shown in Figure 1, and
the disturbance attenuation level is chosen as v = 0.1.
The initial values of the parameter estimate are set as
6:(0) = 92(0) = 0.0 in all cases. It can be seen from



the simulation that the dynamical performance and the
transient stability can be improved by reducing the dis-
turbance attenuation level +.

5 Conclusions

In this paper we discussed the Ly control problem for
Hamiltonian systems. We have first shown that the L,
gain from disturbance to a penalty signal can be re-
duced to any level by injection of additional damping,
if the penalty signal is defined properly. Then, we pre-
sented a methodology to introduce parameter adaptive
mechanism for the Ly controller. Finally, the proposed
controller was applied to a power system, and effective-
ness of the proposed controller were shown by simula-
tion implemented on a professional testing system.
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