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Stabilization of synchronous generators with the Hamiltonian
function approach

Yuzhen Wang{, Daizhan Cheng{ and Yiguang Hong{

Using the Hamiltonian function approach, this paper proposes an energy-based stabi-

lizing method for a ® fth-order model of synchronous generators to keep the terminal

machine voltage (output) remaining at a given expected value. By constructing a

Hamiltonian function as the total energy function for the ® fth-order model and chang-

ing the system into a forced Hamiltonian system with dissipation, an energy-based
Lyapunov function is obtained. As the result, a suitable stabilizing controller is con-

structed for the system. Simulation shows the eVectiveness of the stabilizing method

proposed in this paper.

1. Introduction

In recent years, the stabilizing control techniques for

generators have received a great deal of attention and

many contributions have been made to the design stabi-

lizing controllers (Marino 1984, Lu and Sun 1989, 1996,

Mak 1992, Wang et al. 1992, Brasca et al. 1993, Marino

et al. 1993, Brasca and Johanson 1994, Bittanti et al.

1996, Lahdhiri and Alouant 1997, Savaresi et al. 1997,

Savaresi 1999). One of the focuses in the control of

power systems is excitation control. Various control

techniques have been used, which include the pro-

portional± integral± derivative (PID) excitation control,

supplementary control, linear optimal± suboptimal

excitation control and nonlinear optimal excitation

control (Lu and Sun 1989, 1996, Mak 1992, Brasca

et al. 1993, Brasca and Johnson 1994, Bittanti et al.

1996, Lahdhiri and Alouant 1997, Savaresi et al. 1997,

Savaresi 1999).

A new stabilizing method for forced Hamiltonian

systems with dissipation was proposed by Maschke et

al. (1998). The method has been applied by Maschke et

al. (1999) to derive a stabilizing controller for the boost

converter, and by Cheng et al. (1999) to the stabilization

of the third-order model of power systems. This method,

which will be called the Hamiltonian function approach

later, is an energy-based method. It can provide a design

method for controls to stabilize the system according to

the modi® ed total energy function of the forced

Hamiltonian system.

In this paper, we shall use the method to investigate

the stabilization of a widely used ® fth-order model of

synchronous generators (Brasca et al. 1993, Brasca and

Johnson 1994, Bittanti et al. 1996, Savaresi et al. 1997).

The model is as follows:

d

dt
x1…t† ˆ «nx2…t†;

d

dt
x2…t† ˆ 1

Tm

…Pm ‡ b0Vn…t†fx5…t† cos ‰x1…t†Š

x4…t† sin ‰x1…t†Šg†;

d

dt
x3…t† ˆ 1

T 0
do

… x3…t† b0…Xd
·XX 0

d†fx4…t†

Vn…t† cos ‰x1…t†Šg ‡ Vf…t††;

d

dt
x4…t† ˆ 1

T 00
do

… x4…t† b0… ·XX 0
d X 00

d †fx4…t†

Vn…t† cos ‰x1…t†Šg ‡ x3…t††;

d

dt
x5…t† ˆ 1

T 00
qo

… x5…t† b0…Xq X 00
q †

£ fx5…t† Vn…t† sin ‰x1…t†Šg†:

…1†

The output equation is
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V…t† ˆ ‰…x5…t† X 00
q b0fx5…t† Vn…t† sin ‰x1…t†Šg†2

‡ …x4…t† X 00
d b0fx4…t† Vn…t† cos ‰x1…t†Šg†2Š1=2;

…2†

where x1…t† is the load angle ¯, x2…t† is the machine±
network relative speed !, x3…t† is the transient emf Ád

on the direct axis, x4…t† is the subtransient emf Áq on the

quadrature axis and x5…t† is the subtransient emf Ád on

the direct axis. Vf…t† is the excitation voltage (the sys-

tem’s control input), V…t† is the terminal machine volt-
age (the system’s output), and «n, Pm, Vn, T 0

do…T 00
do, T 00

qo,

T 00
d , T 0

d†, Xd…Xq; X 00
d , X 00

q † and Tm are the nominal net-

work speed, the mechanical power, the in® nite power

network voltage, characteristic time constants of the

machine, characteristic reactances of the machine and
the start-up time respectively. b0 ˆ 1=…X 00 ‡ Xe†,
X 00 ˆ …X 00

d ‡ X 00
q †=2, ·XX 0

d ˆ X 0
d ‡ …T 00

d =T 0
d†…Xd X 0

d†,
X 0

d ˆ Xd…T 0
d=T 0

do† and Xe is the network’s external reac-

tance.

In this paper the Hamiltonian function approach is

used to design a control Vf…t† to stabilize the ® fth-order
system and, meanwhile, make the output V…t† remain at

a given expected value.

The paper is organized as follows. The problem for-

mulation and a brief review of the Hamiltonian function

approach are given in } 2. The energy-based stabilizing
method is proposed in } 3. To begin with, a Hamiltonian

function as the total energy function for the given ® fth-

order model is constructed and the model is transformed

into a forced Hamiltonian system with dissipation in the

section. Secondly, the controller and the working point
(equilibrium) of the forced Hamiltonian system for the

expected terminal machine voltage are determined.

Thirdly, to stabilize the system at the equilibrium

point, we embed the forced Hamiltonian system into

an enlarged Hamiltonian system, for which a series of

Casimir functions can be easily constructed. Then the
modi® ed total energy function of the forced

Hamiltonian system provides the candidate of a

Lyapunov function for the equilibrium point. In } 4,

some numerical simulations are presented, and } 5 is a

comparison of our approach with other results.

2. Aim and preliminary remarks

2.1. Aim of this paper

Consider the ® fth-order model (1)± (2). Our aim is to

® nd a suitable excitation control Vf…t† such that the

output V…t† (the terminal machine voltage) remains at
a given expected value Ve, that is V…t† ˆ Ve, while the

forced system is stabilized. The stability is ensured by

constructing an energy-based Lyapunov function for the

forced system.

To this end, we shall use the Hamiltonian function

approach to get a desired control Vf…t† and a desired

energy-based Lyapunov function. In order to use the

Hamiltonian function approach, a key point is to con-

struct a Hamiltonian function for system (1) and to
convert (1) into a forced Hamiltonian system with dis-

sipation. In fact, this problem is called the Hamiltonian

realization problem. Since the aim of this paper is from

the stabilization aspect of the system, we just present the

resulting form without carrying out the realization pro-

cedure.

2.2. A brief review of the Hamiltonian function

approach

This section provides some necessary concepts and

results in the Hamiltonian function approach

(Maschke et al. 1998).

Consider a forced Hamiltonian system with dissipa-

tion

§ :
_xx ˆ ‰J…x† R…x†Š @H

@x
‡ g…x†u;

y ˆ gT…x† @H

@x
;

…3†

where x 2 Rn, u 2 Rm, R…x† is a non-negative de® nite

symmetric matrix corresponding to the energy dissipa-

tion and J…x† is a skew-symmetric matrix.
From (3), the power balance is obtained as (Maschke

et al. 1998)

dH

dx
ˆ @H

@x

³ ´T

R…x† @H

@x
‡ uTy: …4†

In the case when u ˆ 0, (3) and (4) become

_xx ˆ ‰J…x† R…x†Š @H

@x
; …5†

dH

dx
ˆ @H

@x

³ ´T

R…x† @H

@x
4 0: …6†

If x* is a minimum of H…x†, then necessarily

…@H=@x†…x*† ˆ 0, and thus x* is an equilibrium of the

unforced system (5). From (6) we know that the system

is stable at the equilibrium x* (Maschke et al. 1998).

However, in many applications (Cheng et al. 1999,
Maschke et al. 1999), one wants to investigate the sta-

bility of (3) for a constant but non-zero input ·uu 2 Rm.

Suppose that ·xx is the equilibrium point of the forced

system with u ˆ ·uu, then

‰J…·xx† R…·xx†Š @H

@x
…·xx† ‡ g…·xx†·uu ˆ 0: …7†

In general, ·xx may not be a minimum (or an

extremum) of H…x†. Thus, the total stored energy can

not be used as a Lyapunov function for investigating the

stability of ·xx. Maschke et al. (1998) de® ned an extended

972 Y. Wang et al.



system as the following (assume that J…x† R…x† is

invertible):

_xx

_¹¹

Á !
ˆ

J…x† J…x†K…x†

‰J…x†K…x†ŠT Js…x†

" #Á

R…x† R…x†K…x†

‰R…x†K…x†ŠT Rs…x†

" #! @H¬

@x

@H¬

@¹

0

BB@

1

CCA; …8†

where

K…x† 7 ‰J…x† R…x†Š 1g…x†;

H¬ 7 H…x† ·uuT¹;

Js…x† 7 KT…x†J…x†K…x†;

Rs…x† 7 KT…x†R…x†K…x†:

It is easy to see that in this enlarged system the x

dynamics are unaŒected. Thus system (3) with u ˆ ·uu
has been embedded in dynamics (8) (Maschke et al.
1998).

Lemma 1: Assume that there exist m smooth functions

Cj : Rn !R … j ˆ 1; 2; . . . ; m† such that

Kij…x† ˆ
@Cj

@xi

; i ˆ 1; 2; . . . ; n; j ˆ 1; 2; . . . ; m: …9†

Then system (3) with u ˆ ·uu can be changed to

_xx ˆ ‰J…x† R…x†Š @H·uu

@x
: …10†

Here,

H·uu…x† 7 H¬…x; C…x† ‡ c†

ˆ H…x†
Xm

jˆ1

·uuj‰Cj…x† ‡ cjŠ; …11†

where cj; j ˆ 1; 2; . . . ; m are constants.

Lemma 2: H·uu…x† in (11) is a candidate of the energy-

based Lyapunov function for the equilibrium point ·xx.

Furthermore, if ·xx is a minimum of H·uu…x†, then H·uu…x†
becomes a Lyapunov function.

3. Main results

3.1. Control design

This section provides a procedure for constructing a

suitable Hamiltonian function and for converting the
system into a generalized Hamiltonian system.

Step 1. Hamiltonian dissipative realization. Two sub-

steps are necessary to perform the realization:

(a) Choose a suitable skew-symmetric matrix

J…x† and a suitable non-negative de® nite

symmetric matrix R…x† such that system

(1) can be rewritten as

_xx ˆ ‰J…x† R…x†Š f …x† ‡ g…x†Vf…x†;

where g…x† ˆ …0; 0; 1=T 0
do; 0; 0†T and f …x†

is uniquely determined.

(b) Check whether ‰ f …x†ŠT is closed, that is

whether there exists a function H…x† such

that f …x† ˆ @H=@x. If ‰ f …x†ŠT is closed,

the Hamiltonian realization is completed,

or else we have to go back to (a) and

rechoose J…x† and R…x†, and then go to

(b) again.

In fact, we complete the Hamiltonian dissipa-

tive realization mainly by the trial-and-error

method with experience.

For system (1), let

a ˆ Pm

Tm

; b ˆ b0

Tm

Vn; c ˆ 1

T 0
do

;

d ˆ b0…Xd
·XX 0

d†
T 0

do

; e ˆ 1

T 00
do

;

f ˆ b0… ·XX 0
d X 00

d †
T 00

do

; k ˆ 1

T 00
qo

and

h ˆ
b0…Xq X 00

q †
T 00

qo

:

By trying to solve a series of algebraic equa-

tions, we can ® nally rewrite system (1) as

_xx1

_xx2

_xx3

_xx4

_xx5

2

666666664

3

777777775

ˆ

0 1 0 0 0

1 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

2

666666664

3

777777775

0

BBBBBBBB@

0 0 0 0 0

0 0 0 0 0

0 0 F
dVn

b
0

0 0
dVn

b

fVn

b
0

0 0 0 0
hVn

b

2

66666666664

3

77777777775

1

CCCCCCCCCCA

Stabilization of synchronous generators with Hamiltonian function approach 973



£

a b…x5 cos x1 x4 sin x1†

«nx2

S1x3 ‡ S2x4

S2x3 ‡ S3x4 b cos x1

…b=hVn†…k ‡ h†x5 b sin x1

2

666666664

3

777777775

‡

0

0

c

0

0

2

666666664

3

777777775

Vf ; …12†

where

S1 ˆ
be…cf ‡ de†

dVn…ef cf de† ;

S2 ˆ be2

Vn…ef cf de† ;

S3 ˆ b

Vn

e2 ‡ ef ce cf de

ef cf de
;

F ˆ dVn…e c†
be

:

Then, solving the equation

a b…x5 cos x1 x4 sin x1†
«nx2

S1x3 ‡ S2x4

S2x3 ‡ S3x4 b cos x1

…b=hVn†…k ‡ h†x5 b sin x1

2

6666664

3

7777775
ˆ @H

@x
; …13†

we obtain the following Hamiltonian function

H…x† for system (1):

H…x† ˆ ax1 b…x5 sin x1 ‡ x4 cos x1†

‡ 1
2 «nx2

2 ‡ 1
2
S1x

2
3 ‡ S2x3x4

‡ 1
2
S3x2

4 ‡ b

2hVn

…k ‡ h†x2
5; …14†

which is taken as the total generalized energy.

The last ® ve quadratic items represent the

kinetic energy and the rest stand for the poten-

tial energy.

Using (12)± (14), system (1) can be rewritten

as

_xx ˆ ‰J…x† R…x†Š @H

@x
‡ g…x†u; …15†

where

J…x† ˆ

0 1 0 0 0

1 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

2

666666664

3

777777775

;

R…x† ˆ

0 0 0 0 0

0 0 0 0 0

0 0 F
dVn

b
0

0 0
dVn

b

fVn

b
0

0 0 0 0
hVn

b

2

6666666666664

3

7777777777775

g…x† ˆ ‰0 0 c 0 0ŠT;

x ˆ ‰x1 x2 x3 x4 x5ŠT;

u ˆ Vf :

It is easy to check that, for actual parameters,

R…x† is a positive semide® nite matrix corre-
sponding to the energy dissipation. Equation

(15) is a forced Hamiltonian system with dissi-

pation.

Step 2. Determination of the stabilizing control. In this

step, we shall ® nd a new equilibrium point and
a suitable stabilizing control u such that the

output V…t† ˆ Ve (the given expected terminal

machine voltage).

Solving the equations

‰J…x† R…x†Š @H

@x
‡ g…x†u ˆ 0;

V…t† ˆ f‰x5 X 00
q b0…x5 Vn sin x1†Š2

‡ ‰x4 X 00
d b0…x4 Vn cos x1†Š2g1=2

ˆ Ve …16†

obtained from (15) and (2), we can obtain the

control ·uu and a suitable working point, which
ensures a working voltage predicted by engin-

eering requirements.

Assume that (16) has a solution

…·xx; ·uu† ˆ …‰·xx1 ·xx2 ·xx3 ·xx4 ·xx5ŠT ·uu†: …17†

Apparently, ·xx is an equilibrium point of the
following system:

_xx ˆ ‰J…x† R…x†Š @H

@x
‡ g…x†·uu: …18†

It is proved later in theorem 1 that u ˆ ·uu is a

suitable control such that V…t† ˆ Ve.

974 Y. Wang et al.



Step 3. Construction of a candidate of the Lyapunov

function. This step will modify the total energy

H…x† to generate a candidate of Lyapunov

function for system (18).

It is easy to check that J…x† R…x† is inver-
tible. By a straightforward computation, we

obtain

K…x† ˆ …J…x† R…x†† 1g…x†

ˆ ‰0 0 k3 k4 0ŠT; …19†

J…x†K…x† ˆ ‰0 0 0 0 0ŠT;

KT…x†J…x†K…x† ˆ 0;

R…x†K…x† ˆ ‰0 0 c 0 0ŠT;

KT…x†R…x†K…x† ˆ ck3:

Here,

k3 ˆ
becf

dVn…cf ef ‡ de† ;

k4 ˆ bce

Vn…cf ef ‡ de† :

According to (8), we obtain an extended system

as follows:

_xx1

_xx2

_xx3

_xx4

_xx5

_¹¹

2

666666666664

3

777777777775

ˆ

0 1 0 0 0

1 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

2

666666664

3

777777775

0

0

0

0

0

2

666666664

3

777777775

‰0 0 0 0 0Š 0

2

666666666664

3

777777777775

0

BBBBBBBBBBB@

0 0 0 0 0

0 0 0 0 0

0 0 F
dVn

b
0

0 0
dVn

b

fVn

b
0

0 0 0 0
hVn

b

2

6666666666664

3

7777777777775

0

0

c

0

0

2

6666666666664

3

7777777777775

‰0 0 c 0 0Š ck3

2

6666666666666664

3

7777777777777775

1

CCCCCCCCCCCCCCCA

£

@H¬

@x

@H¬

@¹

0

BB@

1

CCA; …20†

where,

H¬…x; ¹† ˆ H…x† ·uu¹

ˆ ax1 b…x5 sin x1 ‡ x4 cos x1†

‡ 1
2
«nx2

2 ‡ 1
2
S1x

2
3 ‡ S2x3x4 ‡ 1

2
S3x

2
4

‡
b

2hVn

…k ‡ h†x2
5 ·uu¹: …21†

Now system (18) has been embedded into the
extended system (20).

Set

C…x† ˆ k3…x†x3 ‡ k4…x†x4: …22†

It is easy to verify that

@C…x†
@x

ˆ K…x†: …23†

Thus, C…x† satis® es (9). From lemmas 1 and 2,

we can obtain the following function as a can-
didate of an energy-based Lyapunov function

for system (18):

H·uu…x† ˆ H¬…x; C…x†† ˆ H…x† ·uuC…x†

ˆ ax1 b…x5 sin x1 ‡ x4 cos x1†

‡ 1
2 «nx

2
2 ‡ 1

2
S1x2

3 ‡ S2x3x4

‡ 1
2
S3x2

4 ‡ b

2hVn

…k ‡ h†x2
5

·uuk3x3 ·uuk4x4; …24†

while system (18) is rewritten as

_xx ˆ ‰J…x† R…x†Š @H·uu

@x
: …25†

Since ·xx is an equilibrium point of (18), ·xx is

also an equilibrium point of system (25). Thus,

H·uu…x† is a suitable candidate of the Lyapunov

function for the equilibrium point ·xx.

3.2. A theorem

The following theorem gives a condition for H·uu…x† to

be a real Lyapunov function.

Theorem 1: Consider system (1)± (2) and the equilibrium
point ·xx determined by (16). Let D ˆ S1S3 S2

2 . If ·xx satis-

® es

hVnD
k ‡ h

sin2 ·xx1 ‡ aD
b

cot ·xx1 S1b sin2 ·xx1 > 0;

D > 0;

…26†

then H·uu…x† given by (24) is a Lyapunov function for ·xx and

the system can be stabilized by the constant control ·uu.

Proof: Since J…x† R…x† is invertible and ·xx is an equi-

librium point of (25), we have

Stabilization of synchronous generators with Hamiltonian function approach 975



@H·uu

@x
…·xx† ˆ 0: …27†

Consider the Hessian matrix of H·uu…x†. A straightfor-
ward computation shows that

Hess ‰H·uu…x†Š

ˆ

b…x5 sin x1 ‡ x4 cos x1† 0 0

0 «n 0

0 0 S1

b sin x1 0 S2

b cos x1 0 0

2

666666664

b sin x1 b cos x1

0 0

S2 0

S3 0

0
b…k ‡ h†

hVn

3

77777777775

: …28†

By computing the leading subdeterminants of Hess

‰H·uu…x†Š, we know that Hess ‰H·uu…x†Š is positive de® nite

if and only if

S1S3 S2
2 > 0

…S1S3 S2
2†…x5 sin x1 ‡ x4 cos x1† S1b sin2 x1

hVn…S1S3 S2
2†

k ‡ h
cos2 x1 > 0:

…29†

Note that the equilibrium point ·xx is a minimum of

H·uu…x† if and only if Hess ‰H·uu…x†Šjxˆ·xx is positive de® nite

and, from (27) and (29), we know that the equilibrium

point ·xx is a minimum of H·uu…x† if and only if (26) holds.

From lemma 2, H·uu…x† is a Lyapunov function for ·xx, and
then the system can be stabilized by constant control ·uu
when (26) holds. &

Theorem 1 shows that, if (26) holds, then the stabi-

lizing control ·uu and the energy-based Lyapunov func-

tion H·uu…x† can be obtained such that system (1) is
stabilized and the output (2) remains at the given

value Ve.

4. Numerical simulation

Consider system (1) and the following parameter set,
which is expressed per unit and characterizes a power

plant situated in the northeastern part of Italy (Savaresi

1999): f«n ˆ 100p, Pm ˆ 0:6, Vn ˆ 1:2, Tm ˆ 13,

976 Y. Wang et al.
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T 0
do ˆ 5:2, T 00

do ˆ 0:022, T 00
qo ˆ 0:434, T 00

d ˆ 0:017

T 0
d ˆ 0:7458, Xd ˆ 2:05, Xq ˆ 1:954, X 00

d ˆ 0:236,

X 00
q ˆ 0:236, Xe ˆ 0:50g. A straightforward computation

shows that R…x† given in (15) takes the form

R…x† ˆ

0 0 0 0 0

0 0 0 0 0

0 0 4:3551 4:3738 0

0 0 4:3738 37:6611 0

0 0 0 0 51:4416

2

6666664

3

7777775
:

Apparently, R…x† is a positive semide® nite matrix and

J…x† R…x† is invertible. Moreover, S1 ˆ 1:4217,

S2 ˆ 1:3719, S3 ˆ 1:4708 and

D ˆ S1S3 S2
2 ˆ 0:2090 > 0: …30†

Given an expected terminal machine voltage, say,

Ve ˆ 1:1, we can obtain, by MATLAB, the following

solution to the (16):

·xx ˆ ‰0:9919 0 0:9249 0:9001 0:6563ŠT;

·uu ˆ 1:6080: …31†

Correspondingly,

H·uu…x† ˆ 0:04615x1 0:1171…x5 sin x1 ‡ x4 cos x1†

‡ 50px2
2 ‡ 0:7111x2

3 1:3721x3x4 ‡ 0:7354x2
4

‡ 0:07467x2
5 0:0804x3 ‡ 0:0093x4: …32†

It is easy to check that the ·xx in (31) satis® es (26). Thus,

H·uu…x† is a Lyapunov function for ·xx, which is a stable

equilibrium point. ·uu is the desirable stabilizing control
such that the terminal machine voltage remains at

Ve ˆ 1:1.

The simulation result is presented in ® gure 1, where

the initial condition is chosen as x0 ˆ ‰p=3 0 1 0 0ŠT,

u ˆ ·uu ˆ 1:6080. Figure 1 shows that under the control

·uu ˆ 1:6080 the states of the ® fth-order model converge

to ·xx quickly and the output V…t† reaches Ve ˆ 1:1 in a

short time. Thus, the Lyapunov function H·uu…x† ensures

the stability of ·xx, and ·uu is really the desirable stabilizing

control. Simulation shows the method proposed in this
paper is very eŒective.

5. A comparison

The exact linearization method has been used in exci-

tation control by several investigators (see for example

Lu and Sun (1989, 1996)). In particular, in a recent work

by Savaresi (1999) the method is applied to the ® fth-
order model. One contribution of the work is that it

shows that the ® fth-order model is exactly linearizable.

The model is more accurate than the widely used third-

order model. In the following a brief comparison will be

made of our approach with the exact linearization

method presented by Savaresi.

First, our approach ensures that the system has a pre-

assigned output, which is the terminal machine voltage.

From an engineering point of view this requirement is
reasonable and fundamental.

Secondly, our designed controller is much simpler

than the controller provided by the method of exact

linearization. So the method presented in the paper is

easily realizable in practice.

Roughly speaking, the stability of power systems
eventuates in the stability of the energy. Hence the

energy-based technique is a more natural method than

other techniques.

Finally, we may compare the rate of convergence of

our controller with that employed by Savaresi (1999).
Since the controller in Savaresi ’s paper is very compli-

cated, we could not realize the controller in MATLAB.

According to the data presented by Savaresi (1999), the

rates of convergence for two methods are almost the

same. Say, for our method the error (original diŒerence)
kx1 ·xx1k can be reduced to 3% in 7 s, and, for the exact

linearization approach, it takes about 8 s.

6. Conclusion

The stabilization problem of a ® fth-order model of syn-

chronous generators has been investigated by the
Hamiltonian function approach. A Hamiltonian func-

tion for the system has been constructed and the

system has been formulated as a forced Hamiltonian

system with dissipation. For a given expected terminal

machine voltage Ve, the corresponding equilibrium

point ·xx and a stabilizing control ·uu have been obtained
by solving a set of algebraic equations. By embedding

the system into a larger system and modifying the

Hamiltonian function, the energy-based Lyapunov func-

tion was obtained. Furthermore, it has been shown that

·xx is stable and ·uu is the desired stabilizing control, such
that the output voltage remains at the pre-assigned

working value. Simulation results show that the stabi-

lizing method in this paper is eŒective. A comparison of

our approach with the method of exact linearization was

presented to show that our method is simpler and easily
applicable.
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