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ABSTRACT. This paper investigates the asymptotical stabilization of the time-invariant
and the time-varying Port-Hamiltonian (PH) systems via a new kinetic energy-shaping
(KES) method. Firstly, a desired kinetic energy function is designed for the non-trivial
points. Secondly, applying the KES method to the Hamiltonian function with the desired
kinetic energy function builds some matching equations. Thirdly, solving those equations
yields some asymptotically stabilized controllers. Finally, numerical examples are given
to show the effectiveness of the proposed methods.
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1. Introduction. Port-Hamiltonian (PH) systems can represent many practical systems
such as electromechanical systems and mechanical systems [1, 2], which become a hot
issue in recent years. Though various methods [3] can control these systems, the inter-
connection and damping assignment-passivity based control (IDA-PBC) methods [3-6]
are the mainstream ways to stabilize the time-invariant and the time-varying PH sys-
tems. In a word, the IDA-PBC methods are energy-based and can be classified into three
types: parameterized methods, non-parameterized methods, and algebraic methods [4].
Depending on the IDA-PBC methods, many results for the PH systems are introduced
[7-14].

However, there are some room to be further investigated for the IDA-PBC methods.
Firstly, the original Hamiltonian function is totally energy-shaping by a desired Hamil-
tonian function in [3-5]. In fact, the original Hamiltonian function consists of a kinetic
energy function and a potential energy one, while the kinetic one is positive-definite and
the potential one is not. Therefore, the methods in [3-5] may be more complicated and can
be developed. On the other hand, a non-increasing condition that the desired Hamilton-
ian function is non-increasing in the time variable is employed to derive the stabilization
controllers for the time-varying PH systems in [8-10]. Unfortunately, this condition is
very difficult to be satisfied such that its application is very narrow.

In this paper, a new algebraic method called the kinetic energy-shaping (KES) approach
is presented, which designs a new desired kinetic energy function derived from the original
kinetic one and matches the new desired kinetic energy function with the original Hamil-
tonian function. In short, the KES method is different from those in [3-5]. As a result,
an improved control law is designed to asymptotically stabilize the time-invariant PH
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systems. Moreover, the non-increasing condition in [8-10] is avoided by the KES method
and an effective control law is presented to asymptotically stabilize the time-varying PH
systems, which enlarges its applied ranges over the existing results [8-10]. Finally, two
examples and their simulations show the effectiveness of the proposed methods.

2. Stabilization Control for Time-invariant PH Systems. Consider the following
time-invariant PH system [1]

i =)~ @) 5 4 o
v OH() @
y=g () pe

where € R" is the state vector, u € R™ (m < n) is the control input, H(z) : R* — R
is the Hamiltonian function, which is not assumed to be positive definite (nor bounded
from below), J(x) : R* — R™" R(x): R® — R™" with J(z) = —J7(z) and R(z) =
RT(z) > 0, are the natural interconnection and damping matrices, respectively, and
g(x): R — R™™ is the gain matrix and is assumed full rank. Moreover, the dimensions
of the system (1) are finite and the following definition is necessary.

Definition 2.1. ¢g*(x) is the Moore-Penrose pseudo-inverse of matriz g(z), that is,
g (@) = [g" (x)g(x)]"'g" (x).

For the property of the H(x), it cannot be a Lyapunov function candidate. Thus, in the
traditional IDA-PBC methods [3, 4], a desired Hamiltonian function H,(z) is designed to
be a Lyapunov function candidate as follows:

Hy(x) = H(x) + Ha(z) (2)

where H,(z) is an assigning Hamiltonian function. In order to obtain the function (2), it
is necessary to solve the inequality

0?Hy(x)
0x?
Depending on the relationship between the positive definite function and its extreme value,

the desired Hamiltonian function Hy(x) is a Lyapunov function candidate and naturally
satisfies the following condition

det >0 (3)

x, = arg min Hy(x) (4)

where the equilibrium z, € R" is to be stabilized.

However, it is tedious to solve the inequality (3). Additionally, the Hamiltonian function
H(z) contains a kinetic energy function K (z) and a potential energy function P(z), while
the K () is positive definite and can be a Lyapunov function candidate. Inspired by those,
a kinetic energy-shaping (KES) method is presented. It firstly designs a novel desired
kinetic energy function Ky(z) derived from the K (x). Secondly, the original Hamiltonian
function H(x) is energy-shaping with the K;(z) via some new matching equations. Let
us illustrate the KES method in details.

Firstly, the KES method designs K,(z) satisfying the following properties.

Property 2.1. The number of state variables in Kq(x) is the same as that in system (1).
Property 2.2. K,(x) is a positive definite quadratic form function, that is
x* = arg min Ky(x) (5)

where the non-trivial point x* € R™ s to be stabilized.
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Then, K,(z) is constructed in three steps as follows.

Step 1: Take out the kinetic energy function K (z) from the Hamiltonian function H(z).

Step 2: 1t is necessary to test whether the Property 2.1 holds or not. If it is true, the
kinetic energy function K (x) can be chosen as a transitive kinetic energy function K;(z).
On the contrary, the absent state variables with the forms of the positive definite should
be added into the K(z) to yield K;(z).

Step 3: Assigning any non-trivial point to the transitive kinetic energy K,;(z) generates
a desired kinetic energy function Ky(z), that is Ky(x) = Ki(x — x¥).

Remark 2.1. [t is clear that K4(z) can be chosen as a Lyapunov function candidate,
which is not the same as that in (2) and avoids computing the inequality (3). Meantime,

?Ha(z) _ [ *Ha(z)\ 1
Ox? - Ox?

Howewver, it is unnecessary for Kq(x) to satisfy this condition as it is a quadratic form
function, which assures its integrability.

Moreover, the Step 2 is important to construct Ky(x), which assures that the state
variables of system (1) are fully remained. Taking a PH system with three state variables
x1, T2 and x3 as an example, if only x1 and x4 are contained in the K(x), it is necessary

an wntegrability condition in [3] is presented to design a Hy(x).

to construct a transitive kinetic energy function K,(z) = K(x) + ‘%’2, which contains all
the state variables.

Secondly, the KES method matches the desired kinetic energy function Ky(x) with the
Hamiltonian function H (z) of the system (1) as follows:
OH (x)

() = R@) =52 + glw)u = [alw) = Ra(w)]

8Kd(x)
e (6)

which yields

where
Ja(x) = Jo(2) + J(x) = —J (2) (8)
Ry(z) = Ru(z) + R(z) = RY(x) >0 ()

and J,(x) and R,(z) are the assigning matrices for the original ones, respectively.
Depending on the matching Equation (6), an equivalent system of time-invariant PH
system (1) is

. OK(x
i = [ate) — Ra(x)) 222D (10)
x
where K,4(z) is a Lyapunov function candidate and its differential is
: OKT(z) OK(x)
K, =4y Za
() Ox Ra(z) Ox
<0 (11)

which implies that the time-invariant PH system (1) is stable. Furthermore, if the largest

invariant set is contained in
8[(;{(:6) 0K 4(x)

n|Z2d \"/ ) 12

{:E €eR e Ry(x) e 0 (12)

then, the time-invariant PH system (1) is asymptotical stabilization via the La Salle’s
invariance principle. In other words, the following theorem is true.
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Theorem 2.1. Consider the time-invariant PH system (1). If there exists a desired
kinetic energy function Kgy(x) satisfying the Properties 2.1 and 2.2, and the matrices
Jo(x) and Ry(x), such that the matching Equation (6) holds, the control law (7) stabilizes
the time-invariant PH system (1). Additionally, if the largest invariant set is contained
in the condition (12), the control law (7) asymptotically stabilizes the time-invariant PH
system (1).

In fact, if a matrix R(z) is already included in the system (1), it is unnecessary to add a
matrix R,(x) to the matrix R(x) because the latter is non-negative definite; thus, another
matching equation is established

)~ BN D gy = () — Ry B (13)

which draws forth the following corollary as a by-product.

Corollary 2.1. Consider the time-invariant PH system (1). If there exists a desired
kinetic energy function Kq(x) satisfying the Properties 2.1 and 2.2, and the matriz J,(z),
such that the matching Equation (13) holds, then the control law

0K y(x OH (x
u =) { o) = I A~ 170) - RG] PG (14
stabilizes the time-invariant PH system (1). Additionally, if the largest invariant set is
contained in KT (2) DK o)
o 0K (z Kq(x)
{x €R Ee R(x) e O} (15)

the control law (14) asymptotically stabilizes the time-invariant PH system (1).
Proof: The proof is similar to the proof of Theorem 2.1, which is omitted here.

Remark 2.2. According to the matching Equations (6) and (13), the Hamiltonian func-
tion H(x) of the system (1) is energy-shaping by the desired kinetic energy function Ky(z),
which is addressed as the KES method and is much simpler than the traditional energy-
shaping [3-5].

Furthermore, some improved conclusions will be drawn to the time-varying PH systems
following the similar line in the next section.

3. Stabilization Control for Time-varying PH Systems. Consider the following
time-varying PH system [§]

OH (z,t) gt

& =[J(2,1) = Rz, 1) —- (16)

v o OH (1)
y=g (z,t)—-

where z € R"™ is the state vector, u € R™ (m < n) is the control input. H(z,t) :
R™ x [0, +00) — R is the Hamiltonian function, which is not assumed to be positive
definite (nor bounded from below), J(z,t) : R" x [0, +00) — R™", R(z,t) : R" X
[0, +00) — R™" with J(x,t) = —J"(x,t) and R(x,t) = RT(z,t) > 0, are the natural
interconnection and damping matrices, respectively, and g(z,t) : R" x [0, +00) — R"*™
is the gain matrix and is assumed full rank. Moreover, the dimensions of the system (16)
are finite and the following definition is necessary.

Definition 3.1. gt (z,t) is the Moore-Penrose pseudo-inverse of matriz g(z,t), that is,
+ o T -1 7
g (x, 1) = lg" (2, )g(x, )] " g" (2, ).
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Since H (z,t) is not positive definite, energy-shaping should be carried out by Ky(x,t),
which is assumed to have the following properties.

Property 3.1. The number of state variables in Kq(x,t) is the same as that in system
(16).
Property 3.2. Ky(z,t) is a positive definite quadratic form function, that is

x* = argmin Ky(z, t) (17)
where the non-trivial point * € R™ is to be stabilized.

Once a Ky(z,t) is obtained satisfying the Properties 3.1 and 3.2, the KES method can
give out the following matching equation

OH (x,t)
ox

which yields an effective control law

8Kd(l’, t)

[J(I, t) - R(‘T’ t)] o

+g(z,t)yu = [Ja(z,t) — Ra(z,1)] (18)

u=g"(zr,t) {[Jd(:v,t) — Rd(x,t)]aKda—(;’t) — [J(x,t) — R(x,t)]%} (19)
where

Jy(z,t) = Jo(z,t) + J(z,t) = —JF (2,1 (20)

Ry(z,t) = Ry(w,t) + R(x,t) = R: (z,1) >0 (21)

and the assigning matrices J,(z,t) and R,(z,t) for the original ones, respectively. Due to
the above contents, the following theorem is established.

Theorem 3.1. Consider the time-varying PH system (16). If there exists a desired kinetic
energy function Kg(z,t) satisfying the Properties 3.1 and 3.2 and the non-increasing con-
dition M‘g—gx’t) <0, and the matrices J,(z,t) and R,(x,t), such that the matching Equation
(18) holds, the control law (19) stabilizes the time-varying PH system (16). Additionally,
if the largest invariant set is contained in

OKT(x,t) 0K y(z,t)
" ——" t)————= = 22
{x €ER 5 Ry(z,t) e 0 (22)
the control law (19) asymptotically stabilizes the time-varying PH system (16).
Proof: Depending on the matching Equation (18), there is
OKy4(z,t
b = [aCr. 1) — By, 1)) 222D (23)
x
where K,4(z,t) is a Lyapunov function and its differential is
- OKy(z,t)  OKI(z,t) OK4(x,t)
K, t) = — R t)—————
d<w7 ) ot o d(xa ) or
<0 (24)

which means that the time-varying PH system (16) is stable. And the La Salle’s invari-
ance principle and the condition (22) guarantee that the time-varying PH system (16) is
asymptotically stabilized by the control law (19).
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Remark 3.1. For Theorem 3.1, there exists a non-increasing condition aKCé—(t”) <0. Sim-
tlarly, some other non-increasing conditions were employed such as the mon-increasing
conditions % < 0 [8, 9] and E)H‘g—gx’t) < 0 and Hy(z,t) = H(z,t) + Ho(c1(x) +
dy, -+ ,cn(x) + dp,t) [10].  Unfortunately, some time-varying Hamiltonian functions

naturally cannot satisfy the mon-increasing condition aH(“ < 0, for ezample H(x,t) =

—cx3c08T] — ary + 2 + c—dq:g — xgsint. Hence, these non-increasing conditions will be
difficult to be satzsﬁed

Motivated by those facts, another desired kinetic energy function Ky(z) satisfying the
Properties 2.1 and 2.2 is presented, which avoids applying the non-increasing condition
and enlarges its applied fields. Depending on Ky(r), the KES method presents another
matching equation as follows:

1) = R0 2ED gty = fate ) — R ) 2585
which yields an effective control law
u=g"(z,t) {[Jd(x,t) - Rd(a:,t)]a];#x(l‘) — [J(z,t) — R(m,t)]%} (26)

As a result, the following theorem is responded to it.

Theorem 3.2. Consider the time-varying PH system (16). If there exists a desired kinetic
energy function Kq(z) satisfying the Properties 2.1 and 2.2, and the matrices J,(x,t) and
R, (z,t), such that the matching Equation (25) holds, the control law (26) stabilizes the
time-varying PH system (16). Additionally, if the largest invariant set is contained in

{x € R Max( ) Rt )a[g‘f) _ o} (27)

the control law (26) asymptotically stabilizes the time-varying PH system (16).

Proof: Since K4(z) can be a Lyapunov function candidate, calculating its differential
yields

Ko(z) = —af;d;“") Ra(w. 1) afgﬂf)

<0 (28)

which means that the time-varying PH system (16) is stable. And the La Salle’s invari-
ance principle and the condition (27) guarantee that the time-varying PH system (16) is
asymptotically stabilized by the control law (26).

Remark 3.2. For Theorem 3.2, the proposed method avoids applying the non-increasing
condition K42t

[8-10].

< 0, whose applied ranges are larger than those in the existing results

4. Numerical Example. Consider the three-phase synchronous generator model [7]

( d=w—wp
. Wo D wo b Vs
w—MPm—M(w—wo)— Ml'sz sin g (29)
. E oz
E = -1 dV cosd +
L Tcll Tdoxdz do

where
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d: rotor angle [rad]

w: rotor speed [rad/s]

wo: = 27 fo

El: q axis internal transient voltage [p.u.]

xq: d-axis synchronous reactance of the generator [p.u.]
¥l d-axis transitive reactance [p.u.]

Vi voltage of the field circuit of the generator model [p.u.]
M: inertia coefficient of generator

D: damping constant [p.u.]

Tuo: excitation circuit time constant [s]

T): stator closed-loop time constant [s]

P,,: mechanical power [p.u.]

Vy: voltage of infinite-bus [V]

Thet =+ 3T, + 27

xr: reactance of transmission line [p.u.]

xp: transformer reactance [p.u.].

Define the following transformations

xr = (5, Tog = W — Wy (30)
w
vy =E, a= Mopm (31)
D WOV;
b= — = 32
M T Ml (32
1 Tq— T
d= 2+ o— v, 33
T Tual (82)
1 d
h = T y = —ccosxy + %xg, (34)
which represent the system (29) as a time-invariant PH system (1)
1 0 1 0 - 0
iy | =] -1 =b 0 | =40 |u
iy 0 0 -t 1 (35)
— ot (x)
y=[00 1]=5
where the Hamiltonian function is
cd , 3
H(z) = —cxzcosxy — axy + —a5 + — (36)
2e 2
It is clear that det % = ‘%dxg cos x1—c? sin? 4 is sign indefinite, which means that

the Hamiltonian function (36) cannot be a Lyapunove function candidate. So, energy-
shaping is necessary. If the existing methods in [3, 4] are applied, it is necessary to solve
the inequality (3). However, the KES method is applied to the time-invariant PH system
(35), which avoids solving the inequality (3). Firstly, reviewing H(z) generates a kinetic
energy function K (x) as follows:

cd 5 13

which is without the state variable x;. So, a transitive kinetic energy function K;(z) is

derived as follows: 9 9
d
) = oz 72, o

27072 T2 (38)
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which remedies this problem. Assigning the equilibrium z* = (z1,, T2, z3.) of the system
(35) into Ky(z) yields

cd (g — $2e)2 (21 — xle)Q
Kq(x) = — (x5 — x3)

d(x) % (1‘3 ZT3 ) + ) + 9
which can be chosen as a Lyapunov function candidate. Employing Theorem 2.1 estab-
lishes the following matching equation

(39)

0 1 0 8H(3§) 0 0 1—|—j1 0 L1 — T1e

-1 —-b 0 0|l =] -1—3 —b ] — T 40
- ) O J1 : J2 T — X2 (40)

—% u 0 —J2 —5—7”1 %I(I:;—xse)

solving Equation (40) yields the desired matrices and control law as follows:

0 g1 0 0 10 0 1451 0
Ja(x) = Jo(z) +J(x)=| -1 0 |+ |-100|=|-1-j 0 j
0 —j52 0 0 00 0 —72 0
00 0 0 00 00 O
Ry(z) =Ry(x)+Rx)=00 0 |+]|0bO0|=]010b 0
00 r 00 ¢ 00 =
u = —dxr3 + 2dxs, — ecos 1 — jo(xe — Te) (41)

2
T2 —T2e

_ (i) (z1—a1e)ta—cassina —brae
%(1'3_1'36)
On the other hand, consider a time-varying PH system

— 1 and 55

where ry = £, j1 =

21 0 1 0 0
By | = | -1 —b—bsint 0 |20 410 |y o
i3 0 0 e 1 (42)
y=[0 0 1]
where the Hamiltonian function is
2 d
H(z,t) = —cx3zcosx; — axry + % + ;—xg — x3sint (43)
e
It is clear that % = —uxgcost is sign indefinite, which cannot satisfy the non-

increasing condition aHa(f’t) < 0. Thus, the method in [8] is invalid for the system

(42). Similarly, it is hard to design an Hy(z,t) satisfying the non-increasing condition
aH‘é—(f’t) < 0, which is also not easy to apply the method in [10] to stabilize the system
(42). Fortunately, Theorem 3.2 conquers these obstacles in the following procedures.

Firstly, a desired kinetic energy function is designed as follows:

— (l’l — .’z‘1>2 (1'2 — 2_72)2 cd _\2
Ra(x) = (@3 — 44
a() 5 + 5 +2€(933 T3) (44)
where T = (Z1, T2, Z3) is a non-trivial point for the system (42). Secondly, another

matching equation is established

0 1 0 0 T — T
—1 —b—bsint 0 % + 1 0| =[Jalz,t) — Ra(x,t)] | 22— T2 (45)
i

o0 u (23 — 72)
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0 1+43 O 0 0 0
where Jy(z,t) = | =1—j5 0  js | and Ry(x,t) = | O b+bsint 0 . At
0 —ja 0 0 0 €4y
last, solving Equation (45) yields a control law as follows:
u = —dxs + 2dT3 — ecosxy — ju(T2 — T2) — sint (46)
c
where Ty = e j3 — 1 and j4 _ (1+j3)(mlfil)+adfcw3 sin z1 —bTo—bT2 sint'

T2 —T2 ?(13—9‘03)

In order to demonstrate the effectiveness of the control laws (41) and (46), the systemic
parameters are given in Table 1 [7] and both of the systems (35) and (42) choose point
(0.1075, 0, 2.2370) as their desired points * and z. As a result, Figures 1.1 and 1.2 show
the asymptotical stabilization of the state curves x, which belong to the systems (35) and
(42), respectively. Furthermore, Figure 2 shows the comparison between the proposed
method and the existing method in [7], where the curve x is obtained by the proposed
method and the curve z’ is obtained by the latter. It is clear that the convergence rate of
x is faster than that of 2. Taking the curve z, as an example, its physical meaning is the
difference between w and wy. Thus, the proposed method makes w track the desired wy
more quickly, which means that the proposed method is better than the existing method
in [7].

TABLE 1. Parameters of the three-phase synchronous generator model

wo M P, D Vi xg ) a5 Ty Ty
1 76 1 3 1509 036 036 5 5

Figure 1.1 Figure 1.2

25

25

/
15f / % 15f /

05 o5
‘ |

| 2~

0 10 20 30 40 0 10 20 30 40
Time [s] Time [s]

FIGURE 1. The response state curves x of closed-loop systems (35) and (42)

Figure 2.1 Figure 2.2

0 10 20 30 40 0 10 20 30 40
Time [s] Time [s]

FIGURE 2. The comparative response state curves x of closed-loop systems (35)
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5. Conclusions. This paper has presented a new KES method to asymptotically stabi-
lize the time-invariant and time-varying PH systems. A desired kinetic energy function has
been constructed without the computing inequality (3). Meantime, for the time-varying
PH systems, the non-increasing conditions have been avoided by the KES method whose
applied ranges are enlarged compared with the existing literature [8-10].
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