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Abstract: Passivity-based control is widely used in electronic circuit systems because
it can utilize their internal structures to facilitate the controller design. In this paper,
we first propose a dissipative Hamiltonian realization of power systems and discuss
the disadvantages of the traditional passivity-based excitation controller. Then, a novel
excitation controller is put forward to reassign the interconnection and dissipative matrix,
and the corresponding Hamiltonian function. Simulation results verify that the proposed
controller can effectively improve the transient stability of the power system.
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1. Introduction

The port-controlled Hamiltonian (PCH) system has gained increasing interest in the control
and energy community [1]. The main characteristic of the PCH system is that the structural
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information is available in the model description: the total energy of the system is represented by the
Hamiltonian function, which can be usually used as a Lyapunov function in stability analysis, while the
interconnection property is explicitly described by the interconnection and damping matrix.

By utilizing the energy concept and the internal structural property, several methods have been
developed for the controller design of PCH systems [2-5]. Interconnection and damping assignment
passivity-based control (IDA-PBC) is a widely used state-feedback technique which can stabilize the
considered nonlinear systems by shaping the energy and re-constructing the structure matrices. So far,
IDA-PBC has been successfully applied to electromechanical systems [6,7], power electronics [8], and
power systems [9—-15].

For power systems, the energy shaping is generally achieved by modifying the energy transfer pattern
between the mechanical and the electrical components, which is obtained by injecting damping into
the electrical dynamic. The conventional IDA-PBC excitation controller cannot directly reassign the
mechanical damping in the swing equation, though the damping in the swing equation is very important
for transient stability improvement. In this paper, we propose a novel IDA-PBC excitation controller to
enhance the transient stability of power systems by choosing a convenient interconnection matrix and
find a solution for the matched partial derivative equation. The proposed excitation controller not only
provides a compensation damping into electrical dynamic equation, but also into the mechanical swing
equation. Simulation results verify that, compared to the conventional energy-shaping method [14] and
PSS+AVR controller [16], the proposed control scheme can effectively improve the transient stability of
the power system.

The rest of the paper is organized as follows. In section 2 we provide some preliminary results on the
IDA-PBC method. In Section 3 we propose the dynamic model of the single machine infinite bus power
systems and put forward a novel IDA-PBC excitation controller. In Section 4, we simulate the power
system, to illustrate the effectiveness of the proposed control scheme. Section 5 summarizes the results
and concludes.

2. IDA-PBC Methodology of Nonlinear Systems

Consider the following nonlinear system:

&= [(z) + g(z)u (D)

where © € R" is the state vector and u € R™ is the control input. f(z) and g(x) are smooth vector
functions in the appropriate dimensions.
Suppose the system can be represented as the following PCH formulation,

&= [J(x) = R(x)]VH(z) + g(x)u 2)

where J(z) = —JT(z) and R(z) = RT(x) > 0 are the interconnection and damping matrices
respectively. H(x) is the Hamiltonian function, which represents the total energy stored in the system.
V H (z) is the gradient vector function of H(x) with respect to .

If the Hamiltonian function H () has a strict minimum at the equilibrium point, it can be chosen as the

Lyapunov candidate for the stability analysis and passivity-based controller design. Unfortunately, for a
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physical system the Hamiltonian function does not always have a minimum at the desired equilibrium or
the dynamic performance of the system is not satisfactory; so the IDA-PBC is always needed to shape
the energy function, the interconnection, and the damping matrix to get a desired Hamiltonian function
or to improve the dynamic performance of the system.

Generally, for a dissipative Hamiltonian realization of the system in Equation (1), we have
following result [4]:

Lemma 1 Consider the system in Equation (1). Assume there exist matrices g*(z), Jy(z) = —JF (z),
R4(z) = RY(z) > 0 and differentiable scalar function Hy(z) such that the following partial differential
equation (PDE) holds

g () f(2) = g7 (2)[Ja(x) — Ra(2)]V Hy(w) (3)
where g* is a left annihilator of g(z), i.e., g*(x)g(x) = 0 and Hy(x) is such that
x, = argmin Hy(z) 4)

with x, the desired equilibrium point to be stabilized. Then, under the following feedback controller
u(@) = [g"(2)g(@)] " g {[Jaw) = Ra(2)] VHy — f(2)} 5)
the closed loop system can be represented as
& = [Jg — Ra(z)|VHqy() (0)
with x, being a local stable equilibrium. Furthermore, if the largest invariant set
{z € R"| |VHq(2)|"Ra(x)VHy =0} = {z.} (7)
the closed loop system is asymptotically stable.

According to Lemma 1, the main procedure of the IDA-PBC methodology can be briefly described
as follows:

(1) Fix the desired structure of the interconnection and damping matrix.
(i) Derive a partial differential equation (PDE) parameterized by the chosen matrices whose solutions
characterize all the energy functions that can be assigned.
(ii1)) Choose one solution that satisfies the minimum requirement and computer the control.

Thus, in order to formulate the considered nonlinear system within a PCH system, the key step is to
find a solution to the PDE in Equation (3). In the next section, we construct the pon-parameterized IDA
and parameterized IDA methods proposed in [4], in order to reassign the interconnection and dissipative
matrices of the single machine infinite bus power system and formulate a feedback controller to improve
its transient stability.
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3. IDA-PBC Excitation Control of Power Systems
Consider a single machine infinite bus power system as shown in Figure 1.
Figure 1. the configuration of a single machine infinite bus power system.
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where ¢ is the power angle of the generator, in radians (rad); w is the rotor speed of the generator,
wo = 2mfo, in rad/s; E; is the g-axis internal transient voltage of the generator, in per unit; Vy is
the voltage of the field circuit of the generator—the control input, in per unit; F,, is the mechanical
power, assumed to be constant, in per unit; V; is the voltage of the infinite bus, in per unit; =/, is the
d-axis transient reactance of the generator, in per unit; z, is the d-axis reactance, in per unit; M is
the inertia coefficient of the generator, in s; D is the damping constant, in per unit; Ty, is the d-axis
transient open-circuit time constant, in s; 7}; is the d-axis transient closed-circuit time constant, in s;
s = T, + 5%L + a7, where z, 1s the reactance of the transmission line, in per unit; x7 is the reactance

of the transformers, in per unit.

P, D Vi 1
Letxy =0, 19 = w — wy, X3 :Eéandu: V. Denote a = w(;w , b= M’C: ]\i[oxgz, = ?d,
.
and e = %VS. Direct calculation shows that the system can be Hamiltonian realized as follows:
dol gy,
&= [J(x) = R(2)]VH + g(x)u ©)
T
where g(x) = {0, 0, T_] . The interconnection and dissipative matrices are
o
0 10 000
Jx)=| -1 0 0|, Rz)=10 b 0 (10)
0 00 00 ¢
respectively. The corresponding Hamiltonian function is
1 d
H(x) = 5:);3 + ;—azg — CT3CO8T] — ATy (11)
e

It can be verified that H(x) possesses a strict local minimum at the equilibrium point

1 . 2ad e
x] = —arcsin [ — |, 25 = 0, and x5 = — cos x7].
2 ce d
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Noticing that the largest invariant set {H () = 0} contains only the equilibrium point, the power
system can be stabilized by a damping injection controller as follows:

uw=—kL,H(x) (12)

where k£ > 0 is the feedback gain.

The closed loop system can be written as

i = [J(z) — R(2)]VH (13)
where the dissipative matrix is
00 O
Re(r)= 10 b 0 (14)
00 “+k

It can be seen from the matrix R.(x) that the damping injection excitation controller cannot change
the mechanic-electric dynamic of the system and thus cannot effectively attenuate the oscillation.

In the following, we use the IDA-PBC method to design an effective excitation controller to improve
the performance of the system. First, assume the desired dissipative Hamiltonian realization of the power
system can be formulated as

&= (Jg(x) — Ry(x))VHy (15)

where the dissipative matrix R; = R.. Choose the interconnection matrix as

Juz)=1| -1 0 0 (16)

Suppose the desired Hamiltonian function can be chosen as
Hy(z) = H(z) + Hip;(2) (17)

Let the feedback stabilization controller u = ¢(x). Then the closed loop system satisfies

0 1 a 0 1 0 0
i=| -1 b 0 V(H(@) + Hyj(w)) = | =L =0 0 | VH@)+| O | o)
e e
_ 0 —(=4+Fk 0 0 —- r—
(0 <C+ ) c Td()
(18)
Thus we have
( aHZTLj
—2 =0
8:133
o0H 0H,,
Ty 'm]ZO
8361 83;2 (19)
w o (PH M\ 0H
\ N 0, 0y 03
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From above equations we can see that 1;,; does not depend on x3. Taking into consideration that

( OH i
—— =cr3sinx, —a
OH
7 20
522 X2 (20)
OH «cd
—— = —I3 — CCOS T
0xs e

we have
Hipj = (21) + —(a — cxgsinxy)xs
b 0H,,; cd (2D
zny) o k’(

u:a(cxg,sin:pl—a—i— 5 —ZE3—CCOS$1)
451

d
where () is chosen such that

0H,
1272273
hold. Noticing that
1, o 1 .
Hy=H+ H;; = %2 + o038 ~ CT3COST1 — Ay + (1) + g(a — crgsinxy )y (23)
e
we have
( @—cx sinx —a—i—a—w—gx T3COST
or, 3 1 oz, b 223 1
0H 1
Wj =+ 5 (a— crzsingy) (24)
aHd cd C .
—— = —I3— CCOST] — —XoSin Ty
[ Oz e b

So, in order to guarantee that H; has a strict local minimum at the equilibrium point, we can choose

—8w(x1) = const =y (25)

6;1:1
Let ¢)(x1) = yx1, then we have

C . C . &
CTr3COSTy + 7Y — 51‘2.733 SN Iy l—)l’g cosx; csinzy + l_) COS I

c c .
Hess(Hy) = —51’3 COS Ty 1 3 sin &y (26)
c c . cd
Ccr1 — B:r;g COS 1 —5 S1n &y z
and ce 2 .k ce 2 .k : * c *
—COs“x] +7Y 5C08°x] csInxj + — COST]
d .o bd b
Hess(Hy(z*)) = ~3 cos? 7 1 1 (27)
csin gsin x] 1

In order to guarantee a positive definite H,(z*), we must choose 7 such that

ce 2 % 77
> ——cos”z; and >
7 d ! T & C 9 .
;—b—2$1n .I'l

(28)
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hold simultaneously, where

636 C 0362

— 3 % o * P02 ok * o1 * 4 % o *
ﬁ—@COS TysmxT| — csin xl—l—)COSQJlSlH.ﬁfl——COS XS Ty

b3d?
According to Lemma 1, under the desired Hamiltonian realization the stabilization control scheme of

the system can be chosen as
. c cd )
U=« <cx3 siney —a+ 7y — l—)l[’gl‘:; cos xl) —k <—:c3 — c¢sin :c1> (29)
e

where £ > 0 is the feedback gain. The corresponding Hamiltonian function of the closed loop system is

1 d 1
Hy = §x§ + 2—17% —cxgcoswy + (v — a)ry + E(G — cx3Sin )Ty (30)
e

Remark 1 The internal transient voltage of the generator can be presented by measurable signals such

as P,, Q. and V,. Noting that the active and reactive power of the generator can be written as P, =
E! E'V. 2 x! V2
1% sind and Q. = —1—= cos § — —* respectively, we have E! =~ [(Q, — —=)2 + P2.

/ / / q 2 /
Lgn Lay Lgn Vi Lax

4. Simulation

To show the effectiveness of the proposed controller, we compare it with the conventional IDA-PBC
controller [14] and PSS+AVR controller [16]. During the simulation, the effects of generator fields
and rotor circuit dynamics are included in the model of power system [16]. The simulation is
completed on a professional power system simulation platform developed by the China Electric Power

Research Institute.

Figure 2. Response of the rotor angle under a circuit fault.
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During the simulation, a three-phase temporary short-circuit fault is assumed to occur at the
transmission line, starting at time ¢ = 1s and cleared at { = 1.1s. The parameters in the proposed

feedback excitation controller are chosen as £ = 2 and v = 5. The simulation results are shown
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in Figures 2 and 3, where the solid black lines indicate the response under the proposed stabilization
controller, the blue dashed lines corresponding to the response under conventional IDA-PBC controller
and the red dotted lines correspond to PSS+AVR respectively.

Figure 3. Response of the terminal voltage of generator under a circuit fault.
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From the simulation results, it can be seen that, when the fault occurs, the proposed nonlinear
stabilization control scheme makes the system responds much faster than the conventional
passivity-based controller and PSS+AVR controller . It follows that the proposed controller outperforms

the traditional controller in transient stability enhancement of the power system.

5. Conclusions

The excitation control of a single machine infinite bus power system based on the IDA-PBC method
is investigated . We propose a novel excitation controller by choosing the desired interconnection and
damping matrix, and solving the PDE to get the corresponding Hamiltonian function. An excitation
controller is put forward based on the new Hamiltonian realization system, which not only injects
damping into the electronic equation, but also reshapes the mechanical swing equation. Simulation
results show that the proposed control scheme can effectively improve the transient stability of the

power system.
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