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Using the Hamiltonian function method, we investigate the excitation control of multi-machine multi-load power systems

WANG Yu-Zhen*

presented by nonlinear differential algebraic equations. First, the power system is reformulated as a novel Hamiltonian realization
structure via pre-feedback state control. Then, based on the dissipative Hamiltonian realization of the system, a decentralized
nonlinear excitation control scheme is constructed. The stability of the closed loop system is analyzed as well. The proposed strategy
takes advantage of the intrinsic properties especially including the internal power balance of the power system. Simulation illustrates

the effectiveness of the control strategy.
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Generally, multi-machine multi-load power systems can
be modelled as a set of nonlinear differential algebraic equa-
tions in the form of £ = f(x,2,u) and 0 = o(x, 2z), where
the differential equations describe the dynamics of dynamic
components (e.g. generators, control devices, dynamic
loads, and power electronics equipments) and the algebraic
equations express the characteristics of static components
and the network structure® ~#. This kind of nonlinear dif-
ferential algebraic system model has been widely adopted
in numerical simulation, stability analysis, and stability re-
gion estimation of power systems because it can represent
more realistic components and facilitate the utility of the
sparse matrix techniques in numerical calculation!® 519,
However, as for the stability and dynamic performance en-
hancement control, the undergoing power systems are gen-
erally simplified to the differential equation system model
obtained from the differential algebraic power system model
under the constant impedance load assumption[11_15]. This
will definitely put stringent limitations on the control effect
because almost all the real loads are nonlinear.

Recently, many state feedback linearization techniques
were extended to nonlinear differential algebraic sys-
tems (NDAS) and gained some applications to the ex-
citation control of differential algebraic power systems
immediately®~*#) In [16], some algorithms were provided
to regularize, linearize, and stabilize NDAS via coordi-
nate transformation and state feedback. In [17], Wang ap-
plied the ideas from differential geometric control theory to
NDAS and proposed a systematic state feedback lineariza-
tion strategy to produce stabilization and adaptive stabi-
lization control laws for structure preserving power systems
with nonlinear loads. Reference [18] used the same tech-
nique to design a nonlinear static var compensator con-
troller for a single-machine infinite bus system with nonlin-
ear loads.

It is well-known that the central idea of linearization
is to obtain a feedback equivalent linear system by can-
celling the internal nonlinearities of the considered systems,
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which may destruct the original structural properties of
the system that are useful in the controller design proce-
dure. The Hamiltonian function method employs a differ-
ent design principle that can effectively utilize the internal
structural characteristics of the systems in the procedure
of controller design, hence it has attracted great attention
in nonlinear system synthesis and has gained great achieve-
ments in the power system stabilization and performance
enhancement!'?~2%

One of the key steps in the Hamiltonian function method
is to draw an equivalent representation of the system
under consideration as a dissipative Hamiltonian system
that interacts with external environments through port
power conjugated variables and satisfies the energy balance
equation?*=2"1. For multi-machine multi-load power sys-
tems, the algebraic equations describe the internal energy
balance in the systems and do not affect the energy balance
between the system and external world. Motivated by this
intuition, we discuss the excitation control problem of dif-
ferential algebraic power systems via Hamiltonian function
method in this paper. First, we express the power system
under consideration as a dissipative Hamiltonian system,
which can effectively use the internal energy balance prop-
erty of the power system. Then, based on the achieved
dissipative Hamiltonian realization, we investigate the ex-
citation control of the power systems and propose a de-
centralized nonlinear excitation controller. Simulation on
a six-machine eight-load power system shows the effective-
ness of the control scheme.

The rest of the paper is organized as follows. In Sec-
tion 1, the differential algebraic power system model is
presented as a dissipative Hamiltonian system. In Section
2, a nonlinear excitation controller is constructed based
on Hamiltonian function method. In Section 3, we sim-
ulate a six-machine eight-load power system to illustrate
the effectiveness of the proposed control scheme. Finally,
in Section 4, the results obtained in this paper are summa-
rized and the conclusion is drawn.

1 Dissipative Hamiltonian realization
of multi-machine multi-load power
systems

1.1 Dynamics of multi-machine multi-load power
systems

Consider a power system with n machines and m loads
connected by lossless transmission lines. Each generator
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is represented by an internal bus and a terminal bus. Let
Jr=1,2--- ., nand Jr =1,2,--- ,n be the generator in-
ternal and terminal buses, respectively. J;r = n + 1 refers
to the reference bus with the voltage and phase assumed
to be Vi+140n,+1 = 1£0. The load buses are denoted by
Jr =n+2n+3,---,n+m+ 1. Suppose that all the
load buses are PQ buses, i.e., each load corresponds to a
constant active P4 and reactive Q4 power demand. The dy-
namics of the multi-machine multi-load power system can
be represented by the following nonlinear differential alge-
braic equations:

(;7; = wo(wi — 1)
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. 7Vn+m+1)T7 and p = (San+2, o 780n+’m+1)T' 51 is the
power angle of the i-th generator, in radian; w; is the rotor
speed of the i-th generator, wo = 2w fo, in rad/s; E; is
the g-axis internal transient voltage of the i-th generator,
in per unit; Eyq4; is the voltage of the field circuit of the
i-th generator, the control input, in per unit; P, is the
mechanical power, assumed to be constant, in per unit; Pe;
is the active electrical power, in per unit; V; is the terminal
voltage of the i-th generator, in per unit; 6; is the terminal
voltage angle of the i-th generator, in radian; Vj, is the volt-
age of the k-th load bus, in per unit; ¢y is the voltage angle
of the k-th load bus, in radian; z/; is the d-axis transient
reactance of the i-th generator, in per unit; xg; is the d-axis
reactance, in per unit; M; is the inertia coefficient of the
i-th generator, in seconds; D; is the damping constant, in
per unit; T}, is the d-axis transient open-circuit time con-
stant, in seconds; and B;; is the susceptance of the linear
connecting bus ¢ and j, in per unit.

Equations (1)~ (5) constitute the nonlinear differen-
tial algebraic equation model of multi-machine multi-load
power systems.

Choose the state variables z = (1,23, --,z.)" with

z; = (0i,wi, Ey;), and algebraic variables z = (z;rl, e ,z;rn7
T T .

211, 5 2 nmer) With 2g0 = (0;,v:) and zie = (@&, vk),

where v; = InV;, vy = In Vi, (note that V; > 0 and Vi > 0).
Denote control parameters by u; = Efq;. Then, the multi-
machine multi-load power system can be written in the
following NDAS

fsztegrmen

where the smooth vector functions of state and algebraic

variables f = [fr, -, fr" with fi = |wo(wi — 1),

_Di(w,_l)_i(P._P ), bi T, = diag{g,,- - }
Mi T Mz er ma )y P 79 - g g17 ’gn
117
with g, = {0,0, f} ;and o = [0} ,01|" with ¢; = [Pry,
T

Qri]" and 0 = [~ Pax + Pri, —Qar + Qrx] ™.

In order to guarantee that the above NDAS has a unique
solution without impulses (or jumps), we assume that
system (6) is of index one in a neighborhood Q of the

kfa(m,z) = 2(n + m),

V(z,2) € Q and the initial condition (2(0),2(0)) satisfies

o(z(0), 2(0)) = 0.

1.2 Dissipative Hamiltonian realization of multi-
machine multi-load power systems

equilibrium point (z, 2.), i.e., ran

To employ the Hamiltonian function method, it is essen-
tial to express the system under consideration as a dissipa-
tive Hamiltonian system. First, for NDAS in the form of
(6), its Hamiltonian realization is defined as®®:

Definition 1. Suppose there exists a continuous dif-
ferentiable function H(z,z) such that NDAS (6) can be
represented as

{ &= (J(x,2) — R(z,2))VzH(z,2) + g(z,2)u @
0=V,H(z,2)

where Vi H(z,z) and V,H(z,2) are gradient vectors of
H(x,z) with respect to  and z, respectively. If, point-
wisely, J(z,z) is skew-symmetric and R(z,2) is positive
semi-definite, then (7) is called a dissipative Hamiltonian
realization of NDAS (6) and H(x,2) is the corresponding
Hamiltonian function.
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According to Definition 1, if there exists a dissipative
Hamiltonian realization of NDAS (6), the Hamiltonian
function H (x,z) must satisfy

0=V,H(z,z) =0(z,2) (8)

along the system trajectories. This equation implies that
the system energy does not depend on the algebraic vari-
ables along the system trajectories constrained by the al-
gebraic equation although the Hamiltonian function may
explicitly contain the algebraic variables.

Now, consider the dissipative Hamiltonian realization of
the multi-machine multi-load power systems. We have the
following result.

Theorem 1. The multi-machine multi-load power sys-
tem has a dissipative Hamiltonian realization under the
following pre-feedback control

i=1,---,n (9)

where pu; is the new reference input and @; is a constant
control input defined by

Ui = i + U,

/
Tai — Ty
‘T:l El]ze - MTd.d‘/ie COS(5i€ - eie) (10)

_ Tdi
Ui =

in which (Vie, 6;c) is implicitly determined by the alge-
braic equations (2) ~ (5) and generator dynamic variables
(675?71 Ez/pe)

Proof. Note that the feedback control is inserted to
operate the power system at a desired equilibrium point.
Substituting (9) into the differential algebraic power system
(1) ~ (5), we have

b =wo(wi — 1)
) D; 1
wiszi(wifl)*M(Peifp’mi) (11)

U; i
E, = oi + +
“ Té()l T(;O’L

where the power flow equations of the system under the
pre-feedback control are the same as (2) ~ (5). Define

"1
;::1 iMiWO(Wi -
(12)

where P(-) is the potential energy and H(-) is the total
energy for the structure preserving multi-machine power
system. And
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Under the pre-feedback control (9), the gradient of H(-)
becomes

_sz + Pei
Min(wi — 1)
Vo, H = /
 Taoi b +
L Tai — @y, ( ' Tc/iOz)
Pr; —Pyr + Py
Vel = | Qri }’ Vel = { —Qar + Qrk }

Therefore, the multi-machine multi-load power system
(2) ~ (5) can be expressed as

z=(J—R)VzH+ gp
{529 (1)
where J = diag{J1, -+ ,Jn}, R = diag{R1, -+ ,Rn}, p =
(/’“7#27 e 7MW)T7 and
0 1 0 0 0 0
M; o 0
Ji = 1 , R;= M:
— 0 0 i ,
M; 0 0 Tdi — Tgy
0 0 Thos

Obviously, J is skew symmetric as well as J;. Noticing
that z4 = z; + x4 and 2/, = z; + ZTf/Ta, we can directly
get that x4 > xfi and R; > 0 as well as R. Here, x; is
the armature leakage reactance, x, is the armature reac-
tion reactance, and zs is the reactance corresponding to
the flue path around the field winding. So (14) is a dissi-
pative Hamiltonian realization of the multi-machine multi-
load power system. |

2 Nonlinear excitation design of multi-
machine multi-load power systems

Kig; Ve, H(z, 2)

In this section, we will adopt the following excitation
Wi = — ) K; >0

control law
K;
N
Tai — T,
(15)

to stabilize the power systems around the desired operating
point (z¢, z.). The resulting closed-loop system of (14) then
becomes

t=(J—R—-gKg")V.H
{ 0=V.H (16)

where K = diag{K1,---, K,}. Obviously, the closed loop
system is still a dissipative Hamiltonian system.

To show that (15) is a stabilization control law, it is suf-
ficient to demonstrate that the close-loop system is stable.
As is well known in the energy-based approach, the Hamil-
tonian function is a natural candidate of Lyapunov function
in stability analysis. Since the derivative of Hamiltonian
function is always semi-negative definite, we need the fol-
lowing LaSalle’s invariance principle for NDAS?Y to assist
the stability analysis.

Lemma 1. Consider the following NDAS

z=f,(z,2)
{o falz,2) an

where f, and f, are continuous differentiable vector fields.
Suppose (Ze,zc) is an isolated equilibrium point. Let
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V(z,2) : D — RT be a smooth function that is positive def-
inite in a neighborhood D of (., 2. ), such that V (z, z) < 0.
Let S = {(x,2) € D|V(x,2) = 0}. Then, (z.,z.) is locally
asymptotically stable if no solution can stay forever in §
except the trivial solution z(t) = z. and 2(t) = z..

Based on Lemma 1, a stability criterion for a dissipative
Hamiltonian realizable NDAS can be given as follows.

Theorem 2. Suppose (17) has a Hamiltonian as

= (J(z,2) — R(z,2))VH(z,2) (18)

0=V.H(z,2)

The equilibrium (z., 2z.) is locally asymptotically stable
if

1) (ze, z.) is a strict local minimum of Hamiltonian func-
tion H(x,2);

2) H(z,z) < 0 holds in some neighborhood of (z., z.);

3) No trajectory stays forever in the set S = {(z,2) €
D|H (z,z) = 0} except the trivial one z(t) = z. and 2(t) =
Ze. ~
Proof. Let H = H(z,z) — H(z.,z.). Obviously, it
is a proper Lyapunov function because H(z,z) > 0 and

its time derivative H(z,2) < 0. Combined with condition
3) and Lemma 1, the equilibrium is locally asymptotically
stable.

According to Theorem 2, in order to show the asymp-
totically stability of the closed-loop system (16), we need
first to verify if H(zx,z) achieves a strict local minimum
at the desired equilibrium point. This property is actu-
ally an extreme value problem constrained by algebraic
equation o(z,2) = 0 because each trajectory of the dif-
ferential algebraic power system must meet this equation.
By taking into consideration of the dissipative Hamiltonian
realization formulation of power system, the strict mini-
mum property is determined by the Hamiltonian function
(12) without algebraic equation constraints® 3%, Unfor-
tunately, having tried many means, we find it almost im-
possible to examine the definiteness of the Hessian matrix
directly because of the high complexity of the Hamiltonian
function (12). Representation of the Hamiltonian function
seems necessary. Noting that the potential energy stored in
a lossless transmission line is equal to half of the reactive
power loss in the line[4], we can rewrite the Hamiltonian
function (12) as

H(z,z) = %Miwo(wi -1)* - Z Pridi—
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n
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(23)

Because 6; € [—m,m| and ¢r € [—m, 7|, Ha(z,2) is
bounded from below. From (20), the Hamiltonian func-
tion H(z,z) is also bounded from below and for [ > 0, the
set {(z,2)|H(z,z) < I} is compact. Noticing that every
equilibrium point of the power system is also an extremum

C= — Z %Bi,n+1 -
i=1
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point of H(z,z) and for a real power system, there exists
only one desired operating point in the interested region,
similar to [22], where we can know that H(z, 2) has a strict
local minimum at the desired operating point.

Integrating the above discussions, we arrive at the fol-
lowing result.

Theorem 3. The differential algebraic power system
(1) ~ (5) can be stabilized around the prescribed operating
point (., 2.) by the following nonlinear feedback excitation

control law
K;
o

Tdi — xdz

U; = Ui +

i ) (24)

Proof. It has been shown that the Hamiltonian function
(12) has a strict local minimum at the desired equilibrium
point. Furthermore, the derivative of H(z,z) along the
trajectories of closed loop system (16) satisfies

=(VoH)"(J - R—gKg")VoH =

TdOz
_ : 1 _ fdoi
Z |: “-’0 ) * (g — xdi)2 .

/ — 2
Tdi — Tg;
st )(@ SIERC
( T(;Ol T(;?Jz TcllOz

Observing that

S ={(x,2): H(x,z) = 0,0(x,2) =0} =
{@.2)wi=1,¢i+ 4 =0,
TdOz
U(Q,Z):O,’L: P an}:
{(a:,z):w,-:l,Pmi_ eu¢z 7 :O,
TdOz
a(mvz)ZOai:L“'vn} (26)
and taking into consideration that w; = 1, Ppi = Pei,

@i +1u; /Ty, = 0, and o(z, z) = 0 are the equations the de-
sired equilibrium point should satisfy, we can know that S
contains no trajectories other than the desired equilibrium
point. According to Theorem 2, the closed loop system is
asymptotically stable. O
Before the end of this section, let us discuss the realiza-
tion problem of the controller (24). It is known that Ej,
is unmeasurable, and §; and 6; are difficult to get. So, in
order to complete the feedback control, we must replace
these signals by measurable variables such as Pe.;, Qe:, and
Vi. The reactive power of generator can be presented as

V2 B E;;Vicos(0; — 6;)
!

ei = 27
N L Ty &0
With the active power P.;, we can get that
VP — Qeiy;)”
Eq = i Vi d (28)
!
Vicos(0; — 6;) = Vi(Vi? Qela:dl) (29)
\/ mdz 2 - Qe'b.m;li)2

Thus, we can complete the nonlinear control. Furthermore,
it can be seen that the proposed excitation controller (24)
is a decentralized one, that is, only the local information is
used for the feedback control.

3 Simulation

We choose a six-machine eight-load power network
system[n’gl] as a paradigm to demonstrate the effective-
ness of the proposed control strategy where No. 6 machine
is a synchronous condenser and No. 1 generator represents
an equivalent large power system, which is used as the ref-
erence here. As to the generator data, load parameters, and
other data we refer to [31]. The simulation is accomplished
by the PSASP package !

In order to compare the effectiveness of different con-
trol strategies, we simulate the system under the following
control configurations:

Case 1. Generators No. 2~ No. 5 are equipped with the
nonlinear optimal excitation controller (NOEC)™,

Case 2. Generators No.2~No.5 are equipped with
nonlinear decentralized excitation controller (NDEC) pro-
posed in this paper, where the feedback gain K; = 0.02 for
1=2,---,5.

In the two cases, a three-phase temporary short-circuit
fault is assumed to occur at the middle of the transmis-
sion line between buses 11 and 12 during the time pe-
riod 0.1~0.39s. The simulation results are depicted in
Fig.1~Fig. 6, where Fig.1 and Fig.2 show the responses
of the rotor angles under the above two control configura-
tions (d;1 = 0; — 01, (i =2,---,5)), Fig.3 and Fig.4 show
the angle speed responses, and Fig.5 and Fig.6 show the
voltage responses of bus 11 and bus 18, respectively.

100 =
— 0y
30 —— Oy |
"""" ‘541
60 --- 05 |1
o
&
=N
9]
=
P
=
E!
=
8
<]
a4

t/s

Fig.1 Responses of the generator angles under NOEC
100 :
I ()21
80 e 5y
““““ o
60 --- 05

Rotor angle / degree

0 2 4 6 8 100 12 14 16 18 20
t/s

Fig.2 Responses of the generator angles under NDEC

LPSASP is a professional testing software for power systems de-
signed by the China Electrical Power Research Institute, Beijing,
China.
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Fig.5 Responses of the bus voltages under NOEC
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----- Voltage of bus 18
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0.2
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0T34 6 8 10 12 14 16 18 20
t/s
Fig.6 Responses of the bus voltages under NDEC

From the simulation results, it can be seen that the
proposed nonlinear decentralized excitation scheme makes
the system respond much faster than the NOEC controller
when the fault occurs. The overshot is also smaller. So the
proposed nonlinear excitation control law outperforms the
nonlinear optimal excitation controller in transient stabil-
ity enhancement and dynamic performance improvement of
power systems.

4 Conclusion

The stabilization problem of the multi-machine multi-
load power systems is investigated within a novel dissi-
pative Hamiltonian realization framework for NDAS. We
generalize the existing Hamiltonian function method and
propose a nonlinear decentralized excitation control strat-
egy by utilizing the internal structure properties and the
internal energy balance of the power systems. Simulations
on a six-machine eight-nonlinear-load power system show
that the control scheme proposed in this paper is more effec-
tive compared with the widely used power system stabilizer
scheme.
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