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Hamiltonian Theory Based Coordinated Nonlinear
Control of Generator Excitation and STATCOMs

Keyou Wang and Mariesa L. Crow
Electrical and Computer Engineering Department
Missouri University of Science & Technology
Rolla, MO 65409-0810, USA
Email: kw367 @mst.edu, crow @mst.edu

Abstract— A coordinated controller for generator excitation
and STATCOMs is studied based on the Hamiltonian function
method. The Hamiltonian realization structure for multimachine
power systems including STATCOMs is developed leading to a
proposed coordinated scheme of excitation control and STAT-
COM control. Simulation results illustrate the effectiveness of
the proposed control strategy.

I. INTRODUCTION

Power oscillation damping is a critical issue for power
system dynamic security. These oscillations can occur due
to contingencies such as sudden faults or topology changes.
Traditionally, generator field excitation control has been used
to enhance transient stability. In recent years however, Flexible
AC Transmission Systems (FACTS) that utilize power elec-
tronics devices have offered an alternative means to mitigate
power system oscillations [1]. Typically, both generation exci-
tation and FACTS control has employed linear control methods
to improve transient performance. However, as power systems
become increasingly stressed, nonlinear behavior begins to
dominate their transient response. Therefore nonlinear con-
trollers are becoming increasingly attractive to provide better
oscillation damping.

In recent years, Hamiltonian system control has attracted
considerable attention [2]-[11]. In [2]-[3], the generalized port-
controlled hamiltonian (PCH) system has been proposed to
solve stabilization problems for general dynamics systems.
This introduction led to considerable attention in applying
generalized Hamiltonian theory into power system control and
has yeilded several promising results [4] -[11]. In [4]-[8],
the Hamiltonian system has been employed for generation
excitation control. In [9], the passivation controller design for
turbo-generators based on PCH has been proposed. In [10], the
port-controlled Hamiltonian model is revised for application to
a TCSC. In [11], a robust coordinated design is first proposed
with for generation excitation and STATCOM control based
on the generalized Hamiltonian theory, but without full con-
sideration of the STATCOM model and the network interface
between the STATCOM and the power system.

In this paper, we will extend the previous results and present
the development of coordinated controllers in a multimachine
power system with STATCOMs. First, the Hamiltonian real-
ization for a multimachine power system with STATCOMs is
developed. Secondly, the STATCOM model is extended to a

higher order state-space model as opposed for the first order
model used in [11]. Finally the excitation and STATCOM
control is developed to stabilize the power system.

II. PORT-CONTROLLED HAMILTONIAN SYSTEM

Consider the Hamiltonian system [2] described as

oOH
o= U@ - RS fgn @
o, \0H(2)
where 27 = [z, x9,---,2, |7 € R", u,y € R* denote con-

trol input and output. The matrix J(z) is a skew-symmetric,
ie. J(x) = —JT(x) and R(z) is a non-negative symmetric
matrix. In general, the Hamiltonian function H (z) represents
the total stored energy of the system. If the Lyapunov stability
criterion is satisfied, then this function can also serve as a
Lyapunov function.

Port-controlled Hamiltonian systems with dissipation satisfy
the following the power balance equation:

oTH
ox

where u”'y is the power externally supplied to the system and
the first term on the right-hand side represents the energy
dissipation due to the resistive elements in the system. If
a system can be formulated in Hamiltonian form, then the
Hamiltonian function can guarantee local stability. However,
there is no general method to construct such a Hamiltonian
function, and this is often the most difficult and important
step in the controller development. References [5]-[11] have
explored the Hamiltonian function and established conditions
under which stability can satisfied in power systems. In this
paper, we focus on extending the a Hamiltonian realization to
power systems with STATCOMs.
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III. HAMILTONIAN REALIZATION OF MULTI-MACHINE
MULTI-STATCOM POWER SYSTEMS

A. Power Network Equations

Consider the power network which is modeled by n gen-
erators and m STATCOMs. Assume that the bus admittance
matrix has been reduced to the generator internal buses with
the STATCOM ac terminal buses explicitly retained as shown



in Fig.1. In this case, the reduced bus admittance matrix
equation can be written as:

Power Network

Fig. 1. Bus admittance matrix depiction
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where Eg € C" is the generator bus voltage vector and Vg €
C™ is the STATCOM terminal bus voltage vector. The currents
Ic € C" and Ir € C™ are the generator injected current
vector and the STATCOM injected current vector respectively.
Note that Eq, = E, /6;,i = 1---n and Ig; = iq; +jiq,,j =
1.---m. E(’I and ¢ are the state variables of the generator and
iq and 7, are the state variables of the STATCOM.

From the second equation of (4), the STATCOM terminal
bus voltage equals

Vi = Ypp(Ir — YrcEg)

Substituting this expression into the first equation of (4) yields:

Ic = YgEg + YrlF (5
where
Yc= Gg+jBc =Ycc - YerYsrYrc
Yr= Gr+/Br =YgrYpp

B. Single-Axis Generator Model

The third-order single-axis generator model is given by

51‘ = W;j — Ws (6)
M. — w,
Yo = P, — P, — D (7
Ws Ws
Tho, By, —Eq, — Ig,(wa, — vq,) + Eja, +ugi (8)

Pei = Re (EGiIG*) =
Idi =1Im (EGiIG*) /E(/h

eG; + PeFi (9)
= lag; + lar, (10)

and ¢ is the rotor angle, w is the rotor speed, and FE is
the quadrature-axis voltage behind transient reactance. The
subscript 7 denotes the ith generator. The constant wy = 27 f;
is the synchronous speed. The powers P,, and P. are the
mechanical and electrical powers respectively, and constants
D and M are the damping coefficient and inertia constant.
The reactances =4 and z/; are the direct axis reactance and

direct axis transient reactance respectively. F¢q and E}; are
the field voltage and the steady-state field voltage. The input
uy is the field voltage control input, where Erq = E%,; + uy.

From equations (4), (9), and (10), the active powers injected
by the generators and STATCOMs are

P, = E{’h Z;‘L:I E(’H (GG” cos 6;j + Bg,; sin (51-]-)

PeF» =

i

B, Z;nzl {(GF,, cosd; + Bp,; sind;) iq,

(GF,, sind; — Bp,; cos 51‘)%}

where (52']' = (51 — (5]‘.
The direct-axis currents injected by the generators and
STATCOMs are:

IdG,i = Z;‘Lzl E;j (GGU sin 51‘]‘ — BGU COS 51])

Z;n:l {(GF,, sind; — Bp,; cosd;) ia,

—(Gp,, cos&; + Bp,, siné;)ig, }

C. The STATCOM model

The STATCOM equivalent circuit model is shown in Fig. 2.
The model of the j-th STATCOM in the dg reference frames
is given by:

d . . .
%ld‘j = —ajiq; + bjlqj + cj(udj — Vdj) (11
d . ) )
gl = agle; — bjia; + cj(uq; — Vy;) (12)
ws R, . .
where a; = f, bj =w,c; = =)= 1---m, andzd]. and

ig; are the injeéted dq STATCOM currents. The parameters
RSJ, and L,, are the coupling transformer resistance and
inductance respectively. The STATCOM terminal bus voltage
is Vg, = Vy, + jVy,. The ugq and u, are the dg components
of the internal voltages Ey; of the STATCOM voltage source
converter (VSC).
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Fig. 2. STATCOM Equivalent Circuit

D. The Hamiltonian function

A Hamiltonian function H(x) can be given by:

13)



where
1 o M; 9
Hy(z) = 52 wz (wi — ws)
i=1 9
Hy(x) = =) Pu(0i—5)
i=1
1 n n
Hg(a',‘) = 5 Z Z E/iE;j BGij COS 6ij
E' Ey, BGM cos 6;5%)
1 & 1
Hy(z) = 52 ﬁ(E — E7y)°
=1 di d;
Hs(z) = - Z Z {EZHBFU (cos 0siq, + sin dyiq, )
i=1j=1
—E/, Br,, (cos b;iq, + sind;ig,)|* }

Hy(2) EZXﬁd*u PGy, — 13,
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where H; denotes the rotating kinetic energy, H, — Hg are
terms of the potential energy. The superscript s denotes the
value at the equilibrium point. Let the equilibrium point be
expressed as ( 07, w;, E;°) for the generators and ( i , i )
for the STATCOMs. Then,

Py = PY 4P =pf (14)
Eja, = Eja,+Efa, =By + 13, (wa, —25,)  (15)
where
Py = EF Z E} Bg,, sin 0
+E; Z Br,,(sind;ig, — cos 6}y, )
j 1
Py = E; Z E; G, cos b
+E; Z G, (cos 67ig, +sindjiy )
Jj=1
and
Ey, = Ef- Z E}* Bg,, cos 0
zy,) Z Br,; (cos 6;ig, +sindjiy, )
ES” = Z E’ jeen sin J;;
+(xq, — xy,) Z Bp,, (sin6jig, — cos ;i )

j=1

Differentiating the function H(x) results in

OH
5 = —-Py +E, Z E) Bg,, sindi;
i j=1
+E,, Z Bp,, (sin dsiq, — cos d;ig, )
OH M;
O~ w T
oH - 1 )
o5 = 2 FuBa., cosdi; + W(E/ - Ef4,)
qi j=1 d;
_ Z Br,, (cos diia, + sin ;i )
j=1
oH , . =
9. = iq; — g, — ZE:NBF” cos J;
g i=1
OH , - .
Bi,. ba; ~ gy T ZE‘/L‘BFH sin d;
4 i=1
Therefore, the generator model can be written as
. ws OH
0; = ° 16
OH D;ws O0H
Mw; = —wso——
w w 651 Mi 8wi
tws | Pyl — E,’h Z Ga,, E;j o8 0;
j=1
-E, ZGF (cos diiq, + sin dyiq,) (17)
j=1
. OH
Taky, = —(wa, - xéli)aT(,h +ug,
—(xa, — ;) Z G, (sindyiq; — cosd;iq;)
j=1
+E}), — (xa, — 7)) > B}, Ga,, sind; (18)
j=1
and the STATCOM model is
d . OH OH
@' T g T bj i, ¢j(ua, = Va,)
—a; (Zflj + Z E;i BFij CcOs 51)
i=1
+b;(i3 + > E) Br, sind;) (19)
i=1
d . 0H OH
%ij = _aja- Ja + ¢j(ug; — Va;)
—a;(1 +ZE Bp,, sind;)
—b; (i, + Z E),Br,, cos ;) (20)



Let the virtual control input be defined as v; = [vg, vq,]7  E. Control Law
and let uj = [ug, ug,]”, then:

If the power network is lossless, then wy, = [ 0, 0. The
output signal of the ith generator is given by
vj:uj+wj (21) TaH
where )
]‘ ]‘ / s/ - /
[ —Va, — aj/cj(igj +30 E,. Br,; cos ;) ] = T \ 2a, — (Eqi - Efdi) - 2; E,, Ba,, cos 0
i : =
+b;/c;(i5 + > 1| E/ Bp, sind;) n
3/ Ci\ly; =1%q — Z Brp,, (cos dsiq, + sin dyig; ) 24)
j=1
e hen thi I law f itation i
s n . then the control law for excitation 1s
Vo, —aj/ej(i, + 32—, By, Br,; sind;)
n uf, = —kiy; (25)
+b;/¢; (i, + 327y Eq,Br,; cos ;)
L i where k; is the feedback gain.

Similarly, the jth STATCOM has the output signal given by
If equations (19)-(20) are rewritten in Hamiltonian formu-

lation using vector form, then: Yy = g5 oH
7 8.’1,‘]'
) OH _ iq; — i, — > iy Ey Br,; cosd;
Ty = [Jz - RZ]%% + g1, w1, + g2, uy, (22) = G |: in _ ZZJ _ 2?21 E(/]iBFL'j sin d; (26)
. H
;= [Jj— Rj]% + 93,05 (23)  Then the virtual control input of STATCOM is given by
J
/1T OH OH 8H HH 1T V= — ki 0 ; 27
where Tr; = [ (51' Wi Eq1' ] - = [ 95, Ows 6E('1i ] , 1 = J 0 kj y]
1...nand z; = iy i, |7, 22 — [ 2H OH T ;_1 4y,
and 5= L4 4q)] ow; [ 9ia; 61‘1.7‘] J where k; is feedback gain.
From (21), the control input for STATCOM is as follows
0 0 0 Uj = V; — Wy (28)
50 ,
Q 0 iWs 0
Ji=| —% 0 0|,R= M? IV. SIMULATION
* Td; 7‘%:’@
0 0 0 0 Tho, A simple two-area system has been used to validate the
proposed controller. The diagram of the network is shown in
Fig. 3. This system has four generators located in two areas.
. 0 0 The generator parameters, network parameters and operating
g1, = | 0 , g2, = 0 condition can be found in [12]. The STATCOM has been
1 1 . .
T T, installed in the system on bus 8. The parameters of the
' STATCOM is shown in Table 1. The feedback gain for the
) _ Hamiltonian control are chosen as k; = 0.01 and k; = 0.02.
{ Py — E! 2?21 E,,Gg,, cos b;; A solid symmetrical fault has been applied on bus 9 of at
o ) o 0.1 seconds and has been cleared at 0.2 seconds. Transient
—Ey, 3 5-1 Gry,(cos diia; + sin (Siij)} simulations have been carried out using single-axis generator
wi — models and the STATCOM model described in Section III.
b { B —(xq, — 2!, ) S| B, Ga, sindy; Two cases have been considered for comparison. Case I is
fds d; d; j=1"4q; Gy ij . .
, m o _ uncontrolled and case II is the proposed control. Fig. 4 shows
—(za; —xy,) Zj:l G, (sindiiq; — cos 5ﬂf1j)} the response of the rotor angles (0;1 = &; — 61, (i = 2---4)).
L | Fig. 5 shows the voltage response of STATCOM terminal bus.

As the figures show, the proposed controllers can not only
mitigate the oscillation of the rotor angles between area 1 and
Ji = 0 b Ri—| % 0 _ | O area 2, but also exhibit good performance in maintaining the
J » £ g 3J 0 . .
€ bus voltage magnitude.
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TABLE 1
STATCOM PARAMETERS

w—)h

two-area system

3 Gen3

4 Gen4

Symbol R Ls Ws
Unit p-u. p.u.  rad/sec
Value 0.01 0.15 377
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Fig. 4. Generator Angle (uncontrolled: thin, proposed: bold)
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Fig. 5. STATCOM terminal bus voltage (uncontrolled: thin, proposed: bold)

V. CONCLUSION

A coordinated control scheme of generation excitation and
STATCOM has been proposed to stabilize the power system
based on the Hamiltonian function method. The Hamiltonian
realization structure for a power system with multiple ma-
chines and STATCOMs is developed. The illustrative example

shows the effectiveness of the proposed control. Further inves-
tigation will consider the effect of uncertain parameters and
unmodeled dynamics using robust control.
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