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Nonlinear Decentralized Saturated Controller Design
for Power Systems

Zairong Xi, Gang FengSenior Member, IEEHDaizhan ChengSenior Member, IEEEand Qiang LuFellow, IEEE

Abstract—in this paper, a multimachine power system is first must be used in order to obtain a feedback equivalent linear
represented as the generalized Hamiltonian control system with system where the centralized information of the system has
dissipation. Then, a decentralized saturated steam valving and ex- 14 e ysed. Thus, the following problem is very important in
citation controller, which is staticly measurable, is proposed based . . .

practice: how to design decentralized saturated controllers for

on the Hamiltonian function method. Last, an example of three- . . . ) .
machine power system is discussed in detail. multimachine power systems to improve the transient stability?

Index Terms—becentralized control, excitation control, Hamil- ,lt IS an open .pro_blem as far as we know. Itis also the most
tonian control system with dissipation, multimachine power important motivation of this work. In order to solve the problem
system, saturated control, steam valving control. the structure information of the multimachine power systems
should be used adequately and sufficiently.

Very recently, port-controlled Hamiltonian systems with
dissipation (PCHD) have been extensively studied [3], [4],

ECENTLY, various advanced nonlinear control technolg42]-[15]. Indeed, the Hamiltonian function in PCHD systems

gies have been applied to excitation and steam valvifgconsidered as the total energy (potential and kinetic energy)
controllers of power systems [2], [7]-[10], [20]. Throughin the mechanical system and can play the role of a Lyapunov
careful investigation it is easy to see that most of these &umction for the system. In fact, a power system is an energy
based on differential geometric tools [5], which cancel thgroducing system, so it is convenient and natural to model the
inherent system nonlinearities in order to obtain a feedbapkwer system as a PCHD system. A single-machine infinite
equivalent linear system. It has been shown in the literature thats power system has been represented by a PCHD system [3],
the dynamics of power systems can be exactly linearized [#6] and excitation control of a multimachine power system has
employing nonlinear feedback and a state transformation. Calgo been written as a PCHD systems [21]. It has been shown
can then use the conventional linear control theory to desigfram these researches that the Hamiltonian function method
controller in order to provide good performance [2], [6]-[11]has some advantages.
[18]-[20]. However, these controllers suffer some flaws. First, In this paper, we shall concentrate on enhancing the transient
it is well known that the amplitude of the controller is alwaystability of power systems by means of decentralized saturated
bounded in the real world. In order to cope with the reality, theonlinear control. The resulting decentralized saturated non-
simulations in all of these researchers have used the bountledar controller can guarantee the overall stability of a large-
controller, which is the saturation of the original state feedbagkale power system. In fact, the most important and difficult
controller. But the validity of the saturation of the controllestep used in the controller design is to represent the considered
cannot be proved theoretically in these papers. Second, siggstem as Hamiltonian control system with dissipation, and then
physical limitation on the system structure makes informatiGnsaturated controller is easily obtained. The paper is arranged
transfer among subsystems infeasible, decentralized controllgsgollows. The fundamental result about the existence of a satu-
for multimachine power systems must be used in practiaated controller for Hamiltonian system with dissipation is pre-
However, the decentralized controller can not be obtaingdnted in view of convenience in Section II. In Section IlI, the
easily by these technologies because the controller must carggslications of the proposed saturated controller to power sys-
the inherent system nonlinearities and a state transformattems are considered, and a slightly more realistic three-machine

example system is also presented to illustrate the effectiveness
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R represents the total stored energy, which is called Hamil- X,

4
tonian function of the system (1), angdy € R™ are the port &
power variables. The notatioi H (z) is defined byVH (z) = (— /
(8H/8£L’1 78H/8:En)T ? X,

The following theorem is our main result which is the basis
of the paper.

Theorem 1: If the equilibrium pointz* = 0 of Hamiltonian
control system (1) is a strict local minimum, and system (1) is
zero state detectable, then system (1) is stabilizable by a satUkemark 1: As a matter of fact, the controller can be chosen

Fig. 1. Single machine infinite bus system.

rated output feedback control asu; = —L;sgn(y;) from the proof of above theorem which is
a bang-bang control.
K;y;
U; = —L,L-sat < Y ) (2)
L; [ll. APPLICATION TO POWER SYSTEMS

whereL; > 0 is the magnitude of saturation of th#h control, A. Single Machine Infinite Bus Power Systems
K; > 0 is feedback gain parameter of tite control, and the  Consider a single machine infinite bus power system in this

saturated functionat(z) is defined as follows: section. The system shown in Fig. 1 is modeled by the following
1, if x> 1 dynamical system [1], [9]:
sat(z) = {:17./ if-l1<z<1 (5(t) = wlt) — wo
-1, ifx<-1. D
w(t) = == (w(t) — wo)

Proof: Taking H(z) as a Lyapunov function, so H
W Vs .
dH + EO (PH + Or P = = I, 51n(6(t)))

— =—VHTRVH +VH  gu ds (3)
dt . 1 Cr Cr
=-VH'RVH + Z Yill;. " Tas 7" Tgs ™ Tus
i=1 . 1 1 — 1
Bl = —= B+ — Y cos6+ —V;
It is easy to see that \ T3 Tao  wy, Tao
Liy; <0, if —K;y; > L; wheres is the power angle between theaxis electrical poten-
yiu; =4 —Ky: <0, if —L; < —Kyy; < L; tial vector £/, and a reference bus voltage vecigigr in the
—Liy; <0, if —K,y; < —L; system, in radiansy is the rotating speed of the generator, in
radians/secondl’y is the mechanical power of high-pressure
and that (HP) turbine, in per unitE, are theq-axis internal transient
electric potential of the generator, in per ur;, is the initial
yiu; =0 mechanical power of the generator, in per ubit;C'y are mo-

ment of inertia in seconds and the power fraction of HP turbine,
respectively,l'ns = 1wy + Tx is the equivalent time constant
of the HP turbinel’s, the time constant of oil-servomotor of

is equivalent to

yi = 0. regulated valve of the HP turbin@y the time constant of HP
So we have turbine,u g the electrical control signal from the controller for
the regulated valvel; is the time constant of the field winding
ﬂ <0 when the stator circuit is clos€efly is the excitation circuit time
dt — constanty, is thed-axis synchronous reactance of a generator,
and z!, is thed-axis transient reactance, al is the voltage of the
d_H =0 field circuit of a generator.
dt Letz, = 6(t), To = w(t) — Wwp, T3 = PH(t), T4 = Efll(t)’
implies anda = D/H, b = (wo/H)CnrPrno, ¢ = (wo/H)(Vs/wy,),
d = l/THs, e = (OH/THS)PmOI h = wQ/H,p = 1/T’,
y; =0, Vi=1,...,m. q = (1/Tyo)(zq — 2,/2;,)Vs. Then (3) can be rewritten as
follows:

Then the trajectories of the closed-loop system converge to the

largest invariant set contained in = .
Lo = —axe +b+ hzs — cxysinzg
e — — C
A—{xy:(),u:()} Ith—d.fg‘f—e‘f— HUH

Tus
From the zero state detectability, the closed-loop system is . 1
asymptotically stable under the above saturated controllar. T4 = —pTa+qcoszy + T Vs-
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That is
) B)
I q
c c
diw| | -2 o2 pr o
dt | z3 4 1
vy 0 0 —dK 0
0 0 0 —p
—ga:4sinx1—ib—2@—
cp p cd 0 0
9y, . 0 0
cp H
X + | ==
A Tys "
K\ 4 1
q 0 — V;
T4 — —COSTY Tao
L p i

whereK > 0 is a constant to be determined later.
Itis easy to show that the matrix(M + MT) is semipositive
when

K < 4dacpd _ 4DTyo
h?q  woTusTj(zq — z7)
where
0 @ 0 0
q
cp cp
e )
M=y q
—dK 0
0 0 0 —p
Let
1 h
H(I):§§$%—§< +§>$1—%$4COSI1

1 eN2 1,
o (= g) +578
which is bounded from below sineg € [—7, «], and
1 e
K (“ B E)

Ty — —COST1
p

y=g" VH = 4
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Thus, the saturated controller

K K
Uy = —Llsat[ gfl} = —ILsat |:L1_;( (!133 - (_el)}
K K
Uz = —Lgsat[ Qyﬂ = —Losat [—2 <3?4 — T eos :1:1)]
L2 L2 p

(6)

proposed via Theorem 1 should stabilize the system, where
L; > 0is the magnitude of saturation of tfth control,K; > 0
is feedback gain parameter of tfth control,; = 1, 2.

In the following, we verify the asymptotical stability of the
closed-loop system. In fact, takind(z) as a Lyapunov func-
tion, we have

C;_?:—Z—Za:g—i—h%m(%_g)_%(x?’_g)Z

2
-p (3:4 -1 cosxl) +y"u
p

2
aq h e
< _ _°
- cp [xZ 2a (3:3 d)]
4acpd — K qh? ( e>2 < q )2
T T ek \&T ) P 51:4—5(:053:1

4acpK

Then the system is convergent to the biggest invariant subset
of the setd = {z: 2o = 0, 23 = ¢/d, x4 = (q/p)cosz;}.
Fromzy = 0, 23 = e¢/d andzy = (q/p)coszy, we know
thatz, = (1/2) arcsin((2(bd + he)p)/cdq), which is exactly
the equilibrium point of the system. Therefore, the system with
trajectories contained id is asymptotically stable. From the
La Salle invariant principlg17], the system is asymptotically
stable. Then the following proposition is true.

Proposition 2: The excitation and steam valving control of
single machine infinite bus power system model (3) has the fol-
lowing saturated stabilizing controller:

Ky, _ K, €
Iy }_Llsat[ LlK(x?’ d)}

K K
ug = Losat |:— 5’112:| = Losat [_L_Z (1174 - %COS$1>:|

2 2
()

u; = Llsat |:—

Thus, the system consisting of (3) and (4) is a generalized

Hamiltonian control system with dissipation

{ &= (J(z) — R(z))VH(z) + g(z)u,
y=g"(z)VH(z)

z € R* u € R?

(5)
where
S_M-mT o MMT 00 10]"
G ) 971000 1
Ch
H
J}T:[.Z‘l Tro I3 .Z‘4], u:(ul): THS
u9 1

whereK; > 0, K, > 0, L1 > 0, andL, > 0 are the control
gain and, respectively, the magnitude of saturation of the con-
trols.

Remark 2: In fact, the controller (7) have the following form:

K
uy = Lysat {— LI}( (Pg(t) — CHPmO)}
K, Taox!,
= Losat|——2 ( B/ (t) — ——20Tds ___ cog6(t
on = s |2 (i) - o)

®)

which can be directly measured.
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B. Multimachine Power Systems T time constant of HP turbine;
Consider am-machine power system in this section. The “Hi electrical control signal from the con-
system can be modeled by the following equation [1], [9]: troller for the regulated valve;
Eg EMF in the quadrature axis in per unit;
(6 = w; —wo Ey; equivalent EMF in the excitation coll
) D; wo in per unit.
wi =g (wi —wo) + I (Pri + CariPrnoi = Pei) T direct axis transient short circuit time
) 1 Cors Crrs constant in seconds;
Pri = = Pri+ o= Prnoi + o umi Tq; direct axis reactance of th¢h gener-
. ASi ASi aSi ator in per unit;
By = T (Efi — Eyi) xl; direct axis transient reactance of ttie
. d0i 9) generator, in per unit;
and Qei reactive power, in per unit
Iy; excitation current, in per unit;
By =E, + (z4; — 2;) L Iy direct axis cur.rent, in per. unit; .
B ke Iy guadrature axis current, in per unit;
o= Rt e Kei gain of the excitation amplifier, in per
I;; ==Y E! B;jcos(6; — 6, unit;
* ; oiB3ig cos(bi = 05) Uf; input of the SCR amplifier of théth
, generator, in per unit;
1, = Z Bij B, sin(6; — 65) Tadi mutual reactance between the excita-
j=1 tion coil and the stator coil of théh
generator, in per unit;
Pei = E(ln' Z BiiErlzj sin(6; — &) T transformer reactance;
7=l Tij transmission line reactance between
Qui = Z By E’ cos(6; — 6;) theith generator and thgh generator;
Vi terminal voltage of théth generator.
o _xa‘h[fz Remark 3: In power systemsP.;, Q.;, andV;; are readily
Q.itai measured. Sd&,; can be calculated using these available vari-
Eoi =Vai + = ables.
" Denotea; = D;/H;, b; = wo/H;, ¢; = (wo/H;)Casi Prois
where d'i = (x(h xdl)/T(QOL’ € = 1/THS71 k — (CHL/THS1) mOi»y
8; power angle between theaxis elec- hi = 1/T;. Letz; = 6;(t), wi2 = wi(t) — wo, i3 = Ppi(t),

trical potential vector,; and a refer- anduz;, = E,(t) as state variables ancy = (Cri/Trsi)um
ence bus voltage vectdfp g in the andui = (1/7,,)Ey; as controls. Then (9) can be rewritten

system in rad; as follows:
w; rotating speed of théth generator, in .
rad/S’ (( T;1 = T2,
Py; mechanical power of high-pressure | . =
(HP) turbine, in per unit; Fiz = —@iTiz + ¢+ biwiz — bitia E:l Bijjs
/ o ; ; i=
E,; q-axis mtgrnal tranS|ent'eIectr|c poten- x sin(zi1 — z;1) (10)
tial of theith generator, in per unit; )
Poroi initial mechanical power of thah gen- iy = —eiti3 + ki + i
erator, in per unit; . -
H; andCy; moment of inertia in second and the | Y4 = ~i%is +di 2_:13”1714 cos(wi1 — xj1) + uiz.
power fraction of HP turbine, respec- ) =
tively; It is easy to see that the system (10) can be represented as
Bj; ith row and jth column element of
the nodal susceptance matrix, which is i1 0 b 0 0
symmetric, at the internal nodes aftery | ,. —b; —a;ib; bK; 0
eliminating all physical buses, inperz; | .- | = | o0 0 —ekK; 0 Va, H
unit; - i 0 0 0 —d
P.; electric power;

Uil
Ui2

Trgi time constant of oil-servomotor of reg- +

0
Tusi=Tuqi+Tu; equivalenttime constant of HP turbine; 0
1

ulated valve of HP turbine; 0

_o O O
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wherez! = (21, wia, ®i3, 714), K; > 0 is a constant and
"1 ci ki 1 ki \ 2
H = i S R _
e R e Gy
1 h;
— —$L4 Z BLJZCJ4 COS( Ti1 — .117]1) 2

2d;

7=1

Given an operation poir(tz$;, 0, =55, z5,), one must insert

constant control&;; andwu;» such that

4 e __
T =0

n
. € — L€ . .€ M e __ e
ci + bz = bixf, E Bijx$y sin(z le)

j=1
o kit (11)
T3 =
ei
x5y = e 23”11714 cos(wfy — %) + Uiz
\ Jj=1
Let
|1 ci ki +un
H. e ;
; 2bi <bL + €; ) it
1 k; + ;i 2 h; 9 U;2
+ 2Ki <$Z3 B €; ) Zdi d_t Tid
1 n
— 5 T4 Z Bi]'.’lij4 COS(:Eil — :Ejl)
j=1
which is bounded from below becausewf € [—, 7], and
0 0 1 0
i = <0 0 0 1> Vo He
1 ki + i
— |z —
Ki 3 €;
— n _ (12)
h; U;
E Tia — Z Bij$j4 COS(LEU — :l?jl) — d—2

J=1

Then the forced system (10)—(12) with the feedback control

Uij =i+ i, i=1,...,m,5=1,2
can be represented as
Zi1 0 b; 0 0
d Li2 bz _aibi szz 0
dt |ziz| | 0 0 ek, o | Vet
Tiq 0 0 0 —d;
0 0
0 0 Vi1
1 0 Vi
0 1
0 0 1 0
vi= 0 0 0 1>VmiHe (13)

543

It is easy to see that

0 b; 0 0
R, __1 —bi —aibi szz 0 :|
v 2 0 0 —eiKi 0
0 0 0 —d;
0 b 0 01"
—bi —aibi bZKl 0
Tlo o0 —erxi 0
0 0 0 —d;
0 0 0 0
b K;
0 (libi — 2 0
= >0
biK; -
0 5 e, K; 0
0 0 0 d;

when K; < 4a;e;/b; = 4D;/woTus;. That is to say, when
K; < 4a;e;/b; the system (13) is a generalized Hamiltonian
control system with dissipation.

Then the following saturated controller is designed:

( Linyi
Vi1 = —Lq;lsat( ,1:'/1)
il
i ki + i
= —Lasat | —=— (23 —
e (L,;qu; (ws e )>
linyia
io = —L;osat -
Vi2 28a ( Li2
Lio [ h U;2
= —Lissat — T
258 L;» <di i d; )
112
ZB”JZ]4COS( i1 — Tj1)
_] 1
\ 'l = 17 .,

wherel;; > 0 andl;» > 0 are control gains which can be
arbitrarily selected and.;; > 0 andL;» > 0 are magnitude

of saturation of the controls which can be arbitrarily selected
also. Selectind?.(x) as a Lyapunov function, we have

n

dH

= Z (VmiHeTRiVmiHe + Yi1vi1 + yi2vi2)
i=1

<= V. HIRV,.H..
=1

Then, the closed-loop system is convergent to the largest in-
variant set contained in

ki + i
_ e e _ M 71
A=Saiaj =0, 253 = —),
€i
n
€ —ﬂ B: _ ﬁ)_{_—‘
:Ei4— h L] J4COS 1 $]1 uZQ
)

J=1
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From z,, = 0, Tz = ki/ei, and :L’,E»"4 = (dL/hL)
n S #1 #2
Yo Bijrjacos(zfy — %) + U, we know that
¢i + bixfy = biwg )iy Bija§,sin(zf — %), which
is exactly the equilibrium point of the closed-loop system. 8 X Xro

Therefore, the closed-loop system with trajectories contained
in A is asymptotically stable. From the La Salle invariant
principle [17], the closed-loop system is asymptotically stable.
So, the following proposition is true.

Proposition 3: The multimachine power system model (9)
has the following saturated stabilizing controller:

r UH; = Tusi w;1 — L;psat lia T —ki+m1
Hi — CHZ 71l 71 LilKL‘ i3 e;

E¢i = Tho, |Wi2 — Liosat 2 (— Tig — 2) ,

-

? Fig. 2. Three-machine example system.
— 22 ZBU"TJ"* cos(zi1 — 1) | |, C. Three-Machine Power System Example
2 =1 A three-machine example system shown in Fig. 2 is chosen
i=1,...,n to demonstrate the effectiveness of the proposed decentralized

\
(14) saturated controller.

around a prescribed operation pofat;;, 0, zf3, z5,), where  The system parameters used in the simulation are as follows

lij>0@G=1,...,n,5 =1, 2)arethe control gains and}; > [20]:

0(z=1,...,n,5 =1, 2) are the magnitude of saturation of
the control. System pa_lrameters Generator #1  Generator #2
Remark 4: It is easy to see that d (per unit) 1.863 2.36
x%, (per unit) 0.257 0.319
. Tosi I 7 (per unit) 0.129 0.11
UHi = 5 [ﬂd Lilsat< 7o (Pri — CaiProi D (per unit) 5 3
Hi i T4, (per unit) 6.9 7.96
_ H (s) 8 10.2
- T U
s 1)” Zd (S) 1.712 1.712
] ke 1 1
i 1 =
Eji = T'y, |z — Lipsat 2 : E,’ﬁ wy (rad/s) 314.159
- i2 \ Tdi — Ty, Cur 0.7 0.72
Cy 0.3 0.29
Tioi S Pro 0.82 0.8
EETET —Z BijEq; cos(bi—6;) Ty 0.398 0.4
) j=1
T12 0.55
[ Lio 1 T 0.53
T |G — Ligsat — B, 1
d0i -’U, 2 258 <Li2 <$di - :L:h 7 23 0.6
_ T i In the example system, the generator #3 is chosen as slack
Tai — Tl bus. In simulation the control parameters are selectdg, as
r lio T(EO 0.02, l;2 = 0.01, l3; = 0.03, Iy = 0.02, K; = 0.05, and
= To; | Wiz — Lipsat <_—'2 ﬁ Uio K, = 0.01. Suppose the operation point is given as (0.2700, 0,
- oo T 0.2460, 2.2257, 0.2500, 0, 0.2320, 3.4379), then one can obtain
by 71 (VEL + QSimdi))] U1 = 0, W2 = 0.5720, us; = 0, andwse = 1.2190. The
Lig wai — xy; Vii control input limitations are supposed to be
l;
=T/, [Hz - L,L-gsat<—2/ —0.05 < w1 — wir < 0.05,
Lio(x4i — x7;) — ;
—0.01 < wujo — U < 0.01, i=1,2.
Qeiai ,
X | Vi + - TdOiuiZ - . . . :
Vii The simulation results concerning the dynamic behavior of the
i=1. ... n three-machine system under the proposed control law are shown

which is decentralized and can be directly measured. That is, thét fault occurring on the transmission line near bus 4 is con-
controller (15) is decentralized, saturated, and measurable. sidered.

(15) inFigs. 3-6, where a typical symmetrical three-phase short-cir-
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The Angle Responses of Closed-Loop System Under Fault

0.38
0.36
0.34
w0321
0.3F
0.28
0'2601lééiéé;éé1l01111lz1la1l41ls
0.26
0.25

0.24
«0.23

0.22

0.21

0.2 ! ! ] ! 1 ! I 1 ! ] ! ! ! ! )
0

time sec. t
Fig. 3. Responses of anglés andé, under the fault that occurs at 1 s and is cleared at 4 s.

The Controller Responses Under Fault

0.05 0.584
0.582
0.58
5 0 50.578
0576
0.574

~005, : - s 0572

5 10 15
0.05 1.23
1.225
1.22

3& 0 DN

1.215
1.21
-0.05 1.205

0 5 10 15 0 5 10 15

time sec. t time sect

Fig. 4. Responses of the controller;, w2, us;, andus, under the fault that occurs at 1 s and is cleared at 4 s.

It can be observed from Figs. 3 and 4 that with the proposéde is restored. This indicates that restoring transmission line is
saturated decentralized control law the dynamic system is stigeful for the dynamical performance of closed-loop system.
bilized under the fault that occurs at 1 s and is cleared at 4 s.

It can be further observed from Figs. 5 and 6 that with the pro-
posed saturated decentralized control law the dynamic system is
also stabilized under the fault that occurs at 1 s, is cleared at 4n this paper, the controller design of power systems have
s, and restored at 5 s. been considered. Using Hamiltonian function method a decen-

Comparing Figs. 3 and 4 with Figs. 5 and 6, one notices thaalized, saturated, and measurable controller has been obtained.
the resulting operation point can be restored if the transmissilonfact, in the literature decentralized saturated controllers are

IV. CONCLUSION
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The Responses of Angles of Closed-Loop System Under Fault

0.38
0.36
0.34
_0.32
0.3
0.28
0.26

0.24
0.32
0.3
0.28
«0.26
0.24

0.22

time sect

Fig. 5. The responses of angkesandé. under the fault that occurs at 1 s, cleared at 4 s, and restored at 5 s.

The Response of Controller under Fault
0.584

0.05
0.582
058
0578
0.576

0.574

-0.05 0.572
0 0

0.05 1.226
1.224
1.222

N122

u21
o

1.218

1.216

1.214
5 10 15 0 5 10 15

time sec t time sec t

-0.05
0

Fig. 6. Responses of the controlker;, 12, w21, andus- under the fault that occurs at 1 s, cleared at 4 s,and restored at 5 s.

widely used for power systems, but no theoretic foundation @monymous referees for careful reading of the manuscript. Their
given. The result of this paper have provided theoretic foundaelpful comments are greatly appreciated.
tion. Finally, a three-machine power system has been presented
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