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This paper investigates the problems of delay-dependent passivity and passivation of a
class of linear interconnected time-delay systems with particular emphasis on multiarea
reheat power systems. This class contains state delay in the dynamics and observation at
the subsystem (local) level. A new state transformation is developed to exhibit the delay
dependence in the system dynamics and a less conservative passivity-bounding inequality
is incorporated. Through the analytical development, it is established that the passivity
condition can be cast in a linear matrix inequality (LMI) format at the subsystem level
thereby facilitating decentralized passivity analysis. For state-feedback passivation, it is
proven that it is indifferent to use instantaneous or delayed decentralized state feedback.
The case of dynamic output-feedback passivation is also treated. The analytical develop-
ments are simulated to a typical multiarea power system and the ensuing results show
satisfactory performance.

Copyright © 2006 M. S. Mahmoud and A. Ismail. This is an open access article distrib-
uted under the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly
cited.

1. Introduction

Dynamical systems are being connected to form larger systems to meet the pressing de-
mands and therefore problems of decentralized control and stabilization of intercon-
nected systems are receiving considerable interests [1, 3-5, 11, 16, 21, 24, 26] where most
of the effort focused on dealing with the interaction patterns. When the interconnected
system involves delays [19], only few studies are available. In [12, 13], the focus has been
on delays in the interaction patterns with the subsystem dynamics being known com-
pletely. There are various sources for delays including finite capabilities of information
processing among different parts of the system, inherent phenomena like mass transport
flow and recycling and/or byproduct of computational delays [19]. In [15], a class of
uncertain systems is considered where the delays occur within the subsystems. Among
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2 Passivity and passivation

the relevant topics is the passivity analysis and synthesis for classes of time-delay systems
[18, 22, 23, 25] using classical definitions of passivity and positive realness [2, 7, 27].
These results show that passivity-based methods are highly effective and producing ro-
bust controllers to classes of time-delay with parametric uncertainties. In particular, when
the time-delay factor is known, it is emphasized that delay-dependent passivity yields less
conservative performance results. An alternative approach to interconnected power sys-
tems has been considered in [28] by representing the power system as Hamiltonian con-
trol system with dissipation and then using decentralized saturated nonlinear control to
enhance the transient stability.

This paper has two major goals. First, it develops delay-dependent passivity and passi-
vation criteria for a class of linear interconnected time-delay systems and designs decen-
tralized state- and output-feedback controllers. Second, it applies these controllers to a
class of interconnected reheat power systems. To achieve the first goal, we consider a less
restrictive definition of passivity in dynamical systems [14] and employ a new state trans-
formation to exhibit the delay-dependent system dynamics. Then we proceed to establish
that the resulting passivity condition can be cast in a linear matrix inequality (LMI) for-
mat which can be conveniently solved by semidefinite programming techniques [7]. Fol-
lowing this, the problem of feedback passivation is examined and it is proven that when
the state variables are available for measurements, it is indifferent to use instantaneous
or delayed state feedback. This represents a pleasing avenue which enhances the effective-
ness of the developed state transformation. Finally, the case of dynamic output-feedback
passivation is treated and it is shown that the passivity conditions are cast in the form of
system of equations and LMIs.

To achieve the second goal, we consider a class of interconnected reheat power sys-
tems, the model of the individual system possesses intrinsic time-delay features due to
the feedback channel of reheat power as well as the finite processing capabilities in the
governor and power system stabilizer. As a typical application, we consider a three-area
reheat power system and use Matlab simulation to explore the effectiveness of the devel-
oped control strategy vis-a-vis standard control design approaches. The ensuing simula-
tion results show the superiority of the analytical technique developed in this paper for a
wide range of power operating conditions.

Looked at in this light, the developed results in this paper for delay-dependent passiv-
ity (Theorem 2.3), state-feedback passivation (Theorem 3.1), and output-feedback passi-
vation (Theorem 4.1) give less conservative results than those of [9, 15-19, 21-25] since
they provide a new state transformation for delay-dependent passive analysis and synthe-
sis. Additionally, our control approach is technically superior to the techniques of [24, 29]
since it establishes delay-dependent dynamic controllers for interconnected time-delay
systems.

Notations and facts. In the sequel, we use W, W~1, and A (W) to denote, respectively, the
transpose, the inverse, and the eigenvalues of the induced norm of any square matrix W.
We use W >0 (< 0) to denote a symmetric positive definite (negative definite). Some-
times, the arguments of a function will be omitted in the analysis when no confusion
can arise. The symbol e will be used in some matrix expressions to induce a symmetric
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structure, that is, if given matrices L = L' and R = R! of appropriate dimensions, then

[L+M+o -]_[L+M+Mf Nt]. (L)

N R N R

Fact 1.1. For any real matrices X, and X, with appropriate dimensions, it follows for all
a > 0 that

T, 45 < 0 15 5 4 oY, (1.2)

2. Passivity of interconnected time-delay systems

We consider a class of interconnected time-delay systems Z,,

Yo x(t) = [Ao + E]x(t) + Agx(t — 1) + Tw(2), (2.1)
x(s) =«(s), se[-71,0], (2.2)
z(t) = Goxj(t) + Gax;(t — 1) + Dw(t), (2.3)

to be composed of n; coupled subsystems X,; described by

Zoj Z)'Cj(t) :Aojxj(t) +Adjxj(t— Tj) + ZSEjk.xk(t) +erj(t), (2.4)
k=1

xj(s) =xj(s), se[-1;0], (2.5)

Zj(t) = ngxj'(t)-l'Gdej(t—Tj)+q)jo(t), (2.6)

where x;(t) € R" is the state vector, w;(¢) € R% is the exogenous input (either a control
input or reference signal), z;(t) € R% is the controlled output, and 7; € [0, T;k] is a known
constant delay factor. The matrices A,j, Agj, Goj» Gaj, I'j, and @; are known real constant
matrices of appropriate dimensions. The links between the matrices of system %, and
subsystems Z,;, j = 1,...,ns, are quite standard. From now onwards, we focus on analysis
and design at the subsystem level. Let X;(t,x;) denote the state trajectory of system X,;
from the initial condition {x,;,%;} and let X;(#,0) be the corresponding trajectory with
zero initial conditions.

Definition 2.1. System X, is called passive if there exist scalars f3 =0, j=1,...,n such
that for all £,; > 0 and for all X;(#,0) of subsystems Z,;, j = 1,..., 1,

2 J:j ()2 ()ds = —B, J:j wi(s)w; (s)ds. (2.7)
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Remark 2.2. Tt should be observed that Definition 2.1 provides less conservative perfor-
mance results for a wide class of dynamical systems [14]. There are other alternative ap-
proaches based on port-controlled Hamiltonian systems with dissipation [8, 28] by con-
sidering the Hamiltonian function as the total energy (potential and kinetic energy) in
the mechanical systems. These, however, require an additional a priori modeling effort
in contrast to the direct state-space model (2.2)—(2.6) which permits incorporating time-
delay factors.

Our purpose in this paper is to develop delay-dependent criteria for the interconnected
time-delay system X, using local information from subsystems (2.5)—(2.6) that render the
system internally stable and passive based on Definition 2.1 and subsequently construct
methods for feedback passivation.

2.1. State transformation. Introduce the state transformation
t

oj(t) = xj(t) + t,T.Adjxj(s)dS (2.8)

into (2.5) to yield

dj(t) [A0]+Ad]]x] t)+1“ W] ZE]kxk

(2.9)
= Aadjx(t) + erj(t) + Z Ejkxk(t).
k=1
Define the augmented state vector
— (t) 2n
G(t) = [ (t)] € R, (2.10)

By combining (2.5) and (2.8)—(2.10) and taking the limit &; — 0, we obtain the trans-
formed system

ns

(Zr,) 60 = A0+ | XG0+ Tywy(0)+ S0,

() =x;(t), te[-27;,0], (2.12)

Zj(t) :Gj(j(f)-l—(_;dj((t—‘['j)+(Djo(t), (2.13)
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along with
BV - - _ 0 Ej
r]: ;0j|7 Go]: [0 GO]]) Gd]: [0 Gd]]) E]k: |:O 0 :|>
[0 Agj 0 O R;;i O
Noj = i R . Ri=| )
-1 1 0 Ag 0 Ry

1 0 _ I 0 Pgj 0
Ei=| |, E=||  P=UP, U= . Pj= ,
0 I 0 0 Py Py

(2.14)
Py — Py, +Rgj  —Pyj+Py ]
+P8jAOdJ+
s T'Pé-Adj Pt ~Fj
I, = P oSEq |, m=| 9T, m=| 9.
0j O-Jl;l kj rj [ijijAdj tj —G(t,j
. Pyj+ Pyt
B ij+TjQ] ( )
2.15

TueoreM 2.3. Consider system Xr,.. Given matrices 0 < Qj = Qj € R"*", 0<R; = R} €
R2Z%%215  Jet matrices 0 < Psj, Pgj, Pyjand scalarﬁj > 0 satisfy the linear matrix inequalities
(LMls)

Hoj Hrj Htj _h. — ﬂ'[ Gu
. -1Q 0 i— P P j
—BiI - @] < ) Al Z <
’ ’ —q)j + Gde;jl Glti] ) ’ e
(2.16)

then system X, is passive in the sense of Definition 2.1.

Proof. For given Q; = Q} >0 and R; = R} >0, let the Lyapunov functional V;(-) of the
transformed system (2.11)—(2.13) be selected as

t t

Vi) = GOPGO+ | GORGEAs | | GOBQEG @S, (217)

—Tj t+6;

Evaluating of the derivative of V (,(;) with respect to ¢ yields

X 0
Vi(t,§5) = 200 () Pi (1) + 758 () Ea QS (8) — J_T ((0;) E2Q;E5¢;(6;)d0;

+E(OR;G(8) = (G (t— 1) RiGj (£ —15).

(2.18)
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Focusing on the first term of (2.18) and using (2.13)—(2.17), we obtain

2{f t)Pf(](t) 20'(t) PL (1)
&:(t) Aod] £)+T; w](t ZE]kxk
—ZCj(t)[P’j-[ ’0 } =204 (t)P]
—oi(t) + (1) +J Agix(s)ds
=1
t
= 20O Aoy (1) + 20 (P (1) +2JH‘ CHS)PLY 8 (s)ds
F2OPS Bidilt).
. (2.19)

Hence, it follows from (2.18)-(2.19) that

Vi(t,8)) = OGP+ i+ R;18i(6) + 20 (1) PLTjw; (1)

t
+2 (t ﬂ» Y (] dS+T](t(t E2Q1E2(] ( (t— Tj)Rj(j(t—Tj)

t s
- j (OB QE (s + 20 (0P, S, Epdelo)
- (2.20)

By Fact 1.1, we have

t t
2| GOPYGOds=2]  GOPEAgx s
-7 -7
t

< UOPIRAGQ AYERIG(O+ | x(6Qx(9)ds

=1
t

= 1 ()PLE Ay Q) Al ES P (1) L_T_C}(S)EszEECj(S)dS-
(2.21)

From (2.20)-(2.21), we get
Vj (t,(j) = (Jt(t) |:Af)jﬂ»j + P;Auj +Rj + Tjﬂ»thAdele;jEéﬂ»j + TjEszEs

+ [P; zs: Ejk + zs“ E_;k[Pj](j(t) +2(;(f)P;fjo(f) — (It(t — Tj)Rj(j(t— Tj).
k=1 k=1
(2.22)
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By incorporating the identity 377, S Enle() = 25, E?LIE_kj(j(t) and (2.13) into
(2.22) and completing the squares, it yields

Vi(t,45) = 225 () w; () — Bwi()w;(t)

= (Jt(t) |:Att)j[Pj + P;Aoj +Rj +7; PthAdelefijEél]»j

+ TjEszEé + [P; z E_]‘k + Z E;'klpj] (j(f) +2(}(t)[P§fjo(t)
k=1 k=1

= Biwi(thw;(t) = G(OGiw;(t) — wi(t) G (i (t) — wi(t) (D) + D))w;(t)
=Gt = 1) Ri(i(t =) = §j(t = 7;) Gyw; () = wi(t) G § (t — 77)
N N
<{i() [Agj[@j + P + R + 7P Es Ag Q) T AL ESP; + P > Exj+ ZE,iij
k=1 k=1
(2.23)

Applying the Schur complements to (2.23) and in view of LMIs (2.15) with (2.16), it
follows by integrating (2.23) with respect to ¢ over the period 0 — t, that (2.7) holds and
hence system X, is passive in the sense of Definition 2.1. O

3. State-feedback passivation

We now build on the foregoing results by considering the feedback passivation problem,
that is, designing a feedback controller to render the closed-loop time-delay system pas-
sive. Extending on system (X},), we consider a class of time-delay systems of the form

Z]' :Xj(t) = Aoj.x]'(t) +Adj.x]' (t - Tj) + ZS Eijk(i’) +Bojuj(t) + erj(t), (3.1)
k=1

xj(s) = xj(s), se[-1,0], (3.2)

Zj(t) = ngXj(t)'l'Gd]‘Xj(t—Tj)+q)jo(t), (33)

where u;(t) € R" is the part of the control input used for feedback. Considering initially
the case of instantaneous state-feedback passivation, we use the decentralized control law
uj(t) = Kj x;(t) such that its application to (3.2) under the transformation (2.8) yields

ns
5]'(1') = Aokj Xj(t) + Z Ejkxk(t) + erj(t), Aokj = Aoj +BojKj- (3.4)
k=1
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Then the transformed system becomes

. t s _ _
(1) : Ei(8) = Ao () + j Y,¢(s)ds+ S Ejlie() + Twj (1),
T k=1

_ (3.5)
(j(S)ZKj(S), se [—2‘[]',0],
zj(t) = Goj (1) + Gai {j (t — 7j) + Djw; (1),
where
_ 0 Aodj +BojKj
Aok] = |:—I I . (36)
Define the following matrices:
_ 0 ) B.:
Aty =[al, 1], zj_[ } Boj_[01:|)
odj [ ] Xaj 0 (3.7)
Yi=[Xg Xg],  wi=[Wa Wyl
where
_ Xgj O . .
P;! = [def Xx,}’ Xoj =Py}, Xyj = Py}, Xgj = —XyjPajXo;. (3.8)

The following theorem establishes the main result.

THEOREM 3.1. Consider system Zry. Given matrix 0 < Qj= Qj- e R"*", let matrices Y;,

Zj, W; and scalar B; > 0 satisfy the system of LMIs

[Tl;; 71jE2Aqj 7jY(E; [ -YiG,;, 7]
e TR 0 0 ~®; -, Bl Gy
. . -7;Q; 0 <0, . BiI 0 |<o,
° ° ° _ﬂjl - q); ) ) _Rj
| ~®;+GyR; ' Gy |
(3.9)

then system Xy is passive under the control law u(t) = Kx(t) in the sense of Definition 2.1,

where

I = Y!A!

N N
+ Aot Yj — E1Zj — ZiE{ + BoyW; + WiBY; + > ExEY; + Y/E} > Ey
k=1 k=

odj
1
(3.10)

and the state-feedback gain is given by K; = [W,E,][Y;E;] 1.
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Proof. By Theorem 2.3 and taking into consideration (2.14)-(2.15), it is easy to see that
passivity of system X7 implies that the inequality

N N
AyiPj+ PN + R + 1P Es Agi QAL EL P + P > Eyj+ ZE‘,Q].P,- i
k=1 k=1 3.11

+TjE2QjE£ + (P;f] - G;) ((Dj +q)j +;8j1 - G_de]TIG_fij)_l(I_‘;Pj - G_J) <0

holds. Premultiplying (3.11) by [P’j‘t, postmultiplying by [P’Jfl, using (3.7)-(3.8) and the
Schur complements, we obtain the LMI (3.9) and the proof is completed. O

Remark 3.2. Had we considered delayed state-feedback passivation using the decentral-
ized control law u;(t) = Kgjx;(t — 7;), we would have used the state transformation as

t
0(t) = x;(0) + J,T. [Agj + BojKyj1x(s)ds. (3.12)

t=1j
On substituting (3.12) into (3.2) with (2.14)-(2.15), it yields
('Ij(t) = [Aodj +Bojde]xj(t) + z Ejkxk(t) + erj(l‘). (3.13)
k=1

A little algebra gives the transformed system

(Zrak) Iéj(f) = Noax;Cj(1) +J’t Y;{(s)ds + ZS:Ejk(k(l‘) +Twi(1),
7 k=1

_ (3.14)
(](S):K](s)) se [_2Tj,0],
Zj(t) = G_ojCj + G_d]’(j(t - Tj) +(1)jo(1’),
where
0 Ay +B,iKyi
Aodkj = [—1 ! ; ! ]] (3.15)

Taking into account the matrices of (3.7)-(3.8), we could have established a result parallel
to that of Theorem 3.1 by using K; — Ky;. It is thus not surprising to find that results on
both instantaneous and delayed decentralized state-feedback passivation are equivalent.
This, in fact, strengthens the state transformations (2.8) or (3.12) as vehicles to derive
pertinent delay-dependent dynamic models.
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4. Output-feedback passivation

We make another generalization of the previous section by considering passivation using
dynamic output feedback for the system

(Z]o) ZXj(t) =Aojx(t)+Adej( —Tj +Bo]u](t ZE]ka 1) +T; WJ( ), (4.1)
xj(s) =xj(s) se[-1),0], (4.2)

yj(t) =Cojxj(t)+onxj(t—Tj)+D0juj(t), (4.3)

Zj(t) :ngXj(t)-l-Gdej(t—Tj)+q)jo(t), (4.4)

where y;(t) is the vector of output measurements. We consider the following dynamic
feedback controller:

(ch) :x,;j(t) = Aojxcj(t) +Bojuj(t) +ch [y](t) — Cojxcj(t)],

(4.5)
Ll]'(t) = chxcj(t)>

where K, j, G,;j are the unknown gains. From (4.2)—(4.5), we get the combined system

(Zjcoj) 1 1i(1) = Aojx; () + Agiyj (t —7;) + > Ejiye(t) + Tjw;(£),
k=1 (4.6)
z]-(t) = éoj)(j(t) + édj)(j(t — Tj) + (Djo(t),

where

Xj(t) ~ Ao]‘ Bachj
X](t) = > Aoj = ,
xcj(t) chcoj AC+B0GC+KC(DOGC - Co)

(4.7)
~ Adj 0 ~ ~
Agi = , Goj =1|Goj Of, Ggi=|Gg 0.
dj [chon O] oj [ j ] dj [ dj ]
Introducing the state transformation
t ~
5,(t) = Xj(t)+L Ayx(s)ds (4.8)
-
which converts (4.6) into
. A A~ Vls - A
0j(t) = [Aoj +Agj]xj (1) + ZEijk(t) +Tw;(t)
- (4.9)

ns

:A\odj)(j(t Z ik Xk t)+F w;(t),
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the transformed system becomes

(Ere0)) 1 (1) = {7"
4

t fs A~ A~
] = Apoj&j(t) +J Yeojéj(s)ds+ > Ejxéi(t) + T jwj(t),
j =7 k=1

(4.10)
zj(t) = Geoji(t) + Gaoj&j (t — 7;) + @ jw; (1),

where

f].:m, Gor=[0 Gy],  Gay=[0 Gyl Aw},:[_ol A;d,},

0 0 o 0 Ej
s 2] aef %)

(4.11)

By using the Schur complements, it is not difficult to deduce from Theorem 2.3 that given
matrix 2, = 9% € R, R; = R € R¥">4, it follows that system (21, ) is passive if
there exists matrix Q; = Q) € R***" satisfying the inequality

g ng
Aianj + Q;Acoj + TjEZA\djgle\fijé + Tij-EszEéQj +gij + Q; Z E\jk + Z E\;ij
k=1 k=1

~ _ 71 A
+ (Q;l“] - Géo]) (@5 + q)] +ﬁjl — Gd]R] 1G(ti]) (1"3(2] — ij) <0,
(4.12)

where

Q,;; 0 9,; 0 R; 0
Q] = 5 9“] = 5 97?«] = >
Qaj  Qyj 0 2y 0 0 (4.13)

We are now in position to present the following result.

THEOREM 4.1. System Xjco; is passive by the dynamic output feedback controller Xc; if,

given matrices 0 < 24 = Slf,j, 0<9j=925,0< Ry = %f,lj, 0<Ryj =Ry, 0< Rgj =

Qtfczj, there exist matrices Qg,;, Qo Qay Qutyr Quy» Oy, and scalar B > 0 satisfying the
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system of equations and LMIs

t , t L.
oy TijiU Qo +Q, + R QL TiL;
<0, . —Tjglzj 0 <0,
© 72
. o T
Qxlj + Qfﬂj + QRXU TJQ;U TjAdj ‘Qxlj Gzt)j7
Op; Q) o 19, 0 0
|: 2] dZ] :| < 0’ < 0)
® _Tjng o ° —Tjglxj 0
° ° ° _Hj ]
(4.14)
Qoy = Quyy + 0y Ay + 710, 00 Quy = T HjGoj 0, 5 (4.15)
, .
Qo = Quy, + QL (Agj+BojDYiCoj) + 110, 9. Qu,
where
Lj = thizj‘ GEjBEjQ;i (Coj +E0j)Ton,
a1 = AodjQa;; + Qi Agy +TH; TS+ R, (4.16)
Taj = (Aoj+ BojDyi Coj) Qi + Oy (Aoj + BojDyiCoj) ' + Ry
and the feedback gains are given by
- T
Gyj=DlCojy K= —Q, GLBL QG (Coj+Eoj) (4.17)

Proof. Using the block-diagonal matrices

1 Q15 O Qa0 | Qa0
Qa]_|: 0 QJZj > Qx]_ 0 Qij > Qd]— 0 Qde ,  (4.18)

then straightforward expansion of (4.12) with some matrix manipulations, we get equa-
tions and LMIs (4.14)-(4.15) such that inequality (4.12) is satisfied. O

Remark 4.2. Tt is readily seen that the developed results for delay-dependent passivity
(Theorem 2.3), state-feedback passivation (Theorem 3.1), and output-feedback passiva-
tion (Theorem 4.1) give less conservative results than those of [9, 15-19, 21-25] since
they provide a new state transformation for delay-dependent passive analysis and syn-
thesis. This represents our first major contribution in this paper. On the other hand, our
control approach is technically superior to the techniques of [24, 29] since it establishes
delay-dependent dynamic controllers for interconnected time-delay systems.
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Figure 5.1. A schematic of three-area reheat power systems.

5. Application to power systems

In this section we demonstrate the application of the foregoing analytical developments
to multiarea reheat power systems, a schematic layout of which in case of three-area is
shown in Figure 5.1.

We will show that the resulting linearized dynamical model can be cast into the for-
mat (2.6). In modeling the power system, we note that the overall system model would
essentially be an aggregate of the single-area reheat models in addition to the power in-
terchange across the tie lines. By considering the dynamics of individual block of a single-
area reheat power system as well as the integral area control [6], the corresponding gov-
erning relations are derived below. First, the dynamic model of the generator is described
by [29]

8(t) = woAw(t),

. 1
Aaw(t) = M[PM +74(t) + KgAw(t) — Pe], (5.1)
., l 14 . 4
E(t) = T, [Epa(t) — [xa — x]ia _Eq(t)]’
where
E;—Ecosé EgEsind
jj=——————, E,=E +][xqs—x,]is Po=—>9, 5.2
M 1= Byt b =nlia REYREA 52
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which leads to

) E;—Ecosé
jg= —Ta—Bosd (53)
Xe +Xq — Xa + X,
Then the automatic excitation voltage regulator is described by
: K, Kya(t)
Epa(t) = Z2IVe = Vit V()] = —5—. (5.4)
TA TA
The governor and the power system stabilizer are represented by
g= Ti[bAw(t “D—g®] 1y =abalt—1)+bg(h),
g
. . -1
y1(t) = (1), ya(t) = ﬁ[}/l(l‘)+(T2+TQ)yz(t)—Aw(t—T)]> (5.5)
_;KJ[;TI To-TT-ThTq T p ot — ]
Vpss = 5| yi(t)+ T ya(t) + T Aw(t—1)|.

By linearizing the dynamical relationships (5.1)—(5.5) around an operating point (,, w,,
EfoEfdo>8o> V10> ¥20) and defining the deviations

AS =6 -6, Aw=w - w,, AE =E —E

q q éo’ AEfq = Efq — Efgos

(5.6)
Ag =g~ %> Ay1 = y1 = Yo Ayr = Y2 — V20s

we introduce the state and input vectors as x' = [A(?,Aw,AE(;,AEfd,Ag, Ayi,Ay;] and
u = [APpy, (Vies — Vi)]. Then the resulting linearized model can be cast into the form
(2.6)-(2.7) with

0 w, O 0 0 0 0
Ky b
G M G, 0 M 0 0
1

G 0 Gy 0 0 0

Tdo
AO = 1 bJ

0 0 0 - 0 Gs Gs
Ty

0 0 0 0 S 0 0

Tg
0 0 0 0 0 0 1
(0 0 0 0 0 G, Gg
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0 0 00 O0O0O
a
0 — 00000
M
0 0 00 O0O0O
Agj=10 K¢ 0 0 0 0 0},
0 Ko 0000 0
0 0 00 O0O0O
0 KL 000 0O
0 o-
1 U o
~ 0 10 0 0
M 0 1 0 1
0 0 0 0 0 0
B,=|o Xaf, c=|o of, c;=]0 of,
Ta 0 0 0 0
0 0 0 0 0 0
0 0 [0 0] 0 0]
[0 0 | (5.7)
where
E’ Ecos? E’ Esind, —
Gl:_qog’o’ Gzz_qo—/a> G3:_Esin6o 7 al xd IBE)
M [x, +x] Mx, +x;] T [xe +xq — xa +x]
Xe +Xq KT, K][TQ—Tsz—TlTQ]
G4:_ 7 71 G5: > G6:_ 5
Tdo [Xe tXg — Xa +xd] TsT, TaT,
1 T, +Tq KT, b 1
Gy =———o, =22 Go = — , Gio = —, Gy = .
7T TN, T T, T LT, 0T, ", T,

It should be observed that the delay factor 7 occurs within the dynamics of the gover-
nor and the power system stabilizer and the turbine reheat power. This is typical in large
power systems and an upper bound on the delay factor can be estimated using offline sim-
ulation. This confirms our observation that the linearized dynamical model of multiarea
reheat power systems fits nicely the frame of interconnected time-delay systems.

5.1. Numerical data. Assuming identical power areas, the numerical values of the differ-
ent parameters of any of the areas are given by
(i) synchronous machine parameters

w, = 314.16rad/s, M =6.92, K;=-0.027, x4 = 1.24pu,
x4 =0.743pu, x; = 0.022pu, x=0.8pu, Py =0.437pu, (5.9)
E=1pu, T, =58, 0, = 20°, E‘;O = 1.05;
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(ii) voltage regulator and excitation system

K4 =250, Ta =0.001s, Vit = 1pu; (5.10)
(iii) governor system parameters
a = —0.000124, b=-0.17, T, = 0.25s; (5.11)
(iv) power system stabilizer
K; =12, Tq = 2.55, T, =0.1s, T, = 0.03s. (5.12)

The upper bound on the time-delay 7* is 0.65. Application of Theorem 4.1 yields the

gains of the dynamic output feedback controller:

T 0 —0.03]
~0.02 125
K 8 _0060021 G [—0.04 ~0.0006 0.4 002 019 0 0}
g ot K o= _ - :
0 —0.006 0 —0.0001 0 0004 0-0.16 3.6
0 —0.07
0,004 —0.52 |

(5.13)

5.2. Simulation results. Extensive simulations were carried out to examine the capabil-
ities of the developed passivity-based control design and to compare the ensuing results
with the #-controller developed in [29]. The three-area interconnected power system
was subjected to a constant load disturbance of 10% of the rated capacity. For purpose of
comparison with other related works and due to symmetry, we consider the case when the
disturbance is affecting one area only (say, area 1). Here the tie-line power interchange er-
ror between the other two areas (area 2 and area 3 in this case) is zero. It should be noted
that all tie-line power interchange errors between the different areas with and without
integral control are zero. This means that the tie lines between the different areas cannot
carry any extra interchanging power due to the load increase in the areas.

The simulation results of the areas are displayed in Figures 5.2-5.7. In Figures 5.2 and
5.3, the frequency error and the inter-area power exchange error in area 1 are plotted
for the cases with and without integral control using the developed passivity method.
The corresponding results for areas 2 and 3 are plotted in Figures 5.4 and 5.5. Finally,
in Figures 5.6 and 5.7, the frequency error and the inter-area power exchange error are
plotted using three methods: standard linear-quadratic, the #-controller of [29], and
the passivity method developed in this paper. From these results, we observe that the
steady-state frequency errors in each area were eliminated in a relatively short time. The
inter-area tie-line power exchange errors are zero due to the fact that each area is capable
of absorbing its own load increase.

In comparison to other established control design methods, the developed passivity-
based control design for the interconnected power system has been proven to attain a
satisfactory performance.
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Figure 5.2. Frequency error in area 1: with integral control (solid line); without integral control
(dashed line).
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Figure 5.3. Inter-area power exchange error in area 1: with integral control (solid line); without inte-
gral control (dashed line).
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Figure 5.4. Frequency errors: in area 2 (solid line); in area 3 (dashed line).
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Figure 5.5. Inter-area power exchange errors: in area 2 (solid line); in area 3 (dashed line).
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Figure 5.6. Frequency error in area 1: LQR method (solid line); 3., method [29] (dashed line); pas-
sivity method (dashed-dotted line).
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Figure 5.7. Inter-area power exchange error in area 1: LQR method (solid line); #~ method [29]
(dashed line); passivity method (dashed-dotted line).
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6. Conclusions

A new state transformation has been developed to exhibit the delay-dependence dynam-
ics of a class of linear interconnected time-delay systems for the purpose of investigating
the problems of passivity and passivation. It has been established that the passivity con-
dition can be cast in a linear matrix inequality (LMI) format at the subsystem level. For
state-feedback passivation, it is proven that it is indifferent to use instantaneous or de-
layed decentralized state feedback. The case of output-feedback passivation is also treated
using local dynamic controllers. Application to multiarea reheat power systems has been
given to support the analytical results.
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