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Abstract—In this paper the short term scheduling optimization hours to one day [31]. A large stream of research in the power
of a combined cycle power plant is accomplished by exploiting systems area focused on this problem. The usual paradigm

hybrid systems, i.e. systems evolving according to continuous 515 ysed in this paper) is to recast the economic optimization
dynamics, discrete dynamics, and logic rules. Discrete features . to th inimizati f t mi functi | and
of a power plant are, for instance, the possibility of turning on/off Into the minimization or a cost minus revenues functional an

the turbines, operating constraints like minimum up and down t0 account for the physical model of the plant through suitably
times and the different types of start up of the turbines. On defined constraints. The results available in the literature differ

the other hand, features with continuous dynamics are power poth in thefeaturesof the CCPP modeled and in tiseopeof
and steam output, the corresponding fuel consumption, etc. The optimization.

union of these properties characterize the hybrid behavior of . .
a combined cycle power plant. In order to model both the In [31], [8], [17], [32] the CCPP is assumed in a standard

continuous/discrete dynamics and the switching between different Operating condition and optimal scheduling of the resources is
operating conditions we use the framework of Mixed Logic performed via non linear programming techniques. The main
Dynamical systems. Then, we recast the economic optimization |imitation is that the possibility of turning on/off the turbines is

problem as a Model Predictive Control (MPC) problem, that = ot considered and therefore it is not possible to determine the

allows us to optimize the plant operations by taking into account . e .
the time variability of both prices and electricity/steam demands. optimal switching strategy. The discrete features of a CCPP

Because of the presence of integer variables, the MPC scheme ifi-€. the fact that turbines can be turned on/off, the start up
formulated as a mixed integer linear program that can be solved dynamics, the minimum up and down time constraints and the

in an efficient way via dedicated software. priority constraints in start up sequences) can be captured by
Index Terms— Hybrid systems; model predictive control; com- Using binary decision variables along with continuous-valued
bined cycle power plant; mixed integer linear programming variables describing physical quantities (e.g. mass, energy and
flow rates).
. INTRODUCTION In [27] binary variables are introduced to model the on/off

tus of the devices and the corresponding optimization
blem is solved through the use of genetic algorithms.
ge same modelling feature is considered in [21] where the
tomatic computation of the optimal on/off input commands
glfilling also operational priority constraints) is accomplished

In the last decade, the electric power industry has begﬁl
subject to deep changes in structure and organization.
the one hand, market liberalization and its associated fierc
competition has led to a strong focus on cost reducti

and optimal o tion strategies. On the other hand, m . ) .
puma’ operation stTa‘egies. n er rough Mixed Integer Linear Programming (MILP). However

strict environmental legislation makes operational constrai . . .
9 P I both papers, the modelling of the CCPP is done in an ad-

tighter. In this context, the use of combined cycle power pla . L . .
(CCPP) has become more and more popular: they are mnBPé: fas_h|on and the ge_'_‘era"za“on to pla_nt_s with different
ologies and/or specifications seems difficult. Moreover,

efficient and flexible than conventional configurations based § ; L .
g er important features such as minimum up and down times

boilers and steam turbines, not to speak about nuclear oW . . .
plants P P or the behavior during start up are neglected. A fairly complete

A typical CCPP is composed of a gas cycle and a stee{ﬂuOdel of a thermal unit, using integer variables for describing

cycle. The gas cycle is driven by some fossil fuel (usualllgnnlmum Up/dOWﬂ time constraints, ramp constraints and

natural gas) and produces electric power via expansion of f{erent §tartup procequrgs, IS given In [2]. ‘The behavior
gasses in a (gas) turbine. The steam cycle is supplied WE thgf ur?|t is then hOptml]('jZEd bg SOI;'?Q MIIaP”probIems.l

the still hot exhaust gases of the gas turbine and gener é’%n ! thS approach cou h gall a.ptel or rf’no de |ngba} smgr]]e
both electricity and steam for the industrial processes. Clea(:h r ine ol a CCPP, no met odological way for describing the
the liberalization of the energy market has promoted the ne rdination between different turbines is provided.

of operating CCPPs in the most efficient way, that is b dhel am (()jf th|t_s paptgr 'Sftggggw hOWbetfrf]. t_hetltaskT 0;
maximizing the profits due to the sales of steam and eIectricE/"0 eling and optimization o S can be efnciently solve

and by minimizing the operating costs ¥ resorting to hybrid system methodologies. Hybrid sys-
In this paper we consider the probnlem of optimizing th ems recently have attracted the interest of many researchers,

short-term operation of a CCPP, i.e. to optimize the plant cause they can capture in a single model the interaction
an hourly basis over a time horizon that may vary from fe etween continuous and discrete-valued dynamics. Various

models for hybrid system have been proposed [24], [26],
Manuscript received December 1, 2001; revised December 20, 2003. [10] and the research focused on the investigation of basic



properties such as stability [9], [20], [22], controllability and refation logic mgxei'nteger Inequalities
observability [4], and the development of control [6] [26], stateP1 | AND () S1A 52 5y —
estimation [15] and verification [7], [1] schemes. —61+03 <0

We will use discrete-time hybrid systems in the Mixed "2 S & (S1 A 52) 6_512 63_? 0< 1
Logical Dynamical (MLD) form [6] for two reasons. First, p3 [ OR (v) 51V S, 5115222 1 2=
they provide a general framework for modelling many discrete?4 | NOT (~) ~ 51 61 =0
features of CCPPs, including the coordination and prioritiz -Eg :E"FP(LL)(;’) gi = gz gi - gz 58

tion between different devices; second, they are suitable torbs>

[aTz <0[=[6=1]

aTe>e+(m—e)d

used in on-line optimization schemes [6].

P8

[f=1]= [aTz <0]

aTe <M — M6

In Section 1l we briefly recall the basic features of MLD

P9
e

[aTz <0] & [6=1]

aTe <M — Mé
ala>e+(m—e)d

systems and in Section Il we describe the CCPP plant
consider (the “Island” CCPP). In Section III-B it is shown

z < Mé
z>md

how to model in the MLD form both the continuous ang P10 | Mixed product | z=4-a”z

discrete features of the plant. The operation optimization |is
then described in Section IV. We show how to recast the

z2<aTz—m(1-9)
z>aTx— M(1-9)

TABLE |
economic optimization problem in a Model Predictive Control  Basic cONVERSION OF LOGIC RELATIONS INTO MIXED INTEGER
(MPC) scheme for MLD systems that can be solved via Mixed INEQUALITIES.

Integer Liner Programming (MILP). The use of piecewise

affine terms in the cost functional allows us to consider various

economic factors such as the earnings from selling electric

power and steam, the fixed running costs, the start up cosystem is [6]
and the cost from the aging of plant components. In Section

V the most significant control experiments are illustrated and ~ =(t + 1) = Az(t) + Byu(t) + By6(t) + Byz(t) (1)
in Section VI the computational burden of the optimization
procedure is discussed. Finally, in Section VII, we discuss y(t) = Cx(t) + Dyu(t) + Dy0(t) + Dyz(t)  (2)
how additional features of CCPPs can be incorporated into

E5d (t) +FE3z (t) < FEiu (t) +FE,x (t) +FE5 (3)

the resulting MLD model and/or the MPC scheme.

wherez = [zT xlT]T € R" x {0,1}" are the continuous
and binary statesy = [ul ulT]T € R™e x {0,1}™ are the
The derivation of the MLD form of a hybrid system involvesnputs,y = [y le]T € RPe x {0,1}"" the outputs, and €
basically three steps [6]. The first one is to associate with{@,1}"", = € R" represent auxiliary binary and continuous
statementS, that can be either true or false, a binary variableariables respectively. All constraints on the states, the inputs,
d € {0,1} that is1 if and only if the statement holds true.the z and § variables are summarized in the inequalities (3).
Then, the combination of elementary statemefts.., S, into  Note that, although the description (1)-(2)-(3) seems to be
a compound statement via the boolean operators AND, linear, nonlinearity is hidden in the integrality constraints over
OR (V), NOT (~) can be represented as linear inequalitiehe binary variables. MLD systems are a versatile framework
over the corresponding binary variablés, : = 1,...,q. to model various classes of systems. For a detailed description
The inequalities stemming from the compound statements afesuch capabilities we defer the reader to [6], [4].
reported in Table I. As an example consider P3, which saysThe discrete-time formulation of the MLD system allows
that the statement; v .S holds true if and only if§; andd, developing numerically tractable schemes for solving complex
sum up at least tad. problems, such as stability [12], [29], state estimation and
A special statement is given by the conditiehz < 0, fault detection [15], formal verification of hybrid system [7],
wherex € X C R™ is a continuous variable and is a and control [6]. In particular, MLD models were proven
compact set. If one defines, and M as lower and upper successful for recasting hybrid dynamic optimization problems
bounds omu” z respectively, the inequalities in P9 assign thito mixed-integer linear and quadratic programs solvable via
value § = 1 if and only if the value ofa”z satisfies the branch and bound techniques [33]. In this paper, for the
threshold condition. Note that in P7 and R9»> 0 is a small optimization of the plant we propose a predictive control
tolerance (usually close to the machine precision) introducedheme Iflodel Predictive Control - MPEwhich is able to
to replace the strict inequalities by non-strict ones. stabilize MLD systems on desired reference trajectories while
The second step is to represent the product between lin&dfilling operating constraints.
functions and logic variables by introducing an auxiliary From this Section it should be apparent that the procedure
variable z = éa”x. Equivalently, z is uniquely specified for representing a hybrid system in the MLD form (1)-(2)-(3)
through the mixed integer linear inequalities in P10. can be automatized. For this purpose, the compiler HYSDEL
The third step is to include binary and auxiliary variablegHYbrid System DEscription Language), that generates the
in an LTI discrete-time dynamic system in order to describmatrices of the MLD model starting from a high-level descrip-
in a unified model the evolution of the continuous and logiton of the dynamic and logic of the system, was developed
components of the system. The general MLD form of a hybrat ETH Zirich [35].

IIl. HYBRID SYSTEMS IN THEMLD FORM



I1l. HYBRID MODEL OF A COMBINED CYCLE POWER [32], the input/output model of the plant has the form

PLANT
yi(k+1) = fi(ui(k)) ®)

The cogeneration combined cycle power plant Island com- y2(k 4+ 1) = f2(ur(k), uz(k)) (6)
prises four main components: a gas turbine, a heat recovery ys(k+ 1) = f3(u1(k)) @
steam generator, a steam turbine and a steam supply for a ya(k+ 1) = fa(uy(k), uz(k)), (8)

aper mill.
pap where the mapg;, f2, f3 and f4 can be either affine or piece-
wise affine and are obtained by interpolating experimental
Y ) data. The use of piecewise affine input/output relations allows
up Y2 to approximate nonlinear behaviours in an accurate way.

———» Steam turbine ——»

A. Hybrid Features of the Plant

As stated in the introduction the main features which
suggest modelling the Island power plant as a hybrid system
u Y1 are the following:
> « the presence of the binary inputg; andw,s;
Gas turbine « the turbines have different start up modes, depending on
Un v3 how long the turbines have been kept off;
—P — ’

« electric power, steam flow and fuel consumption are

continuous valued quantities evolving with time.

Furthermore, the following constraints have to be taken into
account;

We adopted the simplified input/output description of the , the operating constraints on the minimum amount of time
plant given in [32] and represented in Figure 1. The plant  for which the turbines must be kept on/off (the so-called
has two continuous-valued inputs;(andus), and two binary minimum up/down times);
inputs (1 anduw;e): . the priority constraint (4). This condition, together with

« uy is the set point for the gas turbine load (in percent). the previous one, leads to constraints on the sequences

The permitted operation range for the gas turbine is in  ©Of logic inputs which can be applied to the system;
the interval[u, min, v1,max; « the gas turbine load; and the steam mass flow, are
« uy is the desired steam mass flow to the paper mill (in bounded.
kg/s). The permitted range for the steam flow is in the Finally one would also like to describe the piecewise affine
interval [uz,minvuzmax]; relations (5)-(7) in the model of the CCPP.
o u;; anduys are, respectively, the on/off commands for the
gas and steam turbines; the “on” command is associated The MLD Model of the Island Plant
with the value one.

Fig. 1. Block diagram of the Island power plant.

All the features of the Island power plant mentioned in
We assume that the |npu{ﬁ andu, are independent and Section IlI-A can be Captured by a hybrld model in the MLD

all possible combinations within the admissible ranges af@m. For instance, the possibility to incorporate piecewise
permitted. The binary input variables must fulfill the logic@ffine relations in the MLD model is discussed in [6], [4]
condition and the modeling of priority constraints like (4) is detailed in

[23]. Moreover the possibility of incorporating bounds on the

uz=1 = un=1, (4) inputs is apparent from the inequalities (3). In the following

we show, as an example, how to derive the MLD description
which defines a priority constraint between the two turbinesf the different types of start up for the turbines. We focus on
The steam turbine can be switched on/off only when the ga® steam turbine. The procedure is exactly the same for the
turbine is on, otherwise the steam turbine must be kept offgas turbine.

The output variables of the model are: Typical start up diagrams show that the longer the time for
which a turbine is kept off, the longer the time required before
producing electric power when it is turned on. This behavior
is common to all turbines and is due to the need of heating
the materials of the mechanical components in a gradual way,
in order to avoid dangerous mechanical stresses. This feature

Since we aim at optimizing the plant hourly, we choosean be modelled, in an approximate way, as a delay between
a sampling time of one hour and we assume that the inpth® time instant when the plant is started and the instant when
are constant within each sampling interval. Due to the lorthe production of electric power begins.
sampling time we may also ignore plant dynamics like tem- In our model we consider the four different types of start
perature changes, controller reaction times, etc. As reporteclim procedures for the steam and gas turbines, that are reported

« the fuel consumption of the gas turbing, [kg/s];

« the electric power generated by the steam turbipe,
[MW];

« the electric power generated by the gas turbingMW];



oAl ST U time Spe[gtg‘}’ff (h) del“yl (h) Since the energy production depends on the condijor
hot start up TS, 60] 2 0, we introduce the logic variablé; defined by the threshold
warm start up 160, 120] 3 condition
cold start u 120, 4
P 1120, +ocf da=1 & £,<0 (13)
TABLE II
TYPICAL TYPES OF START UP PROCEDURES FOR STEAM AND GAS which, written as
TURBINES

Sa=1 & £,+05<0

can be translated into mixed integer linear inequalities using
in Table Il. Thus, for instance, if a turbine has been kept offie rule P9 in Table I.
for 70 hours, it will produce electric power with a delay of 3 Then we introduce the logic variablg,,, which represent
hours from the instant when the start command is given. ThHee condition the turbine is on and produces electric poWwer
shut down procedure is simpler: When a turbine is turned offirough the logic statement
at the next time instant (one hour after!) it will produce zero
electric power.
In order to take into account in the MLD model the differenf ) . . . : .
. : order to find the mixed-integer linear inequalities repre-
start up procedures, it is necessary to introduce three clocks™ N ! .
senting (14) one has two possibilities. The first one is to

with reset (which are state variables), five auxiliary logic . ) . .
variablesd, and three auxiliary real variables The clocks re-write (14) in Conjunctive Normal Form(CNF) [11] and

i } then use the rules of Table I. Alternatively, one can use
are defined as follows: . . . .
L , , . the algorithm described in [5] that allows computing the
« &,n Stores the consecutive time during which the turbinge . ajities representing the proposition (14) in an automated
produces elect_rlc_ power. If the turb_lne IS producmg eIe%\'/ay starting from the truth-table of the proposition (14).
tric power,&,,, is increased according to the equation The dynamics of the clocks,,, £, can be written as

50”(]{; + 1) = 50”(]{:) + 1 (9)
h . L. k | gon(k + 1) = [gon(k) + 1]60n(k) (15)
otherwise it is kept equal to zero; (k+1) = (k) 4+ 1(1 =35, (k 16
« &, s Stores the consecutive time during which the turbine ors ) A (k) (10)
does not produce electric power. So, if the turbine is offs explained in Section II, the product between logic variables
or does not produce electric power (as in a start up phasgjs 6,,,) and continuous variables (&, and ,1y) Can be

don=1 < (ulg = 1) AN ((Sd = 1) (14)

§orr Is increased according to the equation translated in the MLD form by introducing the auxiliary real
€or(k+1) =&, pr (k) +1 (10) variablesz,, andz.s; defined as
of f — Soff
otherwise it is kept equal to zero; Zon(k) = (Eon(k) +1)don(k) (7)
« &4, When it is positive, stores the delay that must occur Zopp(k) = &opp(k)don(k) (18)

between the turning on command and the actual produc- _ _ . -
tion of electric power. If the turbine is turned of), starts These relations can be represented through linear inequalities

to decrease according to the law by using the rule P10 of Table I. FlnaIIy the dynamics of

the counters,,, and¢,;; in the MLD form is given by the
fd(k + 1) = fd(k) -1 (11) equations:
and the energy generation will begin only when the et 1) = zon(k)
condition¢,; < 0 is fulfilled. Otherwise, if the turbine is on o
off, £, must store the delay corresponding to the current Sopp(k+1) = zops(K)
type of start up. In view of Table I, when the turbine is
disconnected«;, = 0), the value of¢, is given by the
following rules:

on

In order to represent the dynamics of the couttgrthree
more auxiliary binary variables and one auxiliary real variable
are needed. The binary variablés, J.,, 6. are necessary to

Sorf < 8h = ;=0 distinguish the different types of start up and so their definition
8h < &,pp < 60N = &=1 12) depends on the value &f,;,. According to the Table II, we
60h < &opp < 120h = £;=2 have
50ff>120h = fd:3
. . L — L op = 1 & Epp>8h (19)
For instance, if at the time instarit the turbine is off by = 1 o ¢ S 60 (20)
(u2(k) = 0) and &, (k) = 70, &, will be set equal to 2. v off =
If, at the next time instank + 1 the turbine is switched on o = 1 & &y =>1200 (21)

(up(k + 1) = 1), &, will evolve according to equation (11) Let
and when, at the time instait+ 4, the conditioné,; < 0 is

fulfilled, ¢, is reset to zerog(,; ;(k+4) = 0) and¢,,,, starts . { Eq(k)—1 if up =1
to increase according to equation (9). 7 On(k) 4 0u(k) 4+ 0e(k)  if up =0

zq be defined as

(22)



Again, (22) can be translated into mixed-integer linear inequal-Let £ and M be the current time instant and the length of
ities by using the rules P8 and P10 of Table I. It is now possibike control horizon, respectively. We use the notatfgri k)

to write the dynamics of the statg as for indicating a time function, defined far> k, that depends
also on the current instait Then, the terms appearing in (23)
§alk +1) = za(k) have the following meaning:

that is compatible with the MLD form (1) and must be ¢ Caen is the penalty function for not meeting _the electric
complemented with the inequalities representing (19), (20), and steam demands over the prediction horizon:

(21) and (22). k+M—1
Remark 1:From the equations (9), (10), (11), it follows Ciem = Y Pdem et(t|k) [Ypow (t|k) — der(]K)]
that the clocks¢,,, &,;; and £, are unbounded, but it is ,HMtfl'"
easy to make them bounded by a valfjg by introducing + D Pdem st(t|k) [ua(t|k) — dst(t])]
further auxiliary variables modeling rules likef "¢, >¢, t=k
thenfon=§on". where yIJOw(ﬂk) = yQ(t|k) + yg(t“{?), DPdem el(t‘k) and

By using the methodology outlined in this Section, it is  paem s¢(t|k) are suitable positive weight coefficients.
possible to derive an MLD model capturing every hybrid  Further, d.;(t|k) and ds(t|k), t = k,....k + M — 1
feature of the Island power plant. The complete model is represent the profile of the electric and steam demands

described in [34] and involves 12 state variablesj2&ariables within the given prediction horizon. Both the coefficients

and 9:z-variables. and the demands are supposed to be known over the
The 103 inequalities stemming from the representation of ~ prediction horizon. In actual implementation they are

the § and z variables are collected in the matricés, i = usually obtained by economic forecasting. The values

1,...,5 of (3) and are not reported here due to the lack of space. Of paem e1(t|k) and pgenm s:(t|k) weigh the fulfillment
Some significative simulations which test the correctness of of the electric power demand and the fulfillment of the
the MLD model of the Island power plant are also available steam demand, respectively. Finally, we note that this cost
in [34]. functional penalizes production surpluses. Technological
reasons are behind this design. For instance, electrical
network stability related issues make overproduction un-
desirable.

The control technique we use to optimize the operation ofe C.4,,4 is the cost for changing the operation point
the Island power plant is Model Predictive Control (MPC)  between two consecutive time instants:

IV. PLANT OPTIMIZATION

[30], [6] [28]. The main idea of MPC is to use a model of kM —2

the plant (the MLD model in our case) fedict the future Cehange = . PaAw, (tE) Jui(t + 1]k) — ui (t|k)| +
evolution of the system within a fixed prediction horizon. k+M_2t:’“

Based on this prediction, at each time steghe controller S paw, (HE) Juz(t + 1]k) — us(t|k)]
selects a sequence of future command inputs through an t=k

optimization procedure, which aims at minimizing a suitable where pau, (tk), pau,(t|k) are positive weights. Note
cost function and enforces fulfillment of the constraints. Then, that this term is not a rate-of-change constraint because

only the first sample of the optimal sequence is applied to the  big changes ini; andu, are allowed, even if penalized.

plant at timek and at timek + 1, the whole optimization Clearly, rate-of-change constraints can also be added.
procedure is repeated. This on-line “re-planning” provides the, (., takes into account the cost for fuel consumption
desired feedback control action. (represented in our model by the outmo_

Economic optimization is achieved by designing the inputs M1
of the plant that minimize a cost functional representing C _ Z (1) (£ k)
the operating costs minus the obtained revenues. The terms Fuel — Pfuel v

composing the cost functional we consider are described in
Section IV-A. In particular, some terms appearing in the cost Wherep,.i(t|k) is the price of the fuel.

functional are naturally non linear and in Section IV-B we * Clstart up IS the cost for the start up of the steam turbine.
will show how to recast them in a linear form using suitably ~ In fact, during the start up phase, no energy is produced

defined auxiliary optimization variables. and an additional cost related to fuel consumption is paid.
This allows reformulating the MPC problem as a Mixed  Cstart up IS then given by
Integer Linear Programming (MILP) problem, for which effi- kM2
cient solvers exist [16]. Cltart up = Z Detart up(t|k) Aup (k)
t=k
A. Cost Functional whereAuw;; (t|k) = max {u; (t + 1|k) — w1 (¢|k),0} and

Pstart up(t|k) represents a positive weight coefficient.
Note thatmax {[u;1 (t + 1|k) — w1 (¢|k)], 0} is equal to
one only if the start up of the steam turbine occurs, oth-
erwise it is equal to zero. Since, as discussed in Section

The following cost functional is minimized:

J= Cdem + Cchange + Cfuel + Cstart up+

23
+ Cfized —E+ Cstart up gas + Cfiwed gas ( )



I1I-B, different start up modes are allowed, in principle Then, the optimization problem can be written as follows:
Pstart up(t|k) should increase as the delay between thainimize
“on” command and the production of electric power

increases (see Table II). Ju,8,2] = Cuaem + Cehange + Cruet + Cstart up +
o Crizea represents the fixed running cost of the steam Ctized — E + Cstart up gas + Cfized gas

turbine. It is non-zero only when the device is on and | .

it does not depend on the level of the steam flow Subject to

and/or on the level of power outpy. Cfizeq is then z(k[k) = zx

given by and fort =k,..k+ M —1to

k+M—1
T =Tex, +Tyu, +Ts56, +T,2
Clived = E Pfized (t|k)up (t|k) =hk+1 =k =k 0k =k _
t=k Y, = CC&]CJA + DDlﬂk + DD2ék + DD3§]C + Cay,

wherep;i,cq represents the increase of the maintenance 520k + Ero2i < Epywy, + Ep,Ziiq + Eps,

cost (per hour) due to the use of the turbine. Note thak ..« the entries of matrice®.. 7. Ts; and T, can be

Crizea Causes the steam turbine to be turned on only {5 ted by successive substitutions involving the equation
the earnings by having it running are greater than the

fixed costs. - et
. E represents earnings from sale of steam and electrict(t) = A™ "z (k) + > Al[Brui + Baie + Byzi]. (26)
ity; this term has to take into account that the surplus i=0
production can not be sold: Here we used the notation; = a(t—1—1), fora = {u,d, z}.
bt M1 Equation (26) is _also used to generate the matrCedp,,
E="% paltk)minfype k), datR)+ =13 g, j=1,..5
t=k Due to the nonlinearities appearing in the terds.,,,
k+M—1 . . .
E pst(t|k)(m1n[u2(t|k)7dst(ﬂk)]) Cchangea Cstart up» E and Cstart up gas thlS Opt|m|zat|0n
t=k problem is a mixed integenon linear program. However,

where p.(t|k) and p..(t|k) represent the prices fornote that the nonlinearities in the cost functional are of a
€ S

electricity and steam, respectively. Note that the coSPecial type. Indeed, both the absolute value appearing in
Caem and Cepange, and themin /max functions appearing

functional (23) has to be minimized and so the tefm . . ) .
appears with a minus sign. i E, Cstart up @Nd Ctart up gas are piecewise affine maps
e Cutart up gas iS the start up cost for the gas turbine, |gnd the optimization of a piecewise affine cost functional

plays the same role as the teffy;,,; ., and it is defined subject to linear inequalities can be formulated as an MILP
via the logic inputizs. Cagars “ i;pgiven by via introduction of certain binary and continuous optimization
. start up gas

variables [14].

k+M-2 The case of the cost functiondl is even simpler because,
Citart up gas =, Dstart up gas(t|k) Aua(t|k) using the fact that all the weight coefficients are positive, it is
t=k possible to writeJ as a linear function of the unknowns with-
whereAuss (tk) = max{[us(t+ 1|k) —wsa(t|k)],0} and Out increasing the number of binary optimization variables. To
Pstart up gas(t|k) is a positive weight. illustrate this point, we consider the term
o Ctized gas represents the running fixed cost of the gas k4+M—1
turbine and is analogous to the terfy; 4 Clem ol = Z Ddem el (k) |Ypow (tk) — dey(£]E)]
ket M—1 t=k
Crived gas = Z Pfized gas (t|k)uz (t[k) (24) For the absolute value, we exploit the fact thapif> 0,
t=k then . .
Wherepyized g0 (t|k) is @ positive weight. min ple[ = min on
N, xeR
. o xeR Ax <b 27)
B. Constraints and Derivation of the MILP Az <b z<n
The optimization problem can be written as one of minimiz- —r <7

ing (23) subject tar(t|k) = ax, and fort = k,..k + M — 1, hen using (27) it is possible to expreSs., . as follows
to equations of the form (1)-(3). The optimization variables

k4+M—1 E+M—1 k+M—1
are {u(t‘k) t=k ' {5(t|k) t=k g {Z(t‘k) t=k ' Odem el = gdem el,kﬂdem el,k’
In order to state the problem in a more explicit form let us ’

introduce the following notation. In the sequel, for any signéﬁ'hereﬂde_m kS @ cqumn_ yector (_Jf posmve. elements a_nd
p(t|k) we denote by, the vector dem oL 1S @ Vector of auxiliary variables defined according
~k s

n el, . i i .
to the notation (25) and subject to the following constraints
/
p, = [ p(klk) - pk+M—1]k) | (25) Diem el k >



Y2(k) + y3(k) — dei (k) [[ Input [ Minimum [[ Maximum ]|

: w1 [ 50% [[ 100% |
yg(k—l—M—1)—|—y3(k+M—1)—del(k+M—1) [u2 [ 2kgls [ 37kals ]
TABLE Il

UPPER AND LOWER BOUNDS ON THE INPUTS

%

ﬂdem el,k
y2(k) + ys(k) — dei(k) , _ ,
. The permitted ranges fot; and us, are summarized in

: Table Ill. For the Island plant, the affine models (29) and
ya(k+M —=1) +ys(k + M — 1) = da(k + M —1) (31) are sufficiently accurate [32], whereas equation (30) is
just an approximation of the true nonlinear behavior. Again,

By using similar procedures (see [25] for details) it is easy W€ stress the fact that a more precise MLD model could

obtain the following linear expressions for the other nonline&€e obtained by using more accurate (and complex) piecewise
terms: affine approximations for the functiofs.

In Section V-A and V-B we consider a profile of the electric

o (4 =p . .
em st = Laem st klldem stk and steam demands ovés hours reported in [32]. In Section

* Cohange =V’ —Au, N NS N V-C a control experiment over four days is illustrated.

° start up p = _start up kﬂstart up,k

« E=—pf elknelk P g kMt i o o )

o Cstart up gas =P’ P vt up gas.iLstart up gas.k A. Minimum Prediction Horizon M=2
where Dgerm st Tav s’ Maus i’ Tstart up ' Terr Dot In the first control experiment we use the shortest possible
Dtart up gask &€ sunably defined vectors  of auxiliaryhorizon M = 2. At the initial instant § = 0) the state of the
continuous-valued optimization variables. system has been chosen in a way such that both turbines are

It is now possible to recast the optimization problem as th@. In particular, the counters of the steam turbine have the
MILP ' following values:¢,,,,(0) = 10, ,7,(0) = 0, §,(0) = —10.

min K'V The other components of the state were initialized randomly.

(28) The following constant values for the weights were used in

subjectto FV <G the cost functional :

where the vectorK collects all the weight coefficients, the

optimization vector’ is defined as Pdem et =10 [MW]  prye = 0.02  [kg/s]
, , Ddem st = 1 [kg/S] Pfized = 1
V = [ldem el,k idem st,k PAu; = 001 [%] pfiaced gas — 1

/ / —0.01 [kgls] pu=02 [MW]

n n PAusy el

—lAul,k —Aulz,k Dstart up = 50 Dot = 0.2 [kg/S]

istart up,k iel,k Dstart up gas = 50
’ ’

n—st,k T)—stm‘t up gas,k

The results are shown in Figure 2. Note that the steam
turbine is always kept off. This is desirable until =
and F' andG are suitable matrices that collect the inequalitielsecause the gas turbine can produce enough power to satisfy
of the original optimization problem and the ones related the electric demand. But when, fat= 15, the electric demand
the definition of then-variables. exceeds the maximum electric power that can be supplied by
In the whole MILP problem, the number of optimizatiorthe gas turbine~ 183 MW), the contribution of the steam
variables is46 - M — 4 (27 - M of which are integer and turbine would be required.
comprise the logic inputs and tldevariables) and the number Note that, at timek = 15, the steam turbine is in the

! ! ! i
Wy 0 2]

of mixed integer linear constraints i99 - M — 8. condition of a hot start up. In fact, the turbine has been
kept off for more than eight hourg (;,(15) > 8), and then
V. CONTROL EXPERIMENTS ¢4(15) = 1 (see Table Il). If the command on were given,

it would imply that £, begins to decrease and the turbine
In this section we demonstrate the effectiveness of tl§}\7}ould start to produce electric power with a delay of two
proposed optimization procedure through some S|mulat|0|a¥

The input-output equations describing the plant are given gurs (i-e. when the conditiof; < 0 is fulfilled). However,
(5)-(7) where e short prediction horizom\{ = 2) is equal to the delay and

the earnings from power production (that may compensate for
the start up costs) cannot be taken into account in the cost
f1(u1) = 0.0748 - uy + 2.0563 (29) functional. This explains why, as represented in Figure 2, the
optimizer always decides to keep the steam turbine off. The
=0.62-u; —0. . 29.714 - . L .
Fa(u1,up) =062 uy —0.857- up +29.7 B0) | atural remedy to this undesirable behavior is to increase the
fa(uy) = 1.83 - uy (1) prediction horizon.
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due to the typical running of a combined cycle power plant,
in order to increase the electric power output, some steam has
1 to be deviated for this purpose. Since the steam demand is
close to the maximum amount of steam that can be produced
by the plant ante,. «; Was chosen higher thaw.,, « (i.e.

250

%ZOO 1 DPdem et = 10-Pgem s¢), the fulfillment of the electric demand is

5 forced at the cost of the nonfulfillment of the steam demand.
§15o 1 In order to obtain the opposite behavior, it is necessary to
) decrease the value of the ratiQ., c1/Pdaem st Sufficiently.

5

[

g 100 . 50

45 :

50 : 1
401 8
0 IWAVAVAVAVAVAVAVAVAV/VAVAVAVAVAVAVAVAVAV/\VAVAVAVAVAVAVAVAVAV, VAVAVAVAVAVAVAVAVAV/VAVAVAVAVAVAN Z‘BS* N =
0 10 2 30 20 0 2 O
time[h] =30 J
< 0

Fig. 2. Control experiment ovet8 hours with A/ = 2: Electric demand @ 25 A

(stars), electric power produced by both turbines (circles) and by the stea@

turbine only (diamonds). The maximum level of electric power producible byE 201 .
the gas turbine is depicted with a dashed line
*-' 15 ]

10r A
In Figure 3 the control results obtained by starting from the
same initial state and using a horizahh = 3 are shown. As 5T © i
expected now the steam turbine is turned on when needed. o w w w

The previous results highlight that a prediction horizon 0 10 20 time [h] 30 40 %0

of M > 3 is required to enable a hot start up. Similar
considerations suggest a horizdd > 5 to activate all the Fig. 4. Control experiment ovei8 hours with} = 3: steam demand (stars)
other start up procedures reported in Table II. In the sarfif Steam supplied(circles)
spirit, even larger horizons might be needed if the underlying
electricity and fuel prices are such that it takes long time
recover the costs of an startup.

@. Effect of Penalizing the Input Changes

In the second experiment we used a prediction horizon
300 M = 3 hours and the same initial state and weight coefficients
reported in Section V-A. The only difference is that we scaled
the profile of the electric demand in order to make it zero at
time £k = 9. The results are shown in Figure 5. Note that,
until ¥ = 11 the gas turbine is off (and therefore also the

250

=200 , steam turbine is off in view of the constraint (4)). Indeed,
% the electric power that can be supplied by the gas turbine is
g bounded from below by the valug ,i» = 91.5. Therefore, it

0 150 B . . .

o is not economical to run the gas turbine for low values of the
5 electric demand, because the surplus production cannot be sold
3100 41 and the earnings can not compensate for the fixed cost (24).

The gas turbine is turned on &t= 10 and starts producing
power atk = 12. As in the previous experiment, the steam
turbine is turned on exactly when required, i.ekat 18 when

the power demand exceeds the maximum capabilities of the

IWAVAVAVAVAVAVAVAVAV/VAVAVAVAN I I WAVAVAVAVAVAV N H

0% 10 20 30 40 5o 9as turbine. . . .
time[h] If we conduct an experiment changing only the weight

coefficients in the tern@’cyqnge and setting them tpa,, = 1,
Fig. 3. Control experiment ovet8 hours with M = 3: electric demand — 1. we obtain a different control action as shown in
(stars), electric power produced by both the turbines (circles) and by "2 ! .
steam turbine (diamonds). The maximum electric power producible by tRdgure 6. The start up of the §team turb_'ne occurs t_hree hours
gas turbine is depicted with the dashed line earlier compared to the previous experiment. This is because
the termClpange in (23) becomes very big if abrupt changes
The results of the latter experiment concerning the controf the inputsu; andus occur. Therefore, the joint use of the
of the steam supplied to the paper mill are shown in Figugas and steam turbines is anticipated in order to allow for

4. Note that the steam demand is not always satisfied. In fagtjoother input profiles.

50




300

250

50

50

time [h]

Fig. 5. Control experiment ovet8 hours with A/ = 3 and low values for

the weightspa.,, andpa.z. Profile of the electric demand (stars), electric
power produced by both the turbines (circles) and electric power produced
by the steam turbine alone (diamonds). Dashed line: maximum and minimum

electric power producible by the gas turbine

300

2501

50

20 30 40 50
time [h]

Dstart up gas are€ summarized in Table IV. In order to illustrate
how the startup coefficients are assigned, we focus on the gas
turbine, the procedure for the steam turbine is analogous. If at
time & the gas turbine is off, the type of startup is determined
by the value of the countef, (see formula (12)). Then, the

%ZOO i numerical values Opgiqrt up(tlk), t =k,...,k+M —1, are

5 determined according to Table IV and by assuming that only
§15o 4 one startup will occur in the control horizon. For instance,
£ if §,77(k) =60 a “hot startup” should occur if the turbine is
%3100 | turned on in the next hour and a “warm startup” should occur if

the turbine is tuned on in the nes® hours. Then, ifM < 60,

the valuespgiart up(klk) = 58 and psiare up(tlk) = 115,
t=k+1,...,k+M —1 are used for determining the optimal
inputs at timek. This guarantees that at least the first startup
of the turbine within the control horizon is correctly penalized.

[[ NORMAL start up [[ pstart up = 30 || Pstart up gas = 30
[ HOT start up [[ pstartup = 58 || Pstart up gas = 58
[ I I
l I I

WARM start up Pstart up = 115
l COLD start up Pstart up = 152

Dstart up gas = 115

|
|
|
|

Pstart up gas = 152

TABLE IV
WEIGHTS FOR THE STARTUP OF THE GAS AND STEAM TURBINES

The other weight coefficients have the constant values

2200 . Ddem el = 20 [MW] Pruet = 0.02  [kg/s]
% Ddem st = 1 [kg/S] Pfized = 1

%’150 | Paw, = 0.001 Pfized gas = 1

S PAu, = 0.001 pst = 0.2 [kg/s]

B

£ 100

Note, in particular, that the fulfillment of the electric demand
has a higher priority than the fulfillment of the steam demand
becaus@dem el > Pdem st-

At time k£ = 0 the two turbines are assumed to have been
off for one hour. By looking at the electric power produced
by each turbine (depicted in Figure 8) and the sequence of
logic inputs (Figure 9), one notes that early morning Friday

Fig. 6. Control experiment ovet8 hours with M = 3 and high values a_nd _Monday the gas turbi_n_e is kept off because the demand is
for the weightspa,, andpa.2: Electric demand (stars) and electric powersignificantly below the minimum level that can be produced
produced by both turbines (circles) and by the steam turbine alone (diamongi). the plant (the dashed line in Figure 7) On the other hand

C. Four Days Experiment

Friday and Saturday night, the gas turbine is kept on because

the drop in demand is not big enough. From Figures 8 and 9
it is also apparent that the steam turbine is turned on when

The last control experiment we present lasts four days apghuired. For the steam control, note that, as expected, the
a prediction horizom\/ = 24 hours was adopted. The profilegemand is not fulfilled when high levels of power and steam

of the electric demand is a scaled version of the one reporigé needed simultaneously (see Figure 10).
in the “IEEE reliability test” [19]. As is apparent from Figure

7, the demand during the weekend differs from the one during

the working days. Moreover, the electricity prices are chosen V1. COMPUTATIONAL COMPLEXITY

proportional to the profile of the electricity demand. The steam|t is well known that MILP problems are NP-complete
demand is constant and assumed to be near to the maximamd their computational complexity strongly depends on the

level that can be generated by the plant (see Figure 10).

number of integer variables [33]. Therefore, the computational

Different start up costs for different start up procedurdsurden must be analyzed in order to decide about the possibil-
have been used. As remarked in Section IV-A, this can litg of optimizing the CCPP on-line. In the case studies reported

done by properly choosing the weight coefficientsa,: «p

in Section V, at every time instant, an MILP problem with

and pstart up gas- The admissible values fopsiart wp and (46 - M — 4) optimization variables @ - M) of which are
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Fig. 7. Control experiment over days with M = 24 hours: Electric power Fig. 9. Control experiment over days with\M = 24 hours: Logic input of
demanded (stars and solid line) and produced by both the turbines (circlésg gas turbine (squares) and of the steam turbine (plus)

The dashed lines represent the maximum and minimum electric power that
can be produced by the gas turbine

40
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time [h]
Fig. 10. Control experiment ovet days with M/ = 24 hours: Steam
FRI SAT SUN MON demanded (stars) and supplied (circles)

Fig. 8. Control experiment over days withM = 24 hours: Electric power

produced by the steam turbine (diamonds and solid line) and by the gas LM ]| Average times [s]|| Wors case times [s]
turbine (triangles and solid line). The dashed lines represent the maximum [2 ][ 0.7705 [ 08110 |
and minimum electric power that can be produced by the gas turbine [ 3 ] 1133 [[ 1.2720 I
[ 5 [ 2.0996 [ 4.4860 I
[9 [ 47323 [[ 9.7040 |
4 .614 101.737
2 33.6142 01.7370
integer), and 119 - M — 8) mixed integer linear constraints TABLE V

was solved.
COMPUTATIONAL TIMES FOR SOLVING THEMILP (29)

The computational times (in the average and worst cases)
needed for solving the MILPs on a Pentiundll0 (running
Matlab 5.3 for building the matrices K, F, and G appearing
in (28) and running CPLEX for solving the MILP (28)) are VII. ADDITIONAL FEATURES IN A REALISTIC
reported in Table V. IMPLEMENTATION

Note that the computation times increase as the predictionin the preceding sections we have illustrated how to model
horizon M becomes longer. However, the solution to the optthe basic features of a CCPP in the MLD form and how plant
mization problem took at most 102 s, a time much shorter thaperation optimization can be recast as MPC problems for
the sampling time of one hour. We conclude that the proposktlD systems. However, for a realistic implementation, several
optimization technique is suitable for online implementationother CCPP characteristics and electricity markets features
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must be added either to the model or to the optimizatidoture investigations to prove the scalability of the approach
problem. In this section we discuss some of these issys®sented in this paper to that case.

and indicate briefly how they can be included in our "MLD

systems + MPC” framework. VIIl. CONCLUSIONS

The first example is the inclusion of slope constraints on the The main goal of this paper has been to show that hybrid
power output. Physically, these constraints represent boundssgstems in the MLD form provide a powerful framework for
the rate at which the power plant output may be changed. fibdelling and computation of optimal schedules for combined
other words, at each time instanthey define a cone to which cycle power plants. In particular, we have shown that many
the power output at time + 1 must belong. More formally, features like the possibility of switching on/off the turbines, the
slope constraints can be expressed as presence of minimum up and down times, priority constraints
. between turbines and different startup procedures can be
ys(k+1) = Omas(k) min{ys(k) + Slope, urtaz (k)} + captured by an MLD model in a natural manner. We have also
+ (1 = dmaax(k)) max{ys(k) — Slope, unraz(k)} shown that the optimization of the operation can be recast as an

MPC problem and that this problem can be solved efficiently

where by resorting to MILP solvers.

Upraz (k) = w1 (k)MaxzLoad,

u1 (t) andys(t) have been defined in (79{ope and M ax Load REFERENCES

are suitable constants and the auxiliary variazblgw(k) is [1] R. Alur, T. A. Henzinger, and P. H. Ho. Automatic symbolic verification
. of embedded systemK=EEE Trans. on Software EngineerirngR(3):181—
given by 201, March 1996.
[2] J.M. Arroyo and A.J. Conejo. Optimal response of a thermal unit to
5maz(k) =1 UJWax(k) > yg(k)- an electricity spot markelEEE Trans. on Power Systent5(3):1098—
1104, 2000.
Clearly, these expressions can be embedded in the MLD syi§} R. Baldick. The generalized Unit Commitment ProblemlEEE

; ; ; Transactions on Power Systend®(1):465-475, 1995.
tem representing the plant by using the modelling procedur(fa A. Bemporad, G. Ferrari-Trecate, and M. Morari. Observability and

presented in Sections Il and III. Controllability of Piecewise Affine and Hybrid SystemiEEE Trans.
Another important effect to be taken into account is the dy-  on Automatic Contrql45(10):1864-1876, 2000.

. " A. Bemporad, D. Mignone, and M. Morari. A Framework for Control,
namics of the heat recovery steam generators and/or addltlor@l Fault Detection, State Estimation and Verification of Hybrid Systems.

boilers. Indeed, the characteristics of these devices may have a proc. American Control Conferencpages 134—138, 1999.
strong influence on the CCPP behavior and efficiency. In thi§] A. Bemporad and M. Morari. Control of systems integrating logic,

: : : - : dynamics, and constraint®utomatica 35(3):407-427, 1999.
case, the corresponding nonlinear input/output relationshi A. Bemporad and M. Morari. Verification of Hybrid Systems via

should be approximated by piecewise affine functions and” Mmathematical Programming. In F.W. Vaandrager and J.H. van Schuppen,

incorporated into the MLD description of the power plant. editors,Hybrid Systems: Computation and Control; Second International

More complicated is the treatment of intrinsically time yeorlrgzhigg'ggecwre Notes in Computer Scierpges 31-45. Springer

varying effects like the dependency of plant efficiency angs] G. Bonzani, M. Mennucci, M. Scala, and G. Sormani. Technical and
maximal power output on the ambient conditions. There are €conomical optimization of a 450 mw combined cycle plasSME

. - . COGEN-TURBO IGT16:131-143, 1991.
at least two ways to address this problem. The first one | M.S. Branicky. Multiple Lyapunov functions and other analysis tools

to model ambient conditions as an additional uncontrollable " for switched and hybrid systemdEEE Trans. on Automatic Control
but otherwise known and predictable input and define plant  43(4):475-482, 1998.

- . . . . ] M.S. Branicky, W.S. Borkar, and S.K. Mitter. A unified framework
eﬁ'C'enCy and power output as piecewise linear functio for hybrid control: model and optimal control theor}EEE Trans. on

of this variable. This approach fits perfectly into the MLD  Automatic Contrql 43(1):31-45, 1998.

framework and can be used in a Straightforward manner. Ad]l T. M. Cavalier, P. M. Pardalos, and A. L. Soyster. Modeling and integer

. . . : programming techniques applied to propositional calculdemputers
interesting alternative is to model these phenomena through o n"res 17(6):561-570, 1990.

additional time varying constraints that are updated at evgly] G. Ferrari-Trecate, F.A. Cuzzola, D. Mignone, and M. Morari. Analysis
time step. This approach (that requires the use of time-varying Oof discrete-time piecewise affine and hybrid systemautomatica

B - 38(12):2139-2146, 2002.
MLD models and that is not detailed here for Space reasorﬁﬁg] G. Ferrari-Trecate, E. Gallestey, A. Stothert, G. Hovland, P. Letizia,

has proven to be flexible and efficient. M. Spedicato, and M. Antoine M. Morari. Modelling and control of co-
Finally, we mention that the economic factors we considered generation power plants under consideration of lifetime consumption: A

. : hybrid syst fRroc. 15th IFAC World C Automati
in the definition of the cost functional are not the only C)(l)nrtll’ols yéﬁ&%ﬂimgﬁaﬁf)oz. orid ongress on Adfomatie

possible choices. In fact, different piecewise affine termga] G. Ferrari-Trecate, P. Letizia, and M. Spedicato. Optimization with
reflecting other performance criteria could be added without piecewise-affine cost functions. Technical report, AUT00-13, Automatic

h . h f th It L bl Control Laboratory, ETH Zurich, 2001.
changing the structure of the resulting optimization pro em5] G. Ferrari-Trecate, D. Mignone, and M. Morari. Moving horizon

[14]. For instance, asset depreciation due to plant aging estimation for hybrid systems.IEEE Trans. on Automatic Control
can be incorporated by exploiting piecewise linear Iifetim[e16 47(10):1663-1676, 2002.

. . ] R. Fletcher and S. Leyffer. A mixed integer guadratic programming
consumption models, see [18] and [13] for details. package. Technical report, Department of Mathematics, University of

Using the same ideas, one can also tackle the so called Dundee, Scotland, U.K., 1994. B
”generalized unit commitment problem” [3], i.e. the casg7] C. A. Frangopoulos, A. |. Lygeros, C. T. Markou, and P. Kaloritis.

h h . | heduli f I d f Thermoeconomic operation optimization of the Hellenic Aspropyrgos
where the optimal scheduling of several dozens of power Refinery combined-cycle cogeneration systefspplied Thermal Engi-

generation units has to be found. It will be a matter of neering 16(12):949-958, 1996.



(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32
[33]

(34]

[35]

12

E. Gallestey, A. Stothert, M. Antoine, and S. Morton. Model predictive
control and the optimisation of power plant load while considering
lifetime consumptionlEEE Trans. on Power Systen)01. To appear.
C. Grigg and P. Wong. The IEEE Reliability Test System-198EE
Trans. on Power System$4(3):1010-1020, August 1999.

A. Hassibi and S. Boyd. Quadratic stabilization and control of piecewise
linear systemsProc. American Control Conferencpages 3659-3664,
1998.

K. Ito and R. Yokoyama. Operational strategy for an industrial ga:
turbine cogeneration plant.International Journal of Global Energy in February 2000 he begun working at the ABB
Issues 7(3/4):162-170, 1995. Research Center in Baden, Switzerland. Currently,
M. Johannson and A. Rantzer. Computation of piecewise guadratie has management responsablities in the area of collaborative production
Lyapunov functions for hybrid systemslEEE Trans. on Automatic management systems inside the ABB Switzerland organization. His research
Control, 43(4):555-559, 1998. interests include mathematical modeling, model-based control and robust
E.C. Kerrigan, A. Bemporad, D. Mignone, M. Morari, and J.M. Ma-(nonlinear) control techniques.

ciejowski. Multi-objective prioritisation and reconfiguration of hybrid
systems using model predictive controlProceedings of the 2000
American Control Conference (ACC3:1694-1698, June 2000.

G. Labinaz, M.M. Bayoumi, and K. Rudie. A Survey of Modeling and
Control of Hybrid SystemsAnnual Reviews of Contro1:79-92, 1997.

P. Letizia. Controllo di impianti cogenerativi mediante sistemi ibridi,
2001. M. Sc. thesis, Universita’ degli Studi di Pavia.

J. Lygeros, C. Tomlin, and S. Sastry. Controllers for reachability
specifications for hybrid system#utomatica 35(3):349-370, 1999.

D. A. Manolas, C. A. Frangopoulos, T. P. Gialamas, and D. T. Tsahalis.
Operation optimization of an industrial cogeneration system by a genetick as consultant. His projects and interests are focused
algorithm. Energy Conversion Managemen38(15-17):1625-1636, on demand and supply network planning,logistics
1997. processes optimization and e-procurement.

D.Q. Mayne, J.B. Rawlings, C.V. Rao, and P.O.M. Scokaert. Con-
strained model predictive control: Stability and optimalifyutomatica r"
36(6):789-814, 1999.

D. Mignone, G. Ferrari-Trecate, and M. Morari. Stability and stabiliza-
tion of piecewise affine and hybrid systems: A LMI approadbroc.
39th Conference on Decision and ConfraD00.

M. Morari, J. Lee, and C. GarciaModel Predictive Control Prentice
Hall, Draft Manuscript, 2001.

K. Moslehi, M. Khadem, R. Bernal, and G. Hernandez. Optimization o
multiplant cogeneration system operation including electric and stea|
networks.|IEEE Trans. on Power Systeny(2):484-490, 1991. tracting company Snamprogetti as Instrumentation
K. Mossig. Load optimization. Technical report, ABB Corporate and Automation Engineer. His job interests include
Research, Baden (Zurich), 2000. feasibility studies, engineering and construction of chemical, petrolchemical
G.L. Nemhauser and L.A. Wolselnteger and Combinatorial Optimiza- and gasification plants.

tion. Wiley, 1988.

M. Spedicato. Modellizzazione di impianti cogenerativi mediante sistemi

ibridi, 2001. M. Sc. thesis, Universita’ degli Studi di Pavia.

F. D. Torrisi, A. Bemporad, and D. Mignone. HYSDEL - A Tool for
Generating Hybrid Models. Technical report, AUT00-03, Automatic
Control Laboratory, ETH Zurich, 2000.

Eduardo Gallestey Eduardo Gallestey was born in
Havana, Cuba, in 1967. 1991 he received the M.Sc
degree (honors) in Mechanics and Mathematics at
the Moscow State University (M.V.Lomonosov).
Further, 1998 he obtained a Ph.D. degree in con-
trol theory at the Mathematics Department of the
University of Bremen, Germany. After graduation he
joined the Engineering Department of the Australian
National University, Canberra, Australia. Finally,

Paolo Letizia Paolo Letizia was born in Pavia,

Italy, in 1975. He received the "Laurea” degree in
Electrical Engineering in 2001 from the University
of Pavia. In October 2000 he joined as visiting
student the Automatic Control Laboratory at ETH
(Zurich, Switzerland), where he worked on optimiza-
tion theory, hybrid systems and model Predictive
Control. Currently he works at Accenture, in the
) market unit CHT (Communication and High Tech),

/8

Matteo Spedicato Matteo Spedicato was born in
Pavia, Italy, in 1974. He received the M. Sc. De-
gree in Electrical Engineering in 2001 from the
University of Pavia. He developed his thesis work
at the Automatic Control Laboratory (ETH, Zurich,
Switzerland), where he was visiting student until
July 2001. In 2002 he was System Assistant An-
alyst at the consulting firm Accenture (Milan, Italy).
Currently, he works in the engineering and con-

Manfred Morari In 1994 Manfred Morari was ap-
pointed head of the Automatic Control Laboratory at
the Swiss Federal Institute of Technology (ETH) in
Zurich. Before that he was the McCollum-Corcoran
Professor of Chemical Engineering and Executive
Officer for Control and Dynamical Systems at the
California Institute of Technology. He obtained the
diploma from ETH Zurich and the Ph.D. from the
University of Minnesota, both in chemical engineer-
ing. His interests are in hybrid systems and the
control of biomedical systems. In recognition of his
research contributions, he received numerous awards, among them the Donald
P. Eckman Award of the Automatic Control Council, the Allan P. Colburn
Award and the Professional Progress Award of the AIChE, the Curtis W.
McGraw Research Award of the ASEE, Doctor Honoris Causa from Babes-
Gianni Ferrari-Trecate Giancarlo Ferrari Trecate Bolyai University, and was elected to the National Academy of Engineering
was born in Casorate Primo, ltaly, in 1970. He(U.S.). Professor Morari has held appointments with Exxon and ICI plc and

received the "Laurea” degree in Computer Engiserves on the technical advisory board of several major corporations.
neering in 1995 and the Ph.D. degree in Electronic

learning.

and Computer Engineering in 1999, both from the
University of Pavia. In spring 1998 he was visiting
researcher at the Neural Computing Research Grouy
University of Birmingham, UK. In fall 1998 he
joined the Automatic Control Laboratory at ETH
(Zurich, Switzerland) as a Postdoctoral fellow. In

1999 he won the grant “assegno di ricerca” at thekw- |
University of Pavia and in 2000 he was appointed Oberassistent at ET
Currently, he works at INRIA (Rocquencourt, France) as a Research Fello,
His research interests include hybrid systems, distributed and decentrali
control, modeling and analysis of biological cell networks and Bayesia

Marc Antoine Marc Antoine was born in Antwerp,
Belgium, in 1959. In 1982 he received the M.Sc
degree in Mechanical Engineering at the University
of Brussels. After graduation he joined Virginia
Polytechnic Institute, USA, as research assistant in
the department of Aerospace and Ocean Engineer-
ing. In 1985 he joined the Brown Boveri Control
Systems Division in Baden, Switzerland. Since Jan-
uary 1999 he works as product manager at ABB
Utility Automation in Baden, Switzerland, where he
is responsible for development of plant monitoring

and optimisation systems.



