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Abstract—1In this paper we propose a hierarchical control
structure to optimize the behaviour of a generation unit
composed of a fire tube boiler, that supplies steam, and a
combined heat and power internal combustion engine, which
produces the electrical power. Simulation results are presented
to show the effectiveness of the proposed scheme.

I. INTRODUCTION

Steam plays a central role in production in many sectors.

Nowadays, steam generation is often integrated with electric-
ity production in cogenerative systems or in combined cycle
plants. In many cases, these facilities are under-utilized and
they are asked to respond to varying steam and electricity
demand. This offers the flexibility to benefit from a greater
integration with the power grid, exploiting price volatility.
In this paper we focus on a small load application com-
posed of Fire Tube Boilers (FTB), as steam suppliers, and
combined heat and power (CHP) Internal Combustion En-
gines (ICE) for the electrical generation. FTBs are compact
systems used in small scale industries, where steam pressure
and capacity are relatively limited, but demand is fluctuating.
FTBs are composed of a vessel, filled up with water, where
hot combustion gasses run in several submerged tubes. For
cogeneration, ICEs are integrated with FTB to locally fulfil
the electricity demand with on-site generation and to exploit
the produced heat to enhance the efficiency of steam gener-
ation. ICE offers two useful sources of heat: i) the engine
cooling circuit to pre-heat boiler feedwater and ii) exhaust
gases, directed into the boiler tubes, for steam generation.
Boiler control is classically done by decoupled PID loops on
water level and pressure, governed respectively by feedwater
and fuel flow rates [1]. Most of the works on boiler control,
[2] and references herein, focus on the drum boiler (DB),
used in power plants: here water level control is a severe
issue due to the shrink and swell effect. Other works, [3],
[4], address FTBs, focusing on the pressure loop, as in FTBs
the level control is a minor problem.
ICE control is aimed principally in maintaining the rotational
speed of the motor in presence of varying load. In this work,
ICE low level control systems are assumed to be in place and
are not subject here of further study.
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Recently, research interest moved towards the integrated

control of cogenerative plants, as the Boiler-Turbine (BT)
unit. In [5] a MPC reference governor is proposed to control
a BT unit, considering it as a unique system. Instead, the FTB
and ICE systems can operate both separately and integrated:
therefore, the higher level has to be able to manage this
hybrid behaviour. [6] presents a similar approach for the top
layer for an application on micro-grids. For the generalized
Unit Commitment (UC) problem of co-generative plants, in
[7] a direct MILP formulation is used, while in [8] an hybrid
system approach is presented.
In this paper, we propose a hierarchical control structure
to optimize the behaviour of a Generation Unit (GU) com-
posed of the integrated FTB/ICE CHP and to dynamically
control the internal variables of the systems. The higher
level (HL) addresses the operational optimization and the
UC problem of the co-generation in a scenario with price
fluctuations and varying demands by solving an hybrid
optimization problem, while the lower level (LL) Model
Predictive Controller (MPC), receiving the operation point
from the HL, guarantees that the process constraints of the
individual systems are fulfilled. The paper is structured as
follows: Section II presents the subsystem models used at
high and low hierarchical levels, Section III describes in
detail the proposed control structure. Section I'V describes the
simulation results of the application of the proposed control
scheme to the generation unit. Finally, in Section V some
conclusions are given.

II. MODELS
A. The CHP Dynamic Model in full operation mode

The small-scale Internal Combustion Engine CHP is a
natural gas engine linked to a 3-phase synchronous generator.
ICE exhaust gases can be diverted through a valve in a set
of tubes of the fire tube boiler, to reduce the overall request
of natural gas of the integrated systems. In full operation
mode, it is modelled as lumped system: a mean value engine
model connected with a static generator, based on [9]. The
states of the system are the angular speed w of the motor
and the engine internal pressure p°"", while the inputs are
the gas mass flow rate ¢L% and the electrical demand PS™ .

The exhaust gas enthalpy, HS"", depends of the state of the
system. The parameters of the dynamic model are derived
from the physical and geometric properties of the considered
CHP. Also, a fine tuning of the gain matrix has been carried
out based on the available static data: for confidentiality
reasons, data are not shown. However, for completeness,

Fig. 1 shows a comparison between the static map obtained
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with available data and the one computed using the identified
model.

In this paper, we control the angular speed w to the nominal
value w = 50Hz using a standard PI controller acting on
the input ¢S\t. The control law has been tuned in such a
way that the settling time is smaller than 1 s. In this way,
the so-obtained closed-loop system is characterized by one
input only, i.e., the electrical demand PS"F, while the gas
flow rate ¢St and the exhaust gas enthalpy HS™" are to
be considered as system outputs. Importantly, the state of
the system has an assessment time of about 0.5 s, while
the sampling time of the “fast” MPC controller, that will
be designed at the low hierarchical level in Section III-B, is
7, = 60 s. In such a timescale one can assume the CHP to
be in steady-state conditions, with the static gain sufficient to
represent the CHP behaviour and with the power produced
by the CHP equal to PS™".

The variable ¢g.%, in full operation mode, is constrained to
lie in a set, where also a lower bound is defined.

CHP CHP CHP] (1)

Qons € [Toim » T

where ¢SIF > ¢CHuF > (),

max min

B. The CHP High-Level Hybrid Automaton

The model for the HL optimizer, sampling time 7; = 15
min, must comprise the steady-state behaviour of the CHP
in all its operation modes and therefore a discrete hybrid
automaton (DHA) [10] is used, including both discrete and
continuous states.

The discrete state m“"" corresponds with the CHP operation
mode, i.e., shut down (OFF), cold start (CS), hot start (HS),
and production (ON). The dynamic state is denoted with

TOHP " j.e. the time spent in the present operation mode. The

output of the model, (¢Sht, HS™), depends upon both the
operation mode m“"" and the produced electric power PS5 .
In the mode m°" = ON, the CHP behaviour is represented
by the static gain between its input, PS"F, and its output
pair (¢Sh%, HSM). For simplicity, affine relationships are

identified with available data, i.e.

CHP

where P,.., 74, and +y;, are identified from data, as shown in
Fig. 1. In all other operating modes, (PS"", HS"") are null,

T
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Fig. 1. Relationship between ¢SHE and PSHY in steady-state conditions.
Green dots: experimental data; red dots: static map of the nonlinear model
devised in Section II-A; blue line: identified affine relationship (2a). (x and
y axes are adimensional).

while the gas is consumed both in CS and HS modes. More
specifically

(0,0)  if m" = OFF
(gSH° HM) = { (qCHP,0)  if mHF = CS (2b)
(¢SH7,0) if meH* = HS

In (2b), ¢S and gj5* are the required flow rates in the cold
start and hot start, respectively, phases.
Transitions, as depicted in Fig. 2, are possible only if the time

N
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Fig. 2. Possible transitions between operation modes of the CHP.

spent in the current operating mode 7°"" (k) is greater than
a proper threshold. Also, the ON — OFF transition and the
starting ones (OFF — CS and OFF — HS) are triggered
when a proper switching input signal u$"" (k) € {0,1} is
set to 1. So, at each time step k, invariance conditions are:

[OFF] A ([TCHP (k) < TOFF—)HS] \ [_'uCHP (k)]) = [OFF]
[CS] A [TCHP(k) < TCS*)ON] = [CS]
[HS] A [T (k) < Tuson] = [HS]
[ON] A ([79"" (k) < Toxore] V [Fug™ (k)]) = [ON]
with 7€9P (k + 1) = 777 (k) + 1.
The transition conditions are:
[OFF] A [T (k) > Topros) A ST (k)] = [CS]
[OFF} AN [TOFFHHS < TCHP(k) < TOFFHCS]
Aug™ (k)] = [HS]
[CS] A [T9"" (k) > Tesnon) =>  [ON]
[HS] N [TCHP (k) > THS*»ON] = [ON]
[ON] A [T (k) = Ton—ore] A [ug™" (k)] = [OFF]

with reset condition 7°"F(k 4+ 1) = 0.
The values of Topp_,ns, Torrocs,» Tes—on» Tus—on, and
Ton_orrs are suitably-defined thresholds.

C. The Boiler dynamic model in full operation mode

The mathematical model of the fire tube boiler in full
operation mode is inspired by [11]. Differently from [11]
we have two sources of heat, i.e., the gas burner and the
exhaust gases diverted from the CHP. The set of equations
describing the system dynamics is

d
[p<V + pwVW] =qr — (s
dt
d
Zplp-eVe + pue Vil =QLET0 + QUL + dihe — g.ha
3)
d
[ t, GASC Tt GAS] _ EAS _ Qt,GAS
dt mew
d

t,CHP t,CHP CHP t,CHP
m"H O T | = Qe HL™ — QL0

dt[



where p, V, ¢, T, h, and e denote the density, volume, mass
flow rate, temperature, and specific enthalpy and energy,
respectively of steam (s), water (w), and feedwater (f).
m» 445 (respectively, m" ") denotes the mass of the tubes
heated by the gas burner (respectively, transporting exhaust
gases from the CHP), while 743 (respectively, T*°"")
denotes its temperature and C), is the heat capacity. Also,
a., € {0, 1} is the status of the diverting valve (open/closed),
and 7., denotes the rate of enthalpy of the exhaust gases that
can be transmitted to the tubes. Since the system works at
saturated conditions, the water and steam pressures satisfy
the equality p,, = p. = p(T,). Also,

B . B
cas = NCLavagas

where CQ4y is the lower heating value and ¢Z,. is the
combustion gas flow rate. The heat transmitted from the
metal walls to the water can be modelled as

t,GAS — é—(Tt‘GAS _ T )

m—w

t,CHP — S(Tt,CHP _ Tw)

m—w

where £ is the heat transfer coefficient, based on Cooper
correlation, depending on the boiling two phase mixture of
steam and water close to the tube walls.

The model parameters have been analytically computed
based on the physical and geometric properties of the system.
A fine tuning has been conducted on available data. The
manipulable inputs are the feedwater, ¢;, and the combustible
gas flow rates, ¢2,,. The steam flow rate ¢,, the exhaust
gas opening level a,, and the exhaust gas enthalpy HS"F
are to be considered, in the low-level control, as exogenous
disturbances. The output variables that will be controlled at
the low hierarchical level are the steam pressure p, and the
water level inside the boiler, /,,. The inputs and outputs are
subject to constraints:

s € [0, Gt rmax) (4a)
Gens € [Tmins Qs (4b)
Ds € [Punins Dinax (4c)
ly € [lmins lmax) (4d)

D. The Boiler High-Level Hybrid Automaton

The boiler model for the HL optimizer must comprise the
steady-state behaviour of the FTB in all its operation modes.
Similarly to the CHP model, a DHA [10] is devised.

Since two discrete values are possible for the exhaust valve
opening (open/closed), two different production modes are
introduced. In this way, the discrete state m® takes values in
the set {OFF, CS,HS,ON,—g, ONp—1}.

The model, in operation modes ON,—g and ON,—1, is
assumed to be in steady-state conditions and under control,
in such a way that p, = p, and [, = l.,, where p, and I,
are suitable and fixed nominal conditions. In this way, the
combustion gas flowrate required to fulfill the steam request
g As Tesults to be a function of ¢, and, in case a., = 1, also
of HS"". For simplicity, an affine relationship is identified

Fig. 3. Relationship between g& ,5 and g5 in steady-state conditions. The
identified static map (5) is presented for different values of aex Hex in solid
lines. Markers show the steady-state data of the nonlinear model (3).

and used by the high level control layer:
oas = Q14 + Q2o HI' + a3 (5)

where «aq, ao, and as are identified from the model static
map, as shown in Fig. 3. In all the other modes of operation,
the produced steam flow rate is null, while the gas flow rate is
present both in CS and HS modes, similarly to equation (2b).
Also in case of the FTB, transitions are possible only if the
time spent in the current operating mode 7° is greater than
a proper threshold. Also, both the switch-off and switch-on
transitions are triggered when a proper switching input signal
ug (k) € {0,1} is set to 1. Further details are omitted for sake
of brevity.

III. HIERARCHICAL CONTROL STRUCTURE

The utility demand and the price forecast are given and
known for a 24 hours horizon. The surplus of electricity can
be sold to the power grid, and, if negative, it can be bought
from the grid. The proposed hierarchical control structure
includes a high optimization layer that aims to optimize the
performance of the integrated plant on a day-ahead basis
with a sampling time of 7y = 15 min. The block scheme of
the model used at high level is sketched in Fig. 4. The high

CHP

PEC;HP Gcas
- CHP >
ult? in mode pene o
"""" > mCHP (i S Y Boiler qus
% —>  inmode |—>
UP-ee ] mP
Fig. 4. Sketch of the high-level model.

level optimizer receives as input the 24-hours ahead electric
and steam demands PE (k) and ¢°(k), respectively, for k =
1,...,96, together with a forecast of the electricity prices.
Based on this, the optimizer determines the future modes
of operation of the systems m°""(k) and m®(k), as well
as the optimal production profiles PS"(k), ¢.(k) and the
corresponding predicted combustion gas amounts ¢ShE (k)
and ¢5, (k) for the whole future optimization time horizon.
The lower level is faster, with a sampling time of 7, = 60 s,
aiming to control the dynamic variables of the subsystems.
For clarity, the symbol h denotes the discrete time index in
the fast time scale of the lower layer, while & the time index
in the slow high-level time scale.



A. The high level optimization problem

The objective of the HL optimizer is to minimize, at a
day-ahead basis, the operating costs of the plant with the
constraint of a complete fulfilment of the electric and steam
demands in a liberalized energy market. A further degree of
freedom for the optimization is introduced by the possibility
either to buy/sell electricity P from/to the power grid,
to complement the ICE production. The ICE and the FTB
are to be considered in an integrated fashion because of the
valve present to divert exhaust gases from the CHP to a
set of tubes in the boiler. It can be opened only when the
engine is in production, i.e. o, = 1 = m"* = ON.
To formulate the HL optimization problem, the two DHAs
devised in Sections II-B and II-D are integrated in a single
Mixed Logical Dynamical (MLD) system [12] of the type:

1’; = Anxy + BH,luH + BH,ZAH + BH,BZH
Yu = Cuzy + DH,luHDH,2AH + DH3ZH (6)
EH,4AH + EH,SZH < EH,luH + EHAQ:H + EH,S

where the state, z,, = [7°"", 2™, 7%, 27", is composed

of real and boolean variables and z; is the state at the
next step (k + 1). The input of the MLD system wu; =
[uS™", qSRE Ul 48 oy Oloxs Po™*]™ is composed of, respec-
tively, the switching signals and the natural gas mass flow
rates of the ICE and FTB subsystems, the divert valve
command and the electricity purchased from the grid. The
output is yy = [Py, ¢5]", where Py, = PSHP + PEueeh ig the
electric power both purchased and generated by the ICE and
the latter is the steam produced by the boiler. Ay and zy
are, respectively, auxiliary binary and continuous variables.
Last equation in (6) includes both the inequalities related to
the logical relationships that regulate the switches between
discrete states, and the operational constraints (1) and (4).
The cost function is given by:

Ju = Cfuel - R (7N

where the fuel cost C'y,; is related to fuel consumption used
to respect the utility demand as follows:

Cruet = Y _(aSAE(K) + 4805 (k) Agas ®)
k

The cost (8) considers also the costs related to the start up
modes {CS, HS}, due to the gas flow values defined in (2b)
also for the non productive phases. The revenue term R in (7)
is related to the possibility of selling the electricity surplus
to the grid. It can take into account also the purchase of
electricity, in case R < 0. By splitting the deviation from the
electrical demand in positive and negative fluctuation, ATe,
A'e, it is possible to consider different prices for electricity,

i.e., whether it is sold or bought:
R="Y"Ale(k)At(k) — Ate(k)A, (k) 9)
k

with

Ae(k) = Py (k) + P (k) — P (k)
Ae(k) = Ale(k) — Ate(k)

Ale(k), Ate(k) >0 VEk

The optimization problem can be stated as follows, where
the initial time is k¥ = 1 for simplicity reasons:
min Ju
¢(1)...¢(Nu)
s.t. MLD model (6)

B (k) + P (k) = Py(k)

g5 (k) = q5 (k)

PElil\rch(k) Z 0

for all kK =0,..., Ny

where ((k) = [uu(k), Au(k), zu(k)]” and Ny = 96 are the
intervals in the horizon and ¢Z is the steam demand. The HL
optimization generates the profiles of binary and continuous
inputs that minimize the economic cost function of the GU
for the given utility demand.

B. The low level control

The CHP control is not a practical issue, as it has to just
operate at a fixed rotational speed w = 50H z and physical
constraints are not imposed: as discussed in Section II, a
standard PI controller is in place. Conversely, the LL control
of the FTB is critical. In particular, we consider the control
problem of the boiler in full operation modes ON,—( and
ON,=1, while the proposal of innovative control strategies
for the remaining modes of operation will be subject of future
work. As described in Section II, the boiler must satisfy
input and output constraints to operate safely: the water level
l, and the steam pressure p, must be maintained in the
bounded ranges (4d) and (4c). Violating the lower bound in
(4d) exposes the boiler tubes outside the water, while, if the
upper bound is violated, water or wet steam may enter the
distribution network. Pressure constraints are defined based
on the range acceptable by the steam consumers: as the
system operates at saturation, constraints can be converted
to water temperature constraints.

The low-level controller will be committed to enforce these
limitations while steering the boiler outputs to the nom-
inal setpoints. This controller requires a linear discrete-
time model of the boiler, which is obtained from (3).
For simplicity, in this paper only one fixed nominal lin-
earization point has been selected. We define the state,
input, and output vectors of the state-space model as
Ty = [Tt,GAS,TtCHP?lw,Tw]T’ Uy, = [(If;qus]T’ and Y =
[, T.]". Also, the model is characterized by the presence of
two types of measured disturbances, i.e. the steam flow rate
g. and the term o, HS"": while the latter is not manipulable
(since HEM™ is an output of the CHP and the state of «., is



selected by the high level optimizer), the former is indeed
manipulable, although a gas flow request ¢” is assumed to
be given, to be fulfilled at any time instant. However, this
request may not be feasible in some cases, e.g., in transient
conditions and with real demand different from the forecast
used for scheduling at the high level. So, it is beneficial for
the low-level control to use g, as a further degree of freedom,
to be set equal to the demanded ¢ if possible.

The linearization point is characterized by the values z3°, u$®,
¥, ¢, and HSPP=5 while the vectors of the corresponding
linearized system

555;5 = A bz, + BL,u(SuL + BL,q(qu + BL,ex(SUex
5yL = CLoz, + DL,u(SuL + DL,qdqs + DL,ex(SUex

are defined as dx, = z, — &°, du, = uy, — u°, dy. =
Y = Y 0¢ = G — ¢, e = Qo HI' — HI'> and
Sz =0z (h+1).

The aim of the controller is, if possible, to fulfill the steam
demand (0P = ¢P — ¢*), while regulating the output dy;, to
the nominal operating condition (0, 0). The input setpoint is
defined as dufPt = ul*" — uj°, where u;°" is defined based on
qP(h) and HS""(h) using a steady-state maps, e.g. (5).
The MPC defines the input by solving the following
quadratic programming problem, at each time step h:

min JL (10)
dur (h),...,0ur (h+p),6qs(h),...,0qs (h-+p)

st. g€ (0= G, Grman — €
0q8as € [qnin — oRS Tony — Q0]
6T, € [T — T, T — T
6ly € [loiw — 15, L — 1]

where J, = YO (16 (5)I3 + 0w () — dus () 1% +
10.(5) =042 (4)|?, and where the used notation is consistent
with the previous definitions. A slack variable can be intro-
duced to further enforce the feasibility of the optimization
problem at all time instants. The matrices @, R, Q. are
properly-defined positive-definite matrices; note that, in order
to give priority to the fulfilment of the steam demand, we
can set Q, >> A\ox (@), Anax (R).

At time instant h, the optimal values duy,(h|h) and dq.(h|h)
are obtained: therefore, the input u;,(h) = us* + duy (h|h) is
applied to the real system and the steam flow rate ¢.(h) =
¢ + dq.(h|h) is actually provided.

If the steam demand ¢ (h) and/or the real CHP exhaust flow
rate profile HS"" (h) differ from the values considered at the
high scheduling level, the steady-state points reached by the
controlled system will possibly differ from the ones selected
by the high level optimizer. This, however, is not critical
since the major goal of the controller is to guarantee that the
operational constraints are enforced at all time instants.

If, in any case, the real values of ¢”(h) and/or HE""(h)
differ dramatically from the scheduled ones, the high level
optimizer may be required to be run again (with new and
more reliable scheduled steam and electric power demands)
in order to recompute, for the following time steps, more
realistic optimal setpoints.

IV. SIMULATION RESULTS

We validate the proposed hierarchical optimization ap-
proach through simulation, using the nonlinear models of
the GU presented in Section II. The FTB is a 3-pass 10 bar
steam generator with nominal steam flowrate g; = 1200 kg/h
and the CHP is a 12-valve natural gas ICE producing
up to PSP = 1200 kW. The FTB and the ICE must
provide the demanded steam and electrical power, satisfying
the permitted ranges: ¢oiy™ € [12.5%,100%)], g €
[0,0.35] kg/h, p, € [9.5,10.5] bar, I, € [0.95,1.05]l,, and
PS™ € [50%, 100%].

The MLD model (6) is implemented using the hybrid system
description language (HYSDEL) [13].
The electricity price is supposed to vary on hourly basis, see

I I I I I
10 20 30 40 50 60 70 80 90 100
Time step [15 min

Fig. 5. Electricity price (top). Gas price (bottom). At k = 48 gas price is
increased to show by simulation the effect of relative electricity/gas price
on the GU behaviour.

Fig. 5, and its values are taken from the historical database
of day-ahead market of Gestore Mercati Energetici (GME).
For the purpose of highlighting the effect of a different utility
price ratio and to show this in a unique graph, the price
of natural gas is artificially increased at time k = 48. A
random realization of the fluctuating profiles of electricity
and steam demands of the consumers is generated for the
simulation. For the higher layer, mode transition times are
the following: Tope = (151) , Toprocs = (5§3)» Tcs—oN =
(4;2), Tuson = (1;1) and 7o = (3;3), respectively for
the FTB and the ICE.

Fig. 6 shows the results of the HL optimization. The first
and the third panels from the top describe the evolution of
the operative modes of CHP and FTB, respectively, while
the other two panels show the demanded and produced elec-
tricity and steam, respectively. The electricity supply is split
between the contribution of CHP generation (in dotted blue
line) and electricity purchased from the grid (solid magenta).
The gas/electricity price ratio affects the optimal strategy of
the GU: for k < 48, where grid electricity is relatively more
expensive, the CHP fulfils the electrical demand alone and,
whenever it is convenient, it sells the electricity surplus. In
the opposite case, for & > 48, the CHP is maintained in
minimum production mode, just to take advantage of the
diverted gas into the FTB for steam production, while the
remaining electricity demand is covered purchasing power
from the grid. However, in high steam demand points, i.e.,
for k = [73,83), the effect of full power ICE is beneficial
both in terms of electricity surplus and boiler efficiency. The
reference trajectory computed by the optimization layer is
provided to the LL-MPC controller described in Section III-
B, which operates when the FTB is in production modes.
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Fig. 6. Simulation results of HL optimization: at 7 = 48 the gas price
is switched to high. i) CHP operating modes. ii) Electricity demand and
supply. iii) FTB operating modes. iv) Steam demand and production.

= *0.15% 1, MPC — — —lysp ————1, PID| , | I I ]
S loro%l | - |4 e
5 +0.05% - R " | h R
= 0.00% : — v
| -0.05% L ¥ oy ¥ -
~ I L L
10.4 \ \ \
[ po MPC — — —ly5p ———=p, PID]
3 — f
S102) oo A | —
s [UREPES U b U

55 60 65

Time ste719 k

Fig. 7. LL MPC (solid) and PID (dash-dot) controllers. i) Water level.
ii) Steam pressure. iii) Produced steam flow rate. iv) Boiler gas flow rate.
Nominal: k = [53,65) U [72,75); Scenario a: Hez = 0.75 Hey grr, in
k = [65,72); Scenario b: k = [75,83], ¢s = 1.25 gs ur.

The linear model is computed around a single nominal
operating point of g, = 0.5¢; and HS"" = 0.5HCHP,
The MPC regulates the dqg s and g, to maintain the steam
pressure and the water level close to their set points and
inside the valid ranges. To highlight the advantages of a
MIMO optimal controller at low level, in Fig. 7 we show
a comparison with a classic PID control scheme, based on
two separate control loops for level and pressure regulation.
PIDs have been tuned at our best to be effective in the
nominal operating point. To show the robustness properties
of the hierarchical control approach here presented, in the
simulation we assume that the demand used for computing
the low-level input setpoints (equal to the one assumed by
the high level optimizer) is different in term of electricity
(Scenario a) or steam (Scenario b) with respect to the real
request. The two different scenarios are presented in the same
graph, along with the nominal case.

- Nominal: k = [53,65)U[72,75), the LL regulates the FTB
along the trajectory defined by the HL. Different control

behaviours when actuator saturation occurs: MPC can be
easily tuned to give priority to the pressure control.

- Scenario a: electricity produced is decreased by 25% with
respect to the HL assumption in k& = [65,72). A lower
contribution of H., is provided to the boiler: both PID and
MPC controllers increase the dg5 , . to fill the gap of exhaust
gasses. However, PID stabilizes on a lower pressure level.

- Scenario b: steam demand ¢, y,, is artificially increased by
25% for k = [75, 83): the implemented PID controller cannot
regulate correctly the pressure, while maintains the level to
the desired set-point.

V. CONCLUSIONS

In this paper we have proposed a hierarchical control
structure to optimize the behaviour of a generation unit
composed of a fire tube boiler and a combined heat and
power internal combustion engine. Simulation results are
presented to show the effectiveness of the proposed scheme.
Future work will address a number of issues. For example,
the dynamic control and optimization of the boiler start-up
phases will be investigated. Also, we will consider, in the
future, the optimization of a number of similar generation
units: this will possibly pave the way to tailored distributed
optimization and control schemes.
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