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A Hierarchical Architecture for Optimal Unit
Commitment and Control of an Ensemble of Steam
Generators

S. Spinelli, M. Farina, and A. Ballarino

Abstract—A hierarchical architecture for the optimal man-
agement of an ensemble of steam generators is presented. The
subsystems are coordinated by a multi-layer scheme for jointly
sustaining a common load. The high level optimizes the load
allocation and the generator schedule, considering activation
dynamics by a hybrid model. At medium level, a robust tube-
based Model Predictive Control (MPC) tracks a time-varying
demand using a centralized - but aggregate - model, whose
order does not scale with the number of subsystems. A nonlinear
optimization, at medium level, addresses MPC infeasibility due
to abrupt changes of ensemble configuration. Low-level decen-
tralized controllers stabilize the generators. This control scheme
enables the dynamical modification of the ensemble configuration
and plug and play operations. Simulations demonstrate the
approach potentialities.

Index Terms—Hierarchical control of large-scale network sys-
tems, Model predictive control.

I. INTRODUCTION AND PROBLEM STATEMENT

Steam is widely used in industrial processes, playing a

primary role in production. In industrial applications requiring
a large and possibly time-varying steam demand, a flexible
and efficient generation solution is mandatory. Since boiler
operation close to the lower generation limit is largely inef-
ficient, in high-fluctuating demand scenarios the production
efficiency can be very unsatisfactory. In these cases, a virtual
generation plant constituted of a set of smaller units working
in parallel can be a viable alternative to operate a single
boiler on a larger range [1]. A set of cooperative smaller
units can be reconfigured to produce what demanded, enabling
a quick and optimal connection/disconnection of subsystems,
and considering the current and/or forecasted demand.
In line with this vision, the main objective of this work is
the proposal of a hierarchical control scheme for the optimal
unit commitment (UC) and management of a group of steam
generators that work in a parallel configuration to sustain a
cumulative steam demand.

A. State of the art

The coordination of independent (or interdependent) sub-
systems towards a main target characterizes different industrial
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applications, e.g., smart grids and electrical generation systems
[2], thermal energy grids [3], building heating and cooling
systems [4], and distribution networks of steam, water, or com-
pressed air [5]. These complex plants share similar features:
several (homogeneous) systems work in parallel to commonly
supply an overall demand; each subsystem and the whole
plant operate in a constrained range and the subsystems must
cooperate in a scenario of limited shared resources. The studies
referred above focus on the optimal load sharing among the
parallel systems. Actually, two main aspects must be addressed
in this context: (i) the unit commitment and economic dispatch
of the subsystems; (ii) the dynamic control of the overall plant
and of the single subsystems.

The two problems are characterized by different time-scales
and are commonly addressed separately. The UC optimization
problem has been extensively studied in the context of elec-
trical generation systems, where the scheduling is optimized
to minimize the plant operating cost, while satisfying process
(and market) constraints. Several approaches have been stud-
ied, both in the deterministic and stochastic framework: an
extensive discussion about solution techniques can be found
in the review papers [6], [7]. While several (meta-) heuristic
methods and mathematical programming approaches have
been tested in the literature, in this paper we address the
solution of UC optimization by Mixed-Integer Programming
(MIP), as it guarantees an efficient, flexible and accurate
modeling framework.

In the context of combined cycle power plants, a MIP formu-
lation for the scheduling of thermal units has been presented in
[8], while a tighter formulation reducing the number of binary
variables is presented in [9]. An extended formulation, that
provides a generalized-mode model for each unit, is discussed
in [10]. Discrete-time state-space model formulations can be
easily implemented in MPC strategy to manage the plant in a
receding horizon way, as discussed in [11], whose formulation
permits only to describe the unit dynamics by ON/OFF modes.
The one presented in [12], based on a hybrid system approach
- and specifically on a Mixed-Logical Dynamical (MLD)
model - can generalize the unit dynamics. Based on a similar
approach, in [13], the authors have formulated the high-level
UC problem for a small Combined Heat and Power (CHP)
unit, composed of a fire-tube boiler and an internal combustion
engine for power generation.

In [14], the UC problem is presented for a CHP plant with
eight steam boilers working in parallel, where maintenance
issues of the flexible boiler array are integrated in the cost
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function. The authors of [15] focus on the boiler load alloca-
tion problem, uncoupled from electricity generation aspects, in
a multi-boiler configuration: the optimization is addresses by
gradient search methods considering boiler efficiency versus
steam load. Crucially, these works focus only on the solution
of the scheduling problem and do not consider the dynamic
control of these units.
On the opposite front, other researchers are concentrating on
dynamic control issues, with particular application on net-
worked steam boilers operating in parallel. In [16] an optimal
control scheme is presented for the energy loss minimization
and the primary management of heat production for multi-
boiler industrial systems, comparing the optimal approach to
the traditional cascade control. The control of a multiple boiler
configuration based on a MPC is discussed in [17], with
application to a paper mill plant, or in [18] for a coal-fired
boiler house, where maintaining stable header pressure and
boiler availability is of critical importance for downstream
consumers.
In the research work [19], a supervisory control, designed
by LQR approach, is studied for a set of boilers in par-
allel configuration: a dynamic feedback strategy allows to
continuously change each boiler set-point, while minimizing
a combined cost. Taking into account the dynamics of all
the individual boilers, this optimal control can cope with
general disturbances. However, the dimension of the model
of the group of boilers grows with the number of units, thus
encountering scalability issues. Moreover, the scheme is not
flexible to dynamically manage the variation of the boiler
number, i.e., enabling plug-and-play capabilities.
In the recent years, some efforts have been devoted to pro-
vide unitary solutions to these problems. In this respect,
decentralized, distributed, and hierarchical methods have many
advantages over centralized ones, in view of their flexibility,
robustness (e.g., to system changes and demand variations),
and scalability. In this work we focus on hierarchical methods,
as the elective choice for optimal supervision and coordination
of the system ensembles, e.g., as introduced in [20].
An extensive review of hierarchical and distributed approaches
is reported in [21]. Recently, different solutions have been
proposed based on the receding horizon approach. For ex-
ample, [22] proposes a multi-rate solution for constrained
linear systems based on reference governors, [23], [24]; on
the other hand, in [25] a hierarchical scheme is introduced for
coordinating independent systems with joint constraints and
[26] extends the approach used in [25] in case of dynamically
coupled units. Finally, [27] proposes a scalable solution based
on finite impulse response models enabling plug-and-play op-
erations, while [28] presents an application on power systems.
Notation: Calligraphic letters, ¢/,), W, Z, indicate sets.
The Minkowski sum of two sets is denoted by @, while
@fvjl W, = W, @ --- @& Wh,. Ensemble (resp. reference-
model) variables are indicated with the notation - (resp. °).
Nonlinear models and linear counterparts are denoted by S
and L, respectively. Superscript " (resp. °") connotes closed
(resp. open) loop systems. Superscript ™ (resp. ) denotes
variables with sampling time 7,, (resp. Ty), whose discrete
time index is k (resp. h), referred to medium (resp. high) level.

The floor operator is |-]. Finally, for a generic variable v(k),
we denote Av(k) =v(k) —v(k —1).

B. Problem statement and paper contribution

In this work, we propose a hierarchical architecture for the
management of an ensemble of steam generators. The aim
is to manage a group of N, steam generators, working in a
parallel configuration to sustain a cumulative steam demand,
g>. The objective is to guarantee the required steam flow
rate, with the minimum operating cost. This implies both the
minimization of fuel gas and the optimization of the network
configuration (i.e., the partial contribution of each boiler to the
overall demand), also considering the activation strategy.

The steam generator network is assumed to be composed of
similar dynamical systems, i.e., having homogeneous quanti-
ties as inputs and outputs, but that might differ in physical
dimensions, nominal production rate, consumption, and effi-
ciency.

Each subsystem ¢ is a water-tube boiler: a pressurized water,
denoted feed-water ¢ ;, circulates inside the tube coil, forced
to flow by a displacement pump, and it is heated by a natural
gas burner, whose flow rate is g, ,. The heat, transmitted to the
flowing fluid, induces a phase transition of the feed-water into
steam. The steam flow rate generated is g.,. This design is
characterized by extremely short start-up time and safe steam
generation with respect to the fire-tube boiler configuration,
due to the limited volume of water. The single subsystems
and the network of generators are subject to input and output
constraints. Both local and global variables are assumed to be
defined in convex and compact sets, U, V,, U and ), ie.

q.. €U, (1a)
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qszzqs,i EZ/_{

=1

qg-,z‘ 6 y1
Ng

=Y ¢.€Y (Ib)
=1

The proposed hierarchical control scheme consists of three
layers.

The high layer (HL) extends the preliminary solution, pro-
posed by the authors in [29] for a constant load demand,
considering a time-varying demand and the discrete operating
modes dynamics of the generators. To this aim, the model
of the high-level behavior of the system is here defined in
detail in Section II-D. This model is exploited by the top
layer to optimize the strategy, i.e., the generator schedule and
the working conditions, in order to minimize the operating
costs. The activation/inactivation of units must consider the
high-level state of each units and the transition costs. This
layer computes the optimal number of units active and the
best shares of production to be allocated to each boiler based
on the time-varying profile of the demand. With respect to
[27] and [29], in this paper, the optimization program is
reformulated on local steam flow rates, instead of directly
optimizing the sharing factors, which avoids to introduce
mixed-integer bilinear constraints.

At the medium layer (ML), a robust MPC scheme is adopted,

similarly to [20]. This layer, considering the ensemble model,
allows to robustly track the overall demand. The ensemble
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model is an aggregate low-order model of the network of active
systems, defined in a scalable way. Differently from [20], in
this work, we assume that the sharing factors can change
during time. This condition must be opportunely handled by
improving the formulation of the optimal control problem
(OCP), in order to ensure at each time instant feasibility of the
corresponding optimization program. We propose a procedure
- based on an alternative nonlinear MPC program - to drive
the ensemble to the new configuration when a sharp transition
is not feasible.

At the lowest layer (LL), a set of decentralized controllers is
used. Proportional-integral (PI) regulators, as currently used
in industrial practice, stabilize the internal pressure to its set-
point and track the individual requests. In this work, we opt for
state-of-the-art regulators at low level, decoupled on pressure
and flow-rate loops. This control layer exploits on purpose the
embedded regulators, as provided by the generator producer,
since the latter are actually neither open nor accessible for
modifications, due to safety and regulatory issues. This choice
permits to apply the proposed management architecture on
brownfield, also on legacy systems.

II. THE BOILER MODELS

In this section we present the dynamical model of the high-
pressure steam generators used at the different layers. For
notational simplicity, the index ¢ will be dropped when clear
from the context.

A. Nonlinear physical model

The continuous-time nonlinear dynamical model of the
steam generator is derived from the drum-boiler model pre-
sented in [30]. Here the equations are adapted to the consid-
ered configuration: differently from drum-boilers, no accumu-
lation exists in the water tubes and the drum is absent. In

steam separator
<
s <
-—

Cle

Vi

7

<« qg

Figure 1: Steam generator functional scheme.

particular, the feed-water is forced to flow at high-pressure
through the heated tubes, with flow-rate ¢;. The heat transfer
transforms the feed-water either totally or partially into steam.
Therefore, the mass conservation equation on the water-tube
control volume reads ¢; = ¢, + ¢, where ¢, is the steam
flow-rate. The portion of flow that persists in liquid phase at
the outflow, ¢, is assumed to be at saturated temperature, see
Figure 1.

The i-th steam generator is characterized by a nonlinear
dynamic model SP*.

p= S0+l —h) —a b =h))
v, = (plp)(%’;v +Lvp o

where
6 =V.(h. %’; +p. %Z) + vw<hwa£; +pwaa’?)+ .,

In equations (2)-(4), the subscripts ¢ ¢ s  refer to feed-water,
fuel gas, steam, and internal water, respectively. Steam and
internal water are assumed to be at saturated conditions.
Therefore, the density p, the enthalpy h, and the temperature
T are only function of internal pressure p.

The system is characterized by some specific parameters: the
burner efficiency 7, the gas low heat value A, the total
tubes internal volume V., the mass M, and the specific heat
coefficient c,.

The states of the nonlinear dynamical model (2)-(3) are the
internal pressure p and the water volume V.. The manipulable
inputs are the feed-water flow rate ¢, and the natural gas flow
rate g,, while the steam demand ¢, is considered, at the low-
level, as a disturbance term. Similarly, the enthalpy A, of the
feed-water is considered a known measured disturbance.

B. Low-level closed-loop model

An embedded controller is devoted to the regulation of the
pressure at the set-point level, and to guarantee a constant
water volume V,, for each subsystem S*. This controller acts
on the local input variables ¢; and ¢g,. Commercially-available
boilers are already provided with low-level controllers for
pressure regulation, designed on industrial standard config-
uration: a feedback PI regulator R on the fuel flow-rate, to
steer the pressure p to a set-point pg,, and a disturbance
compensator C working, with an open-loop action, on the
feed-water flow-rate to follow the steam demand, as depicted
in Figure 2. The closed-loop system of the i-th boiler can be
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Figure 2: Closed-loop boiler function block diagram.

described as a nonlinear dynamic model S;°%, in short denoted
as qg,i = 57 (¢s.0)-

One peculiarity of this closed-loop system is the possibility
of considering the steam flow rate as input of the controlled
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system and the gas flow rate as an output, as shown in Figure
2. This closed-loop representation of the boiler enables the
problem formalization in the framework of hierarchical control
of ensemble systems, as in [20].

In Figure 3, the input/output static map at steady state is
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Figure 3: Input-output static map of the controlled steam
generator at steady state.

shown: historical static data are compared with data generated
simulating the response of the system S;”" with a multiple step
input profile. An affine approximation is also shown. Note that,
although this linear model is valid during production where
the pressure is regulated at its set-point, non-linearity is still
relevant during start-up.

C. Affine model for medium-level control

Consistently with the data reported in Figure 3, in produc-
tion the boiler is maintained close to the nominal conditions,
thus the dynamics of S can be well represented by an affine
dynamic model, used to account for transient response. A
discrete-time affine system £ with output y(k) = ¢, ;(kT\)
and input w(k) = gq,;(t) constant V¢ € [kTy, (k + 1)Ty)
is identified with the simulation error minimization approach
using the data drawn by exciting the controlled nonlinear
model S with multiple-step inputs. Note that the sampling
time is 71y, and the time index k is the one used for control at
medium hierarchical level. The identified discrete-time transfer
function (plus constant) is denoted G and is of the type

_ Z?L(bjz_j)
1+ Z?i1(sz_j)

where + is the identified bias when u(k) = 0. The correspond-
ing state-space form is

Lo {x(k’ +1) = Az(k) + Bu(k)
v y(k) = Ca(k) +

with state vector, (k) = [dy(k), ..., 0y(k — ne+1),u(k — 1),
cou(k—mny, +1)]T € Rutm=1 and y(k) = y(k) — 7.
The matrices are B = [b; Oyy(n,-1) 1 lemb,g)]T, C =
[1 0 0}, and

—fr =
1

ng—1

y(k) u(k) +~ (5)

(6)

by... b b

np—1ny

fnffz _fnf

O(nf—l)xl O(nffl)x(nbfl)

01><(nb—2) O
Inb—Q O(nb—2)><1

O(nb—l)x”f

Assumption 1: System (6), consistently with [26], enjoys
the following properties:

1) A is Schur stable;

2)y m=p=1;

This model will be used to derive the ensemble model, as
discussed in detail in Section III-C.

D. Hybrid automaton for high-level optimization

The boiler model used by the high-level optimizer operates

on a coarser discrete-time grid, with a sampling time 7}, and
time index h. A hybrid automaton [31] is used, including
both discrete and continuous states. The discrete variable m
defines the operating modes: shut down (OFF), start-up (ST),
and production (ON), i.e., m € {OFF, ST, ON}.
A simplified model is considered in each mode, where the
fuel flow rate g, depends on the steam demand g.. In this
paper, due to the small settling time ¢, of the dynamic system
(6) with respect to the high-level sampling time, ¢, < T}, a
static input-output map for each operating mode is assumed.
Thus, the dynamic state of the Hybrid Automaton (DHA) is
the number of sampling times y spent in the present operation
mode. Namely, variable y € ZS’ is used for correctly model
transitions. A continuous evolution, f : x(h + 1) = x(h) + 1
is valid when no transition occurs, i.e., m(h + 1) = m(h).
Instead, any transition forces a reset to zero of the dynamic
state, r : x(h+1) = 0. A mode transition - see the Finite State
Machine (FSM) in Figure 4 - depends on the time spent in
the current operating mode, x(h), and possibly on switching
binary input 8(h) € {0,1} to 1. More specifically, a transition
happens whenever a guard condition, g, is met:

{x(h) = Xorr—sr} A{B(h) =1} m(h) = OFF
g: {X(h) > XST%ON} m(h) =ST
{x(h) > xonx—orr} A{B(h) =1} m(h) = ON

The values of Xorr_sts Xsroons aNd Xon_,orr, are suitably-
defined thresholds. The model output is given by:

4:(h) = g ¢.(h) + Yo if m=0ON  (7a)
s (h) = Vst if m=ST (7b)
q:(h) =0 if m = OFF  (7¢)
where ¢ = C(I, — A)7'B, 7ou, and 7sr are the static

gain of the closed-loop system L, the constant fuel gas
consumption in production and in start-up modes, respectively.
Note that, consistently with the model derived in the previous
sections, the affine map (7a) is the one depicted in Figure 3. To
make the model easily manageable in a suitable optimization
program, the DHA model is converted into the MLD one
[32]. The MLD model is an extended state-space dynamical
system where the state vector, z!™ = {X,ngF]F,x[SHT],xgﬂ,} €
Z x {0,1}3, includes integer and Boolean variables. The
inputs are the Boolean command and the steam flow-rate,
ut = {pM ¢M} € {0,1} x R, while the output is the
consumed gas y™ = {¢!™} € R, which depends on the active
mode, as in (7).

A set of Boolean and continuous auxiliary variables
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Figure 4: Boiler operation mode transitions.

{6M M} e {0,1}" x R"= is added to model the FSM
evolution, the transition guards, and the reset maps. The MLD
model takes the general form:

H(h 4 1) = AW () + By (h) + B0 (h) + BISM ()
)~ )3 D)+ D+ D5 (1)
EMa™(h) + EMu™ (h) + EM 2 (h) + EF6™ (h) < B

III. THE HIERARCHICAL CONTROL SCHEME

In the previous section we derived the single subsystem
models to be used at the different levels. Now, we explain
how to manage and control them in a unitary and coordinated
way.

High — level

P(hh+ N,
as'( ) Ty: time step

a(h,h + Ny) High Level

Optimization h: time index

xMLD (h)
ugs (h) Ny: pred. horizon

Medium — level

lWl

Lmodel 3 Ty: time step

Medium level X k : time index
MPC Np: pred. horizon
@ — uy () Low — level

T: time step
X K : time index
Uy, (1) o Yng (i) (or cont. time)

ang X SN
Networked GUs

Figure 5: Steam generator ensemble and hierarchical scheme.
Typically, Ty € [10,30] min, T, € [30,60] s, 7 € [1,10] s

A. Sketch of the proposed control architecture

As shown in Figure 5, the medium and high levels of the
hierarchical scheme are designed to concurrently define the
input u; of each subsystem (i.e., local steam flow-rate ¢, ;) as

u; = o, i=1,...,N, (®)

where «; is the sharing factor used to partition the overall
ensemble input .

Sharing factors «; are computed by the optimization layer.
Here, thanks to the DHA models defined in Section II-D,
they are optimized in a receding horizon way, minimizing the
operating cost of the ensemble to supply the steam demand

forecast. The sharing factors are time-varying and defined
according to the slow time-scale (i.e., Ty).

The ensemble input u is instead computed by a dynamic
optimal reference tracking problem at medium level. To do
so, an aggregate model of the whole ensemble is derived
by considering the subset of active generation units. The
ensemble dynamical model is built by combining opportunely
the closed-loop models of the controlled generators. By con-
sidering a unique ensemble model, medium level exhibits
interesting scalability properties, as its dimensions do not
grow with the number of subsystems. A robust reference-
tracking MPC scheme is implemented to define the overall
gas consumption of the ensemble, operating with a faster
time-scale with respect to the high level, with sampling time
Ty =Tu.

B. High-level Optimization

The high hierarchical level aims to optimize the sharing
factor profiles o’ (h) and the modes of all the subsystems by
minimizing the operating expenses, including the subsystem
activation costs, the actual start-up time, and other constraints,
as the ones related to mode transitions and operational range
of each subsystem in the ensemble.

The algorithm presented here extends the one presented
in [20], [27], and [29] by solving the unit commitment in
receding horizon along a prediction window with time-varying
demand. We assume its profile to be known for the entire
prediction horizon and approximated by a piece-wise constant
function, g°=(h).

In [29], where both the sharing factors o™ and the ensemble
steady-state input @, (h) were considered as decision variables,
we obtained a MIP with bilinear inequality constraints. In this
work the problem is reformulated as a simpler MIP with linear
constraints by considering as optimization variables the parti-
tioned steam flow rates ¢}’ (). In this formulation, the optimal
sharing factors are computed as o™ (k) = ¢ (k) /t..(h).
The optimization problem at high-level reads:

min, XL Tis LA ).t (k) o
B hay;
st Yo g (h) > g (h) (9b)
S dt(h) =0
iff > adn.(h) =0 9¢)
<Zz 1qa1( )_OSEM
otherwise
0<Zz 1ng]§ )égST
30 woni(h) =0 (9d)
Ym < Zizgl qf[;Hl](h) < Yu
otherwise
and, Vi =1,..., N,
MLD model of unit 7
Uit () < ¢ (R) < w2l (R)  (90)

Y l'rON‘L(h) + VSsz[slff,(h) <, H](h)
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< Yu, Z$ONL(h) + Vs STL(h) 9N

Vh=0,...,Ny

The decision variables are defined as a sequence of vec-

tors along the optimization horizon, i.e., Vh = . Nu:
steam flow-rate, q'"}' (k) = [¢/7(h), ..., ¢!} (h+N )} and the
Boolean command for FSM transitions 3" (h) = [8!"!(h),

.o, B (h + Ny)] of each boiler, ie. Vi = 1,..., N,.
The cost function J : R* — R is defined by summing the
subsystems’ stage costs /;(h) i.e., the operating cost related to
the fuel consumption - based on natural gas price A, - fixed
operating cost connected to the production mode Aoy ; and the
fixed startup costs Agr,. The fixed costs are in general specific
for each generator: they can include personnel, maintenance
and degradation costs, that might increase for frequent start

and stops.

li(h) = /\ON,.,(:EgINT(h)) + )‘sz(I[sHT]z(h))ﬂL

/\g% [(gz’qg? (h)+’YoNz) x[om(h)"' 'YsTvmsT]l(h)] (10

Note that constraints (9c)-(9d) - enforced to guarantee (1b)
- are defined by logical conditions. A so-called “Big-M”
reformulation can be adopted to transform these conditional
constraints in a set of mixed-integer inequalities [32].

We denote by -, (-y) the minimum (maximum) values of
inputs and outputs, while s, = va L 75 (h)ysr:. At each
step h, the optimizer computes the optimal trajectory of the
sharing factors a!™!(j) for all j = h, ..., h+ Ny. Based on the
receding horizon principle, the conﬁguration a™(h), related to
the first step, is broadcast to the network, while the rest of the
trajectory is discarded (or, better said, kept as backup solution).
At the subsequent step, h+1, the status of the GUs is retrieved,
as well as an updated forecast of the future demand, moving
forward the prediction horizon by one step. This strategy
permits to correct the demand forecast of remote steps as soon
as they come closer, thus adjusting inaccurate estimations.
A new profile o™(j), with j = h+1,...,h+ Ny + 1, is
computed by (9) and the solution a™!(h+ 1) sent to the GUs.

Remark 1: The hard constraint (9b) can be tightened to
equality, accelerating the solution convergence - if any feasible
solution exists. Otherwise, if the program is infeasible, as the
constraint (9b) cannot be satisfied for certain demand profiles,
it can be relaxed thanks to a slack variable ¢ > 0 with
the modified objective function (9a), [ =1+ €2 with the
constraint ZZ L (h) > @Pem(h) —e.

Remark 2: We solve (9) in a centralized way, since the
solution must be available with a frequency fy = 1/7. How-
ever, its computational complexity scales with the number of
generation units, which can be very large in some applications.
To overcome this, one may implement (9) in a distributed
fashion, as in [33], partitioning the set of generators in clusters.

Remark 3: The accuracy of demand forecast strongly im-
pacts on the solution quality: since the reference is an addi-
tional decision variable, the feasibility is guaranteed. However,
whenever the mismatch between demand forecast and its
actual value is greater than a given threshold, the execution of
the HL optimization can be triggered at an event-based "asyn-
chronous" fashion to foster optimal tracking performances.

A good demand forecast is indeed one of the main chal-
lenges for practical implementation of any scheme aiming
to schedule the generation units. Small scale generators, for
medium-pressure steam, are usually operated in the industrial
context where steam is considered a commodity resource.
Therefore sometimes no demand forecast is available and
neither considered for the generator management. Actually,
accurate forecasts can be easily obtained by historical data
and future production scheduling. Nowadays, companies that
aim to implement energy efficiency strategies are increasing
their awareness on energy utilization, through the analysis of
historical data, and are pushed to implement procedures to
correlate energy demand with production, giving the tools for
deriving approximated evaluations of future steam demand to
be used as input of the proposed management architecture.

C. Medium-level control

The ML controller regulates the ensemble based on the
operating modes and the sharing factors defined by the higher
layer, driving the ensemble input @™ (k) to the steady-state
value, @ (h) = S5, ¢"(h), computed by the HL optimizer.
The medium-level MPC deals with an aggregate - small scale
- model of the whole ensemble.

1) Reference models and consistency requirements:
Medium level controller design requires, first of all, to devise
an aggregate model of the ensemble. According to [20], a
reference model must be derived for each subsystem, defined
as

i™Mk+1) = AiM(k) + Bu™

L : { gM(k) = CaM(E) + 4,

where this alternative model can be built on a possibly reduced
state, defined as 21 = 8,2!™, where 8, € R?*™ is a suitable
map, with 2 < n,. In addition, a term @™ (k) is introduced
to embed the error due to the mismatch between the reference
model (11) and the identified system (6).

By design, the state matrix A and the output matrix C can
be generically defined: they just must be the same for all
subsystems’ reference models. Conversely, the input matrix
B, must be accurately defined. It is advantageous to select
A B and C' with the same canonical structure of A,, B,
and C}, as defined in Section II-C. Using this convenient
choice, the state-reduction map 3, € R™ ™ is merely a
selection matrix, whose rows are basis vectors of the new
canonical space. In this way the state of the reference models,
s G20(E) = [ByPIR), 3y 1) Pl = 1),

Mk — 1), ey uP(k — ay, + 1)

The input matnx of the reference system must be defined
in order to satisfy the so-called gain consistency conditions
(see [20]): the reference model (11) and the model (6) must
guarantee to have the same static gain and a consistent output
map. This is verified by imposing:

o =Yoni (12a)

oo T S8
v 1+Z f77 77 ’

)00y

M
i
M
7

(12b)
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where (b, ,, f,,) and (b, ,, f.,) are the parameters of the i-th
models (6) and (11), respectively.

2) Disturbance W™ (k): As discussed, the term @™ (k)
embeds the error due to the mismatch between the reference
model (11) and the original one (6) induced by the selection
of the same state matrices for the reference models. To
apply robust MPC for ensemble control, we need to ensure
that 0" (k) is bounded. In [20], it is shown that the set
where w[M]( ) lies (i.e., W,) can be made small by properly
restricting the set of Au[M (k) = u™(k) — u™(k - 1), ie.,
AU,. However, the definition of W, used in [20] requires the
definition of a suitable invariant set, used to define the low-
level MPC controller, which is here absent.

In any case the fact that W, depends upon AL/, remains
valid also in this framework, i.e., when the low-level con-
troller is unconstrained. This is supported by the fact that
Wi (k) = Bixi(k + 1) — Z;(k + 1) = Bi[oyi(k + 1), 0y;(k),

w0y (k —ne+2),ui (k) oy wi(k — np +2)]7 = [0y2(k + 1),
Sy (k), ..., 042 (k — ng + 2),ui(k), ...,ui(k —np + 2)]7 =
[6yi(k + 1) — 0y (k +1),0yi(k) — 0yg(k), ..., 0yi(k — g +

2) — 6y2(k — g + 2),0,...,0]T, where 6y¢(k) is defined as

the output of the "unperturbed" reference system
go. [ #k+1) = Awg(k) + Biui(k)

’ 097 (k) = C7(k)

In view of this, each non-zero component of vector w;(k) is

a lagged version of e, (k+1) = dy(k + 1) —oy°(k +1). It is

possible to show that, thanks to the gain consistency condition,

there exists a transfer function AG;(2~!) such that'

el(k + 1) = —Agi(z_l)Aui(k:)

13)

(14)

Following [34], the set W, can be explicitly computed based
on (14). However, in this work, to quantify set W,, due to
its convexity, we have taken the convex hull of the points -

ITo retrieve (14) we can write, from (6) and (13), that
ei(k+1) = Gi(z7 Mus (k) — Gi(z7 Dy (k)

where GG; and Gl are the transfer functions of systems (6), (13), respectively,
while 271 is the discrete time backward shifting operator. According to the
gain consistency property, G;(1) = G;(1). Therefore

eilk+1) = ((Gi(z™) = Ga(1) = (Gi(=71) = Gi(1)) wilh)
_1) _

Considering the canonical structure of the model (6), the term G;(z
G;(1) has the following form:

S0, (bi g (=7 — 1)
S (fog (23 — 1))

By the rational root theorem, every binomial (277 — 1) can be factorized by
(271 — 1), therefore we can write

Gi(zil) — Gl(l) = (2’7

Gi(z"hH —-a;(1) =

=16z

and, similarly,

Therefore,
eilk+1) =[Gz = Gi=M] 7 = Dualh)
= —AGi (2 ) (ui(k) — ui(k — 1))

given simulating with a signal Au;(k) sampled from Al - to
approximate the set. This solution has permitted to apply the
robust MPC approach defined in this section with no constraint
violation on the real variables.

3) Ensemble model: To define the ensemble dynamics, the
reference models must be opportunely combined. The state of
the ensemble dynamical model L is composed of the states
of the active generators, i.e., with !>, . = 1. When a boiler
is switched off, its contribution to ensemble steam production
is immediately removed: in practice, during the transient, its
steam is diverted from the ensemble output. Similarly, during
start-up, the produced steam is not conveyed to the ensemble
output, due to low steam quality - with high percentage of
transported condensate. Accordingly, we define the ensemble
state as M = S Ne gzl , its input as @™, and its output

N ON'L
as g = 3N 2 g

ON i
Considering the reference models (11), we can write
7. M (k4+1) = Az™M(k) + Ba™ (k) + o™ (k) (15)
U k) = v+

where B = ZNg B, 5 = Zf\[g o 4, and @™ =
Zf\/g oo M We also define the static gain of the ensemble
as g = Efv Q; gi'

Remark 4: The gain consistency conditions (12) are nec-

essary to guarantee that the ensemble gain correctly reflects
the overall gains of the subsystems, given the specified load
partition.
The set containing the reference deviation w™!(k) is defined
as W. It can be computed as discussed in [20]. More specif-
ically, we can enforce - as discussed in Section III-C4 -
AuM (k) € AU, for all i = 1,...,N, and for all values
of o, where AU = [~Au, Au] for a given threshold Aa.
As discussed, this is done to guarantee that w!™ (k) € W,
and also that o™ (k) € W = @121 W, in all possible system
configurations.

4) Medium-level controller design: The ML MPC objective

is to track the global fuel flow-rate target r = g ", that
depends on the HL solution. At any time instant k, the
HL share and mode signals, (aEH], x[f]l) are re-sampled with
sampling time 7T}, as o™ (k) = o/ (| k/u]), and are assumed
to remain constant, e.g., o™ (k +1) = o™ (k) for the whole
control horizon, i.e., VI = 1,..., Ny. This implies that the
ensemble model £, (15), is invariant during the optimization
horizon, N,,.
To cope with disturbance w™ (k) in the ensemble model
L, the ML must be designed according to a robust tube-
based implementation. The system is augmented and written
in velocity form, as in [35]

EM (k4 1) = AEM (k) + BAG™ (k) + HAG™ (k)

with state vector &™M(k) = [AzM(k),e™(k)], input
Au™(k), and disturbance Aw™! (k). Matrices A, B, H can
be trivially derived from (15).

The added state is e™ (k) = g™ (k) — #, where the reference
output 7 is set as a decision variable of the OCP, as in [36], to
ensure recursive feasibility and offset-free tracking capabilities
in presence of continuous variations of the target values (which

(16)
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can be possibly infeasible): in a few words, 7 is the closest
feasible set-point to r, at least in stationary conditions.

A nominal (undisturbed) model, used to formulated the OCP,
can be associated to (16):

EM(k + 1) = AEMI (k) + BAGM (k) a7

whose variables are denoted by ~.

To guarantee the feasibility in the disturbed case, the con-
straints for the OCP with nominal model must be opportunely
tightened. The tube-based approach requires the computation
of a Robust Positively Invariant (RPI) set Z - computed based
on [37] - where ¢™ (k) — €M (k) is guaranteed to lie if the
following control law is applied to the real system,

oul (k) = 5P (k) + K(EM (k) = EM(k))  (18)

where K a gain matrix that makes the matrix A + BXC Schur
stable. Namely, the real system is kept close to the nominal
state, i.e.,

Mk +j)eME)y2 Vi1

So, the robust MPC problem is formulated on the nominal
system (17), leading to a quadratic program (QP), where the
optimization variables are the future nominal input trajectory,
ou(k) = [6a™ (k) : 0u™ (k 4 Ny — 1)], the initial condition
of the nominal system, ™ (k) = (6™ (k), g™ (k) — ), and
the output reference point, 7.

i 7= 37 {IE G + 195 ()} 19
sa(k) ies
st EM(E) —EM(E) e 2 (19b)
EM(G 4 1) = AEM(5) + BSa™ (5) (19¢)
a™M(j) el (19d)
o™ (R)a™(j) € U, (19)
28 (h) [g:0.(R)E™ () + Aon ] € Vi (191)
alM (A (j) — oM — 1)a™(j — 1) € AU (19g)
VjieJ
Vi=1,...,N,
EM(k+ Ny) =0 (19h)
™M (k+ Ny) = Z.. (19i)
™M (k 4+ Ny — 1) = 4, (19j)

where J = {k, ..., k+ Ny —1}. Moreover, T, Uss are given

by
~ —
‘%sﬁ _ In - A _B 0n><p (TA _ 7)
i) | ¢ o, I, 7
The constraints (191)-(19j) requires the calculation of ™! (k—
1), a™(k — 1) that can be evaluated based on

o] B e }1 e

Differently from [35], the terminal constraint is a steady-state
condition for (17) in the last step of the prediction horizon. The
computation of a terminal steady-state condition guarantees

that the MPC problem is practically recursively feasible,
with auxiliary control law Ag™ (k) = 0. This formulation
avoids the computation of the Maximal Output Admissible Set
(MOAS) required in [35]. It is worth noting that - similarly to
the computation of the RPI [37] - the calculation of the MOAS
[38] is an iterative time-consuming procedure. Any variation
of the configuration requires the re-computation online of both
the RPI and the MOAS. At least the latter is avoided by
forcing the system to reach a steady-state condition at the
end of the prediction window; on the other hand, it might
affect the promptness of the controller, reducing the optimal
control action, since Aa*["1(k) — 0 as k — N,,. This can be
mitigated by selecting a longer prediction window.

The initial condition of the nominal state is enforced by (19b).
For all the time steps j € 7, the ML is committed to impose
the constraints (1) through (19d)-(19f). Moreover, as discussed
in Section III-C1, in order to keep the disturbance term w™ (k)
bounded, we need to ensure that for each generator the input
variation is limited thanks to (the tightened) constraint (19g).
Also constraints (19d)-(19g) are imposed on the nominal
system variables: this requires a proper tightening [35] of the
original sets U, U;, AU, allowing us to define U, U;, and AU,.
Note also that, while in [20] constraints on local outputs are
not considered, in our application scenario they play a key
role. In fact they represent limitations in the gas available to
each burner. To enforce yl[M] € );, we use its simplified “quasi
steady-state” version (19f). Set Y, is computed by suitably
tightening set ;.

5) Transitions among configurations: When configuration
transitions occur, i.e., when the high hierarchical level returns
a new optimal value of sharing factor o™ (k) # o™ (k—1)
at least for some subsystems, infeasibility issues may occur
due to two reasons: (i) the ensemble model is varying with
respect to the one used at the previous time step, since B =
B (a*™(k)); (ii) it is not guaranteed that constraints (19d) and
(19g) can be enforced in a recursive manner. The procedure
adopted when configuration changes occur is the following
one:

e Apply o™ (k) = o™ (k), Vi = 1,...,N,, and solve
the corresponding MPC optimization problem. If it is
feasible, then the configuration change is accepted.

o If the optimization problem formulated at the previous
time step does not result feasible, then reformulate the
MPC optimization problem using the actual sharing
factors a™!(k) (under the assumption to keep them
constant during the whole control horizon) as further -
terrjl\})orary - optimization variables and adding the term
S o™ (k) — o™ (K)||? to the cost function, in order
to steer /" (k) to the values o™ (k), selected as the

optimal ones by the high-level optimizer.

Remark 5: The introduction of the sharing factors as ad-
ditional decision variables transforms the program (19) from
QP to a nonlinear one. In fact, the dependence of the model
on o™ implies that a number of elements of problem (19)
are dependent upon o™ in a non-trivial way, e.g., the gain K,
the RPI set Z (to be used in the constraint (19b)), and the set

tightening.
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We can here address this issue by reformulating (19) in a
slightly different, but consistent, way, to be applied exclusively
during the transitions. First of all, to avoid the use of Z, we
replace (19b) with the equality €™ (k) = €™ (k). Also, due to
Assumption 1, A is Schur stable. Thus, we can adopt, during
the transition, an auxiliary law with K = 0. So, the input
applied to the model ensemble is not corrected by (18). A
final remark is in order: to support transitions, the tightening
operations to be performed on sets U, AU, Z;{i, and )72 should
be sufficiently general to be compatible with all ensemble
models of interest to avoid possible feasibility losses.

IV. SIMULATIONS

The hierarchical control scheme is tested in simulation,
considering a use-case with N, = 5 steam generators that
operate at a pressure of 57 bar and cooperate to serve a
common load. The boilers that form the ensemble are slightly
different among each other, since they are characterized by
dissimilar dimensions and efficiencies. Also, they are limited
to work in different operating ranges, i.e. minimum/maximum
generated steam. Their parameters are reported in Table 1.

The natural gas price )\, is assumed fixed and constant for

Table I: Boiler parameters.

Boiler n 1 2 3 4 5

Vr [m7] 1.21 115 1.28 L14 1.32
M [t] 549 | 522 | 583 | 506 | 599

n [-] 090 | 092 | 089 | 095 | 099

M [kg/s] 0.1 0.09 0.09 | 0.09 0.1
@M [kg/s] 1.26 1.16 1.13 1.20 1.25
qy" [kg/s] || 0125 | 0.127 | 0.129 | 0.126 | 0.123
qg 2™ [kg/s] || 0.859 | 0.844 | 0.846 | 0.841 | 0.839
g [€/m?] 022 | 022 | 022 | 022 | 022
Aon [€/TH] 40 30 22 55 45
st [€/Tw] 100 130 120 70 80

all the generators, while the fixed operating cost in ON and
startup modes Aoy; and Agr,, respectively, are different for
each generator. Gas density is p, = 0.71 [kg/m?®] and tube
specific heat ¢, = 0.5 [kJ/(kgK)].

The system is characterized by the following global constraints
Y = [0.1227,4.220] [kg/s] and U = [0.089,6.0] [kg/s],
determined by constraints of the distribution network.

The sampling times of the multi-layer architecture are reported
in Table II.

The low-level controllers have been implemented in discrete-

Table II: Multi-layer sampling times.

Q

Sampling time || T T | T
[[ 10s [ 30s [ 10 min

time with a fast sampling time 7 = 10 s; their parameters are
tuned to stabilize the system with a settling time of 120 s.
All systems are assumed to have the same compensator C,
with K = 0.30 and K; = 0.10 and regulator R, with
Ky =0.87and K; =3.5-10""

The discrete-time linear model (5) is identified on a data-
set generated by simulating the closed-loop nonlinear model
SP¢, with sampling time 7y, = 30 s. For each boiler, the
identified models, £, are characterized by n, = 3, n, = 2,
and n, = 1. So that systems £~ have the same order n. The

high-level optimization is executed in receding horizon with a
slow sampling time 7; = 10 min.

The optimization (9) considers a prediction horizon of Ny =
10, which is long enough to consider the high-level dynamics
of the sub-systems - by considering their start-up dynamics
- and forthcoming fluctuation of the users global demand,
g (h) for h=0,..., Ny.

The latter is given as a piece-wise constant forecast of users’
demand, which can be opportunely updated at any iteration of
the rolling window of the high-level optimization.

Regarding the high-level dynamic models of the steam gen-
erators, each unit is characterized by an hybrid automaton,
as presented in Section II-D, with the dwell-times reported
in Table III. In this case-study all generators have the same

Table III: Hybrid automaton dwell times (in HL steps T}).

Boiler XOFF—ST XST—ON XON—OFF
i 2 2 3

transition times.

It is worth emphasizing that, as reported in Figure 5, the
reference trajectory is naturally given in terms of steam
demand gP°™ and converted into equivalent gas target using
the static gain of the ensemble g, ™ = gg.*™ +%. In particular,
the reference target for the fuel flow-rate of the ensemble
incorporates only the units in mode ON. While the high-level
optimizer considers the consumption and the relative costs of
the steam generators also in startup modes, we recall that the
ensemble model considers just the producing boiler, i.e., in
mode ON. The scope of the MPC layer is indeed a robust
reference tracking for the ensemble and not an economic
optimization, which is the target of the high-level optimization.
As discussed in Section III-C1, a requirement is that all the
reference models share the same dynamic and output matrices
A; and C;, respectively. Conceptually, they can be arbitrarily
chosen by the designer, e.g., by imposing a desired dynamic
matrix or an “averaged” one for all the subsystems of the
ensemble. In this work, we select a specific unit as the
reference dynamic model: therefore, we impose the matrices of
the first steam generator for the reference model, i.e. fli = A
and C; = Cy. As a consequence, the state reduction map is
simply 5, = I, for all the subsystems and gain consistency
conditions reduce to (12).

In Figure 6, the comparison of the step response of each
system L% with its reference model £; is shown: the gain
consistency conditions (12) guarantee that at steady state the
actual and reference models reach the same value.

The maximum amplitude of the disturbance w in the ensemble
model is evaluated by imposing the maximum variation of
the input equal to Au = 0.4[kg/s], resulting in ||0]c <
1 x 1073[kg/s].

We compare, in simulation, the performance of the proposed
control scheme (HL OPT) with two alternative ones, obtain-
able with different strategies, see Table IV: NO HL, where
the sharing factors are not optimized during operation, but
predefined and fixed (e.g., by equally splitting the load on
available units, o, = 1/ > xox,), and HL 1-OPT, where the
units are activated in a round-robin fashion according to their
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Figure 6: Step-response of the actual (solid line) and reference
models (dashed line).

efficiency ranking. For all these schemes, the robust MPC, see
(19), is synthesized on the ensemble configuration defined at
HL, using the steady-state terminal condition, with a prediction
horizon N,; = 10. The constraints, imposed according to the
tube-based paradigm, are enforced in a tightened way to the
unperturbed system variables.

The tracking performances are also compared with the ones of
a centralized MPC scheme (C-MPC), which controls directly
all the subsystem inputs, u,. Two scenarios are proposed:
Test 1 considers a maintenance schedule for Boiler 3, with
a piece-wise constant demand; Test 2 shows the behavior of
the schemes with a noisy demand, to assess the operational
cost and the tracking performance.

1) Test 1: We assume Boiler 3 to be unavailable in the
time range ¢ = [50,80) min and we compare the behavior
of the proposed scheme with HL 7-OPT and with NO HL.
The idea here is to focus on the role of the HL control layer
on the overall performances. Figure 7 shows the tracking of
steam demand with the three considered strategies. Note that
the overshoots are due to the plug/unplug operations. Figure
8 shows the reference tracking performances of the natural
gas signal. Due to the unequal overall gain of the ensemble
in the three alternative configurations, natural gas trajectories
are different. This is more evident in the period ¢ = [30, 70)
min even if the steam demand is the same. This is related to
a difference in the subsystem’s efficiency. Recall that the gas
consumption is given by (7a) for each boiler and the ensemble

Table IV: Control architectures features for performance com-
parison.

Strategy HL ML-MPC LL | Test
HL OPT a; <) (l; eq.(10)) Ensemble PI 1&2
NO HL o; +— 1/> zons Ensemble PI 1&2
HL n-OPT a; <) (I; = —mi;xzon.) | Ensemble PI 1&2
C-MPC - Centralized | PI 2

Test 1: Unit 3 with scheduled maintenance, piece-wise demand
Test 2: All units available, noisy demand

Dem

q;
s NO HL — g,
—+—.~--HL n-OPT — ¢, | 4
HL OPT — ¢,

1 . . . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100 110 120

time [min]

Ensamble Steam ¢ [kg/s|

Figure 7: Steam demand for the ensemble g™ (black) tracked
by Ensemble-MPC at ML, with HL OPT strategy (solid blue),
HL 7n-OPT (dot-dashed orange), and NO HL (dotted red).

w

e

s NO HL — Ensemble output z,\jl Qi
—+—+=+HL -OPT — Ensemble output »_; g, ;
HL OPT — Ensemble output, ZL’l Qs
0.5 : - - - - : : : : - :

0 10 20 30 40 50 60 70 80 90 100 110 120
time [min]

Ensemble gas consumption

Figure 8: Ensemble gas consumption. The reference target
depends on the ensemble configuration, since different sharing
factors change the overall gain.

efficiency is given by the a-weighted combination of such
equations.

In Figure 9, the operating modes of each unit are shown: at
t = 50 min, Boiler 3 is forced to OFF mode, for prescribed
unavailability (e.g., for maintenance reasons) shown by a gray
area. With HL optimization, Boiler 4 is activated in place of
Boiler 3. Note that, even if Boiler 5 has a higher efficiency with

HL OPT +---HL n-OPT

A S S S—-—- =
Startup l B
oFFR .ttt
0 10 20 30 40 50 60 70 80 90 100 110 120
T T T T T T T T T T T T I
ON g
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-
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Figure 9: Operating mode of each subsystem. Boiler 3 tem-
poral unavailability shown by gray region.
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Figure 10: High-level sharing factors with HL. OPT strategy
(solid, transient & diamonds), HL 7-OPT (dot-dashed, transient
& stars), and NO HL (dotted).

respect to Boiler 4, the latter is chosen in the first place due
to its lower start-up costs Agr;; with HL 7-OPT, instead, the
different efficiency-based criterion for boiler activation leading
to slightly larger overall costs.

As shown in Figure 10, when the global steam demand rises,
new generators are added to the ensemble based, not only
on the subsystem efficiency rank, but also on the associated
operating costs Aoy; and Agyp;, which are different for each
generator. In the NO HL scenario, the weights «; are adjusted
only to consider that just four generators are available. When
the transition is sharp, the abrupt change of «; could lead
one of the subsystems out of its local ranges. If so, the MPC
optimization problem may become infeasible. In response to
that, the control architecture will compute a transient solution
by considering the sharing factors as an additional set of
optimization variables, as discussed in Section III-CS: the
nonlinear program provides the closest feasible configuration
to the target computed at the top-level. In Figure 10, the
sharing factors computed at high-level, with the three strate-
gies are shown by different line styles. When the high-level
solution is reachable in one medium-level step, the optimal and
actual points coincide and just target is shown, otherwise the
ensemble is guided to the high-level optimal configuration by a
smooth shift through temporary configurations (a diamond for
the HL OPT and a star for HL 7-OPT), computed solving the
NLP. Figure 11 shows that also local constraints are respected.
The simulation is executed in Matlab on a Intel®Core™ i7-
8550U CPU 1.80GHz, RAM 16 GB, with SCIP solver
[39] for HL optimization and transitional configurations, and
quadprog for medim-level QP. The HL optimization takes
an average time of 3.28s (40.53s), while the ML QP takes
0.13s (£0.02s), where the RPI computation requires 0.08s.
Instead, the NLP for transitional configuration requires up to
40s.

2) Test 2: A second test is done to compare the perfor-
mance of the proposed scheme and to demonstrate also the

«+NO HL ———HL OPT --=-—- HL n-OPT
1 T T T T T T T T

e —

¢
[kg/s]

[kg/s]

[kg/s]

[kg/s]

s 5
[ke/s]

time [min]

Figure 11: In each subplot, the gas flow-rate ¢, ; of the units.

robustness of the control architecture in presence of possibly
significant errors on the demand forecast. Here the focus is
both on the HL, considering the operational cost, and on the
ML, by measuring the tracking performance. The latter is
assessed by considering a further alternative scheme consisting
of a centralized MPC, which governs directly the input wu,
of each subsystem. It is worth noting, that this controller
cannot manage the HL dynamics related to mode transitions,
i.e., start-ups, and plug-and-play operations, thus for this case
it does not really make sense to quantify the related HL
operational cost. However, given a fixed number of active
generators, this represents the best tracking controller. The
performance metric is given by Jy; = 3", |ly(k)—||*. Instead,
the operational cost J°?, is computed as (10).

The disturbed demand is given by 7 (k) = g2 (| h/p])+v (k)
with the noise term v (k) ~ n (0, o), with ¢ = 1.25%@.°". In
addition, at t = 90 (resp. 100) min a downward (resp. upward)
step disturbance is given, with d = +4%g,"™ thus with the
noise term” v (k) ~ n (d, o/10).

In Figure 12, the tracking of the natural gas for the ensemble

Table V: Operational cost, J°?, (scaled on NO HL cost) - and
tracking cost, J*, (scaled on C-MPC cost).

Cost NO HL | HL OPT | HL  OPT | C-MPC
A 1.00 0.78 0.80 -
JU)JE eel=] || 2.30 3.09 3.48 1.00

is reported for the different control strategies. Note that the
different overall efficiency of the ensemble leads to distinct gas
flow-rates, even if the steam demand is the same, see Figure
13. At medium level this demand is disturbed by an additive
noise term, the mismatch between the piece-wise reference
is managed by the MPC: as the reference 7 is a decision
variable at ML, this MPC formulation can deal also with
infeasible references. Typically, an increased demand might
become unreachable, while lower actual demand can be easily

2Note that, merely for clarity of the resulting plots, we have reduced the
high-frequency component of the noise by setting a lower standard deviation.
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Figure 12: Natural gas consumption of the ensemble. Com-
parison of the four strategies.

w
wn
T

w
T

N
(4,1
T

n

Ensemble steam generation g

—-—-—--HL n OPT qs

o

HL OPT - g,

0 10 20 30 40 50 60 70 80 90 100 110 120
time [min]

Figure 13: Ensemble steam flow-rate. Comparison of the four
strategies.

managed: in ¢ = [90, 100) min, with the downward step
disturbance, ML can track the actual demand by keeping the
same sharing factors. Instead in ¢ = [100, 110) min, the
global generation cannot reach the actual target. However, the
controller robustly gives a feasible solution, which minimizes
the distance from the target. The event-based optimization of
the HL sharing factors is applied at ¢ = 102.5 min, when
a bias on the demand is detected: a new HL optimization is
triggered on an updated demand forecast, which includes the
bias. The sharing factors are adapted to achieve the increased
demand. The best tracking performance is obtained by C-
MPC, that does not operate on an overall ensemble model, but
controls directly each subsystem. However, it does not provide
flexibility to system changes and scalability properties.

A good tracking performance is apparently given by the NO
HL scheme, where demand at ML is tracked by an ensemble-
MPC, with all the units sharing equally the load. The controller
at ML is the same used for HL n-OPT and HL OPT, where
the plug-&-play operations negatively impacts the tracking.
Note that, instead, the overall operational cost J° is better in
case the HL optimization is performed. The operational and
tracking costs of the four strategies are compared in Table V.
Regarding the computational complexity, the proposed method
maintains constant the dimension of the QP problem to be
solved at medium level, by relying on the ensemble model.
On the contrary, the dimension of the QP with the C-MPC

grows linearly with respect to the number of considered units,
see Table VI. A proportional dimension increase affects also
the high-level MIP: in this case the computational impact is
greater. Note that it still within the HL sampling time, T;; = 10
minutes. Note that, however, the HL should run offline, and so
its computational complexity does not impact on the real-time
feasibility of the hierarchical scheme.

Table VI: Computational complexity.

No. of units 5 10 15
[vars ] 11 11 11
CPU [s] mean || 0.158 | 0.161 | 0.131
EMPC  Cpy [ min || 0.106 | 0.102 | 0.023
CPU [s] max 0.271 | 0.463 | 0.333
[vars] 51 [ 101 | 151
CPU [s] mean || 0.141 | 0.170 | 0.205
CMPC py s min || 0.102 | 0.127 | 0.162
CPU [s] max 0.808 | 0.819 | 0.876
[vars] 05k | LIk | L5k
HL OPT oty (6] mean || 3.28 | 6.54 | 21.44

V. CONCLUSIONS

In this paper a hierarchical control scheme has been pro-

posed for the coordination of an ensemble of steam generators,
which must cooperate to fulfill a common load. The definition
of an ensemble reference model, as proposed here, permits
to solve the medium level tracking MPC in a scalable and
flexible way, as its dimension does not grow with the number
of steam generators in the ensemble. Thanks to the model re-
formulation, the ensemble model can be simply obtained from
the high level and updated online. The model configuration is
determined by the high-level mixed-integer optimization that
computes the optimal number of generators to be included
in the ensemble and their shares of steam production by
minimizing the operating cost and considering global and
subsystem constraints.
The accuracy of demand forecast impacts the solution quality:
generally, forecast mismatch is managed at medium level, with
a small degradation of the overall cost. However, if units are
committed with a greedy policy with active ones working
already at maximum, any higher actual demand cannot be
fully sustained, as an additional boiler would be needed, but
the start-up dynamics might impede it. This can be managed
by tightening the subsystem input/output constraints, at HL
level, to prevent such condition, even if the feasibility at
medium level is guaranteed by the presence of the reference
point among the decision variables. How to properly set this
tightening will be studied. Future work will consider the
improvement of the multi-layer scheme by comparing the
overall performance with the implementation of an additional
low-level shrinking MPC control to further address the local
model mismatch. We also envision to solve the high level
optimization in a distributed framework.
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