Stochastic linear Model Predictive Control with chance
constraints — A review
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In the past ten years many Stochastic Model Predictive Control (SMPC) algorithms have been developed for systems subject to
stochastic disturbances and model uncertainties. These methods are motivated by many application fields where a-priori
knowledge of the stochastic distribution of the uncertainties is available, some degree of constraint violation is allowed, and
nominal operation should be defined as close as possible to the operational constraints for economic/optimality reasons.
However, despite the large number of methods nowadays available, a general framework has not been proposed yet to classify
the available alternatives. For these reasons, in this paper the main ideas underlying SMPC are first presented and different
classifications of the available methods are proposed in terms of the dynamic characteristics of the system under control, the
performance index to be minimized, the meaning and management of the probabilistic (chance) constraints adopted, and their
feasibility and convergence properties. Focus is placed on methods developed for linear systems. In the first part of the paper, all
these issues are considered, also with the help of a simple worked example. Then, in the second part, four algorithms
representative of the most popular approaches to SMPC are briefly described and their main characteristics are discussed.
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1. Introduction

Model Predictive Control (MPC) is nowadays a standard in many
industrial contexts, see e.g., [1], due to its ability to cope with
complex control problems and to the availability of theoretical
results guaranteeing feasibility and stability properties, see [2].
These reasons have motivated the many efforts devoted to develop
MPC algorithms robust with respect to unknown, but bounded
disturbances or model uncertainties, see for example [3,4]. How-
ever, deterministic robust MPC algorithms can suffer from some
problems. Indeed, feasibility, convergence, and stability are usually
achieved by resorting, implicitly or explicitly, to a worst-case anal-
ysis. In fact, they do not consider the possible a-priori knowledge
of the statistical properties of the disturbances, i.e., their distri-
bution function which can be assumed to be available in many
problems. Therefore, robust approaches may lead to very conser-
vative schemes, even in cases where some degree of constraint
violation is allowed and where, for economic/optimality reasons,
nominal operation should be defined as close as possible to the
operational constraints.

To overcome these limitations and to tackle those applica-
tions where to violate constraints (or to be as close as possible
to some operational limits) is somehow rewarded in terms of
cost, an emerging field of research concerns the design of innova-
tive Stochastic Model Predictive Control (SMPC) algorithms. SMPC
schemes are aimed at exploiting the stochastic nature of the
uncertainty and, when available, its statistical description. In this
framework, hard constraints on the system variables are reformu-
lated as stochastic ones, allowing the controlled system to violate
them in prescribed probabilistic terms. In this scenario, it is possible
to consider also unbounded disturbances and/or uncertainties, for
example in case they are characterized by a Gaussian distribution.

The use of chance constrained optimization and stochastic
MPC has been considered as a promising solution in a number of
application domains, such as water reservoir management [5-7],
temperature and HVAC control in buildings [8-17], process control
[18-22], power production, management, and supply in systems
with renewable energy sources [23-34], cellular networks man-
agement [35], driver steering, scheduling, and energy management
in vehicles [36-44], path planning and formation control [45-48],
air traffic control [49], inventory control and supply chain man-
agement [50-52], resource allocation [53], portfolio optimization
and finance [54-59]. For a detailed review on application of chance
constrained programming see [60].

In spite of the large number of potential applications and the
already available theoretical results, in the authors’ knowledge
SMPC has not been yet applied to real plants or systems. The reason
of this can be ascribed, for example, to the fact that SMPC solu-
tions are relatively recent and their reliability in real case studies
has not yet been assessed. For example, the characterization of the
noise properties, fundamental in many SMPC methods, is a crucial
point that, in non-ideal conditions, may carry about reliability and
robustness issues. Also, many tough challenges emerge in this setup
related to the development of methods with guaranteed stability
and feasibility properties, together with the possibility of enforcing
hard constraints on the input variables.

The classification of the many available SMPC algorithms can
be quite difficult due to the large variety of problem formulations
and solutions. For example, design methods have been developed
for linear or nonlinear, discrete-time or continuous-time systems,
with additive, multiplicative or parametric uncertainties, finite or
infinite horizon cost functions, polytopic, quadratic or more com-
plex probabilistic constraints. In our opinion, however, most of the
available methods share some common basic methodologies and
definitions, and it is of great importance to unravel their main com-
mon features and differences in a clear and unambiguous way. To
do so we will consider, when necessary, the simplest scenario con-
sisting of linear systems with additive noise and individual linear
constraints in which, by the way, many of the available methods
have been devised.

Therefore, the first goal of this paper is to present the most
widely used problem formulations, with particular emphasis on
the definition of state and control constraints in probabilistic terms,
on the cost function to be minimized, and on the structure of the
adopted control law. Also, we propose a classification of the avail-
able methods based on the system’s assumptions, the adopted MPC
formulation, and their feasibility and convergence properties. In
Section 2 we introduce the general definitions of stochastic systems
and probabilistic-type constraints commonly adopted in the SMPC
framework. From Section 3 on, attention is placed on linear sys-
tems and on chance constraints. In particular, in Section 3, the scope
is to introduce and compare together, in an analytical and com-
prehensive fashion, the different design choices and approaches,
including the different control strategies. We will highlight how
these basic choices directly impact on the constraint formulation,
on the definition of the cost function, and on the resulting feasibility
and convergence properties. In Section 4, focusing on discrete-time
linear systems with additive stochastic noise, the main ideas and
properties of four paradigmatic algorithms are described. These
algorithms can be considered, in our opinion, as representative of
different classes of SMPC methods currently available. In this part
focus will be placed on how the main ingredients (introduced in
general in Section 3) are used to devise such methods and on what
are the main properties that originate from these choices, rather
than comparing the performance of the single algorithms. In fact,
each method basically allows for many different implementations
and design choices trading, e.g., optimality (or the possibility to sat-
isfy constraints in a tight way) with computational complexity, or
simplicity of design and implementation with guaranteed proper-
ties. A section of conclusions, including some general final remarks,
comparisons on major implementation issues, and future research
directions closes the paper.

1.1. Motivating example

Before continuing, we introduce a motivating example which
will be also used in the next section to exemplify some key con-
cepts concerning stochastic systems chance constraints. Consider
the following simplified problem: we aim to control the temper-
ature T, assumed to be uniform, inside a room by acting on the
heating power Q. The control goal is to maintain T above a pre-
scribed value Ty, suitably chosen to guarantee the comfort level,



with the minimum power consumption. The temperature Tex < Ty
of the external environment is subject to stochastic variations and
any fluctuation of Ty induces variations of T. In addition, the door
or the window of the room can be opened for short time inter-
vals. The effect of these actions can be modeled as an impulse-type
cooling power Q. whose effect is to decrease T. The constraint T> Ty,
can be occasionally violated, since pointwise peaks of the temper-
ature do not cause significant discomfort, for this reason a robust
“worst-case” formulation of the control problem can be too conser-
vative, leading to an unnecessary and costly solution. In this case, in
addition, even an excessive heat can cause discomfort on the room
occupants making it mandatory to be as close as possible to Ty,.
Rather, it is better to formulate an optimization problem where the
constraints on the temperature are stated in probabilistic terms. In
addition, it is worth mentioning that the Model Predictive Control
approach is the most appropriate design method also in view of
the possibility to benefit from the possible a-priori knowledge of
future and predictable disturbance variations of Tex and Qc.

2. System under control and constraints
2.1. The model

The system under control is assumed to be described by the
following discrete-time, nonlinear model

Xer1 = f(xe, ur, we) (1)

In (1) xr € R, ur € R™, wy ¢ WC R™ are the state, input, and
stochastic noise vectors, respectively. Regarding the noise term w,
several different assumptions may be required. In some works it is
assumed that the noise support is bounded and convex, while some
approaches discard this assumption; also, some notable works
allow for general probability distributions (provided that they are
known or that samples can be obtained out of them), while other
papers assume specific noise probability density functions, e.g., the
Gaussian one; some methods require just the knowledge of the
moments (e.g., mean and variance). Finally, in general the terms wy
are assumed to be independent and identically distributed.!

The state and input vectors must satisfy, at least ideally, a set of
constraints described in very general terms by the inequalities

8g(xe,ur) <0 (2)

where the function g(-) : R™™ — R', can take different forms, as
specified in the following. In fact, depending on the noise character-
istics, these constraints can be formulated as “hard constraints”, i.e.,
constraint that must be satisfied deterministically, or as “stochastic
constraints” to denote that a partial violation is allowed to con-
sider that their deterministic fulfillment can be too tight or even
impossible due to the presence of the stochastic noise.

Many SMPC algorithms have been developed with specific ref-
erence to linear systems with additive or multiplicative model
uncertainty. In the case of additive uncertainty, the adopted model
is

Xr11 = AXt + Byue + Bywe 3)

where the noise term can represent a real disturbance acting on the
system or an unmodeled dynamics.

! Concerning the latter point, this assumption can be easily relaxed to the case
of non-white processes, provided that they are generated according to a dynamic
model fed by white noise, e.g., the well know ARMA models. This extension can be
carried out simply by incorporating the noise model into the system’s equations.

Systems with multiplicative uncertainty are described by the
model

q
Xey1 = AXe + Byur + Z[ijt + Bjue|wj; (4)
j=1

and their use is widely popular in specific application fields, such
as in financial applications, see e.g., [54,59], where stock prices and
the portfolio wealth dynamics are represented as in (4).

In view of the stochastic nature of the noise w, the inclusion of
hard constraints (2) in the problem formulation can lead to infea-
sibility. For instance, if the uncertainty acting on the system has
an unbounded support, i.e., the set W is unbounded as in the case
of a Gaussian noise, there is no way to ensure hard constraints on
the state variable. Moreover, even if the uncertainty is bounded,
the worst-case solution required to satisfy hard constraints might
be too conservative, and performance of the solution could be
improved by resorting to a stochastic reformulation of (2).

2.2. Constraints

Before introducing how constraints are formally enforced in a
Stochastic Model Predictive Control framework, it is of interest to
focus on the desired properties obtainable by a control scheme in
practice. To do so, we first recall the motivating example shortly
introduced in Section 1. The main peculiarity of this example (as
well as of a number of other applications of SMPC) is that con-
straints and control objective are partially conflicting. While the
cost function aims to penalize the energy consumption (in this
respect, the aim is to keep the temperature as low as possible), the
constraints must be formalized in order to guarantee a sufficient
level of comfort (heat level) to the occupants, i.e., the temperature
should not go below a given value. To do so, in a (deterministic)
robust control framework we can enforce this constraint with a
given level of conservativity; however, it should be necessary to
reduce such conservativity as much as possible for a twofold rea-
son, both economic and comfort-wise (i.e., the temperature must
not also exceed a given level), and so we trade conservativity by
allowing the lower threshold to be violated with a given rate. It is
worth noting that, in this example, the term rate may denote the
frequency of threshold violation in time. On the other hand, another
requirement can be stated as follows: when the window/door of the
room gets opened (i.e., when the state of the system is reset), the
control system must be able to counteract this event by limiting the
probability of violating the lower temperature constraint during
the transient phase, i.e., we consider the probability of violation as
its rate of occurrence with respect to all possible noise realizations.

More in general, consider the constraint g(x(t), u(t)) <0, to be
properly recast in a probabilistic setting. As discussed, e.g., in
[61-64], the former requirement can be formulated as the require-
ment that the expected number of samples over a given time
horizon (say of length Njgizon) at which (2) is violated cannot
exceed Npnax. Mathematically, this translates into

1

N
Tg(xe, ue) p < Nl& (5)
horizon

Nhorizon—
1

E

Nharizan =0
where 1; is the indicator function, i.e., 1g(x¢, ur) =1 if g(x¢, u;) >0 and
1g(x¢, ur)=0 otherwise, and E{1g(x¢, ur)} = P{g(x¢, u¢) > 0}, where
P{e} denotes the probability of ¢. In [61-63] (5) is enforced by
including the probabilistic (or chance) constraint

Plg(xe,u) <0} >1-p (6)

where p is a design parameter to be tuned to obtain a trade-
off between performance and constraint violation. The second



requirement, related to the point-wise in time allowed rate of vio-
lation, e.g., during the transient phase, can also be naturally cast in
the form of (6).

Other types of stochastic constraints can be encountered in the
literature, e.g.,

e Expectation constraints E[g(x, u)] <0
¢ Integrated chance constraints f0°° Plgx,u)>syds <p

The use of expectation constraints amounts to ensure that the
constraints are satisfied on average for the considered problem.
This kind of constraints is used is [65], where it is required
that the expected value of quadratic functions of state and
input variables respects given bounds. In this way, however,
the number of occurred violations is not controlled, at least
explicitly.

Finally, integrated chance constraints [66], are a useful tool to
express the idea of constraint violation in a more quantitative way.
Roughly speaking, in this formulation the constraint violation is
allowed with high probability if the amount by which it is violated
is small enough.

For a more detailed explanation of the constraint models and a
clear analysis of their effects on the problem, the reader is referred
to, e.g., [67].

In this paper focus will be placed on the first class of constraints,
i.e., the probabilistic ones (6). In general, when g(x, u) is a vector, for
example when the goal is it to express the probability that the state
and/or the control are inside a certain set, the constraint is called
“joint chance constraint”. Otherwise, if g(x, u) is a scalar function,
the constraint is addressed as “independent chance constraint”.?
Even if the joint representation is more natural, its exact tractable
representation may not exist, despite the convexity of the (deter-
ministic) original constraint. This is because the mere evaluation of
the constraint requires the computation of a multivariate integral,
which is known to become prohibitive in high dimensions. On the
other hand, as it will be clearer in the next section, some types (e.g.,
linear) of individual constraints can be easily accounted for in an
analytical way.

For this reason joint chance constraints, especially in the analyt-
ical framework, are commonly approximated to obtain a tractable
and convex expression. A clear overview of the problem can be
found for example in [69,70] and in the references therein. Besides
the use of confidence ellipsoids or sampling techniques, the sim-
plest way to work with a joint chance constraint is, however,
to approximate it by splitting the overall set into a sequence
of individual chance constraints, whose probability sums up to
the original one, as described in [46]. In a more formal way, if
gx, u)=[g1(x, u), ..., g(x, u)]T, the constraint can be rewritten
as

,
Plglx,u) <0} =P A\gilx,u) =0
i=1

;
>1-p—>7P \/g,-(x,u)>0 <p
i=1

2 Note that this includes the case in which the number of individual chance con-
straints is greater than one, each possibly imposed with a different rate of violation,
asin [68].

and applying the Boole’s inequality to the latter expression

,
P \/g,-(x, u)>0
i=1

T r

=) Plexu)>0) > Plgxu) =0} =1-pi, Y pi=p

i=1 i=1

Due to the fact that Z;l pi = p, the above equation clearly gives
a conservative approximation of the original constraint. Based on
that, an easy choice can be to equally subdivide the overall risk p
setting p;=p/r,i=1, ..., r. However, if a less conservative solution
isrequired, the approximation can be reduced including the values
pi as free variables in the optimization problem. This iterative risk
allocation technique is discussed in [71] for the case of Gaussian
uncertainty.

To clarify on the conservativity induced by the reformulation
of joint chance constraints into a number of individual chance
constraints, consider two independent scalar Gaussian variables
x~Mx, 1) and y~My, 1). We aim to define the set of all pairs (x, y)
so that the following joint chance constraint is satisfied

p{ ;]zo}zl_p

Following the procedure reported above, we formulate the above
joint constraint as the pair

Px>0}>1-px, Py=0}=1-py
where py +py =p.

Focusing on the feasible regions of both the original joint chance
constrained problem and the simplified one, results are shown in
Fig. 1 for p=0.5. In particular, the region corresponding to a single
choice of the pair (px, py) is rectangular and results much smaller
than the feasible region of the original problem. Moreover, even
using a dynamic risk allocation procedure, i.e., allowing the param-
eters px and py to vary (provided that px+py=p), the resulting
feasibility region results more conservative than the one obtained
using joint chance constraint.

0.6
0.4

0z

0 : :
0 02 04 06 08 1 12 14 16 18 2

Fig. 1. Feasible region for the joint chance constraint for p=0.5 (yellow region) and
for the pair of individual chance constraints corresponding to two different choices
of pairs (px, py). Magenta region: (px, py)=(0.4, 0.1); cyan region: (px, py)=(0.1, 0.4).
The blue dots define the feasibility region that can be obtained using a risk allocation
technique. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



2.3. Motivating example

The motivating example introduced in Section 1 in a qualitative
fashion will be now developed, for later use and analytical analysis
in Section 3. Specifically, we need to introduce the mathematical
model and how chance constraints can be formulated in this case.
The model used, for simplicity, is the discrete-time scalar system

Xt4+1 = ax¢ + bu; + wy (7)

where the state x; coincides with the room temperature T and the
control u; denotes the heating power Q. The noise wy, induced by
the deviation of the external temperature Tex With respect to its
nominal value, is white, with zero mean and variance W. To allow
comparisons with deterministic robust control methods we assume
that w; is bounded, i.e., w; € [-W, W], w > 0. For generality pur-
poses, all parameters (i.e., a, b, W, and w) are not specified. We just
assume that 0 <a < 1.The temperature constraint, in its determinis-
tic version, is

Xt =Ty (8)
which is formulated as the following probabilistic constraint.
Pxe <Tm}=1-p 9

Finally, the role of the impulse-type cooling power input Q. is to
reset the initial condition of x;.

3. Model Predictive Control formulations, properties, and
review of the literature

Once the system model has been chosen and the state and
control variables have been properly reformulated as discussed in
the previous section, the MPC optimization problem can be stated
by defining a suitable cost function together with additional con-
straints which can be considered to achieve recursive feasibility and
stability properties. Then, the specific algorithms can be developed
according to different approaches.

It is possible to roughly cluster the different stochastic MPC
methods nowadays available in two main classes, based on the
approach used for solving the underlying chance constrained opti-
mization problem [60]: the first one, i.e., the so-called [60] analytic
approximation methods (referred in [72] as probabilistic approxima-
tion methods), is based on the reformulation of probabilistic-type
constraints and of the cost function in terms of variables whose
behavior can be characterized in deterministic terms, e.g., mean
values and variances, to be included in the MPC formulation. The
second class of approaches relies on the randomized, or scenario
generation methods, i.e.,, on the on-line random generation of a
sufficient number of noise realizations, and on the solution to a
suitable constrained optimization problem. The main features of
these methods are described in this section.

3.1. Control strategies

In the following, to simplify the setup as much as possible, focus
will be placed on linear systems of the type (3) with additive zero-
mean white noise with bounded support.

In view of the superposition principle, it is always possible,
at time t, to write the future evolution of the state variable as
Xepilt = Xeyi + €e4iy With X = X¢, e, =0, and where X, ; evolves inde-
pendently of the noise w,,;, while e.; depends (linearly) just
on the evolution of the exogenous variable w,;. Letting w; =

[th coowT

T . . .
Lno1] € WV, itis possible to write

e = Ejwy (10)

where E; is a suitable matrix representing the effect of the noise on
the uncertainty of the evolution of the state variable, and in turn
on the reliability of the prediction given by X, ;. In the following
we will show how E; can assume different values depending on the
adopted control strategy. More specifically, we will describe how
E; depends on the adopted control law and its degrees of freedom,
similarly to the discussion given in [73].

3.1.1. Open loop control

Some approaches (e.g., [47,71,74]) require that, at time ¢, the
candidate control sequence u, .. ., Ugn_1 to be applied to the sys-
tem (3) is computed as a result of the optimization problem and
is independent of w;. Therefore it is deterministically defined as a
function of the current state x, i.e., we write u;; = il . There-

. . _ - T
fore, the input sequence is defined as ur = [@f, - T,y 1] .
The evolution of the deterministic state X, ; 1s described by

X1 = ARy + Bullyye (11)

fork=t, ..., t+N—1, while the “open loop” evolution of perturbed
component of the state variable is

ex+1 = Aeg + Bywwy

fork=t,..., t+N—1.Inthis case, it follows that the matrix E; in (10)
corresponds to the ith row-block of the matrix

Bw 0 - 0
ABy, Bw - 0
AN-1p,, AN-2B, ... B,

It is clear that, in this case, the variance of e; (i.e., the uncertainty
on the evolution of the state variable) evolves in an uncontrolled
fashion. Especially in case the system is unstable, this approach
has significant drawbacks, since it may induce serious feasibility
problems.

3.1.2. Disturbance feedback control

This approach is employed in different works, see, e.g.,
[64,75-77]. In this case, the input sequence u; is defined as a func-
tion of w;. The most common choice corresponds to the affine case,
where it is set

ur = Cyt + @[\twt (12)

where both ¢¢¢ and ®y; are the results to the optimization proce-
dure defined by the adopted SMPC formulation, computed at time

t, of the degrees of freedom ¢; = [¢] -+ ¢\, ]T and
ro 0 0 - 07
Orp1e O 0 - 0
0 0 0 .. 0
o, |l 12,041 (13)
Orin-1t Oin-ter1 Onoter2 - O

Note that, for causality reasons, © is set to be a lower-block trian-
gular matrix with zero diagonal blocks.

Also in this case, the evolution of the deterministic state X;; is
described by (11) for k=¢t, ..., t+N—1, where iy, = H;_y;1€¢c and
H; € R™"N js the matrix selecting the ith vector element from cyy.
The evolution of the perturbed component of the state variable is

1 = Aey + ByuH;Oewe + Bywy



fork=t, ..., t+N—1.In this case, it follows that the matrix E; cor-
responds to the ith block-row of the matrix

By 0O © 07 B 0 e 0
ABw By - 0 | |ABy By 0

+ @l‘\t
AN-1B,, AN-2B,, ... B, | [AN-1B, AN-2B, ... B,

From the latter it is clear that, at the optimization level, the choice
of Oy can greatly reduce the effect of the noise sequence w; on e,
and eventually its variance.

3.1.3. State feedback control

State feedback approaches include, e.g., [61,62,78-82]. In this
case, the input variable u,; is defined as a function of x;.;. Slightly
different versions of state feedback control laws have been pro-
posed in the literature. More specifically

e in [65,81]itis set
Upyi = Upgie + Kepipe(Xei — Xegi) (14)

where X, evolves according to (11) for k=¢t, ..., t+N—1. In this
case, the results of the optimization problem are the sequences
Kt+ijts Ugyipp, fori=0, ..., N— 1. The evolution of perturbed compo-
nent of the state variable is

ki1 = (A + BuKk‘t)ek + Bka

for k=t, ..., t+N—1. Defining @, =A+ByKy, it follows that the
matrix E; corresponds to the ith block-row of the matrix

B 0 .0
@ 1By B .0

(15)
(pf+N"'¢t+1BW (pt+N"'¢[+ZBW BW

As it is discussed in [83], it is possible to obtain an equivalent
disturbance feedback formulation, with fewer degrees of freedom
with respect to the ones in matrix ®,. It is worth mentioning,
however, that both formulations result in convex problems, see
e.g., [65].

in, e.g., [78,79,80,84], the control law is

Upyi = Doy + Kxpyi (16)

Here the result of the optimization problem is the sequence i,
fori=0, ..., N—1.The evolution of the deterministic state X;; is
described by

X1 = PRy + Byl (17)

for k=t, ..., t+N—1, where ®=A+B,K and the matrix E; corre-
sponds to the ith block-row of the matrix (15), where &, = ® for
all k.

In both cases, it is clear that a proper choice of the control gain
(which is an optimization variable in [81] or a design parameter in
[79]) can reduce the effect of the noise sequence w; on e;, and
eventually its variance. This results in a larger feasibility region
with respect to the case of open loop solutions, especially when
the system is unstable.

3.2. Reformulation of state constraints

In this section, to simplify the setup as much as possible, indi-
vidual linear state chance constraints will be considered, while
the possible presence of deterministic or stochastic constraints on
the control variable u will be thoroughly discussed in the sequel.
Assume that, at time ¢, the goal is to impose the following state
constraint in the next i > 1 prediction steps

Pl Xy <h}=1-p (18)

where g € R™ and x¢ =X;. As discussed in Section 3.1, in view of (10)
we can write (18) as

PlgT (X i +Ewe)<h)=1-p (19)

and two main approaches are available for enforcing (19). First we
discuss how this issue is approached by analytic approximation
methods, then the scenario generation ones will be considered.

3.2.1. Analytic reformulation of state constraints
In general, in an analytic framework, we can guarantee (19) by
verifying the following constraint

g% <h—qi(1-p) (20)

where we can characterize the constraint tightening level g;(1 — p),
as discussed below, based on the available information regarding
the noise sequence wy, its bounds, and its properties.

¢ To not allow constraint violations is equivalent to impose (19)
with p = 0. This corresponds to the worst-case tightening adopted
in the deterministic framework, and amounts to setting

qi(1) = max g"E;w; (21)

we e

In this case, (20) may admit a solution only under the assumption

that Wis bounded.
¢ In case a non-zero probability of violation is allowed, it is possible

to use the knowledge on the distribution of the noise, if available.

Following, for example, the approach proposed in [80,85], the

term q;(1 — p) can be computed as

qi(1-p) = argmqinq, st. Plg'Ewe <qy=1-p (22)
In general, the previous expression cannot be computed analyti-
cally since itinvolves the evaluation of a multivariate convolution
integral. It is then necessary to approximate it numerically, for
example by discretizing the distributions of w or using sample-
based approaches. However, if the value of p and the shape of
the constraints are fixed in the problem, this computation can be
performed off-line only once and with an arbitrary precision.
Under the assumption that the noise is unbounded, Gaussian with
expected value w = 0 and covariance matrix W, also the vari-
able e;,; is Gaussian and the exact constraint tightening can be
computed analytically (e.g., in [47,71,82]). Specifically,

qi(1-p) = /g"EWETgN"'(1 - p) (23)

where W=diag(W, ..., W) and where Nis the cumulative proba-
bility function of a Gaussian variable with zero mean and unitary
variance.

Finally, if the distribution of the noise is not specified, but its
expected value w and covariance matrix W are known, it is pos-
sible to resort to the Chebyshev inequality [86]. Recalling that
(without loss of generality) we are now considering w = 0, it is



f(1-p)
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Fig. 2. Plots of f(1 —p) = +/(1 —p)/p (solid line) and f(1 — p) = N~ !(1 — p) (dotted

line).

possible to use the approach proposed for example in [81], and
provide a bound for g;(1 —p) in (22), i.e.,

1-
qi(1-p) < \/g"E;WETg Tp (24)

Note that (23) and (24) take the same general form, i.e.,

qi(1—p) < \/g"EWE] gf(1 —p) (25)

where f(1 — p) = N~1(1 — p) for Gaussian variables and f(1 — p) =
1,%” for unknown distributions. The choice (24)is conservative:

in Fig. 2 (taken from [82]) we show the comparison between the
two cases.

From this discussion is now clear that the choice of the matrix E;
(which in turn depends on the adopted control strategy, see Sec-
tion 3.1) greatly affects the size of g;(1 — p), which can be minimized
to possibly enhance the feasibility properties of the SMPC-based
control scheme.

3.2.2. Analytic reformulation for the motivating example

Assuming again that e; =0, it is first of interest to compute the
equation describing the evolution of the noise component e, k=0,
1,...when the different control strategies described in 3.1 are used.
According to the open loop control strategy

€rik+1 = A€k + Wik (26)

From this expression we compute that Var{e,,} = %W for all

. k - k -
k>0 and, at the same time, e, € [— 11:‘10 w, 111"0 w].

On the other hand, concerning the closed loop control strategies
described in Sections 3.1.2 and 3.1.3 with a proper parameter set-
ting (i.e., Ogk—1 =—a/b, Oy_;=0 for all k=t+1, ..., t+N—1 and for
alli>1in (13), and Ky, =K=—a/b for all k>0 in (14) and (16)) we
obtain that, for all k>t

€k+1 = Wy (27)

which implies that Var{e;,;} =W and thate; € [-w, w]forall k>0.
Neglecting the recursive feasibility issues for simplicity, to
enforce (8) it is enough to guarantee that, for all k> 1

Xepk + e > T

Fig. 3. Distributions: uniform (case A, solid line), triangular (case B, dashed line),
truncated Gaussian (case C, dotted line).

for all possible realizations of w; ;. In case of the open loop strategy,
this is equivalent to enforce the conservative constraint
1—ak _

1-—

while, in case of the closed loop strategies (12), (14) and (16), we
should set

Xerk = Tv + (28)

Xy =T+ W (29)

On the other hand, to enforce (9), in case of the open loop strategy
we must verify that

_ 1 — a2k
Xeyke = Ty + mwf(l -D) (30)

while, in case of the closed loop strategy, we should set
Xeok = Ty + VWS(1 - p) (31)

A remark is due at this point. From the comparison of the con-
straint (28) with (29), as well as of (30) with (31), it is apparent that
the use of a feedback control strategy is desirable for reducing the
conservativity of the robust constraints, both in the deterministic

. . . _ gk _ a2k
and in the stochastic framework, since =% > 1 and ,/1=¢

T-a 2 > 1,

respectively.

From the previous results, it is also possible to verify that
the deterministic constraint can be more conservative than the
stochastic one, at the price of allowing for a probability of violation
that verifies

W
fA-p)s —— (32)

1—a2k
1-a? w

in case the open loop strategy is adopted, or

w

f(l-p)= N (33)
for the closed-loop strategy. Consider now the three distribu-
tions depicted in Fig. 3 with W = w2/, with (A) a =3 for uniform
distribution; (B) =18 for triangular distribution; (C) o =25 for
truncated Gaussian distribution. Assume, for analytical simplicity,
that f{1 — p)is chosen according to the Cantelli-Chebyshev inequal-
ity, i.e., as in (24). It is therefore possible to verify (32) if, for all
k>1

17a2l<

pz— L% (34)




A sufficient condition guaranteeing that (34) holds for all k> 1 is

1

" T+a (35)

p
Also we guarantee (33) provided that (35) holds. Therefore, even if
the conservative Cantelli-Chebyshev inequality is used, we obtain
less conservative bounds with respect to the deterministic (worst-
case) strategy by allowing a minimal probability of constraint
violation equal to A) p = 1/4 for the uniform distribution; B) p=1/19
for the triangular distribution; (C) p=1/26 for the truncated Gauss-
ian distribution. These results show that in the three cases (A), (B),
and (C), even small values of p lead to weakened constraints with
respect to the deterministic case. Note also that, although formally
truncated, the distribution in case (C) can be well approximated
with a non-truncated Gaussian distribution: if this information
were available, one could use f(1 —p) = N~!(1 — p) for constraint
tightening, and in this case (35) would be replaced by p>1 —
Mya) <3 x1077.

3.2.3. Reformulation of state constraints in a scenario generation
framework

In scenario generation stochastic MPC methods, constraints are
verified for a finite number of sampled deterministic constraints,
computed on the basis of proper extractions of the uncertainty. The
number of the extracted samples are carefully selected to ensure a
prescribed level of constraint violation.

Specifically, recalling (10), the probabilistic constraint (18) is
guaranteed by enforcing, at any time instant i along the prediction
horizon, the deterministic ones

gl (X + Ewlbkily < h (36)

for all k;=1, ..., Ny;, where wibkil is the k;th noise realization rel-
ative to the ith constraint, and where it is assumed that w[t"k] is

independent of wy’h] foralli # jorh # k.

The number N;; of noise realizations must be carefully chosen.
More in detail, denote by d; the number of variables involved in the
optimization problem referred to the ith prediction. The probability
that gTx..; > h is smaller than p with a given confidence level Bis (see
e.g., [63,87])

di-1

d Ns,i

> P
k

k=1

—plsik>p (37)

The value of N ; can thus be chosen so as to satisfy

di+1+1n(1/B8)+1/2(d; + 1)In(1/B)
S,i = (38)
p

It may happen, especially when the required number of samples,
N is low, that the solution to the problem is too conservative due
to “unlucky” extractions of the uncertainty used to reformulate the
constraint. To avoid this situation, it is possible to implement itera-
tive sample-removal algorithms, which are able to detect the more
stringent constraints to be ignored. In this case, the expression in
(37) is not valid anymore and a different procedure, described for
examplein [63,88] is required to compute both the number of sam-
ples Ng; and the number of constraints N;; to be removed given the
probability p and the confidence B. Of course, due to the removed
samples, the number of extractions that are needed to approximate
the chance constraint correctly is increased. An advantage of using
this removal technique is that it is easier to reach the level of relax-
ation required in the problem, while the main drawback is related
to the increase of the computational complexity.

Finally note that Eq. (36) applies when open loop predictions are
performed at time t. In this case, in principle, to enforce (18) for each

considered future instanti=1, ..., N, one should extract a number
N;; of independent realizations, resulting in a total number of real-

izations required at time t of Z?’:]Ns,i- Recall that the number of
independent optimization variables d; (and hence Nj;) for the sin-
gle constraint increases with i. This, however, results unnecessary
in a closed-loop receding-horizon control setting, as thoroughly
discussed and proved in [63], for more details see Section 4.4.

3.3. Constraints on input variables

Contrarily to the case of state constraints, there is no general
consensus in the SMPC literature on input constraints and satura-
tions. More specifically, the issue is whether to reformulate input
constraints as probabilistic ones (as it is generally done in the case
of state constraints) or not. In a practical context, indeed, it is desir-
able that the input variables lie in specified ranges; however, this
requirement is not always compatible with the adopted control
strategy and with recursive feasibility requirements.

Considering open loop control strategies, since the input
sequence i, ; is deterministically defined at time ¢, hard bounds
on it could be enforced regardless of the entity of the disturbance
(both in the bounded and in the unbounded case). On the other
hand, when state feedback and disturbance feedback policies are
adopted, the values taken by u¢q, ..., Unn_1 depend on wy, ...,
W, N_2,and therefore saturation constraints can be imposed at time
t at most only on u; in case the noise is unbounded. Of course, if the
noise support is bounded, hard constraints can be enforced on the
whole input trajectory at the price of applying robust worst-case
arguments. Consistently with this discussion, hard constraints are
assumed on the input variables in two cases: (i) when the noise is
bounded, e.g., [64,79]; (ii) when recursive feasibility requirements
are relaxed, e.g., [63,75]. A notable exception is discussed in [89],
where a nonlinear (output) feedback policy is adopted; in this case,
the use of bounded nonlinear functions of y,,; — y;,; (where y is
the system output and j is the system output nominal prediction),
together with the assumptions that the system is stable and that
state constraints are absent, allows hard bounds on inputs to be
enforced at any time instant and to guarantee recursive feasibility.
In [81] constraints on input variables must be formulated in gen-
eral as probabilistic ones, while some exceptions are discussed in
[82], e.g., when the system is stable and we reduce the degrees of
freedomon K, . . ., Ken_1.
3.4. Cost function

In a deterministic framework, the MPC cost function Y is usually
selected to weight, over a finite number of steps defined by the pre-
diction horizon N, a stage cost I(x, u), plus a cost related to the state
at the end of the horizon, I{x). Since in a stochastic framework, the
state and possibly the control variables are random processes, ]{" is
itself a random variable that depends on the uncertainty affecting
the system. This makes the derivation of the cost function to be
minimized in a probabilistic setup arbitrary, to some extent. Some
of the possible choices taken in the literature are listed below.

e The most commonly used cost function in a stochastic framework
is the following

t+N-1

Jo=E | > I u) + l(xean) (39)
i=t

where the expectation is taken over the distribution of the

disturbance. In the analytic framework, e.g., [65,81], the cost

function above can be reformulated as a function of the mean
value and the variance of the system variables by selecting



I(x, u) :_||x||2Q + luli3 and If(x) = ||x||3. Then, defining E[x;] = X;,
E[u;] = 13, X;=var(x;), and U;=var(u;), we can write

E[I(x;, ;)] = B[ 1§ + IuillR] = I1X:113 + 181 + tr(QX; + RU;)
(40a)

E[lf(Xen)] = E[IXesn 3] = IResn 13 + tr(PXein) (40b)

An alternative to (39) can be found by resorting to the certainty
equivalence principle (see, e.g., [63,77,90]). More specifically, we
can define the cost function as the deterministic one

t+N-1

Je=") 7 1 u)+ l(Ren) (41)

i=t

where the nominal system trajectory X; i=t, ..., t+N is obtained
using the update equation X;, = f(&;, u;, W;) with initial condi-
tion X; = x;, where w;, i=t, ..., t+N—1, is a nominal disturbance
trajectory, e.g., defined as the expected value or the optimal pre-
dictor of w;.

In a scenario generation framework (see, e.g., [63,75,77,90]), a
sampled average over N noise realizations can be considered at
the place of (39), i.e.,

Ns

il (K]

Je = N g Ji (42)
k=1

where

t+N-1

M= 1w+ () (43)
i=t

and where, denoting by w,[k] i=t, ..., t+N—1 the kth noise real-

ization (with k=1, ..., N;), the trajectory xl[k] i=t+1,...,t+Nis

computed using the update equation xl[fi]] :f(xl["], u;, wl[k]) with

initial condition xy‘] = X¢, i.e., the measured state.

¢ In the context of scenario generation SMPC, a worst-case opti-
mization procedure can be employed. For example, in [63,87] the
following cost function is minimized

Jmax — max (Il (44)
k=1 N.

kK=1,...,Ns
3.5. Feasibility and convergence properties

In the context of stochastic MPC the problem of guaranteeing
recursive feasibility of the MPC optimization problem is still open.
Thisissuerelies on the fact that, to formulate the optimization prob-
lem atagiven time ¢, the value of X, = E[x,]is commonly defined as
the conditional expected value E[x;|t], i.e., with respect to the data
available until time step ¢, i.e., X¢r = X; in a state-feedback frame-
work. If the noise support is unbounded (as, e.g., in the Gaussian
case), the value taken by w;_; may take (even with small probabil-
ity) unboundedly large values and therefore there may not exist a
feasible control action capable of forcing the predicted values X; ;¢
(evolving as in (11)) to satisfy constraint (20) foralli=1, ..., N. For
example, in [91] it is proved that, if the proposed MPC-related opti-
mization problem is feasible at time t, then it will be feasible for all
future time instants t+1, ..., t+ N with a given probability, thanks
to the definition of probabilistic resolvability. We have identified
three different types of solutions to overcome this problem in the
current literature.

First, in some notable works (e.g., [63,74,87]), including the
scenario-based methods, the feasibility of the optimization prob-
lem is assumed at each time step, and possibly enforced, e.g., by

reformulating the problem constraints in a soft fashion. In other
works (e.g., [61,78]), the alternative to the use of soft constraints is
to define (thanks to the notion of invariance with probability p), in
case of infeasibility, an alternative and feasible optimization prob-
lem. In this case, under suitable parameter tuning, it is proved that
the original constraint on the time-rate of violations (5) can be met.

The second class of solutions (devised for both state feedback
and disturbance feedback approaches, see e.g., [62,64,79]) has been
devised under the assumption that the disturbances are bounded.
They are based on imposing suitable mixed probabilistic/worst-
case constraint tightening to equation (20) (or, in other words, by
amplifying the term g;(1 —p) for i> 1) by accounting for bounded
sets where the state can evolve due to the bounded noise affecting
the state equation.

The third solution, proposed in [81,82] relies on the idea that
a more flexible definition of X is allowed. Indeed it is possible
to set X¢r = X1 where, e.g., X;;_1 = E[x¢|t — 1] is the conditional
probability of x; obtained using data collected until time t— 1. In
this case Var[e;] = E[(x; — E[x¢|t — 1])(xc — E[x¢]t — 1])7] # 0 is cur-
rently available. In this way recursive feasibility is conserved, at the
price of disregarding the current data x;, from which it follows that
the conditional probability P{g(x; ., Ut ) > 0|t — 1} can be verified
instead of P{g(x;, Us,x) > O|t}. For more details see Section4.3.

Concerning stability and convergence results, while in case of
bounded deterministic disturbances practical stability (i.e., conver-
gence in a neighborhood of the origin) can be established, in the
stochastic framework mean square stability results are generally
addressed, with the exception of [74], where convergence of the
mean value of x(k) to zero is proven. Indeed, in [79,84,85,89], and
in general in case of additive noise, it can be proven that

lim E[|x, 2] = lim (| E[x]|? + var(x;)) < const (45)
k— 00 k— 00

This means that the state of the system is driven to a neighborhood

of the steady state condition (whose dimension depends on the

amplitude of the input noise and on the adopted control policy).
On the other hand, when modeling uncertainties are described

(e.g., for linear systems with multiplicative uncertianties

[65,78,92]), point-wise convergence can be obtained, e.g., that

Jim E[[1x[12] = 0.

— 00

Note that, for simplicity in the following section the property
(45) will be denoted mean square convergence and the constant
value will be possibly equal to zero.

3.6. Summarizing tables and comments

In this section we give a schematic overview of the many differ-
ent approaches proposed in the recent literature on SMPC. Here we
mostly focus on the more advanced methods and formulations of
each considered approach: in this respect, it must not be considered
as an exhaustive list of available references. First, in Table 1 we focus
on the system assumptions required by the different algorithms.
Secondly, in Table 2 we stress, for the available methods, how con-
straints are handled, and the information available/assumed on the
disturbance acting on the system. Finally, in Table 3 we review the
main theoretical properties guaranteed in the different algorithms.

In addition to the information summarized in Tables 1-3, the
following comments are due to highlight the main characteristics
of the approaches proposed so far.

e The main advantage of scenario generation approaches is that
they are applicable to wide classes of systems (linear, nonlin-
ear) affected by general disturbances (additive, multiplicative,
parametric, bounded or unbounded) with constraints of general
type on the inputs, states, and outputs, provided that the prob-
lem is convex in the optimization variables. Their drawbacks



Table 1
System assumptions.

Uncertainty

Bounded Unbounded
Nonlinear [44] [91,93-95]
Additive noise [64,80,84,85] [14,16,19,67,71,74-77,81,82,89,96-101]
Linear Multiplicative noise [61,62,78,92,102] [65,78]
Parametric uncertainty [87] [63,103]
Table 2
Algorithms structure.
State constraints type
Expected value Joint CC Independent CC
K PDF All [65,95] X [61,62,64,80,84,85,94,98,103]
Analytical nown Gaussian x [19,71,91,97,101] [99,100]
Second order x [72] [44,74,81,82]

Randomized (PDF, known or estimated) X [63,75-77,87,92,93] X
Table 3
Properties.

Convergence
In probability Expected value Mean square No
Yes [87] [102] [61,62,73,80-82,84,85,89,92,96] [44,64,76]
Rec. feasibility No X X [65,95,101] [14,16,19,22,46,63,71,75,77,93,94,97-100,103]
Probabilistic X [74] [78] [91]

come from the computational complexity in case a high num-
ber of samples is required, e.g., by sample-removal algorithms
to reach the required probabilistic guarantees. This, as dis-
cussed more in details in Section4.4, is not critical in many
applications where the number of degrees of freedom involved
in the constraints is limited. In addition, to the best of our
knowledge, stability and recursive feasibility properties are not
available at present, as it can be deduced from a joint analysis of
Tables 2 and 3.
In the wide class of analytic approximation methods, algorithms
with recursive feasibility and convergence are already avail-
able both for bounded and unbounded noise. However, in order
to rigorously reformulate costs and constraints in an analyti-
cal fashion, the most popular assumption is that the model is
linear and affected by additive or multiplicative white noise.
A notable exception is represented by the approaches that
rely on polynomial chaos expansions, e.g., [94,101,103]. Thanks
to the possibility of approximating general analytic functions
using series of basis functions, these methods handle systems
affected by parametric uncertainties; for example, continuous-
time and discrete-time linear systems are considered in [103]
and [101], respectively, while nonlinear discrete-time systems
are addressed in [94].
e Very few algorithms, see [82,84,89], have been extended to deal
with the output feedback case, which still represents a largely
open issue.

4. Rationale and properties of some paradigmatic
algorithms

In this section we present the main guidelines of four SMPC
algorithms, selected to represent interesting classes of meth-
ods; specifically, we consider three analytic approximation-based
methods for disturbances with bounded or unbounded support,
and a general scenario generation approach.

4.1. Stochastic tube MPC

The stochastic tube MPC method is an analytic approximation
scheme, proposed for linear systems affected by additive and/or
multiplicative uncertainties, see e.g., [62,79,80,84]. Here we con-
sider the approach presented in [80]. In this work the authors
define an offline constraint tightening procedure that, thanks to the
assumption thatwy e W:={w: |w| <o} witha =[o; --- anW]T
ensures the recursive feasibility of the algorithm while taking
advantage of the probabilistic nature of the constraint. The noise
terms w; are also assumed to be independent and identically dis-
tributed. Also, the method presented in [80] allows for general but
known noise distributions.

The control scheme is based on a state feedback strategy of the
type (16). In principle, transient probabilistic constraints are guar-
anteed as in (20), where g;(1 —p) can be computed as in (22) or
obtained, in a conservative way, using the Chebyshev inequality
(24).

To ensure recursive feasibility, the solution presented in [80]
takes advantage of the known bounds on the disturbance to imple-
ment a mixed stochastic/worst-case tightening procedure, which
may include some conservativeness. More specifically, (20) is
replaced by

gT)-([HSh*,Bi, i=1,2,... (46)

where B1=q1(1-p) and B; > q;(1—p) for all i>2. For details on
the computation of the terms S; see [80]. The approach proposed
therein allows to compute g;(1 — p) for general noise distributions
by approximation of the distributions using discretization methods.
The algorithm is implemented using the common dual mode pre-
diction paradigm, where the above constraints are accounted for
explicitly along the horizon defined by N and implicitly by means
of a proper terminal constraint X,y € Sy defined as

g'd'xy <h—PByy, 1=1,....N

So =4 Xy (47)

~

'gTCD’Xth—B, I>N



where it is assumed that ui;,; =0 for all i>N and N defines an
additional prediction horizon. This allows to define an infinite-time
expectation cost function of the type

o0
Je=") EIX{, Qi+ uf Rug,i] (48)

i=0
which is minimized at each time step t. Note that, once all the
terms required up to a desired numerical precision (i.e., B;, [ =
1,...,N+N) are computed offline (hence possibly requiring a
significant computational effort), the optimization problem to be
solved at each time instant is not more complex than a classical
deterministic MPC, and the algorithm shares the same feasibility
properties on the closed-loop operations in the robust case (for the
detailed proof see [80]). In addition to recursive feasibility results
and the satisfaction of chance constraints at all time instants, in
[80] also quadratic convergence results are proved.

4.2. Stochastic MPC for controlling the average number of
constraint violations

The analytic approximation approach presented in this section
has been proposed in [64,104]. It applies to linear systems with
bounded uncertainties, i.e., where the noise terms w; € Ware inde-
pendent and identically distributed (according to a general-type
distribution), where W is a compact polyhedron. Recursive feasi-
bility properties can be established and hard constraints on the
input variable u; € U are allowed. The proposed approach relies on
a disturbance feedback control strategy with average cost function
of type (39), although in [64] it is shown that more general cases
can be encompassed. The general approach is similar to the one dis-
cussed in Section 4.1; however, the mixed probabilistic/worst-case
constraint tightenings are relaxed thanks to the idea that the sam-
pled average of constraint violations must be limited, rather than
its probabilistic counterpart.

In this section we describe a simplified version of the control
scheme, inspired by [104]| where, for simplicity, a single probabilis-
tic constraint of the type (19) is considered and input constraints
are neglected.

In this approach, denoting by v; the number of constraint viola-
tions occurred up to time t (with v; < t), the constraint (20) for X
is replaced by

g1 <h—qi(1-B) (49)

where B; = max(min(p(t + 1) — v¢, 1), p). Note that B;>p is equiv-
alent to v;/t < p, so that, if the average rate of violations v/t
occurred up to time t is smaller than the prescribed limit p, we can
allow for a greater probability of constraint violation at the next
time step. Also, at time t+ 1, the state must be included in a set S;,,
defined in suchaway that, ifx;,1 € S, then, for all possible realiza-
tions of the bounded noise sequence we, X;r, € S, where the setSis
the so-called stochastic control invariant set. Sis defined in such a
way thatif x € Sthen there exists u such that Ax + B,u +Byw € S
forallw € Wand gT(Ax+Byu) <h —q;(1 — p). Intuitively, the num-
ber r; is computed as the number of steps ahead in which a
constraint violation would allow to satisfy v,,;/(t +i) < p for all
i=1,..., 1. As discussed in [64], in our simplified setting x;.1 € Sr,
is ensured if, foralli=1, ..., N—r¢

g"%, i+ max Eie.; <h—qi(1-p)

we e WV

It is worth noting that in [64] a more general case is considered,
where a forgetting factor is allowed in the computation of v, as
well as the use of a penalty function to quantify the distance from
constraint violation (e.g., rather than just defining v; as the number
of violations, v; can represent also how far the state has been from

violating the bounds). Also, as already discussed, hard constraints
on inputs are allowed.

Implementation details are well documented in [64]. Regarding
the computational load of the method, the offline design complex-
ity is basically given by the load required for computing of invariant
sets while, as far as the online complexity is concerned, like other
analytic approximation schemes, this scheme requires a load which
is comparable with the one required by robust deterministic con-
trollers designed according to the same selected control strategy.

Besides recursive feasibility results, in [64] it is proved that the
average rate of violations tends to verify the required bounds (i.e.,
that v/t < p) with a well defined rate of convergence.

4.3. Probabilistic MPC

The approach proposed in [81,82], inspired by [105], falls in
the category of analytic approximation methods, and has been
developed for linear systems of type (3) with additive and pos-
sibly unbounded uncertainty w¢, assumed to be a zero mean white
noise with variance W (the noise distribution can be very general,
but less conservative results may be obtained in case of Gaussian
noise). It encompasses the case where state constraints are in the
form (19). In view of the unboundedness of the noise affecting the
system, input constraints must also be formulated, in general, as
probabilistic ones.

Here, for the sake of exposition, input constraints are neglected.
The approach proposed in [81] lies on a state feedback policy of
type (14). However, differently from the case considered in Sec-
tion 3.1, here it is not necessarily set x; = x;, but it is required, more
in general, that

Xt :E[X[] (50)

Therefore, defining e; = x; — x; as in Section3.1, E[e;] = 0. Also,
thanks to the fact that a state feedback strategy (14)is adopted, from
(3) and (11), eg1 = (A+ BuKy)ex + Bwwy. In view of the fact that
Ele,] = 0 for all k > t this allows to explicitly describe the evolution
of X; = E[eel ] as

Xis1 = (A+ BuKi )Xy (A + ByK;.)" + BwWB, (51)

Now, similarly to Section 3.2.1, the probabilistic constraint (19) is
formulated as in (20) to be enforced for all the prediction horizon,
ie,fori=t,..., t+N—13 with

qi(1-p) = /8 X¢1igf(1 —p)

The cost function to be minimized is the average cost (39). If the
cost function is quadratic, thanks to (40), one can write J; = J +J7,
where

t+N-1
= Z IRilI3 + 1T 1F + I1Xeen 117 (52a)
i=t
t+N-1
J=") " orl(Q+KTRKX;) + tr{PXe,n) (52b)

i=t

Note that(52a)and (52b) depend solely on the nominal system (11)
and on the variance in (51), respectively, while both the variance
and the mean value appear in the constraint (20).

Recursive feasibility and mean square convergence results can
be established in view of two ingredients:

3 The constraints can be enforced also for a different horizon, i.e., fori=t+1, ...,
t+N— 1. Also in the latter case all guaranteed results can be obtained.



e Terminal constraints, both in the mean value and in the variance,

ie.,
Rean € X (53)
Xt+N =< X (54)

The set Xf is a positively invariant set for (11) controlled with a
suitable auxiliary control law u; = Kx;, while X is the solution to
X = (A+ BK)X(A + BK)" + FWFT, where W > W. Also, the chance
constraint (20) must be verified when the terminal conditions are

fulfilled, i.e., g"% < h— \/g"Xgy /152 forall X e X;.

e [nitialization. In [81], the initial condition for the pair (X;, X;) is
free to take two different values, i.e., (x¢, X¢) = (x¢, 0) (denoted
reset initialization strategy) or (X, X¢) = (X¢jr—1, X¢r—1) (denoted
nominal initialization strategy), where (¢, Xc—1) is given by
the evolution of (11) and (51), starting from the optimal solu-
tion obtained by the related optimization problem solved at time
t—1.

A remark is worth at this point. As shortly discussed in Section 3.6,
the fact that the initial conditions for mean and variance are
accounted for as free variables (where only two different solu-
tions described above are possible) is fundamental to guarantee
recursive feasibility. This can be done at the price of suitably char-
acterizing the probabilistic constraints (18). In other approaches
(such as all other methods described in this section, where it is
set X¢c = x; for all t), for example, the probability constraints are
implicitly conditioned to the data available at the current time t so
that (18), for example, reads as

PigT X = 1t} <p

provided that feasibility holds. In the present approach, how-
ever, the two possible initializations imply different probability
definitions. Specifically, if (x;, X;) = (x¢, 0), we implicitly enforce
PlgTxei1 > hity <p while, if (R, Xe) = Reyes Xee_1), we  verify
P{gTx;.1 > h|t — T} < p,where t — T is the most recent past time step
when the reset initialization strategy has been adopted. As a con-
sequence, three different versions of the method can be devised, as
described below.

(A) Hybrid scheme (i.e., the one described in [81]). Select the
initialization strategy that, besides feasibility, guarantees the
minimization of the cost function]t atall t.

(B) Nominal scheme. For all time instants, select the nominal strat-
egy, i.e., (X, Xt) = (X¢t—1, X¢je—1) for all £> 0.

(C) Reset-based scheme. For all time instants, select the reset strat-
egy if feasible, otherwise select the nominal one.

Note that the nominal scheme allows to verify P{gTx, .1 > h|0} < p,
i.e., the fulfillment of the “non-conditional” expectation constraint
ateach time instant. The recursive feasibility and the quadratic con-
vergence properties of this approach can be proved along the lines
of the hybrid one.

The third scheme guarantees that P{g7x.,1 > h|t} < p is verified
at all time instants when feasibility of the reset strategy is verified.
The proof of its convergence could be provided, e.g., similarly to
[61]. Note that both the nominal and the reset-based schemes allow
for a clear probabilistic characterization of the method, at the price
of suboptimal results in term of cost function minimization.

As far as the computational complexity required for the offline
design phase is concerned, no robust invariant sets are required
to be computed, but just solutions to standard matrix equations
(e.g., Riccati/Lyapunov equations) making the design phase rela-
tively lightweight and suitable for application to large systems.
Regarding the required online computational load, note that it is

possible to use linearized versions of (20), making the problem a
quadratic one with linear constraints. Therefore, although the gain
matrices K}, are free variables of the problem (besides the nominal
input sequence), the computational complexity is limited. To fur-
ther reduce the online computational burden, but at the price of
obtaining suboptimal solutions, it is possible to discard the control
gains as optimization variables and set K, = K for all k> 0.

4.4. Scenario generation MPC

As previously discussed, the main idea of all the scenario gen-
eration techniques, see for example [63,76,87] and the references
therein, is to take advantage of the possibility to draw samples of
the uncertainty, or to use its past records or known realizations, to
formulate a sample-based version of the control problem. In view
of this, no particular assumption is made on the distribution and
the support of the independent and identically distributed noise
terms.

In this section we shortly review the scenario generation
algorithm discussed in [63]. Since samples are generated of
the disturbance realizations, the adopted control policy is the
disturbance-feedback one, i.e., us.; is computed as in (12), and the
goal is to minimize the expected cost function (39). The latter can be
done, as discussed in Section 3.5, by minimizing the sampled cost
(42). As highlighted in Section 3.5, other possible cost functions can
be used in this framework.

The probabilistic constraints on state variables, similarly to
(36), are derived along the lines of the general ideas presented in
Section 3.2. However, as thoroughly discussed in [63], in areceding-
horizon control framework, it is sufficient to extract a total number
N; of realizations, appearing in all future constraints at the same
time

g Repi + EW) < (55)

for all k=1, ..., N;. In particular, Ns is the number of realizations
required for enforcing the probabilistic constraint (18) for i=1. For
example, Ns=N;; as in (38) in case no constraint removal is per-
formed. In addition, for further reducing the number of required
realizations, in [63] it is shown that, in order to guarantee that the
average (instead of the point-wise) probability of constraint viola-
tion is equal to p, N1 in (38) can be replaced by

NS > dl;p
p

Also in this case, the removal strategy can be adopted for reducing
the possible conservativity of the results. For details, see again [63].
Concerning the scalability properties of the scheme, it is impor-
tant to note that the number N; of required realizations, in view
of (38), does not depend on the number of state variables and of
the uncertainty term, but indeed just on the number of degrees of
freedom involved in the used constraints (i.e., the support rank). In
view of this, it is possible to conclude that, for many applications,
the use of scenario generation approaches can be viable from the
computational point of view.

Other advantages of scenario generation methods are related to
the fact that joint chance constraints can be naturally be enforced
without including conservativity, and that no limitations on the
type of probability distributions and support sets are imposed.

Interestingly, the proposed approach guarantees that
the average-in-time constraint  violation asymptoti-
cally fulfills the required rate expressed in (5) i.e., that
limNhan’zon_’OO sup mzlt\]:hqn’zun 1g(X[’ ut) =P



5. Conclusions

The aim of this paper has been to review and propose possi-
ble classification criteria of the large number of SMPC algorithms
nowadays available, often very different in their founding assump-
tions on the system under control, the characteristics of the noise,
the adopted algorithmic solutions, and their properties in terms of
stability and feasibility.

In particular, in Sections 2 and 3, we focused on the main possi-
ble design choices (or approaches) that can be taken (e.g., the use
of different control parameterizations, the use of individual/joint
constraints) and their possible implications. To simplify and exem-
plify this, we used simple examples, among which a motivating
scalar case study to give a practical flavor of the possible implica-
tions (e.g., in terms of suboptimality, conservativity) of the different
design choices.

In Section4 some notable methods are discussed in details.
From the analysis of the literature we can conclude that well
defined methods are available, with their pros and cons. However,
it is worth remarking that each method allows for many different
design choices, each corresponding with a different implementa-
tion, and with specific performance and guaranteed properties, also
as far as the computational online and offline cost are concerned.
In view of this, our general approach has not been to compare
the methods from a “top down perspective” (i.e., in the light of
their properties, which are somehow case and implementation-
dependent), but rather from a “bottom up” one, i.e., in the light on
their ingredients and underlying assumptions.

In our opinion, the field of SMPC has not yet reached a full
maturity, and there is room for many possible developments and
improvements. Among them, the following ones seem to be of par-
ticular interest.

e Solutions based on analytic approximation methods are often
(especially in case of general-type noise distributions and in case
of joint constraints) characterized by a quite high level of con-
servativity, which reduces their potential benefits with respect
to deterministic robust approaches. In addition, most of these
techniques have been developed for linear systems, while their
extension to the nonlinear case is still largely unexplored.

e Scenario generation algorithms have high potentialities for their
application in a wide number of application fields, including
nonlinear and systems affected by general-type noise. In some
applications the required computational load may result more
intensive than in case of analytic approximation methods, espe-
cially if the number of required scenarios grows. However, in
many contexts the latter may result to be not significant, even
in real-time applications. Open issues on this area concern the
possibility of formally guaranteeing feasibility and stability prop-
erties.

e While, for deterministic systems, many distributed MPC algo-

rithms have been developed (see, e.g., the comprehensive book

[106]), their extension to the stochastic case is still a largely open

problem. Specifically, some works have been recently devoted

to this issue, with specific reference to distributed control of
independent systems [107,108], while currently results on the
application to interconnected systems are not available, with the

exception of [109].

SMPC methods could be efficiently used in multilevel control

structures, where at the higher layer low frequency and determi-

nistic methods are in charge of long-term predictions and control,
while at the lower layer SMPC can be used at a higher frequency

to compensate for the effect of stochastic noise as, e.g., in [31].

Since classical methods for online estimation of the noise char-

acteristics (e.g., their covariances) from the measurements are

available, possible extensions of the SMPC schemes can be

envisaged to make them adaptive and more reliable with respect
to time-varying noise characteristics in a real-time framework.
¢ The potentialities of SMPC in many application fields have already
been explored in a number of simulation studies; however its use
in real world problems or in other applications is still limited or
not fully explored, such as in process control or in the manage-
ment and control of energy systems with renewable sources.
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