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SUMMARY

A distributed stochastic model predictive control (DSMPC) algorithm is proposed for multiple linear
subsystems with both parameter uncertainty and stochastic disturbances, which are coupled via probabilistic
constraints. To handle the probabilistic constraints, the system dynamics is first decomposed into a nominal
part and an uncertain part. The uncertain part is further divided into two parts: the first one is constrained
to lie in probabilistic tubes that are calculated offline through the use of the probabilistic information on
disturbances, whereas the second one is constrained to lie in polytopic tubes whose volumes are optimized
online and whose facets’ orientations are determined offline. By permitting a single subsystem to optimize at
each time step, the probabilistic constraints are then reduced into a set of linear deterministic constraints, and
the online optimization problem is transformed into a convex optimization problem that can be performed
efficiently. Furthermore, compared to a centralized control scheme, the DSMPC algorithm only requires
message transmissions when a subsystem is optimized, thereby offering greater flexibility in communication.
By designing a tailored invariant terminal set for each subsystem, the proposed algorithm can achieve
recursive feasibility, which in turn ensures closed-loop stability of the entire system. A numerical example
is given to illustrate the efficacy of the algorithm. Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The problem of control and optimization for a team of constrained subsystems subject to both
model uncertainty and exogenous influence is an important but rather difficult problem in many
practical applications [1, 2, 3], such as formation control of multi-agent systems and investment
portfolio optimization. This problem has been tentatively addressed by several control strategies, in
which distributed stochastic model predictive control (DSMPC) stands out due to its good control
performance, structural flexibility, and capabilities of constraint handling. However, the research
of DSMPC is still in an embryonic stage, and lots of challenges still remain to be solved. For
example, how to handle the coupling among stochastic subsystems in a distributed fashion; how
to transform coupled probabilistic constraints into local deterministic constraints and formulate
a tractable optimization problem; how to design distributed controllers which ensure recursive
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feasibility and closed-loop stability; and how to achieve low frequency of communication and
flexibility in communication.

To date, methods accounting for both parameter uncertainty and disturbances have only been
developed for single systems [4, 5, 6]. Based on an augmented autonomous state space description
in [7], a computationally convenient SMPC approach was investigated in [4]. By using an extension
of the concept of invariance, namely invariance with probability, and confining the augmented
state to the invariant set with probability, it is possible to achieve satisfaction of constraints with
given probabilities and establish recursive feasibility and closed-loop stability. The authors of [4]
only considered a particular type of probabilistic constraints which take the form of limits on
the expected number of samples at which the system output lies outside a desired interval over
a given horizon. In addition, both disturbances and uncertain parameters considered were limited
to be independent and identically distributed (i.i.d.) Gaussian random variables. The recent result
in [5] further addressed the case of systems with unmeasurable states. An augmented system
of both estimated states and estimation errors was formulated and polytopic tubes were used to
bound the evolution of the augmented system. The proposed output-feedback SMPC algorithm was
shown to be recursively feasible despite the action of uncertainties. However, [5] only proved the
convergence of system states to a neighborhood of the origin in simulations and cannot ensure
closed-loop stability in theory. Furthermore, the system matrices considered were expressed as
affine functions of one scalar uncertain parameter, which limits the applicability of this algorithm.
In [6], the state trajectory was decomposed into three parts which were handled separately to
ensure probabilistic constraint satisfaction and the resulting algorithm provided desirable closed-
loop properties: recursive feasibility and stability.

To the best of our knowledge, few existing works on distributed MPC (DMPC) handle multiple
subsystems with both parameter uncertainty and stochastic disturbances. Different from single
systems, each subsystem in DMPC scheme is required to consider not only the uncertainties of itself,
but also the uncertainties in the actions of other subsystems and the couplings among subsystems.
The available results are restricted only to the case of a single uncertainty source (stochastic
disturbances or parameter uncertainty). For the case of stochastic disturbances, a distributed robust
MPC (DRMPC) algorithm proposed in [8] can guarantee recursive feasibility and stability of
the overall system through the use of the constraint-tightening MPC in [9]. It required that all
subsystems must be optimized during each sampling period with communication immediately
after each optimization, resulting in excessive communication. Following the work of [8], [10]
assumed no instantaneous inter-subsystem exchanges of data and yielded a significant reduction
in communication cost by permitting only one subsystem to optimize at each time step. A later
cooperative DSMPC method for the case that the states are not measurable was given in [11],
where the probabilistic constraints were converted into a set of deterministic constraints by making
explicit use of the distributions of disturbances, measurement noise and state estimation errors. This
strategy was both recursively feasible and computationally tractable, and meanwhile, leads to a
more coordinated response and better global performance. For the case of parameter uncertainty,
a DSMPC algorithm based on generalized polynomial chaos expansions (GPCEs) was developed
in [12], which imposed no restrictions on the distributions of the uncertain parameters. However,
if one aims at achieving approximation with high precision, this approach might involve too many
constraints, thereby resulting in an overhead cost in computation time.

Motivated by above, using the tube invariant set theory [13, 14], this paper considers a more
challenging problem of DSMPC for a group of linear subsystems in simultaneous presence of
parameter uncertainty and stochastic disturbances as well as coupled probabilistic constraints. To
make the optimization problem tractable in a distributed manner, we adopt the distributed update
strategy of [10] that only one subsystem is permitted to optimize at each time step. To the best
of our knowledge, it is the first time that a relatively complete theory of DSMPC, including
probabilistic constraint handling, recursive feasibility and stability, is established in the context of
both model uncertainty and exogenous disturbances. The main attributes of the proposed algorithm
are summarized below.
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DSMPC FOR SYSTEMS WITH PARAMETER UNCERTAINTY AND DISTURBANCES 3

(i) Inspired by [6, 13, 15], the uncertain part of the state trajectory is decomposed into two
parts: one is handled by calculating a sufficient tightening margin offline, whereas the other
is handled by using polytopic tubes with facets of fixed orientation and online adjustable
scalings. Both local and coupled probabilistic constraints are then reformulated as linear
deterministic constraints, further leading to a convex optimization problem, which can be
efficiently solved.

(ii) To ensure coupled probabilistic constraint satisfaction under the distributed update strategy in
[10], the constraints derived in the centralized implementation are modified and the resulting
constraints involve only the decision variables of a local subsystem and the prior information
collected from coupled subsystems.

(iii)) Through designing terminal sets as a robust positively invariant set and an invariant hypercube
with a parameter chosen from a given interval, the DSMPC algorithm is proven to be
recursively feasible and the resulting closed-loop system is stable.

(iv) Exchange of data among subsystems is only required after one subsystem optimization at each
time step. Less communication cost and greater flexibility in communications are offered than
other DMPC strategies [8, 16, 17, 18], wherein all subsystems are required to optimize and
communicate during a sampling period.

The remainder of this paper is organized as follows. The problem statement is presented in
Section 2. In Section 3, probabilistic constraints are reformulated into tractable ones. In Section
4, a centralized SMPC problem is derived, starting with a suitable terminal set construction. The
main results of the paper are developed in Section 5, where a DSMPC algorithm and its properties
are established. In Section 6, the implementation and the distributed nature of the algorithm are
discussed. A numerical example is provided in Section 7 and conclusions are drawn in Section 8.

Notation 1.1

Let N £ {0,1,...}. For some ¢, s € N and ¢ < s, let Noy, N<g, N5y, N>, and N ) denote the
sets {reN|r<q¢}, {reN|r<qg}l,{reN|r>q¢L{reN|r>q¢},and {reN|g<r<s},
respectively. For any vectors z;, i € N, let Y /__x; = 0if ¢,s € Nand ¢ < s. The inequality sign,
absolute value |- | and max operations apply elementwise to vectors. || - ||, denotes the vector
infinity norm or the corresponding induced matrix norm. ||z|%, denotes 27 Wz. For sets A and
B, the Cartesian product A x B is the set of all ordered pairs (a,b), where a € A and b € B. A
nonnegative matrix A > 0 is a matrix in which each element is nonnegative, 0 is the zero vector
or zero matrix whose elements are all zero, and 1 is the vector whose elements are all one. Let Pr
denote the probability and let B} 2 {a||lallee < 7,a > 0}.

For the sake of readability, all the proofs are moved to the Appendix.

2. PROBLEM STATEMENT

Consider a system of N, discrete-time dynamically decoupled stochastic linear subsystems

wp(k+1) = Ap(k)zy (k) + By(k)up(k) + wy(k),
VkeN, pe P£{1,2,...,N,}, (1)

where z, € RN=.p Up € RNw.r and wy, € RNw.r denote the state, the control input, and the
disturbance of subsystem p, respectively. Assume that subsystem p is stabilizable for the existence
of a stabilizing feedback control. The disturbance sequence {wy(k),k € N} is ii.d. and the
distributions of the elements are continuous and compactly supported such that w,(k) € W, =
{w, | |w,| < ap}, where oy, = [ap1 ap2 -+ ap N, |7 > 0. The uncertain subsystem matrices
A, (k) and B, (k) are

(A, (k) By(k)] = A2 BY] + iAme ().
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where q,(,j)(k:) >0,j€J={1,2,..., L}, are random variables such that Zle qj(gj)(k) =1.Fora

fixed vertex j, the sequence {ql(jj)(k:), k € N} is temporally i.i.d..
Define the control input sequence predicted at time k as

up(ilk) = Kpzp(ilk) + ¢p(ilk), i € N,
cp(ilk) = 0,i€ N>y, 2)

where given a finite prediction horizon N, ¢,(i|k) are optimization variables for i € N<_; and
define c, (k) £ [¢f (k) ¢E(1]k) -+ ¢I'(N — 1]k)]”. State feedback matrix K, is determined offline
to stabilize subsystem (1) and may, for instance, be chosen to be optimal in the nominal LQ sense
or in a worst case sense (for more details, see Chapter 4 of [19]). One strength of the pre-stabilizing
action of u, = K, is that, under the assumption that A,(k) + B,(k)K, is more contractive than
A, (k), it will reduce the effect of uncertainty on the predictions and thereby restrict the growth of
tube cross-section.

Our objective is to regulate each subsystem’s state to a neighborhood of the origin, while also to

guarantee the satisfaction of both local and coupled probabilistic constraints,

Pr{n, zp(k) < hy} > 1y, Vp € P, 3)
NP

Pr{> play(k) <b} >, VeeC2{1,2,... N}, (4)
p=1

where 7, € R¥>» and 1., € RN+»; h, and b, are fixed scalars; [, € [0,1] and [. € [0,1] are
prescribed thresholds. Note that hard constraints can be treated as a special case of the probabilistic
constraints (3)-(4) by setting I, = l.=1.

To facilitate the problem formulation, as in [10], denote by P, the set of all subsystems involved
in coupled constraint c,

Pe £ {p € P | pep # 0},

and denote by C, the set of all coupled constraints involving subsystem p,

€2 {ceC | pep# 0},

Then we let Q,, denote the set of all other subsystems coupled to subsystem p,

0,2 (U P)\wh

ceCyp

3. PROBABILISTIC CONSTRAINT HANDLING STRATEGY

In this paper, a DSMPC algorithm is presented to address the problem stated in Section 2. The first
step in the study of DSMPC is to handle probabilistic constraints. For this, an effective strategy
is developed in this section to transform the probabilistic constraints into deterministic ones by
employing tube approaches, in which the constraints are tighten on the nominal model by taking the
effect of the uncertainties into account.

For subsystem p, the state trajectory predicted at time k is decomposed into a nominal component
2p(i|k) and an uncertain component e, (¢|k), which evolve as

wp(ilk) = 2p(ilk) + ep(ilF), (5)
s+ 1K) = W0z, (ilk) + Bley(ilk), ©)
epli+ 1K) = Wy(ilk)e,(ilk) + T, (ilk)z (ilk)

+By(ilk)cp(ilk) + wy(ilk), (7
Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2010)
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where 02 AY+ BYK,, W,(ilk) = Ap(ilk) + By(ilk)K,,  Up(ilk) £ W, (ilk) — U9, and
B, (i|k) = B,(ilk) — B). According to (5), probabilistic constraints (3)-(4) can be expressed
with respect to the predicted state sequences for ¢ € N> as

Pr{n} zp(ilk) + n} ep(ilk) < hp} > 1, (8)
NP

Pr{> [udyzp(ilk) + plep(ilk)] < b} > L. )
p=1

From (7), e,(i|k) involves both the uncertainties and the decision variables. Therefore, it is
intractable to calculate the probabilistic distribution of e, (i|k) given the distribution of w,. To
remedy this, following [6], e, (i|k) is further split into two parts, which are given for ¢ € N as

ep(ilk) = ep(ilk) + (p(ilk), (10)
ep(i+1k) = We,(ilk) + wp(ilk), (11)
Cp(i+1|k) = \Ilp(ﬂk)Cp(i‘k)+\I/p(i|k)zp(i|k)

+By (ilk) ey (ilk) + Ty (ilk)ep (ilk), (12)

with the initial conditions ¢, (k) = 0 and z,(k) + (k) = =, (k). Below, according to the different
probabilistic nature, the two components of e, (i.e. €, and () in (8)-(9) will be treated separately
based on ideas from Tube MPC [13, 15].

3.1. Handling €, using the distribution of wy,

Note that the evolution of €, in (11) is described by a linear time-invariant system subject to
disturbances, which is similar to the uncertain systems considered in [15]. Following the result
in [15], by making use of probabilistic distributions of w,, explicitly, the tightened constraints on the
nominal predictions and the other random variable ¢, are derived in Theorem 3.1, which ensure the
satisfactions of (8)-(9) and carry the necessary guarantee of recursive feasibility. The evolution of
¢p will be discussed in the next section.

Theorem 3.1
(Conditions for Constraint Satisfaction). The satisfactions of probabilistic constraints (8)-(9) are
ensured, if ¢, (k) and z,(0|k) for each p € P satisfy the recursively feasible constraints, for i € N>,

nt Hicy(k) 4+l (U9) 2,(0k) + 0} ¢, (ilk) < hy, — B}, Vp € P, (13)
>l Hicq (k) + 1ly(W9) 24 (0k) + ply o (ilk)] < be — kL, Ve € C, (14)
q€Pe

where H) £ [(¥9)""1B) (¥9)"=2BY ... B) 0 --- 0]. The constraint tightening parameters 3!

and r’, are given by, for i € N>,
. -1 i-1
ﬂ;:7p+ ZCL;, /462504_ Zdév
=1 i=1

where

aj £ max 17 (W)Y w, = |ny (U)) ], dl £ max 3 pll (V0 wg = 3 |ud, (V) ]ay,
wp EW,p we€Wy 4ep, q€P.

vp and & are the minimum values such that

Pr{nfw,(k) <~} = I, Pr{ 27; piiqwq (k) < €t =le-
qePc

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2010)
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6 A.N. OTHER

The interested reader may refer to [15] for a similar proof.

Remark 3.1

(Properties of 3} and «.). The sequences {f;,i € N>1} and {k.,i € N>;} in (13)-(14) are
monotonically non-decreasing and converge to limits 3, and &, respectively, which will be used
later (see Section 4.1) to design terminal sets. Furthermore, the arbitrarily tight upper bounds on £,
and k. can be computed offline (see Corollary 4 in [15]).

3.2. Handling C, using polytopic tubes

Different from ¢, it is impossible to compute offline the probabilistic distribution of ¢,. The reason
is that the dynamics of ¢, in (12) involves both the nominal states and the decision variables. To
handle the uncertain part ¢, in (13)-(14), a sequence of sets (i.e. a tube) with bounding facets of fixed
orientation is constructed online to characterize the evolution of ¢, instead of using probabilistic
distributions [13].

Suppose that the tube has polytopic cross-sections and is parameterized by

I, (ilk) = {Gp(ilk) | VoGp(ilk) < 6,(ilk)}, i €N, (15)

where V, € RVe.rXNew js chosen offline to determine the directions of facets of the tube and
0, € RNv» is optimized online to determine the distances from the origin to the facets.

In order to ensure that initially bounding ¢, (0|k) in a given tube cross-section II,(0|k) implies
that ¢, (i|k) will stay in II,,(4|k) at all subsequent prediction times, the choice of 6, (i|k) is required
to satisfy

{Gp (i + 1|k) [ Gp(ilk) € Tp(ilk)} € Ty (i + 1]k). (16)

In addition, the choice of 6,(¢|k) must also ensure the satisfactions of (13)-(14), given that (,(i|k)
is contained in IL, (i|k) for each subsystem, i.e.,

I, (il k) € {¢p(ilk) | (13) holds}, (17
{(Cu(ilR), -, v, (ilR) | Gp(ilk) € T (ilk), Vp € P} € {(Gu(ilk), - -, Cwv, (ilF)) | (14) holds}.(18)

The following lemma can be used to express the inclusion conditions (16)-(18) as the equivalent
linear constraints.

Lemma 3.1
[20] (Necessary and Sufficient Conditions for Set Inclusions). The inclusion {x | Fiz < b1} C {z |
Fyx < bo} holds if and only if there exists a non-negative matrix H such that

HF, = Fy, Hb, < bs. (19)

By using Lemma 3.1, Theorem 3.2 provides necessary and sufficient conditions to ensure
constraint (16) satisfaction.

Theorem 3.2
(Conditions for Tube Cross-section Evolution). For any ¢, (i|k) € II,(i|k), a necessary and sufficient

condition for ¢, (i + 1|k) € I, (i + 1|k) is that for ¢ € N, there exist nonnegative matrices Mlgj) >
0, j € J, such that

MV, =V, (99 + 9), (20)
M0, (ilk) + VU5 2, (ilk) + VB e (ilk) + d§ (i) < 8, (i + 1]k), 1)

where dg)j)(i) £ max,, cw, Vp\I/](gj)ap(i\k;).

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2010)
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Remark 3.2 ‘ ‘

(Properties of dﬁf )(z')). According to the definition of ¢, in (11), the value of dg )(i) does not
depend on the system state and can be calculated offline by solving a finite number of linear
programming problems. Furthermore, as Bp and K. in Remark 3.1, for each vertex j € J, the
sequence {d;,j)(z'),z' € N} converges to a limit d;,j ), on which an arbitrarily close upper bound can
be obtained.

Similar treatments can be used to obtain necessary and sufficient conditions for the satisfaction
of (17)-(18). The result is given below directly without proof.

Theorem 3.3

(Conditions for Constraint Satisfaction in Tubes). Provided that (,(i|k) € II,(i|k) for each p € P,
the constraints (13)-(14) for ¢ € N>; are satisfied if and only if there exist nonnegative matrices
M, > 0 and M,, > 0 satisfying

MV, =1L, 22)
M0y (ilk) + By, +ny Hycy(k) +ny (99) 2, (0]k) < hy, (23)

and
Z [MZ;H;Cq(k) + :“ch(\I/g)izq(mk) + Mcng(ﬂk)] + Ki < be. (25)

qEP.

Treating M}Sj ), M,, M,, and V,, as decision variables will result in nonlinear constraints (20)-

(25) and further intractable online optimization problem. Instead, we select M, o, My, M.p, and V,,
offline to guarantee the satisfactions of (20), (22), and (24), and only leave (21), (23), and (25) as
the online constraints, which will imply a tractable convex optimization problem (see Section 6.3).
The suitable choices and practical considerations for M,SJ ), My, My, and V,, will be discussed in
Section 6.1.

4. CENTRALIZED SMPC ALGORITHM

In this section, a centralized SMPC controller is developed to achieve the control objective.
We first focus the investigations on the construction of suitable terminal constraints, which
make the decision variables finite dimensional in an infinite horizon optimization problem.
Subsequently, by combining these terminal constraints and the linear constraints (21), (23), and
(25), a centralized infinite-horizon SMPC optimization problem is formulated. The extension to a
distributed implementation will be discussed in Section 5.

4.1. Construction of Terminal Sets

To account for constraints after the Njth prediction time with Ny € Ny, we design terminal
sets for z,(N1|k) and 6,(NN1|k). Similar to classical MPC schemes, the terminal sets should be
positively invariant and moreover, inside them, constraints (21), (23), and (25) should be satisfied.
For i € N>, with ¢, (i|k) = 0, (6) and (21) can be rewritten as

2+ 11k) = 90z, k), (26)
M0, (i) + V0 2, (k) + d5 (1) < 0,(i + 1]k). @7)

Note that the dynamic of z in (26) is not affected by 8,,. Thus, first we design a terminal set for z
and second a terminal set for 6. Require z,(N|k) to lie within a set x{, which is robust positively

invariant for the system z,(k + 1) = W9z, (k) + (¥))Nw, (k). Hence, at prediction time k + N,

A l

zp(V1|k) must enter a smaller set defined by x!, £ (¥9)!x9, I = Ny — N. Itis easy to see that x/, is

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2010)
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positively invariant with respect to (26) and can therefore be chosen as the terminal set for z, (N7 k).
Based on x;, an invariant hypercube is then designed in Theorem 4.1 to serve as a terminal set for
Op(N1k).

Theorem 4.1
(Terminal Constraints). Define U(Jl) = max, eyt V \I/; )zp, fpl = max, eyt np zp, and fcpl =

max, cy. pd,zp. If 0, satisfies the following conditions

max([[o] oo +1457 | o0)

o T (28)
0 h _B — fp, o0
by < e (29)
NP ~ NP
2. [IMeplloclp < be = Fe = 3 [[fepilloos (30)
p=1 p=1
then the set Xé X Bg is invariant for the following system,
zp(i+1k) = Wz(ilk), (3D
0,(i +1|k) = m?x{M;ﬂe (ilk) + d$ (i) + VU2, (il k) }, (32)

and the satisfactions of (21), (23), and (25) for ¢ € N>y, can be ensured if (z,(N:1|k), 0,(N1]k)) €
! +
Xp X B(; .

()

From the fact that lim;_, vy =0, lim; 00 fpy = 0, and lim;_, o fep,; = 0, the existence of these

terminal sets, i.e., the existence of 9,, for each subsystem satisfying (28)-(30), can be ensured if
I = N; — N is chosen to be sufficiently large and the following conditions are satisfied [14]:

AN E S

1—max|\1\4(f>|\oc hyp — Bp7 Vp e P, 33)
Np HMcp”oomaXHd(])H - .
Z:: 1— maXHIL[(J)H < bc — Ke, Ve e C. (34)

In order to satisfy the coupling condition (30), the terminal sets of all subsystems are required to be
designed centrally. However, note that the centralized design of terminal sets is implemented offline.

4.2. Optimization Problem Formulation

With the constraints (21), (23), (25), and the terminal constraints given in Theorem 4.1, we
are now ready to define the optimization problem used in the centralized SMPC scheme. In
particular, for any £ € N and any state z1(k), ..., zn, (k), the centralized optimal control problem
PY(zq(k),...,zn, (k)) is defined as follows:

Np

| 2 _llz(ilk) Kpzp(ilk k 35
gp(o‘k)»m};i(Nl‘k) —1 i=0 ‘Zp I ”Q * || Zp( ‘ )+CP( ‘ )HR ] (35)
cp(k),2p(0]k),pEP p=1li=

subjectto Vp € P :

Vo(@p(k) = 2p(0[k)) < 0, (0[F) (36)
Vi € Ny, —1: 2p(i + k) = W)z, (il k) + Byey(ilk) (37)
Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2010)
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Vi€ Ney,—1, Vj € T + MO0, (ilk) + VU 2, (i|k) + V, B e, (il k) + dP(4)

< 0,(i + 1|k) (38)
Vi € N vy —1) 0 Mpbp(ilk) + B+t Hicp(k) +n (99) 2, (0]k) < hy (39)
Vi€ Nvy—n), Ve € C: ) [ulyHycq (k) + 18 (V9) 24 (01k) + Megby (il )] + i, < b (40)
q€P.
zp(Nk) € x; (41)
16, (N1[E)||oo < 6 42)
where @, and R, are symmetric positive-definite matrices. In P (z1(k),...,zn,(k)), (36) and

(38) are constraints on the initial tube cross-section and tube cross-section evolution respectively;
(37) is the nominal system model; (39) and (40) are used to invoke the local and coupled
constraints (3) and (4) respectively; (41) and (42) are terminal constraints. At each time step £,
all subsystems must sample and send their current states to the centralized control subsystem.
After solving P (z1(k), ..., z, (k)), the optimal solution 85 (0[k), ..., 65 (N1 |k), c; (k), z3;(0]k) is
communicated to each subsystem p. Subsequently, all subsystems apply u, (k) = Kz, (k) + c; (k)
to control. Provided that the centralized control subsystem is one of the subsystems p € P,
centralized SMPC algorithm requires 2(/N,, — 1) data exchanges per optimization, which must be
completed during one sampling period.

5. DSMPC ALGORITHM

For large-scale systems, it is difficult to control with centralized MPC due to the required
inherent computational complexity, communication bandwidth limitations and the reliance on a
single processor. Thus DMPC is usually adopted, despite the fact that it generally degrades the
performance compared with centralized MPC scheme. This section aims to extend the centralized
SMPC in Section 4 to a distributed form. A distributed update strategy adopted is first given as
follows. At each time k, only one subsystem, defined as py, is permitted to optimize for a new
solution c,, (k). Meanwhile, all other subsystems p # py, adopt the feasible solutions

cp(k) = [cg(l\k -1) - cg(N — 1k —1)0]T, (43)

which are the tails of their previous solutions c,(k — 1) augmented with 0. It is noted that we
have no specific assumptions on the update sequence {p1, ..., Dk, Pk+1,- - -}, which can be tailored
according to the actual situations. The strategy for constructing the update sequence will be explored
in Section 6.2.

5.1. Distributed Implementation Algorithm
We define the cost function for subsystem p as
Jp(k) = go[llzp(ilk)\%p + [ Kpzp(ilk) + cp(ilB) 17, - (44)

Lemma 5.1 shows that (44) can be expressed as a quadratic form of the decision variables z,(0|k)
and c, (k).

Lemma 5.1
(Quadratic Formulation of the Cost). Let W), be a solution of the Lyapunov equation

v Bip 1" ¥ BOE _
W, — p p—P W, P p—Pp —
p { 0o T, ] P{ 0o T, } Qp, 45)

Qp + KngKp KéRpEp
ETR,K, E, R,E,
the identity matrix on its super-diagonal blocks and zeros elsewhere, then the cost function (44) can

where @, = ,E,=[1 0 --- 0], andT, is a matrix with
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w=|[= ]I,

By considering constraints (36)-(42) for subsystem p only and modifying coupled constraint
(40), the local optimization problem for subsystem p defined by P (x,, (k); Z7;(k)) is formulated as
follows.

be rewritten as

(46)

P

. 2 (0k) }
min J, = p 47
0 (01K) ..., (N1 [K), (k) H [ (k) “7)
cp (k)12 (0]F) v
subject to
Vp(@p(k) — zp(Olk)) 0,(0]k) (48)
Vi € Nen,—1: 2p(i + k) = W)z, (il k) + Bycy(ilk) (49)
Vi€ Ney, 1, Vi €T : M(J 0,(ilk) + VU2, (ilk) + V,BY ¢, (il k) + dS (4)
0,(i + 1|k) (50)
Vi € Npny -1y« Mpbyp(ilk) + B} + mp Hycp (k) + mp (U9) 2 (k) < hy (51)
Vie N [1,N1—1]» Ve € C MCPQP(ZU{) + McpHZ)cp(k) + MZ;(\IIZO))lZP(0|k) + Z [/J’chl *(k)
qepc\{p}
1 (0) 22 (0]K) + 25, (il k) + Mg (ilk)] + K% < be (52)
2(Nk) € xj) (53)
165 (N1 [F) oo < 6, (54)

Note that in (40) z,(0[k), cq4(k), and 6, (i|k) involving subsystems ¢ € Q,, are modified to z;(0[k),
c;(k), and 0;(i|k) in (52), which are not affected by the decision variables of subsystem p and
can be regarded as fixed values, denoted by *. Note also that to ensure the satisfactions of
coupled probabilistic constraint in the distributed implementation, new scalar variables =7, (i|k)
are introduced in (52). The following part will discuss the detailed method to derive the values
of z;(0|k), c;(k), 0;(i|k), and =7 (i|k) taking into account recursive feasibility of the online
optimization problem P (x,, (k); Z . (k).

Define the last update step of subsystem q as lAc = maxk/e{k/eN<k|pk, qy k. Then the optimizing
subsystem p can construct c;(k), z; (0|k), 0; (i |k) and = (i|k) in (52) by (55)-(59) with the optimal

solution cz(l%q), z;(0|fcq), and 0;‘(i|feq), i€ N 2,N,]» Of subsystem q € Q, at time k,.

(k) = Ty Men(ky). (55)
za(k) = 2k = kolky), (56)
Op(ilk) = 05k +i—klke), i € Ny iy, ays (57)
0:(ilk) = mjax{Méj)G;(k i1 kolky) + VeUDzi(k +i— 1 — kglky) +dP) (N1)},
1€ Ni vy kg1, (58)
k—kg—141
Srilk) = > |l () |ag, i € Njy v, —1y- (59)

=i

Hence, in the optimization problem PJ(z,(k); Z;(k)), we use Zx(k) to denote the set of

information collected from all coupled subsystems ¢ € Q,, at their last update steps, i.e. Z; (k) =

{c;(kq), z;(0|1%q), and 6;‘(i|l%q), i € No,n,], ¢ € Qp}, which is required by optimizing subsystem
p to evaluate constraint (52).
The DSMPC algorithm can now be summarized below.
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Algorithm 1.

1) Initialization: Wait for a feasible solution {c,(k), z,(0|k),8,(0|k),0,(1]k),...,0,(N1|k)} for
each p € P by solving the centralized problem P (z1(k), ..., zy, (k)). If a solution cannot be
found, stop.

2) All subsystems p: Apply u,(k) = Kpx,(k) + cp(k).
3) All subsystems p: Update k and sample states x, (k).
4) Subsystem p = py:
a) Solve P2 (x,(k); Z; (k)) to obtain {c,(k), z,(0[k), 0,(0[k), O, (1]K), . .., 0,(N1|k)}.
b) Transmit the new solution {c,(k), z,(0|k), 0,(2|k), ..., 0,(N1|k)} to subsystems ¢ € Q,,.
¢) Setk, = k.
Subsystems p # pg:

a) Construct c,(k) = T,f ~Fo ¢, (k,) directly without solving PD (x,(k); Z3(K)).

p
5) Go to step 2).

Different from the centralized SMPC, information transmissions in Algorithm 1 are only
required after the local optimization problem P[(z,(k); Z;(k)) is solved for a new solution
{cp(k), z,(0|k), 0,(0|k), 0, (1K), ...,0,(N1]k)}. Assuming that the optimizing subsystem is
coupled with all other subsystems, Algorithm 1 requires, at most, (N, — 1) data transmissions at
each time step, which is less than half of what centralized SMPC requires. In addition, Algorithm 1
achieves greater flexibility in communication. In other alternative DMPC strategies [8, 16, 17, 18],
all subsystems optimize and communicate at each time step. A key feature that arises from
applying such methods is repeated instantaneous data exchanges between subsystems during a
sampling period, either when all subsystems optimize in a sequential way [8, 16] or in an iterative
way [17, 18]. As a result, these strategies have poor capacity to tolerate delays in computation
and communication. However, Algorithm 1 does not need to communicate immediately after
each optimization. The optimizing subsystem allows to transmit the new solution to all coupled
subsystems in the whole interval before another subsystem in Q,, optimizes.

5.2. Main Results

This section aims at deriving the properties of the proposed DSMPC scheme (Algorithm 1). To have
a well-defined control law, we first show that Algorithm 1 can provide the guarantee of recursive
feasibility in Theorem 5.1.

Theorem 5.1

(Recursive Feasibility and Constraint Satisfaction). If there exists a feasible (but not necessarily
optimal) solution to the optimization problem P (x,,(ko); Z;; (ko)) for each p € P at time ko, and
the system is controlled according to Algorithm 1, then

(i) all subsequent optimization problems P}’ (x,(k); Z;: (k)) are feasible for k € N>, 41

(ii) probabilistic constraints (3) and (4) are satisfied in closed-loop operation for & € N>, 41.

Based on Theorem 5.1, closed-loop stability under Algorithm 1 is guaranteed in the following
theorem.

Theorem 5.2

(Closed-loop Stability). If the optimization problem PpD (wp(ko); Z, (ko)) is feasible for each p € P
at time kg, then the system is stabilized under Algorithm 1 and the MPC control law converges
asymptotically to the unconstrained optimal control law as k — oo.
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6. IMPLEMENTATION AND COMPUTATION

The purpose of this section is threefold: (i) to put emphasis on the offline implementation about
some key parameters (i.e. fy;;, f;, Vs M;J ), M, and M.,) from a practical perspective; (ii) to discuss
the design for update sequence to achieve a flexibility in communication and to reduce the usage
of communication resources; (iii) to show the benefit in terms of the structure and computational
complexity of the online optimization problem from the use of Algorithm 1.

6.1. Offline Implementation

The values of fyf, and & should ideally be calculated by a multivariate convolution, but the
computational complexity increases tremendously as the system dimension and the prediction
horizon increase. One alternative is to discretize the distributions of the elements of w,, and the
values of fy; and & can be approximated using univariate convolutions in polynomial time (see
Remark 3.2 in [11]). It is worth noting that 7; and ¢ are independent of the system states and
therefore can be determined offline.

As for V,, one way is to select V,, such that {z | V,z <1} is a A-contractive set of the
system x,(k + 1) = ¥, (k)x, (k) where 0 < A < 1 or, equivalently, an invariant set of the system

zp(k+1) = ‘IJPT(MJC[)(IC) (see [20]). For this choice of V,,, it follows from the invariance conditions

in [21] that the norms of Méj ) satisfy HM,(,j ) lloo < Aforall j. This inequality is a sufficient condition
to ensure the existence of an invariant set for the prediction dynamics of (z,,6,) in (31)-(32), which
is the premise of the construction of terminal sets in Section 4.1.

In addition, N, ,, the number of rows of V,,, represents the number of the tube facets. In general,
the larger NN, , the designers choose, the higher dimension of the decision variable ¢, and the
more linear inequality constraints are in the MPC optimization problem, thereby resulting in higher
computational burden. However, it also implies the less conservative tube. Hence, in practice, the
parameter N, , can be tuned to balance the conservatism and the computational time.

To relax (21), (23), and (25) applied online, Méj ), M, and M., can be defined offline as the
solutions of the corresponding optimization problems [13]

(M) = argmin{1"m | m"V, = (V,)i(¥) + ¥), m > 0}, (60)
m7

M, = argmin{1"m|m"V,=7!, m> 0}, (61)
m7T

My, = argmin{1"m|m"V, =pul m>o0} (62)
m7T

where m € R™+» and the notation (M); denotes the ith row of matrix M. The linear programming
problems (60)-(62) can be solved in polynomial time [22].

6.2. Choice of Update Sequence

Under the centralized algorithm, inter-subsystem communication must be performed at each time
step and the total number of data transmissions is fixed. In comparison, for the proposed DSMPC
algorithm, the flexibility in update sequence choice can be utilized to determine when data
transmissions take place and how many data transmissions are required over the duration of a
simulation. It implies that low levels of communication can be achieved through a predetermined
update sequence by the designer. Furthermore, thanks to the tube methodology adopted to deal
with probabilistic constraints, the non-optimizing subsystems at each time step remain inside their
corresponding tubes, which ensures the control performance of the whole system with less frequent
communication. The effect this flexibility in communication has on system performance has been
explored in simulations in [10]. Accordingly, the DSMPC algorithm is particularly relevant for
practical control problems in which communication is expensive or communication resources are
limited (e.g., wireless communication via battery powered devices).

Based on the coupling structure of a system, the strategy for constructing an update sequence is
discussed in the following. For the case of high degree of coupling, the optimizing subsystem is
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coupled with most subsystems or even all other subsystems. Take the worst-case as an example,
i.e. all subsystems are coupled. If one chooses the update sequence such that each subsystem is
impossible to optimize at two successive steps, for example {1,2,1,3,2,3,...}, the new solution
would be communicated to other subsystems at every time step. Instead, updating the same
subsystem multiple times, for example {1, 1,2, 2,3, 3, ...}, exchange of information is only required
at alternative steps and the communication cost is decreased to half that of the first choice.

In another case that subsystems are less coupled, the update sequence can be chosen such
that different subsystems optimize at successive time steps but can still ensure low frequency of
communication. For that, all subsystems are divided into some coupling sets in which a coupled
probabilistic constraint exists between these subsystems or there is a single subsystem decoupled to
all other subsystems. The subsystems in different coupling sets optimize in a cyclical manner. For
example, considering a system consisting of five subsystems and assuming that subsystems 1 and
2 and subsystems 4 and 5 are coupled via constraints, the coupling sets are defined as S; = {1, 2},
Sy = {3}, and S5 = {4, 5}. In this example, choose the update sequence as {1,3,4,2,3,5,...} and
therefore the new solution of an optimizing subsystem can be transmitted using the entire time
interval after the optimization and before another subsystem in the same coupling set optimizes.
Alternatively, it is possible for multiple subsystems from different coupling sets to optimize
simultaneously at one time step, for example subsystems 1, 3,4 or subsystems 2, 3,5, which still
preserves the properties of recursive feasibility and closed-loop stability.

6.3. Computational Complexity

We will discuss the computational complexity associated with the online computations involved in
Algorithm 1.

The problem Pz? (zp(k); Z;(k)) formulated in (47)-(54) is a convex optimization problem. In
PP (,,(k); Z3(k)), the cost function (47) is expressed as a quadratic function of z,(0|k) and c, (k).

In addition, by choosing V/,, M,(,] ), M, and M., offline, the constraints (48)-(52) and the terminal
constraint (54) are linear inequalities in decision variables and the terminal set x2 is convex. Thus
the optimization problem is convex, which can be efficiently implemented online. In particular,
if we choose x2 as some special forms, such as polyhedral robust invariant sets, the problem
PP (x,(k); Z(k)) can be further cast as a quadratic program solved in polynomial time. The
reduction in online computation time is achieved by determining parameters (e.g., 3, and k) that
guarantee recursive feasibility through offline calculations.

To compare the computational requirements of Algorithm 1 and centralized SMPC, we focus
on the analysis of the “size” per optimization including number of decision variables and number
of constraints, which gives an indication of the computational complexity. Assume that there exist
pair-wise couplings across the whole system. Hence, for the centralized algorithm, the number of
coupled constraints is N, (V,, — 1) which grows quadratically with N,,. Furthermore, the number of
scalar decision variables is N,[(N1 + 1)N, , + N, + N, ,N| which increases linearly with N,,.
However, for Algorithm 1, the number of coupled constraints involving the optimizing subsystem p
is (N, — 1) and the number of scalar decision variables is (N1 + 1) N, , + Ny , + N, , N which is
independent of V.

7. NUMERICAL EXAMPLE

The system to control comprises three subsystems, each with the same model parameters,

o [ 16 1 o 1
AP‘[—0.5 2 "B
W _ [ 005 -0.15 m _ [ —0.05
A= [ —001 o001 | B =] 005 |
2 1 2 1
AP =AY, B = BV
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\ —#— LQR: Subsystem1

Figure 1. Closed-loop response of subsystem 1 under Algorithm 1 (left) and unconstrained optimal control (right) for
100 realizations of uncertainty.

Assume that ql(,l)(k) has a uniform distribution on [0, 1] and ql(f) (k)=1- ,(,1)(117). Each element
of wy, is truncated from a normal distribution with mean zero and variance 15z and w, satisfies
[lwplloo < 0.12. Each subsystem is subject to two local probabilistic constraints and one coupled
probabilistic constraint with parameters

Np1 = [0.8 —0.2]7, hy1 =21,1,, =08,
Np2 =[-0.8 —0.2]7, hyo =25, 1,2 =0.8,
i, = [0.8 —0.2]%, by = 5.5, 1; = 0.8.

Choose @, = [1 0.3]7[1 0.3, R, =0.1, N =4,and N; = 7. With N, , = 8, V,, is chosen as

[ —0.9997 —0.0246 T
—0.9898 —0.1422
0.9898  —0.1422
0.9997  —0.0246
0.9997  0.0246
0.9898  0.1422
—0.9898  0.1422

| —0.9997  0.0246

The fact that we choose N, , = 8 is a tradeoff between conservatism and computational time. When
Ny.» = 4, the observed probabilities of constraint violations are very low although the computation
speed is faster. But when IV, , > 8, there is no noticeable improvement in conservatism. Thus,
N, , =8 is a reasonable choice. Solve (60)-(62) to obtain M, 2 M, and M,,, whose norms
are | MV ||oo = 0.91, [|MS?||oe = 0.88, ||M,]|so = 1.11, and ||M;,||ec = 1.11. Choose 6, = 0.65
which satisfies conditions (28)-(30) as required. The update sequence is settobe {1,2,3,1,2,3,...}.

For 21(0) = [3.5 — 3.5]T, 25(0) = [3.4 — 3.45]T, and 23(0) = [3.5 — 3.25]7, Algorithm 1 and
the unconstrained optimal control are applied to control the system in 1000 simulations. Fig. 1-
Fig. 4 show the evolution of z, (k) for each subsystem and 22:1 zp(k) under Algorithm 1 and the
unconstrained optimal control according to 100 Monte Carlo simulations. The dashed lines denote
state constraints.

With the unconstrained optimal control, local and coupled probabilistic constraints are violated
at time k& = 1 for 100% of the uncertainty realizations. While under Algorithm 1, at time k = 1,
local constraints of subsystems 1, 2, and 3 are violated for 5.1%, 1%, and 2.5% of the same 1000
uncertainty realizations respectively, and the observed probability of violating the state coupled
constraint is 5.3%.

The trajectories of three subsystems under Algorithm 1 for only one realization of uncertainty
are shown in Fig. 5. From the simulation results, it is found that the system states converge to a
neighborhood of the origin despite the action of both parameter uncertainty and disturbances.
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\ —+— MPC: Subsystem2 \ —+— LQR: Subsystem2

Figure 2. Closed-loop response of subsystem 2 under Algorithm 1 (left) and unconstrained optimal control (right) for
100 realizations of uncertainty.

\ —*— MPC: Subsystem3 \ —*— LQR: Subsystem3
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Figure 3. Closed-loop response of subsystem 3 under Algorithm 1 (left) and unconstrained optimal control (right) for
100 realizations of uncertainty.
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Figure 4. Evolution of coupled state 22:1 zp (k) under Algorithm 1 (left) and unconstrained optimal control (right) for
100 realizations of uncertainty of each subsystem.

Next we compare Algorithm 1 with the centralized SMPC in terms of the control performance
and computational time. Define the performance index as

Trun—1 NP

Toest 23 S (B, + ()%,

k=0 p=1

where T}, is the simulation running time. By setting 7}, = 10, the control performance is 82.9543
for Algorithm 1 as compared with 70.3495 for the centralized SMPC. The average computation time
per time step (over 1000 simulations) is 7.322 seconds for Algorithm 1 while it is 37.58 seconds for
the centralized SMPC.
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/
\ —#— Subsystem1
2 \ Subsystem?2 | 1
\ —¥%— Subsystem3

p.2
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Figure 5. Closed-loop response of three subsystems under Algorithm 1 for only one realization of uncertainty of each
subsystem.

8. CONCLUSION

Based on the tube invariant set theory, a DSMPC algorithm is proposed for a team of subsystems
in the presence of both parameter uncertainty and disturbances. The uncertain state of the system
is divided into two parts: one is constrained to lie in probabilistic tubes with no particular shape
computed offline from the distribution of disturbances; the other is constrained to lie in polytopic
tubes with facets of fixed orientation, and the volume of the tube is optimized online. By permitting
only one subsystem to optimize locally at each time step, the new algorithm can ensure the
satisfactions of coupled probabilistic constraints in a distributed manner, while achieving low
communication costs and a flexibility in communication. The resulting optimization problem of
DSMPC is a convex optimization problem, which can be solved efficiently. The proposed DSMPC
algorithm guarantees recursive feasibility and stability for any choice of update sequence. A
numerical example illustrates the efficacy of the algorithm.

In order to provide guidance for practical applications, our future research focus will be on the
quantitative analysis of control performance of large-scale stochastic systems under different DMPC
algorithms, particularly sequential DMPC [8, 10], synchronous DMPC [23, 24], and iterative DMPC
[25, 26].

APPENDIX

Proof of Theorem 3.2. From (12), we have

Voo +1jk) = VW, (i[k)¢
|k

p(ilk) + Vp Wy (ilk) 2, (i]k)
+%BA ) (i

|k G
)ep(ilk) + VW, (il k)e, ().
Applying Lemma 3.1 and using the facts that ‘Ilp(k:):Zle(\llg+\ll£,j))ql(,j)(k), \I/Lj) =
A + BY K, W, (k) = Y8 065 (k), and B, (k) = 321, BY g (k). we can obtain (20)-
Q).

Proof of Theorem 4.1. If ('|l€)€l3’fr i€ Nsp,, it holds by (28) that

s |7, 1) -+ masy (00 + 1457 o) < B, When (k) € L. taking
norms on both sides of (32) and applying the tr;angle inequality, we conclude that
16, (i + 1k) 1o < max; | M ]|oc18p(i1K) | oo + max; ([0 [loo + 1d5 [loc), ~ which  yields
16,07 + 1|k)||o < 6,. Hence, Bg is an invariant set of (32). This together with the assumption of

Xé ensures that x; X Bg is an invariant set for the dynamics of (z,,6,) given by (31)-(32).
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The condition (29) is equivalent to | MpllooBp + Bp + || frilloo < hp, which implies
1My oo 165 (iK) oo + By + [ fpilloo < By if 6p(ilk) € By . Furthermore, when  z,(ilk) € x;,

the definitions of f,; and 3, guarantee that ||M,0,(ilk) + B} + nl z,(ilk)||lsc < hp. Hence, if
(2p(ilk), Op(ilk)) € x3, x Bf i € N>, then (23) holds.

With similar arguments, if (z,(i|k), 0,(i|k)) € Xi; X Bg and 6, satisfies (30) for each subsystem
P
p, then (25) also holds.

Proof of Lemma 5.1. Pre- and post- multiplication of (45) by [z](ilk) ¢} (ilk)] and
(2] (ilk) ¢ (i]k)]T yields
zp ilk) zp(i + 1]k)
cp(tlk) cp(t +1k)

= llz(ilk)5, + IIKpr( ilk) + ¢ (il) |,

Summing over ¢ € N will lead to (46).

W,

Proof of Theorem 5.1. To prove recursive feasibility in (i), we must show the existence of
feasible solutions to PI’? (z,(k); Z(k)) at every time step, given an initial feasible solution for each
subsystem p € P. Supposing that at time ko, a feasible solution to P2 (x,(ko); Z; (ko)) for each
subsystem p € P is given by {c,(ko), z,(0|ko), 0,(0]ko), 0, (1] ko), . . ., 0, (N1]ko) }. we will prove
that the candidate solution

{Tpep(ko), zp(1]ko) + wp(ko), Op(1]ko), - . ., Op (N1 ko),
mjax{MTEj)&p(Nﬂko) + VU 2, (N1 | ko) + dS) (N1)}} (63)

is a feasible solution to P2 (x, (ko + 1); Z; (ko + 1)), i.e., (63) satisfies constraints (48)-(54) at time
ko + 1.

Firstly, for (48), since V,,(,(1]ko) < 0,(1]ko) at time ko by assumption and (,(1|ko) = zp (ko +
1) — z,(1|ko) — wp(ko) by the definition of (,, (48) is satisfied at time ko + 1 for the choices of
Zp(0|k() + 1) = Zp(].|]€()) + U}p(]fo) and 9;0(0“{5(] + 1) = 9p(1|k0) in (63)

Next, the nominal system equation (49) is satisfied at time ko + 1 directly. For ¢ € N<y, o,
the satisfaction of constraints (50)-(51) at time kg + 1 follows directly from the assumption. For
i = Ny — 1, by taking 0,(N1 — 1|ko + 1) = 0,(N1|ko) and z,(0|ko + 1) = 2,(1]ko) + wp(ko) in
(63) and using the fact that d;j) (N7) > Vp‘III(,j)(\Ilg)Nl_lwp(ko) + dz(yj)(Nl — 1), it holds that

M0, (Ny — 1lko + 1) + V0§ 2, (N1 — ko + 1) + V, BY) ¢, (N1 — 1]k + 1)
+d (N, — 1) < m]aX{M,S“Gp(Nllko) + V00 2, (N1 ko) + dS) (V1) },

which implies that constraint (50) is also satisfied at time ko + 1 for ¢ = N; — 1. Furthermore, by
Theorem 4.1 and the assumption that (z,(N1|ko), 6,(N1]ko)) € x5~ x By , it yields that

My0,(N1lko) + Bp™ + 0} zp(Nilko) < hy.

Again taking Gp(Nl — 1|]€() + ].) = 0p(N1|k0) and Zp(0|k(] + 1) = Zp(].|k()) + U)p(k()) in (63) and
utilizing the inequality )1 > 2=t 4 T (W0)N1= 1y, (k), we obtain

M0, (N1 — 1lko + 1) + V=1 + pTHN 2ep (ko + 1) + n L (B9)N1 =12, (0lko + 1) < hy,

and therefore constraint (51) is also satisfied at time kg + 1 fori = Ny — 1.
As for (52), by calculating the values of ¢ (ko + 1), z; (0|ko + 1), and 0} (i|ko + 1) according to
(55)-(58) and using the facts that

Eaqlilko +1) = Z2,(1 +ilko) + |11 (¥9)"lvg,
K/z + Mcp(\llg) wp ko + ZqE’PC\{p} |ch(\P2) |O‘q < K:C+1
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it holds that (52) is satisfied at time ko + 1 for i € Njj y, _p). In addition, since the terminal
constraints (z,(Ni|ko), 0,(N1lko)) € x;" ™ x By and (z;(Nilko), 6;(Nilko)) € x5 =N x BY
are satisfied at time kg, and

25, (Ny — 1]k + 1) = 25, (N1 |ko) + |k, (¥~ ay,

it follows from Theorem 4.1 that (25) holds, which further leads to the satisfaction of (52) at time
ko + 1 for i = Ny — 1. Thus, we can conclude that the candidate solution (63) is also feasible to
(52) at time ko + 1.

Finally, it remains to show that (63) satisfies the terminal constraints (53)-(54) at time kg + 1.
With the choice z,(0|ko + 1) = 2,(1|ko) + wp (ko) in (63), it follows from (31) that z,(N|ko + 1) =
W02, (N ko) + (¥9)Nwy(ko), which leads to z,(N|ko + 1) € x; in (53). In addition, since B, is a

invariant set for (32) and ||6,(N:|ko)|/ee < 6, by assumption, we can conclude that

165 (N1 + 1[E0) [|oo
= | m?X{MISJ)@p(NlIko) + Vol 2 (N1[ko) + d (N1) |

< 0,
So, by choosing 6, (N1 |k + 1) = max; { M0, (N1 ko) + V, U5 2z, (N1 |ko) + d5) (N1)} in (63),
(54) holds at time kg + 1.

Hence (63) is a feasible solution to P (z,(ko +1); Z; (ko 4+ 1)). By recursion, recursive
feasibility of P2 (x,,(k); Z;(k)), k = ko + 1, ko + 2, ..., follows immediately, thereby completing
the proof of (i).

For (ii), since the constraints (51) and (52) incorporated in P2 (z,(k); Z;;(k)) and recursive
feasibility of P2 (z,(k); Z;(k)) obtained in (i), the satisfactions of (13) and (14) follow from
Theorem 3.3, thereby ensuring the satisfactions of probabilistic constraints (3) and (4) by Theorem
3.1.

Proof of Theorem 5.2. Due to recursive feasibility in Theorem 5.1 (i) and the assumption that
uy(k) = K,xp(k) is the unconstrained optimal control law, {c,(0),¢,(1), ...} is in 2, which means
that ¢, (k) converges to zero as k — oco. Hence, the MPC control law u,(k) = Kpz,(k) + ¢, (k)
converges asymptotically to the unconstrained optimal control law w, (k) = K,z,(k) which can
stabilize the subsystem by assumption, and meanwhile the state x,,(k) converges asymptotically to
a set of states in which the constraints (8)-(9) are satisfied by applying u, (k) = Kpz,(k).
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