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Abstract

Model predictive control solves a constrained optimization problem online in order to compute an implicit closed-loop control
policy. Recursive feasibility—guaranteeing that the optimal control problem will have a solution at every time step—is an
important property to guarantee the success of any model predictive control approach. However, recursive feasibility is difficult
to establish in a stochastic setting and, in particular, in the presence of disturbances having unbounded support (e.g., Gaussian
noise). The problem is further exacerbated for time-varying systems, in which case recursive feasibility must be established
also in a robust sense, over all possible future time-varying system matrices, as well as in a stochastic sense, over all potential
disturbance realizations. This work presents a method for ensuring the recursive feasibility of a convex, affine-feedback stochastic
model predictive control problem formulation for systems with time-varying system matrices and unbounded (Gaussian)
disturbances using ideas from covariance steering stochastic model predictive control. It is additionally shown that the proposed
approach ensures that the closed-loop operation of the system will satisfy the desired chance constraints, and that the stochastic
model predictive control problem may be formulated as a convex program so that it may be solved efficiently in real-time.
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Uncertain systems.

1 Introduction

Model predictive control (MPC) is an attractive
optimization-based method for controlling autonomous
systems owing to its ability to handle input and state
constraints while ensuring convergence under real-time
computational limitations [4]. Stochastic MPC (SMPC),
in particular, has gained interest as a method to pro-
vide probabilistic guarantees of constraint satisfaction
and convergence to a neighborhood of the target in
the presence of random disturbances. However, several
challenges of stochastic MPC still exist. Whereas de-
terministic MPC optimizes over control actions at each
time step, stochastic MPC, instead, optimizes over con-
trol policies as a means of controlling the dispersion of
trajectories over time. Since optimizing over arbitrary
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policies is not easily tractable, typical formulations con-
sider an affine feedback policy [25]. In some cases, the
feedback gain is calculated offline and is fixed; a more
optimal approach is to design the feedback policy online
in conjunction with a feed-forward control action. This,
however, may lead to challenges in terms of preserving
the convexity of the problem formulation. Another issue
of SMPC is ensuring convergence. Whereas for deter-
ministic MPC problems it is possible to show asymptotic
convergence for the case of linear systems, for SMPC
problems, only convergence to a neighborhood of the
origin can be shown since the system is subject to a
persistent disturbance [24]. Finally, providing recursive
feasibility guarantees for SMPC approaches is challeng-
ing when the noise is sampled from a distribution with
unbounded support (e.g., Gaussian distribution). Exist-
ing approaches addressing this issue typically consider
either a truncated Gaussian distribution or relax the
problem formulation [6,11,17,22,25].

In our recent work [18], we formulated a stochastic MPC

17 February 2026



approach for linear time-varying systems based on the
recent theoretical developments in finite-horizon opti-
mal covariance steering [2,3,8-10,12,26,27]. The covari-
ance steering problem addresses the issue of how to opti-
mally drive the first two moments of a linear system from
some initial condition to a given final condition over a fi-
nite horizon. This problem is closely related to the ques-
tions of recursive feasibility and stability of SMPC, since
bounds on the first two moments of the state distribu-
tion may be used to ensure chance constraint satisfaction
and convergence. Using results from covariance steering,
in [18] we formulated an online affine-feedback solution
to the SMPC problem that can be efficiently solved us-
ing convex programming, which we refer to as covariance
steering stochastic MPC (CS-SMPC). Assuming recur-
sive feasibility, the method provides asymptotic tracking
convergence for the nominal system and convergence to a
neighborhood of the reference trajectory for the stochas-
tic system. However, the question of ensuring recursive
feasibility, and consequently closed-loop constraint sat-
isfaction, of CS-SMPC was not addressed in [18] and
thus is the focus of this paper.

1.1 Literature Review

Most papers addressing the issue of recursive feasibil-
ity for stochastic systems assume that the disturbance is
drawn from a distribution with bounded support (e.g.,
truncated Gaussian distribution). In [5,6,21,22], the au-
thors consider a linear time-invariant (LTT) system sub-
ject to bounded additive disturbances, and design an
SMPC controller based on a fixed stabilizing feedback
gain that is computed offline. In [20, 28], the authors
consider an SMPC problem for an LTI system subject
to additive Gaussian disturbances. The authors in these
papers optimize over the space of affine feedback poli-
cies; however, they also approximate the Gaussian with a
truncated distribution, essentially formulating a robust
MPC control problem.

One of the few works that considered disturbances drawn
from a distribution with unbounded support is [11], in
which the authors optimize over the space of initial con-
ditions and affine feedback policies in order to achieve re-
cursive feasibility. The drawback of this strategy is that if
the current state would lead to infeasibility, an open loop
control must be used, discarding the most recent state
information. However, a more recent work [19] notes
that the relaxation of the initialization proposed in [11]
is still the state-of-the-art and has been utilized in nu-
merous theoretical extensions and applications. The au-
thors of [19] propose to improve the initialization strat-
egy by allowing for a continuous interpolation between
using the most recent state measurement and relying
on open-loop prediction of the state, referred to as ini-
tial state interpolation. The authors of [16,17] also ex-
tended the work of [11]. Instead of optimizing over the
state initialization, they propose a method referred to
as indirect feedback, where the state measurement is in-
cluded only in the cost function, while the constraints are

given purely in terms of the nominal system through a
tube-based constraint-tightening approach. While both
of these methods are able to show recursive feasibility,
their analysis is limited to time-invariant systems and
can be overly conservative due to the reliance on a pre-
computed feedback policy.

The authors of [29] consider unbounded disturbances by
taking a different approach. They address the issue of
recursive feasibility and establish convergence for an un-
constrained variation of the problem by softening the
chance constraints using a penalty function (i.e., by im-
posing them through the cost function).

A similar problem formulation to the current paper is
found in [1], which considers a stochastic LTI system sub-
ject to bounded parametric uncertainty and unbounded
additive disturbances. However, as in [7], the authors
of [1] assume that a stabilizing feedback gain is given
beforehand (Assumption 1 in [1]) and then proceed to
develop their recursive feasibility analysis for the closed-
loop LTT system. Thus, the authors of [1] take a robust
approach and do not allow for online optimization of
the feedback gains, which can lead to significant conser-
vatism, especially for LTV systems. Moreover, the ap-
proach in [1] does not provide any insights on how to
compute the optimal robust feedback gains for a sys-
tem subject to parametric uncertainty. In this paper, we
formulate a semidefinite program (17), the solution of
which provides a means of retrieving a robust feedback
gain that will ensure a necessary invariance condition
on the uncertainty of the stochastic system is satisfied
(Lemma 4). This feedback gain and the corresponding
invariance condition are reminiscent to the requirements
of Assumption 1 in [1], in which the stabilizing feedback
gain must satisfy a similar robust invariance equation.

Very few works deal with SMPC for linear time-varying
(LTV) systems, and those that do, only consider
bounded disturbances. Considerable challenges hamper
the direct application of existing recursive feasibility re-
sults to LTV systems. For example, the results obtained
in [11] require a pre-computed stabilizing feedback gain
to design the terminal constraints. However, finding a
single feedback gain that is stabilizing over all possible
time-varying future system parameters is challenging.

One of the few works addressing LTV systems is [14]
which considers a robust MPC problem formulated with
an online affine-feedback policy. However, as mentioned
above, the authors limit their analysis to bounded dis-
turbances. The authors of [15, 23] consider a linear
parameter-varying system that approximates a non-
linear deterministic system. They show that recursive
feasibility can be ensured using robust tube-based and
invariant set-based approaches, respectively, provided
the parameters lie in a compact set.

As summarized in Table 1, the existing literature on



the recursive feasibility of SMPC for systems subject
to unbounded disturbances is extremely sparse, espe-
cially for the less-conservative case in which an affine-
feedback policy is computed online. Furthermore, the
overlap between results that consider both unbounded
disturbances and time-varying systems is virtually non-
existent. In this work, we fill this gap in the literature
by establishing sufficient conditions for the recursive fea-
sibility of SMPC for affine time-varying systems sub-
ject to unbounded (Gaussian) disturbances. Moreover,
we provide a practical approach for computing the ter-
minal constraint necessary in order to ensure that these
conditions hold in practice. We show that our method
results in satisfaction of the chance constraints during
closed-loop operation of the system, as desired. Finally,
we show that these results hold for the particular formu-
lation of the SMPC problem used by CS-SMPC in [18],
which optimizes online over the space of affine feedback
policies by solving a convex program.

Table 1
Comparison of existing results on recursive feasibility of
stochastic MPC.

Bounded (Robust) Unbounded
Disturbances [5,6,20-22,28] (Stochastic)
(14,15, 23] [1,11,16,17,19,29]
Offline (Tube) Online
Feedback [1,5,6,17,22] (Affine-feedback)
[16,19,21] [11,14,20,28,29]
LTI
System [5,6,11,16,17] [14L;F5V23]
[1,19-22,28,29] 1

2 Problem Formulation

We consider an affine time-varying (ATV) 3 system, as
in [18], given by

Tp1 = Arxp + Brug + Dywy + 1, (1)

where z, € R™ and ui € R™ are the fully observ-
able state and control action at time-step k, respectively,
and wg ~ N(0,,, I, ) is an i.i.d. disturbance (that is,
Efwg, wy,] = Elwg, JE[w, ] = 0 for all k1 # kz). The sys-
tem parameter matrices/vector are given by A, € A C
Re*nz B € B C R%*" Dp € D C R*™*™ _and
rr € R C R" where A, B, D, and R are such that

Sy = |:Ak B,. Dy, rk] €S =co{S',...,5M} (2

Np Np
SZ{Z)\@SEZZ)\ZZL )\(20}, (3)
=1 =1

where co{-} refers to the convex hull and where S* =
[Af B D* re]’ for all ¢ =1,..., N,. The system (1) is

3 We consider an ATV system as the affine term is useful for
modeling autonomous vehicles as seen in Sec. 5 and in [18].

subject to N, (state) and N, (input) polytopic chance
constraints, given by

Pr(a;iﬂck < Bei) 21— pay, (4a)

fori = 1,2,...,N; and j = 1,2,..., N,, where the
linear inequalities define polytopes given by X £

N, Ny
N2 {:v : a;ix < Bm}, = ﬂj:1 {u : al—)ju < Buj}
The state and control actions of system (1) are associ-
ated with a cost function given by

Ce(@r,ur) = (x — 2g,) ' Qular — xg,) + ug Rug, (5)

where, for all K = 0,1,..., Qx = 0 and Ry > 0 are
known bounded matrices, and x4, € & is a known tar-
get sequence to track. The model in (1) implies that the
system matrices are known over the control horizon, a
common assumption, which, for the sake of complete-
ness, we formalize below. This is a weak assumption,
which is satisfied in practice, e.g., when the ATV system
(1) is derived from linearizing a nonlinear system.

Assumption 1 At time k, the system matrices A;, By,
Dy, and ry are known over the prediction horizon t =
k,....,k+N—1.

To design an optimal control policy for system (1), define
the following CS-SMPC problem given by

k+N—1
pig}ifl_) In (ks S oy () = ; B[l (e, uepr)], (6a)
subject to
Top1k = Atlﬂﬂk + Btu,% + Dywy + 14, (6b
Tklk ~ N(pk, Zk),  we ~ N(0n,,, In,,) (6c
Uy = Pei(Tek), (6d

Pr(a;ixt‘k <Bzi)>1—pgi,i=1,..., Ny, (6e
Pr(az’juﬂk <Buj)>l—puj, j=1,...,N,, (6f
Elziinik] € XY, (6g
E[(zrenie — Elzrgnie)) (0 1] 2 2y, (6h

—_— — T Y o T

where, for all t = k,... .k + N — 1, @y, and uy), are
the predicted state and control action, respectively,
at time ¢ computed at the present time k, (%) repre-
sents repeated terms, and where X}‘f CXand X >0
must be designed to ensure the recursive feasibility
of (6). The initial state is given by xj;, and, as is
often the case in SMPC, is sampled from a random
distribution which may depend on the most recent
state observation xy. The selection of u and Xj are
described below. The optimization is performed over
the sequence of planned state-feedback control policies

pr () = {prk()s- s pren—1k(-)}. Since the future

state sequence a:kN_l = {Zkjks -+ ThpN—1]k} cOnsists
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of random variables, the sequence of predicted future
control actions, given by ufcvfl = {unjks -+ s Upg N1k}
where wuyy, = pt‘k(x”k), is also stochastic.

Problem (6) is a finite-horizon optimal control problem
representing a tractable approximation of the corre-
sponding infinite-horizon optimal control problem, and
is solved in a receding horizon fashion to generate an
optimal closed-loop control policy for the system. Let
the optimal cost of Problem (6) at time k be denoted by
Jx (e, £x) and let the corresponding optimal solution

* N —
be denoted by pp 1) = {pj()s s Phy ()
generating the predicted sequences of stochastic con-

. *N—1 _ * *
trol actions wu;, = {uklk, ... ’uk+N71|k} and states
*N * * * o * *
" = {xk|k7"'7xk+N|k}’ where uj, = pt\k(xtuc)v
* _ * * *
Ty = At;vt‘k + Btut|k + Dyws + 1, and The ™~

N (pk, Sk). The sequence iV has the corresponding
optimal predicted moment sequences denoted by uzN =

* N *
{uges - i and IEN = {5 X0 v )
where xrlk ~ N(uz“k,E’ak) and where ,u;;‘k = g and
Z,";l x = 2k The control command applied to system (1)
at time k is then given by

Uk = U, (7)

In [18], we showed that Problem (6) can be cast as a
convex program for a suitable parameterization of the
control policy (see Theorem 2 of [18]). Additionally, we
showed that if system (1) is controlled by (7), then the
nominal system (wy, = 0) converges asymptotically to
the reference trajectory x4, (see Theorem 3 of [18]) and
the stochastic system (1) converges to a neighborhood of
the reference trajectory on average (that is, the average
stage cost is bounded as k — oo, see Theorem 4 of [18]).
However, both of these results rely on the condition that
a solution to (6) exists at every time k =0, 1,. .., using
the initialization (6¢), where pg and Xy are given by

( ) {($0a0)7 k= 07 ( )
M/ﬁzk = « " 8
(Wep—1 Zhje—1)s k>0,

where
Mes1jk = Arbe + Brlk + e, (9a)
Stk = ASkAL + AkSeu, Bl + Bi3,,, AL
+ ByS., B} + DD/, (9b)

and where uy, = E[ug |k, k], Zow, = E[(zr — pre]) (ug —
k) ", i) and By, = El(ug — ) (ug — tg) " | pn, Sk)-

The aim of this work is to investigate conditions implying
the feasibility of Problem (6) under the initialization (8),
as we have already established convergence results for
this problem, conditioned on feasibility, in Theorems 3

and 4 of [18]. In Section 3, we derive sufficient condi-
tions for X7 and X such that Problem (6) is recursively
feasible, and in Section 4 we show how to compute X Jf
and X ¢ to meet these conditions. We then show that our
method allows for a convex problem formulation and en-
sures satisfaction of the chance constraints in practice.

Remark 2 In [18] we allowed Problem (6) to be initial-
ized with px = x, Xk = 0 instead of (8) if the fol-
lowing two conditions are satisfied: Problem (6) is fea-
sible under such an initialization, and also its solution
provides a lower optimal cost than that under (8) (i.e.,
IN @k, 0) < TN (g 15 Xkx—1))- Therefore, feasibility
under (8) implies feasibility under the initialization pro-
posed in [18] and thus it provides a sufficient condition
for the stability results in Theorems 3 and 4 of [18].

3 Recursive Feasibility Conditions

We are now ready to introduce the main result of the
paper, which establishes sufficient conditions for the re-
cursive feasibility of Problem (6).

Theorem 3 Let X} and Xy be such that, given p € Xy

and ¥ = Xy, there exists a p(-) such that, for all A € A,
BeB, DeD,reR,

Pr(a;x <Bzi)>1—pgi,i=1,...,Ng, (10a)
Pr(og ju< Buj) >1=puj, j=1,...,Nu, (10b)

Ap+ Bu+re XE, (10c)
AXAT + A%, BT +Bx] AT
+BY,B" +DD" <%, (10d)

where © ~ N(p,2), u = p(x), u = Elulu,X], Xp =
E[(z—p)(u—a)"|p, 2] and 2, = E[(u—a)(u—a) " |u, 3.
Then, assuming Problem (6) is feasible at time k = 0
using the initialization (8), it will remain feasible under
initialization (8) for all future time steps k > 0.

PROOF. It is sufficient to show that feasibility at an

arbitrary time-step k implies feasibility at the next time-
step k+ 1. To that end, let an optimal solution p;;N_l ()

to Problem (6) at time k exist with corresponding opti-

mal control, state, and moment sequences uzN -1 :c,”;N ,

N and 3N, We claim that a feasible solution at time
k + 1 is given by

p11€v+—11(.) = {prr1kt1()s s PraNpr1 ()}
= {plt+1|k<'>7'~'7ply;+N71|k(')ap(')}7 (11)

generating the control sequence

up = {1 Uk N1 ) (12)

and the predicted state sequence

mffv_,,_l = {l’k+1|k+1, cee ,Ik+N+1\k+1}v (13)
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with corresponding moment sequences

aﬂk-&-N-‘rl\k-&-l}
s Bt N et N1 k1) (14)

N
Hit1 = {Hk+1\k+1, .
_ * *
= {Mk+1\kaﬂk+2\ka e
N
i1 = Ak k41 Sk N1k41)

= {Sh 1l Zhaoler - - Skt NYks Sk N+1]k+1 s (15)

where g1 = Pejet1 (et 1)s T ~ N (ejet15 Dejet1),

fort=k+1,...,k+ N+ 1.

To show that (11) results in a feasible solution of
Problem (6), notice that under initialization (8),
Tpgilht1 ~ N(“2+1|k’22+1|k>' Then, the sequences

{Uk+1\k+1> - -auk+N71|k+1}7 {$k+1\k+1> - -7xk+N71\k+1}
necessarily satisfy (6e) and (6f) as, due to (8), they will
be distributed the same as those derived from a feasible
solution of (6). Moreover, x4 n|x+1 Will be distributed
according to N(“Z+N\k7 X)) and will satisfy (6e)
because it necessarily satisfies the terminal constraints
(6g)-(6h) as a solution of Problem (6), which, under
(10a), implies satisfaction of (6e). Finally, due to (10),
and since, as a solution of (6), Hiinpe € Xf and
EZJerk, = Xy, it is known that there exists p such that
Ukt N|k+1 = Pkt Nk+1(ThaNk+1) = P(TrqN|hs1) satis-

fying (6f), and such that x4 x11jx+1 satisfies (6g)-(6h).
O

We have thus established sufficient conditions for the
recursive feasibility of Problem (6) under the initializa-
tion (8). Next, we show how (10) can be used to design
the terminal set X J’f and the terminal covariance Xy so
as to ensure that the Problem (6) is recursively feasible.
As a direct consequence of that result, we will show that
the convex CS-SMPC formulation presented in [18] is
also recursively feasible.

4 Terminal Constraint Design

To compute the terminal set X J‘f and the terminal co-

variance X satisfying (10), we introduce the candidate
control parameterization

gk = Pek(Tek) = Vepk + Lo (Toe — fejr), (16)

where vy, € R™ and Ly, € R™«*"=. Under (16), ty;, =
Ut|k» Emut‘k = Et\kLz‘—ka and ¥ = Lt\k2t|kL;||—k'

Ut |k

Lemma 4 A terminal covariance matriz X ¢ satisfying
(10d) is given by the solution to the semidefinite pro-
gram (SDP)

in tr(X
min (%)

subject to

(17a)

Y — D!DIT A + BYZ
=0, (17b)
ZAZT + ZTBKT )

for all £ = 1,...,N,, where ¥ = 0y, xpn, and Z €
R™*"= and where tx(-) is the trace operation.

PROOF. Under the control policy parameteriza-
tion (16), p(x) = v + L(z — p), and (10d) reduces
to the existence of a matrix L € R"™*"= guch that
(A+ BL)S(A+ BL)T + DDT < 5y, for all A € A,
B € B,D € D,and ¥ < X¢. Thus, a terminal covari-
ance matrix 3 satisfying (10d), is given by a matrix X
satisfying

Y= (A+BL)X(A+BL)" +DD', (18)

forall A€ A, B € B, D € D and for a particular choice
of L € R™*"=_Similar to the approach in [13], using the
Schur complement, (18) may be formulated as a linear
matrix inequality (LMI) given by

by (A+BL) D
(A+BL)T ' 0| =0, (19
DT 0 I

M =

forall Ae A, Be B, D eD.

Using the Schur complement and (2), it may be seen that
satisfaction of (19) is ensured by

Y- D'DT (A’ + B'L)

=0
(A'+B'L)T  x-t

; (20)

for all £ =1,...,N,. Finally, (20) may be converted to
the equivalent LMI given by (17b), which is convex in ¥
and Z, by multiplying from both sides by blkdiag(7, X))
and using a change of variables given by Z = LY. Thus,
(le;)sagsfying (10d) may be found by solving the SDP

Let the optimal solution of Problem (17) be given by
>*  Z*. The optimal control gain L* may be recovered

from L* = Z*E*_l, provided ¥* > 0. We are now ready
to introduce the second main result, which shows how to
compute X ]’f and X so that the conditions of Theorem 3
are satisfied.

Theorem 5 Let Xy = ¥* be given by (17), and let X}‘f
be the largest set such that X;L C Xsate and such that, for
alll=1,...,Np,

I E X}‘ — 30 € Usago : A'pu+ Bv +1° € X¥, (21)

where,
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Ny

Xsafe = ﬂ {/J : OKLM S Bw,l} P (223‘)
i=1
N, )

Usafe = ﬂ {’U : aljv < ﬁuﬂ-}, (22b)
j=1

and where

Bm,i = Bz,i — A/ alizfaz,i (I)_l(l - pzzz,i)7 (233)

Bus = Bug — \Jou LS LT o 71 = pu ), (23D)

where ®71(+) is the inverse cumulative distribution func-
tion of the standard normal distribution. Then, the con-
ditions (10) of Theorem 3 for the recursive feasibility of
Problem (6) are satisfied.

PROOF. Let p(z) = v+ L*(z—p) where z ~ N (p, X2).
Then, as shown in Lemma 3 of [18], the chance con-
straints (10a) and (10b) may be reformulated as the de-
terministic constraints

o it + m@fl(l = Pai) < Buis (24a)

ol v+ /ol L SL T a0 @71 = puy) < Buy, (24D)

foralli=1,...,N; and j = 1,..., N,. It may be seen
from (22) that the deterministic constraints (24) are sat-
isfied for all X <X Xy, p € Xate, and v € Usage. More-
over, since X’ ]’f C Xiafe, the chance constraints (10a) and
(10Db) are satisfied for all ¥ < Xy, € X;L and v € Usago.-
Next, due to (2) and (16), it may be seen that (10c) is
ensured for all A € A, B € B, and r € R by the exis-
tence of a v € R™ such that A’u+Bfv+rf € X;‘, for all

£=1,...,Npand for all u € X}". Thus (21) is sufficient

for satisfaction of (10c). Finally, by Lemma 4, setting
Y to the optimal solution of (17) ensures satisfaction
of (10d). O

Remark 6 The set X;‘, given by (21), is often referred
to as a mazimal robust controlled invariant set and may
be efficiently computed using the iterative procedure pre-
sented in, e.g., [4,14]. Although any robust controlled in-
variant set is sufficient, using the maximal such set min-
imizes conservatism as, ideally, the terminal set should
be as large as possible while ensuring recursive feasibility.

4.1 Closed-loop Chance Constraint Satisfaction

Next, we show that the proposed approach ensures the
chance constraints (4) will be satisfied by the system
under closed-loop operation with (7), as desired.

Theorem 7 The control policy (7) generated by solving
Problem (6) with the terminal constraints Xy and X}

given by (17) and (21), respectively, and using the ini-
tialization (8), ensures that the system (1) satisfies

Pr(ag ;z; < Bailzo) > 1— pay, (25a)
Pr(a, juk < Bujlzo) > 1—puy, (25b)
fori = 1,2,....N, and j = 1,2,...,N, and k =

0,1,2,..., provided Problem (6) is feasible at time k = 0.
PROOF. Examining the constraints (6¢), (6e),
and (6f), it is clear that recursive feasibility of Prob-
lem (6) under Theorems 3 and 5 and control policy (7)
imply

Pr(og ;@i < Bailie, Xk) = 1= pai, (26a)
Pr(o jug < Bujlpin: Sk) > 1= pujs (26b)

for all £k = 0,1,..., where the problem is initialized
with o ~ N (pk, Xk ). Moreover, under initialization (8)
which depends on the moment dynamics (9) and the ap-
plied control policy (7), we have

Mrt1 = Appig + Bty + 7y, (27a)
Shi1 = A SRAL + ARSs, Bl + BeSil AL

+ ByX% By + DDy, (27b)

for all & = 0,1,..., where u; = Elug|ur, Xrl,

Sue = Ellwr — p)(un — a3) g, Bx), and B, =

E[(uy — u})(up — u}) " |k, k], and where pg = xo and
Yo = 0. Note that (27) are precisely the moment dy-
namics for the system (1) operating in closed-loop under
the control policy (7). Therefore, since the problem is
initialized with a5, ~ N (i1, S1.), given o, pf¥ () and
the moment dynamics evolve deterministically. Thus,

e = Elzk|po, Xo] = Elzk|zo], (28a)
Sk = El(zk — i) @k — ) 10, So]
= E[(zr — ) (xx — i) " |o), (28b)

for all k = 0,1,.... Therefore, (26) implies (25). O

In some cases, (e.g. [11,18]) it may be desirable to re-
duce conservatism by replacing the static initialization
strategy (8) with a dynamic strategy

(xkvo)a TE € Xfeasa

(e, ) = { (29)

* * .
(uk‘kfl,zklk%), otherwise,

where Xpas € X is the set of states for which Prob-
lem (6) is feasible with ur = xp and X = 0. In this
case, (25) is not inherently satisfied. Rather, this initial-
ization strategy ensures a different notion of closed-loop
chance constraint satisfaction.



Corollary 8 The control policy (7) generated by solv-
ing Problem (6) with terminal constraints ¥y and X]’f
given by (17) and (21), respectively, and using the ini-
tialization (29), ensures recursive feasibility and that the
closed-loop operation of system (1) will satisfy

Pr(a, ,ox < Boil®r) > 1= poi, (30a)
Pr(aljuk < Bujlzr) =1 —puj, (30b)

fori=1,2,... Nyandj=1,2,..., Nyandk >7 >0,
provided xo € Xfeqs, and where T is the most-recent time-
step at which x € Xfeqs.

PROOF. Recursive feasibility is ensured since the first
case of initialization (29) is ensured for k = 0 and, due
to Theorems 3 and 5, at least the second case will be en-
sured for k > 0. Closed-loop satisfaction of the chance-
constraints (30) follows from a generalization of Theo-
rem 7 by replacing the fixed case zy with the dynamic
case =, as the last state on which the problem was re-
conditioned. [J

Remark 9 Note that the initialization (8) is more con-
servative than (29) and ensures (25), which is condi-
tioned on the initial state xo. On the other hand, initial-
ization (29) is less conservative, but ensures (30), which
is conditioned on x,, which, typically, is a more recent
state.

4.2 Convex Formulation

Theorem 5 shows how to compute the terminal con-
straints under the control parameterization (16), so as to
ensure recursive feasibility. However, formulating Prob-
lem (6) with the affine state feedback parameterization
(16) results in a nonconvex program [11,26]. Next, we
show that by a change of variables, we may arrive at
a convex reformulation of Problem (6) using the more
general control parameterization (31).

Theorem 10 Any state-feedback policy of the form (16)
may be represented by an affine feedback policy, given by

t
Ugk = gk + Z Ki kYt |k (31a)
P
Yer1k = Ak + Dewe, Yk = T — pg,  (31D)

where Yy, € R™ is an auziliary variable that tracks the
error evolution of the uncontrolled system. Moreover, us-
ing the parameterization (31), Problem (6) may be cast
as a conver program.

PROOF. The predicted dynamics of system (1) may
be alternatively written as

Xile = Al wpp + BY UL + DYWL 4, (32)

N T T T T N—-1 __
where X [$k|k79€k+1|k7-~7$k+mk] ) Uk|k -

klk
T T T T N-1 _ T T
[uk\k7uk+1|k7 e 7uk+N—1|k] » Wi = [wg,wy,

...,w,L_N_l]T, where AY € RN+Dnexng BN €
]R(N—i-l)nsznu7 Dllf\f c ]R(N—i-l)nz><an7 ,'7’2\/ c ]R(N-l-l)nm7
and B,JCV and D,]CV are lower block triangular. The exact
expressions for the system matrices AY, BY, DY may
be found in [12], for example.

We introduce the parameterization (16) and split (32)
into the nominal and error dynamics as follows

Xk = Xile + Xilas (33a)
Xk = A e+ BY V,j‘kal + 7Y, (33b)
Xie =A@, + B,ivanglXﬁk + DYwN!
= (I = BY Ly ) (A& + DYWE), (33¢)
where Ty, = x — ik, ij‘vk_l = [v,;r‘k, e ,v,L_N_llk]T, and
Lyr O 0 0
- 0 Ligapp --- 0 0
Ly =1 . . C] (83)
0 0 .. Ly 0

Therefore, U~ = VI Ly (T=BY L)~ (AN B+
DYWL

Introducing the change of variables

N-— N— > N—1y—
Kk\k t= Lk|k ' BliVLMk H, (34a)
Vi = (A& + DYWY Y, (34b)

yields the control parameterization Ulgf 5 =K ]]J 5 1Yk1‘vk+
Vk]l\;cil’ where Kﬁ,;l =

Kk,k|k 0 0 0

Kivipe  Kiyrpre - 0 0

Kiyn—1kk Kren—1 641k -+ Kryn—1x+n-1% O

where the lower triangular structure of K ]Jf\" & ! results

from the block lower triangular structure of B}Y.

The parameterization given by (34) is the augmented
form of the affine feedback policy (31). In Theorem 2
of [18], we have shown that Problem (6) may be cast
as a convex program by introducing the affine feedback
parameterization given by (31). O
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Remark 11 In [18], the feedback is applied only with re-
spect to the current error (that is, ), = Vi + Ky |i)-
However, this is done merely to limit the number of deci-
sion variables and improve computation time. The proof
of convexity in [18] may clearly be extended to the more
general case of (31).

The final convex program is given as

o I{un - JN(Mk7Ek;VkJ\Vk717K£\,1;1)

klk k\k

= (A e + BV 7 — X)) Q) + VklrkilTRVkJ\Vkil
+tr[((1 + BYK Ii\\lk 1) Q%) + Kﬁk ITRKIi\\fk 1) vl (35a)
subject to

Oé;r’iEt7k (A]jcvuk + Bk Vk|k + Tk )

ISy 2 T+ BY KV T E o il| @7 (1 = pa)

=Bz, <0, i=1,...,Ng, (35D)

i Fer Vi '+ IIEi/QKﬁE”Flkau,jllfb‘l (1= puj)

—Bu; <0, j=1,..., Ny, (35¢)
(Aﬁuk +BY Vk‘k Ly ) € xL, (35d)

Ef>EN([+Bk k\k ) ([+Bk k\k ) EN> (35e)

T

where X, = ANS, ANT+DNDNT X, = (2] Lo Tgein

Q = blkdlag(Qk,...,Qk+N_1,0nzxnz), and R =
blkdiag(Ry, ..., Rr+n—1), and E;_j and F;_j are such
that z,, = B,k X}, and uyy = Ft,kU,ﬁT,;l.

In summary, using Theorem 3, we have established suf-
ficient conditions to guarantee recursive feasibility of
Problem (6). Theorem 5 shows how the terminal con-
straints may be designed so as to satisfy these condi-
tions in practice. Theorem 7 establishes that the chance
constraints will be satisfied under closed-loop operation,
as desired. Finally, Theorem 10 shows that the results
of the previous theorems extend to the convex problem
formulation (35) utilized in [18].

5 Numerical Example

We evaluate the proposed approach in a realistic vehicle
lateral control example. We consider a nonlinear kine-
matic bicycle model, which, as in, e.g., [30], is linearized
around a reference trajectory to obtain an ATV system.
The nonlinear kinematic bicycle model, shown in Fig. 1,
is given by the following

€y = ¢ - &ref + ’)y/an (363)

€y = Uy COS €y, + Uy Sin ey, (36b)

§ = (vycosey —vysiney)/(1 — eyp), (36¢)

where v, = I/xéﬁ, ¢ tande s and where ey, is

the heading error with respect to the reference path, ¢ is
the vehicle’s absolute heading, ¢ is the heading of the
reference path, v, is the vehicle’s lateral velocity, v, is the
vehicle’s longitudinal velocity, e, is the vehicle’s lateral

error with respect to the reference path, s is the vehicle’s
longitudinal position with respect to the reference path,
p is the curvature of the reference path, ¢ is the front
steering angle, and ¢; and ¢, are the locations of the
vehicle’s center of mass. Given a velocity profile and a

Fig. 1. Kinematic Bicycle Model in Curvilinear Coordinates

reference path, and assuming ¢ and ey, remain small, an
affine approximation for the lateral motion is given by

v,

. L
s 7x5 — v, 5 r
€y G0 Vep + I (37a)
: &y
€y = s Vgl + Ugey. (37b)

We define the state x = [§, ey, e,] T and control u = § and
use Euler integration with a time-step of At = 0.1 s to
obtain the affine system zy1 = A(vy, )2k + B(Va, )ur +
Duwy, + r(vz,, pr), where, for the given reference trajec-

tOYy Zref = {[VwmpO]Ta SR [VzTapT]T}7

1 0 O
Alvg,) = Ay, = z;/jrke At 1 0|, (38a)

€f+€ Vg, At vy, At 1

ZT T

B(vz,) = By = [At, 74)” T At 0], (38b)
D = diag(0s5At, 0,At, 0,At), (38c¢)
r(Vgy, pre) = 1K = |0, —ka/IkAt,O]T, (38d)

where we have added the additive noise term to account
for errors owing to the linear approximation.

We define X = {z € R® : [-7/4,
[m/4,7/4,2]T}, and U = {u € R :
we let Zref SatiSfY [Vminypmin]—r S z S [Vmaxapmax ’
for all z € zper, where vy = 1.0, Vmax = 20.0, pmin =
—0.025, pmax = 0.025. Thus, S = co{S(Vmin, Pmin);
S(Vma)u pmin)a S(Vmina pmax)y S(Vma)u pmax)}7 where
S(va) = [A(U),B(U),D,T‘(’U,p)L and [AkakaDark?] €
S for all k£ = .,T. We set the maximum prob-
ability of constraint violations to py; = 0.025 for
i =1,...,6 and p,; = 0.05 for j = 1,2. The length
of the control horizon is N = 4, the cost matri-
ces are given by @ = diag(1,1,1), R = 100, and

—m/4,-2]T <z <

-1 <wu < 1}, and
T



Zg, = 03x1 for all k = 0,1,...,T. The vehicle dimen-
sions are £y = £, = 2.4. We set the noise parameters as
0s = 0y = 0, = 0.1 and the simulation length T" = 50.

The proposed approach is compared with two naive im-
plementations of CS-SMPC over 20 Monte Carlo trials
in which uncertainty enters the system purely through
the additive disturbances. The first implementation uses
nominal terminal sets given by X ]’f nom and X7 nom com-
puted using an LTI system given by taking the mean val-
ues of v, and pg over kK = 0,...,T, and the second uses
no terminal constraints at all. The proposed approach is
evaluated with three initialization schemes compared in
Table 2: (8) which is the most conservative and ensures
Theorem 7, a probabilistic reachable set (PRS) method
similar to [17] which is less conservative and also ensures
Theorem 7%, and (29) which ensures Corollary 8. Due
to the weighting of R, (5) is dominated by the control
cost, so the more conservative methods incur the highest
cost. The three approaches are simulated over 20 Monte
Carlo trials with the results, including the computed ro-
bust terminal set as well as the closed-loop CS-SMPC
trajectories, shown in Figs. 2-3.

Table 2

Average total cost for different initialization schemes, com-
puted by summing (5) over the simulation length 7" and av-
eraging over the 20 Monte Carlo trials.

Initialization (8) | PRS | (29)

Average Total Cost 343 261 228
Std. Dev. Total Cost 359 | 342 | 17.3

-05
-10
o & noms 2, nom: (8)
w —— X3, 8)
! % Infeasibility Point
= + 1o

-1.0 0.5 0.0 0.5 1.0

Fig. 2. Computed robust terminal set X%, compared with
a nominal terminal set for a single set of system parame-
ters X and the tightened state constraints Xsafe. Monte

f,nom?

Carlo closed-loop CS-SMPC trajectories with robust X f and
3y compared with using nominal terminal constraints.

4 Additional methods to reduce conservatism while ensuring The-
orem 7 include indirect feedback [16] and initial state interpo-
lation [19] which also lie between the extremes of initialization
schemes (8) and (29) in terms of conservatism vs. performance.

- A
—e— No terminal, (8)

50
- X%nom’ 2 noms (8)
—— .2 ®)
—— &, 3 PRS

X, %5 29)

%R Infeasibility Point

30 AA Reinitialization Point

20

-3 -2 -1 0 1 2
€y

Fig. 3. Monte Carlo closed-loop CS-SMPC trajectories in
curvilinear coordinates with robust X} and X for different
initialization schemes, compared with CS-SMPC using nom-
inal and no terminal constraints, respectively.

It may be seen from Fig. 2 that the robust terminal set
is a subset of the nominal terminal set, Xﬁ - X}fnom? as
the robust terminal set is the intersection of all nominal
control invariant sets for any system parameters. Like-
wise, the terminal set X% is a subset of X, as it is the
set for which any value of the mean state may be con-
tained within Xj.¢ at all future time steps, illustrating
the additional conservatism necessitated by the robust
terminal constraints.

Figure 3 shows the closed loop trajectories in curvilin-
ear coordinates for the vehicle. The colored crosses indi-
cate points at which no feasible solution to the optimal
control problem exists and the corresponding trajectory
ends. This occurs when the vehicle reaches a state from
which no control policy exists within the search space
that will prevent it from violating the state constraints
in the near future. It may be seen that the closed-loop
trajectories using CS-SMPC with the robust terminal
constraints (X}, ¥y) obey the state constraints and do
not lead to infeasibility of Problem (6). When CS-SMPC
uses the incorrect terminal constraints (X Jﬁ‘ nom» > fonom)s
it may be seen from the green crosses, that Problem (6)
does not remain recursively feasible for all trajectories,
due to the lack of invariance over all system parameters.

6 Conclusion

We have established the first recursive feasibility result
in the literature for SMPC using convex affine feedback
for ATV systems subject to unbounded disturbances. We
first presented a theorem giving sufficient conditions for
the recursive feasibility of the ATV SMPC optimization
problem. Then, we introduced a result showing how the
terminal constraints may be calculated to satisfy these
conditions. Finally, we showed that these results extend
to the CS-SMPC convex problem formulation used in



our previous work, for which we have already established
convergence guarantees.

References

[1] Elena Arcari, Andrea Iannelli, Andrea Carron, and Melanie N
Zeilinger.  Stochastic MPC with robustness to bounded
parameteric uncertainty. IEEE Transactions on Automatic
Control, 68(12):7601-7615, 2023.

[2] Efstathios Bakolas. Optimal covariance control for discrete-
time stochastic linear systems subject to constraints. In 55th
IEEEE Conference on Decision and Control, pages 1153—
1158, Las Vegas, NV, Dec. 12-14, 2016.

[3] Efstathios Bakolas. Finite-horizon covariance control for
discrete-time stochastic linear systems subject to input
constraints. Automatica, 91:61-68, 2018.

[4] Francesco Borrelli, Alberto Bemporad, and Manfred
Morari. Predictive Control for Linear and Hybrid Systems.
Cambridge University Press, 2017.

[5] Mark Cannon, Qifeng Cheng, Basil Kouvaritakis, and Sasa V
Rakovié.  Stochastic tube MPC with state estimation.
Automatica, 48(3):536-541, 2012.

[6] Mark Cannon, Basil Kouvaritakis, Sasa V Rakovié, and
Qifeng Cheng. Stochastic tubes in model predictive control
with probabilistic constraints. IEEE Transactions on
Automatic Control, 56(1):194-200, 2010.

[7] Mark Cannon, Basil Kouvaritakis, and Xingjian Wu. Model
predictive control for systems with stochastic multiplicative
uncertainty and probabilistic constraints. Automatica,
45(1):167-172, 2009.

[8] Yongxin Chen, Tryphon T Georgiou, and Michele Pavon.
Optimal steering of a linear stochastic system to a final
probability distribution, part 1. [IEEE Transactions on
Automatic Control, 61(5):1158-1169, 2015.

[9] Yongxin Chen, Tryphon T Georgiou, and Michele Pavon.
Optimal steering of a linear stochastic system to a final
probability distribution, part II. IEEE Transactions on
Automatic Control, 61(5):1170-1180, 2015.

[10] Yongxin Chen, Tryphon T Georgiou, and Michele Pavon.
Optimal steering of a linear stochastic system to a final
probability distribution—part III. IEEE Transactions on
Automatic Control, 63(9):3112-3118, 2018.

Marcello Farina, Luca Giulioni, Lalo Magni, and Riccardo
Scattolini. A probabilistic approach to model predictive
control. In 52nd IEEE Conference on Decision and Control,
pages 7734-7739, Firenze, Italy, Dec. 10-13, 2013.

Maxim Goldshtein and Panagiotis Tsiotras. Finite-horizon
covariance control of linear time-varying systems. In 56th
IEEE Annual Conference on Decision and Control, pages
3606—3611, Melbourne, Australia, Dec. 12-15, 2017.

Ramon Gonzalez, Mirko Fiacchini, Teodoro Alamo, Jose Luis
Guzman, and Francisco Rodriguez. Adaptive control for
a mobile robot under slip conditions using an LMI-based
approach. Furopean Journal of Control, 16(2):144-155, 2010.

Ramoén Gonzalez, Mirko Fiacchini, Teodoro Alamo, José Luis
Guzman, and Francisco Rodriguez. Online robust tube-
based MPC for time-varying systems: A practical approach.
International Journal of Control, 84(6):1157-1170, 2011.

[15] Jurre Hanema, Roland T6th, and Mircea Lazar.
Stabilizing non-linear MPC using linear parameter-varying
representations. In 56th IEEE Conference on Decision and
Control, pages 3582-3587, Melburne, Australia, Dec. 12—15,
2017.

(11]

(12]

(13]

(14]

10

[16] Lukas Hewing, Kim P Wabersich, and Melanie N Zeilinger.
Recursively feasible stochastic model predictive control using
indirect feedback. Automatica, 119:109095, 2020.

Lukas Hewing and Melanie N Zeilinger. Stochastic model
predictive control for linear systems using probabilistic
reachable sets. In 57th IEEE Conference on Decision and
Control, pages 5182-5188, Miami Beach, FL, Dec. 17-19,
2018.

Jacob Knaup, Kazuhide Okamoto, and Panagiotis Tsiotras.
Safe high-performance autonomous off-road driving using
covariance steering stochastic model predictive control. IEEE
Transactions on Control Systems Technology, 31(5):2066—
2081, 2023.

Johannes Kohler and Melanie N Zeilinger. Recursively
feasible stochastic predictive control using an interpolating
initial state constraint. IEEE Control Systems Letters,
6:2743-2748, 2022.

Milan Korda, Ravi Gondhalekar, Jifi Cigler, and Frauke
Oldewurtel. Strongly feasible stochastic model predictive
control. In 50th IEEE Conference on Decision and
Control and European Control Conference, pages 1245-1251,
Orlando, FL, Dec. 12-15, 2011.

Basil Kouvaritakis and Mark Cannon. Developments in
robust and stochastic predictive control in the presence of
uncertainty. ASCE-ASME J Risk and Uncert in Engrg Sys
Part B Mech Engrg, 1(2), 2015.

Basil Kouvaritakis, Mark Cannon, Sasa V Rakovi¢, and
Qifeng Cheng. Explicit use of probabilistic distributions
in linear predictive control. Automatica, 46(10):1719-1724,
2010.

Pedro F Lima, Jonas Martensson, and Bo Wahlberg. Stability
conditions for linear time-varying model predictive control in
autonomous driving. In 56th IEEE Conference on Decision
and Control, pages 2775-2782, Melburne, Australia, Dec, 12—
15, 2017.

David Q Mayne. Model predictive control: Recent
developments and future promise. Automatica, 50(12):2967—
2986, 2014.

[25] Ali Mesbah. Stochastic model predictive control: An overview
and perspectives for future research. IEEE Control Systems
Magazine, 36(6):30—44, 2016.

Kazuhide Okamoto, Maxim Goldshtein, and Panagiotis
Tsiotras. Optimal covariance control for stochastic systems
under chance constraints. IEEE Control Systems Letters,
2(2):266-271, 2018.

Kazuhide Okamoto and Panagiotis Tsiotras.  Optimal
stochastic vehicle path planning using covariance steering.
IEEE Robotics and Automation Letters, 4(3):2276-2281,
2019.

Frauke Oldewurtel, Colin N Jones, and Manfred Morari.
A tractable approximation of chance constrained stochastic
MPC based on affine disturbance feedback. In 47th IEEE
Conference on Decision and Control, pages 4731-4736,
Cancun, Mexico, Dec. 9-11, 2008.

[29] Joel A Paulson, Edward A Buehler, Richard D Braatz,
and Ali Mesbah. Stochastic model predictive control with
joint chance constraints. International Journal of Control,
93(1):126-139, 2020.

[30] Jinxiang Wang, Yongjun Yan, Kuoran Zhang, Yimin Chen,
Mingcong Cao, and Guodong Yin. Path planning on large
curvature roads using driver-vehicle-road system based on the
kinematic vehicle model. IEEE Transactions on Vehicular
Technology, 71(1):311-325, 2021.

(17)

(18]

[19]

20]

(21]

(22]

23]

24]

[26]

27)

(28]



