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Risk-Aware Maximum Hands-Off Control Using Worst-Case
Conditional Value-at-Risk

Masako Kishida

Abstract—With the view of risks, this article deals with the
problems of maximum hands-off control that aims at minimizing
the length of nonzero control input. More specifically, we consider
stochastic systems and seek sparse control inputs that bring the
system state to a ball centered at the origin, such that the expected
value of the states that are further than a given threshold from
the origin is small, thus minimizing the risk that the system state
is outside of the ball. To deal with this problem, we employ the
worst-case conditional value-at-risk under the assumption that the
first two moments of the disturbance distribution are known. In
particular, we consider two kinds of risk-aware maximum hands-off
control problems: one enhances the sparsity within a given risk
threshold, and the other minimizes the risk subject to a sparsity
constraint. We also derive a risk-constrained sparse model predic-
tive control and provide a numerical example that shows the effec-
tiveness of the proposed approach in networked control systems.

Index Terms—Conditional value-at-risk (CVaR), maximum
hands-off control, model predictive control (MPC), networked con-
trol systems, stochastic systems.

|. INTRODUCTION

The maximum hands-off control introduced in [1] aims at minimiz-
ing the length of time during which the control input value is nonzero
while achieving given control objectives. Such a control approach
provides a sparse control input, which is valuable for electric/hybrid
vehicles and electric locomotives because it helps to reduce fuel and/or
electric energy consumption. Maximum hands-off control also has
significant advantages in networked control systems. This is because
real networks are rate-limited and transmitted signals should be com-
pressed to small data to meet the network limitation [2]. In [3], it was
shown that sparse signals can be more effectively compressed than
densely represented signals. Motivated by these various applications,
the maximum hands-off control has been proposed for discrete-time
systems [4], [5], [6], uncertain systems [7], stochastic systems [8], [9],
and infinite-dimensional systems [10]. A good survey of the maximum
hands-off control was given in [11].

This article considers the maximum hands-off control problems for
stochastic systems with the view of risks, or more specifically, tail
risks. For safety and reliability, it is important to consider tail risks
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in the decision-making processes to quantify the risk that has a low
probability of occurring, but if it does occur, it will result in a large
loss. However, in most cases, it is very difficult to obtain the exact
knowledge of uncertainties; the probability distribution of uncertainties
is not always available. This may be because uncertainties come from
many different sources. Even in such cases, moments are relatively easy
to compute. Therefore, we consider the case where the system is subject
to external disturbances whose first and second moments are already
computed. With disturbances, it is not possible to bring the system state
to a specific location and keep it there. Thus, our goal is to minimize
the risk that the system state moves away from a given ball centered at
the origin in the worst case as well as to keep the duration of nonzero
control inputs short.

In order to deal with disturbances that are only known to be con-
tained in a set of probability distributions with specified moments,
we formulate the problems in the form of distributionally robust op-
timization [12], [13], [14]. Namely, we deal with the supremum of the
risk over all possible disturbances in the set. As a risk measure, we
employ the notion of the conditional value-at-risk (CVaR), or more
precisely, the worst-case CVaR. CVaR is defined as the conditional
expectation of losses exceeding a certain threshold, which provides a
convex conservative approximation for a joint chance constraint [13].
The worst-case CVaR is the supremum of CVaR over the set of possible
disturbances. Because the (worst-case) CVaR is a coherent risk mea-
sure [15], [16], [17], [18], it enjoys nice mathematical properties. In
particular, we observe that the problem of maximum hands-off control
using the worst-case CVaR on the squared norm of the states using the
first two moments of the disturbance allows a beautiful and efficient
mathematical formulation of convex optimization if the control input
sparsity is promoted by using #*-norm.

We present the risk-constrained sparsity enhancement finite-horizon
control problem using the £°-norm of the control inputs and worst-case
CVaR, which is followed by the convex optimization problem that
is obtained by relaxing the /°-norm with the ¢!-norm. The solutions
to those two problems are then compared with the solutions to cases
without disturbances. Another important contribution is to show that
it is not possible for the system states to be in a given ball centered at
the origin regardless of the control input if the ball radius is too small
compared with the disturbance. Motivated by this, we also investigate
the problems of minimizing the risk subject to sparsity constraints
with £°- and ¢*-norms. Furthermore, we develop a model predictive
control (MPC) [19] that promotes sparsity subject to risk constraints and
demonstrate its effectiveness for the quantized control in the networked
control systems. We choose to use the networked control problem for
the numerical example because although the transmitted signals should
suffer from quantization, packet-dropout, noise, and so on [20], to date,
only a few studies have investigated maximum hands-off control to deal
with such issues.

The rest of this article is organized as follows. After introducing basic
notation, definitions and important results in Section II, Section III pro-
vides the system description along with some preliminary observations.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0001-7958-1001
https://orcid.org/0000-0002-8992-2495
mailto:kishida@nii.ac.jp
mailto:nagahara@ieee.org
https://doi.org/10.1109/TAC.2023.3235246

6354

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 68, NO. 10, OCTOBER 2023

Two problems of finite-horizon risk-aware maximum hands-off control,
risk-constrained sparsity enhancement and sparsity-constrained risk
minimization, are discussed in Sections IV and V, respectively. Based
on the results in Section IV, arisk-constrained sparse MPC is developed
in Section VI, which is followed by a numerical example in Section VII.
Finally, Section VIII concludes this article.

Il. PRELIMINARIES
A. Notation

The sets of real numbers, real vectors of length n, and real matrices
of size n x m are denoted by R, R", and R™*™, respectively. For
M e R™™ M » 0 and M = 0 indicate that M is positive definite
and positive semidefinite, respectively. The set of positive semidefinite
symmetric matrices in R"*" is denoted by S" . M T denotes the trans-
pose of a real matrix M, M~ denotes the transpose of the inverse
of M, and Tr(M) denotes the trace of M. I, denotes the identity
matrix of size n, and the subscript may be dropped when the size is
clear. The Kronecker product of two matrices X and Y is denoted
as X @ Y. For z € R, T = max{z, 0}. For a vector v € R™, ||v||o,
||v]|1, and ||v]|2 denote the number of nonzero entries of the vector v
(¢%-norm), Manhattan norm (¢'-norm), and Euclidean norm (¢2-norm),
respectively. For a matrix M, || M||; denotes the maximum singular
value norm. diag[A;, As, ..., A,] denotes a block diagonal matrix,
whose diagonal blocks are Ay, As,..., A,.

B. CVaR

Let x € R™ be the mean and > € R™ "™ be the covariance matrix
of the random vector § € R™ under the true distribution P¢ (i.e., P¢ is
the probability law of £). For simplicity, we drop the subscript £ and
write P instead of P¢ from now on. Thus, we implicitly assume that
the random vector ¢ has finite second-order moments. Let 7P denote the
set of all probability distributions on R that have the same first- and
second-order moments as P. Define the second-order moment matrix
of £ by

0=

S+pp’ p
n' i
Definition II.1 (CVaR [21]): For a given measurable loss function
L : R™ — R, the probability distribution P on R™ and the level €
(0,1), the CVaR at € with respect to P is defined as
. 1
PCVAR[L(9)] = inf {5+ LER(L(E) - )]

BeR
where Ep [-] denotes the expectation with respect to P.
The CVaR is the conditional expectation of loss above the (1 — ¢)-
quantile of the loss function [13] and quantifies the tail risk.
Definition 11.2 (Worst-case CVaR [13]): The worst-case CVaR over
‘P is given by

sup P-CVR. (€)= inf {5+ 2 sup e (2(6) - )71}
PeP BER € Pep

The worst-case CVaR is the supremum of CVaR over a given set
of probability distributions. The exchange of the maximization and
minimization is justified by a stochastic saddle point theorem [22]. In
this article, this worst-case CVaR will be used to design control inputs
that minimize the potential outlier states that are outside of a ball.

Now, we are ready to introduce some basic results.

Lemma 11.3 (Worst-case CVaR for quadratic function [13], [23]):
Let

L&) =¢TAE+2b"E+ ¢

where A € S, b € R", and ¢ € R. Then,

sup P-CVaR.[L(§)] = inf {5 + 1Tr(QM) :
PeP B €

M =0

A b
TRENR S

Lemma I1.4 (Bounds for worst-case CVaR [24]): Suppose ;x = 0 and
L(¢) = ||AY2€ +- V|3 + ¢ withsome A € S7, ¥ € R", and ¢ € R,
then

VT + é (Tr(XA)) < sup P-CVaR.[L(¢)]

PeP

IN

/ 1 /T 1/
c +g(Tr(EA)+b V).

Remark I1.5: Suppose p = 0. If we only know that the upper bound
Y of the covariance, i.e., ¥ = 3, then Lemma IL.3 holds by replacing
Qby Q = diag[%, 1].

Lemma I1.6: Let €1 c R", EQ € R™2 with ny + ny = n be two
independent random vectors whose means are zero, and A; € R™*™1
Az € R™*"2 be constant matrices. Define A = [A;, A5] and € =
(€1,3]7. Then,

sup P-CVaR. [|| A¢]12]
Pep

= sup P-CVaR.[[[A:& 3] + sup P-CVaR. [ 262 ]3]
PePy PePy

where P, P1, and P5 denote the set of all probability functions on R",
R™ and R"2 that have the same first- and second-order moments as the
probability law of the random vectors £, &1, and &, have, respectively.

Proof: Let 31 and X5 be the covariances of £; and £o, respectively.
Then, because &; and &; are independent, the covariance of & is ¥ =
diag[>1, X5]. From Lemma IL.4, it follows that

sup P-CVaR, [HA{H%]
PeP
= lpmara

€

1
= g (TI'(ZlAIAl) =+ TI‘(EQA;AQ))

= sup P-CVaR.[[|[A:& 3] + sup P-CVaR.[[|A2&:]3].
PePy PePy

| |

We can extend this result as follows:

CorollaryIl.7: Leté; € R™,i=1,...,k,bekindependent random
vectors whose means are zero under the same true distributions P and
A; € R™ ™ be constant matrices. Let A = [A, Ao, ..., Ag] and £ =
[€].&5,...,&]]. Then,

k
sup P-CVaR.[[|A¢]3] = Z;ugP-CVaRE[HAi&HS]
€

Pang o

where Py, and P denote the set of all probability functions on R™*
and R™ that have the same first- and second-order moments as the
probability law of the random vectors £ and &; have, respectively.

C. Sparsity
To deal with sparsity, let us define the set of all s-sparse vectors by
O, = {ueR™s.t ||llo < s}

Definition I1.8 (Restricted isometry property [25]): A matrix M is
said to satisfy the restricted isometry property (RIP) of order s if there
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exists d, € (0, 1) such that
(1 =da)llal3 < | Mal; < (1+6)|all3

holds for all u € ®,.
It is known that no efficient RIP-testing algorithm exists [26].

[ll. SYSTEM DESCRIPTION

Consider the discrete-time linear time-invariant stochastic system
over a finite time horizon

Typ1 = Axy + Buy + Fwy, 2o =¢, t=0,1,...,T—1 (1)

where z; € R™ is the system state, u, € R™* is the input, and
w; € R™ is the process noise or disturbance, respectively, at dis-
crete time instant t. A € R™*", B € R™*"«_and E € R™*"v are
time-invariant system matrices, and the pairs (A, B) and (A, E)
are both reachable (i.e., rank[A""'B A" 2B B]=n and
rank[A"'E A"2E ... E] = n). It is assumed that an initial state
xo = ( is given and T > n is the given final time of interest. w, are
independent and identically distributed random vectors with the mean
zero and covariance X, > 0 for all £. The true underlying probability
measure P, is not exactly known, but it is known that P, € P, where

plz{P:EP[m {“fﬂ{%f“ ﬂ \ﬁ,j}. @)

Here, 9;; is the Kronecker delta. The second-order moment matrix of
w;, is given by

For ¢t > 1, the state evolution of (1) can be expressed by
xy = Fi¢ + Gruy + Hywy 4
using
Uy = [ug, wl,. .., ul )"
Wy = [wg, wy,...,w )"
F, = A
G,=[A"'B A"?B ... B
H,=[A"'E A"?E ... E]. ®)
Thus, the state at the final time 7" can be written as
zp =FC(+ Gu+ Hw (6)
where
U =uUr, W=wyp, F=Fp, G=Gr, H=Hr. 7

With this notation, w, € R™w!isarandom vector with the mean zero
and covariance I; ® X,,. Thus, the true underlying probability measure

P for w; satisfies P € P;, where
T
_ 3 ’LT)t’i u_}t,j _ (It ®2w)6” 0 ..
pt_{P.EPHIH : } ]— ; | v ®
and the second-order moment matrix of 10, is given by

Iy ®3, 0
0r 1

Q= )

We write P for Pr and € for Q.

Before considering the main problems, the rest of this section extends
the results of [4] from the case of a single-input system to the case of a
multiple-input system. Namely, we show the existence of an n-sparse
control input % that drives the state from the initial state ¢ = ( to

xp = 0 in the case of no disturbance, i.e., £ = 0. For this purpose, let
us define an allowable control set by
V¢ = {ueR™7 st. F( + Gu = 0}.

The following lemma shows that the set Vg N &,, is nonempty.

Lemma 111.1 (Existence of allowable sparse control input, cf., [4]):
Consider the system (1) with £ = 0. For any (, there exists @ € V? n
D,,.

Proof: Let partition the matrix G as

10)

G=[G1 Gy] (I
where
Gy =[AT"'B AT?B A"B]
Gy =[A""'B A"?B ... BJ. (12)

Then, G5 is full rank because (A, B) is reachable. Thus, by applying
QR decomposition to G, it follows that

G:=R'[Q] Qj] (13)
where R € R™ ™ is an upper triangular and nonsingular matrix and
[Q1 Q4] € R™ ™" is an orthogonal matrix with Q; € R™*™. Choos-

ing

@= (00,0 & O, n] (14)
where @ € R" is to be determined, it follows that
Gu=R'Q] . (15)
Since R is invertible, by choosing
i=—-Q1R"F¢ (16)
it follows that
Gu=—F( 17)
and Vg is nonempty. Furthermore,
[allo = [lallo < n. (18)
|

From now on, we bring back E.

IV. RISK-CONSTRAINED SPARSE CONTROL

This section considers the problem of promoting the sparsity of the
control input while keeping the risk small that the outlier states go far
away outside of a ball of radius r. More specifically, we deal with the
problems of minimizing the ¢°- and ¢!-norms of the control inputs
that satisfy the worst-case CVaR constraint for the system (1). This
problem is to see how much control effort is needed to satisfy the
risk constraint. We also consider the relationship between the set of
allowable control inputs that satisfy the worst-case CVaR constraint
and the set of allowable control inputs without disturbances in (10).

For this problem, we define an allowable control input set by

u; = {a € R™T s.t. sup P-CVaR. [L(w)] < r2} (19)
PeP

where

L(w) = ||lz7|3 = | F¢ + Ga + Ho|3 (20)
with 7 > 0. If a control input @ belongs to U4/ in (19), then the expected
value above (1 — ¢)-quantile of ||z7||3 is no more than r2. Since
the worst-case CVaR provides a conservative approximation for the
following distributionally robust chance constraint:

Igprg)P (L(w)<r?) >1-¢ 1)

we can also say that any @ € U brings z7 within a ball of radius
centered at the origin with probability no less than 1 — ¢. Here, note
that ¢/ can be empty, and the condition for nonemptiness is given later
in this section.
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Throughout this article, we consider the squared norm of the state
I - [|2 and the squared radius 72, instead of || - ||2 and . This squaring
operation allows us tractable problem formulation with the worst-case
CVaR.

The problem of maximizing the sparsity of the control input « subject
to the worst-case CVaR constraint can be formulated as follows.

Problem IV.1 (Minimization of £°-norm of allowable control input):

min [|al|o (22)

The solution to Problem IV.1 can be found by solving the following
equivalent optimization problem:

ol
inf f[zllo

1
st B+ ZTR(QM) = r” + || F¢ + Gall3 <0

M =0
H'H H'(F Gu
M — . (FCHGU| o (23
(F'¢+Gu)'H -8
Here, we used the fact that
L(w) = (F¢+ Gu+ Hw) ' (F¢+ Gu + Hw)
=w' H Hw+2(F¢+ Ga) Ho
+ (F¢+ Gu)T (FC+ Ga) (24)
and Lemma II.3 to observe that Z/{g is the set of @ that satisfies
sup P-CVaR, [L(w)]
PeP
inf ¢ B+ ! Tr(QM)
= 1n — .
B €
M =0
H'H HT(F¢ + Gu) "0
(F¢+Gu)'H -8 -
+ |F¢ + Gal3
<72 (25)

Problem IV.1 or the optimization problem (23) is difficult to solve
because of the nonconvex ¢°-norm for the control input. By relaxing
the /°-norm by the ¢*-norm, we obtain the following problem, from
which we can still expect that the obtained control input is sparse even
if it may not be the sparsest.

Problem IV.2 (Minimization of £*-norm of allowable control input):

(20)

min [z,
aclU’

This time, the solution to Problem IV.2 can be found by solving the
following equivalent convex optimization problem:

inf 17
,v,8

1
st ZTr(QM) = 1% + || F¢ + Gall <0

M =0
M H'H HT(F¢+ Gu) C
(F¢C+Gu)'H -8 -
u<wv
—u<wv 27)

Now, we consider the feasibility of Problems IV.1 and IV.2.
Lemma 1V.3 (Existence of allowable control input): The set U is
nonempty if and only if

r? > 1Tr((IT @) H H). (28)
€
Moreover, if (28) is satisfied, then
=07, (QRTFQ)T,0']" (29)

is a feasible solution to both optimization problems (22) and (26).
Proof: Suppose (28) does not hold. Then, Lemma I1.4 implies @ in
U{ must satisfy

|F¢+ Gaul|2 <0

which is impossible. Thus 24/ is empty.
On the other hand, if (28) holds, then Lemma II.4 implies that a
sufficient condition for /" is nonempty is the existence of u that satisfies

(30)

1
g||F§+Gm|§ < d? 3D

where

d= \/r2 - %Tr((IT % %) HTH). (32)

From Lemma IIL.1, |F'¢ 4+ Gall2 = 0 is satisfied with an n-sparse
solution (29). | |

Thus, the optimization problems (22) and (26) are feasible if and
only if (28) is satisfied.

This result can be seen as an impossibility result. Namely, this shows
that it is impossible for the expected value above (1 — £)-quantile of
|lz7]|3 to be less than 72 unless the covariance ¥, is small enough
compared with r regardless of the control input. This motivates us
the consideration of minimizing the risk as much as possible with the
control input constraint, which we discuss in Section V.

We can design the parameter r for a reasonable control objective
without computing the summation in the right-hand-side of (28) using
the following result.

Lemma 1V.4: For any final time 7',

1 1

gTr((IT @, )HTH < gTr(P) (33)

where P > 0 is the solution to the Lyapunov function
APA" - P+ ES,E" =0.

Proof: From Lemma I1.4 and Corollary II.7,

(34)

1
~Tr((Ir ® $,,)H' H)
€
= sup P-CVaR_ [|| Hw||3]
Pep
t-1

Z sup P-CVaR, |:HAkE7-Ut—17kH§i|
k—0 PePy

t—1
1 > Tr(A*ES,(A*E)")
15

k=0

IN
|
=
~
NE
b
kol
T
Nl
€
b
kol
=
7
~
|
o |
=
3

This bound is independent of the time horizon 7'.
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Next, consider the relation between the allowable control set in (10)
and the allowable control set in (19).

Theorem IV.5 (Relationship between L{g and Vg ). If (28) is satisfied,
then Mg D) Vg. Moreover, if (28) is satisfied with equality, then L{g =
Ve,

¢
Proof: Letv € V2, then F¢ + Gv = 0. Thus,

sup P-CVaR.[| F¢ + Gv + Hw||2]
PeP

= sup P-CVaR. [|| Hw||?]
PeP

1
= gTr((IT ®Y,)H H) <r? (36)
Hence, v € L{g .
If (28) is satisfied with equality, then from Lemma IL4, u € U
implies that
sup P-CVaR.[|| F¢ 4+ Gu + Hw|2] < r?
Pep

1
= ||F¢+ Gull3 + gTr((IT @5, H H) < r?

1
= |F¢+ Gullz <7r? — gTr((IT ®Y,)H H)=0. (37

Thus, u € V¢. [ |
Let us introduce two more closely related problems:
Problem IV.6 (Minimization of £°-norm of allowable control input):

(38)

min ||a||o.
aeV?

Problem IV.7 (Minimization of £*-norm of allowable control input):
(39)

min ||@l|;.
aeV?

Those problems provide control inputs that bring the state to the
origin at the final time 7’ if there is no disturbance. From Theorem IV.5,
the optimal values of Problems IV.6 and IV.7 provide upper bounds on
the optimal values of Problems IV.1 and IV.2. If the disturbance and
radius satisfy (28) with equality, then the same control input which
brings the state to the origin assuming no disturbance, achieves the
worst-case CVaR objective suppp P-CVaR.[||zr||3] < r? subject to
the disturbance.

Problem IV.6 is in the form of the basis pursuit problem in signal
processing. Solutions to these two problems are discussed in [4] for
the single-input case, and the following result remains the same for the
multi-input case.

Lemma IV.8 ([4], [25]): Assume that the pair (A, B) is reachable
and E = 0. Let @° and @' be the solutions to Problems IV.6 and IV.7.
If the matrix G satisfies the RIP of order 2s with §,s < v/2 — 1 and @°
is unique and s-sparse, then @° = u'.

We go back to the original problem. The quality of ¢!-norm relax-
ation can be assessed by the following.

Theorem IV.9 (cf., Lemma IV.8): Let 4 and 4! be the solutions to
Problems IV.1 and IV.2, respectively. If the matrix G satisfies the RIP
of order 2s with 6,5 < v/2 — 1 and @° is unique and s-sparse, then

|a° - @'z < Crd (40)
where d is defined in (32) and
4V1 + 6y
YT+ @D
Furthermore, when d = 0, @° = @'.
Proof: From Lemma I1.4, the condition
(42)

sup P-CVaR. [L(w)] < r?
PeP

Thm. 4.5:
Problem 4.1 equivalentif d =0 Problem 4.6
min [[ally <~ min [|a]o
ueu; <::| uEV?

Thm. 4.5:

Lem. 4.8, Thm, 4.9: Prob.4.6 upper bounds Prob.4.1 if d >0

equivalent under
special conditions

Lem. 4.8:
equivalent under
special conditions

Problem 4.2 eqmi:;]n?ﬁd =0 Problem 4.7
min [|a, < min [|al|,
ueu; (—= ewe

Thm. 4.5:
Prob.4.6 upper bounds Prob. 4.1 if > 0

Fig. 1. Relationship between the four problems. Recall u: = {u e
R™T st suppep P-CVaR:[L(w)] < 7%} and VQ = {uecR™7 st
F¢+ Gu=0}.

guarantees
|F¢ + Gall2 < d. 43)
On the other hand, by [25, Th. 1.2],
17° — @[l < CoVs™? min [[@° — Gl +Crd  (44)
UsEPs
where
1-(1-+2
Co = 22— (1= V2o V2)oas (45)

1— (14 v2)d,
Since @° is s-sparse (i.e., u° € W), ||i° — @,||; = 0 with @i, = g and
[a® — @'y < Cid. (46)
|

The four problems in Section IV are closely related as summarized
in Fig. 1.

V. SPARSITY-CONSTRAINED RISK MINIMIZATION

This section considers the problem of minimizing the risk subject to
sparsity constraints for the system (1). More specifically, we deal with
the problem of minimizing the worst-case CVaR subject to £°-norm
constraint and ¢!-norm constraint. This problem is closely related to
the problem in the previous section. Such a problem appears when one
needs to check the control performance subject to a strict requirement
on the sparsity of the control inputs.

Problem V.1 (Minimization of risk subject to sparsity constraints):

min sup P-CVaR, [L(w)]
v Pep

S.t. HEHO S So (47)
where sg is a given design requirement and as before,
L(w) = |F¢ + Gu + Hwl|3. (48)

Roughly speaking, this problem is to bring the state x, as close as
possible to the origin, using a control input that satisfies the sparsity
constraint ||@||g < so.

The solution to Problem V.1 is the solution to the following equiva-
lent optimization problem:

. 1 _
inf 8+ ~Tr(QM) + || F¢ + Gl
st.M =0

H'H
(FC+Gu) H

HT(FE; Gu) .

(49)

llallo < so.
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Lemma V.2: Consider Problem V.1 with sy > n. Then, @ in (29)
satisfies the sparsity constraint in (47) and provides the optimal value

éTr((IT % %) H H). (50)

Proof: Follows from Lemma I1.4. |
In the general case of sy < n, solving Problem V.1 is difficult due
to the nonconvex constraint for sparsity. Now consider the convex
relaxation of Problem V.1.
Problem V.3 (Minimization of risk subject to £*-norm constraint):
min sup P-CVaR, [L(w)]
U Pep 5D
S.t. Hfb”l S S1
where s; is a given design requirement.
The solution to Problem V.3 is the solution to the following convex
optimization problem:

1
;ngﬁ + gTr(QM) + || F¢ + Gal|3

s.t. M =0

H'H
(FC+Gu) H

HT(F¢ + Ga)

M= 8

=0

170 < s
u<v
—u < 0. (52)
From Lemma II.4, we have the following:
1) suppep P-CVaR. [L(w)] — (50) as || F¢ + Gall2 — 0;
2) suppp P-CVaR. [L(w)] > (50).
These motivate us to consider minimizing || F'¢ + Gal|2.
Problem V.4:

min | + G

S.t. Hﬂ”o S S0. (53)
Problem V.5:

min || F¢ + Gl

(54)

Problem V.4 is in the form of matching pursuit [27] in signal
processing and Problem V.5 is its relaxation.

As stated in Lemma V.2, if sg > n, then there exists # such that
||IF¢ 4+ Galls = 0. Thus, the optimal solution to Problem V.4 is also
zero with u in (29).

S.t. H’EL”l S S1.

VI. RISK-CONSTRAINED SPARSE MPC

In this section, we develop a sparse MPC that brings the state inside
the ball of radius 7 at the specific time instance T and keeps it inside
the ball afterward with the view of risk. The approach is based on
the finite-horizon ¢'-optimal control subject to the risk constraint in
Problem IV.2 in Section IV.

Definition VI.1 (Risk-constrained sparse MPC): Consider the sys-
tem (1). Recall that n is the dimension of the state vector x;. Let the
time horizon p > n and the target time instance T > n. Without loss of
generality, it is assumed p > T'. Choose the radius 7 of the target ball

that satisfies the condition
1
gTr((Ip ® Sy )H) Hy) <1 (55)

At every time instance ¢, the state x, is observed. Using this state z,
find a sparse control input u; € RP™ for the next p time instances

by solving the finite-horizon £!-optimal control problem subject to the
following (possibly soft) constraints:

sup P-CVaR.[||zy 3] < r* forall k € [k, p]

PePy (56)

where kg = max{1, T— t}. Here, ), is the state at the time & + ¢ that
is predicted at time ¢ using (1) with the initial condition { = z; = ;.
Once the ¢*-optimal control vector 4, is found, then apply the control
input u, defined by

w = [I,, 0 - 0]i, € R™. (57)

Note that, under the condition (55), for any single k € [n, p], the
existence of control input is guaranteed such that the state at time k + ¢
predicted at time ¢ satisfies the constraint

sup P-CVaR.[||zx.|3] < r°.

PePy (58)

However, this does not mean that there exists a control input %, that
satisfies all the constraints in (56) at the same time. We choose to force
this constraint to be satisfied only at the end of the prediction horizon
and relax for other time instances. Then, the £*-optimal control vector
Uojt
Uy

(s . (59
ﬂ/pfl\t
is the optimal solution to the following problem.
Problem VI.2 (Minimization of £*-norm for MPC):

min
aeRPu

[y + e
s.t. sup P-CVaR.[||zy||3] — r° < cforall k € [ko,p — 1]

PePy

sup P-CVaR.[||z,.[j3] — 7> <0
PePp

c>0 (60)

where kg = max{1,T — t} and > 0 is a weight.

This minimizes the worst-case violation of the constraint (56) during
the next p — 1 time instances while satisfying the constraint at the end
of the prediction horizon. This can be solved using the following convex
optimization problem:

inf 1T+ e

@,v,B

1 _
s.t. Bk—i—gTr(QpMk) — 12 || Fra, +Grt||2 <cforall k € [ko,p—1]

1 _
B + gTr(QpMk) —r? 4 ||Fray + Gra||3 < Ofork =p
M, =0

HiHy,
(Frxy +Gka)THk

My~ B

=0

forall k € [ko, p]
c>0
u<w

v ©61)

|
3
IN

where

ko = max{1,T — t}
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0 0
_ G € R™ P if k<
Gr=1"" Tin, 0 3
G, € R™P™ ifk=p
0 0
_ bt € RWPw if k <
A, =47 L, 0 P (62)

H, € R if k = p,

VII. NUMERICAL EXAMPLE

This section provides a numerical example to illustrate the proposed
approach. For this purpose, we design a risk-constrained sparse MPC
discussed in Section VI for a quantized control for the use of networked
control systems.

We consider a stable linear plant model

Top1 = Az, + Buy, o= [2 2 2] (63)
with
0.5076 —0.2292 —0.1474 0.5895
A= 102047 009497 —0.0327|, B= |0.1310 (64)
0.0164 0.0982  0.9989 0.0046

This model is obtained by the zero-order-hold discretization [28]
of a continuous-time system 10/(s+ 1)® with sampling period
h =0.2.

For this system, we introduce a uniform quantizer for the control
input w,:

QWJ:QWQ:A{%+%J (65)

where |-] denotes the floor function and A > 0 is the quantization
step size. Let w, be the stochastic quantization error at time ¢, then the
quantized control input Q(u;) can be expressed as

Q(uy) = uy + wy. (66)
Thus, our plant model becomes
Tyy1 = Az + Buy + Bwy (67)

which is in the form of (1).

As mentioned in Section I, the sparse quantized control input is
desired for a networked control system. However, the direct sparsity
enhancement for () (u,) is nontrivial. This motivates us to enhance the
sparsity of u, instead of Q (u;) because if u; = 0, then @Q(u;) = 0. In
other words, the sparsity of u, guarantees the sparsity of Q(u, ). Hence,
we apply the proposed risk-constrained sparse MPC to the system (67).

For the simulation, the value of ¢ in the worst-case CVaR is taken
as € = 0.5 and the quantizer’s step size is set to A = 5. It is assumed
that the quantization error is uniformly distributed over (—A /2, A/2).
Then, the mean and variance of the noise w, € R are y,, = 0and 3., =
A?/12 = 2.0833. The time horizon and ball radius are set to p = 5 and
r = 5.4308, respectively. These parameters satisfy the inequality (28)
by

1
r? = 29.4939 > gTr((I,, ® ) H, Hp) = 19.6626. (68)

Here, we would like to note that the value of » = 5.4308 was chosen
only slightly larger than the step size of quantization A = 5. We can
also see that the inequality (28) for this case can be expressed as

Tr(Hy Hp)  0.3531A

12¢ e
This means that the conditional expectation of ||z,||2 above the 50%-
quantile of ||z, |2 (i.e., € = 0.5) is about half of the quantizer’s step

r>A (69)

ized control
30 T T

proposed control
—~ = nominal control

20 -

10

r
1
I

‘U

g

Q)

-40

Fig. 2. Quantized control Q(u;) by MPC for a sample run: proposed
risk-constrained sparse control (solid) and nominal control (dashed).

25 L2 norm of state variables
T T T

- proposed control
= = nominal control

20 -

Fig. 3. Euclidean norm of z;, t=0,1,2,..., for a sample run:
proposed risk-constrained sparse control (solid) and nominal control
(dashed).

size, which seems reasonable. The weight and target time instance are
settoy =1and T = 4, respectively.

In Figs. 2 and 3, the proposed risk-constrained sparse MPC is
compared with the maximum hands-off MPC designed for the nominal
system using (39) [4]. Note that the latter controller design does not
take into account the control input quantization, but the control input is
quantized before it is applied to the system. Fig. 2 shows the resulting
quantized control inputs. We can easily see that the proposed MPC
provides a much sparser control input than the nominal MPC does,
as it takes into account the effect of quantization errors in the design.
In particular, the nominal MPC shows a steady oscillation due to the
quantization.

The control performance measured by the Euclidean norm
llz¢ll2, ¢ =0,1,2,..., is shown in Fig. 3. The performance of
the proposed MPC is obviously better than that of the nominal
MPC.

In summary, the proposed risk-constrained MPC successfully pro-
vided a sparse quantized control input while the nominal MPC failed
to produce a sparse control input.
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VIII. CONCLUSION

In this study, we considered risk-aware maximum hands-off con-
trol for discrete-time linear time-invariant stochastic systems. First,
we obtained sparse control inputs that satisty the risk constraint for
finite-horizon control problems using ¢° and ¢! optimizations and
investigated the relationship between those two sparse control inputs.
We also obtained control inputs that minimize the risk while satisfying
the sparsity constraint given in terms of the £°- and ¢!-norms of the
control inputs. Then, by extending the result of the risk-constrained
sparse control, we developed a risk-constrained sparse MPC. Moreover,
we applied the proposed risk-constrained sparse MPC to the networked
control problem and demonstrated that a successful sparse control input
can be obtained subject to risk constraint.

In future work, we can extend the obtained risk-aware results to
problems for other types of maximum hands-off control of linear
systems. More generally, the obtained risk-aware results are useful for
other linear control problems where we want to control the outliers’
behaviors on average. This includes the problem of multiagent systems
where we want to design a controller so that the behaviors of a group
of poor agents are not too away from others.
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