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Robust Model Predictive Control for Networked Control
Systems with Timing Perturbations

Renke Wang

Abstract—Our earlier work established a contention-
resolving model predictive control (or MPC) framework to
co-design priorities and control for networked control systems
(or NCSs), assuming the system models are perfect. However,
due to the differences between a model and the real world,
there are inevitable perturbations. In this paper, we focus
on perturbations of the predicted timings, which are rarely
addressed in the literature, and present a robust MPC de-
sign to achieve guaranteed performance under such timing
perturbations. We propose a state-feedback correction term
with dynamic gain, added to the nominal contention-resolving
MPC policy, which can eliminate the state deviation between
perturbed and nominal systems at the predicted task completion
time. Additionally, we identified the largest tolerable timing
perturbation for such a robust MPC design. Under the tolerable
timing perturbations, we analytically proved that the state
deviation can be bounded by a forward invariant set (or FIS)
for all time. The robust MPC policy can be then designed
based on the FIS, such that perturbed system trajectories
are guaranteed to satisfy all the original state and control
constraints. The effectiveness of our proposed method is verified
through simulation.

[. INTRODUCTION

Differences between system models and real system per-
formances are unavoidable, which can be viewed as per-
turbations. Perturbations in NCSs, especailly for timing,
can be caused by unexpected network congestion, sampling
delays, packet dropouts, etc. The control performance can be
dramatically degraded by perturbations. More seriously, the
system states may violate its safety constraints. Traditionally,
the effect of perturbations is often analyzed using input-to-
state stability techniques [1] with strict Lyapunov functions
[2]. When the goal is to show invariance for a specific
set, barrier Lyapunov functions [3], control barrier functions
[4] and other popular Lyapunov-like approaches can be
used. However, these traditional analytical techniques can be
conservative in the sense that they find bounds on tolerable
disturbances that are much smaller than the largest tolerable
disturbance set. If the bounds are too conservative, then they
may sacrifice optimality or even lose feasibility.

In recent years, the tube-based MPC approach [5]-[7] was
developed to compensate for perturbations in system models,
and has been applied to linear time-invariant (or LTI) systems
[8], [9], linear time-varying (or LTV) systems [10], [11], and
nonlinear systems [12], [13]. However, the studies proposed
so far merely focus on the bounded additive perturbation in
system dynamics. In NCSs, another type of perturbation can
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affect the system behavior as well but was less explored,
which is perturbations on the time when a control law is
updated or applied to a control system. Incorrect timing
has been shown to even sabotage the stability of a control
system [14]-[18] in extreme cases. The current tube-based
MPC designs for additive system disturbances have diffi-
culty incorporating disturbances of the timing because the
asynchronization between the nominal and perturbed systems
makes it difficult to analyze the error dynamics.

A few works have considered the problem with inaccurate
timing for control systems, assuming that timing perturbation
is either a constant or obeys a certain distribution. The
authors in [19]-[23] discussed the cases of the delayed
control signal, and [24]-[26] studied the delays in state
measurement, where the timing perturbation is treated as
a fixed constant value. However, those methods are not
applicable for timing perturbations in NCSs because the
perturbations may be introduced by random instances such
as unpredictable system failures. In [27], the random time
delays from the sensor to the controller and from the con-
troller to the actuator were modeled as homogeneous Markov
Chain, and a method for stabilization of networked control
systems with random delays was presented. The work in
[28] also assumes that the sampling periods can be modeled
by a Markov Chain. In reality, a timing perturbation can
be purely random without knowing its distribution. How to
design controllers to compensate for general random timing
perturbations is still an open question.

In this paper, we propose a new tube-based MPC with
dynamic gain for coupled control systems to compensate for
the random timing perturbations existing in an NCS. The
main contributions of this paper are summarized as follows:
1. A feedback controller is designed based on the error
between nominal system and perturbed system states at
the perturbed control updating times. Distinguishing from
the traditional tube-based MPC with the constant feedback
gain, we design the feedback gain as a function of timing
perturbations, so that the error is guaranteed to be zero
at each predicted control updating time. When the timing
perturbations no longer exist, real system trajectories con-
verge to nominal system trajectories immediately under the
proposed controller design, which cannot be achieved by the
traditional tube-based MPC.

2. We identify the tolerable range of the timing perturbation
to guarantee the stability of the perturbed system. Within
such a range, the close-loop error dynamics can be proven
to be asymptotically stable, which guarantees that a for-
ward invariant set (or FIS) for the error dynamics exists,
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Fig. 1. Networked control system with a shared resource.
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Fig. 2. The timing of the real-time tasks with time perturbations.
i.e., perturbed system trajectories are bounded by a tube
around nominal trajectories. After computing the FIS, we
can leverage a standard MPC to design the nominal control
law under the shrunk state and control constraints (original
constraints subtract the FIS). The final controller then is the
nominal controller plus the feedback controller for the error
dynamics. The perturbed solution is then guaranteed to stay
within the tube, satisfying all the original constraints.

II. PROBLEM FORMULATION

Consider N control systems with recurring requests use
a shared resource to complete control tasks, as shown in
Fig. 1. Such a shared resource is widely adapted in NCSs
to better utilize limited bandwidth, and we assume that only
one system can occupy the shared resource at the same time
instant. Such an NCS setup can be seen in a shared processor,
or communication media like the control area network (or
CAN) [29]. The i-th system dynamics is

where the matrix A; € R"*" is nonsingular and has exclu-
sively real eigenvalues, B; € R™*™ is nonsingular and has
linearly independent rows, x;(t) €R™ is the state vector and
u;(t) ER™ is the control command. They are subject to the
state and control constraints, respectively

x;(t) € X;, and w;(t) € Uy, for all ¢. ()

A. Priority-based Scheduling for Shared Resource

The ¢-th system has a sequence of tasks to operate, as
shown in Fig. 2, where each task execution time may vary
from each other, which is denoted by C;[k], where k € N is
the index of the k-th task. The task generation time is denoted
as «;[k]. When a task finishes the occupation of the shared
resource, the completion time is denoted as -y;[k]. Since the
measurement of the system state x;(t) is only accessible to
the controller at the task completion time ~;[k], the control
signal of the i-th system can only be updated at ;[k], i.e.,

uz(t) = uz[kz], for t € [%[k],%[/ﬂ + 1]), 3)

meaning that the control u; is a piece-wise constant. This
design follows the idea of the zeroth-order-hold (or ZOH)
mechanism that is frequently used in sampling-based control.

Because the shared resource only allows one system to
occupy it at any time, when multiple systems request to use
the shared resource simultaneously, a contention occurs. In
this case, priorities are assigned to the contended systems to
determine which system can access the shared resource first,
where the priority order can be predetermined or obtained by
solving an optimization problem [17]. Only the system with
the highest priority can occupy the shared resource immedi-
ately at a;[k]. All the other systems will have time delays.
Denote §;[k] as the time delay from the task generation time
a;[k] to the actual time when the task begins to occupy the
resource, namely, ;[k] satisfies v;[k] = o [k]+6;[k]+ C; [k].
Both ¢;[k] and ; [k] are actually implicit functions of specific
priority assignments, timing parameters «;[k] and C;[k]. Our
previous work [17] presented an analytical timing model,
which can predict 6;[k] and ~;[k].

Remark 1: Note that for timing model to accurately com-
pute d;[k] and ~;[k], the parameters «;[k] and C;[k] need to
be known for all k.

B. Perturbed Timing

In real applications, the execution time C;[k] can be
obtained easily because they are normally pre-defined by the
design of tasks. The timing parameter «;[k] is generated at
run-time and may not be known precisely, due to reasons
such as the clocks of each system in the NCS are not
synchronized. Hence, we assume that C;[k] are known for all
k, while «;[k] is unknown. The best we can do is to estimate
a;[k]. The work in [30] proposed a method to estimate o;[k],
which was denoted as &;[k] on CAN bus, and proved that the
difference between «;[k]—d;[k| is non-negative and is non-
increasing as k increases. Therefore, to predict any future
time delay, we can only use &;[k] in the timing model, which
can obtain the estimated 7;[k], as shown in Fig. 2. In this
paper, we specifically look into the difference between the
actual completion time and the estimated completion time,
denoted as A;[k] = v;[k] — 7:[k], because this is the direct
perturbation affecting the control applied to each system.

Assumption 1: 0 < A;[k] < A, is a random variable with
a finite constant upper bound A; for all k.

The timing perturbations would cause the system states to
deviate from the predicted system behavior. To distinguish
the difference, we define the predicted system behavior as
the nominal system under the estimated completion time
instants, which follows the dynamic equations

it (t) = Az (t) + Biug (1),

ui (t) = v [k], for t € [3i[k], [k + 1), )
where 27 (t) € R™ is the nominal system state, and u]'(t) €
R™ is the nominal system control signal.
C. Formulation of Model Predictive Control

The MPC is triggered whenever a task is completed and
the controller obtains a new state measurement x;(tg) at
time to. We establish MPC problems during the time interval
[to, to + Tp], where the current time ¢, is the initial time of
the prediction horizon of MPC optimization and T, is the
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Fig. 3. Tube-based MPC illustration. MPC steers tube towards targeted
equilibrium point, while satisfying state constraints.

prediction length. We set the initial run-time timing parame-
ters for this prediction horizon as «;[0] =~;[0] =t. Since the
system state measurement is only accessible to the controller
at the future task completion time ~;[k] > o, a control
objective function can only be evaluated at -y;[k]. Define
xl[k] :xz(')/z[k])s ul[k] :ul(’yz[kﬂ) for k:O, 1, ey K, where
K is the largest integer such that ;[ K] <to+T),, and ulk] =
[ui[k],...,un][k]]. Given the initial state value x;(t), the
initial control law u;[0] = wu;(¢o), and a specific priority
order, the optimization problem for MPC is represented as

N K-—1

min >~ | 7 (e, + uilklF,) + i KTI% |
=1 Lk=0

st (1), (2), (3), (5)

where Q;, R;, P; are positive definite matrices, and ||z;[k]||2 0,
denotes the quadratic form of vector z;[k], i.e., x7 [k]Q;x;[k].
The proper u[k] needs to be found as the decision variable
to minimize the cost function.

However, since the actual task completion time ~;[k] in
(3) entails the random variable and is not deterministic in the
future prediction horizon, the system state x;[k] in the future
is also undetermined. Thus, directly solving this optimization
problem in (5) of the perturbed system is impossible.

In this case, a tube-based MPC approach is leveraged to
compensate for perturbations in system timing, as illustrated
by Fig. 3. The tube-based robust MPC design is decomposed
into two stages. First, the system dynamics is decomposed
into nominal system dynamics and the error dynamics at
~i[k]- A feedback controller is designed for the error dynam-
ics only and an FIS (or its upper bound), denoted as S;, for
the error dynamics under the designed feedback controller
can be computed. The blue balls in Fig. 3 represent the
FIS for the error dynamics. Second, the nominal dynamics
plus the FIS are considered as a tube. The state and input
constraint sets for the nominal MPC design are extended
to accommodate the tube. Define x'[k] = z}'(%:[k]) and
ullk] = u?(3;[k]) for k = 0,1,2,..., K, where K is the
largest integer such that 4;[K] < to+7,. Given the initial
nominal state value zI'(t9) = x;(to), the initial nominal
control law u? [0] =u; [0] = u; (o), the initial estimated timing
parameters ;[0] = +;[0] =to and the same priority order, the
optimal nominal control u™*[k] can be obtained by solving
the following optimization problem

N |K-1
g}lnz Z 2 k12, + upk]l1%,) + a2 K], | .
s.t. (4), ?()GX e, (6)

6x, (0, [k +10) — (7, [k +1])

(e D=0 T

AGEG! FR+ 70k 1

Fig. 4. Tllustration of state-feedback controller for the perturbed system.
where the set subtraction is defined as AoB ={zcR"|{z}®
B C A}, in which the set addition is A®B = {a+bla €
A,be B} for A,B € R", and u"[k] = [u}'[k], ..., u[k]].
The standard MPC solver can compute the nominal control
once S; is given. The final controller for the perturbed system
is the nominal controller plus the feedback controller for the
error dynamics.

III. TUBE-BASED MPC WITH DYNAMIC GAIN

We first explain why a traditional tube-based MPC dis-
cussed in work such as [6], [31] cannot work for random
timing perturbations and then present our robust MPC design.

Since the control command is a piece-wise constant func-
tion , we can discretize the continuous-time system into
a discrete-time system x;[k + 1] = A;[k]x;[k] + B;[k]u, [k,
where ,’L‘Z[k‘—f— 1] = l’i<’yi[k‘+ 1]), xl[kz] = afi(%[k:]), Al[k}]
= Ai(vlkH]—vlk]) — pAi(FleH]+A ] —Yi[k]-A[k]) —
eAi (AilkH AR A: (3 [FH] =% KD (depending on A; [k+1]—
i[k]), and B;[k] = (A;[k]—1)A;'B; with T as an nxn
identity matrix. The traditional tube-based MPC within time
interval ¢ € [y, [k], v:i[k+1]) is

uilk] = ui' (k] = Ke [wi(yi[k]) — 23 (w[ED]. (D)

Fig. 4 presents an illustration of the tube-based MPC design
with the feedback correction term utilizing the error between
the actual states and nominal states at the actual task comple-
tion time. Once a task is completed, we can directly measure
the current system state value x;(y;[k]). The nominal system
state 7 (7;[k]) can be easily obtained through simulations.

Here the constant feedback gain K. should be designed
such that A;[k]—B;[k] K. is Hurwitz for all 0<k < K. How-
ever, since both A;[k] and B;[k] depend on random timing
perturbations, A;[k] and B;[k] are time-varying and undeter-
mined. In this case, it is very hard to find a K to guarantee
A;[k]— B;[k]K . stable for all k. In [11], a tube-based MPC
has been presented for LTV systems. But the method in
[11] requires all (A;[k], Bi[k]) € Conv{(A ),Vj =
1,2,...,L} where (A;, B;) are vertices of a convex hull
and L is the number of vertices of the convex hull, i.e., any
(A;[k], B;[k]) is the convex combination of (A;, B;), which
does not apply here. The best we can do to design a constant
K, is to leverage the estimated task completion time #;[k]
to approximate A;[k] and B;[k] as A;[k] = e (ilh+11=5:[k)
and B; k] = (A;[k] — DA; 1BZ, and design K. such that
A;[k]-B;[k] K. is Hurwitz. But the actual A;[k]-B;[k] K, can
be unstable for some k due to the timing perturbations. To
resolve this, we present a dynamic feedback gain K (A;[k])
design that can ensure A;[k]—B;[k] K (A;[k]) Hurwitz for all
k, which will be introduced in the next subsection.
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A. Dynamic Feedback Gain Design

Our dynamic state-feedback controller design for the per-
turbed system is

uilk] = ui'[k] = K(Ailk]) [z:(nlk]) — i (ulk])], (8)
where the feedback controller gain K (A;[k]) is equal to

_ BZ A; { AT i [R-AG[R]) I} 761,4,;(@,; [ -5: [k]-A4 [K]) 9)

where B;r e R™*™ is pseudo-inverse of B; with BiBl.T =1

Remark 2: Notice that the proposed dynamic gain
K (A;[k]) is computable at run-time. Once a task is com-
pleted, we can directly measure the current time, i.e. 7;[k].
The estimated task completion time instants 4; [k] and 7;[k+1]
can be predicted by the timing model presented in [17].

Here, we present the following Lemma which shows that
under the proposed feedback control law, the perturbed
system trajectory will oscillate around the nominal system
trajectory, and the perturbed system state equals the nominal
system state at each estimated task completion time.

Lemma 1: With the proposed state-feedback controller
design in (8) and (9), the perturbed and nominal system states
are identical to each other at each estimated task completion
time, i.e., z;(%:[k]) = 22(%[k]), for all k=0,1,...,K.
Proof. We will prove thls Lemma by mathematical induction.
Initially, since z;(to) =z} (to) =0 and 7;[0]=to, we have
2i(5:[0]) =2 (3,[0])-

Assume x;(%;[k]) = 2 (;[k]) for an arbitrary k. We can
prove z; (%;[k+1]) =z (4;[k+1]). Due to the nominal system
dynamics in (4), we can get the analytical form of z!"(3;[k+
1]), which is a7 (%;[k+1]) = eAGelb =T kD g0 (3,[k]) +

ﬂzi[gf]ﬂ] Ai(i [kH]_T)B ;ul'(T)dr. Since matrix B; is con-
stant, and u?(7) = ul[k] for any 7 € [¥;]k],F:[k+1]) in
the nominal system, the integral item in the above equation
can be simplified as eA:¥ilk+1] f%[kﬂ] AT dr Biult[k].
Take the integration of the exponentlal function, we have

77[k+1] _Aﬂ'dT:_(e L'Yz[k+1] _AL’Yz[k])A_ 1 Thus
¥ilk] it ’

AiFilk 1 =5k g (3, 1K)
—IA7' Bl k] (10)

Similarly, the perturbed system state z;(y;[k + 1]) at
the estimated completion time #;[k + 1] can be repre-
sented as z;(3[k + 1)) = eMGilkHU=TlkD g, (5,k]) +
JL‘[ESH} Ai(3ilk+1]=7) Biy; (7)dr. Since the perturbed sys-
tem’s control commands are u;(7) = wu;[k — 1] for 7 €
the above equation can be rewrltten as z;(5[k +1]) =
eAi (T kD) o (3,1 +I’Y1 Ai(ilkl=) By [k — 1)dr +

j_i[gckfd]eAiWi [’“H}”)Bluz [k]dT, Wthh leads to

2 (3i[k+1]) = eA Gl 15 R 1 (3, 18]
i [eAim- TR _ o As (Gl T RARD | A =1 By [ — 1]

xi (Yik+1])=e
+ [eA,i(:n (k+1]—7:[k])

Subtracting (11) by (10), the difference between the per-
turbed and the nominal systems can be computed

zi(Yilk + 1]) — @i (%i[k + 1])
— pAi(Tilk+11-7:[K]) ERGALA)

n [eAi(%- (b+1ilk]) _ oA

=z (Y[ k])]
i (Filk+11 [k]fAi[k])} A7 Bk —1]

n [eAi(m[k+1HiUc]fAi[k]> _ 1} A7 B k]

_ |:6Ai(:Yz‘[k+1]7'~Yi[k]) — ]} A;lBiu?[k]. (12)

Since we assume zI'(%;[k]) = =;(:[k]), then first term
e ORI [2(5;[K]) — 27 (% [k])] in (12) equals 0.
To further simplify (12), we will represent w;[k] as a
function of w;[k — 1] and u}[k], based on (8) and (9).
The feedback term x;(v;[k]) — = (v:[k]), based on the
analytical form for LTI, can be derived as i (vilk]) =
eAiilFl=Tilk) g (5 i[K])+ [ (valk] =7 [k]) _ I|A; ! By [k—1]
because the perturbed system control for ¢ € [¥;[k], v:[k])
is wfk— 1], and 7(nlk]) = oAU (5 k]) +
[eAi(ilkI=%:[kD) — ] A7 B;u*[k] because the nominal sys-
tem control for ¢ € [%;[k], v:[k]) is ul'[k]. We can derive

i (valk]) = (i[K]) = 2 Wy (3, [k]) — et 2 M (35 [R))
+ (e A DA B [k —1]— (e 2 - DA Bul k]

= (M —DAT B, (uilk—1] —u}'[k]), (13)
because x;(%;[k]) = =" (3;[k]) as assumed.

For simplicity of the rest of this proof, we define
M, = eA{,(”%[kH‘l]JYi[k])’ and My = eAi (i [FH]=i [k-A[K])

The term M, = eAiGikHTESALRD) can be rewrit-
ten as eAi(;?i [kH'l]"?i [k]fAi[k])(eAAi[k] — I)(eAlAl[k]

[ei USRI _ o As GBI -84 D] (AMH ) =
(M; — My) (eA21—T) ™" Bringing My, My and ;(v;[k])
—(y;[k]) in (8) leads to control law for perturbed system

wilk] =ul! k] — Bl A; (My — 1) ™" My [a; (:[k]) — 27 (i[K])]
—u} [k~ B} Ai(My —1) (M, — M) (M2 1)1
(el DATIB; (uilk — 1] — ul[K]) (14)
=ul[k]+BJ Ay (Mo (Mo—M1) A7 By (s [k—1] —ul! [k]).
Using M7 and M5 in (12), we have

wi(Falk+1]) — a7 (Fi[k+1]) = (My — M2) A7 'Byui [k —1]

— (M —1)A; ' Byul'[k]+(My— 1) A; "By, [K], (15)

,]) t_

where the last term (M, —1I)A; " Bu,[k] =
[u? [k]+B] Ay (My—I) =1 (My— Ml)A‘lB (u;[k—1] —
with (15). Multiplying (Ma—1)A; ' B; inside the bracket it
equals (My—I)A; ' Biu[k]+ (My—1)A; ' B; Bl A, (MQ—
)~ (My— M)A ' B, (ul[k; 1] —u?[k]). SlnceB Bl =1,
then (My — I)- A7' - B; Bl A( 271) = I. Then we
can derive (My — I)AZ 'Biui[k] = (May — I)A; ' Biul[k] +
(My — M)A ' B;(u;[k — 1] — u?[k]). Thus, the equa-
tion (12) is equivalent to z;(%;[k +1]) — 2P (7:[k + 1]) =

(My—1)A;' B,
u[k])]

A Gk -0 8D _ 7] A= B (M1 — My) A7 'Byui[k — 1] = (M1 — I) A7 By [k]+ (M —
+ [6 IjA7 Biwilk), (i D A; 'Bul [k] + (My — My) A7 "B (u[k — 1] —ul [k]). After
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grouping all the terms corresponding to u;[k — 1] and ul [k]
together, respectively, we obtain x; (3, [k+1])—=} (3;[k+1]) =
[(My — M) + (M — My)Jus[k — 1] + [ (My = I) + (M2 —
I) — (My — My)Jul[k] = 0, which completes the proof. [J

B. Error Dynamics

In the proof of Lemma 1, we can see that xz;(v;[k]) #
al(v;k]) if w;[k—1] # ul[k], according to (13). The per-
turbations on timing cause the perturbed solution to deviate
from the nominal solution. It does not exist a steady state
for the deviation. What can hope for is to impose tight
bounds on the perturbed solution, so that it can stay in a
tube with changing volume over time. Hence, we analyze the
error dynamics between the perturbed and nominal systems
at the actual task completion time ~;[k]. Define the error
eilk] = @ilk] — @2 (k] = zi(lk]) — 22 (ilk]).

Lemma 2: The error dynamics can be represented as

eilk + 1] = A7 [K]ei[k] + wilk], (16)
Where AZCZ [k] — eAiAi[k+1] 71] [e 1(’71[k+1]7:/1[k]7A1[k]) —
[]*16A'i("%[k+1]*“7i[k]*Ai[’C]) and w;[k] = (eAiAi[kJrl] _

DA Bi(u [k] =i [k+1]).

Proof. To compute e;[k+1] = z;[k+1]—x? [k+1], we first need
to obtain x;[k+1] and xz?[k+1]. Since u;(t) is a constant
u; k] within [, [k], v;[k+1]), it is easy to compute z; [k+1] =
eAi(vilk+1]—v: [k])l‘i[k]-i-[eAi(% [k+1]—vi [k])_I]Ai_lBiUi [k]. For
the nominal system, since u?(t)=ul?[k] for ¢ € [v;[k], 7 [k+
1)) and w?(t) = ul[k+1] for t € [Flk+1],vi[k+1)),
we can compute that o[k +1] = eAilvilk+il= ”f’[k})x [k] +
[ Ai(yilk+1]=vi[k]) _ pAi A [lc-',—l]]AZ lB ul [k] ( [k-‘rl]
I)A; ' B;u?[k+1]. Hence, the error

eilk+1] = e OnlkFU=nlkD) (. (k] —
+[eAi(ilk+1]

i’ [k]) (17)
—7ilk]) _I]AzﬁlBiui [k] — [eAi(%[’f+1]*%' (k1)

— eMAIFUAAB 0 (k] — [e 42 M — NAT Bl [k +1].
For simplicity, let My = eA(vilk+11=%[k]) " The control law

(8) is w;[k] = ul'[k] — K(A;[k])(as[k] — 2P [k]) = ul'[k] —
K(A;[k])e;[k], bring it into (17) to replace w;[k], we get

ei[k-+1]=Mse;[k]+ (Mz— I)A_lB [y [k] = K (Afk]es [k ]]
(Ms—eAiAiFH) AT B [k]-(es o] _ I) A; 1Bu
1]. Group all terms correspondmg to e;[k], ul[k] and ul [k—i—

1], it has e;[k+1] = [Mg—(Ms—I)Ai_lBiK(Ai[k])] ei[kH

[(My— 1) = (Mg — A5 1)] 471 Brup (k] — (A SR —
DA Biul[k+1], where the system matrix A¢[k] = M —
(M3—1I)A;'B;K(A;[k]), and the additive disturbance is

— 1A B; (up [k] —uf' [k +1]) .
Plug controller gain K (A;[k]) from (9) into A$'[k], it has
AL [K]

wl[k] _ [eAiAi[kJrl]

(18)

= Ms—(Ms — I)A;'B; B} Ai(My— 1) M,

eAitilk (A, — 1) + — 1), and take it back
into (19), we obtain A¢[k] = My — [ei (M, — T)+
(eAsAilkH_ )] (My—I) = My. Multiply (My— 1)~ M, into
the bracket, then we have A§[k] = My —eAi®: B+t (M —
I)(My—1)"' My — (eAiAilb+ 1) (My —I) ="My = M3 —
eAitilk 1 N p,—(eAiAilk+1] _ T (Mo —T)~1 My, which equals
— (el 1) (Mo —T) = My since M3 = eAidibH1 L,
Thus, the closed-loop system matrix for error dynamics is

(eAidilk+1]

Afl [k’] _ 7[€AiAi[k+l] s [eAi(’yi [k+1]—7; [k]—A; [K]) f]]*l
. A (Falk+1] =7 [k]—Ai[k])’ (20)
which completes this proof. (]

Since the state deviation satisfies (16), it means e;[k] =

(TT5= A [7)edlo] + 250 [Tz 41 A fa])wils]|, where
e;[0] =, [0}=x?[0] = 0. Then set S;[k] combined by e;[k] can
be computed by S;[k] :25;3 {(Hq i Ad[q ]) Wz[j]:| =
Wilb— 1)@ A7 (- Wik —2)e .. (T[;] A7 [q]P W, [0].
When k goes to infinity, we get S; oc = klingo S;[k], which
is the outer bound of S;[k].

C. Forward Invariant Set for the Error Dynamics

This sub-section shows that there exists an FIS for the
error dynamics (16) if the upper bound of the timing pertur-
bation satisfies the following condition.

Define At,, as the minimal time interval of two consecu-
tive estimated task completion time, i.e., At,, = mkin{% [k+

1]—4;[k]} for k = 0,1,..., K, and )\; to be an eigenvalue of
the system matrix A;, with j = 1,...,n. We have a further
assumption on the bound of the timing perturbation.

Condition 1: If matrix A; only has negative eigenval-
ues, then the timing perturbation A;[k] satisfies A;[k] <
%Atm,Vk. If matrix A; has any positive eigenvalues, then
the timing perturbation A;[k] satisfies A;[k] < Aty —
1o In {(eXv A4 1) /2}, VE, where Ay is the largest eigen-
value of matrix A;.

Proposition 1: The matrix A¢[k] is stable if the timing

perturbation A;[k] satisfies Assumption 1 and Condition 1
forall k=1,2,..., K.
Proof. Define A§'[k]= f(A;) as a function of A;. According
to the property of eigenvalues in [32], an eigenvalue of f(A;)
equals f(\;)=— et Az‘[k+1Ll] [ets (Fi [k+1]—=7: [k]*Ai[k])fl]*l
et (Filk+1]=7:[k]=Ailk])  \where A;j is an eigenvalue of A;.
To show that A¢![k] is stable, we need to show eigenvalues
magnitudes of A¢![k] are less than 1, i.e.,

| oAl [ A CGalkH 11—k = AclkD) |

Aj (Filk+1]—7i[k]—Aqlk]) — 1 ’

[F(A)]=

Denote At = 7,k + 1] —7;[k], then the magnitude of f()\;)
can be demonstrated to be smaller than 1 in two cases.

<1. 21

— My — (M — I)(My — )~ M. (19) Case .1': For \; < 0, since A;[k] < At for a.ll k from

Condition 1, we have A;[k] + A;[k+ 1] < At, which can be

Since Mz = eAi(TilktHA:Hlk-AK]) eAiBilkH1 rewritten as A;[k+1] < At—A;[k]. Since \; is negative, we

eAi Gl =Tlk=Alk]) = eAidilk+ 1N, we can rewrite  have A\;A;[k+1] > \;(At—A;[k]). Because the exponential

the term My — I as Mz — e+l 4 pAidilk+1] _ fynction is monotonically increasing, it is easy to obtain

I = (eAdlbrllpg, —eAidilbtl]) o eAidilkdl]l 7 = Alk+l] 5 A (At=Ailk]D - Since both A\jA;[k + 1] and
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\j(At — A;[k]) are non-positive, we have 0 > era2ilk+1]

1 > e (At=AilkD) _ 1. Note that both sides of the inequality
are smaller than 0, thus | 2i(FH1] 1| < |ehs (At=AdlkD 1],

L |eN Al | fled (At AED 1] < 10 Also be-
cause eti(At=AlkD) ¢ (O 1) it has |etAilkH] ).
|eAs (At=Aulk])| /|eAs (At=Aslk]) 1] < 1, e, [f(N)] < 1.
Case 2: For \; > 0, we define the function g(At,\;) =
At—)\% In (€22+1) . Take the partial derivative of g(At, \;)
with respect to \;, we have

Ajat

As AL
+1) _ AjAtefj%

0g(At, N;) 1n< +1 22)

and we can show % < 0 (see detailed proof in the

Appendix), meaning that g(At, A;) is non-increasing with
respect to \;. Therefore, g(At, )\M) < g(At, \;). Besides,
the partial derivative of g(At, Ayr) to At is W =
1/(e*At 4 1) > 0, which means g(At, \js) is monotoni-
cally increasing with respect to At. So, it has g(At,,, Aar) <
g(At, Apr). Therefore, the function g(At, A;) obtains min-
imum at (At,,, Aas). Also because the Condition 1 must
be satisfied by A;, we have that A; < g(Atpm, Ay) <
g(At, \j) = At— 1] In(&==+ A +1) Rearrange this inequality,
we have In[(eMA! +1)/2] < X;(At — A;) Since the expo-
nential function is monotonically increasing, the inequation
sign would not change to get (eMA! 4 1)/2 < ehi(At=54),
then et®t 4+ 1 < 2eN (A=A Rearrange thejnequa-
tion again, it has MDAt _ oA (At=Ai) o oA (AL=Ad)
Since e)\jAt J(At=A;) _ e Aj(At— A)(€A7A _ 1)
can rewrite this 1nequahty as eN(A=A) (NB 1) <
Ai(At=A:) _ 1. Note that both sides of the mequahty are

posmve, let them be divided by the right side item, we have
Xj(AE=Dy) (A D X (At—A;) -~
e V(e iTi) e A Y VY. N
g o o P . S Y (e J 1) < 1. Because
i (At—a)
(At _q

—6

1 is increasing as x increases, and

. Also

because the function e —1 is monotonically increasing,
and A;[k+1] <A, it is easy to acquire 0 < eMAilk+1]
1 < e*%i —1. Combining these two inequalities, we have
Q(A(ftif[kgf”l( AjAalk+1] 1) <1, which means |f()\;)| =
(X Ailk+1) 1) | A=A 1| < 1.

Combining these two cases, all eigenvalues magnitudes of
Afl [k] are smaller than 1, V&, which completes the proof. O

Thus, e;[k+1]= A [k]e;[k] is asymptotic stable.

Lemma 3: The set W,;= {w;[k]}, comprising all additive
disturbance w;[k], is a compact set that contains the origin.
Proof. Since U, is compact, it is bounded and closed due to
Heine Borel’s Theorem [33]. Then the set {u? [k]—u?[k+1]}
made of two elements subtraction in U; is also bounded
and closed. Since A;[k] € [0,4;] is bounded and closed
due to Assumption 1, with constant matrices A; and B;,
the term [eAi2FH_TTAZ B (ul[k] — ul[k + 1]) as a
function of A;[k] is bounded and closed. So, the set w;[k] =
[eAiL\i[kH] —1] A7 B (ul[k] — ul[k +1]) is bounded and

_ 1
—1+e>\j<mfw)7
X (At—2,[k])

Az[k?] < Zi, then 0 < efj(]At—Ai[:c])il <
Ajx

i (At=1Ry)
ekj(At—Ki)_l

closed, i.e., compact. Also, w;[k] =0 if A;[k+1] =0 or
ul[k] = ul[k+1]. So, W; contains the origin. O

Theorem 1: The set S; o exists and is a positive forward

invariant set (or FIS).
Proof. Since the closed-loop matrix A¢[k] is proven to be
asymptotic stable for all k in Proposition 1, and the set Y =
{w;[k]} is proven to be a compact set in Lemma 3, then the
set S; oo must exist, referring to [34].

The set S; o is normally hard or computationally expen-
sive to compute. An outer bound of S; ., denoted as Si can
be leveraged to approximate the FIS of the tube, using either
analytical methods [34] or numerical methods [35].

IV. SIMULATION

This section presents four scalar systems using one
shared resource with timing perturbations. The nominal
system models are Z7(t) = ax?(t) + ul(t), where

=1, g, 3.3] fori=1,2,3,4. Their initial conditions are
xz(()) 21(0) =1. The time horizon is from 0 to 6 seconds.
Given nominal system control constraints ul'(t) € [—3, 3],
we use the same schedule as in [17], where the task
completion time 41 [k]=[0, 1,1.3,2.5,3.5,4.35,5.3|, Y2[k] =
[0,0.7,1.8,2.8,4.05,5.6],73[k] = [0,0.4,1.7,3.3,4.7],
and  Jy[k] 7: [0,0.2,2.2,4.75]. The cost function is
LS SRt (a2 k)2 +0.0001ul [k]? e [K ]2}, for K

=16, 5,4, 3]. Note that all nominal systems are stablhzed

For perturbed systems, Condition 1 should be satis-
fied. Since all the open-loop systems are unstable, tim-
ing perturbations of system 1 satisfy A[k] < 0.3 —
Lin[(e®3*Y) 4 1)/2] ~ 0.1387. Similarly, the other sat-
isfies As[k] < 0.3582,As[k] < 0.3978, and Aylk] <
0.4297. With these conditions, we set timing perturbations
to be A;[k]=10,0.138,0,0.138,0.13,0.135,0.09], Aq[k] =
[0,0.35,0.08,0.3,0,0.35], As[k] =0,0.2,0.1,0.39,0], and
Aylk] = [0,0.42,0.05,0.15] in simulation. For tradi-
tional tube-based MPC, we design constant gains K, =
[1.83,1.64,1.68,1.565] for all 1.

The simulation results are shown in Fig. 5. First, all four
systems become unstable if there is no compensation. Thus,
we do need the robust MPC design for timing perturbations.
With the traditional tube-based MPC (shown by green lines),
the perturbed system trajectories can be stabilized but the
performance is worse than our method (larger deviations
from nominal trajectories). This is because A;[k]— B;[k]K.
is unstable in some time intervals. For example, system
2 is unstable in [4.05,5.95]s, and system 3 is unstable
n [2.09, 3.3]s. For our control law (8) with dynamic gain
K (A;[k]) (showing by red lines), the perturbed and nominal
system states are identical at ¥;[k], and perturbed systems
are bounded at v;[k]. Also, all perturbed systems can be
stabilized, verifying that our control policy is more effective.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, we provided a tube-based MPC policy for
the LTI system to compensate for timing perturbations. We
also identified the upper bound of the allowed timing per-
turbations for system stability. Additionally, we have proven
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1 (T R e 0 e o S == Wy e el I S e i O ulk] with K(ATK])
2 vm___ 2 — -x[K] with K_
) R ¥ PR ' - - ulk with K
4 i - =x[k]no compensation
6 ] aletel 4 ) s P
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
Fig. 5. States of four systems. The x axes represent time and the y axes represent x;(¢) in each sub-figure, respectively. The black solid lines show

the nominal system. The blue dashed lines show the perturbed system without compensation. The green dashed lines show the perturbed system with
tube-based MPC with constant K. The red dashed lines show the perturbed system with our robust control policy (8).

that the state deviation is bounded by an FIS, which can
help find a feasible solution to MPC optimization problems.
For future work, we will generalize the proposed design to
time-varying and nonlinear systems.

VI. APPENDIX

Denote \; At as x, we can define the numerator of (22) as
L(z)=In(51) — 255, When 2=0, it is trivial that L(0) =
0. Taking derivative of L(z) with respect to x, we have

dL(z) _  e* (ze®) (e*+1)—ze®-e® _ e~ e 4ze®4e®
do ez-gl - (e*+1)2 T er+41 (e*41)2
i C +1)(;(frl;g“e te) — 755z Since A; > 0'in Case 2,
we have z = A\;At > 0 and dflff) = —% < 0, meaning
that L(x) is non-increasing for x > 0, which leads to
8g(At,N;) _ L(AjAD)
L(z) < 0 when x > 0. Therefore, <=5 = 5 < 0.
Y j
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