Downloaded 08/30/23 to 137.110.40.119 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

SIAM J. CONTROL OPTIM. © 2023 Society for Industrial and Applied Mathematics
Vol. 61, No. 3, pp. 1187-1212

PRESCRIBED-TIME MEAN-NONOVERSHOOTING CONTROL
UNDER FINITE-TIME VANISHING NOISE"

WUQUAN LIt AND MIROSLAV KRSTICH

Abstract. We develop a prescribed-time mean-nonovershooting stabilizing feedback law for sto-
chastic nonlinear systems with noise that vanishes in finite time. The prescribed time of stabilization
must be strictly after the noise vanishes, but it may occur as early as the user desires after the noise
vanishes. In fact, more generally, the feedback is stabilizing and mean-overshoot free for any noise
that, given the prescribed time of stabilization, satisfies certain decay rate properties which require,
in particular, that no noise component vanish slower than linearly in the “time to go” until the pre-
scribed time. In contrast to the existing stochastic prescribed-time designs where only multiplicative
noise is allowed, our design can deal with multiplicative and additive noise simultaneously. A new
controller is designed to guarantee that the mean of the system output prescribed time tracks a given
trajectory without overshooting, that the fourth moment of the tracking error between states and
derivatives of the reference trajectory converges to zero in prescribed time, and that the controller
and all of the states are mean-square bounded. Finally, a simulation example is given to illustrate
the prescribed-time mean-nonovershooting design.
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1. Introduction. Safe control of nonlinear systems is challenging due to the
tight coupling between potentially conflicting control objectives and safety constraints.
References [1, 2, 3, 19, 21, 27, 29] use control barrier functions (CBFs) to characterize
the long-term safety of dynamical systems. A CBF certifies whether a control scheme
achieves forward invariance of a safe set by checking whether the system trajectory
remains away from the boundary of this set.

As demonstrated by [4, 20], overshoot is undesirable in many practical safety
control problems. For example, the optimum setpoint may be close to an economic
or safety constraint in process control problems (e.g., product quality constraints,
metallurgical limits). Consequently, overshoot of a setpoint could lead to violation of
a constraint and endanger process operation. For nonlinear systems, [11] is the first
paper to consider the nonovershooting safety control where a modified backstepping
method is employed to guarantee a nonovershooting response for strict-feedback non-
linear systems. The nonovershooting design possesses all of the attributes of a safety
design with a CBF of a uniform and high relative degree [1].
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Recently, [12] generalized the results in [11] to the stochastic setting. The safe
control scheme in [12] guarantees that the mean of the output asymptotically tracks
a given trajectory without any overshooting while keeping all of the states mean-
square bounded. In many real-world applications, the control tasks require the given
trajectory to be prescribed-time tracked, rather than asymptotically tracked, by the
mean of the output without any overshooting. Thus, it is important to study the
prescribed-time mean-nonovershooting control for stochastic nonlinear systems.

Prescribed-time control is popular in applications where there exists a short, fi-
nite amount of time remaining to achieve the control objective. The appeal of such
control is that it allows the user to prescribe the convergence time a priori and ir-
respective of initial conditions. Many prescribed-time control results have recently
been developed for systems with different structures. For deterministic systems, [22,
23] provide prescribed-time designs for robust regulation of normal-form nonlinear
systems; [26] investigates the prescribed finite time consensus control for multiagent
systems; [5, 6] address the prescribed-time observer design and output-feedback design
for linear systems; [8, 9, 10] focus on the prescribed-time stabilization for uncertain
nonlinear strict-feedback-like systems; and [24, 25] consider prescribed-time designs
for the Schrodinger equation and reaction-diffusion equations, respectively. When
it comes to stochastic systems, [15] is the first paper on prescribed-time control to
solve stochastic nonlinear prescribed-time stabilization and inverse optimality prob-
lems; [13] presents a different design to reduce the control effort; and [14] introduces
prescribed-time output-feedback designs for stochastic nonlinear systems without and
with sensor uncertainty. We stress that the stochastic prescribed-time designs in
[13, 14, 15] only focus on stochastic prescribed-time stabilization, without consider-
ing the prescribed-time mean-nonovershooting and safety. Although [1] develops a
prescribed-time safety design for a chain of integrators, the system considered is de-
terministic and disturbance free. There exist no analogous results for prescribed-time
mean-nonovershooting control for stochastic nonlinear systems.

Motivated by the above observations, we develop prescribed-time mean- nonover-
shooting designs for stochastic nonlinear systems where the matched noise should be
at least linearly vanishing. The contributions of this paper are threefold:

e We propose a new mean-nonovershooting design framework for stochastic
nonlinear systems. The design in this paper is completely different from the
mean-nonovershooting design in [12] in the following two aspects: First, our
controller is characterized by a time-varying blow-up function that grows
unbounded towards the terminal time, which makes the control design and
safety analysis in this paper much more difficult than those in [12]. Sec-
ond, unlike [12] where the mean of the output can track a given trajectory
asymptotically without overshooting, our design has the clear advantage of
achieving mean-nonovershooting tracking in prescribed-time, and not merely
asymptotically.

e In contrast to the stochastic prescribed-time designs in [13, 14, 15], we con-
sider more general models and present a new design scheme. On the one hand,
the control schemes in [13, 14, 15] are only effective for systems with multi-
plicative noise, but the design in this paper can deal with multiplicative and
additive noise simultaneously. On the other hand, different from the stochas-
tic prescribed-time designs in [13, 14, 15] for stabilization, the control objec-
tive of this paper is prescribed-time mean-nonovershooting tracking of a time-
varying reference trajectory. In our prescribed-time mean-nonovershooting
design, many time-varying nonlinear terms produced by the time-varying
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reference trajectory and the time-varying blow-up function are absorbed into
the virtual controllers, which makes the design in this paper much more com-
plex than the designs in [13, 14, 15].

e In contrast to [1, 2, 3, 19, 21, 27, 29] where control barrier functions, “nom-
inal” control input, and “safety filter” are designed to achieve safety control
objective, we propose a different safety control scheme for stochastic systems.
In our scheme, there is no need for a “safety filter” redesign, and only a nom-
inal controller is designed to ensure that the mean of the system output can
track a given trajectory “from below” in prescribed time without overshoot-
ing while keeping all of the states mean-square bounded. In other words,
although our design is different from those in [1, 2, 3, 19, 21, 27, 29|, our
design is not inferior in terms of safety.

The remainder of this paper is organized as follows. Section 2 presents problem
formulation. Section 3 is devoted to the prescribed-time mean-nonovershooting con-
trol design. Section 4 focuses on prescribed-time safety analysis. Section 5 gives an
example illustrating the theoretical results. Section 6 includes concluding remarks.
Appendices A-G introduces useful tools and the proofs of Proposition 1, Lemmas 1-4
and Theorem 1.

2. Problem formulation. Consider a class of stochastic nonlinear systems de-
scribed by

(2.1) dr; =z dt + ! (tx)dw,i=1,...,n — 1,

(2.2) dan = (u+ ¢(t,x))dt + L (¢, x)dw,

(2.3) y=2x1,

where z = (z1,...,7,)7 € R", u € R, and y € R are the system state, control input,
and output, respectively. The functions ¢ : R* x R* — R and ¢; : Rt x R* —+ R™
are continuous of their arguments and locally Lipschitz in z, and i = 1,...,n. w

is an m-dimensional independent standard Wiener process defined on the complete
probability space (2, F, Fy, P) with a filtration F; satisfying the usual conditions (i.e.,
it is increasing and right continuous, while Fy contains all P-null sets).

We introduce the following two functions:

T 2
(2.4) 'u(t)_<t0+Tt> , te€ltoto+T),
t—to
(2.5) W) =1-"20 et to+T),

where T > 0 is the freely prescribed time.

Obviously, the blow-up function u(t) is a monotonically increasing function on
[to,to+T") with p(to) =1 and limy_,4, 7 p(t) = +00; v(t) is a monotonically decreasing
function on [tg,to+7) with v(tg) = 1 and lim;_,;, 17 v(¢) = 0 (In this paper, lim;_,¢ 11
means t approaches to + T “from the left” or “from below”).

For system (2.1)—(2.3), we make the following assumptions.

Assumption 1. The given trajectory y,.(t) € R and its derivatives ygl)(t),...7
yﬁnfl)(t) exist. Moreover, there is a known positive constant M such that

(2.6) Iy ()| <M, i=0,...,n—1, Vt € [tg,+00),

where yﬁo) (t) =y (t).
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Assumption 2. There exist nonnegative constants co 1, co2, ¢i1, Ci2, and o;
(i=1,...,n) such that
(2.7) [9(t, )| < cop(zi]+ -+ [znl) +coo VEE[to,to +T),
(2.8) lpi(t,2)| < (cip(lza] + -+ |zi]) +ei2)v(t)  VEE[to, to+T),

where v;(t) satisfies

(2.9) 0 <;(t) <v7i(t)
with
(2.10) 0> —2i+1.

Remark 1. From Assumption 2, the noise in system (2.1)—(2.3) is allowed to
be additive and multiplicative simultaneously. In the existing results on stochastic
prescribed-time control [13, 14, 15], the noise is only allowed to be multiplicative.
From this aspect, we consider more general systems for stochastic prescribed-time de-
sign in this paper. In contrast to the stochastic prescribed-time stabilization problems
in [13, 14, 15] and due to the effect of the time-varying reference trajectory y,(t) and
the additive noise, in order to solve the prescribed-time mean-nonovershooting control
problem, we require the noise to be vanishing in prescribed time 7". More specifically,
it can be observed from Assumption 2 that o, > 1, which means, along with (2.5),
that the most slowly vanishing noise in the system (i.e., the matched noise) should
vanish at a rate that is no slower than linear in the “time to go” given by tg+ 71 —t.

The objective of this paper is, with Assumptions 1-2, to design a prescribed-
time mean-nonovershooting controller for system (2.1)—(2.3), such that the closed-
loop system has an almost surely unique solution on [tg,to + T'), the mean of the
system output can prescribed-time track a given trajectory without overshooting, the
fourth moment of the tracking error between states and derivatives of the reference
trajectory converges to zero in prescribed time, and the control input and all of the
states are mean-square bounded.

Remark 2. How can the requirement that the noise vanish no later than the
time tg + T (Assumption 2) be motivated? In real-world applications, an important
scenario is where the noise is vanishing by some time tg + Tiax, the time Tiax > 0 is
known, and we are able to pick any time T for prescribed stabilization, with T strictly
greater than Ty,.,. In this case, Assumption 2 is modified as follows.

Assumption 2'. Let T > Tpax > 0. There exist nonnegative constants cg 1, o2,
¢i,1, and ¢; 2 such that

(2.11) 6@, )| < conmr] + - +[on]) + co2 VEE[o, 20+ T),
(2.12) loi(t, 2)| < (cip(lza] + -+ [@3]) + ci2)t)  VEE [to, to+T),
where
_ 17 tOSt<t0+Tmax7
(2.13) %(t)_{ 0, to+ Tax <t <to+T.
Next, we prove that Assumption 2’ is a special case of Assumption 2.
Choosing
T
2.14 P —
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we have

(2.15) ~i(t) <mv7i(t) VteElto,to+T).

By (2.15), (2.12) can be rewritten as

(2.16) lpi(t, )| < (coami(le| + - + |@s]) + cioma )v7 (8),

which shows that Assumption 2 can be satisfied easily by satisfying the simple and
practically reasonable, albeit more conservative, Assumption 2’.

3. Prescribed-time mean-nonovershooting control design. In this sec-
tion, we design the prescribed-time mean-nonovershooting controller step by step.

Step 1. In this step, we aim to design the virtual controller x3.

Defining

(3.1) &1 =21~ Yr,
(3.2) Vi = %Ei‘,

by (2.1) and (3.1)-(3.2) we get
(3.3) LV =&} (2o — ) + g&f%ﬁ

It follows from (2.5)—(3.1) and Lemma A.1 that

3 3
55%@1\2 < §V201§f(01,1|$1| +c12)?
3
< 51/2”15%(01,1 &)+ eralyr| + c12)?
<37EE (6167 + (10 M + ¢19)°)
9
< <3Ci1 + ﬁ(cl,lM + 01,2>4M> &+ Bvtort?
1
9
(3.4) < (3631 + 35, (LM + 01,2)4> péy + Pt
1

where 3 is an arbitrary positive constant.
Substituting (3.4) into (3.3) yields

LVy <& (w2 — 23) + & (5 — 9r) + (3C%,1 + M(CMM + 01,2)4>M§il
(3.5) + Byt

If we choose the virtual controller as

9
(3.6) ay=c1 + 30? 1+ 7(6171M + C172)47
T AR
(3.7) vy =y — par &y,
and define
(38) §2:$2 _‘xSa
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then (3.5) can be rewritten as
(3.9) LV) < —crpéy + &6 + ' 2,

where ¢; >0 is a design parameter.
From (2.1), (3.7), and (3.8) we get

(3.10) dé1 = (— a1 pés + &) dt + ] dw.

Step 2. In this step, we aim to design the virtual controller x3.
From (3.7)—(3.8) we get

(3.11) §o =2 — Yr + pa1é1.

It can be inferred from (2.1) and (3.11) that
. 2
(3.12)  dé= (ffs — §r + (fug/zal - O@Lz)fl + 041M€2>dt + (@2T + 0<1M<P1T)dm
Choose the new scaled Lyapunov function
L4
By (3.9), (3.12), and (3.13) we get
2 _ 3 o
LV < —erpft + €66 — 7126 + 5 g8l poner £ At

1 L2
(3.14) + Efg (ws — i + (Tumm - a?/f)& + améz)-

By Lemma A.1 we obtain

27

3.15 3¢, < I R L o
(3.15) & <e21,1péy + 25623 1 1100 33

where €2 1,1 is an arbitrary positive constant.
From (3.1) and (3.11) we have

(3.16) 21| < 6]+ M,
(3.17) 2] < arpléi| + [€o] + M.

It follows from (2.8), (2.9), and (3.16)—(3.17) that

o2 + pong1|? < 20772 (a1 (loa] + [2l) + c2,2)% + 20577 " ey 1 |21 | + c1,2)?
(3.18) LA V7 (WP + & + M? + 1) + ag 0”7 (& + MP + 1),

where G2 1 and as 2 are positive constants.
From Lemma A.1 we have

3 o — o1 — 3 =
m(am'ﬂ 2p? + ag o THERES < ﬁ(az,l +a3,2)E765
9
3.19 < 4 " (a a 2¢4
( ) <eg1,2u87 + 1625 1 2% (G2, + a2,2)7&s,

)Ly
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72

3a2,2 2 201 —4 40142 2
3.20 M D=2t~ < 71 M 1
(3.20) 2u4( + )2 < By +1651 (M2 4+ 1),
3a2,1 2 2 2 405+10 972 2
3.21 (M 19265 < o2 M 1
(3.21) 2,0 (M= + 1)v"7285 < Ba ov e 165a.010° 5 (M= + )%¢3,

where €212, 82,1, and (g 2 are arbitrary positive constants.
From (3.18)—(3.21) we have

3 .2 2 4 (3_ 9 _ _\2
- < — -
2M452|902 +ponpr]” Seziopéy + (5aza + 16527172 (a2, + a2,2)

+

9a3 , 9a2
s M2 +1 2 +

165, M D"+ g5

(322) +62,1V401+2 +62,2V402+10-

S 1)) el

Substituting (3.15) and (3.22) into (3.14) yields

27 n 9
2565% 1,1 1662 1,2

3
LV < —(c1 —e21)pé} + (§d2,1 + (@91 + a22)?

2

1652 1 (M2 17+ 1652 2 (M2 +1) ) §2 462 (IB T3
+ o3 — Jp + oo + (%M oy — Q%MQ)&) + (B1 + B, 2
(3.23) + Bo o172 10,
where
(3.24) €21 =E¢€21,1 T€2,1,2-
If we choose
2

Qg =cCo + 2@2,1 + 256252’1’1 + 1652,172 (@21 + &2,2)2 + 19652 ) (M? +1)?

(3.25) + 9251 L(M?+1)?
16ﬂ2 2

(3.26) v = e — (01— a3u?) €1 — (on + )i,
and define
(3.27) =3 — 3,
then we have
(3.28) LVy < —(e1 — €210t — %fé + %5353 + By (72 gyt

where ¢o > 0 is a design parameter and

(3.29) B2 =max{SBi1 + PB2,1, 02,2}
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By (3.12) and (3.26) we obtain

(3.30) déy = (— anpés + &3)dt + (sogT + alusolT) dw.

Deductive step. In this step, we aim to design the virtual controller xy_ ,.
Assume that at step k there are a set of virtual controllers defined by

1—2

) 2 Oz} ox;
* o i=1) 4 2 771 3/2 =l e )
(331) — i p€i—1, 3<i<k+1,
(3.32) 57;:1‘7;—1‘:, 2<i<k+1,
such that
L9
(333) &= (- + &)t + (of =Y 5] )dw, 2<i <k,
"~
j=1""
and
Fe € 1 k
— oo
(3-34) LVi < _Z ; 4#515?4' 4(k—1)£2€k+1 +Bkzy4 SRS
i1 M K j=1
where «q,...,qy are positive constants, cj,...,c, are design parameters, Ek,1y- -
epk—1 and fB1,...,0, are arbitrary positive constants, e, = 0 and Vi(&)

x ¢
Zi:l 4N4(1i_1) 521’ and gk = (gla e 7§k)T'
To complete the induction, at the (k + 1)th step (2 <k <n —2), we consider the

&k11-system.
It follows from (2.1), (3.31), and (3.32) that

2 Oz} A
dlpt1 = (:vmz — Y - Tﬁlﬁﬂ - Z %(—ajﬂfj + §j+1)) dt
j=1
T - OThy1 1
(3.35) + | Pra1 — o, i dw.
j=1 J
We choose the Lyapunov function
- - 1
(3.36) Vier1 (1) = Vi (&) + mfﬁﬂ-
By (3.34)—(3.36) and Itd’s formula we get
k k * 2
Ci —Ekyi o4 1 5 3 . O}
EVk+1 <- ; IUJ42',5 é-z + /114(]6,1) §k£k+1 + mglvFl Pk+1 — o aI] Pj
k
2k 4 1 4 (k+1) _ 2 Oz 3/2 0xy
Tutk=1/2 o1 T R i1 ($k+2 Yr T apu K J; ¢,

k
(337) - (mayug +§j+1)> + By i,

Jj=1
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By Lemma A.1 we obtain
-3
1 1 ., 1/4 1,
(3.38) mfkfkﬂ < Ekglk1 W&c +7 (35k,k1,1 wau
where €41 ,1 is an arbitrary positive constant.

To proceed further, we need some estimates. The following proposition supplies
these estimates, whose proof is given in Appendix B.

PROPOSITION 1. For k > 2, there exist positive constants by, by 0,bg1,...,bk k-1
such that
k-1
(3.39) il < (30 HF g+ M),
j=1
ox’ =
(3.40) Bl <bro Y uF NG,
ou =
8(13: k—1 .
(3.41) <bpp 7, 1<j<k—-1,
9¢;
ory ,
(3.42) Tkl <y 1<j<k— 1.
3xj

It follows from Assumption 1, (3.1), (3.32), and (3.39) that

(3.43) 1] < |&] + M,
j—1
(3.44) il < lil+ b (Do w0kl + M), 2< 5 <.
s=1
From (2.8), (2.9), (3.42), (3.43), and (3.44) we get
k 2 k+1
ox; 2
Pk+1 — Z 3;J_r1 pil < 2120k +1 <0k+1,1 Z |zs| + ck+1,2)
j=1 J s=1
k ‘ j )
+ Q(Z bp1,jv/77 ph I (CjJ Z |lzs] + Cj-,2)>
j=1 s=1
) k41 ' . k+1 _
(3.45) Sbryra ) PP 4 by (M + 1) ( > 1/2‘”*4“4),
i=1 i=1

where bi41,1 15 a positive constant.

By (3.45) we obtain

3 - Oz q 3bri11 4 . 3brt11 9.0
mfkﬂ P41 — oz, i = W5k+1 + Z Wfi €1
j=1 i=1
35 k+1 '
316 Bty g,
i=1
By Lemma A.1 we have
3bkt11 Lo 1 . 9 -, 1,
3.47 —= < —— i28 + —— —&
( ) 2'u2(k+z—l)£l €k+1 — u4z—5 Ck+1, ’251 + 165k+1,i72 k+1,1u4k—1€k+1
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and
3bkt11 o+ 4i—
242k (M + 122704
_ 9p2
(348) §6k+1,iy4gi+8176 4 k+1,1 (M"‘ 1)452_’_17

160k 1,iputF 1

where €41,4,2 and Br11,; are arbitrary positive constants.
With (3.47) and (3.48), (3.46) can be rewritten as
k Oxf s 2
Pk+1 : 0z, Pj
j=1

i(5k+112 yE 5)5 +<i

1 16k+1,i,2

3
mfkﬂ

3.
biiia+ §bk+1,1
k41 gj2 k+1
k+1 1 4d0;+8i—
(3.49) + (M 41" by + 3 B ™
Z 165k+1z M4k 15k+1 ; +

Substituting (3.38) and (3.49) into (3.37) yields

(3.50)
e —erinia, 1 * x 1) 29T 3
LViy1 =~ ; WQ‘ + Wfkﬂ Tht2 = Lo + Tppo — Yy TT#“
k -3
Oxf 35 174
=Y e (mayu + §j+1)> + | 5bks10 + o (81@71@1,1)
0 2 4\3
k k41 gj2 1
90111 4 4
(M+1 _—
+Zz: 16ek+1,i,2 it Z 1655-+1,i 1) ) M4k_1£k+l
k1
+ 5k+1 Z V40'¢+8Z—6
i=1
where
(3.51) Ek+41,i =Eki +E€kt1,i,2, 1 <1<k —1,
(3.52) Ekt1,k = Ek+1,k,1 T Ek+1,k,25
(3.53) Br+1= max{ max {fri1,i} + B, 5k+1,k+1}-
1<i<k

If we choose

3- 1/4 =g
= =b - = _ E
Qg1 = Cry1 + 5 k+1,1 + 1 <35k,k 111> + 2

16€k+1 4,2 k+1 !
k+1 ~2
k+1 1 4
3.54 (M + 1),
(3:54) * Z 168%41,i +b

2 0z}
(3.55)  @hio =yt 4 = T akﬂ,ud/z — Q1 41 + Z k+1 (—aju€; +&v1),
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and define

(3.56) Eht2 = Tt — Tppo,

then we have

k+1 k1
Ci — Ek+1,i o;+8i—

(3.57) LV <= T_;lé} i §k+1§k+2 + B p_pioitHio

i=1 i=1
and

ox;
(3.58) d&i1 = (—ap1p€ht1 + Epy2)dt + (‘pk-&-l Z azﬂ ®; )dW,
J

where cj41 > 0 is a design parameter and €41 k41 =0.
Step n. In this step, we aim to design the actual controller u.
Similar to (3.55), we choose the actual control law as

n— 1

(3.59) u= y§">+ En 372 4 Z

Oéjugj + fj-t,-l) — app&n — o(t, ),

85]
and then we get
= = Ci —Eni = o 4+8i—

(3.60) LV, (&) <= sz + B Yy pieitsieo

i=1 i=1
and
3.61 d&, = —a, u&pdt d
(3.61) 6 =it + (i - Za o7 )
where ¢, > 0 is a design parameter, o, is a positive constant, €,.1,...,&n,n-1 and (3,
are arbitrary positive constants, e, , =0, &, =z, — 2%, &, = (&1,...,&)7T, and
3.62 Va(§ zn: L
( : ) n(gn) — 4#4(1 1) g

Remark 3. In this section, we propose a new stochastic prescribed-time control
design, which is essentially different from those in [13, 14, 15]. Comparing this design
with those in [13, 14, 15], we observe that the virtual controllers z3 in (3.7), z3 in
(3.26), }_ 5 in (3.55), and the actual controller u in (3.59) are much more complex
than their corresponding parts in [13, 14, 15]. This is mainly because [13, 14, 15] aim
for stochastic prescribed-time stabilization, while the objective of this paper is to solve
the prescribed-time mean—nonovershooting control problem. In [13, 14, 15], the drift

terms of d&,41 in (3.35), i y£k+1) T 8%;L+1M1+1/m Z? 1 82’5“( o +Ejt1),
are damped by some negatlve p-scaling terms, which yields much blmpler virtual con-
trollers and a much simpler actual controller. However, in order to achieve prescribed-
time mean-nonovershooting control in this paper, we need to ensure that these drift
terms are directly absorbed into the virtual controller x}_ , in (3.55), which height-
ens the challenge of the design of the virtual controllers zj_ s,...,z; and the actual

controller w.
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4. Prescribed-time safety analysis. From (3.10), (3.30), (3.58), and (3.61)
we get

t t
p=e Juo @ dsg 4y +/ e~ Joenndre, (s)ds

to
(4.1) + My(t), 1<k<n-—1,
(42) fn —e ftt{) anlt(s)dsé.n (to) + Mn (t)’
where

t
(43) Ml(t) :/ e*fst alu(S)dSQO’{dUJ(S)
to
and
! ¢ oz
(4.4) Mk(t):/ o I akﬂ(SﬂS( Z o k<p]T> (®)
to
for 2<k<n.
We choose the design parameters cq,...,c, as
(45) Ck>ma‘x{ék75n,k}; 1§/€§n—1,
(4-6) cn >0,
where
1
A7) a=—s———(=wa(to) + 3 (to)),
D) ) —yr(to)( 2(to) + 9r (o))
k—1
Gy = — | — t (k) (¢ d oxy ¢
§k(to)< Ty (to) + 47 (to) + = T ou =t +; 2, lt—to (—;&; (to)

(4.8) +§j+1(fo))>, 2<k<n-—1,
and

(9 20
ulto) = zi(to) — y* D (tg) — = xk 1|t =to ~ Z zz e =t (& (to) + &1 (to))
J

(4.9) +Oék71§k71(t0), 2<k<n-1.
With (3.62), (4.5), and (4.6), (3.60) can be rewritten as

(4.10) LV (En) < —copVi + B Y v/47H8I76,
j=1

where

(4.11) co= 41r<mn {¢i —eni}-

From (4.5) and (4.6) we obtain that ¢ is a positive constant.

Before presenting the main safety results, we first give four technical lemmas,
which are important in the stability analysis.

The first lemma shows that &;(tg) <0 can be ensured if we choose y(to) < y(to)-
The proof of this lemma is given in Appendix C.
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LEMMA 1. Consider the plant (2.1)—(2.3), (3.59), and (4.5)—(4.8). If y(ty) <
yr(to), then we have & (tg) <0, i=1,...,n.

Based on (4.10), the second lemma provides an estimate for EV,,. The proof of
this lemma is given in Appendix D.

LEMMA 2. Consider the plant (2.1)(2.3), (3.59), and (4.5)—(4.8). If Assumptions
1-2 hold, then the following conclusions hold:

(1) The plant has an almost surely unique strong solution on [tg,to +T) for any
xg € R™.

(2) The function V,, defined in (3.62) satisfies

(4.12) EV, < f(t), Vtel[to,to+T),

where

t t . T
(413)  f() = RO (V) 4 B [ DA (e H O g )
toj:l

satisfies

(4.14) f(t) ~ Bn D oAt st to+ T

n

In other words, f(t) is the equivalent infinitesimal of % dim1 vA0it8i=4 g5t — to+T.
Lemma 3 provides estimates for the Riemann integrals, whose integrands are

stochastic processes. The proof of this lemma is given in Appendix E.

LEMMA 3. Consider the plant (2.1)—(2.3), (3.59), and (4.5)—(4.8). If Assumptions
1-2 hold, then, for k=1,...,n—1 we have

t t
(4.15) E {/ e i ak“(T)dekH(s)ds} :/ e I (M)t pre 1 (s)}ds.
to tO
Lemma 4 provides an estimate for My (t). The proof of this lemma is given in
Appendix F.

LEMMA 4. If Assumptions 1-2 hold for the plant (2.1)—(2.3), (3.59), and (4.5)—
(4.8), then we have

(4.16) E{My(t)}=0, k=1,...,n.

In the following theorem, we state the main safety results on system (2.1)—(2.3).
The proof of this theorem is given in Appendix G.

THEOREM 1. Consider the plant consisting of (2.1)—(2.3), (3.59), and (4.5)—(4.8).
If Assumptions 1-2 hold, then the following conclusions hold:

(1) The plant has an almost surely unique strong solution on [tg,to +T) for any
xg € R™.

(2) The mean-square of the state and the controller is bounded.

(3) The state xy converges to yy(ak_l) in L* ast—to+T. Specifically,

(4.17) lim By — gDt =0 1<i<n,

t—to+

where L* denotes the family of quartic integrable random variables.
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(4) In addition, if y(0) < y,(0), we have

(4.18) E{y(t)} <wy,(t) Vte€lto,to+T),
(4.19) lim  E{y(t) — (1)} =0.

Remark 4. From the proofs of Lemmas 2—4 and Theorem 1, it can be observed that
the requirement that the noise be vanishing (Assumption 2) is crucial for achieving
the safety control objectives. If we remove this requirement with ~;(t) = 1, i =
1,...,n, by repeating the proof of Lemma 2 we can still prove that lim; ,;,+7 E|z1 —
yr|* = 0 holds. However, we will also obtain that lim;_,;,+7 Ex? = 400 (2 <i < n)
and limg_yzy 47 Eu? = +o00, which makes the control scheme infeasible. The main
reasons are as follows: with the effect of the additive noise and the time-varying
reference trajectory, and without the vanishing assumption, the convergence rate of
the Lyapunov function V,(,) is only polynomial, rather than exponential, which
results in limg_z 47 Eu? = +c0.

Remark 5. From the proof of Theorem 1, we obtain that the convergence rates of
states xo, ..., x, are determined by the noise vanishing rates d1,...,d,. The larger the
noise vanishing rates, the faster the convergence rate of states. The convergence rate
of y(t) is heavily relied on «q,. .., a,, which are determined by the design parameters
c1,...,¢n. In other words, a larger control effort yields a faster convergence rate
of y(t).

Remark 6. In contrast to [1, 2, 3, 19, 21, 27, 29|, where control barrier functions,
a “nominal” control input, and a “safety filter” are designed to achieve the safe con-
trol objective, we propose a different safety design for stochastic system (2.1)—(2.3).
Specifically, our “nominal” controller (3.59) ensures that the mean of the system
output can track a given trajectory “from below” in prescribed time without over-
shooting, while keeping all of the states mean-square bounded. In other words, we
achieve safety by the nominal controller (3.59) without the need for a “safety filter”
redesign. In fact, our control barrier function is h(t) = E{y(t)} —y,(¢). Thus, although
we develop a different design from those in [1, 2, 3, 19, 21, 27, 29], we maintain safety
in the same CBF-based sense as in those articles.

5. A simulation example. In this section, we use a stochastic mass-spring-
damper system to show the effectiveness of the prescribed-time mean-nonovershooting
control schemes developed in this paper.

The mass-spring-damper system is shown in Figure 1, where a mass m is attached
to a ceiling through a spring-damper combination. The mass is driven by an external
force which serves as a control variable. Let y be the displacement from a reference
position; k is the spring parameter and a is the damper parameter. We assume
that the displacement is relative small, with the restoring force modeled as ky. By
Newton’s law of motion, the system is described as

(5.1) mg +u — ky — ay = mjj.

The damper parameter a(t) has a nominal value ag and a(t) € (ag — 0.2,a9 + 0.2).
Let A(t) = a(t) —ap. A(t) is the Gaussian white noise process with zero mean and
E(A@®)? = (1- L)

To obtain a state-space model for the mass-spring-damper system, take the state

variables to be x1 =y and x5 =g. Then, from (5.1) we get the state-space form
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“

u(t)

d

=

} D

Fic. 1. Mass-spring-damper system.

(52) dl‘l ZZEth,
k 1
(5.3) dxo = <u +g——x1 — aoxg) dt — —(2— t)23102do.)7
m m m 4m
(5.4) y=1r.

Choosing m =1 and ag =k =0.1, (5.2)—(5.4) can be rewritten as

(55) dLUl :.’L‘th,
1
(5.6) dre = (u+g—0.1z; —0.1zy) dt — 1(2—1t)2:czdw,

We choose the reference trajectory as y,(t) =sint. It is obvious that Assumption 1 is
satisfied.
Letting to =0 and T =2, (2.4) and (2.5) can be rewritten as

(5.8) n) = (52) " teb.2).
(5.9) b(t) = —%, te0,2).

By (5.6) we obtain

(5.10) lg —0.1x1 — 0.1z2| < 0.1(|x1| + |22|) + g,
1
(5.11) 1@ = 023 =12 < v,
which shows that Assumption 2 is satisfied with cg; = 0.1, cgo = ¢, ¢11 =0, ¢12 =0,

11 =0, co1 =1, co2 =0, 2(t) =2(t), and oo = 1.
By following the design procedure developed in section 3, we get the controller

u=—¢g+0.1zy + 0.1z —sint — clpg/Q(asl —sint) — cyp(xe — cost)

27
(5.12) - <C2+5+ Ec%)u(xg —cost + ¢y pu(xy —sint)).
In the simulation, we randomly set the initial conditions as x1(0) = —1, z2(0) = 2.

From (4.5) and (4.6) we get
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F1G. 4. The response of the controller of the closed-loop system (5.5)—(5.9) and (5.12).

(5.13)
(5.14)

By (5.13) and (5.14), we choose the controller gains ¢; = 1.1 and ¢; = 1. We employ
gain clipping due to the finite-precision arithmetic in the computation of the control
signal. Figure 2 gives the response of states, which shows that lim; o |21 — y,.|* =0
= 0. Figure 3 describes the response of E{y(t)} and y,(t),
which shows that y.(t) is prescribed-time tracked by E{y(t)} from “below” with
lim¢_,2 E{y(t)—y,(t)} = 0. Figure 4 gives the response of the controller, from which we
can see that the mean-square of the controller is bounded. Therefore, the effectiveness

and lim;_,o |22 — ¢

c1 >max{1;lx((2)§m,l} =1,

co > 0.

| 4

of the controller design developed in section 3 is demonstrated.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/30/23 to 137.110.40.119 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

PRESCRIBED-TIME MEAN-NONOVERSHOOTING CONTROL 1203

Remark 7. Although the mean-nonovershooting control problem of the above sto-
chastic mass-spring-damper system has been studied in [12], this reference only con-
siders the mean-nonovershooting safety control, where the reference trajectories can
be tracked “from below” in the asymptotic case, without considering the prescribed-
time mean-nonovershooting control problem. Compared with the design in [12], our
controller (5.12) is characterized by a time-varying blow-up function (5.8) that grows
unbounded towards the terminal time T'= 2, which yields lim; o E{y(t) —y,(t)} =0,
a better and more practical performance than lim; .. E{y(t) —y,-(t)} =0 in [12].

6. Concluding remarks. We have developed a prescribed-time mean-nonover-
shooting design for stochastic nonlinear systems where the matched noise should be
vanishing at a rate that is no slower than linear in the “time to go” until the prescribed
time of convergence. This design is applicable to any noise that vanishes strictly before
the prescribed time. In comparison to existing designs, our design has two advantages.
First, we can achieve mean-nonovershooting tracking in prescribed time rather than
asymptotically. Second, our design can deal with multiplicative and additive noise
simultaneously. A new controller is designed to ensure that the closed-loop system
has an almost surely unique solution on [tg,to + T), that the mean of the system
output can prescribe-time track a given trajectory without overshooting, that the
fourth moment of the tracking error between states and derivatives of the reference
trajectory converges to zero in prescribed time, and that all of the states are mean-
square bounded.

For the prescribed-time mean-nonovershooting control of stochastic nonlinear sys-
tems, many important issues are still open and worth investigating. For example,
in Assumption 2, ¢g 1, ¢o,2, ¢i,1, and ¢; o are required to be constants. Such a re-
quirement is a bit conservative since there exist some real-world applications where
o(t,z) and @;(t,z) don’t satisfy the linear growth condition. Therefore, an impor-
tant future work is generalizing Assumption 2 to a more general form. In addition,
it would be interesting to apply the results in this paper to stochastic benchmark
systems [16].

Appendix A. Useful tools. In this appendix, we collect four lemmas which
are useful in the controller design and safety analysis.

LEMMA A.1 ([17]). Let 2,y be real variables; then for any positive real numbers
a, m, and n, we have

(A1) axmyngb\x|m+"+7n mAERY "y y|m
m-+n m

where b >0 is any real number.

LEMMA A.2 (Fubini’s theorem [7]). Let X(t) be a stochastic process 0 <t < T
(for all t, X (t) is a stochastic variable), with reqular sample paths (for all w at any
point t, X (t) has left and right limits). Then

T T
(A2) /OE|X(t)|dt:E</O |X(t)|dt>.

Furthermore if this quantity is finite, then

(A3) /OT EX(t)dt = B (/OTX(t)dt>.
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LEMMA A.3 (Dynkin’s formula [18]). Let V € C*Y(R" x Ry; Ry), and let 71,72
be bounded stopping times such that 0 <1 < 7o almost surely. If V(x,t) and LV (x,t)
are bounded on t € [11, T2] almost surely, then

(A.4) EV(z,72)—V(x,1)]=F {/ EV(x,t)dt} .
LEMMA A.4 ([28]). Let x1,...,2,,p be positive real numbers; then
(A.5) (x1 4+ 2,)P <max{n?~ 1 1}(z? +--- +2P).
Appendix B. Proof of Proposition 1. From (2.6), (3.6), and (3.7) we have
(B.1) 3] < ba (pléa] + M),
ox}
B.2 21<b
(B.2) aﬂ‘_ 2,0/&1];
ox
B.3 21<b
( ) 651 ‘ = 02,
ox}
. <
(B.4) By ‘ <bsp,

where b2 9,02 1, and by are positive constants.
By (3.6), (3.25), and (3.26) we get

(B.5) 231 < ba (12162] + pléal + ),

Oxy
. <
(B.6) 5| <vso(uleal +leal).
oz -
B.7 3’<b 3= 1,2
( ) 852 —_ 3ILL ) Z b b
(B8) 8I3 ’ S b3,i,UJ37i7 1= 13 25

8:102»

where b3 9,031,032, and b3 are positive constants.
With the observation of (B.1)-(B.8), for x}_,, we assume that

k—2
(B.9) sl <t (L1 ),
j=1
Oxj_y = k—j—2
(B.10) T e e S
1% =
Oy _4 k—j—1 .
J
Oy _4 k—j—1 .
(B12) 01 §bk_1,j,u 5 1§] Sk—2,
J
where by_1,0,b5-1,1,-..,b5—1,k—2, and by_; are positive constants.

Next, we prove that (3.39)—(3.42) hold by induction.
By (3.31) we obtain -

. _ 2 0zf_ oxy _
(B13)  ah—y®U T#uw +y %(_ajﬂfj + &) — pog—1Ep1-
j=1 >

It can be inferred from (B.9)—(B.13) that (3.39)—(3.42) hold.
This completes the proof of Proposition 1. 0
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Appendix C. Proof of Lemma 1. Since y(to) < y,(to), from (2.3) and (3.1)
we have

(C1) &1(to) =y(to) — yr(to) <O.
By (3.6), (3.11), (4.7), and (C.1) we have

§a(to) = z2(to) — U (to) + & (to)
< x3(to) — Yr(to) + 161 (to)
< x2(to) — Yr(to) + ¢1&1(t0)

(C.2) —0.

y (3.54), (4.5), and (4.8)—(4.9) and using an induction argument, we obtain

2 Oz},
€t (t0) = 2h41 (t0) =y (t0) = 75 Flecta + ni(to)

Z ¢, |t —to (— ;&5 (to) +E&511(to))

<apy1(to) — yM (o) — T%ﬁh:to‘wkﬁk@o)
(9
Z 3zk|t to (& (to) + &1 (to))
J

<apy1(to) — yM (to) — |t to + Crér(to)

T 8
_ Z « ¢, |t 1o (—a;&;(to) + &1 (t0))

(C.3) —0, k_2,..., ~1

This completes the proof of Lemma 1. ]

Appendix D. Proof of Lemma 2. Step 1. We first prove that the plant has
an almost surely unique solution on [tg,to + T').

From (3.59), for every real number 77 satisfying 0 < 77 < T and integer k > 1,
there exists a positive constant K, ; such that

(D.1) u(t, z) — u(t,y)| < Kz klz =y

holds for all ¢ € [to,to 4+ 11] and all z,y € R™ with |z| V |y| < k. Additionally, ¢;(¢,z)
is locally Lipschitz in x. Thus, the plant satisfies the local Lipschitz condition.

By Theorem 3.15 in [18], the plant has an almost surely unique strong solution
x(t) on [tg, peo), Where poo = (to + T) Alim, 4o inf{t > to : |x(t)| > 7}. Next, we
prove poo =to + T almost surely. If this is not true, we can find positive constants e
and T (0 < T, <T') such that

(D-2) P{posc <to +To} > 2e.
For each integer k > 0, define

(D.3) pr = (to +T) ANinf {t:to <t <to+ T, |x(t)| > k}.
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Since pr — poo almost surely, there exists a sufficiently large integer kg such that
(D.4) Plor <to+To}>e Vk=>ko.

From (2.5), (2.10), and (4.10) we have

(D.5) LV, <np,.

Fix k > ko. For any to <t <ty + T3, by (D.5) we have

Evn<mpk,x<mf>k>>=vn<to>+E{ / p’“cvnm(r»cw}

(D.6) < Vp(to) +nBn(t —to),

where V, (to, z(tg)) is abbreviated as V(o).
By (D.6) we get

(D.7) EVa((to +T2) A pr, 2((to +T2) A pr))) < Valto) +nbn T,

which shows that

(D8) Ekagto—i-Tan(me(pk)) S Vn(tO) + nﬁnTQ < +o00.
Define
(D.9) bk:inf{Vn(t,x):\:de,te [t07t0+Tg]}.

By (2.6), (3.1), (3.11), (3.31), (3.32), and (3.62) we have

(DlO) lim inf V,=4+00 VI3e€ (to,to + T),
|| —+o00 tE[to, T3]

from which, together with (D.9), we obtain

(D.11) lim by = +oo.

k—-+4oco

From (D.4) and (D.8) we obtain

(D.12) Viu(to) +nBnTe > b P {pr, <to+ To} > eby.
Letting k — 400 in both sides of (D.12), from (D.11) we obtain
(D.13) Va(to) +npnTs = +o0,

which is a contradiction with (D.8). Thus, we have po, =to+T.
Step 2. We then prove (4.12)—(4.14). Choose

(D.14) V = e dig sy,

From (4.10) and (D.14) we have

(D.15) LV = et (LY, o copViy) < 5, vt IOt Jig HOde

Jj=1
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Let k£ be a positive integer. Define the stopping time
(D.16) my =inf{t: o <t <to+7T, |x| >k}
From Step 1, the plant has an almost surely unique solution on [tg,to + T'). Thus,
my — 400 almost surely as k — +oc.

Let t;, =my At for any t € [to,to + T). Noting V (to,z(t9)) = Vp.(to), with (D.15),
and using Lemma A.3 on the interval [tg, tx], we get

EV(tg,z(tr)) = Vi (to) + E {/tk LV(T,z(T))dT}

to

tk mn .
Svn(to)+ﬂnE{ / S ptertsiz6(ryete i “‘S)dsdf}
t

0 ]:1
t n
(D.17) < Valto) + Bn / S T8I0 (g0 i e g
Letting k — +00, using Fatou’s lemma, (D.17) can be rewritten as
t n

(D.18) BV (t,2(t) < Va(to) + B | 3 v 75970 (m)et fo 0y,

to j:l
From (D.14) and (D.18) we have
(D.19) E{V,(t,x(t)} < f(t) Vtelto,to+T),

where

t n
(DQO) f(t) —e % ftto p(s)ds Vn(to) + B, Z poi+8j—6co fto M(S)deT

to j=1
By L’Hospital’s rule we get
(D.21) f(t)~ Pn D vt sttt + T
Co =
This completes the proof of Lemma 2. ]

Appendix E. Proof of Lemma 3. By (3.62) and Schwarz’s inequality we get

t t
/ Blem Jroen@dng  (s)|ds = / e Jeon AT Blg L (s)]ds

to to

t
S/ e—f:aku(T)dT(E€:+l)1/4ds

to

t
(El) S \/i/ /,Lk€7 f: ak#(T)dT(EVn)1/4dS.
to

From (2.10) and Lemma 2 we obtain that EV,, is bounded on [to,tg + 1), which,
together with (E.1), shows that

¢
(E.2) / Ele” J: awm(m)dre, o (s) |ds < 400

to
holds Vt € [to,to + T'), where k=1,...,n— 1.
By (E.2) and Fubini’s theorem, in Lemma A.2 we get (4.15).
This completes the proof of Lemma 3. 0

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/30/23 to 137.110.40.119 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

1208 WUQUAN LI AND MIROSLAV KRSTIC

Appendix F. Proof of Lemma 4. The proof includes two steps.
Step 1. We first prove E{M;(t)}=0.
By (3.4) we get

‘ t
E{/ e—zf;mms)dSIsolIst}:/ e~ 2 e1n)ds Blo) 1 2ds
to to

t
<22 1/ e=2 ) al“(s)dSV%lEffds

to

t
+2(Cl,1M+Cl,2)2/ g2/ en(s)ds 201 g g

to

t
§4C§1/ e—2fst aly(s)dsVQGl\/m

to
¢
(F.1) + 2(01’1M + 61’2)2 / 672f: arp(s)ds 201 g
to
By (2.10) and Lemma 2 we obtain that EV;, is bounded on [tg,to+T), which, together
with (F.1), shows that

t
(F.2) E{/ e 2 C”“(s)ds|gal|2ds} <400
to

holds Vt € [to, to + T)
By (4.3) and (F.2) we get E{M;(t)} =0.
Step 2. We then prove E{M(t)} =0, k=2,...,n.
From (3.45) we get

K - tak s)ds 8x
E{/toe 2 [ esp(s)d 28 k%T’ ds}
:/ —2 [fagpu(s )dsE| T Zaxk T‘ ds

to

<bpa / o2 anu(s)ds ZHQ(k*j)ng,ds

to j=1

t k
(F.3) N D S T

to j=1

From (3.62) and Schwarz’s inequality we have

k k
(F.4) S Pt EG <N Pt JEE <2kt 2BV,
j=1 j=1

By Lemma 2 we obtain that EV,, is bounded on [tg,to + T'), which, together with
(2.10) and (F.3)—(F.4), shows that

t
(F.5) E{ i B
to

holds Vt € [to, to+1T).
By (4.4) and (F.5), we get E{M(t)}=0,k=2,...,n
This completes the proof of Lemma 4. ]

- Z gxk %Trds} < +00
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Appendix G. Proof of Theorem 1. By Lemma 2, conclusion (1) holds.
Next, we prove conclusions (2)—(4).

Step 1. We first prove conclusion (2).

By (3.1), (3.32), (3.39), and Assumption 1 we obtain

(G.1) ot <2(68 + M?),
k—1

(G.2) vy <2 + i) <2y > I 4260 + 2kbE M, k> 2.
j=1

From (G.1)-(G.2), (3.62), and Lemma A.4 we have

n
|$|2 Sb(ZMzn_ijjz +M2)

j=1

n 1/2
j=1
(G.3) <b2Vp" TV + M),

where b is a positive constant.
By (G.3) and Lemma 2 we get

E|z|? < 20v/np*" 2 EN/V,, + bM?
< 2by/np*"2\/EV,, + bM?
(G.4) < 20y/nu" 3/ f(t) + bMZ.

By (2.10) and Lemma 2 we obtain that 2”2,/ f(t) is bounded on [tg,to + T). From
(G.4) we obtain that the mean-square of the state is bounded. Similarly, with As-
sumption 2, Proposition 1, (3.59), and (G.4) we can prove that the mean-square of
the controller is bounded. Thus, conclusion (2) holds.

Step 2. We now prove conclusion (3).

When k=1, from (3.1) and Lemma 2 we obtain

(G5) Elwy —y|* < B¢ <4EVL <Af(1).
By (2.10), (4.14), and (G.5) we get

. B 4_
(G.6) tJ%ﬂTE|x1 yr|*=0.

When k> 2, by (3.31)—(3.32) and (3.40)—(3.41) we get

*

200t 124 3 O st 4 ) — ou
T 8,u 1 = aj (1L j+1 MOk —1Gk—1

|z, — yF Y| < ‘ﬁk +

k
(G.7) < bg Zﬂk_j|§j|7
Jj=1

which, together with Lemma A.4, shows that

k
(G.8)  Elax —y" VI <R Y B <AbiP BV < AbE A f (1),

Jj=1

where by, is a positive constant independent of M.
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Tt follows from (2.10), (4.14), and (G.8) that

. =14 o AL 4k—4
hmTE|xk Yyt <dbik lgr}er f@t)

t—to+ t—
741.3 n
< 4bk:k 6” lim l/4aj+8j+478n
- Co t—to+T 4
Jj=1
(G.9) —0,
which shows that
. (1) 4 <<
(G.10) ti%ﬁ&Twat Y P =0, 1<i<n.

Step 3. We finally prove conclusion (4).
Noting oy, >0 is a constant, from (2.4), (4.2), and Lemma 4 we get

(G.11) E{&,(t)} = e Jio anidsg () = e T (=i =g, (1),

By Lemma 1 we know that &, (tp) <0, which, along with (G.11), implies that E{,}

is a nonpositive function satisfying

(G.12) lim E{&. (1)} =0.

t—to+T

From (4.1) and Lemma 4 we have

t t t
(G.13)  B{taa ()} =e Jo 1t (1) + E{ / e a"*“‘”dms)dS}

to

which, in view of (2.4), (G.11), and Lemma 3, can be expressed as

t t +
E{& a(t)y = e Jro @1t 10y 4 / L S A OIE

to

to

t [S(an—1—an)u(T)dr
2 e’to &n(to)ds
(G.14) — e n1T (ﬁi%)gnfl(to) + f (to) .

eftto an—1p(T)dT
Since a,,—1 and «,, are positive constants, by using (G.14) we get

. el e ()4
i B @) = dim e
€n(to)
T g (el T
€n(to)

T2 1 _1
t—to+T OéqL_lllL(t)ean (f,0+T_t T)

(G.15) —0.

From Lemma 1 we obtain that E{,_1} is a nonpositive function.
By using induction we conclude that E{&;(t)} is a nonpositive function with

(G.16) lim  E{&(t)} =0.

t—to+T

Thus, (4.17) and (4.19) hold.
This completes the proof of Theorem 1.
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