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Abstract In this paper, we consider an optimal control problem involving a general switched system
that evolves by switching between several subsystems of nonlinear delay-differential equations. The control
variables in this system consist of: (i) the times at which the subsystem switches occur; and (ii) a set of
system parameters that influence the subsystem dynamics. We first establish the existence of the partial
derivatives of the system state with respect to both the switching times and the system parameters.
Then, on the basis of this result, we show that the gradient of the cost function can be computed by
solving the state system forward in time followed by a costate system backward in time. This gradient
computation procedure can be combined with any gradient-based optimization method to determine the
optimal control strategy. We propose an effective optimization algorithm based on this idea. Finally, we
consider three numerical examples, one involving the 1,3-propanediol fed-batch production process, to

illustrate the effectiveness and applicability of the proposed algorithm.
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1 Introduction

A hybrid system is a dynamic system that exhibits both continuous and discrete characteristics [1]. The
continuous characteristics of a hybrid system are typically modelled by difference or differential equations,
while the discrete characteristics are modelled by discrete logic or discrete events [2]. Because of their
flexibility, hybrid systems are often capable of accomplishing control objectives beyond the reach of
conventional control systems [3,4]. Thus, hybrid systems and hybrid control have become hot research
topics over the past decade. In this paper, we are concerned with a special class of hybrid systems
called switched systems. Such systems consist of a number of distinct subsystems, with a switching law
governing the system switches from one subsystem to another. Switched systems arise in many real-
world applications, including locomotives [5], biochemical reactors [6], switched-capacitor DC-DC power

converters [7], and hybrid power systems [8].

The optimal control of switched systems is an important and challenging research topic for control
theorists [9-14]. In the most general case, determining an optimal control strategy for a switched system
involves determining an optimal continuous input function (a continuous optimization variable) and an
optimal switching sequence (a discrete optimization variable). Many recent works in the literature are
based on the assumption that the switching sequence is fixed and the subsystem switching instants are
decision variables to be optimized. Relevant literature includes [15], in which linear switched systems
with pre-fixed switching sequence are investigated over an infinite time horizon, and [16,17], in which
computational approaches are developed based on the partial derivatives of the cost function with respect
to the switching times. More recently in [18], a new method for calculating the partial derivatives of the
cost function is developed for switched systems in which the state experiences instantaneous jumps at

the switching times. This new method is based on the time-scaling transformation described in [7,19].

The vast majority of optimization techniques for switched systems, including those mentioned above,
are restricted to switched systems without time-delays. However, time-delays are common in practical
engineering systems [21]. Indeed, switched systems with time-delays have various applications in areas
such as power systems [22] and network control systems [23]. The presence of delays in a switched system
complicates the search for an optimal control policy. In particular, the time-scaling transformation men-
tioned above, a powerful tool for solving switched system optimal control problems [7,13,18,19], is not

applicable to switched systems with time-delays [20]. In fact, optimal control techniques for switched sys-
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tems with time-delays are scarce in the literature. Necessary conditions for determining optimal switching
times and/or optimal impulse magnitudes for such systems are derived in [24-26] via classical variational
techniques. However, these analytical results are only applicable to separable systems with a single delay.
Reference [27] presents an effective optimal control algorithm for switched systems with time-delays that is
based on a parameterization scheme in which the switching instants are expressed in terms of the subsys-
tem durations. However, this algorithm has three limitations: (i) it is only applicable to switched systems
with a single delay and no system parameters; (ii) it involves integrating a large number of auxiliary
differential equations (one auxiliary system for each subsystem); and (iii) it is based on the assumption

that the duration between any two adjacent switching times is always larger than the time-delay.

The purpose of this paper is to develop a new computational method that does not suffer from these
drawbacks. We consider a general nonlinear switched system with multiple time-delays and multiple
system parameters. Each subsystem in this switched system is described by a set of nonlinear delay-
differential equations, and the switching times and system parameters are control variables to be selected
optimally. The optimal control problem involves choosing these control variables to minimize a given cost
function. We first investigate the existence of the partial derivatives of the system state with respect to
the system parameters and the switching times. In particular, we will show that the left and right partial
derivatives of the system state with respect to each switching time exist and are equal at all time points
except for the switching point in question. We then derive the gradient of the cost function and show
that this gradient can be computed by solving the original state system forward in time, followed by an
auxiliary system—called the costate system—backward in time. This is different from the method in [27],
which involves solving multiple auxiliary systems forward in time. The advantage of our new approach
is that we only require one auxiliary system, whereas the method in [27] requires many such systems.
Moreover, our new algorithm caters for more general switched systems with multiple delays and multiple

system parameters. We conclude the paper by validating our new algorithm on three numerical examples.
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2 Problem Formulation

Consider the following switched system with p subsystems and m time-delays:

I(t):fz(t,.f(t),fé(t),§>, te (TiflvTi]v 7’:152751)7 (1&)
z(t) = ¢(t,¢), t=<0, (1b)
where 79 = 0 is the initial time; 7, = T > 0 is a given terminal time; 7;,4 = 1,2,...,p — 1, are

switching times; x(t) = (x1(t),z2(t),...,2,(t))T € R™ is the state vector; #(t) = (z(t — a1) ', z(t —
), x(t—am) )T € R"™ is the delayed state vector; o, j = 1,2,...,m, are given time-delays; =
(C1,Ca,--+,C) T € RY is a vector of system parameters; and f': Rx R" x R"™ x R? — R",i=1,2,...,p,

)

and ¢ : R x RY — R"™ are given functions.

Equation (1la) expresses the dynamics of each subsystem in terms of the current time, the current
state, the delayed state, and the parameter vector. Note that the time-delays and system parameters may
be different for each subsystem. For example, subsystem 1 may only involve (; and z(t — aq ), subsystem 2

may only involve (3 and z(t — a3), and so on.

System (1) is controlled by manipulating the switching times and the system parameters. The switch-

ing times must satisfy the following constraints:
Ti*Tifleiv 7::1527"'51)7 (2)

where A; > 0 is the minimum duration of the ith subsystem. Any vector 7 = (71, 72,..., Tp—1) ' satisfying

(2) is called a feasible switching time vector. Let T denote the set of all such feasible switching time vectors.

Define

Z = {(Cl,Cg,...,Cv)T €ERY:1aqg < (g <bg, g=1,2,...,0}, (3)

where a, and b, are given constants such that a; < b,. Clearly, Z is a compact and convex subset of R".
Any vector ¢ € Z is called a feasible parameter vector. Accordingly, any pair (1,{) € T x Z is called a

feasible pair for system (1).

We assume throughout this paper that the following conditions are satisfied.
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Assumption 1 The functions f',i =1,2,...,p, are continuously differentiable. Moreover, the function

¢ is twice continuously differentiable.

Assumption 2 There exists a positive real number L1 > 0 such that for each i =1,2,...,p,
|fl(ta$aja§)| < Ll(l + |$| + |‘i'|)a (t,.T,.’i',C) € [Ti—laTi] X R" x R"™ x Z,

where | - | denotes the Fuclidean norm.

Assumptions 1-2 ensure that the switched system (1) has a unique solution z(+|7,{) corresponding to
each pair (7,{) € T x Z [31]. This solution is called the state trajectory.
We suppose that the cost function can be expressed as a given function of the system parameters and

the final state reached by the system. Accordingly, we define the following cost function:

J(7,¢) i= @(x(T|7,¢), ), (4)

where @ : R” x R — R is a given continuously differentiable function. Note that we can easily transform
an integral running cost into the form of (4) by introducing an additional state variable. For example,

consider the following integral term:

Z / Li(t,z(t), &(t), C)dt,

where £? : R x R” x R™ x RY — R,i = 1,2,...,p, are given continuously differentiable functions. It is

clear that this term can be replaced by z,4+1(T), where 41 satisfies the dynamics

Tpp1(t) = Lt 2(t),2(t),0), t€(ri,n], i=1,2,...,p,

Tni1(t) =0, t<0.

Thus, there is no loss of generality in ignoring integral terms in the cost function (4).

Our objective is to choose the switching time vector 7 € T and the parameter vector ( € Z to
minimize the cost function (4) subject to the switched system (1). This optimal control problem is stated
formally as follows.

Problem (P). Find a feasible pair (7,{) € T x Z such that the cost function (4) is minimized.
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Problem (P) is an optimal control problem involving a nonlinear switched system with multiple
time-delays, where the switching times and system parameters are control variables to be optimized.
It is well known that variable switching times pose a significant challenge for conventional numerical
optimization techniques [18,28,29]. One of the most widely used methods for overcoming this challenge
is the time-scaling transformation described in [7,13,18,19]. This transformation involves mapping the
variable switching times to fixed points in a new time horizon. Unfortunately, since the time-scaling
transformation is not applicable to delay systems [20], it cannot be used to solve Problem (P). Therefore,

a new approach is needed to solve Problem (P). This provides the motivation for the work in this paper.

3 State Variation

In essence, Problem (P) is a nonlinear programming problem with decision vectors 7 and ¢. The main
difficulty with solving this problem is that the cost function (4) is not an explicit function of the decision
vectors. Indeed, the decision vectors influence the cost function implicitly through the governing switched
system (1); changing the switching times and/or system parameters changes the state trajectory, which
subsequently changes the value of the cost function. It follows that computing the gradient of (4) is a
challenging task.

Our ultimate goal is to develop a computational algorithm for evaluating this gradient. Such an
algorithm can then be combined with any standard gradient-based optimization method to solve Problem
(P) as a nonlinear programming problem. In this section, as a preliminary step towards determining the
gradient of the cost function in Problem (P), we establish the existence of the gradient of the system
state.

Let S denote the set of all switching time vectors 7 = (71, 72, . .. ,7‘17_1)—r such that

O=mo<m< - <Tp1 <71 =T.

Clearly, T C S. We have already mentioned that system (1) admits a unique solution corresponding to
each pair in 7 x Z. This result can, in fact, be extended to pairs in S x Z. Let z(:|, () denote the unique
solution of (1) corresponding to (7, () € S x Z. Furthermore, let z(¢|-,-) : S x Z — R™ denote the function
that returns the value of the state vector at time ¢ corresponding to a given input pair in § x Z. We will

show in this section that the partial derivatives of the function x(t|-,-) exist on & x Z. This result will
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then be exploited in Section 4 to derive an effective computational procedure for calculating the gradient
of the cost function (4).

The partial derivative of z(t|-,-) with respect to ¢ is called the state variation with respect to ¢. The
following result, which can be proved in a similar manner as that given for the proof of Theorem 2 in
[37], gives a method for determining this state variation. Note that, in this and subsequent sections, we

use the notation d%7 to denote differentiation with respect to the delayed state x(t — o).

Theorem 1 Let t € [0,T] be a fized time point. Then

9z (t[T, ¢)

aé—q :Fq(t|7—’<)7 q: ]"27""1)’ (5)

where I'I(-|1,{) is the solution of the following auziliary switched system:

fags) = 26 2().56). O gy 3 Of'(5,2(5), 7(5), €) g

O : &ij (S - aj)

Jj=1

L2 2610 g =12, (6)
0(q
with the initial condition
98(s, ¢)
Fq = — < .

(S) va Y S — O (7)

Theorem 1 gives the state variation with respect to the system parameters. To solve Problem (P), we
also need the state variation with respect to the switching times. Unfortunately, unlike the state variation
with respect to the system parameters, the state variation with respect to the switching times does not
follow easily from known results. In fact, it is well known in computational optimal control that gradient
calculations involving variable switching times present major numerical challenges [18]. The remainder

of this section is devoted to this important issue.

3.1 Preliminaries

Let k € {1,2,...,p— 1} and (7,¢{) € S x Z be arbitrary but fixed. For notational simplicity, we write
x(-) instead of z(-|7,¢) and z¢(-) instead of z(-|7 + ee¥, ), where e* denotes the kth unit basis vector in

RP—1L,
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Define

O 1= (Th—1 — Tk, Tht1 — Th)-

Note that © is a non-empty open interval. Clearly,

ceEO@ < T+eleS.

Now, for each € € @, define the following functions:

F () =2 (t) — alt), 1T, 5)
099 (t) = a(t —ay) —x(t —aj), t<T, j=1,2,....m (9)
Furthermore, let
0°(t) = (01 (1)) T, (0<*(®) ..., (0™ (@)) )T €R™, ¢<T,

and
) = ((z(t —a)) T, (@t —aa)) Ty (2t —am) )T, t<T.
Obviously, for each € € O,
099 (t) = p(t —ay), t<T, j=1,2,....m, (10)

and

e(t) =0, t<min{r, +¢€,7}. (11)

The following result can be proved in a similar manner as that given for the proof of Lemma 6.4.2 in [32].

Note that Assumption 2 plays a key role in the proof.

Lemma 1 There exists a positive real number Lo > 0 such that for all e € O,
|z€(t)| < L2, t € [—max, T, (12)

where amax =  max  {o;}.
j€{1,2,...,m}
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The next lemma gives an important upper bound for the functions defined in (8) and (9).

Lemma 2 There exists a positive real number Ly > 0 such that for all € € O,

le“(t), ~ max |07 (t)| < Lsle|, te[0,T]. (13)
je{1,2,...,m}

Proof Let t € [0,T] be arbitrary but fixed. Furthermore, let i(s) € {1,2,...,p} denote the active subsys-
tem at time s corresponding to the switching time vector 7, and let i°(s) denote the active subsystem at

time s corresponding to the switching time vector 7 + ee*. Then
t .
z(t) = ¢(0,¢) +/ ) (s, 2(s), Z(s), )ds (14)
0
and
t
20 = 60,0) 4 [ 5,551,351, O (15)
0
Combining (14) and (15) gives

O (t) = a°(t) — a(t)
=A{ﬁ“%af@%f@xo—f“%aﬂ@ﬁwxows (16)

Since € € O, there exists an interval I. such that |I.| = € and

Thus, we can rewrite (16) as follows:

¢ur3/ [FC) (5,25(5), 5 (5),C) — 1O (s, 2(s), #(5),C) }ds
1.1[0,4]

+/ {50 (s,25(s), £(5), ¢) — F1) (s, 2(s), £(s), ) bds. (17)
[0,t]\ 1.
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Taking the norm of both sides of (17) yields

o5()] < / |£16) (s, 2(5), 5(5), €) — F1) (s, 2(s), E(s), () |ds

4 / £ (s, 2(5), (5),C) — ¥ (5, 2(s), E(s), O)|ds. (18)

Now, by Assumption 1 and (12), there exists a Lipschitz constant M; > 0 such that the first integral

term on the right-hand side of (18) can be simplified as follows:
t . .
17965590, 359).0) = £ (5,0(5),3(6), )| ds
0
¢ mo ‘
< / M| (s)|ds + Z/ M, |0%7 (s)|ds. (19)
0 =0
Furthermore, there exists another constant M, > 0 such that for all € € O,
|f1(s,2(s),#(5), Q)| < Ma, s€[0,T], 1=1,2,...,p.
Thus, the last integral term on the right-hand side of (18) can be simplified as follows:
177 96,07(9,30.0) = £(s,2(5),5(5), s < 20l (20)
1.
Substituting (19) and (20) into (18), and then simplifying using (10) and (11), we obtain
¢ mo
|p“(8)] < 2Mye] +/ M (s)|ds + Z/ Mi|p®(s — aj)lds
0 =170
¢
< 2Msle| + (m + 1)M1/ [(s)|ds.
0
Thus, by the Gronwall-Bellman Lemma [32], it follows that
lp“(8)] < Lslel, (21)
where L3 = 2Myexp(mM;,T + M, T). Therefore, by (10) and (11),

a 09 (¢)| = a “(t — ;)| < Lslel. 22
je{{g’_fm}l (t)] je{flz,_)f,m}'@( a;)| < Lsel (22)
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Since t € [0,T] and € € © are chosen arbitrarily, inequalities (21) and (22) verify the result.

Now, consider the following auxiliary switched system:

AF(s) = Of (s, 2(s),(s),¢) AF(s) + i of'(s,x(s),#(s),¢) A

Ox . 0! s =),
Jj=1
SE(Ti—laTi]a ’L:k+1a7pa (23)
with the jump condition
AR (Y = [P, a(me), #(1k), Q) = A4 (ke (), 2(7), ) (24)
and the initial condition
Ab(s) =0, s< . (25)

Let A¥(-|7,¢) denote the unique right-continuous solution of (23)-(25). We will show that the state

variation with respect to 7y is equal to A* at all time points t # 7.

3.2 Right State Variation with Respect to the Switching Times

The right state variation at time ¢ with respect to 75 is defined by

el et O —a(tin¢) | at(t) —alt)
e—0+ € e—0+ €

We will now establish the existence of the right state variation.
For each e € © N[0, 00), define

TL+€
pek ::/ {fk(s,ze(s)7f€(s)7§>7fk(Tk,z(Tk>,i'(Tk>,<)}ds (26)

k

and

Te+e€
pi-{-l = / {karl(Sa xe(s)a jE(S)’ ¢)— karl(Tkax(Tk)"i'(Tk)a g)}ds (27)

k

The next lemma gives an upper bound for the functions defined in (26) and (27).
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Lemma 3 There exists a constant Ly > 0 such that for all e € © N[0, 00),

il |phga| < La€®.

Proof From the definition of p§, in (26), we have

Tr+e€
155 s/ £ (s, 2(s), 2(5), €) — £¥(s. 2(s), E(s), )| ds

Tk

Tr+e€
T / |75 (5,2(8), 5(5),€) — 1* (i 2(mi), (7). O ds.

Tk
Thus, since f* is Lipschitz continuous,

Tr+e€
M ]6%9 ( )|ds+/ Mi|s — 7|ds

k

Tite Tkte€

lo5] < My (s |ds+Z/

Tk

Tite TeFe€

+ Mylz(s) — x(1x |d5+2/ Milz(s — o) — x(me — o) |ds,

Tk

where M7 > 0 is the Lipschitz constant defined in the proof of Lemma 2. Applying Lemma 2, we obtain

Tr+e€
|pS| < My Lze® +mM,; Lye® + M€ —|—/ Mi|z(s) — x(7%)|ds
Tk

T +€

+z/ Mile(s — a;) — o(m — a;)|ds. (28)

Now, let My > 0 be as defined in the proof of Lemma 2. Since ¢ is continuously differentiable, we may

assume that Ms is such that |gi3(77,§)| < My for all n € [—amax, 0], where amax = {{1123@( }{ozj}. Then
Jje 32400,

clearly,

|:C(77)| S MZ; n S [704maX7T]-

Hence, for each s € [, 7 + €],
os) ()] < [ [oln)ldn < Mac, (29)
Tk

and
s—ozj

(s — ay) — ()] < / () < Me. (30)

Tk —Qj
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Substituting (29) and (30) into (28) gives
Ip%| < MyLse® +mM;Lye* + Mye® + My Moe* + mM; Mae?. (31)
In a similar manner, it is also possible to show that
|pfs1] < MiLse® + mMiLse® + Mie® + My Ma€® + mMy Moe®. (32)

Choosing Ly = M1L3 + mM;Ls + My + My My + mM; M, in (31) and (32) completes the proof.

On the basis of Lemmas 1-3, we now establish the existence of the right state variation with respect

to the switching times.

Theorem 2 Let k € {1,2,...,p— 1} and (1,{) € S x Z. Then for all time points t # 7y,

i e lp(t) = 4%t ), (33)

where AF(-|7, ) is the unique right-continuous solution of the auziliary system (23)-(25). In addition, for
t= Tk,

lim e 'o(7%) = 0. 4
Jim et (me) = 0 (34)

Proof For each i =1,2,...,p and € € O, define the following functions:

f_i76(5777) = fi(S,SC(S) +77906(S)7:E(S) +7796(5)a<)7 (5777) € [TiflaTi] X [07 1]7

and

ive( aF<(s ) OF“(5.0) | yes | N
2 Z{ ol o977 }9 (s), (s,m) € [ri—1, 7] x [0, 1].

By Assumption 1 and Lemma 1, there exists a positive constant N1 > 0 such that for all € € O,

0f"(s,0)
} Ox

‘Sva 56[7'1'71,7'1'], 7::1527"'7]75

and
laf_“(s, 0)

&%J ‘SNla Se[Ti—laTi]a i:1325"'ap7 j:1527"'ama
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where | - | denotes the natural matrix norm on R™*". Moreover, by Lemma 2, the following limits exist

uniformly with respect to n € [0,1] and s € [0, T7:

lim {(s) +ne*(s)} = 2(s),

e—0

i {3 (s) + 10°(3)} = i (s).

Thus, it follows from Assumption 1 that for each § > 0, there exists a corresponding € > 0 such that for

all € € O satisfying |e| < €,

‘5#’6(8,77) _9f"(s,0)

5 o ’<5, (s,m) € [Tic1, 7] X [0,1], i=1,2,...,p,

and

laf"‘(s,n) _9f"(5,0)

979 07 ’ <9, (s,m) € [Tz, ] x [0,1], i=1,2,...,p,

i=1,2,....,m.

Inequalities (35) and (36), together with Lemma 2, imply that for all € € © with |e| < €/,

|AY(s,m)| < OLslel, |A5(s,m)| < OmLale|, i=1,2,....p

By the chain rule, we obtain

df"(s,m) af”sn o f"(s,m) .
e +Z e (s).

We can rewrite (38) as follows:

df"(s,n)
on

9f"(s,0) .

= AY(s,m) + A5 (s, ) + =5 = (s)

af<(s,0) .
+Z 5 w(s).

Now, let ¢t € [0,T] be a fixed time point. We consider two cases: (i) ¢ < 74; and (ii) ¢ > 7.

(35)

(36)

(37)
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Consider case (i). In this case, t < 74, and thus it follows from (11) that

: —1 € .
€1_1>r61_‘_e ©°(t) = 0. (40)

In particular, (40) holds when ¢ = 73, thus proving equation (34). If ¢ < 73, then in view of (25),

k _ T -1 e
A (t)—O—Cgrgl+e ©°(t).

Thus, equation (33) holds for any ¢ < 7.

Now, consider case (ii). In this case, there exists an integer ¢ € {k+1,...,p} such that t € (7c_1, 7]

Let v € (0,t — 71) be arbitrary but fixed. Furthermore, choose € € @ such that
0 < e < min{~y, €'}, (41)

where € corresponds to § = in (35) and (36). Then 7 + € < 7,41 and 7, + € < t. Consequently,

TrL+e€ _ _
oo (t) = / (754(s,1) = F¥04(s, 1) Vs

k

min{7,t} B
+ Z / {F4<(s,1) — F4<(s,0) }ds.

I=k+17Tl—-1

Using (26) and (27), we obtain

@G(t) = p€ - pi-{-l + e{fk1€ Tka O) - fk+176(7-k5 0)}

min{7;,t} B
+ Z / {7<(s,1) — 4<(s,0) }ds. (42)

I=k+17Ti-1

By using the fundamental theorem of calculus, (42) can be written as

Soe(t) = PZ - pi-{-l + G{fkye(Tka 0) - fk+11€(7ka 0)}

S min{7,t} 1 6fl’6(8 77)
+ / (/ 1 )ds. 43
> » Nl (43)

I=k+1
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Substituting (39) into (43) gives

P (1) = pi = Phgr + e f7 (1, 0) — fFH14 (7, 0)}

S min{7,t} 1 ; 1 ;
+ > / </ Al’e(sm)dn+/ A3 (s,m)dn
— Tl—1 0 0

l=k+1
afl’ﬁ(s,O) . o afl’ﬁ(s,O) i

Next, integrating the auxiliary system (23)-(25) yields

min{7;,t} rl,e
Ak(t) _ ,](Tk76(7_k70) o f_k+1 J€ Tk, Z / t <8f (S 0) Ak(8>

ox
l=k+17V 71

) le
+Z f@xj 0 - ozj))ds (45)

Multiplying (44) by €', subtracting (45), taking the norm of both sides and then applying (37) with

6 =, we obtain

e tof(t) — AR (1) < € Mpfl + € Hpfya| + (LsT + mLsT)y

+ / Ny[etge(s) — A¥(s)|ds

+Z N1|e (s — o) — A¥(s — ) |ds. (46)

j=1"Tk

In view of (11) and (25), the last integral term on the right-hand side of (46) can be simplified as follows:

mo
Z Nile to(s — aj) — A*(s — aj)|ds *Z/ Nile 1 (s) — Ak (s)|ds
j=1"Tk Tk —Qj
< / MmNy e 1< (s) — AF(s)[ds. (47)
T

Thus, using Lemma 3 and (47) to simplify (46), we obtain

e 1o (t) — A¥(t)| < 2Lae + (L3T + mLsT)y

b (m+ 1)N1/ 1% (s) — AR (s)|ds.
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Since € < v and 7, + v < t, this inequality becomes

Te+Y
|671g0€(t) - Ak(t)| < 2L4y + (LsT + mLsT)y + (m+ 1)N; / |eflgpe(s) - Ak(s)|ds
Tk
t
+ (m+1)N; / le1pc(s) — AF(s)|ds. (48)
T+
Using (13), we have
e (s) — AR (s)| < e M (s)| + [A*(s)| < Ls+ Na, s € [Tk, Tk + 7], (49)

where Ny > 0 is an upper bound for |A¥| (recall that A* is piecewise continuous and therefore bounded
on [0,TY]). Substituting (49) into (48) gives

t
et (t) — AR(t)] < Nay + (m + 1)N1/ e (s) — A%(s)|ds,

T+

where N3 = 2L4+ LsT +mLsT + (m+ 1)N1(Ls + N2). This inequality holds for all € € O satisfying (41),

uniformly with respect to t € [r, + «y, T]. Thus, by the Gronwall-Bellman Lemma [32], it follows that
|7 (t) — A*(1)] < Nyyexp((m +1)N1T),

whenever 0 < € < min{~, ¢'}. Since v > 0 was arbitrary, this shows that (33) holds when ¢ > 7.

3.3 Left State Variation with Respect to the Switching Times

The left state variation at time ¢ with respect to 73 is defined by

el et O —altng) L at() —a(t)

e—0— € e—0— €

We will now establish the existence of the left state variation.

For each e € © N (—00, 0], define

pp/fuwamﬁﬁwxofﬂmwww@uw@n%, (50)
p;chl = /‘I_T:6 {fk—i_l(sawﬁ(s)"i'e(s)’g) - fk+1(7-ka$(7-k)aj(Tk)aC)}ds' (51)
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By using similar arguments as in the proof of Lemma 3, we obtain the following result.

Lemma 4 There exists a constant Ly > 0 such that for all e € © N (—00,0],
o5 1Py | < Lse®.

The following theorem shows that the left state variation coincides exactly with the solution of the

auxiliary switched system (23)-(25).
Theorem 3 Let k € {1,2,...,p— 1} and (1,¢) € S x Z. Then for all time points t € [0,T],

lim e () = Ak(t|7‘, ), (52)

e—0—

where A*(-|7,¢) is the unique right-continuous solution of the auziliary system (23)-(25).

Proof Let i<, AL and AL be as defined in the proof of Theorem 1. Recall that for each § > 0, there

exists a corresponding ¢’ > 0 such that for all € € © satisfying |e| < €/,
|AY(s,m)| < 0Lsle|, AL (s,n)| < dmLsle|, i=1,2,...,p, (53)

where L3 is as defined in Lemma 2.
Let ¢t € [0,T] be a fixed time point. We consider two cases: (i) ¢ < 7x; and (ii) ¢ > 7.
For case (i), it follows from (11) that

lim e tp(t) = 0.

e—0—

Thus, in view of (25),
AR(t) =0 = lim e 'po(1),

e—0—

which proves equation (52) for t < 7.
For case (ii), there exists an integer ¢ € {k + 1,...,p} such that t € [7c_1,7¢) if ¢ < p—1, and

t € [Tp—1,7p] if ¢ = p. Let § > 0 be arbitrary and choose € € © such that

—min{e, 0} < e <O0. (54)
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Then 71 < 7 + € < 7. As a result,
Tk _ _
SO = [ A1) - 0
‘rkJre
min{7;,t} _
+ Z / {F4¢(s,1) — F4<(s,0) }ds.
I=k4+177t-1
Therefore, from (50) and (51),
P () = phoyr — Pi — { ST, 0) = (7, 0) }
min{7;,t} B
+ Z / {7<(s,1) — f2<(s,0) }ds. (55)
I=k4+177T-1
Using the fundamental theorem of calculus, (55) can be written as
P () = s — Pi — e{ ST, 0) = (7, 0) }
S min{7,t} afl,e(s,o) S min{7;,t} ™M afl,e(s’o) )
+ Z /7—7 TQD (S)d8+ Z /7—7 ZTG ’J(s)ds
I=k+4177Ti-1 I=k4177T-1 j=1
S min{7,t} 1 ; ;
D S B T S (56)
I=k+17Ti-1 0 0
Now, the right-continuous solution of the auxiliary system (23)-(25) is
_ min{7;,t} b rl,e 0
AR() = F(mr, 0) = FHH (7, 0) Z / (7f (5,0) gr )
ox
I=k417Tt-1
fte(s, 0
+ Z 7 - Ozj)>ds. (57)

From (56) and (57), we obtain

t
et (8) — AR (1) < |€|_1|pil+|e|_1|pi+1|+/ Nile™lf(s) — A% (s)lds
Tk

m o
+Z Nile710%9 () — A¥(s — ay)|ds

S min{7,t} 1 LA
s / ( [ et s mlan

I=k+1

1
T / |e|-1|Aéf<s,n>|dn>ds
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where N; is the upper bound for |0f"¢/dx| and |0f"¢/0%’| defined in the proof of Theorem 2. By

Lemma 4, (10) and (53), we see that for all € € © satisfying inequality (54),

t
le 1ot (t) — Ak(t)| < 2Lslel + (m+ 1)5L3T+/ Nyple tpf(s) — Ak(s)|ds
Tk

—|—Z N1|6 (s — aj) — A¥(s — ) |ds. (58)

j=1"Tk

The last integral term in (58) can be simplified as

Z N1|e (s — aj) — AF(s — a |ds-Z/ Nile toe(s) — A¥(s)|ds

j=1"77k Tk —Qj

< [ mNi|e 1 (s) — AF(s)|ds. (59)

Qmax

Since € € © N (—00, 0], we have —amax < T + € < 7, and thus

t Tr+E€
/ mN|e Lot (s) — A¥(s)|ds = / mNi|e 1pc(s) — A¥(s)|ds

Omax Omax

T
Jr/ mNy|e 1ot (s) — A¥(s)|ds

kte
¢
—|—/ mN|e Lot (s) — A¥(s)|ds. (60)
Tk
Furthermore, using (13), we have
|71t (s) — A¥()] < lel 7 e ()| + [ A%(s)] < Ls + N2, s € [ + €, 73], (61)

where Nj is as defined in the proof of Theorem 2. Substituting (61) into (60) and then using (11) gives

t
/ mN1|671<p6(s) - Ak(s)|ds < (mL3sNy + mNaNy)|e|

Qmax

Jr/ mN|e Lt (s) — A¥(s)|ds. (62)
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Combining (58), (59) and (62), we obtain

le7to(t) — AR (t)| < (2Ls + mL3Ny + mNoNy)|e| + (m + 1)LsT§

+/ (m + 1Ny~ L<(s) — A¥(s)|ds.

Tk

Recall from (54) that |¢| < 0. Thus, by the Gronwall-Bellman Lemma [32],
le71o(t) — AR (t)| < (2Ls + mL3sNy + mNoNy + (m + 1)LsT)d exp((m + 1) N1 T),

which holds whenever ¢ € © satisfies (54). Since § > 0 is arbitrary, this shows that (52) holds when

tZTk.

3.4 State Variation with Respect to the Switching Times

Combining Theorems 2 and 3 yields the following fundamental result, which gives the full state variation

with respect to each switching time.

Theorem 4 Let k€ {1,2,...,p— 1} and (1,{) € S x Z. Then for all time points t # T,

da(tlr.) _ . wltlT+ ee®, Q) —x(tm, Q) _ lim e~ ¢ (t) = AR (t|r, Q).

aTk e—0 € e—0

From Theorems 2 and 3, we see that the left and right state variations differ at ¢t = 73, and thus the full
state variation does not exist at this point. This is why ¢t = 73 is excluded from Theorem 4. Thus, the
state variation with respect to a given switching time exists at all time points except for the switching
time in question. This is different to the state variations with respect to the system parameters, which

exist at every point in the time horizon (see Theorem 1).
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4 Gradient Formulae

By using Theorems 1 and 4, it is possible to express the gradient of the cost function in Problem (P) in

terms of the solution of the auxiliary switched systems as follows:

0J(r.¢) _ 08(x(L]7.¢).¢) | 0(x(TI7.¢).C
a¢, a¢, oz

9J(,¢) _ 902(x(T|7,¢)
aTk o (9:6

)Fq(T|T’C)7 q:172""7v7

’C)Ak(T|T,g), k=1,2,...,p—1.

However, to compute these gradient formulae, a large number of auxiliary systems need to be solved
(there is one auxiliary system for each system parameter and each switching time). To overcome this
challenge, we now derive new gradient formulae using the so-called costate method, which is a commonly-

used technique in the optimal control domain [32].

Define

of (¢, Q _ of'(t,2(tr, Q) #(¢ ), Q)

,t€[0,T],i=1,2,...,p,

ox ox
OF (r.Q) _ O (taltn O.5Un OO | Lo r1 =10y tn
o’ o’
and
of (tlr,¢) _ of (ta(t]r,Q), #(t7,¢), ¢) :
= ,te|0,T],1=1,2,...,p, ¢q=1,2,...,v.
ac, ac, [0,7] P q
For each (7,() € T x Z, consider the following costate system:
P
aft (t|7,
Z ( f | g ) )‘(t)X['rifl,n)(t)
=1
P m
af'(t + aj|r,
Z Z <fa—]j|o> A(t + O‘j)X[‘ri,l—aj,‘ri—aj)(t)v te [05 T]v (63)
i=1 j=1 x
J
with the terminal conditions
0(x(T]7,0),0)\
ar) = (PHEER0) (64)

At)=0, t>T, (65)
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where, for a given interval I, x; denotes the indicator function of I defined by

1, iftel,
xr(t) = (66)
0, otherwise.

Af (t + aylm, )
o’
this value has no effect on the costate dynamics (63) because A(t+¢;) = 0 when ¢t > T — «; (see equation

(65)).

Let A(:]7,¢) denote the solution of system (63)-(65) corresponding to the given pair (7,{) € T x Z.

Note that if t > T'— «;, then ¢ 4+ «; > T', and thus the value of is undefined. However,

We now express the gradients of the cost function with respect to the system parameters in terms of

ACIT, )

Theorem 5 Let ¢ € {1,2,...,v} and (1,{) € T x Z. Then

0J(1,0) _ aq5 T('?f 8|7, ¢) 1 06(0,0)
%y +Z/ g, Mt A0T) ==
p m Ti — Q) ) a
+ZZ [ aeway Floran K00yl
=1 j= i—1—Q

where z(-) = x(-|7, (), A(-) = A(:|7,¢) and X(~,0) is as defined in (66).

Proof Let w : [0,00) — R™ be an arbitrary function that is continuous and differentiable almost every-

where. Then we may express the cost function J as follows:
J(1,¢) = )+ Z/ fi(s,z(s),2(s),¢) — w(s)Tg'c(s))ds

+Z/ (s, (s),2(s),()ds — /OTw(S)Tab(s)ds,

where we have omitted the arguments 7 and ¢ in z(-|7, {) for simplicity.

Applying integration by parts to the last integral term gives

I(r6) = )+ Z T (9, 60,0 ()t

w(0)T$(0,0) + / i(s) T(s)ds. (67)
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Differentiating (67) with respect to {, gives

0J(r,¢) _ (92(x(T),¢) T\ 0z(T) | 02(x(T),¢) 1,7 99(0,¢)
w(T) + +w(0T)

9 oz ¢y 9y ac,
5f ( T 6f1 afi(s) | .1\ dals)
+ T d + + w(s) ) o) 4
Z1 /ﬂ 1 Zl /T,b 1 va
p T M af ( ) 61‘(8 —« )
w T 77 ds
! ; /T ; T T (68)

where we have omitted the arguments 7 and ¢ in of (galcﬂ <) and of éSJ;',C . Performing a change of
i

variable in the last term on the right-hand side of (68) yields

Z/T IZ Talaij z(s Oéj)ds

i=1 %
e 70 (s + o) Da(s)
_ZUZI/T . ;) 55 o, ds. (69)

Since z(s) = ¢(s, () for all s < 0, equation (69) can be rewritten as follows:

i/n iw(S)Tajh(S) ax(S*Oéj)ds

=1 1 j=1 (9:733 agq
P m s
e 3f s+ ;) 0x(s
:;7 / w(s+a;)T <W ;) agg)X[W)(S) .
1=1 j=1 K J
Sl A Of'(s+aj )0
+ZZ/ w(s +ag) " s 1) 90s. C)X(_oop)(s)ds, (70)
i=1 j=17Ti-1—; i 0¢q

where X[0,400) and X(—o0,0) are as defined in (66). Substituting (70) into (68) yields

05(r.Q)  (98(x(T).C) oa(T) | 98(x(T).) 96(0,0)
o, < o “’(T)T> o U T

+Z/ Taf d+Z/( T6f1)+w(s)T)ax_(s)d8

i=1 Y Ti—1 i=1YTi—1 ag‘]
T Of (s + o) Ox(s
R S
i=1 j=17Ti-17 q

Ti—Qj

+ ZZ/ (S +a )Taf (8 + a]) a¢( g) X(foo,o)(s)ds-

J
i=1j=1"7Ti-1794; oz 84‘1
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This equation can be rewritten as follows:

0.0) _ (D0 _ yyr)25D) , DO | gy 200

va ox agq va agq

- ) T P i

+Z;/ )T J(;Cq )d +/O (u’)(s)T +Z;w( s)T J;i )X[TFMI_)(S)
p m 9 P

+ZZ’LU T%X[Til—ajﬂ'i—aj)(s)) ;C(_S)ds
i=1 j=1 q
p m Ti — Q) ) 9
2 [ s Pt m) 9000 osias

Choosing w(-) = A(:|7, ¢) and substituting (63)-(65) into the above equation completes the proof.

The following theorem gives the gradients of the cost function with respect to the switching times.

Theorem 6 Let k€ {1,2,...,p—1} and (7,{) € T x Z. Then

9J(7,¢)

aTk

= A7) " fF (s, 2(me), 2 (1), Q) = M) T 5 (e, (1), 2(7), ),

where x(1) = x(1x |7, ), (1) = Z(78|7, ) and \(1) = A(7% |7, ().
Proof Let w(-) be as defined in the proof of Theorem 5. Recall from equation (67) that
J(1,¢) = ) + Z/ (s,2(s),%(s),¢)ds — w(T) " z(T)
T
w(0)T¢(0,¢) +/ w(s) " x(s)ds, (71)
0

where, as in the proof of Theorem 5, we have omitted the arguments 7 and ¢ for clarity.

Differentiating (71) with respect to 73 yields

aJ(Ta C) — (aé(w(T)ag) _ w(T)T) ax(T) + w(Tk)Tfk(Tk,l'(Tk),i'(Tk),Q)

o1y, ox 0Ty,
_ u}(Tk)Tf/Ychl('rk7 (1), 2(7%), ¢) + Z/ ( iS)
+ 1i(s) )az ds +Z/ Tagj(f) x(g;ko‘j)ds, (72)

i-1 j=1
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OGN g 210

where, as in the proof of Theorem 5, we omit the arguments 7 and ¢ in

Performing a change of variable in the last term on the right-hand side of (72) gives

)T df(s) dx(s — aj)
Z/n S o o
_ Pom ami—a Taf (S—l—a]) Ox(s)
- ;; /Tilaj (8 T ) 8:03 aTk ds. (73)

Recall that z(s) = ¢(s, () for all s <0. Then equation (73) can be rewritten as follows:

/ )T 8fi(s) 0x(s — aj)
Z oy ds
Ti—1 i or’ aTk
P Ti—Qj af (S+Oé)al'( )
B ;; /T¢1—aj (S ta ) ol Ok X[OHroo)(S)dSa (74)

where X([0,400) is as defined in (66). Substituting (74) into (72) gives

aJ(Ta C) _ (6¢(x(T),§) _ ’LU(T)T) ax(T) +’LU(Tk)Tfk(Tk,SC(Tk),j(Tk),g)

o7, ox 0T,

—w(r) " (7, 2 (7k), £ (1), +Z/ ( Of (s) +w(s)T) a;i:)ds

ox

+Zz/n—a, o) of (;:;r O‘J)ag( )X[o +o0) (5)ds.

i=1 j=177Ti-1—

This equation can be rearranged as follows:

+w(re) " fF (e, 2(1k), 2(78), €)

9J(1,¢) _ (92(z(T), () ) 9(T)
0Tk :( Ox —w(T) ) 0Tk

— ()T P (), B / (Zw Taf O r®)

i=1

" & Afi(s+a 0x(s
T+ZZ (s + a5) T (axj ])X[TilajvTiaj)(S)) 8’£k)d8- (75)

Choosing w(-) = A(:|7,¢) and substituting (63)-(65) into (75) completes the proof.

On the basis of Theorems 5 and 6, we can compute the cost function J(7,() and its gradient at a

given pair (7,¢) € T x Z using the following computational procedure.

Step 1. Solve the switched system (1) from ¢ = 0 to ¢ = T to obtain z(-|7, ().
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Step 2. Using z(T'|7, (), compute J(7,().
Step 3. Using z(+|7, (), solve the costate system (63)-(65) from ¢ =T to t = 0 to obtain A(-|7, ().
9J(1,¢) 9J(7,¢)

Step 4. Using z(:|7,¢) and A(:|7, (), compute T@,q =1,2,...,v, and W,k =1,2,...,p—1,

via the formulae in Theorems 5 and 6.

This computational procedure can be integrated with a standard gradient-based optimization method
(e.g., sequential quadratic programming) to solve Problem (P) as a nonlinear programming problem. In

the next section, we use this approach to solve three numerical examples.

5 Numerical Examples

We consider three example problems. To solve these problems, we wrote a Fortran program that com-
bines the gradient computation procedure in Section 4 with the optimization software NLPQLP [33].
This program invokes the differential equation software LSODA [34] to solve the state and costate sys-
tems. Lagrange interpolation [35] is used when LSODA requires the value of the state or costate at an

intermediate time between two adjacent knot points.

5.1 Example 1
Consider the following switched system as formulated in reference [27]:

Subsystem 1. 1'1(t> = 21‘1(t)£L‘2 (t) + ZL'Q(t — 01), (76)

Z'Q(t) = 31’1(t) + 41‘2(t - 01),

Subsystem 9. zl(t) = 72$1(t)$2 (t) + Sin(:L'Q(t — 01)), (77)

Z'Q(t) = ZL'1(t)$2(t) + ZEl(t - 01)1‘2(t - 01),
i1 (t) = 2 — 221 (¢) + 3x2(t — 0.1),

subsystem 3: (78)
Z'Q(t) = 7$2(t) + ZEl(t - 01)$Q(t - 01),

with the initial conditions

ri(t)=t—1, zot)=t>+1, t<O0. (79)
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As in [27], we assume that the switching sequence is 1 — 2 — 3. Let 7 denote the time at which the
system switches from subsystem 1 to subsystem 2, and let 75 denote the time at which the system switches

from subsystem 2 to subsystem 3. The time horizon for this system is [y, 73] = [0, 1].

We suppose that 0.01 < 7 < 0.2 and 0.21 < 75 < 0.9. Our goal is to choose the switching times 7

and 75 such that the cost function

J(11,m2) = (z1(1) — 0.5)% + (z2(1) — 0.25)? (80)

is minimized subject to the constraints 7 € [0.01,0.2] and 7 € [0.21,0.9].

Starting from the initial guesses 7, = 0.2 and 75 = 0.9, our program computes the optimal switching
times 73 = 0.01 and 75 = 0.4739 after 7 optimization iterations. The optimal cost obtained by our program
is J = 4.537 x 1073, which is much better than the optimal cost of J = 0.0128 obtained in [27]. The

corresponding state trajectory is shown in Fig. 1.

15

X0

——x0

-15 . . . L
0 0.2 0.4 0.6 0.8 1

Fig. 1 The optimal state trajectories for Example 1.
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5.2 Example 2

Consider the following nonlinear switched system with 2 time-delays:

il(t) = —5$1(t) — 4$2(t) — 3$1(t — 05) + 2$2(t — 0.1)
subsystem 1: +uy (t) + 0.1 tanh(z (1)), (81)

Zo(t) = 0.1z (¢) — Tz2(t) + 0.5uy (¢) — sin(z2(t — 0.1)),

1(t) = —4z1(t) + 0.522(t) + 0.2sin(xa (1)) + t2 + 8,
subsystem 2: 1) 1) 2(?) (z2(1)) (82)

Za(t) = by (t) — baa(t) + 0.5sin(z1 (¢ — 0.1)) — ua(t),
with the initial conditions

r1(t) =6, xo(t)=t>+2, t<O0. (83)

The time horizon here is [0, 1.5]. We assume that the system switches once during the time horizon from
subsystem 1 to subsystem 2. Let 7; denote the switching point. The functions u; and us are feedback
controllers of the form w;(t) = (121(t) + Caxa(t) and ua(t) = (3z1(t) + Caxa(t), where 0.1 < (3 < 1.5
and 0.1 < (5, (3,4 < 1.0. Our goal is to find an optimal switching time 7 and an optimal feedback gain

parameter vector ¢ = (1, (2,(3,(s) " such that the cost function
J(11,¢) = (x1(1.5) — 2)® + (22(1.5) — 1)? (84)

is minimized subject to the constraints ¢; € [0.1,1.5] and (2, (3, ¢4 € 0.1, 1.0].

The gradient of the cost function (84) with respect to ¢ is calculated using the formulae in Section 4,
with the extended Simpson’s rule [35] used to compute the integrals. Starting from the initial guesses
71 = 0.1 and ¢ = (0.7,0.5,0.5,0.8) ", our program computes the optimal switching time as 71 = 1.3304
and the optimal parameter vector as ¢ = (1.3149, 0.5635,0.3256, 0.6672) " after 22 optimization iterations.
Moreover, the corresponding optimal cost is 3.9943 x 1073°, which can be regarded as zero in numerical

computation. The optimal feedback control and the optimal state trajectory are shown in Fig. 2.
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(@)

u, ()
E—C)

15

Fig. 2 (a). Feedback controls for Example 2. (b). State trajectories for Example 2.

5.3 Example 3

Our final example involves the fed-batch fermentation process for converting glycerol to 1,3-propanediol
(1,3-PD) using the microorganism Klebsiella pneumoniae. This process oscillates between two modes:
batch mode and feeding mode. In batch mode, no substrate is added to the fermentor. In feeding mode,
substrates are added with constant feeding rates to provide nutrition and maintain a suitable environment
for cell growth. Since nutrient metabolization does not immediately lead to the production of new biomass

[36], time-delays exist in the fermentation process.

Based on our previous work [37], the dynamic model for batch mode is given by

8
S
=
I
=
—
8
]
-
=
N
=
K
=
—
=
I
o
=
=
N

(t)
da(t) = —qo(wa2(t))1 (t — 0.16),
i3(t) = gs(xa(t))z1 (t — 0.16),
(t)=0

where z1(t), z2(t), z5(t) and z4(¢) are, respectively, the extracellular concentrations of biomass, glycerol,
1,3-PD and the volume of culture fluid at time ¢ in the fermentor; p(z2(t)) is the specific growth rate of

cells; g2(x2(t)) is the specific consumption rate of substrate; and gs(x2(t)) is the specific formation rate
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of 1,3-PD. The functions u(x2(t)), q2(z2(t)) and gz(x2(t)) are given by

o A1£C2 (t)
wza(t)) = RO
o Agwg(t)
q2(72(t)) = ma + You(z2(t)) + o) +ha
Agwg(t)

q3(z2(t)) = —m3 + Yapu(za(t)) + w2l + ks’

where Ay, k1, ma, Yo, Ao, ko, m3, Y3, Az and k3 are model parameters whose values are given in [37].

The dynamic model for feeding mode is given by

( (86)
(

where r = 0.75 is the velocity ratio of adding alkali to glycerol; csg = 10762mmolL " is the concentration
of the initial feed of glycerol; ¢ is the feeding rate of the glycerol; and D(xz4(t), () is the dilution rate at

time t defined as
(I+7)¢

D(;L'4 (t)a C) = T4 (t)

: (87)

The fed-batch fermentation process switches between the batch and feeding modes during the time

horizon.

The initial function ¢ for the system (85) and (86) is obtained by applying cubic spline interpolation
to the experimental data before the zero time point. The total number of switching times is 1355 and the
terminal time is 7" = 24.16h. The entire fermentation process consists of the first batch mode followed by
nine phases, each of which consists of multiple fed-batch pairs (feeding mode followed by batch mode) of
100 seconds duration. In each phase, the durations of the feeding modes are the same. As a result, the
end moment of the first batch mode (denoted by 71) and the end moment of the first feeding mode in
each phase (denoted by 7,7 = 2,...,10,) are to be optimized. Furthermore, the feeding rate of glycerol

¢ also needs to be optimally chosen. Let 7 = (71,...,719) . The aim of the fermentation control is to
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Table 1 Optimal values, initial guesses, and lower and upper bounds for the switching times in Example 3.

Switching times T ) T3 T4 75

Optimal values 5.4096 5.4112  6.1894  7.2174  8.9117
Initial guesses 5.3300 5.3314  6.1097  7.1378  8.8319
Lower bounds 5.3000 5.3014 6.0797 7.1078 8.8019
Upper bounds 5.5000 5.5022  6.2800 7.3078  9.0022

Switching times T6 T7 T8 T9 T10

Optimal values  12.2172 15.9110 18.1602 19.9101 23.9101
Initial guesses 12,1372 15.8311 18.0808 19.8306 23.8303
Lower bounds 12.1072 15.8011 18.0503 19.8003 23.8003
Upper bounds 12.3078 16.0022 18.2511 20.0011 24.0011

obtain high concentration of 1,3-PD at the terminal time. Thus, the cost function in this example is

J(7,¢) = —z3(T|7,¢). (88)

The optimal control problem is: choose the switching time vector 7 and the system parameter ¢ such that
the cost function (88) is minimized subject to ¢ € [0.7954,1.1009] and the switching time bounds given
in Table 1.

The gradient of the cost function (88) with respect to ¢ is calculated using the formulae in Section 4,
with the extended Simpson’s rule [35] used to compute the integrals. By choosing the initial guess of the
feeding rate ¢ = 8.1211Lh™" and the initial guesses of switching times as in Table 1, our program obtains
the optimal feeding rate ¢* = 0.8867Lh ™" and the optimal switching times listed in Table 1. Our program
took 15 optimization iterations to obtain this optimal solution. The corresponding optimal durations of
the feeding modes in the nine phases are, respectively, 5.75s,7.28s,8.00s, 7.76s, 7.51s,5.13s,2.22s, 1.98s
and 1.73s. Moreover, the optimal 1,3-PD concentration at the terminal time is 932.2mmolL™*. This is a
16.96% improvement over the experimental results in [38], which are obtained using a non-optimal control
scheme. The optimal states of biomass and 1,3-PD are shown in Fig. 3. The curves in Fig. 3 also confirm

that 1,3-PD concentration at the terminal time is increased compared with the results in [38].

6 Conclusions

In this paper, we investigated the optimal control of switched systems with multiple time-delays and

multiple system parameters. We first established the existence of the partial derivatives of the system
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Fermentation time (h) Fermentation time (h)

Fig. 3 Optimal state trajectories for Example 3.

state with respect to the system parameters and switching times. We then used this result to derive the
gradient of the cost function in terms of the solutions of the state system and an auxiliary system called
the costate system. On this basis, a new gradient-based optimization algorithm was developed to solve
the optimal control problem. The effectiveness and applicability of this algorithm was verified using three

numerical examples.
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