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Abstract. This paper considers a dynamic optimization problem for a class of switched systems
characterized by two key attributes: (i) the switching mechanism is invoked automatically when
the state variables satisfy certain switching conditions; and (ii) the subsystem dynamics involve
time-delays in the state variables. The decision variables in the problem, which must be selected
optimally to minimize system cost, consist of a set of time-invariant system parameters in the initial
state functions. To solve the dynamic optimization problem, we first show that the partial derivatives
of the system state with respect to the system parameters can be expressed in terms of the solution of
a set of variational switched systems. Then, on the basis of this result, we develop a gradient-based
optimization algorithm to determine the optimal parameter values. Finally, we validate the proposed
algorithm by solving an example problem arising in the production of 1,3-propanediol.
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1. Introduction. A switched system operates by switching among different sub-
systems or modes [6, 12, 17, 32, 33]. Such systems are defined by a switching law that
governs the order in which the modes operate (the switching sequence), and the times
at which mode changes occur (the switching times). Switched systems are closely
related to impulsive systems, which experience instantaneous changes in the state
(instead of the mode) at certain time points [30].

Switched systems are optimized by changing some combination of the switching
sequence, switching times, and other input parameters in the mode dynamics. The
switching times and input parameters are normally continuous-valued and can be
determined using gradient-based optimization techniques [18, 19, 21, 23]. In contrast,
the switching sequence is a discrete variable that poses a much greater challenge for
optimization. Since this paper focuses on systems with pre-fixed switching sequence,
we simply mention that methods for optimizing the switching sequence are available—
albeit computationally demanding—and direct the reader to [18] for a survey.

The key idea in applying gradient-based optimization methods is to parameterize
the state—and therefore the cost and constraint functions—in terms of the switch-
ing times and input parameters. This essentially converts the dynamic optimization
problem into a nonlinear programming problem that can be solved using existing meth-
ods [18, 19]. This approach requires the gradients of the cost and constraint functions,
which cannot be expressed in closed form except in the rare case when the switched
system has an analytical solution. More commonly, the cost and constraint gradients
must be numerically evaluated using the variational system, which gives the partial
derivatives of the state with respect to the controllable variables. The existence of the
variational system has been established for many classes of switched and impulsive
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systems; see, for example, references [3, 10, 14, 21, 25, 26]. For these systems, the
optimization procedure is normally applied in conjunction with a time-scaling trans-
formation that maps the switching times into fixed points in a new time scale, thus
yielding an equivalent optimization problem that is easier to solve [18, 25, 37].

The form of the variational system for a switched system depends critically on
whether the switching conditions—which dictate when the system transitions from one
mode to another—are time-dependent or state-dependent. Time-dependent switching
conditions define precise times (either fixed or controllable) at which mode changes
occur. State-dependent switching conditions instead define certain surfaces in the
state space that, when hit by the state trajectory, trigger mode changes. Switched
systems with state-dependent switching conditions are the most challenging because
their switching times are unknown in advance and can only be generated implicitly
as the system is being solved. Dynamic optimization problems for such systems have
been considered in references [8, 27], which present formulas for evaluating the gra-
dients of cost functions in Bolza and Lagrange form. The gradient derivations are
based on the differentiability of the state trajectory with respect to the controllable
parameters—an issue studied in [3, 11, 14, 35] for systems with state-triggered discrete
events. As an alternative to tackling the state-dependent switching conditions directly
(as in [8, 27]), several methods have been proposed for converting the state-dependent
switching conditions into time-dependent switching conditions under additional as-
sumptions and constraints [7, 23, 36]. These methods, however, are not for general
use: reference [7] only considers dual-mode switched systems, reference [23] is focused
on a specific applied problem, and reference [36] proposes a heuristic approach that is
not precisely equivalent to solving the original problem with state-based switchings.

The solution differentiability results mentioned above for systems with state-
dependent discrete events (either mode changes or state jumps) do not allow time-
delays. To the best of our knowledge, the only known results on solution differen-
tiability for systems with both delays and state-dependent discrete events are in [15].
These results extend the work in [16], which considers delays but no discrete events.

In this paper, we derive the variational system for a class of switched delay-
differential equations in which the mode switches are defined by nonlinear equations
of the state variables and the initial state functions depend on controllable parameters.
This variational system matches the one derived in [15] under different technical
conditions and using a different proof strategy (for a more general class of systems
in which the time-delays may depend on the state). Specifically, the results in [15]
rely on a boundedness condition for the right-hand side dynamics, whereas our new
results are based on a less restrictive linear growth condition. As a consequence,
our results apply over an infinite time horizon. The proof in [15] uses the method of
steps to convert the system with time-delays into a sequence of ordinary differential
equations without delays, after which the standard theory for ODEs can be applied.
We instead use a different proof strategy that is based on the equivalent integral form
of the switched system, with the time-delays maintained in all stages of the proof. As
a byproduct, two additional results are obtained that supplement the results in [15]:

e Although the partial derivatives of the state with respect to the decision
parameters usually do not exist at the switching times, the one-sided partial
derivatives always exist; and

e The state is multi-variate continuous with respect to the decision parameters—
this does not follow immediately from the results in [15], because the mere
existence of partial derivatives is not sufficient for full multi-variate continuity.
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The variational system derived in this paper (see Sections 3 and 4) underpins a
gradient-based algorithm for optimizing the decision parameters in the initial state
functions. Furthermore, as we discuss in the paper, our algorithm can be easily ex-
tended to switched systems that also contain decision parameters in the mode dynam-
ics and switching conditions. Section 5 illustrates the application of our approach to
the fed-batch fermentation process for 1,3-propanediol, an organic compound widely
used in the production of paints, adhesives, and laminates [28].

2. Problem formulation. Consider the following switched time-delay system
consisting of N modes operating in succession:

(2.1a)  @(t) = fi(x(t), 2t — 1), ..., x(t —vm)), t€(ri1,7), i=1,...,N,
(2'1b) ‘T(t) = ¢(t’ ¢), t<0,

where z(t) € R™ is the state; v;, j = 1,...,m, are given time-delays; { € RP is a vector
of time-invariant system parameters; 7;, ¢ = 1,..., N — 1, are switching times listed
in increasing order, with 7o := 0 and 7y := oo; and f*: R™tU» - R j=1,... N,
and ¢ : R X RP — R" are given continuously differentiable functions.

We assume that each f?, i =1,..., N, satisfies the linear growth condition

(2.2) |, w™)| < DA+ Wl + -4 w™)), (@0, .., w™) e Rt

where L > 0 is a real constant and | - | denotes the Euclidean norm.

The switching times in (2.1a) specify when the system switches from one mode
to another. Unlike in time-dependent switched systems (which are widespread in the
literature), the switching times here are not independent decision variables, but are
instead governed by a set of state-dependent switching conditions. More specifically,
a switch from mode ¢ — 1 to mode % occurs when the state satisfies

(2.3) gila(t) =0,

where g; : R™ — R is a given continuously differentiable function. Thus, the switched
system (2.1) evolves as follows. After beginning in state ¢(0,¢) at time ¢ = 0, the
system runs smoothly according to (2.1a) with ¢ = 1 until g;(z(¢)) = 0. Then, the
system switches into mode 2 and again runs smoothly according to (2.1a) with ¢ = 2
until go(x(t)) = 0, and so on. This behaviour implies that the switching sequence—
that is, the order in which the different modes in (2.1a) are activated—is fixed and
known, which is the case in many practical systems, such as the dual-mode fed-batch
fermentation system considered in Section 5 of this paper.

Equation (2.3) is essentially a stopping condition for the ith mode. Hence, given
T;—1 > 0 for some ¢ > 1, the next switching time 7; is defined recursively by

(2.4) 7= 1nf{t > 7,1 : gi(x(t)) = 0},
where 79 = 0 and 7; = oo if g;(x(t)) # 0 for all £ > 7,_4.
System (2.1) is controlled by manipulating the time-invariant system parameters.
Define
Z::{geRP:ak Sgk Sbk; k::lv"'vp}a

where aj, and by are given constants such that ap < bg. Any vector ( € Z is called a
feasible parameter vector. Although in (2.1) the system parameters only appear in the
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initial function ¢, the results in this paper can be easily extended to the case where
the system parameters also appear explicitly in the right-hand side dynamics (2.1a)
and/or the switching functions (2.3). Indeed, ¢ can be replaced where necessary by
an auxiliary state vector Z(t) satisfying Z(t) = 0 for ¢ > 0 and Z(t) = ¢ for ¢ < 0.

We show in Section 4 that, under the stated conditions on the dynamic func-
tions f% i = 1,..., N, and the initial function ¢, system (2.1) with switching times
given by (2.4) has a unique solution x(-|¢) corresponding to each feasible parameter
vector ¢ € Z. This solution satisfies the dynamics (2.1a) almost everywhere on [0, 00),
and the initial condition (2.1b) everywhere on (—oo,0].

Now, define a cost function J as follows:

(2.5) J(¢) == @(z(T()),

where 7" > 0 is a given terminal time and ® : R® — R is a given continuously
differentiable function. We state our dynamic optimization problem as follows.
PROBLEM (P). Find a feasible parameter vector ( € Z such that the cost function (2.5)
s minimized.

Problem (P) is a unique problem involving two main difficulties: (i) the mode
dynamics in the switched system (2.1) are influenced by multiple state-delays; and
(i) the mode switches are governed by a state-dependent switching mechanism. We
now develop a gradient-based computational method for solving Problem (P).

3. Main results. Let e* denote the kth unit basis vector in RP. Furthermore,
let

ZNZZ{L...,N}, ZN_1::{1,...,N—1}.
Consider the n x p state variation matriz 0z(t|¢)/0¢ whose kth column is defined by

0a(tl) _ . G + ec*) — a(tlC)

OCk T es0 € ’

assuming the limit on the right-hand side exists. This limit certainly exists for systems
governed by ordinary differential equations (see, for example, the results in [4] and
other well-known references), but this is not necessarily the case for system (2.1). In
fact, we will show that the state variation matrix for system (2.1) does not exist in
some circumstances, even though the functions defining the system are smooth. This
is due to the presence of time-delays and state-dependent switching conditions.

Notwithstanding, if the state variation matrix does exist at ¢ = T', then the cost
function (2.5) can be differentiated using the chain rule to obtain

9J(¢) _ 9%(x(T[¢)) 0x(T|C)

(3.1) aC oz ac

where 0J(()/0¢ is a 1 x p row vector whose kth element is the partial derivative
of J with respect to the kth system parameter. This formula, if tractable, can be
incorporated into well-known computational methods such as sequential quadratic
programming to solve Problem (P) as a nonlinear optimization problem.

We now introduce two conditions on the parameter vector that are fundamental
to evaluating equation (3.1).

CONDITION 3.1. For a given ( € Z,

gi(x(1i-1[¢)) #0, i€ Zn_1: Ti—1 < 00.
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This condition guarantees that consecutive switching conditions do not occur at
the same time, thus ensuring the switching mechanism in (2.1) is well-defined and
the switching times are distinct. To prove this formally, suppose to the contrary that
Condition 3.1 holds and 7;_1 = 7; for some 7 € Zx_1. Then there exists a sequence
{51521 C (7i—1,00) such that g;(x(s;|¢)) = 0 for each integer j and s; — 7i—1 as
j — oo. Hence, since g;(+) is continuous,

gi(z(ri-1|C)) = jlifgo gi(z(s;1¢)) =0,

which contradicts Condition 3.1. This shows that, for any parameter vector satisfying
Condition 3.1, the corresponding switching times are distinct—specifically, 7,1 < 7;
for each integer i € Z_1 with 7,_1 < co. Condition 3.1 is always satisfied in systems
that change mode when the state variables reach critical thresholds, such as the hang
glider in [22] and the fed-batch fermentation process in Section 5.

CONDITION 3.2. For a given ¢ € Z,

W«fﬁ(m(ﬁ'éﬁax(ﬁ _71|C)a s ,,CC(Ti - 'Ym|C)) 7& 0’ S ZN_l P T < 00

Condition 3.2 simply states that the dot product of 9g;/0z (which is orthogonal to
the switching surface g;) and f* (which is tangent to the state trajectory) is non-zero
at the ith switching time. This condition thus ensures that the state trajectory does
not approach the switching surfaces at a tangent. Similar conditions are common in
the literature—see, for example, [8, 9, 15, 20, 22, 27].

We are now ready to present formulas for both the state variation matrix and
the derivatives of the switching times with respect to the parameter vector. Here
and elsewhere, we will use the notation 827 to denote differentiation with respect to
z(t — ~y;), with 7% denoting differentiation with respect to z(t) (that is, 7o := 0).

THEOREM 3.1. Suppose ( € Z satisfies Conditions 3.1 and 3.2. Then for each
k=1,...,p,

(3.2) 8:1:(t|§) = Ak(t), te (Ti—laTi); i€ I,
ICk
and
(3.3) 20Dy ) { 2D ot ot = ol = 2

1€ ZNn-1: T <00,

where A(-) satisfies the following variational system:

m

(34a)  Ax(t) = ZO Of (x(t), 2t = ;;)] @) (), b e (riaym), i € 2,
with initial condjit_ions

(3.4D) An(t) = 8%(&0, <0,

(3.4c) Ar(0+) = M,
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and intermediate jump conditions

(3.4d)  Aw(rit) = Aw(ri—) + agz—gig{fz(z(Tz)ﬂ z(mi —7), - 2(T — Ym))

— [ @(n), a(r =), a(n — Ym))}s i € Zn T < o0,

A detailed proof of Theorem 3.1 is given in Sections 4.2-4.8. Note that Condi-
tion 3.2 ensures the denominator in (3.3) is non-zero.

The switching times ¢t = 7;, ¢ € Zy_1, are deliberately excluded from equa-
tion (3.2) in Theorem 3.1. This is because the state variation matrix only exists at
the switching times in rare circumstances, as the next result shows.

THEOREM 3.2. Suppose ( € Z satisfies Conditions 3.1 and 3.2 and let Ay(-)
denote the solution of (3.4) corresponding to . Then for each k =1,...,p and each
1 € Zn—1 with T; < 00, one of the following scenarios holds.

o If fila(n), a(ri—m),- .. 2(ri —vm)) = [ (@(n), 2(i—7), -, 2(7i = Ym))
or 071;(¢)/0¢, = 0, then

Oz (il¢) _ ) ,_
TC}C = Ak(Tz+) = Ak(Tz )

b Iffi(‘r(Ti)ax(Ti _71), s "r(Ti _'Ym)) 7é fi+1(‘r(7-i)a x(Ti _71)5 s am(Ti _’7771))
and 971;(¢)/0C, > 0, then
Fa(nlQ) o wmlC + ee’) — a(mlQ)

aCk T e—0+t €

= Ap(77F).

o If fila(mi) a(ri=m), -y a(mi —ym)) # [ (@(m), 2(ri =), - (i = ym))
and 971;()/0C, < 0, then
Fa(nlQ) _ o wmlC + ee) — a(mlQ)

aCk e—0% €

Theorem 3.2 is proved in Section 4.9.

In the first scenario of Theorem 3.2, the state variation exists at ¢ = 7;. In the
last two scenarios (the more likely scenarios), the state variation does not exist at
t = 7; because the left and right partial derivatives of the state with respect to the
kth system parameter are different—a consequence of Ag(-) being discontinuous at
the ¢th switching time.

We now use Theorems 3.1 and 3.2 to derive the left and right partial derivatives
of the cost function J. First, Taylor’s theorem implies that for each ¢ # 0 and
each k =1,...,p, there exists a constant 7 € (0,1) such that

— X xZ Gek
J(C+€€k) —J() = o02((1 nﬁ,k‘) (TKg; Ne,k (T¢ + ) {.T(T|C+6€k) _-T(TK)}

Collectively, Theorems 3.1 and 3.2 show that the system state is differentiable from the
left and right with respect to each system parameter, assuming Conditions 3.1 and 3.2
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hold. This implies z(T'|¢ + ee¥) — x(T|¢) as € — 04. Thus, for each k =1,...,p,

OrIC) . J(C+e)—J(Q)
(3.5) ack o 61—1>I(IJ1i €
0BT | (TIC+ee) — (7))
- Ox e—0+ €

Ak(TK), ifTZ-(O#T,Z':l,...,Nfl,
= w A(TF1¢), if 7:(¢) =T and 97;(¢)/9¢k > 0,
A(T £ |¢), if 7(¢) =T and 97;(¢)/I¢, < 0,

where A (+|¢) is the solution of (3.4) corresponding to (.

Equation (3.5) shows that the left and right partial derivatives of J exist at all
¢ € Z satistying Conditions 3.1 and 3.2. In practice, these conditions can be easily
checked for a given ¢ € Z by numerically solving the switched time-delay system (2.1).
Note that if T coincides with a switching time satisfying one of the last two scenarios
in Theorem 3.2, then the left and right partial derivatives of J with respect to (x may
differ, since in this case Ax(T—) # Ax(T+).

Since J has well-defined left and right partial derivatives (under Conditions 3.1
and 3.2), it is clearly individually continuous with respect to each parameter. In fact,
as we show in Section 4.10, Conditions 3.1 and 3.2 imply full continuity of J, and
thus if these conditions hold at every point in the compact set Z, then Problem (P)
is guaranteed to admit an optimal solution. This result is summarized below.

THEOREM 3.3. Suppose Conditions 3.1 and 3.2 hold at every point ( € Z. Then
Problem (P) admits an optimal solution.

The left and right partial derivatives of J, as defined in (3.5), can be used to iden-
tify search directions for optimizing the parameter vector. Indeed, if 87 J(¢)/9¢, < 0,
then e” is a descent direction of .J at ¢ , and if 9~ J(¢)/0¢, > 0, then —eF is a descent
direction of J at {. Performing a line search along a descent direction will yield an
improved point with lower cost [29].

If none of the switching times coincide with the terminal time, or if the conditions
for the first scenario in Theorem 3.2 are satisfied at the terminal time, then the left
and right partial derivatives of J derived above become the full partial derivatives as
shown in (3.1). We now present the following line search optimization algorithm for
solving Problem (P) to local optimality.

1. Choose an initial point ¢ € Z.

2. Form an expanded switched time-delay system by combining the state system
(2.1) with the variational system (3.4) for each k =1,...,p.

3. Solve the expanded system mode by mode, checking Conditions 3.1 and 3.2
at the start and end of each mode. If these conditions are violated at any
stage, then stop with error.

4. Use z(:|¢) and Ax(:|¢), k = 1,...,p, to determine the left and right partial
derivatives of J according to equation (3.5).

5. Use 0FJ(¢)/0¢k, k = 1,...,p, to check local optimality conditions at ¢. If
the local optimality conditions hold, then stop; otherwise, continue to Step 6.

6. Use 0FJ(¢)/0Ck, k =1,...,p, to define a search direction.

7. Perform a line search along the direction from Step 6 to determine a new
point ' € Z.

8. Set ¢’ — ¢ and return to Step 2.
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In most cases, the partial derivatives of J will exist and Steps 5-7 can be imple-
mented using well-known methods in nonlinear optimization [29]. For example, the
negative gradient can be used as the search direction. We refer readers to [19, 34] for
a detailed discussion on solving optimal control and dynamic optimization problems
using this approach. If any of the full partial derivatives of J do not exist—that is,
a mode switch satisfying one of the last two scenarios in Theorem 3.2 occurs at the
terminal time—then the signs of the left and right partial derivatives can be used to
identify an appropriate descent direction along one of the coordinate axes.

4. Proofs of the main results. This section proves four key results stated
earlier: existence and uniqueness of z(:|¢) (Section 4.1), Theorem 3.1 on the state
variation matrix (Sections 4.2-4.8), Theorem 3.2 on the state variation matrix at the
switching times (Section 4.9), and continuity of the cost function J (Section 4.10).

4.1. Solution existence and uniqueness for (2.1). For a given ¢ € Z, define
a set of auxiliary systems recursively as follows:

(4.1a) 2(t) = FU2H ), 2t — 1)y 25— ), > pict,
(4.1b) 2t) =27, t<pioy,
and

{inf{t >pic1t gi(2i() =0}, ifi<N-—1,
pPi =

00, if i = N,

where 2°(t) := ¢(¢,¢) and pg := 0. Given p;_; and 2z'~!(-) for some i € Zy, existence
of a unique solution to (4.1) can be deduced by dividing [p;—1,00) into consecu-
tive subintervals of length min{~,...,7¥m,}, and then applying known existence and
uniqueness results for non-delay systems (see [1, 2]) on each subinterval. The con-
tinuity and differentiability assumptions on ¢ and f% i = 1,..., N, and the linear
growth condition (2.2), ensure that the results in [1, 2] are applicable here. Using
20(t) = ¢(t,¢) and pg = 0 as the base case, it follows from induction that 2¢(-) and p;
are well-defined for each i € Zy; in fact, 2V (-) satisfies (2.1) with p; = 75,7 =0,..., N,
and zV(-) is the only solution of (2.1) because each z*(-) is unique.

4.2. Preliminaries for Theorem 3.1. Let ¢ € Z and k € {1,...,p} be arbi-
trary and consider the perturbed parameter vector (+ee®, where € € [ar—Cx, bx — (i) to
ensure that ¢ +ee® € Z. Let 2%¢(+), i € Zy, denote the trajectories obtained by solv-
ing (4.1) recursively for parameter vector ¢ + ee”, starting with 20¢(t) = ¢(t, ¢ + ee¥)
and po = 0. Based on the arguments in Section 4.1, p; defined by (4.2) for ¢ + ee” is
equal to 7 1= 7;(C + ee®), and 29¢(t) = 2 (t|¢ + ee*) for all t < 7¢.

For any function v of €, we write 1(€) = O(e?) if there exists a real number M > 0
such that [1(€)| < Mle|? for all € of sufficiently small magnitude, and 9 (e) = 6(e) if
P(e) — 0 as € — 0. In particular, ¢¥(¢) = O(1) means that v is uniformly bounded
with respect to e.

Let 4 := max{7y1,...,ym} and
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We will show by induction that, for each integer i,

(4.3) max |zi’€(t)‘ = O(1) for every Tmax > 0,
t€[—7,Tmax]
(4.4) max |p"“(t)] = O(e) for every Tiax > 0,
t€[—%,Tmax]
i—1
N R R _ _ 0 0
(4.5) i ) = Aalt-), 1 oot U
. e_ 0
(4.6) lim ;7 = 77,

and, when 77 is finite,

0
-7

LT
(47) 21—% €
0, ifi=0,
dg;(z"° 7‘?

4,0(.0
+{Wfi(zi’o(no), 29010 — 1), ..., 20010 — vm))}, ifi>1.
Equation (4.3) means that the solution of (4.1) for ¢ 4 ee® is uniformly bounded with
respect to €, and equations (4.4) and (4.5) mean that the solution is continuous and
differentiable at ¢ with respect to the kth system parameter. Equations (4.6) and (4.7)
mean that the switching times are continuous and differentiable at ¢ with respect to
the kth system parameter.

If equations (4.5) and (4.6) hold, then given any ¢t € (7,1, 7;), i € Zy, we have
t < 7f for all € of sufficiently small magnitude, and hence x(t|¢ + ee¥) = 24¢(¢),
implying

ig(cl() ~ limy z(t|¢ + 666) z(tl)) 215)%6_1'U/l76(t) = Ap(t—) = Ay(t),

which proves equation (3.2). In addition, for each i € Zy_1 with 7; finite, if (4.7)
holds, then since z%9(70 — v;) = z(ri — v4[¢), 5 =0,...,m,

800 _ 7!

k e—0 €
_ _891(2;2(7'?))Ak(7_10_) - {agi("«';;(ﬁo))fz'(zi,o(ﬁo)7 zi’o(no ), zi’o(no _ ’ym))}
= _w/\k(n_) - {Wﬁ(m(ﬂ)’x(n —7),. .., x(Ti — ’ym))},

which proves equation (3.3). Theorem 3.1 thus follows immediately from equations
(4.5)-(4.7), which must be proved in conjunction with equations (4.3) and (4.4).

The basis step ¢ = 0 for (4.3)-(4.7) is easily established. Indeed, equations (4.3)
and (4.5)-(4.7) for i = 0 are a direct consequence of 7§ = 0 and 2%¢(t) = ¢(t,  + ee").
For equation (4.4), since ¢ is continuously differentiable on [—%, Tyax] X Z,

max [4(0)] = max  [0(t.C+ec) = 61, 0)

t€[—7,Tmax]) te[—%,Tmax
1 k
oot
<l max / 99(t,¢ + ene”)
t€[~,Tmax] Jo Gk,

dn = O(e).
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Now, for our inductive hypothesis, suppose that equations (4.3)-(4.7) hold for each
i1=1,...,q, where g < N—1. If qu = 00, then clearly (4.3)-(4.6) also hold for i = ¢g+1
(with (4.7) irrelevant) because z971¢(t) = 29(¢) when [e| is small. Thus, it suffices
to prove (4.3)-(4.7) for i = ¢ + 1 when 7 < co. This is done in Sections 4.3-4.8.

4.3. Inductive step for equation (4.3). For each i =0,...,q+ 1, define

FHE"0(s = 70) + (s = 70), -+ 270 (5 = ) + 0" (s = vm)), ifi>1,

7o) = {¢(3,<+ene’“), ifi =0,

and, for i > 1, let 8fi’€(s, n)/0%7 denote the respective partial derivatives.
From (4.1) for i = ¢+ 1, we have

t
q,€( € Aqul,e 3 €

L) = 29¢(18) + /75 f (s,1)ds, ift € [rg, Timax),
t),

2%¢( if t € [-7, 75].
Thus, for t € [-7, 74],

+1,e _ J€ J€
(4.8) ’zq (t)’ = ‘zq (t)‘ < 56[97?7)5,““] ‘zq (S)’,

and for ¢ € [77, Tinax, using the linear growth condition (2.2),

t
(49) || < 2| + / |Fre(s,1)|ds

mooat

< Se[in%gmx] ‘zqae(s)] 4+ LTax + ;/Tq L’Zq-i-l,e(s . %)’ds
t

S max ‘Zq16(5)| + LTmax + / (m + 1)L‘Zq+1’6(5)‘d5_
SE[—7,Tmax] —5

Combining (4.8) and (4.9), it follows from (4.3) for ¢ = ¢ that

t
[z 0)] < 0(1) + / (m+1)L[2(s)]ds, ¢ € [, Tanan].

-
Finally, from the Gronwall inequality [2],
|247H¢(8)] < O) exp(L(m + 1)(Tiax +7)) = O(1),  t € [, Tinax];

which proves equation (4.3) for i = ¢ + 1.

4.4. Inductive step for equation (4.4). It follows from equation (4.7) for
i = q that

T — T T — T T
(4.10) ’T; — 7‘5’ = le| - | -+—2% — lim 2 2 4 Jim 2 L1 = O(e).
€

e—0 € e—0 €

€ 0 € 0

There are four cases to consider for t € [—%, Tiax]:

. . 0 .y 0 0 . 0
(i) t < min(7,, 7;) (i) 7, <t <7, (iii) 7, <t <7, (iv) t > max(7g,7,).
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Using (4.1) and the fundamental theorem of calculus, we can derive the following
formula for pdt1e(t) = 29+1e(t) — 29+1.0(¢) that covers all four cases:

W) =0 tag [ {6 - fos s
t . ! .
+ Byt / {f*°(s,0) = f7710(s,0) }ds,

where g and Sg are binary parameters indicating whether ¢ > 77 and ¢ > qu ,
respectively.
If at most one of ¢ > 7¢ and ¢ > 7)) holds (cases (i)-(iii) above), then from (4.11),

(4.12) [THE@)] < | (O] + (fhax + fifi) (max(7f, 7)) — min(rg, 7))
= ‘:u’qﬁe(t ‘ ( max fg;;lc)’ Tg ’

where f9. and f4t! are upper bounds for the norms of f4<(s,n) and fi+1<(s,7),

respectively. These upper bounds exist because, by virtue of the inductive hypothesis
and Section 4.3, both z%¢(-) and 29t1:¢(-) are uniformly bounded on [—%, Tinax] With
respect to €, and f¢ and f¢t! are continuous functions.

On the other hand, if both ¢ > 7¢ and ¢ > 7 (case (iv) above), then (4.11)
becomes

,qu+1’€(t) _ Hq,&(t) + /E {fq+1’6(8, 1) _ fq’e(s7 1)}d8 + /0 {fq’o(s,()) - qurl’O(S,O)}ds
= 2%(r5) — 22°(79) + / (s, T)ds - / (s, 0)ds
= )4 [ ) - e sk [ () s 00,

provided that 77_; < qu when ¢ > 1. Thus, using the mean value theorem,
(4.13) pdthE(t) = pee (T / {fq’ 5,1) — forbe(s, 1) )}ds

Af11e(s,m)
+ 7’ q+17€ - y d d .
;/TO/O M (s —v5)dnds

Taking the norm of both sides gives

(4.14) It @)] < |uP ()| + (flax + L3O 78 — 72|
+Z/ OFLE T (s — )| ds,

where 0f9t1 is an upper bound for the norm of df7+1¢(s,1)/0i/ (again, an upper
bound exists because z9t1:¢(+) is uniformly bounded and fat1 is continuously differ-
entiable). Recall that this inequality requires 75_; < 7' when ¢ > 1. By the inductive
hypothesis and Condition 3.1,

E%Tq 1=T (;01:Tq71(o<7q(0:7'¢?-
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Hence, when € is of sufficiently small magnitude, 7;_; < Tg and so inequality (4.14)
is valid.

Now, combining (4.12) and (4.14) and shifting the time variable in the integral
gives, for all ¢ € [—%, Trmax),

t
@] < max ()] + (e + fia) 75 = 70+ / (m + 1) firi| 7 (5) | ds.
,Tmax -

Therefore, since u%¢(s) = O(¢) and 75 — 70 = O(e) from (4.4) and (4.10), respectively,

t

(1)) < Oe) + / (m o+ DAL U (s)|ds, ¢ € [, Tunm-
-

Finally, applying the Gronwall inequality [2] gives
IR (1)] < O(e) exp((m + 1)(Tiax + 7S ) = O(€),  t € [+, Tmaxl,

from which we immediately infer equation (4.4) for i = ¢ + 1.

4.5. Some auxiliary results. We now prove some auxiliary results that are
needed in the next subsection. We have already shown in Sections 4.3 and 4.4 that
for any Tax > 0, 2971¢(.) is uniformly bounded on [—%, Tinax] With respect to e,
and z9T1e() — 29710()) uniformly on [—%, Timax] as € — 0. Thus, since f97! is a
continuously differentiable function, the following limit holds uniformly with respect
to s € [0, Tmax| and n € [0, 1]:

Of T (s,m) _ 0f " 0(s,0)
lim : = . ,
e—0 8;2'] (’ﬁj

7=0,...,m.

This implies that, for any Tax > 0,
1 fq+1,e £q+1,0
(4.15) max / af (8577) _ af (850)
SG[O,TmaX] 0

ox ox!
Now, for s € [0, Thax] and ¢ > 1, by the mean value theorem,

‘dn@(e), j=0,...,m.

fq, 5,1
bl

< (m + 1)3f§1ax (€) = O(e),

(4.16) |F<(s,1) — f7°(s,0)|

‘ |t (s — ;) |dn

4 is an upper bound for the norm of 8f%<(s,n)/d. Furthermore, for
s’ 55 € [Ovaax] and qz 17

where afa

m s" £q,0
(4.17) | f0(s”,0) — f0(s',0)] < Z// ’%50)‘ |290(s = v;)|ds
- /’

<(m+1)ofi,. .:max max‘s —s

)

=0(1 ’s -5

where, for each i = 0,...,q, the upper bound fi__ for the norm of f“(s,n) exists
because 2%¢(-) is uniformly bounded and f? and ¢ are continuous functions. Choosing
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Tmax > max(7,7y) and using (4.10), (4.16) and (4.17) gives

max(T;,'ré’) .
(4.18) / ‘fq’e(s,l) fqo ‘ds

min(7¢,79)

max(7g,7,) R . . R
</ {1794(.1) = 95,0 + |f29(s.0) = F20(s2.0)| b
in(7g,79)

<{o@ +omlrs -7} Irs 75l = 0(@).

Similarly, by an almost identical proof,

max(7g,7,’) . R
(4.19) / FrHUe(s, 1) — 0D, 0)]ds = O(E).

min(7¢,72)
Finally, for our last auxiliary result,

max('rqe,'rf;) 'rf;
/ e pIthe(s) — Ar(s)|ds < / le 7 pathe(s) — Ax(s)|ds

- -

max('r;,'ré’)
+/ e e (s) — Ar(s)|ds.

0
q

Choosing Tiax > max(75, 7)), we know from Section 4.4 that e~ 'pdthe() = O(1)

uniformly on [—~%, max(7y, 7;)]. Moreover, by virtue of (4.5) and (4.6) for i = g, for
almost every s € [—7, §) we have e 1pdthe(s) = e tu2(s) — Ag(s) as € — 0.
Hence, by the Lebesgue dominated convergence theorem [5], the first integral on the
right-hand side above converges to zero as e — 0, and by (4.10), the second integral

is of order O(e):
max(7¢,7°)
(4.20) / | udTh(s) — Ax(s)|ds

<o)+ {0 + _max M)} |7~ 5] = 0(0) + O(e) = o(c)

se[f'y max]
Identities (4.15) and (4.18)-(4.20) are used to prove equation (4.5) for i = ¢+ 1 in the
next subsection.

4.6. Inductive step for equation (4.5). If t < 7)), then (4.6) for i = ¢ implies

that t < 7 for all € of sufficiently small magnitude and thus 20FLe(t) = 29¢(t). Hence,

ift#7,1=0,...,q—1, then (4.5) for i = q implies

q+1,e t) — q+1,0 t BE(H) — q,0 t
lim 2 ®) -2 ®) = lim 2 =20 = lim e *p?c(t) = A(t—),

e—0 € e—0 € e—0

which proves (4.5) for i = ¢+ 1 in the case t < 70. We now consider the case t > qu.

q
From (4.13), for all ¢ > max(7g, 77),

/LquLE(t) _ ‘uq,e(Tg) " /Tq {qu,G(S7 1) _ f‘qul,e(s, 1)}d$

OF 1 (5,m) gine
/To / PY T (s — ) dnds,
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provided that qu > 7,4 when ¢ > 1, which holds when € is of sufficiently small

magnitude (see Section 4.4). Now, choose an arbitrary Tinax > max(7¢, 7). Then for
all t < Tihax, it follows from (4.15) and the result in Section 4.4 that
t rl 9fq+le
9 fatl,
(4.21) / / Muq“‘(s —;)dnds
'rfl’ 0 oz’
t £q+1,0
of1"(s,0
= [ 2 (s — gy )ds + 010
70 or’

Furthermore, it follows from (4.18) and (4.19) that

(4.22) /T (5(s,1) — fr+1e(s, 1) }ds
= (g =) { F20(0,0) = frH10(2,0)} + O(e?).

Using equations (4.21) and (4.22) to simplify the expression for p4t<(t) gives, for all
times t satisfying max(T 79) <t < Thnax,

@23) ) = () + (= 2] F0(r8.0) = 2.0}

fat1.0(g
n Z/ Gf am] 0) Mq+176(5 _ 'YJ)dS + 0(62) + 9(6)0(6)

Now, the solution of the variational system on (77,7, ] can be expressed as

fq+1 ,0 S 0)

(956] Ak(s - 7j>dsa t e (TquTq-i-l]

(4.24)  Ap(t—) = Ap(r0+) +Z/

Multiplying (4.23) by €' and then subtracting (4.24) gives
T = Ax(t=) = () = Al )+ g = {100 = Fr0 00}

fat1,0 S, 1 1,e
+Z M{E_ pIt (s — ;) = Ak(s — ;) bds + 6(e),

=079

t € (max(7y, 7'3)7min(7'g+1, Tmax)],

which holds when ¢ is of sufficiently small magnitude. Hence, by taking the norm of
both sides and changing the variable of integration in the last integral, we obtain

t

@) = Aelim)] < X0+ [ m o+ DO () — Aulo)]ds + 000
-5

te (maX(Tq,'rg) min(Tg+1,Tmax)],

L js as defined in Section 4.4 and

ax

where 0 f2t

XV = e e (70) — A(r0+) + e (7S — T,?){fq’o(f,?, 0) — fort0(7Y, 0)} ’
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Clearly, by equations (4.5) and (4.7) for ¢ = g and the jump condition in the variational
system,

)~ Malrd-)

JF{T;;TC?*agqgk } {fqo 0.0 fq“O(q,O)}‘:O'

Using (4.20) and (4.25), we obtain

(4.25) lim A€ = lim
e—0

e—0

|fmﬁwmfAMFnswa+/ (m + )OS L+ (s) — Ax(s)|ds,

max(7¢,70)

te (maX(Tq,Tg) miD(Tg+1,Tmax)]-

Now, applying the Gronwall inequality [2] gives

(4.26) [+ (0) — Ax(t-)] < 6(0) exp(m + )08 Tmas),

te (maX(Tq,TqO) min(Tngl, Tinax)],

which holds for all € of sufficiently small magnitude. Finally, for any fixed time point
t € (19,7941], we can choose Tiax > t so that t € (75, min(72, ;, Timax)] When the
magnitude of e is sufficiently small, and then by (4.26) we have € (i/ﬂ“ “(t) = Ag(t—),
which completes the proof of equation (4.5) for ¢ = ¢ + 1.

4.7. Inductive step for equation (4.6). If ¢ = N —1, then 75, , =7, = 00
and thus equation (4.6) for i = ¢+ 1 clearly holds. Hence, we assume that ¢ < N —1.

Condition 3.1 and the definition of qu '+1 imply that there exists § > 0 such that
T —0<7)<7), —0dand

(4.27) Ggr1(zTTH0()) #£0, te [qu -0, TSH — 4],

where TOJrl — 0 =00 if T0+1 = oo. For any Tiax > Tg, we know from Section 4.4 that
20T Le(t) — 29+10(¢) uniformly on [—%, Tiax) as € — 0. Thus, from (4.6), when e is
of sufficiently small magnitude,

(4.28) Gag1(ZITHE(1) £ 0, t € [r5,min(r0y; — 6, Tiax)]-

If Tq+1 00, then this becomes

qurl(ZquLe(t)) 7é 0’ t e [7_ Tmax]

which implies 7'; 11 = Thmax- Since Tinax was chosen arbitrarily, we can take Tyax — 00
to yield 7, — 0o as € = 0, proving (4.6) for i =g+ 1.
We now consider the case 7° g+1 < 00. Clearly,

(4.29) 9q+1(zq+170(7'qo+1)) =0.
Furthermore, by Condition 3.2,

39 +1(ZqJr
Or
_ 8qurl (z(TqO-‘,-l K))
Ox

L) oo, o)

fQ+1(9U(T§+1|C)a $(7'2+1 - 71|C)a e a$(7-¢?+1 - 'Ym|C)) 7é 0
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Thus, by continuity, we may assume that 6 > 0 in (4.27) also satisfies

ZCH-I,O Lo
(4.30) jt{gw( w0} = wzﬁ (t)

E) q+1,0 t .
= —gﬁl(gx ) f10(;0) £0, ¢ € (101 — 6,701 + ).

This shows that gg+1(29750(+)) is either strictly increasing or strictly decreasing on
(7941 —0,7041+6). Therefore in view of (4.29) and (4.30), gg+1(2975%(-)) has different
sign at 7, — 6 and 79, + 5

qurl(ZqJr ( - 5)) 'qurl(ZquLO(TqO-i-l + 5)) <0

Choosing Tiax > Toyq + 0, since z‘”l*‘(t) — 207L0(3) uniformly on [—7, Tinax] as
€ — 0, when ¢ is sufficiently small,

(4.31) qr1 (2T (11 = 8)) - gqr1 (2T +6)) <0

which implies that gg1(z9T5¢(- )) like gg11(27710(-)), has different sign at 70, , — 0
and 70, ; + 0. Combining (4.28) and (4.31) gives 70, — 0 < 75,1 < 704, + 0. The
proof is completed by taking § — 0.

4.8. Inductive step for equation (4.7). We assume that ¢ < N — 1, since
equation (4.7) is not applicable when i = N. First, define

951(n) = ggrr (nzT" 1 (rgy) + (1= )2 H0(rgy)

and let 9gg,,(n)/0x denote the respective derivative. By Taylor’s theorem, there
exists a constant 1. € (0,1) such that

~e ag (775 €( €
(4.32) 0= 9q+1(1) 92+1(0) %{Zﬁl’ (Tq+1> - Zq+1’0(7qo+1)}~

Now, since 7, — Tq <7 g+1 s € = 0, we have 7 <7, +1 when e is of sufficiently small

magnitude, and thus
(4_33) zq+1,e(7_;+1) _ Zq+1,0(7.g+1) — Zq+1,e(7.;+1) _ zq+1,e(7.;)+1) + Mq+1,e(Tg+1)
Tot1 .
= [ e s )
Tat1
1
€ Fq+1,e € 1,e
= (i =7i) [ P+ (= ) Dn i ().
Substituting (4.33) into (4.32) and rearranging gives

4.34 e _ 40 M ' e 1— 0 1)d
(4.34) (Tq+1 Tq+1) o . f (777'q+1+( n)Tqula )dn

age 1(776) P
= - qu MquL (Tq—i-l)a
which holds for all € of sufﬁciently small magnitude.

Clearly, since 75, — 701, as € = 0, we can choose Tinax > max(75, 1,70, 1), and
thus by Condition 3 2 and the results in Section 4.4,

05 (0 [ e 99911 (0)
liag —=H /0 FI g + (U= m)rgyy, dn = —5=—=frt0(7],,0) # 0.
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This ensures that we can rearrange (4.34) to give

€ age (776) € age (776) b € €
T R RS =L LA L R e S A 8

q
0

Next, dividing both sides by € yields

0
Tor1 ~ Tar1 _ 69q+1(77€){ Lutle (70, )}
q

€ ox
93 e
- { 9q+1 Ne) / fq+1e 777+ + (1 - ) paRe )dn}

Thus, using the result from Section 4.6, we obtain

lim = T
e—0 € Ox atl Ox

Toi1 — Tow1 ,%2“(0)/\;6( 0 )+ {%quﬂ O(Tq+1,o)}

which proves equation (4.7) for i = g + 1, as required.

4.9. Proof of Theorem 3.2. With Theorem 3.1 proved, we now turn our at-
tention to Theorem 3.2. Consider i € Zy_; with 7; < co and let k € {1,...,p}. Then
from the auxiliary system (4.1), when |e| is sufficiently small so that 70 < 7£,;,

0

2(T)I¢ + ee®) —a(rP[Q) = 2 (7)) — 270(77) +/ 1 {F0(s,1) = f25(5,1) Js
min('r;,'r?)

0

)+ [ oy ) = G )
Therefore, from identities (4.18) and (4.19) in Section 4.5,
2(7)¢ +ee) —a(72|¢) = p (7)) + {7 —min(rf, 7))} {FTH0(,0) = [0, 00} + O(€).
Hence,

x(r2]¢ + ee®) — z(7]¢) = ) +

€ €

0
77 — min(7;, TZ

AR 0)— 707,00} +O0(e)

If 97;/9C; > 0, then 7f — 794 as € — 04, and consequently,

lim 70 — min(7f, 7)) o, lim 70 — min(7f, 77) _ ot; .
e—0+ € e—0— € 8§k
Thus, since e 1p>¢(79) — Ax(r2—) by (4.5),
e—0+ €
and
0 k 0
lim z(1;|¢ + ee”) — z(77|C) _ Aoy 4+ 21 87'1 {fzo (r2,0) — fi+10(0 ¢ )} = Aw(7! 0.

e—0— €

Similarly, if 97;/9¢; < 0, then

a(rllC+ee) —a(rlO) o a7i(¢)
egr(l;l+ € 7Ak(,ri 7)+ agk

'{fi’O(Tzoyo)ffH»lo Tz: } Ak: Tz )
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and

L a1+ ) — ()

e—0— €

= Ap(r—).

Finally, if either 97;/0¢;, = 0 or fi+10(70,0) = fi9(0,0), then clearly we have
Ap(t94) = Ap(7?—) and

Ox(rf[Q) _ . a(rl[C+ee?) —a(r)|Q) _
ack - 221(1) € N Ak( 10 N ZO

4.10. Continuity of the cost function. Let ( € Z be an arbitrary parameter
vector satisfying Conditions 3.1 and 3.2. Equations (4.4) and (4.6) show that z%(-),
i € Zn, and 74(+), i € Zy_1, are individually continuous with respect to each system
parameter at ¢, but this does not necessarily imply full continuity (in the space RP)
at (. Nevertheless, full continuity can be derived as follows. Consider a perturbed
parameter vector ( + o € Z and let 259(-), 77(+), and u*?(-) denote the analogues of
Z5€(), 7£(+), and pb¢(-) with o instead of eek. Then the proofs in Sections 4.3, 4.4,
and 4.7 can be easily modified to derive the following variations of equations (4.3),
(4.4), and (4.6) for each i:

(4.35) max ’z“’(t)’ = O(1) for every Tiax > 0,
t€[—%,Tmax]

(4.36) max |/ﬂ"”(t)| = 0(0) for every Timax > 0,
te€[—7,Tmax]

(4.37) lim 77 = 77,
o—0

where O(1) in (4.35) means that the left-hand side is uniformly bounded with respect
to o, and 6(o) in (4.36) means that the left-hand side converges to zero as ¢ — 0. In
(4.36) and (4.37), the convergence o — 0 can be along any path to the origin, but
in the corresponding results (4.4) and (4.6), the convergence is restricted to be along
one of the coordinate axes. Choosing Ty,.x > T, equation (4.36) for i = N gives

|2(T|¢ + o) = a(TIQ)] = [M(T) - 2M(T))|

_ N,o N,o _
= |pM(T)| < e |7 (t)] = 0(0),

which shows that z(T'|¢ + o) — x(T|¢) as ¢ — 0. Hence, since ® is continuous, we
also have J(( 4+ o) = ®(z(T|¢ + 0)) = ®(z(T|¢)) = J({) as 0 — 0, as required.
Note that equation (4.36) is the key continuity result here; this result must be proved
simultaneously with (4.35) and (4.37) via induction.

5. Numerical example. We consider a fed-batch fermentation process for con-
verting glycerol to 1,3-propanediol (1,3-PD). This process oscillates between two
modes: batch mode (during which there is no input feed) and feeding mode (during
which glycerol and alkali are added continuously to the fermentor). Mode switches
occur when the concentration of glycerol reaches certain lower and upper thresholds.
Moreover, the fermentation process involves a time-delay because nutrient metabo-
lization does not immediately lead to the production of new biomass.

The model is based on the work in [24, 28]. Let x(t) = (z1(t), z2(t), z3(), z4(¢)) T,
where ¢ is time (hours), 21 (¢) is the biomass concentration (gL.=1), x5(#) is the glycerol
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TABLE 5.1
Model parameters in equations (5.3)-(5.5).

Ay k1 my Y1 Ag k2 ma Y2 Az k3
0.8037 0.4856 0.2977 144.9120 7.8367 9.4632 12.2577 80.8439 20.2757 38.7500

concentration (mmolL.~1), z3(#) is the 1,3-PD concentration (mmolL.™1), and z4(t) is
the fluid volume (L). The process dynamics due to natural fermentation are

ilg? u(ﬂg2(t()a)x3 (t()))9§1(t(— 71))

To(t —q2(z2(t), x3(t))x1(t — M . pferm B

61 ne | Blzalt).za)r(t =) | T @O,
dalt 0

where v, = 0.1568 is the time-delay; pu(-,-) is the cell growth rate; ga(:,-) is the
substrate consumption rate; and ¢s(-,-) is the 1,3-PD formation rate. The process
dynamics due to the input feed are

zlgtg o —zl(t)( )

i‘Q t _u rCs0 — X2(t . pfee

52) ol R VA CORTO)
$4(t) -T4(t)

where u(t) is the input feeding rate (Lh~1); » = 0.5714 is the proportion of glycerol
in the input feed; and ¢;o = 10762 mmolL " is the concentration of glycerol in the
input feed. The functions u(-,-), ¢2(-,-) and gs(-,-) in (5.1) are

C Aml) [, m) z3(t)\”
(5-3) ulwa(t),ws(t)) = =g (1 > )(1 B ) ’
(54) q2($2(t), :Cg(t)) =mi + Ylﬂ(x2(t)ax3(t)) + %’
(5.5) g3 (2 (), w3(t)) = —ma + Yopu(wa(1), 23(t)) + %’

where x5 = 2039 mmolL. " and x5 = 1036 mmolL. ™! are, respectively, the critical
concentrations of glycerol and 1,3-PD, and the values of the other parameters are
given in Table 5.1.

Let Nfeeq be an upper bound for the number of feeding modes. Then the total
number of potential modes is N = 2Nfeeq + 1 (consisting of Nieeq feeding modes and
Nteea + 1 batch modes, since the process starts and finishes in batch mode). During
batch mode, there is no input and the process is governed by (5.1) only. During
feeding mode, the process is governed by both (5.1) and (5.2). Thus,

flem(@(t), z1(t —m)), for batch mode,

(5.6) i(t) = {fferm(x(t), w1 (t— 1)) + fleed(z(t),¢;), for ith feeding mode,

where (; is the feeding rate during the ith feeding mode, with

(5.7) 1.0043 < ¢; < 1.9266.
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Glycerol is consumed as the biomass grows. During batch mode, no new glycerol is
added and eventually the glycerol concentration will become too low, necessitating a
switch into feeding mode. The corresponding switching condition is

1‘2(t> - CNfeed+1 =0,

where (n,..,+1 is the lower switching concentration (a parameter to be optimized).
On the other hand, when the glycerol concentration becomes too high during feeding
mode, cell growth is inhibited. Thus, if too much glycerol is added, then the process
must switch back into batch mode. The corresponding switching condition is

xQ(t) = CNpeeat2 = 0,

where (n,..,+2 is the upper switching concentration (another parameter to be opti-
mized). The bound constraints on (n,._,+1 and (.. +2 are

(5.8) 90 < CNgea+1 <260, 300 < (ngoy+2 < 600.

Note that the system parameters in this example appear explicitly in the dynamics and
switching conditions. Thus, to apply Theorem 3.1, we replace the system parameters
with auxiliary state variables x4 (t), k =1,..., Nteed + 2, where £415(t) =0, ¢ > 0,
and x4 (t) = (k, t < 0. Letting dx; denote the Kronecker delta function and dx
and 0%; denote differentiation with respect to x(¢t) and 1 (¢t — 1), respectively, the
variational system corresponding to (i is

) ferm 9 ferm
A );x A (t) + i;jl Ap1(t — 1), batch mode,
Ar(t) = f f feed feed
8'](' erm erm ee 8'](' ee ) .
o A (t) + 5% At —m) + p Ax(t) + 5MW’ ith feeding mode,
1
with jump conditions
aTi feed . .
Ag(ri—) — %f (2(7i), {(i+1y/2),  if mode i = batch,
Ag(rit) = 371?
Ap(mi—) + a_gl Feed(@(ri), Gija), if mode i = feeding.
k

Furthermore, for a switch from batch mode to feeding mode,

o

ot; {(1 — Ao (i) = flem(z(m), 21 (7 — 7)), if B = Nieea + 1,

—Apa (=) + flm(x(7), 21 (1 — 1)), otherwise.
Similarly, for a switch from feeding mode to batch mode,

0T _ {(1 - Ak2(7—i7)) - {f;erm(x(ﬂ‘)’ml(ﬂ - '71)) + fgfeEd(l'(Ti), Ci/2)}7 if kK = Nfeeda + 2,
OCk —Apa(mi—) + {fgferm(a:(n)ﬂm(n — 1)) + fled(z(n), Cis2)}, otherwise.

Since the bounds in (5.8) ensure (n,..,+1 < (Npoy+2, Condition 3.1 is clearly satisfied
at all feasible points. For Condition 3.2, we require

—qa(w2(7i), 23(m3) )21 (T8 — 71), if mode % = batch,

% { -l - )+ 25—l

, if mode i = feeding.
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TABLE 5.2
Optimal control parameters for the example: (i1,...,(s are the optimal feeding rates and (49
and (50 are the optimal switching concentrations. The optimal values of (s, ...,(48 are irrelevant

because they represent feeding rates after the terminal time.

Parameter G Ca (3 @ Ca9 50
Optimal value 1.62662 1.36951 1.45283 1.64830 245.76512 581.35390

TABLE 5.3
Optimal mode durations for the example.

Duration
=1 =2 =3 1=4 1=25

Batch mode 7 5.25482 2.76659 3.18638 4.95994 7.05542
Feeding mode = 0.19745 0.25777 0.25193 0.22971 —

The expression above for batch mode is always non-zero because in practice both ¢o
and z; are non-zero. The expression for feeding mode is also non-zero because, during
feeding mode, the glycerol loss from natural fermentation (first term) is dominated by
the glycerol addition from the input feed (second term). The linear growth condition
is also satisfied in this example because x4 is non-decreasing and, for biologically
meaningful trajectories, u(-,-) is bounded.

The initial function ¢ for the dynamics (5.6) was obtained by applying cubic spline
interpolation to the experimental data in [28]. The terminal time for the fermentation
process is T' = 24.16 hours [24] and our chosen upper bound for the number of feeding
modes is Nieeq = 48. The aim is to maximize the concentration of 1,3-PD at the
terminal time. Thus, the dynamic optimization problem is: choose the parameters
Cky K =1,..., Niced + 2, to minimize the cost function —x3(7") subject to the bound
constraints (5.7) and (5.8).

This problem was solved using a Fortran program that implements the gradient-
based optimization procedure in Section 3. The program uses NLPQLP [31] to per-
form the optimization iterations (optimality check and line search), and LSODAR [13]
to solve the differential equations. Our gradient-based optimization strategy gener-
ates critical points satisfying local optimality conditions, but global optimality is not
guaranteed. Hence, to achieve a good estimate of the global solution, it is necessary
to repeat the optimization process from different starting points. We performed 100
test runs, with each run starting from a different randomly-selected initial point. The
average optimal cost over all runs was —977.12854, and the best result of —986.16815
was achieved on run 73 with the control parameters in Table 5.2. This control strategy
produces 8 switches (5 batch modes and 4 feeding modes) and the corresponding mode
durations are listed in Table 5.3. Fig. 5.1 shows both the optimal state trajectories
(in bold red) and the intermediate state trajectories at every fifth iteration (in blue).
The concentrations of biomass and 1,3-PD decrease during feeding modes 2-4 because
of the dilution effect from the new input feed. The control strategy in Table 5.2 is
essentially a state feedback strategy that produces more 1,3-PD compared with the
time-dependent switching strategy in [24] (an increase of 5.789%), but with far fewer
switches—in fact, the method in [24] requires over 1000 switches. Fig. 5.2 shows how
the optimal 1,3-PD concentration varies over the 100 test runs.
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Fic. 5.1. Convergence of the state trajectories; the bold red lines are the optimal trajectories,
the blue lines are intermediate trajectories, and the dashed lines in (b) are the switching surfaces.

6. Conclusion. This paper has considered a class of dynamic optimization prob-
lems for a general switched time-delay system with state-dependent switching condi-
tions. Our main result shows that the state variation matrix in such problems can be
computed by solving a certain variational system, and this forms the foundation of
a gradient-based optimization method for generating locally-optimal solutions. Nu-
merical results for an example problem arising in 1,3-propanediol production show
that the method is effective. The complexity of the gradient derivation in Section 4
is due to the switching times depending implicitly on the control parameters, as well
as the presence of multiple state-delays. The gradient derivation required two tech-
nical conditions (see Section 3), which are reasonable in practice and are similar to
assumptions in previous related work. Importantly, our results show that the state
variation matrix often does not exist at the switching points. This is different to
time-dependent switched systems, where the state variation with respect to system
parameters always exists, even at the switching points [18, 19].
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