Control of Biotechnological Complex Systems
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Applications of hierarchical (or multilevel) technique for solution of some optimized control prob-
lems in fermentation systems are described. Three approaches to control of biotechnological complex
systems are introduced. Results presented show some advantages of the method of hierarchical con-
trol in comparison to some traditional one-level optimization methods. In solving this problem two
control schemes are used. In the first control scheme the method of objective coordination is used.
In the second one the prediction method of coordination is used, with the aim to minimize selected

disturbances in state and control variables system.

In the last years an emphasis has been laid on ap-
plicability of optimal control in commercial fermen-
tation. In the paper a possibility and usefulness of
application of hierarchical optimization technique in
D-gluconic acid fermentation is outlined. The process
of D-gluconic acid production was chosen, because it
utilizes the most of biochemical processes which fer-
mentation processes usually consist of. Besides this
D-gluconic acid is also commonly used in food-stuff
production, in pharmacy, and in other industries.

In the paper a nonlinear model of this process is in-
troduced. Objective function is maximized for certain
dosage of fermentation broth with respect to concen-
tration of p-gluconic acid.

Three control schemes will be introduced. In the
first scheme one-level optimization technique on the
basis of conjugate gradient method is used. In the sec-
ond one a hierarchical approach is realized using the
aim coordination method. In the third scheme the pre-
diction method applied to minimization of any devia-
tion in state and command variables from the desired
level which follows after disturbance in any or in all
states is used.

Process Description

Conversion of p-glucose to D-gluconic acid is a sim-
ple oxidation of aldehydic group to carboxyl group.
This conversion may be performed by help of some
specific microorganisms.

The whole reaction mechanism can be described as
follows.
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Cell growth
D-glucose + cells — cells (A)
D-Glucose oxidation

D-glucose
oxidase
p-glucose + O3 —— D-gluconolactone + H,O (B)

D-Gluconolactone hydrolysis
p-gluconolactone + HyO — D-gluconic acid  (C)
H;0, decomposition

catalysis
H202——>H20+1/2 02 L/J)

As can be seen from these equations, D-gluconic
acid is produced by the enzymatic oxidation of b-
glucose to D-gluconolactone and D-gluconolactone hy-
drolysis. The by-product of the first reaction, hydro-
gen peroxide, is decomposed to water and oxygen dur-
ing enzyme catalysis.

Dynamic mathematical model of this process is of
the form published in [1]
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itg = b5.’L‘2 (3)

b3z 2y
by + 24

T4 = —1.011 [

with initial conditions

£1(0) = 0.5 OD em™ 25(0) = 0.0 mg cm ™
23(0) = 0.0 mg cm ™3 24(0) = 50 mg cm™>  (5)

where a; is the cell optical density (OD cm™3),
T D-gluconolactone concentration (mg cm™3), z3 D-
gluconic acid concentration (mg cm™3), 4 D-glucose
concentration (mg cm™3). b; (h™!), by (OD cm™3),
bs (mg OD~! h1), by (mg cm™3), and bs (h~1) are
constants, and dots denote a time derivative of the
respective variables.
Limitations on quantities # and pH are following

25 < 6 < 35.4 (6)
54<pH<70 (7)

where 6 is temperature/ °C.

Solution of the problem is based on the linearized
system model.

The linearized system description is as follows from

[1].

& = —1.05z7 — 0.01u; — 0.4u, (8)
&2 = 0.003z1 —6.722 +1.704 —6 x 10~ 4u; — 8 x 10~ 3uy
(9)
i3 = 7.4x9 + 8 x 10™%u; + 0.02u; (10)
&y = —0.003z; — L.70y — 1.1 x 10744y — 2.5 x 10*(3u;§
11

Optimization Methods

The objective of this study is to obtain 99.9 % of
maximum theoretical yield of p-gluconic acid during
8 h, then to minimize any disturbances of state and
of command variables which start to influence the fer-
mentation process in the 8th hour. The aim of this
procedure is to determine the control vector u € U,
which maximizes the objective function

J = x3(tf) tr=8h (12)
with respect to constrains (6) and (7), where ¢ is the
time, after which disturbances start to influence the
system.

The necessary optimal control conditions were ob-
tained from the principle of maximum.
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First scheme

In this scheme optimum values for problem so-
lution are obtained using the conjugate gradient
method.

Second scheme

In this scheme the optimum values are obtained
by decomposition of the whole system into subsys-
tems with the aim to decrease the claim on memory
capacity of a micro-processor system. This approach is
the so-called hierarchical one or multilevel technique.
These subsystems are coordinated by the help of a co-
ordinator. The system is decomposed into two subsys-
tems. In Fig. 1 a scheme of the subsystem coordination
is depicted.

coordinator =

—

W | g I
Xym" 1B prim X

1 X9

SS1 XY,

X1

/
&y

Fig. 1. Block diagram of the hierarchical control of complex
(for D-gluconic acid production). SS1, SS2 — subsystems
No. 1 and No. 2.

The first subsystem

Let us consider that the first subsystem is de-
scribed by eqns (1) and (3) and the second one by
eqns (2) and (4). Let the coupling quantities be as
follows
(13)

m =22 and my =1,

Then the objective function (12) will be

[ /0 " [Bulms — 23) + Ba(ms — z)ldt (14)

where B = [B1, 32T is the Lagrangian multiplicative
vector and the Hamiltonian function is

H = Bi(m — 22) + Ba(m2 — 1) + P2 [blxl <1 - %)]

+ps [b3 - N O.9082b5x2] + p3[bsm]
by + x4
2T 4
~1.011 (b 15
+P4[ (3b4+1:4)] (15)
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For the first subsystem there will be maximized

I = z3(t) +/0 r(ﬂlﬂ'l — Boxy)dt (16)

subject to

Ii?l = bl.'L‘l (1 o :Z—Zl-) :i}3 = b57l'1 (17)

and with initial conditions

z1(0)=0.5  z3(0) =0.0 mg cm™3 (18)

Then the Hamiltonian function for the first sub-
system is

Hy = pim — oz +p1 [blxl (1 - ﬂ)] + p3(bsmy)

b2
(19)
For the second subsystem there will be maximized

tg
I, = / (B2mz — Przs)dt (20)
0
subject to
iy = by 224 _ 0.9082bsz (21)
b4 T4
; T2T4
T4 = —1.0011b3 | ———— 22
. o [ | (22)
with initial parameters
z2(0) =0 x4(0) = 50.0 mg cm—2 (23)

Then the Hamiltonian function for the second subsys-
tem is following

Hy = Bamy — B2 + 1y [bg 224 _ 0.9082bs5z;
by + x4
o4
4y |—1.0115; —2F4
D4 [ oy $4] (24)

For the coordination the predictive principle is
used. In this principle the global control term obtains
the values for B(t) and =(t).

The method of data equality, see [2, 3], is utilized
for data determination of coordination variables ;
and ,61'.

This method manifests good convergence proper-
ties.

Coordination variables are as follows

7r§1+1) _ xgz) (25)

my 1) = af!) (26)

B = b (27)
bi(sj)x‘(if)

I+1 n_
5§ H (1.011pf1 ) Pg )) T N©)) (28)
by ' + x4
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where p is the costate vector and () is the iteration
index.
For the second level an error e was chosen as

te l
g / [Z |x{+D) _ 7r§”|] dt (29)
L

Hence a two-level optimization structure is consid-
ered. At the first level for given 7 and B two indepen-
dent minimization problems are solved by using the
conjugate gradient method. At the second level the
7 and 3 trajectories are utilized by using the interac-
tions balance method to maximize the global objective
function.

The third scheme utilizes the objective coordi-
nation method and predictive coordination method.
Both these methods are described in the following two
chapters.

APPLICATION OF OBJECTIVE
COORDINATION METHOD

The aim is to reach optimal states by decompo-
sition of the whole system into subsystems. In this
way the required size of microcomputer memory is de-
creased. This method is called a hierarchical control
method [4]. The whole system is decomposed into the
two subsystems.

The problem solution is based on the linearized
system model.

The coupling quantities are

] = T2 T2 =11 (30)

The system block diagram is depicted in Fig. 1.
Functional has the form

J = z3(te) + /0 {{51(7& — Z3) + Ba(m2 — 1)
+0.5[(u1 — 35.4)% + (uz — 7)?]}dt (31)

where 3 = [B1, B2]7 is the vector of Lagrangian mul-
tipliers.
The Hamiltonian function has the form

H = fi(m — z2) + Ba(m2 — x1)
+0.5[(u; — 35.4)% + (ug = 7)?]
+ A1 (=1.0521 — 0.01ug — 0.4us)
+ X2(0.0037y — 6.729 4+ 1.724 — 6 x 107 %0y
— 8 x 107 3uy)
+ A3(7.4m; + 8 x 10~ %u; + 0.02us)
+ A4(—=0.003m5 — 1.724 — 1.1 x 10~ %0,
—2.5 x 107 3uy) (32)

where A1, Az, ..., A\q are Lagrangian multipliers.
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From optimality conditions [5] it follows that

; 8H
/\1 = _6_IE1 = ﬂz + 105/\1 (33)
: oH
Ay = ——— = :
2 B b1+ 6.7); (34)
g 8H
M= =
3 oy 0 (35)
: 8H
A = ~Fm. = ~1.7As + 1.724 (36)
OH _ . OH . 6H . OH . 37)
g, gy, gy,
H
oH u; —35.4—0.01A; — 6 x 1074,
8%1
+8x 107 A3 —1.1x107%)\; =0 (38)
8H
—— =uy—7.0-0.4\; —8x 1073\,
8’U,2

+0.02X3 —2.5x 107304 =0 (39)

From eqns (38) and (39) following relations for com-
mand variables u;, us could be obtained

u; =35.44+0.010; +6 x 1074y — 8 x 107%4)3

+1.1x 1074\, (40)
ug = 7.0+ 0.4); + 8 x 1073,
—0.02)3 = 2.5 x 1073, (41)

We decompose this system into two subsystems. The
first subsystem is described by the relations (8) and
(10) with following initial conditions

z1(0) = 0.5 OD cm™3 23(0) = 0.0 mg cm™3 (42)

For this subsystem the corresponding functional
Lias the form

max J, = z3(t) +/o f{[317T1 - Bax1
+ 0.5[(u1 — 35.4)% + (ug — 7.0)%]}d¢t (43)

The Hamiltonian function will be

Hy = Bim1 = Bazy + 0.5[(u; — 35.4)% + (uy — 7.0)?
+ Al(—1.05(l}1 - 0.01u1 — O.41.L2)
+ A3(7.4m; + 8 x 10™%u; + 0.02u3) (44)

Its derivative is

% =01 +74)3=0
871'1

Hence it follows that
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By = —T4X; (45)

The second subsystem is described by relations (9)
and (11) and by following initial conditions

72(0) =0.0 z4(0) = 50.0 mg cm™3

For the second subsystem the corresponding func-
tional is following

te
max Jy =

! {Bams — P12
+ 0.5[(u; — 35.4) + (ug — 7.0)%]}dt (46)

and the Hamiltonian function

Hy = Bomy — Brza + 0.5[(uy — 35.4)% + (uz — 7.0)%]
+ 22(0.003m5 — 6.7z + 1.724
—6x107%u; — 8 x 107 3uy)
+ A4(=0.0037, — 1.7z4
—1.1 x 107 %u; — 2.5 x 10™3uy) (47)

From the relation

OHs _ 5 10,0030 —0.003s =0  (48)
87r2

it follows that
Bs = —0.003A, + 0.003)\4 (49)

For computation of the course of the state variables
z1,%2,Z3, T4 and of command variables eqns (8—11),
(33—36), (40), and (41) were used. The target coor-
dination method utilizes the prediction principle for
coordination. For the given 7 and ( values the first
level solves an optimization problem solving at the
same time two independent minimization problems.
At the second level the quantities 7w and 3 are further
predicted. In this way their trajectories are improved,
the functionals (12) and (43) are maximized in such
a way that following relations are fulfilled

7r§1+1) _ z(21) 7r§1+1) _ 17(1” gﬁ“’l) = —T7.4);3

B = —0.003AL" + 0.0032¢" (50)

where (! is the iteration index.
Computational algorithm is depicted in Fig. 2. The
second level determines the error according to the re-

lation
tg 2
e= / [E(ﬂ'g]“) - ng))l dt (51)
0 |iz1
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start

Y

Set-up of initial conditions in step /
for xi, x2, x3, X4, 1, U2

{

Calculation of 7, f; instep/
with initial conditions x; (), i=1, 2

|
¥

Calculations of state variables x;(/+1)

!

Calculation of A;([+1), i= f,—41

'

Calculation of u;, u; instep I+1

Y

TG i ‘—ﬂ.l(l)’ i=1> 2

!

Calculation of g, = instep I+1, i=1, 2

Y

Calculation of e

Fig. 2. Algorithm of the calculation according to objective co-
ordinatioln.

APPLICATION OF THE PREDICTION
COORDINATION METHOD

In this part the disturbances in state and command
variables are minimized. These started to manifest in
the system after 8 h from the start of the fermenta-
tion process and they lasted for 1.5 h. The first level
determines the course of the state and command vari-
ables. The second level predicts the state and com-
mand variables. Again decomposition of the system
into two subsystems is here applied in this case in the
form as described by eqns (8—10) and (9—11) with
initial conditions

z1(8) = —3.0030 OD cm™® %, (8) = 35.4°C
72(8) = —0.0147 mg cm™3  u,(8) = 7.0
z3(8) = 55.7231 mg cm ™3

z4(8) = —0.0072 mg cm ™3
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Global functional is given as

1.5
J=05 [ [(z; +3.0030)% + (2 + 0.0147)*
0
+ (z3 — 55.7231)% + (24 + 0.0072)*
+ (u; — 35.4)% + (ug — 7.0)%)dt  (52)

Corresponding Hamiltonian function has the form

H = Xs[(z1 + 3.0030)% + (x5 + 0.0147)?
+ (z3 — 55.7231)% + (x4 + 0.0072)?
+ (uy — 35.4)% + (ug — 7.0)?]
+ A1 (—1.052; — 0.01u; — 0.4us)
+ A2(0.003z; — 6.725 + 1.774
—6x 107%u; — 8 x 10 3uy)
+ A3(7.425 4+ 8 x 10™*u; + 0.02uz)
+ A4(—0.003z1 — 1.724
— 1.1 x 107 %, — 2.5 x 1073uy) (53)

From the principle of maximum it follows that

A= . 1.05\; — 0.003);
8(131

+ 0003/\4 - 23?1/\5 - 6006/\5 (54&)

)‘\2 = ——6£ = 67)\2 = 74)\3 — 21‘2/\5.
63)2
— 0.0294)5 (54b)
A3 = _oH _ —223)s + 11.4462)5 (54c)
6:1,‘3
/.\4 = —a—H =—=1.7Xo + 17Xy — 2Xs514
é)rc4
— 0.01446 )5 (54d)
i = 28 o (54e)
6x5

From the latter relation it follows that As(t1) = 1,
where t; = 1.5 h.

From the above system of differential equations
(54) the values of Lagrangian multipliers are deter-
mined.

From optimality conditions it can be further ob-
tained ’

il = —0.01)\; —6 x 107%X2 + 8 x 1074 )3
Bul
—1.1x107%\g + 2u1 A5 — 70.8%5 =0
H
9" = —0.4\; — 8 x 1073); +0.02)3
8u2

—25x1073)\; + 2ug)s — 145 =0

Chem. Papers 50 (5)298—309 (1996)
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After some modifications the command variables
u; and ug can be obtained in the following form

u; = (0.01A; +6 x 107%X; —8 x 107%)3

+ 1.1 x 107*\y + 70.8X5)/2 (55a)
uy = (0.40; + 8 x 1073)y — 0.02)3
+2.5 x 1073)4 + 14)5)/2 (55b)

Let us form the deviations y, v from the system
equilibrium points ., ue

Y=T—Te V=U—Ue
where
x. = [—3.0030,—0.0147,55.7231, —0.0072]
and
U = [35.4,7] (56)

Then the system description by equns (8—11) can
be transformed to the deviation form

Y= Ay +Bv + [f(z,u,t) — Ay — Bo]

=Ay+Bv+ D (87)
where
D = f(z,u,t) — Ay — Bv
The following functional is to be minimized
1.5
J=05 / [¥TQy + vTRw]dt (58)
0

where Q and R are unit matrices of the 4th order.
The Hamiltonian function is of the form

1 1
H== [yTQy + §'vTRv] + p[Ay + Bv + D]

2
+ 7y — y°] + Blv —v°] (59)
where p is the costate vector and = and 3 are the
Lagrangian multipliers.
If y = y°, v = v°, then the equation describing
the system has the following form

y=Ay+Bv+D

y=v°
="

D

= f(@e + ¥Y°, ue + v°,t) — Ay°® — Bo°
y=y"

) (60)

After splitting the system into two subsystems the

state equations of the respective subsystems have the
form as follows.
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First subsystem

Y: = A,Y; + BiV; + D (61)
and the functional to be minimized is
1.5
n= [ ofevi+ VRV (62
0

where Q; and R; are unit matrices of the second or-
der, and

Y = [y1,9s] VAT = [v1, 2

-1.05 0 _[-001 o0
Al‘[ 0 o] Bl‘[ 0 0.02]

o_ | f (3 vy
pr=[f]-a: 1] = 3]

Hence

1
H, = E(YlTQ1Y1 + VTR W)

+LT(A1Y; + BV, + DY)
+m1(y1 — y7) + 73(ys — v3)

+ Bi(v1 — v7) + B2(v2 — v3) (63)
where LT = [A1, As].
Second subsystem
Ys = A, Y: + BoV; + D3 (64)

The functional to be minimized is of the form

z (65)

where Q, and R, are unit matrices of the second or-
der, and

YzT = [y2, 4] V2T = ['U3,’U4']

1.5
Bz / (YT QuYs + VIR, Va)dt
0 B

~6.7 0 —6 x 107 0
D= [ 0 —1.7] Ba = [ 0 -25x107°
o fz] [ys [”3]
D = —A -B
? [f4 R R

Hence

1
Hy = §(Y2TQ2Y2 + V'R, V3)
+LI(AY; + B,V; + D3)

+ ma(y2 — y3) + ma(ya — v3)
+ B1(vs — v3) + B2(vs — v3)

where LT = [A2, Aq].
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The aim of the first level of the system under con-
sideration is to independently determine y; and v; for
both subsystems by solving the following Riccati equa-
tion

K;=-Q. - K:A;, - ATK; + K,B;R'BTK; (67)

where K;(1.5) =0 for i =1, 2.

The matrix K; could be calculated by substituting
the values of the first subsystem. After some modifi-
cations one can obtain

ki1 = —1+ 2.1k1; + 0.0001k2, + 0.0004k; ka1
ki2 = 1.05k;5 + 0.0001k;2k1; + 0.0004k15k20
ka1 = 1.05ky; + 0.0001k2; k11 + 0.0004ks1 koo
kg2 = —1 + 0.0001k;2k2; + 0.0004k2,

(68)

where at the same time k12 = ko;.
Similarly for the second subsystem and for matrix
K, following relations hold

ki = —1+13.4ky; + 3.6 x 1077k%,

+6.25 x 107 %k 2 ko
k1o = 8.4k1s + 3.6 X 107k 1 k1a + 6.25 x 10~ %ky2kss
ka1 = 8.4ka; + 3.6 X 10~ Tky1 koy + 6.25 x 10~ 8ky1 koo
kag = —1+ 3.4kas + 3.6 x 10~ "kyokn:

+6.25 x 107%k2,

(69)
where also k12 = k. Differential equations (68) and
(69) for calculations of the matrices K; and K, were
numerically solved using the Runge—Kutta method.

After elapsing of time ¢ = 8 h the disturbances
start to be present in the system. This could be ex-
pressed by help of the disturbances matrices according
to the relation

fleg -Alz + K;B;R'BTz + K;B,R; '3

dt t
—K,'Di - TC; (70)

For the first subsystem the following relations are valid

21 = 1.052; + 0.0001k4; 21 + 0.0004k;223
+ 0.02]{?11,@2 - 0.01k11,81 + 1.05]\711.’121
+ 0.0lkuul — 0.02]61211.2 — 1.05k11y(1)

— 0.01ky1v7 + 0.02k120v5 — my (71a)
23 = 0.0001ks; 2, + 0.0004ks023

+ 0.02kg382 — 0.01k91 31 + 1.05k2171

+0.01kzouy — 0.02ka5us — 1.05k217°

— 0.01k2;v¢ + 0.02k08 — 73 (71b)

For the second subsystem following equations could
be obtained

29 =6.720 + 3.6 Xx 10 k1122 + 6.25 x 10 6ky024

304
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—6x107%;1 8, — 2.5 x 107 3k1985 + 6.7k1 22

+1.7k1o4 + 6 x 1074k 0y

+2.5 X 10 %kypup — 6.7k1195 — 1.7k12y5

— 6 x 107%;;05 — 2.5 x 107 3kj9v5 — 2 (72a)
24 =1.724 + 3.6 X 10" "ky1 20 + 6.25 x 107 kgo 24

— 6 x 10™%ko1 81 — 2.5 x 10 3kg3 82 + 6.7ky 122

+ 1.7k1oz4 + 6 x 1074 k1 4y

+2.5 x 1073k ous — 6.7k11y5 — 1.7k12y5

—6x 10741103 — 2.5 x 107 %kypv§ —ms  (72D)

with z;(1.5) =0for ¢ =1 to 4.

In simulation of the whole system the original ini-
tial conditions for the disturbances must be found
again by the use of an integration in the backward
time.

The quantities y?,v?,7;, and B; are given by the
second level according to the following relations.

v; = R (BT (Kay: + 2:) + Bi) (73)
v; = Ay, + Bjv; + D; (74)

For the first subsystem it holds
vl _ _|-001 0 |
V2 - 0 0.02
kin k2 yl] [Zl]) [51]
: : + + 5
([k:n kzz] [ys z3 B2 (75)

By modification of this expression the quantities
v, and v, could be obtained

v; = 0.01(k11y1 + k12ys + 21) — Bu
vy = —0.02(k21y1 + k22ys + 23) — B2

The quantities y; and ys3 could be evaluated by a
modification of the following equation.

] _[-1.05 0 [yl]
3] | 0 O Y3
(=001 0 ] [wi
1 o o002 [’02}
[—1.05 0] [21]
1 oo o] [as]
[—001 0 | [uwi]
1o 002 |us
_[-105 0] [w]
| 0 0] [u5]
[—001 0 | [o9]
| 0 002 [v8] L76)

3}1 = —1.05y1 - 0.011)1 - 1.051‘1 == 00111.1
+ 1.05y7 + 0.01v7
3 = 0.02v; + 0.02uy — 0.020

Chem. Papers 50 (5)298—309 (1996)



BIOTECHNOLOGICAL COMPLEX SYSTEMS

For the second subsystem from which it follows that y° =y and v° = v.

- =4 . o s 5) —

vg =6 x 107 (k11y2 + k12ya + 22) — 51 oH —0=m—[A-AT] L(t) (78)
s = 2.5 % 1073 (kary2 + kaoya + 24) — B 9y°

o = —6.7(y2 + 23 — 95) — 6 X 107 (v + w1 — 03) o —o=p-B-BYL0) (1)
Js = —1.7(ys + x4 — y3) — 2.5 X 107> (vg + up — v§) v

where A is the total matrix of the full system, and L

.. o o , e ]
The second level sets quantities y7, v, 7, and f; is the vector of Lagrangian multipliers.

on the basis of optimality conditions

OH _(_ .o 105 0 0 0 b

oYY A | 0008 =67 0 L7| Ll

OH _ o _ 4o (77) “| o 740 0 s

8- TV ~0003 0 0-17 Ag
start

¥

Calculation of matrices K;, K, in backward time
Calculation of initial conditions for 4; in backward time, i=1, 4

!

Calculation of initial conditions for z; in backward time, i = f,—tl

{

Set-up of initial conditions for x;(/), u), up, for t=8h, i= i, 4

!

Set-up of computed values for Ki, Ko, A D, z, i= 1, 4
Set-up of initial conditions for v;(l), yi(}), i= _,_4

<
Yy

Computation of state variables x;(/+1), i = 1-,—4

'

Computation of A;(I+1), z;(I+1), yi(I+1), i= 1,_4

!

Computation of u;, u; instep [+l
Computation of m, §;, 5, instep I+1, i= 1—,—4

!

Computation of v;(/+1), i= m

end

Fig. 3. Algorithm of the calculation according to predictive coordination.
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After substitution and rearranging following relations
could be obtained

m = —0.003A2 4+ 0.003)4
Ty = 0003/\1 - 74/\3 - 17/\4
T3 = 74/\2

mq = —0.003A\; — 1.7\, (80)
From optimality conditions it further follows
0.01 0 A1
_ —6 x 104 0 _ Ao
b= 0 0.02 b= | @&
0- -25x1073 A4
After some rearranging
Br =0.01A; + 6 x 107%X; + 0.02)3
—2.5x 1073)\,
Bz = —0.01A; — 6 x 107*A; — 0.02)3
+2.5 x 1073\ (82)
The prediction error has the following form
1.5 4 2
o(I+1) o(I)
6= Y: — Y
il )
2
+ (U:_D(H-l) _ vf(”)
2
I+1) I
(e -t}
1
2 9 3
+> (ﬂﬁ’*” —ﬂﬁ”) }dt) <107% (83)
1=,

Simulation was carried out according to the algo-
rithm depicted in Figs. 2 and 3.

The results are graphically presented in Figs. 4
to 9, where the time dependences of state and com-
mand variables are depicted. The hierarchical control
of biotechnological complex is illustrated in Fig. 10.

More detailed information on the control strategy
for industry bioprocesses can be found in [6]. On direct
adaptive control of fermentation processes the reader
is referred to [7].

3.0

x,/l0Dem®)
x,/10D cmi®)

- . 2.0
t/h

Fig. 4. Optimal course of the state variable z1. a) Objective
coordination; b) predictive coordination.
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Fig. 5. Optimal course of the state variable x3. a) Objective
coordination; b) predictive coordination.
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Fig. 6. Optimal course of the state variable x3. a) Objective
coordination; b) predictive coordination.
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Fig. 7. Optimal course of the state variable 4. a) Objective
coordination; b) predictive coordination.

Program Realization

For the solution of the differential equations the
standard Runge—Kutta procedure was used.

In the case of using the prediction coordination
method the coefficients of the matrix K; were calcu-
lated first. Also in this case the standard Runge—
Kutta procedure was used in the program.
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355 355
35.4 ¢ 135.4
35.3 4353
o O
2 ~
-3 -3
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351 4351
35.0 35.0
10

t/h

Fig. 8. Optimal course of the command variable u;. a) Objec-
tive coordination; b) predictive coordination.

RESULTS AND DISCUSSION

Three decomposition possibilities were examined
and only one, for which the following results are intro-
duced, gives realizable results. Fig. 11 shows optimal
trajectories for state and command variables valid for
the first and second scheme.

From Fig. 11 it is also evident that the hierarchical
approach brings higher p-gluconic acid concentration
in comparison to one-level technique. As can be seen
the optimal profiles of control variables for both sub-

u,
uy

N w0 o0 N 0
!
T

N WSO N @

o

t/h

Fig. 9. Optimal course of the conmand variable uz. a) Objec-
tive coordination; b) predictive coordination.

systems are approximately the same. There are shown
only optimum profiles for the first subsystem.

The reason for choosing the second alternative is
obtaining optimum solution.

Nevertheless by suitable selection of weight matrix
Q it is possible to achieve speeding up the convergence
of state variables to the desired values. We came to the
conclusion that the hierarchical approach using micro-
processor may be regarded for an effective technique
for obtaining optimum solution for some fermentation
processes.

It was observed that the hierarchical approach
(multilevel technique) is more advantageous and more
attractive than the one-level approach as

k GDB %\
LDB1 X, LDB2 | coordination
——hg X2 hag—
BRIC
Wil [x, " Y90 x,| "2 control
C1 . ) C2
SS1 SS2 complex
l hyy
y1 y2

Fig. 10. Hierarchical control of biotechnological complex. SS1, SS2 - subsystems; C1, C2 — controllers; BRIC — block for regarding
of interaction couplings; LDB1, LDB2 - local decision-making block; GDB - global decision-making block; hig, hag —
global coupling variables; hjj, hg - local coupling variables; u1g, u2g — interaction quantities; uy), ug — local command
variables; v1,v2 — coordination quantities; wy,wy — desired values; 1,2 — state variables; y1,y2 — output variables.
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Fig. 11. Courses of state variables z1,z2, 23, z4 and of command variables u; and ua. — 1st scheme, — — - 2nd schemne.

a) at any level lower-degree subproblems are ma-
nipulated,

b) the computations are more accurate while the
manipulation with lower-degree problems secures that
the rounding errors are less,

c) programs demand roughly one half of the mem-
ory capacity in comparison to the one-level approach,

d) higher yield of p-gluconic acid is achieved (the
second scheme).

308

The results demonstrate that the hierarchical ap-
proach may be regarded as an effective technique for
obtaining the optimal solution for fermentation pro-
cess. This control is more advantageous than the one-
level method. As can be seen from presented graphs,
it provides a higher yield of D-gluconic acid.

The decomposition coordination methods were
successfully applied for optimization and control of
fermentation processes, which can be considered as
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complex systems.

The model described is restricted only to four state
variables, but could be expanded to include more vari-
ables, e.g. the oxygen concentration or stirrer revolu-
tions. Introduced knowledge will enable application of
higher forms of control to the control of complex sys-
tems (complexes).
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