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Abstract— In this paper, a comparison is made between
FID and fuzzy controller. The purpose of the study is to
determine when the use of which type of regulation will achieve
the best indicators of quality control for the regulation of the
evaporator. The regulation of such responsible parameters as
levels of concentrated juice in the evaporator's buildings,
which directly affect the quality and cost of manufactured
products, is carried out. First, a mathematical model was
developed in the space of states in the Matlab environment and
results were obtained with respect to the variation of the
problem relative to the initial conditions and with respect to
perturbation. Secondly, a mathematical model with a PID-
regulator was developed and transient processes for control
circuits in all control channels were obtained. Thirdly, a
mathematical model with a fuzzy controller was developed and
transient processes for control circuits in all control channels
were obtained. When comparing the mathematical model with
PID and the fuzzy controller, it was concluded that the use of
neuro-fuzzy regulation is more appropriate as it leads to an
increase in the qualitative parameters of the process compared
with the system with PID regulators.

temperature  in the first body and the fifth body
(concentrator). The process of evaporation intensifies and
becomes more economical in case of increase of heat
dissipation between the first and fifth bodies. There are many
options for adjusting the levels on the evaporator plant
circulation bodies. The simplest ones are level regulation on
the inflow with blocking on the drainage and regulation on
the drainage with the blocking on the inflow. However, this
causes an increase in the irregularity coefficient of juice
flow. Therefore, systems of smooth action on the drainage
and inflow of juice into the apparatus were developed.

In case of deviations from the optimal regime in the
process of cvaporation leads to the decomposition and
caramelization of sucrose and causes a decrease in alkalinity.
Reducing of alkalinity at the evaporator plant leads to a
decomposition of amides, such as aspargine (Fig. 1.). Juice
vapors and condensates (ammonia waters) from the
evaporator contain ammonia, carbon dioxide and carbon
monoxide.

CH, — CONH, + HOH  CH, — COOH N NH/!
Keywords— sugar juice, mathematical model, evaporator [ = | 3
R : o - COOH
plant, neuro-fuzzy regulation CHNH, — COOH CHNH, — CO!
CHy — COOH CH, — COOK i
| 4+ KgCOy = | 1 HO+00,
L INTRODUCTION CHNH, — COOH CHNH, — COOK

The work of this evaporator plant has several advantages:
reducing the sensitivity to the changes in the flow and
condensation of the juice that enters the evaporation stage;
reducing the time of juice stay in high temperature zones due
to the transportation of steam extractions from the first body
into the last one; reduction of the duration of cooking
concentrated juice in evaporators at a vacuum by increasing
the temperature of the heating steam.

Since the evaporation process is uninterrupted, and the
amount of juice that comes in and extraction of juice vapor
varies over time. Maintaining the optimal operating mode of
the evaporator plant is possible only in case of the automatic
control of the evaporation process. The optimal operating
mode is a mode that provides a given productivity of the
evaporator plant provided that the juice levels are stabilized
in the bodies of evaporating apparatus, which guarantees the
best conditions for evaporation and the uninterrupted supply
of consumers with the necessary vapor of the required

capacity [1].

An analysis of the existing evaporator plant automation
systems has shown that the evaporation capacity of the
evaporator plant is determined by the useful temperature
difference between the heating and the juice vapor in the
bodies. It is ensured by stabilizing the heat transfer on the
evaporator plant as the difference between the solution

978-1-7281-2064-5/19/$31.00 ©2019 IEEE
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Fig. 1. Aspargin decomposition

The above factors cause a change in the properties of
glucose (C¢H1206), which is contained in sugar juice. In case
if glucose is heated to a temperature of 160°C and hold for a
long time, glucose anhydride is formed from it, as a result of
splitting off of one of two water molecules (CsH100s). It is
not possible to form granulated sugar out of such juice. In
case of further increase of temperature to 220°C sugar juice
turns into caramel without taste or bitter assaram (a
substance formed during heating of products of plant and
animal origin). These substances are no longer capable of
fermentation and sugar formation. In order to prevent
overheating and overexposure of sugar syrup, the best quality
control parameters must be observed. That is why the
comparison between PID and fuzzy regulator for control
evaporator plants is carried out.

IL.

Improving the evaporation process is an urgent task. In
this paper [2] author consider the model of the evaporation
process, which takes into account the balance of mass and
energy in the three components of the evaporation process.
There is a unique distributor surface of the juice heater if the
overall surface of the heater is fixed. In this paper [3], the
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linearization process of a nonlinear model consisting of 14
nonlinear levels of the primary order, which is a dynamic
model of the evaporator apparatus, is studied. In the work,
for the first time, a function was found regarding the change
in product concentration on the deviation of the flow rate of
the liquid. The paper [4] proposes a fuzzy evaporator model
that reduces the computational time using an evaporator
based on the Rankine cycle. The results showed that fuzzy
technology can significantly reduce the time of calculation
by predicting the outlet of the supercritical evaporator in the
waste heat recovery system. In the paper [5] the author
argues that using intelligent control, it is possible to provide
a faster decrease in the temperature of the housing and
achieve a more stable overheating control in the first
evaporator tank. It has been proved in this paper [6] that
evaporation control can be implemented by recirculating the
liquid in the evaporation section or by feeding only the liquid
into the evaporator. In this paper [7], the fuzzy PID
controller is investigated as a discrete version of the usual
PID controller, so it retains the same structure, but has a self-
adjusted control factor. The author proves that it is possible
to improve the classical PID regulator with a certain adaptive
control ability. This paper [8] represents a new PID regulator
of fuzzy logic. This regulator is a fuzzy PID controller with a
computational efficient analytical circuit. The author proves
that the controller is stable with a restricted input / restricted
output The need to upgrade existing management systems is
specified in paper [9]. This study presents some approaches
used for the distributed level of technological processes
control. The elucidation of these approaches is useful for
better understanding of the processes occuring during the
formation of control action, especially in cases when the
software developers for industrial ACS use the big amount of
settings for system customatization. This approach is
reasonable only for the qualified specialists with significant
work experience. However, knowledge of the inte rnal
processes by such specialists can also provide more flexible
work when structuring the data. In paper [10] states that one
of the advanced methods of improving control systems is the
addition of fuzzy and neuron-clear logic. A method of
dynamic power control of steam boilers at CHP of small
power according to the current needs of consumers was
studied. The methods of dynamic control of the power of
boiler systems were analyzed using fuzzy logic and adaptive
neural networks. One of the possible options for boiler
capacity control is the use of fuzzy inference units (so-called
fuzzy system). The control action is formed by consistency
checking of fuzzy rules to the actual parameters of the
system. Rules are created according to the operator’s
experience, which reflects his / her actions when changing
the technology parameters.

III. MATHEMATICAL MODEL OF FIVE-BODY EVAPORATOR
PLANT

In the mathematical models of the evaporator plant (Fig.
2), often there are no distinct channels of disturbance and
control that are inconvenient during the development of the
automation system.

55

I tank V tank
I
W, Ws
G On G2 s
i - i |
Subg C) hy S1.b; (OF hs | S5, bs
‘ - i
Co ONIRTAN, Oys | Sks txs

Fig. 2. Mathematical model of evaporator plant

®; — the temperature of the boiling juice in the i-body of
evaporator plant [°C]; i = 0...5 — corresponds to the number
of evaporator plant body; ®ni — the temperature of the
steam in the i-body of evaporator plant [°C]; hi— the level of
juice accordingly in the i body of evaporator plant [m, % to
the length of the tubes of the heating surface];
S0,51,52,53,54,Ss— inflow of juice into the I body, outflow of
juice from the I body and an inflow into the II body, outflow
from the II body and an inflow into the III body, outflow
from the III body and an inflow into the IV body, outflow
from the IV body and an inflow into the V body, outflow
from V body accordingly [kg/s]; Wi — the flow of steam
generated in the i-body of the evaporator body [kg/s]; Gn —
the consumption of a warming steam in the i-body of
evaporator plant [kg/s]; bi — concentration of dry substance
in the i-body of evaporator plant [%]; Si- — consumption of
condensate in the i-body of evaporator plant [kg/s]; @ —
condensate temperature in the i-body of evaporator plant
[°C]; Ci — content of sucrose in juice in the i-body of
evaporator plant [%]. It is necessary to divide this system
into subsystems, which are united by essential internal
interconnections between variables, and are described by
mathematical models that are similar in structure and
regulated according to a similar scheme

g AT IR ACy ACn ACHAGAACeACk

<+ B
LiiH
l I (o] ;'i
sl - ¢
G s R T R 73
Ahy UC 1 YACYAC; YAC YACs
—hs APpy... APps AW,... AW
I el § 4
My Ahs Az Ahy Ahs AS)
S5
AS; @ | 461
AS,
AS, il
Subsystem I 1}; ) A};: 1&), J& 4 /&75
AB)y... AB%s
A6Gy... ABys - —
A/)]-;... Jl)ls AS, _j@,, AT envt oo Alenvs A”";u.
i Ph L LT
® T @ s
A A0,
d »AOs
o . |48,/ 4Os é é %)
A6y A@:IAO'” e Aé?zl A(-)% AG; AB, AOs
— Subsystem 1T

Fig. 3. Parametric scheme of evaporator plant

A simplified parametric scheme of the evaporator plant
with distinguished subsystems is shown on Fig. 3. [11]. Here
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are the differential equations of each of the subsystems for
the nominal mode:

subsystem [
43916(251) AS, —AS, - AW,
6,820 ——== ) =AS, —AS, - AW,,
3,056 a(gf ) =AS, —AS, — AW, @
4,973 C) =AS, —AS, - AW,
3974a(gf ) =AS, —AS, —AW..

equations that describe the levels according to bodies of
evaporator plant (1).

187 34 6(2:’ D L Ab, = ~0.2A8, +138Ab, +0.72A1, —0.04APp,.
B
589,17 (at ) 4 A, =0.8AS, +167Ab, +2AI, —0.066APp, .
oAb
655.43 (a 2) 4 Ab, =—15AS, +L5Ab, +449A, —0.IAPp,.  (2)
B
1131.42 (at ) 4 Ab, = —L6TAS, +129Ab, +TAGAIT, —0,13APp, .
oAb
853,1 (6t5) +Aby =—101AS, +112Ab, +9.37 AW, —0,14APp, .

equations that describe concentrations according to
bodies of evaporator plant, where Pp; — loss of sugar during
a thermal decomposition in the i-th apparatus (2);

subsystem II:
13,89 6(?;) D 4 A®, = 0,1868AS, +0,0482A0, + 0999940, +
+6,50-10°A®, , — 0,1792A8, — 0,925 1AW,
21,78 a(%@) 2) A®, =0,1620A8, +0,0315A0, +0,9826 A0, +
+842-107°A@, , — 01394AS, — 0,8362A7,,
22,50 a(Af) s) A®, = 0,2136AS, +0,0266A0, +0,9839A0 , + 3
+898-10°A0, . —0.1794AS, — 1,28AW,,
AA®,)
35,9775 54 AB, = 0,2948A8, +0,0264A0, +0,981540),,, +
+1,45-107°A@,,,, — 0,242A8, — 2,1AW,,
AA®,)
4510 =5+ AO; = 0.4905AS, +0,0374A0,, + 0970470, ; +

+2,58-10°A0,,,5 — 0,386 A8 — 4,26 A,.

envs

equations (3) that describe the temperature of the steam-
juice mixture according to bodies of evaporator plant, where
Oenvi - heat loss into the environment in the i-th apparatus
[°C].
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O(A®
7,07%%@"1 =0,7229AG,, +A®, —0,0146A0),,
2
~0,9251AD,,,
(A0 ,,)
9.025 ——*-+ A8, = AO, ~0.076A0,, ~085IAD, ;.
O(A® 4
8,04%%@"3 = A®, —0,0153A0,, —1,3AD,,,. “
2
A(A®,)
131922440,y = A6, ~0.0138A0,, ~2145AD .,
A(A®,)
1428 =——24 00, = AO, 009446, ~4.4AD,.

equations (4) that describe the temperature of the steam
according to bodies of evaporator plant, where Dy — the
consumption of non-subsidized gases in the i-th apparatus,
subsystem IIT

B(AC)

398,59 212 4 AC, =1,38AC, —0,04AC,,,

753,49 a(AtC 2)

+AC, =1,67AC, —0,04AC

F2>

139989 G(AtC )

+AC, =L5AC, - 01AC,,.  (5)

1948,73 ——= 4+ AC, =1,29AC, - 0,13AC

Fa»

B(AC,)
t

1523,92 ——=+ AC, =1L12AC, - 0,14AC

F5»

A(ACy)
t

equations (5) that describe the content of sucrose
according to bodies of evaporator plant, where Cr; — content
of sucrose, which is decomposed into the i-th apparatus.

For a subsystem III, it is impossible to construct an
optimal regulator, because it only includes coordinates of
state and disturbance, that is, the subsystem is uncontrolled.
In practice, only the content of sucrose Cs in the fifth body of
the evaporator plant is controlled [11].

The mathematical model is compiled taking into account
the following assumptions: the evaporation apparatus is
considered an object with concentrated parameters as a link
of complete mixing; through channels of disturbance and
control the delay in the juice pipeline shall be not taken into
account as insignificant for the dynamics of the evaporation
plant; the parameters included in the equation are taken
independent of time and average by body.

In order to transfer the control object into the space of the
state variables, it is first necessary to record the vectors (each
component of the vector), that is x(t), u(t), w(t). Then, based
on the system of differential equations (1) and a
mathematical model in the space of state variables (6)

() = Ax(r)+ Bule)+ Flr), ©)
y(t) = Cx(t).
Then the stationary reverse (7) connection will be:
u(t)= —Kx(t) (M

where K — an array of size mx n.

The object equation (8) can be rewritten as follows:
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(1) = Ax(t)— BKx(r) =[A - BK ]x(r) (8
Then MATLAB environment shall be used.

The matrix were created on the basis of expressions (1-5)
using the synthesis of modal control

Enter matrix:

Matrix A and D of the model has components that are
equal to zero.

Matrix C=diag(1,1,1,1,1) )
-02277 0 0 0 0
0.1466 —0.1466 0 0 0 |0
B=| o0 0.1978 -0.1978 0 0
0 0 02011 -02011 0
0 0 0 02534 -0.2534
0.2277 —-0.2277 0 0 0 0 (1 1)
0 0 —0.1466 0 0 0
F= 0 0 0 —0.1978 0 0
0 0 0 0 —0.2011 0
0 0 0 0 0 —0.2534

The actual part=0. Consequently, the roots of the
imaginary axis of such an object are on the verge of stability.

The observation matrix Nk can be constructed in two
ways: by directly setting the formula or by using the ctrb
function, the input parameters of which are matrices A and
B. In order to determine the rank of the matrix Nk one shall
use the built-in rank function: Nk=ctrb(A, B), rank(Nk). The
matrix rank is 5

Since the rank of the matrix coincides with the
dimensionality of the state spaces, the object is completely
observable.

For calculation of the amplification matrix of the K
regulator using the modulator's algorithm, the place library
function shall be used (p1=0,0003), the input parameters for
which are matrices A and B, and the output is the
synthesized matrix K.

In order to construct the roots of a closed system, one
shall use the pzmap function. The input parameter for which
there is an object in the space of variables of state ss-type,
which is given using the ss function of the format:
sys=ss(A_sys.F.C.D) (Fig. 4.).

<10°19 Pole-Zero Map
1 = " '

»
‘Tzn
©°
=
[=]
(=
@
L

20 »
<
&
@
45
o
©
E

%

= . L :
-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
Real Axis (seconds’j) x 107

Fig. 4. Pole-zero map for T=10000
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Consequently, the closed system is stable, since the poles
are located in the left half-plane of the complex plane.

*=Ax+ Bu
y=Cx+Du

0 02

18 T8

Fig. 6. The results in relation to the task change: X — level tank I, X1 —
level tank II, X2 — level tank III, X3 — level tank IV, X5 — level tank
\Y%

In order to construct a schematic diagram of an object
with a matrix controller (Fig. 5), one shall use the State-
Space (Continuous section) block in the Simulink
environment for entering an object into the space of the state
variables. It should be remembered that the inputs and
outputs of the State-Space block are vectors, so Mux and
Demux blocks shall be additionally used (Signal Routing
section). For task and disturbing signals, Step blocks
(Sources section) shall be used. For construction of transient
processes relative to initial deviations, one shall use the
Initial conditions option in the block of State-Space object.

The results in relation to the task change are shown in Fig.
6. The results in relation to the initial conditions are shown
in Fig. 7. The results in relation to the disturbance are shown
in Fig. 8.

L,m v v
10\ ix 0 ol -

X% '

= L2 Mg 8 : :
S inpprbslnondeanieondonnd

- X4 : ;

4 ¢ 5 i : ’
e Rt e lisnmiunil o
2 : X ; i ________ o
0 02 04 06 08 1 12 14 16 18 T,
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Fig. 7. The results in relation to the initial conditions: X — level tank I, X1
—level tank 1T, X2 — level tank II, X3 — level tank IV, X5 — level tank

v
Lm—x X1 X2, X3 X3
10 Pt = P Al ‘A SR W
e R »-Fi;---n-f--\—a---.f-ll-—n-:’-l\-;.-._. &

12 14 16 18 1.9

Fig. 8. The results in relation to the disturbance: X — level tank I, X1 —
level tank T, X2 — level tank III, X3 — level tank IV, X35 — level tank
v

IV.  MATHEMATIC MODEL WITH PID-REGULATOR
Mathematic model with PID-regulator is shown in Fig. 9.

Fig. 9. Mathematic model with PID-regulator.

Setting parameters for regulators are calculated in the
Matlab system:

Channel X: proportional: 1.36; integral: 0.08; derivative:
0,95, channel X1: proportional: 4.85; integral: 0.64;
derivative: 147, channel X2: proportional: 0.65; integral:
0.02; derivative: 0.12; channel X3: proportional: 2.38;
mtegral: 0.21; derivative: 0.9; channel X4: proportional:
2.99; integral: 0.42; derivative: 0.7

Transition processes for each control loop are shown in
Fig. 10.

Lm T T
151 t X

|
100 Ts

Fig. 10. Transition process via channels: X — level tank I, X1 — level tank
II, X2 —level tank 11, X3 — level tank IV, X5 — level tank V.,
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V.  MATHEMATIC MODEL WITH FUZZY REGULATOR

Mathematic model with fuzzy-regulator is shown in Fig.
11.

Fig. 11. Mathematic model with fuzzy regulator

Setting the fuzzy level controller in tank I (Fig.12-13 )

deiXt =0 ntX1=0

¥1 = -0.00768

1 J [ [ ]

2 [~ J [~ ] [ &)
3 _— S

s | J [ "] LA ]
¢ - C A C_2)
) J [ L—1 [ P
s | = ] N ]
| — | LA ] [ ]

-1 1

Fig. 12. Graphical representation of the operation of the fuzzy conclusion
algorithm: delX1 — proportional term; IntX1 — integral term; Y1 —
result.

delX1

Fig. 13. Reflecting surface of the response of the fuzzy algorithm: delX1 —
proportional term; IntX1 — integral term; Y1 —result.

Similar settings for other fuzzy controls. Transition
processes for each control loop are shown in Fig. 14.
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Fig. 14. Transition process via channels: X — level tank I, X1 — level tank
I, X2 — level tank III, X3 — level tank IV, X5 — level tank V.
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VI. DISCUSSION SECTION

So, we can see that use of a fuzzy regulator via the
channel X (Fig. 15) we get a significant decrease in the
amplitude of the oscillation (from 0.68 m when using the
PID-regulator to 0.001 m with the use of a fuzzy regulator)
and a shorter transition process time (from 75 s when using
the PID-regulator up to 55 s when used fuzzy regulator).
When comparing PID and fuzzy controllers via the channel
X1, we can see that use of a fuzzy regulator we get a
significant decrease in the amplitude of the oscillation (from
0.6 m when using the PID-regulator to 0.016 m using a fuzzy
regulator). When comparing PID and fuzzy controllers via
the channel X2, we can sce that use of a fuzzy regulator we
obtain a significant decrease in the amplitude of the
oscillation (from 1.3 m when using the PID-regulator to
0.025 m using a fuzzy regulator), higher quality and a shorter
transition process time (from 140 s when using the PID-
regulator to 110 s using a fuzzy regulator).
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Fig. 15. Transient processes of the operation of PID and fuzzy regulators.

Similarly, when comparing PID and fuzzy controllers via
the channel X3, we can see that use of a fuzzy regulator we
obtain a significant decrease in the amplitude of the
oscillation (from 0.25 m when using the PID-regulator to
0.05 m using a fuzzy regulator) and a shorter transition
process time (from 145 s when using the PID-regulator to
110 s when used fuzzy regulator). PID and fuzzy controllers
via the channel X4, we can see that the use of a fuzzy
regulator we get a significant decrease in the amplitude of
the oscillation (from 0.2 m when using the PID-regulator to
0.06 m using a fuzzy regulator).

VII. CONCLUSION

In this paper, a comparison was made between PID and
fuzzy controller. The study found that under which
conditions the use of any type of regulation would achieve
the best quality control indicators for evaporator control.
According to the results of the study, it can be concluded that
the use of neuronecyte regulation is more appropriate, as this
leads to an increase in the quality parameters of the process
compared with the system with PID - regulators. The first
step was to develop a mathematical model in the state space
in the Matlab environment (Fig. 5). On (Fig. 6), transient
processes are shown when the task is changed; on them, it
can be said that the time of the transient process in the range
from 0.8 to 1.2 s, which is a good result, but the values of the
deviation of the levels in the cases for the evaporation
process are too high (9 m by channel X, 7 m behind channel
X1, 5 mbehind channel X2, 3 m behind channel X3 and 1 m
behind channel X4). The next step was the development of a
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mathematical model with the PID-regulator (Fig. 9). As a
result of the simulation transient processes were obtained for
control circuits in all five control channels (Fig. 10). In this
case, the time of transitions is in the range of 60 s through
the channel X1 to 145 s through the channel X2.
Consequently, the time of regulation has increased in relation
to the previous experiment, but this led to a significant
decrease in the deviations of levels in the cases (0.68 m
along the channel X, 0.6 m along the X1 channel, 1.3 m
along the channel X2, 0.25 m along the channel X3 and 0.2
m along the channel X4). Next, a mathematical model with a
fuzzy controller was developed (Fig. 11). During the
simulation, transient processes were also obtained for control
circuits in all control channels (Fig. 14). In this case, the
transient time is in the range from 50 s through the channel
X1 to 110 s through the channel X2, which is the best result
compared to the PID regulator. In comparison with the
previous study, the levels in the buildings (0,001 m along the
channel X, 0,016 m along the channel X1, 0,025 m along the
channel X2, 0,05 m along the channel X3 and 0,06 m along
the channel X4) also decreased significantly. Thus,
comparing the control channels with the PID regulator and
the fuzzy controller (for example, Fig. 15), it can be seen that
the use of fuzzy regulation significantly increases the quality
of transients, in particular: in all cases, the amplitude of the
oscillation decreases and in almost all cases the time of the
transient the process. .
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