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Improvement of quality and yield of Schisandra
oil by controlling vacuum degree during
molecular distillation using variable
universe fuzzy PID method
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Abstract: By supercritical fluid extraction Schisandra crude oil as raw materials for the experiment, the multistage dis-

tributed of Schisandra oil purification experiment was carried out in molecular distillation system. The relationship be-

tween processing parameters and product index of molecular distillation experiment were discussed, furtherly the vacu-

um degree mathematical model of molecular distillation was established. Because the molecular distillation control sys-

tem had the characteristics of nonlinear, pure lag and time-varying, in view of the traditional PID control and fuzzy

PID control, it was difficult to meet the control requirements. This study proposed the use of variable universe fuzzy

PID algorithm to realize the molecular distillation vacuum fixed value control, by introducing a variable domain con-

traction and expansion factor. The parameters of PID controller and fuzzy threshold for online adjustment, the quanti-

zation factor and scaling factor fuzzy controller were carried on the dynamic adjustment, so as to improve the control

precision. The results showed that the fuzzy PID control method had better stability and adaptability, and the control

method can effectively improve the quality and yield of Schisandra essential oil.
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Schisandra ( Wuweizi, Chinese Magnoliavine
Fruit) is a traditional Chinese medicine, which was
firstly recorded in the ancient pharmaceutical book
“Shen Nong Ben Tsao Ching” as an excellent drug''’.
Schisandra oil is commonly used in traditional medi-
cine, which is considered to be one of the 50 funda-
mental herb medicines. In records of traditional
Chinese medicine, it also called magnolia berry or
five-flavor-fruit, being reported to have functions as
notifying and supporting body fluid, replenishing the
kidney and soothing the lung for the treatment of fa-
tigue, chronic cough, enuresis, respiratory disease,
diabetes, arrhythmias and other heart diseases .

Since the molecular distillation technology was
created in 1930s, it has been used widely in the oil
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industry , medical industry'®’, food products'” |
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fine chemical industry and others™* ' It is based on
the evaporation of the components of a mixture in the
form of a falling film, and in contact with a heated
surface and following condensation on a close cold

" As shown in Fig. 1, after the feedstock

surface'
enters in the top of the equipment of molecular distil-
lation, the product is resulted from steam
condensation in contact with cooled walls, which is
called as distillation. The stream that does not evapo-
rate is called residue. As a separation technique used
in the purification of low vapor pressure, high molec-
ular weights or thermo labile liquid compounds'"™" |
the molecular distillation operation is a complex
process, which is characterized by space-varying and
nonlinear dynamic behaviors. It could be represented
solutions ,

by partial differential equations with
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leading to restrictions and difficulties in the develop-
ment of control approach. However, the balance for
high and safe operational performance together with
the need to achieve the desired products requires the
plant to be operated under control. Thus, molecular
distillation models should be developed for easy to
use, quick at calculating and robust enough to

capture the main system.

feed

cooling

folw

falling film
heating

flow

residue distillate residue

Fig. 1 Phase distribution scheme of a falling
film molecular distiller

One of the most widespread controllers in
chemical process is a proportional-integral-derivative
(PID) controller system due to its simplicity, clear
functionality and ease of implementation. To achieve
the best levels of control, it is important to tune pa-
rameters k,, k; and k;, of PID controllers. However,
conventional  PID  controllers must set initial
parameters in advance according to engineers’ knowl-
edge, which can be remained unchanged during the
regulation with other problems such as overshoot,
poor stability and long adjustment time. The variable
universe fuzzy PID controller combining the conven-
tional PID controller with the artificial intelligence in
terms of variable universe fuzzy logic can be a practi-

cable solution' '+

. This methodology considers both
quantitative and qualitative information for guiding the
mathematical formulations to adjust the most important

77181 This approach represents the

process features
process on the overall operating domain and with dif-
ferent types of data, which has the great advantage of
not requiring system fundamental knowledge, instead
of only input-output data, which makes it widely ap-
plicable in complex processes[m.

Among the parameters of molecular distillation

plants, the vacuum degree is a very important
operating parameter. How to control the vacuum
degree in a reasonable value is the key to ensure
standard process of molecular distillation and high
product quality. Many researchers have discussed the
benefits and importance of such methodology in

! proposed a

process modeling. Alexandridis et al.'”
method based on fuzzy systems to solve the problem of
nonlinear system identification. Gao et al.'*’ used the
self-adapting fuzzy-PID control to approximate real
continuous functions with a selected accuracy using
Takagi-Sugeno’ s fuzzy models for the real-time iden-
tification of nonlinear systems and to solve the non-
linear system control problem in the hydraulic servo

Micov et al.'?

control  system. developed a
nonlinear, dynamic, fuzzy mathematical model for
factors of the wiped film molecular distillation. Wu et

) introduced a central response surface method

al.
combined with thin film evaporation and rectification
coupling technology to study the relation of tempera-
ture , pressure and the reflux ratio to the yield and pu-
rity. Cerrada et al.'*’ completed an approach for dy-
namical adaptive fuzzy modeling, which allowed the
incorporation of the temporal behavior of the system
variables into the fuzzy membership functions.

The objective of this work was to propose a varia-
ble universe fuzzy PID control method to improve op-
timization efficiency and investigate vacuum regulation
for molecular distillation schisandra oil. A mathematic
model of vacuum degree was assumed to be an ade-
quate representation of the analyzed system. By intro-
ducing the contraction and expansion factor of variable
universe, both fuzzy universes and parameters of PID
controller were on-line tuned, which improved the
performance of controller.  Finally, numerical
simulation results showed the effectiveness of the pro-

posed method.

1  Modelling and methods

1.1 The mathematical model of the vacuum de-
gree

The system based on the internal pressure of mo-
lecular distillation evaporator is a typical industrial
process with large time delay and self-balance. The

vacuum degree model of molecular distillation in this
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paper is approximately expressed by the second-order
link with time delay T, which is expressed as the fol-
lowing expression.
G = k e
(Ts+1)(T,s +1)
Y(s) and Y(0) are the response values and

(1)

initial values of molecular distillation vacuum system
respectively. The relationship among G, Y(s) and Y
(0) has the following relations.
Y(s)=6Gu(s) +Y(0) (2)
Steady state output of the system can be obtained
by setting the amplitude of u(s) to the step signal
of U,.

Y( ) =K U, +Y(0) (3)

The coefficient K is obtained as follows.

Y -Y
(V=) - ¥(0) "
U,
; Y -Y(0
So setting Y (s) = M can be
launched as,
* 1 ~Ts

Y'(s)= 5 (5)

s(Tys +1)(Tps + 1)

1.2 Experimental parameters
The experiment was carried out under the initial
conditions that the heater terminal voltage was zero
and opening degree of vacuum valve was zero. The
temperature was kept with 105 °C, and the initial
pressure was set at 1 000 kPa. Then the step signal of
the valve opening with amplitude of 270 degrees was
given. By recording the data of pressure change, the
sampling time was set with 10 min and sampling
period as 5 s. Without considering the hysteresis, the
system transfer function of the relationship between
valve opening and evaporator vacuum degree can be
approximately calculated as follows
839.98 10s
(40s + 1) (47s + 1)

G(s) = (6)

1.3 Variable domain

According to the idea of variable universe, the
size of input and output universe can be changed and
scaled according to relevant criteria and the require-
ments of control, and the intervals defined can also be
divided by the fuzzy criteria. If the error e was fuzzed
to the domain of [ —E, E ], then a(x) was called the

expansion factor of the universe. The a(x) can be ex-

pressed by various forms of functions. The magnitude
of the expansion factor would determine the expansion
level of action scope. Three different transformations
of the domain are shown in Fig. 2. When scaling
factor is greater than 1, the theoretical domain
expands as shown in the upper of Fig. 2. On the other
hand, when the scaling factor is less than 1, the theo-
retical domain shrinks as shown in the lower part of
Fig. 2. The sign of fuzzy variables as NB, NM, NS,
ZE, PS,PM and PB means negative big, negative
medium, negative small, almost zero, positive small,
positive medium and positive big.

u

NB NM NS ZE PSPM_PB

universe of —Ea(x) 0 Ea(x)
discourse
compresses

as a<l u

NB NM NS ZE PS PM_PB

universe of

x| 4
= 0 7 discourse

extends
as a>1

X

-Ea(x) 0 Ea(x)
Fig. 2 The universe of discourse compresses and extends

1.4 Selection of scaling factor

The selection idea of scaling factor was as
follows : for the case of double input, when the error
charge rate (e,) and error (e) of input were large,
the domain remained unchanged. When the input was
small then the fuzzy division of the domain was com-
pressed correspondingly. Thus, the fuzzy division
could be divided more finely when the input was
small, and the contradiction between the control pre-

cision and fuzzy rules was solved, especially on the



£ 6 1]

SRFAG, 55 T AT ISR PID S0k ) B 5 205 A8 U R - i ek ™ ek ) s Pl 79

premise of system stability. Therefore, the control pre-
cision was higher. The scaling factor corresponding to
the error rate and error passing through the fuzzy rules
were @, and a,. The definition of the fuzzy rules is
shown in Table 1( where the extent of expansion or re-
duction is indicated respectively).

Table 1 Errors and fuzzy rules corresponding to

error change rate and input scaling factor

e/e PB PM PS ZE NS NM NB
a/a, B M S Z S S N

Similarly, the scaling factor b of the output uni-
verse of discourse can also be determined according to
the size of e and e,. Considering the following situa-
tion, when both e and e, were very large and the posi-
tive and negative were the same, corresponding fuzzy
rules were recorded as NB or PB, respectively, indi-
cating that the difference between the expected value
and the actual value of the system was very large, and
the error tended to become larger. Therefore, the uni-
verse should be enlarged, and the error of the regula-

Table 2 Fuzzy rules for output scaling factor b

e/, ~NB NM NS ZE PS PM PB
N8 VB VB VB S VS VS

NM VB VB MB MBS S s
NS VB OMB B B VS MB SB
7E B B VB VB VB B B
PS S B VS VS B B VB
pM SB S S S MB B VB
PB Z VS S VS VB VB VB

ting system should be reduced using larger control
quantity, which was recorded as VB. By analogy, its
definition of fuzzy rules is shown in Table 2 ( where
VB, MB, B, SB, S, V, S, and Z all indicate the

extent of expansion or reduction).

2 Molecular distillation vacuum degree

control system

For the vacuum control system of the molecular
distillation, M files were compiled in Matlab environ-
ment. The design structure of the vacuum control sys-
tem of the molecular distillation based on variable u-
niverse fuzzy PID is shown in Fig. 3. The system con-
sisted of five modules, i.e., the adjustment of fuzzy
expansion factor, the adjustment of variable universe
fuzzy, the PID controller and the vacuum regulator of
the molecular distillation. Firstly, the error and error
rate were obtained by the differences between the
output values and the expected values of the system.
The expansion factors a,, a,, b of three domains were
outputted using e and e, as the inputs of the fuzzy sys-
tem to determine the magnitude of the expansion factor.
The adjustment values k,, k,;, k, of three PIDs were

outputted using e_, a,, a,, b as the inputs of the vari-

co

able universe fuzzy system; and k., k,, k,, e, e, as
the inputs of the PID controller. The output was acted
on the vacuum regulator of the molecular distillation to

control its vacuum degree effectively.

40 : !
_>®_ de adjustment of
di 2

scaling factor
based on fuzzy

[de]
dt

2

fuzzy
adjustment of
variable
universe
AR
molecular 0
. . (L
distillation | 7
PID controller
vacuum
regulator

Fig. 3 Design structure of molecular distillation vacuum control system based on variable universe fuzzy PID

3 Results and discussion

The control range of molecular distillation vacuum
degree can be kept between 0.5 and 5 Pa generally.
Here the expected vacuum was set as 0.5 Pa. The
range of error e was (=6, 6) and the range of error

change rate e, was (=5, 5). The error e and error

change rate e, were fuzzed to the domain of {-5,-4,—
3,-2,-1,0,1,2,3,4,5} and k,, k,, k, were fuzzed
to the domain of {-0.05,-0.04,-0.03,---,0.03,0.04,
0.05}. The dynamic response curve of vacuum setting
at 0.5 Pa is shown in Fig. 4. The simulation results
showed that the conventional PID controller had a fast-

rising time, but overshoot was very large, counting an
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error of about 14%. The variable domain fuzzy PID had
a slightly slow rise time, but the overshoot was very

small, counting an error of about 3%.

0.6
] @(‘
=i /
?cj 0.4 F "
= I input instruction
. |’ ——=— variable universe fuzzy PID
E ! —— conventional PID
g 02
z I
- i
I
1 1 1 1 J
0 2 4 6 8 10

time/min

Fig. 4 Response curve of traditional PID and
variable universe fuzzy PID control

The graph of the error between the output values
of variable universe fuzzy PID control and the
required vacuum values and its change rate when the
vacuum degree was set at 0.5 Pa is shown in Fig. 5.
The simulation results showed that in the control
process, the improved PID error and error rate could
converge to 0 in about 2 minutes.

4

[\
T

(=]
T

error e
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|
[\
T

-4t .
——— error variation 8“
-6+
-8 1 1 1 J
0 2 4 6 8 10

time/min

Fig. 5 Variable universe fuzzy PID error
and its change rate curve

The adjusting curve of parameters in

variable universe fuzzy PID with a vacuum setting at
0.5 Pa is shown in Fig. 6. The simulation results
showed that the variable universe fuzzy PID could
converge to the ideal value quickly and steadily in the
process of parameter adjustment, which took about 0.
6 minutes. In summary, the application of variable u-
niverse fuzzy PID in molecular distillation vacuum
control was slower than the traditional PID control,

but it had stronger stability and higher accuracy.

e
6+
5 B .
S —— K, adjustment curve

é’ 4r — K, adjustment curve

5 3 — K, adjustment curve
2+
1k
0 1 1 I 1 1 | | | | )

o 1 2 3 4 5 6 7 8 9 10

time/min

Fig. 6 Variable universe fuzzy PID parametric
adjustment curve

The improvements can enhance the quality and
yield of the product, namely, Schisandra oil, which is
exactly the industrial production required. The results
of comparisons between conventional PID control and
variable universe fuzzy PID control is shows in Table 3.
In Table 3,the initial Schisandra oil concentration was
found to be 73.13% at 110 “C with the traditional PTD
method. When the proposed variable universal fuzzy
PID method was applied, the distillate yield was in-
creased with the increasing vacuum degree. The
highest concentration was 83.78% at 110 °C, which
corresponded to a distillate yield of 75.2%.

Table 3 Comparisons between conventional PID control and variable universe fuzzy PID control

temperature/ feed rate/ wiped film speed/ vaccum concentration/ yield/

control method C (L+h™") (remin™") degree/Pa % %
99 42 285 0.50 71.22 69.4
conventional PID 104 4 285 0.55 74.51 70.4
control method 107 42 285 0.60 74.24 69.3
110 42 285 0.65 73.13 70.2
99 42 285 0.50 83.32 72.2
variable universe 104 42 285 0.55 82.92 74.3
fuzzy PID method 107 42 285 0.60 83.61 74.8
110 42 285 0.65 83.78 75.2

4 Conclusions

The problem of vacuum degree regulating for mo-

lecular distillation was investigated in this study.
Firstly,, the mathematical model of vacuum degree was

established. Then, the expansion factor was adjusted
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using the fuzzy rules, and the parameters of the PID
controller were adjusted according to the output of the
fuzzy controller. Finally, based on the simulation re-
sults of Matlab, it was concluded that the response
time of the variable domain fuzzy PID was slightly slo-
wer than that of the traditional PID. However, the
PID overshoot was much smaller than that of the tradi-
tional PID, and the adjustment time was much shorter
and more stable, which was very suitable for the mo-
lecular distillation in the industrial control.

The analysis of results demonstrated that the
fuzzy models represented the system in a very satisfac-
tory way for the five output variables. In fact, the use
of functional fuzzy models can represent a good alter-
native for modeling molecular distillation  of
Schisandra oil. The main advantage of the model ap-
proach was the use of an input/output data set
together with qualitative information. As described
previously , the analyzed system was usually complex,
being represented by partial differential equations,
which were particularly hard to be solved. On the
other hand, the fuzzy model was simpler to be con-
structed, identified, and solved, and therefore it is
an efficient way to model a system for process control

and real-time optimization purposes.
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