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Abstract

Keeping pressure gradient is an excellent approach to prevent the reveal of
airflow direction and cross infection in manufacturing circumstances of phar-
maceutical cleanrooms, thus how to keep cleanroom’s pressure is critical. In
the paper, we study a positive pressure pharmaceutical cleanroom system which
is composed by a cleanroom and an airlock. We divide the system’s distur-
bances into step disturbance, ramp disturbance and sine wave disturbance.
We design its pressure gradient control strategies, including CAV control, PID
control and active-disturbance-rejection-control. We build the system’s mod-
el and make simulations based on Matlab/Simulink software platform. Re-
sults show that active-disturbance-rejection-control algorithm has good ca-
pabilities for shorter responding time and lower overshot of the pressure gra-
dient. The results reveal that active-disturbance-rejection-control method has
good control performances in responding time, accuracy and disturbance re-
jection.

Keywords

Pressure Gradient, Pharmaceutical Cleanrooms, Airlock,
Active-Disturbance-Rejection-Control, PI Control

1. Introduction

With the fast development of precision manufacturing and cleaner production,
the number and scale of cleanrooms increase rapidly over the world. In the United

States, cleanrooms space grew from 4.2 million m* in 1993 to 15.5 million m? in
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2015 [1], average growth rate was about 11.7% per year. In China, growth rate of
cleanrooms is about 26.4% per year. Most of the cleanroom space is pharma-
ceutical cleanrooms, the problem how to keep pressure gradient among cleanrooms
is critical. Adaptive pressure gradient between adjacent cleanrooms can keep good
manufacturing circumstances in preventing the reveal of airflow direction and
cross infection [2] [3] [4] [5].

In present, there are two typical controller methods. One approach is constant
air volume (CAV), the cleanroom’s pressure difference (PD) is maintained by
tuning manually supply or return airflow valves, then the valves are fixed when
the system is working. However, after the system runs a long time, the change of
the setting or restarting the system, workers must tune again valves and change
the supply or return airflows [3] [6] [7]. Another approach is variable air volume
(VAV), supply airflow is fixed for keeping air change rate of the cleanroom and
designed cleanroom level. The pressure difference is maintained around the de-
signed value based on tuning return airflow in real time by PID controllers [4] [7].

However, there exist many problems in the control of the pressure difference
in cleanrooms. One problem is there are many disturbances in cleanroom sys-
tem, such as open and close of the door, the periodic change between occupied
time and unoccupied time, and so on. These disturbances can cause the pressure
difference frequent vibration, long responding time and big overshot [8]. Another
problem is that almost all cleanrooms have the high design pressure difference
for maintaining manufacturing circumstance, this causes huge energy waste [9].
Thus, a good method with strong disturbance rejection and high precision in
controlling pressure difference in cleanroom can attract researcher’s attention.

Active-disturbance-rejection-control (ADRC) algorithm was proposed in [10],
its main idea is to estimate actively the whole disturbances of the system which
caused by the unknown dynamics and external disturbances, compensate the dis-
turbance using control laws, and obtain strong disturbance rejection ability [11]
[12]. In 2003, Professor Gao in Cleveland State University proposed linear-ac-
tive-disturbance-rejection-control (LADRC) [13], the research has attempted to
simplify the controller structure and the tuning parameters of the ADRC, pro-
mote the technology rapidly development in its applications and theory. The al-
gorithm was applied in thermal power generation [14] [15] [16] [17], air-con-
dition system [18], aerospace [19], magnetic suspension [20], heat emission [21]
etc.; The technology is also applied in producing the Parker Parflex hose extru-
sion facility [22] and controller chips in Texas Instruments that run LineStream’s
SpinTAC software [23] [24].

In the paper, we divide the disturbances into step disturbance (caused PD to in-
crease and decrease suddenly), ramp disturbance (change of PD slowly) and peri-
odic disturbance (change of operating model, fan vibration). We build cleanroom
model composed by a cleanroom and an airlock on Matlab/Simulink software plat-
form, design CAV control, PID control and active-disturbance-rejection-control to

keep the cleanroom’s PD. Results show that active-disturbance-rejection-control

DOI: 10.4236/wjet.2021.93038

556 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2021.93038

C.W. Lietal.

has advantages in responding time and disturbance rejection, and good capabili-

ties in rejecting disturbance and control precision.

2. Cleanroom and Airlock Model

In the paper, we study the positive pressure pharmaceutical cleanroom com-
posed by a cleanroom and an airlock, and design the pressure differences are 30
Pa and 15 Pa, respectively. Properties and configuration of the system in this study
are shown in Figure 1. The three kinds of blue colors represent the three differ-
ent pressures of the cleanroom py, airlock p, and the surrounding py.

The system’s model is obtained by mass balance in the following.

d ) .
d_Tzzmin_Zmout (1)

>.m, and > mg, (unit kg/s), represent change rates of inputting and out-
putting air mass in cleanrooms, respectively. According the ideal-gas relation of

Boyle-Gay Lussac equation, we get
m(t)RT
t)=——— (2)
P(t)=—%,

where R is the gas constant of air, Vis volume of the cleanroom, 7'is tempera-
ture of the cleanroom we suppose the temperature is a constant because the
change of the temperature is little during the process. Suppose that the flow of
the cleanroom is turbulent, the airflows through the leakage areas can be calcu-

lated by the following equation
m=kyP —P, (3)

where kis matching conductance between the rooms with pressure p; and p..

According Equations ((1), (3)), we get the formula of the mass change rate

dm | .
E = min_clean - ksp12\/ p—p; - I(dr \/ pr—p, - I(splo Y P =P — mout_clean (4)

where m.

in_clean > Mout_ciean  AT€ SUPPly and return airflow, respectively,

Kopio+ Kspro» Kgr  are leakage conductances. Based on Equations (1) and (3), we ob-

tain the airlock model

JAVAYAYAYA AVAYAVAYA!

Po

Figure 1. The diagram of positive pressure pharmaceutical cleanroom.
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Table 1. The system’s parameters.

parameter value (unit) parameter value (unit) parameter value (unit)

R 287 J/ (kg-K) 0.09904 kg/s Koo 0.00792 kg/s

T 293.15K Moy 0.11291 kg/s Koo 0.00792 kg/s

P, 10° Pa My e 0.79238 kg/s K, 0.00792 kg/s

Mean 142.67 kg My gean 0.76861 kg/s Kopzo 0.00099 kg/s
m,, 17.83 kg Vo 120 m? V., 15 m’

dm | .
E = minfair + ksplZ\/pl - P, + kdr\/pl - P, _kspZO\j P, — Po _moutiair (5)

where m, .., M, . are supply and return airflow, respectively. Combined

Equations ((2) (3) (5)), we get the model of the system, and calculate the initial
condition and list them in Table 1.

3. Disturbances Classification of the Cleaner System

In the process of producing for the pharmaceutical cleanrooms, there are many
kinds of disturbances that make influence on the setting. Based on investigation,
we classify the disturbances of the pharmaceutical cleanrooms into three types,
the first disturbance is step which is caused pressure to increase and decrease
suddenly by opening/closing the door, supply/return air valves broken, and ex-
haust hoods open suddenly; the second is ramp disturbance which is caused
pressure change slowly by increasing of the resistance force of the pipes and
tuning exhaust airflow slowly based on some reasons; the third is periodic dis-
turbance which is caused by operating mode switch between occupied and un-

occupied time and airflow periodic fluctuation.

4. Simulations in DP Control of the Cleanroom
4.1. CAV Control

CAV is a passive method to control cleanroom’s DP, it keeps DP of the cleanroom
around the design value by preserving the balance between supply and return air-
flow, the approach is operated by tuning manually airflow valves. We study the
different disturbance makes influence on the pressure in CAV control.

1) Step disturbance

Experiment condition: the pressure of airlock increase rapidly 5 Pa at £=70s,
the pressure change of the cleanroom is shown in Figure 2(a).

Experiment condition: the pressure of airlock increase gradually 5 Pa from ¢=
70 s to 80 s, the change of cleanroom pressure is given in Figure 2(b).

2) Periodic disturbance (sine wave disturbance)

Experiment condition: sine wave disturbance of the airlock’s pressure is added
at t = 70 s, amplitude is 5 Pa, the change of cleanroom’s pressure is shown in
Figure 3.
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Figure 2. Change of cleanroom pressure in step and ramp disturbances. (a) Step disturbance; (b) Ramp disturbance.
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Figure 3. The change of the cleanroom’s pressure difference in sine wave disturbance.

4.2. VAV Control Method

We control the cleanroom’s pressure by the pressure difference sign which is
collected by pressure sensor, and design PID control and active-disturbance-re-
jection-control. The control algorithm can maintain the required pressure gra-
dient. The control diagram is dawn in Figure 4.

We build the equations of the pressure difference and airflows based on Fig-

ure 4:
SA-RA=AV =2Q =k, /P, =P, +k,+/P, =P, +ky,«/P, - P, (6)
Thus, the return airflow

RA:SA_(klo\/Pl_PO"'klzx/Pl_Pz+kd12\/Pl_Pz) (7)

4.2.1. PID Control Diagram
We build the simulating model in Matlab/Simulink software platform, and verified
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the rejection disturbance capability of the system, the experiment conditions are
same with CAV control, the responding curves are given in Figure 5 and Figure 6.

The VAV control method on pressure difference has better abilities in reject-
ing disturbances than CAV, it represents in lower responding time and higher

control precision.

4.2.2. Active-Disturbance-Rejection-Control on PD
In this study, we choose linear active-disturbance-rejection-control (LADRC) to
replace PID control in 4.2.1, the following formula is the expression of LESO.
4 =2,+p(-z,+y)+byu
2,=p,(-2,+Y)

where uzand y are input and output of the controlled object, respectively, £ and

(8)

[ are observer gains, the variables z and 2 of the LESO are approximated as y

_@ Supply air
17,

v ¥
Return Return
airflowl ;;;;;;::;;rrf!x v ! airflow
controllerl L rFl _@_ control ler2
alrriow

air (EA)

Figure 4. The control diagram of the VAV.
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Figure 5. The responding curves of the system’s pressure difference in PID control. (a) step disturbance; (b) ramp dis-
turbance.
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and whole disturbances in real time, respectively. The control law of LADRC can

be expressed as follows:

U=(-z,+Uy)/by

9
Up =k, (T, —2)

The diagram of LADRC is given in Figure 7.

The responding curves are shown in Figure 8 & Figure 9 when the system is

35 ! '
30 -
25
———DP between cleanroom and outside
A ~——DP between cleanroom and airlock
& 20
is '/\/\/W
10
5 L L
50 60 70 80 90 100

Time

Figure 6. The responding curves of the system’s pressure difference in sine wave disturbance.

Figure 7. The diagram of LADRC.
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Figure 8. The responding curves of the system’s pressure difference in LADC. (a) Step disturbance; (b) Ramp dis-
turbance.
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Figure 9. The responding curves of the system’s pressure difference in sine wave distur-
bance.

Table 2. Contrastive analysis on simulation.

disturbance (Pa) index CAV PID control LADRC
RT (s) 15 5 3
step +5
overshot (%) 4.67 (2.80) 4.63 (2.80) 0.33 (3.87)
RT (s) 15 12 11
ramp 0-5
overshot (%) 4.43 (2.80) 4.63 (2.80) 0.17 (3.87)
Sine wave amplitude 5 amplitude (Pa) 0.35 (1.4) 2.84 (0.69) 0.12 (1.51)

influenced in disturbances.
Based on simulation of the three method of PD control, we compare quantita-

tively the results from responding time and overshot rate in Table 2.

5. Conclusion

There are many frequent disturbances in the manufacturing process of the phar-
maceutical cleanroom. There is lower precision of the pressure control algorithm
in factory. In this study, we propose to use a new control method to keep setting
and avoid cross infection. The new approach is active-disturbance-rejection-
control which has strong disturbance rejection ability and high control preci-
sion. The VAV control algorithm based on LADRC is designed in typical clea-
nroom system which consists of an airlock and a cleanroom. The simulation re-
sults show that LADRC has better capability in responding time and overshot
than traditional CAV control. Especially, LADRC has advantages in rejection dis-
turbances and promoting control precision. The results propose an alternative

approach for engineers in pressure control.
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