International Journal of Mechanical and Aeronautical Engineering Vol.1, No. 1,September, 2017
© (2017 ) APISE Press, Hong Kong

An Adaptive Smith Predictor Control
Scheme for a Downstream Vacuum
System
An-Chen Lee1,a*, Shih-Chung Chang2,b and Tai-Ho Fu3,c
1

Department of Mechanical Engineering, National Chiao Tung University,
aclee@mail.nctu.edu.tw, Hsinchu, Taiwan, ROC, 30010
2
Department of Mechanical Engineering, National Chiao Tung University,
alexcsc2000@yahoo.com.tw, Hsinchu, Taiwan, ROC, 30010
3
Department of Mechanical Engineering, National Chiao Tung University,
fu901107@hotmail.com, Hsinchu, Taiwan, ROC, 30010

Abstract. This paper presents an adaptive control scheme to control a vacuum pressure system which can be
applied in vacuum manufacturing industry. From the theory of vacuum system and system identification, the
nonlinear dynamics of system can be linearized as a first-order plus dead time model (FOPDT). Having wide
variation of parameters with time delay in different operation region is the main challenge of vacuum control.
The proposed adaptive Smith Predictor control strategy can effectively on-line estimate system model well
and deal with time delay under wide variation of parameters simultaneously. The experimental results are
provided to demonstrate the advantages and performance of the proposed systematic method.

Keywords: Vacuum system; Adaptive control; Smith Predictor; FOPDT

based control system with several automatic setting
modes to control the gas pressure within vacuum
chamber, but the method only applied in a limited
range of 1-20 Torr [10]. Furthermore, such
technique may lead to a poor transient response
because the nonlinearity and dead-time effect of the
vacuum system were not considered. In addition,
there are many control schemes applied to pressure
system in different fields. Staněk, Tesař, Peksa,
Gronych, and Řepa used a calibration apparatus to
generate and adjust stable pressure of chamber [11].
Kaminskas and Liutkevicius applied adaptive fuzzy
algorithm to control water level and air pressure
when the plant’s dynamics changes in time [12].
Dong, Meng, and Liang proposed decoupling control
based on neural networks and prediction principle to
improve the performance of the double-level
dynamic vacuum system [13]. Nevertheless, the
process of controlling pressure exhibits dead times
in their dynamic behavior [14]. These dead times
are mainly caused by pressure measurement or
mass transportation phenomena. To ignore the
inherent dead-time of a control system may
deteriorate the performance of the system. To deal
with above problem, the most popular and very
effective dead-time compensator in use today is the
Smith Predictor [15,16]. Matausek and Micic
proposed a modification of the Smith Predictor for

I. Introduction
In the vacuum manufacturing industry, the
pressure control system for vacuum chamber is
extremely important for most processes [1,2]. For
example, the pressure stability of CVD reactor
affects the quality and the uniformity of the thickness
of the epitaxial structures [3,4], and the pressure
control for plasma etching is crucial to suppress the
appearance
of
hollow
cathode
effect
in
manufacturing process [5,6]. Consequently, it is
desirable to control the pressure of vacuum
chamber precisely to reach the specification of the
process.
To cope with a vacuum system, the conventional
proportional-integral-derivative (PID) controller is the
most widely used control scheme [7-9]. The transfer
functions including pressure sensor and control
valve of downstream vacuum system were derived
with the optimized PID controller, however only
simulation results were demonstrated using fixed
and adaptive parameters PID controllers [8]. Lucas,
Smith, and Meadows developed a microprocessor
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controlling higher-order processes with integral
action and long dead-time [17]. Normey-Rico,
Bordons, and Camacho described a Smith Predictor
based proportional-integral (PI) compensation
structure to improve robustness and performance of
a dead-time control system [18]. Kaya designed a
modified Smith Predictor to control processes which
have a large time constant with or without an
integrator [19]. Lai and Hsu realized a dead-time
network control system with adaptive Smith
Predictor and on-line estimator for the delay time
[20].
Due to the nature of the nonlinearity and timedelay dynamics of the vacuum system, the
dynamics of vacuum system changes in different
operation conditions and the parameters of the
system vary in a wide range from the results of
theory and system identification in a real
downstream pressure system. Without considering
the parameter variations of the relevant process,
using a single fixed PID controller to control vacuum
system will not give adequate and satisfactory
results in different operation conditions, which may
cause excessive overshooting or too slow output
pressure response. Under the condition, the
controller must be updated during different operation
point to compensate for the parameter variations
and the time varying external disturbances of the
system. Thus, an adaptive control algorithm can be
implemented to deal with such problem, i.e., the
controller has the self-tuning property which enables
an on-line adaptation of the controller parameters to
be made [21,22]. In addition, combining with Smith
Predictor, the control structure can compensate the
phenomenon of time-delay existing in the vacuum
system for better performance. The purpose of the
paper is to develop a systematic design scheme
based on adaptive control with Smith Predictor,
which is composed of Self-Tuning Regulator (STR)
with Recursive Least-Squares (RLS) Estimation
algorithm and modified Smith Predictor for a
downstream vacuum system. The proposed method
has been investigated and applied to an
experimental vacuum system to verify the
performance.
This paper is organized as follows: Section 2
introduces the system dynamic model and the timedelay. Section 3 presents a real-time on-line
estimation algorithm, and an adaptive Smith
Predictor control scheme. Section 4 presents and
discusses the experiment results, and conclusions
are drawn in Section 5.

quickly adjust and steadily keep the internal
pressure of chamber at certain operating target
value is the key of the quality of the product. Using
the downstream control, the primary control
mechanism is to adjust the throttle valve angle to
regulate the pressure. To be more precisely,
adjusting throttle valve angle θ is equal to adjusting
the effective pumping speed Seff, and thus the
pressure P of the chamber is controlled with fixed
chamber volume V. The flow dynamics of a
downstream vacuum system is shown in Fig. 1,
where the block “MFC” is the Mass flow controller, Q
is the throughput of MFC, Qrelease is the gas load
introduced from any phenomenon of outgassing,
leak, vaporization, permeation and back streaming,
Sp is the pumping speed of pump, Ctube and Cvalve is
the conductance of tube and valve, respectively.
Therefore, an experimental vacuum control system
is constructed as shown in Fig. 2 and the
specifications of the experimental equipment are
listed in Table I. From vacuum theory, the effective
pumping speed of the system can be expressed as
[14,23]
1
1
1
1



(1)
Seff Ctube Cvalve S p
Considering that gas load inside the chamber is
zero, i.e., Qrelease = 0, and the pressure of the
chamber to be controlled is always over 0.1 Torr to
make sure the flow dynamics is described as
viscous flow. The dynamics of the vacuum system
can be obtained as
dP 1
 ( PSeff  Q)
(2)
dt V
It is apparent that the vacuum system is nonlinear
with input Seff and output P coupling. When the
system is in a steady state, the relationship between
pressure and the effective pumping speed is
Q  P0 S0
(3)
where P0 and S0 are the pressure and effective
pumping speed at certain steady state. Now, with
the linearization technique around the operating
point of the system, the system model (2), can be
linearized as
Q
P0

VS0
P( s )
V


S
Seff ( s ) s  Q
s 0
VP0
V

(4)

II. The System Model and Time Delay
Measurement
In this section, the properties of vacuum
experimental system are identified and analyzed. In
a vacuum control system, various kinds of gas are
injected into the chamber for reaction process. To

Figure 1. Flow dynamics of a downstream vacuum system.
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Fig. 2, the designed pumping pipe has diameter
about 3.44 cm and the total length of pipe is about
374 cm. Suppose that the pressure of vacuum
system is operated under 700 Torr (933 mbar), with
the ultimate pressure of vacuum pump about 5╳10
3
mbar. Thus, the conductance value of Ctube is
about 47165 l/s. From Table I, the pumping speed of
vacuum pump is 18000 l/min (300 l/s). Consider the
valve is open such that the total conductance is the
conductance of Ctube. Based on (1), the effective
pumping speed Seff is about 298.1 l/s.
The max throughput of the MFC used in this
experiment is 30 SLM (507 mbar·l/s). For rule of
thumb, it is inaccurate if the operating throughput is
smaller than 10% or larger than 90% of full scale of
the maximum. Now, considering that throughput is
chosen as 20, 24 and 27 SLM (338, 406 and 456
mbar·l/s), then, using (3), the minimum stabilized
pressure is about 0.85, 1.02 and 1.14 Torr (1.133,
1.36 and 1.53 mbar), respectively. As shown in Fig.
5, when the valve is gradually open, the pressure is
gradually achieved to about 1 Torr (1.33 mbar).
Thus, using a roots pump the main test pressure
ranges from about 1 Torr to 700 Torr (1.33 mbar to
933 mbar).

Figure 2. The vacuum control experimental system.

It is evident that the small-signal model from
effective pumping speed to pressure can be viewed
as a first-order linear time-invariant (LTI) system.
However, in real situation there exhibits somewhat
dead time d between the effective pumping speed
input and the pressure response, which is mainly
caused by pressure measurement or mass
transportation phenomena. Also, regarding that the
effective pumping speed is controlled by adjusting
throttle valve angle θ, (4), should be rewritten as
P
f 0
P( s)
P( s)  d s
V e d s
 f
e 
(5)
S
 ( s)
Seff ( s)
s 0
V
where the coefficient f is determined by the
relationship between effective pumping speed and
throttle valve angle. The dead time d is determined
by the different operation point. For finding the
coefficient f, the relationship of effective pumping
speed and throttle valve angle is measured as
shown in the upper plot in Fig. 3. Then, the
relationship between ΔSeff and Δθ is given by the
lower plot in Fig. 3, which is derived via
differentiating the upper plot. In consequence, the
coefficient f at each operation point can be found in
the lower plot. Obviously, the gain f changes from
0.1 to 2.1 at different control angle and the gain of
the transfer function is also determined by the
different operation point. The block diagram of the
downstream vacuum control system is illustrated in
Fig. 4.
To analyze conductance and vacuum pumping
speed, based on the vacuum theory the equation of
conductance for a straight pipe which is limited for
laminar flow is [20]
D4
Ctube  135 
P
(6)
L
(l/s)
where D is the pipe inside diameter in cm, L is the
pipe length in cm (L≧10 D) and P is the difference
pressure between at start of pipe and at end of pipe
in mbar. In our experimental system, as shown in

Table I. The specification of the experimental equipment
Device
Chamber

Specification
10-liter stainless steel cylinder
Pumping speed : 18000 l/min

Vacuum Pump
Ultimate pressure : 5 10-3 mbar
Nitrogen
Range from 1 Torr to 1000 Torr
(from 1.333 mbar to 1333 mbar)
Max throughput 30 SLM (507 mbar·l/s)

Gas
Pressure
transducer
MFC
Throttle Valve

Figure 3. The

3
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A. The proposed adaptive Smith Predictor
structure
This section will discuss the proposed adaptive
Smith Predictor control scheme. The method of
modified Smith Predictor shows that a SmithPredictor-based control system can easily be
improved by the use of a low-pass filter acting on
the error between the output of the plant and its
prediction [17-19]. In addition, the parameter
variations of

Figure 4. The block diagram of the downstream vacuum control
system

Figure 5. The pressure vs. angle static curve of the experimental
system

Figure 6. The variation of average dead-time among different
throughputs

In addition, the result of dead-time test is shown
in Fig. 6. Obviously, the transition of gas molecules
in process has inherent existence of dead-time. For
this experimental system, the average dead time
about varies from 0.17 seconds to 0.174 seconds.
The slight dead time variation is insignificant for
such a low-frequency system. Hence, for design and
experimental purpose, the dead-time of the system
can be chosen as 0.17 seconds and the gas
throughput is fixed at 20 SLM. Since the vacuum
control plant can be simplified as a FOPDT system
at each pressure of operation point, the experiments
of identification (ID) are conducted and verified.
Table II shows four off-line ID models under four
different pressure ranges as shown in Fig. 5.
From the above analysis, the dynamics of a
vacuum pressure system have the nature of the
nonlinearity and time-delay. To compare Fig. 5 with
Table II, the nominal model will change in different
operation point gradually. When the throttle valve is
gradually closed (   0 ) resulting the vacuum
chamber pressure become high, the pole of transfer
function is close to the imaginary axis and the gain
of transfer function will become larger, which is the
case that effective pumping speed S0 is getting
smaller and the pressure P0 is getting higher. Thus,
from the above analysis, the dynamics of vacuum
system changes in different operation points with
time delay and the parameters of the vacuum
system largely vary in a wide pressure range.

Table II. The comparison of off-line ID models at different
operation point
Off-line ID model

Pressure range

Set-point I

-0.7257 0.17 s
e
s  0.1001

700 – 200 Torr
(933.1 – 266.6
mbar)

Set-point II

-0.8197 0.17 s
e
s  0.5733

200 – 50 Torr
(266.6 – 66.6 mbar)

Set-point III

-0.2896 0.17 s
e
s  1.6161

50 – 20 Torr
(66.6 – 26.6 mbar)

Set-point IV

-0.1688 0.17 s
e
s  2.3130

20 – 1 Torr
(26.6 – 1.33 mbar)

the plant may reduce robustness and performance of
the control system. Thus, the adaptive control
scheme is a feasible choice to deal with this kind of
situation. As a result, the study combines the
advantages of Smith Predictor and adaptive control
as the adaptive Smith Predictor control scheme to
deal with the vacuum pressure control system. The
control scheme is shown in Fig. 7. Since the adaptive
control system is implemented using digital
computers, the continuous system model, controller
and filter must be transformed to their equivalent
-1
-1
discrete forms with a delay operator q ( q y(t) = y(t1) ).
To analyze the closed loop transfer function, the
discrete transfer function from the reference signal r

III. Control Design
4
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to the system output y is represented by
H ry (q 1 ) 

1

1

model parameters.
First, suppose the model with parameter vector θ
has the form such as
y   T
(9)
Define the cost function as

d

y(k ) C (q )G(q )q

r (k ) 1  C (q 1 )G(q 1 )

(7)



k

1
J (ˆ, k )    k i y(i)   T (i)ˆ
2 i 1



2

(10)
T

where y is the observed variable, φ is the known
function that may depends on other known variables
and ˆ represents the unknown parameters. To
differentiate the cost function by ˆ and rearrange the
equations, we have
k

ˆ(k )  P(k )  k i (i) y(i)

(11)

i 1

where
k

P 1 (k )    k i (i ) T (i )
i 1

k 1

   k i (i ) T (i )   (k ) T (k )

Figure 7. The block diagram of the adaptive Smith Predictor
scheme

where
r
y
ŷ
d
ξ
n
-1
q
Pvacuum
-1
G(q )
-1
C(q )
-1
R(q )
-1

W(q )

  P 1 (k  1)   (k ) T (k )

Then, the RLS algorithm with forgetting factor
algorithm can be presented as

: The reference command
: The output response
: The predicted output
: The time-delay of the process
: The disturbance
: The noise
: The delay operator
: The actual vacuum process
: The discrete model without delay
: The discrete controller
: The discrete filter for robustness
: The discrete filter for measurement
noise



ˆ(k )  ˆ(k  1)  K (k ) y(k )   T (k )ˆ(k  1)



K (k )  P(k ) (k )  P(k  1) ( k )  I   (k ) P(k  1) ( k ) 
T

1

1
1
P(k  1)  P(k  1) (k )   I   T (k ) P(k  1) ( k )   T ( k ) P( k  1) 

 
1
  I  K (k ) T (k )  P( k  1)


P(k ) 

(13)
where P(k) is the inverse matrix of the covariance
matrix of φ(k), and K(k) is the estimation gain matrix
to determine how the correction and the previous
estimate should be combined. From the algorithm,
the least-squares estimate ˆ can update
ˆ
persistently until  is equal to  . The forgetting
factor λ, where λ can be chosen from 0 to 1,
specifies how quickly the estimator “forgets” the
information acquired from past samples. The
smaller value of λ has the feature that the estimator
“forgets” faster the past information.
Now, consider the relationship between the
discrete FOPDT plant output y(k) and plant input u(k)
as
bq  (1 d )
y (k ) 
u (k )
(14)
1  aq 1
Then
y(k )  ay(k 1)  bu(k 1  d )
(15)
The error between system output and its
predictive output is

And the discrete transfer function from the
disturbance ξ to the system output y is expressed as
H y (q 1 ) 

(12)

i 1

G(q 1 )q  d (1  C (q 1 )G(q 1 ) - C (q 1 )G(q 1 ) R(q 1 )q  d )
(8)
1  C (q 1 )G(q 1 )

It is clear that the reference response can be
-1
determined by the controller C(q ) and the
-1
disturbance response can be affected by both C(q )
-1
and R(q ). From the aspect of control, the structure
has the advantages of the two-degree-of-freedom
control system.
B. On-line estimation of the parameters
In adaptive control, the RLS Estimation algorithm
is the most effective and simple estimation for on-line
identification since it is less sensitive to noise
perturbation than other algorithm [21,22,24-27]. The
study will propose the method of Self-Tuning
Regulator with RLS algorithm to on-line estimate

e(k )  y(k )  yˆ (k )

 (a  aˆ ) y (k  1)  (b  bˆ)u (k  1  d )

(16)

Rearrange the parameters and the regression
variables as
5
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 T (k )   a b

H y (q 1 ) 

ˆT (k  1)   aˆ bˆ 
 T (k )   y(k  1) u(k 1  d )

b(1   q 1 )q  (1 d ) [(1   q 1 )(1  (1  c)q 1 )  c(1   )q  (2 d ) ]
(1  q 1 )(1  aq 1 )(1   q 1 )
(24)
-1
Therefore, if the controller C (q ) has been
-1
designed, the filter R(q ) can be used to reject the
disturbance of the system. The allowed bandwidth of
the filter is limited by the robustness consideration of
the system and is adjusted by an increasing value
of  .

(17)

Then we have
(18)
e(k )   T (k ) (k )   T (k )ˆ(k 1)
As a result, the parameters can estimate by the
RLS algorithm and the estimated parameters ˆ will
gradually approach to the actual value. The initial
value of covariance matrix is crucial to the
convergence of estimated parameters. As a rule of
thumb, the initial value of covariance matrix is a
diagonal matrix. Generally, if the initial diagonal
elements are very large, for example, the value is
4
greater than 10 . Then, the result of computation will
not to be trusted and cause a great variation of the
value of estimated parameters in the beginning.
3
Therefore, in this study considering a value as 10
gives a good balance to converge without much
impact on variation of estimated parameters.

-1

E. The design of Filter W(q )
The most tremendous difference between ideal
condition and practical experiment is that there is
existence of the measurement noise all the time. The
inevitable perturbation which cannot be ignored may
make adaptive algorithm diverge or make the value
of estimated parameters drift. In consequence, using
-1
an additional low-pass filter W(q ) with the RLS
algorithm can adjust parameters precisely with
alleviating the effect of measurement noise. The filter
-1
W(q ) can be designed as a first-order low-pass filter
by

-1

C. The design of controller C(q )
Consider the system with the continuous model
as
G( s) 

Kc
1 s

(19)

W (q 1 ) 

To transfer to a discrete first-order model by zeroorder hold as
bq 1
G(q 1 ) 
(20)
1  aq 1
Choose a controller C (q 1 ) as
C (q 1 ) 

ˆ 1
c 1  aq

1
bˆ 1  q

(1  w)q 1
1  wq 1

(25)

The allowed bandwidth of the filter is limited by
the converge consideration of parameters and is
adjusted by the increasing value of w. In our case, w
is chosen to be 0.93 which corresponds to 0.133sec
time constant, around three times faster than the
dynamics of vacuum system in Set-point IV. This filter
can improve the adaptive algorithm by means of
filtering the output signal of the system and prevent
the error from parameter estimation.

(21)

Now, the model parameters a, b can be estimated
by RLS algorithm, and a, b gradually equal to a, b . Let
(21), be substituted into (7), we have
y (k )
cq 1
H ry (q 1 ) 

(22)
r (k ) 1  (1  c)q 1
It indicates that the close-loop system will be a
first-order response system without overshoot, and
the pole of the closed-loop system is ( 1- c ) . The
-1
design parameter c of controller C(q ) will change the
dynamics of the control system . To improve
performance of system, a large value of c but less
than 1 can make a fast response of system.

IV. Main Results
The experimental setup was implemented to
verify the control design described in last section for a
vacuum control system. With the same vacuum
equipment described in section 2, a PC-based control
is implemented and its block diagram is shown in Fig.
8 . For testing the system response of possible
operating region, there are four experiments
conducted at different set-point pressure to show the
efficient estimation of the system parameters and to
illustrate the tracking performance of proposed
control design. The designed coefficients of controller,
filters and initial value s of estimation of control
experiments are listed in Table III. The sampling time
of experiments is 0.02 seconds.

-1

D. The design of Filter R(q )
-1

Design a filter R(q ) as
(1   )q 1
(23)
1   q 1
It is a first-order low-pass filter and the robustness
of the system is dependent with the value  . To
Substitute (21), and (23), into (8), we have
R(q 1 ) 
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Figure 8. The implementation control block diagram
(b)
Table III. The designed coefficients of controller, filters and initial
values of estimation
Coefficients

c



w



â

b̂

Value

0.02

0.1

0.93

0.95

0

0

Table IV. The brief experimental results of step response
Estimation
vs.
performanc
e
Set-point I
Set-point II
Set-point III
Set-point IV

â

b̂

Settling time
(seconds)

Overshoot

0.9966
0.9890
0.9759
0.9561

-0.0158
-0.0108
-0.0035
-0.0013

19.6
5.14
2.48
2.01

none
none
none
none

(c)

The step tracking experiments at set-point I, setpoint II, set-point III and set-point IV are from 200 Torr
to 580 Torr (from 266.6 mbar to 773.1 mbar), from 54
Torr to 108 Torr (from 71.9 mbar to 143.9 mbar), from
14.7 Torr to 27 Torr (from 19.5 mbar to 35.9 mbar)
and from 5.4 Torr to 9.8 Torr (from 7.1 mbar to 13
mbar), respectively. The brief experimental results of
step response are shown in Table IV and Figs. 9-12.

(d)
Figure 9. Experiment results at set-point I: (a) The estimation of
parameter a at set-point I, (b) The estimation of parameter b at
set-point I, (c) The control effort at set-point I, (d) The system
response at set-point I

(a)
(a)
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-1

W(q ) filter can adaptively converge and keep a
steady value rapidly.

(b)

(a)

(c)
(b)

(d)
Figure 10. Experiment results at set-point II: (a) The estimation
of parameter a at set-point II, (b) The estimation of parameter b
at set-point II, (c) The control effort at set-point II, (d) The system
response at set-point II

(c)

Obviously, based on Smith Predictor design, the
initial response of set-point control has a little delay.
According to (22), since the controller coefficient c =
0.02 and the characteristic of closed-loop of control
system behaves as a first-order response, the
experimental results of (d) of Figs. 9-12 show that the
response of vacuum pressure just meets the design
object without overshoot in every control set-point. It
should be noticed that in (d) of Fig. 9 the response
has an approximant ramp which is mainly dominated
by the slow effect of throttle valve. The setting value
-1
 of filter R(q ) is used to limit the bandwidth for
disturbance rejection and needs to satisfy certain
performance tradeoff in practical situation.
To verify the estimated effect with or without filter
-1
W(q ), as shown in Figs. 9-12 (a) and (b), the
estimated parameters using RLS algorithm with

(d)
Figure 11. Experiment results at set-point III: (a) The estimation
of parameter a at set-point III, (b) The estimation of parameter b
at set-point III, (c) The control effort at set-point III, (d) The
system response at set-point III
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algorithm need regularly sufficient stimulation and
thus the control effort must add some random signal
to excite the system persistently [21,28]. To improve a
better steady value, the control strategy may consider
temporarily turning off the updated estimation
process if the reference command keeps constant for
a while without change.
With the transformation of an estimated discrete
model to a continuous model, the comparison of the
off-line identification and on-line estimated model at
different pressure range is shown in Table V. The
results show that the off-line ID model and on-line
estimated model are quite matching. The trend of
variation of gain and pole at each set-point is shown
in Fig. 13 (a) and (b), respectively. It is clear that as
the control valve is gradually opened and the
chamber pressure decreases, the change from setpoint I to set-point IV, the absolute value of gain of
the model also decreases. It is also evident that as
the pressure decreases the absolute value of pole of
the model will increase. Due to high sensitivity at
set-point I under high pressure condition as referring
to Fig. 5, the gain estimate exhibits certain
discrepancy. However, the results generally make a
good match with the discussion in section 2 that
when the throttle valve is gradually opened and the
vacuum pressure become low, the gain of transfer
function will become smaller and the pole of transfer
function will move to left side far away from the
imaginary axis. Thus, the proposed control design
can adaptively estimate the model of vacuum
system. Using the proposed STR with RLS
algorithm and modified Smith Predictor control
scheme can improve performance of the vacuum
pressure control system under parameter variation.

(a)

(b)

(c)
Table V. The comparison of the theoretic model and estimated
model

Set-point I

Set-point II
Set-point
III

(d)
Figure 12. Experiment results at set-point IV: (a) The estimation
of parameter a at set-point IV, (b) The estimation of parameter b
at set-point IV, (c) The control effort at set-point IV, (d) The
system response at set-point III

Set-point
IV

Meanwhile, the value of estimated parameters
without filter would exhibit big fluctuation. To evaluate
the steady state of the response, the variations
between command and static value of pressure may
have about 1 Torr (1.33 mbar). Due to the persistent
excitation (PE) condition of adaptive control in the
process of estimation, the updated data of RLS
9

Off-line ID model

Estimated model

-0.7257 0.17 s
e
s  0.1001

-0.7913 0.17 s
e
s  0.1703

-0.8197 0.17 s
e
s  0.5733
-0.2896 0.17 s
e
s  1.6161
-0.1688 0.17 s
e
s  2.3130

-0.5430 0.17 s
e
s  0.5530
-0.1771 0.17 s
e
s  1.2200

-0.06647 0.17 s
e
s  2.2450
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[8]

[9]

[10]

[11]

Figure 13. The comparison of gain and pole with different setpoints

[12]

V. Conclusions
In this paper, an adaptive downstream vacuum
control system is realized which can be used in rough
vacuum system for the vacuum manufacturing
industry. From theory and identification, the nonlinear
dynamics of vacuum system can be represented as a
first-order plus dead time model. Because of the
nature of the nonlinearity and time-delay dynamics of
the vacuum system, the performance of the control
system can be barely achieved well via using
parameter-fixed controller when operating pressure
changes in a wide setting region. With the application
of the STR with RLS algorithm and modified Smith
Predictor control structure, the control scheme is
successfully implemented in the control system. The
experimental results confirm the good qualities of the
proposed control scheme. The strategy can
effectively on-line estimate system model well and
deal with time delay under wide variation of
parameters simultaneously.
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