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ABSTRACT Using high-speed on-off valves (HSVs) with small size, low cost, and high switching accuracy
instead of expensive proportional/servo valves, and researching high-performance vacuum servo system can
further enhance the competitiveness of vacuum servo technology. However, due to the delay characteristics
of high-speed on-off valve (HSV), the average gas mass flow rate of the output has dead zone, saturated
zone and nonlinear zone. A linear compensation method for flow output is designed, so that the average gas
mass flow rate of the output is approximately positively correlated with the duty cycle of the pulse width
modulation (PWM) signal. Furthermore, because of the air compression and the leakage of the system,
there exist parametric uncertainties, unmodeled dynamics and disturbances in the vacuum servo system. An
adaptive backstepping control (ABC) strategy based on discontinuous projection mapping is designed. The
adaptive backstepping control strategy inhibit the influence of system’s parametric uncertainties through on-
line update of the uncertain parameters, and uses its own robustness to eliminate the effects of unmodeled
dynamics and disturbances. Compared with the sliding mode control (SMC) strategy, the experimental results
show that when the tracking frequency reaches 3-4Hz, the adaptive backstepping control strategy can ensure
good tracking performance.

INDEX TERMS Adaptive backstepping control, high-speed on-off valves, pulse width modulation, vacuum

Servo system.

I. INTRODUCTION

Pneumatic system has been widely used in robots, medical
equipments and other industries because of its low mainte-
nance cost, high power-weight ratio, cleanness and simple
structure [1]-[4]. However, due to air compression, valve
hysteresis, and nonlinear friction of actuators, the pneumatic
system is a strong nonlinear system [5] and it is diffi-
cult to achieve high-precision control. With the occurrence
and development of electrical proportional/servo valves,
the pneumatic servo system has made a series of break-
throughs in tracking such as displacement [6], [7], speed [8],
force [9], and pressure [10]-[14].

However, due to the disadvantages of high cost, large vol-
ume, and poor anti-pollution ability of the proportional/servo
valves, the use of HSVs instead of proportional/servo valves
has become a trend. The HSV has the advantages of fast
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switching ability, low price, strong anti-pollution ability and
high repeatability. Therefore, it is increasingly favored by
researchers. In addition, the use of HSV instead of pro-
portional/servo valve can effectively avoid the problems of
temperature drift, zero drift and hysteresis caused by the
existence of analog circuit in the control loop.

In order to obtain a continuous behavior from a pneumatic
system using HS Vs, the controller output signal is introduced
to the system via a PWM scheme (converting control signals
to “on/off” time intervals for each valve during a PWM
period) in many pneumatic systems using HSVs [15].

Shen et al. [16] proposed a nonlinear model of pneu-
matic servo mechanism combined with PWM technology,
which used the average mass flow to quantitatively describe
the equivalent time dynamic response of PWM control.
Sardellitti et al. [17] proposes a proportional ventilation
scheme using HSVs for the small size, low cost and short
switching time of the proportional ventilation system, useful
for supplying high frequency ventilation through the driving
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circuit for the implementation of PWM control. As long as
the input frequency of the PWM is high enough, HSVs can be
approximated as a continuous input with proportional/servo
valve control characteristics [18].

As the key technology of the hardware-in-the-loop sim-
ulation of high-altitude aircraft, vacuum pressure tracking
control technology is mainly used to simulate the change of
pneumatic pressure during flight of high-altitude aircraft [13].
The mass flow rate of the gas flowing into and out of the
chamber is controlled by the pneumatic servo control technol-
ogy, thereby controlling the pressure of the chamber. Jinyun
et al. [19] proposed the pressure and vacuum continuous con-
trol system to change the pressure of the chamber in real time
by controlling the electrical proportional/servo valve. Obvi-
ously, the higher the flying height of the aircraft, the higher
the degree of vacuum.

Some researchers have proposed using nonlinear control
algorithms in dealing with the nonlinearity of the vacuum
servo system [20], [21]. Among them, Li et al. [20] intro-
duced a feedback linearization-based self-tuning fuzzy PID
controller to improve the performance of vacuum servo sys-
tem, and the reference inputs are the square wave and sinu-
soidal with an amplitude of 0.4 kPa and frequency of 1 Hz.
Cheng et al. [21] created a vacuum servo system using
electro-pneumatic proportional directional valve that adopted
adaptive robust controller to attenuate the effects of uncer-
tain nonlinearities. Experimental results show that the pro-
posed controller achieves the good tracking performance
of dynamic pressure, when the pressure tracking range is
from 20 kPa to 2 kPa and the sinusoidal pressure trajec-
tories with amplitude of 0.4 kPa, frequencies of 2 Hz and
1 Hz. However, these studies used the expensive propor-
tional/servo valve as the control element of the vacuum servo
system.

Accordingly, Yang et al. [22] designed a dynamic vacuum
pressure tracking system with HSVs that adopted SMC strat-
egy to improve the performance and robustness of control
for accurate dynamic vacuum tracking a sinusoidal signal
with a frequency of 2Hz. However, the above research can
only achieve tracking control with low frequency (<2Hz)
pneumatic pressure [20]-[22].

In order to widen the range of vacuum pressure tracking
and improve the dynamic performance of the vacuum servo
system. This paper proposes a higher frequency range of
dynamic vacuum pressure tracking control, expanding the
pneumatic pressure frequency from 1-2Hz to 1-4Hz, and use
the HS Vs as the control elements of the vacuum servo system.

As shown in Fig.1, the vacuum servo system consists of a
vacuum pump, a chamber, two HSVs, two pressure sensors, a
solid-state relay and a computer including the data acquisition
card. During the experiment, the gas mass flow rate into and
out of the chamber is changed by controlling the opening and
closing state of the HSVs of the charging and discharging
unit, and finally the change of chamber pressure is realized.
The pneumatic pressure of vacuum pump and chamber are
measured by pressure sensor 1 and sensor 2, respectively.
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FIGURE 1. Schematic sketch of the vacuum servo system.

In order to improve the control accuracy of PWM-actuated
HSVs, a number of approaches have been proposed to deal
with the challenges of this system type such as SMC strategy
[1], [18], [23], [24], and fuzzy control [25] using PWM-
based control strategies. Jouppila Ville et al. [18] used
the SMC strategy to provide a comparative study between
PWM-actuated HSVs approaches and traditional servo valves
approaches. Hodgson et al. [1], [23], [24] proposed a SMC
strategy, systematically studied the dynamic control of cylin-
der displacement based on HSVs and designed 7 effective
motion modes for 4-way HSV, which enables the precise
position control of the cylinder under the lowest power con-
dition of HSVs. Chandrapal et al. [25] proposed a novel
implementation of a self-organizing fuzzy controller for the
position and force control of a single pneumatic artificial
muscle. Results show that the PWM-actuated HSVs performs
better in response to abrupt changes.

However, previous researchs on HSVs focused on tracking
control of displacement, speed and force. Rarely studied the
tracking of HSVs in pneumatic pressure, especially vacuum
pressure tracking control.

Due to the presence of uncertain nonlinearities of the vac-
uum servo system, the simplification of the thermodynamic
process of the chamber and the change of the flow rate gain of
the HSVs are called the parametric uncertainties of the sys-
tem. The system’s unmodeled dynamics and external distur-
bances cannot be established by mathematical models, which
are called uncertain nonlinearities of the system. While the
SMC strategy requires that the uncertainties of the nonlinear
system are matched, and the unmatched uncertainties cannot
guarantee the asymptotic stability of the system, which makes
it difficult to satisfy many nonlinear uncertain systems [23].
At the same time, because of the discontinuity of sliding mode
variable structure, the flutter phenomenon will appear in the
practical application, which will cause the instability of the
system.

The ABC strategy can eliminate the influence of the uncer-
tain nonlinearities and solve the parametric uncertainties of
the system. The robustness of the backstepping controller is
used to inhibit the unmodeled dynamics and disturbances of
the system to ensure the stable control effect of the system.
so that the system has good steady-state control precision and
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dynamic tracking performance. In the accurate tracking of
pneumatic position, Yao et al. [26], [27] team made a series of
research based on ABC strategy, and achieved fruitful results.
In reference [26], to deal with the complexity and difficulties
caused by the coupling and the appearance of parametric
uncertainties in the input matrices, two backstepping designs
via adaptive robust control Lyapunov functions are presented.
In reference [27], the modularized adaptive backstepping
designs are incorporated into the recently proposed adap-
tive robust control framework to synthesize indirect adaptive
robust controllers that achieve not only good output tracking
performance but also better parameter estimation processes to
obtain accurate parameter estimates for secondary purposes.
Deyuan et al. [28] built an adaptive robust controller based
on discontinuous projection mapping. The nonlinear control
algorithm designed by backstepping method was used to
eliminate the influence of uncertainties in the control system.
During the experiment, 0.5Hz sinusoidal signal was tracked,
and the standard tracking error was less than 0.72mm.

The uncertainties of the vacuum servo system includes
parameter uncertainties and uncertain nonlinearities. The vir-
tual control input introduced by the backstepping controller
is essentially a static compensation idea, which uses its own
robustness to eliminate the influence of uncertainties and non-
linearities of the system. However, the backstepping method
can only ensure the transient performance of the system by
giving a constant estimation value to the uncertain parameters
when introducing the virtual control input. When there is only
parameter uncertainties in the system, the adaptive controller
guarantees the asymptotic stability of the system. However,
this method does not consider the uncertain nonlinearities of
the system and has poor robustness. Therefore, the adaptive
backstepping controller combines the two controllers, not
only ensuring the stable control effect of the system, but
also taking into account the dynamic control performance
of the system. Based on this, an ABC strategy is designed
uses its own robustness to eliminate uncertain nonlinearities
of the system in this paper, and then on-line update of the
uncertain parameters in real time to eliminate the influence
of the system’s parametric uncertainties, thus ensuring the
control performance of the system.

The organizational structure of this paper is as follows:
The second part describes modeling and analysis, including
system structure analysis, system model, mass flow linear
compensation and multi-valves structure of discharging unit,
the third part is the controller design, including duty cycle
mapping scheme design and adaptive backstepping controller
design. The fourth part is the experiments and analysis.
Finally, conclusions are drawn in section ““Conclusion’.

Il. MODELING AND ANALYSIS

A. SYSTEM STRUCTURE ANALYSIS

In order to analyze the relationship between the charg-
ing and discharging ability of the vacuum servo system
shown in Fig.1. An analysis of the performance of system
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FIGURE 2. Experimental results of system charging and discharging
performance for different charging and discharging units
configurations.

charging and discharging was performed in actual experimen-
tal results. In Fig.2, two different specifications of HSVs with
the same series were used, MHE2-MS1H-3/2G-1/8K (V1)
and MHE3-MS1H-3/2G-1/8K (V2). The nominal sizes of V1
and V2 were 2 and 3 mm, respectively. During the charging
process, one V1 and one V2 valve were used in producing
curve 1 and curve 2, respectively. During the discharging
process, only V2 valves were used, with curves 3—6 showing
the results for the use of one to four valves, respectively.

As shown in Fig.2, it can be seen that the charging speed of
curve 1 and curve 2 are greater than the discharging speed of
curve 3. In balancing the charging ability of the charging unit
and the discharging ability of the discharging unit, asymmetry
is obviously suppressed in curve 1 and curve 5 in Fig.2, due
to the respective choice of the smaller nominal HSV size in
the charging unit and an increase in the number of HSVs in
the discharging unit, which weakened system charging ability
and strengthened system discharging ability. The multiple-
valve structure of the discharging unit can thus satisfy the
requirement of choosing the combination modes of the flow
area, and thereby enable the flexible optimization of the
balance between charging and discharging abilities by the
controller. Due to the limitation of the pumping ability of the
vacuum pump, the chamber pressure change rate in curve 6
is approximately equal to that recorded in curve 5 [22].

Based on the above experimental analysis, in order
to balance the charging ability of the charging unit and
the discharging ability of the discharging unit. As shown
in Fig. 3, a schematic diagram of the asymmetric structure
of the vacuum servo system is obtained(the discharging unit
includes three V2 valves, and the charging unit has only
one V1 valve). The system consists of one vacuum pump
(Edwards Nxds15i), a chamber (FESTO-80-0.8-SAS0.73V-
0.8L), 4 HSVs, 2 pressure sensors (Setra 270-RoHS),
solid-state relays (Advantech PCLD-786) and a computer
including the data acquisition card (Advantech PCI-1716).

During the experiment, the computer gets the pressure
signal and then converts the calculated control law u into
a PWM signal to drive the solid-state relays through PWM
technology. Finally, u turns into a pulse signal [Ul, U2, U3,
U4 ] of HSVs.
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FIGURE 3. Schematic diagram of asymmetric structure of vacuum servo
system.

B. SYSTEM MODEL

In a vacuum servo system based on proportional/servo valves
control, the charging and discharging process of the system
are independent [13]. During the actual system operation,
there is only a separate charging or discharging mode. By con-
trolling the gas mass flow of input and output of the chamber,
precise control of the pressure in the chamber is realized.
However, due to the discontinuous flow output of the HSVs,
the same structure as the proportional/servo valves control
vacuum servo system can not achieve better control effects.
For the principle sketch of vacuum servo system shown
in Fig.4, this paper designs a charging/discharging coopera-
tive working mode, which realizes the pressure control of the
chamber by controlling the difference between the gas mass
flow of the input and output of the chamber.

Atmosphere Charging unit
Pam Ps Patms Ot
Chamber
Vacuum pump Bellow Discharging unit
Pis Oy H Pts Qui=C0rm2-Oumy H Py Pt Om2

FIGURE 4. Principle sketch of vacuum servo system.

The mathematical model of the vacuum servo system
includes gas source model, HSVs model, and the chamber
model. It is assumed that the medium in the system is an ideal
gas and satisfies the ideal gas state equation p = pRT, gas
transmission process in the system is an isentropic adiabatic
process, and the adiabatic coefficient k = 1.4. The mathe-
matical model of the chamber can be expressed as:

d kQmRT
@ _ QL (D
dt Vv
where p is the pneumatic pressure of the chamber, R repre-
sents the gas constant given by R = 287.1 Nmkg~'K~!, T

is the temperature inside the chamber given by 77 = 293K,
V represents the volume of the chamber and V = 0.8L. Q,,
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represents the difference between the gas mass flow rate of
the input and output of the chamber and Q,, = QOm; — Omo2,
Om1 and Qpp indicate gas mass flow rate of charging and
discharging unit respectively, they are described respectively
as

Patm

Om1 = 0.0404A, ﬁf D, Pamm) )
Tt @.p0 *

—_ s p

N

where A, Agy represent the effective cross-sectional areas of

the HSVs of the charging and discharging units respectively.

The positive pressure source is the ambient atmosphere given

by pam =101.325 kPa, p; is the pressure in the intake of the

vacuum pump.

Om2 = 0.0404A 4,

P1
qdm = 00404A_Tf (plvPZ)

7

2
p2/pi—o
fp1.p2) = 1- (?) ) P2/P1 >0

1, p/pr<o

3

where gp, represents the gas mass flow rate of the HSVs, o is
the critical pressure ratio given by o = 0.26. A is the effective
cross-sectional areas of the HSV given by A = mwaDx, and
D is the diameter of valve port, xy is the spool displacement
of the HSV, and « represents the correction coefficient of
the flow area of the valve port given by « = 0.6 [36], py,
p2 are the upstream and downstream pressure of the HSVs,
respectively. During the charging process, p1 = pam, P2 = p
and during the discharging process, p1 = p, p2» = px.

The vacuum source contains the vacuum pump and the
bellows. The mathematical model is as follows:

S
va = Proy <1 — &)
dt = v, m2 my

where p; is the inlet pressure of the vacuum pump, Sy is
the nominal pumping speed of the vacuum pump and S, =
15.1m3/h, p, is the ultimate gas pressure of the vacuum
pump and py = 0.7Pa, O,y is the pumping outflow of the
vacuum pump and V; is the volume inside the bellows given
by Vi = 1.3L.

In the PWM-actuated HSVs controlled vacuum servo sys-
tem, when the PWM signal output is 1, the flow area of the
HSV is A (Ac = 1*A) and the flow output is gn. When
the PWM signal output is 0, the flow area of the HSV is 0
(Ae = 0*A) and the flow output is 0. The gas mass flow rate
of the input and output of the chamber is in the form of a
discrete gas flow package. Thus, when the package of mass
flow rate is transmitted much faster than the system’s own
response characteristics within a period Tpwm, the system can
approximate the average gas mass flow rate of the input and
output in a continuous manner.

VOLUME 8, 2020



G. Yang et al.: ABC of Vacuum Servo System Using HSVs

IEEE Access

In a period Tpwm, the average gas mass flow rate g, of the
HSV is positively correlated with the average flow area A,
and the average flow area A is positively correlated with the
spool duty cycle d. Therefore, the relationship between the
average gas mass flow rate g, and the spool duty cycle d is
as follows:

P1
— , d 5
ﬁf (P1,p2) )

where xyy, represents the ultimate displacement of the HSV’s
spool. Thus, the average mass flow rates during the process
of charging and discharging are described as

ﬁ = 00404Acu%f Patms P) dew
ﬁf (P, pr) dau

where d., and dg, are the duty cycles for the process of
charging and discharging, respectively.

Therefore, in a PWM cycle, the average mass flow rate in
the chamber is described as:

Om = Om — Om2 )

From the above formula, we can get the mathematical model
of the system as

gm = 0.04047 aDxyyp,

— (6)
Omo = 0.0404A,

= ®)

C. MASS FLOW LINEAR COMPENSATION

Although changes in HSV “on/off”’ operation would ideally
take place instantly, the actual motion of the spool suffers
from a delay. As shown in Fig.5, where Ty is the period of
one PWM cycle, Ty, is the high level of the input electrical
signal in one PWM cycle, Tyoy is the time that the HSV
receives the electrical signal U until the spool begins to move,
Trise is the time that the spool begins to move until the HSV
opens completely, Tsoff is the time that the HSV loses the
electrical signal U until the spool begins to move back, and
Tt is the time that the spool begins to move back until the
HSV closes fully.

------- Input electrical signal
Orifice area of HSV

Input electrical signal U
Orifice area of HSV A

~Y

T T, [ Tr Ton

FIGURE 5. HSV on-off characteristics.

In order to eliminate the influence of the delay times Top,
Trises Tsotf and Tgp on HSVs, it is assumed that Tyige is
equal to Tty so that the corresponding gas mass flow rate is
approximately equal and the gas mass flow rate at Tyige Or Ttay
is approximately half of that for a fully open HSV during the
same time period. Since the average gas mass flow rate g,
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of the HSV output is positively correlated with the average
flow area A. The method of flow output linear compensation
is designed, which makes the average gas mass flow rate g, of
the HSVs output become approximately positively correlated
with the PWM signal duty cycle w, and improves the control
performance of the system.

In Fig.5, due to the delay characteristic of the spool, when
the excitation voltage U is actually applied, the spool can-
not be started immediately because there is a certain delay.
Studying the effect of the HSV’s delay on the average gas
mass flow rate helps to improve the control performance of
the vacuum servo system. Therefore, the simulation platform
for relationship between duty cycle w of PWM signal and
average gas mass flow g, of HSV is built as shown in Fig.6.

100325 »ot
Upsiream pressure
(18 10°:-3) 1°10°3) 1.310%-3) 11043} | o
Downstream pressure -
Toum ok d
Tom L
The average mass fiow rate equation of HSV
A
oury cycie

Spool displacement equation of state

FIGURE 6. Simulation platform for relationship between duty cycle of
PWM signal and average gas mass flow rate of HSV.

Through the simulation as shown in Fig.6, we can know
the relationship between the duty cycle of PWM signal and
average gas mass flow rate of HSV. HSVs’ parameters of
the FESTO MHES3 series are substituted into the above sim-
ulation platform, including the delay times Tson, = 1.8ms,
Trise = 1ms, Tgorf = 1.3ms and Tty = 1ms, and the spool
ultimate displacement xyy, = 1.5mm. During the simulation,
the upstream pressure and downstream pressure of the HSV
are 100.325 kPa and 50 kPa, respectively, the sampling period
is 0.1ms, and the PWM signal period is Tpwm = 10 ms. The
simulation results are as follows:

In Fig.7, it can be found that the average gas mass flow rate
gm of the HSV is not positively correlated with duty cycle w
of PWM signal. There are dead zones, nonlinear zone 1, 2
and saturated zone that are not easily controllable. Moreover,
the flow gain between the linear intervals is inconsistent.
In order to eliminate the above-mentioned effects of nonlinear
characteristics, method of mass flow linear compensation is
designed as follows:

Step 1, the combination of the nonlinear zone 1 and the
linear zone 1 is called a nonlinear zone A, and the linear
zone 3 and the nonlinear zone 2 are combined as a nonlinear
zone B.

Step 2, reduce the duty cycle range [0, wo,) of dead zone
and nonlinear zone A to [wgon, Won), and the conversion
formula is:

Wrise

_— W + Wson (9)
Wson + Wrise

We =
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FIGURE 7. Characteristic chart of average gas mass flow rate of HSV.

Step 3, the duty cycle range [1-woft,1] of the nonlinear B
zone and saturated zone is reduced to [ 1-wogr, 1 -wgosr], and the
conversion formula is:

Wall Wsoff

W, = w+ -w (10)
‘ Wsoff + Wrall Wsoff + Wrail sl

where wijse = Trise/prm7 Wson = Tson/prm’ Whall =
Ttan/ prm, Wsoff = Tsoft/ prmv Won = Wson + Wrises Woff =
Wrall + Wsoff-

Based on the the method of mass flow linear compensation,
the simulation results are shown in the Fig.8.

£0.008 4

Untreated —-—-Compensated

Average mass flow rate/q
e
L=
=]
Y
1

0.006 +

0.002 +

0.000 . : . . . . . .
0.0 0.2 0.4 0.6 0.8 1.0
Duty Dycle w of PWM sigrial

FIGURE 8. Simulation results based on the method of mass flow linear
compensation.

The simulation results show that the average gas mass flow
rate g, of the HSV is approximately positively correlated
with duty cycle w of PWM signal after using the method of
mass flow linear compensation. The influence of the flow
gain inconsistency in the dead zone, the saturated zone and
the linear zone is substantially eliminated. Obviously, the first
segment and the end of the average gas mass flow rate g,, do
not strictly satisfy the linear increasing relationship. From the
previous HSV model analysis, it is because the spool duty
cycle d and duty cycle w of PWM signal are in a quadratic
functional relationship in the interval range. In essence, the
method of mass flow linear compensation is a type of linear
broadening method that does not eliminate the effects of
second-order characteristics.

D. MULTI-VALVES STRUCTURE OF DISCHARGING UNIT

As shown in Fig.3, the charging unit adopts one V1 HSV
and the discharging unit uses three V2 HSVs. Therefore,
in order to establish relationship between the duty cycle dg, of
discharging unit and the duty cycles dy2 1, dy2 2 and dy2 3
of three V2 HSVs. It is assumed that the discharging unit is

129804

a large valve, and the corresponding HSVs are sequentially
activated according to the interval in which the duty cycle
dgy 1s located. Therefore, the distribution algorithm of duty
cycles of the discharging unit is designed as follows:

Lif dau > 0) and (das < 1/3)

dyy 1 =3dgy, dvaa2=dy23=0;

2.1f (ddu > 1/3) and (ddu < 2/3)
dv21=1, dyy2=3 (ddu - 1/3), dyz 3 =0;
3. if (ddu > 2/3) and (dgy < 1)

dyo1=1, dyryo=1,dys3=3 (ddu - 2/3);
4.1f (dau == 0)
dva 1 =dyy 2 =dyy3=0;
5.if (dau==1)
dyy1 =dvr2=dyr3=1; (11)
The open-loop control of the multi-valves structure of the
discharging unit is shown in Fig.9. Through the distribution
algorithm, duty cycle dgy of the discharging unit is converted
into the duty cycles dy_1, dy2 2 and dy, 3 of HSVs. Accord-
ing to the conversion relationship between the duty cycle d
of HSVs and the duty cycle w of the PWM signal, so that the

PWM signal duty cycle wyp_1, wy2_2 and wyp_3 of HSVs are
obtained.

Duty cycle dg, of | [ Allocation algorithm|_[ Conversion equation|_| Mass flow linear Discharging unit
discharging unit [ | dys 1 dyz2s dyas between d and w compensation V21, V22 V23

FIGURE 9. Open-loop control diagram of multi-valve structure of
discharging unit.

The simulation results of multi-valves structure of dis-
charging unit are as follows:

As shown in Fig.10(a), the HSVs of the discharging unit
are sequentially activated in sequence. In Fig.10(b), the total
average gas mass flow rate Q,,» of the discharging unit is
approximately positively correlated with the discharging unit
duty cycle dgy, but there is a flow fluctuation phenomenon at
the circle mark in the figure. This is because the method of
mass flow linear compensation cannot eliminate the quadratic
functional relationship between the spool duty cycle d and the
PWM signal duty cycle w.

IIl. CONTROLLER DESIGN

A. DUTY CYCLE MAPPING SCHEME DESIGN

Because of the charging and discharging units of the vacuum
servo system are independent, the charging/discharging coop-
erative working mode is adopted. It is necessary to design
a duty cycle mapping scheme to convert the control signal
u into duty cycles d., of the charging unit and dy, of the
discharging unit of the vacuum servo system respectively.
Therefore, the duty cycle mapping scheme is designed as
shown in Fig.11:
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FIGURE 11. Duty cycle mapping scheme.

The specific instructions are as follows:

e Whenu € (-1, 1),dey = 0.5u+0.5, dgy = —0.544-0.5.

e Whenu = 1,de, = 1, dgy = 0, the HSV of the charging
unit is fully open, the HSVs of the discharging unit are
all closed, and the charging capability is the strongest.

e Whenu == —1,d,yy = 0, dgy = 1, the HSVs of the
discharging unit are fully open, the HSV of the charging
unit is all closed, and the discharging capacity is the
strongest.

B. ADAPTIVE BACKSTEPPING CONTROLLER DESIGN

Vacuum servo system is essentially a kind of nonlinear
uncertain system. The system has parametric uncertainties,
unmodeled dynamics and disturbances. Therefore, a math-
ematical model of the vacuum servo system considering
unmodeled dynamics and disturbances is established, and
then the adaptive controller is designed. Where the con-
troller design includes two parts: the backstepping controller
and discontinuous projection mapping. The robustness of
the backstepping controller is used to inhibit the unmodeled
dynamics and disturbances of the system to ensure the stable
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control effect of the system. Then the uncertain parameters
are identified by the on-line parameters updating of the adap-
tive law.

1) BACKSTEPPING CONTROLLER DESIGN

Establish a mathematical model of the vacuum servo system
considering unmodeled dynamics and disturbances. Then,
Eq. (8) can be rewritten in the following control form:

dp  kQuwRT

a Vv
where d, is the nominal value of unmodeled dynamics and
disturbances, dj is the high-frequency component of unmod-
eled dynamics and disturbances. Because of the nonlinear
effect of the flow gain of HSV port, the relationship between
the average gas mass flow rate of the actual chamber input
and output is corrected as follows:

Qm =A (le - QmZ) (13)

where A is the uncertain parameter of the average gas mass
flow rate of the chamber, substitute Eq. (13) into (12), let
x = p, in order to facilitate subsequent controller design,
set the parameter vector 6 = [0, 6,17, where 6, = A and
6> = dp, so that:

+d, +dy (12)

. kRTs - _ -
x =0 T(le —Om)+62+dg (14)

Assumption 1: The parametric uncertainties, nominal value
of the unmodeled dynamics and disturbances of the system
are all bounded, satisfying the following relationship:

!Gegﬁz{e:eminfefemax} (15)

|)¥| =< Amax> |dn| = dn_max

where Omax, Omin are the maximum and minimum parameter
Vector, Amax, dn_max are the maximum values of the param-
eters A and d, respectively. Construct the Lyapunov energy
function as follows:

1
V) = Eez (16)

where e is defined as the system tracking error given by
e = x — x4, and xq represents the reference command signal.
After the time derivation of Vi, Eq. (14) is substituted and
obtained:

14

in Eq.(17), define 0L = Om1 — Omo as the virtual c_ontrol
input of the system, and construct the desired value Qrq of

Or:

: KRT; - - .
Vi=e [91— (Om1 = Oma) + 62 +do — xd] a7

Ord = OLiat + OLda> + OLast + Qras (18)

where Qpgq is the stable compensation item of the sys-
tem, which uses the estimates set by uncertain parameters to
improve and compensate the model. QLdaz is a fast dynamic
compensation term, which is used to improve the system
response speed and reduce the tracking error. Qy 41 is a stable
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feedback term of the system to ensure fast convergence of
tracking error and robustness of the system. QLdsZ is a fast
robust feedback term for eliminating high-frequency com-
ponent of unmodeled dynamics and disturbances. Olda1 and
Olds1 are designed as follows:

Vv A
A (—92 + xd)
kRT

1
ve

QLa'ul =
(19)

Orist = — 5
01kRT

where 51, 52 are estimates of 01, 6, respectively, W is the
feedback gain of stable feedback term of the system and W >
0,

substituting the expressions of Orda1 and Op 451 into Eq. (17)
can be obtained:

el (3 Drns615us) 0t
Vi=—ve +el v 0101da2+610Lds2 ) — 0100 — 02 +dp]
(20

where 6; = éi — éi, i=1,2, ON,- represents estimation error
of the parameter 6;, « is the estimation error coefficient of
§1 given by o = %. The (—éla — éz + ;io) term in
the Eq. (20) concentrates the estimation error of the param-
eter vectors ¢ and 65, it denotes the unmodeled dynamics
and high-frequency component dy of the disturbances. Split
(=61 — B> + dpy)into a nominal value ¢ and a high-frequency
component A as follows:

{+A=—0a—06,+d (21)

Using the fast dynamic compensation term Q74> to com-
pensate the nominal value ¢ and designed Qrg,> expression
is as follows:

Y ¢
0,kRT

OLda = — (22)

where 2 is the estimate of the fast dynamic compensa-
tion coefficient of the system. Substituting the Eq. (21) and
Eq. (22) into the Eq. (20) can be obtained:

=~y +e[

91QLds2 +A—-¢] (23)

where ¢is the estimation error of the fast dynamic compen-
sation coefficient ¢. There exist a boundary in Eq. (23), and
the boundary is set as:

hx, 1) = |O1mlle] + [02p | + dom (24)

where 01y is the difference between the upper and lower
bounds of the estimate of 6, is denoted as 6y = é\lfmax —
51_min, Oxv is the difference between the upper and lower
bounds of the estimate of 6, is denoted as 6y = ézimax —

52_ min» and dop is the absolute value of the maximum value
of the high-frequency component of the uncertain nonlinear-
ities given by doyy = |C~107max|~ After using the continuous
smooth sliding mode control strategy, the fast robust feedback

129806

term Q45> of the system to be determined can further weaken
the influence of (A — ¢), designed as:

Vo K(x, 1)
e
0,kRT 43

where § is the boundary layer thickness set by the fast robust
feedback term QLng of the system to be determined. Sub-
stituting the Eq. (24) and Eq. (25) into the Eq. (23) can be
obtained:

Ords2 = — (25)

. 5 W (x, 1) -
Vi=—ve +e[——e+ A —¢]
45
2
< -y + =D o e, )
45
= —ye — i(h(x e —28)* +38
48
< -y +6 (26)

As can be seen from Eq. (26), if the control system must
be progressively stable, then V| must be greater than 0, and

\/%. Combining Eq. (17),
Eq. (20), Eq. (21) and the expected value Qy 4 is:

2
R2(x, t))e]

the converge to the sphere e <

= [(—ézm) E—(+ )
1

Combining Eq. (27) with the duty cycle mapping scheme as
shown in Fig. 9 and the control law u can be obtained as:

[(=02+i0) &~ + 20| — (@i — 0o
Om1 +0Om2

.V
__ O1kRT

(28)

2) DISCONTINUOUS PROJECTION MAPPING

The (51 o) term in the parametric estimation error varies with
the system operation and is not a stable value. In order to
compensate (6 o) quickly, it is necessary to follow the system

operation and change E in Eq.(22) to improve the response
speed of the system and ensure the tracking performance of
the system. Based on the tracking error e, an adaptive function
is designed, where the discontinuous projection is:

0 ifg‘:g‘maxandve>0
¢ =Projp ) =0 if { =tpand ve <0 (29)
ve otherwise

where v is the adaptive law of the fast dynamic compensation
coefficient ¢. {max, Cmin 1S the maximum and minimum esti-
mate of ¢ respectively. In Eq.(29), the discontinuous standard
projection function is used to design the boundary constraint
on the estimate of the fast dynamic compensation coefficient

¢, so that the parameterzafter iteration is made within a preset
range, and the parameter estimates is guaranteed to be in a
stable range.

Furthermore, in Eq.(28), the uncertain parameters 6; and
6> use a constant estimate, and when the estimate is reason-
able, a good control effect can be obtained. But when the
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uncertain parameters change during the operation, constant
estimates will make it difficult to ensure consistent control
performance. Therefore, in order to inhibit the influence of
parametric uncertainties, the adaptive law is used to update
the estimates online. Based on the error feedback design
method, the adaptive law of the uncertain parameter estimates
is:

6= Satbas. Projy Ty)). i=12  (30)

where I' = diag(p1, p2) is matrix of the adaptive law, and the
parameters p; and p; in the positive definite diagonal matrix
determine the updating rate of the uncertain parameters ¢ and
6,. y is matrix of the adaptive function given by y = [y, I

0ip 1s the maximum value of the update speed of the uncer-
tain parameters 61 and 6>. Sat(e) function limits the update
speed of the uncertain parameters 6 and 8, using a saturation
function. To ensure the stability of the adaptive control rate,
the uncertainties of the system should be bounded, namely
Assumption 1. The discontinuous projection is defined as:

Proj; (T'y)
0, 6 =0imaxandTy >0
=10, 6 =6mnandTy <0 (31)

'y, otherwise

A

Sat (eviM, Proj (Fy))

1, ITy Il < 6int

=sProjy(Ty), s=1 4y i (32
Tyl > b
Tyl

During the on-line update process, the estimates exceed the
actual boundary, which will cause instability of the system.
Therefore, limiting the boundary of estimates with discon-
tinuous projection mapping. At the same time, in order to
prevent the instability of the system caused by the excessive
update rate of the estimates, the saturation function is used
to limit the update speed of the parameter estimates. Based
on the Lyapunov energy function, construct the following
function below:

Vi=Vi4o Ly 2 (33)

After differentiating Eq. (33), then:

2
sz—wez—i—e[—h S;t)e—i—A—E}

~ (1 x ~ 1 A
+ 61 (—91 — ae) + 6, (—92 — e) (34)
01 P2

In order to make V2 less than 0, the expressions of él and éz
are designed as follows:

01 = prae
0, = pre

(35)
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FIGURE 12. The photograph of the experimental setup.

Bringing the Eq. (35) into the Eq. (34), you can get:
v 2 1 2 2
Vo=—ve 1 (h(x,t)e—=28)"+6<—ye"+5 (36)

From Eq. (36), the system is stable and the tracking error will
converge to the sphere e < \/% .

3) ANALYSIS OF DESIGN PARAMETERS
The Eq. (36) is transformed:

)
Va (1) < e 2V, (0) + o (1-e2) 6

It can be seen from equations (36) and (37) that the larger the
feedback gain ¥, the smaller the boundary layer thickness
38, the smaller the steady-state error of the system, and the
shorter the response time of the transition process. Then it
can be known from Eq.(14) and Eq.(18):

. h? (x, 1)
= <‘”+ 45

~ ~ kRT - ~ A

e+ —92—917Qm+d0—§
(33)
LetD = —52 — él ]%QM + c~lo — Z‘ , the transfer func-

tion between e and D can be obtained as follows:
1

EGs) I G ) 9

= . .
D(s) s+(w+%) (o5

Obviously, the relationship between e and D can be
regarded as the inertia link. The larger the feedback gain ¥
and the smaller the boundary layer thickness §, the larger
the cut-off frequency of the system, the weaker the ability
to inhibit the high-frequency dynamics of the system uncer-
tainties. Due to the cut-off frequency of the system is higher,
the chattering of the response signal is more serious, which
is easy to cause instability of the system. The smaller the
feedback gain ¢ and the larger the boundary layer thickness
3, the smaller the cut-off frequency, the stronger the attenu-
ation of the high-frequency dynamics, and it can inhibit the
chattering of the system, while weaken the responsiveness of
the system.

IV. EXPERIMENTS AND ANALYSIS
A. EXPERIMENTAL SETUP
The photograph of the experimental setup is shown

in Fig.12. The pneumatic pressure in the chamber
(FESTO-80-0.8-SAS0.73 V = 0.8L) is used as the controlled
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FIGURE 13. Experimental results with SMC and ABC strategy at pressure working point 30kPa.
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FIGURE 14. Experimental results with SMC and ABC strategy at pressure working point 20kPa.

objective. Two high-precision pressure sensors (Setra 270-
RoHS) are used to measure the vacuum pump inlet pressure
and the chamber pressure respectively. The charging and
discharging units of the system are independent, where in the
charging unit uses one V1 HSV (MHE2-MS1H-3/2G-1/8K),
and the discharging unit adopts three V2 HSVs (MHE3-
MSI1H-3/2G-1/8K). The control-data acquisition system
including a computer and a high-speed data acquisition card
(PCI-1716), which collects the pressure values of the two
sensors and generates a PWM signal to drive the solid-state
relays (PCLD-786) to control the state of the HSVs.

B. COMPARATIVE EXPERIMENTS
In order to verify whether ABC strategy can guarantee the
stability of dynamic vacuum pressure tracking in higher
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frequency range, the comparision experiments are conducted
by using the SMC strategy and ABC strategy in this paper.

1) INTRODUCING THE DESIGN OF SMC

In combination with Eq.(1)-(8) and the duty cycle mapping
scheme shown in Fig.11.

Patm

dp KR [ 00404 7 Sedf P p) (05 +0.5)

e~V —0.0404%&“}? (. pr) (—0.5u +0.5)

(40)

Eq.(40) was transformed into the standard relation of slid-
ing mode variable structure : x = & + bu, in which & and b
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FIGURE 15. Experimental results with SMC and ABC strategy at pressure working point 10kPa.
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were expressed as Eq. (41).

kRT
p
—0.0404——=Su.f (p, pt))
VT (41)
kRT Patm
b = — 00404_Scuf (Patm’]’)

2v JT

+ 0.0404%%;0 0. p,)>

The sliding mode switching surface S of the system is
designed, as shown in Eq. (42)

t t
S=e+2g/edr+g2f/edr
0 0

In the Eq. (42), e was the tracking error of the system,
where ¢ = p — pg, and pq is the system command signal,
¢ was the positive definite gain and ¢ > 0.

(42)
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(b) Update of &,

After deriving Eq.(42), take Eq.(41) into:

t
S=&+bu—py +2§e+§2fedr

0

where u was the controller output. Because the system mod-
eling is imprecise, the functions & and b in Eq.(41) are not
accurate, but the upper and lower bounds of the variation
range of the functions & and b are a bounded function on p.

In practice, the estimated values E and b of & and b are used
instead, and the requirements are as follows:

(43)

‘g —é( <F, F=F(e¢)
b = /(bminbmax)

In the Eq.(44), the estimation error of F' was the error of &,
which was the function of the error e and its differential.
bmin, Dmax are the minimum and maximum values of b,
respectively;

In the ideal case, when the system is in sliding mode
motion, the system’s motion trajectory finally converges to

(44)
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TABLE 1. Comparison of control effect between SMC and ABC strategy.

SMC/ABC AR (%) | PD () AR (%) | PD(® AR (%) | PD ()
working point
frequency 30kPa 20kPa 10kPa

1Hz 1.36/0.63 | 3.64/0.31 | 2.58/1.13 | 3.17/0.17 | 2.62/1.22 | 3.44/0.20
2Hz 0.5/1.06 | 5.59/1.26 | 3.44/2.48 | 10.02/2.81 | 7.04/4.31 | 10.5/3.46
3Hz 0.22/2.55 | 9.40/0.33 | 3.78/0.69 | 14.56/3.57 | 4.93/2.24 | 12.77/3.88
4Hz 2.54/6.9 | 11.43/0.63 | 4.6/0.54 | 15.26/4.79 | 2.95/0.32 | 16.14/5.35
Note: amplitude ratio and phase difference are abbreviated to AR and PD, respective

the switching plane S = 0 and § = 0. At this time,
the system’s equivalent control law of Filippov [27] can be
obtained as follows:

t
Ueq = —& + pa — 25€ — §2/edr
0

(45)

In order to meet the requirements of variable structure,
a discontinuous term needs to be added to Eq.(45), so the
system control law u is shown by Eq.(46).

t
u=b"" —§+pd—2ge—g2/edr—KSign(S) (46)
0

In the formula, K is a time-varying robust gain parameter
to ensure that the system quickly converges to the switching
plane § = 0.

K> B(F+n)+I18—1||ugl (47)

In the formula, the parameter B satisfies g =
(bmax /bmin)l/ 2 and the parameter 1 is a positive definite
parameter, which represents the convergence time, and sat-
isfies:
1d ,
55S = nis|

In order to improve the control accuracy of the system,
the chatter phenomenon caused by the Sign function in
Eq.(46) needs to be suppressed. The saturation function Sat
is used instead of the Sign function to smooth the output
of the controller and reduce the chattering phenomenon.
After the introduction of the boundary layer ¢, the boundary
layer continually changes the original variable structure, and
the discontinuity of the control rate u will be reduced to
the neighborhood near the sliding mode switching surface
[—¢, ¢]. The relationship between the modified control law
and the saturation function is shown in Eq.(49) and (50),
respectively:

(43)

t

u=>hb"" —§+1'Jd—2§e—g2/edr—KSat (S/¢)
0
(49)

129810

(50)

ion N s >
R S

2) ANALYSIS OF EXPERIMENTAL RESULTS

In the experiment, the carrier frequency of the PWM is set
to 100Hz, and the sampling frequency is set to 1000Hz. The
reference signal for tracking is the sinusoidal curve with a
amplitude 300Pa, a frequency of 1Hz, 2 Hz, 3 Hz, 4 Hz, and
the pressure working points are 30kPa, 20kPa, and 10kPa,
respectively.

The SMC parameters are set as ¢ = 0.0l,n = 1, ¢ =
100 and the initial values of bpax and by are 10 and 0.1,
respectively. Those of ABC strategy are set to: 51 0) =1.65,
0,(0) = —55, 601 € [0.1,1.8], 62 € [-60, —10], ¥ = 50,
§ = 400, £(0) = 0, ¢ € [—100, 100], v = 10, doy = 10,
p1 = 0.001, po = 1. The air supply pressure is the ambient
pressure in the experiments. The experimental results are
shown in Fig.13, Fig.14 and Fig.15, amplitude ratio and phase
error are shown in Table 1. The reference signal is abbreviated
to Ref, amplitude ratio and phase difference are abbreviated
to AR and PD, respective. The amplitude ratio(AR) is the
ratio of the amplitude of the command signal and the response
signal, and the phase difference(PD) is the ratio of the phase
difference of the command signal and the response signal.
Theoretically, the smaller the amplitude ratio and the phase
difference, the better the tracking performance.

It can be seen from Fig.13 that when the tracking fre-
quency is 1-2Hz, the response signals of SMC and ABC
both have good tracking performance. However, when the
tracking frequency reaches 3-4Hz, the response signal of
SMC shows a severe hysteresis when the frequency increases,
while the ABC strategy maintains a good tracking per-
formance and achieves much better performance than the
SMC. As shown in Fig.14 and 15, the same phenomenon as
in Fig.13 becomes increasingly apparent when the pressure
working point decreases. Furthermore, when the frequency is
2Hz, SMC also shows severe amplitude error and hysteresis,
while the control performance with ABC strategy is basically
consistent.

To better illustrate that ABC has better tracking perfor-
mance than SMC, the amplitude ratio (AR) and phase dif-
ference (PD) of SMC and ABC are shown in Table 1. It can
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be concluded from Table 1 that when the tracking frequency
is 1 Hz, with pressure working points from 30kPa to 10kPa,
the increase of AR of SMC strategy is much larger than
that of ABC strategy. Furthermore, as the tracking frequency
increases, such as the pressure working point at 20 kPa, the
tracking frequency is from 1 Hz to 4 Hz, it can be con-
cluded from Table 1 that the PD of the SMC strategy sharply
deteriorates.

As shown in Fig.16, it illustrates the update of the parame-

ters 0 and 6, of the ABC strategy when the pressure working

point is 30kpa. The parameters 0 1 and 52 are updated online
by the adaptive law to inhibit the influence of parametric

uncertainties. The parameter 61 decreases to a certain posi-

tion and then converges, while the parameter 52 increases to
a certain position and then converges. The advantages of on-
line update of the uncertain parameters ensure that the ABC
strategy can handle the effects of parametric uncertainties in
the system under different conditions.

V. CONCLUSION

In this paper, HSVs are used instead of expensive propor-
tional/servo valves as the control components of the vacuum
servo system for exploring new control structure. However,
due to the delay characteristics of HSVs, the average gas
mass flow rate of the HSV has dead zone, saturated zone, and
nonlinear zone. Therefore, based on the linear transformation
idea, the method of flow linear compensation is designed,
so that the average gas mass flow rate of the HSV is approxi-
mately positively correlated with the duty cycle of the PWM
signal.

In order to balance the charging ability of the charging unit
and the discharging ability of the discharging unit, an asym-
metric structure is adopted (the discharge unit consists of
3 HSVs and the charging unit has only 1 HSV). The relation-
ship between the duty cycle ddu of discharging unit and the
spool duty cycle dy2_1, dv2_2 and dy»_3 of discharging unit’s
HSVs is established by the distribution algorithm. The open-
loop simulation results show that the average gas mass flow
rate O, of the discharging unit is approximately positively
correlated with the duty cycle dg, of the discharging unit.

Moreover, the actual vacuum servo system is a nonlinear
uncertain system due to the air compression and system leak-
age. Therefore, an ABC strategy is designed. The robustness
of the strategy is used to eliminate the unmodeled dynamics
and external disturbances of the system, while the on-line
update function of adaptive law is used to inhibit the influ-
ence of system’s parametric uncertainties. Compared with
the experimental results of the SMC strategy, the experimen-
tal results show that when the tracking frequency reaches
3-4Hz, the response signal of the ABC strategy will not
appear hysteresis. Furthermore, results show that the ABC
strategy shows better stable control effect and dynamic track-
ing performance than SMC strategy. In the tracking process of
setting pressure, the ABC strategy can ensure good tracking
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performance with fast response and high robustness for the
vacuum Servo system.
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