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A Contraction Theory-Based Adaptive Robust
Control for the Trajectory Tracking of a
Pneumatic Cylinder

Ye Chen

Abstract—Adaptive robust control (ARC) has been ap-
plied to pneumatic systems successfully for its excellent
performance and strong robustness. Although many re-
searchers are already working on studying of the ARC,
the stability analyses of these works are performed by
the Lyapunov method. The contraction theory is a new
proposed “differential” Lyapunov-like analytic tool for the
nonautonomous nonlinear system. It can provide a more
convenient analysis and richer design toolbox of the non-
linear system than Lyapunov method. This article intelli-
gently brings the philosophy of contraction theory into the
ARC design framework to form a contraction theory-based
ARC (CT-ARC) for a pneumatic servo system. The proposed
method offers more design choices than the traditional
ARC. In addition, a command filter is employed to acquire
the differential signal of the virtual control law. The stability
analysis of the whole system is presented elegantly by the
contraction theorem with consideration of the estimation
error of the command filter. Furthermore, exponential con-
vergence of the closed-loop system can be derived under
specific conditions. Finally, various experiments for the
trajectory tracking control of a pneumatic cylinder demon-
strate the efficiency of CT-ARC.

Index Terms—Adaptive robust control (ARC), command
filter, contraction theory, pneumatic servo system.

|. INTRODUCTION

ECENTLY, pneumatic servo systems have been widely
R applied in industry for the strengths: low-cost, cleanliness,
safety, speed, high-power-weight ratio, and ease of mainte-
nance [1], [2], [3], [4]. The pneumatic cylinder is a commonly
used actuator for achieving linear or rotation motion [5]. How-
ever, the high intrinsic nonlinearity of the pneumatic cylinder
system, which contains the compressibility of air, variable fric-
tion, and random disturbances, makes high-performance control
of the servo system a challenging task [6], [7], [8]. The state-
of-the-art control algorithms should be applied to pneumatic
systems to broaden the applications to more high-end markets.
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The history of pneumatic servo control can be traced back
to the 1950s [9]. In the beginning, the proportional, integral
and derivative (PID) controllers have been applied to the pneu-
matic servo system for the advantages of simplicity and easy to
implement. But it is tough for pneumatic systems to achieve
the desired performance globally with linear controllers due
to the strong nonlinearities of pneumatic systems [10]. Many
different types of nonlinear controllers have been developed
to improve the performance. The most studied are the deter-
ministic robust control (DRC) [11], [12] and adaptive control
(AC) [13],[14]. These two methods deal with two different types
of model uncertainties: uncertain nonlinearities and parametric
certainties. DRC is famous for its robustness and capability
to attenuate disturbances. AC is an effective way to estimate
unknown parameters. An adaptive robust controller (ARC) that
simultaneously handles these two types of model uncertainties
has been designed for pneumatic systems successfully [6], [15],
[16]. ARC controller, which achieves a precise tracking control
as AC, while robustness to unknown disturbances as DRC, is
an effective way to solve the performance tracking control of
pneumatic servo systems.

Recently, a contraction theory technique has been applied
to the nonlinear control design [17], [18], [19], [20]. Con-
trol algorithms with robustness and learning capability (e.g.,
robust feedback control, AC) have been developed based on
contraction theory [21], [22], [23], [24], [25]. Generally, con-
traction theory has advantages for the analysis of nonlinear
nonautonomous systems [24]. Hence, it is very attractive to
develop a contraction theory-based ARC (CT-ARC) for the
trajectory tracking of nonlinear systems like pneumatic servo
systems. On the other hand, all the results of contraction theory-
based control in the literature remain theoretical and are only
verified by simulations. No practical experiments have been
carried out so far. It is necessary to testify the effectiveness of
the novel design tool with real experiments. Pneumatic servo
systems with strong nonlinearities are suitable experiment ob-
jects to confirm the efficacy of contraction theory-based control
algorithms.

Motivated by the observations above, this article proposed a
CT-ARC for pneumatic servo systems. The main contribution is
summarized as follows.

1) A novel ARC based on contraction theory is designed
for pneumatic servo systems. Both guaranteed transient
performance and exponential convergence of CT-ARC
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Abstract

Stabilization and learning are imperative to the high-performance feedback control of nonlinear systems. A dual adaptive
robust control (DARC) scheme is proposed for nonlinear systems with model uncertainties to achieve a desired level of
performance. Only the output of the nonlinear system is accessible in this work, all the states and parameters are
learned online. Firstly, the DARC uses the prior physical bounds of systems to design a discontinuous projection with
update rate limits which confines the bounds of parameter and state estimation. Then robustness of the nonlinear sys-
tem can be guaranteed by the deterministic robust control (DRC) method. Secondly, a dual adaptive estimation mechan-
ism (DAEM) is developed to learn the unknown parameters and states of systems. One part of the DAEM is the
bounded gain forgetting (BGF) estimator, which is developed to handle inaccurate parameters and parametric variations.
The other is the adaptive unscented Kalman filter (AUKF) synthesized for state estimation. The AUKF contains a statis-
tic estimator based on the maximum a posterior (MAP) rule to estimate the unknown covariance matrix. Finally, simula-
tion results illustrate the effectiveness of the suggested method.
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Introduction hard to know and often inaccurate. Thus the performance
of estimation might be degraded or even diverge."” To
avoid performance degradation, many different types of
adaptive unscented Kalman filter (AUKF) with statistic
estimator are applied to industrial areas.**' Though the
adaptive mechanism of AUKEF is effective, this method
assumes that parameters are constants disturbed by small
Gaussian noises which are usually not satisfied. The
AUKEF with Gaussian distribution assumptions also has
a limited tracking capability of parameters, but the actual
operating environment for nonlinear systems is complex
and parameters are usually time-varying. This work inte-
grates the bounded gain forgetting (BGF) estimator' and
- o AUKF to form a dual adaptive estimation mechanism
the nonlinear model and building an augmented state sys- (DAEM). The bounded gain forgetting (BGF) estimator

tem with parametfrrs such th'flt the traditional linear with parameter tracking ability while avoiding adaptation
method can be applied to the estimation of the augmented

states.'”>'* Nevertheless, these methods suffer from the
drawl?a(fks of he.any computation of ﬂ}g 1gaco'b1 In_atnx State Key Laboratory of Fluid Power and Mechatronic Systems, Zhejiang
and limited precision of the first order.””® With higher  University, Hangzhou, China
accuracy, the unscented Kalman filter (UKF) is imple-
mented for parameter and state estimation of nonlinear $°(';';]eng“d'"lf a“L"';": Fluid P 4 Mechatronic S

17,18 .. e en, dtate ey Laboratory o ul ower an echatronic ystems,
systems. " Both the joint UKF and dual UKF methods 7, o ' iversiey, Zheda Road 38th, Xihu District, Hangzhou, Zhejiang
are under the framework of Kalman, which needs exact 310000, China.

knowledge of prior statistics. In practice, statistics are  Email: 11625056@zju.edu.cn

Performant feedback control of nonlinear systems is
impeded by inaccurate dynamical models. To improve the
performance of nonlinear systems, the estimation of para-
meters and states are heavily studied by researchers.'™
Adaptive control is a well-known technique for the online
estimation of parameters.”® Also, many approaches have
been developed for the state estimation of nonlinear sys-
tems, especially the nonlinear Kalman filter.” '' However,
simultaneous estimating the parameters and states of non-
linear systems is still a challenging problem. The conven-
tional approach, such as extended Kalman filter (EKF)
and extended Luenberger observer, is simply linearizing
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ARTICLE INFO ABSTRACT

MSC: This article proposes a composite adaptive robust control for a pneumatic servo system with time-varying
00-01 inertia to achieve a good tracking performance. The proposed design not only preserves the merits of both
99-00 direct adaptive robust control and indirect adaptive robust control but also obtains a better performance
Keywords: of the working condition with time-varying inertias. Firstly, prescribed tracking performance is guaranteed

Pneumatic servo systems
Adaptive robust control
Composite adaptive control

without knowing the bounds of parametric and non-parametric uncertainties by leveraging a discontinuous
projection and deterministic robust control technique. And a nonlinear tracking differentiator is used to
obviate differential signal in backstepping. Secondly, the online parametric estimation algorithm is developed
by intelligently integrating tracking error dynamics and physical plant dynamics. By effectively using the
information of both tracking error and prediction error, a high adaptation gain can be used for achieving a
faster parameter convergence and smaller tracking error. Moreover, exponential convergence of both tracking
error and prediction error can be obtained under certain conditions. Lastly, comparative experiments on
different conditions are carried out for a single-rod pneumatic cylinder driven by a proportional directional
valve to demonstrate the superiority of the proposed method.

1. Introduction

Pneumatic servo systems are widely applied in industrial automa-
tion (Dong, Shi, Liu, & Yu, 2021; Inoue, Kanno, Miyazaki, Kawase, &
Kawashima, 2020; Liu, Wang, Zhao, & Ma, 2022; Pipan & Herakovic,
2018; Zhao, Sun, Yang, & Wang, 2019; Zhao, Xia, Yang, & Zhang,
2022). Compared to hydraulic and electric motor systems, it owns
advantages of economics, simple in structure, long working life, easy
to maintain, and environment-friendly. Recently, due to the cheap
computation of the microprocessor, many advanced control algorithms
have been designed for pneumatic servo systems (Herzig, Moreau,
Redarce, Abry, & Brun, 2018; Mu, Goto, Shibata, & Yamamoto, 2019;
Ren, Jiao, Li, & Deng, 2022; Ren, Wang, Fan, & Kaynak, 2019). And
the applications of pneumatic systems are extended from low-end
products to more complex working areas, such as robotics and medical
instruments (Dong, Zhang, & Liu, 2018; Li, Yuan, Wang, & Guo, 2022;
Zhang et al., 2022). On one hand, these novel applications demand
better performance but face more complex working conditions that are
often time-varying. On the other hand, pneumatic systems have strong
intrinsic nonlinearities, including gas compressibility, the nonlinear
flow through the valve port, complex friction, random disturbances,
etc. It is urgent to improve the tracking performance of pneumatic servo
systems, which is a challenging task.

* Corresponding author.
E-mail address: 11625056@zju.edu.cn (Y. Chen).
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In the early stage, traditional proportional-integral-derivative (PID)
control for the pneumatic system is developed for the merits of sim-
plicity and high-reliability (Shearer, 1956; Van Varseveld & Bone,
1997). However, the PID controllers mainly consider the point-to-
point positioning control problem. To improve the performance of the
pneumatic servo system, many modified PID control strategies have
been proposed (Mu et al., 2019; Ren, Fan, & Kaynak, 2018; Tian, Yan,
& Zhang, 2019). These methods are effective for a specific working
condition but vulnerable to variations in the system and operational
environment. In general, linear modified techniques can achieve high
performance of the system near the linearization point. The strong
nonlinear dynamics of the pneumatic systems determine that these
techniques cannot meet the control target of more complex working
conditions, such as different reference trajectories, various payloads,
and unknown external disturbances. To handle more complex operation
conditions, model-based methods for pneumatic servo systems are stud-
ied by researchers heavily. The sliding mode controller is designed for
pneumatic systems for its strong robust ability to attenuate unknown
nonlinearities (Azahar, Irawan, & Ismail, 2021; Tran et al., 2020;
Wang, Wang, & Wang, 2019). Although the stability of pneumatic servo
systems is ensured by the sliding mode controller, the state-steady
performance is not good enough for inaccurate model compensation.
By contrast, adaptive control is famous for its online learning with
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Hangzhou, People’s Republic of China This article is concerned with a composite adaptive robust control (CARC) for
non-strict feedback nonlinear systems with model uncertainties including para-
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Email: gltao@zju.edu.cn unknown parameters are time-varying. This is accomplished firstly by designing

scribed tracking performance is achieved by the CARC control law even the

a discontinuous projection that confines the unknown parameters in an esti-
mated region. Then the robustness of the closed-loop system is guaranteed by
leveraging the deterministic robust control philosophy. Also, a command filter
has been designed to avoid computing complex derivatives of virtual control
law in the backstepping procedure. Secondly, a composite adaptation law that
intelligently integrates information of both tracking error and prediction error
is constructed for improving the performance of controllers. The high adapta-
tion gain of CARC leads to higher parameter convergence speed and smaller
tracking errors. Moreover, if the actual parameters are within the design range,
asymptotic stability can be achieved in presence of parametric uncertainties
only. In addition, exponential convergence of tracking errors and parameters
can be shown under certain conditions. Finally, numerical examples are made

to validate the superiority and effectiveness of the proposed control scheme.

KEYWORDS

adaptive robust control, composite adaptive control, nonlinear systems

1 | INTRODUCTION

An accurate dynamical model of nonlinear systems is necessary for high-performance feedback control. However, an
accurate dynamical model is very hard to acquire. The real operation environment is complex, and many uncertainties
exist in nonlinear systems. Generally, the primary concern for model uncertainties of nonlinear systems is the parametric
uncertainties and uncertain nonlinearities.! Parametric uncertainties are about the known nonlinear features of a sys-
tem with unknown parameters. The unknown nonlinear features, disturbances, and modeling errors are referred to as
uncertain nonlinearities.

An adaptive robust control (ARC),>* which intelligently integrates adaptive control>” and deterministic robust
control,®!° has been studied heavily for its capability to handle parametric uncertainties and uncertain nonlinearities
simultaneously. Being robust to model uncertainties while retaining the ability of model learning, the ARC control

5800 | © 2023 John Wiley & Sons Ltd. wileyonlinelibrary.com/journal/rnc Int J Robust Nonlinear Control. 2023;33:5800-5818.
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Abstract: In this paper, an adaptive robust neural network controller (ARNNC) is synthesized for a
single-rod pneumatic actuator to achieve high tracking accuracy without knowing the bounds of the
parameters and disturbances. The ARNNC control framework integrates adaptive control, robust
control, and neural network control intelligently. Adaptive control improves the precision of dynamic
compensation with parametric estimation, and robust control attenuates the effect of unmodeled
dynamics and unknown disturbances. In reality, the unmodeled dynamics of the complicated
pneumatic systems and unpredictable disturbances in working conditions affect the tracking precision.
However, these cannot be expressed as an exact formula. Therefore, the real-time learning radial
basis function (RBF) neural network component is considered for better compensation of unmodeled
dynamics, random disturbances, and estimation errors of the adaptive control. Although the
bounds of the parameters and disturbances for the pneumatic systems are unknown, the prescribed
transient performance and final tracking accuracy of the proposed method can be still achieved with
fictitious bounds. Asymptotic tracking performance can be acquired under the provided circumstance.
The comparative experiments with a pneumatic cylinder driven by proportional direction valve
illustrate the effectiveness of the proposed ARNNC as shown by a high tracking accuracy is achieved.

Keywords: adaptive robust control; neural network; pneumatic systems

1. Introduction

Pneumatic actuators have been widely used in industrial applications due to the advantages of
having a high power/mass ratio, being low cost, clean, and easily serviced [1-3]. Some examples are
pneumatic force actuator systems [1,4], positioning control systems [5], and rehabilitation devices [6].
However, the dynamics of the pneumatic system are complicated, including the nonlinearities of
pressure dynamics, the compressibility of air, unmodeled friction, and random disturbances, etc.
The unmodeled dynamics, disturbances, and inaccurate mathematic models result in achieving precise
motion control of pneumatic cylinders being a challenging task.

The linear control strategy and modified linear control techniques [5,7,8] are widely applied
to the pneumatic systems, but the strong nonlinear dynamics of pneumatic systems restrict the
capability of a linear controller in achieving a high precision tracking performance. Therefore, the
model-based control strategy is considered for pneumatic systems [9]. The sliding mode control [10-12]
method is introduced to pneumatic systems for strong robustness; however, it has limited capacity to
compensate for nonlinear dynamics. In addition, the backstepping [13] technique is used for controller
design and stability analysis of the pneumatic systems. The adaptive control strategy [14] is used for
pneumatic systems to obtain a more precise model compensation but is vulnerable to disturbances.
Adaptive robust control (ARC) [15,16] takes advantages of robust control and adaptive control to
acquire robustness and better tracking performance. Zhu et al. [17,18] devised the adaptive robust
controller for a parallel manipulator driven by pneumatic muscles, and significant performance was

Appl. Sci. 2019, 9, 3472; doi:10.3390/app9173472 www.mdpi.com/journal/applsci
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