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Abstract

In this work, the robust position control scheme is proposed for the electro-mechanical system
using the disturbance observer and backstepping control method. To the external unknown load of the
electro-mechanical system, the nonlinear disturbance observer is given to estimate the external unknown
load. Combining the output of the developed nonlinear disturbance observer with backstepping
technology, the robust position control scheme is proposed for the electro-mechanical system. The stability
of the closed-loop control system has been proved via the Lyapunov analysis technique. Simulation results
are presented to demonstrate the feasibility of the proposed disturbance-observer-based position control
scheme of the electro-mechanical system.
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1. Introduction

Electro-mechanical system (EMS) has been widely used in the sensor system of the
agriculture mechanism. Thus, the position control of the mechanical system has been
extensively studied by many researchers and various control results have been developed in
the past several decades [1]. On the other hand, nonlinearities always ubiquitously exist in
electro - mechanical systems such as nonlinear springs and damping mechanisms [2]. To
achieve the good position control performance, the nonlinear control of EMS is a hot research
topic in the nonlinear control area [3-9]. Friction characterization and compensation were
studied for the electro-mechanical system [3]. Global chaos synchronization problem was
investigated for electro-mechanical gyrostat systems via variable substitution control [4]. Robust
adaptive vibration tracking control was developed for a micro-electro-mechanical system with
bound estimation [5]. Rigorous hybrid systems simulation was studied for an electro-mechanical
pointing system with discrete-time control [6]. However, the robust position control scheme of
EMS need to be further developed. Specially, the suffering unknown external disturbance
should be explicitly considered in the position control design stage to improve the control
performance of EMS.

In most existing control technologies for the electro-mechanical system, the external
disturbance has been strictly restricted with known upper boundary and then the position control
scheme was developed based on this assumption. However, the upper boundary of the external
disturbance is not exactly obtained in the practical engineering system. To eliminate the
bounded requirement of the unknown external disturbance, the disturbance observer technique
can be employed to estimate the unknown disturbance via using the good approximation
performance of the disturbance observer. Recently, the disturbance observer technology has
been extensively investigated and various results have been presented [10-17]. A robust
tracking control was studied for an uncertain nonlinear system using disturbance observer. 10 A
nonlinear disturbance observer was presented for robotic manipulators [11]. The disturbance
attenuation and rejection technique was presented for systems with nonlinearity via Disturbance
Observer Based Control (DOBC) approach [12]. Composite disturbance-observer-based control
and He= control were developed for complex continuous models [13]. Terminal sliding mode
control was proposed for uncertain nonlinear systems using disturbance observer [14]. In this
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paper, the disturbance observer is developed for approximating the external unknown
disturbance load of the electro-mechanical system.

On the other hand, the backstepping method has become one of the most popular
control design methods for special classes of uncertain nonlinear systems and different
backstepping control schemes have been developed [18-23]. Adaptive fuzzy output tracking
control was proposed for a class of uncertain nonlinear systems.18 Using the backstepping
method, adaptive tracking control was proposed for a class of uncertain multi-input and multi-
output (MIMO) nonlinear systems with input saturation [19]. Robust adaptive neural network
control was developed for a class of uncertain MIMO nonlinear systems with input nonlinearities
via the backstepping technique [20]. Adaptive neural output feedback tracking control was
studied for a class of uncertain discrete-time nonlinear systems [21]. A dynamical surface
control (DSC) approach to robust adaptive neural network (NN) tracking control was presented
for strict-feedback nonlinear systems [22]. Adaptive neural control was proposed for a class of
perturbed strict-feedback nonlinear time-delay systems [23]. However, there are few
disturbance-observer-based backstepping control results for electro-mechanical systems. Thus,
the robust position control combining disturbance observer with backstepping technique needs
to be further concerned for the electro-mechanical system to improve the control performance.

This work is motivated by the disturbance-observer-based robust position control of the
electro-mechanical system with unknown load. The nonlinear disturbance observer is firstly
developed to approximate the unknown load of the electro-mechanical system. Then, using the
output of the developed disturbance observer, the robust position control is proposed for the
electro-mechanical system. The organization of the paper is as follows. Section 2 details the
problem formulation. Section 3 presents the design of nonlinear disturbance observer. Robust
position control is investigated for electro-mechanical systems based on the disturbance
observer in Section 4. In Section 5, simulation results are given to demonstrate the
effectiveness of our proposed position approach, followed by concluding remarks in Section 6.

2. Problem Formulation
An electro-mechanical system with a nonlinear spring described as a controlled
Duffing’s equation can be expressed as [24]

mi& o0& fx+ f.x* =ku+b (1)

where X, Uand b are displacement, controller force and disturbance, respectively. M, Cand
kt are the mass, damping and the torque constant, respectively. f1 and f3 are nonlinear
spring coefficient. b is the external disturbance which is an unknown time-varying load.

If the displacement is chosen as the output of the electro-mechanical system, i.e.,
y =X. Define Z, =X and z, = X. Then, the electro-mechanical system (1) can be written as

5‘: Z,
f, ;s K b

C f
=——17,—Lz 27, +Ltu+— (2)
m m m m m

y=1

The position control objective of this paper is that the displacement of the electro-
mechanical system can track the given bonded desired position in the presence of external

unknown load. For the desired position Y, , the proposed position control can make that all

closed-loop signals are bounded, and the system output follows the desired signal Y, such that

the tracking error converges to a very small neighbourhood of the origin.
Since the load b is unknown, it cannot be directly utilized to design the position control
scheme for the electro-mechanical system. Thus, the disturbance observer is developed to
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efficiently estimate it in our paper. Before the design of disturbance observer, the following
assumption is required:

Assumption 1: For all system states X, the unknown time-varying load b satisfies
| bgfg & with unknown positive constant& > 0.

3. Nonlinear Disturbance Observer Design for Unknown Load
In this section, the nonlinear disturbance observer is developed to estimate the time-

varying unknown load b [10, 25]. To design a nonlinear disturbance observer, the auxiliary
design variable d is given by

d=-b+k,mz, 3)

where K, >0 is a design parameter of the nonlinear disturbance observer.

The time derivative of d can be written as

e 1% k m& = 8%k, (cz, + f,z, + f,2° —ku—b) (4)
Considering (3), we have
¢ 18k, (cz, + f,z, + £,2° —ku+d —k,mz,) (5)

On the basis of (5), the nonlinear disturbance observer is designed as
& —k,(cz, + fz, + £,25 —ku—d +k,mz,) (6)

where d is the estimate value of the auxiliary design variabled .
Invoking (5) and (6), the estimate error of the disturbance observer can be described
as

o R & ek )

where §% d —d is the disturbance estimate error.
Using the estimate value of the auxiliary design variable and considering (3), the
estimate of unknown time-varying load is given by

b=k,mz, —d .

where b is the estimate value of unknown time-varying load b .
According to (3) and (8), the estimate error of unknown time-varying load b is written as

Bob-b=d-d= )

The design of nonlinear disturbance observer for the electro-mechanical system can be
summarized in the following theorem.

Theorem 1: Considering the electro-mechanical system (1) with unknown time-delay
load, the nonlinear disturbance observer is designed as (6) and (8). Then, the estimate error of
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the developed nonlinear disturbance observer for the unknown load is uniform asymptotically
convergent.

Proof: To consider the convergent ability of estimate errorl%, the Lyapunov function
candidate is given by

V, =0.588 = 0.5¢% (10)
Invoking (7), the derivative of V, is given by

VB -tk = ek B (1)
Considering Assumption 1 and the following fact
~ 36 0.5(8 +1%) < 0.5(48 + £2) (12)

we have
V< —(k, —0.5)d8 +0.5¢7 (13)
It is apparent that \/§‘< 0 if the following inequality is satisfied:

05

>— 14
k,—05" 14

Thus, we can choose proper design parameter k0 obtain the satisfactory unknown
load approximation performance.

4. Backstepping Position Control Design Using Disturbance Observer

In this section, the output of disturbance observer is used to replace the unknown
load. And then, the robust position control is developed using backstepping method and
disturbance observer technique. To design the backstepping position control, we

definee, =y -y, .
Step 1: Considering (2), the time derivative of € can be written as

Q=P =X %=2,-% (15)
The virtual control law ¢, is designed as
o, =—-ke + & (16)

where k; >0.
Define the new error variable as

e,=2,-q (17)

Considering the following Lypunov function candidate
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_ 2
V, =0.5¢, (18)
we have
\=e&=¢e(z,- &) =¢(e, +o,— W) (19)
Substituting (16) into (19) yields
\& 2
1= _klel +6¢8, (20)
Step 2: Consider the Lyapunov function candidate
* 2
V, =V, +0.5¢, 21)
The time derivative of €,is given by
c f f k b
=&-&=——17,—2t7 -2 +u+—- (22)
G=B-dk=——z,— Lzt Lur -
where o= —K &+ ¥&.
Invoking (21), we obtain
f e,f ek e,b
V& = _ke?tee, — 28, _Sh, Gl SN, 8D (23)
2 -1 1~2 m 2 m 1 m 1 m m 2@(

To analyze the effect of disturbance estimate error, the Lyapunov function candidate
is chosen as

V, =V, +0.508% (24)
Considering (18) and (22), we have

e,c e,f

e,k
2 2 2
V< —ke? +ee, - - z,

e,f e,b
Lz, -2 m‘u+ﬁ—e2a&+%§i (25)

220+
m m

The robust position control law is designed as

yo ot izt f,z> —b —me, —mk,e, + ma&

(26)
kt
where k2 > Qs the design parameter of the position control.
Substituting (26) into (25) yields
eb eb e, B0
V< —ke? —k,e? L&D &0 pek —k,e” — kel -2+ (27)
m m m

Considering (27) and the following fact
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—e,B0< 0.5¢2 +0.50° (28)

we obtain
V< —ke? - (k, Jri)ez2 +L go B (29)
2m 2m

Considering (11) and (12), (29) can be written as

1

1
V< —ke? - (k, —ﬂ)eg (k=5 - 0.5)f8 +0.5¢7 (30)

The design of robust position control using nonlinear disturbance observer and
backstepping method for the electro-mechanical system can be summarized in the following
theorem.

Theorem 2: Considering the electro-mechanical system (1) with unknown time-delay
load, the nonlinear disturbance observer is designed as (6) and (8), the robust position control is
designed as (26). Then, the disturbance observer estimate error and the position tracking error
are uniform asymptotically convergent.

Proof: From (30), we can know that all closed-loop system signals are convergent if

all design parameters K, k; and k, are properly chosen.

Remark 1: Since the nonlinear disturbance observer is used to estimate the
unknown load of EMS in this paper, the developed robust position control can also handle the
parameter uncertainties of EMS. We need only treat the parameter uncertainties as a part of the
unknown load and use the developed nonlinear disturbance observer to approximate it. On the
hand, the exponential convergence of all closed-loop system signals can be guaranteed only if
the unknown load is constant.

5. Simulation Study
In this section, the simulation results are presented to demonstrate the effectiveness of
the proposed disturbance- observer-based robust position control for EMS.
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Figure 1. Time history of unknown load
Figure 2. Position tracking error under the
backstepping control
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In the simulation, all simulation parameters of the electro- mechanical system are
chosen as the following values: m = 1 kg, ¢ =5 Ns/m, f1 = 100 N/m, f3 = 500000 N/m3, kt=1N/v.
All control design parameters are chosen as kO = 20, k1= 5 and k2=16. 24 Consider the
unknown load is applied on the electro-mechanical system. In the simulation, the load time
history is given in Figure 1. The nonlinear disturbance observer is proposed as (6) and (8). The
position controller is designed in accordance with (26). The position error under the design
nonlinear control law is shown in Figure 2. The control output is shown in Figure 3.

] 5 10 15 20 25 30
Time[s]

Figure 3. The control input

From these simulation results, we can see that the position tracking error is
satisfactory under the designed robust position controller. On the other hand, the control input is
convergent. Thus, the proposed robust position control scheme based on disturbance observer
and backstepping method is valid for the electro-mechanical system.

6. Conclusion

Robust position control scheme has been studied for the electro-mechanical system
with external time-varying unknown disturbance load in this paper. The nonlinear disturbance
observer is developed to estimate the external disturbance load of the electro-mechanical
system and the robust position control scheme combing the feedback control with the
disturbance observer has been investigated based on the output of disturbance observer.
Simulation results illustrate the effectiveness of the proposed robust position control scheme of
the electro-mechanical system.

Acknowledgments

This work is partially supported by National Natural Science Foundation of China
(Granted Number: 61174102), Jiangsu Natural Science Foundation of China (Granted Number:
SBK2011069), Program for New Century Excellent Talents in University of China (Granted
Number: NCET-11-0830) and A Project Funded by the Priority Academic Program Development
of Jiangsu Higher Education Institutions.

References

[11 De SK, Aluru NR. Complex nonlinear oscillations in electrostatically actuated microstructures. J
Microelectromech Syst. 2006; 15(2): 355-369.

[2] Folkmer B, Siber A, GroRse Bley W, Sandmaier H, Lang W. Improved simulation for strongly coupled
micro-electro-mechanical systems: resonant vacuum sensor optimization. Sensors and Actuators A:
Physical. 1999; 74(2): 190-192.

TELKOMNIKA Vol. 11, No. 3, March 2013 : 1675 — 1681



TELKOMNIKA ISSN: 2302-4046 H 1681

[3] Tegoeh T, Farid AB, Hendrik VB, Wim SJ. Friction characterization and compensation in electro-
mechanical systems. Journal of Sound and Vibration. 2007; 308(3): 632-646.

[4] Chen Y, Wu XF, Liu Z. Global chaos synchronization of electro-mechanical gyrostat systems via
variable substitution control. Chaos, Solitons & Fractals. 2009; 42(2): 1197-1205.

[5] Fei J. Robust adaptive vibration tracking control for a micro-electro-mechanical systems vibratory
gyroscope with bound estimation. Control Theory & Applications, IET. 2010; 4(6): 1019-1026.

[6] Taylor JH, Kebede D. Rigorous Hybrid Systems Simulation of an Electro-mechanical Pointing System
with Discrete-time Control. Proceedings of the American Control Conference. New Mexico. 1997; 5:
2786 - 2789 .

[7]1 Mulder EF, Kothare MV, Morari M. Multivariable anti-windup controller synthesis using linear matrix
inequalities.Automatica. 2001; 37(9): 1407-1416.

[8] Grimm G, Hatfield J, Postlethwaite |, Teel AR, Turner MC, Zaccarian L. Antiwindup for stable linear
systems with input saturation: an LMI-based synthesis. IEEE Transactions on Automatic Control.
2003; 48(9): 1509 - 1525.

[9] Buschek H, Calise AJ. Uncertainty modeling and fixed-order controller design for a hypersonic vehicle
model. AIAA Journal of Guidance, Control, and Dynamics. 1997; 20(1): 42-48.

[10] Chen M, Mei R. Robust tracking control of uncertain nonlinear systems using disturbance observer.
Proceedings 2011 International Conference on System Science and Engineering. Mcaau. 2011; 1: 8-
10.

[11] Chen WH. Disturbance observer based control for nonlinear systems. IEEE/ASME Transactions on
Mechatronics. 2004; 9 (4): 706-710.

[12] Guo L, Chen WH. Disturbance attenuation and rejection for systems with nonlinearity via DOBC
approach. International Journal of Robust and Nonlinear Control. 2005; 15(3): 109-125.

[13] Wei XJ, Guo L. Composite disturbance-observer-based control and He control for complex
continuous models. International Journal of Robust and Nonlinear Control. 2010; 20(1): 106-118.

[14)Wei XJ, Guo L. Composite disturbance-observer-based controland terminal sliding
mode control for non-linearsystems with disturbances. International Journal of Control. 2009; 82(6):
1082-1098.

[15] Chen M, Jiang CS, Jiang B, Wu QX. Sliding mode synchronization controller design with neural
network for uncertain chaotic systems. Chaos, Solitons Fractals. 2009; 39(4): 1856-1863.

[16] Chen M, Chen WH. Sliding mode control for a class of uncertain nonlinear system based on
disturbance observer. International Journal of Adaptive Control and Signal Processing. 2010; 24(1):
51-64.

[17] Chen M, Chen WH. Disturbance-observer-based robust control for time delay uncertain systems.
International Journal of Control, Automation, and Systems. 2010; 8(2): 445-453.

[18] Liu YJ, Wang W, Tong SC. Adaptive fuzzy output tracking control for a class of uncertain nonlinear
systems. Fuzzy Sets and Systems. 2009; 160(19): 2727-2754.

[19] Chen M, Ge SS, Ren BB. Adaptive tracking control of uncertain MIMO nonlinear systems with input
constraints. Automatica. 2011; 47(3): 452-465.

[20] Chen M, Ge SS, How B. Robust Adaptive Neural Network Control for a Class of Uncertain MIMO
Nonlinear Systems With Input Nonlinearities. IEEE Transactions on Neural Networks. 2010; 21(5):
796-812.

[21] Liu YJ, Chen CLP, Wen GX, Tong SC. Adaptive Neural Output Feedback Tracking Control for a Class
of Uncertain Discrete-Time Nonlinear Systems. IEEE Transactions on Neural Networks. 2011; 22(7):
1162-1167.

[22] Li TS, Wang D, Chen NX. A DSC Approach to Robust Adaptive NN Tracking Control for Strict-
Feedback Nonlinear Systems .IEEE Transactions on System Man, and Cybernetics-Part B:
Cybernetics. 2010; 40(3): 915-927.

[23] Wang M, Chen B, Shi P. Adaptive Neural Control for a Class of Perturbed Strict-Feedback Nonlinear
Time-Delay Systems. IEEE Transactions on Systems, Man, Cybernetics,Part B: Cybernetics. 2008;
38(3): 721-730.

[24] Chen WH, Guo L. Analysis of disturbance observer based control for nonlinear systems under
disturbances with bounded variation. Control 2004, University of Bath. Bath. 2004; 48: 1-5.

[25] Sun ZG, Cheung NC, Zhao SW, Gan WC. The application of disturbance observer-based sliding
mode control for magnetic levitation systems. Proceedings of the Institution of Mechanical Engineers,
Part C: Journal of Mechanical Engineering Science. 2010; 224(8): 1635-1644.

Robust Position Control of Electro-mechanical Systems (Rong Mei)



