creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804: 48009- 200000503861

Master of Science

DISTURBANCE OBSERVER-BASED CHATTERING-FREE
TERMINAL SLIDING MODE CONTROL FOR NONLINEAR
SYSTEMS SUBJECT TO MATCHED AND MISMATCHED
DISTURBANCES

The Graduate School
of the University of Ulsan
School of Mechanical Engineering

DUC GIAP NGUYEN



DISTURBANCE OBSERVER-BASED CHATTERING-FREE
TERMINAL SLIDING MODE CONTROL FOR NONLINEAR
SYSTEMS SUBJECT TO MATCHED AND MISMATCHED
DISTURBANCES

Supervisor: Professor KYOUNG KWAN AHN

A Dissertation

Submitted to
the Graduate School of the University of Ulsan
In Partial Fulfillment of the Requirement

for the Degree of

MASTER OF SCIENCE

(Mechanical and Automotive Engineering)

by

DUC GIAP NGUYEN

School of Mechanical Engineering
University of Ulsan, Korea

June 2021



DISTURBANCE OBSERVER-BASED CHATTERING-
FREE TERMINAL SLIDING MODE CONTROL FOR
NONLINEAR SYSTEMS SUBJECT TO MATCHED AND
MISMATCHED DISTURBANCES

This certifies that the dissertation of

NGUYEN DUC GIAP is approved by

Ol By Ko

Committee Chair: Prof. BYOUNG RYOUNG LEE

((W \@9‘” A

)
Committee member: Prof. KYOUNG KWAN AHN

Chadllipn

Committee member: Prof. CHEOL KEUN HA

Department of Mechanical and Automotive Engineering
University of Ulsan, Korea

June 2021



Master of Science

DISTURBANCE OBSERVER-BASED CHATTERING-FREE
TERMINAL SLIDING MODE CONTROL FOR
NONLINEAR SYSTEMS SUBJECT TO MATCHED AND
MISMATCHED DISTURBANCES

The Graduate School
of the University of Ulsan

School of Mechanical Engineering

DUC GIAP NGUYEN



DISTURBANCE OBSERVER-BASED CHATTERING-FREE
TERMINAL SLIDING MODE CONTROL FOR NONLINEAR
SYSTEMS SUBJECT TO MATCHED AND MISMATCHED
DISTURBANCES

Supervisor: Professor KYOUNG KWAN AHN

A Dissertation

Submitted to
the Graduate School of the University of Ulsan
In Partial Fulfillment of the Requirement
for the Degree of

MASTER OF SCIENCE

(Mechanical and Automotive Engineering)

by

DUC GIAP NGUYEN

School of Mechanical Engineering
University of Ulsan, Korea

June 2021



Acknowledgments

| would like to express my sincere appreciation and gratitude to my advisor, Professor
Kyoung Kwan Ahn for the study opportunity, his support and encouragement throughout my
study at the University of Ulsan.

| would express my appreciation to my colleagues in the FPMI lab, Mr Duc Thien Tran,
Mr Tri Dung Dang, Mr Hoai Vu Anh Truong, Mr Tri Cuong Do, Mr Cong Phat Vo, Mr Xuan
Dinh To, Mr Cong Minh Ho, Mr Chau Duy Le, Mr Quang Tan Nguyen, Mr Hoang Vu Dao,
Mr Abu Naushad Parvez, Mr M. Shahriar, Mr Hoai An Trinh, Mr Van Du Phan, Mr Duy Linh
Vu, Mr Cong Hung Nguyen, Mr Yong Soo Park, Mr Thanh Ha Le, Mr Quoc Hung Hoang for
their helpful discussions, great supports, inspirations and precious friendship.

Importantly, my appreciation goes towards my parents who always provide support and
encouragement for me. | truly appreciate my brother and sister for their countless support.

Ulsan, Korea, June 2021
Duc Giap Nguyen



Contents

ACKNOWIBAGMENES. ...ttt I
(00 01 1=] 0 KT O TP OPRRPRPTOPRRRP I
TS 0 T [N =TSRSS Il
LSt OF TADIES ...t bbbttt bbb b \Y
NOMEBNCIATUIE ...ttt ettt e et e st e s beenbeeneesreesteeneenres Vi
F N S 2 ¥ X SRR VII
Chapter L INTRODUCTION.......cciiiieieie ittt sttt aene st seneanes 1
IO R = - Tod (o | (01U o OSSR 1
1.2 Problem StAtEMENT.......ccoiiiieece e 3
1.3 Research Objectives and OULIINE ...........coeiiiiieii i 6
Chapter 2 DISTURBANCE-OBSERVER-BASED TERMINAL SLIDING MODE
CONTROL DESIGN FOR A CLASS OF SECOND-ORDER NONLINEAR SYSTEMS .....9
2.1 Nonlinear Finite-time Disturbance Observer DeSIgN ........ccccovevvevieieeresiic e 9
2.2  Disturbance Observer-based Chattering-free Full-order Terminal Sliding Mode
(@001 £0] I LTS T o SRR PS 10
Chapter 3 GENERALIZATION TO THE NTH-ORDER NONLINEAR SYSTEMS. .......... 14
3.1  Towards the Problem of Stabilization.............ccoceiiiiiiiniiiiniic e, 14
3.2  Towards the Problem of Tracking Control .............ccccoceiieiiiieiiccc e, 17
Chapter 4 SIMULATIONS AND EXPERIMENTS .....oooiiiiiiiiesece e 22
4.1  Case Study 1: Numerical EXamMPIE ......ccooveiieiiiiiceece e 22
4.2  Case Study 2: Stabilizing an Electro Hydrostatic Actuator System in Simulation...29
4.3  Case Study 3: Voltage Control for Bidirectional DC-DC Converter ....................... 39
4.4  Case study 4: Experimental Validation on an Electro Hydrostatic Actuator (EHA)
) A1 (=] 1. [ PP 50
Chapter 5 CONCLUSION AND FUTURE WORK ......cocoiiiiiiiieseiee e 56
5.1 SUMMIAIY .ttt e e bt e e s e e e bb e e e bt e e e bt e e e be e e e tnaeasnaeannes 56
5.2 FULUIE WOTK ... ettt st ae e 57
RETEIBINCES ...ttt b ettt bttt s e bt et e e ne et neennes 58



List of Figures

Figure 1. Response trajectories OF STAE X, . ...cccuciicieiiriiiriese e 23
Figure 2. Response trajectories Of STAE X, . .....ociviiieiirieiiieierese e 24
Figure 3. Response trajectories of Control SigNal. ..o 24
Figure 4. Trajectory of the mismatched disturbance. ............ccocooveiiiiiiiiin e, 24
Figure 5. Response trajectories of disturbance estimation error. ...........ccccoccevvvevveiesieseesnene 26
Figure 6. Sliding mode surface trajectory delivered by the proposed controller...................... 26
Figure 7. Effectiveness of the lowpass-filter-like approach in sliding surface (a) and control
SIGNAI (10). 1 27
Figure 8. Influence of design parameters on observer performance...........cccoceeeveveiieevvennenne. 28
Figure 9. Nominal performance preservation capability of the proposed controller............... 29
Figure 10. Schematic diagram of the EHA SYStem.........ccoociiiiiiiiiiiicee e 30
Figure 11. Response position trajectories in case of same (a) and different (b) control
QLU LR T ] £ F TP 35
Figure 12. Response velocity trajectories of EHA SYStem. ........ccccveiveiiiii e 35
Figure 13. Response nominal acceleration trajectories of the EHA system. ..........cccceoveenne. 36
Figure 14. Response control signals of the EHA SyStem..........cccociiiiiiiicinincces 36
Figure 15. Mismatched disturbance existing in the EHA System. ..........ccccccvvveveiieieeveennee 37
Figure 16. Mismatched disturbance estimation errors of the proposed controller. ................. 37
Figure 17. Response chamber pressures for the DOBTSMC CaSE. .....cccovrvvriirereniseeieiienes 37
Figure 18. Circuit diagram of a bidirectional DC-DC CONVEIEr. ........cccooereiiiininiiieieiene, 39
Figure 19. Equivalent circuit diagram of the state 1: Q, ON - Q, OFF.........ccccocviiiiiiieienn, 40
Figure 20. Equivalent circuit diagram of state 2: Q, OFF - Q, ON.......cccceoviiiniiiniice 41
Figure 21. MATLAB-Simscape modeling of the system. ..........cccccoviiiiiiic i, 44
Figure 22. Output voltage response (a) and voltage tracking error (b) of the converter. ........ 46
Figure 23. Inductor current response of the CONVEITEr. ..o 46
Figure 24. Duty cycle response of the converter: Original (a) and Filtered (b)...........c.c........ 47
Figure 25. Mismatched disturbance (a) and its estimation error (B).........cccccovveviiiiieiieinnnnn, 48
Figure 26. Matched disturbance (a) and its derivative (b) existing in the system. .................. 48
Figure 27. Photograph of the experimental apparatus. ...........c.ccovririeiiieiene i 52
Figure 28. Position tracking errors of PID and the proposed controller.............cccoeveiiennnnne, 53



Figure 29. Control input trajectory of PID and the proposed control algorithm. .................... 54
Figure 30. External force and its estimation using the proposed disturbance observer........... 54

Figure 31. Working pressures of cylinder chambers. ..........ccccoevviieiciccc e 55



List of Tables

Table 1. Major components in the considered EHA SYStem.........cccocveveiieiveve e, 30
Table 2. List of parameters used to model the EHA SYSteM.........ccooviiiiiiienininieeeee, 31
Table 3. Nominal Value of the EHA System Parameters. ..........ccoceoeieieneieninieneseeeee, 34
Table 4. Nominal Values of the Bidirectional Converter Parameters ...........ccoccoevvvririennennn, 45



Nomenclature

Xi System states
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ABSTRACT

In a class of nonlinear systems that is susceptible to both matched and mismatched
disturbances, the working performance can be greatly influenced and deteriorated if these
disturbances are not considered in controller design. While matched disturbances enter the
system in the same channel as the control input, mismatched disturbances act in a different
channel and are more difficult to deal with. This work proposes a finite-time disturbance
observer-based terminal sliding mode control for a class of nonlinear systems subject to both
matched and mismatched disturbances.

The proposed control algorithm is first developed to stabilizing a class of second-order
nonlinear systems subject to both matched and mismatched disturbances. This scheme employs
a nonlinear finite-time disturbance observer to estimate mismatched disturbances fast and
accurately. The result obtained from the observer is then utilized in the controller design to
suppress the influence of the mismatched disturbances. To overcome the nonlinear
characteristics, unmodeled dynamics, parameter uncertainties and matched disturbances, a
terminal sliding mode control scheme is applied for its finite-time convergence and robustness
against disturbances. The structure of a chattering-free full-order terminal sliding mode control
is used to design the control algorithm to alleviate chattering and singularity phenomena in the
control signal. Later in this dissertation, the proposed control algorithm is extended to the nth-
order nonlinear systems. Also, besides stabilizing, the control algorithm is modified and then
utilized to address the problem of tracking control. Stability analyses are provided after the

mathematical formulation to support the controller design.

Four different study cases are carried out to verify the effectiveness of the proposed
control algorithm. The first numerical simulation is given to assess and discuss the performance
of the proposed controller theoretically. The second simulation study on controlling an electro
hydrostatic actuator system partly reflects the practicality of the proposed controller. In the first
two simulation studies, the proposed control algorithm is compared with a conventional
terminal sliding mode control and an extended-state-observer-based sliding mode control for
better performance evaluation. The third study is a task of controlling a bidirectional DC-DC
converter, in which the proposed controller is used to suppress the influence of disturbances

and produce a desired output voltage value. The final study is carried out in an experimental

Vil



setup, where the proposed control algorithm was implemented to solve the problem of
displacement tracking control for an electro hydrostatic actuator system. PID controller is also
employed in this case study for comparison. Throughout the studies, the proposed control
algorithm has proved its effectiveness in stabilizing and tracking control for different systems
that exhibit both matched and mismatched disturbances. However, more rigorous experiments
should be conducted to validate the superiority over other control algorithms.

Vil



Chapter 1
INTRODUCTION

1.1 Background

Sliding mode control (SMC), as one of the most popular control algorithms, possesses
several desirable characteristics such as design simplicity, ease of implementation and
robustness to external disturbances, model uncertainties and parameter variations. Thus, SMC
has been receiving a tremendous amount of attention and is widely found in diverse practical
applications including robotics [1-6], electrical and mechanical systems [7-12] and aerospace
engineering [13-17]. Nonetheless, the conventional SMC still exhibits several drawbacks,
namely chattering, asymptotic convergence and being susceptible to mismatched disturbances.

Chattering phenomena occur in the conventional SMC owing to the use of a switching
function, which leads to high oscillations in the control signal [18]. Enormous efforts have been
made in the literature to attenuate this problem including boundary layer [19], second and
higher-order SMC [20-22], low-pass filtering [23, 24] and disturbance observer [25]. Another
problem found in the conventional SMC is that system states can only asymptotically converge
to the equilibrium point. On the other hand, terminal sliding mode control (TSMC) can drive
system states both to the sliding mode surface and to the equilibrium point in finite-time [26].
Although the conventional TSMC inherits the robustness characteristic from its predecessor, it
still suffers from the chattering phenomenon and is prone to the singularity problem as the
control signal instantly jumps to infinity. A mass of studies devoted to solving this problem, to
name just a few, can be referred to [27-29]. Recently, a chattering-free full-order TSMC is
developed in [30], which satisfactorily resolves both chattering and singularity problems
mentioned above.

A rather less common problem that SMC faces is mismatched disturbances, which act in a
different channel with the control input. Examples in which mismatched disturbances exist are
MAGLEV suspension systems, permanent magnet synchronous motor systems and flight
control systems [31]. Various methods that contribute to tackling this problem are integral
SMC [32-34] and adaptive SMC [35-37]. However, it is well known that the integral action
might produce several undesirable effects such as large overshoot and long settling time to the

control system. Also, the nominal performance is normally sacrificed for robustness against



disturbances in these methods. Disturbance observer-based SMC, on the other hand, is a more
promising approach to deal with mismatched disturbances [31, 38-42]. In [38], a nonlinear
disturbance observer is introduced to develop a new sliding mode surface in an attempt to
attenuate the mismatched disturbance. However, the mismatched disturbance considered in this
work must be constant instead of time-varying, which is a very restrictive constraint as the
disturbance can continuously change over time in practical applications. In other words, unless
the mismatched disturbance is time-invariant, the algorithm [38] fails to stabilize the control
system. Besides, the nonlinear disturbance observer utilized in [38] is proved to be
exponentially stable only in case of slowly time-varying mismatched disturbances [43]. A
remedy for this constant restriction on the mismatched disturbance formulation is provided in
[39]. There, the proposed extended disturbance observer can estimate nonlinear and time-
varying mismatched disturbances. However, the problem of being Lyapunov stable without
convergence remains, thus limits the potential of the control algorithm. Another effort to
stabilize nonlinear systems can be referred to [41], where mismatched disturbances are
estimated and then suppressed by an extended-state-observer based sliding mode control. Both
matched and mismatched disturbances are considered in this paper. Nonetheless, the estimation
errors and the system state can only reach and vary in a small region around the equilibrium
point, indicating that the observer and the closed-loop system are only of Lyapunov stable
without convergence. Consequently, the mismatched disturbance cannot be estimated precisely,
and the system state cannot be stabilized in finite time.

Motivated by previous works, to accurately estimate and eventually counter the effect of
mismatched disturbances for a class of nonlinear systems, a new design of disturbance
observer-based TSMC is introduced in this paper. The finite-time disturbance observer
employed in this work can be easily found in the literature. There, an arbitrary-order exact
robust differentiator developed in [21] forms a basis for the development of this observer,
which has been employed by a large number of researchers in various applications. Some of
the works are mentioned as follows. In [44], a continuous terminal sliding mode control is
integrated with a finite-time disturbance observer to tackle the tracking control problem of
robotic manipulators. The composite controller is introduced with finite-time convergence
property in the presence of disturbances and with nominal control performance recovery ability
in the absence of disturbances. Also, the control law is shown to be continuous and free from
chattering. In [45], the influence of mismatched disturbances on a class of nonlinear systems

is attenuated by a continuous nonsingular terminal sliding mode control based on a finite-time



disturbance observer. The property of nominal performance recovery and chattering
attenuation of this control algorithm is verified in a simulation example of a Permanent magnet
Synchronous Motor (PMSM). The same disturbance observer is employed in [46] to solve to
problem of airgap control of a MAGnetic LEViation (MAGLEV) suspension vehicle in the
presence of both matched and mismatched disturbances. There, a new dynamic sliding surface
is developed by incorporating the information of the estimates of disturbances and their
derivatives. Another application of this disturbance observer can be found in [31], where the
authors integrate it with a nonsingular terminal sliding mode surface to control a DC-DC buck
converter. Simulation and experiments on the converter have proved that the proposed control
algorithm provides good disturbance rejection ability in the presence of matched and
mismatched disturbances. These references have convincingly demonstrated the effectiveness
of the high-order disturbance observer-based controllers in estimating and suppressing the
influences of matched and mismatched disturbances in different nonlinear dynamic systems.
Major features of the proposed control algorithm include the following points. First,
mismatched disturbances are rapidly estimated with great precision by a nonlinear finite-time
disturbance observer. Second, a new terminal sliding mode surface developed based on the
disturbance estimation results enhances the robustness against external disturbances,
uncertainties and unmodeled dynamics of the control system. Third, the utilization of a
chattering-free full-order terminal sliding mode surface structure in design effectively
suppresses chattering and singularity phenomena in the control signal. Fourth, Lyapunov
stability analysis, which is given alongside the design step, theoretically increases the reliability
of the proposed control scheme. Besides, comparative simulation and experimental studies
including a numerical example and the application to an Electro Hydrostatic Actuator (EHA)
system and a bidirectional DC-DC converter are provided to demonstrate the performance and
effectiveness of the proposed algorithm. Finally, although the control algorithm is developed
for a class of nonlinear second-order systems, the obtained results can be extended to the nth-

order form.

1.2 Problem statement

Consider a typical class of second-order nonlinear systems subject to both matched and

mismatched disturbances as follows [41]:



A)+g(x.t)u(t)+d,(t) (1)

where x=[x,X,]' is the system state and assumed to be available, f (x,t) and g(x,t)=0 are
two known smooth nonlinear functions, u(t) is the control input, y(t) is the system output,
and d; (t), i =1,2 are the time-varying mismatched and matched disturbances of the system.
Assumption 1: Both mismatched and matched disturbances d; (t), i=1,2 , as well as their
derivatives, are bounded and satisfy:
b ()]<d. [di(t)<p i=12 )
where ¢ >0and p, >0, (i :1,2) are positive constants. This assumption is reasonably

realistic due to the physical limitation of machinery in practical applications.

This work aims to design a disturbance observer-based terminal sliding mode controller to

drive the system state xl(t) to the origin in finite-time in the presence of matched and

mismatched disturbances. From this line, where the context is sufficiently explicit, the
arguments of a function might be omitted for brevity.
For the system (1), the chattering-free full-order TSMC developed in [30] is derived as

below. First, a new terminal sliding mode surface is introduced with the form:

S=X, +C, || sign(x, ) +c, x| sign(x,) (3)
Then, the control law is designed accordingly as:
=g (X)(Ug +U,) (4)

where u,, denotes the equivalent control and u, denotes the switching term. While u,, is
designed as
Uy =—F (X,t)—C, || sign(x, ) —c, x| sign(x,) (5)
u, is defined and filtered by the following method.
U +Tu =V (6)
v=—(p, +k: +7)sign(s) (7)

where 7 is a positive constant, T >0, k; is chosen satisfying k; >T¢,, ¢, and ¢; (i=1,2)



are positive constants. ¢, can be selected to ensure that the polynomial p*+c,p+c, is Hurwitz,
and ¢; can be determined to satisfy [30, 47]:

2-a, (8)
a,=a, ae(l-¢1), £€(0,1)

a,

By substituting the system (1) and the control law (4) and (5) into the sliding surface (3), one

can obtain:

S =%, +C,|%,| sign(x, ) +c, |x,|" sign(x,)

= F(x1)+g(xt)u+d, (t)+c,[x,[” sign(x,)+c, x| sign(x,)
=d,(t)+u, 9)

Consider a candidate Lyapunov function of the form: V (s)zgsz. It is proved in [48] that

u, (t)‘ < ¢, and this statement is depicted here for better understanding. Initially, u, (t=0)=0
is taken, i.e. u, (0)e[—¢,,4,]. Then, u, is proved that it cannot leave [—¢,,¢,]. Recall that
|d,|<4,, ‘dz‘s,oz in (2) and k; >T¢, in the first line after (7). Denote B = p, +k; +7. Due
to s=u,+d, in (9), (6) can be rewritten as

u, +Tu, =—psign(s)=—pAsign(u, +d,) (10)
If u, >¢,, then u, +T¢, >0, sign(u, +d,)=sign(u,)=1. It can be obtained from (10) that:

U =-Tu, - <0

In the same way, if u, <—¢,, then sign(u, +d,)=sign(u, )=-1. It can be obtained from (10)

that:
u,=-Tu,+4>0

Thus, the inequality u,u, <0 holds outside of [-¢,,4,], and u, cannot leave [-¢,.4,], i.e.
|u,| < 4, is kept forany t>0.
Dueto |u,|<d,, which is proved in the above step, accordingly, ‘dz (t)+Tu, (t)‘ <p,+T¢, are

kept for any t > 0. Differentiate the Lyapunov function V (s) , it follows that:



ss=s(d,+u,)
=s(d, +(y, +Tun)—Tun)
=s(d, +v-Tu,)

<(|d, ~Tu,|~ (0, +k; +7))]s]
=(‘d2 Tu,|=(p, + T, )~ (K _T¢2)_77)|S|
S—77|S| (11)

The inequality (11) indicates that the system states will reach the sliding surface s =0 in finite
time. Once the desired sliding mode s=0 is established, the dynamics of the system can be

expressed as

{Xixz"'dl(t) (12)
X, =—C, |X,| " sign(x,) —c, x| sign(x,)
In case there are no mismatched disturbances, (12) will become:
X, = X
{Xf e . (13)
X, =—C, | X, sign(x, ) —c, x| sign(x,)

From (13), if ¢, and «;, 1 =1,2 are chosen as below (7) and as in (8), respectively, then the

system states will converge to the equilibrium in finite time [47, 49]. However, in case
mismatched disturbances exist, based on the equation set (12), one can obtain the below

relationship:

% +C, % —d;|* sign (% —d, ) +¢,[x | sign(x ) =d, (14)
It is clear from the above equation that despite the control effort, the mismatched disturbance
still exists in the system dynamics. Thus, the resulted system state is strongly affected by the
mismatched disturbance. In other words, even though the system state can be attracted to the
sliding surface in finite-time, it cannot converge to the equilibrium point owing to the presence
of the time-varying mismatched disturbance. This is the reason why the chattering-free TSMC
developed in [30] can cope with matched disturbances yet fail to overcome the influence of

mismatched disturbances.

1.3 Research Objectives and Outline

The research objectives are listed as follows.



e Design a disturbance-observer-based terminal sliding mode control for the task of
stabilizing a class of second-order nonlinear systems subject to both matched and
mismatched disturbances.

e Extend the obtained results to stabilize a class of nth-order nonlinear systems.

e Modify the proposed control algorithm to solve the problem of tracking control for a
class of nth-order nonlinear systems.

e Verify the effectiveness of the proposed algorithm via numerical simulations and
experimental setup.

The dissertation consists of five chapters, which are organized as follows.

Chapter 1 gives a detailed introduction to the research. One of the main concerns is the
existence of mismatched disturbances in a class of nonlinear systems. The other concern is the
problem that a conventional chattering-free full-order terminal sliding mode control is faced
with as dealing with mismatched disturbances in such type of nonlinear systems. This draws
out the motivation for this research.

In Chapter 2, the solution to the problem is delivered in two steps. Step 1 introduces the
nonlinear finite-time disturbance observer to accurately estimate the mismatched disturbances
existing in the system. Step 2 presents the design of a disturbance-observer-based terminal
sliding mode control, which utilizes the disturbance estimation result to suppress the influence
of the mismatched disturbances. This chapter also introduces the chattering-free full-order
structure that alleviates the problem of chattering and singularity in conventional terminal
sliding mode control. The mathematical formulation is followed by a stability analysis to
support the design.

In Chapter 3, the designed control algorithm for second-order systems is extended for the
nth-order systems including the generalization of the system, the disturbance observer and the
terminal sliding mode controller. This chapter continues extending the proposed control
algorithm to address the problem of tracking control.

In Chapter 4, four different case studies are introduced to verify the effectiveness of the
proposed control algorithm. The first numerical simulation is given to help assess and discuss
the performance of the proposed control algorithm theoretically. The second simulation on
stabilizing an electro hydrostatic actuator partly reflects the practicality of the proposed
controller. The third study on voltage control a bidirectional DC-DC converter proves that the
proposed control algorithm can be applied for different kinds of system. This study also
introduces a new control-oriented modeling approach for a bidirectional DC-DC converter so

7



that it is more convenient to apply nonlinear control algorithms. The fourth study provides
experimental validation for the proposed control algorithm as it is employed to control the
displacement of an electro hydrostatic actuator system.

Chapter 5 provides conclusions and future work.



Chapter 2

DISTURBANCE-OBSERVER-BASED TERMINAL
SLIDING MODE CONTROL DESIGN FOR A
CLASS OF SECOND-ORDER NONLINEAR
SYSTEMS

In this section, a new chattering-free full-order terminal sliding mode control powered by a
nonlinear disturbance observer is proposed for the system (1). First, the disturbance observer
is employed to estimate the mismatched disturbance followed by a finite-time convergence
analysis. After that, a new terminal sliding surface and a control law are developed to ensure

that the system state will converge to the origin in finite time.

2.1 Nonlinear Finite-time Disturbance Observer Design

The objective of this section is to employ a finite-time disturbance observer to estimate the
time-varying mismatched disturbance existing in (1). Based on the research on globally

convergent differentiators in [50], a nonlinear disturbance observer is designed as follows.

2, =V, +X,

Vi = _ﬂlLl/3 |Zl - X1|2/3 Sign(zl - X1)_/41(21 - X1)+ Z,

2, =V, (15)
v, =-4,L"z, —v1|]/2 sign (z, =V, ) — 44, (2, -V, ) + 2,

2, =—13Lsign(z3 _Vz)_ﬂs(zs _Vz)

where z, =%, z,=d,, z,=d,,and L>0, 4,4 >0(i=123).

Assumption 2: The time-varying mismatched disturbance d, (t) is assumed to be second-

order differentiable and has a Lipschitz constant L.
Theorem 1: Given that the disturbance observer is designed as (15), if the design parameters

are properly selected, the following results are achieved in finite-time.
=%, 2,=4, Z3=dl (16)

Proof. For the disturbance observer (15), define the estimation errors as follows.



&= o &, = T & = C a7
By taking the derivative of ¢, &, and ¢, one can obtain the observer error dynamics:
& == |<91|2/3 sign(&,) — e, + &,
& =—he, —g'1|]/2 sign (e, —&,)— 1, (&, — &) + &
b= AaSiON (2~ - 1 (53~ 6,) - 1 (18)

Then, according to Theorem 3.1, Lemma B.1 and their proofs in [50], the estimation errors

(18) will converge to zero in finite-time, indicating that the nonlinear disturbance observer can

accurately estimate the system state x, (t), the time-varying mismatched disturbance d, (t)

and its derivative d, (t). This completes the proof of Theorem 1.

Remark 1: Viewers are strongly encouraged to read the works [21, 50, 51] and the
references therein to further understand the rigorous stability analysis of the disturbance

observer as well as how to properly choose its design parameters. It is noted in these above

references that the observer design parameters, {4,z }(i =1,2,3), are chosen recursively in

such a way that {/l, : ,ui} provide for the convergence of the observer with the Lipschitz constant
L indicated in Assumption 2. It is also mentioned by the authors that these parameters can be
easily changed since it is not very sensitive to their values. The tradeoff is as follows: generally,
the greater the parameters, the faster convergence of the disturbance observer yet higher
sensitivity to input noises and the sampling step and larger peaking phenomenon in the control
signal if the initial values of the system states and those of the observer states are different.
Thus, in the case of different initial values, a tradeoff could be made to ensure fast convergence

yet acceptable peaking phenomenon.

2.2 Disturbance Observer-based Chattering-free Full-order Terminal Sliding
Mode Control Design
In this section, based on the disturbance estimation, a new sliding surface is proposed, then
accordingly a new control law is designed to drive the system state to the equilibrium point in
finite time. Motivated by the work on chattering-free full-order SMC in [30], this work can
also be considered as an extension to the control strategies developed in [41] and [30].
A new disturbance observer (DOB)-based terminal sliding mode surface for the system (1)

is proposed as:
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O =%, +C,|X, +2,| sign(x, + 2, )+ ¢, x| sign(x, )+ z, (19)

where z, = dl, z, = d, obtained from the disturbance observer, ¢, and ¢, (i=1,2) are positive

constants. ¢; are chosen to guarantee that the polynomial p®+c,p+c, is Hurwitz, and ¢ are

determined as same as in (8).
Theorem 2: Given the sliding surface (19), if the control law is developed as

u:g‘l(x,t)(ueq+un) (20)
with the equivalent control
Uy =—F (X,1) =y X, + 2, sign (x, + 2, ) — ¢, x| sign(x, ) -z, (21)
and the switching term is filtered for chattering attenuation as
u,+Tu, =v (22)
=—(p, +k; +17)sign(c) (23)
where T, k;,  are defined as same as below (7), then the system (1) will reach the sliding
mode surface o =0 in finite-time, and the system state x, (t) will converge to the origin in

finite-time also.

Proof. By substituting the expression of , (t) in (1) and the control law (20), (21) into the

sliding surface (19), one can derive the following equality:

oc=X+C “sign(x, +2,)+¢, |x|" sign(x,)+z,
=[f(xt)+g(xt)u+d,(t)]+c,|x, +2,[" sign(x, +2,)+c,|x|* sign(x, )+ 2,
=d, (t)+u, (24)

Consider a candidate Lyapunov function as V (a) =%02. Differentiating the Lyapunov

function V (o) and following the same procedure in (11) yields:
V(o)=006
= J[dZ(t)+un]
<-nlo| (25)
which implies that the system will arrive at the sliding surface o =0 in finite time. Once the

desired sliding mode occurs, combining system (1) and sliding surface (19), one can obtain:

11



¢ =X, +d
{xl X, +d, 26

X, =—C, |X, + 2,

“sign(x,)-1z,

From the equation set (26), the following relationship can be established:

“sign(x, +2,)-¢|%,

5(.1 = Xz +d1
- [—cz |X, +2,|“ sign (X, + 2, ) — ¢, | x| sign (x,) - 23}+ d,
“sign(x,) -z, +d,

alsign(xl)—(z3—dl) (27)

=—C,|(% —d,)+ zz‘az sign((%, —d,)+2,)—¢,|x,

=—C, |% +(z, —d, )| " sign (% +(z, - d,))-c,|x,

According to Theorem 1, z, =d, and z, =d, are achieved in finite time by the disturbance

observer. Thus, the equation (27) becomes:

% =—C, %] sign (%) —c,|x|" sign(x,) (28)

Let w, =X, W, = X, the dynamic equation (28) can be transformed into

W, =W,
{ . (29)

W, =u

where U =—c, |w,|” sign(w,)—c, [w,|* sign(w;), and ¢;, ¢; (i=12) are designed as same as

below equation (19) and equation (8). Then, according to Proposition 8.1 and its proof in

[47], it can be concluded that the origin is a globally finite-time-stable equilibrium for the

system (29), indicating that the state X, (t) of the system (1) will eventually converge to zero

in finite time. This completes the proof for Theorem 2.
Remark 2: As stated in [30], the control signal (22) acts in the same manner as a low-pass

filter, where @ =T can be interpreted as the bandwidth of the filter. The non-smooth switching

function u, is therefore smoothened to prevent the chattering phenomena from happening if
the design parameters are properly chosen. Also, being a full-order sliding mode surface, it
allows deriving the corresponding control law without differentiating the term c, |*|“‘ sign (),
thus avoiding singularity.

Remark 3: It should be mentioned that the siding surface (19) includes the ‘acceleration’

signal X, (t), which can be obtained through differentiating the ‘velocity’ signal x,(t) .

Nonetheless, this action is sensitive to noises and thus can degrade system performance. Notice

that the proposed control law only utilizes the sign of the sliding surface o instead of its value.

12



Based on this observation, the same idea suggested in [30] is depicted here to avoid the use of

the ‘acceleration’ signal. Thus, sign (0') can be alternatively determined as follows.
sign (o) =sign(h(t)—h(t-7)) (30)

where h(t) is defined as:

h(t)= o(t)dt

t o o (31)
= x2+J0(cz|x2+zz| “sign (X, +2,)+¢, || lS|gn(x1)+zs)dt

and 7 is chosen to be the fundamental sampling time.
Alternatively, the nonlinear disturbance observer structure can be applied again to meet this

need and is presented below.

2, =V, + X,
V, ==Lz, =%, sign (2, — %, ) — 14, (2, = %, ) + 24

2 = Vs (32)
Vs = —A5L,Y? |75 v, [ sign (2, —v, ) — s (25 V) + 24

25 =—AL, SigN (25 — Vs ) — 4 (26 —Vs )

A

where x, = f (x,t)+g(xt)u, z,=%,, z,=d,, z,=d,. Since the disturbance observer is
proved to be finite-time convergent, after a transient period, z, = f(z can be regarded as the

‘acceleration’ signal. Besides, the matched disturbance d, (t) can be accurately estimated for

further use such as reducing the switching gain in the control signal (23), thus decreasing the
chance chattering phenomena will occur. However, the use of another disturbance observer
will increase the computational burden, which might represent a disadvantage in practical
applications.

Remark 4: As the mismatched disturbance is absent from the control system, if the initial
values of the observer states are selected as z,(t))=x(t,), z,(t,)=2(t,)=0 then it is
derived from the observer formulation and observer error dynamics that
&(t)=¢,(t)=¢(t)=0 and v,(t)=v,(t)=0. In this case, the sliding surface (19) and the

control law (20) will reduced to those of the conventional TSMC. This indicates the nominal

control performance preservation capability of the proposed controller.
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Chapter 3
GENERALIZATION TO THE NTH-ORDER
NONLINEAR SYSTEMS.

3.1 Towards the Problem of Stabilization

Consider a class of nonlinear nth-order systems of the form:
X =x,+d(t), 1=12,.,n-1
i i+1 |( ) (33)
X, = f(xt)+g(xt)u+d, (t)

where x (i=12,..,n) are the system states and assumed to be available, f(x,t) and
g(x,t)#0 are two known smooth nonlinear functions, u is the control input,

d(i=12,..,n-1) and d, are respectively the mismatched disturbances and matched
disturbance of the system. Similar to Assumption 1, it is assumed that the disturbances and
their derivatives are bounded.

o ()<, |d(V)<p, i=12..n (34)
The major objective in this section is to design a control algorithm such that the system state
xl(t) will converge to the equilibrium in finite time.

To accurately estimate the mismatched disturbances existing in the system, an nth-order

disturbance observer can be developed as follows.

Ly =V + Xy = @ (Zli =X ) +Zy + Xy

Zyi = Vo = @y (ZZi =V ) +Z;

(i=12,..,n-1) (35)
Z'(n+1)i = ¢(n+1)i (Z(n+l)i _Vni)
where ¢;; are the nonlinear functions of the form:
0, ()= -2, LT[V D sign ()= 41, (5), (i=12,.,n+1) (36)

A

=0, Zn)i =d", L, >0, Ajo >0, 1=1.2,...,n+1,

14



Then, a chattering-free full-order TSMC for nth-order systems can be developed based on the

disturbance observer as follows.
o=+ 20 (vl sign () )+ e x| sign (% ) + 2, (37)

where v, =X, + 2+ 2y, o Lypayr Xo = Ly L) Ly - G @Nd o are positive

constants such that the polynomial p" +ZE:Z(ck pk’1)+c1 Is Hurwitz and the following

equation set is satisfied [30, 47]:

a=a, n=1
(38)

0

o, = k=2,..,n ¥Yn>2

7_2%ﬂ—%’
where a,,, =1, a,=a, ae(l-¢1), £€(0,1).
Theorem 3: Given the surface (37), if the control law is developed as
u:g’l(x,t)(ueq+un) (39)

where u,, denotes the equivalent control and is defined as

Uy == ()= 20, (el sion (v ) -l sign (x) - 2, (40)

and u, denotes the switching term and is defined and filtered as
u,+Tu, =v "
v=—(p, +k; +1)sign(o) (41)

where T >0 and k, are chosen to satisfy k; > (T¢n), n is a positive constant, then the

system (33) will reach the surface o =0 in finite time, and the system state xl(t) will also

converge to the equilibrium in finite time.
Proof. Substituting the system (33) and the control law from (40) to (41) into the sliding
surface (37) yields:
o=X +ZE:Z(ck v | sign (v, ))+cl|x1|°'1 sign(x,)+ 7,
=(f+gu+ dn)+ZE=2(ck v | sign (v, ))+c1|x1|0’1 sign(x,)+ z,
=d, +u, (42)

Consider a candidate Lyapunov function V (o) = /2 . Differentiating this Lyapunov

function and following the same procedure in (11) yields:
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V(c)=00
=0'[dn(t)+un]
<-7|o| (43)
This implies that the system states will arrive at the sliding surface =0 in finite time. Once

the sliding mode occurs, one can combine the system dynamics (33) and sliding surface (37)

to obtain:
X =%X,+d, 1=12,..,n-1
, n o . (44)
Xn=_2k:2(ck|‘//k| S'Qn(‘//k))_cl|xi

Based on the above equation set, the following relationship can be established:

(n) ) W . (1) (n-2) L
X, =—zk:2(ck A S|gn(y/k))—cl|x1| sign(x)—x,+ d,+ d, +...+d,_,+d,, (45)

“ Sign(xl)_lz

where:

—ZLQ(CK | sign (v, )) —a X

Q,

“sign(x, )

=—C,

Xo+ Zyg ot 2y

" sign (xn + 2y et zz(n_l))

(o4

-G

Xn—l + Z(n—l)l ot ZZ(n—Z)

- sign (xn_l + 2y gyt t zz(n_z))

—¢, x| sign(x,)

(n-1) (n-2)

=—C,| X — d; —...—dH+zn1+...+zz(n_1)

n

%n ) (n-1) (n-2)
sign| X, — d; —..—d  + 7+ H 7y

(n=2) (n-3)

—C 4| X% —d —..—d ,+z

It ) (n-2) (n-3)
(o T+ Zyng) S|gn( X = Oy —e=d 7+ zz(n_z)j

—¢,|x|™ sign(x,)

and

(n-1) (n-2) .. .
-y, +d +d,+..+d ,+d

(n-1) (n-2) . .
=~Zy01) = Zygng) ~ " Znz ~ Lpan T d+d,+.+d ,+d ,

- (dn—l ~ 2y, ) + (d'n_z ~Zyog) ) — et ((2122)— zan + ((r(]:ill)— Z(M)lj

Applying Theorem 1, the disturbance observer developed in the previous section ensures that
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(n-1)

i =%, 2 =0;, 23, =d,,..., 7,5, = d; , i =12,..,n—1 happen in finite time. Thus, Eq.
(45) becomes:

(n)
X =—C,

(n-1)
X

(n-2)
X

“
Slgn( X j_ Coa

(n-2) (n-)
Let w,=X, W, =X,..., W, , = X , W, = X , the dynamic equation (46) can be transformed

%1 (n-2) . .
sign{ X, j—---—C1|X1| *sign(x,) (46)

into:
W =W,
- (47)
Wy =W,
W, =u
where u=—c, |w,|" sign(w, )—c,, |w, | sign(w, ,)—...—c,|w;|* sign(w, ), and ¢,

(i =12,.., n) are designed as same as below (37) and as (38), respectively. Then, according

to Proposition 8.1 and its proof in [47], it can be concluded that the origin is a globally finite-

time stable equilibrium for the system (47), indicating that the system state xl(t) will

eventually converge to zero infinite time. This completes the proof for Theorem 3.

3.2  Towards the Problem of Tracking Control

Reconsider the class of nonlinear nth-order systems of the form:

% =X,+d(t), i=12..n-1

(48)
X, = f(xt)+g(x,t)u+d,(t)

where x (i=12,..,n) are the system states and assumed to be available, f(x,t) and

g(x,t)=0 are two known smooth nonlinear functions, u is the control input,

di(i=1,2,...,n—1) and d, are respectively the mismatched disturbances and matched

disturbance of the system. Similar to Assumption 1, it is assumed that the disturbances and

their derivatives are bounded.
d(O)]<d, |d(0)]<a, i=12..n (49)
The primary objective of the algorithm is to ensure that the system state x,(t) tracks a

reference signal r(t) accurately and quickly. Thus, by establishing tracking errors as
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(i)
e=x—-1r, i=12,..,n-1

0 (50)
e, =X —r
one can obtain the following error dynamics:
& =e,+d, i=12,..,n-1
(51)

(n)
e, =f(xt)+g(xt)u+d,—r
Next, a chattering-free full-order TSMC based on disturbance observer is developed as follows.

First, the nth-order finite-time disturbance observer developed in the previous section is

restated here for clearer illustration.

2y =V + Xy = @y (Zli =X ) +Zy + Xy

Lyi = Vo =@y (ZZi =V ) +Z;

(i=12,..,n-1) (52)
Z'(n+l)i = (0(n+1)i (Z(n+l)i _Vni)
where ¢;; are the functions of the following form:
o, (S) _ _/1“ Lji/(n—j+2) |S|(nfj+1)/(nfj+2) sign (S)_,Uji (S), (J =12..n +1) (53)

and Zli :)’Zi y Z2i =(§i y ZSi :di gesey Z(n+l)i =di(n_l) ) Li >O ) A’ji’luji >O ) j:]ﬂz""’n+l '
1=12,..n-1
Then a chattering-free full-order terminal sliding mode surface can be designed as

o=6 +ZE:2(ck | ™ sign (v, ))+c1|el|°’1 sign(e, )+ z, (54)

Where w =€, + 2+ Zy 4y +ot Ly gy Xy = Lyogy F Ly g+ Ly - G @Nd @, are positive

z n+1)

constants such that the polynomial p" + ZEZZ(Ck pk‘1)+ C, is Hurwitz and the following set of

equations is satisfied [30, 47]:

— ak ak+1 (55)

= , k=2,...,n vYn>2
2001 —

where a,., =1, a,=a, ae(l-¢1), €(01).

Theorem 4: Given the sliding surface (54), if the control law is developed as
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uzg‘l(x,t)(ueq+un) (56)
with the equivalent control u,, is defined as

(n)

Ugg = —f (X’t)+ r _Z::z(ck |l//k |ak Sign(l//k ))_Cl|el

and the switching term u,, is defined and filtered for chattering attenuation as

U, +Tu, =v
v=—(p, +k +1)sign(o)

“ Sign(el)_Zz (57)

(58)

where T >0 and k; are chosen to satisfy k; > (T¢n), n is a positive constant, then the system
(48) will reach the surface o =0 in finite-time, and the state error el(t) will converge to the
origin in finite-time. This also indicates that the system state xl(t) will accurately track the

reference r(t).

Proof. By substituting the error dynamics (51) and the control law from (56) to (57) into the
sliding surface (54), one can derive the following equality:

o=€ + Z:ZZ(CK v, | sign (v, ))+ c,le|" sign(e,)+ z,

(n) ) W
:(f+gu+dn—r]+2k_2(ck|wk| 5|gn(://k))+c1|e1

=d, +u, (59)

“sign(e,)+ 7,

Now consider a candidate Lyapunov function V (o)=0’/2, differentiate this Lyapunov

function, and follow the same procedure in (11) yields:
V(c)=00
=0'[dn (t)+un]
<-nlo| (60)
which implies that the system will arrive at the sliding surface =0 in finite time. Once the
desired sliding mode occurs, combining the error dynamics (51) and sliding surface (54) yields:
é=e,+d, i=12,..,n-1

i+1

- n ay - (61)
en:_Zk:Z(Ck |‘//k| S'Qn(Wk))_01|e1

“sign(e ) -z,

From the above equation set, the following relationship can be established:
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(n) ) o . (1) (n-2) L
) :—zkzz(ck il 5|gn(a//k))—cl|e1| sign(e,)—x, + d, + d, +...+d,,+d,, (62)

where

X0 (Cclwl ™ sign (w,)) —c,Je sign (e,

Q

= —Cn

€t Zy +ot 2y

" sign (en 2y et zz(nfl))

T

—Ca

€1t Zpap ot Ly

~sign (em1 + gy ot zz(nfz))

—c,|e" sign(e,)
(n-1) (n-2) n ] (n-1) (n-2)
=—Cy| & — Oy ==l 2y et 2y S|gn[ e —d —.—d _+z,+..+ zz(nl)j
(n=2) (n-3) 1 . (n-2) (n-3)
-C,,l¢ —d —.—d, + 2+t Ly S|gn( e —d —.—d , + 2 gy ot zz(nz)]
—c,|e,[* sign(e,)

and
(n-1) (n-2) .. .
-y, +d +d,+.+d ,+d

(n-1) (n-2)

~Zpap+ O+ d; R T

= " Zyn1) T Lan-2) T T Zn2

- (d'm1 ~Zyoy ) + (d'nfz ~Zyoy) ) —t ((21_22)— znzj + ((21_11)— z(ml)lJ

Whereas, following Theorem 1, the disturbance observer developed in the previous section

(n+1

. (n-1)
ensures that z, =X, z,,=d,, z, =d. ,..., Zi = i 1=12,..,n—1 occur in finite time.

Thus, Eq. (62) now becomes:

“n ) (n-1)
sign| € [—C,,

(n-1) (n)
.= € , w =g, the dynamic equation (63) can be transformed

(n-2)
€

(n)
e =-C,

(n-1)
€

1 (n-2)
sign( e, j—...—cl|e1|°'1 sign (e, (63)

Let w,=¢€, W,=¢,..., W,

n—'

into:
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W, = w,

64
W =W, 9
W, =u

Ony

where u=—c,|w,,

o Sign (Wn—l) —Chy |Wn*2

sign(w,_, ) —...—¢,|w[* sign(w,) , and ¢, , «,
(i =1,2,...,n) are designed as same as below (54) and as (55), respectively. Then, according
to Proposition 8.1 and its proof in [47], it can be concluded that the origin is a globally finite-
time stable equilibrium for the system (64), indicating that the state error e, (t) will eventually

converge to zero in finite time. This completes the proof for Theorem 4.
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Chapter 4
SIMULATIONS AND EXPERIMENTS

In this section, three simulation studies and a brief experiment are provided to verify the
effectiveness of the control algorithm. Whilst a numerical example is given to assess and
discuss the performance of the proposed controller theoretically, the task of controlling an
electro hydrostatic actuator system and a bidirectional DC-DC converter partly reflects the
practicality of the suggested control algorithm. These simulations are conducted in the
MATLAB-Simulink environment, wherein the fixed-step ODE4 (Runge-Kutta) is chosen to be
the solver. The sampling time is determined separately for each case study, and other settings

remain as default.

4.1  Case Study 1: Numerical Example

To demonstrate the effectiveness of the proposed control algorithm, the succeeding
nonlinear second-order system, which is subject to time-varying mismatched and matched
disturbances, is considered for simulation.

{)‘(1 =X, +d, (t)

. (65)
X, ==2% — X, +&" +u+d,(t)

Here, the initial system state is selected as x:[l,—l]T . The mismatched and matched

disturbances are defined as d, (t)=1+0.3cos(2t)—sin(t) and d, (t)=sin(2t), respectively.

The mismatched disturbance is selected different from the reference [41] in terms that as time

increases and the system state x; (t) reaches its steady-state value, the mismatched disturbance

is still time-varying in a much larger bounded region instead of gradually converging to a
constant as in reference [41]. This is an important factor in proving the superiority of the
proposed control algorithm over other strategies being considered and will be illustrated by
simulation results.

For comparison purpose, the chattering-free full-order TSMC approach [30], denoted by
TSMC, the extended-state-observer-based chattering free SMC [41], denoted by ESOSMC,
and the proposed control algorithm, denoted as DOBTSMC, are employed. It should be noted
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that both the DOBTSMC and the ESOSMC stem from the TSMC. Hence, an analogy is drawn
here to demonstrate the superiority of the proposed algorithm.

Briefly, the ESOSMC proposed in [41] is constructed of a nonlinear extended-state-observer
(ESO) and an ESO-based SMC. The ESO is designed based on the hyperbolic tangent function
of the form:

Z,=-a,tanh(b(Z,-x,)) (%0)

{Zl =Z,-a,(2,-%)+x,
where Z, =%, Z,=d,, tanh(¥)=(e"~e”)/(e’+e™), 8 >0, i=12, b>0. The new
sliding mode surface integrated with the ESO is developed as:

S=%+C, (X, +Z,)+CX +Z, (67)
where ¢;, i1 =1,2 are chosen in the same manner as in previous sections.

The design control parameters are specifically selected to be the same for all control

algorithms as ¢, =6, ¢, =5, T =0.1, (,o2 +k; +77)=1O. Apart from that, for the TSMC and
the DOBTSMC, follow (8), «;(i=12) are designed as &, =3/7 , a,=3/5. For the
mismatched disturbance observers, ESO parameters are selected as a, =50, a, =35 and

b=50; and DOB parameters are chosenas L=2, 4, =6, 4, =11, 4, =6, 14, =18, 1, =6,

py =1
.......... TsMc
——ESOSMC
----- DOBTSMC
3 4 5
008 — g1 4 -x10'9 :
0.00 4 i —ﬁa
1 6 8 10 12 .10 15
0 5 10 15
Time(s)

Figure 1. Response trajectories of state X, .
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Figure 2. Response trajectories of state X, .
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Figure 3. Response trajectories of control signal.
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Figure 4. Trajectory of the mismatched disturbance.
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The system state x, (t) delivered by all control algorithms is shown in Figure 1. It

demonstrates conclusively that the TSMC fails to stabilize the system state x, (t), which is
predicted by theoretical analysis in the problem statement section. Therefore, the TSMC signals
are suppressed in the succeeding figures for better visualization of the other two algorithms.

Also, it is evident from Figure 1 that the response state x, (t) controlled by the ESOSMC is

only able to reach and then vary in a small-bounded region of [—0.03, 0.03] around the

equilibrium without converging to it. On the other hand, faster and finite-time convergence is
seen for the DOBTSMC with the accuracy is around 4e—9. This result proves the superior

property of the proposed algorithm over the ESOSMC method.

It can be interpreted from the system (65) that to stabilize the system state x, (t) to the
equilibrium point for the cases of TSMC and DOBTSMC or at least to the vicinity of the
equilibrium point for the case of ESOSMC, the following inequality must be fulfilled:

%] =%, +d,| <& (68)
where ¢ is a sufficiently small positive number and can represent the performance indicator

for evaluation. Inequality (68) indicates that for the sake of stability, x, (t) must counteract
the time-varying effect caused by the mismatched disturbance d, (t). Consequently, x, (t) and
d, (t) should be symmetric about the time axis. This statement can be observed by comparing
the trajectory shape of the state X, (t) in Figure 2 to that of the mismatched disturbance d, (t)

in Figure 4. It also explains why the system state xl(t) but not x, (t) converges to the

equilibrium.

The illustration of control signals generated by the ESOSMC and the DOBTSMC are shown
in Figure 3. Both the ESOSMC and the DOBTSMC algorithm exhibit a smooth control signal
without chattering effects. However, a much greater peaking effect at the beginning is seen for
the ESOSMC compared with the DOBTSMC. Reducing observer gains of the ESOSMC can
be a solution to alleviate the severity of this phenomenon. Nevertheless, at the same time, this
action will produce a larger disturbance estimation error, thus deteriorate the overall
performance. In contrast, the DOBTSMC exhibits satisfactory performance without a serious
peaking phenomenon in the control signal. This further proves that the proposed algorithm is
more effective in dealing with time-varying mismatched disturbances than the ESOSMC.
Closely looking at Figure 3, an abnormal surge exists in the control signal of the proposed
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algorithm during the transient period before the system state x,(t) reaches its steady-state

value. This phenomenon occurs because of the use of an absolute value function in the
controller design. Since the absolute value function is continuous but of piecewise linearity at
zero, whenever the argument of the absolute function changes its sign, nonlinearity will happen,

and the corresponding surge will appear.

1.5

—— ESOSMC
005 ————  |-=-m DOBTSMC

-0.05
8 10 12 14 0
0.5
-5

-0.5

Disturbance Estimation Error

Time(s)

Figure 5. Response trajectories of disturbance estimation error.
Figure 4 depicts the mismatched disturbance trajectory, which is nonlinear and time-varying
throughout the simulation period. Whereas, the mismatched disturbance estimation errors of

both ESOSMC and DOBTSMC depicted in Figure 5 shows an agreement with the statement

discussed on the system state xl(t) in Figure 1. While finite-time convergence is seen for the

DOBTSMC, the ESOSMC can only reach the Lyapunov stable state. This clearly indicates that
the proposed control algorithm outperforms the ESOSMC in disturbance estimation and

attenuation.

Sliding Mode Surface Response
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Figure 6. Sliding mode surface trajectory delivered by the proposed controller.
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Figure 6 depicts the trajectory of the sliding surface produced by the proposed control
algorithm. Except for some abnormal surges occurring in the transition period due to the
piecewise linearity of the absolute value functions used in the controller design, the sliding
mode surface appears to converge to the equilibrium almost right after start, which contributes
to the fast response of the controller.

To demonstrate the effectiveness of the low-pass-filter like approach in alleviating the

chattering phenomenon, a comparison is drawn out as follows. Two switching control term is

utilized for comparison, including the original switching control term u,, :

u,, =—Asign(s) (69)

and the filtered switching control term u,,:

u,+Tu,=V
v=—psign(s)

where s is the sliding mode surface, T =0.1 is the bandwidth of the filter, and £ =10 is the

(70)

design switching control parameter. Other aspects of the simulation study are kept to be the

same. The comparison result is presented in Figure 7 below.

(a) (b)
‘ ‘ —— Original
——Filtered

15

15

——Orriginal
—Filtered

10

Sliding Surface s
o
Control signal u(V)

Time (s) Time (s)
Figure 7. Effectiveness of the lowpass-filter-like approach in sliding surface (a) and control
signal (b).

It is clear from Figure 1 that the lowpass-filter-like approach (70) has significantly
suppressed the chattering phenomenon in both the control signal and the sliding surface. The
control command signal is smooth except for some abnormal surges appearing in the transition
period, which is caused by the piecewise linearity of the absolute value functions utilized in

the controller design.
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Figure 8. Influence of design parameters on observer performance.
To illustrate the influence of different design parameter values on the performance of the
disturbance observer, three simulations are conducted with different values of the Lipschitz

constant L=1,3,5. The simulations are carried out in a measurement noise environment with
a mean of 0 and a variance of 5e—3, and the sampling time is set to be t, :0.01[5] for
practicality. Also, the initial value of the observer state and that of the system state are indicated
to be different from each other, d, (0)=2,,(0)=0.5, x (0)=1. The result obtained is shown

in Figure 8, which strongly agrees with the statement noted in Remark 1. Specifically, it is

evident from Figure 8 that (L :1) gives the longest convergence time, the smallest peaking

phenomenon and is least susceptible to noise. Whereas (L =5) takes the shortest amount of

time for the estimation error to converge to zero but at the same time produces the largest

peaking phenomenon and is most susceptible to noise. The most appropriate value is (L = 3),

which represents a tradeoff between convergence time and sensitivity to noise and different
initial values in tuning the observer parameters. Thus, it is concluded here that the greater
Lipschitz constant L selection, the faster convergence of the disturbance observer yet more
sensitive to noise and larger peaking phenomenon in the transition period as the initial value of
the disturbance observer and that of the system are different.

Finally, to demonstrate the characteristic of nominal control performance preservation, a
case study has been conducted with the conventional TSMC and the proposed DOBTSMC. In

this study, almost all parameters are left to be the same as before except that the mismatched
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disturbance disturbs the control system only after t = 5[3]. The simulation result is shown in

Figure 9 below.

Nominal Control Performance Preservation
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e DOBTSMC
-
[}
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\
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-0.5 ! :
0 5 10 15
Time (s)

Figure 9. Nominal performance preservation capability of the proposed controller.
It is noticeable that the system state trajectory of the conventional TSMC and that of the

proposed control algorithm are identical before t=5[s] and only start to diverge after that.

This implies that the disturbance observer does not spoil the nominal control performance of
the control system as the disturbance is absent, which is illustrative of Remark 4.

In summary, this section uses a numerical example to verify the effectiveness of the
proposed control algorithm as it is compared with other controllers. The numerical study also
helps investigate several characteristics of the proposed controller, namely the ability to
estimate and suppress disturbances, chattering attenuation and nominal control performance.
Also, this section illustrates the importance of control design parameter in the condition of

measurement noise and large sampling time.

4.2  Case Study 2: Stabilizing an Electro Hydrostatic Actuator System in
Simulation

The finite-time DOB-based chattering-free full-order TSMC developed previously is

applied to stabilize an electro hydrostatic actuator (EHA) system in this section.
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Figure 10. Schematic diagram of the EHA system.

Table 1. Major components in the considered EHA system

No. Device No. Device

1 Hydraulic cylinder 5 Directional valve
2 Relief valves 6 Pilot check valve
3 Reservoir 7 Hydraulic pump

4.1 Check valves 8 AC motor

4.2 9 AC motor driver

The EHA studied in this section is illustrated in Figure 10 and its components are listed in
Table 1. In the hydraulic circuit, cylinder (1) is driven by the valve system and the hydraulic
pump (7), which is actuated by the AC motor (8). The flow discrepancy between the bore- and
rod- chamber is automatically compensated by the check valve (4.1) and (4.2) with the support
of the pilot-operated directional valve (5). In cooperation with two check valves (6), the
hydraulic pump regulates the fluid flow inside the hydraulic circuit, thus controlling the
movement of the cylinder.

Parameters of the EHA system to be used for mathematical modeling are defined as in Table

2 below.
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Table 2. List of parameters used to model the EHA system.

Symbol Quantity and Unit

X Displacement of the cylinder. [m]

R,P, Pressures inside the cylinder chambers. [Pa]
A A Bore- and rod- side areas of the cylinder. [m?]
m Relative mass of the motion system. [kg]

V0, Vs Initial volumes of chamber 1 and 2. [m®]

V, =V, + AX Active volume of chamber 1. [m®]

V,, =V, — AX Active volume of chamber 2. [m®]

B, Effective bulk modulus of the fluid. [Pa]

Cu Internal leakage coefficient. [m*/(sPa)]

D Displacement of the pump. [m®/rad]

Ky Control gain of the motor driver. [rad/(sV )]
Uy Volumetric efficiency of the pump.

u Driving voltage of the motor driver. [V]
b.b,,7,,7, Positive constants in the system model.

6, Lumped disturbance in force dynamics. [N]
031103, Lumped disturbances in pressure dynamics. [N/s]

Referred to [52], the dynamic model of the EHA system studied here consists of force
dynamics and pressure dynamics as follows.
The force dynamics of the actuator is expressed as
mX=RA -RA + f. +7, (71)
where f.. denotes a lumped friction force [53, 54] and is approximated as a differential

function of the form:
fr, =—bXx—b, tanh(X)
1-e7 (72)

1+e7

tanh (%) =

and o, represents a force disturbance that might include external forces and unmodeled force

dynamics.

Governed by the continuity law [55], the pressure dynamics of the actuator are:
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{Vltpl =, (77v DK u—-AxX-C (P1 - Pz)_ch1)+531 (73)
v,

IPZ =p. (_77v DKy U+ AX+Cy; (Pl - P2)+ch2)+532
where Q,,; and Q,,, are respectively the flow in the check valve (4.1) and (4.2) and described

as

Qua=—X(A —A,)sm(-x)
Qus = X(A — A, )sm(x)
sm(*):(1+e’73*) B (74)

By defining the system state as [x1 x2,x [x X, PAl PA2 /m] and combining (71) to
(74), the total dynamic system can be expressed in a state-space form as follows.
X =X,
X, =X +d, (75)
X, =f+gu+d,

where the dynamic functions are specifically defined as

f:%{vﬁ(“\*(”rAz>sm<—xz))—vi(Az+(A—A2)sm(x2)) x
zm(ﬁ+ij
m Vlt V2t (76)
1
d E(fFr+5)
d,=—Pec(p- P)(A& A2]+ﬂ_ﬁ
m i Vo mVv, mvV,

Information about disturbances existing in the system can be interpreted from the equation
set (75) and (76) as follows. While d, represents a mismatched disturbance, d, is a matched
one. The mismatched disturbance consists of the ratios of lumped friction f., and J,, the

summation of external forces and unmodeled force dynamics, to the relative mass of the motion
system m . Whereas the matched disturbance includes the ratios of internal leakages and
pressure disturbances tom . It is assumed that these disturbances satisfy Assumption 1 and

Assumption 2.
Using (35), to estimate the mismatched disturbance d,, a finite-time disturbance observer

can be designed as follows.
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L, =V, X

Vi, ==y, I-12/4 |212 —X |3/4 sign (212 - Xz)_lulz (212 % ) + 2y

2y, =Vp
Vyp ==y, I-lz/3 |222 - 12|2/3 sign (222 Vi ) T Hz (222 Vi ) sy (77)
., =V

%
Vgy =~y L3255~V |J/2 SIQN (25, =Vap ) = ey (23 =V ) + Za5

2, ==L, 8ign (242 _sz)_ﬂ42 (242 _V32)
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A

where z,, =%,, z,, =d,, 2, =d,, 2, =d;,and L, >0, A, ;, >0 (j=1,...4),

A chattering-free full-order TSMC for the EHA system can be then designed based on (37)

as:
O =% +Cy|X; + 2| SIGN (X5 +2,, )+ C, [X,| ? sign (X, )+, |x,[* sign (x, )+ 25, (78)
where ¢, (i=1,2,3) are positive constants satisfying the polynomial p®+c,p*+c,p+c, is
Hurwitz, and ¢, (i=1,2,3) are chosen as (38). Accordingly, the control law is developed with
the form:

U=g"(ugy+u,) (79)

where the equivalent control u,, is designed as
Uy =—F —Cy X3 + 25| SiON (X5 + 2,5 ) = C, %, sign (X, ) —c, x| sign(x,) -z, (80)
and the switching term u,  is defined as the same as in (22) and (23).

The nominal values of the system parameters were determined as in Table 3 [56].
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Table 3. Nominal Value of the EHA System Parameters.

Parameter Unit Nominal (+ variance) Value
m [ka] 9.32(+0.46)

A [m?] 1.9635x10°°(+0.0982x10°° )
A, [m?] 1.2566x 10" (+0.0628x10°° )
Vi [m®] 4.375x10™(+0.219x10™)
V,, [m°] 2.88x10(+0.144x10™)

P [Pa] 5.34x10°

K [rad/(sV)] 107

D, 27D [m®/rad] 5.83x107 (+0.29x107)

C, [m*/(sPa)] 151x107%8

b, [Ns/m] 258

b, [N] 532

V2 10

V3 15(+0.75)

The cylinder stroke length is 0.3[m], thus the working range of the actuator is set to be

X, €[-0.15, 0.15][m]. The pressure threshold of the relief valve is set to be 150[bar] , meaning

that P, P, €[0, 150x10°][Pa]. To make the control task challenging and to examine the

effectiveness of control algorithms, both matched and mismatched disturbances are

deliberately assumed to be time-varying throughout the simulation period. Specifically, the

force disturbance ¢, and the pressure disturbances J,,,0,, are selected to be dependent on both

time and system state as follows. &, =-1000(0.2+0.5x +X, +sin(t))

8, =—1000(0.1+3x, +sin(t)) , and &, =500(0.2+Xx, +2sin(t)) . Also, for practicality,
measurement noise and parameter uncertainty are added into the simulation. Specifically, the
position and pressure measurements are subject to noises with a mean of 0 and a covariance
of {0.000S[m],3500[Pa],3500[Pa]} (~0.5% of nominal values). Parameters used to design
the controller are of nominal value. Whereas those parameters used to model the EHA system
include variance (~ 5% of nominal values), which are indicated in Table 3. The sampling time
is set to be 1[ms].

In this section, TSMC and the proposed DOBTSMC are compared to verify the
effectiveness of the proposed controller. Some control parameters are chosen to be the same
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for both control algorithms, namely ¢, =318 , ¢,=500, ¢,=270 , T=0.1, and
B=(p,+k +1)=3000 , o (i=123) are designed as o, =1/7, o, =15, a,=1/3,
following (38). For mismatched disturbance observation, the proposed DOB parameters are

chosen as L, =500, 4,=30, 4, =55, A, =30, A,=5, 1, =36, u, =18, u, =6,

My =1
0.4 (a) Same parameters (b) Different parameters
' 10 —TSMC : ——TSMC
x
L poBTSmMc, R | DOBTSMC
)
0 :
—_ il —_ -4
E 02} 4 HM“ E <10
< <
< 0.1 c
i) s
2 3
o 0 o
-0.1
-0.2 -0.02
0 5 10 15 0 5 10 15
Time (s) Time (s)

Figure 11. Response position trajectories in case of same (a) and different (b) control
parameters.
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Figure 12. Response velocity trajectories of EHA system.

The position and velocity responses of the EHA system are shown in Figure 11 and Figure
12. While Figure 11 presents the position trajectory of all control algorithms, Figure 12 depicts
the velocity trajectory of the ESOSMC and the DOBTSMC. Clearly seen in Figure 11a, under
the same-control-parameter design condition, the TSMC is unable to stabilize the EHA system,
which is subject to both mismatched and matched disturbances. Whereas the proposed control

algorithm can achieve a high accuracy of £0.4[mm]. Hence, the TSMC control parameters
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need to be reselected for better comparison. The design parameters of DOBTSMC are kept to

be the same, while those parameters of the TSMC are altered as: ¢, =3816, ¢, =6000, and

C, =270. The result is then shown in Figure 11b. Clearly, even though the performance of

TSMC has been significantly improved after increasing control parameters, the closed-loop
dynamics is still affected by the mismatched disturbance. In other words, TSMC cannot
suppress the influence of mismatched disturbances. This demonstrates the superiority of the
proposed controller over the conventional one. Figure 12 shows that while the DOBTSMC can

drive the system velocity to a bounded region of +4[mm/s] around the equilibrium point, a

serious chattering phenomenon is seen for the TSMC. This can be explained as large control
design parameters amplify the measurement noise and degrade the control performance.

Besides, no overshoot and relatively fast response are seen for the proposed control algorithm.
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Figure 13. Response nominal acceleration trajectories of the EHA system.
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Figure 14. Response control signals of the EHA system.
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Figure 15. Mismatched disturbance existing in the EHA system.

Mismatched Disturbance Estimation Error

€41

Estimation Error, ey (m/sz)

Time (s)
Figure 16. Mismatched disturbance estimation errors of the proposed controller.
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Figure 17. Response chamber pressures for the DOBTSMC case.
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One can observe that the response nominal acceleration signal X, seen in Figure 13 is
opposite in patterns with the mismatched disturbance d, in Figure 15 to stabilize the system
states X, , , which agrees with the previous numerical study. However, severe chattering effects

exist in the TSMC case for the same large-control-design-parameter reason discussed above.
Under the condition of measurement noise and parameter uncertainty, the control effort

generated by the proposed controller suffers a chattering phenomenon with a magnitude of

0.4[V], which is shown in Figure 14.

Figure 16 illustrates the performance of the proposed control algorithm in estimating

mismatched disturbances. The accuracy it delivers is around +1[m/s*](~1%) , thus

contributing to the higher performance in system stabilization. That said, there is a chattering
phenomenon existing in the disturbance estimation due to measurement noise. This
downgrades the disturbance estimation performance and consequently the performance of the
control system as a whole. Finally, Figure 17 records the response pressures in the EHA system
for the DOBTSMC case.

In summary, this section partly reflects the effectiveness of the proposed control algorithm
in practice as it is employed to stabilize an EHA system, which is subject to both time-varying
mismatched and matched disturbances. This simulation study also takes into account the
negative impact of measurement noise and parameter uncertainty to verify the robustness of
the proposed control algorithm. Overall, the mismatched disturbance is accurately estimated,
and the estimation result is used to suppress the undesired influence on the control system. The

proposed controller delivers a satisfactory control performance.
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4.3  Case Study 3: Voltage Control for Bidirectional DC-DC Converter
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Figure 18. Circuit diagram of a bidirectional DC-DC converter.

Based on [57], the circuit description and modeling of a typical PWM-based bidirectional
DC-DC converter are presented as follows. The bidirectional DC-DC converter structure is

shown in Figure 18, where V, and V| represent the high-side and low-side dc voltage source,
respectively. The inductor current i, input current i,, and output current i, can flow in both
directions. Resistor R, represents either high-side source internal resistance in charging and
discharging modes or load in boost resistive load application. Similarly, resistor R, represents
either low-side source internal resistance for both charging and discharging modes or load in
buck resistive load application. Resistor R, represents the resistive load that can vary during
operation. Capacitor C,, and C, indicate the high-side and low-side capacitor, respectively.
Two active switches, Q, and Q,, are controlled by a complementary gating control signal

Gate, and Gate, separately. R, and R, represents the inductor parasitic resistance and the

dson
MOSFET turn-on resistance, respectively. Thus, there are three energy storage components

including input capacitor C,, , output capacitor C,, and inductor L.

With this configuration, the derived power plant can be utilized for battery charging and
discharging modes or buck/ boost resistive load applications, since all these cases can employ
the same equivalent circuit.

Control-Oriented Modeling the Bidirectional DC-DC Converter
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Since the two active switches, Q, and Q, are controlled complementarily, no matter which

operating modes, either battery charging or discharging, there are always two states, state 1:
Q, ON - Q, OFF or state 2: Q, OFF - Q, ON.

The first state 1, Q, ON - Q, OFF, is shown in Figure 19 below.

i L

- _> -

| |
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+ . A~ M : +

R R
% Ri dson L I— R2

V1 $ R3 Vz

_— Cy C,

+
—— V, =
|

|+
1

Figure 19. Equivalent circuit diagram of the state 1: Q, ON - Q, OFF

There are three energy storage components including inductor current i, , high-side
capacitor voltage V,, and low-side capacitor voltage V,. The governing equation for inductor

voltage across the inductor L and the capacitor currents through the two capacitors are given

as follows.
Li, =i, R, +V, -V,
.. V-V
Cc,V,=-i —+—*
H"1 L Rl
CV, =i, VooV Ve (81)
2 RS

where R, =Ry, +R_represents the equivalent resistance of Ry, and R_ since they are

dson dson

placed in series.

At the second state, Q, OFF - Q, ON, the converter equivalent circuit can be illustrated in

Figure 20 below.
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Figure 20. Equivalent circuit diagram of state 2: Q, OFF - Q, ON.

The governing equation set for this state is given by:

Li, =—i_R, -V,
ch'l=—V1_VH
R,
. V-V, V
CV, =i ——2+—Lt-2 82
L"2 L R2 R3 ( )

where, again, R, =Ry, +R_ represents the equivalent resistance of R and R, .

dson dson

Based on the equation set (81) and (82), an average system model is derived as below.

LMeq
CHvl —HI 4 EIVH
. V,-V, V.
CV,=i —2+—-L_-2 83
Vo =N R, R, (83)

where p e [0,1] denotes the input duty cycle taken as the control signal of PWM.

Although this circuit configuration offers different operating modes such as battery charging
and discharging or resistive load applications, this section will only present the case of voltage
control at the low side. Its objective is to demonstrate the effectiveness of the proposed control
algorithm developed in the previous section. Other cases, which are important for applications
such as in an electric vehicle, are left for future work.

In this scenario, let V, be the controlled output. Three disturbances that exist in the system

from the controlling point of view are presented as follows.
1) Perturbation in duty cycle: =1+ Au
2) Load resistance variation: Ry =R, +(R,—R;)
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3) Low-side voltage uncertainty: V. =V, +AV,
Here, u denotes the nominal input duty cycle, Au denotes the perturbation in the duty cycle,
R, represents the nominal load resistance, V, denotes the nominal low-side voltage, and AV,

represents the uncertainty in the low-side voltage.

Let x, =e=V, -V, , where V, denotes the desired output voltage. The system model can be

rewritten as follows.

1
X, ==V, =—I ——(V V)
2 ] L R,C, 27V
1, af11), 1o (11, 1
C, C.\R, R, R,C, C.\R, R, R,C,
=X, +d, (84)

where x, =i /C_—(V,/C,)(YR,+1/R,)+V, /(R,C, ) represents the second system state, and

d, =—(V,/C.)(YR,~Y/R,)+AV, /(R,C_) denotes the first disturbance of the system.

Differentiating x, yields:

, 1. 1(1 1);
X, =—I —| —+=|V,
CL CL[RZ RSJ

1 . 111 1
= _(_ILReq +,L_1V1 +A/JV1 —Vz)—C—(R—'FE](XZ +dl)
L 2 3

R R
eq(ii_i(i;]vﬁ 1 VL]_ <[ LA
L{c, " C/\R, R, R,C, LC, (R, R,

R
2V + L v, + 1 Ayvl—ivz—i 1.1 (x,+d,)
RLC, “ LC, LC, LC_ 2 C_\R, R,

R R

B - N PN X, — ! R, NN Y X +—V,
L C,\R, R LC, R, R, R,LC,

L WV —| Ry, i+i +1V,

LC, R, R

—i£i+i] d, +LAILJV1 (85)

+

_l_

C.\R, R, LC,
This expression can be further reduced to:
X,=f+u+d, (86)

where:
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UZLCL [[Nl—[R —+—j+ljv] (87)

In the above equation set, f is interpreted as the system dynamics, d, represents the second

disturbance of the system, and u represents the virtual control input, from which the actual

command duty cycle can be calculated as:

ﬁ:l LC u+| R, i+é +11|V, (88)
Vl RZ RS

By combining (84) and (86), one can obtain the following canonical form:

{)‘(1:x2+dl

89
X, =f+u+d, (89)

Thus, the problem of voltage tracking control for a bidirectional DC-DC converter now is
transformed into the problem of stabilizing a second-order nonlinear system. The canonical
format is more convenient for nonlinear control algorithm applications than the original

governing equations. In this system, d, enters the system in a different channel from the control
input u . Thus, d, can be interpreted as a mismatched disturbance. Whereas, d, represents a

matched one.

The primary objective here is to force the system state x, to converge to the equilibrium

quickly and accurately. To achieve this objective, the disturbance observer-based TSMC
developed in the previous section is applied as follows. First, the finite-time disturbance

observer is designed as:
2, =V +X, = (/’11(211 _Xl)+ ZntX,
Zy) =Ny =Py (221 _Vll) +Zy (90)
Ly =@y (231 _VZl)

where ¢, are the functions:
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Pu(s)= _/1le]1/(4_” |S|(37j)/(47j) sign (s) -, (s)

(91)

and z, =%, 2, =d,, z,=d,, LL>0, Aty >0, j=12,3. Next, a chattering-free full-

order TSMC can be employed as:

O =%, +C, | X, + 2| SigN (X, +2,, )+, %[ sign (x,) + 2o,

(92)

where c,, ¢, are selected positive constants such that the polynomial p®+c,p+c, is Hurwitz.

a, and «a, are chosen according to the following manner:

a,=a,ae(l-¢1),6€(0,1)

The virtual control input u is then designed based on the sliding surface as:

U=u, +U,
where u,, denotes the equivalent control signal with the form of:

U, =—f -c, |X2 + 221|0!2 sign(x, + 221)_01|X1|wl sign (%) - 2,

and u, represents the switching term being defined and filtered as:

{un +Tu, =V
v=—(p, +k +7)sign(oc)

(93)

(94)

(95)

where the design parameters T,k.,n are defined as the same as below (7). The actual

command duty cycle fed into the system is then calculated using (88).
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Figure 21. MATLAB-Simscape modeling of the system.
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The simulation is conducted in the MATLAB-Simscape environment. The system is

modeled as in Figure 21, wherein the simulation sampling time is set to be 1e-6[5], and the
solver is selected to be the fixed-step ODE4 (Runge-Kutta). The battery is selected with the
nominal voltage of 12[V], a capacity of 5.4[Ah], 50% State-Of-Charge (SOC), which gives
around 12.8[V] of initial voltage, and an internal resistance of 0.022222[Q2]. Other settings

are left as default. The system parameters are selected based on [31] and shown in Table 4
below.

Table 4. Nominal Values of the Bidirectional Converter Parameters

Parameter Unit Value

Vi V] 24

A W\ 12

C, [F] 1000e -6

C, [F] 1000e -6

L [H] 4.7e-3

Ry =R+ R[] 0.03+8.7e-3
R, [Q] 0.03

R, [] 0.022222

R, [Q] 3

Au 0.01sin(2007t)

In this simulation study, to make the controlling task challenging, the resistance disturbance

in the resistor R, is set to be load-step resistance that changes from 3[Q] to 6[Q] after
t:0.5[s]. The perturbation in the duty cycle is set to be an ac signal of 100Hz with a
magnitude of 0.01. The desired output voltage is set to be V, =14[V].

The design parameters of the disturbance observer are selected as: L, =1e5, 4, =120,
Ay =640, A, =20, 1, =6, p,, =32, u, =1. For the TSMC, the control parameters are
chosen as: ¢, =15e5, c,=05e5, a,=13 , & =a,/(2-a,)=15 . To verify the
effectiveness of the chattering alleviation method, the simulation study is first conducted using

the unfiltered term u, = —/#sign(o’) and later compared with the results obtained by using the

low-pass filter like method as in (95), where T =50, and g = (p2 +k; +77) =5e7.

Simulation Results
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The simulation results are shown in Figure 22 to Figure 26.

(a) Output Voltage Trajectory (b) Output Voltage Tracking Error
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Figure 22. Output voltage response (a) and voltage tracking error (b) of the converter.

Figure 22 presents the output voltage response of the converter using the proposed controller.

On the one hand, Figure 22a shows that the time of convergence is about 0.12[5] as the
resistive load is 3[Q]. At t=0.5[s], this resistive load increases to 6[Q], and it takes

approximately 0.03[5] for the system to reach the state of stabilization. This indicates that the

proposed control algorithm possesses a fast response characteristic. On the other hand, Figure

22b demonstrates that the steady-state tracking error is about 6e—5[V], which is around

0.00043% the desired value. This indicates that the proposed controller achieves high

accuracy tracking performance. Also, no overshoot is seen in the voltage response.

Inductor Current Response

60

R

0.2 0.4 0.6 0.8 1
Time (s)

Figure 23. Inductor current response of the converter.
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Figure 24. Duty cycle response of the converter: Original and Filtered.

Inductor current response is illustrated in Figure 23, in which the current value appears to
decrease over time. This happens because the internal resistance of the battery gradually

increases during charging. The branch voltage difference, AV =V, —V,,; =14-12.8=1.2[V]

will be divided by the small battery internal resistance, Ry, = R, =0.022222[Q2], to create

such a high branch current value and consequently contribute to the high inductor current seen
in Figure 23. The duty cycle trajectories before and after filtering are shown in Figure 24, which
illustrates the severe chattering phenomenon of the signum function. To alleviate this chattering
effect, the lowpass-filter like method (95) is applied. However, the chattering effect still exists
in the duty cycle trajectory with a magnitude of around 0.025, indicating that the control

system has not reached the level of chattering-free. This problem can be explained as follows.
The small-value of components (L and C, ) that appear in the denominator of a fraction in
system modeling and large-value control parameters used in controller design lead to the
amplification of the chattering effect that exists in any part of the control system. This means
unless the control system is chattering-free in every part, the control signal can never be free

from chattering even though the switching control term has been filtered.
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Figure 25. Mismatched disturbance (a) and its estimation error (b).

Figure 25 shows the mismatched disturbance existing in the system and the estimation error
delivered by the disturbance observer. Clearly from Figure 25a, the mismatched disturbance is
time-varying, not constant, meaning that its derivative will not diminish even when the system

reaches the steady-state condition. The mismatched disturbance is of large value,

[4.1e4 ~ 4.9e4] , which implies a large observer design parameter requirement. Whereas,

Figure 25b demonstrates the effectiveness of the proposed disturbance observer with an

estimation error of [+0.08 ~ 0.000178%)] . Although high accuracy is seen in the performance

of the observer, it still exhibits a chattering phenomenon. This subsequently contributes to the
chattering effect seen in the control signal.
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Figure 26. Matched disturbance (a) and its derivative (b) existing in the system.
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Figure 26 presents the matched disturbance and its derivative existing in the system. Restate

the formula of the switching parameter as follows. 8 =(p, +k; +7), where >0, ‘dz‘ <P,
and k; 2T¢,, |[d,|<¢,, T=50. The signals illustrated in Figure 26 and these above

expressions explain why the magnitude of the control parameter, f = ( P, +K; +77) =5e7 was

set to be large to overcome the influence of matched disturbances. This figure could have been

larger if the equivalent control law u,, were not modified as follows. As the matched

disturbance d, relates to the mismatched disturbance d, by the following relationship (87):

* C.\R, R LC,

3

d :_i(iéjdﬁiwvl (96)

the equivalent control u,, (94) can be modified to lift the burden on the switching control

term U, as:
Uy =—F = C, |%, + 2| sign (X, + 2,1 ) x| sign (x,) — 25, — 7, (97)
where:
g od oLt Llg__LfL, 1), (98).
C.\R, R, CLLR R

In summary, this section introduces a new method of control-oriented modeling a
bidirectional DC-DC converter to the canonical form so that it is more convenient for applying
model-based nonlinear control algorithms. This method also considers and isolates three types
of different disturbances and then organizes them into two more general types, namely matched
and mismatched disturbances. However, the existence of the multiplication, LC , in the
denominator of the virtual control input u (87) forces the virtual control magnitude u to be
large. Consequently, the control parameters must be also high to produce such a large virtual
control signal. Thus, it is more difficult to tune the control parameters properly. Large control
parameters also amplify the undesired chattering phenomenon in the control system and makes
it seem impossible to reach the state of chattering-free. On the bright side, this section
demonstrates that the proposed control algorithm can deliver fast and accurate tracking
performance to the bidirectional DC-DC converter, which is subject to both matched and
mismatched disturbances. Nonetheless, the practicality of the proposed controller must be

evaluated via rigorous experiments. Also, different working modes such as buck/boost
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switching should be considered to fully assess the performance and robustness of the proposed

controller.

4.4  Case study 4: Experimental Validation on an Electro Hydrostatic Actuator
(EHA) System

This section aims to evaluate the effectiveness of the proposed control algorithm in

controlling the displacement of an EHA system via an experimental setup. The information of

the system including system description, basic working principle, mathematical modeling and

system parameters can be found in Section 4.2. The total dynamic system is restated here for

later use. The system states are defined as:
:
[% %] =[x,x,%} (99)

where x and X represent the displacement and velocity of the system. P, and P, are pressures

inside the cylinder chambers. A and A, are the bore-side and rod-side areas of the cylinder.

m is the relative mass of the motion system. Differentiating the system states yields the total

dynamic system as follows.

X=X
X, =X, +d, (100)
X;=f+gu+d,

wherein the dynamic functions are defined as:

f:%[\%(_Aﬁ(Ai_Az)sm(—Xz))—%(Az+(A1—A2)Sm(x2))}x2
gzﬂenVDKdr(ﬁ_{_ij

m Vi Vy (101)
dl:%(fFr+52)
dzz_ﬂcu(pl_pz)(ﬁJri]Jrﬂ_ﬁ

m i Va mVy, mV,

Parameter description can be found in Table 2. In (100), the disturbance d, exists in a

different channel from the control input u, thus it is a mismatched disturbance. Whereas, the
disturbance d, is a matched one. To estimate the mismatched disturbance d,, a finite-time

disturbance observer can be designed based on (52) as follows.
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L, =V t X

Vi, ==, sz/A |212 - X2|3/4 sign (212 — X ) —kh, (212 - X2)+ Z22

Ly =Vyp

Vop ==y, ng |222 —Vi, |2/3 sign (Zz2 Vi ) ~Ha (222 Vi ) t iy (102)

z V.

32 = V32
Va, = —Agp ngz |232 —Va |1/2 sign (232 _sz)_'u32 (232 _V22)+ Za

2,, =—A,L,SigN (242 _Vsz)_/u42 (242 _Vaz)

A

where z,, =%,, 2, =d,, z;,=d,, z,,=d;, and L, >0, A, 4, >0 (j=1,...,4). Toward the

problem of position tracking control, a chattering-free full-order TSMC surface can be then
designed as below.

o =6, +C,le;+2,| " sign (e, + 2,, )+ ¢, |6, sign (e, ) +c, [e|* sign (e, ) +z,,  (103)
where ¢, (i=12,3) are positive constants satisfying the polynomial p®+c,p*+c,p+c, is
Hurwitz; ¢, (i=1,2,3) are chosen following (55) such that:

a,=a,ae(l-¢1), £€(01)

a = H%1 | _93 (104)
- 204, — ’ ,

Also, &, =X —I, €,=X,—I, =X, — are the system errors with r is the desired position

trajectory. These above system errors establish the following equation set:

eZ
e, +d, (105)
f-v+gu+d,

e.l
é2
e.3
Based on the sliding surface (103), a control law is developed with the form of:

u= g’l(ueq +un) (106)
where u,, denotes the equivalent control signal and is defined as:

Uy =—F + 1" —Cy|e; + 2, sign (e; + 2,, ) —c, e, sign (e, ) —c, Je,

“sign(e)—z, (107)

and the switching term u, is designed and filtered as follows.
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u,+Tu, =v (108)
—(p, +k; +17)sign(o)

The nominal value of system parameters can be found in Table 3 in Section 4.2. The deviations

of real system parameters from their nominal values can be added to the disturbances d, ,.

The testing system consists of the studied model and a control data acquisition system. The
system apparatus is shown in Figure 27. A load module was installed on the opposite side of
the control system. Adjusting manually the cracking pressures of the relief valves can vary the
loading condition. It is worth mentioning that the external load created by the opposite
hydraulic system introduces highly nonlinear characteristics into the system. These nonlinear
characteristics attribute to not only the displacement and velocity of the actuator but also to the
cracking pressures of the loading relief valves as well as the different areas at the bore side and
rod side of the cylinders. The control data acquisition system includes an Advantech Industrial
Computer (Core i5-4570 3.2 GHz 4CPUs), a data acquisition card (PCI-6221), an encoder
reader (PCI-QUAD 04) and a sensor system. Displacement of the actuator and working
pressures of the system are recorded by a linear encoder (WTB5-500 MM) and pressure
transducers (DS-230), respectively. The external force is measured using a load cell (YC60-
2T) and an indicator. The designed controller is implemented in the computer using the real-
time window target toolbox of MATLAB with a sampling time of 5ms.

AR o

Load
Control

H} dxauhc Circuit
= : ‘
® 5 ® © \V N v
‘.ll‘..l‘ Pressure \ Hydraulic Circuit l"
v ‘ ’ - Ll
B

Txausducels

Panel

- Control I
1

Screen & |\ gllVA
Keyboard

§ Load Linear Load Cell Control
Cylinder Encoder Cylinder

B Industrial
Computer

N

Figure 27. Photograph of the experimental apparatus.

The control gains and estimation gains are selected as follows. For the TSMC controller,

c,=44,¢,=24,¢,=24, 0,=1/3, a,=3/7, a,=3/5, T=0.1,and S=(p, +k; +7)=144.
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For the disturbance observer, L,=500, 4,=12, 4,=9, 4,=6, 4,=3, u,=48,
Uy =84, 11, =24, u, =12,

To verify the effectiveness of the proposed control algorithm, the popular PID controller is
selected for comparison purpose. The reason PID is chosen lies in the fact that PID is an
effective error-based control algorithm and simple to interpret and implement. Thus, PID is
commonly found in enormous applications. If being well-tuned, PID can provide relatively
satisfactory results for the control system. In this experiment, the PID gains are manually tuned
to be KP =795, KI =270, and KD =30 using the trial-and-error method.

The experiment is carried out with a reference input of a sinusoidal signal,

r =50sin(zt)mm . After applying the two control algorithms, the experimental results are

plotted in Figure 28 to Figure 31.
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Figure 28. Position tracking errors of PID and the proposed controller.

Figure 28 illustrates the position tracking errors of PID and the proposed control algorithm
on the target system. The error delivered by PID reaches and then varies in a small bounded
region around the equilibrium without actually converging to it. Despite the high nonlinearity
of the target system, PID can produce a relatively good control error in the range of

J_erm(~ 4%) . Even though the PID controller can achieve higher accuracy if higher gains are

set, its position tracking error is expected to never converge to zero because PID is a linear type
of controller. Also, large PID gains might drive the control performance to pass its limitations

and the system stability might be vulnerable over a wide range of operations [52]. Whereas,

much higher accuracy is seen for the proposed controller, £0.02mm(~ 0.04%) . To achieve

this result, the system mismatched disturbance is well observed and subsequently compensated
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by the controller, which is shown in Figure 30. Abnormal surges are seen as the cylinder change
its moving direction. This can be explained due to the mechanical failure of the structure and

the lagging effects in the sensing system.
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Figure 29. Control input trajectory of PID and the proposed control algorithm.

The control input trajectories of the two considered controllers are presented in Figure 29.
It can be observed that smaller control efforts are seen in the proposed controller. However,
the chattering phenomenon still exists in the proposed control signal, which indicates a

shortcoming in practical applications.
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Figure 30. External force and its estimation using the proposed disturbance observer.
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Figure 30 demonstrates the performance of the proposed disturbance observer. The fact that
there are failures at only one side of the external load trajectory might lie in the asymmetric
structure of the single-rod cylinder, where the areas of the two chambers are different from
each other. Figure 31 records the working pressure inside two chambers. The discrepancy in
the area of the two chambers explains the difference in magnitude of the two pressure. Since

A, < A, P, must be larger than P, to produce the same output force, for instance.

In this section, the effectiveness of the proposed controller was evaluated in dealing with
the problem of position tracking control for an EHA system. The proposed control algorithm
was compared with the PID controller, which is an error-based controller and widely found in
the industry. Much higher precision in position tracking is achieved by the proposed controller
owing to both the relatively accurate estimation of mismatched disturbance and the robustness
of the sliding mode control. However, the proposed control algorithm still exhibits an undesired
chattering phenomenon in its control signal, which might prevent it from being popular in
practice.
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Chapter 5
CONCLUSION AND FUTURE WORK

51 Summary

This dissertation introduces a new control algorithm for a class of nonlinear systems subject
to both matched and mismatched disturbances. To suppress the nonlinearity and to overcome
the negative effects of disturbances on the system, a disturbance-observer-based chattering-
free full-order terminal sliding mode control is proposed, developed and investigated.
Mathematical modeling, controller design, stability analysis, simulation, and experiment are
given to support and validate the effectiveness of the proposed control algorithm. The
following conclusions are drawn from the work.

(1) The nonlinear finite-time disturbance observer is developed based on the research on
globally convergent differentiators in the literature. Using the information of system states, the
disturbance observer is expected to estimate the mismatched disturbance and its derivatives in
finite time. A set of observer parameters needs to be tuned to reach the level of high accuracy.
Generally, the greater the value of observer parameters, the faster convergence of estimation
errors, yet the larger peaking phenomena at the beginning if the initial values of the system
states and those of the observer are different. Thus, in the case of different initial values, a
tradeoff should be made to ensure fast convergence yet acceptable peaking phenomena.

(2) The influences of nonlinear dynamics and matched disturbances are overcome by the
robustness of a terminal sliding mode control design. To alleviate the chattering phenomenon,
the switching control signal is defined and filtered in the same way as a low-pass filter. Also,
the structure of full-order terminal sliding mode is employed so that the equivalent control
signal can be derived without producing terms that could lead to singularity in some specific
cases.

(3) Although the proposed control algorithm is first designed to address the problem of
stabilization for a class of nonlinear second-order systems, it is then extended for the nth-order
systems. Later, the proposed controller is also modified to tackle the problem of tracking
control.

(4) Although in the studies, the proposed control has demonstrated its effectiveness in
controlling different target systems, more rigorous studies should be carried out in future work

for better evaluation. Specifically, in the task of controlling a bidirectional DC-DC converter,
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the converter is control-oriented modeled so that it is more convenient to apply nonlinear
control algorithms. However, this approach leads to a disadvantage as the virtual control signal
is required to be large, subsequently, large control parameters are selected to produce such a
control signal. Large control parameters make it more difficult for the tuning process. Whereas,
in the study of position control for an electro hydrostatic actuator, although it is conducted in
an experiment, different working scenarios should be added to the scheme. Also, the effect of

the asymmetric cylinders on the system performance should be carefully studied.

5.2 Future work

(1) Throughout the study, the system states were assumed to be available to be collected.
However, there are various cases in practice where only one system state such as displacement
is available. Thus, one of the future works could focus on developing a high-performance
finite-time extended-state disturbance observer to estimate both disturbances and remaining
states of the system. Thus, more effectively control can be achieved.

(2) To carefully evaluate the effectiveness of the proposed control algorithm in solving the
problem of controlling the bidirectional DC-DC converter, it should be tested in different
working modes. These scenarios might include buck-boost switching or load changes. Also,

not only simulations but also experiments should be conducted for better assessment.
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