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Abstract

In this paper, a sliding mode based self-tuning PID
controller is proposed for second order systems. While
developing the controller, it is assumed that the system
model has a part which contains nonlinear terms similar to
PID structure. The controller and update rules for PID
parameters are obtained from Lyapunov stability analysis.
Numerical simulations are conducted on a Twin-Rotor
Multi-Input Multi-Output System (TRMS) model to show
the performance of the proposed controller.
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1. Introduction

PID control is the most preferred control technique in
industrial applications due to its simple structure and
convenience in implementation [1]. However, the
effectiveness of the PID controller is based on the
accurate selection of its parameters. Despite the good
performance results in linear systems, the selection of the
parameters might be very difficult and time wasting with
the rise of nonlinearities of the system. To deal with this
problem many approaches of self-tuning PID controllers
have been presented till today. These approaches can be
divided into two main categories: i) model based
approaches and ii) rule-based approaches. In model based
approaches, the tuning mechanism is based on the
knowledge of the system model [2]. In rule based
approaches, the tuning is based on some optimization
or estimation rules without model knowledge, which
basically mimics an experienced operator’s behavior [2].
A good survey can be found in [2] on this topic.

In the literature, many studies can be found on self-
tuning PID controller and its applications. In [3], An et. al.
presented a self-tuning method for PID controllers based
on the theory of adaptive interaction for the quadrotor
system. In [4], a self-tuning PID control scheme based on
support vector machine (SVM) and particle swarm
optimization (PSO) were presented. Jiang and Jiang
proposed a fuzzy based self-tuning PID controller for
temperature control [5]. Zheng et. al. used fuzzy module
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to tune PID controller parameters according to the error
and change in error [6]. In [7] and [8], genetic algorithm
was utilized to tune the PID parameters. Na presented a
study on water level control of a nuclear steam generator
with PID controller of which parameters were tuned by
model predictive control (MPC) [9]. In [1], least squares
support vector machine identifier was utilized to tune
parameters of PID controller. Fan et. al. used neural
network to tune PID controller for position tracking of a
pneumatic artificial muscle [10]. Gundogdu and
Komurgaz presented a self-tuning algorithm for PID
controller based on adaptive interaction approach [11]. In
[12], Howell and Best used continuous action
reinforcement learning automata (CARLA) method to
tune the PID controller parameters while controlling
engine idle-speed. In [13], Shih and Tseng designed a
self-tuning PID controller by using integral of time-
weighted absolute error (ITAE) optimal control principle
and the pole-placement approach to control position of a
servo-cylinder. Dong and Mo presented model reference
adaptive PID controller for motor control system with
backlash [14]. In [15], Chamsai et. al. presented an
adaptive PID controller combined with sliding mode
controller for uncertain nonlinear systems. Chang and Yan
proposed an adaptive PID controller based on sliding
mode controller for uncertain chaotic systems [16]. Kuo
et. al. presented an adaptive sliding mode controller with
PID tuning method for a class of uncertain systems [17].

In this paper, a sliding mode based self-tuning PID
controller is proposed for uncertain second order systems.
Different from the literature, it is assumed that the model
contain nonlinear terms similar to PID structure. The
controller and update rules for PID parameters are
obtained from Lyapunov stability analysis. Numerical
simulations are conducted on a Twin-Rotor Multi-Input
Multi-Output  System (TRMS) model to test the
performance of controller and parameter update rule.

The rest of the paper is organized as follows; the
system model is presented in Section 2. Control and
parameter update rule design are presented in Section 3.
Numerical simulation results are given in Section 4.
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Finally concluding remarks are presented in Section 5.
2. System Model

The following second order system is considered in
this paper,

o))
@)

X, (1) = X,
X, () = f(X)+u(t)

where x(t) = [x1 (), x2(t)]" is state vector, u(t)E R is
control signal. The function f(-):R?>>R is assumed in the
form of

FO0 =900 + K, % (1) + kX, (0 + K [x, (1) 3

where g(-):R? — R is unknown function, kp, kqand ki are
unknown system parameters.

Assumption 1: It is assumed that the function g(-) is
bounded as

lg(x)[< p @)

where p is known.
Assumption 2: It is assumed that the system
parameters, Kp, kg and ki are in known bounded regions.
Assumption 3: It is assumed that x(t) is available and
continuous.
3. Control and Parameter Update Rule Design
The objective of the controller is to utilize that x, (t)

track a desired trajectory while updating PID parameters.
To achieve this objective, the error system is designed as
follows,

()
(6)

il(t) =Xa1 — X%
X, (1) = Xy, — X,
where Xq1 and Xqp are desired trajectories. To construct

sliding mode controller, the filtered error signal is
designed as

s =X, + 2% + X%, )

The derivative of (7), which will be utilized later, is
$=X, + 24X, + 1°X,

=Xd2—g—kpxl—kd>'(1—ki_[xl—u

+ 2%y, L% + X, 8)
The control input is designed as
U=Up, +Ug ©)
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where ur is sliding part of the controller and
Upp =K X +Ky X + kifil

A A ~

where k,, Ky and K;

respectively.
By substituting the (9) and (10) in (8), it is obtained as

=%y, —g—kyx —koX —k; [ %,

(10)

are estimates of kp, kq ve ki ,

— KX —KgXg1 — kiJ‘Xdl —Ug
. . 2~
+ 24Xy = 2% + X (11)
where
k, =k, —Kk,. kg =k; =k;, ki =k; =k;. (12
The Lyapunov function in (13) is utilized to construct

update rules for PID gains and design ugr
1

V=_sz+112;+1|2d2+1|§2. (13)
2 2 2 2
The derivative of (13) is obtained as
Vv =sS+EDIZp +k, Kk, +kk
=S(Xy, _g_kpxdl_kdxdl_kijxdl_uR
+ 2%y, — 205 + 2°X) — K. (5%, +K,)

—Ep(sxl+k;d)—l-<~i(s_fxl+léi) (14)

A A

From (14), the update rules of kAp, Kk, and K; are

. (15)
After substitution of (15) in (14), VV is obtained as
V =s(X,, + 21X, + A°X,) —sg

selected as in (15) to eliminate the terms with gain errors.
K, =—sx,, Kq = =%, k; =—s[x,

- s(kApxGll + IZd Xgp + IZiJ'xdl) —Su,  (16)

The input signal ur should be designed to make V
negative. To achieve this purpose, ug will be investigated
by separating into three terms as

Ug =U, +U, +Uj - 17
Uy, is designed as to eliminate first two terms in (16) as
U, = Xy, + 24X, + °X +Kksgn(s), ke R*  (18)

To eliminate the term sg in (16), the condition in
assumption 1 can be utilized. From (4) the following
inequality can be obtained

-sg<fgp, per
By using (19), u: is designed as follows

(19)
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"
m
u, = Hp (20)
2 S :
By substituting (18) and (20) in (16), V' is obtained
as,
V < —k|s|—sL —su, (1)
where
L =K, Xy + K Xgr +K; [ X - 22)
An upper bgund for LEan be defiged as
L, > ‘kp‘|xdl| + ‘kd ‘|)’<d1| + ‘kiU|xd1| . (23)

where IZP, kd and ki are upper bounds of kp, kg and ki,

respectively.
Hence, the following inequality can be written

—sL<|gL, (24)
Remark 1: In (23), Lm may go to infinity for x,, =0

since integral term. But it should be kept in mind that the
main interested term is |s|Lm. So if it can be proven that
s(t) converge to 0, fast enough, then, it can be assumed
that the term |s|Ln stays bounded. So L can be accepted
as bounded.

In the rest of the paper, it will be proven that s(t) converge
to 0 with a tunable rate.

From (24),
V =—kK|s| +|s|L,, —sus. (25)
So, uz can be obtained as
3
u; =—L, (26)
S
This leads
V <—ks|. @7)
From (27), it can be said that s, |2p, Ky and K;are

bounded. To show that s(t) goes to zero with respect
to time, s(t) should be investigated in deep by taking the
time derivative of s? as

Z—s

2 dt
=(Xgz =9 —kpx; —kgx _kijxl —u)
+ 22Ky, — 27%, + A°X,)S . (28)

By substituting (9) and (15) in (28), it is obtained as,
1d ~ . T
Sgr S < Klsl kyx k% - ki [%)s . (29)
If k is selected as

=SS
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k > Iszl+lzdxl+l2i_|'xl‘+n (30)
where
k, =k, -k, (31)
k, =k, —k, (32)
ki =k =k, (33)

where Kp , k, and k, are lower bounds of ky, ks and ki,
respectively, (29) is obtained as

1d ,
- — 34
T S" < 77|S| (34)

which leads
s<-nls . (35)

From (35), it is seen that starting from any initial
condition, the state trajectory reaches to the surface

in a finite time smaller than |S(t = O)|/77 and then

converges to Xq(t) exponentially with a time constant
equal to 1/ [18].

4. Numerical Simulations

The performance of the control law in (9) and update
rule in (15) were evaluated by conducting numerical
simulation by using the dynamic model of a 2-DOF
helicopter which is known as TRMS.

During the simulation, the parameter values of input
signal were selected as A=diag(30,30), k=diag(1,1),
p=[1 11", Lm = [1 1]7 . The initial values of gain estimates
were set to kp=[5 5]" , ke=[5 5]" and k=[5 5]". The initial
positions of the axes were x(0)=[0.5 0.5]" in radian and
the desired positions were selected as x4=[0.4 0.3]" in
radian.

In the numerical simulations, it was observed that the
control law performed satisfactorily. The position errors
and the control inputs of yaw and pitch axes are
presented in Figures 1, 2, 3 and 4, respectively. The PID
gain estimates are given in Figures 5, 6 and 7. As can be
seen in the figures, both the yaw and the pitch errors are
driven to the vicinity of zero.
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Fig. 1. Yaw axis position error
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Fig. 2. Pitch axis position error
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Fig. 3. Input signal for yaw axis

5. Conclusions

In this paper, a sliding mode based self-tuning PID
controller was designed for second order systems. While
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designing the controller, it was assumed that the system
model contain nonlinear terms similar to PID structure.
The controller and update rule for PID parameters were
obtained from Lyapunov stability analysis. The
effectiveness of the controller and update rule were
evaluated by conducting numerical simulation and
achieved satisfactory results.
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Fig. 4. Input signal for pitch axis
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Fig. 5. K, estimates for yaw axis (top) and pitch axis

85 T
EF -
|
45
4 |
0 1 2 3 4 5 ] T 8 9 10
Time [sed]
55 T
5
|
45t -
I -
N
8|
i
3ri -
25+- i -
0 1 2 3 4 B 3 7 8 9 10

Time [sec]



Proceedings of the International Symposium of Mechanism and Machine Science, 2017
AzC IFToMM - Azerbaijan Technical University
11-14 September 2017, Baku, Azerbaijan

Fig. 6. Ky estimates for yaw axis (top) and pitch axis
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Fig. 7. K; estimates for yaw axis (top) and pitch axis

(bottom)

References

[1]

[2]

(3]

[4]

[5]

[6]

[7]

S.  Wanfeng, Z. Shengdun, and S. Yajing,
“Adaptive PID controller based on online LSSVM
identification,” in Int. Conf. on Advanced Intelligent
Mechatronics, July 2008, pages 694-698.

K. J. Astrom and T. Hagglund, “PID Controllers:
Theory, Design and Tuning”, NC, USA: Instrument
Society of America, 1995.

An, S., Yuan, S., Li, H., “Self-tuning of PID
controllers design by adaptive interaction for
quadrotor UAV,” in Proc. Of IEEE Chinese
Guidance, Navigation and Control Conference,
Nanjing, China, August 2016, pages 1547-1552.

J. Lu, C. Yang, B. Peng, R. Wan, X. Han, and
Ma, “Self-tuning PID Control Scheme with Swarm
Intelligence Based on Support Vector Machine,” in
Proc. of IEEE Int. Conf. on Mechatronics and
Automation, Tianjin, China, August 2014, pages
1554-1558.

K. Jiang, W. Jiang, and X. Jiang, “Design of an
intelligent temperature control system based on the
fuzzy self-tuning PID,” Procedia Engineering, vol.
43, pages 307 — 311, 2012.

J. ming Zheng, S. dun Zhao, and S. guo Wei,
“Application of self-tuning fuzzy PID controller for
a SRM direct drive volume control hydraulic press,”
Control Engineering Practice, vol. 17, no. 12, pages
1398-1404, 2009.

C. Li and J. Lian, “The application of immune
genetic algorithm in PID parameter optimization for
level control system,” in IEEE Int. Conf. on
Automation and Logistics, Aug 2007, pages 782—
786.

97

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Sreekanth, P., Hari, A., “Genetic Algorithm
Based Self Tuning Regulator for ball and hoop
system,” in Proc. Of Conference on Emerging
Devices and Smart Systems, Tamilnadu, India,
March 2016, pages 147-152.

M. G. Na, “Auto-tuned PID controller using a model
predictive control method for the steam generator
water level,” IEEE Trans. on Nuclear Science, vol.
48, no. 5, pages 1664-1671, Oct 2001.

J. Fan, J. Zhong, J. Zhao and Y. Zhu, “BP neural
network tuned PID controller for position tracking of
a pneumatic artificial muscle,” Technology and
Health Care, vol. 23, no. 2, pages S231-S238, 2015.
T. Gundog and G. Comoros, “Adaptive PID
controller design by using adaptive interaction
approach theory,” in Int. Conf. on Electric Power
and Energy Conversion Systems, Oct 2013, pages 1—
5.

M. Howell and M. Best, “On-line PID tuning for
engine idle-speed control using continuous action
reinforcement learning automata,” Control
Engineering Practice, vol. 8, no. 2, pages 147 — 154,
2000.

M.-C. Shih and S.-I. Tseng, “Pneumatic servo-
cylinder position control by PID-self-tuning
controller,” JSME inter. journal. Ser. C, Dynamics,
control, robotics, design and manufacturing, vol. 37,
no. 3, pages 565-572, 1994,

J. Dong and B. Mo, “The adaptive PID controller
design for motor control system with backlash,” in
Inter. Conf. on Intelligent Control and Information
Processing, June 2013, pages 59-63.

T. Chamsai, P. Jirawattana, and T. Radpukdee,
“Robust adaptive PID controller for a class of
uncertain nonlinear systems: An application for
speed tracking control of an SI engine,”
Mathematical Problems in Engineering, 2015.

W.-D. Chang and J.-J. Yan, “Adaptive robust PID
controller design based on a sliding mode for
uncertain chaotic systems,” Chaos, Solitons &
Fractals, vol. 26, pages 167 — 175, 2005.

T. C. Kuo, Y. J. Huang, C. Y. Chen, and C. H.
Chang, “Adaptive sliding mode control with PID
tuning for uncertain systems,” Engineering Letters,
vol. 16, no. 3, pages 311-315, 2008.

J.-J. E. Slotine and W. Li, Applied Nonlinear
Control. Englewood Cliffs: NJ:Prentice Hall, 1991.



