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Obtaining an Optimum PID Controllers for
Unstable Systems using Current Search

D. Puangdownreong and A. Sakulin

Abstract—A significant application of the current search (CS), a
novel meta-heuristic intelligent search method in industrial control
domain, is proposed in this article. The CS is inspired by an electric
current flowing through electric networks. It is conducted to
synthesize an optimum PID (proportional-integral-derivative)
controller for stabilizing three unstable plants, i.e. inverted
pendulum, ball-beam, and pitch control systems. The CS is used to
search for the optimum controller’s parameters denoted as
proportional, integral, and derivative gains. As simulation results,
optimum PID controllers can be achieved by the CS. The results
obtained are very satisfactory.

Keywords—Control synthesis, current search, PID controller,

unstable system.
IN 1922, Minorsky [1] proposed the proportional-integral-
derivative (PID) controller. It has become to well-known
controller widely used in industrial applications. The PID
controller family consisting of P, PI, PD, and PID, has been
played as the heart of control engineering practice. Over the
past two decade, three hundred and eighty publications on the
use of PI or PID controller for the compensation of process
with time delays have been recorded, more than three times
the number of publications in the previous five decades [2].
The ability of Pl and PID controllers to compensate most
practical industrial processes has led to their wide acceptance
in industrial applications. For example, 98% of control loops
in the pulp and paper industries are controlled by SISO PI
controllers [3], and in process control applications, more than
95% of the controllers are of PID type [4].

To obtain appropriate controller’s parameters, one can
proceed with available analytical design methods or tuning
rules. Mostly the analytical design methods assume known
plant models [2],[5],[6],[7], while the tuning rules assume
known process responses [8],[9]. Those analytical design
methods and tuning rules, however, have some particular
conditions concerning the plant models, such as dead time or
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transport lag, fast and slow poles, real and complex
conjugated zeros and poles, as well as unstable poles, etc.

To date, artificial intelligent (Al) techniques have been
accepted and used for the controller design in industrial
control applications, for example, designing of an adaptive
PID controller by genetic algorithm (GA) [10], self-tuning
PID controller by GA [11], finite-precision PID controller by
GA [12], and PID controller design by adaptive tabu search
(ATS) [13]. Although the ATS are efficient to find the global
minimum of the search space and widely used in control and
engineering applications such as system and model
identification [14], system performance optimization [15],
assembly line balancing problem [16], surface optimization
[17], and control synthesis [18], they consume too much
search time in some particular cases. The current search (CS),
one of the novel meta-heuristic optimization techniques, is an
alternative. The CS is expected to be an alternative potential
algorithm to obtain an optimum PID controller. In this article,
the CS algorithm is briefly reviewed and then applied to
design PID controllers for three unstable systems. This article
consists of five sections. The problem formulation of PID
control synthesis is described in Section 2. A brief of the CS
algorithm is provided in Section 3. The CS-based design of
the PID controllers is illustrated in Section 4, while
conclusions are given in Section 5.

This section describes the problem formulation of PID
controller design consisting of two parts, i.e. the PID control
loop and the unstable plants used in this work.

A. The PID Control Loop

A conventional control loop is represented by the block
diagram in Fig. 1. The PID controller receives the error signal,
E(s), and generates the control signal, U(s), to regulate the
output response, C(s), referred to the input, R(s), where D(s) is
disturbance signal, Gy(s) and G(s) are the plant and the
controller transfer functions, respectively.

The transfer function of the PID controller is stated in (1),
where K; is the proportional gain, K; is the integral gain, and
Ky is the derivative gain. So, the design problem is simplified
to determine the parameters K,, K;j, and Ky. The closed loop
transfer function with PID controller is given in (2).

PROBLEM FORMULATION
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The use of the CS to synthesize the PID controller can be
represented by the block diagram in Fig. 2. The cost function,
J, the sum of absolute errors between r(t) and c(t) as stated in
(3), is fed back to the CS tuning block. J is minimized to find
the optimum PID controller’s parameters.
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Fig. 2 CS-based PID control synthesis
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B. Unstable Plants

Three unstable plants used in this work, the inverted
pendulum (IP) [19], the ball-beam (BB) [20], and the pitch
control (PC) [21], are conducted by the survey of literature.
They can be considered as the hard-to-be-controlled plants,
because both are inherently unstable and difficult to be
designed.

The IP is well-known unstable system. The schematic
diagram of the IP is represented in Fig. 3. The model of the IP,
Gpi(s), is linearized as stated in (4), where M (cart mass) = 0.5
kg, m (pendulum mass) = 0.5 kg, | (pendulum length) = 0.3 m,
b (viscous-friction coefficient of cart) = 0.1 N/m/s, I, (moment
of inertia of pendulum bar) = 0.006 kg-m? g (gravitational
force) = 9.81 m/s®, f is an external force as input, and & is
pendulum angle as output. The step response, the frequency
response, and the root locus plots of the IP are depicted in Fig.
4 to Fig 6, respectively. Readers can find details of the IP
system from [19].

(t)

Fig. 3 inverted pendulum (IP) system
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The BB is also well-known unstable system. The schematic
diagram of the BP is represented in Fig. 7. The model of the
BB, Gy(s), is linearized as stated in (5), where R (radius of
spherical ball) = 3.59 cm, r (displacement from ball’s center to
one of edges of beam) = 2.54 cm, g (gravitational force) =
9.81 m/s?, ¢ is an angle of the beam as input, and x is the
position of the ball as output. The step response, the frequency
response, and the root locus plots of the BB are depicted in
Fig. 8 to Fig 10, respectively. Readers can find details of the
BB system from [20].
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The pitch control (PC) is also unstable system. It is used to
design the appropriate autopilot for the aircraft Boeing 747-
400 [21]. The schematic diagram of the PC is represented in
Fig. 11. The model of the PC, Ggs(s), is linearized as stated in
(6), where @is the pitch angle and &, is an elevator deflection
angle. The step response, the frequency response, and the root
locus plots of the PC are depicted in Fig. 12 to Fig 14,
respectively. Readers can find details of the PC system from
[21].

Z ’
Weight

Fig. 11 pitch control (PC) system

O(s) 168955 +0.84445
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I1l. CURRENT SEARCH ALGORITHM

The current search (CS) is proposed based on the principle
of current divider in electric circuit theory [22]. The behavior
of electric current is like a tide that always flow to lower
places. All blanches of electric circuit represent the feasible
solutions in search space. The less the resistance of blanch, the
more the current flows. The local entrapment is occurred

when the current hits the open circuit connection. The
optimum solution found is the blanch possessing the optimum
resistance. The diagram in Fig. 15 reveals the search process
of the proposed CS algorithm. The CS algorithm is described
step-by-step as follows.
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Initialize:

- search space Q
-k=j=1,jmax =10
-N=n=10, p=0.1Q
-Y=T=E=

v

Uniformly Random set of initial
solutions X;, i=1,...,N within Q

v

Evaluate f(X;) and rank X; leading
f(X)<f(Xz)<...<f(Xy), the store ranked X; into ¥

v

—>| Let Xo = X be initial solution

t

Uniformly Random set of neighborhood member |
Xi, i=1,...,n around xo within radius p - A

v

Evaluate f(x;) and let x’ be an elite solution
among x; making f(.) minimum

Store xg into Ty, then
setxo=x"andsetj=1

Update j = j+1

yes

Store X into =,
and update k = k+1

yes

Report the optimal
solution Xq

Fig. 15 diagram of the proposed CS algorithm

Step 1. Initialize the search space Q, iteration counter

k = j=1, maximum allowance of solution cycling
Jmax: humber of initial solutions (feasible

directions of currents in network) N, number of
neighborhood members n, search radius p, and

set ¥=I'===0.
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Step 2. Uniformly random initial solution X;, i=1,...,,N
within Q.

Step 3. Evaluate the objective function f(X;) of vX .
Rank Xj,i=1...,N that gives f(X;)<:-
< f(Xy), then store ranked X; into V.

Step 4. Let xq = X| as selected initial solution.

Step 5. Uniformly random neighborhood x;, i=1,...,n
around xg within radius p .

Step 6. Evaluate the objective function f(x;j) of vx. A
solution giving the minimum objective function is
setas x'.

Step 7. If f(x)< f(Xp), keep Xxg in set I, and set
Xg =X, set j=1 and return to Step 5. Otherwise
update j=j+1.

Step 8. If j < jmax. return to Step 5. Otherwise keep xq in

set = and update k =k +1.

Step 9. Terminate the search process when termination
criteria are satisfied. The optimum solution found is
Xg -Otherwise return to Step 4.

The search space Q is performed as the feasible boundary
where the electric current can flow. The number of initial
solutions N is set as feasible directions of the electric
currents in network. The number of neighborhood members n
is provided as the sub-directions of the electric currents in the
selected direction, and the search radius o is given as the

sub-search space where the electric current can flow in the
selected direction. The maximum allowance of solution
cycling jmax implies the local entrapment occurred in the

selected direction.

IV. CS-BASED CONTROL SYNTHESIS

To synthesize optimum PID controller, the CS is conducted
according to the block diagram represented in Fig. 2. The CS
algorithm is coded by MATLAB running on Intel Core2 Duo
2.0 GHz 3 Ghytes DDR-RAM computer. The CS parameters
must be assigned by the priory tests as summarized in Table 1,
where N is number of initial solutions, n is number of
neighborhood members, and p is search radius. Maximum

search iteration = 100 is set as termination criteria. The tests
were conducted 100 trial runs to obtain the optimum PID
controller’s parameters.

The boundaries of the PID parameters for IP system are set
as follows: K, e [4,000, 8,000], K; € [500, 1,000], and Kq €
[10, 100], for BB system are set as follows: K, € [0, 100], K;
e [0, 50], and K4 € [0, 10], and for PC system are set as
follows: K;, € [50, 150], K; € [0, 10], and K4 € [0, 20].

The objective function J in (3) will be minimized according
to an inequality constrain in (7), (8), and (9) for the G(s),
Gpa(s), and Ggs(s), respectively, where t, is rise time, M, is
percent maximum overshoot, t; is settling time, and e is
steady state error.

min J
subjectto t, <0.01sec,
M P <10.00%, @)
ty < 0.25sec,
ess <0.01
min J
subject to t, < 0.05 sec,
My < 12.00%, (8)
ts < 0.10sec,
ess <0.01
min J
subject to t, <0.1sec,
M p < 10.00%, 9
ts <1.00sec,
ess <0.01
Table 1 CS parameter setting
Parameters 1P BB PC
N 10 10 10
n 30 30 30
P 1% of O 1% of Q 1% of Q
Table 2 obtained results by CS
Cost J IP BB PC
Min 31.6927 18.8663 49.4223
Max 31.7006 29.2423 52.7812
Ave. 31.6969 23.9715 50.0154
Std. 0.0023 5.3276 0.0158
Time (sec) 1P BB PC
Min 280.8277 280.8108 152.1874
Max 283.2908 283.0496 165.1823
Ave. 281.7469 281.8419 161.9987
Std. 0.6976 0.6306 0.8604
Table 3 obtained optimum PID controllers
Parameters 1P BB PC
Ko 7,999.0964 99.9012 105.2512
Ki 517.7384 0.0994 4.8197
Kg 99.9994 9.9994 18.1701

Table 4 time-domain and fr

equency-domain responses

Responses 1P BB PC

tr (sec) 0.0032 0.0290 0.0750
M, (%) 9.4466 10.9325 9.2451
ts  (sec) 0.1000 0.0406 0.3544
ess (%) 0.12 00.00 0.00
GM (dB) 0 © o)

PM (deg) 81.5 79.8 80.7
BW (rad/sec) | 598.2 64.5 35.1
M, (dB) 0.86 0.99 0.98
ax  (rad/sec) | 304.28 16.42 8.54
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For IP system, after the search process stopped, the
convergent rate of the objective cost values are depicted in
Fig. 16. The cost functions found and the search time
consumed are summarized in Table 2. The optimum PID
controller is given in Table 3. Very satisfactory time-domain
(step) and frequency-domain responses both open and closed
loop system of IP-controlled system are shown in Fig. 17, Fig.
18, and Fig. 19, respectively, and summarized in Table 4,
where GM is gain margin, PM is phase margin, BW is
bandwidth, M; is maximum resonant peak, and ax is resonant
frequency. The root locus of IP-controlled system is depicted
in Fig. 20.

For BB and PC systems, after the search process stopped,
the cost functions found and the search time consumed are
summarized in Table 2. The optimum PID controller is given
in Table 3. The convergence rate curves of the objective cost
values are omitted because they have a similar form to those
of the IP shown in Fig. 16. Very satisfactory time-domain
(step), frequency-domain responses both open and closed loop
systems, and root locus plots of BB- and IP- controlled
systems are shown in Fig. 21 — Fig. 28, respectively, and
summarized in Table 4. As results obtained, optimum PID
controllers can be successfully achieved by the CS. The
results obtained are very satisfactory.

V. CONCLUSION

An application of the current search (CS), one of the most
efficient and powerful Al search techniques, to synthesize
optimum PID control system has been proposed in this article.
The CS algorithm has been developed by concept of an
electric current flowing through electric networks. The CS is
flexible and suitable for a variety of optimization problems in
which control application is one of the domains. The PID
controllers of three unstable plants, i.e. inverted pendulum
(IP), ball-beam (BB), and pitch control (PC) systems are
successfully optimized by the CS. As simulation results, very
satisfactory responses can be achieved. However, the
proposed CS is still problem-dependent, selecting an
appropriate parameter is essential for successful applications.
For future trends of research, the CS is still needed to solve
real-world problems in control engineering context both
control synthesis and system identification problems.
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Fig. 27 closed-loop frequency response of PC-controlled system

10

Bode Diagram

o

o T

20 \
-30

-45

90 \

10° 10" 10° 10" 10° 10°

Frequency (rad/sec)

Magnitude (dB)

Phase (deg)

Root Locus

4 | / \\\

——

H ®

Imaginary Axis
(=]

—x

-6
-25 -20 -15 -10 -5 (0] 5
Real Axis

Fig. 28 root locus of PC-controlled system



[
[2]
[3]
[4]

[5]

[6]
[71

(8]
[]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

INTERNATIONAL JOURNAL OF SYSTEMS APPLICATIONS, ENGINEERING & DEVELOPMENT

Issue 2, Volume 6, 2012

REFERENCES

N. Minorsky, “Directional stability of automatically steered bodies,”
American Society of Naval Engineering, vol. 34, 1922, pp.284.

A. Dwyer, Handbook of Pl and PID Controller Tuning Rules, Imperial
College Press, London, U.K., 2003.

W. L. Bialkowski, The Control Handbook, CRC/IEEE Press, Florida,
U.S.A,, 1996.

K. J. Astrom and T. Hagglund, PID Controllers: Theory, Design and
Tuning, Instrument Society of America, Research Triangle Park, North
Carolina, U.S.A., 1995.

B. C. Kuo, Automatic Control Systems, 8th edn. John Wiley & Sons,
2003.

K. Ogata, Modern Control Engineering, 4th edn. Prentice-Hall, 2002.

R. C. Dorf, Modern Control Systems, 10th edn. New Jersey Prentice-
Hall, 2005.

J. G. Ziegler and N. B. Nichols, “Optimum settings for automatic
controller,” ASME, Vol. 64, 1942, pp.759-768.

G. H. Cohen and G. A. Coon, “Theoretical Consideration of Retarded
Control,” ASME, Vol. 75, 1953, pp.827-834.

S. Mehrdad and C. Greg, “An adaptive PID controller based on genetic
algorithm Processor,” Proceeding of IEE Conference on Genetic
Algorithm in Engineering System, 1995, pp.88-93.

Y. Mitsukura, T. Yamamoto, and M. Kaneda, “A aesign of self-tuning
PID controller using a genetic algorithm,” Proceeding of the American
Control Conference, 1999, pp.1361-1365.

J. F. Whidborne, “A genetic algorithm approach to designing finite-
precision PID controller structures,” Proceeding of the American
Control Conference, 1999, pp.4338-4342.

D. Puangdownreong and S. Sujitjorn, “Obtaining an optimum PID
controller via adaptive tabu search,” International Conference on
Adaptive and Natural Computing Algorithms (ICANNGA’07), Lecture
Notes in Computer Science, Vol. 4432, 2007, pp.747- 755.

D. Puangdownreong and S. Sujitjorn, “Image approach to system
identification,” WSEAS Transactions on Systems, vol. 5(5), 2006,
pp.930-938.

D. Puangdownreong, C. U-Thaiwasin, and S. Sujitjorn, “Optimized
performance of a 2-mass rotary system using adaptive tabu search,”
WSEAS Transactions on Circuits and Systems, vol. 5(3), 2006, pp.339-
345,

S. Suwannarongsri and D. Puangdownreong, “Metaheuristic approach to
assembly line balancing,” WSEAS Transactions on Systems, vol. 8(2),
2009, pp.200-209.

J. Kluabwang, D. Puangdownreong and S. Sujitjorn, “Management
agent for search algorithms with surface optimization applications,”
WSEAS Transactions on Computers, vol. 7(6), 2008, pp.791-803.

J. Kluabwang, D. Puangdownreong and S. Sujitjorn, “Performance
assessment of search management agent under asymmetrical problems
and control design applications,” WSEAS Transactions on Computers,
vol. 8(4), 2009, pp.691-704.

K. H. Lundberg and J. K. Roberge, “Classical dual-inverted-pendulum
control,” Proceeding of IEEE Conference on Decision and Control,
2003, pp. 4399- 4404.

J. Hauser, S. Sastry, and P. Kokotovic, “Nonlinear control via
approximate input-output linearization : the ball and beam example,”
IEEE Trans. Autpmatic Control, Vol. 37(3), 1992, pp.392-398.

K. Kosar, S. Durmaz, and E. M. Jafarov, “Longitudinal displacement
autopilot design for boeing 747-400 by root-locus,” Proceeding of the 9"
WSEAS International Conference on Automatic Control, Modeling &
Simulation, 2007, pp.88-93.

C. K. Alexander and M. N. O. Sadiku, Fundamentals of Electric
Circuits, McGraw-Hill, 2004.

195

Deacha Puangdownreong was born in Pranakhonsri
Ayutthaya, Thailand, in 1970. He received the
B.Eng. degree in electrical engineering from South-
East Asia University (SAU), Bangkok, Thailand, in
1993, the M.Eng. degree in control engineering from
King Mongkut's Institute of Technology Ladkrabang
(KMITL), Bangkok, Thailand, in 1996, and the
Ph.D. degree in electrical engineering from
Suranaree University of Technology (SUT), Nakhon
Ratchasima, Thailand, in 2005, respectively.

Since 1994, he has been with the Department of Electrical Engineering,
Faculty of Engineering, South-East Asia University, where he is currently an
associated professor of electrical engineering. While remains active in
research, he served the university under various administrative positions
including Head of Department of Electrical Engineering, Deputy Dean of
Faculty of Engineering, Director of Research Office, and Director of Master of
Engineering Program. His research interests include control synthesis and
identification, Al and search algorithms as well as their applications. He has
authored 3 books and published as authors and coauthors of more than 70
research and technical articles in peer-reviewed journals and conference
proceedings nationally and internationally.

Dr.Deacha has been listed in Marquis Who's Who in the World, Marquis
Who's Who in Science and Engineering, and Top 100 Engineers-2011 in
International Biographical Center, Cambridge, UK.

Anusorn Sakulin was born in Samutsongkhram,
Thailand, in 1987. He received the B.Eng. degree in

electrical engineering from South-East Asia
University (SAU), Bangkok, Thailand, in 2011. He is
currently pursuing his M.Eng. in electrical

engineering at SAU. His research interests include Al
search algorithms, control system identification,
control system synthesis, and Al applications.





