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ABSTRACT 

 Feedback has had a revolutionary influence in practically all areas 

where it has been used and will continue to do so; it desires a simple and 

effective feature of a control algorithm. The emerging features of automatic 

tuning have greatly simplified the use of PID controller; a nonlinear 

optimization technique based on sequential quadratic programming (SQP) 

technique is used for obtaining the tuning parameters of the PID controller. 

The proposed PID tuning based on SQP technique shows superiority and 

effectiveness in controlling stable and unstable nonlinear systems.  
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1. Introduction 

 Feedback is a very powerful idea. Its use has often had revolutionary 

consequences with drastic improvements in performance, see [1, 2]. Credit 

is often given to a particular form of feedback although it is frequently 

feedback itself that gives the real benefits and the particular form of 

feedback used is largely irrelevant. Feedback desires a simple feature of a 

control algorithm: it should be widely applicable and easy to understand, 

involving as few tuning parameters as possible. Ideally, these parameters 

should possess a clear engineering meaning, making the tuning a systematic 

task according to the given specifications. Despite the developments of 

various kinds of modern or postmodern control theories, such as LQG or 

LQR optimal control, model predictive control (MPC), sliding mode 

control. The PID controllers are by far the most dominating form of 

feedback in use today, because of their simplicity, performance, robustness 

and availability of many effective yet simple tuning methods based on 

minimum plant model knowledge [2, 3]. 
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The first attempts to automate the tuning of PID controllers were based on 

iterative manual tuning, and methods based on graphical time domain 

representation using root locus or frequency domain using bode plots [2, 4]. 

Ziegler and Nichols [5] have proposed their first reaction curves tuning 

rules which is based on calculating the controller parameters from the model 

parameters determined from the open loop system step response,  and the 

ultimate cycle tuning rules which is based on calculation of controller 

parameters from the controller gain and oscillation period at the ultimate 

frequency. Then came the well known techniques such as Cohen-Coon 

method and internal model control method and other techniques which are 

called optimum methods [1, 2]. Recently, the Ziegler Nichols step response 

method has been considered by Astrom and Hggalund [6], where they 

analyzed analytically the power of the method and the recent modified 

methods based on it. There are many modified tuning methods that have 

also been proposed recently such as the PI/PID controller design based on 

IMC and percentage overshoot specification [7], a plant step response based 

technique [8], and the IMC-like analytical H∞ design with S/SP mixed 

sensitivity consideration [9].  Moreover, a recent implementation aspect for 

building thermal control using PID has been considered by Kafetzis et. al. 

[10]. In addition, tuning rules for fractional PIDs has been proposed by 

Valerio and Costa [11], similar to the first and the second sets of tuning 

rules proposed by Ziegler and Nichols for integer PIDs. 

All of the aforementioned tuning methods are only suitable to linear 

systems, but real time industrial processes are subjected to variation in 

parameters and parameter perturbations that make them highly stable or 

unstable nonlinear systems. Indeed, many industrial processes can be 

approximated sufficiently well in concerned operating region of state space 

by linear systems. However, many other plants exist whose dynamics must 

be described by nonlinear systems. Moreover, the aforementioned 

conventional tuning techniques lack the intelligence and flexibility which 

would increase the performance rate and also improve the stability and error 

criterion. Therefore, it is highly desirable to develop effective methods to 

determine the parameters of PID controllers for nonlinear systems. One way 

of controlling nonlinear systems is by considering them as a multi-input-

multi-output system and applies conventional tuning rules to them [12], or 

using gain scheduling for different operating point and conventional tuning 

techniques for these operating points [1, 13]. There are several optimization 
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algorithms which have been used for searching the optimal gain parameters 

for the purpose of improved performance.  A genetic algorithm for optimum 

tuning of PID controller is proposed by Ali et. al. [14, 15, 25] and to a 

fractional PID controller by Padhee et. al.  [16]. Particle swarm optimization 

as soft technique has been proposed recently by different researchers [17, 

18, 19], to obtain the optimum values of PID parameters for single input 

single output system, moreover, the semi-definite programming technique 

has been proposed by Bao et. al.[20] for tuning the multi-loop PID 

controller, where the PID tuning problem has been formulated as an H∞ 

problem with a controller structure constraint and the controller parameters 

are optimised to achieve both user-specified robust stability and 

performance. Furthermore, neural network and fuzzy logic has got their 

successful implementation for designing a PID controller or as a controller 

based on PID’s idea. Tan et. al. [21] has proposed a generalized nonlinear 

PID controller based on neural networks, and Chen and Huang [22] 

proposed an on-line tuning of PID controller based on neural network. 

While, fuzzy logic has been proposed by different researchers as a fuzzy 

gain scheduling of a double PID controller [23], a fuzzy controller [1], or 

fuzzy PID controller [24], for more review on the subject of PID tuning 

refer to [1, 2, 4, 6]. 

In this paper, we propose a nonlinear optimization technique based on 

sequential quadratic programming (SQP) technique for obtaining the 

parameters of the PID controller. In this approach, the tuning parameters of 

the PID controller are obtained to meet a time domain performance 

requirements of nonlinear system.  

2. PID parameters tuning using SQP   

A simple structure of control is the feedback control structure shown in 

figure 1., in this structure the automatic controller compares the actual value 

of the plant output with the reference input (desired value), determines the 

deviation, and produces a control signal that will reduce the deviation to 

zero or to small value.  
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Figure(1): the feedback control structure 

 The control part in the mentioned structure could be PID controller, 

PID controllers are based on three basic behavior types: proportional (P), 

integral (I), and derivative (D). The proportional action provides control 

signal that is proportional to the error between the reference signal and the 

actual output. The integral action provides integral signal of the error, while 

the derivative action provide derivative signal of the error. The relation 

between the control u(t) and error e(t) can be expressed in the following 

form: 
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Kp, Ti, and Td are the parameters to be tuned. The corresponding transfer 

function is given by: 
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There are several recommended methods for tuning PID controller 

parameters and for experimental determination of process characteristics 

used to obtain process variables and to set controller parameters [1, 2, 4, 6]. 

A continuous development of new control algorithms insure that the time of 

PID controller has not past and that this basic algorithm will have its part to 

play in process control foreseeable future [1, 14, 18, 23]. The nonlinear 

control design (NCD) blockset (MatLab Toolbox) is used for obtaining the 

final values for the tuned parameters of the PID controller. The NCD 

blockset enables tuning parameters within a nonlinear Simulink model to 

meet time domain performance requirements using a nonlinear optimisation 

technique. The NCD blockset transforms the constraints along with the 
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simulated system output into an optimisation problem of the following 

form: 
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Where, the variable x is a vectorisation of the tunable variables (Kp, Ti, and 

Td); while xl and xu are vectorisations of the lower and upper bounds on the 

tunable variables. The vector g(x) is a vectorisation of constraint bound 

error and w is a vectorisation of weighting on constraints. 

The NCD blockset attempts to minimise the maximum constraint error 

using sequential quadratic programming (SQP) optimisation algorithm. The 

SQP optimisation algorithm employs quasi-Newton's method to directly 

solve the Karush-Kuhn-Tucker (KKT) condition for the original problem. 

As a result, the accompanying sub-problem turns out to be the minimisation 

of quadratic approximation to the Lagrangian function optimised over a 

linear approximation to the constraints.  

3. Application of the PID tuning method to 
stable system 

 In the present work the PID controller has been applied to stable 

nonlinear system (stirred tank heat exchanger) that was studied by 

Abdulrahman [3]. The goal of this process is to control the dynamic 

response of the tank temperature subjected to a change in the coolant flow 

rate. 
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Figure(2): Closed-loop response for non-linear system with PID controller parameters 
based on relay feedback (dotted line), a plant step response based technique (dashed 

line) and NCD (solid line). 
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The PID controller has been tuned using the NCD block set to give the 

desired response shown in the figure above. 

4. Application of the PID tuning method using 

the NCD block set to unstable system 

 The tuning method has been applied to an inverted pendulum shown 

in figure 3. The inverted pendulum system inherently has two equilibria, one of 

which is stable while the other is unstable. The stable equilibrium corresponds to a 

state in which the pendulum is pointing downwards. In the absence of any control 

force, the system will naturally return to this state. The stable equilibrium requires 

no control input to be achieved and, thus, is uninteresting from a control 

perspective. 

 

 

 

  

 

 

 

 

Figure(3): Free body diagram of the Inverted Pendulum 

 The unstable equilibrium corresponds to a state in which the pendulum 

points strictly upwards and, thus, requires a control force to maintain this position. 

The basic control objective of the inverted pendulum problem is to maintain the 

unstable equilibrium position when the pendulum initially starts in an upright 

position.  

For controlling this unstable system, not all of the tuning methods mentioned above 

in figure 2 can be used, because are designed for stable systems. Tuning of PID 

parameters of this unstable system can be done with the help of the NCD tool box 

which is based on nonlinear optimization techniques. 

For the purpose of PID parameters tuning, the NCD block has been used to control 

the angle of the cart to the desired response and get a good initial response as 

shown in figure 4, after that another NCD block has been used   to control the cart 



 

 

67 Journal of Science & Technology 
 

Vol. (19)  No. (1)  2014 

Optimum tuning of the PID controller for stable and unstable systems using nonlinear 
optimization technique 

response and get a good response for the cart and then enhance the previous 

response of the angle. 

The response of the angle and the cart resulted of PID tuning using the NCD block 

is shown in figures 5 and 6. It can be noticed from the figures how the PID 

controller return back the angle of the pendulum and the cart to their positions 

effectively.  

 

Figure(4) Tuning Process to desired response 

 
Figure(5): angle response of the pendulum 

 
Figure(6): position response of the cart 
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5. Conclusion 

 Still Feedback is a very powerful idea and it desires a simple feature 

of control algorithm such as PID. The PID controller is widely applicable 

and easy to understand, involving as few tuning parameters as possible. All 

of the available PID tuning methods are only suitable for stable systems, 

and it is difficult to use these techniques for unstable systems. Here in our 

work we have proposed a tuning method based on SQP using the NCD 

block set in MatLab. The proposed tuning method is suitable and effective 

for tuning PID parameters; moreover, it increases the performance rate and 

improves the stability and error criterion of nonlinear unstable systems.   
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