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Abstract. The gravitational search algorithm is proposed to design PID control 
structures. The controller design is performed considering the objectives of set-
point tracking and disturbance rejection, minimizing the integral of the absolute 
error criterion. A two-degrees-of-freedom control configuration with a feedfor-
ward prefilter inserted outside the PID feedback loop is used to improve system 
performance for both design criteria. The prefilter used is a Posicast three-step 
shaper designed simultaneously with a PID controller. Simulation results are 
presented which show the merit of the proposed technique.       

1   Introduction 

Controllers based on proportional, integrative and derivative (PID) modes are applied 
within the majority of industrial control loops. Despite the development of more com-
plex control methodologies, there are several reasons for the success and resilience of 
PID control, such as simplicity, performance and reliability in a wide range of system 
dynamics [1]. Thus, the development of new PID control based schemes and design 
methodologies are relevant research issues. Two classical control system design goals 
are input reference tracking and disturbance rejection. Optimal PID controller settings 
for set-point tracking can result in poor disturbance rejection and vice-versa, i.e., op-
timal disturbance rejection PID settings can result in poor set-point tracking. The 
design of PID controllers both for set-point tracking and disturbance rejection can be 
improved using two-degrees-of-freedom (2DOF) configurations [2]. A well known 
2DOF configuration uses a feedforward prefilter applied to the input reference signal 
and a PID controller within the feedback loop. The ideal design of such 2DOF con-
trollers requires simultaneous optimization of system response both for set-point 
tracking and disturbance rejection. 

The GSA algorithm was proposed by Rashedi et al. [3] which reported the advan-
tages of using this algorithm in optimizing a set of benchmark unimodal and  
multimodal functions. In [3] a comparison was presented between GSA, particle 
swarm optimization (PSO) and a real genetic algorithm (RGA), showing that GSA 
performs better that PSO and RGA in the tested function set. Since its proposal GSA 
has been reported successfully in solving several problems [4,5,6]. In this paper the 



192 P.B. de Moura Oliveira, E.J. Solteiro Pires, and P. Novais 

gravitational search algorithm (GSA) is proposed to design 2DOF control configura-
tion in which the prefilter is a three-step Posicast input shaper and the feedback loop 
is a PID controller.   

2   Gravitational Search Algorithm 

The GSA was proposed originally by [3], and it is inspired in the natural interaction 
forces between masses. Accordingly to Newton’s law of gravity, the gravitational 
force, F, between two particles in the universe can be represented by:     
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where: M1 and M2 are the two particles masses, G is the gravitational constant and R 
is the distance between the two particles. Newton’s well known second law relates 
force with acceleration, a, and mass, M, as:    
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Considering a swarm of particles (or population), X, of size s, in which every element 
represents a potential solution for a given search and optimization problem, moving in 
a n-dimensional space, with vector x representing the particle position. The force 
between particles i and j, for dimension d and iteration t is represented by [3]: 
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where: ε is a small constant, and the gravitational constant can be defined in every 
iteration by: 
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with: G(t0) representing the initial gravitational constant, and R representing the Euc-
lidian distance between the two particles. The use of R instead of R2 in (1) was pro-
posed by [3] based on experimental tests. The total force that acts in each particle i for 
a certain dimension, d, is evaluated by:  
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in which, ϕ1j represents an uniform randomly generated number in the interval [0,1] 
and Kbest is the set of best particles, with size set to k0 at the beginning of the search 
procedure and decreased linearly over time. The acceleration of mass i, called law of 
motion [3], is represented by: 
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with Mi representing the inertia mass for particle i, evaluated with: 
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and 
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where:  fit, best, worst represent respectively the: current, best and worst fitness val-
ues for particle i in iteration t. The velocity and position of each particle are up-dated 
accordingly to the following equations: 
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with ϕ2j representing an uniform randomly generated number in the interval [0,1].  

3  PID Control Design: Problem Statement 

A general PID control structure for single-input single-output systems can be illu-
strated using the classical block diagram presented in Figure 1. Two of the more  
relevant control design objectives are set-point tracking and disturbance rejection.  

 

Fig. 1. PID control configuration 

For some types of system dynamics optimum set-point tracking can be achieved by 
using an open-loop control feedforward configuration. The modification of the refer-
ence input in order to improve system tracking can be implemented by using com-
mand shaping techniques [8,13]. The input shaping concept was originally proposed 
[7] to control underdamped systems. However the same technique can be used for 
other non-oscillatory system dynamics, as reported in [9].     



194 P.B. de Moura Oliveira, E.J. Solteiro Pires, and P. Novais 

 

Fig. 2. Feedforward input command shaping 

The pre-filter or shaper modifies the input step reference input, r, into another sig-
nal, rs, appropriate to cancel some of the system dynamics, in order to achieve a dead-
beat response, as illustrated in Figure 2. Cancelling the underdamped complex poles 
with a feedforward controller was originally proposed by Smith [7], and termed Posi-
cast control. Considering a unit step reference input, the half-cycle Posicast control 
signal is represented by: 
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and: r representing an unit reference input step, rs the shaped signal, A1 and A2 the 
first and second step amplitudes and Td the undamped time period. Equation (11) 
represented in the Laplace complex domain results in the following shaper transfer 
function: 
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The control signal represented by (11) can be obtained convolving the unit step input 
with a sequence of two impulses. This is known as a zero-vibration shaper [10], 
represented in the continuous time-domain as:        
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where δ(t) is the Dirac delta function. The amplitude of the first step or impulse is a 
function of the overshoot, Mp: 
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with: ζ representing the damping factor, ωn and ωd representing the undamped and 
damped natural frequencies, respectively. This study considers a Posicast shaper with 
three steps, represented by: 
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As systems can be subjected to disturbances and model uncertainty, the ideal feed-
forward control configuration presented in Figure 2 is usually combined with a  
feedback control loop. This combination can be accomplished using several control 
configurations, incorporating the feedforward controller (called hereby shaper) inside 
or outside the feedback loop. This problem has been addressed by [8], showing that 
using the shaper inside the loop is not advantageous for rejecting input disturbances. 
Thus, the control configuration used in this study is a two-degrees-of-freedom 
(2DOF) configuration presented in Figure 3, with the Posicast input command shaper 
(PICS) outside the loop.       

 

Fig. 3. Two-degrees-control configuration with input command shaping 

The 2DOF controller design can be accomplished using several methodologies. 
The PID controller can be designed first for achieving good disturbance rejection, and 
then the PICS can be designed to enhance set-point tracking. The former is a sequen-
tial design procedure. However, this can result in low performance. Indeed, both feed-
forward input shaper and feedback controller should be designed simultaneously. This 
type of methodology, also called concurrent design [11], is particularly useful when 
both design objectives are conflicting.  

4   GSA Design of PID Control Structures 

4.1   PID Design for Set-Point Tracking  

The PID controller used in this study is governed by the following equation: 
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where: Kp, Ki and Kd represent the proportional, integrative and derivative gains, re-
spectively, and Tf the filter time constant. The GSA is proposed to design the control 
structures described in the previous section. The first case is the PID control design 
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considering the control configuration presented in Figure 1, for set-point tracking 
minimizing the integral of absolute error criterion: 
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The algorithm used is presented in Figure 4, based on the original GSA [3], with some 
minor adaptations. In this case, if the swarm initialization is performed using a totally 
random procedure, some controller PID gains will make the system unstable. In these 
unstable cases the IAE value is disproportional high compared with stable cases, 
which makes the GSA to perform badly. Thus, to avoid unstable particles incorporat-
ing the first population, the swarm is initialized randomly using a candidate interview-
ing procedure. A randomly generated particle is allowed to be part of the initial 
swarm if it fulfills a predefined minimum IAE threshold.              

  
t = 0   
initialize swarm X(t) 
while(!(termination criterion)) 
  evaluate X(t) 
  update G, best, worst 
  evaluate particles M and a 
  update particles velocity and position 
  t = t + 1  
end 

Fig. 4. Gravitational Search Algorithm for PID controller design 

The gravitational constant is updated using: 
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where n_it represents the total number of iterations. This linear decreasing equation 
was found better for this application, among other possibilities tested by experimenta-
tion. The evaluation of each particle mass and acceleration are evaluated with equa-
tions (7) and (6), respectively. Particle velocity and position are updated with (9) and 
(10), respectively.  The simulation experiment considers the control of a fourth order 
system with time delay represented by the model: 
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Each swarm particle encodes the PID gains parameters {Kp, Ki, Kd} and the filter 
constant was set to 0.1. The search interval was equal both for initialization and 
search defined by:  0.1 ≤ Kp, Ki Kd ≤ 5. The initialization threshold was set to an IAE 
of 1000. The total number of iterations (n_it=150) was the search termination crite-
rion used. This number was deliberately set low as the aim here is not to achieve the 
optimal PID settings but good settings in a short evolutionary time period. The value 
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used for the initial gravitational constant was Go=0.5. The best PID gains achieved 
were {Kp=1.06, Ki=0.34, Kd=1.63}, results in an IAE=361. Figure 5-a) presents the 
unit step system response and respective control signal.     
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a) Responses for Gp, with GSA PID gains 
for set-point tracking. 
 

b) Comparison between the GSA and 
PSO.  
 

Fig. 5. Simulation results for set-point tracking 

Figure 5-b) presents a comparison between GSA algorithm and a standard Particle 
Swarm Optimization (PSO) algorithm, showing the evolution of the mean value of the 
ITAE index from a set of 20 runs. The PSO parameters in terms of swarm size and 
number of objective function evaluations were the same as used in the GSA. The 
cognitive and social constants were set to 2 and the inertia weight was linearly de-
creased between 0.9 and 0.4 over the 150 iterations. For this parameters set Figure 5-
b) clearly shows that the GSA convergence rate is faster in an early stage of the run. 
However, the PSO could be set to a faster convergence rate by reducing the higher 
limit for the inertia weight. The achieved value for the average fitness value is the 
same, which indicates that both algorithms converged for the same value in all trial 
runs. An interesting feature shown in Figure 5-b) is that the average fitness trend for 
GSA is more irregular than the PSO. This may prove relevant in escaping search traps 
such as local optima.  

4.2   PID Design for Set-Point Tracking and Disturbance Rejection  

If the PID gains derived for set-point tracking are applied to disturbance rejection the 
performance achieved is not good, as illustrated in Figure 6.a). To improved distur-
bance rejection, the 2DOF configuration presented in Figure 3 is used, with and three-
step input shaper represented by (16) and a PID controller. The design is performed 
considering the simultaneous optimization of both pre-filter and PID controller. The 
optimization procedure considers an input step applied to the reference input first, and 
an input step applied to the input disturbance input, d1, when the system as settled its 
tracking (in this case t=35s). The cost function used is the ITAE and each swarm  
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particle encodes both the prefilter parameters and PID gains {A1,A2,t2,μ,Kp, Ki, Kd} 
subjected to the amplitude constraint (17). The search intervals for the PID gains are 
the same as before and for the three-step Posicast shaper: 1≤ A1≤ 2, -2≤ A2≤ 0, 0.5≤ 
t1≤ 6 and 1.1≤ μ ≤ 4. Parameter A3 is evaluated using the amplitude constraint (17) 
and t1=t2/μ. Figure 6-a) presents the simulation results comparing the PID configura-
tion with the 2DOF with Posicast input shaping. No limits were imposed to the actua-
tor signal and the parameters achieved for the prefilter were {A1=2.0, A2=-1.59, 
A3=0.59, t1=0.61, t2=2.43}, and PID gains {Kp=1.55, Ki=0.55, Kd=2.45}, IAE=538. 
The results with the 2DOF clearly improved the single’s PID, with an IAE=687, ac-
counting with the unit step disturbance. Figure 6-b) presents the simulation results 
comparing the 2DOF with actuator saturation limits -15≤ u(t) ≤+15, and the PID con-
troller was implemented using a anti-windup scheme based on the conditioning tech-
nique [12,13]. The parameters achieved for the prefilter were {A1=2, A2=-0.1, A3=- 
0.9, t1=0.45 t2=0.5}, and PID gains {Kp=1.96, Ki=0.68, Kd=2.68}, with IAE=450. 
The plots presented in Figure 6-b) show an significant improvement both compared to 
the PID as well as the PID without the anti-windup scheme.             
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Fig. 6. Simulation results for disturbance rejection 

5   Conclusions 

The GSA was proposed to optimize PID control structures using the integral of abso-
lute error criterion. Two control configurations were addressed: i) classical feedback 
loop with PID controller for set-point tracking ii) 2DOF configuration using a feed-
forward Posicast input command shaper, placed outside the feedback PID loop. Both 
three-step Posicast parameters and PID gains were designed simultaneously, both for 
the objectives of set-point tracking and disturbance rejection. The same relevance was 
given to both objectives. The results presented show that GSA has a faster conver-
gence rate than PSO algorithm for PID design and it can conveniently design both the 
input shaper and PID controller in the 2DOF configuration, with and without consi-
dering controller variable saturation levels. Further research will explore the proposed 
technique for other process dynamics. 
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