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Abstract 
This paper aims to design an optimized controller for the 

microstructural evolution of 0.3% mild carbon steel during hot 

deformation. The strength and ductility of any material is inversely 

related to grain size and directly related to volume fraction 

recrystallization. Controlling the percentage of volume fraction 

recrystallization is necessary to improve the quality of the material. In 

order to attain the desired level, various controlling techniques are 

proposed. Linear quadratic regulator based controller is one of the 

method and it describes the behavior of the material and process of the 

mechanics using the state space model. The typical equation of 0.3% 

carbon steel is used to obtain an optimal deformation path. The model 

of the plant is developed and an appropriate optimality criterion is 

selected to maintain the mechanical parameters strain, strain rate and 

temperature. The percentage of volume fraction recrystallization from 

0 to 1 is controlled by the optimality criterion and the state space 

model. Next, the fuzzy logic controller is designed and applied for 
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controlling the volume fraction recrystallization. Then the PID 

controller is proposed for the microstructure evolution. The 

performance of the proposed PID controller is enhanced by introducing 

setpoint weighted technique and a low pass filter in derivative term. 

The setpoint weighting parameters for the proportional and derivative 

modes are obtained so that the setpoint response tracks the preferred 

trajectory.  The simulation is done using the various controllers by 

MATLAB/Simulink for various values of volume fraction 

recrystallization. Simulation proves that the proposed controller yields 

indeed to the desired output with minimum steady state error. 

Keywords: carbon steel, FLC, LQR, PID, setpoint weighted, volume 

fraction recrystallization. 

 

1. Introduction 
 

The property of any material depends on the density of defects and 

dislocations of grains in the material. A good material should possess small in grain 

size with high volume fraction recrystallization. The most important technology to 

reduce the density of dislocations is recrystallization [1]. Recrystallization is defined 

as the process in which grains of a crystal structure come in new crystal shape and 

it occurs during or after hot deformation. Full recrystallization will be achieved 

faster in the highly deformed steel [2]. 

Steel is one of the cheapest and valuable metals. Indeed, it founds application 

in ample areas, from building construction purposes to home appliances. Hence, to 

suit the different requirements, steel needs to offer several desired properties and 

these properties will be achieved by adding a different material to it. Carbon is one 

of the adequate elements with enhanced properties. It is also responsible for 

increase in tensile strength, resistance to wear, hardness, and abrasion. 

Machinability of steels having carbon content ranging from 0.25% to 0.70% is 

enhanced by heat treatment. It must also be noted that this steel is especially 

adaptable for machining or forging and where surface hardness is desirable.  

In this paper, for describing the controlling of microstructure, an empirical 

model developed for 0.3% medium carbon steel (0.36% C) [3] has been used. If the 

deforming material follows these optimal trajectories, it will not fail during 

processing, and the product will possess the desired microstructural features.  

This paper is aimed at explaining a new approach for the design and control 

of microstructure during hot deformation. The formulated process parameters [4] 

strain, strain rate and temperature obtained in a microstructural evaluation 

process of the carbon steel during hot working are utilized. In chapter 2, the 

dynamic model of carbon steel is obtained from the static model of 0.3% carbon 

steel. The MATLAB/Simulink model for the dynamic model is developed. In chapter 

3, Linear Quadratic Regulator (LQR) based controller, Fuzzy Logic Controller (FLC) 

and proportional integral derivative (PID) controller with setpoint weighted (SPW) 

technique are designed and implemented for optimization of microstructure. The 
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controller parameters are tuned to so as to improve the stability, transient 

response, steady state accuracy, disturbance attenuation and robustness against 

the plant uncertainty. Because of the outstanding features, the SPW PID controller 

turnout with  less steady state error and reaches the desired level in short period of 

time. 

 

2. Problem Statement 
 

In microstructure optimization stage, the goal is to achieve enhanced 

workability and to obtain prescribed microstructural parameter volume fraction 

recrystallization during deformation. Figure 1 shows the schematic representation 

of microstructure optimization. The mechanical properties strain, strain rate and 

temperature serve as inputs to the microstructure optimization problem. The 

output, volume fraction recrystallization is depends on the inputs and the criterion 

used for optimization.  

 

 

 

 

 

Fig. 1 Schematic representation 

 

During deformation, the possible state space model of dynamic 

recrystallization is [4], 

 

[

�̇�
�̇�
𝜀̇
�̇�

] = [

𝑓1(𝑇, 𝜀̇, 𝑑)
𝑓2(𝑇, 𝜀̇, 𝑋)

𝑢
𝜂𝜎𝜀̇/𝜌𝐶𝑝

]                                                                                                                           (1) 

 

The current state at any point in a deforming body is described by the state 

variables grain size d, volume fraction recrystallized X, accumulated strain ε and 

billet temperature T. The time rates of change of these variables, ḋ, Ẋ, ε̇ and Ṫ are 

functions of the current state and input variable; u is the system input, which is the 

strain rate; η is a coefficient that determines how much of the mechanical work is 

converted into heat and contributes to the increase in temperature of the billet; σ is 

flow stress; and the product ρCp is the heat capacity of the material. From equation 

(1), the change in temperature during hot extrusion is equation is (2), 

 

�̇� = (
η

𝜌𝐶𝑝
) 𝜎(𝜀, 𝜀̇, 𝑇)𝜀̇                                                                                                                           (2) 

Where,   

 

𝜂 = 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑜𝑟𝑘 𝑡ℎ𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑠 𝑖𝑛𝑡𝑜 ℎ𝑒𝑎𝑡 = 0.95 
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𝜎 =

sinh−1 [(
𝜀̇
𝐴)

1
𝑛

𝑒
𝑄

𝑛𝑅𝑇]

0.0115 ∗  10−3
 

𝑛 = −0.97 + 3.787/𝜀0.368 

ln (𝐴) = 13.92 + 9.023/𝜀0.502 

𝑄 = 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑒𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 125 + 133.3/𝑒0.393 

𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 7.8 𝑔𝑚/𝑐𝑚3   

𝐶𝑝 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 = 496 𝐽/𝐾𝑔𝐾 

𝑅 = 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 8.314 ∗ 10−3 𝐾𝐽/𝑚𝑜𝑙 𝐾 

 

The static equation (3) for recrystallization which gives the relationship between 

the microstructure parameter X and process parameters ε, ε̇, T is, 

 

𝑋 = 1 − 𝑒𝑥𝑝 (ln(2) (
𝜀 − 𝜀𝑐

𝜀0.5
)

2

)                                                                                                        (3) 

 

Where, 

 

𝜀𝑐   = 𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛 = 4.76 ∗ 10−4𝑒8000/𝑇 

𝜀0.5 = 𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑠𝑡𝑟𝑎𝑖𝑛 𝑓𝑜𝑟 50% 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

       = 1.144 ∗ 10−3𝐷0
0.28𝜀̇0.05𝑒6420/𝑇 

𝐷0   = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 𝑝𝑟𝑖𝑜𝑡 𝑡𝑜 𝑒𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 = 180𝜇𝑚 

 

Since the grain size does not influence the other state variables X, ε and T, it is not 

included as one of the state variables. The dynamic equation for volume fraction 

recrystallization is obtained as, 

 
∂X

∂t
=

∂X

∂ε
∗

∂ε

∂t
 

�̇� =
∂

∂ε
(1 − 𝑒𝑥𝑝 (ln(2) (

𝜀 − 𝜀𝑐

𝜀0.5
)

2

)) 𝜀̇ 

�̇� =
2 ln (2)(𝜀 − 𝜀𝑐)(1 − 𝑋)

(𝜀0.5)2
𝜀̇                                                                                                            (4) 

 

In addition to the dynamic system model, the formulation of an optimal 

control problem needs a report of physical constraints and specification of an 

optimality criterion for producing the desired hot-worked microstructural 

characteristic. 

The optimality criterion J, which is to be minimized in order to determine Ẋ, 

can incorporate a number of physically realistic requirements. For the specific 

problem of hot metal deformation, one possible optimality criterion is, 
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𝐽 = 𝛽(𝑋(𝑡𝑓) − 𝑋𝑑𝑒𝑠)
2

+ ∫ {𝑓1
𝑤[𝜀̇(𝑡), 𝜀�̇�𝑖𝑛, 𝜀�̇�𝑎𝑥] + 𝑓2

𝑤[𝑇(𝑡), 𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥]}𝑑𝑡

𝑡𝑓

0

                      (5) 

 

In equation (5), Xdes is the desired final volume fraction recrystallized; 

ε̇min and ε̇maxare the minimum and maximum limits of strain rate, respectively; Tmin 

and Tmax are the minimum and maximum limits of temperature for acceptable 

workability respectively; ε̇(t) is the nominal strain rate. T(t) is the nominal 

temperature and tf is the final process time. The functions f1 and f2 ensure that the 

nominal strain rate and temperature during deformation will be kept within the 

prescribed limits of the safe processing window. The weight factor β used to scale 

the terms in J so that they have comparable influence in the overall optimality 

criterion. They are increased for certain terms according to their relative 

importance to achieve overall design requirements and they may be adjusted in 

order to avoid possible conflicts in design requirements. Since microstructure 

directly influences mechanical properties, the appropriate optimality criterion 

places a significant emphasis upon the final mechanical and microstructural states 

of the material. For the case of plain carbon steel, the optimality criterion is chosen 

so as to attain a given final strain of 1, while assuring that the percentage of volume 

recrystallized is kept at a desired value of 1. The average percentage of volume 

recrystallized of the raw stock prior to extrusion is 0. The optimality criterion 

chosen is,  

 

𝐽 = 10(𝜀(𝑡𝑓) − 1)
2

+ ∫ (𝑋(𝑡) − 1)2 𝑑𝑡

𝑡𝑓

0

                                                                                         (6) 

 

In equation (6), a desired final strain of 1, with a weighing factor of 10, and a 

desired percentage of volume fraction recrystallized of 1 have been specified. 

Recrystallization is temperature dependent [5]. The rate of recrystallization 

increases with increase in temperature [6]. Starting at an initial temperature of 

1200 K, the temperature of the material increases approximately to 1300 K for 

deformation to a strain of 1. 
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Fig. 2 State Diagram for percentage of Volume Fraction Recrystallization 

 

 
Fig. 3 Open Loop Response for Volume Fraction Recrystallization 

 

It is proposed to optimize the percentage of volume fraction recrystallization 

from 0 to 1. In the MATLAB toolbox, the state diagram of nonlinear equations (4) is 

developed. The state diagram representation of nonlinear equations of volume 

fraction recrystallization is shown in Figure 2. The open loop response of volume 

fraction recrystallization from 0 to 1 is shown in Figure 3. 
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3. Control System Design and Analysis 

 
3.1 LQR Based CONTROLLER 

 

It is required to optimize strain, strain rate and temperature to control the 

percentage of volume fraction recrystallization from 0 to 1. The optimal LQR 

method is a powerful technique for the control of linear systems in the state space 

domain. The LQR technique creates controllers with the guaranteed closed loop 

stability robustness property even in the face of certain gain and phase variation at 

the plant input/output. Also, the LQR based controllers provide reliable closed loop 

system performance despite the presence of stochastic plant disturbance. Here, the 

challenge lies in the selection of weighting matrices [7]. 

In the LQR design, the nonlinear equations which describe the behavior of the 

material are linearized and the state space model is developed. The percentage of 

volume fraction recrystallization is controlled by the optimality criterion and the 

state space model. For state space representation, the nonlinear equations (4) are 

represented in the state diagram with appropriate blocks shown in Figure 2. With 

this state diagram, the state space representation of the given system is determined 

by using the MATLAB command [A B C D] = linmod (‘filename’). The LQR 

development involves finding the optimal control law u*(t) which causes the linear 

time-invariant system, to give the trajectory x*(t) that optimizes or extremizes a 

performance index, 

 

J =  ∫ (xT(t)Qx(t) + uT(t)Ru(t))dt
∞

0

                                                                                             (7) 

 

Minimization of J results in changing the value of x to zero with as little 

control energy and state deviations as possible, with the balance between controls. 

Obviously, the cost function and the control performance of LQR controller are 

affected by the weighting matrices Q and R. So, it is necessary to examine the 

produced optimal controllers through simulation repeatedly and adjust the 

weighting matrices to get a controller with better performance [8]. The values for Q 

and R are used as design parameters and selected as, 

 

Q = [
2 0 0
0 2 0
0 0 2

]  𝑎𝑛𝑑 𝑅 = 6.2  

      

Where, Q is a positive semi-definite matrix, and R is a positive scalar. The 

plant dynamics A and input matrix B along with the matrices Q and R are used to 

compute the feedback gain matrix K. The optimal feedback gain matrix K is 

determined using the MATLAB command, (K p E) = lqr(A,B,Q,R) such that the 

feedback control law u*(t) minimizes the performance index J [9]. The control law 

u*(t) and the new matrices are selected as, 
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u∗(t) =  (K1 K2 K3) x + 10 * 104 * K1(r + x)   

AA = A − B ∗ K       

BB = B ∗ K1    

CC = C − D ∗ K   

DD = D ∗ K1      

 

K1, K2 and K3 are the elements of feedback gain matrix K. AA, BB, CC and 

DD are the new state space model matrices. 

 

The Figure 4 shows the LQR controller simulink model developed based on 

the above design and its response for 0.5% volume fraction recrystallized is shown 

in Figure 5. The performance factors settling time, integral square error (ISE) and 

integral absolute error (IAE) are tabulated in Table 1. 

 
Fig. 4 Optimization of Microstructure using LQR Controller 

 

 
Fig. 5 Response of LQR for 0.5% Volume Fraction Recrystallization 
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Table 1 Performance Analysis of LQR controller 

Set point 
Settling 

Time (sec) 
ISE IAE 

0.5 4.06 0.2633 1.03 

0.8 4.24 0.6741 1.649 

1 4.4 1.053 2.061 

 

 

Here, the designing methodology is complicated and takes more time. Careful 

attention is to be considered when choosing the weighted matrix and control law. 

The LQR based control design requires the availability of all state variables for 

feedback purpose and full state feedback from all the states which is hard to 

measure. It only minimizes quadratic performance indices. It relies on offline design 

methods that need the entire knowledge of the systems dynamics. However, finding 

the dynamics model requires a great deal of expensive efforts in systems 

identification techniques. Also, system models are not usually completely accurate. 

Since it is an offline design procedure, it does not allow real-time changes in system 

performance index requirements [10]. Also, it’s settling time is very high and 

produces steady state error.  

 

3.2 Fuzzy Logic Controller 

 

To overcome the drawbacks of LQR, an excellent control system is required. 

FLC has excelled in dealing with the systems that are complex, ill-defined, 

nonlinear and time varying [11]. When the systems have large uncertainties and 

strong nonlinearities, FLC is the very powerful techniques in the field of system 

control. Also, it does not require the precise mathematical model of the controlled 

object. It approximates the plant’s unknown dynamics [12].  Controllers based on 

empirical rules would be more effective. In FLC, it is easy to establish the control 

rules based on the fuzzy linguistic variables.  

The selection of membership function, defuzzification method and designing 

of rules are very important while designing the FLC. The membership function 

should show the significant dynamic variation in a short time period. Such 

membership function is triangular membership function which is preferred here. 

The range is chosen as, 

 

Error (e)                =  -1.1 to1.1 

Change in error (ce) =  -1.1 to 1.1 

Output               = - 0.1 to 0.0999.  

 

The fuzzy rule table for the triangular membership function for volume 

fraction recrystallization is formed as in Table 2. The FLC controller simulink 

model is developed based on the above design is shown in Figure 6 and its response 
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for 0.5% volume fraction recrystallized is shown in Figure 7. The various 

performance parameters are tabulated in Table 3. 

 

Table 2 Fuzzy Rule Table 

e 

 

ce 

NB NM NS Z PS PM PB 

NB NB NB NB NB NM NM Z 

NM NB NB NB NM PM Z PM 

NS NM NB NM NS Z PS PS 

Z NB NM NS Z PS PM PB 

PS NM NS Z PS PM PB PM 

 

 

 
Fig. 6 Optimization of Microstructure using Fuzzy Logic Controller 

 

 
Fig. 7 Response of FLC for 0.5% Volume Fraction Recrystallization 

International Journal of Pure and Applied Mathematics Special Issue

1638



 
 

 
 

Table 3 Performance Analysis of fuzzy logic controller 

Set point 
Settling 

Time (sec) 
ISE IAE 

0.5 0.8828 0.0914 0.2479 

0.8 1.5812 0.3371 0.6057 

1 3.6 0.6548 1.037 

 

The fuzzy logic controller provides smooth operation in the transient response 

and has less steady state error. It effectively reduces the settling time. Therefore, 

the nonlinear FLC produces the control signal in a better manner and provides 

more stability to the system. Hence, the FLC is more robust than the LQR 

controller.  

 

3.3 PID Controller 

 

Even though the FLC improves the performances comparatively to LQR, it’s 

settling time is high. So, to improve the performances even more, an outstanding 

controller has to be desirable. Even though much advancement arrived in process 

control techniques, PID controller is the one widely used due to its simple design 

and tuning. It provides a generic and proficient solution to real world control 

problems [13]. Here an intelligent controller is required to control the 

microstructure of carbon steel which is a non-linear and time varying system. But, 

the PID controller is a linear controller so that it provides incompatible 

performances for different condition due to some non-linearities. Also it requires a 

precise mathematical model of the system. So, the classical PID controller cannot 

achieve the desired control results for a nonlinear system [14] and it will produce 

more overshoot and steady state error.  

The proportional and derivative kick is the other problem exists in the PID 

controller results large overshoot and larger settling time. To reduce these effects 

and to improve the time response characteristics, it is necessary to consider a 2 DoF 

PID structure [15]. The derivative mode is useful in providing phase lead and 

hastening loop recovery from disturbances. A pure differentiator is not proper or 

causal. An ideal derivative controller has a very high gain for high-frequency 

signals and this high-frequency measurement noise will generate large variations of 

the control signal. However, the proper use of derivative term improves the stability 

of the system and maximizes the integral gain for better performance.  

When a step change of the setpoint or disturbance occurs, differentiator 

results in a infinite control signal. To prevent this impulse control signal, a filter 

has to be cascaded to the differntiater. Filtering is useful in noisy environment. So, 

a derivative filter must be included in the overall design of the controller [16].  

The most common method to avoid this problem is tuning the pole of first 

order low pass filter [17] with cascaded derivative term. This technique is often 

used in preprocessing for data acquisition. A low pass filter has the effect of 

attenuating high-frequency signals. It eliminates the high-frequency noise, so that 
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the chattering due to the noise does not arise. Hence, the model of the low pass 

filter to be incorporated into the derivative term becomes, 

 

𝐺(𝑠) =  
Tds

Td

N 𝑠 + 1
                                                                                                                                    (8) 

 

Where, N and Td are the filter coefficient and derivative time constant. In the 

industrial PID controllers, the value of N should be in the range 2 < N < 20 to meet 

the desired performance [18].   

The low pass filter does not completely remove the impulse derivative signals 

caused by sudden changes of the setpoint or disturbance. To further reduce the 

sensitivity to setpoint changes and avoid overshoot, a setpoint filter is to be 

adopted. This is called set point weighting [19]. The conventional PID controller is 

renewed into a SPW PID controller by introducing the parameters α and β which 

shape the error in the proportional and derivative terms respectively [20]. The 

modification results in a bumpless control signal and improved the transients if the 

value of α and β is carefully chosen. Variety of modified PID controller structure can 

be obtained by varying the setpoint weighting parameters α and β. 

Figure 8 depicts the microstructure development system with SPW PID 

controller. It has 2 degree of freedom structure and the parameters to be tuned are 

Kp, Ki, Kd, N, α and β. The mathematical model of SPW PID controller with 

derivative filter is, 

 

𝑢(𝑡) =  𝐾𝑝𝑒𝑝(𝑡) + 𝐾𝑖 ∫ 𝑒𝑖(𝜏)𝑑𝜏

𝑡

0

+  𝐾𝑑

𝑑𝑒𝑑(𝑡)

𝑑𝑡

Tds

Td

N 𝑠 + 1
                                                               (9) 

 

Where, 𝑒𝑝(𝑡) =  𝛼 𝑟(𝑡) − 𝑦(t),  𝑒𝑑(𝑡) =  𝛽 𝑟(𝑡) − 𝑦(𝑡) and 𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡).  u(t), 

r(t) and y(t) is input signal to the plant, reference input signal and plant output 

respectively. N, α and β are derivative filter constant, setpoint weighting parameter 

for P controller and setpoint weighting parameter for D controller. The proportional 

and derivative actions act on a fractions α and β. The integral action reduces the 

error in the steady state. There is no any particular way for the selection of the 

setpoint parameters [21]. When α ∈ (0,1) and β ∈ (0,1), the PID controller functions 

as a PID-PD controller [22]. It improves the performance where a high robust 

regulatory control system is required [23]. The controller parameters are chosen 

using trial and error method. After several trial and error runs, the nominal values 

of the PID controller parameters and setpoint weighting parameters are selected to 

afford the preferred response as, 𝐾𝑝 = 500, 𝐾𝑖 = 1500, 𝐾𝑑 = 0.5, Td = Kd/Kp = 0.001, 

N = 10, α = 0.9832 and β = 0.9832. 

The simulations are carried out for various values of volume fraction 

recrystallized in MATLAB/Simulink to examine the performance of the SPW PID 

controller in microstructure development system. The Figure 9 gives the 
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corresponding trajectory for 0.5% volume fraction recrystallized. The Table 4 

illustrates the value of time domain specifications such as settling time, ISE and 

IAE.  

  

 
Fig. 8 Optimization of Microstructure using SPW PID Controller 

 
Fig. 9 Response of SPW PID for 0.5% Volume Fraction Recrystallization 

 

Table 4 Performance Analysis of SPW PID controller 

Set point 
Settling 

Time (sec) 
ISE IAE 

0.5 0.3175 0.0006 0.0021 

0.8 0.9464 0.0015 0.0038 

1 0.9998 0.0025 0.0079 

 

 

The simulation result shows that the reference tracking performance of the 

SPW PID controller is better than the other controllers considered in this study. 

The proposed controller helps to provide a better result for the setpoint tracking and 

error minimization in microstructure development. 
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4. Conclusion 
An optimized controller is developed for controlling the volume fraction 

recrystallization of 0.3% mild carbon steel during hot deformation. The static and 

dynamic behavior of the 0.3% carbon steel is discussed. From the available 

differential equation of material behavior, the state diagram is developed. The open 

loop response for volume fraction recrystallized from 0 to 1 is obtained. An optimal 

control law is developed. Stat space model along with optimal criterion, LQR based 

controller is designed and implemented to control the microstructure of carbon 

steel. Time domain specifications such as settling time, the steady state errors such 

as ISE and IAE are calculated. Next, FLC is designed and implemented in the 

microstructure development system. It is found that the FLC reduces the settling 

time and steady state error by 78.12% and 65.28% respectively over the LQR based 

controller.  

The conventional PID controller is adopted. The difficulties in setting optimal 

derivative action are eased by complete understanding and careful tuning of D 

term. A first order low pass filter is designed and cascaded with the derivative term. 

It removes the impulse spikes of derivative action resulting from a sudden change of 

setpoint or disturbance. Then, setpoint weighting technique is introduced to 

improve the controller performances. The entire PID design and tuning process is 

automated. Comparing to LQR controller, SPW PID controller reduces the settling 

time and steady state error by 92.17% and 99.77% respectively. The proposed 

controller greatly improves the performances. The simulation results validate the 

proposed setpoint weighted PID controller.   
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