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Abstract. Proportional-integral (PI) controller is still a widely used closed-loop controller in industrial application due to 
its simplicity and its ability to produce good performance. PI controllers can eliminate errors or disturbance in a system but 
are subjected to oscillation in their response, large overshoot, and prolonged settling time due to the coupled tuning-gains. 
Such unfavorable responses is due to what is known as the windup phenomenon, which can lead to system instability. 
Windup occur when a control system operates in a non-linear region when the controller output exceeded the limit of the 
system actuator. The system is unable to accurately determine the error within the system and supply necessary corrections 
within the control when the system enters into this saturated state. Windup can cause physical degradation leading to 
damages to the system that can lead to system malfunction. Various anti-windup techniques have been proposed as a means 
to overcome windup. Most of these techniques have coupled tuning gain similar to conventional PI controllers. A robust 
controller with decoupled tuning gain was proposed. The way this controller response to perturbation was found to produce 
minimal overshoot. This research explore the theoretical development and study of anti-windup PI controllers with semi-
decoupled tuning gain (SDTG) capable of minimizing the effect of windup phenomenon. Scilab/Scicoslab version 4.4.1 
was used to perform hardware simulation for the performance comparison of speed control between the proposed SDTG 
controller and the conventional PI controller. This research contributes to the body of knowledge by proposing a potential 
alternative controller in the industrial motor application with zero overshoot, fast rise and settling time as compared to the 
conventional PI controller.  

Key words: Anti-windup, PI controller, parameter tuning, steady state, speed control. 

INTRODUCTION 

Proportional-integral (PI) controller stay the wide used closed-loop controller among researchers in the industrial 
application as a result of the PI controller is simple to implement and able to give a satisfying result. PI controller can 
eliminate the errors or disturbance in a system; however subjected to oscillating response, tremendous overshoot, and 
prolonged settling time [1]. This unfavorable response is because of the windup phenomenon, which might even cause 
speed response instability as well [2, 3]. Windup phenomenon happened once a control system operates during a 
nonlinear region in which the controller output transcended the limit of the system actuator. The system is going to be 
unable to constantly discover the error signal within the system and supply necessary changes in the control once the 
system falls into this saturated state. The windup phenomenon can cause physical degradation or harm to the system 
and shortly resulting in system malfunction [4]. 

Anti-windup techniques were mostly applied in the control system to determine system performance and stability 
deterioration, especially for linear systems due to windup [5]. Anti-windup techniques are used to ensure the control 
output to stay within the limit of the system input. Anti-windup controller allows the control state to regains its linear 
or non-saturated control as soon as possible when it falls into the saturation region. The control system is saturated 
when the control output exceed the limiter range [5, 6]. 
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Over the years, control engineers had proposed various types of anti-windup PI controller, and these controllers 
can be categorised to three main scheme type which is conditional integral (CI) scheme, tracking back calculation 
(TBC) scheme and integral state prediction (ISP) scheme. Each of these controllers has its very own mathematical 
equation and the construction of the components for the controller, which allows it to be presented in the block diagram. 
Furthermore, the challenges in the theoretical treatment of the anti-windup phenomenon in the PI controller was 
reduced through the mathematical formula [7]. 

In this paper, a new anti-windup PI controller with semi-decoupled tuning gain for motor speed application is 
proposed. The existing anti-windup involves adaptive control, which switches control operation when the control state 
switches between linear range and saturation range, whereas the proposed anti-windup PI controller does not require 
such a switching mechanism. Switching in an operating system will most likely cause system instability and affect 
system performance as well. The proposed anti-windup PI controller is a sturdy controller without the need of 
switching which can prevent the weaknesses and system instability caused by adaptive control switching. 

This paper is arranged in 5 sections. Section 1 is the introduction of the topic. Section 2 shows the existing anti-
windup techniques. Section 3 is the introduction of the anti-windup PI controller with SDTG. Section 4 shows the 
simulated results of SDTG in motor speed application. Section 5 shows the conclusion of the research.  
 

EXISTING ANTI-WINDUP CONTROLLER SCHEMES 
 

Many research on anti-windup PI controller was done in the past, and three schemes of anti-windup controller that 
are applied most often are summarized. They are conditional integral (CI) scheme, tracking back calculation (TBC) 
scheme and integral state prediction (ISP) scheme. These schemes have a common behavior where they alter the 
integral control during saturation, whereas it switches back to the conventional PI controller under non-saturation [7].  

Table 1 shows the advantages and disadvantages of the existing anti-windup schemes. The exiting anti-windup 
controllers have their very own integral control, and it is shown in Table 2. Table 2 also shows the integral control of 
the controllers under different states. Based on Table 2, the existing anti-windup controller is applying the adaptive 
control which switches for the controller back to the conventional PI controller under unsaturated state where 𝑞, e, u, 
v, ka, 𝜔 , 𝑞  and 𝜏 denotes first derivative integral state, error signal, controller output, plant input, gain, positive  
parameter of the low pass filter, the integral value at steady state and time constant respectively. The functionality of 
the existing anti-windup controllers are limited only to saturation state and switching schemes at different states will 
eventually cause the system to be unstable [8]. 
 

TABLE 1. Comparison of anti-windup schemes. 
 

Controller 
Scheme 

Switching Advantage Disadvantage 

Conditional 
Integration 
(CI) 

Yes  No overshoot speed response 
performance. 

 Effective when control input 
within the saturation limit. 

 Integral will be significant when 
the value of controller output is 
different from plant output. 

 Difficult to choose the value of 
gain. 

Tracking 
Back 
Calculation 
(TBC) 

Yes  A broad range of anti-
windup gain alteration. 

 Improve overshoot. 

 The error will occur if the gain 
is too large. 

 High risk of error in speed. 

Integral State 
Prediction 
(ISP) 

Yes  Operates well in linear and 
saturation range. 

 Prevent state change by 
predicting steady state value 

 Integrator value is limited by 
feeding control back into the 
linear state. 

 Derivation function is 
constraining the bandwidth of 
the low-pass filter. 
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TABLE 2. Integral control comparison of the existing anti-windup schemes and conventional PI under different state. 
 

Controller Scheme 
Integral control under 

saturated state 
u ≠ v  

Integral control under 
unsaturated state 

u = v 
Conventional PI 
controller 

e e 

Conditional Integration 
(CI) 0 e 

Tracking Back 
Calculation (TBC) 𝑒 𝑘 𝑢 𝑣  e 

Integral State Prediction 
(ISP) 𝜔 𝑞 𝑞  e 

 

PROPOSED ANTI-WINDUP PI CONTROLLER 
 

A new anti-windup PI controller is proposed by reffering to the generic control template stated in equation (1), 
which can produce a satisfying result with no overshoot [9 - 13].  
 
 𝑄 𝑠 𝐴𝑠 𝑓 𝑠 𝐶 (1) 

 
A and C indicate the constant value, f(s) as the Laplace function, Q(s) as the Laplace form of integral state and n is 

a non-negative value. The possible function for equation (1) is described in equation (2) and (3) shows the application 
of the integral component in the controller. Figure 1 shows the proposed integral component for the anti-windup 
controller and the proposed controller is shown in Fig. 2 where u, v, kp, ki, kt, kd, q, qss, e, 𝑒, Tl, 𝜏 , 𝜔 , 𝜔 ∗, J and B 
denotes the controller output, plant input, proportional gain, integral gain, torque constant, derivative gain, integral 
state, integral state at steady state, error, derivative error, external torque or disturbance, time constant, rotational 
motor speed, motor speed set reference, motor’s moment of inertia and viscous damping coefficient. The proposed 
controller was simulated using Scilab/Scicoslab version 4.4.1 and it, shows a satisfying result where the control can 
reach steady state under any circumstances, and it took a shorter time to reach steady state without high overshoot. 
 

 𝑄 𝑠  (2) 

 

 𝑘 𝑞 𝑞    (3) 

 

 

FIGURE 1. Proposed integral component 
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FIGURE 2. Block diagram of the proposed anti-windup PI controller. 
 

Characteristic Analysis 
 

The integral component of the proposed PI controller can be presented by equation (4) based on equation (2) and 
Fig. 1. The error dynamic equation, E(s) of the proposed controller is shown in equation (5). The proposed controller 
does not behave like the existing anti-windup schemes which switching back to conventional PI during the linear state. 
This allows the proposed anti-windup PI controller to be free from the disadvantageous effect of the adaptive control 
switching mechanism.  
 

 𝑄 𝑠
  

  
 (4) 

 

 𝐸 𝑠
    

      
  (5) 

According to equation (16), the tuning parameters (kp and ki) are separated into distinct poles and can be tuned to 
desired performance with no overshoot while remaining zero steady state error. The proposed anti-windup PI 
controller is compared with the conventional PI controller with different tuning parameters under different speed. The 
results are shown in Section 4.  
 

COMPARISON OF SIMULATED RESULT FOR SPEED CONTROL 
 

The performances of the proposed anti-windup PI controller is compared with the conventional PI controller 
scheme using software Scilab/Scicoslab version 4.4.1 in order to verify the concept in the previous section. Fig. 3 
illustrates the hardware simulation block diagram incorporated with the components in Fig. 2. The hardware 
simulation was done with the tuning parameters stated in Table 3. The parameters for DC motor speed are tuned, 
referring to the values stated in Table 4 to obtain a stable performance. 
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FIGURE 3. Block diagram for simulation in Scilab/Scicoslab software 
 

TABLE 3. Tuning parameters for hardware simulation. 
 

Speed, ω kp ki 

50 rad/s 

1 1
1 5
1 10
5 1
5 5
5 10

10 1
10 5
10 10

100 rad/s 

1 1
1 5
1 10
5 1
5 5
5 10

10 1
10 5
10 10

 

TABLE 4. Parameters for DC motor speed test 
 

Characteristics Values 
Viscous damping coefficient, B 2.12 x 10-4 kg m2/s
Inductance, L 0.005 H
Moment of inertia of motor, J 2.14 x 10-5 kg m2

Torque constant, kt 0.09 Nm/A
Back-emf constant, km 0.09 Nm/A
Efficiency, η 0.8
Resistance, R 7.8 Ω
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Speed Control under No Load Condition 
 

The conventional PI controller and the proposed anti-windup PI controller was simulated at the motor speed of 
100 rad/s, as shown in Fig. 4. Conventional PI controller is faster integral speed as compared with the proposed anti-
windup PI controller, which causes overshoot phenomenon to occur in the performance. The proposed anti-windup 
controller has no overshoot, but it has a longer settling time as compared to the conventional PI controller.  

The simulation of motor speed control was done with different set of tuning parameters stated in Table 4. The 
result of the simulation was summarized in Table 5 in terms of the rise time of the signal, settling time and percentage 
of the overshoot for conventional PI and proposed anti-windup PI controller. The comparison of conventional PI and 
the proposed anti-windup PI controller was made for the speed of 50 rad/s and 100 rad/s under no load condition.  

 
 

 
 

FIGURE 4. Comparison of speed control for conventional PI controller (dash-dot line) and proposed anti-windup PI controller 
(solid line) with changing step input under no load condition (speed = 100 rad/s, kp = 5, ki = 10). 
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TABLE 5. Performance at 50 rad/s and 100 rad/s under no load condition. 
 

Speed, 
ω 

(rad/s) 
kp ki 

Rise Time (s) Settling Time (s) Overshoot (%) 

PI Proposed PI Proposed PI Proposed 

50 

1 1 0.012 0.014 0.742 0.682 0 0 
1 5 0.011 0.011 0.106 0.103 0 0 
1 10 0.010 0.009 0.016 0.012 0.161 0 
5 1 0.009 0.009 0.010 0.010 0 0 
5 5 0.009 0.009 0.010 0.010 0 0 
5 10 0.009 0.009 0.010 0.010 0.468 0 

10 1 0.009 0.009 0.010 0.010 0 0 
10 5 0.009 0.009 0.010 0.010 0.160 0 
10 10 0.009 0.009 0.010 0.010 0.464 0 

100 

1 1 0.025 0.026 0.690 0.439 0 0 
1 5 0.024 0.026 0.028 0.027 0 0 
1 10 0.023 0.024 0.026 0.026 0.635 0 
5 1 0.024 0.024 0.027 0.026 0 0 
5 5 0.024 0.024 0.026 0.026 0 0 
5 10 0.024 0.024 0.026 0.026 0.377 0 

10 1 0.024 0.024 0.027 0.026 0 0 
10 5 0.024 0.024 0.026 0.026 0 0 
10 10 0.024 0.024 0.026 0.026 0.339 0 

 
 
According to Table 5, increasing the value of parameter kp and ki can reduce the rise time and settling time for both 

the controllers. The rise time of the proposed anti-windup PI controller is slightly higher than the conventional PI 
controller, whereas settling time of the proposed anti-windup PI controller is lower than the conventional PI controller 
whenever kp is 1. A short settling time is preferred where the respond is able to reach steady state as soon as possible. 
Both rise time and settling time are observed to be the same as kp and ki increases because the performance of the 
controller has reached the lowest boundary of rise time and settling time when kp is tuned to 5 for both speeds of 50 
rad/s and 100 rad/s. Therefore, the increment of the parameter kp and ki is no longer giving any significant effect on 
the rise time and settling time. However, the occurrence of overshoot still exists, and the percentage of having an 
overshoot increases with the increment in ki value for the conventional PI controller while the proposed anti-windup 
PI controller does not show any overshoot in its performance. 

 
CONCLUSION 

 
The proposed anti-windup controller shows a promising potential to contribute to society by serving as an anti-

windup controller for better motor speed control. The proposed anti-windup PI controller shows a better result as 
compared to the conventional PI controller. The performance of this controller is promising where the integral control 
can reach steady state at both saturated and non-saturated state. The proposed anti-windup controller reaches steady 
state without having overshoot in the speed control performance.  

However, this research only shows that the proposed controller has a better performance in simulation as compared 
to the conventional PI controller. The evidence of the proposed controller is better than the conventional PI controller 
is still limited. Therefore, future work will focus on performing experimental test on the proposed controller and also 
under different loading condition.  
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