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Abstract: Sensors and encoders had become an essential part of all the machines. Without these, a closed-

loop feedback system cannot be made. However, the system is difficult to be controlled precisely due to 

the external noise corruption in the signal received in sensors or encoders. A common solution to reduce 

the noise is employing a low pass filter. Although low pass filter can helped to reduce noise, but it has side 

effect on lowering the response time and therefore it may not so suitable in most of the application by only 

deploying low pass filter itself. A filtering module usually integrated with other modules to improve a 

system. One of the famous modules is Proportional-Integral-Derivative (PID) controller. The plant to be 

controlled in this module was a DC motor which can be regarded as an inductive load, therefore  a 

proportional-derivative (PD) controller is desired. Therefore, the objectives of this paper are to find the 

suitable value of cut-off frequency for the low-pass filter and find the optimum value of kp and kd in the PD 

controller which satisfy the transient and stead-state performance. The response time varies with the cut-

off frequency in the low-pass filter. Since the response time does not differ much in between cut-off 

frequency value, therefore, the cut-off frequency value was set at 150 rad s-1 in which the noise signal is 

significantly eliminated. As for the PD controller, the observation result showed that when kp increased, 

the settling time of the system and the percentage of peak overshoot also increased. Meanwhile, the 

increasing of value of kd reduce the settling time and the percentage of overshoot. The optimum value for 

kp and kd were calculated using formula and the results are 5.3678 and 0.2094 respectively. Since the 

formula does not include the external disturbance into the calculation, therefore the actual response will be 

slightly different from the target response. Therefore, the understanding of property changes in kp and kd 

able to help in fine-funing for these two values. After fine-tuning, the value for kp and kd are 7.0 and 0.2094 

respectively.  
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1. INTRODUCTION 

 In many applications, especially those involving industrial 

machines, sensors or encoders are installed to provide closed-

loop feedback to control a system. The purpose of deploying 

the feedback mechanism is to maintain the output signal within 

specifications when the corresponding input signal is 

provided. However, in practice, the signal received from 

sensors or encoders are always corrupted with external noise. 

This caused a system difficult to be controlled precisely due to 

this noise corruption.  

 A low pass filter can be used to reduce the additive noise 

from the signals. A low pass filter is a type of filter used to 

block signals with higher frequencies than a predefined cut-off 

frequency [1], [2]. In an ideal case, no signal will be available 

after the cut-off frequency. However, in real practice, the 

signal will be attenuated slowly to zero at a certain frequency 

after the cut-off frequency. 

 A cut-off frequency is defined as the frequency at which the 

amplitude of the signal is 0.707 of its maximum amplitude. In 

decibel form, the cut-off frequency is defined as the frequency 

in which gain is attenuated by 3dB [2]. Fig. 1 illustrate the low 

pass filter system with labeled cut-off frequency. A first-order 

low pass filter transfer function can be expressed as in 

Equation (1). 
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where 
f is the cut-off frequency in radians per seconds. 

 A very commonly used control loop feedback mechanism 

by industry is the Proportional-Integral-Derivative (PID) 

controller [3], [4]. PID controller had been developed further 

by many industrial and deployed in different applications, such 

as fault detection and diagnosis, DC motor control and so on 

[5]–[7]. The most basic structure of PID controller can be 

illustrated in Fig. 2. From Fig. 2, the transfer function of PID 

controller, C (s) can be expressed as in Equation (2). 
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where kp , ki  and kd are proportional constant, integral constant 

and differential constant respectively. 

 

Fig. 1. Low Pass Filter [8] 

  

 

Fig. 2. Structure of PID Control 

 

 In a lot of applications, PID controller will not work 

independently in a system. For instance, it needs to be 

integrated with another module to achieve better performance 

for the entire full integrated system. Filtering is one of the 

modules commonly integrated with PID controller. With the 

integration of filter and PID controller, it is a challenge to 

obtain an optimum value of kp , ki  and kd so that the deviation 

between output signal value and input signal value can be 

minimized. Filter design entails careful selection of the filter’s 

pole, i.e. the cut-off requency, whilst considering any presence 

of inherent noise in the feedback signal and weighing cost-

benefit impact on the performance demanded. 

 In this paper, a different class of  PID controller was 

employed. Since the plant to be controlled was a DC motor 

which can be regarded as an inductive load, only proportional 

and derivative action would suffice. This is due to the fact that 

an inductive load itself appears as an integrator in the closed-

loop control mechanism. Therefore, proportional-derivative 

(PD) controller is desired in this context. In practice, a pure 

derivative is seldom employed [8] due to its undesirable effect 

of amplifying noise signals. As an alternative, a PD controller 

(to be discussed in Section II) is opted instead to provide the 

closed-loop system desirable transient performance 

specification. The PD controller was integrated with the first-

order low-pass filter. There are two objectives to be achieved 

in this paper, which are: 

1. To observe the effect of low pass filter at different 

cut-off frequencies towards the servo velocity and 

identify the suitable cut-off frequency. 

2. To design a PD controller with an optimum value of 

kp and kd . 

  

2. METHODOLOGY 

 In this part, there are two major sections, which are first-

order low-pass filter and the PD controller. The first section 

will identify the suitable cut-off frequency to be used in the PD 

controller. Meanwhile, the second section will explain the 

designation of the optimum value of kp and kd for the PD 

controller.  

 Both sections will be demonstrated using Quanser QUBE-

Servo and NI myRIO microcontroller board. The sample 

hardware is shown in Fig. 3(a) and Fig. 3(b) respectively. The 

Quanser QUBE-Servo will be interfaced with the 

microcontroller and programmed using software called 

LabView which was developed by National Instrument. 

               

(a)                                   (b) 

Fig. 3. (a) Quanser QUBE-Servo; (b) NI MyRIO 

microcontroller [9] 

2.1  First-Order Low-Pass Filtering 

 At first, a block diagram sketched in LabVIEW as shown in 

Fig. 4. The value of 
f in the transfer function was tested with 

10 rad s-1, 50 rad s-1 and 150 rad s-1. The corresponding output 

for each frequency value was observed. Based on the output 

obtained, the signal with less noise and high system response 

will be selected for the PD controller. 

 

2.2  PD Controller 

 The designed control system was shown in Fig. 5.  The 

controller of interest is also known as PD controller because 

the control effort comprised of a proportional component and 

a negative feedback taken from the angular velocity of the 
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motor. From this figure, the output position of the motor, θm 

can be expressed as shown in Equation (3) where P(s) is the 

transfer function of QUBE-Servo voltage-to-position.  

 Meanwhile, the input voltage, Vm can also be expressed 

as shown in Equation (4) where θd is the motor position 

reference. 

 

Fig. 5 Designed PD controller 
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 By substituting Equation (4) to Equation (3), the transfer 

function of the entire system can be expressed as in Equation 

(5).  
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a second order system which can be also represented as in (6) 

[10], 
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 Therefore, the parameter kp and kd can be expressed as in 

Equation (7) and Equation (8) respectively. With the 

requirement is given to the natural frequency, ω and damping 

ratio,   , the parameter kp and kd can be found. 
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 A block diagram was sketched in LabVIEW as shown in 

Fig. 6. The signal generator was set to an amplitude of 0.5 rad 

and at a frequency of 0.4 Hz. Meanwhile, the cut-off frequency 

was set based on the findings in Section 2.1. To observe the 

effect of proportional gain towards the position response, the 

derivative gain, kd was first set to 0 and then proportional gain, 

kp was varied between 1 and 4 V/rad. The motor voltage and 

its position were observed for every case set for proportional 

gain. 

 Subsequently, the effect of derivative gain towards the 

position response was tested. By maintaining the value of kp at 

2.5 V/rad, the value of kd was varied between 0 and 0.15 

V/(rad/s). The motor voltage and its position were observed 

for every case set for derivative gain. 

 

 

 

 

Fig. 4. LabVIEW block diagram for first-order low-pass filtering 
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3. RESULTS AND DISCUSSIONS 

 There are also two major parts in this section, which are 

first-order low-pass filtering and PD controller. The first part, 

which also first-order low-pass filtering will explain the 

selection of cut-off frequency throughout the observation of 

the output signal. The second part consists of another two sub-

parts. At first, the methodology of finding steady-state 

constant, K and time constant,  will be demonstrated. Then, it 

was followed by finding the kd and kp values using the K and 

 values obtained. 

 

3.1  First-Order Low-Pass Filtering 

 With a square pulse signal applied as an input signal, the 

output servo speed before passing through a low pass filter is 

as shown in Fig. 7(a). The result showed the speed response 

exhibits apparent noisy characteristics. It is because the speed 

obtained is the derivative of the position, in which a sudden 

change in position caused a larger speed and produces noise 

signal.  

 However, when a low pass filter of cut-off frequency 
f = 

50 rad s-1 or fc = 7.96 s was used to filter up the derivative 

signal of the position, the output servo speed response resulted 

as shown in Fig. 7(c). In this figure, it showed a clear signal 

without any noise. 

 By changing the value of cut-off frequency to 
f = 10 rad 

s-1 or fc = 1.59 s, the output response of servo speed 

corresponding to input square pulse are illustrated in Fig. 7(b).  

In Fig. 7(d), it showed the output response of servo speed 

corresponding to input square pulse at 
f = 150 rad s-1 or fc = 

23.87 s. 

  

 

 As compared to both output responses obtained from two 

different cut-off frequencies, the noise effect is much obvious 

at 
f = 150 rad s-1 compared to that at 

f = 10 rad s-1.  

However, there is a trade-off involved during the lowering 

and increasing the cut-off frequency. By lowering the cut-off 

frequency, the system response will be slower, but it manages 

to reduce the noise signal. In contrast, increasing the cut-off 

frequency improves  the system transient response  but at a 

cost of noise seeping through. Table 1 shows the summary of 

effect towards system responses and noise corresponding to 

high cut-off frequency and low cut-off frequency. 

 

 

    
(a)                                          (b) 

   
(c)                                                  (d) 

Fig. 7. The output response of servo speed at (a) ωf = 0 

rad s-1 (b) ωf = 10 rad s-1
 (c) ωf = 50 rad s-1 (d) ωf = 150 rad 

s-1  

Table 1. Effect of cut-off frequency towards the system 

response and noise 

Cut-off Frequency System Response Noise 

High Fast High 

Low Slow Low 

 

 

Fig. 6. LabVIEW block diagram for PD controller 
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3.2  PD Controller 

3.2.1 Find K and  value 

 A separate module was created to identify the value of K 

and  . The module was designed with the block diagram as 

shown in 8. A voltage square pulse signal was fed as the input 

signal and the angular speed of the motor was read by means 

of an encoder. The speed response of the motor can be viewed 

in Fig. 9. 

 

  

Fig. 9. Output speed response with cursor indicate at (a) 

steady-state (b) time constant 

 

 In Fig. 9(a), the purple cursor indicated at the time, t = 

1.77885 s where output speed response reached steady state. 

Therefore the steady-state gain, K can be calculated as shown 

in Equation (9). From Fig. 9(b), the green cursor indicated at 

the time, t = 1.11919 s which was also referred to the time 

constant. Therefore,  = 1.11919 s. 

K = 46 3314 0

2

. − = 23.166 (9) 

 

 

 

 

3.2.2 Find kp and kd value 

 Based on the results obtained in Fig. 10, Fig. 11, Fig. 12, 

Fig. 13 and Fig. 14, when proportional gain, kp increases with 

a constant derivative gain, kd, the settling time of the system 

increases. Besides, the percentage of peak overshoot will be 

increased too. Other than that, the number of responses that 

oscillates also increases. 

 

  

Fig. 10. QUBE-Servo PD control with kp = 1 and kd = 0 

  

Fig. 11. QUBE-Servo PD control with kp = 2 and kd = 0 

  

Fig. 12. QUBE-Servo PD control with kp = 2.5 and kd = 0 

 
Fig. 8. LabVIEW block diagram to find K and   
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Fig. 13. QUBE-Servo PD control with kp = 3 and kd = 0 

  

Fig. 14. QUBE-Servo PD control with kp = 4 and kd = 0 

 Fig. 15 to Fig. 18 showed the results obtained when kp is 

fixed at 2.5 while kd is varied. As the value of derivative gain, 

kd increases, the settling time reduced. Besides that, the 

percentage of overshoot is reduced and the number of 

oscillations also reduced. 

  

Fig. 15. QUBE-Servo PD control with kp = 2.5 and kd = 0 

  

Fig. 16. QUBE-Servo PD control with kp = 2.5 and kd = 0.05 

  

Fig. 17. QUBE-Servo PD control with kp = 2.5 and kd = 0.10 

  

Fig. 18. QUBE-Servo PD control with kp = 2.5 and kd = 0.15 

 

 In this study case, the requirement for the output response is 

to have a peak time, pt  of 0.15 s and percentage overshoot of 

2.5%. By using equations (10) and (11), the natural frequency, 

n and damping ratio,  are 32.3 rad s-1 and 0.76 respectively. 
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 With the value obtained for
n , , K, and  , the value of kp 

and kd can now be calculated using Equation (7) and (8) 

respectively. The value obtained were kp = 5.3678 and kd = 

0.2094. The value of kp and kd in LabVIEW were changed 

accordingly to the calculated value and the resulting output 

response was shown in Fig. 19. 

 

  

Fig. 19. QUBE-Servo PD control with kp = 5.3678 and kd = 

0.2094 

 

 By looking into the output response closer as shown in Fig. 

20, there is no peak overshoot in the output response. 

Therefore, a fine-tuning was required to make on kp and kd. 

Based on the observation on the effect of variation of kp and kd 

to the output response, peak overshoot increased when kp 

increased and kd decreased. Therefore, the value of kp was 

increased slowly with the value of kd stayed constant until the 

percentage of overshoot achieved around 2.5%. 

 

Fig. 20. Output response of PD control with kp = 5.3678 

and kd = 0.2094 (zoom-in) 

 

 When the value of kp was set to about 7.5, the percentage of 

overshoot was finally closed to the requirement. The result was 

shown in Fig. 21. With a closer look into the output response 

in Fig. 22, the peak value was 0.526296 and the steady-state 

value was 0.154188. Therefore, the percentage of overshoot 

was about 2.41%. 
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Fig. 21. QUBE-Servo PD control with kp = 7.5 and kd = 

0.2094 

 

 

Fig. 22. Output response of PD control with kp = 7.5 and 

kd = 0.2094 (zoom-in) 

 

 

4. CONCLUSION 

 Through the observation in first-order low pass filter, it can 

be concluded that the filter with low cut-off frequency can help 

in reducing noise significantly but with the slow response time. 

In contrast, high cut-off frequency on low pass filters may not 

reduce the noise significantly but it gives a fast response time. 

The optimum value of cut-off frequency depending on 

individual application. In this application, the response times 

do not differ much between all the tested cut-off frequency, 

therefore, 
f =150 rad s-1 was selected. With the integration 

of first-order low pass filter, the desired output of a fully 

integrated system can be achieved easily with an optimum 

value of kp and kd. From the observation of this project, when 

kp increased, the settling time of the system increased and the 

percentage of peak overshoot also increased. Furthermore, the 

number of oscillations in the response also increased. The 

increasing of value of kd which having results inversely to the 

kp, which are settling time decreased, the percentage of 

overshoot decreased and the number of oscillation reduced. 

The optimum value of kp and kd can be obtained through the 

derivation of the base formula. With some of the external 

disturbances with not included in the calculation, the output 

response may slightly deviate from the target response. 

Therefore, a fine-tuning is required to make on kp and kd.  
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