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Abstract. Using the PID algorithm to control electrical elements is a practical industrial 

application that have been studied for decades. This paper constructs a study on the difference 

between BLDC motor control and applying traditional PID and fuzzy PID. The simulation is 
done through Falstad and Matlab/Simulink. The math model of the transfer function of a BLDC 

motor is constructed by analyzing voltage and torque equilibrium. The parameters are 

determined approximately by looking up the datasheet of 2338 0006s. Then, Falstad establishes 

the operational amplifier model of the BLDC motor and traditional PID controller. The 

parameters are determined through both root locus and step response presented by Falstad’s 

scope. Next, Simulink is used to realize the fuzzy PID controller. The comparison study of 

traditional PID controller and fuzzy PID controller is constructed by looking at the scope and 

export data. After that, it is concluded that fuzzy PID controller performs better than traditional 

PID controller, it is robust and the influence of the input parameter is small. Finally, a lead lag 

compensator is applied to the whole system to improve the performance in the frequency domain. 
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1.  Introduction 

The PID controller has a long history in automatic control. James Watt developed the steam engine and 

governor in 1769, and these inventions were recognized as the first implementation of a negative 

feedback device [1–3]. A theoretical analysis for the derivative of error was offered by Nicolas Minorsky 
[2]. The development of the first PID controller was pioneered by Elmer Sperry in 1911, specifically for 

the US Navy [3, 4]. The core PID algorithm boasts several advantages, including excellent robustness, 

straightforward adjustment, a simple algorithm, and high stability. These features have made the PID 
control method and its underlying technology one of the most widely adopted and mature control 

technologies in the industrial sector. Nonetheless, the PID control system encounters challenges in 

maintaining its efficiency when confronted with nonlinear systems and broader setpoint ranges, 

frequently leading to overshoot and suboptimal control performance. Researchers have devised the 
Fuzzy-PID controller to mitigate these issues, specifically tailored to function efficiently with nonlinear 

systems. The Fuzzy PID control system has been widely used and recognized in industrial control due 

to its strong robustness, good adaptability, high control accuracy, simple, stable, reliable structure, and 
wide applicability. For a BLDC motor, nonlinearity exists when the load is large, and it is possible to 

fail to activate, so studying fuzzy PID control is of great significance in practical circumstances. 
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In this paper, a math model of a DC motor is established, and a traditional PID controller and fuzzy 

PID controller are applied to control it through Falstad and Simulink. Compared with previous research, 

this paper uses operational amplifiers to model the DC motor, Simulink is also used to verify the 
rationality of the model, and additional analyzes in the frequency domain have been done. In order to  

improve the system performance further, a lead lag compensator must be added properly. Through this 

study, the necessity of a fuzzy PID controller is verified. 

2.  The model construction and control analysis 

2.1.  Math modeling of DC motor 

In order to derive the math model of DC motor, we can apply several equations:  

The voltage equilibrium gives:  

ua = ea + Raia + La
ⅆia

dt
, where ea = keω.                   (1) 

The torque equilibrium gives:  

Tem = T0 + TL + J
ⅆω

ⅆt
, where Tem = ktia.                   (2) 

Here ea is back electromotive force, ua is the input voltage, ke is the back emf coefficient, ω is 

the rotation speed, Tem is the electromagnetic torque, T0 is no-load torque, TL  is the load’s torque, 

J is the moment of inertia, kt  is the torque coefficient, R is the armature resistance, and L is the 
armature inductance. 

Substitution gives: 

 J
ⅆ2θ

ⅆt
2 +

ktke

Ra+sLa

ⅆθ

ⅆt
=

uakt

Ra+sLa
− T0 − TL (3) 

Assuming La  , T0 , TL  terms are small, and thus doing Laplace transformation, the transfer 
function becomes:  

 
θ

Ua
=

kt
Ra

s(JRas+ktke)
 (4) 

Looking up the datasheet of 2338 0006s to determine the parameters: 

 
3

s(0.1s+1)
 (5) 

2.2.  Realizing PID control of DC motor through Falstad 

PID control is a control method commonly used in the production process, and it has been widely used 
in electromechanical, metallurgical, mechanical, chemical and other industries. 

The PID controller, renowned for its versatility and efficiency, is a prevalent closed-loop control 

system utilized across diverse applications. It leverages feedback from sensors to modulate the process 

variable, ensuring it maintains proximity to the predefined setpoint [5]. 
In PID controller, P, I and D represents proportion, integral and differential. The common PID 

controller formula could be written as: 

 Kpⅇ(t) + Ki∫ ⅇ(t) ⅆt + Kⅆ
ⅆⅇ(t)

ⅆt
= u(t) (6) 

However, this form is of little help to build our model, so do the Laplace transformation: 

 KP +
Ki

s
+ Kⅆs =  

U(s)

E(s)
 (7) 
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In order to realize the model of a DC motor by using op-amps, a parallel spaced resistor and capacitor 

are required to be placed at the feedback position, besides, a simple integrator is also required to connect 

to it in series.  
To implement PID control, just construct op-amps to reach the desired transfer function. For PI, a 

resistor and a capacitor must be placed at the feedback position while for PD, just use a resistor and an 

inductor. The transfer functions could be deducted:  

PI: 
R2cs+1

R1cs
 , PD: 

L

R1
s +

R2

R1
                          (8) 

Comparing with those transfer functions in theory: 

PI: KP +
Ki

s
, PD: KP + Kds                          (9) 

The parameters of electrical elements and corresponding KP , Ki  and Kd  could be determined 

successively. Observing the root locus of the whole system, the time constants of PI and PD could be 

determined to reach an optimum response. After plotting several loot loci for the pole position 
introduced by PI controller, -0.1 is an ideal pole position with a relatively fast response and a small 

oscillation. As for the zero introduced by the PD controller, zero at -15 is enough to reach a fast response 

with little oscillation. Adjusting Kp for several times, an ideal step response could be attained. The 
values of elements are chosen properly as follows: 

 

Figure 1. Using PID controller to control the position of BLDC motor model 

As can be seen, the step response is quite ideal with a small rise time and overshoot. After calculation, 

Kp = 28.187, Ki = 2.8, Kd = 1.87 

3.  The model control analysis 

3.1.  Using Simulink to establish fuzzy PID control 
Establishing a fuzzy PID controller is based on traditional PID controller mentioned above while the 

values of Kp, Ki, Kd could be determined through a set of fuzzy deduction rules [6]. The DC motor 

fuzzy PID controller in this paper is a two-input and three-output structure, the input of the fuzzy 
controller is the deviation e and the derivative of deviation ec. The output is the PID controller parameter 

correction ΔKp, ΔKi, ΔKd. When the control system is running [7], the input quantities e and ec are 

fuzzified, fuzzy inferenced and de-fuzzified, and the online correction ΔKp, ΔKi and ΔKd are 

respectively input into the PID controller, so that the DC motor can adjust Kp, Ki, and Kd in real time. 
[8] This could ensure that the system reaches the best response state and the DC motor has good static 

and dynamic performance [9]. 

The fuzzy PID controller outputs Kp, Ki and Kd in the following relationship:  
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 {

Kp = KPo + ΔKp

Ki = Ki0
+ ΔKi

Kⅆ = Kⅆ0
+ ΔKⅆ

 (10) 

Fuzzy control rules constitute a collection of fuzzy conditional statements that are derived from the 

expertise of professionals and the skills of operators, serving as the pivotal step in the process of fuzzy 

reasoning. To reach an ideal performance, reasonable control rules ought to be formulated. After 
referring to several relevant literatures, the fuzzy subsets of all variables are determined to be: {NB, NM, 

NS, ZO, PS, PM, PB}, where P stands for positive, N is for negative, S is for small, M is for middle, B 

is for big, ZO represents zero. The membership function is chosen as trimf, the Mamdani method is 
chosen as fuzzy reasoning rule, domain of inputs and outputs are [-3, 3]. The fuzzy rule table is 

determined by referring to literature.  

The fuzzy PID and traditional PID are constructed as follows: 

 

Figure 2. The establishment of fuzzy PID controller and traditional PID controller using Simulink 

Entering the Kp, Ki and Kd we got before as initial values, the step responses are shown: 

 

Figure 3. The comparison of step response of both PID controller 

As can be seen, the traditional PID result using Simulink has a small overshoot value, which is 

different from the simulation result of Falstad. The fuzzy PID controller successfully reduced the 
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overshoot to a quite small value although the rise time has been slightly enlarged. The export data is 

shown below: 

Table 1. The time domain parameters of both PID controller exported from Simulink 

Time domain parameters Traditional PID controller Fuzzy PID controller 

Rise time (s) 1.014394 1.047218 

Settling time (s) 1.089123 1.2 

Peak overshoot (%) 12.3204 0.9821 

Peak time (s) 1.047218 1.66935 

The traditional PID has a rise time of 1.014394s, a settling time of 1.089123s and an overshoot of 
12.3204%, while the fuzzy PID has a rise time of 1.047218s, a settling time of 1.2s and an overshoot of 

0.9821%. The traditional PID rises faster and reaches a steady state faster, but the overshoot value is 

quite large. The fuzzy PID slightly slower and reaches the steady state slower, but the overshoot is small. 
To conclude, although the traditional PID controller has a faster response, the fuzzy PID provides an 

overshoot value of 0.9821%, which could be ignored relative to 12.3204% of traditional PID. In practical 

applications, the small difference in response time has little effect on the performance, but the large 

overshoot matters. To conclude, the fuzzy PID controller provides a better response performance than 
the traditional PID controller. It does not require the input parameters to be too precise to reach a good 

response. 

3.2.  Frequency-domain analysis of the control results and further optimization 
Lead-lag compensators are common control elements which is used to achieve a desired performance 

of the system [10]. The general transfer function of a lead lag compensator is: 

 
(s+Z1)(s+Z2)

(s+P1)(s+P2)
 (11) 

The lead-lag compensator’s lead and lag components are crucial in introducing phase lead to bolster 

stability and minimize steady-state error, ultimately enhancing the transient response [11]. 

The Bode plot of our traditional control system shows that the phase margin is up to 88.4 degrees 
when frequency is 75.3 rad/s, which is too large. Besides, the phase is at -180 degrees at low frequencies, 

which means serious noise amplification exists. To make the circumstance better, lead lag compensators 

are chosen here. 

 
s

s+0.8
 
s+120

s+60
 (12) 

After the addition of lead compensator 
s

s+0.8
, the low frequency phase is changed to -90 degrees, 

which indicates that it does not amplify the noise. However, the phase margin is 89 degrees here, which 

is too large to perform well. Looking up literatures, the phase margin should be at least 45 degrees, 60 
degrees is the best [12]. 

Applying the lag compensator 
s+120

s+60
 to decrease the phase margin, the result is shown: 
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Figure 4. The Bode plot of whole system with lead-lag controller 

The phase margin is reduced to 66 degrees, which satisfies the design criterion. 

4.  Conclusion 

In this paper, a DC motor was modeled in order to do PID control, the advantages and disadvantages of 

traditional PID controller and fuzzy PID controller were compared and analyzed, and a conclusion that 
fuzzy PID controller performs better than the traditional PID controller was reached. The control 

performance of the system was further optimized using a lead-lad compensator in the frequency domain. 

After analysing of voltage and torque equilibrium, we deduced the math model of a transfer function of 
a DC motor and the parameters were determined by looking up the datasheet. (Voltage in angle out) 

Then, the traditional PID simulation based on the operational amplifier is constructed using Falstad. The 

model of the DC motor and PID controller were established by analyzing transfer functions while the 
value of Kp, Ki, Kd were determined by observing the root locus and response curve generated by 

Matlab and Falstad. 

Next, Simulink was used to realize the fuzzy PID control and compare with the traditional PID 

control result. The fuzzy subsets and fuzzy rules were established by looking up literatures. After the 
simulation, it can be observed that although the traditional PID controller has a slightly faster response, 

the fuzzy PID controller provides an overshoot value of 0.9821%, which is optimal. Finally, the control 

result was analyzed in frequency domain. A lead-lag compensator was added to improve the 
performance since the original phase margin was too large and there was a risk of amplifying noise. 

Because of the limitation of objective factors, there is a lack of hardware for actual wiring, and it can be 

carried out after the conditions are improved. In the future, other nonlinear control methods will be 
simulated, and further studies will be constructed. 
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