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Abstract. The motivation for researching modelling the severe motor system is its frequent use 

in applications that demand accurate control of position, speed, or force. Examples include robots 

and CNC machines, extensively employed and advanced in modern manufacturing processes. 

The application field of this technology is expanding significantly due to the increasing demand 

for automation in modern times. In order to achieve seamless integration of the system, using 

Op-Amp as the central element for signal processing and control is crucial. This research aims 

to determine the methodology for utilising an operational amplifier (Op-Amp) to construct a 

model for a direct current (DC) servo motor. Additionally, the research aims to develop a control 

system and do circuit board simulations.The outcome of this research is to implement theoretical 

principles into a design model, identify the most appropriate system for this model and develop 

the corresponding circuit board. This study aims to incorporate a control system to regulate 
server motors, effectively enhancing the automation process.  
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1.  Introduction  

Sever motor systems are widely used in factories, usually cooperating with robots. They gradually 

become the pillars of the industry because companies want to achieve maximum efficiency. With the 
development of Industry 4.0 and IOT, servo systems integrate more intelligent functions, such as remote 

monitoring, fault diagnosis and predictive maintenance, and seamless integration with factory 

automation systems. Also, improving microelectronic techniques and control theory keeps developing 

control precision. However, this control system still has some challenges, such as maintaining high-
precision positioning while pursuing high-speed operation and using software-define methods that used 

to enhance the flexibility and reconfigurability of servo systems. In this paper, the core is to build and 

perfect the integrated control system for a DC servo motor. The methods are as follows, fixed variable 
to discover the actual effect of components on the system, software calculation to narrow the scope of 

search and modularization to make the system flexible. This research can integrate a control system, 

making the required components smaller to let it have more acclimatization. The designed DC motor 
model can simulate this system in a computer to avoid the possibility of danger in an actual experiment. 

The perfect control system can also provide a reference for the most efficient and accurate system for 

severe DC motors. 
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2.  Building DC motor model 

2.1.  Theory exploration of the model of DC servo motor 

A first-order system is the motor's servo model, which is necessary when creating a circuit board for a 
servo motor system [1]. So RC circuit are brought in as the basic through its similarity, also another 

benefit of RC circuit is that it have the characteristic of system identification [2].  

When simulating, the first element is mechanical time constant(τm=J*R/(KtKe), ms), and the other 
one is the electrical time constant(τe=L/R, μs). The two elements mentioned are both important when 

doing research on motors [3].Also, the torque τ is equal to the μ passing through the magnetic field B, 

also equal to the torque constant Kt multiplied by the current I. 

In these elements, τ is torque, J is the moment of inertia, θ̈ is the second derivative of the angular 

displacement and ẇ represents the rate of change of the angular velocity, both namely the angular 
acceleration. According to Newton's second law and moment of inertia theorem, the relationship 

between the torque τ and the angular acceleration θ̈, which is the derivative of the angular velocity with 

respect to time, can be expressed as τ=J*θ̈. This formula shows how much torque is required to produce 

a given angular acceleration. Furthermore, the greater the moment of inertia J, the greater the torque 

required, because the greater mass requires more force to change its motion state [4]. Then apply the 
form of Newton 's second law in the rotating system, F=m*a [5]. Compared to the motor system, the 

moment τ is equivalent to the force F, the moment of inertia J is equivalent to the mass m, and the 

angular acceleration θ̈ is equivalent to the linear acceleration a, so Eq.1 can be derived : 

                          τ = jθ̈ = jω̇                                   (1) 

So it can be deduced into: 

ω =
dθ

dt
                                      (2) 

According to the torque τ is equal to the torque constant Kt multiplied by current, it can be derived 
into : 

Jω̇ = KtI                                     (3) 

The motor can be simplified as an ideal circuit model composed of a pure resistance R and a pure 
inductance L in series, and then connected in series with the power supply voltage Vin and the back 

electromotive force VEMF. According to the expression of the DC motor back electromotive force, 

VEMF is equal to the back electromotive force constant Ke multiplied by the motor angular velocity, 
which is named the speed ω. The formula can be derived as follows : 

Vin = IR + L
dI

dt
+Keω                             (4) 

The bandwidth of the operational amplifier is wild, making it can quickly adjust the output to track 

the desired current change [6]. In this situation, because of the fast control of the operational amplifier, 

L*dI/dt is very short. so Eq.5 is: 

Vin = IR +Keω                                  (5) 

According to formula 5, I=(Vin-Keω)/R is obtained. Bring this into formula 3. After finishing, got 

the formula 6 : 

   
JR

ktke
ω̇+ ω =

Vin

ke
                                  (6) 

Since it is a first-order system, Vin=eSt,ω=Ωo eSt,ω̇=ΩoSeSt. At the same time, according to the 
mechanical time constant formula, bring them into formula 6 to get the expression of Ωo. At the same 

time, it is also known that the output ( voltage represents the angle quantity ) with the input ( voltage ) 
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ratio is ω/Vin=Ωo. For its molecule 1/Ke, it is called motor constant(1rad/s/volt), which is equal to Km. 

Bring them in formula 6 can get formula 7, which represents the transfer function of the motor: 

Ωo =
ω

v
=

1

ke

τS+1
=

km

τS+1
                                (7) 

In this experiment, it is determined that Km is equal to 3, which means 3rad / s per Volt, and τ equal 

to 0.1s.The reason for using those figure is because the simulation of the motor model is FAULHABER 
's Series2338-006S motor, and through the specification knows that the time to reach the required speed 

is nearly 0.1 s. Through the specification book, it can also be found that terminal resistance(R) is equal 

to 2.6Ω, back EMK constant(Kt) is equal to 0.804mV/rpm, torque constant(Ke) is equal to 1.088oz-in/A, 
rotor inertia(J) equal to 5.523*10-5oz-in-sec2, mechanical time constant(τm) equal to 17ms. 

From angular velocity to angle involves integration, so the angle formula 
θ

V
=

ω

v

1

S
. At this point, the 

derivation of the servo DC motor simulation into the linear element of the operational amplifier is 

completed. After the required parameters are introduced, Formula 8 is obtained, which is the transfer 
function of the system : 

θ

V
=

3

0.1S2+S
                                     (8) 

2.2.  Circuit of servo DC motor model 

If the parameters of each part are considered independently, the ratio of the output voltage Vout of the 
operational amplifier to the input voltage Vin is equal to the opposite number of the feedback part 

impedance Zf divided by the input part impedance Zi, which is Equation 9 : 

Vout = −
zf

zi
Vin                                   (9) 

Based on this theory and the similarity of the RC circuit, the positive input of the operational 

amplifier is grounded, the negative input is connected to a resistor, and the feedback loop is a parallel 
connection between a resistor and a capacitor. The total reactance of the feedback loop is reduced to R 

/ ( 1 + RCS ), so the circuit model formula of the operational amplifier is as follows : 

Vout =
R

RCS+1

Ri
Vin = −

R/Ri

RCS+1
Vin                            (10) 

By comparing formula 10 with formula 7, it is concluded that R / Ri = 3, RC = 0.1, and an inverter 
should be added to the output to remove the negative sign of formula 10 to conform to formula 9. At the 

same time, according to the specification of the selected motor which needs to be simulated, the input 

resistance Ri is determined to be 333Ω, so that R is equal to 1000Ω and C is equal to 100μF. Thus, the 
model of the servo DC motor can be obtained, as shown in Figure 1. 

 

Figure 1. model of DC servo motor(volt in to angle out) 
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3.  Servo drive system construction and controller optimization 

3.1.  Construction and analysis of PD control system  

For the PD control system, a forward series PD controller, add a motor model and an output feedback 
circuit are required [7]. If the feedback resistance of the PD controller divided by its negative input 

resistance is equal to a, the inductance of the PD controller divided by its negative input resistance is 

equal to b, and the feedback resistance of the adder is equal to d, then the value of C in the closed-loop 
transfer function of the system (the transfer function of the controller ) is equal to d / ( a + bs ). Then for 

the closed-loop transfer function of the system, the error signal E ( S ) is obtained by subtracting the 

input signal R ( S ) from the feedback signal. Then error signal E(S) will transmit to the controller C 

( S ), and output the input signal controller U ( S ). Then it is output to Y ( S ) through the controlled 
system P ( S ), and the output is returned to the input through the unit negative feedback. So the closed-

loop transfer function is found: Y(S)/R(S)=P(S)C(S)/(1+P(S)C(S)) 

In order to perfect rapidity, accuracy, and stability of the system, OCTAVE is used to find parameters: 

 

Figure 2. Code in OCTAVE 

By observing the output diagram, it can be found that the response of green one is stable but too long. 

Then go back to the FALSTAD circuit for parameter fixed variable method debugging to find the 

optimal parameters is C=5S+100. After coding ( add C=5S+100,pzmap(P*C/1+P*C,”.m”) to the above 
program ). So far, the best figure for the system can be found according to d/(a+bs). 

 

Figure 3. PD control system 

3.2.  Construction of PI control system  

Only need to change the controller into PI controller on the basis of the PD control system [8]. As 

Figure.4. 
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Figure 4. PI control system 

3.3.  Construction of PID control system 
Only need to change the controller into PID controller on the basis of the PD control system [9]. As 

Figure.5. 

 

Figure 5. PID control system 

3.4.  Selection of control system and construction of breadboard 
In each optimized control system, it can be found that the PD controller has the best tracking 

performance and response performance, which almost coincides with the waveform, and is most 

recommended for the servo DC motor. The PID controller’s tracking is also good, but the oscillation is 
too strong, which means that it can be barely used in this system. For the PI controller, it can only 

achieve approximate tracking and there is a certain degree of discreteness, which is not recommended 

for this system. 

Therefore, it was decided to choose the PD controller, and begin to use TINKERCAD to build the 
circuit board according to the circuit of FALSTAD to start simulation [10]. As shown in Figure 6, it can 

be found that the built circuit board conforms to the simulated value and waveform mentioned in 

FALSTAD. 
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Figure 6. Circuit board for motor simulation 

4.  Conclusion  

In order to create the control system and its simulation, this paper first suggests the RC circuit, which 

belongs to the first-order system, as the basis for the required designed system because of the similarities 

of both systems. Then, this paper uses partial formulas of electromechanics, physics, and 
electromagnetics to derive the transfer function of the servo DC motor model which has the function of 

a volt in to angle out and the transfer function of the system. After designing, the paper starts to build 

the whole system and modular it to build a closed loop transfer function. The next step is coding to 
determine the best value for each component in this system. After building the PD servo motor and 

perfecting its system, changing the controller to make the PI and PID control systems and perfecting 

each system to compare with each other to figure out that the PD controller is the best choice for this 
system, which has the function of the best tracking. The second recommended controller is the PID 

controller, which has the characteristic of oscillation tracking and can also track the input very well. The 

most recommended one for this system is PI controller. Then, the simulation will be used to apply PD 

control of the servo DC motor system to ensure it can be used in real life. There are still some weaknesses 
in this research, such as making this system retrench, the component to solve current loss is not involved. 

It is okay in this project because the output is for the motors which need volts to run, but for other 

products, which need current, this system needs to add appropriate voltage followers at every middle 
places to make sure that most current can still existed at the output. In future research, the goal is to 

make this system suit more products and have a filtering effect on interference signals. 
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