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ABSTRACT 
 

As semiconductor processes require several nanometers precision, the importance of motor control is increasing in 

semiconductor equipment. Due to unpredictable uncertainties such as friction and mechanical vibrations achieving 

precise position control in semiconductor processes is challenging. The internal model principle-based controller is a 

control technique that ensures robust steady-state performance by incorporating a model of the reference and 

disturbance. The disturbance observer-based controller is a prominent robust control technique implemented to cope 

with various nonlinearities and uncertainties. Provided that the two controllers can be designed to exhibit equivalent 

performance under certain conditions, this paper demonstrates through experiments that they yield identical results 

for the case of a BLDC position control problem. The experimental results also indicate that they can offer enhanced 

robustness compared with the conventional PID controller in the presence of a time-varying disturbance. 
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1. Introduction1 

The demand of high-precision position control systems 

in the semiconductor manufacturing industry is an impa-

rative that grows as the semiconductor device miniaturi-

zation continues. For a high-precision position control sys-

tem of semiconductor equipment, robust motor control 

against disturbance is essential. For example, wafer scan-

ners, the primary equipment of the photo process, use lin-

ear motors to position wafers and reticles. Achieving fast 

and accurate positional alignment necessitates compen-

sating for disturbance such as force ripple or structural vib-

rations, which in turn requires advanced control algorithms 

[1,2]. Other factors such as limit cycles, often caused by 

backlash between the motor and stage, complicate precise 

control and require the implementation of robust control 

technique to mitigate their effect [3]. Therefore, motor 

control of semiconductor equipment is one of the impor-
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tant factors in the semiconductor industry and requires 

accurate position control and effective disturbances com-

pensation. 

The motor used in the semiconductor process is impor-

tant not only for precision, but also for durability and 

safety. The BLDC motor has advantages of high efficiency 

and high starting torque. In addition, it uses an electronic 

rectification method without a commutator, so it has less 

failure or wear and is advantageous for noise and vibration. 

The BLDC motor may have reduced accuracy due to the 

uncertainty of electrical/mechanical system parameters, 

friction and disturbance. As a result, various advanced 

control algorithms have been proposed in control systems 

literature for precise position control. Among them in [4], 

SOSMO (Second-order Sliding Mode Observer) was 

presented, and in [5], IMC (Internal Model Control) PID 

control technique based on MLESO (Model Linear Ex-

tended State Observer) was applied. In addition, distur-

bance observer-based control methods [6-10] or control 

methods based on internal model principle [11-13] are 
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being actively studied as robust control techniques. 

Meanwhile, in the preceding study [14], design condi-

tions to ensure that the internal model principle (IMP) -

based controller and the reduced-order observer (RODOB) 

-based controller have the same performance in the DC 

motor position control system were presented, and the 

results were confirmed through simulation for the case 

where the reference and disturbance were sinusoidal func-

tions. In this paper, we validate the findings of previous 

studies by applying them to a more practical and complex 

BLDC motor position control system, specifically examin-

ing a reference and disturbance consisting of a constant 

term and a ramp term. 

The paper is organized as follows. In Section 2.1, the 

control system is defined, and in Sections 2.2 and 2.3, 

IMP-based and RODOB-based controllers are introduced 

and designed to have equivalence. Section 3.1 introduces 

the experimental environment, and Section 3.2 introduces 

a simple modeling method through open-loop experiments 

in situations where it is difficult to apply existing motor 

model equations. In Sections 3.3 and 3.4, the position 

control performance of the two controllers is compared 

through simulation and experiment, and the conclusion is 

presented in Section 4. 

 

2. System Model and Controller Design 

2.1 System Model 

This paper deals with a three-phase BLDC motor equa-

tion given as [15] 

 

 

������� � � ��� 0 00 �� 00 0 ��

� �������� 	
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�������� 	 �������� ,  
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where ��,  �� and  �� are phase voltages of BLDC motor, 

and ��  is the armature resistance. ��,  ��  and  ��  are 

phase currents of BLDC motor, and �� and  denote 

the self-inductance and mutual-inductance. ��,  ��  and  �� represent the back EMF of BLDC motor. �� is the 

torque generated by the motor and �
 is the speed of 

motor. � and � mean the moment of inertia and friction 

coefficient as seen from the motor shaft, and �	 denotes 

the load torque disturbance. The BLDC motor control 

system considering d-q transformation is as shown Fig. 1. 

 

 
Fig. 1. BLDC motor position control system. 

 

The BLDC motor system equation considering only the 

q-axis by d-q transformation of equation (1) is as follows. 

 ��� �
 � �
 ,
(2) 

��� �
 � � �� �
 	 ��� �� � 1� �	  , 
��� �� � � ����

�
 � ����

�� 	 1��

� . 
 

In equation (2), �
 and �� are the angle and q-axis 

current of the motor. � denotes the voltage input. ��,  �� 

and  �� denote the torque constant, back EMF constant 

and the armature inductance, where �� � �� � . 

Generally, the electrical dynamic characteristic of the 

motor is very fast compared to the mechanical dynamic 

characteristic, as such this paper deals with the reduced 

model with �� �  0 as shown in equation (3) [16,17]. 

 ��� �
 � �
 , (3a) 

��� �
 � � ��� 	 �������

�
 	 �����

� � 1� �	  . (3b) 

 

For notation simplicity, we define the state of system � � ��
; �
� and disturbance � � � ��/��"/�	 , the 

following equation can be obtained.  

 �# � $� 	 � � 	 �", $ ∈ ℝ��, � ∈ ℝ�� , 
(4)

' � '� 	 '�� , � � �� 	 ��� , ( � )� � �� � �
 . 
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The position reference ' and disturbance � consider-

ed in this paper consist of the sum of the constant term and 

the ramp term. �� and �� are the unknown constant. 

The next section introduces IMP-based controller that 

includes the model of reference and disturbance. 

 

2.2 IMP-Based Controller 

This section deals with the control system as shown in 

Fig. 2. The error * +" � � +" � , +" is as follows. 

 

* +" � 11 	 )� +"- +" � +" 

           � - +"1 	 )� +"- +" . +" . (5)

 

When all the roots of the characteristic equation /� +" ∶� 1 	 )� +"- +" � 0 are located in the LHP (Left Half 

Plane) region and the denominator of the controller )� +" 
includes the characteristic polynomial of the reference and 

disturbance, the steady state error ��� of the output can be 

made 0 [18]. In this way, if the controller includes 

characteristic polynomial of the reference and disturbance, 

in other words the model, a principle that can secure 

robust steady-state performance is called the internal 

model principle [11,19]. From equation (4), it can be seen 

that the characteristic polynomial of the reference and 

disturbance is +� and if the denominator of the controller )� +"  includes +�  as an argument according to the 

internal model principle, a control result with a steady 

state error of 0 can be obtained. 

The controller )� +" including the model of reference 

and disturbance is shown in equation (6). 

 

)� +" �  1�+� 	 1�+� 	 1�+ 	 1�+� + 	 2"   (6)

 

where the controller parameters 1�   0 3 � 3 3" and 2 
are determined in consideration of the stability and 

transient performance of the closed loop transfer function. 

 

 
Fig. 2. Block diagram for IMP-based control system. 

The next section introduces a disturbance observer-

based controller with robust control performance by com-

pensating for disturbance using a disturbance model. 

 

2.3 RODOB-Based Controller 

In this section, we design the RODOB-based controller 

for robustness against disturbance. First, for the observer 

design, the state-space equation matrix $�  and )�  for 

disturbance � in (4) are defined as follows. 

 

56#
�6#
�

7 � 80 10 09 :6�6�; �: $�6, 6 ∈ ℝ� , 
(7) � � 6� �: )�6 . 

The extended system equation including disturbance is 

obtained using equation (7) as follows. 

 

:�#6#; � :$ �)�0 $�
; 8�69 	 8�09 � �: $̅> 	 �?� ,  

(8) ( � �) 0��� 8�69 �: )̅> . 
 

In the above equation, the states of the extended system 

are > � ��; 6� ∈ ℝ� , system matrix $̅ ∈ ℝ�� , input 

matrix �? ∈ ℝ�� and output matrix )̅ ∈ ℝ��. It can be 

seen that the extended system (8) is observable [20]. The 

first component of state > is the system output (, and the 

remaining states �
, 6� and 6� are defined as >� that is 

to be estimated. For RODOB design, equation (8) is 

rewritten as follows. 

 >#� � @��>� 	 $̅��>� 	 �?�� ,>#� � $̅��>� 	 $̅��>� 	 �?�� . (9) ( � >� � �1 0 0 0�>
 

where >� � �
, >� � ��
 6���,  @�� � 0 , $̅�� ��1 0 0� and �?� � 0 when compared to equation (3a). 

With equation (9) RODOB is designed as follows. 

 >̂#
� � $̅��>� 	 $̅��>̂� 	 �?�� 	 � $̅��>� � $̅��>̂�" 	 '  

(10)

 where '  is added for the design of the controller 

equivalent to equation (6). The observer gain � ��F� F� F���  is designed such that the matrix $� �∶$̅�� � �$̅��" is a Hurwitz matrix. 
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From equations (9) and (10), the dynamic characteristics 

of the estimated error �̃� ∶= �� − �̂� can be expressed as 

follows. 

 

�̃�� = ���̃� − ��,  �� = �̅�� − 
�̅�� . (11)

 

To avoid the use of the differential value (���) included 

in �̅���� of equation (10), we can define variable �� =∶�̂� − 
��  and the following observer equation can be 

obtained. 

 ��� = ���� + ��̅�� − 
��� + ��
�� 

          +���� − 
���� + �� . 
(12)

 

The RODOB-based control system structure is shown in 

Fig. 3. In the figure, � and � are gains multiplied by 

the reference, and �� is the control gain for the estimated 

state and disturbance. 

 

 

Fig. 3. Block diagram for RODOB-based control system. 

 

When the variable �̂ =: ��� �̂����  of the RODOB, 

the controller in Fig. 3 is as follows. 

 

� = �� − ���̂,  

(13)�� = �� ��� = ��� �� ���, ��� = ��� ���. 
 

When �, �  is determined as follows, the RODOB-

based controller in Fig. 3 has the same structure and 

transfer function as the IMP-based controller (6) in Fig. 2 

[12]. 

 

� = �� + ���
 ,  

(14)� = −��̅�� − 
��� + ��
 . 

The controller ���� designed is as follows. 

���� = �1 + ��������	��� + �������� . (15) 

 

When the gains � and 
 are determined so that the 

two control systems Fig. 2 and Fig. 3 have the same 

structure and closed-loop characteristic equation, the same 

RODOB-based controller as the IMP-based controller can 

be obtained by determining �  and �  as shown in 

equation (14). In this paper, we first design the RODOB-

based controller ���� and then determine the gains �, � 

of the IMP-based controller ����  through parameter 

comparison. 

 

3. Experiments 

This section introduces the experimental environment 

and obtains the transfer function of the system to be 

controlled through the open-loop experiment. In addition, 

the performance of the two controllers is compared 

through simulation and experiment. 

 

3.1 Experimental Environment 

 

 

Fig. 4. BLDC motor control system for experiments. 

 

The experimental equipment is shown in Fig. 4. The 

power supplied from the DC power supply is converted 

into a control input voltage through a motor driver. The 

Arduino Due receives the encoder pulse signal to create a 

PWM control input and transmits it to the motor driver. 

The motor driver used in the experiment is Maxon's 

ESCON 70/10, which supports speed PI control. For 

advanced control such as IMP-based control, this experi-

ment performs speed control by PWM method using a 

digital controller, and at this time, PWM is converted into 

speed reference. The block diagram for the experimental 
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environment is shown in Fig. 5, and the main specifica-

tions of the experimental equipment are shown in Table 1-

4 [21,22]. 

 

 
Fig. 5. Block diagram for experiments. 

 

Table 1. BLDC motor specification (EC-i 52) 

Power 420W 

Nominal voltage 48V 

Nominal current 9.87A 

Nominal speed 3990rpm 

 

Table 2. Encoder specification (Encoder 16 RIO) 

PPR 32768 

Number of channels 3 

Max. operating frequency 3125kHz 

 

Table 3. Motor driver specification (ESCON 70/10) 

Nominal operating voltage 10~70VDC 

Output current 10A 

Max PWM frequency 5kHz 

 

Table 4. Arduino Due specification  

MCU type 32-bit ARM Coretex-M3 

Operating voltage 3.3V 

Clock speed 84MHz 

 

3.2 System Transfer Function 

This section finds the nominal transfer function of the 

system via a step response experiment. Equation (3b) can 

be given by 

 ��� �
 � � 1G �
 	 HG �  (16)

 

where � � �����/�	�� 
 ����� and � � �����/��. 

 

Since it is practically not easy to obtain �  and � 

reflecting the moment of inertia and the coefficient of 

friction of the load in an experiment, G  and H  are 

obtained through experiments. In the open-loop experi-

ment, the system input �  is set as a speed input in 

consideration of the characteristics of the motor driver. At 

this time, the unit of �
 and � is rpm. A step input � �573 is applied to make the output speed steady state ��� � 300. The final value of the output is determined by 

considering the experimental environment and the 

maximum value of the allowable current. Fig. 6 is the 

result of the open-loop experiment. The time constant G is 

the time when the output is 63% (=189) of the steady state 

and the average value through a total of 5 repetitions is 

used. The constant H is determined using the final value 

theorem as follows. 

 ��� � F�K
�→�

� �" � F�K
�→�

+ L M +" 

� F�K
�→�

+ L HG+ 	 1 L 573+ � 573H . (17) 

 

The experimental results are G � 0.0346�+� , H �0.5236 . 
 

 
Fig. 6. Open-loop control output. 

 

The next section introduces simulations of IMP-based 

and RODOB-based controllers using the system transfer 

functions obtained in this section. 

 

3.3 Simulations 

The reference ' and disturbance � used in the simula-

tions consist of a constant and a ramp function as shown in 

Fig. 7. The disturbance is applied from 6 seconds. 

RODOB-based controller is first designed to determine the 

gains 2, 1 of the IMP-based controller. The poles of the 
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closed loop transfer function considered are determined as 

follows. 

 � = −3 ±  3, −30 ±  50, −40 . (18)

 

The parameters �,  �,  
  and �  are obtained as 

follows. 

 � = �0.1982 −0.2522� , � = 46.1435 , 


 = ! 0.711" + 2

0.639" + 2

1.4978" + 3

# ,  � = ! 0.131" + 4

0.304" + 4

1.0649" + 5

# . 
(19)

 

The IMP-based controller equivalent to the RODOB-

based controller designed from equations (15) and (18) is 

as follows. 

 

���� =  
�
�
 + ���� + ��� + ����(� + 77.0983)

 . (20)

 

In the above equation, �� = 46.1435, �� = 1.9009� +

03, �� = 1.0137� + 04, �� = 2.6961� + 04. 

 

To compare the performance of the two controllers, a 

PID controller is also considered in this section. 

 

  �
�� =
���� + ��� + �� . (21)

 

The gains ��,  �,  �� are determined so that the poles 

of the closed loop transfer function were -3, -30 and -40. 

They are given by �� = 15.5290, � = 39.6486, and �� = 0.4857. 

 

 

Fig. 7. Reference & Disturbance. 

 

Fig. 8. Control error (simulation). 

 

 

Fig. 9. Control input (simulation). 

 

Fig. 7 shows the reference (Ref.) and disturbance (Dist.) 

used both in the simulations and the experiments of the 

next section. Fig. 8 and Fig. 9 show the control error and 

control input. Unlike the PID controller the two controllers 

can accurately follow the reference without the steady 

state error. It can also be seen that the performance of the 

RODOB-based controller and the IMP-based controller 

are the same. 

In the next section, experiments are conducted to con-

firm that the same results are obtained even in non-ideal 

situations. 

 

3.4 Experiments 

In this section, through experiments, it is checked 

whether the IMP-based controller and RODOB-based con-

troller have the same results as the simulation. The re-

ference, disturbance, controller parameters and gains used 

in the experiment are the same as those of the simulation. 
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In addition, the control period and the PWM period are 

1ms and 0.2ms, respectively. 

 

 

Fig. 10. Control error (experiment). 

 

 

Fig. 11. Control input (experiment). 

 

Fig. 10 is the control error and Fig. 11 is the control 

input. Fig. 10 shows that both the RODOB-based con-

troller and the IMP-based controller follow the reference 

with high accuracy. Also, it can be seen that the two 

controllers have better transient and steady state perfor-

mance compared to the PID controller when there is a 

disturbance and experimental uncertainties. While there is 

a difference in that the simulation is continuous time con-

trol and the experiment is discrete time control, it is con-

firmed that the previous two controllers are more robust 

against uncertainties than the conventional controller. 

 

4. Conclusion 

This paper deals with the problem of position control of 

BLDC motor under the disturbance consisting of a con-

stant and a ramp signal. The experimental study presented 

in the paper, applied to a practical system, builds on 

previous theoretical work that established the equivalent 

conditions for the IMP-based controller and the RODOB-

based controller. Through simulations and experiments, it 

was confirmed that the results of the two controllers show 

similar characteristics and offer better control performance 

compared with the conventional PID controller. In parti-

cular, it was confirmed that the two controllers provide 

more robustness than the PID controller in the presence of 

disturbance. The results presented in the paper are signi-

ficant due to the presence of a motor driver with a built-in 

PI algorithm for speed control and a Harmonic driver with 

nonlinear friction in the experimental environment, which 

makes it more difficult to use the existing motor equation. 

Future works will explore experimental studies which con-

sider operating characteristics of various semiconductor 

equipment. 
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