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Abstract
To eliminate the influence of the internal and external disturbance, a novel active-disturbance-rejection controller (ADRC) for dual 
position loops feed-drive system has been proposed in this paper. This controller is based on the disturbance-rejection tracking 
control (DRTC) and proportion-integration-differentiation (PID) control. The controller adopts a dual position loops feedback control 
scheme which is different from the traditional feed system with position loop and speed loop. The motor rotation angle position is 
used in the inner loop as the feedback signal to reduce the influence of differential error, noise amplification and filtering delay. The 
closed-loop control of the whole system is realized in the outer loop through the feedback of the load position. Both of the position 
loops have the position controller and the state observer. For the dual loops of motor and load position feedback, in order to obtain 
a high disturbance-rejection capability and robustness, the linear extended state observer (LESO) is used to online estimate and 
compensate the total disturbance, including parameter perturbations, unmodeled dynamics and other disturbances. On the base of 
the real-time compensation of the total disturbance, according to the error between input signal and feedback signal, and its 
differential, the linear feedback rate is decided by the controller to obtain higher control bandwidth. In addition, the control 
performance of the controller can be further improved by feedforward of speed. Comparative simulation and experimental results 
indicate that the presented active-disturbance-rejection controller has better tracking performance and robustness against the 
disturbances compared with the P-PI (proportional position controller and proportional-integral speed controller) control method. 
Moreover, the controller has the advantages of simple algorithm, clear physical meaning of control parameters, easy debugging and 
it is basically independent of accurate mathematical model of feed system.  

Active-disturbance-rejection controller, dual position loops, extended state observer, speed feedforward.  

1. Introduction  

Because of the high stiffness, high transmission accuracy, and 
low sensitivity to variations in cutting force and workpiece mass, 
ball screw drive feed systems are widely used in modern 
computer numerical control (CNC) machine tools. However, the 
limited stiffness of the coupling, the ball screw and the support 
bearing results in a lower first order resonant frequency. When 
the parameters of the controller are set incorrectly, or the 
worktable is subjected to external disturbances, the feed system 
will generate undesired vibrations, which will affect the 
machining quality of the workpiece. In addition, with the 
increase in production efficiency requirements, high-speed CNC 
machine tools have been widely used, but large amplitude, high-
frequency wide driving force, inertial force, cutting force of the 
high-speed CNC machine tools will stimulate significant vibration 
of the mechanical system [1-3]. 

Current feed system control is mainly cascade P-PI control 
(proportional position control and proportional-integral speed 
control), which is simple, easy of tuning and practical effective 
[4]. The speed loop achieves speed feedback via an angle 
encoder on the motor side. The position loop achieves semi-
closed loop position control via an angle encoder or full closed 
loop position control via a linear encoder at the worktable. 
However, since the cascade control is completely independent 
of the mathematical model of ball screw system, and the system 
is nonlinear with disturbances [5], the cascade P-PI control 

cannot meet the requirement of high velocity and good 
performance. The control bandwidth is limited by the first-order 
resonant frequency of the feed system [6, 7], which will 
deteriorate the trajectory tracking accuracy. 

In practical industrial applications, disturbances including 
unmodeled dynamics, variable parameter, friction and cutting 
force, will inevitable influence the control performance of the 
ball screw feed system. The ability of disturbance rejection is a 
crucial aspect to estimate control strategies. Compared to the 
limited ability of traditional cascade P-PI controller, many more 
advanced controls methods have been proposed, which could 
suppress the disturbances more effectively [8-12]. In 1987, 
Ohnishi [5] proposed the disturbance-observer (DOB), which 
could online estimate and compensate the disturbances and has 
been widely used in many control fields. The basic idea of DOB 
is to estimate and compensate the discrepancy between the 
plant and the model, as well as the external disturbances, forcing 
the actual system to like nominal one [13].  Elfizy A et al. [6], Yan 
M et al. [7] and Kempf C et al. [12] used DOB to evaluate and 
compensate the disturbances, and proposed composite control 
strategies to realize the high-precision tracking performance. In 
addition, as the core of the ADRC, the extended state observer 
(ESO) was widely applied in the field of disturbance rejection, 
which regarded the internal and external disturbances as a 
generalized disturbance [14,18]. The control strategy called 
active-disturbance-rejection-control (ADRC) integrated the 
advantages of the PID and DOB in industrial control [15-22]. 



Therefore, a novel ADRC for dual position loops feed-drive 
system has been proposed in this paper. This control strategy 
uses ESO to estimate and compensate the total disturbance, 
including internal and external disturbances. And speed 
feedforward was applied to further improve the control 
performance. 

2. Modelling of the ball screw feed system

In this paper, a ball screw feed drive system (as shown in 
Figure 1) is taken as the object of study, which includes a 
servomotor, a ball screw pair, a coupling, bearings, a slide table 
and a workpiece. Two pairs of the angular contact ball bearings 
are used to support the screw shaft. The torque � generated by 
motor is transmitted to the slide table via coupling and the ball 
screw pair. This study is aimed at achieve the high-precision 
control by the motor torque � and the disturbance �. The model 
of the ball screw feed system can be seen as a double-input and 
double-output model. The equivalent force �� generated by the 
torque � and the external disturbance �� are the inputs of the 
feed system, while the equivalent linear displacement �� of the 
motor angular rotation and the linear displacement ��  of the 
workpiece are seen as the outputs. Therefore, the model of the 
ball screw feed system can be regarded as 
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Where ���(�) is the transfer function from �� to ��, and 
���(�), ���(�), ���(�) are the transfer functions from ��  to 
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Where m is the sum of the equivalent mass of motor ��

and load ��(m = �� + ��), while � is the viscous damping. ζ 
and ���  are the damping ratio and the natural frequency of the 
flexible mode respectively, while �  and �  are the residual 
modes.   Moreover, the model is seen as a two-mass model, and 
the functions are 
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Where �  is the equivalent damping, and � indicates the 
equivalent stiffness.

Figure 1. Schematic of the ball screw feed drive system. 

3. Controller design

Figure 2 shows the scheme of the active-disturbance-rejection 
controller. In this system there are mainly four parts: (1) load 
position controller, (2) load position state observer, (3) motor 
position controller, (4) motor position state observer. 

3.1. Motor position controller design 
It can be analyzed from dynamic characteristic that the model 

is dominated by the rigid body mode, therefore ���(�) can be 
expressed as 

ω= + ∆ + + + = +&&
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Where � = �� , � = ��  , � = �� + ∆�  , while �� and ��
represent the modeled high frequency dynamics and 
unmodeled dynamics respectively. And ��   represents the total 
disturbance, including unmodeled dynamics and external 

disturbances. If  �� = �, �� = �̇, �� = �� , ℎ = ��̇   . then (6) can 
be rewritten as 
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Through the linear-extended-state-observer (LESO), the 
evaluation values of the motor equivalent linear position ���  , 
the motor equivalent linear speed ��� , and the total 
disturbance of motor position loop ���   can be obtained by 
using the input of the motor control � and the motor equivalent 
linear position ��
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Where ���  is the control gain in motor position loop,   
���,  ���,  ���  represent the gains of the observer. And the 

gains can be chosen as ��� = 3���,��� = 3���
� ,��� = ���

� .  
���  is the bandwidth of the state observer. A well-tuned 
observer can realize  ��� → ��,��� → ��̇,��� → � . 

The motor tracking error ���  , motor speed error  ��� and 
the motor control signal  ��� are given by 
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Where ���,���  are the gains of the controller, and they are 
chosen as ��� = ���

� ,��� = 2���  ,  ��� is the bandwidth of 
the controller. 

3.2. Load position controller design 
In order to online estimate and compensate the disturbance, 

the load position state observer is designed, which uses the LESO 
to evaluate the load position ��� , load speed ��� , the 
disturbance of the load position loop ���  , 

β

β

β

 = + −


= + − +
 = −

&

&

&

1 2 1 1

2 3 2 1 0

3 3 1

( )

( )

( )

l l l l l

l l l l l l m

l l l l

Z Z x Z

Z Z x Z b x

Z x Z

 (10) 



Where ���  is the control gain in load position loop, ���,
���,  ���  represent the gains of the observer. And the gains can 

be chosen as ��� = 3���,  ��� = 3���
� , ��� = ���

�  . when it is 
well-tuned,  ��� → �� ,��� → ��̇ ,��� → �  can be realized.  

The load tracking error ���  , load speed error ���  and the load 
control signal ��� are given by 
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Where ���,  ���  are the gains of the controller, and they are 

chosen as ��� = ���
� ,��� = 2���  , ���  is the bandwidth of the 

controller. Moreover, through differential processing, low-pass 
filter and proportional element, the speed feedforward 
compensation is generated from the load position command 
signal.   

4. Simulated and experimental results

The cascade P-PI controller is shown in Figure 3, which was 
compared with proposed controller. Simulations and 
experiments were carried out to compare the control 
performance of both controllers. The main parameters of the 
simulation feed system are shown in the Table 1. For the cascade 
controller, the proportional gain of the position loop is ��� =

75, the proportional gain and integral gain of the speed loop are  
��� = 0.776,��� = 60  . For the proposed controller, the 

parameters of the inner loop are chosen as ��� =
400�,��� = 3��� , while the parameters of the outer loop are 
chosen as ��� = 200�,��� = 3���   . 

 First of all, the tracking error is compared between the two 
controllers. The reference trajectory is shown in Figure 4, which 
includes displacement, speed, acceleration and jerk. The 
tracking error between actual position and reference position is 
shown in Figure 5. It can be seen that the maximum tracking 
error of the proposed controller and the cascade P-PI controller 
are 3.9 μm and 6.8 μm respectively. In addition, Figure 6 shows 
the tracking errors of the two controllers when a 1 N ∙ m
external disturbance is applied at 2.58 s. It can be seen that the 
proposed controller has the better ability of disturbance 
rejection. 

In order to demonstrate the effectiveness of the controller, 
experimental results have also been performed. The 
experimental setup is shown in Figure 7. The Kollmorgen motor 
is operated in torque mode control, and is connected to the ball 
screw by coupling, both of the motor and ball screw are 
supported by angular contact ball bearings. The hydrostatic 
guideway is applied to decrease friction. A Renishaw angle 
encoder and a Heidenhain ultra-high precision linear encoder 
are used to acquire the feedback of the position. The motion 

command begins from the PC, through the Googol controller 
and Kollmorgen amplifier, to the servomotor. It can be seen in 
Figure 8 that the maximum tracking error of the proposed 
controller and the cascade P-PI controller are 4.8 μm and 7.3 μm 
respectively. It indicates the proposed controller has better 
performance than the cascade controller. 

Figure 3. Model of P-PI control. 

Table 1. Main parameters used in the simulation.

Parameter  Description  

Moment of inertia of the motor 20.5 × 10�� �� ∙ ��

Moment of inertia of the lead screw 23.52 × 10�� �� ∙ ��

Mass of the worktable 250 ��

Screw lead  12 mm

Equivalent torsional stiffness 372 N ∙ m/���

Equivalent torsional damping 0.15 N ∙ m ∙ s/���

Figure 4. Reference trajectory. 

5. Conclusions 

An active-disturbance-rejection controller for dual position 
loops control was designed and applied to a ball screw feed-
drive system. In order to achieve a good tracking performance, 
this controller combines the disturbance-rejection tracking 
control with PID control. Both of the loops have the state 
observer and position controller. The linear extended state 
observer was applied to online estimate and compensate the 
total disturbance, including parameter perturbations, 

Figure 2. Block diagram of proposed controller.



unmodeled dynamics and other disturbances, to obtain higher 
disturbance rejection ability. In order to obtain a better control 
bandwidth, the linear feedback rate of the position controller is 
decided by position error and speed error. Simulative and 
experimental results have demonstrated that the proposed
controller has better tracking performance and disturbance 
rejection ability than traditional cascade controller. 

Figure 5. Tracking errors of proposed controller and P-PI controller. 

Figure 6. Tracking errors when a 1 N ∙ m externa disturbance is applied. 

Figure 7. Feed system experimental setup. 

Figure 8. Experimental tracking error. 
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