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{Abstract)

Ball screw drives are widely used in industry, and many studies have been devoted
on precise, fast and robust control of ball screw drives. In this study, a novel position
control algorithm for ball screw drives is proposed, which consist of a PD controller,
a friction feedforward and a disturbance observer. The dynamics and the position
error of such controller are analyzed to establish an error model, which can be used
to predict the resulting position error of the given desired trajectory. Using the
proposed error model, the desired trajectory can be modified so that the predicted
position error can be compensated in a feedforward manner. The proposed algorithm
does not require the model of the system for the error prediction, and thus can be
easily applied to conventional control systems. The performance of the system is
verified through simulations and experiments.
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1. Introduction

Ball
industry automation, such as Cartesian robots
(CNO)
machines. In order to improve the performance

screw drives are widely used in

or computerized numerical control
of these automation equipment, a control
fast,
robust control of ball screw drives is highly

algorithm which allows precise and
desired. Proportional-integral-differential (PID)
controllers have been widely used to control
ball
tracking performance of a PID controller is

screw drives. However, the position
limited as often, ball screw drives are subject
to external disturbances or nonlinear effects,
such as friction.

Friction is a highly nonlinear phenomenon
which is related to the velocity of the
system. Often, friction is compensated by a
model-based feedforward controller, and
many friction models have been proposed,
such as Dahl [1], LuGre [2] or generalized
Maxwell-slip (GMS) [3]. It has been shown
that using these models and a feedforward
controller, friction can be effectively
compensated [4-7]. Based on friction models,
many research efforts have been made to
achieve fast, precise and robust control of
ball screw drives.

Several studies aimed to completely replace
PID controller. In order to achieve high
bandwidth,

controller is employed in [4]. A notch filter

control adaptive sliding mode
and active vibration cancellation are further

employed to suppress the torsional vibration.

Active disturbance rejection control (ADRC) is
another controller aimed to replace PID
controller [8]. It address several drawbacks of
PID controller, such as oversimplification and
noise degradation, and has been successfully
used to control a ball screw drive [6].

On the other hand, many studies aimed to
improve the performance PID controller by
combining it with additional controllers. Many
studies point out that external disturbances
and model uncertainties are the major factors
that degrade position tracking performance of
(7, 9-12].
would be feedforward control. In [9], iterative

ball screw drives One solution
learning control is employed to update the
parameters for feedforward controller, which
is used to compensate model uncertainties
and external disturbances. Another solution to
model uncertainties and external disturbances
is a disturbance observer (DOB) [5, 7, 10-12].
A DOB outputs the difference between the
nominal model and the actual plant, and it
can be used to improve the robustness of a
A cascade P-PI controller is
based
disturbance observer, a friction feedforward

controller [7].

used with an inverse model

controller, an inverse model feedforward
controller and a repetitive controller, and it
is shown that the proposed controller can
effectively suppress the effect of the injected
synthesized cutting force [5]. Similar control
structure has been introduced in [7], which
consists of a PI controller, a disturbance
observer, and a friction feedforward controller.

Furthermore, the disturbance observer is
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further used to achieve automatic tuning of
model parameters, such as effective inertia
and viscous coefficient.

In this study, a novel control algorithm for
fast, accurate and robust control is proposed.
The proposed algorithm is based on a PD

controller with a DOB and a friction
feedforward controller. To improve the
position  tracking performance of the

controller, the dynamics of the system has

been analyzed, and an error model is
constructed to predict the position error of
the given desired trajectory. The developed
error model can be used to modify the
desired trajectory to take account of the
predicted error. Usually, error prediction is
model-based and thus it requires an accurate
model of the system. However, through the
use of the disturbance observer and friction
feedforward controller, it is shown that
accurate prediction of position error can be
achieved without the need of the system
model. Previous studies have also shown that
error model is an effective way to improve
the position tracking performance [6]. The
performance of the proposed error model is
verified through simulations. Furthermore, the
proposed algorithm is implemented on a 1
DOF

tracking performance of

linear stage to show the position
the

algorithm compare to a PD controller.

proposed

The remainder of the paper is organized as
brief
introduction on an inverse model disturbance

follows:  Section 2 provides a

observer. The proposed error model is

introduced in section 3, and its performance
is verified through simulations in section 4
and experiments in section 5. Section 6
concludes the paper.

2. Disturbance Observer

Fig. 1 Structure of inverse model based disturbance
observer with PD control

Figure 1 shows a PD controller with an

inverse model-based disturbance observer [10],
where =, 2, x4, 24, 4, 1, d. & d, s, Q(9),
P(9 and PB,(s are system position, system
velocity, desired position, desired velocity, PD
controller output, system input, unknown
external disturbance, sensor noise, DOB output,
Laplace variable, Q-filter, plant and nominal
plant, respectively. Usually, a low pass filter
is used as a Q-filter, and its roles are to 1)
ensure that the system is proper and 2)
suppress the sensor noise. In this study, a
second order Butterworth filter is used as a

Q-filter and its transfer function is as follows:

Q(s) = R 1)

s24+V2Zwpst+wd
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where a, is the cutoff frequency of the filter.
From Fig. 1, it can be shown that the
transfer functions between the input u and
the output x; and the disturbance d and the

output z can be derived as [10]:

P(s)Pn(s)
G =
uy (5 Pp()+(P()=Pp())Q(s) @)
and
P(s)Pp(s)(1-Q(5))
Gdy(s) = -

Pu()+(P()-Pu(s)) (s 3)

From Eq. (2) and (3), it is important to
note that if Q¥ = 1, Gu9 = B9 and
Gals) = 0. This implies that if the frequency
of the disturbance is lower than the cutoff
frequency of the DOB, the plant As) would
behave like the nominal plant Z{s) and the
effect of the disturbance is compensated.

3. Error Model-based Feedforward

Controller
Output x(1)
SulH=)| &L0)
Motor e ]
Encoder Bearing Ball screw
Coupling Nut

Fig. 2 Structure of ball screw drive

Typical structure of a linear stage using a
ball screw is shown in Fig. 2, which consists
of a motor, a coupling, a bearing, a nut, a

ball screw and an output. The goal of the
controller is to control the position of the
output x{9, and the control input is the
equivalent force £ applied by the motor
through a coupling, a bearing and a ball
screw. External disturbance d©) is also acting
on the system. In overall, the system can be
modeled as a two inputs (motor force £{?
and disturbance @) and two outputs (motor
position x{9) and output position xL2)
system. The model of the system can be
expressed as [6]:

Xm(s) _ Gi(s) Gpu(S)][Fu(s)
Xl =1 Il
X, (s) Gy(s) Gp (S)ILD(s) (4)

where Gpfks) and Gpfs) are the transfer
functions between motor and load position to
disturbance, and Gi(s) and G are defined
as:

() = — L yn _ @ueStBik o _
Gi(s) = + Z"=152+25wnk5+wﬁk'l = i, 2 ®)

ms2+bs

m = my, + my is the total equivalent mass
(mp* motor mass and my @ output mass), b is
the viscous coefficient, @x is the natural
frequency, ¢ is the damping ratio, aix and S
are residual modes and n is the order of
modes. A ball screw drive has high stiffness
and transmission accuracy [13], and thus, it
can be simplified as a rigid body model (2 =
0) [6, 14]. Thus, the transfer functions can be
simplified as:

1

Gi(s) = msz+bs'i =12 (@
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and the dynamics of a 1 DOF linear stage
can be expressed as:

ME + bE + frre(®) = frn + d 7)

where #{) is friction force.

Xy, X X, %,
L Error Model Fid d

Fig. 3 Proposed position controller

The controller proposed in this study is
depicted in Fig. 3, where x; is the modified

desired trajectory and fr'rr is the friction
feedforward term. It can be seen that the
proposed controller consists of a PD
controller, a model based friction feedforward,
and a disturbance observer. It can be noted
that for the friction feedforward, the desired
velocity is used instead of the actual velocity;
this is done for the stability of the controller
and this configuration is valid as long as the
system can reasonably track the given desired
trajectory [5].

Omitting the error model feedforward and
the PD controller, the

friction feedforward and the

only considering
disturbance

observer, Eq. (7) becomes:

m# + bt = kye + kqé + fro(tg) —d ®)

where ffrc (a) = f}'rc =) - f}‘rc (x), e =X —X,
é=%—% and d =d —d. Assuming that the
friction model is reasonably accurate and the
cutoff frequency of the DOB is chosen such
that  the

disturbance is within the cutoff frequency of

maximum frequency of the

the low pass filter, Eq. (8) becomes:

k,e + k,e =~ m,X + b,x )

where m, and b, are nominal mass and
nominal viscous coefficient such that the
nominal model is:

m,X +b,x = f (10)

From Eq. (9), the transfer function between
the modified desired position x and the
actual resulting position x can be derived as:

X(s) kgs+ky
Xq(s) - m,152+bns+kds+kp (1 1)

From Eq. (11), error model Gds), which is
the transfer function between the modified
desired trajectory xr and the resulting error,
can be defined as follows:

Ge (S) — 1 X(s) musZ+bys

Xq(s) NipS2+bys+kgs+ky (]_2)
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As can be seen from Eq. (12), the error
model is a function of m, b ks and £,
which are known to the controller. Thus,
given the reference trajectory, the error
model can predict the resulting position error
without knowing the model of the system.

Using Eq. (12), the reference trajectory can
be modified using Eq. (13), where A is the

feedforward gain.

x(8) = (14 k:6,(9)) Xa(®) (13)

4, Simulation

The accuracy of the error model proposed
in Eq. (12) is validated through simulations. A
1 DOF linear stage is simulated, with mass of
0.001 kg and viscous coefficient of 0.01
Ns/m. The system is controlled by a PD
controller and a DOB at 2 kHz, and it is
assumed that the friction of the system is
reasonably compensated such that its effect is
negligible. The nominal model in Eq. (10) is
chosen so that the nominal mass and the
nominal viscous coefficients differ from the
actual values by 10~20% to simulate possible
errors in system model identification. The cutoff
frequency of the DOB is set to be 15 Hz.

An acceleration-limited trapezoidal velocity
profile is used as the desired trajectory [15], and
the maximum velocity and acceleration are
200 mm/s and 350 mm/s2,
respectively. The desired displacement is set to

chosen as
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Fig. 4 Desired trajectory for simulation: (a) position,
(b) velocity and (c) acceleration

175 mm. The desired position, velocity and
acceleration used for the simulation are
depicted in Fig. 4 (a), (b) and (¢), respectively.
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Fig. 5 Error prediction using error model: (a) actual
and predicted errors and (b) prediction error
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Figure 5 (a) shows the actual tracking error
and the tracking error predicted by the error
model whereas Fig. 5 (b) illustrates the
prediction error of the error model. As can
be seen from the results, the error model
can accurately predict the position error of
the system without using the system model.
This implies that the proposed error model
can be used to modify the desired trajectory
to improve the tracking performance of the
controller.

5. Experiments

5.1 Experimental Setup

Fig. 6 Experimental setup

Figure 6 shows the 1 DOF linear stage
used for the experiments. The ball screw is
driven by a 1500 kW servo motor (MSME152G1G,
Panasonic, Japan), which has the maximum
velocity of 3000 rpm and the continuous
torque of 4.77 Nm. A ball screw with pitch
of 5 mm is used, and the output of the
linear stage is supported by two linear guides.

A PC with real-time patched Linux is used
to control the servo motor at 2 kHz through
EtherCAT communication with the servo drive

(MDDHT5540BA1, Japan). The
motor is set to torque control mode (cyclic

Panasonic,

synchronous torque mode). The servo motor
20-bit
encoder, and the available feedbacks from

is equipped with a incremental

the servo drive are servo motor position,
velocity and torque.

5 —— Friction model - Actual data
T N S S S H S
T S S . "/ 777777777777
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L S s s i S B B
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I R I L6
B e T e e

-200 -150 -100 -50 0 50 100 150 200
Velocity (mm/s)

Fig. 7 Friction model

Prior to apply the proposed algorithm, the
model of the system is identified. From the
motor torque, velocity and acceleration, the
mass and viscous coefficient in Eq. (7) can
be estimated. As for the friction, LuGre
model is used [2]. Average torques at 70
different constant velocities are collected, and
the obtained force-velocity data are fitted to
the The
obtained friction model is shown in Fig. 7,

estimate friction  coefficients.

and it can be seen that the model can
accurately estimate the fiction torque.

For smooth motion and  vibration

suppression, a jerk limited trajectory is used

for the experiments [15]. To validate the
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performance of the proposed algorithm under
various circumstances, three trajectories, each
with  different
acceleration, are prepared. The maximum
velocity and acceleration of 50 mm/s and 50
mm/s2 are used for trajectory 1 whereas 125
mm/s and 300 mm/s2 are used for trajectory
2 and 215 mm/s and 700 mm/s2 are used
for trajectory 3. The maximum velocity and

maximum  velocity  and

acceleration of each trajectory is chosen
considering the capacity of the motor used
for the experiments. The position, velocity,
acceleration and jerk of trajectory 2 are
depicted in Fig. 8 (@, (), (¢ and (d),
respectively. The displacement of 200 mm
and jerk of 1000 mm/s3 are used for all

three trajectories.

200
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2% ] ] [
3 E I - \
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Fig. 8 Desired trajectory: (a) position, (b) velocity,
(0) acceleration and (d) jerk

To control the 1 DOF system, a PD
controller with a DOB is implemented on the
PC. The nominal mass mn in Eq. (10) is
chosen as the same as the actual system
mass obtained from the model identification
step. As for the nominal viscous coefficient
bn (Eq. (10)), a value larger than the actual
value is used to reduce the vibration. The
cutoff frequency of the DOB is experimentally
chosen to be 15 Hz,
disturbance suppression performance of the
DOB while ensuring the stability of the
system. The gains of the PD controller is also

to maximize the

chosen experimentally. For the modification
of the desired trajectory, 1.0 and 0.7 are
used as the feedforward gain kf in Eq. (13)
for trajectory 1 and 2, and 3, respectively.

5.2 Experimental Results

To show the performance of the proposed
algorithm,
been conducted using the 1 DOF linear stage

comparative — experiments  have
on three prepared trajectories using two
control algorithms: 1) proposed controller and
2) the PD controller with friction feedforward.
The resulting errors are presented in Fig. 9,
and the root mean square (RMS) and the
maximum values of errors for each case are
given in Table 1.

As can be seen from the results presented
in Fig. 9 and Table 1, the proposed algorithm
can greatly improve the position tracking
performance of the PD controller. Clear

reductions in both the maximum errors and
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Tracking Error
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Fig. 9 Resulting position error: (a) trajectory 1,
(b) trajectory 2 and (c) trajectory 3

Table 1. RMS and maximum values of position errors

PD Proposed
RMS |Maximum| RMS |Maximum
(mm) (mm) (mm) (mm)
Trajectory | 0.0048 | 0.0085 |4.45e-4| 8.5e-4
1
Trajectory | 0.003 | 0.0073 |0.0014| 0.0025
2
Trajectory | 0.0037 | 0.0077 |0.0017| 0.0029
3

the RMS values of the error can be noted.
The error model proposed in this paper is
based on the assumptions that friction force
can be reasonably compensated and the DOB
can compensate the disturbances so that the
system would behave like the nominal model
defined by the DOB. However, as shown in
section 3, the second assumption would no
longer valid if the frequency of the disturbance
is higher than the cutoff frequency of the

DOB. 1t is the cutoff
frequency of the DOB as high as possible;

important to set
however, high cutoff frequency may leads to
instability. During the experiments, it was
noted that a higher cutoff frequency can be
used at a faster control frequency. In this
study, the proposed algorithm is implemented
on the PC and thus, its control period is
limited by the communication speed between
the PC and the driver. It is expected that
much higher cutoff frequency can be used if
the algorithm is implemented on the motor
drive and thus much faster control loop can
be established.

The proposed control algorithm is simple
in structure and the required computational
load is light. Furthermore, if needed, the
algorithm can be implemented in offline to
minimize the online computational load. In
this study, a control structure with a single
PD controller is considered; however, many
studies uses a cascade PID controller [6, 12]
(12, 14]. The
proposed algorithm can be easily expanded

or a feedforward controller

for these control structures by updating Eg.
(8 to find the error model corresponding to
the given controller. Another advantage of
the algorithm is that the accurate model of
the system is not required. The mnominal
model is required for the DOB; however, as
can be seen from the simulations and
experiments, the nominal model does not have

to be the same as the actual plant model.
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6. Conclusion

In this study,
algorithm based on the PD controller and the

a novel position control

DOB is proposed. The dynamics of a ball
screw drive under PD control and DOB is
analyzed, and the error model of the system
is derived. Based on the error model, the
desired trajectory can be modified to
compensate for the predicted position error
in a feedforward fashion to improve the
position tracking accuracy of the system. The
performance of the proposed algorithm is
verified through simulation and experiments.
For the future study, the algorithm will be
implemented on a servo drive, to achieve
higher

improve the accuracy of the error model and

control  frequency, which would

disturbance rejection performance of the DOB.
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