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Many transport units for large production devices now
incorporate large-sized gantry type linear motor slid-
ers comprising two parallel linear sliders linked by a
joint table. This type of linear motor slider develops
a unique mechanical distortion, generating a repulsive
force between the two axes that can raise the motor
output forces higher than their rated limit. A previ-
ous study proposed a method to suppress the repul-
sive force. However, as feedback gains are set high,
force references oscillate and the control system be-
comes unstable. In past study, yawing vibration sup-
pression methods have been proposed. But, we con-
sider that this vibration is not yawing vibration be-
cause the force references include same phase vibra-
tion with high gains. Therefore, the modal analysis
is performed to analyze this vibration. As a result, it
was found that the pitching vibration of the slider was
greatly affected. This paper considers this vibration
phenomenon, and suppression of the vibration by con-
trol method which is similar to impedance control is
presented. Hence, it is shown that considering multi-
degree of freedom vibration which means yawing vi-
bration and pitching vibration included is important
in order to control the large-sized gantry type linear
motor sliders.

Keywords: large-sized gantry type linear motor slider,
pitching vibration, multi-degree of freedom vibration, set-
tling time

1. Introduction

Recently, a large number of linear motors are used in
industry [1, 2]. For example, they are used for carrying
thin steel plates in the steel industry [3] and, as for in-
dustrial machines, they are used in semiconductor man-
ufacturing [2], in machining centers [4], and in devices

producing large-sized liquid crystal panels [5, 6]. Bene-
ficial characteristics of linear motor sliders are quiet op-
eration and cleanliness [7, 8], which are both superior to
the ball screw slider. Additionally, since the linear motor
sliders are direct drive devices, they don’t have couplings
or elastic elements which the ball screw slider has. There-
fore, the vibration which is caused by these elements is
significantly lesser [9, 10].

However, to carry heavy loads, the linear motor slider
is required to have a higher power. When aiming at
higher power of a single linear motor, one has to design
and manufacture a large-sized motor; in doing so, special
design and individual manufacture are required because
of permanent magnets for the field system and other is-
sues, which inevitably add to costs [7, 10, 11]. There-
fore, gantry type linear motor sliders, which are of low-
cost and enable high output power, are used in such de-
vices as large-sized liquid crystal panels producing equip-
ment [5, 6]. The gantry type linear motor slider has two
motors that are set up in parallel, and the motors move in
the same direction. Therefore, gantry type linear motor
sliders require synchronized control for two motors. Syn-
chronized control has been studied in the past. A method
using synchronized error and disturbance observer [12],
and a method focusing on dynamic characteristics of the
slider [10] have been proposed. However, large-sized
gantry type linear motor sliders develop a unique mechan-
ical distortion created through limitations of installation
environment [13, 14]. This distortion generates a mutu-
ally repulsive force between the two axes because the re-
action force on one axis is transmitted to the other axis
through the top bar (joint table). A previous study de-
rived a simulation model that reproduced this distortion
and confirmed that the force between the two axes is re-
pulsive [7]. A large repulsive force can cause the motor
output forces to exceed their ratings. A methods has been
proposed to solve this problem. It is to use data of the
measured distortion to adjust the position references [13].
However, these methods are not practical because each
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Fig. 1. Experimental equipment.

of the devices has different distortion and each should
be measured individually in advance. Therefore, authors
proposed a control method which suppresses the repul-
sive force and does not require measurement of distor-
tion [14, 15] (called control method 1 in this paper). It was
confirmed that repulsive force was suppressed and ma-
chine moved safely. However, the same phase vibration
occurred and control system become unstable with high
gain. High feedback gain is necessary for carrier devices
or machining center from the viewpoint of productivity,
which means shortening the settling time [16], and in-
creasing robustness against disturbance. Therefore, sup-
pressing this vibration is important. In the past, there have
been control methods for linear motor slider, which take
yawing vibration into consideration [10, 17]. However,
since vibration of each mover has different phase in the
yawing vibration, these vibrations which have the same
phase cannot be regarded as yawing vibration. There-
fore, considering only yawing vibration is not enough for
the large-sized gantry type linear motor slider. Hence,
this research analyzes this vibration and states that it is
important to consider multi-degree of freedom vibration,
which means yawing vibration and pitching vibration of
the large-sized gantry type linear motor slider.

2. Experimental Setup [7, 14, 15]

The experimental equipment is comprised of two slid-
ers arranged in parallel and linked by two attachments and
a top bar (Fig. 1). A tall weight is installed in the center
of the top bar because the general large-sized gantry type
linear motor slider is tall. The sliders have linear encoders
that measure the position of each mover (table) to a res-
olution of 0.5 μm. Total weight of slider’s moving parts
is 19.46 kg. Table 1 gives the specifications of each lin-
ear motor slider. Fig. 2 is a schematic block diagram of
the experimental equipment. F1 and F2 are the force ref-
erences on each mover, xt1 and xt2 are the positions of
the two movers yet not affected by distortion and x f b1 and

Table 1. Specifications of the linear motor slider.

Fig. 2. Schematic block diagram of experimental equipment.

Fig. 3. Distortion of linear motor slider in experimental
equipment.

x f b2 are the position responses of the two movers. Fig. 3
shows the distortion of the linear motor slider in this ex-
perimental equipment. The horizontal axis represents the
xt1 (xt1 = x f b1 in Fig. 2), vertical axis represents the dis-
tortion. The distortion in this study has static character-
istics. Furthermore, the distortion in this paper is defined
relative error between x f b1 and x f b2. This paper calcu-
lates the position error between the two axes by subtract-
ing x f b2 from x f b1. Furthermore, the movers move 0.3 m
one way. So, the horizontal axis shows from 0 to 0.5 m
in Fig. 3 and all experiments are done at the same initial
position. The data of Fig. 3 is implemented in “Approx-
imation of distortion” in Fig. 2 [7]. The output value of
“Approximation of distortion” is determined by xt1.
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Fig. 4. Dynamics of gantry type linear motor slider [10].

3. Control Method 1 [14, 15]

3.1. Derivation of Control Method 1

Figure 4 shows dynamics of the gantry type linear mo-
tor slider, where x is a position response of the center-
of-mass of the top bar, lsy is the length between mover 1
position sensor and mover 2 position sensor, lsy1 is the
length from mover 1 position sensor to the center-of-mass,
and θy and τy are angle of yawing rotation and associated
torque around the center-of-mass, respectively. Position
sensors of the experimental machine are installed inside
the guide rails. The dynamics diagram shows both the
rotary motion and linear motion. Control method 1 con-
siders θy and takes into account the work-point position
on the top bar, which is generally the center-of-mass of
the top bar. Eqs. (1)–(3) show relationships between x f b1,
x f b2, θy, and x, when θy is small [10].

θy =
x f b1− x f b2

lsy
. . . . . . . . . . . . (1)

x = x f b1 − lsy1θy . . . . . . . . . . . . (2)
x = x f b2 +(lsy − lsy1)θy . . . . . . . . . (3)

This method is based on position proportional, and ve-
locity proportional integral (P-PI) control. PID control is
applied in many industrial applications [18, 19]. Hence,
Eq. (4) shows the control force at the center-of-mass.

F = M
[

Kv
{

Kp (xr − x)− ẋ
}

+Ki

∫
Kv

{
Kp (xr − x)− ẋ

}
dt

]
. . (4)

where Kp is the position proportional gain, Kv is the ve-
locity proportional gain, Ki is the velocity integral gain, xr
is the position reference, M is the total nominal mass and
F is the total force reference.

Equation (4) is the same as the equation of force used
in [10] for linear motion. However, the two coordinates
were converted into linear motion and rotary motion and

Fig. 5. Position reference.

each motion was controlled separately, with the individual
force references being derived from them [10]. However,
in this study, control method 1 does not control θy, which
is considered to represent the actual distortion. This is
because if θy is controlled to be 0, a repulsive force is
generated between the two axes. For this reason, con-
trol method 1 considers θy, but does not control it. Thus,
Eq. (4) can be divided into force references of each mover
F1 and F2 to give Eqs. (5) and (6) [14, 15].

F1 = M1

[
Kv

{
Kp

(
xr1 − x f b1

)− ẋ f b1 + ẋFF1
}

+Ki

∫
Kv

{
Kp

(
xr1 − x f b1

)− ẋ f b1 + ẋFF1
}

dt
]

. . . . . . . . . . . . . . . . . . . (5)

F2 = M2

[
Kv

{
Kp

(
xr2 − x f b2

)− ẋ f b2 + ẋFF2
}

+Ki

∫
Kv

{
Kp

(
xr2 − x f b2

)− ẋ f b2 + ẋFF2
}

dt
]

. . . . . . . . . . . . . . . . . . . (6)

where M1 and M2 are nominal masses of the linear motors,
other new parameters are shown in the following equa-
tions.⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

F = F1 +F2
M = M1 +M2

xr1 = xr + lsy1θy
xr2 = xr − (lsy − lsy1)θy

ẋFF1 = lsy1θ̇y
ẋFF2 = − (lsy − lsy1) θ̇y

3.2. Experimental Result
Figure 5 shows the position reference used in the ex-

periment. The reference assumes reciprocation for 0.3 m
one way at acceleration/deceleration of 2 m/s2 and max-
imum velocity of 0.1 m/s. Table 2 lists the experimental
conditions. Effectiveness of control method 1 was ver-
ified by comparing experimental results with those for
each axis control system using P-PI control (called Con-
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Table 2. Experimental condition 1.

 Kp [1/s] Kv [1/s] Ki [1/s] Control 
method 

Case1 50 200 200 Conventional 
Method 

Case2 50 200 200 Control 
Method 1 

Case3 117.5 470 470 Control 
Method 1 

Fig. 6. Block diagram of P-PI controller.

Fig. 7. Center of mass position of case 1 in Table 2.

Fig. 8. Velocities of the two movers of case 1 in Table 2.

ventional Method in this paper) [14, 15]. Fig. 6 shows the
block diagram of P-PI controller. Suffix n is axis number
(n = 1 or 2).

Figure 7 shows a center of mass position of case 1 in
Table 2, and Fig. 8 shows velocities of the two movers
of case 1 in Table 2, calculated from the position of each
mover using the Euler calculation method. In the follow-
ing sections, when the center of mass position and the ve-
locities of the two movers have the same characteristics
as in Figs. 7 and 8, and they are omitted. Figs. 9 and 10
show force references for the experiment. Fig. 9 shows
case 1 in Table 2, and Fig. 10 shows case 2 in Table 2.
These results show that Conventional Method can con-

Fig. 9. Force references of case 1 in Table 2.

Fig. 10. Force references of case 2 in Table 2.

Fig. 11. Force references of case 3 in Table 2.

trol the center of mass position and velocities of the two
movers. However, the force references repel each other
and exceed the rated force (80 N). In contrast, control
method 1 can work within safe limits because the force
references did not exceed the rated force. This experiment
demonstrated that high feedback gain could be used with
the control method 1. Fig. 11 shows force references for
case 3 in Table 2, and Fig. 12 shows velocities of the two
movers of case 3 in Table 2. The force references and the
velocities were unstable because they included vibration.
This vibration is also shown in a center of mass position.
Since the vibration phenomenon is remarkably shown in
the velocity, the center of mass position is omitted.
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(a) Overall trace of velocities

(b) Enlargement of (a)

Fig. 12. Velocities of two movers of case 3 in Table 2.

To understand the vibration characteristics of the slider,
Fast Fourier Transformation (FFT) analysis is performed
on a power spectrum of the force reference (Fig. 13(a)).
For this power spectrum, the force reference is only given
for a constant velocity (about 0.1 m/s). An enlargement
around the peak of the spectrum (Fig. 13(b)) yields a peak
frequency of 130 Hz. Furthermore, to analyze the vibra-
tion of the linear direction and the yawing direction, the
velocities of the two movers and the position error be-
tween the two axes are analyzed. Fig. 14 shows posi-
tion error between the two axes of case 3 in Table 2, and
Fig. 15 shows a power spectrum of the position error for
case 3 in Table 2. An enlargement of the velocity vi-
brations of the two movers (Fig. 12(b)) shows they had
the same phase and frequency (130 Hz) characteristics.
A power spectrum of the position error between the two
axes (Fig. 15(b)) yields peak frequencies of 130 Hz and
105 Hz. 130 Hz is the same as the prominent frequency
included in the velocities and the force references. Fur-
thermore, control method 1 does not control yawing vi-
bration. As a result, we can think that 105 Hz is yawing
vibration. However, 130 Hz is not identified as a kind of
vibration only by these data. Therefore, this paper con-
ducts a modal analysis of the experimental machine and
considers the vibration of the large-sized gantry type lin-
ear motor slider.

(a) Overall trace of power spectrum

(b) Enlargement of (a)

Fig. 13. Power spectrum of force references for case 3 in
Table 2.

Fig. 14. Position error between the two axes of case 3 in
Table 2.

4. Modal Analysis

The modal analysis is performed to analyze vibration of
130 Hz. Fig. 16 shows an overview of the experimental
system and Table 3 shows a detailed experimental con-
dition, respectively. Experimental machine was excited
to vibrate by inputting white noise to each linear motor
as a force reference. Vertical acceleration signal which is
measured by accelerometer attached to the front and rear
of top bar was set as an output signal. These signals were
calculated by FFT analyzer, and frequency response was
derived. To remove the influence of noise on frequency
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(a) Overall trace of power spectrum

(b) Enlargement of (a)

Fig. 15. Power spectrum of position error for case 3 in Table 2.

Fig. 16. Overview of experimental system.

Table 3. Experimental conditions of FFT analyzer and ac-
celerometer.

Fig. 17. Frequency response of accelerometer 1.

Fig. 18. Frequency response of accelerometer 2.

response, measurement was implemented multiple times
and averaging process was applied. Figs. 17 and 18 show
the measured frequency response. According to the re-
sult, it was found that the used machine has vibration
mode whose natural frequency is 90 Hz and phases of
front and rear of the top bar are opposite. Therefore, it is
shown that this vibration mode is pitching mode. Though
its frequency is different from 130 Hz, the frequency of
the vibration which occurred at previous P-PI control ex-
periment, it is sure that this machine has pitching mode
and it was considered that vibration of 130 Hz was caused
by this pitching vibration. Under this assumption, the
dynamical model which takes into account the pitching
mode and yawing mode is derived.

5. Importance of Pitching Mode

5.1. Dynamics of the Gantry-Type Linear Motor
Slider with Pitching Mode

Figure 19 shows the dynamics of the gantry-type linear
motor slider with pitching mode. In addition, lgy1 is the
length from the center-of-mass to the mover 1 force gen-
eration position, lgy is the length from the mover 1 force
generation position to the mover 2 force generation posi-
tion, θp and τp are an angle of the pitching rotation and
associated torque around the center-of-mass, respectively,
lsp is the height from the center-of-mass to the mover po-
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Fig. 19. Dynamics of gantry type linear motor slider with
pitching mode.

sition sensor, lgp is the height from the center-of-mass to
the mover force generation position. Furthermore, lengths
lsp and lgp are of the same size. From Fig. 19, this paper
derived the vibration mechanism considering pitching vi-
bration of the large-sized gantry type linear motor slider.
Eqs. (7)–(9) show equations of the motion.

Fx = Ms2x . . . . . . . . . . . . . . (7)
τy =

(
Jys2 +Kθy

)
θy . . . . . . . . . . . (8)

τp =
(
Jps2 +Kθ p

)
θp . . . . . . . . . . (9)

where Kθy and Kθ p are spring constants in the yawing di-
rection and the pitching direction, respectively. Further-
more Eqs. (10)–(13) show x f b1, x f b2, τy and τp when θp
and θy are small [17].

x f b1 = x+ lsy1θy + lspθp . . . . . . . . . (10)
x f b2 = x− (lsy − lsy1)θy + lspθp . . . . . . (11)

τp = lgpF . . . . . . . . . . . . . . (12)
τy = lgy1F1 − (lgy − lgy1)F2 . . . . . . . (13)

5.2. Control Method 2
In the previous section, equations of motion which take

pitching direction into consideration were derived. This
paragraph presents a method of pitching vibration sup-
pression. An observer is a well-known method of sup-
pressing vibrations [20, 21]. However, the purpose of
this paper is to verify importance of considering vibration
in pitching direction. Therefore, a vibration suppression
method that can be easily designed is used. This paper
uses impedance control which can be easily designed [22–
24]. Control method 2 is derived from the equations of

Table 4. Velocity proportional gain.

Kpy 200 [1/s] 
Kpp 200 [1/s] 

motion derived in the previous section. P-PI control is ap-
plied to x, because, from Eq. (7), the equation of linear
motion is for a rigid body system. Additionally, by using
velocity feedback to Eqs. (8) and (9) as shown in Eqs. (14)
and (15), damping coefficient can be set higher.

τy − JyKpysθy =
(
Jys2 +Kθy

)
θy . . . . . . (14)

τp − JpKppsθp =
(
Jps2 +Kθ p

)
θp . . . . . (15)

where Kpy and Kpp are velocity proportional gains each,
Jy and Jp are inertias in yawing direction and in pitching
direction, respectively.

By taking vibration suppression into consideration to
Eqs. (14) and (15), the force reference of each mover is
expressed as Eqs. (16) and (17).

F1 =
(lgy − lgy1)

lgy
Fx − JpKpp

2lgp
sθp − JyKpy

lgy
sθy (16)

F2 =
lgy1

lgy
Fx − JpKpp

2lgp
sθp +

JyKpy

lgy
sθy . . . (17)

Now it is necessary to calculate x, θy, and θp. From
Fig. 19, x, θy, and θp can be expressed as Eqs. (18)–(20).

x = x f b1 − lsy1θy − lspθp . . . . . . . . (18)

θy =
x f b1 − x f b2

lsy
. . . . . . . . . . . (19)

θp =
x f b1 − x− lsy1θy

lsp
. . . . . . . . . (20)

From the above equations, θy can be expressed by x f b1
and x f b2. However, x and θp cannot be expressed by x f b1
and x f b2 only. Though this research deals with the prob-
lem of pitching vibration, θp is ignored in approximation
of x in Eq. (18) because pitching angle is not constant in
terms of the structure. In addition, as for θp, those other
than vibration elements were removed by using high pass
filter in order to derive the vibration element. Eq. (21)
shows x and Eq. (22) shows θp, respectively.

x ≈ x f b1 − lsy1θy

=
(lsy − lsy1)x f b1 + lsy1x f b2

lsy
. . . . . . (21)

θp ≈ x f b1 − lsy1θy

lsp
× s

s+ωHF

=
(lsy − lsy1)x f b1 + lsy1x f b2

lsplsy
× s

s+ωHF
. (22)

5.3. Experimental Result
Table 4 lists parameters setting for the velocity pro-

portional gains, and Table 5 shows detailed experimental
conditions. Each inertia was actually calculated. Jy is
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Table 5. Experimental condition 2.

 Kp [1/s] Kv [1/s] Ki [1/s] Control 
method 

Case 4 117.5 470 470 Control 
Method 2 

Case 5 135 540 540 Control 
Method 2 

Fig. 20. Force references of case 4 in Table 5.

Fig. 21. Position error between two axes of case 4 in Table 5.

1.118 kgm2 and Jp is 0.137 kgm2. Figs. 20 and 21 show
force references and the position error between the two
axes of case 4 in Table 5, respectively. Fig. 22 shows a
power spectrum of the force reference and Fig. 23 shows a
power spectrum of the position error between the two axes
for case 3 in Table 2 and case 4 in Table 5. The vibra-
tion of the force references (Fig. 20) and the position error
between the two axes (Fig. 21) are suppressed compared
with that in Figs. 11 and 14. Furthermore, the peak power
of 130 Hz and 105 Hz for case 4 are smaller than the peak
power of case 3 (see Figs. 22 and 23). Therefore, the feed-
back gain can be set higher. Additionally, an experiment
with parameters set to even higher values (case 5) was
implemented. Fig. 24 shows force references of case 5 in
Table 5. The force references do not have vibration and
the system works safely. The center of mass position for
cases 2, 4, and 5 are given in Fig. 25(a), a section of which
is enlarged in Fig. 25(b). Table 6 shows settling times
of each experimental result. For this study, positioning
completion width is ±1.0 μm. These results clearly show
that the center of mass position of control method 2 fol-
lows the position reference faster than the center of mass

(a) Overall trace of power spectrum

(b) Enlargement of (a)

Fig. 22. Power spectrum of force references for case 3 in
Table 2 and case 4 in Table 5.

(a) Overall trace of power spectrum

(b) Enlargement of (a)

Fig. 23. Power spectrum of position error for case 3 in Ta-
ble 2 and case 4 in Table 5.

Journal of Robotics and Mechatronics Vol.31 No.2, 2019 247



Ojiro, T. et al.

Fig. 24. Force references of case 5 in Table 5.

(a) Overall trace of the position

(b) Enlargement of (a)

Fig. 25. Comparison of center of mass position.

Table 6. Settling time of each experimental result.

position of control method 1, and a high feedback gain
improves control performance. Hence, control method 2
improves overall control performance.

Therefore, the assumption that the frequency of 130 Hz
is pitching vibration and the frequency of 105 Hz is yaw-
ing vibration is reasonable. Furthermore, the large-sized
gantry type linear motor slider requires control system
which takes yawing vibration and pitching vibration into
consideration.

6. Conclusion

Large-sized gantry type linear motor sliders develop
a unique mechanical distortion that is caused by limita-
tions in the installation environment and cause the axes
to interact to generate a repulsive force between them.
A control method which takes distortion into consider-
ation was proposed and it was confirmed that repulsive
force was suppressed. However, if feedback gains were
set high, each of the movers vibrated in the same phase.
Therefore, in this research, the modal analysis was imple-
mented. As a result, the modal analysis indicates that the
pitching vibration of the slider is greatly affected. More-
over, a dynamical model of large-sized gantry type linear
motor sliders which takes pitching vibration into consid-
eration is derived. Additionally, a control method which
is similar to impedance control is applied by using the de-
rived dynamical model. In the experiment, this vibration
is suppressed by considering pitching vibration. As a re-
sult, it is confirmed that feedback gains can be set higher,
settling time is shortened, and the control performance is
improved. Therefore, it is shown that considering multi-
degree of freedom vibration which means yawing vibra-
tion and pitching vibration included is important in order
to control the large-sized gantry type linear motor slid-
ers. A future study will focus on more effective control
method by strictly deriving pitching angle and center of
mass.
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