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Abstract 

Large-sized gantry-type linear motor sliders are widely used in industry (e.g. in liquid crystal panel production equip-
ment). An appropriate control model is important for deriving control methods to improve control performance. 
Although various control models of large-sized gantry-type linear motor sliders have been developed in previous 
studies, no results are yet reported regarding control models which precisely reproduce characteristics of a large-sized 
gantry-type linear motor slider. In general, a method to derive a transfer function by using frequency responses can 
be employed to obtain an accurate control model, however, large sized gantry-type linear motor sliders have unique 
characteristics, namely “distortion” and “coupling”, thus the transfer function derived using only the frequency response 
cannot reproduce the experimental results with high accuracy. In this paper we report on a method to obtain a highly 
precise control model of a large sized gantry-type linear motor slider.
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Introduction
In recent years, number of applications of linear motors 
in industry has increased [1, 2]. For example, linear 
motors are used for carrying thin steel plates in the steel 
industry [3]. However, to carry heavy loads, the linear 
motor slider is required to have a sufficient power. When 
aiming at higher power of a single linear motor, special 
design and individual manufacturing are required to pro-
duce a large-sized motor. Special permanent magnets are 
used to achieve strong magnetic fields, which with other 
various issues inevitably contribute to costs [4–6]. There-
fore, low-cost gantry type linear motor sliders, which 
enable high output power, are used. Applications include 
for example liquid crystal panel production devices [7, 8] 
or feed drives of machining centers [9].

To improve control performance of a gantry-type linear 
motor slider, it is important to develop a precise control 

model. In the previous studies, a control model of large-
sized gantry-type linear motor slider was developed by 
using a spring-mass-damper system [4]. However, all fre-
quency characteristics (e.g. yawing vibration and pitch-
ing vibration [10], machine stand vibration [11]) were not 
considered in the control model, thus the accuracy of the 
control model was not sufficient. For example, the oscil-
lation phenomenon, which occurs in the actual experi-
mental machine when high feedback gain is applied, is 
not reproduced with the developed control model. Ref. 
[10] uses a model that takes pitching and yawing vibra-
tions into consideration. However, in Ref. [10] feedback 
gain is gradually increased with a goal to the problem 
each time separately. Therefore, numerous experiments 
are required to increase feedback gain, which takes time 
and costs. As a method of deriving a model to be capa-
ble of reproducing all frequency responses in a single 
experiment, a method to derive a transfer function using 
frequency responses is available. However, large sized 
gantry-type linear motor sliders have unique character-
istics, namely “distortion” and “coupling”. Ref. [12] pro-
poses a control model that can reproduce all frequency 
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characteristics and unique characteristics of the large 
sized gantry-type linear motor slider. However, since Ref. 
[12] does not consider friction, the experimental results 
cannot be accurately reproduced. In this paper we dem-
onstrate that the experimental results could be accurately 
reproduced by considering friction.

Methods/experimental
Experimental equipment [12]
Figure  1 shows a large-sized gantry-type linear motor 
slider which is used in this research. The experimental 
equipment is comprised of two sliders arranged in par-
allel and linked by two attachments and a top bar. This 
experimental equipment has “distortion” and “coupling” 
which are the problems of large machines [12]. The slid-
ers have linear encoders that measure the position of 
each table with a resolution of 0.5 µm. Table 1 shows the 
main specifications of each linear motor slider.

Control model derivation [12]
Figure  2 shows a block diagram of the defined control 
model. Here f1 and f2 are force references to each linear 

motor slider, G1(s), G2(s), G3(s) and G4(s) are transfer 
functions from each force reference to each accelera-
tion, s is Laplace operator, xt1 and xt2 are positions of two 
tables, “Approximation of distortion” block is same block 
used in Ref. [4] and [12] which outputs the measured dis-
tortion of Fig.  3, and xfb1 and xfb2 are positions of each 
table affected by the distortion.

Identification of transfer functions [12, 13]
By using the measured frequency responses, transfer 
functions which approximate the measured frequency 
responses were derived. Vibration of the experimen-
tal machine was excited by inputting a white noise sig-
nal to each linear motor and an acceleration signal was 
acquired from accelerometers which were attached to 
the top bar of the experimental machine [12]. Transfer 
functions Gi, which correspond to G1(s), G2(s), G3(s) and 
G4(s), are defined as described by Eq. (1).

(1)Gi(s) =
bi2s

2 + bi1s + bi0

s2 + ai1s + ai0

Fig. 1 Gantry-type linear motor slider

Table 1 Specifications of experimental equipment

Linear slider SGT1F32-107AH20-0 (YASKAWA)

Linear motor SGLFW-35A120A (YASKAWA)

Rated force 80 N

Max force 220 N

Table mass 3.9 kg

Base mass 42 kg

Stroke 1070 mm

Distance between two sliders 500 mm

Fig. 2 Identified control model

Fig. 3 Distortion of the gantry type linear motor slider



Page 3 of 8Ojiro et al. Robomech J            (2020) 7:24  

In order to determine coefficients of Gi(s), evalua-
tion functions Ji were defined as described by Eq.  (2) 
for each Gi (i = 1,2,3 and 4), where j is imaginary unit, 
fk [Hz] = 0.5 × k are frequency responses of Hi with fre-
quencies fk, and wi(fk) are weight functions, applied to 
each frequency.

Since Ji represent the differences of frequency 
responses between Gi and Hi, the optimal coefficients of 
Gi were derived by minimizing Ji. In this case, values of 
the weight functions around 100 Hz were set larger than 
other weight values because all frequency responses have 
vibration mode at around 100 Hz. Equation (3) shows the 
condition of the weight function wi(fk).

Table  2 shows the coefficients of transfer functions 
which are determined by this method. Figure  4 shows 
comparison of frequency responses Hi and frequency 
responses of identified transfer functions Gi. Frequency 
responses of identified transfer functions Gi does not 

(2)Ji =

400
∑

k=0

wi(fk)
∣

∣
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Gi(2π jfk)−Hi

k

∣
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(3)

wi

�

fk
�

=







100 : 100 ≤ fk ≤ 105
10 : 70 ≤ fk < 100 or 105 < fk ≤ 120
1 : 0 < fk < 70 or 120 < fk

approximate the low-frequency region, but it can be 
confirmed that the vibration around 100  Hz existing in 
the experimental machine is well approximated. There-
fore, this paper considers that each transfer function can 
approximate each frequency response.

Modification of control model
Since the two tables of the gantry-type linear motor slider 
are coupled by the top bar and the attachments, the posi-
tion difference between the two tables does not exceed 
a certain range. Figure  5 shows the measured position 
difference when 40  N step force reference was input to 
one of the linear motor sliders [4]. A difference between 
(a) and (b) is a difference in input. According to these 
results, it is verified that position difference between 
the two tables without distortion converges to a certain 
value when step force input is applied to one of the lin-
ear motor sliders. However, the derived transfer func-
tion cannot reproduce this characteristic. Therefore, the 
transfer function needs to be modified.

In order to reproduce the characteristic caused by cou-
pling of the two tables, the position difference between 
the two tables should converge to a certain value when 

Table 2 Coefficients of identified transfer functions

i 1 2 3 4

ai1 151.83 117.84 115.93 138.88

ai0 4.46 × 105 4.29 × 105 4.31 × 105 4.51 × 105

bi2 3.77 − 0.159 − 0.157 3.79

bi1 475.89 324.79 299.97 468.46

bi0 7.95 × 105 6.25 × 105 6.24 × 105 7.76 × 105

Fig. 4 Measured frequency responses and frequency responses of identified transfer functions. a H1 and G1, b H2 and G2, c H3 and G3, d H4 and G4

Fig. 5 Measured position difference between two tables. a Step 
force reference input to F1, b Step force reference input to F2
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the input step force reference is applied to one of the two 
sliders in the control model.

According to the final value theorem, the final values of 
position difference for step force reference can be written 
as Eqs. (4) and (5). Two responses of the position differ-
ences to force reference f1(t) and f2(t) were defined as e1(t) 
and e2(t) respectively.

To develop a control model which reproduces the char-
acteristics caused by the tables coupling, Eqs. (4) and (5) 
should converge. Convergence conditions of these lim-
its can be written as Eqs. (6)–(8) by using coefficients of 
transfer functions Gi as shown in Eq. (1).

To satisfy these equations, coefficients of transfer func-
tions in the control model were modified. In this case, 
not to change the frequency characteristics of the reso-
nance point, poles of each transfer function should not 
be changed. Therefore, the coefficients of numerator 
of transfer function, b11, b20, b30, and b41 were replaced 
by b′11, b′20, b′30 and b′41 as shown in Eqs.  (10) to (13) 
respectively.

Then the modified transfer functions were defined as 
G′1(s), G′2(s), G′3(s) and G′4(s). Table  3 shows the coef-
ficients of each modified transfer function. For the fol-
lowing discussion, the control model using G′1(s), G′2(s), 

(4)lim
t→∞

e1(t) = lim
s→0

sE1(s) = lim
s→0

1

s2
(G1 − G2)

(5)lim
t→∞

e2(t) = lim
s→0

sE2(s) = lim
s→0

1

s2
(G3 − G4)

(6)a20b10 − a10b20 = 0

(7)a20b11 + a21b10 − a10b21 − a11b20 = 0

(8)a40b30 − a30b40 = 0

(9)a40b31 + a41b30 − a30b41 − a31b40 = 0

(10)b′20 =
a20b10

a10

(11)b′30 =
a30b40

a40

(12)b′11 =
1

a20

(

a10b21 + a11b
′
20 − a21b10

)

(13)b′41 =
1

a30

(

a40b31 + a41b
′
30 − a31b40

)

G′3(s) and G′4(s) instead of G1(s), G2(s), G3(s) and G4(s) is 
defined as a modified control model.

In the modified control model, responses of position 
difference for force references f1(t) and f2(t) were defined 
as e′1(t) and e′2(t) respectively.

Figure 6 shows the responses e′1(t) and e′2(t) for 40 N 
step force reference. It can be confirmed that both step 
responses converge to a certain value. Additionally, in 
comparison with results of actual experiment, shown in 
Fig. 5, convergence value is relatively close.

Figure  7 shows comparison between measured fre-
quency response, frequency response of identified 
transfer function, and frequency response of modified 
transfer function. It can be seen that influence on fre-
quency response by the coefficients modifications is 
small enough for all frequency responses and each G′i 
well approximates the measured frequency response.

Therefore, it can be said that modified control model 
which reproduces the characteristics of coupled tables 
was derived without changing frequency characteristics 
of the identified control model.

Results and discussion
Verification of simulation model
In order to verify the validity of the modified control 
model, comparison between the simulation results of 
modified control model and actual experimental results 
was conducted. In the previous research, the results of 
control experiments which used the same experimental 

Table 3 Coefficients of modified transfer functions

i 1 2 3 4

ai1 151.83 117.84 115.93 138.88

ai0 4.46 × 105 4.29 × 105 4.31 × 105 4.51 × 105

bi2 3.77 − 0.159 − 0.157 3.79

bi1 389.89 324.79 299.97 344.46

bi0 7.95 × 105 7.65 × 105 7.42 × 105 7.76 × 105

Fig. 6 Responses of e′1(t) and e′2(t) for step force reference. a 
Response of e′1(t), b Response of e′2(t)
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equipment as in this research were reported. In Ref. 
[4], P-PI control for each axis was applied for the con-
trol experiment and the results show that reaction force 
occurred between the two tables. In Ref. [14], a control 
method that suppresses reaction force was applied and 
the results show that the reaction force was suppressed 
with low feedback loop gain. However, with high feed-
back loop gain, vibration of force reference occurred.

In this research, control simulations were conducted 
with these two control methods and it was verified that 
the same phenomenon occurs in the simulations. The 
simulations were implemented by using MATLAB/Sim-
ulink programs.

Furthermore, the experimental machine of this study is 
the same as the experimental machine of Ref. [4], there-
fore, the same friction model is used as in Ref. [4]. Equa-
tion (14) shows the friction model and the Table 4 shows 
the parameters of friction.

Here Fdn is friction disturbance, Fsn is maximum static 
friction force, vtn is table velocity, a is power index to 

(14)
Fdn =







Fn : if|Fn| ≤ Fsn at vtn = 0

sgn(vtn)Fsne
−|vtn|an :0 < |vtn| ≤ vsn

vtnFvn + sgn(vtn)Fcn:vsn < |vtn|

(n = 1 or 2)

express friction characteristic in a region below Stribeck 
velocity, vsn is Stribeck velocity, Fvn is viscous friction 
coefficient, and Fcn is Coulomb friction.

Simulation with control method 1 [4]
As the control method 1, proportional-position-propor-
tional-integral-velocity (P-PI) control for each axis, as 
shown in Ref. [4] was used. Therefore, the force refer-
ences for each axis are shown in Eqs. (15) and (16). Fig-
ure 8 shows block diagram of control method 1.

where M1 and M2 are nominal masses of each table, xfb1 
and xfb2 are position responses of each table, Kp is posi-
tion proportional gain, Ki is velocity integral gain, Kv is 

(15)

F1 = M1

[

Kv

{

Kp

(

xr − xfb1
)

− ẋfb1
}

+Ki

∫

Kv

{

Kp

(

xr − xfb1
)

− ẋfb1
}

dt

]

(16)

F2 = M2

[

Kv

{

Kp

(

xr − xfb2
)

− ẋfb2
}

+Ki

∫

Kv

{

Kp

(

xr − xfb2
)

− ẋfb2
}

dt

]

Fig. 7 Comparison of measured frequency responses Hi and transfer functions Gi and G′i. a H1, G1 and G′1, b H2, G2 and G′2, c H3, G3 and G′3, d H4, G4 
and G′4

Table 4 Parameters of friction

n 1 2

Fsn 14.78 N 16.43 N

vsn 0.04 m/s 0.03 m/s

an − 6.67 − 7.42

Fvn 34.09 N/(m/s) 36.68 N/(m/s)

Fcn 9.92 N 12.16 N
Fig. 8 Block diagram of Control method 1
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velocity proportional gain, and xr is position reference, s 
is Laplacian operator.

In this simulation, position reference and feedback 
loop gain are set to the same values as in Ref. [4]. The 
conditions of feedback loop gain are shown in Table  5 
and position reference is shown in Fig. 9.

Figure  10 shows results of the simulation and com-
parison with the experimental results. Figure  10 shows 
that reaction forces between Tables  1 and 2 occurred 
also in the simulation. Simulation result has the same 
characteristics of experimental result. Therefore, under 
the conditions of control method 1, the control model 
approximates the actual experimental results.

Simulation with control method 2 [10, 14]
As the control method 2, a method that suppresses the 
reaction force, which is shown in Ref. [14] was used. 
Therefore, force references for each linear motor are 
shown in Eqs. (17) and (18), where l is distance between 

Tables 1 and 2, lg is distance between Table 1 and center 
of the mass, and θ is rotation angle. Other parameters 
have the same meaning as in control method 1. Control 
method 2 is based on the P-PI control. Hence, it consid-
ers θ but has no control over it, paying closer attention 
to the work-point position on the top bar of the linear 
motor slider, which in general is the center-of-mass of 
the top bar. Figure  11 shows block diagram of control 
method 2.

where

(17)

F1 = M1

[

Kv

{

Kp

(

xr1 − xfb1
)

− ẋfb1 + ẋFF1
}

+Ki

∫

Kv

{

Kp

(

xr1 − xfb1
)

− ẋfb1 + ẋFF1
}

dt

]

(18)

F2 = M2

[

Kv

{

Kp

(

xr2 − xfb2
)

− ẋfb2 + ẋFF2
}

+Ki

∫

Kv

{

Kp

(

xr2 − xfb2
)

− ẋfb2 + ẋFF2
}

dt

]

(19)xr1 = xr + lgθ

(20)xr2 = xr −
(

l − lg
)

θ

(21)ẋFF1 = lg θ̇

(22)ẋFF2 = −
(

l − lg
)

θ̇

(23)θ =
xfb1 − xfb2

l

Table 5 Feedback loop gain for control method 1

Kp Kv Ki

Case 1-1 25 1/s 100 1/s 100 1/s

Case 1-2 50 1/s 200 1/s 200 1/s

Fig. 9 Position reference

Fig. 10 Results of simulation and comparison with experimental 
results in control method 1. a Case1-1, b Case1-2

Fig. 11 Block diagram of Control method 2

Table 6 Feedback loop gain for control method 2

Kp Kv Ki

Case 2-1 100 1/s 400 1/s 400 1/s

Case 2-2 125 1/s 500 1/s 500 1/s
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The conditions of feedback loop gain are shown in 
Table 6 and position reference is shown in Fig. 9. In this 
simulation, if the force reference exceeds 500 N, the sim-
ulation stops automatically. Figure  12 shows the results 
of the simulation and comparison with the experimen-
tal results. In Fig.  12, only F1 is shown as a force refer-
ence because F1 and F2 are exactly the same. In case 2-1, 

in both simulation and experiment, the reaction forces 
between the two tables were suppressed. Moreover, the 
force reference is substantially the same as the experi-
mental result. In case 2-2, the force reference vibrates. 
In the simulation, the force reference diverged rapidly, 
and the simulation stopped because magnitude of the 
force reference exceeded 500  N. However, in the actual 
experiment, the force reference vibrated within the range 
of ± 100 N. To analyze the characteristics of force refer-
ence vibration, Fast-Fourier-Transformation was applied, 
and amplitude spectrum was acquired. Figure  13 shows 
amplitude spectrum of force reference F1 in case 2-2. 
According to the amplitude spectrum, it can be seen 
that each force reference vibrates at the same frequency 
of 100 Hz. Additionally, based on the position response, 
a velocity response of actual experiment was calculated 
by using Euler approximation. Figure  14 shows velocity 
response in the simulation and in the actual experiment. 
Figure 14b, d can be seen that vibrations of Vfb1 and Vfb2 
are in phase. Therefore, the signal values in Figs. 12 and 
14 are different between the experimental results and the 
simulation results. However, experimental results and 
simulation results have the same tendency. In Case 1, 
the slider operates safely, but in Case 2, vibration occurs. 
In every condition of feedback loop gain, all simulation 
results in control method 2 are similar to the experimen-
tal results.

Conclusion
In this research, highly precise control model that can 
reproduce all frequency characteristics and unique char-
acteristics of a large-sized gantry-type linear motor slider 
was derived. According to comparison of simulations and 
actual experiments which were implemented with two 
control methods, the control model well approximates 
characteristics of a gantry-type linear motor slider. A 
control method for improving the control performance of 
large-sized gantry-type linear motor slider can be derived 
by using this model. Future study topic is verification of 

Fig. 12 Results of simulation and comparison with experimental 
results in control method 2. a Case2-1, b Case 2-2

Fig. 13 Amplitude spectrum of force reference F1 in Case 2-2

Fig. 14 Comparison of velocity response of simulation and actual experiment in Case 2-2. a Velocity response of actual machine, b velocity 
response of actual machine (enlarged), c velocity response of simulation, d velocity response of simulation (enlarged)
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validity of the proposed method when characteristics of 
actual machine change, for example, the movement of 
the center of gravity in real time.
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