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A B S T R A C T   

This study presents a time-invariant feedforward (FF) element design for the high-speed and high-precision 
tracking control of an ultrahigh-acceleration, high-velocity linear synchronous motor (LSM). The linear motor 
can generate an acceleration greater than 70 G (= 686 m/s2) and move at a velocity above 10 m/s. To take 
advantage of this performance and realize high response, the design and usage of suitable FF elements is crucial. 
However, as the LSM includes highly nonlinear characteristics, it is difficult to provide an exact dynamic model 
for FF design. To overcome this problem, a control system with a learning controller (LC) as the FF element has 
been designed previously, demonstrating high-precision and high response motion. However, the motion per-
formance can be achieved only with sufficient pre-learned motions. The integrator and the disturbance observer 
that were effective in suppressing disturbances were removed from the control system. In addition, the control 
system has some FF time-invariant elements along with the LC. This study proposes a design method for easy 
design of all FF elements using an LC. The designed FF elements are time invariant and are used with an inte-
grator and a disturbance observer, without pre-learning. Using the proposed method, two sets of time-invariant 
FF elements are designed. The performances of two control systems, which include a set of time-invariant FF 
elements for each, and a simple disturbance observer are experimentally examined and compared with two 
previously designed control systems. Experimental results demonstrate that the performance of one of the control 
systems with a set of time-invariant FF elements designed in this study and a disturbance observer is good and 
almost comparable with that of the previously designed control system with high-precision and high response 
motion.   

1. Introduction 

Linear motion systems are the key components in precision industrial 
machines, whose motion characteristics significantly influence machine 
performance. High-tracking accuracy and high-response are crucial in 
machines such as machine tools and assembly apparatus. The response is 
often discussed considering acceleration and velocity as the main in-
dicators, and the required levels are becoming increasingly stringent [1, 
2]. The use of linear motors with precision and high-speed motion [3–6] 
has increased in recent years because they have few vibration factors 
and are directly driven without power transmission. 

The ultrahigh-acceleration linear drive mechanism has been 
designed and fabricated as an ultrahigh-speed and precise linear drive 
mechanism, whose acceleration considerably exceeds that of existing 
high-speed linear motion industrial machines [7–10]. One of the pro-
totypes exhibited acceleration of more than 100 G and velocity greater 
than 10 m/s. Although the acceleration and velocity of the prototypes 

were considerably higher than those of most linear motors, the pro-
totypes exhibited significant nonlinear characteristics rendering it 
difficult to use an exact dynamic model in the controller design for 
high-speed and high-precision motion control. 

For high-speed and high-precision motion, a two-degree-of-freedom 
control system consisting of a feedback (FB) compensator and feedfor-
ward (FF) elements is effective and often used. In the system, the 
characteristics of the FF element greatly influence the system perfor-
mance during high-speed motion, and it is important to use a suitable FF 
element. Therefore, for high-speed and high-precision motion of the 
mechanism, a nonlinear proportional-integral-derivative (PID) FB 
compensator has been designed and used with the FF element and the 
disturbance observers based on a simple linearized model and FF ele-
ments for cogging and friction compensation [11]. Generally, the FF 
elements are designed based on a dynamic model of the mechanism 
[12–15]. The effectiveness of the inverse dynamic model, which is an 
effective FF element, depends on the accuracy of the dynamic model. 
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However, it is difficult to derive and use the inverse model of the 
mechanism with significant nonlinear characteristics. The designed 
control system showed high-precision movement at low speeds. How-
ever, the tracking accuracy was degraded significantly at high acceler-
ations and high-speed motion. This result suggests that the performance 
of the FF element, which has limited characteristics to consider, is 
insufficient. 

To overcome the problem, a learning controller (LC) was added to 
the control system as an additional FF element. An LC is effective in 
compensating for unknown characteristics including non-linear char-
acteristics [16]. The control system with the LC was used for an 
ultrahigh-acceleration linear drive mechanism, and its effectiveness in 
tracking error reduction was demonstrated experimentally [11]. The LC 
can provide high-precision motion, but the same motion must be 
repeated for sufficient learning. This constraint limits the use of control 
systems. Moreover, the delay elements such as the integrator and 
disturbance observer can deteriorate the tracking performance of the 
control system with the LC; therefore, they were removed for 
high-performance motion. As a result, the control system cannot be 
expected to be robust against unrepeated disturbances and changes. In 
addition to the LC, various FF elements were used in combination in the 
previously reported control system, and it takes time and effort to 
determine all FF elements. 

This study proposes a simple and practical time-invariant FF element 
design method for precise and high-speed tracking control using an LC 
and verifies its effectiveness. The LC is used only in the FF element 
determination process and not for motion control. Thus, the FF elements 
are free from the problems encountered when using LC as the FF 
element. They are used in combination with an integrator and a 
disturbance observer. In the design method, several motion trajectories 
are used as input commands to the control system with the LC. Further, 
the time-invariant FF elements are determined based on the LC output. 
In contrast to conventional FF design, a dynamic model is not required in 
the proposed design. It is easy to design all the FF elements. The effec-
tiveness of the controllers, including the designed FF elements and the 
disturbance observer, are experimentally validated. 

The remainder of this paper is organized as follows. Section 2 ex-
plains the ultrahigh-acceleration linear drive mechanism as a control 
mechanism. In Section 3, the FF element design method using an LC is 
described. In Section 4, a time-invariant FF element is experimentally 
designed for the linear drive mechanism. Section 5 presents the tracking 
control results with controllers that include the determined FF elements 
and a disturbance observer, based on a simple dynamic model. Based on 

these results, one of the time-invariant FF elements is improved. Further, 
the performance of the improved control system is evaluated in com-
parison with previously designed control systems. Finally, the paper is 
concluded in Section 6. 

2. Ultrahigh-acceleration linear drive mechanism 

Fig. 1 shows the prototype of an ultrahigh-acceleration linear drive 
mechanism designed to realize an ultrahigh thrust-to-mover mass ratio 
for ultrahigh acceleration and high velocity. This linear drive mecha-
nism includes a moving-type permanent magnet linear synchronous 
motor (MPM LSM). The 4.63-kg mover is supported using a linear ball 
guide. The stator includes two electromagnet (EM) lines located on both 
sides of the mover. The length of the EM line is 2.03 m and the working 
range is more than 1 m. This mechanism can generate a thrust force and 
acceleration of more than 3000 N and 79 G, respectively. It includes 
nonlinear characteristics, such as the nonlinear static thrust gain, fric-
tion characteristics, electric characteristics resulting from the saturation 
characteristics and mutual inductance, and thrust ripple caused by the 
four-phase electromagnets. A dynamic model that included nonlinear 
characteristics was validated in Ref. [9]. However, this model is 
highly-complex for application in controller element design. For 
example, the phase coils in the EMs of the mechanism have their own 
non-linear characteristics and interfere with each other. It is very diffi-
cult to derive the inverse characteristic of this mechanism. In addition, 
the model in Ref. [9] has been validated only in the open-loop response 
to simple input signals, and its effectiveness in response to significant 
input changes, such as control signals, is not validated. 

The displacement of the mover is measured using a laser displace-
ment measurement unit with a resolution of 79.1 nm (ZLM series, 
JENAer Meβtechnik GmbH). All data is measured with a control cycle of 
16 kHz. 

3. FF element design for an MPM LSM using an LC 

Fig. 2 depicts the control system designed for the linear drive 
mechanism in Ref. [11]. The inverse model was determined using a 
simplified linear mass damper model as the FF element. In addition, FF 
elements for compensating the cogging force and Coulomb friction force 
were used. Time-invariant FF elements can compensate for specific error 
factors that are effective, regardless of the changes in the command 
signal. However, they have been determined using different methods 
and experiments, and their compensation performance has been 

Fig. 1. Experimental setup including the prototype MPM LSM. 
(a) Overall view 
(b) Mover and sensor. 
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insufficient. Thus, the FF LC presented in Refs. [17,18] was further 
incorporated to improve the performance. In contrast to those FF ele-
ments, all the FF elements in this study are determined as time-invariant 
FF elements by the LC and expected to provide an output signal that 
sufficiently reflects the characteristics of the actual mechanism, 
including the nonlinear characteristics. 

3.1. Basic structure of LC 

The LC used in this study is the same as the LC in Ref. [11] and is 
described in this subsection. The output signal of the FB compensator is 
used to improve the LC element. During learning, the signal is filtered to 
avoid vibration and to ensure stability in the high-frequency domain. 

The LC element improves with repetitive motion. The cycle period of 
the repetitive motion is referred to as the movement period. The basic 
algorithm for the learning control is as follows: 

uj
F(kh)= uj− 1

F (kh) + γvj− 1(kh) (1)  

where j denotes the jth repetitive operation, h is the sampling period, k is 
the time index, uj

F(kh) is the output of the LC element at the time of kh, γ 
is the learning gain, and vj− 1(kh) is a value calculated from the next 
algorithm. 

The output of the FB compensator is filtered using the basis function 
shown in Fig. 3, and vj(kh) is calculated. One basis function has one 
triangular part in a certain period, and the function in the other period 
equals zero. Two triangular parts of basis functions having adjacent 
numbers overlap each other. The output of the feedback compensator is 
uj

C(t), the function evaluation of the basis function bi is defined as μi(t), 
and the span of one movement period is Np times the sampling period. 
Then, vj(kh) is given by 

vj(kh)=
∑N

i=1
μi(kh)

∑Np

l=0
μi(lh)u

j
C(lh)

∑Np

l=0
μi(lh)

(2) 

The period of one triangular part in a basis function is 2m times the 
sampling period, and this influences the bandwidth of the filter. The 
important adjustment parameters of this LC are m and γ, the values of 
which are selected as 25 and 0.8, respectively. 

3.2. FF design concept 

In a motion system, the position is the basic command signal, which 
is used as the input signal for the FF elements. The error factors 
compensated by the FF elements are categorized as factors determined 
by the current state quantity, such as the position and velocity, and those 
affected by the operation history. The former can be ascertained directly 
from the LC output, whereas the latter is a static friction characteristic. 
The FF element for the former compensation is also determined directly 
from the LC output. The FF element for compensating this characteristic 
is determined using the LC output waveform near the position where the 
velocity becomes zero, as detailed in section 3.4. 

Fig. 4 shows the initial control system used for determining the time- 
invariant FF elements. As it is easy to ascertain the mover mass, its effect 
is compensated in advance, i.e., the FF element that compensates the 
mass effect has already been implemented. In this study, it is assumed 
that the error compensation signal is represented as the sum of inde-
pendent functions with different input signals. Using the mover position 
command x and the input current command i, the error compensation 
signal sca is expressed as follows: 

sca = fcr(x, i)+ fcv(ẋ) + fcsm(x, ẋ) (3) 

For simplicity, all the parameters are considered command values 
and not measured values. fcr(x, i) is a function for compensating a force, 

Fig. 2. Block diagram of the control system with the learning controller as the feedforward element.  

Fig. 3. Basis function of the learning controller.  Fig. 4. Initial control system for determining time-invariant FF elements.  
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such as the cogging force, and depends on the mover position. This 
position-dependent function is used with various input currents, which 
influence the electrical characteristics of the MPM LSM, including the 
thrust gain [9]. In order to reduce the negative effect, the input current 
command is also used as one of the input signals of the function, as the 
first trial in this study. fcv(ẋ) is a function for compensating a force, such 
as the viscous friction effect, and it depends on the mover velocity. As 
described later, this force is not proportional to the velocity, and in-
cludes the Coulomb friction force as well. fcsm(x, ẋ) is a function for 
compensating a force, such as the force macroscopically considered as 
the static friction force, and it depends on the operation history. The 
frictional force causes microscopic displacement. The microdynamic 
characteristic is referred to as a nonlinear spring or spring-like behavior. 
Such nonlinear spring characteristics have significant effect on precision 
motion. 

3.3. FF elements for force compensation depending on the position and 
velocity 

When constant velocity motion (ẋ is constant) is applied to the 
control system as an input command, the LC output ulc is expressed as 
follows: 

ulc = fcr(x, i) + fcv(ẋ). (4) 

Because the correction effect is the same regardless of which term on 
the right includes the constant, fcv(ẋ) alone is considered to have a 
constant term. fcv(ẋ) is constant and independent of the position. Thus, 
fcr(x, i) is determined from the AC component of ulc , and fcv(ẋ) is 
determined from the DC component of ulc using several velocity motion 
inputs. fcv(ẋ) includes components for canceling the remaining effect of 
viscous friction and Coulomb friction. 

3.4. FF element for force compensation depending on the operation 
history 

The microdynamic characteristics significantly influence the preci-
sion of the mechanism’s motion. The motion is influenced by the oper-
ation history because the mechanical contact condition depends on the 
history. In this study, the force depending on the operation history is 
determined as a function of the behavior near the stop position. As 
described in Section 4, the parameter for this function is the displace-
ment from the stop position, determined based on the experimental 
results. 

4. FF element design 

Depending on the position and velocity, the FF elements are deter-
mined using the responses of the control system (Fig. 4) to constant- 
velocity motion inputs. Fig. 5 shows examples of the relationship be-
tween the position and the LC output in constant velocity motion and the 
change in the relationship depending on the velocity. The output 
waveform of the LC fluctuates depending on the position, and the offset 
changes according to the velocity. As the velocity increases, the number 
of sampling points for the position decreases, and the waveform fluc-
tuation due to the position becomes more ragged. The influence of the 
waveform roughness on the tracking error is examined in Section 5. 

The DC and AC components can be considered velocity dependent 
and position dependent, respectively. The LC output can be separated 
into DC and AC components using a low-pass filter. The separated DC 
components are shown in Fig. 6. For this figure, 16 experiments were 
performed. This DC component appears to be a combination of the 
viscous and the average effect of Coulomb friction characteristics, which 
differ depending on the direction of motion. Fig. 7 displays the AC 
component as a function of the position and input current commands. 
The FF function was determined by interpolating the data measured 
using different velocity command signals so that their position steps 

were the same and constant. This conversion was done to incorporate it 
into the controller as the FF element. In addition, owing to the con-
straints of the experimental device, the position step is larger than that 
of the data measured at 0.2 m/s. Furthermore, in the function, only 14 
velocity response results have been used. For the current value in Fig. 7, 

Fig. 5. LC output in the constant velocity responses of the control system 
shown in Fig. 4. 

Fig. 6. DC component of the LC output in Fig. 5.  

Fig. 7. AC component as a function of the position and input cur-
rent commands. 
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a different value is determined for each velocity command signal. The 
functions shown in Figs. 6 and 7 are incorporated in the control system 
shown in Fig. 4 as time-invariant FF elements. The control system with 
the designed FF elements is used to determine a new time-invariant FF 
element. Fig. 8 depicts the block diagram of the revised control system. 
The added FF elements compensate errors that are uniquely determined 
by the current position, velocity, and input current. 

Further, the FF elements depending on the displacement from the 
stop position are determined using the responses of the control system 
shown in Fig. 8. The error factors uniquely determined by the position, 
velocity, and input current values are compensated by the incorporated 
time-invariant FF element (Fig. 8), and do not affect the LC output. 
When an error is affected by the operation history or a force caused by an 
unknown error factor, the effect appears in the LC output. Sinusoidal 
signals with frequencies and amplitudes of 6 Hz and 5 mm, respectively, 
are applied to the revised control system (Fig. 8) to examine the effect. 
The time responses of the displacement and LC output for sinusoidal 
input are shown in Fig. 9. The output is almost zero, until the mover 
stops for the first time. Immediately after the mover commences 
movement, the output increases sharply, after which it decays rapidly 
and smoothly. This behavior is independent of the moving direction. 

Using five sinusoidal signals with different frequencies and ampli-
tudes, the relationship between the displacement after motion-direction 
reversal and the LC output is depicted in Fig. 10. In all the graphs of 
Fig. 10, the relationship between the displacement and LC output for a 
sinusoidal signal with a frequency of 3 Hz and an amplitude of 5 mm is 
illustrated and compared with those for other sinusoidal signals. It can 
be observed that this behavior is not dependent on the input frequency 
and amplitude, but on the displacement from the position where the 
direction of motion is reversed. In Section 5, the said relationship for the 
sinusoidal signal of which the frequency and amplitude are 3 Hz and 5 
mm, respectively, is used as the time-invariant FF element. The FF 
element can be determined easily from the LC output during a sinusoidal 
response. Therefore, only one experiment is conducted for the FF 
element. 

5. Control system performance with the designed FF elements 

Fig. 11 displays the control system incorporating the three time- 
invariant FF elements determined in Section 4. A disturbance observer 
based on the linear mass-damper model [11] is additionally included in 
the control system. To verify the performance of this control system 
(Control system C), the sinusoidal responses are measured and 
compared to those of the two control systems previously designed in 
Ref. [11] (referred to as Control systems A and B), which are described 
as follows: 

Control system A: Compared to the control system shown in Fig. 2, it 
includes a disturbance observer based on the linear mass-damper model, 
but not the LC. 

Control system B: Control system shown in Fig. 2. 
The error responses of the three control systems are examined 

experimentally. Figs. 12–14 display the tracking errors in the sinusoidal 
responses. Table 1 lists the applied sinusoidal input signals and the 
maximum absolute errors. The dark sky-blue solid, gray dashed, and 

Fig. 8. Block diagram of the revised control system.  

Fig. 9. Time responses of the displacement and the LC outputs for sinusoi-
dal input. 

Fig. 10. Relationship between the displacement after reversal of the motion 
direction and LC output. 
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thin black lines represent the tracking errors of control systems C, A, and 
B, respectively. The tracking performance of control system B, which 
actively uses the LC, is the best, whereas the tracking performance de-
teriorates for control systems C and A, in order. In control system B, the 
maximum absolute errors are almost the same for the responses to the 
input signals listed in Table 1; however, in control systems A and C, the 
maximum absolute error becomes significant when the command signal 
has high frequency and large amplitude. The tracking errors for signal 
(B) with the highest maximum velocity are shown in Fig. 12. This figure 
shows that the errors increase in the range where the velocity increases. 
The maximum absolute errors of the three control systems are presented 
in Table 2. 

Among the signals depicted in Table 1, the maximum velocity is in 
the order (B), (C), and (A), with (B) having the highest maximum ve-
locity signal of 1.131 m/s. The responsiveness is evaluated by the effect 
of the increase in maximum velocity in the sinusoidal response on the 
maximum absolute error. As shown in Table 2, the maximum absolute 
error of control system B is not significantly affected by the speed. The 
maximum absolute error of control system C is smaller than that of 
control system A, but as with control system A, it clearly increases with 
increase in velocity. This indicates that the response of control system C 
is insufficient and suggests that the time-invariant FF element needs to 

Fig. 11. Control system incorporating the three time-invariant FF elements 
determined in Section 4. 

Fig. 12. Tracking errors in the control system responses to signal (A).  

Fig. 13. Tracking errors in the control system responses to signal (B).  

Fig. 14. Tracking errors in the control system responses to signal (C).  

Table 1 
Input command signals to the control systems.  

Name of signal Frequency Amplitude Max. velocity 

(A) 6 Hz 10 mm 0.3.77 m/s 
(B) 6 Hz 30 mm 1.131 m/s 
(C) 10 Hz 10 mm 0.628 m/s  

Table 2 
Tracking errors depicted in Figs. 12–14.   

Maximum absolute error μm 

Signal (A) Signal (B) Signal (C) 

Control system A 1.443 2.72 2.13 
Control system B 0.764 1.082 1.010 
Control system C 0.948 1.868 1.557  
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be defined in detail for high-velocity motion. In the case of control 
system C, the distance between the measurement points increases during 
high-speed movement, and it is considered unsuitable for correcting 
position-dependent errors and improving the tracking performance. 
Reducing the sampling period is effective for solving this problem but it 
is not realistic. Therefore, the FF element that compensates the position- 
dependent effect is generated using only the measurement results at low 
velocity to obtain a smooth waveform. In the function, the sign of the 
input current command is used to compensate the characteristic change 
due to the difference in motion direction. Furthermore, its effectiveness 
is experimentally examined. 

The tracking errors in the sinusoidal responses of the improved 
control system C (control system D) using the measurement results at 
low velocities are displayed in Figs. 15–17. Table 3 lists the maximum 
absolute errors of control system D in these figures. Compared to the 
tracking errors with control system C, the maximum absolute error with 
control system D is lesser, and tracking performance that is almost the 
same as that with control system B, which actively uses the LC, can be 
achieved. This result shows that the FF function obtained from the low- 
speed motion result can effectively compensate for high-speed and high- 
precision tracking motion. The obtained experimental results demon-
strate the effectiveness of the time-invariant FF controller designed 
using the proposed design method for the MPM LSM with a core EM line, 
which exhibits remarkable nonlinearity. Hence, the proposed design 
method can be easily used for the FF design of various mechanisms with 
nonlinear characteristics. 

6. Conclusion 

In this study, a simple and practical design process for time-invariant 
FF elements without exact dynamic models was introduced, and its 
effectiveness was experimentally examined. In this FF element design 
method using an LC, the exact dynamic model is not required, and 
several FF elements for compensating different error factors can be 
determined sequentially using appropriate input signals. The designed 
FF elements are expressed as functions of the input commands for the 
mover position, current, and position change rate. Two sets of FF ele-
ments, and two control systems, each including one of the FF-element 
sets and a disturbance observer, were designed. Their performances 
were experimentally examined and compared with those of the two 
control systems previously designed in Ref. [11]. Experimental results 
demonstrated that the performance of one of the control systems that 
included a set of the designed time-invariant FF elements and a distur-
bance observer was good and almost comparable with that of a previ-
ously designed control system, which actively uses the LC. The proposed 

FF design method can be easily applied, even if an object has nonlinear 
characteristics, and is applicable to various motion mechanisms whose 
characteristics can be expressed independently for each variable as 
shown in Eq. (3), in addition to linear motors. 

Although the proposed FF design method is convenient and can be 
easily applied to mechanisms with significant nonlinear characteristics, 
it requires a practical feedback control system. Thus, in future, it is 
intended to design and demonstrate a high-performance control system 
that can be easily realized as a whole, in combination with such a 
feedback control system. In this study, no effort has been made to reduce 
the number of experiments. However, reducing the number of experi-
ments leads to a reduction in design costs determined by the required 
time and effort. It also improves the usability of the method. Therefore, 
in future work, the focus will be on reducing the number of experiments. 

Fig. 15. Tracking error in the response of control system D to signal (A).  

Fig. 16. Tracking error in the response of control system D to signal (B).  

Fig. 17. Tracking error in the response of control system D to signal (C).  

Table 3 
Tracking errors depicted in Figs. 15–17.   

Maximum absolute error μm 

Signal (A) Signal (B) Signal (C) 

Control system D 0.824 1.007 1.282  
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