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The ball-screw feed drive has varying high-order dynamic characteristics due to flexibilities of the slender 
screw spindle and joints between components, and an obvious feature of non-collocated control when 
a direct position measurement using a linear scale is employed. The dynamic characteristics and non- 
collocated situation have long been the source of difficulties in motion and vibration control, and deterio-
rate the achieved accuracy of the axis motion. In this study, a dynamic model using a frequency-based sub-
structure approach is established, considering the flexibilities and their variation. The position-dependent 
variation of the dynamic characteristics is then fully investigated. A corresponding control strategy, which is 
composed of a modal characteristic modifier (MCM) and an intelligent adaptive tuning algorithm (ATA), is 
then developed. The MCM utilizes a combination of peak filters and notch filters, thereby shaping the plant 
dynamics into a virtual collocated system and avoiding control spillover. An ATA using an artificial neural 
network (ANN) as a smooth parameter interpolator updates the parameters of the filters in real time in or-
der to cope with the feed drive’s dynamic variation. Numerical verification of the effectiveness and robust-
ness of the proposed strategy is shown for a real feed drive.
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1. Introduction

The ball-screw feed drive system exhibits high-order dynamics, 
and its dynamics vary with the position of the sliding carriage [1]. 
In addition to these varying high-order dynamics that are imposed 
on the motion and vibration control, another obvious feature of the 
feed drive, that is, non-collocated control when a direct position 
measurement using a linear scale is employed, makes it difficult 
to achieve a higher motion accuracy level for high-speed machine 
tools. 

A non-collocated situation is present when the actuator and sen-
sor (at the point of interest for control) are not placed on a single 
point or coordinate, which complicates the control problem because 
of the intervening dynamics involved [2,3]. Non-collocated control 
is closely related to the problems of out-of-phase modes [4], non- 
minimum phase (NMP) systems [5], and a transfer function with 

right-half-plane (RHP) zeroes [2]. These are all acknowledged as 
classical difficult-to-control problems in the field of motion and vi-
bration control. It is believed that the source of the difficulty comes 
from the weak dynamics and limited wave propagation speed of 
the intervening structures. Various methods have been proposed to 
resolve this problem. Typical approaches include modal control [6,7], 
internal model control [8], delayed feedback control [9], zero phase 
error tracking control (ZPETC) [10], and modern control methods 
such as linear quadratic regulator (LQR) and linear quadratic Gaussi-
an (LQG) methods [11]. It is also known that non-collocated systems 
have advantages over collocated systems; these include a high de-
gree of observability and controllability, better high-frequency roll-
off, and easy elimination of the high-frequency control spillover [4].

A great deal of research has been performed on feed drive con-
trol, and successful applications have been achieved on the high-
speed control of ball-screw feed drives, considering the flexibilities 
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and vibration of the ball-screw spindle [12,13]. Some of these works 
studied the effects of table position and load mass variation on the 
performance [14,15]. To deal with the varying dynamics, different 
approaches including classical adaptive control [6,16], robust con-
trol [17], and intelligent control [18] have been presented. However, 
little research has been reported on the study of feed drives from 
the aspect of the non-collocated system, even though the ball-screw 
feed drive is a typical non-collocated system and many successful 
methods and results [3,19] have been verified and could be utilized 
for such a study. 

This study investigates the ball-screw feed drive from the aspect 
of a non-collocated system, after a brief description of the nature of 
a general non-collocated system. A corresponding control strategy, 
which is composed of a modal characteristic modifier (MCM) and an 
intelligent adaptive tuning algorithm (ATA), is then developed and 
applied to a practical ball-screw feed drive with varying high-order 
dynamics that have been modeled using a frequency-based dynamic 
substructure method. Finally, a numerical verification of the effec-
tiveness and robustness of this strategy is shown. 

The research reported in this paper is an extension of the author’s 
work that is presented in Ref. [1]. The suggested control strategy, 
and particularly the use of a combination of peak filters and notch 
filters, is inspired by the practice in Ref. [6].

2. Non-collocated system control in ball-screw feed drives

A three-mass two-spring (3M2S) system, as shown in Fig. 1, 
was chosen as a simple example to illustrate the nature of a non- 
collocated system, along with the related difficulties for motion 
and vibration control. In a collocated situation, the actuator (which 
applies force or torque) and the sensor (which generates signals 
for feedback) are placed at a single point, such as the pair of F1–x1 
(system h11). In a non-collocated situation, the actuator and sensor 

are placed at different coordinates, such as the pairs of F1–x2 (system 
h21) or F1–x3 (system h31).

Fig. 2 gives the frequency response functions (FRFs) for the 3M2S 
system, and Fig. 3 provides the derived operating deflection shapes 
of the rigid motion and two resonant modes for the 3M2S system. 
The parameter values used are m1 = 100 kg, m2 = 150 kg, m3 = 50 kg,  
k1 = 5 × 107 N·m−1, k2 = 2 × 107 N·m−1, c1 = 1 × 103 N·s·m−1, c2 = 4 × 102 N·s·m−1,  
and cm2 = 0. It is clearly shown that for the collocated situation (h11), 
the lag phase is always between 0º and 180º; for the non-collocated 
situation (h21, h31), the lag phases are much bigger, while the magni-
tude plots roll off much more sharply at the higher frequency band. 
The system of h11, which is classified as a minimum phase system 
in classical control theory, is easy to control; the systems of h21 and 
h31, which are non-minimum phase systems, are difficult to control, 
prone to instability, and sensitive to uncertainty. 

Based on the deflection shapes in Fig. 3, it is observable that the 
coordinate of the actuator (Coordinate 1) has in-phase relations 
among the deflections of the rigid motion and of the two resonant 
modes. This is a desirable characteristic that ensures a definite 
stability using a simple feedback controller such as proportional- 
derivative (PD) control, which has a passive mechanical equivalence 
(Fig. 4). Unfortunately, non-collocated coordinates do not have this 
desirable feature. Their deflection shapes can be out of phase with 
the rigid motion, imposing conflict control requests on the control-
ler. For example, for the non-collocated pair F1–x3, negative feedback 
should be used for rigid motion control and for vibration control of 
the second resonant mode (155 Hz), whereas positive feedback must 
be used for the first resonant mode (104 Hz). Simple control meth-
ods such as proportional-integral-derivative (PID) control cannot be 
used to settle this conflict.

A Nyquist plot provides another way to comprehend the nature 
of non-collocated systems (Fig. 5), and was used to develop a con-
troller for non-collocated systems. In a Nyquist plot, a collocated 
system has all the circles, which denote resonant modes, posi-
tioned at one side, whereas a non-collocated system has circles at 
opposite sides. Nyquist plots thus hint at a control technique that 
involves modifying a non-collocated system to a virtual collocated 
one via phase adjustment. It should be noted that the following as-
sumptions are implicitly used above: The modes are proportionally 
damped, the mode shape functions are real-valued, and there is no 
control delay or measure delay. If non-proportional damping or a 
time delay is considered, such as those that occur in practical feed 
drives, a simple in- or out-of-phase relation will no longer exist, and 
the non-collocated control problem will become more complex and 
difficult.

Fig. 1. Scheme of a 3M2S system. m1, m2, m3 are the three masses; k1 and k2 are the 
two springs; c1, c2, and cm2 are the dampings; x1, x2, and x3 are the displacements; and 
F1 is the force applied on m1.

Fig. 2. FRFs of the 3M2S system. (a) h11; (b) h21; (c) h31.
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errors of the drive train. The sensor and actuator are non-collocated, 
and the intervening structure—that is, the drive train—has limited 
dynamics. Thus, the system becomes a non-collocated system that 
is difficult to control. In addition to the typical features described 
above, the non-collocated control of a ball-screw feed drive has 
some notable special features, which include: ① varying dynamics 
of the intervening structure; ② a time delay coming from limited 
control and measuring periods; and ③ a coordinate of ultimate 
interest (Coordinate 3) that is different from the sensor coordinate 
(Coordinate 2), with intervening dynamics between the coordinates 
that cannot be neglected.

Fig. 7 introduces a general model that considers the features of 
non-collocated control for a ball-screw feed drive. In the model, the 
mechanical dynamics are a two-in tri-out FRF matrix H3x2 composed 
of hij; the motor is simplified as the gain kikT, that is, the product of 
the current amplification and the torque constant; the control delay 
is simplified as a time lag τ; and the signal u, F1, and F3 (Fd) are the 
command acceleration, servo force, and disturbance force, respec-
tively.  This model is used for further controller development and for 
the integrated simulation. The model consists of the mechanical dy-
namics of two-in tri-out FRFs, the time delay effect, and a simplified 
model of the servo motor and its driver.

3. Varying high-order dynamic modeling of the plant

This section presents a brief introduction of the multi-subsystem 
receptance coupling method and the corresponding modeling ap-
proach for a ball-screw feed drive that are suggested by the author 
in Ref. [1], followed by illustrations of dynamic variation analysis 
based on the FRF model acquired.

3.1. Dynamic modeling

The ball-screw is considered to be a distributed-parameter 
system, taking into account its rotational and axial flexibility. The 
remaining elements, including bearings, coupling, motor rotor, and 
the sliding component, are assumed to be lumped-parameter. In the 
dynamic substructure method, the ball-screw feed drive is divided 
into three subsystems, as shown in Fig. 8: These include subsystem A, 

The structure of a ball-screw feed drive is illustrated in Fig. 6. A 
screw-nut couple connects the ball-screw and the sliding carriage, 
and transforms the ball-screw’s rotation into the axial motion of 
the sliding carriage. The motor is connected to the ball-screw with 
a coupling. T1, θ1, and ω1 are the torque applied on the rotor, rota-
tional displacement, and velocity of the motor rotor (Coordinate 1), 
respectively; y2 and v2 are the axial displacement and velocity of 
the sliding component (Coordinate 2), respectively. When only the 
encoder at the motor end is used for feedback control, the system is 
collocated, and can easily be controlled with a high-gain simple con-
troller. However, it is common for a linear scale attached at the base 
of the sliding component close to the working point (Coordinate 3)  
to be used for position feedback, so as to eliminate the negative 
effects of the clearance, flexible deflection, and thermal and pitch 

Fig. 3. Operating deflection shapes of the (a) rigid motion and (b,c) two resonant 
modes. θ1, θ2, and θ3 are the receptances of the three coordinates.

Fig. 4. PD collocated control and its passive mechanical equivalence. kp: proportional 
gain; kd: derivative gain; r: given displacement.

Fig. 5. Nyquist plots of collocated and non-collocated situations for 3M2S. v1/F1 and 
v2/F1 are the velocity receptances.

Fig. 6. Collocated and non-collocated control in ball-screw feed drives.

Fig. 7. (a) A general model considering the non-collocated situation and (b) its sym-
bolic representation.
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which consists of the rotational motion and vibration of the assem-
bly of the ball-screw, the coupling, and the motor rotor with its rota-
tional supports; subsystem B, which consists of the axial motion and 
vibration of the ball-screw with its axial supports; and subsystem C, 
which consists of the axial motion and vibration of the sliding com-
ponent due to the carriage’s axial and pitching movement. 

Fig. 9 shows the schematic model of the proposed tri-subsystem 
receptance coupling via the screw-nut for a ball-screw feed drive. 
This model was used to connect (i.e., assemble) the three subsys-
tems mentioned above.

Eq. (1) is the receptance coupling equation according to the sub-
system linking configuration shown in Fig. 9, which connected the 
three subsystems via the screw-nut in order to acquire a coupled 
system:

(1)
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where i and ω are the imaginary unit and angular frequency, 
respectively; ha1a1, hb1b1, hc1c2 … are the pre-coupling FRFs (receptanc-
es) of the subsystems; h'a2a2, h'a2c2 … are the post-coupling FRFs of the 
connected system; ia

b is the transmission ratio from the interface 
coordinate of subsystem A to that of subsystem B; and kja and cja are 
the equivalent axial stiffness and damping of the screw-nut joint 
surface, respectively.

The Newton-Euler equation and the conventional two-coordinate 
receptance equation were used in the ball-screw’s rotational subsystem  
and axial subsystem modeling. Multi-rigid-body dynamic model-
ing, Laplace transformation, and complex matrix inversion were 

used for the sliding subsystem. Eq. (1) is used to connect the three 
subsystems. The final step of the proposed modeling approach is as 
follows:
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where isc is the ball-screw’s transmission ratio; kja and cja are the 
screw-nut’s axial stiffness and damping, respectively; Ytable is the ta-
ble’s Y position displayed on the numerical control (NC) unit, where 
the nut location l = Ytable + l0; the subscript M refers to the assembled 
mechanical system; the subscripts R, A, and S refer to the rotary sub-
system, axial subsystem, and sliding subsystem, respectively; the sub-
scripts 1, 2, and 3 refer to Coordinates 1, 2, and 3 as shown in Fig. 6; 
the subscripts n and l refer to the coordinate of the sliding carriage 
at the nut position and coordinate of the ball-screw at the nut posi-
tion; and the subscript m refers to the coordinate of the motor rotor.

3.2. Dynamic variation analysis

The proposed modeling approach has high computational effi-
ciency and can be used for the position-dependent dynamic vari-
ation analysis. FRF variation can be predicted using the modeling 
approach directly: Fig. 10 illustrates the varying dynamics with fam-
ilies of magnitude plots, and Fig. 11 illustrates the varying dynamics 
in cloud images. It was determined from the predicted data that 
some of the frequencies and magnitudes are nearly constant for the 
varied table positions, while some resonant frequencies and magni-
tudes present notable and regular variation. It was also determined 
from the cloud images that higher frequency resonant modes exhib-
it much bigger variation than lower frequency modes. 

The modal characteristics can be extracted from the FRFs and 
used to analyze the position-dependent dynamics of a ball-screw 
feed drive. The mode shapes are of special importance in compre-
hending the underlying nature of the different patterns of variation 
and in optimizing the structure while considering its dynamic vari-
ation. Phase variation is often neglected in related studies. However, 
the success of lead/lag compensation and peak filter control is con-
tingent on the resonant phases and their variations. Fig. 12 shows 
the resonant phase variations of some modes. It was determined 
that, similar to the frequencies and magnitudes, some of the phase 
plots are nearly constant for the varied table positions while others 
present a notable variation, and that higher frequency resonance 
exhibits a much greater phase variation than lower frequency reso-
nance. The phase values and their variation patterns suggest com-
plex mode shapes of the practical feed drive system, whose coordi-
nates do not have a simple in-phase or out-of-phase relation [20,21]. 
This is very important when modal control is used.

4. An intelligent non-collocated control strategy

This section proposes an intelligent non-collocated control strat-
egy for a ball-screw feed drive system. Fig. 13 provides the control 
frame of the strategy. The main features of the strategy are as fol-
lows: 

Fig. 8. Three subsystems of a ball-screw feed drive.

Fig. 9. Schematic model of the tri-subsystem receptance coupling via the screw-nut. 
Block “× d” stands for multiplication by the diameter of the ball screw.
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(1) A nested double-loop control frame is adopted. The inner loop 
is a collocated speed-control loop, while the outer is a non-collocated  
position-control loop. The differential operator s is used to generate 
velocity feedback from displacement measurement. The inner loop is 
used to supply control damping and modify the plant characteristic; 
the outer loop, using direct feedback, is used to achieve high position 

accuracy. Double-loop control also has the advantage of easy imple-
mentations of speed feed-forward and acceleration feed-forward  
control, that is, kffv  and kffa.

(2) An MCM is added on the inner loop, which is a combination 
of peak filters (Gpf1, …, Gpfm) and notch filters (Gnf1, …, Gnfn); this is 
mainly used to correct the negative effects of the non-collocated  
system for the outer loop, and to remove the effects of high- 
frequency spillover.

(3) An ATA is designed to tune the parameters of the MCM; this 
generates smooth interpolated parameters according to the input 
position, based on the data from several fine-tuned local controllers.

4.1. Modal characteristic modifier

An MCM is a combination of peak filters and notch filters. The 
peak filters are used to modify the low-middle frequency modes to 
an in-phase or almost in-phase situation, which helps to increase 
the control gain of the speed-control loop and eliminate the nega-
tive effects of non-collocated control for the position-control loop. 
The notch filters are used to cancel the higher frequency modes in 
order to avoid control spillover. The use of a combination of filters, 
rather than the use of notch filters alone, has the advantages of low 
sensitivity to uncertainty and higher vibration resistance against 
cutting forces.

The peak filter part (Gpf) of an MCM is given by Eq. (3) [19]:

 pf 2 2
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where s is the Laplace variable, m is the number of peak filters used, 
ωi is the resonant frequency, ξi is the damping ratio, φi is the shift 
phase, and Ki is the gain.

Every peak filter has four parameters that can be tuned to modify 
a target mode. From a practical perspective, a peak filter in Eq. (3) 
performs two modifying effects on the mechanical modes: magni-
tude adjustment and phase shift. Fig. 14 illustrates these effects upon 
a target mode with varying characteristics. It is shown that the mod-
ified mode has higher open-loop gain and notably increased stabil-
ity, which are of vital importance for higher motion- and vibration- 

Fig. 10. Varying dynamics shown with families of magnitude plots (Ytable = 100–700 mm). (a) T1 in and θ1 out; (b) F3 in and θ1 out; (c) T1 in and x2 out; (d) F3 in and x2 out; (e) T1 in 
and x3 out; (f) F3 in and x3 out.

Fig. 11. Varying dynamics h21 shown with cloud images (Ytable = 100–700 mm).

Fig. 12. Resonant phase variation with table position (h21).
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control performance.
Common second-order notch filters (Gnf) were used in the MCM, 

as shown in Eq. (4) [6]:
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where n is the number of notch filters used, ωj is the notched fre-
quency, and ξnj and ξdj are the damping ratios.

4.2. Intelligent adaptive tuning algorithm

It is well known that the notch filter is very sensitive to the notch 
frequency. If the notch frequency is different than the actual reso-
nant frequency, a closed-loop system may exhibit increased oscil-
lation or even become unstable. The proposed peak filter (Eq. (3))  
is robust to the frequency difference but sensitive to the actual res-
onant phase. Taking into account the notable position-dependent 
variation of the ball-screw feed drive’s modal characteristics, an ATA 
is suggested here.

The preconditions for the ATA include: ① accurate modal char-
acteristics of the plant for selected fixed table position, which are 
predicted based on a verified model or experimental analysis; and  
② properly designed and fine-tuned local controllers, using numeri-
cal optimization or a manual tuning approach. 

An artificial neural network (ANN) was chosen to realize the 
ATA; this generates smooth interpolated parameters according to 
the input position value, based on the data from several fine-tuned 
local controllers. Fig. 15 shows the structure of the proposed ATA 
based on an ANN, which has three layers: The first and second are 

the hidden layers, and the third is the output layer. The input of the 
network is the table position; the outputs are parameters for the 
filters in the MCM that are adaptive to the table position. The S-type 
transfer function and the linear function are used for the nodes of 
the hidden layers and output layers, respectively. The backpropaga-
tion (BP) algorithm is used to train the network.

5. Numerical simulation and verification

The proposed control strategy was applied to a practical ball-
screw feed drive with position-dependent dynamics that were mod-
eled and verified in Ref. [1]. Table 1 gives the modal characteristics 
identified from the FRF dynamic model. Utilizing Nyquist plots, 
modes were selected according to their effects on the stable mar-
gin. Mode 3 was selected as the target mode for the peak filter, and 
Mode 5 was selected for the notch filter (n = m = 1). To summarize, 
the MCM was designed to correct the phase of Mode 3 and cancel 
the resonance of Mode 5. Six fixed local controllers were tuned 
manually, maximizing the motion control performance, and were 
used to train the ANN. The ATA with the single-in seven-out ANN in 
this case was mainly used to adjust the filters’ parameters in order 
to cope with the variation of the actual phase of Mode 3 and the ac-
tual frequency of Mode 5. 

Fig. 16 and Fig. 17 provide the simulation results for the tracking 
responses and errors of a short-stroke reciprocating motion, un-
der traditional PID control and the proposed control. It was found 
that the errors under the proposed control are much smaller and 
smoother than those under PID control. These benefits stem from 
the MCM helping to increase the loop gain. Fig. 18 provides a com-
parison of the root-mean-squared (RMS) errors and their variation. 
The jump in RMS error under PID control reflects the increasing vi-
bration, which eventually becomes unstable when the table moves 
to the ball-screw end. This occurs when the PID parameters are too 
high. Again, it is shown that the proposed control achieved smaller 
RMS error and smaller variation than the PID control. These results 
and this comparison verify the effectiveness and robustness of the 
proposed control strategy.

Fig. 13. The proposed intelligent non-collocated control strategy. P: proportional; PI: proportional-integral.

Fig. 14. Modifying effects of the proposed peak filter, where w/ variation refers to 
with variation.

Fig. 15. The structure of the proposed ATA based on an ANN.
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6. Conclusions

A systematic investigation was performed on the non-collocated  
nature of ball-screw feed drive control. This paper presented a cor-
responding control strategy that is composed of an MCM and an 

intelligent ATA. The modifier utilized a combination of peak filters 
and notch filters, thereby shaping the plant dynamics into a virtual 
collocated system and avoiding control spillover. The ATA used an 
ANN as a smooth parameter interpolator, updating the parameters 
of the filters in real time to cope with the feed drive’s dynamic var-
iation. Numerical verification of the effectiveness and robustness of 
the proposed strategy was performed.
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Table 1
Modal characteristics identified for the test plant (Ytable = 115 mm).

Mode Natural frequency (Hz) Damping ratio Phase (º)

1 49 0.120 –135

2 95 0.170 –155

3 130 0.090 –260

4 1030 0.003 –198

5 1529 0.010 –31

Fig. 16. Tracking responses and errors with PID control (Ytable = 115 mm), where w/ 
FFC refers to with feed-forward control and w/o FFC refers to without feed-forward 
control.

Fig. 17. Tracking responses and errors with the proposed MCM control (Ytable = 115 mm).

Fig. 18. An RMS error comparison.
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