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ABSTRACT

This paper develops a dynamic model to
predict the natural frequencies of planetary roller
screw. In this model, meshing stiffness of planetary
roller screw is taken into consideration. Based on this
model, natural frequencies of the system with
different mesh stiffness induced by variation of
contact angle, roller radius and eccentricity are
studied theoretically. The meshing stiffness and
natural frequencies are found to increase with contact
angle. The maximum natural frequencies reach peak
values during the increase of the roller radius. The
eccentricity leads to a non-uniform deflection of each
roller around the screw. The eccentricity has little
effect on the natural frequencies of planetary roller
screw. Natural frequencies of the system are tested to
valid the simulation results by setting up a planetary
roller screw test rig. Comparisons between numerical
and experimental results are presented and discussed.

INTRODUCTION

Planetary roller screw (PRS) is a type of high
precision transmission device which is based on
thread engagement. Most studies on PRS focus on
kinetics characteristics and statics characteristics.
Matthew et al. (2015) established a kinetic model and
analyzed motion errors induced by roller slip. Yousef
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Hojjat et al. (2009) made an optimization for a PRS
structure by changing the roller number and thread
profile, and validated the optimized design by
experiments. Aurégan et al. (2015) studied the
tangential stress distribution of PRS and tested the
roller slip under different lubrication conditions
experimentally. Ma shangjun et al. (2013) studied the
dynamic characteristics employing a finite element
model. Matthew et al. (2014) built the earliest
accurate statics stiffness model applying differential
geometry method. Folly et al. (2016) proposed a new
method to calculate the stiffness and statics load
distribution, the results are verified by comparing
with finite element method. In their further study
(Folly A, 2016), they created a 3D finite element
model of invert planetary roller screw. The axial
stiffness is proved to be related with PRS structure
parameters. Jin gianzhong et al. (1999) established a
PRS axial stiffness model. Compared with ball screw,
the stiffness of PRS is 50% higher. But the theory is
aimed at ball screw structure and also brings in some
error. They also made an experimental study on the
relationship between friction and load (Jin Q. Z,,
1998). Yang jiajun et al. (2011) established an axial
stiffness model based on equivalent sphere theory and
made a validation by experiments. Matthew et al.
(2016) derived dynamic equation for PRS by
involving in roller slip velocity and friction factors,
making the equation too complex in spite of its
accuracy. Yue Linlin (2014) built a 3D finite element
model for PRS, and examined the first six orders
natural frequency by a modal analysis. The
disadvantage of this study is that it needs too much
computation and time-consuming. There are few
studies focused on the meshing stiffness model in
PRS system. As the links in the whole transmission
chain, meshing stiffness between threads determine
the static and dynamic performance of the PRS. Thus,
study about the calculation method for meshing
stiffness is of great importance in PRS dynamic
characteristic analyses.

This paper establishes a PRS dynamic model
which takes the meshing stiffness into consideration.
The first two order natural frequencies and modal
shapes are achieved by simulation. The results show
that the contact angle and roller radius have
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significant influences on the first two order natural
frequencies in investigated PRS system. A natural
frequency experiment is set up to verify the accuracy

of the simplified dynamic model.
DYNAMIC MODEL OF PRS

The PRS consists of a screw, rollers, a nut, a
planetary carrier and ring gears, as given in Fig. 1.
The screw is driven by motor. The rollers rotate
around screw and the nut moves in a straight path
together with rollers.

Plane

Fig. 1. The structure of PRS

During the working process, the load is acted
on the nut. The rollers below screw provide support
stiffness. The composite stiffness model of PRS is
determined by body stiffness, thread stiffness and
contact stiffness. The body stiffness and thread
stiffness are along axial direction and the contact
stiffness is vertical to the contact surface. There is a
large number of thread contacts distributed in PRS
making the PRS dynamic model complex. Thus, a
simplified contact model of thread is given, as shown
in Fig. 2. Dr is the diameter of roller; Ds is the
diameter of screw; Dy is the diameter of nut; S is the
contact angle between two contact bodies.
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Fig. 2. Thread contact model

The support stiffness of PRS is the thread
contact stiffness in vertical direction component. The
deflection of two contact threads is listed (Johnson,
1985)
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where P is the load acted on contact surface; Ei, E»
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are the modulus of elasticity of two contact surfaces;
Rei is the equivalent radius of curvature; S is the
contact angle; F- is the correction factor.

The equivalent radius of curvature is based on
the equations below:
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where Ry’ and Ry~ are the two principal radius of
curvature of one contact body; R2’ and R, ” are the
two principal radius of curvature of another contact
body; y is the angle between the two principal
curvature radii.

The stiffness of thread contact model between
screw and roller is:

F
KHS = E (6)
where F is the load acted on screw and roller thread;
Kns is the stiffness of thread contact model between
screw and roller; & is the contact deflection of screw
and roller.

One layer of thread contact stiffness for one
roller consists of Kys and Kuyn. Kps stands for the
contact stiffness between roller and screw. Kyn stands
for the contact stiffness between roller and nut. The
two contact stiffness models are connected in series.
The thread contact stiffness in the same thread layer
for different rollers is in parallel.

KH — KHSKHN (7)
KHS + KHN

The contact stiffness increases non-linearly
with the growth of contact angle. Fig. 3 presents the
effect of contact angle on planetary roller screw axial
stiffness. It shows that the contact stiffness increases
with contact angle. The stiffness increases faster in
high contact angle section.
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Fig. 3. Effect of contact angle on PRS axial stiffness

The parameters of the investigated PRS system
are listed in Table 1.

Table 1 Parameters of PRS

Parameters Value
Screw diameter/mm 21
Screw length/mm 256
Screw number of starts of thread 5
Screw helix angle/® 1.74
Nut diameter/mm 35
Nut length/mm 65
Nut number of starts of thread 5
Nut helix angle/® 1.04
Nut outside diameter/mm 54
Roller diameter/mm 7
Roller length/mm 30
Roller number 11
Roller thread number 75
Roller number of starts thread 1
Roller helix angle/® 1.04
Contact angle/°® 45
Material Cast steel

During the working process, the roller position
is changing all the time. In this study, the roller
position is shown as Fig. 4. The rollers are modeled
as springs bearing only compressive force in vertical
direction. This spring model is taken as the support
stiffness model.

There are 11 rollers in this planetary roller
screw, the angle between two rollers is 32.7°. Roller
deformation equations and equivalent stiffness in
vertical component are listed:

o, :5xcos£2—ﬂx2j
11

@)
Cu-F
0, =0x cos(z—”J
11 ©)
.
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where ¢ is the deflection of each roller; o is the
deflection of roller 1 in vertical direction; Ky; is the
vertical stiffness of roller 1; K is the support stiffness
of planetary roller screw; F is the force act on the
roller.

~_

Fig. 4. The roller distribution of simplified PRS
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Fig. 5. Effect of contact angle on PRS supporting
stiffness

Fig. 5 presents the effect of contact angle on
PRS supporting stiffness. It shows the supporting
stiffness increases with contact angle and it grows
faster as the contact angle increases.
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Fig. 6. Effect of roller radius on PRS bracing stiffness

Fig. 6 shows the effect of roller radius on PRS
supporting stiffness. The curves show the supporting
stiffness increases with roller radius. The supporting
stiffness tends to a limit under different contact
angles. The roller radius is associated with the roller
thread profile and the curvature radius (Matthew,
2014). The increase of roller radius leads to a growth
of curvature radius which will cause a growth of
contact stiffness.

The screw is simplified as a beam. And the nut
and rollers are discretized as springs and added mass
element which are connected with the screw. The
simplified structure of PRS scheme is shown as Fig.
7.

Mw .. | b

- Piiil
1 6 3 --- 87 98
Fig. 7. Asimplified model of PRS

The planetary roller screw is settled
horizontally. To be consistent with the experiment,
the planetary roller screw is discretized into 97 solid
elements, 75 spring elements and 75 added mass
elements. The spring elements and added mass
elements are placed from node 13 to node 87 which
represent the nut, rollers and the thread contact
stiffness. The dynamic equation of planetary roller
screw is listed:

[MJ{u} +[Cl{uj+[K {uj ={Q} @4

The relationship between the modal frequency
and the modal shape is listed:

(-IM]ef +[KH#"f=(Q)  as)
where [M] is the mass matrix with the dimension of
490%x490; [K] is the stiffness matrix with the
dimension of 490x490 which consists of bending
rigidity and the nonlinear supporting stiffness; {Q} is

the system load; {u} is the displacement of the system
with the dimension of 490x1 which consists of
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bending displacement, axial displacement, and the
bending angle of two directions, {U}=[x1, y1, 21, 6x1,
Oy1,..., Xog, VYes, Zos, Oxos, byes]; r is the modal
frequency; {¢"} is the corresponding modal shape.

THE PRS NATURAL FREQUENCY
SIMULATION

The simulation of the first and second natural
frequency of planetary roller screw is conducted
based on the simplified dynamic model. The first and
second order vibration shapes are given in Fig. 8 and
Fig. 9.
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Fig. 8. The first-order vibrating modal of PRS
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Fig. 9. The second-order vibrating modal of PRS

According to the graphs of vibration, Fig. 8 is
the first-order vibration model which shows that there
is a large displacement on both axial and radial
direction. Fig. 9 is the second-order vibration model
which shows the axial movement. The vertical axis is
the axial movement of screw in Fig. 9. The result of
natural frequencies simulation shows the first-order
natural frequency of PRS is 182Hz and the
second-order natural frequency is 781Hz.
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Fig. 10. Effect of roller radius on PRS first natural
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Fig. 11. Effect of roller radius on PRS second natural
frequency

The contact angle and roller radius have a great
influence on supporting stiffness, leading to a great
impact on natural frequency. In the simulations above,
the length of screw keeps constant. According to Fig.
10 and Fig. 11, it shows the influence of roller radius
is not monotonic increasing. The maximum values of
first and second natural frequencies are achieved at
3.5mm of roller radius. The increase of roller radius
leads to not only an increase of supporting stiffness,
but also an increase of rotational inertia.
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Fig. 12. Effect of contact angle on PRS first natural
frequency
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Fig. 13. Effect of contact angle on PRS second
natural frequency

Fig. 12 and Fig. 13 are the effect of contact
angle on planetary roller screw first and second
natural frequency. This roller radius in this simulation
is 3.5mm. The result shows that the first and second
natural frequency increases with the contact angle.

Fig. 14 is the eccentricity distribution for 11
rollers. The maximum eccentricity is 0.09mm which
exists on roller 1 as in Fig. 14. The minimum value of
eccentricity exists on roller 6 and roller 7.

Fig. 14. The eccentricity distribution of planetary

roller screw
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Fig. 15. The deflection for rollers

Fig. 15 shows the deflection changes with
roller number under the force of 15000N. Roller 1
has the maximum deflection. Roller 6 and roller 7
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have the minimum deflection. The deflection has the
same variation tendency with eccentricity. The first
and second order natural frequencies are also
influenced by eccentricity as shown in Fig. 16 and

Fig. 17.
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Due to the existence of the eccentricity, the
contact angle and thread stiffness are deviated from
the ideal case. The small eccentricity leads to little
variations of the contact angle and thread stiffness.
Thus, the variation of the frequency is not very
obvious.

THE PRS NATURAL FREQUENCY
EXPERIMENT

An experiment test is set up to evaluate the
planetary roller screw natural frequency. Fig. 18 is
the PRS natural frequency experiment schematic
diagram.

J. CSME Vol.39, No.2 (2018)
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Fig. 18. Diagram of planetary roller screw natural
frequency experiment

The experiment devices consist of vibration
exciter, planetary roller screw, screw base, dynamic
force sensor, eddy displacement sensor, preloading
device, screw locking device, data acquisition and
analysis system. The vibration exciter is connected to
screw along axial direction. The preloading device
provides preload to screw. The PRS is installed in
screw base. Screw base is a cuboid body, the material
is A283-D. The screw locking device is used to
provide torsional constrain for the screw. The thrust
bolt is used to provide axial constrain for the nut. The
thrust bolt diameter is 54mm and the length is 50mm.
The experiment system is shown in Fig. 19.

Fig. 19. Planetary roller screw natural frequency
experiment

Table 2 is the parameters of sensors used in this

experiment. The parameters of the dynamic
experiment test bed are listed in Table 3.
Table 2 Parameters of sensors
Sensor Work scope  Sensitivity
Dynamic force sensor 0-5000N 4pC/N
Eddy displacement sensor 0-1mm 0.0625mm/V
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Table 3 Parameters of natural frequency experiment

device
Part Length(mm)  Width(mm) Height(mm)
Screw base 400 240 300
Screw locking 400 90 300
device

Fig. 20 and Fig. 21 are the time history
diagrams of screw displacement and vibration force.
The vibration force applied by vibration exciter is
sine force. Fig. 22 presents the result of frequency
response analysis by data acquisition and analysis
system. It shows that there are two obvious vibrations
on 195Hz and 747Hz. These are the first two natural
frequencies.
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Fig. 20. Time history diagram of displacement
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Fig. 21. Time history diagram of force
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Fig. 22. Frequency response analysis of PRS natural
frequency experiment

By varying the excitation frequency, the
relationship between vibration force and PRS
deformation is achieved. The first two natural
frequencies are achieved by using frequency response
analysis. The thread contact surface is a slope. So the
axial vibration force applied by vibration exciter

creates both radial force and axial force. It will
generate both axial displacement and radial
displacement of the system members. The experiment
result shows the first natural frequency is 195Hz and
the second natural frequency is 747Hz. The error
between experiment results and simulation results are
6.7% and 4.3%. Clearances between contact surfaces
contribute to these errors. The comparison between
experiment result and simulation result verified the
accuracy of the dynamic model presented in this

paper.
CONCLUSION

This paper establishes a planetary roller screw
dynamic model which takes the thread engagement
into consideration and carries out a PRS natural
frequency experiment.

(1)The influences of thread contact angle and
roller radius are discussed. The results show the
meshing stiffness increases with contact angle and
roller radius.

(2)The first two natural frequencies and modal
shapes are achieved by a simplified dynamic model
of PRS. The first-order natural frequency is 182Hz
and the second-order natural frequency is 781Hz.

(3)A natural frequency experiment is set up to
verify the simulation results. The comparison shows
the two results are quite close. The errors of the two
natural frequencies are less than 6.7%. This shows
the dynamic model is accurate.

(4)The analysis result shows the first two
natural frequencies increase with contact angle. The
first two natural frequencies reach the maximum
while the roller radius is 3.5mm in the investigated
PRS system.

(5)The eccentricity leads to a non-uniform
deflection for different roller. It also causes a
variation of the first and second order natural
frequency in the PRS system. Thus, the effects of
eccentricity on natural frequency are not significant,
which shows a high transmission accuracy of the
PRS.

This work provides a reference for the dynamic
modeling method for actuator system of aero-craft. In
the future studies, friction and wear factors will be
involved in to examine the dynamic characteristics of
the PRS system.

ACKNOWLEDGEMENT

The authors gratefully acknowledge the
Institute of Vibration and Acoustic Control
Technology for Power Machinery for its grant and
support. This work was performed under a Ph.D.
dissertation contract at Harbin Institute of Technology,
China.

-177-



REFERENCES

Folly A., Alain D., Michel C., et al. “Static Load
Distribution and Axial Stiffness in a Planetary
Roller Screw Mechanism,” Journal of
Mechanical Design, Vol. 138, No. 1,
pp.012301-1~11(2016).

Folly A., Alain D., Michel C., et al. “Static Analysis
of an Inverted Planetary Roller Screw
Mechanism,” Journal of Mechanism and
Robotics, Vol. 8, No. 4, pp.041020-1~14(2016).

G. Aurégan, V. Fridrici, Ph. Kapsa, et al.
“Experimental simulation of rolling-sliding
contact for application to planetary roller screw
mechanism,” Wear, Vol. 332, pp.
1176-1184(2015).

Jin Q. Z., Yang J. J., Sun J. L., “The comparative
research on the static stiffness of ball screw and
planetary roller screw,” Mechanical Science and
Technology, Vol. 8, No. 2, pp.230-232(1999).

Jin Q. Z., Yang J. J., Sun J. L., “The research on
friction mechanism of the planetary roller screw,”
Journal of Huazhong University of Science and
Technology, Vol. 26, No. 6, pp. 82-96 (1998).

Johnson K. Contact Mechanics. Cambridge
University Press, UK(1985).

Ma S. J., Liu G., Zhou J. X., et all. “Dynamic
characteristic analysis of a planetary roller
screw in operating process,” Journal of
Vibration and Shock, Wol. 32, No. 3,
pp.167-171(2013).

Matthew H. J., Steven A. “Stiffness of roller screw
mechanism by the direct method,” Mechanics
based design of structures and machines, Vol. 42,
No. 1, pp.17-34(2014).

Matthew H. J., Steven A., Ty A. Lasky, “Dynamics of
the Planetary Roller Screw Mechanism,”
Journal of Mechanisms and Robotics, Vol. 8, No.
1, pp.1-19(2016).

Matthew H. J, Steven A. V. “Kinematics of roller
migration in the planetary roller screw
mechanism,” Journal of Mechanical Design, Vol.
131, pp.134 (2015).

Yang J. J., Wei Z. X., Zhu J. S, et al. “Calculation of
load distribution of planetary roller screws and
static rigidity,” Journal of Huazhong University
of Science and Technology, Vol. 39, No. 4,
pp.1-4(2011).

Yehezkely E., Karpel M. “Nonlinear flutter analysis
of missiles with pneumatic fin actuators,”
Journal of Guidance Control and Dynamics, Vol.
19, No.3, pp.664-670 (1996).

Yousef Hojjat, M Mahdi Agheli. “A comprehensive
study on capabilities and limitations of
roller—screw with emphasis on slip tendency,”
Mechanism and Machine Theory, Vol. 44,
pp.1889-1899 (2009) .

Yue L. L, Wang W. Y., Hu B. G., “Dynamic
Characteristic Analysis Based on Finite Element

J. CSME Vol.39, No.2 (2018)

Simulation for Planetary Roller Screw,” Vol.
183, No. 2, pp.16-18(2014).

NOMENCLATURE

A B : Constant to calculate equivalent radius

E : Modulus of elasticity

F: Load on each thread

F» : Correction factor

Kui: Contact stiffness for body i

P : Load on contact surface

Q: System load

Ri’, Ri”: First and second principal
curvature for body i

Rei : Hertzian equivalent radius

f: Contact angle

y: Angle between two principal curvature radii

o. Contact deflection

&i: Deflection of a body i in vertical direction.

wr : Modal frequency

[M]: System mass matrix

[K]: System stiffness matrix

[C]: System damping matrix

{0"}: Modal shape
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