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This article presents the results obtained in the multibody dynamics model of the
cycloidal gearbox with Hunt and Crossley contact modelling. The model is imple-
mented in Fortran and uses the 2nd order Runge-Kutta method to integrate the motion
equations. The contact modelling requires discretization of the cycloidal wheel profile.
In previous models, the discretization has been performed using constant increments
in the parameter of the cycloidal wheel equations. The presented version of the model
uses uniform discretization of the cycloidal wheel, which is implemented using arc
length calculation, bisection method and derivatives of the profile. The results show
that the numerical solution of derivatives is the main issue in the model with uniform
discretization. When the contact point lies near the inflection point of the cycloid, the
radius of curvature tends to be infinite. The previous model, which used parameter
discretization and calculated curvature based on the radius of a circle passing through
three neighboring points on the cycloidal wheel, exhibited lower numerical errors
and smoother time profiles of the dynamic variables. Despite the expectations that
equal discretization would provide better energy stability, it turned out that the use of
parametric discretization is simpler and more reliable.

1. Introduction

Cycloidal gearboxes are the mechanisms that combine the ability to work
under heavy loads and have compact geometric dimensions. Contemporary re-
search in this field includes fault diagnosis [1], dynamics [2, 3], stress analysis [4],
kinematical and dynamical analysis [5, 6], kinematical error and contact analy-
sis [7, 8], backlash [9, 10] and meshing modification [11]. Vibrations in these
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mechanisms [3, 12—15] can be studied using sophisticated digital signal processing
methods, and are one of the main side effects in the field of application of these
devices. The angular velocity and torque at the output shaft are random signals
modulated by the rolling contact phenomenon. Contemporary research in fault di-
agnosis methods employs various approaches to extracting signal features from the
modulated output torque [15]. Despite the rich history of ideas in this discipline, the
successful fault diagnosis is applied mainly to the cylindrical and planetary gear-
boxes [16-20]. Some of the contemporary works find that defects in the cycloidal
wheel influence spectrum scattering [21]. Extraction of the features characterizing
the cycloidal gearbox output torque is very complex, and research concerning this
type of mechanism is not as popular as in the field of planetary gearboxes.

Significant vibration and noise make it difficult to apply cycloidal gearboxes
in robotics applications, where motion should be precise. Further studies on the
cycloidal gearbox dynamics allow one to find new designs and solutions, which can
be successfully applied in industrial robots, winches, or electric bicycles. Modern
dynamics studies analyze cycloidal gearboxes in compound mechanisms connected
with planetary gearboxes [22-25]. Dynamical characteristics of these gearboxes’
motion can be studied using engineering software (MSC Adams); however, in-
terference through the scripting languages with Hertzian contact models is very
laborious and often impossible. Commercial engineering software is, in many as-
pects, a black box, which is not exhaustively described in documentation and leaves
the engineer with a small number of predefined options to choose from.

A good way to study cycloidal gearbox dynamics is using programmed models,
which offer unlimited possibilities to apply new or modified contact models. The
multibody dynamics method can be used to model the transient motion of the
details of a multipart mechanism. In each iteration of the analysis, the contact
modelling algorithm checks the interference between bodies and applies forces
calculated with Hertzian theory in the force vector being a part of the multibody
dynamics equations.

First attempts of programming multibody dynamics models showed that Mat-
lab or Java are too slow for the analysis of the cycloidal gearbox working with
the input speed of 500 RPM (8.33 Hz). The Fortran programming language has
numerous facilities for operations on matrices and systems of equations. It is fast
enough and very convenient for this type of application. First models [13, 26] were
successfully implemented in Fortran. Visualization software has been programmed
in Java with the OpenGL graphics library.

Several models [2, 3, 14, 27] introduce simplifications in the motion of cy-
cloidal gearbox. These models can estimate dynamic quantities relevant to the
gearbox and may be useful in the design process. However, it should be noted that
in the cycloidal gearbox, the dynamic behavior at a given moment in time depends
on previous states, particularly when random variations in depth of penetration
occur between the external sleeves and the cycloidal wheel. In the model imple-
mented in Fortran [26], which uses the multibody dynamics method, improper
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contact model can lead to energy accumulation, gradual rise in contact forces,
oscillations and finally a non-convergent analysis. This proves that only properly
configured Hertzian contact parameters (viscous damping, stiffness and force ex-
ponent) can simulate behavior of the cycloidal gearbox and this analysis should be
transient with integration of the motion equations containing constraints and forces
that change in each iteration of the analysis.

In this article, the model [26] (and its newer version with corrected contact
stiffness solution [28]) has been improved by the application of the uniform dis-
cretization of the cycloidal wheel profile [29]. The parametric equations describing

cycloidal wheel shape are given below and described in Table 1.
x(t) = €2k cos(t) + e cos (zxt) — g cos(t +7y),
m

y(1) = £ sin(r) + e sin (z41) — g sin(z + ),
m

)

»-y = atan M

— +cos (zst)
m

Table 1. Parameters used in the equation (1)

Parameter Description Value
x(7) Horizontal coordinate -
y(t) Vertical coordinate -

t [rad] Equation parameter 0-2n
e [m] Eccentricity 0.0028
K Number of external sleeves 16
Zs Number of lobes 15
m Short-width coefficient 0.7
q [m] Radius of the external sleeve 0.006

Three models have been compared. In the first model, the discretization is
based on constant increments in the parameter ¢ of the equations (1). This leads to
non-uniform distribution of the points in the cycloidal wheel profile. The second
model contains uniform discretization, which is based on constant increments in
the arc length of the cycloidal wheel. Two variants of discretization are shown in
Fig. 1. The third model is designed in the MSC Adams software.

Itis presented in Fig. 1 that in the uniform arc length discretization the distances
between the successive points are equal, while in the parameter discretization, there
are points concentrated in the regions of inflection, and the points are rare in the
pits of the cycloidal wheel.

The uniform arc length discretization aims to obtain smooth time courses of
the dynamic entities solved in the model. It was shown in [13] that the time courses
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Fig. 1. Distribution of the contact points in the cycloidal wheel profile:
(a) uniform arc length discretization and (b) parameter discretization.
The presented discretization density is 600 points on the wheel profile

of the forces acting on the internal and external sleeves significantly depend on the
number of points in the cycloidal wheel profile (the density of discretization).

2. Multibody dynamics model

The multibody dynamics model [29] has been implemented in GNU Fortran 95
and described in [13] and [15]. The system of equations (2) is solved in each
iteration of the integration algorithm. Accelerations are integrated by the 2" order
Runge-Kutta method.

M -D"||i| |F 5
D 0 || |y| @
where: M — mass matrix (contains masses and moments of inertia of the parts),
D - Jacobian matrix, 0 — zero matrix, il — solved accelerations, 4 — solved reaction
forces, F — vector of applied forces and moments, y — right-hand side vector of the
acceleration equations.

The model investigated in this article will be named the model with uniform arc
length discretization [29], and the previous model [28] is the model with parameter
discretization. The first one compared with [28] has many modifications. In the
model with parameter discretization, contact stiffness was calculated based on the
curvature at the given contact point. The curvature was calculated by solving for the
radius of the circle that passes through the contact point and two neighboring points.
In the model with the uniform arc length discretization, the radius of curvature

X (1) +y (1)1
X' (10)y" (t0) — ¥ (t0)x" (to)

3)



www.czasopisma.pan.pl P N www.journals.pan.pl
N
S
POLSKA AKADEMIA NAUK

Multibody dynamics model of the cycloidal gearbox with uniform discretization. . . 651

is solved based on the derivatives which have been solved using numerical inter-
polation:

_ x(t+h)—x(t—h)

x'(1) h 4)
V(1) = y(t+h)2—hy(t—h), 5)
(1) = x(t+h) —2);1(2t)+x(t—h) , ©)
V(1) = y(t+h) —22(2t)+y(t—h)‘ 7

The radius of curvature is used to calculate contact stiffness. This value should be
bounded because, if the contact point occurs in the inflection region of the cycloid,
the derivative will have a value close to zero, hence the value of the curvature
radius will tend to infinity.

In the previous version of the software (the model with parameter discretiza-
tion), which was described in [13], there were minor corrections introduced in
stiffness calculation. This modification concerned an improper sign in the calcu-
lation of the distance between the center of the circle through the contact point
and the center of the external sleeve. This distance is used to decide if the contact
occurred in the concave or convex region of the cycloidal wheel.

There is a driver joint at the input shaft, which imposes an angular velocity of
500 RPM (8.33 Hz). The gearbox starts from a position of stillness and accelerates
to full speed in 0.2 s. The analysis time is 0.5 s, and the time interval is constant,
equal to 107> s. In models designed in MSC Adams and Fortran, the friction in the
bearings and in the revolute joints was omitted.

3. Implementation of the uniform arc length discretization
of the cycloidal wheel

Uniform arc length discretization was implemented in the Fortran module
used before the integration of the motion equations. To find the progression of the
parameter value in the cycloid equations (1) the equation for the arc length and the
bisection method were used:

b
L= / X (D2 +y(1)2dt, (8)

where: L — arc length,  — parameter of the cycloid equation, a — starting value
of the parameter 7, b — ending value of the parameter #, x"(¢), y’(#) — first order
derivatives of the parametric equations of the cycloid.
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The square root in equation (8) is integrated using the trapezoidal method. The
bisection method is described in equations:

2r

L= / AX (62 + ()2 dt, 9)
0
L

Lo= - (10)

_a+b

f ; (11

2
A= / X (D2 +y(1)2de, (12)
t
f
C= / X (D2 4y ()2 de, (13)

(A-Lyp)- (C—Ly) <0 = b=f, 04
(A-Lo)-(C-Lo) 20 = a=f

b - b

2"<mz = tm:“; (15)

First, the length of the cycloid profile is determined (equation (9)) and divided
by N = 4000 arcs in such a way that the elementary arc length is obtained using
equation (10). The bisection method aims to find the parameter ¢, for which the
arc length will be equal L. The central point of the interval (a, b) is found from
equation (11). In this interval, the value of the # parameter will be sought. Then, the
two arc lengths are determined: the arc length A (equation (12)) from the starting
point to the beginning of the interval a, and the arc length C (equation (13)) from
the starting point to the central point of the interval f. The two arc lengths, A and C,
are compared with the elementary arc length Ly (equation (14)). If the elementary
arc length is between A and C, then the end of the interval becomes f. In the
other case, the beginning of the interval becomes f. If half the difference between
the boundary points of the interval is smaller than the tolerance value (fol), the
parameter value #;, is determined as the average of the updated interval (a, b)
(equation (15)).

The tolerance value has been set to 107> , and the results of the discretization
have been checked by the visualization software (Fig. 1).

The results were also compared with the MSC Adams software. The model in
this engineering software was designed using methods described in [3, 6, 12, 14].
The component bodies of the cycloidal gearbox are rigid, and these are mounted
on the bearings, which simulate revolute joints. The bodies can rotate around the
bearing mounting point.
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The 3D contact between the bodies in the MSC Adams model is achieved
using triangulation of the surfaces. The Fortran models with uniform arc length
discretization and those with parameter discretization are 2D. The contact mod-
elling was configured using methods presented in [8, 30-32].

The MSC Adams model is shown in Fig. 2.

Fig. 2. MSC Adams model: 1 — input shaft, 2 — output shaft,
3 — internal cycloidal wheel, 4 — external cycloidal wheel,
5 — external sleeve, 6 — bearing between the internal pin and
the internal sleeve

The triangulation mesh in the 3D contact in the MSC Adams is probably the
cause for the higher contact times. The time courses from the MSC Adams model
presented in the results chapter are wider than the time courses obtained in the
Fortran model. This phenomenon was shown in [13]. The higher contact time
intervals are caused by the lower values of backlash.

4. Contact parameters in the Fortran and MSC Adams models

The contact parameters in all models were intended to be equal (Table 2).
Exceptionally, in the model with parameter discretization, the contact viscous
damping was set to 200 Ns/m because of convergence issues. In the model with
uniform parameter discretization and the MSC Adams, it was set to 300 Ns/m. The
contact stiffness is also different in these models. It is due to the different methods
of curvature solution, which are affected by the discretization. If the discretization
is too dense, the solution of the curvature based on the circle passing through three
neighboring points will be affected by the rounding errors and precision.

In Fortran models, the contact check is performed in each iteration of the
motion equations integration algorithm. If the distance between the center of the
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Table 2. Contact parameters in Fortran models and in MSC Adams

Entity

Fortran model with
uniform arc length
discretization [29]

Fortran model with
parameter discretization
(28]

MSC Adams model

Contact stiffness

Curvature dependent

(Fig. 5), the radius of

curvature could not be
greater than 1 m

Curvature dependent

(Fig. 6), the radius of

curvature could not be
greater than 1 m

31622777 N/m!*
(1000 N/mm'-)
(constant stiffness)

Force exponent

L5

1.5

1.5

Damping

300 Ns/m (Point contact)

200 Ns/m (Point contact)

300 Ns/m
(3D contact)

Penetration depth,
for which the
contact is activated

0.0001 m

0.0001 m

0.0001 m

Static coeflicient of
friction

0.05 (increases from O to
maximum value when
the contact velocity (the
velocity of deformation)
reaches 0.00005 m/s)

0.05 (increases from O to
maximum value when
the contact velocity (the
velocity of deformation)
reaches 0.00005 m/s)

0.05

Dynamic
coefficient
of friction

0.05 (increases from 0 to
maximum value when
the contact velocity (the
velocity of deformation)
reaches 0.00005 m/s)

0.05 (increases from 0 to
maximum value when
the contact velocity (the
velocity of deformation)
reaches 0.00005 m/s)

0.05

sleeve and the point on the cycloidal wheel is smaller than the sleeve radius, then
the contact normal force is calculated based on the following equation:

F,=Ké? +Cv,,

(16)

where: F,, — contact normal force, K — contact stiffness, 6 — penetration, p — force
exponent (the rate of penetration penalization), C — contact damping, v, — contact

normal velocity.

The masses and moments of inertia of the bodies being part of the models
presented in this article are shown in Table 3.

Table 3. Masses and moments of inertia of the component bodies

Part name Mass Moment 0f2inertia
[ke] [kgm?]
Input shaft 0.2341 1.846-107°
Output shaft 1.6345 1.373-107%
Cycloidal wheel 0.5998 1.575-107%
External sleeve 0.048 1.101- 107
Internal sleeve 0.048 1.101 - 107
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5. Circular approximation in the model
with parameter discretization

In the model with parameter discretization, contact stiffness is determined
based on the radius of curvature at the contact point. The radius of curvature is found
using circular approximation of three neighboring points. After one point is detected
as the contact point, two neighboring points are taken from the table containing
points of the given cycloidal wheel. The center and the radius (equation (19) of the
circle passing through these points are obtained from equation (18), which arise
from (17) [33].

x2+y*+2ax +2by+c¢ =0, (17)
(2, .2
2w 2y 1] [a (le’yl)
20 2y, 1|-|b|= —(x§+y§) , (18)
2x3 2y3 1| |c —(x§+y§)
xXo=-a, yo=-b, r= x(2)+y§—c, (19)

where: x1, y1, X2, y2, X3, y3 — coordinates of the first, second, and third point
on the circle, xg, yo — coordinates of the circle center point, r — circle radius, a,
b, ¢ — solved constants. The equations were solved using the Gauss elimination
method implemented in Fortran.

6. Analysis results

Apart from the described models, where the derivative increment was set to
1072, additional analyses were run with a modification of the derivative increment,
which affected the obtained value of the curvature radius.

The results of the performed analyses are the depth of penetration, the forces
acting on the internal and external sleeves, the contact stiffness, the contact normal
velocity and torque at the input and output shafts. When the contact appears, the
cycloidal wheel is assumed to be rigid, and it penetrates the sleeve (loses its energy)
according to the contact parameters.

The depth of penetration for the external sleeve is presented in Fig. 3, and for
the internal sleeve in Fig. 4.

The contact modelling method uses contact stiffness and contact viscous damp-
ing (equation (16)). The contact stiffness depends on the radius of curvature, which
is determined in different ways in the model with uniform arc length discretization
and with parameter discretization. The depth of penetration was not compared to
the MSC Adams results because, in this software, the contact is 3D, and it would be
challenging to obtain maximum penetration depth based on the software functions.
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0.00003
0.000025

0.00002

——Uniform arc length
discretization

0.000015

0.00001 ——Parameter discretization

0.000005

Penetration depth for the external
sleeve [m]

0
0.255 0.265 0.275 0.285

Time [s]
Fig. 3. Penetration depth for the external sleeve

0.00003
0.000025

0.00002

——Uniform arc length
discretization

0.000015

sleeve [m]

0.00001 —Parameter discretization

0.000005

Penetration depth for the internal

0
0.185 0.19 0.185 0.2 0.205 0.21 0.215
Time [s]

Fig. 4. Penetration depth for the internal sleeve

The time course of the penetration depth in the model with parameter discretization
is smoother, and in the model with uniform arc length discretization there appear
small amplitude oscillations, as shown in Fig. 3 for the contact with the external
sleeve. The method of discretization has little to no effect when the contact with
the internal sleeve occurs (Fig. 4). In both Fortran models, the constant curvature
radius is used when calculating the contact stiffness for the internal sleeve and the
cycloidal wheel.

The contact stiffness in the two Fortran models is shown in Figs. 5 and 6. In the
model with uniform arc length discretization, the time course of contact stiffness
is smooth, while in the model with parameter discretization it changes step by step
in the region of the cycloidal wheel pit, where the discretization is rough (Fig. 1).

The time course of the force acting on one of the external sleeves is shown in
Figs. 7 and 8. The results were compared to the MSC Adams simulation. The force
obtained in MSC Adams has a longer acting time. As it was shown in [13], the
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2300

S
[y
o
o

Contact stiffness [10° N/m*/?]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time [s]

Fig. 5. Contact stiffness in the model with uniform arc length discretization

1134942900
1134942400
134941900

[E

134941400
1134940900

134940400

I

134939900

Contact stiffness [N/m*?]

1134939400

1134938900
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time [s]

Fig. 6. Contact stiffness in the model with parameter discretization

[ =
o N A OO
o o o o

——Uniform arc length
discretization

[e2]
o

rf ——Parameter discretization

B O
[=N -]

—MSC Adams

N
o

o

Force acting on the external sleeve [N]

0 0.1 0.2 0.3 0.4 0.5
Time [s]

Fig. 7. Force acting on one of the external sleeves



www.czasopisma.pan.pl P N www.journals.pan.pl
T

POLSKA AKADEMIA NAUK

658 Roman KROL

acting time of the force depends on the backlash. Additional influence on this time
course has contact modelling, which in MSC Adams is 3D and needs triangulation
of the cycloidal wheel and external sleeve surfaces. The contact force is distributed
over the nodes of the surface.

. 160
=
e 140
3
- 120
@
g 100 —Uniform arc length
}3 80 discretization
2 —Parameter discretization
£ 60
=
(=]
2 40 —MSC Adams
g
o 20
<
frd 0
0.24 0.25 0.26 0.27 0.28 0.29 0.3

Time [s]
Fig. 8. Force acting on one of the external sleeves (enlarged detail)

The time course of the resulting force acting on one of the internal sleeves is
presented in Figs. 9 and 10. Significant differences between the maximum values of
the forces derived in Fortran models and MSC Adams arise from contact stiffness.
There are small oscillations at the top of the force graph in the model with uniform
arc length discretization.

300

= ]

200 —Uniform arc length

discretization
150 A 3
—Parameter discretization
100

—MSC Adams
50

Force acting on the internal sleeve [N]

0 0.1 0.2 0.3 0.4 0.5
Time [s]

Fig. 9. Force acting on the internal sleeve
The small oscillations of the force acting on the external and internal sleeve

can be caused by the numerical method of derivative calculation. These derivatives
are used when determining the arc length in the discretization process and the
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300
250

200 —Uniform arc length

discretization

Force acting on the internal sleeve [N]

150
—Parameter discretization
100
—MSC Adams
50
0
0.175 0.185 0.195 0.205 0.215 0.225

Time [s]

Fig. 10. Force acting on the internal sleeve (enlarged detail)

radius of curvature, which in this case has a greater significance. To investigate the
influence of the numeric solution of the derivatives (equations (4)—(7)), additional
analyses were performed. The derivative increment was set for various values from
107* to 1. The results of the force acting on the external sleeve in these analyses
are presented in Fig. 11. It is shown that when the increment £ of the derivative is
too small, the value of derivative becomes unstable (the time course for i = 10_4).
When the 4 is too high, the precision of determining the derivative is low. When it
is too small, there can be rounding errors, which can lead to R — oo. The value of
R is bounded to 1 m. High values of R lead to unstable analysis, which is presented
in Fig. 11.

The output shaft is loaded by a constant torque of 22 Nm. The geometry of the
gearbox contains openings in the cycloidal wheels, where internal sleeves roll on
their surface. The rolling motion is periodically accelerated and decelerated, hence
the output torque oscillates, and it is additionally modulated by the contact.

_.300
Z
g
3 250
k>
w
'S 200
g —h=1
2
S 150 “ A —h=1e-1
S sy NI h=1e-2
§ 100 P \:h\ o
2 N —h=te
S 50 —h=1e-4
8
g o .

0.255 0.26 0.265 0.27 0.275 0.28 0.285

Time [s]

Fig. 11. Force acting on the external sleeve for various increments / (4)—(7) of the derivative
used in arc length and radius of curvature (3) calculation
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The output torque in Fortran models and in MSC Adams is shown in Figs. 12
and 13. In Fig. 12, impulses of significant amplitude emerge in the model with uni-
form arc length discretization. It is probably caused by inaccuracy of the numerical
solution of the derivatives in the region near the inflection points of the cycloidal
wheel. The impulses are bounded because the radius of curvature is limited to 1 m.

25
E
£.20
©
=
'2 15 ——Uniform arc length
= discretization
3
o . . .
@10 Parameter discretization
©
[ —MSC Adams
2 5
g
=l

0

0 0.1 0.2 0.3 0.4 0.5 0.6

Time [s]

Fig. 12. Torque at the output shaft

—Unifarm arc length
discretization

—Parameter discretization

—MSC Adams

Torque at the output shaft [Nm]

0.3 0.301 0.302 0.303 0.304 0.305

Time [s]
Fig. 13. Torque at the output shaft (enlarged detail from Fig. 12)

It is supposed that the model with uniform arc length discretization is less ener-
getically stable than the model with parametric discretization. The peaks shown in
Fig. 12 may disturb the energy balance of the model. For both models, elastic con-
tact energy and dissipated energy were derived during the analysis from following
equations:

K 515+

U=13571 :

(20)
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2

Pai=Cv2, @1

Dyi1 = Dy +0.5(Pain+1 + Pain)At, (22)

where: U — elastic contact energy, K — contact stiffness, 6 — contact penetration
between one of the cycloidal wheels and one of 16 external sleeves, 1.5 — force
exponent (see equation (16)), Py4; — dissipated power, C — contact viscous damping,
v, — contact normal velocity (relative velocity of the two contact points, one in the
cycloidal wheel and one in the external sleeve), D — dissipated energy, n — iteration
number in the 2™ order Runge-Kutta method, At — constant time increment in the
analysis.

In Figs. 14 and 15, the contact elastic energy is shown for the model with
uniform arc length discretization and for the model with parametric discretization,
respectively. In Fig. 14, the contact elastic energy for the consecutive external

M’
e
e E
=

Fig. 15. Contact elastic energy in the model with parameter discretization
for 1-16 external sleeves and external cycloidal wheel
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sleeves is significantly modulated. Finally, at 0.45 s, there is an increase in the
energy oscillation amplitude, and the model starts to oscillate and becomes non-
convergent. The highest obtained analysis time with convergent results was nearly
0.65 s in both models. In future versions of the model, attempts to apply a more ac-
curate Runge-Kutta method will be made. Unfortunately, it can lead to significantly
greater analysis time.

In Figs. 16 and 17, the dissipated energy is shown for the same models. In the
period of first 0-0.1 s of analysis, there appear high oscillations of contact normal
velocity. The maximum dissipation energy oscillations in this period are 0.00094 J
for the model with uniform arc length discretization and 0.000559 J for the model
with parametric discretization. Fig. 16 shows that in the model with uniform arc
length discretization, the changes of the dissipated energy are less regular than in
the model with parameter discretization (Fig. 17).

0.0001 1
—2

—3

_.0.00008 .
—5

0.00006 —6
—7

Dissipated energy [J

| —8

0.00004 , — 9
: —10
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Fig. 16. Dissipated energy in contact between 1-16 external sleeves and the external cycloidal wheel
(uniform arc length discretization)
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0
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Fig. 17. Dissipated energy in contact between 1-16 external sleeves and the external cycloidal wheel
(parameter discretization)
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The torque at the input shaft was found based on the forces acting at the
eccentric cams of the input shaft, on which the cycloidal wheels are mounted.
Contact modelling in MSC Adams is 3D, and it causes higher losses than contact
modelling in Fortran models. Figs. 18 and 19 show that contact modelling and
discretization have a significant influence on the efficiency of the model. The
viscous damping component of the contact significantly influences energy losses
in the numerical model. For example, in the MSC Adams analysis performed for
10000 Ns/m the average value of the input torque was —1.8 Nm.

-0.2

S
S

-0.6
——Uniform arc length
1 discretization

o
[

1.2 —Parameter discretization

-1.4 y A
-1.6
-1.8
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Torque at the input shaft [Nm]

0 0.1 0.2 0.3 0.4 0.5 0.6
Time [s]

Fig. 18. Torque at the input shaft
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-1.7 —Parameter discretization
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Torque at the input shaft [Nm]

0.3 0.305 0.31 0.315 0.32 0.325 0.33
Time [s]

Fig. 19. Torque at the input shaft (enlarged detail)

The torque at the output shaft was determined in the model with uniform arc
length discretization for various derivative increments. The results are shown in
Fig. 20. Different graphs for each derivative increment prove that the instantaneous
values of the output torque have different values, dependent on the previous cycles of
analysis. The output torque is a random signal. Each contact interaction has different
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energy characteristics. A significant issue in programming multibody models of
cycloidal gearboxes is the setup of the contact parameters. The values of these
parameters should be relevant to the specified model to avoid energy imbalance in
the numerical model. The unbalanced model will lead to non-convergence.

E

=S

g

z ——h=1

£ —h=le-1
3

=2 —h=1e-2
3

o —h=1e-3

0.3 0.302 0.304 0.306 0.308 0.31
Time [s]

Fig. 20. Torque at the output shaft in the model with uniform arc length discretization
for various increments of the derivatives

In contrast to the engineering software, programming models of the cycloidal
gearbox allow analysis of the contact characteristics. One of them is the relative
velocity of the points being in contact. In Fortran models, in each iteration of the
Runge-Kutta algorithm, each point of the cycloidal wheel is checked for interference
with the internal or external sleeve. If the point of the cycloidal wheel is in contact,
the normal vector is found, and in the direction of the normal vector, the point
on the sleeve is determined. Based on the relative velocity of these two points,
the contact normal force is calculated using equation (16). The relative velocity
of contact points (one in the cycloidal wheel and one in the external sleeve) is
shown in Figs. 21 and 22. This quantity is equivalent to the speed of deformation
of the sleeve. It depends on the contact stiffness, contact viscous damping and the
kinematics of the cycloidal wheel. External sleeves are mounted in the housing,
and they do not move. In the case of the internal sleeve, the velocity of the sleeve
is significant. The relative velocity of contact points has a positive sign when the
points move apart from each other and a negative sign when the contact force
causes unloading and motion towards the opposite direction. During unloading,
the damping component of the force is subtracted from the overall value of the
contact force, as presented in equation (16). The subtracted part is responsible for
the contact energy losses.

In Figs. 23 and 24, the relative velocity of the contact points (one in the
cycloidal wheel and one in the internal sleeve) is presented. In enlarged Figs. 22
and 24, the peaks in the model with uniform arc length discretization are visible.
They are caused by the numerical computation of the derivatives, which influence
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Fig. 21. Relative velocity of the contact points: one on the cycloidal wheel

and one on the external sleeve
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Fig. 22. Relative velocity of the contact points: one on the cycloidal wheel
and one on the external sleeve (enlarged detail)
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Fig. 23. Relative velocity of the contact points: one on the cycloidal wheel
and one on the internal sleeve
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Fig. 24. Relative velocity of the contact points: one on the cycloidal wheel
and one on the internal sleeve (enlarged detail)

the radius of curvature. However, in Fig. 24, it is shown that the model with
parameter discretization has significantly higher oscillations than the model with
uniform arc length discretization. It is worth noting that discretization was designed
for the cycloidal wheel profile and not for the openings in the cycloidal wheel, where
internal sleeves are placed.

7. Discussion of results

According to [13], the application of the finer discretization should lead to
the smooth time courses of the dynamical quantities obtained from the multibody
dynamics model. This research shows that better discretization can improve the
solution of the relative velocity of the contact points (Figs. 21-24). Unfortunately,
peaks arise in the time courses of other quantities (torques at the input and output
shafts), which results from errors in determining the curvature radius near the
inflection points. The amplitude of these peaks can be curbed by applying limits
on the curvature radius. The main disadvantage of this discretization method is
that local, high values of curvature radius influence contact stiffness which is an
important component of the energy balance in the iterative simulation process.

The analysis of the energy balance (Figs. 14-17) shows that the model with
parameter discretization is more stable than the model with uniform arc length
discretization. In the graph of contact elastic energy, one can see that the oscillations
during the contact with the successive external sleeves have significantly lower
amplitude in the model with parameter discretization than those in the uniform
discretization model. The same is true for dissipated energy, which is significantly
disturbed in this case, as seen in Fig. 16. Peak values of the dissipated energy
for the uniform discretization model are also less regular than for the parameter
discretization model.
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If the model uses parameter discretization and the discretization is fine enough,
with a high number of points on the cycloidal wheel profile, the analysis can be
convergent for longer, and the issue of energy balance is less significant. Too dense
discretization can lead to the problems with computation of the curvature radius.
In this case, the derivatives of the profile should be used despite all the drawbacks
of this method.

The contact viscous damping is the source of efficiency decrease in the gear-
box, as it influences the value of the torque at the input shaft (Figs. 18 and 19).
Convergence of the analysis significantly depend on this contact parameter.

Time courses of the forces acting on the external and internal sleeves are wider
in the MSC Adams model than in Fortran models. When 3D contact modelling is
used with triangulation of the surfaces, the backlash parameters can be different in
both models.

Peak-to-peak values of the torque at the output shaft (Fig. 13) are similar in all
models. In the Fortran models, there are increased oscillations in the first iterations
of analysis, which are caused by the stabilization of the numerical process due to
the first occurrences of point-to-point contact. Solving output torque in Fortran
models for various derivative increments (Fig. 20) showed that the time courses
of these variables are completely different. The oscillations of the output torque
have similar amplitudes. However, the oscillations are differently modulated by the
contact phenomenon, and their graphs are shifted in time. It proves that the output
torque in the cycloidal gearbox is a random signal which depends on the previous
contact interactions between the cycloidal wheels and sleeves.

Fig. 11 shows the time courses of the force acting on the external sleeve
determined for various derivative increments. The time courses for the highest
increments are smooth, while small oscillations occur for the low values of the
derivative increment, which could be related to the precision of the derivative.

Determining the curvature radius based on the circle passing through three
neighboring points results in smoother time courses of the force acting on the
external sleeve. This confirms that the solution based on parameter discretization
is a better choice, as it is more stable and predictable regarding energy balance.

Figs. 22 and 24 show peaks in the time courses of the relative velocity of the
contact points. The same phenomenon occurs for the external and internal sleeves.
The application of parameter discretization can cause local oscillations. However,
high amplitude peaks do not disturb the numerical process, contrary to the case of
the uniform arc length discretization.

8. Conclusions

The analyzes performed in the Fortran models with uniform arc length dis-
cretization and parameter discretization showed that the application of the uniform
distribution of the points in the cycloidal wheel profile does not lead to better
configuration of the model.
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The application of uniform arc length discretization showed that the solution of
the curvature radius based on the circle passing through the three neighboring points
leads to numerical problems. Therefore, the method of derivatives was applied. It
becomes difficult to guarantee a smooth time course of the curvature radius when
the discretization is dense and the solution uses a circular approximation of the
curvature radius. The parametric discretization model is non-convergent for dense
discretization. Using uniform arc length discretization requires solving the curva-
ture radius based on the first- and second-order derivatives of the cycloidal wheel
profile and bounding this quantity in the regions of inflection points. The main
drawbacks of this solution are significant peaks in the time courses of the torques
and relative velocities of contact points, which can disturb the energy balance of the
numerical solution. Despite expectations related with uniform discretization, the
parametric discretization model turned out to be simpler and showed better energy
balance than the uniform discretization model. This solution is better when the
number of discretization points is not too high, otherwise errors may appear in the
curvature solution. The best solution for the point-to-point contact is probably the
application of variable density discretization, which will be investigated in further
research.
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