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When a traditional performance test device, the rotate vector (RV) reducer, is loading and unloading
the reducer tested or running in different torque ranges, the coaxiality error generated by the transmission system
has an important impact on the detection accuracy of a key performance parameter of the RV reducer, the hys-
teresis. In order to design a high-precision performance test device, a RV reducer coaxiality—geometric hysteresis
model is proposed. First of all, the static simulation analysis of the transmission system of the traditional perfor-
mance test device in different torque ranges is carried out using Ansys software, and the corresponding coaxiality
error is obtained. Secondly, the RV reducer coaxiality—geometric hysteresis model is established by means of
geometric analysis, and combined with Adams dynamics simulation software, the dynamic simulation analysis
is carried out under the condition that the coaxiality of the model transmission system is in different error ranges
and has no load. When the coaxiality is within the allowable error range, the hysteresis value is 0.5467 arcmin,
and the result shows that the accuracy of the model is verified. At the same time, when the coaxiality exceeds
the allowable range of error, it will have a great impact on the hysteresis. This result has certain theoretical
significance and practical value for the analysis of the influence of the coaxiality error of the high-precision RV

reducer performance detection device and the design of the adjustment mechanism.

The rotate vector reducer has a series of advantages such as
small size, light weight, large transmission ratio range, long
life, high precision, high efficiency, and stable transmission
and has been widely used in industrial robots, CNC (com-
puter numerical control) machine tools, and other fields (Yu
et al., 2017; Qian et al., 2020; Wang et al., 2019). Hystere-
sis is one of the most important technical parameters and in-
dicators in the application of RV reducers (Pham and Ahn,
2017; T. Li et al., 2020). Due to confidentiality and other
reasons, it is difficult to obtain technical data, which brings
certain difficulty to the theoretical calculation. At the same
time, the hysteresis parameters calculated by theory are of-
ten limited by various factors and can only be used as ref-
erence values. Therefore, scholars at home and abroad put
forward many methods and factors to calculate and influence
hysteresis, and some achievements are as follows: Tran et

al. (2016) combined finite element and kinematics analysis to
study the idling of the cycloidal pin gear reducer, first consid-
ering the effect of tolerance on the idling of the cycloidal pin
gear reducer and then conducting an iterative finite element
analysis of the idling of the cycloidal pin gear reducer. The
results show that the lost motion of the cycloid reducer de-
pends not only on its torsional stiffness but also its tolerance.
T. Tang et al. (2021) proposed a new model to capture trans-
mission compliance and hysteresis and its degradation. This
phenomenon is represented by the combination of nonlinear
stiffness components and micro-sliding friction in the tooth
meshing area. The proposed model takes into account the
interference effects of multi-tooth meshing and the reducer.
The parameters of the model are determined using optimiza-
tion techniques, and special harmonics are used. Numerical
simulation and driving test equipment experimental data are
compared to prove the proposed model. Bednarczyk (2021)



uses an output mechanism to transmit the driving force from
the active side of the main rolling node gear of the cycloid
reducer to the output side. And through the structure and ge-
ometry of the output mechanism, the backlash distribution
in it is analyzed, while considering the formation of the ma-
chining deviations of the elements and surfaces of the mecha-
nism, determining the distribution of forces and contact pres-
sures. The analysis results show that the backlash distribu-
tion, force, and contact pressure are highly dependent on the
bushing arrangement radius and the tolerance of the plane-
tary gear bore. According to the elastic deformation theory of
the thin shell, the principle of harmonic transmission and the
source of the harmonic transmission error are analyzed, and
the calculation of the transmission error is further discussed;
the transmission error formula of the harmonic gear reducer
considering the gear backlash and stiffness is given in Tong
et al. (2013). The detection system of the transmission error
of the gear reducer is designed for the first harmonic. The
system realizes the detection of static and dynamic transmis-
sion errors of the harmonic gear reducer. Zou et al. (2015)
propose a new harmonic drive model, which takes into ac-
count the geometry, internal interactions, and assembly er-
rors of key parts; uses low-speed tests to fit kinematic er-
rors; and analyzes its generation mechanism. Based on the
new model, a speed step simulation, the new model reveals
the dynamic behavior of harmonic drive systems, which will
aid in the dynamic design and precise control of harmonic
drive systems. T. Li et al. (2020) took the RV cycloid pin
gear transmission as the research object, considered the influ-
ence of manufacturing errors, established the theoretical con-
tact analysis model of the cycloid pin gear transmission, re-
alized the effective pre-control of the tooth profile and mesh-
ing contact performance through the analysis, and verified
the analysis results. These showed that the manufacturing er-
ror has a great influence on the transmission accuracy of the
RV cycloid pin gear, and the pitch error has the greatest in-
fluence on the transmission error, which is directly propor-
tional. The tooth profile error has a secondary effect on the
transmission error. Ahn et al. (2021) considered the tolerance
and friction between the cycloid and the needle, established
the finite element model of the RV reducer and the eccen-
tric shaft, and verified it through theoretical calculations. At
the same time, they studied the tolerance and friction of the
multi-contact RV, and the effect of the output torque of the
reducer shows that the tolerance is mainly to reduce the tor-
sional stiffness, while the friction mainly increases the fluctu-
ation of the output torque. Based on the functional principle
and the influence of wear, a performance margin model was
established with hysteresis and transmission errors as the key
performance parameters, and then the multi-source uncer-
tainty was analyzed and quantified, including manufacturing
errors, uncertainties in operating, and environmental condi-
tions in Z. Li et al. (2020). And then the multi-source uncer-
tainty was analyzed and quantified, including manufacturing
errors, uncertainties in operation, uncertainty of the thresh-

old, and environmental conditions in Y. Li et al. (2020). The
research results show that the proposed method can provide
some suggestions for the design and manufacturing stage of
the harmonic reducer.

The hysteresis generated during the rotary motion of the
RV reducer and the test system is affected by various factors,
and the position of the instantaneous rotary axis changes fre-
quently. According to the principle of relative motion, at any
instant, on the one hand the axis of rotation rotates around
its own instantaneous axis of rotation. On the other hand,
the instantaneous axis of rotation also moves axially, radi-
ally, and obliquely with respect to the ideal axis of rotation.
The coaxiality error of the RV reducer and the test system is
the maximum radial distance between the rotation axis and
the reference axis, which will cause the rotation axis of the
rotating shaft to deviate from the correct position, affecting
the centering accuracy and orientation accuracy of the RV
reducer and the testing system shafting, so that the hystere-
sis of the RV reducer and the test accuracy of the detection
device have changed.

The research content in the above literature does not in-
volve the influence of the geometric error of the coaxiality
on the hysteresis of the RV reducer and its test accuracy. At
the same time, the established model is too complicated, and
the generalization ability is limited, which brings inconve-
nience to the actual RV reducer geometric hysteresis design,
detection accuracy, and engineering application.

This paper takes the RV-20E reducer as a subject, estab-
lishes the coaxiality—geometric hysteresis model of the RV
reducer, and conducts in-depth research on the influence of
coaxiality error on RV reducer hysteresis and its test ac-
curacy. Firstly, the coaxiality error of the transmission sys-
tem of the traditional performance test device under dif-
ferent loads is analyzed by Ansys software; secondly, the
coaxiality—geometric hysteresis model of the RV reducer is
established by the method of geometric analysis, and the dy-
namic simulation analysis is carried out with Adams. The
accuracy of the model is verified; at the same time, dynamic
simulation analysis is carried out when the coaxiality of the
model is within different error ranges and the output end has
no load, and the influence of different coaxiality on the hys-
teresis is given. The coaxiality of the high-precision detection
device for the performance of the reducer, the hysteresis of
the RV reducer, and the design of its adjustment mechanism
have certain theoretical significance and practical value.

According to the RV reducer—transmission relationship, the
geometric hysteresis of the RV reducer mainly consists of the
following three parts: the geometric hysteresis of the gradi-
ent cylinder gear drive (primary deceleration), the geometric
hysteresis of needle wheel planetary transmission (secondary
deceleration), and the geometric hysteresis of the eccentric-



RV reducer transmission system

RV reducer performance parameter test device.

rotation arm bearing. Since each tooth surface of the reducer
is rigidly engaged, the geometric hysteresis of the coaxiality
of the RV-20E reducer is analyzed as follows.

The performance test device, the RV reducer, is a mechanical
device used to detect key parameters such as the hysteresis
value. As shown in Fig. 1, during the test process, the coaxi-
ality error of the transmission system of the device will affect
the RV reducer deceleration. In order to further explore the
influence of the coaxiality error on the hysteresis of the RV
reducer during operation, Ansys software was used to per-
form statics simulation analysis on the transmission system
of the traditional RV reducer performance testing device, so
as to obtain the possible coaxiality errors of the input shaft
and output shaft of the RV reducer during the operation of
the transmission system (Yang et al., 2019; Gao et al., 2012;
Su et al., 2020); the model building steps are as follows.

First of all, the RV reducer performance testing device was
established with a 3D solid model through SolidWorks, and
then unnecessary parts were removed, such as the support,
base, and slider, leaving the parts required for the transmis-
sion system. The simplified model is shown in Fig. 2.

Since non-mechanical parts belong to the instrument cate-
gory, specific material properties cannot be given, so materi-
als are added according to the principle of equal mass con-
version. The specific parameters are shown in Table 1.

Simplified model of transmission system: (1) servo mo-
tor, (2) plum blossom coupling, (3) RV reducer, (4) raster encoder,
(5) torque sensor, (6) diaphragm coupling, and (7) magnetic powder
brake.

The material properties of the mechanical parts of the trans-
mission system are added, and the specific parameters are
shown in Table 2.

Figure 3 shows the setting of the boundary conditions of the
simplified model in Ansys software. The specific parame-
ters are shown in Tables 3 and 4. Table 3 shows the bound-
ary gravity of mechanical and non-mechanical transmission
systems when g = 9.8 ms~2. The non-mechanical parts are
fixed on the base, so they are subjected to reaction force. The
boundary torque in Table 4 is the range of the torque sensor
selected during actual measurement.

Through Ansys to analyze the input shaft and output shaft of
the transmission system, the cloud displacement path change
in the y direction can be obtained. This article takes a set of
boundary conditions in Table 4 (input shaft 77 = 1.43 Nm,
output shaft 7> = 200 Nm) as an example. After analysis, the
simulation effect is shown in Fig. 4, and the radial displace-
ment change is shown in Fig. 5.

The tilt model of the input and output drive shafts from
Fig. 4 is established as shown in Fig. 6.

The angle calculation Eq. (1) can be listed from the model
in Fig. 6, and the maximum cloud displacement in the y di-
rection is obtained through the path change curve of the axis
in Fig. 5, and the actual inclination angle of the axis is calcu-
lated.

B = arcsinz (1)



Material parameters of non-mechanical parts of the transmission system.

Non-mechanical parts Material  Elastic modulus (MPa)  Poisson’s ratio  Density (kg m73)
Servo motor 5

RV reducer 40Gr 2.12 x 10 0.277 7870
Torque sensor HT200 1.57 x 10° 0.270 7210

Magnetic powder brake

Material parameter table of the mechanical parts of the transmission system.

Mechanical parts Material  Elastic modulus (MPa)  Poisson’s ratio  Density (kg m~3)
Transmission shaft
Plum blossom coupling Q460 2.06 x 10° 0.280 7850

Diaphragm coupling

The force parameter table of the transmission system

model.
Model Constraint type Size (N)
Servo motor 1 Fixed support 250, =250
Plum blossom coupling 2-1  Cylindrical support -2
Torque sensor 5-1 Fixed support 50, —50
Plum blossom coupling 2-2  Cylindrical support -2
RV reducer 3 Fixed support 50, =50
Diaphragm coupling 6-1 Cylindrical support =30
Torque sensor 5-2 Fixed support 50, =50
Diaphragm coupling 6-2 Cylindrical support -30
Magnetic powder brake 7 Fixed support 450, —450

Torque parameter table of transmission system model.

Transmission system  Torque Torque value (Nm)

0.07-1.43
10-200

Input drive shaft T
Output drive shaft T

The calculation results are shown in Table 5. Table 5 shows
the inclination angles of the input shaft and output shaft un-
der different torque conditions when the RV reducer is actu-
ally running.

(Note that 8 represents the radial tilt angle of the shaft; L
indicates the shaft length of the input and output ends of the
RV reducer, where Loygput = 160 mm, and Lippy = 120 mm;
and Y indicates the maximum cloud displacement value in
the y direction.)

The mechanical structure of the RV reducer is shown in
Fig. 7, and its transmission principle is as follows.

Sun gear no. 1, as the main input mechanism, transmits
the motion to the involute planetary gear no. 2 to complete
the first stage of deceleration. The planetary gear no. 2 is
connected with the crank shaft no. 3 and transmits the motion
of the planetary gear no. 2 to the crank shaft no. 3, and the
crank on the crank shaft no. 3 drives the cycloidal gear no. 4,
so that the cycloidal gear no. 4 produces eccentric motion. At
the same time, the cycloidal gear no. 4 meshes with the pin
gear no. 5 to make the cycloid gear no. 4 produce autorotation
motion, and the autorotation motion of the cycloid gear no. 4
will be transmitted to the planet carrier (output disc no. 6)
through the crank shaft no. 3 to realize constant speed output
rotation, completing the second stage of deceleration.

According to Fig. 7, the transmission ratio of the RV re-
ducer can be obtained as follows:

1. the transmission ratio of the first-stage involute planet
gear,

6 _Mmi—ne  Z
Ip=_——~==7"

2

T ma—ne  Zy’

2. the transmission ratio of the second-stage cycloid pin
gear planetary transmission,

3 ng—n3

ng Zs
igs —=_

= 1-— = ; 3
ns —nj3 n3 Z4 )

3. the transmission ratio of the RV-20E reducer structure,

n YAV
ig=—t=1+_—22 “4)
ne Z1(Z5s—Z4)
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Figure 3. Boundary condition model of the transmission system.

Table 5. Radial tilt angle of transmission system model.

Input torque (Nm)  Output torque (Nm)

Boutput  Youtput (mm) Iginput Y; input (mm)

1.43
1.35
1.29
1.21
1.14
1.07
1.00
0.93
0.86
0.79
0.71
0.64
0.57
0.50
0.43
0.35
0.28
0.21
0.14
0.07

200
190
180
170
160
150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

0.00153° 0.0042626  0.0000344° 0.000072051
0.00145° 0.0040486  0.0000324° 0.000067906
0.00137° 0.0038346  0.0000309° 0.000064796
0.00130° 0.0036207  0.0000289° 0.000060649
0.00122° 0.0034067  0.0000272° 0.000057021
0.00114° 0.0031927  0.0000255° 0.000053393
0.00107° 0.0029788  0.0000238° 0.000049765
0.000990° 0.0027648  0.0000220° 0.000046136
0.000913° 0.0025508  0.0000203° 0.000042508
0.000837° 0.0023369  0.0000186° 0.000038879
0.000760° 0.0021229  0.0000166° 0.000034733
0.000684° 0.0019089  0.0000149° 0.000031105
0.000607° 0.0016945 0.0000131° 0.000027477
0.000530° 0.00148105 0.0000114° 0.000023848
0.000454° 0.0012665  0.00000965° 0.000020215
0.000377° 0.0010531  0.00000767° 0.000016074
0.000301° 0.00083909  0.00000594° 0.000012446
0.000224° 0.00062512  0.00000421°  0.0000088175
0.000147° 0.00041115  0.00000248°  0.0000051894
0.0000706° 0.00019718  0.00000075°  0.0000015612

In the formulas, n; and n, are the rotational speeds of 3.2 Coaxiality—geometric difference model of involute
the sun gear and planet gears, ng is the rotational speed cylindrical gear transmission
of the output shaft (the output tray), Z; and Z, are the

number of teeth of the sun gear and planet gears, n3 and

When the RV reducer is running, the central shaft (input

n4 are the crank shaft and cycloid gear respectively, ns shaft) of the input end has a coaxiality error, and the mesh-

is the speed of the pin gear (the needle tooth shell is

ing of the sun gear and the planetary gear will be affected,

fixed), and Z4 and Zs are the number of teeth of the cy- which will further lead to the hysteresis of the first-stage in-

cloidal gear and the pin gear, respectively. According to
the working and structural principles of the reducer, the

volute planetary gear transmission. For this situation, this pa-
per takes the RV-20E reducer as an example to mathemati-

rotation speed of the outpu.t shaft is equal to the rotation cally model the coaxiality error at the input end of the re-
speed of the cycloid gear; i.e., ng = n4 and n3 = ny ducer. The model is as follows: the gear meshing model and

https://doi.org/10.5194/ms-13-855-2022
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Simulation diagram of cloud displacement in y direction
of transmission system.

the force analysis model when the input end is running nor-
mally, as shown in Fig. 8a and c, and the gear meshing model
and force analysis model when there is a coaxiality error at
the input, as shown in Fig. 8b and d.

When calculating the hysteresis of the involute planetary
gear transmission (the first stage deceleration), the gear hys-
teresis caused by the average deviation of the length of the
common normal is mainly considered. As shown in Fig. 8c,
when the input shaft is not tilted, the hysteresis error A¢i; is
generated by the transmission of the involute gear transmis-
sion part to the output end, as shown in Eq. (5).

—(Eps + Ewi) x 180 x 60

Apip = Y— (5)
Tr1i16COSAp]

As shown in Fig. 8d, when the input shaft is tilted, its mesh-
ing pressure angle changes, and the new involute hysteresis
error is derived as follows.

12 pitcheircle = (a0 +a1)Z2(Zy + Z3) (6)
(ap +a1)Z2(Z1 + Z7)
2 pitch circle = cos B @)
wa(ag +a1)Za(Zy + Z>)
Vp2 = W2F2pitchcircle = 3
cosf
2
wyma(ap +a1)Z2(Zy + Z>)
Fipy = —2 ©
cosf
Fip>
Fypr = —2% (10)
CoSapo
2
Z>(Z Z
cosapy = wyma(ag +a1)Z2(Z1 + Z2) (11
Fup2 COSﬂ

Then the hysteresis error A¢1, generated by the involute gear
transmission part transmitted to the output end can be con-
verted into A¢j,, as shown in Eq. (12).

—(Ews + Ewi) x 180 x 60

wima(aop+a)Zo(Z1+25)
Fupacosp

Agl, = (12)

2rriite

where E,,; and E,,; are the hysteresis caused by the average
deviation of the length of the common norma, r; is the in-
dexing radius of the sun gear, § is the radial tilt angle of the

shaft, wy is the angular velocity of the planetary gear, ag is
the center distance when the sun gear and planetary gear are
in normal meshing, a; is the radial displacement when the
sun gear and the planet gear mesh, z; is the number of teeth
on the sun gear, z; is the number of teeth on the planetary
gear, and m> is the mass of the planetary gear.

(Note that since the RV reducer is a precision instrument
and the size router diameter < 500 mm, it can be known that
its grade is between IT1-IT5 by searching the standard tol-
erance table GB/T1800.1-2009, so it can be obtained that
a1 =0.00000075-0.0000045 m.)

The formula for solving Ag¢ss generated by the planetary
transmission part of the cycloid pin gear is

7
Agsa =180 x 60/7(yp + ¥y + Y1) (13)
i=1
¥yD = 2Aryp/(ezc) (14)
Yy = —2Arp/(ezc) /1 — K3, (15)

where Aryp is the isometric modification amount, Arp, is the
shift modification amount, e is the cycloid eccentricity, zc
is the number of cycloidal gear, and K is the short width
coefficient.

Since the secondary cycloid pin wheel planetary transmis-
sion belongs to the internal transmission of the RV reducer,
the error caused by the tilt of its own shaft is not consid-
ered, and the basic error parameters are summed to obtain
the hysteresis generated by the cycloid pin wheel planetary
transmission part A¢3za, as shown in Eq. (16).

180x 60  (2Arp 28R\ [
A@3q = X — W 1-=Kj
T e-Zc e-Zc
2rp\J1=K{  2sr, 8] AF,
el SR

+
e-Zc e-zc e-zc 2e-z¢
L 20Ky ARy Ky 25Ar,  25Ar
€-Zc e-Zc € Zc € Zc

J1—-K}—2K, -8 (16)

K, is the center distance to produce the coefficient of hys-
teresis, as shown in Eq. (17).

)-Arp,  (17)

where Ary, is the isometric modification amount, Ary is the
shift modification amount, dr}, is the deviation of the pin gear
center circle radius, éryp is the pin gear pin radius error, 87y
is the matching clearance between the pin gear pin and the
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Figure 7. RV-20E reducer structure diagram: (1) sun gear,
(2) planet gear, (3) crank shaft, (4) cycloid gear, (5) pin gear, (6) out-
put disk, (7) needle tooth shell, and (8) the input shaft.

pin hole, A F; is the radial circle runout error of the cycloidal
gear ring, 8¢ is the circumferential position error of the pin
hole of the pin gear, AF}, is the cumulative error of the cir-
cumferential pitch of the cycloidal gear, § Aryy is the offset
modification error, § Ary is the shift modification error, de is
the eccentricity error, K is the short width coefficient, e is
the cycloid eccentricity, z. is the number of cycloidal gear,
and ry, is the radius of the pin gear.

3.4 Bearing gap coaxiality—geometric hysteresis

The swing arm bearing of the RV reducer has a certain clear-
ance, so it will produce a corresponding hysteresis. The cal-
culation of the hysteresis is shown in Eq. (18).

180 x 60Au
Apse = ——, (18)
Tag

https://doi.org/10.5194/ms-13-855-2022
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Figure 8. Actual tilt model of input shaft. (a) Normal meshing of
input shaft gears (left view). (b) Input shaft gear inclined mesh-
ing (left view). (¢) Normal parameter model analysis diagram (left
view). (d) Analysis diagram of tilt parameter model (left view).

where Au is the clearance of the arm bearing, and ag is the
center distance between the planetary gear and the sun gear.

It can be seen from Fig. 9d that when the sun gear is tilted,
the center distance of its gears will inevitably change accord-
ingly, and the hysteresis A¢sg, generated by the transmission
of the rotor arm bearing clearance to the output end, can be
converted into A¢g6, as shown in Eq. (20).

(ao+a)
r_ 19
o cosf (19)
180 x 60Au - cos B
AL, = , 20
¥s6 (ap+ap)m (20)

where a is the radial displacement when the sun gear and the
planet gear mesh, and S is the radial tilt angle of the shaft.

Mech. Sci., 13, 855-866, 2022



(a) (b)

dy Ailas

@
Actual tilt model of input shaft. (a) Normal meshing of
input shaft gears (top view), (b) Input shaft gear inclined mesh-

ing (top view). (¢) Normal parameter model analysis diagram (top
view). (d) Analysis diagram of tilt parameter model (top view).

Equations (12), (16), and (20) are added to calculate the over-
all hysteresis of the RV reducer, as shown in Eq. (21).

Apy = Apjy + Apsa + Agsg
_(Ewy + Ewi) X 180 X 60

wama(ao+a))Zo(Z1+2Z>)
Fypacosp

n 180 x 60 " <2Arrp B 2Arp) m
b e - Zc €-Zc

2rp-J1=K{  28r, ) AR
~ e 2y

2mwriile

_|_

e-Zc e-7c e-zc 2e-zc¢
L 2tKi ARy K1 20Ar  25An
e-Zc e-Zc e-Zc e-Zc

/1=K —2K, -8¢)+ Aglg

180 x 60Au - cos B
(ap +anm

2y

In order to verify the accuracy of the coaxiality—geometric
hysteresis model, a simulation analysis of the RV-20E re-
ducer under no load based on Adams was conducted (Y. Tang
et al., 2021; Xu et al., 2017; Wei et al., 2015), and the model
establishment steps are as follows.

Interface and model in Adams.

Firstly, the three-dimensional model of the RV-20E reducer
is established through SolidWorks and then imported into
Adams. The interface and model are shown in Fig. 10; the

Vinput = 14rmin~! and then Voutput = 1 rmin~!.

The constraint pairs of the RV reducer kinematic model
based on Adams are shown in Table 6.

The impact function method (Chatterjee and Bowling, 2019)
is used to calculate the contact force in the involute spur
gear transmission of the RV-20E reducer. According to the
Hertzian static elastic contact theory, the following equation
is obtained.

K =4R'?E/3
1/R=1/R3—1/Ry4 , (22)
1/E=(1—pd)/Ei+(1—ud)/E>

where K is the stiffness coefficient (MPa mm!/2), R3 is the
pitch circle radius of the outer gear (mm), R4 is the pitch
circle radius (mm) of the internal gear, u is Poisson’s ratio of
involute center gear material, u; is Poisson’s ratio of involute
planetary gear material, £ is the elastic modulus of the sun
gear material (MPa), and E» is the elastic modulus of the
planetary gear material (MPa).

The calculation results show that K = 2 x 10° MP mm!/2,
and the specific parameters of contact force are shown in Ta-
ble 7.

(1) The basic size parameters of RV-20E reducer are shown
in Table 8. The upper limit should be taken within the pro-
cessing requirement level. The initial value of the system er-
ror parameter is shown in Table 9.



Establishment of model constraint pairs.

Component name

Constraint type

Input shaft and ground

Input axis second axis and planetary shelf

Sun gear and planet gear
Crank shaft and planet gear

Crank shaft second-order shaft and tapered roller bearing
Crank shaft fourth-order shaft and needle roller bearing
Crank shaft sixth-order shaft and needle roller bearing
Crank shaft eighth-order shaft and tapered roller shaft

Cycloid gear and needle roller bearing
Crank shaft and output disk

Output disk second-order shaft and angular contact bearing
Output disk third-order shaft and cycloid gear

Pin gear and needle shell

planar contact pair
cylindrical pair
planar contact pair
fixed pair

fixed pair

planar contact pair
planar contact pair
fixed pair

planar contact pair
planar contact pair
planar contact pair
planar contact pair
planar contact pair

Contact force parameter.

Parameter Variable Numerical value
Stiffness K (MPamm!/2) 2 x 10°
Force exponent Fe 2.2
Damping D (Nsmm!/2) 100
Penetration depth P (mm) 0.1
Static coefficient still 0.08
Dynamic coefficient  pgynamic 0.02

z 6
£
e
E
£
2
i}
% M
: .
n
0 2 H
Timels

Sun gear circle force diagram.

(2) When the sun gear 1 of the RV reducer is engaged and
the input shaft does not produce axial tilt, the normal force
on the index circle of the planetary gear is obtained through
Adams simulation, as shown in Fig. 11.

It can be seen from Fig. 11 that F,p2 =0.5075N. Substi-
tuting the initial values of the system parameters in Tables 8
and 9 into Eq. (21), the calculation is A¢x = 0.5467 arcmin.
Since it can be seen that the hysteresis of the RV reducer is
generally < 1 arcmin, the model is correct.

Next, in conjunction with Table 5, when the RV reducer sun
gear 1 is engaged and the input shaft produces a different
range of axial inclination, the normal forces on the index cir-
cle of the planetary gear are obtained through Adams simu-
lation, as shown in Fig. 12.

Figure 12 shows the normal forces of the planetary gears
in the range of different axis degrees obtained by the simula-
tion. Substitute Eq. (21) to calculate the hysteresis, as shown
in Table 10.

It can be seen from Table 10 that when the coaxiality of the
RV reducer transmission system exceeds the allowable error
range, the hysteresis error has a tendency to continuously in-
crease, which will make the angle data measured by the grat-
ing encoder unable to accurately reflect the accuracy of the
geometric hysteresis of the RV reducer. At the same time,
when the coaxiality of the RV reducer transmission system
exceeds the allowable error range, the increase in the hys-
teresis is irregular, which may be caused by friction with the
shaft.

The coaxiality—geometric hysteresis model of the transmis-
sion system of the RV reducer is established, and the model
is simulated and analyzed with Adams software under the
condition that the coaxiality is within different error ranges
and there is no load, and the results verify the accuracy of the
model. At the same time, the results show that coaxiality is
one of the main factors affecting the size of the hysteresis.
The measurement method of the hysteresis of the RV re-
ducer has not been standardized, and many influencing fac-
tors in the measurement process have not been considered.
At the same time, the corresponding standards have not yet
been issued, which is not conducive to the classification and



Basic parameters of the RV-20E-141 reducer.

Parameter name Symbol  Numerical

value

Transmission ratio (the shell is fixed) i16 141

Pin gear center circle radius (mm) D 52

Pin gear radius (mm) Trp 2

Eccentricity (mm) e 0.9

Cycloid gear number Zc 39

Number of teeth of needle gear shell 2p 40

Number of sun gear teeth 71 12

Number of planetary gear teeth 22 42

Curtate ratio K1 0.72

Modulus m 1.5

Index circle pressure angle o 20°

Center distance between planetary gear and sun gear (mm) ag 27.5

Radius of sun gear index circle (mm) i16 13.5

The initial values of the parameter error corresponding to the difference components.

Hysteresis component Parameter error Initial value
Geometric hysteresis of involute Up deviation in length of common normal E,s (mm) 0.0035
Cylindrical gear transmission Down deviation of common normal length E,,; (mm) —0.0309
Geometric hysteresis of cycloidal  Isometric practice Aryp (mm) —0.010
pin gear drive Shift distance practice Arp (mm) —0.012
Needle tooth center circle radius deviation §rp (mm) 0.010
Pin gear pin radius error érrp (mm) —0.004
Matching clearance between pin gear pin and pin gear pin hole 87y, (mm) 0.005
Cycloid gear ring radial circle runout error A Fy (mm) 0.015
Circumferential position error of pin tooth pin hole §¢ (mm) 0
Cumulative error of cycloidal gear circumference A Fy, (mm) 0.019
Isometric modification error § Aryp (mm) +0.001
Shift modification error § Arp (mm) +0.003
Eccentricity error de (mm) 0.005
Geometric hysteresis caused by Crank bearing clearance Au (mm) 0.002

bearing clearance

Hysteresis within the range of different axial degrees.

Radial tilt angle of ~ Radial tilt angle of Hysteresis
output disk (°) input shaft (°)

0° 0° 0.5462 arcmin
0.000377° 0.00000767° 0.5976 arcmin
0.000607° 0.0000131° 0.5982 arcmin
0.000837° 0.0000186° 0.6018 arcmin
0.00107° 0.0000238° 0.6029 arcmin
0.00130° 0.0000289° 0.6032 arcmin
0.00153° 0.0000344° 0.6063 arcmin
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Planetary gear normal force within the error range of different axis degrees. (a) The input shaft is inclined at 0.00000767°.
(b) The input shaft is inclined at 0.0000131°. (¢) The input shaft is inclined at 0.0000186°. (d) The input shaft is inclined at 0.0000238°.
(e) The input shaft is inclined at 0.0000289°. (f) The input shaft is inclined at 0.0000344°.

evaluation of the transmission accuracy of the reducer. This
simulation has made a certain expansion in the categories of
factors affecting the hysteresis. At the same time, it can pro-
vide theoretical basis and reference materials for the mea-
surement and design of RV reducer hysteresis, as well as the
design of RV reducer performance high-precision detection
device and its adjustment mechanism, which has certain the-
oretical significance and practical value.

Ansys software can be obtained from Ansys,
Inc., and Adams can be obtained from the MSC Software Corpo-
ration.
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