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Abstract. Transmission efﬁciency is the key index when concerning characterizing the performance of precision
reducers, and it is usually required to be measured and evaluated. Apart from that, the efﬁciency value at the
rated torque in the efﬁciency curve is taken as the evaluation value of the efﬁciency characteristics of precision
reducers. However, at present, the research on the efﬁciency characteristics of precision reducers mainly focuses
on theoretical analysis, the development of measurement devices and the measurement methods, while the
analysis model of the efﬁciency curve has not yet been established. In this context, from the perspective of
transmission efﬁciency measurement and evaluation of precision reducers, the efﬁciency calculation model of
precision reducers is established in this paper. Besides, based on the essential change law of the efﬁciency curve,
the efﬁciency curve analysis model is also set up. To be speciﬁc, taking a certain type of RV (rotate vector)
reducer as an example, the actual measurement experiments are carried out, and the efﬁciency curves at different
speeds are obtained. The results show that the efﬁciency of the precision reducer is affected by the measured
speed and load torque, and has a positive correlation with the load torque and a negative correlation with the
speed. Then, it is proved that the efﬁciency curve model proposed in this paper can accurately describe the
change law followed by the efﬁciency curve of precision reducers, thus laying a theoretical foundation for the
efﬁciency measurement and evaluation of precision reducers.
Keywords: : Precision reducers / RV reducer / efﬁciency curve / efﬁciency measurement / logistic function

1 Introduction
A precision reducer has high positioning accuracy and
repetitive positioning accuracy, and is widely used in
robotics, aerospace and other ﬁelds. Based on different
meshing pairs, the precision reducer can fall into the
cycloid precision reducer and the non-cycloid precision
reducer [1]. To be speciﬁc, the former includes the RV
(rotate vector) and the Twinspin reducer, while the latter
involves the harmonic reducer and the precision planetary
reducer. Among them, the RV reducer is featured with the
higher rigidity and is mostly applied to the parts of heavy
loads such as the base, arm and shoulder, whereas the
harmonic reducer is usually adopted in the forearm, wrist
and hand, and the precision planetary reducer is mainly
used in Cartesian coordinate robots [2].
Transmission efﬁciency is an important index for
characterizing the performance of precision reducers.
Manufacturers of precision reducers usually need to
provide the efﬁciency curve of their products in the sample
* Corresponding author: xuhangzzti@126.com

manual, and the efﬁciency value at the rated torque in the
efﬁciency curve is always taken as the evaluation value of
the efﬁciency characteristics of precision reducers [3]. As for
the efﬁciency curve of the precision reducer, it refers to the
change curve of efﬁciency with output torque that is the
efﬁciency-torque curve [4]. Some scholars have carried out
researches on the efﬁciency characteristics of precision
reducers, mainly focusing on the theoretical efﬁciency
analysis of precision reducers, the development of measurement devices, the measurement methods and so on.
For example, Wang established a theoretical efﬁciency
calculation model of the beveloid gear RV reducer,
analyzed the inﬂuencing factors of efﬁciency and optimized
the beveloid gear RV reducer with the goal of improving
transmission efﬁciency [5]. Pan built the efﬁciency
calculation model of the ﬁltering gear reducer and
conducted efﬁciency measurement experiments [6]. Wang
analyzed the effect of planetary gear/star gear on the
transmission efﬁciency [7–9]. Zhang developed a transmission efﬁciency measurement system of the cycloid envelope
precision reducer [4]. Shi developed a RV reducer
comprehensive performance tester, thus being able to
realize the comprehensive performance measurement of the
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RV reducer, such as transmission error, stiffness and
efﬁciency [10]. Guan introduced a RV reducer efﬁciency
measurement platform, and used the orthogonal experiment method to carry out the efﬁciency measurement
experiments [11]. Ding made dynamic efﬁciency measurement of RV reducers and then analyzed the inﬂuence of
measurement speed and load on efﬁciency [12]. Han
designed an efﬁciency measurement system for the
harmonic reducer [13].
In general, the measurement and evaluation of precision
reducer efﬁciency are closely related to the measurement
speed and load torque. At present, the researches mainly
focus on the theoretical analysis of efﬁciency, the
development of measurement devices, and the realization
of measurement methods. Whereas, the analysis model
concerning the efﬁciency curve of precision reducers has not
been established yet.
In this paper, from the perspective of the transmission
efﬁciency measurement and evaluation of precision reducers,
the efﬁciency calculation model and the efﬁciency curve
analysis model are established through the analysis on the
efﬁciency characteristics of precision reducers. Apart from
that, the actual measurement experiments are performed.
Besides, the correctness of the efﬁciency curve model is
veriﬁed through measurement experiments. In this case, the
research results in this paper provide a reference for the
efﬁciency measurement and evaluation of precision reducers.

2 Analysis and modeling of precision
reducers’ efﬁciency curve
2.1 Efﬁciency calculation model of precision reducers
The efﬁciency of precision reducers is the ratio of the
output power to input power, which can be expressed as
follows.
h¼

P out
T out  nout
 100% ¼
 100%
P in
T in  nin

ð1Þ

where Pout and Pin are respectively the output power and
input power. Tout and Tin are the output torque and the
input torque accordingly, while nout and nin are the output
speed and input speed separately.
The ratio of the speed at the input shaft of precision
reducers to the speed at the output shaft is the transmission
ratio i, as shown in formula (2).
i¼

nin
nout

ð2Þ

Substituting formula (2) into formula (1), the efﬁciency
calculation model of precision reducers can be obtained as
follows.
h¼

T out
 100%
i  T in

ð3Þ

As a precision reducer receives different forces at
different meshing positions during the movement, the
torque at the input shaft and the output shaft changes

periodically within one cycle of the output shaft. In order to
obtain the one-to-one correspondence between efﬁciency
and output torque, the average value of torque is usually
employed to calculate the efﬁciency of precision reducers,
as in formula (4) [3].

h¼

T out
i  T in

 100%

ð4Þ

where T out is the average value of output torque, and T in is
the average value of input torque.
From the efﬁciency calculation model of precision
reducers, it can be seen that the efﬁciency is proportional to
the ratio of its output torque to the input torque.
Therefore, in the transmission efﬁciency measurement
and evaluation of a precision reducer, the transmission
efﬁciency can be obtained by measuring the input torque
and output torque of a precision reducer.
2.2 Modeling of precision reducers’ efﬁciency curve
The efﬁciency characteristics of different precision
reducers are different from each other, and those of the
same precision reducer are also different under different
measurement conditions, which is mainly caused by the
internal structure of precision reducers, load torque,
measurement speed and temperature. Therefore, the
efﬁciency inﬂuencing factors of precision reducers can
be divided into internal factors and external factors, when
the former mainly includes the structure, material and
lubrication of precision reducers, while the latter mainly
contains the load torque, measurement speed and
temperature of precision reducers. In terms of the
efﬁciency measurement and evaluation of precision
reducers, it is usually carried out under a constant
temperature or thermal equilibrium. Thus, the temperature has little effect. However, the efﬁciency characteristics are mainly affected by the load torque and the
measurement speed, and the efﬁciency curves of a
precision reducer under different measurement conditions
are shown in Figure 1 [3].
At a certain speed, the efﬁciency increases with the
increase of the output torque. In the initial stage, when the
output torque is low, the efﬁciency increases with the
output torque. Then, as the output torque increases
further, the efﬁciency increases slower and begins to
become saturated. Actually, logistic function is a kind of
sigmoid function. At ﬁrst, it grows roughly and exponentially; then as it becomes saturated, the increase slows
down, and ﬁnally the increase stops when it reaches
saturation. The classic Logistic function is shown in
formula (5) [14].
P ðxÞ ¼

KP 0 erx
K þ P 0 ðerx  1Þ

ð5Þ

where K is the ﬁnal value; P0 is the initial value; r
determines how fast the curve changes, and x is the input
variable.
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Fig. 2. RV reducer comprehensive performance tester [2,11].
Fig. 1. Efﬁciency–torque curve.

In this paper, following the essential change law of the
efﬁciency curve of precision reducers, the efﬁciency curve
model of precision reducers is established based on the
improved Logistic function, as shown in formula (6)
hðT Þ ¼

b
b

cT
1 þ ae
1þa

ð6Þ

where a, b and c are the coefﬁcients to be measured, while
T is the output torque.
The efﬁciency of precision reducers is also affected by
speed. The greater the speed, the lower the efﬁciency. Besides,
the friction torque of precision reducers is proportional to
rotational speed. With the increase of rotational speed, the
friction torque increases linearly [3]. Furthermore, as the
internal friction of precision reducers is the main reason for
the loss of efﬁciency, with the increase of rotational speed, the
friction torque increases and the efﬁciency decreases.

3 Measurement experiments

RV reducer is installed on the precision support and the input
shaft is connected with input components (including motors
and torque sensors) via precision coupling and driven by a
servo motor. In addition, the output ﬂange shaft is connected
with output components (including torque sensors and
magnetic powder brakes) via precision coupling. Furthermore, the servo motor is controlled by the measurement and
control software to work in the speed mode for the purpose of
ensuring stable speed during measurement, while the output
shaft is loaded by the magnetic powder brake and the load
torque is adjusted by a programmable power supply. Beyond
that, the angle measurement of input and output shafts is
achieved with the high precision circular grating and the
resolution can reach 2.0600 and 1.1300. Besides, the dualchannel torque sensor with the precision of 0.1%F ⋅ S is
adopted in torque measurements, while the whole system is
controlled by the industrial control computer equipped with
measurement software to realize the automatic measurement
of the comprehensive performance indices belonging to the
RV reducer [2,15].
3.2 Acquisition and processing of torque signal

Taking the RV reducer as an example, based on the RV
reducer comprehensive performance tester developed by
our research group, the efﬁciency measurement experiments are carried out. The speed ratio of the measured RV
reducer is 121 and the rated torque is 784 N · m.
Two group experiments are designed to measure and
analyze the efﬁciency characteristics of the precision
reducer. The ﬁrst group experiments are conducted on
the condition of setting speed and different loads to analyze
the inﬂuence of torque on the efﬁciency of the precision
reducer. Then, on the basis of the ﬁrst group experiments,
the second group experiments are carried out under
different speeds to identify the speed inﬂuence on the
efﬁciency of the precision reducer.

In the efﬁciency measurement, the servo motor is controlled
to work in the speed mode so as to ensure stable speed. The
measurement speed (at output shaft) is set to 0.314 rad/s.
Within one circle of the output shaft, the measurement
torque signals at the input and output shaft of precision
reducers change periodically, as shown in Figures 3 and 4
respectively. In order to ﬁlter out the interference of noise and
obtain the one-to-one correspondence between efﬁciency and
torque, the torque signal is processed with the average
ﬁltering method. The average input torque of the precision
reducer is 3.0 N · m, and the average output torque is 318.3
N · m. According to formula (4), the efﬁciency of the precision
reducer on this measurement condition is 87.69%.

3.1 Measurement device

3.3 Efﬁciency curve measurement

The RV reducer comprehensive performance tester
developed by our research group is shown in Figure 2
[2,11]. In the measurement of transmission efﬁciency, the

On the basis of Section 3.2, the current of the magnetic
powder brake is adjusted through the program-controlled
power supply, and then the output load is adjusted.
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Fig. 3. Input torque (0.314 rad/s).

Fig. 5. Efﬁciency curve (0.314 rad/s).

Fig. 6. Efﬁciency curves at different speeds.
Fig. 4. Output torque (0.314 rad/s).

By changing the load torque at the output shaft, the efﬁciency
values under different loads can be measured, as shown in
Figure 5. Then, based on the actual measurement data, the
least square method is adopted to ﬁt the efﬁciency curve. The
ﬁtted efﬁciency curve is shown in Figure 5. It can be seen that
the efﬁciency is positively correlated with the output torque.
In the lower stage of the output torque, the efﬁciency
increases obviously, and with the further increase of the
output torque, the efﬁciency increases slowly and tends to be
stable.
The parameters of the efﬁciency curve model obtained
by ﬁtting are shown in Table 1. The value of SSE (Sum of
squares due to error) is 0.00065, while that of RMSE (Root
mean squared error) is 0.009021, and the value Adj.
R-Square is 0.9991, indicating that the ideal ﬁtting effect is

achieved. Therefore, the efﬁciency curve model established
in this paper can accurately describe the efﬁciency curve
change law of precision reducers.
According to the ﬁtting results of the efﬁciency curve,
the rated load 784 N · m is substituted into formula (6), and
the efﬁciency value of the reducer under the measurement
condition of 0.314 rad/s and rated load 784 N · m is
calculated to be 94.00%.
3.4 Efﬁciency curves at different speeds
On the basis of Section 3.3, the efﬁciency curves at different
speeds are obtained by changing the measurement speed,
as shown in Figure 6.
The ﬁtting parameters of the efﬁciency curve model
under the measurement condition of 1.884 rad/s and
2.931 rad/s are shown in Tables 2 and 3 respectively.
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Table 1. Efﬁciency curve model ﬁtting parameters.
Parameters

a

b

c

SSE

RMSE

Adj. R-Square

Value

0.009993

95.08

0.0091

0.000651

0.009021

0.9991

Table 2. Fitting parameters of efﬁciency curve model (1.884 rad/s).
Parameters

a

b

c

SSE

RMSE

Adj. R-Square

Value

0.004869

191.6

0.0085

0.000643

0.009003

0.9991

Table 3. Fitting parameters of efﬁciency curve model (2.931 rad/s).
Parameters

a

b

c

SSE

RMSE

Adj. R-Square

Value

0.009783

94.71

–0.0085

0.000632

0.009003

0.9992

Then, it can be found that the efﬁciency is negatively
correlated with the speed, or in other words, the efﬁciency
decreases with the increase of the speed. Besides, the effect
of the output torque on the efﬁciency is greater than that of
the speed on the efﬁciency.

4 Discussion
In the face of achieved experimental results, the following
issues can be posed for discussion.
– The efﬁciency of the precision reducer is proportional to
the ratio of its output torque to the input torque.
Therefore, the transmission efﬁciency can be obtained by
measuring the input torque and output torque of a
precision reducer.
– It can be seen from Figures 2 and 3 that within one cycle
of the output shaft, the input and output torque of the
precision reducer changes periodically, mainly resulting
from different forces at different meshing positions inside
the precision reducer. Therefore, within one cycle of the
output shaft, the average ﬁltering method can be used to
process the torque signal, which can not only obtain the
one-to-one correspondence between efﬁciency and torque, but also can reduce the inﬂuence of noise.
– As shown in Figure 4, the efﬁciency increases with the
output torque in the initial stage. Then, as the output
torque increases further, the efﬁciency increases slower
and begins to become saturated. Hence, the measurement should cover the process from low torque to high
torque as much as possible to objectively reﬂect the
change law of the efﬁciency curve.
– In this paper, the one-variable function model of
efﬁciency and torque is established. It can make the
measurement and evaluation of the efﬁciency characteristics of precision reducers. However, it should be noted
that as the efﬁciency of precision reducers is related to the
speed and load torque, it will be of great signiﬁcance to
establish the two-variable function model of the
efﬁciency curve related to the speed and load.

5 Conclusions
Based on the analysis of efﬁciency characteristics of precision
reducers, the efﬁciency calculation model and the efﬁciency
curve model are set up. Taking the RV reducer as an
example, the following conclusions can be obtained.
– The efﬁciency of precision reducers is affected by
measurement speed and load torque. To be speciﬁc,
efﬁciency is positively correlated with the load torque
and negatively correlated with speed.
– In the lower stage of output torque, the efﬁciency
increases with the increase of torque, and the increasing
trend is obvious. With the further increase of torque, the
efﬁciency increases slowly and tends to be saturated.
– Through actual measurement experiments, the efﬁciency
of the measured RV reducer is 94.00%, which veriﬁes the
practical effect of the scheme and efﬁciency curve model
proposed in this paper.
– The efﬁciency curve model put forward in this paper
can accurately describe the efﬁciency curve changing
law of precision reducers, and is suitable for the
efﬁciency measurement and evaluation of various
precision reducers.
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