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Abstract. The paper presents the results of experimental researches of the basic working capacity
characteristics of pulsed variable-speed drives – gear ratio, efficiency factor, and reliability of the eccentric
free-wheel mechanisms When conducting research, the main working capacity parameters of the pulsed
variable-speed drive (independent factors) changed according to the design of experiment in the range: the
load applied to the output shaft was from 250 to 2.750 N·m; adjustable gear ratio – from 20 to 180. It was
established that the reliability of the eccentric free-wheel mechanisms is guaranteed when making
mechanisms of 100Cr6 steel with hardness not lower than HRCЭ 58…62 with a module of at least 0.75 mm.
It was shown that the yield surface, which characterizes the change in the gear ratio of the pulsed variablespeed drive, can be described by a model using first-order polynomials. It was established that with
increasing load, a slight increase (at 1.0...9.9%) occurs in the adjusted gear ratio, which has a character close
to linear. It was concluded that with an increase in load, the increase in efficiency factor is non-linear and
equals 1.8...2.6 times, an increase in the gear ratio causes its linear decrease by 1.13...1.64 times in the
dependence close to a linear one. Empirical dependences are obtained to determine the magnitude of the
gear ratio and efficiency factor.

1 Introduction
In modern machines, along with the electric and
hydraulic infinitely variable transmissions, the
mechanical infinitely variable transmissions (variators)
are widely used.
The use of infinitely variable transmissions in the
drives of machines allows to increase their technical and
economic indicators [1–5].
These include pulsed variable-speed drives, which
are compact in terms of unit power. They have a wide
range of control of frequency-amplitude characteristics,
they can be automatic and combine the functions of the
reduction drive [6–11].
The main characteristics that determine the
performance of the pulsed variable-speed drive are –
gear ratio, efficiency, reliability of the free-wheel
mechanisms [12–18].
The efficiency of the pulsed variable-speed drive is
an integral indicator which depends on a number of
structural, technological, and operational factors.
These factors primarily include:
• constructive arrangement of the transforming
mechanism of the variator (coaxial gear and lever, noncoaxial lever, non-coaxial cam, etc.);
• type of free-wheel mechanism (friction, nonfriction, combined) acting as a rectifier for mechanical
vibrations;
• range of gear ratio;
• design of the control mechanism;
• value of the transmitted load.
*

Taking into complete account of the influence of that
factors by theoretical methods is a very difficult task.
Currently, when using theoretical methods to assess the
performance of pulsed variable-speed drives, two
approaches are used most commonly.
The first approach is to use mathematical models
with a number of significant reductions and assumptions.
For example, in [8, 12], the performance of pulsed
variable-speed drives is estimated on the basis of
systems of Lagrange differential equations of the second
kind.
The systems of equations and mathematical formulas
obtained by the author describe only certain
characteristics of the pulsed variable-speed drive and are
difficult for practical use.
The second approach involves an indirect
assessment, when the performance of the pulsed
variable-speed drives is determined by the reliability of
the most loaded elements. Usually such elements are the
free-wheel mechanisms.
Thus, in [9], the reliability of several types of freewheel mechanisms was determined and analyzed by
analytical methods of the material resistance and the
reliability theory. The performance of the pulsed
variable-speed drive as a whole was evaluated by the
results obtained.
Such approaches require experimental confirmation
of the results obtained. Therefore, to estimate its working
capacity, a calculation and experimental method was
chosen.
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2 Experimental setup

freewheeling period; slight effect of wear on
performance [15].
The eccentric free-wheel mechanisms had the
following design parameters: outer cage diameter
D =120 mm, wedging angle  =12°±30´.

To research the performance of the pulsed variablespeed drive, a special stand was developed (Fig. 1).

Fig. 1. The kinematic scheme of the experimental stand for
the evaluiation of the pulsed variable-speed drive: 1 – electric
motor, 2 – V-belt drive, 3 – pulsed variable-speed drive, 4 –
gear drive 5 – brake.

Fig. 3. The eccentric free-wheel mechanism of the nonfriction type: 1 – double-sided eccentric, 2 and 3 – eccentric
rings, 4 – outer cage, 5 and 6 – partial braking.

The stand consists of an electric motor (132M4
IE2/EFF1, 7.5 kW, nominal frequency 1450 min-1)
connected by a V-belt drive (gear ratio i =1.61) to the
drive shaft of the pulsed variable-speed drive, the driven
shaft of which (gear ratio i =3.55) is connected to the
electromagnetic powder brake of PТ-100М type.
The pulsed variable-speed drive has the following
technical characteristics: transmitted power P =7.5 kW;
maximum torque at the output shaft T =3000 N·m; the
range of variation of the output shaft speed n =0…45
min -1; dimensions L x B x H =660x670x670 mm.
The pulsed variable-speed drive was made according
to a coaxial gear and lever scheme (Fig.2).

Before the experimental measurements, the pulsed
variable-speed drive passed the operating time for 50
hours at a reduced load, which was 10% of the
maximum.
During the tests, the SAE 30 oil was used, the turnon frequency of eccentric free-wheel mechanisms was
15 Hz.
Table 1. Parameters of free-wheel mechanisms.
Turn-on cycles

Series
No

Module m , mm

Material

1

0.50

100Cr6

2.10·106

2

0.75

100Cr6

2.90·106

3

0.75

14NiCr10

1.50·106

4

0.75

20MnCr5G

1.65·106

Nm

3 Experimental research of the
performance of the pulsed variablespeed drive
Fig. 2. Kinematic scheme of the pulsed variable-speed drive:
1 – drive shaft, 2 – transforming mechanism, 3 – free-wheel
mechanism, 4 – driven shaft.

3.1 Research of the reliability of the pulsed
variable-speed drive
The free-wheel mechanisms are the most loaded
elements in the loading pattern of the pulsed variablespeed drive.
When the pulsed variable-speed drive is in operation,
they function under high switching frequency reaching
50 Hz, under significant transmitted torque, and dynamic
loads. Their reliability influences the performance of the
variable-speed drive as a whole.
The free-wheel mechanisms are recoverable products
and, when tested, the sequential method of control is
most effective [19, 20].

The eccentric free-wheel mechanisms of the nonfriction type which have a high load capacity were used
as transformers of mechanical impulses (Fig.3 and
Table1).
The main advantages of eccentric freewheel
mechanisms are: the compactness of the structure per
unit of transmitted load; relatively low requirements to
the accuracy of manufacturing and assembly of the
mechanism elements; low friction losses during
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The initial data during such tests are: manufacturer’s
risk –  ; customer's risk –  ; rejection value of the

(zone of conformity) the results are positive. If it is
between the conformity and nonconformity lines (zone
of uncertainty) the tests continue.
It was accepted that the number of failures of the
free-wheel mechanisms for the entire period of testing
may be no more than three.
The testing of the pulsed variable-speed drive was
carried out at a load on the driven shaft equal to 25, 50,
75 and 100% of its maximum value. The operating time
at the maximum load value was 65…80% of the total
test time.

mean time between failures – T ; acceptance value of
mean time between failures – T ; lower bound of
confidence interval of mean time between failures – Tm .
According to the recommendation we took  =  =0.1
and T = 2T  2Tm .
Since the turn-on frequency of free-wheel
mechanisms for the same period of time can be different,
when studying their reliability it is convenient to use not
the operating time, but the corresponding number of
turn-on cycles – N   2 N  2 N m .

Table 2. Parameters of free-wheel mechanisms failures.

The number of turn-on cycles N m (Table 1)
corresponding to the lower bound of confidence interval
of time between failures was accepted according to the
results of experimental studies [21].
To determine the allowable number of failures []
the graphs were built according to dependencies (1) and
(2), which are lines of conformity and nonconformity of
the actual given level of reliability:

N
ln[ (1   )] 
[]  a s 
;
 N  ( N  N )  1 


[]  a

Here: a 

N s ln[(1  )  ]
.

N  ln[ N  N  ]

( N  N ) 1
ln( N  N  )

Series
No

1

2

(1)

(2)

3

, N s – total number of turn-

on cycles.
The dependencies (1)–(2) are received according to
the source [22] with use of function of the maximum
credibility.
Researches of the pulsed variable-speed drive
showed the following results (Fig. 4 and Table 2).

4

Failure parameters
Failure

Ns,
turnons.

Zone

1st

2.31·106

uncertainty

2nd

5.88·106

uncertainty

3rd

15.0·106

uncertainty

1st

25.0·106

conformity

1st

8.90·106

uncertainty

2nd

18.0·106

uncertainty

3rd

10.2·106

conformity

1st

5.10·106

uncertainty

2nd

7.50·106

uncertainty

3rd

17.0·106

conformity

Test result

negative

positive

conditionally
positive

conditionally
positive

The testing of the pulsed variable-speed drive were
carried out with eccentric free-wheel mechanisms of
series No.1 for 277 hours, series No.2 – 462 hours, series
No.3 – 333 hours, series No.4 – 314 hours.
When using graphs, it should be borne in mind that
for different free-wheel mechanisms the value N  is
also different. Therefore, the same value of the relation
N s N  will correspond to different number of turn-on
cycles.
Despite the fact that the last failures during the
operation of the pulsed variable-speed drive with
eccentric free-wheel mechanisms No.3 and 4 occurred in
the zone of conformity, the tests can only be considered
conditionally positive, since the first two failures
occurred in the zone of uncertainty.

Fig. 4. The results of the evaluation of the performance of
free-wheel mechanisms: 1 – zone of nonconformity, 2 – zone
of uncertainty, 3 – zone of conformity; ○ – series No.1, ■ series No.2, ● – series No.3, ▲ – series No.4.

3.2 Research of the kinematic characteristics of
the pulsed variable-speed drive
The most important parameter determining the kinematic
characteristics of the variable-speed drive is the stability

If the relation N s N  is above the nonconformity
line (zone of nonconformity) then the test results are
considered negative. If it is below the conformity line
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The increase in the gear ratio can be explained by the
fact that with an increase in the load, the runout of the
free-wheel mechanisms decreases or is completely
absent, and the reversible deformation of their members
occurs.
An empirical dependence that characterizes the
change in the kinematic characteristics of the pulsed
variable-speed drive is obtained

and the value of its gear ratio during load transfer iT [1,
5, 23, 24].
For example, free-wheel roller mechanisms have low
torsional rigidity, what is the disadvantage that affects
the stability of the kinematic characteristics of the pulsed
variable-speed drive [25–27].
Studies of the pulsed variable-speed drives have
shown that the slip of the free-wheel roller mechanisms
can lead to an increase in its gear ratio by 40...44.5%
[15].
The eccentric free-wheel mechanism of the nonfriction type, in comparison with roller mechanisms,
have higher torsional rigidity and can provide greater
stability of the kinematic characteristics of the pulsed
variable-speed drive with increasing load.
During the experiment, the gear ratio under load iT
was taken as the factor under research. The initial gear
ratio without load i H and the torque T on the driven
shaft were taken as independent factors.
According to the results of experimental studies of
eccentric free-wheel mechanisms of non-friction type,
they have constant torsional rigidity, which can be
described by a linear relationship [20].
Therefore, the design of the experiment and the
creation of a mathematical model describing the change
in the gear ratio of the pulsed variable-speed drive were
carried out on the basis of first-order designs of type 22
[20, 28].
The independent parameters of the model were
ranged on two levels: i H =20 and 180; T =250 and 2750
N·m. The measurements were carried out at the points of
the experimental design and additional points at
i H =100.
The dispersion of experimental results can be
considered homogeneous, since Cochran's criterion
values [28] for the results of all experiments are less than
the critical ones.
Analysis of experimental results (Fig. 5) shows that
in the load range T =250...2750 N·m there· is a linear
increase in the gear ratio by 1.0...9.9 %.

iT  4.37 10 1  iH  4.50 10 5 T  2.82 10 5 iH T . (3)
For the obtained dependence (3), the relative error
between the theoretical and experimental values for most
points is 0.88…3.90% and reaches 6.16…7.46% for only
three points.
3.3 Research of the efficiency coefficient of the
pulsed variable-speed drive
Efficiency coefficient is an important technical
characteristic that determines the performance of the
pulsed variable-speed drive.
As is known, when a load is transferred by the
variable-speed drive, a nonlinear change in efficiency in
a wide range occurs [2, 8, 29].
Therefore, the design of the experiment and the
creation of a mathematical model describing the change
in the efficiency coefficient were carried out on the basis
of second-order designs of 32 type [19, 28].
The independent parameters of the linear model were
ranged on three levels: i H =20, 100 and 180; T =250,
1500 and 2750 N·m. The measurements were carried out
at the points of the experimental design and additional
points.
In all the results of experiments the values of the
Cochran's criterion are less than the critical ones, which
confirms the homogeneity of the experimental results
[28].
Analysis of experimental results (Fig. 6) shows that
in the load range T =200…2800 N·m·, the increase  is
non-linear and is 1.8…2.6 times. With an increase i H in
the range from 20 to 180, the efficiency coefficient
increases by 1.13...1.64 times.

Fig. 5. The change in the kinematic characteristics of the
pulsed variable-speed drive: 1 – i H =180, 2 – i H =100, 3 –

Fig. 6. Change in the efficiency coefficient of the pulsed
variable-speed drive: □ – i H =20, Δ – i H =100, ○ –

i H =20.

i H =180.
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An empirical formula for determining the efficiency
coefficient is obtained

  0.483  2,4310 -4 T  0.50 10 2 iH 
2.78 10 8 T 2  4.15 10 6 iH2  8.85 10 7 TiH

.

(4)

For the obtained dependence (4), the relative error
between the theoretical and experimental values for all
points of the experimental design is 1.3…12.5%, and for
the additional points – 5.2…16.4%.

4 Conclusion
It was established that the reliability of the eccentric
free-wheel mechanisms made of 14NiCr10 and
20MnCr5G steel is not ensured under impulsed loading
conditions. The required reliability is guaranteed when
making mechanisms of 100Cr6 steel with hardness not
lower than HRCЭ 58…62 with a module of at least 0.75
mm.
The obtained dependences (3)–(4) adequately
describe the yield surfaces, since the Fisher`s criterion
values [26] for them are less than the critical ones.
When operating the pulsed variable-speed drive, it is
advisable to provide large values of the load with
average values of the gear ratio, which allows to obtain
optimal working capacity characteristics.
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