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EFFICIENCY TESTING OF ELECTRIC ROTARY ACTUATORS
WITH NON-STANDARD REDUCTION UNITS
FOR LOWER LIMB EXOSKELETONS

Vladimir Belogusev*, Aleksey Egorov
Volga State University of Technology, Russian Federation

The purpose of this paper is to develop a method and instruments for identifying the efficiency of an electric
rotary actuator for an electromechanical orthosis of a lower limb exoskeleton, which greatly influences its weight and
dimensions. The reduction units currently used as part of electric drives for exoskeletons are made in accordance
with a non-standard form factor design, which impedes the use of existing methods and tools for measuring their
torque and performance without considerable errors caused by mechanical losses in the bearing assemblies of test
equipment. The method proposed in this paper solves this problem by identifying the values of decelerating torque
associated with friction between bearing elements. In the experimental part of this work, the proposed method and
the measuring system were evaluated, and it was found that the measurement error was about 1.2%, which slightly
exceeds the total level of random and systematic errors of instruments applied when measuring the desired values.
On the basis of the obtained results, it is possible to conclude that the developed method can be used to control the
efficiency of electric rotary actuators for exoskeletons both at the stage of their production and during their operation.
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INTRODUCTION

Nowadays, the development of mechanisms with mov-
able joints of links, which facilitate the movement of a hu-
man being to solve both rehabilitation and professional
tasks, is receiving increased attention in the world of sci-
ence and technology [1, 2, 3]. Exoskeletons allow peo-
ple to perform energy-intensive tasks with reduced labor
costs [4, 5, 6]. For medical purposes, the considered
mechanisms provide short time for the recovery of the
functions of the human musculoskeletal system [7, 8, 9].
However, on the way to making such systems, a number
of problems arise, which relate to the rigidity of exoskele-
ton, its control, autonomy, and weight and size properties
[10, 11]. Special attention in solving the latter problem
is given to the development of actuators of a high pow-
er level at low values of their weight and overall dimen-
sions [2, 12]. Standard hydraulic cylinders are powerful
enough and are able to work with high precision, but they
are too heavy and require a huge number of hoses and
tubes [13, 14]. Pneumatic actuators, on the other hand,
are too unpredictable in terms of handling movements,
since compressed gas creates an increased level of vi-
bration [15].

Preference is currently given to electric actuators on an
electronic basis, which use magnets and provide re-
sponsive movements, as well as have great potential for
lower values of weight and size [6, 12, 16]. One of the
ways to create electric drives with improved torque and
power density is to increase their efficiency, which will
allow using the energy with less power loss caused by
the resistance forces in the friction nodes of the system.
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In addition, lowering the level of friction allows reducing
the rate of degradation processes, such as wear and
back-to-back endurance, which have a significant im-
pact on the service life of the mechanical system [17,
18]. Thus, the efficiency of electric actuators for exoskel-
etons is one of the main indicators of not only their ability
to provide the user with a sufficient level of power at low
weight and overall dimensions values, but also the qual-
ity of their manufacture and the reliability.

Creating and maintaining high-performance electric ac-
tuators with reduction units in satisfactory condition, in
turn, requires the use of methods and instruments for
measuring their efficiency and torque with increased ac-
curacy and labor efficiency, which will allow an assess-
ment of the technical condition of the system not only
at the time of its manufacturing but also during its oper-
ation. However, many exoskeletons, including the exo-
skeleton designed at the Volga State University of Tech-
nology together with the JSC Volga Electromechanical
Plant, use reduction units of non-standard design [19].
For these units, the use of existing methods and tools
for high-precision identification of torque and efficiency
is impossible due to the need to install additional bear-
ing units to support the output link of a reducer, which
increases the measurement errors caused by friction be-
tween their elements [20, 21, 22]. Therefore, researches
aimed at developing highly accurate, reliable and eco-
nomically viable methods and instruments for monitoring
the performance of electric drives with reduction units for
exoskeletons are relevant.

The purpose of this paper is to develop and experimen-
tally evaluate the method and tools for determining the
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efficiency of electric rotary actuators with reduction units
of non-standard design on the basis of an electric rota-
ry actuator for an electromechanical orthosis of a lower
limb exoskeleton, which allow higher-precision measure-

ments with low level of time and labor costs.
THEORY AND METHODS

Determination of the output shaft torque of an
electric rotary actuator, taking into account losses
in the bearing assemblies

Fig. 1 shows the setup for measuring the output shaft
torque of an electric rotary actuator with a reduction unit
for an electromechanical orthosis of a lower limb exo-
skeleton.

1 is a brake disk; 2 is a shaft; 3 is a torque sensor; 4 is
a bearing unit; 5 is a special interconnecting link; 6 is an
electric rotary actuator with a reduction unit of non-stan-
dard design.

This scheme explains the first stage of the methodology
for determining the efficiency of an electric rotary actua-

tor with a reduction unit.

L

According to the presented scheme, the torque is de-
termined with the help of a high-precision tensometric
torque sensor 3, the software of which registers the
torque change of an electric drive 6 in real time. The out-
put link of a reducer is connected with the main shaft of
the test bench 2 with the help of a special interconnect-
ing link 5. The moment of resistance in the test bench is
created by standard elements of the braking system for
a vehicle: the bolt (the brake control lever) is tightened,
and pressure on the piston of the brake master cylinder
is created. The piston creates pressure in the brake mas-
ter cylinder, which is transmitted through the brake hose
to the caliper piston. It, in turn, presses the brake disc 1
by means of brake linings, which creates the moment of
resistance on the output link of the electric drive.

The measurement is reduced to the determination of the
torque, M, when the moment of resistance reaches the
value ensuring the appearance of the rated current in the
motor windings. At the rated values of speed and current
of the electric actuator, the output shaft torque is deter-
mined with the help of the tensometric torque sensor 3,

taking into account losses in the bearing assemblies 4.
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Figure 1: Installation scheme for measuring the output shaft torque of an electric rotary actuator with a reduction
unit for an electromechanical orthosis of a lower limb exoskeleton
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Figure 2: Scheme for determ/n/ng the decelerating torque of mechanical losses in bearing assemblies using
different rotary bodies having the equal weight and different values of the moment of inertia: (a) with a rotary body
having the weight m and the moment of inertia J; (b) with a rotary body having the weight m and the moment of
inertia J,
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Determination of the level of mechanical losses in
bearing assemblies

The second stage of the developed methodology for
determining the efficiency of an electric rotary actuator
with a reduction unit is associated with determining the
braking torque caused by mechanical losses in the bear-
ing units of the test bench, which allows identifying the
output shaft torque without taking into account losses in
them.

Fig. 2 shows the scheme for the implementation of the
second stage of the proposed technique.

2 is a shaft of a bearing system; 4 is a bearing unit; 7 is a
drive motor for accelerating the bearing system of rotat-
ing elements; 8 is a rotary body having the weight m and
the moment of inertia J; 9 is an encoder; 10 is a rotary
body having the weight m and the moment of inertia J,,.

First, according to Fig. 2(a), we mount a rotary body 8
onto a shaft 2. Using a drive motor 7, we accelerate the
presented system of rotating elements. When the rat-
ed rotational speed is reached, we disconnect the drive
motor, and, with the help of an encoder 9, we register
the angular deceleration values, ¢, during the retarda-
tion of the rotating elements of the considered system
from rated to zero rotational speed. The braking torque
of mechanical losses in the bearing units 4 can be found
according to the following equation:

M, =(J, +J )€ =(Jre_'f +J, + T )-8, (1)

Where, J,, is the moment of inertia of the considered
bearing system of rotating elements without rotary bod-
ies 2 and 6; J_.is the difference between the moments of
inertia J, and J,.

Then, the reference rotary body 8 is demounted, and the
reference rotary body 10 is mounted on the shaft 2 (Fig.
2(b)). With the help of the drive motor 7, the system of ro-
tating elements is accelerated. When the rated rotational
speed is reached, the drive motor is disconnected. As
a result, the rotational speed of the system decreases,
and the resulting angular deceleration, ¢,, of the system
of rotating elements with the reference rotary body 10 is

registered.

(a)
Figure 3: Test bench for determining the efficiency of an electric rotary actuator with a reduction unit for an
electromechanical orthosis of a lower limb exoskeleton: (a) 3D-image; (b) photographic image
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The braking torque of mechanical losses can be deter-
mined according to the following equation:

M, =(J, +J ) &, ()

Since at the first and the second retardations the lev-
el of mechanical losses in bearing units 4 remains un-
changed, we can equate the right-hand sides of (1) and
(2) and find the value of J . + J, according to the follow-
ing equation:

at (3)
& &
rer J; @nd J,, we can determine the deceler-
ating torque M, . caused by mechanical losses in the
bearing units according to (1) or (2).

JSRE+J2 :Jref'

Knowing J

Determination of the electric actuator efficiency for
an electromechanical orthosis of a lower limb
exoskeleton

Having determined the output shaft torque of an electric
rotary actuator 6 with a reduction unit, taking into account
losses in the bearing assemblies 4, M, as well as the
braking torque of losses in them, M, we can determine
the efficiency of a reduction unit for an electromechani-
cal orthosis of a lower limb exoskeleton according to the
following equation:

= M .100% (4)

SM

Where, M, is the output shaft torque of an electric motor
(specified in the certificate).

Knowing the values of the efficiency of a reduction unit
and an electric motor, it is possible to calculate the ef-
ficiency of an electric rotary actuator for an electrome-

chanical orthosis of a lower limb exoskeleton.

EXPERIMENTAL SETUP

To evaluate the proposed method for identifying the effi-
ciency of an electric rotary actuator with a reducer for an
electromechanical orthosis of a lower limb exoskeleton,
test equipment and a test bench were developed (Fig. 3).
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The developed installation and test equipment have the
following features: the rated output shaft torque of the
electric rotary actuator is from 0.1 to 100 N-m; rotation-
al speed of the output shaft of the actuator is from 0 to
3,000 revolutions per minute; the height of the axis of
rotation of the actuator is from 0.01 to 0.125 meters.

1 is a brake disk; 2 is a shaft of a brake disk; 3 is a torque
sensor; 4 is a shaft of a bearing system; 5 is a special
interconnecting link; 6 is a reduction unit of nonstandard
design; 7 is an electric motor; 8 are bearing units; 9 is a
brake control lever; 10 is a brake master cylinder; 11 is
a brake caliper

The electric drive under test is driven by a flat motor Max-
on Motors EC. These electric motors are characterized
by high efficiency and compact flat design. The general
view of the electric motor is shown in Fig. 4.

The parameters of the electric motor 7 are shown in
Table 1.

Table 1: Electrical and mechanical parameters of a
motor Maxon Motors EC 90 at rated voltage

Parameter Value
Rated voltage [V] 36
Idle speed [rev/min] 3,120
Idle current [mA] 348
Rated speed [rev/min] 2,510
Rated torque [MN-m] 560
Maximum efficiency [%] 87

Based on the features of the electric motor, a high-per-
formance control panel was created, which consisted
of a debug board Escon Module Motherboard and a
high-performance driver Escon Module 50/5 made by
Maxon Motors. In conjunction with feedback from Hall
sensors integrated into the electric motor Maxon Motors
EC 90, they ensure a reliable and flexible control of a
synchronous electric actuator. For the driver Escon Mod-
ule 50/5, a software Escon Studio was used, in which the
module could be flexibly adjusted for any three-phase
electric motor, for various feedback options and control
algorithms (torque maintenance / speed maintenance).
Programming was carried out after connecting Escon
Module 50/5 to the USB port of PC and installing the
necessary drivers for the system. The control panel of
the motor consisted of a selector knob determining the
direction of rotation, a resistor for adjusting the rotational
speed of the electric motor, and the start and stop se-
lector toggle switches. The motor power unit Mean Well
HRPG-600-36 is rated for 36 volts.

Fig. 5 shows a general view of a reducer 6 for an elec-
tromechanical orthosis of a lower limb exoskeleton man-
ufactured in the Mechatronic Systems Laboratory of Vol-
ga State University of Technology as part of the project
called “Creating a high-tech production of a multifunc-
tional robotic exoskeleton for medical purposes”.
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Figure 4: General view of a flat motor
Maxon Motors EC 90

Figure 5: A reducer for an electromechanical orthosis
of a lower limb exoskeleton

1 is a flat motor Maxon Motors EC 90 mounted on a
lower limb exoskeleton; 2 is a reducer mounted on a
lower limb exoskeleton; 3 is a general view of a reducer.

Table 2 presents its main technical characteristics.

499



Viadimir Belogusev et al. - Efficiency testing of electric rotary actuators with

non-standard reduction units for lower limb exoskeletons

|

Table 2: Technical characteristics of a reducer
manufactured in the Mechatronic Systems Laboratory
of Volga State University of Technology

1.1 kilowatts with a rated rotational speed of 940 revolu-
tions per minute and rotary bodies with reference values
of inertia were used.

To identify the level of mechanical losses in the bear-
ing units and the efficiency of the reducer, a measuring

system was developed, which consisted of an encoder

(torque sensor M40-100 with a function of registering an-
gular accelerations), a measuring transducer (registrat-

ing unit) and a personal computer (PC) with the installed

software for recording and analyzing the digital signal
(Fig. 6).

RESULTS AND DISCUSSION

The reducers used for an electromechanical orthosis of

a lower limb exoskeleton are produced in the laborato-
ry "Mechatronic Systems" of Volga State University of

Technology as part of the project called "Creating a high-

Parameter Value
Ratio 114
Permissible torque [N-m] 150
Rated torque [N-m] 50
Rated rotational speed [rev/min] 25
Rated DC voltage [V] 36
Rated current [A] 5
Working angle range [degrees] 360
Life time [hours] 5000
Operating ambient temperature [°C] | from -5 to +35
Weight [kg] 2

The determination of the torque and the angular accel-
eration of the tested electric rotary actuator was carried
out using the torque sensor M40-100 manufactured by
Tilkom, Minsk. Sensors of this type are designed to mea-
sure torque in a wide range of rated values: from 0.1 N-m
to 100 N-m. Amicroprocessor electronics module located
on the rotor converts the signals of the strain gages into
a digital code that is transmitted from the rotor to the sta-
tor via a noncontact telemetry communication channel.
The main advantage of torque sensors M40 is the ability
to measure both static and dynamic torque of positive
and negative polarity, rotational speed and acceleration.

The moment of resistance on the output link of the elec-
tric rotary actuator was created using the front wheel
brake mechanism from a vehicle of type VAZ 1111. The
adjustment of the moment of resistance on the output
link of the actuator was carried out by increasing or de-
creasing the pressure on a pusher of a brake mast cylin-
der 10 of VAZ 21083. The brake cylinder was connected
to a caliper 11 with a metal tube.

To determine the level of losses in the bearing assemblies
8 installed in the developed test bench, a single-phase
asynchronous electric motor AIR112MV6 of a power of

tech production of a multifunctional robotic exoskeleton
for medical purposes." Existing instruments do not allow
measuring the efficiency of electric rotary actuators with
reduction units of non-standard design with a high ac-
curacy, which impede the comparative analysis of exist-
ing methods and that developed towards the efficiency
measurements of reducers being produced. Therefore,
to evaluate the reliability of data obtained using the de-
veloped method and test equipment, in the experimen-
tal part, measurements of the output shaft torque of the
electric motor Maxon Motors EC 90 without taking into
account losses in the bearing units of the test bench
were made, and the values obtained were compared
with the values specified in the certificate of the motor.

To do this, the reducer was removed from the system of
rotating masses, and the electric motor was connected
with a special coupling to the shaft of the test bench (Fig.
7). Then, as described above, using the torque sensor
M40-100, the torque of the electric motor, taking into ac-
count losses in the bearing assemblies, was measured.

After that, to determine the braking torque of mechan-
ical losses in the bearing units of the test bench, mea-
surements were carried out using the developed mea-
suring system and the drive induction motor AIR112MV6

(Fig. 8).

F———— ——— —— == — — = = . Induction
| PC Registrating Encod | Bearing motor

unit neoder system 55
| |
I USB | I XK X

(=] 2
l | Rota
| Hardware-software complex | ry
e body
Figure 6: Scheme of hardware-software complex to measure the decelerating torque caused
by mechanical losses in bearing units
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Figure 7: Test bench for determining the efficiency of
the electric motor Maxon Motors EC 90 for an
electromechanical orthosis of a lower limb exoskeleton

In the experimental part of this work in the application of
the developed technique 10 measurements were carried
out, blunders were eliminated, random errors were de-
termined and the average values were found.

1 is a brake disk; 2 is a shaft of a brake disk; 3 is a torque
sensor; 4 is a shaft of a bearing system; 7 is an electric
motor; 8 is a bearing unit; 11 is a brake caliper.

3 is a torque sensor M40-100 with a function of regis-
tering angular accelerations of a system of rotating ele-
ments; 8 are bearing units; 12 is an asynchronous elec-
tric motor of type AIR112MV6 (220/380 V), 4 kW, n = 940
rpm; 13 is a rotary body with the reference moment of
inertia.

The results of the experiments are shown in Table 3.

Thus, according to the results obtained, the discrepancy
between the output shaft torque values of the synchro-
nous electric motor obtained using the developed meth-
od and the values given in its certificate, is about 1.2%.
This value slightly exceeds the total level of random and
systematic errors of measurements with a tensometric

Figure 8: Installation for the experimental determination
of the braking torque of mechanical losses
in bearing units

torque sensor. The obtained results show the conver-
gence of data sufficient for measuring the efficiency of
reduction units and electric drives of non-standard de-
sign and conducting further research to improve their
performance.

CONCLUSIONS

Based on the obtained results, we can conclude that
the developed method allows identifying the efficiency
of electric rotary actuators with non-standard reduction
units without taking into account losses in the bearing
units of test benches with high accuracy and with low
level of time and labor costs.

The developed test equipment can be used to assess
the efficiency of various reducers and non-standard
electric drives not only at the stage of their production,
but also during their operation and maintenance. At the
same time, the use of existing engineering solutions,
such as the car front wheel brake mechanism of VAZ
1111 and the car brake master cylinder of VAZ 21083

Table 3: The error in determining the output shaft torque of the electric motor Maxon Motors EC 90 using
the developed method and test equipment

223 585
> | 2| £ |E5|s32
€ e o o & oE =8
Parameter 5 = o | 8| 252
IS £ © Sg|®82°
X | E 2 |9 | g
= | 3| < g
The torque determined by the torque sensor M40-100, MTS [mN-m] | 539.8 [ 531.5 | 536.2 | 0.472 0.695
The braking torque of mechanical losses in the bearing assemblies
determined using rotary bodies with reference moments of inertia 17.54 1 16.97 | 17.32 ] 0.338 0.275
during retardation of the system of rotating elements, MBTB [mN-m]
Experimentally determined average torque of the electric motor
Maxon Motors EC 90 without taking into account losses in the - - 553.5 - -
bearing assemblies [mMN-m]
The torque of the electric motor Maxon Motors EC 90 according to ) _ 560 ) )
the certificate data, MSM [mN-m]
The discrepancy between the values obtained using the developed ) ) 116 ) )
method and specified in the certificate of the motor [%] '
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monitoring the technical condition of reduction units and
electric drives for exoskeletons.

The developed method can be used by companies pro-
ducing reducers and electric rotary actuators of non-stan-
dard design. Having determined the level of mechanical
losses in the bearing units of a test bench, it is possible
to determine the effective characteristics of the manufac-
tured products with high precision, as well as to conduct
research on their improvement.

In the future, in order to develop this topic, it is assumed
using the developed method and measurement instru-
ments to pursue research on factors affecting the basic
mechanical parameters of electric rotary actuators for
various electromechanical parts of an exoskeleton in or-
der to further improve their performance.
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