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Abstract: The degree of autonomy of a battery-powered mobile device depends, among others, on
the efficient use of energy by the powered devices. Using an example of electric drive systems of
an orthotic robot, the authors present a method of reducing the energy demand of these systems
by using a gear with a controlled ratio. The gear ratios are selected on the basis of special graphs
illustrating the instantaneous energy consumption during drive operations. The simulation studies
proved a possibility of achieving energy savings during the implementation of the robotic functions
of the robot as high as 50%. The article presents the course and results of the research as well as the
concept of their use while designing electric drive systems for mobile devices.
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1. Introduction

Among mechatronic devices driven by electric drive systems, those that consume
energy from sources of limited capacity, mainly batteries or accumulators, have an in-
creasing share. The progress in the construction of such efficient sources, which we are
currently witnessing, resulted in the fact that device designers use battery power not only
in situations where there is no electricity in the immediate vicinity but also when it is only
the convenience of using the device that is at stake. One of the basic problems connected
with the use of batteries is the need to replenish the energy stored in them [1], which often
involves a necessity to put the device out of use for a certain period of time. A spectacular
example of striving to increase the capacity of electric energy sources is the development of
batteries for electric vehicles [2], resulting in an increase in the range of traffic of these vehi-
cles so that they can replace the currently dominant cars with internal combustion engines.
Modern lithium-ion batteries have a capacity of up to 130 Wh/kg and can withstand even
thousands of charging cycles [3]. A typical structure of a battery-powered device is shown

in Figure 1.
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Figure 1. Structure of a mobile device power supply system.
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Efficient energy sources are the basic solution to the problem of the autonomy of
battery-powered devices; however, they are not the only one. In addition to the works
related to the construction of these sources, parallel efforts can be placed into ensuring
the fact that electrically driven systems perform their functions while consuming as little
energy from the batteries supplying them as possible. Examples of such an approach can be
found in the available literature [4-9]. The research described in this article is based on this
approach. The authors’ participated in a four-year “ECO-Mobility” program, under which
they developed a construction of an orthotic robot powered by a battery set and placed it
into operation [10] (Figure 2). The task of orthotic robots is to replace the motor activities of
people with disabled legs [11-13]. The designed robot performs the basic motor functions
of patients: walking on a flat surface, climbing and descending stairs, as well as getting
up and down. The electric drives of the individual joints draw the necessary energy from
the cells placed in a special backpack carried by the user. If we know the actual demand
for electric power of functional modules of the device, then the time Ty during which the
robot will operate properly without a need to charge the battery can be calculated from the
following formula
___ B
- PP+ P

where Ej, is the capacity of the battery set (J); P is the average power demand of the central
and local controllers (W); P, is the average power demand of actuators (W); and P; is the
average power demand of the measuring systems (W).
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Figure 2. The orthotic robot designed and manufactured at the Division of Design of Precision
Devices at the Faculty of Mechatronics, the Warsaw University of Technology.

In the case of devices used for movement generation, actuators have the largest share
in the balance of power drawn from the battery. In the presented robot, it amounts to
more than 90% of the average consumption, which results from the power of the drive
systems amounting to more than 400 W, whereas the power necessary to supply controllers
and measuring systems does not exceed 20 W. For this reason, when trying to reduce this
consumption, it is worth dealing with the actuators in the first place. During the work on
the orthotic robot, a special simulation model of the actuators of the robot was used for
this purpose.

2. Materials and Methods
2.1. Simulation Research of the Robot
2.1.1. Model of the Robot

The structure of the model is shown in Figure 3. The MATLAB/Simulink package was
used as the basic modelling tool. The key to the description of the mechanical structure
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of the orthotic robot was the use of the SimMechanics software, which enables modelling
multi-body mechanical structures, especially the user’s body. The reference signals for
the control systems are the courses of the joints angles based on the so-called standard of
human gait (Figure 4). In the biomechanical literature, these courses are presented in the
conventional domain of the so-called gait or stride cycle T (%) [14], and they are calculated
as follows:

t
= —-100%, 2
T=1 @

where t is the current time (s), and T, is the gait cycle length (s).
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Figure 3. The structure of the simulation model.

40

; e

W /

[<F]
=)

= 20
£
<]
@
o
c

w10
=
=
[=]
)

0

-10

0 80 100

Gait cycle 7 [%]

Figure 4. An example of the course of the hip bend angle in the gait cycle of a healthy person: black

line—measurement data; red line—approximation for control needs.

The robot is equipped with four identical drive systems to move the hip and knee
joints of a disabled person [15]. The design of the drive system according to [16] is shown
in Figure 5, and its functional block diagram is shown in Figure 6. The Dunkermotoren
GR635x55 DC motor with a maximum power of 130 W drives the ball screw gear via a
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toothed belt transmission. The screw gear nut moves linearly and displaces the cable,
which causes the driven joint to rotate. The total ratio of the gears used is equal i, = 167.
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Figure 5. Structure of the drive module with a ball screw.
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Figure 6. Block diagram of the drive system.

Modelling drive systems was based on the principle of reducing mechanical loads
with respect to the electric drive device. The sources of active and passive loads are the
driven elements of the mechanical structure of the robot together with the parts of the user’s
body moved by them. Drive models implement motion profiles developed on the basis of
experimental data [17]. Classic formulas were used to describe the drive transmission units:

Minech
Mg = — 25 ®)
re el
w
Winech = Tml @
8

in which iy denotes the gear ratio, M,,; denotes the load torque reduced to the motor
shaft, M., denotes the torque required to drive the joint, 7, denotes gear efficiency,
Wiech- denotes the angular speed at the joint, and w;, denotes angular speed of the motor,
assuming constant values of the gear ratio and gear efficiency. Due to complexity of the
loads of drive systems, both the motor and generator works of the drive motor occur. In
the first case, the transmission is a reducer; in the second, it is a multiplier. Therefore, the
efficiency values are changed depending on the type of motor operation in the model.
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2.1.2. Simulation Research

The described model made it possible to perform research on the influence of various
factors on the functional and operational characteristics of the device. A particularly impor-
tant topic of this research was to check how these factors affect the energy consumption of
the actuators during the implementation of the basic functions of the robot. In this way,
inter alia, the dependence of energy demands the following investigated items: selected
physical characteristics of users, parameters of the gait performed by the device, and, above
all, on selected design features of electric robot drive systems [17]. These experiments
revealed the ranges of occurrence of different modes of operation of driving motors during
the implementation of orthotic robot functions, particularly the gait function. Figure 7
shows the course of the moment loading the robot’s hip joint obtained by simulating a
walk with a cycle length of 3 s. The course of the angular velocity at this joint is shown in
Figure 8, and the instantaneous mechanical power is calculated as follows in Figure 9.

Pmech = Mmech'wmech/ (5)
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Figure 7. Graph of the torque transmitted by the hip joint over the entire gait cycle.
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Figure 8. Graph of the angular velocity at the hip joint for the entire gait cycle.



Energies 2022, 15, 2674

6 of 20

stance phase swing phase

150 |-

100

50

Mechanical power £, .., [W]

=50

) T
0 20 40 60 80 100

-100 : i ‘ !

Gait cycle © [%]
Figure 9. The course of the mechanical power.

The characteristics of the mechanical power show that, in some phases of the robot
motion, the drive motor performs motor work, and in others—generator work. When the
speed and torque signs match each other, then we are dealing with motor work (power
greater than zero); when the signs of the torque and speed are different, the motor is driven
by external forces: both static (due to the weight of the driven limbs) and dynamic. Then, it
works as a generator or a brake.

Figure 9 shows the areas of motor operation of the drive motor on the diagram of
mechanical power. The simulation tests presented below concerned only those parts of
the joint movement in which the motor operated in the motor mode, excluding the parts
of operation as the generator. This limitation was dictated by the greater reliability of the
controller model for this type of work. Subsequently, it was found that for established
walking algorithms appropriate for the health and physical condition of a given individual,
the parameters of their drive systems have the greatest impact on the energy consumption
of the actuators. Figure 10 shows the dependence of electric energy consumed by the
drive system of the hip joint during one gait cycle for two drive systems with different
parameters of the motors used. The method of calculating energy in a single gait cycle is
explained by the following formula:

Tc Tc
Elz/o Pldt:/O u(t)i()dt ©)

where u denotes the instantaneous value of the control voltage, i denotes the instantaneous
value of the current intensity, and T, denotes the length of the walking cycle. The tests were
carried out for the total gear ratios iy of the reduction gear in the range from 100 to 700. The
obtained curves showed the possibility of reducing energy consumption by selecting an
appropriate gear ratio.

2.2. Calculation of Electrical Energy Drawn from the Source

The results of the research motivated the authors to consider the use of gears with
a variable, controlled ratio in the drive systems. Strongly variable courses of torque and
speed at the driven joints were observed (Figure 11), indicating the occurrence of both
motor and generator operations of the drives, and they were analysed.
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Figure 10. Effect of the gear ratio on energy demand during one cycle of the gait.
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Figure 11. Mechanical trajectory at the hip joint drive during a walk with a cycle period T, = 3 s and
a step length 1= 0.46 m.

During the work on the drive system with a variable ratio, an attempt was made to
develop a method that allows such values of the ratio to be selected where minimization
of energy consumption by the system is ensured. Starting from Formula (6) for electric
energy E; absorbed by the drive from the source it was decided to derive a relationship
making the value of the energy consumed dependent on the gear ratio. For this purpose,
the voltage calculated from the static equation of voltages in DC motor was substituted
into Formula (6):

u(t) = Kpwnm(t) + Rei(t) )

where w;; denotes the angular speed of the motor, Kr denotes back EMF constant, and R;
denotes winding resistance and current i necessary to develop the required torque:

Mmech(t)
l'gT]?KT

i(t) = 8

where M., denotes the value of the torque loading the given joint, Kr denotes the
torque constant of the motor, 77, denotes gear efficiency, and A denotes the exponent that
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determines the influence of efficiency on the reduction in the load in the relationship
between the motor torque and the loading torque.

A= 1 when My, Mecr, > 0 )
| —1when MM, <0 °

The speed of the motor is calculated on the basis of the required speed w,, at
the joint.

Wy = wmechig. (10)

In this way, the instantaneous electric power drawn by the motor from the source is
given by the following formula:

1 > K
P, (ig/ i’) - (Rt M@ecig\(zt) + Winech (t)zv{\mech (t) E ) , (11)
Kr f51g g
and the energy consumed in the gait cycle.
T 2
E (ig/ t) - i/ R; M@ech(t) + Wmech () Minech () Kg dt. (12)
Ko a0 0

The efficiency of the gear depends on the number of its stages and, therefore, indirectly
on its ratio. For the purposes of the conducted research, it was assumed that this quantity
is linearly dependent on the ratio.

7lg = —0.000134ig + 0.901. (13)

The coefficients in the above dependence were determined on the basis of analysing
catalogue transmission data [18,19].

In order to determine the time courses of the values of M, ., and w;,eq;, simulation
experiments were carried out in which the robot imitated the movements of the user’s limbs
during walking. The gait cycle period was 3.8 s—for step length 1 = 0.4 m and 6 s for step
length 1 = 0.7 m. In this way, it was ensured that a constant forward speed during walking
was maintained in both cases. The temporal responses of the torque, angular velocity,
and required instantaneous mechanical power at the knee and hip joints were determined.
Figure 12 shows the courses of moments loading the hip and knee joints, obtained as a
result of simulations for 0.4 m step length, while Figure 13 shows the corresponding torque
courses for 0.7 m step length.
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Figure 12. The load torque courses at the driven joints for step length of = 0.4 m.
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The courses of the required angular velocity at the driven joints for both step lengths
are shown in Figures 14 and 15.
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Figure 14. The required angular velocity runs at the driven joints for step length of 1 = 0.4 m.
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Figure 15. The required angular velocity course at the driven joints for step length of 1 = 0.7 m.
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3. Results
3.1. Determination of the Characteristics of the Consumed Power

For gear ratios in the range of iy = (10, 2000), simulation experiments were carried out
in which the instantaneous electric power consumed by the driving motors of the hip and
knee joints was calculated. Additionally, the maximum angular errors were determined in
the experiments for each of the joints:

Omax = max| (D‘culc - D‘set)|- (14)

as the maximum absolute difference between the calculated value of the joint angle a.(t)
and its reference value a(t). Figures 16-19 show a graphical illustration of the obtained
results in the form of time courses of the power consumed by the drive systems for
individual gear ratios and the maximum errors in mapping the motion as a function of the
gear ratio. All plots are shown in the normalised time domain of T as in Equation (2).

Power
P, [W]

100

|

Gear ratio ig

0 10 20 30 40 50 60 70 80 90 100

Gait cycle T [%] Angular error
Srmax [°]

Figure 16. Graph of the instantaneous energy demand at the hip joint and the maximum profile error
for the tested gear ratios while performing steps of 0.4 m.
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40 50 5 10

Gait cycle t [%] Angular error
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Figure 17. Graph of the instantaneous energy demand at the knee joint and the maximum profile
error for the tested gear ratios when performing steps of 0.4 m.
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Figure 18. Graph of the instantaneous energy demand at the hip joint and the maximum profile error
for the tested gear ratios when performing steps of 0.7 m.
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Figure 19. Graph of the instantaneous energy demand at the knee joint and the maximum profile
error for the tested gear ratios when performing steps of 0.7 m.

3.2. Development of Proposals for Changes in the Ratio

The coloured areas in the graphs indicate the motor operation of the drive motors at
the power consumption possessing values specified by the legend. White areas indicate the
generator operation of the motors. The additional graphs on the right show the motion
profile mapping errors that increase with increasing gear ratio. These plots are the basis
for proposing such gear ratios where the drive systems work at the lowest possible energy
consumption from the source while executing the gait function by the robot (maintaining at
the same time the acceptable accuracy of motion) and where the duration of the operation
as a generator is possibly long. In order to simplify the initial simulation work on the drive
system with a variable gear ratio, it was assumed that, during the gait cycle, the gear ratio
would be changed only twice according to the following formula:

i ig1 for TLC S [Tl,' Tz] (15)
igs for TLC € [0; 1) U (12;100]
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where i; denotes the current gear ratio, ig1 denotes the first gear ratio, ig> denotes the second
gear ratio, t denotes time, and T, denotes the period of the gait cycle. In addition, it was
assumed that the drive system allows only two values of gear ratios to be set, and their
change takes place abruptly at certain moments of the gait cycle. Limiting the number
of gear ratios to only two allows proposing a relatively light and small gear design so
that it has a slight effect on the increase in weight and dimensions of the drive. Another
problem associated with the operation of this transmission is the risk of discontinuity in
the transmission of the drive torque which must be solved, for example, by using friction
clutches. Gear ratios for which the following profile error values:

Omax > 3°.

were not taken into account in the selection. In the graphs of energy demand (Figures 16-19),
black dashed lines mark the area of gear ratios that meet the requirement for the accurate
reconstruction of given angular profiles. The graphs were analysed in terms of indicating
the gear ratios ensuring the longest possible periods of operation in the generator area and
minimum energy consumption in the motor area. In the case of a 0.4 m step at the hip joint,
the following gear ratios were found to be the most effective in terms of energy saving:
P { 300 for 1. € [55;82]% (16)
&\ 620 for T, € [0;55) U (82;100]%

and they were used for further simulation studies. At the knee joint, for the same length of
steps, the proposed gear ratios were as follows.

P 160 for 7, € [35;85]% (17)
gk = 360 for 7. € [0;35) U (85;100]%
For a 0.7 m step, the drive ratio at the hip joint was determined as follows:
. _ [ 600 for . € [35;85]% 18)
gh = 780 for 7. € [0;35) U (85;100]%
and at the knee joint.
. [ 300dla 1. € [32;85]% (19)
gk 500dla . € [0;32) U (85;100]%

The proposed ratios are marked in the diagrams with a dashed red line.

3.3. Determination of Enerqy Consumed in the Gait Cycle

Simulation experiments were carried out to analyse the performance of gait by actu-
ators with gear ratios changed according to the proposed algorithms. The total energy E
consumed during one gait cycle by all four drive systems was determined—two for the
knee joints and two for the hip joints:

E =2-Ey+2Ey, (20)

where Ej;, denotes the energy consumed by the drive of the hip joint and Eq; denotes the
energy consumed by the drive of the knee joint, and both were determined in accordance
with Formula (12), limiting the calculations to the areas of motor operation work:

ie, up(t)ig(t) >0 A uy(t)ip(t) >0, (21)

where uy. denotes the control voltage at the knee joint drive, u;, denotes control voltage at
the hip joint drive, i; denotes the current consumed at the knee joint drive, i;, denotes the
current consumed at the hip joint drive. At this stage of research, the areas of generator
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operation of the motors were not considered. For the above values of gear ratios, tests
were carried out on the total energy consumed by the drive systems during the full cycle
of walking in the area of motor operation in accordance with Formulas (20) and (21).
The results of these tests presented in Table 1 show significant benefits with regard to
energy consumption that can be obtained by changing the gear ratios in the robot drive
systems. The reduction in energy consumption at the level exceeding even 50% confirmed
the correctness of the applied method of gear selection and indicated the advisability of
continuing work on the drive system with a variable gear ratio.

Table 1. Comparison of energy consumption by the robot systems operating with a constant versus a
switchable gear ratio.

Step Length | Energy Consumed E Reduction in
ig =167 = Const. i Switchable Energy
m ] J Consumption
04 236.7 109.1 53%
0.7 852.6 2304 73%

An example illustrating the impact of step changes in the gear ratio on the instanta-
neous electric power consumed by the robot drive system is shown in Figure 20. Electric
power P, is drawn by the drive system of the hip joint with a constant gear ratio i; equal
to 167 as in the case of the real robot presented in Figure 2. Power P, corresponds to the
drive with the gear ratio ip changed stepwise between 380 and 100. The values of Ej, energy
consumed in a single gait cycle by each of the systems were, respectively, E;;; = 76.8 ] and
Ejp =49.2 ], which produces energy reduction by 35%.

i,=380
200 p———————————— = ——
| —Pel —Pez | Sk
160 i l
! |
! |
120 : I
|1—167 1 : Eh1_76.8J
: i,=100 i

40

/\/\\ // E,=49.2 J
~

0 20 40 60 80 100
Gait cycle 1 [%]

Instantaneous electric power P, [W]

Figure 20. Comparison of the energy consumption of a system with a constant and variable ratio.

3.4. Experimental Research
3.4.1. Research Plan

The promising results of simulation tests prompted the authors to verify the proposed
concept by testing the drive systems at the laboratory. First, it was planned to investigate
the influence of the gear ratio on energy consumption by the robot drive system modified
for this purpose (Figure 21), ensuring operation with three ratios: i = 103, i, = 206, and
i3 = 412. It was possible thanks to the addition of a coupling gear with possible gear ratios
1:1, 2:1, and 4:1. The drive system was coupled with an inverted pendulum mechanism,
which ensures loading of the system with both a variable static torque as well as a dynamic
torque. The range of motion of the arm guaranteed a possibility of both motor and generator
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mode of operation of the drive system, which in selected parts of the motion is consistent
with the working conditions of the robot actuators.

Weight
plates

Arm of the load

system
Coupling gear

Gears

Motor

Fastening
of the drive

Figure 21. View of the developed mechanical subsystem.

The research included the following stages:

1. Implementation of selected motion profiles at the driven joint for several different
gear ratios of the drive system and at different loads on the joint, with simultaneous
recording of the time courses of electric power consumed by the drive motor, and
checking at the same time the course of the rotation angle at the joint in order to
guarantee compliance with the assumed functional requirements;

2. Presentation of the recorded results in a form of plots of the electric power consumed
for each of the gear ratios and each of the loads, as well as the calculation of the
amount of energy consumed for each of the cases;

3. An attempt to synthesise, for each load, the temporal fragments of power courses in
such a way, as to obtain the lowest possible energy consumption. The result of this
operation is to indicate the suggested moments of time, when the gear ratio is to be
changed during the standard operation of the drive.

3.4.2. The Test Stand

To conduct experimental tests of the modified drive system, a test stand was built; its
block diagram is shown in Figure 22. The station uses the ATmega8 microcontroller, which
generates control pulses according to the developed angular position trajectory. The motor
of the tested drive system is a Dunkermotoren product with the symbol GR635x55, nominal
voltage 24 V DC, and nominal power 117 W. The starting torque of the motor is 3.4 Nm.
The motor is controlled by a programmable SID 116 controller. The angular position of the
joint is measured with the use of Megatron’s MAB18A absolute 12-bit magnetic converter.
The measurement of the motor current is performed by a LEM current transducer, which
uses the Hall effect. The value of the loading torque is determined by measuring the force
acting on a known, fixed arm. This force is measured with the use of the KM500 strain
gauge transducer from Megatron. The motor control voltage was PWM modulated and a
low-pass filter is used for its measurement. The same filtering is applied to the remaining
measurement signals. The signals are recorded on a digital oscilloscope. The real view of
the stand is shown in Figure 23.
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Figure 22. Block diagram of the test stand.
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Figure 23. View of the tested drive system.

Due to the technical limitations of the test stand, it was not possible to repeat the
experiments previously performed using computer simulation. Therefore, other, simplified
movement profiles have been proposed: sinusoidal and triangular. The sinusoidal profile
was the equivalent of a fragment of the motion profile in the knee joint during walking,
and the triangular profile was adopted as a standard course, allowing for possible later
comparisons of different solutions. Figures 24-26 show the results of the recorded rotation
angle at the joint, motor control voltage, and motor current during the sinusoidal motion of

the arm loaded by a mass of 10 kg.

Computer system
Power | o o o e e e e e e e e e e e e B e
supply ! Electronic
28V10A 1
| systems
" Motor
Power I controller
supply |
+-15V
1 Current Voltage Angle Torque
1 measurement measurement measurement measurement
Power |
supply !
5v (U (R i N - _———



Energies 2022, 15, 2674 16 of 20

100

80

60 +

Angle ¢ []

40

20

Time t [s]
Figure 24. Time profile of the angular position at the joint.
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Figure 26. Current consumed by the motor.

3.4.3. Research and the Obtained Results

A series of tests was performed with different loads imposed on the drive system. The
research program was developed on the basis of qualitative and quantitative observations
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of the recorded courses. It was decided that the drive system would be loaded with weights
of the following: 0, 5, 10, and 15 kg. For each of the loads, the experiments were carried
out for both the triangular and sinusoidal angular displacement profiles at the joint. The
vertical position (0°) was assumed as the initial position of the loading system levers,
and the horizontal position (90°) was assumed as the final position. This procedure was
aimed at emphasizing the generator phase of the drive operation, which had been not
taken into account in the previous simulation tests. The period of the movement was set
as T = 5 s, which reflects the typical periods in the operation of the orthotic robot. The
experiments were repeated for each of the three ratios of the coupling gear: 1:1, 2:1, and
4:1. In accordance with the proposed research method, during the experiments, the current
and voltage courses at the motor were recorded. Then, they were used to calculate the
instantaneous electric power consumption and, finally, the total energy consumed. The
signals obtained during the experiments were processed to obtain the following courses:

Voltage supplying the motor;
Motor current;

Instantaneous electric power Py;
Total electric energy Ey;

Angle o at the joint.

During the instantaneous power calculations, it was assumed that the negative power
would not be analysed due to insufficient knowledge about the energy flow in the controller
used. In the case of negative power, its value was assumed to be zero in the calculations.
Figure 27 shows examples of power courses for the three gear ratios.
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Figure 27. Sample courses of the instantaneous power consumed for the three gear ratios while
reconstructing a sinusoidal profile of the arm movement.

The total electric energy consumed by the motor during operation was calculated
as the integral of the instantaneous power. The obtained test results are presented in
Tables 2 and 3.

Table 2. Values of the energy E; consumed during reconstruction of a sinusoidal motion profile.

Mass of the Weights Consumed Energy Py (J)
m (kg) is =11 i =2:1 i =4:1
0 3.02 5.30 8.17
5 1.38 2.15 4.66
10 3.07 1.40 2.65

15 597 1.37 1.88
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Table 3. Values of energy E; consumed during reconstruction of a triangular motion profile.

Mass of the Weights Consumed Energy Py (J)
m (kg) is =1:1 is=2:1 is = 4:1
0 3.19 6.20 3.68
5 1.59 2.86 2.16
10 2.84 2.05 2.00
15 4.49 2.20 2.71

The analysis of the results presented in the tables shows the following;:

e  Thereis a visible relationship between the gear ratio and the electric energy consumed
by the drive system during the movement, both at a constant speed and at a sine-profile
of the speed;

e Differences in energy consumption depending on the gear ratio reach exceed even
70% of the highest energy value measured for a given load;

e  The amount of energy consumed depends of course also on the load, but the analysis
of the related influence in the situation, when generator operation is dominant, seems
to be pointless.

4. Discussion

Both simulation and experimental studies have proved that in drive systems with
DC motors, there is a significant influence of the gear ratio on the consumption of electric
energy during the implementation of the mechanical functions of the systems. In this
situation, it seems obvious to use the existing dependencies to reduce the energy demand
of drive systems, particularly those powered by batteries, especially when a heavy set of
batteries has to be carried personally by the user of the device. The reported works present
one of the possible methods of achieving this goal. The example of actuators of an orthotic
robot is representative for a system with programmed control. Therefore, the changes of
ratio that are advantageous from an energetic point of view can be predefined and then
successfully used during the standard operation of the device.

For this purpose, simulation-determined “maps” illustrating dependency between
the gear ratio and the power consumption by the drive systems while they perform their
mechanical functions are to be used. The analysis of these maps shows that the gear ratios
used to minimise energy consumption change continuously; therefore, the application
of a gear for which its ratio can be changed continuously could be considered while
reconstructing its predetermined courses. For technical reasons, the authors put this
solution aside, starting with a proposal of a simple change of gear ratios, and only between
two values. Such an approach is favoured by the fact that even at the current stage, it
guarantees a significant energy gain, exceeding 50%, which was what was proved both by
computer simulations as well as laboratory experiments. It must be also realised that in
the case of many devices, only simple, compact solutions can be used due to limitations
concerning their spatial configuration and their overall dimensions or the permissible mass.
It corresponds exactly to the case of the considered orthotic robot actuators.

When assessing benefits regarding energy consumption, obtained thanks to the use
of a controlled ratio of the gear, it should be noted that the current research has not taken
into consideration a possibility of recovering energy in generator areas of the operation of
the drive motors (the energy consumption in these areas was assumed to be zero). Future
studies will take into account this aspect of the motor operation, which should result in a
further reduction in the energy demand of the drive systems.

Additionally, it was planned to test a transmission with a variable ratio, switched in
a stepwise manner during the performance of the drive functions. The tests will enable,
inter alia, the assessment of the energy consumed while switching the gear ratio and will
reveal a possible impact of the gear ratio steps on the implementation of the predetermined
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motion profiles of the driven mechanisms. Still another idea to be applied is the recovery
of energy from the heat dissipated in drive systems, as proposed in the case of an electric
vehicle in [20].

5. Conclusions

The proposed method of controlling the drives is considered by the authors as a
significant potential allowing for the improvement of electric drive systems of battery-
powered mobile devices. In the first place, these improvements may concern drives that
perform their functions according to predetermined programs. The method using power
consumption maps prepared by means of computer simulations may be useful in this case.
This method can be improved by replacing the visual analysis of maps with appropriately
selected data processing algorithms. In the nearest future, the authors predict an attempt
to extend the tested control method to event-controlled systems, e.g., electric vehicles.
An example of such an approach applied for mobile electronic devices has already been
presented in [21]. The results obtained by the authors in the form of energy savings at the
level of several to ten percent make it possible to look with optimism at the application
of the developed original method of controlling the ratio in drive systems with clear,
predictable phases of generator operation. The examples of energy consumption reduction
in electric vehicles due to the use of special mechanical transmissions described in the
articles [3,6] do not exceed 20%. The authors consider their method an important scientific
achievement. They also hope that, after conducting additional, planned tests, it will be
possible to propose its use also in other biomechanical devices, e.g., portable devices for the
rehabilitation of limbs, patient lifts, or rehabilitation beds. However, the most advantageous
effects can be obtained in drive systems that operate with cyclically changing modes of
operation of the drive motor.
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