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Energy Consumption of Geared DC Motors
in Dynamic Applications:
Comparing Modeling Approaches

Tom Verstraten, Raphael Furnémont, Glenn Mathijssen, Bram Vanderborght and Dirk Lefeber

Abstract—In recent years, many works have appeared which
present novel mechanical designs, control strategies or trajectory
planning algorithms for improved energy efficiency. The actuator
model is an essential part of these works, since the optimization
of energy consumption strongly depends of the accuracy of
this model. Nevertheless, various authors follow very different
approaches, often neglecting speed- and load-dependent losses
and inertias of components such as the motor and the gearbox.
Furthermore, there is no consensus on how negative power affects
power consumption. Some authors calculate energy consumption
by integrating the electrical power entirely, by integrating its
absolute value, or by integrating only positive power. This paper
assesses how well commonly used models succeed in predicting
the energy consumption of an 80 W geared DC motor performing
a dynamic task, by comparing the results they produce to
experimental baseline measurements.

Index Terms—Energy and Environment-aware Automation;
Optimization and Optimal Control; Simulation and Animation

I. INTRODUCTION

ANY fields in robotics investigate mobile applications

such as prosthetics, exoskeletons, robots for exploration
etc. One of the concerns in these fields is the autonomy of
the power supply, typically battery packs. Although battery
capacity has increased over the past years, batteries still take
up a huge part of the total weight and size of such systems. An
elegant way of solving this problem is to reduce the energy
consumption of the actuators. Many authors have attempted
to achieve this through modifications in trajectory planning,
control or mechanical design - typically by adding compliant
elements to the typical gearbox-motor combination. A repre-
sentative model is an important condition to obtain optimal
solutions or to be able to compare different designs. Still, re-
cent publications adopt very different methods when it comes
to the calculation of energy consumption. Many authors base
their calculations entirely on mechanical energy consumption
at the output shaft of the gearbox [1][2][3][4][5][6][7], not
taking into account the efficiency of the gearbox and the motor.
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As most efficiencies are load- and speed-dependent, something
which is especially the case for DC motors, one can expect
that the most efficient solution in terms of mechanical energy
consumption will not necessarily be the best solution in terms
of electrical energy consumption. In this regard, interesting
results were presented in [8], in which an optimization is
performed on a robotic arm. Here, the authors claim having
achieved two third of their energy savings due to a more
efficient use of the DC motor. For this reason, some authors
have implemented a DC motor model in order to improve
their calculations. It often only contains a term representing the
losses due to the resistance of the motor windings [9][10][11],
but sometimes also a damping or friction term to match the
model with the no-load current [8][12][13]. In most cases,
motor inertia is included into the model, although the inertia
of the gearbox is mostly neglected, a rare exception being
[11]. This can have important consequences for the accuracy of
dynamic models, since in many actuator systems the reflected
inertia of the motor and gearbox is much larger than the inertia
of the link itself [14].

The calculation of energy consumption from the consumed
power is another issue on which papers disagree. Integrating
the absolute value of power (or, in optimizations, its square)
is very common, especially in the fields of prosthetics and
exoskeletons [1][2][4][5]1[15][16]. There are, however, many
authors who directly use the power as integrand, without
taking the absolute value [3][8][10][17]. In some cases, the
authors discard any negative power, only integrating over the
regions of positive power [18][19].

The aim of this paper is to assess the quality of different
models of varying complexity by using them to calculate the
energy consumption for a simple task - an 80W geared DC
motor applying a sinusoidal trajectory to a pendulum - and
comparing those results to experiments. In Section II, we
present four models commonly found in literature, and we give
some background about the calculation of energy from power.
Section III introduces the setup that was used to provide the
baseline measurement, as well as the trajectories that will be
imposed to the load and the torques that result from them. A
comparison of the models, based on the power profiles and
energy consumptions they yield, is presented in Section IV.
Finally, we will discuss to what extent the models are suited
to predict the energy consumption of a geared DC motor,
depending on the load and trajectory (Section V).
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II. MODELS
A. Catalog-based motor and gearbox models

1) First Quadrant Constant Efficiency approach (1QCE):
In the first approach, we will calculate the energy consumption
as if the drive were operated at steady-state conditions in the
first quadrant of operation (positive torque and speed). The
relation between the torque at the gearbox shaft 7; and the
torque at the motor shaft 7;, can be calculated if gearbox
efficiency 1, and gear ratio n are known:

1, =nn, Ty (D

Assuming that losses do not affect voltage but only current, we
can estimate the motor current / based on the motor’s torque
constant k; and the catalog efficiency 1,,:

Tm - kt nml (2)

The motor’s voltage U is a function of the motor’s speed
constant k; and motor speed 6,, = n6;:

U = kbn 3)
= kbnél

Consequently, the consumed electrical power P, will be
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This last formula, which is correct if the motor is constantly
operating at its maximum efficiency, is perhaps the most
common way of calculating the energy consumed by a motor.
2) Four Quadrant Constant Efficiency approach (4QCE):
In four-quadrant operation, power can flow from the motor to
the load (quadrants I and III) or vice versa (quadrants II and
IV). In the latter case, the load is driving the motor, and the
losses must be deducted from the energy of the load instead
of the energy at the motor shaft. As proposed in [20], this can
be implemented by defining a gearbox efficiency function C;,:

C.— Ner (load driven by motor) )
T /M (motor driven by load)
Equation (1) becomes
T, = CynTy, (6)

Similarly, we can define a motor efficiency function G, to
rewrite Eq. (2):

N (load driven by motor)

Cn= . (7N
1/Nm (motor driven by load)

T = kGl @®)

Motor voltage and electrical power can be calculated by
applying equations (3) and (4).

3) Four Quadrant Constant Efficiency approach with motor
and gearbox Inertia (4QCEI): The next step is to add the
motor and gearbox inertia to the model. If gearbox inertia J;,
is specified at the input shaft, the shaft torque becomes

T, = . Tl +Jtrém (9)

1
nCtr
and a term containing motor inertia J,, is added to Eq. (8):

I (Ton+Jmbn) (10)

kG
4) Full DC Motor Model approach (FMM): In this ap-
proach, we will use a full DC motor model instead of the
motor efficiency function C,,. The equations for motor current
(10) and voltage (3) are replaced with
1= (JnOn+ Vb +Ty) an
U=L%Y+RI+k,0,

The motor’s terminal resistance R,, and inductance L can usu-
ally be retrieved from the motor’s datasheet. For the motor’s
viscous damping coefficient v,,, we will use the estimate

_ ki - Iy

v, 12
" o (12)

which ensures that, in no-load conditions, a current equal to
the no-load current [,,; is consumed when the motor is rotating
at the no-load speed w,;.

B. Controller losses

Because we are interested in the total energy consumption
of the actuator, experiments will be carried out by measuring
the power consumption at the battery terminals. This means
that, in addition to the above model, the losses due to the
controller need to be calculated. Two types of losses occur:

o Continuous losses due to controller electronics: Some
manufacturers specify a standby or idle current consump-
tion in their datasheets. This is the current which is con-
tinuously drawn from the power source in order to power
the electronics. Small, versatile 4-quadrant controllers up
to 50W typically consume around 50 mA. By multiplying
this current with the power source voltage, the constant
power loss Pyquapy due to controller electronics can be
calculated. In low-power applications, this loss - typically
1 to 2W - can be a major contributor to the total energy
consumption.

o Losses related to the power flowing through the con-
troller: In general, datasheets mention a controller ef-
ficiency MNcontroiter, typically 90-95%. Mcontrotier can be
used to calculate the power drawn from the power source,
Psources by applying following formula:

Psource = CePejec + Pvtundby (13)

in which Pyuuqpy corresponds to the losses due to con-
troller electronics, as explained above, and C. is the
controller efficiency function, defined as

C. = {l/ncommller (Pelgc > 0) (14)

Necontroller (Pelec < 0)
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In case of the 1QCE model, C, will be set to 1/Neontrotier
at all time, consistent with the way efficiency is treated
in the model.

C. Energy consumption models

1) Integration of power: Following the basic relationship
between power and energy, we can calculate the electrical
energy consumption E,,. from the source power Pyyurce DY
integration of the latter w.r.t. time:

Eelec = /Psource(t)dt (15)
This is the approach which is followed in most branches
of physics and engineering, and which should be applied to
controllers which allow for regeneration.

2) Integrated absolute power model: In robotics, it is
common to make the assumption that the energetic cost of
absorbing power is as high as supplying power to the load.
Practically, this means that in Eq. (15) the integrand Pioyrce
should be replaced by its absolute value:

Eelec,abs:/|Psource(t)|dt (16)
Physically, this formula states that, in case of negative power
flow, the motor and the controller are receiving energy from
both the load and the power source. This would mean that
all the energy is dissipated somewhere in these components.
While this is rather unlogical, the formula has the benefit
of yielding a systematically higher energy consumption than
Eq. (15), and can therefore compensate for unmodeled losses,
possibly bringing the modeled energy consumption closer
to the real energy consumption. As we will demonstrate
in Section IV, while in some cases Eq. (16) may lead to
results which correspond better to measurements, it is strongly
dependent on the model which is used, and can therefore be
expected to produce more arbitrary results than Eq. (15).

3) Integrated positive power model: A final approach,
which is only followed in a limited number of papers, is the
integration of positive power:

Eelec,pos = /max (OaPsource(t))dt (17
This approach would be most suitable if the controller does
not allow for regeneration, but braking is possible through the
use of braking resistors, or if electronic circuitry is preventing
the controller from sending current into the battery. Such
protection circuits are common with high-end batteries such
as Li-lon batteries, which may get damaged or even explode
if too high reverse currents are applied [21].

Comparing Eq. (17) to Eqgs. (15) and (16), one can easily
prove that

1
Eelec,pos = 5 (Eelec + Eelec,abs) (13)

In other words, E¢jec pos i simply the average of Ej.. and
Eelec,abs-

Fig. 1. Pendulum test set-up. Mechanical energy consumption can be
calculated from the measurements of the torque sensor (b) and the encoder (c),
placed in between the motor-gearbox (d) and the pendulum load (a). Current
and voltage are measured at the battery terminals (not shown on picture).

D. Power source losses

The paper only considers the energy consumed at the
input of the controller. There is, however, also an efficiency
associated with the power source. This is particularly relevant
if the power source is a portable unit such as a battery. Lead-
acid battery cycle efficiencies are typically around 80 % [22],
while the lightweight Li-ion batteries reach efficiencies of
around 90% [23]. Additional protection circuits may further
decrease these efficiencies. As a consequence of the battery
losses, it will not be possible to entirely reuse the energy
regenerated by the motor; in other words, the negative power
is effectively decreased by the battery efficiency [24]. While a
discussion of losses in power sources goes beyond the scope
of this paper, readers are encouraged to check for further
publications on the energy losses of their specific type of
power source, especially if they are considering regeneration
as a means to prolong battery life.

III. TEST SETUP

In order to assess the quality of the models established in
Section II, they are applied to the setup shown in Fig. 1. The
setup consists of a pendulum with properties listed in Table
I, driven by a 80 W Maxon DCX35L motor with a planetary
gearbox of ratio n=113 (Table II).

The motor will impose a sinusoidal trajectory to the output

6, = 6y sin (t) (19)

TABLE I
SPECIFICATIONS OF SETUP
Mass M 2.493 kg
Moment of inertia in rotation axis J 0.224 kg m?
Distance from rotation axis to COG [ 253.3 mm
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TABLE II
SPECIFICATIONS OF GEARBOX AND MOTOR
Nominal power 80 W
Nominal speed 6640 rpm
Nominal torque 120 mNm
No-load speed @, 7200 rpm
No-load current 1, 177 mA
Max. motor efficiency 7, 87.8%
Terminal resistance R 0.212 Ohm
Terminal inductance L 0.0774 mH
Torque constant k; 23.4 mNm/A
Speed constant & 408 rpm/V
Rotor inertia J, 102 gem?
Gear ratio n 338/3
Gearbox inertia J;,- Se-7 kg m?
Gearbox efficiency 1, 72%

with frequencies @ of 0.5, 1, 2 and 5 rad/s and an amplitude 6,
of 80°. This dynamic task spans all four quadrants of operation
and has a net mechanical energy consumption of zero.

The relation between the output angle 6 and the gearbox
output torque 7; is
T, = J6 + Mglsin(0) + sign(0) - Tc + vO (20)
of which the relevant parameters can be found in Table I.
Friction is represented by Coulomb friction sign(8)- Tc and
viscous friction v@, a generally accepted classic model [25].
The values for Tc and v were obtained experimentally, and
were found to be 0.064 Nm and 0.081 Nms/rad. More elab-
orate bearing friction models exist which capture temperature
and torque-dependent friction, e.g. [26], and include higher-
order speed-dependent terms, e.g. [27]. While they may be
able to capture more losses and as such significantly improve
the quality of the model, the basic friction model employed
in Eq. (20) was found adequate for the purpose of comparing
the models presented in Section II to the experimental data.

Finally, the mechanical output power can be obtained by
multiplying the derivative of Eq. (19) with Eq. (20):

Poecn =T10 2n

The setup allows for a measurement of both mechanical
(output) power and electrical (input) power. Mechanical power
can be calculated by multiplying the torque, measured by
an ETH Messtechnik DRBK-I torque sensor (max. error
0.1Nm), by the speed obtained from a US Digital E6 optical
encoder (resolution 2000 counts per turn). Electrical power
was calculated as the product of battery voltage and current.
The current was measured by an Allegro ACS712 current
sensor (max. error 1.5%); the voltage was connected directly
to the analog I/O of the National Instruments sbRIO-9626
board used for data acquisition. The sinusoidal trajectory was
imposed by a Maxon EPOS2 50/5 motor controller which was
powered by two 12V lead-acid batteries placed in series. Every
measurement in the following section is the average of at least
10 pendulum periods in order to reduce noise and other non-
reproducible effects.

Mech. power (W)

-3 i i i i i i
0 2 4 6 8 10 12

Time(s)

Fig. 2. Measured and modeled mechanical power consumption at the output,
for one period of the pendulum at 0.5 rad/s. There is a good match between
both, indicating that the mechanical model of the setup is accurate.

IV. RESULTS
A. Mechanical output power

In order to validate the model of the setup, the power profile
at the output was measured. The results at 0.5 rad/s are shown
in Fig. 2. The good match between the measurement and the
model indicate that the parameters of the setup (Table I) are
estimated correctly, and that Eq. (20) and Eq. (19) describe
the torque and position of the output well. The symmetry
of the curve also demonstrates that the amounts of negative
and positive work forced upon the load are nearly equal. This
symmetry is maintained at higher pendulum speeds.

B. Source power

We will now compare how well the modeled and measured
source powers match. Fig. 3 shows the measured and mod-
eled electrical power at the battery terminal, for a pendulum
swinging at 0.5 rad/s and 5 rad/s. Note that, unlike the
mechanical power, none of the electrical power profiles is
symmetrical w.r.t. the power axis. This is mainly caused by
the - mostly constant - controller losses, which add an offset
to the electrical power curves.

At 5 rad/s, regeneration occurs between 0.1-0.3s and 0.7-
0.9s. At 0.5 rad/s however, negative power is completely
consumed by the losses, so that none of it is left at the
battery terminals. This demonstrates how hard it can be to
design a low-power system which can recover energy from
the load. To have a considerable amount of negative power
available at the load is, obviously, an important condition for
energy regeneration, but secondly, the system should also be
designed to have a high efficiency, so that this energy is not
lost when power is flowing through the actuator. Only if both
conditions are met, the negative energy can be used to recharge
the battery. A successful example can be found in [28], where
the authors performed an experiment in which they managed
to regenerate 63% of the negative work.

The discontinuity in the power profiles is not predicted
by the 1QCE model because the directionality of gearbox
efficiency, which is the cause of this phenomenon, is not
incorporated into this model. The results obtained by using
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Fig. 3. Measured and modeled electrical power consumption at the battery
terminals for one period of the pendulum at (a) 0.5 rad/s and (b) 5 rad/s. While
the discontinuities in the power profile due to the gearbox efficiency (5) are
clearly visible in the measurements at 0.5 rad/s, they are hardly distinguishable
in the 5 rad/s measurement. This is due to the time constant of the closed
loop system, which is too slow to track the required discontinuous current at
this frequency.

this model can therefore be discarded, especially when low-
efficiency gearboxes are used. The 4QCE and 4QCEI models
yield very similar power profiles at low speed (0.5 rad/s),
because the gravitational torque is rather high compared to
the inertial torque caused by the motor’s acceleration. At
higher speeds and accelerations (5 rad/s), however, the power
model obtained by the 4QCE model is far from accurate. The
peak in electrical power in the 0.5 rad/s measurement occurs
at a later time in than predicted by the 4QCE and 4QCEI
models, and its amplitude is higher. The FMM model, in
which the motor efficiency is load- and speed-dependent, is
able to predict this shift, even though it still does not fully
match the measurements. A possible cause is the load- and
speed dependency of gearbox efficiency, something which is
not accounted for in any of the models. Finally, the notches
predicted by the FMM and 4QCEI models are not clearly
visible in the 5 rad/s power measurement, because the closed
loop time constant was too low to track the discontinuity
at this speed. Nevertheless, the measurements clearly follow
the general trend predicted by the FMM and 4QCEI model.
Both models do not differ much in this measurement, because
here, the motor operates mostly in regions with near-maximum
efficiency. In any case, the measurements indicate that load-

TABLE 111
MEASURED AND MODELED ENERGY CONSUMPTION FOR ONE PENDULUM
PERIOD, AT FREQUENCIES OF 0.5, 1, 2 AND 5 RAD/S.

0.5 rad/s 1 rad/s 2 rad/s 5 rad/s

measured 51.08 J 29907J | 18307 | 11.857]
1QCE Eolec 46.73 ] 23357 | 11,507 | 6.627
Eelec.abs 49717 | 36547 [ 2916 T | 7457

4QCE Eorec 45927 | 27997 | 178171 | 7.127
Eelec.abs 4592J 30.67J | 2276 7 | 7137

Eojec 4573 27571 | 169171 | 9.667J

AQCEl 45737 [ 29.99 T [ 20447 | 16757
EMM Eelec 52.55] 29.80J | 17.257 | 10.88J
Eeloc.abs 52557 [ 31927 [ 20677 | 17407

and speed-dependent losses affect the input power of an
actuated system, and that they can be predicted provided that
an adequate model is used.

C. Consumed energy

Although the comparison of power profiles already gives
a lot of information, it is still interesting to see how they
translate to energy consumption. The measured and modeled
energy consumption of the pendulum at frequencies of 0.5, 1,
2 and 5 rad/s is displayed in Table III. Both equations (15)
and (16) are used to derive the energy consumption from the
powers obtained by all models presented in Section II-A. The
energy consumption derived from Eq. (17), Egjec,pos, 18 not
included in the table. It was left out because, as explained in
Section II-C, it is simply the average of E¢joc and Egjec aps, and
therefore does not add anything to the discussion.

Energy consumption decreases with frequency, as the mea-
surements are increasingly nearer to the pendulum’s reso-
nance frequency (4.4 rad/s) at which energy consumption
is minimal [24], and because the time for the pendulum to
complete one period increases as the frequency decreases.
The measurements and all models confirm this general trend.
The energy consumed by the idle current of the controller
is a linear function of time, and so, at low speeds, it will
represent a large portion of the energy consumption. At 0.5
rad/s, the idle current causes a loss of 18.6 J (36.4% of
the total consumption), whereas at 5 rad/s, this is only 1.9
J (15.7% of total energy consumption). This demonstrates
that an energy-efficient controller and, more generally, energy-
efficient electronics, can also contribute to the reduction of
energy losses, especially in low-power applications.

We will now discuss more specific trends related to the
models and the way energy is calculated.

1) Egjec vs. Eelec,abs: Comparing E,jec to Eelec,absa we ob-
serve no difference at all at a frequency of 0.5 rad/s, because
the negative power from the load is entirely consumed by
the losses. The difference increases at higher frequencies, at
which more negative power is available. At 5 rad/s, the E,
value obtained by the FMM model clearly provides the best
prediction.

Table III demonstrates a striking trend in the way how
modeled energy consumption evolves as the complexity of the
model increases. As we move from the simple yet incorrect
1QCE model to the more complex FMM model, which con-
tains more loss mechanisms, we see that, in general, the energy
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consumption predicted by E,j. is increasing. The inertia of
the motor and gearbox may counter this effect (as evidenced
by comparing the 4QCE and 4QCEI model at 0.5-2 rad/s)
by slightly redistributing the power over the pendulum cycle,
but apart from this, there is a clear trend towards increasing
energy consumption with increasing model complexity. This
is in line with what one would expect: the more losses are
considered, the higher the predicted energy consumption will
be. Looking at Eje. qbs, however, there is little consistency in
how energy consumption evolves with model complexity. At
5 rad/s, Eejec qps follows the logical trend of increasing energy
consumption with increasing model accuracy, whereas at 1
and 2 rad/s, the opposite is true. The least accurate model, the
1QCE model, yields the highest energy consumption Ejec aps
at 1 rad/s and 2 rad/s, overestimating the actual consumption
by no less than 22.2% and 59.3%. It is the combination of
two inaccuracies that causes the predicted energy consumption
to boom. First, Eq. (1) will lead to negative power losses in
negative power flow, increasing the amount of negative energy
instead of reducing it. This conflicts with the “passive sign
convention”, which states that dissipated power is a positive
quantity [29]. Second, this error is amplified by the use of
Eq. (16), which converts the - overestimated - negative energy
into a positive contribution to the total energy consumption.
In conclusion, the results presented in Table III prove that Eq.
(16) can lead to serious errors, especially if losses are modeled
incorrectly in negative power flow.

2) Comparison between models: The 1QCE model yields
very inaccurate energy consumption values, underestimating
energy consumption (in case of E,..) by up to 44.1% at
2 rad/s, or overestimating it (in case of E,ecqps) by up to
59.3% at 2 rad/s. This comes as no surprise, as in Section
IV-B we already pointed out that the measured power profile
corresponded very badly with the one obtained from the 1QCE
model.

The only difference between the 4QCE and 4QCEI models
is the addition of gearbox and motor inertia to the model.
Inertia acts as an energy buffer, so intrinsically it does not
cause additional energy losses. This is why both models
produce very similar energies, especially at low frequencies.
One can notice that, moving from the 4QCE to the 4QCEI
model, energy consumption decreases at 0.5, 1 and 2 rad/s,
but increases at 5 rad/s. By adding gearbox and motor inertia
to the model, the total inertia of the modeled system increases,
and consequently its resonance frequency @y, which is given
by

oy = Mgl
B J+n2ntr(-]m +Jtr)

for the linearized system, decreases. With @y = 4.4 rad/s in
this particular setup, the 0.5, 1 and 2 rad/s measurements
are performed below resonance frequency. In this case, the
lowered resonance frequency due to the additional inertias
will lead to lower motor currents and powers. The Joule
losses being proportional to current squared, this in turn will
lead to lower energy losses. Conversely, if a frequency above
resonance is imposed, as in the 5 rad/s measurement, the

(22)

torques and powers will increase, and so will the energy losses
in the system.

Finally, there is the FMM model, which incorporates load-
and speed-dependent motor losses and is by far the most
detailed of the four models. Because the catalog efficiency
used in the other models is in fact the maximum efficiency
Mm, the energy consumption predicted by the FMM model
will always be higher than the 4QCEI model, which assumes
a constant motor efficiency of 1,,. Looking at E,;,., the FMM
model produces very decent results, with a maximum error
of 8.1% at 5 rad/s. Its underestimation of power consumption
indicates that there is still some room for improvement by
adding yet unmodeled losses, e.g. speed- and load-dependent
gearbox losses, or by improving the current model, e.g. by
modeling the influence of motor heating on the motor winding
resistance or by increasing the complexity of the friction
model, as suggested in Section III.

V. CONCLUSION

The aim of this paper was to study how well different
modeling approaches commonly found in literature can predict
the energy consumption of a geared DC motor performing
a dynamic task. If one thing stood out clearly from the
measurements presented in this paper, it is the importance of
defining efficiency functions based on the direction of power
flow. If the equations which apply to the 1st quadrant of motor
operation are maintained - something which is all too often the
case - this can lead to serious errors in the estimated energy
consumption. A DC motor model can help to cover more of
the load- and speed-dependent losses, and so may a load- and
speed-dependent gearbox efficiency model. The latter is more
difficult to generate from datasheet information though, and
for this reason, it was not studied in this paper. Gearbox and
motor inertia have an impact on the resonance frequency of the
system, making them particularly relevant for systems which
require high accelerations at low torques. While the inertia
itself does not cause additional losses, it may cause the total
system loss to drop or increase by changing the current flowing
through the motor.

Even though the motion demanded equal amounts of pos-
itive and negative work to be done on the load, and even
though the amount of negative work was substantial, almost
none of it was retained at the battery terminals in the slowest
measurements. This demonstrates how hard it can be to regen-
erate negative energy in a simple actuator system. Calculating
the energy consumption is by integrating the absolute value of
power was shown to be an unreliable method which produces
inconsistent results depending on the model which is used
to calculate the losses. The physically correct approach of
integrating the power itself leads to consistently good results,
provided that the system is modeled sufficiently well.

With this paper, the authors hope to have shed some light
on the different modeling approaches presented in literature.
We hope that the results from this paper will serve as a base
from which designers can decide which elements to include
in their model, whether their purpose is to compare designs
or to get an actual estimate of the consumed power, e.g. for
the calculation of power source requirements.
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