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Abstract: The article presents the methodology for light two-wheeled electric vehicle energy balance investigation using MAHA LPS 3000
chassis dynamometer. For this purpose, the laboratory tests, as well as the road tests, have been performed on the self-constructed light
two-wheeled electric vehicle equipped with the 3 kW BLDC motor and the 100.8 V battery pack. The road test data have been used to set
up the dynamometer parameters in order to simulate the real road drive taking into account, among others, the rolling resistances and the
air drag coefficient. The overall energy consumption for the laboratory tests and the road conditions’ tests have been then compared for
different vehicle speeds. In addition, based on the power and the torque characteristics measured on the MAHA chassis dynamometer, the
efficiency of the vehicle electric drive system and the efficiency of the battery charging process have been calculated.
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1. INTRODUCTION

Since the last few decades, electric vehicles have gained in
popularity. This is because of the recent technological improve-
ments in the areas of electric motors, power electronics, and
energy storages, which makes them more accessible and afford-
able (Ho et al., 2014; Lin et al., 2015; Lim et al., 2016; Sarlioglu et
al.,, 2017; Li et al., 2018). Other reasons are the obvious environ-
mental advantages and the much lower cost of transportation in
comparison to the vehicles with internal combustion engines or
even hybrids (Bertoluzzo and Buja, 2011; Saponara et al., 2020).
Although this cost is relatively low, it is still closely related to the
overall efficiency of the electric vehicle drive system and so it can
be further reduced. This is an issue raised in many researches, for
example, Kumar et al. (2017), Kumar and Sivakumar (2017),
Laitinen et al. (2017), Dobrucky et al. (2019) and Zaghari et al.
2020). In order to better investigate and implement new technical
solutions, one has to provide repetitive traction conditions during
certain tests. Chassis dynamometers help to study motor parame-
ters as well as the fuel or energy consumption in laboratory condi-
tions (Chen Mingjie et al., 2010). Nevertheless, most chassis
dynamometers, for example, the MAHA LPS 3000, are originally
dedicated to power characteristics investigation of cars and mo-
torcycles. Their predefined parameter sets mainly apply to vehi-
cles with internal combustion engines. The MAHA dynamometer
can simulate the real road conditions using the eddy current
breaks. Moreover, it can also measure the characteristics of four-
wheel-drive vehicles. It is then interesting to use such a dyna-
mometer for light two-wheeled electric vehicle testing in order to
investigate its mechanical and electrical parameters.

2. LIGHT TWO-WHEELED ELECTRIC VEHICLE
CONSTRUCTION

The studied vehicle has been designed and built from scratch
using brushless DC motor of 3 kW of nominal continuous output
mechanical power and the battery pack built of 360 lithium-ion
power cells of 2600 mAh each. According to the Polish law formu-
lated in the Act on Road Traffic of June 20, 1997, with the chang-
es made on April 1, 2011, it cannot be called electric bicycle,
neither electric moped among others due to the over normed
output power (UPRD (1997), 1997). Indeed, the vehicle weighs
78 kg and can reach the speed of up to about 100 km/h. The
maximum output power measured on the chassis dynamometer
has been equal to 4.7 kW (6.4 BHP) with 184.1 Nm of torque for
440 rpm. The motor is placed in the rear wheel hub without any
gearbox. The maximum voltage of the battery pack is 100.8 V with
the 39 Ah of nominal capacity. More detailed information about
the previous prototype of the vehicle can be found in Racewicz et
al. (2018). Its final version is presented in Fig. 1.

Fig. 1. Light two-wheeled electric vehicle powered by 3 kW BLDC
motor and classical bicycle pedals
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3. DESCRIPTION OF TESTS

In order to find coherence between vehicle electric parameters
recorded during real road drive and the simulated road drive on
the MAHA LPS 3000 chassis dynamometer, several assumptions
have to be met. These are the recommendations of the dyna-
mometer manufacturer as well as the official procedures de-
scribed in COMMISSION DELEGATED REGULATION (EU) No
134/2014 of 16 December 2013 supplementing Regulation (EU)
No 168/2013 of the European Parliament and of the Council with
regard to environmental and propulsion unit performance re-
quirements and amending Annex V the (2013).

All the tests were carried out with a fully charged battery when
the ambient temperature was about 24°C. The test road was
sufficiently long and straight without any inclinations. Wind speed
was close to zero. The measurements started at a speed of 10
km/h, which was then increased by 10 km/h until it reached the
speed of 90 km/h. The speed was controlled using the vehicle
speedometer. For each speed, the time, distance, motor voltage,
motor current and power were registered and saved on the SD
card by the on-board computer designed for this purpose. The
measurements of electric parameters were recorded in 0.5s
intervals and were then averaged for calculations. The summa-
rized road measurements results are presented in Tab. 1.

Tab. 1. Road tests results

Speed Time Distance Current Power
[km/h] [s] [m] [Al [kW]
10.00 60.35 169.70 0.96 0.10
20.00 25.50 141.67 2.08 0.21
30.00 25.50 212.50 4.24 0.41
40.00 25.25 280.56 5.86 0.58
50.00 18.50 256.94 11.00 1.07
60.00 22.00 366.67 20.39 1.96
70.00 20.50 398.61 29.42 2.79
80.00 18.25 405.56 42.06 3.91
90.00 21.25 531.25 64.21 5.81

The same procedure was repeated on the chassis dynamom-
eter for the laboratory tests. Drive profile representing the actual
speed of the vehicle and its motor current is shown in Fig. 2 and

the measurement values are collected in Tab. 2.

Tab. 2. Laboratory tests results

Speed Time Distance Current Power
[km/h] [s] [m] [A] [kW]
10.00 24 67 3.29 0.33
20.00 13 69 7.07 0.71
30.00 16 126 10.22 1.02
40.00 13 140 14.46 143
50.00 19 264 18.57 1.83
60.00 17 275 24.58 2.39
70.00 16 300 26.90 255
80.00 19 417 32.31 3.10
90.00 14 346 43.29 4.12
100.00 14 385 47.06 4.40
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Fig. 2. Speed and motor current registered during chassis dynamometer
test

In order to set up the MAHA chassis dynamometer parame-
ters, the data collected during the road test, that is, speed, motor
voltage and current were mapped for a laboratory test. The ambi-
ent temperature in the laboratory room was about 22°C. The
MAHA LPS 3000 chassis dynamometer enables exact simulation
of the predefined real road drive conditions. The load is applied by
the eddy current brakes as a function of vehicle speed, which
reflects different road drive conditions. This process is supervised
by the microprocessor-controlled computing unit with graphic and
digital display of the measured values.

For the test purpose, the MAHA chassis dynamometer pa-
rameters were set up assuming that the vehicle is moving linearly
on the flat horizontal surface. The total driving force F on the rear
wheel is determined by relation (1) and the power P on the wheel
is described by equation (2):

F=F+Fy+Fy+Fy=
mg-f + 0,50Cp-Asv: + mgw +ma )

P=Fuv 2)

where v is the speed of the vehicle, a is the acceleration of the
vehicle, m =123 kg is the mass of the vehicle with driver,
g =9.81 mis? is the gravity acceleration, f =0.009 is the rolling
resistance coefficient, p= 1.2 kg/m3 is the air density, Co = 0.5 is
the air drag coefficient, Ar=0.62 m2 is the frontal area taking into
account the driver posture, w is the road inclination. The more
detailed procedure of setting up the MAHA chassis dynamometer
and determining all the needed components concerning driving
forces and vehicle coefficients have been described in Kolator et
al. (2018).

4. ENERGY CONSUMPTION ANALYSIS

Using data from the road tests (Tab. 1) as well as the labora-

tory tests (Tab. 2), the energy consumption E for each speed
was evaluated and compared. For calculations of the energy
consumption, formula (3) has been applied.

Pt 2500
E=75 @)
where E is the consumed energy in [Wh/km], P is the motor power
in [kW], t is the drive time in [s] and s is the distance travelled
in [m].
Fig. 3 presents the comparison between energy consumption
during road and laboratory tests for different speeds.
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Fig. 3. Comparison of energy consumption during road and laboratory
tests

The discrepancy of the energy consumption results for the
road and laboratory tests especially for low speeds is due to the
fact that the dynamometer rollers and eddy current brakes have
an important inertia factor, which cannot be lowered. Moreover,
the eddy current brakes are cooled by the fans placed on the
same shaft as rollers, which introduces an additional load propor-
tional to the roller speed. Analysing Fig. 3, one can observe that in
the light two-wheeled vehicle case, the chassis dynamometer can
be successfully used and controlled over the speed of about 70
km/h. Moreover, different natures of the characteristics, that is,
quadratic for the road tests and linear for the laboratory tests are
due to the lack of air resistance in laboratory conditions, which
was simulated by the changing load of the chassis dynamometer
rollers. Nevertheless, for such small values of the vehicle parame-
ters introduced to the chassis dynamometer computer, it generat-
ed the rollers’ load close to zero, so just the linear load coming
from the rollers’ fans was applied. This is the main limit of car
chassis dynamometers, which has to be taken into account for
such type of measurements.

Battery pack capacity has also an impact on the total energy
consumption of the electric vehicle (Fei Feng et al., 2012; Park et
al., 2019). A properly designed battery pack maximizes the use of
energy resources in relation to the distance travelled. In order to
properly design the battery pack, one has to take into considera-
tion the following important aspects: maximum discharge current,
single cell capacity, total battery weight and mass distribution over
the battery volume. Available battery cells can be divided into two
categories: low current cells with high capacity and high current
cells with low capacity. For low power vehicles (up to 3 kW), the
better solution is to use high capacity cells. The advantage of
such a configuration is the lower weight of the battery pack and its
higher energy storage capacity. This results in larger distances,
which can be covered by a vehicle. The disadvantage of such a
solution is faster cells’ wear, which is about 3 years assuming
daily use of a vehicle. The second group are the high current low
capacity cells, which can deliver higher current translated into
better driving dynamics but also higher operating temperature.
This solution obliges to design larger and heavier battery packs in
order to obtain a similar capacity as for the high capacity cells.
The advantage of using a high discharge current cells is the long-
er battery life, which is about several years assuming the same
conditions as mentioned above. The batteries used in the studied
project are the high current low capacity Li-ion cells SONY
US18650VTC5. The total weight of the battery pack is about 18

kg.
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During the laboratory tests on the chassis dynamometer, the
weight of the vehicle is not taken into account as the vehicle is
tested in a stable position. The MAHA chassis dynamometer is
able to simulate an inertial force for the vehicles whose mass
exceeds 200 kg. However, the usefulness of such an approach
has been proved for the lithium-ion electric vehicle battery param-
eter estimation in Kim et al. (2016). In the next section, an ap-
proach for the overall efficiency of the electric drive system has
been proposed. In contrast to the energy consumption analysis, it
gives the unequivocal results, which are independent of the as-
sumed road conditions.

5. EFFICIENCY OF THE ELECTRIC DRIVE SYSTEM

In order to evaluate the efficiency of the vehicle electric drive
system, the power and torque characteristics’ test was carried out
using the MAHA chassis dynamometer. Discrete measurement
option was used. The measurement started at a speed of
20 km/h, which was then increased by 10 km/h until it reached a
speed of 80 km/h. The results from the MAHA computer system
are presented in Fig. 4.
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Fig. 4. Power and torque characteristics of the light two-wheeled electric
vehicle

During the test, the voltage of the battery pack as well as the
total current consumed by the vehicle were measured and stored
in the on-board data acquisition system based on Arduino Mega
2560 Pro platform. In the studied case, the use of such simple
DAQ system gives reliable measurement results (Baranski et al.,
2019). In addition to the voltage and current measurements, the
system also displayed the actual calculated power consumed by
the vehicle, the actual speed, percentage of the battery charge as
well as the temperatures of the BLDC motor, motor controller and
the battery pack, which is extremely important for the battery pack
operation and its life cycle (Chu et al., 2011). The on-board com-
puter consumes about 200 W of power, which is not a relevant
value in comparison to the BLDC motor power and so it was
neglected in the further considerations. The averaged measured
values of the voltage and current for the maximum mechanical
power were equal to respectively 97.2 V and 111.28 A.

The maximum mechanical power obtained during the test was
equal to 4.7 kW (6.4 BHP) for 440 rpm and the maximum torque
was equal to 184.1 Nm. For total drive system efficiency calcula-
tions, formula (4) has been used.
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= et 100% @
where Prechanical S the mechanical power measured using the
chassis dynamometer and Pelectical is the electrical power calculat-
ed as a product of consumed voltage and current measured on
the battery pack output, that is, 10.82 kW. The final efficiency
value of the studied electric vehicle drive system was estimated
as 43.44%. This is a typical value for such constructions based on
the powerful BLDC motors and the high voltage battery packs.

Fig. 5 shows the heat losses in the BLDC motor during inten-
sive vehicle exploitation which have an important impact on the
total electric drive system efficiency. Moreover, similar losses are
present in the motor controller which is placed on the top side of
the battery compartment near the vehicle saddle (Fig. 6). It should
be noted that the original motor has undergone some technical
modifications to increase its operating temperature range. These
are, firstly, replacement of 4 mm2 power cables to 8 mmz2, which
resulted in heat losses reduction, and hence, increased power
transmitted to the motor. Secondly, replacement of the original
motor windings to the ones with a thicker insulation, that is, two
layers of polyurethane varnish and an external coating of polyam-
ide varnish. Thirdly, the two small fans were installed inside the
motor to create air circulation. Fourth, the aluminium heat sink
was mounted on the motor housing for better heat dissipation.
The actual temperature inside the motor is provided by the PT100
sensor, which transmits this information to the controller.

Fig. 5. Temperature of the BLDC motor during chassis dynamometer
tests

Fig. 6. Distribution of heat losses in the light two-wheeled electric vehicle
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Thanks to these modification, the motor operating temperature
range increased from 150°C to about 200°C and the operating
voltage increased to about 240 V. Nevertheless, due to security
reasons, the motor controller was programmed to maintain the
motor temperature below 120°C. Exceeding this temperature
results in a noticeable power reduction, which has to be controlled
during the tests.

Apart from the heat losses present in the vehicle drive system,
one has to take into account the losses associated with the power
transmission between the vehicle and the chassis dynamometer.
In order to avoid a drive wheel slipping on the rollers, the vehicle
must be tightly pressed against the rollers, which introduces addi-
tional tire deflection losses.

6. ELECTRIC VEHICLE CHARGING BALANCE

Charging of the electric vehicle batteries is also a process that
consumes some additional amount of energy (Khan and Choi,
2018; Ahn and Lee, 2019). In order to measure an efficiency of
charging process, the battery pack was discharged to 84.85V,
which is the 84.18% of its maximum voltage. The nominal capaci-
ty of the SONY VTC5 cell is 2600 mAh, but in reality, this value
oscillates around 2560 mAh when the cell is new. The cut-off
voltage of this cell is 2'V, which is interpreted as 0% of charge.
Nevertheless, frequent discharging to such a voltage leads to an
irreversible damage of the cell. In practice, the cell loses its oper-
ating properties at about 2.5 V and a significant loss of its capacity
is already observed at a voltage of about 3.3V (Test of Sony
US18650VTC5 2600mAh (Green)). Therefore, devices such as
BMS (Battery Management System) and on-board computer
system were programmed to control the voltage to a minimum
limit of 3.5 V to maintain the maximum battery life.

Tab. 3. Charging test results

Parameter Device 1 | Device 2
Voltage before charging 84.85V
Voltage after charging 100.8 V
Charging energyl | 64 kwh /289 Ah | 2.92 kiWh/29.2 Ah
battery capacity

For the charging test, two devices were used. The first
(Device 1) was plugged in between the battery charging socket
and the vehicle charger output while the second (Device 2) was
plugged in directly to the power socket and the vehicle charger
input. The battery charging time was 8 hours and 38 minutes and
cost about €0.41. Tab. 3 summarizes values measured during
the test. One has to notice that the real capacity of the battery
pack decreased significantly from nominal 39 Ah to about 29 Ah,
which is a result of natural cells ageing used intensively for more

than 2 years. Considering the data from the Tab. 3, the charging
efficiency was estimated at 90%.

7. CONCLUSIONS

Responding to an increased interest in electric vehicles design
and operation, the authors have proposed the procedures for light
two-wheeled electric vehicle energy balance investigation using a
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car chassis dynamometer. These are: the energy consumption
analysis, the overall efficiency test of the electric drive system and
the electric vehicle charging balance studies. Regarding the first
of above mentioned procedures one can conclude that the use of
the car chassis dynamometer allows to investigate the energy
consumption only for some range of speeds. This issue is closely
related to the studied vehicle performances, that is, the more
powerful the vehicle is, the better coherence of the analysis can
be obtained. On the other hand, during efficiency test of light
vehicle electric drive system, the excessive power can cause the
wheel to slide on the dynamometer rollers, which distorts the
results. The vehicle should be firmly attached to the test stand and
the additional tire deflection losses should be taken into consider-
ation.

Being conscious about the inconveniences and limits of the
car chassis dynamometer (i.e., important rollers inertia factor) for
light electric vehicles testing as well as about the advantages of
such approach, one can prepare valuable testing procedures.
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