35™ International Electric Vehicle Symposium and Exhibition (EVS35)
Oslo, Norway, June 11-15, 2022

Design and use of an energy measurement
module for speed pedelecs

Kiran Peirens!, Nikolaas Van den Steen!, Bert Herteleer!, Jan Cappelle!
KU Leuven Technologycampus Ghent, Gebroeders De Smetstraatl, 9000 Ghent,

Belgium, kiran.peirens@kuleuven.be

Summary

The speed pedelec is an electric pedal assisted cycle (EPAC) that forms an interesting alternative for short range
transportation methods. In contrast to pedelecs whose motor power is limited to 250 W, the speed pedelec comes
with the advantage of higher speed limit (45 km/h) and motor power (up to 4 kW). However, the power
consumption of speed pedelecs (and most EPACs) is often unknown, and with it, the potential travel range. To
address these uncertainties, a standalone, accurate power monitoring device for speed pedelecs is designed and
tested. The measurement module permits data to be captured enabling the investigation of research questions,
such as the ratio of human input power versus motor assistance, or total power consumption by the (speed)

pedelec motor.

Keywords: bicycle, HEV (hybrid electric vehicle), data acquisition, energy consumption, vehicle performance

1 Introduction

Electrically Pedal Assisted Cycles (EPACs), in particular speed pedelecs (i.e. 4 kW maximum motor power and
45 km/h speed limit), are growing in popularity, and have a fraction of the CO, footprint of cars (electrical
vehicles or internal combustion vehicles) per km travelled [1]. Speed pedelecs have increased in popularity in
Belgium, with annual new vehicle registrations changing from 5800 in 2017, to more than 14000 in 2019 and
2020 [2]. Despite this increased popularity, the energy consumption of speed pedelecs is poorly known.

By contrast, the energy consumption of ordinary pedelecs (max. 250 W and 25 km/h) has been studied [3]-[8].
Capturing the power consumption of speed pedelecs can serve to answer questions by policymakers regarding
the use of speed pedelecs on the road, and can be used to validate manufacturer claims regarding travel range.
This paper presents the development of a stand-alone measurement module, as well as its practical
implementation on a speed pedelec, with the end result being dynamic measurements of energy output linked to
rider input during realistic trips. This then permits the accurate estimation of the power-assisted cycling range as
a function of the vehicle type, level of motor assistance, or route selection.
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2 Methodology

Since the purpose of the stand-alone measurement module is to determine the realistic power consumption of a
speed pedelec, there are a number of key factors that need to be measured. These key factors are derived from
the intended functionalities of the measurement module by means of a block diagram presented in Figure 1.
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Figure 1: block diagram showing the intended functionalities of the measurement module and the quantities to be measured

As illustrated in Figure 1, there are several functionalities of the measurement module that need to be taken into
account. First, there is the power consumption for which the battery power needs to be monitored. Second, there
are other functionalities such as the assistance factor and the range prediction, that need monitoring. For both,
battery power, speed, cycling power and the travelled route need to be registered. To measure these variables,
two strategies are used. At the start, a custom-made measurement module is designed for recording the battery
power as well as the rotations per minute of the wheel using a hall sensor. By contrast, GPS and pedal power
measurements are done using a Garmin Edge 510 [9] and Assioma Duo pedal meters [10], which share data via
Garmin Connect. A schematic of the measurements captured with a speed pedelec (Moustache with Bosch 2nd
generation speed pedelec motor, Peontinuous 250 W [11]) is given in Figure 2.
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Figure 2: Schematic of the speed pedelec measurement module and auxiliary measurements using a Garmin Edge 510 and
the Assioma duo power meter.

As a result all the necessary variables can be measured during realistic rides to provide the intended
functionalities.
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2.1 Development of the power measurement module

The developed speed pedelec power measurement module is built around an Arduino Uno [12] which measures
the battery voltage and current with a customized voltage and current sensor. While the battery voltage level was
known in advance (36 V nominal) for the 500 Wh battery of the selected speed pedelec, the motor current was
unknown. As such, before developing the measurement module, the current range had to be defined. To determine
the current range, 2 LEM current transducers [13], [14] connected to an Analog discovery 2 [15] were used. With
this measurement unit several trips in a variety of conditions were undertaken and examined. As a result of these
measurements, a ceiling value of 25 A for the current range was defined, as illustrated in Figure 3.

Speed pedelec testrun with analog discovery on turbo setting

25 A ceiling value

<
€
o 12.5
£
LEM current 3 io
transducers
7.5
5
25
0 0 200 400 600 800 1000 1200 1400 1600
Time (s)
— Current measurement Lem LTS 6-NP
— Current measurement Lem LTS 25-NP
(a) (b)

Figure 3: (a) the LEM current transducers connected with the analog discovery 2, (b) illustration of the 25 A ceiling value
on a current measurement with the analog discovery.

Once the current measurement range is known, the stand alone speed pedelec measurement module can be
developed which is shown in Figure 4. As discussed earlier, this measurement module must register the battery
voltage, battery current and cycling speed in function of the time. Measuring the voltage is done with a voltage
divider coupled to an external 16-bit analog-to-digital converter (ADC), the ADS1115 [16]. This ADC is also
coupled to 2 LEM current transducers with different ranges, being 0-6 A and 0-25 A nominal, both with 320%
over-range capabilities. Although the previous measurement allowed the use of a specific current sensor for this
measurement unit, the use of the 2 current transducers with a different nominal value benefits the overall accuracy
of the developed measurement module.

+Vbatt. DC step downconverter
LM2576HV-5.0
Speed pedelec
+5V
5 load T |
E > +5V'
o 5 Voltage AIN2 scLl ; o é
= £ measurement ADC Galvanic sct 5 S
3= AIN1 isolation 2=
o Current ADS1115 SpAN=NO
<@ spa 1S01540 = B
measurement AIN3 o < 9
Current _| =
batt. measurement D

Figure 4: schematic and printed circuit board of the used speed pedelec power consumption measurement

35" International Electric Vehicle Symposium and Exhibition 3



The speed pedelec measurement module further captures the cycling speed using the SSE49 linear hall effect
sensor [17]. Finally, an Adafruit SD card data logging shield [18] and Adafruit Powerboost 500 rechargeable
battery shield [19] with the 103456A-1S-3M li-ion battery [20] are added to allow stand-alone operation. The
system is capable of measuring approximately 10 hours of trip data between charges, capturing all data at 1 Hz.

3 Measurements

The power consumption of speed pedelecs is difficult to assess without specifying boundary conditions. Using
the average battery power or the difference in battery state of charge is logical, but that depends, among others,
on the used assistance mode, the cyclist as well as the environment. To identify, and potentially compare the
power consumption of speed pedelecs, an objective measurement strategy must be used. The measurement
strategy is based on [21] in which the assistance speed between different speed pedelecs was compared. Thus, an
assistance battery power P, (with n the assistance level) for each assistance level was defined as follows: the
power delivered by the speed pedelec battery while the cyclist delivers 100 W + 10% at a cadence of 80 rpm +
5%. Note the difference in the power margin from [21]. This study uses a 10% margin is instead of a 5%. This is
done as a practical testing showed that the 5% margin was difficult to maintain. In the following section two test
rides will be discussed. The first test ride examines the assistance battery power using the discussed power margin.
A second test ride is performed without any constraints. This is done to investigate the natural power consumption
of the examined speed pedelec.

The first test was performed on a straight cycle path between two stoplights at the maximum motor support
setting, on a flat road without obstacles, as shown in Figure 5. The onward trip (direction SW) had tailwind,
whereas the return trip (direction NE) had headwind: in both cases, wind was ~7 km/h from NE (60°). The data
from the Garmin Edge 510 (TCX file obtained from Garmin Connect) and the speed pedelec measurement
module (CSV) were read and synchronised in python, by aligning data according to the speed profiles (ramp up
and ramp down).

Site
Zwijnaarde -
Onderzoek

Eedstraat

&
e
W

Krey, Nijndome
tef o ot T Zwijntjesbos o
ek § inty

H

Figure 5: Start and end points for onward and return trips for pedal-motor power testing
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Figure 6 shows the filtered speed, cyclist power, and battery power during a ride using the previously discussed
power margin of 100 W (£10%) and 80 RPM (£5%) with the speed pedelec at its maximum motor support setting.
As can be seen in Figure 6, an average speed difference of 4.4 km/h (38 km/h with tailwind, 33.6 km/h with
headwind) resulted, when the cyclist aims for 100 W (£10%) and 80 RPM (£5%) on the pedals, excluding the
nonconforming data points. The return trip saw more data points excluded, primarily because the headwind made
it more challenging to remain in the 100 W + 10% tolerance band. For speed pedelec characterisation in the field,
this suggests that either the power tolerance band has to be widened, or that longer or more tests need to be
performed.
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Figure 6: Filtered datapoints for a return testing trip. Note the large impact of the wind speed and direction on the achieved
cyclist speed, while power (pedal and motor) values are similar.

Figure 7 shows the speed and power profiles for a trip between Ghent and Dendermonde, again with the speed
pedelec at its maximum motor support setting. During this test ride, the speed pedelec user was unable to reach
the maximum speed for the first 15-20 minutes, as the route encounters traffic and red lights. Once the cyclist
leaves the city centre, the frequency of stops declines and the achieved cruising and average speeds increase. As
such, the largest time gains for speed pedelec users for commuting can be obtained when longer, obstacle-free
road segments are encountered, which are typically outside of city centres. As can be observed, the rider provided
159 Wh of mechanical energy, with the battery providing 393 Wh of energy to the motor. While the motor power-
efficiency characteristic of this speed pedelec is unknown by the researchers, an average electric-to-mechanical
efficiency value of 82% is assumed for speed pedelec BLDC motors. As such, the motor provides 322 Wh of
mechanical energy, or 202% of the cyclist input energy. Contrasting Figure 6 with Figure 7, it is evident that the
cyclist must push significantly above the “comfortable” 100 W expectation to reach speeds above 40 km/h with
this speed pedelec, and that this vehicle shows a strong susceptibility to wind.
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Speed pedelec test run on turbo setting
Mean speed = 33.6 km/h, max speed = 44.8 km/h, total distance = 32.8 km.
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Figure 7: Speed and battery power measurement of the second test ride, using the Garmin Edge 510 and the developed
measurement module
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4  Conclusions

The measurement module for speed pedelecs and EPACs presented in this work is built around an Arduino Uno
and permits data to be measured to evaluate the power consumption of speed pedelecs, as well as determining
effective motor assistance levels. As illustrated in this paper, the dynamic energy consumption by the motor and
pedals can be captured, allowing research into motor controller behaviour and speed-assistance profiles. With the
designs measurement module, who captures data at a frequency of 1 Hz, tests were undertaken and analysed. As
a result a dependency between the tested speed pedelec speed and the wind speed at a cycling speed of 100 W =
10% and a cadence of 80 rpm + 5% was found. Further, it was determined that although the test speed pedelec
can reach speeds above 40 km/h, this cannot be done without pedalling above the 100 W.

The developed measurement module can additionally be optimized. For instance, a GPS and BLE module can
be added to the module to allow all data to be captured with one measurement module. This offers the advantage
that the data is measured in a more synchronized manner and thus does not need to be synchronized further down
the line based on the measured speed.

Towards the future, several tests will be undertaken and several speed pedelecs tested. In this way, the power
consumption of speed pedelecs from various manufacturers will be determined. This, among others, will aid
policymakers in better understanding and regulating the use of speed pedelecs.

References

[1] J. Cappelle, G. Stevens, B. Rotthier, A. Roetynck, and T. Coosemans, “Het potentieel van lichte elektrische
voertuigen in Vlaanderen,” no. November, 2017.

35" International Electric Vehicle Symposium and Exhibition 6



(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]
[12]
[13]
[14]
[15]

[16]

[17]

(18]

[19]

[20]

(21]

“Registration of motor vehicles | Statbel.” https://statbel. fgov.be/en/themes/mobility/traffic/registration-motor-
vehicles#figures (accessed Dec. 20, 2021).

D. H. De La Iglesia, G. Villarubia, J. F. De Paz, and J. Bajo, “Multi-sensor information fusion for optimizing
electric bicycle routes using a swarm intelligence algorithm,” Sensors (Switzerland), vol. 17, no. 11, 2017, doi:
10.3390/s17112501.

A. Colle, R. Leenders, E. Motoasca, B. Rotthier, and J. Cappelle, “Proof of concept of a method for on the fly
cycling behavior analysis and its use for reducing range anxiety,” EVS 2017 - 30th Int. Electr. Veh. Symp.
Exhib., no. 1, pp. 1-8, 2017.

“eBike range calculator for Bosch drive systems - Bosch eBike Systems.” https://www.bosch-
ebike.com/en/service/range-assistant (accessed Oct. 31, 2021).

N. Ba Hung and O. Lim, “The effects of operating conditions and structural parameters on the dynamic, electric
consumption and power generation characteristics of an electric assisted bicycle,” Appl. Energy, vol. 247, no.
December 2018, pp. 285-296, 2019, doi: 10.1016/j.apenergy.2019.04.002.

D. Meyer, M. Korber, V. Senner, and M. Tomizuka, “Regulating the Heart Rate of Human-Electric Hybrid
Vehicle Riders Under Energy Consumption Constraints Using an Optimal Control Approach,” IEEE Trans.
Control Syst. Technol., vol. 27, no. 5, pp. 2125-2138, 2018, doi: 10.1109/TCST.2018.2852743.

C. Abagnale, M. Cardone, P. lodice, S. Strano, M. Terzo, and G. Vorraro, “Power requirements and
environmental impact of a pedelec. A case study based on real-life applications,” Environ. Impact Assess. Rev.,
vol. 53, pp. 1-7, 2015, doi: 10.1016/j.eiar.2015.02.003.

“Edge 510 | Garmin.” https://www.garmin.com/nl-BE/p/112885 (accessed Nov. 12, 2021).

“Assioma DUO Power Meter | Shop | Favero Electronics.” https://cycling.favero.com/shop/dual-sided-
powermeter-assioma-duo (accessed Nov. 12, 2021).

B. B. D. U. Cx, “Drive Units Performance Line / Cargo Line Performance Line / Cargo Line,” 2020.
P. R. Manual, “Arduino ® UNO R3 Target areas : Arduino ® UNO R3 Features,” pp. 1-13, 2021.
LEM, “Current Transducer LTS 6-NP,” Curr. Transducer LTS 6-NP, pp. 1-4, 2017.

LEM, “Current Transducer LTS 25-NP,” Curr. Transducer LTS 25-NP, pp. 1-4, 2017.

“USB Oscilloscope and Logic Analyzer - Digilent Analog Discovery 2.” https://digilent.com/shop/analog-
discovery-2-100ms-s-usb-oscilloscope-logic-analyzer-and-variable-power-supply/ (accessed Apr. 15, 2022).

“ADS1115 16-Bit ADC - 4 Channel with Programmable Gain Amplifier: ID 1085: $14.95: Adafruit
Industries, Unique & fun DIY electronics and kits.” https://www.adafruit.com/product/1085 (accessed Dec. 14,
2021).

Honeywell International Inc, “Magnetoresistive Sensor ICs, Nanopower Series Product Datasheet.”

“Adafruit Assembled Data Logging shield for Arduino : ID 1141 : $13.95 : Adafruit Industries, Unique & fun
DIY electronics and kits.” https://www.adafruit.com/product/1141 (accessed Dec. 14, 2021).

“Adafruit PowerBoost 500 Shield - Rechargeable 5V Power Shield : ID 2078 : $19.95 : Adafruit Industries,
Unique & fun DIY electronics and kits.” https://www.adafruit.com/product/2078 (accessed Dec. 20, 2021).

“103456A-1S-3M - Bak - Rechargeable Battery, 3.7 V, Lithium Ion.” https://be.farnell.com/bak/103456a-1s-
3m/battery-li-ion-2-05ah-3-7v/dp/2401856 (accessed Dec. 20, 2021).

N. Van den Steen, B. Herteleer, L. Vanhaverbeke, and J. Cappelle, ‘“Performance measurements for speed
pedelecs,” 34th Int. Electr. Veh. Symp. Exhib. Nanjing, Jiangsu, June 25-28, 2021, pp. 1-12, 2021.

35" International Electric Vehicle Symposium and Exhibition 7



Authors

Kiran Peirens graduated in 2021 of a Master of Energy Engineering Technology Master of
Science (MSc) Specialization Electrical Engineering at the KU Leuven Technologycampus
Ghent and is since 2021 a joint researcher associate (KU Leuven & Odisee) under the
supervision of Jan Cappelle (KUL) and Ben Minnaert (Odisee). His field of expertise are speed
pedelecs and resonant inductive wireless power transfer.

35" International Electric Vehicle Symposium and Exhibition 8



