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Nederlandse samenvatting
—Summary in Dutch—

De prestatieanalyse van elektrische fietsen: subjectief eab-
jectief benaderd

1 Inleiding

Elektrische geassisteerde fietsen of pedelecs zijn rietédiew in het mobiliteitsland-
schap. Het betreft fietsen uitgerust met een elektrischarmtbr, die enkel vermo-
gen levert als de fietser trapt. Twee- of meerwielers mebtrdersteuning worden in
Europa als fiets geklasseerd als ze aan de volgende vooemaasttioen:

De elektrische motor heeft een nominaal continu vermogenmaximaal25014/
waarvan de aandrijfkracht geleidelijk vermindert en teots wordt onderbroken
wanneer het voertuig een snelheid \&itm /h bereikt, of eerder, indien de bestuur-
der ophoudt met trappeBp].

2 Een subjectieve benadering van de prestatieanalyse
De bevindingen van een uitleendienst voor elektrische fietg

Binnen het kader van een Europees onderszoeksprojectmwadaf november 2000
tot april 2003 door de vakgroeg7T' EC' van deVrije Universiteit Brusseélektrische
fietsen ter beschikking gesteld van meer dan 250 personemnayete meerdere weken.
Op die manier werden gegevens verzameld omtrent de predtedienheid, de eisen
die de klant stelt aan elektrische fietsen, het marktpaehti. Daaruit is vooral
gebleken dat de elektrische fiets geen simpel alternatiefds gewone fietsen, maar
wel degelijk een nieuw transportmiddel dat uitstekend kygsdlijkt voor afstanden
tussen de 5 et5km. De elektrische fiets werd door de proefpersonen zowel ge-
bruikt voor woon-werk verkeer, als voor boodschappen egpamning. De meeste
klachten kwamen er over het gewicht30kg), de hoge kostprijs£ €1700), de au-
tonomie van de batterijen en de vele technische problemerdentestfietsen. De
fietsinfrastructuur in Brussel (waar de meeste testpersgapdaan kwamen) dient
echter serieus te worden aangepast om het elektrisch (gard@neel) fietsen com-
fortabeler te maken. Uit de testen bleek ook dat de appieciah elektrische fiet-
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sen sterk afhangt van de plaats (stad/platteland) waar tegiébruikt werd en de
voorgeschiedenis (al of niet frequent fietsen) van de testpen.

De markt voor elektrische fietsen in VIaanderen

Aangezien 82% van de Vlamingen hun fiets koopt bij de gesliesiade fietshan-
del [29), is een bevraging van de fietsenhandelaars over hun egvaut elektrische
fietsen een goede manier om een zicht te krijgen op de Vlaagtsggr markt. In
december 2005 werd naar 468 Vlaamse fietsenhandelaarse&émomische enquéte
gestuurd. lets meer dan honderd van hen waren bereid aand#itznek mee te
werken. Daarnaast werden ook nog eens 110 websites vamfiatstelaars bezocht
op zoek naar info over elektrisch fietsen.

Ongeveer 85% van de fietsenhandelaars in Vlaanderen bikgingde bevraging
elektrische fietsen aan. Er blijken maar liefst 31 versehde merken op de markt
te zijn, waarvan Electronic Bike Developments, Sparta etaBes de drie meest
voorkomende merken waren in 2005. Gemiddeld gezien vetlielietsenhande-
laar 13 pedelecs in 2005, tegenover ongeveer 400 conveldidietsen. De prijzen
voor deze fietsen variéren va&695 tot€3600. De fietsenhandelaar ziet ook de
batterijradius, het grote gewicht en de hoge kost van desfietds de belangrijkste
nadelen. Weinig van hen bleken inspanningen te doen om kieistie fietsen actief
te promoten.

3 Een objectieve benadering van de prestatieanalyse
De bouw van een testbank voor elektrische fietsen

Om een objectief beeld te krijgen van de prestaties vanredeke fietsen werd een
testopstelling gebouwd aan dé&ije Universiteit Brussel Deze testopstelling (zie
figuur 4.3 is een verlengde loopband, aangedreven door een sneglbsidarde in-
ductiemotor. Hiermee kan een snelheid opgelegd wordenexaelektrische fiets die
zich op de loopband bevindt.

Op de plaats van het zadel wordt een stroomgestuurde dgedipksmotor geplaatst.
Deze motor drijft een riemschijf aan die op de pedaalas vafietie wordt gemon-
teerd. Op deze manier kan een koppel worden opgedrongendgtehvan de ped-
alen. De riemschijf bevat een koppel- en snelheidsensor.

De fiets wordt verhinderd voorwaarts te bewegen door eenl kadieeen krachtsen-
sor. Het meten van een elektrische fiets bestaat erin nanengske trekkracht wordt
ontwikkeld bij een opgelegde snelheid en een opgelegd koppeze trekkracht
hangt niet alleen af van de fietser (hier vervangen door digfebommotor) maar
ook van de bijdrage van de assistentiemotor. Indien in elkivgspunt 2 metingen
verricht worden, één met de assistentiemotor ingesdthade één met de assisten-
tiemotor uitgeschakeld, kan men door het verschil in gemetkkracht de bijdrage
van de motor gaan kwantificeren.
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Prestatieanalyse aan de hand van testbank metingen

Aan de hand van de beschreven metingen is het mogelijk omllende gaan maken
voor het gedrag van de elektrische fiets op de testbank en wegle

e Het trekkracht modejeeft de trekkracht weer in functie van de snelheid en het
koppel. Indien meerdere assistentieniveaus beschikijaakan men per fiets
voor elk van deze niveaus een trekkrachtmodel opstellen.

e Het klimcapaciteit modefjeeft de maximale helling weer die de fietser kan
overwinnen in functie van de snelheid en het koppel. Dezeefleuzijn her-
schaalde versies van de vorige, maar hebben een beterehfysigerpreteer-
baarheid.

e Het vereiste fietserkoppel modgdeft het koppel weer dat de fietser moet leve-
ren om een bepaalde snelheid en een bepaalde trekkrachtvikkaien. Ook
hier kan er per assistentieniveau een koppelmodel wordgestgld.

e Het rendement modehodelleert de mechanische verliezen. Het toont het ren-
dement van de fiets in elk (niet-geassisteerd) werkingspunnctie van snel-
heid en fietserkoppel.

e Het assistentiefactor modejeeft in elk werkingspunt weer wat de verhou-
ding is tussen de netto trekkrachtbijdrage van de elekigisgotor tot de totale
beschikbaar trekkracht.

Verschillende vormen van regressieanalyse werden uitheprd om deze model-
len op te stellen voor het ganse werkingsgebied van de fietseltkend van een
beperkt aantal testbankmetingen. De LS-SVM regressiardetteek hiervoor uiter-
mate geschikt.

Prestatiecurven

De prestatieanalyse kan in de eerste plaats gebeuren gwaagrafische voorstellin-
gen van de beschreven modellen. Zo geven figureB Bi@pperviakken weergeven
van verschillende assistentieniveaus van de trekkrachiuf®.l), de klimcapaciteit
(figuur 9.7) of het vereist fietserkoppel (figu®.4) reeds een goed beeld van het
gedrag van de elektrische fiets. D@ap-figuren (contourplots, doorsneden bij con-
stante snelheden of constante koppels) van deze oppegvla&lanalyseren kan nog
beter ingezoomd worden op de toegepaste controlestrategie

Prestatieparameters

Naast de visuele prestatieanalyse worden ook een aansahpters gedefinieerd die
bepaalde eigenschappen van de fiets in een enkel getal @nolveer te geven. Er
worden 2 soorten parameters gedefinieerd:
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e De gebruiksonafhankelijke parameterszijn parameters die enkel bepaald
worden door de elektrische fiets zelf. Hierbij horen de votigeparameters:

— Het100W rendements het mechanisch rendement van de fiets uitgemid-
deld over alle werkingspunten waarvoor de fietis#1” dient te leveren.

— De75W assistentiefactors het gemiddelde van de assistentiefactor over
alle werkingspunten waarvoor de fiet§&i1” dient te leveren. De assis-
tentiefactor heeft de relatieve nettobijdrage van de mitohet tractie-
vermogen.

— De 100W klimcapaciteitis het gemiddelde van de klimcapaciteit over
alle werkingspunten waarvoor de fietd@0WW dient te leveren.

e De gebruikersafhankelijke parameterszijn parameters die zowel door de
fiets zelf worden bepaald als door de manier waarop hij getwordt door de
fietser. Daarvoor dient een representatieve rit van de dedrapgegeven te
worden. Deze rit kan eventueel gelogd worden met een zeltopen logsys-
teem. De gebruikte parameters zijn:

— Hetrit rendemenis het mechanisch rendement van de fiets uitgemiddeld
over alle werkingspunten waarin de fiets verkeert tijJdensfieggen van
de vooropgestelde rit.

— De rit assistentiefactoris het gemiddelde van de assistentiefactor over
alle werkingspunten waarin de fiets verkeert tijdens heggéa van de
rit.

— De benodigde menselijke energie tijdens deisitde totale energie die
door de fietser dient geleverd te worden voor het afleggen &ait.d

— Debenodigde motor energie tijdens deisgtde totale energie die geleverd
wordt door de motor tijdens het afleggen van de rit.

— Derit batterijradiusis de afstand die met een gegeven batterij kan afgelegd
worden tijdens het (meermaals) uitvoeren van de rit met ektredche
fiets.

Een grafische gebruikersinterface voor het verwerken van déestbankmetingen

Omdat het verwerken van de testbankmetingen nogal wat daipoiaties vraagt,
werd een grafische gebruikersinterface in Matlab ontwikkié deze manipulaties
automatiseert. Deze interface bestaat uit 5 delen.

1. ModelsCreation.mcreéert vanuit de gegeven metingen alle gevraagde LS-
SVM modellen en slaat ze op in epadelec.mafile.
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2. PerformancePlots.mmaakt het mogelijk om alle soorten grafische en2D
voorstellingen van deze modellen op te roepen.

3. DriveCycle.mkan vertrekkend vanuit de gegevens van de logger van een fiets
rit, een testcyclus opstellen en analyseren.

4. PerformanceParameters.nberekent aan de hand van de LS-SVM modellen en
een testcyclus de verschillende gebruikersonafhankedijkgebruikersafhanke-
lijke prestatieparameters.

5. Comparison.mmaakt een vergelijking tussen de metingen op verschillende
elektrische fietsen mogelijk.

Testresultaten

Zes verschillende elektrische fietsen werden reeds op deatds geplaatst. De
metingen worden weergegeven in tahdl2 De beschreven prestatieanalyse slaagt
erin de verschillen in controlestrategie van de constust@an te tonen. Ook het
prestatieverschil van de fietsen bij verschillend gebrwak knooi in kaart worden
gebracht.






English summary

Performance analysis of pedal electric cycles: a subjectv
and objective approach

1 Introduction

Pedelecs or Electrically Power Assist Cycles (EPACs) aedaively new means of
transportation. It are bicycles equipped with an electratononly providing assis-
tance. These cycles are classified as bicycles in Europeegyfrneet the following
specifications:

The electric motor has a maximum continuous rated powe50f/, of which the
output is progressively reduced and finally cut off as thdcketreaches a speed of
25km/h, or sooner, if the cyclist stops pedalling].

2 A subjective approach
A lending service for pedelecs

A lending service for pedelecs was organised by the gigiiigC' of the Vrije Uni-
versiteit Brussein the framework of an European research project. Duringpén®d
november 2000 - april 2003 more than 250 persons tested &pddeseveral weeks.
In this way a lot of information was gathered about the prodatisfaction, the user’s
needs and the market potential of pedelecs.

One of the findings was that the electric bicycle is certamdy a simple alternative
for normal bikes, but a new mobility means, especially sLite distances between
and15km. The pedelecs were used for commuting, shopping as welisasée Most
complaints were about the weight§0%g), the high purchase price-(€1700), the
battery range and the many technical problems with theikestb The cycling in-
frastructure in Brussels (where most of the test persomsl)ihas to be improved
seriously to make (electric) cycling more attractive. Mawer the apprecation of
pedelecs was highly dependent on the region (city/coungysnd the cycling his-
tory of their user.
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The pedelec market in Flanders

More than 80% of the Flemish bicycle consumers buy theirddésy/in specialized
dealer shopsZ9]. An inquiry for those bicycle dealers might give a good gigi
in the Flemish pedelec market. In december 2005, an electopestionnaire was
sent to 468 Flemish dealers. More than hundred of them want@articipate in
this research. Also 110 websites of Flemish dealers werekeldefor pedelec related
information.

About 85% of the dealers are offering pedelecs. At least &&rdnt brands were
found, of which Electronic Bike Development, Sparta andaBas were most fre-
quently found in 2005. An average dealer sold 13 pedelecsabadt 400 conven-
tional bicycles during 2005. Prices of pedelecs are varfiiogn €695 until<€3600.
Also the dealers mentioned the battery range, the weightrentigh purchase price
as the more important disadvantages. Few of the dealersaggvely promoting the
electric bicycle.

3 An objective approach
The development of a test bench for pedelecs

The objective performance of a pedelec is analysed by mdaastdench designed
and constructed at thérije Universiteit Brussel This test bench (figurd.3) is an
extended treadmill, driven by a speed-controlled inductimachine. In this way, a
speed may be imposed to a bicycle that is situated on thentibad

A current-controlled DC-machine is used as a ‘dummy cydiet is placed at the
place of the saddle. This motor drives the pedal axis viatzpel pulley system. So,
a torque can be imposed to the pedal axis. At the pedal axis thalso a speed and
torque sensor installed.

The pedelec is kept from forward motion by a cable with a loaltl éeasuring the
traction force on this load cell for different speeds andrcw) cyclist's torques is
an interesting tool to analyse the pedelec’s performander All, the traction force
does not only depend on the cyclist’s efforts, but also orattteed motor power from
the assistance motor. With the difference in traction fano@measurements with and
without this assistance motor, for the same speed and tiaiigie, one can quantify
the contribution of the motor power to the traction power.

Performance analysis

From the above mentioned measurements, different modelinade to analyse the
behaviour of the pedelec on the test bench.

e The traction force modsajives the traction force as a function of speed and
cyclist torque. If more than one assistance level for theefgadis available,
one can make a traction force model for all these assistavets|
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e The climbing-ability modegjives the maximum slope that can be overcome at
a certain speed and cyclist torque. These models are rdsgaisions of the
former ones, but have a better understandable physicapietation.

e The required cyclist torque modgives the cyclist torque that is required to get
a certain speed and to realise a certain traction force. Wlgbis case, one
model per assistance level is required.

e The efficiency modahows the efficiency of the bicycle transmission in every
(non-assisted) point of operation as a function of speeccgdikt torque.

e The assistance factor modghows the relation between the net motor contri-
bution to the traction force and the total available tracfiorce.

Different ways for regression modelling were tried out, todel the behaviour of the
pedelec over the whole operation area, starting from adunitumber of test bench
measurements. The LS-SVM regression method seemed to pevedrsuited for
this work.

The performance plots

The performance analysis may be based in the first place phiged representations
of the described models. S8D-plots of the different assistance levels of the trac-
tion force (figure9.l), the climbing-ability (figure9.7) or the required cyclist torque
(figure 9.4) already gives a good idea of the behaviour of the pedelecariyyz-
ing 2D-plots like contourplots, and slices of constant speed argle, the control
strategy can be studied in more detail.

The performance parameters

Next to the visual performance analysis, also some parasate defined to catch
different qualities of the pedelecs in a single value. Twougs of parameters are
used:

e The user independent parametersare parameters that are only determined
by the pedelec itself. There are three different ones defined

— The100W efficiencyis the mechanical efficiency of the bicycle, averaged
out over all points of operation where the required poweuingf the
cyclist is1001V.

— The75W assistance factois the average of the assistance factor over all
points of operation where the required power input of thdistyis 751V .
The assistance factor gives the relative net contributiothe@ motor to
the traction power.
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— The 100W climbing-ability is the average of the climbing-abilities over
all points of operation where the required power input of ¢lelist is
100W.

The user-independent parametersare parameters that are determined by the
pedelec itself as well as by the way it is used by the cycliber&fore a repre-
sentative drive cycle of the user is required. This cycle imaybtained by a
developed speed log system. The applied parameters are:

— Thedrive cycle efficiencys the mechanical efficiency of the bicycle, av-
eraged out over all points of operation of the bicycle duthmegpostulated
drive cycle.

— Thedrive cycle assistance factis the average of the assistance factor
over all points of operation of the pedelec during the driyele.

— The human energy need during the drive cydethe total amount of
energy that has to be delivered by the cyclist during theedrixcle.

— Themotor energy need during the drive cyddethe total amount of en-
ergy that is delivered by the motor during the drive cycle.

— Thedrive cycle battery rangés the distance that can be covered with a
given battery while (multiple) executing the drive cyclelwihe pedelec.

A graphical user interface for the test bench measurements

Because the data processing of the test bench measureeguites a lot of manipu-
lations, a graphical user interface is developed to autethase manipulations. This
interface consists in 5 different parts

1.

ModelsCreation.mcreates all defined LS-SVM models starting from a given
pedelec measurement set. These models are savaukedglac.mafile.

PerformancePlots.menables the visualisation of all kinds b and2D plots
of these models.

DriveCycle.mstarts from the measurements of the logger to create angsanal
a drive cycle.

. PerformanceParameters.ncalculates the defined user-dependent and user-

independent performance parameters for a given pedele@ aieen drive
cycle.

Comparison.ntompares the performance parameters of different pedelecs
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Test results

Six different pedelecs were already tested with the testlhemThe measurement
results are given in tabl€3.2 The applied performance analysis uncovers the differ-
ent control strategies of the manufacturers. Also the perdoce difference of the
pedelecs by a different way of use is well charted.






Introduction

0.1 Introduction

Mobility is an important factor for the sense of well-beinfpople: A European
citizen covers a distance of about 14000km a year. 73% oflisiance is covered by
car [1]. This fact and the increase of cars in the EU-25 to an avevédg&?2 cars per
1000 inhabitants in 2004 prove that the car is commonly segheafavorite means
of transport B]. However, in the last decennia the drawbacks of this sueere
becoming clearer and are bringing a growing consciousrfebe oeed for a diverser
and cleaner mobility.

The conventional bicycle could be a solution for a numberheke drawbacks. It
has been an efficient means of transport well appreciateshfant distances but the
limitation of the human power might have been a restrictomiassive daily use.
People have been trying to overcome this power limitatiodifierent ways. One of
the solutions is to equip the bicycle with an electric motor.

Electrical bicycles are already widely available in todagiarket. They appear in
many different forms and their motors are controlled in mdifferent ways. The
‘Electrically Power Assisted Cycle’ (E-PACs) or ‘PEDal Ettic Cycle’ (pedelecs)
seems to be one of the most suitable concepts for the Euraoesntries. Pedelecs
are bicycles equipped with an electrical motor that onlyistssvhen the cyclist is
pedalling. The market potential of these pedelecs and teelmical performances
will be investigated in this work.



2 INTRODUCTION

0.2 Outline

This book is divided in two major parts: the findings of a madwmalysis for pedelecs
in Flanders and the description of an objective method ttyaedhe performance of
a pedelec.

These two parts are preceded by an introduction on eleétycles. Chapterl starts
with a justification for the adding of motor power to a humanvpeed vehicle, fol-
lowed by a brief history of the electric bicycle, the nameimgvof electric bicycles
and the different ways that are used to classify them. THenteal working principle

of and the legislation for pedelecs conclude the introduncti

Part | of this book explains how the subjective performance of fexseis analysed
by a double market research: the point of view of the pedetersuas well as the
bicycle dealers are investigatedhapter2 reports about the experiences of a lending
service for pedelecs and shows the daily user’s appregialibe pedelec market in
Flanders is outlined iChapter3 by means of information that is received from the
bicycle dealers.

Part Il reports about the development of a test method to charaetémian objective
way, the performance of pedelecs. A general descriptionhaitws meant by perfor-
mance analysis is given i@hapter4. Chapter5 describes the design and realisation
of the test application required for the intended perforoeaanalysis. The way this
testbench is used and the measurements that are taken emargivhapter6. The
testbench measurements are used to create models thabeeiserbehaviour of the
pedelec. Therefore the non-parametric LS-SVM regressiatyais is used. This
method is explained i€hapter7. The different regression models that are used to
analyse the pedelec’s performance are give@hapter8. The performance analysis
itself is based on the creation of a number of performands @Bhapter9) as well as
the calculation of a number of performance parametehapterl0). The discussion
about a standard drive cycle for the testing of pedelecsarsest inChapterll. Be-
cause the complete performance analysis of a pedelec esquiot of measurement
data manipulationChapter12 presents a handy graphical user interface to automate
these manipulations. The results of the performance arabydifferent pedelecs
are discussed i€hapterl3. Finally, part Il is ended by some suggestions for further
research irChapter15.



Electric Bicycles

1.1 The electric bicycle concept

For ages people have been looking for a way to amplify or oepthe human force
for their displacements. This research yielded a largeetyanf means of transport:
steps, roller skates, (recumbent) bicycles, segways, niké&s, cars, airplanes,...,
and also electric bicycles. Each of these are developedmy alifferent appearances,
for many different aims, but none of them has been able tacell the others. Also
the addition of an electric motor to a conventional bicyci# mot lead to the perfect

means of transportation. The introduction of the electitydle might even surprise
people. Why should one keep on searching for an adaptatienvehicle that is

(partly) propelled by human force while there are completaltonomous vehicles
available?

Today, the benefits of cycling (as well for the cyclist as far society) are sufficiently
known [3]:

e cycling is a flexible way of moving, perfectly suited for aycgnvironment

e considering the purchase price and the ease of use, it &ldoit a wide range
of people

there is no insurance or driving license required

cycling does not produce noise

cycling does not pollute the air

cycling keeps the cyclist in good physical condition

Although many people are convinced of these benefits, atilhhany reasons can be
found for keeping away from cycling (see sectidd). The human power limit is
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certainly one of them. The combination of human and extguoaler may erase this
excuse and might result in an interesting hybrid means opartation. In this way
the cyclist gets the choice to cycle faster with the samerteffioto reach the same
speed with less effort.

1.2 The history of electric bicycles

Figure 1.1: Steam bicycle from Michaux/Perradk[

The principle of the electric bicycle is not very new. Itstbry is closely related to
that of the conventional bicycle and the motorcycle.

The principle of today’s conventional bicycles (the sdexhfpneumatic tired safety
bikes’) dates from the 18905]. Before Gottlieb Daimler builds the first motorcycle
in 1885, there are already some experiments with a hybrig dar bicycles. One
of them is the steam bicycle from Michaux/Perraux that isashon figurel.1 Al-
though this hybrid bicycle is rather a step towards the fualigtorized motorcycle
than a considered choice, it might be seen as the first ‘pasgsted’ bicycle.

In the next decades the will to get rid of the pedals domintitesesearch. The rea-
sons for the presence of pedals in the models with combustigme only have to be
looked for in the still imperfect technology of the enginaghose days: people still
want to be able to cycle home when the engine fails (A fearithatso recognized
by today’s potential pedelec buyers as shown in chap)teBecause the early day’s
combustion engines present some danger for the cyclisty aggplications are sub-
mitted to patent bicycles with an electric motor. In somessabe electric motor has
to be started by a second person controlling the startirigtoes.

In the early 1900’s, the improved combustion technologypsek the electric alter-
native. The only feats worth mentioning before the seconddwear are the electric
bicycle developed by a subsidiary of Philips and the devakq of the first rear
wheel hub motor with possibility of recuperation brakinggngland p].

The years after the second world war are characterised bgsearch in the ‘auto’-
mobile technology. Bicycles in general are degraded to thesportation of the
poorer people. This is seized by the French constructor iucators ‘Veélosolex
S.I.LF.A.C’. They develop a popular assisted bicycle withmalks combustion engine
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driving the front wheel with a friction roller that is preged in figurel.2[7].1

Figure 1.2: The solex combustion assisted bicycle withidncwheel

In 1985 the Dutch cycle manufacturer Sparta develops thart8met’, a bicycle with
an auxiliary30cc combustion hub motor from the German motor manufacturensac
[8]. Today this bicycle is still available as the ‘Saxonette’.

The electrically assisted bicycle or pedelec as it is knovday dates from the late
80’s. The first one is called Rivolt, but is not really sucéelsbecause of the many
technical imperfections. Yamaha comes in 1995 with the BA&Eesn, which is seen
as the first sales success for pedel&sThese PAS bicycles are especially promoted
as bicycles for people having problems to ride a common Bcyever since plenty of
bicycle manufacturers come out with their own electric imrgsee3.2). Nowadays
the image of ‘bicycle for disabled persons’ is never far avizyt the younger designs
(e.g. hidden motor and battery) and lighter models of the yaars may people
make aware that there might be a difference between ‘redubanhuman effort’ and
‘amplifying the human force’. However, the legal limits ftris amplification are
discussed in sectioh.5. Today, all bicycle sales are raising(],[11]. The electric
assisted bicycles are following this tread].

1.3 Classification of electric two-wheelers

Nowadays a lot of names are circulating to describe eleutitcles. In the case
of small vehicles the term LEV (Light Electric Vehicles) i&en used. Electric two-
wheelers are a subcategory of the LEVs, but their namingtiala@ys unambiguous.
A two-wheeler is called ‘electric’ from the moment it is egped with an electrical
motor. But there are many ways to use the motor in the driveesysThe classifica-
tion of electric two-wheelers can be based on differenedet The most commonly
used classification criteria are illustrated in this settio

1In 2005 the french firm Mopex restart the production underttzad name Black 'n roll proving
that assisted two-wheelers have market potential.
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1.3.1 The relationship between motor power and human power

Electric two-wheelers may be propelled by human as well estét power. The
possibility of riding without pedalling is an often used sd#fication criterion by
legislators3].

Light Electric Scooters

Light Electric Scooters are two-wheelers with an electrivedsystem: an electric
motor supplied by a (rechargeable) battery delivers allttaetion. The amount of
power is controlled by a twist-grip. There is no possibililyadd human power by
pedalling. These scooters are mainly popular in the USA hadAlsian countries,
but also have growing sales numbers in the EU. They come irgemeral types:

e Light Stand Up Scooters carry the rider standing upon a deck.
e Light Sit Down Scooters have a seat for the rider.

E-bikes

E-bikes are electric two-wheelers equipped with an electrdtor drive and pedals.
The amount of motor power is more or less independently tatjlesfrom the human
power input. There is so-called power-on-demand (POD)mwitipedalling available
by using a kind of twist-grip.

In Europe, the legislator classifies these vehicles as nmpedause they are able to
drive without human power (see sectibrb).

Pedelecs

Pedelecs or Pedal Electric Cycles (also called Electyidatiwer Assisted Bicycles,
E-PACs, E-PABS, Power Assists, PABs...) also have an @ettotor, but the de-
livered motor power depends on the cyclist’s effort. If thelst does not pedal,
the motor will not assist. The electric drive automaticadhpvides additional power
while pedalling. The amount of motor power depends on thesoreanents of one or
more sensors, the control strategy and the behaviour ofetiel@c system itself. The
performance analysis in this book is focussed on this typeledtric two-wheelers.
They will be referred to as ‘pedelecs’ in the rest of the text.

If their rated motor power is limited at 250W and the maximwssisted speed stays
beneath 25 km/h, the European law still classifies them agles. This has the ad-
vantage of being free of driving license and insurance. Istm@ember states even a
helmet is not mandatory.

1.3.2 The ease of assembly

One can also classify electric bikes according to their edissessembly. Next to
the ready-made electric two-wheelers also electric ‘pdatst are available. These
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kits can be mounted on conventional bikes to give them auditi motor power.
The cheapest ones are equipped with a motor with a frictitlerranit that can
drive the front or rear wheel, but also hub motor types arelabla (BionX, E-
motor,Heinzmann,...). Both power-assist and power-aonaidel operation are avail-
able on the market.

1.3.3 The location of the motor

a. b.
c. d.
Figure 1.3: Applied mounting places for the electric motor

Another distinction can be made by the location of the mdtour possibilities will
be considered.

e The mounting of the motoon the carrier(figure 1.3a) behind the saddle ini-
tially seemed a cheap solution, but has proofed impractiCally prototypes
and self-built examples were found in this configuration.

e Introducing Front wheeltraction (FWD) is another possibility (figure.3b).
Some mountainbike manufacturers state the advantages ofttbduction of
a front wheel drive for bicycles: the cyclist should have eager control over
wet roots and slippery rocks and it would be easier to clinupesf4]. It
may be one of the easiest options for the implementation wepé&its because
the front wheel is free of brackets and gear apparatus. Adthahe common
cyclist may experience this as a less comfortable for dgivin

e Rear wheel hub motoesasily fit on existing frames and platforms (figdr&d).
They use a space that is otherwise not used and reduce thidityisif the aux-
iliary device. This explains why there seems to be a nearyeusal intuitive
acceptance of hub motors by consumess[
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e Another often used location for the motor is nélae bottom bracke(figure
1.%). The space at this location is rather limited, so ingenimechanical
constructions have been developed. This motor locatiarases the stability
of the bicycle because the center of mass is moved to the enaddhe bicycle.
Also the flexibility is better because the gear shifting igikble for both motor
and cyclist power. However, there are also some disadvesitayg this config-
uration. A small amount of motor power is already lost in tte$mission of
the bicycle and there is more chain and sprocket wear regjuire

1.4 The pedelec working principle

Human N
Power l

Torque Drive
org System 4% Wheel
Signal

Speed Signal 1

Battery |——{ Contraller |— IMomr DEG—

Figure 1.4: The pedelec working principle

The pedelec is an electric two-wheeler with a hybrid driviem. Its working princi-
ple is shown in figurd..4. The traction is partly coming from tHeuman poweinput
and partly coming from an electrimotor. The most popular motor type for pedelecs
is the brushless DC motor. The motor may be directly (dotie€) lor indirectly
(dashed line) driving the wheel. The motor is supplied byhaegeablebatteries
Lead-Acid, Lithium-lon, NiMh and NiCd are commonly usedtieay types for ped-
elecs.

The amount of motor power is continuously determined lmoatroller. The con-
troller output is based on the measurement signalssgfe®d and/or torque sensor
Sometimes (not on the figure) the cyclist has the opportunitpfluence the con-
troller output (and thus the motor power output) by switghiretween different as-
sistance levels. There is often a built-in protection asfamotor overheating that is
also steered by the controller. Another task of the corgradl to organise the (intel-
ligent) recharging of the batteries.

This book will proof that the behaviour of the controller urghces the performance
as well as the appreciation of the pedelec to a large extent.
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1.5 Legislation

The ease of use and market potential of a pedelec are quitemcid by the way they
are treated by the legislator. If they are classified as mgttes, a helmet, driving li-
cense and insurance are obliged in most countries. If theegen as bicycles (some
of) these conditions may be called off. In this section tha@ion of and the current
EU regulations specifically concerning pedelecs are censtti Conventional bicy-
cle standards or pure electric motorcycle standards aceisied in referencely].
For legislation in other countries referencés][and [19] might help.

1.5.1 EU Directive 92/61/EEC

In 1992, the EU comes out with directiv®2/61/EEC that applies to ‘all two or three-
wheel motor vehicles, twin-wheeled or otherwise, intentelavel on the road, and
to the components or separate technical units of such eshidle]. This directive
did not mention E-PACs or pedelecs. Motor vehicles were gsgg to have a com-
bustion engine. Only for the light quadricycles, the pa$igibof an electric motor
was discussed. It is important to notice that a directiveinslibg on the Member
States as regards the objective to be achieved but leaveth hational authorities
to decide on how the agreed Community objective is to be pwated into their
domestic legal system&(Q].

This freedom results in different interpretations in thember states.

1.5.2 EU Member states regulations until November 9th, 2003

In anticipation of a stricter EU regulation, every membaeaitesicreates his own regu-
lation/toleration concerning pedelecs. Differences aumndl in vehicle classification,
maximum rated motor power, assisted speed limit, helmetresulances obligations
and age limits. Tabld.1 sums up the regulations of most EU member states that
were applicable until Novembét", 2003.

1.5.3 EU Directive 2002/24/EC

A new proposition concerning pedelecs is submitted in 198®the Council of Eu-
rope and the European Parliam@ijf The European Commission makes an agree-
ment to exclude pedelecs up to 250 W and 25 km/h from type spprdhe Eu-
ropean Parliament and the Council have released the EWtivee2002/24/EC22)
concerning this type approval for two and three wheeledokesion March 18, 2002.
This EU-Directive replaces the former 92/61/EEC Directikearticle 1 (h) one can
read that ‘cycles with pedal assistance which are equipp#dan auxiliary electric

2The EC/Euratom directive, expressed by the EU council, isérEU the most important legislative
instrument alongside the regulation. The idea is to remowéradictions and conflicts between national
laws and regulations or gradually iron out inconsistensieshat, as far as possible, the same material
conditions obtain in all the Member States.
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Country Legal | Type Speed | Motor - | Hemet | 98

status | approval| limit limit | surance Limit

Austria bicycle no 25km/h| n.a. no no no
Belgium bicycle no no 300 W no no no
Denmark | bicycle no 25 km/h| 250 W no no no
Finland bicycle no 25 km/h | 250 W no no no
France bicycle no 25 km/h | 500 W no no no
Germany | bhicycle no 24 km/h | 250 W no no no
Holland bicycle no 25 km/h| 250 W yes no no
Ireland moped yes n.a. n.a. n.a. n.a. n.a.
Italy bicycle no no no no no no
Luxembourg| bicycle no no no no no no
Spain bicycle no 25 km/h | 500 W no no no
Sweden | moped yes 30 km/h no yes yes 15
UK bicycle | bicycle | 15 mph | 200 W no no 14

Table 1.1: Legislation of EU member states regarding pexelieefore November 20033

motor having a maximum continuous rated power of 0,25 kW, littvthe output is
progressively reduced and finally cut off as the vehicle meaa speed of 25 km/h,
or sooner, if the cyclist stops pedalling’ are excluded fitgpe approval.

One should note however that the directive text specifissgbiver as a ‘continuous
rated power’ and not as a ‘peak powed]. It could thus be acceptable to have a
higher peak power level during limited time (e.g. duringelecation). A reference
has to be made to standards describing how this rating ofeatriel motor is to be
defined and measured (see tabld.

Pedelecs that exceed the technical specifications mustehyee approval and are
classified as ‘mopeds’ and must consequently meet all additiaws, i.e. motorcy-
cle helmet, adequate brakes, mirrors, insurance, theynailbe allowed in reverse
one way directions in cities etc. These additional featongght be seen as a barrier
for a real breakthrough because it might weaken the advesiteigpedelecs on con-
ventional bicycles. Although the market study (cha@eshows that so far neither
users nor dealers are really concerned about speed.

Moreover some pedelec manufacturers (BionX, Swizzbgpenade a simple com-
promise by introducing the ‘fast pedelec’ as a ‘low-perfarmoe moped24]. These
are mopeds with pedals, with an auxiliary motor power noeering 1 kW and a
maximum design speed not exceeding 25 km/h. Low-Performmdfupeds are sub-
ordinate to the European category ‘Mopeds’ (maximum spée#&rd/h), but type
approval requirements are simplified or do not apply forasercomponents (9 ex-
ceptions out of 35 characteristi2g])

This has some interesting advantages as compensatiorefextta requirements:

e the possibility of motor power without pedalling until a tan speed
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e higher motor power limit: 1kW instead of 250W

The directive does not suggest any relationship betweemtiter and the cyclist’s

power, except that motor power has to disappear when théstgtbps pedalling.

This possibility is handely used by manufacturers (e.gEs$telle pedelecs by Heinz-
mann) to introduce a pedelec with twist-grip. The motor poiseetermined by the
user on condition that the pedals are turning. In some case®r power without

pedalling may be tolerated beneath 6 km/h.

1.5.4 Preliminary European Standard prEN15194

The European Committee for Electrotechnical Standaidis@ENELEC proposes
in 2005 a draft for a pedelec standard.

‘The prEN15194 European Standard gives requirements éatred power assisted
cycles, and has been developed in response to demand tbrdughrope. Its aim
is to provide a standard for the assessment of electricallyeped cycles of a type
which are excluded from type approval by Directive 2002£22/[25].

\ Aspect \ Standard(s) and Directive(s) \
The electrical circuit ISO 2575, IEC 60227-1, IEC 60245-1
The batteries EN 50272-3, EN 61429
EN 55011, EN 61000-3-2, EN 61000-4-2,
The charger EN 61000-4-3, ENV 50204, EN 61000-4-4,
EN 61000-4-5, EN 61000-4-6, EN 61000-4-11
The brakes pr EN 14764

emission directive 89/336/EC,
Annex C (sedl.5.4, immunity directive 89/336/E(C

EN 60034-1, clause 3.2.1 Duty type S1

EMC

Measuring Continuous
Rated Power

Table 1.2: Related standards for different pedelec asp28its

For many aspects the draft standard refers to existing atdad Tablel.2 gives an
overview of these related standards.

A lot of requirements that are mentioned in the preliminagydpean standard are
only meaningful for electrically assisted bicycles. Theg bsted below per pedelec
aspect.

e Motor power

— Assistance is provided only when the cyclist pedals forward
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— Assistance is cut off when the cyclist stops pedalling fodvsuch that
the cut off distance does not exceed 5 m with brake lever dwgvaich
or 2m without brake lever cut off switch.

— The output or assistance is progressively reduced andyfioatl off as
the vehicle reaches the maximum assistance speed as dkesigne

e EMC
In Annex C of the prEN 15194 radiation limits and field strérgtimits are
defined to assure electromagnetic compatibility of two pexeand electri-
cal/electronic sub-assemblies. In the scope of the lensingice of section
2, a complaint is received about EMC problems with police camitation
infrastructure. In appendiA the result of an EMC measurement to examine
the susceptibility of this complaint is included.

e Electrical hazard
Due to the limitation of the voltage to 48V, there are no sple@quirements
applicable to the pedelec about protection against etettiazards. When the
battery charger is a part of the bicycle, the pedelec may beexied to the
higher grid voltage

e Maximum speed
The maximum speed for which the electric motor gives assistanay differ
by + 5% from the values specified by the manufacturer. During dysrtion
conformity check, the maximum speed may differ8y10% from the above-
mentioned determined value.

e Labelling
Each pedelec has to be visibly and durably marked with theirements of
PrEN14764 and a special label with ‘EPAC, according to EN#5Xkut off
speed, and continuous rated power’.

e Instruction for use
In addition to the instruction required by the bicycles diand EN 15194, each
pedelec shall be provided with a set of instructions coirtgin

— the concept and a description of the electric assistance

— arecommendation for washing

— the maximum range as determined according to the EN15194
the control and indicators

specific pedelec recommendations for use

specific pedelec warnings

recommendations about battery charging and charger use

Standard measuring methods to determine continuous moveerpand maximum
speed are also included in the prEN15194 preliminary staihda
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Over 130 million bicycles are worldwide sold every year amdrdLO million electric
bicycles were sold in 200%p]. This means that less and less people are surprised if
one uses the words ‘electric’ and ‘bicycle’ in one sentedso while cycling along
the side of a Flemish river, one can be surprised by the peeoce of some older
cyclists, until it gets clear that they cycle with electiiessistance. Anyway, the
pedelec starts to take its place in mobility. However, tregeeneither data about the
exact number of pedelecs on Flemish roads, nor about th@tatice/appreciation
of the cycling community (dealers and users) of these vesiici Flanders.

In part Il of this book, a scientific and objective method iseleped to quantify the
performance of a pedelec. Before the start of this objeg@ormance analysis, it
is interesting to get an idea of the market potential of theefer and the aspects that
make people distinguish between good and bad pedelecse Top@ss are discussed
in this part I.

The intended subjective performance analysis is done byrketeesearch that fo-
cusses on the appreciation and the acceptation of the pduetae cycling commu-
nity. Therefore two independent inquiries are organisete for the daily users of
pedelecs and one for the bicycle dealers.

As a first step, an extended lending service with opinion p@alé organised to in-
vestigate the market potential and daily use appreciatidgheopedelec. In the heart
of Brussels Capital-Region people could borrow a pedelekctest it during several
weeks. They were asked to keep a log with trip information @edklec experiences.
Each test period was concluded with the answering of a stdrgieestionnaire. The
data and conclusions from the logs as well as the standastigueaires are gathered
in chapter2:'The Pedelec and its Daily User'.

A second way to get data was to send an electronic questrenttathe dealers of
bicycles. They were interrogated about their sales figuines, (good as well as bad)
experiences with pedelecs, the support of the manufastaret their opinion about
the pedelec. Especially the last item may influence the médeause more than
80% of the Flemish bicycles are bought in a specialized d&adp. The data and
conclusions from this electronic questionnaire are givechapter3:'The Pedelec
Market in Flanders’.



The Pedelec and its Daily User

Within the framework of the European E-tour project (seetisr.1) a lending
service of pedelecs was started at thige Universiteit Brusseto get an idea of the
appreciation of pedelecs by their daily users. From noverga®@0 until april 2003
more than 250 persons could intensively test one of five rdiffepedelec models
for an average period of 7 weeks. Together they drove oved@46:. A standard
guestionnaire sounded out their experiences about thegttiee and weaknesses of
the tested electric two-wheeler and their view on the mapk¢ential of pedelecs.
The results of this questionnaire are discussed in se2ti@nThe test persons also
had to fill in a log with their daily trips. In those books a Idtiteresting free remarks
were given. They are seperately discussed in se@tidn

2.1 The E-Tour project

The European E-Tour (Electric Two wheelers On Urban Roadgegt has been
set up to demonstrate, evaluate and promote the advantbglestoic two-wheelers
as a substantial contribution to sustainable mobility ipamr areasq1]. It was ap-
proved for funding under the Energy Program of the Europeami@ission. The
E-tour project ran from January 2000 until January 2003 amdlved 7 European
cities, 2 Mediterranean islands, 3 universities, the ngiveoganisations CITELEC
and ISLENET and several private companies. The project wasdmnated by the
Public Works Department of the city of Rotterdam in the Nddms. The major
aims of E-tour wereZ1]:

e To demonstrate the suitability of electric two-wheelersagsactical mobility
means in urban and/or other restricted areas.
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e To promote these vehicles as an environmentally friendirigdtive for (pri-
vate) cars and scooters with an internal combustion engine.

e To evaluate the practical and technical experiences frenuslers

e To set up a valid evaluation methodology for the comparatissessment at
local level (cities/islands) on a European scale.

e To link alternatively generated (renewable) energy saitcenobility means.
e To analyse the attainable reduction in energy use and palemissions.

e To gain insight in the physiological and bio-mechanicalezsp of the physical
impact of using an electric power assisted bike.

The contribution of this PhD to the project laid in the evaima of pedelecs by
polling their users and the development of an objectivequerénce test for ped-
elecs. The first item is discussed in the next sections, #tétéam is discussed in part
I of this book.

2.2 The objectives of the lending service

A lending service for pedelecs is organised to get insighth@pleasures and an-
noyances pedelec users are dealing with, if they use thdquefde a longer period.
There were already different demonstration projects foefexs, but the participants
could only make a single test ride. The experience learnaidsttme problems only
showed up when the pedelec was used on a more frequent base.

The lending service also wants to evaluate the suitabilitpenlelecs as a practical
mobility means in city environment.

The results of these duration tests are useful for manutastivecause they uncover
a lot of sensitivities of the pedelec’s daily user. The rissalso delivers input for the
objective performance analysis of part Il.

However, because of practical reasons, the sample size tdshpopulation was lim-
ited to 244. According to the formula of Cochrasb], for a 95% confidence level,
the level of precision for this sample size6igd%. The results in this chapter should
be interpreted according to this sampling error.

Remark that the statistical sample of the test populati@oisehow biased because
only volunteers that were interested in electric bicycteskteffort to participate. So,
the test results could not be used to to sketch the markenfoate The market is
sketched by means of the investigation of chapter

2.3 The standard questionnaire

When a person decided to test one of the pedelecs of the teseéivice, he was
asked after the test period to fill in a standard questiornailuding questions on
10 pedelec topics. The complete questionnaire is givenpergiixB. The answers
are collected and discussed in the following subsections.
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2.3.1 The pedelecs of the lending service

Type/ bicycles| Tests| Weight Motor Battery
Brand [#] [#] [kg] Type Type
Yamaha Pas 8 76 o8 pedal axis NiCd/NiMh
MBK Axion 2 DC 24V 235W 24V 5/7Ah

Yamaha Easy 2 72 7 pedal axis NiMh
MBK Fizz 9 DC 24V 235W 24V 7Ah
. Hub NiCd
Sachs Elo-bike 10 50 31 DC 24V 300W 24V 7AN
Merida . Lead acid
Prescoot 10 29 29 Pedal axis 2 x 12V 9Ah
Merida NiMh
Stepscoot 1 4 25 DC 24V 230W 25.2V 9Ah

Pedal axis NiCd/NiMh

Flyer F6 5 12133 1 pcasvizow| 36V 5/9Ah

Table 2.1: The pedelecs of the lending service

To start up the lending service, the ETEC research groupe¥the Universiteit
Brusselacquired 47 power assisted bicycles. The test persons chatuse between
five different power assist systems. They are all mentionetble 2.1 with their
most important characteristics: the available number ohdaand, the number of
tests that were performed per pedelec type, the weight, thentimg place of the
motor, the motor power and voltage, and the battery typeéageland capacity.

2.3.2 The test persons

The participants were mainly interested volunteers whochalaout the lending project.
They were equally distributed between male (#133) and feif#dl11). The question-
naire started with some personal data. All ages between @B@tyears old were
represented. Their physical condition differed a lot: ithmdy mass index (BMI)
varied between 17 and 44;/m?. The age and BMI distributions of all participants
are given in figure€.1 A difference is made between male and female participants.
Most of the test persons used the pedelec for about one mimrttthe test duration
was varying between 3 days and 10 months. The average téstl peas about 50
days.

2.3.3 The covered distance

The total distance covered by all users was 44.600 The histograms of figure
2.2 show the percentage of male and female test persons thadcgatertain total
number of kilometers and a certain daily average. The aesragentioned in figure
2.2 show that the female test persons cycled on the averager2iore than their
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Figure 2.1: Boxplots of the age and BMI of the test persons
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male colleagues. A possible reason can be found in figue In this figure the
percentage of test persons that were dissatisfied abouhseeoé use, the weight, the
charging, the motor assistance level, the battery rangehendverall quality of the
pedelec are given seperately for men and women.

Men were more sceptical about all aspects of the pedelec.b&lte image of an
assisted bicycle is difficult to reconcile with the healtmgaporty image where men
like to be identified with.

By far the most disappointing aspect is the autonomy or hatenge. The dissatis-
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Figure 2.3: Percentage of 244 persons that are dissatisfigu different pedelec aspects

faction about the autonomy of the pedelecs is rather rerbbrk@hen looking at the
short daily covered distances in tal& The energy in the batteries (about 150)
should be enough to drive about 2&: on a hilly circuit with 3m/s head wind at
an average speed of X3n/h 1, while the average covered distance is only 4:3.
However, the capacity of the batteries decreases quickly Métime, so the fear of
ending up with an empty battery is not totally groundless.

Figure 2.4 shows how many kilometers were ridden per pedelec model. wither
boxes and the left vertical axis represent the totally cedefistance by all users of
one pedelec model and the smaller boxes (right vertica) agjwesent the average
covered distance of these users during their test period.

The first place for the Swiss Flyer in average covered disténot really a surprise.
They were seen as the upper class pedelecs of the lendirigesand were mainly
placed at the disposal of people who were used to cycle. Welerage covered
distance for the Yamaha Easy may be due to the higher pegeeatdechnical prob-
lems with this model (see figu9).

2.3.4 Changes in the behaviour patterns of pedelec users

The addition of an electric auxiliary motor to a conventiobgycle has lead to a
new means of transportation. These electric bicycles wakettheir own share of
the existing trips and/or may introduce new trips. This meadl to changes in the
mobility patterns of the people. Therefore the test perseere asked which means
of transportation they replaced by their pedelec. Also tlagmeason for their ped-
elec trips were asked. Three reasons were suggested: corgrtttips home-work),

shopping and leisure. Most of the respondents mentioneztalesategories. Figure

simulation with the graphical user interface of chagt2based on the ID drive cycle from chapter
11and a Sparta lon pedelec
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Figure 2.4: Covered distance versus pedelec model

2.5summarizes the answers. The height of the bars represenuthieer of people
that replaced the respective means of transportation liypgkdelec. The different
fillings represent different reasons for the trip. The highre of the conventional
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Figure 2.5: Which means of transportation are replaced lgy/pgkdelec and what are
pedelecs used for?

bicycle replacement is not surprising, considering themddance with the pedelec.

It is encouraging to see that almost everybody mentionedatHaast for some trips
the pedelec could replace King C28]. The pedelec was also appreciated as a good
alternative for the public transport, especially in citwieonment. Except for the
(typically male) motorbike, there was no difference betw#dee sexes. The reasons
for the trips where equally distributed between commutsiggpping and leisure:
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e 66% used the pedelec at least once for commuting.

e Probably due to the first contact of most of the test persornis thie phe-
nomenon of the pedelec, 60% of the respondents made tripsifereisure.

e In spite of some complaints of the bad facilities for shogpib7% succeed
doing his/her shopping with the pedelec.

e 43% of the respondents also made mention of new trips duestaviilability
of the pedelec.

So at first sight people seem to become more mobile with thgggsson of the ped-
elec.

2.3.5 Time gain

Histogram of the realized time gains
35 T T T T
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Figure 2.6: Histogram of the realized time gains by usingplkdelec for commuting

A time gain was realized by 37% of the test persons when usieglkectric two-

wheeler for commuting instead of their normal commutingieleh The histogram

of the time gains realized by those test persons is given urdig.6. The average
time gain is 10 minutes for a single trip. This means that eefgdcommuter may
gain about 76 hours on a yearly base. This is time that otserwould be passed
getting stuck in traffic, or waiting for a bus/tram. Althoutite pedelec is intrinsic
slower than cars or public transport, the waiting time mayneh shorter.

2.3.6 Appreciation of the pedelec

The test persons were asked about the performance of tieel fgestlelec on 6 do-
mains: the global ease of use, the weight, the ease of clyathie level of the motor
assistance, the autonomy and the global quality and rktiabi
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Figure 2.7: Appreciation of some pedelec aspects: exdeltevery poor=1

In figure 2.7 the appreciation scores are given per pedelec model. A stérmeans

an excellent performance on the topic, a score of 1 meansygeer performance.
A two-sided rank sum test was performed to quantify the diffiees in appreciation
between the different models. Because the rather small euofliest persons per
pedelec, the following assertions only have a limited pbiltig (p).

e The Merida scores worst for ease of use (p=90%)
e The users of the Flyer seem to suffer the most of the weight%pe)
e The limited autonomy is more experienced by Sachs and FRiyersr(p=90%)

The last two remarks can be partly explained by the fact thatRlyer users were
mostly trained cyclists with other expectations from a pecleExcept for the auton-
omy the pedelec seems to pass for all mentioned categoalties,igh the results (see
also figure2.3betray that there are still a lot of things to improve:

8% of the respondents found the level of assistance ingfticie
12% had doubts about the quality/reliability of the testedglec
13% disagreed with the quote ‘the charging is easy’

58% wanted the pedelec to have a greater autonomy

2.3.7 After the test

One of the positive effects of the test period is the changeting behaviour of the
participants. At least 36% said that they ride more kiloe®twith their conventional
bicycle since they finished the test.

About purchasing pedelecs there was more doubt: Mentiomi(rgther low) cata-
logue price 0f€1000, 56% of the male respondents called themselves pepare
buy an electric bicycle, although only less than 3% realludid one. From the



CHAPTER 2 23

female participants only 43% was prepared to buy one detipiie more positive
remarks.

2.3.8 Infrastructure

Everybody that cycled once in a city like Brussels knows thatcycle infrastructure
is often inadequate. So also in this test 79% of the respasdmmplained about
the lack of cycle tracks. 65% was dissatisfied about the nuwiflqgarking places for
bicycles.

2.3.9 The most typical user

Another question asked to all participants was: ‘Who ispading to you, the most
typical pedelec user?’ The answers were very different aedategorized in table
2.2 Only 197 test persons gave a valid answer on this question.

| | Most typical user | % |
1 Commuters 61.4
2 (Middle)aged people 32.5
3 | Less sporty people looking for physical training24.9
4 People in hilly regions 12.7
5 Everybody 11.7
6 Disabled persons 10.7
7 Sporty people 6.6
8 Shopping people 5.6
9 Recreational users 4.6
10 Workers in suit 3.6
11 People living in rather flat areas 3.6
12 Long distance cyclists 1.5
13 Students and daredevils 15

Table 2.2: The most typical user according to 197 resporslent

Commuters are supposed to be the main target group. Of cierslistance between
work and place of residence cannot be too long. If the dist@éout of the autonomy
range, a combination of public transport and pedelec maydodugion. Considering
the fear for theft (tabl@.3) there should be at least a guarded parking place at work
or at the station. Because of the time people spend at thgicftarging at work is
no problem. In that case a portable battery is certainly aarmtdge.

There were some remarkable things about the answers onuiassion: The young
and sporty participants mentioned the elder and less spedple as target group.
They mainly mentioned the categories 2, 3, 4 and 6 of tal#e The elder and less
sporty participants on the other hand mainly answered thatlalec is something for
young and dynamic people (categories 7, 9, 10 and 13).
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Should we conclude that these bicycles are still too muchampowered for the
people who already gave up cycling long time ago and giveegwosurplus value for
the real cyclists?

According to 11% of the respondents the pedelec is a typroalyzt for slightly dis-
abled people (people with heart or breathing problems, livithied force,...) while
the test persons with heart problems still doubted abouypribéuct.

Also the contrast in opinion about the adequacy for hillyioaeg (table2.2) is re-
markable. This is not merely a subjective feeling, becabegerformance analysis
of part Il also shows that different pedelecs can have véfgrdnt climbing-abilities.
Other rather unexpected target groups were ‘people with af fime’ and ‘environ-
mental conscious people’. Some participants explicitlg s that the pedelec is
neither suitable for the busy city traffic nor for leisure loyg.

2.4 Analysis of the logs

2.4.1 General remarks

| | Remarks | % |
1 Technical problems 51.6
2 Too heavy 46.7
3 Small autonomy 42.9
4 Lack of cycling infrastructure in the city 25.8
5 Dangerous in busy traffic 22.0
6 | used the eco-assistance 22.0
7 Itis a real pleasure to cycle 21.4
8 Too expensive 19.8
9 Fear of theft 19.8

10 | The weather conditions influenced my cycling behavipur9.8
11 | Parking place on ground floor without treshold is needeiB.7

12 Insufficient assistance power 15.9
13 Inadequate gearbox 15.4
14 Electric cycling needs a learning process 13.7
15 Luggage problems 9.9
16 Bad seat comfort 9.3
17 Needs extra suspension 6.0
18 Assistance should last above &/ h 6.0
19 Poor design 4.9
20 | enjoyed the curiosity of the people in the street | 4.9
21 Assisted cycling results in laziness 3.8
22 | was really dissatisfied 3.8

Table 2.3: General remarks of 182 respondents
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Next to the standard questionnaire of apperiijiypeople were asked to keep a log
with daily trip information. A textbox for remarks was aile per trip. In the
logs people gave a lot of comment about their experiencéstigt electrical bicycle.
An attempt is made to categorize this spontaneous infoomalihe reference group
became smaller because not everyone took the time to wnite His experience. So
only people giving at least 2 remarks were seen as valuable.r&sulted in a group
of 182 test persons. The most quoted remarks with the pegemf respondents by
whom they were mentioned are given in taBI8.

2.4.2 Technical problems

electrical
problems
20%

free from
problems
49%

mechanical
problems
31%

Figure 2.8: Percentage of technical problems

Technical problems were the number one cause for annoyanoegarespondents:
more than 50% of the participants had to cope with one or anaéthnical problem
during the test period. A distinction has been made betweechamical problems
that could have happened with a conventional bike too anblemes due to the elec-
trical character of the bicycle. As shown in figu2e8 most of the problems (31%)
were mechanical. A selection of the most occurring meclémimblems is given
below:

flat tyre

malfunctioning of the mileometer
defective light

problems with gears

chain problems

bad seat attachment

problems with pedal brake
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A problem was considered electric if it was due to the preserfiche battery and/or
motor. The following problems were mentioned:

e sudden break down of the motor

e annoying noise while charging

e difficulties with charging during cold weather

e unreliable assistance

e inadequate brakes for the heavy motor and battery weight
e battery charging problems

e bad mounting of the battery

e instability due to the heavy motor and battery weight

B Electrical problems O Mechanical problems
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Figure 2.9: Percentage of technical problems per pedelée Size n of the samples are
given for every pedelec.

The share of technical problems seems to be high. The pagenbf mechanical
and electrical problems per pedelec are shown in figu#eConcluding that all those
pedelecs are worthless, would be unfair. The pedelecs eetré a lot of people who
were not always taking enough care of them. Of course the@pabout pedelecs
will be hardly influenced by the number of technical problgmesple had to cope
with. Moreover the users were asked not to repair the bikesiselves, but to bring
the defective pedelecs back to the university to repairs €kira effort also may have
caused annoyance.

2.4.3 The weight and suspension

The second most occurring remark concerned the weight opéldelecs. While
the respondents were rather mild in the condemnation of #gighwin the standard
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form (see figure.7), 47% complained about weight and ease of use in their spon-
taneous comment. These remarks were often given by peoglagenp without
battery power during a cycling tour. It is a fact that althbwgpedelec can be used
without assistance, the efficiency is often lower than that@mmon city bike. The
remarks learnt that the users of the Yamaha Easy suffergstistlly more from the
extra weight (64% against 40% for the users of other pedestt®ough it is one of

the lighter pedelecs. The demand for extra suspension ismesgioned by the users

of the Sachs.

2.4.4 Other remarks

Table2.3with general remarks also shows the importance of a parkiegemn the
ground floor. 19% of the test persons mentioned that they hadrg problems be-
cause of one or more steps. The extra effort to lift the pedelg of its parking
place, combined with the multiple anti-theft systems maleeggedelec less attractive
for very short distances. Knowing that their autonomy i® alsther small, we can
conclude that the electrically assisted bicycle is mosredting for distances be-
tween 5 and 1%m: a distance within conventional bicycle range, but ofteveced
by car...

2.4.5 The correlation of the remarks with the covered distane

>250km
25%

<100km
41%

100km<#<250km
34%

Figure 2.10: Subcategories of respondents according tativered distance during the test
period

In order to investigate the correlation of the remarks wiith tovered distance, the
respondents were divided into three subcategories: regpis who rode less than
100 km, respondents who rode more than %01 but less than 25@m and respon-
dents who rode over 2507 during the test period. There relative numbers are given
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in figure2.10
The remarks mentioned on the abscis of figuElseemed to correlate with the cov-
ered distance. If one uses the common statistical signdeéevel of 95% to reject

the null hypothesis, only the number of complaints aboutvtbéght correlate with
covered distance.
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Figure 2.11: Correlation of the remarks with the coveredalice

e The problems of the weight and the autonomy become biggepwsred dis-
tance. Knowing that people of the third category 250km) were used to
cycle, they had different expectations from their pede®oeme of them sug-
gested that they were faster with their light conventionalyde. However
speed seems to be of secondary importance for most of thefactumers: the
reduction of the effort has the priority. Also the restiactiby law cannot be
denied (see sectiah5).

e It may sound contradictory, but those who cycled least kdtres were com-
plaining the most about the busy traffic.

e It is mainly the middle category that enjoyed riding. Thah d@ partly ex-

plained by the smaller number of technical problems thatd¢htegory experi-
enced.

2.5 Conclusions of the lending service

Three years of organized test rides with pedelecs yielded af feedback from the
users. The standard questionnaire and the logs of the tessirgegave a good idea of
the appreciation by the daily users. Unfortunately, the lpemof tests was too small
to make statistically significant differences between tiffer@nt pedelec and battery
types concerning the free remarks, the typical user, the gain,...

The results of the lending service are summarized as follows
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The pedelecs are well appreciated according to the reduhs standard ques-
tionnaire. Only the small battery range is seen as a realgrob

The log books somehow shade the positive feedback of thdasthiguestion-

naire: A lot of test persons find them too heavy, not attracéimough and are
frightened by the many technical problems. Although the ¢eeseration of

pedelecs countered a lot of the complaints, still pricesvaeights stay above
the client’s wish.

The electric bicycle is certainly not a simple alternatigeriormal bikes, but a
new mobility means, especially suited for distances betvieand 15 km.

Pedelecs are suitable for commuting as well as shoppingessiaré.
A substantial time gain can be realized when using the pedeteeommuting.

Appreciation of the tested pedelecs is highly dependenhercycling history
of its user.

Cycling infrastructure still has to be optimized for a ree¢dkthrough.

A repetition of the lending service could already be inténgsto see how things
changed since the finishing of the last tests. The city of &#iss for instance, made
quite some effort to improve the poor cycling infrastruet{27]. Also the pedelec

technology has evolved a lot (better batteries, lighteigivsi,...) since the introduc-
tion of Yamaha's PAS system in 1995. And as is proved in the cleapter, a lot of

new bicycle manufacturers joined the pedelec market.

Based on the knowledge from these lending service, a befperienental design is
possible and would lead to more distinctive results withsamme research efforts.






The Pedelec Market in Flanders

As afirst part of the subjective performance analysis of j[gede chapteR polled for
the user’s needs. This chapter will focus on the Flemishlpedearket as it is seen
through the bicycles dealer’s eyes.

The worldwide pedelec market has been growing fast duriadgit ten years. Many
bicycle producers introduced a motor assisted bicycle inaae launched it under
a promising 'e-name’. According to the National InstituteStatistics of Belgium,
there are about 4 million bicycles in Flanders. Compared tota number of 6
million inhabitants, Flanders might be called a bicycleioag Estimated 400.000 bi-
cycles are bought each year. 30% of the commuters in citeethasbicycle and 53%
of the displacements to school are done by bicy2&.[Looking at the resemblence
of the pedelec with the bicycle, these figures prove thatddesis a potential market
for pedelecs.

Research by a Flemish consumer organization for bicyclewath that 82% of the
Flemish cyclists bought their (conventional) bicycle inpeaialized bicycle dealer
shop R9]. This means that Flemish people trust the advice and seofithese deal-
ers for making their bicycle choice.

In december 2005, 450 of these dealers were asked to fill ineatr@nic question-
naire about their pedelec experiences. More than hundrédtenf were prepared to
answer and helped sketching the market situation. The assailso clearly show
how dealers appreciate today’s pedelec generation. Nekidajuestionnaire 110
websites of bicycle shops were checked for data about pesdel€he data of the
dealer inquiry and the websites are discussed in this chapte



32

THE PEDELEC MARKET IN FLANDERS

3.1 The questionnaire

Searching the Flemish ‘Gouden Gids’ and the internet yie&E6 addresses of dealer
shops. The option of sending them a letter with a questioanaas left when ap-
peared that 468 of them could be reach by e-mail. The elactoprestionnaire was
kept simple to increase the reply rate. TaBl&shows the queries. The answers are
discussed in the next sections.

Do you offer pedelecs or power kits to your clients?

O Yes

1. Which brands/types do you offer?
2. What is the shop price of these products?
3. How many pedelecs did you approximately sell in the past?e
4. How many conventional bicycles did you sell in the saméopiéer
5. Do you get enough information from the manufacturer tolidle a
to repair/test the electric parts (motor, controller,
battery,...) in your own workshop?
6. Are you satisfied yourself about the performance of thesdyzts?
7. What could be improved to the technology?

O No

1. What is the main reason for not offering pedelecs?

Table 3.1: The electronic questionnaire sent to the bicghlgps

3.2 Brands on the Flemish market

In table3.2all occurring brands are alphabetically listed in the ficdumn. The sec-
ond column mentions whether this brand represents a fulhtedupedelec, a power
kit or both. Also two folding bicycles are mentioned. Therdh¢olumn is a link to
the website of the manufacturer, or a link to a website whieeediscussed pedelec
can be found.

The total number of reached dealers was 212: 102 via e-nidllyia their website.
According to the formula of Cochran adapted for small popoies [35], for a 95%
confidence level, the level of precision for the sample siz21@ is6.0% and for a
sample size of 102.3%. The results in this chapter should be interpreted accgrdin
to these sampling errors.

In figure3.1the absolute number of contacted dealers selling a centairdls given.
Brands that only occurred once were excluded. Also somealbrasrere put together
because of the similarity in their electric drive system.

The most occurring brand in the inquiry was Electronic BilevBlopments, a Flem-
ish firm offering the pedelecs called E-move and E-manueD E=followed by two



CHAPTER3 33

brand type website
Antec pedelec/kit | www.antec.nl
Batavus (lon) pedelec www.onzichtbaremotor.nl
Bertin/Sparc pedelec www.fietsenvanneste.be
Binbike pedelec/kit | www.euromoto.be
Bionx kit/pedelec | www.bionx.be
Eazy mouv pedelec WWw.eazymouv.com
Electronic
Bike Development pedelec www.ebd.be
Enik/bionx pedelec www.elektrischefiets.be/elekfietsenbionx.html
Enik/sparc pedelec www.elektrischefiets.be/elekfietsenenik.html
E-zee bike pedelec www.ezeebike.com/home.htm
Flyer pedelec www.flyer.ch
Gazelle pedelec www.gazelle.nl/www?2/easyglider
Giant pedelec www.lafree.com
Heinzmann kit/pedelec www.heinzmann.de
www.estelle.de/e/fahrradmodelle.asp
Joris E-bike pedelec www.joris-e-bike.com
Koga Miyata (lon) pedelec www.koga.com/nl
Kynast pedelec www.extraenergy.org
I'Avenir pedelec www.lavenir.be
MBK pedelec www.mbk-cycles.com
Panasonic folding bicycle | www.pocketnsoul.com/evstart
Piaggio pedelec www.piaggio.com
Powabyke pedelec www.powabyke.com
Renault zapping | folding bicycle | www.pocketnsoul.com/evstart
Sachs pedelec www.sachs.be
Schachner pedelec/kit | www.elektrobikes.com
Sparta lon pedelec www.sparta.nl
SRAM sparc kit www.sram.com
Swizzbee pedelec www.swizzbee.ch
Thompson/bionx pedelec
Venturelli pedelec www.venturelli.be
Yamaha pedelec www.yamaha-motor.co.jp

Table 3.2: Alphabetic list of pedelec brands found in flerbislycle shops

dutch firms, Sparta and Batavus, who both use the same eldatre technology. In
the top ten also two other dutch firms, Gazelle and Antec, @sept. Remarkable is
also the presence of 2 North American products: Bionx fromada, and Sram from
the USA. The only other Belgian manufacturer in the top teldigenir. Giant and
the Yamaha PAS system are representing Asia in the top ten.

Figure3.2learns that 71% of the brands have their origin in Europehd\gh the
pedelec is far more popular in many Asian countries, (e.gn&sold 1 million ped-
elecs in 200230]) only 13% is from Asian origin.
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3.3 Dealers and pedelecs

About 85% of the responding dealers were offering pedelepswer kits. One third
of the dealers offer one single brand. More than 50% offeeastl 2 different brands
of pedelecs. The maximum number of brands for one dealer Wwakl8st of them
were selling full mounted pedelecs. The main reason may &entiost of the oc-
curring brands were only offering full mounted pedelecst &wen the power kits of
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Average number of pedelecs per dealer 13.4
Average number of conventional bicycles 402
Maximum number of pedelecs for 1 dealer200

Average number of brands per dealer| 2

Table 3.3: Sales figures of the year 2005 for dealers offguedelecs

The distribution of sales for pedelecs and conventional bicycles
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Figure 3.3: Boxplots of the sales figures for pedelecs andeuational bicycles for the year
2005

the manufacturers were sold already mounted by the deaderanventional bicycle.
Only two dealers mentioned the sale of power kits withoutcgdie.

Hardly 38% of the visited websites were mentioning pedel€tiis is much less
than what would be expected from the results of the respgndealers. Whether
the result may be skewed either because dealers who do eotpaitielecs did not
take trouble to answer the inquiry, or because the dealatstfimnecessary to make
publicity for these products on their websites. This medas & lot of dealers are
not actively promoting the pedelec. Their main concern ésdbnventional human
powered bicycle.

The last reason is understandable if one looks at the aveedge number of pedelecs
and conventional bicycles in tab83 and figure3.3. For dealers offering pedelecs,
only 3.3% of the sold bicycles are pedelecs. And as 3 dealémsal want to offer
pedelecs because of the small profit margin, the profit partireg from pedelecs
sales will be even less than 3.3% of the total dealer profit.

Of course there were some proverbial exceptions: one regmbstated to be special-
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ized in electric bicycles and two visited websites were affgring electric bicycles.
However, the conclusion may be that one cannot expect a inaokst by the mar-
keting efforts of the dealers. They seem not to be waitingafbreakthrough. The
marketing has to be done by the manufacturers or by the gmes
The pedelec offering dealers in Flanders were divided indgeaies:

1. dealers who sold less than 5 pedelecs in 2005

2. dealers who sold less than 10, but at least 5 pedelecs t 200
3. dealers who sold less than 20, but at least 10 pedelec®& 20
4. dealers who sold more than 20 pedelecs in 2005

Table3.4 shows the percentage of dealers belonging to each of thesgocas, and
the relative number of pedelecs that they represent.

| Category | Dealers percentagle Pedelecs percentade

0<# <5 29 6
5 < # <10 29 13
10 < # <20 24 21

# > 20 18 60

Table 3.4: The division of dealers in 4 categories

So 15% (18% of the 85% offering dealers) of all respondindeteaccount for more
than 60% of the pedelec sales.

3.4 The number of pedelecs in Flanders

An idea of the total number of pedelec8/§ P) sold in Flanders in 2005 is obtained
by a combination of the following data:

e 82% (p;) of flemish cyclists buy their bicycle in the specialized léeahop
[29]

There are about 95@/4) bicycle dealer shops in Flandefl]

13.4 (pn) is the average sales number of pedelecs per dealer in 2005
402 (cn) is the average sales number of conventional bicycles

61% (p2) of the dealers offer pedelecs (combined data of visitedsited and
inquiries)

dn-ps-pn  950-0.61-13.4

TNP =
P1 0.82

= 9470 (3.1)
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Verification of this total pedelec sales number of 9470 imB&xs in 2005 can be
done by calculating the number of conventional bicycle sgl&V (') in the same
way:

. ), . 4 2
TNe = deen 950402 6000 (3.2)
P1 0.82

This number is close to the number given by the nationaltutstiof statistics26].

In the Netherlands, the year 2005 was good for 1,2 milliorveational bicycle sales
and 30000 electric bicycles. For the latter category, thes &n increase of 50%
compared to 20043p]. So, the Netherlands as well as Flanders have about 1 pedele
for 600 people, but the Netherlands have a small lead to Etand

3.5 Pedelec prices in Flanders

Many dealers gave detailed customer prices for their prigsdu®ther dealers only
gave minimum and maximum prices. For the latter categoryrades between the
minimum and maximum were also included in order to get aibigion of prices
between the all dealer minimum (see table3&) and the all dealer maximum. This
distribution is presented in figu@4.

201
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Figure 3.4: The distribution of pedelec prices in Flanders

Compared to the international prices given in taBlé these prices seem to be at
the high end. One may conclude from this price discrepanay pledelec prices
are increased the last years, or that the prices for Europefenence 30] are a bit
underestimated.
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Minimum price | €695
Maximum price| €3600
Average price | €1691

Table 3.5: The 2005 market price of pedelecs in Flanders

| Region| Average price| Sales number 2003 [x1000 units]

China €260 1000
Japan €650 180
EU €900 65
USA €1300 35

Table 3.6: The market price of pedelecs in the world in the 2683 [30]

3.6 Main reasons for not distributing pedelecs

‘ Price

‘ Complex repairs

15

10

Lack of knowledge

Small profit margin
Small autonomy

Percent of occurence [%)]
Limited life cycle

Too much technical problems

Heavy weight
Too fast evolution
User-unfriendly
Small dealershop
No demand
No time for training course
Uncertainty about insurance

Some unreliable firms

Eco-unfriendly

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 3.5: Reasons for not distributing pedelecs

The 15% respondents who told not to offer pedelecs gave mayemt reasons for
this absence. These reasons are collected in fi@&i@ order of importance.

These reasons are subdivided in 4 categories shown in3abl&lore than one half
of the reasons deals with a distrust in the pedelec techpolddot of work is left
to be done by manufacturers to convince the dealers of thedugt quality. At
the same time we have to admit that sellers of the best sqiluiglecs were quite
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Reason | Occurrences [% of n=46]
Distrust in pedelec technology 52
Price 26
Practical reasons 11
Lack of pedelec knowledge 11

Table 3.7: Main Reasons for not distributing pedelecs arit tielative occurrence

satisfied with the two-wheelers and the support of the maturfars (sed.7).

3.7 Satisfaction with the technology and the manufacturer
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Figure 3.6: The shortcomings of the pedelec through theattsatyes

Generally, the dealers offering pedelecs are satisfied th@hperformance of their
pedelecs. Although only 11% was really disappointed aldmeitéchnology, a lot of
possible improvements were given as an answer to questidrthé @uestionnaire
(table3.1).

The shortcomings that were mentioned are ordered by impeetan figure3.6. For
the matter of the shortcomings, the dealer response padhllser respons2.3.6
also dealers would like to see a higher autonomy and a lowighivand price. Table
3.8 split up the mentioned shortcomings in 4 categories thaéwakso mentioned by



40 THE PEDELEC MARKET IN FLANDERS

the users. The total number of shortcomings mentioned lusats was 743, the total
number of shortcomings mentioned by all dealers was 100.

Shortcomings Dealers| Users
n=100 | n=743
Technical shortcomings 81% 55%
The high market price| 12% 7%
The lack of information| 5% 4%
The external barriers 2% 34%

Table 3.8: Comparison between mentioned shortcomingsdematers and users

The second column is the percentage of dealers that medtibaeshortcoming spec-
ified in the first column. The third column of tal8e8is the percentage of test persons
(derived from sectio2.3) that mentioned the same shortcoming.
More than 80% of the mentioned remarks by dealers are complabout the im-
perfect technology. Although only 7% of the given remarksthy test persons is a
complaint about the price, still 20% of these persons walkltb see a lower price
(table2.3). Only 11% of the dealers think a lower price is required toweace the
client.
Concerning the external barriers, only the legislativeeslp@nit was mentioned by
the dealers. Users had many more remarks about externarbauch as infrastruc-
ture problems, fear of theft,weather dependency,... Tdusdcbe an indication of the
lack of real world riding experience of the dealers with tleel@ecs.
According to figure3.7 79% of the dealers was satisfied with the support of the
I Not satisfying

[ satisfying
[ very well

21%

26%

Figure 3.7: The appreciation of the support from the mantifears

manufacturer. Most manufacturers are aware of the needifigrost, looking at the
positive feedback that many dealers gave about servicéspeitducation and the ease
of getting spare parts. 21% was dissappointed about theesa#the manufacturer.
Part of them decided on this base to stop the cooperation.



CHAPTER3 41

3.8 Misunderstandings

Another conclusion withdrawn from the answers of the daeakethat there are still a
lot of misunderstandings about the technical working ppilecof the pedelec. Some
dealers persistently ignore the first law of thermodynaraiod wonder why one has
to reload the battery from the grid, while a simple dynamddaio the same during
cycling.

Other dealers suggest a financial intervention of the Natibiealth service, to help
disabled people to purchase their pedelec.

3.9 Conclusions of the market research

The electronic questionnaire to the dealer shops learnetadbut the pedelec pen-
etration into the Flemish market and the dealer’s expeeigndgth pedelecs.

e Alot of brands are found on the Flemish market and most of thentEuropean
products.

e About 10.000 pedelecs are sold in Flanders in 2005.
e A minority of the dealers account for a majority of the pedslsales.

e For the matter of the shortcomings, the dealer responsdlgladathe user
response.

e Quite some effort is left to be done by the manufacturers twicce the dealers
of their product quality.

e Although most dealers are satisfied with the electricalstasce, they are not
actively promoting the pedelec.

e However, promotion of pedelecs is justified and necessaaulse

— they might be a possible solution for the traffic congesti(see figure
2.5) within cities, as far as they move people from car-driviogycling.

— frequent cycling on a pedelec can also improve physical ifond 33].

— they move people with light physical constraints to (rejdiser the ben-
efits of cycling.

— and they could free us from road unsafety, noise polluiié@y-emissions,
alienation amongst people, corpulence, lack of spaceyailems,...B]

— Recent research stated that there are also psychologiceafitseof cy-
cling to work [34].

e The condemnation as ‘bicycle for disabled people’ is neaeraivay nor by
users neither by dealers (see chag)er

e Some persistent misunderstandings about the working iplénof pedelecs
(by users as well as dealers) still have to be removed.






Part |l

An Objective Approach of the
Pedelec’s Performance



User feedback is far from sufficient to get an objective idethe performances of
a pedelec. The smoother the motor power assists, the leptepaaticed that they
really got motor help. Reversely, some users praised tlutriel® assistance to the
sky while it was not even turned on. So the perception did ivaays parrallel the

amount of assisted power. There is need for a standardgestthod to quantify the
net motor contribution and the battery range.

The standard test results could be used

e to enable the consumers to compare different pedelecsendept from man-
ufacturer data

e to help manufacturers in the design process of their peslelec
e to check whether the pedelecs are conform the legislatemgsctiorl.5).

Part 1l of this work describes the development of a test ilzdian and a test method
to measure the performance of a pedelec in an objective way.



The Performance Analysis of a Pedelec

4.1 Objectives of the performance analysis

There were two major goals for the intended performanceyaisal

e The development of a test method for measuring the perfamsanf the com-
plete drive train of a pedelec under realistic driving catnaiis
Therefore a new test application is designed. This testbdasign is explained
in chapter5. The applied measuring method is described in chapter

e The defining of unambiguous performance parameters
This will be the main topic of this part Il. Before the perfante parameters
can be calculated, the pedelecs were modelled to estimeitebshaviour in
every possible operation point. The regression modelliag is used for this
purpose is discussed in chap#erChapter8 discusses the application of this
regression technique on the pedelecs. The visualisatitireahodels is a first
tool to interprete the performance of a pedelec. This is shimmchaptero.
The definition of the performance parameters is given in @rdf. In chap-
ter 11 the introduction of a standard drive cycle is discussed. dljective
performance analysis is concluded by the presentation odghgcal user in-
terface that enables a faster and easier processing fromehsurements to
the performance parameters chagt2y.

Of course there are standard methods to measure sepatraitielyy lefficiency, motor
efficiency and bicycle drive train efficiency under laborgitoconditions. Test installa-
tions for complete bicycles do exist (e.g. figdrd), although the working conditions
often differ a lot from the road conditions. In contrast tegh installations, fixing the
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Figure 4.1: Existing test bencl3f]

frame or removing a wheel is considered as no option for terfopmance analysis.
The performance of the pedelec has to be considered in npasgion, both wheels
rolling freely on a flat surface. Because of their poor repooility, simple road
tests are also rejected.

4.2 Basicidea

Figure 4.2: Comparing input and output power of a pedelec

The basic idea for the performance analysis of pedal etexydles is to consider the
pedelec as a black box. The cyclist is supplying a certaindmumput power £.)
to this box. Based on one or more measurements, the pedelgolmr reacts by
adding a certain amount of auxiliary power resulting in altiseful’ traction power
(Py). This control strategy will differ by manufacturer and bgdelec. Analyzing the
relation between both power flows in the normal operatioa &) will be sufficient
to model the pedelec behaviour.

This analysis is enabled by the construction of a pedelédrtsmllation. Figuret.3
shows the schematic line-up of the pedelec test instatlafitne implementation of
the basic idea is realized by controlling two input paramsete

e Thebicycle speed
e Thetorque on the pedalsr thecyclist torquel,

The combination of both inputs should result in an accalanabf the bicycle on a
conveyor belt, but a chain fastening the back of the bicyxle fixed point keeps the
bicycle from moving forward. Théraction force F; on this chain is a measure for
the withdrawn acceleration, and thus for the developeditapower (see figurd.3
and sectiorb).
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Figure 4.3: The line-up for the pedelec performance tests






The Design of a Pedelec Testbench

This chapter will discuss the practical realization of alieach enabling the perfor-
mance analysis of a pedelec.

5.1 The treadmill

Figure 5.1: The treadmill

An old runner’s treadmill is extended to3an long bicycle treadmill and equipped
with a new conveyor belt. The result is shown in fig& The belt has a width
of 0.5m and is composed of four layers (total thicknes.8mm) of which the

uppermost is a smooth adhesive PVC layer, imitating the soafhce. The belt is
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driven by a speed controlled induction machine (frequeraytroller = ABB Sami
GS, rated power #.0kW ). So, any linear speed of the conveyor belt betw@&and
30km/h can be forced to the pedelec.

5.2 The dummy cyclist

Figure 5.2: The ‘dummy cyclist’
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Figure 5.3: The automate torque control of the dummy cyclist

In order to quantify the human power input on the pedals, droth@ble ‘dummy
cyclist’ is required. Therefore a DC-motor with an anguleadox is mounted on
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the saddle rod. A pulley replaces the pedals and their cranke transmission is
performed by a V-belt. The DC motor (rated powe2.3kW) is current-controlled

(figure5.3) by means of a power converter (ABB DCS500).

The weight of the motor, the gearbox, the pulley and the w®rsgnsor is approx-
imately that of a human being and also the position of theeceoit gravity corre-

sponds more or less with the real cycling situation.

5.3 The sensors

5.3.1 The traction force

Figure 5.4: The load cell

A load cell is attached to the chain (see figude3and5.4) to measure the traction
force resulting from a certain forced conveyor belt speeadi@adal torque. Because
of the mass of this load cell, gravity may influence the meament of the force
when the chain is not completely stressed. This influencegégible when the load
cell is mounted in the middle of the chain.

The load cell is a Sensy model 271250#kia N calibrated to reach its full-scale range
for 15daN (accuracy class 0.1). This showed to be useful for measatinglative
low traction forces while protecting against peak forcethatsame time. The output
signal is &4 — 20m A current signal.

5.3.2 The cyclist torque

The torque exercised on the crankshaft is measured by aetsensor (Lorenz MR-
12, 500 N'm), which is mounted onto the pulley and has an accuracy cla8slb.
The output is a voltage signal betwe@n- 10V

5.3.3 The bicycle speed

An optical encoder in the torque sensor delivers a TTL-difyoen which the angular
speed of the pulley can be derived. There is no slip estadiffetween the pulley
and the bicycle chain, neither between the bicycle chaintaadack wheel nor be-
tween the rear wheel and the conveyor belt. So the TTL-sigreajood measure for
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Figure 5.5: The torque sensor

the linear speed of the conveyor belt and thus the bicyclesishsupposing that the
transmission ratio Z (se& 1) is known.

5.4 The data acquisition system

Figure 5.6: The VXI system for the data acquisiti@7]

The data acquisition applied for the tests is a VXI system Bf ddmbined with a
Labview user interface (see figuseb) . The data acquisition system is slightly over-
sized, so certainly not the cheapest solution for this pepbut is used because of
its availability at the ETEC laboratory. The system was tgyed in the framework
of a master thesis3[7] and will be discussed in more detail in the next subsections

5.4.1 The controller

The HP 8491A controller enable$00/b/sec) communication between the main-
frame with all measurement equipment and the PC by an IEEE iti38rface.
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5.4.2 The digital multimeter

The HP E1411B52 digit multimeter is made for DC and AC voltage measurements,
or 2- or 4-wire resistance measurements at a maximum freguanl 3k H z. This
multimeter performs in the latest line-up only the offsetasi@ements of the force
and the torque, which are taken once every time the test hemektarted. The load
cell current signal is converted byla0f? resistance to obtain a voltage signal.

5.4.3 The multiplexer

The measurement of multiple signals (torque and force) thighmultimeter was first
realised with the multiplexer HP E1343. The switching rel@ne is about 50ms,
which was considered to be too slow for the simultaneous uneasent of torque
and force. Only for the offset measurements, the multiplexstill used.

5.4.4 The time interval analyser

The TTL signal coming from the torque sensor is used to meatarangular speed

of the pedal axis (®). The TIA HP1740A enables us to measure frequencies up
to 80Mhz. The biggest time interval that can be measured lig 2h2ms. The
torque sensor gives 360 pulses per rotation, which meatiththminimal measurable
pedalling frequency;,;, could be derived as

1

fmin = 562 10-3360 — 0.106H z (5.1)
This shows that the TIA was not really adapted for the slowdencies of the pedal
turns. However this is still considered to be good enougltabse a pedalling fre-
guency of0.106 is rather unrealistic in steady-state driving conditiorsdriving
less than 3 km/h in the highest gear). The TTL signal had te fflasugh a low-pass
filter and a differential amplifier to filter out higher frequaes and common mode
noise before giving good results.

5.4.5 The 2-channels digitizer

If one wants to measure the power balance in case of pulstatings and torques,
simultaneous measuring of both signals is necessary. $hisalised with the HP
E1429B 2 channels digitizer. Using a 12 bit conversion adebal 175V range, the
accuracy is about, 5mV, which is considered to be more than enough.

5.4.6 The labview measuring program

The Labview 6.0 graphical programming was used for comtiglthe VXI system
through a personal computer. One measurement(s aecord of the angular speed
of the pedal axis, the torque of the dummy cyclist and the ldpeel traction force
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Figure 5.8: Developed subVIs for the use by the Laview pnogra

of the bicycle on the testbench. The goal of the program isrite\vaverage values
for the torque, the force and the speed of this record to afdetaor this task, the

labview program needs 2 extra inputs next to the measurymgks: The transmission
ratio Z (see6.1) and the sampling rate for the input channels.

Visualisation of the 10 second record enables the operafodge the quality of the

measurements and there is always the possibility to réjeagitzen record. The user
interface for measurement controls is given in figiré For every subtask of the
measuring program, a subVI was developed. SubVIs are Lalstidroutines that

maybe called from the main program. They are shown in fi§uge

(a) offset.viinitialises and configures the multimeter and multiplexegét the off-
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set values of torque and force.

(b) metingen.viinitialises and configures the digitizer and executes therghum-
ber of measurements of the two voltage signals.

(c) vanvoltnaarnewton.viconverts the value in volts to values in Nm and N.

(d) snelheidsmeting.vffilters out the frequency of the TTL-signal coming from the
torque sensor, and calculates the speed of the bicycle by ths transmission
ratio Z.

(e) write2file.vi averages out the values of speed, force and torque and Wries
(if not rejected) to one of two separate Excel-files depapaihether the mea-
surement was executed with or without assisting motor power

The complete block diagram of the main Labview program issshim figure5.9.
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5.5 The control of the test bench
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Figure 5.10: The Labview interface for the setting of theegspband torque references

The characterisation of a pedelec’s performance is donédyneasurement of the
traction forces at different speeds and torques. The mdergalues for the speed
and the torque are adjustable via another labview inteffaesented in figur&.10
There is the possibility to choose between a pulsating onateat torque. An open
loop control system is considered to be sufficient, becambe roughly scattered
measurement samples are necessary for the intended penicgranalysis.

In accordance with the data acquisition system, a VXI D/Aveoter (HP E1328) is
used for the setting of these reference values. The LabJ@vk biagram is designed
to convert the two chosen 16 bits values to analog voltagetsghat have to be sent
to the DC motor drive and the induction motor drive respetyivin a short time, the
speed and torque of the bicycle can be adjusted to perforrvaneasurement.

5.6 The electrical design

After the first provisional line-up it became clear that itwmabbe impossible to trans-
port the test bench because of the many connections to ektgwices. Therefore
all electric equipment (power supply, drives, control sis, electrical protection,
emergency stops,...) is put together in one enclosure wighconnection for a power
supply of3 x 380V [38]. The electric diagram of figurg.11shows:

e the power supply for the drives

the connection of some supplementary sockets
the transformers

the extra DC power supply

the electrical protection equipment

Because the total loss power inside the enclosure is estilratt1100W also a fan
and air intake grid had to be installed to keep the tempegatnder control.
For demonstration reasons a remote control is also indtéligure5.12). The remote
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control has a power button, an emergency stop, 2 signakliggteen’ when main
power is on, ‘red’ when motor drives are operating). Potenéters allow to set
the references for the torque and speed when the standardadatisition is not

available.

8 9 10 11 12 13 14 15 16 GND

©] O 0] @ © © O ©]

Pot. 10k Pot, 10k

Speed Torque
reference reference

Figure 5.12: The remote control

5.7 Safety measures

Figure 5.13: The pull safety device

Next to the electrical safety measures, the test bench haeéd the specifications
of the European machinery directive. Dangerous situatcamsoriginate from the
movement of the conveyor belt-(25km/h), the wheels, the V-belt or the torques
developed at the pedalling axis (peak value$2¥/Nm can be reached). The person
holding the bicycle has to stay on a safe distance of the raquamts. This is realised
by the construction of a cage enclosing the test bench (figuje At this cage an
emergency stop is fixed within reach of the operator.

When the load cell connection at the back would break looserfe or another rea-
son, all drives will be stopped. The used pull safety devécghiown in figures.13
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For the torque and speed drivers, it is important to bringéference values to zero
before cutting the power.

Other emergency stops are found at the electrical switeklboane fixed at the

switchboard and one at the remote control. The practicalementation of the emer-
gency electrical circuit of the relays is given in figlgd 4[38].
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Figure 5.14: The emergency circuit

5.8 Remarks before Testing

A number of things are worth mentioning before one decidestdd the measure-
ments.

e The preparation of the pedelec for the performance anafgsig take more
time than could be expected at first sight:

— One pedal crank has to be removed to install the pulley fodtiramy
cyclist (figure5.2)

— There seems to be no standard size for the saddle rod of aepediébst
of the time, a new coupling part had to be manufactured to BxDR-
motor (which is part of the ‘dummy cyclist’ of figure.2) on the bicycle.

e Two persons are required to perform the test bench measntent@ne has to
prevent the bicycle from falling by steering, the other oms ko control the
speed and the torque and has to execute the effective meesire

e Itisrecommended to wear ear protection because of the loigle frevel which
is increasing with the belt speed.
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e |t turned out to be very important to correctly stretch thbah, to prevent slip
between the V-belt and its pulleys.

e Itis not necessarily required to measure the pedelec itsallifferent gears to
characterize its performance. Depending on the place whermput signals
for the controller (torque and/or speed) are taken, theenfie of gear on the
pedelec behaviour may be negligible or not.

5.9 Conclusions

A complete testbench is designed to enable the performamalgsis of a pedelec.
An effort is made to get as close as possible to the road situat

A speed can be imposed to a conveyor belt of an old runneisltnédl on which
the pedelec is rolling. A torque can be independently imgdsethe pedal axis.
The resulting traction force is measurable via a loadcelimied at the back of the
bicycle.

A data acquisition is developed to control the speed andieoand to read the sensor
signals. Also different safety measures are taken to prttegedelec as well as the
steering person.






The Measuring Method

6.1 Determination of the transmission ratio

Figure 6.1: The input and output parameters of the test bench

For the determination of the input and output power desdribsectiord.2, normally
4 measurements are required:

T, = the cyclist torque applied to the pedal axis
w = the angular speed of the pedal axis

F; = the traction force measured at the load cell
e v =the linear speed of the bicycle

The transmission ratio Z between the linear speed (v) of theels and the angular
speed of the pedals] is used to eliminate one speed measurement for the bicycles
tested on the bench. Because there was no noticeable slipdrethe bicycle wheels
and the belt, nor between the pedal axis and the rear wheetahsmission ratio is

a constant depending on the chosen gear, and the wheel.ralieigangular speed of
the pedal axis (=) multiplied by the transmission ratio (=Z) is a good meaduore

the average linear speed.
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27Ny
gz =l _ Y (6.1)

2mny, w

These transmission ratios are determined for every meaggar by counting the
number of turns of the pedal axis, measured by the TTL sensor) while the rear
wheel was making a whole number of turns.). Also the radius of the rear wheel
() had to be measured. For the tested pedelecs, Z is varyingéet0.37 and 1.44.
The exact Z-values per pedelec are represented in 1&8hle

6.2 The area of operation

The bicycles are measured in the on-road operation area:

e The pedalling frequency is changed from 0 to 12th
e The average torque is controlled between 0 and&N7&
e The average power is limited at 400

In this way we get the marking out of the operation area astitiied in figures.2

Operation area of the cyclist
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Figure 6.2: The applied limits for power [W], torque [Nm] apedalling frequency [rpm]

6.2.1 The pedalling frequency limit

The top value of 20rpm is experimentally determined as hardly ever reached in city
cycling situations. This roughly agrees with ridia@km /h in the first gear.
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6.2.2 The torque limit

The torque limit is justified by the following reasoning: wha person off5kg
pushes the pedals with his full mass, the peak torque on & ofarycm will reach

qunax:Fg'l:m'g'l:75'9-81'0.17:125Nm (6.2)

A single recording of the torque during cycling is shown irufig6.3. The torque
can be approximated by a sine wave of twice the pedallingugrgy, and an offset
of 135% of the amplitude.

T.(t) = T, (14 0, 74sin (2wt)) (6.3)
For a peak torque df25/Nm, an average torque of
T, =1.35 Tmae__ 72N (6.4)
@ T s T '

is reached.

The transport services of the French postal operator speafimaximum human
force of 40daN exercised by a postman on the pedals. With a crank7ofn this
corresponds with a peak torqueG¥N m.

30

Torque [Nm]
= = N N
o (5] o o

o

o

0.5 1 15 2
Time [s]

o

Figure 6.3: A record of the cyclist’s torque as a functioniafé during cycling

6.2.3 The power limit

As experienced during tests on a home trainer, the produofid001V can be taken
as upper limit for a person of excellent fithess. By comparigudy Merckx needed
an average power af85W for his world hour record in 19723p)]. In figure 6.4the
power of a touring cyclist 085k¢ (frontal area=0.5142, tyre pressure=345kPa) and
aracer of75kg (frontal area=0.34@2, tyre pressureé89k Pa) is given as a function
of speed 40]. This reference also taked§0W as a power limit.
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Power versus speed
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Figure 6.4: The power of a cyclist as a function of speed

6.3 Measurements

According to sectior6.l, three parameters left to be recorded: the dummy cyclist
torque imposed by the DC-motor, the bicycle speed imposethdyreadmill, and
the resulting traction force.

The data acquisition system averages out these parametara dime interval of
10s:

_ 1 [T

I /0 (8t (6.5)
T

o= % /0 w(t)dt (6.6)
T

F, = %/0 Fy(t)dt (6.7)

where

e w =the angular speed of the pedal axis

e T, =the torque applied to the pedal axis

e F}; =the traction force measured at the load cell
e 1" =the 10s time of recording.

The measurements are taken in a limited number of operatartsp Randomly
chosen speed and torque combinations are applied and tiigrmgsraction force of
the bicycle is measured. Interpolation of these discretesomements helps to get an
idea of the traction force in every point of the whole opematirea. The interpolation
and averaging techniques are described in chapter
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6.4 Power definitions

The characterisation of the performance of a pedelec isdbas& power flow rea-
soning. Therefore the cyclist’'s power and the traction powi# be defined first.

6.4.1 The cyclist's power

When applying a torque, the calculation of the average pde#rered by the (dummy)
cyclist can be written as:

T
P2 /O (1w (t)dt 6.8)

For steady-state measurements (constant speed and tdingu@fegral can be re-
duced to

P=T, @ (6.9)

In the case of a pulsating torque (expres$d3) combined with a constant speed, the
average cyclist’'s power would be theoretically:

1 [T
pP. = T/ T, (1 + 0.74sin (2wt)) wdt (6.10)
0

_ _ 1 [T
= Tw+To / 0.74sin(2wt)dt (6.11)
0

The integral of the second term in this expression is ze€foahcloses a whole num-
ber of evolutions. BecausE is fixed for our data acquisition, an error will be intro-
duced depending on the pedalling frequency. The error wilinaximum 5.3% for a
pedalling frequency of 2m. For a pedalling frequency of 126m the maximum
error is reduced to 0.9%.

No further effort is made to make the intervBlvariable, because the dynamics of
the test bench make it impossible to keep the speed constaatgdulsating torque.
The elasticity of the load cell connection at the back of ticgdle causes oscillations
in the bicycle movement. So the traction force and speedlsoepailsating. There
are also phase shifts between those oscillations, whatsreakeparate averaging of
the signals useless.

The correct way of determining the cyclist's power in theiltsiory case is to simul-
taneously sample the torque and speed, and average thepobthoth signals.
Experiments with an extra spring at the load cell are peréatrio improve the dy-
namic response. However, these experiments were endeddeettee existing data
acquisition could not perform the required simultaneouasneements without extra
investment (read also chaptes).

The steady-state case is seen as sufficiently accuratedanténded performance
analysis.
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6.4.2 The traction power

On the road, the cyclist's power is required to maintain &aieispeed because there
are several forces resisting forward motion:

the mechanical losses in the transmissions of the bicycle
the rolling resistance

the air-resistance

the slope resistance

Using Newton’s law, one can state that a propulsive fq_?:gés needed to overcome
the above mentioned resistances and to be able to accelerate

Fp: mtot%"" Flair + Fslope + Froll T Floss (612)
On the test bench, the rolling resistance and the mechdogs®s are comparable to
the road situation and are not included in the measureddreftirce.

The air and slope resistances are absedbwever, the bicycle exercises a traction

forceft (equation6.13 on the loadcell that is a measure for the net propulsive powe
or the traction poweP;. This is the power that in normal road condition can be used
to

e accelerate
e defeat the air resistance
e defeat the slope resistance

—

— — — — d v — —
F=Fp — (Froll + Floss) = mtotﬁ"‘ Fair + Fslope (613)
In steady-state conditions the traction power can be wardke
1T _
Pi=r / Fi(to(t)dt = Fio (6.14)
0

where

e [,=average traction force
e y=average linear speed

The traction power can be derived from the measured quasffi andw), by elim-
inating the linear speed.

P, =Fv=FZo (6.15)

In the next chapters only steady state measurements wiikbassed.

1In the first design of the test bench also a slope resistandd be introduced by lifting the bench
with a hydraulic pump, unfortunately the dynamics of thesérg pump were to slow to react on the
cyclist’'s power variation (read also chapfis).
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6.5 Conclusions

The intended performance analysis will model the pedeleefgaviour by means of
the relationship between the cyclist’s input power and thetion output power. The
definitions of these powers are given in this chapter.

The measurement method is based on 4 quantities: the pedakiahe traction
force, the angular speed of the pedal axis and the lineadsgiabe wheels. One of
the speeds can be eliminated by introducing the transmisaie.

The measuring of three remaining quantities is limited ®rbal area of operation
of a pedelec on the road. This area is marked out based on regssus and scien-
tific references. The next chapters will show how these dfisare translated into
performance plots and performance parameters of a pedelec.






Regression Modelling

The intended objective analysis of the pedelec’s perfomamd be based on two
presentation techniques

e The performance plots (chapt@y
e The performance parameters (chagi@r

Both techniques will rely on the same test bench measuremamheasurement data
set is an x 3 matrix, where n represents the numbestdady stateneasurements.
The three columns represent respectively the speed, thstdgeque and the traction
force.

The behaviour of a pedelec on the test bench is a relative leanghenomenon.
There are several energy sources, motor drives and intanthkexternal measure-
ments involved during testing. All these apparatus havenddd accuracy. So the
recorded measurement data are subject to measuremerst arhar relationship be-
tween the torque, the speed and the traction force duringe#teis not deterministic,
but has to be interpreted in a probabilistic way. Moreoveasueements can only be
taken in a limited number of operation points, a regresséehrique will be neces-
sary to predict the behaviour in the whole operation area.

Because of these difficulties, differerdgression modelsvill be derived from the
measurement data set. These models will be used to higldiffetent aspects of
the pedelec’s behaviour. The description of these modéldwiireated in detail in
chapter8.

Many ways of solving multiple regression analysis problaresavailable in the lit-
erature (for exampledll],[42],[43]). This chapter will look for a suitable one for the
test bench measurements.



72 REGRESSIONMODELLING

7.1 Regression analysis for the test bench measurements

T = ($117-~-7$1n)T._>

Test, L S Y = ( )T
Applicat Yty -3 Yn
Ty = (Ta1, .oy )T T | oPPICENON

Figure 7.1: The test bench measurement as a datagenerattrdoegression analysis

In the case of the modelling of a pedelec’s behaviour, thesoreaent of the pedelec
on the test bench is the experiment that serves as a dataatm@mer the regression
analysis. This regression analysis should result in a nmabkufunction (the model)
that predicts the output” given any new input datX* = (x7,2%). This is repre-
sented in figurg.2

—>| Regressior] O
— >
rh T Model Y

Figure 7.2: The regression model as output prediction fox ivgputs

Which variables or combination of variables that will be siolered as input and
which ones as output will depend on the intended performpluteor parameter. All

combinations of interest are given in chaper

In all cases, the input exists of two of the three measuredtdiss (e.g. the pedelec
speed and cyclist torque) and will be referred toXas- (1, z2). The third measure-
ment (e.g. the traction force) or a combination of measurgsneill be considered

as the output Y. This is schematically represented in figute

In the next sections, the following notation will be used:

e X = (x1,22) € X C R?, whereX’ are all possible pairs of the input
e Y € Y CR,where) are all possible values of the output

The regression problem can be stated as follows:

Find a measurable functiom : X — ), such thatn (X) is an ‘optimal approxima-
tion’ of Y.

Distinction between different ‘well approximating funatis /* are made by a penal-
ization of the errors. Therefore the mean squared erra@riunh is typically used. In
this case, the theoretical risk functior@l;.., (f) of expressior7.1is to be mini-
mized .

Rineor (f) = E [(f (X) = Y)’] (7.1)
So the ‘optimal’ approximatiom: will be the one where43]

E[m(X) = Y)*] = min B[(f(X) - V)] (7.2)
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The functionm (X)) is called the regression function. This function can be iokth
explicitly as follows:

m(z1,32) = E[Y|X = (21, 22)] (7.3)

Since the output Y is only given for a limited number of measuent data, finding
the exact mininum of expressiahlis impossible. So, one is obliged ¢éstimatethe
regression functiom: (X') from these measurement data.

7.2 The regression estimation problem

For the modelling of the behaviour of the pedelec on the testh, one wants to use
a dataset o measurement®,, = {(X1,Y1), ..., (X,, Y,)} in order to construct an
optimal estimaten,, : X — ) of the regression functiom. The hat on the function
namern,, indicates that it concerns an estimate for the regressiactifan, the index
n indicates how many measurement data there are considered.

In general, estimates will not equal the regression functiSeveral error criteria,
which measure the difference between the regression umetid an arbitrary esti-
matef are used43]. In this case thd., risk functionalR.,,, of expressiorv.4will
be used to measure the quality of an estimate

Remp (f) = l zn: (f (Xk’) - Yk’)2 ; (74)

"=

The smallerR.,,, (f), the better the estimatgi. Unfortunately minimizing the em-
pirical Lo risk functional leads to infinitely many solutions: any ftinoo passing
through the measurement poirids is a solution.
In order to obtain useful results for finite one mustestrict the possible solutions
by choosing a suitable function clagsfor the functionsf.
The restricted regression estimation problem can be statéallows: Findn,, € F
such that

n

> G (o) Vi —min > (P (X -Vt (75)
k=1 k

In the test bench measurement system, the input-outpig (&irY") do not have a
deterministic relationshipy), = m (Xj). There are unmeasurable variables that also
contribute toY’, including measurement errors.

The additive error model of expressidné assumeghat one can capture all these
deviations via an erroe.

In this way, an arbitrary outpudt;, may be written as

Yi =m (Xg) + eg. (7.6)

Here the Gauss-Markov conditions are assumed:
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e the error term in the model is supposed to have mean Zgq (= 0)
e the error term in the model is supposed to have a constaraneif[e?] =
2
0% < 00)
e the{e,} are uncorrelated random variablds(¢;, ¢;] = 0;Vk # 1)

The choice of the function clasg and the above mentioned assumptions lead to
different classes of restricted regression estimators.

For the applied performance analysis of pedelecs, twordifferegression estimate
methods are tried out: a parametric and a non-parametric ©hey are described
and illustrated with an example in the next sections.

7.3 Parametric modelling

The classical approach for estimating a regression fumasithe parametric regres-
sion estimation. One assumes that the structure of thessigrefunction is known
and depends only on a finite number of parameters.

7.3.1 Polynomial regression

The parametric modelling used for the test benchgslgnomial regressionBecause
of the presence of the assistance motor, and internal loBsear regression will
not suffice. In all probability there will be higher order aimferaction effects. In
the case of the test bench, a typical dataset ofieasurements may be written as
D, = {(X1,Y1), ..., (X, Y,)}, whereX; represents the input existing of a pair of
two measurementsey;, x2;).

The polynomial regression estimate function should be grohial of 2 variables
x1 andzs. The highest degree of variahie is calledp, the highest degree of variable
x9 is calledg. The regression estimate function should be an elemengediiticttion
classF of expressiory.7.

P q
F=Sf:f@m) =) > Byziz), B €R (7.7)
=0 j=0
The coefficientsdy, . . ., 3 € R of the optimal regression estimator
P4
M (T1, 22) = Z Zﬂijxixé (7.8)
=0 j=0

may be calculated by minimalizing the empirical risk funail.

2
n

P 4q ,
(oo ) =, min |25 (¥ Y0 digatad) 79)

k=1 i=0 j=0
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This minimization may be executed by a numerical computingg@am. In this

work the Matlab toolbox ‘Polybase’ was used, which offersléofor multidimen-

sional polynomial interpolation and approximation. Thi®lbox is developed by
Giampiero Campadd].

7.3.2 Example

Measurements without assistance power
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Figure 7.3: Random split of measurement data in a trainingafid test (o) data set

As an example the polynomial regression will be applied entieasurement data of
the Sparta lon without motor assistance and with normal nastsistance. The speed
and the cyclist torque will be considered as the infiytthe resulting traction force
as the output”. Or more specifically,

e 11; represents the recorded speed during the i-th measurement
e 19; represents the recorded torque during the i-th measurement
e Y; represents the recorded traction force during the i-th oreasent

If all the measurement data would be used to determine tHédaeets, there would

be no data left to evaluate how 'good’ the polynomial pregitte output for new

inputs. Therefore, it is common sense to split the measuredeta randomly in a
training data set and a test data set as shown in figuddn this case, there is cho-
sen to withhold 75% of the measurements as training datditoas the regression
function. The other 25% are used as test data to verify theemwing the RMSE.

The choice for the 75-25% split is based on the fact that tMSE should be statisti-
cally relevant even with the rather small number of measerdrdata available. The
splitting of data in training and test data is extensivebcdssed in referencdq].

ne

1 .
RMSE = | == (Yi = i(1x, 21))” (7.10)
k=1
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wheren; is the number of test data. Note that the RMSE on the trainatg i not
a good indicator for the ‘goodness’ of the estimation siria#goes not tell anything
about the output for new data and because the algoritms fanmization of expres-
sion 7.9try to bring this RMSE to zero. So only the RMSE on the test détiabe
used to compare the estimations.

One can imagine that the traction force will be proportiotmathe cyclist's torque
in the case without assistance power. There might be onlyadl gmfluence of the
speed due to internal losses of the transmission. So thestiglegree for both input
variablesr; = v andxzy = T is chosen to be 1.

A Matlabscript is written to calculate the coefficients oé tholynomial according
to the least square criterium of expressi@f. The resulting regression estimation
functionm, (v, T') for the tractionZ; force looks like

Ey = m(v,T) = —2.67 + 0.053v + 1.20T + 0.00070T (7.11)

Comparing the coefficients is difficult in this absolute fdoetause they all have dif-
ferent dimensions. It is better to rescale the polynomiadlimiding it by a reference
value, so that all coefficients become dimensionless. Basexsingle set of values
that are measured without assistance, the referencesewill b

o Uor =25km/h
o Tref =T5Nm
° Fref = 90N

The notation of the dimensionless or per unit variables vglthe originally variable
names with the subscript:. The rescaled polynomial becomes in per unit

Fy,, = —0.0295 + 0.0147vp, + 1.00T ), + 0.01450,, T, (7.12)

The function7.11is visualised in the left plot of figur@.4. The independency of
speed is visuable as well in the coefficients as in the figude The RMSE of this
estimation i2.1N or 0.023 per unit.

Including higher order terms seems not to be interestingwas done to see if the
suggestion of linearity was a good starting point. The tesfuh third order approx-
imation is shown on the right plot of figuré4. Except of some borderphenomena,
both plots are very simular. The RMSE in the latter cased#V or 0.020 per unit.

Performing the same regression analysis on the measurgwfghe Sparta lon with
normal assistance, the assumption of linearity has to ke gibie behaviour of the
controller is not known in advance, and higher order termhaive to be included.
An estimate of the highest degree has to be made for the inpstv (degreep) and
the inputz, = T' (degreey) as written in expression.9.

The resulting per unit regression estimation functigp), (v, T, ) with

e the highest order fov,, : p = 2
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Without assistance power Without assistance power

Traction Force ﬁ [N]

Figure 7.4: Polynomial regression estimation for the Spddn without assistance with first
order approximation (left) and with third order approxinia (right)

e the highest order faf,, : ¢ = 4

looks like
F,, = —0.0053+ 0.111vy, — 0.084902, + 0.397T}, — 0.6090,, T, +
0.69202, Ty + 4.94T77, + 17205, T, — 20.407, Ty, — 6.21T5,
—42.50,, T, + AT 103, T, + 2.67T, + 26.00p, T,
—27.007, T, (7.13)

This function (in absolute values) is visualised in the pét of figure7.5.

With normal assistance power

With normal assistance power

t

Traction Force F [N]

107 N\ o)
347 " 0 o peed [l )

Figure 7.5: Polynomial regression estimation for the Spddn with normal assistance
lower order approximation (left) and higher order approxtion (right)

The lower degree terms in expressiori3 may be neglected in comparison to the
higher degree terms. The RMSE of the estimation for the desticase with assis-
tance is2.6 N or 0.029 per unit.
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Chosing higher numbers forandq results in higher root mean squared errors and
unreliable side effects as shown in the right plot of figiu® For this plotp = 4 and

q = 6 is chosen. The RMSE on the test dat&.isV or 0.056 per unit. Chosing a
‘good’ highest order term seems to be an important issudn vt 6 andg = 8 the
RMSE becomes alread2.5N or 0.25 per unit.

As shown in the example, parametric estimates have a dr&wB&oosing the order

of the polynomial stays a bit arbitrary and has to be done foreevery new set of

measurement data. Regardless of the data, a parametn@gstannot approximate
the regression function better than the best function with assumed parametric
structure. This inflexibility concerning the structure betregression function is
avoided by non-parametric regression estimad&g |

7.4 Non-parametric modelling

Different classes of non-parametric modelling methodsbmafound in literature:

e local averaging and local modelling
e global modelling
e penalized modelling

7.4.1 LS-SVM

For the performance analysis of pedelecs, a combinatioocaf hnd penalized mod-
elling will be used: Least Squares Support Vector MachindsSsSVM regression
modelling. The key ingredient of the support vector maclsrtée following@3):

It maps the random input vectdf € X C R? into a high-dimensional feature space
¥ C R"™f through some nonlinear mappigg: X —W . In this space, one consider
the class of linear functions

Fo={f:flz1,22) =w o (z1,22) + b,p: X -V, w e R, be R} (7.14)

The goal is to find the parametersandb (primal space) that minimize the empirical
risk functional

1 < 2
Remp (w,b) = — > ((w" ¢ (w15, 321) +b) = Vi) (7.15)
k=1
under constrainfw||, < a, a € R4.

The optimization problem can be reduced by finding the veact@ndb € R by
solving the following optimization probleng]

w,b,e

1 1 O
min J (w,e) = EwTw + EVZ e, (7.16)
k=1
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such that
Vi =wl o (1, or) +b+ep, E=1,...,n (7.17)

Note that the cost functiofr consists of a fitting error and a regularization term. The
relative importance of these terms is determined by thetipesieal constant. In

the case of noisy data one avoids overfitting by taking a emaialue.

Constructring the linear function.17in the feature space can be done without con-
sidering this feature space in explicit form. One may repléte inner product

o (1%, IBQk)T @ (217, ¢9;) With the corresponding Kernd{ ((x1x, zax ), (217, x2;)) Sat-
isfying Mercer’s condition. The resulting LS-SVM model function estimation
becomes43

i (11, 02) = &K ((21,32), (w18, 72%)) + b, (7.18)
k=1

wherea andb can be derived using Lagrangian functionals and Mercegsrégm
[47]. This complete optimization process is automaticallyfgened by the LS-SVM
toolbox developed for Matlalp].

7.4.2 Example

As an example the LS-SVM regression method will be appliethersame measure-
ment data of the Sparta lon as in sectib8.2 The LS-SVM toolbox 46] is adapted
to give the estimated regression function of the tractiondo

Traction force without assistance Traction force normal assistance

t

Traction Force ﬁ N]
Traction Force F [N]

Figure 7.6: LS-SVM regression estimation for the Spartavithout motor assistance (left)
and with normal motor assistance (right)

The same training and test data set of figidrg are used. The training data set
helps to construct the regression estimator and the datailséelp to evaluate the
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predictabitity for new data. The RMSE on these test databeilised to compare the
LS-SVM estimations with the polynomial ones.

In the case without assistance, the regression estimétpls like the left surface
of figure 7.6.

The RMSE on the test data22 N.

In the case of normal motor assistance, the regressionagstiptot looks like the right
surface of figure7.6. The RMSE is2.3N, which is smaller than in the polynomial
case.

The more non-linear the assistance power, the more initggeswill be to use the
LS-SVM. Because the behaviour of an assisted pedelec isrrattpredictable, the
LS-SVM was chosen to create the pedelec models.

For the analysis of the pedelec’s performance more thanegression function will
be used. They are all discussed in chagter

7.5 Conclusions

Regression analysis is necessary to estimate the outpan fioput that was lying in
between different testbench measurements. After all, dhautation of the perfor-
mance parameters and the presentation of the performaoisergtuire all interme-
diate values. In this chapter different regression teakesqvere tried out to make a
regression model of the behaviour of the pedelec on thegieskb In order to choose
the best regression method, the measurements were splé training and test data
set. Each regression estimate was derived by means of theetsgining set and was
evaluated by calculating the root mean squared error (RMBEhe same test data
set. The non-parametric LS-SVM method turned out to givesthallest RMSE and
will be used in the next chapters.



The Regression Models for a Pedelec

The data acquisition system described in chaptéautomatically generates lists of
measurement data sets. They are saved as tables where@vegpresents a mea-
suring point with 3 columns: the speed, the cyclist torque: the traction force. The
place where these quantities are measured are found in #idire

These data sets are transformed by regression analysidredt models describ-
ing the pedelec’s behaviour. These models are obtainedffeyetit choices for the
(independent changing) input variabl&sand the (dependent changing) output vari-
ablesY'. The preferred regression technique is the LS-SVM methodrding to the
qualities described in chaptér

Normally a set of three LS-SVM models will be worked out foreomeasurement
data set:

e The traction force model
e The required cyclist torque model
e The efficiency model

A fourth type of regression modeahe assistance factor moge$ derived by com-
paring two traction force models (see sect®4) of the same pedelec.

All investigated pedelecs have the possibility to ride vaithvithout the motor power
switched on. And although most manufacturers have a prgrpnomed control strat-
egy, the user can often choose between different assistandes.

The measurement of one pedelec may so exist of differentsgdsacorresponding
with

¢ different motor assistance levels or power modes
e different gears
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¢ different battery charging levels

¢ different peripheral conditions: tyre conditions, lulating conditions,motor
temperature...

This would lead to a multitude of regression models, whiclhnat always be useful.

The standard method choosen is to record one data set witiaiat power and one
data set per motor assistance level with a fully chargee@tyatOnly one representa-
tive gear has been recorded.

8.1 The traction force model

The basic LS-SVM models are the traction force models. Tistiynate the regres-
sion functionm (v, T..) for the traction force. The combination of a bicycle speed (
in km/h) and a cyclist torqueT(. in N'm) will be considered as the input variables
X. The traction force £; expressed inV) is the outputy” of the regression prob-
lem. All variables are average values taken oM&r of steady-state operation. The
LS-SVM model gives an estimaté of the traction force in an arbitrary point of the
operation area.

Ft = Tﬁ/l(@a,fc) (81)

Instead of the notatio8.1, the shorter notatiof} (v, 7..) for this traction force model

will be used in the remaining of the text.

The LS-SVM modelr; (v, T.) is derived for all measured assistance levels. The data
set is randomly splitted in 75% training data and 25% test.dBElte model is derived

by only using the training data as explained in chafter

The graphical user interface (developed to handle the ssthhmeasurements and
discussed in chapter?) foresees a standard of 4 traction force models for a single
pedelec:

e Fi_ModelZA: the traction force model of the pedelec without motor assis
tance (Zero Assistance)

e Fi_ModelM Ae: the traction force model of the pedelec with a low motor
assistance (Motor Assists Economically)

e F; ModelM An: the traction force model of the pedelec with normal motor
assistance (Motor Assists Normally)

e F; ModelM Ap: the traction force model of the pedelec with extra motor
power (Motor Assists Powerfully)

Two graphical representations of traction force modelsieady shown in the figure
7.6.

The predictive capacity of the models is evaluated by logkitthe RMSE on the test
data. These RMSE values are available for all models viardgghical user interface.
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8.2 The required torque model

Required cyclist torque with normal assistance [Nm]

T [Nm]
S
o
/

c

25

10

©
06\\"\‘(\
RN o

Figure 8.1: Graphical representation of a required torquedel

The traction force model gives an idea of the traction powsulting from the cy-
clist’s efforts and the assistance motor contribution. theo idea is to model the
cyclist’s efforts required to reach a certain traction poviRather than merely invert-
ing the traction force model, a new model is calculated. &fuge the speed and the
traction force of the measurement data are considered asptieX and the torque
will be the outputY” for the estimate of the regression function,(v, F;) for the
torque.

So, the required torque LS-SVM model will give an estim&te= ma (v, Fy) for the
steady state torque that is necessary to realize a certaadgsstate) traction force
at a certain speed. Similar to the shorter traction forceghodtation, the notation
T.(v, F,) will be used to indicate this regression model.

The model will be derived by using the training data set. Téi®tion will be
checked by calculating the RMSE on the testdata as defineglietien7.10

The graphical user interface of chaptiE? foresees a standard of 4 required torque
models for a single pedelec:

e T._ModelZ A: the required cyclist torque model of the pedelec withoutano
assistance

e T._ModelM Ae: the required cyclist torque model of the pedelec with a low
motor assistance

e T._Model M An: the required cyclist torque model of the pedelec with ndrma
motor assistance



84 THE REGRESSIONMODELS FOR APEDELEC

e T._Model M Ap: the required cyclist torque model of the pedelec with extra
motor power

The graphical representation ofa M odel M An model is shown in the figur@.1

8.3 The efficiency model

average power used to cover 400m on the road
220 T

- Non-assisted pedelec
200/ * Assisted pedelec
O mountainbike

power [W]

10 15 20 25
speed [km/h]

Figure 8.2: Results of an exploring road test

Pedelecs are heavier and have a more complex drivetrainatltmmmon bicycle.
This might result in a worse mechanical efficiency. One offits¢ pedelec tests per-
formed at theVrije Universiteit Brusseis a road test with a heart rate measurement
to get an idea of the power that is required to cover a distance pedelec with and
without motor assistance. The same distance is also cowatle common moun-
tainbike B7] to compare the required efforts. The result of this smadidreest is
given in figure8.2 It looks like the pedelec without assistance has a worsaesifty
than the (old and heavy) mountainbike. That is the reasonaidty the mechanical
efficiency of the pedelecs is investigated over the wholeaifmn area.

The mechanical efficiency of the non-assisted pedelec on thé¢eshwill be de-
fined as the ratio of the output traction power without motower (7, ,) and the
cyclist’s input power £.).

PtZA
= Z4 8.2
"="p (8.2)

Because there are no power flows measured, only a steadyeéfiatencys, can be
derived from the test bench measurements without assestesieg the equatior9



CHAPTERS8 85
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The constant Z is the transmission ratio of the measuredagedefined ir6. 1
Two possibilities for the calculation of the efficiency oktlpedelecs in the whole
operation area starting from the discrete measurementdaizonsidered.

1. The calculation of the efficiencies by applying equagodfor the whole op-
eration area using the LS-SVM regression maklgl, (v, T¢) (section8.1).

2. The creation of a new LS-SVM regression model startingnftbe calculated
efficiencies of the measurement data only.

The second possibility is preferred because it gave a STRMSE error when ap-
plied on a new test data set.

3D mechanical efficiency plot
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Figure 8.3: Graphical representation of an efficiency model

So, the efficiency is first evaluated in all the measurement points of the pedele
without motor assistance. As a result, the data set withssis&@nce is extended
with an extra column of efficiency data. Considering the dpg®d the torque as the
input variablesX and the efficiency as the output variable a LS-SVM regression
model for the efficiencyns(v, T,.) over the whole operation area may be calculated
1. Again only 75% of this data set is used to derive the LS-SVMlel¢hat estimates
the steady-state efficiency

77 = ’Iﬁg(@, TC) (84)

1The7efficiency could also be modelled as a function of the ¢ the traction forcg, =
msy (0, Ft) but this was seen as unuseful for the rest of the performamalgsas (see sectiot0).
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The efficiency model will also be noted shorterigs, T,.). It may be clear from ex-
pressior8.3that the accuracy of this LS-SVM model will be rather poor $oraller

torques and speeds. The ability of the model to predict thieiexicy for new data
points is again evaluated by calculating the RMSE on the idinga25% of the data
set.

The graphical user interface of chapig foresees the calculation of one efficiency
model per pedelec. It is called tH&l" A_model.
The graphical representation of an example efficiency misdgven in figure8.3

8.4 The assistance factor model

In the case of a pedelec, the resulting traction powsy) i€ partly coming from the
cyclist’s effort (P;.) and partly from the electric assistance motB,,().

Py = Pie + Py, (85)

An important parameter for the pedelecs will be the relatim between those two
power sources. This is expressed in the so-called asséstacior €), the net contri-
bution of the motor divided by the total traction power.

_Ptm

§= B (8.6)

The assistance factor is a number between 0 and 1.

e ¢ = 0: all traction power is coming from the cyclist’s efforts
e ¢ = 1: all traction power is coming from the motor

The motor power is not directly measured. This could have loeme by measuring
the voltage and current at the motor connection, but thisnsaslways within easy
reach (see sectiohb). Moreover our main interest is not the electrical powerhef t
motor, but the net contribution of the battery-motor systeite traction power. This
net contribution?;,,, can be derived from the comparison of the traction power with
electrical assistancg;,,, and without electrical assistané¢g, , for the same input
speed and torque.

Py, =Py, — Py (8.7)

ExpressiorB.6is in this way changed in expressi8r8.

(8.8)
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Using equatior6.14 for the cases with{f A) and without ¢ A) assistance power
results in a practical formul&.9 for the calculation of the steady-state assistance
factor ¢ starting from the measurement data:

£=1-Zza (8.9)

F},, isthe measured traction force at a given speed v resultimg fne cyclist torque
T, without motor power.

Fy,, , is the traction force at the same speed v and for the samestyorijuel,. while
the motor assists.

Two possibilities for the modelling of the assistance factbthe pedelecs in their
operation area starting from the discrete measurementdatzonsidered:

e The calculation of the assistance factors by applying eégu&t9for the whole
operation area using the LS-SVM regression modgls (v, 7.) and
Fy,, (0, T.) (section8.1).

e The creation of a new LS-SVM regression model starting froendalculated
assistance factors in the measurement points only.

Assistance factor in normal assistance mode [%)]

100 —

o
T, INmy o

Figure 8.4: Graphical representation of an assistancedachodel

The second possibility is difficult with the applied openpamntrol of the test bench.
The calculation of equatio8.9requires the traction forces,,, andF;,,, at exactly
the same speed and cyclist torque.

So for the estimation of the assistance faémnver the whole operation area, there
is decided in favour of the first method. The determinationhefassistance factor
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model&(v, T,,) requires no extra LS-SVM modelling but is derived from twheat
LS-SVM models as is shown in equati8rilQ

An estimation of the RMSE is given by applying the fault asayon the formula
of equation8.1Q The percent error on the estimation of the assistancerfaéts
estimated to be the sum of the percent errors on the traaiior fneasurements. This
is expressed in equatidhllwhere A, AEZ " andAFtM , represents respectively
the absolute errors on the assistance factor, the tradioe fwvithout and the traction
force with assistance.

8¢ = A8 _AFigy | Ay, (8.11)

§ Ftza Fia

Using the RMSEs of the LS-SVM models for the traction forcesabsolute error
estimators, the RMSE of the assistance factor is estimatedibg equatior3.11

The graphical user interface of chapieX foresees a standard of 3 assistance factor
models for a single pedelec:

e X I ModelM Ae: the assistance factor with low motor assistance (Motor As-
sists Economically)

e X I ModelM An: the assistance factor with normal motor assistance (Motor
Assists Normally)

e X I ModelM Ap: the assistance factor with extra motor power (Motor Assist
Powerfully)

A graphical representation of an assistance factor madelM odel M An is given
in figure 8.4

8.5 Conclusions

In this chapter four regression models are introducedjrstgirom one measurement
set of speeds, cyclist torques and traction forces. tidation force modeéstimates
the traction force that should be measured on the testbenehdiven cyclist torque
and pedelec speed. Theguired cyclist torque modelstimates the torque that should
be exercised at the pedal axis to realize a certain tracbarefat a given speed.
Theefficiency modejives the relationship between the cyclist’s input powet e
resulting output power when the motor is switched off. Bissistance factor model
splits the traction power in the part coming from the motat #re part coming from
the cyclist’s efforts and expresses this in a dimensioness These models are used
in the following chapters to derive performance plots andigpenance parameters of
the measured pedelec.



The Performance Plots of a Pedelec

In chapterl0 a number of performance parameters are defined. Althougie fhe-
rameters give valuable information about the performarfce pedelec, they only
focus on a single aspect of the behaviour of a pedelec. Arlidéa of the complete
control strategy may be obtained by the analysis of a numbglots derived from
the different pedelec models of chap&r

This chapter discusses which aspects of the pedelec mbdebre the most interest-
ing to plot, and which plottypes that fits the best to analixeepedelecs performance.

9.1 The plots and plottypes

There are different aspects of the measured pedelec thataresting to plot. From
the models of chapte8, the next aspects are derived:

The traction force

The climbing-ability

The required cyclist torque
The mechanical efficiency
The motor assistance factor

These aspects may be represented by using different pdsttyp

e 3D plots
e Contourplots
e Slice plots

Different interesting combinations of plot and plottypes given in the next sections.
These plots may all be evoked via the graphical user interdhchapterl2.
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9.2 The traction force plots

Based on the traction force modélg#, 7..) of section8.1a number of traction force
plots can be created.

9.2.1 The 3D traction force plot

Traction forces

150

100

F N

50 +

20

0 0
20 W«
T e@(\’\
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Figure 9.1: Example of 8 D plot of the traction force of the Sparta lon without motor
power (green lower surface) and with economic motor poweay(gpper surface)

The 3D traction force plot is a direct plot of the traction force meggion estimation
Ft(a,T_c) in an orthogonal, y, z axes system. The traction force plot for a single
assistance mode and a fixed gear already gives a first idea iof flemented control
strategy of a pedelec. Examples of traction force surfaceslaeady given in the
figure 7.6. It may be interesting to put the surfaces of different asste modes
together in one graph. The more motor power, the higher Hwidn force surface
will be situated. The vertical distance between the twosmgs$ is a measure for the
difference in motor power. An example o8& traction force plot for two assistances
modes of one pedelec is shown in fig@ré

Because3 D plots are not always easy to interprete, also two typex/bplots (de-
rived from these traction force plots) are used for the perémce analysis of the
pedelecs.

9.2.2 The contourplot of the traction force

The contourplot of the traction force displays isolinesifres$ with the same traction
force) in the operation area of the pedelec. Given the spedte@edelec and the
torque of the cyclist, the upper and lower limits of the timctforce value in that
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Traction force without assistance [N] Traction force with eco assistance [N]
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Figure 9.2: Contourplot of the Sparta lon traction force [Wjthout assistance and with
economic assistance

operation point can be easily read. An example of a tractioref contourplot can be
found in figure9.2 The traction forces are expressed in newton.

9.2.3 Slice plots of the traction force

Traction forces Traction forces
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Figure 9.3: Slices of the traction force with (blue dashed)lavithout (grey solid)
assistance for the Sparta lon for constant speed (left) anddnstant torque (right)

By making slices of th&D plot a good idea of the applied assistance motor control
strategy can be obtained. One possibility is making slidesoostant speed. The
traction force is plotted versus the cyclist's torque foreatain speed. The vertical
distance between slices of the traction force with and withmotor assistance is a
measure for the added motor power. An example of constartisgiiees are given in
the left plot of figure9.3for speeds of 5, 10 and ¥5n/h. The traction force hardly
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changes with speed but is almost proportional to the tongpeti

Another possibility are the slices of constant torques. ffaetion force is plotted

versus the speed for a certain cyclist’s torque. These plaigbe interesting to see
at which speed the controller stops adding motor power. Aamgte of constant

torque slices is given in the right plot of figuge3for 20, 40 and 6QVm.

9.3 The cyclist torque plots

Based on the required cyclist torque modﬁl@‘),ﬁt) of section8.2 a number of
torque plots may be created.

9.3.1 The 3D cyclist torque plot

Required Cyclist Torque

T [Nm]

c

80 60 40 20 0 0
F.IN] speed [km/h]

Figure 9.4: Example of @D plot of the required cyclist torque for the Sparta lon witlhou
motor power (grey upper surface) and with normal motor po(geeen lower surface)

The3D cyclist torque plot is a direct plot of the cyclist torque megsion estimation
T.(v, F;) in an orthogonak, y, z axes system. This results in a surface as is already
shown in figure8.1 This surface will be used to calculate the required enengy t
cover a certain drive cycle as is explained in secti®? The more motor power

is added, the lower the required cyclist torque surface béllsituated. So when
plotting different assistance modes in one figure, the tsgkerface will be the one
without assistance. Again the vertical distance betweerstifaces is a measure for
the difference in motor power. An example o8& cyclist torque plot for different
assistance levels is given in figuded.
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Required cyclist torque with normal assistance [Nm]

%0+, \,,\%,,,/ /77i\45\

0.
o
aol " %0

5 v~ = 15km/h
3% 35 60 7 AN N

30 1 /HVZA: Skm/h \\\

Required Cyclist Torque

a
=)

-
_ AV, = 10km/h -7

Torque [Nm]
[
AY

Traction Forces [N]

0 5 10 15 20 25 0 10 20 3 40 50 60 70 80 90
Speed [km/h] Traction force [N]

Figure 9.5:2D plots of the required cyclist torque for the Sparta lon:
Left: the contourplot in normal assistance mode
Right: slices of constant speed without (grey solid) anth fbtue dashed) normal assistance

9.3.2 2D plots of the cyclist torque

Two derived2D plots for the cyclist torque are shown in figl@es: the contourplot
and the slices of constant speed. The contourplot is anestiag tool to find the
upper and lower limit of the required cyclist torque to reacleertain speed and
traction force. For instance, to reach a traction force df 40 a speed of 15km/h
with the pedelec of figur®.5 the cyclist need to deliver a pedal torque of about
20Nm.

On the slice plot one can for instance read that at a speedai/h%and for a desired
traction force of 40N, the assistance motor reduces tharezbjayclist torque from
36 to 20Nm.

9.4 The climbing-ability plots

Using the traction force to characterize the performance jpédelec may be inter-
esting and unambiguous, the practical interpretation iglimectly clear for the daily
user. Therefore the traction force may be transformed ecability to overcome a
certain percentage of slope in steady state.

The climbing-abilitity or slope-abilityin a point of the operation area is defined as
the maximum slope that can be overcome with the pedelec atstazd speed and
with a constant cyclist torque input accepting a zero aistance.

The climbing-ability is calculated from the measured ti@ctorce by means of equa-
tion 6.13 by accepting a constant speéﬁ E& 0) and a zero air-resistance. Equation
9.1states that the traction fordgé needed to climb a slope afdegrees should equal
the slope force;,,. as illustrated in figur®.6.

Fy = myor - g - sina 9.1



94 THE PERFORMANCEPLOTS OF APEDELEC

Figure 9.6: Calculation of the climbing-ability

The slope that can be overcome is finally calculated usingteano.2

Slope[%] = 100 - tan (arcsin ( Ei >> 9.2)

Mtot * g

As an extra input parameter, the total masg; appears. This mass should include

the weight of the pedelec, the cyclist and, if any, the luggdfe lettery represents
the gravitational constant.

9.4.1 The 3D climbing-ability plot

Climbing—-Ability

Slope [%]
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Figure 9.7: Example of 8 D plot of the climbing-ability of the Sparta lon without motor
power (grey lower surface) and with economic motor poweed¢grupper surface) for a
total mass of 100kg
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Rescaling th&D traction force modeF; (v, T,) of section8.1 with equation9.2 re-
sults in the3 D climbing-ability plots. These plots give the maximum slgg@zcent-
age that can be overcome as a function of the given pedeled sp&l the cyclist's
effort. Again different assistance modes can be put togdthevaluate the extra
power coming from the motor-battery system. An examplevsmin figure9.7.

The climbing-ability can be further investigated by daryiseveral two-dimensional
plots.

9.4.2 The contourplot of the climbing-ability

Climbing—Ability without assistance [%)] Climbing—Ability with eco assistance [%)]
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Figure 9.8: Contourplot of the Sparta lon climbing-ability:;,;=100kg) without assistance
and with eco-assistance

Similar to the traction force contourplot, the contourgbthe climbing-abilitiy dis-
plays lines with the same climbing-ability in the operatemea of the pedelec. The
contourplots of figuré®.8 are rescaled versions of figude2 The applied total mass
is 100kg. With a cyclist torque oBONm at a speed ot0km/h for instance, this
pedelec can climb almost 4% slope without assistance aeddira 5.5% slope with
the lowest assistance level.

9.4.3 Slice plots of the climbing-ability

Also slices of the climbing-ability can contribute to irpeete the behaviour of the
controller of the pedelec. The plots are the same as for #uidn force slices, but
the vertical axis shows the more comprehensible slope pewe.

9.5 The efficiency plots

Based on the efficiency regression modéi, 7,.) of section8.3 also a number of
efficiency plots can be created via the graphical user exterbf chaptet2.
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Figure 9.9: Slices of climbing-abilityn¢;,;=100kg) with (blue dashed) and without (grey
solid) assistance for the Sparta lon for constant speet) @efd constant torque (right)
9.5.1 The 3D efficiency plot

Plotting the efficiency; versus the cyclist’s torqué,. and the pedelec speedor a
certain gear, results in an efficiency surface above theatiperarea. An example of
a three dimensional efficiency surface is already given urég.3

9.5.2 The efficiency contourplot

Mechanical efficiency contourplot
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Figure 9.10: Example of the efficiency contourplot for thet&aElo Bike in the 1gear

The interpretation of the efficiency along the area of op@nat much easier using a
contourplot. An example of such a contourplot is given inrfgg@10
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2D slice plots of the efficiency are seen as less interestingaendot included in the

graphical user interface.

9.6 The assistance factor plots

Based on the assistance factor regression mg(dell.) of section8.4a number of
assistance factor plots are made available via the grdpisea interface of chapter

12

9.6.1 The 3D assistance factor plot

The plotting of the assistance fac@versus the cyclist's torqué, and the pedelec
speedv for a certain gear, results in an assistance factor surfdng bbove the
operation area. An example of sucl3 A assistance factor surface is already given

in figure 8.4.

9.6.2 The contourplot of the assistance factor

Torque [Nm]
[

Assistance factor in normal assistance mode [%)]

U
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15
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Figure 9.11: Contourplot of the assistance factor for the®@lon in normal assistance

mode

The contourplot of the assistance factor may be one of the imberesting instru-
ments to interpret the behaviour of the pedelec. It showesliof constant relative
motor contribution to the traction power. An example is give figure9.11 The
assistance factor for a cyclist torque 38fNm at a speed of0km/h is 50%. This
means that both the motor as well as the cyclist deliver Halietraction power.
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9.6.3 Slice plots of the assistance factor
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Figure 9.12: Slice plots of the assistance factor for ther&pkon in economic (grey solid)
and normal (blue dashed) assistance mode

The slices may be interesting to evaluate the evolution @fa$sistance factor with
speed changes for a constant cyclist torque or with torqaagds for a constant
speed. Both type of slices are given in fig@a2for 2 different assistance modes.
For this particular case there is little difference betwtmntwo assistance modes for
small torques. A maximum assistance factor of almost 60%ashed near a cyclist
torque of40Nm.

9.7 Conclusion

In this chapter a first tool to analyse the performance of #defec by means of
the derived models is show.D-plots, contourplots and slice plots of the traction
force, the climbing-ability, the required cyclist torqule mechanical efficiency and
the assistance factor are introduced. These plots help tangeea how the pedelec
system with its different assistance levels behave in ievafon area. Next to this
visual analysis tool, performance parameters will be ohiceed in the next chapter.
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The Performance Parameters of a Pedelec

In chapter7 different regression pedelec models are derived by usiad-81SVM
regression technique. These models are worked out in oodestialise different
aspects of the pedelec in chapger In this chapter an objective measure for the
comparison of the performance of different pedelecs willirieoduced. For that
reason a number of performance parameters will be definedselparameters are
well defined combinations of different measurements thabesexpressed as a single
number.

Two groups of performance parameters will be distinguished

e The user-independent performance parametieas are totally determined by
the pedelec itself:

— The100W efficiency
— The75W assistance factor
— The100W slope-ability

e The user-dependent performance parametieas may change by the way the
cyclist is using the pedelec:

— The drive cycle efficiency

— The drive cycle assistance factor

— The human energy need during a drive cycle
— The motor energy need during a drive cycle
— The drive cycle battery range

For the calculation of these performance parameters, thelgemodels described in
chapter8 are supposed to be known. More specifically the regressioctiins for
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e the traction forceﬁt(z‘), T,) without and with (different) motor assistance(s)

e the required cyclist's torqué, (v, F;) without and with (different) motor assis-
tance(s)

e the efficiencyi(v, T.)
e the assistance facté(@, T,.) with (different) motor assistance(s)

should be known along the area of operation.

10.1 The user-indepent performance parameters

10.1.1 The 100W efficiency

3D efficiency plot

30

40 20 10

To, it
"t [y 00 gpeed ¥

Figure 10.1: The determination of the 100W-efficiency fer$&parta lon

As stated by James B. Spicef{] it is tough to beat a bicycle when it comes to ef-
ficient use of energy. The energy losses in a well designeith cinve are less than
2%. The worse efficiency of a series of conventional bicybleic tests was still 81%
[48].

The introduction of the motor and transmission system migWer this high me-
chanical efficiency. At first sight, some pedelec motor systeaeem hardly able to
compensate their own introduction of extra friction.

The energy losses in the chain are not measured seperatelyedt bench measures
the global efficiency as defined in secti8B. This means that next to the chain
losses also the friction losses of the rolling wheels arkiged. ThelOOW-efficiency
guantifies this global efficiency loss.

If one wants to catch the efficiency as a single number, aireyagut the estimated
efficiency (v, T..) over the whole operation area would be a possible perforenanc
parameter. However, to reduce the influence of the boundéegte introduced by
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interpolation, another strategy is chosen, based on wihaitiigl in reference48§].

The efficiency will be considered in all the operating poinigh 100 watt human
input power and the average of these efficiencies will beedalie100WW efficiency
moo- The value ofl00V is used because it approaches the limit of what a person of
common fitness is able to deliver on a continuous bdse [

The 100W efficiency is derived from the calculation of the interseetithe black

line in figure10.1) of two surfaces:

e The surface of th8 D efficiency plot as defined in sectié5 (The horizontal
surface in figurel0.1)
e The100W human input surface (The vertical surface in figlif=1)

In other words, thel00W effiency is the average of the locus of points that are a
solution of the system of equatiot.1

77 = m3(@> TC)
{ T . . (10.1)
If the speed is given ikm /h, the constant is determined by equatiot0.2

c=100-3,6-2 (10.2)

This locus can also be written in its parametric form in theapeeters: whererms

represents the regression function for the mechanicaieftig from sectior8.3. The
average of these locus points can be analytically expresgkequation10.350].

o ldg (s)] ds

(10.3)
1+ g—ids

The integrals of);oo are numerically solved. This results in a finite number otioc

points for the efficiencies. This number depends on the chivgegration step\s.

The default value forAs was chosen to be 1. The bordegsands; are determined

by the borders of the operation area and are shown in figore The 1001 effi-

ciency for a number of tested pedelecs is given in taBle

Instead of only comparing a single numbgg, of equation10.3for different ped-
elecs, it is more suitable to compare tiiistributions of the efficiencies along the
100W path. Therefore the graphical user interface of chalellows the represen-
tation of the distribution of th@00W efficiencies as a boxplot. Such a boxplot is a
graphical representation showing five important numbeegsditribution:
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e the smallest value
the lower quartile

the median

the upper quartile
the largest value

An example of these boxplot distribution is given in figd@2

100w efficiency

pedelec A pedelec B

Figure 10.2: Boxplots of the€001V efficiencies of two different pedelecs

A wilcoxon tesis used to compare the distributions of two different pecelécien-
cies. In casu theanksumpreprogrammed function of Matlab is used. The smaller
the result of this test, the more unprobable the hypothésisthe two independent
samples come from distributions with equal medians, or teeranprobable that the
efficiencies of both pedelecs are equal. In this way, the ewisgn of two pedelec
efficiencies is reduced to a merely objective mathematicadquure.

10.1.2 The 75W assistance factor

Next to the qualitative approach with the assistance fautuis of sectior.6, there
is need for a more quantitative approach to compare assisttrategies. How can
one quantify the difference between

e the assistance strategy of two pedelecs?
e the assistance levels of two assistance modes of the sarekeged

A global averaging of the assistance factor over the wholzain area is rejected
because the pedelec’s behaviour is described by meansroh#dens of regression
models. A solution is found in the 75W assistance fagtgr

The value ofr5W is justified with the following reasoning. Most pedelecs énétve
possibility to ride with an assistance factor of almost 50¥heoretically, the cy-
clists who decide to replace their conventional bicycle inghsa pedelec may choose
between two ways of using their pedelec.
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e whether they decide to deliver only half of the power they ldause with a
conventional bicycle, having the same traction perforreaneith the pedelec
as with their conventional bicycle{100W output requires onl$01¥/ input)

¢ orthey decide not to lower the effort, roughly resulting ouling their former
traction performances{ 100W input results irc00WW output).

The truth will lie in between these two extrema. That's whegrthis decided to take
75W of human input power as a reference line to average out thetasse factor of

a pedelec.

The75W assistance factd; will be defined as the average of all assistance factors
of the operating points with 75 watt human input power.

Therefore, similar to th&é00W efficiency, the intersection of two surfaces has to be
calculated:

e The assistance factor surface as define®l
e The 75 human input surface (analog with tH@0W surface of section)
10.1.1

A number of measureg;; values are given in tabl&3.2

0.8 T T —
o = ]
= - |

0.2r
+

75W assistance factor
+ o+

+
+

HH+ + o+

+
+
+

+

Economic mode Normal mode Power mode

Figure 10.3: Boxplots of the5W assistance factors of the 3 assistance modes of the Sparta
lon

All the assistance factors with 75 watt human power inpujiested with a numeric
stepAs (see thep g calculation), represent a distribution of assistanceofactin-
stead of only comparing the average valggs it is more appropriate to compare the
distributions of thisT5WW assistance factors. Therefore, the intersection of the two
surfaces will be displayed as a boxplot. This is illustraiedigure 10.3 for the 3
assistance modes of a pedelec. The results of the wilcoxpotihgsis test (function
ranksumin Matlab) between every two assistance modes is shown e 1801 P

is a measure for the probability that the two modes have tivee sdistribution. The
conclusion here is that the 3 assistance modes are wetiglisshed. But the differ-
ence between the normal and power mode is smaller than fleeetli€e between the
economic and the normal assistance mode.
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| Two modes | Probability P |

Economic vs. Normal assistance mode 5.7e-018
Normal vs. Power assistance mode  6.7e-008

Economic vs. Power assistance moge 6.0e-019

Table 10.1: Results of the Wilcoxon hypothesis test on thplots of figurel0.3

10.1.3 100W climbing-ability

3D ciimbing ability

Climbing-ability [%]

30

Figure 10.4: Calculation of the00W climbing-ability

Another user-independent performance parameten (B8’ climbing-ability, is in-
troduced to have a comprehensible comparison tool. Moss$ lse no idea of the
magnitudes of traction forces, but clearly understand teanmimg of a slope percent-
age.

The comparison of the climbing-ability of pedelecs or pededssistance modes in a
single arbitrary point of the operation area, will be too imutluenced by the choice
of that operation point. The average of the climbing-apiditong the operation area
is not really meaningful, because the climbing-ability ighly dependent on the cy-
clist’s torque input. A solution is found in the averagingtieé climbing-ability in all
operation points with a human power inputlobV .

Although the climbing-ability is depending on the weightloé user, there is decided
not to consider this performance parameters as user-depenthe total mass will
be set to100kg as a standard value. If necessary, the value can be changée by
graphical user interface described in chagd2r The choice forl00W is based on
the fact that for the weaker pedelec users, this might betlgsigal limit to climb a
slope. In this way, thé00W climbing-ability is another measure for the maximum
slope that can be climbed.
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Also the100W climbing-ability is the average of the intersection of 2fages. This
is graphically represented in figui®.4

e the surface represents the climbing-ability along the aian area,
e the lower line represents the operation points Withi human input
e and the upper line is the projection of the former one in thiéase.

The average of all the values of the upper line is calledltygl” climbing-ability.
The distribution of these values is used to compare diftesssistance levels.
An example of boxplot representations of these distrilmstis given in figurel0.5
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Figure 10.5: Boxplots of the distribution of ti®0W climbing-abilities for the 4 assistance
modes of the Sparta lon

for the 4 motor assistance modes of one pedelec. The firstdidgghe one without
motor assistance, the 3 others are motor assisted leveésmedians of tha 001/
climbing-ability are proportional to the assistance levdl the distributions are quite
symmetrical, but the normal assistance level has the wiggsading.

Again a wilcoxon hypothesis test on the distributions ofthell” climbing-abilities
can be used to quantify the resemblence of 2 assistances.leVéis test is made
available via the graphical user interface.

10.2 The user-dependent performance parameters

The market study brougth to light that there is not really ec#ffr ‘target group’ for
pedelec buyers (sectidh3.9. This means that pedelecs will be used by people with
quite different expectations from their pedelec. The bestefec buy for one rider
will not necessarily be the best one for another rider. Bhatly the performance
analysis cannot be totally be seperated from the way thelgedell be used $1].
That's why a number of user-dependent performance parasrate introduced.

The behaviour of the pedelec driver will be analysedrdxgording a typical ride or

by using a synthetical drive cycle. Both options are aplied¢hapterl3.2 where
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all the performance parameters for a number of test pedelecsliscussed. The
determination of drive cycles will be discussed in chagter

In this chapter the drive cycle is supposed to be known: theeggor the speed and
the percentage of slope are known at each moment in the drble. An example of
a drive cycle is given in figurél.1

10.2.1 The drive cycle efficiency

Although the tests learn that the mechanical efficiency oinida 8.3 varies little
over the operation area, it is interesting to calcule thehaeical efficiency during
a drive cycle. A global drive cycle efficiency as well as artamsaneous drive cycle
efficiency are considered.

The global drive cycle efficiency

The minimal traction force during the Drive Cycle Example of a drive cycle in the v—Ft plane

50 100 150 200 250 300 0 5 10 15 20 25

time [s] v [km/h]

Figure 10.6: The minimal traction force as a function of tiame speed during the drive
cycle of figurell.1

The globaldrive cycle efficiency., . is defined as the quotient of the traction energy
without motor assistandé’;,, , and the human input enerdy. at the pedal axis that
is required to cover the drive cycle.

Neycle = (104)

The required cyclist energyV. is indirectly measurable via the heart rate, or by
simultaneously logging a torque and speed sensor, butabtan energyV,, , (as
defined in equatio®.13 is not easily measurable during cycling.

That makes the definition of equatid©.4little useful. This problem was bypassed
by using
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¢ the bicycle model of sectioB.4to calculate the traction energy that is required
to cover the drive cycle iideal circumstances

o the (steady-state) LS-SVM torque model@, F}) of section8.2 to estimate
the required cyclist energy

Theideal circumstancementioned in the first item are accepted to be a pedelec ride

e without rolling resistance
e without internal mechanical losses
e with zero windspeed

In theseideal circumstancethere is no difference between the propulsive force and

the traction force (seé.12). So, theideal (or minimal) traction forceF; . required
to cover the drive cycle with a lossless pedelec can be caélias:
Ftin=Fp= mtotﬁ"i' Fair + Fsiope (105)

Thus, next to the inertial force, only the following forcesvie to be modelled:

e the air-resistancé,;,
e the slope resistanck,; .

The slope resistance is calculated using equa&i@nso a value for the total mass of
the pedelec and the driver is required.
The air-resistance is modelled as

1
Foir = §CdAPU$ (106)

where

e (; =drag coefficient

e A = frontal areafn?]

e p =density of air kg/m?]

® U, = Ucycle — Vheadwind = VElOCity of the pedelec relative to the ainf s]

Typical values forC; A were found in referenceésp).

The default values for these parameters applied in this &lshown in tablé0.2

It is possible to change them via the graphical user interfasicsection12 if more
precise measurements would be available.

Combining equation8.2 and10.6with equation10.5for a given drive cycle results
in a traction force as a time functiafi (¢) for this drive cycle. An example is shown
in figure 10.6for the drive cycle of figurd1.1 The traction force plotted versus the
speed shows the same drive cycle in the F; plane. This is represented in figure
10.60.
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p [kg/m3] 1.21
Vheadwind [m/S] 0

Cd [-] 0.9

A [m7] 06

Meor [KO] 100

Table 10.2: Default values for the calculation Bf

min

The LS-SVM model for the cyclist torqu‘é}(@, F;) derived from the measurements
(see sectiorB.2) will be used to estimate the cyclist's torqlg that is required to
reach a point of the drive cycle in the— F; plane.

So the time functiorf}, (¢) will be derived from the steady state testbench measure-
ments.

A problem of theT (v, F;) LS-SVM model is the lack of information about the neg-
ative traction forces in braking situations. They cannomm@asured by the load cell
of the test application, and as a consequence not be tregsfieto a meaningfull
negative torque for the pedelec.

For every two time moments andt, wherein between the traction force becomes
negative, the integral of equatid®.7represents the braking energy that is avail-
able between; andis.

to
By = / \Ey ()| v(t)dt (10.7)

t1

For the calculation of the efficiency during the drive cydleese braking moments
are neglected.

For the rest of the discussion, the drive cycle will be comisd as the succession of
only the positive sequences of the traction force. This frediidrive cycle covers
a time period T. The functioff, (¢) is the projection of the modified drive cycle of
figure 10.6 on the LS-SVM torque model. This is graphically presentefigure
10.7for the drive cycle of figurd 1.1

So, if covering the drive cycle requires a tiriethe efficiency of equatio©0.4may
be written as a function of the instantaneous minimal toactorceF;, , (t) and the
instantaneous cyclist torqué (equation10.8. The speed(t) is the instantaneous
speed of the bicycle and(t) is the instantaneous angular speed of the pedal axis.

T T
ncycle - fo TPtZA (t)dt - fo ftrmn (t)v(t)dt (108)
Jo Pe(t)dt Jo Te(t)w(t)dt

This expression is directly applicable for all kinds of @riwycles and will be used to
calculate the drive cycle efficienay, ;.



CHAPTER 10 109

Required cyclist’s torque during a drive cycle for the Sparta lon

T _[Nm]

Figure 10.7: Projection of the drive cycle of figutd.1(neglecting the braking parts) on the
3D torque plot of the sparta lon

The instantaneous drive cycle efficiency
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Figure 10.8: Boxplot of the distribution of the efficiencytlod drive cycle from figurél.1
for the Sparta lon

Next to the global drive cycle efficienoy.,.., also an instantaneous efficiengft)
could be determined. The efficiency at timef the drive cycle with speed(t) and
minimal traction forceF; . (t) becomes:
P, F F
Fe(t) Te(t)w(t) Te(t)
This n(t) function is evaluated at discrete time intervals with a tstep At that is
adjustable via the graphical user interface. The defallievevill be At = 1s. The

n(t)
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distribution of then values can be presented in a boxplot to get an idea of thedsprea
ing. An example is given in figur&0.8 The outliers are the consequence of the
numeric instability of the quotierit0.9for smaller torques.

The comparison athe drive cycle efficienciesf two pedelecs will be performed by
a wilcoxon test on the distribution of the instantaneousciefficies. In this way a
ranking can be made for the mechanical performances of tihelgxes for the given
drive cycle.

10.2.2 The drive cycle assistance factor

In the same way as thdrive cycle efficiencyhe drive cycle assistance factavill
be introduced as a user-dependent performance paramegtia global drive cycle
assistance factor will be defined, followed by an expres$iwrthe instantaneous
drive cycle assistance factor.

The global drive cycle assistance factor

Determination of the drive cycle assistance factor

704
60 +
50

40+

T, [Nm]
8
L

Figure 10.9: The determination of the drive cycle assistgfactor. The curves in the
surfaces represent the required cyclist torques duringigedeycle:T,, , () in the lower
surfaceT., , (t) in the upper surface

The globaldrive cycle assistance fact® defined as the quotient of the net contribu-
tion of the motor to the traction energyl(%,,,) and the total traction energy’; that
is required to cover the whole drive cycle.

th

écycle - Wt

(10.10)
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This assistance factor will be

e 1:if the motor delivers all the traction energy
e 0: if the cyclist delivers all the traction energy

The drive cycle assistance factor can be calculated fohaltifferent power modes
of a pedelec.

However, the determination of the drive cycle assistancefay on-road measure-
ment of the traction energy is difficult. Therefore the temtdh measurements will
be used to estimate the drive cycle assistance factor.

The determination of the motor tractidi,,, by looking at a difference in traction
force with and without motor power (as applied in seciod) is not applicable here,
because the traction force is imposed by the drive cycle lamglthe same while rid-
ing assisted or non-assisted. A difference is rather founkealevel of the cyclist's
efforts. The difference between the human energy méggd, to cover the drive cycle
without assistance power and the human energy hiégg, to cover the drive cycle
with motor power is a measure for the added motor power. hatbe equated to the
net motor traction energi#;,,, because the transmission losses are not considered.
The differencéV..,,, — W, , will be called the motor propulsion enerdy,,,. 71 is
the efficiency of the conversion between propulsion anditla@nergy needs during
the drive cycle.

Wim = mWpm =m (WCZA - WCMA) (10.11)

The energyV., , delivered by the cyclist whenever the motor is switchedexdtjals
the total propulsion energy required to cover the cycle.r@lstould be noted again
that this total propulsion energy differs from the tractiemergyW;. The traction
energy is what is left from the propulsion energy after tlamsmission losses. Con-
sidering a similar energy conversion as in equatlénllthe total traction energy
may be written as:

Wt = 771W = 771WCZA (10.12)
The calculation of the drive cycle assistance factor wilbbsed on equatioh0.13

Wim _ Wom _ Weria

cycle = = =1 10.13
5 ycl Wt Wp WCZA ( )

The determination of the global drive cycle assistancefag},.;. requires the know-
ledge of the angular speed of the pedals, and the instantavadues for the cyclist
torque with (%,, , (¢)) and without ., , (¢)) assistance in order to calculate the cy-
clist energy need¥d’..

To get these time variables, the drive cycle is convertenh faospeed and slope per-
centage to a speed and minimal traction force as a functidimef (see equation
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10.95. Again the braking parts of the cycle will be excluded foe frarameter deter-
mination, and the modified drive cycle from sectib®.2.1will be used.

The projection of the modifie¢ — F; drive cycle on the LS-SVM torque model
T.(v, F) results in an estimate for the required cyclist torque ashatfon of time
T.(t). This is illustrated in figurd0.9for two different assistance modes.

The practical formula for the estimation of the drive cycésiatance factor is given

in equation10.14

(10.14)

The instantaneous drive cycle assistance factor

The instantaneoudrive cycle assistance factis defined as the contribution of the
motor to the traction poweP,,, (t) in proportion to the total available traction power

Bi(t).
 Pu(t)

() = B t) (10.15)

It will appear to be more convenient to write this tractionmgo in cyclist related
guantities in the same way as for the global drive cycle tssie factor.

1 TCMA (t)
) =1 o (10.16)

The factorsTc(t) in equation10.16represent the (steady-state) cyclist torques re-
quired to reach the operation point with spedd) and traction forceF,(t). The
subscriptd A means the case with motor power and the subscript ZA meacsatee
without motor power.

The ratio in equatiorl0.16is the quotient of the corresponding torques with and
without motor power. As an example two corresponding toscare marked on fig-
ure 10.9with a red (with motor power) and black (without motor powpojnt.

The &(t) function is evaluated at discrete time intervals with a tstep At that is
adjustable via the graphical user interface. The defallievis At = 1s.

As may be clear from equatidi®.16there might be numeric problems for the smaller
input powers. That is why the calculation&ft) was not considered for cyclist pow-
ers less than 2wW!

The (limited) distribution of the calculateglof a drive cycle can be presented in a
boxplot to get an idea of the spreading of @Nalues. An example is given in figure
10.10for 3 different assistance modes of the same pedelec.

The distribution of¢(¢) is used to compare the assistance factors for

¢ different assistance modes of the same pedelec
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Values
o
=

Figure 10.10: Boxplots of the distribution of the drive @yelssistance factor of the drive
cycle from figurel 1.1for the Sparta lon in its 3 assistance modes

¢ different pedelecs
e different drive cycles with the same pedelec

The comparison between two distributions will again be dasethe wilcoxon test.
Also the ranking of pedelec assistance behaviours aloniyadicle is now reduced
to a merely mathematical procedure.

10.2.3 Human energy need during a drive cycle

While usingthe drive cycle efficiency.,.. andthe drive cycle assistance factor
eycle As performance parameters, the information about thetbsahergy require-
ments gets lost. However, the human energy need duringediate with a pedelec
in a given assistance modlg, is implicitly used to calculate thg&., ...

mode

W, = / T () (10.17)
cycle

The comparison between different assistance modes ig leiderstandable on the
basis of this absolute performance paramélgr . , instead of using the assistance
factor.

This value is therefore made available via the graphicat ierface for all assis-
tance modes to help to interprete the adequacy of a certdelgrefor a given drive
cycle.

ode

10.2.4 Motor energy need during a drive cycle

The determination othe drive cycle assistance factgr, ;. is based on the net con-
tribution of the motorV,,,, to the traction energy. The reason for that is the fact that
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the testbench measurements are based on the traction fineereal required me-
chanical motor energi#/,,, will be higher because of the losses in the transmissions.
This means that one shouldn’t use the net motor energy tdumamsomething about
the evolution of the battery state of charge. The relatidwéen the net motor energy
and the real motor energy is determined by the often compigg train and will be
called the motor transmission efficiengy;;.

th

For pedelecs with the motor mounted near the bracket theegftig of the motor
power transmission will almost be the same as the efficieacyhie human power
transmission. The calculation of this last one is explaimeeluation10.8 For such
pedelecs there seemed to be no difference between the gimpuaiotor energyV,,,,
(defined in equatioi0.1]) and the mechanical energy of the motwy,,.

For hub motors, the motor power transmission will normakyrbore efficient be-
cause there is no chain transmission involved. Consequtrgte might be a small
difference betweehV,,,, andW,,.

Unfortunately, with todays available measurements, nthéurconclusions can be
taken concerning this transmission efficiency.

Nevertheless, the motor energy need during a drive dy¢lewill be estimated in all
cases as

Wi = ncyclewpm = Teycle (WCZA - WC]\/IA) (1019)

W.,, andW,,,, in equation10.19are the required cyclist energy with and without
motor assistance as defined in equatinl3 A suggestion for a real measurement

of this performance parameters is given in chafiger

10.2.5 Dirive cycle battery range

The translation of the real motor energy need into a batteeygy need assumes the
knowledge of another efficienay,,,,. This is the efficiency of the transmission from
electrical (battery) energy;, to mechanical energy/,,,.

_ Wi,
= W,

Tom (10.20)

Until now, this efficiency is not measured on the testbenahsbme information may
be retrieved in the manufacturer data. Chaftedescribes a way to add extra test
facilities to perform amy,,, measurement. The often applied brushl&ss motors
lead all electric motor types in terms of efficiency. Valupgo 97% (at rated power)
are found in literature§3]. However, at no load conditions this efficiency may drop
to 20% pB4], , [55]. Knowing that the pedelec does not always work in the most pe
forming operation point for these motors, a default averagee ofn,,, = 0.6 will
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be used. This value is adaptable via the graphical usefaater

With this efficiency and the motor energy need, a rough estiroaithe drive cycle
radiusD,,;.c may be achieved. Therefore the energy capacity of the patesds to
be known. Although the amount of energy that can be extréfoted a fully charged
battery is difficult to specify in a single number (this higlldepends on temperature,
the rate of discharge, battery age, battery type,...), @ ferergy capacityVy,; is
supposed. Assuming a depth of dischaf@ D of 80%, the energy capacity may be
estimated at

What = 0.8 - Voat [V] - C APy [AR] (10.21)

The time between two charges of the battery or battery cyolet;,; while contin-
uously performing the drive cycle is calculated in equatiGm22

Wbat
Toat = —— * Teyele 10.22
bat Wb ycl ( )
This battery cycle time may be transferred into a distancadiyg equatiorl0.23
whereu(t) is the periodic extension of the drive cycle speed with gkfig, .

Tbat
Deyete = / o(t)dt (10.23)
0

Because of the use of the steady-state measurements to dnasions for tran-
sient phenomena, the absolute battery ranges are a bitstivesieed. But this per-
formance parameter stays very interesting for comparistwden pedelecs and/or
drive cycles. A more suitable method to estimate the drividecsange, is suggested
in chapterlb.

10.3 Conclusions

In this chapter, a number of performance parameters weneedefThese parameters
are well defined combinations of different measurementsdiia be expressed as a
single number. These parameters enable the ranking ofatiff@aspects of the ped-
elecs performances in a scientific way.

Two groups of performance parameters are distinguishedugkr-independent per-
formance parameters that are totally determined by thelgedself and the user-
dependent performance parameters that may change by théhevayclist is using
the pedelec.
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Towards a Standard Drive Cycle

The use of a standard drive cycle is very common in vehicléngesBy using such
drive cycles, the fuel consumption and emissions of carsbearasily compared.
These cycles simulate urban driving, out-of-town or higinaeving. Some try to be
as general as possible, others are even city specific (LAe; ¥ork City Cycle,...)
[56]

In the European Union, the emission standard for petrolokedis based on the urban
and sub-urban drive cycles ECE 15 and EUB&[59], [60]. For electric scooters
and smaller city-only electric vehicles, the SAE J227a-@ te ECE-47 are often
used p6|, [57].

Also for electric bicycles a drive cycle would be interegtinThe comparison of
the user-dependent performance parameters in chipteill bring to light that the
cycling behaviour seriously influences the battery rangke @nalysis of the user
comments in sectio.4 shows that battery range is an important decisive argument
for the users. As long as there is no standard drive cyclehdttery ranges specified
by the manufacturers are not really scientifically meanihgf

The Dutch firm IDbike started the discussion about a standi@vd cycle for pedelecs
on their website36] by introducing their own test cycle. This test drive cycldl e
discussed as the first part of this chapter (sectibrd).

In the framework of this research, a microcontroller witldiéidnal flash memory

is programmed to record the speed during cycling. Thesedeaesulted in some
more realistic drive cycles that are used as an input for éropnance analysis on
the measured pedelecs (chaf8). The measurement system for the speed logging
is explained in sectioril.2 of this chapter. The chapter is concluded with some
remarks about the development of a standard drive cycle.
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11.1 The IDbike drive cycle

11.1.1 Description of the IDbike drive cycle

Speed and slope as a function of time for the IDCycle
30 10
281 1
26+
24+
22¢

Slone 041

0 50 100 150 200 250 30(_)
time [s]

Figure 11.1: Representation of the ‘IDcycle’: The bicygeed and percentage of slope as
a function of time

The IDbike drive cycle (referred to as the ‘IDcycle’) is a fyetic drive cycle. The
drive cycle is designed with the aim to include all possilelel tife difficulties within

a limited cycle time: different constant speeds, differectelerations and decelera-
tions, a few start/stops, headwind and/or slope loads,...

The ‘IDcycle’ is graphically represented at figuté.1 and is described as follows
[36]:

“The bicycle fastly accelerates tdkm/h and keeps this speed for 40 seconds. After
a stop it accelerates tt®km /h and keeps this speed for 60 seconds. It stops again
and accelerates slowly @2km /h and keeps this speed for 20 seconds. After a last
stop an extra brake load is applied, simulating a slope of P8é.bicycle accelerates

to 15km/h and stays at this speed for 50 seconds. Then the brake loantéased to

a slope of 4%. After 35 seconds the bicycle decelerates apd.sthe total distance

of the ‘IDcycle’ is 1050 meters and the average spedd.iskm /h.”

11.1.2 Analysis of the IDbike drive cycle

In this work the ‘IDcycle’ is used to calculate and comparensouser-dependent
performance parameters (chaptéfsand13). Different qualities of the drive cycle
are represented in figudel..2

e The Speed Duration Curvef figure 11.2a shows the monotonous diagram of



CHAPTER 11 119

Speed duration curve for the IDCycle Speed distribution of the IDCycle
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Figure 11.2: Extra plot options for the ‘IDcycle’ of figufiel.1

the speed distribution. For every speed ongkexis, one can read how long
the cyclist is riding above this speed on thexis.

e TheWeibull Distributionof figure 11.2 shows for every speed interval on the
x-axis which percentage of the time the cyclist is riding apeesl within this
interval. The average speed, the maximum speed and the raqaeht speed
interval are displayed as text in the figure window.

e The Acceleration Plotof figure 11.Z plots the acceleration versus the time.
The maximum values for the acceleration and decelaratierdiplayed as
text in the figure window.

e TheState Ploof figure11.2d shows a pie with the percentages of the time that
the cyclist is cruising, accelerating, decelerating aadding still.

All these plottypes can be automatically generated withgiaphical interface of
chapterl2.



120 TOWARDS A STANDARD DRIVE CYCLE

11.2 Recording drive cycles

Figure 11.3: On-road speed logging system

An on-road speed logging system is developed with availabtecheap equipment,
because

e gathering information about the driving behaviour of cgtdiin different cir-
cumstances is a first step to develop a standard cycle.

e in this work the performance is analysed by means of useertiignt perfor-
mance parameters (chapi&) which requires a realistic drive cycle of the user
as an input.

A picture of the on-road speed logging system is shown in &idur.3 The left
picture shows the speed sensing magnets and the connettioa reed contact to
the microcontroller. The right picture zooms on the micrtecoller and its stabilized
battery power supply.

11.2.1 The speed sensors

Nine magnets are equidistantly mounted in the frontwhe#h®@imeasurement bicy-
cle. A reed contact of a common bicycle computer is conneictéite bicycle’s front
fork. The reed contact gets its power frons® PWM-output of a microcontroller
with duty cycle kept permanently at 100%. Every time a magastes by the reed
contact, a counter (referred to as counter 1) is increasdd by

11.2.2 The microcontroller

The phyCore-167 16-bit single-chip microcontroller with,, = 20Mhz is pro-
grammed to log the speed of the bicycle. There are 2 diffexgys to calculate the
speed using the pulses caused by the speed sensors:

e measuring the time between two pulses
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e or measuring the number of pulses in a fixed time interval

The easiest way to program is the second one. The fixed ihisrdatermined by
a second counter (counter 2). Counter 2 generates an ipteatwverflow every
838.86m.s 1. The major drawback of this system is the rather high minidistrete
speed step\v. This smallest detectable speed sfepis calculated in equatiohl.1l
Therefore the wheel perimeter of the test bicycle is reqguifesingle rotation of the
frontwheel of the test bicycle represefit@m.

1

2.2
pulses/ms = 0.23886 m/s=0.29m/s =1.0km/h  (11.1)

U f— #
~ 838.86

11.2.3 The flash memory

When the interrupt of counter 2 is given, the microcontrollgites the value (in

pulses/s) into an AMD flash memory. In order to keep the drinarmed about the

state of the measurement equipment a LED is lighted eveeytiva data transfer to
the flash memory takes place. A great advantage of using flashony is appeared
to be the non-volatile property, preventing the erasingaddvhen the power supply
is interrupted.

11.2.4 The power supply

The standard phyCore-167 is delivered with a grid power lsupfhere is need for
a conversion to battery power to make the log system portabte this reason a
stabilized power supply is designed using the battery amdgehn of a9V electric
drill.

11.2.5 Example of a recorded cycle

The systematic logging of the cycling behaviour of différeser groups is now pos-
sible but is not yet included in this work. Only one measuresdedcycle will be
discussed here to show the possibilities of the log systehis drive cycle will be
referred to as the ‘Commutercycle’. The speed and slopei®tiftle as a function
of time is represented in figurEl.4 The difference between this cycle and the syn-
thetic ‘IDcycle’ is already clear from this figure, but can tuetherly quantified by
the comparison of the plots of figuld.5with those of figurell.2

e The maximum and average speed of the ‘Commutercycle’ istal8% higher
than the maximum and average speed of the ‘IDcycle’.

e The speed distribution is much more continuous
e The acceleration and deceleration maxima are almost tvgitégh
e There is much less cruising time in the recorded cycle

This value is obtained by counting at a clock speed.gf /256
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Speed and slope as a function of time for the CommuterCycle

30 10
281 1
26 18
24+ 16
22+ 1
— 20f 14
< 1al | P
E 18 2 g
;16* lo 3
S 14f I
%127 12 @
10f 1
al 1-4
6 1-6
4 ]
) 1-8
0 ‘ o ‘ ~10
0 1000 2000 3000 4000
time [s]

Figure 11.4: Representation of the ‘Commutercycle’: Tteyble speed and percentage of
slope as a function of time
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Figure 11.5: Extra plot options for the ‘Commutercycle’ @jfie11.4
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e The cycle states cruising, deceleration and acceleratmegually distributed
in time (this phenomenon is noticed in most of the recordexdiesy

11.3 Developing a standard drive cycle

The results of the user-dependent performance parametehngapterl 3 clearly show
the dependency of the pedelec’s performance on the usesl@mle. The develop-
ment of a standard drive cycle for pedelecs should be disdussiong researchers,
consumer organisations and manufucturers and is out ottpesof this work. The
two drive cycles discussed in the previous sections alréealy that the definition
of a standard drive cycle for pedelecs will always be a bitteaty. Moreover, the
proposal of a standard requires much more road measurenitsnly speed mea-
surements are valuable but also the cyclist’s torque shioelltheasured to analyse
the cycling behaviour on the road.
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A Graphical User Interface for the Pedelec’s
Performance Analysis

The characterisation of a pedelec with the developed tsgtliation of sectiorb
happens in several steps:

1. The measuring of the pedelec

2. The LS-SVM modelling

3. The creation of the performance plots

4. The calculation of the performance parameters
5. The comparison with other pedelecs

The first step is rather time consuming. Plenty of measuré&resve to be taken
for every assistance mode. The record of the cyclist tortheepedelec speed and
the traction force in one operation point takes about 20rs0The availabitity of
a second battery is recommended to be able to measure witloatl breaks. All
together, the measurement step quickly takes some hours.

The time for the other steps is kept under control by the thtotion of a graphical
user interface (GUI) including all the tools for the stepsnZillb. This chapter will
describe the most important functions of the user intertawtis written to serve as
a user manual.

12.1 Set-up of the GUI

The GUI is programmed in Matlab mainly because thereliS&5VM toolboxavail-
able for this numerical computing environment. This toall®required for the in-
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tended pedelec performance analysis. It can be downloaddree fromhttp://
www.esat.kuleuven.ac.be/sista/lssvmlab/

A pedelec toolbois developed with all the function files and required maragiohs
for the measurement data. These both toolboxes should el sto the ‘matlab-
root/toolbox’ path in order to let the GUI work properly.

The GUI is set-up around 5 programfiles or m-files, preferatiycuted in the given
order.

1. Models_Creation.m for the creation of the LS-SVM models

2. Performance_Plots.mfor the creation of the performance plots

3. DriveCycle.m for the creation and analysis of a user defined drive cycle

4. Performance Parameters.mfor the calculation of the performance parame-
ters

5. Comparison.mfor the comparison of the performance of different pedelecs

These files may be stored in an arbitrary working directorire Ppedelec toolbox
and the complete GUI for the pedelec’s performance anabgsfreely available
at http://www.mathworks.com/matlabcentral/fileexchange L or may be
obtained by mailing tgancappelle@hotmail.com

12.2 The creation of the LS-SVM pedelec models

OpeningModels Creation.mresults in the window of figuré2.1 The window has
four fields: the two first fields are reserved to enter the edeneasurement and
pedelec data, the last two to edit model related information

12.2.1 The ‘Files and Folders’ field

The measurement data sets of the pedelec are stored in fiteselia the Labview
DAQ described in sectiob.4.6 These files should contain 3 columns:

e Column 1: the speed measurementsifs
e Column 2: the torque measurements\in
e Column 3: the force measurementsn

The measurement data of different assistance modes aeel stadifferent files. The
‘datafile’ field enables the user to enter the datafile locatio the computer and the
number of the Excel sheet containing the measurements.

Once the models are created, a lot of data will be stored intnfile ‘pedelec.mat’

in the folder entered in the ‘Destination folder-field.

The ‘Pedelec.mat’ file may contain up to 8 objects. The stinecof this file and its
objects are represented in figur2.2 The object structures are explained in the next
sections.

INote that the GUI and the pedelec toolbox is developed fotaat.1 or higher
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Figure 12.1: Screenshot of the GUI for the creation of the3\BW models
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Figure 12.2: Structure of the ‘pedelec.mat’-file

12.2.2 The ‘pedelec’ field

In this field the name, the gearnumber and the transmisstom Zaof the recorded
pedelec should be entered. These data are also stored petieléc.mat’-file when-
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ever a model is created.

e The‘pname’-object(figure 12.2) of this file is a row matrix of two strings: the
pedelecname and the gearnumber.

e The'pZ’-objectis the transmission ratio stored as a string.

Pushing the ‘Create Perfomance Plots’-button sends thetaisiee GUI for the cre-
ation of the performance plots of sectid2.3 This only makes sense if the re-
quired models are already calculated. These model caloudaare controlled by the
‘Models’-field

12.2.3 The ‘Models’ fields

There are two ‘Models’ fields available. The first field enaliee user to create all
the models where the speednd the cyclist torqué, serves as an input. The second
field helps to create the models where the speadd the traction forcé} serve as
input variables.

The creation of the LS-SVM models is based on the existindgSM34 toolbox. The
LS-SVM models structure is given in tabl®.1 But for this application, the main
interest is the calculation of new data points. The syntaxtfits interpolation is
found in equatiori2.1

Yiew = simlssvm(model, Xy ew) (12.1)

X,ew represents the new input aig,.,, the resulting output quantities.
Before pushing the ‘Create model’-button of the first ‘Maldield, a model choice
has to be made:

e Choose thé&t_ModelZAand/orETA.modelLS-SVM models if the input datafile
contains measurement data without assistance power.

e Choose thd-t_ModelMAg Ft_ModelMAn Ft_ModelMApLS-SVM models if
the input file contains measurement data with economic, abompower as-
sistance respectively.

e Choose theXI_modelwhen at least th&t_ModelZAand one assisted model
Ft_ ModelMAX is already calculated.

The name giving as well as more details of all these model®arel in chapteB.

If one is interested in the torque models, the ‘Create meal@fon of the second
‘Models’-field has to be used. Again, the choice of 1 out of #jte models has to
be made first. This choice depends on the selected measurdatafile.

A push on the ‘Create model’-button has 3 major results:

1. Afirst warning dialog box informs about models that possdould be found
in the destination folder. A second dialog box warns for theation of the
models creation (several minutes per model on a slow computehe user
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| Field | Content | Field | Content |
type ‘! x_delays 0
implementation ‘CMEX’ y_delays 0
x_dim 2 steps 1
y-dim 1 latent ‘no’
nb_data 149 duration 0.0951
preprocess ‘preprocess’ code ‘original’
prestatus ‘ok’ codetype ‘none’
xtrain [149x2 double]|| prexscheme ‘cc’
ytrain [149x1 double]|| pre.yscheme ‘c’
selector [1x149 double] prexmean | [13.7457 52.9800]
gam 1.7225e+003 prexstd [8.7502 35.9091]
kerneltype ‘RBF_kernel’ preymean 27.5396
kernelpars 3.1728 pre.ystd 16.5099
cgamaxitr 149 status ‘changed’
cgaeps 1.0000e-015 || cgastartvalues 1
cgafi_bound 1.0000e-015 alpha [149x1 double]
cgashow 0 b -0.0069

Table 12.1: An example of a LS-SVM model construction

still decides to go orthe model creationwill start. The axes in the middle of
the ‘Models’-field will show the state of the LS-SVM model at®n. If the
state of the LS-SVM calculation is opening in a new windovet jalose the
window and the right axes will take over.

2. After the creation of the modelde calculation of the RMSE valuesdrom the
testdata applied to the corresponding model is executéaiolg the rules of
chapter8. These RMSE values and the corresponding short model nZnge (
MAe, M An, M Ap, X1, ET A) are displayed in the 2 RMSE columns within
the ‘Models’-field. Because the creation of a model is based sgandom
split up of the input data in testdata and trainingsdataRiMSE may differ if
calculated more than once. When the user judges the dispRMSE value
to be too high, a recalculation of the same model might lowisntalue. If still
not satisfying, more data points should be taken to refinertbéel, or more
accurate measurements should be taken!

3. The ‘pedelec.mat’-file is updated

e The created models of the first field will be stored as subdbjetthe
‘vTcModels’-object. The‘vTcModels’-objectmay be filled with 5 pos-
sible LS-SVM models and XI_modelas may be clear from figurk2.2

2TheAnames of the model-objects are based on the input (xj@b¥es of their 3D presentation: e.g.
vTc for F(v,Tc).
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The created models of the second field will be stored as sebispf the
‘VFtModels’-object of the ‘pedelec.mat’-file (figude.2. The'vFtModels’-
objectmay be filled with 4 possible LS-SVM models.

e The RMSE values are stored as part of th€cRMSE’-objector the

‘VFtRMSE'-objectdepending on the model type.
e The applied training and testdata are stored as part ofviheData’-

objector the‘vFtData’-object depending on the model type.
12.3 The creation of the performance plots
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Figure 12.3: Screenshot of the GUI for the visualisationha performance plots

Chapte9 describes the different ways of presenting the pedelec lmadang perfor-
mance plots. These performance plots are easily creatgulagéed and saved with
the ‘PerformancePlots.m’-file. Running this m-file opens the graphical usegriface
of figure12.3 Five main fields with their own functionalities may be renizgd:

1. In the‘Model Folder’-field the path to the folder with the ‘pedelec.mat’-file
of interest has to be filled in first. Browsing as well as typthg pathname
is possible. If the user wants to save the performance ptogpa-file of the
performance plot is saved in the pedelec folder when pusihiedSave Plot
As...-button. In the ‘plothame’-field, the desired namdlus eps-file may be
typed.
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2. The'‘Performance Plot'-fieldenables the user to switch between the different
performance plots. The radio buttons assure exclusivetsste

e Choose ‘Measurements’ to select the measurement dateedplip be-
tween trainings- and testdata.

e Choose ‘Traction force’ to select tHg (v, T,.) LS-SVM model

e Choose ‘Required Cyclist Torque’ to select tﬂe@, F}) LS-SVM model
e Choose ‘Efficiency’ to select thé (v, T,.) LS-SVM model

e Choose ‘Assistance Factor’ to select thév, 7,.) model

e Fill in the weights of the pedelec and the cyclist and cho&epe-
abibity’ to select the maximal slope that can be overcome Ilgyvean
torque and speed.

3. The desired assistance mode or modes may be selected iAsgistance
Mode’-field

4. The way of presenting the models may also be changed: Theppoenu
in the ‘Representation’-fielcallows 3D-plots, contourplots, slices of constant
speed or slices of constant torque. For the slice plots, dingber of slices is
adaptable by giving the values of the constant torques atanhspeeds as a
matrix [a; ag .. a,].

5. A push on the ‘Create plot’-button is required every timeesv selection has
been made. Then a plot of the selection is displayed inAkes’-field If one
would like to edit the plot, a new editable figure window wid bpened after a
push on the ‘Edit current plot’-button.

If ‘weird’ combinations are selected, or if some data is imigs warning dialog box
appears.

12.4 The creation and analysis of a drive cycle

A number of performance parameters are labelled as ‘ugsrdient’. They are ex-
plained in chaptelO. The calculation of these user-dependent performancengara
ters requires data about a drive cycle, the environmengdrikier and his position on
the bicycle. These data may be entered via a new graphicainisgface ‘DriveCy-
cle.m’ which is shown in figurd2.4 This GUI allows the calculation and visuali-
sation of the different forces and the energy consumptiaginguhe cycle coverage.
After running this file, all relevant drive cycle data arerstbin one ‘cycledata.mat’-
file.
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Figure 12.4: The graphical user interface to create and gmeldrive cycles

12.4.1 The input fields
File and Folder

The user may introduce his own cycling trip (= ‘drive cycl&)compare the perfor-
mances of different pedelecs to cover his trip.

The base format for entering a drive cycle in the graphicat usterface is an Excel
file with 3 columns including in column:

1. the time in seconds (start by= 0),
2. the speed ikm/h,
3. the percent slope.

At least, each change in the percent slope or acceleratipires a new row entry in
the Excel file. A possible Excel file for the drive cycle of figurl.1lis given in table
12.2

The absolute pathname to this Excel file has to be entereceifCycrle File’-field.
This may happen by typing or browsing.

In this GUI there is also a built-in tool to analyse the ‘driggcle’ behaviour of

a particular pedelec. Therefore the directory of the foldtere the concerning
‘pedelec.mat’-file (sectiod2.? is stored has to be entered in the ‘Pedelec Folder’-
field. Again, both typing and browsing are possible.
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| %Time [s] | %Speed [km/h]| %Slope [%] |

0 0 0

8 14 0

48 14 0

56 0 0

58 0 0

68 18 0
129 18 0
140 0 0
142 0 0
157 22 0
177 22 0
192 0 0
194 0 2
204 15 2
254 15 2
256 12 4
291 12 4
300 0 4

Table 12.2: An example of a drive cycle entry for the GUI
Constants

The ‘Constants’-field enables the user to enter informati@at may be helpful to

estimate the forces during the drive cycle.

The headwind speed
The drag coefficient’,

The total massn;; of the bicycle, the cyclist and, if any, the luggage.
The coefficient of frictior’,.,. between the pedelec and the road surface.
The frontal areaof the cyclist and his bicycle.

Deltatis the time step which will be used to linearly interpolate tbhws of the

drive cycle Excel-file. So an estimate of the percent slogkspeed is obtained
for all moments between the time entries of the first and tsieréav of the file.

The total mass and the coefficient of friction are requiredgtmate the rolling re-
sistance during the drive cycle. The dynamic rolling resise may be modelled by
equationl2.2where g represents the gravitational accelerationcatig angle of the

slope.

Froll = Crr s Mot = g+ COSQ

(12.2)

The frontal area, the headwind speed and the drag coeffaiemequired to estimate
the air resistance using equatib®.6 The default value for the coefficient of friction

will be 0.005 as proposed in referend@l]. The other default values were already

specified in tabld0.2
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Cycle Name

In the ‘Cycle Name’-field a name may be entered for the driveecyThis name will
appear in the title of the created plots.

Graph Units

The units for the speed and the slope applied in the plotseadljosted in the ‘Graph
Units’-fields. The speed may be displayed in km/h or m/s, theesin degrees or as
a percentage.

12.4.2 The creation of a drive Cycle
The ‘Create Drive Cycle’-button

If all the input fields are checked, the ‘Create Drive Cydiatton may be pushed.
This results in

e thevisualisation of the drive cyclim the left axes-field, which means that the
slope as well as the speed will be displayed as a functiom i

e thecalculation of the resisting forcess time functions
e thecreation of a ‘Cycleforces’-objedsee next section)

e thesaving of the ‘Cycleforces’-objeat a cycledata.mat file in the folder of the
input drive cycle Excel-file.

The structure of a ‘Cycleforces’-object

cycleforces

cycle fprop| ft |ftpos| fair | frol |fslope

[name] dt | t | v | s [ a

Figure 12.5: The structure of a ‘Cycleforces’-object

Information that is essential to calculate the user-depenhpgerformance parameters
(with the m-file described in sectiok2.5 is stored in the ‘cycledata.mat’-file as a
‘Cycleforces’-object with 7 subobjects. This is represenin figurel2.5

e The'cycle’-subobjectincludes:

— thename of the cycle

— the applied interpolation stefi

— all timest going from zero to the total cycling time with time stép
— the values of the speedat the moments

— the values of the slopeat the moments
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— the values of the acceleratianat the moments

e The propulsion forcefprop at each moment, calculated with equatiof.12
but considering a bicycle without internal mechanical ésss

e Theminimal traction forceft at each moment, equals thef}, , from equa-
tion 10.5

e Theminimal traction forceftpos at each moment t equals the previous item,
but ignores the negative (or braking) parts

e Theair resistancefair at each moment t, using equatib@.6

e Therolling resistancefrol at each moment t, using equatid@.2

e Theslope resistancg slope at each moment t, using equatiéri

12.4.3 Forces Preview

The axes-field at the right side of the GUI will be used to piat forces and torques
as a function of time.

When the ‘Minimal values’-checkbox is checked while pughthe ‘Show Plot’-
button, the plot selected in the pop-up menu will be disglaydhese ‘Minimal
values’-plots are all based on the coverage of the driveeoyath a lossless bicycle.
The options are

the Propulsion Forceo seefprop

the Traction Force on testbendo seeftmin

theRolling, Slope or Air Resistance

and theRequired Cyclist Torque

The Required Cyclist Torqueepresents the torque that should be delivered by the
(dummy) cyclist on the testbench to reach the speed andotnaicirce of the drive
cycle with a lossless non-assisted pedelec.

When the ‘Measured values’-checkbox is checked, Raguired Cyclist Torquep-

tion of the pop-up menu is the only one that makes sense! énctise, the torque

is calculated using the data from the ‘pedelec.mat’-filg #ra found in the given
pedelec folder. Here, also another choice has to be madeshys#r.

e checkingZA will display the cyclist torque that should be delivered I t
cyclist with the pedelec without motor assistance

e checkingMAewill display the cyclist torque with low motor assistance
e checkingMAnwill display the cyclist torque with normal motor assistanc
e checkingMAp will display the cyclist torque with high motor assistance
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12.4.4 Energy and power

By pushing the ‘Show Plot’-button while the ‘Required CygtliTorque’ is selected,
also the ‘Energy and power’-field will be edited.

Here, the user may reade human energgndaverage human powehat is required
to cover the drive cycle

e with a lossless bicycle if the ‘Minimal values’-checkboxcisecked

¢ with the pedelec from the entered ‘pedelec.mat’-file in titkdated assistance
mode if the ‘Measured values’-checkbox is checked

The units for the displayed energies may be switched betwedthour [Wh] and
joule [J] by a pop-up menu.

12.4.5 Extra Plot Options

The analysis of the cycling behaviour using the road measenés of chaptetland
also the comparison between different drive cycles isifatgld by means of the extra
plot options in this GUI.

Choosing an option of the pop-up menu will open a new figuredain when the
‘Create Plot’-button is pushed. The next plot options ailakle:

The speed duration curve
The weibull distribution
The acceleration plot
The state plot

The drive cycle plot (opens the left-axes field in a new figunredew that is
easily editable by the user)

The meaning and some examples of these plots are alreadyssistin chaptetl.

12.5 Calculation of the performance parameters

The objective performance analysis described in chaieequires many data ma-
nipulations. An automation of these manipulations is rec@mded. By running
the ‘Performancd?arameters.m’-file, the graphical user interface of figLge&will
open. This GUI allows the user to calculate the user-indeégeinas well as the user-
dependent parameters.

Both parameter types require the input of a ‘pedelec.miat'tfiat may be developed
by the ‘ModelsCreation.m’ GUI of sectiorl2.2 The directory where this file is
stored has to be entered in the ‘Pedelec Folder’-field. Typmwell as browsing is
possible. The calculation of the user-dependent paramalso requires drive cycle
data. The directory of a ‘cycledata.mat’-file developed thy DriveCycle.m’-GUI
of sectionl2.4has to be entered in the ‘Drive Cycle Folder’-field.
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Figure 12.6: Screenshot of the GUI for the calculation of pleeformance parameters

12.5.1 The user-independent performance parameters
The ‘Calculate’-button

A push on the ‘Calculate’-button in the ‘User-Indepent Berfance Parameters’-
field results in the calculation of

e the100W efficiency (ET A)
e the75WW assistance factors(/)
e the 100 climbing-(or slope-) abilities{ A)

as explained in chaptdfor the pedelec described in the entered ‘pedelec.mat’-file
The abbreviations between brackets are used to refer t@thesponding parameters
in the ‘datamat’-file that will be introduced in the next section. Théccdation of
the climbing-ability requires an input for the total masstef cyclist, the pedelec and
the luggage. The default valueli80kg

The user-independent parameters are displayed for adtasse modes that are found
in the ‘pedelec.mat’-file. The names given in the ‘Mod€leation.m’ (sectiori2.2
determine which fields that are available in this file. Maximd modes may be
displayed: A non-assisted modg& 4), an economic modeM Ae), a normal mode
(M An) and a power modeM Ap). If there are less assistance modes available, not
all the fields will be filled.
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The ‘Boxplot’-buttons

There are many points of the operation area that repré®emt’ or 751 input. The
values that appear in the ‘?’-fields are the averages of efielpoints for the cor-
responding performance parameters as explained in chlptérhe distribution of
these points may be displayed in a boxplot by pushing theespanding ‘boxplot’-
button. This representation enables the user to quangfygifferences in efficiency,
motor assistance or climbing-ability for the different pawnodes from the consid-
ered pedelec. This could be done by a simple comparison batthie average values,
but by preference, a comparison should be based on thebdistns of the perfor-
mance parameter. This is discussed in more detail in chdpteihe values that
appear between each two boxplots are the results of the xeificbypothesis tests
applied on the two adjacent assistance modes. The sma#iantimber, the smaller
the change that both data samples are coming from equathbdied models, and
so the smaller the change that both assistance modes atte equa

12.5.2 The user-dependent performance parameters
The ‘Calculate’-button

The calculation of the user-dependent performance paessetquires the input of
the cycling behaviour of the user. So, a push on the ‘Caleulaitton in the ‘User-
Indepent Performance Parameters’-field will only fill in tAefields if a ‘cycledata.mat’-
file is entered in the ‘Drive Cycle Folder'-field. The fieldshe filled are

the drive cycle efficiency{T A)

the drive cycle assistance factox ()

the required human energy input to cover the drive cyElé/()
the required motor energy input to cover the drive cycle
the drive cycle battery rang&(R)

The quantities of energy may be expressed in joules or wath@s indicated by
the pop-up menus. The number of fields that will be filled dejseon the number
of assistance modes that are available in the ‘pedelecfileats is earlier explained
for the user-dependent performance parameters. The atdgulof the drive cycle
battery range requires the following input data:

the battery voltage2¢V)

the battery capacity7(4h)

the allowed Depth of Discharge (80%)

e the efficiency of the energy conversion (60%)

The default values are given between brackets but may begellavy filling in the
corresponding fields of the GUI.
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The ‘Boxplot’-buttons

The distributions of the efficiency and the assistance faatong the drive cycle
may be expressed in a boxplot by pushing the correspondioxgplbt’-button. If
more assistance modes are available, the results of thexwitchypothesis tests are
displayed between each two adjacent assistance modes.n&lersthe result, the
more probable the hypothesis that both assistance modes dif

12.5.3 Saving the parameters

data .mat
ul ub
ETA SA Xl ETA HEI X BR

mld m d m d m| d E%%% m d HEHE
[ =N kel [ 3 |T

szlgszzzlzzzlzlg zlzlzzglg

b D P D B P D P Pl P I P P i P N P P

[47] 3 |T [44] 3 |T D 3 | (D 3 O D 3 O (D =1 k=)

Figure 12.7: Structure of the saved performance parameters

Only momentarily representing the performance paramé&eibto a lot of manual
datatransfer if the comparison between two different pexels required. This can
be avoided by saving all the performance parameters in a datamat-file’. The
average values as wel as the distributions are saved. The oftine datamat-file’
is editable via the ‘Save as’-field in the upper right cornigthe GUI (figurel2.6 It
is recommended to choose a name that refers to the pedeleellaasvio the drive
cycle applied for the calculation of the user dependentoperfnce parameters.

The structure of this saved results of the performance aisalg given in figure
12.7. The ‘datamat-file’ contains 2 major objects, the user-independét) (per-
formance parameters and the user-dependéml) (performance parameters. Each
performance parameter consists of the average valea$ well as its distribution
(d), except for the human energy inpdf £7) and the battery range3R). The low-
est layer distinguishes between the different assistaswesds. This datamat-file’
will serve as an input for the ‘Comparison.m’-file of sectitih 6

Example

The values can be recalled by the standard Matlab commahedviditiab commands
that will recall the list of valuesd) of all assistance factorX{I) along a drive cycle
(UD) in normal assistance mod&/(An) is given as an example.

load data.mat
UD.XIl.d.MAn
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The first line only loads the stored data-file. The seconddi@rches the values in
the structure of figuré2.7.

12.6 Comparison of the performance of different pedelecs

izl
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Figure 12.8: Screenshot of the GUI for the comparison otdifit pedelecs

Not only a comparison between the different assistance sotlene pedelec is in-
teresting. Also the difference in the performance of déférpedelecs, or different
gears of the same pedelec, or the different behaviour féerdift drive cycles with
the same pedelec, or the influence of different tyre pressurare interesting to in-
vestigate.

The previous section reports how the calculated perforemg@acameters are stored
in a single datamat’-file. Because of this structure, the comparison of pedelecs
is reduced to the comparison between 2 of these files. Thdigedpuser interface
‘Comparison.m’ enables this comparison based as well oavbeage values as on
the complete distributions. The method is described bgbomctical results of vari-
ous comparisons are given in chapi8r

12.6.1 Average values

There are 3 main fields in the ‘Comparison.m’-GUI:
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e The'Pedelecs’-fieldwhere the 2 datamat’-files (see figurd.2.?) for the in-
tended comparison have to be entered.

e The field of theUser-Independent Performance Parametetsere thel00W
efficiency, the75W assistance factor and ti@01/ climbing-ability will be
displayed

e The field of theUser-Dependent Performance Parametetsere the drive cy-
cle efficiency, the drive cycle assistance factor, the huemengy input and the
battery range will be displayed.

A push on the ‘Fill in’-Button shows all available perfornanparameters. The left
columns represent the values for the first pedelec of Redelecs’-field the right
columns the second pedelec.

12.6.2 Boxplots

The ‘Boxplot’-buttons under some of the performance patansesnable the user to
compare the distributions of these performance parambyenseans of the boxplot
representation. For every available assistance mode, digese window is opened
containing two boxplots, the left one represents the firgiefex, the right one, the
second pedelec. Again, the wilcoxon hypothesis test iopadd on the parameters
of both pedelecs, and the result is shown in each figure windovalue nean raises
the change that both performance parameters are equaljeanedi means that the
parameters distributions differ.

12.7 Conclusion

A lot of manipulations are required on the data from the &sth measurements be-
fore the performance plots and performance parameters edelgc can be derived.
These data manipulations are automated by means of the fitledsograms intro-
duced in this chapter. Each of these programs have a simgybdigal user interface
for data input and output. Next to the performance analyls&gssingle pedelec, also
comparisons between different pedelecs are automated.
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Performance Analysis Results

The objective performance analysis method described inlpaf this book, is ap-
plied to different pedelecs. This chapter reports aboutntleasurement of these
pedelecs on the designed test bench.

The tests are not only executed to get an idea of the perfaenaihthese pedelecs,
but also to refine and optimize the construction of the testh@nd the corresponding
performance analysis method. That is the reason why thadipige of the measure-
ments is not always optimized for the finally intended perfance analysis. With an
optimal spreading of the trainingsdata, the testdata ®warthe regression models
are expected to be lower.

This chapter will mainly focus on the calculated performraparameters. The per-
formance analysis by means of performance plots is prdfeexiecuted directly with
the graphical user interface of chapi&and thus hard to discuss in a textbook.

13.1 Pedelec tests

Up to now 6 different pedelecs are measured and analyseg,atieeall given in
table 13.1 with their recorded gearnumber, transmission ragfoand the available
assistance modes. The last column shows the short nameiliize wsed to indicate
the pedelec in the test results of the next sections.

The Sachs Elo-bike is measured in different gears and istosd#idcuss the influence
of the gearnumber on the assistance (see also séc8pn

From the Sparta lon, two different pedelecs with differeton assistance programs
are put at the disposal by the manufacturer. The first onel{&bas ‘Sparta lon 1°)
has no gears, the second one (‘Sparta lon 2') is equippedanthimano Nexave 7
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PERFORMANCEANALYSIS RESULTS

Pedelec Gear Z Assistance Short

number| [m/rad] Modes Name

L'avenir pre-scoot MERIDA 2 0.679 M An MER
Yamaha PAS easy 2 0.654 M Ae-M Ap PAS
1 0.506 M An SAl
SACHS Elo-bike touring 2 0.674 M An SA2
3 0.897 M An SA3

Swiss FLYER F6 2-4 0.700 M An FLY
Sparta ION 1 1 0.827 | MAe-MAn-MAp | 101
Sparta ION 2 5 0.783 | MAe-MAn-MAp | 102

Table 13.1: Tested pedelecs

gear apparatus. To measure the last one, its transmissioms set similar to the

first one.

13.2 Performance Plot Results

P [W] of Spartal in normal assistance mode
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Figure 13.1: Absolute contribution (expressed in wattshefmotor to the traction power

The performance analysis by means of the performance @desi and easy with
the graphical user interface (see chadt®r. The dynamic production of different
plottypes and slices learns a lot about the behaviour of &uelecs. However the
representation of all possible plots for all test pedelessld/lead to too much figures

in this book.

It is nevertheless interesting to have a look at the contotgdor the assistance
factor of all tested pedelecs that are given in Apper@lixThey give a good idea of

for the

Sparta lon

the applied control strategy for the different motor assise modes.
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Some things attract attention:

e Looking at the operation point were the assistance factwhes a maximum,
many different control strategies are discovered:

— Maximum assistance for small speeds and high torques foM#reda
and Yamaha PAS.

— Maximum assistance extended for small torques and low sfuedtie
Sachs.

— Maximum assistance for higher speeds and lower torqueféSparta
lon pedelecs.

e The Merida, the Yamaha PAS and the Sach8’thgear provide motor assis-
tance almost independently from the input torque. The Sdart and Swiss
Flyer introduce a torque dependency.

e The Merida and Yamaha PAS decrease the assistance levéhsewith speed.

e The Flyer also seemed to stop assisting for speeds above/l.7Kims might
be due to an internal error of the controller during the tedtsis error was
only discovered when the tested Flyer was put again on the rareset of
the controller could solve the problem, but so far the measents are not yet
retaken. So, for the further analysis of the test results, the Flydefsout of
consideration!

e The assistance values for small torques of all pedelecsatrerrhigh because
of the numeric instability of the calculation method in tregjion.

e The Sachs in 3rd gear assists up to higher speeds than thedears.

e The Sparta lon also assists for speeds above 25km/h. Thisigacy to the
pedelec speed limit used in the preliminary standard prEN45vhich is dis-
cussed in sectiod.5.4 A more detailed look on this fact is given in figure
13.1 The assistance cuts off at around 30km/h, which is 20% tvepérmit-
ted speed limit.

Anyway, the contourplots of the assistance factors show tthe effective assis-
tance level is a result of the interaction between the pogmammed controller,
the measurement techniques for speed and/or torque, aretia@iour of the ped-
elec/cyclist/road system.

The comparison of the assistance levels of all the testeel@eslis furtherly investi-
gated in the next sections on the performance parametes. basi
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| [ MER | PAS | SAl SA2 SA3 | 101 | 102 ]
7 (100W) [%]
ZA

738 81+6 87+5 9547 88+9 94+7 1004+5

£ (75W)
M Ae - 0.38+0.03 - - - 0.3+0.04 | 0.28+0.04
M An 0.48+0.08 | 0.52£0.04 | 0.44+0.03  0.43:0.06  0.47-0.08 | 0.39+0.04 | 0.39+0.06
M Ap - - - - - 0.52+0.06 | 0.48+0.07
SA(100W) [%]
ZA

4.6+0.5 5+0.3 6.6+0.6 5.8£0.5 4.4£0.3 4.9+0.2 5.3+0.4
M Ae - 8.9+0.5 - - - 7.1+0.3 7.4+04
MAn 9.9+1.1 13+0.6 14+1.1 1111 8.6:0.7 8.2+0.2 8.5+0.5
MAp - - - - - 9.3+04 104+0.5

Table 13.2: Results for the user-independent performancanpeters of all tested pedelecs

13.3 The user-independent performance parameters

13.3.1 The Average Values and the RMSE

Tablel13.2shows the average values of the user-independent perfoenpanameters
for all pedelecs of tabl&3.1 the 1001 efficiency ), the75WW assistance factog)
and thel00W climbing-ability (SA). The assistance modes to which the values
belong are displayed in the first column. The values for tligiefcies are only
available without motor powetqA), the assistance factor and climbing-abilities may
be available in different assistance modétAe, M An, M Ap).

Chapter8 explains how an idea of the accurracy of the regression raaslebtained

by using the RMSE on a serie of testdata applied to the modhksresults for these
RMSE are also given in tabtE3.11.

A graphical representation of the average values (as ¢eypiogs) and the errorbars
of +10 (as grey bars) for the user-independent performance péeesrie given in
figure13.2 If more than one assistance mode is available, more thabams shown
in the pedelec column. This is the case for the Yamaha PASren8parta lons.
Some conclusions drawn out of these figures are collecteavbel

e The Merida and the YamahaPAS have a significant lower eftigi¢han the
other pedelecs d00W human power input.

e The pedelecs with a hub motor (Sachs Elo-bike and Spartehbre a greater
mechanical efficiency.

e The assistance factors for most pedelecs are slightly b8léw This means
that a bit more than 50% of the traction power is coming from ¢hiclist's
efforts.

e The different assistance modes of the YamahaPAS as welbss ti the Sparta
lons are well distinguished for a human input power o .

1The RMSE values for the climbing-ability5() are derived from the RSME values of the traction
force models using the conversion of equat®o2with a (default) total mass af00kg.
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The 100W efficiencies of the tested pedelecs The 75W assistance factors of the tested pedelecs
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Figure 13.2: The average values and the RMSE errorbars feuger-independent
performance parameters of the pedelecs from taBld.

¢ All pedelecs double their climbing-ability by adding mofmwer. The Yama-
haPAS almost triples the climbing-ability by applying itgylest assistance

mode.

e The Sachs Elo-bike in first gear may overcome a percent slbp4% with a

human power input of 00WV/!

e Remark that the climbing-ability is (logically) graduatigcreasing by increas-
ing gearnumber. The climbing ability for all bicycles is tefore rescaled to a
transmission ratio of = 0.715m/rad (the average of the measured pedelec)

resulting in figurel3.2d).

e The predictability of the models for the testdata can be apga by a more
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aimed test program for the pedelecs. The spreading of theureraents in
the operation area of the cyclist is not always well congideturing the tests
(read the suggestions for future measurements in chapyer

13.3.2 The distributions

The 100W efficiencies of the tested pedelecs

The 75W assistance factors of the tested pedelecs
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Figure 13.3: The boxplots of the distributions of the usetapendent performance
parameters for the pedelecs of talilg.1

Chapterl0 indicated already that a comparison between the averagesvalf the
performance parameters is only a part of the performanclysisa Two average
values of a performance parameter can be the same, whilebavibur of the ped-
elec is completely different over the operation area. ToE1" efficiency, the7r5W
assistance factor as well as th@)1V climbing-ability are obtained by considering
well-defined parts of the regression models. The represaentaf the distribution of
these constant power parts tells how much the performaneengders are changing
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with a constant power input.
The boxplots representing the distributions of the useepeesdent performance pa-
rameters of the considered pedelecs are given in fiy8:@

The analysis of these figures lead to the following conchssio

e A lot of outliers appear for the 100W efficiency and the 75Wsdasce fac-
tors because both performance parameters are the qudtigvd power mea-
surements. This quotient is numerically less stable whemtiminator gets
smaller.

e The larger distance between the upper and lower quartildseddfficiency dis-
tributions for the Sachs3 measurements is unexpectedusedthe efficiency
is supposed to be quite stable over the operation area. Gstilyret drop with
higher speeds is expected. Again, the unstable behavidbe ofuotient calcu-
lation of two powers may be the cause of this problem.

e The distance between the upper and lower quartiles of thigtasse factor and
the climbing-ability is explicable by the role of the coriten, a different torque
and speed input may result in a different motor assistandesara different
climbing-ability and assistance factor.

e The distributions seems to be quite symmetrical. The meatahaverage val-
ues will be close to each other.

13.4 The user-dependent performance parameters

The assistance levels seem to fluctuate a lot over the operatéa as shown in the
former section. To show the impact of these fluctuations erdtiving experience,
the behaviour of the cyclist has to be introduced by means drive cycle. The
instruments that are used in this work are the user depepédéeiormance parameters
of chapterlQ:

e The drive cycle efficiency

The drive cycle assistance factor

The human energy need to cover the drive cycle
The motor energy need to cover the drive cycle
The drive cycle battery range

The user-dependent performance parameters are calctdat2dlifferent drive cy-
cles:

e The ‘IDcycle’, which is the drive cycle of figurgl.1 It is a synthetic cycle of
300s with a few slopes introduced.



150 PERFORMANCEANALYSIS RESULTS

e The ‘CommuterCycle’ introduced in sectidi.2.5as a recorded commuting
cycle of 3670s without slopes.

The difference in the speed distributions of both drive egchre given in figures
11.2and11.5 The average values as well as the distributions for thesdrjcle
efficiency and the drive cycle assistance factor, are ginghe next two paragraphs.
The energy needs and the battery ranges are just singlesuahgre no distribution
has to be considered. These values are discussed in theamagtaph.

13.4.1 The average values

This section shows figures of the average values of the upendent performance
parameters of all pedelecs of talilg.1
Three things will be considered:

e The mutual differences between the different pedelecs

e The deviation of the user dependent parameters from theirindependent
equivalent

e The variation of the user dependent parameters with thendrivehaviour

The drive cycle efficiency

The drive cycle efficiencies of the tested pedelecs The drive cycle efficiencies of the tested pedelecs
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(a) The ‘IDcycle’ efficiency (b) The ‘CommuterCycle’ efficiency

Figure 13.4: The average values and the RMSE errorbars fdfférdnt drive cycle
efficiencies of the pedelecs from ta 1

The drive cycle efficiencies of the pedelecs from tat8el for both drive cycles are
represented in figurg3.4 The central spots represent the average values of the drive
cycle efficiencies. The grey bars atd o errorbars.

The average values does not differ too much from ithe@ll” efficiencies that are
given in figurel3.2a. This corresponds with the idea that the mechanical effigie
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is rather constant over the operation area. Although thieadjlmechanical efficiency
average over all pedelecs still changes from

e 89% for thel00W efficiency over
e 86% for the ‘IDcycle’ efficiency to
e 83% for the ‘CommuterCycle’ efficiency.

Mainly the first two gears of the SachSA1 and S A2) differ significantly between
figures13.2a,13.4a and13.4.

The drive cycle assistance factor

Much more variation is noticed when the drive cycle assistaiactors are consid-
ered. The drive cycle assistance factors of the pedeleastible13.1for both drive
cycles are represented in figuk8.5with their average values antlo errorbars. If
more spots are drawn for one pedelec, the left most repseensmallest assistance
level, the right most the highest assistance level.

The drive cycle assistance factors of the tested pedelecs The drive cycle assistance factors of the tested pedelecs
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(a) The ‘IDcycle’ assistance factor (b) The ‘CommuterCycle’ assistance factor

Figure 13.5: The average values and the RMSE errorbars fdfférdnt drive cycle
assistance factors of the pedelecs from teltdel

The drive cycle assistance factors of the different pedesge ranging front.1 to
0.6.
The global assistance factor average over all pedelecgeldrom

e 0.41 for the75WW assistance factor over
e 0.40 for the ‘IDcycle’ assistance factor to
e 0.30 for the ‘CommuterCycle’ assistance factor.
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The reason for the big difference between the 2 drive cydest@sice factors is ex-
plained by the higher speeds of the ‘CommuterCycle’. Theidléeand the Yamaha
PAS are hardly assisting above 15 km/h.

The 3 power modes of the Sparta lon 1 are well distinguishedhi® (user inde-
pendent)75W assistance factor, but there is hardly some differencéoégitreen the
economical and the normal assistance mode for the ‘Com@ytés’.

The Sachs in itg5! gear has an assistance factor over 50% in fig@& and seems
to fit perfectly for the hilly ‘IDcycle’.

These facts clearly show that for the same pedelec one uskl experience a com-
fortable motor assistance, while another user would legitely judge that the assis-
tance is too low.

The human and motor energy needs

The motor and human energy needs of the tested pedelecs The motor and human energy needs of the tested pedelecs
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(a) to cover the ‘IDcycle’ (b) to cover the ‘CommuterCycle’ assistance

Figure 13.6: The human (black) and motor energy (greysgalesds to cover 2 different
drive cycles with the pedelecs from tahif@ 1in the available assistance modes

The same conclusions as above can be drawn if one looks absb&ite amounts of
human and motor energy that are required to cover the drislesyThe black parts
of figure 13.6represent the human energy needs, the grey parts the metgyeif
more bars are drawn for one pedelec, the left most repregentsnallest assistance
level, the right most the highest level.

The battery range

Because the motor and human energy needs are depending wtalheycle time,
the battery range as defined in chat@might be a better instrument to compare the
energy consumption during cycling.
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The battery range The battery range
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(a) The ‘IDcycle’ battery range (b) The ‘CommuterCycle’ battery range

Figure 13.7: The battery range for 2 different drive cyclesthe pedelecs from tablE3. 1

The battery ranges are derived from static measurementsl@sinot include the
start currents of the motor. For the figut8.7a 24V, 7Ah battery with a DOD of
80% is used, the motor efficiency is accepted to be 60%. Tketioh of this static
battery range is to offer a single comprehensible quartityoimpare different ped-
elecs, rather than trying to model the real battery range.

The values for the Merida and the YamahaPAS exceed @hém for the ‘Com-
muterCycle’, because the motor is hardly assisting for thkdr speeds in this drive
cycle. The variation with driving behaviour is extremelgat for the Yamaha PAS
and the Merida. Remark also that no gear changing is comsidarthese experi-
ments.

13.4.2 The distributions

The drive cycle efficiency and the drive cycle assistancefare time varying quan-
tities because the cyclist moves the pedelec to differemtgin the operation area
during cycling. This is already shown in figui®.6 The distribution of these user
dependent parameters are represented in boxplots in fig.ge

The distance between the quartiles is larger for the usesrdbgmt performance pa-

rameters of figurd3.8than for the user independent performance parameters of fig-

ure13.3 Also more outliers appear:

The fixed human power inputs used to calculate the user indiepé parameters are
situated in the middle of the operation area where a lot cd gaints were taken.
The positions in the operation area during the drive cyaenauch more spread (fig-
ure 10.6 and may lead to the inclusion of more numerically unstabi@lspower
quotient. This is also the reason why some of the boxplotsi@reompletely repre-
sentable in the expected range.
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The drive cycle efficiencies of the tested pedelecs The drive cycle efficiencies of the tested pedelecs
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Figure 13.8: The boxplots of the distributions of the driyele efficiencies and the drive
cycle assistance factors for different drive cycles forghdelecs from tabl&3.1

For the ‘IDcycle’ assistance factor, the distributionslass symmetrical which might
be due to the presence of slopes and thus higher torques idrix¢ cycle.

13.5 Conclusions of the performance analysis

In this chapter the first pedelec test results of the testbane presented. These first
measurements came along with the developing process @shmethod. After each
of these measurements the measurement method was slightiged and optimized.
This optimizing process is now finished and from now on, th&eyatic testing of
pedelecs can be started. However, these first test resd&siglshow that:

e The pedelec performance analysis (based on the testberasurements and
charted by means of the performance plots and performamaenpéers) is able
to uncover the differences in control strategy of the ddfgrmanufacturers.
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e Some pedelecs have really bad mechanical efficiencies, renoh dhat way
hard to ride without assistance.

e Sometimes the observed differences are inherent to theemspited control
strategy, sometimes the interaction of the pedelec/tirclesl system caused
extra differences.

e The user-independent 75W assistance factors are for akburesh pedelecs
lying betweerd3% and52%. But the user-dependent drive cycle assistance
factors have a much wider range)fs - 60%). So different ways of use may
result in very different experienced driving comforts.

e The introduction of the user dependent performance pammet interesting
to see the influence of the cycling behaviour on the motorstssie. The
cycling behaviour extremely influences the battery rangkiswertainly a ma-
nipulative argument for manufacturers to convince themaikclient.

e Awell-planned spreading of the measurements in the operatea is required
to obtain a substantial decrease in the RMSE values.
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Conclusions of the performance analysis

This work intended the performance analysis of PEDal Eli@@ycles approached
from two different points of view. The first approach to thefpenance analysis was
a subjective oneHow does the cycling community appreciate bicycles withleac-e
tric assistance motorThe second approach was an objective didew to quantify
the performance of a pedelec in a technical way?

Many answers on the first question were found in part | of tliekb The infor-
mation was gathered by a poll of test persons that lended elgedor a limited
period and an inquiry of the bicycle dealer shops.

After the tests, one can say that pedelecs are well appeedigtthe users as well as
the dealers. However, the mainly positive feedback was komshaded by a lot of
remarks:

Users as well as dealers would like to see

lighter pedelecs

a higher battery autonomy
cheaper pedelecs

more robust pedelecs

and pedelecs with a nicer design

There also seemed to be an image problem: while youngergeopited at the elder
people as typical pedelec users, the elder people oftéffiostild the physical effort
on a pedelec too heavy.

Another drawback of the pedelec was not found in the teclyyoitself, but in the

lack of cycling infrastructure along the road. With a goodtastructure the test
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persons were able to realize substantial time gains whiieyuke pedelec for com-
muting.

The politicians should give priority to the development g€ling infrastructure in
cities like Brussels. So much the more, because the pedagexperienced as suit-
able for commuting as well as shopping and leisure.

The market analysis also brought to light that a lot of braads available at the
dealershops, but there is certainly place for more natieeymts. Although 10.000
pedelecs were sold in Flanders in 2005, few dealers aresfjcfivomoting the ped-
elec. There is still some work to be left for the manufactsirer remove the bad
experiences of the dealers with the first generation pesl@ed convince the dealers
of todays pedelec product quality.

In part Il of this book, a technical method is developed tolgs®the performance
of a pedelec. Performance plots and performance paranatedefined and calcu-
lated based on a limited number of testbench measuremeiitsti&se parameters a
ranking of performances is possible. Six pedelecs weradreut on the testbench
to show the possibilities of the developed performanceyaigtool:

e A ranking of the measured pedelecs is possible based orratiffaspects
(=performance parameters)

e The objective performance analysis is able to uncover tifereinces in control
strategy of the different manufacturers.

e The complaints about the weight and bad mechanical conistnuof the test
persons can be affirmed by the low measured mechanical afficef some
pedelecs.

e The user-independent 75W assistance factors are for akburesh pedelecs
lying betweerd3% and52%. But the user-dependent drive cycle assistance
factors have a much wider range)f - 60%). So different ways of use may
result in very different experienced driving comforts. 3 partly declares why
the answers of the test persons were sometimes very caritnadi

e The introduction of the user dependent performance pammelearly quan-
tifies the influence of the cycling behaviour on the motorsiasice and bat-
tery autonomy. As long as there is no standard drive cycteb#itery auton-
omy stays a manipulative argument for manufacturers toinoavhe potential
client. The unrealistic high battery autonomies in the niacturer’s data sheet
unfortunately contributes to the bad image of the pedelatdhe mentioned
by some dealers.

e Now that the optimizing process of the measurement methé@dished, the
systematic testing of pedelecs can be started.
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Linking the objective and subjective approaches of thequerdnce analysis is not
always easy and was not the major intention of this work. Tggiries of the sub-
jective approach in this work focussed on the global apptiEei of pedelecs by the
cycling community. The subjective approach contains adspectrum of judgement
criteria. Next to a good assistance level and great batteignamy, the users also
like to have a comfortable seat, a good-looking pedeleceagipedelec, a practical
pedelec,... The objective analysis, on the other handgissked on the modelling of
the motor and pedelec behaviour during cycling.

It would only be possible to link the testbench measuremehéssingle pedelec to
the comments given by the users of that pedelec if a substantnber of test persons
should comment the same pedelecs in a very structured wajeive differentia-
tion between pedelecs would require a different experiaiatgsign, and would be
very time consuming. Fortunately, some consumer orgaoisatecently started this
kind of research and published the first resu@],[ 63].
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Suggestions for Future Research

The appreciation of pedelecs by their users is investigatedapter2 on the basis of
a lending service that ran from 2000 until 2003. The pedetechattery technology
has evolved a lot in the last years. The organisation of a eewdihg service with
newer pedelec types could be interesting to see which ircoemces that are already
solved and which annoyances still exist.

The Flemish pedelec dealers poll of chafettates from 2005. Entering a bigger
dealer shop today without noticing the presence of an &duto-wheeler gets rare.
In may 2007, a publicity flyer for pedelecs was distributedhie letterboxes of the
houses in Ghent city by a local bicycle dealer shop. Theds &ww that new efforts
have been made by the manufacturers as well as the dealexaote the pedelec.
The collection of new sales figures would be interesting oothe evolution of the
pedelec’s prices and popularity.

The objective performance analysis of pedelecs in part thizf book focusses on
the amount of traction power that is added by the motor in tieration area. This
is certainly not the only item that determines whether thersiike or dislike their
pedelec. The subjective analysis already mentions a loth&ramportant aspects
(price, driving comfort,...) that also could be involvedtive performance analysis.
For the existing performance analysis a number of improvesnare suggested be-
low:

e A well-balanced spreading of the measurements in the aperatea of the
cyclist will raise the predictability qualities of the mdde

e Further automation of the test bench measurements wilceethe characteri-
sation time. In this way the pedelec could be entirely measwith one bat-
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tery charge. The automated balancing of the pedelec on tinehkie already
successful for a fixed operation point, but has to be exterfioiethe whole
operation area. This could enable a single person to perfioenest bench
measurements instead of the two persons that are requiday to

e The performance analysis is based on steady state measiiseffiene wants
to measure the real drive cycle behaviour, the simultanewemssurement of
speed and torque is required as is expressed by equ@a8on

e The feedback of the speed and torque signals to the const@rayof the test
bench would enable the imposition of a real drive cycle orpidelec. There-
fore an adaptation of the data acquisition is required. iswilay the real drive
cycle battery range could be measured. Another advantatie déedback is
the possibility to calculate the traction forcé$,, and F;,,, at exactly the
same speed and cyclist torque. This would increase the amcof the assis-
tance factor model.

e Another extension of the data acquisition could be the lggif the battery
and motor power. So, the efficiency of the power transmissand the power
losses could be described more precisely.

e The development of a standard drive cycle for pedelecs regjthe systematic
logging of the cycling behaviour of different user groupshisican be done
with the test equipment of chaptéd and the analysis tools of the GUI of
chapterl2.
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EMC measurements on the Yamaha Easy

Figure A.1: Motor current of the Yamaha Easy when easily figdgin the 3° gear
delivering a small torque

During the lending service of secti@a complaint is received about an EMC conflict
between the Yamaha Easy pedelec and the Brussels Policewsdoation infrastruc-
ture. In the EMC laboratory of KaHo Sint-Lieven Ghent the EN&diation of the
Yamabha drive system is measured with an EMC probe with freguband from O-
30Mhz. Therefore one person is riding the pedelec on a rsjlstem, while another
one handles the probe. The pedelec radiation is situatdukifréquency band of
0-5Mhz. No considerable radiation is found in the 150-175Ntbquency band that
is used by the local police services.

A closer view on the applied frequencies is obtained by uaibg probe (bandwidth
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Figure A.2: Motor current of the Yamaha Easy when easily pedgin the 3° gear
delivering a higher torque

100kHz, resolution 100mV/A) on one of the supply cables ftbmbattery.

The switching frequency of the DC-DC convertor appears taHhe& kHz in the4°
gear. The signal captured by the probe is visualized on ahossope. FiguréA.lis
the current signal when the cyclist is easily pedalling athgear. The average value
is 1,27A and the estimated frequency 16,4 kHz. The currefiofe A.2 is recorded
at the same pedalling frequency and in the same gear, buawitfher cyclist torque.
Here an average current of 2,0A is measured and a switcleggéncy of 15,4kHz.
These measurements lead to the conclusion that an intecketeetween the pedelec
and the communication system is highly improbable. And ngergeral, it learnt that
EMC problems are not a big issue for pedelecs.



The

Standard Questionnaire of the Pedelec
Lending Service

Personal data

Sex MO FO Date of birth
Height Weight
Optional

First name Name
Address Postcode/City
Phone E-mail

Appreciation of the pedelec

A.0

Al

Used Pedelec:
Begin Date
Duration of the Test Period:

Did the pedelec replace another means of transportdtiong

the test period? Y] N O

If yes, cross the first column boxes with the means and the othe
column boxes with the displacement reasons.
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O Public transport: 0 Commuting [ Shopping [ Leisure O Other_______
O Car: O Commuting O Shopping [ Leisure O Other_______
O Motorcycle: O Commuting O Shopping [ Leisure O Other_______
O Bicycle: O Commuting O Shopping [ Leisure O Other_______
O Walking: OO Commuting [ Shopping [ Leisure O Other_______
O Other: OO Commuting [ Shopping [ Leisure O Other_______
A.2 Didyou realize a time gain by using the pedelec for conng®

A3

A4

YO N O
If yes, what was this average time gain?___

Did you make new trips that you would not have made without
the availability of a pedelec?
YO N O

How did you appreciate the pedelec? |54 |32 |1

The user-friendlyness of the assistance

The weight of the pedelec

The ease of charging

Assistance on slopes

The battery range

The weight of the pedelec

The quality/reliability

A5

A.6

A7

A.8

A.9

A.10

* 5=totally satisfactory, 1=totally unsatisfactory

Did you use your conventional bicycle more often after tist?
YO N O

Did you experience a lack of cycling infrastructure like
cycle tracks? YO N O
bicycle sheds? Y] N O

Who is, according to you, the most typical pedelec user?

Are you prepared to buy a pedelec?
Y O N O

Did you already buy a pedelec?
Y O N O

Do you think that€ 1000 is a fair price for a pedelec?
Y O N O
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Remarks:







Contourplots of the Tested Pedelecs

Assistance factor in eco—assistance mode [%)] Assistance factor in normal assistance mode [%)]
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Figure C.1: Contourplots of the assistance factors for tamstha PAS
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Assistance factor in normal assistance mode [%)]

Assistance factor

in normal assistance mode [%)]
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Figure C.2: Contourplots of the assistance factors for therilla, and the Sachs Elo-bike in

its 3 gears
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