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Abstract

This paper presents a smart electric scooler system consisting
of a microprocessor based vehicke controlles (integrating an
embedded regenerative braking controlier), a 300W Permanent
Magnet (PM) DC molor, two low-power DC-DC converters 1o
form a higher powar DC-DC converter pack, a motor controller,
a supercapacitor bank and a capacitor cell balancing sub-
syslam.

During acceleration or forward motoring mode, the vehicle
controlier sets the DC motor into matoring mode 1o further
utilizing maotor controller regulate wheel speed and acceleration
torque, whereas during deceleration or forward braking mode,
sets the DC motor into braking mode and further wtilizing
reganerative braking controller regulate wheel speed and
braking torque. as well as functions as a constant cumment
(whose ref value is ble via a )
(o] charnge the bank in @
tashion, hence nat only successtully replacing frictional braking
to certain degree, bul also increasing the total energy efficiency
dramatically owing 1o the low internal resistance and langer

of the with other
conventional regenerative braking systems via batteries.

General structure of the sman system, control principle of the
. of platform,

test setup as well as validation with results are all presented

within thés paper.

Introduction

Regenerative Braking has long been used in elecinc Irains or
trams, and nowadays, eleciric vehicles (EV) of hybrid electric
wehicles (HEV), o save energy [1][2]. For the former, dynamic
braking via resistor dissipation outweighs a bi-directional

implemantation, whereas for the latter, a battery pack is more
suitable and normally is used to recover braking energy under
low or mediem load forque condilions at high speed. This is
partly due to the lowsr EMF{Electromotive Foroe) produced
while molor is operating within kower rpm range, from which the
back EMF produced by the mator alone is too low to charge
back the high-voltage battery pack; on the other hand,
conventional electro-chemical battery cells are suscaptible to
heat loss under higher current charging conditiens and most
batlery manufacturers require the charging cument 1o be
reguiated under 3C rating 1o ensure salety [3]. Also, high power
seen by the battery is detrimental 1o battery facycle hence
deteriorates its performance.

Supercapacilor seems to be a better eption 1o address this
issue, while maintaining many of the positive electrochemical
battery characteristics. From Merature research

o
supercapacitors, seem to offer an effective way o reduce peak
battery currents, hance enhancing the battery life. Such feature
discussad in the article [4] has infrigued the author developing
and lesting a small-scale drive system - a scooter capable of
taking bi-directional power flow between a supercapacitor bank
and a DG motor,

Compared with a regeneralive braking circuit described in [5].
‘a new approach, in aids of modern power electronics and mare
robust control, is described within this paper. Besides,

analysis and is carried out
to further enhance kecidity,

Component Sizing

An electric scooter, as shown in Eigure 1, has boen acquired
from a lecal manufacturer for further conversion and
davelopment. Iis parameters ara listed in tabla 1 (6]
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Supercapacitors

For space considerations, the choice was made at the time to
use a bank consisting of six cells of 3000 Farad
Boostcap3000PE Supercapeitor (each rated at 2.7V, with
balancing circuit interconnected at the 1op end as shown in
Eigure 2) for replacing the two 12V-battery module sted in
Tablo 1 for use of energy source. Relavant energy calculation
Is conducted in the following 1o rationalize thés selection.
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Considering the cut-off cell voltage is 1.5V, total usable
alecirical enorgy is

(L]

where V, is the fully charged DC voltage of the supercapacitor
bank, for six cells, equals to 16,2V and V', its cul-off voltage,
for six colls 1o be $V. The overall capacitance is reduced into
500Farad due to tha nature of serially connected capacitor
cells. Using equation (1) the overall usable alectrical energy
can be calculated from gquation 1 at 45,360, which warmanis
an approximate 150-second continuous ride at maximal oulput
power (300W) of the DC molor, This 5 good enough for a few
continuous accelerations or fravelling over a cortain distance

Mota the cut-off voltage is constrained by the minimum input
woltage DC-DC converter takes, which will be addressed in
following paragraphs.

Similarly during deceleration, the usable (excess) kinelic
enargy neaded to be absorbed 5o as to stop the scooter is:

(el

Where M is the total mass of the scooter and driver, which is
assumably weighed al 100kg; S, is the initial speed and S, is
the end speed (Note *5" is used here to avoid confusion
against the annotation “V™ used in the gguation (1) for
“Voltage”).

Lat's assuma the initial speed for a fide is a1 25kmhs, Le.
6.94m/s, and the end speed is Bkmhr, L.e. 2.88m/s. The overall
kinetic energy therefore can be calculated by using equation
(2) at approximatety 2000J. Considering only the rear wheal is
providing all the braking powes, as well as all the other losses
in the system, at the first order of estimation, if the regenerative
braking controller is able to recover 50% of this 2000J braking
energy over a parod of 3 seconds, the power can be absorbed
hence returned back into the supercapacitors is roughly at
300W, which results in current approaching 204 at 15V,

Mote the end speed is constrained, once again, by the DC-DC
converter since the mator back EMF will drop under the
miénimum converter input threshold when its speed gets too low
{in this case, Bkmihr),

DC-DC Converter

Vanous converter topologies have been investigated in the
market lo choose a suitable DC-DC converter. The objective of
the converter is 1o boost the variable DC voltage source of the
suprcagacitor bank up to 24V hence forming a rigid high
voltage DC bus. This way, the output of the converter not only
powers. the motor as if it was powered oniginally from the
batiery pack, but also is able to be charged during braking.
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This is because the highest voliage the supercapacitor bank
reachies within normal operation range, which is reguiated
undear 16.2V, is always kower than the 24V converter DC bus
‘output voltage.

Both conventional forward and flyback types of DC-DC
converters have a maximal power ratng al i

In [8]. it ks suggested with eleciric braking it is normal to
introduce friction braking at the beginning of the application Tar
safaty concerns and at the end as the edectric braking with
maost systems fades. However this paper concentrates
primarily on electrical braking dself, leaving auxliary issues
such as blending, salely and each coresponding

wilh following papers.

150W and the size of them grows significantly larger as the
pawer rating increases, Resonant converters, on the other
hand, are capable of dealing with high power at a relatively
smaller size. The converter gats smaller mainly by increasing
their operating frequency 1o decrease the size of the power
transformer and output LC or capacitive filler. The smaller heat
sink can also be achieved due 1o the increased efficiency (8],

Two 150W DC-DC resanance converters (with output voltage
regulated a1 12V, input voltage varies from 8-38V, switching
frequency varies betwean 225 to 330kHz) are selected whose
Inputs are stacked up in parallel and oulputs in seres. This
wary both tight packaging constraints and power raling is
achieved simultaneously.

Mote it is wedl worth to include a chapter to discuss how the
converter efficiency affect the system, however due 1o the
timing constraints of the project it was decided to conduct a
maone thorough analysis in following papers dedicatedly.

Reg ive Braking C i

W is infuitive and ical | bed the whola

braking controller function into the vehicle controfler module. A
‘schamatic diagram in Figure 3 ilustrates ils operation
principles.

e
—

1

Figuro 3.

Devel t of Vehicle C I First of all it can be seen, that the vehicle controller consists of
U till this point, we have four ?;=54; braking controller and four power switches

from the sections described above including:

= 300W PM DC Moter,
* 24V MotoriSpeed controller

Nowlnplachmant componants:

+ 6 = 3DDDF supercapacitor bank {replacing battery packs)
+ 2 = DC-DC resonant converters

It then can be properly deduced, before discussing mone
details of the regencrative braking controllar, what functions.
the vehicke controlier should be developed into, at a higher
laved parspactive.

The vehicle controlier should be able to;
* Select the vehicle drive modes between acceleration and

braking via a mechanical switch sel by user.
+ Interface and connect all four major components articulated

in the baginning of this saction.
+ Integrate a sub-circuit 1o perform ive braking
whose ing torque refs is

*  Have bullt-in measurement test points or terminals for
further analysis, data acquisition andior troubleshoating

Secondly two aliemative paths can be formed by utilizing
51~54 in proper combinations and orders as shown in Figure
4, and Eigura § as well, This way, only one converier module is
needed o feed the power from source o load bi-directionally.
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Figuee 4

In forward motoring mode, 51 and 52 close while 53 and 54
‘open, power is delivered from the supercapacitor bank to the
DC motor via the converter and the speed controller as shown
in Eigure 4.
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Figura 5

In forward braking mode, 53 and S4 close while 51 and 52
‘open. power ts delivered from the DC molor back to
supercapacitor via the converter and the regenerative braking
controller as shown in Figure 5.

A current mirror sub-circuit design is utilized to regulate the
‘converter output current with its detais shown in Figura §.

Figure &

The adjustable range of the oulput current this circuil regulates
Is thie quotient of the voltage drop across the Scholtky diode
(o2) i 0.3V when ing) and the real value
of timpot resistance. i.e. as the timpot varies from 0.30 to
0.0412, the adjustment range of the output current reference is
warying from 1A up to 7.54.

Note moderate amount of power loss occurs over the NPN
power transistor T1 due to the nature of linear regulating
mechanism. This issue has been alleviated in practice by
slacking up ona more power MPN transistor in parallel so that
the heat each transisior takes is halved. A proper heat sink is
also utilized to help dissipating the heat in event of hard
braking andior low supercagacitor terminal voltage within a
couple of seconds,

Drive Mode Selection and Control of 4 Power
via Micropt

The other important part of the vehicle controller is to ensure,

that all four power switches (S1~54 as explained in the

previous section) ane switched In the right sequence and

combination given the cofresponding inputs, This is achieved

by utilizing an B-bit microprocessor called PIC16FB8.

The flow chart of the main program has been lllustrated in
Eigure 7. which somewhat describes the operational principle.
The microprocessor takes a digital input fed by a mechanical
switch (shown in Eigure 9) which is set by user 1o loggie
wirhicle drive mode between acceleration and braking, Once
such input has been stabilized after debouncing, a variable
called “Brake flag” is set and the microprocessor can than
decide states of its multiple outpuls to further regulate the
sequence and combination of all four power switches, 20ms.
deadtime has been sel 1o avoid all switches being turned on in
the same time.

The magnitude of braking torgue can be varied on-the-fly as
‘explained in the previous sector,

The Is
braking controller board,

inside the

)
[ ]

[ ~eSIRe—- |

Figure 7.
Up to this point both hardware and software setup has been

described. Eigure B shows a picture including all major
‘components/modules of the scooler systam,
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M ement and Data Acquisition

Last important aspect of the system is for measurement and
evaluation, To do this a set of Data Acquisition (DAQ) device
called USB-6009® from National Instrument (NI) has been
deployed to capture useful controller variables and sensar
outputs.

A custom-made speed sensor (also ks shown in Eigure §.) has
been developed using Hall-effect slement and 12 magnets
affixed around the wheel rim, The Hall-effect sensor therefore
genarates 12 faling edges per whiel revolution with il sensor
outpul connected 1o the “PFID” terminal of the DAQ device
working as a counter. Combining with necessary timing signals
scooter speed profie can ba plotied in & real ime fashion on
the laplop screen via USB communication.

Figure 9. shows the physical layout of the measurement
platform. Other than the speed signal, braking current,
supercapacitor terminal voltage and DC mofor back EMF are
all sansed within the Regenerative controller board and then
being fed subsequently to the DACHaptop interface.

A graphical program to caplure and log three analeg channels
of signal simultanecusly using Labview softwara has been
shown in Eigure 10. for reference.

Experiment and Discussion

To observe energy flowing back from the scooter mator 1o
suparcapacitor, the mator has 1o be diven firstly 1o a
sufficiantly high speed before electrical braking is applied
Besides the braking process is batter to be prolonged for a faw
seconds so that steady-state relationship between braking and
charging can be characterized at presence of noise,
Supercapacilor discharging can be observed during the
accaleration phase.

Thenfore axperiment has to be conducted on a ramp having a
slight downhill grade with 8 moderately large inertia ie. one
adult {the author, wesghs approximately T5kg) driving the
scooter (welghs 25kg) over ap

seconds

Nole although the downhill ramp will hedp moving the scooler
down the ramp, the scoober will still noed 1o ba powered by the
mator to achieve an acceptable level of accelaration, partly due
to the large inertia the driver exerts, partly the rolling
resistance.

Scooter Force Balancing Analysis

Firstly a scooter force balancing analysss has been undertaken
to bather undarstand the role of the electrical braking force
amongst other important forces (as shown in Eigura 11). As the
maximum speed of the scooter will not go beyond 20kmihr, the

y drag is neg in




The Inertial Force (F ) as shown in Eigure 11 can be calculated
by:

F, = Mgsiné
el
whore 8 represents the inclined angle of the ramp.
The lent force g rofling can be
caleutated by
F, = Mgf, cosé
i«

where f is the rolling resistance coefficient, which is a function
of tire material, tire structure, lire temperature, tire inflation
pressure, iread geomelry, road roughness, road material, and
presence or absence of liquids on the road. [10]

In wehicke performance calculation, it is sufficient to considar
the rolling resistance coefficient as a linear function of speed.
For the most comman range of inflation pressune, the following
equation can be used on a concrete road 8]

5
=0.01(1+—
1. { Il'al'}i

5

where S is the scooler speed in km/hr. This equation predicts
the values of |, with acceptable accuracy for speeds up 1o
128kmhr.

The force balancing moded will be used and discussed more in
details when a known load lorque can be applied to the system
on a stationery lest rig set up in future papers

Scooter Experimental Test Setup

A downhill ramp, locabed in a quist street block close ta the city
campus of the UTS university, has been deemed suitable for its
consistent gradient over a long and continuous distance as
shown in Eigure 12, together with the instrumentation elaments
wired and attached io the scooter.

2

The gradient of the ramp has been measured approximately at
3 * using a set square and a protracior the total mass of the
driver and the scooler is approximately weighed at 100kg, and
an average braking speed is expected al 12km/hr.

Combining gquation {3)-(5). F, and F, are calculated as:

« Fi=513N
« Fr=10.7TN

Two types of braking conditions are evaluated in the naxt
section with useful scooter variables measured and they are

+ Fast (Emergency) braking
- Slow (Continuous) braking

Fast (Emergency) Braking

The trimpot satling braking currenttorque reference has been
adjusted to its i value to aim ing an

braking event. The results are tabulated throughout Figure
13~16. Note strong electromagnetic noise is present under
medium and high load conditions. At this stage the author uses
dashid ines (o indicale averaged results in areas the noise
0CCUrS,

e Scooter Speed

Braking Current

s ]
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Mioter Back EMF {Scaled domn)

Knawing T=1.5 second, M=100kg and 8= 3 *, also
intey tion {6) with S2=17 4km/hr,

Figure 18

Five phases are present throughout the event as indicated in
Eigure 14 and they are:

+ Phase 1 (from 0~14.2s) : light acceleration in aid of mator to
speed up the scooler to around 12km/hr
= Phase 2 (from 14.28-16.7s): further heavier in

51=12.2km/hr and S=14 Bkm/hr and converting them into
standard melric unit we gat:

E,=E, +E =301.7+593.7=8954J
The system output energy (E_,), in cur case is the energy

back inta the bank (E,.}. The
overall conversion efficiency can then be calculated by
eguation (7}:

Ef=E_IE =V, *1. *TIE,
m

where Viscap and lscap are the average terminal voltage
and current of the supercapacitor bank during the period of
alactrical braking. Taking Vscap as 14V, Iscap as 104 and

aid of mator ko around 18km'hr
+ Phase 3 (from 16.7s-17.5s): coasting with both motor and
brake tumed off, scooter speed increasad very slightly due
to its inertia force
+ Phase 4 (from 17 5s~18s) Brake swilch is depressed, the
scooler goes into electrical braking mode by lowering its.
spood lo around 11km/hr, # which speed the back EMF
genarated by the molor starts 1o become too low to keep
powering the convarter
Phase 5 (from 19s-and): the braking force gradually
diminishes as & result of diminishing motor back EMF for
around one second (hence the scooter s lightly accelerated)
before mechanical braking is applied 1o further brake the
scooter down 1o standstill

Amongst all the phases, a faw observations can ba made:

= Inphase 1 and 2, the supercapacstor bank undeargoes.
discharging process, its terminal vellage is therefore
decreased from 1448V (initial vakue) down 1o 14.20V (in
phase 1) and from 14,20V down 1o 13,60V (in phase 2). The
terminal voltage drop of the supercapaciior is reasonably
[ 1o thee mag! of

+ In phase 3, the terminal voltage of the supercapacitor
goes up from 13,60V to 13.75V. This is because the
supercapacitor regains the voltage drop across its internal
resistance when it's put back to open circuit condition.

= The terminal voltage of the supercapacilor goes up from
13.8 V to approximately 14.2V in phase 4 for approxmately
1.5 second. The average current (1) measured for this
1.5 second in phase 4 is around 10A (from Figura 15). The
system input energy E,_ consisting both kinetic energy E,
and patential enargy E,, has therefore been converted into
alectrical energy, altogether they can be calculated by

E,=E, +E, = mSTain9+%M(S§ -5
8
where §, and 5, is respectivaly the end speed and initial

speed within phase 4 and 5. the average scooter speed. T
Is the cverall time consumed during phase 4.

them quation (8) we get:
Eff =E._ | E, =210/ /8954] = 24.5%

* Motor Back EMF ks shown in Figura 17, whosa magnitude:
(scaled down due to measuremeant kmit) is inearly
proportional 1o the motor/scooter speed, which agrees wall
with theory over PM DC motor.[1]

Slow (Continuous) Braking

For the second part of esting, the irimpat selting the braking
‘cument/torgue referance has been adjusted to a medium value
to aim attempting a slow braking event. It is also desirable to
prolong the electrical braking period before the scooter speed
drops below the regeneration threshold. The expectation is by
varying the braking current reference, which from PM DC
molor theary, behaves somehow linearly proporticnal to the
alecirical braking torgue [1, the longitudinal force exerted on
the scocter along the ramp is cancelied out (refer 1o Figure 11)
hence longer electrical braking period can be obtained with
impaorant system variables measured out.

et Scooter Speed
=a
o

]

Eigura 17-20 ilustrate results after a
few trials 1o calibrate the position of the trimpol.

Thete are once again, five major phases in the ride as
indicated in Figure 18. But they are moderately different 1o
those of the previous test sebup:
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* Phase 1 (from 0~6.55) - continuously heavy acosleration in
aid of motor 1o speed up the scooter 10 around 15kmir

+ Phase 2 (from 6.25~8.1s): coasting with both mator and
brake tumed off, scooter spead reaches its fop value at
around 19kmhr

= Phase 3 (from 8.1s~-12s} Brake switch is depressed, the
scooler goes into electrical braking mode by lowering its.
speed 1o around 10kmimy, at which speed the back EMF
generated by the motor is still sufficiently high enough 1o
kibep powering the converder

+ Phase 4 (from 125-16.2s): the scooter goes into constant
speed mode while maintaining its speed 1o around 10km/hr,
at which speed the back EMF generated by the motor keeps.
powering the charge the itor bank
by exerting electrical braking torque

= Phase 5 (from 16 2s-end): mechanical braking is applied to
furthes brake the scooter down to standstil

SuperCap Voltage

a0
L

o
PO T e ] ¥

5
Figura 18

Similarly to the previous case, a fow observations can be
made:

= In phase 1, the supercapacitor bank undergoes a
discharging process, its terminal vollage Is therefore
decreased from 14 2V (initlal value) down lo 13,25V,
Compared with phase 1 and 2 in the previous case, the
slope of voltage drop is much steeper, cormesponding 1o a
much heavier acceleration, which ks reflected in Figure 17.

+ In phase 2, the terminal voltage of the supercapacitor
recovers for the same reason as that of the previous case,

+ The terminal voltage of the supercapacitor goes up from
13.5 V to approximately 13.9Y in phase 3 and phase 4 for
around 8 second. The braking curent gradually decreases

in four seconds from around 13A down 1o 34 and then is
kept almost constant for ancther 4 seconds. Due 1o the
noise a first order amation is
and the average currant {1, ) for thesa two phasas can ba
estimated around 5.54 (from Figure 19).
Knowing T=8 second, M=100kg and 6= 3 *, also afar
conven ing S2=10kmw, $1=19kmr and $=12 25km/hr
(also ks eblained using the same approximation technique
deriving the average current () of the supercapacitor
in the previous paragraph) into standard metsic unit and
substitute all of them into eguation (6], we gt systam input
anergy E_:

E, =E_+E, =1333.5+1006 = 23395/

Substituting V=137V, |, =554 and T=8 second, into
Equation (7] we get:
Eff =E_ | E, =6028//2339.5/ =25.T%

* Motor Back EMF for this test setup is shown in Figura 20.

Motor Back EMF {Scaled down)

S B A it e

Figura 20

Discussion
Comparing the results of the two test setup, a few findings are:

+ Slow continuous braking seems to have a sighily higher
(by 1.2%) energy Hiciency than fast
braking, also it is clear thal more energy has been
rocovensd in the slow braking tes! as well

+ In sioady stale, the average current for the fast braking
case is measured highar than the slow braking case whosa
braking current kater converged (o the sel valse at constant
cruising speed. This well the linear
between the braking torque and current, demonstrating
efecliveness of current regulation in PM DC motor iorque
cantral in both metoring mode and braking mode.

topologies, developing swilching-mode braking regulator,
‘orfand adding regenerative braking to the front wheel of the
scooter.
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Summary/Conclusions

In this paper, an infegrated regenerative braking controlier has
bean and undes various load

using supercapacitors. The supercapacitor bank is proved
affective to absorb and release large cument via an
intermediate DC-DC converter at medium or high speed.
Magnitude of both braking torque and regeneralive power can
be adjusted by user inpul hence is fully controllable on
dermand,

I is therefore expected that such/similar systems will be used
mone and maore widaly in the near future under the more and
maore stringent environmental policies and higher society
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