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A Smart Motor Controller for E-bike Applications

1.0 Introduction
ybrid vehicles are rising in popularity due to high fuel prices
and growing environmental awareness. The electric bicycle

H (e-bike) is rapidly emerging as a new form of simple and
cost-effective transportation for smog-infested urban areas.

The e-bike is a hybrid light electric vehicle (HLEV) that can

be powered both by pedals and/or an electric motor. Adapted from the
standard bicycle, the additional components of an e-bike include a bat-
tery, a motor and an electronic controller. The primary role of the
controller is to provide smooth power flow to the motor. There are cur-
rently a number of companies specializing in e-bikes such as Currie

Technologies, EV Global Motors, and ZapWorld. It has been estimated

that in China alone, approximately 300 companies sold over 1 million

electric bikes in 2002 [1].

The efficiency of the e-bike is unquestionably superior to the automo-

bile; a simple calculation shows that a typical e-bike requires 50 times

less energy per kilometer than a standard car. In addition, as solar panel
technology becomes more affordable, the net amount of energy required
to power an e-bike can be reduced. For example, roof mounted solar
panels could be used to charge spare batteries during the workday.
Table 1 gives a perspective on current e-bike technology [2].

In the past, the majority of e-bikes were built by hobbyists, resulting in
low-efficiency designs. However, with advances in power electronics
and microelectronics, vast improvements have recently appeared on the
market. These include the use of high efficiency motors, such as Brush-
less DC (BLDC) [3], regenerative braking and fault monitoring. A
BLDC motor is conceptually similar to a traditional permanent magnet
DC motor except that operates without brushes and a mechanical com-
mutator [4]. The stator's magnetic field must be rotated electronically,
which increases the motor drive complexity. However, when compared
to DC motors, BLDC motors have higher efficiency, superior heat dissi-
pation, increased power density and lower maintenance [5].
Regenerative braking refers to the use of the motor as a generator to
capture kinetic energy from the bicycle during braking. The energy is
redirected to the battery, increasing battery life and system efficiency.

This paper describes the design and implementation of a high perfor-
mance BLDC motor drive controller and a test-bench for an e-bike. Our
design demonstrates the first e-bike controller that incorporates all of
the following features:

Table 1: Commercially Available E-Bike Technology
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__ Abstract

A smart motor controller for electric bicycle (e-bike) applications
is described. The e-bike is a hybrid electric vehicle than can be
powered by the cyclist and/or an electric motor. The controller is
the first to provide automatic clutch control, which allows the
cyclist to coast without the drag from the motor. The controller
also supports regenerative braking and includes numerous safety
features.

— Sommaire

Une commande intelligente de moteur pour bicyclettes électriques
e-vélo est expliquée. Le e-velo est un véhicule électrique hybride
qui peut étre propulsé par le cycliste et/ou le moteur électrique. La
commande automatique de transmission de ce e-velo est la
premiere en son genre et permet au cycliste de rouler sans le
fardeau du couple du moteur. Le systeme de commande permet
aussi d’avoir un freinage par régénération et renferme plusieurs
dispositifs de sécurité.

. BLDC motor control,

e Voltage, current, temperature and speed protection,

*  Adaptive dead-time control in three-phase power-stage,

. Soft-start,

e Automatic clutch control for coasting and regenerative braking.

In addition to the hardware-based controller, the design includes both a

mechanical setup to simulate realistic riding conditions and a software
interface to allow comprehensive testing through a PC.

2.0 Design And Implementation

2.1 Overview

The complete e-bike system includes the controller hardware, as well as
a mechanical test-bench. The controller hardware incorporates mixed-

Characteristics Min Max Units
Battery Voltage 12 36 \% Simulated Rider
Distance on One Charge 20 80 km Mechanical Setup AC AC DI
Motor Power 150 500 W
Price 300 2000 UsD E-bike Controller ~— Throttid PC Interface
Weleht > 0 e
Recharge Time 4 10 Hours @ PC#2
Battery Capacity 10 30 Ah Logend: pC #1 I
Mechanical Power Flow —
Type of Drive Friction/Belt/Chain/Hub Electrical Power Flow
g Data Flow —
Digital Data Flow —
Motor Type AC Induction / Brushless DC /
Switched Reluctance / DC Brush
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signal circuits, sensors and a user interface for the e-bike cyclist. The
mechanical setup, which includes a simulated rider interface, provides a
versatile platform on which to test our controller. Figure 1 shows a rep-
resentation of the e-bike controller and test-bench system.

For testing purposes our controller runs in 2 modes: PC mode and MC
(microcontroller) mode. In PC mode the PC handles the controller duties
while the microcontroller performs sensor data acquisition and transfers
data between its various peripheral devices. This mode is used for test-
ing the general functionality of our system and is essential for
determining the effectiveness of the control algorithm. MC mode is the
final form of the controller. In this mode the microcontroller acts auton-
omously to gather data from the sensors and implement the control
algorithm. Figure 2 shows data flow under the two operation modes.

The major components of the e-bike system are listed below. Details are
provided for several crucial components.

*  Mechanical setup

*  Rider simulation

e Three-phase BLDC motor drive

*  FPGA design

*  Speed, temperature and voltage sensor
»  User interface

*  Throttle filter

*  Microcontroller and control algorithm

2.2 Mechanical Setup

A representative diagram of the mechanical setup is shown in Fig. 3.
The flywheel simulates the inertia of the bicycle and a computer-con-
trolled AC induction motor is used to simulate the power contribution of
the cyclist. An electromagnetic clutch is used to isolate the BLDC motor
from the drive-train for reduced friction during coasting.

The BLDC motor uses a three-phase synchronous buck topology that
allows bi-directional current flow. The power switches are discrete
HEXFETs from International Rectifier. SenseFETs are used as low-side
switches to provide -current-feedback. The pulse-width-modulated
(PWM) gate drive incorporates adaptive dead-time control. This mini-
mizes the dead-time while avoiding large punch-through currents. The
three-phase gate drive signal is generated from a single phase PWM by a
dedicated decoder as shown in Figure 4. The phases are synchronized
using hall-sensor inputs from the BLDC motor.

2.3 Microcontroller and Control Algorithm

In order to model the typical demands of an e-bike, several drive-cycles
were obtained in downtown Toronto using a traditional bicycle equipped
with sensors and a portable data acquisition system. A drive-cycle is
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defined as a chart giving the instantaneous speed of a vehicle versus
time for a particular terrain. Figure 5 shows an experimental drive-cycle.

The control algorithm was developed in PC mode and then imple-
mented in MC mode using a 68HC11 microcontroller. Using data from
experimental drive-cycles the following drive stages were encoded in
the drive algorithm:

*  Regular driving

*  Coasting

*  Braking

*  Low speed operation
*  Motorless operation

During regular driving, the clutch is engaged and the throttle input con-
trols the motor. During the coasting stage, our design allows the rider to
coast just as one would on a traditional bicycle by disengaging the
clutch. A free-wheel cannot be used as in other e-bike controllers [2]
since it does not allow regenerative braking. Our design increases the
length of coasting and thus saves valuable energy by disengaging the
clutch. The user enters coast-mode by pressing the “clutch request” but-
ton, located on the user interface. When this button is pressed, the
controller disengages the clutch and waits for the user to fully release
the throttle. When the user resumes pressing the throttle, the controller
ramps up the motor until the motor speed equals the bike speed and then
engages the clutch. The speed control is then transferred back to the
user. The rider can signal a braking event by lightly pressing on the
brake levers. This signals the CPU to efficiently manage regenerative
braking. At this point the CPU must disable the throttle; the PWM sig-
nal supplied to the motor is ramped down exponentially to maintain
negative motor torque. When the brake is released, the user regains
speed control. It should be noted that the e-bike user can also brake
manually by fully pressing the levers.

Under all conditions, the PWM signal is disabled if the e-bike speed
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falls below 5 km/h to prevent damage caused by high
currents during low-speed operation. This also protects
the motor if the wheel is jammed. A simplified state dia-
gram for the controller algorithm is shown in Figure 6.

3.0 Results

Figure 7 shows the final e-bike controller and mechani-
cal system. Tests have confirmed proper operation of the
security features and the controller algorithm. This was
demonstrated by programming the AC motor to simulate
the behaviour of a cyclist while the e-bike controller car-
ried out the algorithm described in the previous section. Figure 8 shows
the GUI used in PC mode and Figure 9 shows the commutation of the
motor phases. Final specifications are listed in Table 2.

4.0 Conclusion

An e-bike controller for a BLDC motor has been designed and imple-
mented using low-cost off-the-shelf components. The design includes a
versatile mechanical test-bench with a computer-controlled AC induc-
tion motor used to simulate the power contribution of the cyclist. The
controller is the first to provide automatic clutch control, which allows

24Y Balleries  BMotor Drive  Cloich  BLIMC Msiar

AC Mator Controller User Inberface AT Motor

the cyclist to coast without the drag from the motor. The controller also
recharges the battery through regenerative braking for increased effi-
ciency. Having completed the hardware development phase, current
efforts are directed toward further algorithm development and system
integration. A new research team is currently working on integrating
the entire controller onto a single printed circuit board (PCB). Possible
future algorithm improvements include adaptive control and battery
management based on the terrain and cyclist habits.
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Table 2: Specifications

Module Relevant Features Specifications Value Units
Adaptive non-overlap gate drives Nominal battery voltage 24 v
3-Phase MOSFETs
High-side charge pumps Electronic current limit 15 A
3-Phase current feedback

Motor Dri Temperature feedback Peak power 360 w
QuF IDHNGE Under/Over-voltage lockout
Clrllrrzrnt IYI?fitYr?g age fockod Electronic heatsink temperature limit 120 C
PWM switching frequency 25 kHz
Minimum operating voltage 10 v
Output voltage 5 v
Efficiency 77 %
Buck Regulator
Rated current 1 A
Switching frequency 56 KHz
Digital PWM PWM generator clock frequency 17.4 MHz
BLDC Logic Board LPT (PC) Interface
PWM resolution 8 Bits
Multi-channel ADC Clock frequency 2 MHz
Programmable interrupts
Micro-controller Serial interface ADC channels 8
ADC resolution 8 Bits
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