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1  The Big Idea
The concept for this project is to demonstrate a regenerative braking 
system on an electric bicycle. The author will build the regenerative 
braking system (hereafter referred to as RBS) from scratch but will use 
existing electric bicycle parts. The ultimate goal is to use the energy 
regained from the RBS as an acceleration “boost” on the bicycle. 

The idea was first conceived as an extension of Matt Corley’s electric 
bike conversion project [1], but it was later found that the project 
would be incompatible with Corley’s bike for reasons discussed below. 
Further inspiration was drawn from a similar project done by Brett 
White, a hobbyist online. [2]

Through this project the author hopes to gain a better understanding 
of the technologies employed in modern green-energy solutions such 
as regenerative braking in the Toyota Prius as well as explore the chal-
lenges facing green technology in general.

2  Introduction

Green energy is perhaps the most relevant area of science and engi-
neering moving forward; as the world runs out of oil, electric trans-
portation solutions as well as energy recovery solutions will become 
increasingly important. 

I decided to formulate a project around these ideas so as to gain a great-
er understanding in these areas. A regenerative braking system makes 
use of the fact that electric motors and electric generators are essentially 
the same things, just run in reverse. When the regenerative braking is 
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turned on, the electric motor’s direction is reversed, and thus it gener-
ates current. The torque caused by the generation of the current works 
against the forward momentum, thus slowing down the vehicle. [3]
 
RBSs are already included in many commercial products such as the 
Toyota Prius, but theoretically the applications for regenerative brak-
ing systems are limitless. If every washer and dryer were equipped with 
regenerative braking, the amount of energy recoverable from such ap-
plications would be enormous. 

The initial project was intended to be an extension of the electric bike 
project already existing in the classroom but through research and 
several conversations with Justin at ebikes.ca (our parts supplier)[4] 
it was decided that the existing setup was incompatible with an RBS. 
The reason for this is that there are several conditions the motor must 
meet in order to be able to do regenerative braking. First, it must be 
direct drive. In other words, the motor cannot use a gearing system, 
or freewheel, or any other mechanism by which the wheel may rotate 
without the motor rotating as well. Second, chain-driven systems are 
difficult to work with for regenerative braking, as the chain must be 
kept tensioned so that the motor is effectively in direct drive. [4] In 
order to eliminate these variables the author decided that it would be 
best to simply start with a new system (convert a new bike to an elec-
trical bicycle or ebike) and install an RBS on that instead. Figure 1 is a 
simple flowchart of components involved in the project.

3  Overall Design

.

Figure 1: Note that each labeled component has a corresponding section of description 
below. Note also that the box represents the bicycle on which the components sit.
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A. Bicycle
This component of the build is the overall frame onto which the system 
will be mounted. Since the motor is built for bicycles this will obvi-
ously be a bicycle. Initially the author was unable to find a suitable 
bicycle, so in the meantime he built a tabletop rig to test the wheel 
(Figure 2). The tabletop rig encountered some problems, namely that 
it was unable to hold the wheel perfectly still during operation thus 
causing some minor fraying on the motor lead’s casing. Further use 
of the tabletop mount is inadvisable as it may cause more permanent 
damage to the hub motor.

 
Figure 2: The tabletop rig built by the author to test the motor.

Finding a bicycle turned out to be fairly problematic because of the 
size of the hub motor. As the wheel does not fit into the fork of most 
bicycles, the proposed solution was to get a bike that does not fit but 
has a simple front fork (no suspension) and bend it out to the right 
dimensions. Luckily the author was able to find a used bicycle with a 
fairly wide fork, making the need for modifications minimal. The bike 
was fitted with the motor controller, battery pack and regen controller 
(Figure 3). The final weight of the bike is approximately 45 pounds.
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Figure 3: The bike fitted with the battery pack (block in the middle of the frame), 
hub motor (front wheel), motor controller (box on the other side of the bike, 
partially obscured) and regen controller (box on the handle bars).

B. Battery 
Currently the battery in use was borrowed from Matt Corley’s ebike. 
It is a 24 V, 8 Ah NiCad battery. [1] Since the motor and controller are 
actually rated up to 36 V it would be nice in the future to get a new 36 
V battery, which would allow both projects to be complete simultane-
ously instead of swapping the battery between the two bikes. As shown 
in Figure 1 by the arrow, the battery supplies current to the controller. 
Note that this is a one-way relationship. 

C. Controller
As its name suggests, the controller controls the amount of power sup-
plied to the motor. The controller is rated at 36 V and 30 A and was 
included in the ebike conversion kit. Since the motor is a brushed DC 
motor, the internal workings of the controller are fairly simple. A delay 
chip supplies power to the motor at timed intervals, and different coils 
in the motor are powered each time as the motor turns to align with 
the permanent magnets in the housing. Note that this controller has a 
one-way relationship with the battery and motor, meaning that it does 
not do regenerative braking. Some controllers have regenerative fea-
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tures built in but the one purchased here does not. (Since building the 
regenerative capability is the intention of the project, having a control-
ler with such a built-in circuit would defeat the purpose.) Although the 
controller itself handles all the timing, the throttle can modulate the 
amount of power actually sent to the motor.

D. Throttle
The throttle was included in the controller kit. It is a half-twist throttle. 
Throttles can work in several ways, but the most common and simple 
way is as follows. Inside the handle is a Hall-effect sensor which can sup-
ply some voltage in response to change in magnetic field. As the han-
dle is twisted it changes the Hall-effect sensor’s proximity to a magnet, 
thereby changing the voltage produced by the sensor. This is interpreted 
by the controller and the power supplied to the motor is varied. [5]

E. Motor
The motor purchased for this project is a Crystalyte hub motor. Hub 
motors are a special type of motor fixed onto the hub of a wheel. In-
ternally hub motors work the same way as regular DC motors. This 
particular model uses brushed current switching, but brushless mod-
els are common as well. The motor is actually the key component in 
both the forward drive and the regenerative braking functions of the 
bike. During “powered/pedal assist” mode the motor is used as a mo-
tor and can move the bicycle forward. In “regenerative braking” mode 
the motor acts as a generator and supplies power back to the controller 
system. The motor’s resistance to turning when wired to generate cur-
rent is what slows the bike down. Hub motors eliminate the chain drive 
dilemma. Furthermore this model is not geared, making it an ideal 
motor with which to do regenerative braking. In fact in the lab it was 
possible to generate currents of up to 5 A by simply turning the wheel 
by hand. Other tests conducted on the motor include a maximum RPM 
test (Figure 4) and a torque test using a 24 V battery. The torque test did 
not produce any results as the wheel exerted more force than our test-
ing apparatus could handle, but the RPM graph is shown below.
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Figure 4: RPM vs. Time using 24 V Battery. At full throttle we had about 
310 RPMs. The point at which the RPMs begin to decrease marks where 
power was turned off and the wheel was simply coasting.

F. Regenerative Circuit
This component is the part that the author must build over the course 
of the project. The regenerative braking circuit is in some ways a sim-
ple switch that sits between the controller and the motor. When re-
generative braking is engaged (using a switch on the handle bar), the 
regenerative braking circuit cuts the connection from the controller 
to the motor and instead puts a load on the motor because of some 
very low resistance components like shunts. A shunt is basically a very 
low resistance resistor placed in a circuit. One can measure the voltage 
drop across it, and from that information calculate current, power, etc. 
(Note also that the lower the resistance in a circuit the greater the load 
is on the power source, so a component like a shunt puts a heavy load 
on the regenerative circuit, which is what is needed for braking.) As the 
wheel is kept spinning by its forward momentum, the torque from the 
load will slow the wheel down, thus creating the braking effect. The re-
generative circuit will also have to protect the controller from any back 
EMF. Finally the regenerative braking circuit will include a way to store 
the recovered energy back into a capacitor or into the batteries. The 
preliminary sketches (Figure 5) are based on Brett White’s design. [2] 
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Figure 5: A close-up diagram for wiring the relay. Note that this original design uses 
a double pole-double throw relay. It was not the final design used. The switch shown 
on the side switches the regenerative braking on and off by changing the direction 
of the motor. The shunt is used to monitor current and voltage. This diagram is not 
final, and does not include the switching that would be needed to charge a capacitor.

This design has been superseded by a new design (Figure 6), which 
uses two high-current double pole-single throw (DPST) relays instead 
of one double pole-double throw (DPDT). The new design was created 
out of necessity as the DPST relays were the only parts the author had 
on hand; but it turns out the new design has very useful features in 
terms of electrical isolation as well as being simpler to understand. 
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Figure 6: The current wiring diagram. This new design provides easier readability, 
since the two relays control the two settings for the system. When the left relay is 
turned on (as shown here), the braking circuit is turned on. In this diagram the 
recovered energy is put into a bulb, but this can easily be swapped for a capacitor. 
When the right relay is turned on, the controller can supply power to the motor. 
The switch needed for this design is a simple toggle switch with a center off 
position. Note the lack of diodes. This is because the controller is completely 
isolated from the circuit when regenerative braking is switched on, 
so there are no longer any risk of back EMF.

Figure 7: An early testing build of the regen circuit. The two 9 V batteries are the 
power source used to switch the relays. It was necessary to use two because the 
threshold voltage to switch these particular relays was approximately 13 V. 
A single pole center off switch is used to control the relays.
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Figure 8: The final build of the regen circuit. The 9 V batteries are not visible 
since they are wrapped with black electrical tape in this image. The large empty 
area in the case is space for a capacitor, which was replaced by a light bulb for 
demonstration purposes. The circuit is housed in a standard circuitry box and is 
mounted onto the handlebars of the bicycle. A switch is integrated onto the top 
of the box to let the rider switch the relays.

G. Capacitor
During the first phase of this project the goal was simply to show proof 
of concept. Therefore the author did not give much thought to the stor-
age of the regenerated energy. Once the regen had been proven the au-
thor decided the best way to store the energy in order to ultimately use 
it as an acceleration boost would be to store it in a capacitor. The author 
used a 22000 microfarad capacitor rated to 100 VDC (Figure 9). The 
capacitor worked properly in the circuit and was able to be charged by 
the RBS. The author was, however, unable to achieve the ultimate goal 
of repurposing this stored energy into an acceleration boost.
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Figure 9: The capacitor used on the bike. Note the diodes on the leads. These were 
included to prevent unintentional discharge of the capacitor when switching regen 
on and off.

4  Operational Notes
Over the course of more than a week of testing and demonstrations 
several things were noted about the operation of the bicycle. In order 
to ride the bicycle in “powered/pedal assist” mode (when the battery 
powers the motor through the normal motor controller), the switch 
on the regen circuit must be in the up position. To turn on the “regen” 
mode (i.e., cause the hub motor to act as a generator), the switch must 
be in the down position. It is also very important that the switch be in 
the center off position at all other times, as otherwise the 9 V batter-
ies used to switch the relays on and off will be drained very quickly. 
The large battery used to power the motor does not discharge quickly 
when disconnected, but if the motor controller is left on the battery 
will drain in a matter of a few days. Also, regenerative braking must 
not be used as the sole method of braking. Although it does slow you 
down, it does so only quite slowly. From a speed of 22 mph it took well 
over 20 seconds to stop using only regenerative braking. For practical 
purposes it is necessary to use the traditional friction brakes in con-
junction with the regen braking.
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5  Testing
The following tests were done on the tabletop rig. Of the two, one test 
was very much qualitative, the other more quantitative. Note that the 
results would be vastly different if this test were performed on a mov-
ing bicycle. Test results from the actual bicycle are discussed later.

The qualitative test was conducted by simply hooking up the braking 
circuit to a 50 W incandescent light bulb. Much to the author’s sur-
prise, on the very first try the brakes were able to fully light the bulb 
for about a second before the wheel had stopped and no more current 
was being generated. (Video is available online at http://www.youtube.
com/menloasr.)

The quantitative test was to measure the voltage drop across a 2 Ω shunt 
while braking. Figure 10 shows the results of six runs over 60 seconds. 

 

Figure 10: Voltage vs. time. Each spike represents a period of braking. The test was 
60 seconds long and the wheel was at full speed for each test. The average duration 
of the spikes is ~2.7 seconds. Notice that the spikes peak at exactly the same value 
each time (10.114 V). This is because the data acquisition device clips the data at 
10 V, but as we can see the spikes have very nearly reached a point, suggesting that 
the true maxima are probably somewhere in the range of 10-10.5 V.
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Using the data collected in this experiment we can easily calculate the 
current (I = V/R) (Figure 11) and power (P = V2/R) (Figure 12).

 

Figure 11: Current vs. time. Data are calculated from the voltage test results using 
the known resistance (2 Ω) and the formula I = V/R. The maximum measured 
current is ~5 A. The true maximum is a bit higher since the voltage data is clipped, 
but the difference is small.
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Figure 12: Power vs. time. Data are calculated from the voltage test results using 
the known resistance (2 Ω) and the formula P = V2/R. The maximum power is 
~50 W. This result fits nicely with the observation that when the brakes are hooked 
up to a regular 50 W incandescent bulb, they are able to light it up fully for a short 
while before the bulb dims.

The following tests were conducted on the actual bike. The results are 
much different due to, among other things, the momentum of the bike, 
which prolonged the rotation of the hub motor while in regen mode.

The first test is of voltage vs. time when accelerating up to 12 mph (about 
maximum speed when using the throttle only, i.e., without pedaling), 
turning on regenerative braking, and coasting to a stop (Figure 13).  
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Figure 13: Voltage vs. time from an initial velocity of 12 mph. The voltages range 
from 6 V to approximately 8 V. This variation may be due to changes in the 
inclination of the ground where the test was performed. (The test was performed 
in a parking lot; the ground was fairly even but not perfectly flat) Compared to 
the test on the tabletop rig, these results are much different: the burst of power 
which lasted 3 seconds or less on the tabletop lasted about 20 seconds while riding 
the bike. The curves are not as smooth due to the real-world conditions of braking 
across an uneven pavement surface, where the speed of the bike will change not 
only because of braking but because of changes in the surface rather than
 decreasing evenly when the wheel is suspended in air as before.
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Figure 14: Power vs. time from an initial velocity of 12 mph. The power is 
calculated from the voltage using the equation P=V2/R. R in this case was 2 Ω 
because the voltage was measured across a shunt of known resistance. The power 
values range from about 19 W to 32 W. These results agree pretty well with the 
observed results when the same test was conducted across a light bulb instead 
of a shunt. The light bulb (50 W incandescent) would light up weakly when 
braking from a speed of 12 mph.

The second test is voltage versus time from an initial velocity of 22 
mph, coasting to a stop (Figure 15). The LabQuest device used to re-
cord the voltage clips the data at 10 V, but extrapolating the data, the 
peak voltage is approximately 15.4 V.
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Figure 15: Voltage vs. time from an initial velocity of 22 mph. The data is clipped 
at 10 V but extrapolating up the peak voltage is at about 15.4 V. The burst lasted 
approximately 24 seconds.

Figure 16: Power vs. time from an initial velocity of 22 mph. Power was 
calculated once again using P= V2/R. The peak power is a little over 52 W, 
which makes sense since when the same test was performed with a light bulb, 
the bulb was fully lit.



6  Conclusions and Next Steps

Overall this project was quite a success. Although the final goal of repur-
posing the stored energy into an acceleration boost was not achieved, 
a fully functional electric bicycle with regenerative braking was built. 
The regenerated power was even stored in a capacitor, so finding an 
appropriate use for that electricity should not be difficult. Ultimately 
the limiting factor was time. Anyone continuing this project in the fu-
ture should think about reworking the circuitry so that the recovered 
energy could be used as an acceleration boost or be used to recharge 
the battery. As of now switching from pedal-assist mode to regenera-
tive braking mode must be done manually by the rider. Integrating 
the switching system with the normal braking controls would enable 
consistent, simple use of the regenerative braking function. Aestheti-
cally, this bike has a long way to go: the regen circuitry must shrink, 
and the wiring should be handled with more care. Functionally the 
regenerative braking works quite well. As shown in the testing, peak 
power output of over 50 W can be achieved at normal speeds. This is a 
significant amount of energy that would have simply been lost to heat 
if not recaptured. The possibilities for regenerative braking are vast, as 
it can be applied to almost anything driven by an electric motor. 
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8  Parts Purchased

ITEM DESCRIPTION  VENDOR PRICE
Crystalyte Brushed 
DC Kit

-26” Wheel & Hub Motor
-36 V 30 A Controller
-Throttle

Ebikes $280.00

26” Tire 26” Tire Cardinal Bike Shop $19.00
Giant 26” Inner Tube 26” Schrader inner tube Cardinal Bike Shop $6.47
Relay 10 A relay --

turned out to be useless as 
a testing relay as it requires 
too much current and voltage

RadioShack $8.49

Rocker Switch Rocker Switch w/ LED RadioShack $2.99
Surge Diodes 3 rectifier diodes rated at 

300 A surge
RadioShack $1.49 

Used Bicycle A bicycle bought second 
hand, found on Craigslist

Private Seller $40.00
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9  Diagrams
 

Figure 17: Front view of tabletop rig 

Figure 18: Side view of tabletop rig
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Figure 19: Bike side view
 

Figure 20: Bike perspective view
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