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DEVELOPMENT OF A SUPERCAPACITOR-BASED
REGENERATIVE BRAKING TEST BED

Ping XU'!

Aiming at the problem that the real vehicle regenerative braking system
cannot fully demonstrate the energy recovery process, a supercapacitor-based
regenerative braking test bed is developed. The test bed is composed of three core
modules: a kinetic energy simulation module for simulating vehicle inertia, an
energy conversion and storage module for converting flywheel mechanical energy
into electrical energy and storing it, and a control module for real-time monitoring
and power transmission control. Then experimental tests were conducted to explore
the influences of key parameters on braking distance and regenerative energy
efficiency. Experiment results show that Initial speed is positively correlated with
braking distance and regenerative efficiency, as higher speeds enhance the
generator’s electromagnetic induction. A lower transmission ratio shortens braking
distance by 61.9%—64.7% and improves efficiency by up to 3.22%, due to increased
generator rotational speed and stronger electromagnetic braking torque. A higher
supercapacitor initial voltage extends braking distance but boosts efficiency to
53.2%, avoiding excessive Joule losses and nonlinear generator operation at low
voltages. This test bed realizes low-cost, controllable simulation of regenerative
braking which is useful to understanding of regenerative braking systems.
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development

1. Introduction

Braking energy recovery technology, also called Regenerative Braking
Systems (RBS) can effectively improve the energy efficiency of vehicles,
especially for the Electric Vehicle (EV). Relevant studies show that the
application of braking energy recovery technology can extend the cruising range
of EVs by 10%-30% [1-3]. Therefore, braking energy recovery systems are
widely used in different type vehicles. Such as, hybrid vehicle and EVs of Toyota,
Honda, BYD and other automakers, are all equipped with braking energy
recovery systems [4].

RBS can be divided into series, parallel and hybrid types [5-7]. And it also
can be divided based on the energy storage component, such as batteries [8],
hydraulic [9], flywheels [10], capacitors [11], pneumatic [12], etc. The essence of
RBS is to convert kinetic energy into other forms of energy that are easy to store.

Supercapacitors, as an emerging energy storage technology, demonstrate
remarkable advantages in multiple aspects, such as high in power density, fast in
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charging and discharging, long in cycle life, wide in usage temperature range, and
safe in operation. Meanwhile, the energy conversion efficiency is over 90%.
Compared with other ways of energy storage, supercapacitors show broad
application prospects in the RBS. Researches done by the University of Michigan
team showed that the RBS with supercapacitors can increase the braking energy
recovery efficiency by 20%-30% in hybrid vehicles. Ouyang Minggao's team
proposed a '"supercapacitor-battery collaborative braking energy recovery
strategy", which optimized the distribution of motor braking force and mechanical
braking force through a fuzzy control algorithm, increasing the braking energy
recovery efficiency of a pure electric vehicle to 58% under urban working
conditions and shortening the braking distance by 7%. Prezi’s study verified that
the RBS using supercapacitors can recover more than 53% of braking energy in
EVs and quickly release it to meet instantaneous power demand. Zou Zhongyue
verified the efficiency of the RBS with supercapacitors and proved that the
maximum regenerative braking energy conversion efficiency can reach 88%.

However, the experiment researches of RBS based on real vehicle has
some disadvantages, such as high in cost, long in time, and large in resource-
consuming. So one supercapacitor-based regenerative braking test bed is designed
and some researches done based on the it.

2.Supercapacitor-based regenerative braking test bed design

The supercapacitor-based regenerative braking test bed is shown in figure
1. and it is mainly composed of three parts: the kinetic energy simulation module,
the energy conversion and storage module, and the control module. The kinetic
energy simulation module consists of a drive motor, a flywheel and two
electromagnetic clutches, whose function is to simulate the inertia of the vehicle.
The energy conversion and storage module comprises of a generator, a pulley
drive, and a capacitor, which is used to convert the mechanical energy of the
rotating flywheel into electrical energy and store it. The control module includes a
main control unit, a human-computer interaction program, a speed sensor, a
current sensor, and a voltage sensor, whose function is to monitor the rotational
speed of the flywheel, current and voltage of the generator in real time, and
control the power transmission between the kinetic energy simulation module and
the energy conversion and storage module with the control of the electromagnetic
clutch. The working process of the test bed is as follows: First, set the maximum
speed of the flywheel, start the motor and engage the electromagnetic clutch A to
connect the motor and the flywheel, the flywheel is driven by the motor. When the
flywheel reaches the set maximum speed, the electromagnetic clutch A is
disengaged and the driven process is completed.
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Fig.1 Diagram of the Regenerative braking test bed

Then the electromagnetic clutch B is engaged, and the kinetic energy of
the flywheel is converted into electrical energy and is stored in the supercapacitor
using the generator.

2.1 Flywheel design and selection

The kinetic energy of the vehicle is simulated by the rotating flywheel.
From the safety perspective, the simulated object is a small beach vehicle, with a
total weight of 150kg, a tire radius of 0.21m, and a maximum speed of 50km/h.
The relationship between the flywheel and the vehicle speed is defined as formula
(1):
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Where: J,is the moment of inertia of the flywheel, kg'm? @, is the
angular velocity of the flywheel, rad/s; m,_, is the mass of the simulated vehicle,

kg;vis the speed of the simulated vehicle, m/s; @, 1s the angular velocity of the

simulated vehicle's wheels, rad/s; ris the radius of the simulated vehicle's wheels,
m.

Based on the simulated vehicle, the moment of inertia of the flywheel is
1.58kg-m?. To meet the design requirements of the vehicle kinetic energy
simulation system, two ZS195 single-cylinder diesel engine inertia flywheels are
selected. The flywheel is cast with HT200 material, with a material density of
7000kg/m?, 425mm diameter and 100mm thickness. And it is moment of inertia is
1.6 kg-m?.

2.2 Motor selection

In order to simulate the maximum speed of the vehicle (50km/h), the
rotational speed of the flywheel should be faster than 1300r/min. To ensure the
flywheel can smoothly accelerate from stationary to maximum speed within 30
seconds, the angular acceleration is calculated based on formula (2):
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Then the driving torque required by the flywheel transmission shaft is:

Tcha;,—wzl.58x4.47:7.06N-m 3)
t

According to the design requirements of the drive system, a three-phase
asynchronous motor is selected as the power source, with a rated speed parameter
of 1440r/min. The motor is equipped with a frequency conversion speed control
system, which can realize smooth start and precise speed control. The rated power
of the motor is calculated based on formula (4):

P:Txn=7'14X1440:1.06kW @
9550 9550
After system parameter matching and mechanical design manual
verification, the YS-90L-6 three-phase asynchronous motor is finally determined.
The key parameters of the motor include: 1.5kW rated output power, 380V
working voltage, 9.8N-m rated torque characteristic. The motor is controlled by a
frequency converter to realize start-up and speed adjustment.
2.3 Generator selection
According to the standard requirement, the braking distance of the vehicle
should be less than 21m at an initial speed of 30km/h['3]. It is assumed that the
braking process is a uniform deceleration motion, so the required braking torque
is obtained from formula (5):

mvzr

S =150x1.64x0.2~49.2N -m (%)
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Where: S is the braking distance, m; a is the braking deceleration, m/s.
Then the relationship between the generator torque and power can be expressed
by formula (6):
Iini
9550 ©)
Where: i is the reduction ratio, and the value is 1/6 considering that the
rotational speed of the DC generator is low.
The maximum power of the generator is 1.1kW based on the braking
torque, maximum speed, and reduction ratio. Therefore, a 1.1kW generator is
selected, and the detailed parameters of the generator are shown in Table 1.

Table 1
Parameters of the generator
Model Rated Voltage Rated Power
JFZ2741B 28V 1.1kW

2.4 Supercapacitor selection

The maximum voltage of the generator is 28V and the supercapacitor
maximum voltage should be higher than the generator. So a 35V
package supercapacitor with 100F capacity is assembled, which consists of 14
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supercapacitors with rated voltage of 2.5V and capacity of 1400F in serial
connection. Then the energy stored in the supercapacitor can be calculated by the
following formula (7):

max min

E:%XC x(U? —UZ2) (7

Where: E is the energy stored in supercapacitor, J; C is the capacity of the
supercapacitor, F; U ___is the maximum voltage of the supercapacitor, V; U _. is

the minimum voltage of the supercapacitor, V.

The maximum stored energy of the supercapacitor is 61250J based on the
calculation. The total kinetic energy released by the flywheel at the maximum
rotational speed (1300r/min) is approximately 14648J, which is much less than the
storage capacity of the supercapacitor. So the selected supercapacitor is capable
of storing the total kinetic energy of the flywheel.

2.5 Selection of Electromagnetic Clutch

In the power transmission path of the test bed, the electromagnetic clutch
not only achieves power coupling between the motor and the flywheel, but also
regulates energy transmission between the flywheel and the generator. So, the
torque transmission capacity should be higher than the driving torque of the
driven shaft, which means the electromagnetic clutch should be greater than
7.06Nm, while the electromagnetic clutch B needs to be greater than 49.2Nm.
And the key parameters of the electromagnetic clutch are shown in Table 2.

Table 2
Parameters of of the electromagnetic clutch
Model Rated Power Rated Torque Maximum Rotational Speed
A DEDG6-10A 20V/1A 10N.m 2000r/min
DED6-40A 20V/3A 40N.m 2000r/min

2.6 Control system design

The control system includes a main controller, a data acquisition module,
and a drive module. The main controller is a STM32F103VET6 single-chip
controller, the rotational speed sensor is LQ-SDZ512, the voltage sensor is JK-
D803, and the current sensor is JK-D800A.

This STM32F103VET6 single-chip controller is a 32-bit ARM
architecture controller with a 72MHz main frequency computing capability, a
dual-channel 12-bit precision analog-to-digital conversion module, 4 channels
pulse signal processing functionality, and 4 groups of programmable digital
output ports. So it is capable of sampling real-time voltage/current sensor data,
realizing rotational speed monitoring, and controlling actuators such as
electromagnetic clutches.

The voltage/current sensor can converted the input signals into a standard
0-3.3V signal via an internal conditioning circuit, which is connected to the ADC
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channel of STM32 through an isolation circuit.

A dual-channel low-voltage driver chip IR4427 is selected to precisely
control the operating state of the electromagnetic clutches. The circuit scheme is
shown in Figure 2.

In addition, the motor of the test bed is only responsible for driving the
flywheel, and its on and off state is achieved by manually.

The flow chart of the control system is shown in figure 3. First, the
initialization is done to prepare for subsequent operations including the
electromagnetic clutch A engagement and electromagnetic clutch B
disengagement. Then, a desired rotational speed value will set and the rotational
speed is monitoring. If the actual rotational speed is greater than the set rotational
speed value, the system will perform the next operation; otherwise, it will
continue to monitor the rotational speed. When the actual rotational speed is
greater than the set value, the electromagnetic clutch A is disengaged while the
electromagnetic clutch B is engaged. During program operation, the rotational
speed of flywheel, current of generator, and voltage of generator are sampled in
real time until the speed of flywheel reaches zero.
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In order to control the experiment process, an MCGS configuration screen
is used to design a human-computer interaction. This configuration screen has
functions such as graphical interface design, logic control, and real-time curve
components, and communicates with the STM32 microcontroller through the
Modbus protocol.

The interface is shown in Figure 4. It consists speed set, sensor data show,
model set. The speed set is used to set the desire speed of the flywheel. The
model set is used to control the electromagnetic clutch, when the driven model is
selected the electromagnetic clutch A is engaged and electromagnetic clutch B is
disengaged while the recovery is selected the state of these two electromagnetic
clutch reverses. The sensor data show is used to indicate the flywheel speed,
generator current and voltage in real time.

Human-Computer Interaction Platform of Braking Energy Recovery Test Bed

Flywheel Speed Generator Current Generator Voltage
0 r/min 0A oV
Speed set Model set
0 r/min Driven ‘ | Recovery
2025-4-18 13: 21: 26

Fig.4 MCGS Configuration panel
3.Experiment test

After completing the design of the test bed and program debugging, the
test bed is assembled and it is illustrated in Figure 5.
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Fig.5 Real picture of the test bed

Firstly, the braking a braking energy recovery system are compared, as
shown in Figure 6. It can be seen that the flywheel takes 280 seconds to stop
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without the braking energy recovery system, while it only takes 39 seconds to stop
when the generator is activated. It can be concluded that the braking energy
recovery system can shorten the braking time compared with coasting. Then some
test are done based on the test bed.
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Fig.6 Braking processes with and without a braking energy recovery system

3.1 Influence of initial speed on energy recovery

As is known to all, the initial speed of the vehicle has a great influence on
the braking process. Therefore, the influence of the initial speed on the braking
energy recovery process is analyzed. The flywheel speed changes from 500r/min
to 1300r/min, and the corresponding vehicle speed is from 19.44km/h to 50km/h.

3.1.1 Influence of initial speed on braking distance

In order to show the influence of initial speed on braking distance, the
braking distances is obtained by integrating the the curve of flywheel speed
variation with time and it is shown in figure 7.

It can be seen from the figure that when the initial braking vehicle speed
is 19.44km/h, the corresponding braking distance is 25.6m, when the speed is
50km/h, the braking distance increases to 155m. It is obvious that when the
vehicle adopts the regenerative braking system, the initial vehicle speed is
positively correlated with the braking distance.
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Fig.7 Braking Distances at different initial vehicle speeds

3.1.2 Influence of initial speed on regenerative energy efficiency
To better analyze the braking energy recovery changing with working
conditions, the regenerative braking efficiency is introduced. This formula is
derived from the law of conservation of energy, which can convert the
regenerative braking efficiency corresponding to different vehicle speeds with
formula (8).
;xCx(Uz U
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Figure 8 shows the regenerative braking efficiency at different initial
speeds. It can be seen from the figure that the regenerative braking efficiency is
only 15.9% when the initial speed is 19.44km/h while the efficiency increases to
24.7% when the initial speed is 50km/h.

This efficiency improvement stems from energy conversion characteristics.
When the flywheel is in high-speed working conditions, the kinetic energy stored
in the flywheel is high and can drive generator to produce a stronger
electromagnetic induction effect. The output voltage/current increase, accordingly,
thereby enhancing the energy recovery effect. On the contrary, under low-speed
operating conditions, the flywheel has insufficient kinetic energy. This prevents
the generator from maintaining an effective electromagnetic field strength, which
in turn leads to a reduction in electrical energy output and ultimately results in low
energy recovery efficiency.
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3.2 Influence of transmission ratio on energy recovery

The pulley drive system comprises two pulleys, which determine the
transmission ratio. Variations in the transmission ratio affect the generator’s
rotational speed, which in turn influences both the braking distance and power
generation efficiency. For this reason, a comparative analysis was conducted
between two scenarios: one with a transmission ratio of 1 and the other with a
ratio of 1/6.

3.2.1 Influence of transmission ratio on braking distance

The influence of the transmission ratio on the braking distance is shown
in Figure 9. It can be seen from the figure that the braking distances
corresponding to the three speed of 19.44km/h, 34.56km/h, and 50km/h are 69.5m,
212.5m, and 376.6m respectively when the transmission ratio is 1. And the
braking distances are shortened to 26.5m, 75m, and 155m respectively when the
transmission ratio is 1/6, with a decrease range of 61.9%-64.7%.

As the transmission ratio decreases, the rotational speed of the generator
increases, with a consequent significant increase in the electromagnetic braking
torque. A stronger damping braking effect is achieved through the enhanced Lenz
current effect, thereby effectively shortening the braking stroke.
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Fig.9 Braking distances at different transmission ratios

3.2.2 Influence transmission ratio on regenerative energy efficiency

The influence of the transmission ratio on energy recovery efficiency is
shown in Figure 10. Experimental comparison shows that the regenerative energy
efficiency raise to 21.48% from15.1% when the vehicle speed increase from
19.44 km/h to 50 km/h with a transmission ratio of 1. Meanwhile, the efficiency
increased to 16%, 24.7%, which is 0.9% and 3.22% higher than that when the
transmission ratio is 1/6 respectively.

The electromagnetic induction intensity and the generator revolution is
quadratic proportional. Due to the transmission ratio decreases, the rotational
speed of the generator increases significantly, and the resulting strong
electromagnetic field makes the output voltage/current parameters optimized
synchronously. Then the electromagnetic conversion efficiency of the
regenerative braking system improve with the adjustment of the transmission ratio.
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Fig.10 Braking energy recovery efficiency at different transmission ratio

The electromagnetic induction intensity is quadratically proportional to the
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generator's rotational speed. As the transmission ratio decreases, the generator's
rotational speed increases significantly. In turn, the strong electromagnetic field
induced by this speed increase synchronously optimizes the generator’s output
voltage and current parameters. Consequently, the electromagnetic conversion
efficiency of the regenerative braking system is enhanced with the adjustment of
the transmission ratio.

3.3 Influence of Supercapacitor initial voltage on energy recovery

During the experiment, it is found that the initial voltage of the capacitor
also has an impact on the energy recovery. So an analysis was conducted to study
the relationship between the initial voltage of the capacitor and the energy
recovery.

3.3.1 Influence of initial voltage on braking distance

The influence of the capacitor’s initial voltage on braking distance is
illustrated in Figure 11. As shown in the figure, when the capacitor’s initial
voltage increases from 0 V to 10 V, the corresponding braking distance increases
from 155 m to 168 m. It is evident that the braking distance becomes longer as the
initial voltage rises.

This is because the braking distance is essentially determined by the
deceleration rate of the flywheel, which in turn depends on the electromagnetic
braking torque generated by the generator. A greater torque leads to a faster
reduction in the flywheel’s rotational speed, thereby resulting in a shorter braking
distance. The relationship between generator current and torque can be defined as
formula (9):

_E;-V _NBSw-V
R R

Where: 7 is the generator current, A; E; is the generator electromotive

1

)

force, V ; V is the voltage of the supercapacitor, V; R is the total resistance of

the circuit, ©; N is the number of coil turns;B is the magnetic induction intensity,
T; Sis the effective area of the coil, m?; o is the angular velocity, rad/s.

Based on Formula (9), once the generator is selected, the initial
electromotive force is determined by the initial rotational speed of the flywheel.
When the initial voltage is 10 V, the (E, —¥) value is smaller compared to when

the initial voltage is 0 V. This smaller current results in a lower electromagnetic
braking torque, which in turn leads to a longer braking distance.
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3.3.2 Influence of initial voltage on regenerative energy efficiency

The effect of the initial voltage of the capacitor on energy recovery
efficiency is shown in Figure 12. The experimental results show that when the
initial voltage of the supercapacitor is 10V, its energy recovery efficiency is
significantly higher than that when the initial voltage is OV, and it can reach up to
53.2%, an increase of 28.5%.
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Fig.12 Recovery efficiency at different supercapacitor initial voltage

The regenerative energy efficiency is defined as the ratio of the energy
absorbed by the supercapacitor to the initial kinetic energy of the flywheel.
Therefore, when the initial kinetic energy is constant, the efficiency is determined
by the amount of energy absorbed by the supercapacitor. The energy absorbed by
the supercapacitor is affected by two key factors: energy loss during charging and
the nonlinear characteristics of the supercapacitor’s voltage variation. Compared
with the scenario where the initial voltage is 10 V, during braking energy recovery
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with an initial voltage of 0 V, the current is larger (as shown in Figure 13). This
larger current leads to more significant Joule losses in the circuit resistance-much
of the energy is dissipated as heat, reducing the actual energy stored in the
supercapacitor.
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Fig.13 Current changes during energy recovery at different initial voltage

In addition, from the perspective of the relationship between charging
efficiency and voltage range, when charging starts from 0 V, the supercapacitor’s
equivalent series resistance is relatively high in the low-voltage region, resulting
in high energy loss in the early stage of charging. Moreover, the generator may
operate in a nonlinear region due to an excessively low terminal voltage (near 0
V), leading to ineffective recovery of energy in the early phase of the process.

Thus, the energy recovery efficiency increases as the initial voltage of the
supercapacitor rises.

4. Conclusions

In this paper, a supercapacitor-based regenerative braking test bed was
developed to demonstrate the braking energy recovery process. Subsequently, a
series of experiments were conducted using this test bed, and the key results are
summarized as follows:

(1) Both the braking distance and regenerative energy efficiency increase
with the initial speed. This is because the flywheel stores more kinetic energy
under high-speed conditions, which enhances the electromagnetic induction effect
of the generator-thereby promoting more effective energy conversion and
improving recovery efficiency, while also leading to a longer braking distance due
to the higher initial kinetic energy that needs to be dissipated.

(2) A lower transmission ratio significantly shortens the braking distance
and improves regenerative energy efficiency. This can be attributed to the fact that
a reduced transmission ratio increases the generator’s rotational speed, which in
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turn strengthens the electromagnetic braking torque and synchronously optimizes
the generator’s output voltage and current parameters, ultimately enhancing both
braking performance and energy recovery effectiveness.

(3) A higher initial voltage of the supercapacitor extends the braking
distance but improves energy recovery efficiency. When the initial voltage is low,
the circuit experiences greater Joule losses; additionally, the generator may
operate in a nonlinear region, and the supercapacitor exhibits high equivalent
series resistance in the low-voltage range-these factors together result in
ineffective energy recovery in the early stage. In contrast, a higher initial voltage
avoids such issues, thereby boosting recovery efficiency, though it reduces the
electromagnetic braking torque and lead to a longer braking distance.

In summary, the developed test bed achieves low-cost, controllable
simulation of the regenerative braking process via MCU-based control, and
provides a practical platform for understanding of regenerative braking systems.
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