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ABSTRACT

Fuel sources for modern transportation systems are getting pricey and negatively
affect the environment which lead to increase the demand for electric vehicles.
Energy storage systems in majority of electric and hybrid vehicles are based on
battery storage devices. Nevertheless, battery based systems have several issues that
caused by high peak power demand which could resolved by high power density
batteries .However, high power density batteries are much more expensive which

lead to increase the overall cost of the vehicle.

Proposed Hybrid system (HESS) which connected to exciting electric bike consist of
super capacitor bank ,DC to DC converter, motor controller, Battery bank and
BLDC motor.DC to DC converter positioned between supercapacitor bank and
battery bank, which pumps required energy to the supercapacitor bank,in order to
maintain a greater voltage value than the battery terminal voltage. In most riding

occations in a control manner.

Only when battery voltage equal to the capacitor bank voltage at continous bulk
energy demands, battery connected to the Brush less DC-Motor which Maintain a
relatively fixed load profile. Further, regenerative energy generated by braking is
also fed to the battery indirectly via capacitor array, thus, battery pack isolated from
frequent power demands which caused to reduce number of charge discharge cycles

hence, increase the lifetime of the battery.

Finally, Test results clearly indicate, this Hybrid energy storage system has
enormous benefits compared to Electric bikes such as reduction of overall power
consumption of the battery , enhance quick acceleration , increased travelling range
per single charge and decrement of per kilometer cost. Further, HESS system more
energy efficient, more cost efficient and smooth in running compared to current
electrical bikes in the market which makes HESS bike good choice for future higher

speed electric bike industry.
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Chapter 1: Introduction

1.1: Background

Presently , fuel sources which used by vehicles are getting pricey and negatively
affect to the environment which lead to increase the demand for electric
vehicles.Energy storage system in most of the electric and hybrid vehicles (Plug in
hybrid, E_ bike ) are based on battery storage devices.Nevertheless,battery based
systems ( ESS ) has several drawbacks that caused by high peak power demand
which could resolved by high power density batteries .However, high power density

batteries are much expensive which lead to increase the overall cost of the vehicle.

1.2: Problem Statement

Due to high rate power demands capacity of the battery array decresases with the
time which could caused to total failure of battery system.Especially, during high
rate charging due to sudden deceleration and high rate discharging during sudden
acceleration cause batteries to drain instantaneous high Energy that seviourlyaffect

on the life of the battery.

1.3: Approach

This Hybrid electric bike is a modification of conventional Electrical bike which uses
super capacitors and Buck, Boost converters between battery and the motor.This will
enhance the acceleration performance and battery lifetimeby using fast and efficient

charging, discharging capabilities of super capacitors and by decreasing the charging

cycles of the battery.

The combination of battery and super-capacitor results in the best of bothworlds,
creating an ultra-efficient power source for a hybrid Electrical bike with,Increase
theservice life of batteries , Extend the driving range ,Increase the fast acceleration
capabilities. In order to achieve above qualities for the system there must be a buffer
or an additional energy storage system ( ESS ) have to be installed to handle surge
power demands. This system must , absorb the braking energy with high efficiency
and lower negative effects to the batteries , supply instantaneous and extreme energy
output during acceleration , maximally increase the driving range of the E-bikes.

1



1.4: Thesis outline

e Literature Review
Studied about relevant theories and other related projects about
Hybrid energy storage systems

e Methodology
Here , whole structure and procedure of the Hybrid energy storage

system hasdeeply explained

e System Development
Here illustrates the development of the hardware structure of the
system, including selection of hardware components and modules for
the system.

e Result and analysis
Here, outcomes of the Hybrid energy storage system analyses with the
alternative external and internal conditions.

e Conclusion
Here, Discussed about the advantages achieved by introducing Super

capacitors and convertors to a Hybrid energy storage system .



Chapter 2: Literature Review

2.1: Introduction to literature review
In this chapter, explaining the electric vehicles which consist with capacitors,
converters in order to improve their performance. Further, theories related to

components and modules used in proposed systems also explained.

2.2: Related Researches
Following researches related to electric vehicle driver system improvement are
analyzed to identify their advantages and disadvantages that will used to improve the

proposed system for this project.

2.2.1: Energy management and control of electric vehicles, using a hybrid power

source in regenerative braking operation

Motor Controller -

Ehoieac =7 + : Ultracapacitors
L
Q l ’ ’
=y y
| + w
NS
Auxiliary Energy System
-Boost Converter

Driving Motor

Figure 2.2.1.1
Energy management and control of electric vehicles, using a hybrid power source in

regenerative braking operation overall structure[1]



The research paper is proposed to manage and control electrical energy in
electrically driven vehicles, mainly in order to, increase the range with a single
charge and energy absorb energy efficiently.Battery,Motor controller , buck-boost

controller ,driving motor and ultra capacitor bank arranged as in Figure 2.2.1.1

In advancement of modern technology, electric vehicles play an important role
because of it’s valuable features such as high efficiency and environmental friendly.
In last decade , more attention is focused on plugging electric vehicles , hybrid
electric vehicles and fuel cell electric vehicles. Currently many electric vehicles still
face many challenges, For examples , how to ‘recover regenerative energy with
minimum harm to the batteries’[1] ,and how to deliver maximum power at various

road conditions, and how to increase mileage.

Many steps have been taken to find a win win solution for this challenge, with the
use of Ultra capacitors.Ultra capacitors have many benefits compared to the other
electric capacitor ,as it has high energy and high power density .Another two more
features that lead to achieve this challenge are it’s long endurance, high efficiency

and number of cycling’s.

To optimize the operation of this design both batteries and ultra capacitors have been
used for power releasing. This design uses small DC to Dc converter to keep ultra
capacitor at a high higher voltage than the ordinary battery, which specially boost
running at city driving conditions. The battery directly feed power ,when ultra
capacitor voltage drops lower than the battery voltage. The state of battery charge,
capacitor voltage and current are maintained in safe limits, moreover ultra capacitor

allocate , instant charging and discharging due to its capability.



Figure 2.2.1.2
Energy management and control of electric vehicles, using a hybrid power source in
regenerative braking operation hardware structure[1]

Figure 2.2.1.3
Super capacitor charging current during negative breaking braking.(a) Supercapacitor

terminal voltage (\Vc) and charging current Ic; (b)supercapacitor charging power

(Pe).([1])

This system absorb the braking energy with high efficiency and lower
negative effects to the batteries and also this system Supply instantaneous
and extreme energy output during acceleration ,Thus Maximally increase the
driving range of the E-bikes. On the other hand ultra_capacitorbank array

5



bridged to the motor indirectly through a buck and boost converter,ultra
capacitor bank unable to fully perform its quick charge, discharge capabilities
due to, delays occurred in buck-boost converter.In regenerative state most of
the sudden peak regenerative energy may drain by motor controller unit due
to indirect coupling of capacitor bank to the motor.Because of the direct
connection of the battery to the motor controller some of the unfiltered
energy surges and instant power demand via motor controller may effect to

the battery that will eventually reduce the lifetime of the battery.

2.2.2: Energy management system of Fuel-cell-Battery hybrid Tramway

This research paper describe the design ,layout ,and control of a fuel cell
(FC)-hybrid metro tram in spain. Here ,polymer electrolyte membrane and
nickel_metal hydride battery used as as primary and secondary energy source
respectively which fulfill the energy demand during acceleration and absorb energy

when braking .

The traction system of this vehicle is composed with four induction motor drives. In
this design there are two boost converters, unidirectional DC-DC converter and Bi-
Directional Converter, Unidirectional one for the Fuel Cells and Bi-directional one
for the Battery. To regulate the power accurately, reference signals were taken from
electric motor drives , fuel cells and power converters and also while regenerative
breaking braking chopper dissipate energy accordingly. In this project, ‘all the test
results evaluated for the real driving cycles and reveal that the system has the

capability to meet appropriate driving cycles.’[2]



FUEL CELL SYSTEM FUEL CELL CONVERTER i AUXILIARY ' | BRAKING PWM 3ph INVERTER
SERVICES ' CHOPPER

ﬁ Jlg .JLII JLﬂ gy
I JL;E & {}

Hs
= FUELCELL 3 ! BATTERY CONVERTER A
Air 1,0 MODEL i

\l

I

MOTOR
CONTROLLER
ENERGY MANAGEMENT SYSTEM —

Figure 2.2.2.1
Fuel-cell-Battery hybrid Tramway operation structure of EMS
(Energy management systems)[2]

This system absorb the braking energy with high efficiency and lower
negative effects to the batteries and Supply instantaneous and extreme energy
output during acceleration , The other side of this design is most of the
regenerative energy will wasted via breaking chopper and Rpson) 0Of
MOSFETS

2.2.3: The Ultra capacitor-Based Controlled Electric Drives With Braking and
Ride-Through Capability: Overview and Analysis

In this research paper , it is highlighted that mainly two problems remains as a
challenge in design advanced controlled electric drives, especially how to recover the
braking energy. Ordinary devices are equipped with the energy storage elements and
this phenomina help to boost in use of Ultra capacitors.Ultra capacitor power density
is much higher than the excisting batteries.‘Power density of the ultra capacitor is
much higher than that of the Existing electro chemical batteries’[3]. In this paper
discussed how to increase the ride-through capability via these regenerative electric
drives. In this design three level DC-DC converter is used as the interface of the

power converter.

This Ultra capacitor based , regenerative controllable electric device, consist with

voltage DC-bus, Diode rectifier and output inverter and with a parallel connected

7



energy storing unit , ( Ultra capacitor and bidirectional DC-DC converter ), This
two level or three level converter is controlled by a variable adjuster ,’which

controls Duty cycle , switching frequency and phase shift’[3] .

...............

An Ultra-capacitor

Figure 2.2.3.1
DC-DC CONVERTER USING A THREE-LEVEL TOPOLOGY[3]

(@). Circuit Diagram (b).Wave foam d<0.5  (c).Wave foam d>0.5

Here, three Level bi-directional converter is used as the main power interface of the
system and Figure 2.2.3.1 shows three levels of Bi-Directional converter’s circuit
diagram including four Bi-Directional Switches, a Inductor and two Capacitors. The
switches are IGBT or MOSFET with free wheel Diodes. PWM 1 & PWM 2 are pulse
width modulators. The Figure shows the wave foams of the Three Level DC-DC
Converter. Output Voltage is between zero and Vbus/ 2 if d =d1=2 and in a range
0<d< 0.5 outputvoltage is between Vbus /2 and Vbus 0.5 <d <1

This is most suitable for the controlled electric drives in equipments such as Lifts
and cranes, “characterized by low balance between average and peak power”[4] This
system capable of recovering regenerative energy dissipating via braking resistor
(chopper circuit) much efficiently in most applications. On the other hand Power
losses are higher than usual when this system handling sudden spikes and

regenerations.



2.3: Summary of Literature Review

Literature review reveals about, theories explaining about the electric vehicles which
consist ofcapacitors, converters in order to improve their performance. Further,
theories related to components and modules used in proposed systems also
explained. The literature review can be used to identify the advantages, drawbacks
and technical detials of Hybrid electric vehicles with capacitors. Main advantages

and disadvantages of these systems can be pointed as follows.

The main advantages of the system are Supply instantaneous and extreme energy
output during acceleration and Maximally increase the driving range of the vehicle .
These systems absorb the braking energy with high efficiency and lower negative
effects to the batteries , it has the capable of recovering regenerative energy
dissipating via braking resistor (chopper circuit) much efficiently in most

applications.

On the other hand there are several negatives in the system ,Because of the
ultra_capacitorbank array bridged to the motor indirectly through a buck and boost
converter,ultra capacitor bank unable to fully perform its quick charge, discharge
capabilities due to, delays occurred in buck-boost converter.In regenerative state
most of the sudden peak regenerative energy may drain by motor controller unit due
to indirect coupling of capacitor bank to the motor.Because of the direct connection
of the battery to the motor controller some of the unfiltered energy surges and instant
power demand via motor controller may effect to the battery that will eventually
reduce the lifetime of the battery.Most of the regenerative energy will wasted via
breaking chopper and Rpsiony of MOSFETS



Chapter 3: Methodology

3.1: Fundamental Concept of the System

The main driving motor is connected to the capacitor bank via buck-boost
converter to the battery pack, in order to reduce the amount of sudden current drain
from the battery packwhich eventually prolong its lifespan. Further, use of Buck-
Boost converter will also increase the operating voltage range of the batteries.

In addition to that, this arrangement of the system able to deliver more energy to the
motor in a short period due to increased operating voltage range of the super
capacitor array.

Moreover, during braking process system able to gather and deliver wasting energy
as regenerative energy of the motor via a second loop of a buck - boost converter
which further enhancethe system efficiency.

>
bc bc BLOC
| o i MOTOR
DC/DC BOOST INVERTER
CONVERTER
BATTERY BANK | 43 V)
DC
SUPER CAPACITORS
- DC |
DC/ DC BUCK-BOOST
CONVERTER
Figure 3.1.1

Overall conceptual design of the system
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3.2 Energy management and control stratergy

Accelaration resistance power , aerodynamic power, slope resistance power and
rolling power are the key components that calculation of hybrid systems power
demand depends on .

P (veh) = P (roll) + P (aer) + P (slope) + P (acc)

The total current demand can be calculated as

P veh
U bus

I(load) =

Life time of the battery and overall system efficiency are increased by protecting
battery pack from sudden current demand ( without over charging or discharging
ultra capacitor array) using power balancing stratergy that based on basic control
logics.

11



Power flow chart

3.3

Jamod yaed s o0joeded sadns- 984
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Figure 3.3.1
Power flow chart
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Charging Plan

» Super capacitors

In this HESS, the super capacitor is charged via
1. Regenerative Energy from BLDC motor ( Psc)=P(Load))
2. From the Lead-acid battery Bank
At running condition (P (SC) = P (Load) -P (Battery) )
At stop (P (sc) = P (Battery))

> Battery Bank
The battery bank is charged via

1. Regenerative Energy from the BLDC motor
(whenVse = Vscmax) Poad) = Pgattery))

2. From the External power Source

3.4:System operation (Constant speed operation )
There are two types of operation modes at constant speed as follows

e Low constant speed mode
whenP)e,qis equal to or smallerthanPyatery (P1oad<=Phattery )
e High constant speed mode

When PIoadiS highE‘f than I:)battery (Pload>Pbattery)

Both above modes (Low constant speed mode and High constant speed ) are ideal
modes because in real world application power demand of the bike continuously

varing.

13



3.4.1: Low constant speed

e BLDC
motor

DC/DC BOOST INVERTER

CONVERTER <{ D
SUPER CAPACITOR
BATTERY — E —

DC/DC BUCK
CONVERTER

Figure 3.4.1.1
Low constant speed, energy flow diagram

Low contant speed energy flow demonstrates inFigure 3.4.1.1whichreveiled,at
Low_speedmode,super capacitor voltageVsc maintained at higher level than battery
voltage Veaxdue to battery power is grater than load power( Ppattery™Pload)
Likewise,DC bus voltage kept at greater value than battery voltage.Super-capacitor is
not absorbing or delivering any power to the electric motor at constant speed
mode.BLDC-Motor not receive any energy from the battery since ,main power diode
at its reversed biased mode due to super-capacitor voltage is at greater value than the

battery voltage.

14



3.4.2: High constant speed

‘ BLDC
' ] motor
— e DC/DC BOOST INVERTER

CONVERTER + D

: > SUPER CAPACITOR

BATTERY = : —

DC/DC BUCK
CONVERTER

Figure 3.4.2.1
High constant speed energy flow diagram

High- contant speed energy flow demonstrates in Figure 3.4.2.1 whichreveiled, at
High-speed mode,super capacitor voltage Vscno longer maintained at higher level
than battery voltage Vgazdue to battery power is lower than load power (
Poattery<P1oad) . Likewise,DC bus voltage no longer kept at greater value than battery
voltage.BLDC-Motor directly receive energy from the battery since ,main power

diode at its forward biased mode.

15



3.5: Acceleration

b . / 7 BLDC
1 ||\. motor

:D ﬁ INVERTER

| - | DC/DC BOOST

CONVERTER

: > SUPER CAPACITOR

BATTERY ] E —

DC/DC BUCK
CONVERTER

Figure 3.5.1
At acceleration energy flow diagram (phase 1)

Figure 3.5.1 shows acceleration mode in ( Phase-1) energy flow.Assume Vsc>Vgat
At starting point of the acceleration mode . Since Ppatery<Plaod, Vsc keep decreasing.
Energies from the SC and the DC-DC converter are both supporting the E-bike

acceleration process.

== BLDC
‘ - motor

= DC/DC BOOST INVERTER

CONVERTER

3

: > SUPER CAPACITOR

BATTERY — E —

DC/DC BUCK
CONVERTER

Figure 3.5.2
At acceleration energy flow diagram (phase 11)
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If acceleration continoues voltage of the supercapacitor reduced to the battery

voltage (Vsat).At this point , super_capacitor and the battery directly connected via

forward biased power diode.

3.6: Deceleration (Braking)

5

<= / Boc
| —‘1 motor ]
\ ,//

e
INVERTER S

DC/DC BOOST

CONVERTER U }7
SUPER CAPACITOR

DC/DC BUCK
CONVERTER

Figure 3.6.1
At deceleration (braking) energy flow diagram (phase 1)-a

>
— = | pnc.
maotor )
P

DC/DC BOOST INVERTER

CONVERTER “ H
SUPER CAPACITOR

DC/DC BUCK
CONVERTER

Figure 3.6.2
At deceleration (braking) energy flow diagram (phase 1)-b
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In deceleration mode can be divided into several phases as follows,

e Deceleration mode — Phase I-a( Figure 3.6.1)

This occurs when accelerator of the bike released without
braking. At this mode regenerative energy of the motor fed

only into the supercapacitor bank.

e Deceleration mode — Phase I-b( Figure 3.6.2)

This occurs when breaking . At this mode DC-DC converter
set into boost operating mode when target super-capacitor
voltage ( Vscit) greater than or equal to the supercapacitor
voltage ( Vsc). If supercapacitor voltage is lower than the
target super-capacitor voltage (Vsc tt),DC-DC converter set
into the No operation mode.

e Deceleration mode - phase Il ( Figure 3.6.3)

This occurs when regenerative braking power continuously fed
into the super-capacitor( Vsc). array and eventually terminal
voltage of the supercapacitor bank reached to its target
voltage(Vsc i) At this point , DC-DC converter operate in buck
mode to feed excess energy towards the battery pack.

18



* BLDC
— motor

DC/DC BOOST INVERTER

CONVERTER 1 D

SUPER CAPACITOR
BATTERY — : —
DCfDC BUCK
CONVERTER
Figure 3.6.3

At deceleration (braking) energy flow diagram (phase 1)

3.7: Sudden acceleration

At sudden acceleration immediate power demand to the motor is supplied by the
super capacitor array.Because , super-capacitors are muchsustainable to withstand

more charge and discharge cyclesthan batteriesand well suited for fast dynamic

cycles (which cause of sudden acceleration).
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Chapter 4: System Development

This chapter illustrates the development of the hardware structure of the system,

including selection of hardware components and modules for the system.

Figure 4.1
HESS bike- completed structure

4.1: Hardware components selection and Modules

4.1.1: Battery Bank selection criteria and deciding cutoff voltage of the motor
controller

Number of test reveals that average energy consumption per kilometer Conventional
E-bike is vary between 20 Wh to 30 Wh, there for by considering cost factor and
availability , as well as motor controller operating voltage(42V-66V) range four
number of 20Ah lead acid batteries were taken to design the battery bank to drive
32km-48km

20



Determining state of charge (SOC) and depth of discharge (DOD) of the
batteries

Assumptions

» There is no as self-discharge of the cells and leakage effects.

e Total released capacity of the battery when it fully discharged from a
certain level is difined as releasable-capacity (Creleasable).
Percentage value of the releasable-capacity respective to the battery
rated-capacity (Crated), defined as the state of charge ( SOC).
Battery rated capacity of this project-20Ah ( According to datasheet

of the manufacture)

C releasable
SOC=—100%
C reted

There are several techniques that can be used to calculate the SOC value. Here
,amphere - hour counting and current-Integration method has been used to determine

by intergrating current ratings over usage-period to obtain the SOC as follows.

to+T

SOC = SOC (to) + (Ip — Ipss) dt

Crated J,,

SOC(to) - The Initial SOC
Crateq- Rated Capacity
I, — Battery Current

I loss —Current consumed by the loss reactions
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When a battey is discharging ,the depth of discharge can be expressed as follows

C releasable
DOD=—100%
C rated

The measured charging and discharging current | (b) , the difference of the depth of

discharge in an operating period can be calculated by

f::m ( 1(b))dt
—_ 0,
ADOD = C (rated) 100 %

here Ib is negative ( - ) for discharging and positive(+) for charging. As time elapsed
DOD is accumulated

DOD(t) = DOD(to) + A DOD
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Lead acid battery characteristics

Percentage of State of charge of the 12V Lead acid battery and terminal voltage

| State of Charge " 12 Volt battery | Volts per Cell I
| 100% | 12.7 | 2.12
| 90% | 12.5 I 2.08

———————

3 11.75 1.96
| 20% 11.58 1.93

10% 11.31

Figure 4.1.1.1
State of charge and Lead acid battery terminal voltage[5]

Discharge characteristic Curve

\ T |1 I 1'0.05¢]
. [ | {o.16c_[0.093F

Terminal Voltage (V)

|
Discharge Time

Figure 4.1.1.2
Lead acid battery discharge characteristic curve[6]
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Cycle service life in relation to depth and discharge

Testing conditions: Discharge current 0.17CA (FV 1.7/cel)

Charging current: 2.45V/cell, max 0.25CA

Charging volume: 125% of discharged capacity

Ambient temperature: 25 £5°C CP - CPL - CPH serie
1)n === (CPC serie

3
2
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0 220 440 660 880 1100 1320 1540 1760
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Figure 4.1.1.3
Lead acid battery cycle service life in relation to depth and discharge[7]

Discharge Current VS. Discharge Voltage

Final Discharge 175w 1.70v 1.680V
Voltage WV /cell )

Discharge

- 3 o= = - i ="
Current ( A) A> =0.2C D.2C= (A) =1.0C Ay =1.0C

Figure 4.1.1.4
Lead acid battery discharge current vs discharge voltage[7]

Test result of 12 V (20 Ah) lead acid battery terminal voltage at open
circuit and close circuit (1C (ratedydischarge)

Battery voltage

6 —4— 12V battery (OCV)

4 —B—Discharge (1Crated) voltage

0% 20% 40% 6% BO% 100%  120%
50C

Figure 4.1.1.5
Lead acid battery open and close circuit voltage vs SOC
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Calculation
Without considering the battery aging and operating efficiency
S0C (t) = 100% — DOD(t)

Practical testing is done at the same flat foam before modification and after
modification

Conventional E — bike testing

After the number of practical testing average battery current Cyaees Were 15 Ah, 12
Ah, 16.5 Ah 15.5 Ah,13Ah, 13.6Ah, 16 Ah,

No of tests C released
Test-1 15 Ah
Test-2 12 Ah
Test-3 16.5 Ah
Test-4 15.5 Ah
Test-5 13 Ah
Test-6 13.6 Ah
Test-7 16 Ah

Table 4.1

Conventional E- bike practicle testing results

Depth of discharge (DOD) = {(16.5/20)} x 100 =82.5%

(0.82 Crated) )
SOC of the battery-Pack (100% -82.5% )=17.5%
According to characteristic (SOC-17.5 %) terminal voltage is= 46 V

According to the data sheet if discharge rate 0.82C g iS continues final discharge

voltage (per cell) is 1.70V =10.2 v

Final discharge voltage (1.70 x6) =10.2v

There for battery bank final discharge voltage(10.2 x 4) = 40.8 V

25



Modeled HESS testing

After the practical testing average battery current Ciaes and supercapacitor Craes are

as below .
No of tests C released — SUpPEr capacitor C released- Battery
Test-1 15 Ah 4 Ah
Test-2 12 Ah 3.7Ah
Test-3 16.5 Ah 5.3Ah
Test-4 15.5 Ah 4.8Ah
Test-5 13 Ah 3.9Ah
Test-6 13.6 Ah 3.9Ah
Test-7 16 Ah 5.3Ah

Table 4.2
practicle testing resultsof the HESS

HESS battery discharge current is (C rejeased) = 5.3 Ah

Battery discharge current is below 0.2C (ratea)< (A) < 1 C (rateq) = 4 < (A) <20
Depth of discharge (DOD) =(5.3/20)x100% = 26 %

State of charge (SOC) of the battery (100% - 26%) = 74%

According to characteristic (SOC-74 %) terminal voltage is = 49.2 V

According to the data sheet if discharge rate 0.26Cqaeq IS continues final discharge

voltage (per cell) is 1.70V
Final discharge voltage (1.70x6 ) =10.2V

There for battery bank final discharge voltage(10.2 x 4) = 40.8 V
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Test result shows that Conventional E-bike DOD is 82 .5 % and SOC 17.5%, and
battery bank terminal voltage 46V .HESStest result shows Battery DOD is 26 %
and SOC 74% battery bank terminal voltage 49.2 V.By decreasing the Battery-
DOD of the battery 82.5 % to 26 % charging cycles of the battery can be
increased more than double than the conventional E-bike system.According to
the internal impedance and chemical reaction of the battery, terminal voltage
drops when loaded, according to the test results in sudden acceleration terminal
voltage drops 9 % - 10 % from the initial battery terminal voltage. There for
Motor controller cut off voltage( at SOC 30 % initial battery bank terminal
voltage is 47 V') is taken as 42 V as the safety factor of the battery

4.1.2: Super Capacitor Bank selection criteria

State ofcharge of the supercapacitor which can be used to determine the rated energy
capacity percentage , calculated as follows.

Usc — Uc min
SOC =

Ucmax— Uc min

U sc — super capacitor load voltage
Ucmax - maximum terminal voltage of the Super capacitor

Ucmin- maximum terminal voltage of the Super capacitor

Hybrid energy storage system capable of depending the Battery-Array from extreme
vigorous current demands without over Charging / Discharging the Ultra-Capacitor
bank. Energy management system used in HESS based on power balancing
stratergydetermined by simple logical rules.
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For this system (HESS) energy storage capability of capacitors depends on
following factors,

e Regenerative energy generating volume
e Sudden acceleration
e Sudden acceleration rate

Energy storage capability of charging& discharging of super capacitors depends on,

e Rated voltage of the super capacitor

e Super capacitor rated capacitance

Maximum voltage to the super capacitor array always less than or same to the bus

voltage

Vcap (max) <V bus

To get the Super-Capacitor maximum efficiency the Minimumvoltage should be
limited to 40% ~ 50 % of maximum voltage. Here, bottom level of the limitation
considered to 40% also by considering the safety limit of the battery.

Therefore, voltage range values selected as follows,

V max= 62V

Vin =42V

Considering Braking Energy (capacitor charging)
Energy storage capacity

E cap = C cap{ Vmax — VZmin} / 2

V max— Super capacitor maximum working voltage

V min - Super capacitor initial working voltage

C cap = 2 Ecap/ [V imax— Vil

By number of practical tests, it is observed that maximum regenerative energy can be
stored in the super capacitor bank is within 3s, 55Vmaxis 800W
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In most of the Conventional braking systems, regenerating energy is dissipated via
internal Rps (on(Total resistance between the drain and source of MOSFETS) and an

external braking resistor. This will convert mechanical energy into electrical energy,

and finally dissipated as heat.

VM overshooting

i

e Off or On
—— Oﬁ_@
Braking «
resistor
MCU 3
Contro.l \’ iELOff
s Off or On

Figure4.1.2.1
Dynamic braking with braking resistor and control loop[8]

In HESS, super capacitor acts as a “current storage tank” When the motor is stopped,
the tank absorbs regenerating current and level up(smooth) the voltage overshooting
and enhance the efficiency of the system hence, increase the mileage of the bike.
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At Constant current discharge (discharging)

Discharge Profile

Vi SR .

Capacitive

____________ 3

]
: :
e—1{g—n
I []
Figure 4.1.2.2

Discharge profile[9]

Capacitance = lg X tg / ( Vw -Vmin)
lg - discharge current
TD — Time to discharge from the initial voltage to minimum voltage

Va=Vuw-Vmin (Initial voltage — Minimum voltage under load)

30



Speed ‘

( R.P.M}
Expected Speed vs current Speed vs Time
Time graph graph
1500 | — -
|
|
|
|
|
|
| ’
15
> Seconds
Figure 4.1.2.3

HDSS bike speed vs. time plot

Without modification (in conventional systems)
Practically, time takes to reach to its maximum speed = 33 s
Maximum speed = 1500 r.p.m

Maximum current 1l = (1000w /42 v) *1.052

=2421A

The main target of HESS system is to reach its maximum speed within 5 seconds
V4= Vy-Vmin= 62-42

Tqg =5s

lg =2421A

Capacitance = (lg % tg) / (Vw— Vmin)

= 2421x5/(62-42)= 6.05F
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At a heavy traffic congestion ,3 to 6 number of sudden accelarationscan
beexpected in a short period of time, specially in developing countries.

In order to achieve a single maximum acceleration required energy of the super

capacitor,
E=Cu{V?w -Vinin}2
={6.05( 622-42%)} /2
=6.2 KJ

Therefore, 3 times acceleration requires total energy of 18.6kJ ( 6.2x3) can be given
if the capacitance value,

3Cy=62*3 = 20F

By considering regeneration energy storagecapacity requirement and sudden
acceleration (3 times) required overall capacitance of the capacitor array should be
20 F
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4.1.3: Modules

Buck-Boost converter

8-60V TO 12V-83V

Figure 4.1.3.1
Buck-Boost converter[10]

Input voltage : 8-60V
Input Current : 20A
Output voltage : 12-80V continuously adjustable

Constant Range : 0.5-20A

Output Current : 20A MAX Over 15A, enhance heat dissipation (input, the greater

the pressure the smaller the output current output pressure related,)

Operating frequency : 150 KHz
Conversion efficiency : Uup to 95% ( efficiency and input and output voltage,

current, pressure related)
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Super Capacitor Bank

Super Capacitor
2.7V 500F

Figure 4.1.3.2
Super capacitor bank[11]

Each cell voltage: 2.7 V
Each cell capacitance: 500 F

Battery

Figure 4.1.3.3
Sealed lead acid battery

Sealed lead acid battery

12V 20AH

Constant charge current 2.4 A-3 A
Constant voltage charge 14.7A- 14.9A
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Energy meter (KW meter)

Figure 4.1.3.4
KW meter

Type : PAEM-051

Working voltage : 6.5-100V DC

Test voltage : 6.5-100V DC

Color: as picture shows

Shunts Current : 50A

Shunts Voltage: 75mV

Rated power : 100A/10000W

Measurement accuracy: 1.0 grade

Shunts Size : approx. 120*25.5*1.75mm(L*W*H)
LCD screen size: approx. 51*30mm(L*W)

Size: approx. 89.6*49.6*24.4mm(L*W*H)
Shunts Material : steel + plastic

Note : when use of 50A or 100A shunt you need to set the Meter range of 50A or
100A
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Brushless DC (BLDC) motor

Figure 4.1.3.5
BLDC motor

BLDC motor 1000 W (no load)

Service life >10000h

Rotation speed 1500 Rpm. (no load)

Figure 4.1.3.6
Motor speed controller (48V 1000W) & Electric BLDC bike throttle Twist Grip
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4.2: Final Hardware System Arrangement

Different modules (LCDdisplay,relays, motor controller, BLDC motor, super
capacitor bank, Lead-acid battery bank, and Buck & Boost Converters) are arranged

as Figure 4.2.1 below

LCD display Motor controller

BLDC Motor' —— 7

Figure 4.2.1
Over view of the complete system

Battery Bank

e

Figure 4.2.2
Side view of the complete system
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Figure 4.2.3
Hardware operational structure of the HESS
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; _1 NO
waitfor 5-10 second

toinitialize the system

¥

system stop
[charge battery from an
external power source)

'

MO

¥ YES

) = Wimin)Motor
controller

¥ YES
res YES
Appl

l

R1 & R4 relay ON
—

R2 & R3 relay OFF

R1 & R4 relay OFF
R2 & A3 relay ON

! .
Read the set speed :
¥ store regenarative
|Measure the set speed| energy

|calculate error |

¥
|update duty cycle|

Figure 4.2.4

Operational flow chart-HESS
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Typical Operation of the system

When main switch of the system turnON, batteries supply necessary power to
capacitor bank if capacitors are at its minimum voltage level (But usually capacitors
are at its maximum voltage level because it fed with regenerative energy when
parking). Capacthe main switchrovidesthe initial power demand of the motor through
motor controller module. Motor controller module feed power to the motor according
to the adjustment of the accelerator (accelerator can adjust by throttle twist
grip).When accelerating the bike, capacitor bank pumps necessary power to the
motor controller, at the same time capacitors are fed continuously through boost
converter. At Low constant speeds capacitors saturated to its maximum voltage
leveland motor controller supplied directly by batteries through Buck converter. At
high constant speed capacitors drop to its minimum voltage level because of the high
demand of energy which cannotfulfilled through the boost converter, then necessary
energy supplied through the bypass diode. At a sudden acceleration, supercapacitor
pump necessary high power demand of the motor controller. Further, when brake
applied, then regenerative energy absorb from the motor and feed in to the super
capacitor unless capacitors are at its saturated level, hence, excess regenerative

energy feedback to the batteries via buck converter.
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Chapter 5: Result and analysis

5.1: No-load Test Analysis

Here, modeled system test under no-load condition ( motorruns freely without a
load).This test has been conducted by using two clips on ampere meter, voltmeter
and LCD display as shown in Figure 5.1.1.There are two types of test has been
conducted on this condition as follows,

e Sudden acceleration test

e Typical running test

Figure 5.1.1
No-load test arrangement

41



5.1.1: Sudden acceleration test (NO-Load)

Two types of sudden acceleration test has been conducted as follows

Sudden Acceleration.fpq =N (=R |
Summar, y | Spreadsheet | Voltage and Current |Statistics | Power | sareens|
@ 200ms Period
4
44 PP
1
-
s —
42 e —
“r
ey
592, L
z e
R 1
5
2
271
21 L
2 o
5. T
0.2
.
- ]
z |
5 L,
o I S S
P 210 5408 1 +

Sudden acceleration test result (no-load)-with super capacitor array

sudden accelerationfpg o)==
Summary | Spreadsheet | Voltage and Current | statistics | Dips and Swells | Power [ Screens |
@ 200ms Period
a7
SR S W
..............
2 4
s N i L]
S
R S jL ,,,,,,,
: B
= T {\—L — L
.............. [
m % o 5 )

Sudden acceleration test result (no-load)- without capacitor array

Test results reveal that,

Without a super capacitor - Sudden acceleration instantaneous battery current is 25
A (in 200ms period )
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With super capacitor (in HESS)- Sudden acceleration Battery current is 2.5A .With
super capacitor arrangement ,test result reveal that DOD(Depth of Discharge) of the

battery can be minimized and able to increasethe life cycle of the battery

5.1.2: Typical running test (No-Load)
Two types of typical running test have been conducted as follows

e Typical running test with capacitor array

e Typical running test without capacitor array

with supercap bike running.fpg E@

| Summary I Spreadsheet | Voltage and Current | Statistics I Power I Screen5|
(@) 200ms Period

=

LIN ()

L

(G

I : : ; : : ; :
14:55:40  14:55:45  14:55:50  14:58:55 | 14:53:00 145305 145310 145215

Figure5.1.2.1
Typical running test result (no-load)-with super capacitor

without supercapasitor bike running.fpg El@

Summary Spreadsheet Voltage and Current  Statistics  Dips and Swells  Power  Screens
(®) 200ms Period

Max 4564
FETE o I

431
413
23

LIN ()

a7

a5
]

2255
7.5

2.8

L1 (A4

753 -

2.5

-2.5

15:75:00 550 T5:2520 15:75:30 15:75:40 15:75:50

Figure 5.1.2.2
Typical running test result (no-load)-without super capacitor
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At No-Load testing (various speeds), the results shows a constant current profile

for the battery , which lead to enhance the battery life time.

5.2 On-Load Test Analysis

Here, modeled system test under Load condition (motor run under a load).This test
has been conducted by using two clips on ampere meter, voltmeter and LCD display
as shown in Figure 5.2.1 There are two types of test has been conducted on this
condition as follows,

e Sudden acceleration test

e Typical running test

Figure 5.2.1
On-load test arrangement

5.2.1: Sudden acceleration test (On-Load)

Two types of sudden acceleration test have been conducted as follows

e Sudden acceleration test with capacitor array

e Sudden acceleration test without capacitor array
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Figure 5.2.1.1
Speed curves of HESS and conventional E-bike

Test results reveals that, HESS reached to its maximum speed instantaneously (quick
acceleration) compared to its conventional counter-parts due to very fast dynamic
cycles of the super-capacitor. For optimize the operation of this design both batteries
and ultra capacitors are being used for power release. DC to Dc converter keeps ultra
capacitor at higher voltage than the battery to boost sudden acceleration especially

when driving at city conditions

5.2.2: Typical running Test (On-Load)

Two types of typical running test have been conducted as follows,

e Typical running test with capacitor array

e Typical running test without capacitor array

45



Graph shown in Figure 5.2.2.1 is used as basic speed curve to test the system with
above conditions with capacitor array , without capacitor array.Here , speed curve
maintained , as following curve (Figure 5.2.2.1) then monitor battery and capacitor

power variation according to the speed fluctuations.

25

20

15 $— —

speed
10 H

Figure5.2.2.1
Typical running test (on-load)-speed( km/h )vs time( second ) curve

—&— POWER
1200
1000
4 ¢ ‘M 4
4

800

600

400

200 y

0 $ ¢ <L00
0 5 10 15 20 25 30 35

Figure 5.2.2.2
Typical running test (on-load)-power vs time(second)curve
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According to the above test results, conventional E-bike runs 1km of distance using
0.056kWh Test result indicates, that vigorous energy is delivered directly via battery
bank, and it leads rapid current drains in the system. In addition, the battery array
unable to harvested sudden spikes and regenerative energy while braking. There for
it shows that conventional E-bike unable to ,increase the prolong life of the battery
array.

1500

1000

500

=== Power SC

Super capacitor power(Watts)

[T

-1000

Time (second)

Figure 5.2.2.3
HESS-super capacitor power (on-load)-power curve
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Figure 5.2.2.4
HESS-Battery power (on-load)-power curve

Test result indicates, a relative constant load profile is generate for the Battery-Array.
Not only that, the battery not directly fed with harvested regenerative energy while
braking. Instead, super capacitor first absorb regenerative energy and feed that
energy to the motor for its frequent smaller demands unless regenerative energy is
too large for the capacitor array which then feed back to the battery. This mechanism
reducestha amount of charging-dischargingcycles of the battery and hence ,increase
the prolong life of the battery array. HESS system run efficiently with lower energy
per kilometer (0.049 kWh per 1km)
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5.3 Overall Test Results Analysis

The designed system work as expected according to the test results. In complete
drive cycle the super-capacitor combine with Buck-Boost converter able to satisfy
system power demands.

The peak power demand for the super capacitor bank ranges from —0.8 kW to 1 kW.
While, the peak power to the battery pack is limited to 0.170 W.

In HESS, the current demand via the DC/DC converter minimized because of the
capacitor array fulfill high rated demands and reduce the impact on DC/Dc converter
hence, low rated DC/DC converter can be used.

In a situation which motor continuously demands power from the system and come
to a certain point which voltage of the capacitor array and battery terminal voltage
equal

(Vsc<=. Vpa) This will activate the bypass diode and hence, bypass the DC/DC
converter and deliver current via diode loop that reduce the additional burden to the
converter.

Here test result shows HESS takes 10 -20s to reach it’s maximum speed , as well as
HESS system reduces frequent charging cycles and depth of discharge of the battery
and increases the service life of the battery.

Test result shows that, in conventional systems Lead —acid batteries demand nearly
20A of current as its initial current to achieve its initial torque ,HESS demands only
3.6 A initial current thus, reduce DOD of the Lead acid batteries will caused to
increase charging cycles up t01000 or more.
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5.3 Overall Cost Result Analysis
Existing bike

| E-Bike |

Rs. 100000.00

Expenses for the modification of existing bike

Super Capacitor Rs. 25000.00

Buck / Boost converters Rs. 6500.00

Other expenses Rs. 10000.00

Total Expenses Rs.41500.00

HESS Total Cost Rs. 141500.00

E-bike prior to modification

Total cost for 4 numbers of lead-acid battery = Rs 30000.00

Number of average charging cycles = 500

For 500 charging cycles cost for units (500 x (18.5*6)) | = Rs55500.00

Average distance that the battery can drive at an single = 40 KM

charge

For 500 charging cycles total distance battery can drive = 40 KM x 500

= 20000 KM

Total cost the battery set & charging units = Rs. (30000 + 55500)

Unit cost = 4.20 RS/KM

HESS bike after modification

Total cost for to design the New HESS system for E-bike | = Rs.41500

Increased mileage for a single charge =13 %
=40 KM x 13 %
~6 KM

Total distance that can drive for a single charge =46 KM

After increasing the efficiency by changing DOD of
the battery

Number of average charging cycles = 1000

For 1000 charging cycles total distance battery can drive | = 46 KM x 1000
= 46000 KM

Of 1000 charging cycle cost of units = 1000 x 18.5* 6
= Rs 111000.00

Total cost, the battery set & charging units = Rs 141000 / 46000

Unit cost = 3.06 RS/ Km
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Chapter 6: Conclusion

By introducing Buck-Boost converter and super capacitor bank to the conventional

Electrical bike following advantages has been achieved.

¢ Reduction of Overall power consumption per kilometer,
0.056 kWh/km of power consumption in conventional E-bike reduced
to 0.049 kwWh /Km by harvesting the regenerative energy without
dissipating it as heat in HESS which indicates a increment of
13 % efficienc ,by reducing power consumption

e Increased the service lifetime of the battery
By overtaking additional stress of batteries(lowest rate of discharge)
by the super capacitor bankduringpeakand frequent power demands
and during sudden acceleration byincreasing the efficiency by
changing DOD of the battery .

e Enhanced quick acceleration
By fast operating capabilities of super capacitors which feed sudden
power demands during acceleration.
In HESS takes 15-20 s to reach its maximum speed while

conventional e-bike takes more than 35 seconds

e Increased traveling range per single charge.
Because of the increased energy efficiency of HESS(with harvest the
regenerative energy) compare to conventional electric bike, the
average traveling range per single charge of the batteries increased to
46+ km compared to 40km range in the conventional system (this
result observed by driving both the conventional and HESS bike in

similar driving platform)
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e Increased driving smoothness
Due to, quick energy releasing and absorbing capabilities of the super
capacitors, they could supply a precise amount of energy demand of
the motor in real-time (without delays) will lead to improve the
smoothness of running of the bike.

e Decrement of per kilometer cost
Because of the increased travelling range per single charge and
increased lifetime of the battery that reduce the per kilometer unit cost
from 4.20 Rs. /km to 3.06 Rs. /km

By considering aboveimprovements of HESS compared to conventional electric bike
that conclude HESS system more energy efficient, more cost efficient and smooth in
running compared to current electrical in the market which makes HESS bike good

choice for future higher speed electric bike industry.
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LIST OF ABBRIVATION

BLDC Brush less DC motor
SC super capacitor
V(sc- Super capacitor voltage

V(Battery) Battery Voltage

SOC State of the charge

DOD Depth of discharge

ESSs Energy storage systems
HESS Hybrid energy storage system

53



Works Cited

[LS.T.L.,.Z. F.B.,.J.H.R.a. K. T. C. Bo Long, "Energy Management and

] Control of Electric Vehicles, Using Hybrid Power Source in Regenerative Braking
Operation," Hybrid Power Source in Regenerative Braking Operation, pp. 4300-
4315., 2014 .

[2 P. Garcia, "Energy Management System of Fuel-Cell-Battery Hybrid Tramway,"
] IEEE Transactions on Industrial Electronics, pp. 4013-4023, 2010.

[3 P.J. Grbovic, " The Ultracapacitor-Based Controlled Electric Drives With
] Braking and Ride-Through Capability: Overview and Analysis," IEEE
Transactions on Industrial Electronics, pp. 925-936, 2011.

[4S.M.I.P.D.P.L.M. M. I a. P. B. Petar J. Grbovi" ¢, " The Ultracapacitor-Based
] Controlled Electric Drives With Braking and Ride-Through Capability: Overview
and Analysis," IEEE Transactions on Industrial Electronics, pp. 925-936, 2011.

[5 [Online]. Available: http://www.rencobattery.com/resources/SOC_vs-Voltage.pdf.
]

[6 [Online]. Available:
] https://www.research.manchester.ac.uk/portal/files/61846817/FULL_TEXT.PDF.

[7 [Online]. Available: https://docs-emea.rs-
] online.com/webdocs/0b5b/0900766b80b5b643.pdf.

[8 Texas Instrument, [Online]. Available:
] https://e2e.ti.com/blogs_/b/industrial_strength/archive/2013/10/18/the-art-of-
stopping-a-motor.

[9 "Tecate Group,” Tecate Group, [Online]. Available:
] https://www.tecategroup.com/products/ultracapacitors/ultracapacitor-FAQ.php.

[1 [Online]. Available: https://www.elprocus.com/buck-boost-converter-circuit-
0] theory-working-applications/.

[1 [Online]. Available: https://datasheet.octopart.com/FSOH104ZF-Tokin-datasheet-
1] 81643184.pdf.

[1 I. sherwood, Human physiology : from cells to systems, 7th ed., London:
2] Brooks/Cole/Cengage Learning, 2010.

[1 S. Ansari, A. Belle, K. Najarian and K. Ward, "Impedance Plethysmography on
the Arms: Respiration Monitoring,” in IEEE International Conference on

54



3] Bioinformatics and Biomedicine Workshops, 2010.

[1 C. Merritt, H. Nagle and E. Grant, "Textile-Based Capacitive Sensors for
4] arespiration Monitoring,” IEEE SENSORS JOURNAL, vol. 9, no. 1, pp. 71-78,
2009.

[1 P. Hult, T. Fjallbrant, B. Wranne, O. Engdahl, O. Engdahl and P. Ask, "An
5] improved bioacoustic method for monitoring of respiration,” Technology and
Health Care, vol. 12, no. 4, pp. 323-332, 2004.

[1 L. Scalise, P. Marchionni and I. Ercoli, "OPTICAL METHOD FOR
6] MEASUREMENT OF RESPIRATION RATE," in IEEE International Workshop
, 2010.

[1 S.D. Min, D.J. Yoon, S. W. Yoon, Y. H. Yun and M. Lee, "A study on a non-

7] contacting respiration signal monitoring system using Doppler ultrasound,"
Medical & Biological Engineering & Computing, vol. 45, no. 11, p. 1113-1119,
2007.

[1 H. AOKI, Y. TAKEMURA, K. MIMURA, H. AOKI and M. NAKAJIMA, "A
8] non-contact and non-restricting respiration for a sleeping person with a," Japanese
Society of Sleep Research, vol. 1, no. 3, p. 249-250, 2003.

[1 K. S. Tan, R. Saatchi, H. Elphick and D. Burke, "Real-Time Vision Based
9] Respiration Monitoring System," in 7th International Symposium, 2010.

[2 [Online]. Available: http://www.kidsmoneylife.com/2009/08/best-cure-and-most-
0] effective-remedy-for-hiccups/. [Accessed 25 08 2012].

[2 [Online]. Available:
1] http://www.xtremepapers.com/revision/gcse/biology/the_respiratory_system.php.
[Accessed 24 08 2012].

[2 [Online]. Available: http://www.danalee.ca/ttt/digital _video.htm. [Accessed 15 08
2] 2012].

[2 [Online]. Available: http://www.mathworks.co.uk/help/toolbox/imaqg/f11-
3] 74309.html. [Accessed 25 06 2012].

[2 F. Q. AL-Khalidi, R. Saatchi, D. Burke and H. Elphick, "Facial Tracking Method
4] for Noncontact Respiration Rate Monitoring," in 7th International Symposium,
2010.

[2 M. Weise and D. Weynand, How video works, 2nd ed., London: Focal, 2007.
5]

55



[2 S. L. DeBoer, Emergency Newborn Care: The First Moments of Life, Trafford on
6] Demand Pub, 2004.

[2 W. Q. Lindh, M. Pooler, C. Tamparo and B. M. Dahl, Delmar's Comprehensive
7] Medical Assisting: Administrative and Clinical Competencies, 4th ed., Cengage
Learning, 2009.

[2 Logitech , "QuickCam® Pro 4000," [Online]. Available:

8] http://www.logitech.com/en-
us/support/269?section=overview&crid=405&0sid=14&bit=64. [Accessed 3 May
2013].

[2 A. Siciliano, MATLAB : data analysis and visualization / Antonio Siciliano.,
9] London: World Scientific, 2008.

[3 D. M. Etter, Introduction to MATLAB, 2nd ed., London: Pearson, 2011.
0]

[3 H. Moore, MATLAB for engineers, 3rd ed., Pearson Education, 2012.
1]

[3 D. C. Hanselman, Mastering MATLAB, London : Pearson, 2012.
2]

[3 S. T. Smith., MATLAB : advanced GUI development, Dog Ear, 2006.
3]

[3 A. Gilat., MATLAB : an introduction with applications, 4th ed., John Wiley and
4] Sons, 2011.

[3 D. M. Smith., Engineering computation with MATLAB, 2nd ed., Boston ; London
5] : Addison-Wesley, 2008.

[3 Mathworks, "mathworks," [Online]. Available:
6] http://www.mathworks.co.uk/help/imag/videoinput.html. [Accessed 12 3 2013].

[3 Mathworks, "Mathworks," 2013. [Online]. Available:
7] http://lwww.mathworks.co.uk/help/matlab/ref/imwrite.html. [Accessed 23 2 2013].

[3 mathworks, "mathworks," 2013. [Online]. Available:
8] http://www.mathworks.co.uk/help/images/ref/imsubtract.ntml. [Accessed 3 3
2013].

[3 Mathwork, "GUI mathlab,” 2013. [Online]. Available:
9] http://www.mathworks.co.uk/discovery/matlab-gui.html. [Accessed 28 3 2013].

56



[4 [Online]. Available: https://docs-emea.rs-
0] online.com/webdocs/0b5b/0900766b80b5b643.pdf.

[4 [Online]. Available: https://docs-emea.rs-
1] online.com/webdocs/0b5b/0900766b80b5b643.pdf.

[4 E.Schaltz, "Influence of Battery/Ultracapacitor Energy-Storage Sizing on Battery
2] Lifetime in a Fuel Cell Hybrid Electric Vehicle," IEEE Transactions on Vehicular
Technology, vol. 58, pp. 3882-3891, 2009.

[4 A. Lahyani, "Battery/supercapacitors Combination in Uninteruptable power
3] supply,” IEEE Trasactions on Power Electronics, Vols. 1509-1522, 2013.

[4 P. Thounthong, "Energy management of fuel cell/battery/supercapacitor hybrid
4] power source for vehicle applications,” Journal of Power Sources, pp. 376-385,
2009.

[4 [Online]. Available:
5] https://media.monolithicpower.com/document/Brushless_ DC_Motor Fundamenta
Is.pdf. [Accessed 1 March 2019].

[4 [Online]. Available:
6] https://batteryuniversity.com/learn/article/whats_the role_of the supercapacitor.
[Accessed 1 1 2018].

[4 [Online]. Available: 6.
7] https://www.electronicproducts.com/Passive_Components/Capacitors/Supercapaci
tor_selection_process_enhances_operation_lifetime.aspx. [Accessed 1 1 2018].

[4 [Online]. Available: https://en.wikipedia.org/wiki/Lead%E2%80%93acid_battery.
8] [Accessed 1 1 2018].

[4 [Online]. Available:
9] https://batteryuniversity.com/learn/article/lead_based_batteries. [Accessed 1 3
2018].

[5 [Online]. Available: 1.

0] https://lwww.researchgate.net/publication/289999712_ Bat_algorithm_optimized_f
uzzy PD_based_speed_controller_for_brushless_direct_current_motor. [Accessed
142018].

[5 [Online]. Available: https://www.slideshare.net/pindoriya/fpga-based-speed-
1] control-of-bldc-motor. [Accessed 1 11 2018].

[5 A. Emadi, "IEEE Transactions on Power Electronics,” Power electronics intensive
solutions for advanced electric, hybrid electric, and fuel cell vehicular power

57



2] systems, pp. 567-577, 2006.

[5 K.R.S.S.W.a.S. M. A. Emadi, "Topological Overview of Hybrid Electric and
3] Fuel Cell Vehicular Power System Architectures and Configurations,” IEEE
Transactions on Vehicular Technolog, p. 763-770, 2005.

[5J.C.R.C.B.F.R.a. A. E. S. M. Lukic, "Energy Storage Systems for Automotive
4] Applications,” IEEE Transactions on Industrial Electronics, vol. 55, no. 6, pp.
2258-2267, 2008.

[5 S.R. a. B. D. P. Thounthong, "Analysis of Supercapacitor as Second Source
5] Based on Fuel Cell Power Generatio,” IEEE Transactions on Energy Conversion,
vol. 1, no. 24, pp. 247-255, 20009.

[5H.G.R.G. A C.a. A B.F. Rafik, "Frequency, thermal and voltage
6] supercapacitor characterization and modeling,"” Journal of Power Sources, vol. 2,
no. 65, pp. 928-934, 2007.

[5T.C.a. G.P.Y. Guezennrc, "Propulsion control system for fuel cell powered
7] vehicles,” Fuel Cells Bulletin, vol. 3, no. 2002, p. 14, 2002.

[5 A. Kuperman and I. Aharon, "Battery—ultracapacitor hybrids for pulsed current
8] loads: A review," Renewable and Sustainable Energy Reviews, vol. 2, no. 15, pp.
981-992, 2011.

Referances

[LS.T.L.,.Z. F.B.,.J.H.R.a. K. T. C. Bo Long, "Energy Management and

] Control of Electric Vehicles, Using Hybrid Power Source in Regenerative Braking
Operation," Hybrid Power Source in Regenerative Braking Operation, pp. 4300-
4315., 2014 .

58



[2 P. Garcia, "Energy Management System of Fuel-Cell-Battery Hybrid Tramway,"
] IEEE Transactions on Industrial Electronics, pp. 4013-4023, 2010.

[3 P. J. Grbovic, " The Ultracapacitor-Based Controlled Electric Drives With
] Braking and Ride-Through Capability: Overview and Analysis," IEEE
Transactions on Industrial Electronics, pp. 925-936, 2011.

[4S.M.I.P.D.P.L.M. M. I.a. P. B. Petar J. Grbovi” ¢, " The Ultracapacitor-Based
] Controlled Electric Drives With Braking and Ride-Through Capability: Overview
and Analysis," IEEE Transactions on Industrial Electronics, pp. 925-936, 2011.

[5 [Online]. Available: http://www.rencobattery.com/resources/SOC_vs-Voltage.pdf.
]

[6 [Online]. Available:
] https://www.research.manchester.ac.uk/portal/files/61846817/FULL_TEXT.PDF.

[7 [Online]. Available: https://docs-emea.rs-
] online.com/webdocs/0b5b/0900766b80b5b643.pdf.

[8 Texas Instrument, [Online]. Available:
] https://e2e.ti.com/blogs_/b/industrial_strength/archive/2013/10/18/the-art-of-
stopping-a-motor.

[9 "Tecate Group," Tecate Group, [Online]. Available:
] https://www.tecategroup.com/products/ultracapacitors/ultracapacitor-FAQ.php.

[1 [Online]. Available: https://www.elprocus.com/buck-boost-converter-circuit-
0] theory-working-applications/.

[1 [Online]. Available: https://datasheet.octopart.com/FSOH104ZF-Tokin-datasheet-
1] 81643184.pdf.

[1 1. sherwood, Human physiology : from cells to systems, 7th ed., London:
2] Brooks/Cole/Cengage Learning, 2010.

[1 S. Ansari, A. Belle, K. Najarian and K. Ward, "Impedance Plethysmography on
3] the Arms: Respiration Monitoring," in IEEE International Conference on
Bioinformatics and Biomedicine Workshops, 2010.

[1 C. Merritt, H. Nagle and E. Grant, "Textile-Based Capacitive Sensors for
4] arespiration Monitoring,” IEEE SENSORS JOURNAL, vol. 9, no. 1, pp. 71-78,
20009.

[1 P. Hult, T. Fjallbrant, B. Wranne, O. Engdahl, O. Engdahl and P. Ask, "An
improved bioacoustic method for monitoring of respiration,” Technology and

59



5] Health Care, vol. 12, no. 4, pp. 323-332, 2004.

[1 L. Scalise, P. Marchionni and I. Ercoli, "OPTICAL METHOD FOR
6] MEASUREMENT OF RESPIRATION RATE," in IEEE International Workshop
, 2010.

[1S.D. Min, D.J. Yoon, S. W. Yoon, Y. H. Yun and M. Lee, "A study on a non-

7] contacting respiration signal monitoring system using Doppler ultrasound,"
Medical & Biological Engineering & Computing, vol. 45, no. 11, p. 1113-1119,
2007.

[1 H. AOKI, Y. TAKEMURA, K. MIMURA, H. AOKI and M. NAKAJIMA, "A
8] non-contact and non-restricting respiration for a sleeping person with a," Japanese
Society of Sleep Research, vol. 1, no. 3, p. 249-250, 2003.

[1 K. S. Tan, R. Saatchi, H. Elphick and D. Burke, "Real-Time Vision Based
9] Respiration Monitoring System," in 7th International Symposium, 2010.

[2 [Online]. Available: http://www.kidsmoneylife.com/2009/08/best-cure-and-most-
0] effective-remedy-for-hiccups/. [Accessed 25 08 2012].

[2 [Online]. Available:
1] http://www.xtremepapers.com/revision/gcse/biology/the_respiratory_system.php.
[Accessed 24 08 2012].

[2 [Online]. Available: http://www.danalee.ca/ttt/digital_video.htm. [Accessed 15 08
2] 2012].

[2 [Online]. Available: http://www.mathworks.co.uk/help/toolbox/imaqg/f11-
3] 74309.html. [Accessed 25 06 2012].

[2 F. Q. AL-Khalidi, R. Saatchi, D. Burke and H. Elphick, "Facial Tracking Method
4] for Noncontact Respiration Rate Monitoring," in 7th International Symposium,
2010.

[2 M. Weise and D. Weynand, How video works, 2nd ed., London: Focal, 2007.
5]

[2 S. L. DeBoer, Emergency Newborn Care: The First Moments of Life, Trafford on
6] Demand Pub, 2004.

[2 W. Q. Lindh, M. Pooler, C. Tamparo and B. M. Dahl, Delmar's Comprehensive
7] Medical Assisting: Administrative and Clinical Competencies, 4th ed., Cengage
Learning, 2009.

[2 Logitech, "QuickCam® Pro 4000," [Online]. Available:

60



8] http://www.logitech.com/en-
us/support/269?section=overview&crid=405&0sid=14&bit=64. [Accessed 3 May
2013].

[2 A. Siciliano, MATLAB : data analysis and visualization / Antonio Siciliano.,
9] London: World Scientific, 2008.

[3 D. M. Etter, Introduction to MATLAB, 2nd ed., London: Pearson, 2011.
0]

[3 H. Moore, MATLAB for engineers, 3rd ed., Pearson Education, 2012.
1]

[3 D. C. Hanselman, Mastering MATLAB, London : Pearson, 2012.
2]

[3 S. T. Smith., MATLAB : advanced GUI development, Dog Ear, 2006.
3]

[3 A. Gilat., MATLAB : an introduction with applications, 4th ed., John Wiley and
4] Sons, 2011.

[3 D. M. Smith., Engineering computation with MATLAB, 2nd ed., Boston ; London
5] : Addison-Wesley, 2008.

[3 Mathworks, "mathworks,” [Online]. Available:
6] http://www.mathworks.co.uk/help/imag/videoinput.html. [Accessed 12 3 2013].

[3 Mathworks, "Mathworks," 2013. [Online]. Available:
7] http://lwww.mathworks.co.uk/help/matlab/ref/imwrite.html. [Accessed 23 2 2013].

[3 mathworks, "mathworks," 2013. [Online]. Available:
8] http://www.mathworks.co.uk/help/images/ref/imsubtract.html. [Accessed 3 3
2013].

[3 Mathwork, "GUI mathlab,” 2013. [Online]. Available:
9] http://www.mathworks.co.uk/discovery/matlab-gui.html. [Accessed 28 3 2013].

[4 [Online]. Available: https://docs-emea.rs-
0] online.com/webdocs/0b5b/0900766b80b5b643.pdf.

[4 [Online]. Available: https://docs-emea.rs-
1] online.com/webdocs/Ob5b/0900766b80b5b643.pdf.

[4 E.Schaltz, "Influence of Battery/Ultracapacitor Energy-Storage Sizing on Battery
Lifetime in a Fuel Cell Hybrid Electric Vehicle,” IEEE Transactions on Vehicular

61



2] Technology, vol. 58, pp. 3882-3891, 2009.

[4 A. Lahyani, "Battery/supercapacitors Combination in Uninteruptable power
3] supply,” IEEE Trasactions on Power Electronics, Vols. 1509-1522, 2013.

[4 P. Thounthong, "Energy management of fuel cell/battery/supercapacitor hybrid
4] power source for vehicle applications,” Journal of Power Sources, pp. 376-385,
2009.

[4 [Online]. Available:
5] https://media.monolithicpower.com/document/Brushless_DC_Motor_Fundamenta
Is.pdf. [Accessed 1 March 2019].

[4 [Online]. Available:
6] https://batteryuniversity.com/learn/article/whats_the role_of the supercapacitor.
[Accessed 1 1 2018].

[4 [Online]. Available: 6.
7] https://www.electronicproducts.com/Passive_Components/Capacitors/Supercapaci
tor_selection_process_enhances_operation_lifetime.aspx. [Accessed 1 1 2018].

[4 [Online]. Available: https://en.wikipedia.org/wiki/Lead%E2%80%93acid_battery.
8] [Accessed 1 1 2018].

[4 [Online]. Available:
9] https://batteryuniversity.com/learn/article/lead_based_batteries. [Accessed 1 3
2018].

[5 [Online]. Available: 1.

0] https://lwww.researchgate.net/publication/289999712 Bat_algorithm_optimized_f
uzzy PD_based_speed_controller_for_brushless_direct_current_motor. [Accessed
142018].

[5 [Online]. Available: https://www.slideshare.net/pindoriya/fpga-based-speed-
1] control-of-bldc-motor. [Accessed 1 11 2018].

[5 A. Emadi, "IEEE Transactions on Power Electronics,” Power electronics intensive
2] solutions for advanced electric, hybrid electric, and fuel cell vehicular power
systems, pp. 567-577, 2006.

[5K.R.S.S.W.a S. M. A Emadi, "Topological Overview of Hybrid Electric and
3] Fuel Cell Vehicular Power System Architectures and Configurations,” IEEE
Transactions on Vehicular Technolog, p. 763-770, 2005.

[5J.C.R.C.B.F.R.a. A. E. S. M. Lukic, "Energy Storage Systems for Automotive
Applications,” IEEE Transactions on Industrial Electronics, vol. 55, no. 6, pp.

62



4] 2258-2267, 2008.

[5 S.R. a. B. D. P. Thounthong, "Analysis of Supercapacitor as Second Source
5] Based on Fuel Cell Power Generatio," IEEE Transactions on Energy Conversion,
vol. 1, no. 24, pp. 247-255, 20009.

[5H.G.R.G. A C.a A. B.F. Rafik, "Frequency, thermal and voltage
6] supercapacitor characterization and modeling,"” Journal of Power Sources, vol. 2,
no. 65, pp. 928-934, 2007.

[5T.C.a. G.P.Y. Guezennrc, "Propulsion control system for fuel cell powered
7] vehicles,” Fuel Cells Bulletin, vol. 3, no. 2002, p. 14, 2002.

[5 A. Kuperman and I. Aharon, "Battery—ultracapacitor hybrids for pulsed current
8] loads: A review," Renewable and Sustainable Energy Reviews, vol. 2, no. 15, pp.
981-992, 2011.

Appendix:

63



16V MODULES

FEATURES AND BENEFITS* TYPICAL APPLICATIONS
= Up to 1,000,000 duty cycles or = Wind turbine pitch control

10 year DC life = Transportation
» 16V DC working voltage » Heavy industrial equipment
> Resistive or active cell balancing ., yps systems

available ’

» Temperature output
= Overvoltage outputs available
> High power density Ja

» Compact, rugged, fully enclosed p
splash-proof design

PRODUCT SPECIFICATIONS

ELECTRICAL BMOD0500 P016 BO1 BMOD0500 P016 B02
Rated Capacitance' 500 F 500 F
Minimum Capacitance, initial' 500 F 500F
Maximum Capacitance, initial’ 600 F 600 F
Maximum ESR , initial' 21 mQ 2.1 mQ
Test Current for Capacitance and ESR, ' 100A 100 A
Rated Voltage 16V 16V
Absolute Maximum Voltage? 17V 17V
Absolute Maximum Current 1,900 A 1,900 A
o1 S-S 207 X B
e om
Maximum Series Voltage 750V 750V
Capacitance of Individual Cells'! 3,000 F 3,000 F
Maximum Stored Energy, Individual Cell" 3.0Wh 3.0Wh
Number of Cells 6 6

TEMPERAT

Operating Temperature (Cell Case Temperature)

Minimum -40°C -40°C

Maximum 65°C 65°C
Storage Temperature (Stored Uncharged)

Minimum -40°C -40°C

Maximum 70°C 70°C

*Results may vary. Additional terms and conditions, including the limited warranty, apply at the time of purchase.
See the warranty details for applicable operating and use requirements.

MTECHNOLOGIES

Page 1 :» Document number: 1009363.10 - maxwell.com Enabling Energy’s Future™
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DATASHEET : 16V MODULES

PRODUCT SPECIFICATIONS (Cont’'d)

PHYSICAL BMODO0500P016 BO1 BMODO0500 P016 B02
Mass, typical 5.5kg 5.5kg

Power Terminals M8/M10 M8/M10
Recommended Torque - Terminal 20/30 Nm 20/30 Nm
Vibration Specification SAE J2380 SAE J2380
Shock Specification SAE J2464 SAE J2464
Environmental Protection IP65 P65

Cooling Natural Convection Natural Convection
Internal Temperature Sensor NTC Thermistor NTC Thermistor
Temperature Interface Analog Analog

Cell Voltage Monitoring Overvoltage Alarm N/A
Connector Deutsch DTM Deutsch DTM
Cell Voltage Management VMS 2.0 Passive

Usable Specific Power, P * 2,700 W/kg 2,700 W/kg
Impedance Match Specific Power, P__* 5,500 W/kg 5,500 W/kg
Specific Energy, E__°© 3.2Wh/kg 3.2 Wh/kg
Stored Energy, E__ 7 18 Wh 18 Wh

Short Circuit Current, typical

(Current possible with short circuit from rated voltage. 7,600 A 7,600 A

Do not use as an operating current.)

Certifications RoHS, UL810a (150V) RoHS, UL810a (150V)
High-Pot Capability'? 2,500 VDC 2,500 VDC

Maxwell

Page 2 :» Document number: 1009363.10 - maxwell.com Teac,m:oflef
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16V MODULES

TYPICAL CHARACTERISTICS
THERMAL CHARACTERISTICS

BMODO0500 P016 BO1

Thermal Resistance (Rm’AII Cell Cases to
Ambient), typical®
Thermal Capacitance (C,), typical
Maximum Continuous Current (AT = 15°C)®

Maximum Continuous Current (AT = 40°C)®

0.70°C/W

4300J/°C
100 A,
160 Ay

0.70C/W

4,300J/C
100A,,,
160 A,

LIFE

DC Life at High Temperature'
(held continuously at Rated Voltage & Maximum Operating
Temperature)

Capacitance Change

(% decrease from minimum initial value)

ESR Change

(% increase from maximum initial value)
Projected DC Life at 25°C'

(held continuously at Rated Voltage)

Capacitance Change
(% decrease from minimum initial value)

ESR Change
(% increase from maximum initial value)
Projected Cycle Life at 25°C'#1

Capacitance Change
(% decrease from minimum initial value)

ESR Change

(% increase from maximum initial value)
Test Current

Shelf Life

(Stored uncharged at 25°C)

ESR AND CAPACITANCE VS TEMPERATURE

180%

—Capucitnce
A —CESR
170%

§

53 1
L~
//

§
L1

Percentage change from value at 25°C

55§

&
&
]
°
H
5
8
8

Temperature (C)

Page 3 : Document number: 1009363.10 - maxwell.com

1,500 hours

20%
100%
10 years
20%
100%

1,000,000 cycles

20%

100%
100 A

4 years
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1,500 hours

20%
100%

10 years
20%
100%
1,000,000 cycles
20%
100%
100A

4 years
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DATASHEET

16V MODULES

NOTES

1. Capacitance and ESR,. measured at 25°C using specified
test current per waveform below.

2. Absolute maximum voltage, non-repeated. Not to exceed
1 second.

3. After 72 hours at rated voltage. Initial leakage current can
be higher.

0.12V2
4. PerlEC 623912, P,= “ESR xmase
DC
_ V2
3 Prs= 4 x ESR. x mass
6.E = _BQ¥
= 3,600 x mass

7. Eslored = hov
3,600

8. AT=l,, 2XESRXR
9. Cycle using specified test current per waveform below.

10. Cycle life varies depending upon application-specific
characteristics. Actual results will vary.

11. Per United Nations material classification UN3499, all
Maxwell ultracapacitors have less than 10 Wh capacity
to meet the requirements of Special Provisions 361.
Both individual ultracapacitors and modules composed
of those ultracapacitors shipped by Maxwell can be
transported without being treated as dangerous goods
(hazardous materials) under transportation regulations.

12. Duration = 60 seconds. Not intended as an operating
parameter.

CAP/ESR Measurement Waveform

Cycle Life Waveform

vi

/\

—Current

Capacitor Voltage
Capacitor Current
k

314

V2 i

—Current

Capacitor Current

Capacitor Voltage

0 | \
t  Tme 3,

V1=V t2-t1 =15 seconds
V3=05xV,.s t4-t3=5seconds

Capacitance = | x (t3-t2)/(V2-V3)
ESR = (V4-V3)/I

MOUNTING RECOMMENDATIONS
Please refer to the user manual for installation
recommendations.

Page 4 :» Document number: 1009363.10 - maxwell.com

V1=V t2-t1 =5 seconds (1=0)
V2=0.5XViey  t4-13 =15seconds (1=0)

MARKINGS

Products are marked with the following information:
Rated capacitance, rated voltage, product number, name
of manufacturer, positive and negative terminal, warning
marking, serial number.
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DATASHEET : 16V MODULES

BMODO0500 PO16 BOX

36741
fo— 2] +2 —aeta——— 17421 .0
4921
MIO NEGATIVE 8% @ 680 £0.25
TERMINAL T THRU
T T e g
W 500025 l %@ @:’E
t 1 o~ P °9 t
axoms ] Lo Mczpcm\\/ETEP:M«,ALA s
4X80:0.5 —=] 400204025
L
MONTOR CABLE ~
360425
mﬁoR:uo.zi o
) —\ f 1
| R
: |
IS7MAX  4XB9.4D4025

: t#)
Ml P

44334207 -

Dimensions (mm)
Part Description L (max) W (max) H (max) Package Quantity
BMODO0500 P016 BO1/B02 418 68 179 3

Product dimensions are for reference only unless otherwise identified. Product dimensions and specifications may change without notice.
Please contact Maxwell Technologies directly for any technical specifications critical to application. All products featured on this datasheet are covered by the following
U.S. patents and their respective foreign counterparts: 6643119, 7295423, 7342770, 7352558, 7384433, 7440258, 7492571, 7508651, 7580243, 7791860, 7791861, 7816891,

7859826, 7883553, 7935155, 8072734, 8098481, 8279580, and patents pending.

— N -
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3888 Calle Fortunada CH-1728 Rossens 80807 Miinchen UnitA2,C12th Floor Office Tower, 15F #662
San Diego, CA 92123 Switzerland Germany Huarun Times Square Gyeongin-Ro, Guro-Gu,
USA Tel:+41(0)26 411 85 00 Tel: +49 (0)89/ 4161403 0 500 Zhangyang Road, Seoul, 152-706
Tel:+1 858 503 3300 Fax: +41 (0)26 411 85 05 Fax: +49 (0)89 /4161403 99 Pudong New Area South Korea
Fax: +1 858 503 3301 Shanghai 200122, Phone: +82 104518 9829

PR. China
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Fax:+86 2138524099

MAXWELL TECHNOLOGIES, MAXWELL, MAXWELL CERTIFIED INTEGRATOR, ENABLING ENERGY'S FUTURE, BOOSTCAP, C CELL, D CELLand their respective
desi d/or logos are either registered F Maxwell jes, Inc. and may not be copied, imitated or used, inwhole or
in part, without the priorwritten permission Maxwell Technologies, Inc. All contents copyright © 2014 Maxwell Technologies, Inc. All rights reserved. No

portion of these materials may be reproduced in any form, or by any means, written ission from Maxwell Inc. M '
TECHNOLOGIES

Page 5 :» Document number: 1009363.10 - maxwell.com Enabling Ensrgy’s Future™

68



Efficient, Ecor | and Envir lly Friendly

Traditional lead-acid batteries rely on aging technology and toxic
chemicals for energy storage. While adequate for some uses, chemical
energy can create insurmountable limitations for emerging applications
that require safe, dependable, quick-burst power, over long periods of
time.

Seeking an alternative, many industries have embraced Maxwell
Technologles' ultracapacitors — one of today's most efficient, economical
and environmentally friendly energy storage altermatives.

Regenerative Braking and Peak Power

Ultracapacitors' unique performance characteristics make them ideal for
capturing and storing braking energy generated In traing, trams, trucks and
automobiles — and then releasing It on demand. They can deliver peak
power for drive systems and actuators in a variety of vehicles.

Ideal for UPS Backup and Pulse Power

In UPS applications, ultracapacitors ensure that critical information

and functions are available when supply voltage dips, sags, drops out

or surges, or during a battery changeover. Working in tandem with a
complementary power source, ultracapacitors reliably supply energy in
peak power demand conditions, reducing strain on the primary source and
extending its usable life.

Riadiik

Storage

By linking multiple cells in a single module, Maxwell Technologies'
ultracapacitors can meet or exceed the storage and power needs of
today's most demanding applications. Based on either our K2 or BC series,
modules provide a dependable, cost-effective solution for UPS, telecom,
automotive, transportation, and other applications, reliably performing
through hundreds of thousands of recharge cycles.

““Additional terms and conditions, including the limited warranty, apply at the time of purchase. See the datasheet and warranty details for i

Specialty Modules

Maxwell also offers several dependable specialty modules that are
tallored to the critical requirements of specific industries and applications.
Our Heavy-duty Transportation Modules (HTM), for example, deliver the
performance, reliabllity, and serviceabillity that satisfies transportation
industry demands.

Our Engine Start Modules (ESM) for the trucking industry work In tandem
with batteries, extending thelr ife by providing reliable burst power at
ignition. When the key tums, the engine cranks — even after a night of
hotel loading In harsh conditions — in temperatures to forty below. The ESM
also reduces or eliminates jJump starts, improves driver safety and on-time
deliveries; lowers total cost of ownership; and greater compliance with
anti-idling laws. The ESM features a Group 31 form factor that can replace a
batteryin Class 3 to 8 trucks.

Numerous Benefits Countless Applications
¥ Environmentally safe ¥ Automated Meter Reading (AMR)
# No toxic chemicals ¥ Automotive
& Virtually maintenance free & Consumer electronics
# Long life™ % Industrial
¥ Operating temperature range ¥ Telecommunications
-400C to +650C % Transportation
& Higher energy vs. electrolytic % Renewable Energies
capacitors

# Uninterruptible Power Supplies
wPs)

¥ Solid State Disk Drives

& Grid Storage

¥ Heavy Equipment

% Higher power vs. batteries
# Resists shock and vibration
& Multiple mounting options
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