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Super Capacitors as replacement for lead-acid batteries

A proof of concept solution for the future of power supply in automotive vehicles.
ERIC RUDERVALL

Department of Electrical Engineering

Chalmers University of Technology

Abstract

The automotive industry is a fast-paced, continuously progressing industry in terms
of technological advancement. A component in the fossil fuel driven vehicles which
has not yet been replaced by a more modern solution is the 12V lead-acid bat-
tery. This is about to change, due to the emergence of alternatives to the lead-acid
battery in terms of energy storage. An alternative to the lead-acid battery is the
supercapacitor, which is a relatively new technology in this context. By monitoring
and controlling the voltage level of the supercapacitor with a comparator circuit and
a DC/DC converter, the combination can act as a substitute to the conventional
12V lead-acid battery in hybrid vehicles. The solution works to satisfaction and in
combination with a support battery of preferred technology it will fulfill all current
requirements and functionalities, while occupying a smaller volume of the vehicle.

Keywords: lead-acid battery, supercapacitor, comparator, DC/DC converter.
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Introduction

1.1 Background

As fuel economy becomes a more important and debated topic, some vehicles pro-
grams are moving over to either mild hybrid, full hybrid or fully electric drive trains.
In practice this means that in addition to the 12V board net, there will always be an
additional voltage net present in the vehicle. For mild hybrids this is typically 48V,
full hybrids 400V and electric vehicles 400V — 600V. With electric drive trains, ad-
ditional batteries are included in the electrical system, which often contains several
times more energy than a conventional starter battery. Thus, the need for 12V en-
ergy storage has been questioned and several investigations have started to analyze
whether it is possible to replace or remove it. Due to the technological advancement
of supercapacitors as well as a considerable reduction in cost and volume, this tech-
nology is considered promising for this application, given that the energy storage
properties of the 12V lead-acid battery can be solved.

1.2 Aim

The aim with this thesis is to develop an alternative to the traditional 12V lead-acid
batteries. A power electronics circuit that charges the supercapacitors directly from
the 48V battery in the 'mild hybrid’ vehicles will be constructed and tested. Focus
will be on fulfilling the main functions of the 12V battery in the electrical system
while also fulfilling the electrical requirements on the 12V battery as a power supply.

The outcome of this thesis would eventually, if proven plausible, be integrated in
the 48V vehicles after some adjustments to fulfill automotive requirements and stan-

dards.

1.3 Problem description

As the automotive industry advances in technology, additional components of vary-
ing functionalities are implemented into the vehicles and most commonly into the
12V electrical system. This results in a continuously decreasing available packing
volume within the vehicle, to thwart this ongoing process some functionalities are
merged into the same casings. The conventional 12V lead-acid battery has not been
merged with any other components, and probably never will. But its size, cost
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and environmental effect when mining the metals makes for optional solutions to be
explored. One of these solutions could be a supercapacitor combined with a charg-
ing circuit, consisting of a step-down DC/DC converter and a comparator circuit
that determines the upper and lower operation voltages, later known as the voltage
thresholds.

In order to determine if the suggested combination of components is a viable option
to the lead-acid battery the following tasks were executed:

o Compile a list of the electrical requirements on the 12V lead-acid battery, sort
them in order of relevance and possibility of fulfilling.

o Determine the primary layout of the different parts of the project, build the cir-
cuit in the software and simulate tests to verify that it fulfills the requirements.

o Construct a hardware prototype and verify that it fulfills the requirements.

1.4 Scope

The work concluded in this report will not result in an industry ready product but
will rather be considered as a proof of concept solution. It will prove that a power
electronics circuit combined with supercapacitors can replace the 12V lead-acid bat-
tery while maintaining and fulfilling most of the main functions and electrical re-
quirements that the battery has.

Generally the 12V lead-acid battery is considered to have four functions in today’s
vehicles; Providing energy for sleep functions, sufficient power to 12V starter motor,
back-up power during DC/DC failure and transient current support during heavy
load situations. The second function mentioning ’sufficient power to 12V starter
motor’ will not be considered as there are system solutions without the starter mo-
tor which has a simpler circuit layout in the 48V mild hybrid vehicle.

An assumption that had to be made, was that there will be at least one addi-
tional power source present in the vehicle, a 48V battery. Energy from this battery
will be used to maintain the desired voltage and energy levels of the supercapacitors
in order for them to supply the 12V electrical system in the different scenarios.



2

Theory

This section will present the necessary theoretical knowledge in order to grasp the
methods and results presented in this thesis.

2.1 Capacitor

A capacitor is an electrical component that, through an electrostatic field, stores
energy. It normally consists of two, or more, plates of opposite polarities that are
separated by a dielectric material. There are several different types of capacitors,
where factors as geometry and dielectric isolation material make them unique.

E

Y

A
¥

d

Figure 2.1: A parallel plate setup with an isolating medium in between.

In order to determine the capacitance of a parallel plate capacitor as the one in
Figure 2.1 a derivation starting in

Q

C=av

(2.1)
is presented. Since the potential difference (AV') in a capacitor can be written as
the electric field multiplied by the distance between the plates the following is given

Q

(2.2)
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The electric field across the insulating medium can be written as the conductiv-
ity divided by the absolute electric permittivity. The conductivity of the medium
can be written as the energy divided by the area, by replacing these in (2.2) the
following is given

(2.3)

The capacitance can also be calculated using (2.1) and replacing the energy with
the instantaneous current multiplied by the time, which results in the following

C =i (2.4)

(2.4) can be used to calculate the current, time or voltage for the rated capacitance
of the supercapacitor.

2.1.1 Supercapacitor

The ’supercapacitor’ is an energy storage alternative to the conventional battery
that is well suited for applications that require short-time energy pulses and situa-
tions where energy needs to be instantly stored from motion. The supercapacitor is
in an electrochemical capacitor that can store a large amount of energy. [7]

A supercapacitor can consists of several units connected in series and parallel, where
two different layouts are presented in Figure 2.2 a and b. Circuit a consists of five
supercapacitors connected in series and circuit b consists of two parallel branches
each with five supercapacitors in series.

4
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c1 c1  |ce
c2 c2 |er
1 1 e
c3 c3 |cs
c4 ca |c9
c5 cs  |c10

Figure 2.2: Circuit diagrams for two supercapacitor types.

Based on the specifications of each capacitor in terms of voltage rating and capaci-
tance, type a or b is used to reach the desired voltage level and total capacitance.
The total capacitance for the supercapacitor unit in Figure 2.2.a can be calculated
by combining

Ctota - Cseries (25)

and
1

4,1, 1 41 4 1
atToto ta T

Cseries - (26)

where Cjepies for a branch can be calculated using (2.6).

To calculate the total capacitance of the supercapacitor in Figure 2.2, which consists
of two parallel branches of five supercapacitor units in series, (2.6) for each of the
branches is summed up

C1150151, = CSem'esl + CSem'es2- (27)

2.2 Transistors

The transistor is an electronic device used in various industries, where control, cal-
culations or amplifications is required. A transistor can be used as a switch or an
amplifier, where the primary option is used in this thesis [6].
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2.2.1 MOSFET

A Metal-Oxide Semiconductor Field Effect Transistor, also known as a MOSFET, is

a power electronics switch that is widely used in the automotive industry.***REFERRERA***
The MOSFET is a voltage controlled switch, which is turned on when the Gate to

Source threshold voltage Vy;, is surpassed [4].

D
VAN
G —
+
Vs S

Figure 2.3: MOSFET device symbol.

Compared to other switch technologies and types, the MOSFET is considered to
be optimal for low power, high switching frequency applications. There are both
P- and N-channel types of the MOSFET transistor, which basically determines if it
will be conducting when the voltage is +V;;, or =V}, [4].

2.2.2 BJT

The bipolar junction transistor is used in various different industries. **REFERERA**
There are two main types of bipolar transistors, NPN and PNP. Which determines
when the transistor is conducting,when the current is flowing towards the base or
There are two main types of bipolar transistors, NPN and PNP. The difference is
the doping of the semiconducting material regions, where the NPN has two n-doped
regions with a thin p-doped region in the middle, vice versa for the PNP type.

cC C

(a) (b)
Figure 2.4: BJT device symbols for NPN (a) and PNP (b).



2. Theory

The collector and emitter are the power terminals of the BJT while the base is the
control terminal, which means that in an NPN bipolar junction transistor current
will flow from the collector to the emitter when a positive current is flowing towards
the base. The NPN transistor will conduct when a positive current is flowing towards
its base and PNP when the current flows in opposite direction, see Figure 2.4 for
the device symbols of the two types.

2.3 Batteries

The ability to store energy electrochemically in a device known to many as a battery
has simplified the technological advancement in several areas such as the portable
electronics industry (cellphones, watches, calculators etc) and the electric car indus-
try. If not for a portable source of energy all electrical devices would have to be
connected to a continuous energy source, for example the electricity grid supplying
the cities and such. Hence the possibility to drive a vehicle electrically would not
exist if not for batteries.

There are several different battery technologies used in the automotive industry,
with each technology having advantages and disadvantages. Most commonly used
are the lead-acid batteries, with several sub-types, along with the Li-Ion batteries.

2.3.1 Lead-Acid Batteries

The conventional 12V battery that is used in the automotive industry is the lead-acid
battery [referens]. It is favored due to its electrical characteristics of a low internal
resistance enabling for a high inrush current to supply the starting sequence of
the starter motor. A 12V lead-acid battery has several important functions in the
electrical system of a vehicle, it

There are several different technologies used within the lead-acid battery types,
where the flooded and sealed are the two main technologies. Within the vehicles both
types are commonly used, where the flooded and sealed subtype "AGM’, Absorbed
Glas Mat are the most common ones.

2.3.2 48V Battery

In most cases, the mild hybrid vehicles the energy source is a Li-Ion battery rated at
48V. This battery will in this thesis be considered as the only main source of energy,
as the supercapacitor will be charged from this battery and then support the 12V
electrical system.

2.4 Converters

In this section the converter type which is used in the circuit, some basic knowledge
and functionality will be presented.
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2.4.1 Buck converter

The buck converter is a so-called step-down converter, which means that the voltage
supplied on the input side will result in a lower voltage on the output side, while the
power level is maintained. There are two different states in this converter; switch
on and off. These two can also be referred to as time intervals, where the first time
interval goes from 0 to DT, which is when the switch is ON, while the second interval
goes from DT to T, which is when the switch is OFF. The circuit is presented in
Figure 2.5.

LOAD

I_ind I_load
A A

V_ind ’ ‘r |_C

D ] V_load

Figure 2.5: Simplified circuit for a buck converter.
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Electrical System

In this chapter the 12V electrical system and its components in various types of
hybrid vehicle solutions will be described. The 12V system across the different
hybrid types has a very similar electrical architecture. It mainly consists of four
components, the conventional lead-acid battery, continuous and transient loads and
a DC/DC converter.

3.1 Traditional electrical system

The electrical system within the vehicles differ depending on if it is an hybrid or not.
A conventional 12V vehicle usually has one main battery and one support battery,
both of lead-acid type. While the 48V hybrid vehicle has one main battery on the
48V side and one on the 12V side. Since the thesis only considers the 48V hybrid
electrical architecture this is the one considered as the traditional electrical system
from now on. In Figure 3.1 the electrical system is presented.

DC/DC
48V 12V Electrical system
a8v = l I
Battery : :
! E 12v —L— .| Transient ontinuous |
| | Battery ™= ! Loads Loads !

_____________________

Figure 3.1: The traditional 48V electrical system architecture.

3.2 System requirements

In order to properly design the circuit to fullfil the desired functionality a list of
system requirements was set up. These requirements were used as frames for the
project when considering voltage and current. The list contains requirements re-
garding voltage levels, maximum power deliverance and maximum quiescent current
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consumption. The best case scenario was for the project to fulfill all the functionali-
ties of the 12V lead-acid battery, but that was not a likely outcome due to the lower
energy content of the supercapacitor compared to a conventional lead-acid battery.

3.3 Energy sources

Previously the only energy source within the vehicles has been batteries of different
types, but as of lately the supercapacitor technology has been introduced in the
electrical systems in the automotive industry, with the purpose to provide energy in
transient situations. An idea for this project is to investigate if the supercapacitor
can be used to continuously supply the low power loads on the 12V side of the
electrical system in the vehicle (a combined total current of maximum 5A), hence
60W. While also supplying the 12V system when the vehicle has entered abandoned
mode and has a consumption of approximately ~ 15mA.

3.3.1 Battery

In the various hybrid vehicle solutions there are different types of batteries, ranging
from the conventional 12V lead-acid battery to the 48V Li-Ion mild-hybrid battery
and the 400V full hybrid battery. Batteries have been the main energy source in
the electrical system for the automotive industry for a very long time, and will most
definitely continue to be one of the main components in the vehicles. They are
frequently used due to their ability to supply both low and high currents for longer
periods of time due to their chemical construction.

Table 3.1: Information regarding lead-acid battery types [8].

Technology Size Cycles Years
Flooded H6 500 4
AGM H6 2000 4

The average size of a lead-acid battery is 270x175x220 (LxWxH) mm, with a weight
of approximately 21 kg.

3.3.2 Supercapacitor

The supercapacitor is currently used in the mild hybrid vehicles to support the
12V lead-acid battery with energy in the re-ignition sequence, when a large amount
of current is required to reignite the ICE. The supercapacitor that is used in this
project is an automotive supercapacitor module rated at 120F. It consists of five
600F supercapacitor units rated at 3V each connected in series, which gives a total
capacitance of 120F according to (2.6). The layout of the module in the simulation
software can be seen in Figure 3.2.

10
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Comparator 12V Electrical system

Figure 3.2: Circuit for the supercapacitor.

The 100k€2 resistors in parallel with each level in the supercapacitor smooth-ens
out the voltage distribution when simulating so that it is equal over all separate
supercapacitor units within the module. The resistors are not present in the real
life module. A supercapacitor has a very high number of life cycles compared to a
lead-acid battery. In this thesis the number of cycles used when comparing is 500
000, which is half of the rated number given in a data sheet for a manufacturer of
supercapacitors. The life cycle number is dependent on temperature and the instan-
taneous power drawn amongst more factors [9].

The average size for a supercapacitor module with the PCB circuit encapsulated
is 120x130x80 (LxWxH) mm, with a weight of approximately 1.6 kg.

3.4 DC/DC Converter

All hybrid vehicles have a large energy storage in form of either a 48V or a 400V
battery. Most loads in the 48V mild hybrid vehicles are on the 12V side of the elec-
trical system, hence a step-down DC/DC converter is vital for the vehicle to deliver
the desired functionality. The DC/DC converter transforms from 48V to 12V and is
very large in comparison to the one used in this thesis to charge the supercapacitor
module, several kilowatts compared to 75 watts.

As the ICE is on, the DC/DC will be supplying the 12V electrical system with
energy, hence the 12V lead-acid battery is only in the system to assist during eventual
accidents or activation of high current transient loads. In the ICE start-sequence
the energy is drawn from the 48V battery, hence the applications for which the 12V

lead-acid battery is required has been reduced in mild hybrid vehicles due to the
48V battery and the DC/DC converter.

11
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3.5 Loads

When considering loads, the 12V side of the vehicles electrical system is only con-
sidered, as the product developed will only be supplying loads on the 12V system.
In the system there are both continuous and transient loads, where the continuous
loads have a lower but steady power consumption compared to the transient loads
which consumes a large amount of power for a very short period of time.

3.5.1 Continuous loads

Loads regarded as continuous are those that consume power over a long period of
time, these are usually small ECU’s that control functions that need to be active
continuously. Subsystems that can be considered as continuous loads are active
safety, climate, exterior- and interior lights along with the powertrain and 12V USB
and power outlets.

3.5.2 Transient loads

Transient loads are the ones that, for a short period of time, consume a lot of
power. Subsystems that can be considered as transient loads are for example the

BBM, the EPAS or the VDDM, which all three consume a lot of power during
evasive manoeuvre situations.

3.6 Desired electrical systems

The electrical architecture if the supercapacitor and associated components are im-
plemented into the 12V side of the electrical architecture depend on if the concept
will be able to fully replace the 12V lead-acid battery or not. If not a small support
battery will be connected in parallel with the supercapacitor. The system with just
the supercapacitor can be seen in Figure 3.3.

DC/DC
48\ 12V Electrical system
43v = l
Battery !
! E .| Transient ontinuou
' i Thesis SuperCap | Loads Loads
\ ! concept — '

Figure 3.3: The 48V electrical system architecture if only supercapacitor is used.

12
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While the system with the support battery connected in parallel can be seen in
Figure 3.4.

DC/DC

48V 12V Electrical system
48V = ! ;
Battery : :
X ' i | Transient ontinuoud
! ! Thesis SuperCap 12V ! Loads Loads !
' ! concept p— — SUppoTrt :
—L Battery | |
| = : | !

_____________________

Figure 3.4: The optional 48V electrical system architecture if supercapacitor and
support battery is used.

13
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Methods

In this chapter the course of action is presented, from the system requirements to
the circuit design, simulations and finally physical measurements.

4.1 Electrical system requirements

Since the desired outcome of this project is to be a component in future hybrid
vehicles it needs to fulfill the requirements set by the surrounding electrical system.
Therefore the product needs to be capable of handling voltage transients, high cur-
rent drainage as well as sleep currents. The requirements will be presented in Table

4.1.

Table 4.1: Requirement list with voltage and current levels for the proposed con-
cept.

Requirement Description

Acceptable voltage levels

The system voltage level shall not go below X V for

more than Y ms and never below Z V.

Peak transient current

The supercapacitor shall be able to deliver 235A rms

for 200ms maximum and not go below 11V.

Quiescent current

The design shall be able to fully supply the vehicle

in Abandoned mode.

Inactive current

The design shall be able to fully supply the vehicle

in Inactive mode.

Convenience current

The design shall be able to fully supply the vehicle

in Convenience mode if combined with support battery.

15
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4.2 Circuit design

The circuit consists of three main parts; a DC/DC converter, a comparator circuit
and a supercapacitor circuit. To create and simulate the circuit a design- and simula-
tion tool called LTSpice IV was used. Partly due to its large library of industry-used
components and partly since the tool was introduced and used in several courses
during the education.

When designing the DC/DC converter the information given regarding the pins in
the data sheet was used as a starting point. Thereafter the resistor and capacitor
values were changed based on the desired operation.

The idea for the comparator circuit originates from the desired behaviour of the
project. The supercapacitor is supposed to be supplying the 12V electrical system
with power, and as the energy content in the supercapacitor decreases over time so
will the voltage level. As mentioned in section 3.2 the 12V electrical system within
the vehicle has minimum and maximum limits depending on the time elapsed during
the event. The normal operation voltage for the 12V side of the electrical system
range is around 12V although the system is robust and can withstand both higher
and lower voltages. The voltage thresholds for the comparator are reliant on the
voltage across the supercapacitor, and if it is below 11V or above 15V the compara-
tor circuit will control a MOSFET to ’close’ or ’open’ respectively. Once the switch
is ’closed’ the DC/DC converter will charge the supercapacitor until it reaches 15V
and then ’open’, which isolates the DC/DC galvanically from the 12V system.

4.2.1 DC/DC Converter

As mentioned in section 2.3 the mild hybrid vehicle’s main energy source is a 48V
Li-Ton battery, which supplies the 12V side of the electrical system through a step-
down DC/DC converter. The supercapacitor will be charged through a down-sized
step-down converter that aims to have lower losses in the ’sleep current’ range than
the existing one.

The step-down converter used in this project is the L'T'3845, which is a high voltage,
synchronous, current mode controller. LT3845 has an extremely low quiescent cur-
rent at low loads of 120uA and a power of 75W at 15V which is equal to a charging
current Ioperge = 5A. Based on the information given in the data sheet regarding
the programming of the pins, the resistor and capacitor values were determined.

16



4. Methods

Voltage divider
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| gauu o L1 R3 |
| L Burst EN L‘Y sW — ” el % |
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| Tow  Tow e — |
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| | 111852 | |
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| | 10K | |
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Figure 4.1: Circuit for the DC/DC Buck converter.

4.2.1.1 Pin configuration

In this section the relevant pin configurations will be presented, the entire configu-
ration for all pins can be found in the datasheet for the LT3845 buck converter.

Vin
The Vj, pin is the input for the DC/DC converter, it has a 100uF capacitor on the
input to absorb some voltage fluctuations that may occur from the 48V battery.

Fset
Fset pin programs the oscillator frequency of the converter by an external resistor,

chosen to 191k() since that is given in the datasheet as the converter operating fre-
quency of 100kHz.

FB

The feedback pin, dependent on the size of the resistor voltage divider connected
between the output voltage can be changed to the desired value. It can be seen in
Figure 4.1 that the voltage divider values are set to 120k€2 and 10k€2, by using

Ry

‘/ou = ‘/1,717
! Ri+ Ry

(4.1)

Sense+ and Sense-
The positive and negative pins for the current sense amplifier measuring a 100mV
across the resistor of 10mf2, this results in a maximum current through the inductor

L1 in Figure 4.1 of

Usense 01
et = = — =10A. 4.2
L Reense  0.01 (42)
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But since it is a 75W step-down converter and the output voltage will be 15V, the
current will be ~ 5A.

4.2.2 Comparator

As the supercapacitor supports the 12V electrical system with energy it will be
discharged and recharged in cycles. In order to avoid completely draining the super-
capacitor and not being able to supply the electrical system with the required energy
a voltage threshold that, when reached, activates the charging process is required.
To avoid overcharging and potentially risk breaking the supercapacitors an upper
voltage threshold is set as well, this threshold will stop the charging and isolate the
supercapacitor from the DC/DC converter, hence the supercapacitor is supplying
the 12V electrical system. In Figure 4.2 the entire circuit with all parts is presented.

DC/DC Converter Ris } fl }0 + Supercap
10m — I T p T T T T L2
Jy ] % | |mezszva " Re |
‘ 1N6278B | 5K ‘
100p
l ‘ N out | ‘ ‘
| ol L] | . |
} 1N53788 2 I } 1k ‘
|
‘ RE | ‘ R7 @l ‘
‘ iszu | ‘ 1K MM 558050-H-TP ‘
LM37A_ v ] | |
} |
T T T T T T T T T T T T T T ~ 1 i |
% \ ON/OFF Switches

| | ____ | ON/OFF Switches J
R11 %mz rRe |
9k 100K 1EIEIK|

CompOut

R2
22K

§R1 R10
1K 1K R23

reshold_Comp

c12

47p

R25 a3

LTST-CA50GKT 1K LTST-C150GKT

|
|
|
|
REB7050 RB705D |
|
|
|
|

[Thresholds  imimiem, N

l_LED ON (G) LED OFF (R)|

Figure 4.2: Circuit for the comparator.

In the following sections the different parts of the circuit will be thoroughly presented
and described.
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4.2.2.1 LM317A

This component is a linear regulator that converts the 15V input to a constant out-
put voltage of desired value depending on the resistor values of the voltage divider
on the output (R5 & R6). The output voltage will be used in the threshold part for
the operational amplifiers as rail voltage and non-inverting input voltage for both
OP1 and OP2.

The operational amplifiers in the comparator part of the circuit in Figure 4.2 have
a supply range of 1.8V to 5.5V, which means that a 5V output from the linear regu-
lator is a feasible option. Since the desired output voltage is 5V the equation given
in the datasheet for the LM317A can be used [5]:

R
Vour = 1.25(1 + 52) + Lasp R (4.3)

1
As mentioned in the datasheet the adjustment current (I4;p) is of 100puA, which
results in a very small difference. Therefore it is excluded from the equation, which

then gives the following:

Vo = 1.25(1 + 22 (4.4)
R

Equation 4.4 combined with an E-series compatible resistance R; = 270¢2 and the
output voltage V,,; = 5V gives the following expression:

1.25R,

R,
5—1.95(1 4 -2 — 1.5
(1+575) om0

270
Which then gives the following for R2:

P Ri(5—1.25)  270(3.75)
2 1.25 T 195

The resistor value 810€2 is not in any of the standardized E-series for electrical
components, hence a value of 820¢ is chosen as it is close to the calculated value. A
resulting output voltage slightly higher than 5V is to be expected but the operational
amplifiers, as mentioned previously, has normal operation with a voltage as high as
5.5V. Diodes D2 and D3 are used to prevent external capacitors from discharging
through the regulator and potentially break it.

= 8102

4.2.2.2 Thresholds

Main components in the threshold part of the circuit in Figure 4.2 are two opera-
tional amplifiers (OP1 and OP2) and an NPN-transistor (Q2).

The operational amplifier named "OP1’ compares the voltage over the supercapacitor
with the voltage V (threshold__comp) in Figure 4.2 and if

V (threshold__comp) > V (threshold__scap)

the output signal from OP1 will be ~ 5V. In the opposite case, where
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V (threshold__comp) < V (threshold__scap)

OP1 will output ~ 0V. In Figure 4.2 it can be seen that the voltage of the non-
inverting input of OP1 is determined by a voltage divider of either R1 + Rone or
R1 + (Rone//Rtwo) based on the state of the NPN-transistor Q2.
While

V (threshold__comp) > V (threshold__scap)

the transistor Q2 will not be conducting since the output from OP2 is ~ 0V as
the inverting input (-) is larger than the non-inverting input (+). As the relation
changes and the following becomes true

V (threshold__comp) < V (threshold__scap)

the operational amplifier OP2 will output ~ 5V, consequently transistor Q2 will
start conducting. As Q2 starts conducting the threshold will be lowered since the
voltage divider on the non-inverting (+) input of OP1 gets an additional resistance
Rtwo in parallel with Rone. In Table 4.2 the different MOSFET states are presented
in relation to the voltage relation on the inputs of the operational amplifier OP1.

Table 4.2: Comparators control of the MOSFET.

Voltage relation MOSFET state Voltage divider
Vihreshold supercap < Vihreshold comp ON R1 + Rone
Vihreshold_supercap = Vinreshold_comp ~Off R1 + Rone//two
Vihreshold supercap < Vihreshold comp ON R1 + Rone

4.2.2.3 On/Off Switches

In Figure 4.2 the On/Off switches part of the circuit mainly consists of two switches,
a P-channel MOSFET (M1) and a NPN BJT (Q1). As mentioned in 4.2.2.2 the
operational amplifier, OP1, will output ~ 5V if

V(threshold_comp) > V (threshold_ scap)

which will result in Q1 not conducting, hence M1 is conducting and charging the
supercapacitor module.

4.2.2.4 LED On/Off

The time intervals for the re-occurring stages, II and I1I, will be strongly dependent
on the amount of current drained from the supercapacitor. If a higher current is
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drawn, 4-5A, the time interval before reaching the 11V threshold can be calculated
using (2.4).

4.2.3 Supercapacitor

The supercapacitor used in this project is a 120F automotive module consisting of
five 600F capacitors connected in series, as mentioned in section 3.3.2.

4.3 Simulations

Due to the high switching frequency of 100kH z of the DC/DC converter and the
considerably large capacitor, simulations of the entire system are very time consum-
ing. Therefore the simulations have been split up into separate parts, where the
charging of the supercapacitor has been executed with a fraction of the real value
of the supercapacitor. The comparator circuit from Figure 4.2 was simulated with
a constant 16V input instead of the DC/DC converter from Figure 4.1.

4.3.1 Charging supercapacitor

The simulations for the charging cycle of a supercapacitor of 120F shall have the
same characteristics as for a 100 F' or a 10F" supercapacitor, with the only difference
being the time intervals until the 15V threshold is reached and the charging stops.
Therefore simulations using a supercapacitor of only 100uF’ were executed in a
custom circuit shown in Figure 4.3, where the voltage over the supercapacitor is
forced to 11V by the additional supply unit V3.

DC/DC CONVERTER SUPERCAP

M1

1 MCQ4435

D4 R11 T

5K -
MMBZ33VAL MY SW

R16
1K
PULSE(1 0 6m 1n 1n 80m 10s 1)
/Q}'{/ Q3 _model MY SW SW(Ron=1 Roff=1G Vt=.5)
V2 K 1N4148 V3
" O
1k —
1
~

PULSE(0 10 5m 1n 1n 10s 20s 1)

Figure 4.3: Circuit to simulate the charging of the supercapacitor from 11V to 15.

Instead of having the operational amplifiers and the comparator circuit from Figure
4.2 the circuit in Figure 4.3 is used to simulate the charging of the supercapacitor
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from 11V to 15V. Transistor Q3 is controlled by a voltage supply programmed to
make the transistor stop conducting after 5ms and start the charging of the super-
capacitor.

The charging of the supercapacitor will be simulated with capacitances of Cypercap =
1F and Cgypercap = 10F.

4.3.2 Control of MOSFET

In order to properly cycle the supercapacitor between 11V and 15V the MOSFET
needs to open and close at the right moment, this behaviour is controlled by the
comparator circuit shown in Figure 4.2. The simulations for this part of the system
were conducted using a constant 16V supply instead of the DC/DC converter from
Figure 4.1 due to the increased complexity of the simulation and increased simula-
tion times. If the supplying unit was the DC/DC converter or a constant voltage
supply was irrelevant since the important part of the simulation was to verify that
the comparator is switching the MOSFET at the right voltage thresholds.

The energy flow in the circuit for the charging state is shown in Figure 4.4.

o

DC
Load

Comp. SuperCap

Figure 4.4: Charging state for the circuit.

The energy flow in the circuit for the discharging state is shown in Figure 4.5.

o

DC
Load

Comp. SuperCap

Figure 4.5: Discharging state for the circuit.
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4.4 Hardware prototype

Once the design was finished and the simulations showed the desired results a PCB
layout was created and the components from the design were searched for and put
together in a BOM, Bill of Materials, list. In the BOM list component names,
value, manufacturer, units, unit price etc were entered. All components required to
create the circuit in hardware were inserted in the BOM along with some standoffs
and other peripherals, every component entered with a few reserves in case of any
unwanted accidents. The BOM list can be seen in Appendix 1.

4.4.1 PCB Layout

The schematic was copied from the layout constructed in LTSpicelV while the PCB
and the component layout of the circuit board was designed in a program called
DipTrace, it can be seen in Figure 4.6.

S+

6

TLV6002

MMSSBE50-H-TP
a3

s

q
MMSSBOS0-H-TP
5]
MMSSBO50-H-TP

Vin 5v24
e
TN =1 =t
4148 svae 5= 5=
w
2 Vin T
Vout
1 ADy
N Title
5= Mes1123 Rev. A
Size Description Rev
A4 Eric comparator A
Date: 05.09.2018 [Drawn by MES
Approved by [Sheet 1 of 1
1 | 2 | 3 | 4

Figure 4.6: Schematic layout that was made in DipTrace.
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Once the schematic was transferred the components had to be position in an optimal
way in terms of heat, harmonics and consumption. Generally the most critical traces,
the ones sensitive to changes in impedance or harmonics, are placed first and then
built around. The circuit was designed in a clear, logical way from there on.

The finished PCB layout sent to a printing company can be seen in Figure 4.7. It is
a two-layer PCB with a few through hole mounted components but mainly surface
mounted components of size 1206.

Figure 4.7: PCB layout that was sent to printing company.

The PCB is 70x100mm in size and a photo of the real PCB with components
mounted can be seen in Figure 4.8.

RO

Eric Rudervall
Master Thesis 2018 Mes1123 Rev: A

Figure 4.8: Photo of the PCB with components solder onto it.
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4.5 Physical measurements

When the hardware prototype was built the testing part of the project was initiated.
Several different test cases with and without the DC/DC step-down converter was
planned to be performed, all to mimic real life situations. Unfortunately the pur-
chase department at CEVT AB confirmed the approval of the order, but in fact they
never placed it so the DC/DC step-down converter arrived just two weeks before
the end of the thesis. So instead of testing with the DC/DC converter some tests in
complete vehicle were performed.

4.5.1 Test plan

In order to properly verify the functionality of the design a set of test cases were set
up together with the supervisors at CEV'T, all based on real-life situations. Current
consumption and voltage drops in different vehicle modes such as sleep, inactive,
convenience and active mode were measured. In Table 4.3 a summary of the various
test cases are presented. All test cases were started from OV on the supercapacitor
and it was charged up before the various currents were drained from it. This in
order to get a continuity and simplify the analysis part where different results are
compared.

Table 4.3: Test plan cases.

Environment Test case Sequence

Abandoned mode

Inactive mode

Convenience mode
Rig Test case 4

Test case 5

Test case 6

Test case 7

Supercapacitor supplies the load with 50mA.
Quiescent current for 20 minutes, then 4.5A for 10s.
Inactive mode sequence and then 10A for 10s.

5A for 10s, then 10A until Ugcap =~ 2V

Quiescent current 5min, then 10A until Uscap =~ 2V
5A continuously

4.5A continuously (slow charging)

Abandoned mode
Complete vehicle Inactive mode
Convenience mode

Active mode

Supercapacitor supplies the vehicles 12V system.
Quiescent current for 20 minutes, then 4.5-5A for 10s.
Inactive mode sequence and then 10A for 10s.

Abandoned, inactive, convenience and then active mode.
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4.5.1.1 Abandoned mode

For the vehicle to enter the ’Abandoned mode’ it needs to be locked and left un-
touched for 2-3 minutes. In abandoned mode only the most vital functions needed
for the vehicle to be unlocked and used at any moment are active, their combined
current consumption is approximately 15mA. It can be concluded when observing
Figure 4.9 and Equation 2.4 that the only difference between different quiescent
currents is the time until it reaches 11V for a specific dU. This time is linearly de-
creasing as the quiescent current is increased, therefore a quiescent current of 50mA
was used in the rig environment instead of the 15mA as that test would take

C 120

dt = —dU = —— - 4 = 9600s = 2.66h 4.5
i 0.05 ° (4:5)
to conduct according to Equation 4.5 instead of the
C 120
dt = —dU = ——— - 4 = 32000s = 8.88h 4.6
i 0.015 § (4.6)

for a quiescent current of 15mA. The time-voltage relation for various quiescent
currents are shown in Figure 4.9

Quiescent currents

6 [ -
s :
4 - P _
3 , _
2F e -
/ //,/ —I=5mA
11 P ——I=10mA| |
- I=15mA
/,/" —I=20mA
W~ ~ [=50mA
0 v ! ! ! ! ! ! ! \
0 5 10 15 20 25 30 35 40 45
dT [h]

Figure 4.9: Various quiescent currents presented in a dT-dU graph.
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4.5.1.2 Inactive mode

As the vehicle is brought up from ’Abandoned mode’ it enters ’Inactive mode’ and
consumes approximately 4 — 5A continuously. In Figure 4.10 the times required to
charge the supercapacitor (dT) for a set of five charging currents (I) and voltage
differences (dU) are presented, all based on Equation 2.4.

Charging currents

15
10 - -
5 - —
—I=5A
—I=4A
I=3A
—I=2A
—I=1A
0 | | | | |
0 5 10 15 20 25

dT [min]

Figure 4.10: Various charging currents presented in a dT-dU graph.

4.5.1.3 Convenience mode

When the vehicle is in inactive mode and a user presses the Start button on the
dashboard once the vehicle will enter convenience mode, in this mode the vehi-
cle consumes approximately 10A continuously. Since the comparator circuit only
charges with 5A this case is interesting as the voltage over the supercapacitor will
decrease continuously when a current over 5A is drawn from it.

4.5.1.4 Test case 4

This case is considered to be a real-life scenario, where the user arrives and enters
the vehicle, then puts it in convenience mode for a long period of time. The drainage
will be started at a supercapacitor voltage of Uscap = 15V, which is the optimal
case since it will have the most possible energy stored.

4.5.1.5 Test case 5

This case is also considered to be a real-life scenario, where the user arrives and
enters the vehicle, then puts it in convenience mode for a long period of time. The
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drainage will be started at a supercapacitor voltage of Uscap = 12V, which unlike
Test case 4 is not an optimal case since it will be close to the voltage threshold of

Uscap = 11V.

4.5.1.6 Test case 6

This case is an extension to the inactive mode case, which only consumes 4 — 5A
for a time period of . In this case a constant current Irpsap = HA will be drawn
from the supercapacitor, the desired information gained from this test will be how
the 5A current is divided between the supercapacitor and the comparator circuit.

4.5.1.7 Test case 7

In this case a DC load that consumes 4.5A continuously was applied. This level of
current consumption is close to the charging current from the comparator circuit,
hence an interesting case to investigate in order to evaluate the designs capability
to handle ’slow charging’

4.5.1.8 Active mode

The Active mode is the final state before the ICE is turned on, all ECUs are activated
and the total current consumption is dependent on the equipment level of the vehicle.
With a consumption of ~ 10 — 15A to be expected.

4.5.2 Measurement equipment

To measure the voltages and currents in the physical measurements mentioned in
section 4.5.1 a data acquisition unit is required, along with some current shunts and
contacts. In Table 4.4 all equipment used to perform the measurements is presented.

Table 4.4: Measurement equipment used during physical measurements.

Equipment Specifications Miscellaneous

Yokogawa DL850EV 16 channels, 1 kS/s Data Acquisition Unit
IT8516C+ Case based current DC Load

Current shunt 1 5A /50mV Used to measure Igcap
Current shunt 2 30A/50mV Used to measure Iroap
Banana plugs - To connect points to DAU

Voltages were measured using custom made breakout connectors for the points Vj,
and V,,;, while the threshold voltages Vscaprhreshorda and Vinreshoia Were measured
on small conducting rods soldered to the desired pins on the PCB.
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Results

In this chapter the results retrieved from simulations, theoretical and physical mea-
surements will be presented.

5.1 Simulations

In this section the simulation results for the DC/DC converter in Figure 4.1, the
comparator in Figure 4.2 and the supercapacitor in Figure 3.2 will be presented.

5.1.1 Comparator control

It can be seen in Figure 5.1 the comparator circuit controls the MOSFET so that
when V(out) reaches 15V it opens the MOSFET hence isolating the supercapacitor
from the DC/DC converter. When isolated, the supercapacitor will supply the 12V
electrical system until it reaches 11V, which is the lower threshold that makes the
MOSFET conducting again.

V(out) V(threshhold) V(supercap)

NN

Figure 5.1: Example graph for the comparators purposed operation and control
of the MOSFET.

In Table 5.1 the events in Figure 5.1 are presented and the voltage relation that
determines the MOSFET states are declared.
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Table 5.1: Charge and discharge stages that occur due to the comparators control
of the MOSFET.

Stage Voltage relation Event MOSFET State
I ‘/supercap < ‘/threshold Start'up phase On
II Vjsupercap > ‘/threshold DiSCharge phase Oft

II1 Visupercap < Vinreshota Charging phase  On

5.1.2 Charging of supercapacitor

As mentioned in section 4.3.1 two charging simulations were performed, one with
a supercapacitor of 1F and another of 10F. The results for the charging of the 1F
supercapacitor be seen in Figure 5.2.

V(n013)

Figure 5.2: Charging of a 1F supercapacitor.

In Figure 5.2 it can be seen that the voltage at the supercapacitor is forced to 11V
by the custom circuit and then recharged until it reaches 15V. The charging for the
10F supercapacitor can be seen in Figure 5.3.
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V(n013)

Figure 5.3: Charging of a 10F supercapacitor.

5.2 Theoretical measurement results

As mentioned in the Methods chapter the supercapacitor was charged to 15V and
then the MOSFET transistor turned off and initiated the discharge phase until 11V
was reached, as presented in Table 5.1. The discharge phase times are dependent
on the current that is drained from the supercapacitor, the currents for the usage
modes are shown in Figure 5.4.

Car modes and current consumptions
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Figure 5.4: Car modes and corresponding voltage-time relations with a logarithmic
X-axis.
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In the convenience and active vehicle modes the current drained from the superca-
pacitor is larger than the current supplied by the charging circuit (5A), while it is
approximately equal in the inactive mode. A net loss in energy in the supercapacitor
leads to the voltage level slowly decreasing. As mentioned in Table 4.1 the lowest
voltage level accepted is 9.7V for a very short period of time, therefore the case
where the net supply is negative below the 11V threshold is of interest. In Figure
5.5 the time passed before the voltage decreases with 1V for the different vehicle
modes can be seen.

Time until 10.2V is reached with current net consumptions
I I I I

0.9 B

0.8 B
> 0.7 .
©
20.6 |
5
05 B
o
£00.4 |
8
03 .

0.2 —Inactive (0.5A) m

| Convenience (5A)
0.17 ——Convenience & Active (10A)H
— Active (15A)
0 | | | i
0 50 100 150 200

Time [s]

Figure 5.5: Vehicle modes with net consumption.
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5.3 Physical measurements

The first seven tests in the testing phase of the project were performed according
to the plan from section 4.5.1 without the DC/DC step-down converter and instead
used a 15V power supply. This to verify the functionality of the comparator circuit
prior to performing any tests with the DC/DC converter.

5.3.1 Measurements in rig

All graphs presented in this section are from measurements performed in rig envi-
ronment. The tests performed are all presented in Table 4.3.

5.3.1.1 Abandoned mode

A test with a DC load of 50mA was performed, to mimic the current consumption
in a vehicle in ’abandoned mode’ without being too time consuming. Results are
presented in Figure 5.6.

— Main voltages
Z 20 I \
o | S0 /7
%0 10 - —V B
§ 0 ‘ ‘ ‘ | | | | — Vscar
0 20 40 60 80 100 120 140 160
Time [min]
_ Threshold voltages
> 5 \ \ \ \
% W\ e
S - VSCAP Threshold
§ 0 | | | | | | V’l"hrechold
0 20 40 60 80 100 120 140 160
Time [min]
—_ Currents
< 40 ‘ — Lcar ‘
= — 1
g 20 L LOAD L
=
6 0o | | | | | | | \
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Time [min]

Figure 5.6: Measured voltages and currents for the abandoned mode test sequence
in a rig.
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A zoom in of the charging phase with similar characteristics to the one given in
section 5.1.2. The zoom is on the time period around 160 minutes, where Vipercap
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Figure 5.7: Measured voltages and currents for the zoom in of the abandoned
mode test sequence in a rig.
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5.3.1.2 Inactive mode

A summary of the test sequence for the ’Inactive mode’ test can be seen in Table
4.3 while the extended explanation is presented in section 4.5.1.2.
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Figure 5.8: Measured voltages and currents for the inactive mode test sequence.

A zoom in of the region where the DC load is applied can be seen in Figure 5.9.
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Figure 5.9: Measured voltages and currents for the inactive mode test sequence.
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5.3.1.3 Convenience mode

A summary of the test sequence for ’'Convenience mode’ can be

seen in Table 4.3
while the extended explanation is presented in section 5.3.1.3.
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Figure 5.10: Measured voltages and currents for the convenience mode test se-
quence.

A zoom in of the region where the DC load is applied can be seen in Figure 5.11.
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Figure 5.11: Zoom in on the measured time interval where currents increase in
the end of the measurement.
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5. Results

5.3.1.4 Test case 4

A summary of the test sequence for "Test case 4’ can be seen in Table 4.3 while the

extended explanation is presented in section 4.5.1.4.
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Figure 5.12:

Measured voltages and currents for the test case 4 scenario.
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5. Results

5.3.1.5 Test case 5

A summary of the test sequence for "Test case 5’ can be seen in Table 4.3 while the

extended explanation is presented in section 4.5.1.5. The test result for the case can
be seen in Figure 5.13.
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Figure 5.13: Measured voltages and currents for the test case 5 scenario.

A zoom in of the region where the 10A DC load is applied can be seen in Figure
5.14.
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Figure 5.14: Zoom in on the measured voltages and currents for the test case 5
scenario.
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5. Results

5.3.1.6 Test case 6

A summary of the test sequence for "Test case 6’ can be seen in Table 4.3 while the

extended explanation is presented in section 4.5.1.6. The test result for the case can
be seen in Figure 5.15.
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Figure 5.15: Measured voltages and currents for the test case 6 scenario.
5.3.1.7 Test case 7

A summary of the test sequence for "Test case 7’ can be seen in Table 4.3 while the

extended explanation is presented in section 4.5.1.7. The test result for the case can
be seen in Figure 5.16.
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Figure 5.16: Measured voltages and currents for the ’slow charging’ test sequence.
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5. Results

5.3.1.8 Inrush current

In all measurements presented it can be seen that as the charging is initiated and
the MOSFET transistor is turned on a high inrush current occurs for a very short
period of time. This phenomena can be seen in Figure 5.17.
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Figure 5.17: Measured inrush current that occurs when MOSFET is switched on.
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5. Results

5.3.2 Measurements in vehicle

Due to the late arrival of the DC/DC converter, there was some time free for alter-
natives so measurements in a vehicle were performed instead. The tests performed

in vehicle with the supercapacitor and comparator circuit were executed according
to the test plan in Table 4.3.

5.3.2.1 Abandoned mode

The following was measured when the abandoned mode test sequence was performed
in a vehicle according to the test plan in Table 4.3.

— Main voltages
Z 20 I - le
o — Vscar
%D 15 V“— -—
ST i
210 I ! ! ! I
0 50 100 150 200 250
Time [min]
— Threshold voltages
Z 5 I I
5 T il
53 - VSC/\P Threshold
E 0 | | | | | - VThlcshold
0 50 100 150 200 250
Time [min]
—_ Currents
< 40 I \ S
= — Lo
520 N
=
6 0 ! ! ! ! !
0 50 100 150 200 250
Time [min]

Figure 5.18: Measured voltages and current in

vehicle for abandoned mode test
sequence.
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5. Results

Where a zoom in of the time period where the voltage level of the supercapacitor
reaches ~ 11V, and the charging phase is initiated, can be seen Figure 5.19.
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Figure 5.19: Measured voltages and current in vehicle for the zoom in of the

charging phase for the abandoned mode test sequence.



5. Results

5.3.2.2 Inactive mode

The following was measured when the inactive mode test sequence was performed
in a vehicle accordine to the test nlan in Table 4.3.
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Figure 5.20:
sequence.

Measured voltages and currents in vehicle for inactive mode test

Where a zoom in of the time period where the vehicle goes from abandoned to
inactive, as mentioned in Table 4.3, can be seen Figure 5.21.
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Figure 5.21: Zoom in on measured voltages and currents in vehicle when it goes
from abandoned to inactive mode.
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5. Results

5.3.2.3 Convenience mode

The following was measured when the convenience mode test sequence was per-

formed in a vehicle according to the test plan in Table 4.3.
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Figure 5.22: Measured voltages and currents in vehicle for inactive mode test

sequemnce.

Where a zoom in of the time period where the vehicle goes from abandoned to

inactive and then to convenience can be seen Figure 5.23.
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Figure 5.23: Zoom in on measured voltages and currents in vehicle when it goes

from abandoned to convenience mode.
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5. Results

5.3.2.4 Active mode

The following was measured when the active mode test sequence was performed in
a vehicle according to the test plan in Table 4.3.
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Figure 5.24: Measured voltages and currents in vehicle for active mode test se-

quence.

Where a zoom in of the time period where the vehicle goes from abandoned to
inactive, to convenience and then to active can be seen Figure 5.25.
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Figure 5.25: Zoom in on measured voltages and currents in vehicle when it goes
from abandoned to active mode.
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Discussion

6.1 Supercapacitor dimensioning and design types

Looking at the supercapacitor, increasing the capacitance would lead to a higher
energy storage, but at the expense of increasing volume, weight and cost. Therefore
a balance between capacitance and the three has to be made, based on the desired
outcome. Based on the capacitance of each capacitor unit, design type a or b
presented in the theory section should be used. If the capacitance per unit is lower’,
then the design with two parallel branches should be used in order to 'reach’ the
desired total capacitance. This design will result in a lower internal resistance based
on equation 6.1

R R,
Rin ernal — &5 o - 6.1
T Ry + Ry (6.1)
A lower internal resistance enables for a higher peak current based on ohms law
U 4
I — supercapacitor 6.2
Rinternal ( )
along with lower losses due to
P = RI?. (6.3)

Having a higher number of separate, smaller capacitors within the supercapacitor
module to reach a specific capacitance will increase the size of the module, but
will also enable for a higher peak current to be drawn. Therefore, as mentioned
previously, it is a balance based on the desired outcome and usage area.

In the current usage mode for the supercapacitor the peak current is highly regarded
as it is used to reignite the combustion engine. But in this project the supercapacitor
is used to supply the 12V electrical system with energy, therefore a high peak current
is not as important as a high capacitance to supply a lower current for a longer time
period, hence both design types have their advantages and disadvantages based on
the usage mode.
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6. Discussion

6.2 Circuit design and alternatives

If the concept and thereby the circuit was to be implemented in the future vehicles,
some of the components could be replaced by more standardized options with similar
functionalities that are cheaper. In this thesis the availability of some components
from the supplier was more important than using a standardized option in the
industry due to the short time schedule.

6.3 Results

As mentioned in section 4.3.1 the simulations performed to charge the supercapac-
itor were not executed with the full ’chain’ but rather with a customized circuit
that forced the supercapacitor to 11V at bms and then charged it to 15V. The su-
percapacitor in the simulations was not the full-size unit but rather a fraction of
the total capacitance as the characteristics are identical besides from time intervals.
This due to the extremely long simulation times if using the DC/DC step-down
converter operating at 100kH z and the full 120F supercapacitor. But the voltage
characteristics charging the smaller capacitance are as expected, with a flattening
curve when approaching the rated voltage of 15V.

This concept works very well and handles the various usages modes with the pre-
dicted outcomes, where the 'convenience’” and ’active’ usage modes are problematic
if stayed in for too long as it drains the supercapacitor since the circuit cannot
provide the 10-20A, but rather 5A. Which means that if the 12V electrical system
consumes 15A and the comparator circuit can supply 5A there will be a net loss of
10A from the supercapacitor continuously. The ’active’ usage mode is very rarely
used by the common customer and since all ECU’s are activated it can be discussed
whether the large 48V DC/DC converter should be active or not. Therefore the "ac-
tive’ usage mode shall not be considered when dimensioning the system, but rather
the convenience mode.

It can be seen in all test results using the 15V power supply that once the volt-
age level of the supercapacitor reaches 11V and the MOSFET transistor turns on
the charging a short, but high, inrush current of ~ 25A occurs. The time period
is approximately 100us so it is not dangerous to the circuit, but still an undesired
behaviour. This current occurs partly due to the operating frequency of the 15V
power supply, which is not high enough to fully control the current output when
the charging of the supercapacitor is initiated. In addition, it is partly due to the
DC characteristics of a capacitor, which in an ideal case has an infinite resistance
in DC, which means that when the MOSFET turns on the inrush current will be
higher as the resistance is lower but as time passes the voltage becomes a pure DC
and the resistance becomes infinite again. This can be seen in equation 6.4

1
Z=— (6.4)

as w — 0, Z will be infinite.
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6. Discussion

6.4 Life cycles

When analyzing statistics it can be seen that the average vehicle spends approxi-
mately 3 — 4% of each day driving and the remaining time being parked, that is
approximately 1 hour of driving and 23 hours parked [10]. As can be seen in Ta-
ble 3.1 the lead-acid batteries have between 500 and 2000 cycles depending on the
technology used, compared to the supercapacitor which has approximately 500 000
cycles, as mentioned in 3.3.2. When the vehicle is in abandoned mode most ECU’s
are asleep, which means that they do not consume any power. So by assuming
that the average quiescent current during the 23 hours parked with the vehicle in
abandoned mode is

Iaveragequiescent = 15mA

and one discharge cycle of the supercapacitor takes

C 120
Tdischarge = ————dU

Iaveragequiescent 0.015

4 = 8.88h

summed together with a charging time from 11V to 15V of

120
Teharge = w 4 = 1.6minutes = 0.0267h

equals approximately 8.9 hours per discharge-charge cycle for the supercapacitor.
One life cycle equals 15V — 0V + 0V — 15V, which corresponds to

lif 1
one life cycle 30V _ a7

one discharge-charge cycle Y%

discharge-charge cycles in order to have 'used’ one life cycle. The total number of
hours parked in a year is

hours parked in a year = 23 - 365.24 = 8400.5.

which then results in
8400.5

lif 1 = ———— =251.7.
ife cycles per year S0.3.7% 01.7

The comparison can be seen in Table 6.1.

Table 6.1: Life cycles per year and in total for both lead-acid batteries and super-
capacitor.

Quiescent Life cycles Life cycles Usage time

Type Technology
current per year  total (in years)
Battery Flooded 15mA 125 500 4
AGM 500 2000
Supercapacitor - 15mA 251.7 500 000 1986.5
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6. Discussion

It can be concluded that the supercapacitor due to its large number of life cycles is
exceptional when it comes to low power cycling like the ’Abandoned’ usage mode in
vehicles. But it also has to be noted that the usage time is a theoretical value and
the real life usage time will be way lower due to exposure to temperature, vibrations
and electrical events.

6.5 Future work

The operational amplifiers in the comparator circuit in this project have been used
to control the switching of a MOSFET transistor based on the voltage level over the
supercapacitor. An interesting alternative to the MOSFET would be to have the
operational amplifiers instead control the DC/DC step-down converter by connecting
the output of the OP-AMP (CompOut) to the SHDN pin on the LT3845 DC/DC
converter. By doing this one object in the ’chain’ is removed, which could result in
lower losses and less components. The proposed layout of the alternative described
can be seen in Figure 6.1.
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Figure 6.1: Circuit layout for the proposed future work.

If the solution was to be implemented in a vehicle and thereby replace the 12V lead-
acid battery while fulfilling all requirements on the 12V lead-acid battery, a small
support-battery is necessary. Since the batteries have the ability to support the
vehicle with power for a longer time period, as for example during a generator failure,
which is when the generator is not charging when it should. The supercapacitor
alone cannot supply the vehicle with for example 50A for two minutes, but together
with a support battery it could be achieved. One of the advantages of using a
supercapacitor instead of a battery is the amounts of life cycles the supercapacitor
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has compared to the battery. Therefore, if a support battery is connected in parallel
with the supercapacitor, the recommended lower voltage threshold would be above
the nominal voltage of the support battery. In order to avoid cycling the battery
when the vehicle is in Abandoned, Inactive or Convenience modes.

6.6 Recommendation

The results indicate that the concept works as desired, hence the battery functions
are fulfilled. Combined with the calculations regarding life cycles this should be
considered a viable alternative to the current lead-acid battery solution. If combined
with a support battery all functions mentioned in the Scope would be fulfilled since
the support battery has the electrical characteristics of the larger 12V lead-acid
batteries but is much smaller, since it will only be supporting in failure situations. A
support battery has dimensions 150x85x130 (LxWxH) mm and the supercapacitor,
as mentioned in section 3.3.2, 120x130x80 (LxWxH) mm. This results in a combined
volume of Vscap+SupBart = 2944.5cm?, and if not possible to slot in next to each
other it can be approximated to Vscap+SupBatt = 3000cm?®. In terms of weight the
supercapacitor module with the PCB circuit encapsulated weighs approximately
1.6kg and the support battery 4.4 kg. Comparison of the two alternatives can be
seen in Table 6.2.

Table 6.2: Comparison between current and optional solutions (Lifetime for su-
percap is a theoretical value).

Alternative Volume (cm?®) Weight (kg) Life time (years)
12V Lead-acid battery 10395 21 3-4
SuperCap + Support Battery 3000 6 Vehicles life time

Therefore the concept is recommended and hopefully development will push it fur-
ther and eventually integrate it into mass-produced vehicles.
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Ethical aspects

The lead-acid batteries are used in all parts of the world in various different indus-
tries besides from the automotive industry. Approximately all main and support
batteries in the automotive industry on 12V are of lead-acid type, which makes this
project very relevant as replacing the battery with a less harmful solution to both
nature and the human body is of great interest [1]. Lead-acid batteries that are
being recycled are opened up and the materials within are separated in order for the
materials to be re-used. In some countries this process is executed by children, who
are extremely susceptible to lead and will be affected in the long term as their body
is growing and the lead attacks the organs and disrupt their development. This can,
amongst several conditions, result in abnormal brain functionality, nervous system
disorder or serious kidney damage [2].

As the automotive industry is selling several million vehicles per year, the lead
in the conventional 12V battery cannot solely originate from recycled batteries but
also from mining of new lead. The mining industry and its surrounding activities
are some of the largest environmental pollution sources as they release several highly
toxic materials into the nature during mining, smelting and transporting. As the
heavy metal pollutes the water, soil and air it greatly affects the health of the locals
living in the area [3].

Therefore, finding a substitute or alternative to the lead-acid battery is of great
importance as it will decrease the need for a material that is highly toxic and af-
fects environment, animals and humans. It will also help in reaching the emission
regulations that are set by different global organizations.

53



7. Ethical aspects

o4



S

Conclusion

The theoretical calculations of the charging and discharging times are corresponding
to the real times in the tests, which indicates that the power electronics circuit is
properly designed. Some deviation is to be expected as the real world diverge from
the theoretical world in terms of conduction and power losses.

This project has developed a proof of concept solution that could work as a sub-
stitute to the 12V lead-acid battery within the automotive industry. The concept
circuit only charges the supercapacitor with a current of 5A, but when the concept
is implemented into the automotive industry it should deliver a higher current in
order for it to be able to fully replace the 12V lead-acid battery. Mostly since the
‘convenience’ usage mode consumes approximately 10A and the concept solution
only supplies 5A, this means that when the supercapacitor discharges below a cer-
tain voltage level some functionalities would stop working as the supplied current
and voltage is insufficient.

The supercapacitor + support battery option has both a volume and weight of
approximately 30% of the current 12V lead-acid battery option. Due to its lower
volume, the concept solution could be positioned in another space within the vehi-
cle, eventually closer to the front of the vehicle where most of the high power loads
are positioned. That would reduce weight and cost of the cables, along with lower
voltage drops over the cables as they are shorter.

As the automotive industry is rapidly advancing in terms of functionality, an in-
creased number of ECU’s fulfilling these functions are implemented into the vehicle.
This will lead to an increased average current consumption in the different vehicle
modes; abandoned, inactive, convenience and active. When the average current con-
sumption increases, the 12V lead-acid battery is cycled harder, which means that
the lifespan is shortened from the already short 2-4 years. Therefore the superca-
pacitor concept is extremely interesting as the supercapacitor has approximately
500 000 cycles compared to the 500-2000 of a battery, depending on the technology.
The electrical architectures where the concept can be used are the 400V and 48V
hybrid architectures, where there is a large energy source on the high voltage side
that can supply the supercapacitor with energy, which will keep the 12V electrical
system running.
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Ref. Name Value Manufacturer
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D2
D3
D4
D5
D6
D7
D8
1
J2
LM317A
Q1
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Yageo

Manufacturer part no.
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Comment

OP-AMP

OP-AMP

Through-hole mounted
Through-hole mounted

Through-hole mounted
MOSFET protection

LED diode (R)
LED diode (G)

LED diode (G)
LED diode (G)

MOSFET
NPN
NPN
NPN
NPN

Datasheet
http://www.ti.com/lit/ds/symlink/tlv6001.pdf
http://www.ti.com/lit/ds/symlink/tlv6001.pdf

http://www.onsemi.com/pub/Collateral/MMBZ5V6ALT1-D.PDF
http://www.mccsemi.com/up_pdf/1N4148W(SOD123).pdf
http://www.mccsemi.com/up_pdf/1IN4148W(SOD123).pdf
https://dammedia.osram.info/media/resource/hires/osram-dam-2493888/LH%20R974.pdf
https://dammedia.osram.info/media/resource/hires/osram-dam-2493936/LG%20R971.pdf
http://www.mccsemi.com/up_pdf/1N4148W(SOD123).pdf
https://dammedia.osram.info/media/resource/hires/osram-dam-2493936/LG%20R971.pdf
https://dammedia.osram.info/media/resource/hires/osram-dam-2493936/LG%20R971.pdf
https://media.digikey.com/pdf/Data%20Sheets/Phoenix%20Contact%20PDFs/1935161.pdf
https://media.digikey.com/pdf/Data%20Sheets/Phoenix%20Contact%20PDFs/1935161.pdf
http://www.ti.com/lit/ds/symlink/Im317a.pdf
http://www.mccsemi.com/up_pdf/MCQ4435(SOP-8)-B.pdf
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