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Abstract

The Low Carbon Footprint Hybrid Battery Charger uses photovoltaic arrays and a wind
turbine to charge a stationary battery. The stationary battery is then used to quick-
charge a battery for vehicular applications. The project emphasizes efficient energy
usage by utilizing switch mode power supply design to minimize power dissipation.
Technical topics covered in this paper include battery chemistry, buck-boost design, and
lead-acid battery charging techniques.
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1. Introduction

The goal of the Low Carbon Footprint Hybrid Battery Charger project is to charge
a battery for vehicular applications using the renewable energy resources of
photovoltaic arrays and a wind turbine. The project emphasizes efficient energy
usage by utilizing switch mode power supply design to minimize power
dissipation. The system’s possible modes of operation can provide either
maximum battery life, minimum charge time, or emergency charge. The
completed system will require:

1. using photovoltaic arrays and a wind turbine as renewable energy sources
to charge an electric car battery overnight

2. a power control system that optimizes use of renewable energy
3. a microcontroller based user interface
4. an efficient system for charging a mobile battery from a stationary battery

2. Purpose

The primary application of the Low Carbon Footprint Hybrid Battery Charger is
for vehicular applications. A system like this would be ideal for any commuter
who travels less than about 40 miles (round trip) to work and wants to reduce
their carbon emissions or save some money in comparison to using carbon
based fuels. The commuter would mount photovoltaic arrays and a wind turbine
at their home to continually charge a stationary battery. Whenever their vehicle
needs charging, the mobile battery can be charged from the stationary battery.

This project used a scaled down vehicle to demonstrate the theory involved in
such a system. The target vehicle is the Gaucho, an electric kid’s toy ride on
vehicle, which has been used for previous projects at Bradley University. The
Gaucho battery has significantly less capacity than what would be required for
full scale applications.



3. System Description

Figure 1 depicts the high level system block diagram. The dotted lines in the
figure represent control signals and the solid lines represent power flow. The
control signals will be used to control the flow of power and transmit data for the
user interface. Power flow is the path the power will follow through during the
charging process to reach the mobile battery.
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Figure 1: High Level System Block Diagram

Figure 2 shows a more detailed flowchart of the same system. In Figure 2, the
two buck-boost components, two switching regulator integrated circuits (IC), two
gate drivers, and the lead acid fast charge IC before the stationary battery
compose the stationary battery charger block shown in Figure 1. The two buck-
boost systems will regulate the voltage of the renewable energy sources so they
can easily be combined into one power source. The lead acid fast charge IC is
needed to control the battery charging. The same arrangement of blocks
containing different components also creates the mobile battery charger. Each
subsystem in Figure 2 will be explained in detail.
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Figure 2: Detailed Flow Chart



3.1 Solar Energy

Two BP350J photovoltaic (PV) arrays were . .
selected to collect solar energy. The et P2 B fe 46 Ew- B
maximum specifications for the arrays are Y T
50W, 17.5V, and 2.9A per array. The L Nl LG
photovoltaic arrays can provide sufficient L 3\'\‘\"’ &
energy to charge the mobile battery given . ?JO ‘\"'
1.470 sun hours (kilowatt*hrs/m?/day) in \\ Mirtaspu) O™ TN
Peoria, Illinois with 0 M.P.H. winds [1]. \ A ) Yoo o
Figure A-1 in appendix A shows the Matlab “* o N Y S
code created to calculate the minimum ~STATES <\ _:{,“"'-\
number of photovoltaic arrays. This code A\ ¥ i sl I =
uses sun hours from the Advanced Energy —-}—4 S NI
Group [1] shown in Figure 3. The worst . ARy — L
case condition for sun hours used was in Ve X A 30
Chicago, IL. The best case condition for sun &
hour data was taken in Saint Louis, MO.

The average amount of sun hours used in _
this code represents Peoria, IL. The igure 3: Midwest Average Low Peak
calculations concluded that two PV arrays Solar Insolation [2]

would be adequate. The full results of the

calculations are shown in Figure A-2 in Appendix A. This code also calculated
the efficiency of the BP350J solar panel to be 13.22% based on the
characteristics specified in the datasheet.
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The maximum specification for the solar voltage and current (limited by the
stationary battery charger input) is 36V at 10A. The maximum output from the
PV arrays into the stationary battery charger in a series configuration is within
specifications at 17.5V, 5.8A.

3.2 Wind Energy

Ideally, wind energy would be provided by a full scale residential wind turbine.
For proof of concept, a DC power supply simulated a scaled down version of a
wind turbine. The wind turbine specifications were modeled after the 400W Air-X
residential wind turbine. However, it was assumed the output of the turbine was
a variable voltage based on the turbine speed to make the system more robust.

The turbine’s specifications were compared against the worst case power
generation for Peoria, IL. Based on the U.S. Department of Energy’s statistics,
the average wind speed at a height of 50 meters in Peoria is 14.3-15.7 M.P.H [3].
Based on the Matlab code in Figure A-1, in Appendix A, 1.4 kWh/week (0.2016
kWh/day) are required to provide enough energy to fully charge the mobile
battery everyday of the week. The wind turbine specifications indicate that if
wind speeds of 12 M.P.H., 1.2kWh/day of energy will be produced [4]. This is
ample energy for this application, and within the stationary battery charger input
specifications.



3.3 Buck-Boost Components

The basic buck-boost topology is shown
in Figure 4. The four major components
of thg circuit are a switchj, inductor, On-State

capacitor, and diode. When the switch is K}
closed the inductor charges and the J_
load’s energy is provided by the capacitor. ()

When the switch is open, the inductor T
supplies energy to the load and charges

the capacitor. The inductor current must Oﬁ_StaE

remain above zero (or operating in Iq J_
continuous mode) for the design ()

equations to be accurate. Ideally, a 50% T
switching duty cycle in continuous mode

would result in the output voltage equaling
the input voltage. A duty cycle above
50% would result in a boost power supply,
and a duty cycle below 50% would result in a buck power supply. The switching
speed influences the inductor and capacitor sizes, and a switching frequency of
between 20kHz-100kHz is desirable to minimize component sizes. A reduction
in inductor size is beneficial in lowering DC copper resistance and thereby
increasing efficiency.

Figure 4: Basic Buck-Boost Topology

Components were selected by first calculating the minimum theoretical values via
the Matlab code in Figure A-3, Appendix A. After various specifications for the
buck-boost supply were identified, the minimum inductance and capacitance
were found from a Texas Instruments buck-boost design reference [5]. The
minimum component values calculated are shown in Figure A-4, Appendix A. An
inductance of 800uH was used instead of the minimum value calculated to
increase the L/R time constant. This was done to prevent the input voltage being
from being short circuited during system start-up. A schottky diode was used
because of its low forward voltage drop and rapid recovery time. A MOSFET and
gate drive circuitry were used as the switch in the circuit.

The specifications for the buck-boost system require converting a varying voltage
of 12-36V to 14.2V DC at 10A maximum current. The component parameters
must also be operational at the switching frequency of 50kHz. The Switching
Regulator IC and Gate Driver subsystems are also an important part of the buck-
boost power supply and are discussed below.



3.4 Switching Regulator IC

A pA78S40 switching regulator IC Noninv.  Inv. i o Dhe Swen
was used to provide closed loop e Gnd - Copux Voo - oemee  Goleour Coledu
control of the pulse width modulated o] [ro] [u] [e] [e] [w] [s] [w]
(PWM) signal to the switch of the | —

buck-boost converter. From Figure G I —

5 the basic functionality of the chip L O | T [ )8 Q‘L
becomes apparent. A basic . s
inverting comparator configuration is ﬁ"F s )
used to detect if the output voltage of | [ v | S ]

the buck-boost converter is higher or Refoence A —‘ o1
lower than the reference [6]. An [ r ’—N—‘
inverting configuration had to be % .m lil Vﬁl [%1 S|wilm % [%l
used since the output voltage of the Oupt  Input  hpt  OpAmp Emiter  Anode  Cathode

buck-boost converter is inverted.
From the output of the comparator,
the necessary PWM signal is generated to provide closed loop (output voltage)
feedback. This chip uses an open collector Darlington pair arrangement for the
PWM output. The PWM output of was used to switch a FET via a gate drive
circuit. The internal bipolar junction transistor (BJT) could not be used due to this
project’s high current specifications. A 5V signal was used for the driver collector
and switch collector to minimize power consumption. This resulted in a 0-3.5V
PWM signal output to the gate drive circuit. The timing capacitor was selected so
that the switching frequency was roughly 50kHz to minimize the inductor value.

3.5 Gate Driver

Figure 5: uA78S40 Functional Diagram

A gate driver acts as a voltage translator for HCPL-3120/J312

the control signal and offers the control .

electronics isolation from the power NC 1] - ] 8] Vec
electronics. The HCPL3120 optical isolator ANODE 7} ! —17Vo
was used as a gate driver for a P-channel jlgé H

power MOSFET. A P-channel power CATHODE[3 - | |Lj|q—£| Vo
MOSFET was used to simplify the gate drive NG : v
design by eliminating the need for a floating CBL gD 5] Vee
gate drive circuit. Since a P-channel design

was used, the logic output from the HCPL- Figure 6: HCPL3120 Functional Diagram

3120 had to be inverted. Inverting this

signal also ensured that the P-channel MOSFET would be “off” by default.
Inversion of the signal was accomplished by using a P-channel MOSFET in a
totem pole configuration with an N-Channel MOSFET (see Figure 9).

Figure 6 shows the functional diagram of the HCPL3120 optical isolator. The
recommended current for the anode was 16mA max. Using ohm’s law with an
input voltage of 5V, the necessary input resistance calculated had to be at least
312 ohms at the anode. Vcc was set equal to -15V with reference to Pos_Vin to
ensure the P-channel MOSFET would switch quickly and be fully saturated. Vee
was connected to the reference voltage Pos_Vin (see Figure 9). This



configuration forced the gate-to-source voltage (Vgs) of the P-channel MOSFET
to be either OV or -15V.

3.6 Lead Acid Fast Charge IC

To control the battery charging characteristics and parameters, a lead acid fast
charge IC was used. Essentially, this chip will control the voltage and current
entering the battery as well as check for faults during the battery charging
process. Possible faults could be that the battery thermistor temperature is not
between 32 °F and 106 °F, a battery cell is open, a battery cell is shorted, a
battery cell is faulty, current exceeds maximum rated current for the battery, or
the battery is not present.
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Figure 7: Two Step Voltage Charge Algorithm of BQ-2031 [7]

The voltage output of the buck-boost systems must be 14.2V+Vd so that after the
voltage drop of the diode between the buck-boost system and the BQ2031 the
voltage will be 14.2V. To charge lead-acid batteries, the two step voltage charge
algorithm shown in Figure 7 is used. First, there is a qualification step that
checks to make sure the faults listed above are not present. Next, the voltage
across the battery terminals rises to the bulk charge voltage. The bulk charge
voltage (Vblk in Figure 7) is then held constant until the defined minimum current
is reached. This current is maintained and maintenance charging begins by
changing the charging voltage to the specified float voltage (Vflt in Figure 7). To
setup this chip for a lead acid battery to be charged in two-step voltage
regulation, the Matlab code shown in Figures A-5 through A-7, Appendix A, was
utilized. Figure A-8 shows the results of the calculations and the component
values necessary to charge the stationary battery.

3.7 Stationary Battery

The stationary battery will store renewable energy until power is needed to
charge a mobile battery. Several different battery chemistries were considered
for use as the stationary battery. A synopsis of the differences in battery
chemistries is shown in Appendix A, Figure A-6. The stationary battery selected
was an Optima D31T. Itis a lead acid type to accommodate deep cycle
discharging, trickle charging, and constant battery capacity throughout its lifetime



[8]. In addition, the battery is readily available and offers the best capacity for the
price.

The battery specifications are 12V, 75Ah, with a bulk charge voltage specified as
between 13.8 and 15.0 volts at 10A maximum. The maintenance charge voltage
(Vflt) is between 13.2 and 13.8 volts. In addition, the temperature of the battery
should remain below 125 °F [9]. When the battery capacity drops to 80%, it will
be assumed the battery has reached the end of its life [10].

3.8 Mobile Battery Charger

The mobile battery charger subsystem is similar to the stationary battery charger
subsystem. However, the mobile battery charger will have the ability to switch
modes. The mobile battery charger will accept power from the stationary battery
and the (paralleled) stationary battery charger. The buck-boost for this system
will need to regulate the voltage slightly higher to meet the specifications of the
mobile battery discussed below. In addition, the BQ2031 configuration m-file in
Figure A-5 will need to be re-run with the mobile battery specifications to
determine the BQ2031 values.

The microcontroller will use analog to digital converters to read measurements
from sensors in the mobile battery charger to display data to the user. The
microcontroller will have the ability to switch from rapid charge and trickle charge
via a digital output to the BQ2031. Since the mobile battery charger and
microcontroller were not implemented there are no exact details on how this
would be done.

3.9 Mobile Battery

The mobile battery will be an electric car battery. For proof of concept, this
project will use a Panasonic LC-RA1212P 12V lead-acid battery, used for the
Gaucho. The rated capacity for this battery is 12V, 12Ah. The charging
characteristics of this battery are the same as the stationary battery except the
bulk charge voltage is between 14.5 to 14.9 volts and the maximum current is
4.8A. The specified float voltage is equal to 13.6 through 13.8 volts [11].

4. Simulations

After researching the basic y
structure of the buck-boost % ‘ R3

system, simulations in PSpice L1 DMBRF1045 Vout

were conducted to ensure that 720u ;ggu

the theory was sound and the S
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work. 12
| Vout
The first simulation included just M2 V215

I TD =0

the basic buck-boost topology TR =1n
using an N-channel MOSFET to IRFP240 R4 100 @ A
—L—

IYT

PW =5u
do the switching with an ideal PER = 10u
power source providing the gate

signal. This permitted monitoring
Figure 8: Buck-Boost S|mulat|on Schematic
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the output voltage to ensure the circuit would boost and buck as anticipated.
Also, this ensured that the buck-boost converter would operate in continuous
mode. After observing that the inductor current was indeed continuous and the
output was as anticipated the gate drive circuitry was implemented. The
components used in the Gate drive circuitry did not have models in PSpice so
simulations were not implemented.

5. Implementation

After simulations were completed to ensure basic functionality, the system was
implemented in hardware. The schematic in its entirety is located in Appendix C.
The individual circuit diagram for each subsystem will be discussed below.

5.1 Buck-Boost

The entire buck-boost schematic with feedback and gate drive circuitry is shown
in figure 9. The simulated buck-boost schematic was modified slightly to be able
to ground the output and use a low side driver configuration. In the final buck-
boost circuit a P-channel MOSFET was used for switching, and an optical
isolator driven by a -15V linear voltage regulator was used as a gate driver. Since
the device was P-channel, the logic from the nA78s40 control chip was inverted
to accommodate this change. The inversion was implemented using a P-channel
and N-channel transistor configured such that when the input is high the output is
low and vice versa. Snubber circuitry was added in the form of an RC circuit and
a diode. The snubber circuitry ensures the MOSFET does not turn on and off too

1| a7sos|3 5V
Pos_Vi D3 B
s 1N4748 IRF9520 l‘ce 2 Lcs
4 33u 1u
M3 ;}M AN — =0
IRF9520 —
Ly R7 HCPL,
-= c2 [ 100 Vo -15V prverers IV
22n = IRF640 “ar vo °
R9 L s -c vo T =
R6 100 - -Vee u u
4.7 O
AAA R8
100
14 ¢ ‘ <JBATT-
D2 D1 UAT78540
691120 1 STPS20120D
.| VN __[ 1 Diode Neg SW C 16
= 50 L 1 2 Diode Pos Driver C 15
T 33000 800u PWM | 3 Emitter Ipk Sense 14
b —1 4 OpAmp Out . Vce 13 ct
- ¢ = < —1 5 OpAmp Vcc Timing CaI\P 12 = 470pF
> 220u —| 6 OpAmp Pos GND 11
200 | 7 Opamp Neg Compare Neg 10
8 Vref Out Compare Pos 9 L ?%K
e W 1 2
RC3 == 220u RC2
k| 10K
=0
Neg Vin < BATT +
= Figure 9: Buck-Boost Final Schematic

rapidly, damaging the MOSFET due to inductive voltage spikes. The comparator
of the yA78s40 had the non-inverting input grounded to create a virtual ground at
the inverting input. By doing so, the reference and output voltages could be
compared by using a simple network of resistors. This is the inverting
configuration of the yA78s40. By adjusting RC1 and RC2 in the schematic the
output voltage can easily be adjusted. The output voltage is adjusted by the
equation:

1.25* RC1

Vout =——
RC2+ RC3



10

In system testing a trimming potentiometer was used in place of RC1 so that the
output voltage could be varied according to different batteries. A low-pass filter
was used on the reference voltage to remove noise so that the voltage could
reliably be used to control the output. The pA78s40 was setup to run at 50 kHz
as determined by the timing capacitor Ct1. A linear 5V regulator was used to
provide power to the yA78s40 and ensured the control signal would be 0-3.5V
consistently.

5.2 BQ2031

Charging algorithms are handled using the BQ2031 fast-charge IC. The BQ2031
schematic was designed according to the recommended configuration in the
datasheet. The schematic for the BQ2031 is shown in figure 10.

VCC 5V

BATT +
RB1 RT1
252k 9.4k
RB3 R4 LED2
642k MTO-N.C T LED2
2 £ I ; AM >
W~ 14 PWZ > Pull-Down DSEL'
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19 R3 LED1

LED1
BQ2031 A":"K’ D
RT2N\Q RT cT

19.2k Sy10k- 1101 3.3n RS
LED3 ,
V
< Pul-Down QSEL Tk
S ok

Fiaure 10: BQ2031 Final Schematic

< Pull-Down TSEL
> 10k
LED3

BATT - >

<arr-

The resistor network of RB1, RB2, and RB3 determines the voltage at which the
battery will be charged. RT, RT1, and RT2 are used to set the temperature at
which the battery will charge. MTO is the maximum time-out which has been left
as an open circuit to maximize that parameter. CT sets the frequency at which
the chip regulates the voltage. The LEDs show what state the charge cycle is in
(i.e. float charge, constant current, constant voltage). The PWM output from the
BQ2031 is used to drive a MOSFET which is connected in series to the positive
battery terminal. The PWM keeps the battery from receiving too high of current
(or rises too high in temperature) while the buck-boost regulates the proper
voltage for the battery.

6. Data Sheet

Table 1 shows the voltages and currents for which the designed buck-boost
system can handle reliably.

Value Min. Typical Max. | Units
Input Voltage (Vin) 13.8 17 36 Volts
Input Current (Ii,) - 0.5 10 Amps
Output Voltage(Vou) 0.125 - 25 Volts
Output Power (Pou) - 0.77* Py, | Pin Watts

Table 1: Buck-Boost Specifications
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The buck-boost system is capable of having the output voltage adjusted by
means of a potentiometer. The potentiometer resistance (R,) can change from

100Q) - 200kQ and is varied by the equation:
_1.25*Rp

Vou

=

10,000

With this trimming potentiometer the maximum output allowable by the feedback
circuit is 25V. It was calculated that the system has a 77% power efficiency,
therefore 23% of the input power is dissipated in the circuitry.

The datasheet, power efficiency, and all results were determined under the
charging conditions of 13.9V at 0.5A and with one P-channel MOSFET. This
efficiency can be improved by paralleling multiple P-channel MOSFETSs.

7. Analysis of Results

Upon implementing the buck-boost regulator in hardware the output voltage was
able to be stabilized despite a widely varying input voltage. Figure 11 shows the
output being regulated at 13.9V. There are some transitional spikes but these are
so short they are negligible and could be eliminated with additional filtering. The
final hardware design had constant output voltages with input voltages from 14V
up to 35V. Also by adjusting the potentiometer on the uA78s40 the output voltage
can be changed between 500mV to 25V in order to accommodate different
batteries that may be connected to the system.

The voltage is regulated by the pA78s40 by creating a PWM to control the
MOSFET that bucks or boosts the output voltage. This control signal is shown in
Figure 12.
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One of the most
important things to
check when verifying 0.20

Continuous Inductor Current
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inductor current not reaching zero shows that the buck-boost is operating in
continuous mode and the hardware design is sound.
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Figure 14: Current Delivered to Battery at 13.9V

Once the buck-boost system’s
operation had been verified, a
basic application of charging
was carried out. A small 5Ah
battery was charged using the
buck-boost converter for proof
of concept. A diode was used
to prevent the battery from
discharging back into the
buck-boost and an ammeter
was used to monitor current
into the battery as the battery
was charged. By adjusting the
potentiometer the current
could be regulated by
regulating the voltage to the
battery terminals. Figure 14
shows current flowing into the
battery thus charging the

battery. Additional filtering will be needed to eliminate the high current spikes

entering the battery.
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8. Conclusions

The concept of a hybrid battery charger has been proven feasible by the results
of this project. By achieving a switching power supply capable of regulating input
voltages from 14V to over 35V, it becomes apparent that voltage regulation from
solar panels or wind energy can easily be realized. A system capable of
regulating an arbitrary voltage source at any desire output voltage allows for
battery charging to be completed for any number of target batteries. To achieve a
fully working system all that remains is a battery-to-battery charging system to
charge the mobile battery from the stationary battery. The stationary battery
charging can easily be handled with the buck-boost regulator already created.
This system works as proof of concept of the hybrid charger, however more
optimization would most likely be necessary for realistic applications.
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9. Patents and Standards

The standards shown in Table 2 directly relate to electric vehicle charging
systems, photovoltaic stand-alone systems, and safety. If the system were
commercially marketed compliance to these standards would be mandatory.

Relevant Standard

Description

IEC 62124

Photovoltaic (PV) stand-alone systems Design verification [12]

Overvoltage Protection for Photovoltaic (PV) Power Generating

IEC 61173 Systems [12]
Recommended Practice for Sizing Lead-Acid Batteries for
IEEE 1013 Stand-Alone Photovoltaic (PV) Systems [12]

IEEE 485-1997

IEEE Recommended Practice for Sizing Lead-Acid Batteries for
Stationary Applications [13]

UL 2202 Electric Vehicle Charging System Equipment [13]
Personnel Protection Systems for Electric Vehicle (EV) Supply
UL 2231-1 Circuits: General Requirements [13]
Personnel Protection Systems for Electric Vehicle (EV) Supply
Circuits: Particular Requirements for Protection Devices for
UL 2231-2 Use in Charging Systems [13]
UL 2231-2 Plugs, Receptacles and Couplers for Electric Vehicles [13]

Table 2: Applicable Standards

The patents shown in Table 3 relate to systems similar to a hybrid battery
charger for an electric vehicle. To avoid legal complications rights to the patents
in the table may need to be investigated.

Relevant Patents

Description

U.S. Patent #5646507

Battery charger system [14]

U.S. Patent #6768285

Power system for converting variable source power to constant
load power [14]

U.S. Patent #4024448

Electric vehicle battery charger [14]

U.S. Patent #5144218

Device for determining the charge condition of a battery [14]

U.S. Patent #6204645

Battery charging controller [14]

U.S. Patent #6677730

Device and method for pulse charging a battery...[14]

Table 3: Applicable Patents
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Appendix A: MATLAB Code
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:Blake Eennedy, Phil Thomas

(Advisor: Mr. Gutschlag

(Bradley University Spring 2003

YAlgorithm for determining number of P.V. arrays needed to charge a
thattery and P.V. efficiency

clear al11;
clear workspace:

solar w=0.04z2; F3o0lar module width in meters

solar 1=0.125; tzolar module length in meters

cells=72; fnuber of cells per module on PLV.

sun_hours hi=4.475:; Fmax sun hours %sun hour=Kilowatt-hrs/m?*/day
sun_hours_ lo=1.47; FWOrst case sun hours

sun_hours swg=3.76; taverage of high and low

battery w=12; thattery to charge voltage

hattery ah=12; *hattery to charge amp hour rating

batt_charge eff=1.4; thattery charing inefficiency
%= l+4jinefficiency percentage]
L (usually around 1.2 for lead ascid)

tztationary battery(.2) + wokhile battery(.2) =1.4
joules_max = 180000; Fmaximoen joules possible at maximan power rating
KW _max = joules max/3600000; Foonvert to kW
sun density=1; (MNominal Sun power Density defined in kW/m™2
mobile wh=hattery w*battery_sh; (ocapacity of battery in watt hours
mobile j=mwobile wh*3600; (capacity of hattery in Jjoules
solar area=solar w¥solar l¥cells; tcalculate area of solar panel

solar_efficienc?=kw_maxf[snlar_area*sun_densit?];
tzolar module efficiency
joules_hi=le3d*solar area*solar efficiency*3600;
foaloulate joules generates/module
if joules hixjoules max tcheck not over 540 rating
joules hi=joules max:
end
joules_hi=joules_hi*sun hours hi; foaleulate no of Joules/module/day
joules lo=le3¥solar area¥solar efficiency*3600;
if joules loxjoules max
Joules_lo=joules_max:
end
joules_lo=joules lo*sun_hours lo;
joules avg=lei*solar area¥®solar efficiency*3c00;
if joules avgrjoules max
Joules_swvg=joules_mwax:
end
joules_avg=joules avg¥sun hours avg:

number_solar_hi=[mohile_j*batt_charge_eff]/jnules_hi
number_solar_lo=[mobile_j*batt_charge_eff]/jDulES_lD
number_solar_avg=tmobile_j*batt_charge_eff]ijules_avg

[=] i

|

[ M A ~nl oo

Figure A-1: Calculates the number of P.V arrays necessary and P.V. array efficiency




Mame £ | Walue Clazs
tHbatt charge eff @ 1.4 double
FH battery_ah 12 double
A battery v 12 double
HH cells 72 double
M joules_avy B.76Ge+I05 double
Hﬂjnules_hi 5.055=-+H105 dauble
Hﬂjnules_ln 2 BABe+HI05 dauble
HH joules_rmax 1.8e+105 double
A kv rmax 0.05 double
A mobile_j 5.184e+H105 double
FH mobile_wh 144 double
A number_solar_... 1.0723 douhle
M number_solar_hi 090101 double
H number_solar_ o 27429 dauble
H saolar_area 0.378 dauble
HH =olar_efficiency 013228 double
A saolar | 0.125 double
A solar w 0.042 double
FH sun_density 1 douhle
A sun_hours_avg  3.75 double
H sun_hours_hi 4.475 dauble
H sun_hours_lo 1.47 dauble

Figure A-2: Results of Figure A-1- Minimum Number of P.V. Arrays and Solar Efficiency
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%] Editor - F:\Senior Project\Research\ComponentCalcs.m g@ﬁ
File Edit Text Cell Tools Debug Deskbop ‘Window  Help o | ? X
DBl f2Roc |8 MAF| K| BRE B8 seckb:e |
ik %Blake Eennedy, Phil Thomas
2 (Bradley University
3 (Minimum Buck-FBoost Component 3izes
4 55/12/08
5
[T clear all:
Tk cle;
=]
9 (Warishle Definitions
10 =  WVWin wax=36; FMaximum input woltage to buck-hoost (V)
R = delta Il=.1: YInductor ripple current ([4)
A5 Il=20; EMaximuwm DC Inductor Current ([A4)
15 Rl=.1; Y Inductor D Resistance (ohin)
e = D min=20; EFMinirum duty cycle (%)
it F==50000; (G3witching Frecguency (Hz)
16 — Rds on=.1: %.45 ohm paralleled multiple tCimes (ol
e To _max=10; YMaximun cutput current of buck-hoost (4]
15 - D max=80; FMaxirum duty cycle (%)
15l delta Vo=.5; (Change in ripple wvoltage (V)
20
21 (Calculations
22 - Wds wax=I1*Rds on; 3%Max Vds off wvalue of transistors (V]
Bl ID_critical=delta_Il,f'2,:-"sHin output I to maintain continous conduction (&)
24 -~ Ton wax=(1/Fs)*(D_min/100) ;¥Max transistor time on (=)
RS L min=.5%{ (Vin max-Vds_max-Rl) *R1} * (TDn_max/ (Il-delta I1);;
ZB EMinirmum inductance for buck-bhoost [(H)
27 = C min=(Io max* (D mwax/100) )/ (Fa*delta Vo) :
Z8 EFMinimuam output capacitor sSi=e
29 - ESR max=delta Vo/((Io_max/ (1+(D _mwax/100)))+Io critical);
30 EMaxirmwum ESE with Capacitor
(%] 1 | [
| panelcalcsll.m ><|| ComponertCalcs.m =
| serit Ln 30 Col 48 oo

Figure A-3: Calculates the minimum requirements of components in the buck-boost power stage



Marme £ Value Clazs
HHC min 0.00032 double
HHD rmax 20 double
HH O _rmin 20 double
H ESR_rax 0.089197 double
HHFs &£0000 double
i 20 double
FH 1o critical 0.05 double
1o max 10 double
HHL min 3.407 e-007 double
HH Rds_on 0.1 double
H R 0.1 double
Eﬂ Tan_max Ae-00G double
EEl Vds_max 2 double
EEl Vin_max 36 double
H detta_ll 0.1 double
H delta_vo 0.5 double

Figure A-4: Results of Figure A-3- Minimum Component Requirements for Buck-Boost Converter
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FBQ2031 Configuration for Lead Acid Battery Charging
(Equations frow Unitrode BQ2031 Suppliment

(BQ2031 Defined Parameters

FCo=100uF; 3From suppliment

Cells=g6; 3define nuwkber of cells in hattery

VElt=z2.216; %*define float woltage for trickle charging hattery
Vhlk=2.36; %*define bulk charge wvoltage for charging battery per cell

Imax=10; tdefine maximun current bhattery can take while charging
Imin=1; 3define minimun current hattery can take while bulk charging
REZ2=50e3; tdefine walue for REZ [arbitrary- S50k recommended)

tmaintains charging wvoltage
F==30000; tdefine switching freguecy in EH=
Vintax=36; (Define maximun input woltage
Vinmin=12Z; %Define minimum input wvoltage
Ci=.000001; :*Current Gain stability capacitor
(Wisually inspect Figure(l) and Figure(2)to ensure:

Ri=.0025; 3Internal Battery Resistance

Ah=75; tCapacity of Battery in Lh

TCCo=106; tdefine high temperature to stop charging at [(degrees F)
TCO=32; tdefine low temperature to stop charging at (degrees F)

£"The gain and phase characteristics of the OTL and associated
Foirculitry must be adjusted to weet the following

t(three criteria for loop stability:

%21. Total open-loop gain [(ILi(3) and VLis) shove) must

(he forced to 0dBE at a crossover frequency (FC) equal

(to at least 1/6 the switching freguency (F3).

2. The phase of the total open-loop gain at FC must be

t(at least 45 degress less than 150 degrees.™

(BQ2031 Caloulations
REl1=(((Cell=s*VEflt)/2.2)-1) *RE2; (RE]1 maintains charging woltaoge
EE3=z .2*RE1*REZ/ ((Cells*Vblk*REB2)-(2.2*(REZ+RE1))):

YREI mwaintains charging voltage
Esns=i(.250/ Imax) ; Fourrent sense for shutoff

TCOE=( (TCO-3Z.)/1.8)4+273.15; FTCO in Eelwvin

Figure A-5: Configuration File for BQ2031 Part 1 of 3
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40
41
42
43
43
45
46
47
45
49
50
51
52
53
54
55
56
57
S
59
60
61
62
63
63
65
1]
67
[<15]
69
7o
71
Ta
73
74
75
Ta
7
wa

TCOE=TCOE"

TCO=85;

—-l%use with Fig 22.1 in notekhook to find resistance Etco
*relates to skhout 10.5k ohms

tdefine temperature to resuwme charging after tewp fault (degrees F)

TCOK=( (TCO-32.)/1.8)+273.15; 5TCO in Eelvin

TCOE=TCOE"

—-l%use with Fig 22.1 in notekhook to find resistance BEhtf
*relates to skhout 12k ohms

TCOK=((TCO-32.)/1.8)4273.15; FTCO in Kelvin

TCOE=TCOE"

—1l%use with Fig 22.1 in notebook to find resistance Etoco
*relates to skhout 110k ohms

Cpwn=0.0001/F=; YCpwmn iz defined in F

LCurrent Gain Stability
mun=[0 0.47*Vinmax*105] ;
den=[250000+*Ci 1]:

figure (1)
w = [0.1:

0.1: 300007 ;

bode [nuawn, den, w)

title|'Current Loop Gain Transfer Function'):

grid on

tWoltage Gain Stability

D={(1/REZ]
sCE=1/ (273
sCw={ 1/ (2

sRw=1/ [2%3

+(1/BB3) )~ (-11/ ([ (1/RB2)+(1/BE3) )" (-1)+REB1) ;
14*%RE1%200) ;  Fhssumes fz1=Z00Hz from Figure 2 in suppliment
*E*3.14) ) - (1/ (2*3.14*%200) ) )/ (2.5%10"5) ;
Yhzsumes fpl=S5H= from Figure 9 in suppliment
Yhzsumes f£z2=200Hz frow Figure 2 in supplinent
L14FCw200) ; FAzsumes fzZ=2Z00H=z from Figure 9 in =suppliment

L=({Cells*Vhlk*0.5)/ (FE*2*Imin) ;

Ch=100%ih;
fzo=1/ (2*3
fpo=1/(2%3
fzl=fpo/2;

- 14*%Ri*Ch)
.14%(L*Ch)"0.5):

Figure A-6: Configuration File for BQ2031 Part 2 of 3



=)
g0
=
g2
g3
=
g5
g6
=
=1
g9
a0
91
=
93
94
95
=1
7
95
99
100
101
102
103
104
105
106
107
105
102
110
111
11=

faz=fpoiZ;

Cf={1/(2%3.14%RE1%fz1)];
fpE=1/ (2%3.14*D*RE1*CE] ;
Fo=Cells* (Vblk/ Imax) ;
wo=1/ (L*Ch)"~.5;

Fo=Fs/Z20

num=[250000*Ch*, 47 *Vinmax .47 *Vimmax]
den=[ (1/wo]~2 [ (Ri*Ch)+(L/RBo)) 1]:

w = [0.1: 0.1: 100000];

figure(z)

bode [num, den, w)

ticle('G(s) ')

grid on

(5 (Fz) i=s taken from Figure 3 to find A(fp2)

2h(fp2)= solve (Z0%log(1/x)1=3(Fx)

twhere G(Fo) 1z the galin of Figure 3 (¢(=2)) at Fo converted to decimal
ERw=(L(EfpZ) *Z.5%10°5)/ (A (£p2) - (105%D) ) ;

Rw=(178.8e-9%2  5%*10"5)/ (178.8e—-0- (105%D) ) ;
Cv=1/(2%3.14%Rvefaz] ;
Ci=1/(2+3.14%{2.5%10°5) * (fpo/2]1]):

nwe=[ 105 *Cw*D¥RE1*Ew 105+ CE+*D*REL1+105%Cv*Rv 105%D] ;
den=[Cw*CE*D*RE1*Rw+250000*Cw*CE£*D*RE1 CE£*D*RE1+Cvw*Rv+Z50000%Cw 1] ;
figure (3]

w = [0.1: O.1: 100000];

bode (num, den, w)

title('Lis)'):

grid on

Figure A-7: Configuration File for BQ2031 Part 3 of 3



Mame L Walue Clazs
HH Ah 75 double
HHch 7500 double
HH cells = double
H i 7.4608e-006 double
HH ci 7 526e-005 double
HH Cpwm 3.3333e-009 double
HH cv 56,66 double
Ho 0.15537 double
HFe 1500 double
HHFs 30000 double
HH 1max 10 double
HH Imin 1 double
HL 0.000118 double
M rEt 2 £218e+105 double
HH re2 £0000 double
H rE3 B.4213e+005 double
Hi ri 0.0025 double
H o 1416 double
HH Rsns 0.025 double
HH Ry -0.0027401 double
Htco B85 double
HTooK 0.0033045 double

“hik 236 double
it 2216 double
Yinmax a3h double
Yinmin 12 douhle
den [5.01582e+H007 -1.7...  double
fo2 0.54473 double
fpo 015927 double
fz1 0.084633 double
fz2 0.084633 double
fzo 0.0034926 double
1] num [7.7404e+005 2232, double
1 =1x1000000 double=  double
1] Wi 1.063 double

Figure A-5: BQ2031 Configuration File Results
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Appendix B: Battery Comparison

Tempe'a(tg)’ °Range 1391°° 50t0-20 45t0-40 50 to -20 60 to -40
Calendar Life (years) ? 2to5 2to5 2to5 2to 8
300 to
Max Charge Cycles 300+ 1000+ 700 300 to 600 250 to 500
Discharge Profile Flat Slope Flat Flat Flat
Self Discharge Rate @ Very
20C (% /mo) Low 2 15 to 20 15 to 25 4to 8
Memory Effect No No Yes Yes No
Ability to Trickle Yes No Yes Yes Yes
Charge
Charging
Characteristic 2 stage
Deep Discharge Yes Yes Yes Yes No
OIS Yes Yes Yes Yes No
Charge
Constant Voltage Or
Current Charge Voltage Voltage Current Current Voltage
Relatéve Ex_pensel Cheap Expensive Moderate Moderate Cheap
apacity
Approx Expense 15, . ggg 300 350 80
(dollars)

Figure B-1: Battery Chemistry Summary



Appendix C: Final Schematic

11 1u78050—2 -
Pos_Vin D3
1N4748 IRF9520 cé Z cs
.33u u
M3 AAA
IRF9520 v
1 R7 HCPL3120
- c2 100 | B8-vee 15V 3 omenel
22n IRF640 PWI b-Anode  7-Vo T L”7915|_1_
5 Cathode 6-Vo c7 1 ce=,
R6 100 5-vee T 1 T 22 0
4.7
A R8
vy 100
g ¢ < JeaTT-
b2 D1 UA78540
691120 STPS20120D
— 1 Diode Neg . SW C 16
L —| 2 Diode Pos Driver C 15
800u PWM__ | 3 Emitter Ipk Sense 14
—] 4 OpAmp Out Vece 13 J e
- ¢t —| 5 OpAmp Vcc Timing CaI\F 12 == 470pF
220u —] 6 OpAmp Pos GND 11
200 —] 7 Opamp Neg Compare Neg 10 L
8 Vref Out Compare Pos 9 < RC1
=0 > 110K
R2 A
02 W\
RC2
10K
Neg_ Vin < JpaTT+
1YI o
g IRFP240
VCC 5V
o
BATT +
; RT1
S 9.4k
4 LED2
MTO-N.C. T LED2 , 0 N
2 1 v “
s 14 PWZ Pull-Down DSEL'
I 1 10k
b 17]
- 1] com com
- 1 LED1
s 9 LED1 pan N
BQ2031 "1?' i
< Pull-Down TSEL
L S
RTZ\S RT cT > 10k
19.2k S\10k- 110 3.3n R5 LED3
LED3 pan N
Wy Dt
BatT- [ < Pul-Down QSEL 1k
T 10k
<___BATT -

Figure C-1: Final Schematic



