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ABSTRACT
This work addressed five key issues related to effective use of electric energy by

dismounted troops, working both at the individual level and at the squad level, with the
fundamental goal of reducing the total mass of the electric power sources carried by a
Marine in the Expeditionary Forces while still meeting all of his electric power demands.
To achieve that goal, this work investigated the effectiveness of hybrid power sources
composed variously of batteries, fuel cells, and super capacitors, it developed control al-
gorithms for those hybrid power sources, it assessed the value of recovering energy from
partially spent primary cells, it developed more-efficient methods of capturing energy
from photovoltaic sources, and it developed simulation-based tools for planning the car-

0 riage of sufficient electric energy to power specific suites of equipment as necessary to
accomplish specific missions.

INTRODUCTION
Soldier systems power sources were explored in a multidisciplinary and multidimensional

effort that encompassed multiple aspects of the problem -- from understanding and improving

individual power source components to integrating those components into effective systems, pre-

dicting the performance of those systems, and providing tools to best use those systems.

During this project, twenty-seven (27) journal and conference papers were published and

one invention disclosure was filed. The publication list is detailed in Section 8. Papers [2, 21] fo-

cus on modeling of batteries and fuel cells. Papers [12, 15, 18, 24] describe the design and per-

formance of fuel cell powered battery charging systems. Studies of hybrid fuel cell/ battery power

sources are detailed in papers [3, 6, 8, 13, 14, 16, 17, 20, 25, 26] and hybrid battery/ultracapacitor

power sources in papers [7, 22]. Papers [4, 5] describe the usage of secondary batteries as tempo-

rary energy repositories and the design of an automatic energy recovery system for partially spent

batteries. Papers [1, 9, 10, 11, 19, 23] present study results on photovoltaic power systems. Fi-

nally, a preliminary patent on technology for optimally configuring solar power sources for mo-

bile equipment has been disclosed and filed as described in [27] Because of the completeness of

these papers, this report provides only an overview of the accomplishments. The full story on

each can then be obtained from the corresponding publication(s)._All the publications reported

here were supported to some extent by this project (contract number N00014-03-1-0952) al-

though some also inherited components from the prior project (Modeling of Power Systems for

Marines -contract number N00014-00-1-0368) but were not reported on that prior project due to

publication delays.
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A simulation tool called "Battery Analyzer for Squad Level Mission Planning" was de-

veloped which considers power requirements of various equipment during missions and associ-

ated operational environments. The tool operates in conjunction with the Virtual Test Bed (VTB)

software (which was used extensively in all aspects of this work) to specify battery carriage re-

quirements that will maximize the energy available to each member of a squad without increasing

the total battery count that has to be carried. In addition, it is used to evaluate alternative sources,

e.g., fuel cells. Details are described in Section 7.

The work had four significant foci. The first was understanding and modeling of individ-

* ual electrochemical power components, such as batteries, fuel cells, and ultracapacitors, etc. The

second was design and assessment of hybrid power systems by integrating those components

with/without necessary power electronics. The third was development of a power source evalua-

tion tool that can be used to estimate the power requirements for any particular mission based on

likely equipment use scenarios. The fourth was exergy minimization analysis that can be used to

identify specific schemes for energy utilization that maximize the value of every watt-hour of

energy carried while minimizing the risk of being caught without power when it is needed. As a

result of these studies, we believe that we are poised to make significant improvements in the ca-

pabilities of solider power systems. Specific accomplishments of the studies include:

Battery and fuel cell models

o Dynamic battery models have been developed in the VTB, which are suitable

for virtual-prototyping of battery involved power systems. Models account for

nonlinear equilibrium potentials, rate- and temperature-dependencies, thermal

effects and response to transient power demand. The models are based on pub-

licly available data such as the manufacturers' data sheets. Model outputs agree

both with manufacturer's data and with experimental results.

o A system-level PEM fuel cell model has been formulated in the VTB, which ac-

counts for the electrochemical voltage-current relationship, heat production, fuel

and air consumption, temperature and pressure dependence, and estimated mass

of the stack.

o A DMFC model has been developed in the VTB. The model covers the physical

aspects of the DMFC that most significantly impact its system level perform-

ance, including separate anode and cathode kinetics, mass transport losses, para-

sitic losses caused by methanol crossover, and heat losses due to convection and

2



Soldier System Power Sources Final Project Report

water vaporization. The model also includes and represents the transient charac-

teristics of the voltage and temperature.

" An advanced programmable load model was developed. The time dependent load

characteristics are described by a look up table in the user-friendly form of an Excel

spread sheet. When configured for natural coupling to a power network, this model

functions as a voltage (or pressure, speed, etc.), current (or mass flow, torque, etc.),

resistive, or power load. When configured for signal coupling, this model can control

signal dependent source models.

* Reference mission scenarios and test beds. A probabilistic load profile generator was

developed in MS Excel, which allows a user to define particular suites of equipment

and usage scenarios for that equipment, that can then be used to evaluate the efficacy

of arbitrary power sources.

" Hybrid power systems

o A zinc-air battery/ lithium ion battery hybrid power source was studied by using

simulation models and also by testing on actual hardware. The performance of.

the hybrid was compared to that of a lithium ion battery to demonstrate the im-

provement in performance on both specific power and specific energy.

o An actively controlled battery/ ultracapacitor hybrid power source was investi-

gated through both simulations and experimental tests. A DC-DC power con-

verter actively controlled the flow of power between the battery, the ultracapaci-

tor, and the load. A specific example of the hybrid that was built from two size

18650 lithium-ion cells and two 100-F ultracapacitors achieved a peak power of

132W, which is three-times larger than that of a corresponding passive hybrid

power source (without a power converter), and a seven times better than the lith-

ium-ion cells alone.

o Two configurations of an actively controlled fuel cell/ battery hybrid system

were studied with special attention to the peak power enhancement, control de-

sign, and power losses in the DC-DC converter. Both of the defined configura-

tions were built using a 35 W polymer electrolyte membrane (PEM) fuel cell, an

8-cell lithium-ion battery pack, and a high-efficiency power converter. Both

configurations yielded a peak power output of 135 W, about 4 times as high as

the fuel cell alone could supply, with only a slight (13%) increase of weight.

0 3
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o A fuel cell powered battery charging station was investigated by simulation and

experiments and two control strategies were developed. The first control strat-

egy adjusted the charging currents of the batteries being simultaneously charged

in real-time according to the estimated state-of-charge (SOC) of each cell,

which was obtained by estimating the battery open-circuit voltage with current

correction and linearly fitting between the open-circuit voltage and the state-of-

charge. The second is a synergetic control strategy. A practical synergetic con-

troller to coordinate pulse current charging of the battery was synthesized and

discussed. It provides asymptotic stability with respect to the required operating

modes, invariance to load variations, and robustness to variation of the input and

converter parameters.

" Exergy minimization

" An intelligent scheduling of the use of specific batteries in specific equipment

was designed.

"o Energy reclamation from partially depleted primary batteries, using secondary

battery cells as temporary energy repositories, was studied in simulations.

"o An automatic energy optimization system was studied in simulations. It shows

the feasibility of recovering energy from partially depleted primary batteries and

consolidating it into one or more secondary batteries.

" Photovoltaic Power System

"o A state space approach to the design of a maximum power point (MPP) tracking

system for photovoltaic energy conversion was presented and simulated.

"o An optimum configuration of cell connections to maximize the power generated

by a solar array was investigated. The study found that, under complex irradi-

ance conditions, the power generation capability of a solar array using the pro-

posed configuration is enhanced by a factor of 2 without extra component costs.

In addition, tracking at the maximum power point is significantly simplified. By

controlling the solar array terminal voltage to follow prescribed values, the

power generation is maximized; thus, the complexity of hardware implementa-

tion is reduced and the control stability is enhanced.

4
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This report is arranged as follows: Sections 2 and 3, respectively, describe the develop-

ment of component models and reference mission scenarios. Section 4 details the studies of hy-

bridization schemes including battery/ battery hybrids, fuel cell/ battery hybrids, battery/ ultraca-

pacitor hybrids, and fuel cell powered battery chargers. Section 5 describes the exergy minimiza-

tion analysis and Section 6 presents the efficacy study of photovoltaic power systems. Finally, in

Sections 7 and 8, we describe the project deliverables and the publications that resulted from this

work. The appendices contain related model help files and copies of the publications. Executable

software is provided on a separate CD.

O

MODELS OF POWER SOURCE COMPONENTS
A set of simulation models for standard power sources of interest to the Marine Corps has

been developed for the Virtual Test Bed environment: 1) models of battery types include Lithium

ion, Li-S02, Li-MnO2, Zinc-air, and Alkaline; 2) models of fuel cell types include PEM and

DMFC.

MODELING OF BATTERIES

A generic formulation for system-level models of lithium ion batteries was developed.

The formulation accounts for nonlinear equilibrium potentials, rate- and temperature-

dependencies, thermal effects and response to transient power demand. To fit all of these data, the

electrical model has three components: 1) an equilibrium potential E, 2) an internal resistance

having two components R, and R2, and 3) and an effective capacitance that represents localized

storage of chemical energy within the porous electrodes. The thermal model has lumped heat ca-

pacity, heat source, and thermal resistance to the ambient. The schematic of the electrical equiva-

lent is shown in Fig. 2.1.

0
-4-,

C

R,

V1

Fig. 2.1. Schematic of electrical model of lithium ion battery.

The procedure for developing the model involves first establishing one typical curve of

battery voltage verses the depth of discharge as the reference curve. To yield the highest overall

5
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accuracy, this reference curve should lie near the median expected operating current, usually the

1-C or 0.5-C rate. The equilibrium potential as a function of the state of discharge was then found

by excluding the ohmic losses. Secondly, the discharge rate (i.e. the current) for the reference

curve was chosen as the reference rate. Thirdly, the temperature for the reference curve was cho-

sen as the reference temperature. The dependence of the state of discharge on temperature was

accounted for by a temperature factor, which has value unity for the reference curve. In the 4th

and final step, a temperature-dependent potential correction term was used to compensate for the

variation of equilibrium potential that is induced by temperature changes at the reference rate.

Figs. 2.2 and 2.3 show the resulting rate dependence of the potential and temperature dependent

characteristics. It can be seen that the model outputs matches the manufacturer's data well.

42 Mnufachver's Data

-Slmmuston

--- - - _ _- ........ ...............

3.4.

0 0.2 0.4 0.6 0.8 1
State of Discharge

Fig. 2.2. Rate dependence of the battery voltage for currents of (from top to bottom) 0.28 A, 0. 7 A, 1.0 A,
1.4 A, and 2.8 A at a constant temperature of23 C.

4.4 ,

= Manufacturers Data

g34

•13 8e6

2.8

2.6

0 0.2 0.4 0.6 0.8 1

State of Discharge

Fig. 2.3. Battery voltage versus SOD, at temperatures of (top to bottom) 45 C, 34 C, 23 C, 10 C, 0 C, -10
C, and -20 C. The discharge rate is 0. 7 A.

This modeling method was extended and modified to the other types of battery models

including Li-SO 2 Battery (BA5590U15V), Li-SO 2 Battery (BA5800U6V), Alkaline AA/AAA

battery, and Generic battery.

6
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MODELING OF FUEL CELLS

Polymer Electrolyte Membrane (PEM) fuel cell model

A polymer electrolyte membrane fuel cell model was developed. It includes the electro-

chemical voltage-current relationship, heat production, fuel and air consumption, temperature and

pressure dependence, and estimated mass of the stack. The model equations were derived from

peer reviewed academic journals, internal studies, and texts on the subject of fuel cells.

Fig. 2.4 shows a test schematic that can be used to evaluate parameter settings, and sam-

ple results. Note that the simulation results are indistinguishable from the calculated values. This

model is valid only when positive current is sourced by the fuel cell, and for feedstock pressures

and temperatures within the ranges of 7.4-30 PSIG, and -10 to 60 Celsius respectively.

RO

"Source - -.iC.............
_______u putpO

________ \'Dynanic

Source __ Electrical 4

'.......... ..... Load •

Loa
,•,. Ai 4 - --- G

_ 2 "m~SOTenipeituire"
Oi l .. Source

%1 o 2.ý 4oo o

Gic. ,
- Calculated u (An,•

Siuldaited

Fig. 2.4. VTB Schematic used to evaluate parameter settings, and sample results.

Direct Methanol Fuel Cell (DMFC) model

A system level model of a direct methanol fuel cell (DMFC) stack was built. The model

covers the physical aspects of the DMFC that most significantly impact its system level perform-

ance, including separate anode and cathode kinetics, mass transport losses, parasitic losses caused

by methanol crossover, and heat losses due to convection and water vaporization. The model also

represents the transient characteristics of the voltage and temperature. The stack performance is

highly dependent on operating conditions such as temperature and reactant concentrations, and so

the model, like the real fuel cell, will perform effectively only if the stack temperature is ade-

quately maintained and sufficient quantities of oxygen and methanol are supplied.

The model was derived on a region by region basis, with different regions connected to-

gether at boundaries where natural conservation laws are enforced. The physical processes within

each region were modeled independently. The fuel cell model represents the effects of flow chan-

nels on the anode and cathode sides of the bipolar plates, anode and cathode catalyst layers where

7
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the electrochemical reactions occur, backing layers for transporting reactants from the flow chan-

nels to the catalyst surfaces, and bipolar plates that store and transfer heat. The physical equa-

tions for the stack were derived under the assumption that each cell in the stack behaves the same

as each other cell in the stack, and that each unit area of any cell behaves the same as any other

unit area, so that the stack performance scales linearly with area and number of cells. The model

does not account for variations between cells, but multiple instances of the stack model can be

connected in series or parallel in order to represent cell-to-cell variations in voltage, fluid pres-

sures, fluid concentrations, temperature, and so forth.

The validity of the DMFC model was demonstrated using a high level comparison be-

tween simulated results and results determined experimentally in a laboratory environment. Fig.

2.5 shows the system configuration used to validate the DMFC model. Fig. 2.6 illustrates the

steady state voltage responses at various inlet methanol concentrations for a stack at a constant

temperature of 70 0C. Overall, the numerical data matches the experimental data well. It is noted

that the model accuracy can be improved if more experimental data is collected over a larger set

of methanol concentrations.

Ctteni LOad

DMtFC

Inet Air Preture Fuel Flow Raoe

Fig.t Ak PrSyte Fue D eFCmod

Fig. 2.5. System configuration used to validate the DMFC model.

8



Soldier System Power Sources Final Project Report

0.8

0.7

0.6

5_ 0.4

o0.3

0.2

0.1

0 9

0 100 200 300 400 500 600

Current Density (mA/cm 2)
* 0.2M Experimental * 1.M Experimental e 1.5M Experimental

-0.2M Numerical -1.0M Numerical -1.5M Numerical

Fig. 2.6. Steady state voltage responses at various inlet methanol concentrations for a stack at a con-
stant temperature of 70-C.

REFERENCE MISSION SCENARIOS AND TEST BEDS

MODELS FOR SOLDIER SYSTEM EQUIPMENT

An advanced programmable load model for use in the VTB was developed. The load is

time dependent, and it is characterized by a look up table in an Excel spread sheet. When natural

coupled, this model functions in any of four modes: either as a voltage (pressure, speed, etc.)

source, a current (mass flow, torque, etc.) source, a dissipative (resistive) load, or as a power load.

When signal coupled, this model functions as a signal generator that can control signal-dependent

source models. By referencing different Excel spread sheets, the model can be used to represent

different pieces of user defined soldier system equipment.

ADVANCED PROBABILISTIC LOAD PROFILE GENERATOR MODEL

An advanced probabilistic load profile generator model was built. The program uses a

probabilistic algorithm to generate load profiles for a set of items each time the program is exe-

cuted. The items in the set are defined individually, with each item having its own set of operat-

ing modes based on corresponding usage statistics. For example, as shown in Fig. 3.1, the work-

sheet named "Item 1P defines the operation statistics of the Item-1. In this example, the item has

three operating modes: standby, active, and peak. Modes are listed under the "Mode Name"

header and the number of modes is not limited. The next two columns specify the probability that

each mode occurs and the load value of the item when the mode occurs. The item has a 70%

chance of being in the standby mode, and when it is in the standby mode, the item draws 1W of

9
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power. The remaining two columns specify the maximum and minimum duration that the item

will operate in the corresponding mode. These limits are optional and can be left blank.

[E.j FJle Edit Yiew Insert Fprmat Tools &ata Lndow Help . 6 X

E4D A
A_ _717 __3

2- Input

13 Modes of Operation
_ Mode Name Probability Load Max Duration Min Duration Mod
1-5 (%) (watts) (minutes) (seconds)

" 16. standby 70 1 10 active
17 active 25 10 10 10 standby
16B_ peak 5 b.001 10

Ready AU

Fig. 3.1. Definition of each item.

When the program is executed, a profile for each item is generated individually. After

every item is processed, the profiles are merged together on a single worksheet. Users can now

either save a load profile for each item individually, or save the combined load profile for this set

of items. An example of generated load profile is given in Fig. 3.2. It is noted that, time (in sec-

onds) is entered in column "A" of the Excel spreadsheet, and the corresponding load values are

entered in column "B". This example uses row 1 to identify the load profile as an "example input

spreadsheet for the Advanced Programmable Load model." The third row is used for labeling the

column headings 'Time(s)' and 'Load(W)'. Additional documentation about this model is avail-

able in the model help file.

10
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ll 4 , *Name of the workbook. Note that

Ej ile Edit View Insert Frm&n3 Tools Da

4 A B D
1 ,Example input spreadsheet ýr the Advancei

2, / . The 'power' load cannot generate
3,_1T.rels! . nd. 0 / 2. - zero watts, but the 'dual power'
4i 0 1.00E-06/ / .Miacn

4 1 OOE02. There cannot be a zero or negative
5.. .. resistance.

"" i 3 /6 i I must be zero

100e

=10i 6 12/ which ill this case is 8w.

11' 7 14,

12 8 16When the simulation time nieets or

14 .10 20 colunn. the model cycles back through

16-, 11 1. 00.E.06. of the list, w •hich il•1this case is row 5

1 41 Profile tF Name of the worksheet. By default.!Reay : :; '" : i:: : [the model will read data fr'om the

Ready

Fig. 3.2. The load profile example written in Excel.

EFFECTIVENESS OF HYBRIDIZATION SCHEMES

ZINC-AIR BATTERY - LITHIUM BATTERY HYBRID POWER SOURCE

The performance of a hybrid system comprising a zinc-air battery and a lithium-ion bat-

tery was explored by using simulation models and also by testing on actual hardware. The hybrid

has an energy density higher than that of a lithium-ion battery (comparable to that of a zinc-air

battery) and a peak power capacity larger than that of a zinc-air battery (comparable to that of a

lithium-ion battery). A behavioral model of a zinc-air battery was created based on manufactur-

ers' data sheets. In the experimental tests, as shown in Fig. 4.1, Electric-Fuel C1-33 zinc-air cells

and Sony 18650 lithium-ion cells were use to build the hybrid.

11
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0 Fig. 4.1. Experimental setup for hybrid battery system

The hybrid system was then compared with the lithium-ion battery alone to determine the

battery life until the system attains the cut-off voltage (2.5V). The histogram in Fig. 4.2 shows

the lifetime per gram of the batteries at various duty ratios of the pulsed load. The data show that

when the duty ratio of the pulsed load varies from 5% to 20% (the normal operating range for

short-duration pulsed devices), the service life per gram of the hybrid is almost twice that of the

lithium-ion battery alone. When the duty ratio varies from 25% to 100% (the normal operating

range for long-duration pulse devices), a good service life per gram is obtained from the hybrid.

However, it should be noted that these results are obtained when the system is not running in safe

operational limits (the maximum current of the individual battery was exceeded). It can be con-

cluded that the lifetime of the hybrid system (at unit weight) increases twofold over the lithium-

ion battery for pulse current loads with a small duty ratio (for peak current).

S900------------------------Li-ion .Hybrid-I

"8000
9300 -

" 0
E 700- -_

* ~ 400 - - - - - - - - - - - - - - - - - - - - - -

S 300 - - - - - - - - - - - - - - - - - -

S 200 - - - -- -- --

'~ 100 - --

0M
Duty ratio 5% 10% 15% 20% 25% 30% 50% 100%

o Li.Ion 455.366 370.732 1 '53.659 1131.829 1 139.756 1103.659 173.6585 143.65851

* 'H' '.rid 906.065 762.0651293.1931256.8071 221.5661 192.59 5.3627.771

Fig. 4.2. Comparison of service lie per gram of hybrid battery system and lithium-ion alone for various
duty ratios.

The hybrid system was further tested to determine the optimum battery size for a given

pulse-current load (high current: 1.2A, low current: 0.2A, duty ratio: 20%, period: 600s). The ref-

12
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erence configuration is a single-cell lithium-ion battery in parallel with a three-cell zinc-air bat-

tery. The optimal configuration is achieved by varying the lithium-ion battery capacity while

keeping the zinc-air battery capacity fixed. Care should be taken so that the currents of the zinc-

air battery and the lithium-ion battery stayed under 0.5A and 2.OA respectively. This test was re-

peated for various duty ratios until the system attained the cut-off voltage (2.5V). Fig. 4.3 shows a

histogram that compares the battery life per gram under the pulsed load of different duty ratios for

both the optimized and reference configurations. For a low pulse load, the service life per gram of

the hybrid increases; this increase can be attributed to a net decrease in system weight, since more

zinc-air components are used compared to the lithium-ion component. However, the service life

of the hybrid decreases as the duty ratio of the pulsed load increases. Note that the capacity of the

lithium-ion battery decreases to an extent where the zinc-air battery current remains below its

permissible value (0.5A) and the lithium-ion battery current remains below 2.OA.

2500 -- - []0 Control 1.0 Ll-lon 1.0 Zn-alr

20000.3 Li Optimal 0.X Ll-lon 1.0 Zn-alr

0
E

1500 0.46 LI

0.65 Li
1000 - -- -

500

Duty ratio 0/5% 10% 15%

O Control 1.0 Ll-lon 1.0 Zn-alr 1244.778761 1022.477876 872.0353982

• Optimal 0.X Ll-lon 1.0 Zn-alr1 2008.273381 1433.284242 1040.094899

Fig. 4.3. Service life per gram of hybrid battery system as capacity of lithium-ion battery is changed.

FUEL CELL/ BATTERY HYBRID POWER SOURCE

The performance of two configurations of active fuel cell/battery power source hybrids,

created by interposing a dc/dc converter between a fuel cell and a battery, were investigated and

compared using both theory and experiment with special attention to the peak power enhance-

ment, and power losses in the converter. The two configurations are shown in Fig. 4.4. Configura-

tion (I) and Configuration (II), corresponding to the load connected to node 1 and node 2 respec-

tively. In Configuration (I), the fuel cell is isolated from the large pulse power demands of the

load by a converter and the battery supplies the load directly. Configuration (I) uses a current

unidirectional power converter and Configuration (II) requires a current bidirectional converter.

Fig. 4.5 shows the experiment setup of active controlled fuel cell/battery hybrids.

13
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F •gr!el-el,,•ittik

Controller! (PC)

- - --. Converter

~~~10d C0el cc l 801w) Load

Fig. 4.4. Configurations of the active hybridpower source.

'• i dSPACE

S iDCtDC
S!Converter

Li-ion
S~Battery

Fig. 4.5. Experiment setup of active controlled fuel cell/battery hybrids.

Both of the defined configurations were built, using a 35 W polymer electrolyte mem-

brane (PEM) fuel cell, an 8-cell lithium-ion battery pack, and a high-efficiency power converter.

Both configurations yielded a peak power output of 135 W, about 4 times as high as the fuel cell

alone could supply, with only a slight (13%) increase of weight. Which of the two configurations

yields a smaller loss depends on the load power demand characteristics including peak power and

load duty ratio.

An adaptive control strategy of the power converter for active battery/ fuel cell hybrid

power source was investigated by simulation and experiments, as shown in Fig. 4.6. This control

strategy can adjust the output current set point of the fuel cell according to the state-of-charge (or

voltage) of the battery and appropriately distribute the electrical power between the fuel cell and

the battery. It is applicable in two topologies of active fuel cell/battery hybrids.

14
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- . 1: Power on FCCL: Fuel Cell Current Limit Mode

, _ 2: Ib' I.r BCL: Battery CuTrent Linit Mode

(smi 2 3 "( w 3: Ii-> I6e BVL: Battery Voltage Limit Mode
4: V.> V: DISC: Disconnection of the load

"".5: V <. V.., L I. -"/: Sampled current firom the filel cell stack

6: If, > Itd Vd, I.: Sampled voltage and current of the battery
7: V5 > V,,: ,,,ý, Vq4and I,,: Linmits for the fuiel cell current.

8, 9. 10: 4'< Ia,ý battery voltage and battery charging current

Fig. 4.6. State machine representation of control strategy for fuel cell-regulated/battery-floating configu-
ration.

BATTERY/ULTRACAPACITOR HYBRID POWER SOURCE

The performance of an actively controlled battery/ultracapacitor hybrid, as shown in Fig.

4.7, was investigated by simulation and experimental tests in terms of power enhancement, dis-

charge cycle life, specific power, and energy loss with respect to pulse load profiles. A DC-DC

converter was used to actively control the power flow from a battery, to couple the battery to an

ultracapacitor for power enhancement, and to deliver the power to a load efficiently. Fig. 4.8

shows a photograph of the experimental setup.

Conltroll~er t,= (Sitmulitl& &
(.dSPACE) [ [ ControlDeý'.')

Battei Ulr- ElechoniP
Calm'et~a Load

Fig. 4.7. The actively controlled battery! ultracapacitor hybrid.

Ir

convetete

Fig. 4.8. Experimental setup of the active hybrid system.
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The experimental data in comparison to the simulation results are shown in Fig. 4.9 for

the battery current, ultracapacitor voltage, and converter output power, respectively. The agree-

ment between the simulation and the experimental results successfully validated both the experi-

mental design of the hybrid system and the simulation models of the system.

M , -O ..e I O .

~~~~~~~~~~~~~~~~~~. ... . . . .... . .. ..... . ....... • • _ -' • - • . .•' • • • . .. .

.. ~~ ~~~~~~~~~.. ... ... . ... ..... •. .. ...J.... i.... ... ...... ...... .-- • "

Tint'(s) T'une•oT~(s)

Fi.4.9. Comparison of the simulated and experimental battery current, ultracapacitor voltage, con-
verter output power.

A specific example of the hybrid built from two size 18650 lithium-ion cells and two 100

F ultracapacitors achieved a peak power of 132W which is a three-times improvement in peak

power compared to the passive hybrid power source (hybrid without a converter), and a seven

times improvement as compared to the lithium-ion cells alone. Furthermore, the operation of an

active hybrid results in a much lower battery current with very small ripples, and therefore a

lower battery temperature, which are preferred by many applications for a longer battery lifetime.

The discharge cycle time is reduced for the active hybrid due to an added converter loss and in-

creased ultracapacitor loss. A compromise should be made between the power enhancement and

the discharge cycle time in order to achieve optimized results depending upon applications. The

design can be scaled to larger or smaller power capacities for various applications.

A battery/ultracapacitor hybrid power source with a current-mode control loop, as shown

in Fig. 4.10, for a pulsed load operation was designed and analyzed. The hybrid has the advan-

* tages of highly enhanced power and better cycle life characteristics compared to a battery-alone

system. The power efficiency relation derived from the steady-state analysis allows to predict

and optimize the system power and efficiency performances. The small-signal analysis yields a

closed-loop control system with a simple proportional compensator that can greatly improve the

transient characteristics and steady-state accuracy, and in the meanwhile eliminate potential in-

stabilities induced by the high resistance mode of the battery.
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i, i, i,

Fig. 4.10. The battery/ultracapacitor hybrid with a current-mode control loop.

EFFICACY OF FUEL-CELL POWERED BATTERY CHARGERS

Two control strategies for active power sharing in a fuel cell powered battery charging

station were investigated by simulation and experiments. The system diagram is shown in Fig.

4.11. The first one was the real-time strategy. This control scheme adjust the charging currents of

the batteries being simultaneously charged in real-time according to the estimated state-of-charge

(SOC) which is obtained by estimating the battery open-circuit voltage with current correction

and linearly fitting between the open-circuit voltage and the state-of-charge.

Fig. 4.11. Block diagram of the fuel-cell-powered battery-charging station.

The measured battery voltages and charging currents are shown in Fig. 4.12, where the

simulated voltages and currents under the same initial conditions are also plotted. From Fig. 4.12,

it is seen that during current regulation mode the battery voltages were different and the charging

currents varied with the voltage in real-time. The battery with the lowest initial voltage (and thus

the least initial charge) was charged with the highest current, and its voltage increased more rap-

idly than the others. This feature implies that real time charging strategy can help to reduce the
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total charging time. The voltages of these batteries reached the reference voltage almost simulta-

neously and then their currents tapered. It is shownthat all of three batteries became fully charged

almost simultaneously. From the experiment results, it is also seen that the proposed method for

battery state-of-charge estimation was effective for the active power sharing strategy.
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Fig. 4.12. The measured battery voltages and charging currents: (a) voltages, (b) currents. (a) From top
to down (on the left vertical axis): voltages of batteries #3, #2, #1 (b) from top to down: charging cur-

rents for batteries #1, #2, and #3.

The second one was the synergetic controller for pulse current charging of advanced bat-

teries from a fuel cell power source. This control approach was applied to regulate the buck con-

verters that control the pulse charging currents to the many batteries. Fig. 4.13 shows the system

schematic in the VTB environment. The dynamic characteristics of the synergetic controller were

studied and compared with PI controller by conducting system simulation and experimental tests.

Experiment results, as shown in Fig. 4.14 validate that the synergetic controller is less sensitive to

the parameter variation and input variation and is robust to the pulse output change. The syner-

getic controller achieves better performances than the linear regulators. Experiment studies also

show that the efficiency of the whole system is greater than 90% and the total charging time for

three batteries with pulse current charging protocol is about 25% shorter than that with dc charg-

ing protocol.
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Fig. 4.13. Virtual prototype of thefuel cell powered battery-charging station in the VTB environment.
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Fig. 4.14. Experimental data and simulation results of the charging current and voltage of a single bat-
tery with the synergetic controller: (a) current and (b) voltage.

EXERGY MINIMIZATION

USE OF SECONDARY CELLS AS TEMPORARY ENERGY REPOSITORIES

Energy reclamation from partially depleted primary batteries, using secondary battery

cells as temporary energy repositories, was studied using pre-validated battery models. A DC/DC

power converter was interposed between the two types of batteries to control the discharging of

the primary battery and the charging of the secondary battery.

A simple application scenario is used to show the potentially significant benefit of per-

forming this energy reclamation. Fig. 5.1 schematically illustrates the battery energy-reclamation

system in the VTB, in which a LiSO 2 primary battery is chosen as the partially depleted battery
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and a Li-ion battery pack is used as the temporary energy repository. A DC/DC step-down power

converter is interposed between these two batteries and it is commanded by a PI controller to dis-

charge the partially depleted primary battery and simultaneously charge the secondary batteries.

Li-S02 Battery Power Converter Sensor 1

______ ~ -- __ LiIon Battery

Converter Converter
iency controlle

S. .. ......................... !.. .. ................

----------------------------------------, I. ' ,• C:.:: I . . *""- •4 ;.........

Energy ,,easurenTeiet

Fig. 5.1. System simulation Schematic in VTB.

For the LiSO 2 battery (Saft BA-5590, l5Vl5Ah) model used in this study, battery fea-

tures of the rate-dependent and the temperature-dependent characteristics are illustrated in Figs.

5.2 and 5.3, respectively. Fig. 5.2 shows the battery terminal voltage as the function of the depth

of discharge at 293 K at different discharging currents from 1.0 A to 8.0 A. Fig. 5.3 illustrates the

battery discharging capacity as the function of the discharging current at different temperatures

from 233 K to 328 K.
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Fig. 5.2. Terminal voltages vs. discharge time, at discharging currents (top to bottom) ]A, 2A, 4A, 6A,
and 8A.
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Fig. 5.3. Discharge capacity vs. discharge current, at temperatures of (top to bottom) 328K, 293K, 273K,

253K, 243 K and 233K.

For an example system including a lithium sulfur dioxide primary battery with an initial

state-of-charge of 0.3 at 296 K, an aggregated total of 216 KJ of energy is reclaimed and 83% of

the energy (179 KJ) is stored in a 1 0-cell lithium-ion battery pack. The study results demonstrate

that 8.3% of weight and 10% of cost are saved. The study results also show that appropriate in-

crease of the ambient temperature, using relatively low discharging current, and improving the

power converter efficiency at the user-specified current rate can increase battery energy reclama-

tion.

DESIGN AN AUTOMATIC ENERGY OPTIMIZATION CAPABILITY

A system for automatic recovery and consolidation of energy from partially spent batter-

ies, as shown in Fig. 5.4, was designed and analyzed using numerical'simulation in the VTB. The
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objective for this system was to minimize the stockpile of batteries needed to run a suite of port-

able electronic devices on a daily, mission-oriented, basis. This system is adapted to various bat-

tery types and allows the user to conveniently choose between charging and discharging specific

batteries without changing the battery positions. The control algorithm, as shown in Fig. 5.5, was

able to automatically select which secondary batteries should preferentially be charged. The con-

trol algorithm also continuously adjusted the discharging current of each battery according to its

estimated state-of-charge.

| .... ....... ....... ........... ...... [ 1....

.. ........... i

Fig. 5.4. VTB schematic of automatic energy recovery system for partially spent batteries.
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Fig. 5.5. Flow chart of control algorithm.
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PHOTOVOLTAIC POWER SOURCES

MAXIMUM POWER TRACKING IN SOLAR ARRAYS

Photovoltaic energy conversion offers a mechanism for providing renewable on-site

power without any need to transport fuels. Partial shading of the solar array, a persistent problem

in portable applications, was addressed in some detail here. A state space approach to the design

of a maximum power point (MPP) tracking system for photovoltaic energy conversion was pre-

sented. The problem of optimal-power control of a nonlinear time-varying system is reduced to

an ordinary problem of dynamic system stability in state space by applying MPP conditions in

- controller design. The resulting tracking system searches for the reference point and tunes the

converter for maximum power delivery to a load that may represent an end-user, or an energy-

storage element, or a power grid-interface.

The proposed design procedure for the MPP tracking system ensures a global asymptotic

stability under certain conditions, and a minimum degree of the dynamic feedback. The tracking

accuracy of the controller depended solely on accuracy of computation of the necessary deriva-

tives of the reference point with respect to time. It has also been shown that the proposed control-

ler yields a stable closed loop system capable of tracking the maximum power point with desired

accuracy. To demonstrate effectiveness of the proposed approach to the partially shaded PV

module control, the system presented in Fig. 6.1 was considered and validated in the VTB simula-

tion environment. As can be seen, the system in Fig. 6.1 consists of two arrays, connected in par-

allel, but one array receives direct sunlight, while the other one is shaded.

.... I,, :0mF
C ld

TAO 1 3 0

Fig. 6.1. A partially shaded solar array MPP tracking system in the VTB environment.
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The results of simulation of the partially shaded solar array system that employs the pro-

posed control algorithm are shown in Fig. 6.2. Fig. 6.2 presents a comparison between the total

maximum possible power of the arrays and the actual total power produced by the arrays. As can

be seen, both of these curves are in good agreement, and therefore the proposed system effec-

tively tracks the MPP even though the PV module is partially shaded.

0 15000

"500vý 

' V""r

a)

'0 10% 20M 30% 40% 50% 60% 70% 600 90% 100

Fig. 6.2. The instantaneous theoretical MPP (solid line) and the power realized (dotdashed line) from the
solar array. a) The result for an entire day. b) The zoomed-in region for part of the day.

OPTIMUM CONFIGURATION OF SOLAR ARRAY FOR ENHANCED POWER GENERATION

A configuration of cell connections that maximizes the power generated by a solar array

was proposed and validated, as shown in Fig. 6.3. The new configuration capitalizes on the pro-

lific growth of low voltage, high current power converters to support the computer industry. Fig.

6.4 shows the prototype of solar panel using optimum configuration and its power converter. The

study results demonstrated that, under the complex irradiance conditions typically experienced in

* portable applications such as for solar arrays embedded inbackpacks or jackets, the power genera-

tion capability of the solar array using the proposed configuration is enhanced by a factor of 2

without extra component costs compared to the traditional configuration. In addition, the maxi-

mum power point tracking is simplified to a constant voltage control problem, which in turn re-

duces the complexity of hardware implementation and ensures the control stability.
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Fig. 6.3 Solar panel connected with an optimum configuration.
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Fig. 6. 4. Prototype of solar panel using optimum configuration and its power converter.

DELIVERABLES
The final report and the CD of software are provided as deliverables. The CD contains:

EXECUTABLE VERSION OF THE VTB SOFTWARE

Two versions of VTB software are available on the CD. They are the VTB 2003 and the
VTB Pro.

COMPONENT MODELS

The following models have been developed in both the VTB 2003 and the VTB Pro. Full

descriptions of these models are available in their model help files for VTB 2003 and related pub-
lications provided in Appendices I and II.
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Model Description VTB2003 VTBPro
BA5590 LiSO 2 battery type Y Y
BA5800 LiSO 2 battery type Y Y
BA5390 LiMnO2 battery type Y Y

AA Alkaline battery type Y Y
AAA Alkaline battery type Y Y

Sony18650 Li-Ion battery type Y Y
PEM Polymer Electrolyte Membrane fuel cell Y Y

DMFC Direct Methanol Fuel Cell Y N
Programmable Link to Excel spread sheets to represent different Y Y

load pieces of soldier system equipment

TEMPLATES FOR, AND EXAMPLES OF, MISSION DEFINITION SPREADSHEETS

A Probabilistic Load Profile Generator has been developed and implemented in
MS Excel, and it can be accessed through VTB using the Advanced Programmable Load
model. The program uses a probabilistic algorithm to generate unique load profiles for a
set of items each time the program is executed. The items in the set are defined individu-
ally, with each item having its own set of operating modes. Help file of the Probabilistic
Load Profile Generator is provided in Appendix II.

VTB SIMULATION TOOL - BATTERY ANALYZER FOR SQUAD LEVEL MISSION PLANNING

The tool is used to maximize energy available to each member of a squad without in-
creasing the total battery count that has to be carried. It has considered equipment and power re-
quirements during the various missions and associated operational environments. Help file of us-
ing the simulation tool is provided in Appendix II.
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APPENDICES

APPENDIX I - PUBLICATIONS

APPENDIX II - HELP FILES
Al. Lithium-ion battery model help file
A2. LiSO2Battery_BA5590U15V model help file
A3. LiSO2Battery_BA5800U6V model help file
A4. LiMnO2BatteryBA539OU15V model help file
A5. Alkaline AA battery model help file
A6. Alkaline AAA battery model help file
A7. Generic battery model help file
A8. PEM fuel cell model help file
A9. DMFC model help file
AlO. Advanced programmable load help file
A11. Advanced probabilistic load profile generator help file
A12. Battery Analyzer for Squad Level Mission Planning help file

APPENDIX III - EXECUTABLE PROGRAMS

All executable programs will be separately delivered on a CD to the Program Officer in Jan.
2007. This delay is necessary to fit the software distribution into the next regularly scheduled
build of the VTB software.
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