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@ Introduction

e At present, most automobilesuse 14V or 28V DC electrical systems. However,
the ability of this system in meeting the needs of future loads is questionable.

e The need for improvement in comfort, convenience, entertainment, safety,
security, communications, and environmental concerns necessitates the
need for improved electrical power systems.

& Concept of More Electric Vehicles (MEV)

* With increasing electrical loads, conventional vehicles are becoming more and
more electric.

* |Increasing electrical power systems instead of mechanical, hydraulic,
and pneumatic power transfer systems is a dominant trend.

* Demand for higher fuel economy and reduced emissions will push the
Industry to seek electrification of ancillaries and engine augmentation.

e The proposed 42V PowerNet electrical system will facilitate high power
future loads and enable the introduction of power electronics.
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@ History of the automotive power systems

¢ Upto1912
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* Electrical systems had been used only in the ignition and lighting systems.

¢+ |nvention of eectric starter in 1912

e FHirst electric self-starter automobile was introduced.

e 1912-1955

* Development of the generator was coincidental with the electric starter.
* Keeping the batteries charged using the charging system.

¢+ By thelate 1950s

* Thechange from 6V to 12V system had been made in almost all the automobile

companies.

& Since 1960

* Electrical power requirements have been steadily increasing, which is motivating

the introduction of a higher system voltage, i.e., 42V.
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@ Conventional automotive electrical systems

Instrumentation system
Electric machines
Electronic loads

* Energy storage system i s A

¢ Charging system

¢ Cranking system

¢ [gnition system | e
e Lighting system e
L

L

L
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@ Powering up a higher system voltage

* Increasing electrical loads in the MEV necessitates a higher system
voltage, such as the proposed 42V, to cope with the greater loads.

1800 r 1800
* Main disadvantages e s o
of the low voltage system: g ol [e
* Increased size, weight, g [oo
and cost of the vehicle wiring. 400 Fao
(Chart on wiring complexity trend) 1 [
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» Higher ohmic losses in wiring harnesses,
connections, switches and relays,
commutators and brushes, and power semiconductors.
» Higher temperature and need for improved cooling.
» Lower distribution system performance.
(Chart on wire gauge distribution)
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e Increasing electric loads in military vehicles

» Except for the conventional electric loads: lights, pumps, fans, etc.
more and more electric loads are needed to meet the multi-mission requirements
including:

 Cabin climate conditioning

» Vehicle control and actuation (engine, transmission control, electric steering,
active suspension etc.

» Military mission related loads, (reconnaissance, detection, communication,
silent watch, high power laser and microwave equipments and weapons €etc)

* Clearly, smply increasing the power capacity of conventional power system
to meet these requirements will result in very bulky, heavy,
low efficiency system, even useless to meet the requirements
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@ Electrical distribution system architectures

Conventional distribution systems:

¢ Widely varying system voltage (9V to 16V).

e Destructive high voltage transients - particularly load dump.

L oads are designed to operate at the lowest voltage. Therefore,

at higher voltages they draw more current leading to requirement
of overrated |oads.

L oad-dump protection is distributed among all el ectronic modules.
High losses in the brushes of motorsat 12V.

Proliferation of connectors and connector types.

Expensive and time consuming assembly process, fault tracing,
and repairing.
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@ Conventional automotive electrical systems

g! Ignition System |

_>| Lighting System |

_l_>| Electric Motors |

| Heater |

T_A Electronic Loads|

Main Bus Cranking System
Charging System —
Interna
. Alternator
Combustion IRectifier
Engine
Manual
Switches
and
Relays
12v Instrument
Battery |~ Panel Control
Energy Storage System

Conventional 14V DC distribution system architecture

_>| Other Loads |
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@ Advanced electrical distribution system architectures

+ Multiplexed architectures with separate power and communication buses.

+ Using intelligent remote modules. Therefore, the number and length of
wires in the harness are reduced.

+ Power Management System (PMS) whose primary functions are:

Battery management and charging strategy in a multiple battery system.
Load management.

Management of the alternator including the regulator.

Provision and control of a high integrity supply system.

+ Hybrid multi-voltage level system to supply power to different AC and
DC loads at different levelsis possible.
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@ Power Management System (PMYS)

Electric Generator
Batteries ‘ _|—> Traction Machine Controller

Accelerometer » || Battery Charge/Discharge Units
Temperature Sensors | L. Power >l Auxiliary Power Converter Units
Management
I e . .
Speed Sensors R Center >| Ignition System
Driver Commands » [ ——>| Starter/Generator Power Converter

Brake Pedal ‘ —|—> Speedometer and Odometers
Accelerator Pedd
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@ Advanced eectrical distribution system architectures

Communication Buses
— Power l

Managemen J—

Remote

Center .
Module °
[ ]
Main Bus j
[ Load |
[ ]
Ccl)rrrlft?[gta;lon Alternato Bi-directional Power Bus
Engine ™~ [Starter |~ | Power ] °
’ Converter Power Bus °

— — =]

Remote L4
4 Module L]
Battery j °
12V Battery |———|Charge/Discharge -
Unit

Advanced multiplexed automotive power system architecture
of the future with power and communication buses.
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@ Therole of electronics and microprocessors in advanced
automotive electrical systems

voltage regulators

radio and tape/CD player

electronic fuel injection

electronic controlled ignition

intermittent windshield wipers

digital information center

CCy

Electronic
systems used
inthe MEC

M|

Cruise control

wheel lock control

traction control

headlamp control

climate control

airbag crash sensors
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@ HEV Power Transfer Systems

. Intgmql Starter/ Bi-directional
om L_Jstl on Generator Power
Engine Converter

High Voltage Storage System

Battery
Charge/
Discharge
Unit

Al

High Voltage DC Bus

Power
Electronic
Converter

. (0]
Electric
Machine

DC/DC
Converter

v | ==

Battery -I—

Battery
Charge/

Discharge
Unit

12V Storage System

12V Loads

bC/bC 5V Loads
Converter
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Propulsion
System

14V DC Bus 5V DCBus

Conventional electrical power distribution system architecture for hybrid
electric vehicles
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@ EV & HEV Power Transfer Systems

Accelarator
pedal >

Brake peda —

y y y
\ A A A 4 “

Internal : ;

Machine Electric .
mbusti Generator ) Transmission H . .
COEnZlijnStelzon [— Controller Machine q Differential

Controller

Battery

Series HEV architecture
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@ EV & HEV Power Transfer Systems

Accedarator
peda >

Brake pedal —>

Controller

a>

Y ‘
Interna
CombL_Jstlon Transmission H Differential
Engine
Y
Machine Electric
Battery Controller Machine

Parallel HEV architecture
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» Network based power system

» Power generating, storage and distribution network:
 Controllable power flow routes

* Information and control signal network:
« Control the power flow accordingly, including
» Control commands input ports, operating modes and statues display,
» Microcontroller based control center (power management)
 Control Logic and strategy
 Control actuation
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AMPS Features

* Multi-(hybrid) power source---energy source and power source
* The energy source (aternator, fuel cells etc.) supplies the total energy with
mild and relatively stable power output.

* The power source (batteries, ultracapacitors etc.) supplies peak power
in short period to meet the high power pulsed load

Multi-voltage to feed different voltage |oads

Turn-on and turn—off of each individual power source optionally
Controllable power output of each individual power source
Turn-on and turn-off of all the individual |oads

Self-protection: limit the power to the safe region, and if the load power is
too large for the power source, turn off the the loads with lower priority

» Real time operating modes and status monitoring and displaying
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@ Dued voltage automotive power system---power network

42V DC Bus

14V DC Bus
— DC/DC
Internal Bi-directional
Combustior) s Alternato —| Power Corwerter Loads
. [Starter
Engine Converter
Loads
N — Battery
— Batter L
v — | 12V. —  |Charge/Dischargs
Battery —— argerLischargg Battery Unit
T Unit [
Bl B2
36V Storage System 12V Storage System

The concept of adual voltage automotive power system architecture of the future.
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» Structure of the overall  |nputs Display

power system

Signal bus

l Voltage 1
‘ | Voltage 2

Voltagen
———{Peisuton | Loas
DC Power Bus :-
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* Power network

e A common power DC Bus

 All the power sources are connected to the DC bus through power
converter (PC)/switches

» The PC/switches control the power flow from the power sources, according
to the control signal from the signal BUS

» The loads with different voltages are connected to the power DC bus
through PC/switches

» The PC/switches regulate the DC Bus voltage to match the load voltages
and control the power flow to the loads and turn-on or turn off the loads
from the DC bus
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AMPS Architecture
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» Signal (information) network or CAN (controllable Area network) ™~

* A common signal Bus transferring signals

« dl the operating and status signal's access the signal bus with priority
flagsand identification number (1D)

» A microprocessor based power management (PM) acts as the control center

» The PM can access the signal busto receive the operating signals of the
power sources and loads

* The PM makes the decision to control power sources and loads by sending
Signal to the signal bus

» The power sources and loads controllers (PCs) control the power flow
accordingly
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* Power M anagement

» Gather all the operating information and control commands

» Make control decisionsto each individual power source and load
» Generate control signals

 Deliver the control signalsto the signal bus
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» Graphic User Interface (GUI)

 Transfer the user’s commands to the power management

» Graphically Display the system operating modes, status and
Important parameters
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AMPS Architecture

« The system described above is asmart, self-adaptive, self-protecting
and actively self-controlled power system

* It needs many power electronics for controlling the power flow
from the power source

* Lots of power electronics increase the cost, perhaps the complexities caused by
thermal management
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Inputs Display

Signal bus

l Voltage 1
: ‘ | Voltage 2

‘ | Voltage n

A

DC Power Bus
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» Parallel connected power network S

» All the power sources are connected to the DC Bus through switches
» The switches are used to connect or disconnect the power source to from DC bus.
» The switches may be electrically controlled solenoids

» The power from each individual power source is the natural response of that unit
to the DC bus voltage

 Control the DC bus voltage by controlling the load power, thus, indirectly
controlling the power from the power sources

* Delicate design of the power sources and the loads may achieve high
performance, simple system
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« Generally, the loads can be categorized as -

» Constant, continuous load with relatively small power, such as
vehicle auxiliary loads, cabin climate conditioning, reconnaissance(?),
detection(?) Etc.

» Slow varying load with relatively small peaks, such as electrical
power steering, active suspension, communication(?) etc.

 Pulsed loads with very large magnitudes, such as, laser, microwave,
electrical weapons etc.

Constant

Slow variation with
rel ative sma | peak

—
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» The dternator and fudl cells may take care of the constant continuous loads

 The batteries and ultracapacitors may take care of the slow varying loads
* A pulse forming system may be needed to take care of the pulsed loads

» Accurate analysis of the load characteristics is the base of the power
system design and control

Advanced Vehicle Systems Research Program



Power Source Operating Characteristics ~ Texas A&M
and M odeling e

 Due to the complex and multi-power source characteristics, one of the most

important issues in the system design and development is to fully understand
the operating characteristics of each individual power source.

 Building amodel to each power source with reasonable complex level will be
very helpful to to the design overall system, inducing
*The power ratings design of all the power sources,
*Control strategy design of the overall system
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« Compression ignition (diesel) engine | N
fﬁ\tl; Fuel injector [chzlr\;e
*Fud/arratio F/A=Thx(F/A)__ <
Th---throttle, Max.=1 7\ _
(FIA), . ——Fuel/air ratio at fuel load renios (=7 ﬁ;
. . . Inlet 4 -] .
» Volumetric efficiency 7, = f (N) cﬂf\ . |
N---Engine rpm ! + |
: : o | I (1
* Indicated mean effective pressure: Crank case Connection
. Crankshaft rod
mepl = Q_ X (F / A)xi7>ap, xm, N
Q, ---fuel low heating value, n;---ideal converter efficiency his
M ---Air mass flow per cycle per unit liter of cylinder \ “ o/ 7[
- Sump

e Indicated torque: T, , = mepi XV, /4r
V ---total volume of Cyllnders
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» Compression ignition (diesel) engine |
filter Fuel injector VCZ':;E
* Braketorque: T, =T ,—T, : [

T,---Total friction torque, afunction of N m et
* BrakePower: P, =T, xN/9549 ma:i 3 S
valve Piston
« Fuel flow per hour: — o B
F, = (A/F)xri, x3600 I I =
M, ---air mass flow per second Crankshtt o

 Brake specific fuel consumption:

‘, _ \
j— F / P \\\ _______ /’/ Sy
ge f b \ 7[ mp
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» Compression ignition (diesel) engine (simulink model)

—
£-
<

Throttle max=1, min=0  Outl —————————P>
Throtle
max=1, min=0

throttle min.
Subsystem limintation air/feul ratio
@B > f(u)
egnine rpm T hrorle at
min. throttle a -
speed '@
brake power
Kkw
—» W
volumetric efficiency L
>
>
0.56 —l f(u)
>
>
ideal cycle efficiency indicated mep L—p]
E—
maximum air flow heakek\;;vower. )
perliter > Ly I—> u@)u(1) T
f(u) > (€D
> | | bsfc
f(u) BSFC
fuel flow rate
air flow rate g’h
max. engine
power

hp

_>
L L C I—> o) (2
[ h S 2 =2
N.m

piston mean

4. mi friction mep
speed, m/s
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e Compression ignition (diesel) engine full throttle characteristics

1000

0o
o
o

Engine brake torque

300/

1
0

600 |

400+

200

0
0

Power, kW

bsfc, g/kWh

Torque, Nm

_—

—

1000 2000 3000 4000 5000

Engine rpm

250

N
o
o

=
a1
o

=
o
o

a
o

Engine brake Power
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e D »
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* Engine Modeling is less important than other components due to:
e Engineis mainly used for traction
* Only small fraction of its power going to the alternator

* The load variation in alternator has very small influence on the engine
operating

* However, alternator modeling needs the engine rpm as the inpuit.
» By avehicle traction model, the engine speed can be obtained as

Vehicle Vehicle

Throttl

>
<
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 Establishing a vehicle traction model to obtain engine speed needs great effort
and beyond our present scope

» Regarding our power system simulation , the engine speed may be estimated
asfollows:

*Engine rpm is proportional to the vehicle speed
*\When vehicle speed is zero, engine speed is set at itsidle (minimum) rpm
*\WWhen vehicle is maximum , the engine rpm is maximum.

<
* Enginerpm £

<
S

Max. Vehicle speed
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* Alternator system modeling e

 Alternator system includes alternator, rectifier and voltage regulator

»
»

DC voltage

AC voltage

- =

Load current
Engine rom
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 Alternator modeling
» Basically, the alternator modeling is based on the equation of

V, =k,N-Ri

ky--- coefficient of back emf, afunction of field current I,

N---alternator rpm
R---stator winding resistance
I--- load current
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 Alternator modeling

1

Alternator rpm

3

u@)lu(1) —||_r X

Designed Volatge
at open circuit

D

f(u)

Designed maximum
(rated), kw

2

kphil

kphi Productl

[

\4

\4

Scopel

vy

X

Product

Alternator load
current

X

\4

X
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Product2

»( 2

alternator
power, KW

Alternator control signal  Product3
pm=0 or disconnected

1--On, 0---Off
6
Busvoltage

—>(D

Yvy

alternator
terminal volatge
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*Various types of fuel cell systems and their characteristics

System

Properties

Phosphoric acid fuel cells (PAFCs)

Operating temp. 60-200°C, liquid electrolyte

Alkaline fuel cells (AFCs)

Operating temp.100°C, liquid electrolyte

Proton exchange membrane
fuel cells (PEMFCs)

Operating temp. 60-100°C, solid electrolyte

Direct methanol fuel cells (DMFCs)

Operating temp. 100°C, solid electrolyte

Molten carbonate fuel cells (MCFCs)

Operating temp. 500-800 °C, liquid electrolyte

Solid Oxide fuel cells (SOFCs)

Operating temperature 1000-1200 °C
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 Proton Exchange Membrane fuel cell (PEMFC)

Advantages: oad
L ow operating temperature 26 TJ\/W_
*Solid electrolyte (Thin plastic - o 5 _
membrane) Q | L OorAlr
*Simple construction N = 1|
*High fuel efficiency (over 50%) =N CadE:
«Zero Emissions M Cadl;
Disadvantages: M Hy—> ON\ —*H,0
« Need pure hydrogen as fuel /
» Hard to store pure hydrogen on board  Anode  Proton exchange Cathode
» valuable metal (Pt, Platinum) is electrode Membrane (electrolyte) electrode

needed as the catalyst
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 Proton Exchange Membrane Fuel Cell (PEMFC) System
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External
— EIectricaI—T
Load IL
] \.DC
I
o S | DC
RPN

H,—» T «—
Air

Air

Water

Support system load:

1. Water pump for cooling of
the circulating water
2 Hydrogen circulation pump

3 Ventilation fan
4 controller, batteries and Solenoid

5 Air circulation pump

Characteristics
o| -V diagram
| “Nconversion
°|L' Nhet
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* Fuel cell stack operating characteristics
* H,-O, (air) fuel cell has areversible voltage of 1.23V
* Practical open circuit voltageisaround 0.9to 1V.
 With increasing current, the voltage has a significant drop

» Generally, modeling this voltage-current characteristics is based on chemical and
thermal analysis with some empirical data,

» More often modeling method is curve fitting, when
experimental data are available

1

™.
i 2: \\\\<voltage

=

g 0.7 ~

T 06 \
/

&

- 0.5
s 0.4 -
0.3

\%

0.2 7~ Power
0.1 e

0

Cell voltag

0 0.2 0.4 0.6 0.8 1
Cell current, A

Advanced Vehicle Systems Research Program



Component Char acteristicsand Modeling

[ A AT
UNIVERSITY
College Station, Texas, 77843

» Modeling of auxiliary power of fuel cell system

o Auxiliaries of afud cell system includes water pump, hydrogen circulating pump
ventilation fan and air compressor

 Air compressor power takes most of the auxiliary power and is usually
the only concern. It can be expressed as

p=—7 Rr (p]y -1
770(7_1) Wa Po

v— specific heat ratio, 1.4 for air, R---gas constant, T—inlet temperature, K°
M, ---air mass flow rate g/s, W ---molecular weight of air,
p---outlet pressure, p,---inlet pressure , 1 ---compressor and driving motor efficiency

 Air mass flow rate is proportional to the hydrogen mass flow rate, and
proportional to the load current
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 Fuel cell system modeling

+ 4

Load
current

»

v
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 Fuel cell system modeling (ssmulink Model)

Rated pwer kW

FC Rated
power
kw

S

cell area

Rated voltage Vilcell number

| —— P
>

FC Rated

cell number

2

u@u() H| f(u)

cell current desity
vs cell voltage

voltage
v

—CD
FC Load fuel cell current

curretent, A

) 4

"I—r f(u)
—

> f(u) 1—

H2 flow rate
g/s per plate

Iamuda

(1)*u(2
>

—>

314

H
-

gasconstant

pressure ratio

air flow rate
gls

H2 flow rate

f(u)

UNI V E R SITY
College Station, Texas, 77843
(409) 845-3211

I—> u@)yru()
g |

u(2)/u(1)
—»

]

»(5)
FC power
Kkw

|—>|

—>I

aircompressor
power, W

air (dry) flow rate

Gainl

;E_—>
system efficiecy

%

kg/s
Product Gain s
FC control
signal
1---On, 0---Off
X
L
Productl
5
BusVoltage

=
- FC terminal
Switch volatge

—»)
FC temp.
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 Fuel cell system modeling (ssmulink Model)

Simulated operating characteristics of a3 kW, 28 V open circuit voltage system

60 ‘ ‘
Efficiency, % |
501 5
40 14
20 Power, kW _ 3
\
20 T2
10 4—‘ \ 11
Voltage, V

0

0 éO 40 60 86 160 léO 1210 160 18(9
Load current, A
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e Chemical batteries

Typical battery characteristics*

Batteries specific energy peak power ener gy cyclelife
W.h/kg W/kg efficiency(%)
Lead/acid 35-50 150-400 >80 500-1000
Nickel/Cadmium 40-60 80-150 75 800
Nickel/iron 50-60 80-150 75 1500-2000
Nickel/Zinc 55-75 170-260 70 300
Nickel/metal 70-95 200-300 70 750-1200+
Sodium/sulfur 150-240 230 85 800+
lithium/iron/sulfide 100-130 150-250 80 1000+

* Reference, D.A.J. Rand et el Batteries for electric vehicles, Research studies Press,Ltd, 1998
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Component Char acteristicsand Modeling

« Battery model " Coege Ston v, 7t
» The battery is modeled based on its electrical, instead of chemical properties
 The open circuit voltage E, isafunction of battery state-of-charge (SOC)

* Aresistor R,

* A resistance, R, with constant value emul ates the ohmic resistance

varying with SOC emulates the chemical reaction resistance

———————

VLoad = EO(SOC) —(Rnt(SOC) + Rc)l —
I:)Load =1 EO(SOC) —(Rnt(SOC) + Rc)l ’

SR
Vies | T
. (80C) ---internal resistance of batteries ; ;

Where: R,
R_---connection resistance
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* Battery simulink M odel

o
o )
R

f(u)

>
>

product I+

*IEF’ ]—M

X

I—}-&

>
8.3 cell number 1
.—‘ “ |
*
Load current, A 1 —|2.0+0.03*u
x Open circuit
> 1 b volatge (V) per cell
productl Gain % S
Integrator x »(2
7
X battery SOC
att. initial SOC P SoC
Battery meodel product2
@_ ——————— | 1/u
5 |Batt. Rated cuurenit
i i i X >
control signal Capacity, AH Gainl function > -
1--on >
product3 terninal voltage, V
0--offL Switch 9
batt. rated u(Lyu(@)
volatge —p
cell number
2.03
Rated cell voltage
> f(u)
functionl
Busvoltage
»
>
— © —>
- - sustainable
function2 Saturation operating time
Min.
1
Lp =
N u(yu(2)
AbsL  Integrator D] > »( 2
function3
Batt. temperature
Clock
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* Battery model charging characteristics

Discharging characteristics 25
2.45 ,]&04 65A
2 Lead/acid battery S 24 40n
521 100Ah@ 10h discharge rate o 2% J ‘ 30A
g ]
o — § 22; / | [ s
= SON N\ ~ o |/ 11.3A
91.9 \ \ \ \ 2 2.2 / /
=N \ X A,
S A \ \ — -\ oc~r // / iy
1 T o9 113A i s S ___—
\ k aon A A = —
16 L \GEA 20 1 2 3 4 5 6 7 8
104,
L 1 2 3 4 5 6 7 8 9 Charging time, hours
Discharge time, hours
T charging ‘ B discharging il
0.95 //ﬁ’q 7
g 0.9 / \\
— o \
2 .. // - 2N
(-
L / whole cycle/ \
0.8
/
Y 03 0.4 05 06 0.7 08

SOC
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 Battery model

» The electrica property based model does not include the battery “memory”
effect, and “ capacity recovery” effect

» This may cause error in estimating the remaining energy and and cause error
In estimating the time that the battery can sustain operation.

» These should be included in the later more accurate models
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@ Electrical characteristics of chemical batteries
# Low specific power density
# Not properly fit for highly dynamic load
# High peak load power would need bulky battery packs

# Short lifeunder high current discharge and charge
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sUltracapacitors

» Advantages:
» Much higher specific power density than batteries
Peak power can possibly reach 1000W/kg to 1500 W/kg

» High cycle efficiency
about 95% or more

» much longer life then batteries
infinite life with good production and under proper operation condition

» Disadvantages.
* Low specific energy density
only 3-5 W.h/kg, compared 30-40 W.h/kg for lead/acid batteries

o Large variation of terminal voltage, depending on the state-of-charge
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Ultracapacitors
Characteristic data of a ultracapacitor

Rated capacitance (DCC, 25°C) F 145

Capacitance tolerance % +20

Rated voltage V 42

Surge voltage V 50

Max. series resistance, SSR (DCC 25°C) mQ 10

Specific power density (42V) Wi/kg 2900

Max. current A 600

Max. stored energy J 128,000

Specific energy density (42V) Wh/kg 2.3

Max. Leakage current (12h, 25°) mA 30

Weight kg 15

Volume L 22

Operating temperature °C -351t0 +65

Storage temperature °C -35to +65

Life time (25°C) y 10 AC<20% of initial value
ESR<200% of initial value

Cyclability (25°C, =20A)) 500,000 AC<20% of initial value
ESR<200% of initial value

, Montena Components
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o Ultracapacitor model

. di
V. =V. - RI+L—
t C RS dt
Vo=V, -Clidt
0
| —VC
==
RP
| =1+
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o Ultracapacitor model

VC0 +
ﬁ
Initial

1 e
UNIVERSITY
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(409) 845-3211

voltage

C

—>

Rated
capacitance

|
di/dt
L Y %
X X |
+ + } Terminad
> + = voltage
o >
i+ +
V /Rp —» + -
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 Ultracapacitor model (ssmulink model)

(409) 845-3211

>|ultracap load currehtitiacap terminal volatge %

>|Ultracap control signal 1---On; 0---off

Ultracap SOC 3
>|Bus Voltage

0.006 »
! <
>
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Rs I~
>|Ultracap initial volatge Product3 -
Ultrcap sustainable operating time, Sec >
» X p(du/dt *
>|maximum volatge yltracap -
g load cument, A Product2 Derivative X
Product4 >
>|Ultracap capactance ultracap Tem. » Q “
2
—’.-1
Ultracap A _|
. trol signal inductance > Ultracap
ultracapacitor control signa ; terminal
1---On; 0--off Switch volatge
e
Rp
1 _>
7 %0 s Fcn2
Ultracap 1/c*
initial volatge = f(u) »( 2
» soc Ultracap SOC
maximum
x e
Ultracap 7c —P| b
capactance Productl Gain g
I
|
> © ——D
> - - Ultrcap sustainable
operation time operating time, Sec
_>
Absz Inlegralon? —|
u(l)/u(z)
Swnchl
Clock functionl
3
Bus Voltage

>
ultracap Tem.
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 Ultracapacitor model (ssmulink model)

A single cell discharging characteristics

2.5

7

/
/

\ =10 A

N

Terminal voltage, V
- —
,/
e -
N

\/I=!50A 1=20 A
.

0.5

0 100 200 300 400 500 600 700

Discharge time, Sec.

800
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* Modeling design Strategy Rt

* Flexible Inputs:
 System configuration option
 Rated values of al the components
e Initial conditions

 User’s commands (operation modes)

*Graphic output:
*Operation modes
*Operation status (Battery SOC, temperature, reserve energy €tc.)
*Present operating parameters (Bus voltage, currents, etc.)
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* Modeling design Strategy (input and outputs)

0.6 >

Constant - )

Pulse >
28 Generator >

Constant2

300
15 Constant3 >
Constant4

’i’

A N
UNIVERSITY
College Station, Texas, 77843
(409) 845-3211

Bus Voltage

[]

Yvy

currents

[]

YVYVYY

Constant6 . R

SOC and operating til

1 Constant7

Constant12

[]

YyYvy

Constant9

temperatures

Constant10 . R
Constant11l

Constant18 . >
Constant13

[]

A4

engine rpm

[]

Constant14 . >

iy

Constant15
Constant16 . »

temperatures1

Constant17
Constantl

Vehicle Power system
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» Power system configuration used in our first generation

» Given aload power profile and control commands, the simulation model gives
the DC Bus voltage and currents of al the power sources

On/off signal

(control commands

from power

management ) DC bus
Voltage

Load current
* This configuration is the simplest and
it does need power converters to

control the powers of the
power sources

* Electrical solenoid switches may
be good enough for turn-on and turn-off
the power sources

* Delicate design of the power sources
may completely meet mission requirements
with the help of simulation software
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Mathematical problem statement in the system simulation model: s
Road lioad XVius
L = T Mows)
e = T (Vous)
et = T Vs SOC)
locap = T (Vis)
and
Ialt+|f e T laccap = lioad

Solve the equations above to find the Vi, o, 14, lc, 1y @A 1, o

bus’

Advanced Vehicle Systems Research Program



Modeling and ssmulation ---System L evel

[ A AT
UNIVERSITY
College Station, Texas, 77843

» Calculation of the time that the batteries can sustain operation

» State-of-charge (SOC) of the batteriesis a good index that tells how much energy
remains in the batteries

» A more direct and visible way may be the battery time remaining to sustain
the operation

 The sustaining time can be calculated as

— QS(K)C B K)Cmin)
|

T

batt

Qs---Rated battery capacity, SOC---present state-of-charge, SOC._; ---minimum soc allowed

* In discharging, the battery current |, can be taken as present current or the average
of the past

* In charging, the present battery current I, can not be used
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» Calculation of the time that the ultracapacitors can sustain operation e

» Same method can be gpplied in calculating the remaining time of ultracapacitors
asthat of batteries

» However, this calculation is less meaningful than for batteries, due to

The fact that very small amount of energy isin ultracapacitors and only few seconds can
completely deplete the energy

 Actually, the major advantage of ultracapacitorsis the high power, rather than energy
*Therefore, a better indicator may be ready/not ready indicator or the number of pulsed
Operations remaining..
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Load

Simulink model

Vehicle
model

Alternator/
Rectifier/
Regulator
model

Battery
model

Fuel Cell
model

Cn ,
Engine throttle

1---max. 0-min

vehicle speed, kmv/h

vehicle power train

Batt. rated volage

model |

-4 >
UNIVERSITY
College Station, Texas, 77843
(409) 845-3211
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—>

»
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X
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Co——
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—— D)
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—
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|_:
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X
Produc2

w1

Fuel cell system
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= <HE
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7
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BB o e0e L t o @

YyvY Vl
F

»( 9

>
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Ulracapacitor

Utircap Temperature

Ultracap
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*Simulation results with a constant load power in the mode of all power sources being ooy il T Tond3
connected
28 0.75 : : ‘
2% Bus voltage, V | Battery SOC
27.9 b : i
27.85 L i 0.65 ‘ ‘
278 0 100 200 300 400 500
0 100 200 300 400 500 " " : :
20 | | | | 2% ultracap SOC -
Load current & 10 > 100 200 300 400 500
30 7 | 5 ‘ ‘
o| Alternator  Batery | Battery sustaining time, Min.
current / current 7 0 , ; \ \
0 100 200 300 400 500
7 1000 : :
10 -
500 Ultracap sustaining time, Sec.. :
0 /
0 I I 1 I
Fuel cell Ultracap / 0 100 200 300 400 500
10| Current _current | Time, Sec.
0 100 200 300 400 500
Time, Sec.
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» Simulation results with a constant load power in silent watch mode (alternator off) Collmgm it T Frodt
28
27.9 : 0.8 : ‘
Bus voltage, V
27.8 \ « | 0.7 Battery SOC |
27.7 -
06 L L | L
76 ‘ ‘ ‘ ‘ 0 100 200 300 400 500
o) 100 200 300 400 500 1 \ UItracah SOC ‘ \
40 :
Load current Battery current 0.95 —— ' ' ‘ '
) & 10 100 200 300 400 500
20 Battery sustaining time, Min
1 L -
Fuel call current 7 u|tracap current
0 ] ] | ]
0 100 200 300 400 500
0 500 ‘
ultracap sustaining time, Sec
Alternator current=0 P g '
-20 | | | | 0 ! ! ! .
0 100 200 300 400 500 0 100 200 300 400 =00

Time, Sec.

Time, Sec.
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» Simulation results with a pulsed load power in the mode of power sources connected Collmgm it T Frodt

Ifc
500 50 100 150 200 250 300 350 400 450 500
| N Y W'}
batt
_50 | | | | | | | | |
3000 50 100 150 200 250 300 350 400 450 500
I 200 l ]
o 108
_100 | y [ [ [ [ | [
0 50 100 150 200 250 300 350 400 450 500

Time, sec
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1 I 1 I 1 1 I I
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100 150 200 250 300 350 400 450 500

Ogyrrrr

| |

50

100 150 200 250 300 350 400 450 500
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500

ood. 50 100 150 200 250 300 350 400 450 500
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0 | u | u | U | |

0 50 100 150 200 250 300 350 400 450 500

Time, sec

Advanced Vehicle Systems Research Program



Texas A&M
. §

Modeling and ssmulation ---System L evel

R 3] ‘ ST
UNIVERSITY

» Simulation results with a pulsed load power in salient watch mode (alternator off) Collmgm it T Frodt
28 ‘ : ‘ . ‘
e Vv VvV vV V | Batt. SOC
V 0.7% - 1
bus
27 Il ] Il Il
2000 100 200 300 400 500 | | | |
| 200 | 10 1?0 2?0 3?0 4?0 500
load 0
10 1Q0 200 BQO 4QO 500 " |r
| 0 Ultracap. SOC
alt 095 1 | | |
-1 : : : : 0 100 200 300 400 500
100 100 200 300 400 500 1000 ‘ ‘
I 5 b M
fc ) .
0 | 1 | |
500 100 200 300 400 500
N N N
0 100 200 300 400 500
|t OF | |
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300 1QO ZQO 300 4Q0 500
200
| 100
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» The power management is a microprocessor based control center, which receives
control commands, operating status and parameters, makes decisions according to
the control rule and commands the components

» When the load istoo heavy (over the available power of the power sources), turns off
the loads with low priority.

» When the load istoo light (much under the rated power of the power sources), turns off
the inefficient power source.

 Dr. Masrur suggested a control rule as

Get status of the Cadlculate the Get BLC/load N

iy e [ ey e

Current from the available for based on BLC Voltage current ower sufficient
power network delivery and load status

A A A

es
Remove or disconnected |oad y
or source whichisin

abnormal condition

Remove the lowest priority
loads( one or more) until
available power demand

. matched the load

Operating

mode
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 Power management Y ELNE e hE Y
» Determination of the maximum power of the power sources

» One simple way may be to set up aminimum bus voltage, at which, the power of each
power source is taken as the maximum power.

» Take fuel cell as an example, shown below

6
. 0
59 Efficiency, % .
400  Min.Bus voltage 14
BOR Power% 3
- i
20 71— 2
<—I \ Max. power
10 11
Voltage, V

00 20 40 60 80 100 120 140 160 184

Load current, A
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* Power management
» Determine which power source should be turned off at light Ioad

* A possible way may be to set up priority levelsto the power sources according to
operating efficiency, thermal management and other factors

» When the load is very low, turn off the low priority power sources
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* Increasing electric loads and multi-mission requirements need smart
integrated combat vehicle power systems.

» The power system consists of a power network and an information (signal) network

» The power network supplies the power to the loads in different ways depending on the
loads and mission requirements

» The information network and smart power management controls the power flow in the
power network.

A good simulation software can greatly help the understanding of the operation
characteristics of the system and can help to design hardware and controls optimally

 Our first generation simulation software shows good performance and establishes
The basis for future more detailed, more powerful and accurate simulation software.

Advanced Vehicle Systems Research Program



