Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Vehicle Energy Consumption
A contribution to the Coherent Energy and Environmental System Analysis (CEESA) project
Schaltz, Erik

Publication date:
2011

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):

Schaltz, E. (2011). Vehicle Energy Consumption: A contribution to the Coherent Energy and Environmental
System Analysis (CEESA) project.
https://www.ceesa.plan.aau.dk/digitalAssets/114/114491 24179 vehicleenergyconsumption-erikschaltz.pdf

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: September 08, 2023


https://vbn.aau.dk/en/publications/e03f55e5-7a5f-4f2a-b4e3-81ddda15ab5e
https://www.ceesa.plan.aau.dk/digitalAssets/114/114491_24179_vehicleenergyconsumption-erikschaltz.pdf

Department of

ENERGY TECHNOLOGY I_

Vehicle Energy Consumption

- A contribution to the Coherent Energy and Environmental System
Analysis (CEESA) project

Erik Schaltz

Department of Energy Technology, Aalborg University
Aalborg, Denmark, January 18, 2011







Abstract

In this report simulation models of a Battery Electric Vehicle (BEV) and a Fuel Cell
Hybrid Electric Vehicle (FCHEV) have been developed. The models have two fea-
tures: they both design the vehicles and calculates the energy consumption, efficiency,
mass, volume, and cost due to a given drive cycle. The vehicles are designed to fulfill
a drive cycle which consist of city, road, and motorway driving, as it is desired that
the vehicles should have the same performance as traditional internal combustion
engine (ICE) vehicles. For this reason its also chosen to use a midsize car, i.e. a Toyota
Avensis, as reference vehicle. The simulation models consist of several sub-models,
which have been modeled by use of data sheets. The models have therefore not been
verified be experimental results, which is strongly recommenced for future work.

The energy consumption per km and efficiency are significant better for the BEV
than for the FCHEV. The average energy consumption per km is 304.1 Wh/km and
635.7 Wh/km for the BEV and FCHEYV, respectively. The average tank-to-wheel ef-
ficiency of the BEV and FCHEV are 54.0 % and 23.4 %, respectively. For the total
car mass and cost and volume of the power system, the results are two-sided. For
short distance the BEV is lighter, has smaller volume of the power system, and are
cheaper than the FCHEV. However, when the traveling distance increases the differ-
ence becomes smaller, and at long distances the FCHEV are the lightest, smallest, and
cheapest.
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Nomenclature

BEV Battery Electric Vehicle

CEESA Coherent Energy and Environmental System Analysis
FCHEV Fuel cell Hybrid Electric Vehicle

HVAC Heating Ventilation Air Condition

ICE Internal Combustion Engine

IM  Induction Machine

Lilon Lithium Ion

LTPEMFC Low Temperature Proton Exchange Membrane Fuel Cell
PMSM Permanent Magnet Synchronous Machine

PWM Pulse Width Modulation

SRM Switched Reluctance Machine
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1 Introduction

In this chapter the purpose, driving cycle, and reference vehicle are given.

1.1 PURPOSE

The CEESA project investigates the challenges of the future sustainable energy sys-
tem. A significant challenge is to integrate the transportation sector in the energy
system.

In this report different types of vehicles are analyzed in order to be able to calculate
their energy consumption.

1.2 DRIVING CYCLE

A very important issue is the selection of driving cycle as it determines the energy
and power requirement. Several different kind of vehicles will be investigated, and it
is therefore important that the driving cycle is realistic so it does not favor one specific
kind of vehicle, e.g. it is expected that a hybrid vehicle will perform well in a city en-
vironment with low speed and many stop-and-goes, due to the regenerative braking.
A traditional vehicle with internal combustion engine (ICE) cannot utilize the kinetic
energy when braking, and it is therefore expected that a vehicle with an ICE will have
a higher energy consumption in city driving. However, at motorway speed there is
very limited regenerative braking and the difference in fuel consumption is therefore
expected to be smaller.

In order to have a realistic driving cycle it is chosen to create a driving cycle with
three different environments, i.e. urban driving, road driving, and motorway driving.
In Figure [[.1(a-c) an Artemis urban, road, and motorway driving cycle are shown.
The three cycles are merged together in Figure[.1(d) where they create a fourth driv-
ing cycles. The red vertical lines indicates how the three Artemis driving cycles are
combined. In Table[I.1lis shown the key numbers of the four driving cycles.

1.3 REFERENCE VEHICLE

The type of car will strongly affect the energy consumption of the vehicle, i.e. the
energy consumption is usually better for a small car than for a big four wheel drive
truck. In 2009 Toyota Avensis was the most sold car with 3265 newly registered cars
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Figure 1.1: Artemis driving cycles. (a) Urban cycle. (b) Road cycle. (c) Motorway
cycle. (d) Combined driving cycles.
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Urban | Road | Motorway | Combined

Duration [s] | 993 1082 1068 3145

Distance [km] | 4.87 | 17.27 28.74 50.88

Maximum speed [km/h] | 57.7 | 111.5 131.8 131.8
]

17.65 | 57.47 96.86 58.24

Average speed [km/h

Table 1.1: Key numbers of Artemis driving cycles.

[4]] and this car is therefore selected as a reference car as it is a medium size car which
full fills most purposes of a general family.

According to the home page of Toyota [17] is the sedan model “1.6 VVT-i 6 M/T”
able to go from 0 km/h to 100 km/h in 10.4 s and it has a maximum speed of 200 km/h.

Vehicle Parameters

The tires of the Toyota Avensis have the code “205/60R16” [17] which means that
they are /,, = 205 mm wide, the hight of the tires is 60% of the width, and that the
diameter of the felloes is d; = 16 in [16]. The wheel radius is therefore given by

S df-0.0254m/in + 2 -1, - 0.60 - 0.001 m/mm
v 2

= 0.33m (1.1)

The aerodynamic drag coefficient and front area are not specified on the Toyota
website. For the aerodynamic drag coefficient Cyoy = 0.3 is chosen as this is suitable
for a type similar to the Avensis (Wedge-shaped) [5]. An area of Apont = 2.27 m? is
selected as this is a typical for a midsize sedan [14]. The curb weight of the Avensis
is 1475 kg [17], but the glider mass is not specified. In [14] is a midsize sedan with a
curb mass of 1429 kg specified to have a glider mass of 905 kg. As the two curb masses
are quite similar is it chosen to use a glider mass of Mgjiger = 905 kg.

Toyota specifies the cost of the car to be Costayensis,inc,tax = 285, 953 DKK including
VAT and registration tax. According to Skatteministeriet is the registration tax given
by [15]:

e 105% tax below 79,000 DKK

e 180% tax above 79,000 DKK

e 1000 DKK tax reduction for each kilometer per liter the fuel consumption is

higher than 16 km/L

e 1000 DKK tax addition for each kilometer per liter the fuel consumption is lower

than 16 km /L
The Toyota Avensis has a fuel consumption of 15.4km/L [17] which means that the
tax due to the fuel consumption alone TAXj, is

TAX¢er = 1000 DKK/(km/L) - (16 km/L — 15.4km/L) = 600 DKK (1.2)
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The cost of the Avensis without registration tax (but with VAT) Costayensis,inci,vaT 1S
therefore

COStAvensis,incl,TAX = COStAvensis,incl,VAT + 1.05- 79, 000 DKK
+1.8- (COStAvensis,incl,VAT - 79, 000 DKK)
+ TAXfuel [DKK]  (1.3)

I

COStAvensis,incl,TAX +0.75 - 79, 000 DKK
COStAvensis,incl,VAT ==

2.8

 TAXua

2.8
— 123,073 DKK (1.4)

The cost of the Avensis without VAT (25%) is therefore

COStAvensis,incl,VAT
1.25

In [14] the glider cost is assumed to be % = 0.74 of the manufacturer’s sug-

gested retail price. With a price of 567.36 DKK for 100 USD (December 29, 2010) is the
glider cost of the Toyota Avensis therefore calculated to

Costavensis,exc, VAT = = 08,458 DKK (1.5)

COStAvensis,excl,VAT

Costgliger = 0.74 = 12,842 USD 1.6
OStglid 5.6736 DKK,/USD (16)

Summary
For simulation the parameters in Table[I.2 are used.

Wheel radius Tw 0.33m

Aerodynamic drag coefficient Cgyrag 0.3

Front area Afront 2.27 m?

Glider mass Mgliger 905 kg

Glider cost Costgliger 12,8429

Table 1.2: Parameters of the vehicle.



2 Vehicle Modeling

In this chapter a Battery Electric Vehicle (BEV) and a Fuel cell Hybrid Electric Vehicle
(FCHEV) will be modeled. The models makes it possible to simulate the consumed
“fuel” of the vehicles due to the driving cycles presented in the previous chapter. The
vehicle models also include mass, volume, and cost for each sub-model of the overall
vehicle model.

2.1 VEHICLE FORCE MODEL

An often used approached is to setup a free body diagram of the vehicle. When one
knows the forces affecting the vehicle, it is thereby possible to calculate the required
shaft torque and power to a specific time. In Figure 2.1} the forces acting on the
vehicle can be seen. The forces which the motors of the vehicle must be overcome are
the forces due to gravity, wind, rolling resistance, and inertial effect.

I

wand

Figure 2.1: Forces acting on the car.
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The traction force of a vehicle can be described by the following two equations [5]:

where

In

ft - Mcari)car + Mcar g Sin(a) + Sign<vcar) Mcar g COS(O-/) *Crr
——— N———

fi
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2.2 ELECTRIC LOADS
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(2.2)

Traction force of the vehicle
Inertial force of the vehicle
Rolling resistance force of the wheels
Gravitational force of the vehicle
Normal force of the vehicle
Force due to wind resistance
Angle of the driving surface
Mass of the vehicle

Velocity of the vehicle
Acceleration of the vehicle

Free fall acceleration

Air density of dry air at 20°C
Tire rolling resistance coefficient
Aerodynamic drag coefficient
Front area

Headwind speed

The main purpose of the motor is to provide power for the wheels. However, a mod-
ern car have also other loads which the motor should supply. These loads are either
due to safety, e.g. light, wipers, horn, etc. and/or comfort, e.g. radio, heating, air
conditioning, etc. These loads are not constant, e.g. the power consumption of the air
conditioning system strongly depend on the surrounding temperature. Even though
some average values are suggested. These can be seen in Table 2.1l From the table it
may be understood that the total average power consumption is paux = 957 W.

2.3 BATTERY ELECTRIC VEHICLE

The components of the BEV can be seen in Figure 2.2l The main components are the
transmission, electric machine, inverter, battery, boost converter, active rectifier, and

the grid.
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Description Average power [W]
Radio 52
Heating Ventilation Air Condition (HVAC) 489
Lights 316
Electric power steering 100
Total paux 957

Table 2.1: The electric loads with the highest average consumption. The values are
inspired from [5, 6, 9]
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Figure 2.2: Main components of the BEV.

Main Vehicle Components

For propulsion usually the induction machine (IM), permanent magnet synchronous
machine (PMSM), and switched reluctance machines (SRM) are considered. The
"best" choice is like many other components a trade of between, cost, mass, volume,
efficiency, reliability, maintenance, etc. However, due its high power density and high
efficiency the PMSM is selected. The modeling and design of the electric machine can
be seen in Appendix

A traditional ICE has only a high torque in a very small range of the speed. There-
fore it is necessary to use a gear-box, to insure that a sufficient torque is present at the
driving wheels. An electric machine provides a high torque in a wide speed range,
and it is for this reason not necessary with a gear-box. However, in order to be able to
operate the electric motor at a point where it has a high efficiency it might be appro-
priate to include a gear-box. For the same power rating an electric motor is smaller
in size and weight than an ICE, and an electric motor could therefore be connected
directly to all or some of the wheels of the car, which will eliminate the need for a
transmission system. For simplicity it is chosen to use the conventional way, i.e. the
power of the motor is fed to the two driving wheels through a differential. The mod-
eling of the transmission system can be seen in Appendix

The inverter performs the conversion of the DC voltages and currents of the bus
and the AC voltages and currents of the electric machine. The inverter modeling can
be seen in Appendix
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The rectifier rectifies the AC grid voltage and current to DC levels. The description
of the rectifier can be seen in Appendix[El

The boost converter converts the “low” voltage of the rectifier or fuel cell to the
higher bus-level. The modeling of the boost converter can be seen in Appendix [El

According to the data sheet of the battery is the maximum allowed cell voltage
VBatmaxcel = 4.2V [13]. During the regenerative braking is it therefore important
that this maximum cell voltage not is exceeded. For this reason a braking resistor is
introduced as it also can be seen in Figure 2.2l The modeling of the braking resistor
can be seen in Appendix

Simulation Model

The overall vehicle model includes the model of the forces acting on the vehicle
(wind, gravity, rolling resistance, etc.), and the individual components of the power
train, i.e. transmission, electric machine, inverter, battery, boost converter, rectifier.
The block diagram of the overall vehicle model can be seen in Figure The wind
speed vyinq¢ and road angle o have been put to zero for simplicity. The simulation
model has been implemented in Matlab/Simulink.

P v_vehicle [km/h] w_s [rad/s] w_s [rad/s] 1_p_peak [A] I_p_peak [A]

A

FIN] tau_s [Nm] P tau_s [Nm] p_EM W] P p_EM W] i_Inv [A]

Transmission system Electric machine

v_Bat [V]

Inverter model
[t_dc v_car_dc] P v_Bat [V] i_Aux [A]
From
Workspace v_vehicle [km/h] Electric auxiliary loads Braking resistor
Battery model j
i_Aux [A]
[t_dc d_v_car_dc_dt] d_v_vehicle_dt [m/s] v_Bat V] Lnvia) g
From LN SoC_Bat [-] i_Bat[A] ¢ i Bat[A]
- BC [A]
Workspacel LBCIA] <

. i_Bat_cha_max [A]
v_wind [m/s] i_Bat_cha_max [A] 47
Constant
alpha [rad]
i_Bat_cha_max [A]

Vehicle model

i_BC[A]

P SoC_Bat [-]

P v_Bat [V]
i_RF[A]
V_RF[V]

Boost converter model

Rectifier model

V_RF [V] i_RF[A]

Figure 2.3: Simulink model of the BEV.

Battery Charging Control

During the charging of the battery the battery terminal voltage vg,s should not ex-
ceed Viagmaxcel = 4.2V and the maximum charging current should not be higher than
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Igaticen = 7A [13]. In order to charge the battery as fast as possible either the max-
imum voltage or maximum current should be applied to the battery. The requested
battery charging current, i.e. the output current of the boost converter igc, is therefore

. UBat,max,cha > Bat;max,.cha < IBat,1cell

* at,max,cha ; ’Bat,max,cha at,1,ce

lpc = T ; > T [A]a (23)
Bat,1,cell y UBat,max,cha = {Bat,1,cell

which means that the requested output power of the boost converter is
PBc = Usatipc [W] (24)

The requested charging current makes sure that neither the maximum allowed volt-
age or current are exceeded. However, for a big battery package the required charging
power might be so high that a special charging station is necessary.

The requested input current of the boost converter, i.e. the rectifier current igc, can
be calculated by Equation (E8) and (2.4):

— (Vinsc — vre) — \/ (Vinpc — vrr)” — 4Rpcpisc

i = T Al @y
The grid RMS-current can therefore from Equation (E.5) be calculated as
o \/%ZF{F 5 \/%ZF{F < IGrid,max
Iria = = [A] (2.6)
I Grid,max \/; IRF Z [Grid,max

Thereby it is ensured that the maximum RMS grid current not is exceeded. The actual
values can therefore be obtained by calculating backwards, i.e.

IRF = \/g IGrid [A] (2.7)

PRE = URFIRF (W] (2.8)
pec = pre — Reclje — Vingclrr (W] (2.9)
Tge = 2EC (A] 2.10)

UBat

In Figure 2.4] the battery state-of-charge, current, voltage, and the power of the
grid and braking resistor can be seen. It is understood from Figure 2.4(a) that the
battery is designed due to its power requirement and not the energy requirement
as the state-of-charge has a minimum of approximately 0.4 which is higher than the
minimum allowed value of SoCgatmin = 0.2. In Figure 2.4(b) the battery current is
shown. It is seen that the regenerative current, i.e. negative current, becomes higher
the more discharged the battery is. This is because of the braking resistor which
ensures that the battery voltage not exceeds the maximum allowed value Vgysmax-
In Figure 2.4(c-d) it can be seen that the braking resistor dumps power when the
maximum battery voltage is reached. In this figure the battery and grid power is
also shown. It is seen that the charging of the battery is limited by the maximum
allowed grid power Fgrigmax- After approximately two hours the battery reaches the
maximum voltage, and it is therefore seen that the battery then is charged under
constant-voltage approach, which means that the battery current and power and grid
power slowly are decreased until the battery reaches its initial state-of-charge value.
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Battery state-of-charge SoCpat [—]

osf N
0.6F S R SR
04t SRS TR B P (EERREES RS R IR
-1 -05 0 0.5 1 15 2 2.5 3 3.5 4
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100f -
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Figure 2.4: Simulation results of the BEV when it is designed for 50.9 km. (a) Battery
state-of-charge. (b) Battery current. (c) Battery voltage. (d) Power of the Battery, grid,

and braking resistor.

10



2.3. BATTERY ELECTRIC VEHICLE

Sizing
Many types of batteries exist, but the Lithium Ion (Lilon) battery is considered to be
the preferred choice for hybrid and pure electric vehicles in the short term and long
term run. It is chosen to use the VL 37570 from Saft [13]. This battery is for mobile
applications and has an energy density of 385 Wh/L and specific energy of 175 Wh /kg.
However, it is chosen as it contains the right specifications in order to be able to make
a proper model. The battery is modeled in Appendix[Al

The number of series connected battery cells Ng,s can be calculated from the bus
voltage specification and the nominal cell voltage Vgatceinom- It is chosen to have a
nominal bus voltage of Vgysnom = 600 V. The required number of series connected
cells is therefore

VBus,nom . 600 V
VBat,cell,nom N 3.7V

Npars = ~ 162 cells (2.11)

This mans that the minimum and maximum bus voltage are

VBus,min :NBat,SVBat,min,Cell =162-2.5V =405V (212)
VBus,rnax :NBat,sVBat,ma:p,cell =162-42V =680V (213)

The number of parallel strings Np., are calculated in an iterative process. The
flow chart of the sizing procedure of the BEV can be seen in Figure In the
“Initialization”-process the base parameters are defined, e.g. wheel radius and nom-
inal bus voltage, initial power ratings of each component of the BEV are given, and
the base driving cycle is loaded into the workspace of Matlab. In the “Decide rep-
etitions of the base driving cycle”-process it is specified how many times the base
driving cycle should be repeated. The base driving cycle has a distance of 50.88 km.
If one wish to design a BEV that have range of e.g. 350km the number of repeti-

tions is Ny, = round ( 350 ko ) = 7. In the “Is the minimum number of parallel strings

50.88 km
obtained?”-decision block is it verified if the minimum number of parallel strings that

tulfills both the energy and power requirements of the battery have been reached. If
not a “Simulation routine”-process is executed. This process are executed several
times during the sizing procedure and its flow chart is therefore shown separately
in Figure This process consist of three sub-processes. The first sub-process is
“Design components”. In this process the parameters of each component of the BEV
are determined, e.g. motor and power electronic parameters. The next sub-process
is the “Vehicle simulation”-process. In this process the Simulink-model of the BEV
is executed due to the parameters specified in the previous sub-process. In the third
and last sub-process, i.e. the “Calculate the power and energy of each component”-
process, the energy and power of each component of the BEV are calculated. The
three sub-processes in the “Simulation routine”-process are executed three times in
order to make sure that BEV parameters and energy and power of the BEV converges
to the same values for the same input. After the “Simulation routine”-process is fin-
ish the “Calculate number of parallel strings”-process is applied. In this process the
number of parallel strings Ng,, is either increased or decreased. When the minimum

11
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possible number of parallel strings that fulfills both the energy and power require-
ments of the battery have been found the “Simulation routine”-process is executed in
order to calculate the grid energy due to the final number of parallel strings.

Begin

l

Initialization

Simulation routine

A

Decide repetitions of the » for i=1:3
base driving cycle

A 4

Design components

Is the minimum number of

parallel strings obtained? 4

Vehicle simulation

A A 4

. . . . ) . Calculate the power and
Simulation routine Simulation routine energy of each component
‘ l
Calculate number of End
parallel strings

Figure 2.5: Sizing procedure of BEV.

In Figure 2.6]it can be seen how the “Calculate number of parallel strings”-process
finds the minimum number of parallel strings Np,;, that fulfills both the energy and
power requirements. In Figure 2.6(a) the minimum state-of-charge min(SoCp,) is
shown and in Figure 2.6(b) the maximum battery discharge current max(ipatcen) is
shown. From the figure it is understood that the first iteration is for Ngap, = 10. How-
ever, both the minimum state-of-charge and maximum discharge current are satisfy-
ing their limits, i.e. SoCpatmin = 0.2 and Ipatmaxcel = 28 A, respectively. Therefore is
the number of parallel strings reduced to Np,, = 3 for iteration number two. How-
ever, now both the state-of-charge and maximum current requirements are exceeded
and therefore the number of parallel strings is increased to Npsp, = 8 for iteration
three. This process continuous until iteration number six where the number of par-
allel strings settles to N, = 6, as this is the minimum number of parallel strings
which ensures that both the state-of-charge and maximum current requirements are
fulfilled.

12
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Minimum state-of-charge min (SoCp,t) [—]
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Figure 2.6: Number of parallel strings Ng,, due to the “Calculate number of parallel
strings”-process. The numbers in the green and yellow boxes indicate the iteration
number of the design procedure. The yellow boxes are the first and last iteration
number. (a) Minimum state-of-charge SoCgatmin. The red dashed horizontal lines
indicates the minimum allowed state-of-charge. (b) Maximum cell discharge current
maX (ipatcen). Dashed red horizontal line indicates the maximum allowed discharge
current.
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2.4 FUEL CELL HYBRID ELECTRIC VEHICLE

The components of the FCHEV can be seen in Figure 2.7l When comparing with the
diagram of the BEV in Figure it is seen that from the boost converter
to the wheels the two vehicles shares the same component. In the BEV a rectifier,
which rectifies the grid voltage and current, is connected to the boost converter, but
in the FCHEYV a fuel cell is connected to the boost converter. The fuel cell is fed from
a hydrogen tank.

-~

-

Hydrogen — -
tank A iBC Y iAux AlBat \ 4 IBR ‘Vi[nv
Ja
Pu2 Boost Auxi- . . .
. Braking ig | Electric
. con- liary Battery . Inverter .
irc resistor . | machine
Fuel | verter loads [l
» >
cell | *
stack | VFC VBat

DO

Figure 2.7: Main components of the FCHEV.

Fuel Cell

The sizing of the fuel cell is a trade off between efficiency, cost, and flexibility. The
higher fuel cell power rating, the higher efficiency and cost. The disadvantages of
the BEV is the long charging time of the batteries. In principle a fuel cell vehicle
should not have this problem. However, if the vehicle should be able to run at max-
imum speed by the fuel cell alone, it would be quite expensive. Therefore the fuel
cell is designed to provide the average power due to the driving cycle. The battery
then provides the difference between the needed power and the fuel cell power. The
chosen driving cycle (In Figure starts with city driving and finish with
motorway driving. This means that the power consumption is higher in the end of
the cycle than in the beginning. As the battery initial is charged to SoCgami = 0.9 the
extra energy needed for the motorway driving cannot be stored in the battery during
the city driving. Therefore the fuel cell needs to recharge the battery after the cycle
is finish. This can also be seen in Figure 2.8| where the characteristics of a FCHEV
designed for 508.8 km are shown. The driving cycle then consist of a repetition of
the original driving cycle 10 times. In Figure 2.8(a) it therefore seen that in the pe-
riod with city driving (and therefore low power consumption) the battery is being
charged. Due to the smaller battery package (in compare to the BEV) the battery can-
not handle all the braking energy and a relative large amount of power is therefore
dissipated in the braking resistor as shown in Figure 2.8(d). In Figure 2.8(d) it is also
noticed that the negative traction power is bigger than the positive.
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2.4. FUEL CELL HYBRID ELECTRIC VEHICLE

Battery state-of-charge SoCh,t [—]

700 -_VB:S/maX SEEEREES
600 - )
500 - - :
400 i 7 | B i i i i ]
0 2 4 6 8 10
Power [kW]
40+ Battery pgat
1} Fuel cell pgc
20 ' - 7 (
0 P i j
-20t i i g i SRR 3
0 2 4 6 8 10
Power [kW]
50+ Traction p; i
|p“‘,rs i Jn" h“‘; ‘L h?“,, ‘L Braking resistor pgr
(d)

mm WWWWWF

Time [h]
Figure 2.8: Simulation results of the FCHEV when it is designed for 508.8km. (a)

Battery state-of-charge. (b) Battery voltage. (c) Power of the battery and fuel cell. (d)
Power due to the traction and braking resistor.
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2. VEHICLE MODELING

Simulation Model

The block diagram of the overall vehicle model can be seen in Figure It is no-
ticed that the structure is quite similar to simulink model of the BEV shown in Fig-

o,
ure page o
O
P v_vehicle km/h] w_s [radls] P w_s [radis] I_p_peak [A] ——/I_p_peak [A]
[t_dc v_car_dc]
From Tt[N] tau_s [Nm] P tau_s [Nm] P_EM (W] ——» p_EM [W] i_Inv [A]
Workspace | v_vehicle [km/h]
Transmission system Electric machine
[t_dc d_v_car_dc_dt] d_v_vehicle_dt [m/s] P v_Bat V]
From
Workspacel v_wind [m/s] tN] Inverter model
Pv_Bat V] i_Aux [A]
Ipha [rad|
Constant aoha rad]
Electric auxiliary loads
Ble o wn) Braking resistor
B Battery model i_Aux (A] |a—!
Vehicle model v_Bat[V]
inv[A] |
SoC_Bat [-] i_Bat[A] [ i_Bat [A]

i_BCIA] |[4——

i_Bat_cha_max [A]
i_Bat_cha_max [A] |

v_Bat[V]

P p_FC W] iBC[A]

Pi_FC (Al

Boost converter model

Energy Management Strategy

i_Bat_cha_max [A] f—

Fuel cell model
i_Aux [A] (o
p_FC W]
i_inv[A] |
e H2 [Wh] iLFC[A] [ iLFC[A]
v_Bat[V] |4
v_FC[V] SoC_Bat [-]

v_FC[V] 4—‘

Figure 2.9: Simulink model of the overall FCHEV.

2.5 KEY FIGURES

The BEV and FCHEV will be assessed with respect to the total car mass and cost, tank-
to-wheel efficiency, energy consumption per km, and volume of the power system.

Energy per km

The energy per km is calculated relative to the “tank”-energy. Therefore

_J EGia ,BEV
Etank - { EH2 , FCHEV (2.14)
Etank . Etank (2 15)

km  Distance



2.5. KEY FIGURES

where FEink [Wh] Tank or input energy
EGria Wh Energy delivered by the grid
Ep [Wh] Energy of the consumed hydrogen
L [Wh/km| Energy consumption per km
Distance [km] Traveling distance
Efficiency

The vehicle efficiency is defined as the energy delivered to the contact surface be-
tween the road and driving wheels E; relative to the tank energy, i.e.

E
Etank

w = 100 % (2.16)

where nrw  [%] Tank-to-wheel efficiency
E.  [Wh] Traction energy

Total Mass

The car mass is given by
M, glider + Mperson + MEM + MInv
+Mpat + Mpc + Mpr + Mg , BEV
Mcar = 2.17
¢ M, glider + Mperson + MEM + MInv ( )
+Mpat + Mpc + Mpr + Myc + My + Mg, , FCHEV

Mgy = mggg;;w (2.18)
My = 10](3)[8% (2.19)
Mpar = Mpat,cent VBat,s VBat,p (2.20)
Mg = m](?(g)gi;v (2.21)
Mgr = mﬁ;g}ajm (2.22)
Mg = m?élgflj;v (2.23)
Mec = Mrc,ceniVrc,sNrcp (2.24)
Eyp = 360018/11 / Pr2dt (2.25)
My, = w (2.26)

Ewp

My = ——22 227
© " 1000SEq, (2.27)

17



2. VEHICLE MODELING

where Mc,, [ke]
Mperson 100 kg
Mgy kg]
M, Inv [kg]
Mpat [kg]
Mgc [kg]
Mg kg
Mpr kg
Mrc [kg]
Ern [Wh]
Mz [kg]
M, sto [kg]

Volume of Power System

Total car mass

Total person mass

Mass of the electric machine
Inverter mass

Battery mass

Mass of boost converter
Mass of rectifier

Mass of braking resistor
Mass of fuel cell

Energy of consumed hydrogen
Mass of hydrogen

Mass of hydrogen storage

The volume of the power system of the two vehicles are given by

VOIEM + VOIInV

Voloe — +Volgat + Volgc + Volgr + Volge , BEV
Ps = VOIEM + VOlInV
+V01Bat + VOIBC + VOIBR + VOIFC + V01H2 + VOlsto ’ FCHEV
P
Vol — —Lomax
OB = 1 000PDpy
PIm) rat
Voly,, = —rwrat
Ol = 1600PD,,
Volgas = Volpat,cell VBat,s VBat,p
P BC rat
V l —_ e
B¢ = 1 000PDyy
PrErat
V 1 _
ORE = 1000PDpy
PBR rat
Volgg = —-DRmt_
O'BR = 1000PDpny
Volgc = Volgc,cen Nec s NVecp
Erp
Volgo = ———
Oto = 1 000EDyy

18

(2.28)

(2.29)

(2.30)
(2.31)
(2.32)

(2.33)

(2.34)
(2.35)
(2.36)



2.6. SIMULATION RESULTS

where Volcg,
VOlEM
VOlIl’lV
VOlBat
VOIBC
VOlRF
VOlBR
VOlFC
VOlsto

croc S o ed

Total Cost

Total car volume

Volume of the electric machine
Inverter volume

Battery volume

Volume of boost converter
Volume of rectifier

Volume of braking resistor
Volume of fuel cell

Volume of hydrogen storage

The cost of the vehicle is given by the sum of the individual component cost, i.e.

Costgliger + Costpy + Costyny + Costpy

B +Costpc + Costgr + Costgrp ,BEV
Costcar = Costgliger + Costgym + Costiny + Costpa (2:37)
+Costpc + Costgr + Costyc + Costy,, , FCHEV
P,
e = 1602 14 2,
COSEM 61000 +385[ ] ( 38)
PInv rat
nv — P nv - 2.
COStI C I 1000 ( 39)
B BC,rat
Costgc = CPcon—2— 2.40
OStBC Co 1000 ( )
A RFErat
Costrr = CPy—— 241
OSIRE = 11 600 241)
B BR,rat
Costgr = CPry—rt— 2.42
OStBR I 1000 ( )
where Costcyr [$] Total car cost
Costylider [$] Glider cost without power train. See Table
Costgym [$] Cost of the electric machine
Costpny [$] Inverter cost
Costgat [$] Battery cost
Costpc [$] Cost of boost converter
Costgrp [$] Cost of rectifier
Costgr [$] Cost of braking resistor
CPypy 5%/kW Inverter cost per kW power

CPcon  T75%/kW

Converter cost per kW power

The cost parameters of the power electronics are based on U.S. Department of
Energy’s 2010 targets with a production of 100,000 per year [19].

2.6 SIMULATION RESULTS

Tank energy per km, tank-to-wheel efficiency, total vehicle mass and cost, and vol-
ume of power system are shown in Table[2.2for the BEV and FCHEV. The key figures
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2. VEHICLE MODELING

are presented for different traveling distances. First of all it is noticed that the tank
energy per km for the BEV is approximately half of the value for the FCHEYV, and that
the tank-to-wheel efficiency of the BEV is approximately double of the efficiency of
the FCHEV. The is due to the higher efficiency of batteries than fuel cells. For both
the BEV and FCHEV the tank energy per km becomes higher the longer distance.
This is not surprising as the total car mass becomes higher when the required trav-
eling distance increases. However, it is also noticed that the car mass of the BEV
almost doubles when the vehicle is designed for 508.8 km instead of for 50.9 km. For
the FCHEV the increase in total car mass is much less significant. This is because
the hydrogen storage specific energy (2 kWh /kg) is significant higher than for the bat-
tery (=~ 0.274 kWh/kg). The tank-to-wheel efficiency of the BEV increases by approx-
imately 10 % when the vehicle is designed for 508.8 km instead of for 50.9 km. This is
because of the nature of the chosen battery. For short traveling distances the battery
is designed to handle the peak powers for accelerations and not the energy. For the
long traveling distances the battery is designed to provide enough energy for the trip
and the battery can therefore easily handle the peak powers. Due to Peukert phe-
nomenon is the efficiency of the battery higher the lower current as it also is seen in
Table[A.3 on page 42| In Figure the relative energy of a given component relative
to the tank or input energy is shown. The figure illustrates the two extreme cases,
i.e. when the vehicle is designed for (a): 50.88km and (b) 508.8 km. The energy loss
of the electric machines is 10 % and 13 % for the two cases. However, it most be em-
phases that except from the traction energy FE\, are the percentages in Figure 2.10Inot
efficiencies, but energy levels relative to the grid energy Ecyiq.

The efficiency of the FCHEV does not change as significant as for the BEV. The
relative energy consumption of the components of the FCHEV for the two extremes
can be seen in Figure .11l It is seen that most of the energy is lost in the fuel cell.
Therefore the relative energy of the other components (except of the energy dissipated
in the braking resistor) are also smaller than in the cases of the BEV. Due to the fuel
cell is the battery package of the FCHEV much smaller than for the BEV. This means
that the battery cannot accept all the braking energy, and it is therefore led to the
braking resistor instead of.

The volume of the power systems of cause increases when the traveling distance
also increases. However, due to the higher energy density of hydrogen storage than
of batteries the volume of the power system of the BEV increases more than for the
FCHEYV when the traveling distance increases. This higher increase is also seen in the
total car cost. The cost of the FCHEV only increases by 26 % when the vehicle is de-
signed for 508.8 km than for 50.88 km, but the cost of the BEV more than triples. The
BEV is cheaper for short traveling distances but becomes very expensive for long dis-
tances. However, it most be mentioned that the cost calculation only should be used
as a qualified guess as there is a lot of uncertainty included in the cost calculation.

Based on the results in Table 2.2] two conclusion can be made of the BEV and
FCHEV: The BEV energy consumption (both absolute and relative) of the BEV is sig-
nificant better than for the FCHEV for both short and long traveling distances. In
terms of total car mass, power system volume, and total car cost is the BEV “better”
for short design distances. For design distances higher than 152.6 km, 356.1 km, and
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E 5%

Loss,RF:

. [
Loss,Bat’ 22%

E: 46 %

EAux: 5%
ELOSS,BC: 5%
EBR: 1%
EL 2%
0ss,Inv’
. E 110 %
ELoss,TS' 3% Loss,EM (a)
ELoss,RF: 5%
ELoss,Bat: 8%
5%
Loss,BC: 5%
EBR: 0%
ELoss,Inv: 4%
Et: 57 %
113 %
E E.Lasg/TS: 5%
v - 70 (b)

Figure 2.10: Energy pie of the BEV designed for (a) 50.9 km and (b) 508.8km. The
percentage specifies the energy of a given component relative to the grid energy Eg;ig.
E;: Traction energy. Eyp: Energy dissipated in the mechanical brakes. Ejoss1s: Loss
of the transmission system. Ejqspm: Loss of the electric machine. Ey,,: Inverter loss.
Fgr: Energy dissipated in the braking resistor. Ej.spc: Boost converter loss. Eaux:
Energy consumed by auxiliary devices. Ejqsspat: Energy loss of the battery. Ejossre:
Energy loss of the rectifier.
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2. VEHICLE MODELING

E 12 %

Loss, TS .

0% Loss,FC’ 52 %
ELoss,EM: 59
ELoss,Inv: 1%
EBR: 6 %
ELoss,BC: 1%
E AUx 3%
ux
ELoss,Bat: 5% (a)
Et =23%
Loss,TS: 2%
Loss,EM:
57 %
EL 1%
0ss,Inv
EBR: 3%
B osspc 2 %
E Aux 2%
B\ oss,Bar 4 7 (b)

Figure 2.11: Energy pie of the FCHEV designed for (a) 50.88km and (b) 508.8 km.
The percentage specifies the energy of a given component relative to the energy of
the consumed hydrogen Ei,. Ei: Traction energy. Evp: Energy dissipated in the
mechanical brakes. FEjyq1s: Loss of the transmission system. Ejosem: Loss of the
electric machine. Ep,,: Inverter loss. Fggr: Energy dissipated in the braking resistor.
Elosspc: Boost converter loss. Eaux: Energy consumed by auxiliary devices. Ejqgs Bat:
Energy loss of the battery. o rc: Fuel cell energy loss.
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2.6. SIMULATION RESULTS

203.5km for the mass, volume, and cost, respectively, the FCHEV is a better choice.
However, it should be mentioned that values for the FCHEV easily can be changed
by increasing the fuel cell power rating, e.g. increasing the fuel cell power rating will
probably have a negative effect on the cost, but a positive effect on the total car mass
and power system volume.
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2. VEHICLE MODELING

| | Designed traveling distance [km)] |
‘ H 509 101.8 152.6 203.5 2544 3053 3561 407.0 4579 508.8 H ‘

Tank energy per || 3052 290.1 281.1 2830 2894 2960 3067 3162 3285 3446 || BEV
km Zuk [Wh/km] | 5836 6014 6167 6217 6318 6414 650.8 660.1 669.8 679.6 | FCHEV
Tank-to-wheel 462 495 529 543 552 557 562 565 566  56.6 | BEV
Efficiency nrw [%] || 246 240 236 237 235 233 231 229 227 226 || FCHEV
Total car mass 1226 1274 1372 1469 1592 1,690 1,837 1959 2,108 2,284 || BEV
Mear [kg] 1274 1292 1310 1351 1,369 1,388 1,408 1,428 1449 1470 | FCHEV
Volume of power || 988 120.1 1626 2055 2592 3022 3668 4208 486.0 563.3 | BEV
system Volpg [L] 1929 2145 2370 2684 2915 3152 3395 3645 390.2 416.8 | FCHEV
Total car cost 22,751 24,863 29,075 33,307 38,606 42,850 49,217 54,529 60,942 68513 | BEV
Coste,r [USD] 30,138 30,834 31,556 33,246 33,983 34,738 35515 36,313 37,135 37,983 || FCHEV

Table 2.2: Tank energy per km, tank-to-wheel efficiency, total vehicle mass and cost, and volume of power system. The key
figures are shown for different traveling distances.
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3 Conclusion

A simulation model of a Battery Electric Vehicle (BEV) and a Fuel Cell Hybrid Electric
Vehicle (FCHEV) have been developed in Matlab/simulink. The BEV is being pow-
ered by lithium batteries, and the FCHEV is supplied by a combination of lithium
batteries and a proton exchange membrane fuel cell. The vehicles are first designed
for a specific driving cycle, i.e. the electric machine, power electronic, battery, fuel
cell, etc. are sized in order to handle the required power and energy. The driving
cycle consist of three different environments, i.e. urban driving, road driving, and
motorway driving. When the components have been sized the simulation program
executes a simulation where the consumed energy is calculated. The simulation pro-
gram also calculates the total vehicle mass and cost, volume of the power system.
The driving cycle has a length of 50.9 km, but it can be repeated several times in order
to perform a longer traveling distance. Thereby the two vehicles can be compared in
terms of mass, volume, cost, energy consumption, and efficiency for different travel-
ing distances. The two vehicles have been compared for traveling distances between
50.9 km to 508.8 km. For all the traveling distances the energy consumption per km
and efficiency are significant better for the BEV than for the FCHEV. The average en-
ergy consumption per km is 304.1 Wh/km and 635.7 Wh/km for the BEV and FCHEYV,
respectively. The average tank-to-wheel efficiency of the BEV and FCHEV are 54.0 %
and 23.4 %, respectively. For the energy per km and efficiency the input energy is the
grid energy for the BEV and energy of the hydrogen for the FCHEV. For both vehi-
cles the battery is recharged to the initial state-of-charge. For the total car mass and
cost and volume of the power system, the results are two-sided. For short distance
the BEV is lighter, has smaller volume of the power system, and are cheaper than
the FCHEV. However, when the traveling distance increases the difference becomes
smaller, and at long distances the FCHEYV are the lightest, smallest, and cheapest.

As a final remark it most be mentioned that the cost modeling included in the
simulation models are relative simple and should therefore only be used as a “qual-
ified guess”. It should also be mentioned that the modeling are based on data sheet
specifications or theoretically considerations. The different models have therefore not
been verified by laboratory experiments, which is recommendable for future work.
The two vehicles have been designed in order to satisfy the power end energy re-
quirement. However, in order to increase the efficiency the components can be rated
higher than necessary, but this will also increase the cost of the system. If better cost
models are used a better compromise between efficiency and cost can be made. For
small distance the battery is sized due to its power requirement, and for long distance
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3. CONCLUSION

it is rated due to its energy requirement. Therefore, in order to improve the efficiency
for the same (or close to) cost, different batteries with different power-energy charac-
teristics could also be included in the design process.

26



Bibliography

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Datasheet of ballard fcgen-1020acs fuel cell stack, October 2010.
http://www.ballard.com/files/pdf/Spec_Sheets/FCgen-1020ACS_with_csa.pdf.

Analysis of power balancing with fuel cells & hydrogen priduction plans in den-
mark, March 2009. CanDan 1.5 project report.

F. Casanellas. Losses in pwm inverters using igbts. IEE Proceedings - Electric
Power Applications, 141(5):235 — 239, September 1994.

De danske bilimporterer, 2010.
http://www.bilimp.dk/statistics/index.asp.

Mehrdad Ehsani, Yimin Gao, Sebastien E. Gay, and Ali Emadi. Modern Electric,
Hybrid Electric, and Fuel Cell Vehicles - Fundamentals, Theory, and Design. CRC
Press LLC, first edition, 2005. ISBN 0-8493-3154-4.

Ali Emadi. Handbook of Automotive Power Electronics and Motor Drives. Taylor &
Francis, first edition, 2005. ISBN 0-8247-2361-9.

Iea energy technology essentials - fuel cells, April 2007.
http://www.iea.org/techno/essentials6.pdfl

Kasper Kotter Jensen, Kasper Aastrup Mortensen, Kenneth Jessen, Tommy
Frandsen, Gunner Runélfsson, and Thorunn Thorsdéttir. Design of spmsm drive
system for renault kangoo. Report - Group 43-A - EMSDS8, May 2009.

S.M. Lukic and A. Emadi. Performance analysis of automotive power systems:
effects of power electronic intensive loads and electrically-assisted propulsion
systems. Proc. of IEEE Vehicular Technology Conference (VIC), 3:1835 — 1839, 2002.

Tony Markel, Matthew Zolot, Keith B. Wipke, and Ahmad A. Pesaran. Energy
storage system requirements for hybrid fuel cell vehicles. Proc. of Advanced Au-
tomotive Battery Conference, June 2003.

Ned Mohan, Tore M. Underland, and William P. Robbins. Power electronics. John
Wiley, third edition, 2003. ISBN 0-471-22693-9.

Mitch Olszewski. Evaluation of the 2007 toyota camry hybrid synergy drive
system. U.S. Department of Energy, April 2008.

Saft, 2010.
http://www.saftbatteries.com.

27


http://www.ballard.com/files/pdf/Spec_Sheets/FCgen-1020ACS_with_csa.pdf
http://www.bilimp.dk/statistics/index.asp
http://www.iea.org/techno/essentials6.pdf
http://www.saftbatteries.com

BIBLIOGRAPHY

[14] A. Simpson. Cost-benefit analysis of plug-in hybrid electric vehicle technology.
Proc. of International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium and
Exhibition (EVS-22), October 2006.

[15] Skatteministeriet, registreringsafgift, 2010.
http://www.skm.dk/tal_statistik/satser_og_beloeb/228.html.

[16] Tire code, wikipedia, 2010.
http://da.wikipedia.org/wiki/D%C3%A6k_(hjul)l

[17] Toyota avensis, specifications, 2010.

http://www.toyota.dk/cars/new_cars/avensis/fullspecs.aspx.

[18] Ugm technologies, 2010.
http://www.uqgm. com.

[19] Edward J. Wall. Plug-in hybrid electric vehicle r&d plan - external draft, Febru-
ary 2007.

28


http://www.skm.dk/tal_statistik/satser_og_beloeb/228.html
http://da.wikipedia.org/wiki/D%C3%A6k_(hjul)
http://www.toyota.dk/cars/new_cars/avensis/fullspecs.aspx
http://www.uqm.com

A Battery

In this appendix a battery will be modeled. The parameters will be extracted from
data sheet specifications.

A.1 SPECIFICATIONS AND CHARACTERISTICS

The specifications of a single base cell can be seen in Table[A.T]

Manufacture Saft
Type VL 37570
Maximum voltage Viatmax,cell 4.2V
Nominal voltage Vgatnom,cell 3.7V
Minimum voltage VBatmin,cell 2.5V

1h capacity Q1cen 7 Ah
Nominal 1h discharge current /g, cell TA
Maximum pulse discharge current Igatmaxcenn 28 A
Mass MBat,cell 0.149 kg
Volume Volg,¢ cenn 0.0654 L
Cost CEgx [2] 250 $/kWh

Table A.1: Data sheet specifications of Saft VL 37570 Lilon battery [13] and cost esti-
mation.

In Figure [A 1] the capacity with different discharge currents can be seen. Almost
no difference in capacity is seen for current below or close to the nominal discharge
current at 1C. However, the double nominal current 2C reduces the capacity signifi-
cant.

In Figure the voltage, current, and state-of-charge of the battery is shown for
different constant charging currents. The charging current is constant until the termi-
nal voltage becomes equal to 4.2 V. Thereafter the current decreases as the voltage is
kept at 4.2 V. When the current becomes equal to zero, the battery is fully charged,
i.e. the state-of-charge is equal to 1.

A.2 MODELING

The battery will only be modeled in steady-state, i.e. the dynamic behavior is not
considered. The electric equivalent circuit diagram can be seen in FigurdA.3l The
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Data sheet specifications - Capacity
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Capacity Qpat.cen [Ah]

Figure A.1: Capacity for different constant discharge currents according to the data
sheet.

battery model consist of an internal voltage source vg,tint,cen and two inner resistances
RBatchacenn Used for charging and Rgat giscen for discharging. The two diodes are ideal
and have only symbolics meaning, i.e. to be able switch between the charging and
discharging resistances. Discharging currents are treated as positive currents, i.e.
charging currents are then negative.

Capacity

In Figure[A.Ilthe capacity can be seen for different discharging currents. For current
higher than the nominal the capacity is reduced. The phenomena can be modeled by
the Peukert equation:

QlA - I}I;atlceHTBat [Ah] (A.l)

where (1a [Ah] Capacity for a discharge current of Igacen = 1 A.
k [—-] Peukert number.
Tsat [h] Discharge time
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Data sheet specifications - Charging
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Figure A.2: Characteristics for different constant charging currents according to the
data sheet. (a) Current. (b) Voltage. (c) State-of-charge.

RBat,dis,ceIl )
lBat,cell
+
VBat,cell

VBatint.cell RBat cha,cell

Figure A.3: Electric equivalent circuit of battery.
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By manipulating Equation[A.1l the Peukert number is given by

_ 7k _ Tk
QlA = 1 Bat,cellTBa’f = 1 Bat,l,cellTBat,l [Ah] (AZ)
k—1 k—1
Tgat cen IBatce T Bat = Igac7 cent [Bat1,cell TBat,1 [Ah] (A.3)
N—_—— — — ——
QBat/cell ABat,Lcell

b log (QBatcell) — 10g (QBat,1,cenl)

+1 — A4
IOg (IBat,l,cell) - log (IBat,cell) [ ] ( )

When applying Equation [A.4 to the data sheet capacities in Figure [A.Il the results
in Table[A.2]are obtained.

Tsatcen [A] || 1.4 3.5 14.0
k-] 1.0053 | 1.0062 | 1.1248

Table A.2: Calculation of the Peukert number.

The calculation of the Peukert number for the two low current levels in Table[A.2]
supports the curves in Figure[A]] i.e. no significant difference in capacity is seen for
currents below the nominal discharge current, where the Peukert number is equal to
one in these situations. The Peukert number is therefore current depending;:

1 I Bat,cell S I Bat,1,cell
- : it - A5
{ 1.125 1 Bat,cell > Bat,1,cell [ ] ( )

From Equation[A.2]the time a current Igcen can be drawn is

Isa F
Tgat = ( ? t'l'ceu> TBat1 [h] (A.6)
Bat,cell

If a discharging current I, cen is drawn for Tg,e hours until the minimum battery
voltage Vgatmincenn = 2.5V is reached, a charge of (gat1,cen actual have "left" the battery.
Seen from the battery side an equivalent discharge current Igateqcen have therefore
been drawn for Tg,; hours. This equivalent discharge current Iga;eq,dis is from Equa-
tion[A.6l given by

(Bat,1,cell = IBat,1,cell TBat,1 = IBat,eq,dis I Bat (A7)
Ji k
Bat,1,cell
= [Bat,eq,dis TBat,l [Ah] (AS)
IBat,cell

k
IBat,cell ) [A] (A9)

]Bat,eq,dis - ]Bat,l,cell T
Bat,1,cell
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Inner Resistance

The internal voltage source depends on the temperature and state-of-charge SoCgy;.
However, for simplicity only the state-of-charge is considered. The state-of-charge
can be expressed by the depth-of-discharge DoDg,, i.e.

SOCBat =1- DODBat [—] (A10)

The depth-of-discharge is defined relatively to the 1 h capacity, i.e. Qpat,1,ceii- Therefore

I at,eq,dis
“Bateq,dis gy = (A.11)

DODBat =
QBat,l,cell

(A.12)

In Figure [A.4 the battery voltage versus the depth-of-discharge for different dis-
charge currents can be seen.

4.2 ! ! ! ! ! ! !

4k

VOltage UBat,cell [V]

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Depth-of-discharge DoDsgy [-]

Figure A.4: Voltage versus depth-of-discharge for different discharge current levels.

The battery voltage in Figure [A.4] depend on the discharge current and state-of-
charge. For two different fractions x; and z, of the nominal discharge current Iga 1 cent
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A. BATTERY

the voltage is given

VUBat,cell (Z1/Bat, 1 cell, DODBat) = VBat,oc,cell (D0 Dgat)

— Ratcelldis(D0Dgat) - ¥11Bat1,cel A V] (A.13)
VUBat,cell (T2 Bat, 1,cell, DODBat) = VUBatoc,cell (D0 Dpat)

— Ratcelldis(D0Dgat) - T2IBat1,cel A [V] (A.14)

If it is assumed that the inner discharge resistance Rpat el gis is independent of the
current level, the resistance can be calculated from two data sets, i.e.

UBat,cell (.CE 1 I Bat,1,cell DoD Bat)
(372 - :L'l) [Bat,l,cell
. UBat,cell (xZIBat,l,cella DODBat)
(22 — 1) IBat 1 cell

RBat,cell,dis (D oD Bat) =

Q)] (A.15)

For each pair of data sets in Figure [A.4] the inner discharging resistance Rgat el dis
is calculated. The results can be seen in Figure [A.5 It is seen that there are some
deviation between the results. This could be because the resistance also is current
depending. However, there seems not to be any clear relationship between the re-
sistance and current values. For this reason it is decided to calculate the average
resistance for each depth-of-discharge value. The average value is also shown in the
tigure. It is seen that it increases for higher depth-of-discharge values. The average
resistance value can be approximated by a second order polynomial, i.e.

RBat,cell,dis = aloDODégt + agDngat + agDngat + a7D0D§at
+ agDoDS,, + asDoDj., + agDoDy,, + a3DoDsj,

+ azDoDg,, + a1 DoDgy + ag Q] (A.16)
where a9 = -634.0 Constant
ag = 29421 Constant
ag = -5790.6 Constant
a; = 62974 Constant
ag = -4132.1 Constant
as = 1677.7 Constant
as = -4164 Constant
a3 = 60.5 Constant
ap = -4.8 Constant
ap = 0.2 Constant
ay = 0.0 Constant
Open Circuit Voltage

For each data set the internal voltage source vgat occen, i-€. the open circuit voltage can
be calculated:

UBat,oc,cell = UBat,cell + RBat,cell,disiBat,cell [V] (A17)
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Discharging resistance Rpatcel,dis [€]

0.0
0.08 i
C/5and C/2
—— C/5and 1C
0.02F C/5and 2C
C/2and 1C
—— C/2and 2C
0.01} 1C and 2C
O Averaging
Curve fit | | |
O 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Depth-of-discharge DoDga [—]

Figure A.5: Inner resistance versus depth-of-discharge calculated from the data sets
in Figure [A4]

The results can be seen Fig[A.6l The average open circuit voltage can be described by
a ten order polynomial. Therefore

UBatoecell =b10D0DEY, + boDoDy., 4 bsDoD3., + by DoDj_,
+ bgDoD},, + bsDoDg,, + byDoDg,, + bsDoDj,,
+ byDoD3,, + b1 DoDgy + by V] (A.18)
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Open circuit voltage vpatintcen [V]

2.8

Average

= = = Curve fit

2.6

where by
bo
bs
by
be
bs
by
bs
by
b
bo

In order to verify the modeling of the inner discharging resistance Rgatceli,gis and
internal voltage source vg,t o cenl the terminal voltage vgat cen for each of the data set are

0.1

0.2

Figure A.6: Calculated open circuit voltage.

-8848
40727
-79586
86018
-56135
-5565
784
-25

55

0

4

calculated. Therefore

|
0.3

|
0.4

|
0.5

|
0.6

0.7

Depth-of-discharge DoDg, [—]

Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant

UBat,cell = UBat,oc,cell (D oD Bat) - RBat,cell,dis (D oD Bat) Z'Bat,cell

The results can be seen in Figure [A7l where the calculated values and data sheet
values are shown as a function of both the capacity and depth-of-discharge. It is seen
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A.2. MODELING

that calculations fit the data sheet values. However, for a battery current of Igatcen =
14.0 A a deviation is seen for depth-of-discharge values higher than DoDg,; = 0.95.

Charge Efficiency

Due to the Peukert equation the available capacity drops when the drawn current
becomes higher than the nominal. During the charging, either from the charging
station or due to the regenerative braking, it is important to be able to model how
much of the charging current that actually is captured. In Figure the voltage
and state-of-charge are shown for different charging currents. From these data sheet
curves, the relationship between that amount of charge that is put into the battery, and
that amount of charge that actually is stored, can be calculated. Some of the charging
current is "lost". The change in state-of-charge in Figure [A.2(c) is the integral of an
equivalent charging current g, cell eq.cha- Lherefore

1

ASOCBat = —
QBat,l,cell

/ Z'Bat,cell,eq,chadt [Ah] (AZO)
The minus sign is due to the sign convention, where a charging current is negative.
The charging current is converted into the equivalent charging current by a charging
efficiency 7pat,cha, 1.€.

iBat,cell,eq,Cha = nBat,chaiBat,cell [A] (A21)
The charging efficiency is therefore given by

o f iBat,cell dt
ASoC, BatQBat,l,cell

For each data sheet value the efficiency is calculated. The results can be seen in
Figure It is seen that the calculations are with high deviations, which is due to
the uncertainty when reading the data sheet curves. However, the charge efficiency
does not seem to depend on the charging current or state-of-charge. Therefore the
average value is used. The average value is 7patcha = 0.95, and is also shown in the
tigure.

-] (A22)

TIBat,cha =

Charging Resistance

The charging resistance Rpatcelicha can be calculated from the curves in Figure
Therefore

UBat,oc,cell — UBat,cell
RBat,cell,cha == X [Q] (A23)
?Bat,cell

The open circuit voltage vgatoccen is calculated by using the polynomial function in
Equation[A.18l The result of the charging resistance can be seen in Figure[A.9
The average charing resistance Rpat el cha 1S also given by a ten order polynomial,
ie.
RBat,cell,cha = CloDODEl;gt + CgDOl)]%at + CgDODgat + C7D0DE75at
+ ceDoDS,, + csDoD3,, + csDoDg,, + c3DoDj,
+ caDoD3,, + c1DoDgpa; + ¢ V] (A.24)
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(a)

O C/5 Data sheet
C/5 Calculated
o C/2 Data sheet
C/2 Calculated
O 1C Data sheet
1C Calculated
2C Data sheet
2C Calculated
2 3 4 ° °
Capacity Qpat.cen [Ah]

Voltage UBat,cell [V]
w

N
a1
T

0 1

(b)

O C/5 Data sheet
C/5 Calculated
o C/2 Data sheet
C/2 Calculated : | ‘
O 1C Data sheet - |
1C Calculated
2C Data sheet
2C Calculated
2 0.2 0.4 0.6 0.8 1
Depth-of-discharge DoDga [—|

Voltage UBat,cell [V]
w

N
o

Figure A.7: Data sheet values and calculations of the battery voltage constant dis-
charging currents. (a) Versus the capacity. (b) Versus the depth-of-discharge.
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1.4 T T T T T I T T T
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= = = Average

Charging efficiency nsat cha [~

| 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
State-of-charge SoCgat [—]

0.7 : :

Figure A.8: Calculation of charge efficiency from the data sheet curves in Figure

where c¢p = 2056 Constant
cg = -9176 Constant
cg = 17147 Constant
c; = -17330 Constant
¢ = 10168 Constant
cs = -3415 Constant
cy = 578 Constant
cz = 25 Constant
c = 3 Constant
¢ = 0 Constant
o = 0 Constant

In order to verify the methods used to calculate the state-of-charge, internal volt-
age source, and charging resistance calculations are compared to data sheet values.
The results can be seen in Figure
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Figure A.9: Calculation of charging resistance from the data sheet curves in Fig-
ure(A2]

A.3 CYCLE EFFICIENCY

In order to calculate the cycle efficiency a charging power ppatcha and discharging
POWer ppat dis are defined:

o ‘pBat‘ PBat Z 0

PBat,dis = { 0 PBat < 0 [A] (A25)
_ |pBat‘ PBat <0

PBat,cha = { 0 DBat 2 0 [A] (A26)

The cycle efficiency is defined as the energy taken out of the battery relative to the
energy entering the battery in order to reach the same state-of-charge level as before
the discharging, i.e.

Tstop

TBat,cyc = ! 100 % [%] (A27)
" praenadt
SOOBat ( start) SOOBat ( stop) [—] (A28)

The cycle efficiency is investigated for different current amplitudes and state-of-
charge levels. See Table[A.3l The current charging and discharging levels are specified
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Figure A.10: Simulation and data sheet comparison. (a) Charging current. (b) Battery

voltage. (c) State-of-charge.
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| Charge/discharge || Minimum state-of-charge [%] |

| current [A] | 0 20 40 60 80 |
C/5 899 90.0 90.0 90.1 90.3
C/2 84.1 844 848 856 874
1C 777 790 80.2 816 835
2C 63.6 652 662 678 695

Table A.3: Cycle efficiency of battery cell in percentage for different charge/discharge
ratings and minimum state-of-charge levels.

in terms of C. However, during the charging the specified current in the table will only
be used if it is equal to or less than the recommended charging current of 1C, and if
the battery voltage is below or equal to the maximum allowed limit.
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B Electric Machine

B.1 MODELING

The electric model of the PMSM is given by

di .
vq = Rgtq + Ld?; — weLqu
i |
vq = Rgig + an + welLgtg + WeApm

Pe = ;) (vdz’d + vqiq)

where w4 [V]  D-axis voltage
Uq [V]  Q-axis voltage
iq [A]  D-axis current
iq [A]  Q-axis current
R [€2]  Stator phase resistance
Lq [H]  D-axis inductance
Lq H]  Q-axis inductance

Apm  [WD] Permanent magnet flux linkage
we [rad/s] Angular frequency of the stator
Apm  [WDb]  Permanent magnet flux linkage
Pe (W] Electric input power

The mechanical part of the PMSM can be modeled as follows:

dw
Te = JST;+TV+TC+TS
Tv = vas
Ps = TsWs
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B. ELECTRIC MACHINE

where wj [rad/s|]  Shaft angular velocity
Js [kgm?]  Shaft moment of inertia
Te [Nm] Electromechanical torque
Ts [Nm] Shaft torque
Te [Nm] Coulomb torque
B, [Nms/rad] Viscous friction coefficient
P [—] Number of poles
Ds (W] Shaft power

The coupling between the electric and mechanical part is

Te = 2]; ()‘pmiq + (Ld - Lq) idiq> (B7)
We = gws (B.8)

Simplified Model

Many options exist for controlling the PMSM. In order to simplify it is chosen to
use the Iy = 0 control. Thereby the reluctance torque cannot be utilized, but the
reluctance contribution is usually minor in compare to the torque of the permanent
magnet. The mechanical and electric time constants are much smaller of the electric
machine than for the vehicle it self. The electric machine are therefore considered
to operate in steady-state. With the I; = 0 property the electric machine model is
therefore reduced to

Vq = Rsid — weLqiq [V] (B9)

Vq = Riq + WeApm V] (B.10)
3 .

Pe = 5Vqlq (W] (B.11)

Te = Byws + Tc + 75 [Nm] (B.12)

Ps = TsWs [W] (B13)

Several modulation techniques also exist for inverting the DC bus voltage to three
phase AC voltage. The different techniques has different performances in the usage
of the bus voltage, harmonic content, acoustic noise, etc. Again, due to the simple
implementation, the sinusoidal pulse width modulation (PWM) technique is chosen.

When using sinusoidal modulation the phase peak is

> VBus
Vo = m;
P m 2

(B.14)

where Vp [V] Phase peak voltage
m;  [~] Modulation index
Veus [V] Bus voltage
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B.2 DESIGN

In order to design the machine design constraints from UQM Technologies [18] are
applied. The machine from UQM Technologies is a brushless permanent magnet
synchronous machine with the specifications in Table B.1l

Continuous shaft power (4000 rpm) P cont 45 kW
Peak shaft power P max 75 kW
Maximum speed T, max 8000 rpm
Number of poles [8] P 18
Continuous shaft torque Ts,cont 150 Nm
Peak shaft torque Te,max 240 Nm
Nominal efficiency TIEM nom 94 %
Specific power (based on peak power) SPem | 1.83kW /kg
Power density (based on peak power) PDgy | 4.83kW/L
Maximum shaft torque at maximum speed

(based on approximation from data sheet) | 7 maxwsma 85 Nm
Maximum shaft speed at continuous torque

(based on approximation from data sheet) | ngmaxrcon 4775 rpm

Table B.1: Specifications of UQM PowerPhase 75 [18].

The phase angle between the voltage and current is not specified, but is assumed
to be ¢gemnom = 0.55 rad, which corresponds to a power factor of cos(¢rm) = 0.85.
Based on the specifications of the UQM the following relationships can be defined

Tomax 240 Nm
— Tomax _ —1. B.1
M= e 150Nm 6 (B.15)

Tomax  240Nm
aEM,Z = TSImaX,ws,maX = 85 Nm = 282 (816)

T max 8000 rpm
= ’ = = 1.6754 B.17
R Nsmax,recone 4770 TPM o1 ( )

The relation ships in Equation (B.I5)-(B.17) will be used as design constraints. At
full power and maximum speed is the efficiency ngm =~ 0.9 of the UQM machine
[18]. The maximum efficiency of the should be located around the nominal point
of operation. By try-and-error-method it turns out that if the coulomb torque and
viscous friction are responsible for 2 % and 6 %, respectively, of the power loss at full
power and maximum speed, the maximum efficiency is located around the nominal
point of operation. Therefore

0.02 Py

— N B.1

T 09 [N} (B.18)
0.06 Py ma

B, = 2 0.9 [Nms/rad] (B.19)

S
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As the maximum speed have been selected to 14 max = 8000 rpm are the maximum
speed at continuous torque and angular velocities given by

_ Ngmax 3000 rpm

max,Tscont - = 4775 B.ZO
s rscon GEM 3 1.6754 P ( )
2 T
s,maX,Tscont — !US,maX,Tscont m~ /. - 4775 -, . = 500 rad B.21
Womarmscont = Tls,max7scon 60 s/min Pt 60 s/min rad/s ( )
P 18
We,max,7s.cont = gwslmaxﬁsrcom = ?500 rad/s = 4500 rad/s (B.22)

There are two torque requirements, i.e. maximum torque at maximum speed
Tomaxcws.mee 10T driving at maximum speed, and maximum torque 7, max for the ac-
celerations and decelerations. The motor is therefore designed after that force that
provides the highest requirement, i.e. if f; reqmax is the highest required traction force
for the given driving cycle, and f;reqnom is the required traction force at maximum
speed, the maximum traction force fimax and traction torque i max are

fomax = 1.05 - mazx ([ Joreqmax D [N] (B.23)

aEM,th,Teq,nom

Tt,max — ft,max'rw [Nm] (B24)

It is noticed that the nominal and maximum traction force have a buffer of 5% to the
needed.
The maximum and nominal shaft torques are therefore

Ts,max — Thmax [Nm] (B25)
Ttra

Ts,cont = T max [Nm] (B26)
agM,1

The nominal electro mechanical torque is:
7-e,c:ont = Tc + BVWS,max,TS,Com + 7-s,comt [Nm] (B27)

The machine will be designed at continuous torque speed ws cont, Maximum power
P max, nominal efficiency 7gm nom, and minimum bus voltage Viysmin. The speed is ap-
proximately proportional to the terminal voltage. At the minimum bus voltage the
machine should be able run at maximum speed with a modulation index m; = 1. Be-
cause the machine is designed at nominal speed, but at the minimum bus voltage, the
modulation index is m; nom = L 0.3581. The voltages of the machine is therefore:

agEM,3

9 Vi us,min

‘/p,nom = Mi,nom B 2’ [V] (B28)
Vd,nom - - ‘/)i),nom Sin(ngM,nom) [V] (B29)
VVq,nom = Vp,nom COS(¢EM,nom) [V] (B30)
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Therefore, at I3 = 0 control the machine parameters can be designed as follows:

P, s,max — ws,max,fs,mst,cont [W] (831)
P, s,max
Pe,max - - [—] (B32)
TIEM,nom
2P
I cont — o e.cont A B.33
q,cont 3 ‘/21 om [ ] ( )
22 Te,cont
L=2ile Wb B.34
P 3 P ]q,cont [ ] ( )
Vd nom
L, = — ’ H B.35
a We,max, s cont I g,nom [ ] ( )
V nom we,max,fs mm>\ m
Ry = ¥ 7 cont” P [Q] (B.36)
q,cont

The efficiency of the machine for different torque-speed characteristics can be seen
in Figure Bl

The efficiency of the machine for different power-speed characteristics can be seen
in Figure

The rated electric machine power is

B EM,rat — P, s,max [W] (B37)
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Shaft torque 7 [Nm]
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Figure B.1: Efficiency of the electric machine.
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Shaft power pg [kW]
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Figure B.2: Efficiency of the electric machine.
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C Transmission

The used driving cycle only considers the case where the vehicle is going straight
ahead, i.e. the speed and torque of each driving wheel are therefore the same. There-
fore

Tt = firw (Cl)
_ T
Tw =3 (C.2)
o Ucar (C3)
TW
bt = ftvcar (C4)
where 7 [Nm| Traction torque

Tw  [Nm] Torque of each driving wheel
wyw [rad/s] Angular velocity of the wheels
Dy (W] Traction power

Due to the lack of better data, it is assumed that the power from the shaft of the
electric motor to the two driving wheels has a constant efficiency of nrs = 0.95 [5].
Therefore

msg pe<0
Te = n Nm (C.5)
{ msG Pt =0 [ ]

The angular shaft velocity of the electric machine w, is
ws = Gy, [rad/s] (C.6)

The maximum vehicle speed is V.o mez = 2?3 %lligl/{lh = 55.6m/s, and the maximum
speed of the electric machine has been set to 1smax = 8000rpm. The required gear

ratio of the differential is therefore

G — Tls,max —~ (C7)

160
‘/car,maxaﬁ
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D Inverter

A circuit diagram of the inverter can be seen in Figure [D.Il The inverter transmit
power between the electric machine (with phase voltages va, v, and vc) and the bus
by turning on and off the switches Qa:, Qa-, @B+, @B-, @cs+, and Qc.. The switches
has an on-resistance Rq . The diodes in parallel of each switch are creating a path
for the motor currents during the deadtime, i.e. the time where both switches in one
branch are non-conducting in order to avoid a shoot-through.

Uny
>
»

QA+ Da. +J_; %DB‘F +J_; %DC‘F
VQ,th,Inva: Vo Yy Vo Vommy Vb v
RQ,lnv D Inv RQ,lnv RD,lnv RQ,lnv RD,lnv
i ip ic
VBat = =™ > >
DA QBE’%DB- QCE%DC-
VQ th, lnv Voiiny | VQuhiny® Vo | Vounn® /by
RQ Inv D JInv RQ,InV RD,InV RQ,InV RD,InV

ol

:

+

Figure D.1: Circuit diagram of inverter.
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D. INVERTER

Voltage Modeling

The inverter inverts the DC bus voltage to three phase AC voltages and currents,
which are given by

va = Vpsin (wet + ¢pm) V] (D.1)
~ 2
op = Vpsin (wet + = + éru) V] (D.2)
~ 2
ve = Vpsin (wet — = + du) [V] (D.3)
in = I sin (wet) [A] (D.4)
ip = Ipsin (wet + 2;) [A] (D.5)
ic = fp sin (wet — 2;) [A] (D.6)
where 1}, [V]  Peak phase voltage
fp [A]  Peak phase current
¢em  [rad] Power factor angle
We [rad/s] Fundamental angular velocity

Many modulation methods that can do the DC/AC conversion exist. A simple
method is the sinusoidal modulation. When using this method the duty cycle da. of
the upper switch Q. of branch A is given by [11]

1 v 1 v,
dA+=2<1+ V};) :5 1+‘/gis1n(wet+¢EM) (D.7)
1 .
= 5 (1 4+ m;sin (wet + ¢pm)) [—] (D.8)

where wvs [V] Voltage of phase A
m; [~] Modulation index
The duty cycle of the two other phases are shifted 120 ° with reference to phase A.

Loss Modeling

The average power losses of one switch pgmy and diode pp iy in Figure [D.1] during
one fundamental period are [3]: The power of the switch QQua and diode Dy A is
therefore given by loss due to the forward voltages and internal resistances, i.e.

1 my; A 1 my N

PQInv = (8 + 37r> RQ,va}? + (277 + 3 COS(¢EM)) Vo thinvIp [W] (D.9)
1 my 29 1 my ~

PDJny = (8 - ?nr) Rpmvl; + (27r Y COS(¢EM)> VD th,nolp [W] (D.10)

If it is assumed that the threshold voltage drop of the switches Vg my and diodes
W,y are equal, ie. Vinmy = Vo = Vb mv, and that the resistances of the
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switches Rgmy and diodes Rp . also are equal, i.e. Ry = Romv = Rpmy, the to-
tal power loss of the inverter is given by

3 - 6 A
PInv,loss =6 (P Q,Inv + B D,Inv) = §RII1VI§ + ;‘/th,hw[p [W] (Dll)

The output power of the inverter is the motor input power pgy. The inverter input
power P, and efficiency is therefore

Pinv = UBuSiInV = PEM + Plnv,loss [W] (D12)
PEM
M ppm > 0

Nnv = { E [_] (D.13)
e PEM < 0

Design

The inverter is designed at the same point of operation as the electric machine, i.e.
nominal machine power P, om and minimum bus voltage Vguysmin. The inverter is
designed to have an efficiency of Niynom = 0.95 at that point of operation. The loss
Pinyossnom and resistance Ry, of the inverter is therefore

1 —
A Inv,lossnom — MP EM,nom [W] (D14)
nInV,nom

an oss,nom QV nvf
Ripy = —vlossmom — y Tthlnv_p )] (D.15)
372
27p

The threshold voltage is assumed to be Vi e = 1 V.

Mass and Volume

In order to be able to calculate the mass and volume the specifications in Table [D.1l
are used.

Description Symbol Value
Peak specific power (Toyota Camry [12]) | SPp,y 9.3kW /kg
Peak power density (Toyota Camry [12]) | PDy 11.7kW/L

Table D.1: Specifications of Toyota Camry inverter.

The inverter VA-rating depend on the battery voltage and current. It is chosen to
have a buffer of 20 % of the inverter voltage and current. The inverter peak power
rating is therefore

PInV,rat =1 2VvBat,max 1.2], Bat,max [W] (D 1 6)
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E Rectifier

In order to utilize the three phase voltages of the grid vy, vy, and vw they are rectified
by a rectifier as seen in Figure[E.1l In the rectifier the loss is due to the resistance Rp rr
and threshold voltage Vp i rr-

. | . R .
Grid | Vehicle IRF I,
| L 4 L g > >
| | l l
: T Vingrr Vinre Vinre
: RRF
: .
| Boost
: ==Cre | converter
: T Vinre Vinre VinrE
|
VUt iy | RRF
I Dy.
A
T
“Vw+ y :
>
I

Figure E.1: Circuit diagram of rectifier.

The phase grid voltages are given by

vy = V2V, sin(wt) [V] (E.1)
vy = \/QVE) sin(wt — 2;) [V] (E.2)
vw = \/§Vp sin(wt + 2;) [V] (E.3)

where 1} [V]  RMS phase voltage
w [rad/s] Electric frequency

If it is assumed that the current to the boost-converter igr is constant, the phase
currents will be constant for 120° (or Trad) in each half period as shown in Fig-

ure [E2(b).
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E. RECTIFIER

Voltages [V]

Phase currents [A]

600 1 - ' 7 ' ' ———— ]
I vu
1 Uy
400 ! w1
URF
200F 4 VRE [
I I (a)
O L . ; .
1 1
I I
~200/\__ § o
-400t i | i- i —5| . . 7| 3|’ 11| . g | =
s s s s s s s
% 0 & 2 s 3 5 5 2m Lm
Angle wt [rad/s]
100 i T T T T T T T - |
1 u
1 v
50f -1 - ‘ -ZW
i i
) )
0 T T (b)
i i
) )
50 | |
i i
-100 1 1
1 i i 5| 7| 3| 11| 1
s s s s s s s
~% 0 & 2 S S Fl 5 2m Lm

Angle wt [rad/s]

Figure E.2: Voltage and currents of rectifier. (a) Phase voltages and rectified voltage
(instantaneous and average). (b) Phase currents
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From the figure it can be seen that the current of phase U iy is given by

0 0§wt<%
Irr ’T<wt<
iy= 23 0 57f<mf< [A]
_]RF 77r< t<1?
0 11”§wt<27r

The grid RMS-current is therefore

Tona = ¢ / 2 d (wt) \/g [A]

When the voltage between phase U and V is highest it can be described as

2T

vyy = vy — Uy = \/§V (sin(wt) — sin(wt — 3))

t+wt— 20 t—wt+2F
— V2V, <2005(W)sm(w)>

2 2
= V23V, cos(wt — E) [V]
—— 3
ViL

where Vi [V] Line-line RMS voltage
The rectified voltage is therefore

URr = vyy — 2Rgpiy — 2Vingr

SEEIE

i
= V/2Vi1 cos(wt — g) — 2Rrrlrr — 2Vingr

(E4)

(E.5)

(E.6)

(E.7)

The rectified voltage vgr repeats itself six times in one phase voltage period. The

average rectified voltage is therefore from Equation (E.7) [11]:

1 bl

pen / URFd<wt)

675

3 [z T

= */ (\/§VLL COS(wt — g) — QRRF[RF — 2‘/;}1,[{1:) d(wt)

3v/2
TVLL — 2Rgrrlrr — 2Vinrr V]

VRr =

s
2

The average power level Pyr of the rectified voltage is therefore

3v/2

Prp = Vrelrr = 7VLLIRF (2RRFI§F + QWh,RFIRP) (W]
—,_/
PGrid B RFloss

(E.8)

(E.9)
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E. RECTIFIER

where Pgig [W] Power of three phase grid
Possge [W]  Total loss of the rectifier

From Equation (E.5) the grid power can also be written as a function of the grid
RMS-current:

3v2 3v/3
FPGria = TVLLIRF = TVLLIGrid (W] (E.10)

E.1 DESIGN

It is expected that most of the charging of the BEV will take place at the private homes,
where the maximum RMS-current is IGyigmar = 16 A. The maximum grid power and
rectifier current are therefore

3v3

P Grid,max — 7VLL[Grid,max = 10.6 kW (Ell)
T

3
IRF,maX = \/glGrid,max =19.6A (E12)

It is assumed that the active rectifier has an efficiency of 7rgnom = 0.95 at maximum
grid power. The switch-on resistance can therefore be calculated from Equation (E.9):

B REmax — nRF,nomP Grid,max — F Grid,max — (ZRRFI[%F,maX + QMh,RF[ RF,max) [W] (E13)

0

F rid, max 1-— nom _QV I max
Ryp = LGritmax (1= nom) = 2VingelRemox _ 535,10 (E.14)

2
21 REmax
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F Boost Converter

The line-line RMS-voltage of the grid is Vi1, = 400 V. This is lower than the minimum
allowed battery charging voltage of ViatmaxBase VBats = 525 V. It is therefore necessary
to step-up the rectified voltage from the grid. Therefore a boost converter is used as
a charger.

The losses of the boost converter are due to the switch resistance Rqpc and thresh-
old voltage Vompc and the diodes resistance Rppc and threshold voltage Vi sc.
Therefore

diy, vrr — Roscit — Vomse (Jsc on
L— = o o ’ Vv E1
dt { vre — Rppcit — VbthRr — UBat » Qpc Off V] 1)
v . .
CRF% = IRF — L [A] (FZ)
dUBat _iBC QBC on
Cat—— =9 . . A E3
Bt {’LL—ZBC , Qpc off 4] (E3)
In steady-state are the derivatives zero. Therefore
Ver = (RapclL + Vampsc) D + (Veat + Rppc + Vompc) (1 — D) [V] (F4)
I = Igrp [A] (Eb5)
Igc =1L (1 - D) [A] (F.6)

In order to simplify it is assumed that the resistances and threshold voltages of the
switch Qpc and diode Dgc are equal, i.e. Rgc = Rgpc = Rprr and Vingc = Vompc =
Vb,mpc. Equation (E4) is therefore reduced to

Ver = RpclL + Vinse + Veat (1 — D) V] (F7)
The power equation of the boost converter is therefore given by
Vielre = ViatIsc + Reclgp + Vinpe I (W] (E8)
e e Ve
FPrp Py PLoss,Bc

F.1 DESIGN

It is also assumed that the boost converter has efficiency ngcnom = 0.95 at the maxi-
mum power. The maximum power of the boost converter is therefore

B BCmax — A RF,max’/BCnom [W] (Fg)
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F. BOOST CONVERTER

Ve == Crr  Vo.mBC TJ—
- T RQ,BC %

Figure F.1: Circuit diagram of boost converter.

The threshold voltage is Vingc = 1 V. From Equation (ES8) the resistance of the boost
converter is therefore

B REmax — nBC,nomP RFmax + RBC[ ]%F7mam + Mh,BCIRF,max [W] (FlO)

A RFmax (1 - 7]BC,rat> - Vth,BCI REmax
IQ

REmax

=1.330Q (F.11)
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G Braking Resistor

During the regenerative braking is the maximum allowed charging current of the
battery 7gatmax,cha given by

. VBat max,Base — UBat,int,Base
?Bat,max,cha =N Bat,p R [A] (G 1)
Bat,Base,cha

where  Npap Number of parallel strings

[—]
VBatmaxBase |V] Maximum cell charging voltage
UBat,int Base [V] Internal cell voltage
RpatBasecha €] Cell charging resistance

Ideally should the battery handle all the current from the different devices. The
reference battery current is therefore

iBat =lAux + lnv — BC [A] (G.2)

In order to make sure that the critical cell voltage VgatmaxBase NOt is exceeded are the
battery and braking resistor currents therefore given by

iB L= 1Bat y T UBat < 1Bat,max,cha [ A] (G 3)
a — . . . .
—!Batmax,cha —Zﬁat Z ?Bat,max,cha

iBR = iBat — Ipat [A] (G.4)

The negative sign in front of i}, in Equation (G.3) is due to the sign convention of the
battery. A discharging current is defined as a positive battery current. The power of
the braking resistor is given by

DBR = UBat!BR (G.5)
The rated power of the braking resistor is the maximum power through it, i.e.

PBR rat =max (ppr) (W] (G.6)
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H Fuel Cell Modeling

In this appendix a Low Temperature Proton Exchange Membrane Fuel Cell (LT-
PEMEFC) will be modeled. The parameters will be extracted from data sheet speci-
fications.

H.1 SPECIFICATIONS AND CHARACTERISTICS

The modeling is based on a Ballard fuel cell stack (FCgen-1020ACS) which consist of
56 series connected cells. The specifications can be seen in Table [H.1l

Manufacture Ballard

Type FCgen-1020ACS
Temperature range —20°Cto 52°C
Cells NFC,cell 56

Nominal voltage Vic nom,cel 0.642V

Open circuit voltage Vic maxcell 1.0V

Nominal current Ipc cen 65 A

Stack mass MasSgc stack Base 11kg

Mass MFC,CQH 0.196 kg

Stack volume Volgc stack 13.1L

Volume Volgc cen 0.234 L

Cost CEgc (2010 prediction [7]) 500 $/kW
Storage cost CMyy, (estimated from [7]) 700$/(kgH2)
Storage energy density EDg, [10] 1.5kWh/L
Storage specific energy SE, [10] 2kWh/kg

Table H.1: Data sheet specifications of Ballard FCgen-1020ACS fuel cell stack [1]].

H.2 POLARIZATION CURVE MODELING

In Figure [H.T] the polarization curve of a single fuel cell can be seen.

65



H. FUEL CELL MODELING

o
e

o
[}
T

|

Fuel cell voltage vrc [V]
=
T

0.2 .

0 I ! ! I ! !
0 10 20 30 40 50 60

Fuel cell current ipc [A]

Figure H.1: Per cell polarization curve of Ballard FCgen-1020ACS fuel cell stack.

H.3 EFFICIENCY MODELING

The fuel cell efficiency is calculated by the current in per unit, i.e.

, i
ZFC,pu = = us [—] (Hl)
LFC,max
nec = — 2.86921829 - e, + 8.T4517883 - ey
— 9.55224805 - i py, + 4.08022346 - g pu [] (H.2)

In Figure [H.2] the efficiency curve of the fuel cell can be seen.
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H.3. EFFICIENCY MODELING

07 T T T T T T T T T

) o
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Fuel cell efficiency ngc [—]
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w

0.2

0.1

0 ! I ! I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Per unit fuel cell current ircpy [—|

Figure H.2: Fuel cell efficiency as a function of the per unit fuel cell current.
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H. FUEL CELL MODELING
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