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Abstract


Fuel cells achieve more and more attention due to their potential of replacing the
 traditional internal combustion engine (ICE) used in the area of transportation. In
 this PhD thesis a fuel cell shaft power pack (FCSPP) is designed and implemented
 in a small truck. The FCSPP replaces the original supply system of the truck which
 was powered by a lead-acid battery package. The FCSPP includes fuel storage, a
 fuel cell system, an energy storage device, power electronics, an electric machine, and
 the necessary control. The FCSPP therefore converts the energy of the fuel to a shaft
 torque and speed of the electric machine.


In this thesis the High Temperature Proton Exchange Membrane Fuel Cell (HT-
 PEMFC) is used as it has promising properties for being supplied by reformed
 methanol, instead of pure hydrogen, which is more practical feasible. It takes ap-
 proximately 6 minutes before the fuel cell is ready to produce power. In this period an
 energy storage device is necessary in order to provide power for the electric machines,
 and to heat-up the fuel cell stack. The energy storage device also takes care of the peak
 loads, the high load dynamics, and it utilizes the braking energy in order to increase
 the efficiency. In this work a lead-acid battery, an ultracapacitor, or a combination of
 both are considered as energy storage devices.


A FCSPP is designed for 10 different configurations of connecting the energy stor-
 age device(s) and fuel cell to a common bus, which comply with the 42V PowerNet
 standard. Each of the ten configurations is designed for different fuel cell power rat-
 ings. The FCSPP is designed in an iterative process where the power flow through the
 system is under the influence of a certain energy management strategy and charging
 strategy, which sufficiently divides the power between the units.


The FCSPP is designed from a driving cycle which is constructed from field mea-
 surements of the original battery-powered truck.


Due to the long heating-time of the fuel cell, it is not appropriate to use ultraca-
 pacitors as the only energy storage device, because the system then becomes too big
 and heavy, even though they provides the highest system efficiency among the three
 options of energy storage devices. The system volume, mass, and efficiency are im-
 proved by increasing the rated fuel cell power. However, when a battery is included
 it has a negative effect on the battery lifetime to increase the fuel cell power rating,
 as the partial load cycles then becomes dominating. Simulation result indicates that
 the system efficiency and battery lifetime can be improved by adding ultracapacitors,
 because they can handle the shallow cycles, so they not are directed to the battery.


However, this indication is based on insufficient data of the battery lifetime at small
 cycles, and a better model for the battery lifetime is therefore necessary.


The used 42V PowerNet standard is within the range of the voltage characteristic



(7)of the used fuel cell stack. Therefore a non-inverting buck-boost converter is inserted
in the between, which is able to both buck and boost the voltage depending on the
actual fuel cell power level. A method where the converter is operated in a combi-
nation of buck-mode and boost-mode provides the smoothest transition between the
two modes.
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Dansk Resumé


Brændselsceller opnår større og større opmærksomhed, da de har et potentiale til at
 erstatte den traditionelle forbrændingsmotor, der bliver brugt til transportformål. I
 denne ph.d. afhandling designes og implementeres en Fuel Cell Shaft Power Pack
 (FCSPP) i et lille køretøj. FCSPPen erstatter køretøjets oprindelige drivsystem, der
 blev forsynet af en bly-syre batteripakke. FCSPPen indeholder et brændselslager,
 en brændselscelle, et energilager, effektelektronik, en elektrisk maskine, og den nød-
 vendige kontrol. I en FCSPP er energien i brændslet derfor konverteret om til en given
 hastighed og moment på motorakslen.


I denne afhandling benyttes en High Temperature Proton Exchange Membran Fuel
 Cell (HTPEMFC) som brændselscelle, da den har lovende egenskaber til at kunne ud-
 nytte reformeret metanol, der er nemmere at håndtere end brint under tryk. Det tager
 ca. 6 minutter at varme brændselscellen op. I dette tidsrum kan brændselscellen ikke
 producere strøm, og det er derfor nødvendigt med et energilager, der kan forsyne
 motorerne og opvarme brændselscellen. Energilagret tager sig desuden af spidsbe-
 lastningerne, de hurtige last ændringer, og det kan også opsamle bremseenergien,
 hvorved virkningsgraden kan øges. I denne afhandling benyttes et bly-syre batteri,
 en ultrakondensator eller en kombination af begge som energilagre.


Ti forskellige konfigurationer til at forbinde energilagret og brændselscellen til en
 fælles bus undersøges. Den valgte bus benytter 42V PowerNet standarden. Hver af de
 10 konfigurationer designes for forskellige nominelle brændselscelleeffekter. FCSP-
 Pen designes i en iterativ proces, hvor en energistyringsstrategi og opladningsstrategi
 fordeler effekten mellem de forskellige enheder på en hensigtsmæssig måde.


For at designe FCSPPen, benyttes en drivcyklus, der er konstrueret ud fra målinger
 foretaget på det oprindelige batteridrevne køretøj.


På grund af den lange opvarmningstid, er det uhensigtsmæssigt kun at benytte
 ultrakondensatorer som energilager, da systemet derved bliver for stort og tungt.


Den største systemvirkningsgrad opnås dog på denne måde. Systemvirkningsgraden,
 størrelsen og massen forbedres ved at øge den nominelle brændselscelleeffekt. Når et
 batteri indgår mindskes batterilevetiden dog ved at øge brændselscelleeffekten, da de
 cykliske dellaster derved er dominerende med hensyn til levetiden. Simuleringsre-
 sultater indikerer, at system virkningsgraden og batterilevetiden kan forbedres ved at
 inkludere ultrakondensatorer, da ultrakondensatorerne derved kan tage sig af de cyk-
 liske dellaster i stedet for batteriet. Denne indikation er dog baseret på utilstrækkelig
 data angående batterilevetiden ved små cyklusser. En bedre model af batterilevetiden
 er derfor nødvendig.


Den benyttede 42V PowerNet standard har en spænding, der ligger mellem
brændselscellens yderpunkter. En ikke-inverterende buck-boost-konverter er derfor



(9)indsat mellem brændselscellestakken og bussen. Konverteren skal både kunne øge og
sænke spændingen alt afhæng af, hvilken strøm der trækkes fra brændselscellen. En
metode, hvor konverteren opererer i både buck-tilstand og boost-tilstand, resulterer i
den mest glatte overgang mellem de to tilstande.
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Nomenclature


AC Alternating Current


Bat Battery


CCM Continuous Conduction Mode


DC Direct Current


DSP Digital Signal Processor


EIS Electrochemical Impedance Spectroscopy
 EM Electric Machine


EMF Electro Motive Force


EMI Electro Magnetic-Interference
 EMS Energy Management Strategy
 EUDC Extra Urban Driving Cycle


FC Fuel Cell


FCSPP Fuel Cell Shaft Power Pack


HTPEMFC High Temperature Proton Exchange Membrane Fuel Cell


HS Hydrogen Storage


ICE Internal Combustion Engine


IM Induction Machine


LiIon Lithium Ion


LTPEMFC Low Temperature Proton Exchange Membrane Fuel Cell
 MOSFET Metal Oxide Semiconductor Field Effect Transistor


NiCd Nickel Cadmium


NiMH Nickel Metal Hydride
 NYCC New York City Cycle
 PE Power Electronics


PEM Proton Exchange Membrane


PMSM Permanent Magnet Synchronous Machine
 PWM Pulse Width Modulation


RMS Root Mean Square


SRM Switch Reluctance Machine


UC Ultracapacitor
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1 Introduction


One of the main sources of energy today is due to fossil fuels, i.e. coal, natural gas and
 fuels obtained from crude oil. However, their resources are limited, they give rise to
 pollution, and they have also caused political turbulence. It is therefore important to
 find renewable alternatives in order to satisfy the increasing energy consumption of
 the world. Fuel cells are a promising technology with this focus in mind.


1.1 BACKGROUND OF THEPHD PROJECT


This PhD project is a part of the innovation consortium Fuel Cell Shaft Power Pack
 (FCSPP). The consortium was initiated by the Danish Technological Institute, and it
 includes several research institutions and companies. The consortium partners are
 listed in Table 1.1.


Companies Research institutions


Cykellet / DSR Scandinavia Aalborg University


Dantherm A/S Copenhagen Business School
 EGJ Udvikling A/S Danish Technological Institute


Falsled Højtryk Hydrogen Innovation & Research Center
 GMR Maskiner A/S


H2 Logic Aps.


KK-Electronic A/S
 Migatronic A/S
 Parker Hannifin DK
 Serenergy A/S
 Trans-Lift
 Xperion


Table 1.1: Companies and research institutions of the FCSPP consortium per Novem-
 ber 2009.


The purpose of the consortium is to create an alternative to the traditional internal
 combustion engine (ICE) used in the transportation sector, with special attention on
 small mobile units, e.g. mopeds, scooters, lawnmowers, etc. Even though mopeds
 only contribute with0.5 %of the total amount of driven kilometers of personal trans-
 portation in Denmark, they contribute with 7 % of the hydrocarbon emissions [25].


These small motors also pollute in terms of acoustic noise, and there is therefore a
need for another solution, i.e. a FCSPP.
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The FCSPP Concept


The principle of a FCSPP is sketched in Figure 1.1. The FCSPP is fueled from a filling
 station by pure hydrogen or a hydrogen rich fuel, e.g. methanol or natural gas. The
 fuel is led from storage to a fuel cell system, which converts the energy of the hydro-
 gen into electric energy. The output of the FCSPP is the shaft power of an electric
 machine. In order to be able to control the torque and speed of the electric machine,
 it is necessary also to control the current and voltage of it. This is done by power
 electronics, which interface the fuel cell and the electric machine.


Power 
 electro-
 nics


Electric
 machine
 Fuel 


storage


Fuel
 cell
 system


Control/


Commu-
 nication


Energy 
 storage 
 device
 Filling 


station


Appli-
 cation
 Fuel Cell Shaft Power Pack


Figure 1.1: Concept of a FCSPP. Blue lines: fuel flow. Yellow lines: electric power flow.


Green line: control or communication signals. Thick black line: shaft power flow.


In Figure 1.1 it is seen that an energy storage device also is a part of the FCSPP.


An energy storage device offers many advantages in a fuel cell application. If the
 application of the FCSPP is of high dynamic, the fuel cell might not be able to regulate
 the power as fast as needed. The limited dynamics could either be due to the fuel
 cell itself, the components controlling the fuel cell, or the reforming process if the
 hydrogen rich fuel needs to be converted into pure, or close to pure, hydrogen before
 it is used by the fuel cell. An energy storage device can therefore act as a buffer,
 i.e. assist the fuel cell with supplying power to the load, until it can provide the
 power itself, or to receive power from the fuel cell due to a sudden decrease in load
 power. In mobile applications there is often a high short term power demand due to
 accelerations or up-hill driving. If the fuel cell should be able to provide this peak
 power the whole system might be unnecessary big, heavy, and expensive. Therefore,
 if the energy storage device could take care of the peak powers, the fuel cell power
 rating can be reduced.


Depending on the surrounding temperature, and the type of fuel cell, it might be
 necessary to heat-up the fuel cell to a certain temperature. While the fuel cell is being
 heated-up it cannot produce power, and in this period the energy storage device can
 supply the load with power, so the user is not delayed. The energy storage device can
 also provide the necessary energy to heat-up the fuel cell.


The last important feature of the energy storage device is the bi-directional power
flow, i.e. it can both receive and provide power. If the application for example is a ve-
hicle, the energy due to braking or down-hill driving can be fed to the energy storage
4
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device instead of being wasted in the brakes of the vehicle. Thereby less fuel is be-
 ing used, depending on the driving pattern of course. Many types of energy storage
 devices exist, but two promising technologies for vehicles are batteries and ultraca-
 pacitors. Batteries are good because of their relative high energy density, and ultraca-
 pacitors are attractive due to their high power density. Depending on the application
 it might also be advantageous to combine these two units.


If the voltage level of the energy storage device(s) does not suit the fuel cell or elec-
 tric machine, power electronics can be inserted in between. It might also be necessary
 to include power electronics in order to be able to control the power flow of the energy
 storage device(s).


The last block of the FCSPP in Figure 1.1 is the control and communication. The
 control includes three aspects. The first aspect is the control of the balance-of-plant
 components of the fuel cell system, i.e. valves, fans, pumps, etc. They need to be
 controlled sufficiently to insure that the fuel cell is being operated in a proper manner.


The second aspect is the control of the power electronics, e.g. if a power converter is
 demanded to deliver a certain amount of power, it should also deliver that amount of
 power, and if the user demands a specific shaft torque or speed, that power converter
 connected to the electric machine needs also to be controlled sufficiently so the user
 demanded shaft torque or speed are obtained. The third control aspect is the control
 of the power flow between the units, i.e. electric machine, fuel cell, and energy storage
 device(s). The control of the power flow is usually outside the influence of the user,
 and it is therefore controlled by a well defined energy management strategy (EMS).


The EMS takes many issues into account when deciding the power flow, e.g. system
 efficiency and the health and states of the different units.


Demonstration Projects


In the consortium three demonstration projects have been carried out in order to
 demonstrate the FCSPP concept. The demonstration projects are in the area of small
 transportation vehicles and mobile units. Each vehicle or unit is already on the mar-
 ket, but not with a fuel cell system. The original system will therefore be replaced by
 a FCSPP. The three demonstration projects are


1. A truck used for parks, cemeteries, green areas, etc. The truck that is going to be
 converted is made by the consortium partner GMR Maskiner A/S.


2. A scooter used by the Danish postal service. The scooter used for modification
 is distributed by the consortium partner Cykellet.


3. A forklift truck used for ware houses. The forklift truck that will be converted is
 produced by the consortium partner Trans-Lift.


The research institutions and companies have therefore in cooperation built these
 three demonstration projects. In this PhD project the demonstration project 1, i.e. the
 truck from GMR Maskiner A/S, is used as application. In the following the truck will
 therefore be denoted the GMR Truck or simply "the truck".


1.2 THE GMR TRUCK


The GMR Truck can be seen in Figure 1.2. It has a truck bed which can turn around
and tipple, and several external tools can be mounted at the back or at the front of the
truck. Below the truck bed six series connected lead-acid batteries are placed. They
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Mass of frame MF rame 760 kg


Mass of batteries Mb 174 kg


Maximum load MLoad,max 1000 kg


Maximum speed vT ruck,max 15 km/h
 Acceleration (0kmh tovT ruck,max) aT ruck 3 s-5 s


Maximum slope of road αmax 15 %


Light consumption PLight 170 W


Table 1.2: Specifications of the GMR Truck.


provide a bus voltage of Vb = 36 V and a 5 hour capacity of Q5 = 180 Ah, i.e. the
 battery package provides a discharge current ofIb = Q5 h5 = 36 Afor 5 hours before it is
 empty. The energy content is therefore E5 = VbQ5 = 6.48 kWh. The specifications of
 the batteries can be seen in Table B.1 on page 165. For the propulsion two separately
 excited DC-motors are mounted to the rear wheels through gear-boxes. The motors
 each have a nominal power of 2 kW. The specifications of the motors can be seen in
 Table B.2 on page 166, and the specifications of the truck itself can be seen in Table 1.2.


Figure 1.2: GMR Stama El-truck from GMR Maskiner A/S [25].


The maximum speed of the truck isvT ruck,max = 15 km/hand it has an acceleration
 from 0 to full speed of3 sto5 s. It is capable of climbing an αmax = 15 %slope. The
 maximum load that the truck can have on the truck bed isMLoad,max = 1000 kg.


Limitations of the GMR Truck


As mentioned before the truck is powered by a lead-acid battery package. This causes
 the following issues for the user of the truck [63]:


• Long charging time from 6 hto12 h. This means that if the battery pack is fully
 discharged, the user has to wait until the next day to use the truck. This is a
 problem if the user has forgotten to charge it the previous day or if the truck one
 day is used more intensive than it is designed for.


• Short hours of operation. Because of the capacity of the battery package and the
 long charging time the hours of operation of the truck is limited. Of course a
 larger battery package could be installed, but this will increase the cost.


6
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• Short area of operation. Again because of the capacity of the battery package
 and long charging time, the truck is limited only to work in a short radius from
 its charging station as it has to be able to return to the charging spot.


• The battery package has a limited lifetime and it is therefore regularly replaced
 by a new one, which is quite costly and should therefore be avoided.


• Desire of an electric outlet. Sometimes the user is long away from the electric
 grid. It will therefore be desirable if the truck has an electric230 V-50 Hzoutlet
 for electric tools. However, if an outlet is mounted on the battery package it will
 soon be drained.


1.3 OBJECTIVE AND SCOPE OF THE PHD PROJECT


All limitations of the GMR Truck mentioned above are due to the long charging time
 and limited capacity of the batteries. In order to overcome these limitations, the com-
 pany behind the truck, GMR Maskiner A/S, prefers a solution where the truck is
 powered by a fuel cell, instead of only the lead-acid battery package. A fuel cell is fu-
 eled by hydrogen which can be refilled much faster than the batteries can be charged,
 and hydrogen storage can store more energy than a battery for the same volume or
 mass. The objective of this PhD project is therefore:


To design and implement a FCSPP for the GMR Truck.


Constraints


The GMR Truck that will have a FCSPP implemented will be denoted the "FC Truck",
 in order to differ between the original truck and the new FCSPP implementation. As
 mentioned in Section 1.1 the FCSPP consists of a fuel storage, fuel cell system, energy
 storage device, electric machine, power electronics, and the necessary control of the
 whole system. In the design and implementation process of the FCSPP, the project is
 under the following constraints:


• The FC Truck will not be designed from scratch, but it will be based on the
 original GMR Truck. This means that the body-frame, gear-boxes, wheels, light
 system, etc. will be reused. The FCSPP is therefore installed in the original
 chassis of the GMR Truck.


• The control and implementation of the fuel cell and the systems required to
 make it produce power is done in another PhD project [3] which also is a part of
 the FCSPP consortium.


• The fuel cell type used for implementation is of type High Temperature Proton
 Exchange Membrane Fuel Cell (HTPEMFC) and it will be supplied by pressur-
 ized hydrogen. See [3] for further information.


• The only external energy added to the FC Truck is the hydrogen, that the user
 adds to the FC Truck. Therefore, for example, an ICE cannot be added to the
 system, and no interaction with the electric grid is considered. Useful energy
 due to braking, downhill driving, or wind, are however, allowed.


• The FC Truck should at least have the same performance as the original GMR
 Truck with respect to driving distance, hours of operation, acceleration, speed,
 load capability, etc.


• As energy storage device only batteries, ultracapacitors, or a combination of
these will be considered.
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Methodology


In order to fulfill the objective of this PhD project the following steps will be carried
 out:


Load analysis In order to be able to design the FCSPP it is essential to know the load
 profile of the truck, as this specifies the power end energy requirements of the
 FCSPP. The load profile is based on simulation and field measurements.


Modeling Many units are included in the FCSPP, and it is therefore important to
 know how they will behave in the whole system. The modeling includes steady-
 state characteristics and dynamics performances. The following units will be
 modeled: a fuel cell, battery, ultracapacitor, electric machine, inverter, and a fuel
 cell DC/DC converter. The modeling is based on laboratory experiments and
 data sheet specifications.


Design A program that combines all the different models is created. The program
 investigates different configurations of FCSPPs for several fuel cell power rat-
 ings in order to be able to select the most suitable combination of the fuel cell
 power ratings and FCSPP configurations. The program simulates the power
 flow through the FCSPP, when the different constraints and characteristics of
 each unit are taken into account. Thereby the power and energy demands can
 be specified, and each unit can be sized in order to fulfill the requirements. The
 power flow is due to a certain energy management strategy and charging strat-
 egy of the energy storage device(s). In the design procedure it is strived to min-
 imize the rating of the energy storage device(s) in order to reduce the system
 volume and mass. However, this might not have a positive effect on the sys-
 tem efficiency and for the configurations that include a battery, it might also be
 critical to the battery lifetime to try to minimize the battery. Therefore, the sys-
 tem volume, mass, efficiency, and battery lifetime are compared for the different
 configurations and fuel cell power ratings.


Implementation The different units of the FCSPP are implemented in the FC Truck.


It turns out that the voltage characteristic of the used fuel cell is between the
 chosen bus voltage, which means that it is necessary to be able to both buck and
 boost the voltage. This means that it also is necessary to transit between the buck
 and boost modes. Different methods for transition are therefore investigated.


1.4 OUTLINE OFTHESIS


The structure of the thesis is given below. The thesis consists of five parts.


Part I - Preliminaries The background of the PhD project is given and load analysis
 of the vehicle is performed in order to be able to design and size the FCSPP of
 the FC Truck later.


Chapter 1 - Introduction This chapter provides the necessary background of
 the PhD project and the thesis. The objective, constraints and methodol-
 ogy of the project are presented.


Chapter 2 - Load Analysis The load consumption of the GMR Truck is ana-
 lyzed. The analysis is based on a simulation model of the vehicle and on
 field measurements.
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Part II - Modeling In this part the most essential components of the FCSPP are mod-
 eled. The models are based on laboratory experiments and data sheet specifica-
 tions. The models are used for the design of the FCSPP of the FC Truck.


Chapter 3 - Fuel Cell In this chapter a fuel cell is modeled. Both a steady-state
 and dynamic model of a single cell are performed.


Chapter 4 - Battery In this chapter a battery will be modeled. The model can
 provide the voltage, state-of-charge, and lifetime of a battery.


Chapter 5 - Ultracapacitor A dynamic model of an ultracapacitor is created. It
 includes modeling of the capacitance, self discharge, and the slow charge
 recovery.


Chapter 6 - Fuel Cell Converter A converter interfacing the fuel cell to the rest
 of the system is modeled both in steady-state and dynamic mode.


Chapter 7 - Drive System The drive system consist of the electric machines and
 inverters. This chapter describes their models.


Part III - Fuel Cell Truck This part adds the work of the two previous parts together.


The load analysis and models are used for designing and sizing the FCSPP for
 the FC Truck.


Chapter 8 - Design In this chapter a method for designing the FCSPP of the FC
 Truck is presented, and a design program is created. Different configu-
 rations of a fuel cell system are investigated, and an energy management
 strategy and charging strategy of the energy storage device(s) are intro-
 duced. By using the design program the different combinations of the fuel
 cell power ratings and FCSPP configurations are sized. Afterwards the de-
 signs are compared in terms of system volume, mass, efficiency, and battery
 lifetime.


Chapter 9 - Implementation This chapter describes the implementation of the
 FCSPP in the GMR truck.


Part IV - Conclusion, Contributions, and Future Work This part contains the
 conclusion, scientific contributions, and recommendations for future work.


Chapter 10 - Conclusion This chapter contains the conclusion of the thesis.


Chapter 11 - Scientific Contributions This chapter emphases the scientific
 contributions of the work carried out.


Chapter 12 - Future Work In this chapter recommendations for future work are
 presented.


Part V - Appendices The appendices are supporting the main parts of the thesis.


Appendix A - Publications of the Author The publications of the author
 during the PhD project period are here listed.


Appendix B - Drive Train Modeling of the GMR Truck The drive train of
 the original GMR Truck is modeled in order to be able to carry out the load
 analysis.


Appendix C - Fuel Cell Converter Equations This appendix is related to
 Chapter 6. Relevant transfer functions and steady-state expressions are de-
 rived, and current controllers are designed and verified.


Appendix D - Equations of Bi-Directional DC/DC Converter Essential


equations of a bi-directional non-inverting buck-boost converter are de-
rived.
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2 Load Analysis


The design and sizing of the FCSPP strongly depends on the load profile of the truck.


In this chapter the GMR Truck load profile will therefore be analyzed. The analysis
 consists of two parts, i.e. a simulation analysis and an analysis based on field mea-
 surements. In the first part a simple vehicle simulation model of the truck is created
 so it is possible to analyze the power consumption due to the performance specifica-
 tions. In the second part field measurements have been done in order to get an idea
 of the actual usage of the truck.


2.1 SIMULATION ANALYSIS


In this section the GMR Truck will be modeled and the power consumption will be
 investigated for several constraints.


Vehicle Model


An often used approach is to setup a free body diagram of the vehicle. When one
 knows the forces affecting the vehicle, it is possible to calculate the required shaft
 torque and power to a specific time. In Figure 2.1, the forces acting on the truck can
 be seen. The forces which the motors of the truck must overcome are the forces due
 to gravity, wind, rolling resistance, and inertial effect. The forces of the two driving
 wheels on the GMR Truck are described by Equation (2.1) [21].


fwind


ft


frr
 fI
 vT ruck


fg


fn


α


Figure 2.1: Forces acting on the truck.
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2ft= (MT ruck−2Mgw) ˙vT ruck


  


fI


+MT ruck·g


  


fg


·sin(α)


+sign(vT ruck)


fn


  


MT ruck·g·cos(α)·Crr


  


frr


+sign(vT ruck+vwind)1


2ρairCdragAf ront(vT ruck+vwind)2


  


fwind


[N] (2.1)


where ft [N] Traction force of each driving wheel
 fI [N] Inertial force of the vehicle


frr [N] Rolling resistance force of the wheels
 fg [N] Gravitational force of the vehicle
 fn [N] Normal force of the vehicle
 fwind [N] Force due to wind resistance
 α [rad] Angle of the driving surface


MT ruck [kg] Total mass of the vehicle including passengers
 and load


Mgw [kg] Mass of wheel and rotating part of the gear-box
 vT ruck [m/s] Velocity of the truck


˙


vT ruck [m/s2] Acceleration of the truck
 g = 9.81 [m/s2] Gravity


ρair = 1.2041 [kg/m3] Air density of dry air at20◦C
 Crr [−] Tire rolling resistance coefficient
 Cdrag [−] Aerodynamic drag coefficient


Af ront [m2] Front area


vwind [m/s] Headwind speed
 Modeling of Propulsion System


The traction forceft of the two driving wheels originates from the two electric ma-
 chines of the truck. A gear-box with gear ratio Gis placed between the electric ma-
 chines and the wheels in order to amplify the shaft torqueτs and to reduce the shaft
 angular velocityωs. In Appendix B on page 165 the friction torque and moment of in-
 ertia of the gear-box and wheel have been modeled as one unit. This can also be seen
 in Figure 2.2 where the propulsion system of the GMR Truck is shown. This unit (with
 moment of inertiaJgws ) is placed between the electric motor and the ideal gear-box to
 which the wheel is attached. From Appendix B on page 165 the relationship between
 shaft torqueτsand angular velocityωsof the electric machine, the traction forceftand
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the truck speedvT ruckare therefore given by the following equations:


τs=Jgws dωs


dt +Bv,gws ωs+sign(ωs)τc,gws +τts [Nm] (2.2)


τt=Gτts [Nm] (2.3)


ft= τt


rw [N] (2.4)


ωw =ωs


G [rad/s] (2.5)


vT ruck =rwωw [m/s] (2.6)


where τs [Nm] Shaft torque of the electric machine
 τt [Nm] Traction torque of the wheel


τts [Nm] Traction force seen from the shaft side


ωs [rad/s] Shaft angular velocity of the electric machine
 ωw [rad/s] Wheel angular velocity


vT ruck [m/s] Speed of the truck


G [−] Gear ratio


Jgws [kgm2] Equivalent moment of inertia of the gear-box and
 wheel seen from the shaft side


Bv,gws [Nms/rad] Equivalent viscous friction coefficient of the gear-box
 and wheel seen from the shaft side


τc,gws [Nm] Equivalent coulomb torque of the gear-box and wheel
 seen from the shaft side


Motor Shaft


ωs τs


Jgws
 sign(ωs)τc,gws
 Bv,gws


τts


τt ωw


Ideal gear,G: 1
 Wheel


rw


ft
 vT ruck


Figure 2.2: Propulsion system of the GMR Truck.


Simulation Results


A SimulinkR model that is able to simulate the vehicle has been created. The input to
the model is the speed and slope of a road. By using Equation (2.1) the traction force
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of one wheelft can be calculated. Thereby the shaft torque τs and power ps of one
 electric machine can be calculated by using Equation (2.2)- (2.6).


The truck will experience different road materials, which means that the rolling
 resistance coefficient can have many different values. It is chosen to use the rolling
 resistance coefficient of a car tire on rolled gravel, i.e. Crr = 0.02 [21] as this is an
 often used underlay on cemeteries. The aerodynamic drag coefficient is chosen to
 beCdrag = 0.6, which is similar to a van [21]. The front area has been estimated to
 Af ront= 1.0 m2. The parameters of the GMR Truck can be seen in Table 2.1.


Wheel radius rw 0.224 m


Gear ratio G 15


Rolling resistance coefficient Crr 0.02
 Aerodynamic drag coefficient Cdrag 0.6


Front area Af ront 1.0 m2


Table 2.1: Parameters of the GMR Truck.


A simulation is executed with a load of0 kgand1000 kg, respectively. The results
 can be seen in Figure 2.3 and are due to a wind speed ofvwind= 0 m/s. The mass of the
 driver is assumed to be100 kg. The simulation is carried out in order to investigate the
 power consumption due to the specifications in Table 1.2 on page 6, i.e. with respect
 to load mass, maximum speed, maximum acceleration, and maximum gradient of
 the road. The slope of the road is shown in Figure 2.3(a). The slope is either zero or
 the maximum specified value, i.e. α = 15 %. The speed of the truck can be seen in
 Figure 2.3(b). The truck accelerates and decellerates with the maximum value, i.e. 3 s
 from zero to the maximum speed ofvT ruck,max= 15 km/h.


In Figure 2.3(c-d) it is seen that the shaft torque and power needed for accelerations
 and gradients is much higher than the power needed to maintain the speed at zero
 slope. The power consumption of the truck in Figure 2.3(d) is given in Table 2.2. From
 Table 2.2 it can be seen that the load mass, acceleration, and gradient have a significant
 influence on the power consumption. The continuous consumption at0 %gradient is


1035−626


626 ≈65 %higher with full load, than with no load.


α= 0 % α= 0 % α = 0 % α = 15 % α=−15 %


˙


vT ruck >0 v˙T ruck <0 v˙T ruck = 0 v˙T ruck = 0 v˙T ruck = 0
 MLoad = 0 kg 3659 W −2407 W 626 W 3774 W −2532 W
 MLoad = 1000 kg 6985 W −4914 W 1035 W 7210 W −5159 W
 Table 2.2: Maximum shaft power of Figure 2.3(d) under different conditions.


If the FC Truck only has one power source, i.e. the fuel cell, this power source
should be able to provide the double of the maximum power of Table 2.2, i.e. at least
2·7210 W = 14.41 kW for the shafts, and this is even without taking the loss from
the fuel cell terminals to the shafts of the motors into consideration. However, the
FCSPP for the FC Truck also has an energy storage device, which gives more degrees
of freedom to rate the peak and continuous power capability of the fuel cell and energy
storage device. Usually the power system of a vehicle can be designed by providing
14
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Figure 2.3: Simulation of truck for two different load masses. (a) Slope of road. (b)
Truck speed. (c) Shaft torque. (d) Shaft power.
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a certain driving cycle to a vehicle model, as done in this section. However, due to
 the big influence of the load mass and slope of the road, a time-speed profile is not
 enough to design the system. Therefore, in order to obtain a realistic load profile, field
 measurements of the vehicle have been carried out.


2.2 FIELDMEASUREMENTS


The power and energy requirements of the FC Truck strongly depend on the driving
 profile and the conditions the truck is exposed to. In the car industry standard driving
 cycles, e.g. Extra Urban Driving Cycle (EUDC), New York City Cycle (NYCC), etc, are
 used in order to be able to compare the fuel consumption and emissions of the cars.


These standard driving cycles show a time-speed curve which then can be applied
 to a simulation program like the one developed in Section 2.1 or others, and thereby
 the power and energy requirements can be calculated. However, the vehicle in focus
 in this PhD project is used for special applications and no standard driving cycles
 therefore exist. Therefore, in order to have a realistic foundation of the power and
 energy requirements of the FC Truck a data logger has been mounted on one of the
 GMR Trucks. The truck with the data logger was used by a customer at a graveyard
 in Nyborg and Herning, Denmark, during the summer of 2006 and 2007, respectively.


Data Collection


The armature windings of the motors are connected in parallel, and the field windings
 are connected in series. Thereby only one converter is used to control the armature
 voltages of the motors, and also only one converter is needed in order to control the
 field winding currents of the motors. The overall wiring diagram of the propulsion
 system of the truck can be seen in Figure 2.4. The power flow is also shown. The
 main power flows between the right and left motorsEMr andEMl, respectively, and
 the battery. However, a small portion of the battery power pBat is also used for the
 lightpLightand auxiliary devicespAux. The auxiliary devices include instrument panel,
 hydraulic system for the truck bed, horn, etc.


For each motor, the armature voltage and current, and the field winding current,
 have been measured. The battery voltage of the truck and that part of the battery
 current supplying the motors, have also been measured. That part of the battery cur-
 rent due to the two motors will in the rest of this document be denoted the "battery
 current", even though it is not the total battery current, but only that part which is run-
 ning through the motors. In Figure 2.4 this current is denotediband the corresponding
 power is calledpb. For the rest of this chapter this power will also be denoted the "bat-
 tery power" even though it is only that part of the total battery power that is flowing
 to the motors. This means that the energy consumption of the light, instrument panel,
 etc. cannot be calculated from the data.


The time was also saved. When the absolute value of the battery current was
 greater than 15 A all the data was saved with a frequency of 100 Hz; otherwise the
 frequency was 1 Hz. All the measured signals can be seen in Table 2.3. It may be
 mentioned that the armature voltages are the output of a 1st order low-pass filter.


Otherwise one will only see a pulsed voltage due to the DC/DC converter of the
 armature winding.
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Figure 2.4: Sketch of the power and propulsion system of the GMR Truck.


Measurement Symbol Unit


Time t [s]


Battery voltage vb [V]


Battery current ib [A]


Armature voltage of left motor va,l [V]


Armature current of left motor ia,l [A]


Field current if [A]


Armature voltage of right motor va,r [V]


Armature current of right motor ia,r [A]


Table 2.3: Field measurements of the GMR Truck.
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From the measurements in Table 2.3 the motor shaft torqueτsand angular velocity
 ωscan be calculated by utilizing the motor model described in Appendix B.


Presentation of Field Data


In Figure 2.5 approximately200 sof the field measurements are shown. Not surprising
 the armature voltage (Figure 2.5(a)) follows the shaft angular velocities (Figure 2.5(d))
 and the armature currents (Figure 2.5(b)) follows the shaft torques (Figure 2.5(c)) of
 the two machines.


The battery voltage and current are also shown in Figure 2.5(a) and Figure 2.5(b),
 respectively. It is noticed that during accelerations when the battery current is high the
 battery voltage drops due to the inner resistance of the batteries. Therefore the battery
 voltage increases when the braking energy is fed back to the battery, i.e. the battery
 current becomes negative. The field current is shown in Figure 2.5(b) also. It is seen
 that the field current most of the time is close to its nominal value, i.e. If,nom = 8 A.


However, when extra torque is needed (both positive and negative) the field current is
 increased to values even higher than the maximum value (If,max = 15 A) specified on
 the nameplate. The maximum shaft torque of Figure 2.5(c) isτs = 23 Nm. However,
 for all the data collected the highest shaft torque calculated from the measurements
 isτs = 41 Nmwith an armature current ofia = 255 Awhich is264 % higher than the
 nominal armature currentIa,nom = 70 A. The maximum shaft power of Figure 2.5(e)
 isps = 3850 W. The maximum battery power is pb = 7740 W. Even though the bat-
 tery should provide power for both machines the battery power is significant higher
 than the shaft power of the two machines. This is because the machines are not op-
 erated at their nominal point of operation (ωs,nom= 279 rad/s,τs,nom = 7.2 Nm) where
 the efficiency is high (see Figure B.6 on page 172). The shaft angular velocities of the
 two machines are almost the same which indicates that the driver is driving strait
 ahead. However, it seems to that the left machine is more loaded than the right, as
 the armature current of the left machine generally is higher than the current of the
 right machine. From Figure 2.5(d) it can be seen that it takes approximately 1 s to
 accelerate from 0 toωs = 150 rad/s (≈ 8 km/h). This sounds reasonable as the truck
 according to Table 1.2 should be able to accelerate from 0 to the maximum speed
 VT ruck,max= 15 km/hin3 sto5 s.


In Figure 2.6 the speed of all the days with useful field measurements are shown.


The speed of the truck is calculated as an average of the shaft angular velocities of the
 left and right motor, i.e.


vT ruck = rw
 G


ωs,l+ωs,r
 2


3600 s/h


1000 m/km [km/h] (2.7)


TotallyNday = 24 daysof field measurement were obtained and these will be used for
 the further analysis. First of all it can be seen that the truck has not been operated
 all the days, and sometimes it is passive for several days in a row. It is also seen
 that the truck usually operates from 7 am to 3 pm. It should also be noticed that in
 this period there are many small intervals with both active and passive modes, but
 the distribution of these are quite different for each day. Finally it can be seen that
 the maximum speed of15 km/hseldom is reached, and that the truck moves more in
 forward than in reverse direction, which is not surprising.
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Figure 2.5: Measured field data after data treatment. (a) Battery and armature volt-
ages. (b) Armature, battery and field currents. (c) Shaft torques. (d) Shaft angular
velocities. (e) Battery and shaft powers.
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Figure 2.6: Truck speed of all the days with useful data.
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