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                    In the analysis presented in [31], street sweeping machines are identified as a
possible early market for hydrogen fuel cells. This is because it is an 


applica-tion where many vehicles are often operated in a fleet with a central staging
 area where the refueling infrastructure and maintenance personnel can be
 based. The same reference also concludes that street sweeping machines are
 a good case for green technologies with increased cost, because the municipal
 respondents in their market survey state that they are willing to incur extra
 costs to have green technologies in their city centers.


This, and the fact that they often run full days without long periods of 
 in-activity, also makes street sweeping machines a good application for RMFC
 systems.


Endeavors have been made to design street sweeping machines that run on 
 al-ternative energy. On the commercial market the Tennant 500ze electric street
 sweeping machine can be mentioned. It is an all electric machine which is
 powered by replaceable Li-ion batteries. The advantage of this design is that
 there are no on-site emissions. The disadvantage is that the vehicles carrying
 capacity has been reduced to minimize the power consumption of the vehicle
 and make battery operation viable. The vehicle still has to perform battery
 changes during an 8[h]working day to extend its range. Figure1.11ashows
 a picture of a Tennant 500ze.


Another concept which has been explored is a H2 fuel cell powered street
 sweeper constructed in the Swiss Hy.muve project. The test vehicle produced
 in this project was a full sized street sweeping machine with a 350[Bar]
 com-pressed H2storage. This means that a costum infrastructure has to be made
 for them.


The company Plug Power, which supplies hydrogen fuel cells and 
 refuel-ing stations, specifies that a fleet of at least 40 forklift trucks is necessary to
 make their systems viable [32]. A similar number can be expected to be the
 case forH2powered fuel cell street sweepers because they are similarly sized
 machines. Figure1.11bshows a picture of the Hy.muve prototype.


(a) (b)


Fig. 1.11: (a)The Tennant 500ze [33] and(b)The Hy.muve prototype vehicle [34].


An RMFC system could be a viable solution to the problems of the 
pre-sented machines, namely limited range and difficult fuel handling and 
stora-ge. The Outdoor Reliable Application using CLean Energy (ORACLE) project,
which this PhD project has been a part of, is therefore concerned with the 
de-velopment of a RMFC powered street sweeping machine which can serve as
a proof of concept. This project is described in the following chapter.



Applying reformed methanol fuel cell systems


In the previous section street sweeping machines where identified as a 
 pos-sible application for RMFC systems. The Outdoor Reliable Application 
 u-sing CLean Energy (ORACLE) project is a research and development project
 where 5 companies and institutions cooperate to develop such a machine.


The 5 project partners are:


• Nilfisk Outdoor Division: Company that makes traditional diesel 
 po-wered tool carriers, such as street sweeping machines. Their task was
 to develop an electric version of one of their street sweeping machines
 and prepare it for the integration of an RMFC module.


• Nilfisk Advance: Company that develops and produces floor cleaning
 equipment. Their job was to optimize the suction unit of the street
 sweeper to minimize its power consumption.


• Serenergy A/S: Company that develops and produces HTPEM fuel cell
 systems and RMFC systems. Their job was to develop an RMFC system
 which was suitable for integration in a electric street sweeping machine
 and to help Nilfisk Outdoor Division with its integration in the vehicle.


• Danish Power Systems: Company which is working on developing and
 producing HTPEM MEAs. In the context of the ORACLE project they
 have worked on the durability of their MEAs and their integration in
 Serenergy’s fuel cell stacks.


• Aalborg University Department of Energy Technology: Scientific and
educational institution. Their job was to analyze the expected 


per-formance of the RMFC-powered street sweeping machine via dynamic
 modeling of the vehicle’s drive-train and to analyze and optimize the
 performance of the RMFC systems in the vehicle.


Based on a market analysis performed by Nilfisk Outdoor Division, a
 drive cycle was determined based on expected costumer behavior. This drive
 cycle has been used throughout the project to calculate the expected 
 perfor-mance of the ORACLE test vehicle.


This drive cycle consists of an 8 [h] working day interrupted by 7, 2000[m]
 trips to an emptying station and a 100[s]stop at a simulated red light every
 10[min]. During the transportation to and from the cleaning site, the speed
 of the vehicle is 21 [km/h] and during the cleaning it is 5 [km/h]. An 
 Eco-mode, which turns the fan down to 60%, is planned to be in operation for 50
 [s] followed by 10 [s] at full power. Figure2.1shows a plot of the speed of
 the vehicle during an 8[h]drive cycle.
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Fig. 2.1:Plot of the speed of the vehicle during the specified drive-cycle.


The distance which is cleaned is 20.8[km] and the transport distance is
 30.3[km].


The focus of the project was originally the City Ranger 2250 model seen
in Figure2.2a. It was, however, chosen to shift focus to the larger City Ranger
3500 model in Figure2.2b, because it provided better space for the integration
of the RMFC system.


Fig. 2.2: (a)Picture of a City Ranger 2250 and(b)a City Ranger 3500 from Nilfisk Outdoor [35].


Both models are powered by a diesel engine which drives a series of 
 hy-draulic pumps. Figure 2.3 shows a diagram of the drive-train of the City
 Ranger 3500.
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Fig. 2.3:Diagram of the power train of a City Ranger 3500.


As the figure shows, four hydraulic pumps are connected in series to
the drive shaft of the engine. The first pump drives the hydraulic hub 
mo-tors in the wheels, the second drives the suction fan of the vehicle, the third
the brushes and servo steering and the last pump powers the tipping 
mec-hanism for the collection hopper of the vehicle. The engine also drives an
air-conditioning pump and a 12 [V] generator for the auxiliary systems of
the vehicle via a belt.


The electrification of the vehicle could have been done by replacing the diesel
 engine with an equally sized electric motor, but this would have been an 
 inef-ficient solution, as it introduces an extra conversion from electric to hydraulic
 power. It was therefore chosen to convert as much as practically possible of
 the drive-train of the vehicle to electrical power. Figure2.4shows the layout
 of converted drive-train.
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Fig. 2.4:Diagram of the power train of a the converted City Ranger 3500.


As the figure shows, the hybrid structure presented in Figure1.6is used.


This means that a battery is connected in parallel with the RMFC system and
 the consumers. This is done to be able to supply the instantaneous power
 demand of the load. A review of the available motors and control electronics
 led to the choice of a 48[V]drive battery.


The hydraulic hub motors are replaced with electric motors. As are the 
 mo-tors for the brushes and the fan. The 12 [V] battery is now charged by a
 charger powered by the drive battery and the auxiliary systems are kept as
 is. An air-conditioning pump is added to the 12[V]circuit as well.


The relatively low power consumption of the power steering pump and the
 hopper tipper means that they have not been replaced, but are instead 
 powe-red by an electrohydraulic pump.


Figure2.5a, b and c show pictures of the finished ORACLE vehicle.


(a) (b)


(c)


Fig. 2.5:Picture of the ORACLE vehicle(a), a close-up of the implementation of the electric brush
 motors (b)and an RMFC system implemented in the vehicle(c). The white arrows indicate
 where the brush motors are mounted and the gray arrows indicate where the single H3 5000
 RMFC system is mounted.



1 Vehicle modeling


To be able to predict the range and energy consumption of the vehicle, as well
as the consequence of using different sizes of RMFC systems and batteries,
it is necessary to develop a model of the consumers of the vehicle, battery
and RMFC system. Such a model will be a powerful tool when it comes to
choosing the relative sizes of the RMFC system and battery, as well as for
designing a strategy for sharing the load between them to minimize the fuel
consumption and deciding what size the fuel tank should have. In this project
an approximate model of each of the consumers has been made, as well as
models of the battery and RMFC system and these have been combined into
one model. Figure 2.6 shows the structure of the model implemented in
MATLAB Simulink.
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Fig. 2.6: Block diagram of the MATLAB Simulink model of a street sweeper powered by an
 RMFC system.


In the following the content of each of the submodels seen in the figure
 will be described.


Control signals


In this submodel the drive-cycle is generated. This is done by a series of logic
 circuits that switch the states of the vehicle. The states of the vehicle are:


• ON:Is the vehicle on?


• Eco-mode: Is Eco-mode on or off? This is alternately on for 50[s]and
 off for 10[s]as specified in the drive-cycle.


• Cleaning ON:Is the vehicle cleaning? This mode is on when the vehicle
 is at the cleaning site and moving, i.e. not stationary at a red light. This
 mode turns the suction fan and brushes of the vehicle on and switches
 the speed set point to the cleaning speed.


• Transport: Is the vehicle in transport mode? This is the case when the
 vehicle is moving to and from the emptying station. When this mode is
 on, the speed set point is set to the transport speed.


The switching process can be controlled by setting fx. the interval between
 trips to the emptying station, the distance to the station and the time it takes
 to empty the hopper. The outputs of the submodel is the vehicle modes and
 the speed set point.


Drive motor + speed controller


This submodel contains a calculation of the power consumption of the motor.


It is not the purpose of this model to design speed controllers or assess the
 performance of different motor systems relative to each other. The model is
 therefore a simple estimation based on Newtons 3rd law assuming that all
 loss terms can be collected in a Coulomb friction term:


mvehicle·avehicle= fmotor−ff ric
 vvehicle= 1


mvehicle
 Z 


fmotor−ff ric


·dt (2.1)


where:


ff ric=mvehicle·g·kf ric (2.2)


Hereg is the gravitational constant andkf ric is a friction constant which
 is determined based on the expected power consumption of the vehicle. The
 power consumption is then calculated at any given moment to be:


Pmotor = fmotor·vmotor (2.3)


In this submodel, the speed is controlled by a PI-controller and the inputs
to the submodel are a speed set point and the ON/OFF set point of the
cleaning mode of the vehicle. The latter is only relevant for the logging and
data analysis.


Brushes


The consumption of the brushes is modeled as a constant contribution when
 the vehicle is in cleaning mode. Otherwise it is 0.


Suction


The consumption of the suction fan of the vehicle is modeled as a constant
 contribution when the vehicle is in cleaning mode and Eco-mode is switched
 off. When Eco-mode is on, the power consumption is reduced to 60%. 
 Ot-herwise it is 0.


Misc


This model covers consumers such as the power steering, hopper tipper, 
 air-condition and auxiliary consumption. Whenever the vehicle is ON, this 
 con-sumer is set to a constant value.


Reformed Methanol Fuel Cell


This submodel contains a model of the RMFC system in the vehicle. This
 model has the fuel cell power set point and the ON signal as inputs and
 the fuel cell power, accumulated fuel consumption, the momentary fuel cell
 efficiency and the fuel cell power set point as outputs.


The first components of the model are a rate limiter which limits the rate
 of change of the fuel cell power and a saturation function which limits the
 magnitude of the fuel cell power. The rate of change is limited to 15 minutes
 for a change corresponding to the full RMFC power. A model of the efficiency
 of an H3 350 unit is made based on experiments and normalized with respect
 to its maximum power. The efficiency of the RMFC system in the vehicle is
 then assumed to be proportional to this. The top plot in Figure2.7shows a
 plot of this model.


Battery


In the battery model, the contributions of the consumer models and the 
 out-put power of the RMFC system is summed to give the battery power 
 accord-ing to the followaccord-ing equation:


Pbat=PFC−PMotor−PSuction−PBrushes−PMisc (2.4)
This power is then reduced by a battery efficiency model if it is positive,
i.e. going into the battery, or increased if it is negative, i.e. going out of the
battery before it is integrated to give the battery SOC. The battery efficiency


model used, which can be seen in the bottom plot in Figure 2.7, is from
 the datasheet of the GNB EPzV lead acid battery used in the ORACLE test
 vehicle.
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Fig. 2.7:Plot of the RMFC and battery efficiencies used in the model.


Charge controller


This submodel contains the controllers for the fuel cell power. The inputs for
the submodel are the ON signal, the battery state of charge and the 
instanta-neous power consumption of the vehicle and the output is the fuel cell power
set point.
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