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                    In this section a model of the ORACLE test vehicle was presented. The model
has proved to be a powerful tool for predicting the performance of the 
vehic-le and optimizing it based on simulations. The model was used to analyze
the expected performance of the test vehicle after its electrification. After the
realization of the test vehicle, the model was used to analyze the effect of 
im-plementing a charge controller and it was found that this could lower the fuel
consumption by 24.6% and eliminate a start/stop operation. This happens at


the cost of a 2.37[h]extension of the operation time.


A simulation of a possible future scenario where the consumers of the 
 vehic-le are optimized further, shows that it is realistic to run an RMFC powered
 street sweeping machine on one 5[kW]H3 5000 module.


It is, however, worth noting that this type of controller is not directly 
im-plementable in the H3 5000 RMFC control systems of the module. This is
because the controllable parameter in these systems is the fuel cell current
and not the output power or current of the module. In the following chapter
a proposal for a solution to this problem will be given, along with other 
sug-gestions on how to optimize the efficiency of RMFC systems based on system
models.



Reformed methanol fuel cell modeling and optimization


RMFC systems are a relatively new technology and there is therefore a great
 potential for optimization of the operating parameters and control systems
 of the system through modeling.


This chapter presents a series of models at a system level which can be used
 to analyze and optimize the operation of an RMFC system. First a model of
 the relationship between the fuel cell current and output current of an H3 350
 module from Serenergy is presented. This model is then used to develop an
 output current controller which can be used to control the SOC of a battery
 to achieve the efficiency gains described in the previous chapter. This model
 is described in detail in paper[C].


Next the efficiency of an H3 350 system is analyzed using a series of empirical
 models. First an Adaptive Neuro-Fuzzy Inference System (ANFIS) model of
 the HTPEM fuel cell is presented. More information on this model can be
 found in paper [D]. Next ANFIS models of the composition of the 
 refor-mers output gas are constructed and used with the model of the fuel cell
 to calculate the system efficiency under the influence of changes in fuel cell
 current and reformer temperature. This procedure is described in more detail
 in paper[E].



1 Output current control


As mentioned earlier, the controllable parameter in a RMFC system is the fuel
cell current but it would be advantageous to be able to control the output
current instead. This is because it makes it possible to control the state of
charge of the battery in a hybrid system with an increase in system efficiency


as a result.


Figure3.1illustrates the difference between the fuel current and the output
 current of the module during a series of changes in fuel cell current for an
 H3 350 module.
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Fig. 3.1: Plot of the fuel cell and battery current during a series of steps in the fuel cell current
 of an H3 350 module.


There are several reasons for the difference between the two currents.


First of all, some of the power produced by the fuel cell is used to power the
 RMFC systems Balance Of Plant (BOP) components, such as blowers, control
 electronics, fuel pumps and electric heating elements. Another reason is that
 the fuel cell and battery have different voltages and the DC-DC converter
 between the two bucks or boosts the current accordingly.


The fluctuation in the battery current which can be observed in the plot is
 due to changes in the BOP consumption.


To be able to design a controller for the output current of the module, models
of the fuel cell and battery voltages have to be made as well as a model of the
BOP consumption of the system. A detailed description of how these models
are derived can be found in paper[C]. A block diagram of how the models
are implemented in MATLAB Simulink can be seen in Figure3.2.
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Fig. 3.2:Block diagram of the MATLAB Simulink model of the output current of the module.


A series of experiments have been performed to fit the parameters of the
 individual models. The experiments where performed on a scaled down
 version of the drive train of the street sweeping machine described in Section
 2of Chapter2and Figure3.3shows a diagram of this test setup.
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Fig. 3.3: Diagram of the test setup used in the experiments. Greenlines indicate a fuel flow,
 purplelines indicate a communication bus and black lines indicate an electric current.


As the figure shows, the H3 350 module is connected in parallel to a
battery pack and a programmable load module. The setup is controlled


by a computer which communicates with the H3 350 module and the 
 pro-grammable load module via CAN bus. The developed controller is 
 imple-mented in a LabVIEW program which can override the controllers in the
 H3 350 module, making it possible to experiment with new types of control
 strategies for the system.


Fig. 3.4: Picture of the test setup used in the experiments. The batteries are stored under the
 table.


The fitting process is described in detail in paper[C]but here a few plots
 of the model fits are shown along with the model equations. The model of
 the battery consists of a constant open circuit voltage source and an 
 equiva-lent circuit model consisting of a series resistor and a parallel resistor and
 capacitor. The transfer function of the equivalent circuit model can be seen
 in Equation3.1.


Vimp= Rs·Rp·Cp·s+Rp+Rs


Rp·Cp·s+1 ·Ibat (3.1)
The fit of the model of the battery voltage during a step in the the battery
current, which has been normalized around the initial voltage, is shown in
Figure3.5.
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Fig. 3.5:Plot of the normalized battery current and voltage during the current step used to check
 the model fit during the fitting process of the battery model.


When the model is fitted on a separate data set, the fit is exact and the
 Mean Absolute Error (MAE) is 1.2% but during the checking experiment
 which is plotted in the figure, the MAE is 4.15%. The dynamics during the
 two steps are different and it is therefore not possible to make it fit in both
 cases. The steady state response does, however, fit in both cases and the
 model is considered valid for its intended purpose.


The fuel cell model consists of a look-up table containing a polarization curve
 and a first order system, which provides the fuel cell dynamics. The transfer
 function of the model is seen in Equation3.2.


VFC = 1


τ·s+1·VFC RAW (3.2)


Because of the limits imposed on the rate of change of the fuel cell current
by its integration in an RMFC system, it is not possible to make a step in the
fuel cell current. Figure3.6therefore shows the fit of the model of the fuel
cell dynamics during a ramped change in fuel cell current. Both voltage and
current have been normalized around their initial conditions.


0 50 100 150 200 250 300 350 400 450


−1.2


−1


−0.8


−0.6


−0.4


−0.2
 0
 0.2


Voltage [V]


FC Voltage response check


VF C check


VF C model


0 50 100 150 200 250 300 350 400 450


0
 0.5
 1
 1.5
 2


Time [s]


Current [A]


FC Current step check


IF C check


Fig. 3.6:Plot of the fuel cell current and voltage during the current step used to check the model
 fit during the fitting process of the fuel cell model.


The MAE of the model to the fitting data is 11.8% and the fit to the 
 check-ing data is 14.9%. The magnitude of this error may seem high at first glance,
 but it is worth noting that it is primarily caused by a thermal phenomena in
 the reformer which changes the gas composition during the transition. The
 fit of the model can therefore not be improved without increasing the model
 complexity considerable, which would be very computationally heavy. 
 An-other factor which makes the error high is the normalization of the 
 experi-mental data. If the error was calculated around the actual fuel cell voltage
 of≈24[V]the error becomes 0.5%. The model is therefore considered to be
 valid for its purpose in the system model. The developed model also includes
 a model of the BOP consumer of the system. More details of these models
 can be found in paper[C].


The controller which was developed in this work to control the output current
of the RMFC system is a PI-controller with anti-windup and a feedforward
in the form of the reference + a constant. Figure3.7shows a diagram of this
controller.
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Fig. 3.7:Diagram of the developed output current controller.


Based on observations of the system, Kf f is set to 3 [A]. Based on an
 iterative approach Kp is set to 0.024 and Ki to 0.0192. The tracking time
 constant,Ktis set to the same value asKi.


Figure3.8shows the response of the output current of the RMFC system to
 a series of steps in its set point as well as the raw controller output and the
 actual fuel cell current after the rate limiter.
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Fig. 3.8: Plot of the fuel cell and battery current during a series of steps in battery current set
point using the developed controller.


As the figure shows, the controller is able to control the output current of
 the H3 350 module as intended and that it can compensate for fluctuations
 in the BOP consumption and changes in the battery voltage.



1.1 Integration of the output current controller in the vehicle
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