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Abstract
An analytical model of a Tesla Model 3 electric vehicle was developed in Matlab and verified against both consumer and test data, after which it was altered to simulate the replacement of part of the battery pack with a hydrogen fuel cell system. The original model was found to erroneously simulate both hydrogen consumption and battery charging behavior, and was re-written to resolve these issues. The new model included increased functionality such as the ability to charge the battery with the fuel cell. The new model was verified against the same consumer and test data and then used to size the hydrogen storage, fuel cell, and battery components of the proposed hybrid powertrain. It was discovered that a high pressure tank capable of storing 9.5kg of hydrogen coupled with a 40 amp fuel cell could increase the simulated WLTP range of the vehicle by approximately 200km while reducing the battery pack to one quarter of its original size.
1 Introduction

[image: ]A drive cycle simulation was previously constructed in Matlab using analytical methods to describe the behavior of a Tesla model 3 performing the worldwide harmonized light vehicles test procedure (WLTP). The analytical model was found to perform well when compared to test and consumer data—as shown in table 1, the model results fell neatly within the range of values obtained externally. The sales data used in table 1 was obtained from two sources: the WLTP Range was found on an auto-enthusiast blog, The Best about Repair (2022), while the Wh/km were obtained directly from the Model 3 sales page (Tesla, 2022). Once validated, the model was then altered to approximate half of the battery being removed and replaced by a hydrogen fuel cell system. While the measurement metrics remained relatively unchanged for the altered model, a problem with the mathematics resulted in erroneously low hydrogen usage of approximately 0.3 grams used through one WLTP cycle. In order to properly specify powertrain components for the proposed hydrogen hybrid vehicle, it became evident that an overhaul of the analytical model was needed.Table 1: Results comparison of the initial analytical model


2 Analytical Model Assessment

While the erroneous hydrogen consumption figures were an obvious issue of the analytical model, upon further investigation more errors were found. These errors were less immediately apparent and sprung not so much mathematical errors as they did from the way in which data was processed through the model. In order to understand why these errors occurred, a brief explanation of the model’s function is required. Simulation happened in three stages: first, drive cycle forces were calculated based on user input vehicle specifications such as weight, aerodynamic resistance, et cetera and on an imported ideal speed trace for the WLTP. First principles mathematics was used to calculate the total driving force demand at each second of the drive cycle: equations 1 – 5 show the formulae used in this step. Here, A is acceleration in m/s2; vn and vn-1 are the m/s velocities in the current and previous time step, respectively; Fd is the force of drag in newtons; CdA, treated as one unit, is the combination of drag coefficient and frontal area of the vehicle; Fi is the newtons of inertial force; m and me are the static and equivalent masses in kg, respectively; FT represents the total newtons of force acting on the vehicle; Fr, the newtons of rolling resistance was treated as a user defined constant for simplicity; Sw was the wheel slip percentage represented as a decimal; J is the energy in joules required to drive or decelerate the vehicle; and D is the meters of distance traveled in each time step.
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Aside from a few generalizations and assumptions, such as the constant rolling resistance and air density, this step of the model was found to perform with reasonable accuracy, and so did not meet much critical attention. Because the simulation was designed to run in 1 second time steps, equations 1 and 5 became much simpler than they might have otherwise been—equation 1, for instance, is derived from
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where change in time, due to the time step, equals 1. Similarly, the distance traveled in each time step was found to be equal to the velocity of the relevant step.
The second stage of simulation used the energy demand determined in equation 5 to determine the battery charging and discharging behavior. User defined battery capacity in kWh was converted to joules using

						[7]

from which the driving demand was subtracted—positive driving demand drained the battery and negative demand recharged it to approximate regenerative braking. This process was set up with simple logical rules stating that if a fuel cell was present, the wattage output of the fuel cell (conveniently equivalent to Joules supplied due to the 1 second time step) would first be subtracted from the driving demand to simulate the fuel cell supplying all power needed up to its load capacity. During reassessment, it was noted that the inefficiencies of the drivetrain components had been inappropriately multiplied to the driving demand, thus misrepresenting the actual load in Joules which the battery would face both in charging and discharging.
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Description automatically generated]The third stage of the simulation attempted to perform much the same operation as the second but in regards to the hydrogen fuel cell instead of the battery. Here it was found that while efficiency modifiers had been correctly implemented to characterize the demand, the model attempted to define hydrogen consumption in terms of cubic centimeter per coulomb and then combine that with the amperage of the fuel cell to compute the consumption. Due to the author’s unfamiliarity with these particular unit conversions, this stage of the simulation was flagged for a complete re-write in the new analytical model, as it was determined to be the most likely source of the erroneous consumption numbers.Figure 1: The battery (blue line) can be seen charging past its initial (full) levels


However, during the upgrade to the new model, it was discovered that the battery was being charged past its full capacity in simulation, thus skewing the range results upwards. This overcharging behavior, seen in the blue line in figure 1, was initially thought to be the result of faulty logic—during periods of negative drive demand (regenerative braking), the old model had no logical check to determine if the battery had reached a full state of charge (SOC) or not. While certainly true, this proved to be only part of the reason; while adding the ability for the model to charge its batteries using surplus energy from the fuel cell during low demand times, this same tendency to overcharge was also observed, even after implementation of overcharge checks. It was eventually determined that the sequential nature of the model via its three stages was causing the fuel cell to charge the battery even after regenerative braking had already filled it.

2.1 The New Analytical Model

The new analytical model was built by rewriting the problematic sections of the old one—in this case, stages 2 and 3. Once it was discovered that the sequential nature of the energy flow calculations for the battery and fuel cell was causing issues, these two stages were combined so that energy demands for both storage mediums were calculated at each simulation step. This meant converting the old model’s element-wise computations to instead use logical loops, which lost some processing speed but was deemed necessary to fix the overcharging issues. Thus, the new happened in two stages: the initial first principles drive cycle stage remained unchanged, but the second stage began the battery at a SOC determined by the user and then for each time step of the simulation resolved first the battery behavior (whether it was charging, discharging, or remaining constant) then the fuel cell behavior (whether it was handling tractive load or charging the battery or not generating any power) and finally resolving battery overcharging before moving on to the next time step. At each time step after the initial one, battery SOC determined in the previous step was brought in to be modified—in this way along with the overcharge checks in each step the battery could never find itself over capacity.
The way that the fuel cell hydrogen consumption was determined was also overhauled. Using enthalpies of formation, the energy content of a given volume of hydrogen was determined via
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as described in Chemistry through Hydrogen (Macdonald and Berry, 2013, pp38), where Jh2 is the joules of energy stored in V cubic centimeters (CC) of hydrogen. In the new model, this ideal energy content was modified by a fuel cell efficiency multiplier supplied by the user and used to determine the hydrogen consumption in CC for the determined load on the fuel cell at each time step. Using the density of hydrogen at standard temperature and pressure (STP) of 0.0899kg/m3 (Engineering Toolbox, 2003) this consumption was converted to kilograms of hydrogen consumed. As can be seen in figure 2, the new model with updated hydrogen consumption and battery behavior contains so little hydrogen that it runs out almost immediately and, indeed, cannot even be seen on the graph. The previous model’s 65L hydrogen at STP (5.8 g equivalent) was then updated to a more reasonable 1.5 kg hydrogen and the model run again in figure 3. Here, a highlighted point near the start of the simulation shows an initial hydrogen equivalent of 38 kWh. Considering lower heating values dictate a hydrogen energy storage of 33kWh/kg (Goodall, 2021), then 1.5 kg hydrogen with a fuel cell efficiency of 70% results in approximately 34 kWh—very close to the energy storage determined by the new model, indicating hydrogen consumption is now more accurately reflecting reality.
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Description automatically generated]Figure 3: The new model with 1.5kg hydrogen now seems to consume at realistic rates
Figure 2: The new model with previously used quantities of hydrogen does not make it through one drive cycle
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Description automatically generated]To provide better characterization of the load cycle, the average driving demand calculation was changed to only take into account the positive (acceleration) demand of the cycle and not the negative—this resulted in a change in average from 4.5kW in the old model to 12.6kW in the new one. This was done to accommodate fuel cell sizing, as the hydrogen fuel cell was of course unable to take advantage of regenerative braking like the batteries. In addition to fixing the errors of the earlier model, the new analytical model also introduced two new functions: the ability for the user to set the initial SOC of the battery, and an option to run simulations where the fuel cell can be used to charge the battery. Figures 4 and 5 show the effects these options have on the hydrogen consumption and WLPT range. In figure 4 the 36kWh battery has been initialized at 50% state of charge with all other settings equal to those in figure 3. The WLPT range has dropped drastically—nearly half of what it was—commensurate with the reduced energy in the battery. In figure 5, recharging of the battery by the fuel cell has been enabled, and the WLTP range can be seen to jump back almost to where it was, albeit with much higher hydrogen consumption: the H2 used per cycle is almost double what it was and by the end of the calculated WLTP range the amount left in storage is effectively zero, however, the battery ends the WLTP cycle with slightly more charge than the previous simulation. In all simulations using both new and old models, WLTP range is determined by the amount of distance traveled in a repeating WLTP drive cycle to deplete either the battery or the hydrogen storage—whichever depletes first marks the end of the range. In figure 4, without charging from the hydrogen cell, it can be clearly seen that there is hydrogen left at the end of the WLTP range, indicating the battery depleted first as expected. The opposite is true in figure 5.Figure 4: The new model with the battery initialized at 50% SOC
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Description automatically generated]These behaviors are all as one might reasonably expect, which along with the new hydrogen consumption figures supports the assumption that the new analytical model is responding correctly to the simulation settings and is more reflective of real performance than the old model. Table 2, a revision of table 1, shows the results of the model simulating an unmodified Tesla 3, and it is immediately apparent that the new model underpredicts the power consumption of the battery. To fix this, the efficiency of the battery was reduced from 95% to 85%, where the WLTP range was 529.1 km and the Wh/km at 141.75. With these settings, replacing half the battery with 1.5kg of hydrogen storage reduces the WLTP range to 326 km with battery charging and 254 km without, indicating that more hydrogen must be stored in order to fully replace the missing 36kWh from the battery.Table 2: Comparison of the unadjusted new model
Figure 5: The new analytical model with battery charging from the fuel cell enabled


3 Powertrain Specification

The purpose of refining the analytical model was to be better able to size and characterize drivetrain components that aligned with the desired vehicle specification. In this case, the customer wished to maximize the range of the fuel cell hybrid vehicle while minimizing the battery capacity. Following data from the United States Office of Energy Efficiency & Renewable Energy, compressed hydrogen storage had already been identified as the best mix of storage efficiency, cost, and energy required to release it (OEERE 2022). A type 4 hydrogen storage tank from Mahytec was identified as fulfilling the needs of the proposed hybrid powertrain. The tank has a working pressure of 500 bar, empty mass of 260kg, and is advertised as storing 9.5 kg of hydrogen—more attractive to the purposes of this study is the fact that it is also certified for mobile use according to TPED 2010/35/EU standards (Mahytec, 2023).
With the new hydrogen capacity of 9.5 kg, the drive cycle simulation reports a WLTP range of 420 km—still not meeting the desired powertrain requirements. The model indicates 7.5 kg of hydrogen remaining at the end of the range, meaning the battery discharge is the limiting factor. To fix this, two alterations were made to the model: 100 series, 2 parallel battery pack determined by the old model was reduced to a single 100 series stack, which according to the specification sheet reduced the battery pack weight from 160 to 81 kg, and only 20.8 kWh capacity. Second, the fuel cell was enlarged to 40 amp capacity, increasing the surface area from 67cm2 to 133cm2 as per the 0.3A/cm2 efficient zone defined by Elbadawy et al (2015). The 270kg weight savings from the battery pack reduction from the initial 75kWh setup was counteracted by the addition of the 260kg hydrogen tank, and with the addition of the fuel cell stack, of which similar automotive units were found to weigh approximately 60kg (Kane, 2014) the weight of the vehicle increased slightly to 2030kg. The simulated WLTP range of this configuration was 720 km, a fair increase over the market and test data. The simulation also indicated slightly over 5kg of hydrogen remaining, suggesting that further optimization might be possible even though the current configuration meets the required specifications.

4 Conclusion and Further Work

This paper set out to repair and refine a previously developed analytical model WLTP simulation. Two major issues with the old model were identified: incorrect hydrogen consumption calculation and incorrect battery charging behavior. The new model, which was built by rewriting the latter two stages of the old model’s simulation, resolved both issues and added two new functionalities to the simulation: the ability to determine the battery’s starting SOC and the ability to allow the hydrogen fuel cell to charge the battery. The new model was compared to previously used test and sales data and internal efficiencies were altered until it was brought into line with the verification data.
Once verified, the new model was used to optimize a fuel cell hybrid electric powertrain conversion of the modeled vehicle: it was found that an increase in hydrogen storage and fuel cell amperage could successfully increase the vehicle’s WLTP range while decreasing the battery pack to one quarter of its original capacity, both of which were requirements from the customer. While weight was not specified, the optimized configuration managed to mitigate weight increase of the vehicle as well to avoid any significant performance alterations.
The presence of leftover hydrogen at the end of the simulated WLTP range indicates that there is room for yet further optimization of the vehicle: depending on allowable cost, smaller hydrogen storage solutions might be favorable to save weight, or further development of the simulation might involve the addition of drive mode capabilities: when the battery is fully discharged, the vehicle might be made to run in a low power mode to reduce tractive load requirements so the fuel cell might recharge it.
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