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delivered to the eiectrical motor is the combined power of REX and battery:

Pat B =Py + Fe, (1)
where the subscri i d, at and e are the demand of a driver, auxiliary demar  battery
output and REX output power respectively. The model of each REX was built based on
combined efficiency of the engine, transmission and generators. Below, this section

introduces the details of each component.

A. Battery modeling

The Rint model, which neglects temperature effects, is adopted to represent a battery as
shown in Fig. 1. The electrical circuit in the Rint model consists of a voltage source and a
charging or discharging resistance which are function of the state of charge (SOC):

Py = Vocly — 15 Ry, (2)
Voc s Vo% - 4"’bF‘Ib
fy = R, ] (3)
V.. = V(500), @)
Rb = Rd,S(SOC) or Rb = Rch(SOC) (5)
The variation of SOC per a second due to consumed energy can be calculated as follows:
-~
ASOC = Ah-3600 " (6)

where Ah is the capacity of a fully charged battery in ampere hours and positive battery
current is the discharged current of the battery.

B. Engine

The employed engines are naturally aspirated (NA) 1.0 | gasoline engines with port fuel
injection (PFI). In comparison to the baseline engine, the advanced engine features an
increased compression ratio, an integrated exhaust manifold, external exhaust gas
recirculation (EGRY) and reduced friction. These measures reduce specific fuel consumption
almost in the entire engine map. The only drawback is the slightly reduced peak power for
stoichiometric operation due to the higher compression ratio (29 kW instead of 30 kW). All
values were measured on a stationary engine test bench and could be reproduced. Intake air
temperature and pressure, coolant and oil temperatures were controlled to be in the same
order of magnitude when comparing identical operating peoints for both engines. The engine
specifications are presented in Table 2. The efficiency curves were determined from a fuel
consumption map for all measured operating points {more than 100 measurements for each
engine). For a given power hyperbola, the point with the best brake efficiency of the advance

engine was found. It is given in Fig. 2. As an outlook, further potential of the combustion
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the generatori this application is n  high lo give a significant reduction of e costs by the
reduced material utilization of the generator. The most expensive material of the generator is
a permanent magnet which is 25 Euro (48 Euro/kg) for the active materiai costs of the gear
driven generator. The cost reduction by a high speed generaior is not expected in the REX of
family car size application even for a permanent magnet-less generator. In addition,
mechanical losses in the transmission lead to worse efticiency of the gear driven generator.
As the well-matched gear ratio can increase the combined efficiency of the generator and
engine [3], the dedicated design of a direct driven generator for one specific engine can be
expected to show good performance. The driving costs of each topology do not differ much.
Since the REX-EV is pure electrically driven over the average daily driving distance of family
cars (53 km [10]), the probability of driving further distances is not high. This leads to the
small differences of the driving costs in charge depleting mode.

5. Conclusion

The numerical simulation results for direct driven generator and gear driven generator have
been compared with two different engines. The fuel efficiency of each topology was obtained
by the driving cycle simulation with combined efficiency of the generator, gear and engine,
assuming that the REX is operated at most efficient loads and speed. For both engines, the
direct driven REXs showed better efficiency due to the removed gear stage. The difference
of mass between direct driven and gear driven topologies was 4.5 kg, which is a negligible
difference. Due to the costs of the trapsmission, the system costs of the gear driven
generator were higher compared to the direct driven generator. The reduced costs of the
gear driven generators were dominated by the cost of transmission. The driving cost analysis
showed that the estimated cost differed only slightly between two topologies. As the battery
capacity (15 kWh) is enough to cover the average daily driving distance, which is 53 km, the
probability of consuming fuei is not high. The analysis results based on the NHTS survey
differed only 0.17 Euro in cost differences between the best and worst variant. The cost
effective and light REX is revealed as a suitable REX for a family car application under the
given NHTS survey data.
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