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Figure 9: Layout of HEV simulator used in our study.The battery aging model is used in the Powertrain module to assess the actual state of battery health, whereas
the severity factor map is used in the Energy Management Strategy module in a similar manner as the engine fuel consumption map is used. The optimization
algorithm interrogates both maps to make the decision as to what the optimal operating points to operate the powertrain are.

minimization of battery degradation (through the coe�cient
� � [0� 1]) while respecting HEV charge sustainability con-
straints at the end of a trip and expressed as:

J �
t f�

t0

� � �mf (u(t))

�(1 � �) � ca
� � � map(I (u(t))� � (t)� S OC(t)) � �I (u(t))� dt

(15)
where �mf is the instantaneous fuel consumption rate [g�s],u(t)
� Pbatt(t) is the control variable,ca is a transformation coef-
�cient that makes the amount of battery aging dimensionally
compatible with the fuel consumption. In [4],ca is de�ned as a
ratio of battery replacement cost to the cost of 1 kg of gasoline;
� is a weighting parameter varying between[0�1] that gives rel-
ative importance to the two costs. To account for battery life us-
age, the severity factor map,� map is used in (15). The optimal
control problem is solved by the Pontryagin’s Minimum Prin-
ciple (PMP). Details of the PMP algorithm are in the Appendix
section.

5.1. Simulation results

Figure 10 shows the distribution of severity factor map
operating points obtained by simulating a FUDS driving cycle
at � amb � 30� C. As FUDS is a mild driving cycle, 64% of the
� map operating points are in the lowIc region (less than 1)
which is shown in the inset plot in Fig. 10.

The e�ect of � on battery capacity loss simulated over FUDS
cycle is shown in Fig. 11. The top plot shows the evolution
of Qloss�% with respect to time whereas the bottom plot shows
the trend with respect toAh-throughput (or charge throughput).
As expected, the capacity loss increases with� because the cost
associated with fuel consumption in (15) increases. For� � 0.5,
the supervisory controller produces a power split such that the
proportion of battery power is more than the engine in the total
power request from the driver. So this case results into a more
pronounced aging of the battery as shown in Fig. 11. For� �
0.5, battery usage is less compared to the engine resulting into
lower capacity loss compared to� � 0.5. This is validated with
the Pareto curves shown in Fig. 12 which are obtained over
di�erent driving cycles. The fuel consumption di�erence from
the conventional vehicle gets higher and higher as� increases,
leading to higher battery degradation. This trend is consistent
over di�erent driving cycles

Shown in Fig. 13 is the comparison of instantaneous vari-
ation of current rate over FUDS with di�erent�. At � � 1,
battery is subject to higher average values ofIc as the optimizer
suggests to use more battery than engine, and degradation is not
controlled. This, in turn, results in higher battery temperature
for � � 1 compared to� � 0.3, as shown in Fig. 14.

Figure 15 shows the di�erentS OCtrends over FUDS cycle
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