
Chapter 7 

7.0 Results & Analysis 

Figures 7.1 and 7.2 show the optimization process histories for NEDC and CDC. The x 

and y axes of the graphs are number of generations and the fitness value which is the total 

fuel consumption for the drive cycle. As it could be seen in these figures, the rate of 

convergence is faster for the first 100 generations and then the convergence rate is slower. 

It has taken almost 1000 generations to converge to the optimum value. This is justified 

by the fact that this optimization process consists of 1200 variables as EM contributions 

at each second which is considered as decision variable and each variable has 26 different 

values. Since the battery SOC at any instant should be kept within the desired range, for 

every individual (i.e. EM power trajectory) the battery SOC at every second is calculated 

and if the SOC falls outside the limits at any instant, a penalty which represents the 

amount by which the constraints are violated by the chromosome is added to the fitness 

value, in order to reduce the probability of selecting it to form the next generation. 

Therefore, considerable amount of chromosomes in each generation will subject to this 

constraint and it will also be one of the reasons for slowing down of convergence. As 

each generation composes of 500 individuals, evaluation of fitness function including the 

objective function and constraints for one generation may take an average of about 20 

minutes for a 3.0 GHz Pentium computer. 

For NEDC, even after 1000 generations it has not completely converged to the optimum 

value but rate of convergence after 1000 generation is very low and it is almost 0.5mili 

liters per 10 generations. The trend of optimization process history shows that it likely to 

come to the global optimum within next 100 generations. Therefore the result may not 
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change much and it will not affect to the percentage increase in fuel economy 

significantly at the end. 

In general, optimum solution for a problem is not guaranteed by GA. However, the 

results from these GA optimizations can be considered as the global optimums as they 

produced the same results every time the GA programs were run. 

The Power demand to achieve the given speed profile and the optimum contribution 

from the EM for both drive cycles are indicated in figures 7.2, 7.3, 7.6 and 7.7 below. 

In Table II, the optimum fuel economy for the selected drive cycles are compared with 

that of a conventional vehicle. This indicates that a maximum of about 30% and 22% 

improvements can be achieved for NEDC and CDC respectively, by a Parallel HEV 

compared to a conventional vehicle. It is obvious that fuel economy varies with the 

driving cycle and hence the results obtained through this study are valid only for the 

selected drive cycles. From the Figure 7.2 & 7.6, it can be seen that the vehicle operate 

within a lower power range for CDC than for NEDC and the breaking power involved in 

CDC that can be recovered by HEV is comparatively very low. However CDC has higher 

potential for fuel economy improvement than that of NEDC mainly due to its frequent 

speed transients. 

Figure 7.4 & 7.8 show the battery SOC variation throughout the drive cycles. It could 

be observed that, the SOC at any instant is within the upper and lower limits and the SOC 

difference at the beginning and the end of the cycle is just 2%. 

Table 7.1: Fuel Economies for conventional and optimized HEV 

Drive Cycle NEDC CDC 

Fuel Economy (L/100km) Conventional 

Vehicle 

7.69 8.6 Fuel Economy (L/100km) 

Parallel HEV 5.39 5.84 

Improvement with HEV (%) 30 32 
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Figure 7.1: History of genetic algorithm optimization process for NEDC. 
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Figure 7.2: History of genetic algorithm optimization process for CDC. 
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The following two figures indicate the power demand by the vehicle to achieve the 

speed profile represented by the NEDC and CDC respectively. These are actually the 

outputs from the drivetrain module of the simulation model. Since the road is considered 

as flat for this study, hill climbing power is not included in the power demand. Since 

CDC represents typical urban driving which has no high accelerations and higher speeds, 

power involved in the drive cycle is comparatively low. But, for NEDC, it could be seen 

in the figure 7.4 that the vehicle requires more power to achieve the speed profile at the 

latter part of the cycle. 
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Figure 7.3: Power demand to achieve the NEDC speed profile. 
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Figure 7.4: Power demand to achieve CDC. 

The Figure 7.5 & 7.6 show the EM contributions over the two drive cycles; i.e. in fact 

the optimum power trajectory corresponding to the minimum fuel consumption found out 

from the GA optimization process. From this curve, it can clearly be seen that the EM has 

operated in generation mode during low loads and braking, and has used that energy 

during rest of the cycle. At low loads, the IEC efficiency is comparatively lower and 

therefore during such time the ICE has operated at higher power levels allowing extra 

power to be stored in the battery. This stored energy is used at the latter occasion when 

ICE operation is not so economical. Since, the limitations in rate of change of EM power 

has not considered in this study for NEDC, sudden increase in generation power can be 

seen in the corresponding optimum EM power curve. 
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Figure 7.5: Contribution from EM over NEDC. 

Figure 7.6: Contribution from EM over CDC 
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SOC variations for both NEDC and CDC are shown in figure 7.7 and7.8. Battery SOC 

depends on the EM power. When the EM operates in Generation Mode SOC increases 

and when EM supplies total power requirement or assist the ICE to drive the vehicle, 

SOC decreases as EM uses stored energy during those occasions. It can clearly be seen 

from these curves that the difference of staring and end SOC is just 2%. It indicates that 

almost total energy consumed by the EM has been generated within the Drive Cycle. 

Here, the end SOC is little bit lower than the starting SOC. That means the EM has used a 

small amount of energy that had been stored in the battery prior to this drive cycle. 
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Figure 7.7: Battery SOC variation over NEDC. 
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Figure 7.8: Battery SOC variation over CDC. 
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