
Chapter 6 

6.0 Optimization Using GA 

6.1 Power Split in HEV 

Before going into detail of fuel economical operation of HEV, it is important to study 

the power flow in HEV. Figure 6.1 shows the power flow paths of HEV [12]. 

Figure 6.1: Block diagram of energy flow; 1- Mechanical 
path, 2- Electrical path 

The difference between using the ICE or the EM to drive the wheels is explained in 

Figure 6.1. When the ICE is used (path 1), the energy flows directly from the ICE through 

the transmission to the wheels. When the EM is used (path 2), energy first flows from the 

ICE through the transmission to the EM, operated as a generator, for charging the battery; 

later the energy will flow from the battery to the EM, operated as motor, to the wheels. 

In path 1 the mechanical power produced by the ICE will immediately be used to drive 

the wheels. In path 2 the same mechanical power will be converted to electrical, 
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chemical, electrical, and back to mechanical. Inherent to these power conversions are 

losses. These additional losses considerably lower the efficiency of using the EM for 

driving the wheels. Therefore, using the EM (path 2) will only be efficient in a few 

(extreme) situations, when directly using the ICE (path 1) is very inefficient. 

The minimum losses due to power conversions are determined by the efficiency of the 

EM, first used as a generator and then as a motor, and of the battery, first used to store 

and then to release energy. Therefore, it is only justified to use the EM (path 2), in the 

cases that the losses in path 1 (directly using the ICE) is at least more than the minimum 

losses when using the ICE in path 2 (for charging the battery). 

For better fuel economy, the average ICE efficiency in path 2 (ICE used for charging 

the battery), will be close to the optimal ICE efficiency. 

6.2 Optimization Problem Formulation. 

Since this study is done for a known drive cycle, the power requirement of the vehicle 

to achieve the known speed profile can be calculated using equations (3.1) & (3.2). In 

HEV, this power requirement is supplied by the two power sources; ICE and EM. It is 

obvious that there are infinite numbers of combinations of power contributions from these 

two sources to meet the power requirement. The aim of this study is to find out the 

optimum power split between the two sources, which make the total fuel consumption a 

minimum during the period of the drive cycle. 

6.2.1 Domain and Constraints 

Figure 6.2: Block diagram of the parallel hybrid vehicle 
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Figure 6.2 presents a block diagram of a PHV with an EM and an ICE. For this 

particular configuration the ICE and EM power are combined downstream of the 

transmission. Alternatively the power could also be combined upstream of the 

transmission. There are five different ways to operate the system depending on the flow 

ofenergy: 

1) provides power to the wheel with only ICE, 

2) provides power to the wheel with only EM or, 

3) provides power to the wheel with both ICE and EM simultaneously, 

4) charges the battery, using part of the ICE power and generated power by EM running 

as a generator 

5) slow down the vehicle by letting the wheel to drive the EM as a generator. 

In this analysis, since the drive cycle is known, corresponding power demand to achieve 

the speed trajectory is calculated using dynamic equations (3.1), taking sampling period 

as one second. (Sampling period of the drive cycle is one second) 

Power demand corresponding to each sampling period is split between two power 

sources. Here, it is also assumed that the ICE is in continuous operation throughout the 

drive cycle, even when the motor is providing the total power requirement for moving of 

the vehicle and also when the vehicle is at stand still. 

The state of charge of the battery plays a major role of deciding the power split of the 

HEV. The SOC of the battery pack decides whether the required power contribution of 

the EM is possible or not. If the batteries are completely charged EM cannot be allowed 

to operate as a generator and on the other hand if the batteries are completely discharged, 

positive power contribution from EM is not possible. It is also required to keep the SOC 

within a certain upper and lower limit in order to avoid damage to the battery pack. At 

any time of operation, the battery SOC should not go outside the specified minimum and 

maximum limits (40% & 80%). In this analysis initial SOC is considered as 50%. 

It is very important to keep the initial and end SOCs as close as possible to have a 

meaningful fuel consumption value in this study. If the SOC at the end of the cycle is 
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lower than the initial value means that during the drive cycle the HEV has used some 

amount of energy which corresponds to the SOC difference, stored in the battery prior to 

start of the drive cycle. On the other hand, if the end SOC is higher than the initial, the 

HEV has not used some of the energy generated by the ICE during the drive cycle and 

that indirectly causes the fuel consumption to increase. In both cases, the difference in 

SOC represents the difference of energy consumed by the vehicle and energy generated 

by the ICE, during the drive cycle. If this difference is higher, the result obtain from such 

a situation is not fair. In order to have meaningful result (fuel economy), SOC at the end 

of the cycle should not vary much from the initial value. 

Rate of change of ICE and EM power is another constrain to be considered in this 

optimization process. It is required to keep the rate of increase or decrease of power of 

both power sources within the allowable limit to have a meaningful result. 

6.2.2 Population and Individuals 

In this approach each individual represent the possible EM power trajectory which is a 

combination of EM share by the HEV at each sampling period. So that it is obvious that 

there are variables equivalent to the total number of samples of the drive cycle and each 

variable represents the power contribution from EM during the corresponding sampling 

period. The total population represents the total possible combinations of EM contribution 

through out the drive cycle. EM power can have any value between maximum motor 

power and maximum generator power (generation is represented by negative sign). 

6.2.3 Chromosomes 

Chromosome composes of string of binary numbers corresponding to EM power at each 

sampling period. 
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Figure 6.3: Example of EM contribution (Top), Chromosome 

(Bottom). This composes of string of binary numbers which 

represent EM power at each seconds of the drive cycle. 

XI, X2 ....are the binary representation of EM power at each second. In this approach, 

for New European Drive Cycle, there are 1200 variables to be optimized as its sampling 

period is one second and the total duration is 1200 seconds. Therefore if each variable is 

corded as 'n ' bit binary number total chromosome length is nx2000 bits. On the other 

hand, total population contains 2nx1200 individuals. The larger the population the longer 

the time it takes for convergence. However the precision of variables depend on the size 

of binary coding of the variables. In this study, each variable has been represented by a 

binary value of 06 (six) bits. Since the peak power of the selected motor both in motor 

and generator mode is 40kW, the precision of the variable is at least 80/2x26kW. 

However, in this analysis, upper and lower limits of each variable are not taken as fixed 

values in order to avoid suggesting unrealistic values for EM power during the 

optimization process. Therefore the span of possible power demand is divided into 

several regions considering the efficiency of IEC and for each region deferent upper and 

lower limits for EM power have been defined. 

It can be seen in the ICE efficiency map used in this study (figure 3.7) that the ICE 

efficiency is highest for engine speeds between 230 and 350 rad/s and the corresponding 

ICE power is between 20 and 35 kW. Therefore as we discussed earlier, the ICE should 
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be operated within that region as much as possible to achieve higher fuel economy. 

Keeping this in mind, power regions and upper and lower limits for those regions have 

been selected as follows. 

Table 6.1: Upper and Lower limits for decision variables. 

Power Demand Upper EM power 
limit 

Lower EM power 
Limit 

0 - 3 0 Power Demand -30 

30 < 40 10 

0 0 0 

0 ~ -40 0 Power demand*0.65 ** 

** The maximum Braking power recovered by the regenerative braking is 65%, because 

the regenerative breaking can only be used for the front wheel [13]. 

6.2.4 Fitness Function 

The fitness function calculates the total fuel consumption with respect to ICE power 

trajectory. Here, the EM power at each second is taken as the decision variable. Since the 

power demand is known the ICE power can be calculated. For negative power request 

(braking), the ICE contribution for the power demand is considered zero and the sum of 

motor and mechanical braking power- would be taken as equal to power demand. 

However for positive power demand, the sum of ICE and EM power contributions should 

be equal to the power demand. Here the power contribution is considered as the effective 

power which contributes to drive the wheels. In fact it is the effective power after losses. 

For positive power demand; 

ICE Contribution = Power Demand - EM contribution. 

For negative or zero power demand; 

ICE Contribution = 0, however the ICE is spinning at its idle speed and consumes 

certain amount of fuel to keep the engine running. 
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Once the ICE power is known, the corresponding engine torque and speed can be 

calculated taking gear ratios and efficiencies of transmission in to account. (Refer 

equations 3.1 to 3.8) Then empirical model based on test data is used for fuel 

consumption calculation. Two look up maps are in this model, engine torque and fuel 

consumption. Engine torque map (Table 3.1) decides engine torque limit at each speed, 

while fuel consumption map (figure 3.7) decides fuel rate (g/s) at given engine speed and 

torque. 

In this study, the objective function is defined as follows: 

J(x) = YjFCi+MkW{NB +NP) (6.1) 
i=i 

Where, FCi is the fuel consumption during /th second and J(x) is the total fuel 

consumption plus the penalty. M is the number of generation and W is the weighting 

coefficient. NB and NP quantify magnitudes of constraints. 

Some of the chromosomes which represent the EM power trajectory in the problem 

space are invalid, as the battery SOC and the rate of change of power at some instants 

may exceed the limits. To represent the poorness of the chromosome in such a situation, a 

penalty is introduced in to the objective function J(x), similar to that used in constrained 

optimizations treated under penalty function concept in evolutionary computational 

techniques. Here, NB and NP are the number of instants that the battery SOC and the rate 

of change of power exceed the limits within the drive cycle corresponding to a 

chromosome. Here, 10 and 1.2 have been used for 'W' and 'k ' respectively. The Figure 

6.4 indicates this process of calculation of fitness value for an individual. 
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Figure 6.4: Flow chart of calculation of Fitness Value for an individual of kth generation 

In this study, the population of GA has been initialized with 500 randomly selected 

individuals around zero (i.e. no contribution from EM throughout the drive cycle) and 

maximum number of generations have been set to 1000. Further improvement of the 

accuracy of the variables and the convergence rate can be achieved by increasing the size 

of the binary coding of variables and the number of individuals in a generation with the 

penalty of simulation run. The extreme expansion of the individual numbers would tend 

to a direct search method. 
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Figure 6.4: Flow chart of GA 

Begin 

* = 0; 

Initialize <$(0):={vi(0), v^fO)) £ P (around zero) 

Evaluate Fitness: J(x) = ^FCi+M^N, + NJ 

i-i 

While (Fitness NOT Termination Condition) Do 

Begin 

Recombine v'k(t) := r($(2)) 

Mutate v"),(f):= m(v'j[(i)) 

Evaluate J(x(t)) U J(x '{£)) 

Select $(£+1) from $(t) : 

if Q(*{t))> i v m 

x(t+l)=x(t) 

else 

x(f+1) =x(f) 

t=£+l; 

End 

End 

Figure 6.5: Evolutionary Algorithm 
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