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Abstract: This paper proposes an optimal grouping method for battery packs of electric vehicles
(EVs). Based on modeling the vehicle powertrain, analyzing the battery degradation performance
and setting up the driving cycle of an EV, a genetic algorithm (GA) is applied to optimize the battery
grouping topology with the objective of minimizing the total cost of ownership (TCO). The battery
capacity and the serial and parallel amounts of the pack can thus be determined considering the
influence of battery degradation. The results show that the optimized pack grouping can be solved
by GA within around 9 min. Compared with the results of maximum discharge efficiency within
a fixed lifetime, the proposed method can not only achieve a higher discharge efficiency, but also
reduce the TCO by 2.29%. To enlarge the applications of the proposed method, the sensitivity to
driving conditions is also analyzed to further prove the feasibility of the proposed method.

Keywords: battery pack grouping; electric vehicles (EVs); genetic algorithm (GA); total cost of
ownership (TCO)

1. Introduction

Nowadays, consumption of fossil fuel and increment of greenhouse gas (GHG) emissions have
become major challenges to environmental pollution. Vehicle electrification can mitigate these
interactions by employing highly efficient motors to power vehicles [1,2]. Currently, electric vehicles
(EVs), hybrid electric vehicles (HEVs), plug-in HEVs (PHEVs) and fuel cell vehicles represent the
developing directions of vehicle electrification. Among all the dominant solutions, EVs attract wide
attention due to their relatively simple vehicle configuration, high operating efficiency, qualified
driving performance and relatively mature energy storage technologies [3,4]. In an EV, the energy
storage system, usually a lithium-ion battery pack, becomes the essential and predominant component
employed to drive the motor according to the driving demand. Therefore, it is considerably important
and imperative to optimize the battery pack design with care to improve the vehicle economy.

For the battery pack in an EV, there exist hundreds of cells connected in series, parallel or even
more complex topologies. These battery grouping technologies, including the series and parallel
connected cell topologies, can greatly influence the whole pack specifications as well as the vehicle
performance. Simply speaking, the series amount of all the cells can determine the vehicle rated
voltage, which is related to the vehicle motor driving demands, and consequently, the parallel amount
of the cells can influence the battery’s overall capacity and the internal resistance. More importantly,
the cost of the lithium-ion batteries occupies about 30–50% of the total cost of an EV. For instance, in the
Nissan Leaf, the cost of the battery pack accounts for nearly 38% of the total vehicle cost [5]. Given this,
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the battery capacity and its grouping topology, i.e., the amount in series and in parallel, should be
considered with care to provide an optimal grouping solution to meet the driving power demand,
while simultaneously ensuring the vehicle economy [6]. This consideration is the main research target
in this paper.

Abundant research has been conducted on vehicle powertrain parameter optimization [7–9].
The main research target usually involves battery and motor matching and their coordinated control.
In [5], the whole process to determine the battery pack capacity is investigated to obtain the minimum
battery cost for manufacturers. In view of the driving range, the pack size is designed to minimize
the whole operation cost; however, the battery degradation influence should be considered with
care to match different driving ranges. In [10], the battery size for PHEVs and extended range EVs
(EREVs) with respect to different user types and different annual mileages is optimized considering
energy consumption, total cost and greenhouse gas emission. The authors also analyze the battery
size determination induced by policy influences in Germany. In addition, the battery life model is set
up to be 12 years without considering the influence of degradation. In [11], a suitable battery size for
prolonging the battery lifetime and decreasing the operating cost of a vehicle is evaluated; however,
an important task is neglected in that the connection mode of the battery pack is not fully taken
into account. In [12], an accurate battery life model is chosen for estimating the battery lifetime over
different depths of discharge (DOD). It should be noted that there exists a tradeoff between DOD and
battery size, as well as battery life. Furthermore, to acquire the minimum total cost of ownership (TCO),
a global optimization algorithm is indirectly applied to make a closed-loop controller to reach the
minimum operating cost. In [13], a multi-objective optimization, including energy management and
battery capacity, is conducted based on hybrid fuel cell vehicles. After comparing this optimization
with the optimized consequences of dynamic programming under different battery capacities, a
soft-run energy management strategy is proposed. Meanwhile, the battery lifetime is also optimized
considering battery size and hydrogen consumption. In [14], a tank-to-wheel method is applied to
analyze the efficiency of energy recuperation and output considering the efficiency of converting
electrical energy into mechanical energy. Based on an energy control algorithm, the energy efficiency
is analyzed in detail when the battery size changes. In [15], a novel cost-optimal method is adopted to
evaluate the charging, power management and battery degradation mitigation of PHEVs. The cost
of electricity charged from the grid, fuel cost and battery life are considered and minimized based
on convex programming (CP). Nonetheless, the pack grouping has not been analyzed yet due to its
different serial-parallel construction focuses.

To summarize, it is crucial to consider the battery grouping topology and battery degradation
to optimize the TCO. This criticality motivates the authors to conduct research into it. Although the
TCO interactions between battery size and lifetime have been studied substantially, to the authors’
best knowledge, researchers have seldom carried out studies taking the number of parallel modules
and serial cells in a simplified connection pattern into account. Based on the above discussion,
the overarching goal of this paper is herein proposed: to extend previous study by introducing a
methodology for optimizing the lithium-ion battery pack grouping topology of EVs to satisfy customers’
expectations with consideration for the TCO and battery degradation influence.

In order to optimize the TCO, it is imperative to analyze the vehicle powertrain, the battery
degradation model, the daily operation cost, etc. The authors have considered all the related
factors [16,17], as shown in Figure 1. The battery pack configuration can influence the cycle life, the
discharging efficiency and the vehicle mass, and more directly, the battery cost, which is proportional to
the battery capacity. Moreover, it can also determine the regeneration braking efficiency, and indirectly
contribute to the operating cost. Therefore, these issues should be carefully taken into account to
optimize the battery capacity and its grouping parameters.
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Figure 1. Structure of the battery combination optimization problem for BEVs. 

The proposed battery grouping topology is shown in Figure 2, in which the cell is a cylindrical 
lithium-ion battery. It can be observed that the number of parallel modules and the number of series 
modules should be determined. A commonly accepted design is that when the serial number 
increases, the voltage and internal resistance will consequently rise. Compared with the same power 
quantity, the battery current will decrease, thus improving the overall efficiency. In contrast, when 
the battery pack is short of voltage, the battery should release a larger current to satisfy the power 
demand, hence influencing the efficiency and cycle life [18]. On the other hand, the amount of cells 
connected in parallel can affect the current and the whole pack resistance. More cells connected in 
parallel will certainly produce higher efficiency, while contributing a heavier weight and more 
expensive cost [6,19,20]. Thus, a global optimization should be applied to determine these two 
topologies to minimize the battery lifetime cost and the total amount of all-life cost considering 
overall foregoing influences. 

 
Figure 2. The battery pack in the parallel-series manner. 

To achieve the abovementioned target, the related vehicle powertrain model and the battery 
degradation model should be built first. Then the optimal number of parallel modules and serial cells 
can be modeled for minimizing the TCO under objective driving cycles. Since the target problem is 
non-convex and highly nonlinear with series discrete variables and constraints, genetic algorithm 
(GA) is herein elaborated to overcome the defect and to find the optimal solution [21–24], as seen in 
Section 3. Due to the fact that the comparison results are sensitive to the driving cycles, the 
corresponding analysis is performed. Finally, the results are validated to prove the feasibility of the 
proposed algorithm, followed by the conclusion marked in the end. 
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Figure 1. Structure of the battery combination optimization problem for BEVs.

The proposed battery grouping topology is shown in Figure 2, in which the cell is a cylindrical
lithium-ion battery. It can be observed that the number of parallel modules and the number of series
modules should be determined. A commonly accepted design is that when the serial number increases,
the voltage and internal resistance will consequently rise. Compared with the same power quantity,
the battery current will decrease, thus improving the overall efficiency. In contrast, when the battery
pack is short of voltage, the battery should release a larger current to satisfy the power demand, hence
influencing the efficiency and cycle life [18]. On the other hand, the amount of cells connected in parallel
can affect the current and the whole pack resistance. More cells connected in parallel will certainly
produce higher efficiency, while contributing a heavier weight and more expensive cost [6,19,20]. Thus,
a global optimization should be applied to determine these two topologies to minimize the battery
lifetime cost and the total amount of all-life cost considering overall foregoing influences.
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Figure 2. The battery pack in the parallel-series manner.

To achieve the abovementioned target, the related vehicle powertrain model and the battery
degradation model should be built first. Then the optimal number of parallel modules and serial cells
can be modeled for minimizing the TCO under objective driving cycles. Since the target problem is
non-convex and highly nonlinear with series discrete variables and constraints, genetic algorithm (GA)
is herein elaborated to overcome the defect and to find the optimal solution [21–24], as seen in Section 3.
Due to the fact that the comparison results are sensitive to the driving cycles, the corresponding analysis
is performed. Finally, the results are validated to prove the feasibility of the proposed algorithm,
followed by the conclusion marked in the end.



Energies 2017, 10, 439 4 of 15

2. Vehicle Modeling and Analysis

Based on the aforementioned statement [5,16], the target function for minimizing the TCO should
be related to the battery grouping topology and the driving conditions, as well as the circumstance
conditions, such as the electricity price, battery lifetime, etc. Therefore, the target function can
be formulated:

minTCO = f (Nparallel , Nseries, Ydriving_cycle(D), Z) (1)

where Nparallel equals the number of parallel modules and Nseries states the number of series cells in a
pack module. Ydriving_cycle, depicting the driving behavior under different driving cycles, is modeled
in relation to the daily trip length D. Z represents the underlying scenario assumptions, including the
electricity price, the assumed battery lifetime, the production cost of batteries, motor cost, etc.

In order to determine the vehicle battery pack parameters, the vehicle model should be built first
to provide the fundamental analysis of the demanded energy and power.

2.1. Vehicle Model

As shown in Figure 3, the powertrain structure of the proposed research target mainly comprises
of a battery pack, a traction motor, a fixed gear, as well as a differential case [25,26]. In this paper, a
permanent-magnet synchronous electric motor (PMSM) is harnessed to power the vehicle. The main
parameters of the motor are shown in Table 1. The power density is supposed to be 2.5 kW/kg [27].
It can be found that the motor’s maximum power is 80 kW, and the mass is 32 kg. In this paper, a high
power lithium-ion cylindrical battery cell AHR32113 (A123 Systems, Livonia, USA) [28,29] is selected
to construct a battery pack, whose detailed parameters are listed in Table 2, from which we can see that
the nominal capacity is 4.4 Ah, the rated cell voltage is 3.3 V, and the operating temperature ranges
from −30 ◦C to 55 ◦C.
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Table 1. The specifications of the baseline electric motor.

Motor Type PMSM
Maximum Power 80 kW

Maximum Braking Torque 280 N m
Power Density 2.5 kW/kg
Energy Density 140 Wh/kg

Mass 32 kg



Energies 2017, 10, 439 5 of 15

Table 2. AHR32113 Cell Specifications.

Cell Dimensions
(mm) Cell Weight (g) Cell Capacity (Ah) Voltage (V) Operating

Temperature (◦C)

32 × 113 205 4.4 3.3 −30–55

With the battery cell specification, the weight of battery pack mpack can be formulated as:

mpack = Nbatmbat ϕ (2)

where mcell is the weight of the battery cells, Nbat is the number of battery cells, and ϕ is the packaging
coefficient, which is specified as 1.25 in this paper [30].

Now, the total vehicle mass mtotal can be calculated:

mtotal = mveh + mpack + mmot + mpc (3)

where mveh is the vehicle chassis mass, mmot is the electric motor mass, and mpc is the mass of the
passengers and cargo and is specified to be 150 kg on average.

Based on the kinematic functions, the EV’s driving dynamics model can be formulated:

P(t) = Pw(t) + Pf (t) + Pi(t) + Pj(t) + Pacc

Pw(t) = ρair ACDv3(t)/2
Pf (t) = mg f cos(α(t))v(t)
Pi(t) = mg sin(α(t))v(t)
Pj(t) = δmv(t) dv(t)

dt

Jtotal =

∫ tterminal
tinitial

(P(t)/(ηpack×ηcon×ηmot×η f d))dt
3600

(4)

where P(t) means the driving power, Pw(t) equals the power of the aerodynamic drag force, and
Pf (t) represents the power of rolling resistance. Pi(t) represents the gradient resistance power. Pj(t) is
the acceleration (or deceleration) power demand. Pacc, equaling 269 W, is the accessory power [31].
g represents the gravitational acceleration, and equals 9.81 m/s2. α namely the slope of the EV, is
near zero most of the time. Jtotal denotes the total energy consumption in each driving range in kWh.
The remaining vehicle parameters are shown in Table 3.

Table 3. Vehicle parameters.

Parameters Symbol Value Parameters Symbol Value

Frontal area A 2.372 m3 Wheel radius r 0.301 m
Aerodynamic drag

coefficient CD 0.311 Converter efficiency ηcon 0.97

Coefficient of rotating mass δ 1.02 Motor efficiency ηmot 0.96
Air density ρair 1.1985 kg/m3 Pack charge efficiency ηcharging 0.95

Rolling resistance coefficient f 0.015 Final drive efficiency η f d 0.95

2.1.1. Regenerative Braking Model

For the EV, the regenerative braking system can automatically recover the braking energy.
To optimize the battery capacity, the braking performance should be properly considered. To simplify
the problem, the regenerative braking function can be indicated as:

W =
µ
∫ tterminal

tinitial
mtotalakvkdt

1000× 3600
(5)
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where W represents the regenerative braking energy in kWh, and ak and vk are the
acceleration/deceleration in m/s2 and velocity in m/s at moment k, respectively. µ denotes the
factor of average energy recovery and equals 0.323, as discussed in [32]. tinitial and tterminal state the
initial time and terminal time of the braking operation.

2.1.2. Battery Model

In order to study the interactions between the amount of series and parallel cells, the discharge
efficiency influences induced by the resistance of the pack should be analyzed in advance. Given the
amount of series and parallel units [33], the connected mode among each unit can be simplified and
indexed, as shown in Figure 4. Each cell within a parallel unit connects with Ri, which is equal to
the resistance of the copper conductors, and the contact resistor RC expresses the aluminum clamp
resistance. Their values are specified to be 0.1 milliohm and 3 milliohm, respectively [34], and the cell
resistor is set to be 10 milliohm. In this paper, the inconsistency of the pack is not taken into account for
simplification. Therefore, the resistance function Rparallel_unit of the parallel unit can be furnished via
the equivalent transformation between Y and ∆ connections, which is only determined by the parallel
amount of cells after ensuring the aforementioned pre-set values:

Rparallel_unit = g(Nparallel) (6)

Hence, the overall resistance Rpack of the pack can be given as:

Rpack = (Nseries + 1)× RC + Rparallel_unit × Nseries (7)

The value of current I and discharge efficiency ηdischarge can be described as: I =
U−
√

U2−4Rpack Pbat
2Rpack

ηdischarge =
U−IRpack

U

(8)

where U is the open-circuit voltage of the battery pack and equals 3.3 × Nseries in this paper.
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Traditionally, the widely adopted battery degradation model is calculated as an empirical function
of the charge/discharge rate, DOD and battery capacity [35–37]. Indeed, the battery degradation
model is rather complex and it is quite difficult to build a uniform relationship between it and the usage
operation. This is not the research focus of this paper, and a simplified method, i.e., the Peterson model,
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is herein employed [38]. Considering one charge process per day, the battery energy consumption can
be described as:  wdischarge =

Edis×Lday
ηdischarge

, discharge

wcharge =
Edis×Lday

ηcharge
, charge

(9)

where wcharge and wdischarge are the energy processed for the daily charging and discharging respectively.
ηdischarge represents the discharge efficiency. Lday denotes the driving range per day. Edis means the
electric energy consumption per kilometer in Wh/km under the identified driving cycle, and is
proportional to the vehicle mass.

Consequently, by inputting (6) through (8) into (9), the battery lifetime Tbat can be deduced:

Tbat =
Nbat × Ecell × rEOL

(αdischargewdischarge + αchargewcharge)Ddrive
(10)

where Ecell is a single battery cell’s energy capacity in kWh/cell. αdischarge and αcharge are the battery
discharging and charging degradation factors and equal 3.46× 10−5 and 1.72× 10−5, respectively [39].
Note that Ddrive denotes the driving days per year and equals 300 days in this paper, and rEOL indexes
the window function of DOD. In this paper, we suppose that when the battery capacity degrades to
80% rated values, the battery should be replaced [40].

2.2. Vehicle Cost Model

Based on the above discussion, the TCO consists of four parts: the vehicle body cost, powertrain
cost, pack cost, as well as the operation cost. In this paper, an A00 class vehicle chassis is selected as the
target platform, of which the mass is set to be 800 kg and the average cost is specified to be 2686 euros.
The average price of a lithium-ion battery is specified to be 268.6 euros/kWh [27]. Now, the total cost
of the battery cells Cpack can be formulated:

Cpack = 268.6× Nbat × Ecell (11)

The average annual ownership cost Cyear for the EV can be calculated:

Cyear =
(Jtotal −W)× Pe × 300

ηdischarge
+

Cpack + Cbasic_vehicle + Cp

Tveh
(12)

where Tveh is the life cycle of both the vehicle and battery pack in years, Cbasic_vehicle is the vehicle basic
cost, Cp is the powertrain cost and Pe, equaling 0.07 euros/kWh, represents the average electricity
price based on investigation [41].

Based on the described model, GA is then applied to optimize the battery grouping configuration
and to find the optimal solutions.

3. Optimization Framework

In this paper, GA is employed to optimize the battery pack grouping topology for EVs. GA is
qualified to control the highly nonlinear system, and is strongly skilled in finding the optimal solutions.
Typically, the process of GA includes encoding, selection, crossover and mutation operations [23].
During each generation, the individuals with a higher fitness value are elected to produce new
individuals for the next offspring. The optimal populations are unchangeable and are directly
considered as elitists for the next offspring. By selecting two individuals as parents to be hybridized,
new offspring, namely children individuals, can be generated. The mutation process is integrated
to reduce the possibility of converging into a local optimum by choosing a random element of a
chromosome. After these steps, the whole process continuously iterates until meeting the terminal
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conditions [42,43]. Generally, the termination conditions include: (1) finding a satisfactory solution,
(2) reaching the set fitness values, and (3) exceeding the budget time or number of generations.

By optimization, the number of generations, population, crossover rate and mutation rate are
set to be 60, 40, 0.8 and 0.2, respectively. The whole application is depicted in Figure 5. First, the
initialization is set up, followed by calculating the TCO. Then, GA is applied to minimize the TCO
until the termination conditions are achieved. Finally, the whole calculation process ends and the
battery grouping information and TCO are determined.
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From the foregoing elaboration, the optimization can be processed with a series of optimal
constraints. Due to the regulation that the most basic quality standard of battery life is 8 years [44],
the limitation with respect to battery life is enforced to be more than 8 years considering its routine
employment by a user. It is necessary to mention that due to the powering demand and voltage ratings
of the motor and its driving system, the amount of series cells Nseries is set up to range from 80 to 120 to
ensure the driving efficiency. In addition, the highest value of Nparallel is limited to 100, since when the
parallel amount is 100 and the series amount is 80, the total battery available capacity is approximately
equal to 117 kWh, which should be enough to power the vehicle. Moreover, in view of the interaction
between DOD and all-life cycles, the limited DOD ranges from 0 to 0.8. The other constraints relative
to the vehicle components, e.g., maximum motor power, are regarded as common settings. To sum up,
all the constraints can be formulated as:

80 ≤ Nseries ≤ 120
1 ≤ Nparallel ≤ 100
0 < DOD ≤ 0.8
Tveh ≥ 8

(13)

In order to optimize the battery size, the driving cycle should be determined with attention. In this
paper, the driving pattern of users derived from Germany is adopted to simulate the daily driving
distribution for automobiles, as shown in Figure 6 [45]. Here, a probability density function H(s) can
be fitted to calculate the average daily driving length, which will not interact with the investigative
accuracy. The daily driving length Sdaily can be determined via integral operation:

Sdaily =
∫

s
H(s)sds (14)
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where s denotes the daily driving distance. Based on Figure 6, the daily and annual driving lengths
can be calculated, which are 41.22 km and 12366 km, respectively.
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In this paper, a mixed driving cycle is employed to construct the daily driving conditions, which
is composed of 40% urban cycle and 60% extra-urban cycle [10]. In [10], the authors calculated the
weights of 40% and 60% through the average speed and average trip distance when driving 365 days
per year; however, the situation of driving every day in a year rarely happens in the real world.
Therefore, we propose that the share is still set to be 40% urban cycle and 60% extra-urban cycle but
with 300 driving days per year. Here, based on the New European Driving Cycle (NEDC), exactly
combined with the above two general kinds of portions, a mixed driving cycle is selected to simulate
a typical cycle to estimate a real-world cycle, as indicated in Figure 7 [46]. Its average speed is
32.21 km/h, slightly lower than the 33.60 km/h under the NEDC cycle.
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Commonly, the basic driving performance requirement is the most pivotal portion of the whole
cycle, and even the most attractive to the customers or manufacturers to some extent. In this paper, the
basic EV performance requirements derived from China Battery Electric Passenger Cars Specifications
(GB/T 28382-2012) [47] are implemented, as listed in Table 4. The acceleration time from 0 to 50 km/h
is limited to 10 s, and the maximum grade ability is specified to be more than 20%. In addition, to
satisfy the daily driving demand, the all-electric range (AER) should be more than 80 km.

The next step is to perform the corresponding analysis and results validation to prove the
feasibility of the proposed method.
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Table 4. Vehicle performance requirements.

Vehicle Performance Index Value

Acceleration time 0–50 km/h ≤10 s
Acceleration time 50–80 km/h ≤15 s
Gradeability during 60 km/h ≥4%
Gradeability during 30 km/h ≥12%

Maximum gradeability ≥20%
Maximum speed ≥80 km/h
All-electric range ≥80 km

4. Results and Discussion

Due to the fact that the battery pack is a complicated system, an assumption is herein made
that the temperature of the battery pack is consistent at 25 ◦C. Moreover, in order to ensure the
accuracy of the modeling, the powertrain of the EV is taken from Autonomie, which is an effective and
well-known simulation platform for EVs and PHEVs [48]. The whole validation is shown in Figure 8,
yielding that the setting parameters are capable of obtaining a good result within 60 generations.
The total calculation duration is within 9 min with a desktop computer using a Core i7 CPU and 8
gigabyte memory storage. The average TCO per year and the related results are exhibited in Table 5.
After optimization, the parallel number of cells of the battery pack is 40, and the serial number is 113.
The battery cost is 1687.93 euros, which occupies an overriding portion of 66.13% in the TCO and is
apparently inverse to the sum of the operation cost and based vehicle cost (33.87%). In addition, the
acceleration times to go from 0 to 50 km/h and from 0 to 80 km/h are 6.7 s and 10.6 s, respectively.
The grade ability performance and maximum speed requirement can also be satisfied. In addition, the
driving range is 298.96 km, reaching the design requirement.
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Table 5. The optimal solutions by genetic algorithm.

Variable Optimal Solution

Parallel number 40
Serial number 113

Total vehicle mass 2140.25 kg
Battery cost €1687.93 per year

Electricity cost €166.76 per year
Based vehicle cost €697.68 per year

Lifetime 10.09 years
Average discharge efficiency 90.39%

TCO €2552.37 per year
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Figure 9 shows the TCO variations when the parallel and serial amounts of cells are supposed
separately to be constant. It can be observed that when the parallel amount is set to be 40, the TCO
reaches the minimum point when the serial amount is 113; similarly, when the serial amount is set to
be 113, the TCO can achieve the minimum value of a parallel amount of 40. Thus, this observation
proves that the grouping amounts of 113 and 40 reach the optimal solution and therefore justifies the
feasibility of the proposed algorithm. Essentially, the main target of the proposed optimization method
is to achieve the highest efficiency of the battery operation.
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Based on the discussion in Section 2 above, the efficiency and lifetime of the battery pack are
two key variables directly affecting the remaining variables. To further extend the analysis, these two
variables are herein discussed. To easily compare these influences, the battery grouping topology is
determined with regard to optimizing the highest efficiency with a fixed lifetime. The corresponding
result is shown in Figure 10. It can be observed that the proposed solution can reduce the TCO by a
maximum value of 2.29%, compared with those based on the constraint of fixed time. Now it can be
proven that the determined topology can reach the highest efficiency by way of the proposed algorithm.
To analyze the influences between the solutions and AER, an AER with increasing operation lifetime is
taken into account, of which the groups are also selected by the aforementioned method, i.e., highest
efficiency and constant pre-set lifetime, as shown in Figure 11. Apparently, the AER drops linearly,
thus the function can be fitted with a linear function. In addition, it is necessary to note that the slopes
of attenuation with rising operation lifetime are almost consistent and the differences between two
lines is about 35 km.
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In order to extend the application of the optimized method, a sensitivity comparison is studied in
this paper. It is difficult to adjust the pack grouped design with a varied driving cycle. In other words,
there should be a fixed pack grouping configuration to satisfy the aforementioned driving pattern in
practice. Here, a more aggressive cycle within irregular speed profiles, which combines with the Urban
Dynamometer Driving Schedule (UDDS) and the Highway Fuel Economy Test (HWFET), sharing 40%
of the urban cycle and 60% of the highway cycle, is employed to optimize the performance. UDDS is
usually used to simulate an urban route with frequent accelerations and 31.53 km/h average speed; in
contrast, HWFET is used to simulate a highway fuel economy with few stops and 77.23 km/h average
speed, which is obviously more aggressive than the aforementioned proposed cycle. The speed and
acceleration profiles of the mixed cycle are shown in Figure 12, with an average speed and average
acceleration of 50.90 km/h and 0.24 m/s2 respectively, which are higher than the 32.21 km/h and
0.15 m/s2 under the foregoing cycle.
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As indexed in Table 6, the calculation shows that the optimal amount of series cells varies from
113 to 117, whereas the number of optimal parallel modules changes from 40 to 41. Due to its decreased
lifetime and increased mass, each portion of the TCO has clearly risen; however, the variation of the
discharge efficiency is almost unchanged, owing to the tradeoffs made by GA to decrease the TCO.
Combined with the above discussion, the manufacturers can adaptively adjust the pack grouping
parameters according to the actual demands in practice based on the proposed optimization method.
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Table 6. The results under a mixed cycle combined with UDDS and HWFET cycles.

Variable Optimal Solution

Parallel number 41
Serial number 117

Total vehicle mass 2211.23 kg
Battery cost €2142.86 per year

Electricity cost €239.92 per year
Based vehicle cost €834.58 per year

Lifetime 8.73 years
Average discharge efficiency 90.14%

TCO €3217.36 per year

5. Conclusions

This paper develops an optimization methodology for battery grouping configuration with the
objective to minimize the TCO based on the driving patterns of users. Based on modeling the vehicle
powertrain and the battery degradation, GA is applied to acquire the expected number of parallel
modules and serial cells with the target of optimizing the TCO. The proposed approach is proven to
be effective in optimizing the battery economy. In addition, aiming to implement this approach in
practice, different cycles are employed to extend the applications so that manufacturers can adaptively
regulate the pack grouping topologies according to the actual demand.

Currently, the driving cycles used in this paper are based on knowing the driving patterns.
To enlarge the applications of the proposed method, an actual vehicle test and hardware-in-the-loop
test need to be carried out as the next step. Additionally, further investigation of traveling habits
and related factors, such as influences of the weather/climate and traffic information, should also be
included in future studies.

Acknowledgments: This research is supported by National Science Foundation (No. 51567012) of China in part,
the key project of education department of Yunnan province (No. 2015Z023) in part, the talent training program of
Yunnan province (No. KKSY201302084) in part, and the innovation fund of advanced techniques for new energy
vehicles of Kunming University of Science and Technology (No. 14078368) in part. The authors would like to
thank them for their support and help. The authors would also like to thank the reviewers for their corrections
and helpful suggestions.

Author Contributions: Zheng Chen and Ningyuan Guo conceived this paper, and completed the paper writing.
Siqi Li and Xiaoyu Li discussed the variety of influences on TCO and revised the paper. Jiangwei Shen collected
the related data and analyzed the pack resistance. Renxin Xiao provided some valuable suggestions.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Cuma, M.U.; Koroglu, T. A comprehensive review on estimation strategies used in hybrid and battery
electric vehicles. Renew. Sustain. Energy Rev. 2015, 42, 517–531. [CrossRef]

2. Budde, B.; Alkemade, F.; Hekkert, M. On the relation between communication and innovation activities:
A comparison of hybrid electric and fuel cell vehicles. Environ. Innov. Soc. Trans. 2015, 14, 45–59. [CrossRef]

3. Abada, S.; Marlair, G.; Lecocq, A.; Petit, M.; Sauvant-Moynot, V.; Huet, F. Safety focused modeling of
lithium-ion batteries: A review. J. Power Sources 2016, 306, 178–192. [CrossRef]

4. Fotouhi, A.; Auger, D.J.; Propp, K.; Longo, S.; Wild, M. A review on electric vehicle battery modelling:
From Lithium-ion toward Lithium–Sulphur. Renew. Sustain. Energy Rev. 2016, 56, 1008–1021. [CrossRef]

5. Sakti, A.; Michalek, J.J.; Fuchs, E.R.H.; Whitacre, J.F. A techno-economic analysis and optimization of Li-ion
batteries for light-duty passenger vehicle electrification. J. Power Sources 2015, 273, 966–980. [CrossRef]

6. Wang, L.; Cheng, Y.; Zhao, X. A LiFePO4 battery pack capacity estimation approach considering in-parallel
cell safety in electric vehicles. Appl. Energy 2015, 142, 293–302. [CrossRef]

http://dx.doi.org/10.1016/j.rser.2014.10.047
http://dx.doi.org/10.1016/j.eist.2013.11.003
http://dx.doi.org/10.1016/j.jpowsour.2015.11.100
http://dx.doi.org/10.1016/j.rser.2015.12.009
http://dx.doi.org/10.1016/j.jpowsour.2014.09.078
http://dx.doi.org/10.1016/j.apenergy.2014.12.081


Energies 2017, 10, 439 14 of 15

7. Hu, X.; Moura, S.J.; Murgovski, N.; Egardt, B.; Cao, D. Integrated optimization of battery sizing, charging,
and power management in plug-in hybrid electric vehicles. IEEE Trans. Control Syst. Technol. 2016, 24,
1036–1043. [CrossRef]

8. Mathew, M.; Kong, Q.H.; McGrory, J.; Fowler, M. Simulation of lithium ion battery replacement in a battery
pack for application in electric vehicles. J. Power Sources 2017, 349, 94–104. [CrossRef]

9. Bouchhima, N.; Schnierle, M.; Schulte, S.; Birke, K.P. Optimal energy management strategy for
self-reconfigurable batteries. Energy 2017, 122, 560–569. [CrossRef]

10. Redelbach, M.; Özdemir, E.D.; Friedrich, H.E. Optimizing battery sizes of plug-in hybrid and extended range
electric vehicles for different user types. Energy Policy 2014, 73, 158–168. [CrossRef]

11. Martel, F.; Dubé, Y.; Kelouwani, S.; Jaguemont, J.; Agbossou, K. Long-term assessment of economic plug-in
hybrid electric vehicle battery lifetime degradation management through near optimal fuel cell load sharing.
J. Power Sources 2016, 318, 270–282. [CrossRef]

12. Martel, F.; Kelouwani, S.; Dubé, Y.; Agbossou, K. Optimal economy-based battery degradation management
dynamics for fuel-cell plug-in hybrid electric vehicles. J. Power Sources 2015, 274, 367–381. [CrossRef]

13. Hu, Z.; Li, J.; Xu, L.; Song, Z.; Fang, C.; Ouyang, M.; Dou, G.; Kou, G. Multi-objective energy
management optimization and parameter sizing for proton exchange membrane hybrid fuel cell vehicles.
Energy Convers. Manag. 2016, 129, 108–121. [CrossRef]

14. Hu, X.; Murgovski, N.; Johannesson, L.; Egardt, B. Energy efficiency analysis of a series plug-in hybrid
electric bus with different energy management strategies and battery sizes. Appl. Energy 2013, 111, 1001–1009.
[CrossRef]

15. Hu, X.; Martinez, C.M.; Yang, Y. Charging, power management, and battery degradation mitigation in
plug-in hybrid electric vehicles: A unified cost-optimal approach. Mech. Syst. Signal Process. 2017, 87, 4–16.
[CrossRef]

16. Zhao, X.; Doering, O.C.; Tyner, W.E. The economic competitiveness and emissions of battery electric vehicles
in China. Appl. Energy 2015, 156, 666–675. [CrossRef]

17. Özdemir, E.D.; Hartmann, N. Impact of electric range and fossil fuel price level on the economics of plug-in
hybrid vehicles and greenhouse gas abatement costs. Energy Policy 2012, 46, 185–192. [CrossRef]

18. Ye, Y.; Shi, Y.; Saw, L.H.; Tay, A.A.O. Performance assessment and optimization of a heat pipe thermal
management system for fast charging lithium ion battery packs. Int. J. Heat Mass Transf. 2016, 92, 893–903.
[CrossRef]

19. Plett, G.L. Extended Kalman filtering for battery management systems of LiPB-based HEV battery packs.
J. Power Sources 2004, 134, 262–276. [CrossRef]

20. Yang, N.; Zhang, X.; Shang, B.; Li, G. Unbalanced discharging and aging due to temperature differences
among the cells in a lithium-ion battery pack with parallel combination. J. Power Sources 2016, 306, 733–741.
[CrossRef]

21. Guo, P.; Wang, X.; Han, Y. The enhanced genetic algorithms for the optimization design. In Proceedings of the
2010 3rd International Conference on Biomedical Engineering and Informatics, Yantai, China, 16–18 October
2010; pp. 2990–2994.

22. Heris, J.E.A.; Oskoei, M.A. Modified genetic algorithm for solving n-queens problem. In Proceedings of the
2014 Iranian Conference on Intelligent Systems (ICIS), Bam, Iran, 4–6 February 2014; pp. 1–5.

23. Chen, Z.; Mi, C.C.; Fu, Y.; Xu, J.; Gong, X. Online battery state of health estimation based on genetic algorithm
for electric and hybrid vehicle applications. J. Power Sources 2013, 240, 184–192. [CrossRef]

24. Kumar, A. Efficient hierarchical hybrids parallel genetic algorithm for shortest path routing. In Proceedings
of the 2014 5th International Conference—Confluence The Next Generation Information Technology Summit
(Confluence), Noida, India, 25–26 September 2014; pp. 257–261.

25. Chen, Y.; Wang, J. Design and evaluation on electric differentials for overactuated electric ground vehicles
with four independent in-wheel motors. IEEE Trans. Veh. Technol. 2012, 61, 1534–1542. [CrossRef]

26. Zou, Z.; Cao, J.; Cao, B.; Chen, W. Evaluation strategy of regenerative braking energy for supercapacitor
vehicle. ISA Trans. 2015, 55, 234–240. [CrossRef] [PubMed]

27. The Energy Saving and New Energy Automotive Industry Development Plan (2012–2020); Chinese State Council:
Beijing, China, 2012.

28. A123 Systems AHR32113 Data Sheet; A123 Systems: Livonia, MI, USA, 2011.
29. A. Systems. High Power Lithium Ion Cell; A. Systems: Charlottesville, VA, USA, 2011.

http://dx.doi.org/10.1109/TCST.2015.2476799
http://dx.doi.org/10.1016/j.jpowsour.2017.03.010
http://dx.doi.org/10.1016/j.energy.2017.01.043
http://dx.doi.org/10.1016/j.enpol.2014.05.052
http://dx.doi.org/10.1016/j.jpowsour.2016.04.029
http://dx.doi.org/10.1016/j.jpowsour.2014.10.011
http://dx.doi.org/10.1016/j.enconman.2016.09.082
http://dx.doi.org/10.1016/j.apenergy.2013.06.056
http://dx.doi.org/10.1016/j.ymssp.2016.03.004
http://dx.doi.org/10.1016/j.apenergy.2015.07.063
http://dx.doi.org/10.1016/j.enpol.2012.03.049
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.09.052
http://dx.doi.org/10.1016/j.jpowsour.2004.02.032
http://dx.doi.org/10.1016/j.jpowsour.2015.12.079
http://dx.doi.org/10.1016/j.jpowsour.2013.03.158
http://dx.doi.org/10.1109/TVT.2012.2187940
http://dx.doi.org/10.1016/j.isatra.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25311161


Energies 2017, 10, 439 15 of 15

30. Shiau, C.-S.N.; Samaras, C.; Hauffe, R.; Michalek, J.J. Impact of battery weight and charging patterns on
the economic and environmental benefits of plug-in hybrid vehicles. Energy Policy 2009, 37, 2653–2663.
[CrossRef]

31. Maia, R.; Silva, M.; Araújo, R.; Nunes, U. Electrical vehicle modeling: A fuzzy logic model for regenerative
braking. Expert Syst. Appl. 2015, 42, 8504–8519. [CrossRef]

32. Zhang, J.Z.; Li, Y.T.; Lv, C.; Yuan, Y. New regenerative braking control strategy for rear-driven electrified
minivans. Energy Convers. Manag. 2014, 82, 135–145.

33. Bruen, T.; Marco, J. Modelling and experimental evaluation of parallel connected lithium ion cells for an
electric vehicle battery system. J. Power Sources 2016, 310, 91–101. [CrossRef]

34. Offer, G.J.; Yufit, V.; Howey, D.A.; Wu, B.; Brandon, N.P. Module design and fault diagnosis in electric vehicle
batteries. J. Power Sources 2012, 206, 383–392. [CrossRef]

35. Lehner, S.; Sauer, D.U.; Baumhöfer, T. Disparity in initial and lifetime parameters of lithium-ion cells.
IET Electr. Syst. Transp. 2016, 6, 34–40. [CrossRef]

36. Li, J.; Gee, A.M.; Zhang, M.; Yuan, W. Analysis of battery lifetime extension in a SMES-battery hybrid energy
storage system using a novel battery lifetime model. Energy 2015, 86, 175–185. [CrossRef]

37. Ouyang, M.; Feng, X.; Han, X.; Lu, L.; Li, Z.; He, X. A dynamic capacity degradation model and its
applications considering varying load for a large format Li-ion battery. Appl. Energy 2016, 165, 48–59.
[CrossRef]

38. Shiau, C.-S.N.; Kaushal, N.; Hendrickson, C.T.; Peterson, S.B.; Whitacre, J.F.; Michalek, J.J. Optimal plug-in
hybrid electric vehicle design and allocation for minimum life cycle cost, petroleum consumption, and
greenhouse gas emissions. J. Mech. Des. 2010, 132, 183–195. [CrossRef]

39. Peterson, S.B.; Michalek, J.J. Cost-effectiveness of plug-in hybrid electric vehicle battery capacity and charging
infrastructure investment for reducing US gasoline consumption. Energy Policy 2013, 52, 429–438. [CrossRef]

40. Groot, J.; Swierczynski, M.; Stan, A.I.; Kær, S.K. On the complex ageing characteristics of high-power
LiFePO4/graphite battery cells cycled with high charge and discharge currents. J. Power Sources 2015, 286,
475–487. [CrossRef]

41. Wang, B.; Xu, M.; Yang, L. Study on the economic and environmental benefits of different EV powertrain
topologies. Energy Convers. Manag. 2014, 86, 916–926. [CrossRef]

42. Rothenberger, M.J.; Docimo, D.J.; Ghanaatpishe, M.; Fathy, H.K. Genetic optimization and experimental
validation of a test cycle that maximizes parameter identifiability for a Li-ion equivalent-circuit battery
model. J. Energy Storage 2015, 4, 156–166. [CrossRef]

43. Chen, Z.; Mi, C.C.; Xiong, R.; Xu, J.; You, C. Energy management of a power-split plug-in hybrid electric
vehicle based on genetic algorithm and quadratic programming. J. Power Sources 2014, 248, 416–426.
[CrossRef]

44. Beijing Demonstration Application of New Energy: Detailed Rules of Cars Manufacturing Enterprise and Record
Management; Beijing Economic and Information Commission: Beijing, China, 2015. (In Chinese)

45. DLR & Infas. Mobilität in Deutschland; Bundesministeriums Für Verkehr Bau Und Stadtentwicklung—BMVBS:
Bonn/Berlin, Germany, 2008.

46. Agudelo, A.F.; García-Contreras, R.; Agudelo, J.R.; Armas, O. Potential for exhaust gas energy recovery in a
diesel passenger car under European driving cycle. Appl. Energy 2016, 174, 201–212. [CrossRef]

47. Standardization Administration of the People’s Republic of China. Chinese Pure Electric Passenger
Cars-Specifications; Standardization Administration of the People’s Republic of China: Beijing, China, 2012.
(In Chinese)

48. Pagerit, S.; Roudier, T.; Sharer, P.; Rousseau, A. Complex system engineering simulation through
co-simulation. In Proceedings of the SAE 2014 World Congress & Exhibition, Tokyo, Japan, 8–10 April 2014.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.enpol.2009.02.040
http://dx.doi.org/10.1016/j.eswa.2015.07.006
http://dx.doi.org/10.1016/j.jpowsour.2016.01.001
http://dx.doi.org/10.1016/j.jpowsour.2012.01.087
http://dx.doi.org/10.1049/iet-est.2015.0007
http://dx.doi.org/10.1016/j.energy.2015.03.132
http://dx.doi.org/10.1016/j.apenergy.2015.12.063
http://dx.doi.org/10.1115/1.4002194
http://dx.doi.org/10.1016/j.enpol.2012.09.059
http://dx.doi.org/10.1016/j.jpowsour.2015.04.001
http://dx.doi.org/10.1016/j.enconman.2014.05.077
http://dx.doi.org/10.1016/j.est.2015.10.004
http://dx.doi.org/10.1016/j.jpowsour.2013.09.085
http://dx.doi.org/10.1016/j.apenergy.2016.04.092
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Vehicle Modeling and Analysis 
	Vehicle Model 
	Regenerative Braking Model 
	Battery Model 

	Vehicle Cost Model 

	Optimization Framework 
	Results and Discussion 
	Conclusions 

