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This paper presents a newmethod for battery degradation estimation using a power-energy (PE) function in a battery/ultracapacitor
hybrid energy storage system (HESS), and the integrated optimization which concerns both parameters matching and control for
HESS has been done as well. A semiactive topology of HESS with double-layer capacitor (EDLC) coupled directly with DC-link is
adopted for a hybrid electric city bus (HECB). In the purpose of presenting the quantitative relationship between system parameters
and battery serving life, the data during a 37-minute driving cycle has been collected and decomposed into discharging/charging
fragments firstly, and then the optimal control strategy which is supposed to maximally use the available EDLC energy is presented
to decompose the power between battery and EDLC. Furthermore, based on a battery degradation model, the conversion of power
demand by PE function and PE matrix is applied to evaluate the relationship between the available energy stored in HESS and the
serving life of battery pack. Therefore, according to the approach which could decouple parameters matching and optimal control
of the HESS, the process of battery degradation and its serving life estimation for HESS has been summed up.

1. Introduction

Li-ion battery and EDLC are widely used as energy storage
systems to improve fuel economy of hybrid electric vehicle
(HEV) [1, 2]. Hybrid energy storage system (HESS) could
combine the advantages of enormous energy in battery and
large power as well as long life cycle in EDLC, respectively
[3, 4]; meanwhile it also has the potentials in reducing loss
and regenerating energy even in critical ambient [2, 5–7]. In
actual operation, the vehicle will work in exhaustive ways,
and the HESS will experience frequently switching between
charging and discharging. To a certain extent, there has
been comprehension of the influence of battery degradation
[8–10] and the test results have shown that the battery
serving life depends on the discharge depth of each cycle and
the cumulative energies during operating, under a certain
temperature. But in terms of HESS used in vehicles, it seems
that there are no rational methods or processes which can

dispose a large number of data of statistics and analysis on
power and energy, with less time consumed.

In our previous study [11, 12], the concept power-energy
(PE) function has been devised to illustrate the requirements
of power demand and capability of HESS. By means of
mathematical transformation, the PE function could be stan-
dardized in the form of PE matrix and applied to the design
process [11]. In [12], the concept of the PE function has also
been used into multiobjectives optimization of a semiactive
HESS for a HEV, and the optimization which can decrease
system mass, volume, and cost has been completed, and the
minimummatched line for HESS has also been obtained. But
the issue of how to optimally control the HESS and how long
the expected battery life is remains to be further studied.

Overall, in terms of performance requirements and com-
plexity, the integrated optimization of parameters matching
and control of HESS still needs to be further studied, espe-
cially for the battery degradation estimation, which is applied
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in proposed vehicles [13–16]. In this paper, the semiactive
topology of HESS with EDLC directly coupled with DC-link
is adopted for a hybrid electric city bus (HECB); the power-
energy (PE) function approach is utilized to deal with the
integrated optimization for deriving the optimal matching
and control of the HESS, with battery degradation taken into
consideration. The objectives of this paper are as follows:

(1) Present feasible statistics and analysis method of
battery energy flowing during a driving cycle. The
data during a driving cycle have been collected and
decomposed into discharging/charging fragments
firstly; then the optimal power allocation strategy
which is supposed to maximize the use of available
EDLC energy is presented to decompose the power
allocation between battery and EDLC.

(2) Provide an approach to establish the relationship
between battery available energy and battery serving
life. Based on a battery degradation model which
has been proposed in [12], the conversion of power
demand by PE function and PE matrix is applied to
evaluate the relationship between the available energy
stored in HESS and the serving life of battery.

(3) Sum up the process of battery serving life estimation
in HESS. According to the approach which can
decouple parameters matching and optimal control
of the HESS, the battery degradation and its serving
life estimation process for the HESS proposed in this
paper has been summed up.

The research route of this paper is as follows: the data
during a 37-minute driving cycle have been collected and
decomposed into discharging/charging fragments of working
modes firstly; then in order to decouple the integrated opti-
mization problem of parameters matching and control, the
optimal control strategy is presented which is supposed to be
able to maximize the use of available EDLC energy, and, at
the same time, the decomposition of power between batteries
and EDLC is obtained. Furthermore, based on a battery deg-
radation model, the conversion of power demand by PE
function and PEmatrix is applied to establish the relationship
between the available energy stored in HESS and the serving
life of battery.

2. Working Modes Definition and Optimal
Power Allocation Strategy of HESS

2.1. Working Modes Definition of HESS. A series-parallel
HECB which comprises of EDLC, battery, DC/DC converter,
engine, integrated starter/generator (ISG), clutch, electric
motor (EM), and transmission is used as a case studied in
this paper and has been shown in Figure 1. The specifications
of the HECB can be seen in [12]. Accessories such as air
conditioning and vacuum booster system are electrically
driven. In order tomake full use of the advantages in terms of
EDLC efficiency and life, the EDLC is placed at both ends of
DC-link, and inverters are responsible for converting the DC
power into three-phase electric for EM/ISG; the input/output
powers of the battery are controlled by DC/DC converter.
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Electric double-layer
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Figure 1: Configuration of the hybrid electric city bus (HECB).

Operating data of a 37-minute driving cycle in Chang-
chun China have been collected and shown in Figure 2;
also it can be seen that the HESS on the bus will switch
frequently between charging and discharging. To gain a deep
understanding of the power and energy requirement for
HESS, a fragment of electric power requirements is presented
in Figure 3. In order to facilitate the statistics of vast data
during driving cycles, the working modes have been defined
into charging, idle, and discharging modes, corresponding to
the electric power requirements of HESS. According to the
definition shown in Figure 3, the 37-minute Changchun cycle
shown in Figure 2 contains 59 discharging and 73 charging
fragments.

In [11], the PE function method has been defined to
present the relationship between power and energy of HESS,
which can illustrate the capability of HESS and the power
demand in the same chart and analyze the battery/EDLC
characteristics’ effect on the performance of HESSmore intu-
itively. The nondecreasing convex character of PE function
has also been derived in [11]. In PE function, shown by (1),
the independent variable 𝑃 (in kW) is defined as a threshold
of power demand, and the dependent variable 𝐸 (in Wh)
represents the part of energy required by the power demand
that exceeds 𝑃:

𝐸 = 𝐹 (𝑃) ,

𝐹 (𝑃) = ∫

𝑇

0

𝑓 (𝑡) 𝑑𝑡, 𝑓 (𝑡) =

{

{

{

0, 𝑃 (𝑡) < 𝑃,

𝑃 (𝑡) − 𝑃, 𝑃 (𝑡) ≥ 𝑃.

(1)

2.2. Battery Degradation Model. According to [8–10], degra-
dation of battery represented by the percentage of capac-
ity loss/initial capacity mainly depends on the cumulative
electric quantity provided by battery at certain operating
temperature, and the relationship between degradation of
battery and the cumulative electric quantity during charging
and discharging can be shown as

𝑄loss = 𝐾life (Ahthrough)
𝑍

, (2)

where 𝑄loss is the percentage of capacity loss/initial capac-
ity and hereinafter represents the degradation of battery.
Ahthrough is the integral of current-time during charg-
ing/discharging and hereinafter represents the cumulative
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Figure 2: The 37-minute driving cycle in Changchun.

electric quantity provided by battery. 𝐾life is life coefficient
which is related to the characteristics of battery, and 𝑍 is
the exponential based on battery characteristics, of which the
value is constant 0.55.

For battery used in HEV, its state of charge (SOC) is
expected to be controlled at the midpoint of 50% and able to
float up and down by 10%, to ensure that the battery has a long
life performance [1]. According to the charging/discharging
characteristics of the battery, within the 40%∼60% SOC
range, the open circuit voltage (OCV) of the battery can be
approximately considered as a constant [2]. So the following
equation can be established:

𝐸BAT = 𝐶BAT ×OCV × (0.6 − 0.4) × 50%, (3)

where 𝐸BAT is the available battery energy for charg-
ing/discharging (Wh). OCV is the open circuit voltage of the
battery (V). 𝐶BAT is the battery capacity (Ah).

With the assumption that the battery SOC is always
floating up and down 10% from themidpoint, the relationship
between the cumulative energy during charging/discharging
and Ahthrough can be established as follows:

Ahthrough =
Whthrough
OCV

=

Whthrough × 𝐶BAT
10 × 𝐸BAT

, (4)

where Whthrough is the cumulative energy during charg-
ing/discharging (Wh).

Bringing (4) into (2), the relationship between 𝐸BAT and
𝑄loss can be established, shown as

𝑄loss = 𝐾life (
Whthrough × 𝐶BAT
10 × 𝐸BAT

)

0.55

. (5)

Using (5), when the battery capacity (𝐶BAT) has been
chosen, the degradation of battery at any 𝐸BAT can be
estimated according to the cumulative energy provided by
battery.

2.3. Optimal Power Allocation Strategy of HESS. As men-
tioned in [17–19], for the configuration studied in this paper,
in order to maximize the use of the available energy stored
in the EDLC to improve the system’s efficiency, the optimal
power allocation strategy of HESS should be as follows: if the
total energy demand is less than that stored in the EDLC,
the EDLC provides all the power and battery is not involved
in operating. On the contrary, if the total energy demand is
larger than that stored in the EDLC, in order to guarantee
themaximumpower limit of the battery, the power allocation

method can be used as follows: When the power is less than
a certain threshold, whose value is 𝑝, all the power should be
provided by battery.When the power is larger than𝑝, the part
of the power demand over 𝑝 should be provided by EDLC. In
this way, the energy required from EDLC will decline with
the increase of 𝑝. When the energy required from EDLC is
exactly equal to the available energy stored in EDLC, then the
power allocation strategy will satisfy the optimal condition
which is the optimal allocation strategy, and the power 𝑝
denoted as𝑃EDLC threshold is the threshold of optimal allocation
of HESS. The optimal allocation strategy will be used in the
following section for energy statistics.

According to the optimal power allocation strategy men-
tioned above, if the available energy stored in EDLC has
been known beforehand, the threshold of 𝑃EDLC threshold can
be calculated by PE function, and the power of the battery
and EDLC can be separated conveniently. According to
the definition of PE function, the value 𝐹(𝑃EDLC threshold)
is the energy required, corresponding to the extra power
demand that exceeds 𝑃EDLC threshold, which should be equal to
the available energy stored in EDLC (𝐸EDLC). 𝑃EDLC threshold
should satisfy the condition shown as

𝐸EDLC = 𝐹 (𝑃EDLC threshold) . (6)
With a certain power demand, the energy provided by

battery is equal to the energy which equals the total energy
required subtracting the energy provided by EDLC. In PE
function, the total required energy corresponding to the
power demand and the energy provided by EDLC is 𝐹(0)
and 𝐹(𝑃EDLC threshold), respectively; so the energy provided by
battery can be calculated as

𝐸 = 𝐹 (0) − 𝐹 (𝑃EDLC threshold) . (7)
Under optimal power allocation strategy, energy provided

by battery during driving cycle can be written as
𝐸 = 𝐹 (0) − 𝐸EDLC. (8)

Therefore, the degradation of battery shown in (5) can be
written as
𝑄loss

=

{{

{{

{

𝐾life (
(𝐹 (0) − 𝐸EDLC) × 𝐶BAT

10 × 𝐸BAT
)

0.55

, 𝐹 (0) ≥ 𝐸EDLC,

0, 𝐹 (0) < 𝐸EDLC.

(9)

3. PE Function Based on Battery Degradation
during Driving Cycle

Through the derivation mentioned in the last section, the
degradation of battery during a charging/discharging stage
under certain power demand can be estimated by using PE
function. However, in the actual operation, the HESS will
switch frequently between charging and discharging, result-
ing in large amount of data. It is not convenient to analyze
the data one by one only using PE function, so the PE matrix
which has already been proposed in [11] is put into use in
this section. By standardizing the PE function deduced by
power demand in operating, the mass data and servicing life
of battery could be dealt with conveniently.
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Figure 3: Definition of working modes for HESS.

3.1. PE Matrix. In terms of the 59 times of discharging and
73 times of charging described in Section 2.1, the required
energy is less than 800 kJ and the power demand is no more
than 90 kW. PE matrix 𝑄 is then defined as an 800 ∗ 90
Boolean matrix. As for a certain fragment of the power
demand, the value of each element in its PE matrix is deter-
mined as

𝑄
𝑚,𝑛
=

{

{

{

0, 𝐹 (𝑛) ≤ 𝑚,

1, 𝐹 (𝑛) > 𝑚,

𝑚 = 0:799, 𝑛 = 0:89, (10)

where 𝐹(𝑛) is the PE function value of the power demand
in a certain fragment, 𝑚 is the row number of the matrix
corresponding to the axis of energy in its PE function (unit:
kJ), and 𝑛 is the column number of the matrix corresponding
to the axis of power in its PE function (unit: kW). The
elements are then ordered according to the coordinates of the
PE functions, as shown in the following:

𝑄 = (

𝑄
799,0
⋅ ⋅ ⋅ 𝑄

799,89

.

.

. d
.
.
.

𝑄
0,0
⋅ ⋅ ⋅ 𝑄

0,89

). (11)

By adopting PE matrix, the useful information of power
demand during driving cycles can be accessed and recorded
conveniently, particularly for data processing in microcon-
troller unit. PE matrix is not only convenient for data
statistics, but also easier to use computer to interpret and
process data. According to the definition of PE function, PE
matrix 𝑄 has the following four properties:

(i) The required energy for a certain fragment of power
demand (𝐸required) is the sum of the column elements whose
column number is 0 in the PE matrix:

𝐸required = sum (𝑄0:799,0) . (12)

(ii) If the power limit of battery is 𝑃BATlimit, the available
energy of EDLC (𝐸EDLC) must be no less than the sum

of column elements whose column number is 𝑃BATlimit in
the PE matrix (if 𝑃BATlimit is not an integer, 𝑃BATlimit should
value down to take an integer, and then the charge/discharge
capacity of HESS can meet the power demand ultimately), as
shown below:

𝐸EDLC ≥ sum (𝑄0:799,𝑃BATlimit
) . (13)

(iii) If the available energy of EDLC is 𝐸EDLC, the thresh-
old of optimal allocation at that power demand 𝑃EDLC threshold
is the sum of row elements whose row number is 𝐸EDLC in
the PE matrix (if 𝐸EDLC is not an integer, 𝐸EDLC should value
down to take an integer). Only when the power limit 𝑃BATlimit
is not smaller than 𝑃EDLC threshold, the charge and discharge
capacity of HESS can meet the power demand ultimately, as
shown in the following:

𝑃EDLC threshold = sum (𝑄𝐸EDLC,0:89) . (14)

(iv)The energy provided by the battery during the driving
cycle can be written as

𝐸 = sum (𝑄
𝐸EDLC :799,0

) . (15)

Using PE matrix, the estimation of degradation shown in
(9) during a certain driving cycle can be written as

𝑄loss = 𝐾life(
sum (𝑄

𝐸EDLC:799,0
) × 𝐶BAT

10 × 𝐸BAT
)

0.55

. (16)

3.2. PE Density Matrix. By using the PE matrix, the PE
function is standardized, which can be used to store, process,
and analyze a large amount of power demand information in
the form of PE matrix to estimate the battery life of HESS. In
the 37-minute running data of the hybrid electric vehicle, 59
times discharging working fragments and 73 times charging
working fragments are included. A newmatrix𝑊 is obtained
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by adding the power demand PE matrix of the 59 times
discharging work fragments to a new matrix, which is called
the PE density matrix, shown as

𝑊 =(

𝑊
799,0
⋅ ⋅ ⋅ 𝑊

799,89

.

.

. d
.
.
.

𝑊
0,0
⋅ ⋅ ⋅ 𝑊

0,89

). (17)

Thematrix has the same row and column numbers as the
PE matrix, and the value of𝑊

𝑚,𝑛
is the sum of corresponding

elements in the PE matrix of the power demand in the 59
times discharging working fragments (𝑄

𝑚,𝑛
). The PE density

matrix contains the whole discharging power demand infor-
mation of the HESS during cycling, as shown in Figure 4.

As shown in Figure 4, this paper uses the PE density
matrix in the samemethod as the PEmatrix and uses different
colors to represent the values of𝑊

𝑚,𝑁
in different PE density

matrix. Similarly, the PE matrix of the power demand in the
73 times charging working fragments is added, and the whole
charging power demand information of the HESS during
cycling can be obtained, as shown in Figure 5.

By adding the corresponding PE matrix in the 73 times
charging and 59 times discharging fragments, the PE density
matrix which can represent the power demand information
on behalf of the entire duration of 37 minutes cycle can be
obtained, as shown in Figure 6.

During the cycle, the battery degradation is the sum of
that in each operation fragments. According to the optimal
power allocation strategy, 𝑃EDLC threshold is determined by the
power demand and the EDLC available energy (𝐸EDLC) and
the power demand in each operation fragment, which means
that each operation fragment will correspond to an optimal
allocation power value. Fortunately, from the relationship
shown in (16), the battery degradation does not depend on
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Figure 6: The PE density matrix during the whole cycle.

the value of 𝑃EDLC threshold. Namely, in (16), the PE matrix 𝑄
can be alternative to the PE density matrix𝑊, and the battery
degradation during the whole cycle can be shown as follows:

𝑄loss = 𝐾life(
sum (𝑊

𝐸EDLC :799,0
) × 𝐶BAT 𝐶

10 × 𝐸BAT
)

0.55

. (18)

4. Battery Serving Life Estimation

4.1. Cycling Life Estimation of Battery. In (18), the charg-
ing/discharging cumulative energy of battery degradation
can be calculated. The available energy of battery (𝐸BAT) is
reduced to the lowest (denoted as 𝐸BATlow) but still can satisfy
the charging/discharging demand during battery servicing
life; then at the end of battery servicing life, the degradation
of battery 𝑄loss can be expressed as

𝑄loss =
𝐸BAT − 𝐸BATlow
𝐸BAT

× 100%, (19)

where 𝐸BATlow is the lowest available energy of battery to sat-
isfy charging/discharging demand when the HESS matched
in (𝐸BAT, 𝐸EDLC).The anticipated driving cycles (𝑁life) during
the whole battery cycling life can be calculated in

𝐸BAT − 𝐸BATlow
𝐸BAT

× 100

= 𝐾life(
𝑁life × sum (𝑊𝐸EDLC:799,0) × 𝐶BAT

10 × 𝐸BAT
)

0.55

.

(20)

According to [8], 𝐾life is determined by the physical
characteristics and the temperature of battery when charg-
ing/discharging. In this paper, the capacity of the battery cell
is 8 Ah, and the anticipated degradation is no more than 20%
after 2000 cycles of charging/discharging under 80% depth of
discharge (DOD) at 20 Celsius; then the life coefficient 𝐾life
can be calculated to 0.0752.

By using (20), 𝑁life with different parameter configura-
tions can be calculated as shown in Figure 8. The values of
𝑁life are shown in the form of a contour, and the unit is
ten thousand times. As shown in Figure 7, for parameter
configurations of HESS, both increasing 𝐸EDLC to reduce the
use of battery and increasing 𝐸BAT to increase the allowed
battery degradation can all prolong the cycling life of battery,
but, from the cost aspect, increasing 𝐸EDLC is more effective.
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According to the data from the 𝑋 axis, when using battery
only, it needs to expandmuch𝐸BAT to reach 100000 or 300000
battery cycles. After adding EDLC, the 𝐸BAT increased to
reach the battery cycles can be reduced significantly.

4.2. Serving Life Calculation of Battery in Vehicle Application.
For theHEV studied in this paper, the average daily operating
time of each HEV is about 12 hours. Under the 37-minute city
driving cycle, the years that the vehicle can run during battery
serving life can be calculated as

Durationlife =
𝑁life

365 × (12 × 60min) /37min
, (21)

where Durationlife is the years of battery serving life.
Based on (21) and the PE density matrix shown in

Figure 6, the battery serving life during cycles in vehicle
application can be calculated as shown in Figure 8, and the
minimum matched line deduced in [12] is also shown in
Figure 8. The results show that, according to the configu-
ration of HESS and the vehicular application requirements
mentioned in this paper, when the parameters matching for
the available energy of battery and EDLC have been chosen
in the coordinate range as shown in Figure 8, the contours of
battery serving life in vehicular application are all over the
minimummatched line, which has been deduced in [12], and

it indicates that the work done in this paper can be used as
a reasonable complement to the existing HESS parameters
matching. By using the specific methods and configurations
proposed in this paper, under the most ideal circumstance,
it seems that battery serving life could be as long as 60
years. If available battery energy is still chosen at 0.8 kWh in
accordance with [12], in order to meet the needs of 1–60 years
battery serving life, the corresponding EDLC available energy
should be 107, 114, 124, and 133Wh, respectively.

In summary, by using PE function and its density matrix,
if the battery degradation calculation has been obtained in
advance, as described in (20), the procedure of battery serving
life estimation can be summed up as Figure 9.

5. Conclusion

A semiactive topology of HESS with EDLC directly coupled
with DC-link is adopted for a hybrid electric city bus in this
paper. A power-energy (PE) function is utilized to estab-
lish relationship and dispose the integrated optimizations
between parameters matching and control of a certain bat-
tery/EDLC HESS. The feasible statistics and analysis method
of battery energy flowing during driving cycles are presented,
and a method to establish the relationship between available
battery energy and battery cycling life is provided.Therefore,
with the approach of decoupling parameters matching and
optimal control, the battery degradation and its cycling life
estimation process for the HESS proposed in this paper has
been summed up.The estimation process is generally divided
into the following 4 steps, which are cycle segment, power
allocation, statistics, and estimation. With the application of
the above 4 steps, the integrated optimizationwhich concerns
both parameters matching and control for HESS could be
done as well. The process is also feasible for driving cycle
with longer operating time and more charging/discharging
fragments. With the increasing of data to be processed, it will
be difficult to analyze the data one by one only by PE function.
Then the PE matrix and its density matrix would provide
great assistance in data processing after power allocation of
HESS by PE function.

In general, we try to find an optimal allocation strategy
to utilize the charging/discharging capability of EDLC in
order to improve the efficiency of HESS; meanwhile the
different resistance between battery and EDLC is also taken
into account, as well as the DC/DC efficiency. In terms of
whole vehicle’s control, there are still some other factors, such
as EM/ISG efficiency, that should be considered. How to put
the optimal power allocation strategy of HESS into real-time
control remains to be studied in future research.
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