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Abstract – This paper is the first to present an efficient charge 
management algorithm focusing on extending the cycle life of 
battery elements in hybrid electrical energy storage (HEES) 
systems while simultaneously improving the overall cycle 
efficiency.  In particular, it proposes to apply a crossover filter to 
the power source and load profiles. The goal of this filtering 
technique is to allow the battery banks to stably (i.e., with low 
variation) receive energy from the power source and/or provide 
energy to the load device, while leaving the spiky (i.e., with high 
variation) power supply or demand to be dealt with by the 
supercapacitor banks. To maximize the HEES system cycle 
efficiency, a mathematical problem is formulated and solved to 
determine the optimal charging/discharging current profiles and 
charge transfer interconnect voltage, taking into account the 
power loss of the EES elements and power converters. To 
minimize the state of health (SoH) degradation of the battery 
array in the HEES system, we make use of two facts: the SoH of 
battery is better maintained if (i) the SoC swing is smaller, and 
(ii) the same SoC swing occurs at lower average SoC. Now then 
using the supercapacitor bank to deal with the high-frequency 
component of the power supply or demand, we can reduce the 
SoC swing for the battery array and lower the SoC of the array. 
A secondary helpful effect is that, for fixed and given amount of 
energy delivered to the load device, an improvement in the 
overall charge cycle efficiency of the HEES system translates into 
a further reduction in both the average SoC and the SoC swing of 
the battery array. The proposed charge management algorithm 
for a Li-ion battery – supercapacitor bank HEES system is 
simulated and compared to a homogeneous EES system 
comprised of Li-ion batteries only. Experimental results show 
significant performance enhancements for the HEES system, an 
increase of up to 21.9% and 4.82x in terms of the cycle efficiency 
and cycle life, respectively. 

Keywords: hybrid electrical energy storage system, charge 
management, state of health. 

I.      INTRODUCTION 
The generation and consumption of electrical energy typically do 

not match with each other. Electrical energy storage (EES) systems 
can increase the availability of the electrical energy, mitigate the 
supply-demand mismatches, and reduce the generation capacity 
required to meet the peak-power demand. Performance metrics of 
EES systems include cycle efficiency, cycle life, energy density, 
power capacity, cost per unit capacity, environmental effect including 
end-of-life disposal cost. As none of existing EES element can satisfy 
all the required performance metrics such as high power/energy 
density, low cost/weight per unit capacity, high round-trip efficiency, 
and long cycle life. This limitation discourages quick and wide spread 

of large-scale EES systems.  
A hybrid EES (HEES) system, on the other hand, comprises of 

heterogeneous EES elements, where each type has its unique 
strengths and weaknesses. The appropriate control policies can take 
advantage of the strengths of individual type of elements while hiding 
their shortcomings. In this way, we can achieve superior overall 
performance metrics that overcome the limitation of individual EES 
components [1]~[4]. Among these performance metrics, the cycle life 
of the EES elements is one of the most important metrics that should 
be considered by the designers of the EES system. The cycle life is 
directly related to the state of health (SoH), which is defined as the 
ratio of full charge capacity (FCC) of a cycle-aged EES element to its 
designed capacity (DC). This metric captures the general condition of 
the EES elements and their ability to store and deliver energy 
compared to its initial state (i.e., compared to a fresh new EES 
element). Some researchers have worked on extending the lifetime of 
EES elements [5]~[8]. However, they only focus on either a single 
EES element or a homogeneous EES system, which consists of a 
single type EES element array. 

Unlike a single element or a homogeneous EES system, the cycle 
life of the EES elements in a HEES system is largely dependent on 
the HEES charge management policy. This is the first paper that 
introduces the cycle life of EES elements in a HEES system and 
develops a charge management policy, including allocation, 
replacement and migration, to prolong the cycle life of EES elements. 
We deal with extending the cycle life of the HEES system as well as 
improving the cycle efficiency. In this paper, we first introduce a 
generalized architecture of the HEES system and build the 
corresponding electrical circuit models for power converters, battery 
elements and supercapacitor elements. We adopt the cycle life model 
of [9] and determine the SoH degradation rate with respect to 
different average state of charges (SoCs, defined as available capacity 
remaining in the battery, expressed as a percentage of the rated 
capacity) and SoC swings (defined as SoC change during a charging / 
discharging cycle). We take into account the power dissipation on 
internal resistance of EES elements, power loss due to power 
converters and rate capacity effect of the batteries elements. 

 We simplified the target HEES system to a two-bank architecture 
in order to focus on the idea of SoH-aware charge management, i.e., 
using supercapacitor banks as buffer to shave the spiky portion of the 
source or load profiles so that battery banks can stably receive energy 
from the power sources or provide energy to the load devices. During 
the charging/discharging process, we achieve high cycle efficiency by 
determining the optimal CTI voltage and subsequently the charging 
or discharging currents for battery and supercapacitor banks through 
a ternary search. Besides improving the cycle efficiency, we also 
reduce the SoC swing and average SoC of battery arrays, which 
alleviates the SoH degradation. We implement our algorithm on a 
sample HEES system and compare with a typical homogeneous EES 
system. Experimental results demonstrate significant improvement up 
to 21.9% and 4.82x in terms of cycle efficiency and cycle life. 
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II.      BACKGROUND  
A. Related Work 

The SoH of the batteries is hard to estimate because it is related to 
a capacity fading effect (i.e., SoH degradation) which is a result of 
long-term electrochemical reaction. The capacity fading is related 
with carrier concentration loss and internal impedance growth in the 
batteries. These effects strongly depends on the operating condition 
of the battery such as charging and discharging current, number of 
cycles, SoC swing, average SoC and operation temperature 
[10]~[12]. The characterization of the battery cell requires time-
consuming experiments. Thus, mathematical models help us to 
reduce the time complexity in estimating the SoH degradation. 
Electrochemistry-based models [13]~[15] are generally accurate but 
not easy to implement. The SoH degradation model in [9], showing a 
good match with real data in [12], is suitable for HEES systems. 

Appropriate control of charging and discharging process is a 
representative way to enhance the cycle life of the batteries. Typical 
Li-ion batteries are usually charged through two continuous steps, 
constant-current step (CC) and constant-voltage step (CV). Each step 
has an effect on the charging time and battery lifetime. Several 
techniques have been introduced to improve the cycle life [5] ~ [8]. 
However, although these works are effective, they are all focused on 
the single type of EES elements or homogeneous EES systems.  

B. HEES System Architecture and Charge Management 

 
Figure 1: Conceptual diagram of charge management problem. 

Figure 1 shows the simplified diagram of the HEES system 
architecture [1]. The HEES system is comprised of multiple 
heterogeneous EES banks connecting to each other through Charge 
Transfer Interconnect (CTI). An EES bank contains an EES element 
array, a discharging control charger and a charging control charger. 
Each EES array is composed of multiple homogeneous EES elements 
with the same SoC since a single EES element has low voltage rating 
and small energy capacity. Of these two chargers, only one of them 
can be turned on at a time to avoid simultaneous charging and 
discharging of an EES array.  

For simplicity, in Figure 1, we only show two representative EES 
banks: a battery bank and a supercapacitor bank. At time t, we use ௔ܸ௥௥௔௬,஻ை஼ ሺݐሻ and ௔ܸ௥௥௔௬,஻஼஼ ሺݐሻ to denote open circuit terminal voltage 
(OCV) and closed circuit terminal voltage (CCV) of battery array, 
respectively. These two voltages are generally not equal to each other 
due to the internal resistances of the battery array. The relation 
between ௔ܸ௥௥௔௬,஻ை஼ ሺݐሻ and ௔ܸ௥௥௔௬,஻஼஼ ሺݐሻ  is given in Section III.A. We 
denote the array current between the battery array and its chargers by ܫ௔௥௥௔௬,஻ሺݐሻ and bank current between CTI and corresponding charger 
by ܫ௕௔௡௞,஻ሺݐሻ . The ܫ௔௥௥௔௬,஻ሺݐሻ and ܫ௕௔௡௞,஻ሺݐሻ can be positive (current 
goes from CTI to battery array) or negative (current goes from battery 
array to CTI). The power loss of corresponding control charger is 
denoted by ௖ܲ,஻ሺݐሻ and is a function of its input and output voltages 
and currents, as shown in Section III.B. Similar notations are also 
used for the supercapacitor bank by replacing subscript B to S. The 

load devices and the power sources are connected to HEES system 
through DC-DC converters to maintain the voltage-level 
compatibility. We denote the power loss of DC-DC converters ௗܲ,௟௢௔ௗሺݐሻ and ௗܲ,௦௥௖ሺݐሻ, the voltages and currents of load device and 
power source by ௟ܸ௢௔ௗሺݐሻ, ܫ௟௢௔ௗሺݐሻ and ௦ܸ௥௖ሺݐሻ, ܫ௦௥௖ሺݐሻ, and the 
current through CTI by ܫ஼்ூሺݐሻ. The chargers have internal feedback 
control loops to maintain their stable outputs, and a centralized HEES 
controller (not in the figure) to give the set points. In addition, the 
HEES controller has an outer feedback loop monitoring the CTI 
voltage, denoted by ஼்ܸூሺݐሻ. This setup allows us to maintain both the 
charging currents and the CTI voltage.  

III.      SYSTEM MODEL 

A. EES Element Array 

 
Figure 2: Li-ion battery circuit model. 

This paper addresses charge management problem in HEES 
system with two representative EES elements: Li-ion battery and 
supercapacitor. We use a circuit model in [16] for the Li-ion battery, 
which is suitable for developing a mathematical formulation. The 
Figure 2 shows the circuit model for the Li-ion battery. The ௌܸ௢஼ is 
the voltaic expression of the SoC of the battery, which is related to 
the OCV of battery through a non-linear relation, given by: 
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where these ܾ௜ are empirical parameters [17]. The relation between 
the battery array OCV and CCV (for charging process), denoted by ܸை஼ and ܸ஼஼, is given by: 

 ( ) ( ) ( ) ( ) ( )CC OC
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where ௧ܸ௟ሺݐሻ and ௧ܸ௦ሺݐሻ are the voltage drops across the internal 
capacitances, ܫ௔௥௥௔௬ሺݐሻ is the array current and ܴ௦ is the internal 
series resistance. Similar relations can be applied to supercapacitor 
arrays in which the internal capacitances are negligible. 

The rate capacity effect of batteries describes the fact that the 
available discharging time of a battery element array is strongly 
dependent on the array discharging current. The Peukert's Law [18] 
shows that the empirical relation between the available discharging 
time and discharging current can be expressed as ܥ௣ ൌ  usually defined as the ,݄·ܣ ௣ is the nominal capacity (in unit ofܥ where ,ݐ ఊಳ,೏ܫ
capacity at one-ampere discharge rate), ܫ is the actual array 
discharging current, ݐ is the discharging time and ߛ஻,ௗ is the Peukert 
constant (typically between 1.1 and 1.3 for discharging). Therefore, 
for a discharging process, the power drawn from battery banks to 
provide ௔ܸ௥௥௔௬,஻ை஼ ሺݐሻ ·  :ሻ of power to the circuits is given byݐ௔௥௥௔௬,஻ሺܫ

 ,
, , , , ,( ) ( ) ( ) ( ) ( ),B dOC OC

drawn B array B eq B array B array BP t V t I t V t I tγ= ⋅ = ⋅  (3) 

where ܫ௘௤,஻ሺݐሻ is the equivalent current inside battery. The rate 
capacity effect causes power loss during charging process in a similar 
way. The power can be store into battery bank, while being charged 
with ௔ܸ௥௥௔௬,஻ை஼ ሺݐሻ ·  :ሻ of power, is given byݐ௔௥௥௔௬,஻ሺܫ

 ,
, , , , ,( ) ( ) ( ) ( ) ( ),B cOC OC

gain B array B eq B array B array BP t V t I t V t I tγ= ⋅ = ⋅  (4) 

where ߛ஻,௖ is the Peukert constant for charging, typically between 
0.8~0.9. Similar relations can also be applied to supercapacitor arrays 
except that the rate capacity effect is negligible, i.e., ߛ஼,௖ ൌ ஼,ௗߛ ൌ 1 
in (3) and (4). 



 

 

B. Power Converters 

 
Figure 3: Buck-boost converter circuit model [19]. 

A charger is a switching converter which can regulate its output 
current to a desired value. The target HEES uses PWM (pulse width 
modulation) 4-switches buck-boost switching converters for a 
charger, as shown in Figure 3. The input voltage, input current, 
output voltage and output current of the charger are denoted by ௜ܸ௡, ܫ௜௡, ௢ܸ௨௧ and ܫ௢௨௧, respectively. Depending on the relation between ௜ܸ௡ and ௢ܸ௨௧, the charger has two operating modes: the buck mode (if ௜ܸ௡ ൐ ௢ܸ௨௧) and otherwise the boost mode. The power loss ௖ܲ consists 
of three components: conduction loss ௖ܲௗ௖௧, switching loss ௦ܲ௪ and 
controller loss ௖ܲ௧௥௟ [19]. The power loss ௖ܲ is given by: 
 ,c cdct sw ctrlP P P P= + +  (5) 
The buck mode power loss components are given by: 
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where ܦ ൌ ௢ܸ௨௧/ ௜ܸ௡  is the PWM duty ratio and ∆ܫ ൌ  ௢ܸ௨௧ ·ሺ1 െ ௙ܮሻ/൫ܦ ·  ௦݂൯ is the maximum current ripple; ௦݂ is the switching 
frequency; ܫ௖௢௡௧௥௢௟௟௘௥ is the operating current of the controller; ܴ௅ 
and ܴ஼ are the equivalent series resistances of the inductor ܮ and 
capacitor ܥ, respectively; ܴ௦௪௜ and ܳ௦௪௜ are the turn-on resistance 
and gate charge of ݅௧௛ MOSFET switch in Figure 3, respectively. The 
boost mode power loss components are given by: 
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where ܦ ൌ 1 െ ௜ܸ௡/ ௢ܸ௨௧ and ∆ܫ ൌ  ௜ܸ௡ · ௙ܮ൫/ܦ ·  ௦݂൯ in this case. 
We use the same model for the DC-DC converters for load 

devices and power source. The power loss of the DC-DC converter, 
denoted by ௗܲ, is also given by (5)~(7) with different set of 
parameters and input/output voltages and currents. 

C. SoH Degradation Model 

The rate of SoH degradation depends on the average SoC level 
and SoC swing [9]. We consider a time interval of ሾ0, ߬ሿ and calculate 
the average and standard deviation of SoC as: 
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 ௗ௘௩ is normalized to have the value of 1.0 for the full 100% depthܥ݋ܵ
of discharge cycle, i.e. SoC ranges from 1.0 down to 0 and back to 
 ௗ௘௩ can be used to approximately describe the SoC swing ifܥ݋ܵ .1.0
the battery SoC increases and decreases stably. The battery may have 
multiple charges and discharges due to the different magnitude of 

operation current during the time interval ߬. Thus we compute the 
effective throughput number of cycle ܰ as follows: 
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where ܫሺݐሻ is the charging/discharging current of the battery, which is ܫ௘௤,஻ሺݐሻ in (3)(4), ܳ௡ is the nominal charge capacity of the battery. 
The SoH degradation during this time interval, accounting the 
average SoC level and SoC swing, is given by: 
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where the empirical constants ܭ௖௢, ܭ௘௫, ܭௌ௢஼ and ்ܭ are battery 
specific, ௥ܶ௘௙ and ஻ܶ is the reference battery temperature and 
operation battery temperature, respectively, and ߬௟௜௙௘  is the calendar 
life to 80% SoH. The SoH degradation after ܯ time intervals is: 
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Figure 4: SoH degradation versus SoC swing (at different average SoC levels) 

and average SoC (at different SoC swings). 

In (11), the normalized SOH degradation ܮ will change over the 
life of battery from 0 (brand new) to 1.0 (no capacity left). Typically, 
the value of ܮ ൌ 0.2, giving nominally 80% charge capacity, can be 
used as a measure of end of useful life. The relations of SoH 
degradation versus SoC swing and average SoC level is shown in 
Figure 4. A cycle is defined as a charging process and a discharging 
process right after it (i.e., SoC ramps up then back to original value). 
We can vary the duration of a cycle to achieve different average SoC 
levels and SoC swings. We repeat cycling until the battery reaches ܮ ൌ 0.2 and record the total number of cycles at that time. The results 
are shown in Figure 4. There are three important observations from 
Figure 4: higher SoH degradation rate is caused by 1) bigger SoC 
swing, 2) larger average SoC level in each cycle, and 3) the cycle life 
improvement has a super-linear relation with respect to the reduction 
of SoC swing and average SoC. We propose our near-optimal charge 
management algorithm based on these three observations.  

IV.    STATE OF HEALTH-AWARE CHARGE MANAGEMENT 

A. Problem Statement 

State of health-aware charge management problem in HEES 
systems is to find CTI voltage and charging/discharging current 
profiles for all EES banks in a given HEES system, aiming to 
improve both the cycle life of the EES arrays (mainly battery arrays) 
and overall cycle efficiency of the entire system. In HEES systems, 
battery arrays have higher energy capacity but relatively lower power 
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capacity. Thus we determine the target charging and discharging rate 
at which we charge or discharge the battery arrays continuously and 
stably, considering the battery properties, load devices and power 
source characteristics. We use the supercapacitor arrays as buffers of 
battery arrays because they have strengths of high power capacity, 
superior cycle efficiency and long cycle life but weakness of low 
energy capacity. We maintain the desired charging currents of the 
battery banks in charging process, allowing the supercapacitor banks 
to accept the extra power from power source if the incoming power 
rate is higher than the target charging rate. Similar strategy is also 
taken during the discharging process, we let the supercapacitor banks 
compensate power shortage caused by high load demand and get 
charged from battery banks to maintain their SoC when the load 
demand is low. 

The charge management problem in HEES system is constrained 
by energy conservations. As shown in Figure 1, for the charging 
process, the input power follows: 
 ,( ) ( ) ( ) ( ) (( ),)src src src d src CTI CTIP t V t I tt t tIP V⋅ == + ⋅  (12) 
where the current through CTI, ܫ஼்ூሺݐሻ, consists of two parts: 
 , ,( ) ( ) ( ).CTI bank C bank St t II I t= +  (13) 
In (13), ܫ௕௔௡௞,ௌሺݐሻ can be positive (from CTI to supercapacitor banks) 
or negative (from supercapacitor banks to CTI), depending on 
whether supercapacitor banks is used to store excessive energy from 
source or provide energy to battery banks. For battery banks and 
supercapacitor banks, we also have: 
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The relations of OCV and CCV and rate capacity effect are given in 
(2)~(4). Similar relations also hold for discharging process. The 
overall cycle efficiency of HEES system has two components 
(charging efficiency and discharging efficiency), given by: 
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and the cycle efficiency is the product of these two, i.e.,  ߟ ൌ  .ௗߟ௖ߟ
The SoH-aware charge management problem can be formally 

described as following: for a given HEES system, power sources and 
load devices, we want to find operation current profiles ܫ௔௥௥௔௬,ௌሺݐሻ 
for supercapacitor banks and ܫ௔௥௥௔௬,஻ሺݐሻ for battery banks, such that 
we can maximize cycle efficiency given by (15), and minimize the 
SoH degradation for battery array in (11). The supercapacitor array 
typically has very long cycle life so its SoH degradation is not 
considered in this paper. 

B. Optimal Operation Condition Search 

At time ݐ, the source voltage and current, ௦ܸ௥௖ሺݐሻ and ܫ௦௥௖ሺݐሻ, and 
SoC of the EES array, which is used to determine ௔ܸ௥௥௔௬ை஼ ሺݐሻ using (1),  
are given for a charging process. We omit the time ݐ in following text 
for convenience. In Figure 5, given ஼்ܸூ, we can calculate CTI 
current ܫ஼்ூ from (12), and further determine array charging current ܫ௔௥௥௔௬ and equivalent current inside EES array ܫ௘௤  from (2)(4)(14). 
The instantaneous charging efficiency is a function of ஼்ܸூ, given by:  
 ( ) ( ) .CTI gain CTic I srcV P V Pη =  (16) 

Assuming ߟ௜௖ሺ ஼்ܸூሻ in (16) is a quasi-concave function of ஼்ܸூ, we 
perform a ternary search within the feasible region of CTI voltage to 
find ஼்ܸூ௢௣௧ and subsequently ܫ஼்ூ௢௣௧ and ܫ௔௥௥௔௬௢௣௧ , such that ߟ௜௖ሺ ஼்ܸூ௢௣௧ሻ 
achieves its maximum value [3]. The search algorithm converges in a 
logarithmic time with respect to ஼்ܸூ precision. The simulation 

results validate the quasi-concavity assumption. In the similar way, 
one can easily solve the discharging process. 

 
Figure 5: Schematic of optimal operation condition search. 

This proposed online optimal operation condition search (OOCS) 
algorithm guides us in determining the charging (discharging) current 
and CTI voltage according to the source (load) characteristics and 
SoC of the EES arrays. Since the cycle efficiency of battery bank can 
vary from 50% to 70% (depending on the charging or discharging 
current), operating the battery bank near the optimal operation 
condition can significantly improve the cycle efficiency, which in 
turn benefits the cycle life.  

The proposed OOCS algorithm is still solvable in polynomial 
time for the HEES system with multiple banks with some proper 
charge allocation and replacement algorithms [4]. Without loss of 
generality, we perform OOCS algorithm to one battery bank and one 
supercapacitor bank HEES system in this paper. 

C. Crossover Filter 

Battery-only EES systems typically do not perform well if there 
are high peaks in power supply and demand profile. The peaks cause 
serious rate capacity effect, which largely hurt the cycle efficiency 
and cycle life of the battery arrays. Unfortunately, the pulsed load 
profiles (e.g., radio receiver and transmitter) are very common and 
the typical renewable power sources, such as windmills, may 
generate high power fluctuation. The supercapacitor arrays, normally 
having high power capacity and cycle efficiency, can efficiently deal 
with the high-frequency component of the power profile. 

Thus we apply a crossover filter to the source (load) to separate 
the high frequency component and the low frequency component. 
More precisely, we first observe the source and load profile for a time ߬௢ and then apply the crossover filter to the observed profile. The low 
frequency component of source profile, for a charging process, 
denoted by ෠ܸ௦௥௖ሺݐሻ and ܫመ௦௥௖ሺݐሻ, is given by: 

 
ˆ (
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( ) (( ), ' [ , ]),
src Low src o

src Low src o
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I

t Crossover t t t t

t Crossover t t t tI

τ

τ

′= ∈ −

′= ∈ −
 (17) 

where the ௦ܸ௥௖ሺݐᇱሻ and ܫ௦௥௖ሺݐᇱሻ are the observed  source (load) profile 
and ݎ݁ݒ݋ݏݏ݋ݎܥ௅௢௪ is to take the low frequency part of the input 
signal. Consequently, ෠ܸ௦௥௖ሺݐሻ and ܫመ௦௥௖ሺݐሻ provide a smooth source 
(load) profile, removing the short-term fluctuation and keeping the 
long-term trend.  

D. Near-optimal Charge Management Algorithm 

In this section, we elaborate our near-optimal charge management 
algorithm to determine the near-optimal operation condition, which 
consists of the CTI voltage and EES arrays charging or discharging 
currents. We solve the charging process as an example. In the similar 
way, one can easily solve the discharging process. 

1) Target Optimal Operation Condition 
We can find a target optimal operation condition for the battery 

banks in our HEES system, based on the low frequency components 
of the source power profile obtained using the crossover filter. We 
assume battery array in Figure 5 and apply the OOCS algorithm: 

 , ,
ˆ ˆ( ), ( )] ( ), ( ), ( )ˆ ˆ )[ (tar tar OC

CTI src srcar array Bray Bt I t OOCS t I t VV tV =  (18) 
The target optimal operation condition is the desired operation 

condition for battery banks, maximizing the cycle efficiency but 
ignoring fluctuations of the power supply and demand. The proposed 

CTIV

CTII arrayI

CC
arrayVsrcV

srcI

OC
arrayV

eqI



 

 

algorithm operates battery bank at near-optimal operation condition 
for most of the time with the help of the supercapacitor bank. 

2) Instantaneous Optimal Operation Condition 
At time ݐ, we perform the OOCS algorithm to the instantaneous 

source power as well and get the optimal operation condition as: 

 , ,( ), ( )] ( ), ( ), ( )( )[ ins ins OC
CTI src srcar array Bray Bt I t OOCS t I t VV tV =  (19) 

The instantaneous optimal operation condition is to maximize the 
instantaneous charging efficiency when the power source charges 
battery bank only. Note that this optimal condition is affected by the 
source power fluctuations and does not reflect the overall optimal 
operation condition for the entire HEES system since the 
supercapacitor bank is not taken in account in (19). 

3) Near-optimal Charge Management Algorithm 
The key idea of the algorithm is to use supercapacitor bank as the 

buffer of the battery bank. When charging the battery bank, we 
allocate part of the incoming power to the supercapacitor bank if the 
incoming power is very high, in order to mitigate the loss caused by 
rate capacity effect. However, the supercapacitor bank typically has 
limited energy capacity. It may result in undesirable situation since 
the supercapacitor bank may be fully charged very quickly and fail to 
get charged from the power source any more. We overcome this 
problem by performing charge migration from the supercapacitor 
bank to the battery bank when the instantaneous charging current is 
lower than the target charging current and the SoC of the 
supercapacitor array is high enough. Similarly, we avoid fully 
discharging the supercapacitor bank by charging it at the beginning of 
the charging process. 

Based on this key idea, we propose the following near-optimal 
operation algorithm. We first charge the supercapacitor bank until the 
supercapacitor array has a certain level of SoC, which is HEES 
system and source (load) specific and can be determined by their 
statistical information. We determine the two sets of the optimal 
operation conditions for battery bank at time ݐ: the target and 
instantaneous operation conditions. We compare ܫመ௔௥௥௔௬,஻௧௔௥ ሺݐሻ െܫ௔௥௥௔௬,஻௜௡௦ ሺݐሻ with a positive threshold value ߝ, and perform appropriate 
actions such that: 

௔௥௥௔௬,஻௜௡௦ܫ • ሺݐሻ െ መ௔௥௥௔௬,஻௧௔௥ܫ ሺݐሻ ൐  i.e., the instantaneous optimal ,ߝ
battery array charging current is higher than the target optimal 
battery array charging current. It is usually caused by high 
incoming power. In this case, we charge the battery with the 
target array charging current ܫመ௔௥௥௔௬,஻௧௔௥ ሺݐሻ and store the excessive 
power from power source to supercapacitor bank. 

௔௥௥௔௬,஻௜௡௦ܫ • ሺݐሻ െ መ௔௥௥௔௬,஻௧௔௥ܫ ሺݐሻ ൏ െߝ, i.e., the instantaneous optimal 
battery array charging current is lower than the target optimal 
battery array charging current, which is typically due to the low 
incoming power. In this case, both of power source and 
supercapacitor bank are charging the battery bank, maintaining 
the value of battery array charging current to be ܫመ௔௥௥௔௬,஻௧௔௥ ሺݐሻ. 

௔௥௥௔௬,஻௜௡௦ܫ| • ሺݐሻ െ መ௔௥௥௔௬,஻௧௔௥ܫ ሺݐሻ| ൏  the two optimal battery array ,ߝ
charging current match within the threshold value. We can 
simply charge battery bank with instantaneous optimal array 
charging current ܫ௔௥௥௔௬,஻௜௡௦ ሺݐሻ. 

The above policy is summarized in Algorithm 1. The proposed 
algorithm for HEES system has two distinct advantages. First, we 
have a supercapacitor bank in the HEES systems that can store the 
excessive energy from power source or provide extra energy to the 
load devices. Thus the SoC swing and average SoC level of the 
battery array can be reduced naturally. Second, a HEES system is 
superior to a homogeneous EES system when supporting the same 

load devices and the same minimum SoC requirement for future load 
demand. The HEES system with the proposed algorithm can achieve 
higher overall cycle efficiency than that of the homogeneous EES 
system because of the near-optimal choice of CTI voltage, 
charging/discharging currents and high cycle efficiency of the 
supercapacitor bank. In other words, the HEES system needs less 
input energy to support the same load demand and thereby further 
reduce the SoC swing and average SoC level of the battery array.  

Recall the observations we made from Figure 4, the cycle life of 
the battery array can be extended if we reduce the SoC swing and the 
of the battery array. There is super-linear relation between the cycle 
life improvement with respect to reduction of SoC swing and the 
average SoC level. Thus the proposed algorithm can further boost up 
the cycle life of the battery array. 

Discharging process is similar to the charging process, but the 
charge is moving from the EES banks to load devices. We also set a 
target optimal battery array discharging current and try to maintain it 
as much as we can during the whole discharging process. We 
discharge the supercapacitor bank to compensate the power shortage 
if the load devices require larger current than the target battery 
discharging current. However, we need to maintain the SoC of the 
supercapacitor array since it has small energy capacity and may be 
fully discharged very quickly. We charge the supercapacitor array 
using the excessive current when the target battery discharging 
current is greater than the current required by the load devices to 
maintain the SoC of the supercapacitor array. 

Algorithm 1: Near-optimal charge management algorithm 
Input: instantaneous ௦ܸ௥௖ሺݐሻ and ܫ௦௥௖ሺݐሻ, ߬௢ history record of ௦ܸ௥௖ሺݐԢሻ 
and ܫ௦௥௖ሺݐԢሻ, ݐᇱ א ሾݐ െ ߬௢,  .ሿ, SoCs of EES arraysݐ
Output: ܫ௔௥௥௔௬,஻ሺݐሻ, ܫ௔௥௥௔௬,ௌሺݐሻ, ஼்ܸூሺݐሻ. 
Repeat 
 find ෠ܸ௦௥௖ሺݐሻ and ܫመ௦௥௖ሺݐሻ using (17); 
 find ܫመ௔௥௥௔௬,஻௧௔௥ ሺݐሻ using (18); 
 find ܫ௔௥௥௔௬,஻௜௡௦ ሺݐሻ using (19); 
 if ܫ௔௥௥௔௬,஻௜௡௦ ሺݐሻ െ መ௔௥௥௔௬,஻௧௔௥ܫ ሺݐሻ ൐    ,ߝ
   then ܫ௔௥௥௔௬,஻ሺݐሻ ൌ መ௔௥௥௔௬,஻௧௔௥ܫ ሺݐሻ; 
 else if  ܫ௔௥௥௔௬,஻௜௡௦ ሺݐሻ െ መ௔௥௥௔௬,஻௧௔௥ܫ ሺݐሻ ൏ െߝ,  
   then ܫ௔௥௥௔௬,஻ሺݐሻ ൌ መ௔௥௥௔௬,஻௧௔௥ܫ ሺݐሻ; 
 else ܫ௔௥௥௔௬,஻ሺݐሻ ൌ ௔௥௥௔௬,஻௜௡௦ܫ ሺݐሻ; 

Run OOCS to find ஼்ܸூሺݐሻ,  ;ሻݐ௔௥௥௔௬,஻ሺܫ ሻ, with givenݐ௔௥௥௔௬,஼ሺܫ
Until end of charging process. 

The capacity of the supercapacitor array affects the improvement 
of the battery array cycle life and the HEES system cycle efficiency. 
A larger supercapacitor array can enhance both of the two metrics 
with expense of high capital cost. Thus, we should determine the 
optimal capacity of supercapacitor array based on the statistical 
information of the source/load profiles. 

V.      EXPERIMENTAL RESULTS 
We implement our near-optimal SoH-aware charge management 

algorithm on a typical HEES system consisting of a 1 Ah Li-ion 
battery, of which the OCV varies from 2.9 V to 4.2 V, depending on 
the SoC level, and a 100 F supercapacitor. We compare the cycle life 
and overall cycle efficiency of our HEES system with the baseline 
system, which is a battery-only EES system using the same battery. 
We test our proposed algorithm with two sets of source and load 
profiles. In the first set, we use a pulse source profile (duty ratio of 
30%, average power of 2.7 W) and a pulse load profile (duty ratio of 
25%, average power of 2 W). We use a sinusoidal wave source 
profile (average power of 4.5 W) and a sinusoidal wave load (average 



 

 

power of 4 W) profile in the second set. A cycle starts from a 
charging process and then discharges to provide power to the load. 
Hence the battery SoC, starting from the initial value, will first ramp 
up and then down to this value. We test various different durations of 
the discharging process (i.e., different load energy demands) for each 
set of experiments so that we can achieve different battery SoC 
swings and average SoC levels. We let the HEES system have the 
same minimum SoC requirement for battery and the same duration of 
discharging process as those of the baseline system. However, the 
charging process for HEES system may be shorter than that of the 
baseline system due to higher cycle efficiency of HEES system. 

 
Figure 6: SoC swing and average SoC of battery-only EES system and HEES 

system vs duration of pulse load profile per cycle. 

 
Figure 7: Normalized cycle life gain (bars) and cycle efficiency improvement 

(curves) with different sources and loads profile (a - pulse, b - sine wave). 

Figure 6 shows that our proposed algorithm can effectively 
reduce the SoC swing (a) and average SoC level (b) in each cycle in 
the HEES system, compared to the baseline system. Two factors 
contribute to this reduction. First, part of the energy is allocated and 
then extracted from the supercapacitor bank. Hence the battery bank 
receives and provides less energy. Second, the battery bank stably 
gets charged and discharged after the supercapacitor bank shaves the 
peaks of the power supply and demand. Thus the battery bank itself is 
more efficient in the HEES system. 

We repeat simulation for tens of thousands of cycles until the 
battery SoH degradation in (11) reaches 0.2. The results of the cycle 
life gain (normalized to baseline system) and overall cycle efficiency 
are shown in Figure 7. We demonstrate significantly normalized 
cycle life and overall cycle efficiency improvement in Figure 7. For 
the pulse source and load profile, the cycle life of HEES system is 
extended by a factor from 2.29x to 4.82x and the overall cycle 
efficiency is improved from 11.9% to 21.9%, compared to the 
baseline system. For the sinusoid source and load profile, the cycle 

life enhancement factor varies from 1.76x to 3.66x, and cycle 
efficiency improvement varies from 5.0% to 12.9%. 

VI.      CONCLUSION 
This paper introduces the state of health (SoH)-aware charge 

management problem for hybrid electrical energy storage (HEES) 
system for the first time. We propose an efficient algorithm aiming at 
extending the cycle life of battery arrays as well as improving the 
overall cycle efficiency. We first apply a crossover filter to the power 
profiles of source /load and let the supercapacitor bank deal with the 
high frequency component of the power supple or demand. Then we 
charge or discharge supercapacitor bank accordingly to maintain the 
desired operation conditions for the battery bank. The proposed 
algorithm effectively reduces the average state of charge (SoC) swing 
and average SoC level of the battery array, which is proven helpful in 
extending battery bank cycle life. To improve the cycle efficiency in 
HEES system, we solve the optimal target CTI voltage and operation 
currents for EES banks using ternary search. Experimental results 
show significant performance improvement up to 21.9% and 4.82x in 
terms of overall cycle efficiency and battery array cycle life, 
respectively.  
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