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Abstract — This paper is the first to present an efficient chrge
management algorithm focusing on extending the cyellife of
battery elements in hybrid electrical energy storag (HEES)
systems while simultaneously improving the overallcycle
efficiency. In particular, it proposes to apply acrossover filter to
the power source and load profiles. The goal of thifiltering
technique is to allow the battery banks to stablyif., with low
variation) receive energy from the power source arfdr provide
energy to the load device, while leaving the spik{i.e., with high
variation) power supply ordemand to be dealt with by the
supercapacitor banks. To maximize the HEES systemycle
efficiency, a mathematical problem is formulated ad solved to
determine the optimal charging/discharging currentprofiles and
charge transfer interconnect voltage, taking into acountthe
power loss of the EES elements and power convertersio
minimize the state of health (SoH) degradation ofhie battery
array in the HEES system, we make use of two factthe SoH of
battery is better maintained if (i) the SoC swing$ smaller, and
(ii) the same SoC swing occurs at lower average SoNow then
using the supercapacitor bank to deal with the higHrequency
component of the power supply or demand, we can rede the
SoC swing for the battery array and lower the SoC fothe array.
A secondary helpful effect is that, for fixed and iyen amount of
energy delivered to the load device, an improvemenin the
overall charge cycle efficiency of the HEES systetranslates into
a further reduction in both the average SoC and th&oC swing of
the battery array. The proposed charge managementligorithm
for a Li-ion battery — supercapacitor bank HEES sygem is
simulated and compared to a homogeneous EES system
comprised of Li-ion batteries only. Experimental results show
significant performance enhancements for the HEESystem, an
increase of up to 21.9% and 4.82x in terms of theycle efficiency
and cycle life, respectively.

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

. INTRODUCTION

The generation and consumption of electrical engygically do
not match with each other. Electrical energy sterélgES) systems
can increase the availability of the electrical rgge mitigate the
supply-demand mismatches, and reduce the generatpacity
required to meet the peak-power demand. Performameteics of
EES systems include cycle efficiency, cycle lifeaergy density,
power capacity, cost per unit capacity, environakeeffect including
end-of-life disposal cost. As none of existing E&#@ment can satisfy
all the required performance metrics such as higlwep/energy
density, low cost/weight per unit capacity, higlhumd-trip efficiency,
and long cycle life. This limitation discouragesakuand wide spread
of large-scale EES systems.
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A hybrid EES (HEES) system, on the other hand, c@ep of
heterogeneous EES elements, where each type haanitgie
strengths and weaknesses. The appropriate coriliclgs can take
advantage of the strengths of individual type efents while hiding
their shortcomings. In this way, we can achieveesiop overall
performance metrics that overcome the limitatiorinafividual EES
component$l]~[4]. Among these performance metrics, the cycke Iif
of the EES elements is one of the most importariticsethat should
be considered by the designers of the EES systémn.cycle life is
directly related to thatate of health (SoH), which is defined as the
ratio of full charge capacity (FCC) of a cycle-adelS element to its
designed capacity (DC). This metric captures threegad condition of
the EES elements and their ability to store andveelenergy
compared to its initial state (i.e., compared tdresh new EES
element). Some researchers have worked on extetttirifetime of
EES element$5]~[8]. However, they only focus on either a single
EES element or a homogeneous EES system, whichistomg a
single type EES element array.

Unlike a single element or a homogeneous EES systentycle
life of the EES elements in a HEES system is lgrgielpendent on
the HEES charge management policy. This is the fieper that
introduces the cycle life of EES elements in a HEEStem and
develops a charge management policy, including cation,
replacement and migration, to prolong the cyclke &if EES elements.
We deal with extending the cycle life of the HEBEStem as well as
improving the cycle efficiency. In this paper, wiesf introduce a
generalized architecture of the HEES system andd btie
corresponding electrical circuit models for powenwerters, battery
elements and supercapacitor elements. We adoplthe life model
of [9] and determine the SoH degradation rate withpees to
different average state of charges (SoCs, defisaailable capacity
remaining in the battery, expressed as a percenthgbe rated
capacity) and SoC swings (defined as SoC chandgeglarcharging /
discharging cycle). We take into account the poudissipation on
internal resistance of EES elements, power loss wugower
converters and rate capacity effect of the batkeziements.

We simplified the target HEES system to a two-barghitecture
in order to focus on the idea of SoH-aware chargeagement, i.e.,
using supercapacitor banks as buffer to shavepikg portion of the
source or load profiles so that battery banks talolysreceive energy
from the power sources or provide energy to thd ibevices. During
the charging/discharging process, we achieve higleefficiency by
determining the optimal CTI voltage and subsequeifité charging
or discharging currents for battery and supercapabianks through
a ternary search. Besides improving the cycle ieficy, we also
reduce the SoC swing and average SoC of battegysrmwhich
alleviates the SoH degradation. We implement ogorithm on a
sample HEES system and compare with a typical hemegus EES
system. Experimental results demonstrate signifisaprovement up
to 21.9% and 4.82x in terms of cycle efficiency anytle life,
respectively.



Il.  BACKGROUND
A. Related Work

The SoH of the batteries is hard to estimate becius related to
a capacity fading effect (i.e., SoH degradationjcwhs a result of
long-term electrochemical reaction. The capacityirfg is related
with carrier concentration loss and internal impesagrowth in the
batteries. These effects strongly depends on tleeatipg condition
of the battery such as charging and dischargingeotirnumber of
cycles, SoC swing, average SoC and operation teper
[10]~[12]. The characterization of the battery cell rieggl time-
consuming experiments. Thus, mathematical modelp s to
reduce the time complexity in estimating the SoHyrddation.
Electrochemistry-based moddik3]~[15] are generally accurate but
not easy to implement. The SoH degradation modg]irshowing a
good match with real data [&2], is suitable for HEES systems.

Appropriate control of charging and discharging qaess is a
representative way to enhance the cycle life oftthteries. Typical
Li-ion batteries are usually charged through twatowous steps,
constant-current step (CC) and constant-voltage (€%). Each step
has an effect on the charging time and battertifie Several
techniques have been introduced to improve theedyfe [5] ~ [8].
However, although these works are effective, theyall focused on
the single type of EES elements or homogeneoussyEi®ms.

B. HEES System Architecture and Charge Management
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Figure 1: Conceptual diagram of charge managentebtgm.

Figure 1 shows the simplified diagram of the HEEStam

used for the supercapacitor bank by replacing sigis8 to S. The
load devices and the power sources are connectetEES system
through DC-DC converters to maintain the voltagele
compatibility. We denote the power loss of DC-DCnwerters

Py 10aa(t) andPy ¢, (t), the voltages and currents of load device and
power source bW aa(®), Lioea(t) and V. (t), I4.(t), and the
current through CTI by, (t). The chargers have internal feedback
control loops to maintain their stable outputs, armbntralized HEES
controller (not in the figure) to give the set gsinin addition, the
HEES controller has an outer feedback loop momitprihe CTI
voltage, denoted b¥.r;(t). This setup allows us to maintain both the
charging currents and the CTI voltage.

A. EESElement Array
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Figure 2: Li-ion battery circuit model.

This paper addresses charge management problemEBSH
system with two representative EES elements: Lifattery and
supercapacitor. We use a circuit mode|16] for the Li-ion battery,
which is suitable for developing a mathematicalnfolation. The
Figure 2 shows the circuit model for the Li-ion teay. TheVs,. is
the voltaic expression of the SoC of the batterkicv is related to
the OCV of battery through a non-linear relatioiveg by:

Va0 = g2 1 bV (1) + bV (1) + bVeoc (1) + by, (1)
where thesé; are empirical parametef&7]. The relation between

the battery array OCV and CCV (for charging progedsnoted by
V9C¢ andV ¢, is given by:

Varray (1) = Vanray ) + Vi () + Vis® + larray®- R (2)
where V,;(t) and V,(t) are the voltage drops across the internal

capacitancesiq,rq, (t) is the array current and; is the internal
series resistance. Similar relations can be appbesupercapacitor

architecture [1]. The HEES system is comprised of multiple arrays in which the internal capacitances are giedd.

heterogeneous EES banks connecting to each ottamrgthCharge

The rate capacity effect of batteries describesféue that the

Transfer Interconnect (CTI). An EES bank contains an EES elementavailable discharging time of a battery elementyaris strongly

array, adischarging control charger and acharging control charger.
Each EES array is composed of multiple homogenE&$ elements
with the same SoC since a single EES element masdiiage rating
and small energy capacity. Of these two chargery, eane of them
can be turned on at a time to avoid simultaneousrgihg and
discharging of an EES array.

For simplicity, in Figure 1, we only show two repeatative EES
banks: a battery bank and a supercapacitor bankintt, we use
Virrays () and VS, z(t) to denoteopen circuit terminal voltage
(OCV) andclosed circuit terminal voltage (CCV) of battery array,
respectively. These two voltages are generallyegogl to each other
due to the internal resistances of the batteryyarfde relation
betweenV, <, 5 (t) andVgS,, 5(t) is given in Section IlIlLA. We

denote tharray current between the battery array and its chargers b
Larray,p (t) andbank current between CTI and corresponding charger

bY Inank,s (t) . Thelgrray g(t) andl,qqi 5(t) can be positive (current
goes from CTI to battery array) or negative (curigmes from battery
array to CTI). The power loss of corresponding oantharger is

denoted byP, 3(t) and is a function of its input and output voltages

and currents, as shown in Section Ill.B. Similatations are also

dependent on the array discharging current. Théd?tsl Law[18]
shows that the empirical relation between the abtél discharging
time and discharging current can be expresset), as["54 t, where
Cp is the nominal capacity (in unit of-h, usually defined as the
capacity at one-ampere discharge ratk)js the actual array
discharging current, is the discharging time ang 4 is the Peukert
constant (typically between 1.1 and 1.3 for disghey). Therefore,
for a discharging process, the power drawn frontebatbanks to
provideV)$qy, 5(6) * Iarray,s(t) Of power to the circuits is given by:
Viee Ve

I:ﬁretvvn,B(t): array,B(t)'qu,B(t): array,B(t)'la/rE;'gy,B(t)' 3
where I, 5(t) is the equivalent current inside battery. The rate
capacity effect causes power loss during charginggss in a similar

XNay. The power can be store into battery bank, evhéding charged

With VS 0y 5(6) * Iarray,s () Of power, is given by:

oc oc B

Pgain,B(t) :Varray,B(t)‘ |eq,B(t) :Varray,B ®)- I;r?'ay,B(t)v (4)
whereyg . is the Peukert constant for charging, typicallyween
0.8~0.9. Similar relations can also be appliedgpescapacitor arrays



except that the rate capacity effect is negligibke, yc. =ycq =1
in (3) and (4).

B. Power Converters
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Figure 3: Buck-boost converter circuit mogEd].

A charger is a switching converter which can regulés output
current to a desired value. The target HEES useM RpuIse width
modulation) 4-switches buck-boost switching cormext for a
charger, as shown in Figure 3. The input voltageui current,
output voltage and output current of the chargerdenoted by,

1.0.S50Cy,, can be used to approximately describe the SoCgsifin
the battery SoC increases and decreases stablyalteey may have
multiple charges and discharges due to the diffeneagnitude of
operation current during the time interval Thus we compute the
effective throughput number of cycle N as follows:

N— fo ot/ 2Q, )

wherel (t) is the charging/discharging current of the battedyich is
loq,p(t) in (3)(4), @, is the nominal charge capacity of the battery.
The SoH degradation during this time interval, aectimg the
average SoC level and SoC swing, is given by:

Ll: KCO . N . eXp[(&Cdev _1)'Tref / K@( /TB]+ 027' /T“fe ,
L, = Ly exp[4Kgc - (S0Cqg —0.9]-(1 - L),
Ly=Ly-expKr- (g —Trer ) Tres /T,

where the empirical constant§,,, K., Ksoc and Kr are battery
specific, T.; and T is the reference battery temperature and

(10)

Iin, Vour @nd Ioy,, respectively. Depending on the relation betweenoperation battery temperature, respectively, ggg is the calendar

Vin andV,,;, the charger has two operating modes: the buclertibd
Vin > V,ue) and otherwise the boost mode. The power Bsonsists
of three components: conduction IQ&g,., switching lossF;, and

controller lossP,;,; [19]. The power los$, is given by:

Fe = Reet + Pow + Rt

The buck mode power loss components are given by:

Paict = lout” * (RL + D+ Ryyg + (1= D) Ryyp + Ryya)

2

+ 15 (AD? (R +D Ryg +(U=D) Ryp + Rua+ Re). )

Pav =Vin" fs* (Qsm + Qsw2):

Fetrl =Vin“ Lcontroller s
where D =V, /Vi, is the PWM duty ratio andAl = V,,, -
(1—D)/(Ls - £;) is the maximum current ripplé; is the switching
frequency;l.onirouer 1S the operating current of the controllédy;
and R, are the equivalent series resistances of the toducand
capacitorC, respectively;Ry,,; and Q,,; are the turn-on resistance

and gate charge of* MOSFET switch in Figure 3, respectively. The
boost mode power loss components are given by:
IOUt

T25)? (R + DRayg + (L= D)Royg + Ry + D(1— D)Re)
+ ¥ 5(A1)?- (R + D-Ryg + (1 D)- Ryys + Reya + (1- D)-Ro),
P

()

sv — Vout fs‘ (QSI\B + QSN4)'
Fetrl =Vin* L controller »
whereD = 1 -V, /Vyye andAl = Vi, - D/(Lg - £) in this case.

We use the same model for the DC-DC convertersidad
devices and power source. The power loss of theDQGeonverter,
denoted byP;, 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 ave3a@elevel
and SoC swing9]. We consider a time interval §0, t] and calculate
the average and standard deviation of SoC as:

()

Fedet = (

S0Cag :fOTSbC(t)dt/T,
(8)

SOy = z\/afoT (SOC () — SCpq Vet /7,

S0C,4,.,, 1S Nnormalized to have the value of 1.0 for thé 10I0% depth
of discharge cycle, i.e. SoC ranges from 1.0 dow@ tand back to

life to 80% SoH. The SoH degradation aftetime intervals is:

M
LM) =" L(m)

m=1

(11)
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Figure 4: SoH degradation versus SoC swing (a¢wdfft average SoC levels)
and average SoC (at different SoC swings).

In (11), the normalized SOH degradatibmill change over the
life of battery from 0 (brand new) to 1.0 (no capateft). Typically,
the value ofL = 0.2, giving nominally 80% charge capacity, can be
used as a measure of end of useful life. The celatiof SoH
degradation versus SoC swing and average SoC igw&town in
Figure 4. A cycle is defined as a charging pro@ss a discharging
process right after it (i.e., SoC ramps up therkkawriginal value).
We can vary the duration of a cycle to achieveed#ht average SoC
levels and SoC swings. We repeat cycling until b#ery reaches
L = 0.2 and record the total number of cycles at that tifine results
are shown in Figure 4. There are three importasenfations from
Figure 4: higher SoH degradation rate is caused)bligger SoC
swing, 2) larger average SoC level in each cycid, 3) the cycle life
improvement has a super-linear relation with respethe reduction
of SoC swing and average SoC. We propose our reanal charge
management algorithm based on these three obsersati

IV. STATE OFHEALTH-AWARE CHARGE MANAGEMENT
A. Problem Satement

State of health-aware charge management problertlBES
systems is to find CTI voltage and charging/disghey current
profiles for all EES banks in a given HEES systeaiming to



improve both the cycle life of the EES arrays (malattery arrays)
and overall cycle efficiency of the entire systdmHEES systems,
battery arrays have higher energy capacity butivelst lower power

capacity. Thus we determine the target chargingdischarging rate
at which we charge or discharge the battery arcaysinuously and
stably, considering the battery properties, loaslias and power
source characteristics. We use the supercapacitaysaas buffers of
battery arrays because they have strengths of pger capacity,
superior cycle efficiency and long cycle life bueakness of low
energy capacity. We maintain the desired chargingeats of the
battery banks in charging process, allowing theestgpacitor banks
to accept the extra power from power source ifittoeming power

rate is higher than the target charging rate. @instrategy is also
taken during the discharging process, we let tipemapacitor banks
compensate power shortage caused by high load deruath get

charged from battery banks to maintain their SoCGewkhe load

demand is low.

The charge management problem in HEES system stredmed

by energy conservations. As shown in Figure 1,tf@ charging
process, the input power follows:

Psrc(t) :Vsrc(t)' Isrc(t) = Pd,src(t) +VCTI (t) ICTI (t): (12)
where the current through CT}y,(t), consists of two parts:
leri (1) = Tpank,c (1) + Tbank,s (t)- (13)

find Vo5 and subsequentlyer; and I9%5,,, such thaty;(Vah

achieves its maximum valJj8]. The search algorithm converges in a
logarithmic time with respect td.r; precision. The simulation
results validate the quasi-concavity assumptionthin similar way,
one can easily solve the discharging process.

lsrc lem

larray <— leg
Source DC-DC Charger EES
(Load) Converter - cc array oc
Ve Ve V,

array array

Figure 5: Schematic of optimal operation condiserch.

This proposed onlineptimal operation condition search (OOCS)
algorithm guides us in determining the charginggharging) current
and CTI voltage according to the source (load) atteristics and
SoC of the EES arrays. Since the cycle efficierfdyattery bank can
vary from 50% to 70% (depending on the charginglischarging
current), operating the battery bank near the agtimperation
condition can significantly improve the cycle effiocy, which in
turn benefits the cycle life.

The proposed OOCS algorithm is still solvable inypomial
time for the HEES system with multiple banks withne proper
charge allocation and replacement algorithidls Without loss of
generality, we perform OOCS algorithm to one bgtteank and one
supercapacitor bank HEES system in this paper.

In (13), Ipani,s(t) can be positive (from CTI to supercapacitor banks)C Crossover Filter

or negative (from supercapacitor banks to CTI), ethefing on
whether supercapacitor banks is used to store sixeesnergy from
source or provide energy to battery banks. Forebatbanks and
supercapacitor banks, we also have:

Ver - |bank,s(t) = Pc,S(t) +Va?%y,s(t)' |array,S(t)v

Ve ek, 8(1) = g (0) +Virtay 8 O larray 8 0):
The relations of OCV and CCV and rate capacityctfége given in
(2)~(4). Similar relations also hold for dischamgiprocess. The
overall cycle efficiency of HEES system has two poments
(charging efficiency anddischarging efficiency), given by:

Nle = j;C[Pgajn,S(t) + Pgain,B(t)]dt/ch Pyc(t) dt,
M = de Fload (t)dt/j;d [PdraWN,S(t) + Pdrawn,B(t)]dtq

and the cycle efficiency is the product of these,tine., n = n.14.

(14)

(15)

The SoH-aware charge management problem can bealfgrm

described as following: for a given HEES systenwg@osources and
load devices, we want to find operation currentfif@® I,,4y,s(t)

Battery-only EES systems typically do not perforrallvif there
are high peaks in power supply and demand prditke peaks cause
serious rate capacity effect, which largely hue tycle efficiency
and cycle life of the battery arrays. Unfortunatdlye pulsed load
profiles (e.g., radio receiver and transmitter) weey common and
the typical renewable power sources, such as witglmmay
generate high power fluctuation. The supercapaeitays, normally
having high power capacity and cycle efficiencyn efficiently deal
with the high-frequency component of the power jeof

Thus we apply a crossover filter to the sourced)da separate
the high frequency component and the low frequecmyponent.
More precisely, we first observe the source and |mafile for a time
7, and then apply the crossover filter to the obsgpefile. The low
frequency component of source profile, for a chaggiprocess,
denoted by, (t) andls,.(t), is given by:

Vg (t) = Crossover; o, (Vg (t),t' €[t — 7)), (17)
I grc(t) = Crossovery o, (1 src(t,):t'e [t —7o.t]),
where thé/,,..(t") andl,,.(t") are the observed source (load) profile

for supercapacitor banks afig,q, 5 (t) for battery banks, such that and Crossover,,, is to take the low frequency part of the input

we can maximize cycle efficiency given by (15), anthimize the
SoH degradation for battery array in (11). The scggacitor array
typically has very long cycle life so its SoH dedmtion is not
considered in this paper.

B. Optimal Operation Condition Search

At time t, the source voltage and curre¥t,.(t) andls,.(t), and
SoC of the EES array, which is used to deterrijifig,, (t) using (1),
are given for a charging process. We omit the tirimefollowing text
for convenience. In Figure 5, give¥.r;, we can calculate CTI
currentlor; from (12), and further determine array charging et
larray @nd equivalent current inside EES arigy from (2)(4)(14).
Theinstantaneous charging efficiency is a function oV, given by:

nicMVem ) = Pgain(Ven )/ Pac- (16)

Assumingn;.(Verp) in (16) is a quasi-concave functionl@f;, we
perform a ternary search within the feasible regb&TI voltage to

signal. Consequently,,.(t) and I,,.(t) provide a smooth source
(load) profile, removing the short-term fluctuatiand keeping the
long-term trend.

D. Near-optimal Charge Management Algorithm

In this section, we elaborate our near-optimal gaananagement
algorithm to determine the near-optimal operationdition, which
consists of the CTI voltage and EES arrays chargindischarging
currents. We solve the charging process as an dgainphe similar
way, one can easily solve the discharging process.

1) Target Optimal Operation Condition

We can find a target optimal operation condition thee battery
banks in our HEES system, based on the low frequenmponents
of the source power profile obtained using the swoosr filter. We
assume battery array in Figure 5 and apply the O@lg&ithm:



[ Jtar

VE (1), 1airay 5 )] = 00CS(Vec(t), Isc(t). Varray,s (1) (18)
The target optimal operation condition is the dmbioperation
condition for battery banks, maximizing the cyclfficeency but
ignoring fluctuations of the power supply and detharhe proposed
algorithm operates battery bank at near-optimaraifmen condition
for most of the time with the help of the supercitoa bank.

2) Instantaneous Optimal Operation Condition

At time t, we perform the OOCS algorithm to the instantaseou

source power as well and get the optimal operataition as:

[VER (O, I artay, 5 ()] = OOCS(Ver (D). I (V). Varray,s (1) (19)
The instantaneous optimal operation condition im&ximize the
instantaneous charging efficiency when the powerr® charges
battery bank only. Note that this optimal conditisraffected by the
source power fluctuations and does not reflect dherall optimal
operation condition for the entire HEES system einthe
supercapacitor bank is not taken in account in.(19)

3) Near-optimal Charge Management Algorithm

The key idea of the algorithm is to use supercapabank as the
buffer of the battery bank. When charging the batteank, we
allocate part of the incoming power to the supescépr bank if the
incoming power is very high, in order to mitigatetloss caused by
rate capacity effect. However, the supercapacitmkhtypically has
limited energy capacity. It may result in undedieabituation since
the supercapacitor bank may be fully charged veiglly and fail to
get charged from the power source any more. Wecowee this
problem by performing charge migration from the esgppacitor
bank to the battery bank when the instantaneousgictzgacurrent is
lower than the target charging current and the SafCthe
supercapacitor array is high enough. Similarly, eeoid fully
discharging the supercapacitor bank by chargiagtihe beginning of
the charging process.

Based on this key idea, we propose the followingrugtimal
operation algorithm. We first charge the supercapabank until the
supercapacitor array has a certain level of SoGCclwlis HEES
system and source (load) specific and can be detedrby their
statistical information. We determine the two sefsthe optimal
operation conditions for battery bank at time the target and
instantaneous operation conditions. We compémay_,;(t) -

I};L’,Eiayﬁ (t) with a positive threshold valug and perform appropriate
actions such that:

ayp(t) — 157, 5(t) > ¢, i.e., the instantaneous optimal
battery array charging current is higher than trget optimal
battery array charging current. It is usually caudy high
incoming power. In this case, we charge the batveti the
target array charging currefﬁfﬂay,B (t) and store the excessive
power from power source to supercapacitor bank.

o 1S () — I8 ., 5(t) < —¢, ie., the instantaneous optimal
battery array charging current is lower than thgdaoptimal
battery array charging current, which is typicallye to the low
incoming power. In this case, both of power sousa
supercapacitor bank are charging the battery banakntaining
the value of battery array charging current t(fgﬁéay_B (®).

o 5 ays®) — [, ()] < &, the two optimal battery array
charging current match within the threshold valiée can
simply charge battery bank with instantaneous ogtiarray

charging currents .., 5 (¢).

The above policy is summarized in Algorithm 1. Tmeposed
algorithm for HEES system has two distinct advaesadrirst, we

have a supercapacitor bank in the HEES systemsctrastore the
excessive energy from power source or provide eatrergy to the
load devices. Thus the SoC swing and average So€l t the

battery array can be reduced naturally. SecondEESHsystem is
superior to a homogeneous EES system when supgpdHer same
load devices and the same minimum SoC requirenoerftifure load

demand. The HEES system with the proposed algorithmachieve
higher overall cycle efficiency than that of thentmgeneous EES
system because of the near-optimal choice of CTltage,

charging/discharging currents and high cycle dfficy of the

supercapacitor bank. In other words, the HEES systeeds less
input energy to support the same load demand aerthiy further
reduce the SoC swing and average SoC level ofdtierl array.

Recall the observations we made from Figure 4 ctrote life of
the battery array can be extended if we reduc&dt swing and the
of the battery array. There is super-linear refati@tween the cycle
life improvement with respect to reduction of So®irgy and the
average SoC level. Thus the proposed algorithmfudiner boost up
the cycle life of the battery array.

Discharging process is similar to the charging pss¢ but the
charge is moving from the EES banks to load devidés also set a
target optimal battery array discharging currerd &rg to maintain it
as much as we can during the whole discharging essocWe
discharge the supercapacitor bank to compensatectiver shortage
if the load devices require larger current than thmet battery
discharging current. However, we need to mainthi $0C of the
supercapacitor array since it has small energyafpand may be
fully discharged very quickly. We charge the suppacitor array
using the excessive current when the target battisgharging
current is greater than the current required by Itlael devices to
maintain the SoC of the supercapacitor array.

Algorithm 1: Near-optimal charge management alpanit

Input: instantaneoul,..(t) andl,.(t), T, history record o¥,,..(t")
and/,..(t"), t' € [t — 1,,t], SOCs of EES arrays.
OUtpUt:Iarray,B (t), Iarray,S(t)v VCTI (t)
Repeat
find ¥, (t) andls,..(t) using (17);
find 1544, 5(t) using (18);
find 17%54y,5(t) using (19);
if Iéﬁiay,B @® - izilrl;ay,B ) > ¢,
thenlarray,B (t) = ig%ay,B(t);
else if Iéﬁiay,B @® - izilrl;ay,B (t) < —¢,
thenlarray,B (t) = ig%ay,B(t);
elselarray,B ® = Izi;;f’ay,B ®);
Run OOCS to findcr; (t), Igrray,c(t), With given!gyrqy g (£);
Until end of charging process.

The capacity of the supercapacitor array affectsirtiprovement
of the battery array cycle life and the HEES systsieie efficiency.
A larger supercapacitor array can enhance bottheftwo metrics
with expense of high capital cost. Thus, we shaldtermine the
optimal capacity of supercapacitor array based lom gtatistical
information of the source/load profiles.

V. EXPERIMENTAL RESULTS

We implement our near-optimal SoH-aware charge gemant
algorithm on a typical HEES system consisting of &h Li-ion
battery, of which the OCV varies from 2.9 V to 4/2depending on
the SoC level, and a 100 F supercapacitor. We cmtpa cycle life
and overall cycle efficiency of our HEES systemhwibe baseline
system, which is a battery-only EES system usimgsidime battery.



We test our proposed algorithm with two sets ofreeuand load
profiles. In the first set, we use a pulse sounc#ilp (duty ratio of

30%, average power of 2.7 W) and a pulse load lpr@diuty ratio of

25%, average power of 2 W). We use a sinusoidalewswrce
profile (average power of 4.5 W) and a sinusoidavevioad (average
power of 4 W) profile in the second set. A cyclar& from a

charging process and then discharges to provideeptovthe load.
Hence the battery SoC, starting from the initidueawill first ramp

up and then down to this value. We test varioutediht durations of
the discharging process (i.e., different load epelgmands) for each
set of experiments so that we can achieve diffebaitery SoC

swings and average SoC levels. We let the HEE®m®ysiave the
same minimum SoC requirement for battery and theesduration of

discharging process as those of the baseline sysdtemvever, the
charging process for HEES system may be shorter that of the

baseline system due to higher cycle efficiency BE3 system.
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Figure 6: SoC swing and average SoC of battery-BE$ system and HEES
system vs duration of pulse load profile per cycle.
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Figure 7: Normalized cycle life gain (bars) andleyefficiency improvement
(curves) with different sources and loads profie pulse, b - sine wave).

Figure 6 shows that our proposed algorithm can ceffely
reduce the SoC swing (a) and average SoC levéh (bach cycle in
the HEES system, compared to the baseline systewn. factors
contribute to this reduction. First, part of theergy is allocated and
then extracted from the supercapacitor bank. Hémedattery bank
receives and provides less energy. Second, therpaiink stably
gets charged and discharged after the supercapheitd shaves the
peaks of the power supply and demand. Thus thergdiank itself is
more efficient in the HEES system.

We repeat simulation for tens of thousands of cyalatil the
battery SoH degradation in (11) reaches 0.2. Thelteof the cycle
life gain (normalized to baseline system) and dvesele efficiency
are shown in Figure 7. We demonstrate significamitymalized
cycle life and overall cycle efficiency improvementFigure 7. For
the pulse source and load profile, the cycle IfeHEES system is
extended by a factor from 2.29x to 4.82x and therall cycle

efficiency is improved from 11.9% to 21.9%, comphr® the
baseline system. For the sinusoid source and loafiley the cycle
life enhancement factor varies from 1.76x to 3.6@xd cycle
efficiency improvement varies from 5.0% to 12.9%.

VI. CONCLUSION

This paper introduces the state of health (SoH)rawaharge
management problem for hybrid electrical energyagte (HEES)
system for the first time. We propose an efficiglgorithm aiming at
extending the cycle life of battery arrays as vedl improving the
overall cycle efficiency. We first apply a crossofitter to the power
profiles of source /load and let the supercapaditok deal with the
high frequency component of the power supple orat@mThen we
charge or discharge supercapacitor bank accordingiyaintain the
desired operation conditions for the battery bafike proposed
algorithm effectively reduces the average statehafge (SoC) swing
and average SoC level of the battery array, whsgbroven helpful in
extending battery bank cycle life. To improve tlyele efficiency in
HEES system, we solve the optimal target CTI vatagd operation
currents for EES banks using ternary search. Experal results
show significant performance improvement up to 2d &nd 4.82x in
terms of overall cycle efficiency and battery arraycle life,
respectively.
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