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warranty period. This capacity degradation may also require
battery replacements, incurring an additional (maintenance)
cost. It is therefore necessary for the BMS to slow down the
capacity degradation of batteries in order to reduce the cost of
purchasing and maintaining EVs.

Abstract—Electric vehicles (EVs) are usually powered by a
large number of battery cells, necessitating an effective battery
management system (BMS) which protects the battery cells from
harsh conditions while providing the required power efﬁciently.
The discharge/charge rate of battery cells affects their health
signiﬁcantly, and existing BMSes employ simple discharge/charge
rate scheduling so as to prevent weak cells from being discharged/charged excessively.

Among the various reasons for battery capacity degradation, the discharge/charge rate is reported to be the most critical
[3, 4]. For example, a continuous exposure to high discharge
current leads to fast capacity degradation, thereby shortening
the battery life [5, 6], which is inevitable due to abrupt changes
in the EVs’ power requirement, such as acceleration. To extend
the battery life, researchers focused on hybrid energy storage
systems (HESSes) built with two or more types of energy
storage devices [7–11]. The main principle for regulating the
battery’ discharge/charge rate in a HESS is to adjust the
discharge/charge rate for each storage device.

In this paper, we design and evaluate the real-time management of battery discharge/charge rate to extend the life of
batteries in powering EVs based on their physical dynamics
and operation history. We ﬁrst explore a contemporary energy
storage system for EVs to capture its physical dynamics that affect
the battery discharge/charge rate; for example, a regenerative
braking system for reusing the dissipated energy leads to current
surges into the batteries, which shortens battery life. Based on
understanding of the effects of discharge/charge rate in an energy
storage system, we ﬁrst devise control knobs for manipulating
the discharge/charge rate. Then, we design an adaptive algorithm
that manages the discharge/charge rate by determining the
control knobs with a reconﬁgurable energy storage architecture. Our in-depth evaluation demonstrates that the proposed
discharge/charge rate management improves battery life up to
37.7% at little additional cost compared to the existing energy
storage systems.

I.

The goal of this paper is, therefore, to develop discharge/recharge rate management for an efﬁcient HESS so
as to reduce its initial deployment and maintenance costs.
It requires not only comprehensive understanding of physical
dynamics beneath the HESS, but also efﬁcient management of
the HESS based on this understanding. For example, in a HESS
consisting of batteries, ultra-capacitors (UCs) and boost-buck
DC/DC converters, the discharge/charge rate of each storage is
dominated by a second-order differential equation, and we have
to carefully regulate the parameters in the equation so as to
minimize battery performance degradation. That is, we need to
take a cyber-physical perspective, integrating and coordinating
physical dynamics and adaptive controls as follows. First,
we capture parameters affecting the discharge/charge rate in
the HESS based on the circuit dynamics that represent the
underlying discharge/charge operations. Second, we introduce
three key control knobs that can manipulate the parameters,
and develop management algorithms that manipulate control
knobs to extend battery life using adaptive control schemes.
Finally, we propose a reconﬁgurable architecture that realizes
our management algorithms to regulate control knobs.

I NTRODUCTION

Electric vehicles (EVs) are gaining popularity for their
environmental friendliness and potential economic beneﬁt.
However, EVs have not yet dominated the internal combustion
engine vehicles in the market due mainly to their high price
resulting from high battery cost. Thus, the EV manufacturers
have been focusing on the reduction of battery cost to increase
their market share. For example, Tesla Motors recently announced a plan to invest up to 5 billion dollars through 2020
to produce cheaper batteries for EVs via mass production [1].
An effective battery management system (BMS) can reduce
the required number of battery cells and extend the replacement period, hence reducing the battery cost. As part of our
goal of designing such a BMS, we will in this paper focus on
extending batteries’ life which has signiﬁcant impact on the
battery cost. Battery life is deﬁned as the duration (measured
in the number of cycles or elapsed time) of a rechargeable
battery until it degrades irreversibly and cannot hold a useful
capacity of the underlying applications [2]. That is, the battery
capacity monotonically decreases with time, and will never be
recovered. As a result, EVs must be equipped with enough
batteries to maintain the required capacity throughout their
1052-8725/14 $31.00 © 2014 IEEE
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We evaluate the proposed battery discharge/charge rate
management using workloads based on real driving patterns,
and simulate them with a popular simulation tool. Our evaluation results demonstrate the effectiveness of the proposed
battery discharge/charge rate management. Compared to the
existing simple management schemes, our system improves
the battery life up to 37.7% without increasing initial cost.
The main contributions of this paper are:
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Fig. 2.

Consideration of physical circuit dynamics to address
the issues associated with battery life;

•

Design of battery discharge/charge rate management
with a new architecture; and

•

In-depth, realistic evaluation of the HESS managements, demonstrating that the proposed system signiﬁcantly increases the HESS efﬁciency without increasing initial cost.
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C. Hybrid Energy Storage System (HESS)
Battery health is damaged by short bursts of discharging
current supplied to motors and recharging current generated
from the RBS. To remedy this problem, researchers deployed
ultra-capacitors (UCs) in the BMS; a BMS with UCs as well
as batteries is called a hybrid energy storage system (HESS).
In a HESS, UCs are used as an energy buffer to smooth rapid
power ﬂuctuations in and out of the battery of an EV [18–21].
HESSes effectively utilize the properties of batteries and UCs,
called power density and energy density. That is, available
power density of batteries is lower than UCs so that the higher
the discharge rate, the less efﬁcient the energy conversion,
whereas UCs do not suffer such efﬁciency degradation. On
the other hand, UCs have lower energy density and higher
unit cost than batteries as shown in Table I, implying that
we should place a large number of UCs in an EV. Therefore,
HESSes make batteries supply the average power required for
operating vehicles, while UCs provide the sudden power surges
required for acceleration and also accommodate instantaneous
regenerative energy from the RBS.

The paper is organized as follows. Section II examines the
state-of-art BMSes, each consisting of a regenerative braking
system, batteries and UCs. Section III states the problem from
a cyber-physical perspective. Section IV describes the physical
dynamics related to the discharge/charge rate of batteries in a
HESS. Section V presents our battery discharge/charge rate
management algorithms, and Section VI describes a HESS
management architecture. Section VII evaluates our system via
simulation, and ﬁnally, the paper concludes with Section VIII.
II.
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the energy dissipated in their braking system. During braking,
the RBS converts the vehicle’s kinetic energy to electrical
energy that can be stored in batteries for reuse to power
the vehicle. Its effectiveness has been substantiated in terms
of fuel economy [14–17]. Although the RBS improves the
utilization of energy, high recharging current for a very short
period of time has a negative impact on the battery’s health.
Therefore, researchers deployed an auxiliary system that will
be introduced next.

Energy storage system in EVs
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This section introduces the background of HESSes, including a brief review of existing BMSes. First, we describe the
function and structure of a BMS shown in Fig. 1. Then, we
introduce the part of a BMS that can supply power. Finally,
we present an advanced architecture that can be incorporated
into a BMS so as to overcome some disadvantages of existing
simple BMSes; this architecture is the basis for our approach
described in the following sections.

Type
Power density (W/kg)
Energy density (WH/Kg)
Cost (USD/WH)

A. Overview of BMS
As illustrated in Fig. 2, the power requirement of an
EV is high and changes abruptly [8, 12, 13], because drivers
frequently accelerate/decelerate their vehicles that weigh at
least one ton during driving. Therefore, the battery management system (BMS) in an EV is responsible for providing
motors with the required power while protecting batter cells
from damage and life reduction caused by short bursts of
power transfer. To perform such functions, a BMS is often
comprised of two parts: (i) a large number of battery cells
that can supply high current (hundreds of ampere) with high
output voltage (tens or hundreds of volt), and (ii) an auxiliary
system to mitigate the stress caused by large and abrupt power
requirements from a regenerative braking system and motors.

TABLE I.

Ultra-capacitor
100 - 10 K
1 - 10
10.3

Lithium battery
80-2000
60 - 150
3.7

P OWER DENSITY,

ENERGY DENSITY, AND COST OF ENERGY
STORAGES [9]

Fig. 3 shows a simple HESS where an UC is connected
directly to a battery, and the UC acts as a low pass ﬁlter
so as to reduce the peak discharge current of the battery.
Unfortunately, the HESS with this conﬁguration requires a
large number of UCs because the conﬁguration cannot fully
exploit UCs’ capacity because of the same terminal voltages
of the UC and the battery [19, 22]. To address this problem,
many conﬁgurations of HESSes have been proposed [19,
20]. For example, Fig. 4 illustrates the most widely-studied
conﬁguration of HESS that includes a bi-directional DC/DC
converter between a battery and an UC. This conﬁguration
allows voltage separation and an increase in utilization of the
UC via the converter so as to reduce the required capacitance

B. Regenerative braking system (RBS)
To meet the requirements of a BMS, most EVs are
equipped with a regenerative breaking system (RBS) to reuse
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We want to develop a “good” HESS using an efﬁcient and
reliable BMS. We ﬁrst introduce relevant terms and design
constraints, state the problem, and then brieﬂy describe our
solution approach.
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varies with driving conditions and behaviors which are related
to a complex human decision-making process [13]. We will
address these issues using adaptive control of converters and
dynamic reconﬁguration of UC banks.

D. Effective utilization of energy capacity for UCs in a HESS
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Capacity utilization of a HESS

A. Battery life

The ability of effectively utilizing UCs is a main focus in
evaluating HESS conﬁgurations. That is, if we capture as much
redundant energy into the UC bank as possible and then use
all of that energy when required, we can efﬁciently utilize UCs
without wasting the UC banks’ capacity and their deployment
cost. We can evaluate the utilization based on the law of storage
in a standard capacitor. Energy stored in an UC (EU C ) is
affected by the voltage (V ) and the size of capacitors (C)
as:
1
EU C = CV 2 .
2
Therefore, the utilization of UCs’ capacity can be measured by
the range of voltage swing as shown in Fig. 5. For example,
when 50% of an UC’s voltage variation within a tolerable
voltage range is permitted, 75% of the UC’s energy can be
delivered, whereas we can use only 20% of the energy for
a 10% variation range, decreasing the UC’s effectiveness.
The HESS with a DC/DC converter in Fig. 4 shows high
utilization of UCs’ energy capacity by separating the voltage
between the UC and the battery, while the simple HESS in
Fig. 3 could not effectively utilize the energy capacity of UCs
because the voltage drop is only 20%. To enhance the UCs’
capacity utilization, several feedback control schemes have
been proposed based on the UC-converter-battery architecture
that regulates the discharge current adaptively [7, 10, 11, 19,
20].

A long lifetime of batteries reduces their number and
extends their replacement periods, reducing the cost of EVs.
Therefore, most BMSes are required to maintain appropriate
battery operational environments to avoid damage and fast
capacity reduction [23]. The battery life is known to depend
on the number of discharge/charge cycles, the amount of
energy used at each cycle (depth of discharge), operational
temperature, and discharge/charge current [5, 6, 24–29]. Here
we focus on the impact of discharge/charge current on the
battery life, and propose a HESS that reduces stress of batteries, and doesn’t affect the depth of discharge, operational
temperature, and the number of cycles. Given the depth of
discharge, operation cycle and operational temperature, the
battery life depends on discharge current the battery supply
as [5, 6]:
(1)
Lcycle = αe−βIbat ,
where Lcycle is the cycle life, Ibat is the discharge current,
α and β are positive coefﬁcients. That is, a decrease in discharge/charge stress can extend the battery life exponentially.
B. Physical constraints and cost of components
To operate the electric motors satisfying vehicles’ required
drivability, a BMS is required to provide a large amount of
charge in a few seconds. It should also maintain tolerable
voltage and current for electric components during operation.
The rated voltage (Vr ) of an UC is the maximum voltage
that the UC is designed for. That is, to use UCs without
destruction, we should keep UCs to operate within the tolerable
voltage range. Likewise, we have to maintain the rated current
when we use the converter. Rated current (Ir ) is deﬁned as
“the maximum amount of electrical current a device can carry

Although a HESS can reduce the stresses and enhance
the life of batteries, it still has not been used widely in
commercial EVs, because UCs are not only expensive, but also
required to endure high discharge current and high operating
voltage. Furthermore, it takes a long time to ﬁnd the optimal
conﬁguration for EVs, since it requires a number of tests in
various environments. This is because discharge/charge current
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before sustaining immediate or progressive deterioration” [30].
From the market [31], we can acquire a variety of capacitors
and converters, and the price depends on their speciﬁcations.
Obviously, the larger capacitance or rated voltage, the more
expensive. For example, an UC with 5.4V of rated voltage
and 5F capacitance costs $15.3 while another UC with 5.4V
and 1.5F costs only $10.2. Therefore, we should consider the
overall cost of the components as well as their speciﬁcations
when a BMS is designed.
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Fig. 6.

C. Problem Statement

IV.

In this paper, we want to develop a BMS that enables
its battery pack to supply the required power (Preq (t)) for a
long time. Speciﬁcally, we would like to determine the BMS
operation at each time instant (t) so as to maximize the battery
life (Lcycle ) within tolerable voltage (<= |Vr |) and current
range (<= |Ir |), which is formally expressed as:

Physical space

CPS perspective for the design/management of the HESS

A NALYSIS OF D ISCHARGE /C HARGE R ATE OF A HESS

Discharge/charge rate greatly affects the battery life, and
should therefore be controlled properly. Unlike the conventional battery systems, the battery discharge/charge rate can
be regulated in a HESS due to UCs’ capability of controlling
discharge/charge current. For example, an increase (decrease)
in discharge current of UCs decreases (increases) discharge
current of batteries while supplying the total required current
to the electric load. In this section, we ﬁrst describe how
converters in the HESS operate and how they inﬂuence the
discharge/charge rate of UCs. Second, we identify controllable
parameters that affect the discharge/charge rate of UCs.

Given the power requirements {Preq (t)}0<t<top , determine
the states of control knobs for the HESS, such that Lcycle
is maximized subject to the ﬁxed cost without causing overvoltage (> |Vr |) and over-current (> |Ir |), where 0 and
top are the beginning and end time instants of the battery
operation, respectively. Note that the power requirements and
the control knobs’ states are valid/necessary only during the
EV’s operation in [0, top ]. Available control knobs will be
extracted by carefully considering the physical dynamics on
the HESS in Section IV.

Boost/Buck converter
Q2

L

+ VL -

UC

D1

Q1

Note that Lcycle monotonically decreases with the increase
of the cumulative amount of current according to Eq. (1).
Therefore, we focus on minimization of the cumulative current
(Ibat ) over time to maximize Lcycle .

Fig. 7.
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A. Circuit dynamics in the HESS

D. Cyber-physical system perspective of the HESS

We investigate the physical dynamics of the UC-converterbattery unit shown in Fig 7 [32], because this will be the basis
for our approach in the following sections. The main principle
is that an inductor resists changes in current by developing a
voltage (VL ) across it which is proportional to the rate of the
current change as:

Various control schemes and architectures for HESS have
been proposed and studied for efﬁcient usage of batteries.
However, they have not been adopted in EVs due to their
high cost. Thus, we need to develop a more efﬁcient HESS
which addresses the cost problem via integrated management
exploiting existing approaches. To this end, we build a cyberphysical system (CPS) for HESS by considering all the parameters that affect discharge/charge operation beneath the HESS.
We ﬁrst capture the physical dynamics of HESS, and identify
the effective control knobs including new control knobs which
have not been identiﬁed before. Then, we propose integrated
management with a relevant architecture that enhances the life
of the HESS by effectively regulating the control knobs.

VL = L

dI
.
dt

(2)

Q2

L

IUC = 0
D2

Q1

C’

Bat

On

In the rest of the paper, we detail the cyber-physical system
of HESS shown in Fig. 6. In Section IV, we explore physical
dynamics when UCs supply power through a DC/DC converter.
Our careful exploration of the physical side enables extraction
of effective control knobs that are able to regulate the physical
operation and enhance the battery life. Section V develops the
management algorithms that can determine desirable control
knobs yielding a long battery life based on the understanding
of physical dynamics detailed in Section IV. In Section VI,
we construct not only the HESS architecture which is able
to regulate the control knobs, but also a uniﬁed management
algorithm that can be applied to the architecture.
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(a) Energy is accumulated in inductor when Q1 is turned on
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(b) Energy is transferred to the electric load when Q1 is turned off
Fig. 8.
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Physical dynamics of the UC-converter-battery unit

B. Control knobs

When switch Q1 is closed, electron ﬂow (I) occurs through
the inductor (L) because output voltage of the UC drives current between terminals of the inductor. According to Eq. (2),
the inductor allows the current to slowly increase by decreasing
its voltage drop, and energy is accumulated in the inductor.
Then, when switch Q1 is opened, current will be decreased
slowly since the inductor ﬁghts abrupt changes in current. As
a result, the inductor must act like a current source toward
the electric load through diode D2 for a few seconds. One
can expect a similar effect during recharging through D1 by
controlling Q2 switch. Therefore, the converter makes charge
in UCs (likewise load) transfer to the load (likewise UCs) by
repeatedly switching Q1 (likewise Q2 ).

Eq. (5) shows parameters that should be controlled for
an efﬁcient BMS. We now present the three control knobs
affecting the parameters (t, L, C, and VU C ) in the equation,
which are the keys to the development of our discharge/charge
rate management to be presented in Section V.

Discharge current
from UCs (A)

During this process, the amounts of stored and transferred
energy are affected by the size of the inductor (L) and the
capacitor (C). When Q1 is closed, the charge stored in the
capacitor transfers to the inductor in the LC circuit. The
differential equation of the LC circuit is
d iU C (t)
1
iU C (t) = 0,
+
dt2
LC

On

Accumulating

Transferring

Off time

(a) Duty cycle of a rectangular waveform
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 1) Duty cycle of signal for converter switches (iU C (t) =
C
√1
L V0 sin( LC t )) : To operate the converters in the HESS,
we need the switching signals for Q1 and Q2 switches.
The duty cycle of the signal, the ratio between the pulse
duration (T ) and the period (P ), should be controlled properly,
because it determines the energy accumulation period (T ) and
the amount of charge moving to/from the electric load as
illustrated in Fig. 9-(a). Fig. 10-(a) illustrates an example of
duty cycle for the converter switches, and Fig. 10-(b) shows
the discharge current variation with duty cycles. For example,
when the converter accumulates more energy during each
period due to an increase in the duty cycle, the system supplies
more energy to the electric load.

(3)

where Ip is the peak current. Note that the rate of energy
transferred to the load is dominated by the size of L and/or C
1
called the resonance frequency). Peak current (Ip )
(from √LC
can be calculated based on the law of energy conservation as:
1 2 1
LI + CV 2
2
2
1 2
1
= LIp + 0 = 0 + CV02 ,
2
2

Off

(b) Discharge current varies with the duty cycle of converter control signal
Fig. 10. Duty cycle as a control knob

and the solution of this differential equation is
1
t),
LC

Duty cycle = T/P X 100%

On

0

2

iU C (t) = Ip sin( √

P (Period)
T (Pulse duration)

Q

Etot = EC + EL =

(4)

2) LC Conﬁguration
of the UC-converter in the UC bank

C
1
√
V
sin(
t)) : The LC conﬁguration in
(iU C (t) =
L 0
LC
the UC-converter dictates the UC’s capacitance (C), the
inductor’s inductance (L) and the capacitor output voltage
(V0 ) as described in Fig. 11, and then affects the form of
discharge/charge current according to Eq. (5). For example,
a change in current through a larger inductor (high L) in the
HESS tends to be slower as illustrated in Fig. 9-(b). Therefore,
we can adaptively determine discharge/charge patterns by
regulating V0 , L and C via reconﬁguration of LC circuit in
the multiple UC-converters. For instance, when a UC bank’s
voltage (V0 ) is too low to supply the required current, we can
serialize UCs in the UC bank so as to increase output voltage
of the UC bank.

where V0 is the initial voltage difference through the inductor.
Initially, all the energy in the system is stored in the UC
( 12 CV02 ) and no energy in the inductor. When Q1 is closed, the
energy in UCs starts to transfer to the inductor as a form of
current ( 12 LI 2 ). Because total energy in the LC circuit must be
conserved, the energy and current in an inductor reach the peak
current when all the energy accumulated in UCs transferred to
the inductor. Eq. (4) can be modiﬁed as:

C
V0 .
Ip =
L
Note that the large capacitance (C), initial voltage of the UC
(VU C ) and small inductance (L) yield a high peak current (Ip ).
Finally, Eq. (3) can be re-written as:

C
1
t).
(5)
VU C sin( √
iU C,on (t) =
L
LC

+ + + +

+ + + +

- - - -

- - - -

 1 , 1

2 , 2

  =  = 

We can also expect a similar effect when Q1 is closed and
write the discharge current as:

C
1
t),
(6)
(VU C − Vbat ) sin( √
iU C,of f (t) =
L
LC

 1 , 1

 =  +  

1

2

=



+ + + +

+



1

- - - + + + +

2

2 , 2

- - - -  
 
 =  +   =
  + 

Fig. 11.

where Vbat is the battery voltage.
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Voltage, capacitance and inductance vary with the conﬁguration
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(a) Discharge current varies with the duty cycle of (b) Discharge current varies with the size of LC
switch Q1 in the converter
in the UC/converter
Fig. 9. Three control knobs for discharge-rate management

3) Frequency of signal for converter switches: Discharge/charge current ﬂuctuations in batteries may damage
batteries. For example, as shown in Fig. 9-(c), discharge
current changes greatly and peak-to-peak current gets up to
4A when it is operated by a 1 kHz switch signal, whereas
discharge/charge current is stable at 10 kHz switch frequency.
Therefore, the converter switches should be cycled fast enough
to prevent the excessive discharge/charge current ﬂuctuations.
However, the required frequency for stable discharge/charge
rate varies with duty cycle and LC conﬁguration in the UCconverters, since the form of discharge/charge current depends
on them. Based on the duty cycle and the LC conﬁguration, we
then adaptively regulate the frequency of the converter input
switches to protect batteries from excessive discharge/charge
current variations.

0.7

-6

-12
uc_cur (L=0.01 H)

Time (s)

0

To satisfy the requirements of minimizing battery discharge/charge stress, all the energy in the UC (EU C = 12 CV 2 )
should be discharged during the discharge period (T ), and the
UC accumulates the charge supplied by the RBS to reduce
charge stress of battery as shown in Fig. 12. If total discharge
current is known through a power requirement prediction, we
∗
)
can calculate constant target battery discharge current (Ibat
during the period (T ) satisfying the requirements for reducing
battery discharge/charge stress. The target discharge current
∗
) is set to “0” if the braking system supplies charge to
(Ibat
T
the battery (Itot > 0), or “ T1 0 Itot (t)dt − 2T V1bat CVU2C ”
otherwise. The following approaches in Sec. V-B are taken to
∗
)
make the battery current (Ibat ) the target battery current (Ibat
as seen in Fig. 14.
Goal is to minimize discharge/charge stress
Requirements (Ibat*)

V.

T HE P ROPOSED BATTERY D ISCHARGE / CHARGE - RATE
M ANAGEMENT IN THE HESS

Reconfiguration
(Sec.V-B-3)

Fig. 14.

So far, we have examined circuit dynamics and control
knobs that affect the discharge/charge current in the HESS.
Based on them, we now develop battery discharge/charge
rate management policies to extend the battery life. We ﬁrst
state the requirements for extending the battery life, and then
develop an overall management policy.

+

Signal for safe operations
(Sec.V-B-2)

+

Feedback control
(Sec.V-B-1)

Requirements and approaches

B. Overall Management
By satisfying the requirements, we can design an efﬁcient
discharge/charge rate manager achieving a long life as seen in
Fig. 14. To this end, we propose an integrated management
algorithm for duty cycle, frequency, and conﬁguration as
illustrated in Fig. 13. Our management algorithm determines
the duty cycle of converter switches that make target battery
∗
current (Ibat
), and conﬁguration of UC-converters (VU C , L
and C) which enables the HESS to achieve the target battery
∗
). Meanwhile, the frequency for
discharge/charge rate (Ibat
converter switches should be chosen carefully for the stable
transfer of charge.

A. Requirements
To extend the battery life, a BMS should mitigate the
discharge/charge stress. Also, to avoid fast performance degradation, we should reduce peak discharge current (max(Ibat(t) ))
and the amount of charge transferred to/from the electric
motors as follows.


• Minimize
|Ibat (t)|dt .


• Minimize max(Ibat,discharge (t)) .


•
Ibat,recharge (t) = 0 .
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Duty cycle selection

1) Dynamic regulation of duty cycle: To satisfy the requirements for achieving high UC utilization and moderate stress on
∗
and
the batteries, we set the target battery and UC current (Ibat
IU∗ C ). We achieve the target discharge current by regulating the
discharge rate of UCs (IU C ) through adaptive selection of duty
cycle (D) as follows.

-15
-20

Duty cycle
for IUC

+

In Section IV-A, we explored the discharge current when
a switch is repeatedly turned “on” and “off” (iU C,on and

∗ )
Calculation of target battery current (Ibat
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Fig. 13. A schematic diagram of discharge/charge rate management: solid black lines, solid black arrows, solid grey arrows, and black dotted arrows indicate
∗ , I
∗
the current ﬂows in the physical space, sensing ﬂows, control for the physical space, and control ﬂows in the cyber space, respectively; Itot
bat , Ibat and
IU C denote the total predicted discharge/charge current, the discharge/charge current of a battery, the target discharge/charge current of a battery and a UC.
Based on these values, the manager regulates the control knobs (i.e., control frequency, duty cycles and conﬁguration of UC-converters)
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 +

Algorithm 2 Algorithm for dynamic frequency regulation
(FREQ)

Base duty-cycle calculation

Algorithm 1 Algorithm for dynamic regulation of duty cycle
(DUTY)
1:
2:
3:
4:
5:
6:

1: if |peak-to-peak IU C | ≥ margin then
2:
f ↑
3: else
4:
f ↓
5: end if

∗ ← target(I
∗
Ibat
bat , C, VU C , Vbat , T, Itot (t));
Dbase ← (L, C, VU C , Vbat )
∗ −I
e ← Ibat
bat ;
(e−eprev )
ed ←
;
Δt
u ← kp · e + kd · ed ; // kp and kd are tuning parameters
D ← Dbase + u;

the moderate discharge rate of UCs and batteries as illustrated
in Fig. 17 and Algorithm 2.

iU C,of f ). By comparing the change rates of these discharge
currents (iU C,on and iU C,of f ), we can calculate the base
duty cycle (Dbase ) that can maintain the required discharge
current (IU∗ C ). Fig. 16 and the following equation show how
to calculate the base duty cycle for the target discharge current.
Dbase =

Selection of frequencies for converters

3) Reconﬁguration: To increase the voltage swing range
of UC banks while maintaining the capacity of the bank, we
reconﬁgure UC-converter dynamically. When the UC bank is
already charged or supposed to be recharged from the RBS
soon, we parallelize the UCs in the bank to store the charge in
UCs efﬁciently. However, the charge would be transferred to
the electric load for operating EVs, and the capacitor voltage
(V0 ) would be dropped over time. Then, UC banks cannot
supply required current (u ≥ margin) effectively due to lack
of peak discharge current (Ip in Eq. (3)) even if the duty cycle
(D) is maximum. In this case, we restore the output voltage of
UC banks to increase peak current (Ip ) by serializing the UCs.
This reconﬁguration enables the bank to supply the charge to
the load, leading to larger voltage swing and energy capacity
utilization as shown in Fig. 18. Algorithm 3 shows this process
for determining whether to serialize or parallelize conﬁguration
(CFG) of the UC-converter in the HESS based on the current
duty cycle (D) and the difference between the target and actual
currents (u).

Ton
,
Ton + Tof f

where Ton (likewise Tof f ) is the time duration the UC’s
current iU C,on (likewise iU C,of f ) changes up to tolerable
variation (ΔItolerable ) when the UC supplies the target current
(IU∗ C ).
To reduce the error due to inaccuracy in voltage measurements (VU C , Vbat ) or element sizes (L, C), we also adopt a
PD controller handling the difference (u) between the target
battery current (Ibat ∗) and the present battery current (Ibat ) as
seen in steps 3–5 of Algorithm 1. Finally, we select the duty
cycle (D) to make the batteries supply the target discharge
∗
) based on the base duty cycle (Dbase ) and the
current (Ibat
estimation of difference (u) between the target and actual
discharge rate.

VI.

2) Dynamic regulation of switching frequencies for converters: To protect the batteries from current surges due
to a periodically controlled converter, we control the frequencies (f = T1 ) of the signal for the converter switches.
We repeatedly capture the peak-to-peak discharge current of
UCs (peak-to-peak IU C ), and regulate the frequency, achieving

I MPLEMENTATION

So far, we have examined the circuit dynamics underlying
HESSes and relevant management policies for efﬁcient usage
of UC banks. This section describes our implementation of a
HESS architecture that supports the management algorithms
discussed in Section V.
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if D = max(D) & u ≥ margin then
CFG ← Series;
else if Ibat ≤ 0 then
CFG ← P arallel;
else
NO ACTION
end if

Fig. 19 shows a basic HESS architecture. Let Np and
Ns denote the number of UCs connected in parallel and
series, respectively, and they are determined based on the
components’ physical constraints as discussed in Section III-B.
For example, if an UC pack should operate at high voltage,
we have to deploy a large number of UCs in series (Ns ).

The cyber part should be able to select inputs of
switches (Qs , Q1 , Q2 , Q3 and Q4 ) to satisfy the target
discharge/recharge rate of batteries and UCs. Algorithm 4
describes our management policy. The main principle of our
approach is to capture the charge in the UC bank temporarily
and supply them to the electric load in order to reduce the
battery stress. Steps 2–3 pre-process; we measure the current
of UCs and battery banks, and calculate the discharge current
of the next step. Steps 4–5 determine the form of cycled
signal for converter switches. Algorithm 1 regulates duty cycle
(DQ1 ,Q2 ,Q3 ,Q4 ) of switch signals to yield the desirable battery
current for longer lifetime, and Algorithm 2 chooses the frequency (fQ1 ,Q2 ,Q3 ,Q4 ) of the signals for protecting cells from
excessive current variations caused by periodically controlled
(Δtcontrol ) converters. Steps 6–11 decide on the conﬁguration
of UC-converters (CF G) according to Algorithm 3.

The discharge/charge rate of the battery and UCs is
strongly coupled with the HESS topology as seen in Section IV-B2. Also, Section II-A shows the required discharge/charge rate (Itot ) in a modern energy storage varies
widely, necessitating various HESS conﬁgurations. An optimal
topology of the UC-converter depends on states of charge in
UCs and/or the required discharge/charge current, necessitating
a reconﬁgurable HESS. Therefore, we add reconﬁgurability
with a few additional switches on the basic architecture of a
HESS as illustrated in Fig. 20.
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Fig. 19.

VII.

Basic architecture for a HESS

Circuit for reconfiguration

Fig. 20.
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E VALUATION

We now evaluate the proposed HESS. We ﬁrst introduce
performance metrics for the HESS and then describe the tools
and settings used for the performance evaluation. Finally, we
present the evaluation results. Fig. 22 describes our evaluation
process.

Converters
L

L

C. Management algorithm

B. Reconﬁgurable architecture

C

C

An input of switch Qs determines the topology as seen in
Fig. 21. For example, if Qs is opened, we can use two UCconverter units which have C capacitance and L inductance,
allowing for storing a large amount of charge. When the
switch Qs is closed, UCs are serialized while inductors are
parallelized, leading to decrease in not only capacitance of the
UC bank (2C → 21 C) but also inductance of the inductor in
the converter (2L → 12 L). Serialization of UCs can increase
peak current (Ip ) due to the increased voltage (V0 ), enabling
the BMS to effectively exploit UCs.

A. Basic HESS architecture

Vin Vout

L

1: while 1 do
2:
[Ibat , IU C ] ← current sensors;
∗ ← Power requirement prediction;
3:
Itot
∗ ,I
4:
[DQ1 ,Q2 ,Q3 ,Q4 , u] ← DUTY(Itot
U C , Ibat );
5:
fQ1 ,Q2 ,Q3 ,Q4 ← FREQ(IU C );
6:
CFG ← CFG(D, u);
7:
if CFG = Series then
8:
Qs ← 1;
9:
else
10:
Qs ← 0;
11:
end if
12:
delay(Δtcontrol );
13: end while

C

Algorithm 3 Algorithm for selection of the HESS conﬁguration (CFG)
1:
2:
3:
4:
5:
6:
7:

L

Algorithm 4 Algorithm for Discharge/Charge Rate Management

0

-60
C

C

Fig. 21. Two available conﬁgurations; the left conﬁguration is set when Qs
is turned on and the right conﬁguration when the switch is turned off
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A. Evaluation metrics: battery lifetime

C

Q3

Lifetime is an important metric in evaluating large-scale
battery systems, because it signiﬁcantly affects the cost of EVs.

Reconﬁgurable architecture for a HESS
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B. Evaluation tools and settings

1) Lifetime: We ran simulation and extracted the discharge/charge stress of batteries for each scheme. Then, we
estimated their lifetime based on the lifetime model. Table II
shows the ratio of the average lifetime of DRF (and EX),
to that of BASE. As shown in this table, DRF improves
the lifetime by up to 153% and 37.7% over BASE and
EX, respectively. We compared the discharge/charge stress
to batteries under the three schemes by using the following
equation.


T
1
•
|Ibat (t)|dt ,
T
0

We built the several energy storage architectures by programming the control blocks and loading electric component
models in a simulation tool. We then simulated different
HESSes with a given electrical load using MATLAB, which
is widely used for the veriﬁcation of control systems [33].
During simulations, we recorded the interesting physical states
to evaluate the HESSes.

where T is an operation period. Table III shows the battery
stresses under the same workload. Compared to BASE, DRF
reduces the stress by 15.9%. DRF is even better than EX in
that it can reduce the discharge/charge stress by up to 5.4%
than EX. This reduction of discharge/charge stress extends the
lifetime under DRF.

Fig. 22.

Evaluation process

To evaluate the battery lifetime in the proposed HESS, we conducted extensive simulations, and recorded discharge/charge
stresses. Then, we computed the battery lifetime by feeding
the stress measurements into the lifetime model introduced in
Section III-A. We evaluated the lifetimes of multiple systems
built at the same materials cost for a fair comparison.

1) Electric load: The US Environmental Protection
Agency (EPA) provides “Dynamometer Drive Schedules” for
standard emissions testing of driving. We used the dynamometer drive schedules as the electric load of an EV’s powertrain.

Type
Lifetime (Ncycle )
TABLE II.

2) Physical space simulation: MATLAB is a high-level
language with a numerical computing environment, developed
by MathWorks. SimPowerSystems library in MATLAB provides electric component models and tools for modeling and
simulating electrical power systems. We used the component
models to implement our reconﬁgurable HESS architecture
in Section VI. We ﬁlled in the internal parameters of the
components library by using the speciﬁcation of components
in the website [31] for realistic simulations.

We have evaluated the following three HESS schemes:
•

EX: existing HESSes introduced in Section II (the
HESS with DC/DC converters);

•

DRF: our HESS described in Section V (adaptive discharge/charge rate management with a reconﬁgurable
architecture).

EX
135.67

DRF
128.43

D ISCHARGE / CHARGE STRESS OF ENERGY STORAGE

2) Energy Capacity Utilization of UCs: Our HESS introduced in Sections V and VI includes the method to increase
the utilization of energy capacity. It actually contributes to
the extension of battery life, since increasing the capacity
utilization decreases the discharge/charge stress of batteries.
∗
)
We ﬁrst calculate the target battery discharge current (Ibat
maximizing UC utilization, and the proposed management
policy manipulating UCs current (IU C ) to satisfy the target
battery discharge current as shown in red boxes in Fig. 23.
Furthermore, whenever UCs cannot supply the required current
due to lack of UC bank voltage, the HESS reconﬁgures UCconverters to boost the voltage of UC banks to supply a
sufﬁcient amount of charge. As shown in dotted red box in
Fig. 23, our HESS changes the conﬁguration so as to supply
charge effectively by allowing a larger voltage swing of the
UCs.

C. Evaluation results
BASE: no ultra-capacitors;

BASE
149.42
SYSTEMS

3) Cyber space implementation: We also implemented
control blocks describing our management algorithms. We
speciﬁed the inputs of the control blocks and made the blocks
determine outputs via the proposed algorithms such as duty
cycle control, frequency control and conﬁguration control.
The algorithms monitor the states of the HESS and regulate
the control knobs based on the states so as to reduce the
discharge/charge stress of batteries.

•

DRF/BASE
2.53

L IFETIME OF ENERGY STORAGE SYSTEMS

Type
Stress of Battery
TABLE III.

EX/BASE
1.83

VIII.

C ONCLUSION

To meet the increasing demand to make EVs ﬁnancially
affordable, BMSes should be able to cope with harsh discharge/charge rate that affects the battery life signiﬁcantly. A
form of switch inputs (frequency and duty cycle) for converters
and the HESS conﬁguration are key control knobs for slowing
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[12]

down the battery capacity degradation, since they have signiﬁcant impact on the discharge/charge rate of each energy storage
device in the HESS. In this paper, we have presented how
to achieve efﬁcient battery management using these control
knobs. We proposed a new battery discharge/charge rate management scheme that determines, in real time, the form of input
signals and the conﬁguration of the HESS based on the analysis
of their impact on the discharge/charge rate of battery cells. To
realize this scheme, we also proposed the reconﬁgurable HESS
architecture, which can select the conﬁguration of the HESS.
Our evaluation using realistic simulation has shown that the
proposed HESS management makes a signiﬁcant improvement
of battery life without increasing cost, over a simple method
often seen in the existing BMSes.

[13]

[14]
[15]

[16]

[17]

It would be interesting to improve the discharge/charge
rate management based on the proposed architecture. One
direction is to improve the performance of discharge/charge
rate management with a power requirement prediction, since
it allows BMSes to prepare for supplying or storing energy in
advance [13]. Our approaches can also be used for other types
of HESSes including fuel cells which have their own power
and energy densities. These are matters of our future inquiry.
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