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Abstract—This paper presents HypoEnergy, a framework for
extending the hybrid battery-supercapacitor power supply life-
time. HypoEnergy combines high energy density and reliable
workload supportability of an electrochemical battery with
high power density and high number of recharge cycles of
supercapacitors. The lifetime optimizations consider nonlinear
battery characteristics and supercapacitors’ charging overhead.
HypoEnergy-KI studies the hybrid supply lifetime optimization
for a preemptively known workload and for one ideal superca-
pacitor. We show a mapping of HypoEnergy-KI to the multiple-
choice knapsack problem and use dynamic programming to
address the problem. HypoEnergy-KN considers the optimization
for the known workload but in the case of having a nonideal
supercapacitor bank that leaks energy. Evaluations on iPhone
load measurements demonstrate the efficiency and applicability
of the HypoEnergy framework in extending the system’s lifetime.

I. INTRODUCTION

A portable system’s lifetime and operability is severely
constrained by its bounded power supply. Electrochemical
batteries are the most widely used type of portable power
supply in contemporary mobile and embedded systems. While
the computational capacity has enjoyed an exponential growth
over the past several decades, the battery capacity has only
been linearly improving at a slow rate.

Some undesired properties of electrochemical batteries in-
clude their size limitations, bounded energy capacity and
number of recharge cycles. Furthermore, chemical energy con-
version has nonlinear properties, rendering battery’s lifetime
dependence on the incident load’s current fluctuations and
operational conditions.

Supercapacitors provide an alternative and emerging form
of energy storage and delivery. The key benefits of them over
the electrochemical battery include (i) orders of magnitude
higher power density, (ii) orders of magnitude higher recharge
cycle, and (iii) a much higher charge and discharge efficiency.
However, while the energy density of supercapacitors is very
high compared to traditional dielectric capacitors, it is lower
than the electrochemical batteries and their leakage grows
exponentially as the device is charged by a higher voltage.

A hybrid combination of batteries and supercapacitors can
be used to exploit the best properties of both types of sup-
plies [1]. Experiments on hardware platforms has shown the
benefits of a hybrid power supply system with solar cells and
supercapacitors in improving system’s dynamic response and
efficiency, in particular for pulsed load and transient loads with

low duty cycles in sensor networks [2], [3], [4]. Experimental
studies are of great value in demonstrating proof-of-concept
and the need for more formal models and optimizations.

In this paper, we introduce Hybrid supercapacitor-battery
power-supply optimization for Energy efficiency (HypoEn-
ergy), optimization methods for improving a portable system’s
lifetime by a hybrid battery-supercapacitor power supply. We
consider nonlinear battery models and supercapacitor char-
acteristics. We first address the problem of optimizing the
lifetime of a hybrid supply with a preemptively known load
profile and an ideal supercapacitor with no leakage, referred
to as HypoEnergy-KI. Next we address the hybrid source
optimization problem for a preemptively known workload and
a set of heterogeneous nonideal leaky supercapacitors, referred
to as HypoEnergy-KN. Contributions are as follows:

∙ We formally define the Hypo-Energy-KI problem and
demonstrate a mapping to the multiple-choice knapsack
problem that can be solved by dynamic programming.

∙ We present a formal definition of Hypo-Energy-KN con-
sidering a supercapacitor set’s nonideal characteristics.

∙ Extensive empirical measurements are used for model-
ing the nonideal supercapacitor leakage characteristics
exploited in addressing the Hypo-Energy-KN problem.

∙ Experimental evaluations based on the iPhone load cur-
rent profile shows the efficiency of the proposed methods
in extending the portable system’s lifetime.

II. RELATED WORK

Recent technological advances is promising a new genera-
tion of supercapacitors with improved energy density, power
density, and leakage characteristics [5]. The improvements
pave the way for widespread adaptation of supercapacitors
in portable applications. Supercapacitors have been already
adopted in high power commercial industrial applications and
electronic vehicles for energy smoothing of high current loads.

A number of different models for characterizing nonlinear
battery characteristics have been proposed [6], [7]. The nonlin-
ear battery models were exploited in battery-aware optimiza-
tion methods that aim at maximizing the battery’s lifetime,
including [8], [6], [9], [10]. The effectiveness of battery-
aware optimization has been verified in theory, simulation,
and measurements. A new aspect of our work is exploiting
the nonlinear electrochemical battery characteristics for maxi-
mizing the hybrid battery-supercapacitor supply’s lifetime for
portable computing applications.978-3-9810801-7-9/DATE11/ c⃝2011 EDAA
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Fig. 1. Block diagram of HypoEnergy.

Using supercapacitors in conjunction with photovoltaic solar
cells for charge storage is an active area of research and study,
some recent papers include [2], [3], [4]. The analytical studies
of this system and optimizations based on those studies rely on
photovoltaic cell properties that are drastically different from
conventional batteries. While the above mentioned systems
have shown to serve sensor network application scenarios
where the solar energy is available and loads commonly have
very low duty cycles (the experiments are typically for the
1%-5% duty cycles) they are not suitable for many mobile
application scenarios with higher workloads. Hybrid systems
based on supercapacitors, batteries, or fuel cells were proposed
[1], [11], [12], but exact models, detailed optimizations, or
results for portable systems were not provided.

III. HYPOENERGY OVERVIEW

Rate capacity is the effect of nonlinear decreasing battery
capacity, as the current drained out of it increases. Our goal
in HypoEnergy is to consider the battery’s rate capacity
effect to maximize its lifetime. The higher power density
supercapacitors are used to supply the loads with a high current
demand. We aim at draining the minimum current out of the
battery to charge the supercapacitor. Meanwhile, we consider
a fast enough charging rate to meet the timing constraints.

Figure 1 shows the block diagram of HypoEnergy hardware.
Based on the measurements of the load’s power demand
and the available energy and power in the hybrid source,
the control unit decides how to serve the load considering
battery’s rate capacity effect. The control unit also decides the
supercapacitors’ charging policy (by the battery). The switches
are to connect the selected energy source component to supply
the load. A DC/DC converter is placed as an interface between
the supercapacitor and the load to provide constant voltage. A
current regulator is used to adjust the supercapacitor’s charging
current as decided by the control unit.

IV. HYPOENERGY-KI

In this section, we consider a hybrid power source including
a battery and a single ideal supercapacitor. The assumption is
that the load power (current) demand is preemptively known.
The objective is to optimize the power supply’s lifetime. The
hybrid energy supply system improves the battery lifetime by
exploiting the supercapacitor’s high power density to charge
high current loads that exhaust the battery. Assuming that the
load profile is known in advance, the objective is to find the

optimal hybrid source operation. The method decides between
using the battery or the supercapacitor to supply the load and
also the charging policy for the supercapacitor. Let us more
formally define the problem.

Problem. Hypo-Energy-KI:
Input. A battery power supply module 𝑆0 with known dis-
charge characteristics; a supercapacitor 𝑆1 with capacity 𝐶
and the maximum achievable voltage 𝑉𝑚𝑎𝑥; a set of tasks,
each task 𝑘 is defined by the tuple (𝜎𝑘,Δ𝑘) denoting the task’s
charge demand and duration respectively for 1 ≤ 𝑘 ≤ 𝐾; and
an integer 𝑇𝐵 denoting the deadline for performing all tasks.
Objective. Maximize the hybrid supply’s lifetime.

We assume that the battery charge is enough to survive the
task set’s deadline, i.e.,

∑𝐾
𝑘=1 Δ𝑘 ≤ 𝑇𝐵 . We set the total

charge capacity of 𝑆1 large enough to supply the task with
the highest charge demand, i.e., 𝐶𝑉𝑚𝑎𝑥 ≥ 𝑚𝑎𝑥(𝜎𝑘) for 1 ≤
𝑘 ≤ 𝐾. To improve a battery lifetime given its characteristics,
it is reasonable to assign tasks requiring a high current to the
supercapacitor while the lower current tasks can be supplied
by the battery. If the supercapacitor 𝑆1 is selected to supply
the load, one should ensure that the battery 𝑆0 has charged
𝑆1 at an earlier time. Given enough time, 𝑆1 can integrate a
lower current from 𝑆0 and store the charge and then exploit
its high power density to serve a high current load.

To solve the HypoEnergy-KI problem, assume that the
battery can provide different current amplitudes for charging
the supercapacitor. Since charging a supercapacitor at currents
higher than the task’s peak current would highly exhaust the
battery, the upper bound current for charging the capacitor is
set to the maximum task current. Without a loss of generality,
suppose there are discrete number of charging current for
supercapacitor denoted by 𝐼𝑐ℎ𝑚 =

𝑚𝐼𝑐ℎ
𝑀

𝑀 for 1 ≤ 𝑚 ≤ 𝑀 .
The durations needed to charge the supercapacitor to supply
task 𝑘 is denoted by Δ𝑐ℎ

𝑘1 to Δ𝑐ℎ
𝑘𝑀 , corresponding to the

supercapacitor charging currents 𝐼𝑐ℎ1 to 𝐼𝑐ℎ𝑀 . Assuming an ideal
supercapacitor, the charging duration can be obtained as:

Δ𝑐ℎ
𝑘𝑚 =

𝜎𝑘
𝐼𝑐ℎ𝑚

1 ≤ 𝑚 ≤𝑀. (1)

We account for battery’s rate capacity effect by assigning
weights to the currents. The weights are selected such that
they reflect the nonlinear battery lifetime with respect to its
incident current. For finding the weight 𝑤𝑐ℎ

𝑚 , we discharge
the full battery with the constant current 𝐼𝑐ℎ𝑚 . Assuming that
the discharging takes 𝑇 𝑑

𝑚 time, then the associated weight is
𝑤𝑐ℎ

𝑚 = 1
𝐼𝑐ℎ
𝑚 𝑇𝑑

𝑚
. For weighting the tasks powered by the battery,

the full battery is discharged with the current 𝜎𝑘

Δ𝑘
during the

time interval 𝑇𝑘. Task 𝑘’s weight is set to be 𝑤𝑘 = Δ𝑘

𝜎𝑘𝑇𝑘
.

We define a set of auxiliary 0-1 integer variables 𝑥𝑘𝑚 for
0 ≤ 𝑚 ≤𝑀 and 1 ≤ 𝑘 ≤ 𝐾 as follows:

i. 𝑥𝑘0: equals 1 if only the battery charges task 𝑘 with the
total charge 𝜎𝑘; equals 0 otherwise.

ii. 𝑥𝑘𝑚 (1 ≤ 𝑚 ≤ 𝑀 ): equals 1 if only the supercapacitor
charges task 𝑘 with the total charge 𝜎𝑘 and the battery
charges the supercapacitor with 𝐼𝑐ℎ𝑚 ; equals 0 otherwise.



The objective function is expressed below:

𝑂𝐹 : minΣ𝐾
𝑘=1𝜎𝑘(Σ

𝑀
𝑚=1𝑥𝑘𝑚𝑤

𝑐ℎ
𝑚 + 𝑥𝑘0𝑤𝑘). (2)

𝐶 ′𝑠 : Σ𝐾
𝑘=1(Σ

𝑀
𝑚=1(𝑥𝑘𝑚Δ𝑘𝑚) + Δ𝑘) ≤ 𝑇𝐵 ,

Σ𝑀
𝑚=0𝑥𝑘𝑚 = 1 1 ≤ 𝑘 ≤ 𝐾.

The objective function aims at minimizing the weighted charge
consumptions. The first constraint assures that all tasks are
done within the time budget 𝑇𝐵 . The second constraint ensures
that at least one supply option is used for each task 𝑘.

Optimization 2 is in form of the well-known multiple-
choice knapsack problem. Since the supply scheduling is
preemptively computed, we opt to use a dynamic programming
algorithm adopted from Dudzinski and Walukiewicz [1987] to
optimally address the problem.

V. HYPOENERGY-KN

In this section, we consider a hybrid source with a battery
and multiple non-ideal supercapacitors (a supercapacitor bank)
that leak energy. Given the solution of HypoEnergy-KI, we
would know whether the supercapacitor or the battery is
in charge to supply a task. If the former case is true, we
would also know at what current the supercapacitor should be
charged by the battery to have sufficient charge for the task. In
HypoEnergy-KN, we have a bank of supercapacitors that can
be beneficial in two ways. One is pipelining the power source,
i.e., the battery can charge a supercapacitor from the bank
while another supercapacitor is supplying the load. The second
benefit is that a heterogenous supercapacitor bank would give
the flexibility to choose the best supercapacitors to charge or
discharge so as to minimize the leakage for each of the tasks.
The HypoEnergy-KN problem is expressed as follows:

Problem. HypoEnergy-KN:
Input. A heterogenous supercapacitor bank with elements 𝑆𝑖
and corresponding capacities 𝐶𝑖 for 1 ≤ 𝑖 ≤ 𝑁 with known
leakage characteristics; Solution of HypoEnergy-KI, i.e., 𝑥𝑘𝑚
for 1 ≤ 𝑘 ≤ 𝐾 and 0 ≤ 𝑚 ≤𝑀 .
Objective. Minimize the supercapacitor bank’s leaked energy
by choosing the best supercapacitors to charge or discharge.

One notable limitation of a supercapacitor is its leak-
age. Figure 2(a) shows the dependency of leakage to the
supercapacitor’s voltage for different capacities. Charging a
supercapacitor would increase its voltage and leakage power.
Selecting the best supercapacitors to charge or discharge is the
goal of HypoEnergy-KN.

Assume that there are three supercapacitors with 200F, 400F
and 2000F capacities. The leakage profiles are adopted from
[4]. At each sampling time, we decide to fill the superca-
pacitors with a charge value of 𝜎 = 20𝐶. The increment
in the three supercapacitor’s leakage power is plotted versus
their voltages in Figure 2(b). We see that both the SoC
and the capacity are important from the leakage perspective.
For example, if all the supercapacitors are initially at 2𝑉 ,
their leakage powers barely increase after being charged.
Thus, supercapacitor selection does not affect the leakage

power. However, if the supercapacitors were initially at 2.5𝑉 ,
selecting the 2000F supercapacitor to charge can be justified,
since then the leakage power would increase by less than
5𝑚𝑊 . This is much less than the leakage increment if we
had selected any of the other two capacities. Therefore, for
solving the problem of charging the supercapacitor bank to
a given amount with a minimal leakage increment, both the
SoC and the supercapacitors’ capacity should be considered.
For each of the tasks (𝜎𝑘,Δ𝑘) that are selected (from equation
2) to be supplied by the supercapacitors, we formally define
the problem of minimizing the supercapacitors leaked energy:

𝑂𝐹 : minΣ𝑁
𝑖=1(

∫ 𝜎𝑖+Δ𝜎𝑐𝑖

𝜎𝑖

𝑃 𝑖
𝐿𝑑𝑡+

∫ 𝜎𝑖

𝜎𝑖+Δ𝜎𝑐𝑖

𝑃 𝑖
𝐿𝑑𝑡).(3)

𝐶 ′𝑠 : Σ𝑁
𝑖=1Δ𝜎𝑐𝑖 = 𝜎𝑘.

Where 𝑃 𝑖
𝐿 is the leakage power of 𝐶𝑖 and the unknown

Δ𝜎𝑐𝑖 is the portion of 𝜎𝑘 delivered to 𝐶𝑖, for 1 ≤ 𝑖 ≤
𝑁 . The bounds of the integrals, are the charge values of
𝐶𝑖 at the beginning/end of the charging/discharging inter-
val assuming that their initial charge is 𝜎𝑖. While charging
(first integral), the time and charge deviations are related
as follows, 𝑑𝑡 = 𝑑𝜎

𝐼 = 𝐶𝑖𝑑𝑣
𝐼𝑐ℎ
𝑚

. While discharging (second

interval), 𝑑𝑡 = 𝑑𝜎
𝐼 = 𝐶𝑖𝑑𝑣

(− 𝜎𝑘
Δ𝑘

)
. It is assumed that the super-

capacitors are fully discharged in the beginning. In order to
solve Equation 3, leakage power 𝑃𝐿 should be characterized.
We used curve fitting techniques on the measured data for
estimating 𝑃𝐿 as a function of capacitance and voltage of
the supercapacitor. Our results showed that an exponential fit
gives a very accurate model with the least number of model
parameters. Previous work has considered piecewise linear
or polynomial fits that use considerably more parameters for
the same accuracy [4], [3]. Our exponential fit is shown as
𝑃𝐿(𝐶𝑖, 𝑣) = 𝛼𝑖𝑒

𝛽𝑖𝑣(𝑚𝑊 ). Substituting the leakage model
in Optimization 3, we see that the objective function is non-
convex (or non-concave) and non-smooth. Therefore, finding
the optimum solution adaptively is a challenge. To overcome
this hurdle, in HypoEnergy-KN, we consider filling only one
supercapacitor with 𝜎𝑘. Other than computational complexity,
another reason for charging the supercapacitors one at a time,
is the technical difficulties arising from charging them with
different voltage stages in parallel. To find the optimal super-
capacitor to charge/discharge we use the following objective:
𝐶𝑜𝑝𝑡(𝜎𝑘) = 𝑎𝑟𝑔𝑚𝑖𝑛(1≤𝑖≤𝑁)(

∫ 𝜎𝑖+𝜎𝑘

𝜎𝑖
𝑃 𝑖
𝐿𝑑𝑡 +

∫ 𝜎𝑖

𝜎𝑖+𝜎𝑘
𝑃 𝑖
𝐿𝑑𝑡).

Note that 𝐶𝑜𝑝𝑡 should be large enough to be able to store
𝜎𝑘, i.e., 𝐶𝑜𝑝𝑡𝑉𝑚𝑎𝑥 ≥ 𝜎𝑘.

VI. EXPERIMENTAL RESULTS

In this section, we evaluate the effectiveness of the Hy-
poEnergy framework in extending the portable supply system
lifetime. The evaluations are performed on real measurements
of iPhone taken at our department [13]. The battery current
measurements for different loads are averaged over a period of
one minute rounded by 10𝑚𝐴. Based on the measurements,
we constructed five benchmark load task sets for five users
denoted by 𝑈𝑠𝑒𝑟1 to 𝑈𝑠𝑒𝑟5. The measured current values for



2 2.1 2.2 2.3 2.4 2.5
0

5

10

15

20

25

30

Voltage(v)

Le
ak

ag
e 

po
w

er
(m

W
)

 

 
C=200F
C=400F
C=2000F

(a) Leakage power as a function of
voltage for different capacities.
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(b) Increment in leakage for a fixed
added charge.

Fig. 2.

Profile Description I(mA) 
P1 display off, airplane mode  40 
P2 display off, default mode 100 
P3 web browsing over 3G  310 
P4 tap-tap revenge game  220 
P5 GTI racing 3D game  400 
P6 youtube over WiFi 260 
P7 youtube over 3G 350 
P8 talking on the phone 170 
 

Fig. 3. iPhone current profiles.

User1 Task P4,P6,P1,P3,P8,P2,P5 
Dur 25,4,40,5,20,5,35 

User2 Task P4,P6,P2,P8,P2,P7,P5 
Dur 8,4,20,6,45,7,8 

User3 Task P3,P1,P5,P6,P2,P4,P8 
Dur 4,30,10,20,10,5,4 

User4 Task P7,P2,P8,P4,P5 
Dur 6,30,6,4,25

User5 Task P1,P3,P4,P7 
Dur 40,10,10,30

 

Fig. 4. Users’ workload profiles.

the iPhone profiles and the user task sets and corresponding
durations are shown in Figures 3 and 4 respectively. The
metric we used for evaluating improvement in battery lifetime
is charge saving factor. The metric quantifies the percentage
of charge saved by HypoEnergy to the total load’s charge
demand. For computing the charge consumption of the battery,
the rate capacity effect is taken into account by exploiting the
current weights similar to Section IV. The charge consumption
is directly related to the lifetime extension.

For the HypoEnergy-KI case, user task sets are known in
advance. In our simulations, we use a Li-Ion battery with
40000𝑚𝐴-𝑚𝑖𝑛 capacity and the voltage of 4.3𝑉 . A 400𝐹
supercapacitor is used to ensure that it can supply the highest
charge demand for the user tasks which is 𝑝5 (400mA) for
35 minutes by 𝑢𝑠𝑒𝑟1. In HypoEnergy-KN, the same battery is
used with a supercapacitor bank that includes a 50𝐹 , a 200𝐹
and a 400𝐹 supercapacitor. The fitting coefficients 𝛼𝑖 and 𝛽𝑖
(introduced in Section V) for the three supercapacitors are:

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝐹 ) 𝛼 𝛽
50 4.05× 10−9 8.52

200 1.14× 10−9 9.354
400 1.26× 10−10 10.43

Table I shows the charge efficiency of HypoEnergy-KI. We
examine the charge saving factor for different time budgets for
the users. 𝑇𝐵 (min) is the total duration of each user’s task
set. As the table shows, increasing the time budget extends the
savings by allowing the battery to charge the supercapacitor at
a lower pace. Also, we see that for a user with a higher load
current, the metric improvement is more significant.

Table II shows the charge saving factor in HypoEnergy-
KN with considering the leaky supercapacitors. The results
show that in the worst case, the leaked charge would reduce
the efficiency up to 4.5% in comparison to the ideal case
(HypoEnergy-KI). As the time budget 𝑇𝐵 increases, the leak-
age increases slightly (less than 0.4%).

TABLE I
THE CHARGE SAVING FACTOR IN HYPOENERGY-KI.

𝑇𝐵 + 10 𝑇𝐵 + 20 𝑇𝐵 + 30 𝑇𝐵 + 40 𝑇𝐵 + 50
𝑈𝑠𝑒𝑟1 12.3 13.9 15.5 16.7 17.6
𝑈𝑠𝑒𝑟2 9.3 11.0 11.4 12.5 13.5
𝑈𝑠𝑒𝑟3 12.7 13.6 15.2 16.6 17.8
𝑈𝑠𝑒𝑟4 15.7 17.5 20.0 22.0 23.4
𝑈𝑠𝑒𝑟5 12.9 15.1 16.7 18.0 19.2

TABLE II
THE CHARGE SAVING FACTOR IN HYPOENERGY-KN.

𝑇𝐵 + 10 𝑇𝐵 + 20 𝑇𝐵 + 30 𝑇𝐵 + 40 𝑇𝐵 + 50
𝑈𝑠𝑒𝑟1 8.1 9.7 11.3 12.3 13.1
𝑈𝑠𝑒𝑟2 8.4 10.0 10.4 11.5 12.5
𝑈𝑠𝑒𝑟3 11.6 12.5 14.1 15.4 16.5
𝑈𝑠𝑒𝑟4 13.9 16.7 18.2 20.1 21.1
𝑈𝑠𝑒𝑟5 11.4 13.6 14.2 16.4 17.6

VII. CONCLUSION

This paper introduced HypoEnergy, a framework for ex-
tending portable system’s lifetime using a hybrid battery-
supercapacitor power supply. HypoEnergy-KI aimed at pro-
longing the lifetime for preemptively known load and ideal
supercapacitors. HypoEnergy-KI was solved by a mapping
from the multiple-choice knapsack problem and a dynamic
program for solving this problem. HypoEnergy-KN objective
was to decrease the leaked energy for a bank of nonideal
supercapacitors. Evaluating the methods on iPhone workload
power profiles demonstrated the effectiveness of HypoEnergy
in improving system’s lifetime.
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