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Abstract—Energy efficiency has always been an important
design criterion for portable embedded systems. To compensate
for the shortcomings of electrochemical batteries such as low
power density, limited cycle life, and the rate capacity effect,
supercapacitors have been employed as complementary power
supplies for electrochemical batteries, i.e., hybrid power supplies
comprised of batteries and supercapacitors have been proposed.
In this work, we consider a portable embedded system with a
hybrid power supply and executing periodic real-time tasks. We
perform system power management from both the power supply
side and the power consumption side to maximize the system
service time. Specifically, we use feedback control for maintaining
the supercapacitor energy at a certain level by regulating the
discharging current of the battery, such that the supercapacitor
has the capability to buffer the load current fluctuation. At
the power consumption side, we perform task scheduling to
assist supercapacitor energy maintenance. Experimental results
demonstrate that the proposed joint optimization framework of
task scheduling and power supply control successfully prolongs
the total service time by up to 57%.

I.

I NTRODUCTION

Maximizing energy efficiency has always been one of the
critical design challenges for portable embedded systems, due
to the fact that the increase in the volumetric/gravimetric
energy density of rechargeable batteries has been much slower
than the increase in the power demand of these systems. Techniques such as dynamic power management (DPM) [1], [2] and
dynamic voltage and frequency scaling (DVFS) [3], [4] have
proven quite effective for minimizing energy consumption.
These techniques focus on reducing the energy consumption
of the processing units while meeting the performance constraints.
Another path to maximizing energy efficiency lies in the
optimization of the power supply units. Due to high energy
density and low self-discharge rate, electrochemical batteries
have long been used for power supply in portable embedded
systems. However, batteries have the shortcomings such as low
power density, limited cycle life, and the rate capacity effect,
which significantly degrades their efficiency under high load
current. Portable systems commonly exhibit large fluctuation in
load current, which defies the maximum capacity of batteries.
A typical portable system determines the battery size based on
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its average power consumption, and thus large fluctuation in
load current can significantly shorten the battery service time.
Besides electrochemical batteries, supercapacitors (also
called electrical double layer capacitors) are widely exploited
for electrical energy storage and power supply. Compared
with batteries, supercapacitors exhibit superior efficiency, high
power density, and long cycle life. However, they also show
disadvantages such as low energy density and high selfdischarge rate. Therefore, as electrical energy storage and
power supply devices, batteries and supercapacitors have their
unique advantages and disadvantages. To overcome the shortcomings of a single type of energy storage device, HEES
(hybrid electrical energy storage) systems have been proposed,
which are comprised of two or more types of energy storage
devices. A simple structure of HEES systems can be found
in advanced electrical vehicles, especially for regenerative
braking systems [5]. The generalized HEES systems were
introduced in [6], [7].
In this work, we consider a portable embedded system with
a hybrid power supply and executing periodic real-time tasks.
We perform system power management from both the power
supply side and the power consumption side to maximize the
system service time. Specifically, we use feedback control for
maintaining the supercapacitor energy at a certain level by
regulating the discharging current of the battery, such that the
supercapacitor has the capability to buffer the load current
fluctuation. On the other hand, at the power consumption side
we perform task scheduling to assist supercapacitor energy
maintenance. Experimental results demonstrate that the proposed joint optimization framework of task scheduling and
power supply control successfully prolongs the total service
time by up to 57%.
II.

R ELATED W ORK

Energy storage and power supply for portable embedded
systems has unique requirements, such as size/weight limit,
high energy density, high power capacity, and simple structure
and control policy. A battery-supercapacitor hybrid power
supply is a promising candidate for addressing the abovementioned requirements. It has a simple architecture, high energy density due to the usage of Li-ion battery, and high power
capacity by using supercapacitor as an intermittent energy
buffer. Shin et al introduced a battery-supercapacitor hybrid
power supply using a constant-current charger to regulate

the battery output current and considering the energy density
constraint of the hybrid power supply in a portable system
[8]. To address a similar problem, early work [9] used dualbattery as the hybrid power supply for a portable embedded
system in order for exploiting both the rate capacity effect
and the relaxation-induced recovery effect. It maximized the
utilization of battery capacity under a performance constraint
using continuous-time Markov decision process.
Another interesting application of the batterysupercapacitor hybrid power supply is to extend the life
time of wireless sensor nodes with energy harvesting [10],
[11]. By relying mostly on the supercapacitor as an energy
buffer and reducing the charing/discharging frequency of
the battery, the wireless sensor nodes can achieve nearperpetual operation. Mirhoseini et al presented HypoEnergy, a
framework for extending the lifetime of battery-supercapacitor
hybrid power supply, given a preemptively known workload
[12]. The same authors further extended their work to the setup
with multiple supercapacitors and workload that is not given a
priori [13] and they used the reinforcement learning technique
to derive a near-optimal adaptive management policy. A recent
work proposed to use a model-free reinforcement learning
technique for an adaptive dynamic power management (DPM)
framework in embedded systems with bursty workload and
using a hybrid power supply comprised of Li-ion batteries
and supercapacitors [14].
III.

S YSTEM M ODELS

In this work, we consider a portable embedded system
with a hybrid power supply and executing periodic realtime tasks. We perform joint control and optimization of
charging/discharging of the hybrid power supply with task
scheduling in the embedded system. The system architecture
is shown in Fig. 1, where the battery is the main energy
storage device for the embedded processing unit while the
supercapacitor serves as an energy buffer. The battery is connected to the supercapacitor through a charger, which regulates
the supercapacitor charging current. The supercapacitor is
connected to the embedded processing unit through a power
converter, which regulates the supply voltage of the processing
unit. This architecture can provide higher energy efficiency
than the DC bus based general HEES structure in [6] because
fewer converters/chargers are used in this architecture. The
voltage and current notations are shown in Fig. 1. The opencircuit voltage (OCV) and closed-circuit voltage (CCV) of
OC
the battery are denoted by Vbat
(t) and Vbat (t), respectively,
whereas the battery discharging current is Ibat (t). The supercapacitor terminal voltage, input current, and output current are
denoted by Vcap (t), Icap,in (t), and Icap,out (t), respectively.
The voltage and current levels of the processing unit are
denoted by Vload (a fixed value) and Iload (t), respectively.
In the following we will introduce the accurate component
models of the portable embedded system, including the battery,
the supercapacitor, the charger/converter and the processing
unit.
A. Battery Model
We employ the Li-ion battery in the embedded system.
We use an electronic equivalent circuit model in [15] for
the Li-ion battery model, which is suitable for developing

Fig. 1. The architecture of the portable embedded system with a hybrid
power supply.

the mathematical formulation. More specifically, the relation
OC
between the battery OCV Vbat
(t) and CCV Vbat (t) is given
by
OC
Vbat (t) = Vbat
(t) − Vtl (t) − Vts (t) − Ibat (t) · Rs ,

(1)

where Vtl (t) and Vts (t) are the voltage drops across the
internal capacitances, and Rs is the internal series resistance.
The battery state-of-charge (SoC) SoC(t) is defined as the
ratio of the stored charge to the total charge when the battery
is fully charged. For a Li-ion battery, the OCV-SoC relation is
given as follows:
OC
Vbat
(t) =b1 · eb2 ·SoC(t) + b3 · SoC 3 (t) + b4 · SoC 2 (t) (2)
+ b5 · SoC(t) + b6 ,

where those bi are empirically determined parameters [8].
The rate capacity effect of batteries explains that the
charging and discharging efficiencies decrease with the increase of charging and discharging currents, respectively. More
precisely, the Peukert’s Law [10] describes that the charging
and discharging efficiencies of a battery as functions of the
charging current Ic and discharging current Id , respectively,
are given by
ηrate,c (Ic ) = kc /(Ic )αc ,
ηrate,d (Id ) = kd /(Id )αd ,
where kc αc , kd , and αd are constants
define the equivalent current inside the
charge accumulating/reducing rate

Ibat (t)/ηrate,d (Ibat (t)),
Ieq (t) =
Ibat (t) · ηrate,c (|Ibat (t)|),

(3)

known a priori. We
battery as the actual
if Ibat (t) > 0,
if Ibat (t) < 0.

(4)

Taking into account the rate capacity effect, the SoC of the
battery can be calculated by
Rt
Ieq (τ )dτ
,
(5)
SoC(t) = SoC(Tstart ) − Tstart
Cf ull
where Cf ull in Coulomb is derived from the nominal battery
capacity Capacity given in Ahr:
Cf ull = 3600 · Capacity.

(6)

B. Supercapacitor Model
The supercapacitor OCV and CCV are equal to each other
since the internal resistance of a supercapacitor is negligible.
For a supercapacitor, the OCV/CCV Vcap (t) is a linear function
of the amount of charge Qcap (t) stored in the supercapacitor.
The rate capacity effect of supercapacitor is negligible, i.e., the

where D = Vout /Vin is the PWM duty ratio and ∆I =
Vout (1 − D)/(Lf · fs ) is the maximum current ripple; fs is
the switching frequency; Icontroller is the current flowing into
the controller; RL and RC are the equivalent series resistances
of the inductor L and the capacitor C, respectively; Rswi and
Qswi are the turn-on resistance and gate charge of the i-th
MOSFET switch in Fig. 2, respectively.
In the boost mode, the power loss Pconv is given by
Fig. 2.

charging and discharging efficiencies equal to one. A primary
disadvantage of supercapacitor is the high self-discharge rate.
A supercapacitor may lose more than 20% of its stored
energy per day even if no load is connected to it [6]. The
supercapacitor power loss due to self-discharge is given by
Psd (t) = Vcap (t) · Isd (t) = Ccap · (Vcap (t))2 /τ,

D. Processing Unit

Qcap (t) =Qcap (Tstart )
(8)
Z t
+
(Icap,in (τ ) − Icap,out (τ ) − Isd (τ ))dτ .
Tstart

C. Power Converter Model
The charger and power converter used in the portable
embedded system are PWM (pulse width modulation) buckboost switching converters, which regulate their output current/voltage value into a desirable value according to the
control algorithm. The model of a PWM buck-boost switching
converter is shown in Fig. 2. The input voltage, input current,
output voltage, and output current of the converter are denoted
by Vin , Iin , Vout , and Iout , respectively. We use Pconv to
denote the power loss of the converter, which includes the
conduction loss, the switching loss and the controller loss [17],
and we have:
(9)

Therefore, the power loss of the charger between the battery
and the supercapacitor in Fig. 1 satisfies
Pconv,in (t) = Vbat (t) · Ibat (t) − Vcap (t) · Icap,in (t).

where D = 1 − Vin /Vout and ∆I = Vin · D/(Lf · fs ) in this
case.

(7)

where Isd (t) is the self-discharge current, Ccap is the supercapacitor capacitance and τ is the self-discharge time constant.
The supercapacitor stored charge is calculated by

Pconv = Vin · Iin − Vout · Iout .

Iout 2
) ·
(13)
1−D
(RL + D · Rsw3 + (1 − D)Rsw4 + Rsw1 + D(1 − D)RC )
(∆I)2
+
(RL + D · Rsw3 + (1 − D)(Rsw4 + RC ) + Rsw1 )
12
+ Vout · fs (Qsw3 + Qsw4 ) + Vin · Icontroller ,
Pconv = (

The PWM buck-boost switching converter model.

(10)

And the power loss of the converter between the supercapacitor
and the processing unit in Fig. 1 satisfies
Pconv,out (t) = Vcap (t) · Icap,out (t) − Vload (t) · Iload (t). (11)
Based on the relation between Vin and Vout , the converter
has two possible working modes: the buck mode (Vin > Vout )
and otherwise the boost mode. In the buck mode, the converter
power loss Pconv is given by
2
Pconv = Iout
(RL + D · Rsw1 + (1 − D)Rsw2 + Rsw4 )
(∆I)2
+
(RL + D · Rsw1 + (1 − D)Rsw2 + Rsw4 + RC )
12
+ Vin · fs (Qsw1 + Qsw2 ) + Vin · Icontroller ,
(12)

We consider the operation of the portable embedded system
from the time when the battery is fully charged till the time
when it is fully depleted. The processing unit executes a set
of N periodic tasks {T1 , T2 , ..., TN } with a common period
of Tperiod . The time requirements to execute each instance of
tasks T1 , T2 , ..., TN are denoted by T1 , T2 , ..., TN , respectively,
satisfying T1 + T2 + ... + TN < Tperiod . The processing unit
needs to execute an instance of each task in each time period.
The supply voltage of the processing unit, i.e., Vload , is a fixed
value, whereas the current of the processing unit, i.e., Iload ,
is equal to Iload,act when it is executing a task and Iload,idle
when it is idle.
IV.

J OINT C ONTROL AND O PTIMIZATION A LGORITHM

In this work, we aim at maximizing the system service
time. More specifically, at the beginning of the system operation, the battery is fully charged whereas the supercapacitor
has zero (or low) charge. During the system operation, the
processing unit executes periodic tasks as described in Section
III-D, and no task dropping is allowed. We aim at maximizing
the total number of finished task instances before the battery is
depleted, which is equivalent to maximizing the system service
time.
A. Motivations
We propose joint control and optimization of charging/discharging of the hybrid power supply with task scheduling in the embedded system based on the following two
motivations:
Motivation I: The battery suffers from rate capacity effect
as discussed in Section III-A, which specifies that the energy
loss in the battery is a super-linear function of the battery’s
discharging current. The energy loss due to rate capacity effect
will be minimized if the battery discharging current is nearly
constant. As an example, the energy or charge loss in a battery
with discharge current profile in Fig. 3(a) is higher than that in
Fig. 3(b), although the average discharge current is the same.
Motivation II: The conversion efficiency of charger/power
converter is not a constant value, but a variable depending

Fig. 3.

An illustration of Motivation I.

on its input and output voltages and currents. In general, the
power conversion efficiency will be maximized if its input
and output voltages are close to each other. This leads to
the motivation that a most desirable supercapacitor voltage
Vcap,opt exists, which results in the highest energy transfer
efficiency or equivalently, the minimum energy loss in the
battery in each task scheduling period.
Based on Motivation I, we are going to set the battery
discharging current nearly constant. As a result, the system
will operate in two modes. In Mode I, the processing unit is
executing a task. In this case the supercapacitor mainly provides energy for the processing unit and we have Icap,in (t) <
Icap,out (t). In Mode II, the processing unit is idle and requires
little amount of power. In this case the battery will charge
the supercapacitor and we have Icap,in (t) > Icap,out (t). The
battery discharging currents in these two modes will be nearly
the same.
Next we will discuss how to derive the most desirable
supercapacitor voltage Vcap,opt . We assume that the supercapacitor voltage Vcap is constant (in order to derive Vcap,opt .)
PN
We know that the processing unit will be busy for i=1 Ti
amount ofPtime in each period and will be idle for T0 =
N
Tperiod − i=1 Ti amount of time. Since the supercapacitor
voltage is Vcap , we can calculate the supercapacitor discharging currents when the processing unit is busy and idle, denoted
by Icap,out,act and Icap,out,idle , respectively, based on the
power converter model provided in Section III-C. Then we can
estimate the (constant) supercapacitor charging current Icap,in
using the following energy balancing equation:
Vcap · Icap,in · Tperiod =
(14)
N
X
Vcap · (Icap,out,act ·
Ti + Icap,out,idle · T0 )+
i=1

Vcap · Isd · Tperiod ,
when the supercapacitor self-discharge is taken into account.
After that we can derive the required battery discharging
current Ibat based on the power converter model. Based
on the above-mentioned calculation framework (i.e., from
given Vcap to derive the required Ibat ), we use the ternary
search algorithm to find the optimal supercapacitor voltage
Vcap,opt that minimizes Ibat . The ternary search algorithm is
an extension of the well-known binary search algorithm. The
underlying assumption of the ternary search algorithm is that
the battery discharging current Ibat is a quasi-convex function
of supercapacitor voltage Vcap .
B. Joint Optimization Algorithm of Power Supply Control and
Task Scheduling
The proposed joint optimization algorithm of power supply
control and task scheduling is performed at the beginning

of each time period, i.e., 0, Tperiod , 2Tperiod , 3Tperiod , ...
The proposed algorithm is based on the feedback control
technique (e.g., PID control), which could provide certain level
of tolerance to control and model inaccuracies, to effectively
control the supercapacitor voltage. We need to achieve the
following two goals: (i) keep the battery discharging current
nearly constant and (ii) keep the supercapacitor voltage near
or above the most desirable value Vcap,opt . In the feedback
control method, we also take into account the following two
effects: (i) the optimal supercapacitor voltage Vcap,opt also
OC
evolves, although slowly, due to the slow degradation of Vbat
2
during battery discharging , and (ii) the supercapacitor voltage
is typically low at the beginning of system operation (because
of its high self-discharge rate) and then we need to gradually
increase the supercapacitor voltage towards the optimal value
Vcap,opt (maybe through multiple periods.)
At the beginning of each time period (suppose it is time
j · Tperiod for 1 ≤ j ≤ N ), the current supercapacitor voltage
level is given by Vcap (j · Tperiod ) while the battery OCV is
OC
Vbat
(j · Tperiod ). Then we execute the following three steps
to perform joint control and optimization of the hybrid power
supply and task scheduling in this time period:
Step I: Derive and update the optimal supercapacitor
voltage Vcap,opt (j · Tperiod ) based on the current battery OCV
OC
Vbat
(j ·Tperiod ), and set Vcap,opt (j ·Tperiod ) as the new target
value.
Step II: Schedule the set of tasks such that the supercapacitor terminal voltage can maintain nearly constant during
the time period. More specifically, we need to interleave task
execution and idle times as shown in Fig. 4.
Step III: With the given task scheduling from Step II, we
derive the battery discharging current value during the time
period, so that the supercapacitor terminal voltage will get
closer to the target value Vcap,opt (j · Tperiod ) at the end of
this time period based on the feedback control policy.
The procedure of Step I has already been described in
Section IV.A, hence we elaborate Step II and Step III as
follows:
Step II (task scheduling): In this step, we have the target
supercapacitor voltage Vcap,opt (j · Tperiod ) derived from Step
I. We assume that the supercapacitor voltage is Vcap,opt (j ·
Tperiod ) and is a constant value in the time period to derive
the task scheduling. The assumption that the supercapacitor
voltage is a constant value 3 can effectively decouple the task
scheduling problem with the derivation of battery discharge
current Ibat . As shown in Fig. 4, the best way to schedule
all tasks in a time period while maintaining the supercapacitor
voltage nearly constant is to interleave the task execution and
idle times of each task. More specifically, we execute T1 at
the beginning of the time period, and then wait until the
supercapacitor voltage returns to Vcap,opt . We subsequently
execute T2 and wait, and go on this procedure until all task
instances in the current time period have been executed. The
ratio of task instance execution time of a task Ti (1 ≤ i ≤ N )
2 Note that the battery OCV is a monotonically increasing function of its
SoC.
3 Please note that this assumption is often valid because the supercapacitor
voltage is around Vcap,opt (j · Tperiod ) when the system operation is stable.

Fig. 4. An example showing the supercapacitor voltage control during system
operation.

to the subsequent idle time is calculated by:
PN
i=1 Ti
.
PN
Tperiod − i=1 Ti

(15)

Of course, this procedure is based on the ideal assumption
that the supercapacitor voltage is Vcap,opt (j · Tperiod ) and has
negligible change during task execution and idle times, which
is not necessarily precise at the beginning of system operation
and will inevitably result in control inaccuracy. This inaccuracy
issue is effectively mitigated in Step III using the feedback
control mechanism.
Step III (feedback control): In this step we have the task
execution scheduling derived from Step II, and we are not
going to change the task scheduling in this step. On the other
hand, we are going to derive the battery discharging current
Ibat during this time period, such that the supercapacitor
terminal voltage will get closer to the target value Vcap,opt (j ·
Tperiod ) at the end of this time period using the feedback
control policy. More specifically, the supercapacitor voltage
should reach (1 − δ) · Vcap (j · Tperiod ) + δ · Vcap,opt (j · Tperiod )
at the end of this time period, where δ is a parameter specifying
the speed to control the supercapacitor voltage.
We use the binary search method to find the appropriate
Ibat value in this time period. There are two ways to implement
the binary search algorithm. The first way uses Vcap (j·Tperiod )
OC
and Vbat
(j · Tperiod ) as the approximations of the supercapacitor terminal voltage and battery OCV, respectively. There
is inevitable modeling inaccuracy by using constant values
to approximate these two voltages. However, such modeling
inaccuracy could be effectively mitigated by the feedback control framework because of its inaccuracy tolerance capability.
On the other hand, the second way accounts for changes in
supercapacitor terminal voltage and battery OCV by dividing
the whole time period into a number of fine-grained time slots
and calculating the supercapacitor terminal voltage and battery
OCV at the beginning of each time slot. The second way will
result in a more accurate calculation of the Ibat value. Details
of approaches are omitted due to space limitations.
Recall that as described in the beginning of Section IVB, the proposed joint optimization algorithm needs to achieve
two goals. The goal that the supercapacitor voltage is kept
near the most desirable value is achieved by Step I (deriving
the most desirable value) and Step III (using feedback control
to maintain the voltage near the most desirable value.) Subsequently, the battery discharging current is nearly constant

because (i) we keep the discharging current constant in each
time period and (ii) the battery discharging current will not
change significantly among various time periods since the
supercapacitor voltage is kept near the most desirable value.
An example of joint control of hybrid energy supply and
task scheduling is shown in Fig. 4. We show the system
operation over multiple time periods. One can observe that the
supercapacitor terminal voltage is initially low, and gradually
increases thanks to the feedback control mechanism. We also
see the task scheduling and supercapacitor terminal voltage
change within a specific time period. We can see that although
the supercapacitor terminal voltage drops during task execution
and increases during idle time, the change is insignificant
because task executions are interleaved and both the execution
time of a task instance and the subsequent idle time are small
compared to a time period or the total service time.
V.

E XPERIMENTAL R ESULTS

In this section we provide experimental results on the joint
optimization framework of task scheduling and power supply
control of the portable embedded system. For battery modeling, we obtain characteristics of Li-ion battery by performing
measurement on a GP1051L35 Li-ion battery with 350 mAh
nominal capacity [18], and extract parameters for the battery
model described in Section III-A. We adopt a 5 F supercapacitor in the system, which is the typical size for embedded
system applications. We apply Linear Technology LTM4607
converter as the converter and charger in the embedded system.
We extract the parameters required in the converter model
Eqns. (12) and (13) from the datasheet [19]. The supply voltage
level of the embedded processing unit is 1.0 V. The static
current of the processing unit Iload,idle is 0.2 A, and we are
going to change the active current Iload,act when executing
tasks in the experiments. We use one minute (60 seconds) as
the time period for task scheduling.
We compare the performance of the proposed joint optimization framework with two baseline systems. The first
baseline system only uses battery for power supply, without
incorporating the supercapacitor. In this system the battery is
connected to the embedded processing unit through a power
converter. The second baseline system employs the same
battery-supercapacitor hybrid system for power supply as the
proposed system and same configurations. However, the second baseline system does not derive the optimal supercapacitor
voltage and perform feedback control accordingly. Instead, it
simply keeps the supercapacitor voltage as its initial value.
In the first experiment, we consider a set of 6 tasks with
execution times (of each task instance) of 1 s, 1 s, 1.5 s, 1.5 s, 2
s, and 3 s, respectively. Fig. 5 illustrates the comparison results
on the total service time (in minutes) between the proposed
system and the two baseline systems. The X-axis of Fig. 5 is
different active current values Iload,act ’s of the processing unit,
while the Y-axis is the total service time. One could observe
that the proposed joint optimization framework consistently
outperforms the two baseline systems, with the maximum improvements in total service time of 57% and 36%, respectively,
when comparing with baseline 1 and baseline 2. Moreover, it
can be observed that the improvement is more significant with
higher Iload,act values. This is because the more significant
rate capacity effect degrades the performance of the baseline

and executing periodic real-time tasks. We perform system
power management from both the power supply side and
the power consumption side to maximize the system service
time. Specifically, we use feedback control for maintaining
the supercapacitor energy at a certain level by regulating the
discharging current of the battery, such that the supercapacitor
has the capability to buffer the load current fluctuation. At the
power consumption side, we perform task scheduling to assist
supercapacitor energy maintenance.
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