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Abstract— The limited lifetime of the Electrical Energy 

Storage system (EES) & the unstableness of the Energy 

Harvesting (EH) system can be overcome by combining these 

two together to an energy harvesting embedded system and 

making them work cooperatively. In this system external 

energy is harvested to power the embedded systems. If 

harvested energy is enough to carry workload, extra power 

will be stored in electrical storage bank. Amount of energy 

storage is affected by various factors such as workload 

characteristics, efficiency of the energy harvesting module, 

the input/output voltage of the DC-DC converters & EES 

elements status. Aim is to store maximum energy in EES 

banks. This paper investigates how the storage efficiency of 

EES bank is affected by the workload scheduling of the 

embedded system. A DC-DC converter power consumption 

model is introduced and based on this model our analysis 

proves that in workload scheduling execution of high power 

task should be prioritized. Experimental results confirm that 

proposed scheduling strategy outperforms all other possible 

scheduling and increases the amount of stored energy by up 

to 10.41% in average. 
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I. INTRODUCTION 

From the perspective of energy harvesting optimization, to 

generate more power the operating conditions of the 

harvesting modules should be selected carefully. For 

example, in [8] various maximum power point tracking 

(MPPT) methods are proposed which dynamically adjust the 

output current to match the output impedance to draw 

maximum amount of power from a photovoltaic (PV) array. 

In a work [9], a technique to improve the PV cells’ efficiency 

under partial shading conditions have been proposed. 

One of the important components in the system is 

DC-DC converters and their energy efficiency has been 

focused in the recent works. In [10], an analytic power model 

was proposed for DC-DC converters. Based on this model it 

was concluded that the overall energy consumption of the 

converter and the embedded application is a convex function 

of the supply voltage of the processor. 

Hence by minimizing a convex function the solution 

of the optimal operating voltage can be found. 

The power efficiency of the DC-DC converter is 

also important to the energy transfer between different 

components in the system. For example, to reduce the power 

wasted on DC-DC converters, authors of [3][11][12] tried to 

adjust the voltage of charge transfer interconnect (CTI) and 

active EES banks. To match the input and output voltage of 

DC-DC converter in order to reduce the power consumption 

of the DC-DC converter, [4] proposed to reconfigure the 

serial and parallel connection of the EES bank. 

In this work, we examine the marked effect of task 

scheduling on the efficiency of an energy harvesting 

embedded system. Mainly, we consider the framework where 

the harvested energy is in large amount and more than enough 

to power the embedded system and the extra power is stored 

into the EES bank. The amount of power stored into the EES 

bank if directly affected the power consumed by the 

embedded system. 

The terminal voltage of the EES modules (e.g. super 

capacitors), increases monotonically with respect to the 

amount of energy stored in it. Energy storage rate will be 

different for different input power and hence causes different 

terminal voltage. The efficiency of the DC-DC converter is 

affected by this phenomenon because it matches the voltages 

between the EES and other components in the system. Thus, 

all the input energy cannot be stored in the EES and affects 

the efficiency of the EES charging process. Our aim is to find 

the optimal embedded workload scheduling so that maximum 

energy is stored into the EES bank. 

To develop the scheduling algorithm, first we 

present a simplified and accurate approximated power 

consumption model of a DC-DC converter. Then we consider 

the most basic scheduling problem with only two tasks, 

whose execution time is short and equal, and have different 

power consumptions considering the framework of fixed 

energy harvesting rate. In this special scenario, by using the 

approximated model we analyzed that, executing the high 

power task first will lead to store more energy in EES. The 

technical contributions of this work are as follows: 

1) There are many publications on battery aware task 

scheduling, most of the publications [13] consider the 

non-linear property of battery when the battery is in 

discharging mode. This work is the first work which 

increases charging efficiency of EES by optimizing the 

task scheduling. 

2) Some of the works on optimizing the EES charging 

efficiency ignores the effect of DC-DC converters ([6] 

and[7]) while some of them[10]minimize the energy 

waste on DC-DC converters using dynamic voltage 

selection with an assumption of fixed task scheduling. 

This is the first work which considers the DC-DC 

converters while investigating the impact of task 

scheduling on the energy efficiency. 

3) Our scheduling algorithm sorts the tasks on the basis of 

their power consumption and hence, it has very low 

complexity. 
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II. SYSTEM MODEL 

A. Energy Harvesting Embedded System 

 
Fig. 1: Energy Harvesting Embedded System Architecture 

The energy harvesting embedded system considered in this 

paper is shown in Figure 1. The system consists of the 

following components: 

1) Energy Harvesting Module (EHM) 

2) Electrical Energy Storage banks (EES) 

3) Energy Dissipation Module (EDM) 

4) Charge Transfer Interface (CTI) 

5) DC-DC Converters or Energy Conversion Module 

(ECM) 

Energy Harvesting Module, Electrical Energy 

Storage Banks, and the embedded system, i.e. the energy 

dissipation module are connected together through Charge 

Transfer Interface and DC-DC converters. These DC-DC 

converters are referred as Energy Conversion Module 

(ECM). The DC-DC converters connected to Energy 

Harvesting Module (EHM), Energy Dissipation Module 

(EDM) and Electrical Energy Storage (EES) banks are 

referred as ECMEH, ECMED and ECMES respectively. 

ECMES is divided into two units called A ECMES charge 

and ECMES discharge, which is related to the EES charge 

and discharge process. 

EHM harvests environmental energy and the energy 

is distributed to other components. When the harvested power 

is more than enough to power the embedded system 

workload, the extra energy is stored in the EES bank to be 

used in future. 

We assume that only one EES bank is turned on at 

any time to accept the extra power in order to minimize the 

power wasted on the DC-DC converter. When the difference 

between the DC-DC converter’s input and output voltage 

increases its efficiency increases [4]. As the voltage of 

harvested energy is greater than the embedded system 

operating voltage. Hence we are going to consider buck 

converter. 

B. The Dc-Dc Converter Power Model under Buck Mode 

 
Fig. 2: DC-DC Converter 

For voltage and current regulation DC-DC 

converters are placed between charge transfer interconnect 

and different components of the system. We consider in this 

paper that the converter is a buck-boost converter. The DC-

DC converter operates in buck mode when the input voltage 

is greater than the output voltage and it operates in boost 

mode if the output voltage is greater than input voltage. We 

are going to focus on the situation where the converter 

operates in buck mode. 

The power components under buck mode is expresses as: 

𝑃𝑐𝑑𝑐𝑡  =  𝐼𝑜𝑢𝑡
2 . (𝑅𝐿 + 𝐷. 𝑅𝑠𝑤1 + (1 − 𝐷). 𝑅𝑠𝑤2) +

(∆𝐼)2

12
. (𝑅𝐿

+ 𝐷. 𝑅𝑠𝑤1 + (1 − 𝐷). 𝑅𝑠𝑤2 + 𝑅𝑐) 

𝑃𝑠𝑤 =  𝑉𝑖𝑛 . 𝑓𝑠.(𝑄𝑠𝑤1 + 𝑄𝑠𝑤2) 

𝑃𝑐𝑡𝑟𝑙 = 𝑉𝑖𝑛 . 𝐼𝑐𝑡𝑟𝑙  
Where, Duty ratio, D = Vout/Vin and 

Maximum current ripple ∆I =  
𝑉𝑜𝑢𝑡.(1−𝐷)

𝐿𝑓.𝑓𝑠
 . 

fs is the switching frequency, Ictrl current flowing 

into the circuit. RL is the equivalent resistance of inductor L 

and RC is of capacitor C. The sum of  𝑃𝑐𝑑𝑐𝑡  ,𝑃𝑠𝑤  𝑎𝑛𝑑 𝑃𝑐𝑡𝑟𝑙 is 

the power consumption on the DC-Dc converter. 

Pcdt if further divided into two parts Pcdct1 and Pcdct2. 

𝑃𝑐𝑑𝑐𝑡1 =  𝐼𝑜𝑢𝑡
2  . (𝑅𝐿 + 𝐷. 𝑅𝑠𝑤1 + (1 − 𝐷). 𝑅𝑠𝑤2 

𝑃𝑐𝑑𝑐𝑡1 =  
(∆𝐼)2

12
. 𝐼𝑜𝑢𝑡

2  . (𝑅𝐿 + 𝐷. 𝑅𝑠𝑤1 + (1 − 𝐷). 𝑅𝑠𝑤2 + 𝑅𝑐) 

As Rsw1 and Rsw2 have approximately equal values, equations 

for Pcdt1 and Pcdt2 can be simplified as follows: 

𝑃𝑐𝑑𝑐𝑡1 =  𝐼𝑜𝑢𝑡
2  . (𝑅𝐿 + 𝑅𝑠𝑤2) 

𝑃𝑐𝑑𝑐𝑡1 =  
(∆𝐼)2

12
. (𝑅𝐿 + 𝑅𝑠𝑤1 + 𝑅𝑐) 

C. Problem Definition 

Our scheduling problem is defined as follows. Given an 

energy harvesting embedded system, which is used to process 

n periodic tasks N1, N2, N3….. Nn with the durations T1, 

T2,T3…..  Tn respectively. These tasks are available at the 

beginning of the new period. The processor works in single 

task mode and the tasks are independent and non-preemptive. 

The power consumption of any task for example Ni is denoted 

as Pi. The power consumption of the task is assumed to be 

fixed during processing, as we don’t consider dynamic and 

frequency scaling of embedded system. Here we assume that 

power consumption of EDM is lower than the energy 

harvesting rate, hence the EES bank will work in charge 

mode. Our aim is to find ideal scheduling of tasks such that 

after completion of all the tasks maximum energy is stored 

into the EES bank. 

III. TASK SCHEDULING FOR EFFICIENT EES CHARGING 

We are going to consider different charging characteristics of 

the EES bank, and they are referred as charging phases of the 

EES bank. The identification of charging phase totally 

depends on the task execution for the given harvesting rate. 

For a given set of tasks and an energy harvesting rate. Task 

executed with higher power consumption is similar to charge 

the EES bank with lower power and vice versa. Thus, the task 

scheduling is also referred as charge phase scheduling. Here, 

the term Highest Power Workload First (HPWF) is given to 

the scheme where the workload with higher power 

consumption is executed first and the term Lowest Power 
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Workload First (LPWF) is given to the scheme where the 

workload with lowest power consumption is executed first. 

And we also use the term Highest Power Charge First (HPCF) 

and Lowes Power Charge First (LPCF) to the scheduling 

scheme where a sequence of EES charging phase is generated 

whose input power follows descending and ascending order 

respectively. LPWF is equivalent to HPCF and HPWF is 

equivalent to LPCF when the harvesting rate is fixed. In this 

section we are going to discuss how LPCF is superior to 

HPCF. To prove this, we assume that there are two charging 

phases with equal and short duration. Then further we 

consider multiple charging phases that are of equally short 

duration. Finally we generalize the conclusion with multiple 

charging phases with different durations. With the help of the 

results we finally conclude that that HPWF is superior to 

LPWF. 

A. Scheduling of Two Charging Phases with Very Short 

Duration 

Let Ƭ1 and Ƭ2 be the extremely short charging phases with 

duration ∆t→0, and there charging power is defined as 

Plo<Phi. The initial energy and voltage of the bank is denoted 

as (E0,V0). With the scheme LPCF, in the first phase the bank 

is charged with Plo and then in second phase it is charged with 

Phi. At the end of phase 1 and phase 2 the stored energy and 

voltage of the bank are denoted as (E1
LPCF, V1

LPCF) and 

(E2
LPCF, V2

LPCF) respectively. Likewise, with the scheme 

HPCF, in the first phase the bank is charged with P1 and then 

in second phase it is charged with P2.. At the end of phase 1 

and phase 2 the bank energy and voltage of the bank are 

denoted as (E1
HPCF, V1

HPCF) and (E2
HPCF, V2

HPCF) respectively. 

1) Theorem 1 

From both the situations we conclude that, with the two 

charging phases of same durations which is approximately 

equal to 0, more energy is stored at the end of phase 2 by 

using LPCF scheme than the HPCF scheme, i.e.  E2
LPCF > 

E2
HPCF. 

B. Scheduling of Multiple Charging Phases with Equally 

Short Durations 

Here, scheduling problem for multiple charging phases with 

extremely short duration is considered. Ƭ1, Ƭ2, ….Ƭn are the 

n number of tasks with duration ∆t→0. 

1) Theorem 2 

For n charging phases Ƭ1, Ƭ2, ….Ƭn with extremely short 

duration ∆t→0, the amount of energy stored in EES bank is 

maximized if the tasks are scheduled in ascending order of 

their power. 

2) Proof 

This theorem will be proved by using induction and 

contradiction. From theorem 1 the statement is true if n=2. 

Assume for any i charging phases LPCF scheme is the 

optimal scheduling scheme as long as i<=N, we ware going 

to prove that for N=1 charging phases LPCF scheme is the 

best. 

Let, for the N=1 charging phases the energy optimal 

scheduling is Sopt={ Ƭ1, Ƭ2, ….ƬN=1}, and the power is not 

arranged in ascending order. Thus, there are 2 tasks (i.e. Ƭi, 

Ƭi=1,) whose powers are related as Pi>Pi+1. Then by switching 

phases Ƭi and Ƭi=1 we construct a new scheduling and get S’={ 

Ƭ1,…, Ƭi+1, Ƭi,… ƬN+1}. Note that the energy stored by both 

Sopt and S’ are same after charging phase  Ƭi-1 as the first i-1 

charging phases are same for the both. Schedule { Ƭi, Ƭi+1} is 

worse than schedule{ Ƭi+1, Ƭi } for the next two charging 

phases because Pi+1<Pi. Therefore, schedule S’ stores more 

energy than the schedule Sopt at the end of (i+1)th charging 

phase. Because for both the schedules N-i-1 charging phases 

are same, at the end of all charging phases S’ stores more 

energy than Sopt. Thus the assumption that Sopt is the optimal 

scheduling fails. Therefore, the optimal Scheduling for N+1 

charging phases is still the LPCF scheme. 

From the above discussion, we conclude that LPCF 

scheme is the most energy efficient scheme for arbitrary 

number of very short charging phases. 

C. Task Scheduling To Improve Charging Efficiency 

Task scheduling and charging phase scheduling have direct 

correspondence when the energy harvesting rate is fixed. As 

HPWF leads to LPCF, HPWF is the optimal task scheduling, 

which has been proved in the previous section. In this section, 

we will show even is the harvesting rate is time varying 

HPWF is the optimal scheduling scheme. 

We consider that the harvesting power is 

monotonically increasing. Then, a sequence of charging 

phases with monotonically increasing input power is 

produced by the highest power workload first (HPWF) 

scheduling. Hence it is same as that of LPCF, which is proved 

to be optimal. 

We will show that even if the harvesting rate is 

monotonically decreasing HPWF scheduling is still the 

optimal scheduling. We first consider two tasks thi and tlo with 

very short duration Ƭ→0 and power consumption denoted by 

Rhi and Rlo respectively. Q1 and Q2 are the harvesting power 

during time period [0,Ƭ] and [Ƭ,Ƭ2] respectively. We assume 

that power harvested is enough to power one of the two tasks 

i.e. min(Q1,Q2)>max(Rhi,Rlo). We will consider the case 

where the harvesting energy is decreasing, i.e. Q1>Q2. 

We have two possible cases based on the relation 

between Rhi, Rlo  and Q1,Q2. 

1) Case1: Q1 -Rhi > Q2- Rlo, Q1- Rlo > Q2- Rhi 

2) Case2: Q1 -Rhi < Q2- Rlo, Q1- Rlo > Q2- Rhi 

Here, P1= Q1 - Rhi, P2= Q2 - Rlo and P1’= Q1 - Rlo, 

P2’= Q2 - Rhi. We are charging the EES with input power P1 

during the period [0, Ƭ] and input power P2 during the 

period[Ƭ,2Ƭ] if we execute task thi during period [0, Ƭ] and 

task tlo during the period [Ƭ,2Ƭ]. On the other hand we are 

charging th EES with P1’ for duration [0, Ƭ] and P2’ for 

duration [Ƭ,2Ƭ] if we execute tlo followed by thi. P1+ P2 =  P1’+ 

P2’ = P. 

First we will prove that charging EES with(P1 ,P2) is 

better than charging with (P1’,P2’) i.e. HPWF is better than 

LPWF. 

The final energy stored in EES bank using HPWF can be 

calculated as: 

E2 = E0 +
√∆(P1, V0) − Vin

2

2a
∆t + 

√∆(P2,V1  ) − Vin
2

2a
∆t 

We will find the derivative dE1’/dP1. Based on the 

definition of ∆(P1,V0) and P2 = P - P1 and E0,Vin does not 

depend on P1 the derivative is: 
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dE1
′

dP1

=
1

√∆(P1,V0)
 ∆t −

1 +
γ

CV0  √∆(P1,V0)

√∆(P2,V0)

 ∆t 

We, have  √∆(P1,V0) > √∆(P2,V1) based on the definition 

√∆(P1,V0).  Because P1 > P2. We also have 1 +

γ

CV0  √∆(P1,V0)

> 1, as γ > 0. When P1>P2, we have 
dE1

′

dP1
< 0.  

This means if P1>P2, E1’ is a decreasing function 

against P1. Charging with (P1,P2) is better than (P1’, P2’ ) 

because P1’> P1. Hence, in case 1 HPWF is better. 

For case 2, we know that charging with (P1, P2) is 

better than (P2, P1 ), as (P1, P2 ) is LPCF. Then according to 

the discussion in case 1, we can say that (P2, P1) is better than 

(P1’, P2’ ), because P2 < P1. Hence, HPWF is better in case 2 

also. 

We have proved that under monotonically 

decreasing harvesting power HPWF scheduling is the optimal 

for two tasks with very short durations. This result is true for 

any number of tasks. 

As for both scenarios either monotonically 

increasing or decreasing energy harvesting rate HPWF is the 

optimal scheduling policy, we can conclude that HPWF 

scheduling scheme could always store the maximum energy 

in EES bank, no matter how the harvesting energy rate 

changes. 
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