
Albert-Ludwigs-Universität Freiburg
Institut für Informatik
Rechnernetze und Telematik
Prof. Dr. Christian Schindelhauer

Algorithmen für 
drahtlose Netzwerke
Drahtlose Sensornetze: Energy Harvesting



Algorithmen für Drahtlose Netzwerke
Prof. Dr. Christian Schindelhauer

Rechnernetze und Telematik
Albert-Ludwigs-Universität Freiburg

Literatur Energy Harvesting

‣ Kansal, Hsu, Zahedi, Srivastava
• Power management in energy harvesting sensor 

networks. ACM Trans. Embed. Comput. Syst. 6, 4, Sep. 
2007

2



Algorithmen für Drahtlose Netzwerke
Prof. Dr. Christian Schindelhauer

Rechnernetze und Telematik
Albert-Ludwigs-Universität Freiburg

Motivation

‣ Energy harvesting 
• kann WSNs von Batterien befreien
• potentiell unendliche Laufzeit
• Arbeitsrate kann reduziert werden

‣ Beispiel
• Solarenergie nur bei Tageslicht verfügbar

‣ Energiekonzept 
• für gesamten Zeitraum notwendig
• regelt Zusammenspiel aus Schlafphase, Datenrate und 

Kurzzeit-Energie-Speicher
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Harvesting Paradigma

‣ Typische Zielssetzung in Batterie-WSNs
• Minimiere Energieverbrauch
• Maximiere  Lebensdauer

‣ ZieIsetzung Harvesting-WSNs
• Kontinuierlicher Betrieb

- d.h. unendliche Lebensdauer
• genannt: Energie-neutraler Betrieb
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Mögliche Quellen

‣ Piezoelektrischer Effekt
• Mechanischer Druck wird in Spannung umgewandelt

‣ Thermoelektrischer Effekt
• Temperaturunterschied mit Leitern mit verschiedenen 

Wärmekoeffizient

‣ Kinetische Energie
• z.B. Armbanduhren

‣ Mikrowindturbinen
‣ Antennen
‣ Chemische Quellen, ...
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Unterschiede zur Batterie

‣ Zeitabhängig
• Betriebsform muss mit der Zeit angepasst werden
• Mitunter nicht vorhersagbar

‣ Raumabhängig
• Verschiedene Knoten bekommen unterschiedliche 

Energie
- Lastbalancierung notwendig

‣ Versorgung bricht nicht ab
‣ Effizienzgedanken

• Ausnutzung der Energie für maximale Performanz
• Unnötiges Energiesparen ergibt Opportunitätskosten

6



Algorithmen für Drahtlose Netzwerke
Prof. Dr. Christian Schindelhauer

Rechnernetze und Telematik
Albert-Ludwigs-Universität Freiburg

Ansätze ohne Power-
Management

‣ Ohne Energiepuffer
• Harvesting-Hardware muss bei minimaler Energie-

abgabe die maximal notwendige Energie erzeugen
• Nur in speziellen Situationen möglich

- z.B. Lichtschalter,

‣ Mit Energiepuffer
• Power Management System notwendig
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Power Management System

‣ Ziel:
• Bereitstellung der notwendigen Energie aus externer 

Energiequelle und Energiepuffer
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Energiequellen

‣ Unkontrolliert und vorhersagbar
• z.B. Tageslicht

‣ Unkontrolliert und unverhersagbar
• z.B. Wind

‣ Kontrollierbar
• Energie wird erzeugt, wenn notwendig
• z.B. Lichtschalter, Dynamo am Fahrrad

‣ Teilweise kontrollierbar
• Energie ist nicht immer verfügbar
• z.B. Funkquelle im Raum mit wechselnden Emfang
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Harvesting Theorie

‣ Ps(t): Energie aus der Quelle zum Zeitpunkt t
‣ Pc(t): Energiebedarf zum Zeitpunkt t
‣ Ohne Energiespeicher:

• Ps(t) ≥ Pc(t): Knoten arbeitet
‣ Idealer Energiespeicher

• Kontinuierlicher Betrieb, falls

• wobei B0 die Anfangsenergie im Speicher ist
• Energiespeicher hat keinen Verlust, speichert beliebig
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used by the load. There is no facility to store energy. For example, consider the device

in [Paradiso and Feldmeier 2001] which generates energy from the press of a button and

this energy is used to transmit a radio packet during the button press itself. A water-

powered flour-mill is another example: the mill operates while the water is flowing.

For such harvesting devices, the device can operate at all t when

Ps(t) ≥ Pc(t). (1)

Any energy received at times when Ps(t) < Pc(t) is wasted. Also, when Ps(t) ≥ Pc(t),
the energy Ps(t) − Pc(t) is wasted.

Harvesting system with ideal energy buffer. In many instances, the energy generation

profile may be very different from the consumption profile. To help support this sce-

nario, consider a device which has an ideal mechanism to store any energy that is har-

vested. The stored energy may be used at any time later. The ideal energy buffer is

defined to be a device that can store any amount of energy, does not have any ineffi-

ciency in charging and does not leak any energy over time. For this case the following

equation should be satisfied for all non-negative values of T :
∫ T

0
Pc(t)dt ≤

∫ T

0
Ps(t)dt + B0 ∀ T ∈ [0,∞) (2)

where B0 is the initial energy stored in the ideal energy buffer. Note that condition (1)

is sufficient to ensure condition (2) but not necessary.

Harvesting system with non-ideal energy buffer. The above two cases are extremes of

a spectrum and may not be typical. A more practical case is that of a harvesting system

which has a battery or an ultra-capacitor to store energy. Such an energy storage mecha-

nism is not ideal in the sense defined in the previous case: the energy capacity is limited,

the charging efficiency, η, is strictly less than 1 and some energy is lost through leakage.
The conditions arising due to energy conservation and buffer size limit are discussed

below. First define a rectifier function [x]+ as follows:

[x]+ =

{

x x ≥ 0
0 x < 0

Then, energy conservation leads to:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≥ 0 ∀T ∈ [0,∞)

(3)

where Pleak(t) is the leakage power for the energy buffer. This does not account for the
energy buffer size. The buffer size limit requires the following additional constraint to

be satisfied:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≤ B ∀T ∈ [0,∞)

(4)

where B is the size of the energy buffer. Note that while (3) is a sufficient and neces-

sary condition to be satisfied by all allowable Ps(t) and Pc(t), the condition (4) is only
sufficient but not necessary - some functions not satisfying this may be allowable. This

happens because excess energy not used or stored in the buffer can be dissipated as heat

from the system. In this case, the left hand side of (3) will be strictly greater than zero,
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Harvesting Theorie

‣ Ps(t): Energie aus der Quelle zum Zeitpunkt t
‣ Pc(t): Energiebedarf zum Zeitpunkt t
‣ Sei

‣ Nicht-Idealer Energiespeicher
• Kontinuierlicher Betrieb, falls

• B0 die Anfangsenergie im Speicher ist
• η: Energieeffizienz des Speichers
• Pleak(t): Energieverlust des Speichers
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used by the load. There is no facility to store energy. For example, consider the device

in [Paradiso and Feldmeier 2001] which generates energy from the press of a button and

this energy is used to transmit a radio packet during the button press itself. A water-

powered flour-mill is another example: the mill operates while the water is flowing.

For such harvesting devices, the device can operate at all t when

Ps(t) ≥ Pc(t). (1)

Any energy received at times when Ps(t) < Pc(t) is wasted. Also, when Ps(t) ≥ Pc(t),
the energy Ps(t) − Pc(t) is wasted.

Harvesting system with ideal energy buffer. In many instances, the energy generation

profile may be very different from the consumption profile. To help support this sce-

nario, consider a device which has an ideal mechanism to store any energy that is har-

vested. The stored energy may be used at any time later. The ideal energy buffer is

defined to be a device that can store any amount of energy, does not have any ineffi-

ciency in charging and does not leak any energy over time. For this case the following

equation should be satisfied for all non-negative values of T :
∫ T

0
Pc(t)dt ≤

∫ T

0
Ps(t)dt + B0 ∀ T ∈ [0,∞) (2)

where B0 is the initial energy stored in the ideal energy buffer. Note that condition (1)

is sufficient to ensure condition (2) but not necessary.

Harvesting system with non-ideal energy buffer. The above two cases are extremes of

a spectrum and may not be typical. A more practical case is that of a harvesting system

which has a battery or an ultra-capacitor to store energy. Such an energy storage mecha-

nism is not ideal in the sense defined in the previous case: the energy capacity is limited,

the charging efficiency, η, is strictly less than 1 and some energy is lost through leakage.
The conditions arising due to energy conservation and buffer size limit are discussed

below. First define a rectifier function [x]+ as follows:

[x]+ =

{

x x ≥ 0
0 x < 0

Then, energy conservation leads to:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≥ 0 ∀T ∈ [0,∞)

(3)

where Pleak(t) is the leakage power for the energy buffer. This does not account for the
energy buffer size. The buffer size limit requires the following additional constraint to

be satisfied:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≤ B ∀T ∈ [0,∞)

(4)

where B is the size of the energy buffer. Note that while (3) is a sufficient and neces-

sary condition to be satisfied by all allowable Ps(t) and Pc(t), the condition (4) is only
sufficient but not necessary - some functions not satisfying this may be allowable. This

happens because excess energy not used or stored in the buffer can be dissipated as heat

from the system. In this case, the left hand side of (3) will be strictly greater than zero,
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used by the load. There is no facility to store energy. For example, consider the device

in [Paradiso and Feldmeier 2001] which generates energy from the press of a button and

this energy is used to transmit a radio packet during the button press itself. A water-

powered flour-mill is another example: the mill operates while the water is flowing.

For such harvesting devices, the device can operate at all t when

Ps(t) ≥ Pc(t). (1)

Any energy received at times when Ps(t) < Pc(t) is wasted. Also, when Ps(t) ≥ Pc(t),
the energy Ps(t) − Pc(t) is wasted.

Harvesting system with ideal energy buffer. In many instances, the energy generation

profile may be very different from the consumption profile. To help support this sce-

nario, consider a device which has an ideal mechanism to store any energy that is har-

vested. The stored energy may be used at any time later. The ideal energy buffer is

defined to be a device that can store any amount of energy, does not have any ineffi-

ciency in charging and does not leak any energy over time. For this case the following

equation should be satisfied for all non-negative values of T :
∫ T

0
Pc(t)dt ≤

∫ T

0
Ps(t)dt + B0 ∀ T ∈ [0,∞) (2)

where B0 is the initial energy stored in the ideal energy buffer. Note that condition (1)

is sufficient to ensure condition (2) but not necessary.

Harvesting system with non-ideal energy buffer. The above two cases are extremes of

a spectrum and may not be typical. A more practical case is that of a harvesting system

which has a battery or an ultra-capacitor to store energy. Such an energy storage mecha-

nism is not ideal in the sense defined in the previous case: the energy capacity is limited,

the charging efficiency, η, is strictly less than 1 and some energy is lost through leakage.
The conditions arising due to energy conservation and buffer size limit are discussed

below. First define a rectifier function [x]+ as follows:

[x]+ =

{

x x ≥ 0
0 x < 0

Then, energy conservation leads to:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≥ 0 ∀T ∈ [0,∞)

(3)

where Pleak(t) is the leakage power for the energy buffer. This does not account for the
energy buffer size. The buffer size limit requires the following additional constraint to

be satisfied:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≤ B ∀T ∈ [0,∞)

(4)

where B is the size of the energy buffer. Note that while (3) is a sufficient and neces-

sary condition to be satisfied by all allowable Ps(t) and Pc(t), the condition (4) is only
sufficient but not necessary - some functions not satisfying this may be allowable. This

happens because excess energy not used or stored in the buffer can be dissipated as heat

from the system. In this case, the left hand side of (3) will be strictly greater than zero,
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Harvesting Theorie
‣ Ps(t): Energie aus der Quelle zum Zeitpunkt t
‣ Pc(t): Energiebedarf zum Zeitpunkt t
‣ Sei

‣ Nicht-Idealer Energiespeicher mit beschränkter Aufnahme B
• Kontinuierlicher Betrieb, falls

• B0 die Anfangsenergie im Speicher ist
• η: Energieeffizienz des Speichers
• Pleak(t): Energieverlust des Speichers
• zusätzlich:
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used by the load. There is no facility to store energy. For example, consider the device

in [Paradiso and Feldmeier 2001] which generates energy from the press of a button and

this energy is used to transmit a radio packet during the button press itself. A water-

powered flour-mill is another example: the mill operates while the water is flowing.

For such harvesting devices, the device can operate at all t when

Ps(t) ≥ Pc(t). (1)

Any energy received at times when Ps(t) < Pc(t) is wasted. Also, when Ps(t) ≥ Pc(t),
the energy Ps(t) − Pc(t) is wasted.

Harvesting system with ideal energy buffer. In many instances, the energy generation

profile may be very different from the consumption profile. To help support this sce-

nario, consider a device which has an ideal mechanism to store any energy that is har-

vested. The stored energy may be used at any time later. The ideal energy buffer is

defined to be a device that can store any amount of energy, does not have any ineffi-

ciency in charging and does not leak any energy over time. For this case the following

equation should be satisfied for all non-negative values of T :
∫ T

0
Pc(t)dt ≤

∫ T

0
Ps(t)dt + B0 ∀ T ∈ [0,∞) (2)

where B0 is the initial energy stored in the ideal energy buffer. Note that condition (1)

is sufficient to ensure condition (2) but not necessary.

Harvesting system with non-ideal energy buffer. The above two cases are extremes of

a spectrum and may not be typical. A more practical case is that of a harvesting system

which has a battery or an ultra-capacitor to store energy. Such an energy storage mecha-

nism is not ideal in the sense defined in the previous case: the energy capacity is limited,

the charging efficiency, η, is strictly less than 1 and some energy is lost through leakage.
The conditions arising due to energy conservation and buffer size limit are discussed

below. First define a rectifier function [x]+ as follows:

[x]+ =

{

x x ≥ 0
0 x < 0

Then, energy conservation leads to:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≥ 0 ∀T ∈ [0,∞)

(3)

where Pleak(t) is the leakage power for the energy buffer. This does not account for the
energy buffer size. The buffer size limit requires the following additional constraint to

be satisfied:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≤ B ∀T ∈ [0,∞)

(4)

where B is the size of the energy buffer. Note that while (3) is a sufficient and neces-

sary condition to be satisfied by all allowable Ps(t) and Pc(t), the condition (4) is only
sufficient but not necessary - some functions not satisfying this may be allowable. This

happens because excess energy not used or stored in the buffer can be dissipated as heat

from the system. In this case, the left hand side of (3) will be strictly greater than zero,
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used by the load. There is no facility to store energy. For example, consider the device

in [Paradiso and Feldmeier 2001] which generates energy from the press of a button and

this energy is used to transmit a radio packet during the button press itself. A water-

powered flour-mill is another example: the mill operates while the water is flowing.

For such harvesting devices, the device can operate at all t when

Ps(t) ≥ Pc(t). (1)

Any energy received at times when Ps(t) < Pc(t) is wasted. Also, when Ps(t) ≥ Pc(t),
the energy Ps(t) − Pc(t) is wasted.

Harvesting system with ideal energy buffer. In many instances, the energy generation

profile may be very different from the consumption profile. To help support this sce-

nario, consider a device which has an ideal mechanism to store any energy that is har-

vested. The stored energy may be used at any time later. The ideal energy buffer is

defined to be a device that can store any amount of energy, does not have any ineffi-

ciency in charging and does not leak any energy over time. For this case the following

equation should be satisfied for all non-negative values of T :
∫ T

0
Pc(t)dt ≤

∫ T

0
Ps(t)dt + B0 ∀ T ∈ [0,∞) (2)

where B0 is the initial energy stored in the ideal energy buffer. Note that condition (1)

is sufficient to ensure condition (2) but not necessary.

Harvesting system with non-ideal energy buffer. The above two cases are extremes of

a spectrum and may not be typical. A more practical case is that of a harvesting system

which has a battery or an ultra-capacitor to store energy. Such an energy storage mecha-

nism is not ideal in the sense defined in the previous case: the energy capacity is limited,

the charging efficiency, η, is strictly less than 1 and some energy is lost through leakage.
The conditions arising due to energy conservation and buffer size limit are discussed

below. First define a rectifier function [x]+ as follows:

[x]+ =

{

x x ≥ 0
0 x < 0

Then, energy conservation leads to:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≥ 0 ∀T ∈ [0,∞)

(3)

where Pleak(t) is the leakage power for the energy buffer. This does not account for the
energy buffer size. The buffer size limit requires the following additional constraint to

be satisfied:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≤ B ∀T ∈ [0,∞)

(4)

where B is the size of the energy buffer. Note that while (3) is a sufficient and neces-

sary condition to be satisfied by all allowable Ps(t) and Pc(t), the condition (4) is only
sufficient but not necessary - some functions not satisfying this may be allowable. This

happens because excess energy not used or stored in the buffer can be dissipated as heat

from the system. In this case, the left hand side of (3) will be strictly greater than zero,

ACM Journal Name, Vol. V, No. N, Month 20YY.

Power Management in Energy Harvesting Sensor Networks · 5

used by the load. There is no facility to store energy. For example, consider the device

in [Paradiso and Feldmeier 2001] which generates energy from the press of a button and

this energy is used to transmit a radio packet during the button press itself. A water-

powered flour-mill is another example: the mill operates while the water is flowing.

For such harvesting devices, the device can operate at all t when

Ps(t) ≥ Pc(t). (1)

Any energy received at times when Ps(t) < Pc(t) is wasted. Also, when Ps(t) ≥ Pc(t),
the energy Ps(t) − Pc(t) is wasted.

Harvesting system with ideal energy buffer. In many instances, the energy generation

profile may be very different from the consumption profile. To help support this sce-

nario, consider a device which has an ideal mechanism to store any energy that is har-

vested. The stored energy may be used at any time later. The ideal energy buffer is

defined to be a device that can store any amount of energy, does not have any ineffi-

ciency in charging and does not leak any energy over time. For this case the following

equation should be satisfied for all non-negative values of T :
∫ T

0
Pc(t)dt ≤

∫ T

0
Ps(t)dt + B0 ∀ T ∈ [0,∞) (2)

where B0 is the initial energy stored in the ideal energy buffer. Note that condition (1)

is sufficient to ensure condition (2) but not necessary.

Harvesting system with non-ideal energy buffer. The above two cases are extremes of

a spectrum and may not be typical. A more practical case is that of a harvesting system

which has a battery or an ultra-capacitor to store energy. Such an energy storage mecha-

nism is not ideal in the sense defined in the previous case: the energy capacity is limited,

the charging efficiency, η, is strictly less than 1 and some energy is lost through leakage.
The conditions arising due to energy conservation and buffer size limit are discussed

below. First define a rectifier function [x]+ as follows:

[x]+ =

{

x x ≥ 0
0 x < 0

Then, energy conservation leads to:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≥ 0 ∀T ∈ [0,∞)

(3)

where Pleak(t) is the leakage power for the energy buffer. This does not account for the
energy buffer size. The buffer size limit requires the following additional constraint to

be satisfied:

B0+η

∫ T

0
[Ps(t)−Pc(t)]

+dt−

∫ T

0
[Pc(t)−Ps(t)]

+dt−

∫ T

0
Pleak(t)dt ≤ B ∀T ∈ [0,∞)

(4)

where B is the size of the energy buffer. Note that while (3) is a sufficient and neces-

sary condition to be satisfied by all allowable Ps(t) and Pc(t), the condition (4) is only
sufficient but not necessary - some functions not satisfying this may be allowable. This

happens because excess energy not used or stored in the buffer can be dissipated as heat

from the system. In this case, the left hand side of (3) will be strictly greater than zero,
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Modellierung gutartiger 
Energie-Quellen

‣ Falls die Energiequelle Ps(t) regelmäßig vorkommt, 
dann erfüllt sie folgende Gleichungen
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by the amount of energy wasted. The condition (4) becomes necessary if wasting energy

is not allowed.

The above conditions are stated for general forms of Ps and Pc. Next, we will develop

models which help characterize practical energy sources and loads. For these models we

will derive the requirements for energy neutral operation, namely the relationships between

Ps, Pc and B.

2.2 System Models and Observations

Consider first the case of a harvesting system with no energy storage. Here, if Pc(t) is
a binary valued function, such as for a device that can either be active, at a fixed power

level or inactive at a zero power level, then no power management is required because

the device will automatically be shut down when enough energy is not available. As an

example consider a sensor node installed to monitor the health of heavy duty industrial

motors. Suppose the node operates using energy harvested from the machine’s vibrations,

the harvested power is greater than the consumed power and the health monitoring function

is desired only when the motor is powered on. No power management is required in this

case. If on the other hand, Pc(t) can be controlled, such as using dynamic voltage scaling
(DVS) [Min et al. 2000], or by powering off sub-systems within the device, then the best

power management strategy is to match the Pc(t) to the available Ps(t). For instance,
in the above motor health monitoring example, suppose that the motor may be operated

at variable speeds and the vibration energy is proportional to the motor speed. Then, the

sensor node may use DVS to adjust its processing and sampling rate to match the power

level available at any time. The monitoring performance will vary with the motor speed.

Consider next the case, when the harvesting system has a non-ideal energy buffer. In this

case, operation at any time t can be ensured by using proper power management strategies
which store some energy for times when Ps(t) is below desired Pc(t). To this end, we
begin with a model to characterize Ps(t).
The first modeling parameter is the average rate at which energy is provided by the

source. Second, we wish to characterize the variability of the source in a general sense.

Similarly, we need a model for the energy consumption profile.

We define the following model which is motivated by leaky bucket Internet traffic mod-

els [Cruz 1991a; Parekh and Gallager 1993]. However, there is a difference in our model,

because while in Internet traffic policing a limit is only needed on the maximum traffic

bursts, in harvesting energy on the other hand, we wish to bound both the maximum and

minimum energy outputs.

DEFINITION 2.1 (ρ,σ1,σ2) FUNCTION:. A non-negative, continuous and bounded func-
tion P (t) is said to be a (ρ,σ1,σ2) function if and only if for any value of finite positive
real numbers τ and T , the following are satisfied:

∫ τ+T

τ
P (t)dt ≤ ρT + σ1 (5)

∫ τ+T

τ
P (t)dt ≥ ρT − σ2 (6)

This model may be used for an energy source or a load. For instance, if the harvested

energy profile Ps(t) is a (ρ1,σ1,σ2) function, then the average rate at which energy is
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3.1 Buffer Size and Related Considerations

The first direct implication is on the design of the energy buffer required in the harvesting

system. As an example consider a harvesting system that harvests solar energy. The power

output from a solar cell [Kansal et al. 2004] is plotted in Figure 2 for nine days. Assuming
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Fig. 2. Solar energy based charging power recorded for 9 days

that this data is representative of the solar energy received on typical days of operation, this

energy generation profile may be characterized by the (ρ1,σ1,σ2) model in Table I.

Table I. Solar cell parameters in experimental environment

Parameter Value Units

ρ1 23.6 mW

σ1 1.4639 × 103 J

σ2 1.8566 × 103 J

Let us assume that the load can be designed to operate at ηρ1 − ρleak, where ρleak will

depend on energy storage technology used. Then, the battery size required according to

equation (19) is η(σ1 + σ2). Several technologies are available to implement this energy
buffer, such as NiMH batteries, Li-ion batteries, ultracapacitors or NiCd batteries. For

instance, for NiMH batteries, η = 0.7 and the required size is 3.32 × 103 Joules. This can

be easily provided by an AA sized NiMH battery which has a capacity of 1800mAh, i.e.,

7.7 × 103 Joules.

Note that using a larger battery than the above size does not help improve the supported

energy neutral performance level. A larger battery than that calculated above may however

be used to provide for practical considerations:
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Modellierung gutartigen 
Energie-Bedarfs

‣ Gutartiger Energiebedarf Pc(t) erfüllt folgende 
Gleichungen
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by the amount of energy wasted. The condition (4) becomes necessary if wasting energy

is not allowed.

The above conditions are stated for general forms of Ps and Pc. Next, we will develop

models which help characterize practical energy sources and loads. For these models we

will derive the requirements for energy neutral operation, namely the relationships between

Ps, Pc and B.

2.2 System Models and Observations

Consider first the case of a harvesting system with no energy storage. Here, if Pc(t) is
a binary valued function, such as for a device that can either be active, at a fixed power

level or inactive at a zero power level, then no power management is required because

the device will automatically be shut down when enough energy is not available. As an

example consider a sensor node installed to monitor the health of heavy duty industrial

motors. Suppose the node operates using energy harvested from the machine’s vibrations,

the harvested power is greater than the consumed power and the health monitoring function

is desired only when the motor is powered on. No power management is required in this

case. If on the other hand, Pc(t) can be controlled, such as using dynamic voltage scaling
(DVS) [Min et al. 2000], or by powering off sub-systems within the device, then the best

power management strategy is to match the Pc(t) to the available Ps(t). For instance,
in the above motor health monitoring example, suppose that the motor may be operated

at variable speeds and the vibration energy is proportional to the motor speed. Then, the

sensor node may use DVS to adjust its processing and sampling rate to match the power

level available at any time. The monitoring performance will vary with the motor speed.

Consider next the case, when the harvesting system has a non-ideal energy buffer. In this

case, operation at any time t can be ensured by using proper power management strategies
which store some energy for times when Ps(t) is below desired Pc(t). To this end, we
begin with a model to characterize Ps(t).
The first modeling parameter is the average rate at which energy is provided by the

source. Second, we wish to characterize the variability of the source in a general sense.

Similarly, we need a model for the energy consumption profile.

We define the following model which is motivated by leaky bucket Internet traffic mod-

els [Cruz 1991a; Parekh and Gallager 1993]. However, there is a difference in our model,

because while in Internet traffic policing a limit is only needed on the maximum traffic

bursts, in harvesting energy on the other hand, we wish to bound both the maximum and

minimum energy outputs.

DEFINITION 2.1 (ρ,σ1,σ2) FUNCTION:. A non-negative, continuous and bounded func-
tion P (t) is said to be a (ρ,σ1,σ2) function if and only if for any value of finite positive
real numbers τ and T , the following are satisfied:

∫ τ+T

τ
P (t)dt ≤ ρT + σ1 (5)

∫ τ+T

τ
P (t)dt ≥ ρT − σ2 (6)

This model may be used for an energy source or a load. For instance, if the harvested

energy profile Ps(t) is a (ρ1,σ1,σ2) function, then the average rate at which energy is
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Energieneutralität bei 
gutartigen Quellen

‣ Einsetzen in die nichtideale Energiequellengleichung:

‣ Gleichung muss für T=0 gelten
  B0 ≥ ησ2 + σ3 

‣ Diese Bedingung auch für alle T gelten
  ηρ1 − ρleak ≥ ρ2 

‣ Wenn diese Gleichungen gelten, ist ein 
kontinuierlicher Betrieb gewährleistet
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available over long durations becomes ρ1, and the burstiness is bounded by σ1 and σ2.

Similarly, suppose Pc(t) is modeled as a (ρ2,σ3,σ4) function.
Further, the leakage from the energy buffer is typically modeled using a constant leakage

current and thus we may take Pleak(t) = ρleak∀t.
For the above forms of energy profiles, evaluating condition (3) leads to:

B0 + η · min{

∫

T
Ps(t)dt}− max{

∫

T
Pc(t)dt}−

∫

T
Pleak(t)dt ≥ 0 (7)

⇒ B0 + η(ρ1T − σ2) − (ρ2T + σ3) − ρleakT ≥ 0 (8)

Since the energy models above do not constraint the time intervals for which Ps > Pc

or vice versa, we have considered the worst case scenario. The worst energy utilization

occurs when the bursts of energy production from the harvested source are completely

non-overlapping with the bursts of consumption in the load because this causes all the

harvested energy to be first stored in a non-ideal buffer and then used. This explains the

usage of max and min functions above. Thus, equation (8) is sufficient to ensure energy

neutral operation but not necessary.

We can ensure energy neutrality by satisfying equation (8) is to be satisfied for all T ≥ 0.
Substituting T = 0 yields:

B0 ≥ ησ2 + σ3 (9)

This gives a condition on the initial energy stored in the battery. Next, taking the limit

T → ∞ in (8) yields:

ηρ1 − ρleak ≥ ρ2 (10)

On the other hand, substituting these energy models in (4), and again considering the

worst case scenario yields:

B0 + η · max{

∫

T
Ps(t)dt}− min{

∫

T
Pc(t)dt}−

∫

T
Pleak(t)dt ≤ B (11)

⇒ B0 + η(ρ1T + σ1) − (ρ2T − σ4) − ρleakT ≤ B (12)

Substituting T = 0, we obtain:

B0 + (ησ1 − σ4) ≤ B (13)

Using (9), this provides a constraint on the required battery size:

B ≥ η(σ1 + σ2) + σ3 − σ4 (14)

Also, taking the limit T → ∞ in (12) yields:

ηρ1 − ρleak ≤ ρ2 (15)

Intuitively, the above two equations may be interpreted as follows. The battery is required

to make up for the burstiness of the energy supply and consumption and the limiting case of

T = 0 models the situation when energy production or consumption happen in impulsive
bursts. Thus, this limiting case yields the maximum battery size required to buffer those

energy bursts. The limiting case T → ∞ corresponds to the long term behavior and hence

yields the sustainable rates without bursts.

Recall that (4) was not a necessary condition and we had noted that some forms of

functions Ps and Pc not satisfying it may be feasible. A particularly interesting special
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Notwendiger Energiespeicher 
bei gutartigen Quellen

‣ Einsetzen in die zweite Gleichung

‣ Gleichung muss für T=0 gelten
  B0 + η(σ1 - σ4) ≤ B 

‣ Einsetzen von B0 ≥ ησ2 + σ3 liefert
  B ≥ η(σ1 + σ2) + σ3 − σ4  

‣ Für T → ∞  ergibt sich
  ηρ1 − ρleak ≤ ρ2 

‣ Diese Bedingung kann ohne Probleme verletzt werden
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available over long durations becomes ρ1, and the burstiness is bounded by σ1 and σ2.

Similarly, suppose Pc(t) is modeled as a (ρ2,σ3,σ4) function.
Further, the leakage from the energy buffer is typically modeled using a constant leakage

current and thus we may take Pleak(t) = ρleak∀t.
For the above forms of energy profiles, evaluating condition (3) leads to:

B0 + η · min{

∫

T
Ps(t)dt}− max{

∫

T
Pc(t)dt}−

∫

T
Pleak(t)dt ≥ 0 (7)

⇒ B0 + η(ρ1T − σ2) − (ρ2T + σ3) − ρleakT ≥ 0 (8)

Since the energy models above do not constraint the time intervals for which Ps > Pc

or vice versa, we have considered the worst case scenario. The worst energy utilization

occurs when the bursts of energy production from the harvested source are completely

non-overlapping with the bursts of consumption in the load because this causes all the

harvested energy to be first stored in a non-ideal buffer and then used. This explains the

usage of max and min functions above. Thus, equation (8) is sufficient to ensure energy

neutral operation but not necessary.

We can ensure energy neutrality by satisfying equation (8) is to be satisfied for all T ≥ 0.
Substituting T = 0 yields:

B0 ≥ ησ2 + σ3 (9)

This gives a condition on the initial energy stored in the battery. Next, taking the limit

T → ∞ in (8) yields:

ηρ1 − ρleak ≥ ρ2 (10)

On the other hand, substituting these energy models in (4), and again considering the

worst case scenario yields:

B0 + η · max{

∫

T
Ps(t)dt}− min{

∫

T
Pc(t)dt}−

∫

T
Pleak(t)dt ≤ B (11)

⇒ B0 + η(ρ1T + σ1) − (ρ2T − σ4) − ρleakT ≤ B (12)

Substituting T = 0, we obtain:

B0 + (ησ1 − σ4) ≤ B (13)

Using (9), this provides a constraint on the required battery size:

B ≥ η(σ1 + σ2) + σ3 − σ4 (14)

Also, taking the limit T → ∞ in (12) yields:

ηρ1 − ρleak ≤ ρ2 (15)

Intuitively, the above two equations may be interpreted as follows. The battery is required

to make up for the burstiness of the energy supply and consumption and the limiting case of

T = 0 models the situation when energy production or consumption happen in impulsive
bursts. Thus, this limiting case yields the maximum battery size required to buffer those

energy bursts. The limiting case T → ∞ corresponds to the long term behavior and hence

yields the sustainable rates without bursts.

Recall that (4) was not a necessary condition and we had noted that some forms of

functions Ps and Pc not satisfying it may be feasible. A particularly interesting special
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Energieneutraler Betrieb

‣ Theorem
• Bei gutartigen Energiequellen kann Energieneutralität 

erfüllt werden, wenn die folgenden Bedingungen gelten:
- ρ2 ≤ ηρ1 − ρleak 
- B  ≥ ησ1 + ησ2 + σ3

- B0 ≥ ησ2 + σ3 
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3.1 Buffer Size and Related Considerations

The first direct implication is on the design of the energy buffer required in the harvesting

system. As an example consider a harvesting system that harvests solar energy. The power

output from a solar cell [Kansal et al. 2004] is plotted in Figure 2 for nine days. Assuming
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Fig. 2. Solar energy based charging power recorded for 9 days

that this data is representative of the solar energy received on typical days of operation, this

energy generation profile may be characterized by the (ρ1,σ1,σ2) model in Table I.

Table I. Solar cell parameters in experimental environment

Parameter Value Units

ρ1 23.6 mW

σ1 1.4639 × 103 J

σ2 1.8566 × 103 J

Let us assume that the load can be designed to operate at ηρ1 − ρleak, where ρleak will

depend on energy storage technology used. Then, the battery size required according to

equation (19) is η(σ1 + σ2). Several technologies are available to implement this energy
buffer, such as NiMH batteries, Li-ion batteries, ultracapacitors or NiCd batteries. For

instance, for NiMH batteries, η = 0.7 and the required size is 3.32 × 103 Joules. This can

be easily provided by an AA sized NiMH battery which has a capacity of 1800mAh, i.e.,

7.7 × 103 Joules.

Note that using a larger battery than the above size does not help improve the supported

energy neutral performance level. A larger battery than that calculated above may however

be used to provide for practical considerations:
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Fig. 2. Solar energy based charging power recorded for 9 days

that this data is representative of the solar energy received on typical days of operation, this

energy generation profile may be characterized by the (ρ1,σ1,σ2) model in Table I.

Table I. Solar cell parameters in experimental environment

Parameter Value Units

ρ1 23.6 mW

σ1 1.4639 × 103 J

σ2 1.8566 × 103 J

Let us assume that the load can be designed to operate at ηρ1 − ρleak, where ρleak will

depend on energy storage technology used. Then, the battery size required according to

equation (19) is η(σ1 + σ2). Several technologies are available to implement this energy
buffer, such as NiMH batteries, Li-ion batteries, ultracapacitors or NiCd batteries. For

instance, for NiMH batteries, η = 0.7 and the required size is 3.32 × 103 Joules. This can

be easily provided by an AA sized NiMH battery which has a capacity of 1800mAh, i.e.,

7.7 × 103 Joules.

Note that using a larger battery than the above size does not help improve the supported

energy neutral performance level. A larger battery than that calculated above may however

be used to provide for practical considerations:
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Weitere Überlegungen

‣ Das Verhalten von Energiequellen kann gelernt 
werden
• Dadurch kann die zur Verfügung stehende Energie 

berechnet werden
• Die Aufgabe kann an die Energieversorgung angepasst 

werden
‣ Dadurch

• Knoten mit besserer Energiesituation können Routing 
übernehmen

• Messwerte können evtl. ausdünnen, versiegen aber 
nicht
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