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Literature Energy Harvesting

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

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

‣ Energy harvesting 
• can remove batteries from WSNs
• potentially infinite lifetime
• active time can be increased (or reduced)

‣ Example
• solar energy only available at daylight

‣ Energy concept 
• necessary for the entire period
• regulates interplay of sleep phase, data rate and short 

term energy source
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Harvesting Paradigma

‣ Typical task in battery operated WSN
• minimize energy consumption
• maximize lifetime

‣ Task in harvesting-WSN
• continuous operation

- i.e. infinite lifetime
• term: energy-neutraler operation
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Possible Sources

‣ Piezoelectric effect
• mechanicyl presures produces voltage

‣ Thermoelectric effect
• temperature difference of conductors with differen 

thermal coefficient

‣ Kinetic energy
• e.g. self-rewinding watches

‣ Micro wind turbines
‣ Antennas
‣ Chemical sources,...
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Differences Compared to 
Batteries

‣ Time dependent
• form of operation has to be adapted over time
• sometimes not predictable

‣ Location dependent
• different nodes have have different energy

- load balancing necessary
‣ Never ending supply
‣ New efficiency paradigm

• utilization of energy for maximum performance
• energy saving may result in unnecessary opportunity 

costs
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Solutions without Power 
Management

‣ Without energy buffer
• harvesting hardware has to supply maximal necessary 

energy level at minimum energy input
• only in special situation possiblee

- e.g. light switch

‣ With energy buffer
• power management system necessary
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Power Management System

‣ Target
• Providing the necessary energy from external energy 

source and energy buffer
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Energy Sources

‣ Uncontrolled but predictable
• e.g. daylight

‣ Uncontrolled and unpredictable
• e.g. wind

‣ Controllable
• energy is produced if necessary
• e.g. light switch, dynamo on bike

‣ Partially controllable
• energy is not always available
• e.g. radio source in the room with changing reception
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Harvesting Theory

‣ Ps(t): Power output from energy source a time t
‣ Pc(t): Energy demand at time t
‣ Without energy buffer

• Ps(t) ≥ Pc(t): node is active
‣ Ideal energy buffer

• Continuous operation if

• where B0 is the initial energy 
• energy buffer is lossless, store any amount of energy
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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 Theory

‣ Ps(t): Power output from energy source a time t
‣ Pc(t): Energy consumed at time t
‣ Let

‣ Non-ideal energy buffer
• Continuous operation if

• B0 is the initial energy
• η: efficiency of energy buffer
• Pleak(t): energy loss of the memory
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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 Theory
‣ Ps(t): Power output from energy source a time t
‣ Pc(t): Energy consumed at time t
‣ Let

‣ Non-ideal energy buffer with limited reception B
• Continuous operation if

• B0 is the initial energy of the buffer
• η: efficiency of energy buffer
• Pleak(t): leakage power of the energy buffer

12

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,

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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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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Model of Benign Energy 
Behavior

‣ If the power source Ps(t) occurs regularly, then it 
satisfies the following equations
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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

ACM Journal Name, Vol. V, No. N, Month 20YY.
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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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Model of Benign Energy 
Behavior

‣ Benign energy consumption:
• Pc(t) satisfies the following
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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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Energy Neutrality for Benign 
Sources

‣ Substitution into the non-ideal energy source inequality:

‣ This inequality must hold for  T=0
  B0 ≥ ησ2 + σ3 

‣ This condition must hold for all T
  ηρ1 − ρleak ≥ ρ2 

‣ If these inequalities hold then continuous operation 
can be guaranteed
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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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Necessary Energy Buffer for 
Benign Energy Sources

‣ Substituting in the second equation

‣

‣ For T=0 we need
  B0 + η(σ1 - σ4) ≤ B 

‣ Substitution of B0 ≥ ησ2 + σ3 yields
  B ≥ η(σ1 + σ2) + σ3 − σ4  

‣ For T → ∞  we have
  ηρ1 − ρleak ≤ ρ2 
• This condition may be violated without problems
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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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Energy Neutral Operation

‣ Theorem
• For benign energy sources the energy neutrality can be 

satisfied if the following conditions apply
- ρ2 ≤ ηρ1 − ρleak 
- B  ≥ ησ1 + ησ2 + σ3

- B0 ≥ ησ2 + σ3 

17

Dienstag, 31. Januar 12



18

Power Management in Energy Harvesting Sensor Networks · 9

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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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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Further Considerations

‣ The behavior of energy sources can be learned
• As a result, the available energy can be calculated
• The task can be adapted to the energy supply

‣ Thereby
• Nodes with better energy situation can take over routing
• Measurements can occur seldomer, but will never stop
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