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1. Introduction and motivations  
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ÁWireless Sensor Networks (WSNs) consist of distributed autonomous 
sensors that can operate without a pre-established network 
infrastructure.  

ÁEnergy limitation arises from the fact that sensor nodes are equipped 
with small batteries . 

ÁEnergy harvesting allows on -site charging  of rechargeable batteries 
thus increases the lifetime of the nodes. 

ÁWith proper power management , the lifetime can be extended 
almost indefinitely (subject to hardware failure).  

ÁParameters handled by the power manager: 

 Č Scavenged energy (prediction and/or measure) 

 Č Consumed energy by the node for different activities (measures) 
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1. Introduction and motivations  
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ÁThe objective of the power manager is to balance  the harvested and 
the consumed energy (autonomous objects Č GRECO). 

ÁPower management algorithms are in charge of setting the wake -up 
period  of the platform and/or the duty -cycling . 

Á In battery powered systems, the lowest tolerable duty cycle is typically 
chosen in order to extend the achievable lifetime to its maximum.  

Á In a harvesting system, the goal is to choose a duty cycle such that the 
averaged consumed power is set to its highest value allowed for energy  
neutral operation . This will allow operating at the best possible 
performanceé 

ÁPower management requirements  

 Č Efficient 

 Č Reduced overhead 
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2. Related Works  
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Á Kansal et al. [Kansal 2007] propose a simple solar energy prediction algorithm based on 
an Exponentially Weighted Moving-Average (EWMA) filter to support an harvested-
energy management approach. 

Á Recas et al. [Recas 2009] present a solar prediction algorithm, named Weather -
Conditioned Moving Average (WCMA) that is capable of exploiting the solar energy 
more efficiently than state -of-the-art energy prediction algorithms (e.g. EWMA). 

Á Moser et al. [Moser 2010] used similar prediction as [Kansal 2007] in their proposed 
adaptive power management framework. 

Á Ali et. al [Ali 2010]  have evaluated prediction accuracy of different solar harvested-

energy prediction algorithms using multiple real solar-panel data-set. They also have 

implemented prediction algorithm on real hardware, so that computation overhead was 

measured. They suggested guidelines to simplify parameters tuning for different 

working conditions. 

Á Ferry et al. [Ferry 2011] proposed to develop a power and energy estimator to 
determine the node autonomy duration of WSNs (CAPNET project with a representative 
scenario of fire brigade intervention).  
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Kansal et al.  
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Á Kansal et al. were the first to propose a simple  solar  energy  prediction  algorithm  
to support their harvested-energy management approach. 

Á The predictor is based on the observation that energy generation during a given 
timeslot of day is similar to that generated at the same instant on previous days and it 
can be estimated using an exponentially weighted moving average (EWMA ) of 
historical data. 

[Kansal 2007] 

Value of real energy observed 

at the end of slot n-1 
Historical average value 

maintained for slot n (day i) 

Historical average value 

maintained for slot n on 

previous day (i-1) 

Á Ŭ : a weighting factor  [0, 1]  

Choice of the Ŭ parameter through error evaluation 

 Č Ŭ=0.5 minimizes the error 
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Kansal et al.  
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Á Windows size duration =  24 hours (a day) 

Á The day is divided into slots. 

Á Each slot is 30 minutes long, as the variation in generated power level is assumed to be 
small within a 30 minute duration. 

Á Number of slots per day:  Nw =  48 

[Kansal 2007] 
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Kansal et al.  
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[Kansal 2007] 

Á Harvested energy measured over 67 days using a Mica2 based energy harvesting 

sensor node (energy sampled at a period of 10 seconds). 

Á Error performance of the EWMA based prediction method: average error in each time 
slot averaged over that slot on all 67 days. 

Error is larger during the daytime .  
The maximum prediction error during 
daytime is 20mW (13%  vs. energy 
level close to 150mW during daytime). 
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Kansal et al.  
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Á Optimization problem to maximize the data-rate based on the 
harvested energy prediction  

 Č optimizing the adaptation  of  the  duty -cycling  between active 

and low power modes. 

Á In order to maintain energy neutral operation, duty cycles in the 
future time slots will be reduced or increased to account for the 
prediction error made in the current time slot. 

[Kansal 2007] 

Á So 2 cases are considered: 

Á When more energy is received than predicted, the excess energy (received in last 
time slot) is used to increase the duty-cycle in future time slots. 

 Č Slots having low predicted energy will have a high duty-cycle. 

Á When less energy is received than predicted, duty-cycle in future time slots is 
reduced in order to compensate energy from subsequent slots. 

 Č Slots having high predicted energy will have a low duty-cycle 
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Recas et al.  
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Á Recas et al. propose a prediction algorithm named Weather-Conditioned Moving 
Average (WCMA ) to take into account both the current and past-days weather 
conditions. 

Á Drawback of EWMA: 

[Recas 2009] 

When the sunny and cloudy days alternate, the EWMA 
produces a significant error in its prediction, due to the 
high impact of the solar conditions of previous day  
in the predicted value. 

Á To avoid this effect, Recas et al. propose a prediction algorithm that takes into account 
not only the solar conditions at a specific time of the day, but  also  the  weather  
conditions  in  the  current  day . 



15 Ecole Thématique EcoFac 2012 ï La Colle sur Loup, 21 -25 mai 2012  

Á WCMA algorithm uses an E matrix  of  size  DxN  that stores N energy values for each D 
past days. 
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Á The predicted value is related to the previous sample in the same day and the mean 

value of the past samples (at the same hour of the day). 

[Recas 2009] 

Á vk>1 means sunny day, vk<1 means cloudy day. 

Á The factor GAPk measures the solar conditions in the present day relative to 

the previous days. 
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Recas et al.  
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Á To optimize the WCMAôs parameters, an error function is used to find optimal values for: 

Á The size of the E(DxN) matrix 

Á The Ŭ factor 

Á The number K of past samples to weight 

Á To optimize these values, the energy available has been recorded from a solar panel 

every minute during 45 consecutive days. 

[Recas 2009] 

Á The following parameters allows minimizing the prediction error:  

 Č D= 4 days, N= 48  samples/day, K= 3  past samples, and Ŭ= 0.7 

When K > 5, error 
quickly increases 
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Recas et al.  
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Á Comparison of WCMA vs. EWMA 

[Recas 2009] 

Á Over all 45 days of the collected solar panel data, EWMA gives an average error of 
28.6% compared to 9.8% obtained with WCMA algorithm. 
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Conclusion  
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ÁEWMA-based algorithm (Kansal approach) is accurate for consistent 
weather conditions, but when cloudy and sunny days are mixed, 
recent days energy values introduce significant prediction errors. 

ÁIn other hand, WCMA based approach (Recas et al.) takes into 
account weather changes but introduces a non significant CPU 
overhead and memory footprint . 

ÁNone of these approaches takes into account the State of Charge 
(SoC) of the battery for optimizing the power manager decisions and 
avoiding a complete discharge of the batteryé 

ÁMoreover, a wake-up period of 30 minutes for the power manager 

seems to be too slow for a good system reactivity. 
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Global View of the System  
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ÁGeneric Solar Harvesting Systems 

ÁBattery Centric Modeling 

[Ali 2010] 
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A Task -level Platform Load Model  
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Á Qsense  : charge consumed for a sensing 
operation [Coulomb].  

Á Qtx  : charge consumed for a RF 
transmission [Coulomb]. 

Á Qrx : charge consumed for a RF 

transmission [Coulomb]. 

Á Twi  : wake-up period for sensing 
[seconds]. 

Á Ttx  : RF transmission period (multiple 
of Twi ) [seconds].  

Á Tfwd : Forwarding transmission period 

(multiple of Twi ) [seconds]. 

ÁRate of discharge of the battery 

[Castagnetti 04-2012] 
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A Battery and Energy Harvesting Integrated Model  
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ÁRate of recharge of the battery 

ÁThe ɓ parameter models both the efficiency of the energy harvester 

and the efficiency of the voltage regulator and the charge circuit that 

are used to recharge the battery. 

Áɓ is expressed in Ampere and indicates the rate at which the energy 

harvester can recharge the battery under a fixed amount of energy 

available from the environment. 
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A Battery and Energy Harvesting Integrated Model  
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ÁRate of recharge for different light conditions 
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A Battery State of Charge Model for Periodic Workload  

Ecole Thématique EcoFac 2012 ï La Colle sur Loup, 21 -25 mai 2012  

State  of  Charge  (SoC)  Estimation  

Á The SoC depends upon: 

Á The harvested energy (ɓ). 

Á The platform current consumption (           ) 

Á The leakage current (battery self discharge and low-power mode current 
consumption). 
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Model Validation  

Ecole Thématique EcoFac 2012 ï La Colle sur Loup, 21 -25 mai 2012  

Case Study: Model Validation Using the EZ430 platform 

Á Texas Instruments EZ430 solar energy harvesting platform 

Á MSP430 microcontroller (cadenced at 16MHz) and a CC2500 RF transceiver. 

Á 2.25in x 2.25in solar panel. 

Á Two lithium thin-film 50 µAh rechargeable batteries. 

Access Point End Devices 
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Model Validation  
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Case Study: Model Validation Using the EZ430 platform 

ÁEZ430 Power Supply Architecture 

The solar panel is 
optimized for operating 

indoor under low-intensity 
fluorescent light. 

The boost converter raises 
the voltage to the 

necessary level needed to 
recharge the battery or 

power the system. 

The charger circuit is controlled 
by a control circuit that can 
disconnect it from the boost 

converter if the output voltage 
falls below the level needed to 

recharge the battery. 

A protection circuit is placed at 
the output of the two Lithium 
thin-film 50 ɛAh rechargeable 
batteries, in order to protect 
them from fully discharging. 

A 1000 ɛF capacitor is 
connected to the output of the 
batteries to mitigate the effect 
of the pulse discharge current. 

Two Lithium thin-film 50 ɛAh 
rechargeable batteries. 

The application board is 
equipped with an MSP430 

microcontroller and a CC2500 
RF transceiver. 
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Model Validation  
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Case Study: Model Validation Using the EZ430 platform 

ÁApplication 

Á The End Device (ED) application periodically sends a packet through the air to an 
Access Point (AP).  

Á During the idle period both the microcontroller and the radio chip are put into a 
sleep state. 

Access Point 

End Devices 

PC temperature 

Power supply 

Solar panel temperature 

Battery voltage 

Transmission period 


