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- Agenda

1. Overview of the project

2. Power management for energy harvesting based systems
3. Results

4. Protocol -level energy reduction techniques

5. Demo
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- Power Management

. Introduction and motivation
2. Related works
3. System modeling
4. Power management for energy harvesting WSN nodes
a) Open-loop energy neutral power manager
b) Closed-loop : OL plus negative energy power manager

5. Simulation results

6. Conclusion
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w
-( 1. Introduction and motivations

Wireless Sensor Networks (WSNs) consist of distributed autonomous
sensors that can operate without a pre-established network
Infrastructure.

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

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

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

Parameters handled by the power manager:

C Scavenged energy (prediction and/or measure)
C Consumed energy by the node for different activities (measures)

Ecole Thématique EcoFac 2012 1 La Colle sur Loup, 21 -25 mai 2012 6



w
RECO 1. Introduction and motivations

The objective of the power manager is to balance the harvested and
the consumed energy (autonomous objects C GRECQO)

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

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

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
perf or manceeé

Power management requirements
C Efficient

~

C Reduced overhead

Ecole Thématique EcoFac 2012 1 La Colle sur Loup, 21 -25 mai 2012 4
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9
SR8 2. Related Works

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.

Recaset al. [Recas2009] 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).

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

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.

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).

Ecole Thématique EcoFac 2012 1 La Colle sur Loup, 21 -25 mai 2012 9



- Kansal et al.

A Kansalet al. were the first to propose a simple solar energy prediction algorithm
to support their harvested-energy management approach.

A 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. j;(?,) _ ng:(i - 1) 4 (1 — 05)37(,3)

_— \ T~

Historical average value Historical average value Value of real energy observed
maintained for slot n (day i) ~ Maintained for slot n on at the end of slot n-1
previous day (i-1)

A U: aweighting factor = [0, 1]

Choice of the U parameter thi
C U = 0 miBimizes the error

Error {mA}
o

[Kansal 2007]




=

(i) =az(i—1)4+ (1 —a)x(i)

- Kansal et al.

A Windows size duration = 24 hours (a day)

A The day is divided into slots.

A Eachslot is 30 minutes long, as the variation in generated power level is assumedto be
small within a 30 minute duration.

A Number of slots per day: N, = 48

®

Slot 1 Slot 2 Slot n-1 : Slot n Slot47  Slot 48
Monday (i) e %,-1(1) e
00h00 00h30 01h00 14h00 14h30 15h00 23h00 23h30
Slot 1 Slot 2 Slot n-1 Slotn Slot47  Slot 48
Sunday (i-1) é X, ,(i-1) é
00h00 00h30 01h00 14h00 14h30 15h00 23h00 23h30

[Kansal 2007]




(i) =az(i—1)4+ (1 —a)x(i)

=

- Kansal et al.

A Harvested energy measured over 67 days using a Mica2 based energy harvesting
sensor node (energy sampled at a period of 10 seconds).

-
o
o

1

-
o
o

1

Harvested Power (mW)

5]
o
T

1

1A A

0 10 20 30 40 50 60 70
Time (days)

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

B

Error is larger during the daytime

The maximum prediction error during
daytime is 20mW (13% vs. energy
level close to 150mW during daytime).

—
(241

Prediction Error (mW)
=

4]

=]

[Kansal 2007]

Time (hours)




SR I) Kansal et al.

Optimization problem to maximize the data-rate based on the 2
harvested energy prediction 8 e e &

C optimizing the adaptation of the duty -cycling between active & = ¥ .
and low power modes. ‘

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.

S0 2 casesare considered:

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.

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

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

C Slots having high predicted energy will have a low duty-cycle
[Kansal 2007]
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- Recas et al.

A 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.

A Drawback of EWMA

0.4

ossp R A

o
n
5

1! | When the sunny and cloudy days alternate, the EWMA
""" produces a significant error in its prediction, due to the
bt 1 high impact of the solar conditions of previous day
s in the predicted value.

Energy [mW]
(=]
[p*]

015 -

01F--
0.05F

Real
| - - - EWMA

0
27 28 29 30 31 32

Days

A To avoid this effect, Recaset 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.

[Recas 2009]




EEISON E(d.n+1) = E(dn)+GAP:-(1-a)-Mp(d,n+1)

WCMAalgorithm uses an E matrix of size DxN that stores N energy values for each D

past days. K past samples
A
r ™
é é h
é e
€ |E-9|E[d-4|E@C-H|EL-9] € > D (past days)
€ |E,0-3|E-I|EM-I|EL-9] €
& |E0-0|E02]E0-2|BED] \&
e E,,(d-D[E, (- D|E,(d- D[E4(@-D] ¥ )
E,(d)
A
é A |E(@)|E,(d)| E(d) [Ea(d)? : Current day
1 / n-2 n-1 n n+1 / N-1 N
el 2 [Mon-2|m0- 1] W00 [Mone0| & € M (mean)
N
e N[ um-2[ wi-9| v é V=WV &)
é (k-2 1Dy | ke e P (weighting) [Recas 2009]

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



G [T

A 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).

K past samples
A

4 )
%
E(d)| E(d-8)| E(d-4)| Ed4) > D (past days)
Ed-3)| B3| E(d-3) | Byd3
E(d)| E,@-2)|E(d-2)|
£ @ E @Y E@-DE@) |- )
® |
| | - p |En_2(d)|E1(d)| E,(d) } | | | Current day
1 n-2 n-1 n n+1 N-1 N
| | “t I iﬂIMD("—Dl M) | Myt | | | Mp(mean)

[T S w] wo |

| V= (Vll Vs oy YJL)

L[ -~ [ %%l %% |

| P (weighting)

A v,>1 means sunny day, v,.<1 means cloudy day.

-P
AR = ———
GAP P
Mp(d,n) — L1 BG)

 BEldn—-K+k—1)
_MD(d,n—K—l—k—l)

A The factor GAR measuresthe solar conditions in the present day relative to
the previous days.

[Recas 2009]




- Recas et al.

A To optimize the WC M Aasameters, an error function is used to find optimal values for:

A The size of the E(DxN) matrix

1 & E
' > _ L . Real
A The Ufactor = N ;abs (1 EPred)

A The number K of past samplesto weight

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

every minute during 45 consecutive days.
Error with K=6 Min=10.5% Error with 7°°=7 Min=9.8%

-
N
'

—_
—_

When K > 5, error
quickly increases

Error [%]

—
o
L

A The following parameters allows minimizing the prediction error:

C D=4 days, N= 48 samples/day, K= 3 past samples, and U=0.7
[Recas 2009]




- Recas et al.

A Comparison of WCMAvs. EWMA

0.35
03F -
0.25 Day E,J Algorithm EJ Err
550. ]
T 7 sy17p _WCMA 5044 372
= 0.2 EWMA 53550 634
@ 55, .
g s omiey _ WCMA 25560  10.20
© 0.15 EWMA  543.60 -00.99
o 0 40061 WCMA 36000  10.14
0.1 ' EWMA 42300 -5.59
) 507, 05
10 609.50 WCMA 97.60 1.9

EWMA 40680 3326
0.05

Days

A Over all 45 days of the collected solar panel data, EWMA gives an average error of
28.6% compared to 9.8% obtained with WCMAalgorithm.

[Recas 2009]




S8 Conclusion

EWMAbased 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.

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

None 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 batterye

Moreover, a wake-up period of 30 minutes for the power manager
seemsto be too slow for a good system reactivity.

Ecole Thématique EcoFac 2012 i La Colle sur Loup, 21 -25 mai 2012 19
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- Global View of the System

A Generic Solar Harv

——-

/ N\
! Energy \
\ Source ;_

esting Systems

Y

~ ,‘)/)\K
~— -0
&
Energy
c
Harvester
subsystem

Power

onditioning

S O, Embedded|”
2 Application
w

) 4

M=z

\ Harvested-Energy Management

A Battery Centric Modeling

=vE

SOC(MIP ] t )
SOQ"BX Sor':min

p X

[Ali 2010]



A Task -level Platform Load Model

I [mﬁL]J

-

Transmission

Active

Sleep

Sensing

J

Forwarding

Crx

A Rate of discharge of the battery

Qi
o= ?’[C/s] or [A]

time

Qsense - Charge consumed for a sensing
operation [Coulomb].

Qy : charge consumed for a RF
transmission [Coulomb].

Q,, : charge consumed for a RF
transmission [Coulomb].

T,i : wake-up period for sensing
[seconds].

T, : RF transmission period (multiple
of Twi ) [seconds].

Tiwa - FOrwarding transmission period
(multiple of Twi ) [seconds].

[Castagnetti 04-2012]




- A Battery and Energy Harvesting Integrated Model

A Rate of recharge of the battery

A The b 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.

A b 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.




- A Battery and Energy Harvesting Integrated Model

A Rate of recharge for different light conditions

T T T T T T T T

ffice Overcast Full Daylight Direct
Lighting Day (notdirectsun) Sunlight

Light intensity [lux]




- A Battery State of Charge Model for Periodic Workload

1[mA]

State of Charge (SoC) Estimation

A The SoCdepends upon: J
A The harvested energy (b).

Q

A The platform current consumption (& = —‘) -

. ] Wi
A The leakage current (battery self discharge and low-power mode current
consumption).

The State of Charge (SoC) of a battery for n wake-up periods (T,,)

3NnTy,

leak

SOQt +11T,) = SOQY) +[5+ (@, * a2+ g ) 1T, - K

Tx fwd

Conditions
SoC(t =0) = SoCpax.
SoCpmin < SoC(t + n T,i) < SoCpax-
3, as and ary are constants on [t, t + n Tyl [Castagnetti 04-2012]




Model Validation

Case Study: Model Validation Using the EZ430 platform

A Texas Instruments EZ430 solar energy harvesting platform

A MSP430 microcontroller (cadenced at 16MHz) and a CC2500 RF transceiver.
A 2.25in x 2.25in solar panel.
A Two lithium thin-film 50 pAh rechargeable batteries.

Spy-Bi-Wire and ( Two LEDs
MSP430 Appliation UART  © ushbutton

-~ Solar Energy Harvesting (SEM-01) Module
u C

Chip Antenna ©Z430-RF2500T (End Device)

J to eZ430-RF2500T

USB Powered MSP430F2274 EnerChip EH CBCS5300 Module

18 Accessible Pins



Model Validation

Case Study: Model Validation Using the EZ430 platform

A EZ430 Power Supply Architecture

The application board is
equipped with an MSP430
microcontroller and a CC2500
RF transceiver.

The solar panel is
optimized for operating
indoor under low-intensity
fluorescent light.

A 1000 eF cap
connected to the output of the
batteries to mitigate the effect
of the pulse discharge current.

Power
Controls
o

T e ises A protection circuit is placed at
the voltagetothe | gooae | | T e

\’\ the output of the two Lithium
necessary level needed to —————>| ~_ . artar thinf i | m 50 € Ah

recharge the battery or batteries, in order to protect
power the system. them from fully discharging.

Two Lithiumthin-f i | m 5 (

The charger circuit is controlled
rechargeable batteries.

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.




- Model Validation

Case Study: Model Validation Using the EZ430 platform
A Application

A The End Device (ED) application periodically sends a packet through the air to an
AccessPoint (AP).

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

84.5°F PC temperature

Access Point

6:19:46 PM
3.6V Power supply

<——— Solar panel temperature
< Transmission period
6:19:46 PM
3.6V Battery voltage




