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Ubiquitous computing dream of wireless sensors everywhere is 

accompanied by the nightmare of battery replacement and disposal. 

No Moore’s Law in batteries:  

2-3%/year growth  

Battery Technology is Stuck! 

Solution 

Design systems that harvest limited energy from ambient (heat, light, radio, 

or vibrations…) or scavenge power from human activity 

WSN’s lifetime depends on 

battery life!! 
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Available Energy is All Around 

Light  

 

Motion and 

vibration 

EM waves 

Heat 
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• Energy Harvesting shrinks or replaces batteries or 

extends recharge periods 

 

• Power output of Energy Harvesting transducers is 

linked to their size (area, volume) and thus to their 

price 

 

• Power addresses matching of loads and of 

transducers and aim at the maximum energy output 

Energy Harvesting Basics 

Energy harvesting is the process by which 

energy is captured and stored 

 

This term often refers to small 

autonomous devices – micro energy 

harvesting 
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Energy Harvesting Sources 
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Energy 

Source 

Source 

Polarity 
Efficiency Harvested Power        Characteristics 

Light 

 

DC 10~24% 

100 mW/cm2  (Outdoor) 

 

100 µW/cm2  (illuminated office) 

Operating conditions vary widely 

with environment light level. MPPT 
algorithms needed to achieve 

maximum power transfer  

Thermal 

 

DC 

~0.1% 

 

~3% 

60 µW/cm2   (Human) 

 

~1-10 mW/cm2  (Industrial) 

Low output voltage. Step-up circuit 

needed.  

Impedance matching to achieve 
maximum power transfer 

Vibration 

 

AC 25~50% 

~4 µW/cm3  (Human motion - Hz) 

 

~800 µW/cm3  (Machines - KHz) 

High AC output voltage with positive 

and negative fluctuations (spikes). 
Rectifier & Step-down circuits are 

needed. 

Ambient  

Air flow 
AC 

~39% (Dynamic) 

 

~41% (Generator) 

35 µW/cm2   (@ <1 m/s) 

 

3.5 mW/cm2  (@ 8.4 m/s) 

Dual or 3-phase output. Rectifier is 

needed. 

MPP varies slightly with wind speed. 

Impedance matching is sufficient to 

achieve maximum power transfer in 
many applications  

RF AC ~50% 

0.1 µW/cm2   (GSM 900 MHz) 

0.001 mW/cm2  (WiFi) 

 

Impedance matching to achieve 

maximum power transfer 

Airflow Goal 

Investigate energy harvesting and 
management technologies that can 

support the operation of a smart 
sensor node indefinitely 

Effective, long term, power supplies are limited and/or expensive 

Example:  At an average power 
consumption of 100 mW, you need more 
than 1 cm3 of lithium battery volume for 1 
year of operation. 

PV 

Kinetic 

Inductive 

RF 
Contacts: Telecom Italia, 

STM 

Environmentally powered wireless sensors 
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Mixed Architecture 

 

 

 

 

 

 

 

Energy Harvester and 

 Smart Power Unit 

EH powered nodes: Philosophy 

Sensors 

Input 

protection 

ADC CPU 

Wireless  

EH-management 

Switch 

Supercapacitor  Battery 

Switch 

 

Independent 

 Load 

 

Ref2 Ref1 

Supercapacitor  Battery 

• General purpose  

 Optimized from Ambient Source and storage, 

but not for a specific application 

• Plug-&-play    

• Analog or with Digital Interface for external 

power management  (standardization?) 
  

• Usually more efficient 

• Tailored on a specific application   

• HW /SW dependent  

Interface 
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Electric power 

• The instantaneous electric 

power delivered to a load is 

given by: 

   

 

• In case of resistive loads, then 
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• P(t) is the instantaneous power , 

measured in Watts [W] 

• V(t) is the voltage difference across the 

load, measured in Volts [V] 

• I(t) is the current through it, measured in 

Amperes [A] 

• R is the resistance, measured in Ohms [Ω] 

GENERATOR (delivered power >0) 

USER (incoming power >0) 

I(t) 

V(t) 

V(t) 

I(t) 
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Maximum power transfer 
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Maximum Power Point Tracking 

 
 

• Maximum power from source to load when internal resistances are 

matched 

• Input resistance of a DC-DC converter is influenced with its duty 

cycle 

• Rg depends on several factors Ą Rg(Env.Cond, time, T, …) 

 

Ideal situation:  
•  Load RL and internal resistance  

Rg are naturally matched 

• Vg in the correct range 

Typical situation:  
• DC/DC with MPPT to match RL and Rg 

and /or to adjust Vg 

• MPPT adjusts resistance matching 

over time 
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Rg(EC,t,T,…) RL RL 

Vg Vg 

DC-DC 

MPPT 

Rg 

Rg(EC,t,T,…) 
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Energy Harvesting Design: Generic Approach  
• Dedicated blocks, depending on energy source, ambient 

conditions and application 

 

•  Not all are required in any application and with any source 

 

• Rectifier, DC-DC converter and MPPT are the most challenging 

and require a very accurate design process 

 

• Charger/limiter/protection consumes additional power and are 

often to some extent redundant.  

 

  

Ambient 
Energy 

Energy  

Trans-
ducer 

Rectifier  
MPPT 

DC/DC 

Charger/Protection 

Storage 

DC/DC Load 
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Ambient Energy 

Non-monotone, Unpredictable 

• Ex: solar power (PV-cells) 

 

• Ex: power waveform from 

human walk (piezo-scavengers) 

14 

[Paradiso05] 

Too much 

Too little 

Aperiodic 
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Challenges for Harvested power 

management 

• Changing polarity input 

• Low input voltage (e.g. some mVs) 

• AC input with variable frequencies 

• Several AC inputs 

• Sources with variable resistance (depending on 

temperature and aging) 

• High dynamic range of input voltage 
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Rectifier 

 • Energy is usually available with dual polarity voltage   

 

• Design choices:  

• Simple Diode Bridge  (Vdrop ~1,2V) 

 

• Active mosfet Bridge  (Vdrop ~0,4V) 

 (needs Input Polarity Detector)   

 

• Dual circuit topology    

 (No Vdrop, at the cost of size and complexity)  
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Rectifier 

 
 

Active Mosfet Bridge 

 

• Diodes can be short-circuited by switches to 

prevent degrading efficiency from the 

forward voltage drop 

 

• Typical values:  

• Start-up 150mV, 

• drop 40 mV, later on 5 mV 

 

• Diodes are only active during start-up 

where still no supply voltage for the 

comparator  
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Maximum Power Point Tracking 

- an example-  
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P 

Vtransducer 

Vsolar 
Vctrl 

Vsolar 

Controlled variable 

Vlow, Vhigh Ą duty cycle 

 

Vlow crossing Ą switch off 

Vhigh crossing Ą switch on 

Vlow 

Vhigh 

 Online control for tracking Transducer curve variations 

MPP Regulator 
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MPPT Techniques 

• MPPT Techniques depend mainly on the transducer and the ambient 

energy  

 

• Most common techniques of MPPT employ DSPs or microcontrollers, not 

suited for Energy Harvesting  

 

• Simpler solutions employing only analog circuits sometime ha smaller 

performance  
For e photovoltaic cells with Fractional Open Circuit Voltage: Photovoltaic panels 
output voltage that allow to drain the maximum amount of power correspond at 
about the 70 % of the open circuit voltage.  

KOFCV = VOC/Vmpp ~ 0,71-0,75 
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MPPT Techniques 

• Energy storage required 

 

• Intelligent, adaptive power management ensures maximum power 

output 

• Switching frequency is fixed  and depends 

on circuit parameters and components. 

 

• Maximum Power Point Tracker  duty cycle 

is controlled and output power 

measured 

 

• Increasing output power: duty cycle is 

changed further in the same direction and 

vice versa 

Climb the Hill !! 
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Buck: Vo <= Vi 

Boost: Vo >= Vi 

Buck-boost: Vo <=> -Vi 

DC/DC 
-Typical Power Converter  Topologies- 

  

October 14, 2011 22 D.Porcarelli, D.Brunelli 
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Buck converter basics 
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PWM 

PWM 

Buck: Steady state transfer function  

- Continuous Current Mode (CCM) - 
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Buck: Steady state transfer function  

- Discontinuous Current Mode (DCM) - 
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Buck-Boost converter basics 
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Efficiency metrics: Definition of efficiency 
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• Efficiency is the mean power provided to the battery 

over the mean power generated by input sources  

(i.e. environmental transducers or fuel cells) during a 

complete charging cycle TCH 

                                                                                 

 
• Mean power is obtained by computing the total 

energy delivered during the charging cycle and 

dividing it for the charging time 

                                                                                                             

IN
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P
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Efficiency metrics: Definition of power 
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• The DC harvester 

input power is 

measured at the 

transducers output 

terminals 

 

• The storage 

incoming power is 

measured at the 

storage terminals 

IPV 

VPV 

VBATT 

IBATT 

Efficiency metrics: Definition of power 
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• The measurement of the AC harvester input power is carried out 

considering two different cases: 

ü  The rectifier is part of the AC transducer: input power is measured 

at the rectifier output terminals 

 

 

 

 

 

 

ü  The rectifier is part of the harvester: input power is measured the    

rectifier input terminals 
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Energy Storage Technologies 

• Tradeoffs 
– Batteries 

• Mature technology, high energy density, less efficient, limited to few 
hundred full recharging cycles (significantly more shallow cycles) 

– Ultracapacitors (up to hundreds of Farads) 

• Virtually infinite recharge cycles, higher leakage current (goes up with size) 

• Configuration 
Á Tiered Capacitor+Battery. 

Á Battery-only,  Capacitor-only 

ÅOptions 
Á Secondary  Batteries  

Á Capacitors 

Á Supercapacitor 

Á THF Batteries 

Á Fuel cellé 

Energy Reservoirs will still play an important role 
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Charge Termination Methods  

Lead Acid NiCad NiMH Li-Ion 

Slow Charge  Trickle OK  Tolerates Trickle  Timer Voltage Limit  

Fast Charge 1  Imin NDV dT/dt Imin at Voltage Limit  

Fast Charge 2  Delta TCO  dT/dt dV/dt=0   

Back up Termination 1  Timer TCO TCO TCO 

Back up Termination 2  DeltaTCO Timer  Timer Timer 

  

 

  

 

Recharging Issues 

• No general purpose method 

 

E.g. Lithium batteries have: 

•  wide voltage operating range 

•  thick range to determine the end-of-charge 

and undercharge 
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Fuel cells: Hydrogen 
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Membrane splits electrons off hydrogen 
 

Electrons recombine with proton on other side in 
catalyzed reaction w. oxygen to form water 

Voltage(V), Power Density(mW/cm
2
) vs. Current(A)
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Anode: 

• Fuel gas temperature…… 25°C 

• Fuel gas pressure…… Ambient 

• H2 flow rate…… 0.030 splm 

• Relative humidity…… 100% 

 

Cathode: 

• Air breathing 

Max Power Density: 

282 mW/cm2 

 

Power : 1 W (0,52 V @ 1,94 A) 

H2 Ą 2H+ + 2e- 

½O2 + 2e- + 2H+
Ą H2O 

ORing 
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N-supply ORing using diodes 

Supply 1 

Supply 2 

Supply N 

Board 

Supply 

N-supply ORing using MOSFETs 

Supply 1 

Supply 2 

Supply N 

Board 

Supply 

One method to increase the reliability of high availability systems is the 

use of redundant power supplies 

• Simplest configuration 

• Automatic switching 

• No control signals needed 

 

Vf = 0.3 V 

If = 10 mA 

Pd = 3 mW 

WAST POWER 

RON = 25 mΩ 

IDS = 10 mA 

Pd = 2.5 µW 

• Current can flow in both directions  

• Control circuit is required 

Power dissipation 

reduced by ̴ 93% 
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• Microsystem would not operate when charged from zero voltage. 

 

• Microprocessor drew significant amount of power when attempting to 

initialize at 0.9V, system locked in perpetual loop. 

 

Possible Solutions: 

• To guarantee a charging path even if storage device is depleted. 

• Voltage level detectors which do not allow the microsystem to boot (or to 

start) until supply is above 2V. 

 

mcontroller 

MOSFET 

XC61C Supercap 
With Cold Start circuit 

Without Cold Start circuit 

Example from Perpetuum Inc. (VIBES project) 

Start-up problems 

October 14, 2011 35 D.Porcarelli, D.Brunelli 

Startup  
-example- 

Charging curve Efficiency 

Vctrl=0V 

October 14, 2011 36 
D.Porcarelli, D.Brunelli 
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Electrostatic  Electromagnetic  Piezoelectric  

¶More easily 
implemented in 
standard micro -
machining processes  
 
¶Requires a separate 
voltage source (such 
as a battery) to begin 
the conversion cycle.  

¶Typically output AC 
voltages is below 1 volt 
in magnitude  
 

 
¶Not easy to implement 
with MEMS technologies  

¶The output voltage is 
irregular and depends 
on the constructions  
 
¶An overvoltage 
protection circuits is  
required  

 

Vibrations 
 

Case Study 

October 14, 2011 37 D.Porcarelli, D.Brunelli 

modulated by 

polarity 

detection  

Case Study 

-Electromagnetic transducer- 

•  Boost Topology for step-up 

 

• In-phase sinusoidal current from 

a sinusoidal source  

• Two converter  

 to eliminate the  

 need for rectifier 

 

• Impedance matching by altering 

duty cycle 

 

• Not overlapping  control signals 

Unique control 

signal 

Source: S. Roundy 

October 14, 2011 38 D.Porcarelli, D.Brunelli 
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Case Study 
-Electromagnetic transducer-2- 

Seiko Kinetic 

Oscillating Weight 

Magnetic Rotor 

Induced Current 

Harvested Energy 

Supercapacitor 

Boosting Circuit 

Final Capacitor 

October 14, 2011 39 D.Porcarelli, D.Brunelli 

Case Study 

-seiko kinetic- Boosting Circuit 

Á By means of two flying capacitors      and       

   charge is transferred into the final capacitor        

        where the voltage level rises faster.  

Á Charge is initially stored into a supercapacitor 

      used as charge tank. 1C

2C 3C

4C

x3 

October 14, 2011 40 D.Porcarelli, D.Brunelli 
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Case Study 

-seiko kinetic- Boosting Circuit 

In few seconds, the final capacitor reaches  3x the  SuperCap voltage. 
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Case Study 
-Electromagnetic transducer-3- 

-EnOcean- 

• Pushing a button causes a 

complete inversion of a permanent 

Magnetic filed  

 

• Voltage and current generate by 

Lents law is enough to transmit 

16bits 

 

• New generation of devices with 

self-powered sensors and 

bidirectional wireless 

communication 

October 14, 2011 42 D.Porcarelli, D.Brunelli 



21 

Case Study 

-ThermoElectric Generator- TEG 

Seiko Thermic wristwatch, convert heat from the wrist (body 

heat) into electricity. 

Thermoelectric conversion 

Carnot efficiency : ( TH - TL) / TH = ∆ T / TH. 

 

Seebeck-Peltier effect 

October 14, 2011 43 D.Porcarelli, D.Brunelli 

Case Study 

-TEG- 

• TEGs output voltage is very low 

 

• TEGs have a maximum power point  

(MPP) which change with DT 
 

• MPP is usually the half of the open 

circuit voltage (Vteg-oc) 

 

•  Problem: Internal resistance of TEG 

depends on temperature and aging 

October 14, 2011 44 D.Porcarelli, D.Brunelli 
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Case Study 

-TEG- 

• Essentially a boost converter with auto-generation of the control signal 

(regulation loop)   

 

• The circuit starts to work with 20 mV due to JFET and L2 ( 

(Spies et al.) 

October 14, 2011 45 D.Porcarelli, D.Brunelli 

Case Study 

- Air flow -  

October 14, 2011 D.Porcarelli, D.Brunelli 46 

• 8 mW @ 15 Km/h micro turbine 

• RL around 600 Ω maximizes power 

generation, for all the tested wind 

speeds 
 

2
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,
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Diode on 

NMOS off 

Diode off 
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Case Study 

-Power Delivery to Bio-Implantable  wireless circuits- 

Size: 1 cm2 

Output voltage to 

the implanted 

device  2,2V 

(Dondi et al.) 

October 14, 2011 47 D.Porcarelli, D.Brunelli 

• Powering sensor nodes with unregulated and variable voltage supply from 

the solar cell Ą adaptive Active-Recovery DC 

īMinimize the energy used for  DC/DC or linear regulation 

īAutomatically adapt duty-cycle with analog thresholds (comparators) 

on voltage supply  

īOptimize thresholds for MPP in low-lighting condition (no tracking at 

high lighting as energy is over-abundant) 

 

• WSN HW support a wide voltage 

supply range (usually between 1V 

and 4V ) 

 Tmote Sky  2,1 – 3,6 V 

 TI Node  1,8 – 3,6V 

 TinyNode 584  2,4 – 3,6 V 
[µsolar scavenger 10mm2  

PV surface: Brunelli, Benini] 

Indoor PV powering is feasible! 

 

Case Study 

-Sub-mW PV cells-  
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Sub-mW PV cells 

-How it works- 

 

Vth2 

Vth1 

Inductor-less solar harvester 

Design of the energy storage and 

conversion circuitry together with 

the target platform 

Energy available for the whole Activity time 

C, Vth1, Vth2 are evaluated to guarantee  

the complete execution of the worst-case task or activity 

October 14, 2011 50 D.Porcarelli, D.Brunelli 

Managing harvested energy 

 

It is different from battery energy 

• Supply varies with time 
– Need to adapt performance 

 

• Supply varies in space 
– Different nodes get different energy: need load sharing 

 

• Supply is repetitive (does not die out) 
– Opportunity to last forever 

 

• Efficiency concerns 
– Match load to maximize transfer 

– Supply direct when possible, instead of through battery 

October 14, 2011 52 D.Porcarelli, D.Brunelli 
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Harvesting-Aware Policies 

October 14, 2011 53 D.Porcarelli, D.Brunelli 

Energy harvesting Electronic System Design 

What is different in Software and Firmware development?  

VConventional energy management:  How do we save energy ? 

VEnergy harvesting management: When do we use energy ? 

[Sunergy: June 2007] 

¸ Determine an optimal on-line scheduling of activities:  

 If the set of activities is schedulable, it determines a feasible schedule. 

 

¸ Determine decisions on the application level that 
optimize the long term system behavior 

Swiss Federal 
Institute of Technology    Work in conjunction with 

October 14, 2011 54 D.Porcarelli, D.Brunelli 
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When do we use energy? 

 

2 1 

Greedy  
scheduling is 
not suited.  

1 2 

ALAP does 
not work 

either.  

And what happens if the energy storage is full?  
October 14, 2011 55 D.Porcarelli, D.Brunelli 

Smart Power Unit 
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Wind path 
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RECTIFIER BRIDGE WITH 

RIPPLE CAPACITOR 

ORing diode  

LOCAL STORAGE 

CAPACITOR 

(SUPERCAP) PWM SIGNAL  

FROM MCU 
BUCK-BOOST CONVERTER OPERATED IN 

DISCONTINUOUS MODE TO EXPLOIT 

RESISTANCE EMULATION IN MPPT 

ALGORITHM 

OPEN 

Solar path 
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ORing diode  

STORAGE 

CAPACITOR 

(SUPERCAP) PWM SIGNAL  

FROM MCU 

PILOT CELL TO 

SENSE OPEN 

CIRCUIT VOLTAGE 

BOOST CONVERTER OPERATED 

IN CONTINUOUS MODE TO STEP 

UP MAIN CELL VOLTAGE AND 

EXPLOIT MPPT 

OPEN 
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Fuel cell path 
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OVERVOLTAGE 

PROTECTION 

DIRECT CONNECTION BETWEEN FC AND 

CHARGING CIRCUIT (THE BEST 

SOLUTION TESTED) ORing diode  

Charger & output converter 
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OUTPUT DC-DC 

CURRENT SHUNT (OVER 

VOLTAGE PROTECTION) 

BATTERY UNDER 

VOLTAGE  

PROTECTION 

+3.3V (Vcc for MCU & 

Sensor Node 

PWR MGMT 

SIGNALS 
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Embedded MSP430 MCU 
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ADC INPUTS TO SENSE MAIN 

VOLTAGES  AND GPIOs FOR PWR 

MGMT & MPPT 

I2C CLOCK & DATA 

SIGNALS 

Power conversion stage: Some tips 

• Choose the more appropriate converter topology 

ü topology depends on power transducer characteristics and system constraints 

• IC or COTS converter?  

ü IC converters offer very high efficiency versus no control (e.g. switching 

frequency and duty cycle are fixed)  

ü COTS converters can offer lower efficiency versus total control of the switching 

signal 

• Find out values of components (L, COUT) and main parameters (T, D, Ipeak, 

IOUT, VOUT ripple)  

ü Use appropriate sizing tools (e.g. Power Stage Designer Tool of Texas 

Instruments) 

• Model your converter 

ü Choose components with simulation models (e.g. PSpice models) 

ü Create schematic and net list (Orcad suite integrates PSpice simulator) 

• Perform simulation to 

ü Check waveforms  

ü Check conversion efficiency 

ü Improve performance by changing some parameters 
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Power conversion stage: Component selection 
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Inductor selection: 

• Low series resistance 

• Ferrite core  

• Current rating ≥ Ipeak 

MOSFET selection: 

• Proper ID 

• Low RDS,ON 

• Cold start operations  

Diode selection: 

• Low forward voltage (e.g. schottky 

diodes) 

• Forward current ≥ Ipeak 

 

Output capacitor 

selection: 

• Low ESR 

NOTICE: Modeling and simulations are very important steps 

Power conversion stage design: Layout considerations 
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Wide and short traces for 

critical path IC topology: 

inductor, input and 

output capacitors as 

close as possible to the IC 

Wide traces for power ground 

COTS topology: 

placing components 

close together to 

minimize traces length  
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Thank You. 


