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Abstract

Our aim of research is to understand and to improve the power supply of energy-harvesting powered
systems by means of finding the optimal energy management. In this paper we (1) propose a general
energy management structure, (2) present a modular platform concept to realize various configurations of
energy management, and (3) characterize management modules and prove the feasibility of the construction
kit. The energy management components investigated are dc-dc converters, energy-supervisors, super
capacitors and a dummy loads. The results show that all modules work properly and that interconnections
has a negligible effect. Our tool offers a new approach to thoroughly investigate energy managements.
Keywords: Energy harvesting, energy management, modular platform, dc-dc converter, super capacitor

1 Introduction kits. After that wee will motivate our research ap-

Self-powered sensor nodes are electrical micro-
systems which continuously measure physical pa-
rameters of their surrounding. This might be the
temperature, pressure, humidity [1], light intensity[2],
vibration [3] or soil properties [4]. The wireless sen-
sor nodes (WSN) send the data to the next node or
to a central data collection unit for monitoring.
Batteries or energy harvesting (EH) are used to
supply power to the devices [5]. A battery has a
limited lifetime and therefore needs to be replaced
after a while which can cost more then the battery
itself. EH utilizes the energy of the surrounding (no
matter in which form) and converts it into electrical
energy.

Micro-energy management (MEM) is essential to
extract, transfer and regulate power from an energy
harvester to a load, as shown in Fig. 1. Itis a key
component for self-powered sensor nodes and is
thoroughly discussed in this article.

The remainder of the paper is organized as follows:
in the state-of-the-art section we present energy
managements of wireless sensor nodes and test

various energy harvesters various loads

- fluctuatin, regulated
_gp ——
W< power MEM power

Sensors, uC, RF

Fig. 1 General scenario in with a micro-energy man-
agement (MEM) supplies regulated power to a load
from energy harvesting

proach in 3. We present a general structure of
MEMs in 4 and our modular construction kit in 5. In
section 6 we show the evaluation of the kit compo-
nents (modules and main board).

2 State-of-the-art
2.1 WSNs which use Energy Management

Below, we will present a couple of wireless sensor
nodes (WSN) which implement a rather advanced
energy management. All approaches make use of
power converters (dc-dc) to increase the system
efficiency and use intermediate storages to buffer
power fluctuations. To give a better overview, we
have summarized the issues and drawbacks first:

» The hardware of all systems presented is fixed
on one printed circuit board (PCB), which makes
varying different hardware components very im-
practical.

» Another issue in the presented work is that the
leakage of super capacitors is measured and un-
derstood incorrectly. As [6] and [7] show, the
voltage drop after charging is due to an internal
charge redistribution, which we however, consider
in our measurements.

» The structure of the energy managements pre-
sented so far is application specific and not gen-
eralized to cover all management configurations.
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The authors in [8] present a WSN prototype board
powered by ten miniature PV cells and the bg25504
dc-dc converter. They realize a hybrid storage with
a 5F super capacitor and a 350 mAh Li-lon Battery.
The power management (decision making) is im-
plemented in an CPLD. The board is comparably
large (18.8cm x 12.5cm) with a fixed management
structure. Only jumpers offers to set different config-
urations. The power consumption of the CPLD and
the involved analog-to-digital converters (ADCs) are
not discussed.

In [9] the authors present an energy management
with hybrid storage (super capacitor and Li-lon bat-
tery), bidirectional dc-dc converters and a 3.3V
dc-bus. The dc-dc converters are built using the
TPS43000 dc-dc controller and external MOSFET
transistors which makes it very versatile. The major
drawback though, is the lack of configurations pos-
sible. Furthermore, it is not clear why the dc-bus is
beneficial for the system.

The authors of [10] present an impedance match-
ing for a thermoelectric generator (TEG) with a two
stage concept, utilizing a Seiko chargepump and
the TPS61020 boost converter. Again, the whole
energy management structure is fixed which makes
optimization very hard. Additionally, the supercap
leakage current is misunderstood.

In [11] the author mentions a modular platform to
evaluate different dc-dc converters and loads. All
modules are connected in one string and the 32 I/O
lines offers a very flexible usage. A drawback is
the size of the modules (16 cm x 10.cm) which are
connected by huge 2x32 pin connectors.

2.2 Test kits for Energy Management

2.2.1 Energy Harvesting Solution to go (WE)

The German company Wiirth-Elektronik offers a
commercial energy harvesting kit, which is shown
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Fig. 2 Energy Harvesting Solution To Go which allows
multi-source harvesting [www.we-online.de]
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in Fig. 2. The kit combines the EFM32 Giant Gecko
Starter Kit from Silicon Labs with the Multi-Source
Energy Harvester from Linear Technology and pas-
sive components, like coils, from Wirth-Elektronik.
Different dc-dc converters can be chosen by the
jumpers, which only gives a little freedom of configu-
ration. Multi-source harvesting is possible by using
a combination of solar cell, thermoelectric generator
(TEG) and the piezo harvester (for vibration). The
kit provides no monitoring capability, except for the
current measurement of the microcontroller.

2.2.2 Energy Harvesting Platform (FE)

A more versatile solution is the Energy Harvest-
ing Platform from Future Electronics. Different har-
vesters, dc-dc converters, storages and sensors
(loads) can be connected via a uniform interface to
a main board. The structure however is rather fixed,
including one harvester, two dc-dc converters, one
storage and one load module. Further enhanced
concepts like multi-source harvesting or a hybrid
storage can not be realized. Furthermore, the main
board includes fixed components: power paths are
switched by bistable relays and the current is mea-
sured by fixed shunt resistors (50 mQ).

2.2.3 Vendor-specific EH demo boards

Besides dc-dc IC evaluation boards some vendors
also offer EH-demo boards which provide connectiv-
ity of different harvesters and loads and offer certain
self monitoring capabilities. Worth to mention are
the Analog Devices ADP5091 demo board, Maxim
Integrated MAX17710 evaluation board, the enO-
cean EVA320-2 board and the IPS-EVAL-EH-01
evaluation board from Infinite Power Solutions.

Fig. 3 The EH Platform from FutureElectronics. Dif-
ferent modules like dc-dc converters and storages are
connected on fixed positions to the main board (shown
in green) [www.futureelectronics.com]
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3 Motivation and Approach
3.1 Power forming and reliability

Continuous power supply is essential for most ap-
plications, like sensor nodes, because they have
to measure and transfer data periodically. It is a
challenging task to design such a continuous power
supply based on energy harvesting. Keep in mind
that the output power Py of an energy harvester
fluctuates, whereas the load shows a well-known
power profile P,,;. Only a micro energy manage-
ment with an intermediate storage can accomplish
this task [12]. A further issue is the voltage level of
the harvester Vi which doesn’t match the voltage
of a typical load V},.s. Consequently, the following
equations hold true:

PEH 7é Pload (1 )
Vet # Viead (2)

The reliability p of a self-powered system can be
defined as the ratio between the number of jobs
done (#jobsg,,.) and the number of jobs scheduled
(#j0obsscheauiea), @S shown in the following equation:

#J obs done

reliability: =
yoop #jobSgcheduled

(3)

3.2 Aim and Approach

The aim of our research is to understand and to
improve the reliability (as defined in Eq. 3) of self-
powered systems by means of finding the optimal
energy management. Our approach presented in
this paper is to develop and evaluate a construction
kit to freely configure and test various managements
structures. Further research will focus on the dimen-
sioning and benchmarking of different structures.
Our approach is detailed into three steps

1. Propose a general management structure and
systematically identify building blocks

2. Develop hardware modules for each building
block and interconnect them with a base board

3. Prove the feasibility of the kit with measurements
of the individual modules and the parasitic effects.

4 General structure of micro energy
managements

In figure 4, we propose a general energy manage-
ment structure. For the sake of simplicity, we show
only one harvester, one storage and one load. The
concept can be extended by multiplying the adja-
cent blocks of the Energy Supervisor or omitting
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some blocks. Thus the structure can be applied to
every energy management the authors can think of.
It is possible that a commercial solution could cover
more than one building block, e.g. energy extraction
and energy supervision.

4.1 Identify building blocks

The Energy Generator is responsible for collecting
energy (no matter in which form) and to convert
it into electrical power. Energy Extraction is es-
sential to extract the unregulated power provided
by the energy generator in the most efficient way.
Impedance matching realized by Maximum power
point tracking (MPPT) can be realized here. The En-
ergy Supervisor then controls the energy flow to a
load or a storage. It monitors voltage levels at differ-
ent nodes in the system and activates certain power
paths. To supply power with a constant regulated
voltage, the Energy Supply is needed. Charge
Control is mandatory to access an energy storage.
It monitors the charge procedure and keeps track of
overvoltage and undervoltage conditions. The Load
represents the power consumer, e.g., a sensor, a
microcontroller and a radio transceiver.

Charge P Energy
Control Storage

Energy Energy Energ_y Energy Load
Generator Extraction Supervisor Supply

Fig. 4 General structure of energy managements

4.2 Realizing the building blocks

The yellow building blocks are usually realized by
dc-dc converters or low drop-out regulators (LDOSs).
No matter if switched mode (dc-dc) or linear (LDO),
every converter features a kind of regulation (in-
put/output and current/voltage) which is presented
next:

Energy Extraction requires converters which reg-
ulate the input voltage. The input voltage is well-
suited to be controlled by MPP tracking according to
the fractional open-circuit voltage method (FOCV)
or the perturb and observe (P&0O) method [13].
Energy Supply requires power converters which
regulate the output voltage to provide e.g. 3.3 V.
For Charge Control, power converters are used
which regulate the input or output current. To real-
ize a full CCCV-charging scheme (constant current
constant voltage), a voltage limiting feature is imple-
mented as well [14].
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5 The construction kit:
From building blocks to Modules

5.1 Standard module

There are roughly about 100 integrated circuits (ICs)
commercially available, which can be used in a mi-
cro energy management circuit. It is difficult to elab-
orate on these ICs thoroughly, because the evalu-
ation boards of the ICs are not standardized. To
overcome this issue, we have defined our own stan-
dard layout as shown in Fig. 5. One module holds
all necessary components, which are (besides the
IC) all necessary passive components like resistors,
capacitors and inductors. This approach allows us
to think in a more structured way (in building blocks)
without struggling with the specific layout considera-
tions of each IC. So far, we have managed to fit any
energy management component on such a small
module, like a dc-dc converter, a power switch or an
energy storage.

0.4

0.0
e ]

Fig. 5 Standardized module layout to hold one energy
management sub-circuitry, measuring only 1.6" x 1.2"

5.1.1 Power path

Even though commercial ICs offer a lot of features,
inputs and outputs for power can be identified and
have fixed positions on every module (IN1, IN2,
OUT1, OUT2, GND). Theses power ports are con-
nected through the main board (see next section) to
build up the whole power management circuitry. A
four-pin connection reduces the series resistance
and gives the system a mechanically reliable con-
nection, which is necessary for long-term experi-
ments.

5.1.2 Control signals and further develop-
ments

Additional control inputs and outputs (analog as well
as digital) are routed to the sides of the modules.
They allow access to features like chip enable and
under-voltage lockout (UVLO) by use of 0.1" jumper
wires. Different modes of operation of the individual
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chips are realized with jumpers on the module. For
further developments, there is a power supply (5V,
3.3V and -1.5V) and a serial interface available.

5.2 Main board

Figure 6 shows the main board. It is designed to
hold up to 8 modules in two rows and thus allows
for multi-energy harvesting and multi-load supply.

We installed banana plugs on the edges of the board
to easily connect various harvesters and loads. In
the figure, a basic setup of the bq25570 dc-dc con-
verter, a supercap and a dummy load is shown.

The main board has conducting paths which con-
nect the modules to each other. Figure 7 (left) il-
lustrates how the first power rail is connected from
one module to the next one (IN1, OUT1, shown in
red) and furthermore, that the second power rail is
separated (IN1, OUT1, shown in blue and yellow).
To realize even more complicated connection struc-
tures, we have also built a power jumper wire, as
shown in Fig. 7 (right).

000000

000000

BIc00000

000000
00

Fig. 6 Two rows of four modules each can be plugged
into the main board. The inputs and outputs are acces-
sible by the white banana plugs.

Fig. 7 left: module interconnection with two power rails;
right: power jumper wire with very low contact resis-
tance (11+0.2mQ, including female headers)

18. GMA/ITG-Fachtagung Sensoren und Messsysteme 2016 87



5.3 Realized modules

Table 1 summarizes all modules built so far. The
first section shows all power converter modules, the
second section energy supervisors, and the last
section shows energy storages and a dummy load.

Table 1 Overview of all modules currently available in
the construction kit

module dedicated function
ADP5090 dc-dc, Vi, regulated, MPPT by FOCV
BQ25570 dc-dc, Vi, regulated, MPPT by FOCV
SPV1040 dc-dc, Vi, regulated, MPPT by P&O
LTC3125 dc-dc, I, regulated, 0.2Ato 1A
LT3109 ac-dc, Vstartup = 20mV, for TEGs
TPS3839x  two voltage supervisors 2.6V and 3.1V
ADG888 analog switch matrix (5.5V, 0.8 A)
TPS2421 load switch (20V, 5 A)
LT6656 + voltage reference and comparator
TLV3691 on one module (I = 850 nA and 75 nA)
SuperCap € =0.18, 0.3 and 0.8 F from Cap-XX

DummylLoad prog. resistor array 12.5mQ to 1 MQ

In the following, we will give more details about cer-
tain modules: figure 8 shows the ADP5090 and the
BQ25570 module. Both converters feature two out-
puts: the first is meant to connect a super capacitor,
where the second one is a voltage controlled out-
put. The pin Al1 is the fractional open-circuit voltage
which is acquired by the dc-dc controller. With the
jumpers (J1...J3) or the digital inputs (DI1 and DI2)
the FOCV ratio can be chosen and an undervoltage
feature can be enabled.

The switch matrix shown in Fig. 9 is built by two
ADG888 from Analog Devices. The module fea-
tures two inputs and two outputs. By means of the

DC/DC
ADP5090
1

RN

PR P Y Jio b Js

Fig. 8 left: ADP5090 module; right: BQ25570 module

*, Dummy Load

40hm..1MOhm i=

i oo 1) o eg

Fig. 9 left: Switch atrix; right: dummy load module
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four bidirectional switches, every input can either
be connected to every output or left floating. On
the right of Fig. 9 the dummy load is depicted. It
contains a 16-Bit shift register to address 16 preci-
sion resistors (0.1%) via MOSFET transistors. The
values are 12.5Q,25Q, 50Q, 100 Q, 220 Q, 470 Q,
1kQ, 2.2kQ, ... 470kQ and 1 MQ.

6 Experimental results

It is important that implementing the power man-
agement ICs on our modules has no effect on the
performance and the behavior in any manner. This
is why be thoroughly tested each module and com-
pared the results to the reference data (datasheet).

6.1 Validation of the power converter modules

The main parameters of interest of power convert-
ers are the start-up voltage and the efficiency. We
use the Keithley SourceMeter 2400 as a current
source and the B&K Precision 8600 as a current
sink. The current and voltage at the input and out-
put were measured with four Agilent 43301A. We
carried out an automated measurement using Lab-
VIEW by sweeping current and voltage for all power
modules. Exemplary, we show the results for the
ADP5090 and BQ25570 in Fig.10 to 13. The ref-
erence data is always given as a blue line and the
deviation is shown in a separate chart on the right.
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Fig. 10 ADP5090 efficiency measurement in depen-
dence of input current (left) and relative deviation (right)
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Fig. 11 ADP5090 efficiency measurement in depen-
dence of input voltage (left) and relative deviation (right)
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Fig. 12 BQ25570 efficiency measurement in depen-
dence of input current (left) and relative deviation (right)
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Fig. 13 BQ25570 efficiency measurement in depen-
dence of input voltage (left) and relative deviation (right)
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6.2 Validation of the supervisor modules

As an example for the supervisor modules, we show
the validation of the switch matrix module. We mea-
sured the on-resistance R, of switch S1 and S2
(IN1-to-OUT1 and IN1-to-OUT2) as shown in Fig. 14.
We conducted a four-wire measurement at a con-
stant current of 100 mA. Further, we measured the
off-resistance R.¢ to be greater then 5MQ for all
input voltages.
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12 —+— Module 1, S1
Module 1, S2
" —#*— Datasheet

Rel. deviation from datasheet in %
o >

—+— Module 1, S1

Module 1, S2

1 2 3 4 5
Vinin V

o
o

0 1 2 3 4 5
VininV

o

Fig. 14 On-resistance (S1, S2) of the switch matrix

6.3 Validation of the Supercap

The super cap module (shown in Fig. 6; 2nd module)
holds the SC HW 207 from the company CAP-XX
with a nominal capacity of 0.4 F. We charged the ca-
pacitor with a constant current of 3A up to 5.3V and
left the output floating at time + = 0. The data was
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Fig. 15 Charging and relaxation of a 0.4 F super cap,
measured three times, in comparison with a simulation
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Fig. 16 Proposed supercap equivalent model. Switches
separate between the charging and discharging process

acquired by a NI myDAQ (16 Bit ADC resolution,
200kS/s). In Fig. 15 we can clearly see the voltage
drop, due to the internal resistance and charge re-
distribution effect. Based on [15] we developed a
equivalent circuit of the super capacitor as shown in
Fig. 16. We introduced two switches to separate be-
tween the charging and the discharging process. If
the voltage reaches 5.3 V switch 1 opens and switch
2 closes simultaneously.

6.4 Validation of the dummy load

The dummy load can generate 65.536 parallel re-
sistors combinations as explained in Sec. 5.3. For
validation it is sufficient to apply a one-hot coding
and thus only measure one precision resistor at a
time. We carried out the measurement at 8 tem-
peratures ranging from -10 °C to 60 °C as shown in
Fig. 17.

Relative error in %

I ! I 1 I I | 1 .
1M 470k 220k 100k 47k 22k 10k 4.7k 2.2k 1k 470 220 100 50 25 125
Resistance in ohm

Fig. 17 Measured relative error of the 16 individual
resistors of the dummy load at 8 different temperatures
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6.5 Parasitic effects of modules

Besides the modules, the main board itself and
the interconnection may interfere the measurement
setup. To clarify the order of magnitude of these
effect we have done a short evaluation on the PCB
traces and interconnections. Table 2 summarizes
the results. The contact resistance was measured
by applying a four wire measurement with a current
of 1 A. We used a Fluke 87 Ill multimeter to measure
the differential voltage of the four wire measurement,
and furthermore the conductance and the capaci-
tance.

Table 2 Overview of parasitic effects of the main board
and the module interconnection

Quantity result
Contact resistance, module-board 5 +0.1 mQ
Power jumper wire, board-board 11+0.2mQ
Isolation resistance (IN1to GND) > 100 GQ
Capacitance (IN1 to GND) < 10pF
Capacitance (IN1 to IN2) < 10pF

6.6 Discussion of the measurements results

The efficiency results of the power converter are in
good accordance with the datasheet values. For
lower input currents and voltages, the relative error
seems to be is higher due to the chosen presen-
tation. The validation of the switch matrix module
shows an on-resistance which is about 18% higher
than the datasheet value. This could be due to the
PCB traces and interconnections. The charging be-
havior of the supercapacitor matches very well to
our simulated model. The dummy load shows sig-
nificant deviation from the expected 0.1% precision
of the resistors. For the high-ohmic resistors, the
negative relative error is due to the leakage current
of the transistors. For the low-ohmic resistors, the
positive relative error is due to the on-resistance of
the transistors.

The measurement of the parasitics of modules and
mainboard clearly show, that these effects are neg-
ligible. Further keep in mind, that all critical circuit
paths are only on the modules, and thus the module
interconnection dose not influence the function of
these building blocks.

7 Conclusion and Outlook

We proposed a generic energy management which
can be applied to a large variety of self-powered sys-
tems. Based on the identification of building blocks,
we defined and built a novel modular construction

DOI 10.5162/sensoren2016/1.4.1

kit. We built all necessary blocks like power con-
verters, energy supervisors, energy storages and a
load as modules. A detailed evaluation shows, that
all modules work within their specification and that
the measurement Kit itself has no relevant influence
on the measurement. The platform is very flexible
and can be kept up-to-date very easily.

Our tool offers us a new approach to thoroughly in-
vestigate energy managements for further research.
Regarding development of more modules we will
focus on measurement modules and thus, enhance
the system with self-monitoring capabilities. This
will make the need of laboratory measurement gear
unnecessary and will allow for long-term measure-
ments outdoors.
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