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Abstract

This paper presents an integrated approach to energy
harvester modelling and performance optimisation where
the complete mixed physical-domain energy harvester sys-
tem (micro generator, voltage booster, storage element and
load) can be modelled and optimised in a systematic man-
ner using one simulation platform. We developed an accu-
rate HDL model for the energy harvester and demonstrated
its accuracy by validating it experimentally and compar-
ing it with recently reported models. To address the per-
formance loss due to the close mechanical-electrical inter-
action that takes place in energy harvesters, we proposed
a holistic methodology to the energy harvester optimisation
based on the HDL model. The effectiveness of employing
such an approach has been demonstrated by showing that it
is possible to improve vibration-based energy harvester effi-
ciency (energy delivered to load/harvested energy) by 30%
through optimising the micro-generator size and the voltage
booster circuit components.

1. Introduction

Pervasive computing (integration of computation into
our daily lives through sensing systems to enhance our ac-
tivities without being intrusive), is widely believed to repre-
sent the next major market for the electronics industry. One
of the key challenges in pervasive computing research is
energy harvesting (conversion of ambient energy captured
from the environment into electrical energy), where the fo-
cus is to develop energy harvesters to power electronic de-
vices, particularly in wearable and embedded sensors [7],
where batteries are cumbersome or impractical.

There are considerable and continuing research efforts
world-wide to support the energy harvesting paradigm and
self-powered electronics. Majority of the reported research

in energy harvesting has been on improving the efficiency of
the energy harvesters through the design and fabrication of
novel micro-generators, materials and devices [2, 4]. Be-
cause of the output power of energy harvesters is highly
variable and unpredictable, recently Amirtharajah et al. [1]
proposed digital circuits that employ serial computation and
distributed arithmetic as a way of dealing with the variabil-
ity of the available energy. Also, in [10], it was reported
through the use of dedicated sub-threshold logic it is possi-
ble to implement an FFT processor that operate in practice
with supply voltage as low as 180mV, suitable for energy
harvesters.

An energy harvester is a system consisting of several
components from different physical domains including me-
chanical, magnetic and electrical as well as the external cir-
cuits which regulate and store the generated energy. To
design highly efficient energy harvesters, we believe that
it is crucial to consider the various parts of an energy har-
vester in the context of a complete system, or else the gain
at one part may come at the price of efficiency loss else
where, rending the energy harvester much less efficient than
before. Furthermore, the close mechanical-electrical inter-
action that takes place in energy harvesters, often lead to
significant performance loss when the various parts of the
energy harvesters are combined. However, there has been
little reported research on systematic modelling and opti-
misation of energy harvester so the aim of this paper is to
propose such an approach. Some reported circuit designs
treat the micro-generator as an ideal voltage source [11] but
we show that modelling the micro generators using ideal
voltage source correlates poorly with practice. Other re-
ported designs use a simple linear equivalent circuit model
[1] but we also show that simulation results from such a
model are not accurate. Based on this motivation, we devel-
oped a mixed physical-domain behavioural model. Mixed-
technology HDL modelling itself is not new, but what is
new here is that HDL provides accurate modelling tech-



nique for energy harvester. Also, enhanced performance
of energy harvester is achieved through the use of HDL-
based optimisation. Several HDLs that support multiple do-
main system modelling and simulation are available, such
as VHDL-AMS, Verilog-AMS and SystemC-A. In this pa-
per VHDL-AMS [3] has been chosen as the modelling lan-

guage.
2. Energy harvester modelling

Vibration-based electromagnetic energy harvesters are
proving to be successful when applied in real-world appli-
cations [8] and therefore are used in this paper as proof-of-
concept for the proposed modelling and performance opti-
misation integrated approach. It should be noted that 2mW
can be generated from a vibration magnitude of 25mgrss
at 17.2Hz [8].

An energy harvester has normally three main compo-
nents: the micro generator which converts ambient envi-
ronment energy into electrical energy, the voltage booster
which pumps up and regulates the generated voltage, and
the storage element (Figure 1).
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Figure 1. Block diagram of an energy har-
vester.

Reported modelling approaches aim to replace the micro
generator of an energy harvester with either an ideal voltage
source (Figure 2 (a)) or an equivalent circuit model (Figure
2 (b)) when designing the voltage booster. However, as will
be shown in this paper, neither of these approaches is suit-
able for accurate voltage booster design.

The proposed approach in this paper uses VHDL-AMS
to describe the micro generator as a series of analyti-
cal equations (Figure 2 (c)), which includes mechanical,
magnetic and electrical behaviours of the micro generator.
Through out the paper, comparisons have been made be-
tween different modelling approaches and we show that our
HDL-based model is more accurate than the circuit models.

The case study presented in this paper uses a vibration-
based electromagnetic micro generator [9] as an example.
The design is based on a cantilever structure. The coil
is fixed to the base and four magnets, which are located
on both sides of the coil, form the proof mass (Figure 3
(a)). This structure can be modelled as a second-order
spring-damping system, which has been widely used [2],
and whose dynamics is:
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Figure 2. Micro generator models.

mz(t) + cpz(t) + ksz(t) + Fen = —my(t) (1)

where m is the proof mass, z(t) is the relative displace-
ment between the mass and the base, ¢, is the parasitic
damping factor, ks is the spring stiffness, y(t) is the dis-
placement of the base and F,, is the electromagnetic force.

The electromagnetic voltage generated in the coil is
given:
Vem = ®(2) * 2(t) )
where ®(z) is the magnetic flux through the coil.
Although our HDL model is based on analytical equa-
tions, it can capture practical size and shape of the actual
device. The coil in the actual micro generator consists of
N turns and has an inner diameter 7 and outer diameter R.
Each of the four opposite magnets are of height H (Figure 3
(a)). So the actual magnetic flux through the coil is a piece-
wise non-linear function of the relative displacement z(¢):
= f{=(0)}.

When the relative displacement is small |z(¢)| < r (Fig-
ure 3 (b)):

® = (\/R2—22(t) + /12— 22(t)) *x2x Bx N (3)
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Figure 3. Relative displacement between the coil and magnets in the micro generator.

When the relative displacement is large H —r < |z(t)| <
H (Figure 3 (c)):

® = —(V/ R = (H = [2()))*+/r2 = (H = [5(t)[)2) BN
(C))
There are 5 other sections of the piecewise function
which have been implemented in the VHDL-AMS model
but are omitted here due to space limitation.
The output voltage is defined by:
V(t) = Ve — Re #i(t) — Lo % i(t) (5)
where R, and L. are the resistance and inductance of the
coil respectively and i(t) is the current through the coil.
Finally, the electromagnetic force is calculated as:

Femp = ®(2) *i(t) (6)

There are a number of circuit topologies that can be used
as a voltage booster. In this paper we model the voltage
booster using VHDL-AMS which describes the circuit be-
haviour by differential equations.

In the case of storage element, a super capacitor has been
modelled by:

d(Ve + Viosr)
dt
where C' is the capacitor value, V> and I are capacitor
voltage and current respectively and V7o g7 represents the
effect of leakage loss.

¢ =—Ic @)

3. Models comparison

In this section we compare the accuracy of different mi-
cro generator models with the same voltage booster. Volt-
age multipliers (VMs) are often used to rectify and boost
up AC voltages and thus can act as the voltage booster in

an energy harvester. Figure 4 shows a 6-stage Villard volt-
age multiplier [11], which has been used in the following
comparison.
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Figure 4. Villard voltage multiplier as the volt-
age booster.

All the comparisons presented are based on the charg-
ing of a 0.22F super capacitor. Because the VHDL-AMS
simulator used here, SystemVision from Mentor Graphics
[5], has a maximum simulation time of 150 minutes, only
simulation results in this range have been obtained. Figure
5 shows the simulated charging waveform of the capacitor
using different micro-generator models including the pro-
posed HDL model. Also shown is the capacitor charging
waveform obtained experimentally. The experiment was
setup as the micro-generator sitting on a vibration genera-
tor, which produces constant mechanical vibrations (Figure
6).

As it can be seen, there is poor correlation between the
energy harvester experimental measurements and that of
models based on ideal voltage source or equivalent circuit.
The reason why the model with ideal voltage source (Figure
2 (a)) fails is that in an energy harvester the voltage booster
can greatly affect the behaviour of the micro generator but
an ideal voltage source always produces constant output.
The crucial mechanical-electrical interaction is missing in
the model. As for the equivalent circuit model (Figure 2
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Figure 5. Different energy harvester models
compared with experimental measurements.

Figure 6. Experimental measurement setup.

(b)), this is because in [1], the equivalent circuit model of
the micro generator links mechanical mass(m), spring(k)
and damper(b) to electrical inductor(L), capacitor(C') and
resistor(R) by:
L=m,

C=1/k, R=b 8)

which is over simplification and does not capture accu-
rately the internal operation of the energy harvester.

In the case of the proposed energy harvester HDL model,
there is a good correlation between the experimental and
simulation results. The reason why the HDL-based model
correlates well with practice is that it can incorporate the
actual shape and size of various components into the mi-
cro generator model by using analytical equations. Here the
non-linear dependence of the micro generator’s output volt-
age on the input displacement described in Section 2 can be
accurately captured by the HDL model. Simulation results
of the equivalent circuit model and HDL model are com-

pared with the experimental measurement in Figure 7. As
can be seen from the waveforms, when excited by a sine
wave stimulus, the equivalent circuit model still generates
sine wave output. But the HDL model can capture the situ-
ations when the coil and magnets are moving apart, which is
what happens in practice and leads to non-sine wave output.

Voltage (V)

0.8
Equivalent

0.4 1 circuit
1 model

0.0 \

" \/ \/

-0.8 1

1.0 1

] Proposed
0.5 | HDL model
0.0

s

1.0
0.5 Experimental

: measurement
0.0
-0.5
1.0

1200 1220 1240 1260
Time (ms )

Figure 7. Nonlinear output from micro gener-
ator correctly reflected by proposed model.

4. Performance optimisation

The close mechanical-electrical interaction (micro-
generator and voltage booster) that takes place in energy
harvesters, often lead to significant performance loss when
the various parts of the energy harvesters are combined.
Here the loss expressed in terms of energy harvesting ef-
ficiency:

EHarvested - EDelivered
NLoss = E )
Harvested

Therefore, to address the performance loss, we propose
an integrated approach to the energy harvester modelling
and performance optimisation (Figure 8). In our approach,
not only the energy harvester model but also the optimisa-
tion algorithm is implemented in a single VHDL-AMS test-
bench. The parameters used for the optimisation are from
both the micro generator and the voltage booster. The opti-
misation object is to increase the charging rate of the super
capacitor. The optimisation algorithm generates design pa-
rameters to the model and obtains the charging rate through




simulation. The optimisation loop runs continuously until
the design parameters reach an optimum.
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Figure 8. Integrated performance optimisa-
tion in VHDL-AMS testbench.

A super capacitor of 0.22F has been used in the perfor-
mance optimisation experiment. The micro-generator pa-
rameters that can be optimised are related to the coil size, i.e
the number of turns (/NV), the internal resistance (R.) and the
outer diameter (R). Because other components such as the
magnets and cantilever determine the resonant frequency of
the micro-generator and thus should be based on applica-
tion requirements. The circuit parameters of voltage booster
have also been included and the entire energy harvester is
optimised as an integrated model. For proof of concept,
we employed a genetic algorithm (GA) [6] to optimise the
energy harvester with a voltage transformer booster. Other
optimisation algorithms may also be applied based on the
proposed integrated model.

5. Integrated approach simulation results

To validate the effectiveness of the proposed approach to
reduce the performance loss in energy harvester (and im-
prove energy harvesting efficiency) due to the interaction
between the mechanical and electrical parts, we have car-
ried the following simulation. The vibration-based micro-
generator is based on the cantilever structure and has been
designed separately from the remaining parts of the en-
ergy harvester (Figure 1). The structure coil parameters
are given in Table 1. The voltage booster circuit (Figure
9) has also been designed independently from the rest of
the energy harvester and its parameters are given in Table
1. Note we have used this booster circuit in stead of the cir-
cuit in Figure 4 since it has better performance. This energy
harvester design is referred to as “un-optimised” since the
micro-generator and the voltage booster have been designed
separately.

The implemented GA has a population size of 100 chro-
mosomes. Each chromosome has 7 parameters (3 from
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Figure 9. Transformer based voltage booster.

Micro-generator
Outer radius of coil (R) 1.2 mm
Coil turns (N) 2300

Internal resistance (R.) 1600 €2
Voltage transformer
Resistance(£2) No. of turns
Primary winding 400 2000
Secondary winding 1000 5000

Table 1. Parameters of un-optimised energy
harvester.

the micro-generator and 4 from the voltage booster). The
crossover and mutation rate are 0.8 and 0.02 respectively.
The chromosome’s fitness is updated every 50ms. Af-
ter simulating the testbench for 100 seconds, which cor-
responds to 2000 generations in the GA optimization, the
gene values converge to an optimum. The simulation CPU
time is 17 hours on a Pentium 4 PC. Note that the long sim-
ulation time is not due to the GA employed, because major-
ity of the simulation time was dedicated to the simulation of
100 chromosomes for every GA generation. For indication,
CPU time of 10 GA generations (500ms) is 181 seconds
and simulating 100 chromosomes for 500ms alone (with-
out GA) takes 177 seconds, which means that GA accounts
for less that 3% of the CPU time. In particular, the energy
harvester has a large storing capacitor of 0.22F and even
for one chromosome, simulating the voltage across it with
time step of 0.1ms for 100 seconds takes almost 10 min-
utes. Although optimisation speed is not a main concern
here, VHDL-AMS is known to be slow for pure mathemat-
ical computations and may not be suitable for some more
complicated optimisation algorithms. Here we use VHDL-
AMS to implement the GA because this approach yields an
integrated optimisation system wholly implemented in the
hardware description language and it allows automatic op-
timisation using a single platform.

Applying the proposed modelling and performance opti-



misation, Table 2 gives the new micro-generator and voltage
booster parameters which are referred to as “optimised” de-
sign. The impact of these values on improving the charging
of the super is shown in Figure 10. As can be seen from the
simulation results, in 150 minutes the un-optimised energy
harvester charges the super capacitor to 1.5V and the opti-
mised energy harvester reaches 1.95V, which represents a
30% improvement.

Micro-generator
Outer radius of coil (R) 1.1 mm
Coil turns (V) 2100
Internal resistance (R.) 1400 ©2

Voltage transformer

Resistance(£2) No. of turns
Primary winding 340 1900
Secondary winding 690 3800

Table 2. Parameters of optimised energy har-
vester.
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1.6 A

Un-optimised

1.2 o
0.8 o
0.4 ~
0.0 T T T T T

0 30 60 90 120 150

Time (min)

Figure 10. Simulation waveforms of super
capacitor charging by different energy har-
vester models.

6. Conclusion

It is likely that energy harvesters will have a key role
to play in providing the energy needed to power up mod-
ern electronics present in several emerging applications. To
maximize the energy harvester performance, we believe that
various parts of energy harvesters (mechanical and electri-
cal) need to be optimised in a holistic and integrated ap-
proach. This paper presented such an approach to the mod-
elling and optimisation of energy harvesters through the em-

ployment of a mixed-technology HDL. We have shown that
the existing energy harvester modelling approaches are in-
adequate and we have demonstrated the effectiveness of the
proposed approach through the case study of an electromag-
netic energy harvester. It has been shown that through per-
formance optimisation it is possible to achieve a 30% im-
provement in the super capacitor charge rate.
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