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Abstract: Harnessing energy from environment requires maximum interaction between
harvesters and energy power source. Since available energy in natural system is random and
small power, harvester must increase their capability. Is known that resonant solution for
energy harvesting devices can improve their performance, however projects are limited for a
small time matching natural frequency offered from environment vibration. To enhance energy
harvesting result it is propose a controller to driven harvester to maximum vibration interaction
to the power source. This study is based in numerical evaluation. The proposed controller
regards Linear Matrix Inequalities (LMI) Heo approach. As main result it is noted a
considerable increase of system vibration energy available for harvesting.

Introduction

Several studies concerning Energy Harvesting arises at academic frontier. Among this
many enforces to advance in harnessing energy from environment emerge studies in solar,
thermic gradients and vibration as power source to electric energy conversion.

Centering in vibration, also there are several methods to transform kinetic to electric
energy, for example piezoelectric materials, electromagnetic and electrostatic transducers [6].
Piezoelectric direct effect transform mechanic tension applied to material into electricity.
Instead firstly application in sensor and actuators piezoelectric direct effect is growing in studies
for power generation applications, since better piezoelectric materials has been developed [11].

Using piezoelectric materials concerning direct effect to supply electric power was not
possible since few years ago because of small power generation resulting in this application.
Nevertheless, electronic devices are in direction to low power consumption and it becomes a
reality to ponder in piezoelectric direct effect as power source [10].

Recently energy harvesters using piezoelectric material were proposed in numerous project
designs. First projects concentrate enforces to design seeking to match the device natural
frequency to harmonic vibration frequency resulting in resonance and, consequently enhance
power transducing [9]. However, environment vibration is in a large range, therefore only a part
of space time becomes into resonance, reducing harvesters projected efficiency [8]. Because this
drawback there are various studies concentrate in increase harnessing efficiency, for example
innovating piezoelectric material [2], use of tuning devices [2], setting non-linear bistable
behavior [7] and modeling non-ideal excitation [3].

Finally, this paper explores a controller to set energy harvester to maximum vibration
frequency interaction. It is possible using an active controller with vibrational actuation
according exogenous excitation, due an adequate mathematic treatment of dynamic model. This
research proposes to use Optimum Linear Matrix Inequalities method [1] to control a bimorph
energy harvester seeking to enhance efficiency.

Bimorph Energy Harvester

A bimorph cantilever excited by a harmonic vibration [4] is given in Figure 1, including an
electrical load circuit.
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Figure 1 - Bimorph cantilever [4].

For the proposed harvester the dimensionless open loop parameters are given in Table 1,
regarding resonance response.

Open loop Parameters 4 X A K
Value 0.01 0.05 0.05 0.5

Table 1 - Dimensionless parameters [4].
Dynamic Model

The dynamic model for the energy harvester is given in dimensionless Equation 1, where ¢
is damping, x is piezoelectric mechanical coupling, v is resistance voltage, A is reciprocal of
time constant, k is piezoelectric electric coupling and w is the exogenous excitation [4].

X+2{x+x—yv=w )
v+Av+kx =0

The space-state matrix form of the dynamic system is given by Equation 2:

%, 0 1 07(*1y [0
Xpp=|-1 =20 x [{x2p+|1|w (2)
X3 0 -k —Al\X3 0

LMI Control Driven

An LMI Control Driven utilizes feedback state, u(t) = Lx(t), seeking optimize relation
between exogenous excitation w(t) and result signal y(t) [1]. The space-state model for the
proposed system is given by Equation 3, and explained in schematic flow chart in Figure 2.
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Figure 2: Dynamic control scheme
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An sufficient condition for LMI control driven [1] is the existence of a matrix X = X' €
R™Mand Y € R™", presented by LMIs (Linear Matrix Inequalities) given in Equation 4:

( min

[AX +XA'-B,Y—-Y'B,’ XC'+Y'D" B 1

{ CX+ DY -1 0 |<O0
(4)

| B, 0 —uIJ
\ X>0
withj=1,...,r

When LMIs are feasible, a feedback matrix L for space-state that optimizes system
behavior is given for L = YX™1.

Controller Project

Substituting parameters given in Table 1 than the related matrix according Equation 2 are
given in Equation 5.

0 1 0 0 0
A=|-1 -0.02 0.05|(,B;=|1]|, B=|1|landC=1[1 0 0] (5)
0 -05 -0.05 0 1

Substituting matrix A, B1, B2 and C given in Equation 5 in LMIs given in Equation 4 and
solving inequalities, the resulting feedback matrix is L = 10°[ 1.2630 0.0007 0.0000].
The resulting eigenvalues are -0.0808 + 1.0373i, -0.0808 - 1.0373i and -0.0438 + 0.0000i. Since
all eigenvalues have real part negative, consequently the system is stable. Once L is determined,
the feedback system configurationisu = —Lxandy = A — B, Lx.

Frequency Response Analysis

As explained in paper introduction, the environment vibration is in wide range and it is not
possible to project design according resonance. Applying a controller it is possible to set up to
maximum frequency response as presented in Figure 3.
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Figure 3: System frequency response

In Figure 3 is shown that the controller gives a response closely to open loop system.
Notice that the open loop corresponds to dimensionless resonance parameters.
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Efficiency Analysis

Considering the dimensionless dynamic model proposed by [4], a resonance occurs for f =
0.083 and Q = 0.8. The dynamic system given in Equation 1 is written ¥ + 2{x +x — yv =
0.083 cos 0.8t. Velocity, displacement and acceleration have direct effect to output voltage as
can be seen in phase portrait analysis [3]. Taking in consideration the feedback state matrix A-
B.L, it is possible to calculate the feedback parameters, as shown in Table 2.

Feedback parameters { X A K
Value 0.0778 0.2636 0.1636 0.6356

Table 2 - Feedback parameters.

For evaluation of controller efficiency was set up different values for force varying from
0.083 as resonance to 0.3. Performing analysis according Runge-Kutta method for solving
ordinary differential equations it is possible to visualize the total energy from the system, given
in Figure 5,6 and 7.

Time History - Velocity Phase Portrait - Velocity x Output Voltage

0.15

T
Controlled
Open Loop

T
Controlled
Open Loop

o
®

0.1f bl

o
o

)
IS
o
o
a
T
I

\

o
N
=)
L

I
"h

Il R R R A T T A Al AT S ol
M‘H H““\ h”‘ JH J HJ‘ ‘H “\” J‘\“ h” ‘\J‘w‘ “”1 J“HJ JJ\“ ‘Jh “JM “\‘U J
Tt M‘ gty

Velocity [rate]
<)
&
T
.

5 6
2 0
Output Voltage [rate]
. .
:
.

S
>

-0.15

S
@
i

1 r r r r r L r L L 0.2 r r r r r r r
0 100 200 300 400 500 600 700 800 900 1000 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

Time [sample] Velocity [rate]

Figure 5: Available System Energy - f = 0.083
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Figure 6: Available System Energy - f=0.1
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Figure 7: Available System Energy - f=0.3

As can be seen in Figure 5, the amount of energy available for controlled system is smaller
than resonance open loop but very closely. For f = 0.1 the energy from both system are similar,
as shown in Figure 6. However, when force increases and the system get apart to resonance, the
total energy from the controlled system becomes higher then open loop system. For f = 0.3, for
example, the total energy from controlled system becomes significantly superior to open loop
resonance system, as shown in Figure 7.

Final Remarks

Various studies regarding energy harvesting has been outcome in the last few years to
enhance the harness capability from energy harvesters. In the same direction, this investigation
presented a study of control driven for dynamic behavior considering Linear Matrix Inequalities
Optimum Hoo method. As the main result, it was possible to verify a significant increase of
system energy available for harvesting.

In this study the parameters were considered singular, however in real case situation,
damping and electrical coupling depends of environment conditions, for example humidity and
temperature. Variation in parameters results in polytopic uncertainties. In this direction, instead
optimum method is required robust LMI method [5] which characterizes a possible research
continuation.
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