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Abstract— This paper presents the modelling of
the piezoelectric energy harvester beam to
operate in pitch and plunge motion with a view to
evaluating the performance analyses of the
modelled piezoelectric energy harvester. The
airfoil for the plunge and pitch motion models
were derived using first principles techniques.
Analyses of the steady state pitch and plunge
voltage and current First Resonance Frequencies
of the damped bimorph for a broad range of load
resistance were carried out. The piezo-aeroelastic
energy harvester gave an appreciable
improvement in power generation at low wind
speed capable of supporting many wireless
sensor applications.

Keywords— Piezoelectric, Wireless Sensor,
Steady State Pitch, Plunge Motion,
Resonance Frequencies, Energy Harvester,
Damped Bimorph

l. INTRODUCTION

Energy harvesting is the process of extracting small amount
of energy from ambient environment through various
sources of energy. Energy harvesting is not a new concept;
in essence it has been practiced for decades in the context
of windmills to harness energy from wind, in hydroelectric
generators to harvest energy from moving water, and in
solar panels that draw energy from the sun. However, what
is new with energy harvesting technology is how to design
and implement efficient energy harvesting techniques into
modern embedded systems while satisfying all their
constraints (Rizman et al., 2018; Hu et al., 2018; Podder et
al., 2016). For any energy harvesting system to be
considered attractive, it should allow miniaturization and
integration using the present MEMS technology, otherwise
it is not very useful. Eruk and Inman (2011) reported that
mechanical energy in form of ambient vibrations, fluid
flow, machine rotations, and biomotion presents a source of
energy that is available widely and at all times.
Piezoelectric materials can be used to harvest this energy
since they have the unique ability of converting mechanical
strain energy into useful electrical energy (Sarker et al.,
2016; Harne and Wang, 2016; Zeng et al., 2016; Ono et al.,
2016).

Traditionally, batteries are used as the electrical energy
power sources to power wireless sensors and embedded

electronics. However, batteries have a limited life span and
they are expensive to maintain and hence they are not a
long-term viable source of energy for WSNs and embedded
systems. In fact, the limited capacity of batteries is one of
the main factors constraining the performance and limiting
the lifespan of a typical WSN (Adhikari et al., 2009).
Energy harvesting is the most promising way of
overcoming the challenges currently presented by finite life
power sources like batteries. The process of energy
harvesting involves the harnessing of ambient energy from
within the vicinity of the sensor device and converting this
energy into usable electrical energy. Compared to batteries,
energy harvesting presents a potentially infinite source of
energy for powering wireless sensor devices and embedded
electronics in general (Briscoe and Dunn, 2014; Alper,
2009).

In recent years, piezoelectric energy harvesting has been
setting the pace in energy scavenging due to its many
advantages. Piezoelectric energy harvesters are devices that
convert ambient environmental vibration into electrical
energy by absorbing ambient vibrations (Kiran et al., 2014;
Yuan et al., 2018).

Il.  DERIVATION OF AIRFOIL PLUNGE AND
PITCH MOTION

It is important to know how the aerodynamic
forces, impact the behavior of the piezoelectric beam
attached at the trailing edge of the airfoil. In order to study
the aeroelastic behavior of the airfoil, the aerodynamic
forces acting on the airfoil shall first be obtained by
considering a quasi-steady condition.

Alighanbari (1995) in his work developed the lift
and moment generated by a 2D airfoil under quasi-steady
state conditions as:

L(h,a) =
npc?(h" +Va' —caya”) +
2mpVeC (k) [h +Va+c(0.5 - ah)a’] D

M(h,a) = mpc? [cahh” —Vc(0.5 —ap)a’ —
2 (1 2 "
c (g + ah) a ] + '
2rpVc2(0.5 + a,)C(K)[h + Va + ¢(0.5 — ap)a’]
)
where p is air density, c is the length of the airfoil semi-
chord, u is the airfoil-air mass ratio, V is the velocityof air

speed, a; is the nondimensional distance measured from
airfoil mid-chord to elastic axis, C(k) is the Theodorsen
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function, « is the pitch angle of the airfoil, prime denotes
differentiation with respect to non-dimensional time, kis a

complex function of reduced frequency (k = %C)and w is
the frequency of oscillations. If the NASA Langley rational
function is adopted herewith as given by Jeffrey (1990),
then an approximate rational function for C (k) is expressed

as:
_ , 2 Asik | Agik | Agik | Agik
CUe) = Ao + Avik + Aplh® + ik+by | ik+b, = ik+bs  ik+b, @

where b; = 0.014919, b, = 0.080715, b; = 0.238540,
b, = 0.687273 , A, = 0.998585 , A, = —0.000078 ,
A, = 0.000012, A; = —0.040125, A, = —0.152297,
Ag = 0.227080,and A, = —0.078005 .

If the effect of vortex shedding induced by the
uncoupled beam section is factored into Equation 1 and
Equation 2, the lift and pitching moments is then expressed
as:

L(h,a) =
pc?(h" +Va' —caya) +
27TchC(k)[h +Va+c(0.5- ah)a’] +L, (4a)

M(h,a) = mpc? [cahh” —Vc(0.5 —ap)a’ —

c? (% + a,zl) a”] +

2mpVc?(0.5 + ap)C(k)[h + Va + c(0.5 — apa’| + M,
(4b)

where L, and M,, are vortex induced lift and moment of the

uncoupled piezoceramic cantilever beam.

Considering the effect mass of the uncoupled
beam and the lift vortex sheet generated by the attached
piezoelectric cantilever beam. Since the vortex force
opposes the accelerating force of the uncoupled section of
the airfoil, the resultant effect of the forces is given as the
summation of the sectional attached mass and vortex lift
force as:

L, =— PCZYZ ing — h/r 5
) h = T Sy S0 Peios 108 ®)
According to Anderson (2001), the pitching moment of

vortex taken about the airfoil elastic axis is given by:
2
M, =22 (6)
where « is the pitch angle, p is air density,y is vortex
strength per unit length and c is the semi-cord.

Hence, the lift and pitching moment generated by
the aeroelastic system with vortex shedding effects of
uncoupled airfoil are:

Ly(h,a) =
mpc?(h” +Va' — capa’) +
sinf +

2ancC(k)[h+Va+c(05—0£ )a]—(72 Py

Pc o8 h”) (7)
M, (h,a) = mpc? [cahh” —Vc(0.5 —ap)a’ —

c? (l + az) a"] +
ZHpVCZ(O 5+ ah)C(k)[h +Va+ C(O 5—ap)a’ ] + szZa
(8)

1. RESPONSE OF AIRFOIL HEAVING AND
PITCHING MOTIONS
In other to derive the forced response when the
system is subjected to a series of harmonic excitations, the
steady state Frequency Response Function (FRF) for plunge

can be derived from Equation 7 and Equation 8. This is
achieved by equating the two lifts equations (Eugation 8
and Equation 7) and rearranging the resulting equation so
that é(7) and a(7) are separated on either side of the
equation, then the equationis expressed as:

[0 + mespc® + 92 (@) + e L) +
[£ns — 2me,pV 2CANNER + [ £y — 221 £() " =

721
[lh3xe — merpcday]a’ (t) + 2me pVc?(0.5 —
ap)C(k)a' (1) + 2me pcV2C(k)a(t)
, )
where e; = € /maUZ

Rewriting the left hand side of Equation 9 in the following
standard form as:

ad" (v) + 28w (1) + w28 (@) + Np§ ()7 =

[€h3xq — e pciay]a’ (T) + 2me, pVc?(0.5 —
ap)C(k)a' (1) + 2me, pcViC (k) a(r)

(10)
where  wj, = \/[£ps — 2me;pVc2C(k)] (s = qu =
S €1PcC
2U/[6ps—2me1pVc2C(K)] ' a= [{)hl +meypc? + 108 ]

N e1pcy?
and N; = [fhz e ]
In order to transform the pitching force components on the
right hand side of Equation 10, a pitching displacement of
the exponential function is assumed as:
a(t) = age®a” (11)
All the pitching motion components in Equation 10 will be
replaced by Equation 11, (that is its first and second
derivatives a'(7) = wpaee®e® and a'' (1) = agwie®a® |
Therefore, if these are substituted in Equation 3.35, then:
ad" (0) + 28w’ (0 + w28 (@) + Np§ ()7 =
[th3xq — e pcday]agwie®e® + 2mwe, pVc?(0.5 —
ap)C(k)ayw,e®e® + 2me, pcV2C(k)aye?e* (12)
In Equation 3.37, the solution is that of a forced vibration
response since the airfoil is dynamically excited. The initial
conditions induced a free vibration &, at the initial heaving
motion and the solution consists of the following
components.
§=S%+&+8H+6 (13)
Assuming &, = 0, (free vibration) and:
aéy" (1) + 28 wpéy (0 + wpé (D) +
Ny& (1) 7" = [Epaxe — meypciay]aowie®e* (14)
The solution of the honhomogeneous ordinary differential
equation (ODE) in Equation 14 is made up of both the
homogeneous and particular solutions. Hence, the solution
of the first component is:
$1=%m+Sip (15)
The homogeneous or complementary equation is:
a&;"' (1) + 2 wpé, " (1) + wi2& (D) + Ny& (7)™ = 0 (16)
Assuming the solution of Equation 16 is of the
form &, (1) = &e?*, and differentiating the equation up to
the second derivatives:
§(1) =60, &'(0) =&’ & (7) = §A%e™ (17)
Substituting Equation 16 into Equation 17 and rearranging:

§oe™[a? + 20 wid + wi?] = — = Ne™ (18)
0

Multiplying Equation 18 through by e**
e [a2® + 28; wiA + Wi + Nj| = &2 (19)
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The resulting characteristic equations are:

e =72, ar? + 2 wpd + (i + Ny) = 0 (20)
The first part of Equation 20 is not a valid characteristic
equation since it will not yield valid roots. This is why the
solution and roots determination were done using only the
second part of the equation. Using the quadratic equation

formula (x = %‘3_4“) to find the roots of Equation 20.

Therefore the roots of the quadratic equation in Equation 20
are:

b= =Yoo+ 1/q (4677037~ alwif + ),

Ry ==YaGwh =154 J4<§2w;2 — 4a(wi? +N;) (21)

The values of the roots in Equation 3.46 are not constant
and this will determine to a greater extent what the response
of the plunge motion of the airfoil will be. This shows that
the critical damping, ¢;, circular frequencies wj, and vortex

aerodynamic load N;; of the system plays a very important
role in determining the nature of heaving motion of the
airfoil, and their values should be chosen with care in order
to obtain better results. Since the roots are unequal, the
general solution of the homogeneous part of &;, is the sum
of the two solution components, where Aand Bare constants
of plunge homogeneous equation.

&y = AeMT + BeteTt (22)
The particular solution of &, needs to be form, by choosing
a function similar to
f(@) = [rsxg — mepclaplaywe®e® . In forming the
particular solution &;p, it should be noted that f(t) is the
right hand side of Equation 14. &, = Ce“<" was proposed
for the particular solution and if the derivatives of the
equation are taken up to the second differential, then:
&1p = Ce®a™, &p' = weCe® ™, & p" = w,*Ce®™ (23)
Substitute the components of Equation 23 in Equation 14,
and rearrange accordingly, then:

[awa2 + 2 wpwe + a);‘lz]Cez“’aT + % = [£h3%y, —
e pcdaylaswie?®at (24)

Solving for the value of the constant, C.
N} [th3xq—meipcdap]aowd
—-=0, C=
c [awa2+2(§w;wa+w;‘f]

Equation 25
From Equation 25, only valid value for particular solution
is the nonzero value of C, and hence:

_ [€h3xu_nelpc3ah]a0w%£ WqT

$1p = [awa2+2{§w;’lwa+w;2] € (25)
The solution of the first component of the heaving motion
is:

f13= Eim 2+ ¢ips

61 — Aell‘r + Belz‘r + [fh3xa—71'91PC ah]aowaewaf
[awa2+2€§w,*1wa+w;‘lz]

(26)

In order to obtain the values for the constants A and B,

respectively, the initial conditions of the system which

A+ B = — [fhsxa-nelpﬁah]ao(;é (28)
[awaz+2{;iw;‘lwaﬂu;‘1 ]

A A + 1,B = — ts¥acmerpcianlagwy (29)
1 2 [aa)a2+2(§w,*1(ua+a);‘lz]

From Equation 3.54, the expression of A, was obtained in
terms of B.

A —— [€h3xa_”e1pc3ah]a0(12)gx _ B (30)

[awa2+2(§w;‘lwa+w;‘l ]
Substituting Equation 30 into Equation 29, then:

_a [thsxa-meipciaplagwly (A — 1)B =

1 [awa2+2(§(u’;lwa+w;‘lz]

wolhsxg—merpcdap]agwd

[awa2+2(§(u’;lwa+w;‘lz] (31)
Solving Equation 31, the expression for constant B, is:
— (wa_ﬂ-l)[£h3xa_nelpc3ah]a0(‘)gz (32)

(/12—Al)[awa2+2(§w;‘lwa+w;‘f]
Also, substituting the value Bin Equation 30, A can be
expressed as:

_ (wag=2p)[fh3xq—merpciap|agwh
= (33)
(Az-Ap)|awa?+28iwjwator?
Substituting the values of A and B, in Equation 26, and with
proper rearrangements, then:
& = [hsxa—meipcap]agwd {(wa—lz) Mt Melzf +
1 [awa2+2(§w;‘1wa+w;lz] (A2=-21) (A2=-21)

evar} (34)

In a similar manner, the other heaving motion components

were obtained and expressed as:

&=

2me1 pVc?(0.5—ap)C(K)aowy {(wa—/lz) ATy (wg—21)
[awa2+2(§w;wa+w;‘f] (A2—21) (A2-21)

el 4

eva’}  (35)

_ 2meipcViC(K)ay (Wa=22) a7, @a=21) 2,1
& {mz—m e ©
ewaf} (36)

In other to obtain, the heaving motion final frequency
response function (FRF), the principle of superposition of
waves forms were applied as already expressed in Equation

16, and by substituting the components in Equations 34,
Equation 35, and Equation 36, into Equation 16 yeilds:

+

[ama2+2(§m;;a)a+a);‘lz]

&= A"ag o ulivir [2wsinh(w,T) +
- [ama2+25§w;‘lma+m;;2] (A2-21) W SINA\WrT
(A e™17 = 2,e™1)] + e®e® (37)
where  A* = [€y3x, — mepciay]w? + 2me pVc?(0.5 —
ap)C(k)w, + 2me, pcV?C (k) , g =1,
ewf‘r_e—wf‘r
sinh = ——— and wp =
2

Yo \/4(;2(»;12 — 4a(w? + Np)

The same procedure was equally applied to the pitching
motion forced response when the system is subjected to a
series of harmonic excitations. This is expressed as:

states that at the time (t=0) just before motion ae o~ aSgonT .
commences, the plunge displacement and velocity remains = ey 7 — [(/12*ve T
. . [awn2+2fwhwpt+wi?] | (217-227)
zero, would be applied. That is:
_ &a@=0, 51,(9) =0 (27) " eYr'T) = 2wy, sinh(w; )] + ewhr} (38)
Substituting Equation 27 into Equation 26, we have:
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—\2
where 4™ = [(”m + :_g) - ”32,054“}1] wf, + [%nz (%) -
2me,pVc3(0.5 + ah)C(k)]
wy =1y KZ0Z =407 TN L & =L @

\/% — 2me,pV?%c?(0.5 + ay,),

. [{aéﬂreszc?’(O.S—ah)—2neszc3(0.5—ah)]

(a 1 /11* =

ZJ%—Znezpvzcz(O.Sﬂxh)
—YaGows + 1/, VA Z20Z —4a(0Z +N;7) |, A =
—Va Gy = 1/, A2 wZ = 4a(wiZ + N and

ewfr_e—wfr

2

sinh =

V. AEROELASTIC ENERGY HARVESTER
RESULTS UNDER QUASI-STEADY
AERODYNAMICS OF AIRFOIL BASE
EXCITATION

The analysis given here considers the frequency
range of 0 - 1000 Hz, and it can be shown that this
cantilever has three vibration modes in this frequency
range. In the previous section, the optimum aerodynamic
parameters were determined for the quasi-steady excitation
of the airfoil base structure. These aerodynamic parameters
decide to a great extent how much voltage, current and
power is generated by the piezoelectric energy harvester.
Considering the first three vibration modes, the
fundamental mode of vibration as shown in Figure 3, is
accompanied with two strain nodes.

Mode Shapes

Normalized Strain

1 1

1 1 I

0 0.01 0.02 0.03
x/L

0.04 0.05 0.06 0.07

Figure 3: First three vibration mode shapes of the cantilevered beam energy harvester

Frequency Response of the Voltage Output under
Quasi-Steady Aerodynamic Airfoil Base Excitation

The analytical simulation results are given in this
section. The base of the cantilever is assumed to be rotating
as the airfoil pitch under the influence of aerodynamic
flutter. The series connection case is considered first. This
analysis is carried out around the air flow speed with which

flutter has been determined to have occurred. It is at this
point that the aeroelastic system exhibits the highest level
or quantity of vibratory energy. The set of electrical load
resistance considered here ranges from 0.33 TQ to 33 PQ.
The lowest resistance (R; = 0.33TQ) used here is very
close to the short-circuit conditions while the largest load
(R, = 33 PQ) is very close to the open-circuit conditions.
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Figure 4: Steady state plunge voltage FRFs of the bimorph for a specific range of load
resistance

The voltage output FRFs graphs in Figure 4,
Figure 5 and Figure 6, shows the voltage FRFs when the
base structure is undergoing flutter under quasi-steady
conditions and otherwise known as the damped airfoil. The
contribution of the plunge and pitch motions of the base
acceleration, and superimposition of both constitute the
total voltage produced by the harvester. In studying the
behavior of the system, the load resistance is increased
from short-circuit to open-circuit conditions, and this shows
that the voltage output at each frequency increases. The
short-circuit condition is defined as load resistance
approaches 0.33 TQ and the open-circuit condition defined
as load resistance reaches 33 PQ. The simulation results

showed that the load resistance range stipulated outside this
range (0.3 TQ — 33 PQ), cause the system not to attain
resonance most especially at higher vibration modes,
resulting in very low voltage generation. An important
aspect of the voltage FRFs plotted in voltage output, which
shows that at increasing the load resistance, the voltage
output at each frequency converges to its maximum value
as system attain each vibration mode’s resonance. The
short-circuit and open-circuit resonance frequencies of each
vibration mode remain equally the same as one moves from
the short-circuit load resistance (£,5¢ for R, - 0.33 TQ) to
the open-circuit load resistance (£,°¢ for R, - 33 PQ).
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MULTI MODE PITCHING VOLTAGE FREQUENCY RESPONSE
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Figure 5: Steady state pitch voltage FRFs of the damped bimorph for a broad range of
load resistance

102 MULTI MODE TOTAL VOLTAGE FREQUENCY RESPONSE
T T T T T T T T T
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Figure 6: Steady state total voltage FRFs of the damped bimorph for a specific range of
load resistance

It can be seen from the voltage output graphs (as on the resonance frequency and external load resistance
shown in Figure 4, Figure 5 and Figure 6) that the voltage used in configuring the electrical circuit. The system
generated by a given piezoelectric energy harvester depends reached its open-circuit condition at a load resistance of
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R, = 333 TQ for the plunge, pitch and system voltage FRFs

responses.

Short-circuit  and

open-circuit

resonance

frequencies of the first three modes are listed in Table 1.
Table 1: First three short-circuit and open-circuit
resonance frequencies read from the

voltage FRF of the bimorph piezoelectric aeroelastic
energy harvester

Mode (1) f3¢[Hz] 0C[Hz]
1 76.50 76.05
2 302.00 302.00
3 676.50 676.50

It is observed throughout the presentation of the
voltage FRFs that the plunge motion contribution to the
voltage FRFs output is basically higher than the pitch
motion from aerodynamic excitation of the airfoil base
structure under quasi-steady conditions. For the three mode
of vibration, the maximum generated voltage output at each
resonance frequency of the system is tabulated in Table 2. It
can be seen from the results that the first mode does not
produce maximum voltage due to interaction of the airfoil
base aerodynamics with the structural dynamics of the
piezoelectric cantilever beam. This lead to reshuffling or
cancellation of the strain nodes along the beam’s length,
reducing and later progresses as vibration modes increases.
For the plunge motion (as shown in Table 2), the third
mode produces the highest voltage contribution (V =
8650 mV) while the first contributes the least (V =
7.56mV). It can be seen for the pitch motion, mode two
registered a high voltage FRF output of V' = 19060mV and
mode one contributed just small voltage FRF value of
V' =3074mV . In conclusion, the second mode that
produce the highest voltage FRF output under quasi-steady
conditions with a value of V = 19210 mV.

Table 2: Maximum voltage FRFs output of the bimorph
piezoelectric aeroelastic
harvester at resonance frequencies of
the first three modes

Mode fr[Hz] Plunge Pitch System
r) Voltage Voltage Voltage
[mV] [mV] [mV]
1 76.50 7.56 3074 3212
2 302.00 77.13 19060 19210
3 676.50 8650 3804 12400

The mechanical resonance frequency does not depend on
the load resistance of the circuit neither does the electrical

resonance frequency, rather it is strongly affected by the
structural properties of the composite bimorph beam. In
comparing, mode one mechanical resonance frequency is
slightly lower than its counterpart short-circuit and open-
circuit resonance frequency with f, =75.96 Hz and
£5¢ = £,°¢ = 76.50 Hz. There is a different trend observed
in the second mode of vibration, where it is discovered that
the mechanical resonance frequency tends to be a bit lower
than its corresponding short-circuit and open-circuit
resonance frequencies with f. = 300.0 Hz, and f£5¢ =
£,°¢ = 302.0 Hz. The second mode of vibration of the base
structure is the pitching of the airfoil wing, which is why
this drop in electrical resonance frequency away from its
equivalent mechanical resonance frequency is accompanied
with a drop in voltage FRF output amplitude resulting from
the airfoil pitch motion contribution as shown in Figure 1.
In the third mode’s electrical resonance frequency increases
from its mechanical resonance frequency from f, =
676.0 Hz , to f5¢ = f9¢ =676.5 Hz .This is a valid
deduction from the analysis to say that the short-circuit and
open-circuit resonance frequencies traced from the FRFs
plot does not only depend on the load resistance, but also
on the mechanical resonance frequency and mechanical
damping of the piezoelectric cantilever beam.

Frequency Response of the Current Output under
Quasi-Steady Aerodynamic Airfoil Base Excitation

In the simulations for current FRF given here, the
current FRF is plotted against the frequency in Figure 7,
Figure 8 and Figure 9. Unlike the voltage FRF (as shown in
Figure 4, Figure 5 and Figure 6) the amplitude of the
current at every frequency decreases with increasing load
resistance. It can be seen that the current output trend is
opposite of the voltage behavior shown in Figure 4, Figure
5 and Figure 6. As the airfoil is excited at every excitation
frequency, the maximum value of the current is obtained
when the system is close to short-circuit conditions and
minimum when it is at open-circuit. In the region of
relatively low load resistance, the current output is larger at
the short-circuit resonance frequency which is contrary to
the case of the voltage output, where the voltage output
assumed much lower values at the system short-circuit
conditions. Also, the current output progressively decreases
with increasing load resistance.
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Figure 7: Steady state plunge current FRFs of the damped bimorph for a specific range
of load resistance
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Figure 8: Steady state pitch current FRFs of the undamped bimorph for a specific range
of load resistance
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Figure 9: Steady state system current FRFs of the undamped bimorph for a specific
range of load resistance

It is important to assess the current output
contribution by plunge motion, and pitch motion to the
current FRFs for aerodynamic excitation of the airfoil base
structure under quasi-steady conditions. The maximum
generated current output at each resonance frequency of the
system for the three mode of vibration is tabulated in Table
3.

Table 3: Maximum current FRFs output of the
bimorph piezoelectric aeroelastic
energy harvester at resonance
frequencies of the first three modes

Mod | f,.[Hz Plunge Pitch System
e(r) ] Current Current Current
[mA] [mA] [mA
1 76.50 0.22 9.14 9.39
2 302.00 2.19 52.25 53.74
3 676.50 9.61 40.17 136.10

Table 3 indicates that the pitch motion contributes
more current than the plunge motion of the airfoil base
structure. The results shows that the first mode does not
produce maximum current due to interaction of the airfoil
base aerodynamics with the structural dynamics of the
piezoelectric cantilever beam, and this behavior is similar to
the one obtained in the voltage FRFs. For the plunge
motion, the third mode produces the highest current
contribution (I =9.61mA) while the first mode
contributes the least (I = 0.22 mA). Considering the pitch
motion, the second mode registered a high current FRF
output of (I = 52.25 mA) and mode one contributed lowest
current FRF value of I = 9.14 mA. Therefore it is the third

mode of the system’s current that produce the highest
current FRF output under quasi-steady conditions with a
value of I = 136.10 mA.

Frequency Response of the Power Output under Quasi-
Steady Aerodynamic Airfoil Base Excitation

In the simulations for power FRF presented in
Figure 10, Figure 11 and Figure 12, the amplitude of the
power output at different frequencies increases and
decreases with increasing load resistance. The power output
plots intermingles at the first, second and third resonance
frequencies. As the airfoil is excited at every excitation
frequency, the maximum value of the power is obtained
when the system is close to short-circuit conditions and
minimum when it is at open-circuit.

The maximum power output for the first vibration
mode corresponds to the load of 33 TQ (see Figure 10) at
76.5 Hz. In the second vibration mode of the pitch motion
(see Figure 11), it is observed that the maximum power
output is obtained for 33 TQ at frequency 302.0 Hz, and
the third mode a peak power at open-circuit load resistance
of 3TQ and corresponding resonance frequency of
676.0 Hz is achieved. The power FRFs given in Figure 12,
that some of the power output plots, intersect one another
along some of the load resistance curves. These
intersections are observed around the resonance frequency
of 76.5rad/s , and off-resonance frequencies of
194.5rad/s, 225 rad/s, and 654 rad/s, between curves
of load resistances of 3 TQ and 333 TQ. The intersecting
curves are also observed at the off-resonance frequencies
between curves of 3TQ and 33 TQ, and of 0.33 TQ and
333TQ . At these intersection frequencies, the two
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respective load resistance values, yield the same power FRF

output.
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Figure 10: Steady state plunge power FRFs of the damped bimorph for a specific range of
load resistance
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Figure 11: Steady state pitch power FRFs of the damped bimorph for a specific range of
load resistance
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Figure 12: Steady state system power FRFs of the damped bimorph for a specific range of

It can be observed throughout the presentation of
the power FRFs that the plunge motion contribution to the
power FRFs output is basically higher than the pitch motion
portion from aerodynamic excitation of the airfoil base
structure under quasi-steady conditions. It can be seen in
Table 4.14 that from the three mode of vibration, that
maximum generated power output at each resonance
frequency of the system is at the third mode of vibration.

Table 4: Maximum power FRFs output of the bimorph
piezoelectric aeroelastic energy
harvester at resonance frequencies of the
first three modes

Mode | f,[Hz] Plunge Pitch System
(r) Power[mW] | Power[mW] | Power[mW]
1 76.50 0.34 0.0063 0.35
2 302.00 32.50 0.22 32.71
3 676.50 12900 0.014 12900

It can be observed in the plunge motion, the third
mode produces the highest power contribution (P =
12900 mW) while the first mode contributes the least
(P = 0.34 mW). Similarly, for the pitch motion, mode two
registered a high power FRF output of P = 0.22 mIWW and
mode one contributed just small power FRF value of
P = 0.0063 mW. It is the third mode of the system power
output that produces the highest power FRF output under
quasi-steady conditions with a value of P = 12900 mW/.

load resistance

V.  CONCLUSION

This research developed and modelled distributed-
parameter models of a piezo-aeroelastic energy harvester
utilizing a dynamic airfoil wing as a base structure for an
attached bimorph piezoelectric cantilevered beam. The
source of ambient vibration is a wind induced dynamic
flutter which was found to initiate at a low airflow speed of
20 m/s and was considered suitable for deployment in both
low and high wind speed environment. In adequately
assessing the composite piezoelectric beam, the mode shape
equation was solved as a damped and forced bimorph
cantilevered beam to obtain a more structurally stable
system. The dynamic airfoil base and the bimorph
piezoelectric cantilever beam were aero-structurally and
electromechanically coupled under three different models
for electricity generation.

In the analytical model, it was established from the
results that the highest voltage, current and power
generation occurs at ta load resistance of R, =33TQ,
R; = 0.3TQand R; = 3 TQ. The maximum generation was
obtained at a load resistance of 33 TQQ when system was
excited at short-circuit and open-circuit resonance
frequency of 76.5 Hz (mode 1) and 676.5 Hz (mode 3).
The system generated a voltage output of 3212 mV, a
current of 9.39 mA, and 0.35 mW for model one (mode 1),
model two generated a voltage output of 19210 mV ,
current output of 53.74 mA, and power output 32.71 mW
(mode 2), and model three produced voltage output of
12400 mV, current of 136.10 mA, and power output of
12900 mW (mode 3). Hence, piezo-aeroelastic energy
harvester in model three gave a substantial improvement in
power generation at low wind speed capable of supporting
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many wireless sensor applications without need for
incorporating energy storing device within the system.
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