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ABSTRACT

This paper describes the selection and operation of a Boost Integrated with Flyback Recti-
fier/Energy storage/DC-DC converter (BIFRED) for piezoelectric energy harvesting pur-
poses. This topology presents features like low-harmonic rectification, energy storage and
wide-bandwith voltage control in an integrated single converter, leading to fewer compo-
nents, weight and miniaturization of the entire system. This miniaturization makes the
integrated topologies a suitable option for further developments in Wireless Sensor Net-
work based Structural Health and Condition Monitoring applications. The operation of
the BIFRED circuit in Discontinuous Conduction Mode (DCM) mode is described. A
nonlinear model is derived and used to predict the DC gains between the input, storage
and output voltages of the circuit. A simulation-based verification is carried out using
MATLAB Simulink, the operation of the circuit is corroborated and the power factor is
computed. Finally, the results of a piezoelectric implementation using the BIFRED cir-
cuit are presented.

KEYWORDS : Piezoelectric sensors, Energy harvesting, autonomous systems,
Structural Health Monitoring.

INTRODUCTION

The development of Smart Wireless Sensors promises significant contributions to the performance
monitoring of complex mechanical systems, being these main objectives for Condition Monitoring and
Structural Health Systems. The autonomy and embeddedness characteristics of the sensors nodes sup-
port their positioning in locations traditionally forbidden for wired sensors, such as rotating blades [1].
However, the main limitations for the development of autonomous wireless sensors lie on the little
energy availability at the node surroundings for the functioning of the node in relation to sensing,
processing and communication.

The research on this paper is framed in the development of on-blade autonomous sensors for heli-
copter rotor blade monitoring. The rotating blade environment poses significant challenges, both at
the mechanical and the electronics domains. The mechanical restrictions refer to the integration to the
host structure with a minimal disruption in terms of weight, size, connectivity, etc. The electronic per-
spective relates to the low power and therefore the high efficiency for transforming the energy to the
requirements of the node. The two sets of constraints are addressed by using energy harvesting system
consisting of piezoelectric diaphragms and by a specialized circuit for energy processing. The work
presented focuses on the design of an efficient electronics circuit for extraction, processing, storage
and delivery of the power generated by a piezoelectric element attached to a vibrating structure to the
wireless node.

The piezoelectric element interacts with the strain field of the mechanical structure. The uniformity
of such field ensures the actual charge generation by the piezoelectric material. As a circuit element,
the piezoelectric behaves as a power source that provides the energy to the circuit, with an intrinsic
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(a) DCIM circuit schematic (b) SECE circuit schematic (c) SSHI circuit schematic

Figure 1 : Previous circuits

capacitance and resistance due to material characteristics [2—4]. The circuit desired must extract ef-
ficiently the charge from the piezoelectric material and transform it into an useful form to te load.
Power processing is another feature required from the circuit design, since the power generated at the
transducer cannot be used directly by node. The circuit needs to display low power losses due to its
own operation and meet the requirements imposed by the load. These attributes are summarized as:
high Power Factor, high circuit efficiency and possibility for adjusting to the required load.

1. PREVIOUS CIRCUITS

Different circuits have been explored [2] to extract energy from a piezoelectric material. Some of these
are the Direct Current Impedance Matching (DCIM), the Synchronous Electric Charge Extraction
(SECE) and the Synchronized Switch Harvesting on Inductor (SSHI), which are presented in the figure
1.

In order to select the most suitable circuit to function on an autonomous wireless system a comparison
is made between the circuits mentioned above. The evaluation of circuit performance is based on the
power factor (PF), need of control and possibility for regulation as seen on Table 1. These parameters
are explained below:

e Power Factor: The power factor of a power circuit is the ratio between the input average
power and the apparent power. This parameter is a measurement of how effectively energy is
transmitted between a source and a load network [5].

e Need of control: Some power systems require the use of separated control circuitry in order
to function properly. This additional system increases the number of components of the overall
system.

e Regulation: The voltage presented by the power processing circuit to an electrical load must
meet certain requirements in order to ensure the well functioning of the load. This requirements
should be independent from disturbances inside the circuit. The regulation, supported by a
control system, prevents that the disturbance presented in the system impact the behavior of the

load.
Table 1 : Qualitative comparison between Energy Harvesting Circuits.
Circuit PF Need of control Regulation
DCIM Low No No
SSHI High Yes No
SECE  High (without regulation) Yes Yes (without high PF)

As shown by the Table 1, The SSHI circuit does not allow the regulation of the load voltage. This
entails that the output voltage will only depend on the input voltage and prevents to meet load require-
ments. The DCIM circuit does not need an additional control system (reducing the components of the
overall system) but presents a poor PF and a regulation feature is not available, as in the SSHI circuit.
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Figure 2 : BIFRED circuit schematic

The low PF implies that most of the energy provided by the source will not reach the load, increasing
the power losses within the circuit. The SECE circuit is capable to provide each feature separately.

2. THE BIFRED CIRCUIT

The schematic of a Boost Integrated with Flyback Rectifier/Energy storage/DC-DC (BIFRED) con-
verter is shown in the figure 2. A model of the dynamic behavior of the circuit will be derived and
the DC voltage gains will be calculated. In order to focus on the BIFRED circuit, a sinusoidal voltage
source will represent the voltage generated by the piezoelectric material.

The reason to choose the BIFRED circuit is that it provides all the advantages presented by the pre-
vious circuits in a single topology, such as, high power factor and wide-bandwidth regulation. This
implies that the BIFRED circuit does not need additional power circuitry to perform tasks needed by
the wireless node.

2.1 Operation

A BIFRED circuit operating in Continuous Conduction Mode (CCM) presents high capacitor voltages
due to the difference between the output and input powers [6,7]. Therefore a DCM operation mode is
selected. To guarantee a high power factor, the current flowing through L; must reach zero before the
current in L, does [6]. This DCM characteristic leads to a four equivalent circuits which are shown
in figure 3. It should be noted that each equivalent circuit is the result of replacing the switching
components by their equivalent on/off state.

2.2 Analysis

The aim of the following analysis is to obtain a mathematical model that reproduces the dynamic
response of the BIFRED circuit in DCM. From this model DC gains between the input, storage and
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Figure 3 : Equivalent circuits of the BIFRED converter in DCM
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Figure 4 : BIFRED waveforms (the x-axis is t/T)

output voltages will be obtained. The analysis is based on the average circuit modeling technique [5]
which allows to build a model valid for frequencies much lower than the switching frequency 7./
Firstly, it is necessary to extract the model directly from the equivalent circuits derived from the
BIFRED schematic using the mentioned technique. Secondly, a nonlinear analysis based on [8] will
be carried out with the aim of obtaining the static response of the circuit.

2.2.1 Average modeling

In order to obtain an average model from the BIFRED circuit is necessary to extract the waveforms
of the voltages on the inductors and the currents through the capacitors within the circuit. This is
accomplished using the equivalent circuits shown in the figure 3. The first interval (0 < ¢ < d;T;) of
the switching period is analyzed. In this interval the MOSFET Q) and the diode D; are conducting
and the diode D, is open, obtaining the circuit shown in the figure 3(a). From this circuit and using
the Kirchhoff current and voltage law, the coil voltages and capacitor currents in the circuit are shown
in the equation (1). Following the same approach, the values for the voltages on the inductors and the
currents through the capacitors for the remaining intervals are found and shown in the figure 4.

Vi1 = Vg
V2 = Vi1
ic1 = —iL (D
ic2 = e
R

Now that the waveforms of the inductor voltages and the capacitor currents were obtained, it is
necessary to obtain their average values over the switching period. Considering that the input voltage
and the voltage on the capacitors do not change considerably over Ty; the voltage average over
one switching period of the coil voltages is shown in the equations (2). Notice that the average
is represented by the triangular brackets and the averaging period is explicitly shown with the T
subscript.

(vi1)g, = di (vg)y, +da ({vghy, = ()7, = nv2) ;) +de (0)
<VL2>Tx =d <V1>TT —ds (I’l<V2>TS) +dy (0)

2)

Where dy = 1 —d3s —dp, —dy, ds = dy + d3 and dg = d3 + dy are used to simplify the notation. The
approximation made related to the capacitor voltages cannot be applied to the coil currents since,
their discontinuous nature avoids the consideration of signals unchangeable in one switching period.
To calculate the average value for the currents through the inductors, is necessary to use the general
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equation to obtain the DC value of a signal and, noticing that the integral can be calculated applying
the formula for the area of a triangle, the equations (3) are obtained.

: 1 T . ATy .
<lC1>TS == <_v12,pk+ qul,Pk>

T 2 3)
. 1 1% dzT . d5T .
(ic2)g, = T <—RTs+n2sll,pk +nTslz,pk

The peak values of the coil currents can be found using the coil voltage, which is proportional to
the slope in each interval, multiplied by the interval length, this results in i}, = di—lT-‘(vg)TS and

0 pk = it <v1)TS . Substitution of these values into the equations (3) results in the equations (4).

L
. _didy 43T,
(ic1)g, = oL (ve)y — oL (vi)g, @
1 dd>T; dydsT;

<iC2>n:_§<V2>n+” 2L, <Vg>TAr n 20, <V1>TS

The unknown quantities in the equations (4) are d> and ds. These quantities can be found obtaining
the average value of the inductor currents [9]. After computation of the average value of the inductor
currents and performing some algebraic manipulation, the quantities d, and ds are obtained and
presented in the equations (5).

)

With the aim of defining a state space model, it is necessary to define the relations between the
derivatives of the state variables. This is presented in the equations (6). The derivation of such model
can be found in [5] and is based on the average current-voltage relation of each component.

n
Ly <Z;>TS = (viu)7,

J (6)
C <vk>7} — lic)

L ick)7,

Where k = {1,2}. Substituting equations (4), (2) and (5) into equations (6), the state space model of
the BIFRED converter is obtained and shown in the equations (7).

le;itl> =dy (vg) + <R21v:§1> _ 1) ((vg) — (V1) —n(v2))dy (Ta)
L8 =) - (P28 o ab)
Cldii?) ={ = <1:f]> - <1:12> (7¢)
Czdizvz2> - <<i1> i) <1:fl> B <1:12>> B <j§> (7d)

209



EWSHM 2014 - Nantes, France

2L,
diTy

respectively. It is important to point out that the subscript 7 is not shown for easier readability of

Comparing de equations (7) and (5), it can be seem that the factors R,; and R, are equal to and

2,
3T
the equations.

2.2.2 DC analysis

The system modeled by the equations (7) is not linear due to the multiplication of the state variables by
d; and between themselves. The response of such system depends not only on the value of the inputs
but on the initial value of the state variables as well. To analyze this type of system is necessary to
find the points where the response of the system reaches the steady state or equilibrium points. These
points, in the perspective of power circuits, are the DC response of the system. To find the equilibrium
points of the model presented in the equations (7) is necessary to set the derivatives to zero. This is
shown in the equations (8). Notice that the notation has change in order to emphasize that variables
are DC values.

R
0:Dlvg+< 3‘—1) (Ve — Vi —nVa) Dy (8a)
8
R.ol
olevl—< :/22—1>D1nV2 (8b)
1
vV, WV
0=1 — -5 L (8¢)
Rel Re2
\% Vi %
0=n 1+1—g—)— 8
(1 2R R, R (8d)

Replacing the DC values of the currents /; and I, obtained from equations (8c) and (8d) into the
equations (8a) and (8b) allow us to find an expression that relates only the voltages V| and V,. The
expression is shown in the equation (9).

diRe (Vs %3
=) =dy+din—= 9
R Vi 1+ anl ©)
Performing the substitutions R, = dZT , My, = and Ky = 2L2 on the equation (9), an expression to

find the gain or ratio between the dc Values %3 and Viis found and shown in the equation (10).

d; d;
M2y, 9 (10)
Ky Ky
Following the same methodology, defining M; = and noticing that V“,‘z/z = M?M, the equation (11) is

obtained. This equation models the relation between the DC values V) and V, of the BIFRED circuit.

(1+nMy)M; —M; — —= =0 (11)

3. SIMULATION RESULTS

A DCM BIFRED circuit was designed using the method proposed by [6]. An input low-pass filter with
Ly =633 uH and Cy = 10 uF was added to improve the power factor of the circuit. The components
obtained after the design process are L; = 19.401 uH, L, = 271.819 uH, C; = 6.6 mF, C; = 3.3mF,
n =735 and R = 500Q. Using a duty cycle D of 0.2, the calculated DC gains are M; = 0.8548 and
M, =3.8691.

210



EWSHM 2014 - Nantes, France

p

1

!
. o‘/’T\
]
uu\)\w\w/

s

2

] 0005 001 0.

yyyyyyyy Teme 6

(a) Voltages v; (blue) and v, (red) (b) Currents i1 (blue) and iy (red) (c) Currents i1 (blue) and i (red) over
three switching periods

Figure 5 : Waveforms resulted from the simulation of the BIFRED converter in DCM

The simulation was performed using a DC input voltage value of 1 V. The simulated waveforms of the
voltages on C; and C; and the currents trough L, and L, are shown un the figures 5. Some parameters
were calculated from the simulated waveforms, the values obtained were PF = 0.99518, input power
P, = 26.123mW, output power P, = 21.937mW, M; = 1.0287 and M, = 3.2195. Observe that the
operation described previously is verified by the current waveforms shown in figure 5(c).

4. MECHANICAL TEST

Whit the purpose of estimating the output power of a piezoelectric material attached to a vibrating
structure, a mechanic setup was built using the M8528P2 from smart-materials. This setup is shown
in the figure 6(c). The piezoelectric element is connected to a resistive load of 52 K€ obtained from
the maximum power transfer theorem. The voltage on the load and the generated current are shown in
the figures 6(a) and 6(b) respectively. The power generated by the piezoelectric element is 113.91 uW.
The mechanic setup was built using a mechanical shaker, a power amplifier and a glass fiber cantilever
with the M8528P2 attached to it. A Polytec OFV303 laser-vibrometer and a Dantec XY motion table
were used to measure the displacement developed at different grid points along the cantilever. A NI
PX14472 was used to acquire and store the signals measured from the setup and a NI PXI5412 was
used to generate the signal for the shaker.

A second setup was used to observe the response of the BIFRED circuit using a piezoelectric device
as a power source. This setup used the same piezoelectric device without a load resistance; the results
are shown in the figures 7. The voltage developed by the piezoelectric material is presented in the
figure 7(a) and the current flowing through L, is presented in the figures 7(b), 7(c) and 7(d).

(a) Measured piezoelectric voltage (b) Piezoelectric current

(c) Piezoelectric setup

Figure 6 : Setup and results from the piezoelectric test
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(a) Measured piezoelectric voltage (b) Current through L1
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(c) Current through L1 (d) Current through L1

Figure 7 : Results from the piezoelectric test using the BIFRED circuit

5. CONCLUSION

A qualitative comparison between the circuits used by [2] was performed using three requirements
imposed by a wireless node implementation,

A verification of the DCM BIFRED circuit using a DC supply and a piezoelectric element as a power
source was performed. As shown in figure 7(d), the current through L, is conformed by the expected
current peaks on top of undesirable low frequencies sinusoids. These low frequency sinusoids are
generated by the piezoelectric material and change the operation mode of the circuit. More studies
about the impact on the performance should be carried.

A nonlinear model for the BIFRED circuit is presented and used to predict the DC gains between the
input, storage and output voltages. It has been found that the value of the DC gains only depend on
the operation mode of the circuit (DCM or CCM), which is established only by the values selected for
the inductors of the circuit.

The operation in DCM mode of the BIFRED was verified. The power factor was calculated from
the simulated waveforms, showing values near to 1. Further implementation is required to verify the
efficiency of the circuit.
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