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Abstract:- The conventional two-stage power converters with bridge rectifiers are inefficient and may not be
practical for the low-voltage microgenerators. This paper presents an efficient ac-to-dc power converter that
avoids the bridge rectification and directly converts the low ac input voltage to the required high dc output
voltage at a higher efficiency. The proposed converter consists of a boost converter in parallel with a buck-
boost converter, which are operated in the positive half cycle and negative half cycle, respectively. Detailed
analysis of the converter is carried out to obtain relations between the power, circuit parameters, and duty cycle
of the converter. Based on the analysis, control schemes are proposed to operate the converter. Design
guidelines are presented for selecting the converter component and control parameters. A self-starting circuit is
proposed for independent operation of the converter. Detailed loss calculation of the converter is carried out.
Simulation results are presented to validate the proposed converter topology and control schemes.

Index Terms:- AC-DC conversion, boost converter, energy harvesting, low power, low voltage, power
converter control.

l. INTRODUCTION

SELF-POWERED devices harvest the ambient energies by microgenerators and can perform their
operations without any continuous external power supply. Many types of micro-generators, used in the self-
powered devices, are reported in the literature for harvesting different forms of ambient ener-gies [1]-[8]. The
inertial microgenerators, which harvest me-chanical energy from the ambient vibrations, are currently the focus
of many research groups [2]-[6], [8]-[13], [16]-[21]. The power level of the inertial microgenerators is
normally very low, ranging from few microwatts to tens of milliwatts. Based on the energy conversion principle,
the inertial microgenerators can be classified mainly into three types: electromagnetic, piezo-electric, and
electrostatic [5]-[10], [12]-[16]. Among them, the electromagnetic microgenerators have the highest energy
density [8], [9], [20]. In this research, the electromagnetic micro-generators are considered for further study.

The electromagnetic generators are typically spring-mass-damper-based resonance systems (see Fig. 1)
in which the small amplitude ambient mechanical vibrations are amplified into larger amplitude translational
movements and the mechanical

Mt griet

gr%“'

S
Vibrating body
Fig. 1. Schematic diagram of a resonance inertial microgenerator.

energy of the motion is converted to electrical energy by elec-tromagnetic coupling [9]. The output voltage of an
electromag-netic microgenerator is ac type, but the electronic loads require dc voltage for their operation.
Therefore, the ac voltage of the electromagnetic microgenerator output has to be processed by a suitable power
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converter to produce the required dc voltage for the load.

One of the challenges with the electromagnetic microgen-erators is that, due to the practical size
limitations, the output voltage level of the generators is very low (few hundreds of millivolts), whereas the
electronic loads require much higher dc voltage (3.3 V) [9]. The conventional power converters, re-ported for
energy harvesting [2]-[7], [10], [11], [14]-[18], [20], [22], mostly consist of two stages: a diode bridge rectifier
and a standard buck or boost dc-to-dc converter [see Fig. 2(a)]. However, there are major disadvantages in using
the two-stage power converters to condition the outputs of the electromagnetic microgenerators. First, for very
low-voltage electromagnetic microgenerators, rectification is not feasible by the use of conventional diodes.
Second, if the diode bridge rectification is feasible, the forward voltage drops in the diodes will cause a large
amount of losses and make the power conversion very inefficient.

To address the problems of the conventional two-stage con-verters, direct ac-to-dc converters are
proposed [10], [13], [15]. In these converters, bridge rectification is avoided and the micro-generator power is
processed only in a single-stage boost-type power converter [see Fig. 2(b)]. A dual-polarity boost converter
topology for direct ac-to-dc power converter is
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Fig. 2. Block diagrams. (a) Conventional two-stage power conversion con-sisting diode bridge rectifier. (b)
Direct ac-to-dc power conversion.
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Fig. 3. Proposed direct ac-to-dc converter.
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Fig. 4. (a) Standard 4-switch H-bridge ac—dc boost converter. (b) 2-switch H-bridge boost converter.
(c) Input voltage and the gate drive pulsed to the lower switches (S; and S ).
large voltage drops will occur in the capacitors during the half cycles when they are not charged by the
converter. Extremely large capacitors will be required to achieve acceptable voltage ripple at the output dc bus.
This is not practical due to the size limitations of the microgenerators.

A direct ac-to-dc converter is proposed in [21]. The proposed converter, as shown in Fig. 3, consists of
a boost converter (inductor L, , switch S; , and diode, D, ) in parallel with a buck— boost converter (inductor L, ,
switch S, , and diode D, ). In this converter, the negative output to input voltage gain of a buck— boost converter
is utilized to step-up the negative half input voltage of the microgenerator to a positive high-dc output volt-age.
The output dc bus is realized by using a single capacitor. The output capacitor is charged by the boost converter
in the positive half cycle and by the buck—boost converter in the negative half cycle. Therefore, it resolves the
problems present in a dual-polarity boost converter.

The standard 4-switch H-bridge converter or the 2-switch H-bridge converter, as shown in Fig. 4(a) and
(b) respectively, can be used for the direct ac-to-dc boost conversion [23]. It can be noted that to achieve the
boost operation, the lower switches

(S; and S, ) of these two converters should be able to conduct in both the directions. In this case,
without increasing the number of devices, the bidirectional conduction capability of the two MOSFETSs (S; and
S, ) can be used to achieve the boost operation. The control gate pulses for these two switches are shown in Fig.
4(c). It can be seen that during the positive half cycle of the input voltage, S, is kept ON for the entire half cycle
and the gate pulse to S; is controlled to achieve the boost op-eration. Likewise, in the negative half cycle, S; is
kept ON for the entire half cycle and S, is controlled. To achieve the boost operation, these two topologies use
single inductor compared to the two inductors used in the proposed converter in this study (see Fig. 3).
However, there are several disadvantages in these two H-bridge converters. First, in these converters, there are
two devices in the conduction path during charge or discharge of the boost inductor. In the proposed converter,
only a single device conducts during the charge or discharge of the inductors. In the converter, proposed in this
paper, any MOSFET is operated only for a half cycle of the input ac voltage, whereas, in the H-bridge-type
converters, the MOSFETS, used for the boost operation (S; and S, ), are operated for the entire cycle of the input
ac voltage. Therefore, the device conduction losses in the proposed converter are reduced by more than a factor
of two. In energy harvesting applications, as the power level is very low, these losses are significant compared
to the total output power. Second, as the MOSFETSs are designed for forward conduction, in the reverse
conduction mode they offer higher ON-state resistance. This further increases the conduction losses in the H-
bridge topologies. Third, the input voltage polarity has to be sensed to control S; and S, , but in the H-bridge
topologies, the input voltage source is floating with respect to the output voltage ground. Therefore, the
implementation of the control circuit is difficult. This can be easily implemented in the pro-posed converter.
Furthermore, it can be mentioned that although the proposed converter uses two inductors (L; and L, ), they do
not operate in the same half cycle. Therefore, their total losses are almost equal to the losses of the single
inductor used in the H-bridge converters.

In this paper, detailed analysis of the proposed converter is presented. Closed form relations are derived
between the input power, the input frequency, the duty cycle, and various circuit parameters of the converter.
Based on this analysis, appropri-ate control schemes are proposed to operate the converter. For high voltage
step-up application, a simplified control strategy is presented that uses equal inductors for both converters. De-
sign guidelines are presented to select the components of the converter. A converter is designed based on the
analysis. In a practical energy-harvesting scenario, the controller and the MOSFET driver circuit of the
converter are required to be self-starting and they should be powered by the energy harvesting system. In this
paper, an auxiliary self-starting power circuit is proposed for powering the controller and the MOSFET drivers.
The operations and the implementations of the control scheme and the self-starting circuits are presented in
detail. Simulations are carried out for the verification of the design, the proposed control schemes, and the
proposed self-starting circuit.

The rest of the paper is organized in the following manner: Section Il presents detailed analysis of the
converter and the proposed control schemes to control the converter. Section Il presents the design guidelines
for the selection of the converter parameters. Section IV presents the proposed self-staring circuit and the
converter control circuit implementation. Simulations are presented in Section V. Finally the conclusion is
presented.

I1. DIRECT AC-TO-DC CONVERTER
The electromagnetic microgenerators typically consist of a moving permanent magnet, linking flux
with a stationary coil (see Fig. 1). The variation of the flux linkage induces ac volt-age in the coil. The typical
output voltage of an electromagnetic microgenerator is sinusoidal. Hence, in this study, the microgen- erator is
modeled as a sinusoidal ac voltage source. Furthermore, electromagnetic microgenerators with low output
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voltages (few hundreds of millivolts) are only considered in this study for energy harvesting.

The proposed direct ac-to-dc power conditioning circuit, as shown in Fig. 2, consists of one boost
converter in parallel with one buck—boost converter. The output capacitor C of this converter is charged by the
boost converter (comprising inductor L, , switch S; , and diode, D, ) and the buck—boost converter (comprising
inductor L, , switch S, , and diode D, ) during the positive half cycles and the negative half cycles of the
sinusoidal ac input voltage (v; ), respectively. n-channel MOSFETS are utilized to realize the switches S; and S, .
It can be noted that the MOSFETS are subjected to reverse voltage by the ac output of the microgenerator. To
block the reverse conduction, the forward voltage drop of the body diodes of the MOSFETS is chosen to be
higher than the peak of the input ac voltage. Two schottky diodes (D; and D, ) with low forward voltage drop
are used in the boost and the buck—boost converter circuits for low losses in the diodes. It can be mentioned that
the diodes can be replaced by MOSFETS to further improve the efficiency of the converter.

The proposed converter is operated under discontinuous mode of operation (DCM). This reduces the
switch turn ON and turn OFF losses. The DCM operation also reduces the diode reverse recovery losses of the
boost and buck—boost converter diodes. Furthermore, the DCM operation enables easy implementation of the
control scheme. It can be noted that under constant duty cycle DCM operation, the input current is proportional
to the input voltage at every switching cycle; therefore, the overall in-put current will be in-phase with
microgenerator output voltage. The converter operation can be divided mainly into four modes. Mode-1 and
Mode-2 are for the boost converter operation during the positive half cycle of the input voltage. Under Mode-1,
the boost switch S; is ON and the current in the boost inductor builds. During Mode-2, the switch is turned OFF
and the output capacitor is charged. The other two modes: Mode-3 and Mode-4 are for the buck—boost converter
operation during the negative half cycle of the input voltage. Under Mode-3, the buck—boost switch S, is ON
and current in the buck—boost inductor builds. During Mode-4, the buck—boost switch S, is turned OFF and the
stored energy of the buck—boost inductor is discharged to the output capacitor. Detailed discussion of the
various modes of operation of the converter is reported in [21].

A. Converter Analysis

Consider the input current waveform of the converter as shown in Fig. 5(a). It can be noted that during
the boost converter operation, the input current i and the boost inductor current (i_ ; ) are equal, but during the
buck—boost converter operation, the in-put current i and the current in buck—boost inductor (i. , ) are not equal.
This is because, in the buck—boost converter the in-put current becomes zero during the switch turn OFF period
(Torr). Therefore, in a switching cycle, the energy transferred to the output by a buck—boost converter is equal to
the energy stored in the inductor, whereas, in the boost converter, the energy transferred to the output is more
than the energy stored in

t=kT, \/ d

o v, =V, sin(2x kT, /T))

(b)
Fig. 5. (a) Input current waveform of the converter. (b) Input currents, gate drive signals and input voltage
during a switching cycle of boost and buck—boost converter.
the inductor. Hence, for the equal duty cycles, input voltages and inductor values (L; = L, ), the total powers
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delivered by the two converters over an input voltage cycle are not equal. In this section, analyses of the
converters are carried out and the relations between the control and circuit parameters of the boost and the
buck—boost converters pertaining to the input power and the output power are obtained.

Consider any kth switching cycle of the boost and the buck— boost converter as shown in Fig. 5(b),
where Ts is the time period of the switching cycle, Dy is the duty cycle of the boost converter, d; Ts is the boost
inductor current fall time (or the diode D; conduction time), D, is the duty cycle of the buck— boost converter, v;
is the input voltage of the generator with amplitude V, , and V, is the converter output voltage. Assuming the
switching time period (T ) of the converter is much smaller than the time period of the input ac cycle (T; ), the
peak value of the inductor current (ipy ) in the boost converter can be obtained as in (1)

i 'Jr-']nll’]-‘n
ipy = miIWT, = : LI-

()
where v, =V, :-'in(%'a}.

After the boost converter switch is turned OFF, the current in the inductor starts to fall (see Fig. 5). The
slope (m, ) of this current is decided by the voltage across the inductor. In akth switching cycle, the voltage
across the inductor during the inductor current fall time is: V, — vj . Therefore, the inductor current fall time can
be found as in (2)

. Pk .
d;T, = 25 = k=1 (2)
. T3 Vo — vik
During this kth switching cycle, the total energy (Ex , ) trans-ferred from the input of the boost
converter can be obtained as in (3)
) vipipk (D + dr )T
Epp = - —.
2
The average power supplied in the boost switching cycle is
f':. U1 | JT.}. - e.!‘: |
:-]-_~l: .I.I\I..xg. fl (4)
The number of switching cycles during the time period of one input ac cycle is defined as N=T; /Ts. In
the proposed power electronics converter topology, the boost converter is operated for the half time period of
the input ac cycle (T; /2). The average input power P;, of the boost converter over this half cycle time period can
be obtained as in (5)

N2 N/2
_ 2 . 2 vikipk ( Dy + rl",r | )
o= (3) 3= (3) 5 2024,

=1

For large N, the discrete function in (5) can be treated as a continuous function. The average input
power of the boost converter P;, (5) can be obtained by integrating the term in the summation over the half cycle
(T; /2) period of the input ac voltage and then taking its mean value. The average power of the boost converter
expressed in the integration form can be obtained as in (6)

3, = blaya .o f =T
Fiy T [ oL, V, sin (T,-!)

o i
= Vo (1.', — Vp sin (}—r)) it (6)

where the microgenerator input voltage is defined as: v; = V, sin(2z#/T ).
Simplifying (6), the average input power for the boost con-verter Py, is found to be as follows:

ipkLa

3)

Py

VDT,
j.l-'l =t ° i
15
where
2 T 1 i
= (:)ﬁ T (v, /Vo)sng "
and
2t
§=2"_ (7
T, N

It can be noted that in (7), £ is constant for fixed values of V, and V, . Also, it is seen that for large
switching frequency of the converter, the average power is independent of the microgenerator output voltage
frequency.
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In steady state, the average input power of the converter is equal to the sum of the average output
power and the various converter losses. Hence, by defining the converter efficiency as # for a load resistance R,
the input power and the output power can be balanced as in (8)
VIDIT, ,_ V1
AL Ry
From (8), the duty cycle of the boost converter (D, ) can be obtained as

(8)

2, [ Ly 1

"V, RT3
Further, consider the operation of the buck—boost converter; in this case the input power is supplied only during
the ON period of the switch S, (see Fig. 3). During the OFF period of the switch S, , the input current is zero

[see Fig. 5(a)]. Hence, for any kth switching cycle, the average power supplied by the buck—boost converter Py .
can be obtained as

D (9)

vikipr D _
P = + (10)

Applyi n_g similar approach, used earlier for the boost con-verter, the average power can be expressed in
the integration form as

2 heEpr o, o, (2 VIDIT,
P.=—= [ 12 sin’ (—f) dt = £ L (11
il

T: Ji 2Ly T; 114
The duty cycle D, can be obtained as in (12)
W, | L
D.=— | —. (12)
vV, \ RT.q

B. Converter Control Scheme

Using (9) and (12), the duty cycle of the boost converter D, and the duty cycle of the buck—boost
converter D, can be related as

D, [L;1
D. \L.g
Based on (13), two different control schemes can be proposed for the boost and buck—boost-based
converter to deliver equal average input power. In scheme 1, the values of the inductors are kept to be equal (L,

= L; ) and the converters are controlled
with different duty cycles such that it satisfies the condition:

(13)

D. = Di/B..

In scheme 2, both the boost and the buck—boost converters are controlled with same duty cycle (D, =
D. ), whereas the inductor values are chosen to satisfy the condition: L; =L, .
In Fig. 6, the variable g from (6) is plotted as a function of the step-up ratio (V, /V, ). It can be seen from this
plot that for large values of voltage step-up ratio, the value of 8 approaches to 1. Hence, for higher voltage step-
up ratio applications, the boost and the buck—boost converters can be designed with inductors of equal values
and they can be controlled with the same duty ratio to successfully deliver the required average power to the
output.

Y
@ = N W & W O W W

o p 2 3 - 5 -3 T = - 10 11 1z
B W

Fig. 6. pversus V, /V, (step-up ratio > 1) plot.
This is assistive for the target application of this study, where the very low voltage is stepped up to a
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much higher dc out-put voltage. The proposed simplified control and design of the converter is later validated
by simulation.

It can be mentioned that the value of £ approaches to infinity for V, /V, — 1. Therefore, from (7), the
input power for the boost converter may seem to approach infinity as well. But in this case, the duty cycle of the
boost converter Dy, approaches to zero for V, /V, — 1. Therefore, no power is transferred from the input to the
output and the equation remains valid even when V, /V, = 1.

It can be mentioned that there could be two possible energy-harvesting scenarios. One, in which the
converter is controlled to harvest maximum power available form the vibrating body and the microgenerator
system and store it in an energy storage component (like battery) at the output. In this case, the output voltage is
mainly decided by characteristics of the energy storage component. In the second scenario, the converter is
controlled to harvest the amount of power demanded by the load while maintaining the desired output voltage.
In this paper, the second scenario is considered to control the converter.

1. DESIGN GUIDELINE

The key design steps for this converter are to select the MOS-FETS, inductors, and the switching
frequency of the converter. For a given microgenerator and a load, the input and output voltages are specified.
Therefore, in this case, the voltage rating of the MOSFETS are decided by the output voltage of the converter.
The current rating of the MOSFETS has to be decided by the designer. It can be noted that the MOSFET carries
maxi-mum current at the peak of the input voltage [see Fig. 5(a)]. The maximum current I, o of the converter
can be obtained as in (14)

V,D

I:'.'.rl.‘[ = .{t_f,
Where f; is the switching frequency of the converter, L is the inductance value for both boost and buck—

boost converters, and D is the duty cycle of the converters (D = D, = D ).

(14)
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Fig. 7. Design graphs. (a) Duty ratio versus maximum input current. (b) Duty ratio versus inductance.
Power. The duty cycle and the frequency of the converter can be appropriately selected to choose the
desired value of the inductor. In this study, the proposed converter is designed to supply about 55 mW of power
to the load.
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IV. SELF-STARTING CIRCUIT AND CONTROL CIRCUIT
In a practical energy-harvesting scenario, the controller and the MOSFET driver circuit of the converter
are required to be self-starting and they should be powered by the energy har-vesting system. In this study, an
auxiliary self-starting circuit, as shown in Fig. 8, is proposed to power the controller and the drivers at the
beginning, when the converter starts up. The proposed self-starting auxiliary circuit utilizes a battery and
Schottky diodes for this purpose (see Fig. 8). For the successful operation of this self-starting circuit, the battery
nominal voltage V, should be less than the target output voltage V, minus the forward voltage drop of a diode Vs
, and it should be above the minimum voltage requirements of the controller and driver circuits

From (11) and (14), the maximum current can beV, <V, — V4. (16)
expressed
as a function of average input power P;, as
in (15) In this study, the target output voltage V, = 3.3V

4P, and for-

n ward voltage drop of the diodes V; = 0.22 V. A
'max ~ : (15)  battery with

nominal voltage V, = 3 V is selected for the self-

V, D starting. At the
In Fig. 7(a), the relationship between thebeginning of the converter operation, when the
maximum input output voltage
current and the duty cycle for different inputV, is not available, the controller and the driver
power is shown. circuit will be
Using this chart, the MOSFET current rating andpowered by the battery through the Schottky diode
converter duty Dy . This
cycle can be selected. With these selected valueswill allow the converter to charge the output
of the duty capacitor to the
cycle and the MOSFET maximum current, thereference voltage. In steady state, when the output
inductor value voltage has
and the switching frequency can be obtained formreached the value 3.3 V, the diode D, would be
(14). The reverse biased,
relationship between the value of the inductor (L)therefore, the battery will not be powering the
and the duty controller and
cycle over a range of switching frequency is shownthe driver. At this time, they will be powered from
in Fig. 7(b). the converter
Using these charts and the equations, the initialoutput through the diode D, . During this
values of the condition, the battery
key components of the converter can be decided.will remain under floating condition. It can be
Further, opti- noted that only
mum values of the components can be selected bya very small amount of energy is taken from the
carrying out battery for
detailed loss analysis of the converter and bythe startup of the energy harvesting system.
minimizing the Furthermore, the
losses. It can be noted that the value of theused energy of the battery can be replenished by
maximum current recharging it
(Im ax ) changes proportionally with the input powerfrom the output of converter through the diode D, .
(P;n ) of the Therefore,
converter. Therefore, the size of the MOSFETsthe entire amount of energy used for the converter
can be scaled operation,
as per the power requirement of the load. This isincluding the energy used during its starting, is
applicable harvested from
for even low-power applications, demanding lessthe ambience. Therefore, with proper design and
than 1 mW of selection of
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Fig. 9. Circuit diagram of the energy-harvesting converter.

the components, this auxiliary circuit can be used to operate the energy harvesting system virtually for indefinite
period of time.

The circuit diagram for the implementation of the proposed energy-harvesting converter and its control
scheme is presented in Fig. 9. The sensed output voltage of the converter is processed by a low-pass filter. The
processed signal is compared with the reference voltage Vs . The error signal is used by the PI controller to
estimate the control voltage that is compared with a saw-tooth waveform in the pulse width modulator (PWM).
The pulse signal produced by the PWM is fed to the two buffers that can be enabled by external signals. The
comparators in the polarity detector unit enable the appropriate buffers to produce the gate pulses (Vy 1 and Vg 2 )
that control the MOSFETS of the boost and buck—boost converter during appropriate half cycles.

In this study, the resonance-based electromagnetic microgenerator is modeled as an ac voltage source.
A signal generator followed by a high-current buffer is used to realize the micro-generator output voltage (see
Fig. 9). This buffer can be realized by using a power operational amplifier in voltage follower mode. Further, it
can be mentioned that the self-resistance and self-inductance of the electromagnetic microgenerator are very
small, therefore, the self-impedance of the microgenerators are not included for the analysis of the proposed
converter operation. However, it can be incorporated in the analysis, for the prediction of the performances of
the entire energy harvesting system.

V. SIMULATION RESULTS
A resonance-based electromagnetic microgenerator, produc-ing 400 mV peak sinusoidal output
voltage, with 100-Hz fre-quency is considered in this study for verification of the pro-posed converter topology
(see Fig. 3). The closed-loop simula-
TABLE I
CIRCUIT COMPONENTS OF THE CONVERTER

Circuit Components Name Ratings
Inductor L, L> 4.7uH
Inductor resistance R, 30 m2
N - channel MOSFET S, S 20V, 2A
o g e 150 m<2 @@
MOSFET on state resistance R on Vas=3V
Schottky Diode D, & s 23V. 1A
Schottky Diode forward voltage Vy 0.23V
Load resistance R 2002
Capacitor (& 68 uF
Capacitor ESR R, 30 m£2

tion of the converter is carried out based on the control schemes presented in Section Il. The reference output
voltage (Vi ) is considered to be 3.3 V. The energy-harvesting converter is de-signed for supplying power to a
200-Q load resistance, hence, supplying about 55 mW of output power.

The converter design is carried out based on the analysis and design guidelines, discussed earlier in the
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Sections Il and I1l. Commercially available MOSFET (Si3900DV from Vishay) is selected to realize the
switches S; and S, . The forward volt-age of the selected MOSFET body diode is about 0.8 V, which is higher
than the peak of the input voltage. This inhibits any reverse conduction in the MOSFETSs. The nominal duty
cycle of the converter is chosen to be 0.7. The inductor is designed to have a standard value of 4.7 pH and
commercially available inductor (IHLP-2525CZ from Vishay) is used to realize L; and L, . Based on these
designed values, the switching frequency of the converter is selected to be 50 kHz [see Fig. 7(b)]. The diodes,
D, and D, are chosen to be schottky type with low forward voltage (0.23 V, NSR0320 from ON
Semiconductor). The output capacitor value is 68 pF. The converter simulations are carried out in Saber. Circuit
models of the selected devices and components, available from the manufacturers, are used in the simulations.
Various values for circuit components of the designed converter are presented in Table I. To verify the pro-
posed control techniques, at first simulation is carried out for the control schemel, using L, = L; = 4.7 pH and
the duty ratio of the two converters are not equal. In the simulation, the duty cycle of the boost converter Dy, is
estimated by a PI controller (see Fig. 3). The buck—boost converter duty cycle D. is calculated from the
estimated duty cycle Dy, and (13). The input current of the boost converter (see i, in Fig. 3) and the input current
of the buck—boost converter (see i. in Fig. 3) for load resistance R = 200 Q is shown in Fig. 10(a) and (b),

respectively. The total input current and the microgenerator output voltage (v; ) are shown in Fig. 10(c). It can be
seen that the boost converter
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Fig. 10. (a) Boost input current, (b) buck—boost input current, and (c) total input current with ac input voltage
forR=200Qand L; = L,.
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Fig. 11. (a) Output voltage and (b) duty cycle values of the boost converter (Dy, ) and buck—boost converter (D, )
forR=200QandL;=L,.
is operated during the positive half cycle, while the buck—boost converter is operated during negative half cycle
of the microgen-erator output voltage. The converter output voltage and the duty cycles, estimated by the
controller are shown in Fig. 11(a) and (b), respectively. The output voltage ripple is about £0.14 V, which is
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+4.24% of the nominal output voltage. The estimated efficiency of the converter is 63%. For this operating
condition, the duty cycle calculated from the analysis of Section Il is D, = 0.71. It can be noted from Fig. 11(b)
that the estimated duty
Fig. 12. (a) Output voltage and (b) duty cycle of the converters (D=D, =D ),for R=200Qand L; = L,.
cycle by the controller in the circuit simulation closely matches with value of the duty cycle calculated
analytically.

In this study, the output voltage to input voltage peak step-up ratio is: V, /V, = 8.25. Furthermore, from
Fig. 11(b) it is found that the operating duty ratios of the boost and the buck— boost converters are almost same.
These corroborate the earlier conclusion from the analysis in Section Il (see Fig. 6) that for high step-up ratio,
the duty cycles of the converters with same inductor values will be almost equal. Hence, to achieve simple
control structure, less component counts and for all other prac-tical advantages, both the boost converter and the
buck—boost converter can be controlled with same duty cycle for such high step-up applications. To validate this
proposed control scheme, further simulations of the converter is carried out for load resis-tance R = 200 Q when
the boost and buck—boost converter are controlled with same duty ratio. Fig. 12(a) and (b) present the output
voltage and the duty cycle of the converter, respectively. It can be seen from these figures that with the equal
duty ratio control, the converter can successfully produce the desired out-put voltage with similar voltage ripple.

To verify the operation of the converter under different load conditions, the load resistance is increased
to R =400 Q. The input voltage, input current, and the estimated duty cycle by the controller are shown in Fig.
13(a). For this load condition, the duty cycle value is about D = 0.49. This matches with calculated duty cycle
from previous analysis of Section Il (D = 0.5). The output voltage under this load condition is shown in Fig.
13(b).

The simulations are carried out with the self-starting circuit (see Fig. 8) proposed for the converter in
Section V. The battery of the self-starting circuit is modeled as a constant voltage source of 3.0 V. During start-
up period of the converter, the power consumed by the control circuit from the battery and the converter is
presented in Fig. 14. The battery voltage level and the output voltage of the converter are also shown in this
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Fig. 13. (a) Input current, ac input voltage, and duty cycle (D = D, = D, ) and (b) output voltage for R = 400 Q
and Li=L,.
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Fig. 14. Power and voltages during self start-up. Curves (i), (ii), (iii), and (iv) show the power supplied by the
battery, power draw from the converter output, battery voltage, and converter output voltage, respectively.
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figure. It can be seen from these plots that at the beginning, when the converter output voltage is building, the
power con-sumed by the control circuit is only supplied by the battery. At point A, as shown in Fig. 14, the
converter output voltage be-comes higher than the battery voltage. From this point onwards, the power
consumed by the control circuit is supplied by the converter, and the power draw from the battery becomes zero
(see Fig. 14). It can be found that the start-up time taken by the converter is about 4.6 ms. This is less than the
half cycle period of the input ac voltage (100 Hz). Further, it can be obtained that the average power consumed
by the control circuit is about 2.2 mW.

VII. CONCLUSION

The presented direct ac-to-dc low voltage energy-harvesting converter avoids the conventional bridge
rectification and achieves higher efficiency. The proposed converter consists of a boost converter in parallel
with a buck—boost converter. The negative gain of the buck—boost converter is utilized to boost the voltage of
the negative half cycle of the microgenerator to posi-tive dc voltage. Detailed analysis of the converter for direct
ac-to-dc power conversion is carried out and the relations between various converter circuit parameters and
control parameters are obtained. Based on the analysis, a simplified control scheme is proposed for high-voltage
step-up application. Design guide-lines are presented for selecting values of the key components and control
parameters of the converter. A self-startup circuit, using a battery only during the beginning of the converter
operation, is proposed for the energy-harvesting converter. Operation and the implementation of the self-startup
circuit and the control circuit of the converter are presented in details. Based on the analysis and the design
guidelines, a prototype of the converter is developed. The proposed control scheme with the self-startup circuit
is implemented and the converter is successfully operated to directly step-up the low ac voltage to a high dc
voltage. The loss components of the converter are estimated. The measured efficiency of the converter is 61%,
which is higher than the reported converters.
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