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Abstract

In this paper, Boost and Buck-Boost converters are
used for direct AC-DC conversion without using the
front-end bridge rectifier as the bridge rectification is
inefficient and is not practical for low voltage
microgenerators. The proposed converter consists of
the above two converters which are connec- ted in
parallel and are operated in the positive and negative
half cycles respectively. They are operated in the
discontinuous mode to minimize the losses as they
are significant in the conversion of low voltage ac to
the required dc voltage. Analysis of the converters is
carried out to obtain the relation between the power
and the duty cycle of the converter. A self starting
circuit is proposed for independent operation of the
converter. Simulation results are presented to

validate the proposed converter.

1. Introduction

The recent development of compact and low powered
electronic devices has enabled the development of
self-powered devices. The traditional use of batteries
for such devices is undesirable due to limited shelf
life and replacement accessibility. To avoid this,
inertial microgenerators are used which harvest
vibrations from the ambience and convert into
electrical energy [1]-[6], [8]-[16]. Among the differ-
ent types of inertial microgenerators, electromagnetic
microgenerators are used in this paper [5]-[12].

The electromagnetic microgenerators works on
the principle of Faraday’s law of electromagnetic
induction. It consists of a stationary coil and a perma-
nent magnet which is enable to move due to the
ambient vibrations from which emf is induced in the
coil. The output voltage of these microgenerators is
only few millivolts. Most of the electronic devices
typically require a dc voltage of 3.3V [11]-[20]. The
conventional power converter consists of two stages:
a diode bridge rectifier and a standard Buck or Boost
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converter dc-dc converter. However the bridge
rectification is not feasible for low voltage microge-
nerators and if feasible, the power conversion is very
inefficient due to the forward voltage drops in diodes.
In order to avoid the problems of two-stage power
conversion, direct ac-to-dc power converters are
proposed [15], in which the ac output voltage of mic-
rogenerators is processed by a single stage boost type
converters.

The proposed converter consists of a boost
converter in parallel with buck-boost converter which
are operated in the positive and negative half cycles
respectively. The output dc bus is realized by using a
single capacitor. The standard 2-switch H-bridge
converter is as shown in the fig. which can be used
for the direct ac-dc boost conversion. The waveform
of input voltage and the gate drive pulses of the lower
switches are as shown in fig. It can be seen that
during positive half cycle switch S2 is kept ON for
the entire half cycle and the gate pulse to S1 is
controlled and during the negative half cycle, the
switch S1 is kept ON for the entire half cycle and the
gate pulse to S2 is controller. However, there are
various disadvantages in these H-bridge conver-
ters. Firstly, during charge and discharge of inductors
there are always two devices in the conduction path
whereas in the proposed converter there is only one
switch in the conduction path during the entire half
cycle. So, the device conduction losses are reduced
by a factor of two in the proposed converter. Second,
in the H-bridge topologies, the implementation of
control scheme is difficult due to the floating of input
voltage source with respect to ground. Third, as the
MOSFET switches are designed for forward
conduction, they offer higher on-state resistance in
the reverse conduction mode.

In this paper, different control schemes and
self-starting circuit is presented. Based on the
analysis different control schemes has been proposed.
A simplified control scheme of using equal inductors
is presented for a high voltage step up ratio. In a
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practical energy harvesting scenario the gate driver
circuit of the MOSFET and controller circuit are
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Fig.1.Schematic diagram of a resonance iner-
tial microgenerator

required to be self-starting which are to be powered
by the energy harvesting system. In this paper, a self
auxiliary circuit is proposed for powering the
MOSFET drivers and controller.

The rest of the paper is organized as
follows: Section Il describes the main circuit
topology and the control schemes to control the
converter. Section Il presents the implementation of
the control circuit for the converter and the proposed
self-starting circuit. Section IV presents the simulat-
ion results .
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Fig.2. Block diagrams. (a) Conventional two-
stage power conversion consisting diode
bridge rectifier. (b) Direct ac-to-dc power
conversion.

I1. Main Circuit Topology

A. Direct AC-DC Converter

The electromagnetic microgenerators typic-
ally consist of a moving permanent magnet, linking
flux with a stationary coil (see Fig. 1). The variation

of the flux linkage induces ac voltage in the coil. In
this paper, microgenerator output voltage is modelled
as a sinusoidal voltage source. The proposed direct
ac-to-dc circuit is as shown in the fig.3. It consists of
boost converter in parallel with the buck boost
converter. The output capacitor C is charged by the
boost converter (comprising of inductor L1, Switch
S1, diode D1) during the positive half cycle and by
the buck-boost converter (comprising of inductor L2,
Switch S2, diode D2) in the negative half cycle
respectively. 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 (D1 and D2
with low forward voltage drop are used in the boost
and the buck— boost converter circuits for low losses
in the diodes.

Vo
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Fig. 3. Proposed direct ac-to-dc 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 input 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 du- ring the positive half cycle of the input
voltage. Under Mode-1, the boost switch Si 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 S2 is
ON and current in the buck-boost inductor builds.
During Mode-4, the buck—boost switch Sz is turned
OFF and the stored energy of the buck—boost inductor
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is discharged to the output capacitor. Detailed
discussion of the various modes of operation of the
converter is reported in [21].
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Fig.4. (a) Standard ac—dc boost converter 2-
switch H bridge. (b) Input voltage and the
gate drive pulsed to the lower switches (S1
and S2).

B. 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 (iL:) are equal,
but during the buck-boost converter operation, the
input current i and the current in buck—boost inductor
(iL2 ) are not equal. This is because; in the buck—boost
converter the input 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 the inductor. Hence, for the
equal duty cycles, input voltages and inductor values
(L1 = L2, the total powers delivered by the two
converters over an input voltage cycle are not equal.

Consider any kth switching cycle of the boost
and the buck-boost converter as shown in Fig. 5(b),

where Tsis the time period of the switching cycle, Do
is the duty cycle of the boost converter, dr Ts is the
boost inductor current fall time (or the diode D1
conduction time), Dc is the duty cycle of the buck-
boost converter, vi is the input voltage of the
generator with amplitude Vp, and Vo is the converter
output voltage. Assuming the switching time period
(Ts) of the converter is much smaller than the time
period of the input ac cycle (Ti), the peak value of the
inductor current (irk) in the boost converter can be
obtained as in (1).

ipr =MDy Tg = vy Dy Ts /Ly 1)
_(2mkT,
where vy, =V, sm( T )

vy =V, sin(27kT, /T))

my=t gy VeV
L L

(b)
Fig.5.(a) Input current waveform of the conv-
erter. (b) Input currents, gate drive signals
and input voltage during a switching cycle of
boost and buck-boost converter.

After the boost converter switch is turned OFF, the
current in inductor starts to fall (see Fig. 5). The
slope (mz2) of this current is decided by the voltage
across the inductor.

In a kth switching cycle, the voltage across the
inductor during the inductor current fall time is:
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Vo — vji. Therefore, the inductor current fall time
can be found as in (2).

ip _ Lyipy
de T, = — = — 2
T T my T Vo — vy @)
During this kth switching cycle, the total energy (Ekb)
transferred from the input of the boost converter can

be obtained as in (3)

v'kiPk(Db +d )T
Epp = — > 2=, 3)

The average power supplied in the boost switchi-
ng cycle is

p _ B _ vilp(Dp +dy)
kb = o > :

4)

The number of switching cycles during the time
period of one input ac cycle is defined as N =Ti/Ts. In
the proposed power electronics converter topology,
the boost converter is operated for the half time
period of the input ac cycle (Ti/2). The average input
power Pib of the boost converter over this half cycle
time period can be obtained as in (5)

= (5 )Zpkb

_ (E)Z Vi ik (Dy + df ) )
RV 2 '
k=1

For large N, the discrete function in (5) can be treated
as a continuous function. The average input power of
the boost converter Pib (5) can be obtained by
integrating the term in the summation over the half
cycle (Ti/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)

Py

2 (hp,?T 2
_ S 2 2
T f T (_t)

. (2m -
X Vo | VoVy,sin (?l t) dt (6)

Simplifying (6), the average input power for the
boost converter Pib is found to be as follows:
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2p 2
p DT
4L,
2 T 1
Where = (E) Iy 1-(V, /Vp)sind a0
and 6= @)

It can be noted that in (7), B is constant for fixed
values of Vpand Vo.

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

n for a load resistance R, the input power and the
output power can be balanced as in (8)

V,%Dy °Ty V0

4L, R’ ®

From (8), the duty cycle of the boost converter (Db )
can be obtained as

2V, | Ly 1
b =7 RT3 €))
D snpB

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 Sz (see Fig.
3). During the oFr period of the switch Sz , the input
current is zero [see Fig. 5(a)]. Hence, for any kth
switching cycle, the average power supplied by the
buck—boost converter Pkc can be obtained as

Vi ipp D
P = % (10)

Applying similar approach, used earlier for the boost
converter, the average power can be expressed in the
integration form as

"/, p 2
== b T V,2 si 2<—nt>dt
j 2L V,” sin T

V2D, 2T
p “Yb Is
= 7 > 11
4L, an

The duty cycle Dc can be obtained as in (12)

2Vo | Ly
= — . (12)
v, |RTon
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C. Control Scheme

Using (9) and (12), the duty cycle of the
boost converter Db and the duty cycle of the buck-
boost converter Dc can be related as

D,  |L11
Dc LZB

(13)

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 (L2 = L1 ) and the converters are controlled
with different duty cycles such that it satisfies the
condition: Dc = Dby/B. In scheme 2, both the boost
and the buck-boost converters are controlled with
same duty cycle (Do = Dc ), whereas the inductor
values are chosen to satisfy the condition:L1 = fLz .

8

7

Fig. 6. B versus Vo /Vp (step-up ratio >1) plot.

In Fig.6, the variable g from (6) is plotted as a
function of the step-up ratio (Vo /Vp). It can be seen
from this plot that for large values of voltage step-up
ratio, § 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.

This is assistive for the target application of
this study, where the very low voltage is stepped up
to a much higher dc output voltage. It can be
mentioned that the value of S approaches to infinity
for Vo/Vp — 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 Db approaches to zero for Vo/Vp — 1.
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Therefore, no power is transferred from the input to
the output and the equation remains valid even when
Vo/Vp= 1.

I11. Self-Starting 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 harvesting 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.

Cantroller A
. L1
Drlver 5:
D,
) B
Energy + D
Harvesting ¢ e
AC-DC power Vo T Vb
converter -

Fig.7. Proposed auxiliary self-starting circuit
using a battery.

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 Vb should be less
than the target output voltage Vo minus the forward
voltage drop of a diode Vt, and it should be above the
minimum voltage requirements of the controller and
driver circuits
Vb = VO - Vf . (14)

In this study, the target output voltage Vo= 3.3
V and forward voltage drop of the diodes Vi=0.22V.
A battery with nominal voltage Vo= 3 V is selected
for the self-starting. At the beginning of the converter
operation, when the output voltage Vo is not
available, the controller and the driver circuit will be
powered by the battery through the Schottky diode
Dvb. This will allow the converter to charge the output
capacitor to the reference voltage. In steady state,
when the output voltage has reached the value 3.3 V,
the diode Dv would be reverse biased, therefore, the
battery will not be powering the controller and the
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the driver. At this time, they will be powered from
the converter output through the diode Da . During
this condition, the battery will remain under floating
condition. It can be noted that only a very small
amount of energy is taken from the battery for the
startup of the energy harvesting system. Furthermore,
the used energy of the battery can be replenished by
recharging it from the output of converter through the
diode Dc. Therefore, the entire amount of energy used
for the converter operation, including the energy used
during its starting, is harvested from the ambience.

TABLE |
Converter Circuit Components

Circuit Components Name Ratings

Inductor Ly, Ly 4.7uH

Inductor resistance R; 30mQ

N-channel MOSFET S1,S; 20V,2A

MOSFET on state R 150 Q@
resistance don |\ =3V
Schottky Diode D, D, 23V,1A
Schottky Diode forward Vv 0.23V
voltage
Load resistance R 200Q
Capacitor C 68uF
Capacitor ESR R¢ 30m Q

IV. Simulation Results

A resonance-based electromagnetic mi-
crogenerator, producing 400 mV peak sinusoidal
output voltage, with 100-Hz frequency is consid-
ered in this study for verification of the proposed co-
nverter topology (see Fig. 3). The closed-loop
simulation of the converter is carried out based on the
control schemes presented in Section Il. The
reference output voltage (Vrer) is considered to be 3.3
V. The energy-harvesting converter is designed for
supplying power to a 200- Q2 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
Sections Il and 111. Commercially available MOSFET
(Si3900DV from Vishay) is selected to realize the
switches Si1 and Sz. The forward voltage of the
selected MOSFET body diode is about 0.8 V, which

International Journal of Engineering Research & Technology (IJERT)
ISSN: 2278-0181
Vol. 1 Issue 7, September - 2012

is higher than the peak of the input voltage. This
inhibits any reverse conduction in the MOSFETS.
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 uH and commercially available inductor
(IHLP-2525CZ from Vishay) is used to realize L1 and
L2 . The diodes, D1 and Dz are chosen to be schottky
type with low forward voltage (0.23 V, NSR0320
from ON Semiconductor). The output capacitor value
is 68 uF. Various values for circuit components of the
designed converter are presented in Table I. The
buck—boost converter duty cycle Dc is calculated
from the estimated duty cycle Dwand (13). The input
current of the boost converter (see ib in Fig. 3) and
the input current of the buck—boost converter (see ic
in Fig. 3) for load resistance R = 200 Q is shown in
Fig. 9(a) and (b), respectively. The total input current
and the microgenerator output voltage (vi) are shown
in Fig. 10 and Fig.8 respectively. It can be seen that
the boost converter is operated during the positive
half cycle, while the buck—boost converter is
operated during negative half cycle of the
microgenerator output voltage. The converter output
voltage and the duty cycles, estimated by the
controller are shown in Fig. 12 and Fig.11,
respectively. The output voltage ripple is about
+0.14V, which is +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 Db =
0.71. It can be noted from Fig. 11 that the estimated
duty 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:Vo/Vp= 8.25. 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. To validate this proposed control
scheme, further simulations of the converter is
carried out for load resistance R = 200 Q when the
boost and buck—boost converter are controlled with
same duty ratio. Fig.11, Fig.12 presents the duty
cycle and the output voltage of the converter,
respectively. To verify the operation of the converter
under different load conditions, the load resistance is
increased to R = 400 Q. The output voltage under
this load condition is shown in Fig.13. The
simulations are carried out with the self-starting
circuit (see Fig. 7) . 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
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of the converter is also shown in this figure. It can
be seen from these plots that at the beginning, when
the converter output voltage is building, the power
consumed by the control circuit is only supplied by
the battery. At point A, as shown in Fig. 14, the
converter output voltage becomes 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. Further, the ouput dc voltage(3.3V) is
converted into ac using inverter which is connected
to the RL load and the resulting waveforms are
shown in the fig.15.
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V. Conclusion

The presented direct ac-to-dc low voltage energy
harvesting converter avoids the conventional bri-
dge 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
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of the microgenerator to positive dc voltage. 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. 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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