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Abstract: A dual-mode hybrid step-up circuit for electromagnetic energy harvesting (EVEH) is pro-
posed in this paper, with the merits of continuous output power delivery with and without external
vibrations, simple architecture, and no need for extra circuits to start up. The proposed hybrid con-
verter combines a multi-stage voltage multiplier (VM) with a boost regulator, which utilizes the
winding inductance of the electromagnetic energy harvester as a boost inductor. With external vi-
bration, the proposed circuit powers the load and stores energy in the super-capacitor through VM
mode. When external vibration disappears, it automatically switches to boost mode and powers the
load using the energy stored in the supercapacitor. For hybrid mode operation, the number of VM
stages is optimized considering the following three aspects: sufficient voltage gains when vibration
is on, time durations to provide constant power when vibration is off for as long as possible, and
low losses at VM stage. A GaN-based dual-mode hybrid converter is built to verify the output reg-
ulation capability with an in-house-designed electromagnetic energy harvester. The outputs of the
hybrid circuit achieve 4.05 V and 1.64 mW at a 100-Hz external vibration frequency and an acceler-
ation of 0.7 g. The peak efficiency of the proposed hybrid converter reaches 60.7%. When external
vibration disappears, the circuit is able to maintain a stable output for 13 s with a super-capacitor
of 0.1 F.

Keywords: electromagnetic vibration energy harvesting; voltage multiplier; AC~DC converter;
step-up converter; super-capacitor; hybrid dual-mode

1. Introduction

With the development of the Internet of Things (IOT), the demand for wireless sen-
sors is increasing. Traditional battery-powered sensors can hardly ensure continuous op-
eration and a long lifetime in remote areas and harsh environments [1]. Energy harvesting
is a technology which harvests and converts the energy from the environment to electric-
ity in order to power low-voltage electronic devices [2-5]. With the power requirement of
sensors being reduced to sub-milli- to micro-watts, EH has become a promising technol-
ogy to replace batteries, with the advantages of a long lifetime, being free of maintenance,
and environmental friendliness.

Vibration, one of the most widely distributed energies in the environment, has be-
come a premium energy source for EH [6]. With the merits of high output power and low
cost, electromagnetic vibration energy harvesting (EVEH) has been widely adopted. Ac-
cording to the Faraday law of electromagnetic induction, the magnetic flux in the coil of
EVEH changes and results in induced electromotive force. Figure 1 depicts the basic ar-
chitecture of EVEH, which is composed of an energy harvester, an energy converter and
an energy storage module. The energy harvester can be modeled as a voltage source vi(t)
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in series with equivalent resistance Ren and inductance Len. An energy converter is re-
quired to regulate the low-voltage AC to DC level.
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Figure 1. Basic architecture of electromagnetic EVEH.

Vibration energy in the environment has a wide dynamic range of frequencies and
amplitudes. For example, the vibration of the bridge is related to its traffic flow [7], with
an average vibration frequency of around 40 Hz and a peak frequency of up to 500 Hz
when two vehicles meet oppositely side-by-side [8]. A conventional energy harvester is
usually narrow banded, with one resonant frequency for maximum power harvesting [9].
When the vibration frequency deviates from the resonant frequency of EVEH, the ability
to harvest energy will decrease significantly, which lead to no or very little output power.
Therefore, energy storage is necessary to provide energy to the output when the vibration
fluctuates or disappears.

However, some existing works did not include a storage element [10-12]. Existing
converters with energy storages were relatively complex in circuit topology and control
strategy while ensuring stable output. Although an energy storage component was in-
cluded in [13,14], it was directly applied to power the load when vibration disappears.
Such a configuration failed to maintain a stable voltage for the sensors, which leads to
increased power consumptions or the degradation of the sensors’ performances [15]. In
order to maintain a stable output voltage level when vibration disappears, the voltage
level of energy storage component needs to be regulated before sending it to the load. As
shown in Figure 2, the energy storage module acted as an intermediate DC bus, and an
additional DC-DC converter was employed to power the load [16-18]. Another typical
approach is the three-port converter, as depicted in Figure 3 [19,20]. Both the energy stor-
age component and load are charged by the vibration source once it exists. When the vi-
bration disappears, the energy storage component will become the power source for the
load through the AC-DC converter. Such architectures and their control strategies are
complex and high cost.

Ener Energy Energy Energy
harve;gtzr :> converter |:> storagg; l:> converter I:> Load
AC~DC DC~DC

Figure 2. The energy storage module as the intermediate bus voltage in the EH system [16-18].

Energy
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Energy AC~DC
Load
harvester |:> Energy converter |:>

Figure 3. A three-port power converter for EH, with the energy storage module as one port [19,20].
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In our previous work [21], a new dual-mode hybrid step-up converter was proposed
with dual-mode operation to realize the resistance of the input vibration disturbance in a
simple architecture. However, a converter based on a double-voltage circuit cannot
achieve satisfactory output when the input voltage is low. In order to expand the range of
input voltage, a converter based on a multiple-voltage circuit is proposed on the basis of
[21], as shown in Figure 4. The converter merges the voltage multiplier (VM) and boost
regulator, and utilizes the super-capacitor as the energy storage module. When vibration
exists, the hybrid converter works in VM mode to power the load and store energy in the
supercapacitor. When vibration disappears, the output is powered through the energy
stored in the supercapacitor, and the hybrid converter is switched to boost mode. Further-
more, the proposed converter will start working once the output of the EVEH is higher
than the forward voltage drop of the diodes and no extra start-up circuits are required
[12,19].

Proposed dual-mode hybrid
converter with energy storage

ith vib. : §
with vib » VM mode ]
E g S : L
Mode Switch |
M j ode Switc [, | 0
E ltncrgy“_ A
Storage possssssssccccccnaacecs
H ey D

— o> Boost modej—

Figure 4. System architecture of the proposed dual-mode hybrid converter.

The organization of the rest of the paper is as follows: Section 2 discusses the struc-
ture and working process of the proposed converter. Section 3 analyzes the output char-
acteristics. Control strategies are provided briefly in Section 4. Section 5 explores the de-
sign principles of the proposed circuit, including the selection of the number of stages and
the super-capacitor, loss analysis, targeting at sufficient voltage amplification at VM
mode, and long operation duration in boost mode. The measurement results are further
given in Section 6. Finally, conclusions are drawn in Section 7.

2. System Architecture and Mode Control

Figure 5 shows the full schematic of the proposed dual-mode hybrid VM-boost con-
verter, which consists of the main power stage, the mode switching circuit and the PWM
regulation module. A low-dropout regulator (LDO) is used to further stabilize the output
level. The main power stage is a n-stages VM with boost mode merged with the first stage
of VM, where the winding inductance from the electromagnetic energy harvester is
adopted as the boost inductor. Ci is a large super-capacitor for energy storage and serves
as an energy source when vibration disappears. The mode switching circuit determines
the VM and boost operation modes for the proposed converter.

The reference voltages used in the circuit follow the relationship Vo_vm > Viyst > Veom
> Vo boost = Vet > Vys-. Vo_vm and Vo_boost represent the output for VM mode and boost mode,
respectively. Under VM mode, U: is shut down by setting the sd terminal at a low level.
When the output falls below Veom because of the disappearance of vibration, the converter
will switch to boost mode with the sd terminal enabled. The output voltage is controlled
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by the PWM regulation module with Vet in boost mode. Viys+is used to ensure that Ciis
pre-charged first by VM mode. Otherwise, boost mode will be enabled at the system’s
start-up transient. As soon as the voltage level in Ciis dropped below Viys-, the converter
will stop boost mode operation, and the system is shut down where there is insufficient
energy in Ci to meet the load requirement. The mode control strategies and key operation
waveforms of the proposed converter are summarized in Figure 6.
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Figure 5. The full schematic of the proposed hybrid VM-boost converter.
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Figure 6. (a) The flow chart of the proposed dual-mode hybrid converter; (b) key waveforms of the
proposed converter with vibration on (existing) and off (disappearing).

to—t1: At o, the vibration appears and the converter starts to work in VM mode. vo
will gradually rise to the stabilized value of Vo_vm.

ti—t2: The vibration disappears at 1. VM mode stops and vo begins to drop according
to the load requirement.

t2—t3: vo drops to Veom at 2 and the hybrid converter will switch to boost mode. The
load will be powered by Ci. The output is regulated to Vo_boost and the voltage of the Ci
drops gradually.

t>—ta: Vibration resumes at #3, and vo begins to rise above Vo_voost. However, vo is still
lower than Veom in this period, such that the boost mode is not disabled. The hybrid con-
verter operates with the coexistence of VM mode and boost mode.

tai—ts: vo rises above Veom at 4 and the converter starts to work in VM mode. vo will be
maintained at Vo_vm.

ts—te: Vibration disappears at ts. This interval is the same as [f1—t2].

te—t7: vo drops to Veem at 6 and the hybrid converter will switch to boost mode. This
interval is the same as [f2—#3]. The time duration for which the converter is able to provide
a stable output is defined as fvoost.

tr—ts: At t7, the energy stored in Ci is not enough to maintain the output at Vo_boost.
Although the converter is still in boost mode, vowill decrease from Vo_boost.

ts—: When vo drops to Vhys- at s, the system is shut down. The output voltage and the
voltage across C1 will gradually drop to zero. If the vibration resumes, the process starting
from to is repeated.

3. Output Characteristics

As shown in Figure 5, the converter works in the VM mode and the main power
transistor M is off when vibration exists. When vi(f) is negative, vi(f) and Cii=12.-1) charge
the capacitor Caini(i=1.2.-1) through Daisii=12..-1). According to Kirchhoff’s voltage law (KVL)
and the law of the conservation of electric charge (CEC), the capacitors’ voltage in this
interval can be expressed as
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Ver = Vp -V, _[VMiangEH

VgZi—l(i:Z,}...n) = ngi-z(izz,s...n) + Vp - VD - IVMiangEH (1)
V— _ + _ AQVM
C2i(i=1,2..n) — " C2i(i=1,2..n) C
2i(i=1,2...n)

where Ro is the load of the converter, and fvib is the frequency of vibration. V; is the peak
amplitude of vi(t), and Vb is the forward voltage drop of the diodes. AQvwm is the trans-
ferred charge in one vibration period, and satisfies AQvm = Vo_vm/(Ro fvib). [vM_arg is the av-
erage current of vi(t).

When vi(t) is positive, vi(t) and the capacitor Cai-1i=1.2..m provide energy to Caii=12...n)
through Daii=12...n. According to KVL and CEC, the capacitors’ voltage in this interval can
be expressed as

+ _ 1+
VC21’(1':1,2...n) - VCZi—l(i:l,Z...n) + Vp - VD - IVMiangEH
Ve - __ 40, 2)
C2i-1(i=1,2..n) — ¥ C2i-1(i=1,2..n) C
2i-1(i=1,2...n)

By combining (1) and (2), the output of VM mode can be derived by charge conser-

vation as
Vo v =Vea= Voo * ngn - 2”2(Vp Vo)
- 2 1+ 4n REH i XCfvib ©)]
R, R,
where X = L(ZHL+ ! ) . According to CEC, IvM_ag = 2nlo = 2nVo_vm/Re. Accord-

v fvib i=1 G 2C2r1

i

ing to (1), the voltage over super-capacitor Ci is charged to:

_ V)X iy + Ry)
ARy + X+ R,

(4)

When vibration disappears, the converter will switch to boost mode and the energy
stored in Ci starts to discharge in order to provide power to the output. Figure 7 shows
the equivalent circuits and charge flow paths when M is off and on in one switching cycle.
A constant current source (lo) is used as the load. AQsoost represents the transferred charge
in one switching period, and satisfies AQsoost = Io/fs, where f: is the switching frequency in

boost mode.
CZII»I C‘Zn*l
S % == o
»> < 40
40 K E 40
G D, 2 Doy Cs D, ZS Dy,
— { L+ T - { L+ Tosdeee
>4 Lt A4 <
40 X Dy Q ............ | R JS D; i
G D, + Io I < — D, 40 + Ip
A = — + =Cu ¥ A 1 + T, G ®
10 . TICZH iOrem T, Y
Lgn + Ly +
| i D, -G JE ‘D, 40 = G,
I I I
Reu | | Frep § Ren| | Vign
T < < + < -1 5
L s
(a) (b)

Figure 7. (a) The charge flow when M is off in boost mode; (b) the charge flow when M is on in
boost mode.
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When M turns off in the (1 - D) Ts interval, as shown in Figure 7a, C1 and Leu charge
C2 through D> with AQgoost transferred, where D is the duty ratio of boost mode. Simulta-
neously, Cs and Lex charge Cs through Ds with AQsoost transferred, as do Cai-1(i=12..n and
Len. Therefore, the total charge dissipated from Len becomes nAQgoost. Assuming that the
inductor current is continuous, the average inductor current can be expressed as: Ir_ag =
nAQgoostfs/(1 — D). As such, the voltage drop across Reu is Vrex = IL_avg x Rex = nloRen/(1 —
D). Furthermore, the voltage of the Lex can be derived using volt-second balance. Accord-
ing to KVL and CEC, the capacitors’ voltage in this interval can be expressed as

M _off _ M _of M _off
Veaiizt,zmy = Veaiagi=t2-m TVa -V ®)
M _off _ M _on _ AQBOOSI
Verici(i=2,3--n) = YC2i-1(i=2,3--n) C 6)
2i-1(i=2,3---n)

off

where v}/-7" is the voltage across Len and Ren when M is off.

As shown in Figure 7a, when M is on in the DT; interval, C1 charges Len with AQLen.
Simultaneously, C1 and C: charge Cs through Ds with AQsoost, and Ci and Cs charge Cs
through Ds with AQBoost, as do C1 and Cai-2ii=23..n. Hence, AQLen equals to nAQBoostD/(1 —
D). According to KVL and CEC, the capacitors’ voltage in this interval can be expressed
as

M _on _ M _off _,M_on _
Vericii=2,3--n) = Yeaica(i=2,3-n) ~ V4 Vp (7)
M _on _ M _of _ AQBocosl
Veaiti=1,2-n) = Ye2i(i=1,2--m) C (8)
2i(i=1,2---n)

where vY-"" is the voltage across Len and Ren when M is on.

Assuming that the voltage across Ci1 does not change in one switching period—e.g.,

v =y M- =y — Vo boost can be expressed according to (5)—(8):

v
v e o nl_CID_(2n_1)VD
O_boost 2 1+ anEH . ch (9)
R (- D)’ R,
1 2n-1 1 1
where X, =—() —+—).
A TR

4. PWM Regulation for Boost Mode

A PI-based PWM regulation is adopted for output control under boost mode, as
shown in Figures 8 and 9. The PI output is compared with the sawtooth wave (Vsaw) to
generate the PWM signal for the gate driver of GaN HEMT devices (M). The sawtooth
generator is composed of series resistor Rs, capacitor Cs, two voltage comparators, a RS
trigger, and switch Sz, as shown in Figure 9. The two voltage thresholds are set as VHigh
and Viow (VHigh > View). If Veaw is higher than Vaigh or lower than Viow, the status of the RS
trigger changes to control the on and off of S2. According to the RC charging theorem, the
frequency of the sawtooth wave can be expressed as

1
ﬁ =
RC InYee Vi (10)
cc VHigh

To avoid the mode oscillations during mode switch, Si is closed in order to maintain
the output of the PI regulator at a low level under VM mode, as shown in Figure 8.
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Figure 8. Pl-regulated boost mode operation.
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Figure 9. The sawtooth wave generation circuit.

5. Key Parameters and Analysis

As can be seen from (3) and (9), the output voltage of the proposed hybrid converter
is dependent on the number of stages and the design of the super-capacitor. In order to
realize sufficient voltage amplification at VM mode and ensure a long operation duration
(tooost) in boost mode, these two parameters are fully studied in this section. In the mean-
time, the loss distributions of VM mode are analyzed, which also leads to the optimum
design of the number of VM stages.

5.1. Selection of the Number of Stages

For VM mode, the VM converter needs to tolerate the variations of the load resistors
(Ro) and Rex. Assuming that C1=Cz2=... = Can = C, the minimum required number of stages
can be derived through (3), as

R R R R, .C R
Towit 2, —VL,)iJ(%)Z(VP Vo) + 252 Vo w0 Vo) +V =472 =2 T
nmin = R (11)
47y
x ow

where X =
vib
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R,=5kQ
R,=10 kQ
R,=15kQ
R, =20 kQ

Vo_vm increases first, then decreases with the increase of the number of stages. #max is
defined as the number of stages when the output voltage reaches its maximum value un-
der a certain input. The nmax for the peak output voltage at a certain load resistor can be
deduced from dV,,,/dn=0, as

\/2€2n R ac, Ro ¢ —ac,)

X X

Minax = (12)
REH

4c,, X

Hence, with an LDO post-regulation, the possible number of stages for a certain Vo_vm
should be chosen as

n.<n<n (13)

Figure 10a describes the relationship between the number of stages and Vo_vm with
different Ro at an Rex of 100 Q). The higher Ro is, the smaller the number of stages required
for a certain Vo_vm. Figure 10b describes the relationship between the number of stages
and Vo_vm with different Ren at Ro of 10 kQ. The higher Rex is, the larger the number of
stages required for a certain Vo_vm. According to (1), the minimum Ro for a certain output
Vo_vm can be derived as

VOfVM (4REHn2 + XCfvib)
211(VlD -V,)=V,

(14)

O(min) —
VM

If Ro £ Romin), the converter can’t stabilize to Vo_vm. If the load Ro > Romin), the LDO
module is required to further stabilize the output to Vo_vm.

For boost mode, the main target is to provide a stable output as long as possible when
vibration disappears. Considering that Ci reaches a steady state before vibration disap-
pears, the total energy stored in C1 will be divided into three parts in boost mode, as shown
in Figure 11: Eioad is the energy transferred to the output; Eioss is the energy dissipated in
the circuit, and Eks represents the energy leftover in Ci1 when the output fails to be regu-
lated to Vo_voost. Therefore, Etotai_c1 = Eleft + Eload + Eloss. In order to extend the duration for a
stable output when vibration disappears, Etwtl_c1 should be large and the proportion of
Eload should be as large as possible for a certain Etotal_c1.

9 T T L T T T L) T T ;¢
—¥— Ry =20Q
g | A Rm=c00 A
—— Ry =100Q
—X— Ry =140 Q
.
Z 6
= @ '
4 b
3 _(
2 1 L L
s 6 7 8 9 10 I 2 3 4 5 6 7 8 9 10 11 12
n n
(a) (b)

Figure 10. (a) The relationship of n and Vo_vm at different load resistors with Ren = 100 Q; (b) the
relationship of n and Vo_vm at different EH output resistors with Ro = 10 kQ.
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Figure 11. The distribution of energy stored in the super-capacitor in boost mode.

The initial voltage across the super-capacitor C1 in boost mode (Vci_max) can be derived
by (4). The larger Vci_max is, the larger Eiotai_c1 will be. Vei_max decreases with the increase of
n.

When the converter operates at maximum duty cycle Dmax, Cireaches to its minimum
voltage level to be capable to provide a well-regulated Vo_boost. Dmax can be obtained by
forcing dVo_ boost/dD = 0. Therefore, the minimum Vci to maintain Vo_boost becomes:

2\/REH VOﬁboosl (RO VOﬁboost - RO VD + XCis VOﬁboost + 2’1120 VD ) 1
VC 1_min = RO ( 5)

The lower Vci_min is, the lower Etest will be. As Vci_min increases with the increase of #,
the more number of stages adopted, the more proportion of Es will be.

The total transferred charge of C1 (Qci_output) is directly related with Eioad + Eioss in one
boost period, as

fooos [
boost boost D ( t)
Ot oupu =[(1=DAQ+AQ1 [ty + ! AQ, oy f.dt =nl ty,., +nl, j D0

0

dr (16)

It can be seen that the more number of stages will be, the more charges are required
from C1 to power the output for a certain tvoost under the same load and output voltage. It
can be concluded that Eiead is reversely proportional to the number of stages under certain
Ewtal_c1. Hence, combing the two aspects for both with (VM mode) and without (Boost
mode) vibration, the minimum feasible number of stages (1min) should be selected.

5.2. Design of Super-Capacitor C1

In order to ensure that the selected C1 can provide sufficient energy during required
tooost time interval, C1 is designed under the most extreme condition where maximum duty
ratio is always applied. It is the situation when the discharge rate of C1 is highest. Accord-
ing to (16), C1 can be chosen as

D,
nIO tb(mst (1 + . )
o 1-D,, (17)
=
VClimax - VClimin

5.3. Loss Analysis

As the VM mode is the main circuit processing EH power, the power consumptions
of VM mode are discussed in this section. In EVEH, Ren is usually much larger than the
impedance of winding inductance of jwLen, so that Lex is ignored the loss analysis. The
charging current of capacitor is shown in Figure 12, where Ivm(t) is the current of EH
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source. Capacitors are only charged during the intervals of ti~f2 and (T — f2~T — f1) in one
vibration period.

vi(t)
— Ia(t)

A

Figure 12. The current and voltage waveforms of source when vibration exists.

In negative half period, odd number capacitors Czi-1(i-1,2..n in Figure 5 are charged by
EH source with the following relationships satisfied:

v, SIN27 f 1) =V =Ly (DR >V

Vp sin2zf )=V, — L (O Ry, > VCZi—l(i:Z...n) - VCZi—2(i:2...n)

In positive half period, even number capacitors Cii-1,2.. in Figure 5 are charged with
the following formula satisfied:

I/:” Sin(2ﬂfvibt)— VD _I\/M (Z)REH > VCZ _VCI

(18)

. (19)
Vp Sm(27z'fvibt) =V, =Ly (ORy, > chi(z:z...n) - VC2i—1(i:1,2mn)

Ignoring the voltage variations in C1 as it is quite large, Ivm(t) can be calculated as

V sin2xf.t)-V, -V
P ( fvlb ) D Cl te(tl~t2)
REH
V sinQ2xf.)=V. -V
Loy () =1—-F ( f;;b )7V =V te(T-t,~T-t,)) (20)
EH
0 t € other
where ¢ = lf sin' (L o) and 4, - [z —sint et loy).
vib P vib P

5.3.1. Loss of Ren

Ren is the output resistance of the EVEH source and its power loss can be expressed
as

)
Boss_rerr =2 s _[I\sz (DR, dt (21)

4
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5.3.2. Loss of Capacitors’ Charge Transfer

When the charge AQ,, is transferred from capacitor A (Ca) with initial voltage ua to
capacitor B (Cs) with initial voltage us, according to CEC, the loss of charge transfer is:

EO.VLCAB =(u,—ug)A0Q,, - AQAB (C_ + C_) (22)

In each vibration period, AQvwm is transferred between the Cii=12..20) and Cis1i=12...20-1).
Assuming that Cii-2..2n) is large enough with ignorable voltage ripples, the loss of Cii-
12..2n) in the process of charge transfer can be expressed as

2n-1 1
By sc=@n=D1aA0n Ve = fv.b 0., (22 E + C_) (23)
i 2n
5.3.3. Loss of Diodes

Diode Dii=13..2:-1) and Dii=24..20) turns on during time intervals (f1~f2) and (T — t~T —
t1) respectively in each EM period. Hence, diodes” conduction losses can be described as

v,
})loss _Don = 2 .f;qb-[ ( ) (24)

When diodes are off, leakage current will also induce loss, as

T,

By pogr = 2 oLt {2 J. Ve, +V, sinQz f g 0)ldt + (¢, =)V, +V, sin2z f 1, )]} (25)

L
where [ieak is the reverse leakage current of diodes. Therefore, the overall losses of diodes
can be expressed as
]ggg ZD = Ioss Don + Ploss _ Doff (26)

5.3.4. Loss of Super-Capacitor

Super-capacitors have large series resistors in the order to tens of ohms. The power
consumptions on the parasitic resistor (Rc1) can be expressed as

M(f)

larv Ry T = f;lle‘( ) RCldt (27)

In order to evaluate the loss contributions in the VM mode of the proposed circuit,
the circuit parameters are given in Table 1. As shown in Figure 13, the charge transfer loss
is the major loss contributor, which is 75.8% of the total losses. The second largest loss
contributor is diode conduction loss, which accounts for 20.8% of the total losses. Both the
charge transfer loss and diode conductor loss increase with the increase of the number of
stages (). The power losses on EVEHs internal resistor and parasitic resistor at the super
capacitor are negligible. Therefore, the minimum number of stages to provide sufficient
output voltage level should be used. This conclusion is also consistent with the discus-
sions in Section 5.1.

Table 1. The circuit parameters of VM mode used in the loss analysis.

Name Value Name Value
n 2 Vb 03V
Vy 1.8V Tleak 0.05 mA

foib 100 Hz Ren 105 Q
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C1 100 mF R 20 Q
C2, Cs 10 pF Ro 10 kQ
Cs 100 pF

0.0612 mW
3.3%
\\ W
\\ Z

- Ploss_EC mP loss_ XD [ P loss_RC1 P loss_REH

Figure 13. Power loss distributions of a two-stage VM circuit.

6. Prototype Design and Measurement Results

A cylindrical EVEH [22] is employed in this experiment as the source for the proposed
dual-mode converter. As shown in Figure 14a, it is designed with a cylindrical magnet, two
planar springs connected to the top and bottom of the magnet, and two sets of windings. The
measured winding resistance Rex and inductance Len are 105 Q and 5.1 mH, respectively. The
designed EVEH has a 4.2-cm height and a 2-cm diameter. At a vibration resonance frequency
of 100 Hz and an acceleration of 0.7 g, the AC output amplitude (V) reaches 1.8 V. The proto-
type of the dual-mode hybrid step-up circuit is shown in Figure 14b. A Schokky diode (VS-
10BQO15HM3) with a low forward conduction voltage of 0.3 V is used. A GaN HEMT
EPC2015C (40 V/53 A) is employed as the main switching transistor. Veom, Viys, Viys+ and Viys-
aresetto3.4V,225V,3.6 Vand 0.6 V, respectively. Vi for the boost mode output is set to 3.3
V. According to (11), the number of stages should be chosen as two. The key parameters used
in this design are summarized in Table 2.

Table 2. The key components used in this design.

Name Component Value
Ro Load 10 kQ
Ci Super-capacitor FMOH104ZF (0.1 F)
C, Cs Flying capacitors 10 puF
Cs Filter capacitor 100 pF
Dii=1-9 Schottky diode VS-10BQO15HM3
M N-channel GaN HEMT EPC2015C
Ulriver Gate driver UCC27525
Super-
] Spring P 7 capacitor
4.2 cm
2 cm
(a) (b)

Figure 14. (a) The EVEH module used in the system [22]; (b) the prototype of the designed dual-
mode hybrid step-up circuit.
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Figure 15 shows the waveforms of VM mode operation under vibration. The output
voltage of the VM circuit and voltage across the supercapacitor are maintained at 4.05 V
and 1.23 V, respectively. Figure 16 shows the circuit efficiency (1) of the VM circuit when
n = 2 with different load resistors and the same V,, where the peak efficiency reaches
60.7%.

VOfVM =405V 1 V/div
Vey =123V 1 V/diy

t: 20 ms / div

indication signal

Figure 15. Steady state operation of VM mode under vibration with a vibration frequency of 100 Hz
and an acceleration of 0.7 g.

65%

60%

55%
~50%
N

= 45%

40%

35%

30% 'l 1 ' (] ' ' 1 '
2 4 6 8 10 12 14 16 18 20

load (k€2)

Figure 16. VM efficiency (n) at different load resistors with a vibration frequency of 100 Hz and V)
=18V.

Figure 17 reveals the different cases of the operation modes transitions from the ex-
istence (1) of vibration to the disappearance of vibration ((2)) and the resumption of vi-
bration ((3)). Four different cases are studied:

Case 1: In Figure 17a, the vibration is resumed after 700 ms of disappearance. vo is
stabilized to 3.3 V during the disappearance period. Ve drops to 1.19 V from 1.23 V. vo
and Ve rise to 3.3 V and 1.23 V after vibration is resumed, respectively.

Case 2: In Figure 17b, the vibration is resumed after a 14.7-s disappearance. vo is sta-
bilized to Vo_boost (3.3 V), and Vc1 drops to 1.0 V from 1.23 V in the first 13 s. After 13 s, the
boost mode cannot keep vo to Vo_boost, and vo begins to decrease. At 14.7 s, vo drops to 3 V
and Ve drops to 0.95 V. vo and Ve rise to 3.3 V and 1.23 V after vibration is resumed,
respectively.

Case 3: As shown in Figure 17c, vo is stabilized to 3.3 V for 13 s and drops after the
vibration’s disappearance. The vibration is resumed after a 24.6-s disappearance, and the
output rises again. However, the boost mode-enabled signal switches between high and
low within a short time, starting from the time that vo rises near to Veom. This is caused by
the output voltage fluctuating around Veom in the process of rising.
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Case 4: As shown in Figure 17d, after the first 13 s of well regulation, vo begins to
drop. At75s, vo drops to 0.5 V, which is lower than Viys-, and the boost mode is shutdown.
The vibration is resumed after 79.8 s disappearance, and the converter is restarted.

L ‘ cun
\ |- 700 ms >Mmmmww«\aa-.w«mmwm -—u{ 130s \lg I8
d ad AN ’
LAY 0 i o123V 1.00 v 0,95 |
Ve 1 V/div Ve 1 Y/div
t: 200 ms/div t:‘2 s/div “

62s

|
—\
_—N ~ ?\\x
.1.23V 100 V" PETET § o 123V Fi00v 02\]’
Ver: 1 V/div Vel V/div
t. 6.5 s/div t: 10 s/div

© R @

Figure 17. The mode transitions of the proposed dual-mode hybrid converter from the vibration’s
existence (1) to the vibration’s disappearance ((2)), and to the resumption of the vibration ((3)). (a)
the vibration is resumed after 700 ms of disappearance; (b) the vibration is resumed after 14.7 s of
disappearance; (c) the vibration is resumed after 24.6 s of disappearance; (d) the vibration is resumed
after 79.8 s of disappearance.

As depicted in Figure 17b—d, the time of voltage stabilization of the circuit is 13 s,
which is 30% lower than the calculation results. This is because the large ESR (50 Ohms)
of the selected super-capacitor consumes lots of stored energy in Cu.

Figure 18 shows the operation mode switches with the changes of external vibration.
When the vibration disappears (e.g., region @)(@)(6)(8)), the boost-enabled signal becomes
high. The circuit works under boost mode and the supercapacitor starts to discharge. vo is
stabilized at Vo tost (3.3 V). When external vibration resumes (e.g., region (D@)G)(7)(9)), the
output vo starts to increase above Veom and the boost-enabled signal becomes low. The circuit
switches back to VM mode and the supercapacitor voltage starts to rise. This shows that the
circuit has a strong capability to maintain a stable output when the vibration is unstable. With
an extra LDO stage, the output voltage can be better regulated.
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Ve

Figure 18. Key waveform of vo, Vc1 and the indication signal with the vibration status changes.

Table 3 summarizes the performance of the proposed dual-mode hybrid step-up con-
verter and compares it with state-of-art power converters in EVEH applications. Com-
pared with active VM circuits [23,24] and direct AC~DC dual boost converters
[12,14,25,26] where energy storages were not included, the proposed work has the ad-
vantage of continuously providing energy when the vibration disappears in a simple hy-
brid topology. In the meantime, it can achieve almost the same efficiency as a dual boost
circuit with a much simpler control method. Some studies [16,18,27] adopted energy stor-
age as the intermediate stage, as shown in Figure 2. The efficiencies of the topology given
in [16,18] were lower than the proposed circuit due to the two-level transformation. One
study [27] reported a high conversion efficiency of 85% and a stable output when the vi-
bration source disappeared, but only simulation results were presented, and the output
power was tens of orders lower than the proposed work. One study [19] described a three-
port converter with additional battery as the energy storage. A microcontroller was em-
ployed for MPPT control, which is quite power consuming and is not suitable for milli-
power applications. The total efficiency was not reported in [19]. Furthermore, the state-
of-arts in Table 3 all require extra start-up circuits, which may induce high energy loss
with discrete components. Hence, the proposed dual-mode hybrid converter has been
demonstrated to achieve a decent efficiency for EH energy conversion, and provides con-
tinuous output under unstable vibrations in a simple system architecture.

Table 3. Performance comparisons with state-of-art power conversions for vibration energy har-
vesting.

Stages of

Output Output  Maximum Uninterrupted Extra Start-Up

Topology Converter  Voltage Power Efficiency Control Mode Output ® Circuit
Active Voltage-multiplier
3V 294 uW 9 A Y
(n=4) [23] One 3.3 94 u 80% N/ No es
Cross-connected Active 879
Voltage-multiplier (n = 1) One 2.68V 960 uW . ° N/A No Yes
(Simulation)
[24]
Dual polarity Boost circuit Polarity detection
3V w 9 Y
[25] One 3.3 50 m 50% - PWM No es
Dual Boost full- -
HalPoost IUL-Wave Con™ - e 21V 900 pW 65% Burst + PWM No Yes
verter [14]
Dual Boost full wave con- N/A 600 LW 89% MPPT No Yes
verter [26]
Dual Boost split-capacitor
One 33V 21.8 mW 82.4% COoT No Yes
converter [12]
V(’ltage'm‘[lit;’her thuck 257V 500 uW 60% MPPT No Yes
Full- Rectifi tep-
Hirwave Beclien T ST Two 33V 104mW  49% N/A Yes Yes

down converter [16]
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Voltage-multiplier + boost
[27]

85%

Two 1V 100 uW PWM Yes Yes

(Simulation)

Dual Boost +

Not men- MPPT +

Bi-directional Buck/Boost Two 33V 10 mW Yes Yes

converter [19]

tioned PWM

This work (n =2)

Mode switch +

One 4.05V 1.64 mW 60.7% Yes No

PWM

Previous work [21]
(n=1)

Mode switch +

One 38V 1.44 mW 85.9% Yes No

PWM

References

® An energy storage element is included and can continue to supply power to the load when the
source is disappeared.

7. Conclusions

A dual-mode hybrid step-up circuit with stable output for vibration energy harvest-
ing (EH) was proposed in this paper. The converter operates as a multi-stage voltage mul-
tiplier when vibration exists, with the supercapacitor and output load both powered. Once
vibration disappears, it will switch to boost mode, and the supercapacitor is employed as
a power supply. The selections of the number of stages and supercapacitor are based on
the voltage gain characteristics under different input and output impedance and the sys-
tem’s energy utilization. A GaN HEMT-based dual-mode prototype was designed and
tested with an in-house-designed EVEH device. Different operation modes were fully ver-
ified. When n = 2, the output voltage of the prototype reaches 4.05 V/1.64 mW in the exist-
ence of a vibration of 0.7 g and 100 Hz. The proposed converter is able to stabilize to 3.3 V
in the absence of vibration for 13 s. The peak output efficiency of a hybrid circuit reaches
60.7%. The proposed hybrid converter has been demonstrated to achieve a descent effi-
ciency for EH energy conversion, and provides continuous output under unstable vibra-
tions in a simple system architecture without the need for an extra start-up circuit. It is a
premium solution for a low-voltage, low-power EVEH system with unstable vibrations.

Future work will focus on the following two aspects. One is the low-voltage integra-
tion of the converter to reduce the loss brought about by discrete devices and parasitic
interconnection. For example, the discrete Schottky diodes adopted in this paper suffer
from high forward conduction because diodes with a voltage rating of 15 V and a current
rating of 1 A are employed, which are far beyond the actual voltage and current require-
ments in the proposed application. Voltage/current-suitable devices will be available
through IC integration, which will further improve the overall efficiency. The other focus
is to apply the design of the energy harvester and hybrid step-up converter considering
the specific vibration environment and load characteristics.
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