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Abstract—Most of electromagnetic vibration energy harvester
(EVEH) systems are only focused on resistance matching at res-
onant frequency. However, the EVEH will have complex output
impedance at nonresonant frequencies. Pure resistance matching
cannot fully extract the maximum power at nonresonance. This
article is the first to propose an automatic and fully self-powered
complex impedance matching EVEH system. The characteristics of
the outputimpedance of the EVEH are analyzed, and it is found that
the impedance will be distributed on a circle. An impedance-circle-
based perturb-and-observe (P&O) method with dual time-scale is
proposed. It perturbs the central angle with a short time-scale for
fast response to vibration frequency change, and perturbs both
angle and diameter with a long time scale to adapt to the slow aging
and wear-out of the EVEH. Such dual time-scale P& O improves the
speed and accuracy of complex impedance determination. Besides,
a fully self-powered milliwatts impedance control scheme with an
inductor-less H-bridge ac—dc converter is designed. Experiments
show that the designed system can realize complex impedance
matching control stably and quickly. The maximum improvement
of the output power of the converter reaches 25% compared to
resistance matching scheme at nonresonant frequencies. Under
the excitation acceleration amplitude of 3 m/s?> at the resonant
frequency, the system generates the maximum power of 10.11 mW
with the overall system efficiency reaching 82.2%. It is the first
time the automatic complex impedance matching is realized in
millipower fully self-powered EVEH.

Index Terms—AC-DC converter, automatic complex impedance
matching, dual time-scale, electromagnetic vibration energy
harvester, perturb and observe.
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1. INTRODUCTION

HE goal of energy harvesting is to replace batteries or
T extend the recharge intervals of batteries for widely dis-
tributed wireless sensors in Internet of Things [1], [2]. Electro-
magnetic vibration energy harvester (EVEH) generates energy
through the vibration-induced relative movement between the
coil and permanent magnet [3]. It has proven to be efficient and
high power density [4].

The ac power generated by the EVEH needs to be converted
into dc power to supply loads. To maximize the power delivery,
input characteristic of the ac—dc converter should be controlled to
match with the output characteristic of the EVEH [5]. EVEHs are
usually designed to work at resonant frequency to increase the
output power. When the ambient vibration frequency is exactly
equal to the resonant frequency, the output impedance of the
EVEH is purely resistive. Majority of prior arts have focused on
resistive matching, such as using rectifier with dc—dc converter
[6], [7] or direct ac—dc converter [8], [9], [10], [11] to match a
resistive load. The resistance value can be determined by meth-
ods such as perturb-and-observe (P&O) [11], [12] or fractional
open-circuit voltage (FOCV) [6] method in these converters. In
short, the impedance matching scheme is relatively mature and
has achieved high efficiency at resonance.

However, the frequency of ambient vibration cannot always
be exactly the same as the resonant frequency of the EVEH.
At nonresonant frequencies, the EVEH will present complex
impedance characteristics. The output power of the EVEH will
drop significantly even if the frequency deviates slightly from
the resonance, which limits the operating frequency bandwidth
of the EVEH. In [13], a general impedance model was given
to explain the need for counteracting the effect of the output
reactance. In order to operate the harvester at the true maximum
power point, the load impedance should be equal to the complex
conjugate of the output impedance of the source [14]. Experi-
mental implementation and validation of using passive inductors
and capacitors to increase the output power of the EVEH have
been reported in [15] and [16]. But the flexibility of using passive
components was poor and could not adapt to frequency changes.

It is more feasible to synthesize a complex load impedance by
using a four-quadrant ac—dc converter. In [17], [18], and [19],
complex impedance was realized by an H-bridge ac—dc con-
verter and a phase-shifted current reference. However, complex


https://orcid.org/0000-0002-5419-4723
https://orcid.org/0000-0001-5063-2995
https://orcid.org/0000-0002-2600-9682
https://orcid.org/0009-0009-1239-0177
https://orcid.org/0000-0002-9024-6105
https://orcid.org/0009-0009-3239-6234
mailto:d202080611@hust.edu.cn
mailto:d202080611@hust.edu.cn
mailto:misspenghan@163.com
mailto:m202271933@hust.edu.cn
mailto:m202071547@hust.edu.cn
mailto:m202071547@hust.edu.cn
mailto:cheng_jiang@hust.edu.cn
mailto:sunhy@hust.edu.cn
https://doi.org/10.1109/TPEL.2023.3327458

3378

impedance was given in advance in these works, which also
cannot adapt to frequency changes automatically.

In [20], an automatic impedance matching method based on
the dual-variable P&O algorithm was proposed. It alternately
perturbed the amplitude and phase of reference signal, and
determined the matching impedance by observing the output
power of the converter. To improve the speed of the deter-
mination process of reference signal, a dual-variable overturn
and observe (O&0O) method was proposed in [21]. In [22]
and [23], another dual-variable method was also proposed to
determine the impedance. The coil reactance was determined by
observing the critical stable state of the impedance controller,
and the resistance was still determined by P&O. Two parameters
were needed to be determined in the aforementioned works to
adapt to frequency changes, which resulted in slow response
speed.

In addition, prior complex impedance matching systems usu-
ally required a continuously worked microcontroller unit (MCU)
to generate reference signals [19], or pulsewidth modulation
(PWM) signals [20], [21], [23]. Currently, low-power MCUs that
continuously execute sampling, calculation, and output require
at least several hundred microwatts to several milliwatts of
power consumption [24], [25], which is hard to undertake by
a millipower EVEH.

At present, there is no work that has realized automatic
impedance matching in a fully self-powered millipower EVEH.
This article proposes a novel automatic and fully self-powered
complex impedance matching system to enhance the power
delivery of the EVEH at nonresonance. The main contributions
of this work can be summarized as follows.

1) The output impedance of the EVEH under different fre-
quencies is analyzed. It is pointed out that the impedance
will be distributed on a circle. The change in vibration
frequency corresponds to the change in source central
angle (¢g), and the slow aging and wear-out of mechanical
components correspond to the change in diameter.

2) An impedance circle-based P&O method that perturbs
the central angle and diameter with dual time-scale is
proposed to determine the complex impedance of the
EVEH. The load central angle (1) is the only variable
that needs to be perturbed in most of time. The reduction
of the number of variables to be perturbed improves the
speed and accuracy of complex impedance determination.

3) Self-powered and automatic impedance matching are ap-
plied in the EVEH system for the first time, improving the
output power of the EVEH at nonresonance effectively.
A series of low-power consumption design schemes are
proposed that enable automatic impedance matching to
be truly applied in the millipower EVEH system.

The rest of this article is organized as follows. Section II
illustrates the output characteristics of the EVEH and the pro-
posed dual time-scale P&O method. Section III describes the
impedance control strategy. Section IV shows the system struc-
ture and the circuit implementation of a fully self-powered
and automatic impedance matching system. Section V shows
the designed compact EVEH prototype and the measurement
results. Finally, Section VI concludes this article.
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Fig. 2. Equivalent circuit model of the EVEH.

II. OUuTPUT CHARACTERISTICS OF THE EVEH AND
IMPEDANCE MATCHING METHOD

A. Equivalent Circuit and Output Impedance of the EVEH

The EVEH can be modeled as a base excited, second-order,
linear spring—mass—damper system. The lumped element model
of the EVEH is presented in Fig. 1. The Laplace transform
equation of motion can be described as

ms?Z(s) + csZ(s) + kZ(s) = —ms?Y (s) (1)

where m is mass suspended on the spring, ¢ is viscous damping
coefficient, k is spring constant, and Y and Z are absolute vibra-
tion displacement of base and relative displacement between coil
and magnet, respectively. Damping of the system is composed
of mechanical damping and electromagnetic damping as [26]

92
Cm+ ————
Rc + Rload

where ¢, is mechanical damping coefficient, 6 is electrome-
chanical coupling coefficient, and R, and Rj,,q are coil resis-
tance and load resistance, respectively. According to (1), the
equivalent circuit model of the EVEH can be established as
shown in Fig. 2 [27]. Vibration of the base can be considered
as a current source. The mechanical parameters are modeled as
paralleled capacitor, inductor, and resistor.

Suppose the vibration frequency is w, the total output
impedance of the EVEH (Zgy) can be expressed as

2

C =

jwh?

Zen + Re + jwLec 3)

"k —wim jwem
where L. is the coil inductance. According to (3), the real part
of the output impedance is
292
Re - me2 + Rc- (4)
(k —w?m)” + 2 w?
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Fig. 4. Output power comparisons of impedance matching and resistance

matching at different frequencies.

And the imaginary part is
I — wh?(k — w?m)

C(k—w?m)?+ 2 w?

4+ wle. (5

It can be found that the real part and imaginary part are
distributed on a circle with center at (R, + 6?/2¢,,, wL.) and
diameter of 6°/c,,. Define the mechanical damping equivalent
resistance (#°/c,,) as R,,, the impedance circle can be described

as
R, > [R,\?

Fig. 3 shows the distribution of Zgy. Ignoring the coil reac-
tance wL ., the output impedance is purely resistive at resonant
frequency w,, of \/k/m [11]. In most of prior arts, only resis-
tance matching is considered [6], [7], [8], [9], [10], [11], which
results in much less harvested power at nonresonant frequencies.

Fig. 4 shows the output power comparisons of the impedance
matching (Pinp) and resistance matching (Pres) at different
frequencies, plotted under R,,, of 63.7 €2 and R, of 6.3 Q. It
can be seen that complex impedance matching will increase the
output power of the EVEH at nonresonant frequencies.

(Im — wL,)* + <Re -

B. Dual Time-Scale P&O Method Based Upon Impedance
Circle

P&O method is commonly adopted to realize impedance
matching for maximum power point tracking. In prior arts, deter-
mining impedance required to alternately perturb two variables,
for example, amplitude and phase of the reference signal [20]. It
led to slow response and low accuracy. A faster and more precise
P&O method is presented in this section.
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As plotted in Fig. 3, the impedance of an EVEH can be
expressed by source central angle g as

(N

_ 2R+ Ry (1+cos 9s)
{Re = )

Im:w_FWLC

Thus, to determine the complex impedance of an EVEH, four
parameters need to be determined: R, wL., R,,, and ¢g. Obvi-
ously, the corresponding matched load impedance will distribute
on another load impedance circle with center at (R, + 0%12¢ s
—wL.) and diameter of R,,,. The load central angle (¢ ) satisfies

YL = —ps. (8)

The coil resistance R . and inductance L. do not vary much and
can be obtained by testing in advance. In a typical small-scale
EVEH, coil reactance wL, is much smaller than R, which can
be ignored [9], [11]. Even in some cases where wL, cannot
be ignored [12], wL. can be considered to be approximately
equal to w,L. because the resonant EVEHs usually harvest
energy around the resonant frequency in a narrow bandwidth.
Thus, coil resistance and reactance are parameters that can be
predetermined.

The value of R,,, is related to 6 and c,,. § can be expressed as

0 =NDBI ©)
where N is the number of coil turns, B is the average magnetic
flux density in the air gap, and [/ is the coil length across
the magnetic flux. The change in 6 comes only from magnet
demagnetization, which is extremely slow. The change in ¢, is
related to the aging and wear-out of mechanical structure and
material [28], [29], which is also a long and slow process. Thus,
the variation of R,, is an extremely slow process. It is sufficient
to track R,,, by a long time-scale P&O method.

The variation of angle ¢g is due to vibration frequency
change, which can be fast and random in practical applications.
A shorttime-scale P&O is required to track ¢ g. Thus, impedance
circle-based P&O method with dual time-scale is proposed in
this article: perturbing ¢ with short time-scale to determine
the frequently changed ¢g; determining R,, once with a long
time-scale by another dual-variable P&O [20] to adapt to slow
aging and wear-out of the EVEH. In most of time, this method
only perturbs ¢, to find the optimal impedance. The reduction of
the number of variables to be perturbed is beneficial to improve
the speed and accuracy of impedance determination.

The following content demonstrates that the approach of
perturbing ¢, and observing the change in the output power
can always find the optimal matched impedance. Assume that
the currently determined R,,, value is R’,,, in the algorithm, the
output power of the EVEH can be expressed as (10) shown at
the bottom of the next page, where I.,,5 is the rms value of the
current source in Fig. 2. Force the derivative with respect to 1,
to zero to find the extremum points of output power, as

dP(SOSa @L, Rma R/’"L)

=0.
der

(11)
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Fig. 5. Direction of power variation on the impedance circle.

When R’,, is equal to R,,,, two solutions can be obtained, as

YL1= —¥s
or2= (-

Fig. 5 shows the location of ¢;, | and ¢, o with the direction
of power variation on the impedance circle. It shows that the
output power has only a maximum value point at ¢y, ;, and
a minimum value point at ¢y, 2. Thus, the P&O method of
perturbing ¢ and observing output power will always find
the optimal impedance point along the power increase direction
shown in Fig. 5.

The determination of R’,,, requires another dual-variable P&O
[20] process that perturb 1, and R’,, alternately. The fluctuated
1, in the determination process may lead to error of R’,,, because
1, cannot be exactly equal to —pg. The determined R’,,, by P&O
can be obtained by solving

dP((pS7 PL, RWL7 R,m)
dR',,

12)

Ry + 2R+ Rpype??S 1\ -
R+ (Rm +2R.)el?s

=0.

13)

If matching pg (as ¢, = —@s) when the determined R’,,
deviates from R,,,, the output power (P’y,.x) can be expressed
as (14) shown at the bottom of this page. Fig. 6 shows the
determined R’,,, and P’ ax/Pmax at @g is 0° with ¢, changing
from —90° to 90°, where P,.x 1S the maximum output power
of the EVEH at ¢, = —¢pg = 0°and R’,,, = R,,,. It can be seen
that when ¢, differs from g by 90°, the determined R’,, by
P&O will have a 37% error. However, even in such a large error
of R’,,, P’ max can reach 97.6% of the optimal maximum power.
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Fig9.06. Determined R, and P’ max at ¢ g = 0° with ¢ 7, changing from —90°
to 90°.

In actual applications, the fluctuation of ¢, is much lower than
90°. This shows that the dual-variable P&O can finally obtain
an accurate R’,,, value.

III. IMPEDANCE CONTROLLER AND CONTROL STRATEGY
A. Impedance Controller

To realize complex impedance matching, an impedance con-
troller with three operation branches is proposed in this article,
with block diagram shown in Fig. 7. Vq is the Thevenin equiv-
alent voltage source extracted from Fig. 2. Vg and Igy are the
output voltage and current of the EVEH. V ¢ is the reference
signal, which is obtained through the proportional and integral,
or proportional and differential operations of Igi. Adjusting
the gains of the three operation branches (Gain,, Gainy, and
Gainp) can control the phase and amplitude of V,¢s, and then,
control the equivalent impedance of the ac—dc converter. When
Im > 0, the EVEH is inductive. The proportional and integral
operation branches are adopted to make the input impedance
of the converter being capacitive. When Im < 0, the EVEH is
capacitive. The proportional and differential operation branches
are adopted to make the input impedance of the converter being
inductive.

The transfer function of I (s)/Veq(s) is shown in (15) shown
atthe bottom of this page, where F'p 1, p(s) represents the transfer
function of the signal processing, including the signal attenua-
tion and delay caused by filters, low gain bandwidth product

12 ((ZRC + Ry (14 cos ¢g))? + (Ry sin @5)2) (2R. + R, (1 +cospr))

P(SOS’SDLvaaR/m): 5 5 (10)
2 ((4RC + Ry (L+cosps) + Ry, (1 +coser))” + (Rysinpg + Ry, siner) )
/ 12 ((ZRC + R, (1 + cos <p5))2 + (R, sin @s)Q) (2R, + R’ (1 + cos pg))
Pmax = (14)
2 ((41’%C + Ry, (14 cospg) + Ry, (1 4 cos cps))2>
1

Ien(s) %*R”LCHGM’DF’”(SH@F’(S)’Im =0 (15)

Veq(s) B 025 L Im<O0°

e PR+ Les+Gainp Fp (s)+Gainp s Fp (s) ’
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Fig. 7. Block diagram of the impedance controller.

(GBP) devices, and compensators designed for system stability.
A second-order low-pass filter is necessary in signal stage to
filter out large switching frequency ripple in Iz [23]. Low-GBP
operational amplifiers are used for low power consumption, but
will lead to large attenuation and delay. The phase margin of
the controller will also be sacrificed so that compensators are
necessary to be designed. The transfer function of Fp 7 p(s) can
be expressed as

[[72) (Tezis +1)
[0 (Topis +1) x=P,I,D

where z, and p,, (x = P, I, D) represent the total number of zeros
and poles, respectively. Since the frequency corresponding to
the zeros and poles of F,(s) is much higher than the vibration
frequency, the high-order term can be ignored and only the first-
order term is considered for vibration frequency signals. Thus,
F,(jw) can be approximately written as

Fy(s) = (16)

L Jwogy +1

~

Fy(jw .
=) Jwoep + 1|, _prp

(17)
where o, and o, are the sum of the time constants on the
numerator and denominator of (16).

The signal processing will affect amplitude and phase of V.
Considering the effect of F'p ; p(jw), the matched impedance
satisfies

Re — jIm = Gainp Fp(jw) +
Re — jIm = Gainp Fp(jw) + jwGainp Fp (jw),Im < 0 .

(18)

The gains can be solved by combining (17) and (18). As

the EVEH generally operates around the resonant frequency, w

is replaced by w,, in the proposed controller. When Im > 0,

the solutions are (19) and (20) shown at the bottom of this

Gainy F7 (jw)
Jw

,Jm > 0
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page. When Im < 0, the solutions are (21) and (22) shown
at the bottom of this page. Equations (19)—(22) eliminate the
attenuation and delay of signal processing, allowing a more
accurate control of impedance. These parameters are constants
that can be predetermined in the design.

B. Step Size and Time Interval of P&O

The step size and time interval in ¢, perturbation are illus-
trated in this section. Large step size will lead to large power
fluctuations, while small step size will lead to slow response
speed. In this article, variable step sizes are designed under equal
power fluctuations at each ¢, perterbation to balance power
fluctuations and response speed. Suppose ¢y, is a series of angle
values from ¢ 1, () t0 @1, (). When the optimal matched angle is
©L (i), the P&O algorithm will work in a stable trilevel condition
[30]: @r(i-1)» Y L(i)» and @14 1). Power fluctuation factor (e,,)
is defined as

P(=¢r), 0Lty Bms R'm)
_P(_@L(i%%DL('H»l)aRvalm)
P(anvaaR/m)

Ep = (23)
where P(0,0, R,,, R’,,) is the maximum power at resonance, and
€p represents the ratio of the power fluctuation to P(0, 0, R,,,
R’ ) when o= —pr(i) and o1, = o (iy1). Setthe initial o1, (o)
t00°, step angles (¢ r,(1) t0 ¢ 1 (n)) canbe solved by iterating (23),
and ©r,(-n) t0 ¢1,(-1) can be obtained symmetrically as: ©r,(_n)
= —@r(n)- This calculation process will be done automatically
in MCU once R’,, is updated. Fig. 8 shows the uneven 19 step
sizes on the impedance circle under R,,, and R’,,, of 63.7 Q, R..
0f 6.3 Q, and ¢, of 1%.

The time interval of ¢ perturbation is also an important
parameter for the P&O algorithm. The basic requirement is that
the output power should reach to steady state when itis observed,
otherwise the algorithm will be unstable. The settling time of
the impedance matching system includes settling time of circuit
system (f.;;) and mechanical system (#,ecn). The time interval
of ¢, perturbation needs to satisfy

ALLP&O > tcir + tmech- (24)

The circuit system includes ac—dc converter, controller, and
sampling circuit. f.;; can be obtained by considering the step
response of their respective transfer functions [13]. #jyech 1S
related to the transient response of the mechanical system when

(Re(or-0pw? + 1) — wyIm(or. — 07p)) (aj%pw?l +1)

Gainp = , Im>0 19
P (opooppw + 1)(0r01,w2 + 1) + w2 (0p: — 0pp) (01 — 1) 19
wiRe(op, — 0 +wplm(op.op,w? + 1)) (62 w2 +1
Gainy = 2(” (p: = opp) (or o ))(”’”2 ) . Im>0 (20)
wi(op: —opp)(or: — 01p) + (0p20ppwi + 1) (0120 1pws + 1)
Re(op.o wfl—&—l +wpIm(op, —op,)) (02 w,%—i—l
Gainp = ( (f Dp ) - (D’; p:)) (0% ) . Im<0 Q1)
(0p.0ppw? +1)(0p.0ppw? +1) —wi(op. — opp)(0pp — 0D2)
wnRe(op, — o + Im(op,o w%—i—l o2 w%—l—l
Gainp = — ( (op Pp) (op-0pPp ) (0D, ) Im < 0. 22)

wi(op: — UPP)(UDP —0pz) — Wn(UPzUPpw% + 1)(UDZUDPW1% + 1)’
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Fig. 9.  Architecture of the complete self-powered and automatic impedance
matching system.

load changes. Under complex load, (1) becomes a three-order
differential equation. It is difficult to accurately obtain a settling
time when the complex load changes. However, the maximum
Imech can be obtained by changing the EVEH from open-circuit
to short-circuit at resonance. Therefore, the most conservative
estimate of #,,ecn 1S [11]

(L+VT+e)o®

o< 21

—1In
mech = Cm, et (ReCm + 02)
where ¢ is the error of output power when the EVEH is consid-
ered to be a stable state.

(25)

IV. CIRCUIT IMPLEMENTATION

The architecture of the complete self-powered and automatic
impedance matching system is shown in Fig. 9. The main power
conversion stage adopts an H-bridge ac—dc converter with load
of supercapacitor. A start-up circuit with depletion switches
and voltage multiplier is designed to ensure that the whole
system can be completely self-powered. In order to control the
equivalent input impedance of the H-bridge circuit, the voltage
reference signal (vy¢f) is obtained through the proportional and
integral, or proportional and differential operations of the EVEH
output current igy. Vyof is directly compared with the triangular
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PWM, PWM,
Fig. 10.  H-bridge ac—dc converter adopted in this article.
PWM, ;
il I,
PWM,,4
A,
Voltage —
—EMF
AL L,
Fig. 11. Fundamental operation waveforms for the H-bridge boost AC-DC
converter.

signal (v¢;i) to obtain the PWM signal. To reduce power con-
sumption, the sampling and operation are all realized by analog
components, and the proposed P&O algorithm by impedance
circle is implemented by an intermittently worked MCU.

A. Inductor-Less AC-DC Converter and Operating Principles

The topology of the H-bridge inductor-less ac—dc converter
is shown in Fig. 10, where EMF and vgy; are the induced elec-
tromotive force and output voltage of the EVEH, respectively.
The coil inductance is used as the filter inductance to improve
the power density of the whole module. Two Gallium Nitride
high-electron-mobility transistors (GaN HEMT) are used as
low-side switches due to the ultralow total gate charge. Two
P-type MOSFETs (PMOS) are used as high-side switches to avoid
using isolated drivers.

The converter works in bipolar mode, with the fundamental
operation waveforms shown in Fig. 11. In a positive input
interval, power transistor T is kept ON and T4 is kept OFF, while
T, and Tj are controlled ON and OFF. Oppositely, Ty is kept ON
and Ts is kept OFF, while Ty and T, are controlled ON and OFF,
respectively, in the negative input interval. The bipolar PWM has
two advantages. The first is that the states of two switches are
always remain unchanged in the half-vibration period, which
can reduce the driving and switching losses. Second, it can
cooperate with the dual-resistor sampling strategy introduced
later to reduce the common-mode voltage on the differential
amplifier.

The triangular wave generator and bipolar double-frequency
PWM generator are shown in Fig. 12. The triangular signal is
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Fig. 13.  Dual-resistor input current sensing circuit with proportional, integral,
and differential operation circuit.

generated by periodically charging and discharging the capac-
itor (Cy,;) through the comparator (TLV7011). By comparing
viri With the positive and negative v,..;, PWM signals at twice
frequency of the triangular wave are generated, which can reduce
the dynamic power loss of the comparator in the triangular
wave generator. Voltage translators are used for level shifting
to increase the voltage level of PMW3 and PWMy from V¢ to
Vout toreliably drive the high-side PMOS. Resistors (R z1,2) and
capacitors (Cg;1,2) in Fig. 12 are used to generate and control
dead time. Four transistors are directly driven by logic devices,
without additional gate drivers.

B. Controller Design and Implementation of P&O

The dual-resistor input current sensing circuit and propor-
tional, differential, and integral operation circuit designed in
this article are shown in Fig. 13. To avoid using dual power
supply, bias voltage of Vc/2 or V,,u/2 is added to all signal
processing circuits in this article. When v,f is positive, T is
ON, Rgs is grounded and used for sampling the input current.
When vt is negative, T; is ON, R, is grounded and used
for sampling. In this way, there is almost no common-mode
voltage on sampling resistors, which reduces the requirement
for common-mode rejection ratio of the differential amplifier
and helps reduce power consumption.
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Flowchart of the proposed impedance circle-based P&O with dual

The proportional, integral, and differential circuits with vari-
able gains are realized by the amplifier with digital potentiome-
ter (MAX5424). The potentiometer is controlled by the MCU
through serial peripheral interface (SPI). The specific gains
are given in (19)—(22). Analog switch (TSA3159A) is used to
switch between integral and differential operations, which is also
controlled by the MCU.

Output power sensing circuit is shown in Fig. 14. Output
voltage (Vo) is sampled through a megohm-level resistive
voltage divider by the analog-to-digital converter (ADC) of the
MCU. Output current (/,,) is amplified and extracted by a
second-order low-pass filter with a cutoff frequency of 3 Hz.
Output power (P,yt) is obtained by multiplying Vit and oyt
in the MCU, which will be used to determine the direction of
perturbation.

The SPI and ADC modules only require a very short operation
time, enabling the MCU to sleep most of the time. There are
only few microwatts of static power consumption of the MCU
under sleep mode [24], which can greatly reduce the power
consumption of the controller.

The flowchart of the proposed impedance circle-based P&O
method is shown in Fig. 15. The algorithm consists of two P&Os
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with different time-scale. The short time-scale P&O only needs
to perturb ¢, to adapt to the change in vibration frequency. Long
time-scale and dual-variable P&O is used to find the optimal
R’,, value, once every few days or even months. It is designed
to execute 20 short time-scale P&O with alternately perturbing
wr and R’,, every four intervals [20]. This dual time-scale P&O
method simplifies the process of finding the matched impedance.
Only one variable needs to be perturbed in most of the time,
highlighted in the red dotted box in Fig. 15, which helps to
perform a fast impedance matching with high accuracy.

C. Start-Up and Shutdown Circuit

Start-up and shutdown circuit are designed as shown in
Fig. 16. The normally ON depletion N-MOS (M;) and J-FET
(J1) are used to maintain the path during the start-up process. M
is used to pull the gate of M; low to turn OFF M;. M3 is adopted
to control the connection of power GND (PGND) and signal
GND (SGND). The control circuits are all connected to SGND.
Turning OFF M3 can stop the control circuit from working.

During the cold start stage, the EVEH charges the superca-
pacitor through a quadruple voltage multiplier. Mg is turned OFF
to prevent unwanted working.

The voltage reference module (REF35) is supplied by V¢ to
generate a 2.5-V reference. When V,,,;; reaches 2.6 V, the output
of hysteresis comparator (Vgiayt) turns high to turn OFF J; and
M;, turn ON M3. Low dropout (LDO) linear regulator is also
enabled. The impedance controller starts to work. Two supply
voltages (Vout and Vo) are provided in this stage: Vi, is the
unregulated output voltage to power PMOS drivers and analog
switches to avoid latch-up; V¢ is kept at 2.5 V to power MCU
and other analog devices.

When the supercapacitor is fully charged, the voltage detector
(XC6120C) generates a shutdown signal (Vqown). M3 is turned
OFF to disconnect SGND and PGND. The ac-dc converter stops
working.

V. EXPERIMENTAL RESULTS

A. Prototype Design

A cylinder-type EVEH is adopted to verify the automatic
impedance matching system proposed in this article, shown in
Fig. 17. The outer diameter and thickness of this prototype is 42
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Fig. 17.  Structure of the cylinder-type EVEH.
TABLE I

PARAMETERS OF THE CYLINDER-TYPE EVEH
Parameter Value
Mechanical damping coefficient, Cmech 0.345 N-s/m
Mass, m 64.6 g
Resonant frequency, ®, 89*2m rad/s
Electromechanical coupling coefficient, 4.67 T'm
Coil resistance, R. 6.7Q
Coil inductance, L. 1.03 mH

Less than 1.95 s
12.3 mW at 3 m/s?

Settling time, fmech (6=1%)
Maximum output power at resonance, Py

14 : ) :
Alz ........ 0 504 1% 2 6 9009 905 08 P S ;
210 |-

P =12.3mW
@ 89.0Hz

Power (m
o

86 87 88 89 90 91 92
Frequency (Hz)

Fig. 18.  Output power of the designed EVEH under resistance matching
at different vibration frequencies, tested with fixed acceleration amplitude of
3 m/s?.

and 31 mm, respectively. The cylindrical NdFeB magnet has a
radius of 10 and a thickness of 12 mm. The winding positions
for coils are at both upper and bottom surfaces of the cylindrical
magnet for the larger radial magnetic flux density [31]. Relative
movement between magnet and coil is generated via two planar
springs. The induced electromotive force is generated in the coil
by Faraday’s law. Resonant frequency of this device is at §9.0 Hz.
The detail parameters of the EVEH are summarized in Table I.

The resistance matched output power of the designed
cylinder-type EVEH is first tested under different frequencies
with fixed excitation vibration acceleration amplitude of 3 m/s2,
as shown in Fig. 18. At the resonant frequency of 89.0 Hz, the
maximum output power of the EVEH reaches 12.3 mW with a
70-Q2 resistor load. The power density of the EVEH prototype
reaches 3.18 mW/cm?/g?, where g is gravitational acceleration.

The inductor-less automatic impedance matching system
is implemented on a circular printed circuit board (PCB) as
shown in Fig. 19, with diameter of 39 mm. Two GaN HEMTs
(EPC2037) and two PMOS (PMH950) are adopted as power
transistors. The key component parameters are listed in Table II.

The fully integrated self-powered EVEH system is shown in
Fig. 20(a), with an outer diameter and height of 43 and 42 mm,
respectively. The test bench with vibration shaker is shown in
Fig. 20(b).
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Fig. 19. Circular PCB prototype of the inductor-less automatic impedance

matching system.

TABLE II
KEY PARAMETERS OF THE DESIGNED PCB PROTOTYPE

Parameter Value
Power supply voltage, Vee 25V
Start-up voltage, Vour start 26V
Shut-down voltage, Vou down 50V

Lower Transistors, T} »
Higher Transistors, Ts 4

EPC2037 (0,=115 pC)
PMH950 (0,=290 pC)

Depletion N-MOS, M, BSS139

Enhancement N-MOS, M, 3 PMZ130

J-FET, J, MMBEJ177

Diode, D;-4 1PS79SB30

Super-capacitor, C FTOH224ZF (220 mF)

Sampling resistors, Ry 5, 53 0.5Q

Microcontroller STM32LA433CC (1.3 pA in stop mode)
Settling time, Zir, (6=1%) 047s

D42mm

~

Oscilloscope

O
prm——

EVEH
system

Shaker table

(a)

(b)

Fig. 20.
bench.

(a) Compact integrated impedance matching EVEH system. (b) Test

B. Steady-State Performance of the System

The steady-state performances of the designed impedance
matching system under different frequencies are tested in this
section. A 3-V dc regulated power source is adopted in parallel
with the supercapacitor to maintain V,; fixed. The vibration
acceleration amplitude is selected as 3 m/s>. Waveforms of two
reference signals (vyof and —vyef), triangular wave (vy,i), and
drive signal PWM; are shown in Fig. 21. It can be seen that the
frequency of vy, is 26.7 kHz. Under bipolar double-frequency
modulation, frequency of PWM signals is 53.4 kHz. The mea-
sured four PWM signals are shown in Fig. 22. In half vibration
cycle, the states of two transistors (T, T or Ty, T,) are always
remain unchanged. This working mode can reduce switching
loss and driving loss of transistors.
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Fig.21. Waveforms of two reference signals (vyef and —vyef), triangular wave
(v¢ri), and PWM;.
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|

Fig. 22.

Measured waveforms of four PWM signals.

Changing the gain coefficients of proportional, integral, and
differential can change the phase and amplitude of v,;. Thus,
the equivalent impedance of the H-bridge converter can be con-
trolled as inductive, resistive, or capacitive to realize impedance
matching at different load central angle ¢ .. Fig. 23(a)—(c) shows
the waveforms of V¢, Vier, and igg when ¢y, is 90°, 0°, and
—90°, respectively. The vibration frequency is kept at 89 Hz in
this test. The MCU is working in debug mode so as to change
oy, arbitrarily. The output voltage of the EVEH (vgp) can be
considered to be in phase with v,.¢. It can be seen that the phases
of igy and vgy in the three figures differ by —39.8°, 0°, and
39.8°, illustrating that the input impedance of the H-bridge can
be controlled as inductive, resistive, and capacitive, respectively.

The premeasured R, and R,,, are 6.3 and 63.7 ). According
to the method in Section III, the impedance circle and step sizes
can be pregenerated in the MCU. #,,,c., can be calculate by (25)
as less than 1.95 s and 7, is designed as 0.47 s. Thus, the
time interval (Atpgo) of ¢ perturbation is set to 3 s in the
experiment. In most of the time, the proposed dual-time-scale
P&O method only perturbs ¢y, The corresponding Gainp ; p
will be controlled through (19)-(22) by the MCU that wakes
up once every 3 s. Fig. 24 shows the steady-state waveform of
igH, average output current (Iou), and the determined (1, under
vibration of 3 m/s? at 88.3 Hz and V,t of 3 V. I is the filtered
output current of the converter by the second-order low-pass
filter with a cutoff frequency of 3 Hz. ¢y, is a parameter in the
calculation process of the MCU and cannot be directly measured
by the oscilloscope. It is plotted manually on the screenshot of
the oscilloscope by reading the memory of the MCU after the
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Fig. 23.  Measured waveforms of Vout, Vref, and igg when the equivalent
impedance of the H-bridge converter is (a) ¢, = 90° inductive, (b) ¢, = 0°
resistive, and (c) ¢, = —90° capacitive.

iz (20 mA/div)
Time (5 s/div)

or (30°/div)
L. (1 mA/div)
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Fig. 24.  Steady-state waveform of gy, average output current (fout), and the
determined ¢y, under vibration of 3 m/s? at 88.3 Hz and Vot of 3 V.

experiment test. It can be seen that the system operates in a
stable steady trilevel work condition with ¢, fluctuating among
—107°, —123°, and —138° every 3 s.

Fig. 25 shows the process of the determination of R’,,,, where
R’,, and ¢, are plotted by reading the memory of the MCU.
Initial R’,,, value is preset to 30 €2 with a large deviation from
real value for testing. The step size of R’,,, perturbation is set to
be 5 Q. It can be seen that R’,,, and , are perturbed alternately
and toggled every four intervals. After 20 intervals (one minute),
R’,,, changes from 30 to 60 2. The average output current rises
from 2.95 to 3.36 mA and the output power rises from 8.85 to
10.08 mW. In practical applications, R,,, of the EVEH changes
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Fig. 25.  Process of R’;, determination, tested under vibration of 3 m/s? at
89 Hz and Vit of 3 V.
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Fig. 26.  Output power of impedance matching and resistance matching sys-
tem, tested under acceleration of 3m/s2 and Vyyus of 3 V.

very slowly. This process may be carried out every few days or
months.

C. Efficiency and Power Overheads

Efficiency and power overheads of the proposed self-powered
impedance matching system are tested. Fig. 26 shows the output
power of the complex impedance matching system at different
frequencies, under the 3-V dc regulated load and excitation
acceleration amplitude of 3 m/s?. For comparison, an optimal
purely resistance matching is also implemented in the MCU
under the same condition. At nonresonant frequencies, the
impedance matching system will deliver more output power than
the resistance matching system.

Define the output power improvement factor of complex
impedance matching to resistance matching as

P, out_imp — P out_res

i = (26)

Poutfres

where Pyt imp and Poyt_res are output power of the converter
under complex impedance matching and resistance matching,
respectively. Fig. 27 shows the output power improvement fac-
tor under different frequencies. It can be seen that 25% and
23% output power improvements can be obtained at 88.0 and
90.2 Hz, respectively. Additionally, to illustrate the accuracy of
impedance circle matching, the proportional, integral, and dif-
ferential gains are manually adjusted to find the optimal output
power. The results are also plotted in Fig. 27 for comparison.
It can be seen that the P&O matching by impedance circle has
almost the same output power improvement with the manual
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Fig. 27. Output power improvement factor at different frequencies. Tested
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Fig. 28.  Measured output power (Poy¢) of the converter and output power of
the EVEH (Pgp) under different Vo, tested with acceleration amplitude of
3 m/s? at 89 Hz.
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Fig. 29. Overall efficiency of the whole EVEH system and power conversion
efficiency of the H-bridge converter under different V¢, tested with accelera-
tion of 3 m/s? at 89 Hz.

adjustment, and the error is within 3%. The correctness of the
proposed approach is proved.

Fig. 28 further shows the measured output power of the
converter (P,y:) and EVEH (Pgy) at different Vi, tested
under acceleration amplitude of 3 m/s? at 89 Hz. The maximum
extractable power (P,ax) at resonance is also plotted for com-
parison. When the output voltage is 2.8V, the maximum output
power of the converter reaches 10.11 mW, and the EVEH outputs
the maximum power of 11.90 mW. Define the overall efficiency
of the system as

. POllt

.= @7)
T P

where 1), describes the overall output performance of the entire
self-powered module. 7, at different V,,; is plotted in Fig. 29.
The maximum overall efficiency reaches 82.2% at V,,,; of 2.8 V.

In order to investigate the efficiency of the H-bridge converter
alone, an external 5-V dc power supply is adopted to power all
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Fig. 30. Power overheads under different Vot
TABLE III
POWER LOSS DISTRIBUTION AT OUTPUT VOLTAGE OF 2.8 V
Components Loss (mW)
MCU 0.01
Control loss S'S] gnlal procs:s‘smg‘mrc_mtsc3 statlc_lolss 8(1);
(0.29 mW) ignal processing glrcults, ynamic loss .
Driving loss 0.06
LDO loss 0.03
Converter loss Samp_hng resistor los§ 0.19
(1.50 mW) Conduction loss of H-bridge 0.59
Other losses and switching loss of H-bridge 0.72
Total loss 1.79

of the auxiliary control circuits. Define the power conversion
efficiency of the inductor-less boost ac—dc converter as

_ P out_ex
Ne =5

= 28
P EH_ex ( )

where Pt cx and Py oy are the output power of the converter
and the EVEH under external power supply, respectively. 7. at
different V,, is also plotted in Fig. 29. It can be seen that the
maximum conversion efficiency reaches 87.4% at Vit of 2.8 V.

Power overhead (Poyerheaq) 1S defined to evaluate the extra
power consumptions to realize the EVEH system self-powering.
The current flow from PGND to SGND (Isgnp) is measured to
calculate Poyerhead, aS

Poverhead - ‘/outISGND- (29)

The measured result of power overheads under different Vi,
is plotted in Fig. 30. During the charging process from2.6to 5V,
power overheads change from 260 to 640 p#W, which include the
static and dynamic power consumption of all signal processing
devices, the power consumption of the MCU, and the driving
loss of transistors.

A detailed power loss distribution is shown in Table III. It
is analyzed at Uy, of 2.8 V, vibration frequency of 89 Hz, and
amplitude of 3 m/s?. Control circuit and converter consume 0.29
and 1.50 mW, respectively. The power consumption of the MCU
is about 2 mW in working mode [24]. But it is active for only
several milliseconds for every 3 s. This results in an average
power consumption of about 10 ©W, which can greatly reduce
the power consumption of the control circuit. The maximum
output power of the whole module is 10.11mW. The overall
volume of the module is 67.9 cm?. Thus, the corresponding max-
imum power density of the self-power EVEH module reaches
1.65 mW/cm?/g>.
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TABLE IV
COMPARISON WITH OTHER IMPEDANCE MATCHING TECHNIQUES IN ENERGY HARVESTING

Works Impedance matching type Impedance determination method ~ External sensors Self-powered Max. overall efficiency
[9] Resistance matching Given in advance Auxiliary coils Yes 77.6%
[11] Resistance matching Sigle-variable P&O No Yes 69.0%
[17] Complex impedance matching Given in advance Tacho-generator No N/A
[19] Complex impedance matching Given in advance No Yes 71.0%
[20] Complex impedance matching Dual-variable P&O No No 72.1% (Without control loss)
[21] Complex impedance matching Dual-variable O&O Piezo-sensor No 55.6% (Without control loss)
[23] Complex impedance matching P&O and observing critical state No No N/A
This work  Complex impedance matching Dual-varla'b le P&O with No Yes 82.2%
dual time-scale
o, (30° /div) iz (20 mA/div) ¢ (70° /div) iz (20 mA/div)

L. (1 mA/div)

Mistake. I e 3 tarin o iy

Time (5 s/div)

Fig.31. Determined ¢y, Tou, and igp when excitation acceleration amplitude
rises from 3 to 3.5 m/s? and down to 2.5 m/s?, test with fixed vibration frequency
of 89 Hz and V¢ of 3 V.

C. Transient Response to the Change of Acceleration and
Frequency

Transient response performance of the designed system is
investigated in this section. Fig. 31 shows the determined ¢,
I, and igp when excitation acceleration changes from 3 to
3.5 m/s2, and then, down to 2.5 m/s2, tested at fixed vibration
frequency of 89 Hz. The suddenly changed output power will
lead to misjudgment of ¢, perturbation. After one or two wrong
perturbations (Mistakes I and II in Fig. 30), ¢ will return
to the new optimal trilevel steady-state working mode, which
shows that the designed system has strong stability and can
automatically find the optimal ..

To demonstrate the transient response of frequency changes,
the vibration frequency is suddenly changed from 88.3 to
89.6 Hz. Fig. 32 shows the determined 7, Ioy, and igy in this
process, tested with fixed Vit of 3 V. It can be seen when the
frequency changes, the output power drops due to the impedance
change of the EVEH. After 12 perturbations, ¢; stabilizes
from —123° to 107°, which realizes the correct measurement
of impedance and gradually increases the output power.

D. Full Charging Performance of the Proposed Self-Powered
EVEH System

The overall charging performance to a 220-mF supercapacitor
from zero-voltage to full voltage of 5 V is investigated, under an
acceleration amplitude of 3 m/s?> and frequency of 89 Hz. The
waveform of Vi, igm, Vstart, and Viown during the charging
process is shown in Fig. 33. In the start-up stage, the EVEH

Time (10 s/div)

L. (1 mA/div)

R gt

Fig. 32.  Determined ¢y, Iou, and igp when vibration frequency changes
from 88.3 to 89.6 Hz, test with fixed acceleration amplitude of 3 m/s? and Vot
of 3 V.
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Viwn (2 V/div) iy (20 mA/div)  Time (50 s/div)
o T
At=171s e ‘»’——-‘“"% A

Fig.33. Charging process of a 220-mF supercapacitor, tested with acceleration
amplitude of 3 m/s” at 89 Hz.

charges the supercapacitor through a voltage multiplier. After
171 s, Vout reaches 2.6 'V, Ugga, is high to cutoff voltage multi-
plier and the impedance controller starts working. After 269 s,
Vout reaches 5 V and the system stop charging. The average
power for the charging process can be calculated by

Pav _ CS (V;%Lstart - V?utfstop) (30)
2tcharge

where fcharge 1S the time to charge C, from Vi start 10 Vout_stop-
P, is calculated as 7.46 mW during the charge process from
2.6 to 5 V. This is slightly lower than the steady state overall
efficiency in Fig. 26, due to the large equivalent series resistance
loss of the supercapacitor.
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E. Comparison With Other Works [7]

A comparison with other impedance matching techniques in
an energy harvesting system is shown in Table IV. Compared
with the only resistance matching works [9], [11], the complex
impedance matching technique in this article increases the out-
put power at the nonresonant frequencies, which also can be
proved by the experimental results in Fig. 26. Compared with
other complex impedance matching works, this article is the first
to present a self-powered and compact automatic impedance
matching EVEH system. Besides, the proposed dual-time scale [10]
P&O method has a better response speed and accuracy to deter-
mine the complex impedance.

[8]

[9]

[11]
VI. CONCLUSION
This article is the first to present a high-efficiency and compact
automatic complex impedance matching EVEH system for in-  [12]
creasing the output power at nonresonant vibration frequencies.
The output characteristic of the EVEH under different frequen-
cies is firstly analyzed to illustrate that the impedance is dis-  [13]
tributed on a circle. A fast and accurate impedance circle-based
P&O method that perturbs the angle and diameter with dual [14)
time-scale is proposed to determine the complex impedance of
the EVEH. In most of the time, only the central angle is perturbed
to determine the complex impedance, which helps to improve
the response speed and accuracy of the P&O method. Addi-
tionally, an automatic low-power impedance matching system is [16]
designed for implementing complex impedance control. A com-
pact cylinder-type EVEH prototype is designed in this article to
verify the proposed impedance matching method. Experiments
show that the designed system can realize complex impedance
matching control stably and quickly. It can effectively increase
the output power of the EVEH at any nonresonant frequencies.
The maximum improvement reaches 25% compared to the [18]
traditional resistance matching schemes. Under the excitation
acceleration of 3 m/s”, the system generates the maximum power
of 10.11 mW with the overall system efficiency of 82.2%. The
power density of the whole self-powered EVEH module reaches  [19]
1.65 mW/cm?3/g>.

[15]

[17]
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