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Abstract— An energy harvesting (EH) system is proposed to
extract energy from a centimeter-scale electromagnetic (EM)
micro wind turbine. To improve the end-to-end efficiency,
an autonomous and self-biased active rectifier is employed.
A hysteresis-controlled boost converter is designed with self-zero-
current-switching calibrations, which achieves a peak DC-DC
efficiency of 93.3% with a maximum efficiency improvement
of 12.7%. In addition, a novel frequency-to-amplitude conver-
sion (FAC) maximum power point tracking (MPPT) method is
proposed for a cycle-to-cycle MPPT. In measurements, the pro-
posed FAC MPPT requires no more than three cycles to locate the
maximum power point (MPP) in abrupt frequency changes, with
an 80% tracking accuracy in the first turbine cycle. In wind-field
testing, the EH system starts to track the MPP one cycle after
start-up at 2.0 V. In the steady-state, the EH system maintains its
cycle-to-cycle MPP under different wind conditions. In wind-field
testing for wind speeds from 1.0 to 5.0 m/s, the peak MPPT
accuracy is 99.27%, with an MPPT efficiency of 99.85%. The
extracted power is from 0.1 to 8 mW with a peak end-to-end
efficiency of 88.2%. Compared to a full-bridge rectifier, a 630 %
energy extraction gain is measured at a low wind speed of 1.2 m/s.
To the best of the authors’ knowledge, this is the first IC prototype
for a cm-scale EM wind turbine EH to achieve a cycle-to-cycle
MPPT with the highest reported MPPT efficiency.

Index Terms— cm-scale, electromagnetic, energy harvesting,
frequency-to-voltage converter, maximum power point tracking,
micro wind turbine, rectifier, zero-current-switching.

I. INTRODUCTION

MBIENT wind is a free, abundant, and promising
energy source to enable the Internet-of-Things (IoT)
edge-sensing applications in remote outdoor areas [1]-[3],
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or in indoor ventilating systems [4], [5]. For these IoT appli-
cations, the form factor of the harvester is preferred to be
minimized while its harvested power, especially at low wind
speed, is desired to be maximized. Robustness and reliabil-
ity of the harvester are also of special concern. Therefore,
research on micro-scale energy harvesters for low-wind-speed
is gaining a lot of attention [6]-[8]. To minimize the har-
vester volume and to operate at the minimum wind speed,
micro-mechanical structures are proposed [9], and piezoelec-
tric materials are explored [10]. Among various types of
wind energy harvesters, the rotary electromagnetic (EM) wind
turbine generator (WTG) has proved to be a reliable solution
because of its relatively small size, low-cost, compatible volt-
age levels, and considerable output power at low-wind-speed
conditions [2], [3]. The moderate output voltage (1-3 V)
and sufficient power (uW-mW) of centimeter-scale WTGs
are also suitable for standard CMOS technologies, which can
provide a low-cost solution for many low-power IoT applica-
tions [2]-[5], [11]-[14]. However, the wind power profile
can be very sparse under different weather conditions, which
requires the system to have self-start-up and autonomous
operation abilities, especially when the wind is weak or even
absent. Meanwhile, the incoming wind is difficult to predict,
and its speed can change drastically in a very short period [1].
Therefore, a power-efficient EH system is demanded to extract
the most available energy under different wind conditions and
extend its operation range close to the minimum cut-in wind
speed.

To ensure maximum power extraction under such con-
ditions, a maximum power point tracking (MPPT) method
is required to optimize the overall system’s performance.
However, most of the existing MPPT solutions for large-scale
wind EH systems are not applicable for ultra-low-power
IoT applications because they require complex algorithms or
expensive computation elements [15]-[17]. The conventional
open-circuit voltage Voc detection method commonly used
in low-power MPPT is also not adequate for fast-tracking
required by the frequently-changing wind conditions [18].
Illustrated in [4], the conventional Vpc-based MPPT cannot
detect the actual wind speed variance, which leads to zero
energy efficiency in the worst case even with 100% MPPT
power efficiency. Therefore, an algorithm with the adaptive
sampling rate is proposed in [4] to harvest the predictable
wind energy from the passing trains. However, this scheme
requires an accurate prediction on wind power, which is
extremely difficult to achieve for the ambient wind EH.
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changes the loading condition of the EH source, and degrades
the system reliability with high voltage stress [19]. To pro-
vide other feasible low-cost solutions for MPPT, an auxil-
iary generator is used to replicate the open-circuit voltage
in [20]. The internal resistance or inductance values have
been examined in [3], [21], [22]. However, those techniques
require an accurate model of the target EH source, which
is not available for many low-profile wind turbines. More-
over, the constant-parameter approximation is not valid for
wide-range operations. Additionally, the power consumption
is relatively high compared to the deliverable power because
the voltage or current information must be monitored contin-
uously or relies on high switching-frequency operations [11],
[22]. A conduction-angle-based low-power MPPT is pro-
posed to update by cycles [19], but its trade-off between
the response time and step resolution makes it unsuitable for
fast-tracking applications. Therefore, a low-cost, low-power,
and fast response method is desired to ensure a cycle-to-cycle
MPPT for wind energy harvesting.

Fig. 1 shows the proposed wind energy harvesting sys-
tem. The permanent magnet generator driven by the blade
converts the mechanical power into electrical power. For
the AC-DC power conversion, the conventional full-bridge
rectifier will introduce a considerable forward-voltage loss.
Therefore, an active-diode embedded negative voltage con-
verter (AD-NVC) with a self-biased comparator is proposed
in this work to improve the power conversion efficiency,
especially in low-voltage domains. Also shown in Fig. 1,
the Voc-based MPPT with fixed and free-running sampling
rate suffers from considerable energy loss when the avail-
able energy is changed. Conceptually, the maximum power
point (MPP) only needs to be updated when the input power
is changed. And the energy in a wind turbine is reflected by
cycles [2]. Therefore, an MPPT algorithm which can detect the
changes of incoming wind speed from cycle to cycle ensures
overall high energy efficiency. Without using an auxiliary
wind turbine or wind speed sensors, this work utilizes the
linear relationship between the motor rotation frequency and
its induced AC voltage amplitude [2]. A novel frequency-
to-amplitude conversion (FAC) MPPT is proposed to monitor
the turbine rotation frequency that determines the MPPT volt-
age. The proposed FAC MPPT solution has no interruptions on
energy transfer because the wind turbine also serves as a wind

without considering loading effects, AD-NVC is adopted.

power sensor simultaneously. After the rectifier, a DC-DC
boost converter performs the MPPT operation to maximize the
power extraction and boost up the output voltage for energy
storage. The loading can be a specific circuit load for IoT
edge-sensing applications or a capacitor buffer for temporal
energy storage. Additionally, a low-dropout regulator (LDO)
is implemented to provide a stable supply and a reference
voltage for the FAC MPPT. This paper is structured as follows.
Section II will discuss the details of circuit implementation
and analysis. Section III provides measurement results and
compares them with previous designs. Finally, Section IV will
offer a summary of this work.

II. SYSTEM IMPLEMENTATION AND ANALYSIS

To build a power-efficient system for wind EH, the system
optimization for the target input voltage and input power is
significant. Also, the EH system is designed for autonomous
and asynchronous operations to accommodate unpredictable
wind behaviors. In this section, the centimeter-scale WTG’s
electrical characteristics are first examined with an analysis of
MPPT operations. Then, the circuit blocks in the proposed EH
system are introduced individually.

A. Turbine Electrical Model and Its Maximum Power Point

Although mini wind ad-hoc harvesters can be designed [14],
a low-cost WTG can be implemented by adapting either an
airscrew [2] or Savonius [12] propeller to a commercial elec-
tromagnetic generator. Fig. 2a is the first-order electrical model
of the adopted WTG for maximum power point analysis. The
internal resistor Rjy¢ and inductor Lip; represent the winding
wire and the internal loss, respectively [2]. Rjn is 60 Q at DC
and Liy is 3.5 mH. Since the reactance is less than 1%
compared to the resistance, the effective resistive loading Regf
only needs to be matched with Rjn; for ideal maximum power
extraction. From load-pull measurements, Ref ranges from
100 to 1000 Q, and Rjy equals 100 Q through a curve-fitting
approach.

Fig. 2b shows the turbine output amplitude Vpk at different
rotation frequencies. The corresponding wind speed is covered
from 1.0 to 4.0 m/s (WTG rotation frequency fup from
10 to 40 Hz). Theoretically, the amplitude of the WTG’s
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output Vi depends on fiypn, which is also shown in Fig. 2b.
The angular rotation speed of the WTG’s rotor under different
loading conditions is determined by [1]:

A
CU:DXE—]CXIeﬁ‘ (1)

In (1), v is the coming wind speed; A is the coefficient
between wind speed and rotor frequency, and it is constant if
the wind blade attack angle is fixed without gear control [2];
R is the outer blade radius. Therefore, the angular rotation
speed w is linearly proportional to the wind speed based
on the blade aerodynamics structure. However, when loaded
by a current I, a counter torque is generated to resist the
wind-driven torque, and w is decreased by this loading effect
factor k [1], [2]. The final w is balanced under the torque
equilibrium effect, and this effect performs as an additional
loss, which is inevitable in WTG, and is expressed as the
Betz limit (59.3%). Even so, Vi is still given by:

2)

In (2), kg is the magnetic field constant provided by
permanent magnets [3]. Therefore, the induced voltage Viup
amplitude is proportional to @ under different loading condi-
tions. When Ref equals Rjy, the output power PrpcT achieves
its maximum value as:

Viub = k¢ X @

2
vtub

8 x Rint

In (3), the fractional value « is the ratio between VRgcT
and Vi, which typically ranges from 0.4-0.6 [18], [23]. And
Vac under open-circuit conditions is commonly adopted since
Vb 18 not accessible directly. And in our proposed FAC
MPPT algorithm, Vi is converted by detected fiy, with
prerequisite k4 or by measurement results (Fig. 2b).

In Fig. 2b, the normalized extracted output power in simu-
lations is also plotted with the actual rectifier. The optimal o
is from 0.6 to 0.4, depending on the operation range. In the
low fub range, a is close to 0.6, which is also affected by
sub-threshold operations of the rectifier. When Vi, is smaller
than 1 V, the loading voltage (0.4-0.6 V) is comparable with
the device threshold voltage (0.5 V), a higher loading voltage
(larger a) in this case can reduce the conduction loss and
ensure the AD-NVC operation. For higher fi, (larger Vi),
the optimal o is close to 0.4 with adequate voltage headroom.
As a compromise, an a at 0.5 still ensures an 85% to 95%
extraction efficiency for the whole range.

In Fig. 3a and Fig. 3b, the loading effect in Prgct and
optimal apc (Vi is replaced by Voc) is simulated. To avoid
parameter iterations, a first-order approximation is used by
setting Iefr equal to the RMS value of Viw/(Rint + Refr).
Even so, the loading effects are well illustrated with different
loading effect factor k. With increasing k, the generated
output power is decreased and the optimal apc is also
shifted to a higher value. The loading effect degrades the
MPPT efficiency and accuracy, especially in conventional
MPPT methods which evaluate the AC amplitude in the
open-circuit condition. However, in our proposed FAC MPPT,
the actual Vi, is derived from the detected fup, Which
decouples the loading effect (by (2)). Up to now, the loading

PRECT\Ax = , where VrRecr = a X Vi (3)
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effect and the optimal a selection for wide range operations
have been discussed. Furthermore, to minimize the potential
performance degradation, a should be programmable to deter-
mine the optimal value in field-testing.

B. AC-DC NVC Rectifier and Active Diode Design

To achieve autonomous operations and self-start-up, con-
ventional active rectifiers are not suitable because they need
additional control circuits and well-start-up power supplies.
Fig. 4a shows the AD embedded NVC (AD-NVC) rectifier
architecture details. The PMOS pair is controlled by the
AD comparator to reduce the reversed leakage current in con-
ventional NVCs [24]-[26]. Compared to two-step conversion
with an additional AD [24], [25], the AD-NVC [26], [27]
only has four conduction transistors. Its area is reduced
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by 20% since the size of the conduction transistor is dominant
(6 larger than the comparator). To ensure the system’s self-
start-up and autonomous operation, a self-biased current-mode
comparator with a positive latched feedback loop [28] is
adopted. Stack of devices (Mp34) are added to minimize
the biasing current and adjust the latched loop response.
Additionally, a short-through current suppression buffer
(by Mps, Mpg, and Mys) is added to provide the rail-to-rail
control voltage Vap. The diode-connected Mpg serves as a
current limiter. Meanwhile, Mps and Mys are sized to have
different flip-point values. The typical idle current is 30 pA
when the input signal is absent (When Vin = 0, the right
branches are also disabled with the AD to cut off the reverse
leakage). And the average current in active mode is 800 nA,
without any additional control circuits or additional start-up
mechanism [29], which can handle the sparse wind power
while providing high power conversion efficiency. Addition-
ally, bulk regulation is added by a cross-coupled PMOS
selector. The offset is also skewed by resizing Mn3 and Mp; to
prevent multiple-conduction oscillations. To examine its recti-
fication abilities in low-voltage conditions, the rectifier voltage
conversion efficiency (VCE) under open-circuit conditions is
simulated in Fig. 4b. The comparison results are also added to
highlight the buffer’s contribution. The peak VCE is simulated
as 99.5%, and the VCE is over 97% when Vpk is larger
than 0.4 V. The simulation results meet with the measurement
results with errors less than 2%, considering the 10-MQ probe
impedance used in the measurement.

C. FAC MPPT Detection and Generation

To generate a reference voltage for the fast MPPT, a novel
two-step conversion is proposed in this work. As shown
in Fig. 5, the differential sine-wave signal Vac is first con-
verted into a square wave Vyiz based on the polarity flip.
In the first step, a time-to-voltage converter monitors Vg and
generates an intermediate voltage Viq which is linearly propor-
tional to Tq. In the second step, a reciprocal (1/x) converter
is activated to generate the final output voltage Vmppr. The
operation principle of the time-to-voltage converter is based on
a three-phase (charge-sample-reset) charge-pump introduced
in [30]. In the first phase when Vy;g is logic low, a 1-nA current
source charges up C, for the duration of Tfq. In the second
phase when Vi, becomes logic high, V. is sampled on Cs,
via a low leakage switch controlled by Vgp,. Finally, in the

Frequency-to-Amplitude conversion MPPT schematic and its simulation waveform.

third phase with a 400 ns delay after Vip,, Cy is reset by Vig
and prepares for the next trigger of Vi;ig. To accommodate the
low-frequency operation down to 10 Hz, a low leakage sample
and hold circuit is necessary. An intermediate sample and
hold capacitor Cpyig is added to alleviate the leakage current
from the final output to the ground during the reset phase.
By sizing Cpig equal to the sample and hold capacitor Cg,
(2 pF), the voltage ripple introduced by the leakage current is
less than 15 mV in post-layout simulation. Since Tfq is half
of the rotation cycle (1/fwp), the DC value of Vgq can be
expressed as:

I x Tgq B I.
C, 2 X fub X Ca

Another block is required to generate the MPPT reference
by using a reciprocal (1/x) converter. The reciprocal converter
is based on capacitor charge conservation principles, and this
method requires two reference voltages with two voltage-
to-current converters [31], [32]. In this work, only one voltage
to current converter is required by replacing the other converter
with a ratio current source. In Fig. 5, the multiplied reference
current Irer and the V-I converted current /i, charge the capac-
itor C; and Cy respectively until the voltage on C; reaches
the reference voltage Vier. The voltage on C is then sampled
and stored at Csp (2 pF). In the first step, Vg is refreshed and
hold when Vy;g is in low-to-high transition. And in the second
step, the Vmppr is generated and hold from the Vyjz when Viig
is logic low. The main signal waveform in simulations is also
provided in Fig. 5. All the internal signals are triggered by
turbine AC inputs without additional controls. The proposed
MPPT method can track the turbine frequency after one cycle
in the steady-state. Viyppr is refreshed by Viig, and its value
is updated from Vfq which was converted in the previous
cycle. Meanwhile, the total power consumption for the MPPT
reference voltage generation remains as low as 400 nW
because of its low frequency and nano-ampere operations. The
overall frequency-to-voltage conversion can be derived as:

“)

Vfrq =

V C
Ton — ref X C1 (5)
Gvi x Vin
M x I. x Ton
VmppT = ——F7—— (6)
()
2X M x Vg x C; x C
Finally, Vimppr = ref ! 2 x Sun  (7)
Gy x
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In (7), M is the current mirror multiplication ratio. Vet is
provided from the internal reference voltage. Gv.1 is the
voltage to current gain in the V-to-I converter which depends
on the value of on-chip Rsen. By sizing M, Gv., C,, C1, and
C», the target linear slope is achieved. In this work, M = 10,
Gvyig = 50 ns, C, = 40 pF, C; = 150 pF, and C; = 34 pF,
which makes target o numerically equal to Vi for design
convenience. Vyppr is proportional to the ratio of C, 1,2, and
also M, which provides more immunity to process variations.
(7) indicates the simplicity of our proposed method, and this
method is also applicable in other frequency-to-voltage con-
version applications by selecting the proper parameters. In this
work, only Vier is reserved to be programmable considering
the process variations and adjustments for the different a.

The proposed FAC MPPT eliminates the drawbacks of the
conventional Vpoc detection MPPT in the wind EH appli-
cations. To be specific, by measuring Voc indirectly, the
EH system does not need to be disconnected from the wind
turbine, which ensures that energy extraction is uninterrupted
and extends the operating range by eliminating high voltage
stress under open-circuit conditions. In addition, the loading
effect on the WTG induced voltage is decoupled, enabling
an accurate and real-time MPPT suitable for wind EH to be
achieved while inheriting the low-cost, fast-response merits of
the Voc detection MPPT.

D. Nano-Ampere Peaking Current Source

Although /. does not play a role in (7), it is still essential
to compromise between the power consumption, capacitor
size, and the internal voltage range. Therefore, a constant
reference current helps to improve system robustness against
PVT variance. A peaking current topology operating in weak
inversion regions is employed for its supply independence
and capability of operating under low current levels [33].
To achieve a first-order temperature compensation without
extra penalty, an N-Well under a diffusion resistor with a pos-
itive temperature coefficient (TC) of 65 Q/°C and a silicided
N+ poly resistor with a negative TC of —42 Q/°C are used to
achieve mutual compensation after proper sizing. The designed
nominal reference current is 6 nA at room temperature. This
nano-ampere current reference has a simulated low TC of
208 ppm/°C and a small supply sensitivity of 0.55 nA/V.

Overall, the static voltage of Vyppr is plotted in Fig. 6a.
To cover different target a values, the wide tuning-range is
achieved by merely adjusting Vier. For example, when Vier =
0.5V, the achieved o ranges from 0.45 to 0.47 with an average
error of 7.6%. The maximum Vyppr deviation is 10%, and the
overall efficiency difference is less than 3%. When necessary,
the deviation can be further minimized by fine-tuning Viet.
Fig. 6b shows the Monte-Carlo simulation results with an
intermediate fi,p, = 20 Hz. It is noted that the current and
voltage reference, LDO, and the entire FAC MPPT circuits
are included in the simulation. The target Vyppr is 0.7 V,
and the generated mean value is 715 mV with a standard
deviation of 47 mV. By replacing the other V-to-I converter in
the reciprocal block with the multiplied ratio current branch
(Iet = M x I..), the deviation in Vyppr is reduced by 30%,
and the silicon area is compressed by 20%.
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= 20 Hz.

E. Boost Converter for MPPT Power Extraction

Fig. 7 shows the boost converter architecture with the
supportive unit blocks. The boost converter ensures that the
loading voltage of the rectifier is near its optimal value for
maximum power extractions and boosts up the final out-
put voltage. An MPPT comparator triggers the boost con-
verter with hysteresis-control. The whole system operates
asynchronously without any additional clocking or control
elements. The quiescent current of the boost converter is
measured as 20 nA in the idle state when the input is zero
(the MPPT comparator is disabled when Vpg = 0), and the
operation power consumption is from 10 to 30 xW, which
is adaptive to the input power levels. In this work, the boost
converter is used for MPPT energy extraction. Although the
loading is not regulated, the FAC MPPT algorithm is immune
to different loading conditions by monitoring the real-time
turbine frequency as analyzed in Section II. For output loading
regulation, many recent works in EH-PMU have proposed
advanced techniques [34]-[36].

To regulate the rectifier’s output voltage around the desired
maximum power point, a hysteresis control is implemented for
its simplicity and inherent stability by a nA-biased comparator.
The hysteresis window is around 2 us with a switching fre-
quency around 50 KHz according to the simulation. The con-
trol signal Vig of the low-side (LS) NMOS switch also serves
as the trigger signal for the following zero-current-switching
(ZCS) operations. Therefore, the boost converter operates
under asynchronous control, requiring no additional clocking
circuit, which simplifies the design and minimizes the con-
sumed power in the idle phase.
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To deliver all the available charge stored in the induc-
tor, the high-side (HS) switch is controlled by the ZCS
technique [37]. The conventional ZCS uses a high-speed
comparator operating only in the HS phase to alleviate the
power-speed trade-off. A predefined offset in this comparator
is also required to compensate for the path delay. However,
the offset is also sensitive to PVT variations. Therefore,
the ZCS controller with calibration is employed to achieve
high efficiency [38]-[40]. To address this issue, an asynchro-
nous digital calibration technique is implemented by additional
arbitration after the ZCS cycle is finished. The complete ZCS
controller is shown in Fig. 8. The ZCS comparator is enabled
by Vis with a delay of 2 ns. The ZCS comparator detects
the voltage difference between Vsw and Vour and turns off
the HS switch when Vsw reaches Voyr, which means the
charge transfer is finished. Then the ZCS comparator itself is
deactivated to save power until the next trigger signal.

To ensure optimal ZCS, the offset of the ZCS comparator
needs to be controlled to provide a timely response. A digital
flip-flop (DFF) serves as the arbiter circuit to automatically
detect the voltage level of Vgw after ZCS with a predefined
delay signal Vus pry. If the HS switch is turned off too
early when the charging current is still positive, Vsw will
be charged up higher than Vouyr after ZCS. And if the HS
switch is turned off too late when the charging current is
already negative, then Vgw will be discharged lower than
GND [38]. Therefore, a simple DFF is sufficient to arbitrate
the performance of ZCS with an ESD-protection resistor.
A 5-bit offset automatic self-calibration is employed in the
ZCS comparator to provide a unified offset tuning by control-
ling the active loading devices [41]. The tuning-range is from
—40 to 68 mV with an average step resolution of 3.5 mV.
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Fig. 9. (a) Chip micro-photograph with test-bench and (b) testing schematic.

The offset in the central state (Digital Code 15) is skewed to
compensate for the path delay.

In addition to the circuits for energy delivery, an external
capacitorless LDO provides a 1.5 V voltage supply and a
programmable reference voltage from 0.2 to 0.6 V by the
resistor dividers. The quiescent current of LDO is 40 nA.
A maximum supply voltage selector assists in the system start-
up. Two cross-coupled PMOS transistors feed the Vyq with the
maximum voltage between Vrgct and Voyrt automatically.
The supply multiplexer automatically charges up the internal
Vaqa through the rectifier output voltage until the normal
operation mode is activated. Furthermore, before the Vyq is
fully charged up, the boost converter is disabled until the
power-good signal Vpg is generated. The Vpg generation
circuit is based on digital flip-flops comparator [42], where
Viuig serves as the clock.

III. MEASUREMENT RESULTS

The EH system is fabricated in CMOS 180-nm technology.
The active area is 0.9 mm?, and a 4 x-area AD-NVC rectifier
is also fabricated as a counterpart for performance compar-
isons. The off-the-shelf components include xF-level loading
capacitors and a 47-uH inductor. The chip micro-photograph
is shown in Fig. 9, together with the testing setup details.
A PA1000 AC power analyzer and 34401A multimeters
monitor the critical voltage and current information in the
power delivery path. A 6487 picoammeter records the system
consumed current. A 33120A waveform generator injects the
well-defined AC input signal to test the MPPT response.
And an MS0O2024B multi-channel oscilloscope captures the
signal waveform for MPPT demonstrations. The volume of the
turbine is 8 cm® with a 2.5-cm radius wind blade. A ventilator
with a handheld wind-speed measurement instrument is used
to characterize the EH system performance in wind field-
testing. Meanwhile, a DC-motor directly drives the turbine for
testing under stabilized rotation frequencies, thereby providing
the driving power needed to overcome the demanding torque
under different loading conditions.
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Before quantifying the overall performance, the individual
performance of each block is first examined. The power
conversion efficiency of the AD-NVC rectifier is plotted
in Fig. 10a. When Rj,; = 1 KQ, the power conversion
efficiency (PCE) of the AD-NVC is above 94% when Vpk is
larger than 1.2V, indicating its high efficiency for low-voltage
and uWatt-level EM applications. The PCE performance drops
to 89% when Rjy = 100 Q because of the larger conduction
loss. To quantify the power extraction abilities, the achievable
energy extraction gain compared to a conventional Schottky-
diode-based (RB520S, Vg = 280 mV at 1 mA) full-bridge
rectifier (FBR) is also shown in Fig. 10a. The PCE of FBR
is relatively low (< 40%) for the whole range because the
Vr is comparable with the target rectifier output voltage
(0.4 — 1.4 V) at the MPP. Under the same Vpk, the output
power of the AD-NVC rectifier is 12x compared to the
FBR in the low-frequency range, indicating its outstanding
performance, especially in low-voltage domains. In Fig. 10b,
the performance comparison is also conducted with similar
wind speed conditions. To overcome the undesired wind speed
fluctuation, the turbine rotation frequency is monitored to
ensure a fair comparison. The AD-NVC achieves a 6.3x
extracted output power gain in low-wind conditions at 1.2 m/s,
while still maintaining at 2.0x in 4.0 m/s. Notably, the optimal
loading Refr is larger in the wind-field testing compared to the
motor-driven testing, which is due to the loading effect on
WTG discussed in Section II.

The Vmppr under Vier from 0.2 V to 0.6 V is plotted
in Fig. 11a. The results show a wide tuning ability and a feasi-
ble tuning solution in the proposed FAC MPPT, which makes
the Vmppr applicable for other frequency-to-voltage conver-
sion applications, such as low-cost wind-speed detection.
With the Vit value trimmed down by 100 mV, an accuracy
above 95% is achieved compared to target a. Therefore,
as characterized in Fig. 11b, an a of 0.4 ensures the optimal

MPPT performance in the motor-driven testing. Meanwhile,
an a of 0.5 maximizes the MPPT performance in the
wind-driven testing, which achieves a peak MPPT efficiency
(ratio to the maximum output power) of 99.85% with an MPPT
accuracy (ratio to the optimal MPPT voltage) of 99.27%.
Although the FAC MPPT circuit parameters are designed and
optimized for the target wind turbine, the MPPT algorithm
is applicable for any other rotary EM turbines with proper
calibrations or parameter adjustments. The variance of an
optimal a also depicts the necessity of tuning a values for
different EH scenarios. The optimal « is close to 0.4 in the
motor-driven testing because the turbine is represented as an
ideal voltage source without any loading effects. However,
in wind-driven testing, the torque equilibrium acts as an
additional loss and leads to a higher optimal a. Notably,
the motor-driven conditions can represent EH applications for
ocean waves or marine current where the EH driven-torque is
dominant [43].

In Fig. 12a and 12b, the normalized AD-NVC output power
under different wind-field testing are plotted with different
achieved a. In general, an a from 0.5 to 0.6 can achieve an
overall MPPT efficiency larger than 90%. Before trimming
Ve, the achieved o is close to 0.6, which is preferred in low
wind speed (1 —2 m/s) conditions. Overall, the corresponding
MPPT efficiency before trimming is ranged from 88% to 97%.
The changes in fiy, are also plotted with different loading
conditions (a). The decrease of rotation frequency justifies
the previous analysis in Section II.

The PCE of the DC-DC converter is shown in Fig. 13.
A 200-mQ low-DCR 47-uH shielded inductor is selected for
low cost and high efficiency. Thanks to the contribution of the
self-calibration technique in the ZCS, the PCE of the boost
converter is maintained above 90% for a wide input voltage
ranging from 0.6 V, and the output voltage covers from 1.6 V
to 2.2 'V, which achieves a 12.7% peak performance improve-
ment compared to the performance when self-calibration
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response.

is disabled. The transient steady state of the ZCS
self-calibration is plotted in Fig. 14a. The optimal ZCS point
is locked by two back-and-forth digital states, with a 0.1 us
resolution in the adjacent state. Although the ringing appears
after ZCS, the HS reverse recovery time is larger than 200 ns
after the self-calibration, so it does not affect the system
operations. This ringing is common in boost converter in
the discontinuous conduction mode (DCM) since the Vsw is
floating when LS and HS switches are both disabled. In this
work, the ringing is minimized by reducing the parasitic
capacitance of Vsw to make its amplitude smaller than the
rated voltage level.

Fig. 14b demonstrates the Vyppr response with different
types of frequency changes. First, the MPPT response under
abrupt frequency changes is tested. The input sinusoidal signal
is generated from a signal generator with a step frequency
of 10 Hz. The zoom-in plot shows that the proposed MPPT
method can track the abrupt frequency change within three
turbine cycles, with an 80% accuracy in the first turbine
cycle. When tested with the gradually changing wind-driven
turbine, the cycle-to-cycle amplitude Vpk difference is less
than 2%; meanwhile, the Vyppr can still track this small
change smoothly. The high-resolution capability is maintained
while the fast response is also achieved by the variable and
adaptive step response. The Vyppr is triggered by the turbine
operation itself. Therefore, no additional clocking element or
control circuits are required. The whole interface IC, including
the AD-NVC rectifier, the MPPT functions, and the DC-DC
converter, operates autonomously in favor of modular designs.
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The system tested in an actual wind field is shown in Fig. 15.
The loading is a 10-uF capacitor with a 5-K€Q resistance.
After the system is stabilized at 2.0 V from start-up, the correct
VMmppr is generated after one turbine cycle, demonstrating the
ability of the MPPT to operate in shock or burst modes. For
fast varying wind power, Vmppr, VRECT, and Vacy are tracking
the turbine frequency from cycle to cycle. As previously men-
tioned, different loading conditions affect the operations of the
EM turbine and introduce errors in conventional open-circuit
detection methods. However, the proposed FAC MPPT mon-
itors the turbine frequency fip in real-time. The envelope
depicts the dynamic and accurate response of the proposed
MPPT operations in different wind EH scenarios, such as the
continuous and shock excitation. The adaptive FAC MPPT
monitors the turbine rotation frequency without interrupting
the energy transfer, which means all the available energy
is extracted and delivered to the loading under dynamically
changing wind conditions.

In Fig. 16a, the overall system PCE is measured in
motor-driven testing, which is defined by the percentage of
the output power compared to the average AC input power.
The AC input power is measured by an AC/DC power ana-
lyzer. With a well-defined Rjy; source, the peak PCE is 91%
when Rijy = 1 KQ, while the peak PCE is 77.7% with a
smaller Rj;; = 100 Q. The PCE is dropped down mainly
because of the conduction loss with the increasing conduction
current reaching up to 10 mA. When tested with the turbine,
the peak PCE is 70% when Vpx = 1.8 V, which is also
degraded compared to the well-defined R;j,; source. However,
in wind field-testing, the PCE performance in the practical
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implementation is between Rj,; = 1000 Q and Rj,; = 100 Q
in two cases. An alternative rectifier with a quadruple area
coverage can improve the overall system performance by 5% if
PCE improvement is demanded. Meanwhile, a larger inductor
of 200-uH can also help in the large Vpk conditions by
reducing the peak inductor current. The peak PCE is improved
by 10% with a performance degradation of 13.3% in low
power domains, showing the design trade-off for the low
cost (area and form factors) and optimal PCE for different
operation ranges. In Fig. 16b, the end-to-end efficiency (EFF)
is characterized by changing Rin; [19]. The end-to-end EFF is
determined by the PCE performance and the power extraction
ability (MPPT efficiency). However, for measurement con-
venience, the input AC frequency is fixed at 40 Hz with
an external Vyppr voltage to ensure o = 0.4 since the
MPPT efficiency has been examined in Fig. 11 with accurate
o-tracking abilities. A peak end-to-end EFF is measured
as 88.2% when Vpgx = 3.0 V, and it is kept as 62.8%
with low Vpk = 1.0 V, indicating the high efficiency is still
reserved in low-voltage and uW EH applications. The EFF is
dropped down at low input power domains mainly because
the minimum DC-DC converter operation power is 8 uW.
Wind-driven testing cannot provide stable wind power for the
end-to-end system performance evaluations (PCE and end-
to-end EFF). In future works, more accurate results can be
achieved with a wind tunnel test. Nevertheless, the high end-
to-end EFF with different Rj, implies the system’s potentials
with different micro wind turbines.

In Fig. 17, the power distribution of FAC MPPT is extracted
and plotted. In the idle mode, since the DC-DC converter is
disabled, the entire system power consumption is dominated
by the FAC MPPT circuit. The power consumption of current
and voltage reference occupies over 50% in this state. In the
activated state, the power consumption of the FAC MPPT
circuit remains at low power as 380 nW because of low-speed
operations. However, in this state, the entire system power
is dominated by the boost converter operations. The typical
DC-DC converter power consumption in the activated state
is 10 uW: 20% by the MPPT controller, 38% by the ZCS
controller, and 42% by the buffers and leakages.

Table I draws a comparison with other EM or AC-type
EH systems with comparable output power or input voltage.
The presented system achieves fast and wide range MPPT
for cycle-to-cycle tracking with an ultra-low-power consump-
tion of 380 nW, and an MPPT processing efficiency larger
than 99.6%. A 20x smaller inductor (47-uH) is selected for

9
TABLE I
SYSTEM PERFORMANCE COMPARED TO STATE-OF-ARTS
References [18] [19] [20] [4] [3] This work
I-REF Process 350nm BCD 350nm 350nm Discrete Discrete 180nm
Active Area 4.7mm? 1.3mm’ 1.3mm’ NA NA 0.9mm?*
E-H Type EM/PEH EM EM EM turbine | EM turbine | EM turbine
E-H Fsrc 100-400 Hz | 64,109 Hz 70 Hz NA 10-100 Hz 10-40 Hz
Architecture Act. Rect. NVC+AD Doubler Act. Rect. Act. Rect. AD-NVC
+Buck-Boost +Boost +Boost +Buck-Boost +Boost +Boost
Inductor 10 mH 1 mH 33 mH NA. 10 mH 47 pH
Out. Power | 0.03-10mW | 0.004-1 mW | 40-200 uW 2-30 mW 1-70 mW 0.1-8 mW
Out. Voltage 1-8V 42V 33V 50V 30V 1620V
MPPT Voc Conduction Auxiliary Varied Fyw Rroap Freq-to-Vek
Method Detect. Angle EM source Voc Detect. Emulation Conversion
MPPT-GEN 10 pW 40 nW NA. NA. 267 pyW 380 nW
PWR (EFF*) (66.7%) (99.0%) (50%) (with MCU) (73.3%) (99.6%)
MPPT-Cycle Infinity AV/0.05 =1 Infinity =1 <3
Worst Case (Fixed Fyw) | 20@AV=1V) | (Always-on) (Always-on) | (>80%@1* step)
Cycle-to- NO NO YES NO NO YES
cycle MPPT
Voltage Stress | High@ Voc LOW High NA. NA. LOW
MPPT EFF. 1v=99.0% nr=90% nr=93% NA. NA. nr=99.85%
Peak EFF 80% 95%(@ 72%@ 82%@ 60%@ 88.2%@
(End-to-End) (only buck- Vrk=3.6V Vek=1.7V Vek=10.0V | Ve=10.0V Vrk=3.0V
boost) (w/o Aux. EM)
EFF NA. 50% 69% <30% NA. 62.8%
@Vek=1.0V (w/o Aux. EM)
Rectification 1.2x 1.3x
FoM* NA. NA. NA. <1.3x @8.5m/s @5.0m/s
(Periodic) Vek=8.5V Vek=2.7V
3.0x 6.3x
@2.3m/s @1.2m/s
Vek=1.5V Vrk=0.9V

*MPP-GEN EFF=(1-Pumprr-cen/Poutvinv) *100%, the MPP information processing efficiency
**FoM=Pourmax)@AD-NVC/Pourmax)@FBR, the energy extraction gain

reduced form factor and low-cost design. The whole system
including the rectifier design is optimized for autonomous and
sub-1V operations, achieving a 630% energy extraction gain
at low wind-speed conditions of 1.2 m/s (Vpx = 0.9 V).
Compared to [19], the proposed system achieves a comparable
peak end-to-end EFF with less active silicon area and a smaller
inductor, while an 8x power delivery ability is achieved.
Moreover, the proposed FAC MPPT achieved cycle-to-cycle
MPPT with a fast and adaptive response, while maintaining
the least power overhead compared to the harvested power [3],
[18]. The work in [20] achieves better EFF performance in low
voltage domains because of the voltage boost gain in AC-DC
doubler circuits. However, its MPPT algorithm relies on an
auxiliary EM source, which increases the system form factor
and degrades the overall effective end-to-end EFF by half if
the available energy in this auxiliary EM source is considered.
In this work, the highest MPPT efficiency was also achieved
with wide-tuning abilities for the wide-range operations from
10 to 40 Hz (4x). Moreover, the cycle-to-cycle MPPT ability
locates the optimal MPP with only one operation cycle to
accommodate the unpredictable wind speed conditions, which
advances most of the existing low-cost wind MPPT solutions
with ultra-low-power consumption. The harvested wind speed
is covered from 1.0 to 5.0 m/s. The minimum MPPT operation
range is extended by 2.3x compared to [3], which is limited
by the minimum cut-in wind speed of the wind turbine itself.
To provide output loading regulation, an additional LDO can
be added. However, it will reduce the end-to-end efficiency.
An additional switching converter [3], [4] could also be imple-
mented, with extra components and cost. Depending on system
requirements, multiple-path topologies [37]-[40] can also be
incorporated into the design. Optimization of an EH system for
simultaneous MPPT energy extraction and voltage regulation
is still a challenging topic deserving further research.
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IV. CONCLUSION

This work presented a power-efficient system for the
EM wind turbine EH. The system is optimized for a wide input
power range with self-start-up and autonomous operations.
Furthermore, the proposed FAC MPPT maximizes the power
extraction ability under different wind conditions from 1.0 to
5.0 m/s. The fast cycle-to-cycle MPPT transient response and
short settling time (one cycle) can ensure that the EH system
is suitable for continuous energy extraction, as well as the
shock or burst excitation. The total quiescent current of
the EH system is 230 nA when the wind power is absent.
To the best of the authors’ knowledge, this is the first
IC prototype for a cm-scale wind turbine EH which achieves
a real-time MPPT with the highest reported MPPT efficiency.
The proposed FAC MPPT design is low cost with wide-tuning
abilities, suitable for other linear frequency-to-voltage conver-
sion applications, such as low-cost wind speed detection.
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