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A High Peak Output Power and High Power
Conversion Efficiency SIMIMO Converter Using
Optimal ON-Time Control and Hybrid Zero Current
Switching for Energy Harvesting Systems
in IoT Applications

Jae-Hyung Jung

Abstract—This article proposes a single inductor multi-input
multioutput (SIMIMO) converter with high peak output power
and power conversion efficiency for energy harvesting systems
in Internet of Things (IoT) applications. The proposed SIMIMO
converter consists of inputs with four harvesters and a battery,
and outputs with 1.8 V output, 3.3 V output, and a battery. The
optimal ON-time control method is proposed to optimally adjust the
on time required to energize the inductor, thus increasing the peak
output power to cover a wide distance range. In addition, the hybrid
zero-current-switching (ZCS) method is proposed to adaptively
calibrate the offset of the ZCS comparator, thus improving the
power conversion efficiency. The proposed SIMIMO converter is
fabricated using 0.18-pm standard bipolar-CMOS-DMOS (BCD)
process technology with 1.8- and 5-V devices. The measurement
results show that the peak output power is achieved to be 462 mW,
and the peak power conversion efficiencies at 1.8 V output, 3.3 V
output, and battery are 89.2%, 84.5%, and 86.4%, respectively.
Moreover, the quiescent current of the power management con-
troller, which controls the proposed converter, is achieved to be only
1.6 pA. Therefore, the proposed SIMIMO converter is suitable for
energy harvesting systems in various IoT applications.

Index Terms—Battery charger, energy harvesting, energy
management, power integrated circuits.

1. INTRODUCTION

HE Internet of Things (IoT) has been increasingly adopted
T in various applications such as building and home automa-
tion, industrial management systems, health care systems, smart
grid systems, and wearable mobile devices [1]-[3]. Since the
IoT devices have a limited usage time due to the limited battery
power, they are required to operate with a very low average
power, ranging from several microwatts to milliwatts. However,
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as the IoT devices have adopted high-performance sensors to
cover a wide distance range, their peak power consumption
has gradually increased up to hundreds of milliwatts in recent
low-power wide-area applications such as long-range (LoRa)
[3] and narrowband internet of things (NB-IoT) [4]-[6], thus
requiring high peak output power for loads. Since such IoT
devices are usually installed in not-easily-accessible places, they
need to maintain a necessary operating power level without
frequently replacing the battery. Thus, the energy harvesting
systems, which use the harvesters as inputs to obtain energies
from the ambient environment such as light [7], heat [8], vibra-
tion [9], and RF [10], have become increasingly useful for IoT
applications. However, since the harvested energies are gener-
ally sensitive to the surroundings, the multienergy harvesting
systems need to sufficiently collect the energy from various
harvesters allowing them to achieve high system efficiency and
reliability in applications [16].

To meet the abovementioned requirements, various multi-
input energy harvesting structures have been reported [11]-[17].
The power ORing structure in [11] and [12], which is the
simplest architecture, combines energies obtained from multi-
harvesters by connecting all the harvesters in parallel through
diodes. However, it uses only the highest voltage as an input
energy source, resulting in a low power conversion efficiency.
The two-stage converter structure in [13] and [14], which is an
inductor-based time-multiplexing switching converter, transfers
its input energies obtained from multiharvesters to its storage
devices using the first-stage converter and regulates its output
voltage using the second-stage converter. However, its dual con-
version causes a decrease in the overall power conversion effi-
ciency from the input harvester to the output load. The dual-path
converter structure in [15]-[17] transfers the harvested energies
to both the storage device and the load. The converter structure in
[16] shares an inductor by adopting a prescheduled time slot and
maximizes the power transfer to the output load using a max-
imum power point tracking (MPPT) method. However, it can
achieve high efficiency only when it operates in the prescheduled
time slot. The converter structure in [17] ensures the stability by
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using error amplifiers and comparators, but consumes a large
amount of static power. To solve the aforementioned problems,
various control methods for converters have been studied to
achieve high efficiency, low quiescent current, and high peak
output power [18]-[22].

First, to achieve the high conversion efficiency and low power
consumption, zero-current-switching (ZCS) control methods
have been researched [18]-[20]. In [18], a digitally controlled
ZCS method achieves a high power conversion efficiency in
discontinuous conduction mode (DCM) by adjusting the de-
energizing time period using an incrementer and decrementer
logic, but its input and output voltage ranges are limited due
to the timing control. In [19] and [20], the ZCS method with an
analog comparator is implemented to extend the input and output
voltage ranges by comparing the drain and source voltages of
the switch. However, the offset of the comparator itself causes
high power consumption and low power conversion efficiency.

Second, to minimize the quiescent current and increase the
input voltage range and peak output power in single inductor
multiport multi-input-multi-output (SIMIMO) converter, ON-
time control methods have been researched. The single inductor
multiport converters operate in only one mode for each switching
period with different input voltage, output voltage, harvested
input power, and output load power according to harvesters and
output load conditions. In addition, they operate only in DCM
using the constant ON-time (COT) or adaptive ON-time (AOT)
control methods to avoid the influence of the remaining inductor
current on the next operation mode for low power consumption.
The COT methods with pulse-frequency and pulse-skipping
modulation [21], and energy recycling [30] are employed not
only to minimize the quiescent current, but also to improve the
power conversion efficiency. However, these works can operate
only with fixed on time and fixed input voltage, resulting in
decreases in the input voltage range and peak output power.
To overcome the above issues, several AOT control methods
have been researched. In [16], the AOT control method with the
adaptive switching frequency according to the harvester types
is employed to control the on time during a prescheduled time
slot, thus increasing the input voltage range. However, this AOT
method can achieve high efficiency only when it operates in
the prescheduled time slot. In [14], the AOT control method
with the wide input voltage range is employed to increase the
input voltage range by comparing the harvester input voltage
with the MPP voltage of the harvester. However, each harvester
requires a different capacitor with capacitance value, of which
is greater than 100 pF, and an inductor with an inductance
value of 10 mH to secure the adaptive on time according to
the input voltage. Moreover, it needs a frequent adjustment of
the capacitance and inductance values when the input voltage
is changed. In [28] and [29], the AOT control method using an
adaptive ON-time generator including the adaptive peak inductor
current controller is employed to automatically adjust the on
time according to the input voltage. However, this AOT method
cannot increase or decrease the on time according to the load
current, resulting in a decrease in the peak output power. In
[22], the AOT method further increases the peak output power
by increasing or decreasing the on time according to the output
load current, but suffers from the low input and output voltage
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Fig. 1. Block diagram of the proposed energy harvesting system including the

SIMIMO converter and PMC.

ranges, and low peak output power, which are limited to only
1.8 and 1.4 V, and 60 mW, respectively, which are not suitable
for IoT applications requiring high peak output power. As afore-
mentioned, previously reported state-of-the-art works still have
various issues in improving the performance to be applied to the
energy harvesting systems in IoT applications.

In this article, a SIMIMO converter using an optimal ON-time
(OOT) control method with a hybrid ZCS method is proposed
to improve the input and output regulation characteristics, peak
output power, input and output voltage ranges, and power con-
version efficiency. The proposed SIMIMO converter, which
employs the dual-path converter structure and MPPT method for
each harvester, is controlled by 15 operation modes according to
the combination of multi-inputs (four harvesters and a battery)
and multioutputs (1.8 V output, 3.3 V output, and a battery). The
proposed OOT control method adaptively optimizes the on time
required to energize the inductor, thus improving the input and
output regulation characteristics, and peak output power. The
proposed hybrid ZCS employs an offset calibration to achieve
high power conversion efficiency.

This article is organized as follows. Section II describes
the architecture and operation principle of the proposed SIM-
IMO converter with the power management controller (PMC).
Section III presents the proposed OOT generator with the OOT
and skipping algorithms. Section IV presents the proposed
hybrid ZCS with offset calibration. In Section V, the circuit
implementation of the proposed SIMIMO converter is explained
in detail. In Section VI, the experimental results are analyzed and
compared with prior works. Finally, the conclusion is given in
Section VII.

II. ARCHITECTURE AND OPERATION PRINCIPLE OF THE
PROPOSED SIMIMO CONVERTER WITH PMC

A. Architecture of the Proposed SIMIMO Converter

Fig. 1 shows the block diagram of the proposed energy
harvesting system including the SIMIMO converter and PMC,
which obtains the energies from the multi-input harvesters or the
battery and then transfers the harvested energies to the outputs or
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Fig. 2. Block diagram of the proposed PMC.

the battery. The proposed SIMIMO converter has the inputs con-
sisting of VBAT7 and VHARL VHAR2, VHARS, and VHAR4, which
represent a battery and multiharvesters such as the photovoltaic,
thermoelectric, RF, and piezoelectric, respectively. It also has the
outputs consisting of V1 pg for 1.8-V output, Vpsps for 3.3-V
output, and Vpar. The PMC generates the switch control signals
to control the switches in the SIMIMO converter, thus not only
efficiently transferring the harvested energies to the V1 pg and
Vosps or the Vpar, but also accurately regulating the Vi pg
and Vs ps by the buck or buck—boost operation.

The proposed converter includes the input power switches
(Stq for the battery and Sj1—Sy4 for the harvesters) and output
power switches (Sog for the battery, So1 for Vo1ps, and So2
for Vosps). Here, S;1—S74 are implemented with transmission
gates instead of using NMOS or PMOS in order to have a
wide input voltage range. Spy and Spy are the switches to
energize and de-energize the inductor (L) so as to increase
and decrease the inductor current (I;np), respectively. All the
above ten switches are controlled by the switch control signals
generated from the PMC. Cp;-Cpy are used as buffers for
the respective harvesters for MPPT operation, and C7pg and
C3ps are used as output capacitors to ensure the stable output
regulation.

The proposed converter transfers the harvested energy in
four ways: the battery-to-load, harvester-to-load, harvester-to-
battery, and freewheeling modes, according to the combination
of the multi-inputs (Vi ar1, Viiar2, ViiARs, ViAR4, and VpaT)
and multioutputs (Vo1 ps, Vosps, and Vpar). In the battery-to-
load mode, the energy is transferred from the battery to the load
in two operation modes according to the combination of Vgt
and the output load (Vo1 ps or Vosps). In the harvester-to-load
mode, the energy is transferred from the harvester to the output
load in eight operation modes according to combination of the
harvester (Vigari, Viar2, Viars, or Viara) and the output
load (Vo1ps or Vosps). In the harvester-to-battery mode, the
energy is transferred from the harvester to the battery in four

operation modes according to the combination of the harvester
(ViaRr1, VHAR2, VHARS, OF ViHAR4) and Vi at. In the freewheel-
ing mode, all ten switches in the proposed converter are turned
OFF, and thus no energy is transferred from the input to the
output load. Among the above 15 operation modes, only one
mode is operated during each switching period depending on
the operation of the ten switches, which are controlled by the
PMC.

B. PMC for the Proposed SIMIMO Converter

Fig. 2 shows the block diagram of the proposed PMC, which
consists of a load detector, harvester selector, battery monitor,
logic arbiter, OOT generator, hybrid ZCS, gate driver, VDD
selector, and bandgap reference generator (BGR).

The load detector, which has two kinds of comparators with
high and low hysteresis, compares the resistor-divided Vo pg
and Vo3 p3 with a reference voltage (Vygr), and determines the
output load condition according to its output (LD) by monitoring
whether Vo1 ps and V3 p3 are regulated [20]. Here, LD consists
of LDHlpg and LDLlpg for VOlpg, and LDH3P3 and LDL3P3
for Vosps, each pair of which is produced from the high and
low hysteresis comparators, respectively. In this article, the high
and low hysteresis comparators are employed to determine the
output load condition, which can be represented as “light” or
“heavy” depending on whether the power consumption at the
output load of the proposed converter is less or greater than
the harvested input power, respectively. If both LD pg and
LDpgsps are high, the output load is considered as under the
light-load condition, and otherwise it is considered as under the
heavy-load condition.

Under the light-load condition, if one or both of LDy ps
and LDy3ps are low, the harvested input power is supplied to
the output loads of Vo1 pg and Vo3 p3. Otherwise, the harvested
input power remaining after fully supplying the power to the
output loads charges the battery.
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Under the heavy-load condition, if both LDy pg and LD 3ps
are high, the harvested input power is supplied to the output
loads. Otherwise, the harvested input power is insufficient to
drive the output load of V1 pg or Vosps, and thus the battery
supplies the required amount of power to the output loads.

Unlike the conventional feedback loop used in the voltage
and current modes, which has a compensator to stabilize the
converter in continuous conduction mode (CCM) and DCM,
this hysteretic mode used in the proposed converter does not
require a compensation scheme for stability because the gain
and bandwidth in the hysteretic mode are theoretically infinite
[33].

The harvester selector compares the input voltage of the
harvesters (Vgari, VHAR2, VHARS, and Vigar4) with their cor-
responding Vvpps (Vrari_mpp, VEAR2_MPP, VHAR3_MPP>
and Vi A ra_mpp), respectively. It then produces its output (HS),
which consists of HSgn1, HSEn2, HSEns3, and HSgna.
When one of HS becomes high, its corresponding harvester will
be selected as the input of the proposed converter based on the
MPPT. A simple open-circuit voltage method [32] is employed
in the proposed SIMIMO converter to accurately track the MPP,
while achieving low power consumption for IoT applications.
Depending on the harvester type, Vyipp of each harvester has a
different sampling percentage of its open-circuit voltage (Vo).
Vumpp of the thermoelectric, RF, and piezoelectric harvesters,
which are modeled as linear elements, has a sampling percentage
of 50% of its Vo, whereas Vyipp of the photovoltaic harvester,
which is model as nonlinear elements, has a sampling percentage
of 70% of its V.

The battery monitor compares the resistor-divided Va1 with
Vrer and determines the Vpat state according to the compared
result (BAT), which consists of BATgy, BATok, and BATyy .
Depending on whether BATovy, BATok, or BATyy is high,
the Vpa state is determined to be overvoltage, OK voltage,
or undervoltage state, respectively. If all the resistor-divided
Viats are less than Vipr, the battery is considered as in the
undervoltage state, and the harvester then charges the battery
without regulating Vo1 ps or Vosps. If all the resistor-divided
VeaTs are greater than Vygr, the battery is considered as in
the overvoltage state, and the harvester and battery then regulate
both Vpsps and Vo1 ps under the heavy-load condition. Other-
wise, the battery is considered as in the OK-voltage state, and
the harvester and battery then regulate both Vp3ps and Vo1 ps
under the heavy-load condition, while the surplus power in the
harvester charges the battery under the light-load condition. To
protect the battery, the Vpar is periodically monitored to be
greater than the undervoltage and less than the overvoltage.

The logic arbiter, which is implemented through logic synthe-
sis, employs the finite-state machine (FSM) to determine the 15
operation modes of the proposed converter according to the load
condition of LD, the selected harvester of HS, and the battery
state of BAT. The 15 operation modes can be represented as
OP[3:0], each of which drives the OOT and skipping algorithms,
and the offset calibrator. Here, each OP/[3:0] has its own register
value that is continuously updated as the OOT algorithm is
performed. The OOT algorithm provides an (n + 1)-bit control
signal, T/n:0], which is determined by the register value of
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OP[3:0], to the OOT generator in order to adjust the on time
required to energize the inductor (fox). Here, n is a bit resolution
for controlling the 70N, which is determined according to the
allowable variations in Vpsps and Vp1pg, representing how
much fon can be adjusted. In this article, n is selected to be
4 considering 10% allowable variations in Vpsps and Vo1 ps.
The skipping algorithm provides a control signal, ENskip, to
the OOT generator in order to optimally control the number of
Ooor skippings according to the load condition, where Opor,
which is generated by the OOT generator, is a pulse signal with a
width of ton. Here, the Op o remaining after skipping is used as
a system clock signal, CLKsvs. The skipping algorithm controls
ENgk1p to produce more (less) Opot skippings under the light
(heavy) condition, thus decreasing (increasing) the number of
CLKsvys occurrences, respectively, resulting in optimally im-
proving the power consumption and regulation characteristics.
The offset calibrator generates an offset signal, OF FSET, which
is enabled to adaptively calibrate the offset voltage of the ZCS
comparator in the hybrid ZCS. The gate signals, G[9:0], which
control the gate driver, are activated according to OP[3:0] in
order to determine which power switches of the SIMIMO con-
verter are turned ON or OFF using the highest voltage selected
from among the Vo1ps, Vosps, and Vpar (Vsgr), which is
selected by the VDD selector.

The proposed OOT generator produces Opot and CLKsys.
The Opot activates the hybrid ZCS to control the Iinp for
efficient energy delivery and determine whether the proposed
converter operates in DCM or CCM. It also controls the gate
driver along with G[9:0] and the hybrid ZCS output (Ozcs),
and thus the 7on of the switch control signals can be optimally
adjusted.

The proposed hybrid ZCS is implemented to efficiently con-
trol the energy transfer operation. It turns on one of the output
power switches when the I1np starts to de-energize the inductor,
and thus the energy is transferred to the output load. It also turns
off one of the output power switches when the Iinp becomes
zero, and thus the energy is no longer transferred to the output
load. In addition, the proposed hybrid ZCS detects the positive
or negative offset voltage of the ZCS comparator, which causes
a body diode current or reverse leakage current, depending on
whether the ZCS comparator operates before or after the Iinp
becomes zero, respectively. The offset calibrator in the logic
arbiter then performs the offset calibration using OFFSET, thus
enabling the ZCS comparator to accurately detect the moment
when the Iinp becomes zero. Moreover, it monitors the Iinp
and limits the increase in fon to make the proposed converter
always operate in DCM, thus achieving a high peak harvested
input power and the peak output power for load in DCM.

III. OOT GENERATOR AND ALGORITHMS
A. OOT Generator

Fig. 3(a) shows the block diagram of the proposed OOT
generator including the OOT core and pulse skipper driven by the
OOT and skipping algorithms, respectively. Fig. 3(b) shows the
proposed OOT core, which consists of a sub-VDD regulator and
variable ON-time generator. The sub-VDD regulator provides a
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Fig. 3. (a) Block diagram of the proposed OOT generator and (b) schematic
diagram of the proposed OOT core.

subvoltage (Vypp_sus) of 1V, which is less than a Vo1 pg of
1.8 V, to the variable ON-time generator to minimize the power
consumption. The variable ON-time generator produces OpoT
with a fixed period of (fon + forw). Here, ton or off-time
(torr) 18, respectively, determined according to the duration of
the sawtooth signal (Vgaw) when M, or My is turned ON as
the T flip—flop toggles Opot at a Vgaw of higher than a logic
threshold voltage, which is about 0.5 V in this work. The Vgaw
duration for ton or foprp is determined by the charging time
of the binary weighted capacitor array (Cgwca), as shown in
Fig. 3(b), which s adjusted by controlling the capacitance values
in the Cwca according to 7/4:0] and its inverted signal T
([4:0]), respectively. In this way, the variable ON-time generator
can adjust the ron of OpoT according to 7/4:0], thus controlling
the amount of the I1np, resulting in an efficient energy delivery.
The power on rest is used as the input of the T flip-flop to prevent
a phase shift of Opo.

The pulse skipper, which is controlled by ENgkip of the
skipping algorithm, skips OpoT under the light-load condition
to reduce the power consumption of the PMC. When ENgkip
becomes high under the light-load condition, the pulse skipper
skips OpoT, whereas when ENgskip becomes low under the
heavy-load condition, OpoT remains as it is. Since the OpoT
remaining after skipping is used as CLKgyg, the number of

8265

CLKgsys occurrences decreases as more Opot skippings oc-
cur under the light-load condition, and thus the total power
consumption of the PMC decreases because the PMC is acti-
vated at the positive edge of CLKgys. However, the regulation
characteristics are degraded due to decrease in CLKgys oc-
currences. Therefore, the proposed skipping algorithm, which
will be explained in Section III.C, is implemented to adjust the
number of O skippings so as to optimally improve the power
consumption under the light-load condition and the regulation
characteristics under the heavy-load condition.

B. OOT Algorithm

In the conventional COT method [21], as fon increases, the
peak harvested input power and the peak output power increase,
but the undershoot and overshoot voltages increase at the input
and output, respectively, thus degrading the regulation charac-
teristics. On the contrary, as fon decreases, the ripple voltage
at the output decreases, but the switching loss increases, thus
decreasing the power conversion efficiency under the light-load
condition. Therefore, ton should be optimally adjusted to im-
prove the regulation characteristics, and the peak harvested input
power and the peak output power.

In the proposed SIMIMO converter, when more power is
needed at the output load, the same operation mode is repeated to
increase fon, and the inductor peak current (IiNp_pEAK ), Which
is controlled by adjusting o, increases, thus transferring more
power to the output load. If 7oy is too long, too much energy is
transferred to the output loads, and thus the overshoot voltage
(AVout_over) and undershoot voltage (AViN unDpER) occur
at the output and input of the proposed converter, respectively,
resulting in a degradation in the regulation characteristics. On
the other hand, if 7o is too short, too little energy is transferred
to the output loads, and thus the proposed converter takes a
long transient time, resulting in a degradation in the regulation
characteristics, and a decrease in the peak harvested input power
and the peak output power. Therefore, the OOT algorithm, which
can optimally adjust the number of OP[3:0] repetitions (N7 ), is
implemented to optimally adjust fox so as to optimize regulation
characteristics and the peak harvested input power and the peak
output power.

Fig. 4 shows the flowchart of the proposed OOT algorithm,
which takes OP[3:0] and Dpc as inputs, and produces 7/4:0]
as an output, as depicted in Fig. 3(a). Here, Dpcy is a signal
provided from the hybrid ZCS, which determines whether the
proposed converter is in DCM or CCM.

The OOT algorithm starts with the initial values
(OP[3:0]prev = freewheeling mode, N =1, and all the
initial register values of OP[3:0] = 5’b00000).

When CLKgys occurs at the positive edge, the FSM de-
termines OP/[3:0] according to the load condition of LD, the
selected harvester of HS, and the battery state of BAT, and assigns
it to OP[3:0]crnT, Which is a current OP[3:0]. Then, the OOT
algorithm checks whether the operation mode is repeated or not
by comparing OP[3:0]crnT With OP[3:0]prgv, Which is a
previous OP[3:0] before one clock.
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When OP/[3:0]crn is equal to OP[3:0]prgv, Which repre-
sents that the operation mode is repeated for more power, if
OP[3:0]crNT is a freewheeling mode, REG_OP/[3:0]pRrEvV,
which is a register value of OP[3:0]prgyv, remains as it is,
and thus, 77/4:0] is not changed. Otherwise, Np is compared
with Np yvax. Here, Nr yax is a maximum value of N,
which is determined considering the tradeoff between the peak
harvested input power and the peak output power, and regulation
characteristics. If Np is equal to N1 yax, the OOT algorithm
checks DCM or CCM, which is determined by the hybrid ZCS,
which will be explained in Section IV. When DCM is detected,
the OOT algorithm increases REG_OP/[3:0]prev by 1 bit,
and updates 7[4:0] to REG_OP[3:0]crnT, Which is a register
value of OP[3:0]crnT. This operation is repeated until CCM is
detected. When CCM is detected, the OOT algorithm decreases
REG_OP[3:0]prgv by 1 bit, thus making the proposed con-
verter always operate in DCM. If N is not equal to N7 yiax,
Nr increases by 1, while 7/4:0] remains as it is. In this way,
when foy is too short, the OOT algorithm increases 7/4:0] in
DCM by increasing the register values of OP[3:0], resulting in
an increase in fon.

When OP[3:0]crnT 1S not equal to OP[3:0]prrv,
which represents that the operation mode is not repeated,
if OP[3:0]prEyv is a freewheeling mode, REG_OP[3:0]prEv
remains as it is, while 7/4:0] is updated to REG_OP[3:0]crN-
Otherwise Nt is compared with Np yn, which is a minimum
value of Np. If Np is equal to NT?MIN» REG_OP[3:0]prEV
is compared with 5°b00000; otherwise, Np becomes 1. If
REG_OP/[3:0]prgyv is equal to 5’00000, REG_OP[3:0]prEv
remains as it is; otherwise, REG_OP[3:0]prryv decreases
by 1 bit. 7[4:0] is then updated to REG_OP[3:0]crnT. In this
way, when 7oy is too long, the OOT algorithm decreases 7[/4:0]
by decreasing the register values of OP[3:0], resulting in an
decrease in fon.

As described above, the proposed OOT algorithm repeatedly
adjusts fon by updating 7/4:0] according to the register values
of OP[3:0], while controlling N to be greater than Np nin
and less than Np yax, resulting in an optimal 7on. In this
work, N7 yin was determined to be greater than 1 to protect
the occurrence of the undershoot and overshoot voltage at the
output and input of the proposed converter, respectively. In
addition, N7 pax was determined to be as low as possible



JUNG et al.: HIGH PEAK OUTPUT POWER AND HIGH POWER CONVERSION EFFICIENCY SIMIMO CONVERTER

AVour over \?\\/\J
AV out ovER _
it
Nr Nt v < I . 5 —
N T I L I [
” ton: t
— ,
A\ Lo t'ont o o
0 A A
>
(a)
Tour T our
~ \
— ~_ ~_ \ ~
OF >
Nr I I ) N7 miv « SN T MAX
0 t:
tons o
A £ H i
IAAANSN % I
>

©

Fig. 5.

8267
\ AViN uNDER L
h AV’ IN_UNDER
Nr [ Nt MmN < . (;NTJMX
ton:2 £ on "
> K/’ OV i Sk
>
(b)
‘ Tiv T’y
s
Nq| | Ny 4 | Vs
0 - ' ™
t"ons
o4 7 7 7
AN AN
>
(d)

Timing diagram of input and output voltages of the proposed converter using the proposed OOT algorithm (a) when the overshoot voltage occurs at the
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of N7 nmax, and (d) when the transient time at the input is long at an N7 of N7 pax.

to improve the transient response and ripple voltage at the
output.

Fig. 5 shows the timing diagram of the harvester input, Vizar,
and the output, Vpoipg or Vosps, of the proposed converter
according to Np, while controlling fon for high regulation
characteristics.

As Nrp approaches N7 v, indicating that 7on is too long,
AVour over or AVIN unper occurs at the output or input
of the proposed converter, as shown in Fig. 5(a) and (b), re-
spectively. When AVour over occurs at the output, the OOT
algorithm decreases fon from fon1 to t’ONl at an N1 between
NT_MIN + 1 and NT_MAX — 1, thus reducing AVOUT_OVER to
AVur over as shown in Fig. 5(a), resulting in decreasing the
output ri_pple voltage. In the same manner, when AViN UNDER
occurs at the input, the OOT algorithm decreases fon from foN2
to t,ON2 at an Ny between Nt yin + 1 and N7 yiax — 1, thus
reducing AVin_unpir to AV]N unprr» @ shown in Fig. 5(b),
resulting in decreasing the input ripple voltage.

As Nr approaches N1 pax, indicating that 7oy 1S too short,
the proposed converter takes a long transient time for regulation
at the output (TouT) and input (71n), as shown in Fig. 5(c)
and (d), respectively. When Toyt at the output is too long,
the OOT algorithm increases fon from foN3 to { ong at an Np
between N7 v + 1and N7 yiax — 1, thus reducing Toyr to
T ouT, as shown in Fig. 5(c), resulting in decreasing the output
transient time. In the same manner, when 71y at the input is too
long, the OOT algorithm decreases ton from fon4 to t/ON4 at
an Np between Np vin + 1 and Np yvax — 1, thus reducing
TN to TIN, as shown in Fig. 5(d), resulting in decreasing the

input transient time. In this way, the OOT algorithm improves
the regulation characteristics such as transient time and ripple
voltage.

As described above, the OOT control method that adaptively
adjusts ton required to energize the inductor in each OP/[3:0]
is proposed so as to secure the optimized fon according to
harvesters and load conditions in all OP[3:0]. When more power
is needed at the output load or when more power needs to be
generated from the harvester, the same OP/[3:0] is repeated.
At this time, the proposed OOT algorithm increases oy, thus
transferring more power to the output load or battery until the
proposed SIMIMO converter operates in DCM, resulting in a
high peak output and input power. When less power is needed
at the output load or when less power needs to be generated
from the harvester, OP[3:0] is no longer repeated. At this time,
the proposed OOT algorithm decreases foy, thus transferring
less power to the output load or battery, resulting in a high
regulation characteristic. In this way, the OOT control method
delivers more power to the output load, thus improving regula-
tion characteristic. In addition, using the COT control method,
the conduction loss or switching loss increases when 7oy is too
long or too short, respectively [21]. In the proposed OOT control
method, when 7oy is too long, fon is repeatedly adjusted by
controlling N until oy is optimized, while preventing the oc-
currence of the undershoot and overshoot voltages at the output
and input of the proposed converter, respectively, resulting in
a less conduction loss. When ton is too short, fon is adjusted
by controlling Nt as low as possible, thus not only improving
the transient response and ripple voltage characteristics at the
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Fig. 6. (a) Flowchart and (b) timing diagram of the proposed skipping
algorithm.

output, but also achieving less switching loss. In this way, the
proposed OOT control method optimizes fox, while minimizing
the conduction loss and switching loss as well as improving the
power conversion efficiency.

C. Skipping Algorithm

Fig. 6(a) and (b), respectively, shows the flowchart and timing
diagram of the proposed skipping algorithm, which optimally
controls the number of Ogor skippings according to the load
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condition in order to optimize the power consumption and
regulation characteristics. The skipping algorithm starts with
the initial values (Nskp = 0, ENSKIP?CNT = 0), where Nsk1p
is the number of Opos to be skipped, and ENskip_cnr is the
number of the skipped Ogos. It is performed according to the
load condition, which is determined by OP[3:0].

Under the light-load condition, Ngkp increases by 1 until it
becomes equal to a maximum Ngkip (Nskip_max ), which is
determined according to CLKgvgs for preventing audible noise,
thus decreasing the number of CLKsys occurrences, resulting
in a reduction in the power consumption.

Under the heavy-load condition, Ngkip becomes zero, thus
increasing the number of CLKgyg occurrences, resulting in a
fast transient response for load regulation.

After increasing or decreasing Nskp under the light-load or
heavy-load condition, respectively, ' Nskip_cnt 1S compared
with Ngkip at the positive edge of Opor. If ENSKIP_CNT is
equal to Nskip, £ Nskip_cnt becomes 0 and the proposed skip-
ping algorithm produces alow ENsk1p, otherwise £ Ngkip cNT
increases by 1 and the proposed skipping algorithm produces a
high ENgkip. As shown in Fig. 6(b), depending on whether
ENgxip is high or low, the Op o is skipped or not, respectively,
and in addition, the OpoT remaining after skipping is used as
CLKgsvs. In this way, the proposed skipping algorithm mini-
mizes the power consumption under the light-load condition and
maximizes the regulation characteristics under the heavy-load
condition by increasing (or decreasing) Ngkp under the light- or
heavy-load condition using the ENgkip signal, which controls
the OOT generator.

IV. HYBRID ZCS WITH OFFSET CALIBRATION

A. Operational Principle of Hybrid ZCS

Fig. 7 shows the block diagram of the hybrid ZCS in the
PMC, which consists of a ZCS comparator, ZCS logic, and
offset detector. The proposed hybrid ZCS turns ON one of
So0—S02 (SoskL), whichis an output switch selected according
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Fig. 8. Timing diagram of the proposed hybrid ZCS.

to OP[3:0], when the I1np starts to de-energize the inductor,
and thus the energy can be transferred to the output load. Also,
it turns OFF Sosgr, when the I1np becomes zero, and thus the
energy is no longer transferred to the output load.

The ZCS comparator compares the output voltage of the
inductor (Vinp_out) with Voggy, to detect the moment when
the Iinp becomes zero, where Voggr, is a voltage selected
from among Vp1ps, Vosps, and Vpar according to OP[3:0].
When the ZCS comparator detects the exact moment when
the Iinp becomes zero, its output (Ocp) becomes high; oth-
erwise, it becomes low. However, the ZCS comparator cannot
detect such an exact moment due to its positive or negative
offset voltage, which can be caused by the process varia-
tion or device mismatch. This offset voltage causes a body
diode current or reverse leakage current, thus decreasing the
power conversion efficiency. To solve the above problem,
the offset detector and offset calibrator are implemented in
the hybrid ZCS.

The offset detector detects the positive or negative offset
voltage of the ZCS comparator, which occurs when the ZCS
comparator operates before or after the /;jnp becomes zero,
respectively. When the positive offset voltage is detected, the
Inp flows through Mpry and Mppro in a clockwise direction,
and the output of the offset detector (Dorr) becomes low. In
the same way, when the negative offset voltage is detected, the
Iinp flows through Mpr and Mpgo in a counterclockwise
direction, and Dopr becomes high. According to Do, such
an above positive or negative offset voltage can be calibrated
by adjusting a calibration voltage (Vcar,) at the input of the
ZCS comparator, which is controlled by OFFSET provided
from the offset calibrator. If Dopr is low, the positive offset
voltage is negatively biased by enabling OFFSET, whereas if
Dorr is high, the negative offset voltage is positively biased by
disabling OFFSET. In this way, the proposed hybrid ZCS can
accurately detect the exact moment when the /1Np becomes zero
by adaptively calibrating the positive or negative offset, resulting
in improving the power conversion efficiency of the proposed
SIMIMO converter.

The ZCS logic drives the gate driver to turn Soggr, ON or
OFF according to Opot and Ocp. When Opo is deactivated,
the output of the ZCS logic (Ozcs) becomes high, and then
Sosgr is turned ON. When Ocp is high or Ogor is activated,
O7zcs becomes low, and then, Sosgr, is turned OFF. Here, since
the I1np becomes zero in DCM during the switching period,
Sosgr, is turned OFF by a high O¢p, whereas since the Iinp
does not become zero in CCM during the switching period,
SosgL 18 turned OFF by an activated Opot. Thus, depending on
whether Soggy, is turned OFF by Ocp or Opor, the ZCS logic
determines the proposed converter operation as in DCM or in
CCM, and produces its output (Dpcyr) high or low, respectively.
When Dpcy is low in CCM, the proposed OOT algorithm in
the logic arbiter limits the maximum register values of OP[3:0],
thus making the proposed converter always operate in DCM,
resulting in high peak harvested input power and the peak output
power in DCM. In this way, the proposed hybrid ZCS efficiently
controls the energy transfer operation by turning on or off Sosgr,
according to OP[3:0].

Fig. 8 shows the timing diagram of the proposed hybrid ZCS.
The I1np increases when Opor is activated, whereas decreases
when Oz s is high. When the positive offset voltage occurs at the
input of the ZCS comparator, Ocp becomes high before the I1np
becomes 0, thus causing a body diode current. At this moment,
the offset detector detects the positive offset voltage and makes
Dorr low by flowing the Iinp through Mppr; and Mpge
in a clockwise direction. Then, the offset calibrator enables
OFFSET to calibrate the positive offset voltage by adjusting
Vear. When the negative offset voltage occurs at the input of
the ZCS comparator, Ocp becomes low after the I;np becomes
0, thus causing a reverse leakage current. At this moment, the
offset detector detects the negative offset voltage and makes
Dorr high by flowing the Iinp through Mprr; and Mpgs in a
counterclockwise direction. Then, the offset calibrator disables
OFFSET to calibrate the negative offset voltage by adjusting
Vcaw. In this way, the offset calibration is performed by adap-
tively tracking whether the offset voltage is negative or positive,
thus minimizing the offset voltage of the ZCS comparator.
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In addition, when Op o is activated before the I1np becomes
zero, the ZCS logic considers the proposed converter as in CCM
and makes both Ozcs and Dpcy low. At this moment, the
OOT algorithm decreases fon by adjusting the register value
of OP[3:0], as described in Section III.B, and thus Ogor is
activated after the I1np becomes zero and Dpcyr becomes high,
representing that the proposed converter operates in DCM. In
this way, Dpcm controls the OOT algorithm and makes the
proposed converter always operate in DCM.

V. CIRCUIT IMPLEMENTATION OF THE SIMIMO CONVERTER

This section presents how the key circuit elements in the
proposed SIMIMO converter are determined and implemented.
The proposed SIMIMO converter, which employs a buck—boost
converter structure to regulate Vposps and Vo ps, is designed
to operate at a default CLKgyg frequency of 100 kHz. Here,
CLKgsvys is determined to be greater than 25 kHz to prevent au-
dible noise, and therefore Ngkip nmax in the skipping algorithm
is set to 4.

The minimum capacitance value of the output capacitor
(Cnn) is determined by the maximum load current at an Ngk1p
of Nskip_max, while a target undershoot voltage is determined
to be less than 10% of 1.8 V at Vp3p3 or 3.3 V at Vo1 ps. Thus,
Cyin can be obtained by

Q = CyvinVunpERsHOOT = IMAX_1.0ADTCLK_SKIP_MAX
(1)

Iviax_1oADTCLK_SKIP_MAX

@)

Cvin =
VuNDERSHOOT

where Injax_roap, TcLk_skip_MaX, and VuNDERsSHOOT are
the target maximum load current, period of the CLKgys when

the number of skippings is in maximum, and target undershoot
voltage of the proposed converter, respectively. Using (2), both
C1ps and C3p3 are determined to be 22 uF.

In addition, the inductance value of the inductor (L) is de-
termined using Iinp prak. When the inductor is energized
during fon, the I1np peak and peak output power for load
(Ppeak_ouTrpuT) in DCM can be expressed as

Vi
Inp_PEAK = %tON 3)

I'np_PEAK
2

Thus, as L decreases, both IIND?PEAK and PPEAK?OUTPUT
increase. However, as Iinp prak increases in DCM, more
conduction loss is induced. Therefore, I1Np prak should be
optimally determined not only to minimize the conduction loss,
but also to achieve the peak output power in DCM. Therefore,
the minimum value of L that satisfies a target peak output power
should be determined considering a margin in PPpEAx_ oUTPUT-
In this article, an L of 22 pH is selected considering a target
Pprax_ourpurt of greater than 400 mW.

The capacitance value of the input capacitor (Ciy) is deter-
mined by the MPPT accuracy, which depends on the charging
ability of the input capacitor during the sampling time of the

Pprax_ouTPuT X Vour. 4
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open circuit voltage (Toc_sampLE)- Fig. 9(a) and (b) shows the
timing diagram of V¢ according to Cinx and the equivalent
circuit of the harvester, respectively. As shown in Fig. 9(a),
the harvester charges the input capacitor up to Vo during
Toc sampLE- As Ciy increases, the ripple voltage at the input
decreases, but the error in sampling Vo increases, and thus
the input harvester cannot fully charge the input capacitor up to
Voc during Toc_sampLE, resulting in a decrease in the MPPT
accuracy.

Fig. 9(b) shows the equivalent resistance of the harvester
(REgq), which can be expressed as

Rio = (Voo — Vupp) 5)
Ivpp_MIN

where Iyipp_wMin i the minimum input current when the input
harvester has a minimum power. Thus, the allowable maximum
Cin (Cin_max ), which has a minimum error in sampling Vo,
can be derived as

Toc_sAMPLE

(6)

CIN_MAX o

In this article, the target Toc samprLe and minimum har-
vested input power are set to 256 ms and 10 W, respectively,
and the capacitance value of all the input capacitors (Cg1—C'p4)
is accordingly determined to be 4.7 uF using (5) and (6).

The input power switches for the harvesters (S7;—S74) are
implemented with transmission gates instead of using NMOS
or PMOS, and thus the proposed SIMIMO converter can have
a wide input range. The design parameters and specifications of
the proposed SIMIMO converter are listed in Table 1.

VI. EXPERIMENTAL RESULTS

Fig. 10 shows a chip photomicrograph of the proposed SIM-
IMO converter with the PMC, which was fabricated using
0.18-pm standard bipolar-CMOS-DMOS process technology.

In the measurement, Keithely 2400 source meters and a
model 2308 portable device battery charger simulator were used
to measure the harvested input power and output power, and
the battery charging and discharging power, respectively. The
PRODIGIT 3332F electric load was used to control the load
current. The harvester inputs were connected in series to the
dc and rectified dc voltage sources through resistors. The high
efficiently rectifier for piezoelectric and RF is shown in [31] and
[32]. In [31], the high peak-to-peak ac voltage is rectified by
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TABLE I
DESIGN PARAMETERS OF THE PROPOSED SIMIMO CONVERTER

Symbol Description VALUE
foik sys System clock frequency 25-100 kHz
Inductor of the SIMIMO converter
L 7.2 mmx 7.2 mm x 4.8 mm 22pH
(width x length x height) (@ESR : 61m&)
Cy—Cgpy  Input capacitors for harvesters 4.7 uF
Coips Output capacitor for Vo,ps 22 uF
Cosps Output capacitor for Vosp; 22 pF
Vosprs Output voltage of the SIMIMO 33V
converter :
Voirs Output voltage of the SIMIMO 18V
converter '
Var Battery voltage 2842V

2000 ym
D :BGR © : VDD selector
2 : Harvester selector @ :Hybrid ZCS
3 : Battery monitor ® : Load detector
: Gate driver 9 : Logic arbiter

©@) &

: OOT generator

Fig.10.  Chip photomicrograph of the proposed SIMIMO converter with PMC.

changing the flow of inductor current using peak detector. In
addition, the threshold-compensated method is used to rectify
ac voltage with minimizing the turn-ON voltage of diode in [32].
Therefore, the dc or rectified dc voltage source is used to verify
the performance of proposed SIMIMO converter since this work
focuses on high peak and high efficiency power deliver from
input to output. Here, the voltage values of the above dc voltage
sources were determined according to the electric characteristics
of harvesters specified in [24]-[27], and resistors were used to
limit the harvester power.

Fig. 11(a) and (b), respectively, show the measured load
transient waveforms at Vo1 ps and Vo3 p3, representing the reg-
ulation characteristics when the load currents at Vo1 ps (Io1ps)
and Vosps (Iosps) vary from 100 pA to 130 mA and vice versa.
The ripple voltages were measured to be 76 mV at Vi ps, and
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Fig. 11.  Measured load transient waveforms at (a) Vo1 pg and (b) Vosps
when the load currents vary from 100 A to 130 mA and vice versa.

122 mV at Vo3 ps. The load regulation can be expressed as

. AVour
Load lat = —— 7
oad regulation (AVLoad @)
where Alpyr is the change in the load current

at Voips (OI' Vogpg), and AVoyr is the change in
Voips (or Vosps). Using (7), the load regulations were
calculated to be 1.5 mV/mA at Vpips, and 2.3 mV/mA at
Vosps. In addition, the undershoot voltages were measured to
be 175 mV at Vpi1pg and 312 mV at Vg3, which were less
than 10% of 1.8 and 3.3 V, respectively, in the worst case. These
measurement results demonstrate that the proposed OOT and
skipping algorithms properly reduced the undershoot voltages
at the output load, and successfully achieved a target undershoot
voltage, which is less than 10% of the supply voltage.

Fig. 12(a) shows the measured waveform when the harvester
input current varies between 1 and 100 mA, and the photovoltaic
open circuit voltage (Voo mar1) varies between 3 and 4 V. The
measurement results show that the MPPT accuracies are 97.1%
and 97.6%, and Vg, are regulated at 2.162 and 2.867 V, at
Voc_mari of 3and 4V, respectively. Here, the MPPT accuracy
was calculated using

MPPT accuracy

Vi - W
_ (1  |Vuar_MEASURED MPPIDEAL|) % 100(%)
VMPP_IDEAL

®)

where Viiar MEAsSUReD 1S the measured input voltage of
the harvester, and Vy\ipp 1pEaL is the ideal input voltage for
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Fig. 12.  Waveforms verifying MPPT operation (a) when the harvester input

current and open-circuit voltage (Voc _mar1), respectively, vary between 1
and 100 mA and 3 and 4 V, and (b) when four harvesters are applied to the
proposed converter.

MPPT, which is obtained by sampling 70% or 50% of its
Voc, depending on the harvester type. These measurement
results demonstrate that the proposed converter not only sensed
Voc_mari through proper MPPT operation, but also stably
regulated Vizar1 even when the harvester input current and
Voc_mar: varied. Fig. 12(b) shows the measured waveform
when four harvesters are applied to the proposed converter.
When the dc input voltages of Viari, Viare, Viars, and
Viar4, Which were 0.5, 1, 3, and 4.8 V, were applied to the
proposed converter, the measured regulated Viari, Viare,
ViaRrs, and Vgagrg were 0.258, 0.512, 1.513, and 3.462 V, as
shown in Fig. 12(b), resulting in the MPPT accuracies of 96.8%,
97.6%, 99.1%, and 97.0%, respectively, which were calculated
using (8). Here, Vizari, Viar2, Viars, and Viarg are the
modeled thermoelectric, RF, piezoelectric, and photovoltaic har-
vesters, respectively. These measurement results demonstrate
that all the harvesters properly worked in MPPT, even when
they operated simultaneously, representing that the proposed
SIMIMO converter is suitable for multi-input energy harvesting
systems.

Fig. 13 shows the measured peak output power when the load
current at Vo3 p3 was increased up to 140 mA. This measurement
result shows that the peak output power was achieved to be
462 mW, which was obtained by multiplying a Vpozps of 3.3 V
by an Ip3ps of 140 mA, demonstrating that the proposed OOT
algorithm well achieved a target peak output power of greater
than 400 mW.
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Fig. 15. Measured power conversion efficiency in charging the battery accord-

ing to the harvester input voltage.

Fig. 14 shows the measured power conversion efficiency of
the proposed SIMIMO converter according to the load current
when the harvester input voltage and VpaT were zero and 4 V,
respectively. The measurement results show that the peak power
conversion efficiency of Vo1 pg and Vo3 ps was achieved to be
89.2% and 84.5%, respectively. In addition, Fig. 15 shows the
measured power conversion efficiency in charging the battery
according to the harvester input voltage when the load current
at both Vo1 pg and V3 p3, the harvested input power, and VAT
were 0 mA, 1 mW, and 4 V, respectively. The measured maxi-
mum and minimum power conversion efficiencies were achieved
to be 86.4% at a Vigar: of 0.7 V and 72.9% at a Vigari of 3V,
respectively. The above power conversion efficiencies differ due
to the different ON-resistance values of the transmission gates at
Viari of 0.7 and 3 V, respectively. Therefore, Figs. 14 and 15
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TABLE II

CONDUCTION LOSS AND SWITCHING LOSS IN POWER CONVERSION OF Vo3 p3, Vo1 ps, AND BATTERY CHARGING
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Conversion L
efficiency Type Description
Switchin; 2 2 2
loss € [(Cs_10V " vop +Ca_ vV vop +Ca_otV “vop) Ssw]
Voirs . 7 7 7
Conduction IND _PEAK .2 IND _PEAK 2 IND_PEAK \2
loss [ron (T) (Ron_10) +orr (T) (Ron_pn) + oy +lopr )(T) (Ron o1+ Ry gse)]
Switchin 2 2 2 2
loss ¢ [(Cs 10V vop +Co enVvop +Co 02V vop +Ca oV vop)fswl
Voses Conduction Iinp pEaK 2 Iinp pEAK 2 Iinp pEAK 2
loss [Zon (T) (Roy 10+ Ron gn)+lorr (T) (Roy_pn +Ron_02) +on +torr )(T) (R, gsr)]
Switchin 2 2 2 2
loss € [(Co n-aV"voo +Co_enVvon +Ca 0oV “voo +Ca onV vop)Sswl
. Iinp_pEaK o Iinp_pEAK >
Charging [ton (— =) (Ron _1n—a+Ron_en)+lopr (—— =) (Ron 00+ Ron pn)
battery Conduction ‘/5 \/E
loss 1
IND_PEAK \2
+ton +topp (——=)" (R, ger)]

Ca_10-Ca_1o4, Ca_o00-Ca_o2, Ca_en,and Cg_p N the gate capacitance of power switches (S70-S14, Soo-So2, SEn.and Spn).

RON_IO—RON_IO4» RON_O()—RON_OQ, RON_ENs and RON_DN»' the ON-resistance ofpower switches (S70-S74, So0-So2, SEN,and Sp ).

TABLE III

PERFORMANCE COMPARISON

This work [14] TPE [16]JSSC [21]1JSSC [22] ISSCC [28] TCAS I [29]JSSC [30] ISSCC
Process (um) 0.18 0.35 0.35 0.18 0.028 0.18 0.18 0.13
Architecture SIMIMO SIMISO* SIMIMO SIMIMO SIMIMO SIMIMO SIMIMO SISISO

On-time
control method 00T AOT AOT COoT AOT AOT AOT CcoT
Number of
1(AC) 1(AC)
harves?er 4(DC) 300 2000 1 (DC) 3(DC) 1(DC) 2(DC) 1(DC)
typesis
Harvester
Harvester Harvester Harvester
Input voltage 0.1 V—=5V) Harvester 003 V-5 V) H(az"l‘;es\t‘;r 01V-1V) Harvester 005 V08 V) H(;ze\s/t;:r
range Battery 0.1 V=5V) . B 3y . 0.5V—12V) . ) B 3V
Battery (3.3 V) attery (3 V) Battery (1.8 V) Battery (1.2 V) attery (3V)
(2.8 V—4.2V)
Input capacitor 4.7 uF 22 pF 100 pF n.a. n.a. - 10 uF n.a
Inductor 22 yH 10 mH 22 uH 10 pH 10 uH 4.7 uH 4.7 yH 4.7 uH
Peak power
conversion 89.2% 89.6% 83% 83% 89% 74.6% 84.4% 92.3%
efficiency
1.8V 05V
Output voltage ~ (e2Ulated). 5V 18V Vemaed  gaiay 12714V (regulated) 18V
P & 33V (not regulated) (regulated) (regulated) (regulated) (regulated) 12V (regulated)
(regulated) (regulated)
P ea;; ouput 462 mW 212 mW 2.5mwW 10 mw 60 mW 18 mW 4mw 15 mw

*SIMISO: single inductor multi-input single output.

**SISISO: single inductor single-input single output.

demonstrate that the proposed SIMIMO converter with the
hybrid ZCS method well achieved a high power conversion
efficiency. Table II shows the description of how the switching
loss and conduction loss are calculated [31]. These switching
and conduction losses affect the power conversion efficiency of
Vosps and Vi1 pg shown in Fig. 14, and the power conversion
efficiency in charging the battery shown in Fig. 15.

Fig. 16 shows the quiescent current consumption breakdown
of the blocks in the PMC: 32% for the logic arbiter, 25% for the
OOQOT generator, 15% for the load detector, 12% for BGR, 8%
for the hybrid ZCS, 5% for the harvester selector, and 3% for the

Harvester gthers

selector
Hybrid ZCS  gop 7
8%

Logic arbiter
32%

BGR
12% ~ =

Load detector ~

other blocks, respectively, resulting in a total quiescent current 15% 00T

consumption of 1.6 pA. generator
Table III shows the performance comparison of the proposed 25%

SIMIMO converter with other works. Compared with other  Fig. 16. Quiescent current consumption breakdown of the blocks in the PMC.
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works, the proposed converter achieved the widest input and
output voltage ranges, the largest peak output power, and high
peak power efficiency, and thereby can be applied for a wide
range of IoT applications. The work in [14] achieved a slightly
higher power efficiency than the proposed converter. However,
it requires an additional dc—dc converter or a low dropout reg-
ulator for regulation, thus occupying more area and decreasing
the power conversion efficiency. In addition, the work in [30]
achieved a slightly higher power efficiency of 93%, but had a
very low peak output power of 15 mW and moreover could only
be used for applications with the fixed input voltage and output
voltage due to the use of the COT control method. Accordingly,
the work achieved in [30] is not suitable for IoT applications such
as LoRa and NB-IoT, which require high peak output power.

VII. CONCLUSION

This article proposes a high peak output power and high power
conversion efficiency SIMIMO converter for energy harvesting
systems. The proposed SIMIMO converter employs an OOT
control method and a hybrid ZCS method. The proposed OOT
control method optimally adjusts the on time required to energize
the inductor, thus improving the input and output regulation
characteristics, and increasing the peak output power for output
loads, which is important for IoT applications requiring a wide
distance range coverage. In addition, the proposed hybrid ZCS
method adaptively calibrates the offset voltage of the ZCS com-
parator, thus achieving the high power conversion efficiency. The
measurement result shows that the output power of the proposed
converter was achieved to be 462 mW. The ripple voltages and
load regulations at 1.8 V output and 3.3 V output were measured
to be 76 mV and 1.5 mV/mA, and 122 mV and 2.3 mV/mA,
respectively. The measured peak power conversion efficiency at
1.8 V output, 3.3 V output, and battery was 89.2%, 84.5%, and
86.4%, respectively. In addition, the measured quiescent current
of the PMC was only 1.6 pt/A. Compared with previous works,
the proposed converter achieved the widest input and output
voltage ranges, and the highest peak output power. In addition, it
achieved comparably high power conversion efficiency without
requiring an additional dc—dc converter or a low dropout regu-
lator for regulation. Therefore, the proposed SIMIMO converter
with the PMCis suitable for energy harvesting systems in various
IoT applications that require high peak output power, high power
conversion efficiency, high regulation characteristics, and low
power consumption.
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