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In the conventional approach widely used for multi-input energy harvesting
(MIEH), energy harvesting, energy combining, and power conversion are
performed integrally in an inductor sharing block through time multiplexing
operations, which is not suitable for hot-pluggable systems. In the MIEH
system proposed in this paper, an energy harvesting block (EHB) and a power
management block (PMB) are independent of each other to increase the
modularity of the system. Therefore, the EHB can be optimized to extract
maximum power from energy sources, and the PMB can be focused on
combining input energies and converting power effectively. This paper mainly
focuses on the design and implementation of the EHB. For light, vibration, and
thermal energy, the measured peak power efficiencies of the EHB implemented
using a 0.35 um CMOS process are 95.2%, 92.5%, and 95.5%, respectively. To
confirm the functionality and effectiveness of the proposed MIEH system, a
PMB composed of simple charge pump circuits and a power management unit

has also been implemented and verified with the designed EHB.
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1. INTRODUCTION

Recently, harvesting ambient energy to power small-sized electronic devices has attracted
considerable research interest. To achieve self-powering without batteries and near-permanent operation,
energy harvesting is already essential for the development of low-power and small-sized sensing systems
such as wireless sensor nodes [1]-[6] and wearable/implantable devices [7]-[9]. Several environmental
energy sources such as light, vibration, thermal, and radio frequency (RF) energy are utilized for energy
harvesting. These energies are typically converted into electrical energy using energy transducers such as
photovoltaic (PV) cells, piezoelectric (PE) transducers, thermoelectric (TE) generators, and rectifying
antennas. However, the power obtainable from a single energy source is limited to a few microwatts or less
for many applications [7]. Since energy transducers used in small electronic systems are limited in size, the
energy harvested is further limited. Also, the energy sources can be unstable. Thus, single-input energy
harvesting (SIEH) systems have limited application areas because they can only operate in limited operating
modes such as burst mode or active/sleep mode [10], [11]. In this mode of operation, the system activates
when there is enough energy and goes into sleep mode when there is insufficient energy available. Therefore,
harvesting energy from multiple available sources is desirable to increase the overall system reliability and is
currently considered a promising way to improve energy harvesting capabilities [12]-[29].
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Multi-input energy harvesting (MIEH) can be classified into homogeneous MIEH (HO-MIEH) and
heterogeneous MIEH (HE-MIEH) depending on the type of energy sources used. HO-MIEH utilizes multiple
energy sources of the same type such as PV cells (PVCs) [12], [13], PE transducers (PZTs) [14]-[16], and TE
generators (TEGs) [17], [24]. Obviously, HO-MIEH is more advantageous for increasing the overall input
power than SIEH. HO-MIEH is also useful for improving the dynamic range of an energy harvesting system.
For example, multiple differently sized PZTs can be used to utilize broadband vibration [15] or various types
of human movement [16]. However, the HO-MIEH system may not be suitable for maintaining system
operation because ambient energy sources are often irregular or intermittent depending on environmental
conditions. For example, outdoor light energy can be used only in the daytime. Thus, harvesting energy from
various types of energy sources, as in HE-MIEH, is more appropriate for improving the system sustainability,
in such a way that the system does not rely solely on energy sources of the same type. As an example, HE-
MIEH is the best approach for wearable electronics applications [7]-[9], where energy can be harvested from
multi-type sources such as body heat and movements, ambient light, and RF energy from hand-held devices.

A typical block diagram of SIEH systems is shown in Figure 1. The first part of the system, the energy
harvester, consists of a transducer that converts certain types of ambient energy into electrical energy and an
interface circuit that performs certain operations, such as maximum power point tracking (MPPT), to extract the
maximum available power from the energy source. The power management unit (PMU), the second part of the
system, conditions the power flow from the energy harvester to the output load. It usually consists of DC-DC
converters and associated circuitry to charge an energy storage device (ESD) (e.g., a super-capacitor or a
rechargeable battery) or to power the output load. To improve the system efficiency, the PMU and interface
circuitry should perform their given roles with very low power consumption. In MIEH systems, there is
another specific issue, which is energy combining. Combining energy from multiple sources should be
performed simultaneously and efficiently to minimize energy losses when merging the energies of individual
harvesters. MIEH systems can be classified into two types according to the order of energy combining and
power conversion as shown in Figure 2.

Energy Harvester [EH] Power Load
> Interface »| Management
Transducer <MPPT> Unit (PMU) Is'i':ﬁ;g‘;
L Device
(ESD)

Figure 1. Block diagram of a typical SIEH system

Energy
Combiner

Figure 2. Energy combining method in MIEH system: (a) basic method and (b) more efficient method

A straightforward method [18] for energy combining in a MIEH system is to merge the energy output
from each SIEH system as shown in Figure 2(a), where power conversion for each energy source is performed
first, followed by energy combining. The advantage of this approach is that the PMU can be optimized
independently for each energy source. However, when more energy sources are combined, the number of PMUs
increases, requiring more components, resulting in larger volume sizes, higher power losses, and higher costs. A
more efficient method [19]-[26] for energy combining is to merge the energy from each energy harvester first and
then perform power conversion on the merged energy as shown in Figure 2(b). This approach uses only one PMU,
thereby reducing system form factor, power loss, and cost. Therefore, most micro energy harvesting systems adopt
this approach. Table 1 summarizes the properties of recent MIEH systems using this approach.

Recently, a variety of energy combining techniques have been reported such as power ORing using
diodes [20], [21], selecting a harvester generating maximum instantaneous power [30], summing the output
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voltages from individual harvesters by stacking each storage capacitor [31], and sharing a single inductor for
power conversion [22]-[26]. The last of these methods has been the preferred and widely used approach
because it can harvest energy from all energy sources without large energy loss and has relatively high
system efficiency. In this approach, interface (MPPT), energy combining, and power conversion are generally
performed integrally in the inductor sharing block, switched-inductor circuitry, as shown in Figure 3. In the
inductor sharing block, a time-multiplexed operation is usually used for energy combining and for sharing of
the power stage between different input sources, resulting in a reduced number of components. However,
complex timing control is required to drive switches required for time-multiplexed operation, and controller
modification is inevitable to change the number of energy sources. This is because, when an energy source is
added, a new time interval must be allocated for energy harvesting from the added energy source, and if the
energy source is removed, energy is not harvested during the time period allocated to the removed energy
source. Therefore, this approach is not suitable for a hot-pluggable system in which addition or removal of an

energy source can be performed independently.

Table 1. Performance comparison of recent multi-input energy harvesting system

[19] [24] [25] [26] This work
No. of inputs 3 9 3 2 3
Type of sources Light, Vibration Light, Vibration Light, Thermal Vibration, Thermal Light, Vibration
RF Thermal Biofuel Thermal
Energy combine Parallel-connected  Inductor sharing Inductor sharing Inductor sharing ~ Charge pump
technique LDOs (PBQ) (time-mx) (time-mx)
Power conversion Band-band control ~ Buck-boost Buck-boost Boost Band-band control
MPPT None DC: FOCV IM (adaptive freq./duty) IM (PFM, PWM) FOCV
PE: SECE
Energy storage Capacitor Capacitor Battery Capacitor, Battery Capacitor
Peak N.A. 89.6 (PE), 89 82 95.2 (PVEI)
Efficiency (%) 81.0 (HV) 92.5 (PEEI)
63.8 (LV) 95.5 (TEEI)
Technology 0.13 um CMOS 0.32 um BCD 28 nm FDSOI 0.18 um CMOS 0.35 um CMOS
Input voltage (V) PV:1.0~2.5 PE: 0.7~5.0 PV:0.2~1.0 PE: 0.5~1.0 PV:1.4~5.0
PE:1.3~2.5 HV: 1.0~5.0 TE: 0.1~0.4 TE: 0.025~0.1 PE: 2.0~5.0
TE:1.3~2.5 LV:0.1~1.0 BF: 0.2~0.5 TE: 2.0~5.0
Output voltage (V) 1~1.2 <5V 0.4~1.4 1.2~1.8 1.8~2.0
Power /current 220pW 431nA 262nA 582nW 19uW

IM: impedance matching, mx: multiplexing, PBQ: priority-based queue, HV: high-voltage DC, LV: low-voltage DC, BF: biofuel,
N.A.: not available.
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Figure 3. Block diagram of a MIEH system using an inductor sharing block
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For power conversion in the inductor sharing approach, mainly boost [22], [23], [26] or buck-
boost [24], [25] type DC-DC converters are used. Sometimes, two types of converters (e.g., boost and buck-
boost [22], boost and buck [23]) may be used together to provide a regulated voltage to the load. For the
interface to achieve maximum power extraction in such a single-inductor architecture, an impedance
matching technique is usually utilized as a simple and low-power MPPT method. In this scheme, the input
impedance of the power converter is adjusted to match the internal impedance of the energy transducers by
controlling the effective switching frequency [22], [25], [26] or duty cycle [23], [25], [26] of the power
converter. For a simple MPPT implementation, a one-time setting during installation is performed to set the
switching frequency or duty cycle, assuming that the transducer’s internal impedance is known in advance.
However, the internal impedance of a transducer can change with environmental conditions. For example, the
TEG's internal impedance varies with temperature differences and can deviate by 12% from its nominal
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value [32]. Also, typical inductor has an inductance tolerance of at least £20%. In addition, the frequency
generated by on-chip clock oscillators is highly dependent on process, voltage, temperature (PVT) changes.
Therefore, this one-time setting method is difficult to effectively track the maximum power point (MPP).

In this paper, we propose a MIEH system in which the energy harvester block (EHB) and the PMU
block (PMB) are independent of each other to increase the modularity of the system. In the proposed system, as
shown in Figure 4, the EHB and PMB share the required work for the entire system and independently perform
the work given to each. Thus, the EHB can be optimized to extract maximum available power from energy
sources, and the PMB can be focused on the function of efficiently merging input energies and converting
power regardless of the number of active energy sources. In addition, since the two blocks are independent, it is
possible to add or remove energy sources without modifying the PMB. This paper mainly focuses on the design
and verification of the EHB using light, vibration, and thermal energy. MPPT, the main function of the EHB, is
implemented using the fractional open-circuit voltage (FOCV) method [33], which is simple but can achieve
relatively high accuracy. The FOCV method is based on the observation that the MPP voltage of an energy
transducer is linearly proportional to its open-circuit voltage. To confirm the functionality of the proposed
MIEH system, a PMB composed of simple charge pump (CP) circuits and a PMU with a band-band control
(BBC) function has been implemented and verified with the EHB. As a more efficient PMB, the buck-boost
converter using the priority-based queuing technique proposed in [24] is one of the optimal candidates. In
section 2 characteristics of the energy transducers used in this paper are described. The overall architecture of
the designed system and the implementation of its component blocks are described in section 3. Section 4
presents the obtained experimental results, and section 5 concludes the paper.

Energy Harvester Block [EHB] i Power Mal:gps‘l‘gl;"lent Block :
Interface 1 | i
——|Transducer l|—>| (MPPT) | Energy
Combiner

Interface 2
—»lTransducer 2'——' [MPPT] ! :

©-00

: : T
Interface n | = i
-b|Transnucer n MPPT) | :

Figure 4. Proposed MIEH system architecture

2. CHARACTERISTICS OF ENERGY TRANSDUCERS
2.1. Photovoltaic cell (PVC)

The MPP voltage of an energy transducer is a fraction of its open-circuit voltage (Voc), and the
relationship can be expressed as Vvppr = KmppVoc. The Kupp for PVCs usually ranges from 0.65 to 0.8, which
depends on the specific PV module being used and also depends on light intensity [33]-[35]. The PVC used in this
paper for harvesting light energy is a Solarbotics solar cell (SCC2422) [36]. Figure 5(a) is the equivalent
circuit [33] of the PVC used in circuit simulation, and Figure 5(b) is the I-V and P-V characteristic graph of the
PVC. Measurement results show that the PVC exhibits an open-circuit voltage (Vpvcoc) of about 3V, a maximum
available power (Ppvcmax = Prvemer ) of 4.5mW, and a Kviep 0f 0.7 at a light intensity of 40klux [35].

lpve lpvc/Peuc
VRU v . Pryc.mep
S + Ibvcsc-—— 7= — «
< N
D % v \
Isc | Dpv \ v

- > Vpvc
- Vevewrr  Vpucoc

(@) (b)

Figure 5. PVC: (a) equivalent circuit and (b) I-V and P-V characteristics

2.2. Piezoelectric generator (PEG)
Among the various methods used to convert vibration energy into electrical energy, PZTs utilizing
the piezoelectric effect are mainly used [10]. A PZT can be modeled as an AC current source /p and a parallel
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internal capacitor Cp as shown in Figure 6(a). The amplitude of the current source changes according to the
frequency and magnitude of the vibration. The output of a PZT is a kind of AC signal, so an AC-DC
converter (ADC) is needed to generate a DC signal. Figure 6(b) shows the I-V and P-V characteristics of a
piezoelectric generator (PEG), a PZT connected to an ADC. The Kypp for PEGs is 0.5. The PZT used in this
work is the Quick Pack QP20W [37]. The Cp value is 200nF. The open-circuit voltage (Vpeg,oc) is about 3 V,
and the maximum generated power (Ppegmax) is 125 uW at a frequency of 80 Hz and vibration amplitude of
7 m/s? [10].

PZT Ipec lpeg/Preg

T ————— - —

i i +

i ' AC-DC

:@: Ce = | Vezr |Converter| Ve

i Ip E [ADC)

i— ---------- *I * —* Veec.mer VPEG.OI?‘ Ve

(a) (b)

Figure 6. PEG: (a) architecture (a PZT connected to an ADC) and (b) I-V and P-V characteristics

2.3. Thermoelectric generator (TEG)

TEGs utilize the Seebeck effect of generating electromotive force when there is a temperature
difference between the top and bottom of the thermoelectric device. A TEG can be modeled as a voltage
source Vr connected in series with an internal resistor Rt as shown in Figure 7(a) [22]. Figure 7(b) is the I-V
and P-V characteristic graph of the TEG. The Kwpp for TEGs is 0.5. In this work, a 3-V source with a 15-kQ
series resistor is used to emulate the TEG device presented in [38]. It is also equivalent to 17 commercial
Thermo Life TEGs (Thermo Life™) [39] connected in parallel at a temperature difference of 3°C. The open-
circuit voltage (Vtec,0c) is about 3 V, and the maximum available power (Pregmax) is 150 pW.

hea/Pree
-
~— - - -
~ o >V
Viegmep Vregoe 0
(b)

Figure 7. TEG: (a) equivalent circuit and (b) I-V and P-V characteristics

3. DESIGN OF THE PROPOSED MIEH SYSTEM
3.1. Overall circuit description

The architecture of the proposed HE-MIEH system is shown in Figure 8. Three types of energy
sources are used in this design, but additional inputs can be connected in a hot-pluggable form, and the number
of inputs can be easily expanded. The EHB consists of three interfaces: a PV energy interface (PVEI), a PE
energy interface (PEEI), and a TE energy interface (TEEI). Each interface can be optimized independently of
the PMB to extract maximum power from its energy source. In each interface channel, the maximum power is
harvested from the energy source by an MPPT controller and delivered to the PMB. As mentioned in Section 1,
in this prototype design, the energy harvested from each channel is combined into a storage capacitor Csro using
simple CP circuits. The energy stored in Csro is then fed to the load through the PMU’s BBC. The power
harvested from small-sized energy transducers is usually not enough to drive load applications. To overcome
this mismatch problem, the active/sleep technique is implemented using a simple BBC function [35].
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Figure 8. Architecture of the proposed multi-input energy harvesting system

3.2. AC-DC converter (ADC)

To transmit the maximum power from the vibration energy harvester to the load, the ADC in the
PEEI should be designed with high conversion efficiency. In conventional passive ADCs using 4 diode-
connected MOSFETsS [40] or gate cross-coupled ADCs using 2 MOSFET switches and 2 MOSFET diodes [10],
the available output voltage is reduced due to the diode voltage drop, reducing overall efficiency. In this
paper, the active ADC [41] shown in Figure 9 is employed for AC-DC conversion without diode voltage
drop. The designed ADC consists of 2 NMOS switches and 2 active diodes, and the active diode is
implemented as a comparator and a PMOS switch.

J> 'Iq —5

- - -
+

Vezr

i= L

Figure 9. AC-DC converter for PEEI
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3.3. MPPT controller

The MPPT controller for each interface channel is shown in Figure 10. The controller has been
proposed in our previous work [42]. The pulse generator generates a pulse signal MC for periodically opening
the PMOS switch (SW1) to sample the open-circuit voltage Voc of the energy transducer. While SW1 is closed,
the energy harvested from the energy transducer is stored in Cpp, and the voltage Vpp equals the output voltage
of the energy transducer. For MPPT operation, load matching is performed by adaptively connecting the Vpp
node to the output node Vcp by turning the PMOS switch (SW2) on or off. The enable generator compares /pp
with the MPP voltages generated by the sampler to generate the EN signal, which is the control signal of SW2.
In practice, a reference voltage that corresponds to Vmpp/n instead of Vwpp is generated for proper operation of
internal circuits. In this design, the variable 7 is set to 6 for light energy and 4 for vibration and thermal energy.
The Kwpp is set to 0.7 for light energy and 0.5 for vibration and thermal energy. Details of the implementation of
building blocks and the operation characteristics of the MPPT controller can be found in [42].
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Figure 10. Proposed MPPT controller

The pulse generator consists of a clock generator and a 7-bit counter. The clock generator is a ring-
type oscillator and generates a clock signal CLK with a frequency of about 125Hz. As shown in Figure 11,
the MPPT pulse MC is generated once every 128 cycles of CLK. For light or thermal energy harvesting, the
pulse width of the MC signal is set to 1 cycle (about 8ms) of CLK. However, in the case of vibration energy
harvesting, it should be set to a longer time. To minimize the ripple of the rectified output when SW1 is open,
the PEG’s output capacitor Cpgg is set to a value greater than Cpyc or Creg. Therefore, when the MC signal is
high, the time it takes for the output voltage of the PEG to settle to the open-circuit voltage Vpegoc becomes
longer. In this design, the pulse width of the MC signal for the PEG is set to 12 cycles of CLK.

----------------- 128 cycles +

_,_' I L. _|_|_|_' i
ﬂlﬁm oFF | S_“"_ oN !?m oFF L

Figure 11. Timing diagram of CLK and MC

3.4. Charge pump (CP)

To confirm the effectiveness of the proposed MIEH system, the energy harvested from each
interface channel is combined using a capacitor-type CP as shown in Figure 12. The CP using dynamic
charge transfer switches [43] is advantageous in effectively turning off the switches while minimizing the
influence on the threshold voltage of the diode-connected MOSFETSs during charge pumping operation. The

designed CP consists of 5 stages, and the stage capacitance Ccp is 20pF.
Lhn

- Cecp

il

CLK1 p
CLK2 p-

Figure 12. Charge pump schematic

3.5. Power management unit (PMU)

Figure 13 shows the block diagram of the PMU designed for transferring the energy stored in Csto
to the load through the BBC control. The designed PMU consists of a power-on reset (POR), a reference
generator (BGR), two comparators, a latch, and a PMOS switch (SW3). When the voltage at the storage
capacitor, Vsro, reaches a predetermined maximum level Vstomax, SW3 is turned on, and the energy stored
in Csro is supplied to the load. Normally, the power required by the load is greater than the harvested power,
so Vsro decreases. When Vsro decreases to a predetermined minimum level Vsromm, SW3 is turned off, and

A multi-input energy harvesting system with independent energy harvesting block ... (Eun Jeong Yun)
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Csto starts recharging. Therefore, Csto is repeatedly charged and discharged, and Vsro is band-band
controlled between Vsromax and Vsromm. This simple power management concept has been implemented in
our previous work [35].

Vsmo SW3 Vioan
1 = | =
v o
I Csro POR Ve.max +'|]- Vsw
v <
POR Vsro
|
Vyer Vp "
BGR [ -Il —>
vrel Latch
<

Figure 13. Block diagram of the PMU

4. EXPERIMENTAL RESULTS

The proposed MIEH system has been designed and fabricated in a 0.35pum CMOS process and
occupies a die area of 3.91lmm?>. The chip photograph is shown in Figure 14. The values of the passive
elements used in the measurement are as follows: Cpp = 47uF, Csto = ImF, Cpyvc = Creg = InF, Cpeg = 1uF,
and Rroad = 10kQ. Measurements for PV energy are performed using a Solarbotics solar cell (SCC2422) at a
light intensity of 6.5klux, corresponding to the indoor illuminance. In this case, Vpyvcoc is approximately
2.3V, and Ppycmax is S00uW. To harvest PE energy, a commercial PZT (QP20W) from Mouser Electronics
is mounted on a shaker (Briiel & Kjer 4810), and the shaker is driven by a power amplifier (Briel & Kjer
2718) with the command signals from a function generator. In this measurement, the PEG is set to output a
Veegoc of 3V, and Ppegmax is 300uW. Measurements for TE energy are performed using an equivalent
circuit consisting of a 3-V source and a 15-kQ series resistor to emulate the TEG described in section 2. Its
PTEG,MAX iS 150}J.W.

Figure 14. Photograph of the designed chip

Figures 15-17 shows the measured waveforms when only PV energy is harvested. The waveforms
measured when the output of the PVEI is connected to a 3-kQ resistor instead of the CP are shown in Figure 15.
When the MCpyc signal generated at a period of 1 second is high, SW1pyc is turned off, and the open-circuit
voltage Vpvcoc of 2.23V is generated. While the MCpyc signal is ‘0°, the output voltage of the PVC is
maintained between 1.67V and 1.4V, and its average value is 1.54V, showing a slight difference from the
MPP voltage of 1.56V (0.7 times Vevcoc). Therefore, it can be confirmed that the PVC operates in the
vicinity of the MPP by the MPPT control. The output voltage Veppve follows Vpye while SW2pyc is on,
which corresponds to the active time the CP can operate.

The clock waveforms measured when the output of the PVEI is connected to the CP are shown in
Figure 16. It can be seen that while power is supplied from the PVEI to the CP, that is, while Vcppvc is high,
the oscillator in the CP operates to generate clock signals (CLK1pyc, CLK2pvc) of 3.67MHz. As can be seen
in Figure 17(a), the voltage Vsro of the storage capacitor is increased by the operation of the CP and then
band-band controlled by the PMU. The start-up time it takes to charge Csto to Vsromax (2V) through PV
energy harvesting is 66 seconds. The powering time it takes for Vsro to decrease from Vsromax to Vstomin
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(1.8V) due to current supply to the load (10k€) is 1.1 seconds. The charging time required for Vsro to increase
back to Vstomax is 7.5 seconds, so the duty cycle of the power supply to the load is 12.8%. Figure 17(b) shows
the change of Vsro and Vi.ad waveforms when the light intensity applied to the PVC changes from 7klux to
1.8klux. The duty cycle is 20% at 7klux, but decreases to 1.9% at 1.8klux.

[E200ns  0.0000s . Roll OOSton @@ 1/ 1 E3 85% B 50ns -50. 000ns . Roll OStes @ 1/ 163 65K
' Vrucoc '
V ’ ; .
/\MA/\/\_/\_/\H/\/W VPVB 1.67V 1.4V
1 A\,‘_//\N.\
18 '
€ ——————————— = > | I
MCeye ‘
A Maxinum 2.23v
B Mininun 1. 45V
CIED Maxinum 1. Bav
D:ED Mininun 593nV
Edge _§& © De 7. 44v

[+ 340mv

Figure 15. Waveforms of the PVEI measured at 6.5klux: (a) Vpyc and MCpyc and (b) Veve and Veppve
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Figure 16. Clock waveforms of the charge pump
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Figure 17. Waveforms of Vsto and V1. (a) when only PV energy is harvested and
(b) when the light intensity changes from 7klux to 1.8klux

Figure 18 shows the measured waveforms when the output of the PEEI is connected to a 4.3-kQ
resistor. The output Vpzr of the PZT, which is an AC-type signal, is converted into a rectified signal Vprg by
the ADC. While the MCpeg signal is ‘1°, the ADC’s output capacitance becomes Cpeg, and Vegg has a
relatively large ripple voltage of up to 180mV. On the other hand, while the MC signal is ‘0, since Cpp is
added to the output of the ADC, the ripple voltage decreases to a few millivolts. Since Cpeg affects both the

A multi-input energy harvesting system with independent energy harvesting block ... (Eun Jeong Yun)



1388 O ISSN: 2502-4752

Vpeg,oc tracking time and the ripple voltage, it should be optimally selected with an appropriate value. The
output voltage of the PEG is band-band controlled between 1.21V and 1.68V by the MPPT control.
Excluding the time when Vergoc occurs, the average voltage of Vegg is 1.45V, which is slightly smaller than
the MPP voltage (Veegmpr = 1.5V), but it can be seen that the PE energy is being harvested near the MPP.
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Figure 18. Waveforms of the PEEI: (a) Vpzr and Vpeg and (b) Veeg and Veppea

When the output of the PEEI is connected to the CP, the operating characteristics of the CP and
PMU are similar to those of PVEI shown in Figure 16 and 17. The measured characteristics of the TEEIL a
thermal energy interface channel, are also similar to those of the PVEIL. The measured power efficiencies of
the interface channels in the designed EHB are shown in Figure 19. The peak power efficiency of the PVEI,
PEEL and TEEI is 95.2%, 92.5%, and 95.5%, respectively. Compared to the other two cases, the overall
efficiency of the PEEI is inferior because the pulse width of the MC signal for sampling the open-circuit
voltage is relatively long, reducing the energy harvesting time. In addition, the use of an ADC causes an
additional reduction in power efficiency.

Figure 20(a) shows the comparison of Vsto waveforms for single-input energy harvesting, i.e., when
PV, PE, and TE energy are harvested separately. In the case of PV energy harvesting, the start-up time is the
fastest, followed by PE energy harvesting. The duty cycle is also the largest for PV energy harvesting. This is
because the maximum available power of the input devices used in this experiment is the largest in PVC at
500uW, followed by PEG at 300uW, and TEG at 150uW. Figure 20(b) shows the results of energy
harvesting for single input, dual input, and triple input cases. Their detailed characteristics are summarized in
Table 2. As expected, as the number of inputs increases, the start-up time decreases, and the duty cycle
increases. These results confirm the functionality of the proposed MIEH system.

—— PVEl —— PEEl —— TEEI

Power Efficiency w/o CP (%)
3 3 8 8 8

~
Q
1

100 1k 10k
Load Resistance [Q]

Figure 19. Power efficiency graphs of the EHB interfaces

Table 2. Vsto characteristics for multi-input energy harvesting
Start-up time (s)  Powering time (s)  Charging time (s)  Duty cycle (%)

PVC 66 1.1 7.5 12.8
PVC+TEG 49 1.2 39 235
PVC+PEG+TEG 34 1.5 2.6 36.6
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Figure 20. Comparison of Vsto waveforms for (a) single-input energy harvesting and
(b) multi-input energy harvesting

5. CONCLUSION

This paper presented a MIEH system where an EHB and a PMB are independent of each other. The
EHB has been implemented using three interfaces: a PVEI, a PEEI, and a TEEI. Each interface has been
optimized independently to extract maximum available power from its energy source using the proposed
simple MPPT controller based on the FOCV method. The measured peak power efficiencies of the PVEI,
PEEI, and TEEI are 95.2%, 92.5%, and 95.5%, respectively. The functionality and effectiveness of the
proposed MIEH system have also been experimentally verified by implementing the EHB with a PMB
consisting of simple charge pump circuits and a power management unit. In the proposed system, the number
of inputs can be easily expanded due to its high modularity. In addition, since the EHB and PMB are
independent, it is possible to add or remove energy sources without modifying the PMB.
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