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Fully Integrated Low-Power Energy Harvesting
System With Simplified Ripple Correlation
Control for System-on-a-Chip Applications

Minseob Shim

and Chulwoo Kim

Abstract—This paper presents a fully integrated energy har-
vesting (EH) system that even includes an input capacitor and a
simplified ripple correlation control (RCC) maximum power point
tracking (MPPT) method for low-power system-on-a-chip appli-
cations. The proposed system implements the RCC block with a
charge pump (CP) that can be integrated into the chip, instead of
the inductive switching converter that is commonly used for con-
ventional RCC methods. The CP changes the input impedance by
changing the size of the flying capacitor to ensure system reliabil-
ity. The simplified RCC method is implemented using a low-power
analog divider operated in a subthreshold region. A test chip fab-
ricated in a 180 nm CMOS process achieves over 95% MPPT
accuracy with a very small input capacitor of 5 nF and a low quies-
cent current of 2.6 1A. The chip size of the entire system is 8 mm?,
and the harvested power range is from 6 W to 1.4 mW.

Index Terms—Energy harvesting (EH), fully integrated, low
power, maximum power point tracking (MPPT), photovoltaic (PV)
cells, ripple correlation control (RCC).

I. INTRODUCTION

MALL, battery-operated devices such as wearable devices,
S wireless sensor nodes for Internet-of-Things, mobile de-
vices, and implantable bio-devices can benefit significantly from
energy harvesting (EH) as batteries do not need to be replaced
as often. Photovoltaic (PV) cells are widely used in energy
harvesting systems because they can easily generate the elec-
trical power from various light sources, and many types of PV
cells fulfill application demands or environmental conditions by
changing the cell structure or using different elements such as
mono/polycrystalline [1], [2], thin film [3]-[5], HI-V [6], amor-
phous [7], [8], or perovskite [9]. Each PV cell has a high-power
conversion efficiency that can reduce the cell area and weight or
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has a flexibility and a cost efficiency that can increase the util-
ity and coverage of many applications. Additionally, thin film
capacitor [10], [11] or battery [12], [13] technologies become
improved by increasing their energy density or flexibility with
various materials. However, many conventional energy harvest-
ing systems have external components such as a bulky inductor,
control chips, or large-size input capacitor that increases the
system area by using the printed circuit board (PCB), as shown
in Fig. 1. This large-size system, because of the external compo-
nents, impairs its utility; most importantly, it impairs flexibility
in the wearable applications. Therefore, the fully integrated en-
ergy harvesting system, incorporating the input capacitor, is
significant for both the small-size and flexible applications.
The PV cell has a maximum power point (MPP), as shown in
Fig. 2. The MPP tracking (MPPT) is also a key technology in the
energy harvesting system for maximizing the harvested energy
in various environmental conditions. Many MPPT methods have
been presented for the PV cell [14]. Perturb and Observe (P&O)
or hill-climbing MPPT methods [15], [16] that track the MPP
step by step and a fraction open-circuit method (FVOC) [17],
[18] that can sense the MPP using an open-circuit voltage are
commonly used in solar energy harvesting systems. However,
the P&O and the hill-climbing method need to store the previous
output power value of the harvester using a complex algorithm.
The FVOC method must disconnect the power path periodically
and is not a true MPPT method. For this reason, the EH system,
using the FVOC method, should have the harvester character-
istic information to achieve a high MPPT accuracy. The ripple
correlation control (RCC) method [19]-[26] can sense the MPP
directly using the output voltage and the current ripple from the
dc power source or the PV cell, and it has a very simple but fast-
tracking algorithm. The study in [19] presents the conventional
structure of hardware control blocks for the RCC; however, this
structure uses two differentiators and three analog multipliers
with some amplifiers. The work in [22] reduces the components
by calculating the power value; however, it still uses a multiplier
and some amplifiers. The study in [23] also uses two multipli-
ers with many RC components and amplifiers. Several different
approaches to improve the RCC algorithm were proposed in
[24]-[26]. However, they used the commercial microcontroller
chip [24], [26] or DSP [25] for implementation with other
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Advantages of the fully integrated system that can improve the utility of many applications. (a) PV cells and thin film batteries/capacitor of the solid

and flexible types. (b) Comparison of the EH system with external components and the fully integrated EH system. (c) Fabricated chip of the fully integrated EH
system with a simplified RCC MPPT method and many smart devices, which can apply the fully integrated EH system.
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Fig. 2. Maximum power point of the photovoltaic cell.

external components such as a current sensor, passive com-
ponents, and amplifiers. Additionally, RCC methods are com-
monly implemented in the switching converter with a bulky
inductor to cover a large input power over a few watts, and
because they utilize an analog multiplier [27], [28], which has
a complex structure, it is not suitable for low-power systems.
To address this problem, the proposed system not only fully
integrates the entire system into a single chip with 3.6 mm X
3.6 mm size by applying the RCC method to the charge pump
(CP)—which can cover a wide harvested power range from 6
uW to 1.4 mW instead of inductive switching converter—but
also maximizes the power extraction from the PV cell using a
simple algorithm and low-power consumption.

This paper is organized as follows. Section II describes the
simplified RCC method using a low-power analog divider, and
the impedance matching of the CP is presented after explaining
the conventional RCC method. Section III presents measure-
ment results and comparison tables obtained from conventional
RCC methods and other low-power energy harvesting systems
to show that the RCC system is suitable for low-power applica-
tions. The paper is concluded in Section IV.

II. FULLY INTEGRATED ENERGY HARVESTING SYSTEM
WITH A SIMPLIFIED RCC METHOD

A. Conventional RCC Method for MPPT

Fig. 3 shows the principle of the RCC method. The RCC
uses the time derivative of the voltage between the harvester
output and a battery charger (Viy) and the power graph (PN) to
calculate the MPP. It compares the time derivatives of Vy and
P~ (VIN and PIN) such that when VIN and PIN have different
polarities, Vix is higher than the MPP voltage (Vjypp); otherwise,
Vin is lower than Vypp. The relationship between Vi and PN
can be expressed as follows:

Vix x Py = .
Vin X (Vin x Iy + Vin x Iiv) >0, Vixn < Varpp
Vin X (Vin X Ix + Vin X I1n) <0,  Vix > Varpp

ey

From these simple equations, the RCC method can calculate
the actual MPP value, which requires only the present battery
charger input voltage and current. Therefore, it does not require
any stored or preprogrammed values. To calculate the MPP,
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Fig. 3. Conventional structure and principle of the ripple correlation control
MPPT method.

two differentiators and three multipliers are needed. The four-
quadrant analog multiplier [27] or analog multiplier with some
amplifiers [28] is commonly used. However, the four-quadrant
analog multiplier requires many MOSFET stacks for each current
path, and the amplifier-based analog multiplier has a complex
structure with many components. Therefore, it can comprise a
large portion of the total power dissipation of the harvesting
system by reducing the area efficiency and the input voltage
range.

B. Structure and Principle of the Proposed Fully Integrated
EH System With Simplified RCC

Fig. 4 shows the overall architecture of the fully integrated
energy harvesting system with the simplified RCC method. The
proposed system integrates not only all control blocks for bat-
tery charging but also the input capacitor Ciy. The PV cell of
the indoor target generates tens of W to a few mW. Therefore,
on-chip capacitors with nF sizes can be used, and it suppresses
the ripple voltage under 10% of the input voltage with a switch-
ing frequency in the hundreds of kHz and increases the MPPT
speed because of the small size of the input capacitor. Therefore,
the fully integrated energy harvesting system, incorporating the
integration of the input capacitor, reduces the design cost and
increases the area efficiency.

The proposed system uses the CP instead of the inductive
switching converter, which is commonly used for the conven-
tional RCC method because it can be easily implemented in the
chip. The time interval of the discharging phase is very short;
therefore, the proposed RCC method senses the Viy and Iy val-
ues during the charging phase. In this case, the time derivative of
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Vin (VIN) always has a positive sign; thus, (1) can be expressed

as
(Vin x Iix + Vix x I1n) > 0,  Vix < Varpp } 2

(Vin x Iy + Vix x I1n) <0, Vix > Varpp

where VIN and jIN have the opposite sign. Therefore, (2) can be
further simplified as

VIN

vl > oy Vin < Ve &)
\% i
| <|7x|> Vin > Vuep

Equation (3) shows that two analog dividers can be used to
calculate the MPP instead of the three multipliers mentioned
earlier. Fig. 4 also shows the differentiator structure consisting
of the one amplifier, resistor, and capacitor, and it converts the
time derivative of the input signal to the dc voltage based on
the reference voltage (Vrgr). Two differentiators are needed to
sense the time derivative of Viny and Ijy, and the conversion
gain of the differentiator does not affect the equation for RCC
if they have the same conversion gain. Both the input signal and
feedback loop are applied to the minus port of the amplifier.
Thus, the time derivative of the input signal and the converted
dc voltage has opposite signs. The equation error is not due
to ripple voltage of Ijy because the time derivative of Ijy has
a negative sign during the charging state. However, the time
derivative of Viy has a positive sign, and it introduces the error
when we compare the values of VIN/VIN and fIN /Iix . For this
reason, Vi is applied to the differentiator through the negative
unit gain buffer.

Most energy harvesting systems are self-biased; therefore,
the input or output voltage of the power converter is used for
the supply voltage control blocks. However, the supply voltage
can be changed depending on the harvesting environment, and
it can reduce the reliability of the circuit operation. Therefore,
the proposed system adopts a system clock generator with a
supply voltage (Vpp) tolerance to account for the supply voltage
changing problem and a low-power voltage multiplexer [29] that
chooses the higher voltage between the input and output voltage
of the CP (Vin, Vour). This is because a higher voltage should
be used for the switching control of the CP; however, Viy can
be higher than Voyr during the start-up phase.

C. Low-Power Analog Divider for a Simplified RCC Method

Fig. 5(a) shows the analog divider, which consists of two V-
converters and one current divider. Both V- converter and cur-
rent divider have very simple structures with a few MOSFETS,
and each current path is composed of two MOSFET stacks; thus,
they can be operated well when the supply voltage is small. The
differentiator outputs VIN and fIN have an offset value caused
by the Vrgr voltage and it introduces the calculation error in
the RCC method, as shown in Fig. 5(b). To solve this problem,
the V-I converter, which has a mirroring part [30], is used to
remove the offset value and increase the MPP calculation ac-
curacy. The Vi and Iy values do not need this mirroring part;
however, it has a ripple caused by the charging and discharging
phase of Cy. Therefore, an RC filter is used before applying
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the Vi and Iy values to the V-I converter. The current divider
has a very simple structure with only seven MOSFETs and one
resistor. The proposed analog divider has a total of ten current
paths from the supply voltage to the ground. Therefore, each
current path should consume a very small current, of a sub-uA
level, and the divider is operated in the subthreshold region for
the low-power design. In the subthreshold region, the MOSFET
generates a tiny current, and even the small gate—source voltage
(Vigs) is lower than the threshold voltage (Vy); however, it ex-
hibits an exponential dependence on Vs [31], [32], as shown
in Fig. 6(a). The MOSFET current is also affected by the drain—
source voltage (Vps) of the MOSFET (channel length modulation)
[31], [32], as shown in Fig. 6(b). However, this effect can be re-
duced by increasing the length of the MOSFET; furthermore, the
node voltage changes Vx, Vy, and V of the current divider are
small during the dividing operation because nodes Vy and Vy
consist of a negative feedback loop by MPr and MP, and the
small voltage change V7 is needed to control the output current
(Iout) owing to the operation in the subthreshold region. For
example, if we simulate the N-MOSFET with a length of 2 ym
and a width of 4 pm, then it requires approximately 200 mV
Vs voltage to change the MOSFET current from 1 to 100 nA.
However, the change in current is only approximately 3% when
Vps is changed from 1 to 2 V. Therefore, the channel length
modulation can be neglected and the MOSFET current can be
derived as

Vas
kT

IMOS = Isub . 6(

kT - .
( : thermal voltage, n = C;Cdp> (4)
q ox

where kT'/q is the thermal voltage Vi, Cy is the gate oxide
capacitance, and Cy., denotes the depletion capacitance between
the channel and the substrate. If the MOSFET size for the current
mirroring between MP,4 and MPp, is the same, the current of
MPp is I,of and the current of MP( is Ig. All the P-MOSFET
in the current divider are of the same size. Therefore, IoyT can
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be expressed as
¢(VDD-Vy)
_ T I ~ (q(vDD-V,)
Igias = Lsup - e( T >,ln ( ilﬂAbs) — ( D
Ip \ _ dVx _ qVy
In (Isub> — nkT nkT "’
Vy _ ¢VDD Ipias | _ Ip
nkT — nkT In Tsup In Teun

Lot _ qVz _ qVy
hl( sub ) nkT nkT

WV _ Lot DD Ipias | _ I3
nkT —ln(kuh)Jr mr I (F) I (75

(VDD -Vy)
WET — Isiag-Ip
nof

Iovt = Ly - e(

3

Iour o I]%, and Ipas@QIp = Iyof
Q)
This equation shows that the current /oyt is proportional to
I /Ior and it can be operated as the current divider, as shown
in Fig. 5(c). The current Ioyr can be easily converted to the
voltage (Virce or Vyree) using a resistor, and Vigree and Vyree
are applied to the clocked comparator to control the capacitor
array of the CP.

The entire set of MOSFETS in the analog divider is operated in
the subthreshold region, and each current path has nA or tens of
nA level value. Additionally, the bias current Igjas can control
the Ioyr current level using (5). For this reason, the power
consumption of the divider can be very low, and the current
value of each path can be easily controlled by changing Igjas or
mirroring ratio.

D. Impedance Matching With the Capacitor Array

To regulate the voltage of Vin to Viypp, the input impedance
(Zv) of the CP should be matched. Fig. 7(a) shows that most
energy harvesting systems with a CP change the switching fre-
quency (fcrLk) or the number of stages (Nstagge). However, the
frequency change can reduce the MPPT accuracy, and the power
dissipation of RCC control blocks needs to be designed for the
fastest frequency. For this reason, the proposed system adopts
a ramp generator with Vpp tolerance [29] to maintain the con-
stant switching frequency without any voltage regulator, such as
alow-dropout regulator and changes the size of the flying capac-
itor (Csizg) to control the input impedance of the CP. Fig. 7(b)
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shows the flying capacitor array designed using a binary capaci-
tor sizing approach featuring seven control bits, and it can cover
a few kilo-ohms to hundreds of kilo-ohms. This is sufficient
to cover the range of tens of W to a few mW for low-power
applications.

III. MEASUREMENT

Fig. 8 shows the test environment setup for the proposed
system. AM-1815 and AM-1816 indoor-type PV cells are used
for the test. A light stand can control the light intensity with the
analog lever. The light intensity can be controlled from 10 to
2000 Ix, and the PV cell generates a few micro-watts to a few

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 5, MAY 2019

milli-watts power. The MPP of the harvester in the different light
density conditions is sensed using a Keithley 2000 multimeter
and the variable resistor. The dc power supply is used to control
test options such as the ramp generator frequency, the output
driver voltage level, and the current source level.

Fig. 9(a) and (b) shows that the MPPT operation when the
input power (PN) of the harvesting system from the PV cell
is changed from 15 W to 1.5 mW or 1.5 mW to 15 uW,
respectively. The MPPT operation is done within tens of a mil-
lisecond with the impedance matching using the capacitor array
control. The MPPT accuracy (nvppr) and the power conversion
efficiency of the CP (7)¢ony) can be defined as

’ P

MPPT —PMPP )
where Pypp is the measured maximum power from the PV
cell and Poyr is the harvested power of the EH system. The
MPPT circuits of the system change the capacitor size for the
impedance matching, and the input ripple voltage is suppressed
under 10% of the voltage at the MPP. Thus, the tracking accuracy
is larger than 95% of the overall input power range, as shown in
Fig. 9(c). Fig. 9(c) also shows the power conversion efficiency
of the CP and the peak conversion efficiency is 74.6%.

The proposed system integrates all control blocks and power
converter, including an input capacitor of 5 nF, by applying
the RCC method to the CP. Therefore, the system can reduce
design cost and increase area efficiency. The RCC algorithm
of the proposed system is much simpler compared with other
conventional RCC methods. The analog divider, which is the key
block of the RCC control block, is operated in the subthreshold
region; thus, whole circuits are efficiently implemented using
some MOSFETs and RC components, and it can cover ultralow
power applications, as shown in Table I. The simplified RCC
method is also presented to calculate the correct MPP with a
small input power and large ripple condition compared to the
other EH systems with RCC; additionally, they cover the wide
harvested power range (approximately 230 times from minimum
to maximum) with a very simple structure.

Table II shows the performance comparison with other low-
power energy harvesting systems that have a different MPPT
method. The proposed system can cover a wider harvested power
range among the CP-type EH systems, and the total capacitance
size per the harvested power is small compared with other low-
power EH systems. The EH system with a ripple voltage sensing
method [33] dissipates very low power. However, this method
has to use the preprogrammed look-up table (LUT), and it can
reduce the utility of the system by limiting the types of the PV
cell. A dual-output energy harvesting with an output voltage
monitoring MPPT method [34] also has a lower quiescent cur-
rent; however, this method must increase the number of MPPT
circuits, comprising a sample and hold circuit for output volt-
age monitoring, hill-climbing logic, control voltage generator,
and voltage-controlled oscillator, when the number of output is
increased. The EH system with the FVOC method [18] has the
highest power conversion efficiency; however, it uses a bulky in-
ductor and input capacitor. The two-dimensional hill-climbing
method [15] also has a good power conversion efficiency;

Pout
Py

Tlconv = (6)



SHIM et al.: FULLY INTEGRATED LOW-POWER ENERGY HARVESTING SYSTEM WITH SIMPLIFIED RCC 4359

~——— Down MPP Tracking ~ - UP MPP Tracking ———
3.8V ;
T——— \ Regulation AN A
) ‘7‘v‘\‘N‘-“!-'-\V.‘N/.‘.‘A‘.‘IV‘M\A‘HV!W ANV ' Regulation
iy Increases the light intensity

Reduces the light intensity

10—

i
|

T

LSB+1 ‘ : LSB+1 ‘
| |MPPT MPPT | 1
ey s (| M Large i ‘ Small
MSB Impedance MSP 100ms Impedance
. : J . ‘ /
(a) (b
100- Maximum MPPT Accuracy = 99%
o e — " T
a ~ 90- Minimum MPPT Accuracy = 95%
-
£ = 80
S %07 Maximum Power Conversion Effiiency =746 %
<Z 701 " Tttt ., ..,
= |
a O 60 \J
Sz |
=& 50 |
-~ l —&— MPPT Accuracy
40 —@— Power Conv. Eff.
] . T b T b T b 1 =
0.0 03 0.6 0.9 1.2 15
Harvested Power (mW)
©

Fig. 9. Measurement results of the simplified RCC MPPT. (a) Down MPPT. (b) Up MPPT. (c) MPPT accuracy and the power conversion efficiency of the CP in
the whole harvested power range.

TABLE I
PERFORMANCE COMPARISON TABLE WITH RCC EH SYSTEMS
This Work Midya, PESC Lim, EL Esram, TPE Kimball, TPE Bazzi, TPE Barth, TPE
bl 1996 [19] 2000 [20] 2006 [23] 2008 [24] 2014 [25] 2015 [26]
Process 0.18 um CMOS Off-chip Off-chip Off-chip Off-chip Off-chip Off-chip
Converter Type Boost CP Inductive Boost | Inductive Boost | Inductive Boost | Inductive Boost | Inductive Boost | Inductive Buck
Input Voltage (V) 0.8-5V <20V <14V <20V <20V Not reported <18V
Harvested Power (Poip) | 6 pW- 1.4 mW <33.27TW <9.75W <40W <346 W <123W <254 W
. RCC with e
MPPT Algorithm | Simplified RCC RCC RCC RCC Discrete-Time | gy opmy | Dithering Digital
RCC " RCC
Seeking Control
1 Neg. UG buffer 2 Amplifier . 2 Inverting Amp.| 16-bit Micro Micro cont.
. 2 Differentiator | 2 Differentiator |  2Amplifier 2 HPF Cont. (ADC, g (ADC)
RCC Implementation . e 2 Differentiator i (2 HPF, 2 Mult., .
2 Analog Div. 3 Multiplier 1 Multiplier 1 Integrator Multiplier) Discrete Integ.) 3 Signal Amp.
1 CIk. Comparator| 2 Comparator 1 2 Multiplier 4 Switches ) & 2LPF
Impedance Matching | # of Flying Cap. Duty cycle Duty cycle Duty cycle Duty cycle Duty cycle Duty cycle
MEFT Aven. P/ Eare) 99/95 100/97.9 100/96.5 96.3/94 98.3/97.5 99.4/97.4 99.97/99.3
Max./Min. (%)
Input capacitor SnF 22 uF 470 nF 10 pF Not Reported Not Reported 88 uF

Fully Integrated
Control blocks /with Yes No No No No No No
Input Capacitor
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TABLE II
PERFORMANCE COMPARISON TABLE WITH LOW-POWER EH SYSTEMS
This Work Lee, VLSIC Ozaki, JSSC Chen, ISSCC Liu, JSSC
2013 [33] 2015 [34] 2015 [18] 2016 [15]
Process (.18 pm CMOS 0.18 pm CMOS 0.18 um CMOS 0.5 pum CMOS 0.18 pm CMOS
Converter Type Boost CP Boost CP Boost CP Indl_mm‘, Reconfigurable CP
Buck/Boost
Input Voltage (V) 0.8—-5V 0.25-0.35V * 0.35-0.6V 3.6V ** 045-3V
Harvested Power (uW) 6— 1400 0.02-1.4 <396 10— 15000 <50
- Ly Ripple Voltage Sensing|  Output Voltage e 2-Dimension
MPPT Algorithm Simplified RCC with LUT Monitoring Fractional VOC Hill-Climbing
Impedance Matching # of Flying Cap. Conversion Ratio Frequency Recycling Freql‘lenc_\:,
# of stages
MPPT Accu. (Pry/ Pypp) .
q
Max./Min. (%) 99/95 98 /94.6 Not Reported Not Reported 98.3/97.5
Peak Power Conversion
EfL. (Ppx / Poups %) 74.6 Not Reported 75.8 93 81
Quiescent Current 2.6 pA 34nW 510 nA Not Reported 384pW
or Power Consumption
Fully Integrated Control
blocks /with Input Yes Yes Yes No Yes
Capacitor
Total Capacitor (nF) *** 6.25 Not Reported 4,05 4700 2,05 ok
*Optimum input voltage range.
“*Regulated input voltage of the converter at measurement.
“**Total integrated capacitance in the chip.
“***Storage capacitor only. The capacitance of the CP is not reported.
however, the power consumption of the control block is rel- REFERENCES

atively high considering the harvested power range.

IV. CONCLUSION

The proposed EH system with a simplified RCC technique is
fabricated in a 180-nm CMOS process, and it can incorporate a
fully integrated energy harvesting system including an input ca-
pacitor. The proposed method uses a very simple algorithm that
only compares the ratios 1% /V and I /I; additionally, the analog
divider consumes a very small current because of its operation
in the subthreshold region. Therefore, the proposed system can
achieve a meaningful performance for low-power applications
using a low quiescent current of 2.6 pA. The simplified RCC
method adopts the CP as the power converter instead of the
inductive switching converter for integration, and it can match
the input impedance by changing the flying capacitor array size,
which can cover from 2 to 500 k€). The tracking accuracy is
larger than 95% and the peak power conversion efficiency of the
power converter is 74.6% with the wide harvested power range
from 6 W to 1.4 mW. The size of Cy is only 5 nF, and the total
capacitor size of 6.25 nF including the CP is relatively small
when we consider the harvested power range. The whole chip
area is 8 mm?; however, the control block of the RCC occupies
only the small area of 0.56 mm?.
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