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ABSTRACT This article proposes a highly efficient Time-Based Maximum-Power-Point-Tracking (TB-
MPPT) integrated-circuit. Conventional TB-MPPT circuit shows unstable status (oscillation) near the
Maximum Power Point (MPP), which causes the degradation of the overall power tracking efficiency.
To overcome this critical issue, the proposed circuit separates the tracking operation into two periods,
and it utilizes convergence range averaging technique with an adaptive perturbation step according to
each control signal to accurately extract the current power level without oscillation problem. This work
is fabricated in 180 nm CMOS process to demonstrate advantages of the proposed scheme. With 0.47V
12mW Photovoltaic (PV) cell, the measurement results show 94.2% of MPPT efficiency and 91.6% of power
conversion efficiency (PCE). It occupies silicon chip area of 1.69 mm?.

INDEX TERMS Convergence range averaging technique, dc-dc converter, energy harvesting system,

time-based MPPT, two-period tracking algorithm.

I. INTRODUCTION

Most low-power IoT systems such as wearable biosensors
and biometric devices are battery powered, and the batteries
used in these systems typically contain only a small amount
of limited energy due to the requirement for the small size
of the target application. Therefore, periodic recharging is
essential [1], [2], and this recharging is mainly performed
through energy harvesting sources which can supply elec-
tronic circuits for an almost infinite lifetime. In addition,
because energy harvesting sources can be placed close to the
device, transmission losses caused by long cables can also be
eliminated. Because of these advantages, studies on numer-
ous energy harvesting sources including Photovoltaic (PV)
cells [1], [3]-[13], TEG [14], and methods of using vibra-
tion [15] or RF signals [16], [17] have been discussed in
the literature. Among these, PV cells is one of the most
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FIGURE 1. DC energy harvesting systems.

promising candidates that can be used in IoT systems due to
its low cost and high-power density. Fig. 1 shows a simplified
block diagram of an energy harvesting system (EHS) with PV
cells. The energy collected from the PV cells is converted to
the appropriate voltage and current values through a DC-DC
converter in the Power Management Block (PMB) and then
provided to the loads such as ADCs, sensors, and DSP circuits
in target systems. One of the elements that plays a very impor-
tant role in PMB is the Maximum-Power-Tracking-Point
(MPPT) circuit. Since Maximum Power Point (MPP) can
vary with irradiance and temperature, the MPPT circuit is
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used to provide maximum efficient extracted power to the
load and it ensures that the EHS always operates at its MPP.
Several MPPT methods have been studied and they can
be classified into two categories, direct MPPT and indirect
MPPT. In the direct MPPT algorithm, extracted power of
the PV cells is directly sensed and tracked by controlling
the internal signal of the DC-DC converter accordingly. The
simple example is the Perturbation and Observation (P&O)
scheme [18], [19]. In this scheme, the extracted power is
periodically estimated by measuring the output voltage and
current, and is compared with the previous extracted power
level. Then, the comparison result is used to control the MPPT
circuit. Although the direct MPPT is an intuitive approach,
the system suffers from the need to continuously monitor
the extracted power of the PV cells using a built-in voltage
and current sensor. Due to the power consumption issue, it is
not suitable for ultra-low-power 10T systems. To solve this
problem, the researchers have studied indirect MPPT algo-
rithms that can estimate the extracted power without using
the sensors. Among them, Time-Based MPPT (TB-MPPT),
a technology that monitors the timing information of DC-DC
converters, is commonly used. For example, the extracted
power can be estimated by measuring the pulse width of
the power switch [3]. This algorithm alleviates the power
consumption problem, but one of the drawbacks is that the
MPPT circuit oscillates near the MPP, resulting in reduced
power tracking efficiency.

In order to solve the oscillation problem and reduce the
hardware overhead (power and chip area), this article pro-
poses a highly efficient TB-MPPT method which is mainly
performed through digital blocks. The proposed scheme is
based on a hill climbing algorithm with two-period tracking
operations and convergence range averaging technique.

This article is organized as follows. Session II describes
the operation of the conventional TB-MPPT, along with
key design parameters, and discusses the performance lim-
itations. Then, the proposed scheme will be presented in
Section III. The overall architecture and circuit-level imple-
mentation of the proposed TB-MPPT circuit are presented
in Section IV. Section V shows the measured performance
and comparison results with previous state of arts. Finally,
the conclusion is given in Section VL.

Il. TB-MPPT CIRCUIT

A. GENERAL PRINCIPLE OPERATION OF

TB-MPPT CIRCUIT

Fig. 2 shows the block diagram of the previous EHS with
TB-MPPT circuit [3]. The TB-MPPT circuit must match the
impedance of DC-DC converter with output impedance of PV
cell to extract maximum power. The impedance of DC-DC

converter can be expressed as
Vpy 2.L
Ipy

ey

where the Vpy and Ipy are the output voltage and current
of the PV cell, L is the inductor inside the converter, t; is
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FIGURE 2. Block diagram of previous EHS with TB-MPPT circuit.

time information of ¢, and f; is the switching frequency.
As we can see from (1), the impedance of DC-DC converter
(Vpy/Ipy) is inversely proportional to the t;, and this shows
that the extracted power could be tracked by adjusting the t;.
In addition, the extracted power is strongly related to the time
information of ¢ as the following equation

1 2.L.Ppy
t) = ) ()
VLoaD fs

where t, is time information of ¢, V1 oap is output voltage of
DC-DC converter, Ppy is extracted power from PV cell. In the
ideal case, VioaD, fs, and L are constant. Hence, the Ppy
is directly proportional to t; and Ppy could be estimated by
measuring the t. Even though the parameters t; and t, are
explained separately from the (1) and (2), those parameters
are closely related to each other. Once the impedance of the
DC-DC converter is tuned by adjusting the t;, the Ppy will
be affected. Then, the system could detect the changes in Ppy
by monitoring tp, and tries to track the MPP by changing the
t1. This closed-loop fashion control continues until the MPP
is tracked. The TB-MPPT operation is as follows. Firstly,
the ‘Time Estimation’ block compares the voltage at VL. oap
and Vprain nodes to properly decide the tp. This block
follows the Zero-Current Switching (ZCS) algorithm which
will be explained in detail in Section IV-B. The t, will be
sent to both ‘DPWM’ (Digital Pulse Width Modulator) and
‘Digital Comparison’ blocks. In ‘DPWM’, t; is converted into
control pulse ¢ that turns the Mp on and off. And the ‘Digital
Comparison’ block compares the current and previous t, to
see if there is any change in the timing information. This oper-
ation determines the tracking direction of the ‘P&O’ block
that will eventually control the pulse width of the My signal
(¢1). By repeating this tracking procedure, the MPP could be
found. Then, the DC-DC converter provides extracted power
to the load.

B. LIMITAION OF PREVIOUS TB-MPPT CIRCUIT

The previous TB-MPPT is useful because the extracted
power and impedance of DC-DC converter are expressed
in time domain information. This simplifies the circuit
as it can be implemented using digital circuit. However,
the closed-loop feedback based on hill-climbing progresses
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FIGURE 4. Timing diagram of previous TB-MPPT.

shows an oscillation near MPP as shown in Fig. 3. Initially,
there is no power transfer to the load side. When the power
transfer reaches its MPP, the system oscillates without staying
at the MPP. In particular, three tracking points are existing
around the MPP. The tracking point ‘1’ and ‘3’ are far from
the MPP compared to ‘2’. This makes the extracted power
from PV cell degrades and the overall performance of the
TB-MPPT circuit will also be deteriorated. Based on our
estimation, this oscillation problem lowers the overall power
transfer by 6%-7%. In addition, according to (2), the t; is
not strictly proportional to Ppy. Due to the voltage ripples
occurring at the VL poap node, ty fluctuates and therefore the
tracking operation does not perform the desired behavior.
To alleviate this issue, a large t; step could be considered.
But the oscillation problem worsens once the unit step of the
t; becomes large as the tracking system moves the tracking
point far from the MPP during the oscillation as shown
in Fig. 4. Any single step in t; could make a change in t;.
Therefore, careful consideration is required to determine the
appropriate step size for both t; and t;.

IIl. PROPOSED TB-MPPT CIRCUIT

As mentioned in the Section II, there are two possible spots
that could be improved for the overall power transfer per-
formance. First, the system parameters (especially t; and t)
should be fixed at MPP (or near-MPP) to solve the oscillation
problem. Also, the unit step size of t; and t, has to be decided
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FIGURE 5. Proposed TB-MPPT circuit timing diagram.

carefully to prevent an unwanted fluctuation on the t, and
also for accurate tracking process. To achieve the first goal,
finding the MPP without oscillation, we adopted a conver-
gence range averaging technique that finds the mean value of
t; over a period of time. The idea behind this technique arises
from the fact that the MPP is close to the middle point of
convergence range, i.e., the average value of t; over a certain
period time. Fig. 5 illustrates how to determine the steps of t;
through the hill-climbing process. Initially, the system starts
from the left-most step with the minimum t; value. Since the
t; is not large enough, the system increases t; by a unit step
and eventually reaches the MPP at t; \pp. Once the t; value
goes beyond the t;_\pp, the system still continues to move the
t; such that tracking system requires a reverse change in t;.
The system rather toggles the direction of change in t; at the
step where the t; is at the top of the convergence range. A sim-
ilar movement would happen when the system moves t; value
back to the t;_ppp again. Once this repeated behavior happens
during the MPP tracking operation, the value of t; near the
MPP will mostly happen throughout the tracking process.
Then, the MPP could be approximated by taking the average
value of t; (tj_avg) during the tracking period. To measure
the average value, we employ the ‘Digital Average’ block
and make the system use the t;_,y, after tracking period such
that no further oscillation happens. Note that, to get accurate
tracking point, fine granularity of t; is desirable as the t|_avg
will have a small gap to the MPP. In this scenario, if t; and
ty are having the same step size, then the fine t; step also
means a small step for t;. Hence, a small voltage ripples on the
Vioap node affect the changes in t; more frequently with a
fine t, step. On the other hand, there is a possibility of having
a large convergence range once the t; would have a fine step
which leads to less-optimal average value for MPP. To prevent
these issues, our proposed TB-MPPT circuit has adaptive step
size for t; and t,. In particular, the t; shows a single transition
whereas the t; code changes several steps in convergence
range. To find the optimum step size of t;, we check the gap
between t;_uye and the t;_vpp at different unit step size of t;
as shown in Fig. 6. Obviously, with a coarse t; step, the t;_ayg
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FIGURE 7. Proposed TB-MPPT circuit flow chart.

is far from the t;_ppp. When the t; step becomes around 50ns,
the system is saturated near the MPP and this corresponds to
the 8-bit resolution. Based on this characterization, we have
chosen an 8-bit resolution of t; for our proposed TB-MPPT
circuit.

The overall operation flow of the proposed TB-MPPT
algorithm is illustrated in Fig. 7. Once the system starts oper-
ation, the current extracted power information ‘ty(n)’ is com-
pared to the previous one ‘to(n-1) to check if extracted power
has been changed. Depending on the comparison results,
the controller on the t; side determines the change direction
of t;. Regardless of the changes of t; in the current stage,
the selected code for t; is monitored and recorded using an
additional logic so that the system can define the t;_»yg for
the predefined number of cycles. In our work, the system
repeats this update process until the number of cycles reaches
256 times. Then, the t;_,yg Will be calculated and applied to
the system. At this stage, the system holds the t;_aye which is
the optimal tracking point. Note that, the system periodically
repeats this tracking process to update the MPP even with an
environmental change such as light intensity variation.

IV. CIRCUIT IMPLEMENTATION

A. OVERALL ARCHITECTURE

The overall block diagram of the EHS with proposed
TB-MPPT circuit is shown in Fig. 8. The basic compo-
nents of the system, such as PV cell, DC-DC converter,
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FIGURE 8. Block diagram of EHS with proposed TB-MPPT circuit.

and the RC load are maintained to be the same as the con-
ventional system. Instead, many functional blocks (Mode
Controller, 2:1 MUX, and Digital Average) are added inside
the TB-MPPT block to handle the oscillation problem. Note
that, the ‘Time Estimation’ and ‘Digital Comparison’ blocks
from Fig. 2 are renamed as ‘Zero Current Switch’ (ZCS)
and ‘Hill Climbing Logic’ (HCL) with a proper modifica-
tion inside. The basic operation of the proposed TB-MPPT
circuit including the additional logics for the convergence
range averaging technique can be explained as follows. The
ZCS first determines a time duration ty based on the level
comparison between incoming voltages from Viopap and
Vprain node. The t; is converted into a pulse through the
‘DPWM’ before presenting to the Mp. At the same time, tp
is also provided to the HCL to update the t; as a part of
the MPP tracking process. The basic idea of the tracking
process in HCL is simple. Depending on whether extracted
power level reflected in t; is larger or equal (smaller) than
the previous level stored in memory, the HCL keeps (inverts)
the current tracking direction and updates t; by a unit step.
Corresponding t; value is fed into the ‘Digital Average’ and
‘MUX. In the ‘Digital Average’ block, the incoming t; code
is accumulated for a certain period to take the t;_aye. If the
‘Digital Average’ block outputs the t_ayg, the ‘MUX’ passes
the t;_ayg from the ‘Digital Average’ to the ‘DPWM’. Oth-
erwise, the ‘DPWM’ uses nominal t; value directly from the
HCL unit. The changes in t; value represent that the effec-
tive impedance of the DC-DC converter is changing to find
the MPP under the current system environment. The overall
operation flow with estimated waveforms is shown in Fig. 9.
In Fig. 9(a), the voltage variation on Vpy node during tracking
period and period using t;_ayg are shown depends on the
state of the DctrL signal. Note that, here the Dctrr, signal
indicates that the system is under tracking period (or average
evaluation period) during the signal has low state. The system
averages t| code for 256 times, then the DcTrr signal shows
a transition to high once the average calculation is done. Then
the system uses t1_avg Which is close to MPP point. The t|_avg
is used for a certain period of time based on the system timing
controller. After 256 cycles, the system forces Dcrry, code
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FIGURE 9. (a) Timing diagram of proposed MPPT circuit, (b) 1 switching
cycle ZCS waveform.

to low such that environmental variation could be tracked to
update the MPP. The Fig. 9(b) shows the DC-DC converter
waveforms at steady state. Specifically, the relation between
¢1 and ¢, also the corresponding inductor current flow (I)
are shown. The I is charged when the My is turned on
(1 = high) and discharged when the Mp is turned on
(¢p2 = low). The ZCS unit determines the zero current cross-
ing point and turns the Mp off to prevent losing power.

B. ZERO-CURRENT SWITCH (ZCS)

The ZCS is used as a power monitor part of the tracking loop
in the proposed TB-MPPT circuit. It is targeted for preventing
losing power due to the zero current detection timing issues.
The basic idea of its operation comes from the inductor-
volt second and t; would have the relation defined below

Vpy.t; 3)

="
VLoap — Vpy

In this relation, both the voltages Vpy and Vipap are the
variables that restrict the usage of open-loop ZCS. Instead,
closed-loop ZCS [14] could be exploited in this design and
its implementation is illustrated in Fig. 10. Here the upper
part describes a DC-DC converter and load side schematic to
show the connection between main timing signal (¢1, ¢) and
the ZCS part. As mentioned in the previous section, the t;
represents the time duration of the My, and it is generated
from HCL that utilizes the t, from the ZCS. To achieve the
ZCS operation, the t; needs to follow the relation in (3). Since
this equation shows the relation between t; and t; with respect
to two voltage levels across the Mp, the ZCS operation could
be implemented by comparing the voltages at Vpran with
V0oap nodes immediately after the Mp is turned off. In case
the Mp is turned off too quickly, this means the current ty
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FIGURE 11. Schematic of HCL and its timing diagram during tracking
period.

is shorter than the required value and the remaining inductor
current in L turns on the parasitic diode across the Mp. This
forces the voltage at Vprain go to beyond the Vipap level.
On the other hand, if the Mp is turned off too late (if t is
longer than needed), the inductor current reverses direction
and the voltage level at Vpran node goes below the Vi oap
level, and even becomes lower than zero. To find the optimum
timing, a simple feedback logic could be utilized to determine
the proper value of t; by comparing the Vprain and Vi poap.-
The bottom block diagram of the figure shows the actual
implementation of the ZCS part. The comparator at the begin-
ning stage receives voltages from Vpran and Vi pap nodes
and determines whose level is higher. If Vpran is higher
(lower) than Vi pap, only the Add (Sub) pulse goes high. This
makes the output from SR latch high (low). Depending on
the level of SR latch output, the ‘Pulse Generator’ increases
(decreases) the t; by a single step. This process is repeated to
achieve zero current crossing point of the inductor current.

C. HILL CLIMBING LOGIC (HCL)

The output from ZCS part (tp) is presented to HCL and
is used to determine the perturbation direction in t; in the
next time step. Fig. 11 shows the schematic of HCL and the
corresponding expected waveforms during tracking period.
Once the current power information in t; is sent to the
‘Digital Comparator’ block, the previous t; code is stored in
D-Flip Flops. The comparison result (Cp) is used to control
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the perturbation direction of t;, which is denoted as ‘in_de’
signal. Here the logic is rather simple, if the current extracted
power level is greater than or equal to the previous level,
then Cp becomes logic high. Then t; keep moving in the
same direction. Otherwise, the direction of perturbation is
reversed using the XOR gate, since the Cp is low. Finally, t
is increased or decreased by a unit time step, according to the
polarity of the ‘in_de’ signal from the ‘Up/Down Counter’.

D. DIGITAL AVERAGE BLOCK

The Digital Average block is used to estimate the average
time duration of t; over 256 iterations. We have used an
averaging technique based on chopping LSB data after accu-
mulating 256 times of t; to reduce the power and silicon area
overhead. Note that, the 8-bit time resolution of t; is used
based on the case study in Section III. The schematic of the
‘Digital Average’ block is shown in Fig. 12. The t; is summed
up using a full adder for 256 cycles during tracking period.
Here the ‘256 Cycles Counter’ monitors the number of cycles
passed during the accumulation period and makes the ‘Digital
Average’ stop accumulating to generate the average value.
Once the number of collected cycles reaches 256 times,
the ‘Full Adder’ is being reset and the t;_,y, is simply esti-
mated by taking the first 8 bits of the output from 16-bit
full-adder as mentioned. This simple method contributes to
comparable power consumption of the proposed TB-MPPT
system as compared to the previous works.

E. DPWM BLOCK

The DPWM block gets the time information (ti, t) from
the previous stage and converts this into the pulse whose
width is proportional to the incoming code. Fig. 13 shows
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the simplified block diagram of the DPWM [20]. Initially, the
‘Once-shot Generator’ is used to generate a pulse (DpyLsg)
which maintains logic high for a short duration. This short
pulse prevents both inputs of the next SR latch from being
enabled to logic high at the same time. The rising edge of
DpuLsk sets the SR latch output (Q) to logic high. Meanwhile,
DpuLsg goes through the ‘Cycle Controlled Delay Line’ and
being delayed by the amount dictated from the incoming code
D [0:7]. The rising edge of delayed pulse (Dr) resets the SR
latch to logic low. Hence, the duty cycle of Doyt can be
expressed as

tdelay

Duty cycle of Doyt = .100% )

tperiod

where the tgelay is distance from rising edge of Dpypsg to
rising edge of DR, and tperiod is 1 switching cycle of DC-DC
converter. The tgelay is adjustable using the 8-bit code, D [0:7].

V. MEASUREMENT RESULTS AND COMPARISONS

The proposed TB-MPPT circuit along with a DC-DC
converter was implemented in 180 nm CMOS process.
Fig. 14 shows the die photo of the fabricated chip where
the active area of the proposed chip is 1.3mm x 1.3mm.
The majority of the area is occupied by the power switches
and HCL. Fig. 15 shows the measurement setup for EHS
where a halogen lamp is used as an adjustable light source.
We first monitored the time duration of ¢ and ¢, i.e. t;
and tp, and also the performance of the ZCS logic. We chose
the time resolution for t; as 50ns and the proposed system
harvests the energy from a 7 x 22 mm? PV cell. The resultant
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TABLE 1. Comparison with prior arts.

JSSC [3] JSSC [7] JSSC [6] ISSCC [21] .
2012 2013 2016 2018 This work
Technology 350nm 190nm 350nm 28nm 180nm
Fractional Direct
MPPT method Indirect MPPT Open- MPPT Direct MPPT Indirect MPPT
circuit
Photovoltaic, Photovoltaic
Energy sources Thermoelectric ~ Photovoltaic ~ Photovoltaic =~ Thermoelectric Photovoltaic
and Vibration and Biofuel
Input voltage to 0.15-0.75V 02-1V
power converters Photovoltaic v 10-43v Photovoltaic 0.47V
Adaptive
Switching frequency 31.25KHz 330KHz 1MHz frequency 30KHz
40KHz-500KHz
In—bu1lq Maximum Power Yes No Yes Yes Yes
Extraction
Peak Tracking Efficiency 96% N 94.2%
for Photovoltaic (Oscillation) N/A 94.2% N/A (No oscillation)
Maximum Output Power 10mW N/A 21W 60mW 12mW
Peak Efficiency of power 87% 87% 99 99 899% 91.6%
converters
Chip area 25mm? 0.75mm? 8.1mm? 0.5mm? 1.69mm?

MON AUG 19 20:57:16 2019
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FIGURE 16. Zero current switch waveform.

waveforms are shown in Fig. 16. The measured t; and t; show
6.4us and 420ns of time duration, respectively. Regarding
the performance of ZCS logic, we have drawn a dashed box
on the waveform of inductor current (Ip) at the top. This
point is followed by the sharp decrease of the I during
¢> is low. As shown inside the box, there is no upward or
downward peaking and it is exactly showing zero-level at the
end of ¢» which means our ZCS logic works as intended. The
MPP tracking performances under various light conditions
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and shading condition are shown in Fig. 17. To emulate
indoor illumination, various light intensities of 400, 600, and
800 lux were used. Fig. 17(a, b, and c) show the tracking
performance under different light intensities where the blue
dashed line at the top shows the maximum extracted power
level (Pypp). As can be seen from the figure, once the pro-
posed MPPT circuit uses t|_aye, the extracted power (Ppy)
reaches 6mW, 8.67mW, and 11.3mW which results in 91.2%,
92.2%, and 94.2% of tracking efficiency, respectively. Our
convergence range averaging technique during the tracking
process is also shown in all the waveforms where there is
some repeated behavior during the tracking period and after
that, the waveform shows a steady state near the MPP without
oscillation that might cause efficiency degradation in the
previous approach [3]. Fig. 17(d) shows the performance of
the proposed MPPT circuit under shading condition. As we
can see, the MPPT circuit can return to normal condition
after being interrupted. The dynamic tracking performance
of the proposed system is also evaluated by varying the light
intensity from the initial value as shown in Fig. 17(e, f).
The two light intensities of 600 lux and 800 lux were used
in this evaluation. The proposed MPPT circuit is capable of
tracking light intensity transitions in real-time and extracts
the maximum power immediately. The Vpy shows a gradual
change from 470mV (@800 lux) to 450mV (@600 lux), and
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FIGURE 17. MPP tracking performance of proposed TB-MPPT circuit under (a) 400, (b) 600, (c) 800 lux conditions, (d) Shading condition,

(e) Transition from 800 to 600 lux, (f) Transition from 600 to 800 lux.

vice versa. This confirms that the operation of the proposed
system is consistent under different conditions. Before mov-
ing on the comparison table, let us briefly mention the power
consumption analysis of the proposed system. Start from the
previous TB-MPPT circuit with a hill-climbing algorithm,
the two periods tracking algorithm and convergence range
averaging technique have been adopted for the efficient MPP
finding. As can be seen from Fig. 18, the power consumption
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of HCL including the additional digital logics just occupies
2% of total power. Regarding the detailed power number,
the entire power consumption of the system is 0.95mW,
where the Power Switches and Buffer part consume most of
the power, 69%. The ZCS, and DPWM consume 18%, and
11%, respectively. Based on these power numbers, the power
conversion efficiency turns out to be 91.6%. Finally, Table. 1
shows a comparison between the previous state of arts and
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the proposed system. All the PV systems except the work
in [6] target low-power PV systems and harvest less than tens
of mW from sources. Concerning the peak tracking efficiency
for PV cell, the work in [6] shows a similar level of efficiency
to our work, whereas peak efficiency of power converter
reaches up to 99.9%. These superiorities are due to the fact
that the system in [6] targeted a high-power PV system where
the power consumption of the MPPT circuit can be neglected
in comparison to the total power of the EHS. On the other
hand, the peak tracking efficiency from [3] is slightly higher
than our proposal, but, the number in [3] is obtained from
taking the closest point to MPP where the two other points
are far from the MPP during steady state. As the proposal
from [3] naturally has an oscillation problem near the MPP,
we are expecting that the peak tracking efficiency would
show some drop from the maximum point. In conclusion,
the proposed TB-MPPT circuit for DC-DC converter shows
a good accuracy in both peak tracking and power conversion
whereas consuming a reasonable power in comparison to the
other works targeting similar applications.

VI. CONCLUSION

This work proposes a TB-MPPT circuit for DC-DC converter
which utilizes a PV cell as an energy source. The proposed
circuit solves the oscillation problem of the previous work
by exploiting the two-period tracking algorithm and conver-
gence range averaging technique with an adaptive perturba-
tion step. Based on the circuit techniques we proposed, peak
tracking efficiency of the system has been increased by ~7%
whereas the additional power consumption is less than 2%
of the total power budget. The test chip was implemented
in 180 nm technology, and achieves the tracking accuracy of
94.2% and the conversion efficiency of 91.6%.
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