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Abstract—This paper presents design of a Maximum
Power Point Tracking (MPPT) circuit and its functionality for tuning the maximum power transfer from
an energy harvester (EH) unit. Simple and practical
“Perturb and Observe” (P&O) algorithm is investigated
and implemented. We describe the circuit functionality
and the improvements that have been introduced to
the original algorithm. The proposed MPPT design is
divided into three main blocks. The output signal is being
generated by the PWM or PFM block. The tracking
speed has been enhanced by implementing a variable step
size in the “Tracking Block”. Finally, the overall power
consumption of the MPPT circuit itself is controlled
by the “Power Management Block”, which manages
delivering the clock signal to the rest of the circuit. The
RTL code of the proposed MPPT has been created in
Verilog, synthesized and placed-and-routed in a general
purpose 130 nm CMOS technology.
Index Terms—Maximum Power Point Tracking; Perturb and Observe; Variable Step Size; Variable Frequency

agement block, which fine-tunes its operating point
accordingly, is crucial. The vast majority of MPPT
circuits is based on a digital control of the energy
harvester implemented in a feed-back loop. One of
the most widely used algorithms for MPPT is called
“Perturb and Observe” [2–4]. As the name suggests, it
perturbs a given parameter of a specific EH signal (e.
g. frequency, duty cycle, amplitude, etc.) and compares
the actual power transfer value with the previous one.
These differences may vary in size, therefore we have
implemented the variable step size for faster tuning of
the maximum power point. Because EH helps extend
battery life, there is no need to operate at the highest
clock frequency even after converging to the current
total efficiency. In order to ensure the lowest quiescent
power consumption, the circuit operates with variable
clock frequency depending on the change of input
power magnitude of the energy harvester.

I. I NTRODUCTION

II. M AXIMUM P OWER P OINT T RACKING

Once upon a time, the electronics were not developed or it was underdeveloped, so people thought about
what and how to make from the mechanical parts.
However, recent technologies and possibilities enable
development of better and better electronic devices.
Nowadays, we experience a major boom in Internet
of Things (IoT). We try to connect well-nigh all the
electronics to the Internet so that we can monitor or
control it remotely. We look for free parking places
in towns via smartphones, monitor car tire pressure
via on-board computer, control household appliances
with voice and etc. We just want to have everything
SMART. During the development, more and more
emphasis is placed on the functionality at lower supply
voltage and reducing their total current consumption.
That is why many portable or wearable devices need
to be battery-powered, only. Energy harvesters can
also help to prolong the battery life of given electronic systems. EHs are increasingly becoming an
integral part of many electronic applications, mainly
the sensor systems [1]. The stand-alone harvesters that
work without the support and management circuit,
rarely deliver the output power with the maximum
efficiency. Furthermore, the enviromental conditions
of the EH will inevitably vary over time, so a man-

The MPPT algorithm ensures the optimal usage of
energy harvesters in general. [5–7]. For example, it
helps the DC-DC converter to increase or decrease the
output voltage based on the conditions of the energy
source, in order to maintaining the power transfer
efficiency. This adjustment is achieved by tuning the
PWM / PFM signal used for switching the power
transistors within the DC-DC converter. A feed-back
loop is used, so the power transfer is always maximized
under any operating conditions. In Fig. 1, we can see
the block diagram of the proposed digital MPPT design
with added improvements in the power management
block. Our entire design is described in Verilog at
Register-Transfer Level (RTL).
A. Tracking System
As mentioned before, the MPPT tracking system is
based on the Perturb and Observe method [8, 9]. It is
a direct algorithm that measures the generated voltage
and current in the real time, or in other words, the
instant power transfer. The Tracking System, which
is a part of the block diagram in Fig. 1, has two
outputs and five inputs including the clock and global
reset signal. Inputs like voltage and current are 8-bit
numbers, from which the instant power is calculated.

ISBN 978-80-261-0892-4, ©University of West Bohemia, 2020
Authorized licensed use limited to: Univ of West Bohemia in Pilsen. Downloaded on November 05,2020 at 10:50:49 UTC from IEEE Xplore. Restrictions apply.

Clock Request

Average

Voltage

Power
management

Current

PWM
frequency
System
Clock

Tracking
system

Clock to TS

PWM compare
value

Output

PWM / PFM

Clock to PWM

NRST

Fig. 1: Block schematic diagram of the proposed
MPPT.
Due to expected fluctuation of the input values, we
implemented their averaging, which in return improves
the stability and accuracy of the feed-back loop. The
number of samples involved in the averaging process
is determined externally through a 2-bit input called
”Averaging”. The states on this 2-bit bus do not directly
refer to the exact number of samples, but they are a
custom form of code that conceals the exact number of
averaging samples. In our propose we work with the
number of samples 1, 8, 32 and 64. After the average
value is calculated for the input values, the actual
current and voltage values are compared with their
previous values. In Fig. 2, one can observe, that after
this step there are two different possible events, which
are executed in the same time. In the first case, the duty
cycle of the output PWM signal increases or decreases
based on the evaluation of the input conditions. The
resolution of the duty cycle step size is determined
by the 8-bit output called ”PWM compare value”. In
the second case, the input frequency of the Tracking
System block is changing based on the magnitude of
the instant power change. More information and deeper
description are discussed in the following subsection of
the paper.
START

V[n], I[n]

Number of Samples

to reduce the MPPT internal power consumption as
much as possible, we created a module that manages
the distribution of the variable frequency clock signal
to the Tracking System and to the PWM/PFM block.
As shown in Eq. 1, one way to reduce the dynamic
power consumption of a digital circuit is to reduce its
operating frequency.
Pdynamic = α.CL .V 2 .fclk

(1)

The first step to reduce the power consumption is
externally set the output PWM frequency. It is possible
to use an 8-bit input value, called ”PWM frequency”.
The second, and for us one of the most effective options to reduce the power consumption, is the dynamic
change of clock frequency for the Tracking System
module. Since it constantly compares the actual value
of the power with its previous value, it is possible
to determine the change of working frequency. If the
change of detected power transfer is low or close to
zero, the MPPT has tuned the energy harvester to the
maximum power point and therefore there is no need
for delivering a high clock frequency to the Tracking
System block. It itself evaluates and sends requests to
the Power Management module to keep or change the
clock frequency as shown in Fig. 3. These requests
are sent as a 2-bit number via bus called ”Clock
Request”. As with the Tracking System, it is not a
direct code but a custom interpretation of a request.
Power Management evaluates these requests and then
distributes the System Clock signal via divider to the
Tracking System. Frequency dividers are sequential
circuits made of counters. These are sensitive to the
rising edge of System Clock and therefore the highest
frequency we can supply to the Tracking System is
a half of System Clock. The dividing ratio which we
have chosen varies by the decimal value and, due to
the above-mentioned property of the sequential circuit
also by a multiple of 2. The resulting split ratios are
thus 2, 20, 200 and 2000.
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Fig. 2: Flow Chart of Tracking System.
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B. Power Management
The proposed MPPT block is a digital synchronous
circuit that needs a clock signal to function. In our
case, it is called ”System Clock”, which enters into
the Power Management. It is based on the Request
and Response method and frequency dividers. In order
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Fig. 3: Flow Chart of Power Management.
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In the previous subsection II-B, the setting of the
operating frequency of the PWM block was mentioned.
As one can see, in Fig. 1, an 8-bit bus called ”PWM
frequency” is used for a static PWM frequency setting.
The design itself consists of a comparator and an 8bit counter that increments from 0 to 255 by 1 at
the clock rising edge. This ensures a constant signal
period. The duty cycle is based on the compared value
which is coming from the Tracking System depending
on the power changes on the MPPT input. From the
flowchart in Fig. 4 one can see that if the counter value
is less than the compared value, on the output there is
logic 1, otherwise logic 0 is asserted. Moreover, during
incrementing, until the counter is not in the overflow
state, it is not possible to update the compare value
from the Tracker System in order to avoid changing
the frequency. Default state of the duty cycle is set to
50 %. This setting is based on the assumption that the
Maximum Power Point is situated around the center of
the ideal curve, so in the real case, the tuning will take
considerably less time.

main constrain, in our case, was already mentioned
power consumption. A very effective way of reducing the power consumption is to decrease the supply
voltage VDD . The system remained fully functional
with VDD = 0.4 V in all process and temperature
corners. Table I summarizes the simulated average
power consumption of the proposed MPPT design. As
expected, the highest demand for power occurs with
fast transistors and high temperature. However, the
power consumption is almost fourteen times lower with
VDD = 0.4 V, typical transistors and ambient temperature than in same conditions with VDD = 1.2 V. The
Fig. 5 depicts the dependence of power consumption
as a function of supply voltage at typical process and
ambient temperature. The dependence is expected to be
quadratic (Eq. 1). The lowest power supply voltage the
system could tolerate in all process corners was found
to be VDD = 0.4 V. Therefore, the deeper investigation
has been carried out with mentioned supply voltage
level.

3.0µ
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The MPPT output stage is designed to be modular.
For a DC-DC converter, it is possible to implement
Pulse Width Modulation (PWM) or Pulse Frequency
Modulation (PFM) to drive the power transistors
switching the inductor or transformer [10]. In our
design, PWM generator is primarily used. Its output
signal is rectangular with constant frequency, but with
variable duty cycle, which is defined by equation Eq.
2.
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Fig. 5: Power consumption as a function of power
supply voltage at nominal conditions.
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Fig. 4: Flow Chart of PWM

Fig. 6 shows the dependence of average power consumption with VDD = 0.4 V as a function of ambient
temperature for the worst, best and nominal fabrication
process corners. The dependence is exponential and
varies over wide range of values, as expected. However, the average power consumption never exceeds
11 uW / MHz and in the nominal operating conditions,
the power consumption remains firmly in the range of
nW, which is truly astonishing result for such an old
fabrication process.
IV. C ONCLUSION

III. P OST-L AYOUT S IMULATION R ESULTS
A complete RTL design has been synthesized and
placed-and-routed in 130 nm CMOS technology using
Cadence tools. The total number of standard cells is
860 including the clock tree and physical cells with 11
229 µm2 of occupied area (approx. a square of 106
x 106 µm) and totaling with 10 110 transistors. The
finished physical design has been afterwards imported
into the analog environment and simulated in various
PVT conditions with clock signal of fclk = 1 MHz. The

We presented the design of the MPPT circuit using P&O algorithm, which is a part of the energy
harvesting system. The emphasis of the design was
focused on the non-functional parameter, namely the
total power consumption. As mentioned above, one of
the ways to significantly reduce power consumption
is switch the operating frequency of the circuit to a
lower value. We succeeded in the improvement of the
P&O method, where a variable convergence step based
on a large variability of differences in the input power
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TABLE I: Average power consumption of the proposed MPPT in various PVT conditions.
Pavg (uW/MHz)
Process Corner
T = -20 ◦ C
T = 27 ◦ C
T = 85 ◦ C

VDD = 1.2
SS
TT
1.27
2.18
1.72
5.93
5.72
28.5

V
FF
5.84
24.6
111.4

VDD = 0.6 V
SS
TT
FF
0.245
0.326
0.741
0.317
0.947
3.81
1.01
5.47
21.1
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Fig. 6: Power consumption as a function of temperature
for lowered supply voltage.
over time, was implemented. This means that tuning
the Maximum Power Point takes less time than tuning
with a constant step. This is closely linked to our added
Power Management enhancement. It changes and distributes the working frequency to the Tracker System,
which after the convergence to the MPP sends a request
to reduce the clock frequency to the minimum. The
proposed design has been successfully synthesized
and placed-and-routed in 130 nm CMOS technology.
The average power consumption (leakage and dynamic
combined) was simulated in all process and temperature corners with three different supply voltages. The
worst-case power consumption with VDD = 0.4 V is
Pavg = 10.1 µW/MHz, while in typical process and
temperature conditions, it falls safely into the nW
range. Namely, Pavg = 0.42 µW/MHz, which represents more than 14 times reduction from the nominal
value (TT, 1.2V, 27◦ C). The circuit area requirements
are negligible, if compared to the rest of the analog
circuitry included in the EH system.
As for our future plans, MPPT block can be improved
in a functional and non-functional side, as well. One
of the improvements we intend to address next, is to
further reduce dynamic circuit power consumption by
adding more clock gating points and finding a tradeoff between the power consumption and convergence
rate to the MPP. Another improvement to the MPPT
circuit which will also increase the Energy Harvester
efficiency in derated conditions, is the dynamic switching of the MPPT output block between PWM and PFM
output signal to DC-DC converter.
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