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Abstract

Internet-of-things (loT) devices utilising energy harvesting often use solar cells as their harvester. The
same solar cells can also be used to sense illuminance (in lux). Current and voltage sensing systems are
researched. Also, the accuracy limits of the system are researched to see what accuracy is expected. Dif-
ferent design options, based on the maximum power point (MPP), open-circuit voltage, and short-circuit
current are compared. A design based on floating-point (FP) logic and a look-up table (LUT) are made
in Verilog. The final LUT design is synthesised using Cadence Genus and verified using an FPGA and
Cadence Spectre circuit simulator. The design has an area of 1.46 mm? and has an average power con-
sumption of 121.68 yW. It can sense illuminance with an average error of 7.0% and a maximum error of
15.9%, in arange of 188 - 6130 Ix for an indoor solar cell, and with an average error of 4.7% and a maximum
error of 13.5% in a range of 272 - 43400 Ix for an outdoor solar cell.






Glossary

@ Short-circuit current temperature coefficient (A/°C)
A Solar cell diode ideality factor

AC Alternating current

ADC Analog-to-digital converter

8 Open-circuit voltage temperature coefficient (V/°C)
B Charge pump conversion ratio

Cinput Current sensor input capacitance

Cos MOSFET oxide capacitance per unit area

D Ratio between I,,,,,, and I,

DAC Digital-to-analog converter

DC Direct current

ENOB Effective number of bits

FoM Figure of merit

FP Floating-point

FSM Finite-state machine

fsw Switched-capacitor power converter switching frequency
G llluminance (in lux)

Gy llluminance (in lux) under standard test conditions
Tong Switched-capacitor power converter average current
Lrnpp Solar cell output maximum power point current

1, Dark saturation current

I, Photo generated current (see Figure

Lip Switched-capacitor power converter output ripple current
I, Solar cell output short-circuit current

IC Integrated circuit

loT Internet-of-things

k Boltzmann constant 1.380649 x 107232

L MOSFET channel length

LSEB Least significant effective bit

LUT Look-up table

A Channel-length modulation parameter

M SenseFET current division ratio

MOCD MOSFET-only current divider

MPP Maximum power point

MPPT Maximum power point tracker

1 Charge-carrier effective mobility

N Number of solar cells in series

PMIC Power management integrated circuit

PVT Process, voltage and temperature

q Elementary charge constant, 1.602176634 x 10~°C
Ry MOSFET drain-source resistance

R, Current sense resistor

Ry Solar cell series resistance (see Figure }

Ry, Solar cell shunt resistance (see Figure i

SAR Successive-approximation-register (analog-to-digital converter)
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Switched-capacitor power converter

Standard test conditions

Temperature (in °C)

Voltage as measured by the analog-to-digital converter
MOSFET drain-source voltage

Solar cell output voltage at maximum power point
Solar cell output open-circuit voltage

SenseFET amplifier offset voltage

MOSFET source-drain voltage

MOSFET source-gate voltage

MOSFET threshold voltage

Thermal voltage

MOSFET channel width
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1.
Introduction

1.1 Project motivation

The internet-of-things (I0T) gets bigger, and each device needs energy. This energy can be delivered by batteries,
however, these need replacement, or need to be recharged somehow. To keep devices working remotely without
the need for maintenance, energy harvesting techniques can be used to keep the batteries charged.

Energy harvesting is energy critical, as only a little power can sometimes be harvested from the environment.
Furthermore, to keep costs down, as few external components as possible should be included.

Integrating more functions in the same hardware can be profitable for both of these requirements. Often one of the
functions of a remote IoT device is sensing parameters from its environment, in which case integrating a sensing
system within the energy harvester is beneficial, as fewer external components are needed.

The question is whether it is possible to relate the incident power of a maximum power point tracker (MPPT) to
a physical quantity, like irradiance, illuminance, temperature, or vibration, instead of using a separate sensor for
this.

The type of information that can be gathered depends on the transducer in the harvester, like a solar cell, a
piezo element, or a thermoelectric generator.
Different physical quantities have very different properties. This project focuses on illuminance via a solar cell,
since solar cells are one of the most widely used harvester types, and it is what the NOWI NH16, the chip in which
this research should be integrated, is based on.

1.2 Irradiance or illuminance

Irradiance is a measure of light power and is given in W/m?. Irradiance is the intensity with which the light source
shines.

llluminance is luminous flux, or how much the incident light illuminates a surface, which is different from irradi-
ance, as illuminance is corrected for how light is perceived by the human eye. In other words, illuminance is the
brightness of the light as perceived by a human. So the difference with irradiance is that only visible light adds to
illuminance, and infra-red and ultraviolet light do not. The unit of illuminance is lux.

Depending on the application either irradiance or illuminance is required. In this project, the focus will be on
illuminance.

1.3 Research question

This leads to the following research question:

Can a low-power energy harvester MPPT be used as a sensor front end for sensing illuminance?
In other words, can the measurements that are done within the MPPT be related to the illuminance of the solar
cell?

11



12 CHAPTER 1. INTRODUCTION

1.4 Report overview

The goal of the thesis is to show how the NOWI NH16 power management IC (PMIC) can be used as a sensor
front-end.

The main function of the NOWI NH16 is to function as an MPPT, however, with minimal power usage and
footprint increase, the device should be able to estimate the illuminance. To do so, this thesis looks as follows.

Chapter [2] gives an overview of the state of the art of self-powered illuminance sensors, other self-powered
sensors, and the NOWI NH16 chip, in which this system needs to be integrated.

Also, it gives a literature study of current sensing techniques, and voltage division techniques. The effect of
each part of the system on the resulting accuracy is discussed, and a breakdown of the most critical parts for
accuracy is given.

Chapter [3] discusses the higher-level system design of the system designed in this project. We give several
options to calculate the illuminance using measured current, voltage, or both. Subsequently, we make a trade-off
between these methods to decide the best method, comparing accuracy, computational complexity, energy effi-
ciency, and possible integration with the NOWI NH16. We implement the best option in the next chapter.

Chapter[4] discusses the way to implement the chosen model in hardware. We discuss a floating-point design
and a logarithmic design. We further investigate the logarithmic design and we design and compare two different
implementations. After gate-level synthesis, we choose the best implementation based on area and power.

Chapter[5| discusses the verification of the system. We verify the system both via event-based simulation, and
circuit simulation. We do circuit simulation with the designed system on its own, and also with the NOWI charge
pump, current sensor and analog-to-digital converter (ADC) added. Lastly, we verify the system on an FPGA. We
use both a solar cell model and measured solar cell data as inputs.

Chapter[6] gives a conclusion, summarising the results of the project. The main contributions of this project are
listed and recommendations for future work are discussed.



2.
Literature

2.1 Prior art

In this section, we investigate previous work. Included are sensors measuring illuminance, and sensors that harvest
energy via the same transducers as they use for sensing.

2.1.1 Illluminance sensors

The system will sense illuminance. It is therefore interesting to compare the system to illuminance sensors, like

ambient light sensors. Ambient light sensors measure short-circuit current which they then link to the illuminance.
An example is the MAX44007 by Maxim Integrated [1]. This sensor has a dynamic range of 0.0251x to 104, 448Ix,

with less than 1 pA current consumption, and 22 bits. It mentions a total error of 15% maximum.

Another ambient light sensor is the Texas Instruments OPT3001 [2]. This one has a smaller dynamic range of 0.01

to 83 kIx. For lower illuminance conditions it mentions a linearity error of about 5%.

More advanced devices to measure illuminance are lux meters and spectrometers. These are the most accu-
rate devices to measure illuminance with. They have an inaccuracy range of about 2-7% [3].

In [4], the use of illuminance sensors for smart lighting is investigated. A summary of different types of low-cost
illuminance sensors is given, mentioning digital sensors, with everything integrated, analog sensors, which still
require an ADC, and photodiodes, which also require an ADC. The error of these low-cost sensors according to
[4] is more than 15%, which is not good enough for smart lighting. This paper then suggests the use of a better
sensor, including a 24-bit resolution ADC and noise filter. With this, in [4], an inaccuracy of 4% for outdoor use
and 1% for indoor use is reached.

Though the accuracy given in [4] is good, it requires a very high-resolution ADC, which is expensive, and power
hungry. The system therefore cannot be used for energy harvesting.

2.1.2 Pyranometers

Pyranometers are made to measure light energy in W/m?. Multiple types exist:
 Solar cell pyranometers

» Blackbody thermopile pyranometers

Solar cell pyranometers are less accurate, mostly in cloudy conditions, but cheaper than blackbody thermopile
pyranometers. Good pyranometers have a resolution down to 1 W/m?, and an inaccuracy down to 3%, however,
on a cloudy day, a solar cell pyranometer can have errors of about 8% compared to blackbody thermopile pyra-
nometers. Blackbody pyranometers would not be able to harvest energy, as they convert the incident energy into
heat to do the measurement.

13



14 CHAPTER 2. LITERATURE

2.1.3 Self-powered sensors, two transducers

Many self-powered sensors, including light sensors, exist, however, most combine an energy harvester with a
separate sensor front end.

In [5], an active pixel sensor with a photodiode integrated on the same chip area is described. The photodiode
is used to power the chip with active pixel sensors. Interestingly, both are integrated into the same chip, however,
this paper still uses two different devices for sensing and harvesting. Also, the integrated photodiodes can only
constitute a small area, and thus this will likely not be sufficient for primarily harvesting energy.

In [6], a self-powered illuminance sensor is described. However, it does use a solar cell and a light sensor for
energy harvesting and illuminance sensing respectively. The accuracy is not given in [6], but it uses an Avago
APDS-9004 analog output illuminance sensor [7].

Many more examples exist of sensing systems that contain a solar cell for energy harvesting, like [8] and [9],
however, the point of this project is to use only one transducer for both harvesting and sensing, and thus these
papers are not the most interesting.

2.1.4 Self-powered sensors, single transducer

Some sensor products using photodiodes for sensing also use the same photodiodes for harvesting energy. The
harvested energy is then used to power the sensor.

Ring oscillator based self-powered illuminance sensor

In [10], a solar cell based self-powered illuminance sensor is described. The sensor works based on its voltage.
Since the solar cell is supplying power to the system, it does not work at open-circuit voltage exactly. A ring
oscillator is powered via the solar cell, which starts oscillating with its frequency dependent on the voltage. The
output graph given in [10] shows a more or less linear line on a log-log plot between the oscillator frequency and
illuminance. No accuracy is given, however.

To get some idea of the accuracy of the sensor, we extract the data from the figure given in the paper, make a
linear fit, and then calculate the error. The error has been plotted in Figure

llluminance sensor error
100 T T T T T

80 |‘ .
60 f a
40 H 1

200 /| P

Relative error (%)

20 b \ - ]

-40 | 'r | | |
0 0.5 1 1.5 2 2.5 3

lluminance (Ix) x10%

Figure 2.1: Calculated error from the illuminance sensor of [10]

Disregarding the first part, the sensor has an error of up to 40%. The average error can be calculated and is
about 20%.
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The sensor is self-powered, but no power is given. Used in the design is a TOSHIBA TC7WUO04FK ring oscil-
lator, which consumes about 6 uW. This makes our best power consumption estimate to be at least 6 uW.

Battery-charging-chip based self-powered illuminance sensor

Another example where the harvester is used as the sensor front-end can be found in [11], in which Texas Instru-
ments has designed a self-powered ambient light sensor using a solar cell, a battery charging chip, and a LED
used as load. In [11], the solar cell charges a capacitor, which is then discharged by the LED. The higher the input
power, and thus illuminance, the faster the charging and thus the cycle time. Based on the frequency of this pulse
an illuminance estimation is made.

Integration with an MPPT would be difficult as the MPPT changes the current, resulting in a different output
frequency. Lastly, itis hard to determine the accuracy of this system as no clear figure has been given in the report.

Self-powered sun sensor

In [12], a self-powered sun sensor is described, which uses its photosensors as energy harvesting transducers.
This paper makes an improvement over standard sun sensors by using a miniature sundial. A sundial has a larger
illuminated area compared to standard sun sensors, and this increases harvested energy. The estimated average
inaccuracy is about 5%, with a maximum error of up to 11%, but it has only a few measured points. In [12],
reasonable accuracy is reached, but the measured quantity, sun angle, is different from the focus of this project.
Also, the focus is solely on powering the sensor and not on having energy left to harvest, though it probably could.

Self-powered light direction sensor

Similar to the previous paper, in [13], a self-powered light direction sensor is described. The sensor consists of
photodiodes and a wall blocking part of the incoming light. Depending on the photocurrents in the photodiodes,
the angle of the light is determined. The light angle can be detected with an accuracy of 7 ENOB, which would
correspond to an error of less than 1%. In [13], it is mentioned that the sensor requires a light intensity of 25mW /cm?
to operate. Compared to this project, in [13] light angle is measured instead of illuminance.

Self-powered gas sensor

In [14], a gas sensor is described that used a solar cell and a colourimetric film. In the presence of NO,, the
colourimetric film reacts, changing the amount of light reaching the solar cell. The change in current is measured,
and based on this change the concentration of NO, is estimated. The sensor is self-powered but is not used to
harvest energy. Also, the quantity measured in [14] is different from what we need for this project.

Self-powered image sensor

In [15], a CMOS image sensor is described that gets part of the energy necessary by first charging pixels via the
photodiodes. Also, if light levels vary over the pixels, if one is charged, it can then help charge surrounding pixels.
Just like in [12], in [15], energy is only harvested to power the sensor and thus the system is not used to harvest
energy. In fact, the sensor of [15] still requires external energy.

Self-powering home light detection

The Leviton WSCPC [16] is a series of self-powered light sensors to be used in combination with other Leviton
products. This sensor uses solar cells both for light detection and to harvest enough energy to power its wireless
module. The sensor is made to detect light on or off and thus does not give an exact value of light intensity.

A similar product is the Molex 180997-0006 [17]. This product is also meant to be used with an RF light switch,
with the same drawback of not reporting an actual value of light intensity.

2.1.5 Energy harvesting sensors

Our system is supposed to be used for both sensing and harvesting at the same time. Therefore it is interesting
to compare our system to current systems that do both.
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Mobile device ambient light sensor harvesting

In patent [18], the idea is to use small solar cells as ambient light sensors for mobile devices. The solar cells are
placed behind the screen and in reaction to illuminance, the brightness is adjusted. The patent also mentions that
when the solar cells are not used for sensing they can be used to charge a battery.

Accuracy is not mentioned, and also the solar cells are not in an optimal position to harvest energy, as they are
behind several layers of film.

Active pixel sensor energy harvesting
In [19], harvesting energy with active pixel sensors during idle time is mentioned. A CMOS pixel array is used as

the transducer and includes a boost converter with an MPPT algorithm, to charge the battery. The main difference
between [19] and this project, is that the main purpose of [19] is image sensing, with energy harvesting as a bonus.

In [20], a pixel array with photodiodes is created, of which the photodiodes are reconfigurable for either energy

harvesting or image sensing. When part of the array is used for energy harvesting, the other part can be used for
image sensing. Cubic spline interpolation can fill in the gaps left by using part of the array for energy harvesting.

Energy harvesters as sensors

In [21], the data of different energy harvesters is used for place recognition. In this work solar cells, piezo elements,
and Peltier elements are used. The harvesters are only used for sensing in this case, however, in future work,
using them for both harvesting and sensing is suggested.

2.1.6 NOWI NH16
The design is supposed to be integrated into the current NOWI system. The NOWI system is an energy harvesting
chip or, in other words, a small footprint, ultra-low power DC/DC converter with MPPT functionality. The NOWI
energy harvesting chip consists of the following components:

» Charge pump (DC/DC converter)

* Input capacitor for low pass filtering

* Current divider

» Current mirror

* Resistor for current to voltage conversion

« ADC

* FSM for MPPT control

 Several other digital control circuits like counters and oscillators

» Battery

A diagram of the system can be found in Figure 2.2

Charge pump

The charge pump is the actual DC/DC converter. By changing the way the capacitors in the charge pump are
switched, the conversion ratio of the system is altered. In this case, 16 different conversion ratios exist.
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NOWI NH16
Input
Solar cell » Charge » capacitor L CI_.lr_rent * Battery
pump (parallel) divider
A
i ¥
MPPT Current . Sense N
control mirror "l resistor > ADC
" ------------------ i I'--'

Figure 2.2: NOWI NH16 block diagram

Input capacitor

The input capacitor together with resistance R, the series resistance of the senseFET, form a low-pass filter. The
low-pass filter is supposed to filter out ripples generated by the charge pump due to switching. The bigger this
capacitance the better it filters the ripple, according to Equation[2.1]

Iavg
IT’ZP B fszsCinput (21)
In Equation @I,,,;p is the charge pump output ripple current, I,,, is the charge pump average output current,
fsw is the charge pump switching frequency, R, is the on-resistance of the senseFET, and Cj,.: is the input
capacitance.
But a larger capacitance also adds delay, which in this case is mainly determined by the time constant of this
capacitor together with R, or 7 = Ry X Cyyppr.

R, varies with supply voltage. To get the best performance considering ripple voltage and delay, there are two
possible input capacitors, a small one, and a large one that can be connected separately.

Current divider

Current division is done via a senseFET structure, also known as a MOSFET-only current divider (MOCD). It is
a current division circuit, consisting of two MOSFETS of which one is M times as wide as the other. An amplifier
makes sure the drain-source voltage of the MOSFETSs is the same, and thus their drain currents are proportional
to each other with factor M. The senseFET is further explained in Section[2.2.3]

Vin WwiL=M

i | Ibat

WIL=1

v | | Isense

Vg

Figure 2.3: SenseFET circuit
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Current mirror

A current mirror copies the sense current from the senseFET structure and sends it through a sense resistor R,
which creates a voltage, which is measured by the ADC.

The senseFET ratio and voltage generating resistor R, can be adjusted such that the voltage over R, < 0.8V,
which is the reference voltage for the ADC, and thus its the maximum allowed input voltage.

Sense resistor R,

The sense resistor is variable in resistance depending on the current range and is implemented by multiple series
resistances that can be bypassed via switches.

MPPT algorithm

A lot of MPPT algorithms exist. The algorithm used in the NOWI chip is perturb and observe (P&QO). The system
controls both the input/output voltage conversion ratio and the switching frequency.

For deciding if a perturbation has resulted in a higher power, the system measures the output current and
compares it to the current of the previous sample. Since there is a battery at the output the output voltage can
be assumed to be constant between two measurements, and thus comparing currents is enough to determine if
power increased or decreased.

Battery

The system has a battery to store energy. This is necessary to keep the output voltage constant. A capacitor in
theory could also be used but will have bigger voltage swings.

2.1.7 Conclusion

In Chapter[2.1] we investigated previous art and the current state of the art. From this, we conclude that similar work
exists, but not exactly as we do in this project. Self-harvesting sensors exist, even ones that sense illuminance,
however, none of them have energy harvesting as the primary function. Most of them only use the harvested
energy directly for sensing, but nothing else. Closest to sensors that both sense and harvest are pixel arrays, but
these have a different function than sensing illuminance. This project, therefore, enters novel territory by using an
energy harvester for simultaneously sensing illuminance, as opposed to harvesting energy with something that is
used primarily as a sensor.

Furthermore, we explained the NOWI NH16, in which our research will be integrated. Next up is a breakdown
of different sensing techniques that can be used in combination with the NOWI NH16 to turn the system into an
illuminance sensor. Also, we give the effect of each part of the NOWI NH16 on the overall system’s accuracy.

2.2 Current sensing

The first step to calculating the illuminance is sensing an electrical quantity. This could be voltage or current, but
can also be magnetic flux or charge. In the end, we want to visualise the illuminance on a screen. To do this, the
output of the system is a binary value, represented via bits, which are in turn represented by a voltage. However,
getting to that voltage can be done via several steps, through different electrical quantities, or even other energy
domains. In this section, we discuss different ways to sense current. We then use the sensed current to estimate
the illuminance.

Different methods of current sensing are described in [22], and another one is described in [23].
In [24], current sensors are categorised according to one of four principles:

* Ohm’s law (resistance)

» Faraday’s law of induction
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» Magnetic field sensors

» Faraday effect

19

In this project, we classify current sensors according to what electrical domains are used for sensing. For
electrical sensing, four main domains exist:

» Voltage
» Current
* Charge

» Magnetic flux

This method of classification allows for a wider range of sensors than described in [24].

Different current sensing techniques are:

+ Direct current to voltage translation: resistor based, or inductor voltage integration based.

» Making a copy of (part of) the current and measuring this: current to current conversion. This then needs to
be translated to voltage, which can be done in the ways described above.

» Charge based: capacitor voltage differentiation.

» Magnetic-flux based: magnetic field to voltage conversion, via magnetic field sensors or the Faraday effect.

A summary of possible current sensing techniques based on this classification can be found in Table [2.1]

Table 2.1: Current sensing method classification table

Direct current to voltage
or current to digital

Magnetic field

Part of the current

Charge

Sense resistor 22

Hall effect 124 28

SenseFET
1271, 128], 129}, 30}, [31]

Capacitor voltage
differentiation 123} 152

"Ry, based B3 14

Fluxgate principle ¥4l

Current transformer 124/

Inductor DC resistance
128], 133], [35]

Magnetoresistor ¢l

Inductor voltage integration
(observer-based approach) 7. 1581

Piezo cantilever
[39), [40]

Current DAC SAR B

Rogowski coil 241 B2

2.2.1 Sense resistor based

Faraday effect ¢4

This method uses a sense resistor to transform current into voltage, according to U = I x R. A sense resistor is
a resistor with a very precisely known value, and with a small voltage drop. The voltage is measured, and from
there the current can be calculated. This method can be very accurate, however will also be quite power hungry,
since you add a resistor in the current path. There is a direct trade-off between accuracy and power consumption
by increasing or decreasing the resistance.

At higher frequencies, resistors can show inductive behaviour, which would increase the resistance and thus
reduce the accuracy. However, the NOWI NH16 has a relatively low frequency and thus this phenomenon should

not have an effect.

The inaccuracy of a sensing resistor in an integrated circuit (IC) can be as low as 0.1% at room temperature and
0.15% over a wide temperature range if temperature correction is applied to counteract the resistor’s temperature

coefficient [25].
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2.2.2 R, based

This method essentially works the same as the previous method, but uses the resistance of a switch that is already
in the system, and thus would not cost any additional power. In the case of a low drain-source voltage, a MOSFETs
resistance can be calculated according to Equation

L
- WpCor(Vys — V)

Equation [2.2)is an approximation. In reality, R4, is non-linear and depends heavily on PVT variations [33]. It is
therefore not a very well defined resistance. Calibrating the system can increase accuracy, however, this method
will not be as accurate as using a sense resistor. In theory, not only R, but also any other form of resistance in
the current path can be used, for example, traces, as long as their resistance value is well known, and if they are
big enough that they produce a measurable voltage within the current range. Effects like thermal drift and process
variations limit accuracy.

In [34], a calibration method is proposed, using a precision sense resistor to calibrate R;,, making the system
almost as accurate as the sense-resistor method, at the cost of more required chip space and complexity. They
report an inaccuracy of 22.6% without calibration, up to 0.45% with calibration.

In [33], an inaccuracy of about 10% is mentioned.

Rds

(2.2)

2.2.3 SenseFET based

This method again uses a resistor to transform current into a voltage, but first copies a fraction of the current to
another branch. Decreasing the current that passes through the resistor reduces the power consumption, however,
it also introduces another inaccuracy into the system, depending on the matching of MOSFETSs. The circuit of the
senseFET structure can be seen in Figure 2.3

This option gives some extra ways to tune the system since by changing the current ratio the power consumption
and accuracy can be traded off. In theory, this method can be combined with any of the current sensing methods,
but only makes sense to combine with accurate but power inefficient methods. This is the system that will be used
in the NOWI NWA16x.

SenseFET inaccuracy can be caused by drift due to temperature, parasitics causing inaccuracy in the MOS-
FETs ratio, or if the sense resistor’s value is non-negligible compared to the senseFET [27]. Mismatch can be
compensated by using larger devices, but this also increases power consumption, thus resulting in another trade-
off between accuracy and power consumption. Another source of inaccuracy can come from amplifier offset [28].
During the startup of MOSFETS, transients can be measured which can also have an impact on the senseFET
accuracy, however, this mostly seems to be an issue in power MOSFETSs at higher voltages [29].

The senseFET method can be improved by using error averaging techniques [28]. This technique can be used
to average errors over multiple MOSFETSs, and thus reduce the final error. This technique requires little extra
power, but does require more chip area, and can only work if enough bandwidth is available. They mention an
inaccuracy of 2.8%.

Naturally, since this method still depends on a sensing resistor it cannot be more accurate than the sense
resistor method. In [30], an inaccuracy down to 1% is reported. Instead of using a sensing resistor, the senseFET
method can also be combined with the R;; method. In [31], temperature coupling between the two MOSFETSs is
used to improve the senseFET accuracy over a bigger temperature range. An inaccuracy of 8% is reported.

The accuracy of this method depends on the MOSFETSs aspect ratio, but can never be better than the sensing
method used at the end, like a sense resistor or the R;s method. The biggest advantage of this method is that it
can save power.

2.2.4 Current-transformer based

The idea of this sensing method is to copy (a part of) the current to another branch in which you measure this
current. The main advantage is that this method is isolated and has low thermal drift. Also, since you can divide
the current, you can choose the amount of current running through the secondary coil and have a direct trade-off
between power and accuracy.

Disadvantages are that another method to actually measure the current, like a sensing resistor, must be added to
the secondary side. Also, transformers are relatively big, DC offset can saturate the coil, and it is not capable of
measuring DC. The inaccuracy of this method is 0.1%-1% [24].
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2.2.5 Inductor DC resistance

If an inductor is used in the DC/DC converter, then if you know the equivalent series resistance, this can be used
to measure the current through the inductor. This method is also referred to as DC resistance current sensing. In
this case, a low-pass filter is used to filter the voltage across the inductor and equivalent series resistance, and
then by measuring the voltage over the low-pass filter capacitor the current can be calculated. This method has
poor accuracy due to component tolerances and a large temperature coefficient. Also, to get sufficient accuracy,
an inductor with enough DC resistance is needed, which means it is not entirely lossless, especially at higher
temperatures [33].

Another accuracy limitation of this method is caused by leakage current to the sense pins. This can be corrected
by balancing the voltage drop over the resistors in the sensing circuit [35].

In theory, this method is lossless if an inductor is already present in the system. However, the inductance and
equivalent series resistance should be known accurately. In [33], an inaccuracy of about 5% is mentioned for this
method due to component tolerances.

2.2.6 Inductor voltage integration based

The current through an inductor can be described by v = L%, thus by integrating the voltage over the inductor,
the current can be calculated [37]. This method is also called sensorless, or observer-based method.

This method has been reported to reach inaccuracies down to 9% [38].

2.2.7 Magnetic field sensors

Magnetic field sensors can also be used to measure current, with the added advantage that they can also measure
static magnetic fields and thus measure DC currents. Magnetic field sensors can be based on:

» The Hall effect
» The fluxgate principle

» The magnetoresistance effect

Hall effect based

When current flows through a conductive material in a magnetic field, a voltage is generated perpendicular to
the direction of current and the magnetic field according to v = %' in which I is the current, B the magnetic
flux density, n the charge carrier density, ¢ the current carrier charge, and d the thickness of the material. A
smaller thickness creates a larger voltage, however, also has more resistance and thus increases power loss [24].
Displacement relative to the current carrier, and offset can lower the accuracy of this method. Also, the method
can suffer from high thermal drift.

Hall-effect based current sensors can have an inaccuracy down to 0.5% [26].

Fluxgate-principle based

The fluxgate principle is based on the non-linear relation between magnetic field H and magnetic flux density B
within a magnetic material. An AC signal is used to create a magnetic field, which saturates the core. This magnetic
field creates a voltage in a pickup winding. The first harmonic represents the excitation AC. The second harmonic
can be extracted and its voltage is proportional to the external magnetic field, which in turn is proportional to the
current you want to measure.

The main advantages are its very high accuracy, and that it is an isolated system. However, the system is
rather large, needs an external sinusoidal current source, and requires complex control electronics.

The inaccuracy of this method can be as low as 0.001% [24].
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Magneto-resistance based

The magneto-resistance effect is based on materials that change resistance under the influence of a magnetic
field. This effect is divided into three categories:

* Anisotropic magnetoresistance (AMR)
+ Giant magnetoresistance (GMR)
» Tunneling magnetoresistance (TMR)

The difference between the three is that GMR has a higher responsivity to magnetic fields than AMR and can
thus detect lower fields. TMR is even more sensitive and thus can detect even lower fields [36]. The disadvantage
of GMR and TMR is that they saturate at a lower magnetic field strength. All three suffer a lot from thermal drift,
which can be somewhat overcome by a Wheatstone bridge, and non-linearity. Also, another medium is needed to
actually sense the resistance, which means a well-known current source is needed.

In [24], an inaccuracy down to 0.5% is reported for this method.

2.2.8 Piezoelectric cantilever based sensing

This method, described in [39] and more in-depth in [40], uses a piezoelectric cantilever with a magnet attached to
sense the magnetic field created by a current. The magnetic field bends the cantilever and the piezoelectric element
will have a different charge depending on this displacement, resulting in a displacement-dependent voltage. The
measured voltage is then correlated to the current. The main accuracy limitations are position and orientation
errors, which are caused by the relative position and orientation of the sensor to the current-carrying wire.

The system is isolated, but is difficult to produce, and requires the use of a permanent magnet.

DC measurements are possible with a piezoelectric cantilever, however, the excursion is attenuated over time.
This method is more precise for AC measurements since in that case it can be used to average the current over
time. Aninaccuracy of around 3% can be achieved with this method. Positioning schemes can improve inaccuracy
to under 1% [43].

This sensing method is capable of measuring currents down to the mA range [44].

2.2.9 Rogowski coil based

Current sensing with a Rogowski coil is based on Faraday’s law of induction. The idea is that any electrical current
creates a magnetic field, which can then be measured. A coil picks up the magnetic field, and the induced current
is then measured. This then is proportional to the original current. The main advantage of this method is that it
is completely isolated from the system, which can be interesting for high-voltage applications. However, it can be
difficult to get sufficient accuracy from smaller currents. Also, the principle is based on measuring flux change,
which means this method is incapable of measuring DC currents.

The inaccuracy is about 0.2% up to 5% [24]. In [42], an inaccuracy of down to 0.8% is mentioned.

2.2.10 Faraday effect

The Faraday effect is based on the fact that applying a magnetic field can cause materials to induce circular bire-
fringence. The polarisation of light waves through optic fibres is measured, in which a difference in the polarisation
indicates the presence of a magnetic field, and thus of a current. The main accuracy limitation of this method is
bending stress.

The main advantages of this method are low thermal drift, the system is isolated, and it can be very precise.
However, due to its complexity, it is hard to measure small currents with this method. Methods exist to get it more
precise for smaller currents but they involve expensive fibre optic cables to avoid bending stress.

The inaccuracy of this method is about 0.1%-1% [24].

2.2.11 Capacitor voltage differentiation based

A capacitor-based current sensing method has been described in [23]. The main idea is based on I = C‘;—z,
dv

in which I is the current through the capacitor, C is the capacitance, and %7 is the change in voltage over the
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capacitance over time. The capacitor is charged to a predefined voltage, and then discharged. The time this takes
is measured, the capacitance is known beforehand, by which the current can be calculated. Inaccuracies in [23] are
the capacitance and resistor component tolerances, the voltage-to-time converter, and the voltage references, or
the comparator comparing them. The method is lossless and isolated. The same idea has been used to compare
power for an MPPT and thus essentially created a power sensor [32]. This method has a reported inaccuracy of
7.6%, with an offset cancellation technique [23].

2.2.12 Current DAC based

Another way to sense current is by using an ADC controlled via a current DAC. Instead of comparing voltages
within the successive-approximation-register (SAR) ADC, this system directly compares the current to reference
currents. The advantage is that no current to voltage translating element is needed, saving power, while still having
the potential to be very accurate. Instead, the system uses direct current-to-digital translation. This system does
require a precise current reference.

The inaccuracy of this system can be as good as 0.8% [41].

2.2.13 Conclusion

A trade-off of the current sensing methods can be seen in Table[2.2] Looking at this table, several sensing options
can be eliminated because their current range is not precise enough, some options do not integrate into silicon, are
not DC capable, or require the use of an inductor. Good options that are left are by using a sense resistor, or via a
senseFET. The Ry, method can be good, but only with calibration, which makes the system complex. Capacitor
differentiation is not very accurate, and the current DAC SAR requires a precise current reference, which also
makes the system complex.

The NOWI NH16 uses the senseFET method, which according to Table[2.2] is the best method for this project,
as it saves power compared to using a sense resistor.

Table 2.2: Current sensing techniques comparison table

Current | Silicon DC Inductor | Power
Method Inaccuracy . . . .
range integration | capable | required | consumption
Sense resistor 0.10% mA Y Y N High
Rds 0.45% - 10% mA Y Y N Low
SenseFET 1% mA Y Y N Trade-off
Current 0.1% - 1% A N N N Trade-off
transformer
LDCR 5% mA Y Y Y Low
!nducto_r voltage 9% mA y v Y Low
integration
Hall effect 0.5% A Y Y N Low
Fluxgate 0.001% - 0.5% | mA N Y N Low
Magnetoresistor | 0.50% mA Y Y N Low
Piezo cantilever | 3% mA N Y N Low
Rogowski coil 0.2% - 5% A N N N Low
Faraday effect 0.1% - 1% kA N Y N Medium
Capacitor 7.60% mA Y Y N Low
differentiation
Current o
DAC SAR 0.80% mA Y Y N Low
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2.3 Power sensing

For a first approximation of illuminance, we can use power. A way to measure power directly is described in [45].
The sensor described measures the time of a voltage ripple on a capacitor by using a time-to-digital converter
(TDC). It is comparable to the current measurement described in [23], but [45] also uses the average voltage to
make it a power measurement. They mention a 14.1% gain error and 9.4% offset error, which is not accurate
enough for our purpose.

2.4 \Voltage division

The voltage that can be sensed is limited by the ADC reference voltage at 0.8V. If the voltage is too high, a voltage
division is necessary before analog-to-digital conversion.
Possible voltage division circuits are [46]:

* Resistive divider
» Off-state MOS divider
» Diode stack divider

» Switched capacitor voltage divider

2.4.1 Resistive divider

A resistive divider would be the simplest circuit. It can be very precise, however, it is relatively power hungry, since
it will connect resistors between the supplied voltage and ground. We can reduce this power by increasing the
resistor values, however, that also increases the resistor size, requiring more chip area. Another way to reduce
power is by disconnecting the divider when it is not used, by using a MOS switch.

2.4.2 Off-state MOS divider

Instead of using resistors, you can also use MOSFETSs as resistors. In the off-state MOSFETs have a resistance
in the G2 range, but are much smaller than resistors with the same resistance. With equal sizing and bias, the
voltage should be divided equally among the devices. However, this system is affected a lot by process variation
and temperature. More devices can be connected in series to make the whole system less prone to process
variation.

2.4.3 Diode stack voltage divider

Another way to divide the voltage is by a diode stack. This can be implemented using diode-connected MOSFETSs.
For the same sized diodes, if the same current flows through them, the voltage over them must also be the same.
The diode stack divider is not affected much by temperature changes. However, the current drawn by this circuit
depends strongly and non-linearly on the voltage.

2.4.4 Switched-capacitor voltage division

Like in the charge pump, we can use a switched-capacitor circuit for voltage division or multiplication. Voltage
division is done by charging a stack of capacitors in series, then switching them in parallel. If the capacitors are
the same value then the voltage at the output is the input voltage divided by the number of capacitors.

An advantage of this circuit is that it has no steady-state dissipation, except for leakage currents of the capac-
itors. The disadvantages of this circuit are that capacitors are relatively big and thus this circuit requires a large
area. Also, the switching behaviour of the capacitors induces voltage spikes.

A trade-off of the methods is given in Table 2.3

From Table [2.3]we conclude that the best circuit to use is the diode stack divider. The off-state MOS divider is
inaccurate, and the switched-capacitor divider is too large and introduces voltage spikes. The resistive divider is
simpler to implement, but is also quite big and has high power consumption.
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Table 2.3: Voltage sensing method comparison

] Method Accuracy | Size | Power consumption \
Resistive divider High Large | High
Off-state MOS Low Small | Medium
Diode stack High Small | Medium
Switched capacitor | Medium Large | Low

2.5 Accuracy

The system will be integrated into the NOWI NH16, which means that the NOWI NH16 affects the accuracy of the
measured illuminance. Looking at the system components, parts that can influence the accuracy are:

 Solar cell model accuracy

+ Solar cell accuracy due to PVT variations

* MPP offset

» Sense resistor accuracy due to parasitics or PVT

» SenseFET accuracy, due to the voltage drop, matching, PVT, or amplifier offset
* Voltage division circuit accuracy

» Charge pump conversion ratio accuracy, due to its output resistance, capacitor matching, capacitor drift,
gate-driving losses, or bottom plate losses.

» Current mirror accuracy due to matching or PVT
» ADC capacitor ladder matching

» ADC effective number of bits (ENOB)

» Reference voltage accuracy

* Ripple voltage

These effects can be divided into effects causing a voltage error, or current error. Some cause an error in both.

2.5.1 Solar cell

Solar cells suffer from PVT variation, meaning that even when your current and voltage measurements are 100%
correct, it cannot be guaranteed that the measurements can be related 1-on-1 to illuminance. Much focus in
research is on how temperature changes the MPP of the solar cell. With a single multiplication, constantilluminance
can be related to short-circuit current I,.. Via another constant, illuminance has a logarithmic relationship with the
open-circuit voltage V,.. However, it turns out that even though a decent estimation over a range can be made
with the correct multiplication factor, the factors themselves are temperature dependent [47].

In the datasheet of solar cells temperature coefficients are given, which give the change of both I,. and V.
with temperature. Over a small range in the order of 20°C, this can be assumed to be linear. However, a linear
coefficient does not cover the entire spectrum of the solar cell perfectly.

To estimate the error introduced by temperature variations at MPP, we can divide the temperature effect into
a current error and a voltage error. The solar cell works approximately in its MPP. 1,,,,, ~ 0.91,., Viupp = 0.7V,
[48], [49]. The current and voltage errors made in the MPP due to temperature are approximately I, or mpp =~

{f:p aAT = 11101, Verror,mpp = V‘f:p BAT =~ 1.438AT. In which « is the solar cell short-circuit current tempera-
ture coefficient, and g is the open-circuit voltage temperature coefficient.

To see what the effect of temperature is on solar cells, we look at some solar cells that are often used in energy-
harvesting applications, in this case, the Panasonic Amorton AM-5610 [50], and the IXOLAR KXOB25-14X1F [51].
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For the Panasonic Amorton AM-5610 solar cell, « is 0.08%, and g is about 0.3%. This means to get a current

error of 1% at standard test conditions (STC) there needs to be a temperature change of 000&% = AT =
: Impp
10.5°C.
For a voltage error of 1%, there needs to be a temperature change of —2%9L__ — AT =2.4°C.

0.003*#/;])
Doing the same calculation for the IXOLAR KXOB25-14X1F, the temperature change needed is 20.8°C and
3.3°C for a 1% current and voltage error respectively.
A decent estimation of the maximum error due to temperature would be the maximum error on the illuminance
caused by either the voltage or the current.
In case only current is used to determine the illuminance, the error calculation is simple, as then the error is
linear with temperature offset.

A last effect that influences the accuracy of the solar cell is the light source. A solar cell does not absorb every
wavelength equally, meaning that for a truly accurate measurement of illuminance with a solar cell, that needs to
be corrected. For sunlight, an estimation of 1 Ix ~ 0.0079 W/m? is sometimes used.

The relation of solar cell voltage and current is proportional to both irradiance and illuminance, so only when
switching light sources this will result in an error. This error is much bigger for illuminance than irradiance, because
of how the spectra of a solar cell, light sources, and the human eye vary.

Every solar cell is tested under specific conditions, of which the data is available in its datasheet. This means
that the data for short-circuit current, open-circuit voltage, etc, is already corrected for the specific light source
used when tested. Usually a solar simulator is used to test the parameters of the solar cells, however, some cells
designed specifically for indoor use will test with a different light source, like a fluorescent light. Some solar cell
datasheets contain graphs linking both the illuminance and the irradiance to short-circuit current.

Because this error source is highly dependent on the specific light source, but also the specific solar cell, it is
hard to find an exact number for this error. However, looking at ambient light sensors, as mentioned in Section
this error is given in datasheets to be about 10%.

A last error involving the solar cell, is the mismatch between the solar cell and the solar cell model we use
to approximate the solar cell behaviour. The size of this error depends on the method we use to calculate the
illuminance. This error is further investigated in Section(3.2.1

2.5.2 MPP offset

The MPPT should make sure the system works at MPP at all times. However, the MPPT does not have infinite
settings, so there always is a slight error. Any offset from the MPP directly translates into an error in measured
MPP current. The accuracy depends mainly on the precision of the current and the voltage measurements. We,
therefore, expect that the error due to MPP offset stays below 2.5%.

2.5.3 Sense resistor

A resistor is used to transform current into voltage, which can be measured by the ADC. This value can be linked
back to current if the resistance is known. The precision of measuring current is thus limited by the precision of this
resistance. In the NOWI NH16, the value of this resistance can be varied between 1.04k2 and 267 k2 by switching
multiple resistors in series. The switch resistance in this feature adds to the parasitic resistance and thus to the
inaccuracy.

Off-chip resistors can be made with an inaccuracy of down to 0.1%. This would result in an error of 0.1% of the
measured voltage over this resistor. The highest voltage measured would be 240 mV for a current of 15 mA. The
resulting error then is about 15 pA.

The errors named above could be reduced by calibrating the resistor chain. Effects that cannot (passively) be
calibrated against are temperature effects. The resistance of a resistor varies with temperature. The effect on SMD
resistors varies between 25 and 100 ppm/°C. Resistors have a temperature coefficient, and if the coefficient is
known it can be corrected for, but this would require an accurate temperature measurement and correction circuit.

On-chip resistors have lower accuracy. Especially the absolute accuracy of on-chip resistors is lower than for
off-chip resistors. On-chip resistors’ absolute accuracy can vary up to 20%. Trimming or calibration techniques can
improve this accuracy. In [52], a calibration technique with a phase-locked loop is used and an absolute inaccuracy
of less than 3% is reached. These techniques are, however, expensive. Without trimming or calibration, the
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variation in on-chip resistors has a 1o of more than 5% [53]. Utilising device diversification, meaning that different
types of resistors are combined, process variation errors can be reduced, and in [53], a 1o of about 3% is mentioned.

2.5.4 SenseFET

The senseFET structure copies the load current with a certain multiplication factor, depending on the geometrical
ratio between the two MOSFETSs. This ratio can be altered if needed to keep the current within certain limits. See
Figure [2.3/for a circuit diagram of the senseFET structure.

The accuracy of this copied current directly influences the measurement’s accuracy. In [28], it is mentioned
that this senseFET structure can be inaccurate due to the mismatch between the two MOSFETSs, and amplifier
offset. According to NOWI NH16 documentation, the used amplifier has an offset of less than 2.5%. According to
[28] the senseFET structure can have a mismatch of about 10% to 20%, depending on the ratio between the two
currents. In that mismatch is a trade-off between accuracy and power efficiency. The smaller the ratio between
the MOSFETSs the better the accuracy of the current measurement, since the current through the senseFET will
be larger. However, the current going through this MOSFET is not delivered to the load and thus results in power
loss. In the case of the NOWI NH16, there are two things to also consider: firstly, the system is built around an
ADC with a 0.8 V reference, and thus the current ratio is somewhat limited by this. To compensate for that, the
sense resistor value can be changed to limit the voltage, but this in turn results in lower accuracy. Another thing to
consider is that the NOWI NH16 can decouple the senseFET structure to save power, and thus depending on the
duty cycle the extra power used in this system might not be of too much influence. The NOWI senseFET structure
has an attenuation of 1, 4, 16, or 64. This makes the senseFET relatively precise but power inefficient.

Amplifier The NOWI NH16 uses an amplifier in the SenseFET structure to keep the drain voltage of the two
MOSFETSs the same. Since the two MOSFETSs are connected to the same source and gate voltages, this amplifier
keeps the drain currents of the MOSFETs the same. The current through the MOSFET in saturation can be
calculated according to Equation [2.3]

w
L
In which g is the charge-carrier effective mobility, C,,,. is the MOSFET oxide capacitance per unit area, ) is the
channel-length modulation parameter, V- the MOSFET threshold voltage, V;, the source-gate voltage, and V4
the source-drain voltage. u, C,., A, and V- depend on technology and are the same for both MOSFETs. W and
L are the dimension parameters. To get the correct current division ratio L should be the same for both, while W
is M times bigger. V, is the same for both MOSFETS, as the gate and source are connected to the same nodes,
and the amplifier keeps V;, the same for both. This amplifier can, however, have an offset that would introduce an
error. In the NOWI NH16, the error caused by offset should stay within the 2.5% that the system is designed for.

1
Isd - i,ulcoz (‘/sg - |VT|)2(1 + )\‘/;d) (23)

2.5.5 Voltage divider

In case we add a voltage division circuit to the system, this can affect the accuracy of the system. The accuracy
of a voltage divider depends on the method used for voltage division. In case it is a resistive divider, the accuracy
is based on the ratio between two resistors. Following the same inaccuracy as the sense resistor of 0.1%, we get
an inaccuracy of about v/0.0012 + 0.0012 = 0.0014 = 0.14%.

2.5.6 Charge pump output resistance

The charge pump has a certain output resistance, which results in a voltage drop, causing power loss. According
to the average model, as described in [54], the output resistance is defined as in Equation [2.4] with the output
voltage defined as given in Equation

2
Rout = \/ ( fS:LC) + (PRon)? (2.4)

Vout = MV, — Rout X Iout (25)
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In which f,,, is the converter switching frequency, C; is the total flying capacitance in the converter, R,, is the
on-resistance of the switches in the converter, p and m depend on the topology of the converter, and are further
explained in [55].

The output resistance thus reduces the power delivered to the output and causes a voltage drop. The average
model can be seen in Figure [2.4]

lin Rout Vout

+ M Vin lout

Vin M lout

Figure 2.4: Average model diagram

The output resistance decreases if f,,, is increased, or if the switches are made wider, so that R,,, decreases,
however, this only saves power up to the point that gate charge losses start to dominate. Gate charge losses are
estimated by P = f5,Cyqe Vi In the average model, the gate charge losses are modelled by a shunt resistor at
the converter input, and for measurement purposes, it simulates a current loss.

For this project, it is an option to measure the input voltage instead, in which case the voltage drop over R,,;
is not measured.

Calibration can help partly against these losses, however since the losses are not the same for all settings,
there still is some variance.

2.5.7 Charge pump flying capacitors

The conversion ratio M of the charge pump depends on the ratio of the capacitors. Thus if there is any drift,
component tolerances or parasitics the conversion ratio will not be as expected and thus a wrong estimation of
input voltage and current will be made, resulting in an error of the estimated illuminance.

Flying capacitors have parasitic capacitances to ground since they are not connected to ground in the first
place. The power lost due to these parasitic capacitances is given in Equation |2.6

2n,

Pbp = fsw‘/zgl Z ‘Vnodesl,i - Vnodes?,i|20par,i (26)
=1

In Equation |Viodes1,i— Vnodes2.i| IS the voltage swing on each capacitor node [55]. The parasitic capacitance
usually is about 0.2-1.5% of the total capacitance. In the average model, these losses are modelled with a shunt
resistor at the input side. The effect of these losses can mostly be seen in a lower output current. The current loss
can be seen in Equation [2.7]

2n.
Ibpl = V;Lnfsw Z |Vnodesl,i - Vnod6527i|20par,i (27)
=1
Thus the effect of this depends on the switching frequency, and input voltage.
Some current of I;,, flows into Ry, the resistance simulating the bottom plate capacitor losses. This causes
I, to go down. According to Equation this means that either V,,, V¢, M, or R,,; changes.
Iin - V;anp M‘/invout
Iout M Rout (28)
A diagram of the average model with R;,, can be seen in Figure
Vout is fixed by the battery, R, does not change due to the addition of Ry, as can be concluded from Equation
[2.4) M is based only on topology. Thus this means that for Equation [2.8]to be satisfied, V;,, needs to decrease,
or I;, needs to increase, or in the case of a power supply like a solar cell, both happen at the same time to find a
balance between I;,, and V;,, that satisfies Equation and the solar cell |-V curve.
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Rout Vout

lin
+ M Vin lout
Vin Rbp M lout T

Figure 2.5: Average model diagram with R;,

Even though the addition of R;, is essentially a power loss, for sensing purposes it means the voltage can still

be measured correctly, while there is an inaccuracy in the measured current according to g—b (input-referred), or
P
Vin

VADC,error = m X Rsense

According to [56], IC capacitors can have a tolerance down to 0.1%, with the correct layout and if they are big
enough. The capacitors have a temperature coefficient of about 30 ppm/°C. The temperature coefficient seems
negligible for the purpose of this project.

If the voltage and the current are measured at the input of the converter, then this effect can be ignored.

Looking at the NOWI NH16, the charge pump has an overall efficiency of about 90% to 95%. This is the
efficiency to expect for a large range, however, some specific settings and inputs have lower accuracy.

2.5.8 Current mirror

The current mirror should copy the current to be measured as precisely as possible and pass it through the sense
resistor. Any error directly affects the measured current. The main accuracy limitation of a current mirror is the
MOSFET matching. If the MOSFETs have different aspect ratios, the currents will not be equal. If there is a
temperature difference between the MOSFETSs then this will also result in a current error. According to NOWI
documentation, the current mirror has an inaccuracy of 2.5%. To reach this the current mirror has cascoding
MOSFETs and degeneration resistors, which help raise the output impedance of the current mirror.

In [57], an inaccuracy of 2% is mentioned for their current mirror. In [58], a regulated cascode current mir-
ror is used, which increases speed compared to the regular cascode current mirror. The used feedback loop
keeps the mirror drain-source voltage equal, essentially increasing the output resistance. An inaccuracy of 0.5%
is mentioned.

2.5.9 MOS switch on-resistance

A switch in the current path also has some resistance. If designed correcily it is expected that this resistance is in
the mQ range, and thus is much smaller than the output resistance of the converter. We, therefore, expect that this
resistance has a negligible effect on the system’s accuracy. If needed, this resistance can be modelled by adding
this resistance to the SCPC output resistance. If the on-resistance is too large, it can be decreased by increasing
the switch size.

2.510 Gate-driver losses

The switches in the converter require energy to open. This energy is partially drawn from the converter output,
thus resulting in a current error. The power required to drive the switches is Py, = fs,V;2C, in which C is the
switches gate capacitance. Not all power drawn results in a current error, as most of it is supplied by the battery.
It is therefore difficult to give a good estimation of how big of an error this effect results in.

2.5.11 ADC

The ADC turns the analog voltage into a digital signal. The ADC is supplied with a 0.8 V reference and has 8 bits.

That would give the system an accuracy of £ = 3.125mV. However, the ADC can also have inaccuracies and
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according to NOWI NH16 documentation, the final ADC will have an ENOB of 6, which would mean the ADC can
detect differences of 3% = 12.5mV.

The largest current to detect within this system according to the NOWI specifications is 16 mA. This current
should correspond to a voltage of 0.8 V. Given the maximum error of 12.5 mV, the worst-case error in current
caused by only the ADC would be up to 16 x % = 25 uA, resulting in an error of about 1.6%.

Every ADC has a trade-off between power, accuracy and speed. Speed is set within the system. Speed can
be reduced if battery voltage gets too low, saving power. A trade-off between power and accuracy is left.

The physical limit of a SAR ADC is the accuracy of the DAC capacitor ladder. If better accuracy is required,
then the size of the capacitors can be increased, which makes the DAC more precise. However, this comes at the
cost of more area and power. Another option is to increase the number of bits, which also comes at the cost of
more area and power.

In [59], a SAR assisted digital slope ADC is used. A figure of merit (FOM) of 2.63 fJ/conversion-step is men-
tioned. It has an ENOB of 10.4, resulting in an error of 0.075%. In [60], an asynchronous SAR ADC is used with

an ENOB of 10.85 and a 0.9 V supply voltage, resulting in an error of 0.5 mV, or an inaccuracy of 0.056%.

2.5.12 Reference voltage

The NOWI NH16 uses a 0.8 V reference voltage in its ADC. There is an accuracy limit to this depending on how
this voltage is created. The bandgap reference created is based on [61], which mentions a 30 of 2.9%, which is
more or less the inaccuracy of the reference. Better bandgap references exist. The main accuracy limit is process
variations and can have a 3¢ inaccuracy of 1.25% [62].

2.5.13 Ripple voltage

An SCPC has a certain output voltage ripple resulting in a current ripple as well. The output voltage ripple of an
SCPCis: AV, = % in which C,,; is the total capacitance at the output node. In the NOWI NH16, a
capacitor is placed at the output to filter this ripple. Another option to decrease the ripple voltage, is to increase
the switching frequency. However, this has direct consequences for the output impedance, which in turn results
in different loading conditions of the solar cell. This causes the solar cell to drift away from its MPP. The capacitor
together with the output resistance of the converter also causes a delay according to 7 = R x C, so a larger
capacitor also causes a bigger delay in the system. Thus there is a trade-off between ripple voltage and delay, in
which there is a maximum value of the capacitor, as to not exceed a certain delay.

In the NOWI NH16, there are two capacitors that can be used to filter the ripple voltage. This is to be able to tune
the system over a larger range of output resistance, and thus a larger range of switching frequencies. The input
capacitor together with the MOSFET switch resistance, R, form a low-pass filter. The low-pass filter is supposed
to filter out ripples generated by the charge pump due to switching. The larger this capacitance the better it filters

the ripple, according to I,.;, = fzzl%vcgm,,p, The NOWI NH16 allows for an output ripple of 30%, which is filtered by
the amplifier in the current sensing path to under 2.5%. The latter suggests a trade-off between ripple voltage and

bandwidth. Any variance in the capacitance value should not have too big of an effect on the sensing accuracy.

2.6 Accuracy effect

The goal of the project is to calculate the illuminance, G. The effects of components on the accuracy of the system
influences the calculated illuminance. To get an overview of what effects are important to consider, we need to
know how much influence each effect has on G. Effects can influence either the calculated voltage, current, or both.
So to get a full overview, it is important to consider the effects of the voltage (v) and current (i) on GG. According to
the four-parameter model, further described in Section[3.2.1] G can be calculated if : and v are known according
to Equation [63]. In this equation, we see that the illuminance calculation depends on the sum of one term
influenced only by the current, and another with an exponential relation to both the current and the voltage.

Goi v+ Rsi—Voc—B(T—=Tp)
+G AVins 29
Lel+a(f—Ty)] = ¢ (2:9)
To compare the accuracy effect we use a common unit to translate all the accuracy effects to, namely the
responsivity. The responsivity of the sensor is defined in Ix/least significant effective bit (LSEB), as calculated by

V/‘f/slfB, or ’/fﬁIEB. The responsivity thus depends on several factors, namely:

G:
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* Solar cell type, including size
+ ADC ENOB
* Dynamic range

The responsivity of the sensor depends a lot on the solar cell because a bigger solar cell means a higher current
and/or voltage for the same irradiation. This means higher voltage or current per lux and thus a better responsivity.

The other part that will affect the responsivity is the ADC ENOB. The only way to improve this is to improve the
ADC, as this would improve the V or I per LSEB.

Another way to improve V or I per LSEB is to have more options for the value of the sense resistor. In that case
for a lower current, we use a larger resistor, which in turn means the input voltage for the ADC will be larger. The
ADC will then have a higher output, thus increasing V or I per LSEB. The NOWI NH16 already uses this principle,
and it has four different ranges.

If we know the responsivity we can translate each error found in this chapter, in either current or voltage, to its
resulting error in lux.

A summary of the accuracy limitations can be found in Table

Table 2.4: Accuracy limits summary

Main accuracy State of the Calibration
Component RTE Inaccuracy . .
limitations art inaccuracy possible
Solar cell Light source variation 10% N.A. No
Solar cell Model mismatch 5% N.A. Yes
Solar cell Temperature 3% N.A. No
MPPT MPP offset 2.5% <2% [49] No
Sense resistor Tolerance, parasitics, 20% (absolute) | 3% [52] [53] Yes
thermal drift 2.5% (relative) | 0.1% (SMD) [25]
SenseFET accuracy Mismatch, thermal drift, |, 5o, 1% [27] No
resistance
Voltage division circuit | | 0\erance, parasitics, 2.5% 0.14% [25] Yes
thermal drift
Charge pump conversion | Tolerance, parasitics, 100 o
ratio and power loss capacitor ESR 5-10% 8% [64] Partly
Charge pump: Parasitics <1.5% 0.2-1.5% [55) No
bottom plate losses
. 0,
Charge pump- Capacitor tolerance 2.5% 0.1% toler.ance No
conversion ratio per capacitor [56]
Charge pump: Power used to o
Gate driving losses turn on MOSFETs <1% N-A. No
Current mirror PVT 2.5% 0.5% [58] No
0,
ADC ratio Capacitor ladder matching | 2.5% 0.1% toler.ance No
per capacitor [96]
ADC ENOB Capacitor ladder size 1.6% >0.1% [60] No
Resistor and o o
Reference voltage MOSFET matching 2.9% [61] 1.25% [62] Yes
Ripple voltage Trade-off with bandwidth 2.5% N.A. No

2.7 Conclusion

We concluded that though similar works exist, not one of them harvest energy as their primary function, and with
the same solar cell sense illuminance.
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We have given a breakdown of sensing methods, and we concluded that the senseFET method, as the NOWI
NH16 uses, is the best method to do current sensing for this project.

Looking at Table[2.4] we see that most errors are around 2.5%, which corresponds to the point the NOWI NH16
is designed around. The biggest error is in the sense resistors absolute accuracy, which is 20%. However, the
system will be calibrated for this.

Other than that we can see that the biggest error to expectis up to 10% from charge pump conversion efficiency.
This error can partly be calibrated for. We expect, however, that even after calibration some error is left due to
charge pump conversion efficiency variations.

Other significant errors come from the variation and temperature differences in the solar cell. This causes a
modelling error of about 5%, and temperature can cause another error of about 3%. Lastly, looking at ambient light
sensors an inaccuracy limit of about 10% is given, to account for light source variation, caused by the difference
in spectral properties of the eye compared to solar cells.

In conclusion, for a reasonable range, we expect that the error in our system is around 10%.



3.
System design

In this chapter, we discuss four different options for the top-level system design and make a trade-off between
them. The designs differ in what quantities need to be measured to make an illuminance estimation. Design 1
measures both MPP current and voltage, Design 2 measures short-circuit current, Design 3 measures open-circuit
voltage, and Design 4 measures only MPP current.

In the end, we make a trade-off and choose a design. The hardware implementation for that design will be
discussed in Chapter @]

3.1 Prerequisites

The designs have different results with different environmental conditions, like illuminance and temperature. There-
fore it is important to find what conditions make sense, to narrow down the possible results and get a good idea of
how each design performs under realistic conditions.

3.1.1 Reference solar cells

To get an idea of how well the different designs perform, we simulate them. Since many variables influence the
final result, we choose a logical set of parameters. Part of these parameters are the solar cell characteristics.
Therefore we choose some standard solar cells that are often used for energy harvesting. The solar cells we use
as a reference are the IXOLAR KXOB25-14X1F [51] and the Panasonic Amorton AM-5610 [50], specialized for
outdoor use, and the Panasonic Amorton AM-1456 [65], specialized for indoor use. These solar cells have been
determined by the NOWI application team to be the best solar cells to use in combination with the NOWI NH16.
We also use the last two solar cells for getting input data for system validation.

3.1.2 Illluminance ranges

We simulate the performance of our design at several points of illuminance to check how well the performance
is over the entire spectrum. We choose the points based on environmental conditions that the sensor might
encounter. These are:

* Living room: 50 Ix

+ Office space: 400 Ix

» Outside cloudy: 1000 Ix

Indirect sunlight: 10, 000 Ix

Direct sunlight: 100, 000 Ix

33
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3.1.3 Calibration

We calibrate the system. This is necessary because, firstly, the NOWI NH16 has a relative inaccuracy of about
2.5%, but an absolute inaccuracy of about 20%, which is not good enough. This accuracy limit is caused by a
reference resistor whose inaccuracy can vary about 20% between chips. This is not a problem for the MPPT since
it only checks one power relative to the previous one, but for this project, there should be an absolute number of
illuminance at the end.

The additional advantage of calibrating is that the system can then be calibrated for a specific solar cell, as all
solar cells are slightly different, and thus would give a different result without calibration. Then the system can also
be calibrated around a specific temperature. In the datasheet, the temperature is usually 25°C, however in reality,
indoors or outdoors the temperature is mostly lower.

The way of calibrating depends on the exact design, however, they all work approximately the same. All
systems will consist of the following components:

» Way to input a calibration reference value (digitally)

» Comparing block, to compare the reference value with a measured and computed value
» Way to calculate the needed value for the calibration parameter

» Control FSM, to control the calibration process

We have to alter the formula to calculate illuminance from measured parameters to include a calibration param-
eter, which we calibrate so that the system’s output matches a reference input. For Designs 2, 3, and 4, calibration
can be done with a single parameter. Design 1 depends on both current and voltage, and thus for perfect cali-
bration, two calibration parameters are necessary. A reasonable calibration can, however, be done using only a
single parameter.

3.2 Design 1: MPPT based design, using both voltage and current

The first design is based on keeping the MPPT working at MPP at all times. This means that we do current
and/or voltage measurements at MPP, and with that information, we make an estimation of the illuminance. The
advantage is that this way no energy is lost while doing measurements, and there is minimal impact on the MPPT.
A disadvantage is that when working at, or near, the MPP, it is harder to make a good estimation of illuminance.
The relation with illuminance at MPP includes an exponential part, as described later on in Equations [3.1]and [3.6]
The exponential part has high computational complexity, making the system bigger and more power hungry.

A block diagram of the design can be seen in Figure [3.1]

Solar cell »  SCPC Lo > Battery
sensing
h
v
MPPT ADC » Reference
control voltage
v v

Sensor control [« | | !lumination Calibration |« Calibration
computation reference
A
v k.
Voltage
divider Memory

Figure 3.1: Design 1 block diagram
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In Figure[3.1] parts already available in the NOWI NH16 are given in blue, parts that would need to be designed
are given in red. Everything in yellow is connected externally to the chip. A solid line shows an analog signal, while
a dashed line shows a digital signal.

3.2.1 Solar cell model

Working at MPP means that we must make a translation between current and/or voltage at MPP and illuminance.
Therefore we need a good model describing the solar cell, linking current and/or voltage to illuminance.

Five-parameter model

Simulation of the system we design requires a good model of the energy harvester, in this case, a solar cell. An
often-used model for a solar cell can be seen in Figure[3.2] The parameters of this model can be derived using only
values given in the solar cell datasheet, as first given in [66]. A good mathematical breakdown of the five-parameter
model is given in [67], and has been expanded upon in [68].

Rs I
+
Iph Rsh V
O =
Figure 3.2: Five-parameter solar cell simulation model
The five-parameter model gives a current-voltage relationship of a solar cell as:
] vHiRg v+ iR
= — nsAVy — _ :
i=1ILy—1I, (e v 1) e (3.1)
in which
Voc
I, = I,.e ™AV (32)
and
Voc
Ly = Ie™4v (3.3)

In Equation , V; is the thermal voltage which is given as V; = % in which & is Boltzmann’s constant, g is
the elementary charge, and T' is the temperature. A is the diode ideality factor. n, is the number of cells in series.
I, is the photo-generated current, meaning it is the physical current generated by light, before non-idealities. I,
is the dark saturation current. I, is the short-circuit current.

We have made a MATLAB script to implement the calculations as done in [68], to calculate R, R, and A. We
then fill in these parameters into Equation[3.1]to draw an I-V curve. We also made a MATLAB script to draw these
curves. We then use the simulated I-V curve data to simulate any solar cell that may be used with the system.
The MATLAB files can be found in Appendix[G]

Four-parameter model

A disadvantage of the previous model is that the parameters cannot be derived directly. A simplification that we
can make is by assuming the shunt resistance is infinite. The simplified circuit can be seen in Figure 3.3

In the four-parameter model, only A and R, need to be calculated, which we can do directly as opposed to the
five-parameter model [63]:

‘/fAnS _ (2‘/;77471’ — VOC)(ISC — Impp) (34)

Impp
Inpp + (Lse = Linpp)In(1 — 72 )
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Figure 3.3: Four-parameter solar cell simulation model

m 2 m - Yoc
R~ Vo Vi = Voe (3.5)
Impp I7npp + (Isc - Impp)ln(l - %)

The I-V curve can then be calculated using Equation

i=1Iy—1, (e SV 1) (3.6)

Model relation to physical quantities

Since the goal is to calculate the illuminance from the four- and five-parameter models, it is important to know how
the illuminance relates to the equations given above. These equations are also temperature dependent, and thus
we also explore that relation.

The dependencies related to illuminance, G, or temperature, T', are as follows:

V; has a temperature dependency, as V; = %T With changing temperature, to calculate V; from V;, Equation
[3.71can be used.

T
Vi=7-Vio (3.7)
The open circuit voltage, V..., has both a temperature and an illuminance dependence as given in Equation[3.8]
G
Voe = Voeo (1 + B(T — To) + Vi Angln o (3.8)
The short-circuit current, I,., has a temperature and illuminance dependence according to Equation 3.9
G
Iy = G—Isco(l + (T —Tp)) (3.9)
0

In these equations Vg, V..o, and I, represent V;, V,., and I,. under standard test conditions (STC) respec-
tively, so at Gy and Ty. What the standard test conditions are, is mentioned in the datasheet, however, choosing
any other point for Gy and Tj, is also valid.

Model accuracy

According to [69], the inaccuracy of the five-parameter model around the MPP is about 5%. It should be noted that
the type of solar cell used in this project is very different from the one used in [69], so the inaccuracy of the model
to the cells used for our application might be different.

Calculating the voltage and current error at the MPP of the two curves given in the Panasonic Amorton AM-
5610 [50], the Panasonic Amorton AM-1456 [65], and the IXOLAR KXOB25-14X1F [51] datasheets, for the four-
parameter model gives the errors given in Table [3.1]

Looking at the errors, we conclude that the model is sufficienty accurate at STC, around the MPP, with an error
that stays under 2%. However, further away from STC there is a significant drop-off of the accuracy, with errors
of around 10%.

We can do the same for the five-parameter model. The errors are given in Table[3.2]

The simulated errors are very similar to the errors found in the four-parameter model. The conclusion, there-
fore, is the same. The model is good around STC, but not too good at different conditions.
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Table 3.1: Four-parameter model vs datasheet error

l error | Verror
Panasonic | 86.7 uA | 63.8 mV
1000W/m? | 1.9% 1.6%
Panasonic | 191 pA | 397 mV
440 W/m? | 9.4% 10.1%
IXOLAR 800 A | 5.7mV
1000 W/m? | 1.5% 1.0%

Table 3.2: Five-parameter model vs datasheet error

I error | V error
Panasonic | 75.8 uA | 58.2mV
1000 W/m? | 1.6% 1.5%
Panasonic 252 uA | 370 mV
440W/m? | 131% | 9.2%
IXOLAR 1L.ImA | 7.7mV
1000 W/m? | 2.0% 1.4%

In short, this means that when using Design 1 for a larger illuminance range, the inaccuracy will not be lower
than 10%.

3.2.2 Calculating illuminance

We can use the four- and five-parameter models to reverse engineer the illuminance. The I-V curve is dependent
on two factors, the illuminance and the temperature. For now, we do not consider the temperature, since measuring
temperature requires extra hardware.

Reverse engineering the illuminance depends on the model. In [70] three model-based methods for calculating
illuminance from measurements are described. The main formula used to calculate illuminance is based on the
five-parameter model and is Equation [3.10]

i+ g0 A]Pex Ego _ Ey vHiRsonsy _ q
_ aol7; 1" exp (4 — ) [exple ) — 1
& lUono + (T = Ty)) — wigflaons]

Rpn,

(3.10)

iq is the diode current, as given in Figure[3.2
E, is the bandgap energy, which in other formulas is assumed constant, but in [70] it is temperature-dependent.
A subscript 0 at any parameter, indicates it is the parameter at STC.

Based on the four-parameter model, a relatively simple equation for the illuminance can be found. [71] gives
the illuminance as given in Equation[3.11]

Got v+Rsi—Voe—B(T—Tg)

AVing
T =Ty " 6 (3.11)

G =
In which it is assumed that e% >>1and Vy ~ Vpg.

MPP linearisation Anideais to linearise the formula around the MPP, which makes the system less computation-
ally complex, as it removes the exponent from Equation This is possible, because the system is connected
to an MPPT and thus it is expected that the solar cell works at, or close to, its MPP. We did not use this idea in the
end, however. A description of the linearisation idea can be found in Appendix [Al

3.2.3 Input or output voltage sensing

In Design 1, we estimate the voltage as generated by the solar cell. We do this by measuring the voltage and
calculating what the input voltage would be. Two logical positions for the voltage measurement are either the
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output voltage of the SCPC or the input voltage directly at the solar cell.

Measuring the output voltage has several advantages. Firstly, this way we can use the measured voltage to
calculate the output power, which is interesting to know for other applications of the NOWI NH16. Also, the output
voltage is connected to a battery and thus stays relatively constant. This means that these voltage measurements
can be infrequent, and since every measurement costs energy this is a useful property. On the other hand, since
we need to know the solar cell voltage, measuring the voltage at the output requires us to calculate the input
voltage by dividing the output voltage by the charge-pump conversion ratio.

There are other options. Since the voltage measurement is used to get insight into the solar cell voltage, it
makes sense to measure the voltage at the input, directly where the solar cell is connected. This eliminates the
SCPC output impedance and current mirror switch resistance from the path, which both introduce a voltage drop.

Also, the conversion ratio of the charge pump would not be included in this measurement. By measuring
the input voltage instead of the output voltage the equation obtained to calculate the solar cell voltage becomes

Equation [3.12]
v R1+ R
-5
In Equation[3.12] R, and R, are the resistors that would be used in the voltage division. The only thing left in

the path is a voltage division, as the ADC can only handle voltages under 0.8 V. For more precise measurements,
measuring the input voltage is preferred.

Vapc (3.12)

3.2.4 Design limits

The accuracy of Design 1 is limited by:
* Model accuracy
» Temperature
» The accuracy of the voltage-sensing circuit
» The accuracy of the current-sensing circuit
» The accuracy of the ADC

» The accuracy of the calibration circuit

Model accuracy

The biggest source of error for Design 1 is in the model accuracy. The models are designed to fit well around the
parameters as given in the datasheet, which makes them accurate around the MPP at STC. However, the further
away conditions get from STC, the worse this error gets, as illustrated in Tables [3.1]and For a usable range,
the error the model introduces is more than 10%.

Temperature

In Design 1, both the short-circuit current temperature parameter, «, and the open-circuit voltage temperature
parameter, 3, affect the system. The effect of the two, however, is opposite, meaning the error caused by 3 is
partially compensated by a. A simple estimation would be to assume the error is the worst case of the two, usually
£ as it is much larger than a. Simulation shows that for the Panasonic Amorton AM-5610 around STC the error is
about 0.3%/°C.

Voltage-sensing circuit

For voltage sensing, we can use the same ADC as for current sensing. The ADC has a reference voltage of 0.8V,
so if the solar cell voltage exceeds this, which it probably will, a voltage-division circuit is needed. Since the ADCs
inaccuracy is 2.5%, the voltage-sensing circuit does not need to be much more accurate than this. Any of the
voltage-division circuits as mentioned in Chapter [2.4] should suffice.
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Current-sensing circuit

The NOWI NH16 already has a current-sensing circuit that is used for the MPPT. The system has an inaccuracy
of 2.5%.

ADC circuit

The ADC in the NOWI NH16 has an inaccuracy of about 2.5%, with an ENOB of about 6. In Design 1, we use the
ADC for both sensing the current and the voltage, and with that this is probably the accuracy limit for both.

Calibration circuit

Since the system will be calibrated, the accuracy of this calibration plays a role in the accuracy of the design. The
calibration uses the ADC to compare, so the ADCs accuracy is also the accuracy limit of the calibration circuit.

3.2.5 Accuracy simulation

The responsivity of this model is harder to determine, as both current and voltage influence the estimated illumi-
nance. To get a sense of responsivity we look at the Panasonic Amorton AM-5610 again. For this solar cell at
STC, the responsivity is 24.9 kix/mA and 402 kix/V if used over the full range. It is, however, possible to split the
current and voltage measurements in multiple ranges for the ADC. Meaning that if the current or voltage is low,
you do not divide them by the same factor. This helps to use the ADC more efficiently, improving the responsivity
for lower inputs. In theory, if you make enough different division ranges, the limit becomes the ENOB of the ADC.

Without including the model error, we estimated an error in the measured current of 2.5% and also an error
in the measured voltage of 2.5%. Then with the four-parameter model, we simulate the Panasonic Amorton AM-
5610 and we check what the error in lux is when there is a voltage and current error of 2.5%. Over the range, as
described in Chapter[3.1.2] the MATLAB simulation shows that the error in lux is up to 5%.

However, the model error causes a current and voltage error of about 10% in this range. Therefore, we repeat
the simulation with this error. The error in lux made for Design 1 can be up to 35%, see Table [3.4

We repeat the simulations for the Panasonic Amorton AM-1455, an indoor solar cell. The simulated error can
be found in Table 3.3} however, for this solar cell even for an error of 2.5% the error in lux is too big to be usable.

Table 3.3: Panasonic Amorton AM-1456 simulated error for Design 1

Range type | llluminance (IxX) | I,,,p (2A) | Vinpp (V) | Error (2.5%)
Living room | 50 1.2 1.77 3 Ix
Office space | 400 9.6 1.30 62 Ix
Cloudy 1000 24 1.31 390 Ix
Indirect sun | 10,000 240" 1.51 7100 Ix
Direct sun 100,000 4000* 214 84,000 Ix

Values with an asterisk (*) fall outside the usable range as given in the datasheet.

Table 3.4: Panasonic Amorton AM-5610 simulated error for Design 1

Range type | llluminance (Ix) | Error (2.5%) | Error (10%)
Living room | 50 2 1x 5 Ix
Office space | 400 12 Ix 53 Ix
Cloudy 1000 35 Ix 140 Ix
Indirect sun | 10,000 410 Ix 1800 Ix
Direct sun 100,000 5300 Ix 34,000 Ix

3.2.6 Conclusion

Design 1 has as advantage that it works at MPP, and thus has minimal impact on the NOWI| NH16. However,
simulations show that the design is not very accurate, and probably not accurate enough for use in this project.
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3.3 Design 2: Short-circuit current based

Design 2 focuses on accuracy. The difference with Design 1 is that we use the short-circuit current, I,., to determine
illuminance. The advantages are that measuring the voltage is not necessary, since at short-circuit current the input
voltage is zero. This also simplifies the solar cell model, since if V' = 0 the illuminance is linear with I,.. Thus, no
complex calculations are needed, and the model is more accurate. We can solve errors due to solar cell variations
by calibration.

The formula that is left in short-circuit conditions is given in Equation [3.13]

GOISC
G = 3.13
ISC()[]. =+ Oé(T — TQ)} ( )
When ignoring temperature differences, Equation 3.14]is left.
Isc
G = Golse (3.14)
IscO

If the temperature is not corrected for, we can still calibrate the system around an operation point of our choos-
ing, making the design accurate around this specific temperature point. In the case of this system, we only need
to alter the factor IG—"O to m which when multiplied by the measured short-circuit current gives the
iluminance, as in Equation w

A disadvantage is that for the system to measure the short-circuit current, we have to short-circuit the solar
cell, which means the converter has to be turned off. During this time no energy is harvested, and it could cause
transient effects in the converter. Also, it is still necessary for the MPPT to measure the output current, and thus,
two current-sensing systems are required.

A block diagram of the design can be seen in Figure [3.4]

Solar cell > Isc »  SCPC Current >  Battery
measurement sensing
h ‘ A
v o
Sensor P MPPT . ADC
control control
A
Reference lllumination
voltage computation
A
Memory ) Calibration |« srilin
reference

Figure 3.4: Design 2 block diagram

3.3.1 Calibration

Since the absolute accuracy of the NOWI NH16 is not good enough, the system will be calibrated. This will also
help against any gain errors in the system.
We use Equation[3.14]to calculate the illuminance. To calibrate, we add a parameter C' as in Equation[3.15]

_CXG()X[SC

G
IscO

(3.15)



3.3. DESIGN 2: SHORT-CIRCUIT CURRENT BASED 41

3.3.2 Design limits

The short-circuit current design is limited by:
* Temperature
» The accuracy of the current-sensing circuit
» The accuracy of the ADC

» The accuracy of the calibration circuit

Temperature

The short-circuit current has a dependency on temperature, but it is relatively small, about 0.1%/°C for the Pana-
sonic Amorton series.

Current-sensing circuit

Besides the ADC, the current-sensing circuit could also be the limit of Design 2. The NOWI NH16 has an inaccuracy
of about 2.5% in its current-sensing circuit. For Design 2, we need to design another current-sensing circuit, and
with similar accuracy to not degrade the accuracy of the system.

ADC accuracy

In the NOWI NH16, the current is sensed with an inaccuracy of about 2.5%. For the full range of 0 to I, this would
mean a responsivity of 21 klx/mA for the Panasonic Amorton-5610 [50], resulting in 5.2 kix/LSEB. However, by
dividing the current, we can divide this range, improving the responsivity. In the NOWI NH16, the current mirror
already divides the current to suit the ADC. Using those ranges, the smallest range goes from 0 to 4 pA. Within
this range, the responsivity is 1.3 kix/LSEB.

Calibration circuit

We will calibrate the system via a calibration circuit, but as in the previous design, the ADC accuracy is the limit in
the calibration circuit.

3.3.3 Accuracy simulation

Like for the previous design, we simulate the error of Design 2, when there is a current error of 2.5%. The results
can be seen in Tables and [3.6] for the indoor and outdoor solar cells respectively. Since the illuminance is
linear with the short-circuit current, the error is also linear. This means that the error of 2.5% as made by the ADC
and current measuring system results in a small error in the illuminance. Thus, we can reach a decent accuracy.
Taking into account the biggest error of 10%, and considering Design 2 has a linear relation, an error of 10% in
short-circuit current causes an error of 10% in the illuminance.

Table 3.5: Panasonic Amorton AM-1456 simulated error for Design 2

Range type | llluminance (Ix) | Is. (¢A) | Error (2.5%) | Error (10%)
Living room | 50 1.5 11Ix 5 Ix
Office space | 400 12 10 Ix 40 Ix
Cloudy 1000 30 25 Ix 100 Ix
Indirect sun | 10,000 300" 250 Ix 1000 Ix
Direct sun 100,000 3000* 2500 Ix 10,000 Ix

3.3.4 Conclusion

Design 2 has good accuracy and is, therefore, a reasonable option to choose. The disadvantage is that this design
has a big impact on the design and functioning of the MPPT.
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Table 3.6: Panasonic Amorton AM-5610 simulated error for Design 2

Range type | llluminance (Ix) | I,. (mA) | Error (2.5%) | Error (10%)
Living room | 50 0.0024 11x 5 Ix
Office space | 400 0.019 10 Ix 40 Ix
Cloudy 1000 0.048 25 Ix 100 Ix
Indirect sun | 10,000 0.48 250 Ix 1000 Ix
Direct sun 100,000 4.8 2500 Ix 10,000 Ix

3.4 Design 3: open-circuit voltage based

Design 3 uses the open-circuit voltage instead of the short-circuit current to determine illuminance. The main
advantage of this compared to Design 2 is that there is a moment during MPP tracking when the input impedance
is high enough to assume V,,,..s ~ V,.. This moment can be used to measure the input voltage, which is then
close to the open-circuit voltage. This way the converter does not have to turn off at any point.

At open-circuit, the solar cell can be described by Equation[3.16][71]. This equation assumes the four-parameter

Voc
model, with eV >> 1, and Vi = V.

Voe(G) = Voo + ns AVroln (Ci)) (3.16)
Rewriting Equation [3.16] gives that the illuminance can be calculated according to Equation [3.17]
Vapc—Voco
G = Goe "=4Vro (3.17)

According to [67] Equation [3.18| can be used to calculate V,.. This equation is based on the five-parameter
model and thus is without the simplifications that Equation assumes. Equation does require an iterative
calculation to solve.

QI LRS *Voc G
VOC(G):In<G° phTh @) ns AV, (3.18)

I()Rsh

The datasheet from the Panasonic Amorton AM-5610 [50] gives a figure showing the effect of illuminance on
its open-circuit voltage. We simulate Formulas[3.17]and [3.18]to see how close the model is to the datasheet. The
results are given in Figure [3.5

We see that there is a difference between the modelled V. and the values given in the datasheet. The reason
for this is the diode ideality factor, A, in Equations[3.16|and[3.18] A is a modelled value in both the four-parameter
model and five-parameter model. If A is wrong, then the calculated V,. value and thus the illuminance will be
wrong. There is a difference between A from the four-parameter model and A from the five-parameter model.
However, assuming the open-circuit voltage follows a logarithmic function in relation to the illuminance, we can
remove this error by calibration.

A block diagram of Design 3 can be seen in Figure [3.6]

3.4.1 Calibration

In Design 3, we calibrate the system. To calibrate, we should add a calibration parameter to Equation[3.17] resulting
in Equation [3.19] in which C'is the calibration parameter.
o= G0 Mt

This calibration method requires only one measurement to be done, and assumes that G = 0 at V,. = 0. We
calibrate the system by inputting a digital reference value of the illuminance. By comparing that value to the ADC
value, the system can adjust C' to match them.

If the open-circuit voltage of the solar cell can indeed be described by a purely logarithmic function, ignoring
temperature effects, then this system in theory can be calibrated perfectly.

However, if the shunting resistance, R,,, has a significant effect, as in Equation [3.18] then perfect calibration
is not possible, and an error will remain, even after calibration. If R, is large enough, this should not have a
significant effect.

(3.19)
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Figure 3.5: Open-circuit voltage comparison

3.4.2 Design limits
The open-circuit voltage design is limited by:
* Model accuracy
* Temperature
» The accuracy of the voltage-division circuit
» The accuracy of the ADC

» The accuracy of the calibration circuit

Model accuracy

The diode ideality factor depends on the model and is not completely accurate. However, calibrating the circuit
should fix this error.

Temperature

Temperature has a pretty big impact on the open-circuit voltage, as the temperature coefficient, 3, is relatively big.
The voltage error is about 0.4%/°C, however, the dependency of temperature on illuminance is not linear, as given
in Equation [3.8] For larger temperature variations the error gets much larger. However, for a range of about 10°C
the estimate of 0.4%/°C is reasonable. If the system is used only indoors, then this is a good assumption. For
outdoor use, the error caused by temperature differences can get significant.

Voltage-division circuit

As mentioned, any of the named voltage-division techniques should suffice since all of them can be made more
with a smaller error than 2.5%. Since the ADC is not more accurate than that, making this part of the system more
accurate is unnecessary.
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Figure 3.6: Design 3 block diagram

ADC accuracy

This method is limited by how accurately the ADC can detect the voltage. For a range of 0 to V,., this means
you get an accuracy of QE‘J/\,W Since the voltage is divided, it is possible to make multiple ranges in the voltage
divider. This increases the possible accuracy of the system without the need for a better ADC. It is even possible
to add an amplifier to increase the accuracy even more until noise starts to become dominant. This does not seem
necessary, and instead, the smallest range of the system would be a divide by 1, for signals up to 0.8 V. For this
range, the responsivity of the system when using the Panasonic Amorton-5610 would be 0.53 Ix/V. This range
does, however, fall outside of the range mentioned in the datasheet [50]. The lowest point in the datasheetis 4.5V,
which corresponds to 5 kix. In this range, the responsivity is 1.1 klx/V, or 1.67 Ix/LSEB. For solar cells designed
for indoor use, the datasheet mentions a lower illuminance range. For the Panasonic Amorton-1456 for example,
the responsivity at V,,. = 2.21V, corresponds to 52.6 Ix and results in a responsivity of 0.82 Ix/LSEB [65].

Calibration

In Design 3, it is necessary to calibrate the system. We use the ADC in the calibration circuit, and thus the
calibration accuracy is limited by the ADC.

3.4.3 Accuracy simulation

The inaccuracy of the ADC is about 2.5%. To see what error to expect for Design 3, we determine V.. for the
different points of illuminance. We add an error of 2.5% to V., and then we simulate the error made. The results
for the indoor and outdoor solar cells can be seen in Tables|3.7|and respectively. The entries marked with an
asterisk (*) fall outside the working range mentioned in the datasheet.

Table 3.7: Panasonic Amorton AM-1456 simulated error for Design 3

Range type | llluminance (Ix) | V,. (V) | Error (2.5%)
Living room | 50 2.22 28 Ix
Office space | 400 2.49 237 Ix
Cloudy 1000 2.61 626 Ix
Indirect sun | 10,000 2.91* 6892 Ix
Direct sun 100,000 3.22* 89,750 Ix
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Table 3.8: Panasonic Amorton AM-5610 simulated error for Design 3

Range type | llluminance (Ix) | V,. (V) | Error (2.5%)
Living room | 50 3.46 19 Ix
Office space | 400 4.02 170 Ix
Cloudy 1000 4.27 460 Ix
Indirect sun | 10,000 4.91 6200 Ix
Direct sun 100,000 5.53 66,790 Ix

3.4.4 Conclusion

The advantage of Design 3 is that we only need a voltage measurement and that we can obtain the measurement
during the normal functioning of the MPPT. Thus, it has little impact on the MPPT. The disadvantage is, however,
that the error made in Design 3 is just under 50% at lower illuminance, and slightly above 50% for higher illuminance,
as can be seen in Tables[3.7]and [3.8] This is accurate enough to give a label to it, like "outdoor cloudy”, but not
accurate enough to couple the result to an exact illuminance value. This design is therefore not usable for this
project.

3.5 Design 4: MPP based design, measuring only current

Design 4 is similar to Design 1 and shares its advantages while getting rid of some of its disadvantages. The idea
is that only a current measurement is done at the MPP. With that information, an estimation is made of the short-
circuit current, which then can be used to calculate the illuminance according to Equation Thus, it looks like
a hybrid of Designs 1 and 2. Compared to Design 1, the advantages are that Design 4 does not need to measure
the voltage, which also gets rid of the exponential calculation. Compared to Design 2, it has the advantage that
the system does not need to stop the converter to do a measurement, and thus is more energy-efficient, while also
having better integration with the MPPT. The disadvantage is that Design 4 is less precise than Design 2, as there
will likely be an error when calculating the short-circuit current from the MPP current. Also, Design 4 assumes the
system works at MPP. If the system does not then this will cause an error.

The estimation from I,,,,,, to I,. is based on that the MPP current is always around 0.7 to 0.9 times the short-
circuit current. In fact, this method is used for simple MPPT algorithms, as described in [48]. The short-circuit
current is measured, which then gives information about the MPP current, according to Equation|3.20} in which D
is a constant between 0.7 and 0.9.

Lnpp = DI (3.20)

In Design 4, we reverse this method. We measure the MPP current which then, via the same relation, gives
information about the short-circuit current. C' depends mostly on the specific solar cell, but also environmental
conditions and degradation over time play a role. Calibrating with the specific solar cell, which is done anyway,
should give a close result.

Since we already measure the SCPC output current in the NOWI NH16, it makes sense to use that measure-
ment for the short-circuit current estimation. The SCPC has a ratio between the input and output current, so when
using the output current measurement, we should compensate for this by dividing the measured current by the
current conversion ratio.

A block diagram of Design 4 can be seen in Figure

3.5.1 Design limits
The accuracy of Design 4 is limited by:
* Model accuracy
» Temperature
» The accuracy of the conversion ratio and losses in the SCPC

» The accuracy of the current-sensing circuit
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Figure 3.7: Design 4 block diagram

* MPPT precision
» The accuracy of the ADC

» The accuracy of the calibration circuit

Model accuracy

The model assumes a constant ratio between I,. and I,,,,,,. This ratio is mostly constant but can change a bit
under different temperature or illuminance conditions.

Looking at the datasheets for many different energy harvester solar cells, we calculate the expected ratio at
different illuminance levels. Then we compare them to see what error to expect. The results can be seen in Table
3.9

Table 3.9: Solar cell short-circuit current to MPP current ratio

Solar cell llluminance (Ix) | I,,,, (A) | I,c (A) | Ratio
Panasonic Amorton 114 k 47m | 55m 0.86
AM-5610 [50] 50 k 21m | 24m | 0.89
Panasonic Amorton 200 71 88u | 0.81
AM-1454 [72] 50 27p | 35u | 079
Panasonic Amorton 200 4.8 60p | 0.79
AM-1456 [65] 50 12 1.5u | 0.78
114 k 277 | 3424 | 0.81

PowerFilm [73] 91k 217 | 266 1 | 0.82
LL200-2.4-37 68 k 166 1 | 2054 | 0.81
46 k 107 | 135 | 0.79

The ratio is always around 0.8. It can vary between solar cells, but calibrating the system reduces that error.Re-
maining after calibration, is the error between different illuminance levels of the same solar cell. Looking at Table
[3.9) we see that that error is up to 4%. This falls within the margin of what is acceptable. If the error would not be
acceptable, calibrating at different illuminance levels could be a solution.

Temperature

The system is affected by the short-circuit current temperature coefficient, which is about 0.1%/°C for the Panasonic
Amorton series. That means that over a temperature range of 0 up to 40°C, it would cause an error of up to 2% to
either side.



3.5. DESIGN 4: MPP BASED DESIGN, MEASURING ONLY CURRENT 47

Converter ratio and losses

The SCPC should convert the current input to output with a certain known ratio. However, due to its efficiency
and gate charge losses this ratio is not exactly what is expected resulting in an error in the estimated short-circuit
current. The SCPC accuracy is about 90-95%, which would result in an error of 5-10%. Calibration can partly
solve this problem. There will still be an error left after calibration, however, and it is hard to say what this error will
be exactly, but it is expected to be around 5%, as that is the range the SCPC efficiency varies.

Current-sensing circuit

The same applies as in Design 2. The current-sensing circuit should be accurate enough, but in the end, it is likely
the ADC that is the true limit to the system’s accuracy.

MPPT precision

Design 4 assumes that the MPPT is perfect and thus that the operating point of the solar cell is always at the MPP.
In theory, if the MPPT has a constant error, this still should result in the same accuracy. However, if the MPPT
varies around the MPP, which in practice it does, then this will result in an error in C of Equation[3.20] In the NOWI
NH16, the current error caused by this stays within 2.5%. Since the system searches for the MPPT at discrete
moments, the best accuracy can be achieved if the system uses current measurements from a moment directly
after the MPP has been found. Otherwise if the incident light changes, this results in an error.

ADC accuracy

Since the ADC in this design also measures current, like in Design 2, the same errors as in Design 2 apply here.
The responsivity is different, however, since in Design 4 I, is estimated using Equation [3.21]

I, = %Im,pp (321)

The resulting responsivity is 25 klx/mA for the Panasonic Amorton AM-5610 and 33 kix/mA for the Panasonic
Amorton AM-1456.
Calibration

We calibrate the system, and like in the other designs the ADC is likely the limit of the calibration accuracy. The
calibration cycle needs to take place directly after an MPP has been found, otherwise if illuminance changes in
between the MPPT cycle and calibration cycle, this will result in an error in the calibration.

3.5.2 Calculation

The parts of the circuit influencing the illuminance calculation in Design 4 are:

+ Solar cell responsivity
» Charge-pump current conversion factor
« Effective resistance of the current sensor

» ADC bit to voltage ratio

Solar cell responsivity

The solar cell responsivity is the amount of measured current that corresponds to the illuminance of the solar cell.
This number links the illuminance to the solar cell MPP current, or G = Gy x D x I;ﬁ'f’;’, in which D is the ratio
between I,,,, and I,.. D depends on the specific solar cell and will be calibrated for.
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Charge-pump current conversion factor

The charge pump boosts the voltage, however, this means the current is attenuated. The multiplication factor with
which this happens is known in the system and thus can be corrected for. I,,,,, = B X I out, in Which B is the
charge-pump voltage boost factor. The value of B is known as it is set beforehand. There are some small current
losses in the charge pump, meaning B is not exactly what is expected, however, calibration helps against this.

Effective resistance of the current sensor

The output current of the charge pump is translated to a voltage by the current-sensing circuit, as the ADC works
with voltages. This is done via a senseFET circuit, which copies (part of) the current, and uses a sense resistor
to create a proportional voltage. The value of the current mirror ratio and sense resistor can be changed by the
system to facilitate a larger current range. The system has five different ranges with a different current mirror factor
and sense resistor. This means the system has four different effective resistances, being 100 k2, 10 k2, 736 €,
and 48 Q). The relative ratio between the effective resistances should be within the 2.5% inaccuracy of the NOWI
NH16. Calibration is used to remove the absolute error. If necessary, it is possible to calibrate for every range,
however, as the relative accuracy is good enough, this should not be necessary.

ADC bit to voltage ratio

The ADC gives an output between 0-255. This output corresponds to a voltage between 0-0.8 V. We do the
calculation with the output bits of the ADC, which correspond to a multiplication factor of % = 3.14 mV/bit.
The total calculation is done according to Equation[3.22]
% 1 % Go x C
Reff b IscO
in which C' is the calibration constant calibrating for the solar cell responsivity, together with any other gain
errors in the charge pump and current sensor. This also includes the ratio between I,,,,,, and I, D.

G = ADCy;ts x 0.00314 x

(3.22)

3.5.3 Accuracy simulation

The error made in Design 4 in measuring I,,,,, is the same as for the short-circuit design when measuring /..
Since 1I,,,,,;, is used to estimate I,., and I,. is used to estimate the illuminance, with the same gain error, the same
error in lux will be made. However, this system also introduces a possible model error of up to 4%. Combined
with the possible measurement error, this would amount to a maximum error of v/2.52 + 42 = 5%. We simulate the
error this creates and the result can be seen in Tables[3.10]and [3. 11| respectively.

Table 3.10: Panasonic Amorton AM-1456 simulated error for Design 4

Range type | llluminance (IX) | I,,,, (#A) | Error (2.5%) | Error (5%) | Error (10%)
Living room | 50 1.5 11x 3 Ix 4 Ix
Office space | 400 12 10 Ix 20 Ix 40 Ix
Cloudy 1000 30 25 Ix 50 Ix 100 Ix
Indirect sun | 10,000 300* 250 Ix 500 Ix 1000 Ix
Direct sun 100,000 3000* 2500 Ix 5000 Ix 10,000 Ix

Table 3.11: Panasonic Amorton AM-5610 simulated error for Design 4

Range type | llluminance (Ix) | I,,,, (MA) | Error (2.5%) | Error (5%) | Error (10%)
Living room | 50 0.002 1 Ix 3 Ix 4 Ix
Office space | 400 0.016 10 Ix 20 Ix 40 Ix
Cloudy 1000 0.041 25 Ix 50 Ix 100 Ix
Indirect sun | 10,000 0.41 250 Ix 500 Ix 1000 Ix
Direct sun 100,000 4.1 2500 Ix 5000 Ix 10,000 Ix

Since the model is linear, logically the simulated error is the same for both. Values marked with an asterisk (*)
fall outside of the working range according to the datasheet.
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3.5.4 Conclusion

The accuracy of Design 4 is not as good as Design 2, however, it is better than the accuracy of Designs 1 and 3.
The advantage over Design 2 is that Design 4 has a lower impact on the MPPT, making it easier to integrate. Also,
since the harvester can keep harvesting during its illuminance sensing cycle, Design 4 is more energy-efficient
than Design 2.

3.6 Design comparison
A simple comparison of the four designs can be found in Table [3.12

Table 3.12: Comparison of the four mathematical design options

. MPPT Computational | Energy
Design | Accuracy | . . . . .
integration | complexity efficiency
1 = + o +
2 + - + =
3 - 0 0 0
4 0 + + +

The fourth design has the best overall potential for this project. The accuracy is not the best, however, it is
good enough. Added advantages are, that Design 4 can be integrated easily with the current MPPT system and
is more energy-efficient than the other designs. Therefore we use Design 4.






4.
Hardware design

Now that we have chosen a design option, we make it into hardware. Looking at the block diagram of the design
in Figure [3.7] the parts we need to make are the illuminance computation and calibration blocks.

4.1 Design tools

The design includes a digital calculation and digital calibration, from the data outputted by an ADC. Thus, digital
design tools will be used to create the hardware. We make the design in Verilog, which we simulate and verify
using ModelSim. Then we synthesise the design using Cadence Genus. Next, to verify the synthesised design,
we simulate it using Cadence Spectre. Also, we make a prototype of the design on an FPGA. The FPGA used is
a Zybo Z7 and we program it using Xilinx Vivado.

4.2 Floating-point design

The illuminance can range from 1 Ix to about 200 kIx. Since the precision of the system is about 10%, there is
no need to be able to represent 200,000 different numbers. Instead, two significant (decimal) numbers should be
good enough. Therefore, we explore a floating-point design.

4.2.1 Floating-point multiplication

Some of the factors multiplied are below 1, and thus to get a workable number, floating-point multiplication has
to be done. This also has the advantage that for bigger numbers, near 200,000, fewer bits are needed. In digital
systems a floating-point number has three parts:

» Asign bit, S
* An exponent, £
« A fraction, called the mantissa, M

The floating-point number then is (—1)° x M x 2F, which is positive if S = 0, and negative if S = 1. In our
system, we only work with positive values, so the sign bit is not necessary.
The mantissa is normally 23 bits, however, the system is not precise enough to need this amount of bits. Instead,
we choose a number such that 3 significant (decimal) numbers can be guaranteed in the calculation, which re-
quires 10 bits, as 2'° = 1024.
Then we choose the exponent such that the entire expected illuminance range up to 200,000 Ix can be reached.
To be able to handle numbers up to 200,000, we need 5 exponent bits, as 22° > 200,000. The initial exponent
can, however, be negative, and to also be able to represent these numbers, we need an extra bit. Therefore the
exponent consists of a 6 bit two’s complement number.

A more optimised design is possible, needing only two significant (decimal) numbers, and using the exponential
part more efficiently. So the number of bits used could be reduced, however, for afirst design, 11 bits should suffice.

The floating-point design of the illuminance calculation hardware consists of the following elements:
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* Look-up table (LUT)

» Adder

+ Multiplication block including controlling FSM
+ Calibration FSM

A block diagram of the floating-point design can be found in Figure [4.1]

ADC

output  Reset Done lllumination Reset Reference SetC
Calculation FSM C Calibration FSM

Done
Multiplier Normaliser Shifter ”lummaﬁon; Divider Normaliser
CP ratio 1 Reff“ CP rati Initial
rato t .
exponent sxeonen C shift

LUT | Adder

Reff
T T exponent

CP control  CM control
hits bits

Figure 4.1: Floating-point design block diagram

422 LUT

As stated before, the current in the NOWI NH16 will first go through the charge pump and then through a current
mirror with a sense resistor. The charge-pump conversion ratio lowers the current by more or less that ratio. The
current mirror, together with the sense resistor, translate this current to a corresponding voltage. The ratio between
the current going into the current mirror and the voltage is determined by the division factor of the current mirror,
and the value of the sense resistance. Together, this ratio can be seen as the effective resistance of the current
mirror, Rcs¢, in which Vi,r = I;, X Rery. In the NOWI NH16 four different values for R, ;¢ exist.

Since the charge-pump ratio and the current-mirror effective resistance have a limited number of discrete op-
tions they can be put into a LUT. Based on the controlling bits of the NOWI chip, the LUT will output the correct
values for the charge-pump ratio and R.;;. Another advantage is that the reciprocal of the effective resistance, or
effective conductance, G.s, can be put into the LUT instead of R.;;. This means that we do not need a division,
but instead, we can use a multiplication, which is smaller and is easier to implement.

The charge-pump conversion ratio values are: 2x, 4x, 8x, and 16x. They are represented by a 2-bit control
signal, "CP control bits” in Figure [4.1] in which 2x is represented by "00”, 4x by "01”, 8x by "10” and 16x by "11”.
Converting the "CP control bits” to a logarithmic number is simple, as 2! = 2, 22 = 4, etc. Therefore the number
can be converter to a logarithm by adding 1 to the control bits. All values at the decimal places are zero.

4.2.3 Adder

The adder adds the exponential part from the LUT entries and the calibration parameter, to form one number. This
number forms an initial exponential part for the illuminance calculation.
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4.2.4 Illuminance calculation

The calculation of the illuminance can be found in Equation [3.22] It consists of five parts of which the ADC bits
to voltage factor, 0.00314, and C}O—XOC are constant. These can be combined into a single number. The calculation
then involves the following steps:

» Getting the ADC bits
 Getting the reciprocal of the effective resistance from the LUT
+ Getting the charge-pump voltage boost factor from the LUT

» Multiplying all these values together with the constant

The calculation hardware consists of an FSM with the following components:
* Multiplier
* Normaliser

« Shifter

Multiplier

The multiplier is the element that actually does the multiplication. This multiplier has two 10-bit inputs, as it is used
to multiply two mantissae together. The output of the multiplier is 20 bits so that every possible multiplication fits.
Different ways of multiplication in digital systems exist, usually being a trade-off between area and latency. In this
project, a smaller area is more important. The following multiplier implementations can be used:

Basic operation The most basic multiplication method of A x B is by checking the LSB of B, and adding A to
the final result if this is a 1. Then it left-shifts A and checks the LSB-1 from B, and so on. This method is not the
fastest but can be efficiently implemented by synthesisers.

Booth’s algorithm Booth’s algorithm makes use of the fact that an adder can also subtract by adding the inverse
in two’s complement. When multiplying by 2% 4+ 2*~1 4 ... 4+ 2~ this is equal to multiplying by 2*+! — 27— The
latter, however, requires fewer operations. In this method the algorithm can work with two bits at the same time,
in other words, it will add the multiplicand if the last two bits are 01, and subtract the multiplicand if the last two bits
are 10, and do nothing otherwise, right-shifting B after every step.

Wallace tree A Wallace tree multiplies by multiplying every bit of A with every bit of B. Then adders and half
adders are used to reduce the number of partial products, by adding the n"-bit of two (half-adder) or three (full-
adder) partial products, reducing the number of partial products until any bit position only has up to two bits left.
This then leaves two numbers, which are then added with a normal adder.

The advantage of this system is that it is fast. The disadvantage is that a lot of adders are required, which
requires a large area.

Dadda multiplier The Dadda multiplier works almost the same as the Wallace tree. The difference is that the
Dadda multiplier optimises the hardware needed by using the minimal number of adders in the reduction stage.
This is done by reducing the number of layers after calculating the partial products. For a Wallace tree, the number
of layers is equal to the number of partial products. However, the Dadda multiplier reduces the number of layers
by moving bits from the bottom layers to empty spots on higher layers.

Conclusion Since speed is not the main focus of this project, we will use the basic multiplication.
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Normaliser

The output of the multiplier is a 20-bit number, however, the multiplier input can only handle 10-bit numbers. Thus,
we should normalise the number to 10 bits. We do this by comparing the top 10 bits and if there is a one in any of
them, we right-shift the entire number and increase the shift register. The shift register keeps track of the exponent.
The right-shifting continues until no bit is 1 above the 10"-bit position anymore. If no bit is 1 in the top 10 bits and
the 10™-bit is 0, then the number is left-shifted and the shift register is decreased. This continues until the 10"-bit
position is a 1.

On reset, we initialise the shift register to the number the adder has calculated.

Shifter

After all numbers are multiplied with each other, we convert the floating-point number to an unsigned binary number
used to describe the illuminance. This conversion is done by the shifter. Essentially the shifter does the opposite
of the normaliser. If the shift register is negative then the number is right-shifted, and one is added to the shift
register until its value is 0. If the shift register has a positive value, the number is left-shifted, and the shift registers
value is decreased by one until the shift registers value is at 0.

FSM

The FSM ties together all components above. A flowchart of the functioning of the FSM can be found in Figure[4.2]
The system multiplies two numbers together, then enables the normaliser to normalise the number. The system
multiplies this number again and normalises it again. The system then multiplies the number and forwards the
answer to the shifter, which generates the final result.

Multiplier: Multiplier:
ADC output x —> Normaliser
constant x CP ratio
v v
Normalise Shifter
v v
Multiplier:
Normaliser Done =1
X 1/Reff
v
Normalise —

Figure 4.2: Multiplier FSM flow chart

4.2.5 Calibration

We calibrate the system. To do so, a certain amount of light must shine on the solar cell. We measure this light

externally, and we input the result, in lux, into the system as a reference. The system compares the reference

to the calculated illuminance, and if the values are not the same, it alters the calibration parameter. Looking at

Equation parameter C' can be determined by dividing the reference by the result of the calculation when

C = 1. Therefore we need a division circuit. The output of this block is an input for the illuminance calculation.
The calibration block consists of an FSM with the following elements:

* Division circuit

* Normaliser
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Division

To calibrate the system, we use a divider. Several division algorithms exist for digital systems. In [74], an overview
of possible algorithms is given. The algorithms described are:

» Restoring and non-restoring algorithms
+ SRT division

» Taylor’s series expansion

Goldschmidt’s algorithm

* Newton-Raphson algorithm

CORDIC algorithm

Restoring and non-restoring algorithms These are relatively simple algorithms based on N = MQ+ R, with N
the dividend, M the divisor, @ the quotient, and R the remainder. These algorithms subtract M until the remainder
is smaller than the dividend. The difference between the two is that the restoring algorithm does a test subtraction
each cycle, and has to do restoration if the remainder drops below zero, while the non-restoring algorithm does
not, but needs an extra bit to keep track of the sign of the remainder.

In practice, the non-restoring algorithm requires fewer cycles than the restoring algorithm.

The advantage of these algorithms is that they are relatively simple, and thus require few resources. Only an
adder and some comparison logic are required. The disadvantage of these algorithms is that they require more
cycles than some of the more advanced algorithms, especially for more precise numbers.

SRT division SRT division uses a LUT dependent on the divisor and dividend, usually with a redundant amount
of entries. This way each iteration a decision can be made based only on an amount of the most significant bits.
Because of the redundancy, any error can be corrected in later cycles, which speeds up the division process but
does require a LUT.

Taylor’s series expansion This method is based on a Taylor’s series expansion, as @ = % ~ NXo(l+(1-—
MXo)+ (1 - MXy)? + (1 - MX,)?). Adding more terms will make a more precise result, but also will take longer
or require more hardware. Taylor’s series expansion requires the use of squaring and/or cubing units to make the

algorithm fast, and thus requires a larger area. This method is not often used [75].

Goldschmidt’s algorithm Goldschmidt’'s algorithm uses parallel multiplication of both the dividend and the divi-
sor, over multiple iterations until the divisor converges to one. At that point, the dividend gives the quotient. The
disadvantage of this method is that it requires the use of two multipliers, meaning a large area is needed. This
method is, however, fast, and used in many microprocessors.

Newton-Raphson algorithm The Newton-Raphson algorithm finds the reciprocal of M and multiplies that with
N tofind Q. To do so, an estimation of the reciprocal is made, and in following iterations, more precise estimations
are made until the final result is found. Needed for this method is a function that, over several iterations, converges
to the reciprocal of the dividend. Used is X; 41 = X; — £32, with f£(X;) = 4 — M, in which X needs to converge
to 5, so f(X) needs to be zero at X = ;.

The hardware required for this method is significant since a multiplier unit and a subtraction unit are needed.
Multiple multipliers can be used to make a faster implementation. This method has a bigger advantage for calcu-
lating larger numbers, as the number of correct digits doubles every iteration. However, for smaller numbers, this
method can be relatively slow.

CORDIC algorithm The CORDIC algorithm can be used to implement many trigonometric functions, including
division, however, if only a division is needed the CORDIC algorithm is not area or power efficient.
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Conclusion Since this project focuses on the smallest area, we use the non-restoring algorithm to implement
the divider.

Normaliser

We use the normaliser to normalise the reference input. It is possible to combine this normaliser with the normaliser
in the illuminance computation block with the right controlling hardware. Another option is that the user inputs the
reference in floating-point format, which would mean we do not require this normaliser at all.

Calibration FSM

The calibration FSM first normalises the reference and the illuminance calculation. Itis possible to skip that last step
by directly connecting the normalised output of the multiplier FSM to the calibration FSM. However, this requires
extra wires, and the extra time gained is not critical for the application.

The calibration FSM then checks if the dividend is larger than the divisor, and if it is, the calibration FSM left-shifts
the dividend one bit. Now the dividend is between 1 and 0.5, while the divisor is between 1 and 2. The calibration
FSM then sends these numbers to the divider, and subtracts the exponent of the divisor from the exponent of the
dividend, to get the final values for the calibration parameter C.

4.2.6 Synthesis

We synthesised the design using Cadence Genus. The logic cell area can be found in Table[4.1] The area given is
the cell area only, and making the layout of the system will increase the total area. The area given for the Top-level
is the total area.

Table 4.1: Synthesis of the floating-point design of the illuminance calculation hardware

Module Submodule Cell count | Cell area (um?)
Top-level - 1625 77321
Calculation FSM 688 34016
Calibration FSM 877 40972
LUT 27 1433
Adder 33 900
Calculation FSM | Shifter 127 5849
Normaliser 188 8072
Multiplier 198 9894
Calibration FSM | Divider 374 16150
Normaliser 183 7878

4.3 Logarithmic design

The first design was based on floating-point numbers to get accurate numbers over a range from 1 to 200,000.
Since, for bigger numbers, only the first two numbers are significant, as the system has an error of about 10%, using
a logarithmic scale makes more sense. This design reduces the number of bits, which makes the entire system
smaller, especially the multiplication circuit. And since in the logarithmic domain multiplications and divisions are
additions and subtractions, the divider can be omitted completely. Instead, we need a binary to base-2 logarithm
converter, and possibly a base-2 logarithm to binary converter. Alternatively, we can represent the illuminance
result by a logarithmic number.

To represent numbers up to 200,000, we need five bits for representing integer numbers, as 2* = 16 and
2% = 32, while 28 > 200,000. And 16 < 18 < 32. Itis possible to reduce this amount by one bit, by shifting up the
entire range eight entries, so by omitting the eight lowest values. This is not unreasonable, as the lowest values
are beyond the working range of the solar cell and thus would not give an accurate result anyway. By shifting the
entire range, the number 2'6+s2/t > 900, 000, while at the lower range numbers with a value of one, two, or three
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are discarded.

For example using 6 bits, four above 1, two below, meaning you use the numbers 0, 0.25, 0.5, ..., 15.75. In
this the numbers 0, 0.25, and 0.5 all result in the number 1 when rounded: 2° = 1, 2025 = 1.2, 20 = 1.4. The
highest number now is 2157 = 55 109. Instead the highest number needed is 17.75, since 2775 = 220, 436.
Instead of adding another bit, we could also shift all the numbers by eight places, meaning essentially 2 is added
to each number. In this case, the lowest number becomes 22 = 4, and the highest number now is 220, 436. This is
justifiable since being able to differentiate between 1 and 4 lux is not very important.

To get two significant numbers over the entire range, six non-integer numbers are needed, to have a logarithmic
number for every combination of two significant numbers.
The hardware of the system consists of the following elements:

« LUT

* Binary to base-2 log converter

+ Calculation FSM

A block diagram of the LUT-based design can be found in Figure [4.3]

Reset —» |——» Done
SetC —{ lllumination calculation
Reference ——» |—— llumination
b » h,
CP ratio Reff ADC
(in log) (in log) (in log)
CP control
bits ADC ADC
CM control LUT LUT output
bits i

Figure 4.3: LUT-based design block diagram

431 LUT

Like in the floating-point design, we use the LUT to find the correct values of the charge-pump conversion ratio
and R.ss. In this case, we store R, and not the reciprocal, as storing the reciprocal on a log scale would require
a negative number. This way we do not need negative numbers in the system, saving a bit.

4.3.2 Binary to base-2 log converter

We need a binary to base-2 log converter to convert the ADC output to base-2 logarithm. One way to do this is via
a conversion algorithm. Another option is via a LUT-based conversion.

Algorithm-based conversion

We have designed the binary to base-2 log converter as described in [7/6]. The algorithm requires a squaring
operation. At first, a multiplier was used to implement this operation, which was similar to the multiplier of the
previous design, but with fewer bits. However, as bits reduce, purely combinatorial logic starts to get more efficient.
Synthesis shows that a fully combinatorial multiplier is more efficient than the pipelined multiplier approach used
in the previous design. On top of that, Cadence Genus has a special block used to synthesise squaring units,
decreasing the area even more.

The operation works as follows, see Figure [4.4}

» The logarithm’s integer part is set to six.
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If the highest bit of the ADC output is one, then the output is right-shifted by one position, and one is added
to the logarithm’s integer part.

+ Else, if the 7"-bit of the ADC output is not a one, the output is left-shifted, and one is subtracted from the
logarithm’s integer part until the 7"-bit is one. The number is now normalised between 1 and 2.

» The normalised ADC output, m, is squared, and the final result, z, is multiplied by 2, which is implemented
with a left-shift.

* Now, if mis 2 or more, z is increased by 1, and m is divided by 2, which is implemented with a right-shift.

» The previous two steps are repeated for a set number of iterations, equal to the number of bits, so in this
case 6 times.

Figure 4.4: Binary to base-2 logarithm converter

The advantage of the algorithm-based method is that the area of the circuit does not get much bigger if we add
more bits. A disadvantage is that right-shifting truncates the numbers, and thus, we lose some accuracy. In fact,
when calculating the error it turned out the average error is less if at the end of the conversion one LSB is added,
resulting in an average error of 0.5 as opposed to 1.43, over the entire range from 0 to 255.

LUT-based conversion

Another way of converting the ADC output to base-2 log is via a LUT containing all possible ADC outputs and their
corresponding logarithmic number. The ADC has 256 different possible outputs, all of which can be converted
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to a base-2 logarithmic number. Synthesis of this LUT shows that with a logic cell area of 6780 um?, this circuit
is smaller than the algorithm-based conversion method. Another advantage is that this method is faster than the
algorithm-based method, as it executes in a single cycle. The LUT-based converter is not clocked.

4.3.3 Calculation FSM

The FSM in this design takes care of both calculating the illuminance and doing the calibration. The FSM takes
the following steps:

+ If the system is not yet calibrated, the system will look if the option to set the calibration parameter is enabled.
If it is, the reference input is set as the calibration parameter.

» Then the binary to base-2 log converter is enabled, converting the ADC output to base-2 logarithm. For the
LUT-based design, this step is skipped, as the LUT already converted the ADC output to a base-2 logarithm.

» The illuminance is then calculated by adding C, the converted ADC output and the charge-pump ratio, and
then subtracting Ry .

+ If the system was not yet calibrated, the result is subtracted from the reference and the initial value for C' is
added. This is then set as the new value for C. The FSM will now reset and calculate the illuminance again.

» Otherwise the number calculated is the final result for the calculated illuminance. The system will signal that
the calculation is done, and reset for the next calculation.

On the chip, the reference can be inputted via 12C. The system then reads this data from the register and
use it for calibration. Each time a new reference is received, the system will reset its calibration flag, and do the
calibration again. The reference should be inputted in base-2 logarithm.

4.4 Synthesis

The design has been synthesised using Cadence Genus. Cadence Genus reports on area, power, and timing.
The file to initialise synthesis can be found in Appendix[H| With that file, the Verilog files from Appendices [B|and
[Clare synthesised.

441 Area
The cell area for the design with the algorithm-based converter can be found in Table[4.2] and the cell area for the

design with the LUT-based converter can be found in Table [4.3] Again, the area given is the cell area only, and
the area given for the Top-level is the total area.

Table 4.2: Synthesis of the logarithmic design with algorithm-based converter

Module Sub module Cell count | Cell area (um?)
Top-level - 427 16866
Calculation FSM 415 16599
LUT 12 267
lC::gI'\cl;lulatlon To base-2 log converter 232 8953
To base-2 log converter | Squaring unit 63 1904

We see that the LUT-based design has a smaller total logic cell area than the algorithm-based design. The
difference is 2286 um?.
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Table 4.3: Synthesis of the logarithmic design with LUT-based converter

Module | Submodule | Cell count | Cell area (1um?)
Top-level | - 463 14580
Calculation FSM 188 7533
LUT 12 267
ADC LUT 263 6780

442 Power

The power usage as estimated by Cadence Genus can be found in Tables [4.4] and for the algorithm-based
converter and LUT-based converter respectively. The power is estimated for a 1 kHz clock.

Table 4.4: Power report of the logarithmic design with algorithm-based converter

Module Sub module Static power (nW) | Dynamic power (uW)
Top-level - 171 1294
Calculation FSM 169 1160
LUT 2 60
Calculation FSM To base-2 log converter 88 109
To base-2 log converter | Squaring unit 20 36

Table 4.5: Power report of the logarithmic design with LUT-based converter

Module | Sub module | Static power (nW) | Dynamic power (:W)
Top-level | - 117 4083
Calculation FSM 79 2901
LUT 2 68
ADC LUT 36 980

According to Cadence Genus, the power used by the LUT-based converter is more than twice the power of the
algorithm-based converter. However, the algorithm-based converter needs 34 clock cycles per conversion, while
the LUT-based converter needs only three. This means the energy per conversion of the LUT-based system is
about four times lower than the algorithm-based converter.

443 Timing

Cadence Genus has also done a timing analysis. However, the clock period is much longer than the critical path
of the system, and the system is therefore not time-critical. The system works on a 1 kHz clock. This means the
critical path has 1 ms to complete. According to Cadence Genus, the critical path takes about 8 us and thus has a
slack of 992 us. Thus, timing is not critical to the application.

4.5 Conclusion

We have discussed two different implementations of the design chosen in Chapter [3] in which the logarithmic
implementation has advantages in size and power over the floating-point design.

Then we made and synthesised two different implementations of the logarithmic design. Here, the design with
LUT-based conversion proved advantageous over the algorithm-based design in area, power, and delay.

In the end, we synthesised the design, and it has an area of 1.46 mm?.



5.
Verification

The last step is to verify the design of the illuminance calculation hardware made in Chapter 4 We do this in
several steps. First, we verify the design with event-based simulation in ModelSim. Then we verify the system via
circuit simulation in Cadence. We also verify the system in combination with the charge pump, current sensor, and
ADC of the NOWI NH16, in Cadence. Lastly, we verify the system on an FPGA.

The data used for these simulations is both simulated values, and measured data from two solar cells typically
used in energy-harvesting applications.

5.1 \Verification dataset

To verify the system, we do simulations with both a solar cell model as input, but also with solar cell data as
input. For that last part, we need measurement data. Specifically, we need to know the MPP current of a solar
cell at different illuminance values. For this purpose, we use a set of three Panasonic Amorton AM-1456 [65]
cells in parallel, and a Panasonic Amorton AM-5308 [77] solar cell. Also, we use a Sekonic Spectromaster C-
7000 to measure the illuminance, some resistors and a potentiometer to get the solar cells to their MPP, and two
multimeters to measure the current and voltage.

The steps to measure the illuminance and corresponding MPP current are as follows:

1. Place the solar cell at the same height as the spectrometer on a horizontal surface
Connect the multimeters and the resistors

Change the resistance until the solar cell is at MPP

Log the current measured

Measure the illuminance with the spectrometer at the same position as the solar cell

o o &~ w b

Repeat this process at various illuminance levels

The measured data can be found in Tables and for the Panasonic Amorton AM-1456 and AM-5308
respectively.

Table 5.1: Panasonic Amorton AM-1456 solar cell measured MPP current vs illuminance

lluminance (Ix) | 188 | 322 | 419 | 556 | 587 | 848 | 887 | 1080 | 1340 | 1660 | 1970
Loy (1A) 17.12 | 26.38 | 37.06 | 51.39 | 51.97 | 96.10 | 98.57 | 123.1 | 152.1 | 153.1 | 179.8
uminance (Ix) | 2460 | 3090 | 3550 | 4610 | 5070 | 6130 | 7740 | 9070 | 25200 | 27600 | 42600
Ly (1A) 217.3 | 275.7 | 297.6 | 370.6 | 401.9 | 554.7 | 562.8 | 662.4 | 1151 | 1309 | 1702

5.2 Event-based simulation

We simulate the Verilog design by using ModelSim SE 10.1b. The Verilog files for the LUT-based design can
be found in Appendix [B] The Verilog files for the algorithm-based design can be found in Appendix [C| We have
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Table 5.2: Panasonic Amorton AM-5308 solar cell measured MPP current vs illuminance

llluminance (Ix) | 186 | 272 | 538 | 599 | 626| 674| 731 | 952| 1030 | 1160
Lnpp (1A) 88| 141 | 318| 388 | 354 | 417 | 448| 58| 652 | 750
Muminance (Ix) | 1190 | 1390 | 2420 | 2460 | 3090 | 4370 | 4990 | 6030 | 6120 | 6860
Lnpp (1A) 768 | 883 | 1414 | 1472 | 1949 | 2484 | 2855 | 3747 | 4015 | 4630
Muminance (Ix) | 7810 | 8320 | 9360 | 9830 | 10600 | 12200 | 14600 | 19000 | 24500 | 25800
Ly (1A) 4619 | 4845 | 6240 | 6460 | 6988 | 7847 | 8200 | 13000 | 13900 | 16400
lMuminance (Ix) | 27500 | 30000 | 33700 | 34400 | 43400

Lnpp (1A) 16880 | 17800 | 20100 | 20920 | 28300

chosen a current value of 360 pA for this simulation. This value is in the middle of the middle range of the NOWI
NH16, thus corresponding to an ADC value of 127. At this range R.;y = 732 . Then, via MATLAB simulation of
the Panasonic Amorton AM-5610, we find the correct value for the illuminance. This value is 9543 Ix, which we use
in the simulation for the reference value. 9543 corresponds to a base-2 logarithmic value of 13.22, represented in
the system by the number 846, which is inputted as the reference value. We have set the charge pump conversion
ratio at 2x.

We vary the ADC output, and we compare the simulation result to a calculated result in Excel to check if the
system works correctly. The results can be found in Appendix[E] The full Excel sheet used for the calculation can
be found in Appendix [F| Also, we have varied the possible values for the charge pump conversion ratio and R, .
Comparing the output result to the excel file gives the exact same result, and thus we conclude that the system
works perfectly in the ideal case, meaning the digital signals are perfect ones and zeros, and there is no clock
skew or jitter.

Looking at Appendix [E] this means that when an ADC value from Column 12 'ADC output’ is given, the result-
ing number calculated by the illuminance calculation hardware is the same as the number from Column 11 ’Out full’.

We run the same simulation with the measured solar cell data from Tables [5.1 and In this simulation, we
use the same calculation as before to calculate the ADC value for each measurement. We simulate the illuminance
calculation hardware with these calculated ADC values and calculate the resulting illuminance from the simulated
output. The results can be found in Tables[5.3]and

Table 5.3: Event-based simulation with measured solar cell data from Table

] Digital output | Calculated illuminance (Ix) | Measured illuminance (Ix) | Error (%) \
489 200 188 6.1
526 298 322 7.5
559 426 419 1.6
589 589 556 6.0
590 596 587 1.5
623 852 848 04
622 843 887 5.0
650 1141 1080 5.7
663 1314 1340 2.0
692 1798 1660 8.3
704 2048 1970 4.0
720 2435 2460 1.0
743 3124 3090 1.1
751 3407 3550 4.0
770 4186 4610 9.2
778 4565 5070 10.0
808 6317 6130 3.0
810 6455 7740 16.6
825 7594 9070 16.3
876 13193 25200 47.6
887 14862 27600 46.2
912 19484 42600 54.3
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Table 5.4: Event-based simulation with measured solar cell data from Table

] Digital output | Calculated illuminance (Ix) | Measured illuminance (Ix) | Error (%) \
458 143 186 23.3
501 227 272 16.5
575 506 538 5.9
593 616 599 2.8
585 564 626 9.8
601 671 674 0.4
607 716 731 20
633 949 952 0.3
629 909 983 7.5
642 1046 1030 1.6
655 1205 1160 3.8
657 1231 1190 3.4
670 1417 1390 20
714 2282 2420 5.7
717 2358 2460 4.2
743 3124 3090 1.1
765 3965 4370 9.3
778 4565 4990 8.5
804 6049 6030 0.3
810 6455 6120 5.5
824 7512 6860 9.5
824 7512 7810 3.8
826 7677 8320 7.7
850 9955 9360 6.4
854 10396 9830 5.8
861 11215 10600 5.8
873 12771 12200 4.7
876 13193 14600 9.6
918 20792 19000 9.4
924 22188 24500 9.4
940 26386 25800 23
942 26964 27500 1.9
948 28774 30000 4.1
959 32415 33700 3.8
963 33850 34400 1.6
991 45842 43400 5.6

From Table we see that the system works well for illuminance values up to 6130 Ix. In this range, the
maximum error is 10.0%, with an average error of 4.5%. Above that range, the error goes up fast, to above 50% at
42600 Ix. It makes sense that this happens, since this specific solar cell is made for indoor use, and its datasheet
mentions a working range of up to 1000 Ix. It is, therefore, interesting to note that the system works up to 6130 Ix.
For clarity, the error is plotted in Figure [5.1]

We run the same simulations using the data from Table[5.2] The results can be found in Table 5.4

In Table [5.4| we see that the system also works for the Panasonic Amorton AM-5308, an outside type solar
cell. The average error is 4.9% in a range from 600 Ix up to 43400 Ix. This is slightly higher but very close to the
error of the Panasonic Amorton AM-1456. The maximum error is 9.8%, which is similar to the Panasonic Amorton
AM-1456. Interestingly, the range over which this error stays low is much larger. The system works well from 600 Ix
up to 45000 Ix. For clarity, the error is plotted in Figure [5.2]

The outdoor solar cell does not work well at illuminance lower than 600 Ix. This intuitively makes some sense,
as the solar cell is made to work at much higher illuminance. Although the datasheet does not specifically mention
a working range, all graphs in the datasheet start at 5 kix.

We have made all measurements from Table [5.2)in sunlight (either direct or indirect). We have also made a
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Figure 5.1: llluminance calculation hardware simulation with Panasonic Amorton AM-1456 measured data

few measurements using indoor TL lighting. We simulate those results using both the same calibration as used in
Table[5.4] but also with its own calibration. The results can be found in Tables [5.5)and[5.6|respectively.

Table 5.5: Simulation with measured solar cell data of Panasonic Amorton AM-5308 under TL lighting, with sunlight
calibration

Actual illuminance (Ix) 656 | 813 | 913
Simulated illuminance (Ix) | 445 | 571 | 602
Error (%) 32.2 1298 | 34.0

Table 5.6: Simulation with measured solar cell data of Panasonic Amorton AM-5308 under TL lighting, with indoor
calibration

Actual illuminance (Ix) 656 | 813 | 913
Simulated illuminance (Ix) | 657 | 843 | 890
Error (%) 01| 36| 26

From these tables, we see that the system does not work indoors with outdoor calibration or the other way
around. It has an error of about 30%. However, when we calibrate the solar cell for indoor use, the system seems
to be working fine, with an error of about 3% over the small range it was measured at. To draw more conclusions
regarding the system with different light sources, we would need more measurement data over a larger range of
the solar cell with indoor-lighting data.

5.3 Circuit simulator verification

To verify if the illuminance calculation system works and how accurate it is, we simulate the system using Cadence
Spectre, both with only the illuminance calculation hardware, and with the charge pump, the current sensor, and
the ADC added.
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Figure 5.2: llluminance calculation hardware simulation with Panasonic Amorton AM-5308 measured data

5.3.1 llluminance hardware simulation

We have simulated the illuminance calculator by giving it a digital 8-bit input as the ADC would. Also, we inputted a
digital reference, the control bits for the charge pump, and the control bits for the current mirror. By comparing the
output of the illuminance hardware to the calculated output in the ideal case, we can see if the results are correct
or not. Again, we can verify the results by checking if the output code matches the calculated code for each ADC
input. The results table of the calculation can be found in Appendix[E] and the full calculation Excel sheet can be
found in Appendix[F| After simulation, we export the data to MATLAB to calculate the output code from the output
signals. Part of the simulation output can be found in Figure[5.3] In Figure[5.3]a, the input ADC code that is used
as input to the illuminance calculation system is plotted. In Figure [5.3]b, the illuminance, in lux, as calculated by
the system is plotted. In Figure c the signal "Done” is plotted. This signal is an output of the system and tells
the user that the calculation is done.

Note that the calculation in the Excel file is without rounding, and thus the calculated illuminance as given in
the Excel file is slightly different from the illuminance found by event-based simulation, as plotted in Figure [5.3]b.
However, this error does stay within 2.5% at all times.

The spikes in Figure [5.3| ¢, are due to the translation step from volts to output code. Also, these spikes only
appear at moments when the output is not valid yet, which is the case when the "Done” signal is low.

The average error of the illuminance computation simulation compared to the theoretical perfect calculation is
0.4%, with a maximum error of 0.9%. This falls well within the needed margins.

With measured solar cell data We do the same simulation using the data from Tables and Since a
digital system is simulated, we expect that the results will be exactly the same as given in Tables [5.3] and [5.4]
Simulation shows that the results of the event-based simulation are indeed exactly the same as the results of the
simulation in Cadence Spectre, with only the illuminance calculation hardware.

5.3.2 Chip simulation

Next, we simulate the illuminance computation hardware together with the important parts of the NOWI NH16
chip. This includes the charge pump, the current sensor, and the ADC. For the input, we made the four-parameter
solar cell model in Cadence. The solar cell output is connected to the charge pump. The charge pump output
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Figure 5.3: Simulation of the illuminance calculation hardware: (a) ADC code input, (b) Calculated illuminance
output, (¢) "Done” signal

is connected to the current sensor. The current sensor creates a sense voltage via a sense resistor, which is
connected to the ADC. The current sensor is also connected to a battery model. Lastly, the ADC output, which is
an 8-bit binary signal, is connected to the illuminance calculation hardware. The setup can be seen in Figure [5.4]
To save simulation time, we set the settings for the charge pump and current sensor manually.

Solar cell Pin ,| Charge PE“””_'_ Current __i"’_sfrfi ADC ADCU“E’_IIIuminance
model pump SEensor calculation
Pout
v
Battery
model

Figure 5.4: Diagram of the chip simulation setup

The parameters for the solar cell model are varied to vary the input current to the charge pump. We try to get
this input current as close as possible to the measured input currents, which can be found in Tables[5.1]and It
is important to simulate until the output voltage of the current sensor is settled. If the input current is not exact we
use interpolation to find the correct ADC value for each measured value. We do this by using a linear interpolation
between the two closest current values and calculating the expected current sensor output voltage. This voltage
is then used as input in a simulation with the ADC, which gives the wanted ADC output value.

For this simulation, the results are not the same as in Tables [5.3] and since the addition of the charge
pump, the current sensor and the ADC introduce errors. The results for the indoor and outdoor solar cells can be
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found in Tables[5.7|and [5.8|respectively. The error is the relative error between the measured illuminance and the

calculated illuminance.

Table 5.7: Chip simulation with measured data from Panasonic Amorton AM-1456

] Digital output | Calculated illuminance (Ix) | Measured illuminance (Ix) | Error (%) \
454 137 188 27.3
510 251 322 22.2
545 366 419 12.7
581 540 556 2.8
581 540 587 7.9
617 798 848 5.9
617 798 887 10.0
645 1081 1080 0.1
659 1258 1340 6.1
689 1741 1660 4.9
714 2282 1970 15.9
728 2656 2460 8.0
752 3444 3090 11.5
757 3636 3550 24
775 4419 4610 4.2
783 4819 5070 5.0
812 6597 6130 7.6
815 6814 7740 12.0
827 7760 9070 14.4

The relative error plotted against measured illuminance can be found in Figures 5.5 and [5.6] for the indoor en
outdoor solar cells respectively.

Chip simulation with
25
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Figure 5.6: Chip simulation with Panasonic Amorton AM-5308 measured data

For the indoor solar cell, the average error is 9.1% with a maximum error of 27.3%, over a range from 188 Ix
to 6130 Ix. In Figure [5.5| we see that the error is especially high for small illuminance values. This is caused by
the charge pump, which has a lower efficiency for lower input power. From powers of about 250 W and up, the
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Table 5.8: Chip simulation with measured data from Panasonic Amorton AM-5308

] Digital output | Calculated illuminance (Ix) | Measured illuminance (Ix) | Error (%) \
459 144 186 22.5
510 251 272 7.9
576 512 538 4.8
587 577 599 3.7
593 616 626 1.7
601 671 674 0.4
606 709 731 3.1
629 909 952 4.5
632 939 983 4.5
641 1035 1030 0.5
654 1192 1160 2.7
656 1218 1190 23
669 1402 1390 0.9
711 2209 2420 8.7
714 2282 2460 7.2
740 3025 3090 2.1
779 4614 4370 5.6
786 4978 4990 0.2
806 6182 6030 2.5
815 6814 6120 11.3
827 7760 6860 13.1
827 7760 7810 0.6
827 7760 8320 6.7
852 10173 9360 8.7
852 10173 9830 3.5
856 10624 10600 0.2
872 12634 12200 3.6
872 12634 14600 13.5
917 20568 19000 8.3
924 22188 24500 9.4
939 26102 25800 1.2
942 26964 27500 1.9
946 28158 30000 6.1
956 31379 33700 6.9
960 32768 34400 4.7
987 43898 43400 1.1

charge pump has an efficiency of more than 91%. This slowly drops off to about 80% at 80 W, but below 50 pW
the efficiency falls under 70%, and even down to below 50% at 30 uW. This explains why in this simulation the error
for the lowest illuminance values is larger than in the simulation with only the illuminance calculation hardware.

If we disregard the first two values, we find an average error of 7.0% with a maximum error of 15.9% over a
range from 419 Ix to 6130 Ix.

For the outdoor solar cell, the average error is 4.7% with a maximum error of 13.5%, over a range from 2721x to
43400 Ix. What stands out is that the error at 272 Ix, 7.9%, is much lower in this simulation than in the event-based
simulation, 16.5%. This seems to be a case where, coincidentally, two errors, solar cell efficiency and charge-pump
efficiency, compensate each other, which leads to a better result.

5.4 FPGA verification

To verify the design, we made a prototype of the system on an FPGA, a Zybo Z7. The NOWI NH16 uses 12C
to communicate, so the FPGA will use 12C too. We sent the ADC output, the charge pump control bits, and the
current mirror control bits to the FPGA via 12C. On the chip, this I2C communication is not necessary as the system
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Figure 5.5: Chip simulation with Panasonic Amorton AM-1456 measured data

will read its data directly from the registers. To interface with the FPGA, we use an Arduino UNO. The Arduino can
communicate with the FPGA over 12C, and can then communicate with a PC via serial USB, to display results.

To include 12C communication we add two blocks. The first one is an 12C Master, which controls the actual
bits on the SDA and SCL lines to make 12C communication happen. The other block is an 12C controller, which
controls the 12C Master block by setting the address, data bits, read-write bit, enable bit, and reset bit of the 12C
Master.

A diagram of the FPGA setup can be found in Figure[5.7] The Verilog files can be found in Appendix D] We did
not change the two LUT files compared to the chip version, and they can be found in Appendix B}

An 12C Master is not something new, and many have already been made in different hardware description
languages, thus we used an existing one, specifically the 12C Master v2.2 from Digikey [78].

The 12C control block consists of an FSM controlling the values of the 12C Master. It sets the address, and
then can both read from or write to the Arduino. The data read is saved, and then the LUTs use the ADC output,
the charge-pump control bits, and current mirror control bits, to give the correct data to the illuminance calculation
block. This block then calculates the illuminance and calibrates the system if that has not happened yet. The
system subsequently sends the result back to the Arduino.

We use a button on the FPGA to make the FPGA request the reference value from the Arduino. After receiving
the value, the FPGA will recalibrate itself with the newly inputted value.

Since the NOWI NH16 is not yet finished, in this version we do not use the NH16 yet, however, once the design
is finished and the chip has been fabricated, it is possible to rebuild the design to communicate with the NH16
as well. The system will then read ADC data and control bits directly from the NH16, and use those to verify the
system. Instead, in this version the Arduino sends the data to the FPGA, from the datasets as given in Tables[5.1]
and[5.2l

To verify if the system works correctly, the system compares the output of the FPGA to the data obtained in the
event-based simulation, and the circuit simulator simulation without the charge pump, current sensor, and ADC,
which indeed is the case. These results can be found in Tables 5.3 and 5.4l
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Figure 5.7: FPGA verification setup diagram

Table 5.9: Comparison of energy harvesting sensing systems
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[10] llluminance | 20% | Solar cell No Yes > 6 uW | 25-25000 Ix
(1] lluminance | N.A. | Solar cell No No All power N.A.

harvested
18l llluminance | N.A. | Solar cell No No N.A. N.A.
[12] Sun angle 11% | Photodiodes | No No N.A. 360°
[15] Pixels N.A. | Photodiodes | No No Harvested N.A.
power + 4 W
[19] Pixels N.A. | Photodiodes | PU™M9 | No 10 mW N.A.
harvesting
[20] Pixels N.A. | Photodiodes | 2UM9 | N N.A. N.A.
harvesting

This work o
(indoor/ | lluminance 7'00/° Solar cell Yes Yes 121.68 W - 419 - 6130 Ix
outdoor) 4.7% at 1kHz | 272 -43400 Ix

A comparison of this thesis with the most similar works from Section [2.1] can be found in Table From
this table, we can see that this project is separated from similar works, because it is the only one that works at
MPP during both harvesting and sensing. Compared to the works from which accuracy was estimated, this project
seems to have good accuracy. Also, the possibility to calibrate the system is an advantage of this project that
many of the other works do not have.
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5.5 Power consumption

To get an idea of the power consumption of the system, we simulate the illuminance computation hardware and
calculated the average current consumption of the system. The simulation is done with a 1 kHz clock and input
values changing every 10 ms, as is the fastest we can expect them to change in the NOWI NH16. We let Cadence
calculate the average supply current over a period of 1 s. The result is 27.04 A, with a power supply of 4.5V,
which results in average power consumption of 121.68 uW. This is much less than the power predicted by Cadence
Genus in Section which makes sense because in Section Cadence Genus assumed that the system
works continuously, while in reality it only needs to do a conversion once every 10 ms.






6.
Conclusion

6.1 Conclusions

We created an algorithm to calculate illuminance from solar cell current, with the solar cell working at maximum
power point. Also, we made a calibration algorithm so that the system can work with any solar cell, and compen-
sate for gain errors in the chip.

We implemented the algorithm in Verilog, which we synthesised with Cadence Genus to implement on-chip.
We verified the system via event-based simulation in ModelSim, and circuit simulation in Cadence.

Simulating only the calculation hardware shows that, compared to a theoretical ideal calculation of the resulting
illuminance from any ADC input, the hardware calculates the illuminance from an ADC input between 0-255 with
an error of 0.4% on average, with a maximum error of 0.9%.

Simulation of measured solar cell data shows an error of 4.5% on average with a maximum error of 10.0% for
an indoor solar cell over a range of up to 6130 Ix, and an average error of 4.9% with a maximum error of 9.8%
for an outdoor solar cell over a range from 599 Ix up to 43400 Ix. These results were obtained for simulations via
event-based simulation in ModelSim and simulation of the illuminance calculation hardware using Cadence.

Also, we made an FPGA implementation of the circuit, and we simulated it with measured solar cell data. This
reached the same results as in event-based simulation, via simulation in Cadence, and on the FPGA, confirming
the functionality of the circuit.

Lastly, we validated the system using Cadence with the charge pump, the current sensor, and the ADC con-
nected. In this simulation, we obtained an average error of 7.0% with a maximum error of 15.9% over a range

from 419 Ix to 6130 Ix for the indoor solar cell, and an average error of 4.7% with a maximum error of 13.5%, over
a range from 272 Ix to 43400 Ix for the outdoor solar cell.

6.2 Main contributions
To discuss the main contributions discussed in this project, we recall the research question:

Can a low-power energy harvester MPPT be used as a sensor front end for illuminance sensing?

In this project, we showed how an energy harvester MPPT can be used as an illuminance sensing system
simultaneously while harvesting energy. Firstly, we did extensive research to see what errors can be expected,
and which of them have the biggest impact. The biggest error sources in this project appear in the solar cell, due to

variation in light source or temperature. In the NOWI NH16, the ADC and the charge pump cause the largest errors.

Also, we investigated what sensing methods can be used in this project, and what accuracy to expect from
them. In the end, we determined that the senseFET system, as implemented in the NOWI NH16, is the best sys-
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tem to use for this project.

We investigated different ways to implement a calculation algorithm, and we made a trade-off between them.
In the end, we developed a calculation algorithm that only uses the MPP current as an input to calculate the illu-
minance. This way the MPPT can work at MPP at all times, and thus the illuminance calculation hardware has no
impact on the workings of the energy harvester. It is, therefore, possible to integrate this design into the NOWI
NH16 without a lot of modifications.

Also, since no specific solar cell is mentioned, it is important that the developed system can work with any solar
cell connected to the system. To do so, we introduced a calibration system allowing the system to be calibrated for
any solar cell that can be connected to the energy harvester. Besides calibrating for the differences between solar
cells, the calibration system is also important for the energy harvester itself, since its relative accuracy is good, but
its absolute accuracy is not good enough without calibration.

Lastly, we implemented the hardware for the illuminance calculation and calibration algorithm in Verilog, and
we synthesised them, both for implementation on-chip, or in Cadence, and for implementation on an FPGA. The
circuit for the on-chip implementation is made specifically for integration with the NOWI NH16.

We verified the design with measured data of two solar cells, namely the Panasonic Amorton AM-1456 and the
Panasonic Amorton AM-5308. The first one is made for indoor use, while the latter one is meant for outdoor use.
This shows the design works, not only for one specific (type of) solar cell, but it shows the validity of the design
with other solar cells as well.

6.3 Recommendations

6.3.1 FPGA simulation with NH16

The main point of the FPGA implementation was to test the entire circuit, with a solar cell and the NOWI NH16,
and use the FPGA to simulate the calculation hardware. This way, the entire implementation of the design can be
tested at once, which is the best way to verify the functioning of the design. However, since the NH16 is not yet
finished, it was not possible to make this implementation. To verify the accuracy of the entire system in combination
with the NOWI NH16, it is interesting to test this implementation once the NH16 is finished. An implementation for
this can easily be made using the Verilog files made for this project. Only some small adjustments to which 12C
messages are read are necessary. The files can be found in Appendix D]

6.3.2 Calibration improvement

At the moment the system is built to be calibrated at a single point, which in theory should work, and as shown in
this project, is good enough in practice. However, it can be difficult to get the perfect measurement to calibrate
the system in one go. Looking at Table 5.3} we can calculate the constant part for each value, which represents
M, in which D is the ratio between ISC and I,,p,,. Calculating this constant part for each value gives a
range between 1.48 and 1.76. The best calibration value then is somewhere in the middle. However, if you use a
measurement that is not carefully conducted, the calibration parameter might end up at one of the extremes. This
would result in a bigger average error over the illuminance range. Instead, an improvement could be to calibrate
using multiple measurements, if possible at multiple illuminance points, which would average out an error in the
calibration variable.

6.3.3 Other solar cells

We verified the design using two different types of solar cells, however, even though the solar cells have a different
purpose, indoor versus outdoor, they are of the same brand and family, Panasonic Amorton. Therefore, for future
work, testing solar cells of different brands is advised, to confirm if the system works equally well with a variety of
solar cells.
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6.3.4 Temperature correction

In the measurement data, we did not measure the temperature. It is expected that the temperature has varied only
a little between measurements. The effect temperature has on the calculated illuminance has been discussed
throughout the project and we expect it to have only a small effect on the calculated illuminance. It is possible to
add temperature correction to the system to suppress this error. For this, a temperature sensor needs to be added.
This would make the calculation slightly more complex. The calculation that then needs to be done is according

to Equation [6.1]

GOIS(:
G= 6.1

Ich[]- —l—Oé(T—T())} ( )

In this case, another LUT is needed to convert the temperature factor to a logarithmic number. First 1+a(T—Tp)

needs to be calculated, and then a LUT can be used to transform the resulting number into a logarithmic number.

Especially in more extreme conditions, at temperatures close to 0°C or above 40°C, this correction could make the

system more accurate. Disadvantages are that adding a temperature sensor requires extra area and draws extra
power.

6.3.5 Light source variation

In this project, the light source used was mostly the sun. Only for a few measurements, we used indoor TL-lighting.
For the indoor solar cell, the different light sources did not seem to matter much, however, the outdoor solar cell
gives very different results with indoor lighting. Other than a very small illuminance range, we did not gather data
with indoor lighting. For future work, it can be interesting to calibrate the system with one light source and determine
the error when illuminated by another light source. It would then also be possible to find the best calibration setting
for different illuminance ranges. For higher illuminance, the light source can only be the sun. For lower illuminance,
the light source can be both sun or indoor lighting. For different ranges, it is thus possible to find a more optimal
calibration parameter than just one over the entire range. This corrects for the light source that is expected, or
gives the best estimate if multiple light sources are possible.
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A.
MPP linearisation

The measuring device includes an MPPT, and it is, therefore, reasonable to assume the solar cell works close
to its MPP. If we can make a linearisation around the MPP, we can reduce the calculation complexity, while still
making an accurate estimation. We can try to make a first-order approximation around the MPP with a formula in
the form of y = a(x — b) + ¢. The model as given in [71] describes the current-voltage relation as given in Equation

v = Vrln [2+<1—’>evv°£}—1-zsi (A1)
o o

To get the gradient of the I-V curve we differentiate this formula resulting in Equation|A.2

VOC

dl Vi 1 Ving

v 1 R ( o ) ~Ro=c (A2)
}npp + (1 _ ;;1:0 )evtnS ph

ph

Next b = V,,pp and ¢ = I,,,,,. However, as I,,,;,, and V,,,,,,, vary with G and T, a, b, and c are dependent on G
and T.

Linearisation 2 G can be calculated according to Equation This equation can be linearised by assuming

the relation in Equation A3}

Goi v+ Rgi—Voe—B(T—Tg)

AVrng
Tl T (T —To)] >> Gpe (A.3)

. . ~ G()'l
in which case G = Tiralr—To]

In this case, the gradient of the current when the illuminance changes is % = % Assuming the system works
at its MPP, the equation becomes & = IC;:(;O in which I,,,,,, o is the MPP current at STC. This gradient can be
calculated by using datasheet parameters only. This linearisation then gives an estimate of G by measuring only
the input current according to Equation [A.4]

N Iin XGQ

Impp-,O

G (A.4)
When measuring the short circuit current of a solar cell this is a very good approximation. However, the further
away from that point you go, the more the influence of the exponential part becomes, and the worse this estimation
becomes.
A linearisation thus can reduce the computational complexity but will introduce another error.
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B.
Verilog code of LUT based design for on
chip

B.1 Top level testbench
module top_level_tb();

reg clk, reset, set_C, MPPT_search_done;
reg [1:0] CP_bits;

reg [2:0] CM_bits;

reg [7:0] C_shift_set, ADC_out;

reg [10:0] C_set;

reg [10:0] reference;

wire [10:0] result;

wire VDD, VSS, done;

top_level t1(VDD, VSS, clk, reset, reference, set_C, C_set, ADC_out, CP_bits, CM_bits,
<> MPPT_search_done, result, done);

initial begin
reference = 313;

ADC_out = 127;

set_C = 0;

C_set = 0;

clk = 0;

reset = 1;

CP_bits = 1;

CM_bits = 2;

MPPT_search_done = 1;
end

always #10 clk = ~clk;
initial #30 reset = O;

endmodule
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B.2 Top level

module top_level(

inout VDD,

inout VSS,

input clk,

input reset,

input [10:0] reference,
input set_C,

input [10:0] C_set,
input [7:0] ADC_out,
input [1:0] CP_bits,
input [2:0] CM_bits,
input MPPT_search_done,
output [10:0] result,
output done,

output [4:0] C_int,
output [5:0] C_float

)3

wire [4:0] ADC_int, CP_int, Reff_int;
wire [6:0] ADC_float, CP_float, Reff_float;
wire [7:0] calib_shift, C_shift, shift_init;

ill_calc_FSM calc_ill(VDD, VSS, clk, reset, ADC_int, ADC_float, CP_bits, Reff_int,
< Reff_float, reference, set_C, MPPT_search_done, done, result, C_int, C_float);
LUT 1lut(VDD, VSS, CM_bits, Reff_int, Reff_float);

ADC_LUT adc(VDD, VSS, ADC_out, ADC_int, ADC_float);

endmodule



B.3. ILLUMINANCE CALCULATION FSM

B3 |

module i
inout
inout
input
input
input
input
input

lluminance calculation FSM

11_calc_FSM(
VDD,

VSS,

clk,

reset,

[4:0] ADC_int,
[5:0] ADC_float,
[1:0] CP_int,

//input [5:0] CP_float,

input
input
input
input
input
output
output
output
output
)3

[4:0] Reff_int,
[6:0] Reff_float,

[10:0] reference,
C_set,
MPPT_search_done,
reg done,

reg [10:0] result,
reg [4:0] C_int,
reg [5:0] C_float

reg calibrated;

reg [2

always
if(r

:0] state;

@(posedge clk) begin
eset) begin

state <= 3'b000;
done <= 0;
calibrated <= 0;
C_int <= 0;
C_float <= 0;
end
case(state)
3'b000 : begin
done <= 0;

en
3!

en
3!

state <= 3'b000;
if (MPPT_search_done) begin
if (calibrated)
state <= 3'b010;
else
state <= 3'b001;
end
d
b001 : begin
done <= 0;
state <= 3'b010;
// C_set forces an external calibration
if (C_set) begin
{C_int, C_float} <= reference;
calibrated <= 1;

end

d

b010 : begin
done <= 0;

state <= 3'b011;

value
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result <= {C_int, C_float} + {CP_int, 6'b000000} - {Reff_int, Reff_float} + {ADC_int,
— ADC_float};
if (calibrated)
state <= 3'b100;
end
// Calibration state, to calibrate set the reference, then reset this system
3'b011 : begin
done <= 0;
{C_int, C_float} <= reference - result;
calibrated <= 1;
state <= 3'b010;
end
// Calculation is done
3'b100 : begin
done <= 1;
state <= 3'b100;
if (~MPPT_search_done)
state <= 3'b000;
end
default : begin
state <= 3'b000;
done <= 0;
end
endcase
end

endmodule
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B.4 LUT

module LUT(
inout VDD,
inout VSS,
input [3:0] CM_bits,
output reg [4:0] Reff_int,
output reg [5:0] Reff_float
// anput [1:0] CP_bits,
// output reg [2:0] CP_int,
// output reg [5:0] CP_float
)3

/*
always @(*) begin
case(CP_bits)
2'b00 : begin
CP_int <= 1;
// CP_float <= 6'b000000;
end
2'b01 : begin
CP_int <= 2;
// CP_float <= 6'b010101;
end
2'b10 : begin
CP_int <= 3;
// CP_float <= 6'b000000;
end
2'b11 : begin
CP_int <= 4;
// CP_float <= 6'b000000;
end
default begin
CP_int <= 1;
// CP_float <= 6'b000000;
end
endcase
end

*/

// 1 has been added because of the CP translation
always Q(*) begin
case(CM_bits)
4'p0001 : begin
Reff_int <= 16;
Reff float <= 6'b100111;
end
4'b0011 : begin
Reff_int <= 12;
Reff float <= 6'b100111;
end
4'b0111 : begin
Reff_int <= 8;
Reff float <= 6'b100111;
end
4'b1111 : begin
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Reff_int <= 4;
Reff_float <= 6'b100111;
end
default : begin
Reff_int <= 16;
Reff float <= 6'b100111;
end
endcase
end

endmodule

VERILOG CODE OF LUT BASED DESIGN FOR ON CHIP
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B.5 ADC LUT

module ADC_LUT(
inout VDD,
inout VSS,
input [7:0] ADC_bits,
output reg [4:0] ADC_int,
output reg [5:0] ADC_float
)3

always @(*) begin
case (ADC_bits)

8'b00000000 : begin
ADC_int <= O ;
ADC_float <= 0 ;
end
8'b00000001 : begin
ADC_int <= O ;
ADC_float <= 0 ;
end
8'b00000010 : begin
ADC_int <= 1 ;
ADC_float <= 0 ;
end
8'b00000011 : begin
ADC_int <= 1 ;
ADC_float <= 37 ;
end
8'b00000100 : begin
ADC_int <= 2 ;
ADC_float <= 0 ;
end
8'b00000101 : begin
ADC_int <= 2 ;
ADC_float <= 21 ;
end
8'b00000110 : begin
ADC_int <= 2 ;
ADC_float <= 37 ;
end
8'b00000111 : begin
ADC_int <= 2 ;
ADC_float <= 52 ;
end
8'b00001000 : begin
ADC_int <= 3 ;
ADC_float <= 0 ;
end
8'b00001001 : begin
ADC_int <= 3 ;
ADC_float <= 11 ;
end
8'b00001010 : begin
ADC_int <= 3 ;
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ADC_float <= 21 ;
end

8'b00001011 : begin
ADC_int <= 3 ;
ADC_float <= 29 ;
end

8'b00001100 : begin
ADC_int <= 3 ;
ADC_float <= 37 ;
end

8'b00001101 : begin
ADC_int <= 3 ;
ADC_float <= 45 ;
end

8'b00001110 : begin
ADC_int <= 3 ;
ADC_float <= 52 ;
end

8'b00001111 : begin
ADC_int <= 3 ;
ADC_float <= 58 ;
end

8'b00010000 : begin
ADC_int <= 4 ;
ADC_float <= 0 ;
end

8'b00010001 : begin
ADC_int <= 4 ;
ADC_float <= 6 ;
end

8'b00010010 : begin
ADC_int <= 4 ;
ADC_float <= 11 ;
end

8'b00010011 : begin
ADC_int <= 4 ;
ADC_float <= 16 ;
end

8'b00010100 : begin
ADC_int <= 4 ;
ADC_float <= 21 ;
end

8'b00010101 : begin
ADC_int <= 4 ;
ADC_float <= 25 ;
end

8'b00010110 : begin
ADC_int <= 4 ;
ADC_float <= 29 ;
end

8'b00010111 : begin
ADC_int <= 4 ;
ADC_float <= 34 ;
end

8'b00011000 : begin
ADC_int <= 4 ;
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ADC_float <=
end
8'b00011001

ADC_int <=

ADC_float <=
end
8'b00011010

ADC_int <=

ADC_float <=
end
8'b00011011

ADC_int <=

ADC_float <=
end
8'b00011100

ADC_int <=

ADC_float <=
end
8'b00011101

ADC_int <=

ADC_float <=
end
8'b00011110

ADC_int <=

ADC_float <=
end
8'b00011111

ADC_int <=

ADC_float <=
end
8'b00100000

ADC_int <=

ADC_float <=
end
8'b00100001

ADC_int <=

ADC_float <=
end
8'b00100010

ADC_int <=

ADC_float <=
end
8'b00100011

ADC_int <=

ADC_float <=
end
8'b00100100

ADC_int <=

ADC_float <=
end
8'b00100101

ADC_int <=

ADC_float <=
end
8'b00100110

ADC_int <=

4

4

4

4

4

4

4

5

5

5

5

5

5

5
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ADC_float <= 16 ;
end

8'b00100111 : begin
ADC_int <= 5 ;
ADC_float <= 18 ;
end

8'b00101000 : begin
ADC_int <= 5 ;
ADC_float <= 21 ;
end

8'b00101001 : begin
ADC_int <= 5 ;
ADC_float <= 23 ;
end

8'b00101010 : begin
ADC_int <= 5 ;
ADC_float <= 25 ;
end

8'b00101011 : begin
ADC_int <= 5 ;
ADC_float <= 27 ;
end

8'b00101100 : begin
ADC_int <= 5 ;
ADC_float <= 29 ;
end

8'b00101101 : begin
ADC_int <= 5 ;
ADC_float <= 31 ;
end

8'b00101110 : begin
ADC_int <= §5 ;
ADC_float <= 34 ;
end

8'b00101111 : begin
ADC_int <= 5 ;
ADC_float <= 35 ;
end

8'b00110000 : begin
ADC_int <= 5 ;
ADC_float <= 37 ;
end

8'b00110001 : begin
ADC_int <= 5 ;
ADC_float <= 39 ;
end

8'b00110010 : begin
ADC_int <= 5 ;
ADC_float <= 41 ;
end

8'b00110011 : begin
ADC_int <= 5 ;
ADC_float <= 43 ;
end

8'b00110100 : begin
ADC_int <= 5 ;
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ADC_float <=
end
8'b00110101

ADC_int <=

ADC_float <=
end
8'b00110110

ADC_int <=

ADC_float <=
end
8'b00110111

ADC_int <=

ADC_float <=
end
8'b00111000

ADC_int <=

ADC_float <=
end
8'b00111001

ADC_int <=

ADC_float <=
end
8'b00111010

ADC_int <=

ADC_float <=
end
8'b00111011

ADC_int <=

ADC_float <=
end
8'b00111100

ADC_int <=

ADC_float <=
end
8'b00111101

ADC_int <=

ADC_float <=
end
8'b00111110

ADC_int <=

ADC_float <=
end
8'b00111111

ADC_int <=

ADC_float <=
end
8'b01000000

ADC_int <=

ADC_float <=
end
8'b01000001

ADC_int <=

ADC_float <=
end
8'b01000010

ADC_int <=

5

5

5

5

5

5

5

5

5

5

5

6

6

6
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ADC_float <= 3 ;
end

8'b01000011 : begin
ADC_int <= 6 ;
ADC_float <= 4 ;
end

8'b01000100 : begin
ADC_int <= 6 ;
ADC_float <= 6 ;
end

8'b01000101 : begin
ADC_int <= 6 ;
ADC_float <= 7 ;
end

8'b01000110 : begin
ADC_int <= 6 ;
ADC_float <= 8 ;
end

8'b01000111 : begin
ADC_int <= 6 ;
ADC_float <= 10 ;
end

8'b01001000 : begin
ADC_int <= 6 ;
ADC_float <= 11 ;
end

8'b01001001 : begin
ADC_int <= 6 ;
ADC_float <= 12 ;
end

8'b01001010 : begin
ADC_int <= 6 ;
ADC_float <= 13 ;
end

8'b01001011 : begin
ADC_int <= 6 ;
ADC_float <= 15 ;
end

8'b01001100 : begin
ADC_int <= 6 ;
ADC_float <= 16 ;
end

8'b01001101 : begin
ADC_int <= 6 ;
ADC_float <= 17 ;
end

8'b01001110 : begin
ADC_int <= 6 ;
ADC_float <= 18 ;
end

8'pb01001111 : begin
ADC_int <= 6 ;
ADC_float <= 19 ;
end

8'b01010000 : begin
ADC_int <= 6 ;
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ADC_float <=
end
8'b01010001

ADC_int <=

ADC_float <=
end
8'b01010010

ADC_int <=

ADC_float <=
end
8'b01010011

ADC_int <=

ADC_float <=
end
8'b01010100

ADC_int <=

ADC_float <=
end
8'b01010101

ADC_int <=

ADC_float <=
end
8'b01010110

ADC_int <=

ADC_float <=
end
8'b01010111

ADC_int <=

ADC_float <=
end
8'b01011000

ADC_int <=

ADC_float <=
end
8'b01011001

ADC_int <=

ADC_float <=
end
8'b01011010

ADC_int <=

ADC_float <=
end
8'b01011011

ADC_int <=

ADC_float <=
end
8'b01011100

ADC_int <=

ADC_float <=
end
8'b01011101

ADC_int <=

ADC_float <=
end
8'b01011110

ADC_int <=

6

6

6

6

6

6

6

6

6

6

6

6

6

6
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ADC_float <= 35 ;
end

8'b01011111 : begin
ADC_int <= 6 ;
ADC_float <= 36 ;
end

8'b01100000 : begin
ADC_int <= 6 ;
ADC_float <= 37 ;
end

8'b01100001 : begin
ADC_int <= 6 ;
ADC_float <= 38 ;
end

8'b01100010 : begin
ADC_int <= 6 ;
ADC_float <= 39 ;
end

8'b01100011 : begin
ADC_int <= 6 ;
ADC_float <= 40 ;
end

8'b01100100 : begin
ADC_int <= 6 ;
ADC_float <= 41 ;
end

8'b01100101 : begin
ADC_int <= 6 ;
ADC_float <= 42 ;
end

8'b01100110 : begin
ADC_int <= 6 ;
ADC_float <= 43 ;
end

8'b01100111 : begin
ADC_int <= 6 ;
ADC_float <= 44 ;
end

8'b01101000 : begin
ADC_int <= 6 ;
ADC_float <= 45 ;
end

8'b01101001 : begin
ADC_int <= 6 ;
ADC_float <= 46 ;
end

8'b01101010 : begin
ADC_int <= 6 ;
ADC_float <= 47 ;
end

8'b01101011 : begin
ADC_int <= 6 ;
ADC_float <= 47 ;
end

8'b01101100 : begin
ADC_int <= 6 ;
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ADC_float <=
end
8'b01101101

ADC_int <=

ADC_float <=
end
8'b01101110

ADC_int <=

ADC_float <=
end
8'b01101111

ADC_int <=

ADC_float <=
end
8'b01110000

ADC_int <=

ADC_float <=
end
8'b01110001

ADC_int <=

ADC_float <=
end
8'b01110010

ADC_int <=

ADC_float <=
end
8'b01110011

ADC_int <=

ADC_float <=
end
8'b01110100

ADC_int <=

ADC_float <=
end
8'b01110101

ADC_int <=

ADC_float <=
end
8'b01110110

ADC_int <=

ADC_float <=
end
8'b01110111

ADC_int <=

ADC_float <=
end
8'b01111000

ADC_int <=

ADC_float <=
end
8'b01111001

ADC_int <=

ADC_float <=
end
8'b01111010

ADC_int <=

6

6

6

6

6

6

6

6

6

6

6

6

6

6
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ADC_float <= 60 ;
end

8'b01111011 : begin
ADC_int <= 6 ;
ADC_float <= 60 ;
end

8'b01111100 : begin
ADC_int <= 6 ;
ADC_float <= 61 ;
end

8'b01111101 : begin
ADC_int <= 6 ;
ADC_float <= 62 ;
end

8'b01111110 : begin
ADC_int <= 6 ;
ADC_float <= 63 ;
end

8'b01111111 : begin
ADC_int <= 6 ;
ADC_float <= 63 ;
end

8'b10000000 : begin
ADC_int <= 7 ;
ADC_float <= 0 ;
end

8'b10000001 : begin
ADC_int <= 7 ;
ADC_float <= 1 ;
end

8'b10000010 : begin
ADC_int <= 7 ;
ADC_float <= 1 ;
end

8'b10000011 : begin
ADC_int <= 7 ;
ADC_float <= 2 ;
end

8'b10000100 : begin
ADC_int <= 7 ;
ADC_float <= 3 ;
end

8'b10000101 : begin
ADC_int <= 7 ;
ADC_float <= 4 ;
end

8'b10000110 : begin
ADC_int <= 7 ;
ADC_float <= 4 ;
end

8'b10000111 : begin
ADC_int <= 7 ;
ADC_float <= 5 ;
end

8'b10001000 : begin
ADC_int <= 7 ;



B.5. ADC LUT 101

ADC_float <= 6 ;
end

8'b10001001 : begin
ADC_int <= 7 ;
ADC_float <= 6 ;
end

8'b10001010 : begin
ADC_int <= 7 ;
ADC_float <= 7 ;
end

8'b10001011 : begin
ADC_int <= 7 ;
ADC_float <= 8 ;
end

8'b10001100 : begin
ADC_int <= 7 ;
ADC_float <= 8 ;
end

8'b10001101 : begin
ADC_int <= 7 ;
ADC_float <= 9 ;
end

8'b10001110 : begin
ADC_int <= 7 ;
ADC_float <= 10 ;
end

8'b10001111 : begin
ADC_int <= 7 ;
ADC_float <= 10 ;
end

8'b10010000 : begin
ADC_int <= 7 ;
ADC_float <= 11 ;
end

8'b10010001 : begin
ADC_int <= 7 ;
ADC_float <= 12 ;
end

8'b10010010 : begin
ADC_int <= 7 ;
ADC_float <= 12 ;
end

8'b10010011 : begin
ADC_int <= 7 ;
ADC_float <= 13 ;
end

8'b10010100 : begin
ADC_int <= 7 ;
ADC_float <= 13 ;
end

8'b10010101 : begin
ADC_int <= 7 ;
ADC_float <= 14 ;
end

8'b10010110 : begin
ADC_int <= 7 ;
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ADC_float <= 15 ;
end
8'b10010111 : begin
ADC_int <= 7 ;
ADC_float <= 15 ;
end
8'b10011000 : begin
ADC_int <= 7 ;
ADC_float <= 16 ;
end
8'b10011001 : begin
ADC_int <= 7 ;
ADC_float <= 16 ;
end
8'b10011010 : begin
ADC_int <= 7 ;
ADC_float <= 17 ;
end
8'b10011011 : begin
ADC_int <= 7 ;
ADC_float <= 18 ;
end
8'b10011100 : begin
ADC_int <= 7 ;
ADC_float <= 18 ;
end
8'b10011101 : begin
ADC_int <= 7 ;
ADC_float <= 19 ;
end
8'b10011110 : begin
ADC_int <= 7 ;
ADC_float <= 19 ;
end
8'b10011111 : begin
ADC_int <= 7 ;
ADC_float <= 20 ;
end
8'b10100000 : begin
ADC_int <= 7 ;
ADC_float <= 21 ;
end
8'b10100001 : begin
ADC_int <= 7 ;
ADC_float <= 21 ;
end
8'b10100010 : begin
ADC_int <= 7 ;
ADC_float <= 22 ;
end
8'b10100011 : begin
ADC_int <= 7 ;
ADC_float <= 22 ;
end
8'b10100100 : begin
ADC_int <= 7 ;
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ADC_float <= 23 ;
end

8'b10100101 : begin
ADC_int <= 7 ;
ADC_float <= 23 ;
end

8'b10100110 : begin
ADC_int <= 7 ;
ADC_float <= 24 ;
end

8'b10100111 : begin
ADC_int <= 7 ;
ADC_float <= 25 ;
end

8'b10101000 : begin
ADC_int <= 7 ;
ADC_float <= 25 ;
end

8'b10101001 : begin
ADC_int <= 7 ;
ADC_float <= 26 ;
end

8'b10101010 : begin
ADC_int <= 7 ;
ADC_float <= 26 ;
end

8'b10101011 : begin
ADC_int <= 7 ;
ADC_float <= 27 ;
end

8'b10101100 : begin
ADC_int <= 7 ;
ADC_float <= 27 ;
end

8'b10101101 : begin
ADC_int <= 7 ;
ADC_float <= 28 ;
end

8'b10101110 : begin
ADC_int <= 7 ;
ADC_float <= 28 ;
end

8'b10101111 : begin
ADC_int <= 7 ;
ADC_float <= 29 ;
end

8'b10110000 : begin
ADC_int <= 7 ;
ADC_float <= 29 ;
end

8'b10110001 : begin
ADC_int <= 7 ;
ADC_float <= 30 ;
end

8'b10110010 : begin
ADC_int <= 7 ;
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ADC_float <= 30 ;
end

8'b10110011 : begin
ADC_int <= 7 ;
ADC_float <= 31 ;
end

8'b10110100 : begin
ADC_int <= 7 ;
ADC_float <= 31 ;
end

8'b10110101 : begin
ADC_int <= 7 ;
ADC_float <= 32 ;
end

8'b10110110 : begin
ADC_int <= 7 ;
ADC_float <= 32 ;
end

8'b10110111 : begin
ADC_int <= 7 ;
ADC_float <= 33 ;
end

8'b10111000 : begin
ADC_int <= 7 ;
ADC_float <= 34 ;
end

8'b10111001 : begin
ADC_int <= 7 ;
ADC_float <= 34 ;
end

8'b10111010 : begin
ADC_int <= 7 ;
ADC_float <= 35 ;
end

8'b10111011 : begin
ADC_int <= 7 ;
ADC_float <= 35 ;
end

8'b10111100 : begin
ADC_int <= 7 ;
ADC_float <= 35 ;
end

8'b10111101 : begin
ADC_int <= 7 ;
ADC_float <= 36 ;
end

8'b10111110 : begin
ADC_int <= 7 ;
ADC_float <= 36 ;
end

8'b10111111 : begin
ADC_int <= 7 ;
ADC_float <= 37 ;
end

8'b11000000 : begin
ADC_int <= 7 ;
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ADC_float <= 37 ;
end

8'b11000001 : begin
ADC_int <= 7 ;
ADC_float <= 38 ;
end

8'b11000010 : begin
ADC_int <= 7 ;
ADC_float <= 38 ;
end

8'b11000011 : begin
ADC_int <= 7 ;
ADC_float <= 39 ;
end

8'b11000100 : begin
ADC_int <= 7 ;
ADC_float <= 39 ;
end

8'b11000101 : begin
ADC_int <= 7 ;
ADC_float <= 40 ;
end

8'b11000110 : begin
ADC_int <= 7 ;
ADC_float <= 40 ;
end

8'b11000111 : begin
ADC_int <= 7 ;
ADC_float <= 41 ;
end

8'b11001000 : begin
ADC_int <= 7 ;
ADC_float <= 41 ;
end

8'b11001001 : begin
ADC_int <= 7 ;
ADC_float <= 42 ;
end

8'b11001010 : begin
ADC_int <= 7 ;
ADC_float <= 42 ;
end

8'b11001011 : begin
ADC_int <= 7 ;
ADC_float <= 43 ;
end

8'b11001100 : begin
ADC_int <= 7 ;
ADC_float <= 43 ;
end

8'b11001101 : begin
ADC_int <= 7 ;
ADC_float <= 43 ;
end

8'b11001110 : begin
ADC_int <= 7 ;
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ADC_float <= 44 ;
end

8'b11001111 : begin
ADC_int <= 7 ;
ADC_float <= 44 ;
end

8'b11010000 : begin
ADC_int <= 7 ;
ADC_float <= 45 ;
end

8'b11010001 : begin
ADC_int <= 7 ;
ADC_float <= 45 ;
end

8'b11010010 : begin
ADC_int <= 7 ;
ADC_float <= 46 ;
end

8'b11010011 : begin
ADC_int <= 7 ;
ADC_float <= 46 ;
end

8'b11010100 : begin
ADC_int <= 7 ;
ADC_float <= 47 ;
end

8'b11010101 : begin
ADC_int <= 7 ;
ADC_float <= 47 ;
end

8'b11010110 : begin
ADC_int <= 7 ;
ADC_float <= 47 ;
end

8'b11010111 : begin
ADC_int <= 7 ;
ADC_float <= 48 ;
end

8'b11011000 : begin
ADC_int <= 7 ;
ADC_float <= 48 ;
end

8'b11011001 : begin
ADC_int <= 7 ;
ADC_float <= 49 ;
end

8'b11011010 : begin
ADC_int <= 7 ;
ADC_float <= 49 ;
end

8'b11011011 : begin
ADC_int <= 7 ;
ADC_float <= 50 ;
end

8'b11011100 : begin
ADC_int <= 7 ;
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ADC_float <= 50 ;
end

8'b11011101 : begin
ADC_int <= 7 ;
ADC_float <= 50 ;
end

8'b11011110 : begin
ADC_int <= 7 ;
ADC_float <= 51 ;
end

8'b11011111 : begin
ADC_int <= 7 ;
ADC_float <= 51 ;
end

8'b11100000 : begin
ADC_int <= 7 ;
ADC_float <= 52 ;
end

8'b11100001 : begin
ADC_int <= 7 ;
ADC_float <= 52 ;
end

8'b11100010 : begin
ADC_int <= 7 ;
ADC_float <= 52 ;
end

8'b11100011 : begin
ADC_int <= 7 ;
ADC_float <= 53 ;
end

8'b11100100 : begin
ADC_int <= 7 ;
ADC_float <= 53 ;
end

8'b11100101 : begin
ADC_int <= 7 ;
ADC_float <= 54 ;
end

8'b11100110 : begin
ADC_int <= 7 ;
ADC_float <= 54 ;
end

8'b11100111 : begin
ADC_int <= 7 ;
ADC_float <= 55 ;
end

8'b11101000 : begin
ADC_int <= 7 ;
ADC_float <= 55 ;
end

8'b11101001 : begin
ADC_int <= 7 ;
ADC_float <= 55 ;
end

8'b11101010 : begin
ADC_int <= 7 ;
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ADC_float <= 56 ;
end

8'b11101011 : begin
ADC_int <= 7 ;
ADC_float <= 56 ;
end

8'b11101100 : begin
ADC_int <= 7 ;
ADC_float <= 56 ;
end

8'b11101101 : begin
ADC_int <= 7 ;
ADC_float <= 57 ;
end

8'b11101110 : begin
ADC_int <= 7 ;
ADC_float <= 57 ;
end

8'b11101111 : begin
ADC_int <= 7 ;
ADC_float <= 58 ;
end

8'b11110000 : begin
ADC_int <= 7 ;
ADC_float <= 58 ;
end

8'b11110001 : begin
ADC_int <= 7 ;
ADC_float <= 58 ;
end

8'b11110010 : begin
ADC_int <= 7 ;
ADC_float <= 59 ;
end

8'b11110011 : begin
ADC_int <= 7 ;
ADC_float <= 59 ;
end

8'b11110100 : begin
ADC_int <= 7 ;
ADC_float <= 60 ;
end

8'b11110101 : begin
ADC_int <= 7 ;
ADC_float <= 60 ;
end

8'b11110110 : begin
ADC_int <= 7 ;
ADC_float <= 60 ;
end

8'b11110111 : begin
ADC_int <= 7 ;
ADC_float <= 61 ;
end

8'b11111000 : begin
ADC_int <= 7 ;
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ADC_float <= 61 ;

end

8'b11111001 : begin
ADC_int <= 7 ;
ADC_float <= 61 ;

end

8'b11111010 : begin
ADC_int <= 7 ;
ADC_float <= 62 ;

end

8'b11111011 : begin
ADC_int <= 7 ;
ADC_float <= 62 ;

end

8'b11111100 : begin
ADC_int <= 7 ;
ADC_float <= 63 ;

end

8'b11111101 : begin
ADC_int <= 7 ;
ADC_float <= 63 ;

end

8'b11111110 : begin
ADC_int <= 7 ;
ADC_float <= 63 ;

end

8'b11111111 : begin
ADC_int <= 7 ;
ADC_float <= 63 ;

end

default : begin
ADC_int <= 0;
ADC_float <= O;

end

endcase

end

endmodule






C.
Verilog code of algorithm based design
for on chip

C.1 Top level testbench
module top_level_tb();

reg clk, reset, set_C;

reg [1:0] CP_bits,

reg [2:0] CM_bits;

reg [7:0] C_shift_set, ADC_out;
reg [10:0] C_set;

reg [10:0] reference;

wire [10:0] result;

wire VDD, VSS, done;

top_level t1(VDD, VSS, clk, reset, reference, set_C, C_set, ADC_out, CP_bits, CM_bits,
— result, done);

initial begin
reference = 212;
ADC_out 145;
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always #10 clk = ~clk;
initial #30 reset = O;

pullup(sda);
pullup(scl);

endmodule
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C.2 Top level

module top_level(
inout VDD,
inout VSS,
input clk,
input reset,
input [10:0] reference,
input set_C,
input [10:0] C_set,
input [7:0] ADC_out,
input [1:0] CP_bits,
input [2:0] CM_bits,
output [10:0] result,
output done

)

wire [4:0] CP_int, Reff_int;
wire [5:0] CP_float, Reff_float;
wire [7:0] calib_shift, C_shift, shift_init;

ill_calc_FSM calc_ill1(VDD, VSS, clk, reset, ADC_out, CP_bits, Reff_int, Reff_float,
— reference, set_C, done, result);

LUT lut(VDD, VSS, CM_bits, Reff_int, Reff_float);

endmodule
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C.3 Illluminance calculation FSM

module ill_calc_FSM(
inout VDD,
inout VSS,
input clk,
input reset,
input [7:0] ADC_out,
input [4:0] CP_int,
input [5:0] CP_float,
input [4:0] Reff_int,
input [5:0] Reff_float,
input [10:0] reference,
input C_set,
output reg done,
output reg [10:0] result
)3

wire dlc_done;
wire [6:0] log_int;
wire [5:0] log_float;

reg dlc_rst, calibrated;
reg [2:0] state;

reg [5:0] C_int;

reg [5:0] C_float;

dec_log_conv dlc(VDD, VSS, clk, dlc_rst, ADC_out, log_int, log_float, dlc_done);

always Q(posedge clk) begin
if (reset) begin
state <= 3'b000;
done <= 0;
dlc_rst <= 1;
calibrated <= 0;

C_int <= 0;
C_float <= 0;
end
case(state)
3'b000 : begin
done <= 0;
dlc_rst <= 1;
if (calibrated)
state <= 3'b001;
else
state <= 3'b111;
end
3'bl11l : begin
done <= 0;

dlc_rst <= 1;
state <= 3'b001;
if (C_set) begin
state <= 3'b110;
{C_int, C_float} <= reference;
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calibrated <= 1;

end

end

3'b001 : begin
done <= 0;

dlc_rst <= 0;
if (dlc_done)
state <= 3'b010;

end
3'b010 : begin
done <= 0;

dlc_rst <= 0;
state <= 3'b011;
dlc_rst <= 1;
result <= {C_int, C_float} + {CP_int, CP_float} - {Reff_int, Reff_float} + {log_int,
— log_float};
if (calibrated)
state <= 3'b100;

end
3'b011 : begin
done <= 0;

dlc_rst <= 1;
{C_int, C_float} <= reference - result;
calibrated <= 1;
state <= 3'b000;

end

3'b100 : begin
dlc_rst <= 1;
done <= 1;
state <= 3'b000;

end

default : begin
dlc_rst <= 1;
state <= 3'b000;
done <= 0;

end

endcase
end

endmodule
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C4 LUT

module LUT(
inout VDD,
inout VSS,

input

output reg [4:0] Reff_int,
output reg [5:0] Reff_float

[3:0] CM_bits,

// input [1:0] CP_bits,

// output reg [2:0] CP_int,
// output reg [5:0] CP_float

)

/*

always @(*) begin
case(CP_bits)

2'b00 : begin
CP_int <= 1;

// CP_float <= 6'b000000;

// CP_float <= 6'b010101;

// CP_float <= 6'b000000;

end

2'b01 : begin
CP_int <= 2;

end

2'b10 : begin
CP_int <= 3;

end

2'b11 : begin
CP_int <= 4;

// CP_float <= 6'b000000;

end
default begin
CP_int <= 1;

// CP_float <= 6'b000000;

end

endcase

end

*/

// 1 has been added because of the CP translation

always Q(*) begin
case(CM_bits)

4'p0001 : begin
Reff_int <= 16;

Reff_float <= 6'b100111;

end
4'b0011 : begin
Reff_int <= 12;

Reff_float <= 6'b100111;

end
4'b0111 : begin
Reff_int <= 8;

Reff_float <= 6'b100111;

end
4'b1111 : begin

115
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Reff_int <= 4;
Reff_float <= 6'b100111;
end
default : begin
Reff_int <= 16;
Reff float <= 6'b100111;
end
endcase
end

endmodule

VERILOG CODE OF ALGORITHM BASED DESIGN FOR ON CHIP
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C.5 Decimal to base-2 logarithm converter

module dec_log_conv(
inout VDD,
inout VSS,
input clk,
input reset,
input [7:0] dec,
output reg [6:0] log_int,
output reg [5:0] log_float,
output reg done

)

reg [2:0] count, next_count;
reg [3:0] state, next_state;
reg [6:0] log_int_next;

reg [5:0] z, z_next;

reg [7:0] m, m_next;

reg [7:0] square_in;

wire [15:0] square_out;

square_comb square(VDD, VSS, square_in, square_out);

always @(posedge clk) begin
if (reset) begin
state <= 4'b0000;
z <= 0;
m <= 0;
count <= 0;
log_int <= 0;
end
else begin
state <= next_state;
z <= zZ_next;
m <= m_next;
count <= next_count;
log_int <= log_int_next;
end
end

always @(posedge clk) begin
if (reset) begin
z_next <= 0;
log_float <= O;
done <= 0;
log_int_next <= 0;
next_count <= 0;
next_state <= 4'b0000;
end
else begin
case(state)
4'b0000 : begin
z_next <= 0;
m_next <= dec[7:0];
done <= 0;
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log_int_next <= 6;
next_count <= 0;
next_state <= 4'b0001;

end
4'b0001 : begin
if(m == 0)

next_state <= 4'b1001;
else if (m[7]) begin
m_next <=m >> 1;
log_int_next <= 7;
next_state <= 4'b0011;
end
else if (m[6])
next_state <= 4'b0011;
else
next_state <= 4'b0010;
end
4'b0010 : begin
m_next <= m << 1;
log_int_next <= log_int - 1;
next_state <= 4'b0001;
end
4'b0011 : begin
z_next <= z << 1;
square_in <= m[6:0];
next_state <= 4'b0100;
end
4'p0100 : begin
m_next <= square_out[13:6];
next_state <= 4'b0101;
end
4'b0101 : begin
if(m([71)
next_state <= 4'b0110;
else
next_state <= 4'b0111;
end
4'b0110 : begin
z_next <= z+1;
m_next <= m >> 1;
next_state <= 4'b0111;
end
4'b0111 : begin
next_count <= count + 1;
if (count == 5)
next_state <= 4'b1000;

else
next_state <= 4'b0011;
end
4'b1000 : begin
done <= 1;

next_state <= 4'b0000;
log_float <= z;

end

4'b1001 : begin
done <= 1;

VERILOG CODE OF ALGORITHM BASED DESIGN FOR ON CHIP
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log_float <= 0;
log_int_next <= 0;
end
endcase
end
end

endmodule
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C.6 Squaring unit

module square_comb(
inout VDD,
inout VSS,
input [6:0] A,
output [13:0] out
)3

assign out = Ax*A;

endmodule

VERILOG CODE OF ALGORITHM BASED DESIGN FOR ON CHIP



D.
Verilog and VHDL code for the FPGA
implementation

D.1 Top level

module top_level(

input clk,

input reset,

input set_C,

input read_ref,

inout sda,

inout scl,

output [10:0] result,

output done,

output [2:0] FB, // For debugging purposes

output ack_error // For debugging purposes
)

wire I2C_done;

wire [1:0] CP_bits;

wire [3:0] CM_bits;

wire [4:0] ADC_int, Reff_int;

wire [5:0] ADC_float, Reff_float;

wire [7:0] calib_shift, C_shift, shift_init, ADC_out;
wire [10:0] reference;

ill_calc_FSM calc_ill(clk, reset, ADC_int, ADC_float, CP_bits, Reff_int, Reff_float,

-» reference, set_C, I2C_done, done, result);

LUT 1ut(CM_bits, Reff_int, Reff_float);

ADC_LUT adc(ADC_out, ADC_int, ADC_float);

I2CControl I2C(clk, reset, read_ref, result, sda, scl, ADC_out, CP_bits, CM_bits, I2C_done,
— FB, reference, ack_error);

endmodule
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D.2 Illuminance calculation FSM

module ill_calc_FSM(
inout VDD,
inout VSS,
input clk,
input reset,
input [4:0] ADC_int,
input [5:0] ADC_float,
input [1:0] CP_int,
//input [5:0] CP_float,
input [4:0] Reff_int,
input [5:0] Reff_float,
input [10:0] reference,
input C_set,
input MPPT_search_done,
output reg done,
output reg [10:0] result,
output reg [4:0] C_int,
output reg [5:0] C_float
)3

reg calibrated;
reg [2:0] state;

always @(posedge clk) begin
if (reset) begin
state <= 3'b000;
done <= 0;
calibrated <= 0;
C_int <= 0;
C_float <= 0;
end
case(state)
3'b000 : begin
done <= 0;
state <= 3'b000;
if (MPPT_search_done) begin
if (calibrated)
state <= 3'b010;
else
state <= 3'b001;
end
end
3'b001 : begin
done <= 0;
state <= 3'b010;
// C_set forces an external calibration wvalue
if (C_set) begin
{C_int, C_float} <= reference;
calibrated <= 1;

end

end

3'b010 : begin
done <= 0;

state <= 3'b011;
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result <= {C_int, C_float} + {CP_int, 6'b000000} - {Reff_int, Reff_float} + {ADC_int,
< ADC_float};
if (calibrated)
state <= 3'b100;
end
// Calibration state, to calibrate set the reference, then reset this system
3'b011 : begin
done <= 0;
{C_int, C_float} <= reference - result;
calibrated <= 1;
state <= 3'b010;
end
// Calculation is done
3'b100 : begin
done <= 1;
state <= 3'b100;
if (~MPPT_search_done)
state <= 3'b000;
end
default : begin
state <= 3'b000;
done <= 0;
end
endcase
end

endmodule
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D.3 12C control

module I2CControl(

input clk,

input reset,

input read_ref,

input [10:0] result,
inout sda,

inout scl,

output reg [7:0] ADC_out,
output reg [1:0] CP_bits,
output reg [3:0] CM_bits,
output reg done,

output reg [2:0] FB,
output reg [10:0] reference,
output ack_error

wire busy;
wire [7:0] data_rd;

APPENDIX D.

VERILOG AND VHDL CODE FOR THE FPGA IMPLEMENTATION

reg ena, rw, reset_n, start, read_ref_buf; // rw: 0 = write

reg [2:0] read_msg;
reg [3:0] state;

reg [4:0] count_read, count_write;

reg [6:0] addr;

reg [7:0] data_wr;

reg [21:0] count_delay;
reg [39:0] databuf;

// I2C Master, controls the I2C lines (SDA/SCL)

i2c_master I2Cm(
.clk(clk),
.reset_n(reset_n),
.ena(ena),
.addr (addr),
rw(rw),
.data_wr(data_wr),
.busy (busy),
.data_rd(data_rd),
.ack_error (ack_error),
.sda(sda),
.scl(scl)

);

// Sets ADC_out, CP_bits, and CM_bits from read data in databuf

always @(posedge clk) begin
if (reset) begin
ADC_out <= 0;
CP_bits <= 0;
CM_bits <= 0;
reference <= 0;
end
else begin
ADC_out <= databuf[7:0];
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CP_bits <= databuf[9:8];
CM_bits <= databuf[19:16];
reference <= {databuf[36:32], databuf[29:24]};
end
end

// Checks for the I2C start condition, in the same way as the I2C Master does
always @(negedge sda)
start <= scl;

// Main FSM
always @(posedge clk) begin
if (reset) begin
state <= 4'b0000;

ena <= 0;
reset_n <= 0;
done <= 0;

read_msg <= 0;
read_ref buf <= 0;
count_delay <= 0;
count_read <= 0;
count_write <= 0;
addr <= 60;
FB <= 0;
databuf <= 0;
end
else begin
case(state)
// Initialize
4'b0000 : Dbegin
FB <= 1;
read_msg <= 0;
done <= 0;
ena <= 1;
state <= 4'b0001;
reset_n <= 1;
read_ref_buf <= read_ref;
addr = 60;
count_delay <= 0;
count_read <= 0;
count_write <= 0;
end
// Setup for write
4'b0001 : Dbegin

FB <= 2;

ena <= 1;
done <= 0;
rw <= 0;
reset_n <= 1;
addr <= 60;

data_wr <= {3'b000, result[10:6]};

if (start)
state <= 4'b0010;
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else
state <= 4'b0001;
end
// Wait for write to finish
4'b0010 : Dbegin

FB <= 3;

done <= 0;

rw <= 0;

reset_n <= 1;

addr = 60;

ena <= 1;

if (count_write > 0) // Transtition to stop command
ena <= 0;

if (count_write == 0)

data_wr <= {2'b00, result[5:0]};

// Watt for I2C Master to mot be busy anymore, meaning it has send its message,
— then continue
if (~busy)
state <= 4'b0011;
else
state <= 4'b0010;
end

// Get ready for next message, or continue to read phase
4'b0011 : begin

FB <= 4;
done <= 0;
rw <= 0;

reset_n <= 1;
if (count_write < 1) begin
if (busy)
state <= 4'b0100;
else
state <= 4'b0011;
end
else
state <= 4'b0101;
end
// Increase count_write
4'b0100 : begin
FB <= b5;
done <= 0;
rw <= 0;
reset_n <= 1;
state <= 4'b0010;
count_write <= count_write + 1;
end
// Delay between send and receive
4'b0101 : begin  // Wait state
FB <= 6;
done <= 0;
rw <= 1;
ena <= 0;
reset_n <= 1;
count_write <= 0O;
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if (count_delay == 4194303)
state <= 4'b0110;
else
count_delay <= count_delay + 1;
end

// Setup for read
4'b0110 : Dbegin

FB <= 7;

done <= 0;
rw <= 1;

ena <= 1;
reset_n <= 1;
addr = 60;

count_delay <= 0;
count_read <= 0;

if (start)
state <= 4'b0111;
else
state <= 4'b0110;
end

// Wait for read to finish
4'p0111 : Dbegin
done <= 0;
rw <= 1;
reset_n <= 1;
addr = 60;
if (count_read > 3)
ena <= 0;
else
ena <= 1;

if (~busy)
state <= 4'b1000;
else
state <= 4'b0111;
end
4'b1000 : Dbegin
done <= 0;
rw <= 1;
reset_n <= 1;
addr = 60;

if (count_read == 0)
databuf[7:0] <= data_rd;
else if (count_read == 1)
databuf[15:8] <= data_rd;
else if (count_read == 2)
databuf [23:16] <= data_rd;
else if (count_read == 3)
databuf [31:24] <= data_rd;
else if (count_read == 4)
databuf [39:32] <= data_rd;

// Transition to stop
if (count_read > 3)
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ena <= 0;
else
ena <= 1;

// If all messages are read
if (count_read < 4) begin

if (busy)
state <= 4'b1001;
else
state <= 4'b1000;
end
else

state <= 4'b1010;

end
// Increase count_read
4'b1001 : begin
done <= 0;
rw <= 0;
reset_n <= 1;
addr <= 60;
state <= 4'b0111;
count_read <= count_read + 1;
end
4'b1010 : begin
done <= 1;
rw <= 1;
ena <= 0;
reset_n <= 1;
addr = 60;
state <= 4'b1011;

end
4'p1011 : begin
done <= 1;
rw <= 1;
ena <= 0;
reset_n <= 1;
addr = 60;
state <= 4'b1011;
if (count_delay == 4194303) //1048575
state <= 4'b0000;
else
count_delay <= count_delay + 1;
end
default : begin
done <= 0;
rw <= 0;
reset_n <= 0;
ena <= 0;
addr = 60;
state <= 4'b0000;
count_delay <= 0;
count_read <= 0;
count_write <= 0;
end
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endcase
end
end

endmodule
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D.4 12C master

-= FileName: 12c_master.vhd
--  Dependencies: none
-— Design Software: (uartus II 64-bit Version 13.1 Build 162 SJ Full Version

--  HDL CODE IS PROVIDED "AS IS." DIGI-KEY EXPRESSLY DISCLAIMS ANY

- WARRANTY OF ANY KIND, WHETHER EXPRESS OR IMPLIED, INCLUDING BUT NOT
-—  LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOUR A
-—  PARTICULAR PURPOSE, OR NON-INFRINGEMENT. IN NO EVENT SHALL DIGI-KEY
--  BE LIABLE FOR ANY INCIDENTAL, SPECIAL, INDIRECT OR CONSEQUENTIAL

--  DAMAGES, LOST PROFITS OR LOST DATA, HARM TO YOUR EQUIPMENT, COST OF
—--  PROCUREMENT OF SUBSTITUTE GOODS, TECHNOLOGY OR SERVICES, ANY CLAIMS
--  BY THIRD PARTIES (INCLUDING BUT NOT LIMITED TO ANY DEFENSE THEREOF),
--  ANY CLAIMS FOR INDEMNITY OR CONTRIBUTION, OR OTHER SIMILAR COSTS.

- Version History

--  Version 1.0 11/01/2012 Scott Larson

= Initial Public Release

--  Verston 2.0 06/20/2014 Scott Larson

- Added ability to interface with different slaves in the same transaction
- Corrected ack_error bug where ack_error went 'Z' instead of '1' on error
- Corrected timing of when ack_error signal clears

--  Verstion 2.1 10/21/2014 Scott Larson

- Replaced gated clock with clock enable

= Adjusted timing of SCL during start and stop conditions

-—  Version 2.2 02/05/2015 Scott Larson

- Corrected small SDA glitch introduced in version 2.1

LIBRARY ieee;
USE ieee.std_logic_1164.all;
USE ieee.std_logic_unsigned.all;

ENTITY i2c_master IS

GENERIC(
input_clk : INTEGER := 5_000_000; --input clock speed from user logic in Hz
bus_clk : INTEGER := 100_000); --speed the i2c bus (scl) will run at in Hz
—  //400_000
PORT(
clk . IN STD_LOGIC; --system clock
reset_n : IN STD_LOGIC; -—active low reset
ena . IN STD_LOGIC; -—latch in command
addr : IN STD_LOGIC_VECTOR(6 DOWNTO 0); --address of target slave
rw : IN STD_LOGIC; -='0" 45 write, '1' is read
data_wr . IN STD_LOGIC_VECTOR(7 DOWNTO 0); --data to write to slave
busy : 0UT STD_LOGIC; -—indicates transaction in progress
data_rd : 0UT STD_LOGIC_VECTOR(7 DOWNTO 0); --data read from slave
ack_error : BUFFER STD_LOGIC; --flag if improper acknowledge from slave
sda : INOUT STD_LOGIC; --serial data output of i2c bus
scl : INOUT STD_LOGIC); --serial clock output of i2c bus

END i2c_master;
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ARCHITECTURE logic OF i2c_master IS

131

CONSTANT divider INTEGER := (input_clk/bus_clk)/4; --number of clocks in 1/4 cycle of
— scl
TYPE machine IS(ready, start, command, slv_ackl, wr, rd, slv_ack2, mstr_ack, stop); --needed
— states
SIGNAL state : machine; --state machine
SIGNAL data_clk : STD_LOGIC; --data clock for sda
SIGNAL data_clk_prev : STD_LOGIC; --data clock during previous system
— clock
SIGNAL scl_clk : STD_LOGIC; --constantly running internal scl
SIGNAL scl_ena : STD_LOGIC := '0'; --enables internal scl to output
SIGNAL sda_int : STD_LOGIC := '1"'; -—internal sda
SIGNAL sda_ena_n : STD_LOGIC; --enables internal sda to output
SIGNAL addr_rw : STD_LOGIC_VECTOR(7 DOWNTO 0); --latched in address and read/write
SIGNAL data_tx : STD_LOGIC_VECTOR(7 DOWNTO 0); -—latched in data to write to slave
SIGNAL data_rx : STD_LOGIC_VECTOR(7 DOWNTO 0); --data Tecetved from slave
SIGNAL bit_cnt : INTEGER RANGE O TO 7 := 7; --tracks bit number in transaction
SIGNAL stretch : STD_LOGIC := '0'; -—identifies if slave is stretching
— scl

BEGIN

--generate the timing for the bus clock
PROCESS(clk, reset_n)
VARIABLE count
BEGIN
IF(reset_n = '0') THEN
stretch <= '0';
count := 0;
ELSIF(clk'EVENT AND clk = '1') THEN
data_clk_prev <= data_clk;
IF(count = dividerx4-1) THEN

INTEGER RANGE O TO

count := 0;
ELSIF(stretch = '0') THEN
count := count + 1;
END IF;

CASE count IS

WHEN O TO divider-1 =>
scl_clk <= '0';
data_clk <= '0';

WHEN divider TO dividerx*2-1 =>
scl _clk <= '0';
data_clk <= '1';

WHEN divider*2 TO divider*3-1 =>
scl_clk <= '1';

IF(scl = '0') THEN
stretch <= '1';
ELSE
stretch <= '0';
END IF;

data_clk <= '1';
WHEN OTHERS =>
scl clk <= '1"';
data_clk <= '0';
END CASE;
END IF;
END PROCESS;

(scl_clk) and the data clock (data_clk)
divider*4; --timing for clock generation

--reset asserted

--store previous value of data clock

--end of timing cycle

--reset timer

--clock stretching from slave not detected
--continue clock generation timing

-=first 1/4 cycle of clocking

--second 1/4 cycle of clocking

-=third 1/4 cycle of clocking
--release scl
-—-detect if slave is stretching clock

--last 1/4 cycle of clocking



132 APPENDIX D. VERILOG AND VHDL CODE FOR THE FPGA IMPLEMENTATION

--state machine and writing to sda during scl low (data_clk Tising edge)
PROCESS(clk, reset_n)

BEGIN
IF(reset_n = '0') THEN --reset asserted

state <= ready; --return to initial state
busy <= '1'; -—indicate not available
scl_ena <= '0'; --sets scl high tmpedance
sda_int <= '1'; --sets sda high impedance
ack_error <= '0'; --clear acknowledge error flag
bit_cnt <= 7; --restarts data bit counter
data_rd <= "00000000"; --clear data read port

ELSIF(clk'EVENT AND clk = '1') THEN
IF(data_clk = '1' AND data_clk_prev = 'O') THEN --data clock rising edge
CASE state IS

WHEN ready => --idle state
IF(ena = '1') THEN --transaction requested
busy <= '1'; --flag busy
addr_rw <= addr & rw; --collect requested slave address and command
data_tx <= data_wr; --collect requested data to write
state <= start; --go to start bit
ELSE --remain idle
busy <= '0'; -—unflag busy
state <= ready; --remain tdle
END IF;
WHEN start => --start bit of transaction
busy <= '1'; --resume busy if continuous mode
sda_int <= addr_rw(bit_cnt); --set first address bit to bus
state <= command; --go to command
WHEN command => -—address and command byte of transaction
IF(bit_cnt = 0) THEN —--command transmit finished
sda_int <= '1'; --release sda for slave acknowledge
bit_cnt <= 7; --reset bit counter for "byte" states
state <= slv_ackl; --go to slave acknowledge (command)
ELSE --next clock cycle of command state
bit_cnt <= bit_cnt - 1; --keep track of transaction bits
sda_int <= addr_rw(bit_cnt-1); --write address/command bit to bus
state <= command; --continue with command
END IF;
WHEN slv_ackl => --slave acknowledge bit (command)
IF(addr_rw(0) = 'O') THEN --write command
sda_int <= data_tx(bit_cnt); --write first bit of data
state <= wr; --go to write byte
ELSE --read command
sda_int <= '1'; --release sda from incoming data
state <= rd; --go to read byte
END IF;
WHEN wr => --write byte of transaction
busy <= '1'; --resume busy if continuous mode
IF(bit_cnt = 0) THEN --write byte transmit finished
sda_int <= '1'; --release sda for slave acknowledge
bit_cnt <= 7; --reset bit counter for "byte" states
state <= slv_ack2; --go to slave acknowledge (write)
ELSE --next clock cycle of write state
bit_cnt <= bit_cnt - 1; --keep track of transaction bits

sda_int <= data_tx(bit_cnt-1); --write next bit to bus
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state <= wr;
END IF;
WHEN rd =>
busy <= '1';
IF(bit_cnt = 0) THEN
IF(ena = '1' AND addr_rw =
same address

sda_int <= '0';
ELSE
sda_int <= '1';
« start)
END IF;
bit_cnt <= 7;
data_rd <= data_rx;
state <= mstr_ack;
ELSE

bit_cnt <= bit_cnt - 1;
state <= rd;

END IF;
WHEN slv_ack2 =>
IF(ena = '1') THEN
busy <= '0';
addr_rw <= addr & rw;
data_tx <= data_wr;
IF(addr_rw = addr & rw) THEN

sda_int <= data_wr(bit_cnt);
state <= wr;

ELSE
state <= start;
END IF;
ELSE
state <= stop;
END IF;
WHEN mstr_ack =>
IF(ena = '1') THEN
busy <= '0';
< available on bus
addr_rw <= addr & rw;
data_tx <= data_wr;
IF(addr_rw = addr & rw) THEN

sda_int <= '1';
state <= rd;
ELSE
state <= start;
END IF;
ELSE
state
END IF;
WHEN stop =>
busy <= '0';
state <= ready;
END CASE;
ELSIF(data_clk = 'O' AND data_clk_prev
CASE state IS
WHEN start =>
IF(scl_ena =

<= stop;

'0') THEN

addr & rw) THEN

133

--continue writing

--read byte of transaction

--resume busy if continuous mode

--read byte receive fintished

--continuing with another read at

--acknowledge the byte has been received
-—-stopping or continuing with a write
--send a no-acknowledge (before stop or repeated

--reset bit counter for "byte" states
-—output received data

--go to master acknowledge

--next clock cycle of read state
--keep track of transaction bits
--continue reading

--slave acknowledge bit (write)

--continue transaction

--continue s accepted

--collect requested slave address and command
-—collect requested data to write

-—continue transaction with another write
--write first bit of data

--go to write byte

--continue transaction with a read or new slave
--go to repeated start

--complete transaction
--go to stop bit

--master acknowledge bit after a read
-—continue transaction
-—continue %5 accepted and data Teceived 1S

--collect requested slave address and command
--collect requested data to write

-—continue transaction with another read
-—release sda from incoming data

--go to read byte

--continue transaction with a write or new slave
--repeated start

-—complete transaction
--go to stop bit

--stop bit of transaction
-—unflag busy
--go to idle state

= '1') THEN --data clock falling edge

--starting new transaction
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scl_ena <= '1"'; -—enable scl output
ack_error <= '0'; --reset acknowledge error output
END IF;
WHEN slv_ackl => --receiving slave acknowledge (command)
IF(sda /= '0' OR ack_error = '1') THEN --no-acknowledge or previous
— mno-acknowledge
ack_error <= '1'; --set error output if no-acknowledge
END IF;
WHEN rd => --receiving slave data
data_rx(bit_cnt) <= sda; --receive current slave data bit
WHEN slv_ack2 => --recetving slave acknowledge (write)

IF(sda /= '0' OR ack_error = '1') THEN --no-acknowledge or previous
— no-acknowledge
ack_error <= '1'; --set error output if no-acknowledge
END IF;
WHEN stop =>
scl_ena <= '0'; --disable scl
WHEN OTHERS =>
NULL;
END CASE;
END IF;
END IF;
END PROCESS;

-—-set sda output
WITH state SELECT

sda_ena_n <= data_clk_prev WHEN start, --generate start condition
NOT data_clk_prev WHEN stop, --generate stop condition
sda_int WHEN OTHERS; --set to internal sda signal

--set scl and sda outputs
scl <= '0' WHEN (scl_ena = '1' AND scl_clk = '0') ELSE 'Z';
sda <= 'O' WHEN sda_ena_n = 'O' ELSE 'Z';

END logic;
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E.

APPENDIX E. EXCEL OUTPUT CALCULATION RESULTS

Excel output calculation results

Lux ADC output [Number out [Simulated lux |Relative error [Absolute error
9543 129 846 9533 0.00105 10
9617 130 847 9533 0.00873 84
9691 131 848 9637 0.00557 54
9765 132 848 9742 0.00236 23
9839 133 849 9848 0.00091 9
9913 134 850 9848 0.00656 65
9987 135 850 9955 0.00320 32

10061 136 851 10060 0.00010 1
10135 137 852 10060 0.00740 75
10209 138 852 10170 0.00382 39
10283 139 853 10280 0.00029 3
10357 140 854 10280 0.00743 77
10431 141 854 10400 0.00297 31
10505 142 855 10510 0.00048 5
10579 143 856 10510 0.00652 69
10653 144 856 10620 0.00310 33
10727 145 857 10740 0.00121 13
10801 146 858 10740 0.00565 61
10875 147 858 10860 0.00138 15
10949 148 859 10860 0.00813 89
11023 149 859 10970 0.00481 53
11097 150 860 11090 0.00063 7
11170 151 861 11090 0.00716 80
11244 152 861 11210 0.00302 34
11318 153 862 11210 0.00954 108
11392 154 862 11340 0.00456 52
11466 155 863 11460 0.00052 6
11540 156 864 11460 0.00693 80
11614 157 864 11590 0.00207 24
11688 158 865 11590 0.00838 98
11762 159 865 11710 0.00442 52
11836 160 866 11840 0.00034 4
11910 161 867 11840 0.00588 70
11984 162 867 11970 0.00117 14
12058 163 868 11970 0.00730 88
12132 164 868 12100 0.00264 32
12206 165 869 12100 0.00868 106




12280 166 869 12230 0.00407 50
12354 167 870 12360 0.00049 6
12428 168 870 12360 0.00547 68
12502 169 871 12500 0.00016 2
12576 170 872 12500 0.00604 76
12650 171 872 12630 0.00158 20
12724 172 873 12630 0.00739 94
12798 173 873 12770 0.00219 28
12872 174 874 12770 0.00792 102
12946 175 874 12910 0.00278 36
13020 176 875 12910 0.00845 110
13094 177 875 13050 0.00336 44
13168 178 876 13050 0.00896 118
13242 179 876 13190 0.00393 52
13316 180 877 13190 0.00946 126
13390 181 877 13340 0.00373 50
13464 182 878 13340 0.00921 124
13538 183 878 13480 0.00428 58
13612 184 879 13630 0.00132 18
13686 185 879 13630 0.00409 56
13760 186 880 13780 0.00145 20
13834 187 880 13780 0.00390 54
13908 188 881 13780 0.00920 128
13982 189 881 13930 0.00372 52
14056 190 882 13930 0.00896 126
14130 191 882 14080 0.00354 50
14204 192 883 14080 0.00873 124
14278 193 883 14230 0.00336 48
14351 194 884 14230 0.00843 121
14425 195 884 14390 0.00243 35
14499 196 885 14390 0.00752 109
14573 197 885 14540 0.00226 33
14647 198 886 14540 0.00731 107
14721 199 886 14700 0.00143 21
14795 200 887 14700 0.00642 95
14869 201 887 14860 0.00061 9
14943 202 888 14860 0.00555 83
15017 203 888 15020 0.00020 3
15091 204 888 15020 0.00470 71
15165 205 889 15020 0.00956 145
15239 206 889 15190 0.00322 49
15313 207 890 15190 0.00803 123
15387 208 890 15350 0.00240 37
15461 209 891 15350 0.00718 111
15535 210 891 15520 0.00097 15
15609 211 892 15520 0.00570 89
15683 212 892 15690 0.00045 7
15757 213 892 15690 0.00425 67
15831 214 893 15690 0.00891 141
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15905 215 893 15860 0.00283 45
15979 216 894 15860 0.00745 119
16053 217 894 16030 0.00143 23
16127 218 895 16030 0.00601 97
16201 219 895 16210 0.00056 9
16275 220 895 16210 0.00399 65
16349 221 896 16210 0.00850 139
16423 222 896 16380 0.00262 43
16497 223 897 16380 0.00709 117
16571 224 897 16560 0.00066 11
16645 225 897 16560 0.00511 85
16719 226 898 16560 0.00951 159
16793 227 898 16740 0.00316 53
16867 228 899 16740 0.00753 127
16941 229 899 16930 0.00065 11
17015 230 899 16930 0.00500 85
17089 231 900 17110 0.00123 21
17163 232 900 17110 0.00309 53
17237 233 901 17110 0.00737 127
17311 234 901 17300 0.00064 11
17385 235 901 17300 0.00489 85
17459 236 902 17300 0.00911 159
17532 237 902 17480 0.00297 52
17606 238 903 17480 0.00716 126
17680 239 903 17670 0.00057 10
17754 240 903 17670 0.00473 84
17828 241 904 17670 0.00886 158
17902 242 904 17870 0.00179 32
17976 243 905 17870 0.00590 106
18050 244 905 18060 0.00055 10
18124 245 905 18060 0.00353 64
18198 246 906 18060 0.00758 138
18272 247 906 18260 0.00066 12
18346 248 906 18260 0.00469 86
18420 249 907 18260 0.00869 160
18494 250 907 18460 0.00184 34
18568 251 908 18460 0.00582 108
18642 252 908 18660 0.00097 18
18716 253 908 18660 0.00299 56
18790 254 909 18660 0.00692 130
18864 255 909 18660 0.01081 204




F.

Excel output calculation sheet

Reference |Ref log |Reff Reff log |CP ratio |CP ratio log [ADC log |Temp out |C param |Out Out full |ADC output [Lux Simulation |Error Error
9543| 13.22 731.96| 9.5156 2 1| 7.0112| 6.495606( 14.7246| 13.22 846 129] 9543 9533 0.10% 10
731.96| 9.5156 2 1| 7.0112 14.7246| 13.22 846 129] 9543 9533 0.10% 10
731.96| 9.5156 2 1| 7.0224 14.7246| 13.231 847 130| 9617 9533 0.87% 84
731.96| 9.5156 2 1| 7.0334 14.7246| 13.242 848 131 9691 9637 0.56% 54
731.96| 9.5156 2 1| 7.0444 14.7246| 13.253 848 132| 9765 9742 0.24% 23
731.96| 9.5156 2 1| 7.0553 14.7246| 13.264 849 133] 9839 9848 0.09% 9
731.96| 9.5156 2 1| 7.0661 14.7246| 13.275 850 134| 9913 9848 0.66% 65
731.96| 9.5156 2 1| 7.0768 14.7246| 13.286 850 135| 9987 9955 0.32% 32
731.96| 9.5156 2 1| 7.0875 14.7246| 13.296 851 136| 10061 10060 0.01% 1
731.96| 9.5156 2 1 7.098 14.7246| 13.307 852 137 10135 10060 0.74% 75
731.96| 9.5156 2 1| 7.1085 14.7246| 13.318 852 138| 10209 10170 0.38% 39
731.96| 9.5156 2 1| 7.1189 14.7246| 13.328 853 139| 10283 10280 0.03% 3
731.96| 9.5156 2 1| 7.1293 14.7246| 13.338 854 140 10357 10280 0.74% 77
731.96| 9.5156 2 1| 7.1396 14.7246| 13.349 854 141 10431 10400 0.30% 31
731.96| 9.5156 2 1| 7.1497 14.7246| 13.359 855 142| 10505 10510 0.05% 5
731.96| 9.5156 2 1| 7.1599 14.7246| 13.369 856 143 10579 10510 0.65% 69
731.96| 9.5156 2 1| 7.1699 14.7246| 13.379 856 144| 10653 10620 0.31% 33
731.96| 9.5156 2 1| 7.1799 14.7246| 13.389 857 145 10727 10740 0.12% 13
731.96| 9.5156 2 1| 7.1898 14.7246| 13.399 858 146| 10801 10740 0.56% 61
731.96| 9.5156 2 1| 7.1997 14.7246| 13.409 858 147 10875 10860 0.14% 15
731.96| 9.5156 2 1| 7.2095 14.7246| 13.418 859 148| 10949 10860 0.81% 89
731.96| 9.5156 2 1| 7.2192 14.7246| 13.428 859 149] 11023 10970 0.48% 53
731.96| 9.5156 2 1| 7.2288 14.7246| 13.438 860 150 11097 11090 0.06% 7
731.96| 9.5156 2 1| 7.2384 14.7246| 13.447 861 151 11170 11090 0.72% 80
731.96| 9.5156 2 1| 7.2479 14.7246| 13.457 861 152| 11244 11210 0.30% 34
731.96| 9.5156 2 1| 7.2574 14.7246| 13.466 862 153] 11318 11210 0.95%| 108
731.96| 9.5156 2 1| 7.2668 14.7246| 13.476 862 154| 11392 11340 0.46% 52
731.96| 9.5156 2 1| 7.2761 14.7246| 13.485 863 155 11466 11460 0.05% 6
731.96| 9.5156 2 1| 7.2854 14.7246( 13.494 864 156 11540 11460 0.69% 80
731.96| 9.5156 2 1| 7.2946 14.7246( 13.504 864 157| 11614 11590 0.21% 24
731.96| 9.5156 2 1| 7.3038 14.7246| 13.513 865 158| 11688 11590 0.84% 93
731.96| 9.5156 2 1| 7.3129 14.7246| 13.522 865 159] 11762 11710 0.44% 52
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731.96| 9.5156 2 1| 7.3219 14,7246 13.531 866 160| 11836 11840 0.03% 4
731.96| 9.5156 2 1| 7.3309 14,7246] 1354 867 161| 11910 11840 0.59% 70
731.96| 9.5156 2 1| 7.3399 14,7246| 13.549 867 162| 11984 11970 0.12% 14
731.96| 9.5156 2 1| 7.3487 14.7246] 13.558 868 163| 12058 11970 0.73% 88
731.96| 9.5156 2 1| 7.3576 14.7246] 13.567 868 164| 12132 12100 0.26% 32
731.96| 9.5156 2 1| 7.3663 14,7246 13.575 869 165| 12206 12100 0.87%| 106
731.96| 9.5156 2 1| 7.375 14,7246| 13.584 869 166| 12280 12230 0.41% 50
731.96| 9.5156 2 1| 7.3837 14,7246| 13.593 870 167| 12354 12360 0.05% 6
731.96| 9.5156 2 1| 7.3923 14.7246| 13.601 870 168| 12428 12360 0.55% 68
731.96| 9.5156 2 1| 7.4009 14,7246] 1361 871 169| 12502 12500 0.02% 2
731.96| 9.5156 2 1| 7.4094 14,7246 13.618 872 170| 12576 12500 0.60% 76
731.96| 9.5156 2 1| 7.4179 14,7246| 13.627 872 171| 12650 12630 0.16% 20
731.96| 9.5156 2 1| 7.4263 14,7246| 13.635 873 172| 12724 12630 0.74% 94
731.96| 9.5156 2 1| 7.4346 14.7246] 13.644 873 173| 12798 12770 0.22% 28
731.96| 9.5156 2 1| 7.4429 14.7246] 13.652 874 174| 12872 12770 0.79%| 102
731.96| 9.5156 2 1| 7.4512 14,7246| 13.66 874 175| 12946 12910 0.28% 36
731.96| 9.5156 2 1| 7.4594 14,7246| 13.668 875 176| 13020 12910 0.84%] 110
731.96| 9.5156 2 1| 7.4676 14,7246| 13.677 875 177| 13094 13050 0.34%) 44
731.96| 9.5156 2 1| 7.4757 14,7246 13.685 876 178| 13168 13050 0.90%] 118
731.96| 9.5156 2 1| 7.4838 14.7246] 13.693 876 179| 13242 13190 0.39% 52
731.96| 9.5156 2 1| 7.4919 14,7246 13.701 877 180| 13316 13190 0.95%] 126
731.96| 9.5156 2 1| 7.4998 14,7246 13.709 877 181] 13390 13340 0.37% 50
731.96| 9.5156 2 1| 7.5078 14,7246| 13.717 878 132| 13464 13340 0.92%] 124
731.96| 9.5156 2 1| 7.5157 14,7246| 13.725 878 183| 13538 13480 0.43% 58
731.96| 9.5156 2 1| 7.5236 14.7246| 13.733 879 184| 13612 13630 0.13% 18
731.96| 9.5156 2 1| 7.5314 14,7246] 13.74 879 185| 13686 13630 0.41% 56
731.96| 9.5156 2 1| 7.5392 14,7246| 13.748 880 186| 13760 13780 0.15% 20
731.96| 9.5156 2 1| 7.5469 14,7246| 13.756 880 187| 13834 13780 0.39% 54
731.96| 9.5156 2 1| 7.5546 14,7246 13.764 881 138| 13908 13780 0.92%] 128
731.96| 9.5156 2 1| 7.5622 14,7246 13.771 881 1839| 13982 13930 0.37% 52
731.96| 9.5156 2 1| 7.5699 14.7246] 13.779 882 190| 14056 13930 0.90%| 126
731.96| 9.5156 2 1| 7.5774 14,7246| 13.786 882 191] 14130 14080 0.35% 50
731.96| 9.5156 2 1| 7.585 14,7246 13.794 883 192| 14204 14080 0.87%| 124
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731.96| 9.5156 2 1] 7.5925 14,7246| 13.801 883 193| 14278 14230 0.34% 48
731.96| 9.5156 2 1| 7.5999 14,7246]| 13.809 884 194| 14351 14230 0.84%] 121
731.96| 9.5156 2 1| 7.6073 14.7246| 13.816 884 195| 14425 14390 0.24% 35
731.96| 9.5156 2 1| 7.6147 14,7246] 13.824 885 196| 144599 14390 0.75%| 109
731.96| 9.5156 2 1| 7.6221 14.7246] 13.831 885 197| 14573 14540 0.23% 33
731.96| 9.5156 2 1| 7.6294 14,7246 13.838 886 198| 14647 14540 0.73%] 107
731.96| 9.5156 2 1| 7.6366 14,7246| 13.846 886 199| 14721 14700 0.14% 21
731.96| 9.5156 2 1| 7.6439 14,7246| 13.853 887 200| 14795 14700 0.64% 95
731.96| 9.5156 2 1| 7.6511 14,7246] 13.86 887 201) 14869 14860 0.06% 9
731.96| 9.5156 2 1| 7.6582 14,7246| 13.867 888 202| 14943 14860 0.56% a3
731.96| 9.5156 2 1| 7.6653 14,7246| 13.874 888 203| 15017 15020 0.02% 3
731.96| 9.5156 2 1| 7.6724 14,7246| 13.881 888 204 15091 15020 0.47% 71
731.96| 9.5156 2 1| 7.6795 14,7246| 13.883 889 205| 15165 15020 0.96%| 145
731.96| 9.5156 2 1| 7.6865 14,7246| 13.896 889 206| 15239 15190 0.32% 49
731.96| 9.5156 2 1| 7.6935 14,7246 13.902 890 207] 15313 15190 0.80%] 123
731.96| 9.5156 2 1| 7.7004 14,7246 13.909 890 208| 15387 15350 0.24% 37
731.96| 9.5156 2 1| 7.7074 14.7246| 13.916 891 209| 15461 15350 0.72%] 111
731.96| 9.5156 2 1| 7.7142 14,7246 13.923 891 210 15535 15520 0.10% 15
731.96| 9.5156 2 1| 7.7211 14.7246] 13.93 892 211[ 15609 15520 0.57% 89
731.96| 9.5156 2 1| 7.7279 14,7246| 13.937 892 212| 15683 15690 0.04% 7
731.96| 9.5156 2 1| 7.7347 14,7246| 13.944 892 213| 15757 15690 0.43% 67
731.96| 9.5156 2 1| 7.7415 14,7246] 13.95 893 214 15831 15690 0.89%] 141
731.96| 9.5156 2 1| 7.7482 14,7246| 13.957 893 215| 15905 15860 0.28% 45
731.96| 9.5156 2 1| 7.7549 14,7246| 13.964 894 216| 15979 15860 0.74%] 119
731.96| 9.5156 2 1| 7.7616 14,7246 13.971 894 217| 16053 16030 0.14% 23
731.96| 9.5156 2 1| 7.7682 14,7246| 13.977 895 218| 16127 16030 0.60% 97
731.96| 9.5156 2 1| 7.7748 14,7246| 13.984 895 219 16201 16210 0.06% 9
731.96| 9.5156 2 1| 7.7814 14,7246 13.99 895 220| 16275 16210 0.40% 65
731.96| 9.5156 2 1| 7.7879 14,7246 13.997 896 221 16349 16210 0.85%] 139
731.96| 9.5156 2 1| 7.7944 14.7246]| 14.003 896 222| 16423 16380 0.26% 43
731.96| 9.5156 2 1| 7.8009 14,7246] 14,01 897 223| 16497 16380 0.71%| 117
731.96| 9.5156 2 1| 7.8074 14.7246] 14.016 897 224( 16571 16560 0.07% 11
731.96| 9.5156 2 1| 7.8138 14,7246 14.023 897 225| 16645 16560 0.51% 85
731.96| 9.5156 2 1| 7.8202 14,7246| 14.029 898 226( 16719 16560 0.95%] 158
731.96| 9.5156 2 1| 7.8265 14,7246| 14.036 898 227( 16793 16740 0.32% 53
731.96| 9.5156 2 1| 7.8329 14,7246| 14.042 899 228| 16867 16740 0.75%| 127
731.96| 9.5156 2 1| 7.8392 14,7246| 14.048 899 229( 16941 169230 0.06% 11
731.96| 9.5156 2 1| 7.8455 14,7246| 14.054 899 230( 17015 16930 0.50% 85
731.96| 9.5156 2 1| 7.8517 14,7246| 14.061 200 231| 17089 17110 0.12% 21
731.96| 9.5156 2 1| 7.858 14,7246| 14.067 200 232| 17163 17110 0.31% 53
731.96| 9.5156 2 1| 7.8642 14,7246| 14.073 201 233| 17237 17110 0.74%) 127
731.96| 9.5156 2 1| 7.8704 14,7246| 14.079 201 234| 17311 17300 0.06% 11
731.96| 9.5156 2 1| 7.8765 14,7246| 14.086 201 235| 17385 17300 0.49% 85
731.96| 9.5156 2 1| 7.8826 14,7246| 14.092 202 236( 17459 17300 0.91%] 159
731.96| 9.5156 2 1| 7.8887 14,7246| 14.098 202 237| 173532 17480 0.30% 52
731.96| 9.5156 2 1| 7.8948 14,7246| 14.104 203 238| 17606 17480 0.72%]| 126
731.96| 9.5156 2 1| 7.9009 14,7246| 1411 903 239| 17680 17670 0.06% 10
731.96| 9.5156 2 1| 7.9069 14,7246 14.116 903 240( 17754 17670 0.47% 34
731.96| 9.5156 2 1| 7.9129 14,7246 14,122 204 241| 17828 17670 0.89%] 158
731.96| 9.5156 2 1| 7.9189 14,7246 14,128 204 242( 17902 17870 0.18% 32
731.96| 9.5156 2 1| 7.9248 14.7246] 14.134 905 243| 17976 17870 0.59%| 106
731.96| 9.5156 2 1| 7.9307 14,7246 14,14 905 244| 18050 18060 0.06% 10
731.96| 9.5156 2 1| 7.9366 14.7246| 14.146 905 245| 18124 18060 0.35% 64
731.96| 9.5156 2 1| 7.9425 14.7246| 14.152 906 246| 18198 18060 0.76%| 138
731.96| 9.5156 2 1| 7.9484 14.7246| 14.157 906 247( 18272 18260 0.07% 12
731.96| 9.5156 2 1| 7.9542 14.7246| 14.163 906 248( 18346 18260 0.47% 86
731.96| 9.5156 2 1 7.96 14.7246| 14.169 907 249( 18420 18260 0.87%| 160
731.96| 9.5156 2 1| 7.9658 14,7246| 14.175 907 250( 18494 18460 0.18% 34
731.96| 9.5156 2 1| 7.9715 14,7246| 14,181 208 251| 18568 18460 0.58%| 108
731.96| 9.5156 2 1| 7.9773 14,7246| 14,186 208 252 18642 18660 0.10% 18
731.96| 9.5156 2 1| 7.983 14,7246| 14,192 208 253| 18716 18660 0.30% 56
731.96| 9.5156 2 1| 7.9887 14,7246| 14,198 209 254( 18790 18660 0.69%| 130







G.
Used MATLAB code

G.1 Modellnit.m

/4 clear all;
clear vvec;

global k;
global q;
global TO;
global GO;
global Vt;

/4 Constants
k = 1.38e-23;
q = 1.602177e-19;

/% Design parameters

TO = 298.15;

GO = 1000;

Vt = k*T0/q;

SCtype = 6; % Solar cell type: 0 = Panasonic, 1 = IXOLAR, 3 = Panasonic basic, 4 =
— AM-1456, 6 = custom AM-1456

Tcor = 0; /% Have G calculation correct for different temperature or not
inout = 1; /4 0 = use output voltage, 1 = use input voltage

actual = 1; /% Use actual tnput current

fourfive = 0; % 0 = 4 parameter model, 1 = 5 parameter model

4G = 0.4396%1000; 7 Irradiance in suns (1000 W/m~2) (for panasonic curve 2)
G = 1000;

T = 25 + (T0-25); /4 Actual temperature

M = 10000; / Current mirror ratio

Rsense = 1; / Sense resistor wvalue

W= le-2; /% Transistor width (matters for accuracy)

L = le-4; /4 Transistor length

/% Tolerances and inefficiencies

Rout = 1; /% Charge pump output resistance

dRout = 1; /% Charge pump output resistance error factor
dRsense = 1; 7 Sense restistor error factor

dN = 1; %4 Transformer ratio error factor

dM = 1; % SenseFET ratio error factor
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Voff = 0; 7 SenseFET amplifier offset voltage
CMRatio = 1; 4 Current mirror ratio

% Datasheet parameters
% Panasonic Amorton
7% 0.4396 for panasonic curve 2

if SCtype ==
N = 1.28; /4 Voltage gain
AN =1.15; 7% =20
AN =1.29; % lower curve (G = 0.4396)
Voc = 5.34;75.34;
Isc = 5.46e-3;
Vmpp = 3.9;
Impp = 4.6e-3;
Pmpp = 18e-3;
alpha = 0.0000044; / Isc temperature coefficient A/deg C
beta = -0.0163; 7 Voc temperature coefficient V/deg C
ns = 6;
end
7 IXOLAR
if SCtype == 1
AN =11.3; /4 Voltage gain —--> blijkbaar niet
N = 8.95; 7 Voltage gain
AN = 10;
Voc = .69;
Isc = 58.6e-3;
Vmpp = .56;
Impp = 55e-3;

Pmpp = 30.8e-3;
alpha = 26.5e-6; / Isc temperature coefficient
beta = -0.0017; 7 Voc temperature coefficient
ns = 1;

end

% PVmodel paper
if SCtype == 2

Isc = 3.87;
Impp = 3.56;
Vmpp = 33.7;
Voc = 42.1;
alpha = 3.13;
beta = -0.16;
ns = 72;

% Rs = 0.47;
/ Rsh = 1365;
A A =1.397;

end

/i Panasonic Amorton basic

if SCtype ==
Voc = .89;
Isc = 14.8e-3;
Vmpp = .64;
Impp = 12.4e-3;
Pmpp = 7.89e-3;
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alpha = 26.5e-6; /7 Isc temperature coefficient
beta = -0.0017; 7 Voc temperature coefficient
ns = 1;

end

7 Panasonic Amorton AM-1456 (indoor)
7% Curves op G = 0.0018*G0 en 4.396e-4*GO

if SCtype ==
A GO = 1000%0.0018;
A G = GO;
N = 1.28; 7 Voltage gain
Voc = 2.4;
Isc = 6e-6x%3;
Vmpp = 1.5;

Impp = 5.3e-6%*3;

Pmpp = 7.95e-6%3;

alpha = 0.005e-6; % Isc temperature coefficient
beta = -0.0112; % Voc temperature coefficient

ns = 4;
end
if SCtype ==
GO = 200; 4 Luzx
G = 1000;
N = 1.28; % Voltage gain
VA Voc = 2.5; 7 Catalog
VA Isc = 35.2e-6;
7 Vmpp = 1.5; /4 Catalog
% Impp = 33.3e-6;
Voc = 2.4; / Datasheet
Isc = 35e-6;
Vmpp = 1.5; % Datasheet
Impp = 3le-6;
A Vmpp = 1.91; % Datasheet curve
A Impp = 2.747e-5;
Pmpp = Vmpp*Impp;
alpha = 1.75e-7; J Isc temperature coefficient
beta = -4.18e-4; J Voc temperature coefficient
ns = 4;
end
if SCtype ==
A GO = 1000%0.0018;
A G = GO;

factor = 20;
Voc = 2.4+Vtx*1.5*4*log(factor);

Isc = 18e-6*factor;
Vmpp = 1.5+Vt*1.5x4xlog(factor)*0.85;
Impp = 5.3e-6*factor*0.85%3;

Pmpp = Impp*Vmpp;
alpha = 0.005e-6; % Isc temperature coefficient
beta = -0.0112; 7 Voc temperature coefficient

A/deg C

A/deg C

A/deg C
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ns
end

]
NS

% Calculated parameters
7 A = 1.3408;

% Rs = 0.6171;

A A= 3.42;

% Rs = 3.84;

Rsh = 99999999999;

4 if ((exist('A’, 'var') ~= 1) || (exist('Rs', 'var') ~= 1))
if (fourfive == 0)
[A, Rs] = fourparammodel(Voc, Isc, Vmpp, Impp, ns)
disp('A and Rs updated')
else
[A, Rs, Rsh] = fiveparammodel(Voc, Isc, Vmpp, Impp, Pmpp, ns)
disp('A, Rs, and Rsh updated')
end

clear Gout;
clear varvec;

[VocO, IscO, IoO, IphO, VocG, IscG, Io, Iph, ivec, vvec] = PV_curves(Voc, Isc, A, Rs,
— Rsh, alpha, beta, ns, G, T);
disp('Curve updated')

Tsend = Tcor*T + (~Tcor * TO);

[a, b] = MPPfind(vvec, ivec)
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G.2 PV_curves.m

function [VocO, IscO, IoO, IphO, Voc, Isc, Io, Iph, ivec,
— Rsh, alpha, beta, ns, G, T)

global k;
global q;
global TO;
global GO;
global Vt;

/% Ezpresstions
Io = (Isc - (Voc-Isc#*Rs)/Rsh)*exp(-Voc/Vt/A/ns);
Iph = Io*exp(Voc/Vt/A/ns) + Voc/Rsh;

/% Calculate temperature effects

VocT = Voc + betax(T-TO);

IscT = Isc + alpha * (T-TO);

IoT = (IscT - (VocT - IscT*Rs)/Rsh)*exp(-VocT/Vt/A/ns);
IphT = IoT * exp(VocT/Vt/A/ns) + VocT/Rsh;

/% Calculate irradiance effects

IscG = IscT*G/GO;

IphG = IphT*G/GO;

ssyms Vocz;
VocG = VocT+Vt*A*ns*log(G/GO) ;

VocO = Voc;
IscO = Isc;
Io0 = To;

IphO = Iph;
Voc = VocG;
Isc = IscG;
Io = IoT;

Iph = IphG;

4 % I-V curve
7% syms ix
7% vvec = linspace(0,6,300);

7% grid on;

A% ylim([0 6e-3])

A

/% set(gca, 'YLim', [0, get(gca, 'YLim') * [0; 1]])

% V-I curve instead of I-V

vvec] = PV_curves(Voc, Isc, A, Rs,

74 for x = 1:length(vvec)

VA v = vvec(z);

VA eq4 = Iph - Io*(exp((v+iz*Rs)/(Vt*A*ns)) - 1) - (v + iz*Rs)/Rsh;
4 ivec(z) = double(vpasolve(eqs == iz));

7 end

a4

7% plot(vvec, tvec);
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sSyms vx
ivec = linspace(0,Isc,300);

for x = 1l:length(ivec)
i = ivec(x);
VA vvec(z) = Vt*A*ns*log(i/Iph + (1 - i/Iph)*exp(Voc/Vt/A/ns)) - Rs*i;

eq4 = Iph - Io*(exp((vx+i*Rs)/(VtxA*ns)) - 1) - (vx + i*Rs)/Rsh;
vvec(x) = double(vpasolve(eqd == 1i));

end

plot(vvec, ivec);
grid on;

hold on;

end
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G.3 fourparammodel.m

% Four parameter model from modell8DirectEquationForVtRs
function [A, Rs] = fourparammodel(Voc, Isc, Vmpp, Impp, ns)

Constants

= 1.38e-23;
1.602177e-19;
0 = 298.15;

GO = 1000;

e

= .Q
I

/i Environment
T = 25+(T0-25);
G = GO;

/% Direct parameter calculation

Vt = ((2xVmpp-Voc)*(Isc-Impp)) / (Impp + (Isc-Impp)*log(l-Impp/Isc)); /7 = Vi*A*ns
Rs = Vmpp/Impp - (2+Vmpp-Voc)/(Impp+(Isc-Impp)*log(1l-Impp/Isc));

A = Vt/ns/k/TO*q;
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G.4 fiveparammodel.m

APPENDIX G. USED MATLAB CODE

function [A, Rs, Rsh] = fiveparammodel(Voc, Isc, Vmpp, Impp, Pmpp, ns)

global k;
global q;
global TO;
global GO;
global Vt;

/4 Environment

T = 25+(T0-25);
G = GO;
A=1;

tol = 0.00001;
step = 0.0001;
iter = 100000;

it = 0;
Vt = kxT/q; 46
Rs = Voc/Impp + Vt*A*ns/Impp * log(Vt*A*ns/(Vt*A*ns+Vmpp))-Vmpp/Impp;

I0 = Isc / (exp(Voc/Vt/A/ns) - exp(Rs*Isc/Vt/A/ns));
Iph = I0 * (exp(Voc/Vt/A/ms) - 1);

VmppC = Vt*A*ns * log((Iph + IO - Impp)/I0) - Rs*Impp;
err = abs(VmppC - Vmpp) ;

oscdet = 0;

while(err > tol && it < iter)
if VmppC < Vmpp
A = A-step;
if oscdet < O
oscdet = oscdet*-1 + 1;
else
oscdet = 1;
end
else
A = A+step;
if oscdet > O
oscdet = oscdet*-1 -1;
else
oscdet = -1;
end
end
I0 = Isc / (exp(Voc/Vt/A/ns) - exp(Rs*Isc/Vt/A/ns));
Iph = 10 * (exp(Voc/Vt/A/ns) - 1); 7 9
VmppC = Vt*A*ns * log((Iph + IO - Impp)/I0) - Rs*Impp;

err = abs(VmppC - Vmpp) ;
it = it + 1;

if abs(oscdet) > 10
break
end
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end
Rs = Voc/Impp + Vt*A*ns/Impp * log(Vt*A*ns/(Vt*A*ns+Vmpp))-Vmpp/Impp;

tol = 0.00000001;

step = 10;
iter = 1000;
itI = 0;

Rsh = Vmpp* (Vmpp + Rs*Impp) / (Vmpp * Iph - Vmpp * IO * (exp((Vmpp+Rs * Impp)/Vt/A/ns) - 1) -
< Pmpp);

I0 = Isc / (exp(Voc/Vt/A/ns) - exp(Rs*Isc/Vt/A/ns)); 7 10

Iph = I0 * (exp(Voc/Vt/A/ns) - 1); 7 9

syms ImppCT
eq5 = Iph - I0 * (exp((Vmpp+Rs*ImppCT)/Vt/A/ns) - 1) - (Vmpp+Rs*ImppCT)/Rsh;
ImppC = double(vpasolve(eq5 == ImppCT));

oscdet = 0;

7% for h = 1:iter
while(err > tol && itI < iter)
if ImppC < Impp
Rsh = Rsh+step;
if oscdet < O
oscdet = oscdet*-1 + 1;
else
oscdet = 1;
end
else
Rsh = Rsh-step;
if oscdet > O
oscdet = oscdet*-1 -1;
else
oscdet = -1;
end
end

I0 = (Isc * (1+ Rs/Rsh) - Voc/Rsh) / (exp(Voc/Vt/A/ns) - exp(Rs*Isc/Vt/A/ns));
Iph = I0 * (exp(Voc/Vt/A/ns) - 1) + Voc/Rsh;

eq5 = Iph - I0 * (exp((Vmpp+Rs*ImppCT)/Vt/A/ns) - 1) - (Vmpp+Rs*ImppCT)/Rsh;
ImppC = double(vpasolve(eq5 == ImppCT));

err
itl

abs (ImppC - Impp) ;
itI+1;

if (abs(oscdet) > 10)
break;
end
end

disp(A);
disp(Rs);
disp(Rsh);






H.
Cadence Genus synthesis file

set_attribute lib_search_path
— /home/project/Atlas/DigitalFlow/0105633/TSMCHOME/digital/Front_End/timing_ power_noise/
— NLDM/tcb018bcdgp2a_110a

set_attribute library {tcb018bcdgp2awc.lib}

read_hdl /home/olmar/Desktop/Verilogarithmisch/square_comb.v
read_hdl /home/olmar/Desktop/Verilogarithmisch/dec_log_conv_red.v
read_hdl /home/olmar/Desktop/Verilogarithmisch/log_LUT.v

read_hdl /home/olmar/Desktop/Verilogarithmisch/log_ill_calc_FSM.v
read_hdl /home/olmar/Desktop/Verilogarithmisch/log_top_level.v

elaborate
create_clock -period 1000 -name clock2 [get_ports clk]

synthesize -to_mapped

write -mapped >
— /home/olmar/Desktop/Verilogarithmisch/synthesis/log_top_level_synth_genus_1000.v

gui_show
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