Fuzzy Logic Based Module-Level Power Electronics
for Mitigation of Rapid Cloud Shading in
Photovoltaic Systems

by

Rachel Beverly Belcher

Thesis submitted to the University of Ottawa in partial fulfillment
of the requirements for the Masters of Applied Science in
Electrical and Computer Engineering

School of Electrical Engineering and Computer Science
Faculty of Engineering
University of Ottawa

© Rachel Beverly Belcher, Ottawa, Canada, 2020



Abstract

A module-level DC optimization proof of concept architecture is proposed to
increase the efficiency of photovoltaic (PV) strings by minimizing the negative effects
of shading caused by intermittent cloud cover while reducing cloud induced fast
frequency fluctuations. The decentralized inverter approach combines the benefits
of string and micro-inverter technology. This device can be affixed to pre-existing
or new systems and operates in compliance with IEEE 1547 and California rule 21
standards by operating in maximum power point tracking (MPPT) or curtailment
mode whenever necessary. The modular level device encapsulates three individual
processes: an optimization engine to determine minimum power requirements, a
fuzzy logic controller (FLC) to eliminate the effect of passing cloud cover, and a
voltage regulation stage to monitor and appropriately adjust the output voltage
of the device. Ramp rate reduction was accomplished using adaptive fuzzy logic
control with a heuristic rule base inference engine. The modular design can be
affixed to grid connected or islanded systems allowing for operation in regulated and
variable load conditions. Matlab/Simulink 2019a was used to design and simulate
the proof of concept model to verify the resiliency to partial shading, reduction of
ramp rates during passing cloud coverage, and optimal output voltage for each panel
while maintaining a constant DC link voltage of 120 V. This proof of concept has
been successfully validated therefore further testing will be performed for various

irradiance conditions.
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Chapter 1

Introduction

Renewable energy is the fastest growing energy production source in the North
American energy mix and is predicted to continue this trend through to 2050 [1].
Natural Resources Canada reported an 18% increase in renewable based generation
between the years 2010 to 2017, with the majority of this growth attributed to
solar and wind technologies [5]. The fast growth rate of solar and wind systems is
motivated by declining capital costs and higher state-level sustainability targets [1].
While the global need for electricity increases, it is predicted that these demands
will be largely met by renewable energy sources and less by conventional generation
methods, as shown in Figure 1.1(a). With continued innovation and improvement,
solar energy is expected to dominate the energy mix, resulting in 46% of electrical

generation and use by 2050, as shown in Figure 1.1(b).
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Figure 1.1: 2010 - 2050 U.S. predictions for (a) energy market and (b) energy mix
trends presented in [1].

The main contributor to the continued increase in solar production is related
to the advancement of solar cell efficiency and design. Various types of cells are
available such as multi-junction solar cells, which have a record efficiency of 47.1%
which are often used for concentrated photovoltaics, and silicon solar cells which have
peak efficiencies of 27.6% and are commonly used for non-concentration PV systems
[6]. Solar cells are strung together to form a PV module or panel to meet a certain
voltage and current rating; similarly, various topologies of modules are connected
to form a solar array. Solar cells produce current and voltage characteristics which
are direct current (DC) in nature. Inverter technology is required to convert those
DC quantities to a grid-accepted alternating current (AC). The overall efficiency
of a PV system is relatively low, approximately 17%, due to a variety of factors
including the natural intermittency of the resource; without storage, electricity will
not be available at night or during periods of significant cloud cover. Similarly,
the production of electricity from solar is extremely variable and sensitive to small

variations in irradiance caused by partial shading of nearby building or overhead
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clouds. To aid in the mitigation of partial shading and mismatch losses caused
by environmental factors, power optimizers are often implemented to condition the
voltage produced on the DC side of the inverter. A brief overview of the PV system

is shown in Figure 1.2.

Optional DC Inverter
Regulation Stage Technology
DC Voltage DC Voltage
and Current and Current

—>
AC Power to Grid

PV Array

Figure 1.2: Diagram of a basic photovoltaic system design.

1.1 Overview of Inverter Technologies

Module-level power electronics (MLPE), such as power optimizers and micro-
inverters, are an increasingly popular form of regulating the DC power produced
by the individual panels in an array. String inverters, power optimizers with string
inverters, and micro-inverters are the three main classifications of conversion tech-
nologies currently on the market. String inverters are the simplest and perhaps most
stable inverter technology. While they often report higher efficiencies when convert-
ing DC to AC under optimal conditions, they often hinder the overall efficiency of
the system under non-ideal conditions. These inverters convert the total DC string
power to AC, where the string power is the summation of the power produced by
each series-connected module on the string, as shown in Figure 1.3(a). Systems
that use a centralized inverter are negatively impacted by partial shading of one
or more panels in the string due to the nature of series connection, as shown in
Figure 1.3(b). The modules in the string produce power to meet that of the lowest
producing module, thus partial shading of one or more panels affects all panels in

the string.
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Figure 1.3: String inverter technology operating in (a) unshaded and (b) partially
shaded conditions.

Micro-inverters offer a solution to partial shading losses by performing direct DC
to AC conversion on a per module basis. Affixed to each module in the array is a
micro-inverter which converts the power produced at the module then transmits the
power through AC cables, as shown in Figure 1.4. The advantage of using micro-
inverters is that the production of one panel does not affect the production of any
other. They also enable better monitoring so it is easier to determine faults within
the system. Micro-inverters are currently more expensive than string inverter-based
systems and require significantly more electronics to regulate and convert directly
on the module; due to economic constraints micro-inverters are usually limited to
smaller systems. It is important to note that the cost associated with micro-inverters
is decreasing and in future may be similar to that of power optimizers with string

inverter systems.
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Figure 1.4: Micro-inverter system under partial shading conditions.

A power optimizer is essentially a compromise between the string and micro-
inverter technologies. They offer the same resiliency to shading while limiting the
number of inversion stages within the system. Power optimizers and micro-inverters
are two types of MLPE devices that attach directly to the panel; the main difference
is that power optimizers do not perform DC to AC conversion, this process is still
performed by the string inverter. A power optimizer consists of a DC operation
stage prior to the central DC-AC inverter. Power optimizers are less expensive than
micro-inverters but they perform similarly by optimizing the power produced by
each panel and eliminating the negative effects caused by non-uniform irradiance.
Power optimizers benefit from the ability to condition the DC power of the module
before conversion to AC by a high efficiency string inverter. Power optimizers are a
modular design that can easily be scaled for arrays of any size and are less expensive

than micro-inverters, as shown in Figure 1.5.
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Figure 1.5: Power optimizer and string inverter system design under partial shading
conditions.

The world is moving toward a significant solar energy mix; although exciting,
significant limitations and challenges must be addressed. Companies such as Solar
Edge, Tigo, and EnergySage are some of the key manufacturers leading the power
optimizer market. The solar resource is often intermittent and cells are highly sen-
sitive to rapid changes in irradiance, including those caused by rapid shading which
impacts the control of energy production. These control challenges can be resolved
with improved energy storage devices to manage under production and curtailment
to eliminate over production and over-voltage concerns which occur when operation
extends beyond the allowable limits. Curtailment is a key concept in the legislation
of evolving standards, such as IEEE 1547 and California rule 21, that require the
system to have the ability to curtail active power when necessary. Current power
optimizer functionality operates at the maximum power point, and as the electrical
grid experiences higher penetration of PV, constant maximum production is not
always desirable.

Module level power optimizer (MLPO) designs offer a compromise between string
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inverter and micro-inverter technologies. Power optimizers benefit from the stable
operation of a centralized inverter while introducing a similar resiliency to partial
shading offered by micro-inverter systems. The intermittent nature of ground level
solar irradiance introduces significant variability in PV production leading to inef-
ficient MPPT and high voltage ramp rates. The proof of concept design outlined
in Chapter 3 and 4 discuss a method to reduce the negative effects of rapid cloud

shading to increase stability and control in grid-connected and islanded systems.

1.2 Thesis Overview

Chapter 1 introduces the current environment of photovoltaic renewable power
generation as well as the predicted energy mix, which depends largely on the ad-
vancements of renewable technologies. As PV cells produce DC electricity, an inver-
sion stage is required to convert to grid-compliant AC using a string inverter, power
optimizer with string inverter, or micro-inverter technology. The overview outlines
the merits and disadvantages of each method and introduces the need for a standard
compliant power optimizing device.

Chapter 2 describes the background information for solar power production and
the necessity of power conversion and optimization for highly efficient PV systems.
This section discusses the benefit of power optimizers in various systems and the
standards motivating the advancements in this field. This chapter introduces some
of the key themes and methodology used to develop the model described in Chapter
3.

Chapter 3 describes the improved power optimizer design using four subsections:
improved MPPT, mode selection and active power curtailment, ramp rate reduc-
tion using fuzzy logic control, and a self-tuning gain controller for the DC regulation
stage. The design of the MPPT algorithm is adapted from [4], the standard buck
boost converter presented by Matlab/Simulink was customized for this model, and
the work presented by [7] was adapted for use within this application; however,

the remaining subsystems are designed by the author. The variable step MPPT

7
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model is chosen to manage high variability input conditions to accurately determine
the maximum operating point in both clear and cloudy sky conditions. The linear
programming tool fmincon uses interior point optimization to control the optimal
power set point for each module to meet the output load request. A combination of
five and seven linguistic variables is selected for the FLC1 membership functions re-
sulting in a 1024 rule inference model. A four-switch buck boost converter regulates
the DC output voltage in grid isolated systems using a feedback loop with a self-
tuning PI controller. The operation of each section within the optimizer is described
prior to obtaining the results from simulations performed in Matlab/Simulink 2019a;
these results are discussed in Chapter 4.

Chapter 4 introduces the test cases used to obtain the results found in this
chapter. The simulation results for each of the subsystems and the total functionality
of the device will be discussed. It will be proven that the model effectively increases
the stability and reliability by operating within maximum power point (MPP) and
curtailment modes whenever necessary. Fast frequency ramp rates caused by rapid
cloud cover are reduced using a fuzzy logic controller and the DC string power is
regulated to maintain a constant DC link voltage of 120 VDC.

Chapter 5 concludes the thesis by discussing the system design and operation in
each design stage including the variable step maximum power point tracking, mode
selection, ramp rate reduction, and DC regulation processes. The design described
within this thesis meets current IEEE standards while reducing the adverse effects

caused by rapid cloud shading.



Chapter 2

Background

2.1 The Solar Resource

The use of the solar resource to produce non-greenhouse gas emitting electric-
ity has globally increased in the past decades with certain countries leading the
charge. Germany and China produce large scale solar energy partially due to the
geographical properties which are ideal for solar generation. Large and small scale
PV plants are subject to similar design considerations: the location and orientation
of the array should be chosen such that any shading effects are minimized to pro-
duce maximum energy yield. The energy yield can be approximated using a clear
sky model developed by Christian Gueymard [8] which is dependent on a variety of
solar parameters such as the location, date, time, elevation angle, azimuth angle,
and zenith angle.

Seasonality is a strong factor associated with the PV production at any location.
Depending on the time of year, the position of the array will change with respect
to the sun thereby altering the amount of irradiance incident upon the modules. As

shown in Figure 2.1, three key parameters are used in PV system design: elevation

eelevation gazimuth

angle of the sun, , azimuth angle, , and the zenith angle of the sun,
P*enith - The azimuth angle represents the distance in degrees from true north, the
elevation angle describes the distance in degrees above the horizon while the zenith

angle is represented as ¢*"ith = 9o — gelevation
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Geleuation

Figure 2.1: Geographical characteristics affecting PV production, adapted from [5].

While PV plants can be designed to limit predictable shading sources affect-
ing the array, variable sources such as aerosols and cloud coverage are difficult to
predict. Certain atmospheric conditions such as aerosol optical depth, ozone, and
precipitable water content affect the amount of ground-level irradiance thereby im-
pacting the production of the array. Similarly, cloud cover is highly location specific
and can impose non-uniform rapid shading conditions on the string or array. Engi-
neers are attempting to create methods to predict uncontrollable shading caused by
environmental conditions using a variety of prediction and learning techniques, [9]
[10] [11] [12].

Cloud prediction and modelling is a significant cross-disciplinary research topic
of great importance in current and future PV production studies. Presently, the
research surrounding cloud shading prediction is largely dependent on nowcasting
to forecast the ground-level irradiance using very small horizons such as 15 — 60
seconds [11] [13]. The main challenge of this method is related to the lack of reli-
able atmospheric data available at the specific location of the array. Ground level

irradiance is impacted by geographical and environmental conditions such as cloud

10
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shading; therefore, forecasting models depend on high resolution location-specific
data.

Rapid cloud shading is most prevalent in environments with low-level cumulus
clouds, shown in Figure 2.2(a), which produce highly variable irradiance conditions
through rapid sun blocking [14] [15] and irradiance enhancement [16] [17] at the
cloud edge. The fast changes in irradiance, shown in Figure 2.2(b), lead to PV
characteristics - in current, voltage, and power - with increased ramp rates, which

introduce additional system instabilities.

Ground-level Solar Irradiance August 4th 2018, Ottawa ON
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Figure 2.2: (a) Low-level cumulus clouds and (b) global horizontal irradiance on a
high cloud variability day in Ottawa Ontario.

2.2 Producing Power using Solar Modules

A solar module, or panel, is typically formed by wiring individual solar cells
in series; the panels are connected in series and parallel combinations to create an
array which produces the appropriate current and voltage based on the design cri-
teria. The photoelectric effect describes how certain materials, like those used in
semiconductor devices, absorb photons of light and release electrons. Solar cells
use doped semiconductor wafers to form an electric field with a positive and neg-
ative terminal. An electron-hole pair is created when an external energy source is
supplied to a semiconductor, the valence electrons are energized to the conduction

band thereby producing a hole in the valence band. The hole attracts electrons

11
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from nearby covalent bonds resulting in a flow of electrons which generates electric
current; contacts complete the electric circuit by carrying the current out of the
cell for external use. The solar module can be a variety of sizes depending on the
requirements of the system, typically a full-size panel will consist of 64 or 72 solar
cells. The power produced by a solar panel is characterized by the open circuit
voltage, V., and the short circuit current, I,., which are the maximum voltage and
current, respectively. These characteristics are affected by the design of the solar
cell and by environmental conditions such as temperature and irradiance.

As previously mentioned, the output of the solar panel is DC thereby requiring a
form of inverting technology to convert the DC output into a grid compliant AC out-
put. Often installations use an additional voltage regulation or conditioning stage,
such as a MLPO to maximize the electricity produced. Typical power optimizers
aid in the maximum power point tracking to find the voltage and current to yield
the maximum power. A DC converter is typically used to maintain the output volt-
age to ensure operation at the maximum power producing voltage. Conventional
power optimizer designs aid in regulating and monitoring the DC voltage before
the inverting stage however they lack the intelligence which can increase control of
an otherwise uncontrolled and intermittent resource. Power optimizers can accom-
modate variability in the DC voltage of a module by converting to the desired DC
output voltage.

New standards and regulations are targeting high penetration PV generation
which requires active power curtailment options to maintain stability during peri-
ods of increased production. Power optimizers typically do not allow for external
communication and system optimization; therefore, the panel is optimized based
on the conditions impacting a single panel in the string. Additionally, power op-
timizers do very little to reduce instabilities caused by high ramp rates from fast
frequency fluctuations in power production. By introducing additional intelligence
to the system, power optimizers can more efficiently manage maximum power point

tracking, active power curtailment, and ramp rate reductions caused by rapid cloud

12
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cover. The improved power optimizer discussed in this thesis effectively overcomes

the limitations of conventional designs by addressing these problems.

2.3 Maximum Power Point Tracking

Throughout the day, a solar module will produce power that depends on the time
of day and atmospheric conditions. On a clear sky day, the power produced will
increase, reaching a daily maximum around midday, before decreasing until nightfall.
Due to strong variability in the solar resource, the power produced by a PV module
or plant shows significant non-linearity which is managed by maximum power point
tracking (MPPT) algorithms. PV characteristic curves are shown in Figure 2.3.
The current-voltage curve, Figure 2.3(a), shows the relationship between the voltage
applied across the device and the current flowing through it; while the power-voltage

curve, Figure 2.3(b), graphically depicts the power produced at various voltages.

Bnp

Power

Current

|74 V. Vinp Voc
Voltage mp o¢ Voltage

Figure 2.3: PV curves describing (a) current-voltage and (b) power-voltage charac-
teristics.

Panel voltage can be regulated using a variety of MPPT models to consistently
yield maximum power under ideal operation. Some of the most common methods
of MPPT are perturb and observe [18], [19], [20] and incremental conductance [21],
[22], [23]. Each method has advantages and disadvantages which uniquely affect the
system specifications; the designer must first determine the algorithm best suited
for the device. Perturb and observe and incremental conductance algorithms are

described as hill-climbing methods; they are often implemented due to their simple

13
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design. These traditional MPPT models perform well in clear sky or ideal condi-
tions however operation deteriorates under non-uniform conditions such as shading.
The following sections introduce these conventional MPPT methods as well as sum-
marize the recent work to mitigate efficiency losses caused by non-uniform shading

conditions.

2.3.1 Perturb and Observe

Hill climbing methods are categorized by the process of increasing or decreasing
the operating voltage of the panel or array in order to observe the impact on the
output power [20]. A perturb and observe algorithm consists of a simple feedback
structure which periodically perturbs (whether that be increasing or decreasing) the
system to compare the output power with that of the previous monitoring interval.
Figure 2.4 graphically describes the operation of the perturb and observe algorithm.
The derivative of the measured power is determined during each perturbation cycle;
this value shows the perturbation’s direction of movement — if positive the pertur-
bation will shift to the right and if negative to the left. This is evident in Figure 2.4
where a starting position on the left of the MPP results in a shift to the right, and

vice-versa, leading to oscillation around the MPP.
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Figure 2.4: Perturb and observe function description.

2.3.2 Incremental Conductance

Incremental conductance is often preferred over perturb and observe as it is
better suited for fast changes in the atmospheric conditions. Like perturb and
observe, it is a hill-climbing technique and requires the measurement of current and
voltage but it does not suffer from similar oscillation concerns. Based on the fact
that the slope of the P-V curve is zero at the MPP, this method determines the
maximum power point by comparing the incremental conductance, %, with the
negative of the instantaneous conductance, _7] [21]. The control voltage is increased
if the instantaneous conductance is greater than the incremental conductance, and

vice-versa, as shown in Figure 2.5.
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Figure 2.5: Incremental conductance (a) system level design adapted, from [2], and
(b) function description, adapted from [3].

2.3.3 Limitations of Conventional Techniques

Hill-climbing methods such as perturb and observe and incremental conductance
are subject to challenges such as slow tracking speed and inefficiencies due to par-
tial shading conditions. The amount of irradiance incident on the panel affects the
short circuit current on the I-V characteristic curve. Shading impacts the shape
of the I-V curve causing it to deviate from the typical shape and instead intro-
duces a non-uniform curve with multiple local maxima, as illustrated in Figure 2.6.
The multiple-maxima-curve presents tracking difficulties as the hill-climbing models
cannot differentiate the local maxima from the desired global maxima. These algo-
rithms also suffer from a fixed step size, where the choice of small step size causes
the system to perform slower (as more iterations are required to obtain the MPP)
but the faster large step size is less accurate and can result in a large tracking error

around MPP [24].
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Figure 2.6: The effects of non-uniform irradiance conditions on PV power produc-
tion.

For perturb and observe, steady-state operation is maintained when the power
range around the MPP exists within an acceptable tracking error. This operating
zone is present because the algorithm imposes a perturbation at every time step,
resulting in an oscillation around the maximum point.

The incremental conductance model is usually limited due to cost constraints,
as it requires multiple sensors to measure the present current and voltage as well
as storing information from the previous iteration for comparison. Additionally,
the incremental current and voltage must be calculated for each time step, as well
as the instantaneous and incremental conductance, introducing computational cost.
The incremental conductance method is however typically faster than perturb and
observe and allows for increased responsivity during periods of rapid irradiance

changes.

2.3.4 Improved MPPT Algorithms

To account for the limitations of traditional MPPT techniques, a variety of
improved and intelligent models have been introduced. Power optimizers and micro-
inverters integrate MPPT and DC converting capabilities directly at the module

level. The purpose of these devices is to determine the maximum power point and
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obtain the desired output voltage using the duty cycle as the control variable.

A common method for increasing tracking speed to manage the local and global
MPPs is to use a variable step size tracking value. Some authors used a dynamic
self-optimizing technique using power and duty cycle measurements to determine
the appropriate step size threshold [25]. This study found that the tracking accu-
racy improved, resulting in reduced power losses, but found difficulties in calculating
appropriate threshold limits. Another approach is to increase MPPT sampling peri-
ods by introducing additional measurements outside of the perturbation cycles [26].
They found that this technique isolated the rate of change in the power to only
consider the impacts of external conditions rather than changes internally imposed
by algorithm deficiencies. This method yields higher dynamic efficiencies but the
additional measurements introduce greater computational costs which are unneces-
sary in a system without rapid changes. Another incremental MPPT technique was
introduced which resulted in fewer oscillations around the MPP during non-uniform
input conditions [27]. They used a variable step size to determine the optimal duty
cycle value using the slope and I-V characteristics.

Others have used model predictive control (MPC) to predict the behaviour of
the control variables defined in the system [28]. These predicted values are used to
obtain the optimal switching state by minimizing the cost function to be applied
to a high gain, multi-level DC-DC converter. This model shows increased tracking
speed by predicting the error at the next sampling time. However, it requires a more
complex design with increased computational cost.

A method to improve tracking using adaptive scaling factors was presented in
[29]. This paper describes the development of a MPC based MPPT algorithm to
determine the predicted control variables for the next iteration. The inputs to
the prediction algorithm are the current and voltage produced by the solar panel
while the outputs are the desired current entering the multilevel boost converter
and PV voltage of the next time interval. The predicted values are evaluated using

a cost function to determine the optimal switching state of the converter using a
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set of discrete time equations derived in the paper. It was found that their model
exhibits improvements in speed and efficiency when compared to the incremental
conductance method.

An additional complex technique aimed to predict the locations of the local and
global maxima used a combination of assumptions and approximations to improve
MPPT. The method proposed by [30] which made the assumption that the global
maxima occurs approximately at 80% of the V,. value scaled by the number of
unshaded modules in the string. They used this quantity as a starting value to
determine the local MPPs and combined the module voltage measurements with
perturb and observe and MPP comparisons to find the global maximum value. Their
model introduces complexities which increase with string size, a problem which could

be better managed using module level power electronics.

2.4 Active Power Curtailment

Managing solar PV in the context of variable and imperfectly anticipated demand
is challenging. Two types of solar implementation will be considered in this thesis:
grid connected and islanded mode operation. For grid connected systems, balanc-
ing authorities ensure that supply meets demand while operating under reliability
standards. This is realized by transmission and distribution operators within their
service areas. As the grid structure evolves and decentralized control architectures
are adopted, islanded systems may become increasingly popular. Islanded systems
operate independently of the regulated grid structure therefore end-use variability is
a prominent concern. In both cases, when PV generation is high and consumption
is low, active power curtailment (APC) is necessary to maintain stability within the
PV system. The principal concerns that must be addressed are over-voltage and
increased ramp rates.

Over-voltage in PV dependent systems is a growing concern as more residential,
commercial, and industrial communities implement solar power generation. When

grid voltage rises beyond an allowable level, solar generators - including rooftop
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solar - have typically been required to shut down entirely [31]. While fossil fuel
burning generators have the ability to increase or decrease production to meet the
needs of the systems when required, solar generators are not fully capable of this
level of control as the amount of electricity produced depends on the environmental
conditions at the time of generation.

Various APC approaches have been advanced to address voltage regulation re-
quirements. A discussion of over-voltage protection for low voltage feeders is pre-
sented in [32], where the authors use a droop-based active power curtailment model.
They found that the basic APC and the improved design were comparable with the
only difference occurring at midday where the increase in active power production
was insignificant. Other work aims to maintain voltage regulation through power
curtailment using inverters and generation forecasts [33]. They use short term PV
power forecasts to curtail active power while approximating the reactive power re-
quirements using a droop-based control method. This model works to maintain
voltage regulation through adaptive active and reactive power injection however the
work is prone to spontaneous forecasting errors and requires high-resolution histor-
ical power production data. The method proposed in [34] proves that APC can
be incorporated into an energy management approach where the inclusion of stor-
age allows for a more comprehensive solution to PV power management through
optimizing the dispatch of the hybrid system.

The method proposed in this thesis uses proportional voltage reduction from
the panel MPP within an APC scheme. To ensure that the power of each panel is
properly curtailed, while maintaining the appropriate power and voltage production
of the string or array, a system optimization and communication scheme is required.
There are many optimization techniques, of varying complexity, that may be used
for this. The method proposed in this thesis uses a simple linear programming
model to minimize the power production of each module while meeting the power
demands of the system. Using bi-directional power line communication between the

centralized system optimizer and the individual module power optimizers, a simple
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optimization technique may be used to curtail active power thereby eliminating over-
production concerns without requiring additional energy storage devices or reactive

power injection.

2.5 Ramp Rate Reduction

Environmental factors such as rapid cloud shading cause the power produced by
PV arrays to fluctuate. For distribution grids with high PV penetration, the passing
clouds can result in large and fast power fluctuations, that is, in high ramp rates. The
current electrical grid was not designed for distributed generation, so intermittency
can drive operation outside safety limits, causing blackouts or equipment damage.
Ramp rate control is needed to smooth the power fluctuations caused by rapid cloud
shading in PV systems. Several extant approaches are described below to illustrate
the problem, these focus on mitigation through energy storage management. Ideally,
an energy storage device would be incorporated to the system design to manage ramp
rate reductions.

Energy reserves are often used to manage short-term variability in order to main-
tain power quality and network reliability. The authors of [35] describe how to cal-
culate the maximum power and the minimum energy storage requirements for any
PV plant size and maximum allowable ramp rate. They observed PV power over one
year and found that PV systems experience fewer power fluctuations when operat-
ing within an appropriate voltage range based upon the production capacity of the
plant. When the ramp rate is reduced, the time exceeding the limits of operation
decreases significantly.

State of charge devices are also proposed to control dynamic ramp rates caused by
rapid cloud cover. The method proposed in [26] aims to smooth out the fluctuation
effects using an energy storage system which is only enabled when a fluctuation
occurs. They found that the use of strategy parameters can be further tuned to
reduce the capacity requirements using only state of charge parameter modifications.

The model described in [36] also used a control mechanism to reduce power
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ramping with a battery storage system. The battery storage system is used to
compensate any large ramp rates by releasing stored energy to maintain appropri-
ate ramp rates. Additionally, by studying the results obtained year-round, they
found that the size of the battery storage system is sensitive to the season causing
additional optimization and storage requirements to be considered.

PV ramp rates are typically managed using one of the following categories: mov-
ing average, filter based, and ramp rate control algorithm based methods [37]. Mov-
ing average and exponential smoothing produces reduced ramp rates with limited
computational effort; however, an additional energy storage device such as a battery
is required. Furthermore, this method requires users to define the quantity of data
points to be considered for smoothing. The number of chosen data points impacts
the degree of smoothing imposed on the output PV power, any data which exists
outside the defined limit will be lost thereby reducing the efficiency of the smoothing
technique.

Filter based methods such as the application of low pass, high pass and least
square estimator filters have also been used to mitigate the negative impacts of solar
variability. Similar to previously mentioned approaches, these have been designed
to function in tandem with an energy storage device and state of charge controllers
to reduce ramp rates. A further extension of this research surrounds the pairing
of natural gas generators, hybrid electric vehicles, and diesel generators to reduce
degradation to extend battery lifetimes.

Finally, ramp rate control strategies have shown promise in reducing PV out-
put power ramp rates. Algorithms have been designed specifically to regulate the
battery’s state of charge thereby allowing for reduced energy storage requirements.
Such systems result in higher efficiencies which cost less to implement and experience
reduced degradation. This methodology requires a significant degree of knowledge
and effort by the designer, a strong understanding of the PV system and the impact

of variable shading is vital for system design.
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2.6 The Impact of Load Variations on Islanded
Systems

Voltage regulating DC converters, a necessary component of power optimizers,
are designed using fixed parameters independent of any user-side variability. A tra-
ditional DC converter is designed for a certain operation using finely tuned and rigid
gain parameters specific to the regulated system. In a system which must manage
unregulated output voltage, rigid gain parameters actually hinder the converter op-
eration thereby reducing efficiency by not adapting to the dynamic load changes.
The main idea of resolving rigidity constraints is to increase the adaptability of the
gain parameters, researchers in [38] compare three types of DC converters to deter-
mine the impact of changing load conditions. Proportional-integral (PI) controllers
offer a traditional method of performing voltage regulation under external input
and output influences. As PI controllers are based upon a linear model they tend to
experience a poor response to large signal disturbances due to the finely tuned gain
parameters. In contrast, sliding mode controllers (SLMC) and fuzzy logic controllers
(FLC) handle nonlinearities well by dynamically modifying the parameters when re-
quired. The study [38] found that FLC designs are a promising and viable option for
power electronic systems as they manage the non-linearities better than traditional
systems. However, the hybrid model proposed in [39], which used fuzzy logic con-
trol and multi-objective functions to limit ramp rates, did not function significantly
better than simple fuzzy proportional-integral-derivative (PID) controllers, and was

found to be more cost and computationally expensive.

2.7 The Benefit of Power Optimization Techniques

Power optimizers combine the positive elements of string and micro-inverter
topologies to improve the functionality of PV generation systems. Power optimizers
condition the DC voltage produced by the individual PV within the larger array

to maximize power production and efficiency. As they operate by regulating the
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output voltage of the individual module, the performance of a low producing panel
will not negatively affect the production capability of the other panels in the string,
a limitation of string inverter topologies. Each power optimizer works to maintain
the constant string voltage producing safe and efficient strings of varying lengths.
Power optimizers also offer monitoring of each panel allowing for preliminary mis-
match detection and resolution. Power optimizer and string inverter systems are a
less expensive and more flexible solution offering partial shading mitigation of micro-
inverters and stability and efficiency of string inverters. The method proposed in
this thesis aims to solve some of the concerns surrounding the intermittency and
resiliency of renewable power generation. The challenges associated with maximum
power point tracking, active power curtailment, ramp rate reduction, and load side

variability are all studied and methods of improving these areas are explored.

2.8 Managing Rapid Shading

Rapid cloud shading is mitigated using a variety of state-of-the-art techniques
such as forecasting models, module level devices, and sub-module optimization.
Recent advancements surround the understanding and prediction of shading patterns
caused by cloud cover.

Forecasting models optimize the inputs and network parameters using popular
models such as genetic algorithms, particle swarm optimization and many oth-
ers. Some works take into consideration the spatio-temporal horizons however
the accuracy of the power forecast depends on the type of model used. Creating
these forecasts requires significant historical data, knowledge of weather conditions,
and location-specific physical modeling. Optimization models can use exponential
smoothing or moving average models to reduce the naturally occurring effects of
variable irradiance.

Module level devices, such as micro-inverters and power optimizers have success-
fully been used to manage input side variabilities. Micro-inverters perform maxi-

mum power point tracking as well as DC to AC conversion on a per module basis.
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The use of filters and algorithms have been introduced to reduce input fluctuations.
Historically, incorporating advanced intelligence in power optimizer design has been
limited; they typically perform MPPT and some degree of output smoothing on a
per module basis thereby not considering string level optimization and control.

For sub-module optimization, partial shading management is further researched
and modelled within each panel of the string. Rather than bypass diodes, sub-
module optimization is performed to reduce mismatch losses and improve overall
performance of the module. Applying this method involves a complete redesign of
commercially available modules thereby limiting this use to new topologies rather

than pre-exisiting arrays.
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Chapter 3

Design and Modelling

As introduced in Chapter 1, module level power electronic devices are designed
to regulate the DC power of each module in a string. Conventional power optimizers
operate at constant MPP and are highly sensitive to rapid changes in irradiance.
The control of energy production in the string is negatively impacted by variable
cloud shading; the challenges associated with the intermittency of the solar resource
can be resolved with improved MLPE design. Chapter 2 discussed mitigating the
effects of rapid cloud shading using methods such as variable step size MPPT, active
power curtailment, voltage ramp rate reduction, and self-tuning gain controllers to
manage changing loads in grid isolated systems. The MLPO proof of concept design
is presented in this chapter; further information regarding the individual subsystems
can be found in the appropriate appendices. The designs described in this chapter
are simulated and discussed in Chapter 4.

This MLPE device is designed to be affixed to each module in a string while com-
municating with a system optimization engine, as shown in Figure 3.1. This engine,
or centralized optimizer, may be located with the inverter or at an external com-
munication hub; the scalability of the device is limited by the optimization engine
and communication abilities of the system. Each module level power optimizer de-
termines the appropriate voltage to be produced by its panel in four stages: MPPT,
system optimization, ramp rate reduction, and DC regulation. All stages, exclud-

ing the centralized optimization engine, are performed locally at each module and
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are not impacted by the number of modules per string. The inputs to the module
optimizers are the voltage and current produced by the module and the maximum
power point is determined by a variable step MPPT algorithm. The MPP values
are communicated to the system optimization engine through bi-directional physical
or wireless communication. The simulation is limited by the DC regulation stage

which uses a step size of 1.0 us.
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Figure 3.1: Proposed system-level block diagram.

Figure 3.2 shows the four stages of the power optimizer in greater detail, in-
cluding communication links with the centralized optimizer. This receives the MPP
value from each module in the string and returns an optimized value. Within the
MLPO, the total string power produced using the MPPT setting is compared to
the requested power from the load. If the power generated by the string exceeds
the requested load, the power curtailment operation will be enabled; if curtailment
is not required, the optimized module power remains at the MPP value. During
curtailment mode, the system optimizer will scale the generation of each module us-
ing a linear programming method to meet load demands. No matter if curtailment
operation has occurred, the power quantities determined by the system optimizer

are returned to the appropriate module device via bi-directional communication.
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Figure 3.2: The module-level improved power optimizer design.

The multiple input single output fuzzy logic controller (FLC1) receives the opti-
mized module power value, the monitored string power, and their rates of variation.
Its purpose is to construct a dynamic reference voltage for the DC regulation stage
that performs ramp rate reduction using fuzzy logic control. The output of the fuzzy
logic controller is a reference voltage which is used as an input to the DC voltage
regulation stage. The voltage regulation stage consists of a four-switch buck boost
controller in a feedback loop to minimize the error between the reference and output
voltage. As islanded systems are more sensitive to variable load conditions, a second
fuzzy logic controller is used to tune the controller gain parameters to adapt to the
variable output. Modelling the solar array is a key component of testing the validity
of this design, the solar array in grid-connected and islanded system was simulated

using Simulink 2019a.

3.1 Modelling the Solar Array

All simulations described in this thesis were implemented in Matlab/Simulink
2019a with Simscape Power and Simscape Electrical libraries and the Optimization
and Fuzzy Logic toolboxes. The input spectral irradiance and temperature data
used to simulate the power production of an array in Ottawa Ontario was provided

by Spectrafy Incorporated. The input data was simulated using an array of 230
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W PV modules. The irradiance and temperature data were used as inputs to each
panel on the string, a ten minute time shift was used to represent a spatial distance
between each panel in the string.

The spatial distance between modules can be approximated with a temporal shift
and the average wind speed; thus, the temporal shift is proportional to the distance
between the modules. Figure 3.3 compares the maximum power of a string of three
modules with two, five, ten, and fifteen minute temporal shifts imposed on the data.
The power produced by a string with a small shift has high correlation between the
module output therefore showing smoother characteristic curves as the modules are
experiencing approximately the same irradiance conditions at any given time. As the
temporal shift increases, representing greater distance between modules, stronger
variability is observed. A temporal shift of ten minutes was chosen to represent

dynamic irradiance changes to test an aggressive proof of concept scenario.
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Figure 3.3: The effects of shifting the string power generation data by (a) two
minutes, (b) five minutes, (c¢) ten minutes, and (d) fifteen minutes.
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Rapid cloud shading can occur within seconds however the resolution of the
measured data used for simulations is one minute. An extended time delay of ten
minutes was imposed on the array to best observe the functionality of the device
when operating in highly variable environmental conditions. Using the average
windspeed in Ottawa, 1.4 m/s, the approximate distance between the panels under
consideration is 840 meters representing an extreme test case, Figure 3.4.

Now that the simulated environment has been developed, the individual sub-
systems can be designed and implemented. The focus of the next section is on
the maximum power point tracking algorithm required to determine the maximal

operating point of the modules in various sky conditions.

~
~

Figure 3.4: Test environment for simulation model.

3.2 Improved Maximum Power Point Tracking

Variable step or dynamic MPPT determines the global maximum power point
(GMPP) faster than with a fixed step technique. During clear sky conditions the
maximum power point is simple to deduce as only one maximum - the GMPP —
exists, as is shown in Figure 3.5(a). Dynamic step sizes are also beneficial during
periods of partial shading as the system is less likely to be caught in a local maximum

power point (LMPP), which is shown Figure 3.5(b). Setting the step size with
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respect to the distance from the MPP allows a reduction in steady state error and

reduce oscillations around the MPP. This is discussed in more detail below.

Power

Vmp Voc
Voltage Voltage

Figure 3.5: Maximum power points in (a) unshaded and (b) partially shaded con-
ditions.

The dynamic MPPT model used in this thesis was proposed and simulated by
[4]. They developed a variable step size algorithm that showed a reduced response
time and achieved a higher efficiency than conventional perturb and observe and
incremental conductance methods. Their method, derived from studies [40] [41],
is different than a fixed step algorithm as the step size is adjusted in response to
the rate of change of the irradiance. They noted that the conventional perturb and
observe methods are more efficient for small irradiance changes around the MPP,
while conventional incremental conductance methods are better suited for variable
irradiance changes using larger step sizes. Small changes in irradiance produce small
variations in the generated power between the measurement intervals and therefore
do not require a large change in incremental step size. As expected, a large change
in irradiance - perhaps caused by a rapid cloud cover — results in a large variation in
power produced by the module. The system modifies the step size to best handle the
large change to quickly determine the GMPP. This is illustrated using the flowchart
which is further discussed in Appendix A.

The MPP found by the variable step MPPT algorithm is communicated to the
external mode selection stage using bi-directional communication. The mode is

determined based upon the maximum power production of the string and the load
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requirements, this is discussed further in the next section.

3.3 Mode Selection and System Optimization

The mode selection stage determines if the system should be operating in MPP
mode or curtailment mode based on the string power at MPP and the maximum load
power. Using bi-directional communication lines, the system optimizer compares
the summation of the maximum power point produced by each module in the string
with that of the load requested power. If the generation is less than or equal to the
load request, the maximum power quantities are communicated to their respective
modules without optimization. If generation exceeds the requested load power, the
optimization engine will enable curtailment mode operation to avoid overgeneration.

The block diagram of the system optimizer is shown in Figure 3.6. The inputs
to the system are the maximum power quantities for each module, as determined
by the variable step MPPT algorithm, and the requested load power. For a string
of N modules, N maximum power values will be communicated to the optimizer.
A linear programming method is used to proportionally reduce the operating power

point of each module based on the individual input MPP characteristics.

MP opt
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[ J [ J
o System Optimization °
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PLoad_Request

Figure 3.6: Block diagram of the system level optimizer.

Optimization is used to minimize a cost function, f(x), subject to constraints im-
posed upon the system, further described in Appendix B. In this case, the operating
point must be minimized such that the total string power equals the requested load

value. Each of the operating powers determined by the optimizer are limited by the
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maximum and minimum power generation quantities, the modules maximum power
and the constraint stating that the power must be greater than zero, respectively.
The optimization function is the summation of the maximum power point of

each module n in the string of N modules subtracted by the requested load power:

N
Z Pé\/lp - PLoadRequest (31)

n=1

The output of the mode selection stage is the optimal power for each module in
the string. The optimal power and voltage are returned to the appropriate module
using physical or wireless bi-directional communication. The optimal power quan-
tity for the module is used as an input to the fuzzy logic controller (FLC1) which

performs ramp rate reductions.

3.4 Designing the Fuzzy Logic Controller

The power produced by PV systems is difficult to model as the dynamic gener-
ation is strongly nonlinear due to the input solar irradiance. For systems involving
nonlinearities and lacking reliable analytical models, fuzzy logic control provides
an inherent adaptability and control flexibility which is not present in conventional
controllers. Designing a fuzzy logic controller for a complex model requires an un-
derstanding of how the inputs of the controller affect the output characteristics.
This is the main merit over conventional techniques since qualitative knowledge and
expertise about system behaviour can be incorporated. This knowledge is gained

through an analysis of the output data. Here, the system was found to be very

sensitive to rapid changes in power since the fraction Ii = is a function of two highly
variable quantities. Periods of variable irradiance were further observed noting how
the system responds to fast frequency fluctuations and the ideal case which elimi-
nates high ramp rates. Deeper understanding of how the output is affected by the

input allows for more sophisticated controller design.

For this system, four inputs are sufficient to drive the determination of an appro-
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priate reference voltage V"¢/, for module n. The module and sting powers P, and

Py, respectively, are required. As ramp rate is the variable to be controlled, the

4

d .
,5Pn and 4 Py, Tespectively,

rates of change of both module and total string power
are also needed. The single output is the ratio (%)’ which is multipled by the
constant DC link voltage to obtain the reference voltage V¢/. Since the currents
I, through the modules are the same, and equal to the string current I ,., then

Vo Py = Vi, P,,. Given the constraint on the string voltage as Vg, = 120V DC, the

reference voltage after the fuzzy logic controller (FLC1) is:

P,
Vyer = (Pt ) x 120V (3.2)

The fuzzy logic controller implements a fuzzy logic system, whose architecture is
shown in Figure 3.7. Fuzzy logic introduces the concept of vagueness which differs
from classical logic by existing within the range of 0 and 1. Fuzzy logic control was
introduced by Dr. Lotfi Zadeh in 1965 to describe complex characteristics extending
beyond the definition of classical logic. The process of designing the fuzzy logic

controller is described in Appendix C.
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Figure 3.7: Block diagram of the proposed fuzzy logic controller.

The reference voltage determined by the fuzzy logic controller acts as an input
to the DC regulation stage for grid connected and islanded systems. The output
voltage is compared to the reference voltage to determine if it should be increased
or decreased to meet the reference voltage. The design of the DC regulation stage

is discussed in the next section.
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3.5 Designing the DC Regulation Stage

A buck boost converter can increase or decrease the output voltage to meet the
requirements of the reference voltage. The reference voltage calculated by the fuzzy
logic controller changes with respect to time, a DC converter such as a buck boost
changes the output voltage to minimize the error between the calculated reference
voltage and actual output voltage. A buck boost converter is required to ensure
that the 120 VDC string voltage is maintained during operation. DC converters
are tuned for the environment it functions in where the only variable conditions
are the reference and output voltages. A grid connected system regulates the load
thereby ensuring the design criteria such as the load is unchanged; a DC converter
is designed for this operation and will function well. Islanded or grid disconnected
systems experience variable load conditions, changing the load alters the design of
the converter resulting in improperly tuned controller gains.

The components that make up a DC regulation stage are the controller, plant,
and feedback loop, Figure 3.8. The feedback loop is an important design charac-
teristic as the input and output values can be compared to determine the error
E(s) = Vyef — Vout, which is the input to the controller stage. The controller, G.(s),
is chosen to be a PI controller as it can maintain stability while minimizing the over-
shoot in the output response. The controllable parameter, the duty ratio, describes
the on duration of the switches in the DC converter. The duty ratio is the input
to the buck boost converter which controls the increase or decrease of the output

voltage. Detailed buck boost converter design are found in Appendix D.

Vrer + E(s) | controller duty Plant
G(s) Gp(s)

> Vout

Vout

Figure 3.8: Feedback loop control system featuring controller and plant model.
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Islanded systems are susceptible to variable load conditions, the controller gains
K; and K, must be re-tuned to accurately represent the changing load conditions,
this is not customary in traditional DC converters. Conventional controllers such
as proportional, proportional-integral, and proportional-integral-derivative are ef-
fective methods of controlling the duty cycle for DC regulation stages. When the
design parameters are non-constant, for instance in the case with variable load con-
ditions, the tuned controller gains are no longer optimized for the dynamic system
thereby reducing the converter efficiency. Implementing a self-tuning gain controller
allows for islanded systems to modify the tuned gain values to adapt to varying load
conditions.

A fuzzy logic gain controller was implemented to manage load side variations to
enhance conventional PI controller functionality [7]. The proportional and integral
gains, K, and K; respectively, are the two parameters which will adaptively change
with the varying load. The islanded system design, Figure 3.9, consists of the
previous feedback DC regulation loop with an additional self-tuning controller placed
before the PI controller. This model uses the error and the rate of change of the
error as inputs to the fuzzy logic controller (FLC2) and the difference of K; and
K,, AK,; and AK), respectively, as the outputs. The change quantities are added to
the original gain values K; and K, to tune the controller gains in a changing load
environment. FLC2 was designed by defining the membership functions and rule
base of the system, similar to the work previously described in Chapter 3.4. Using a
self-tuning gain controller reduces the losses due to unoptimized design parameters

thereby increasing the efficiency in load varying systems.
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Figure 3.9: DC regulation stage block diagram with second fuzzy logic controller for
islanded systems.
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Chapter 4

Simulation Results and Discussion

This chapter shows the simulations performed to validate the operations of each
subsystem in the proof of concept MLPE design described in Chapter 3. The fol-
lowing results were produced in Matlab/Simulink 2019a using Simscape Electrical
and Simscape Power Systems libraries as well as the Optimization and Fuzzy Logic
Toolboxes also developed by Matlab. Further information regarding the simula-
tion process is included in Appendix E. Unless stated otherwise, the results of this
sections were simulated using measured spectral data collected in Ottawa Ontario
using a Spectrafy SolarSIM irradiance measurement device. This chapter first sum-
marizes the results obtained in each stage of device operation before comparing the

total output power responses; the sections to be discussed are shown in Figure 4.1.
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Figure 4.1: System level design with the four main operations: a) improved MPPT,
b) system optimization, ¢) FLC ramp reduction, d) DC regulation.

4.1 Panel Optimization

Using a maximum power point tracking algorithm is vital for photovoltaic sys-
tems, but the choice of method depends largely on the specifications and needs of
the design. The variable step perturb and observe (P&O) algorithm described in
section 3.2 was chosen to allow for better dynamic tracking across clear sky and
variable irradiance conditions.

The impact of a variable step MPPT method was compared to a conventional
P&O approach using clear sky conditions, Figure 4.2. The tracked output volt-
age show similar results when simulated with both designs. As the benefit of the
variable step MPPT algorithm presents most significantly during variable input con-
ditions such as during rapid cloud shading; therefore, it is expected to see minimal

improvements during clear sky conditions.
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Figure 4.2: Improved MPPT operation in clear sky conditions.

Figure 4.3 shows the power generated by a one hour simulation on one panel
in the string, the shape of the system is similar using both the conventional and
improved MPPT methods. A high ramp rate is present at approximately three and
seven minutes, as shown the improved method tracks a higher power quantity than
the conventional approach. The variable step design manages the fast fluctuations by
imposing a larger step size during higher ramp rates. During cloudy sky conditions
the tracked power varies significantly however it is shown that a higher maximum
power point is found using the improved model. The power produced during this

interval operates well during rapid irradiance changes.
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Figure 4.3: Improved MPPT operation in variable cloud conditions.
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4.2 Mode Selection and System Optimization

The mode selection stage determines the mode of operation, either MPP or cur-
tailment mode, based on the string production at MPP and the maximum load
power. During MPP mode, the mode select returns the tracked MPP to the appro-
priate MLPE device in the string. If curtailment operation is selected the central
optimization engine determines the proportional contribution from each panel re-
quired to meet the maximum load requirements before returning the new optimal
operation points to the respective module devices. In the next section, the focus
will be on the dynamic control aspects, here the focus is on mode functionality.

When operating in MPP mode, the power produced by the individual panels
is shown in Figure 4.4(a). A low requested string power, 200 W, is imposed on
the system to depict the faults with constant MPP operation. Figure 4.4(b) shows
the power produced by the string greatly surpassing the requested value for ap-
proximately half of the operation period. Significant over generation can result in

blackouts if the excess production is not properly managed.

A200 . =PV | i o ===Produced Power
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Figure 4.4: The power characteristics under MPP operation for (a) each module in
the string and (b) the total string.

Curtailment mode is implemented to address overgeneration and stability con-
cerns in the PV system. In this case the central optimization engine scales down the
power production of each module so that the system meets load demands. The opti-
mizer determines the shifts of each module’s operating point to the right of the MPP,

setting V,, and I,, as shown in Figure 4.5. Shifting to the right of the maximum
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power point was chosen in order to reduce the power quantity while maintaining

approximately equal voltage.
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Figure 4.5: Current voltage characteristic curves while operating in (a) MPPT and
(b) curtailment modes.

The result of operating in curtailment mode is shown in Figure 4.6 for a 200 W
maximum. When the string power at MPP is greater than the requested string power
the system operates in curtailment mode, thus mitigating over voltage concerns, de-
tails can be found in Appendix B. Figure 4.6(a) shows the operation of each module
in the string. During MPP operation, between 0 and 160 minutes, each module is
producing maximum power. Once the string power exceeds the power requested
by the load, 200 W, the power of the modules are reduced proportional to their
maximum production. The results obtained through simulations show agreement
between string power and requested power during periods of overgeneration. The
mode selection accurately determines when to operate in MPP or curtailment mode
based upon the dynamic PV generation and load conditions. Optimization is per-
formed during curtailment mode to proportionally reduce the operating set points
of each module in the string to meet the load demands.

This section focused on discussing the functionality of the mode selection stage.
Both MPP and curtailment operations were discussed and validated using field data.
The next section carefully studies the impact of the FLC on dynamic irradiance

conditions.
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Figure 4.6: Power characteristics of the (a) individual modules and (b) entire string
while when curtailment mode is enabled.

4.3 Ramp Rate Reduction with Fuzzy Logic Con-
trol

We have considered the general behaviour from the operating mode perspective.
Here we consider the dynamics from the control perspective, showing the improve-
ment that can be obtained by a tuned fuzzy logic controller. Details of FLC1 can
be found in Appendix C. The inputs to this subsystem are the operating power of
the individual modules (as determined by the mode selection stage), the total string
power, and their rates of change. These inputs are used to determine the power
fraction that is multiplied by a constant DC link voltage to provide the reference
voltage for the regulation stage.

This controller uses fuzzy logic to minimize the high ramp rates and voltage peaks
caused by rapid irradiance fluctuations. The input to this subsystem is the operating
power of the individual modules as determined by the centralized optimization stage.
Using fuzzy logic, four input parameters are required to determine the power fraction
to be multiplied by a constant DC link voltage to determine the appropriate reference
voltage.

Figure 4.7 show the rates of change of the reference voltage determined by the
FLC for one module in the string compared with rates directly calculated using

Equation 3.2. These voltage ramp rates are numerically determined using experi-
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mental time series data collected in Ottawa Ontario in 2017 as input to the system.
The ramp rates which are determined from the calculated reference voltage (dashed
red curve) directly reflect the cloud induced ramping associated with solar irradi-
ance, while those expressed by the FLC (solid blue curve) are shown to suppress
these fluctuations. While this FLC is successful as a proof of concept design, there is
room for improvement regarding the ease of implementation, the intelligence of the
controller, and the computational speed. High ramping is present during periods of
low irradiance when using the FLC design. This can be attributed to periods of neg-
ligible rates of change for one or both of the input power quantities. By design, when
fuzzy logic controllers experience input quantities which confuse the rule base they
choose a mid-range output, in this case a "Medium”, thus resulting in higher than
expected ramp rates during the beginning of operation. Updating the membership
functions and rule base to better define the behaviour at low irradiance will address
these discrepancies in future design iterations. Such improvements may address the
current difficulties in very low irradiance conditions such as those experienced at the

beginning and end of day.
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Figure 4.7: Ramp rate of reference voltage with and without the FLC1 stage enabled.
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4.4 DC Regulation Stage

The DC-DC buck boost converter can operate in two modes: one when connected
to the grid and the other in grid isolated (islanded) systems. In a grid connected
system, the PI controller gains will be adequately designed and tuned to operate
well for the specific system and do not require further optimization. However, load
variations in islanded systems, where grid impedances are high, produce a destabi-
lizing transient disturbance. The PI controller, which determines the appropriate
duty cycle for the buck boost, may not have the correct gains to meet the change
in the system. To manage these fluctuations a second fuzzy logic controller, FLC2,

has been introduced. Design details are provided in Appendix D.
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Figure 4.8: The effects of introducing a step response grid variability on a reference
voltage with and without a self-tuning gain controller.

Figure 4.8 shows that the system operates similarly under constant load condi-
tions, depicted between 0 and 0.25 seconds. When a load step response introduced
at 0.25 seconds, which is correlated to a rapid increase in load resistance, the output
voltage without FLC2 yields greater overshoot. The addition of FLC2 improves
the dynamic response, although further investigation is clearly needed. Figure 4.9

zooms in on the region from 0.25 to 0.30 seconds to more clearly show the compara-
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ble ringing induced in both cases. Due to the uncertainties introduced by changing
the load parameters, and thereby altering the design characteristics of the model,
steady state error is inevitable. This proof of concept design proves that by intro-
ducing a self-tuning gain controller the error can be reduced, further optimization
and tuning of FLC2 could further correct for this error.

As islanded systems are more influenced by variable load conditions, a more in-
telligent gain controller design should be implemented. A self-tuning gain controller
using fuzzy logic allows for the designer to appropriately modify the controller gains
to accurately reflect the changing load. The following section discusses the impact

of the entire system design on output power production.
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Figure 4.9: Oscillation experienced in output voltage under steady state operation.

4.5 Output Power Comparisons

The purpose of a power optimizer is to condition the DC power before the DC
to AC inversion stage. The output power of the MLPO is discussed to prove the ef-
fect of the variable MPPT, mode selection, ramp rate reduction, and DC regulation

stage on PV systems experiencing rapid cloud shading.
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The output power of the three-module power optimizer system has been deter-
mined under various control strategies. This is to allow for a proof of principle com-
parison to assess the design efficiency using variable input irradiance for a nominal
200 W curtailment. The results are shown in Figure 4.10 for the variable-time-step
MPPT with simple DC regulation (red dashed curve) and the designed system with
variable step MPPT, mode selection, ramp rate reduction, and DC regulation (blue
curve).

The unoptimized curve, red, depicts traditional power optimizer functionality.
The output voltage is regulated based upon the environmental conditions affecting
the individual modules thereby reducing the negative partial shading effects of the
string; however, it is important to note that this device only operates at the maxi-
mum power. As shown, the red curve greatly exceeds the requested load power of
200 W after 160 minutes of operation. This test depicts an increased production
around midday caused by the expected high irradiance and a low consumption by
users. A significant over production, shown in Figure 4.10, leads to system shutdown
to eliminate the over-voltage concerns. The red curve is also heavily influenced by
irradiance variability caused by rapid cloud shading as shown by the periods of high
ramping such as at 172, 205, and 238 minutes.

The blue curve in Figure 4.10 represents the output string power of the power
optimizer discussed in this thesis. Along with the variable step MPPT algorithm,
the system also benefits from mode selection to determine the optimal operation in
either MPP or curtailment mode. As shown, the device functions in MPP mode until
160 minutes, during this time the blue and red curves exhibit agreement with certain
differences. The blue curve operating in MPP mode is smoother than the device
without ramp rate reductions performed by FLC1. Periods of increased ramping
such as 93 and 140 minutes are reduced yielding an output power which is less
influenced by input irradaince variability. Furthermore, the blue curve is curtailed
when the string power operating at MPP surpasses the requested maximum load

power. The output power is greatly reduced to meet the load demands operating
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within an acceptable steady state error of 1.9%.

The results show that the power optimizer design described in this thesis success-
fully operates in MPP and curtailment mode to eliminate significant over production
during periods of low consumption. The voltage and power ramp rates are reduced
to provide smoother transitions during rapid irradiance fluctuations. The output
string power is regulated to maintain an appropriate steady state error around the
requested load power while maintaining a constant string or DC link voltage in

compliance with IEEE standards.
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Figure 4.10: Output power comparisons of traditional MPPT and proof of concept
architecture.

4.6 Output Voltage Comparisons

Maintaining a constant DC link voltage is a constraint imposed upon this system
design. The summation of output voltage produced by each panel in the string must

exist within the allowable per unit voltage range as determine by the North Amer-
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ican Electric Reliability Corporation (NERC). The standards described by NERC
regarding the allowable range for the string voltage of grid connected PV is 0.90 to
1.10 per unit voltage [42]. Figure 4.11 shows that the improved power optimizer
design produces output string voltage characteristics between 0.94 to 1.06 per unit
voltage. The green band shows the NERC permissible range. This design operates

within the allowable range as described by the standards for North American grids.
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Figure 4.11: Output string voltage (DC link voltage) fluctuations during variable
irradiance conditions.
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Chapter 5

Conclusions

Photovoltaic systems offer an attractive method of clean energy generation which
is expected to experience significant growth within the energy mix. The intermittent
nature of the solar resource limits the controlability of the PV production. Variable
irradiance conditions, like those experienced during rapid cloud shading, introduce
stability concerns that were addressed using a module-level power optimizer ap-
proach.

This design used a variable step MPPT algorithm to track the MPP with greater
accuracy when operating in variable irradiance conditions. A mode selection stage
compared the production of the string at MPP to the requested maximum load
power to determine when to operate in MPP or curtailment mode. The central
optimization engine used linear programming to proportionally reduce the MPP of
each module in the string to meet the maximum power request. A FLC was designed
to reduce the effects of high ramp rates caused by rapid cloud shading to produce a
smooth reference voltage less influenced by irradiance variability. A self-tuning gain
controller was designed for islanded systems using fuzzy logic to appropriately tune
the controller gain characteristics during changing loads.

Variable step MPPT algorithms, such as that developed by [4], introduced an
advanced method to track the maximum power with greater accuracy in changing
irradiance conditions. The improved technique was compared to a conventional

perturb and observe algorithm. The improved method determines a step size in the
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hill-climbing approach which changes with respect to the ramp rate of the input
irradiance. The ramp rate will be large during periods of variable irradiance, this
allows for the MPP to be tracked faster and with fewer computations, and the step
size will be small when the irradiance is relatively constant. In clear sky conditions,
the variable step method tracked the maximum power produced by the PV with
slightly higher accuracy than the conventional method. Generally the tracking in
clear sky conditions did not yield significantly better results than the conventional
approach. During periods of highly variable sky conditions, like those in the presence
of cumulus clouds, the improved method tracks higher MPPs than with basic perturb
and observe.

The mode selection stage determines if the optimizer should operate within MPP
mode, when the load requires maximum production, or curtailment mode, when the
generation must be reduced to meet load demands. The mode select returns the
optimal power and voltage quantities for each module in the string. The optimal
voltage and power quantities, V,,; and P, respectively, reflect the maximum power
values Vi pp and Py pp when operating in MPP mode and the proportionally re-
duced V,,,+ and P.,. in curtailment mode operation.

Mode selection was validated using field data obtained in Ottawa Ontario. A
low load power request was imposed on a system to detect operation in both modes.
The mode selection effectively operated within MPP mode, thereby returning the
MPP to the respective MLPO ramp reduction stage on each module (FLCI). Sim-
ilarly, when the power produced by the string exceeded the maximum request the
system switched to curtailment. When operating in this mode the maximum powers
determined by the MPPT stage were reduced proportional to their MPP values to
meet the maximum power demands thereby eliminating significant overgeneraton.

Fuzzy logic control uses non-classical logic which exists between the conventional
binary results, 0 and 1, to introduce vagueness into the control system. The idea
of flexible control was an optimal choice for this system as the non-linearity of the

input irradiance conditions are difficult to model. Rapid cloud cover introduces fast
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irradiance changes resulting in high ramp rates caused by shading at the cloud edge.
The fuzzy logic controller design required an understanding of how the inputs affect
the output as well as the desirable outcome of the controller for various conditions.
The impact of the input characteristics - the optimized power of the module, the
string power, and their rates of change - were observed using field data to determine
the effect on the output reference voltage as defined by Equation 3.2. The fuzzy
logic controller was designed to reduce or eliminate high ramp rates for a variety of
input conditions. In the case of high ramping, the controller was designed to largely
ignore the rapid change. A large quantity of rules, further described in Appendix C,
were designed by testing field data and heuristic optimization to validate this proof
of concept design. The output reference voltage is less affected by rapid irradiance
changes caused by rapid cloud shading and reduced the ramp rates during MPP
and curtailment mode to produce smoother transitions during clear and cloudy sky
conditions.

A DC regulation stage increases or decreases the output voltage of the MLPO to
meet the reference voltage determined by the fuzzy logic controller. A feedback loop,
controller, and plant are designed for specific operation using parameters tuned for
the system. As grid islanded systems are more susceptible to the impact of variable
load conditions the PI controller gains become improperly tuned for the changing
load environments. A self-tuning gain controller was designed using fuzzy logic
to determine the appropriate change in controller gains K, and K, during load
fluctuations. Tuning the controller gains increases the efficiency of the regulation
stage, the self-tuning controller reduces the overshoot experienced during changing
load conditions while reducing settling time and steady state ripple when compared
to the untuned case.

This design could be further improved by considering a controller design with
increased intelligence and adaptability, perhaps machine learning. During periods of
overgeneration this design curtails power to reduce the production of unused power.

A bi-directional charge controller could be implemented within this system to charge
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an energy storage device during periods of high generation and low consumption to
mitigate undergeneration concerns.

This thesis details the background, design, and simulation results of an improved
power optimizer for PV systems. The device effectively reduces the effects of rapid
partial cloud shading on strings of varying lengths. Ramp rate reduction and active
power curtailment offer a level of control not commonly available for intermittent
renewable energy generators. This device increases the reliability of future renewable

dependent power grids which are no longer limited by partially shaded environments.
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Appendix A - Improved MPPT

The variable step MPPT algorithm flowchart is shown in Figure A.1. This algo-
rithm has been adapted from [4] and simulated by the author using Matlab /Simulink
2019a.

Start

Read V, |

AV = V(K) - V(k-1)
Al = I(k) = I(k-1)
AP = V(k)I(k) = V(k-1)I(k-1)
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Figure A.1: Variable step MPPT algorithm [4]
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Similar to conventional hill-climbing methods, voltage and current are measured
and the incremental changes for voltage, current, and power are calculated. The
change in power is compared to a predetermined value which represents the expected
MPP assuming a small step size. The new step size is used to perturb the system

and determine if the maximum power constraints have been met, Figure A.2.
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Figure A.2: The dffect of variable irradiance on step size.
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Appendix B - System

Optimization

Using the Matlab Optimization Toolbox, interior-point linear programming was
performed using fmincon. The Matlab Optimization toolbox offers five methods of
optimization using fmincon: interior-point, trust-region-reflective, sqp, sqp-legacy,
and active-set. The interior-point algorithm was chosen as it effectively manages
large and sparse problems making this approach scalable to strings of various sizes.
Interior-point optimization can minimize the objective function with rapid speed
while effectively recovering from NaN and INF inputs. Interior-point methods are
often used to solve both linear and nonlinear convex optimization problems which
contain inequalities as constraints.

The simulated optimization engine requires the requested load power and the
minimum and maximum power quantities for each of the N modules in the string.
The central system optimizer, responsible for mode selection and curtailment, can
be adapted for strings of various length. The optimized power quantities for each of
the modules, PP, are determined by the Opti.m function responsible for finding the
minimum power of each module to meet the demands of the system. A minimum
power generation of one watt is applied to each of the modules to ensure that the
power greater than zero constraint is met. The requested load power is required to
determine when the system must operate in maximum power point or curtailment
mode.

The optimization function is the summation of the maximum power point of
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each module n in the string of N modules subtracted by the requested load power,
Equation 3.1. The optimization algorithm is presented below. An initial value
is required for each of the outputs, represented by a 1 x N zero matrix. The
equality and inequality constraints are represented by A, b, Aeq, and beq; these
values are empty matrices as the optimization depends on the allowable upper and
lower bounds. The [b_ub quantities represent the bounds where the solution can
exist; these values are determined by the MPP of each module and the minimum
power constraint. The outputs of the optimizer are represented by X, for all modules

in the string.

0

function[x1, x2, x3] = Opti(xl_-min, x2_min, x3_min, xl_max,
x2_max, x3_max, X)
x0 = [0,0,0];
s = abs(x(%d)+ x(%d)+ x(d) — %d) ;
f = sprint (s, 1,2,3,X);
Ib_ub = [x1_min,x1_ max;x2 min,x2 max; x3_min,x3_max];
x = fmincon(f ,x0,[] ,[],[].[],Ib-ub(:,1),lb_ub(:,2));
xl = x(1);
x2 = x(2);
x3 = x(3);
end

A three-module string was simulated using constant and step function input
quantities. Larger strings with more modules were simulated to determine the abili-
ties of the mode selection and central optimization stage. No additional latency was
observed when testing up to fifteen modules per string; therefore, larger systems
are only limited by the speed of bi-directional communication within the system.
Figure B.1 shows the maximum power point in red and optimized power point in
black for each module in the string as well as the total string power. During curtail-
ment mode, each PV power is reduced proportionally to its production; therefore,

higher producing modules contribute more power than lower producing panels. A
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step function was imposed on PV; reducing from 200 W to 100 W at 25 seconds,
the remaining panels are producing constant power of 210 W and 80 W respectively.
When the power produced by PV} is reduced, the other panels in the string increase
to accommodate the change. The higher producing modules increase their produc-
tion more than the lower producing panels in the string. The output string power

maintains constant operation at the maximum 300 W even during variable power

production.
PV1 Optimization PV2 Optimization
500 T T T T 500 T T T T
Input power Input power
450 —— Output power (4 450 —— Output power |4
400 — 400 F |
350 B 350 1
<300 1 <300 .
= =
8250 E 8250 :
2 2 250
o o
Q- 200 1 Q200 F 3
150 F g 150 ]
100 100 1
50 F q 50 q
0 L . . L 0 . \ \ .
0 10 20 30 40 50 0 10 20 30 40 50
Time (minutes) Time (minutes)
PV3 Optimization String Optimization
500 T T T T 500 T T T T
Input power Input power
450 —— Output power (4 450 —— Output power |4
400 7 400 g
350 q 350 1
g 300 1 g 300
8 250 1 & 250 1
= =
o o
Q- 200 1 Q- 200 1
150 1 150 1
100 1 100 q
50 k r 8| 50 1
0 . . . . 0 . . . .
0 10 20 30 40 50 0 10 20 30 40 50
Time (minutes) Time (minutes)

Figure B.1: Simulation results for the central optimization stage of a three PV
string.

58



Appendix C - Fuzzy Logic Control
(FLC1)

The input to a fuzzy logic controller is a numeric value which is mapped to a
linguistic variable using membership functions during the fuzzification stage, the
inference engine determines the output response based on the input behaviour, and
the output linguistic variable is converted to a numerical value in the defuzzification
stage. A linguistic variable is used to describe a range of numeric quantities for
each input or output. The number of linguistic variables and the nature of the
membership functions is determined by the designer, based on system insight. Here,
the linguistic variables are roughly assigned to crisp input numbers through the
use of trapezoidal and triangular membership functions, shown in Figure C.1, for
both power and voltage, as well as power-rates-of-change. Linguistic variables are
convenient for fuzzy logic control as they describe a scalable range of numerical
inputs thus providing increased adaptability during variable operating conditions.
The trapezoidal and triangular functions were chosen to limit the possible overlap
to only two linguistic variables.

As shown in Figure C.1(a) for power and voltage, five linguistic variables —
Low (L), Low-Medium (LM), Medium (M), Medium-High (MH), and High (H) —
are chosen to be sufficient to achieve the desired controller accuracy for the sys-
tem. However, seven linguistic variables — Negative-High (NH), Negative-Medium
(NM), Negative-Low (NL), Zero (ZE), Positive-Low (PL), Positive-Medium (PM),

and Positive-High (PH) — are needed for power-rates-of change values.
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L LM M MH H NH NM NL ZE PL PM PH
1 1
0 0
min max min d max
P —P
k FTRL:
d
Pstr Epstr

Figure C.1: Membership functions for designed for FLC1 for (a) the power and
voltage linguistic variables and (b) the rates of change.

The inference engine determines the output response for specific conditions at
each input quantity through a designed rule base. The quantity of linguistic vari-
ables used to describe the input and output characteristics affects the accuracy and
the number of determined rules. The rules are setup as “If (inputl) and (input2)
and (input3) and (input4) then (output) occurs” for each of the combinations of
linguistic variables. As expected, a large number of linguistic variables produces
a larger number of rules. The quantity of variables must adequately describe the
behaviour of the system; controllers with too few rules risk overgeneralizing and
lacking detail while a large number of rules impacts the speed and computational
requirements. The choice of representing the linguistic variables this way was de-
termined experimentally, further information regarding the design and testing of
various numbers of linguistic variables can be found below. This controller has four
inputs with five and seven linguistic variables each resulting in a rule base of 1024

rules, represented by Figure C.2.
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Pn d d
PStT dt dt StT

,LLMMMHH I_L\l_l_\l_l_\

Figure C.2: Representation of the quantity of rules necessary to determine the
response of the output based upon input conditions.

Once the degree of fit for the output is determined, the defuzzification process
is used to convert a linguistic variable to a crisp numerical quantity. A variety
of defuzzification methods are available such as maximum membership principle,
centroid method, weighted average method, mean-max membership, center of sums,
center of largest area, and first of maxima and last of maxima. For this design
the centroid method, specifically the center of gravity centroid method, was chosen.
The center of gravity divides the entire region into smaller portions using vertical
sections. For each portion the area and center point are found before the center
of gravity is determined using the following function where pu.(zy) is defined by a

discrete membership function.

_ ZkK:I xkﬂc(xk)
Zli{:l :U’c(xk>

The output in this case is represented by the function of power fraction ( }f’t‘ )

thereby the crisp output value exists between zero and one.
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Variable string power conditions were used to test the impact of three fuzzy logic
controller designs with different quantities of linguistic variables, Figure C.3. The
output reference voltage (per unit voltage) was produced using three, five, and a
combination of five and seven linguistic variables, Figure C.3(b). The uncontrolled
case, the green curve, represents a system without a fuzzy logic controller or ramp
rate reduction efforts. The uncontrolled voltage is largely affected by the changes in
input conditions resulting in high ramp rates. Introducing a fuzzy logic controller
with three linguistic variables for each input and output results in a reference volt-
age with reduced ramping when the rate of change is high. The reference voltage
is limited by the few linguistic variables imposed on the controller thereby over
generalizing the effect of ramp rates while being negatively impacted by high ramp-
ing. The five variable controller design produces lower voltage than the previous
cases however little differentiation between the impact of low and high ramp rates is
recorded. A consideration which has been neglected thus far surrounds the impact
of both positive and negative rates of change. The combined five and seven vari-
able design introduces additional descriptors to encompass the positive and negative
ramping, as shown by the blue curve, the ramp rate is largely reduced. This design
shows change when the ramp rates are low however experience limited change during

highly positive or negative ramping.

50 F T T T T T T T T T 3 11 F T T T
— — 3 Linguistic Variables
M M M M M 1 [eeeeer 5 Linguistic Variables
=5 & 7 Linguistic Variables
40 0.9 ——No FLC 3
s - = - - - Sos
Y g
o 30 '8 0.7
I o]
< S 0.6
o >
o 9 05
° 20 %
g 3 04
= 9]
a®10 @ 03
02
o 1 L L i 1 O frt  Feeed i Reed ed
L
0 1 2 3 4 5 6 7 8 9 10

Time

Figure C.3: (a) The input power change and (b) output response of FLC1 designs
featuring different number of linguistic variables.
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The ramp rate reduction stage utilizes four inputs to determine the output ratio
to be multiplied by the DC link voltage to obtain a reference voltage. The input
quantities are numeric values which must be fuzzified and mapped to a linguistic
variable using membership functions. Figure C.1 show the membership functions for
the inputs and output. The triangular membership functions are equally distributed
to described the interior linguistic variables while the trapezoidal functions are used
to describe the maximum and minimum quantities. The range of the power values
P, and Py, are set by the rated power of the modules and string respectively. The
maximum and minimum values for the rate of change were determined experimen-
tally by observing the rates of change of field data.

To describe the functionality of FLC1 let’s assume that the numeric quantities
for module power, string power, rate of change of module power, and rate of change

of string power are 30 W, 172 W, 8.3 W, and -38 W respectively, depicted in Figure

CA4.
L M M MH H L M M MH H
1 1
0 0
0 230 W 0 690 W
Pn PStT’
NH NM NL ZE PL PM PH NH NM NL ZE PL PM PH
1 1
0 0
-15 d 15 -40 d 40
apn aPstr

Figure C.4: Example of input quantities for FLC1.

Mapping the numeric values to linguistic variables is accomplished using mem-

bership functions. The fuzzy linguistic variables are summarized in the table below.
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Table C.1: An example of crisp input values and the fuzzified linguistic variables for
each.

d d
Pn Pstr EPTL EPstr

Crisp Input 30W | 172 W | 83 W | -38 W

Linguistic Variable L LM PM NH

As a four input one output fuzzy logic model of this size is difficult to summarize,
a two step simplification method is depicted in Figure C.5. Figure C.5(a) shows a
rule base that is used to describe the impact of the rate of change for a power,
Py, where X can represent either the module, n, or the string, str. This rule base
determines the linguistic variable used to describe the power quantities when the

impact of the rate of change is considered.

% X PStI’
Py NH NM  NL ZE PL PM PH P, L LM M MH H
L L L L L L LM L L LM L L L L
LM | LM L LM LM | LM M LM LM | MH LM LM LM | LM
M M LM M M M | MH M M H M LM LM | LM
MH | MH M MH | MH MH H MH MH H MH M LM LM
H H MH H H H H H H H H MH M LM

Figure C.5: Fuzzy logic rules for determining (a) the impact of the rate of change on

power quantities and (b) the ratio (]f—’;)’ required to calculate the reference voltage.

By design, the power should not change when experiencing a high positive or
negative ramp rate. It is assumed that a change will occur when a positive or neg-
ative medium is imposed on the power value. Therefore, using the inputs described
in Table C.1, the impact of the rate of change on the module and string power is

summarized in Table C.2.
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Table C.2: Impact of rate of change determined using Figure C.5

Pn Pstr

Initial Variable L | LM

Impact of Rate of Change | PM | NH

Result LM | LM
Now that the rates have been considered, the ratio (%)’ can be determined

using the rule base in Figure C.5(b). Using the predetermined values it is shown
that the output, (%)’ , is LM when P, and Py, are LM and LM respectively.

This value then goes through the defuzzification step performed using the fuzzy
logic toolbox equipped in Matlab/Simulink to produce a crisp value of 0.22. This
quantity is multiplied by the DC link voltage of 120 V to obtain the reference voltage
of (£2)" x 120V = 26.4V

The rule base for the inference engine in FLCI1 is tabulated below. Each of the
rules were determined by observing the behaviour of reference voltage calculation
using Equation 3.2 simulated using module field data obtained in Ottawa Ontario.
The controller is designed to eliminate the impact of high ramp rates to produce

smoother ramping during operation. Reducing ramp rates and voltage fluctuations

increases the stability and reliability of the system.

Table C.3: Rule base generated for FLCI.

Input Output

B, Py 4P, 4 Py (=)'
L L NH NH LM

L L NH NM LM

L L NH NL LM

L L NH A LM

L L NH PL LM

L L NH PM L
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Appendix D - DC Regulation

A traditional buck-boost converter, Figure D.1, must be discussed to explore the
limitations of the design. The source voltage is represented by the voltage being
produced by the module, both bipolar junction transistors (BJTs) and metal-oxide
semiconductor field effect transistors (MOSFETS) can be used as switching devices
[43]. For this model MOSFETSs are used as they offer increased efficiency and are

cost efficient.

oo lq )

<t> — Load

Figure D.1: Conventional design for buck-boost converter.

During the on state the input current flows into the inductor and transistor;
as the energy increases, the inductor and capacitor provide energy to the load. In
contrast, during the off state the switch is open thereby disconnecting the source
from the rest of the system, during this time the energy stored in the inductor is
dissipated to the load.

The conventional low cost and simple buck-boost design can effectively manage
a wide-input voltage range which fluctuates either above and below the desired
voltage. This model unfortunately suffers from stresses caused by high current and

are impacted by conduction losses resulting in reduced efficiencies. A resolution to
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this is to use a four-switch buck boost converter as it benefits from higher efficiencies

and power capabilities when compared to conventional designs [44].

== & /l = ]

Figure D.2: Four-switch buck boost DC converter design.

The four-switch model, Figure D.2; in continuous conduction mode (CCM) is
similar to the function of the conventional buck boost converter [44]. The conduc-
tion losses of the diode model and the four MOSFET model are dependent on the
voltage differences of the switching mechanism. The voltage losses of the MOSFET's
are often much smaller yielding a very low on-resistance. The reduced conduction
losses using this method improves the efficiency of the system. As this model is a
cascaded combination of a buck converter and a boost converter, the four-switch
converter works as the equivalent circuits. The four-switch model performs syn-
chronous rectification while reducing the conduction and switching losses thereby
yielding the highest efficiency [45].

The rule base for the fuzzy logic controller was adapted from [7] to function in
this specific application. The fuzzy rule base was implemented using the fuzzy logic
toolbox within Matlab/Simulink 2019a. The input quantities of the FL.C2 controller
are the error and change of error determined by the feedback response in the DC
regulation stage. The rule base for the proportional gain, K, and integral gain, K,

are described in Figure D.3(a) and Figure D.3(b) respectively.
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Change In Error Change In Error

Error NB NS ZE PS PB  Error NB NS ZE PS PB
NB | NB NS NS NS | ZE NB [ NB NS | NB NS | ZE
NS [ NB NS NS ZE PS NS | NB NB NS ZE PS
ZE | NB NS ZE PS PB ZE | NB NS ZE PS PB
PS | NS ZE PS PS PB PS | NS ZE PS PB PB
PB | ZE PS PS PS PB PB | ZE PS PB PB | PB

Figure D.3: Fuzzy logic rules for determining the necessary change in (a) K, and
(b) K; to account for dynamic load changes in islanded systems.
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Appendix E

As previously mentioned, the designs presented in this thesis were modelled
and simulated using Matlab/Simulink 2019a. Simulink offers a number of libraries
and toolboxes which can be interfaced within the Simulink environment using a
block representation. The blocks can be determined by the designer such as the
improved MPPT and optimization subsystems or can be incorporated within pre-
existing toolkits such as the fuzzy logic controller or four-switch buck boost con-
verter. An example of the Simulink diagram used to simulate a singular MLPE

device as designed in Chapter 3 is presented in Figure E.1.

A

Figure E.1: Simulink diagram of one module-level power optimizer.

The system diagram presented in Figure E.2 depicts the subsystems within a
string of three PV modules. Each MLPO consists of an individual improved MPPT,
ramp rate reduction, and DC regulation stage while sharing one centralized mode

selection system capable of MPP and curtailment operation.
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Improved L= ] Ramp Rate Reduction DC Regulation
MPPT

Mode Selection

O
(==
B

Figure E.2: Three PV string simulation diagram depicting the improved MPPT,
mode selection, ramp rate reduction, and DC regulation stages.

Subsystems such as the Matlab function block, utilized in the mode selection
stage, conveniently call a specific Matlab code - in this case ’'Opti.m’ - and performs
the necessary function within the Simulink environment. The input characteristics
are data files which contain the timeseries power determined by the improved MPPT
stage for each module. The ’Opti.m’ function, discussed in Appendix B, compares
the MPP string power and the requested power to determine the mode of operation.
The data file representing the optimal power of each module, whether that be the

MPP or curatiled power quantity, is returned to the appropriate MLPO.

1 »{x1_min

1 2. min xi » Opt_PV1

1 »{x3_min

MPP_PV1 } x1_max ‘ x2 » Opt_PV2
Opti
MPP_PV2 P x2_max
MPP_PV3 x3_max X3 > Opt PV3
x

Figure E.3: Optimization engine schematic diagram presented in Simulink.
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The Fuzzy Logic and Power System toolkits introduce customizable blocks for
well understood systems. Within the simulink environment, the fuzzy logic controller
block is represented by a single input single output, Figure E.4. The four quantities
representing the input variables are grouped together using the 'mux’ block as the
input to the fuzzy logic toolbox. The output is represented by the ratio (%)’ which
must be multiplied by the DC link voltage (120 V) to determine the reference voltage

for each of the n modules in the string.

Pn ‘
Pstr ‘ ‘
i

120 .
DC link voltage

Figure E.4: Fuzzy logic controller (FLC1) in Simulink environment.

All the components associated with fuzzy logic design are represented within the
fuzzy logic toolkit block, Figure E.5. The membership functions of the four inputs
(represented on the left in yellow) and one output (shown on the right in blue) are
customizable using the drop down menu at the bottom of the window. Note that
the input quantities appear to be represented using gaussian membership functions

however the true design is appropriately described in Figure E.6.
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[ JON ] Fuzzy Logic Designer: FLC1
File Edit View

M

FLC1

Pstr
(mamdani)

E

d/dtPn

Pn/Pstr

%

max

centroid

Figure E.5: Fuzzy logic toolbox depicting four inputs and one output for FLCI.

0@ Membership Function Editor: FLC1
File Edit View

FIS Variables plots

0.5 ~

o T T T T
0 50 100 150 200
input variable "Pn"

trapmf
‘ [0 230]

‘ [0 230]

Figure E.6: An example of the membership function for the input power quantity
P, for FLCI1.
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The rule base can also be developed within this block, Figure E.7. The input
quantities are located within the drop-down menu toward the bottom of the win-
dow. The output ratio, represented by a linguistic variable, is determined using the
rule base generated by the designer to describe the output response of all combina-
tions of input characteristics. The rule base was determined experimentally, further

information regarding the design of the fuzzy logic controller FLC1 is located in

Appendix C.

[ NON Rule Editor: FLC1
File Edit View Options

1. If (Pnis L) and (Pstris L) and (d/dtPn is NH) and (d/dtPstr is NH) then (Pn/Pstris LM) (1)
If (Pn is L) and (Pstr is L) and (d/dtPn is NH) and (d/dtPstr is NM) then (Pn/Pstr is LM) (1)
If (Pn is L) and (Pstr is L) and (d/dtPn is NH) and (d/dtPstr is NL) then (Pn/Pstr is LM) (1)
If (Pn is L) and (Pstr is L) and (d/dtPn is NH) and (d/dtPstr is PL) then (Pn/Pstr is LM) (1)
If (Pn is L) and (Pstr is L) and (d/dtPn is NH) and (d/dtPstr is PM) then (Pn/Pstris L) (1)

. If (Pnis L) and (Pstr is L) and (d/dtPn is NH) and (d/dtPstr is PH) then (Pn/Pstr is LM) (1)
.If (Pnis L) and (Pstr is L) and (d/dtPn is NM) and (d/dtPstr is NH) then (Pn/Pstr is LM) (1)
. If (Pnis L) and (Pstr is L) and (d/dtPn is NM) and (d/dtPstr is NM) then (Pn/Pstr is LM) (1)
9. If (Pnis L) and (Pstr is L) and (d/dtPn is NM) and (d/dtPstr is NL) then (Pn/Pstr is LM) (1)
10. If (Pn is L) and (Pstr is L) and (d/dtPn is NM) and (d/dtPstr is PL) then (Pn/Pstr is LM) (1)
11. If (Pnis L) and (Pstris L) and (d/dtPn is NM) and (d/dtPstr is PM) then (Pn/Pstris L) (1)
12. If (Pn is L) and (Pstr is L) and (d/dtPn is NM) and (d/dtPstr is PH) then (Pn/Pstr is LM) (1)

PNOO RGN

If and and and Then

Pnis Pstris d/dtPn is d/dtPstr is Pn/Pstr is
LM LM
M M
MH MH
H H
none none

not not not not not

r Connection Weight:

or

oaﬂd 1 Delete rule Il Add rule Il Change rule I

Renamed FIS to "FLC1" | | | Help | | Close ||

Figure E.7: A sample of the rule base used for the inference engine of FLCI.

The DC regulation stage, Figure E.8, is the final subsystem described in this
thesis. The purpose of this stage is to ensure minimal error between the reference
and output voltage. The controller stage consists of a conventional PI controller
which is easily customized for the specifics of the design. This pre-existing Simulink
control block uses the reference and output voltage as inputs to the PI controller
and the input voltage, or the optimal voltage determined by the mode selector, as

an input to the DC converter.
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Figure E.8: Simulated four switch buck boost system.

A self-tuning gain controller, Figure E.9, adjusts the gain parameters to manage

the load variability which occurs in grid islanded systems. The simulink model is

incorporated within the control system of the DC regulation stage to determine an

appropriate change in proportional, K, and integral, K; gain. The design of the

fuzzy logic controller (FLC2) is similar to that described for FLC1 however each

of the controllers have a two input, one output model. The input characteristics

of the two fuzzy systems are the same; the inputs are the error determined by the

reference and output voltages and the change in error. The rule base for each of

these is discussed further in Appendix D.

Vref +
e

Vout

}

Error ?

z1

¥
- d/dt error

-

change Kp

R
e

change Kp

Figure E.9: The Simulink diagram of FLC2 to determine the necessary change in
PI controller gains for islanded systems.
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