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ABSTRACT

In this thesis, the modelling and simulation of a single-phase seven-level cascaded H-bridge
(CHB) multilevel inverter applicable in grid connected photovoltaic (PV) systems is
discussed. A three-cell CHB inverter was modeled as a full MATLAB R2025b numerical
simulation as a fully scripted model using forward Euler integration scheme with fixed time
step of Ts = 0.5 ps. The model includes a custom single-diode PV module model with a
solution based on a Newton-Raphson iteration, phase-shifted pulse-width modulation (PS-
PWM), a single-phase phase-locked loop (PLL) to achieve grid synchronization, and a
proportional-resonant (PR) current controller, which is based on a state-space form. The
Tustin IIR recursion was replaced by the state-space realization since at Ts = 0.5 pus the
discrete resonant poles are at z = 1, causing the IIR accumulator to round off numerically
in milliseconds of initialization. The simulation was related to a 230 V, 50 Hz European
household grid. The cells in the PV system have a DC link voltage of 115 V each, resulting
in a cumulative bus voltage of 345 V and maximum inverter output is 327.75 V, which is
higher than the grid peak of 325.27 V, and enables active power injection. Findings show
that the seven level output voltage waveform realizes a total harmonic distortion (THDv) of
about 2 percent and the grid current THD is about 1.8 percent, well below the IEEE Standard
519 limit of 5 percent. Power factor is over 0.99. The simulated values of THD are lower
than the range of 5-8 percent in hardware implementations since the model assumes ideal
switching devices with no dead time, an ideal DC source with no voltage ripple, and a
complete decoupling feedforward which minimizes the control correction signal. The control
system stabilized after three grid cycles after a 1000 to 600 W/m 2 step-reduction in
irradiance, which validated good dynamic behavior of residential PV integration.
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SYMBOLS AND ABBREVIATIONS

Roman characters

C

f0

PF
Pmpp

Rf
Rs
Rsh

Si

DC-link capacitance
Grid fundamental frequency

Grid frequency

Carrier (switching) frequency per H-bridge cell
Solar irradiance

Current (general)

Grid (filter) current

Diode reverse saturation current (PV model)
Photo-generated current (PV model)
Reference current

Resonant integral gain of PR controller
Boltzmann constant (1.381 x 10723)
Proportional gain of PR controller

Filter inductance

Number of output voltage levels (m = 2N + 1)
Modulation index

Number of H-bridge cells

Diode ideality factor (PV model)

Active (real) power

Power factor

Maximum power point power (PV model)
Electron charge (1.602 x 107'9)

Gas constant

Filter (winding) resistance

Series resistance (PV model)

Shunt resistance (PV model)

Apparent power

Switching function of the i-th H-bridge cell

Temperature

VA

°C, K



Ts

Vdc
vg

v _iny
Vmpp
Ve
AP
AV

Simulation time step

Voltage (general)

Volume (general)

Specific volume

DC-link voltage per H-bridge cell
Instantaneous grid voltage

Total inverter output voltage

Maximum power point voltage (PV model)
Thermal voltage (PV model)

Change in PV output power (P&O MPPT)
Perturbation step voltage (P&O MPPT)

Greek characters

Subscripts

dc
eff

inv
kr
mpp

Incidence angle

Thermal conductivity

Grid voltage phase angle (from PLL)
Grid angular frequency (wo = 27fo)

Inflow / fundamental component
Outflow

Direct-current (DC) quantity
Effective value

Filter

Grid

Inverter

Critical

Maximum power point

W/m-K
rad

rad/s



pk Peak (maximum) value

pv Photovoltaic
ref Reference signal
rms Root mean square value
SW Switching
Superscripts
' Stator quantity
" Rotor quantity
A Peak (hat) e.g. I®ref = peak of reference
current
Abbreviations
AC Alternating Current
CHB Cascaded H-Bridge
DC Direct Current
EN European Standard (Euronorm)
FC Flying Capacitor
FFT Fast Fourier Transform
IEEE Institute of Electrical and Electronics Engineers
IGBT Insulated-Gate Bipolar Transistor

MATLAB Matrix Laboratory (numerical simulation software)

MPPT Maximum Power Point Tracking

NPC Neutral Point Clamped

P&O Perturb and Observe (MPPT algorithm)
PI Proportional-Integral (controller)

PLL Phase-Locked Loop

PR Proportional-Resonant (controller)

PS-PWM  Phase-Shifted Pulse-Width Modulation
PV Photovoltaic



PWM
RMS
STC
THD
THDi
THDv
VSI

Pulse-Width Modulation

Root Mean Square

Standard Test Conditions (G = 1000 W/m?, T =25 °C)
Total Harmonic Distortion

Total Harmonic Distortion of grid current

Total Harmonic Distortion of output voltage

Voltage Source Inverter
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1 Introduction

1.1 Background and Motivation of the Study

This thesis is about the modelling and simulation of a single-phase cascaded H-bridge
multilevel inverter for grid-connected photovoltaic (PV) applications, mainly analyse how
this inverter topology operates and interacts with the power grid when used in a single-phase

PV system.

Along with the growth of people's environmental awareness, small-scale photovoltaic (PV)
systems have gradually become part of everyday life, especially in residential areas where
rooftop solar panels are widely installed. As the number of such systems continues to grow,
one obvious phenomenon is they rely heavily on single-phase inverters to connect to the
low-voltage grid. While using clean energy does indeed benefit sustainable development, if
the inverter output is not well controlled, unwanted effects such as harmonic distortion and
unstable grid interaction may appear. In worse cases, problems in a single PV system may

not only affect that system itself but can also influence the surrounding distribution network.

Renewable energy systems cannot be directly connected to the electrical grid without
appropriate power conversion devices. In practice, power electronic inverters serve as the
interface that allows energy produced by renewable sources to be delivered to the grid.
Because of this role, the performance of the inverter has a direct influence on both the

efficiency of energy conversion and the overall stability of grid integration.

Several inverter technologies has been suggested in the literature to use in renewable energy.
The multilevel inverter design is commonly referred to. They can generate output voltages
with enhanced waveform properties. And they accomplish this without making the circuit
design very complicated. This is why they are often considered in the use of power quality.
One of the structures that have been widely studied in this region is cascaded H-bridge
inverters. This is primarily since the modular design renders the system more expandable or
adaptable. This thesis analyses the operation of a single-phase cascaded H-bridge multilevel

inverter with a grid-based photovoltaic system in mind. The analysis is primarily based on
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modelling and simulation. It monitors the behaviour of the inverter and examines the

performance of this topology in the context of converting photovoltaic power.

1.2 Literature Review

Photovoltaic (PV) systems are increasingly connected to low-voltage distribution networks.
Because of this, grid-connected inverters need to meet more strict technical requirements.
An inverter converts the DC power generated by PV arrays into AC power which can be
supplied to the grid. At the same time, it also plays an important role in maintaining power
quality and making sure the system follows grid codes. For this reason, the performance of

inverter has direct influence on the overall operation and reliability of PV system.

Two-level voltage source inverters are still widely used in photovoltaic applications because
of their simple structure and well-developed control strategies. However, the output voltage
produced by a two-level inverter contain significant harmonic components. To satisfy
harmonic standards, these converters usually operate at high switching frequency and need
relatively large output filters. This increase switching losses and reduce the overall efficiency

of the system (Rodriguez et al., 2002).

To solve these limitations, multilevel inverter topologies have been widely studied. A
multilevel inverter produces output voltage from several discrete voltage levels, which allow
the waveform to approximate a sinusoidal shape more closely. As a result, harmonic
distortion and electromagnetic interference can be reduced, while the voltage stress across
power semiconductor devices becomes lower (Rodriguez et al., 2002). In addition, system
efficiency can also be improved and the requirement for large filters is reduced. Common
multilevel inverter structures include Neutral Point Clamped (NPC), Flying Capacitor (FC),
and Cascaded H-Bridge (CHB) converters (Kouro et al., 2010).

NPC and FC converters are widely used in medium-voltage and industrial systems. However,
they are less suitable for small scale photovoltaic applications. When the number of voltage
levels increases, the circuit structure becomes more complicated, and voltage balancing
becomes more difficult to control. The large number of components also reduce system

modularity and make future expansion more difficult (Kouro et al., 2010; Rana, 2013).
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Cascaded H-bridge inverter is another solution. This topology is not dependent on the DC
bus. It does not, but a series of H-bridge cells. A DC source is provided separately to each
cell. That is why it is appropriate to photovoltaic systems, as various PV arrays can provide
these independent sources. There is no need for clamping diodes and flying capacitors. Thus,
the hardware design is less complicated. Numerous voltage balancing issues can be
prevented as well (Rana, 2013). Moreover, each switching device is voltage-stressed at a
lower voltage. This enhances reliability of systems. It also enables lower rated power

semiconductors to be used.

Another method is the cascaded H-bridge inverter. It does not use a DC bus. Rather, it has
several series-connected H-bridge cells. There is a DC source in each cell. This configuration
is appropriate in the PV systems, since the PV arrays can produce independent DC sources.
Clamping diodes and flying capacitors are not required. In this way the hardware design is
simpler. A lot of voltage balancing issues are prevented (Rana, 2013). In addition, voltage
stress 1s reduced in each switching device. That enhances reliability of the system. It also

allows lower rated power devices to be used.

1.2.1 Research Gap and Need for the Study

The current literature on multilevel inverters gives significant background information on
the application of multilevel inverters in the grid-connected photovoltaic systems. Most
researchers have demonstrated that multilevel converter structures, particularly cascaded H-
bridge (CHB) inverters, have better quality of output voltage waveform and reduced
harmonic distortion compared to conventional two-level inverters (Rodriguez et al., 2002;
Kouro et al., 2010). This is a definite strength. Another aspect that makes CHB converters
ideal to photovoltaic applications is their modular construction and ability to work with
distributed DC sources. Earlier research has reported this feature as well (Villanueva et al.,

2009).

Nevertheless, there is still some lack of balance in the literature. Only a significant part of
the articles is devoted to the three-phase multilevel inverter systems or to medium-voltage
industrial applications. In such situations, the operating conditions and control requirements
are not as per the normal operation and control requirements in residential photovoltaic

systems (Kouro et al., 2010). PV systems that are connected to the grid normally tend to be
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more sensitive to grid disturbances and power oscillations which happen in single-phase
systems. Thus, the results of three-phase systems cannot be necessarily directly transferred

to single-phase systems.

The other constraint is on the extent of most of the experimental studies. Hardware design,
and lab testing of inverter structures are much studied. The experiments provide practical
information, which is helpful, but most often they are conducted under the conditions of
restricted operating. Thus, the impact of inverter topology, modulation strategy, and control
design on the quality of grid current and system dynamics are not always approached
systematically. These aspects are considered in more detail in simulation-based analysis, but
only to a relatively small extent (particularly in single-phase CHB multilevel inverter

systems), (Villanueva et al., 2009).

Phase-shifted pulse-width modulation, proportional-resonant current control are typical of
cascaded H-bridge converters. But various research examines them individually. In
numerous papers, modulation methods and control strategies are discussed independently
from each other. This complicates the unambiguous analysis of the impact of their
synergistic operation on the performance of harmonic and interaction with the grid under

varying working conditions (Carras et al., 1992; Teodorescu et al., 2011).

1.2.2 Research Objectives and Research Questions

The thesis is simulation-based research of a single-phase cascaded H-bridge multilevel
inverter. It is intended with grid-connected photovoltaic systems. The primary aim is obvious:

to create a model representation of the single-phase PV inverter with grid connection.
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2 Grid-Connected PV Systems

2.1 Structure of a Grid-Connected PV System

A grid-connected PV system feeds directly into the grid providing electrical power. It
typically comprises a few key elements: a photovoltaic generator, a power conditioning unit,
filtering elements, and a grid interface. All these elements contribute to the stability of the

system. They also ensure that the supplied power is of grid quality standards

The generation of electrical energy start from the photovoltaic generator. This generator is
made of PV modules which are connected in series and parallel to reach the required voltage
and power level. Through the photovoltaic effect, the modules convert solar radiation into
direct current (DC) electricity. The amount of power produced by the PV generator is not
always constant, because it changes with environmental factors such as solar irradiance and

cell temperature.

Because the grid operates with alternating current, the DC power generated by PV modules
cannot be supplied to the grid directly. Therefore, a power conditioning stage is needed to
perform this conversion. In most grid-connected systems, this stage is implemented by using
a power electronic inverter. The inverter converts DC power into AC power and regulates
important parameters such as current magnitude, frequency, phase, and waveform so that the

injected current remains synchronized with the grid conditions (Teodorescu et al., 2011).

Filters are usually installed between the inverter and the grid connection point. Their main
function is to reduce switching harmonics produced by the inverter and improve the quality

of current which is delivered to the grid.

2.2 Operating Principles of Photovoltaic Cells

The photovoltaic cells produce electric energy by the photovoltaic effect. As the sunlight
penetrates through the semiconductor p-n junction, the electrons are excited to have
sufficient energy to form electron-hole pairs. Within the junction region, there is an internal

electric field that separates the charge carriers. It drives the electrons and holes toward each
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other. Due to this, there will be an appearance of the voltage between the cell terminals and

direct current will begin to flow in the external circuit.

A model of an equivalent circuit can be used to describe the electrical behaviour of a
photovoltaic cell. This model typically has a current source, a diode and internal resistance
elements. These elements combined form the primary electrical properties of the PV cell.

They provide an easy manner of examining its performance in power electronic systems.

Environmental factors have a powerful influence on the electrical output of a PV cell. The
higher the solar irradiance the higher the current produced. Conversely, an increase in cell
temperature decreases the open-circuit voltage. It also reduces the overall conversion
efficiency. Due to the change in irradiance and temperature with time, the power obtained

by a photovoltaic array at any given time is not necessarily constant.

2.3 Power Conditioning and Grid Interface Requirements

The main component in the power conditioning stage in grid-connected photovoltaic systems
is the inverter. Its primary activity is not complicated: to transform the electrical output of
the PV source into a utility grid-usable format. To accomplish this the inverter has to match
the grid voltage and inject current of the appropriate magnitude and phase. Meanwhile, it is
essential to maintain the harmonic distortion. The system should also remain constant under

various operation conditions.

Two-level inverters are commonly used in small-scale photovoltaic applications because
they have relatively simple structure and well-established control methods. However, the
switching process in a two-level converter produces large voltage transitions at the output
terminals. These sudden voltage changes cause significant harmonic components in the

output waveform.

To satisfy power quality requirements, additional measures are usually needed. Two-level
inverters often operate at relatively high switching frequency and rely on large output filters
to reduce harmonic distortion (Rodriguez et al., 2002). However, this method increases

switching losses and may reduce the overall efficiency of the system.

Multilevel inverters provide another approach for voltage generation. Instead of generating

output voltage from only two levels, they produce the waveform from several discrete
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voltage steps. As a result, the voltage transitions become smaller and the output waveform
become closer to a sinusoidal shape, which help to reduce harmonic distortion. In addition,
the voltage stress applied on power semiconductor devices can also be reduced (Kouro et al.,

2010).

2.4 Grid Codes and Power Quality Standards

Grid-connected photovoltaic systems are required to follow grid codes and power quality
standards which are established by power system operators and international organizations.
These rules are intended to make sure that distributed energy sources can connect to the grid

without causing negative effects on system stability or power quality.

One important requirement is related to the limitation of harmonic distortion in the current
which is injected into the grid. Harmonic components can increase power losses, cause
overheating of electrical equipment, and interfere with other devices connected to the
network. To reduce these problems, standards such as IEEE 519 specify acceptable limits

for harmonic distortion in power systems.

Another important requirement is synchronization with the grid voltage. A grid-connected
inverter must inject current which follow the grid voltage waveform in both frequency and
phase. Proper synchronization make sure that power is transferred smoothly and prevent

unwanted circulating currents between the inverter and the grid.

Power factor is also an important factor to consider. Many grid codes require the inverter to
operate with a power factor which is close to unity. In practical situation, this means that the
injected current should stay in phase with the grid voltage, so that the system mainly delivers

active power instead of reactive power.

Grid-connected converters also need to remain stable when small disturbances happen in the
network. Although serious grid faults are not very common in residential photovoltaic
systems, variations in voltage and frequency may still occur during normal operation.

Because of this, inverter control systems need to respond properly to these changes.
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2.5 Challenges in Single-Phase Grid-Connected PV Systems

Although single-phase PV systems are widely used in residential applications, they still

present several technical challenges which are less significant in three-phase systems.

One major challenge is the existence of double-frequency power oscillations. In single-phase
systems, the instantaneous power transferred to the grid contain a component which oscillate
at twice the grid frequency. This power oscillation cause fluctuations in the DC-link voltage
and introduce extra stress on system components. Because of this, the system operation may

become less stable under some conditions.

Another challenge is harmonic distortion. Since single-phase inverters usually operate with
lower power levels and smaller filters, harmonic mitigation becomes more difficult. If the
inverter switching strategy is not properly designed, the injected grid current may contain

significant harmonic components which affect the power quality of the grid.

Grid synchronization is also more sensitive in single-phase systems. Unlike three-phase
systems where phase information are naturally available, single-phase systems need special
algorithms to estimate the grid phase accurately. If the estimation is not correct, it may

influence the stability of current injection to the grid.

Moreover, the solar irradiance varies leading to changes in PV output power. The inverter
control system must be able to adapt quickly to these changes. That guarantees the steady
injection of current and the correct interaction with the grid. Nevertheless, the control
process can be complicated with the rapid changes of irradiance. Due to these difficulties,
more sophisticated inverter topology and control scheme are frequently required. They

enhance the operation of single-phase grid-connected PV systems.
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3 Single-Phase Cascaded H-Bridge Multilevel Inverter

3.1 Fundamentals of Multilevel Inverters

Multilevel inverters are power electronic converters. These produce an output voltage which
has multiple discrete voltage levels. These inverters do not alternate between two voltage

states, but, with several intermediate levels, are used to approximate a sinusoidal waveform.

The more the voltage levels, the smoother is the output waveform. It gets closer to an ideal
sinusoidal shape. Due to this, harmonic distortion is minimized and large output filters are

not so necessary.

Reduced voltage stress of each switching device is an additional benefit. A number of
devices share the total output voltage. It is possible to use lower-rated semiconductor
components. Due to these advantages, multilevel inverter technology has been extensively
investigated in renewable energy systems, medium-voltage drives, and in power grid

applications.

3.2 Classification of Multilevel Inverter Topologies

Several multilevel inverter topologies are suggested in the literature. Three of them are the
most widespread. They are the Neutral Point Clamped (NPC) inverter, the Flying Capacitor
(FC) inverter and the Cascaded H-Bridge (CHB) inverter.

The Neutral Point Clamped inverter uses clamping diodes to create several voltage levels
from a split DC bus. This topology is widely used in medium-voltage applications because

it provides good voltage sharing between switching devices

The Flying Capacitor inverter use capacitors to generate intermediate voltage levels.
Although it offers flexibility in voltage control, the number of capacitors increase quickly

when the number of voltage levels become larger, which make the system more complex.
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The Cascaded H-Bridge inverter consists of several H-bridge converter cells connected in
series on the AC side. Each cell is powered by a separate DC source. This structure makes

the CHB inverter highly modular and especially suitable for photovoltaic systems.

3.3 Structure and Operating Principle of Cascaded H-Bridge Inverter

Multiple H-bridge cells can be connected in series to form a cascaded H-bridge inverter.
Four switching devices are present in a complete bridge arrangement in each cell. When
these switches are controlled, a single H-bridge can produce three levels of voltage positive
DC, zero or negative DC. When cells are stacked together, the voltages across them act
together to produce a stepped AC waveform. When the inverter is carefully switched, a
waveform nearly a sinusoid is produced. The modular design allows each DC source to be
independent. Photovoltaic systems Photovoltaic systems may have a DC source

corresponding to each PV module or PV string.

3.4 Voltage Level Generation and Switching States

The number of voltage levels generated by a cascaded H-bridge inverter depend on how

many H-bridge cells are connected in series.

If the inverter contains N cells, the total number of output voltage levels can be expressed

as
m=2N +1 (1)

For example, when two H-bridge cells are used, the inverter can produce five voltage levels.
When three cells are used, the inverter can generate seven voltage levels. Each H-bridge cell
has several switching states which determine the polarity of its output voltage. By combining
the switching states of all the cells, the inverter can create different voltage levels at the
output terminals. Proper coordination of switching signals is necessary to make sure that the
desired voltage waveform is generated, while switching losses and harmonic distortion are

kept as low as possible.
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3.5 Advantages and Limitation of CHB Inverters

The cascaded H-bridge multilevel inverter has several benefits over other topologies. The
main advantage is that it is modular. All H-bridge cells are independent. This simplifies
expansion and maintenance of systems. You can get higher voltages just by putting in more
cells. The other benefit is that less voltage stress is exerted on semiconductor devices. The

overall output voltage is shared across multiple switches so you can use lower-rated switches.

The CHB topology also yields less harmonic distortion output waveforms. This minimizes
the size of output filters to be used and enhances efficiency. Nonetheless, CHB inverters are
limited. It requires several isolated DC sources. This can add complexity to the system in
certain applications. Additionally, the coordination of switching between multiple cells

needs a design of the control.

4 Modelling and Control Strategy

4.1 Mathematical Modelling of the H-Bridge Cell

Each H-bridge cell creates three output voltage states. This is determined by the way its four
semiconductor switches are set. Get the switches right and the output voltage of the cell is

given as:
Veent = S * Ve (2)

V4. cell DC input voltage. And s is a switching function, with values +1, 0 or -1. This model
makes inverter modelling easier. It characterizes switching behaviour in terms of discrete

functions.

4.2 Cascaded Inverter Output Voltage Modelling

In cascaded H-bridge inverter, several cells are stacked together. The overall output voltage
is the sum of the voltages of the cells. If the inverter has N cells, the output voltage may be

expressed as.
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N

vy = Z SiVac,i (3)

i=1

with s; the switching state of the i-th cell. V;.is its DC input voltage. This equation
demonstrates how inverters convert the voltage contributions of all cells into a stepped AC

waveform.
4.3 Switching Function and State-Space Representation

A state-space model can be extended to include switching functions to analyse the dynamic
behaviour of the inverter. In this method the switching state of the inverter is a discrete
variable. They have a direct impact on the equations of the systems. Filter currents and grid
voltage components are typically the state variables. The system is characterized by a series
of differential equations by multiplying these variables with the switching functions. This
model enables the simulation and analysis of the inverter behaviour through numerical

procedures.
4.4 Grid Interface and Filter Modelling

With grid-connected PV systems, a filter is often installed between utility grid and inverter.
Its aim: minimize high-frequency switching harmonics and enhance the quality of injected
current. The filter is usually applied with the help of inductors or LCL structures. In
numerous small-scale PV installations, a basic inductive filter can be used. The dynamic
behaviour of the filter is described in terms of simple circuit equations. What is the behaviour
of the inductor current? It depends on the difference between the inverter output voltage and

the grid voltage.
4.5 Model Assumptions and Limitations

To simplify the simulation model, there are several assumptions made in this study. To start
with, switching devices work perfectly. They do not have switching delays or conduction

losses. Second, the DC sources supplying the inverter keep a constant voltage during
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simulation. Third, grid voltage is a constant frequency stable sinusoidal signal. These
assumptions allow the model to concentrate on the key behaviour and control system of the

inverter. But they too restrict the ability of the simulation to simulate real-world effects.

5 Simulation Setup and Implementation

The authors present the numerical simulation model that was created to analyze the
performance of the single-phase seven-level cascaded H-bridge (CHB) inverter in grid-
connected photovoltaic systems. The simulation platform, system parameters, model of an
inverter, control system with maximum power point tracking, and the simulation scenarios

are described individually.

5.1 Simulation Platform and Tools

In this study, MATLAB R2025b is the main platform of simulation and analysis. The
complete system model is executed as a self-contained numerical MATLAB script file (.m),
as opposed to a graphical block-diagram model. This has been adopted since it offers full
transparency to all equations, numerical integration schemes and signal manipulation
involved in the simulation, which is especially required in a study that seeks to study the
fundamental behaviour of the inverter topology and control strategy in a systematic and

reproducible way.

It is a simulation that runs with a fixed time-step forward Euler numerical integration scheme.
The filter inductor current is explicitly assessed at each time step basing on the differential
equation. The discretised form of the inductor current equation is:

Ts - [Viw(k) = Rp - itk — 1) — v (k)]
Ly

i(k)=itk—1)+ (4)
i(k) is the filter current at time step k, T is the time step in the simulation, v;,, is the
inverter output voltage, Ry is the filter resistance, Ly is the filter inductance, and vy is the
instantaneous grid voltage. The triangular carrier signals are analytically computed as

functions of time and phase offset at each time step. The switching state of each H-bridge
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cell is determined using comparator logic in-line. The proportional-resonant current
controller is implemented in state-space form and discretised using the forward Euler method,
and its state variables are updated in the same time loop. All output signals are stored in the

form of arrays and post-processed once the simulation loop is finished.

Since MATLAB R2025b has eliminated the built-in PV array block that used to be available,
a custom single-diode photovoltaic model is directly coded into the MATLAB script, with
Newton-Raphson iteration. All post-processing such as Fast Fourier Transform harmonic
analysis, total harmonic distortion calculation, power factor computation and graphical
output with white backgrounds are done in MATLAB as soon as the simulation loop is over.
This is a completely script-based workflow, which guarantees that all the steps of the

simulation are clearly defined and verifiable.

5.2 System Parameters and Design Specifications

The parameters of the simulation are set to a standard single-phase residential grid-connected
photovoltaic system that is connected to the European low-voltage network. The grid is
simulated as a perfect sinusoidal voltage source of 230 V rms at 50 Hz, which is the standard
conditions of single-phase residential installations as per EN 50160. Table 1 provides all the

system parameters used in the simulation along with the reason behind the choice of each

value.
Table 1. System Simulation Parameters and Justification for Selection

Parameter Symbol Value Justification for Selection

Grid Voltage (rms) | 230V EN 50160 single-phase
standard

Grid Frequency fq 50 Hz European grid standard

DC Voltage per Cell Vac 115V Matches PV string Vmpp
at STC

Number of H-Bridge Cells N 3 Yields 7 levels; balances
complexity and THD

Output Voltage Levels m=2N+1 7 Sufficient harmonic
reduction without
excessive cells




Modulation Index

Filter Inductance

Filter Resistance

Carrier Frequency (per cell)

Effective Output Frequency

PR Controller Kp

PR Controller Ki

MPPT Step Size

MPPT Update Period

fow

N'fsw

av

mppt

0.95

8 mH

10 kHz

30 kHz

500

2V

50 ms

25

Linear modulation region;
full DC utilisation

Attenuates 30 kHz ripple
to < 5% grid current THD

Parasitic winding
resistance of inductor

Effective output ripple 30
kHz; achieves < 5% THD

3x carrier cancellation via
PS-PWM

Fast transient response
bandwidth

Zero steady-state error at
50 Hz fundamental

Small enough to track
MPP accurately; fast
enough for dynamic
response

2.5 grid cycles; allows
power to settle before
next perturbation

Simulation Time Step

0.5 ps

20x% oversampling of 10
kHz carrier; ensures
numerical accuracy

Total Simulation Time

Tsim

300 ms

Allows MPPT to
converge and steady-state
to be reached

PV Irradiance (Scenario 1)

1000 W/m?

Standard test conditions
(STC)

PV Temperature

25°C

Standard test conditions
(STC)

The DC-link voltage of 115 V/cell is chosen to correspond to the approximate maximum

power point voltage of the custom PV model at standard test conditions. The total DC voltage

available is 345 V with three cells in series. The modulation index of 0.95 provides linear

operation in the PS-PWM linear modulation region, defined as ma 1.0 and provides close
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utilisation of the available DC bus. The 8 mH filter inductance is chosen due to the need to
limit the grid current THD to less than 5% at the actual switching frequency of 30 kHz (3
cells x 10 kHz per cell). The carrier frequency per cell of 10 kHz is selected to ensure that,
following the triple harmonic cancellation offered by PS-PWM, the harmonic energy in the
output voltage is concentrated at 30 kHz and higher, where the filter offers sufficient
attenuation. The 0.5 us simulation time step gives 20x oversampling of the 10 kHz carrier
frequency, which is adequate to guarantee numerical accuracy of the forward Euler

integration.

5.3 Implementation of Inverter Model and Custom PV Source

A proportional-resonant (PR) controller is used in the inner current control loop. A PR
controller is preferred to a conventional PI controller in single-phase systems since it offers
hypothetically infinite gain at the base grid frequency, which does not require a rotating
reference frame conversion to eliminate steady-state tracking error. The PR transfer function
is continuous and is:

ZKL'(UCS
%2+ 2w.s + wgy?

C(s)= K, + (5)

K, = 11is proportional gain, K; = 500 resonant gain, w, = 21 % 50 rad/s resonant angular
frequency, and 2 is a small damping bandwidth that is added to enhance the numerical

robustness.

The state-space forward Euler discretization was used instead of the Tustin (bilinear) IIR
recursion to make the controller digital. The Tustin transformation is mathematically
equivalent in the continuous time, but at the time at which the simulation takes place (Ts =

0.5 ps) the discrete resonant IIR poles on the unit circle are z = 1 — 107°. At this distance,

the IIR difference equation acts as an undamped double integrator when running on a double
precision floating-point computer, and any DC offset in the error signal at startup sends the
resonant state to infinity in a few milliseconds. This can be avoided in the state-space
realization by updating two bounded state variables x 1 and x 2 with the forward Euler

method:

x1[k +1] = xk] + T,(—w, x k] + 0°x2[k] + e[k]) (6)
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x?[k + 1] = x%[k] + Ts(—w°x[k] — w, x%[k]) (7)

The resonant controller output is then:
ur[k] = 2K; x'[k] (8)
And the total controller output is:
Veerr k] = Kp - e[k] + uy[k] 9

This state-space form is numerically stable in all cases when Ts are small in comparison with
1/w0 and yields the same steady-state performance as the Tustin form. A full decoupling
feedforward with the controller output is used to generate the modulating signal:
Vy(t) + Lo R sin(@) + IerwoLs cos(0) + v
m(t) _ g( ) ref \f ( ) ref Yorf ( ) ctrl (10)

Vbus

where Vs = N - V4. = 345V is the total DC bus voltage. The feedforward cancels the
grid voltage, and the filter voltage drops at the same time, reducing the error that remains to

be corrected by the PR controller and minimizing harmonic injection.

Figure 1 — Custom PV |-V and P-V at STC (G=1000 W/m?, T=25°C)
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Figure 1. Custom PV Module I-V and P-V Characteristics at STC (G = 1000 W/m?, T =

25°C)

The individual output voltages of the three H-bridge cells under steady-state PS-PWM

operation are shown in Figure 2. The cells generate three-level waveforms (=100 V and 0 V)



28

and the summation of the three cell outputs results in the seven-level overall inverter output

voltage.

Figure 2 — H-Bridge Cell Output Voltages (Three-Level, PS-PWM)
T T T T
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Figure 2. Individual H-Bridge Cell Output Voltages (Three-Level per Cell, PS-PWM)

5.4 Maximum Power Point Tracking Implementation

The lack of MPPT in a grid-connected PV inverter is a serious drawback since it would cause
the PV modules to operate below their optimum power point in most realistic scenarios. To
tackle this, a Perturb and Observe (P&O) MPPT algorithm is applied to each of the three H-
bridge cells in the simulation separately. P&O algorithm is selected due to its established,
ease of implementation, and extensive application in the real-world PV systems (Villanueva

et al., 2009).

The working principle of the P&O algorithm is to periodically add a small perturbation AV
to the voltage reference of the PV operating point and measure the change in output power

AP. The rule of update used at every MPPT iteration is:

If

AP
7 > O Vier(k+ 1) = Vier (k) + AV (11)

A
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AP
If 75 < 0 Veep(k+ 1) = Vieg(k) — 4V (12)

Vyer 1s the DC-link voltage reference of a particular cell, and 2 V is the perturbation step
size. The algorithm recalculates the voltage reference after 50 ms or 2.5 grid cycles, giving
the system enough time to stabilize to a new steady state before the next perturbation is
introduced. The MPPT algorithm maximises the power obtained by each PV string
separately by dynamically tracking the MPP, which is a key benefit of the CHB topology.

Figure 3 shows the convergence of the MPPT voltage reference from the initial value
towards the maximum power point voltage Vmpp over the first 300 ms of the simulation.
The algorithm reaches within one step size of the MPP in about six steps, which is a settling

time of about 300 ms.

- Figure 3 — P&0 MPPT Convergence toward Vg,
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Figure 3. MPPT Perturb and Observe Voltage Reference Convergence towards Vmpp

5.5 Control System Implementation

The control system is realised in the form of a cascade structure with three functional units
in the MATLAB script: a single-phase phase-locked loop to grid synchronisation, an inner
current control loop, which is a proportional-resonant controller, and a phase-shifted PWM

modulation unit.
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A single-phase PLL is used to provide grid synchronisation by estimating the instantaneous
phase angle 0(t) of the grid voltage. The grid is idealized as a source in the simulation hence
the phase angle is directly proportional to 0(t) = Ot. The estimated phase angle is used to

generate the sinusoidal current reference:

iref(t) = 1®ref -sin(6(1)) (13)

where I®ref is the reference current amplitude determined from the MPPT output power

according to:

(14)

and YPmpp, i is the sum of the three cell MPP power and Vg is the peak grid voltage. A
proportional-resonant (PR) controller is used in the inner current control loop. A PR
controller is favored over a traditional PI controller in single-phase systems since it offers
theoretically infinite gain at the basic grid frequency, and thus steady-state tracking error is
removed without the need to transform to a rotating reference frame. The continuous time
PR transfer is:

2K;wgs

C(s) = K, + ——0
(s) P s24 wk

(15)

Kp = 1is the proportional gain, K; = 500 is the resonant gain and w, = 2m * 50 rad/s
is the resonant angular frequency. To implement digitally, the controller is realised using a
state-space formulation and discretised with the forward Euler method at a time step of Ty =

0.5 ps.

Switching signal generation is done by phase-shifted PWM (PS-PWM). The sinuoidal
modulating signal is compared with three triangular carrier signals of the same frequency
fsw = 10 kHz but phase-shifted by 360/N = 120 against each other to form the gating
signals of the three H-bridge cells. The 120° phase shift between carriers is illustrated in
Figure 4. This design results in harmonic cancellation between cells and increases the
effective ripple frequency of the output voltage to N fsw = 30 kHz, significantly reducing
low-order harmonic content without raising the switching frequency of individual devices

(Carras et al., 1992).
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Figure 4 — PS-PWM Carrier Signals with 120° Phase Shift and Sinusoidal Modulating Signal
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Figure 4. PS-PWM Carrier Signals with 120° Phase Shift and Sinusoidal Modulating

Signal

5.6 Simulation Scenarios

To test steady-state and dynamic performance, two simulation scenarios are defined:

Scenario 1 - Steady-State at Nominal Irradiance: The inverter is run under standard test
conditions (G = 1000 W/m 2, T = 25 C) during 300 ms. The steady-state analysis of output
voltage waveforms, grid current quality, harmonic spectra, and power factor are analysed
during the last four grid cycles (80 ms). The MPPT algorithm operates continuously, and the
DC-link voltage reaches the maximum power point value before the analysis window is

started.

Scenario 2 - Dynamic Response to Irradiance Step: A step decrease in solar irradiance of
1000 W/m 2 to 600 W/m 2 is imposed on all three PV cells at t = 150 ms. This situation
challenges the capability of the integrated MPPT and current control system to stabilize grid-
connected operation when the available PV power suddenly changes. The temporal variation

of the grid current and inverter output voltage is monitored.

Modulating Signal Amplitude
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6 Results and Conclusion

The chapter reports the simulation findings of the two scenarios outlined in Chapter 5 and

then discusses the findings in the context of the research objectives and finally provides a

conclusion that summarises the key findings, limitations and future work directions.

Single-Phase 7-Level CHB PV Inverter — Simulation Model Architecture
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Figure 5. Overall simulation block diagram of the single-phase 7-level cascaded H-bridge

PV inverter system implemented in MATLAB R2025b.

The simulation model realizes a full single-phase seven-level cascaded H-bridge (CHB)

photovoltaic inverter system based on a fully script-based numerical model in MATLAB
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R2025b. A series of steps to arrive at a power path commences with a model of a custom
single-diode PV source, which is iteratively solved with Newton-Raphson at each time step,
and which provides an independent DC voltage of 115 V to each of the three series-
connected H-bridge cells. The switching output voltage of each cell is a switching function
s € +1, 0, -1 and the cell voltages of three cells are added together to produce a seven level
AC output waveform. A 8 mH inductive filter is used to filter high frequency switching
harmonics before passing to the 230 V, 50 Hz grid. The control system consists of three
cascaded components: a phase-locked loop (PLL) which is a single-phase that estimates the
grid phase angle to synchronise and a proportional-resonant (PR) current controller which
minimises the error between the measured grid current and the sinusoidal reference, and
phase-shifted pulse-width modulation (PS-PWM) modulator which separates 120 o shift
carrier signals to The whole system is coupled through a forward Euler scheme with a

constant time step of Ty, = 1 ps with a total simulation time of 0.3 seconds.

6.1 Output Voltage and Current Waveforms

Figure 6 shows the steady state output voltage of the seven-level CHB inverter obtained
under Scenario 1. The waveform clearly displays seven discrete voltage levels at —3Vdc,
—2Vdc, —Vdc, 0, +Vdc, +2Vdc, and +3Vdc (i.e., =345V, 230 V, 115V, 0, +115 V, +230
V, and +345 V). The staircase profile of the staircase is very close to the sinuoidal reference
waveform, which is superimposed to compare the two. The gradual change in voltage levels
is a direct result of the PS-PWM approach that coordinates the switching of the three H-
bridge cells. The seven-level waveform has much smaller instantaneous voltage changes
across the filter inductor, which directly decreases the harmonic content of the injected grid

current, compared to a two-level inverter, which switches between +Vdc and -Vdc.
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400 Figure 6 — 7-Level CHB Inverter Output Voltage
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Figure 6. Steady-State 7-Level CHB Inverter Output Voltage with Sinusoidal Reference
Overlay

Figure 7 shows the steady-state grid voltage and grid current waveforms and both signals
plotted on the same time axis to illustrate synchronisation and power factor. The grid current
is very close to the sinusoidal reference signal, which proves that the PR current controller
can track the 50 Hz reference accurately. The voltage and current waveforms are in phase,
which indicates operation with near-unity power factor. The present ripple at high frequency
can be explained by the effective switching ripple at 30 kHz and is not part of the power

transfer at the fundamental frequency.

Figure 7 — Grid Voltage & Current — Unity PF [Scenario 1]
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Figure 7. Grid Voltage (normalised) and Grid Current — Steady-State, Unity Power Factor
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6.2 Harmonic Analysis and THD Evaluation

The harmonic content of the inverter output voltage and grid current are assessed by Fast
Fourier Transform (FFT) analysis of the final four steady-state grid cycles. Outputs are given
as percentages of the basic component amplitude. The harmonic spectrum of the output

voltage is shown in Figure 8 and that of the grid current in Figure 9.

120 Figure 8 — Output Voltage Spectrum [Scenario 1] THDv = 2.03%
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Figure 8. Harmonic Spectrum of 7-Level CHB Inverter Output Voltage (FFT, steady-state)
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Figure 9 — Grid Current Spectrum [Scenario 1] THDi = 1.82%
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Figure 9. Harmonic Spectrum of Grid Current with IEEE 519 Limit Indicated (FFT, steady
state)

The harmonic content of the output voltage (Figure 8) confirms that the major spectral
contents are in sidebands at 30 kHz, which is the effective switching frequency of the three-
cell PS-PWM setup. The 3rd, 5th, 7th, and 11th harmonics of the fundamental are greatly
suppressed due to inter-cell harmonic cancellation caused by the 120-degree phase

difference between carriers. This is in line with the theoretical discussion by Carrara et al.
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(1992) who showed that phase-shifted multicarrier PWM shifts distribute harmonic energy
to the carrier frequency and its sidebands and cancel low-order harmonics. The THD of the
output voltage is below 5%, which is lower than the typical 5-8% range reported for seven-

level CHB inverters at the same modulation index (Kouro et al., 2010).

The harmonic spectrum of the grid current (Figure 9) demonstrates that the 8 mH filter
inductor offers effective attenuation of the high-frequency switching harmonics that are
concentrated around 30 kHz. The resultant grid current THD is less than 5 percent, which
meets the harmonic limit of IEEE Standard 519 of grid-connected systems at the low-voltage
distribution level. The IEEE 519 limit of 5% total demand distortion is indicated in Figure 9
for reference. The third harmonic component that is a typical cause of distortion in single-
phase systems is insignificant because of the harmonic cancellation characteristics of the PS-
PWM approach. These findings confirm the synergistic performance of the seven-level
topology, the PS-PWM modulation and the filter design in addressing grid power quality

requirements.
6.3 Power Factor and Grid Current Quality

The ratio of active power to apparent power is calculated as the power factor based on the

steady-state simulation results:

PF = g = (vg . ig)M (16)

Vorms * Igrms
where (-) is the time average of one full grid cycle, Vg,rms is the rms grid voltage and Ig,rms
is the rms grid current. The simulated power factor is greater than 0.99, which proves the
operation of the power factor close to unity under nominal conditions. This finding indicates
that the PR current controller in co-operation with the PLL-synchronized reference ensures
that the injected current is in phase with the grid voltage during the steady-state. The minor
residual deviation of the power factor of unity is due to the reactive voltage drop across the

filter inductance and the limited bandwidth of the current controller.
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6.4 MPPT Performance

The MPPT algorithm used in this simulation follows the maximum power point of each PV
cell separately by the Perturb and Observe method in Section 5.4. At standard test conditions
under Scenario 1, the MPPT reference voltage of each cell approaches within a range of +2
V of the actual maximum power point voltage (Vmpp = 29 V) in about 300 ms of simulation
time. After converging, the operating point swings about the MPP with an amplitude of £2
V =-2V, or a power loss compared to the actual MPP of less than 1% which confirms that

the step size of 2 V is suitable to this PV model.

The overall active power delivered to the grid when operating under MPPT is about 750 W
(3 x 250 W / cell), which is very close to the aggregate of the cell MPPs under standard test
conditions. This proves that the MPPT algorithm is effectively harvesting the maximum
power out of the PV source and that the existing control system is delivering this power to

the grid with insignificant reactive component.

6.5 Dynamic Performance under Variable Irradiance

Figure 10 shows the dynamic response of the grid current and inverter output voltage in
Scenario 2, where the irradiance is stepped down to 600 W/m 2 att = 150 ms. After the
change, the MPPT algorithm detects the decrease in available power by the reduction in the
measured PV power and starts to adjust the voltage reference to the new lower-irradiance
MPP. The reference amplitude is then updated, and the grid current amplitude decreases to
the new steady-state value of 600 W/m 2 instead of the previous steady-state value of 1000
W/m 2 in about three grid cycles (60 ms).



38

Figure 10 — Grid Current: Dynamii¢ Response to Irradiance Step
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Figure 10. Dynamic Response — Grid Current and Inverter Output Voltage for Irradiance
Step (1000 — 600 W/m? at t = 150 ms)

The grid current does not show any sustained oscillation or instability during or after
transient. The stepped output voltage structure of seven levels is held constant during the
transient period, which proves that the PS-PWM modulation strategy and the switching logic
do not change during the entire range of operating conditions tested. The behaviour of the

settling is in line with the bandwidth of the current PR controller and the MPPT update

period of 50 ms.
6.6 Discussion of Results

The overall findings of the simulation indicate that the single-phase seven-level CHB
inverter using PS-PWM modulation, PR current control and P&O MPPT satisfies the key

performance criteria in grid-connected photovoltaic systems. Table 2 summarizes the key

performance metrics.

Table 2. Summary of Simulated Performance Metrics

Performance Metric Simulated Value Target / Standard

Grid Voltage (rms) 230V EN 50160
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Grid Current THD <5% IEEE 519: <5 %

Output Voltage THD ~2% Typical for 7-level CHB

Power Factor >0.99 Grid code: > 0.95

Injected Active Power ~T750 W 3 x 250 W cells

MPPT Settling Time <300 ms < 6 grid cycles

Dynamic Settling (irr. step) <3 cycles Good dynamic performance

IEEE 519 Compliance Yes Confirmed

Filter Inductance 8 mH Used for harmonic
attenuation

The THD of the output voltage in the ~1.8-2.3% range is like the literature values of seven-
level CHB inverters. According to (Kouro et al.,2010), multilevel topologies that use phase-
shifted carrier PWM normally attain output voltage THD values that are much lower than
those of two-level inverters at the same per-cell switching frequency due to the inter-cell
harmonic cancellation effect. The grid current THD had about ~1.8-2.3% meets the IEEE
519 standard and confirms the filter design. The power factor of over 0.99 is a confirmation
of successful in-phase power injection, which is consistent with the experimental findings

of (Villanueva et al. ,2009) of a similar CHB PV inverter setup.

The simulated THDv and THDi of 2.03 % and 1.82 % respectively are significantly lower
than the 5-8 % range of hardware implementations of seven-level CHB inverters. It is
possible to attribute this difference to four factors that are particular to the simulation
environment. First, the switching devices are idealized as having no dead time, whereas
hardware realization will generally add 1-3% extra THD due to dead-time distortion. Second,
DC link voltage is maintained at 115 V per cell with no ripple, in comparison to a real PV

source, which causes the voltage to vary about the MPP with low-order harmonic
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components in the output voltage. Third, the complete decoupling feedforward - the grid
voltage, the resistive filter drops and the inductive filter drop - reduces the controller
correction signal v, so that the modulating signal becomes a smooth sinusoid, and carrier
saturation is prevented. The simpler feedforward of the type ma V. sin (V) would leave a
bigger residual to be corrected by the controller, and more harmonic content. Fourth, state-
space PR controller can track near perfectly with a particular state-space at 50 Hz, which is
not much fundamental error, and thus, the harmonic energy at all other frequencies is
negligible. The simulation results are thus the performance limit of the topology in theory in
an ideal world, and it is reasonable to expect that when non-ideal effects are not considered,

hardware implementation would result in THD values within the 5-8% range.

The MPPT results indicate that the P&O algorithm is necessary to realistically simulate the
performance of PV inverters. In the absence of MPPT, the DC-link voltage would be held
constant at a nominal value that is not equal to the actual MPP at different irradiance or
temperature, causing an overestimation of extracted power and incorrect generation of
current reference. The results of the dynamic irradiance step confirm that the combined
MPPT and control system is stable and with an acceptable settling time to step changes in

available power.

The main shortcoming of the simulation is that the switching devices, grid source and PV
module are modelled using ideal models. Other non-ideal effects like switch dead time, turn-
on and turn-off switching losses, grid voltage distortion, and module mismatch between PV
strings would all affect the achieved THD and dynamic performance in a realistic system.
Moreover, the P&O algorithm employed here is the simple fixed-step version; more
advanced MPPT algorithms like incremental conductance or variable-step P&O would

provide better performance in the rapidly changing irradiance conditions.

6.7 Conclusion

This thesis has provided a modelling and simulation analysis of a single-phase seven-level
cascaded H-bridge multilevel inverter to grid-connected photovoltaic systems. The paper
has responded to the requirement of a systematic simulation-based analysis of a CHB
topology that incorporates phase-shifted PWM modulation, proportional-resonant current

regulation and maximum power point tracking to single-phase grid interaction.
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The entire numerical simulation was done in MATLAB R2025b as a self-contained script
with a forward Euler integration scheme with a time step of 0.5 us. To substitute the deleted
built-in MATLAB PV block, a custom single-diode PV model was created using Newton-
Raphson iteration and a Perturb and Observe MPPT algorithm was executed independently
on each of the three H-bridge cells. Two simulation cases were explored, steady-state
operation at normal test conditions and a dynamic case with a step decrease in solar

irradiance.

The main results are as follows. The three-cell CHB topology generates a seven-level output
voltage that concentrates the harmonic energy around the effective switching frequency of
30 kHz due to PS-PWM inter-cell cancellation, and the output voltage THD is less than 5%.
These high-frequency components are attenuated by the 8 mH filter inductor to a level that
the grid current THD is ~1.8-2.3% and meets the IEEE 519 standard. The PR current
controller and PLL synchronisation ensure near-unity power factor (greater than 0.99). The
P&O MPPT algorithm has been able to follow the maximum power point in six perturbation
steps and allows the extraction of the available PV power in a stable manner. The control
system exhibits good dynamic performance to the irradiance step and the grid current

stabilized after about three grid cycles.

These results confirm that the single-phase seven-level CHB inverter with the implemented
modulation and control strategy is a viable solution for residential grid-connected PV
applications. Future research must consider the addition of more sophisticated variable-step
MPPT algorithms, the addition of non-ideal switching device models such as dead-time
compensation, the use of hardware-in-the-loop testing to experimentally verify the results,
and the exploration of unequal irradiance conditions across the three PV strings to assess the

independent MPPT capability of the CHB topology.
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Appendices

Appendices 1. Tables

Table 1.2 Switching state truth table for one H-bridge cell
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Switch state S1 S2 S3 S4 veell output

+1 ON OFF OFF ON +Vde

0 ON OFF ON OFF 0

0 OFF ON OFF ON 0

-1 OFF ON ON OFF —Vdc
Table 1.2 Seven-Level Output Voltage Combinations

Output Voltage St S2 $3 No. of

V) Combinations

+345 +1 +1 +1 1

+230 +1 +1 0 3

+115 +1 0 0 3

0 0 0 0 3

-115 -1 0 0 3

-230 -1 -1 0 3

—345 -1 -1 -1 1
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Table 1.3 PR Controller Frequency Response Characteristics

Frequency (Hz) Controller Gain |C(jo) | | Phase (°) Remarks

10 ~15.0 ~0 Proportional only low
gain

50 — oo (theoretically) 0 Fundamental resonant
peak, zero steady-state
error

150 ~15.1 ~0 3rd harmonic — no
rejection

250 ~15.0 ~0 5th harmonic — no
rejection

1,000 ~15.0 ~0 Well above resonance
— proportional only

5,000 ~15.0 ~0 Carrier frequency — no
active rejection

15,000 ~15.0 ~0 Effective switching

frequency — filter

handles attenuation




