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Abstract

This thesis focuses on the development of control schemes for single-phase Voltage Source
Inverters (VSIs) to ensure that they meet standards for injection of power into the utility
grid. For instance, conventional controllers fail to accurately control power flow if there are
fluctuations in the grid frequency. Also they fail to provide high quality output currents if
the grid voltage is distorted. The aim of this thesis is to address the above problems while
adhering to technical standards for interconnected renewable energy systems. For synchro-
nization of the inverter, a closed-loop filter based on the Internal Model Principle (IMP) was
developed and its performance was analyzed in response to frequency variations. To this
end, we utilized the perturbation-based extermum seeking algorithm to minimize the error
and estimate the grid frequency. The designed adaptive controller and filter can estimate
grid frequency and achieve a high Power Factor (PF). The effect of harmonic distortion on
the control system was investigated and the control scheme was modified to provide low
Total Harmonic Distortion (THD) output current. Furthermore, the effect of the DC-link
ripple on the PI voltage control loop is analyzed and the control system was modified to
attenuate the unwanted third harmonic component in the output current. Simulations were
performed using Matlab/Simulink and the digital controller was implemented using Mat-
lab Embedded Coder. A power electronics prototype was built and used to validate the
performance of the controller. Based on experimental results, the controller successfully
regulates the output power if the grid frequency changes. Also it is able to provide high
quality current if the grid is polluted with unwanted harmonic components.

Keywords: Adaptive PR, FLL, Perturbation Extremum Seeking, Polluted Grid
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Chapter 1

Introduction

Renewable Energy Growth

Due to limited availability of fossil fuel resources and increased intensity in world’s popula-
tion, energy demands of the future decades should and is likely to be met with alternative
energy resources. Recently, due to technological advancements and reduction in renewable
energy production cost, the capacity of renewable energy resources have increased signifi-
cantly and is continuing to do so.

According to a report provided by US department of energy [1], the production cost of
distributed solar power was reduced by 54% and the production cost of utility solar power
was reduced by 64% from 2008 to 2015. As shown in [1], by reduction in the cost of PV
power generation, the energy production capacity was increased to more than 10 GW from
2008 to 2015 for both utility-scale and distributed PV generations. Although their speed
of growth is slow and the price of PV power generation is more expensive than coal and
even than the wind energy, but according to [2], [3], the solar energy may beat the price of
coal in the next decade. Just recently SolarCity, a renweable energy company, was able to
power the Ta’u island with 600 resident, purely from micro-grid solar energy and batteries
[4].

1.1 Shift to Distributed Networks: Micro-Grids

To deliver the power generated by renewable energy resources to the utility grid in ap-
propriate and reliable format, power converter circuits are employed which connect energy
production resources to utility grid. In this section, power converter configurations that are
used for connecting PV generation systems to the utility grid are discussed and reviewed.
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Single-Stage Central Power Converters

In this traditional configuration, PV panels are connected in series (called string) in order to
provide high output voltage. To provide higher power capacity, the strings are connected in
parallel via diodes in order to avoid circulation through parallel strings. The PV panels in
this configuration are connected to a single-stage central inverter which injects the produced
power into the grid as it is shown in Fig 1.1(a).

Generally, the tasks associated with power converters used in PV power generation
systems can be categorized as follows

• At input: Gather maximum available power from the PV panels by controlling the
panel’s operating point via Maximum Power Point Tracking (MPPT) algorithms.
MPPT is automatic control technique used to set the biasing point of power interfaces
to achieve maximum power from them during various conditions [5].

• At output: Synchronize inverter with the grid to achieve maximum Power Factor (PF).
Furthermore, ensure the quality of the injected power to the grid (Low THD).

The main problem associated with this configuration is poor energy harvesting. Since
the central inverter is responsible for MPPT control of all the panels connected to it, each
PV panel might not operate at the maximum power point and there might be mismatches
between panels. The mismatch between panels can occur due to partial shading (cloud
over a segment of panels), or manufacturing variations between panels [6], [7]. Other draw-
backs include losses in the string diodes. Furthermore, the non-modular structure of this
configuration makes the power generation dependent to reliable operation of the central
power converter. If any fault happens in this converter, it affects all of the panels and thus
the whole power generation. Reduced version of this configuration includes only one string
connected to the inverter rather than parallel combination of multiple strings. This config-
uration eliminates the losses from string diodes since the diodes are not required anymore
as shown in Fig 1.1(b).

Two-stage Power Converters

To improve the energy harvesting problem of central inverter configuration, two stage con-
figurations can be used. In this design, each panel has a dedicated DC/DC power converter
responsible for MPPT control and maximum energy harvesting. A DC/AC converter is
employed in the second stage which is responsible for synchronizing the output power with
the grid and ensuring its quality.

In this configuration, the mismatch between panels does not limit maximum energy har-
vesting since MPPT control is performed for each panel by its dedicated DC/DC converter.
Also the design seems to be more modular than the central configuration despite the fact

2



Figure 1.1: Traditional grid-tie PV configurations: (a) Parallel strings connected to a single
stage central inverter (b) One string connected to a single stage central inverter (c)Two
stage low voltage DC/DC converters in series (d)Two stage high voltage DC/DC converters
in parallel

that it still utilizes a centralized DC/AC converter. If the output of DC/DC converter has
low output voltage, thus sufficient number of them are connected in series before connecting
to the inverter as shown in Fig 1.1(c). If the output of DC/DC converter has sufficiently
high output voltage before connected to the inverter, DC/DC converters are connected in
parallel before connecting to the central DC/AC converter as shown in Fig 1.1(d).

Furthermore, Since only one DC/AC converter is employed in this configuration, any
fault associated with this converter will affect all DC/DC converters and all the panels.

Two-stage Microinverters

AC modules or micro-inverters have become a trend in recent years [6], [7]. In this struc-
ture, each PV panel is connected to a dedicated DC/DC and a DC/AC converters which
work independent of other PV panels. The PV panels and their dedicated micro-inverters
can connect in parallel to increase the production capacity. In this configuration, power
electronics have moved closer to each panel. Consequently, the power generation is forced
to become fully distributed. In this structure, since power generation resources work inde-
pendent from each other, they are less likely to be affected by the failures happens in one
generation system. This structure has high energy harvesting and each panel will operate
at the maximum power point since each micro-inverter has a dedicated DC/DC converter

3



Figure 1.2: Simple diagram of a micro-grid, including renewable energy resources, storage
units, local loads

with MPPT control. Furthermore, modularity in this configuration makes the scale of power
generation more flexible.

Being modular and distributed makes this architecture appealing for local and small
scale power generations. This system can power their own local loads such as in residential
places while connected to the utility grid. These new local generation tiers, so often called
micro-grids, have the ability to disconnect from the utility grid (in case of instability) and
serve power to the local loads uninterrupted. The disconnected operation of the micro-grids
is called islanding mode. Also micro-grids with renewable energies makes the transfer of
power to remote areas possible. A basic diagram of a micro-grid is demonstrated in Fig 1.2.
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Table 1.1: IEEE 1547 maximum current distortion [9]

Harmonics h<11 11≤h<17 17≤h<23 ... h≥35 THD

Percent(%) 4.0 2.0 1.5 ... 0.3 5.0

1.2 Micro-Grid Integration Challenges

As the capacity of renewable power generation is increased, electrical power generation sys-
tems are moving from a unidirectional central systems to multi-directional disritubed sys-
tems [10]. Thus, new policies should be employed to ensure stability and proper function
of the distributed network. Power generated by PV panels is dependent on environmental
conditions such as shading (due to weather condition) which decrease produced power effec-
tively. Connecting or disconnecting each power generator from the grid affects the voltage
and frequency of the electrical grid [10]. However, to maintain stability of the grid, it’s
voltage and frequency must remain fairly constant [10].

To ensure stability of the grid, regulatory standards such as IEEE 1547 standard are
established [9]. IEEE 1547 requires the local power generation tiers to disconnect from the
grid whenever the grid’s voltage or frequency are above or below a pre-determined level. It
also requires the Total Harmonics Distortion (THD) of the output current to be below a
pre-determined level as shown by Table 1.1.

According to [10], advanced functionality of the inverters can address some of the sta-
bility challenges of the grid. Inverters are able to stay connected to the grid during small
disturbances and respond appropriately to short-term events. This is often called riding
through disturbances and can help the stability of grid by performing actions such as re-
active power injection. For riding through disturbances, control systems employed in the
inverters should be able to work properly during abnormal conditions and ensure the quality
of injected power into the grid.

1.3 Thesis Objectives

This thesis tackles problems of a single-phase grid-tied inverter controller during grid ab-
normalities, particularly frequency/harmonic distortions and propose new control systems
which act appropriately and adhere to the regulatory standards.

The objective of this thesis is outlined as follows
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Figure 1.3: Circuit model of PV cell.

• Response to frequency fluctuations: Synchronization unit, filters and controllers em-
ployed in the control scheme should be able to adapt to the grid frequency variations.
Otherwise control scheme might fail and might not work correctly.

• Response to polluted grid: Depending on the structure of inverter control scheme,
harmonics presented in a polluted grid might reduce the quality of the produced power
significantly. Control structure must be able to eliminate any additional harmonics
that might be presented in the grid.

1.4 PV Power Generation Systems: Overview

In the following subsections, main components which are used in PV power generation
systems are briefly described. This includes Photovoltaics, DC/DC converters and MPPT
control, Voltage Source Inverters (VSIs) and modulation schemes. Control systems used for
synchronization of inverters are studied in next chapter of this thesis.

1.4.1 Photovoltaics

Photovoltaics cells, as the main part of the PV power generation system, convert the ra-
diance of the sun to electricity. A PV module is the combination of PV cells in different
series or parallel structures [6]. Modules employed for grid-connected systems typically con-
tain 60 to 72 solar cells [8]. Among different technologies are used to create PV modules,
crystalline-silicon technology account for major PV panels capacity [8]. Nominal efficiency
of PV module is almost 20% [8].

For understanding the relation between PV cell’s current and voltage (I/V curve), pho-
tovoltaic cells are usually modeled by a circuit which is demonstrated in Fig 1.3. As it can
be seen, generated electricity is modeled by a current source. The P-N junction of PV cell
is modeled by a diode and losses are modeled by parallel and series resistances [8]. Value of
the current source is proportional to amount of solar radiance. Current through the diode
can be calculated by schottky diode equations.

6



Figure 1.4: I/V characteristic curve of a PV cell in response to different light intensities

The overall I/V characteristic of a photovoltaic cell is described as follows

ipv = IL − ID − IP (1.1)

where IL is the current due to solar radiance, ID is current going through the diode and
IP is the current going through the parallel shunt resistor. The values of ID and IP are
calculated as follows

IP = vpv +Rsipv

Rp
(1.2)

ID = Is(e
vpv+ipvRs

nVT − 1) (1.3)

In (1.3), n is the ideality factor, Is is saturation current and VT is diode junction thermal
voltage which is calculated as follows

VT = kq

T
(1.4)

In (1.4), k is the Boltzmann’s constant (8.617×10−5eV/K), T is the temperature in Kelvin
and q is the charge of an electron (1.602× 10−19C).

The I/V characteristic is demonstrated at Fig 1.4. As it can be seen, for most of the
operating region, PV current remains the same. Thus, the cell acts as current source. The
value of the current increases as the external radiance increases [8].

Operating point of the PV module is dependent on its load, whether a passive element
or an active circuit. As it is shown in Fig 1.4, at short circuit point Vpv = 0, maximum

7



Figure 1.5: Maximum Power Point Tracking (MPPT) to harvest maximum energy from PV
module

current is taken while in open circuit point Ipv = 0, maximum voltage is obtained. This
issue is discussed in the following subsection.

1.4.2 Maximum Power Point Tracking

The operating point of the PV panels in PV power generation systems is determined by the
power converter circuit connected to it. As it is mentioned earlier, the task of these power
converter is to maximize power harvesting by using MPPT control algorithms as shown in
Fig 1.5. As it can be seen, MPPT algorithm tries to control the operating point of the PV
panel to harvest maximum input power (ipv × vpv). PV panel’s generated power in relation
to it’s operating voltage is demonstrated at Fig 1.5. As it can be seen, maximum power is
obtained at a specific operating point. According to [6], the most famous algorithm used
for MPPT is Perturbation and Observe (P & O), which works by perturbing the duty cycle
of the power converter and therefore the voltage of the PV panel and observing its effect
on the power curve [5].

1.4.3 Voltage Source Inverters

Beside maximizing energy harvesting from PV panels, the other important role of power
converters is to synchronize the inverter with the grid. In two-stage single-phase micro-
inverters, this task is performed by using Voltage Source Inverter (VSI) converter. In
this thesis, a conventional H-bridge structure is used for implementing the voltage source
inverter.

8



Figure 1.6: Full-bridge power converter with unipolar SPWM modulation scheme

H-bridge inverter circuit contain series and parallel combination of switches. Series
combination of switches make a path which is referred to as a leg. Number of legs is
dependent on whether the system is a three phase (uses 3 legs) or single phase (uses 2
legs). A single phase two-leg full-bridge inverter is shown in Fig 1.6. Input of inverter
is a DC voltage which is obtained from the last stage of the power generation system.
Output voltage of the inverter, is controlled by Pulse Width Modulation (PWM) technique.
PWM creates an average output voltage by controlling the "ON/OFF duty cycle" of the
switches used in the power converters. To create a sinusoidal signal in output of the inverter,
unipolar sinusoidal-PWM (SPWM) modulation scheme is used. Modulation scheme controls
inverter switches to produce a desired PWM output. As shown in Fig 1.6, unipolar SPWM
modulation has two input signals described as follows

• Modulation signal: An low frequency AC signal with a specific frequency and maxi-
mum amplitude of one. This signal is used as reference signal to be generated at the
output of inverter.

• Carrier signal: A high frequency triangular signal. This signal is compared to mod-
ulation signal in order to generate PWM switching command.

The unipolar SPWM modulation works by comparing carrier signal with modulation
signal to determine which switch should be ON/OFF. As it can be seen in Fig. 1.6, two
lower switches S3, S4, and two upper switches are commanded inversely by the modulation
scheme in order to avoid short circuit.

Mechanism of SPWM switching is determined in Fig 1.7. Pulses which control S1, S2
switches are generated by the logic circuit of Fig 1.6. Combination of four switches is
creating the inverter output voltage in form of high frequency pulses. As it is shown in Fig
1.7, inverter output can only have one of three values of Vdc, 0 , −Vdc where Vdc is the input
DC voltage.

9



Figure 1.7: Unipolar SPWM modulation switching scheme
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Figure 1.8: Basic diagram for controlling the output of power generation system

As it can be seen from Fig. 1.7, inverter output voltage contains a low frequency
component and additional high frequency components. Average value of the inverter’s
output is a sinusoidal signal with the same frequency as the modulation signal. Harmonic
spectrum of the inverter output is also demonstrated in Fig 1.7. Amplitude of output
average sine signal can be described as follows

Ainv = VdcAmodulation (1.5)

where Ainv is amplitude of average output voltage and Amodulation is the amplitude of the
modulation signal and Vdc is input DC voltage to the inverter.

In (1.5), if amplitude of the modulation signal Amodulation is maximum, which is one,
average sine at inverter’s output has maximum amplitude which is equal to input DC
voltage. The amplitude of the modulation signal can be chosen to control the output of the
inverter as follows

Amodulation = v∗
Vdc

(1.6)

where v∗ is desired value for the output voltage ranging from 0 to Vdc.
Basic concept of controlling the inverter’s output is demonstrated in Fig 1.8. As it can

be seen, a desired value Scontrol is given to the controller to create a modulation signal
Smodulation in order to produce desired output signal. Controller is designed to control
a certain output signal and is usually implemented using digital micro-electronics. The
controller can be modeled by differential equations in time domain or it can be described
by a transfer function in s-domain.

In micro-inverters usually a feedback control loop is designed to synchronize the inverter
with utility grid. Detailed structure of the control system is going to be discussed in the
following chapters.
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Chapter 2

Adaptive Synchronization and
Control

In this chapter, synchronization and control of a single-phase grid-connected inverter is
discussed.

To utilize a proper control scheme for single-phase inverters, the role of the power
converter in relation to the grid should be defined. Power converters in a micro-grid can
be classified into different types depending on their operation. According to [11], power
converters can be classified as follows

1. Grid-forming power converters: They can be represented as AC voltage sources, set-
ting the voltage and frequency of a local grid.

2. Grid-feeding power converters: They are represented as AC current sources connected
to the grid in parallel, designed mainly to deliver power to a energized grid. In
this application, current source should be synchronized with grid voltage in order to
regulate active/reactive power exchanged with the grid.

Grid-feeding power converters, need a generator or power converter to form the grid
voltage to be able to operate. On the other hand, the grid-forming converters can operate
independently with local loads since in the main grid, the voltage is produced by synchronous
generators [11].

Grid-feeding power converters are suitable to be operated in parallel with other grid-
feeding converters. Most of the distributed generation systems such as PV or wind is
operating as grid-feeding [11]. Meaning, they are modeled as current sources injecting
power to a pre-formed grid with pre-determined grid voltage.

To better determine how a Voltage Source Inverter injected power to a grid, a single-
phase grid-connected inverter is modeled as shown in Fig. 2.1a. As discussed in the last
chapter, the output of the inverter is a PWM voltage signal which is controlled by input
the modulation signal to the inverter.
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Figure 2.1: (a) Model of voltage source inverter connnected to the grid (b) General feedback
control scheme grid-connected inverter

For grid-feeding converters, the idea is to input a modulation signal to the inverter
such that the produced inverter voltage (vinv) inject a sinusoidal current (ig) into the grid.
Supposing the inverter voltage is defined as below

vinv = Amsin(wmt) + f(wm, wc) (2.1)

where wm is frequency of the modulation signal and wc is the frequency of the carrier signal.
In (2.1), the inverter voltage contains high frequency PWM components and also low fre-

quency modulation signal. The produced current (ig) by the inverter voltage only contains
low frequency components, since high frequency PWM signals are filtered by the induc-
tance filters connecting the inverter to the grid as shown in Fig. 2.1a. But low frequency
components of the vinv is responsible for creating the output current.

This generated output current, should be in the same phase and frequency as the grid
voltage at all times in order to deliver maximum average power to the grid. To create the
output current, feedback control schemes are usually employed as shown in Fig. 2.1b. The
control system, models the power electronic inverter of the Fig. 2.1 as a dynamic system
in state-space representation, then control system tries to change the value of the feedback
signals by comparing them to a desired reference signal and changing the inverter voltage
value accordingly.
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Figure 2.2: Block diagram of inverter current control scheme

2.1 Review of Current Control Schemes

To inject the current to the grid, several control schemes can be designed based on controlling
the output current (ig) to the grid via a feedback loop.

The block diagram of a conventional feedback current control system is shown in Fig.
2.2. As demonstrated in the figure, the current controller transfer function is modeled by
Gc, also the inverter and the output filters are modeled by the transfer function as Ginv

and Gfilter.
To control the output signal, first a reference sinusoidal is created which has the same

phase as the grid voltage to deliver the maximum power. The controller objective is to force
the output current ig to track the reference current iref .

The closed-loop transfer function of the current control system can be expressed in
s-domain as follows

Ig(s) = (Iref − Ig)GcGinvGfilter

(1 +GcGinvGfilter)Ig(s) = Iref (s)GcGinvGfilter (2.2)

therefore

Ig(s)
Iref (s) = Gloop

1 +Gloop
(2.3)

Gloop = Gc(s)×Ginv(s)×Gfilter(s) (2.4)

To accurately track the reference signal, the transfer function of the current controller
(Gc(s)) should be able to make the transfer function of (2.3) equal to one at the frequency
of the grid as follows

Ig(jwg)
Iref (jwg) = Gloop

1 +Gloop
≈ 1 (2.5)
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where wg is grid voltage.
For (2.5) to be equal to one, the current controller at the fundamental frequency of the

grid should be defined as follows

Gc(jwg) ≈ ∞ (2.6)

Equation (2.6) means that the current controller should provide very high gain at the
frequency of the grid to be able to track the reference current and regulate the output
current.

The simple Proportional-Integral (PI) controller which is used in variety of application,
is defined as follows

GP I = Kp + Ki

s
(2.7)

where Kp is the proportional gain and Ki is the gain of the integral part.
The PI controllers have infinite gain at DC due to its integral part, thus it can track

DC signals accurately. Proportional gain can be adjusted to increase the speed of the con-
vergence. Furthermore, a derivative part can be added to PI controller to reduce overshoot
and help the transient response.

Since the gain of PI controllers is not very high at AC frequencies it will create a steady-
state error in tracking AC signals. If the PI controller defined in (2.7) is used as the current
controller, the output current cannot track the the reference signal accurately and phase
and amplitude of the output current will be different than the reference current iref . This
is due to the fact that the PI controller can not provide very high gain at frequency of the
grid unless the bandwidth of the controller is chosen wide enough to provide a high gain at
the frequency of interest. A very wide bandwidth PI controller can not practically be used
due to a very small sampling time it will require. Also a very wide bandwidth PI controller
will make the output current vulnerable to the grid harmonic distortions [13].

For three-phase systems defined in Synchronous Reference Framework (SRF), PI con-
trollers can be used since the SRF will transform the 3-phase AC signals to DC values.
However this will require use of additional frame transformations which in turn creates
complexity and computational burden to the system [12].

To overcome the problems stated in Tracking AC current signal in a single-phase grid-
connected inverters, Proportional-Resonant (PR) controllers have been used instead of the
PI controller in the literature. The transfer function of the PR controllers is expressed as
follows

GP R = Kp + Kis

s2 + w2
0

(2.8)
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Figure 2.3: Bode diagrams of (a) Open-loop resonant filter (b) Closed-loop PR current
controller

where Kp is the simple proportional gain like the one in PI controller, Ki is the gain of the
resonant filter and w0 is the resonant frequency of the resonant filter.

The bode diagram of the resonant controller and the closed-loop bode diagram of the
current controller shown in Fig. 2.2 is demonstrated in Fig. 2.3. As it can be seen from
Fig. 2.3a, the resonant filter is frequency selective and will only provide a very high gain at
the selected resonant frequency w0. In comparison with PI controller, the PR controller has
a high gain over an AC frequency instead of DC. This high gain at the resonant frequency,
will make the closed-loop transfer function described in (2.5) equal to unity and thus force
the output current (ig) follow the input reference signal (iref ). The resonant gain of PR
controller (Ki) in (2.8) affects the closed-loop bandwidth of the current controller as shown
in bode diagram of Fig. 2.3b and also frequency selectivity of the resonant filter as shown in
Fig. 2.3a. High values of the resonant gain (Ki) will make the current controller dynamic
performance quite fast. However, at the same time, the high values of the mentioned
parameter, will reduce the frequency selectivity of the PR controller and makes it vulnerable
to the harmonic distortions that might be presented in the (iref ) signal due to the distortions
that might be presented in the grid voltage. This issue will be discussed further into details
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Figure 2.4: (a) Bode diagrams of a closed-loop PR controller during grid frequency variations
(b) Adaptive current controller

in Chapter III of this thesis. High values of the resonant gain might create stability problems
since operating at the stability margins will make the control parameters more sensitive to
noises.

2.2 PR Tracking Problem: Grid Frequency Fluctuations

The accurate tracking of AC reference signal by the PR controller can also be explained
via the Internal Model Principle. Based on the Internal Model Principle (IMP), perfect
tracking (or complete rejection) of input reference signal can be achieved only if the system
satisfies the following conditions:

1. Closed-loop system is asymptotically stable.

2. Mathematical model of the reference signal is included in the open-loop transfer func-
tion.

The PR controller utilizes the IMP to achieve perfect tracking by including s-transform
of a sinusoidal signal into its transfer function as shown in (2.8).

As shown in Fig. 2.2, the reference current is created by the synchronization block
in order to have the same phase as the grid voltage. And if grid operates at its nominal
frequency, according to IMP principle, a PR controller with the its resonant frequency tuned
at the nominal frequency of the grid is able to track track the reference signal accurately.

If the grid frequency fluctuates away from its nominal value (which is used as resonant
frequency (w0) of PR controller), the current controller would fails to track the reference
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signal. Any fluctuations in the grid frequency would result in reduced accuracy in amplitude
and phase of the output current. Therefore, internal model of PR controller must be
adjusted to grid frequency variations.

The effect of frequency variations of the grid on tracking ability of PR controller is
shown in Fig. 2.4a. For instance, higher frequencies would decrease the power factor and
increase the amplitude, while lower frequencies would attenuate the amplitude.

To solve this issue, one way is to increase the bandwidth of the PR controller. Larger
bandwidth will make the current controller less sensitive to grid frequency changes but it
also makes the controller more vulnerable to the grid harmonic distortions.

Other solution which does not require changing the bandwidth of the resonant controller
is to adapt the resonant frequency of PR controller to frequency variations by feeding the
grid frequency to the controller.

The estimated frequency of the grid is not only required for making the current controller
adaptive but is also required for real-time monitoring of the grid. IEEE 1547 and other
regulatory standards, require the power generation systems to cease powering the grid if the
grid frequency is above/below a pre-determined threshold. In this thesis, the frequency of
the grid is estimated by the synchronization algorithm as shown in Fig. 2.4b. The proposed
synchronization block is introduced in the next section.

2.3 Synchronization of Adaptive PR Controllers

One of the most famous synchronization methods mentioned in literature is Synchronous-
Reference-Frame Phase-Locked-Loop (SRF-PLL) which is commonly used for three-phase
systems. A PLL consist of a Phase Detector (PD), Loop Filters (LF) and a Voltage Con-
trolled Oscillator (VCO) as shown in Fig. 2.5b. The block diagram of the SRF-PLL used
for single-phase systems is shown in Fig. 2.5b. As it can be seen, in single-phase SRF-PLL
the delayed version of the input signal is used for creating phase detection.

However, this system does not perform well under grid frequency variations and creates
oscillatory distortions on top of the estimated frequency. It is due to the fact that grid
frequency is considered to be fixed when the delayed version of the input signal is created
in the Phase Detector block. This problem also exists in the phase-shift structure used in
Multiharmonic Decoupling Cell-PLL (MHDC-PLL). Other single-phase PLL is enhanced-
PLL (EPLL) which uses an adaptive nonlinear filter as its Phase Detector block. The EPLL
dynamics is slow and not suitable when the fast response is an issue [29]. Fast response
of synchronization block is an important issue, since power systems should act in response
to abnormal frequencies in a specific time-frame as it is mentioned in IEEE 1547. The
performance of the previously proposed methods are evaluated in literature [29].
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Figure 2.5: Block diagram of (a) General structure of PLL (b) Single-phase SRF-PLL
(images-source: [46] Copyright c©2011, IEEE)

Zero-crossing method is another alternative synchronization method to PLLs. However,
the frequency in this method is only calculated twice in each cycle which leads to poor
frequency detection and monitoring specially if the grid frequency varies [30].

Another alternative synchronization method is Frequency Locked Loop (FLL), which
unlike the PLL, creates a feedback loop to control the estimated frequency of the grid rather
than its phase. Since the grid frequency is more stable than its phase, this method provides
more stability and less sensitivity to the changes in the phase of the grid.

In the following sections of this chapter, a novel FLL is going to be proposed which has
the following characteristics:

1. Synchronization is based on Frequency Locked Loop.

2. Frequency selective filters in FLL and PR current control makes the output current
partially immune to high order grid harmonic disturbances.

3. Fast frequency estimation and phase synchronization is achieved while meeting the
IEEE 1547 frequency disturbance constraints.
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Figure 2.6: Block diagram of proposed ESC-FLL synchronization method

2.4 Proposed ESC-FLL Synchronization Block

As mentioned in previous sections, synchronization block should be able to provide phase
and frequency information of the grid for proper synchronization of the output current with
the grid voltage.

The block diagram of the proposed synchronization method is shown in Fig. 2.6 where v′g
is the normalized value of the grid voltage. In the proposed method, a resonant filter based
on internal model principle is placed in a feedback loop to provide the phase information of
the grid.

If the frequency of the grid changes, the phase error between the grid voltage and output
of the filter is expressed as follows

θe = tg−1
[(w2

g − w2
0)

(Kiwg)2

]
(2.9)

where wg is the frequency of the grid and w0 is the resonant frequency of the filter in the
proposed synchronization block.

To make remove the phase-error in (2.9), an adaptive algorithm is proposed as shown
in Fig. 2.6. The adaptive algorithm is divided into two parts:

1. Nonlinear Map: Deriving an equation which maps the error signal in the proposed
feedback loop to the frequency difference.

2. Extermum Seeking: Forcing the system to operate at the grid frequency.

The objective is to minimize the phase error in (2.8) to zero so the new value of grid
frequency is estimated. Detailed analysis of this process is subsequently demonstrated in
the following.
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2.4.1 Nonlinear Map Based on Error Amplitude

The transfer function of a resonant filter is given by

GR(s) = Kis

s2 + w2
0

(2.10)

Therefore the closed-loop system is as follows

Gloop = Iref

V ′grid

= GR(s)
1 +GR(s) (2.11)

where V ′grid is the normalized grid voltage.

The error signal of the closed-loop resonant filter can be expressed as follows

E(s) = 1
1 +GR(s)V

′
g(s) (2.12)

Considering (2.10), the error signal is expressed as

E(s) = s2 + w2
0

Kis+ s2 + w2
0
V ′g(s) (2.13)

Equation (2.13) expresses the closed-loop error of the system in Fig. 2.6. If the frequency
of the grid is equal to the resonant frequency (i.e., s = jw0), then GR is infinite and the
error signal is zero and perfect tracking is achieved. However, if the frequency of the grid
fluctuates and s 6= jw0, an error signal is generated. By formatting the resonant filter as
follows

GR = 1
s2 + w2

0

N0
D0

(2.14)

The error signal at the specific grid frequency wg can be expressed as follows

e(t) = Aecos(wgt+ θ) (2.15)

Ae =
∣∣ (s2 + w2

0)D0(s)
(s2 + w2

0)D0(s) +N0(s)
∣∣
s=jwg

(2.16)

where the amplitude of the error signal is denoted by Ae which contains information
about grid frequency variation as follows

Ae ∝ (w2
0 − w2

g) (2.17)

21



If the error amplitude, Ae, is extracted and minimized (by tuning w0), then the resonant
frequency w0 converges to wg. The term Ae is extracted by utilizing

e2(t) = 1 + cos(2wgt+ 2θ)
2 A2

e (2.18)

and passing it through a notch filter to remove the double frequency component, expressed
as follows

Gnotch = s2 + w2
n

s2 + w2
n + 2ξwns

(2.19)

where ξ is the damping factor and wn resonant frequency of the notch filter which is a fixed
value and is defined to be twice the nominal grid frequency 120Hz.

In (2.19), the bandwidth of the notch filter is chosen to be wide enough in order to
make the notch filter insensitive to the grid frequency changes and to remove the double
frequency component of (2.18) during grid frequency changes. The result of passing the
error in (2.19) through the notch filter in (2.18) would be

e(t)2 |Notch≈
1
2A

2
e (2.20)

Assuming that the resonant frequency w0 is adjustable, it follows that (2.20) is a function
of the resonant frequency as follows

f(w0) = 1
2A

2
e (2.21)

However, it should be noted that nonlinear map proposed in (2.21) is not always the
function of frequency difference.
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Figure 2.7: (a) Block diagram of proposed nonlinear map used in synchronization block (b)
Method used to derive the nonlinear map

Plot of equation (2.21) as a function of resonant frequency is demonstrated at Fig. 2.7a.
As it can be seen, this map has a minimum at the frequency of grid. Equation (2.21) is a
nonlinear map with only one extremum value which is the grid’s frequency wg. Combining
(2.17) and (2.21) we have

f(w0) ∝ (w2
0 − w2

g)2 (2.22)

which is approximated by a second-order Taylor’s series expansion around wg as follows

f(w0)
∣∣
w0=wg

∝ (w0 − wg)2 (2.23)

However this minimum value of the f(w0) is a local extremum not a global one. The
frequency selectivity of this map is determined by the integral gain of the resonant filter used
in the synchronization block at Fig. 2.6. If this gain is chosen to be too small, any frequency
deviation forces the squared amplitude of error to be equal to unity which is outside of the
area of the map with local minimum at grid frequency. Therefore, the frequency of the grid
cannot be estimated in that situation.

The method used to derive this nonlinear map is shown in Fig. 2.7b. In the following,
the perturbation extremum seeking is going to be introduced and used to find the extremum
value of this nonlinear map which the grid frequency.
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Figure 2.8: (a) The block diagram of perturbation extremum-seeking algorithm (b) The gra-
dient detection method by perturbation extremum-seeking (image-source: [14] used under
Creative Commons Attribution License (CC BY 4.0))
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2.4.2 Introduction to Perturbation Extremum Seeking

To minimize the nonlinear map of (2.21), perturbation extremum seeking is proposed. The
general idea of the perturbation extremum seeking is shown in Fig. 2.8a.

Perturbation extremum seeking finds the extremum value of the nonlinear map by adding
an perturbation signal to the input variable of the map as follows

ŵ0 = w0(t) + aessin(west) (2.24)

Thus, the generated output of of the nonlinear map has the output as follows

f(ŵ0) = f

(
w0(t) + aessin(west)

)
(2.25)

If (2.25) is expanded and approximated by the first order Taylor’s series, we have

f(ŵ0) ≈ f(w0) + aessin(west)
df(w0)
dw0

(2.26)

Then the gradient of the nonlinear map at the current operating point is detected by
multiplying the output of the nonlinear map by the same perturbation signal used at the
input of the map. If (2.26) is multiplied by the perturbation signal, the output is expressed
as follows

f

(
w0 + aessin(west)

)
sin(west)

≈ f(w0)sin(west) + aessin(west)2df(w0)
dw0

≈ aes

2
df(w0)
dw0

+ f(w0)sin(west)−
aes

2 cos(2west)
df(w0)
dw0

(2.27)

In (2.27), the first term is the gradient of the map with respect to the perturbed variable.
The other terms are higher order AC signals related to the perturbation frequency (wes).

After that, the extremum-seeking control determines a new value for the independent
variable of the map (w0) by proposing the dynamic law expressed as

ẇ0(t) = −Kes

[
aes

2
∂f(w0)
∂w0

+ f(w0)sin(west)−
aes

2 cos(2west)
∂f(w0)
∂w0

]
(2.28)

Higher frequency perturbation terms in (2.28) are going to be eliminated by the inte-
grator estimating the independent variable. Thus, dynamics of the estimated frequency is
only affected by the gradient of the map and (2.28) can be approximately by

ẇ0(t) ≈ −Kes
aes

2
∂f(w0)
∂w0

∣∣∣∣
w0=operating−point

(2.29)
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As already represented in (2.23), the gradient of the nonlinear map in the proposed syn-
chronization block, can be expressed as a second order polynomial equation with minimum
around the grid frequency wg. Thus, (2.28) can be expressed as

ẇ0 ∝ −
Kesaes

2
∂

∂w0

[
(w0 − wg)2

]∣∣∣∣
w0=operating−point

(2.30)

As it can be seen in (2.30), if the value of the resonant frequency w0 is smaller than
the grid frequency wg, the gradient of the second order polynomial is negative and if this
value is multiplied by the gain of the extremum-seeking, thus overall a positive value will
be achieved. Meaning, if the value of the resonant frequency is smaller than the extremum-
value it will be increased and if the value of the resonant frequency is bigger than the
extremum value, it will be decreased. When the system reaches the value of the extremum,
the gradient of the system is equal to zero, thus the system will stay at this value as it is
demonstrated in Fig. 2.8b.

If the proposed map has minimum extremum like in the case of the proposed map in
Fig. 2.7, the gain of the extremum-seeking (Kes) is chosen to be negative and if the system
has maximum value, this gain is chosen to be positive in order for the independent variable
reaches the minimum/maximum point. This rule can be stated as follows

sign[Kes] = −sign[ ∂
2f

∂w2
0

] (2.31)

Designing and selecting ES parameters affects the system’s transient and stability char-
acteristics. In particular, large values of aes (amplitude of perturbation) andKes (extermum-
seeking gain) result in faster convergence but also increase the sensitivity to disturbances.

The nonlinear maps which is used in extremum-seeking control, can be a static map,
which is a input/output function or it can be a dynamic map meaning the map is derived
from a dynamic system. It should be noted that, if a dynamic map is used in extremum-
seeking control, its transient dynamics should be fast enough, so that the extremum-seeking
control can treat this dynamic system as a static map. The proposed synchronization block
in this thesis (ES-FLL) is a dynamic system. It should be noted that, the transient dynamics
of the resonant feedback loop in Fig. 2.6 should be faster than the extremum-seeking
controller used to estimate the grid frequency.

2.4.3 Proposed Frequency Estimation via Extremum Seeking

The proposed extremum-seeking control method to determine the grid frequency is shown
in Fig. 2.9. As it can be seen from the diagram the squared amplitude of the error signal
is first derived from the closed-loop resonant filter via a notch filter. This will create a
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Figure 2.9: The block diagram of the proposed extremum-seeking algorithm to estimate the
grid frequency

dynamic map which is already shown in Fig. 2.7a. Then perturbation extremum-seeking is
used to estimate the frequency of the grid by seeking the minimum point of the map.

If the grid frequency has variations, then the error in the feedback loop is created and
the minimum value of this map is also varied which will make the extremum-seeking to
estimate a new value.

The reason, a notch filter is used to remove the double frequency component of the
squared error signal instead of a Low Pass Filter (LPF) can be explained based on the
extremum-seeking system in Fig. 2.9. As discussed previously, the dynamic map has
perturbing component related to the frequency to perturbation (wes) which should not be
removed during the extraction of the map from the error signal. The value of the wes is
chosen to be around 500Hz which is high enough to not be removed by the notch filter. The
resonant frequency of the notch filter is fixed around 120Hz (twice the nominal frequency of
the grid 60Hz). Since the notch filter is used in the frequency estimation loop, its resonant
frequency can not be adapted to grid frequency changes. However, as already mentioned,
the bandwidth of the notch filter is chosen to be wide enough to attenuate the variations of
the grid frequency.

2.5 Voltage Control Loop: DC-link Regulation

In the current control block diagram of Fig. 2.2 it was assumed that the amplitude of the
reference current I∗ is a constant value. This value determines the amount of the amplitude
of the output current and thus the amount of the energy to be delivered to the grid.

As it was discussed in the last chapter, the inverter is responsible for converting the
input DC value to the output inverter voltage vinv. For delivering current to the grid, the
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Figure 2.10: The block diagram of the proposed outer voltage control loop

AC signal in the output of the inverter as shown in Fig. 2.1a, should have a large amplitude
than the grid voltage vg in order to be able to inject current into the grid. Therefore, DC-link
voltage VDC at the input of the inverter is the maximum amplitude the inverter voltage vinv

can take. The detailed analysis of the DC-link dynamics is presented in literature [54]-[56].
To regulate the value of the DC-link voltage (VDC), an outer voltage loop is demon-

strated at Fig. 2.10. As it can be seen, the PI controller is regulating the DC-link voltage
by controlling the amplitude of the reference current (I∗). Since the variable to be regulated
is a DC signal (VDC), thus the PI controller is used to regulate the DC-link voltage and
determine the amplitude of the reference current for the PR current control loop.

2.5.1 Eliminating Double Frequency Ripple by Adaptive Notch Filter

The DC-link voltage is not a pure DC signal and contains ripples with frequency twice the
frequency of the grid expressed as follows

vdc(t) = VDC +Adcsin(2wgt) (2.32)

The reason for such a ripple is in fact the nonlinear nature of PWM modulation used
to generate the inverter voltage.

According to [56] [54], the switching function of the inverter, relating the input/output
signals in the inverter can be expressed accurately by the double Fourier series as follows
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Figure 2.11: The equivalent model of DC-link circuit (image-source:[55] Copyright c©2015,
IEEE)

s(t) = Mcos(wgt) + 2
π

+∞∑
m=1

+∞∑
n=−∞

1
m
J2n−1(mπM)cos[(m+ n− 1)π]cos[2mwct+ (2n− 1)wgt]

(2.33)

where J is the Bessel function, M is the modulation ratio, m and n are integers. wc is the
frequency of the modulation carrier and wg is the frequency of the modulation signal which
is the same as the fundamental frequency of the grid.

The relationship between the input current to the inverter and the injected current can
be expressed as follows

idc(t) = s(t)iout(t)

iout = Isin(wgt) (2.34)

where s(t) is the switching function defined in (2.33). Replacing s(t) from (2.33) into (2.34)
results in

idc(t) = Idc + I1sin(2w0t) + ihf (t) (2.35)

As it can be seen from (2.35), the input current into the inverter consists of a dc
value (Idc), a double frequency component and a high switching frequency component (ihf ).
Therefore, inverter can be modeled by a current source as shown in Fig. 2.11 [56] [54].

In the equivalent circuit of the DC-link at Fig. 2.11, the DC-link voltage is determined
by two sources. The double frequency component in the modeled current source of (2.35),
will affect DC-link voltage according to principle of superposition.

This double frequency ripple on top of the DC-link voltage is undesired since it will
enter the control loop and will reduce the quality of the output current by creating a
third harmonic component in the reference current in the PR current control loop. The
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Figure 2.12: The block diagram of the voltage control loop with proposed adaptive notch
filter

quality of the output current is important since according to the grid-tied standards such as
IEEE 1547, the THD of the injected current to the grid should be below a pre-determined
threshold as already discussed in the previous chapter.

Choosing larger decoupling capacitors at the DC-link will help attenuating the undesired
double frequency component. The value of the DC-link capacitor can be chosen according
to the maximum tolerable ripple on the DC-link by the formula expressed as below [59]

Cdc = Pdc

wg × Vdc ×∆Vripple
(2.36)

where Pdc is rated power from PV panel, Vdc is average DC-link voltage and ∆Vripple is the
maximum tolerable ripple.

To remove the double frequency ripples effectively, one way is to reduce the bandwidth
of the PI voltage controller. However this will reduce the transient performance of the
DC-link. Since, in renewable energy systems, the power can change abruptly which require
the voltage controller to converge quickly. Another solution have been proposed in [58] is to
estimate the DC-link ripple which will increase the computational burden for implementing
the controller via Micro-controller.

In this thesis, to remove the double frequency ripple, an adaptive notch filter is proposed
as shown in Fig. 2.12. As it can be seen, first the double frequency component of the
voltage is removed by the filter and then the remaining DC component is regulated in
the voltage control loop. The resonant frequency of the notch filter is adapted by twice
the estimated frequency by the proposed synchronization block. Adapting the frequency
of the grid will make sure the double frequency ripple is attenuated effectively during grid
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frequency variations since this double frequency ripple is always equal to the twice the value
of the grid voltage.
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Chapter 3

The Effect of Grid Distortion

In this chapter, the effect of grid harmonic distortions on the proposed synchronization
block and adaptive PR current controller is going to be discussed and analyzed.

The harmonics presented in the grid can affect the performance of the proposed syn-
chronization and control schemes and effectively increase the THD of the output current
above the thresholds set by IEEE 1547 standard.

Harmonic distortions in the grid voltage can happen due to different reasons such as
non-linear loads and increased power electronics.

The effect of grid harmonic distortion on the proposed grid-connected control system
(of the previous chapter) is going to analyzed in two separate parts expressed as below

1. Synchronization block (ES-FLL)

2. Current control scheme (PR Controller)

In synchronization task, the voltage harmonics affects the phase/frequency estimation
of the grid and depending on the structure of the controller, it may create unwanted com-
ponents [20], [24]. Therefore, the output current is affected and may contain harmonic
distortion.

Synchronization methods such as Second Order Generalized Integrator PLL (SOGI-
PLL), Inverse Park Trasform PLL (IPT-PLL), Synchronous Reference Frame PLL (SRF-
PLL) and Double Synchronous Reference PLL (DSRF-PLL) provide partial immunity to
the high frequency grid distortions due to their frequency selectivity (such as second or-
der schemes) [42], [43], [44], [45], [29]. To attenuate the lower order grid harmonics, one
option is to limit the bandwidth of the synchronization controller [47], [43]. However, a suf-
ficiently narrow bandwidth control scheme (that attenuates harmonics) slows the speed of
synchronization [43], [24]. The synchronization speed is of prime importance since grid-tied
standards require the micro-girds to cease powering the grid during abnormal conditions
such as frequency variations.

32



Figure 3.1: Block diagram of frequency estimation loop

Synchronization structures such as Enhanced PLL (EPLL) or T/4 Delay PLL do not
respond well to the high harmonic distortions [29]. The harmonic rejection method proposed
in [48], eliminates grid harmonic distortions. However, the effect of grid frequency variations
is not studied in [48]. The NTD-PLL introduced in [49] is only immune to distortions at the
nominal grid frequency. As stated in [49], ETD-PLL can adapt to grid frequency variations.
However, according to [42], this method does not entirely eliminate harmonics. Nevertheless
in all aforementioned cases, the important factor for synchronization is the ability to adhere
to the interconnected standards.

Other than grid synchronization, another issue requiring attention in a polluted grid,
is how much the produced current harmonics are affected by the harmonics presented in
the grid voltage. In general, conventional PR controllers with a infinite gain at resonant
frequency are not well-equipped to deal with this problem as demonstrated in [50]-[52].

In this chapter, the effect of grid distortions on synchronization block is analyzed, then
the structure of the proposed FLL is modified to withstand grid distortions and provide
accurate estimation of grid frequency and phase. The effect of distortion on PR current
control system is also analyzed and its structure is enhanced to be able to regulate the
output current more accurately during the grid harmonic distortions.

3.1 The Effect of Distorted Grid on Synchronization Block

The proposed frequency estimation loop is shown in Fig. 3.1. As it can be seen, the
relationship between the input grid voltage vg(t) and error of the closed-loop resonant filter
e(t) can be expressed as a notch filter as follows

E(s)
Vg(s) = 1

GResonant + 1 = s2 + w2
0

s2 + w2
0 +Kis

(3.1)

where GResonant is the resonant filter and w0 is its resonant frequency and Ki is representing
its resonant gain.
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To determine how grid harmonic distortions affect the extremum seeking frequency
estimation, let us suppose that the grid voltage vg contains second and third harmonics as
follows

vg(t) = Agsin(wgt) + vh2(t) + vh3(t) (3.2)

where

vh2(t) = Ah2sin(2wgt)

vh3(t) = Ah3sin(3wgt) (3.3)

are the second and third harmonic components.
When waveform given by equation (3.2), passes through (3.1), we have

e(t) = Aesin(wgt) + eh2(t) + eh3(t) (3.4)

where Ae is the error amplitude of the fundamental component, and eh2 and eh3 are error
components due to harmonic distortions as follows

eh2(t) = λh2sin(2wgt)

eh3(t) = λh3sin(3wgt)

λh2 =
∣∣w2

0 − (2wg)2∣∣√
(w2

0 − (2wg)2)2 + (2Kiwg)2
Ah2

λh3 =
∣∣w2

0 − (3wg)2∣∣√
(w2

0 − (3wg)2)2 + (3Kiwg)2
Ah3 (3.5)

Squaring the error signal in (3.4), we have

e2(t) = (Aesin(wgt) + eh2(t) + eh3(t))2

= f(w0) + 1
2λ

2
h2 + 1

2λ
2
h3 + Γ(wg, 2wg, 3wg, 4wg, 6wg) (3.6)

where Γ is sum of generated high frequency sinusoidals.
By passing (3.6) through the notch filter and removing double frequency components in

Γ, we have

e2(t)
∣∣∣∣
notch

= f(w0) + 1
2λ

2
h2 + 1

2λ
2
h3 + Γ(wg, 3wg, 4wg, 6wg) (3.7)
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In (3.5), since the difference between resonant frequency and harmonic frequencies (2wg

and 3wg) is large, the amplitude of the unwanted components in error signal in (3.4) are
equal to the amplitude of the unwanted components in the input grid voltage. Thus, the
following approximation can be made

λh2 ≈ Ah1

λh3 ≈ Ah2 (3.8)

Considering (3.8), equation (3.7) can be rewritten as follows

e2(t)
∣∣∣∣
notch

= f(w0) + 1
2A

2
h2 + 1

2A
2
h3 + Γ(wg, 3wg, 4wg, 6wg) (3.9)

The gradient of f(w0) is calculated by multiplying (3.9) with the perturbation signal as
shown in Fig. 2.9 of the previous chapter. The resultant signal is thus expressed as

ẇ0(t) = df(w0)
dw0

+ (1
2A

2
h2 + 1

2A
2
h3)Aescsin(wesct)

+Γ(wg, 3wg, 4wg, 6wg)Aescsin(wesct) (3.10)

As it can be seen in (3.10), only the first component is contributing to grid frequency esti-
mation. Other components are generated by harmonic distortions. Since these components
are not function of the resonant frequency, they do not contribute to frequency estimation.
These components actually create oscillations on top of the estimated frequency as follows

w0(t) +
∫

(1
2A

2
h2 + 1

2A
2
h3)Aescsin(wesct)

+
∫

Γ(wg, 3wg, 4wg, 6wg)Aescsin(wesct) (3.11)

3.1.1 Notch Filters in Synchronization loop

To remove unwanted distortion from the estimated frequency in (3.11), notch filters are
proposed that act at harmonic distortion frequencies in the synchronization loop as shown
in Fig. 3.2a. To remove multiple harmonics from the grid, multiple notch filters can be
cascaded. As it can be seen, the error signal feeding the FLL input is obtained from the
output of the notch filters which has removed the unwanted grid harmonics. Therefore,
the estimated frequency does not contain ripples and the estimated phase does not contain
grid harmonics. The notch filters are also adapted to the frequency variations of the grid
by feeding them the estimated frequency of the FLL. By employing this structure, the
estimated phase of the grid at the output of the resonant filter does not contain harmonics.
The bode plot of the closed-loop resonant filter with harmonic damping notch filters is
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Figure 3.2: (a) Proposed synchronization block with harmonic damping notch filters (b)
Bode diagram of closed-loop resonant filter with notch filters

shown in Fig. 3.2b. As it can be seen the notch filters at the harmonic frequencies are
effectively damped.

3.2 Effect of Grid Distortion on Output Current

In the last section, a synchronization block was proposed which was able to remove the effect
of unwanted harmonic from the estimated phase/frequency of the grid. In this section, the
effect of the grid harmonic distortions on the PR current control loop will be investigated.

As it can be seen from the current control scheme proposed in previous chapter in Fig.
2.2, the reference current (iref ) is derived from the FLL synchronization block. Synchroniza-
tion block with harmonic damping notch filters inside its feedback loop, create a reference
current signal (iref ) which does not contain grid harmonic distortions.

However, that is not enough for the current controller to be able to perform flawlessly
during the harmonic distortions. As already explained in chapter 2 of this thesis, the PR
current controller is designed to only track the fundamental component of the reference
current (iref ) and fails to track the reference current at other frequencies. According to
[51], PR current controllers cannot solely compensate grid harmonics due to their limited
bandwidth. The controller’s sensitivity to compensate other harmonics was modeled in
[50]-[52]. To demonstrate this fact, the output current in the proposed PR current control
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loop in Fig. 2.2 of the last chapter is described as follows

Ig(s) = GLoadGinvGP R(Iref − Ig)−GLoadVg (3.12)

where GLoad, Ginv and GP R are transfer functions of output filter, inverter and PR con-
troller.

As it can be seen from (3.12), the output current is constructed from two signals: grid
voltage and the reference current. Since Iref is generated by the synchronization block
which removes harmonic distortions, only the effect of grid voltage on the output current is
studied here.

Th effect of the grid voltage on output current (Ig) can be studied by setting Iref = 0
which yields to

Vg

Ig
= −( 1

GLoad
+GinvGP R) (3.13)

The equation (3.13) is called grid impedance. The large values of grid impedance makes
the output current independent to grid voltage. Since PR controller is only able to track
the reference signal at grid frequency, the output current is dependent to the harmonics
presented at grid voltage and grid impedance is low at those frequencies.

To track the reference current (iref ) at harmonic frequencies, the PR controller is mod-
ified as follows

GP R = Kp + Kis

s2 + w2
0

+ K2s

s2 + (2w0)2 + K3s

s2 + (3w0)2 (3.14)

As it can be seen in (3.14), the modified PR controller has additional resonant filters
tuned at harmonic frequencies. This filters track the reference current at other frequencies
which make the output current independent to the grid voltage distortions. This additional
resonant filters are often called Harmonic Compensation (HC) filters.

To demonstrate the effectiveness of HC filters, grid impedance of the modified PR con-
troller in (3.14) and conventional PR controller in (3.13) are demonstrated at 2nd and 3rd
harmonics frequencies in Fig. 3.3a. As shown, adding Harmonic Compensation (HC) res-
onant controllers at 2nd and 3rd harmonics, increase the value of grid impedance at those
frequencies which make the current harmonics follow the reference current (iref ) at those
frequencies.

The harmonic compensation filters are added in parallel to the proposed PR control
scheme as shown in Fig. 3.3b. As shown, the resonant frequency of the HC filters are also
adapted with the estimated frequency of the proposed FLL to make the current control
accurate during grid frequency fluctuations.
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Figure 3.3: (a) Bode diagram of grid-impedance at harmonic frequencies (b) Current control
system with addition of Harmonic Compensation (HC) filters

This chapter can be concluded as follows: by employing the modified version of the
synchronization block to produce a accurate reference current (iref ) from a distorted gird
voltage and employing modified version of the PR controller to follow this reference signal
at fundamental and harmonic frequencies, the generated output current (ig) will have, a
low value of THD, despite grid voltage distortions.
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Chapter 4

Simulation Studies

For evaluating the performance of the proposed synchronization algorithm and the adaptive
control system, simulation studies were conducted and the results are demonstrated. The
control systems were designed and evaluated using Matlab/Simulink software. For modeling
power electronic circuits, "SimPowerSystems" library was employed.

In this chapter, first the digital implementation of the control system will be discussed,
then the simulation studies for validating the control systems of previous chapters will be
be presented.

4.1 Digital Implementation

For digital implementation, first the transfer functions of the controllers described in the
previous chapter should be converted from s-domain to state-space representation. In time-
domain, a general dynamic system is expressed as follows

ẋ(t) = f(t, u, x)

y = g(t, u, x) (4.1)

where x is the state of the system, u is the input of the system and y is the output of the
system.

In (4.1), the dynamic system is described by a sets of states expressed by first order
differential equations. This dynamic system is then discretized digitally by approximating
the continuous-time differential equations in discrete time as follows

xn+1 = f ′(tn, un, xn)

yn = g′(tn, un, xn) (4.2)
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where n is an integer representing the discretized time, f ′ and g′ are the approximation
to calculate the next value of the state. This two functions are calculated based on the
discretization method used.

The most important aspect of discretizing the control system is to make sure the method
can accurately approximate continuous-time dynamics. Otherwise, the states in the dis-
cretized system will not converge to the values of continuous time states and the system
might become unstable.

4.1.1 Discretization of Synchronization Block

The synchronization block proposed in the second chapter of this thesis, is a closed-loop
resonant filter with a novel extremum-seeking FLL. The open-loop resonant filter can be
expressed in terms of two first order differential equations as follows

ẋ1 = x2

ẋ2 = u(t)− w2
0x1 (4.3)

where w0 is the resonant frequency of the resonant filter.
These differential equations can be discretized using the Tustin or Backward Euler (with

step delay) methods [36], [37], [38]. However, according to [38], since the Tustin transfor-
mation is nonlinear, the frequency axis is compressed and the poles are displaced. Thus,
Tustin with frequency pre-wrapping is suggested. The pole locus of discretized resonant
controllers are analyzed in [37].

The proposed synchronization block in Fig. 2.6 with the extremum-seeking loop is
nonlinear and non-stationary dynamic system. The state-space representation of the syn-
chronization block is expressed as

ẋ1 = x2

ẋ2 = Ki(u− x2)− x1
[
2π
(
x3 + aessin(x6)

)]2
ẋ3 = 2Kes

[
(u− x2)2 − x5

]
sin(x6)

ẋ4 = x5

ẋ5 = 2ξwn(u− x2)2 − w2
nx4 − 2ξwnx5

ẋ6 = 1000π (4.4)

where Kes is the extremum seeking gain, aes is the amplitude of the perturbation signal, Ki

is the gain of the resonant filter, ξ is the damping factor of the notch filter in the extremum-
seeking loop and wn is the resonant frequency of this notch filter which is a fixed value and
is equal to the nominal frequency of the gird.
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In (4.4), x3 is the estimated frequency of the grid which is fed to the resonant filter
described by x1 and x2. x4 and x5 are representing the notch filter used to extract the
squared amplitude of the error signal. x6 is the phase of the perturbation signal. As it can
be seen the perturbation frequency is chosen to be (2π × 500)rad/s.

To discretize the synchronization block represented by nonlinear dynamic system in
(4.4), Runge-Kutta fourth order discretization algorithm (RK4) is employed.

The solver approximates the next states of the dynamic system by calculating the
f(t, x, u) represented in (4.3), twice in a middle point of the time-step (V2 and V3), once
in the current time-step (V1) and once in the next step-time (V4). It should be noted that
the current time-step is nT where T is a time-step. The next time-step is (n+ 1)T and the
mid-point of the time-step is nT + nT

2 .
Then the next state is calculated by adding the weighted average of the calculated

components to the current state as follows

xn+1 = xn + h

6 (V1 + 2V2 + 2V3 + V4) (4.5)

V1 = f(tn, xn)

V2 = f(tn + h

2 , xn + h

2V1)

V3 = f(tn + h

2 , xn + h

2V2)

V4 = f(tn + h, xn + hV3) (4.6)

The mechanism of the solver is demonstrated in Fig. 4.1a. As it can be seen, four
components of the method are calculated in two computational sampling time. After all four
components are calculated, the next state is approximated by the equation (4.6). Therefore,
each discretization time-step takes two computational sampling time.

The RK4 discretized FLL was implemented using Embedded function in Matlab/Simulink.
The pseduo-code of the algorithm is demonstrated at Fig. 4.1b.

Adding the harmonic damping notch filters inside the synchronization block will only
increase the number of dynamic states depending on the number of notch filters cascaded
in the loop. This modified version of the synchronization block which was represented in
Fig. 3.2a in the previous chapter is also discretized using RK4 method.

4.1.2 Discretization of Controller Blocks

The dynamic system of the PR controller can also be represented by the state-space equa-
tions similar to (4.3). PI controller dynamics can be represented by one state. To ensure
the performance of the digital controller, both PI and PR controllers were discretized by
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Figure 4.1: The Rungge-Kutta 4th discretization method: (a) Block diagram (b) Sequential
pseudo-code
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Figure 4.2: Block diagram of the discretized notch filter using Adams-Bashforth method

Parameters Simulation Value
Resonant gain (Ki) 200
Extremum-Seeking Gain (Kes) -125000
Perturbation amplitude (aes) 2
Perturbation frequency 500Hz
Damping factor of notch filter ξes 2
Resonant frequency of the notch filter 120Hz

Table 4.1: Synchronization block parameters

RK4 method as well. However, for implementing the notch filter to remove the DC-link
ripples, Adam-Bashforth method was employed due to its superior accuracy [60].

The block diagram of the discretized notch filter for removing DC-link ripples using
Adam-Bashforh method is shown at Fig. 4.2 where u(t) is the input to the filter, out(t)
is the output, T is the discretization time-step, w0 is the resonant frequency of the notch
filter which is adapted to be twice the estimated frequency of the FLL and ξ is the damping
factor of this notch filter.

4.2 Adaptive PR Current Controller Simulations

Simulations were conducted to validate the proposed adaptive PR control algorithm shown
in Fig. 2.2 of chapter two of this thesis. Using a discrete simulation helps to evaluate the
behavior of proposed system when implemented on a micro-controller device.
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Figure 4.3: (a) Phase estimation transient at the start-up of FLL (b)Frequency estimation
transient of FLL in the start-up

Figure 4.4: FLL frequency tracking response to (a) Grid frequency step change to 61Hz (b)
Grid frequency step change to 59Hz (c) Grid frequency ramp changes

4.2.1 Frequency Tracking of Proposed FLL

Before evaluating the performance of the adaptive PR controller, the performance of the
proposed synchronization block is evaluated. The parameters used for the synchronization
block were achieved by extensive simulations and are shown in Table 4.1.

Choosing parameters is a trade-off between the stability of the system and the transient
response in estimating the phase/frequency of the grid. The resonant feedback loop of the
FLL should be faster than the extremum-seeking loop as discussed in Chapter 2. On the
other hand, high values of this gain, makes the frequency estimation loop sensitive to phase
jumps in the grid voltage. As it can be seen from Table 4.1, the damping factor of the notch
filter was chosen large in order to make the bandwidth of the notch filter wide enough to be
insensitive to grid frequency changes. The resonant frequency of this notch filter was fixed
to twice the nominal grid frequency.

First, the initial transient response of the FLL is demonstrated as shown in Fig. 4.3. As
it can be seen, at the time t = 0.5 second, the FLL was activated. It approximately took
three cycles for the FLL to estimate the phase and frequency of the grid. It should be noted
that phase and frequency estimation times are almost equal. It is due to the fact that the
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Figure 4.5: FLL response to -270deg phase jump (a) Grid voltage (b) Estimated phase by
FLL (c) Estimated frequency by FLL

phase error between the input/output of the closed-loop resonant filter is dependent on the
frequency difference between grid frequency and the resonant frequency.

The frequency estimation performance of the proposed FLL is demonstrated in Fig.
4.4. The response of the proposed FLL to 1Hz step change in grid frequency is shown in
Fig. 4.4(a) and Fig. 4.4(b). The transient response of the FLL for frequency estimation
is approximately 80ms. The response of the FLL to a continuous frequency disturbance
is shown in Fig. 4.4(c). As shown, the FLL is tracking the frequency of the grid with
transient time of almost 10ms. As previously mentioned, fast frequency estimation of the
grid is required not only for adapting the PR controller but also for monitoring the grid
frequency. According to IEEE 1547 standard, the grid-tied power generation systems should
react to abnormalities in grid frequency within a pre determined time-frame.

The transient response of the proposed FLL to a -270 degree phase-jump in the grid
voltage is demonstrated in Fig. 4.5. At the time t = 0.55 second the phase jump was
applied. It took almost two cycle for the FLL to synchronize the inverter with grid voltage.

4.2.2 Current Controller Simulation

The performance of the adaptive PR controller is demonstrated in this section. The pro-
portional and resonant gain of the PR controller should be chosen to provide fast transient
response. However, a very wide bandwidth current controller makes it more vulnerable to
distortions. Also if harmonic compensation resonant filters are used in the PR controller,
high gains of resonant filters might make the system unstable since their bandwidths might
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Parameters Simulation Value
Resonant gain of PR (Ki) 100
Proportional gain of PR (Kp) 0.5
Filter inductance (L) 15mH
Grid voltage (Vg) 20V(peak-peak)
DC input voltage (Vdc) 20V DC
Frequency of unipolar SPWM modulation 10 KHz

Table 4.2: The Current control system parameters

Figure 4.6: PR current controller simulation results (a) Initialization (b) Response to pos-
itive step change in reference current (c) Response to negative step change in reference
current

interference with each other. The parameters of the power electronic circuits and the PR
current controller are demonstrated in Table 4.2.

As it can be seen, the grid voltage was stepped down to 20V (peak-to-peak) due to the
experimental limitations. To compare simulations with experimental results, same parame-
ters for control system and power electronic circuits are used. In the current control system,
since the control-loop on DC-link was not used, it is assumed that the input to the inverter
is a DC source voltage. The value of this source was chosen to be 20V which is enough to
provide and inject an AC current with the amplitude of 1 Amp into the grid.

The initial transient time for the PR controller to synchronize itself with the grid voltage
was 70ms. The response of the PR controller to a step change in the reference signal
amplitude is demonstrated at Fig. 4.6(a) and (b). It took 50ms for the system to respond
to the step change.

Another issue was the proper performance of the current controller during grid frequency
variations. The simulation results of the non-adaptive PR controller working at 61Hz is
shown in Fig. 4.7(a). As it can be seen, the grid frequency variation creates a phase-shift in
the injected current to the grid. The adaptive PR controller working at 61Hz, is shown in
Fig. 4.7(b) with almost no phase-shift in the output current. The small phase-shift in output
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Figure 4.7: Response of current controller working at 61 Hz (a) Non-adaptive PR (b)
Adaptive PR

current of the adaptive PR controller is due to additional current harmonics (especially third
harmonic due to DC-link double frequency ripple) and discretization inaccuracies.
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Figure 4.8: The power electronic circuit to emulate the DC/DC converter at the DC-link

Parameters Simulation Value
Integral gain of PI (Ki) -10
Proportional gain of PI (Kp) -0.5
DC-Link capacitance (Cdc) 200uF
Emulation resistance (R) 9Ohm
Emulation DC source (Vdc) 20V DC
Notch filter damping factor 0.7

Table 4.3: The voltage regulation control parameters

4.3 PI Voltage Controller Simulation

In this section, the performance of the voltage control loop is evaluated. To emulate the
current coming from the DC/DC converter to the DC-link capacitor, a DC voltage source
in series with a resistor is used as shown in Fig. 4.8. The parameters of the power electronic
circuit and the PI voltage controller are demonstrated in Table 4.3.

The high PI controller gain will provide faster transient response but also will increase
the bandwidth of closed-loop voltage controller. In conventional PI control loops, large
bandwidth will let all the DC-link double frequency ripples pass into the control loop which
will increase the THD of the output current. However, in the proposed voltage control
loop, this issue was solved by using an adaptive notch filter to remove the double frequency
ripples as it is already shown in Fig. 2.12 in Chapter 2 of this thesis.

The initial transient response of the PI voltage control loop is shown in Fig. 4.9. As it
can be seen, the DC-link voltage contains considerable amount of double frequency ripple.
The adaptive notch filter removes this ripple distortion effectively as shown in Fig. 4.9(b).
The transient response of initialization is 200ms with the chosen value of the PI parameters.

The response of the PI voltage control loop to a step change in the reference voltage is
demonstrated in Fig. 4.10. At t = 1 second, the reference DC-link voltage value is changed
from 17Volt to 18Volt. As it can be seen from the Fig. 4.10(b), the DC-Link voltage reaches
this value with the transient time of 100ms. It should be noted, to regulate the DC-link
voltage at a higher value, the amplitude of the output current is reduced.
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Figure 4.9: DC-link initial transient response: (a) DC-link voltage (b) Output of adaptive
notch filter to remove double frequency ripple (c) Output current

Figure 4.10: DC-link transient response to step change: (a) DC-link voltage (b) Output of
adaptive notch filter to remove double frequency ripple (c) Output current
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Figure 4.11: Frequency estimation of FLL in a distorted grid: (a) Without harmonic damp-
ing notch filters (b) With harmonic damping notch filters

4.4 Grid Harmonic Distortions Simulation

To demonstrate the effect of grid harmonic distortions on the control system and evaluate
the proposed control scheme in chapter 3 of this thesis, simulation studies are conducted.

In this section, it is assumed that the grid is distorted with 7% 2nd harmonic, 6% 3rd
and 5% 4th harmonic with a THD of 10.49%. These harmonics represent low frequency
harmonic distortions which affect the control system more than higher order harmonics.
High harmonic distortions are usually attenuated partially by the second order filters in the
control scheme and synchronization block.

The effect of harmonic distortions on the FLL synchronization block is demonstrated in
the simulation results in Fig. 4.11 . At the simulation time 0.5s in Fig. 4.11, a 1Hz step
change is introduced to demonstrate frequency adaptability of the proposed FLL. As it can
be seen from Fig. 4.11 (a), adding distortion to the FLL without notch filters, creates ripples
on top the estimated frequency. This result validates the analysis provided in chapter 3.
Adding cascaded notch filters effectively eliminates the ripples and increases the accuracy as
shown in Fig. 4.11(b). With harmonic damping notch filters in the FLL loop, the estimated
phase of the grid had the THD of 0.29%.

Also, harmonic distortions affect the quality of the output current. By adding a har-
monic compensation resonant filter to the PR controller at the 2nd, 3rd, 4th and 5th
harmonic frequencies and using cascaded notch filters in the FLL loop, the THD of output
current is reduced to 0.79%. It should be noted that if harmonic compensations are removed
from the PR current controller, but the notch filters are used in the FLL loop, the output
current THD is increased to 6.47%. This is despite the fact that the estimated phase of the
grid by synchronization block does not contain any harmonics.
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Chapter 5

Experimental Results

In this chapter, the control systems proposed in chapter 2 and chapter 3 of this thesis are
experimentally evaluated and the results are presented.

5.1 Experimental Setup

The proposed experimental setup is shown in Fig. 5.1. The Texas Instrument DRV8305
three-phase gate driver was used as the inverter for the proposed system.

To emulate frequency variations in a grid-connected system, a programmable AC source
(GW INSTEK) was connected to a power amplifier. The AC source and the power amplifier
created a 4-quadrant AC generator which is able to deliver/receive considerable amount of
current. The power amplifier was created using an linear operational amplifier (Power Amp
Design’s PAD127 OPAMP) in a negative feedback loop as shown in Fig. 5.1(c). Since
push/pull amplifier was used in the last stage of the employed OPAMP, the power amplifier
is able to receive the generated current from the inverter.

To emulate grid harmonic distortions, two other AC sources were added to the funda-
mental programmable AC source used to emulate the grid by an AC voltage adder circuit.
To determine the quality of the produced current, Tektronix PA1000 power analyzer was
used to monitor power factor and harmonic spectrum.

The digital implementation of the continuous controllers was explained in the last chap-
ter. These discrete algorithms were implemented with the Texas Instrument F28335 Exper-
imenter Kit which has maximum clock speed of 150MHz. To program the controller in this
MCU, MATLAB Embedded Coder and Real-time Workshop software was used. By using
this tool, the same control blocks designed in simulation studies were used to program the
MCU. The sampling frequency of 14KHz was used for the digital controllers. Trade-off for
choosing the sampling frequency was between the accuracy of the digital controller and the
microprocessor overrun. CPU overrun occurs when the length of the program cannot be
executed with specified speed of execution (sampling frequency).
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Figure 5.1: The proposed experimental setup (a) Block diagram (b) Implemented power
electronics (c) Power amplifier used to emulate grid voltage

52



Figure 5.2: (a) Response of adaptive PR controller working at 61Hz (b) Response of non-
adaptive PR controller working at 61Hz (2ms per unit)

The estimated parameters by the control loop were read using serial communication
(SCI) with the micro-controller. The data was read in the computer using Matlab/Simulink
embedded coder host.

Also it should be noted that the same design parameters for the controllers and power
electronic circuits are used as it was mentioned in the simulation results in previous chapter.

5.2 Adaptive Current Controller

To determine the validity of the adaptive PR current controller, the frequency of the AC
signal source was changed to 61Hz in order to compare the performances of adaptive PR and
non-adaptive PR controllers. The responses of the system were captured as shown in Fig.
5.2. As it can be seen from Fig. 5.2(a), the output current of the adaptive PR controller
operates at the 61Hz grid frequency without a phase-shift. This means that the resonant
frequency of the PR controller is adapted to the calculated frequency by using the proposed
FLL. For comparison, the response of non-adaptive PR controller working at 61Hz grid
frequency is also shown in Fig. 5.2(b). As it can be seen, a phase-shift was created because
the resonant frequency of PR controller is different than grid frequency. The amount of
phase-shift is related to the bandwidth of the current controller. If the system has a higher
bandwidth, the output current is less sensitive to the frequency variations. However, a
very wide band PR controller loses its harmonic selectivity and is more vulnerable to grid
harmonic distortions.

At a nominal frequency of 60Hz for both adaptive/non-adaptive current controllers, the
Power Factor (PF) is measured at 0.993. At the 61Hz, the adaptive current controller had a
PF of 0.993, while the output current of the non-adaptive PR controller had a PF of 0.981.
PF dropped more slowly below 60Hz in comparison with frequencies above 60Hz. At 57Hz,
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Figure 5.3: Response of adaptive PR controller to negative step change (50 ms per unit)
(b) Response of adaptive PR controller to negative step change (50 ms per unit) (c) PR
controller start-up response (100 ms per unit)
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the non-adaptive PR controller has a PF of 0.983 and the amplitude of current was dropped
by 20% percent.

The transient response of PR controller is demonstrated in Fig. 5.3. As it can be seen, it
takes less than 100ms for current controller for synchronization with the grid. The response
of the controller to negative and positive step change in reference current is shown in Fig.
5.3(a) and Fig. 5.3(b). The transient time was less than 50ms.
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Figure 5.4: (a) Start-up response of voltage control loop (100 ms per unit) (b) Response of
voltage controller to a step change in reference voltage (100 ms per unit)

Figure 5.5: Spectrum of output current with outer voltage control when (a) Adaptive notch
filter was used in voltage control loop (b) Adaptive notch filter was not used in voltage
control loop

5.3 PI Voltage Controller

The performance of the PI voltage controller, proposed in Fig. 2.10 in chapter 2 of this
thesis is presented in this section.

The transient performance of the PI controller is shown at Fig 5.4. At the start-up, the
PI controller took 200ms to settle. As shown, adding PI control loop will affect the initial
transient response of the current controller and increases its transient time to approximately
200ms. The response of the system to a step-change in the reference voltage from 16.5Volt
to 18.5Volt is shown in Fig. 5.4(b). As it can be seen, transient time was less than 100ms.

The effect of double frequency ripple on the output current is shown in Fig. 5.5. As
shown, the notch filter effectively attenuates the 3rd and 5th harmonics and reduce the THD
of output current. Without notch filter, double ripple frequency at DC-link will increase the
odd harmonics in output current with THD above 10%. The THD of the output current
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Figure 5.6: FLL frequency estimation of a distorted grid monitored by real-time SCI com-
munication (a) Proposed control scheme without harmonic damping and regulation (b)
Proposed system with harmonic damping and regulation

Figure 5.7: (a) and (b): Harmonic spectrum of grid voltage and output current (c) Voltage
and current waveforms (5 ms per unit)

can be further attenuated by using harmonic compensation filters in the structure of the
PR controller.

5.4 The Effect of Grid Harmonic Distortions

In this section, the proposed controller in chapter 3 is experimentally evaluated to determine
its ability to reject grid harmonic distortions and produce high quality output current.

To experimentally validate the controller, 5% 2nd harmonic and 13% 3rd harmonic
(overall grid voltage THD of 14%) were added to the grid voltage to emulate distortion.
The calculated frequency was monitored at the output of the synchronization block by SCI
communication with a host-computer. As expected, FLL without cascaded notch filters
added ripples to the calculated frequency as shown in Fig. 5.6(a). Adding two notch filters
at the second and third harmonics in the synchronization loop effectively attenuated the
ripples as shown in Fig 5.6(b).
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To ensure, the quality of the injected power to the grid, harmonic compensation (HC)
blocks were added to the PR controller. Thus, the grid voltage harmonics do not affect the
grid current harmonics. For this particular controller 2nd, 3rd, and 5th harmonic frequencies
were compensated.

The response of the control system is shown in Fig. 5.7. The harmonic spectrum of
grid voltage and output current is demonstrated in Fig. 5.7(a) and (b) measured via the
power analyzer. The voltage and current waveform is shown in Fig. 5.7(c). As it can
be seen, although the grid voltage was distorted, the THD of the output current was 3%.
Without using harmonic compensations in the current controller and notch filters in the
FLL synchronization block, the THD of the output current was increased to 8.7% which is
above the requirement of IEEE 1547 for output current THD.
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Chapter 6

Conclusion

6.1 Summary

This thesis presented adaptive control/synchronization of single-phase grid-connected in-
verters. It was shown that the interest in distributed micro-grid power generation sys-
tems has increased recently by improvements in cost/capacity of renewable energy power
generation systems. The main integration challenge of these distributed systems is main-
taining/regulating the stability of the grid by performing advanced monitoring and control
strategies. The control system should react according to the regulatory standards in face of
grid frequency/voltage abnormalities to ensure the grid stability and quality of the injected
power to the grid.

In this thesis, performance of the inverter control scheme during frequency variations of
the grid and harmonic distortions of the grid are analyzed.

First, the failure of the PR controllers to accurately regulate amplitude and phase of
the injected current into the grid during frequency variations was demonstrated. A syn-
chronization method (ES-FLL) was proposed based on a closed-loop resonant filter derived
from internal model principle. This method, provides fast estimation of the grid’s frequen-
cy/phase. An adaptive PR controller is proposed which uses the estimated frequency of the
grid (by FLL) to perform properly during grid frequency variations.

Second, the effect of grid distortions on the quality of injected current was studied. The
proposed control scheme can perform in a polluted grid by reducing distortions in output
current. Its performance under distorted grid was analyzed and adaptive filters are added
to its structure to remove the unwanted components from the estimated frequency/phase of
the grid. By adding harmonic compensations to PR current controller, the output current
was immunized to the harmonics presented in the grid voltage. Since the system is adaptive
with the estimated frequency of the FLL, it works properly during frequency variation of
the grid.
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Also, a PI controller was used to regulate the DC-link voltage and control the flow of
active power to the grid. It was shown that the double frequency ripples on DC-link voltage
can reduce the quality of the output current. An adaptive notch filter was proposed in the
voltage control loop to remove this double frequency component and enhance the quality
of the output current. The resonant frequency of this notch filter was adapted to grid
frequency variations by the proposed FLL synchronization block.

Simulations were performed by Matlab/Simulink and experimental setup was developed
in lab to validate the performance of the proposed control system. It was shown that
the adaptive PR controller creates an output current with almost no phase-shift with grid
voltage during frequency variations of the grid. The ability of the synchronization block
to estimate the grid frequency/phase components was demonstrated. As expected, grid
harmonic distortions created ripples on top of the estimated frequency of the grid which
was effectively removed by using adaptive filters in the synchronization block. Also, by
using harmonic compensation filters in the PR controller, the THD of the output current
was reduced to 3% during grid harmonic distortions.

The controller, consisting of FLL and adaptive PR controller, were discretized using the
Runge-Kutta 4-th order method which resulted in good convergence characteristics when
implemented on a digital microcontroller with a 14 kHz sampling time.

6.2 Future Work

This work can be further developed in the future. The suggestion are as follows

1. Reactive Power Control: In this thesis for achieving maximum power factor (PF), the
output current was in-phase with grid voltage. However as mentioned before, injecting
reactive power to the grid might be beneficial during grid instability. This work can
be further developed to control the amount of active/reactive power injected to the
grid.

2. Islanding Mode Control: In a micro-grid, if the power-generation is disconnected from
the utility grid, it still can provide power to the local loads which is called working in
Islanding Mode. This work can be further improved to be able to switch to islanding
mode if the system is disconnected from the grid.

3. LCL Filter with Resonant Damping: The output filter of the inverter in this work can
be improved to an LCL Filter with damping of its resonant frequency.
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Appendix A

RK4 Code

In this section, the Matlab code used to discretize/implement the proposed FLL controller
is provided as sample code for how RK4 algorithm is implemented. It should be noted that
the Matlab Embedded Coder is used to implement the controller. the following code was
used in an embedded Matlab function.

A.1 FLL with Two Harmonic Damping Filter

f unc t i on [ y , f ] = fcn (u)

%In t h i s funct ion , y i s the est imated phase and f i s the est imated
%frequency o f the g r id . input i s the normal ized g r id vo l tage

% 1 . d e f i n i n g the dynamic system s t a t e s as f o l l ow s :

p e r s i s t e n t x1 ; p e r s i s t e n t x2 ; p e r s i s t e n t x3 ; p e r s i s t e n t x4 ; p e r s i s t e n t x5 ;
p e r s i s t e n t x6 ; p e r s i s t e n t x7 ; p e r s i s t e n t x8 ; p e r s i s t e n t x9 ; p e r s i s t e n t x10 ;

% 2 . d e f i n i n g two f l a g s to determine the f low o f program :

p e r s i s t e n t f l a g ; p e r s i s t e n t i n i t_ f l a g ;

% 3 . d e f i n i n g the components o f RK4 algor i thm f o r each s t a t e :

p e r s i s t e n t v1_x1 ; p e r s i s t e n t v2_x1 ; p e r s i s t e n t v3_x1 ; p e r s i s t e n t v4_x1 ;
p e r s i s t e n t v1_x2 ; p e r s i s t e n t v2_x2 ; p e r s i s t e n t v3_x2 ; p e r s i s t e n t v4_x2 ;
p e r s i s t e n t v1_x3 ; p e r s i s t e n t v2_x3 ; p e r s i s t e n t v3_x3 ; p e r s i s t e n t v4_x3 ;
p e r s i s t e n t v1_x4 ; p e r s i s t e n t v2_x4 ; p e r s i s t e n t v3_x4 ; p e r s i s t e n t v4_x4 ;
p e r s i s t e n t v1_x5 ; p e r s i s t e n t v2_x5 ; p e r s i s t e n t v3_x5 ; p e r s i s t e n t v4_x5 ;
p e r s i s t e n t v1_x6 ; p e r s i s t e n t v2_x6 ; p e r s i s t e n t v3_x6 ; p e r s i s t e n t v4_x6 ;
p e r s i s t e n t v1_x7 ; p e r s i s t e n t v2_x7 ; p e r s i s t e n t v3_x7 ; p e r s i s t e n t v4_x7 ;
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p e r s i s t e n t v1_x8 ; p e r s i s t e n t v2_x8 ; p e r s i s t e n t v3_x8 ; p e r s i s t e n t v4_x8 ;
p e r s i s t e n t v1_x9 ; p e r s i s t e n t v2_x9 ; p e r s i s t e n t v3_x9 ; p e r s i s t e n t v4_x9 ;
p e r s i s t e n t v1_x10 ; p e r s i s t e n t v2_x10 ; p e r s i s t e n t v3_x10 ; p e r s i s t e n t v4_x10 ;

% 4 . d e f i n i n g the va lue s o f output in the mid−po in t s
% where s t a t e s are not updated :

p e r s i s t e n t y_middle ; p e r s i s t e n t f_middle ;

% 5 . d e f i n i n g the va lue s o f the c o n t r o l l e r parameters :

T=1/(120∗60); %d i s c r e t e step−time
K=200; %resonant f i l t e r ga in
a=2; %extremum−s e ek ing per turbat i on amplitude
K_ecs=−125000; %extremum−s e ek ing gain
wn_b = 2∗ pi ∗120 ; %extremum−s e ek ing notch f i l t e r resonant f requency
z i g = 2 ; % extremum−s e ek ing notch f i l t e r damping f a c t o r
z i g1 = 0 . 1 ; %the damping f a c t o r o f f i r s t harmonic damping notch f i l t e r
z i g2 = 0 . 1 ; %the damping f a c t o r o f second harmonic damping notch f i l t e r

% 6 . I n i t i a l i z a t i o n o f v a r i a b l e s :

i f isempty ( x1 )
x1 = 0 ;

end
i f isempty ( x2 )

x2 = 0 ;
end
i f isempty ( x3 )

x3 = 60 ;
end

. . .

i f isempty ( x10 )
x10 = 0 ;

end
i f isempty ( f l a g )

f l a g = 0 ;
end
i f isempty ( i n i t_ f l a g )

i n i t_ f l a g = 1 ;
end
i f isempty (v1_x1)

v1_x1 = 0 ;
end
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i f isempty (v1_x2)
v1_x2 = 0 ;

end
i f isempty (v1_x3)

v1_x3 = 0 ;
end

. . .

i f isempty ( v1_x10 )
v1_x10 = 0 ;

end

. . .

i f isempty (v4_x9)
v4_x9 = 0 ;

end
i f isempty ( v4_x10 )

v4_x10 = 0 ;
end
i f isempty ( y_middle )

y_middle = 0 ;
end
i f isempty ( f_middle )

f_middle = 0 ;
end

% The adapt ive resonant f requency o f harmonic damping notch f i l t e r s :
omg1 = 2∗ pi ∗x3 ∗2 ;
omg2 = 2∗ pi ∗x3 ∗3 ;

% 7 . Est imation o f Next s t a t e s :

i f ( f l a g==0) %i f i t i s not a mid−po int c a l c u l a t i o n
i f ( i n i t_ f l a g==1) %i f i t i s i n i t i a l i z a t i o n

y = x2 ;
f = abs ( x3 ) ;
y_middle = y ;
f_middle = f ;

v1_x1 = x2 ;
v1_x2 = (u−x2−x10−x8 )∗K−x1 ∗(2∗ pi ∗( x3+a∗ s i n ( x6 ) ) ) ^ 2 ;
v1_x3 = 2∗ ( (u−x2−x10−x8)^2−x5 )∗ s i n ( x6 )∗K_ecs ;
v1_x4 = x5 ;
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v1_x5 = 2∗ z i g ∗wn_b∗(u−x2−x10−x8 )^2 − wn_b∗wn_b∗x4 − 2∗ z i g ∗wn_b∗x5 ;
v1_x6 = 2∗ pi ∗500 ;
v1_x7 = x8 ;
v1_x8 = z ig2 ∗omg2∗(u−x2−x10)−omg2∗ z i g2 ∗x8−omg2∗omg2∗x7 ;
v1_x9 = x10 ;
v1_x10 = z ig1 ∗omg1∗(u−x2)−omg1∗ z i g1 ∗x10−omg1∗omg1∗x9 ;

e l s e i f ( i n i t_ f l a g==0) %i f i t i s not i n i t i a l i z a t i o n
y = x2 ;
f=abs ( x3 ) ;
y_middle = y ;
f_middle = f ;

%l a s t component o f rk4 i s c a l c u l a t ed :

v4_x1 = x2+T∗v3_x2 ;
v4_x2 = (u−(x2+T∗v3_x2)−(x10+T∗v3_x10)−(x8+T∗v3_x8 ) )∗K

−(x1+T∗v3_x1 )∗ (2∗ pi ∗ ( ( x3+T∗v3_x3)+a∗ s i n ( x6+T∗v3_x6 ) ) ) ^ 2 ;
v4_x3 = 2∗ ( (u−(x2+T∗v3_x2)−(x10+T∗v3_x10)−(x8+T∗v3_x8 ))^2

−(x5+T∗v3_x5 ) )∗ s i n ( x6+T∗v3_x6)∗K_ecs ;
v4_x4 = x5 + T∗v3_x5 ;
v4_x5 = 2∗ z i g ∗wn_b∗(u−(x2+T∗v3_x2)−(x10+T∗v3_x10)−(x8+T∗v3_x8 ))^2

− wn_b∗wn_b∗( x4+T∗v3_x4) − 2∗ z i g ∗wn_b∗( x5+T∗v3_x5 ) ;
v4_x6 = 2∗ pi ∗500 ;
v4_x7 = x8+T∗v3_x8 ;
v4_x8 = z ig2 ∗omg2∗(u−(x2+T∗v3_x2)−(x10+T∗v3_x10 ) )

−omg2∗ z i g2 ∗( x8+T∗v3_x8)−omg2∗omg2∗( x7+T∗v3_x7 ) ;
v4_x9 = x10+T∗v3_x10 ;
v4_x10 = z ig1 ∗omg1∗(u−(x2+T∗v3_x2))−omg1∗ z i g1 ∗( x10+T∗v3_x10 )

−omg1∗omg1∗( x9+T∗v3_x9 ) ;

% s t a t e s are updated :
x1 = x1 + (T/6)∗ ( v1_x1+2∗v2_x1+2∗v3_x1+v4_x1 ) ;
x2 = x2 + (T/6)∗ ( v1_x2+2∗v2_x2+2∗v3_x2+v4_x2 ) ;
x3 = x3 + (T/6)∗ ( v1_x3+2∗v2_x3+2∗v3_x3+v4_x3 ) ;
x4 = x4 + (T/6)∗ ( v1_x4+2∗v2_x4+2∗v3_x4+v4_x4 ) ;
x5 = x5 + (T/6)∗ ( v1_x5+2∗v2_x5+2∗v3_x5+v4_x5 ) ;
x6 = x6 + (T/6)∗ ( v1_x6+2∗v2_x6+2∗v3_x6+v4_x6 ) ;
x7 = x7 + (T/6)∗ ( v1_x7+2∗v2_x7+2∗v3_x7+v4_x7 ) ;
x8 = x8 + (T/6)∗ ( v1_x8+2∗v2_x8+2∗v3_x8+v4_x8 ) ;
x9 = x9 + (T/6)∗ ( v1_x9+2∗v2_x9+2∗v3_x9+v4_x9 ) ;
x10 = x10 + (T/6)∗ ( v1_x10+2∗v2_x10+2∗v3_x10+v4_x10 ) ;

% the f i r s t component o f the next−s t a t e i s c a l c u l a t ed :

v1_x1 = x2 ;
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v1_x2 = (u−x2−x10−x8 )∗K−x1 ∗(2∗ pi ∗( x3+a∗n∗ s i n ( x6 ) ) ) ^ 2 ;
v1_x3 = 2∗ ( (u−x2−x10−x8)^2−x5 )∗ s i n ( x6 )∗K_ecs ;
v1_x4 = x5 ;
v1_x5 = 2∗ z i g ∗wn_b∗(u−x2−x10−x8 )^2 − wn_b∗wn_b∗x4 − 2∗ z i g ∗wn_b∗x5 ;
v1_x6 = 2∗ pi ∗500 ;
v1_x7 = x8 ;
v1_x8 = z ig2 ∗omg2∗(u−x2−x10)−omg2∗ z i g2 ∗x8−omg2∗omg2∗x7 ;
v1_x9 = x10 ; %f i r s t notch from the u−x2
v1_x10 = z ig1 ∗omg1∗(u−x2)−omg1∗ z i g1 ∗x10−omg1∗omg1∗x9 ;

e l s e
y=0;
f =0;

end
e l s e i f ( f l a g==1) % i f i t i s mid−po int c a l c u l a t i o n

y = y_middle ; %output va lue s are kept
f = f_middle ;

v2_x1 = x2+(T/2)∗v1_x2 ;
v2_x2 = (u−(x2+(T/2)∗v1_x2)−(x10+(T/2)∗v1_x10)−(x8+(T/2)∗v1_x8 ) )∗K

−(x1+(T/2)∗v1_x1 )∗ (2∗ pi ∗ ( ( x3+(T/2)∗v1_x3)
+a∗ s i n ( x6+(T/2)∗v1_x6 ) ) ) ^ 2 ;

v2_x3 = 2∗ ( (u−(x2+(T/2)∗v1_x2)−(x10+(T/2)∗v1_x10)−(x8+(T/2)∗v1_x8 ))^2
−(x5+(T/2)∗v1_x5 ) )∗ s i n ( x6+(T/2)∗v1_x6)∗K_ecs ;

v2_x4 = x5 + (T/2)∗v1_x5 ;
v2_x5 = 2∗ z i g ∗wn_b∗(u−(x2+(T/2)∗v1_x2)−(x10+(T/2)∗v1_x10 )

−(x8+(T/2)∗v1_x8 ))^2 − wn_b∗wn_b∗( x4+ (T/2)∗v1_x4)
− 2∗ z i g ∗wn_b∗( x5+(T/2)∗v1_x5 ) ;

v2_x6 = 2∗ pi ∗500 ;
v2_x7 = x8+(T/2)∗v1_x8 ; %second notch to the pr
v2_x8 = z ig2 ∗omg2∗(u−(x2+(T/2)∗v1_x2)−(x10+(T/2)∗v1_x10 ) )

−omg2∗ z i g2 ∗( x8+(T/2)∗v1_x8)−omg2∗omg2∗( x7+(T/2)∗v1_x7 ) ;
v2_x9 = x10+(T/2)∗v1_x10 ;
v2_x10 = z ig1 ∗omg1∗(u−(x2+(T/2)∗v1_x2))−omg1∗ z i g1 ∗( x10+(T/2)∗v1_x10 )

−omg1∗omg1∗( x9+(T/2)∗v1_x9 ) ;

v3_x1= x2+(T/2)∗v2_x2 ;
v3_x2 = (u−(x2+(T/2)∗v2_x2)−(x10+(T/2)∗v2_x10)−(x8+(T/2)∗v2_x8 ) )∗K

−(x1+(T/2)∗v2_x1 )∗ (4∗ pi ∗ pi ∗ ( ( x3+(T/2)∗v2_x3)
+a∗ s i n ( x6+(T/2)∗v2_x6 ) ) ) ^ 2 ;

v3_x3 = 2∗ ( (u−(x2+(T/2)∗v2_x2)−(x10+(T/2)∗v2_x10)−(x8+(T/2)∗v2_x8 ))^2
−(x5+(T/2)∗v2_x5 ) )∗ s i n ( x6+(T/2)∗v2_x6)∗K_ecs ;
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v3_x4 = x5 + (T/2)∗v2_x5 ;
v3_x5 = 2∗ z i g ∗wn_b∗(u−(x2+(T/2)∗v2_x2)−(x10+(T/2)∗v2_x10 )

−(x8+(T/2)∗v2_x8 ))^2 − wn_b∗wn_b∗( x4+ (T/2)∗v2_x4)
− 2∗ z i g ∗wn_b∗( x5+(T/2)∗v2_x5 ) ;

v3_x6 = 2∗ pi ∗500 ;
v3_x7 = x8+(T/2)∗v2_x8 ;
v3_x8 = z ig2 ∗omg2∗(u−(x2+(T/2)∗v2_x2)−(x10+(T/2)∗v2_x10 ) )

−omg2∗ z i g2 ∗( x8+(T/2)∗v2_x8)−omg2∗omg2∗( x7+(T/2)∗v2_x7 ) ;
v3_x9 = x10+(T/2)∗v2_x10 ;
v3_x10 = z ig1 ∗omg1∗(u−(x2+(T/2)∗v2_x2))−omg1∗ z i g1 ∗( x10+(T/2)∗v2_x10 )

−omg1∗omg1∗( x9+(T/2)∗v2_x9 ) ;
e l s e

y=0;
f =0;

end

% 8 . Change the f l a g to c a l c u l a t e mid−po in t s /main−po in t s in
% the next computation cy c l e :

i f ( f l a g==1)
f l a g =0;

e l s e i f ( f l a g==0)
f l a g =1;

end

% 9 . Turn o f f the i n i t i a l i z a t i o n f l a g a f t e r one computation step−time :

i f ( i n i t_ f l a g==1)
i n i t_ f l a g =0;

end
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