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Abstract
This thesis explores the concept of relying on grid impedance to act as a filter for a single-phase
photovoltaic (PV) inverter system. The prospect of this idea implies the possible removal of the
inverter filter. For this system without the inverter filter, a voltage sensor-less design is proposed,
relying on the inverter current and a PQ reference. The prospect of removing the inverter filter
removes stability concerns associated with this component. The control for this system also
avoids implementing a phase locked loop (PLL), a component that also has stability concerns. In
this thesis, this novel controller with current feedback utilizing voltage reference for grid
synchronization is presented. By not implementing the filter or the PLL, a more stable system
can be implemented. With this controller, sinusoidal current is obtained by relying only on the
grid side. Simulation results are provided to show the capability of the proposed controller of
decoupling the output real and reactive power and synchronizing with fluctuations of grid
frequency.
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1. Chapter 1 Introduction and Background
In this chapter, the motivation for innovation in sustainable energy is introduced. Next, the basic
operation of a PV inverter is reviewed. Then, the motivation for and contents of related work is
discussed. Finally, the research goal and methodology are defined.

1.1

Introduction: Sustainable Demand

Photovoltaic (PV) power has become popular in recent years as the demand for sustainable
power sources increases [1]. Figure 1-1 displays the rapid growth in PV power generation in
recent years. Unfortunately, PV power generation is not a consistent supply. The power output is
dependent on environmental variables, such as sunlight, that cannot be controlled. To incorporate
photovoltaic power sources into the power grid means that there must be a reliable and accurate
control system in place to prevent potential power losses from grid instability [2].
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Figure 1-1: PV power generation over time [1]

Even though PV power usage is rapidly increasing, it only makes up a small part of the total
energy produced globally. In 1990, sustainable power sources made up only 0.42 percent of the
world’s energy production. This increased to 1.5% by 2015 [1]. Figure 1-2 displays the disparity
between sustainable power usage and other energy sources.
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Figure 1-2: Energy supply by source over time [1]

1.2

Background and Project Scope

1.2.1 Photovoltaic Inverter Overview
The PV inverter has three main components: DC voltage boost, DC to AC inversion, and grid
current control. The DC boost, done via a DC-DC boost converter, is needed because the PV
module will produce a very low DC voltage which must be boosted to a higher voltage for grid
applications. Since PV power generated is DC and the grid requires AC power, the power
generated must be inverted from DC to AC power. To satisfy the standard defined regarding the
quality of power being injected to the grid, grid current control is required. There is some control
loop implemented to drive the inverter’s behavior to satisfy this quality standard. The research
for this thesis focuses on the DC-AC inversion and the grid synchronization. The operation of
these components is broken down.
The standard inverter design involves an H-bridge configuration of switches that invert the DC
voltage to AC through pulse-width modulation (PWM) control. Figure 1-3 displays the typical
configuration. The DC input in the figure is representative of the DC power supplied through PV
power generation after it has been boosted. The DC voltage conversion to AC is accomplished
through the timing of the switches, which is determined in the inverter’s control loop.
In the control loop implemented to satisfy the requirement for grid current control, there is a
reference voltage. This signal is a representation of the desired output of the inverter. Putting this
reference voltage through a comparator against a triangular waveform is what generates the
PWM. Every time the reference voltage and the triangular waveform cross is a signal for the
switches to toggle.
4

Figure 1-3: Simulink setup for H-bridge inverter

Following the PWM, the voltage is not yet a sinusoid. Filtering is what turns it into the desired
sinusoidal output. This filter is typically implemented in the form of an LCL filter, as seen above
in Figure 1-3. The voltage before and after filtering is seen below in Figures 1-4 and 1-5.
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Figure 1-4: Voltage output of inverter before filtering

Figure 1-5: Voltage output of inverter after filtering

With a grid tied inverter, the inverter output must be synchronized with the grid voltage. This
means that the reference waveform should have a phase angle that corresponds appropriately to
the grid’s phase based on the control system implemented. This is how the power quality
standard for the power injected to the grid by the inverter is satisfied. Unfortunately, the grid
phase is not a fixed value as fluctuations to the load can cause the grid phase to shift. The
simplest solution to this is instead of having a fixed value in the control system, the grid voltage
is measured with a voltage sensor, so the grid phase is always known. A phase locked loop
(PLL) is a common control method used for this application.
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1.2.2 Related Work and the Desire for Simplification
With such a high demand for PV power, it may seem strange that it still only makes up a tiny
part of the world’s energy supply (see Figure 1-2). The key roadblocks for the implementation of
PV power has been costs and efficiency and reliability issues. The recent, sudden increase in PV
power generation has been due to innovations addressing these issues in PV power systems.
Stability concerns are always present in grid-tied systems; however, they are particularly
worrisome with photovoltaic systems. The inconsistent power supply paired with a high
frequency switching mechanism means that a PV system must be well controlled to be connected
to the grid. As PV power systems are very complex, there are many levels at which
improvements can be made. Over the past several years, there have been numerous studies [4] [18] on the different improvements that can be made.
Several studies [4] – [7] have focused on how cost reductions can be made by analyzing one part
or one application of the system. For example, focusing on the effects of reactive power on the
lifespan of an inverter [5]. Or, focusing on the magnetic components and how materials can be
better selected to improve efficiency and reduce manufacturing costs [6]. Of course, there are
even more studies [8] – [16] that try to improve on the inverter for PV applications without
diving into the cost analysis. Through improving efficiency or simplicity of the system, these
studies are also paving the way to more accessible PV power. When looking for ways to do this,
there appears to be a large focus on the inverter’s LCL filter.
Many studies [4], [12] – [16] focus on how to improve on the PV inverter through the filter. One
concentration is the component selection for the LCL filter [4]. Component selection for the
filter is a high priority as the inductors involved are bulky, magnetic components that have a big
impact on the efficiency of the entire system [6]. For this reason, there are many approaches
suggested to proper component selection for the filter [4], [12], [13]. While the LCL filter has
become a common device for PV inverters, it has resonance characteristics that can be harmful to
the system [16]. This is another reason why component selection for the filter must be done so
carefully. Some studies accept this is something that must be worked around and propose control
methods that account for this drawback of the filter [14], [15]. One example proposes a
simplified feedback linearization control strategy as a possible simplification of the inverter
control system but must acknowledge that incorporating the LCL filter brings a lot of unwanted
complexity to a linear control method [14]. The cause of this complexity is the necessary
attenuation of the harmonic resonance caused by the filter. Research has been done specifically
on the impacts of this harmonic resonance on distribution systems [16]. LCL filters cause
harmonic resonance problems that are particularly harmful to closed-loop control systems, which
is a typical control method for PV inverters [16].
As stated previously, stability issues are a concern for PV systems. Studies have shown that the
LCL filter used to filter the inverter output can introduce more stability concerns. When
researching other causes of stability issues, it has been found that the PLL can also introduce
stability issues [17] – [18]. If there is a weak grid, the PLL can cause a low order harmonics
issue through generating an unwanted admittance. When implementing the PLL with any
inverter system, the design must always take into account these affects caused by the PLL.
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1.2.3 Research Goal and Methods
As current research shows, the LCL filter and the PLL implemented in the PV grid-tied system
introduce stability concerns into the system Due to the harmonic resonance issues the LCL filter
can introduce to the system, many studies try to design control systems for the PV inverter that
account for this [12] – [15]. This can result in the control system being much more complex than
it would be without the filter [16]. The same is seen with the PLL [17] – [18].
Recall that the purpose of the inverter filter is to filter the PWM inverter output into the desired
sinusoidal waveform. However, the grid itself may be assumed to have an impedance capable of
doing this filtering. If the output of the inverter without filtering could be used as a reference,
then the LCL filter might not be necessary. Unfortunately, the issue here is the voltage output of
the inverter is still a PWM waveform without filtering. A PWM waveform cannot be used as a
reference for the control loop. However, the current output of the inverter, iL, is a sinusoidal
waveform without filtering. This means that if a control method relying on the inverter current
can be devised, with a sufficient grid impedance the LCL filter may not be necessary. This also
means that voltage sensor would no longer be required, thus resulting in a voltage sensor-less
design.
The goal of this project is to design a control system that can implement the same quality of
control without implementing the inverter filter or the PLL. The efforts involved include
simplifying the traditional DC-AC inverter by removing the inverter-side filter, removing the
output voltage sensor, and developing a new control method that relies only on current feedback
while maintaining the same functionalities as conventional control. This novel control will not
implement PLL or the inverter LCL filter, avoiding the instability issues that can accompany
them both. This will be accomplished through devising a control strategy and simulating it in the
MATLAB Simulink environment. The results of the control method will be analyzed to verify
the quality of the control method.
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2. Chapter 2 Grid Tied Inverter Control
This chapter goes over the operation of a grid tied inverter and how control is implemented for it.
The grid phase and the control method employed are two of the most important parts of a grid
tied inverter. Understanding how the two are connected and the significance is essential to
designing a control scheme. This chapter also covers the grid impedance, as the control scheme
being developed relies on it behaving in a certain way. At the end of the chapter the new control
scheme is introduced.

2.1

Grid Phase

As mentioned previously the output of the grid-tied inverter must be synchronized with the grid.
If it is not, the inverter output can seriously damage the quality of the power on the grid by
distorting the current. Figures 2-1 and 2-2 below compare the output of an inverter with grid
synchronization and the output without.

Figure 2-1: Inverter current output with vref in sync with grid
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Figure 2-2: Inverter current output with vref out of sync with grid

The figures above show the effects of the reference phase on the power output of the inverter.
Showing the difference between the real and reactive power injected into the grid further
demonstrates this.

Figure 2-3: Real and reactive power with vref in sync with grid
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Figure 2-4: Real and reactive power with vref out of sync with grid

For the system without grid synchronization, the real power measurement is seen to be hugely
negative, and the current magnitude is so much larger than it should be that it would likely cause
damage and reduce the lifetime of the system. This stresses the importance of having a reliable
control system that can update the reference phase as needed. It is important to remember that
with a PV system both the DC power supplied and the grid load may fluctuate with the
environmental and demand fluctuations at play, so a constant value in the control will not do the
job.

2.2

Conventional Control

To have a reliable control system for a PV inverter, the grid phase typically needs to be known
so that the inverter output can be synchronized with it. This typically means employing a voltage
sensor or using a very accurate method of estimating the grid phase. When opting for the latter
option, it needs to be a recurring calculation, as the grid phase will not be a constant value. Due
to the importance of the reference phase being consistent with the grid phase, many control
methods opt for a voltage sensor. The most common control method implemented for the PV
inverter is with a phase locked loop (PLL). This is because a PLL generates an output with a
phase relating to its input. Figure 2-5 below displays the basic operation of a PLL control loop.
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Figure 2-5: Generic PLL Block Diagram

The measurement taken with the voltage sensor at the grid voltage is the input into the PLL
control system. This measurement is compared against the reference being used to generate the
PWM. Any discrepancies between the phases is determined here. The controller then needs to
adjust the reference according to this discrepancy. The reference is continuously fed back to be
compared and adjusted as needed so that the reference is as accurate as possible. If there is any
kind of shift in the grid phase, this feedback loop allows for the reference to be updated
accordingly. Figure 2-6 below displays a common control loop for the PV inverter.

Figure 2-6: General PV inverter control

As seen in the schematic above, the PLL produces an angle difference, , which is distributed
through the control system. This value is the difference between the grid phase and the reference
phase, or the amount of error between the reference and the phase. The value is then sent through
some kind of controller that creates a modified reference based on this error. How this is done
exactly varies depending on the control scheme. There are many different controllers and designs
that have been tried.
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While the PLL is a simple concept to ensure grid synchronization, the stability concerns that
accompany it introduces complexity. Due to the low-order harmonic oscillations the PLL may
introduce to the grid, there must be counter measures put in place. Some research focuses on how
to track and address these issues that accompany the PLL [17], [18]. The short circuit ratio
(SCR) is one verification method introduced [17]. Increasing the bandwidth of the PLL is what
can lead to these stability issues; however, having a having a larger PLL bandwidth is
advantageous as it improves the inverter response. Relying on the SCR to know to know when
the grid is strong enough to handle the larger PLL bandwidth is one method of handling these
concerns [17]. Developing a control system that does not rely on PLL allows for avoiding the
stability concerns without sacrificing performance or adding complexity to the system.

2.3

Grid Impedance

The basis of the proposed control method is on the grid impedance being capable of filtering out
the high frequency components of the inverter output. There are several concerns with this
assumption, particularly the fact that the grid impedance is not a constant value, but instead
varies based on the operating conditions of the grid. To rely on the grid impedance as a filter, this
impedance must be large enough.
The grid impedance itself comes from the transformer and transmission line. There is a winding
resistance RT and a leakage reactance XT. When the output of the inverter goes to the grid, a
transformer will be required to put it onto the grid. The inverter output will have to go across this
impedance, Zg. Figure 2-4 below displays the basic idea here.

Figure 2-7:Transformer and transmission line impedance

A value typically related to the grid impedance is the short circuit ratio (SCR). The short circuit
ratio is a value that can be calculated for any moment on the grid. The SCR is inversely related
to the reactance, or:
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Due to this relationship, a large SCR indicates a small impedance, and a small SCR indicates a
large impedance. The significance of the SCR value is it distinguishes between a strong or weak
grid. A large SCR is associated with a strong grid while a small SCR is associated with a weak
grid. The proposed control relies on the grid impedance to be large enough, which can also be
thought of as the SCR being small enough. If the grid is too strong the control will fail from the
impedance being too small. A concern here is that if the grid is too weak, connecting the PV
inverter could potentially lead to transients, oscillations, and grid instability. This was seen when
the SCR was discussed in a PLL study [17]. In that study, if the PLL bandwidth was too large
and the SCR was too small (ie the grid was too weak) the PLL would cause grid instability.
The strength of the grid indicated by the SCR is a measure of the grid’s ability to maintain its
voltage when reactive power is injected [19]. One way to combat this is to ensure that the
inverter control has a way to control the reactive power output. This idea is explored with the
proposed control method. It should also be noted that the necessary grid impedance does not
have to be extremely large, so the grid does not need to be weak to have a sufficient impedance.
Typical operating conditions of the grid should allow for an appropriate grid impedance to be
present. Looking at research on the topic, an SCR may be assumed to be 20, which translates to a
per-unit grid impedance of 5% [20]. Typically, a grid-connected inverter is required to work
stably in all the conditions when the grid impedance varies from zero to 10% per-unit, which
corresponds to a short circuit ratio of 10 [21]. For the scope of this thesis, the grid impedance
will be assumed to be sufficient, however, addressing when the grid impedance drops to being
too small is an ongoing consideration as this new research is explored.

2.4

Proposed Control Method

The proposed control method involves two components:
1. Current Control Loop
2. PQ Reference
The current control loop is where the inverter current measurement is used to generate an
appropriate vref. The PQ reference is used to control the real and reactive power output to the
grid. For a system where there is purely real power, the current and voltage are perfectly in phase
with each other and the following control loop may be used:

Figure 2-8: Current Control Loop
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The PQ reference is added to the control in a way so that the inverter current is still used
appropriately, and a reference voltage is produced that correlates to the real and reactive power
demands of the grid. Figure 2-9 below displays the high-level concept of the control system.

Figure 2-9: PQ Control Loop

As shown above, the inverter current and the reference voltage produced are used to calculate P
and Q values for what the inverter is injecting to be compared against the desired values, P* and
Q*. The details of how each component of the control system operates are further broken down
in the next chapter.
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3. Chapter 3 Control Design
In the following sections, several control loops will be presented, and their operation broken
down. For each control loop, there is a reference vref generated that is fed into a comparator to
generate the PWM for the inverter switches. The comparator and the inverter itself are not shown
since the primary focus is the control loop.

3.1

Current Control

3.1.1 Basic Current Loop Control
The current control is the first step to no longer needing a voltage sensor and potentially
removing the inverter filter. The most basic loop shown in Figure 2-8 in Chapter 2 operates as
though the current and the voltage have the same phase. When there is little to no reactive power,
this works well as then the current phase is a realistic approximation of the grid phase. The
implementation of the control loop in the simulation is shown below in Figure 3-1.

Figure 3-1: Simulink current control loop schematic

The control loop above generates a vref based on the inverter current measurement iL. This vref is
fed back in the loop to be compared against iL. The difference between these two waveforms, ierr
is passed through a proportional integral (PI) controller to produce an updated vref. Since a
current measurement is used to directly produce vref, the control loop drives an output of the
current and voltage being in phase with each other.
3.1.2 Basic Current Loop Simulation
The major flaw with this control loop is that it is only capable of producing real power. When the
inverter is simulated with this control scheme, the vref is appropriately in phase with the grid
voltage.
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Figure 3-2: Top Waveform is vg, bottom waveform is vref

However, this control is not capable of producing a current of any other phase. Since the current
is assumed to be in phase with the grid in the control loop, it forces the current to follow this
behavior. The figure below shows the grid voltage and the inverter current measured together.

Figure 3-3: vgrid (blue) vs iL (red) for current control loop

The figure above clearly shows the current in phase with the grid voltage. The real and reactive
power measurements for this simulation are shown below.
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Figure 3-4: PQ for current control

The current control measurement shows 1149 W of real power and only 142 VAR of reactive
power. The apparent power for the current control measurement, Si , is expressed as:

Since the control loop was only injecting real power, the simulation produced more real power.
The small amount of reactive power is mainly caused by whatever impedance is present to filter
the inverter output.
From these simulation results, a control loop that assumed the current and the voltage to be in
phase with each other is seen to primarily inject real power. This shows that controlling the
current phase in this way has a direct link to the amount of real power being injected. This
observation introduces the idea of controlling the amount of real and reactive power injected to
the grid through this control loop.

3.1.3 Current Control with Real and Reactive Power Control
Being able to control the amount of real and reactive power injected to the grid could be a
potential solution to the concern of injecting too much reactive power to a weak grid. The
original current control loop is modified to the following:
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Figure 3-5: Current control loop with PQ aspect added

This operation of this control scheme is split into 3 main parts. They are highlighted below in
different colors.
Blue: Original Current Control Loop
Red: Reactive Power Component
Green: Real Power Component

Figure 3-6: New control with different parts distinguished
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In the control loop there are two switches. One in the reactive power section, the other in the real
power section. Until 0.1 seconds have passed, the reactive power switch has an output of 0 and
the real power switch has an output of 1. This means that until 0.1 seconds have passed, the
inverter operates the same as it did with the basic current control loop. Essentially, until the 0.1
second mark, only the blue part of the control is implemented, driving an output of the current
and voltage being in phase with each other. After this time has passed, the reactive power switch
gradually changes to having on output of 0.8 and the real power switch gradually changes to
have an output of 0.6.

Figure 3-7: Real and reactive switch outputs over time

The controller is changing from only injecting real power to adding some reactive power. This is
done with the section highlighted in red where a cosine wave is added to the reference. Before
the 0.1 second mark the red section had an output of 0, now it outputs a cosine wave with a
magnitude of 0.8. This cosine wave is the reactive power waveform. To inject reactive power
there will be less real power, so the magnitude of the sine wave that is the reference must be
reduced. This is done in the section highlighted in green. It used to have an output of 1, which
when multiplied against the reference had no effect. Now, it has an output of 0.6, which reduces
the magnitude of the sine wave. This sine wave is the real power waveform. The figures below
show the sine and cosine waveforms before and after they are added together.
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Figure 3-8: Reactive and real power waveforms

Figure 3-9: Sum of real and reactive power waveforms

The sum of these two waveforms is what is compared against the current measurement to create
the vref. It is in this way that the amount of real and reactive power being injected to the grid by
the inverter can be changed. The next section goes into further detail about this simulation.

3.1.4 Current Control with Real and Reactive Power Simulation
The previous section broke down the operation of the control loop and how it uses the sum of
sine and cosine waveforms to change the amount of real and reactive power being injected to the
grid. Now, the results of the simulation will be analyzed. In the beginning of the simulation, the
inverter is only injecting real power to the grid, so the current and voltage waveforms should be
in phase. Then, at the 0.1 second mark, the control changes so that some reactive power is now
21

being injected. This means that the current and voltage waveforms should no longer be perfectly
in phase with one another. This shift is seen in Figure 3-10.

Figure 3-10: vgrid (red) vs iL (blue) for current control loop

This image shows that at the 0.1 second mark, the current shifts from being in phase with the
voltage to being out of phase with the voltage. The magnitude of the current also increases. This
increase in current magnitude is due to an increase in the apparent power that comes with adding
some reactive power. This can be verified by looking at the real and reactive power
measurements in this simulation.

Figure 3-11: PQ for Current Control with Real and Reactive Power
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As expected, the value for the real power decreased and the value for the reactive power
increased after the 0.1 second mark since reactive power is now being injected to the grid. The
values before and after the switch are recorded below, were P1, Q1 are before 0.1 seconds and P2,
Q2 are after.
,
,
The apparent power before and after 0.1 seconds can be expressed as:
,
,
The increase in the apparent power explains why the magnitude of the current increased with the
addition of reactive power. These results verify that the control successfully controls the amount
of real and reactive power being injected to the grid. However, the values in this simulation are
fixed, and the control parameters have been selected for this specific case. The final desired
operation of the control would be for real and reactive power values desired to be sent to the
control loop and the inverter is able to adjust accordingly.

3.2

PQ Reference

The control loop that determines the reference for the inverter PWM is referred to as the inner
control loop. In the PV system, there is also an outer control loop responsible for managing other
parts of the system. This outer loop provides some information to the inner loop that can be used
in the controller design. Two pieces of data that are typically supplied are references to the real
and reactive power demand from the grid, otherwise known as a PQ reference. The amount of
real and reactive power wanted at any given time is not a constant value, therefore the control
system cannot rely on constant values for this. While the ability to change the amount of real and
reactive power being injected was verified in the previous section, the control loop relying on a
non-constant PQ reference has not yet been finalized. The work presented for this in the
following sections shows the progress for this implementation and highlights the areas that need
improvement.

3.2.1 PQ Reference Control
The implementation for this control was first shown at the end of chapter 2 and is shown again
below in Figure 3-17.
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Figure 3-12: High Level PQ ref control

P* and Q* are the real and reactive power values provided from the PQ reference. P and Q are
the real and reactive power values derived from the current, iL, and the reference vref. The
difference between P and P* is the error between the real power wanted and the amount being
injected to the grid. The same is true for the difference between Q and Q* regarding reactive
power. This error is sent to a PI controller which generates an output based on the error and the
control parameters selected. The real power side is multiplied by a sine wave, and the reactive
power is multiplied by a cosine wave. These two waveforms are added together to create a
sinusoid that can control the current. Adding the sine and cosine waveforms together here is the
same concept applied in the previous control scheme, only now there is a feedback for the P and
Q values. This feedback is so the outer control loop can change the desired amount of real and
reactive power to be injected by changing the PQ reference, and the controller will adjust its
behavior appropriately.
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3.2.2 PQ Reference Control Simulation
The final control loop for the simulation is shown in Figure 3-16 below.

Figure 3-13: PQ Reference Control Loop

For clarification, certain parts of the loop have been highlighted in different colors to break down
what is going on.
Blue: Current control and feedback loop
Green: Real power, P, section
Red: Reactive power, Q, section
Yellow: Extra elements that should not be in design

Figure 3-14: PQ reference control loop with different sections distinguished

The blue section is essentially the current control loop, only now the feedback is not just the
reference. Now iL and vref are used to generate a new P and Q which are the values fed back into
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the loop. The real power section (green) involves the comparison between the desired value, P*,
and the reference value P. The reactive power section (red) is the same as the real power section
but with Q* and the reference Q. The major discrepancy between this control loop and the highlevel concept shown in Figure 3-17 are the sections highlighted in yellow. These were elements
that had to be added for the simulation to work. These added portions include a gain of 0 on the
reactive power branch. This effectively cancels out the feedback part for the reactive power. On
the real power branch, the yellow section involves a switch that outputs an initialization value
until 0.05 seconds have passed, at which point it switches to the output of the real power
feedback loop. A preset value had to be added to the output of the PI controller which is the sum
seen in the yellow section.
Since the reactive power branch has the gain of zero, the inverter should theoretically only be
injecting real power to the grid. So, the values for P and Q should be similar to the current
control loop simulation. The PQ measurement for this simulation is shown in Figure 3-18 below:

Figure 3-15: PQ measurement

Clearly there is some disturbance when the control switches from initialization values to
feedback loop values at 0.05 seconds, but the measurements after this when the waveform has
stabilized will be the focus. At the 0.15 second mark, the values for P and Q are the following:

The values for P and Q for current control loop were 1149 W of real power and 142 VAR of
reactive power. There is a significant difference between these values, with there being an
overall power difference of 271 VA between the two simulations. To understand this decrease in
power, the current waveform is shown below.
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Figure 3-16: iL measurement

There is a clear change in magnitude at the 0.05 second mark that explains the decrease in
power, though the reason for it is not quite clear. After much debugging, the PI controller was
determined to be the root of the issue.

3.3

PI Controller

The PI controller is a device commonly implemented in control systems after an error between
the desired value and actual value has been calculated. The PI controller can keep track of the
past errors to see whether the system is getting closer to the target and adjusts its output
accordingly. For this reason, it was chosen to go in the control loop after each difference was
calculated. However, the PI controller is typically used in DC applications and is not intended for
AC applications. It is theorized that as a result of this short site with the PI controller, the final
PQ reference control could not operate as intended. However, as stated previously, the ability to
control the amount of real and reactive power injected with this control loop has already been
verified with previous simulations, and this is simply an area for further work to be done.

27

Chapter 4 Conclusion and Future Work
4.1

Conclusion

The research presented in this thesis establishes proof of concept for a reliable control loop for
the PV grid-tied inverter without the presence of the LCL filter or the PLL. As established,
removal of these components could significantly reduce stability concerns for the PV grid-tied
inverter and ease the implementation of PV modules into the grid. While relying on the grid
impedance to do the job of the inverter filter is still a research area to be further explored, a
control loop that can produce the desired output in this system has been shown to be possible.
From the simulation results, the amount of real and reactive power being injected to the grid by
the PV inverter is seen controlled with a control loop that uses the inverter current and a PQ
reference. Establishing this control accounts for stability concerns regarding injecting too much
reactive power to the grid, which indicates reliable control with this system that does not use the
LCL filter or the PLL. With an implementation that does not involve these components, a more
stable system can be expected.

4.2

Future Work

Future work will involve improving the control system. Alternative controllers to the PI
controller will be explored so that the final desired operation can be attained. Also, future work
will involve system modeling and stability analysis. This thesis served as a proof of concept of
removing the LCL filter, relying on the grid impedance, and developing the control loop, but
more research should be done into the stability and reliability of this system and comparing it to
the alternatives. For example, quantifying the risks associated with the use of the LCL filter and
PLL and quantifying the risks associated with relying on the grid impedance to act as the filter
and comparing those to see if this truly is a more stable and reliable implementation.
Also, this concept of relying on the grid impedance to do the job of the inverter filter is still very
open, and there is still a lot to learn and discover about this concept. Before a comparison can be
done between the risks associated with the proposed system and that involving the LCL filter and
the PLL, the risks must be identified. Another area would be whether we can use the SCR to
verify the grid impedance accurately and what to do when the grid impedance is too small. For
now, the impedance is assumed to be an appropriate value, but more research is needed in this
area.
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