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Abstract

Voltage source inverters (VSIs) are an essential interface for grid integration of renewable
energy resources. Grid-tied VSIs are employed in power grids to integrate distributed gener-
ation units, e.g. photovoltaic arrays, wind turbines and energy storage units, to the utility
and extract the maximum energy from the DG units in an efficient manner. However, the
stability of VSIs and by extension the entire DG system can be degraded under abnormal
grid conditions. In this dissertation, new control and switching techniques for stability and
power quality improvement of grid-tied VSIs under abnormal grid conditions are presented.
For grids with a low inertia and a low short-circuit ratio, commonly referred to as weak
grids, grid connection may make VSIs susceptible to voltage distortion and instability. In
this dissertation, through root locus analysis of a detailed state-space model, the design of
several circuit and control parameters of the grid-tied VSI are evaluated for improving sta-
bility in weak grids. It is shown that grid-side filter inductances can be increased for stable
operation of VSIs in weak grids. Accordingly, a virtual inductance emulating the effect of
an increased inductance in the grid-side filter is developed in this dissertation, which enables
stable operation of VSIs in weak grids without the tradeoffs, i.e. additional voltage drop,
increased cost and larger size, associated with a larger inductor. The virtual inductance
scheme is realized through the injection of a feedforward current element in the VSI con-
troller through a gain component. The measured grid currents, which are sensed for regular
VSI controller operation, are employed as the feedforward component eliminating the need
for any additional sensors for the utilization of this control scheme. Furthermore, a direct
model reference adaptive control (MRAC) scheme is employed in this dissertation to tune
the virtual inductance gain block according to a stable reference model for varying grid
conditions. The use of direct MRAC scheme allows tuning of the virtual inductance block

without the need for a plant parameter estimation stage. The virtual inductance scheme



enables stable operation of VSIs in weak grids without system parameter redesign, thereby
maintaining the steady-state performance of the system. The efficacy of the virtual induc-
tance feedforward scheme is verified through hardware tests carried out on a three-phase
grid-tied experimental setup. Along with extracting energy from the DG sources, grid-tied
VSIs are capable of providing various ancillary services to the utility under abnormal con-
ditions. However, providing ancillary services could drive the inverter voltages beyond the
linear modulation region resulting in grid current distortions, which could violate the require-
ments for grid integration of DGs. An atypical pulse width modulation (PWM) technique
is proposed in this dissertation, which maximizes the dc-bus utilization of VSIs, which in
turn enables the VSIs to supply the maximum extracted power from the DG units to the
grid when providing ancillary services while operating in the linear modulation region. The
switching scheme is realized by injecting common mode components in the PWM references,
computed based on instantaneous reference magnitudes. The proposed scheme is suitable
when providing both symmetrical and asymmetrical ancillary services. In this dissertation,
negative-sequence compensation and harmonic compensation are employed as instances of
symmetrical and asymmetrical ancillary services. The proposed scheme can be integrated
with any control scheme and carrier-based PWM combinations. The efficacy of the proposed

atypical PWM scheme is verified through both simulation and hardware tests.
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Voltage source inverters (VSIs) are an essential interface for grid integration of renewable
energy resources. Grid-tied VSIs are employed in power grids to integrate distributed gener-
ation units, e.g. photovoltaic arrays, wind turbines and energy storage units, to the utility
and extract the maximum energy from the DG units in an efficient manner. However, the
stability of VSIs and by extension the entire DG system can be degraded under abnormal
grid conditions. In this dissertation, new control and switching techniques for stability and
power quality improvement of grid-tied VSIs under abnormal grid conditions are presented.
For grids with a low inertia and a low short-circuit ratio, commonly referred to as weak
grids, grid connection may make VSIs susceptible to voltage distortion and instability. In
this dissertation, through root locus analysis of a detailed state-space model, the design of
several circuit and control parameters of the grid-tied VSI are evaluated for improving sta-
bility in weak grids. It is shown that grid-side filter inductances can be increased for stable
operation of VSIs in weak grids. Accordingly, a virtual inductance emulating the effect of
an increased inductance in the grid-side filter is developed in this dissertation, which enables
stable operation of VSIs in weak grids without the tradeoffs, i.e. additional voltage drop,
increased cost and larger size, associated with a larger inductor. The virtual inductance
scheme is realized through the injection of a feedforward current element in the VSI con-
troller through a gain component. The measured grid currents, which are sensed for regular
VSI controller operation, are employed as the feedforward component eliminating the need
for any additional sensors for the utilization of this control scheme. Furthermore, a direct
model reference adaptive control (MRAC) scheme is employed in this dissertation to tune
the virtual inductance gain block according to a stable reference model for varying grid
conditions. The use of direct MRAC scheme allows tuning of the virtual inductance block
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enables stable operation of VSIs in weak grids without system parameter redesign, thereby
maintaining the steady-state performance of the system. The efficacy of the virtual induc-
tance feedforward scheme is verified through hardware tests carried out on a three-phase
grid-tied experimental setup. Along with extracting energy from the DG sources, grid-tied
VSIs are capable of providing various ancillary services to the utility under abnormal con-
ditions. However, providing ancillary services could drive the inverter voltages beyond the
linear modulation region resulting in grid current distortions, which could violate the require-
ments for grid integration of DGs. An atypical pulse width modulation (PWM) technique
is proposed in this dissertation, which maximizes the dc-bus utilization of VSIs, which in
turn enables the VSIs to supply the maximum extracted power from the DG units to the
grid when providing ancillary services while operating in the linear modulation region. The
switching scheme is realized by injecting common mode components in the PWM references,
computed based on instantaneous reference magnitudes. The proposed scheme is suitable
when providing both symmetrical and asymmetrical ancillary services. In this dissertation,
negative-sequence compensation and harmonic compensation are employed as instances of
symmetrical and asymmetrical ancillary services. The proposed scheme can be integrated
with any control scheme and carrier-based PWM combinations. The efficacy of the proposed

atypical PWM scheme is verified through both simulation and hardware tests.
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Chapter 1

Introduction

The objective of this dissertation is to develop new techniques for improving stability and
power quality of grid-tied voltage source inverters (VSIs) under abnormal grid conditions.
The motivation and the importance of developing new techniques are outlined in Section 1.1.
The state-of-the-art regarding stability and power quality of grid-tied VSIs are discussed,
and the possible avenues for improvement in those areas are identified in Section 1.2. The
contributions of this dissertation, in developing new control and switching techniques to
address some of the shortcomings of the state-of-the-art techniques identified in Section 1.2,
are presented in Section 1.3. Finally, the organization of this dissertation is outlined in

Section 1.4.

1.1 Motivation and Objectives

Electric power in traditional power systems is generated through large-scale generators, which
operate on fossil fuels. The use of fossil fuels has a negative impact on our environment
and their quantity is finite, giving rise to renewable energy based resources, e.g. wind, so-
lar and hydro, being integrated into the power systems that have the advantages of being
environment-friendly and having an infinite supply. Renewable energy sources require a

power electronic (PE) interface to be integrated to the power grid. As the integration of re-



newable resources are becoming more affordable, more PE interfaces are being introduced to
the power grid, changing the landscape of the traditional power system. Small-scale renew-
able energy sources in the distribution side of the power system, in the form of distributed
generation (DG) units, e.g. photovoltaic (PV) arrays, wind turbines, and energy storage
units, are giving rise to active consumers, which have the capability of supplying power to
the utility as well as consuming power when necessary, thus creating a bidirectional flow of
power between the utility and the consumer. Therefore, the integration of PE units in the
power system is introducing new challenges for power engineers to overcome.

The most essential interface for the integration of DG units to the utility is an inverter,
with VSIs being the prevalent option [1-3]. The primary function of an inverter is to convert
dc quantities into ac quantities, which is a necessary step for the integration of DG units
under most circumstances. For sources such as PVs and energy storage units, the voltage and
current these DG units generate are dc quantities. Therefore, to operate these energy sources
in conjunction with the ac power grid, an inverter interface is mandatory. Even for a resource
such as wind power that generates ac voltages and currents, an energy conversion step
consisting of an inverter is necessary due to the stochastic nature of the renewable resources.
Specifically for the case of wind energy, as the wind speed fluctuates, the angular speed
of the generators connected to the wind turbines also fluctuate, resulting in ac quantities
with wild voltage and frequency. With the power grid operating at a fixed standard voltage
and frequency, the wind power units cannot be directly connected to the grid. A two-stage
conversion process is commonly utilized, where the wild ac quantities are first converted
to dc and then converted to ac signals with standard voltage and frequency values using
an inverter [1]. Single stage conversion strategies equipped with ac-ac converters can also
be found in the literature [4]. The most commonly employed topologies for grid-tied solar,
energy storage, and wind DG units are illustrated in Fig. 1.1. It can be seen from Fig. 1.1
that an LCL filter is introduced between the PE interface and the grid, which reduces the
high-frequency switching harmonics associated with the PE converters. The grid-tied DG
units are also equipped with a control system that fulfills certain objectives, e.g. control of

active and reactive power, dc-link voltage control and terminal voltage control, among other
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Figure 1.1: Schematic diagrams of grid-tied DG units powered through (a) PV arrays
equipped with DC-DC' and DC-AC converter, (b) wind turbines units equipped with AC-
DC and DC-AC converter, and (c) battery energy storage equipped with DC-DC and DC-AC
converter based PE interfaces.

things depending on the application.

The DG units primarily provide power to their associated loads, while they could supply
power to the utility as well if the generated power is greater than their load demand. The
PE interfaces play a vital role in ensuring that the maximum power is being extracted
from the DG units under various operating conditions. For solar powered DG units, the
maximum power that can be extracted under certain operating conditions, i.e. temperature

and solar irradiation, depends on the voltage of the PV array. Several maximum power



point tracking (MPPT) techniques exist for PV systems, which are embedded in the control
system illustrated in Fig. 1.1, that manipulate the voltage of the PV arrays to obtain the
maximum power [5]. To extract the maximum power output from wind energy systems under
varying wind speeds, MPPT techniques exist that adjust the wind turbine generator speed.
MPPT techniques that control the dc-link voltage and duty cycle of the PE interfaces to
obtain maximum power output from wind-powered DG units can also be found in literature
[6]. MPPT schemes are commonly employed in the dc conversion stage of the PE interface,
while VSIs equipped with MPPT schemes also exist [7, 8].

The performance of the VSI, when fulfilling its role of being an energy conversion interface
for DG units, is heavily dependent upon the grid condition at the point of common coupling
(PCC) between the VST and the electric grid. Abnormal grid conditions could severely distort
the VSI waveforms and even make the grid-tied system unstable, which could result in loss
of power due to triggering of the safety equipment and potentially damage sensitive loads
connected to the system. A form of abnormal grid condition is unbalanced grid voltages
at the PCC that could occur due to single-line-to-ground faults [9-11]. Moreover, lower
order harmonic components could be present in the grid voltages due to grid connection
through large line impedances and the presence of non-linear loads in the distribution grid
[12-14]. Both of these phenomena result in distortions in the grid currents. Asymmetrical
and non-linear loads connected at the PCC could also cause distorted grid currents. Various
compensators can be integrated to the VSI control system to counteract the distortion in
the grid currents [10, 15-19], however, this could affect the maximum power the DG unit
could provide. This situation will be discussed in detail in this dissertation. An extreme case
of grid abnormality is a weak grid, resulting from a large grid impedance associated with
the point of grid connection. The grid-tied VSI could become unstable in the presence of a
weak grid [3, 20-30]. This is another major topic of discussion in this dissertation. The grid
abnormalities considered in this dissertation are illustrated in Fig. 1.2. The negative effects
of such abnormalities are also illustrated in Fig. 1.2, which will be discussed in detail in the

following subsections.
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Figure 1.2: Abnormal grid conditions considered in this dissertation and their impacts.

1.1.1 Instability in Weak Grids

A weak grid is commonly defined as a power grid with a low short-circuit ratio (SCR), i.e.
large impedance, and a low inertia constant (H) [20]. The weak grid phenomenon can be
observed in remote or rural areas connected through radial feeder lines [3, 21]. In order to
provide grid connection to DG units located in remote areas, the medium voltage transmis-
sion lines could be overextended resulting in large inductive grid impedances. The low power
step-down transformers could further contribute to the inductive grid impedance. Long dis-
tribution lines, typical in radial distribution feeder connections, contribute a predominantly
resistive impedance to the total grid impedance [3]. The voltage and frequency at the PCC
can be distorted in weak grids due to the large grid impedance.

Instability can occur in a grid-tied system connected to a weak grid if the voltage at the
PCC has a harmonic component at the natural frequency of the LCL filter. Small harmonic
components in grid voltage could trigger harmonic resonance in the LCL filter under the
presence of a large grid impedance and as the grid impedance increases further, the system
could become unstable as the stability margin of the system becomes negative [22].

The varying grid impedance in weak grids could lead to undesirable resonance and sta-
bility issue for grid-tied VSIs [23, 24]. Voltage feedforward paths, employed in grid-tied VSI

control schemes to reduce the response time of the closed-loop system, could make the system



unstable under varying grid impedance in weak grids [23]. Voltage feedforward reduces the
stability margin of the closed-loop system in weak grids, thereby deteriorating the stability
of the terminal voltage [24].

The interaction between the control systems and grid distortions can also cause instability
in weak grids [25-30]. The stability of dc-link voltage control worsens due to the interaction
between the control loops in a weak grid [25]. The performance of the phase-locked loop
(PLL), employed to synchronize the VSI with the grid, is deteriorated in the presence of
large grid impedances, which in turn has a negative impact on the performance of the control
loops in weak grids [26, 27]. In [28, 29], the interaction between PLL bandwidth and grid
impedance is studied. It is shown that a grid-tied system with a large PLL bandwidth can
become unstable in weak grids. A large PLL bandwidth increases the coupling effect between
the control loops in grid-tied VSI control schemes, which makes the system more susceptible
to instability in the presence of large grid impedances [28]. In addition, the positive feedback
gains of anti-islanding methods, which is a mandatory feature of DG units such as PV and
battery energy storage, are restricted for stable operation in weak grids as reported in [30].

From the above discussion, it can be concluded that weak grids severely degrade grid-tied
inverter stability. The LCL filter resonance issue gets aggravated in the presence of a large
grid impedance associated with a weak grid. In addition, the distortion present in weak
grids deteriorates the performance of the control schemes present in VSIs. In Section 1.2,

the state-of-the-art techniques to tackle the stability issue in weak grids are discussed.

1.1.2 Power Quality Issues when Providing Ancillary Services

Grid-tied VSIs connected to distribution grids could encounter balanced (symmetrical) or
unbalanced (asymmetrical) voltage sags, which are a balanced or an unbalanced reduction
in voltages, in different phases of the three-phase grid-tied system [9-11]. The grid voltage
sag phenomenon arises due to faults occurring in the power system. Faults that result in a
symmetrical voltage sag are extremely rare, whereas single-phase-to-ground, two-phases-to-

ground, and phase-to-phase faults are more common in the power system, which manifest



as an asymmetrical voltage sag at the terminals of grid-tied DG units [9]. Asymmetrical
grid voltages at the terminals result in asymmetrical currents being supplied to the grid.
Asymmetrical grid currents could also arise from unbalanced loads present in the distribution
grids [12]. The rise of power electronics has also given rise to non-linear loads in the power
system as the power electronic devices are non-linear in nature. Diode or thyristor rectifiers,
cycloconverters, and arc furnaces are some of the loads that are identified as harmonic
producing loads [13]. Due to the presence of grid impedance, harmonic currents drawn by
the loads result in distorted supply voltages at the PCC of DG units [14]. Degradation
of power quality could cause excessive heating, reduction in efficiency and lifetime of line
conductors and grid-tied systems. Therefore, asymmetrical and symmetrical compensation
services in the form of negative-sequence compensation and harmonic compensation are
necessary for proper operation of grid-tied DG units.

Negative-sequence compensation and harmonic compensation have traditionally been
provided through external power conditioning devices such as STATCOMs and active filters
[31-34]. Such devices could be utilized to provide compensation services to single DG units
or in a distribution system to a group of DG units. However, the power conditioning devices
are typically enabled through VSIs, therefore, the VSIs equipped with the DG units could
offer the same services [35]. Negative-sequence compensation and harmonic compensation
provided through grid-tied VSIs are commonly referred to as ancillary (auxiliary) services,
as they are added functionalities the VSIs could provide on top of guaranteeing maximum
power extraction from the DG units.

However, providing ancillary services could affect maximum power extraction from the
DG units. The inverter voltages are restricted to the linear modulation region of opera-
tion by the input dc-bus voltage. As a result, providing ancillary services could drive the
inverter voltages beyond the linear modulation to the overmodulation region, which intro-
duces harmonic distortions in the VSI waveforms. For example, providing negative-sequence
compensation would require asymmetrical inverter voltage references, which might drive one
of the references beyond the linear modulation region even if the DG unit is providing rated

power. To avoid power quality issues resulting from operating in the overmodulation region,



the fundamental positive-sequence inverter voltages have to be decreased, which in turn re-
duces the maximum power the VSIs can extract from the DG units. The state-of-the-art

regarding issues related to providing ancillary services is discussed in the following section.

1.2 Literature Review

In this section, firstly, the recently presented techniques in literature to enable stable oper-
ation of grid-tied VSIs are discussed. Next, the state-of-the-art regarding the grid-tied VSI

ancillary services is presented.

1.2.1 Techniques to Improve Stability in Weak Grids

Three main approaches can be seen to be adopted by researchers to tackle the grid-tied VSI
stability issue in weak grids. One set of works focus on different procedures to design existing
VSI parameters to ensure stability in weak grids [23, 24, 30]. Another set of researchers
propose techniques that require hardware modifications to achieve stable operation in weak
grids [26, 36, 37]. Finally, new control (software) techniques are presented in some works to
improve grid-tied VSI adaptability in weak grids [21, 29, 38, 39].

In [23], conservative design recommendations for filter and controller parameters are pro-
vided for stable operation in weak grids. Depending on the ratio between the resonance
frequency of the LCL filter and sampling frequency of the controller, an upper limit for the
controller gains are presented. In [24], a feasible region for the controller proportional gains
is presented depending on the grid impedance to ensure stable operation in weak grids. In
[30], a modified frequency estimation method is proposed that reduces the deleterious effect
of PLLs on system stability under weak grids. For the proposed method to work under
all operating conditions, the second order PLL characteristics have to be designed so as to
attain a critically damped or overdamped response. In all three works, existing controller
gains in the control system of grid-tied VSIs have been adjusted to ensure stability in weak

grids. However, the control gains are typically chosen to achieve a certain dynamic response



rather than stability. As a result, there is a significant tradeoff between the performance
and stability of the system. Moreover, in a practical scenario where a controller commonly
consists of cascaded loops [40], controller gains of a particular loop cannot be changed in-
dependently of the other loops to avoid interaction among them. Therefore, the allowable
limits for alterations in controller gains might be limited and the techniques based on such
procedures would not able to ensure stable operation for a wide range of grid impedances.

A second set of methods can be found in literature that employs active damping tech-
niques to improve stability of grid-tied VSIs in weak grids. A resistor in series with the
LCL filter capacitor, commonly referred to as a passive damping resistance, can improve the
stability of grid-tied VSIs [41]. An additional resistance in the circuit, however, increases
the power loss and it also deteriorates the high-frequency harmonic rejection capability of
the LCL filters. The principle of active damping techniques is based upon emulating the
behavior of the passive damping resistance in the control system. In [26], an active damping
strategy based on capacitor current feedback is presented to enable stable operation in weak
grids. The proposed scheme requires an additional sensor to measure the current in the ca-
pacitor branch, which is not required under normal controller operation. A hybrid damping
method combining both passive and active damping techniques is presented in [36], to ex-
tend the range of traditional active damping strategies in stabilizing grid-tied VSI operation
over a large range of grid impedances. Although a smaller resistor can be used compared
to the case when only passive damping is utilized, nonetheless, the efficiency of the system
decreases and an additional sensor is necessary to adopt active damping. A low-power full-
bridge dc-ac converter is connected in series with the grid-tied VSI unit in [37], to mitigate
the effects of the large grid impedance in weak grids by implementing a virtual negative grid
impedance through active damping. Due to the increased number of parts, the overhead cost
increases and efficiency decreases for higher rated VSIs in adopting the proposed solution
in [37]. Therefore, from the above discussion, it can be concluded that there is a tradeoff
between stability and system cost when adopting active damping techniques.

Several techniques can be found in literature that employs new control techniques to en-

able stable operation in weak grids. Control schemes utilizing modified voltage feedforward



paths are presented in several works [29, 38, 39]. In [29], a voltage feedforward is designed
considering the PLL dynamics to decrease the interaction between the control loops and grid
distortions for improving the stability in weak grids. The voltage feedforward is added to
the control scheme through a digital filter, however, the parameters and design process of
the filter has not been presented. In [38], a capacitor voltage feedforward strategy is imple-
mented to improve the adaptability of grid-tied VSIs in weak grids. A delay compensation
link is added in the path of the voltage feedforward, which improves stability in weak grids
by reducing the interaction between the control scheme and grid distortions. In [39], a mod-
ified voltage feedforward method containing an impedance-phased compensation strategy is
presented to improve the stability margin of grid-tied VSIs in weak grids. However, modifi-
cation of the voltage feedforward path alters the amplitude and phase of grid currents from
their desired values [39]. As a result, there is a tradeoff in the steady-state performance of
the closed-loop grid-tied system when employing voltage feedforward methods to improve
stability in weak grids. In [21], an impedance shaping method to make the grid-tied system
more adaptable to weak grids is presented, which shapes the Thevenin equivalent output
impedance of the inverter by adding virtual impedances, to increase its stability margin in
the presence of a large grid impedance. However, a series and a parallel virtual impedance
are added to the equivalent inverter impedance, which complicates the control structure of
the system. Moreover, the proposed scheme in [21] is applied to a grid-tied system with a
simplified control scheme neglecting the outer power loops of the typical cascaded control
loop structure [40, 42].

Therefore, the most promising solution to the issue of instability in weak grids is possi-
bly the development of a new control structure. However, no such technique is present in

literature that is ready to be deployed for practical grid-tied VSI applications.

1.2.2 State-of-the-art in Ancillary Services of Grid-Tied VSIs

The state-of-the-art regarding ancillary services is focused on improving the dynamic perfor-

mance of the grid-tied system when providing ancillary services. As such, several techniques
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are presented in literature for compensating the negative-sequence and harmonic components
in grid currents using VSIs, primarily through the implementation of new control strategies
[10, 15-19].

In [15], two negative-sequence compensation strategies are presented for grid-tied VSIs
providing ancillary services. In the first strategy, the active power oscillations of the VSI, a
by-product of providing the negative-sequence current requirements of the system, is min-
imized. Active power oscillations lead to voltage ripples in the dc-link voltage of the VSI,
which has an adverse effect on grid-tied VSI operation. An alternate scheme to compensate
the negative-sequence component of the PCC voltages by controlling the negative-sequence
inverter current to be in-phase with the negative-sequence grid current is also presented in
[15]. The superiority of the presented methods with respect to each other depends on the
operation conditions of the system. In [10], a negative-sequence compensation strategy to
minimize the active power oscillations of VSIs by controlling the ratio of positive-sequence
and negative-sequence conductance and susceptance is presented. To protect the grid-tied
VSI from overcurrent, a maximum current limitation scheme is also imposed in the con-
trol scheme presented in [10]. The issue of minimizing active power oscillations along with
peak current limitation is tackled in [16] through the derivation of a new analytical expres-
sion to calculate the desired active and reactive power while providing negative-sequence
compensation.

To provide negative-sequence compensation and harmonic compensation in the presence
of non-linear and unbalanced loads along with abnormal grid conditions, new control strate-
gies employing a gain scheduling multi-resonant controller and a non-linear backstepping
controller based on high-order sliding mode differentiator are presented in [17] and [18],
respectively. To satisfy ancillary service requirements in abnormal grid conditions consid-
ering grid frequency fluctuations, a control strategy employing third-order sinusoidal signal
integrator-based frequency adaptive filter is proposed in [19]. Therefore, it is apparent that
several control solutions exist in literature to improve the dynamic performance of grid-tied
VSIs when providing ancillary services. However, the decrease in maximum power that can

be extracted from DG units when providing ancillary services, due to the restrictions on the
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operating limit of VSIs set by the input dc-bus voltage, is yet to be investigated. Providing
ancillary services could drive the inverter voltages beyond the linear modulation limit unless
pulse width modulation (PWM) references, which are necessary to generate gate signals for
the inverter switches in carried-based switching strategies, are adjusted. When employing
carrier-based PWM strategies, which have the advantages of implementation simplicity and
a well-defined harmonic spectrum [43], the PWM references define line-to-neutral voltages
of the VSI. Therefore, by adjusting the PWM references through the injection of a common-
mode component, the inverter operating range may be increased when providing ancillary
services.

Common-mode injection techniques can be broadly divided into two categories, i.e. in-
stantaneous sequence injection and optimal sequence injection techniques [44-46]. Instan-
taneous sequence injection techniques are more straightforward to implement in real-time,
whereas optimal sequence injection techniques are capable of fulfilling multiple performance
criteria. Since the only objective in the context of this work is to extend the linear mod-
ulation region of grid-tied VSIs when providing ancillary services, instantaneous sequence
injection would be more suitable. Common-mode techniques implemented to improve in-
verter performance, e.g. decreasing switching losses and increasing the linear modulation
region, can be found in literature [43, 47]. However, as is the case for well-known third
harmonic injection technique, existing common-mode injection techniques for VSIs typically
focus only on symmetrical conditions [43, 48]. A common-mode injection technique suit-
able for both symmetrical and asymmetrical conditions, as would be the case if the linear
modulation range were to be increased when compensating negative-sequence and harmonic

components of the grid currents, is not present in literature.

1.3 Contributions of the Dissertation

In this section, the contributions of this dissertation in improving the stability and perfor-
mance of grid-tied VSIs in the presence of abnormal grid conditions are outlined.

To enhance the stability of grid-tied VSIs in weak grids, an adaptive virtual inductance
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feedforward scheme is presented in this dissertation. The concept of virtual impedance has
primarily been utilized for active and reactive power sharing between paralleled inverters
[49-52]. For accurate power sharing between paralleled inverters, their equivalent output
impedances are expected to be equal, therefore, instead of manipulating circuit parame-
ters to match the impedances, virtual impedance terms are added to obtain equal output
impedances. The concept of virtual impedance has been extended to other cases as well. In
[53-55], virtual impedance is utilized to improve the stability of dc microgrids with constant
power loads. In [56, 57], virtual impedance is used for resonance mitigation and power qual-
ity improvement through active damping. In [58, 59|, the concept of virtual impedance is
employed for harmonic compensation of grid-tied inverters, whereas it is used for harmonic
current sharing in islanded microgrids in [60]. However, the use of virtual impedance for the
stability enhancement of grid-tied VSIs in weak grids is limited. Moreover, in the referenced
works [49-60], virtual impedance is applied on the Thevenin equivalent output impedance
of the inverters, derived based on impedance-based models. Since, the equivalent impedance
is a lumped value containing different system parameters, the role of virtual impedance in
these works is not intuitive.

In this work, a detailed state-space model of a grid-tied VSI is first developed. The
model contains a general open-loop structure that can be integrated with various control
schemes for both grid-tied and standalone operations. An active-reactive power controller
model is integrated with the open-loop model to obtain the full-order model for the grid-
tied VSI. The comprehensive model contains filter, controller and grid parameters, and
thereby allows a detailed study on the role of different parameters for stability in weak
grids. Through eigenvalue analysis and continued-fraction-expansion method, it is identified
that for systems adopting grid-side current feedback, the grid-side filter inductance of the
LCL filter can be increased to improve the stability of grid-tied VSIs in weak grids. To
utilize the stabilizing effect of the additional inductance without its drawbacks, a virtual
inductance feedforward scheme emulating the behavior of an additional filter inductance in
the grid-side LCL filter is developed in this dissertation. The presented scheme is realized

by introducing a grid current feedforward path in the inner current control loops of the
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PQ controller. The virtual inductance feedforward scheme can be realized without adding
any additional sensors to the system. The developed scheme also retains the steady-state
performance of the system. Furthermore, for adapting the virtual inductance to ensure
stability under varying grid impedances, a direct model reference adaptive control (MRAC)
scheme is integrated to the PQ controller of the grid-tied VSI. The direct MRAC scheme
adaptively varies the virtual inductance value according to a stable reference model for
different weak grid scenarios without requiring grid impedance estimation. The presented
scheme is validated by performing stability analysis through root-locus studies and hardware
test scenarios carried out on a three-phase grid-tied experimental setup.

To extract the maximum power from DG units when providing ancillary services under
abnormal grid conditions, an atypical PWM method is developed in this dissertation to
increase the linear modulation region of grid-tied VSIs by maximizing the dc-bus utiliza-
tion. The atypical PWM scheme is realized by injecting a common-mode component in the
PWM references, computed based on instantaneous reference magnitudes. The presented
scheme is applicable for both symmetrical, i.e. harmonic compensation, and asymmetrical,
i.e. negative-sequence compensation, ancillary services. The atypical scheme acts as an in-
termediate step between controller output generation and gate signal creation by the PWM
generator. Therefore, the presented scheme can be used with any inverter control structure
employing carried-based PWMs. The validity of the developed atypical PWM scheme is ver-
ified through simulation studies performed in MATLAB/Simulink and through experimental
scenarios carried out in a three-phase grid-tied hardware setup.

The contributions of the dissertation can be summarized as follows:

e A comprehensive model for a grid-tied VSI is presented containing filter, controller
and grid parameter. Detailed analyses regarding the interaction among the different
parameters can be performed using the model. The effect of several parameters on the

stability of grid-tied VSIs in weak grids is presented.

e A virtual inductance feedforward scheme is presented to enable stable operation of grid-

tied VSIs in weak grids. The presented scheme is an improvement over the existing
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techniques in literature as the stability region of grid-tied VSIs is enhanced without
any hardware modifications and without compromising the steady-state performance

of the system.

e A direct MRAC method is integrated with the virtual inductance feedforward scheme
to vary the virtual inductance adaptively for different grid impedances. Introduction
of the adaptive design procedure in the control scheme makes the presented technique

more suitable for practical applications under various weak grid conditions.

e A common-mode injection technique is presented to maximize the dc-bus utilization of
grid-tied VSIs when providing ancillary services. The presented technique is suitable
for both symmetrical and asymmetrical ancillary services and is applicable for any

controller structure employing carrier-based PWMs.

1.4 Organization of the Dissertation

The remainder of this dissertation is organized as follows:

The detailed state-space model of the grid-tied VSI is presented in Chapter 2. An open-
loop circuit model for the VSI is first derived. The model is validated through simulation
and experimental studies. A model for an active-reactive power controller is then derived
and integrated with the open-loop model to develop the full-order model for the grid-tied
system.

The effect of various system parameters on the stability of the grid-tied system in weak
grids is studied in Chapter 3. Through root-locus of the eigenvalues of the model derived in
Chapter 2, several parameters are identified that can be designed to improve the stability
of the grid-tied system in weak grids. The results obtained from the eigenvalue analysis are
verified through hardware tests. The tradeoff in performance associated with the redesign
of grid-tied system parameters is also discussed.

The virtual inductance feedforward scheme for stable operation of grid-tied VSIs in weak

grids is developed in Chapter 4. The stabilizing effect of increased grid-side filter inductance
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in weak grids is first validated through the application of the continued-fraction-expansion
method on the system transfer function derived from a lossless signal flow graph of the grid-
tied system. A virtual inductance emulating an additional inductance in the grid-side LCL
filter is then derived and integrated to the controller model to obtain a modified state-space
model including virtual inductance feedforward. Root locus studies of the eigenvalues of the
modified model validate the efficacy of the virtual inductance scheme. The validity of the
presented scheme and its steady-state performance are verified through hardware tests.

The direct MRAC scheme is integrated into the virtual inductance feedforward method
in Chapter 5. The motivation behind employing the direct MRAC scheme over indirect
adaptive control techniques is first discussed. The adaptation law for updating the virtual
inductance value according to a stable reference model is then derived based on the Lyapunov
stability criterion. The modified control scheme including the adaptive virtual inductance
feedforward is then developed. The efficacy of the adopted scheme is verified for different
weak grid conditions through hardware tests.

The atypical PWM scheme to extend the linear modulation range for grid-tied VSIs
providing ancillary services is developed in Chapter 6. The modified control scheme of a
grid-tied VSI providing negative-sequence compensation and harmonic compensation is first
presented. Then the common-mode reference generation procedure for the atypical scheme
is derived and the extent to which the presented scheme can increase the linear modulation
range is also discussed. The efficacy of the atypical scheme is then verified through simulation
and experimental studies performed under unbalanced loads and distorted grid voltages.

Finally, a summary of the presented research in this dissertation and the contribution
to the state-of-the-art regarding grid-tied VSI performance in abnormal grid conditions are
presented in Chapter 7. Furthermore, suggestions for future work in updating the developed
virtual inductance feedforward scheme for stability and improved power quality in unbal-

anced weak grids is also presented in Chapter 7.
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Chapter 2

Grid-Tied VSI - Modeling and

Control

This chapter presents a full-order state-space model of a three-phase two-level grid-tied VSI
equipped with an active power (P) and reactive power (Q) controller. Two-level VSIs are the
prevalent choice for grid integration of DG units. Compared to multi-level inverter topologies,
two-level VSIs may require larger filter values to eliminate the harmonic components of the
generated voltage. However, two-level VSIs are more reliable as they can be realized using
fewer switches and the switching schemes of such inverters are far less complicated than
their multi-level inverter counterparts. In this dissertation, a two-level VSI is implied when
discussing VSIs. The grid-tied VSI system includes a PQ controller to control the P and Q
supplied by the VSI to its associated loads and the utility.

The contents of this chapter are organized into four sections. An open-loop model of a
grid-tied VSI is presented in Section 2.1. The open-loop model is based on a similar work
proposed in [61]. The model is briefly described herein, for continuity and reproducibility
of the work presented. For the purposes of this dissertation, the model is then verified
through both simulation and hardware tests. A model of the PQ controller employed in
this dissertation is provided in Section 2.2. The models are combined to derive a full-order

state-space model of a grid-tied VSI in Section 2.3, which is one of the contributions of this
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Figure 2.1: Schematic block diagram of a grid-tied VSI equipped with an LCL filter and a
PQ controller

dissertation. Concluding remarks are given in Section 2.4.

2.1 Open-Loop Model

In this section, an open-loop circuit model of a grid-tied VSI is developed. The general struc-
ture of the model enables it to be integrated with various control schemes employing both

carrier-based pulse width modulation (PWM) and space vector PWM (SVPWM) techniques.

2.1.1 Derivation of the Open-Loop Model

The schematic block diagram of a grid-tied VSI is shown in Fig. 2.1. The switching module
of the VSI consists of three legs representing the three phases of the system with each leg
containing two semiconductor switches. An LCL filter is employed to reduce the switching

harmonics of the inverter voltage. The LCL filter includes inverter side filter inductor L,
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grid side filter inductor L, and delta-connected capacitor C'y with series resistor Ry. The
parasitic resistances of L; and L, are denoted by R; and R, respectively. The grid is
represented by an ideal voltage source v, with series equivalent resistance and inductance
denoted by R, and L, respectively. For generality, an ideal dc voltage source v4,. is employed
as the input to the inverter bridge. The PQ controller illustrated in Fig. 2.1 will be discussed
and modeled in the next section.

The open-loop model is obtained in three main steps. In the first step, the state-space
equations of the circuits corresponding to each switching state are derived. The SVPWM
switching technique is considered in this work to determine the various switching states of
the VSI, while the final model will also be applicable for VSIs employing other switching
techniques, e.g. SPWM and SPWM injected with third harmonic [61]. In the SVPWM
technique, the VSI alternates between seven circuit configurations corresponding to six active
switching states, i.e. (100), (110), (010), (011), (001), and (101), and two zeros switching
states, i.e. (111) and (000). The circuit configuration for the two zero switching states is the
same. The switching states for SVPWM are illustrated in Fig. 2.2. The zero switching states
result in a zero voltage and are placed at the origin as can be seen from Fig. 2.2. Notice that

the switching states can be defined sufficiently through the state of the top switches of each

,(010) #,(110)

7,(011) <

> ,(100)

#.(001) #,(101)

Figure 2.2: Switching states and sectors for SVPWDM technique.
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Table 2.1: State-space model derivation steps of VSI for Sector I of SVPWM

i‘abc = Axabc + Bouabc j;abc = Axabc + Bluabc :tabc = Axabc + B2uabc
. . = o Y .. . .g T . pCC pcc T
Labe = Axabc + Bluaba Labe = [ZZM, szju Ugbv szc, ng Zb] ) Ugbe = [Udm Uab ,’ch ] )
_—3R1—Rf -2 -1 Rf 7 _ _
3L 0 3L, 3L 3L 0 e
0 —3R1—Ry 1 -1 0 Ry —dl—&}dg
3L, 3L1 3L 31 T 3L 0 0
_1 =1 0 0 =1 _1 !
A= 3Cy 3C; 3C; 3C; B, — 0 0 O
T = 2 0 0 —L =2 =1 0 0 0
3C; 3C; 3C; 30, ,
By 0 2 1 Z3RtRy 0 0 3= 372
3Lo 3Ly 3Lz 3L T
0 B4 1 —3Ra—Ry L 0 = 5]
L 3Ly 3Ly 3Ly 3Ly 2 2

leg since at any instant only one switch from each leg is turned ON to prevent dc-bus short
circuits. For instance, a switching state of (100) indicates that the top switch connected
to phase-A and the bottom switches connected to phase-B and phase-C are ON, while the
remaining switches are OFF.

As one can see from Fig. 2.2, the operation of the VSI in SVPWM can be divided into
six sectors, with the VSI alternating between two active and one zero switching state in
each sector. Hence, each sector contains three state-space representations corresponding to
the three circuit configurations. The circuit diagrams of the three switching states of sector
I, i.e. (111) or (000), (100) and (110), are illustrated from left to right in the first row of
Table 2.1. In the following row of Table 2.1, the short forms of the state-space representations
corresponding to the circuit configurations are also provided. Notice that the A matrix is the
same for all three equations, while the B matrices are different due to the contrasting ways
the input dc source is connected to the rest of the circuit. Three such state-space models

exist for each of the six sectors. In the second step, the three state-space equations for each
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sector are averaged over the PWM switching interval T to obtain averaged models for each
sector [62, 63]. The averaged model for sector I is shown in the last row of Table 2.1, where
do(do = to/Ts), di(dy = t1/Ty), and do(dy = to/Ty) are the duty cycles for the zero switching
states and the two active switching states, respectively, with tq + t; + to = T;. As shown in
Table 2.1, the states of the state-space models are the three-phase current i;,, going through
L, the voltage v, across C'y and the current 4, going through Ly. The inputs to the open-loop
model are the dc-bus voltage and three-phase voltage v,.. at the PCC. Only two phases of
the three-phase quantities are considered as the system is balanced, i.e. z, + x, + . = 0.
Following the same procedure, the averaged state-space models of all six sectors are derived.
The averaged state-space models of the remaining sectors are provided in Appendix A.

In the final step, the averaged state-space models for all six sectors are transferred from
the abc frame to the synchronously rotating dg frame of reference through Park’s transfor-
mation [64, 65], which remarkably results in a unique dynamic model for all six sectors that

is given in (2.1).

. —3R1—Ry -1 V3 Ry i
inv _ inv
tq 3L, w 2L1 6L, 3L, 0 tq
-7 —3R1—Rf 7\/§ —1 Rf -7
mv mv
tq w 30, 6L, 2L 0 3L, tq
c 1 V3 N -1 -3 c
i vq o 20f GCf 0 w QCf GCf vq
dt c V3 1 V3 —1 c
vd 6Cf QCf W 0 GCf QCf Ud
. R _ —3Rs—R
g 7 1 =3 o hy _ g
tq 3L, 0 2Ls 6Ls 3L, w t
9 Ry V3 1 —3Ra— Ry
ta 0 3o 6Ls  20o W 3L, (]
S ’ N CAY
V/3mcos(1)
3L, 0 0
—\/ggfin(w) 0 0
1
Vde
0 0 0
+ vpcc
q
0 0 0
pce
v
0 -1 3 d
2L9 6Lo
-3 -1
i 0 6L, 2L
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The Park’s transformation for a balanced system is expressed as follows:

x 2 | —sin(@ —27/3) sin(0 Ty

| _ 2 |sinto—2mf3) sin0) | o] )
T4 V3 cos(0 —2m/3)  —cos(0)| |xp

where, the reference angle for Park’s transformation 6§ = wt is set as the instantaneous phase

angle of vy, which can be obtained using a PLL. In this dissertation, an instantaneous phase

detector is used to obtain the reference angle at the PCC as defined below [66, 67]:

Vab + Qch

\/gvab

where, df/dt = w is the angular frequency of the grid. It can be seen from (2.1) that the B

0 = tan'( ), (2.3)

matrix of the state-space model contains the modulation index m and the angle between the
inverter phase voltage and the reference v, which are control parameters (directly in SPWM
or indirectly in SVPWM technique) that vary by control signals of the system. Hence,
the model presented in (2.1) is time-variant and non-linear. Furthermore, the fundamental
frequency of the system w is also expected to be an input rather than a constant quantity.
Therefore, to obtain a linear time-invariant model of the open-loop VSI, the model in (2.1)
is linearized around a steady-state operating point to derive the small-signal model of the

system as follows:

] EZ?’ Ay A A %f]év 0 Bia bi| |00
E ﬁ;d = AQl A22 Agg ’D;d + 0 0 b2 z ) (24)
5§d Asp Azy Asg 5§d Bs; 0 b3 w

where, the state and input variables in the dg frame of reference are expressed in vector

T 1T T T
Jinv %o Zino €. = |me se 9 — |79 g pPe¢ — | ~pec  ~pec
form as, 7.3 {lq il } s Ugg {Uq | s lga [@q @d] » Ugq oEee il and

T
zZ= [m 14 . The block matrices introduced in (2.4) are provided in Appendix A. Instead
of developing a small-signal model through linearization, non-linear techniques, e.g. Lya-

punov stability criterion, can also be utilized for stability analysis. However, selection of
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an appropriate Lyapunov function could significantly complicate the analysis [68, 69], there-
fore, linearized models are commonly employed. The small-signal model derived in (2.4) is
verified through laboratory experiments in Subsection 2.1.2. Compared to the large-signal
model in (2.1), the B matrix of the small-signal model in (2.4) has three additional columns
associated with the new inputs, m, 1[?, and @, where m = m+ M, ¢ = @Z)—i—\lf, and w = w4+
The steady-state values M and ¥ can be calculated for any given operating point using the
active and reactive power generated by the VSI, while Q for a grid-tied VSI is 377rad/s.
The A matrix of the small-signal model is the same as that of the large-signal model with w
replaced by its steady-state value. Notice that v4. is considered as an ideal voltage source,
hence 4. = 0. Therefore, vg4. is not considered as an input in the small-signal model. It
should be noted that the circuit models in the second step of the derivation process are
averaged over the switching period, where the typical switching frequency of grid-tied VSIs
is 4 — 10kHz. On the other hand, the dominant eigenvalues of grid-tied VSI models are
reported to have frequencies below 750H z( 5000rad/sec) [38, 42, 68|, therefore, the impact
of averaging on the analysis of system stability is insignificant. The developed open-loop
model in (2.4) can be incorporated with various control schemes by replacing the inputs m

and z/; by the respective controller outputs.

2.1.2 Open-Loop Model Verification

The open-loop model derived in (2.4) is verified using both simulation and experimental
results. For open-loop model verification in grid-tied mode, the grid can be incorporated in
the model by replacing Ry and Ly by Ry + R, and Ly + L, respectively. Also, the input vpe.
gets replaced by v,. Depending on the point of current measurement, a different procedure
might have to be followed to incorporate the grid in a closed-loop model, which will be
further elaborated in Section 2.3.

Model verification via circuit simulation is performed in MATLAB making use of circuit
components from the SimPowerSystem toolbox. To validate the efficacy of the open-loop

model, the states of the model and the corresponding simulation waveforms are plotted
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simultaneously in Fig. 2.3 as the input m was changed from 0.8 to 0.9 at instant 0.45s.
Notice, in solving (2.4), M was fixed at 0.8, while /m had a step change of 0.1. As one can see
from Fig. 2.3, the model is an impressive match for its circuit simulation counterpart. Since
the model is derived through averaging over the switching interval, the switching harmonics
are not represented by the model. The circuit parameters employed for this scenario are
presented in Table 2.2.

The open-loop model derived in (2.4) is also verified through a hardware experiment. For
the hardware test carried out, the power board of an Allen-Bradley drive, Powerflex 755,
was used while the inverter switching signals were generated by an Altera Cyclone 111 FPGA
interfaced with a dSpace 1103 Controller Board [70]. The experimental setup is shown in
Fig. 2.4. Circuit parameters used for this test are provided in Table 2.2. Utilizing a four-
channel Lecroy Waverunner 64 Xi-A oscilloscope with CP030 current probes and ADP300
differential voltage probes, two voltages across the filter capacitors and two line currents
being injected to the grid were measured at a sampling frequency of 100kH z and compared
against the respective open-loop model state variables as shown in Fig. 2.5. Notice that the
model state variables obtained through solving (2.4) were transformed from the dg frame to
the abc frame as the measured experimental waveforms are in the abc frame of reference. As
one can see from Fig. 2.5, the developed model matches the laboratory test results under
both steady-state operation and for a sudden change in m from 0.83 to 0.93 at instant 0.4s.
Therefore, the developed linear time-invariant state-space model in (2.4) is verified to be an

accurate representation of an open-loop VSI through both simulation and hardware tests.

Table 2.2: Parameters employed for open-loop model verification

Parameter Simulation Experiment

Ly 2.5mH 2.0mH
Lo 2.5mH 2.5mH
Cy 10pnH(A)  10pH(A)
Ry 0.5€2 0.05Q2
L —0.4rad 0.46rad

24



0.9
m 0.85
0.8

0.

20
i (A) 10
0

0.

30
ig(A) 15
0

0.

350
vy (V) 320
290

0.

10
O

-50

——  Circuit Simulation
— Model Eq. (2.4)

43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

20
10
0

iq (A)

0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

30
ig (A) 15

0

0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

Figure 2.3: Open-loop model verification through circuit simulation under a change in m

t(s)

from 0.8 to 0.9 at instant 0.45s

2.2 Active-Reactive Power Controller Model

Grid-tied inverters are equipped with PQ controllers to control the active and reactive power

supplied to the grid, whereas other control schemes might be implemented in the standalone
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Figure 2.5: Open-loop model verification in the abc frame through hardware test under a
change in m from 0.83 to 0.93 at instant 0.4s

mode to regulate the voltage at the PCC [40, 71]. In this section, a state-space model for a
PQ controller is developed, which is to be interfaced with the open-loop model developed in

Section 2.1 to derive a full-order state-space model of the grid-tied system in Section 2.3.
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Figure 2.6: Control block diagram of a PQ-controlled grid-tied VSI

A detailed block diagram of the PQ controller employed in this work is illustrated in
Fig. 2.6. The controller operates in the synchronously rotating dq frame of reference. The
control scheme utilizes positive-sequence components of the measured signals as balanced
grid voltages are considered. Independent controllers can be added to the control scheme
to provide negative-sequence compensation under unbalanced grid voltages, which will be
discussed in detail in Chapter 6. The P and Q control loops are cascaded with - and d-axis
current control loops, respectively, to independently control the active and reactive power
supplied to the grid [42]. The cascaded dual loop structure displays improved dynamic

performance compared to single loop control schemes [40]. Each loop is realized using a
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proportional integral (PI) controller. A PCC voltage feedforward term is added at the end
of both the P and Q control loops, which improves controller performance under distorted
grid voltages [40]. In PV and wind-powered applications, similar control structure can be
utilized with the inner g-axis current loop interfaced with an outer dc-bus voltage control
loop instead of the outer P loop. The active power can then be controlled using maximum
power point tracking techniques. The outer loop, having slow dynamics, aims for system
stability under changes in operating conditions such as solar irradiance, wind speed, and
temperature variation.

As illustrated in Fig. 2.6, line-to-line voltages and line currents are sensed at the PCC
and converted to the dq frame, which are then used as inputs to the PQ control scheme. The
measured line currents are transformed to virtual line-to-line currents, which can be defined
in the abc frame as iq, = 14 — iy, lpe = Uy — G¢, aNd ipq = i — 1. With the use of virtual line-
to-line currents the noise associated with current measurements is reduced. The conversion
between line currents and virtual line-to-line currents in the dq frame can be expressed as

follows:

9 =L,
=17 2f§ e (2.5)
2

|H

iy 33 ldL
It should be noted that the controller model will remain unchanged if one chooses to uti-
lize phase voltages and line currents instead of line-to-line voltages and virtual line-to-line
currents. Therefore, the derived grid-tied VSI controller model will be directly applicable to
PQ control schemes using phase voltages and line currents [42].

The four integrators associated with the control loops contribute four state variables to

the controller model. The four state variables, i.e. yp,¥iq, Yo, and y;q, are highlighted in

Fig. 2.6 and can be expressed as follows:

yp = ka(P" = P), (2.6)
yiq = k’ig(yp + k’pl(P* — P) — iqL), (27)
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U = kis(Q" — Q), (2.8)
Via = kia(yg + kp3(Q" — Q) — iaz), (2.9)

where, P* and QQ* are the desired active and reactive power supplied to the grid, respectively,
which are the inputs to the controller model. Also, the k,’s and k;’s are the proportional
and integral gains of the controllers as shown in Fig. 2.6.

The output P and Q of the VSI can be expressed in terms of measured quantities as:

| 1 pec.

P = §UgchqL + 5’05 TdL, (210)
1 pee; 1 pee

Q= §vq lar, — §vd iqL- (2.11)

Linearizing (2.10) and (2.11) around a steady-state operating point and replacing them

in (2.6) through (2.9), the controller state variables can be expressed as follows:

yp = kn P* — %kﬂqucciqL - %k}ilquvgcc — %kﬂldngcc, (2.12)
Yig = ki2yp — %kmknvqpcciqL — kigtgr, — %kplkiQIqLUgcc - % o1 kiolar 0 + kp ki P*, (2.13)
Yo = kiz@" — %kiii‘/qpccidL - %ki?)IdLUgcc + %kigquvgcc, (2.14)
Yia = kiyq — %kp?)k?A‘/qpccidL — Kigtar, — %kpng[dngcc - %kpng[quSCC + kpskinQ*. (2.15)

Now, (2.12) through (2.15) can be expressed in matrix from as follows:

iqu pce
% iy A 00 o |+ By Bug| vy | (2.16)
Yo Aszs Asy O Bs1  Bss R
Y2

T T T
where, y; = lyp yQ} y Yo = [yiq yid} , lgdl, = [iqL idL:| and R* = {P* Q*]. Notice
that the tilde operator is omitted from the small-signal states and inputs for simplicity. The

block matrices introduced in (2.16) are provided in Appendix A.

29



The controller output equations can be written from Fig. 2.6 as follows:

U; = Ugcc + kpg(yp + k’pl(P* — P) — iqL) + wliy, + Yiqs (217)
vg =g+ kpa(yq + kps(Q" — Q) — iar) — wliar, + yia. (2.18)

A time delay associated with PWM signal update can affect the stability of grid-tied inverters
(72, 73]. A simple approach to implement the effect of delay in continuous-time controllers

is through the following differential equations:

1

o = E(v;“ — ™), (2.19)
- 1NV 1 r mnu
d = Td(“d —vg"), (2.20)

where, T, is the control delay as shown in 2.6. Now, linearizing (2.17) and (2.18), and
substituting in (2.19) and (2.20) yield:

s l{p2 1 . 1 . k 2 1 1 k 1]{,’ 2
”w:——]_——k Vpcc —L ps _z__q MP*
Yq T, ( R Vg )igr + wa tar, + T, yp + Tdyq Tdvznv + T, (221)
1 1 e ce '
+?d(1 — ékplkPQIqL)Ug — EkplkpgdeUs
y | Ky 1 , ks 1 1 k,3kpa
v _ _ > T Bpt g 1p oy Bpt b g — =gl g P8t o
(o wa 4L + Td ( 9 p3 Vg )ZdL + Td Yo + Tdyd Tdvmv + Td Q (2 22)
1 e 1 1 o ’
_—2Td kpgkp4[dLUg + E(l + §kp3kp4IqL)Us
Now, (2.21) and (2.22)can be expressed using 2X2 block matrices as follows:
d inv . inv pce *
g lad = Aszigar, + Asayr + Aesyz + Asevgq” + Be1vgy + Bes ', (2.23)

T
where, vfﬁ” = {vé”” Uizm] . The block matrices introduced in (2.23) can be found in Ap-
pendix A. Equations (2.16) and (2.23) define the state-space model for the grid-tied VSI PQ

controller. In the next section, the derived controller model and the open-loop model in (2.4)
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will be integrated to derive the full-order state-space model of a PQ-controlled grid-tied VSI.

2.3 Full-Order State-Space Model

In this section, the open-loop model derived in Section 2.1 and the PQ-controller model
obtained in Section 2.2 are integrated to develop a full-order state-space model for a grid-
tied VSI.

The first thing to note about the open-loop circuit model and the controller model is that
the open-loop model contain grid line currents igd as state variables whereas the controller
model is defined in terms of virtual line-to-line currents 7,47, Therefore, to allow integration
9

of the models, ¢

; Iyq have to be expressed in terms of 444y, or vice versa. Using the transformation

between ig ; and igqz, provided in (2.5), the open-loop model in (2.4) can be expressed in terms

of iqu as:

Z?]Zv A].]. A12 Afg ZZZU 0 BIQ b]_ ’Ug;c

d

g || = [An A AR v | T [0 0 ba| | 2| (2.24)
lqdL A Ap A |dear B 0 Wi | w

where, the modified block matrices are denoted by superscript L and are included in Ap-
pendix A. Notice that the tilde operators have been removed from the small signal variables
for simplicity. .

The open-loop model in (2.24) contain the control variables z = {m ¢] as inputs. On
the other hand, from Fig. 2.6, the controller outputs can be identified as the inverter voltages

T
véﬁ” = {Uéfw Uilnv] . By definition of the inverter voltage:

2_})im) - mvdcejw (225)

The inverter voltage as shown in (2.25), is plotted at the dg axis in Fig. 2.7. From Fig. 2.7,

the ¢ and d components of the inverter voltages can be expressed as:
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Figure 2.7: The inverter voltage plotted at dq axis

v = mugecos(v) (2.26)
v = —mugesin(y) (2.27)

Linearizing (2.26) and (2.27) and expressing them in matrix form

pinv Viecos(W)  —MVy.sin(U m
7| | Vaecos() acsin(¥) . (2.28)
Vi ~Vaesin(¥) —MVyecos(V)| |2

Using (2.28), the open-loop control inputs can be expressed in terms of the inverter voltages

as follows:

z=Muly (2.29)

The block matrix M introduced in (2.29) is provided in Appendix A.

Up to this point in the modeling process, the voltage at the PCC has been assumed as
the input to the model. To study the impact of weak grids on grid-tied VSI stability, the
grid impedances have to be incorporated into the system model. From Fig. 2.1, the voltage

at the PCC can be expressed in terms of the grid components through KVL as:
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P iab d Tab Ug
“| =R, + Ly I e (2.30)
Upe be b Upe

Using the Park’s transformation matrix provided in (2.2), the equation presented in (2.30)

can be expressed in the dq frame of reference as follows:

ybee R wlL Tl d lien| |v9
=] A + Ly “, (2.31)
vhe —wL, R, ldr, Gar | |3

which can be expressed in block matrix form as:

cc . d .
Vg = Giigar + Garigar + vy, (2.32)

where, the newly introduced block matrices are included in Appendix A. Replacing the state

equation for digqy,/dt from (2.24) in (2.32):

ngc = ([ — Gngl)_l(GgAélizZU + G2A§2’U0d + (Gl + GQAgg)iqu + G2b§w + Ugd). (233)

q

Combining (2.24), (2.23), and (2.16), the model of the closed-loop grid-tied VSI can be

expressed as follows:

O Ay A Ay 0 0 0| |y 0 b B 0

v, An Ap Ab 0 0 0| | 0 b 0 0| [u
d | _ Al AL AL 0 0 0| iz . B vk 0 0 w
dt | o 0 0 As 0 0 0] |wm By 0 0 Bs||z|

Y2 0 0 As3 Ass 0 O Y2 Bsi 0 0 Bsg| | R

_vfﬁ”_ I 0 0 Ags Ass Ags A66_ _vfﬁ”_ _B61 0 O DBgs

(2.34)
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Replacing z and v};" through (2.29) and (2.32) in (2.34), the complete model of the grid-tied

VSI is derived as follows:

i;@” Ay A AL0 0 Afg i;@” 0 b 0
Vga Ay A Al 0 0 0 Vga 0 b 0 y
- c c c : c e ad
% lgdl _ Ag A, A5, 0 0 0 lgdl N Bs b 0 o @)
Y1 Ay Ag Agy 0 0 0 Y1 Bi b B »
Yo Ag AL, A, Asy O 0 Yo BE, be DBss
_véﬁ”_ _Agl Aby Ay Ass Ass A66_ _vf{é”_ _B§1 bg B(;g—

where, the newly added block matrices and the modified matrices, which are denoted by
the superscript ¢, are provided in Appendix A. The derived full-order model in (2.35) con-
tains a detailed circuit model as well as controller and grid components, which will allow a

comprehensive stability study of grid-tied VSIs.

2.4 Conclusion

In this chapter, an open-loop model for a grid-tied VSI is presented, which can be inte-
grated with any control scheme employing both carrier-based PWM and SVPWM switching
schemes. Following that, a state-space model for a PQ controller is derived and integrated
with the circuit model to derive a detailed full-order state-space model for a grid-tied VSI
containing filter, controller, and grid parameters. The procedure outlined in this chapter to
integrate the controller model can be followed to include different controllers in the open-loop
model. The full-order model derived in (2.35) is used in Chapter 3 to study the impact of

VSI design parameters on the stability of grid-tied VSIs in weak grids.
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Chapter 3

Stability Analysis of Grid-tied Voltage

Source Inverters in Weak Grids

In this chapter, the stability analysis of a grid-tied VSI in weak grids is performed using
the full-order model developed in Chapter 2. The design of various VSI parameters in weak
grids is studied and several design solutions for stability are analyzed, which are enabled
through the detailed full-order model in (2.35) as the model contains filter, controller, and
grid parameters.

The contents of this chapter are organized into four sections. In Section 3.1, root locus
studies are carried out to analyze the stability of grid-tied systems in weak grids through
the design of several inverter components. The results obtained from Section 3.1 are verified
through hardware tests in Section 3.2. The practicality of such design solutions is discussed

in Section 3.3. Concluding remarks for this chapter are given in Section 3.4.

3.1 Root Locus Studies

In this section, the stability of a closed-loop grid-tied VSI is studied using the model devel-
oped in (2.35). In particular, the impact of a weak grid on the stability of a grid-tied VSI

is analyzed through root locus of the model eigenvalues with respect to variations in VSI
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Table 3.1: Parameters employed for root locus analysis

Parameter Value Parameter Value
L, 1.0mH kp1, kps 0.01
Ry 0.15Q kpo, kpa 0.5
LQ 0.5mH kila kig 2
RQ 0.1Q kfﬂ, ki4 5
Cf 30/LH(A) Td 0.3ms

parameters, i.e. control time delay Ty, passive damping resistance Ry, LCL filter and PQ
controller gains. The initial values of the parameters are provided in Table 3.1. In addition,
the coupling path gain in the PQ controller is set to a constant value of wlL = 0.5752.
The controller proportional gains K,s are chosen based on the remaining system parame-
ters, deliberately with a slight margin from the unstable region for the stability study using
root locus. No passive damping resistance is initially considered with the equivalent series
resistance (ESR) of the LCL filter film capacitors is modeled by setting Ry = 0.0082 for
the frequency range of the case studies presented in this section. Moreover, in Table 3.1, a
higher value is considered for R; than R,, to account for the on-state switching resistances
of the semiconductor switches.

In the first scenario, the stability of the grid-tied VSI system is studied for an increase in
grid impedance. The X/R ratio of the grid for transmission systems is usually much larger
than one, i.e. X/R >> 1, as the grid resistance is negligible compared to the grid inductance
in such systems. In low-voltage distribution grids, the X /R ratio is usually around one as
the grid resistance becomes comparable to the inductance [74]. The line impedance is mostly
resistive in islanded microgrids. As a result, the X /R ratio can become as low as 0.2 [75]. In
the scenario presented in Fig. 3.1, the root locus of the systems poles (eigenvalues) is shown
as X/R ratio is gradually increased from 0.5 to 5 through an increase in grid inductance
L, from 0.16mH to 1.6mH while the grid inductance R, is kept constant at 0.12€2. As
one can see from Fig. 3.1, increasing L, drives a pair of poles (A3, A\4) toward the unstable
region while the remaining poles stay in the stable region. A zoomed-in plot of the dominant

eigenvalues is shown in Fig. 3.1 (right). As highlighted in the zoomed-in plot of Fig. 3.1,
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Figure 3.1: The root locus of the grid-tied VSI when L, varies from 0.16mH to 1.6mH and
R, = 0.12Q) is kept constant (left), with a zoomed-in plot of the dominant poles (right).
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Figure 3.2: The stable and unstable regions of grid-tied VSI with respect to grid resistance
and inductance values for the parameters provided in Table 3.1.

the poles move to the right-half plane for L, > 1.12mH, i.e. X/R > 3.5, thereby making
the system unstable. On the other hand, if instead the X/R ratio is increased from 0.5 to
5 by decreasing R, from 0.12Q2 to 0.012€2, when L, = 0.16mH, the system becomes stable
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Figure 3.3: The root loci of A3 as initially L, increases from 0.16mH to 1.6mH followed
by an increase in Ty from 0.3ms to 0.4ms (left), an increase in Ry from 0.0082 to 2€2.

for R, > 0.064 as shown in Fig. 3.2. It can also be seen from Fig. 3.2 that for the same
X/ R ratio, the stability of the system can depend on both L, and R, values. Therefore, the
weakness of a grid is determined by both L, and R,.

An increase in time delay of the feedback control path can improve the stability of grid-
tied systems when current measurement is performed after the LCL filter [73]. Similarly,
increasing passive damping resistances can have a positive impact on the stability of VSIs
[41]. To demonstrate the impact of these parameters in weak grids, the root loci of one of
the dominant poles, i.e. A3, is plotted in Fig. 3.3 for two different scenarios. In the scenario
plotted in Fig. 3.3 (left), the root loci is shown as L, is increased from 0.16mH to 1.6mH,
followed by an increase in T, from 0.3ms to 0.4ms. As one can see from Fig. 3.3 (left), for
a larger T, the grid-tied system can remain stable in weak grids. In the scenario presented
in Fig. 3.3 (right), the root loci of the dominant pole is plotted for the same increase in L,

followed by an increase in Ry from 0.008(2 to 2€2. Similar to the case of Ty, an increase in
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Ry improves the stability of grid-tied VSIs in weak grids as can be seen from the root loci
illustrated in Fig. 3.3 (right). It should be noted that the same stabilizing impact of T is
not applicable when current measurement is conducted at the inverter-side, that is before
the capacitor branch.

The controller gains for the control scheme are generally chosen considering the dynamic
performance and stability of the system. As can be seen from Fig. 2.6, the PQ controller
contains four proportional gains K,s and four integrator gains K;s corresponding to the four
PI control loops present in the control scheme. However, for a wide range of variations in
the K; values, the eigenvalues remain relatively constant and in the stable region. Whereas
the dynamic performance of the system, e.g. settling time, steady-state error, are impacted
by the K; gains. Moreover, the root locus of the poles shows similar characteristic with
variations in the outer power loop proportional gains k,; and kp3, while the inner current

loop proportional gains k,s and k4 also exhibit similar characteristic. With these remarks in
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Figure 3.4: The root loci of A3 as initially Ly increases from 0.16mH to 1.6mH followed
by a decrease in kyy from 0.01 to 0.001 (left), a decrease in kyo from 0.5 to 0.05 (right).

39



mind, to study the effect of controller gains on the stability of grid-tied VSIs in weak grids,
the root loci of Az is plotted in Fig. 3.4 as L, is increased from 0.16mH to 1.6mH, following
which k,, is varied from 0.01 to 0.001 (left) and ks is decreased from 0.5 to 0.05 (right). As
one can see from Fig. 3.4, the root loci of the pole move to the stable region as the K,s are
decreased. Therefore, a grid-tied system can be operated in the stable region under weak
grids, by decreasing the K, gains.

The traditional LCL filter design procedures do not consider the grid impedance. The
maximum boundary of L; + Ly is commonly determined for a voltage drop of 0.02 to 0.05
p.u. across the filters. The lower and upper bounds of L; can also be obtained by limiting the
maximum current ripple of the inverter-side inductor in one cycle, while for optimum LCL
filter performance and to satisfy the harmonic restriction standards such as IEEE Std. 1547,
Ly > L, is usually selected [76]. The PWM frequency and Cy can be chosen to avoid the

inverter output circuit resonance frequency. In addition, a capacitor value of less than 3%
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Figure 3.5: The root loci of A3 as initially L, increases from 0.16mH to 1.6mH followed by
a decrease in Cy from 30uH to 25uH (left), an increase in Ly from 1mH to 5mH (middle),
an increase in Ly from 0.5mH to 5mH (right).
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of its base impedance value is commonly chosen to limit the decrease in the power factor of
grid-tied VSIs [77]. The above-mentioned criteria might be valid for grid-tied VSIs operating
in stiff grids but might result in instability under weak grids. The effect of filter parameters
on system stability in weak grids is demonstrated in Fig. 3.5. Three cases are depicted in
Fig. 3.5, where initially L, is increased from 0.16mH to 1.6mH in all three cases. In the
root loci shown in Fig. 3.5 (left), C} is decreased from its initial value of 30uH to 25uH,
which moves the dominant pole of the system to the stable region. Therefore, stability can
be achieved in weak grids by designing a smaller C'y value. In the scenario illustrated in
Fig. 3.5 (middle), the value of L; increases from 1mH to 5mH. Even though the dominant
pole is seen to be moving towards the stable region, the system remains unstable for a large
increase in L in a weak grid. In the third scenario shown in Fig. 3.5 (right), Lo is increased
from its initial value of 0.5mH to 5mH. As one can see from the root loci presented in
Fig. 3.5 (right), increasing Ly moves the dominant pole to the stable region. Although from
an open-loop circuit point of view Ly and L, seem to be connected in series, as the current
measurement is conducted from the point between them (see Fig. 2.6) their impact on system
stability seem to be opposite, where increasing Lo is beneficial for system stability in weak
grids. It should be noted that the stabilizing effect of Ly is valid only for grid-side current

measurement.

3.2 Experimental Verification

In this section, some of the findings obtained through the root locus analysis in Section 3.2
is verified through laboratory experiments. The same parameters provided in Table 3.1
was employed for the hardware tests except for the integrator gains, which were set to a
small value of 0.002 to avoid overshoots that could damage the laboratory equipment. A
schematic of the hardware setup used in this section is illustrated in Fig. 3.6. A more detailed
description of the setup can be found in Subsection 2.1.2.

In the first test scenario, the impact of a weak grid on grid-tied VSI stability is demon-

strated. Three-phase b5mH inductors were inserted to the circuit between the PCC and the
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Figure 3.6: Schematic diagram of the hardware setup employed in Section 3.2.

point of grid connection, which were initially bypassed through a three-phase circuit breaker
as shown in Fig. 3.6. The line current of phase-A is displayed in Fig. 3.7, as the grid in-
ductance was inserted at instant 0.1s. As one can see from Fig. 3.7, the grid-tied system
becomes unstable, as the grid gets weaker due to a large grid impedance.

Two test scenarios are displayed in Fig. 3.8, with the operating points also highlighted
in the root locus plot presented in Fig. 3.9, using the model developed in Chapter 2. In
both the scenarios presented in Fig. 3.8, the system is initially seen to be stable (Point A
in Fig. 3.9). The system then became unstable when line inductors were added to the grid
impedance at instant ¢ = 0.1s (Point C in Fig. 3.9). In Fig. 3.8 (top), the system becomes
stable again as three-phase inductors, L3% = 2.5mH, were inserted at the inverter-side of
the PCC through opening a circuit breaker as shown in Fig. 3.6, which increases the value
of Ly to 3mH (Point D in Fig. 3.9). Hence, increasing L indeed improves the stability in
weak grids when grid-side current measurement is employed, as discussed in Section 3.1 and
also in the root loci plot of the dominant pole shown in Fig. 3.9. Notice that the magnitude
of the current is initially smaller upon returning to the stable region in Fig. 3.8 (top) due to
the sudden increase in filter inductance. The controller then slowly restores the current to
its original value, which is not apparent from the figure as a small time period is displayed
to highlight the stability phenomenon. In Fig. 3.8 (bottom), the unstable system is brought
back to the stable region by inserting a Ry of 102 through opening a circuit breaker at
instant ¢ = 0.29s (Point E in Fig. 3.9). The scenario in Fig. 3.8 (bottom) is also displayed in

the scope screen in Fig. 3.10 along with the test setup. These tests validate the efficacy of
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the developed model presented in (2.35) for the stability analysis of grid-tied VSIs in weak
grids.

3.3 Practicality of VSI Design Parameters in Stability

Improvement

The design criteria for several VSI parameters are studied through the root locus analysis
in Section 3.2 to improve the stability of grid-tied VSIs in weak grids. Some of the findings
are also verified experimentally in Section 3.3. However, there is a tradeoff in implementing
each of the findings.

As already mentioned in Section 3.2, the filter inductances are designed allowing a maxi-
mum voltage drop of around 0.05 p.u. across them. Increasing Ly to improve stability could
violate this criterion. Furthermore, a bigger inductance means more cost and an increase in
the size of the inverter unit. On the other hand, decreasing C; could improve the stability
in weak grids. However, a smaller C'y could decrease the harmonic rejection capability of the
LCL filter, which will result in an increased total harmonic distortion (THD).

Although an increase in the passive damping resistance R; can improve the stability of
grid-tied VSIs, the introduction of a resistive element in the system will increase the losses
and decrease the efficiency of the inverter unit. Moreover, a resistive element in the capacitive
branch of the LCL filter could reduce the efficacy of the filter in eliminating high-frequency
harmonics.

The dynamic performance of the system depends on the proportional gains of the con-
troller and decreasing the proportional gains will inevitably result in slower controller dy-
namics, although the stability of the system may improve. The same is true for the control
time delay Ty, as increasing T, has a positive effect on system stability but at the cost of a
slower dynamic response.

The filter and controller parameters can be designed to enable stable operation of VSIs

in weak grids, however, performance criteria of VSIs may not be satisfied under all operating
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scenarios. Therefore, there is a need for novel techniques for stability improvement of grid-

tied VSIs in weak grids.

3.4 Conclusion

In this chapter, several VSI parameters have been identified, through root locus analysis
of the eigenvalues of the full-order model, that can be designed to improve the stability of
VSIs in weak grids. The efficacy of some of the design parameters has been experimentally
verified. The drawbacks of implementing the various design criteria have also been discussed.
Based on the analysis carried out in this section, a virtual inductance feedforward emulating
the behavior of an additional Ly in the LCL filter is presented in this dissertation, which is

discussed in details in the next chapter.
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Chapter 4

Virtual Inductance Feedforward

Scheme

In this chapter, a virtual inductance feedforward control technique is developed to enable
stable operation of VSIs in weak grids. The virtual inductance feedforward path is integrated
to the inner current loops of the PQ controller. A larger grid-side inductor Ly could improve
the stability of grid-tied VSIs in weak grids, as verified through root locus analysis and
hardware tests in Chapter 3. The virtual inductance feedforward scheme is derived in this
chapter emulating the behavior of an additional Ly without the drawbacks associated with
an increased Lo, i.e. additional voltage drop, larger size, and higher cost, while retaining its
stabilizing effect. The implementation of the developed technique does not require any addi-
tional hardware components, e.g. sensors, and does not affect the steady-state performance
of the system.

The contents of this chapter are organized into six sections. In Section 4.1, an analytical
expression is derived to demonstrate the stabilizing impact of Lo in weak grids. The virtual
inductance term emulating an additional L is derived in Section 4.2. A modified control
scheme for grid-tied VSIs is developed in Section 4.3 by integrating the virtual inductance
feedforward in the PQ controller. The efficacy of the presented technique is validated through

root locus analysis in Section 4.4. The performance of the developed scheme is compared
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Figure 4.1: Simplified schematic diagram of one phase of a current-controlled grid-tied VSI.

against controller design procedures in Section 4.5. The virtual inductance feedforward
scheme is verified through experimental scenarios in Section 4.6. Finally concluding remarks

for this chapter are provided in Section 4.7.

4.1 Effect of Filter Inductance on Stability

In this section, an analytical equation expressing the impact of filter inductances on the
stability of grid-tied VSIs in weak grids is derived through continued-fraction-expansion
of the system transfer function based on a simplified grid-tied VSI model. The simplified
schematic of an individual phase of a balanced VSI considered in this section is shown in
Fig. 4.1.

The inverter unit is represented by a controlled voltage source in Fig. 4.1. The grid-tied
system employs a current controller, which is expressed through the transfer function G.(s)
and is equipped with the PCC voltage feedforward. Same notations used in the previous
chapters is also used in Fig. 4.1 to represent the LCL filter and grid parameters as well as
the voltage and current components of the circuit. The input to the controller is considered

to be the desired grid current ;.
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Applying KVL on the loops on both sides of U, the voltages can be written as follows:

d .

— Vipy + Llalinv + v, = 07 (41)
d .

— Ve + LQ&ZQ + Upce = 0. (42)

Also, vpe. can be written in terms of v, through KVL as follows:

: d .
Upee = Ryig + Lg%zg + v,. (4.3)

Applying KCL at the capacitor node, the current flowing through the capacitor branch can

be expresses as follows:

d
C’favc = iinv - ’ig. (44)

Substituting v, from (4.3) to (4.2) and transferring to s-domain yield:

o= —Ye Vo faly
9 Lo+ L, Ly+L, Ly+1L,

(4.5)
From Fig. 4.1, the inverter voltage can also be expressed in the s-domain in terms of the
control variables as follows:

Vine = Gd(‘/;)cc + GC<I; - Ig)) (46)

Replacing V). from (4.3), following conversion to the s-domain, and s/, from (4.5) in (4.6)

yield:

LVt LaVy | RiLo
Lo+ L, Ly+ L,

Wm:G4 cm@+ag) (4.7)

Replacing Vj,, from (4.7) in (4.1) in s-domain yields:
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Figure 4.2: A signal flow graph of the grid-tied VSI presented in Fig. 4.1.

Ly+L,(1-G G4R,L G4G. GqL G4G.
SIinv = - 2+ g( d) c ( i A - : ) g — ‘/g"i_ d [; (48)
Li(Ls + Ly) Li(Ls+L,) Ly Li(Ls + Ly) I,
Following transformation into s-domain, (4.4) can be expressed as follows:
1 1
s Cf Cf g ( )

Using (4.9), (4.8), and (4.5), a lossless signal flow graph of the simplified grid-tied VSI is
obtained, which is illustrated in Fig. 4.2. The inputs to the signal flow graph are /; and Vj,
while the output is the current supplied to the grid I,. Now, applying Mason’s rule on the

signal flow graph presented in Fig. 4.2, a transfer function of the grid-tied system is derived,

ie. H(s)=1I4(s)/1;(s) = N(s)/D(s), where,

N(s) = Ge(s)Gals), (4.10)
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D(s) = s’L1Cy(Ly + Ly) + 5°LiCy Ry + s(Ly + Ly + Ly(1 — Ga(s))) (4.11)
4.11

+ G.(5)Ga(s) + Ry(1 — Ga(s)).
The denominator D(s) is then expressed in a form suitable for continued-fraction-expansion
as follows:
D1 S) 83L10f(L2 + Lg) + S(Ll + L2 + Lg(l — Gd(5>>)

(5) _
D2(5> B 32L1Cng + Gc(s)Gd(s) + Rg<1 _ Gd(s)) ) (4.12)
(

where, the term D;(s) contains the highest power coefficient and the following alternate
power coefficients of D(s), while Dy(s) contains the remaining power coefficients. Now,
applying repeated long division on (4.12), three criteria for the stability of this system can
be determined using the continued-fraction-expansion method as follows: (i) (Ls + L,) > 0,
(i) LiCyR? > 0, and (iii) Ry(L1+L2Ga(s)) — (La+Lg)Ga(s)Ge(s) > 0. As circuit parameters
are physical quantities and therefore positive, only the inequality present in the third criterion
can be used to extract some information on system stability. Moreover, the control delay
can be expressed as Gg4(s) = e*1¢ for systems operating in continuous domain [73], which
has a magnitude of |G4(s)| = 1. The inequality in the third criterion can then be re-written
as follows:
Ly + Ly

From (4.13), it can be interpreted that for a given control gain, i.e. |G.(jw), a higher L,
will result in a lower stability margin. This is in agreement with the analysis carried out in
Chapter 3. One can also interpret from (4.13) that increasing L; + Ly can result in a higher
stability margin. However, this will be an improper hardware solution as discussed in 3.3.
Herein, two extreme cases are considered as follows: (i) stiff grids when L, < L, and (ii)
weak grids when L, > L. It should be noted that in resistive standalone microgrids, the
line impedance could be predominantly resisitive [74, 78], as a result the abovementioned
second case may not be valid even if the connection at the PCC is weak. However, the

focus of this dissertation is on grid-tied applications, therefore the second case mentioned
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above is a sufficient condition for weak grids in both inductive and resistive-inductive grid
connections. Now, considering the two cases, the inequality expression in (4.13) can be
re-written as follows:

(1+ )R, > |G.(jw)| for stiff grids,

Ly

(4.14)
(L + Lo)(72) > |Ge(jw)|  for weak grids.

As one can see from (4.14), only under weak grids, an LCL filter with a slightly higher value

of Ly can be designed to improve the stability of the grid-tied system. Instead, a control

solution emulating the impact of an additional inductance is presented in this dissertation

to avoid the tradeoff associated with a physical increase in the inductance value.

4.2 Derivation of Virtual Inductance

In this section, a virtual inductance term to enable stable operation of grid-tied VSIs is
derived. To virtually represent the impact of an additional L,, the current going through
Ly, which is the grid current i,, is utilized. From (4.14), it can be interpreted that an
additional Ly could also contribute towards the stable operation of grid-tied VSIs. However,
the current going through L4, i.e. i;,,, is not a measured quantity as can be seen from the
detailed schematic of the grid-tied VSI illustrated in Fig. 2.6. As a result, the implementation
of a virtual inductance term representing L, would require an additional sensor to measure
linv- The passive damping resistance [y can also be utilized to improve the stability of
grid-tied VSIs as discussed in Chapter 3 and active damping strategies based on virtual
Ry can be found in literature [79-82]. However, development of virtual R; may require
(i) an additional sensor measuring the voltage or current of the filter capacitor [79-81], (ii)
complicated capacitor current estimation strategies [82]. Therefore, a virtual inductance
emulating L, is the preferred choice.

A schematic diagram of a VSI focusing on the effect of grid-side LCL filter inductance

is shown in Fig. 4.3. The grid-side inductor is denoted as L,;. for analysis purposes. The
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Figure 4.3: Schematic diagram of a three-phase VSI focusing on the effect of filter induc-
tance on the grid-side, which will be added virtually.

resistor R,;. shown in Fig. 4.3 denotes the parasitic resistance of the inductor. Performing

KVL on the two loops shown in Fig. 4.3, the following equations can be written:

d
— UZb + Lm‘ra(lg — Zg) + Rvir(ig — l‘g) + vg;}:c — Rfig = 0, (415)
. d., e
— Upe + Lvir%(zb - Zc) + Rvir(zb - Zc) + Vpe — Rbe =0. (416)

Performing KCL on the numbered nodes shown in Fig. 4.3, the currents in the capacitor

branch can be expressed in terms of the line currents as follows:

U __ 59 _ 2o 9
{ Uy — b T

¢ = - < , 4.17

ZG, 3 ( )
nv ;9 sinv g

= Tt Hhe (4.18)

3

Substituting the values of i and i§ from (4.17) and (4.18) into (4.15) and (4.16), respectively,

the equations can be expressed as follows:
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d R R+ . .
- Ugb + Lvir—(ig - Tg) + (Rvir + ?f)(lg - Zg) + vg;c - ?f(iﬁfw - Z'?fw) = 07 (4-19)

dt
d . . R . . cc R -nY U
— Upe T Lvir%(lg — ) + (Rvir + ?f)(zg — i) + Ui)c - ?f(zb — ") = 0. (4.20)

Isolating the currents going through the virtual inductances, the effect of virtual inductance

on the virtual line-to-line currents can be written as follows:

) 1 )

tay = Tap = 3 (=3Vap — Byigy — vy + Ryiay” — 3Luirty), (4.21)
) 1 )

W =i = ———(=30§, — Ryil, — 30P + Ryii™ — 3Lyipill). (4.22)

=1 =
be be 3Rvir
Since, only the high frequency component of the current flows through the capacitor branch,
it can be assumed that 7, ~ "} and 47, &~ ;" by considering only the fundamental current
components. In addition, it can be assumed that vS, ~ 02 and vf, ~ vl as the equiv-

alent impedances of the filter components are very small. Applying the abovementioned

simplifications, (4.21) and (4.22) can be written as follows:

iy Lyir d -q
Lap = _R ] Ezgv (423)
VLT Lvir d .
%C:_R»Ei' (4.24)

The next step is to convert the virtual inductance terms to quantities in the dg frame of
reference as the controller operates in the synchronously rotating dq frame as shown in
Fig. 2.6. Applying the Park’s transformation provided in (2.2) on (4.23) and (4.24), the

virtual inductance terms can be expressed in a matrix form in the dq frame as follows:

Z'UiT Lvir d i Lvir 0 w i
5 i q—R' 1. (4.25)
Z‘gzr vir ii]l vir [ ., () Z’Z

The derivative terms have minimal impact on steady-state operation, as a result they can
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be neglected for simplification. Furthermore, the term R,;. just acts as an inverse gain and
is set to 1. The virtual inductance terms in the dq frame of reference can then be expressed

as follows:

e (4.26)

“VIT

ig" = Wl (4.27)

It can be seen from (4.26) and (4.27) that the derived virtual inductance strategy (i) requires
the tuning of only one parameter and (ii) can be expressed only in terms of the grid currents,
hence no additional sensors are required. Therefore, the presented virtual inductance strat-
egy is a more practical solution compared to existing techniques present in the literature for

improving the stability in weak grids [26, 36, 37].

4.3 Control Scheme with Virtual Inductance

In Section 4.2, a virtual inductance term is derived, as shown in (4.26) and (4.27), based
on the virtual line-to-line grid currents. Therefore, the virtual inductance terms should be
integrated to the current control loops of the VSI controller. The modified PQ controller
including the virtual inductance is shown in Fig. 4.4. As one can see from Fig. 4.4, the
virtual inductance scheme is implemented using feedforward virtual line-to-line grid current
components fed through the virtual inductance gain block.

The controller model presented in Section 2.2 has to be modified to include the virtual
inductance feedforward. As discussed in Section 2.1, the open-loop model has a generalized
structure, therefore it can integrated with the modified controller model without any alter-
ations. In addition, the virtual inductance feedforward is incorporated in the inner current
control loops. As a result, the state equations corresponding to yp and yq will remain un-
changed, which are provided in (2.6) and (2.7), respectively. The modified state equations

associated with y;, and y;q can be expressed as follows:
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Figure 4.4: Modified control scheme of a grid-tied VSI equipped with virtual inductance
feedforward (highlighted).

. 1 cc . . * 1 cc
Yig = kioyp — ki2(§/€p1qu + 1)iqr, — kiowLyiriar, + kiokp P* — §/€i2/€p1quU§

; (4.28)
—§k¢2kp1[dL05607
. 1 pee . . * 1 pce
Via = kiayg — ki4(§kp1‘/q + 1)iar + kisw Lyiriqr + kiskysQ™ — §k7;4/€psdeUq
(4.29)

1 CC
+§ki4kp3IdLUs .

Note that P and Q have been replaced by the state and input varaibles using (??) and (?7).

Furthermore, the modified controller output equations can be expressed as follows:
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: * 1 cc; cc 1 cc
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2 2 (4.30)
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Vg =V — wligr + Yia + kpa(yq + kpa(Q" — §qu tdr, — 505 Tar, + 51}5 qL) (431)

_'_WLviriqL - Z.dL)

inv inv

The modified state equations corresponding to v,"” and vg"™ can then be expressed as follows:

- NV 1 cc . * 1 cc: 1 cc 1 cc
0" = (V0 + wlhiar + Yig + kpa(yp + kpn (PT — VP — soh Iy — vl lar)
T, 2 2 2
(4.32)
_WLviridL - 'L.qL) - U;m})
- 1NV cc . * 1 cc 1 cc 1 cc
Oy = (05" — whigr + Yia + kpa(yq + kps(Q" — S VIF“har, — 0B Ly + 05 Iyr)
Ta 2 2 2 (4.33)

(zlnv )

+wlyiplqr, — tar) — v

The state-space model of a grid-tied VSI equipped with a modified PQ controller including
virtual inductance feedforward is presented in (4.34). Comparing the derived model with
the model presented in (2.35), it can be seen that two entries of the previous model have
been modified, i.e. A and Ag. The full form of the modified block matrices is provided in

Appendix A. The model derived in this section will be utilized in Section 4.4 to demonstrate

the efficacy of the virtual inductance scheme through root locus studies.
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Table 4.1: Circuit and controller parameters for Chapter J

Parameter Value Parameter Value
Ly 1.0mH kpi, kp3 0.005
R 0.159 kpo, kpa 0.5
L2 0.5mH kﬂ, kig 0.002
Rs 0.1 kio, kg 0.2
Cy 30uH (A) Ty 390us
Ry 0.0192 f 60H z
i:ﬁ” A A A{g 0 0 Afg if;}l” 0O b O
U;d A21 A22 A§3 0 0 0 Ugd 0 bQ 0 p
s Cc C Cc ; C C /qu
% lqdL _ Ag A5 A5 0 0 0 lqdL . Bg by 0 ol (@3
Y1 Afy Ay Agz 0 0 0 (0 Bf, by B -
Y2 Agl Ag2 Agé?‘ A54 0 O Yo B§1 bg B53
_’U;Zv_ _Agl AEQ Aggr A64 A65 A66_ _,U(Z'IZ’U_ _Bgl bg BGS_

4.4 Stability Analysis

In this section, the efficacy of the virtual inductance feedforward scheme in improving the
stability of grid-tied VSIs in weak grids is discussed through root locus studies. A 10kW
grid-tied system with a rated voltage of 240V is considered for this section. The circuit and
controller values used are provided in Table 4.1, which are also employed for the experimental
verification of the proposed scheme in Section 4.6. The LCL filter values are chosen to place
the system close to the stability boundary, while small values for the integrator gains, i.e. K;s
are selected to avoid overshoots, which could potentially harm the hardware components.
To demonstrate that the effect of L, and L, is similar on the stability of grid-tied VSIs
in weak grids, the root locus plots for both Ly and L, are illustrated in this section. In the
scenario displayed in Fig. 4.5, the root locus plot of the dominant eigenvalues are shown as

the grid inductance L, is increased, i.e. SCR is decreased, up to 6mH for three values of
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Lo. As one can see from Fig. 4.5, for the smallest Ly value, i.e. 0.5mH, the system becomes
unstable as the grid becomes weaker, while for the same increase in L, the system remains
stable for the larger L, values. It can also be seen from Fig. 4.5 that for smaller values of

L,, i.e. for stiff grids, the higher L, values can have a negative impact on stability as the

9>
dominant pole gets closer to the imaginary axis, which is in agreement with (4.14). The
efficacy of L,; is studied next, which is proposed in this dissertation to emulate the stability
behavior of L, while eliminating its drawbacks.

The root locus of the dominant eigenvalues is plotted in Fig. 4.6, as L, is increased up to
6mH for three virtual inductance values 0, 0.002, and 0.004. As one can see from Fig. 4.6,
the system becomes unstable as L, is increased when L,;, is not enabled, i.e. set to zero.

For L,; = 0.002, the system remains stable for larger values for L,, while for L,; = 0.004,

the system operates in the stable region for the entire range of L, similar to the case of

n_ LZ - O.SmH
X=— L, = 1.5mH
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Figure 4.5: Root locus of the dominant eigenvalues as L, is increased from 1.5mH to 6mH
for Ly values of 0.bomH, 1.5mH and 2.5mH.

59



ﬁ— Lvir = 00

3000
X ——L,;, = 0.002
+——L,;, = 0.004
2500 -
2000 -
o)
21500t Ly A
E
1000 | :
— — :
500 - — :\
0 1 1 1 1 1 * ]
600 -500  -400  -300 200  -100 0 100

Re(pole)

Figure 4.6: Root locus of the dominant eigenvalues as L, is increased from 1.5mH to 6mH
for Ly values of 0, 0.002 and 0.004.
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Figure 4.7: Stability regions of the grid-tied VSI under weak grids with virtual inductance
implemented.
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larger Los. Therefore, a grid-tied VSI can be operated in the stable region by introducing
virtual inductance feedforward in its control structure. It can also be seen from Fig. 4.6,
while increasing L,; keeps the dominant pole in the left half plane, another pole is seen
to be approaching the right half plane as L,; becomes larger. Therefore, from a stability
perspective, the value of L,; cannot be increased without bounds and depending on the
grid inductance there is a range of L, values for which the system can be kept stable. This
property of L,;, is further explored in Fig. 4.7 where the stability of the system is emphasized
as Ly, is increased while SCR of the grid is decreased, i.e. L, is increased. The stable and
unstable regions are denoted by green and red, respectively. As one can see from Fig. 4.7,
a virtual inductance term can be designed to enable stable operation under various weak
grid conditions. However, as the grid becomes weaker, i.e. SCR decreases, the range of L,;,
values for which the system remains stable becomes restricted. For the operating condition
provided in Table 4.1, the virtual inductance scheme can ensure stable operation of grid-tied
VSIs up to an SCR value of 2.2 as shown in Fig. 4.7, whereas the existing standards for
grid-tied VSI interconnection recommends SC'R > 10 [21]. Therefore, the proposed scheme
ensures stability for much smaller SCR values, extending the range of stable operation. The
efficacy of the virtual inductance feedforward scheme will be verified through hardware tests
in Section 4.6. A technique to adaptively choose the virtual inductance value based on grid

conditions will be presented in Chapter 5.

4.5 Performance Comparison with Controller Param-

eter Redesign

In this section, the performance of the virtual inductance feedforward scheme is compared
against stability enhancement procedures employing the design of controller proportional
gains. The dynamic response of both methods is also compared through time-domain simu-
lations carried out in MATLAB/Simulink. The parameter values provided in Table 4.1 are

employed in this section, with the exception of the integrator gains, which are selected to be
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Figure 4.8: Stability regions of the grid-tied VSI under weak grids when decreasing (a) ks
and (b) ke and kyy.

larger, i.e. kj; = k;3 = 2 and kj; = kiy = 5, to observe the dynamic response over a small
time-scale.

The controller proportional gains can be decreased to improve the stability of grid-tied
VSIs in weak grids, as discussed in Section 3.1. The proportional gains of the outer power
loops are usually selected to be very small to begin with and as such, these gains cannot be
decreased over a wide range. Furthermore, for the same grid inductance and for the same
tenfold decrease in values, the inner current loop gains are seen to be moving the dominant
poles much further into the stable region than the outer loop gains, in the scenario presented
in Fig. 3.4. Therefore, the effect of the inner current loop proportional gains on stability is
highlighted in this section.

The stability regions of the grid-tied VSI as SCR is decreased, i.e. L, is increased, and
the proportional gain £, is decreased are shown in Fig. 4.8(a). As one can see from Fig. 4.8,
the stable region of VSIs is only slightly increased for a tenfold decrease in kp,. Note that,
ko is decreased up to 0.05 to avoid any interaction with the outer power loop. The response
time ratio between cascaded loops is commonly set at a minimum of 10 [24, 83]. Since the
outer loop gains are set at 0.005, k2 can only go as low as 0.05.

The stability regions of the grid-tied VSI are demonstrated in Fig. 4.8(b), as both
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and kp, are decreased simultaneously for decreasing values of SCR. As can be seen from
Fig. 4.8(b), the stability region has increased for decreases in both k,» and ks compared to
the case when only ks is decreased. However, the developed virtual inductance feedforward
scheme demonstrates a much larger increase in the stability region as can be seen from
comparing Figs. 4.7 and 4.8(b).

In the scenario presented in Fig. 4.9, the dynamic response of the virtual inductance
feedforward method is compared against the controller redesign method. For a fair compar-
ison, parameter gains at the stability boundary should be chosen. Comparison of Figs. 4.7
and 4.8(b) show that for a SCR of 2.6, ks = kps = 0.05 and L,;, = 0.003 should display sim-
ilar stability performance. Hence, these values are selected for the analysis. In Fig. 4.9(a),
the output active and reactive power of the VSI are displayed for a step change in the desired
active power from 2000 to 3000W at instant 0.1s, for the nominal operating condition of
kp2 = kps = 0.05 and L,;, = 0 to set a performance benchmark. In Fig. 4.9(b), the dynamic
response of the system is shown as the same input step change is applied for ky, = kps = 0.05.
As can be seen from Fig. 4.9(b), the response of the system have become significantly slower
for a decrease in the proportional gains and the closed-loop system does not reach the steady-
state values in the time-scale displayed in the figure. The same step change is applied to the
system for L,;. = 0.003 and the original control gains as shown in Fig. 4.9(c). As one can see
from Fig. 4.9, the dynamic response of the system with virtual inductance is almost identical
to the original system. A slight deviation in the reactive power can be observed in Fig. 4.9(c)
during the step change, as the ¢ component of the current, which is responsible for active
power generation, is fed to the reactive power controller to realize the virtual inductance
scheme according to (4.27). The reactive power quickly converges to its desired value again,
as larger controller gains can be maintained when employing virtual inductance feedforward
for stability enhancement. Therefore, the presented virtual inductance feedforward scheme
is an improvement over the controller redesign technique in both dynamic performance and

enhancing the stable region of operation.
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Figure 4.9: Qutput active and reactive power of the grid-tied VSI as the desired active
power is changed from 2000W to 3000W at instant 0.1s when (a) kpy = kps = 0.5 with no
virtual inductance, (b) kye = kps = 0.05 with no virtual inductance, (c) ky = kps = 0.5 and
Ly = 0.003.
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Figure 4.10: FExperimental setup and scope display for the scenario demonstrated in
Fig. 4.12.

4.6 Experimental Verification

In this section, the efficacy of the virtual inductance feedforward scheme is verified through
hardware tests carried out on a three-phase grid-tied inverter setup. The experimental setup
is shown in Fig. 4.10. The modified PQ controller including virtual inductance feedforward
was built in MATLAB/Simulink, which was integrated with the hardware setup using dSpace
1103 Controller Board. More details on the laboratory setup employed in this dissertation
are provided in Subsection 2.1.2. The parameter values used in this section can be found in
Table 4.1. For all experiments carried out, the active power was set to 5501 at unity power
factor. A PWM carrier frequency of 5kH z was used in the experiments.

In the first scenario presented in Fig. 4.11, the line-to-line voltage at the PCC and the grid
current of phase-A are shown as the system is initially stable under a stiff grid and virtual
inductance is disabled. At instant t = 2.35s, a 5mH(SCR = 3.1) inductance was inserted
between the grid and the PCC that was initially bypassed through a three-phase circuit
breaker. As one can see from Fig. 4.11, the system became unstable with the introduction
of a large grid inductance. To bring the system back to the stable region, L,;. = 0.0025 was
enabled at instant ¢ = 2.5s through Control Desk, a real-time software interface linked with

dSpace. As can be seen from Fig. 4.11, the system became stable under a weak grid with
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5mH grid inductance as the virtual inductance feedforward scheme was introduced. The test
outcome is in agreement with the stability analysis carried out in Section 4.4. In addition,
the stability characteristic observed in this scenario can be verified through Fig. 4.7.

In the scenario presented in Fig. 4.12, a stable grid-tied system became unstable at instant
t = 2.22s as a grid inductance of 5.5mH (SCR = 2.8) was inserted to the circuit. From the
stability regions demonstrated in Fig. 4.7, it can be seen that a suitable virtual inductance
value can be chosen to bring the system back to the stable region under this SCR value.
As one can see from Fig. 4.12, with the injection of L,; = 0.0025 at instant ¢ = 2.5s, the
grid-tied system returns to the stable region of operation as predicted from the stability
regions of Fig. 4.7.

To further validate the usefulness of the presented virtual inductance scheme under var-
ious degrees of weak grid situations, a grid inductance of 6mH (SCR = 2.6) was inserted
into the system at instant ¢ = 2.28s following which a 0.0025 virtual inductance was in-
jected at instant t = 2.5s, as shown in Fig. 4.13. Similar to the previous scenarios, the
virtual inductance feedforward scheme brought the system back to the stable region, which
became unstable due to the introduction of a large grid inductance. The scenario presented
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Figure 4.11: Voltage at the PCC (top) and grid current (bottom) as L, = 5mH is inserted
at instant 2.35s followed by the introduction of a virtual inductance of 0.0025 at 2.5s.
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Figure 4.12: Voltage at the PCC (top) and grid current (bottom) as L, = 5.5mH is inserted
at instant 2.22s followed by the introduction of a virtual inductance of 0.0025 at 2.5s.
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Figure 4.13: Voltage at the PCC (top) and grid current (bottom) as L, = 6mH is inserted
at instant 2.28s followed by the introduction of a virtual inductance of 0.0025 at 2.5s.

in Fig. 4.13 is also in agreement with the stability regions demonstrated in Fig. 4.7. It should

be noted that if the virtual inductance scheme remains active from the beginning of system

operation as it should be in practical applications, the grid-tied system would stay stable
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Figure 4.14: Active power (top) and reactive power (bottom) supplied by the VSI as a virtual
inductance of 0.003 is injected at instant 8s.

even under weak grid conditions. The virtual inductance has been activated after the sys-
tem had become unstable in these case studies to demonstrate the efficacy of the presented
scheme.

In the experimental scenarios depicted in this section up to this point, the efficacy of
the virtual inductance scheme in stabilizing VSI operation in weak grids is demonstrated.
In the scenarios presented in Figs. 4.11 - 4.13, the currents after the system became stable
with the injection of virtual inductance, are seen to be lower than their original values. The
currents are not seen to return to their reference values in these scenarios as the signals
are displayed for a very small time-scale, i.e. 1s, to highlight the stability phenomenon.
To observe the steady-state performance of the system when employing virtual inductance
feedforward, the output active and reactive powers of the VSI are illustrated over a large
time period, i.e. 100s, in the scenario presented in Fig. 4.14. As one can see from Fig. 4.14,

a 0.0003 virtual inductance was injected at instant 8s into the control scheme of the VSI,
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which initially deviated P and Q from their desired values. As can be further seen from the
figure, following this deviation the PQ controllers bring the P and Q back to their reference
values, i.e. P* @Q*, and the signals remain in their reference values with no steady-state
error. Therefore, it can be concluded that the proposed scheme can enable stable operation

of grid-tied VSIs in weak grids without compromising its steady-state performance.

4.7 Conclusion

In this section, a virtual inductance feedforward strategy has been presented to improve the
stability of grid-tied VSIs in weak grids. Using the presented scheme, stability has been
achieved by emulating the stabilizing characteristic of grid-side filter inductance while elim-
inating its drawbacks, e.g. additional voltage drop, increased size and cost. The presented
scheme can be realized by feedforward of the grid current component through a virtual in-
ductance block. As a result, no additional sensors are necessary for the implementation of
this strategy. The efficacy of the virtual inductance scheme has been studied through root
locus analysis based on the derived model of a modified PQ controller, which includes the
virtual inductance feedforward path. The results have been verified through hardware tests
carried out for three different weak grid scenarios. The steady-state performance of the sys-
tem is retained when using virtual inductance feedforward scheme as also validated through

hardware experiments.
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Chapter 5

Virtual Inductance Feedforward with
Direct Model Reference Adaptive

Control

In this chapter, a direct MRAC scheme is applied to adaptively change the virtual inductance
term presented in Chapter 4 with respect to variations in the grid impedance. From the
analysis performed in Section 4.4, it was concluded that for a particular weak grid, there
is an upper and a lower boundary for the virtual inductance value that can be chosen to
ensure stable operation of grid-tied systems. As the grid becomes weaker, the acceptable
range of virtual inductance values also becomes narrower. In addition, the grid impedance is
not commonly a known quantity. Therefore, selection of an appropriate virtual inductance
value for the stability of grid-tied VSIs might become challenging in practical applications.
To eliminate concerns pertaining to the design of virtual inductance values, a direct MRAC
scheme is presented in this chapter to select an appropriate virtual inductance term to enable
stable operation of grid-tied VSIs under various weak grid conditions.

The contents of this chapter are organized into five sections. In Section 5.1, the mo-
tivations behind employing a direct adaptive control method instead of indirect methods

are discussed. The adaptation law of the direct MRAC technique for a simple first-order
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system is derived in Section 5.2. The adaptation law is updated for a grid-tied VSI and the
modified control scheme of the grid-tied VSI including an adaptive virtual inductance feed-
forward is presented in Section 5.3. In Section 5.4, the developed control scheme is verified
through tests carried out in a hardware setup. Finally, concluding remarks for the chapter

are presented in Section 5.5.

5.1 Direct vs. Indirect Adaptive Control Scheme

In this section, a brief description of the operating principles of indirect and direct adaptive
control schemes are provided. Furthermore, the motivations behind using the direct MRAC,
instead of its indirect adaptive control counterparts are also discussed.

The block diagrams of two indirect adaptive control methods, namely indirect MRAC
and self-tuning controller (STC) are illustrated in Fig. 5.1 (a) and Fig. 5.1 (b), respectively.
In indirect adaptive control methods, the parameters of the plant, which is the open-loop
VSI circuit for the purposes of this dissertation, are estimated based on the input and output
signals of the plant [84]. Then based on the estimated plant parameters, the controller gains
of the closed-loop system are calculated. Since there is an intermediate step of estimating

the plant parameters when adjusting the controller gains instead of directly calculating them
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Figure 5.1: Block diagrams of (a) an indirect model reference adaptive control scheme and
(b) a self-tuning controller scheme.
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from the input and output signals, such methods are known as indirect methods. In the case
of indirect MRAC methods, there exists a reference model as can be seen from Fig. 5.1 (a),
the parameters of which are constantly adjusted to estimate the unknown parameters of the
plant. Based on the error between the outputs of the plant and the reference model, and the
input to the plant which is also fed as an input to the reference model, an adaptation law
is derived using the Lyapunov stability criterion to adapt the parameters of the reference
model with the objective of minimizing the model error.

STC method belongs to a category of indirect adaptive control methods that do not
contain a reference model as can be seen from Fig. 5.1 (b). The STC technique contains an
on-line parameter estimator that estimates the unknown parameters of the plant and based
on the estimated parameters the controller gains are calculated [84]. The online estimator
and the controller operate simultaneously in the STC method. In both the indirect MRAC
and the STC method, the unknown plant parameters have to be estimated. In the case of
grid-tied VSI systems, the only relevant unknown plant parameter is the grid inductance as
the filter values are design parameters. Therefore, to ensure stable operation in weak grids
employing indirect adaptive control methods, the grid inductance has to be estimated and
based on the estimated value an appropriate virtual inductance value has to be calculated.
However, the value of grid inductance for which the system becomes unstable also depends

on the system operating conditions, i.e. the filter and controller parameters, as discussed
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Figure 5.2: Block diagram of a direct model reference adaptive control scheme.
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in Section 3.1. Therefore, deriving an independent relationship between the grid inductance
and the virtual inductance is not a straightforward process, which is an obstacle in using
indirect adaptive control methods. Furthermore, in the case of the STC method, there might
be an additional difficulty in integrating the online estimator of the STC, which operates in
the z-domain, to the PQ controller of the grid-tied VSI, which operates in the s-domain.

In the direct MRAC method, which is illustrated in Fig. 5.2, the unknown parameters
of the system are not estimated. Instead, a reference model is chosen that specifies the
desired closed-loop response of the system. Based on the error between the output of the
reference model and the actual system output, an adaptation law is designed using Lyapunov
stability criterion to adapt the controller gains, which in turn adjust the inputs to the plant
such that the output of the system follows the output of the reference model [84]. Since
the controller gains are adjusted directly using the error signals without the intermediate
parameter estimation step as can be seen in Fig. 5.2, this method is referred to as the direct
MRAC method. The first step in utilizing the direct MRAC method for stable operation of
grid-tied VSIs is to choose a stable reference model. Based on the full-order model in (4.34),
an accurate second-order model for a grid-tied VSI operating near the stability boundary
can be derived using a suitable model-order reduction method as discussed in Appendix B.
Using the procedure outlined in Appendix B, a stable second-order model can then be chosen
as the reference model. In case the system becomes unstable under the influence of a large
grid inductance, the virtual inductance value will be adjusted based on the deviation of
the system output from the reference model output, to bring the system back to the stable
region without requiring the estimation of the grid inductance value. Therefore, the direct
MRAC method is employed in this dissertation to develop the adaptive virtual inductance

feedforward scheme.

5.2 Derivation of the Adaptation Law

In this section, the adaptation law for a direct MRAC scheme is derived. The adaptation

law is derived considering a first-order system with unknown parameters. The adaptation
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law will be updated for a grid-tied VSI equipped with virtual inductance feedforward scheme
in the next section.
The state-space representation of a first-order plant with a known structure can be ex-

pressed as follows:

Y = ay + bu, (5.1)

where, a and b are constant but unknown parameters. Also in (5.1), u and y are the input
and output to the plant, respectively. The stable reference model of the system can be

expressed as:

The input to the reference model is the closed-loop input of the system r, as the reference
model defines the ideal response of the closed-loop system. Then the objective is to find a

plant input u such that:

lim e = 0, (5.3)

t—o00

where, e = y — yys is the error between the system output and the model output. As
discussed in Section 6.2, in MRAC direct methods the controller gains are adjusted based
on the input and output signals of the system. The plant input u can be calculated from

the controller gains as follows:

w = kr— hy, (5.4)

where, h and k are the controller gains. Replacing (5.4) in (5.1), the closed-loop equation of

the first-order system can be expressed as follows:

§ = (a — bh)y + bkr. (5.5)
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The error dynamics of the system can be expressed as follows:

é =1 — i (5.6)

Replacing y from (5.5) and g, from (5.2) in (5.6) yield:

é=(a— biL)y + bkr — arrynr — barr. (5.7)

By adding and subtracting the term apy, (5.7) can be expressed as follows:

é = apre + (a — bh — ap)y + (bk — byy)r. (5.8)

The controller gains h and k are adjusted in real time to make the error e go to zero over
time. For a system with known quantities, i.e. a and b are known, the adaptation law for the
control gains can be derived by setting (5.8) to zero. For systems with unknown quantities,
the Lyapunov stability criterion has to be used.

According to the Lyapunov stability criterion, a system is asymptotically stable if a
Lyapunov function V' can be identified that is positive definite, i.e. V' > 0, and the derivative
of the Lyapunov function with respect to time is negative definite, i.e. V < 0. Herein, a
Lyapunov function is chosen such that the identifier system is asymptotically stable.

The positive-definite Lyapunov function for a system designed using direct MRAC can

be chosen as follows:

V= %[62 + (a — ap — bh)? + (bk — byy)?] (5.9)

An appropriate adaptation law can now be derived such that V < 0. From (5.9), the

derivative of V' can be expressed as follows:

V = eé + (a — anr — bR)(—=bh) + (b — bar) (bk) (5.10)

In (5.10), ap and by, are constant as they are the parameters of the chosen reference model.
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Furthermore, a and b can be assumed to be constant over short time intervals. Hence, the
derivatives of the aforementioned parameters can be set to zero. Performing these changes

and replacing é from (5.8)in (5.10) yield:

V = ane? + (a — ang — bh)(—bh + ey) + (b — bar) (b + er) (5.11)

Since, for a stable reference model ay; < 0, the condition for asymptotic stability can be

expressed as follows:

—bl; +ey=0
(5.12)

bk +er =0
The adaptation law for the controller gains of a direct MRAC scheme can then be expressed

as follows:

(5.13)

The adaptation law derived in this section for a first-order system will be updated for a
grid-tied VSI system in the following section to adaptively change the virtual inductance

term with variations in grid impedance.

5.3 Control Scheme with Adaptive Virtual Inductance

In this section, the adaptation law for direct MRAC scheme derived in the previous section
is updated for a grid-tied VSI with a PQ controller. The block diagram of a modified PQ
controller with virtual inductance feedforward can be seen in Fig. 4.4. For the derivation
of the adaptation law, only the inner current control loops are considered, as the virtual
inductance scheme is added to the current loops. From Fig. 4.4, the equations for the inner

current loops can be written as follows:
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vé"“ = kyaiy, — kpoigr + (WL — WLyirkya)iar + 07, (5.14)

Uz’[nv = p4iz<lL — (wL — WLvirkp4)iqL — kp4idL + Uscc, (515)

where, 7, and i3, are the desired g-axis and d-axis virtual line-to-line currents, which are the
outputs of the outer power loops. Notice that, the control delay has not been considered for
simplicity of analysis. In addition, v?* and v};* are considered as disturbances and omitted

from the analysis. Performing these changes, (5.14) and (5.15) can be expressed in matrix

form as follows:

,Uénv _ kp2 0 ZZL B kpz —wlL -+ CL)Lvirk’pg iqL (5 ]_6)
”UZZW 0 k’p4 Z:}L wlL — (,ULm'Tkip4 k?p4 Z’dL
where, v;"” and v™ are outputs of the PQ controller and therefore inputs to the plant, which

was denoted by w in Section 5.2. Comparing the controller output equation provided in the
previous section in (5.4) to the one presented in (5.16), the following relationships can be

obtained:

kipg 0 ’L;L k?pg —wlL + WLUirka iqL

P bl

Il
<

I
V;N>

I
<

I
—~
ot
—_
\]
~—

0 kp4 ZZ}L wl — wLW kp4 ]i]p4 idL

The stability of grid-tied VSIs, equipped with the virtual inductance feedforward scheme,
can be ensured by only tuning the virtual inductance term as shown in Chapter 4. Therefore,
the controller proportional gains in (5.17) can remain constant according to their design
values and do not need to be changed adaptively. Denoting the individual elements of h
as ﬁ(x,y), where x defines the row number and y defines the column number, the virtual

inductance term can be expressed from (5.17) as follows:
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~

h(1,2) +wL

5.18
v (5.18)

WLvir ==

Note that, a similar equation can also be derived considering the 3(2, 1) element, which will
also be valid. Now, the characterisitic of a grid-tied VSI can be accurately expressed through
a second-order model near the stability boundary as validated in Appendix B. Therefore,
a second-order model can be chosen as the stable reference model for the direct MRAC
scheme. A simplified second-order model for the plant, i.e. the grid-tied VSI circuit, can
also be derived from the open-loop model in (2.4) by ignoring the filter capacitor branch, in
which case the currents going through both the filter inductors are the same. As mentioned
previously when deriving the controller equations in this section, the PCC voltages are
considered as disturbances when deriving the plant model. Furthermore, the controller

outputs are 'Ué”” and v}" are considered as inputs to the plant and can be replaced in (2.4)

through (2.26) and (2.27). The simplified plant model can be expressed as follows:

: Ri+Ro o ; inv
e I B e (5.19)
dt |, _RitRy | |, L+ Ly |, ino

1dr, w Ti+Lo 1dr, (%]

Comparing (5.19) to (5.1), the following relationships can be obtained:

_ Ri+Ro

Li+Lo
a = b= . 5.20
w _ Ri+Ro Ll + L2 ( )
Li+Lo

The adaptation law for h can be updated for a second-order system as follows:

R ey dt e1yadt
b (Lt Ly | Ot T (5.21)

f €2y1dt f €2y2dt

where, b is replaced from (5.20). Now, substituting the expression for h(2,1) from (5.21)

into (5.18), the adaptation law for the virtual inductance term can be expressed as follows:
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Reference

Model

Figure 5.3: Block diagram of a modified P() controller for a grid-tied VSI equipped with
adaptive virtual inductance feedforward.

(Ll + Lg) f €1y2dt + wlL

5.22
L (522)

WLy =

The modified PQ controller with adaptive virtual inductance feedforward is illustrated in

Fig. 2.4. The efficacy of the presented control scheme will be validated in the next section.

5.4 Experimental Verification

In this section, the performance of the adaptive virtual inductance feedforward scheme in
enabling stability of grid-tied VSIs in weak grids is validated through several hardware

tests. The hardware testbed for conducting the tests is shown in 5.4. The parameter values
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for this section are provided in Table 5.1. The parameters shown in Table 5.1 are also
utilized to obtain a second-order reference model for the direct MRAC embedded in the
modified PQ controller. The second-order model is developed from the full-order grid-tied
VSI model presented in (4.34) using the balanced truncation method detailed in Appendix B.
Although no passive damping resistance R is present in the experimental setup, a Ry of 1Q
is considered in the reference model to obtain a desired model firmly in the stable region.

The state-space matrices of the reference model are as follows:

—632.5 6613.3 —0.433 —0.345
Aref = 7Bref = >
—8175.5 —709.4 0.354 —0.557
- - (5.23)
24.62 —28.46 0.017 0.003
C’ref - 7D'ref =
34.21 31.26 —0.003 0.017

Note that only the controller inputs are considered as inputs to the reference model, while the
small-signal inputs to the open-loop model, i.e. grid voltage and frequency, are considered as
disturbances. It should also be mentioned that the efficacy of the adaptive virtual inductance
feedforward method does not depend on the specific reference model provided in (5.23) and
should be valid for other stable reference models. A 12kW Primate Power grid emulator
was utilized as the three-phase grid, while a Magna-Power SL400-15/208 programmable dc
supply was used as the input dc source of the grid-tied VSI. More details on the experimental

setup can be found in Subsection 2.1.2. For all tests carried out in this section, the inverter

Table 5.1: Parameter values for Section 5./

Parameter Value Parameter Value

Ly 1.0mH  kp,kys  0.005

L2 0.5mH /{Zpg, ]Cp4 0.5

Vch 240V k’ig, ki4 0.2
ULL,rms 90V fPWM 10kH z

80



“n
>

dSpace

Figure 5.4: FExperimental setup for the hardware tests performed in Section 5.4 with the
scenario presented in Fig. 5.6 displayed on the screen.

was set to deliver 600W at unity power factor.
In the scenario demonstrated in Fig. 5.5, the voltage at the PCC, grid current, active
power, and reactive power of the VSI are shown as the VSI was initially providing 600W to

the grid at unity power factor in the presence of a 2.5mH grid inductance. The developed
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Figure 5.5: (a) Voltage at the PCC, (b) grid current, (c) active power of the VSI, and
(d) reactive power of the VSI as a grid inductance of 2.5mH is added at instant 0.1s to an
already present 2.5mH grid inductance without the adaptive virtual inductance feedforward
scheme enabled.

adaptive virtual inductance feedforward scheme was not employed in the scenario depicted

in Fig. 5.5. At instant 0.1s, a 2.bmH grid inductance was inserted into the system making

the total grid inductance 5mH, which resulted in the grid-tied system becoming unstable
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as no stabilization technique was employed. The adaptive virtual inductance feedforward
will be enabled in the remaining scenarios to keep the system stable under such weak grid

conditions.
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Figure 5.6: (a) Voltage at the PCC, (b) grid current, (c) active power of the VSI, and (d)
reactive power of the VSI as a grid inductance of 2.5mH is added at instant 0.1s to an already
present 2.5mH grid inductance with the developed adaptive virtual inductance feedforward
scheme enabled.
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The adaptive virtual inductance feedforward scheme was activated for the scenario de-
picted in Fig. 5.6. As one can see from the circuit waveforms shown in Fig. 5.6, the presented
scheme kept the system in the stable region following the insertion of a 2.5mH grid induc-
tance at instant 0.1s, which made the total grid inductance equal to 5mH. The screen
capture of the oscilloscope waveforms for this scenario is shown in Fig. 5.7. This scenario is
also depicted in the scope screen of the experimental setup shown in Fig. 5.4.

In the scenario presented in Fig. 5.8, the performance of the developed adaptive virtual
inductance scheme is verified under different weak grid conditions. The circuit waveforms
for this scenario are shown in Fig. 5.8 as the system can initially be seen to be stable
under L, = 2.5mH, with the adaptive virtual inductance scheme active. At instant 0.1s, a
grid inductance of 2.5mH was inserted into the circuit following which an additional grid
inductance of 2.5mH was inserted at instant 0.14s making the total grid inductance 7.5mH.
As one can see from Fig. 5.8, the adaptive virtual inductance was able to keep the system
in the stable region under consecutive step increases in grid inductance in quick succession
by adjusting the virtual inductance value adaptively to retain the response of the system as
close to the reference model as possible. Therefore, the adaptive virtual inductance scheme

integrated with direct MRAC improves the virtual inductance scheme presented in Chapter 4
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Figure 5.7: Oscilloscope screen capture of the scenario presented in Fig. 5.6.
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Figure 5.8: (a) Voltage at the PCC, (b) grid current, (c) active power of the VSI, and
(d) reactive power of the VSI at L, = 2.5mH as a grid inductance of 2.5mH is inserted at
instant 0.1s followed by the insertion of an additional L, of 2.5mH at instant 0.14s with the
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developed adaptive virtual inductance feedforward scheme enabled.

by making the virtual inductance adaptable to various system operating conditions and thus

making it more suitable for practical applications.
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5.5 Conclusion

In this chapter, an adaptive virtual inductance feedforward scheme has been developed
combining the virtual inductance scheme derived in the previous chapter with a direct MRAC
scheme, to adaptively choose the virtual inductance value for enabling stable operation
under various weak grid conditions. The critical grid inductance value that makes a grid-
tied system unstable depends on the operating conditions of the system, thereby making
the selection of a virtual inductance for stability difficult to perform, both manually and
through grid impedance estimation techniques. In this chapter, a direct MRAC scheme
has been integrated with the virtual inductance feedforward scheme to adaptively tune the
virtual inductance such that the response of the system follows a stable reference model.
The efficacy of the presented adaptive virtual inductance scheme has been verified through

hardware tests performed on a grid-tied experimental setup.

86



Chapter 6

Atypical Pulse Width Modulation

Scheme

In this chapter, an atypical PWM technique is presented to maximize the dc-bus utilization
of VSIs providing ancillary services. The linear modulation region of inverters are restricted
by the dc-bus voltage, therefore providing symmetrical and asymmetrical ancillary services
may drive the positive-sequence fundamental inverter voltage to the overmodulation region,
resulting in low-order harmonics being introduced to the system. To operate in the lin-
ear modulation region while providing ancillary services, the positive-sequence fundamental
voltage then has to be reduced that would, in turn, limit the active and reactive power a
grid-tied VSI can supply. In this dissertation, an atypical PWM method is developed to
maximize the active and reactive power a grid-tied VSI can supply while providing ancillary
services by injecting a common-mode component to the PWM references computed based
on instantaneous reference magnitudes. The proposed technique can be implemented with
any control structure employing carrier-based PWMs.

The contents of this chapter are organized into five sections. In Section 6.1, the control
scheme of a grid-tied VSI providing ancillary services is discussed. The atypical PWM
technique for grid-tied VSIs is developed in Section 6.2. The presented technique is verified

through simulation and experimental studies in Sections 6.3 and 6.4, respectively. Finally,
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Harmonic
Compensation
Controller

Figure 6.1: Schematic diagram of a grid-tied VSI along with detailed block diagrams of
positive sequence, negative sequence, and harmonic compensation controllers.

concluding remarks are presented in 6.5.

6.1 Control Scheme for Ancillary Services

Two ancillary services are considered in this chapter. Harmonic compensation is considered
as an instance of symmetrical services, while negative-sequence compensation is included
as an instance of asymmetrical ancillary service. The control scheme of a grid-tied VSI
supplying active and reactive power is illustrated in Fig. 2.6. The updated control scheme
of a grid-tied VSI also providing negative-sequence and harmonic compensation is presented
in Fig. 6.1. It can be seen from Fig. 6.1 that separate set of independent controllers are
integrated into the control scheme to provide negative-sequence and harmonic compensation.
The outputs of the controllers are then added to obtain the references for PWM generation
[40].

The positive-sequence controller employed in Fig. 6.1 is the same one presented in Fig. 2.6.
However, since an unbalanced system is considered in this chapter, the full three-phase form

of the Park’s transformation, shown in (6.1), is used to calculate the dg components of the
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positive-sequence signals.

cos(6) cos(0 —2m/3) cos(6 — 4m/3)
T = % sin(8) sin(0 —27/3) sin(6 — 47 /3) (6.1)
1/2 1/2 1/2
The instantaneous phase angle 6 is obtained using a PLL with the voltage at the PCC
as reference. Following controller operation, an inverse transform of the matrix provided
in (6.1) is used to determine the positive-sequence components of the inverter voltage.
To compensate the negative-sequence component of the grid currents, three-phase grid

currents i, are sensed and their negative-sequence dg components are obtained using the

negative-sequence dg transform expressed as follows:

cos(0) cos(0 —4m/3) cos(6 —27m/3)
T = % sin(f) sin(0 — 4w /3) sin( — 27/3) (6.2)
1/2 1/2 1/2

Based on the calculated negative-sequence component of the grid currents, caused by the
presence of an asymmetrical load or an asymmetrical grid fault, the inverter generates a
negative-sequence voltage using the negative-sequence compensation controllers to provide

the required negative-sequence current component, resulting in balanced grid currents.
Harmonic compensation is provided using a separate harmonic compensation controller
operating in the dq frame of reference as shown in Fig. 6.1. The compensation of fifth order
harmonics is considered in this chapter, while a distorted grid is considered as the source of
fiftth harmonics. Following the same principle, independent compensators of different order
can also be introduced if necessary. To determine the ¢ and d components of the grid current
fifth harmonic, the positive-sequence dq transformation shown in (6.1) is used with a reference
angle employing five times the fundamental frequency, i.e. 50. The acquired fifth harmonic
components are then sent to the harmonic compensation controller, which produces a fifth

harmonic voltage with magnitude and phase equal to that of the grid harmonic voltage. The
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fifth harmonic voltage component is then superimposed on the fundamental inverter voltage
to generate the final inverter voltage, thus eliminating any path for fifth order harmonic
currents to flow. Due to the presence of negative-sequence voltage components, the generated
references may become asymmetrical, which would make traditional common-mode injection
techniques such as third-harmonic injection, unsuitable. A more flexible common-mode
injection approach applicable to both symmetrical and asymmetrical references is presented

in the next section.

6.2 Derivation of Atypical Scheme

In this section, the atypical PWM method for maximizing the dc-bus utilization of VSIs
providing symmetrical and asymmetrical ancillary services is developed. The method is
realized through injecting a common-mode component to the PWM references based on
instantaneous reference magnitudes.

For a typical carrier-based PWM, which does not utilize any common-mode components,

the reference signals can be expressed as follows:

muge

Uy = sin(wt — ¢,),x € a,b, ¢ (6.3)

where, vg. is de-bus voltage, m is the modulation index, and ¢, is 0, 27/3 and 47 /3 for phases
a, b, and ¢, respectively. A VSI is operating in the linear modulation region if |0,] < vg./2,
where 0, is PWM reference of peak phase-x. Therefore, while functioning in the linear
modulation region a VSI’'s maximum line-to-line voltages are reached when |0, = vg./2
for some = € a,b,c, if no common-mode component is used to adjust PWM references.
Accordingly, the maximum positive sequence component of the PWM references has to be
reduced to operate in the linear modulation range, when additional components associated
with different compensation services are required. To avoid this issue, a common-mode
component can be defined, allowing adjusted references to be generated.

For a set of PWM references at an angle 6y, a common-mode component is required for
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operation in the linear modulation region when |0,| > v4./2 for some x € a,b, ¢, i.e. when
phase-x PWM reference has reached the overmodulation region. Denoting k as the phase

for which over-modulation occurs as follows:

k = argmax(]6, (60)]). (6.4)

z€a,b,c
the minimum common-mode voltage required to place v;(6p) in the linear modulation region

can be computed as follows:

(

VE(00) + Vac/2,  ve(0o) < —vg4e/2

Uo(00) = € vp(B0) — vae/2, V(o) > vac/2 (6.5)

0, otherwise
\

where, the common-mode component is defined as v,(fp). It can be seen from (6.5) that
the generated common-mode component is only functions of vg. and v(6y). Therefore, the
frequency spectrum of the common-mode component is that of vg(6y), which consists of a
large fundamental frequency component along with lower order harmonic components for
harmonic compensation. Since, the sampling frequency of the control scheme is in the kHz
range, which is much higher than the low-order harmonic components, potential effects of
interaction between them is avoided. The modified PWM references following the injection

of common-mode components can be expressed as follows:

v (00) = v:(0p) — vo(0p),x € a,b,c. (6.6)

Atypical PWM references generated using (6.6) when the VSI is providing negative-
sequence compensation are plotted in Fig. 6.2, along with the unadjusted PWM references.
From Fig. 6.2, the atypical references may appear distorted and clamped, however, the dis-
tortion does not appear in the line-to-line voltages and hence the currents, as the same
common-mode component is injected into all three phases of the PWM reference. Inserting

the common-mode component in all three phases can also be seen in min-max sequence
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Figure 6.2: Atypical PWM references, v, generated using the proposed technique and com-
pared to the unadjusted references, v, when providing negative-sequence compensation.

common-mode injection techniques. However, the common-mode generation follows an en-
tirely different procedure in mix-max sequence and more importantly, as opposed to the
proposed technique the mix-max sequence injection is only applicable for symmetrical com-
ponents [44, 85]. A common-mode injection technique applicable to symmetric and asym-
metric components can be found in [86]. However, it is formulated for cascaded H-bridge
multilevel inverters.

As one can see from Fig. 6.2, the conventional PWM references are in the overmodulation
region, whereas the references generated using the proposed scheme remains clamped at
Vae/2, since for |vg(6o)| > va./2, applying v,(6p) as in (6.5) and (6.6) result in |vg(6y) —
0a(00)| = [0 (B0) | = vae/ 2

The v}(6y) are guaranteed to be in the linear-modulation region provided that:

|v2(60) — vy (00)| < vac; x,y € a,b, ¢ (6.7)

To determine the increase in dc-bus utilization using the developed scheme for symmetrical
references, different combinations of the PWM references from (6.3), multiplied by a factor

F, are plugged in (6.7) as follows:

|Fm;dc sin(wt — ¢,) — Fm;)dc sin(wt — @y)| < Vge, (6.8)
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where, F' is the increased utilization factor and ¢, € 0,27/3,47/3 # ¢, € 0,27/3,47/3.
Performing trigonometric simplifications, the magnitude of the left-hand side of (6.8) for
m = 1 comes out to be Fvg(v/3/2). Equating this term to the right-hand side of (6.8), the
maximum value of the increased utilization factor comes out to be 1.155. In other words,
the developed scheme enables up to a 15.5% increase in dc-bus utilization when providing
symmetrical ancillary services such as harmonic compensation at rated power.

For asymmetrical references, assuming asymmetry is present in one phase, the asym-
metrical reference can have a 30.1% increase for m = 1, which is a factor of 1.310 for the
condition presented in (6.7) to hold. Now, the definition for voltage unbalance factor (VUF)
recommended by IEC61000-4-27 [87] can be expressed as follows:

1—-/3-068
1++/3-68

Replacing the PWM reference values in (6.9), i.e. v4./2 for two phases and 1.310v,4./2 for

4 4 4
VUF = VotV Ve
V2T VE+ VT

B = (6.9)

the other phase, the VUF in percentage comes out to be 20%. This value of VUF is also
valid for different combinations of unbalance in multiple phases. The analysis herein is done
for a modulation index of 1, whereas for a lower modulation index, the VUF can go higher
and the proposed scheme can ensure operation in the linear modulation region for higher
degrees of negative-sequence compensation.

Note that the proposed scheme does not influence inverter voltage generation through
the controllers nor is it directly responsible for the generation of the gate pulses. It operates
as an intermediate step between reference voltage and gate pulse creation. Therefore, the
proposed atypical PWM scheme can be extended to work in conjunction with other control

scheme and carrier-based PWM combinations of two-level VSIs.

6.3 Simulation Verification

In this section, the efficacy of the presented atypical PWM scheme is verified through sim-

ulations carried out in MATLAB/Simulink using the SimPowerSystems toolbox. The pa-

93



Table 6.1: Simulation parameters for Section 6.5

Parameter Value

PWM carrier frequency  10kHz
Fundamental frequency 60H z

VLL,rms 208V
Vde 350V
Cy 10uH(A)
Ry 3.3
Cy 1800uF

rameter values for simulation are provided in Table 6.1. The total inductance (L; + Ls) of
the filter is selected considering a voltage drop of 0.05p.u. across the filter, while Ly, = L4
is selected for superior harmonic performance. To limit the decrease in the power factor of
VSIs a commercially available standard capacitor value of less than 3% of its base impedance
value was selected [77]. The resonance frequency f.s of the designed LCL filter also sat-
isfies the stability criterion imposed on grid-tied VSIs with grid-side current feedback, i.e.
fs/2 > fres > fs/6, where f; is the sampling frequency of the controller [88]. To mitigate
the potential impact of resonance, a passive damping resistance is employed. For grid con-
nection, a 208V, three-phase voltage source with a line impedance of 0.107€2 and a X/R
ratio of 0.4 is used. An ideal dc voltage source is used as input to the VSI for a more general
analysis. For all the scenarios presented in this section, the inverter is set to deliver its rated
power of 18kW at unity power factor. The same analysis will be valid for lower power values

with higher degrees of negative-sequence or harmonic compensation.

6.3.1 Negative-Sequence Compensation

The presented scheme is first tested under negative-sequence compensation scenarios. An
asymmetry is introduced to the system in the form of an asymmetrical A connected 20kW
resistive load with Ry, = 5.408¢), Ry, = 5.408¢2, and R., = 10.816f).

In the first scenario, the grid-tied VSI is supplying 18kW power to the asymmetrical load
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Figure 6.3: (a) PCC voltages, (b) PWM references, (c) grid currents, (d) VSI active power,
and (e) VSI reactive power when supplying 18 kW power to an asymmetrical load while no
negative-sequence compensation is provided.

without any negative-sequence compensation. The resulting PCC voltages, grid currents,
PWM references, and the power supplied by the VSI are plotted in Fig. 6.3. It can be seen
from Fig. 6.3 that the grid currents are significantly asymmetrical as the grid is supplying
the negative-sequence components of the load currents. Alternately, the inverter references
are symmetrical as only the positive-sequence component of the controller is operational.

The waveforms are plotted in Fig. 6.4 as the negative-sequence controller of the VSI
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Figure 6.4: (a) PCC woltages, (b) PWM references, (c) grid currents, (d) VSI active
power, and (e) VSI reactive power when supplying 18 kW power to an asymmetrical load
while providing negative-sequence compensation without employing atypical PWDM.

is activated while providing 18kW power at unity power factor as can be seen from the
asymmetrical PWM references generated without the atypical scheme. However, providing
negative-sequence compensation at rated power moves the peak of the PWM references to
the overmodulation region. As a result, noticeably distorted grid currents can be observed
due to the presence of low order harmonic contents, which is typical in the overmodulation

region.
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Figure 6.5: (a) PCC woltages, (b) PWM references, (c) grid currents, (d) VSI active
power, and (e) VSI reactive power when supplying 12 kW power to an asymmetrical load
while providing negative-sequence compensation.

To operate in the linear modulation region while providing negative-sequence compensa-
tion using conventional PWM, the inverter’s positive-sequence component must be reduced,
which in turn will reduce the active power output of the inverter. The PCC voltages, PWM
references, grid currents, and the output powers of the inverter are shown in Fig. 6.5 as
the active power of the VSI is reduced to 12kW at unity power factor to accommodate

negative-sequence compensation services. It should be noted that the power supplied by the
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Figure 6.6: (a) PCC woltages, (b) PWM references, (c) grid currents, (d) VSI active
power, and (e) VSI reactive power when supplying 18 kW power to an asymmetrical load,
while providing negative-sequence compensation employing the atypical PWM scheme.

VSIs are shown in the figures in this subsection, while the currents being displayed are the
grid currents. Therefore, as the inverter power output decreases the grid current increase
to compensate for the load demand. The atypical PWM scheme developed in Section 6.2
can be utilized as an alternate technique to enable operation in the linear-modulation region
while providing negative-sequence compensation without requiring this significant decrease

in the supplied active power.
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The waveforms displayed in Fig. 6.6 were obtained as the VSI is supplying 18kW power to
an asymmetrical load at unity power factor while providing negative-sequence compensation
utilizing the presented atypical PWM scheme. As one can see from Fig. 6.6, the resulting
grid currents are symmetrical in this case and do not contain any low order harmonic content,
as the atypical scheme ensures that the PWM references operate in the linear modulation
region.

The performance of the atypical PWM scheme is then tested as delta-connected resis-
tances Ry and R, were independently varied up to 30% from a nominal resistance of 6.542,
selected to create a 20kW load with various degrees of asymmetry. Once again, for all the
different unbalance conditions the VSI was set to deliver 18kW at unity power factor while
also providing negative-sequence compensation employing the atypical scheme. For each
asymmetrical configuration, the THD of all three phases of the grid currents were calculated
and then averaged, and the results are displayed in Table 6.2. As one can see from the THD
values presented in Table 6.2, the calculated THD values are within acceptable limits for all
load unbalance cases considered, demonstrating the efficacy of the presented PWM scheme
under asymmetrical ancillary services.

The developed atypical PWM scheme can also deliver superior performance while provid-
ing negative-sequence compensation under asymmetrical grid voltage sags, which typically
result from single phase to ground faults. The three-phase voltage profile of a VSI, con-
nected to the grid through a distribution transformer, is shown in Fig. 6.7(a) for a single

phase to ground fault [9]. As one can see from Fig. 6.7(a), the voltages at the PCC are clearly

Table 6.2: Grid current THD(%) for varying degree of load asymmetry
R B | 709 5% 100% 115% 130%

70% 1.13 1.30 124 1.25 1.28
85% 148 134 162 141 133
100% 1.38 143 134 138 1.33
115% 145 143 126 131 1.22
130% 1.62 1.76 134 138 1.22
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Figure 6.7: (a) PCC woltages, (b) grid currents using conventional PWM, and (c) grid
currents using proposed atypical PWM while providing negative-sequence compensation under
asymmetrical grid voltage sags.

asymmetrical, which would cause asymmetrical grid currents unless negative-sequence com-
pensation is provided. The grid currents while providing negative-sequence compensation
under asymmetrical grid voltage sags with and without employing the atypical PWM scheme
are shown in Figs. 6.7(b) and 6.7(c), respectively. It can be seen from Fig. 6.7 that the grid
currents without using the proposed scheme contain low-order harmonics due to overmodu-

lation while the currents obtained using the presented scheme is balanced and clean.

6.3.2 Harmonic Compensation

To demonstrate the usefulness of the proposed scheme while providing harmonic compensa-
tion, a distorted grid voltage with a fifth harmonic component of 0.05pu is considered as an
input to the grid-tied VSI. The applied distorted grid voltage will cause severely distorted

grid currents with low-order harmonics. To eliminate the fifth harmonics associated with the
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grid currents, a fifth harmonic compensation controller is employed by the VSI operating at
the synchronously rotating dq frame of reference.

In the scenario presented in Fig. 6.8, the grid voltages, PWM references, grid currents, and
VSI active and reactive power are shown as the VSI is supplying 18kW at unity power factor

while providing fifth harmonic compensation using conventional PWM due to distortions
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Figure 6.8: (a) Grid voltages, (b) PWM references, (c) grid currents, (d) VSI active power,
and (e) VSI reactive power when supplying 18 kW power to its load while providing fifth
harmonic compensation without the atypical PWM scheme.

101



resulting from a grid voltage with fifth order harmonics. As one can see from Fig. 6.8, the

harmonic compensation controller reduces the fifth harmonic component of the currents to

an acceptable limit, i.e. 1.9%, however, the THD of the currents is still at a large value,

i.e. 5%. This results from the other lower order harmonics, e.g. third, seventh, eleventh,

ninth, and thirteenth, being introduced to the grid currents as the PWM references reach the
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Figure 6.9: (a) Grid voltages, (b) PWM references, (c) grid currents, (d) VSI active power,
and (e) VSI reactive power when supplying 5 kW power to its load while providing fifth

harmonic compensation.
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overmodulation region while providing harmonic compensation at rated power. Harmonic
compensators of different orders can be added to the control scheme to eliminate the other
dominant lower order harmonics, but this, in turn, will drive the PWM references further into
the overmodulation region and the harmonic components of the remaining uncompensated

lower order harmonics will increase even further.
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Figure 6.10: (a) Grid voltages, (b) PWM references, (c) grid currents, (d) VSI active
power, and (e) VSI reactive power when supplying 18 kW power to its load while providing
fifth harmonic compensation utilizing the atypical PWM scheme.
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Similar to the case of negative-sequence compensation, the grid-tied VSI can be operated
in the linear modulation region through conventional PWM by reducing the positive-sequence
fundamental component as shown in Fig. 6.9. As one can see from Fig. 6.9, the VSI active
power has to be reduced to kW to operate the inverter at linear modulation, which is
significantly lower than its rated power of 18kW. Alternatively, the developed atypical
scheme can be employed.

The waveforms are presented in Fig. 6.10 as the VSI is supplying 18kW active power
at unity power factor while providing fifth harmonic compensation using the atypical PWM
scheme. Contrary to the case of Fig. 6.8, grid currents with THD well below the maximum
limit is achieved through the use of the presented scheme while providing fifth harmonic
compensation at 18kW. The THD values shown in these scenarios is the average current
THD of the three phases. In the scenario presented in Fig. 6.10, the fifth harmonic component
of the grid currents is compensated through the fifth harmonic compensation controller
while the atypical PWM scheme ensures that the VSI is operating in the linear modulation
region, thereby eliminating the other lower order harmonics and validating the efficacy of

the presented scheme.

6.4 Experimental Verification

In this section, the developed atypical PWM scheme is verified via data collected using a
208V three-phase grid-tied setup. A 12kW Primate Power grid simulator was used as the
three-phase grid for the tests carried out in this section. Grid voltages with various harmonic
components can be generated using the grid simulator, which was beneficial for the harmonic
compensation studies. The gate signals for the VSI were generated making use of the slave
I/O unit of a dSpace 1103 Controller Board. The experimental setup is shown in Fig. 6.11.
More details on the experimental setup can be found in Section 2.1.2. The parameter values
employed for the hardware tests are provided in Table 6.3. The LCL filter values were chosen
following the same procedure outlined in Section 6.4. Although the VSI unit is capable of

supplying 20kW power, for all tests performed in this section the inverter was set to deliver
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Figure 6.11: Hardware setup used for the experimental scenarios in Section 6.4 with the
scenario of Fig. 6.21 shown in oscilloscope.

500W at unity power due to constraints of the remaining laboratory equipment. The dc-bus
voltage of the VSI was then varied to verify the increased dc-bus utilization property of the

developed scheme.

6.4.1 Negative-Sequence Compensation

A 2kW asymmetrical load with R, = 24€), R, = 240, and R, = 32€) was utilized as the
source of asymmetry in the experiments carried out in this subsection. The three-phase grid
voltages used for this subsection are shown in Fig. 6.12.

The grid currents shown in Fig. 6.13 were obtained as the VSI was providing 500k

to the asymmetrical load at unity power factor for a dc-bus voltage of 375V, while no
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Table 6.3: Parameter values for Section 6./

Parameter Value

PWM carrier frequency 10kHz
Fundamental frequency  60H z

VLLrms 208V
Ly 0.omH
C, SuH(A)
Ry 3.3
Cy 1800 F

negative-sequence compensation was provided. As one can see from Fig. 6.13, the grid
currents are asymmetrical as they were providing the negative-sequence current required by
the asymmetrical load, which can cause a deleterious effect in microgrid scale generators.
The grid currents with negative-sequence compensation controller activated are shown in
Fig. 6.14 as the VSI is providing 500WW at unity power factor for the same dc-bus voltage.
The developed atypical scheme was not used for the scenarios depicted in Figs. 6.13 and 6.14.

To demonstrate the improved performance of the presented scheme compared to tradi-
tional PWM schemes when providing asymmetrical ancillary services, the grid currents were
measured as the inverter was providing 500W at unity power factor for a dc-bus voltage
of 330V. The results obtained without and with the atypical scheme applied is shown in

Figs. 6.15 and 6.16, respectively. As one can see from Fig. 6.15, the grid currents without
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Figure 6.12: Three-phase grid voltages for the hardware tests carried out in Subsection 6.4.1.
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Figure 6.14: FExperimentally obtained grid currents with negative-sequence compensation
provided by the inverter when vg. = 375V

using the developed technique contain significant low-order harmonic content as the VSI
has to operate in the overmodulation region to deliver the desired power while also provid-
ing negative-sequence compensation. On the other hand, the currents obtained using the
atypical scheme is clean and balanced as can be seen from Fig. 6.16, since overmodulation
is avoided for the same dc-bus voltage due to increased dc-bus utilization capability of the
atypical scheme.

To further demonstrate the increased dc-bus utilization of the developed technique, the
performance of the atypical scheme is compared with the conventional PWM scheme for a
large range of dc-bus values when providing negative-sequence compensation. It should be
noted that the de-bus voltage was changed to demonstrate the effectiveness of the developed

scheme, as constraints of the laboratory equipment ratings limited the maximum output
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Figure 6.15: FExperimentally obtained grid currents with negative-sequence compensation
when vg. = 375V and atypical PWM scheme is not used.
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Figure 6.16: FEzxperimentally obtained grid currents with negative-sequence compensation
when vg. = 375V and the atypical scheme is utilized.
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Figure 6.17: Plot showing grid current THD vs. vg. with and without using the atypical
PWM scheme, with each dc-bus voltage tested at three different measurement times.

power the inverter could provide. Grid currents drawn, while providing negative-sequence
compensation both with and without the atypical scheme were measured at three separate

occasions as the dc-bus voltage of the VSI was decreased in 5V steps from 375V to 300V. The

108



average THD of the three phases of the grid currents were then calculated for both schemes.
The results, which is illustrated in Fig. 6.17 show that the presented atypical scheme exhibit
an acceptable THD value for a much larger range of de-bus values, demonstrating that the

atypical PWM scheme extends the linear modulation range of the VSI.

6.4.2 Harmonic Compensation

In this subsection, the efficacy of the atypical PWM scheme is validated when compensating
fiftth harmonic components of the grid currents caused by a 0.03p.u. fifth harmonic component
present in the grid voltages, which are displayed in Fig. 6.18.

The fifth harmonic component of the grid currents, resulting from the distorted grid volt-
age, were compensated using a fifth harmonic compensation controller as shown in Fig. 6.19
while the VSI was delivering 500k active power at unity power factor a de-bus voltage of
375V . It can be seen from Fig. 6.19 that the fifth harmonic content of the grid currents was
effectively compensated through proper operation of the fifth harmonic compensator.

The grid currents when providing fifth harmonic compensation without the atypical
PWM scheme for a de-bus voltage of 320V is shown in Fig. 6.20. Although the fifth harmonic
component of the grid currents was reduced to a low value (2%), the grid currents are still
severely distorted as can be seen from Fig. 6.20, due to the presence of other lower order
harmonic components, e.g. fifth, seventh, and eleventh, as the PWM references reach the

overmodulation region. The grid currents obtained using the atypical PWM scheme for the
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Figure 6.18: Three-phase grid voltages with a fifth harmonic component of 0.03p.u..
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Figure 6.20: Experimentally obtained grid currents with fifth harmonic compensation when
vae = 320V and the atypical scheme is not utilized.
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Figure 6.21: Ezperimentally obtained grid currents with fifth harmonic compensation when
vge = 320V and the atypical scheme is utilized.

same operating conditions are shown in Fig. 6.21. As one can see from Fig. 6.21, utilization
of the presented scheme results in clean currents as operation in the overmodulation region

is avoided while providing harmonic compensation, due to the increased dc-bus utilization
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of the VSI. This increase in the linear modulation region means that the implementation
of the atypical PWM scheme increases the maximum active and reactive power a VSI can

provide for a given dc-bus voltage.

6.5 Conclusion

In this chapter, an atypical PWM method has been presented for grid-tied VSIs provid-
ing symmetrical and asymmetrical ancillary services. The presented technique increases the
dc-bus utilization of the VSI by injecting a common-mode component in the PWM refer-
ences computed based on instantaneous reference magnitudes. The presented scheme can
be extended to any two-level VSI controller structure employing carrier-based PWMs. The
validity of the atypical PWM scheme has been verified through tests carried out in simula-
tion and in an experimental setup. It has been verified that the presented scheme facilitates
the injection of maximum active power while the inverter is providing negative-sequence
compensation and harmonic compensation services. The presented technique maximizes
dc-bus utilization by maximizing the positive-sequence fundamental component the PWM
references can contain without reaching overmodulation, thereby maximizing the power the

inverters can deliver.
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Chapter 7

Conclusions and Suggestions for

Future Work

In this chapter, the contents of this dissertation are summarized with the contributions of the
work highlighted. This chapter is organized into two sections. In Section 7.1, the summary
of the dissertation is presented. In Section 7.2, suggestions for possible future work based

are discussed.

7.1 Summary and Conclusions

In this dissertation, new control and switching techniques have been developed to enhance
the stability and performance of grid-tied VSIs under abnormal grid conditions. The role of
VSI as an essential interface for the grid integration of renewable energy sources has been
discussed in Chapter 1. As has been discussed, along with extracting the maximum power
from DG units, VSIs are capable of providing ancillary services such as negative-sequence
compensation and harmonic compensation under grid abnormalities, which however could
degrade the quality of the power being supplied to the grid. The grid-tied VSI could even
become unstable due to the large impedance associated with a weak grid as depicted in many

of the referenced works. The state-of-the-art regarding the aforementioned issues has also
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been discussed in Chapter 1. The shortcomings of the existing techniques in literature and
the necessity for new techniques to improve the stability and performance of grid-tied VSIs
under abnormal grid conditions have also been emphasized.

A detailed full-order model of a grid-tied VSI equipped an LCL filter and a PQ controller
has been developed in Chapter 2. The comprehensive nature of the developed model lends
itself to be used for studies other than the ones carried out in this dissertation. The open-loop
model and the controller model have been derived in separate steps. The open-loop model
has a generalized structure, which allows it to be integrated with various controllers both
in the grid-tied and islanded modes of operation. The open-loop model has been verified
through both simulation and experimental results. The steps performed in this dissertation
to integrate the open-loop and the controller model can also be recreated for the integration
of different controllers.

The developed model has been utilized in Chapter 3 to study the effect of different
system parameters on the stability of VSIs in weak grids. Through root locus of the model
eigenvalues, it has been identified that increasing the passive damping resistance, controller
time delay, and grid-side filter inductances can improve the stability of VSIs in weak grids.
On the hand, the controller proportional gains and the filter capacitance have to be reduced
for stability in weak grids. It should be noted that the effect of controller time delay and
grid-side filter inductance is valid for systems with current measurements conducted after
the LCL filter. The efficacy of some of the parameters in stabilizing the system in weak
grids is validated through experimental studies. The tradeoff associated with redesigning
the system parameters for stability has also been discussed.

A virtual inductance feedforward control scheme has been developed in Chapter 4 to
enhance the stability of grid-tied VSIs in weak grids. The continued-fraction-expansion
criterion has been applied on a simplified transfer function of the grid-tied VSI to verify the
stabilizing impact of increased grid-side filter inductances in weak grids. A virtual inductance
term has been derived emulating the effect of additional grid-side filter inductance to avoid
the drawbacks associated with adding a larger inductor to the system. As has been discussed,

the grid-side filter inductance is a good candidate to implement virtually as the current
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flowing through the component is measured for normal controller operation. Therefore, the
virtual inductance feedforward scheme can be implemented without requiring any additional
sensors. The virtual inductance feedforward has been integrated with the PQ controller to
develop a modified PQ controller that can extend the stability boundary of grid-tied VSIs
in weak grids. The full-order model has also been modified to include the effect of virtual
inductance. Root locus studies of the eigenvalues of the modified model have indeed shown
that the virtual inductance feedforward scheme can extend the stability range of VSIs in
weak grids. For the operating condition defined in Chapter 4, the presented scheme can
ensure stable operation up to an SCR value of 2.1, whereas existing standards require stable
operation up to an SCR of 10. The efficacy of the virtual inductance scheme has been
validated through hardware tests carried out on a grid-tied experimental setup. The steady-
state performance of the closed-loop system including virtual inductance feedforward has
also been verified experimentally.

A direct MRAC method has been integrated to the virtual inductance feedforward scheme
to adaptively vary the virtual inductance for changes in grid impedance in weak grids. As
has been discussed, the direct MRAC method does not require a parameter estimation stage
and can adapt the virtual inductance value according to a stable reference model. The
balanced truncation technique has been employed to obtain a second-order model from the
presented full-order model to select a reference model for the MRAC scheme. The adaptation
law for a first-order system employing direct MRAC method has been derived first. It has
then been updated for the grid-tied VSI system. The direct MRAC method is integrated
to the PQ controller to develop a modified PQ controller with adaptive virtual inductance
feedforward. The efficacy of the presented control scheme has been verified through hardware
tests carried out for different weak grid conditions. The integration of the adaptive scheme
in virtual inductance feedforward makes it more suitable for practical applications under
varying operating conditions.

An atypical scheme has been presented in Chapter 6, to maximize the dc-bus utilization
of grid-tied VSIs when providing ancillary services. As has been discussed, the presented

scheme can extend the linear modulation range of VSIs, which allows maximum energy to be
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extracted from the DG units while providing ancillary services. A control scheme containing
negative-sequence and fifth harmonic compensators has been presented to achieve clean grid
currents under distorted grid voltages and asymmetrical loads. The atypical PWM scheme
has then been developed, which can be realized by injecting a common-mode component in
the PWM references computed based on instantaneous reference magnitudes. The developed
scheme can be integrated with other control schemes employing carried-based PWMs; as it
only acts as an intermediary between the controller and the PWM generator. The efficacy
of the developed scheme has been verified through simulation and experimental case studies
while providing both negative-sequence compensation and harmonic compensation.

The simulation verifications of the developed techniques have been performed using MAT-
LAB, while for circuit simulations the SimPowerSystems toolbox has been employed in this
dissertation. The hardware tests have been carried out in a laboratory scale setup containing
a commercial VSI drive.

In conclusion, an adaptive virtual inductance feedforward scheme and an atypical PWM
scheme have been presented in this dissertation to improve the adaptability of VSIs under
grid abnormalities, which would, in turn, allow more renewable energy based DG units to
be integrated to the power grid. The limitations of existing techniques in handling concerns
related to grid abnormalities have been discussed and the contributions of the developed
techniques with respect to the state-of-the-art have been highlighted. The presented tech-

niques are well suited to be employed for practical applications.

7.2 Suggestions for Future Work

The efficacy of the techniques presented in this dissertation has been thoroughly validated.
There are, however, opportunities to build on the work presented herein.

The open-loop model presented in Chapter 2 has a generalized structure and therefore
can be integrated with various controllers. The open-loop model can be integrated with a
controller for the standalone mode of operation to obtain a standalone VSI model. Similar

to the analysis carried out in this dissertation for a grid-tied system, the standalone model
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can be also used to analyze the effect of different parameters on the stability of the system.

The adaptive virtual inductance feedforward scheme has been presented in this disserta-
tion to improve the stability of VSIs in weak grids considering balanced grid impedances. A
more uncommon phenomenon seen in practice is a weak grid with unbalanced impedances,
which could result from non-uniformly distributed single-phase loads and non-symmetrical
transformer windings. The presented virtual inductance scheme should still be able to im-
prove the stability under asymmetrical weak grids, however, the power quality associated
with the asymmetrical impedances would still remain. Therefore, a potential avenue of future
research could be to update the virtual inductance scheme for asymmetrical cases.

The adaptive virtual inductance feedforward scheme is suitable for inductive and resistive-
inductive grid impedances typical for transmission and distribution grids. On the other
hand, for microgrids operating in standalone mode, the line impedances are predominantly
resistive. Large line impedances in microgrids could deteriorate the stability microgrid-
interactive VSIs. Therefore, another potential avenue of research could be updating the
virtual inductance scheme for stability enhancement in resistive microgrids in the standalone

mode of operation.

116



1]

[7]

Bibliography

F. Blaabjerg, Z. Chen, and S. B. Kjaer, “Power electronics as efficient interface in
dispersed power generation systems,” IEEE Trans. Power Electron., vol. 19, no. 5, pp.

1184-1194, Sep. 2004.

J. Carrasco, L. Franquelo, J. Bialasiewicz, E. Galvan, R. PortilloGuisado, M. Prats,
J. Leon, and N. Moreno-Alfonso, “Power-electronic systems for the grid integration of
renewable energy sources: A survey,” IEEE Trans. Ind. FElectron., vol. 53, no. 4, pp.

1002-1016, Jun. 2006.

M. Liserre, R. Teodorescu, and F. Blaabjerg, “Stability of photovoltaic and wind tur-
bine grid-connected inverters for a large set of grid impedance values,” IEFE Trans.

Power Electron., vol. 21, no. 1, pp. 263-272, Jan. 2006.

M. Diaz, R. Cardenas, M. Espinoza, F. Rojas, A. Mora, J. C. Clare, and P. Wheeler,
“Control of wind energy conversion systems based on the modular multilevel matrix

converter,” EEE Trans. Ind. Electron., vol. 64, no. 11, pp. 8799-8810, Nov. 2017.

M. A. G. de Brito, L. Galotto, L. P. Sampaio, G. d. A. e Melo, and C. A. Canesin,
“Evaluation of the main MPPT techniques for photovoltaic applications,” IEFE Trans.
Ind. FElectron., vol. 60, no. 3, pp. 1156-1167, Mar. 2013.

Z. M. Dalala, Z. U. Zahid, W. Yu, Y. Cho, and J. Lai, “Design and analysis of an
MPPT technique for small-scale wind energy conversion systems,” IEEFE Trans. Energy

Convers., vol. 28, no. 3, pp. 756-767, Sep. 2013.

W. Libo, Z. Zhengming, and L. Jianzheng, “A single-stage three-phase grid-connected
photovoltaic system with modified MPPT method and reactive power compensation,”

IEEE Trans. Energy Convers., vol. 22, no. 4, pp. 881-886, Dec. 2007.

117



8]

[11]

[12]

[15]

K. Nishida, T. Ahmed, and M. Nakaoka, “A cost-effective high-efficiency power con-
ditioner with simple MPPT control algorithm for wind-power grid integration,” IEEE
Trans. Ind. Appl., vol. 47, no. 2, pp. 893-900, Mar.-Apr. 2011.

P. Rodriguez, A. V. Timbus, R. Teodorescu, M. Liserre, and F. Blaabjerg, “Flexible
active power control of distributed power generation systems during grid faults,” IEFE

Trans. Ind. Electron., vol. 54, no. 5, pp. 25683-2592, Oct. 2007.

X. Du, Y. Wu, S. Gu, H. M. Tai, P. Sun, and Y. Ji, “Power oscillation analysis and
control of three-phase grid-connected voltage source converters under unbalanced grid

faults,” IET Power Electron., vol. 9, no. 11, pp. 2162-2173, Sep. 2016.

M. Mirhosseini, J. Pou, and V. G. Agelidis, “Individual phase current control with
the capability to avoid overvoltage in grid-connected photovoltaic power plants under
unbalanced voltage sags,” IEEE Trans. Power Electron., vol. 30, no. 10, pp. 5346-5351,
Oct. 2015.

M. Hamzeh, H. Karimi, and H. Mokhtari, “Harmonic and negativesequence current
control in an islanded multi-bus MV microgrid,” IEEFE Trans. Smart Grid, vol. 5, no. 1,
pp- 167-176, Jan. 2014.

H. Akagi, “Active harmonic filters,” Proc. IEEFE, vol. 93, no. 12, pp. 2128-2141, Dec.
2005.

P. Salmeron and S. P. Litran, “Improvement of the electric power quality using series
active and shunt passive filters,” IEEE Trans. Power Del., vol. 25, no. 2, pp. 1058-1067,
Apr. 2010.

F. Nejabatkhah, Y. W. Li, and B. Wu, “Control strategies of three-phase distributed
generation inverters for grid unbalanced voltage compensation,” IEEE Trans. Power

Electron., vol. 31, no. 7, pp. 5228-5241, Jul. 2016.

H. D. Tafti, A. I. Maswood, G. Konstantinou, J. Pou, and P. Acuna, “Active/reactive

power control of photovoltaic grid-tied inverters with peak current limitation and zero

118



[17]

[19]

[20]

[21]

22]

active power oscillation during unbalanced voltage sags,” IET Power Electron., vol. 11,

no. 6, pp. 1066-1073, May 2018.

N. R. Tummuru, M. K. Mishra, , and S. Srinivas, “An improved current controller
for grid connected voltage source converter in microgrid applications,” IEEE Trans.

Sustain. Energy, vol. 6, no. 2, pp. 595-605, Apr. 2015.

N. M. Dehkordi, N. Sadati, and M. Hamzeh, “A robust backstepping high-order sliding
mode control strategy for grid-connected DG units with harmonic/interharmonic cur-

rent compensation capability,” IEEE Trans. Sustain. Energy, vol. 8 no. 2, pp. 561-572,
Apr. 2017.

R. Chilipi, N. A. Sayari, K. A. Hosani, and A. R. Beig, “Control scheme for grid-
tied distributed generation inverter under unbalanced and distorted utility conditions

with power quality ancillary services,” IET Renew. Power Gener., vol. 10, no. 2, pp.

140-149, Feb. 2016.

L. Zhang, L. Harnefors, and H. Nee, “Modeling and control of VSC-HVDC links con-
nected to island systems,” IFEFE Trans. Power Sys., vol. 26, no. 2, p. 783793, May
2011.

D. Yang, X. Ruan, and H. Wu, “Impedance shaping of the grid-connected inverter
with LCL filter to improve its adaptability to the weak grid condition,” IEEE Trans.
Power Electron., vol. 29, no. 11, pp. 5795-5805, Nov. 2014.

C. Zheng, L. Zhou, X. Yu, B. Li, and J. Liu, “Online phase margin compensation
strategy for a grid-tied inverter to improve its robustness to grid impedance variation,”

IET Power Electron., vol. 9, no. 4, pp. 611-620, Mar. 2016.

M. Lu, A. Al-Durra, S. M. Muyeen, S. Leng, P. C. Loh, and F. Blaabjerg, “Bench-
marking of stability and robustness against grid impedance variation for LCL-filtered
grid-interfacing inverters,” IEFEE Trans. Power FElectron., vol. 33, no. 10, pp. 9033—
9046, Oct. 2018.

119



[24]

[25]

2]

[27]

[28]

[29]

[31]

M. Zhao, X. Yuan, J. Hu, and Y. Yan, “Voltage dynamics of current control time-
scale in a VSC-connected weak grid,” IEEE Trans. Power Syst., vol. 31, no. 4, pp.
2925-2937, Jul. 2016.

Y. Huang, X. Yuan, J. Hu, and P. Zhou, “Modeling of VSC connected to weak grid
for stability analysis of DC-link voltage control,” IEFEE J. Emerg. Sel. Topics Power
Electron., vol. 3, no. 4, pp. 1193-1204, Dec. 2015.

S. Zhou, X. Zou, D. Zhu, L. Tong, Y. Zhao, Y. Kang, and X. Yuan, “An improved
design of current controller for LCL-type grid-connected converter to reduce negative
effect of PLL in weak grid,” IEEFE Trans. Emerg. Sel. Topics Power Electron., vol. 6,
no. 2, pp. 648-663, Jun. 2018.

M. Davari and Y. A.-R. I. Mohamed, “Robust vector control of a very weak-grid-
connected voltage-source converter considering the phase-locked loop dynamics,” IEEE

Trans. Power Electron., vol. 32, no. 2, pp. 977-994, Feb. 2017.

B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Shen, “Analysis of d-q small-
signal impedance of grid-tied inverters,” IFEE Trans. Power Electron., vol. 31, no. 1,

pp. 675687, Jan. 2016.

X. Zhang, X. Danni, F. Zhichao, G. Wang, and D. Xu, “An improved feedforward
control method considering PLL dynamics to improve weak grid stability of grid-
connected inverters,” IEEE Trans. Ind. Appl., vol. 54, no. 5, pp. 5143-5151, Sep.-Oct.
2018.

B. H. Kim and S. K. Sul, “Stability-oriented design of frequency drift anti-islanding and
phase-locked loop under weak grid,” IEEE Trans. Emerg. Sel. Topics Power Electron.,
vol. 5, no. 2, pp. 760-774, Jun. 2017.

A. E. Leon, J. M. Mauricio, J. A. Solsona, and A. Gomez-Exposito, “Software sensor-
based STATCOM control under unbalanced conditions,” IEEFE Trans. Power Del.,
vol. 24, no. 3, pp. 1623-1632, Jul. 2009.

120



[32]

[35]

[36]

[38]

[39]

S. Du, J. Liu, J. Lin, and Y. He, “A novel DC voltage control method for STATCOM
based on hybrid multilevel H-bridge converter,” IEEE Trans. Power Electron., vol. 28,
no. 1, pp. 101-111, Jan. 2013.

B. Singh and V. Verma, “Selective compensation of power-quality problems through
active power filter by current decomposition,” IEFE Trans. Power Del., vol. 23, no. 2,

pp. 792-799, Apr. 2008.

P. Acuna, L. Moran, M. Rivera, J. Dixon, and J. Rodriguez, “Improved active power
filter performance for renewable power generation systems,” IEEFE Trans. Power Elec-

tron., vol. 29, no. 2, pp. 687-694, Feb. 2014.

A. Adib, J. Lamb, and B. Mirafzal, “Ancillary services via VSIs in microgrids with
maximum DC-bus voltage utilization,” IEEE Trans. Ind. Appl., vol. PP, no. 99, pp.
1-1, 2018.

X. Chen, Y. Wang, Y. Zhang, J. Chen, and C. Gong, “Hybrid damping adaptive
control scheme for grid-connected inverters in a weak grid,” IET Power FElectron.,

vol. 9, no. 15, pp. 27602768, Dec. 2016.

Y. He, H. S. H. Chung, J. C. T. Lai, X. Zhang, and W. Wu, “Active cancellation
of equivalent grid impedance for improving stability and injected power quality of
grid-connected inverter under variable grid condition,” IEEE Trans. Power Electron.,

vol. 33, no. 11, pp. 9387-9398, Nov. 2018.

X. Li, J. Fang, Y. Tang, X. Wu, and Y. Geng, “Capacitor-voltage feedforward with full
delay compensation to improve weak grids adaptability of LCL-filtered grid-connected
converters for distributed generation systems,” IEFEE Trans. Power Electron., vol. 33,

no. 1, pp. 749-764, Jan. 2018.

X. Chen, Y. Zhang, S. Wang, J. Chen, and C. Gong, “Impedance-phased dynamic con-
trol method for grid-connected inverters in a weak grid,” IEEE Trans. Power Electron.,

vol. 32, no. 1, pp. 274-283, Jan. 2017.

121



[40]

[41]

[44]

[45]

F. Blaabjerg, R. Teodorescu, M. Liserre, and A. V. Timbus, “Overview of control
and grid synchronization for distributed power generation systems,” IEFE Trans. Ind.

Electron., vol. 53, no. 5, pp. 1398-1409, Oct. 2006.

R. Pena-Alzola, M. Liserre, F. Blaabjerg, R. Sebastin, J. Dannehl, and F. W. Fuchs,
“Analysis of the passive damping losses in LCL-filter-based grid converters,” IEFFE
Trans. Power Electron., vol. 28, no. 6, pp. 2642-2646, Jun. 2013.

A. Adib, B. Mirafzal, X. Wang, and F. Blaabjerg, “On stability of voltage source
inverters in weak grids,” IEFFE Access, vol. 6, pp. 4427-4439, Jan. 2018.

A. M. Hava and N. O. Cetin, “A generalized scalar PWM approach with easy imple-
mentation features for three-phase, three-wire voltage-source inverters,” IEEE Trans.

Power Electron., vol. 26, no. 5, pp. 1385-1395, May 2011.

Y. Yu, G. Konstantinou, C. D. Townsend, and V. G. Agelidis, “Comparison of zero-
sequence injection methods in cascaded H-bridge multilevel converters for large-scale
photovoltaic integration,” IET Renew. Power Gener., vol. 11, no. 5, pp. 603-613, Apr.
2017.

A. Dekka, B. W. V. Yaramasu, and N. R. Zargari, “Model predictive control with
common-mode voltage injection for modular multilevel converter,” IEEE Trans. Power

Electron., vol. 32, no. 3, pp. 17671778, Mar. 2017.

R. S. R. Chilipi, N. A. Sayari, K. H. A. Hosani, and A. R. Beig, “Adaptive notch
filter-based multipurpose control scheme for grid-interfaced three-phase four-wire DG

inverter,” IEEFE Trans. Ind. Appl., vol. 53, no. 4, pp. 4015-4027, Jul.-Aug. 2017.

J. Chen, Y. He, S. U. Hasan, and J. Liu, “A comprehensive study on equivalent
modulation waveforms of the SVM sequence for three-level inverters,” IEEE Trans.

Power FElectron., vol. 30, no. 12, p. 71497158, Dec. 2015.

J. S. S. Prasad, R. Ghosh, and G. Narayanan, “Common-mode injection PWM for
parallel converters,” IEEE Trans. Ind. Electron, vol. 62, no. 2, pp. 789-794, Feb. 2015.

122



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

J. C. Vasquez, J. M. Guerrero, M. Savaghebi, J. Eloy-Garcia, and R. Teodorescu,
“Modeling, analysis, and design of stationary-reference-frame droop-controlled parallel
three-phase voltage source inverters,” IEFE Trans. Ind. Electron., vol. 60, no. 4, pp.
1271-1280, Apr. 2013.

Y. Zhang, M. Yu, F. Liu, and Y. Kang, “Instantaneous current-sharing control strategy
for parallel operation of UPS modules using virtual impedance,” IEEFE Trans. Power

Electron., vol. 28, no. 1, pp. 432-440, Jan. 2013.

J. He, Y. W. Li, J. M. Guerrero, F. Blaabjerg, and J. C. Vasquez, “An islanding
microgrid power sharing approach using enhanced virtual impedance control scheme,”

IEEFE Trans. Power Electron., vol. 28, no. 11, pp. 5272-5282, Nov. 2013.

H. Mahmood, D. Michaelson, and J. Jiang, “Accurate reactive power sharing in an
islanded microgrid using adaptive virtual impedances,” IEEE Trans. Power Electron.,

vol. 30, no. 3, pp. 1605-1617, Mar. 2015.

X. Lu, K. Sun, J. M. Guerrero, J. C. Vasquez, L. Huang, and J. Wang, “Stability en-
hancement based on virtual impedance for DC microgrids with constant power loads,”

IEEE Trans. Smart Grid, vol. 6, no. 6, pp. 2770-2783, Nov. 2015.

M. Wu and D. D. C. Lu, “A novel stabilization method of LC input filter with constant
power loads without load performance compromise in DC microgrids,” IEEE Trans.

Ind. Electron., vol. 62, no. 7, pp. 4552-4562, Jul. 2015.

X. Zhang, Q. C. Zhong, and W. L. Ming, “Stabilization of a cascaded DC converter
system via adding a virtual adaptive parallel impedance to the input of the load con-

verter,” IEEE Trans. Power Electron., vol. 31, no. 3, pp. 1826-1832, Mar. 2016.

X. Wang, F. Blaabjerg, and P. C. Loh, “Grid-current-feedback active damping for LCL
resonance in grid-connected voltage-source converters,” IFEFE Trans. Power Electron.,

vol. 31, no. 1, pp. 213-223, Jan. 2016.

123



[57]

[58]

[59]

[61]

[62]

[63]

[64]

[65]

J. He, Y. W. Li, D. Bosnjak, and B. Harris, “Investigation and active damping of mul-
tiple resonances in a parallel-inverter-based microgrid,” IEFEE Trans. Power Electron.,

vol. 28, no. 1, pp. 234-246, Jan. 2013.

X. Sun, R. Han, H. Shen, B. Wang, Z. Lu, and Z. Chen, “A double-resistive ac-
tive power filter system to attenuate harmonic voltages of a radial power distribution

feeder,” IEEFE Trans. Power Electron., vol. 3, no. 9, pp. 6203-6216, Sep. 2016.

Y. Li, Q. Liu, S. Hu, F. Liu, Y. Cao, L. Luo, and C. Rehtanz, “A virtual impedance
comprehensive control strategy for the controllably inductive power filtering system,”

IEEE Trans. Power FElectron., vol. 32, no. 2, pp. 920-926, Feb. 2017.

P. Sreekumar and V. Khadkikar, “A new virtual harmonic impedance scheme for har-
monic power sharing in an islanded microgrid,” IEEE Trans. Power Del., vol. 31, no. 3,

pp. 936-945, Jun. 2016.

F. A. Alskran, “Dynamic modeling and analysis of the three-phase voltage source
inverter under stand-alone and grid-tied modes,” Master’s thesis, Kansas State Uni-

versity, 2014.

F. Verhulst and A. J. Sanders, Averaging Methods in Nonlinear Dynamical Systems.
New York: Springer-Verlag, 1985.

A. Singh, A. K. Kaviani, and B. Mirafzal, “On dynamic models and stability analysis of
three-phase phasor PWM-based CSI for stand-alone applications,” IEFEE Trans. Ind.
Electron., vol. 62, no. 5, pp. 2698-2707, May 2015.

R. Park, “T'wo reaction theory of synchronous machines,” AIFE Trans., vol. 48, pp.

716730, 1929.

P. C. Krause, O. Wasynczuk, and S. D. Sudhoff, Analysis of electric machinery and
drive systems, 2nd ed. Piscataway, NJ: John Wiley & Sons, Inc, 2002.

124



[66]

[69]

[70]

[71]

[72]

D. S. Ochs, B. Mirafzal, and P. Sotoodeh, “A method of seamless transitions between
grid-tied and stand-alone modes of operation for utility-interactive three-phase invert-

ers,” IEEE Trans. Ind. Appl., vol. 50, no. 3, pp. 1934-1941, May-Jun. 2014.

J. Benzaquen, M. B. Shadmand, A. Stonestreet, and B. Mirafzal, “A unity power factor
active rectifier with optimum space-vector predictive DC voltage control for variable
frequency supply suitable for more electric aircraft applications,” Proc. 2018 IEEFE
Appl. Power Electron. Conf. Expo., pp. 1455-1460, Mar. 2018.

V. Salis, A. Costabeber, S. M. Cox, and P. Zanchetta, “Stability assessment of
power-converter-based ac systems by LTP theory: eigenvalue analysis and harmonic
impedance estimation,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 5, no. 4,

pp. 15131525, Dec. 2017.

K. Acharya, S. K. Mazumder, and I. Basu, “Reaching criterion of a three-phase voltage-
source inverter operating with passive and nonlinear loads and its impact on global

stability,” IEEE Trans. Ind. Electron., vol. 55, no. 4, pp. 1795-1812, Apr. 2008.

J. Lamb, A. Singh, and B. Mirafzal, “Rapid implementation of solid-state based con-
verters in power engineering laboratories,” IEFE Trans. Power Sys., vol. 31, no. 4, pp.

2957-2964, Jul. 2016.

A. Timbus, M. Liserre, R. Teodorescu, P. Rodriguez, and F. Blaabjerg, “Evaluation
of current controllers for distributed power generation systems,” IEEE Trans. Power

Electron., vol. 24, no. 3, pp. 654—664, Mar. 2009.

Y. Wang, X. Wang, F. Blaabjerg, and Z. Chen, “Harmonic instability assessment using
state-space modeling and participation analysis in inverter-fed power systems,” IEFE

Trans. Ind. Electron., vol. 64, no. 1, pp. 806-816, Jan. 2017.

J. Wang, J. D. Yan, L. Jiang, and J. Zou, “Delay-dependent stability of single-loop
controlled grid-connected inverters with LCL filters,” IEEE Trans. on Power Electron.,
vol. 31, no. 1, pp. 743-757, Jan. 2016.

125



[74]

[75]

[76]

[80]

[82]

A. Moawwad, V. Khadkikar, and J. L. Kirtley, “A new P-Q-V droop control method
for an interline photovoltaic (I-PV) power system,” IEEE Trans. Power Del., vol. 28,
no. 2, pp. 658668, Apr. 2013.

T. L. Vandoorn, J. D. M. D. Kooning, B. Meersman, J. M. Guerrero, and L. Vande-
velde, “Automatic power-sharing modification of P/V droop controllers in low-voltage
resistive microgrids,” IEEE Trans. Power Del., vol. 27, no. 4, pp. 2318-2325, Oct.
2012.

X. Ruan, X. Wang, D. Pan, D. Yang, W. Li, and C. Bao, Control Techniques for LCL-
Type Grid-Connected Inverters. Springer Nature Singapore Pte Ltd. and Science
Press, 2018.

S. Jayalath and M. Hanif, “An LCL-filter design with optimum total inductance and
capacitance,” IEEFE Trans. Power Electron., vol. 33, no. 8, pp. 6687-6698, Sep. 2017.

A. Adib and B. Mirafzal, “Virtual inductance for stable operation of grid-interactive

voltage source inverters,” IEEE Trans. Ind. Electron., vol. PP, no. 99, pp. 1-1, 2018.

M. Xue, Y. Zhang, Y. Kang, Y. Yi, S. Li, and F. Liu, “Full feedforward of grid voltage
for discrete state feedback controlled grid-connected inverter with LCL filter,” IEEFE
Trans. Power Electron., vol. 27, no. 10, pp. 4234-4247, Oct. 2012.

J. He, Y. W. Li, R. Wang, and C. Zhang, “Analysis and mitigation of resonance prop-
agation in grid-connected and islanding microgrids,” IEEE Trans. Energy Convers.,

vol. 30, no. 1, pp. 70-81, Mar. 2015.

J. Scoltock, T. Geyer, and U. K. Madawala, “A model predictive direct current control
strategy with predictive references for MV grid-connected converters with LCL-filters,”

IEEFE Trans. Power Electron., vol. 30, no. 10, pp. 5926-5937, Oct. 2015.

V. Miskovic, V. Blasko, T. M. Jahns, A. H. C. Smith, and C. Romenesko, “Observer-
based active damping of LCL resonance in grid-connected voltage source converters,”

IEEE Trans. Ind. Appl., vol. 50, no. 6, pp. 3977-3985, Nov.-Dec. 2014.

126



[83]

[30]

[87]

3]

[90]

[91]

A. Zama, A. Benchaib, S. Bacha, D. Frey, and S. Silvant, “High dynamics control for
MMC based on exact discrete-time model with experimental validation,” IEEE Trans.

Power Del., vol. 33, no. 1, pp. 477-488, Feb. 2018.

S. Sastry and M. Bodson, Adaptive Control: Stability, Convergence and Robustness.
Englewood Cliffs, New Jersey: Prentice Hall, 1989.

B. Xiao, L. Hang, J. Mei, C. Riley, L. M. Tolbert, and B. Ozpineci, “Modular cascaded
H-bridge multilevel PV inverter with distributed MPPT for grid-connected applica-
tions,” IEEE Trans. Ind. Appl., vol. 51, no. 2, pp. 1722-1731, Mar.-Apr. 2015.

J. Lamb, B. Mirafzal, and F. Blaabjerg, “PWM common mode reference generation for
maximizing the linear modulation region of CHB converters in islanded microgrids,”

IEEFE Trans. Ind. Electron., vol. 65, no. 7, pp. 5250-5259, Jul. 2018.

Testing and measurement techniques-Unbalance, immunity test, IEC 61000-4-27 TEC
61000-4-27 ed. J.02 IEC 61 000-4-27, Rev. J.02, Aug. 2008, iEC 61000-4-27 ed. J.02.

Z. Xin, X. Wang, P. C. Loh, and F. Blaabjerg, “Grid-current-feedback control for
LCL-filtered grid converters with enhanced stability,” IEEE Trans. Power Electron.,
vol. 32, no. 4, pp. 3216-3228, Apr. 2017.

V. Mariani, F. Vasca, J. C. Vsquez, and J. M. Guerrero, “Model order reductions
for stability analysis of islanded microgrids with droop control,” IFEE Trans. Ind.
Electron., vol. 62, no. 7, pp. 4344-4354, Jul. 2015.

M. Rasheduzzaman, J. A. Mueller, and J. W. Kimball, “Reduced-order small-signal
model of microgrid systems,” IEEE Trans. Sustain. Energy, vol. 6, no. 4, pp. 1292—
1305, Oct. 2015.

L. Luo and S. V. Dhople, “Spatiotemporal model reduction of inverter-based islanded

microgrids,” IEEFE Trans. Energy Convers., vol. 29, no. 4, pp. 823-832, Dec. 2014.

127



[92]

[93]

[94]

[96]

[98]

[99]

[100]

Z. Yuan, Z. Du, C. Li, and T. An, “Dynamic equivalent model of VSC based on
singular perturbation,” IET Gener. Transm. Distrib., vol. 10, no. 14, pp. 3413-3422,
Nov. 2016.

D. Chaniotis and M. A. Pai, “Model reduction in power systems using Krylov subspace

methods,” IEEFE Trans. Power Syst., vol. 20, no. 2, pp. 888-894, May. 2005.

7. Zhu, G. Geng, and Q. Jiang, “Power system dynamic model reduction based on
extended Krylov subspace method,” IEEFE Trans. Power Syst., vol. 31, no. 6, pp.
4483-4494, Nov. 2016.

C. Wang, H. Yu, P. Li, J. Wu, and C. Ding, “Model order reduction for transient
simulation of active distribution networks,” IET Gener. Transm. Distrib., vol. 9, no. 5,

pp. 457-467, Apr. 2015.

S. Wang, S. Lu, N. Zhou, G. Lin, M. Elizondo, and M. A. Pai, “Dynamic-feature
extraction, attribution, and reconstruction (DEAR) method for power system model

reduction,” IEEFE Transa. Power Syst., vol. 29, no. 5, pp. 2049-2059, Sep. 2014.

A. Ramirez, “Vector fitting-based calculation of frequency-dependent network equiva-
lents by frequency partitioning and model-order reduction,” IEEE Trans. Power Del.,

vol. 24, no. 1, pp. 410415, Jan. 2009.

J. Fang, W. Yao, Z. Chen, J. Wen, and S. Cheng, “Design of anti-windup compensator
for energy storage-based damping controller to enhance power system stability,” IEEE

Trans. Power Syst., vol. 29, no. 3, pp. 1175-1185, May 2014.

C. Sturk, L. Vanfretti, Y. Chompoobutrgool, and H. Sandberg, “Coherency-
independent structured model reduction of power systems,” IEEFE Trans. Power Syst.,

vol. 29, no. 5, pp. 24182426, Sep. 2014.

H. Zhao, X. Lan, N. Xue, and B. Wang, “Excitation prediction control of multi-machine
power systems using balanced reduced model,” IET Gener. Transm. Distrib., vol. 8,

no. 6, pp. 1075-1081, Jun. 2014.

128



[101] A. Ramirez, A. Mehrizi-Sani, D. Hussein, M. Matar, M. Abdel-Rahman, J. J. Chavez,
A. Davoudi, and S. Kamalasadan, “Application of balanced realizations for model-

order reduction of dynamic power system equivalents,” IFEFE Trans. Power Del.,

vol. 31, no. 5, pp. 2304-2312, Oct. 2016.

[102] A. C. Antoulas, D. C. Sorensen, and S. Gugercin, “A survey of model reduction meth-
ods for large-scale systems,” Contemp. Math., vol. 280, pp. 193-219, 2000.

[103] U. Baur, P. Benner, and L. Feng, “Model order reduction for linear and nonlinear
systems: A system-theoretic perspective,” Arch. Comput. Methods Eng., vol. 21, no. 4,
p. 331358, Dec. 2014.

129



Appendix A

Full-Order Model Matrix Equations

In this appendix, the grid-tied VSI state-space matrices, in the abc frame of reference, for all
the SVPWM sectors are presented. In addition, the full-form of the block matrices introdcued

in the full-order state-space models throughout the dissertation are also provided.

A.1 State-Space matrices for SVPWM sectors

As mentioned in Section 2.1, The A matrices for the state-space models are identical. The

B matrix for switching states (000) and (111) is provided as follows:

-0 0 0-
0 0 0
Booosi11 = vl (A1)
0 0 0
0 o
0 51 o)

The B matrix for switching state (100) can be expressed as follows:
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BlOO =

The B matrix for switching state (110) can be expressed as follows:

The B matrix for switching state (010) can be expressed as follows:

The B matrix for switching state (011) can be expressed as follows:
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- =

w

o o o o =~
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1
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0
0
0
0

|
—

w
=

w
[\

) o ) o~

-

131

0
0
0
0

=2
3Lo

1
3Ly

315 |

o o o O

=1
3L

=1

3L |

(A.2)

(A.3)

(A4)



—2
. 0 0
i 0 0
— 0o 0 0
BOll = (A5)
0o 0 0
—9 _
0 i
1 -1
|V s A
The B matrix for switching state (001) can be expressed as follows:
% 0 0
~1
s, 0 0
— 0o 0 0
BOOl = (AG)
0o 0 0
2 -1
O 55, 51,
The B matrix for switching state (101) can be expressed as follows:
1
g 0 0
% 0 0
— 0o 0 0
BlOl - (A?)
0o 0 0
0
1 -1
|0 o

The B matrix of the averaged state-space model for Sector I, where the VSI alternates

between switching states (000/111), (100), and (110) can be expressed as follows:
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MEho 00
AR 00

B = ! oY (A.8)
0 0 0

The B matrix of the averaged state-space model for Sector II, where the VSI alternates

between switching states (000/111), (110), and (010) can be expressed as follows:

hed 00
af2h 0 0
e B (A.9)
0 0 0
0 5 5%

The B matrix of the averaged state-space model for Sector III, where the VSI alternates

between switching states (000/111), (010), and (011) can be expressed as follows:

00
MEh 00

B = ! o0 (A.10)
0 0 0

The B matrix of the averaged state-space model for Sector IV, where the VSI alternates

between switching states (000/111), (011), and (001) can be expressed as follows:
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sk 00
b0 0

By = ! ooy (A.11)
0 0 0

The B matrix of the averaged state-space model for Sector V, where the VSI alternates

between switching states (000/111), (001), and (101) can be expressed as follows:

AR 0
00

By = ! oY (A.12)
0 0 0

The B matrix of the averaged state-space model for Sector VI, where the VSI alternates

between switching states (000/111), (101), and (100) can be expressed as follows:

_ s o _
By = ’ oY (A.13)
0 0 0

A.2 Full-Form of Block Matrices

The full-form of the block matrices introduced in matrix A of (2.4) are provided below:
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—3R1—Ry —w -1 /3
A o 3L A o 2L, 6L,
1= . , A1 =
w —3R1—Ry -3 -1
3L1 6L1 2Ll
1
N y Aoz =
—V3 1
6C; 20, w 0
KT Ve
3L> 2Lo 6Lo
A31 - ,Agg =
0o 2 V3 1
3L2 6Lo 2Lo

TR
3L
7A13 = )
0 iz
3L,
—1 —V3
2C 6C
,A23 = f f 5 <A14)
V3 =1
6C; 20,
—3R2—R
322 ! —w
7A33 =
—3R,—R;
w 3L,

The full-form of the block matrices introduced in matrix B of (2.4) are provided below:

Viccos(v) —MVy.sin(y)
By, = V3L, V3L
—Viyesin(y)  —MVy.cos(v)
V3L, V3L,
_Icilm) _Vdc
by = ) ) by =
I(z]m) ‘/qc

=1 V3
332 _ 2019 6Lo
) 5 -1 )
6Lo 2Lo
(A.15)
_]g
7b3 = 4 )
19

The block matrices introduced in matrix A of (2.16) can be expressed as follows:

0

0 ki 0
koakia VP ’A54 -
—kig — 5 0 ki
(A.16)

The block matrices introduced in matrix B of (2.16) can be expressed as follows:
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—kirdqr *kilde- -k- 0
i1
B41 = ? kQI 7B43 = )
_ki;IdL 7.32qL 0 ki3
- - (A.17)
_kplgilqu _kplgilldL kpl Ko 0
Bs = kpskisl, kpskisl Bis =
—kp3ki3 p3kislqr
> 2| |0 Fyskig
The block matrices introduced in (2.23) can be expressed as follows:
1|~k — k¥ wL 1 |k O 1110
Aes = bk gypee | 04104 = 7A65—T ;
d —wlL —Rps — % d 0 kp4 d 0 1
1 1 _ kplk;ﬂIqL _kplk;;ZIdL 1 1 O 1 kplkp2 O
Bﬁl:f kpskpal kpakpal ’AGG:_T ’B63:T
p3hpd p3RpalqlL
d | —mindl ] el 410 1 d 0 kpgkp4_
(A.18)
The modified block matrices of (2.24) can be expressed as follows:
(A.19)
Ay =T ' AT, By, = T~ ' By, by = T by,
L1
where, T = | ° 231 The full form of the matrix M introduced in (2.29) is
1 1
2V3 2
Vaccos(vp)  —MVy.sin(yp
= @) ) . (A.20)

—Vaesin(v) —MVy.cos()

The full form of the block matrices introduced in (2.32) are
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Gy = Gy = L. (A.21)

The modified block matrices of matrix A in (2.35) can be expressed as follows:

.

Agn - Agn + B3Ln(j - GQBSLI)_lGQAL

3n>

nel, 2,
ASy = Afy + B5 (I — GZBz)%l)_l(Gl + G2 A%),
AC

nl

= Bu(I — GoBE) ' GyAL n € 4.5.6, (A.22)

Ay = By (I — GoBE) 'GyAL, n € 4.5.6,

Aty = Ans+ Boi(I — G2BY) ' (G1 + G2ALy) m € 45,6,
\

The modified block matrices of matrix B in (2.35) can be expressed as follows:

)
Bg = B?%l([ - GQB?ﬁ)ilv
BS, = B (I — GoBE) 'GyAl n € 45.6
(A.23)
by = b + By (I — GoB) Gabf,
b = B (I — GoBL) ™", n € 4,5,6.
\
The modified block matrices of (4.34) are provided below:
vir _kﬂ(%kpl ‘/;IPCC + 1) —kiz wé;i:
Ags’ = . . )
kia e —kia(3kps VP +1)
- (A.24)
Avir L —hp2 = kplkp; = — ko wfi:;? +wl
63 — pee
T s —wl —hyy — b
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Appendix B

Reduced-Order Model

In this appendix, a second-order model is derived for a grid-tied VSI using the balanced
truncation method. The use of a detailed full-order model for a DG unit may become
cumbersome when modeling a distribution system or a microgrid with many DG units. One
approach could be to represent each DG unit with a reduced-order model. An accurate
reduced-order model would preserve the dominant behavior of the system while reducing
computational complexity. The advantages of reduced-order models have been utilized in this
dissertation when selecting a reference model required for updating the virtual inductance
term through the direct MRAC method.

The contents of this appendix are presented in five sections. In Section B.1, the reasons
behind using the balanced truncation method for model order reduction are outlined. In
Section B.2, the principle of balanced truncation method is discussed. In B.3, a reduced-
order model for a grid-tied VSI using the balanced truncation method is derived. The
model is validated through time-domain simulations and eigenvalue analysis in B.4. Finally,

concluding remarks for this appendix are presented in B.5.
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B.1 Model Order Reduction Techniques

Model-order reduction techniques can be broadly divided into two categories. The first one is
balanced realization (BR) methods such as balanced truncation technique and singular value
perturbation (SVP) technique. The other category includes moment matching methods such
as Krylov subspace technique.

In model-order reduction through the SVP technique, the states with faster modes, i.e.
smaller damping constants, are eliminated while some of their information is retained through
their projection onto the remaining slower states of the model [89-92]. In [89], the SVP
technique is used to reduce the order a seventh order model of a droop-controlled islanded
microgrid. The model can be reduced up to fifth order under some operating scenarios as
any further order reduction can result in erroneous stability results. In [90], a fifteenth order
model of an inverter is reduced to an eighth order model using SVP. In both cases, the
need to preserve the slower modes using the SVP method restricted any further reduction
in model order. In [91], a second order model using SVP was derived, but it is valid only for
inverters in islanded microgrids. A second order model for a VSI using SVP is also derived
in [92]; however, this model is developed from a simplified full-order model excluding the
LCL filter dynamics.

In the Krylov subspace method, the reduced order model is developed by matching the
leading coefficients of the power series expansion of the reduced order, to that of the full-
order through iterative procedures [93-95]. In [93] and [94], the Krylov subspace method
is used to reduce the order of traditional power systems excluding DG units. In [95], a
reduced order model of an active distribution system with power electric converters is derived
using the Krylov subspace method. The entire system is divided into two regions with
the active power electronic components isolated in one region and the remaining passive
components isolated in another region. Only the region with the passive components is
reduced and as a result, such a procedure will not be applicable for an area with high
penetration of DG units, since the system order will remain high even following the order

reduction. Similar to the SVP method only the slower modes of the original system are

139



retained in the Krylov subspace method. For traditional power systems, such slower modes
represent the dominant modes and as such are able to represent the stability of the system.
However, this statement is not always true for systems with power electronic circuits as can
be seen from the root locus analysis carried out in Sections 3.1 and 4.4 for grid-tied VSIs.
As one can see from the root locus of the eigenvalues in the aforementioned sections, some
of the slower eigenvalues, i.e. the real eigenvalues close to the origin, are non-responsive to
system parameter VARiations. Therefore, these eigenvalues are the not the dominant ones
as they do not affect system stability. However, model-order reductions performed using
SVP and Krylov subspace methods will retain these states, which will restrict a worthwhile
reduction in the model order.

In the balanced truncation method, the dominant eigenvalues of the system can be iden-
tified through their respective Hankel singular values. An accurate model with a significantly
reduced number of orders can thus be obtained by retaining the system states with large
Hankel singular values while eliminating the ones with smaller Hankel singular values [96—
101]. The balanced truncation method is employed in this appendix to derive a reduced-order

model for a grid-tied VSI.

B.2 Balanced Truncation Method

In this section, the principle of model order reduction using balanced truncation method is
described. The method outlined in this section is used to derive a reduced-order model of a
grid-tied VSI in the following section.

The full-order model of grid-tied VSI presented in (4.34) can be expressed using a more

general state-space form as follows:

= Ax + Bu,y = Cx + Du, (B.1)

where, A € R™" B € ™™ C € RP*" andD € RP*™. The goal is to derive a reduced-

order model with A € R%% B € RF=m ' € RP** and D € RP*™ such that k < n. The other
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requirement of the reduced-order model are that the mismatch between the full-order and
the reduced-order model be negligible, the properties of the full-order model be preserved,
and the method to obtain the reduced-order model be computationally stable and efficient
[102]. The balanced truncation method is an attractive approach to obtain the reduced-order
model since it preserves the stability of the system while providing a global computational
error bound between the full-order and the reduced-order model [102, 103].

The first step in reducing the system order using balanced truncation method is to
transform the system to a balanced form. A balanced form for linear systems is achieved
when its controllability Gramian P and observability Gramian Q are equal and diagonal.

The Gramians of the system can be calculated as follows:

P = / e BBT A dt, (B.2)
0

Q= / ATtCTCeMdt. (B.3)
0

The Gramians can be made equal and diagonal through a basis change by applying the
transformation matrix 7', which should be of the same order as the system to be reduced,

ie. T € R™" and also should not be a singular matrix. Hence, T is chosen such that,

P=TPTT =0 =T7"PT 1 =%, (B.4)

where, P and Q are the Gramians of the balanced system. Following the basis change
the new balanced state-space form is found to be,

£ =TAT '+ TBu,y = CT ‘i + Du. (B.5)

The Gramians of the balanced state-space form is equated to 3 in (B.4), which is a
diagonal matrix and its diagonal elements are the Hankel singular values. The Hankel
singular values give an indication of which states of a system dominate its input/output

behavior [102]. In other words, the larger the Hankel singular value associated with a state,
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the more dominant its eigenvalue will be, and in turn the larger its impact will be on the
dynamics of the system. As a result, a reduced-order model for the system in (B.5) can
be derived by identifying its states with the smaller Hankel singular values and truncating
them. To that end, the diagonal matrix > can be partitioned into two parts with respect to

Hankel singular values such that,

2= , (B.6)

where, 7 and ¥, are diagonal matrices containing the larger and smaller Hankel singular

values, respectively. Partitioning the system according to (B.6), (B.5) can be written as,

'%r Arr Art :Er Br
=] _ + | _|u
jt Atr Att j’t Bt
- (B.7)
L Ty -
Y= [CT C’t] + Du
Ty

where, 7, € R¥! are the dominant states and &; are the states to be truncated. By
eliminating the states with the lower Hankel singular values, the reduced-order model for

the system in (2) using the balanced truncation technique can be expressed as follows:

Z, = Ay %y + Bou,y = Coyr + Du (B.8)

The technique outlined in this section is used to derive a reduced-order model for a grid-tied

VSI in the following section.
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Table B.1: Parameter values for Section B.3

Parameter Value Parameter Value
Ly 1.5mH kpi, kps 0.02
Lo 1.0mH kpa, kpa 0.5
Cy 33uH(A) ki, kis 8
Rf 0.1Q2 k‘ig, ki4 10
L, 0.5mH Ty 300us

B.3 Reduced-Order Model

In this section, the balanced truncation method is applied to derive a second-order model
for a grid-tied VSI. The parameter values for this section are provided in Table B.1. The
definitions for the parameters listed in Table B.1 can be found in Fig. 2.6.

As mentioned in the previous section, the Hankel singular values are a reliable indicator of
the information each state of a system holds regarding the system dynamics. The normalized
Hankel singular values of the full-order model described in (4.34) are plotted in Fig. B.1. As
one can see from Fig. B.1, two of the states have the largest Hankel singular values associated
with them, while the Hankel singular values of the remaining ten states can be seen to be
negligible. Hence, it can be concluded that two states of the grid-tied VSI have the largest
impact on the system dynamics and as a result, a second-order model can represent the
behavior of grid-tied VSIs.

The A and B matrices of the full-order state-space model is defined in (4.34). To deter-

3, !
=§§
<
= >
Jgosy
ER
£ £
o wn ~
Z 0 1 1 ® ® Py PY Py . "
2 4 6 8 10 12
States

Figure B.1: Normalized Hankel singular values of the full-order model presented in (4.34).
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mine the reduced-order model of the grid-tied VSI using the balanced truncation method
described in the previous section, the C and D matrices of the full-order state-space model
should also be defined. As the VSI is operating in the grid-tied mode e%’uipped with a PQ
controller, the output of the model should be P and @, i.e.y = [ P Q] . The expressions
for P and @ in the dg frame of reference is provided in (2.10) and (2.11), respectively. Lin-
earizing the expressions for P and Q, the output equations for the full-order model can be

expressed as follows:

1 . 1 1 CC

P = VP + S Ipvh + s Lavl™, (B.9)
2 2 2
1 . 1 cc 1 cc

Q= é%pcczdL + édeU]qD 3 LUy - (B.10)

Replacing the relationship between v and v¢ provided in (2.33) in (B.9) and (B.10), the

final output equations of the full-order model can be expressed as follows:

y = (Dp(I — GyB3,) ' G AR )in” + (Dp(I — G2B3y) "' Go AR vgy

(B.11)
+(Cc + Dp(I — GoB3;) " (G1 + GoAL))igar-
The block matrices C¢ and Dp introduced in (B.11) can be defined as follows:
1 |VPe 0 1|1 I
Co=5|" Dp =3 b T (B.12)
0 vy Ly, —1g1

A second-order model of a grid-tied VSI with the operating point specified in Table I can

then be found as follows:
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- —29.77 —4659.0| .
A B
4667.52 —36.81

- 54.20 198.76
C

201.68 15.57

—33.12  —200.95

—189.13  44.83

—-2.0

—18.47

5.67 0 000

Y

0 =567 0 0 O

—0.39
—0.83

—0.79
0.42

(B.13)

where, A,,, B,, C,, and D are defined in (B.8). The derived reduced-order model is veri-

fied in the following section through time-domain simulations. This method of developing

reduced-order models for grid-tied VSIs is also verified for different operating points through

simulation studies and eigenvalue analysis in the following section.

B.4 Model Verification

In this section, the reduced-order technique presented for grid-tied VSIs in the previous

section is verified through time-domain simulation and eigenvalue analysis.

Table B.2: Parameter values for Section B.J

Parameter

Casel CaselIl Case IIl

Ly

kpi, kps
Fp2, Kpa
ki1, Kis
kiz, Kia
1q

1.5mH 1.5mH
1.0mH 15mH

1opH  10pH
0.052  0.05Q2
0.5mH 0.5mH
0.02 0.02
0.5 0.5
5) 5
5 5

300pus  300us

1.6mH
1.6mH
10pH
0.0582
0.5mH
0.02
0.5
10
10
300us

145



B.4.1 Time-Domain Verification

The usefulness of the developed reduced-order model is dependent upon its effective operation
for a wide range of input values and different operating points defined by different circuit
and controller parameters. Therefore, to prove the validity of the model order reduction
procedure outlined in Sections B.2 and B.3, reduced-order models are generated under three
separate group of system parameters as shown in Table B.2 and compared against circuit
simulation and its full-order model counterpart. Note that the first set of operation points
presented in Table B.2 is the same as the one presented in Table B.1. Therefore, the reduced-
order model derived in the previous section can be directly used for this case. For all the
scenarios presented in this section, a dc-bus voltage of 380V and a grid rms voltage of
208V are used. The PWM frequency is set at bkHz. The simulations are carried out in
MATLAB/Simulink using the SimPowerSystems toolbox.

The outputs of the reduced-order model for the first case study are compared against
their full-order and circuit simulation counterparts in Fig. B.2. The inputs to the models are
changed in two steps. Firstly, the desired active power P* is decreased from 5kW to 3kW
at instant 0.03s, following which the desired reactive power Q* is increased from OV AR
to 200V AR at instant 0.07s. It can be seen from Fig. B.2 that the reduced-order model
presented in the previous section is an accurate representation of the circuit simulation and
full-order model.

For the second case study depicted in Fig. B.3, different circuit parameters for the grid-
connected VSI are considered as provided in Case II of Table B.2. In the scenario depicted
in Fig. B.3, the accuracy of the reduced-order model is verified as P* is increased from 5kW
to 7TkW at instant 0.03s, while the same VARiation in Q* is considered. As one can see
from Fig. B.3, the outputs of the second-order model can impressively track that of both the
full-order model and the circuit simulation.

For the third case study, different controller parameters are considered for the system as
can be seen from the last column of Table B.2. The results are plotted in Fig. B.4 for an

increase in P* from 5kW to TkW at instant0.03s, followed by an increase in QQ* from OV AR
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Figure B.2: Reduced-order outputs obtained using (B.13), plotted against their full-order
and circuit simulation counterparts with P* changing from 5kW to 3kW at 0.03s followed
by a change in the reactive power from OV AR to 200V AR at 0.07s.
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Figure B.3: Reduced-order outputs under Case II parameters in Table B.2 plotted against
their full-order and circuit simulation counterparts with P* changing from 5kW to TkW at
0.03s followed by a change in Q* from OV AR to 200V AR at 0.07s.

to 500V AR 0.07s. Similar to the previous case studies, the reduced-order model for this
case show good performance as can be seen from Fig. B.4. In all three scenarios, it can be
observed that the slow dynamics of the outputs are not exactly represented by the reduced-
order models. It could be due to the eigenvalues retained in the reduced-order models being
high-frequency ones and as a result, low-frequency eigenvalues of the full-order model are

truncated. This topic is analyzed further in the following subsection.
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B.4.2 Eigenvalue Analysis

The second evaluation criteria for verifying the accuracy of the developed reduced-order
models is the ability to faithfully analyze the stability of the grid-tied system. To that
end, the root locus of the system eigenvalues is obtained for the reduced-order models and
compared against its full-order counterparts. The analysis in this subsection is performed
by observing the eigenvalues of the models as one system parameter is VARied at a time.
The initial values of the system parameters used in this section can be found in Table B.1.

In the first scenario depicted in Fig. B.5, the eigenvalues of the full-order and reduced-
order models are plotted as the grid inductance L, is increased from 0.5mH to 4mH. It can
be seen from Fig. B.5 that as L, increases the system goes from the stable to the unstable
region, while for the entire range the reduced order eigenvalues provide a good representation
of the dominant eigenvalues of the full-order model. This is achieved through the stability
preservation property of the balanced truncation method. As expected from the analysis
of the Hankel singular values in the previous section, two eigenvalues, which are a complex
conjugate pair, dominate the stability of the grid-tied VSI. A zoomed-in version of the root
locus of the eigenvalues focusing on one of the dominant eigenvalues is also shown in Fig. B.5
(right), where it can be seen that the reduced-order and the full-order eigenvalue are an exact

match near the boundary of the stability region. Notice that the dominant eigenvalues of

Circuit Simulation
Full-order Model
Reduced-order Model

6000 0 v’ [

(@) (b)
4000 -1000
0 0.05 0.1 0 0.05 0.1

t(s) t(s)

8000 1000

P (W)
Q (Var)

Figure B.4: Reduced-order outputs under Case I1I parameters in Table B.2, plotted against
their full-order and circuit simulation counterparts with P* changing from 5kW to TkW at
0.03s followed by a change in Q* from OV AR to 500V AR at 0.07s.
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Figure B.5: The root locus of the full-order and the reduced-order models as Lg is gradually
increased from 0.5mH to 4mH (left) along with a zoomed-in plot of one of the dominant
eigenvalues (right).

the full-order model have a high undamped natural frequency. On the other hand, the
non-dominant eigenvalues containing the low-frequency dynamics are eliminated using the
balanced truncation method and are not present in the reduced-order model.

The eigenvalues are plotted for the next scenarios, as the controller proportional gains k,;
and k,2 are VARied in Figs. B.6 and B.6(b), respectively. The root locus of only the dominant
eigenvalue of the full-order model is considered for the remaining scenarios presented in this
subsection. As one can see from Fig. B.6, the reduced-order technique provides an accurate
stability response for changes in both parameters.

The dominant eigenvalues of the models are then plotted in Fig. B.7 for VARiations in
filter parameters L; and Cf. The presented model order reduction technique is a reliable
indicator of system stability as further confirmed from the scenarios in Fig. B.7. For the

scenarios presented in this subsection, the magnitude of the eigenvalues of the reduced-order
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Figure B.6: The root locus of a dominant eigenvalue of the full-order and the reduced-order
models as (a) k1 is increased from 0.015 to 0.5 and (b) kye is increased from 0.5 to 2.

model slightly diverges from the dominant full-order eigenvalues as the system starts moving
further to the stable region. This is due to the dominant eigenvalues entering the vicinity of
the remaining eigenvalues of the system as they move further into the stable region. As a
result, the contribution of the remaining eigenvalues on the system response of the full-order
model begins to increase. On the other hand, the eigenvalues of both the models exactly
superimpose in the unstable region and at the boundary of stability and instability, thus

indicating good stability response for the reduced-order technique.

B.5 Conclusion

In this appendix, the balanced truncation method has been employed to develop a second-
order model for a grid-tied VSI. The reduced-order model has been developed to accurately

represent the twelfth-order state-space model of a grid-tied VSI under VARious operating
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Figure B.7: The root locus of a dominant eigenvalue of the full-order and the reduced-order
models as (a) Ly is increased from 1.5mH to 5mH and (b) Cy is increased from 15uF to
40uF .

conditions. Observation of the Hankel singular values of the full-order model showed that
two dominant states contain most of the system information, which justified the development
of a second-order model. Several time-domain simulation scenarios have been carried out to
verify the accuracy of the developed model. As the balanced truncation method preserves
the stability of the system, a second-order model can act as a reliable indicator of grid-
tied VSI stability. The work presented in this appendix can be used as a base for the
development of reduced-order model for a distribution grid with high penetration of DG
units or a microgrid. In this dissertation, the presented reduced-order technique has been
employed to select a second-order reference model for the direct MRAC method, which has

been integrated to the presented adaptive virtual inductance feedforward scheme.
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