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Abstract

Three-phase voltage-source power inverters are widely used for energy conversion in three-
phase ac systems, such as renewable energy systems and microgrids. These three-phase inverter-
based ac systems may suffer from small-signal instability issues due to the dynamic interactions
among inverters and passive components in the systems. It is crucial for system integrators to
analyze the system stability and design the inverter controller parameters during system planning
and maintenance periods to guarantee stable system operation. The impedance-based approach
can analyze the stability of source-load systems, by applying the Nyquist stability criterion or the
generalized Nyquist stability criterion (GNC) to the impedance ratio of the source and load
impedances. This dissertation investigates the impedance-based methods for stability analysis

and inverter controller design of three-phase inverter-based multi-bus ac systems.

Improved sequence impedance and d-g impedance models of both three-phase voltage-
controlled inverters and current-controlled inverters are developed. A simple method for
sequence impedance measurement of three-phase inverters is developed by using another
inverter as the measurement unit, connected in a paralleled structure with common-dc and

common-ac sides.

For three-phase radial-line renewable systems with multiple current-controlled inverters, an
impedance-based sufficient stability criterion is proposed in the d-q frame, without the need for
pole calculation of the return-ratio matrices. An inverter controller parameter design method is

developed based on the phase margin information obtained from the stability analysis.

For general three-phase multi-bus ac power systems consisting of both voltage-controlled

inverters and current-controlled inverters, several impedance-based stability analysis methods

iv



and inverter controller parameter design approaches are further proposed, based on the sequence
impedances, the d-q impedances and the measured terminal characteristics, to avoid the unstable
harmonic resonance, the low-frequency oscillation and the oscillation of the fundamental
frequency, respectively. All these proposed stability analysis methods enable the system stability

assessment without the need for the internal control information of inverters.

Moreover, an impedance-based adaptive control strategy of inverters with online resonance
detection and passivity or phase compensation is proposed for stable integration of both voltage-
controlled inverters and current-controlled inverters into unknown grid-connected or islanded

systems with other existing inverters in operation.
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1 Introduction

1.1 Background and Motivation

Due to the benefits of reduced environmental impacts, better energy security and potential
economic aspects, renewable energy sources such as wind and solar are penetrating into the
power system with an unprecedented speed. Figure 1-1 shows the installed wind generating
capacity for U.S. states at end of 2015. The capacity was nearly 75 GW at the end of 2015 [1].
The U.S. Department of Energy has envisioned that wind power will supply 20% of all U.S.
electricity by 2030 [2]. Figure 1-2 shows the solar photovoltaic (PV) installations in U.S. over
the past decades. In 2015, over 26 GW of capacity was installed, and 30% of all new electricity
generation capacity in the country came from solar [3]. These renewable energy sources are not
intrinsically able to connect with the power system directly. A power electronics converter has to
act as an interface to convert the dc voltage from the solar panel, and the variable frequency ac
voltage from the wind turbine to the grid. Figure 1-3 shows the one-line diagram of multiple PV

interface inverters connected to a feeder in a distribution power grid.

Microgrids are localized power networks that incorporate with distributed energy resources
(DER), energy storages, and local critical and non-critical loads. With proper control, microgrids
can operate in the grid-connected mode with the main power system, or stand-alone in the
islanded mode. This can significantly improve reliability of the electricity services. Since the
concept was proposed not more than two decades ago [4], microgrids has attracted a lot
attentions. Over 13,400.5 MW of operating, under development, and proposed microgrid
capacity had been identified over the world as of the end of 2015 [5]. Power converters are
essential components in a microgrid. The energy sources and storages like the wind, PV, or
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battery all require power converters to transform electric power to the utility grid.

With a high control bandwidth, power electronic inverters can be controlled to behave like
various power system components, by tracking the corresponding models. Figure 1-4 shows the
architecture of an inverter-based power grid emulation system, named Hardware Test-bed (HTB)
in the CURENT center at the University of Tennessee [6]-[10]. It can emulate the power system
performance, by using each of the inverters in parallel to emulate the power system components,

such as synchronous generators, induction motor loads, and static loads, etc.

Thanks to the features of controllability, flexibility and high efficiency, three-phase voltage-
source inverters are widely used for energy conversion in three-phase ac systems, such as electric
railway systems [11], electric aircrafts [12], [13] and modern electric ships [14], [15], in addition
to the aforementioned renewable energy systems [16], [17], microgrids [18] and CURENT’s

power grid emulation system.
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Figure 1-4. Structure of Hardware Test-bed for power grid emulation.

However, these voltage-source inverters based three-phase ac systems may suffer from
small-signal instability issues [19]. Due to the high-frequency Pulse Width Modulation (PWM)
of semiconductor devices and the dead-time inserted in the duty-cycles of semiconductor devices
to avoid shoot-through, the inverters introduce harmonics in a wide spectrum. Passive filters are
normally used in inverters for filtering switching frequency harmonics, but the interaction
between passive filters and other passive components in the system leads to more resonance
frequencies. In addition, because of the high control bandwidth of the inverters, there are
dynamic interactions among inverters and the passive components in the system in a wide
frequency range. The instability phenomena have been reported in renewable energy systems

[20]-[23], microgrids [24] and electric railway systems [11].

These small-signal instability issues in these three-phase inverter-based ac systems can be

divided into two categories in different frequency ranges [23]: 1) unstable harmonic resonances,



which result from the interactions among the fast inner current or voltage control loops,
converter output filters and network passive components [23]-[26]; 2) low-frequency oscillations,
which arise from the interactions among the slow outer power control loops and grid
synchronization loops [27]-[29]. It is crucial for system integrators to analyze the system
stability and design the converter controller parameters during system planning and maintenance

periods to guarantee stable system operation [29], [30].

The impedance-based approach, originally introduced for the stability analysis and design of
dc systems, can analyze the stability of systems with interconnections, by applying the Nyquist
stability criterion [31]-[33] or the generalized Nyquist stability criterion (GNC) [34]-[36] to the
impedance ratio of two subsystems separated at one interface of the whole system. Compared
with the state-space-based approach and the transfer-function-based approach for system stability

analysis and control parameter design, the impedance-based approach has several advantages.

1) The measured impedances of system components can be directly used to evaluate the
system stability, without the need for the detailed physical or control information of the

inverter components [37].

2) The impact of individual components or subsystems on the system stability can be

clearly interpreted [23].

3) For source-load systems, practical conservative impedance-based stability criteria [38],
such as the Middlebrook criterion [39], can be used to define the specifications of the

source and load impedances separately.

The impedance-based approach is promising to solve the problems regarding the stability

analysis and controller design of three-phase inverter-based ac systems. However, there are still



some challenges in the application of the impedance-based approach.

1)

2)

3)

4)

5)

Impedance modeling of three-inverters is important for impedance-based stability
analysis and controller design. It is necessary to accurately model the admittance or
impedance of both current-controlled inverters and voltage-controlled inverters, with the
consideration of the specific applications, such as the static load emulation in

CURENT’s inverter-based power grid emulation system.

The inverter impedance measurement usually requires dedicated equipment, which is not
easy to set up. Thus, a simple and effective set up for inverter impedance measurement
would be beneficial for system integrators to assess the system stability during the

system planning stage.

The examination of the right-half-plane (RHP) poles of the impedance ratio is a
necessary prerequisite for the application of the Nyquist stability criterion or the GNC.
The RHP pole examination can be avoided for the source-load systems with a simple
single-bus structure, but it is still inevitable for complicated inverter-based ac systems
with multiple buses. The RHP pole calculation requires detailed transfer function models
of system components and would result in a heavy computation burden for complicated
systems. It is critical to develop impedance-based stability criteria to avoid RHP pole

examination for inverter-based ac systems.

For inverter-based multi-bus ac systems with definite structures, it is not easy to design
the controller parameters of each inverter individually due to the inter-connection of all

inverters.

When integrating inverters to a weak grid or a microgrid with existing inverters in



operation, the impedance of the existing system is complicated and the information of
existing system is not always readily available. This remains an obstacle for controller

design of inverters for stable integration to an unknown system.

The objectives of the research are to improve impedance models of three-phase inverters,
develop a simple approach for inverter impedance measurement, propose stability criteria to
avoid the RHP pole calculation and controller design methods for inverter-based ac systems with
definite structures, and propose controller design methods of inverters for stable integration into

an unknown system.

1.2 Dissertation Organization
The organization of the chapters in this dissertation is described as follows.

Chapter 2 summarizes and compares the existing stability analysis approaches and explains
the selection of the impedance-based approach for stability analysis and controller design of
three-phase inverter-based ac systems. The remaining part of this chapter reviews the research
activities in the impedance modeling and measurement of three-phase inverters, impedance-
based stability analysis and inverter controller design of inverter-based ac systems with definite
structure, as well as the impedance-based controller design of inverters for stable integration into
an unknown system. Based on the review, the research challenges in these areas and the

objectives of this dissertation are pointed out.

Chapter 3 improves the modeling of the sequence impedances and d-g impedances for both
current-controlled inverters and voltage-controlled inverters, with the consideration of the

generator and static load emulation in CURENT’s inverter-based power grid emulation system.

Chapter 4 develops a simple method for sequence impedance measurement of three-phase



inverters by using another inverter connected in a paralleled structure with common-dc and

common-ac sides.

Chapter 5 proposes an impedance-based sufficient stability criterion, without the need for
the pole calculation of return-ratio matrices, for general radial-line renewable systems with
multiple current-controlled inverters in the d-q domain, and a corresponding controller parameter

design method based on the phase margin.

Chapter 6 proposes two sequence-impedance-based harmonic stability analysis methods and
an inverter controller parameter design approach for stable operation of a three-phase inverter-
based two-area system, with the benefits of avoiding the examination of RHP poles of
impedance ratios and reducing the computation effort, as compared with the existing impedance-

based stability analysis method using the Nyquist stability criterion once.

Chapter 7 proposes a stability analysis method and an inverter parameter design approach,
based on the d-q impedances, the Component Connection Method (CCM) and the determinant-
based generalized Nyquist stability criterion (GNC), for the inverter-based two-area system with
generator and static load emulation. The examination of RHP poles of the return-ratio matrix is

avoided, as compared with the existing impedance-based analysis method using the GNC once.

Chapter 8 proposes a stability analysis method for the low-frequency oscillation of the
fundamental frequency in three-phase inverter-based islanded multi-bus ac microgrids, based on
the measured terminal characteristics of system components with the fundamental frequency as

an additional variable, without the need for the internal information of inverters.

Chapter 9 proposes an impedance-based adaptive control strategy of both voltage-controlled

inverters and current-controlled inverters for stable integration into unknown systems. The



proposed strategy is based on the online resonance detection by using the online fast Fourier
transform (FFT) and passivity or phase compensation by integrating a BPF or a notch filter into

the control loops of inverters.

Chapter 10 summarizes the work that has been done in this dissertation and recommends

some future work.



2 Literature Review and Challenges

This chapter reviews the research activities in the corresponding areas of impedance-based
stability analysis and controller design of three-phase inverter-based ac systems. The research

challenges and objectives are presented to identify the originality of the work.

2.1 Stability Analysis Approaches

This section briefly summarizes different kinds of stability problems, and introduces and
compares three major small-signal stability analysis approaches, in order to justify the selection
of the impedance-based approach for the small-signal stability analysis of three-phase inverter-

based ac systems.

2.1.1 Stability Problems

The stability of a system is the ability to reach and remain at the operating equilibrium point
under a disturbance [40]. For example, Reference [41] provided a formal definition of power
system stability: “Power system stability is the ability of an electric power system, for a given
initial operating condition, to regain a state of operating equilibrium after being subjected to a
physical disturbance, with most system variables bounded so that practically the entire system

remains intact.”

Generally, there are three different kinds of system stability problems, namely, steady-state
stability, small-signal stability and large-signal stability problems [40]. The steady-state stability
is about the existence of the equilibrium point. The small-signal stability is the ability to go back
to the operating equilibrium point under small disturbances, which are sufficiently small so that

the linearized system equations are still applicable. The large-signal stability is the ability to
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transit from one operating equilibrium point to a new operating equilibrium point after a severe
disturbance. The large-signal stability is usually analyzed in the sense of Lyapunov stability [40].

This study only focuses on the small-signal stability of three-phase inverter-based ac systems.

2.1.2 Small-Signal Stability Analysis Approaches

There are several approaches to analyze the small-signal stability of three-phase ac systems,
including the state-space-based approach, the transfer-function-based approach and the recently

proposed impedance-based approach.
A. The state-space-based approach

The state-space-based approach has been widely used in the stability analysis of the
traditional power systems [42]. When using the state-space model of the power system, the
system eigenvalues and eigenvectors can be extracted from the system state matrix. The
eigenvalues contain the frequency and damping ratio information of the oscillatory modes, while
the eigenvectors indicate mode shape, mode composition and participation factors. In addition,
for the small-signal stability analysis of traditional power systems, the stability of the system
states, such as the synchronous machine rotor angles, bus voltages and system frequency are of
great concern. Therefore, the state-space and eigenvalue based approach is more preferable than
the transfer-function-based approach, which only describes the input-output relationship but does
not reveal the conditions of internal states. Moreover, the small-signal stability analysis of
traditional power systems using the state-space-based approach can be readily accomplished with
commercial software, such as Power System Simulation for Engineering (PSS/E) and Dynamic

Security Assessment Software (DSATools) [9].

The state-space-based approach was introduced to the small-signal stability analysis and
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controller parameter design of inverter-based ac power systems [43], [44]. The dynamics of
traditional power systems are mainly determined by the synchronous machines, and the
frequencies of concerned system oscillatory modes are normally low (less than 10 Hz). However,
due to the small time constant and high control bandwidth of power electronics inverters, the
dynamic interactions among inverters and grid could occur in a wide frequency range. Therefore,
full detailed models of inverters and connection network dynamics are required for the small-
signal stability analysis of inverter-based ac systems, such as inverter-based microgrids [27], [43].
Consequently, the state-space-based approach is complicated to use, owing to the high order of
the system state matrix, and not flexible in use, considering that the system model needs to be
derived again for any change of system physical and control parameters. The modes of the
inverter-based ac power systems exhibit a frequency-scale separation [43], [45]. In order to
reduce the computational burden, model order reduction techniques, such as the neglect of the
inner loop dynamics [46], the singular perturbations technique [47], [48] and the participation
analysis [49], are usually adopted to study the stability issues related with either the low

frequency modes [46]—[48] or the medium and high frequency modes [49].

A special form of state-space-based approach, the Component Connection Method (CCM)
has been proposed to decompose the traditional power systems into components and the
connection network and thus simplify the formulation of system state equations thanks to the
model sparsity [23], [50]-[53]. The CCM can also reveal the impact of components on the
system oscillatory modes [23]. The CCM was recently adopted in the state-space-based
harmonic stability analysis of inverter-based ac systems [54]. However, the state-space-based
approach requires the detailed internal control information of each inverter in the system, which

IS not convenient to obtain in practical applications.

12



B. The transfer-function-based approach

While the state-space-based approach, regarded as the modern control theory, reveals the
inner state dynamics using state equations, the transfer-function-based approach, referred to as
the conventional control theory, focuses on the input-output relationship [55]. The transfer-
function-based approach can analyze the system stability by the Bode plot or Nyquist plot of the

open-loop transfer function or the pole-zero maps of the closed-loop transfer function.

Regarding the dynamic control of power electronics inverters, the input-output relationship
IS a major concern, including the relationship between the reference and the output as well as the
relationship between the disturbance and the output, in order to achieve good (voltage, current
and power) reference tracking performance and good disturbance rejection performance. In
addition, in view of the high control bandwidth of inverters, the frequency response
characteristics in a wide frequency range are concerned, which can be easily analyzed using the
open loop gain of the feedback control system. Therefore, the transfer-function-based approach
is commonly applied to the study of the stability of a power electronics inverter. For example,
the open-loop gain and root locus are normally used in the design of passive damping circuits
and active damping control parameters, to ensure the current control loop stability of grid-

connected inverters with output LCL filters [56]-[59].

The transfer-function-based approach is effective in the stability analysis and controller
design of a three-phase inverter individually with the assumption of ideal external conditions.
However, its application in the stability analysis and controller design of inverter-based ac
systems, such as paralleled multiple inverters connected to a weak grid and inverter-based
islanded power systems, is complicated, because mutual interactions of system components are

embedded in the input-output control loop. A multi-input-multi-output (MIMO) closed-loop
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transfer function matrix model of the whole system is normally used, and Bode plots and pole-
zero maps of each closed-loop transfer function element are adopted for stability analysis [60]. In
order to simplify the stability analysis based on transfer functions, simplification or aggregation
of the system structure is usually utilized. Reference [20] uses a simplified passive circuit model
to investigate the parallel resonance and series resonance caused by the capacitance and the
inductance inside a distribution network, without including the effect of power inverter
controllers. An equivalent inverter model of N-paralleled inverter is developed in [61] by
assuming the physical and controller parameters of all inverters are identical. Also, an
aggregated model of a wind farm is derived in [21] by assuming all the wind turbines are
identical and all collector feeders are the same. Although effective in some applications, this

simplification process might conceal some instability mechanism of the system.

In addition to the aforementioned limits of the state-space-based approach and the transfer-
function-based approach, both approaches require the detailed physical and internal control
information of all inverter components in order to formulate the state equation or transfer
function matrix of the whole system for stability analysis. However, this proprietary information
is not always available from the vendors of inverters, which could hinder the system integrator

from system stability assessment [37].
C. The impedance-based approach

The impedance-based approach, originally introduced for the stability analysis and design of
dc systems, can analyze the stability of systems with interconnections in a practical way.
Different from the reference-to-output relationship of each individual inverter component, which
can be regarded as the “internal” stability, in the transfer-function-based approach, the

impedance-based approach focuses on the stability caused by the interconnections of system
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components, which can be regarded as the “external” stability, by taking advantage of the
terminal behaviors, in other words, the impedance or admittance of inverter components [19]. By
dividing the system into two subsystems at one interface, the impedance ratio of the impedances
of two subsystems represents the minor loop gain of the connection of these two subsystems. In
addition, the Nyquist stability criterion can be applied to the impedance ratio to determine the

“external” stability related with the connection.
The Nyquist stability criterion can be stated as follows [19], [31]-[33], [36], [55], [62]:

“For a closed-loop system to be stable, the encirclement, if any, of the (-1, jO) point by the
Nyquist plot of the open-loop transfer function (as s moves along the Nyquist path) must be anti-
clockwise, and the number of such encirclements must be equal to the number of poles of the

open-loop transfer function that lie on the right-half-plane (RHP).”

For example, Figure 2-1(a) shows the small-signal impedance-based representation of a

grid-connected current-controlled single-phase inverter system [19]. The expression of the
inverter current i; in terms of the inverter current reference i, and the grid voltage vg is shown in

(2-1). The corresponding configuration of the feedback loop can be illustrated in Figure 2-1(b). It
can be seen that the inverter current reference to output closed loop gain Gg(s) and the inverter
output admittance Y,c(S) represent the “internal” stability of the inverter when connected to an
ideal grid, while the impedance ratio Tn(s) defined as (2-2), also called the minor loop gain of the
minor feedback loop, indicates the “external” stability related with the grid impedance Zy(s). The
Nyquist plot of the impedance ratio Tr(S) is depicted in Figure 2-2, from which the number of
encirclements of the (—1, jO) point as well as the gain margin and phase margin can be obtained.
Tm(s) in Figure 2-2(a) is stable without encirclement of the (-1, jO) point, but Ty(s) in Figure

2-2(b) is unstable with two encirclements of the (-1, j0) point.
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Figure 2-1. A grid-connected current-controlled single-phase inverter system. (a) Impedance-

based equivalent circuit; (b) the feedback control loop.
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As demonstrated in the above example, the impedance ratio can be readily utilized to assess
the system stability. As for three-phase ac systems, the inverter impedance can be modeled as
sequence impedances and the Nyquist stability criterion can be applied. The inverter impedance
can also be modeled as the d-q impedance in the synchronous d-gq frame, and in this case the
generalized Nyquist stability criterion (GNC) for multi-input-multi-output (MIMQO) systems

should be used.

VOFS Y(s)

L L(s)

Minor loop

A

Figure 2-3. Generic multivariable closed-loop configuration.

Consider L(s) as the return-ratio matrix of the generic multivariable closed-loop system

depicted in Figure 2-3. The eigenvalue-based GNC can be stated as follows [34]-[36]:

“Let L(s) have no open-loop uncontrollable and/or unobservable modes whose
corresponding characteristic frequencies lie in the right-half plane. The closed-loop system is

stable if and only if the net sum of anti-clockwise encirclements of the critical point (-1, jO) by
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the set of characteristic loci of L(s) is equal to the total number of right-half plane poles of L(s).”
The determinant-based GNC can be stated as follows [34]-[36]:

“Let N denote the number of open-loop unstable poles in L(s). The closed-loop system with
loop transfer function L(s) and negative feedback is stable if and only if the Nyquist plot of
det(1+L(s)) a) makes N anticlockwise encirclements of the origin, and b) does not pass through

the origin.”

An impedance-based conservative stability criterion was proposed in [63]-[66], on the basis
of the frequency-domain passivity theory, which states that: “a linear, continuous system G(S) is
passive if 1) G(s) is stable without RHP poles and 2) the real part of G(jw) is non-negative or the
angle of G(jw) is within [-90< 909, for the whole range of the frequency w [19].” For the grid-
connected current-controlled single-phase inverter system as shown in Figure 2-1(a), if both the
inverter output admittance Yqc(s) and the grid impedance Zy(s) are passive, the system is stable

with the Nyquist plot of the impedance ratio Tr(s) illustrated in Figure 2-4.

N

Passive region

Figure 2-4. Nyquist plot of the impedance ratio Trm(s) when both Yc(s) and Zy(s) are passive.
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Compared with the state-space-based approach and the transfer-function-based approach,
the impedance-based approach, based on the impedance ratio of two subsystems at the interface,

has several advantages:

(1) The measured impedances of system components can be directly used to assess the
system stability, without the need to know the detailed physical or control information of the
inverter components [37]. Thus, it enables the system integrator to easily analyze the stability
during the system planning stage without the need for the inverter internal information from the

vendors.

(2) This approach can clearly interpret the impact of individual components or subsystems

on the system stability [23].

(3) For source-load systems, practical conservative impedance-based stability criteria [38],
such as the Middlebrook criterion [39], can be used to define the forbidden regions in the
complex plane for the locus of the source and load impedance ratio [37]. Thus, given the source
(or load) impedance, the specifications of the load (or source) impedance can be defined to

design the controller parameters separately.

Considering the above advantages, the impedance-based approach is adopted in this study to

facilitate the stability analysis and controller design of three-phase inverter-based ac systems.

2.2 Impedance Modeling of Three-Phase Inverters

There are generally two kinds of impedance models for three-phase balanced ac systems
[66]-[68], that is, the d-q impedance matrix model in the synchronous d-q frame [69] and the
harmonic-linearization-based sequence impedance model [70]. The d-q impedance models can

be used to assess both the harmonic instability and low-frequency oscillation problems by using
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the generalized Nyquist stability criterion (GNC) [34], [71]. As reported in [72] and [73], the
positive-sequence and negative-sequence impedances of inverters are decoupled, if 1) only inner
current or voltage loops with symmetric structures and equal parameters in d- and g-axis are
considered, and 2) no phase locked loop (PLL) is adopted or the PLL has negligible impact due
to a sufficiently low bandwidth. Under these conditions of decoupling, the sequence impedance
models have been proven to be effective in analyzing the harmonic stability based on Nyquist
stability criterion [23], [25], [31], [70]. While the manipulation of d-q impedance matrices is
complicated, the scalar computation of decoupled positive-sequence and negative-sequence

impedances under above conditions is simpler.

The sequence admittance model of current-controlled three-phase inverters with an output L
filter is developed in [70], with the consideration of the voltage feed-forward control in the phase
domain. Nevertheless, the sequence admittance model of current-controlled inverters with the
voltage feed-forward control in the d-q frame is not discussed. In addition, the impact of the dead
time inserted in duty-cycles of phase-leg switches on the inverter sequence admittance is not
considered. Moreover, the sequence impedance modeling of voltage-controlled three-phase

inverters has not been studied in the literature yet.

For the small-signal stability analysis in the d-q domain, models of system components need
to be built in a common d-q frame [74]. The d-q impedance model of voltage-controlled inverters
with droop control in a common d-g frame has been developed in [74]. But the output admittance
model of current-controlled inverters is usually expressed in the d-q frame aligned to the inverter
terminal voltage [69], while the model in an arbitrary d-q frame has not been discussed in

references yet.

In CURENT’s power electronics inverter based Hardware Testbed for transmission-level
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power grid emulation, static load emulators using current-controlled three-phase inverters are
developed for emulation of ZIP loads [6], [7], which are the combination of constant impedance
(2), constant current (I) and constant power (P) loads in both real and reactive power, in order to
provide flexible loading conditions for steady-state and transient emulation. The static load
emulation changes the dynamic performance of the current-controlled inverters in the low
frequency range, and thus the inverter output admittance in the d-q frame is also changed and
needs to be modeled to assist in the impedance-based stability analysis of the inverter-based

systems.

The aforementioned d-g impedance models and sequence impedance models assume that the
system fundamental frequency w; is a constant value. If the slow dynamics of the fundamental
frequency w; is also concerned in three-phase ac systems, such as a microgrid consisting of
multiple droop-controlled inverters, the fundamental frequency w; should also be treated as a
variable in the terminal characteristics modeling of inverters and system passive components.
The terminal characteristics models of three-phase current-controlled inverters and voltage-
controlled inverters with the droop control loop were developed in [75] and [76], by further
including the transfer function between the fundamental frequency w; and the inverter current.
However, the terminal characteristics models of passive components, such as transmission lines,

inductive and resistive loads and shunt capacitors, have not been discussed in the literature yet.

2.3 Impedance Measurement of Three-Phase Inverters

Several methods exist for impedance measurement of three-phase ac systems. Generally, the
measurement objects include three types: online grid impedance [77]-[79], general three-phase
ac source impedance and load impedance [80], [81], and the power converter impedance [82],

[83]. The impedance can be measured either in a passive way by utilizing the existing noise [77],
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or in an active way by injecting a single-frequency signal [80], [81], [84] and sweeping the

frequency or by injecting wide-band signals [78], [82], [85].

As for measurement setup, aside from online grid impedance measurement, which can be
implemented by grid-connected inverters [78], the other two types of impedance measurement
usually require dedicated equipment [80], [81], [83], such as the frequency response analyzer,
power amplifier, isolation transformer and chopper circuit, which are not easy to set up. It has
been reported that it is convenient to use existing three-phase inverters in shunt or in series or in
grid-connected mode to create perturbations for online source or load impedance measurement
[86]-[88]. However, since the inverter only serves as the power amplifier of the injection signal,
both the external source and load are needed to create the desired operating point. Therefore, the
ratio between the source and load impedance will impact the perturbation distribution and
weaken the effective perturbation level. The impedance measurement accuracy also suffers from
the background harmonics. On the other hand, most of the existing methods focus on
measurement of the impedance in the d-q domain [89], while the sequence impedance

measurement is only discussed in [83], which still uses dedicated equipment.

2.4 Impedance-Based Stability Analysis of Inverter-Based Ac Systems

When using the Nyquist stability criterion or the GNC, not only the encirclement of the
Nyquist plot around (—1, jO) should be examined, but also the right-half-plane (RHP) poles of the
impedance ratio or return-ratio matrix should be checked [34], [62]. For converter-based ac
systems that could be divided into a stable source subsystem and a stable load subsystem, the
ratio of two subsystems’ impedances does not have RHP poles, and thus the pole examination is
avoided in the stability analysis. This applies to the systems with simple structures, such as grids

with a single inverter [67], [70] or directly paralleled multiple inverters [25], [29], [90] and
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source-load systems with one common ac bus [30], [37], [71], [91]-[94]. However, for
complicated inverter-based ac systems with multiple buses, such as meshed power systems [23]
and microgrids [27], normally they could not be easily divided into two stable subsystems during
the system planning stage, and therefore it is necessary to examine the RHP poles of the
impedance ratio when using the Nyquist stability or the GNC for system stability analysis, which
requires detailed transfer function models of system components and would result in a heavy

computation burden for complicated systems.

A number of research efforts have been made to avoid the pole calculation of the impedance
ratio and facilitate the impedance-based stability analysis of inverter-based multi-bus ac systems.
The harmonic stability of a three-phase meshed ac power system made up of multiple voltage-
controlled and current-controlled converters was evaluated in [23], by analyzing the Nyquist plot
of the impedance ratio at each point of connection (PoC) for each component. However, the
stability analysis at different PoCs of components could reveal conflictive results [90]. Some
stability criteria have also been reported, such as the Impedance-Sum-Type Criterion [95] based
on Cauchy’s theorem and the Nyquist criterion for multi-loop system [96]. In addition, a
sufficient-but-not-necessary stability condition for a radial distribution network with multiple
current-controlled converters has been proposed in [97] by analyzing the stability step by step
from the simplest entity to the entire network. However, these methods are only applicable to
paralleled source-source converter systems with only voltage-controlled converters or only

current-controlled converters instead of the mix of both types.

The authors of [95] further considered applying Cauchy’s theorem to the stability analysis of
single-bus systems, in which both voltage-controlled and current-controlled converters are

directly connected to the common bus in parallel [98], [99]. However, the derived two-step
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stability criterion is not an extension of the Impedance-Sum-Type criterion. In addition, the
application of Cauchy’s theorem to a multi-bus general ac system with both voltage-controlled
and current-controlled inverters and complicated connections including mesh has not been
reported in the existing literature yet. And the underlying principle of the impedance-based

stability analysis using Cauchy’s theorem has not been clearly described yet.

The CCM has also been reported in the multivariable frequency domain and the eigenvalue-
based GNC is applied to the resultant transfer function matrix model to analyze the stability of
traditional interconnected power systems [100]. By utilizing the algebraic properties, including
Y-symmetry and the ability to be decoupled, of the frequency characteristic matrices of power
systems, two uncoupled eigenvalue systems are derived for the original system, and several
simplified stability criterion based on the eigenvalue-based GNC have been proposed in [100].
Later on, the small gain theory and the structured singular value (u)-based analysis have been
applied to derive a stability criterion regarding the structure singular value of the connection
network and the singular value of each component [101], but such criterion is conservative. The
u-based analysis has also been applied to the stability analysis of a source-load system and a
microgrid with multiple inverter-based distributed energy resource (DER) units to establish a
robust stability margin in terms of load parameter perturbations in [102], but this method is

conservative and not based on the CCM.

In the application of the frequency-domain CCM to conventional power systems [100], all
the components are treated as voltage-controlled current sources with voltage as input and
current as output, and thus the transfer function matrix (or impedance matrix) of the connection
network is simply the inverse of the system nodal admittance matrix. In contrast, in inverter-

based autonomous ac systems, the inverter-interfaced power sources and loads could be either
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voltage-controlled type or current-controlled type. As a result, the impedance matrix of the
connection network could not be obviously obtained. Reference [23] reviewed the application of
the CCM in the frequency domain to the harmonic stability analysis of a three-phase inverter-
based meshed ac power system in the stationary a-f frame. But the impedance matrix of the
connection network was not derived, and thus the application of the CCM was not demonstrated
on the studied system. A literature survey indicates that the stability analysis of three-phase
inverter-based ac systems based on d-q impedances and the CCM in the frequency domain has
not been demonstrated in the existing literature yet. Moreover, the stability analysis using the
CCM and the determinant-based GNC, which is another type of GNC criteria besides the

eigenvalue-based GNC [103], has not been discussed in the literature yet.

As for the stability analysis of the low-frequency oscillation of the fundamental frequency in
three-phase inverter-based islanded ac microgrids, a stability criterion based on the terminal
characteristics of droop-controlled inverters modeled in [75] and [76] was proposed in [104] for
a single-bus microgrid with two droop-controlled inverters in parallel sharing a common load.
However, such stability criterion cannot be applied to the low-frequency stability of complicated

ac micrgrids with multiple buses.

2.5 Impedance-Based Controller Design of Inverters for System Stability

It is important to properly design the controllers of inverters to ensure the stability of an

inverter-based ac system with a definite structure, during the system planning stage.

There are several impedance-based methods of inverter controller design for system stability.
One way is to shape the converter impedance by emulating virtual impedance [105]-[108] or

inserting filters into control loops [109]-[111], which relies on the knowledge of system
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impedances or resonance frequency information. Another way is to make the converter
impedance passive based on the frequency-domain passivity theory, by adjusting controller
parameters or adding special controllers [63]-[66], [112]-[114]. But the passivity-based design
requires a trade-off between dynamic performance and passivity. A third way is to select proper
controller parameters based on the system stability analysis [37], [115], [116]. Proper controller
parameter ranges can be determined to meet the specified stability margin requirements [116],
[117], or they can be presented as stability regions and boundaries in the parameter space [28],
[40]. For simple source-load systems, given the load-side impedance, it is relatively easy to
design the controller parameters of the source side by adjusting its impedance to meet the
impedance-based stability criteria, or vice versa [37], [115], [116]. However, for inverter-based
multi-bus ac systems, it is not easy to design the controller parameters of each inverter

individually due to the inter-connection of all inverters.

2.6 Impedance-Based Controller Design of Inverters for Stable Integration into an

Unknown System

Unlike the planning of an inverter-based ac system with a definite structure, there are
situations when the inverters need to be integrated into a system with unknown information or a
time-varying structure, such as integration of multiple renewable interface inverters into a weak

grid, and plug-and-play of inverter-based distributed energy resources (DER) in a microgrid.

There are several impedance-based approaches for controller design of inverters for stable
integration into an unknown system. The first approach is to design the inverter impedance to be
passive based on the frequency-domain passivity theory. If the potential resonance frequencies of
the system are known and time-invariant, such as the sub-synchronous resonances due to the

torsional modes of nearby generators [110], the inverter integration can be stable when the
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inverter impedance is designed to be passive around these resonance frequencies. However, the
resonance frequencies are uncertain in the multiple-inverter-based ac systems due to the
wideband dynamic interactions among the inverters and the grid. Thus, the ideal solution is to
make the inverter impedance passive in the whole frequency range except the fundamental
frequency. Euler-derivative-based control has been proposed in [112] to make the admittances of
current-controlled renewable interface inverters passive in the most frequency range.
Nevertheless, the voltage feed-forward control, which could contribute to non-passive

admittances, is not considered in [112].

The second approach is based on online resonance frequency detection. Reference [111]
proposed a self-commissioning notch filter technique through exciting and detecting the LCL-
filter resonance frequency by using Fourier analysis. But it is only for active damping of the
LCL-filter resonance, while the low-order harmonic resonance caused by the current/voltage
control loops as well as voltage feed-forward control is not discussed. The active damper concept
has been put forward in [25], [118], [119] that an additional power converter with a high
bandwidth is used to detect the resonance frequencies and reshape the grid impedance at
resonance frequencies. However, this method requires additional hardware setup, and it is
difficult to design the virtual resistance value due to its dependence on the system structure and

location of the active damper [120].

The third approach is based on online grid impedance measurement. There are several
methods for online grid impedance measurement in existing literatures [77]-[79], based on
single-frequency, or impulse-type or sequence-type current disturbance injection and Fourier
analysis. The adaptive control methods based on online grid impedance measurement proposed

in existing references [121]-[123], usually simply assumed the grid impedance as a series of
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inductance and resistance, and extracted the L and R parameters from the measured frequency
response. However, for the inverter-based ac systems, the grid impedance could be rather
complicated due to the existence of other inverters, and therefore could not be simplified as pure
passive impedance. Reference [124] proposed an impedance-phase compensation strategy by
using the phase information of the measured grid impedance. However, a simple inductive grid
was used in the verification, and the voltage feed-forward was not included in the current control

loop.

Therefore, there are still problems regarding the impedance-based controller design of

inverters to stably integrate into a weak grid or microgrid with unknown system information.

2.7 Research Objectives

According to the literature review above, many issues are still unsolved on the impedance-
based stability analysis and controller design of three-phase inverter-based ac systems. The main

challenges include:

1) Sequence impedance modeling of three-phase voltage-controlled inverters, and the
d-g admittance modeling of three-phase current-controlled inverters in an arbitrary
d-g frame, and the d-g admittance modeling of the static load emulator in

CURENT’s power grid emulation platform.
2 Lack of a simple setup for sequence impedance measurement of inverters.

3 Impedance-based stability analysis of ac systems consisting of both voltage-
controlled and current-controlled inverters without the need for the RHP pole

calculation of the impedance ratio.

4) Impedance-based controller parameter design of inverters in inverter-based ac
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systems with definite structures.

Impedance-based controller design of inverters to stably integrate into an unknown

system with existing inverters in operation.

Corresponding to the challenges listed above, the main tasks of this dissertation are

identified as follows.

(1)

()

(3)

(4)

(5)

Develop the sequence impedance model of three-phase voltage-controlled inverters,
and the d-q admittance model of three-phase current-controlled inverters in an
arbitrary d-g frame, and the d-q admittance model of the static load emulator in

CURENT’s power grid emulation platform.

Propose a simple setup for sequence impedance measurement of three-phase

inverters by using an existing inverter connected in a paralleled structure.

Propose impedance-based stability criteria for grid-connected radial-line renewable
energy systems and general inverter-based multi-bus ac systems without the need for

the RHP pole calculation of the impedance ratio.

Propose a method for controller parameter design of inverters in inverter-based ac

systems with definite structures.

Propose an adaptive controller design method of inverters for stable integration to an

unknown system with existing inverters in operation.
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3 Impedance Modeling of Three-Phase Inverters

In this chapter, the output admittance of current-controlled three-phase inverters and the
output impedance of voltage-controlled three-phase inverters are modeled in both the sequence
domain and the synchronous rotating d-q frame. Only the high-bandwidth inner current or
voltage control loops and grid-synchronization phase-locked loop (PLL) are considered in the
sequence impedance modeling for the harmonic stability analysis. In contrast, the d-q impedance
modeling considers all the control loops, including the low-bandwidth outer loops, such as

generator and static load emulation loops, which enable the analysis of low-frequency stability.

The block diagram of the three-phase inverter with an output L filter is shown in Figure 3-1,
where i; is the inverter output current, vy is the inverter output voltage and v; is the inverter
terminal voltage. In this study, it is assumed that the dc-link voltage vq. is regulated by a front-

end converter and can be regarded as a constant value Vyc.
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Figure 3-1. Block diagram of a three-phase inverter with an output L filter.
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3.1 Sequence Admittance of Current-Controlled Inverters with Voltage Feed-Forward

Control in the D-Q Frame and Dead Time

Reference [70] presented the sequence admittance modeling of current-controlled three-
phase inverters with an output L filter, considering the voltage feed-forward control in the phase
domain. However, the case with voltage feed-forward control in the d-q frame is not discussed.
In addition, the dead time inserted in duty-cycles of phase-leg switches is not considered.
Following the modeling method in [70], this section improves the sequence admittance models
of current-controlled three-phase inverters by including the voltage feed-forward control in the d-

q frame and the impact of the dead time [125].
A. Modeling of the current control loop with the voltage feed-forward control

For current-controlled inverters, the inverter output current i; is usually controlled with a
proportional-resonant (PR) controller in the stationary «-f frame or a proportional-integral (PI)
controller in the synchronous d-g frame. In addition, a phase-locked loop (PLL) unit is adopted
to obtain the angle 6; and frequency w; information of the inverter terminal voltage v;. The block
diagram of the commonly used synchronous rotating reference frame PLL (SRF-PLL) is shown

in Figure 3-2. For the current control in the o-f frame, the angle 6; is used to transform the
current references i; from the d-q frame to the a-p frame. For the current control in the d-q
frame, the angle 6, is used to transform the inverter terminal voltage v;, the output current i; and

controller output v. between the three-phase abc frame and the d-q frame.

The block diagram of the current control loop in the sequence domain can be generally
depicted in Figure 3-3, for the inverters with a PR current controller and the voltage feed-forward

control in a-f frame, or a PI current controller and the voltage feed-forward control in d-q frame.
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Figure 3-2. Block diagram of the PLL loop.
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Figure 3-3. Block diagram of the current control loop in the sequence domain with the PLL

impact on both the control in d-q frame and the control in a-f frame.

Assuming I; is the inverter output current, Vy is the inverter output voltage and V; is the
inverter terminal voltage in the sequence domain, the frequency behavior of the output L filter
can be modeled by two admittances Yy and Y, represented by (3-1), where Ls and Ry are the
inductance and resistance of the L filter. Both the voltage and current are sampled four times in
equal time intervals in each switching period (Ts) and the average of the four samples is used as
the final measurement value. So the sampling processes of the voltage and current are modeled

approximately as a 0.5T; delay unit as shown in (3-2). The approximately 1.5 switching period
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delay, including the computation delay of Ty and the PWM generation delay of 0.5Ts, is
introduced in the digital control and modeled in (3-3). These delay units can be represented by a

second-order Pade approximation as shown in (3-4).

1
Yy =Y, =— 3-1
M L s+R, (3-1)
Gsv _ Gsc _ (l + e—O.ZSTss 4 e—O.STSs T e—O.75Tss ) / 4~ e—O.STSs (3_2)
Gd _ efl.STss (3_3)
1-T,s/2+(T,s)* /12
e’-rdS ~ d / ( d ) / (3_4)

T 14+T,5/2+4(T,s) 12

The transfer functions of the control gains inside the “Inverter Controller” block are
explained as follows. The transfer function of the PR or PI controller G¢(s) is expressed in (3-5),
where K¢y, is the proportional gain and Kg; is the resonant or integral gain. The transfer function
of the decoupling term Gcgec(S) used in the control in the d-qg frame is represented by (3-6). A
first-order low-pass filter is used as the voltage feed-forward gain G, (S) in (3-7), where ws iS
the cut-off frequency. In the block diagram of the PLL shown in Figure 3-2, Gp.(S) is a Pl
controller with the proportional gain Kp, and the integral gain Kp; as expressed in (3-8), and
Grrr o 18 @ low-pass filter with the cut-off frequency wepy(, as expressed in (3-9). The open-loop

gain Hp. () and the closed-loop gain Tp | (S) of the PLL loop are expressed in (3-10) and (3-11).

KgS

)
s°+af

PR: G,(s) =K, + PI: GC(S)=KCP+% (3-5)
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chec (S) = a)lLf (3_6)

1
Gy, (s) = Trsan (3-7)
Gp ()= KPLLp + KF;LU (3-8)
1
Ger ,(8)= m (3-9)
it (5) =Va Gt (6) G, (9)- (3-10)
_ He ()
T (8) = 1+H,, (5) (3-11)

To derive the output admittance of the inverter in the sequence domain, all the control gains
with transfer functions in the d-g frame need to be converted to their corresponding transfer
functions in the sequence domain. Therefore, for current control in the a-f frame, the transfer
functions of the control gains are expressed in (3-12) in the positive sequence domain and in (3-
13) in the negative sequence domain. Similarly, for the current control in the d-q frame, the
control gains are expressed in (3-14) in the positive sequence domain and in (3-15) in the

negative sequence domain.

G, =G.(s); G =Gn(s); To =Tp (s j@2) (3-12)

G, =G.(s); Gu =G (s); To =Tp (5+]m) (3-13)
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G, =G.(s—Ja); Gee = I04L; Gy =G, (= J@)i T, =T (S— ) (3-14)

G, =G, (s+ j@); Cyee =—JaL;; Gy, =Gy, (S+ jar); Tp =Ty (S+ jar) (3-15)

The PLL impact on the current control in the a-f frame can be seen as the additional voltage
feed-forward component to the current reference (Al ), and the feed-forward gain Gpy i~ is

expressed in (3-16) in the positive sequence domain. The PLL impact on the current control in
the d-q frame can be seen as the additional voltage feed-forward components to the inverter
terminal voltage measurement (AVy), the current feedback (Al;) and the controller output (AV¢),
and the feed-forward gains are defined as Gpr vi, G pLL it and G pr vc respectively, as expressed
in (3-16) in the positive sequence domain. In these equations, Vy, Iyand V¢, are the steady-state
phasors at the fundamental frequency of Vi, I; and V¢, with Vy, Iy and Vc¢; as the magnitudes and

du, ¢u and @cy as the phases, respectively, as expressed in (3-17). In the negative sequence
domain, V,;, I;;, and V,, should be used in (3-17), which are the complex conjugates of Vy,

Inand Vi, respectively. By neglecting the impact of measurement and delay, Vc; can be

approximately expressed as (3-18).

Tow g . [ETRVE Tow | . Tow
GPLL_It* = Iy GPLL_Vt = Vs GPLL_It = s GPLL_VC = Ve (3-16)
1 t1 t t1
V, I, V.,
\/tlz?tlej%ﬂ; Itl=é1el¢ltl; VCl=%e1¢VCl
v | N (3-17)
\/;;L — _tl e71@11 , I:l — 1 e’]¢lt1 ’ Vél — _C1 671@C1
2 2 2
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V(:1=th+|t1'(ja)1Lf +R|_f) (3-18)

B. Modeling of the dead time effect

In real applications, a dead time is usually introduced in the PWM signals to prevent a
shoot-through condition across the dc link. The dead-time effect will create a voltage difference
(Vat_ph) on the inverter output phase voltage, the value of which depends on the direction of the
inverter output current i pn In each phase. Assuming the voltage drops of the power

semiconductors are negligible and the dc link voltage V. is constant, vg on can be expressed as:
- V :
Var_ph =~ —'ﬂ'SQn(H_ph) (3-19)

where Tg, Tgon and T are the dead time, turn-on time and turn-off time of the power
semiconductors. By approximating i pn With its fundamental component iy _pn, the output of the
signum function will be a square waveform in the steady state, which can be further

approximated with its fundamental component [126]:

. . 4 itl ph 4 it ph
sgn(lt_ph)zsgn(|tl_ph)z; UL S

(3-20)

Iy Ty

Assuming all three phases are affected by the dead time, in the sequence domains, the
relationship between the inverter output voltage difference Vg caused by the dead time and the

inverter output current I; can be derived as

Voo —— I, =Gy - 1, (3-21)

where G is the transfer function. It can be seen that the dead-time effect can be approximated as
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a virtual series resistor of the L filter, and the resistance value is —Ggt , which is dependent on the
magnitude of the inverter output current. The block diagram of the current control loop with the
dead-time effect is shown in Figure 3-3. By considering the dead-time effect, the two
admittances Yy and Y, represented by (3-1) in the model of the output L filter should be modified

as

(3-22)

C. Modeling of the sequence admittance

According to the above analysis, the open-loop gain T, and the closed-loop gain G of the
current-control loop as defined in (3-23) and (3-24), respectively, as well as the closed-loop
output admittance Y, of the inverter, as defined in (3-25) for the current control in the o-f frame
and in (3-26) for the current control in the d-q frame, can be derived from the block diagram
shown in Figure 3-3 in both the positive sequence domain and the negative sequence domain.
The Norton equivalent circuit of a current-controlled inverter is depicted in Figure 3-4. Then the
positive sequence admittance Yo p(S) and the negative sequence admittance Yo n(S) of the
current controlled inverter can be derived for both the current control in the a-$ frame and the

current control in the d-q frame.

Tc = (Gc _chec )GdYM Gsc (3'23)
| G.G)Y
G :_i __—c-d M _
clc It 1+T (3 24)
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| _ Y, — GGy Yy (fov +GCGPLL_It*)

Yoc = _\Tt 1+T (3_25)
t + c

YoC = _I_t _ YO - GstdYM |:fov (1_GPLL_Vt ) + (Gc _chec )GPLL_It + GPLL_V(::| (3-26)
V, 1+T,

Inverter
Figure 3-4. The Norton equivalent circuit of a current-controlled inverter in the sequence

domain.

D. Examples

For the inverter under study in this chapter, the electrical parameters are summarized in
Table 3-1, and the main controller parameters are listed in Table 3-2. The analytical results of the
sequence admittances of the inverter with PR control in the a-f frame are shown in Figure 3-5(a)
for the current output (Ig= 15 A, I4= 0 A) and Figure 3-5(b) for the current output (Ig=—-15 A, I
=0 A). The sequence admittances of the inverter with PI control in the d-g frame under the same
conditions of current outputs are shown in Figure 3-6. In Figure 3-5 and Figure 3-6, red curves
are positive sequence admittances Yo p(S) and blue curves are negative sequence admittances

Yoc n(S). Yoc p(S) and Yo n(s) are different due to the different transfer functions of control gains.
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Figure 3-5. Sequence admittances of the inverter with PR control in the a-f frame. Output

current is () 15=15 A, 1,=0 A; (b) l4=—15 A, 15=0 A.
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Figure 3-6. Sequence admittances of the inverter with PI control in the d-g frame. Output current

is (a) 15=15 A, 1;=0 A; (b) I¢= 15 A, 1,:=0 A.
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Table 3-1. Electrical parameters of the inverter.

Electrical Parameters Values
L+ 0.575 mH
L filter
Ri 0.2 Q
Dc-link voltage Ve 130V
Ac voltage base Vbase 50 V (phase peak)
Ac current base Ibase 17.36 A (phase peak)
Ac power base Spase 1302 W
Fundamental frequency w1 60x2m rad/s

Table 3-2. Controller parameters of current-controlled inverters.

Controller Parameters Values
Switching frequency fs 10 kHz
Switching period Ts 100 s
Kep 2.6
Current controller
Kei 2275
Voltage feed-forward Wity 50>2x rad/s
KpiLp 1.06
PLL KpLLi 18
WpLL 25>27 rad/s
Dead time Tat 1.5 8
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3.2 Sequence Impedance of Voltage-Controlled Inverters

The sequence impedance modeling of voltage-controlled three-phase inverters have not been
studied in literature yet. This section develops the sequence impedance model of voltage-

controlled three-phase inverters.

Current Current Current measurement
feed-forward  filter sampling
G
SC
o

* + + VC ,—l VM

Vi 2 >® c¥
Controller Control delay .
Output Filter
va Gsv
Inverter : Voltage measurement
ller Voltage filter g :
Contro sampling

Figure 3-7. Block diagram of the voltage control loop in the sequence domain.

For voltage-controlled three-phase inverters with a Pl voltage controller and the current-
feedforward control in the synchronous d-q frame [8], the block diagram of the voltage control
loop in the sequence domain can be illustrated in Figure 3-7. The output L filter can be modeled
by a voltage gain Gy, and an impedance Z, represented by (3-27) and (3-28). The transfer
functions of the control gains inside the “Inverter Controller” block in the d-q frame are
explained as follows. The transfer function of the PI voltage controller Gy(s) is modeled by (3-
29), where Ky, is the proportional gain and Ky; is the integral gain. The transfer function of the

decoupling term Gygec(S) is represented by (3-30). The first-order low-pass voltage filter G/(S)
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and current filter G(s) are expressed as (3-31) and (3-32), with wq and wg as the cut-off
frequencies respectively. The current feed-forward gain Gg(s) is represented by (3-33). The
corresponding transfer functions of these control gains are expressed in (3-34) in the positive

sequence domain and expressed in (3-35) in the negative sequence domain.

Gy, =1 (3-27)
Z,=L;s+R, (3-28)
G.(6) =Ky +- 2 (3-29)
Gyiec (5) = L4 (3-30)
G, (5) =1+Sl/ww (3-31)
Gels) =17 Sl/wfc (3-32)
G (s)=L;s (3-33)

G, =G, (s~ Ja); Gy = JrL1; Gy, =G, (s = j); G, =G (S~ j@); G =G (- J@r)  (3-34)

G, =G,(s+]J@1); Guee =—larl; Gy, =Gy, (s+ jr); G, =G (s + jar); Gy =Gy (s + &) (3-35)

Based on the above analysis, the open-loop gain T, and the closed-loop gain G, of the
voltage-control loop as well as the closed-loop output impedance Z,, of the inverter can be

derived as (3-36), (3-37) and (3-38), respectively, in both the positive sequence domain and the
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negative sequence domain. The Thevenin equivalent circuit of a voltage-controlled inverter is
shown in Figure 3-8. For an inverter with parameters listed in Table 3-1 and Table 3-3 and
output voltage V= 50 V, V= 0 V, Figure 3-9 shows the analytical results and simulation
measurement results of the positive-sequence impedance Z,, ,(s) and negative-sequence
admittance Zo, n(s). The difference between Zy, p(s) and Zoy, () is mainly due to the different

transfer functions of control gains in the positive- and negative- sequence domains.

Tv = GVGd Q/OGSVGN (3'36)
_ V. _GGiGy
cv — Vt* - 1+T\, (3'37)
Z,-G,G Gec GG
ZOV _ _\i __o sc dGVo ( vdec fc f'fc) (3-38)
I 1+T

t \

Table 3-3. Controller parameters of voltage-controlled inverters.

Controller Parameters Values
Switching frequency fs 10 kHz
Switching period Ts 100 s
Kyp 1.04
Voltage controller
Kyi 325
Current ilerin curren o 100055 rads
Voltage filter Wiy 300>~ rad/s
Dead time Tat 1.5 8
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Figure 3-8. The Thevenin equivalent circuit of a voltage-controlled inverter in the sequence

domain.
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Figure 3-9. Positive and negative sequence impedances of an inverter with Pl voltage control in

the d-g frame.
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3.3 Discussion on Sequence Impedance Models

3.3.1 Coupling in Balanced Systems

It was reported recently in [72] and [73] that there are couplings between positive-sequence
and negative-sequence impedances with a shift of twice the fundamental frequency even in
three-phase balanced systems, but the positive-sequence and the negative-sequence are
decoupled if the inverters meet the following conditions: 1) with only inner current or voltage
loops and no outer loops, 2) current or voltage controllers with symmetric structures and equal
parameters in d- and g-axis, 3) without PLL. Since the voltage-controlled inverters investigated
in this study for the harmonic stability analysis meet all the above conditions, their positive- and
negative- sequence impedances are decoupled. The only violation is the adoption of the PLL in
current-controlled inverters. Nevertheless, as pointed out in [72] and [73], the coupling terms are
directly proportional to the closed-loop gain of PLL, Tp . Therefore, if the PLL bandwidth is
very small (such as 10 Hz used in this study, as shown in Figure 3-10), the PLL has a negligible
impact on the sequence admittances of current-controlled inverters in the frequency range above
100 Hz, as shown in Figure 3-11. In addition, when the focus is only on the harmonic instability
issues instead of the low-frequency oscillation problems, the positive- and negative- sequence
impedances or admittances of inverters can be regarded as decoupled for harmonic stability

analysis.

3.3.2 Sequence Impedance Models in the Full Frequency Range

As expressed in (3-25), (3-26) and (3-38), the positive-sequence and negative-sequence
admittances (Yoc p(S) and Yoc n(S)) or impedances (Zoy p(S) and Zoy n(S)) of inverters are complex

transfer functions.
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Figure 3-10. Bode plots of the closed-loop gains of PLL: Tpi p(S) in the positive-sequence

domain and Tpr n(S) in negative-sequence domain.
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Figure 3-11. Positive and negative sequence admittances of a current-controlled inverter with

and without PLL.
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Figure 3-5, Figure 3-6 and Figure 3-9 only show the Bode plots of sequence admittances or
impedances of inverters in the positive frequency range (0, +0). Figure 3-12 and Figure 3-13
further depict the sequence admittances or impedances of inverters in the full frequency range
(—oo, +o0). It can be observed that the Bode plot of each of Yo (S), Yoc n(S), Zov p(S) and Zoy n(S) is
approximately anti-symmetric in the full frequency range (—oo, +0), with approximately equal
magnitudes but opposite phases. For the harmonic stability analysis, Nyquist diagrams of an
impedance ratio in the sequence domains can be drawn in the full frequency range (—o, +), in
order to clearly illustrate the encirclement of the critical point (—1, jO). Nevertheless, considering
the approximate anti-symmetric Bode plots of sequence impedances, Bode plots of a function of
sequence impedances can be drawn only in the positive frequency range (0, +), to clearly

demonstrate the net phase change or the encirclement of the origin point (0, jO).

e Y ocp(S) (Analysis) ===« Y. 1(s) (Analysis)

Magnitude [dB]
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1 I I I .i 1 1 1 1
-5000 -4000 -3000 -2000 -1000 O 1000 2000 3000 4000 5000
Frequency [Hz]
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Figure 3-12. Positive- and negative- sequence admittances of a current-controlled inverter in the

full frequency range.
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Figure 3-13. Positive- and negative- sequence impedances of a voltage-controlled inverter in the

full frequency range.

3.3.3 Coupling Due to Unbalanced Filters

As reported in [127], if the three-phase systems are unbalanced, the positive- and negative-
sequence impedances are also coupled, and 2-by-2 sequence admittance or impedance matrices,
Yoc and Z,,, are expressed in (3-39). The three-phase filters might have slight unbalance, due to
the toleration of about 10% in physical inductors. Figure 3-14 shows the analytical results and
simulation measurement results of sequence-admittance magnitudes of current-controlled
inverters with (a) three-phase balanced L filters and (b) unbalanced L filters where phase-A is
100%, phase-B is 110% and phase-C is 90% of the rated value. Even with £10% deviations in
the L filters, the coupling terms Yo pn and Yoc np are still at least 20 dB smaller than Y, , and

Yoc_n . Therefore, the small couplings introduced by slightly unbalanced filters can be neglected.
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Figure 3-14. Analytical results and simulation measurement results of sequence admittances of
current-controlled inverters with (a) balanced L filters and (b) unbalanced L filters (phase-A:

100%, phase-B: 110%, phase-C: 90%).

Y Y n Z v Z v n
Yoc =|:Y00_p YOC_p :|, ZOV =|:ZO =P ZO =P j| (3'39)

3.3.4 With LCL Filters

Due to the actual experimental setup, only the L filters are considered in this dissertation.
Other high-order filters with small volumes, such as LCL filters, are also commonly used in
practice. The output sequence impedance models of inverters with LCL filters are different from
the models presented here, but they were studied in the existing literature [23], [128]. In addition,
the focus of this chapter is on the system-level harmonic stability analysis, the analysis and
parameter design methods developed in the chapter are applicable to the systems consisting of

inverters with LCL filters.
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3.4 D-Q Admittance of Current-Controlled Inverters in an Arbitrary D-Q Frame

The output admittance model of current-controlled inverters in an arbitrary d-gq frame is

derived in this section to facilitate the system stability analysis in a common d-g frame.

Inverterd-g  Common system

frame d -q frame
q q°
d° ¢ o O
Inverter s
] terminal Vig V,
\7|v| f Ziine e\ |
V:# JK:}S 7% ’t %:'_{ th' V d°
d L filter Line é
c Vizo S Lt
Inverter VARRYA PCC td

t t

Figure 3-15. Block diagram of a three-phase inverter with an output L filter, and the relationship

between different d-g frames.

Take a PV inverter connected to the point of common coupling (PCC) through a feeder line
as an example, as shown in Figure 3-15. Assume the arbitrary d-q frame is chosen to be aligned
with the voltage at PCC vpcc, and it is selected as the common system d-q frame with the
superscript s. In the following analysis, the dc-link voltage Vg is assumed constant. The inverter

d-q frame with the superscript ¢ is aligned with the inverter terminal voltage vi. Let the angle

between the inverter terminal voltage v; and vecc be 6, then the relationship between v and V;?

can be expressed as (3-40). By adding small-signal perturbation and considering cosé ~1 and

sind ~ @, the small-signal model is derived in (3-41), where the symbol ~ denotes small-signal

variables. Considering the open-loop relationship (3-42) and the closed-loop relationship (3-43)
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of the conventional phase-locked loop (PLL) in the synchronous reference (d-q) frame (SRF) as
shown in Figure 3-16, the small-signal model can be further derived as (3-44) and (3-45).
i;

Similarly, the relationships for currents (i ° and i°*) and inverter controller outputs (7° and ¥°)

can be obtained in (3-46).

c 0
\V/ V,
Vta —> abC tcd 9
th —>, V., . w1 1 1
19 S S
VtC — dq + GPLL(S) > g >

Figure 3-16. Block diagram of the SRF PLL loop.

Vg Vi _ cosd sind
¢ |=To| s | With To= (3-40)
Vig Vig —sin@ cosé
v, v VAR
P}T{j}{ ‘qc}e (3-41)
Vi Ve | [V
< 1
szthPLLE
" (3-42)
Gor = Kpup + o
S
B G \78 \73
O=—TBLt T Y |=T, T,| S 3-43
s+ViGr H {v; &
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\70 \75 0 V c \75 \75
LIS}:T{:S}T”{ t‘*c}T{JS}:GWT{JS} (3-44)
th th 0 _th th th

=c =s . 0 V¢
V' =G,TVS with G,=1+T,, {O _\‘/qc} (3-45)
td

= = - 0o I
1°=T,1°+G,T,V° with GlszL{ IJ

. dv (3-46)
Ve=TV +G, TV with G, =T, <

0 V¢

Then the control block diagram of the current-controlled inverter can be depicted in Figure

3-17.
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.. i N =
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Figure 3-17. Control block diagram of the current-controlled inverter.
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Y, is the admittance matrix of the inverter output L filter. G, represents the proportional plus
integral (P1) current controller matrix and Gggec is the decoupling term. A first-order low-pass
filter with the cut-off frequency ws, is adopted in the voltage feed-forward transfer function
matrix Ggy. The PWM modulation and the computation delay are modelled as a delay
component Gy. Gs. and G, are the transfer function matrices for current and voltage
measurement. The current open-loop gain T, closed-loop gain G and output admittance Y in
the arbitrary d-q frame can be derived. Figure 3-18 illustrates the Bode plots of Y, for the
inverter with par<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>