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Abstract

The use of voltage source converter (VSC) has been widely accepted in present
power systems for interfacing renewable energy generations, high voltage direct
current (HVDC) transmission, flexible alternating current transmission systems
(FACTS), and other applications. Due to the converter’s power electronic
composition, there is a need to evaluate VSC’s harmonic impacts using tools such
as harmonic power flows and frequency scans. For power system planning, there is
a significant need for a harmonic model that can represent the harmonic

characteristics of VSC equipment.

This thesis first clarifies the harmonic characteristics of the VSC-interfaced
equipment. The main concern regarding VSC-interfaced equipment is their impact
on low-order harmonics because such harmonics are more prevalent in current
power systems. The main objective of this thesis is to develop models of VSC-
interfaced equipment at low-order harmonics based on the response of VSC-

interfaced equipment to such harmonics.

This thesis then proposes analytical harmonic models for four types of VSC-
interfaced equipment: three-phase VSC, single-phase VSC, doubly-fed induction
generator (DFIG), and VSC-HVDC. The results show that all these equipment can
be modeled as harmonically coupled impedance matrices. The only exception is the
single-phase VSC that has a form of a Thevenin circuit at the 3™ harmonic. Methods
to determine the model parameters have been developed for each type of equipment.

The validity of the proposed harmonic models and the impacts of various VSC

il



design parameters have been demonstrated using extensive simulation studies and
lab experiments. Case studies have demonstrated the effectiveness of the proposed

models for harmonic power flow studies.
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Chapter 1

Introduction

Power electronic equipment has been widely used to meet the evolving
requirements of modern power systems. While this equipment provides more
efficient control and energy conversion in power systems, it can also lead to
concerns about power quality. One of the most significant concerns is harmonic
distortion. Therefore, it is necessary to assess the harmonic impact of a power

electronic equipment or facility before it can be connected to a power system.

The power electronic converters in service can be broadly classified into two
types [1]: a line-commutated converter (LCC) and a voltage source converter
(VSC). The LCC is also known as a current source converter (CSC). This type of
converter is composed of thyristors. Thus, the LCC’s switching process relies on
the external circuit. The VSC uses more advanced switching cells such as insulated-
gate bipolar transistors (IGBTs) and gate turn-off thyristors (GTOs), for which the
switching control operates independently of the external circuit. Due to multiple
excellent features such as bidirectional power flow [2] and independent control of
the active and reactive power, in recent years, the VSC has become a more attractive
choice as the basis of power electronic equipment. Consequently, VSC has been
increasingly employed in many energy conversion applications such as variable
speed wind turbines (e.g., a doubly-fed induction generator [DFIG] and permanent
magnet synchronous generator [PMSG]) [3][4], a PV (photovoltaic) [5], a VSC-
based high-voltage direct current (VSC-HVDC) transmission system [6], and a
VSC-based variable frequency drive (VFD) [7].

Harmonic analysis of power systems with power electronic equipment requires
a computer model of the equipment that shows their harmonic characteristics.
Harmonic models of LCCs for harmonic analysis have been established through

extensive research conducted from 1990-2010 [8]-[14]. The consensus at present is



that the LCC equipment can be modeled adequately using harmonic current sources.
A more advanced model for LCC equipment is the harmonically coupled Y-matrix
model [15]. However, harmonic models for VSC equipment are still being
researched and developed, and few harmonic models of the VSC have been
proposed. The harmonic characteristics of the VSC are quite different from that of
the LCC due to the different switching and control schemes, and a new type of
harmonic model that represents the harmonic features of VSC equipment is needed.
In response to this need, this thesis will present a mathematical analysis of the
harmonic characteristics of various types of VSC equipment. And accordingly,
harmonic models for several types of VSC equipment that can be used to conduct

harmonic analysis in power systems will be developed.

In this chapter, the VSC equipment and associated harmonic issues are
introduced in Section 1.1. Section 1.2 looks at the techniques that can be used to
conduct harmonic analysis in power systems. In Section 1.3, harmonic studies of
VSC equipment in existing publications are reviewed, and the challenges for
modeling VSC equipment are outlined. Finally, Section 1.4 summarizes the scope

and outline of this thesis.

1.1 Introduction to VSC Equipment and Associated Harmonic

Issues

This section presents a brief introduction to the VSC equipment in power

systems and the harmonic issues associated with VSC equipment.

1.1.1 Introduction to VSC Equipment

In present power systems, VSCs of different topologies, including two-level
VSCs [16] and multiple-level VSCs [17][18], are applied in power electronic
equipment. The associated types of harmonics of the two-level VSC and multiple-
level VSC are almost the same if the floating or unclamped dc-link capacitor of the
multiple-level VSC are well balanced [19]. Hence, the most commonly used two-

level VSC can be studied to reveal the harmonic features of general VSCs. The

2



typical configuration of a two-level, three-phase VSC is presented in Figure 1-1
[20]-[21]. As the figure shows, a three-phase VSC consists of six GTO or IGBT
switches, which are turned on and off by the pulse-width modulation (PWM)
control technique. The control block of the VSC generates the switching function
that drives the switching activities. A filter in the form of L, LC, or LCL is
connected on the ac side of the VSC to attenuate the harmonics produced by the
VSC [22]. The VSC contains a capacitor on the dc side of the VSC to maintain the
dc-link voltage. Note that a dc system is also connected to the dc-link capacitor of
the VSC, and the dc system varies for different types of VSC equipment. For
example, for a PV system or a VSC-based dc motor, the dc system on the other side
of the dc-link is the PV panel or a dc motor. In other VSC equipment, such as PMSG,
DFIG, and VSC-HVDC, another VSC is connected to the dc-link capacitor,
forming the configuration of back-to-back VSCs.

O Vb, Ib

s4 b sel s2 Lo pele
L

Filter

' control [€—

Figure 1-1 Typical structure of two-level three-phase VSC

1.1.2 Harmonic Issues Associated with the VSC Equipment

To understand the harmonic characteristics of the VSC, it is essential to
understand the types of harmonics associated with VSC equipment. There are three

types of harmonics:

e Switching harmonics



The primary harmonic emission of the VSC is the switching harmonics that are
introduced by the high-frequency PWM switching. The PWM switching function
can be established through the double Fourier algorithm [23], as shown in (1.1).

S(t)=M cos(wt+06)
+ i n:iio—xJn (ﬂjxsin(wjx cos(m(aw,t+6.)+n(wt+0))) (1.1)
per =t mrm 2 2

where M is the modulation index (the ratio of the modulation signal magnitude over
the carrier signal magnitude); w1 and w. are the angular frequencies related to the
reference signal and carrier signal, respectively; 6 and 6. are the angles related to
the modulation signal and carrier signal, respectively; and J, is the Bessel function
of the first kind. As noted in (1.1), the main harmonic components in the switching
function are the sidebands of multiples of the switching frequency, as shown in
Figure 1-2. As a result, the switching harmonics are at very high frequencies (e.g.,
2kHz~150kHz) [24]. Due to the high frequencies, the switching harmonics are
significantly attenuated by the front-end passive filter, and their propagation to the
system is significantly impeded due to the large series impedance. Currently, there

is no consensus on whether the switching harmonics pose a significant concern in

terms of the power quality [25][26].
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Figure 1-2 Waveform of the switching function and its spectrums (f- is the switching

frequency and f; is the fundamental frequency)



e Low-order harmonics

Low order harmonics refer to harmonics produced by conventional nonlinear
equipment (e.g., 3"~39" harmonics). They are the most common harmonics
encountered in present power systems. As shown in (1.1), the primary harmonic
emission of the VSC is high-frequency switching harmonics. The emission does
not contain low-order harmonics. To check the low-order harmonics in the
switching function, the fast Fourier transform (FFT) is applied to the switching
function for different switching frequencies. The results are shown in Figure 1-3.
The figure shows that the low-order harmonics are almost negligible, which
suggests that the VSC does not act as a harmonic source at traditional low-order

harmonics.
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Figure 1-3 Harmonic components of the switching function using different m,(m;=w./w1)

Although the VSC does not produce low-order harmonics, it may amplify or
attenuate the low-order harmonics that already exist in the power system by
interacting with the connected grid. The VSC may even lead to an unexpected
harmonic resonance by changing the frequency response of the system. Therefore,

it is essential to understand how the VSC responds to low-order harmonics.

e Non-characteristic harmonics

The VSC equipment may also produce some non-characteristic harmonics. A
typical example is the 3™ harmonics induced by the unbalanced voltage of the
interconnected grid. The primary mechanism of non-characteristic 3™ harmonics is

that the unbalanced voltage will cause a double-frequency oscillation power on the



ac side, and because of the power balance between the ac side and dc side, there
will be 2™ harmonics in the dc voltage [27]. The dc voltage is converted to ac

voltage by
V@) =S8@)eV, (1) (1.2)

where Vac(t) is the dc-link voltage. The fundamental frequency components in the
switching function and the 2" harmonic in the dc voltage will lead to 3™ harmonics
in the voltage on the ac side of VSC equipment. The 3™ harmonic induced by
unbalanced voltages is a positive/negative sequence, which is different from the
conventional zero-sequence 3™ harmonics [27]. Additionally, the unbalance of
harmonics in the supplied voltage will lead to other non-characteristic harmonics.
Generally, the unbalanced level is not very significant, especially in transmission
systems, so the non-characteristic 3" harmonic is quite small. Therefore, non-

characteristic harmonics are not a significant concern in most cases.

In view of the above-mentioned harmonics and industrial needs, this thesis will
focus on the research about the model of the VSC at traditional low-order
harmonics because: 1) the low-order harmonics have significant impacts on power
systems; 2) there are lots of nonlinear loads that produce traditional low-order
harmonics; and 3) how the VSC equipment interact with the grid to influence the
harmonic distortions in power systems is a critical concern. Consequently, this
thesis will investigate the harmonic response of the VSC to external low-order
harmonics and build a model that can be used for harmonic power flow analysis.
Unless otherwise specified, the term harmonic refers to conventional low-order

harmonics in the rest of this thesis.

1.2 Harmonic Analysis in Power Systems

Power system harmonic analysis is used to determine the harmonic impact of
different power equipment on a power system. Harmonic analysis has been widely
used for system planning, equipment design, troubleshooting, and so on. Mainly,

the most common applications of power system harmonic analysis are [28]:



* Verifying compliance with harmonic limits.
* Determining harmonic distortion levels for equipment selection.
* Designing harmonic mitigation measures such as harmonic filters.

* Checking if dangerous parallel resonance exists for a given network

configuration.

There are two main aspects of concern for harmonic analysis. The first is to
determine the frequency response of a system, which will verify whether there are
resonance conditions and what can be changed to avoid the resonance. The second
is to compute the harmonic voltage and current in a network, to verify if harmonic
limits are complied with, and to determine the ratings of the equipment to be
installed. Broadly, the approaches used for power system harmonic analysis can be
categorized into three types: time-domain techniques, frequency-domain

techniques, and hybrid time-frequency-domain techniques [14].

1.2.1 Time-domain Harmonic Analysis

Time-domain harmonic analysis has been extensively used in power systems
for decades. This type of method can be conducted using the conventional Brute
Force solution [29], which is widely accepted by software tools such as the
Electromagnetic Transients Program (EMTP) and Electromagnetic Transients
including DC (EMTDC). The voltage and current waveforms are recorded in the
time-domain simulations and are used to compute the harmonic contents by the
FFT or discrete Fourier transform (DFT) algorithm. The main problem for Brute
Force simulations is that they need to wait for the transient to die out before
reaching the steady state [30], which is time-consuming, especially for power
systems without sufficient damping. Some methods that use iterations to obtain the
periodic steady-state solutions are detailed in other publications, which can achieve
faster solutions. Typical examples include the Numerical Differentiation Method
(ND) [31], Direct Approach Method (DA) [32], Enhanced Numerical
Difterentiation Method (END) [33], Discrete Exponential Expansion Method [34],



and Sensitivity Circuits [35]. In these techniques, the complete transient is not

computed; thus, a faster solution can be achieved [36].

1.2.2 Frequency-domain Harmonic Analysis

Frequency-domain harmonic analysis is a direct and simple method that gives
solutions at a specific harmonic or frequency. The main frequency-domain
harmonic analysis technique is harmonic power flow, which can be carried out
using both noniterative and iterative methods. The simplest and most commonly
used noniterative method is the direct approach that presents the harmonic
penetration to the linear components or systems [14], [37]. In this method, the
harmonic current source model of the conventional LCC-based power electronic
equipment, which is determined by the fundamental frequency current and the
harmonic features of the nonlinear equipment, is applied [37], as shown in Figure
1-4. Other equipment, such as the generator, the transmission line, the transformer,
and the linear load, are modeled as impedance. As a result, the nodal harmonic

voltage can be computed as
v, =[Y1'1, (1.3)

where V), represents the nodal voltage, [ represents the harmonic current vector,
and [Y] represents the admittance of the network. A more advanced noniterative
technique proposed in recent years is to apply the coupled Y matrix for the LCC
equipment [15]. In this method, the effect of the harmonic voltage on the harmonic
current of the nonlinear LCC equipment is also included. Consequently, the results

are more accurate.
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Figure 1-4 Harmonic analysis in an exemplary system containing VSC equipment

Harmonic analysis can also be conducted using the iterative harmonic analysis
(IHA) [38][39] or the iterative harmonic power flow (IHPF) methods [40]-[43]. In
the IHA methods, the voltage-dependent harmonic current sources are approached
using iterations. In each iteration, the nonlinear loads are represented using a
constant harmonic current source (same as in Figure 1-4); then the nodal voltage
can be computed in the same way as that in the noniterative method. The obtained
harmonic voltage is further used to correct harmonic current sources until the
changes in harmonic currents are sufficiently small. The main drawback of the [HA
is its slow convergence characteristic and narrow stability margin [14], which has
limited its application to solving practical power systems. The IHPF methods, on
the other hand, take the voltage-dependent nature of the nonlinear components into
consideration and solve the harmonic voltage and current equations simultaneously
using linearization approaches. The complete IHPF approach is numerically robust
and has a good convergence [44]. But the formulation of this method is relatively

complex, especially in a large-scale system.

1.2.3 Hybrid Time-Frequency-Domain Harmonic Analysis

The hybrid time-frequency-domain harmonic analysis takes advantage of both
the time-domain harmonic analysis and frequency-domain harmonic analysis [14].
This method allows the linear components to be modeled in the frequency domain

and the nonlinear components modeled in the time domain. The harmonic voltages



on the buses where the nonlinear loads are connected can be obtained using the
iterative method. The formulation of the hybrid harmonic analysis is detailed in

[45][46].

Among the above-described methods, the harmonic power flow method is the
most preferred selection due to its simplicity and rapidity, especially considering
that the harmonic models of conventional LCC equipment have been established
for this type of method. Therefore, this thesis aims to propose a harmonic model of

the VSC equipment that can be integrated into the harmonic power flow tools.

1.3 Harmonic Studies of VSC and Challenges

A harmonic model of the VSC that can be integrated into the above-described
harmonic analysis techniques is required to assess the harmonic impact of the VSC,
as shown in an exemplary VSC-involved system in Figure 1-4. Once the harmonic
model of the VSC is obtained, the harmonic distortions at different buses in the
network can be computed by combining the developed harmonic model of VSC-
based equipment, the harmonic models of LCC-based nonlinear loads, and other
linear loads. In this section, existing work on the harmonic studies of VSC is first
presented, and then the challenges on harmonic modeling of VSC equipment are

outlined.

1.3.1 Existing Harmonic Studies of VSC Equipment

To date, modeling the VSC for harmonic studies has been investigated by
numerous publications. Typical examples are the small-signal impedance model
and the small-signal state-space model of VSC that are widely accepted for
harmonic resonance and instability studies [47]-[49]. These methods can hardly be
directly implemented for steady-state harmonic distortion assessment because of
their small-signal nature. By omitting the nonlinearities of the VSC, the impedance
model might be applied for harmonic analysis. For example, an analytical Norton
model was proposed in [50], and the harmonic current source of the Norton circuit

was directly omitted, leading to a harmonic impedance model for harmonic analysis.
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But the justification for ignoring the source was not provided. More importantly,
the existing harmonic impedance models were primarily established based on the
assumption that the dc-link voltage is harmonic free (i.e., the dc-link capacitor is
infinite) [50]-[53]. In practice, the dc-link voltage also experiences harmonic
ripples which are introduced by the penetration of the ac side harmonics through
the switching process. The harmonic-distorted dc-link voltage, in turn, affects the
harmonics on the ac side of the VSC again through the switching process. As a
result, the harmonic ripples on the dc-link will affect the harmonic impedance of
the VSC equipment. The problem becomes more complex when there are back-to-
back VSCs. Analytical justifications are needed to determine how the harmonic

ripples affect the harmonic models of two VSCs.

Some methods have also been proposed specifically to model the VSC
equipment for harmonic distortion assessment in VSC-involved power systems.
One typical example is the VSC models in the harmonic domain [54]-[56]. This
type of method combines the three-phase power-flow mismatches and the dc-side
current mismatches to characterize a PWM converter through the Newton iterative
formulations. Other representative examples include an iteration-based method to
include the VSC equipment [55]-[58], a harmonic state-space (HSS) model of VSC
equipment [59][60], and a frequency coupling matrix (FCM) model [61]-[63]. The
main problem with the harmonic-domain models, iteration-based methods, and
HSS methods is that they are very complex and will face computational challenges
when implemented for large-scale power systems. Moreover, these methods
provide no insights into the harmonic response of the VSC equipment. For example,
these methods cannot show the mechanism of the harmonic coupling inside the
VSC equipment. The harmonic coupling model in [62][63] is closer to what is
needed for power system harmonic analysis. However, [62][63] just investigated
the harmonic-coupling effects through measurements, which did not provide an

analytical explanation for the harmonic coupling.

In parallel with the above work, an IEC committee suggested using measured

harmonic current source models to represent the VSC-based wind turbines [64].
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However, this method has been reported to be inaccurate [65]. A recent IEC report
suggested using a Norton equivalent model to improve the accuracy [65]. Doing so
requires measuring the model parameters. However, the report does not provide
technical justifications for this recommendation, and as a result, there is no
assurance that the method will always work. In summary, a model that fully
represents steady-state harmonic characteristics of the VSC equipment still needs

to be developed.

1.3.2 Challenges of Harmonic Modeling of VSC Equipment

Although, as mentioned above, there are some harmonic models for VSC
equipment, they haven’t solved every problem. The main challenges preventing a

complete analytical harmonic model are summarized here:

e  Various functional segments of the VSC determine the harmonic response of
the VSC equipment to low-order harmonics. The filter, the control block
including the inner and outer control loops, the dc-link capacitor, and the dc
system connected to the dc-link capacitor jointly determine the harmonic
characteristics of the VSC. More importantly, the impacts of these segments
may affect each other, so combining the effects of all these segments is

challenging.

e The PWM switching does not produce any low-order harmonics in the
connected system, but it may affect the harmonic characteristics of the VSC.
An issue that needs to be addressed is how to analyze the impacts of the PWM
on the harmonic model of the VSC.

e Inequipment that contains back-to-back VSCs, the harmonic ripples in the dc-
link voltage may affect the harmonic model of the VSC. Furthermore, because
two VSCs share the same dc-link, a harmonic coupling effect may exist
between VSCs. Therefore, it is important to assess the impacts of the dc-link

capacitor on quantifying the models of VSCs.

e [t can be challenging to determine how to integrate the developed harmonic
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model into the existing harmonic analysis techniques. What types of harmonic
analysis techniques can be used depends on the characteristics of the harmonic

model.

e The internal parameters of practical VSC equipment may not be attainable. In
such cases, how to obtain the harmonic model of VSC equipment can be

challenging.

In summary, there are many unsolved issues and challenges in the harmonic
modeling of VSC equipment. Novel methods are needed to overcome the challenges

and establish a sound harmonic model of VSC equipment.

1.4 Thesis Scope and Outline

The purpose of this thesis is to propose harmonic models of VSC equipment.
Considering that the harmonic characteristics of VSC equipment might be different,
various harmonic models may need to be established. A number of tasks need to be

accomplished in this thesis:

1) The first task is to develop an analytical harmonic model for three-phase VSC
equipment and integrate the harmonic model to conduct harmonic power flow
studies. The proposed harmonic model is expected to be suitable for equipment
that only contains one VSC terminal or back-to-back VSCs, but only one VSC
is exposed to grid harmonic sources (i.e., only one VSC is connected to the
grid), as shown in Figure 1-5. This type of harmonic model can be suitable for

the three-phase PV system, PMSG, as well as VSC-VFD.
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Figure 1-5 Equipment that only contains one VSC tied to the grid
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2) The second task is to develop an analytical harmonic model for single-phase

VSC equipment and integrate the harmonic model to conduct harmonic power

flow studies. The unique harmonic features of the single-phase VSC need to be

characterized. The main application of such a model will be to assess the

harmonic impacts of the single-phase PV in distribution systems.

3) The third task is to develop an analytical harmonic model for equipment

containing back-to-back VSCs and integrate the harmonic model to conduct

harmonic power flow studies. This type of equipment includes the back-to-

back VSCs, both of which are exposed to the grid harmonic sources, as shown

in Figure 1-6. The proposed harmonic model is expected to be applied in DFIG

and VSC-HVDC.

Model seen
from the grid

' —VSC

VSC

| Model seen
| from the grid

Figure 1-6 Equipment that contains back-to-back VSCs tied to the grid

The following paragraphs summarize the organization of the thesis and describe

the main topics and research in each chapter.

Chapter 2 investigates the characteristics of the harmonic response of a two-

level, three-phase VSC, and an analytical harmonic model of the three-phase VSC

is developed accordingly. In this harmonic model, both the impacts of the control

loop and the power loop (i.e., the effect of the dc-link) are established through

mathematical derivations. The impacts of the dc system connected to the dc-link

capacitor are also discussed. The final results have shown that the three-phase VSC

can be represented using a harmonically coupled impedance matrix. The robustness

of the proposed model for different PWM switching frequencies is validated in this
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chapter. Based on the obtained model, the characteristics of the independent

converter impedances are featured.

In Chapter 3, the proposed harmonic model of the three-phase VSC in Chapter
2 is verified through time-domain simulations. The time-domain simulation results
show that the proposed model is very accurate. The impact of the power loop has
been extensively investigated; it shows that a larger dc-link capacitor will lead to a
less noticeable impact on the harmonic impedance of the VSC. The main finding
that the three-phase VSC can be modeled using a harmonic impedance is validated
using lab experiments. The application of the proposed model for harmonic power
flow studies in a VSC-involved power system is also verified via time-domain
simulations. Based on extensive studies of the proposed model, the chapter includes

a proposal for a practical approach to constructing the developed model.

Chapter 4 extends the proposed model of the three-phase VSC to a single-phase
VSC. The single-phase VSC acts as a harmonic source for the 3™ harmonic, and it
can be modeled as a Thevenin circuit for the 3™ harmonic. For other harmonics, the
single-phase VSC acts as a harmonically coupled impedance matrix. The proposed
model is validated using time-domain simulations. The 3™ harmonic distortion
caused by a practical single-phase VSC is detailed and compared with other

appliances.

Chapter 5 and Chapter 6 focus on the harmonic modeling of the DFIG and VSC-
HVDC, which contain back-to-back VSCs. In Chapter 5, the harmonic model of
the back-to-back converters is modeled through rigorous mathematical derivations.
The back-to-back VSCs can be represented using a coupled impedance matrix
which includes the coupling effect between two VSCs and the coupling effect
between different harmonics. Further studies show that the coupling effect between
different harmonics can be omitted, and the back-to-back VSCs can be represented

using a 2 X 2 impedance matrix. This model applies to the rotor side converter (RSC)

and grid side converter (GSC) in the DFIG. After integrating the model of RSC and
GSC with the linear harmonic model of the induction generator, an impedance

model of DFIG at harmonics is obtained. Chapter 6 extends the harmonic model of
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the back-to-back VSCs to the VSC-HVDC. The harmonic characteristics of the
VSC-HVDC are different from that of the back-to-back RSC and GSC due to the
dc transmission line. A long transmission line is usually used, which makes the
harmonic coupling between two VSC terminals of the VSC-HVDC very weak.
Therefore, two VSC terminals can be decoupled from the dc link. Consequently,
the developed harmonic model of the three-phase VSC can be applied for the VSC
terminal of VSC-HVDC with confidence.

Chapter 7 contains the main conclusions and suggestions for future research in
this field.
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Chapter 2
Modeling Voltage Source Converters for Power

System Harmonic Analysis: Model Development

A dramatic penetration of voltage source converter (VSC) equipment into the
present power system has resulted in concerns about the harmonic impact of the
equipment. To evaluate VSC’s effects on low-order harmonics, a model for
harmonic analysis is needed. Since the VSC does not produce low-order harmonics,
the model is needed to reveal the VSC’s response to external harmonics. In this
regard, the harmonic model of the VSC can be developed based on the harmonic
response mechanism of a VSC, which includes the impacts of both the control
function and the ac/dc harmonic interaction (power loop). In this chapter, the
mechanism of the harmonic response of a VSC will be explained. The existing
harmonic models of VSC are also reviewed. The latter part of the chapter describes
a new analytical harmonic model of the VSC developed through mathematical

derivations.

This chapter is organized as follows. Section 2.1 describes the problem of
harmonic modeling of a VSC. Section 2.2 presents the existing harmonic models
of VSC for harmonic analysis. Section 2.3 details the mathematical derivation of
the harmonic model. The impact of the PWM on the proposed harmonic model is
investigated in Section 2.4. Some technical discussions on the proposed harmonic

model are discussed in Section 2.5. Section 2.6 is the chapter summary.

2.1 Defining the Problem of Harmonic Modeling of VSC

The VSC’s response to external harmonics can be described using Figure 2-1.
The VSC responds to power system harmonics in the form of two feedback loops:

the control loop and the power loop. The control loop establishes the modulation
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signal for (pulse-width modulation) PWM switching. Since this loop takes the
voltage and current at the point of common coupling (PCC) as inputs (i.e., v¢ and
ig), the modulation signal (m) and the resulting switching function will be affected
by the ac side harmonics. The power loop represents the harmonic interaction
between the dc-link voltage (Vuc) and the ac-side voltage of the converter (v, “c”
stands for the converter). The harmonic current on the ac side can propagate into
the dc side through the power electronic switches via the switching function,
leading to harmonic ripples in the dc-side current. The dc-side harmonic current
leads to harmonic ripples in the dc-link voltage. This distorted dc-link voltage, in
turn, can affect the harmonic voltage on the ac side of the VSC. Both the control
loop and power loop must be taken into account to develop an accurate VSC
harmonic model, i.e., igi&ign=fvq1&vern), Where subscript “1” and “A” stand for
components at the fundamental frequency and the harmonic frequency, respectively.

ven and ig, represent all harmonic voltage and current from the grid side.
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Figure 2-1 Response mechanism of the VSC to power system harmonics

2.2 Existing Harmonic Models of VSC

The harmonic model of VSC equipment can be established based on the
harmonic response in Figure 2-1. Currently, there are analytical harmonic models
and measurement-determined harmonic models of VSC equipment proposed for

harmonic analysis. Representative analytical models include the Norton circuit
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model and the impedance model, and representative measurement-determined
harmonic models include the frequency coupling matrix (FCM) model and the
Norton model by the International Electrotechnical Commission (IEC). These

methods are introduced in the following.

2.2.1 Analytical Norton Circuit Model

Based on the control loop in the VSC’s harmonic response to the external
harmonics, an analytical Norton circuit model of the VSC that can be used to
conduct harmonic analysis in VSC-interfaced systems is proposed in [50]. The
basic idea of this model can be explained in Figure 2-2. As shown, the outer control
loop yields the reference current for the inner current control loop, and the harmonic
component in the reference current is taken as a current source. In contrast, the
inner control loop defines an impedance that correlates the harmonic current and
voltage on the ac side of the VSC. As a result, the VSC seen from the ac side can
be represented as a Norton circuit. This Norton model is a linear harmonic model
that can be easily integrated into the harmonic analysis techniques. But there are a
few drawbacks. The first is that the model does not take the power loop into
consideration and, as a result, fails to reveal the complete harmonic characteristics.
The second is that the outer control loop is taken as a harmonic current source but
is directly ignored without further justifications. In fact, the current source of the
Norton circuit (i) 1s not independent of the voltage and current (v, ic) on the ac
side of the VSC. Therefore, the assumption that the outer control loop behaves as a

harmonic current source might be inaccurate.

Figure 2-2 Norton circuit of the VSC
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2.2.2 Analytical Impedance Model

The impedance model has been widely accepted as representing the VSC for
harmonic studies in existing publications. Two types of impedance models have
been used for harmonic studies of VSC. The first is the small-signal impedance
model [47]-[52]. It can be established upon the small-signal representation of the
control loop, as shown in Figure 2-3 (a). The main advantage of this method is that
it can include the impact of the outer control loop and take the phase-lock loop
(PLL) impact into consideration to accurately show the VSC’s response to small-
signal disturbance. Still, this impedance method overlooks the effect of the power
loop and, as a result, the model fails to reveal the impact of the VSC’s dc-link on
the harmonic response. Another problem with this small-signal method is that it
cannot be integrated into harmonic power flow tools, especially for those non-

iterative methods that need a linear model.

The second type of impedance model is the linear model that only considers the
inner current control loop of the VSC while the outer control loop is omitted [53],
as shown in Figure 2-3 (b). The outer control loop of this model has a much slower
response, which means it is not involved with the harmonic analysis. The harmonic
voltage and current on the ac side of the VSC have a linear relationship through the
inner current control loop. Consequently, the VSC has a linear impedance. This
linear impedance model can be used to conduct the harmonic analysis of the VSC-
interfaced systems. However, this model may be insufficient since the impacts of

the outer control loop and the power loop are not included.
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Figure 2-3 Small-signal impedance model of VSC

2.2.3 Frequency Coupling Matrix (FCM) Model

The frequency coupling matrix is a harmonic coupling matrix that models the
admittance of a VSC at harmonic frequencies and the cross-coupling of different

frequencies. The frequency coupling matrix can generally be represented as (2.1)
L, =MV, +[WV, 2.1)

where [, represents the harmonic current at the terminal of equipment and Vi
represents the background harmonic voltage at the terminal of equipment; M and

sk

W are the frequency coupling impedance matrix; superscript means the
operation of the complex conjugate. In [61], the computation of the FCM model
has been proposed. But this method mainly addresses the impact of the switching
function for low switching frequency (e.g., 9f1). Furthermore, the frequency
coupling effect induced by other parts such as the control loop and power loop has

not been fully revealed.

The computation of the FCM model requires the detailed internal parameters of
the VSC and the precise switching function, which may not be attainable for
practical VSC equipment. Therefore, in [62][63], the determination of the
parameters of the FCM model using measurements has also been described. This
method does not require detailed internal parameters, which makes it a practical

method for commercial VSC equipment. The test can be conducted as shown in
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Figure 2-4, in which the ac supply imposes harmonics to the VSC, and the harmonic
impedance can be computed. The test results show that inverter-based PV behaves
as an impedance at harmonic frequencies. However, the main shortcoming of this
method is that this measurement-determined model does not provide analytical
justifications on the mechanism of the FCM model. Consequently, the model cannot
show all the harmonic characteristics of the VSC. For example, it cannot disclose
the contributions of each operating segment of the VSC, and as a result, the impacts

of the parameters of the VSC cannot be fully understood.
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Figure 2-4 FCM model determination using measurements

2.2.4 Norton Model of VSC (Wind Turbine) in IEC Report

In addition to the above methods, an IEC committee has also proposed the
determination of the harmonic model of VSC-based wind turbines. Previously, the
IEC committee suggested using measured harmonic current source models to
represent the VSC-based wind turbines [64]. This current source can be easily used
for harmonic power flow analysis. But the method has been reported to be
inaccurate [65] since the harmonic current emission of a wind turbine is affected
by the background harmonic voltage. A recent IEC report [65] has suggested a
Norton equivalent model to improve the accuracy. Model parameters need to be
measured. The main procedures for determining the model parameters using
measurements can be illustrated using Figure 2-5. First, conduct a measurement
when the wind turbine is connected to a standard source (no harmonics in the ac
supply system). Measuring the harmonic current and voltage of the wind turbine

gives the harmonic emission of the wind turbine. Second, conduct a measurement
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when the wind turbine is connected to the ac supply system with harmonics, and
the harmonic voltage and current of the wind turbine are measured. Third,
disconnect the wind turbine from the ac supply and immediately measure the
harmonic voltage. The harmonic emission from the VSC and the response of the
wind turbine to background harmonics can be obtained by combining these

measurements.

The main problem with this method is that the report does not provide technical
justifications why this method is reliable. As a result, there is no assurance that the
method will always work. Also, this method does not provide detailed insights into

the harmonic features of the wind turbine.
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Figure 2-5 Norton circuit model determination using measurements

2.3 Harmonic Modeling of the VSC

The typical two-level, three-phase VSC equipment shown in Figure 2-6 is often
used to derive the harmonic model of VSC equipment since this is the most
common type of VSC [2]. The control strategy of the VSC is also shown in the
figure where the active power and reactive power (P, Q) ejected into the system by
the VSC are maintained to specific values (Pref;, Orer) through the outer control loop
[66]. The constant power control of the VSC can be achieved by maintaining the
current at the point of common coupling (PCC), which is the inner control loop. PI

regulators are used for both the outer and inner loops. The current control is
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designed in the synchronously rotating dg frame. Thus, a PLL is used to track the
angle of the fundamental frequency voltage at the PCC, which will be used for
abcldg and dg/abc conversions. An LCL filter is connected at the front of the VSC
to attenuate the switching harmonics. A capacitor on the dc side of the VSC contains
the dc-link voltage. The system on the other side of the dc-link capacitor varies
depending on the type of VSC equipment, which can be a source that transfers dc

power to the VSC or can be a load that absorbs dc power from the VSC.

Ide
Ve PCC|y, Ry, L1 R, L Cu
»_@_:;_FM &>
Zs g Ve

P,Q

@ Igdg— calculation

Pref .
lgdref,
aé}»zp A5 O
Qref
Hi(s)
Q

Outer control

A

o o

(1)

Inner control

Figure 2-6 Structure of a typical two-level, three-phase VSC
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Figure 2-7 The flow of the derivation of the harmonic model for VSC
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According to the above analysis of the harmonic response of VSC, the flow of
the derivation of VSC’s harmonic model is shown in Figure 2-7. As one can see,
the flow of the derivation of the harmonic model can give a close-loop
representation of the harmonic response of the VSC, which can lead to an equation
that contains the harmonic voltage and current at the PCC. Solving this equation
can lead to the relationship between the harmonic voltage and current at the PCC,
which is the final harmonic model of the VSC. The detailed steps to establish the

harmonic model are summarized as below:

e The power system has harmonic voltage and current at the PCC (vgs, ign). The
harmonic voltage and current affect the modulation signal (m) through the control
loop. The spectrum components in the modulation signal (m1 and m;) and the
resulting switching function, as functions of vgs, ign, can be derived analytically.

e The low-order harmonic components in the dc-side current (Z4c4) can be computed
using the above switching function and the ac-side current of the converter (ic).
The harmonic components in the dc-link voltage (Vi) can be derived
analytically as well based on the dc-side current. The product of the
aforementioned switching function and dc-link voltage gives the voltage on the
ac side of the VSC (ven).

e Accordingly, one equation is established in which the voltage on the ac side of
the VSC (ver) can be represented as a function of the harmonic voltage and current
at the PCC (ven, ign).

¢ Since the voltage on the ac side of the VSC relates to the harmonic voltage and
current at the PCC through the LCL filter, another equation can be established
relating the voltage on the ac side of the VSC, the current at the PCC, and the
voltage at the PCC.

e The above two sets of equations can lead to an equation that contains the
harmonic voltage and current at the PCC, i.e., f{van, igrn)=0. Solving this equation

results in the harmonic model of the VSC.
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2.3.1 Modeling the Impact of the Control Loop

In the steady-state, the voltage and current at the PCC of a balanced three-phase
system that contains positive-sequence and negative-sequence harmonics can be

expressed as

= Vg COS(yt +06, )+z bt

i, =1, cos(mi+3,)+ Z i COS(@, T+0,,. )+ Zl 5 cos(@, t+6,, )

cos(@, 1 +6,,.)+ ZV cos(w, t+6,, ) 2.2)

and phase-B and phase-C voltages and currents are a 120° shift from phase-A
voltage and current. In (2.2), “1” represents the components relating to the
fundamental frequency, @ is the angle of voltage, J is the angle of current,  is the
angular frequency, and “A+” and “A-" stand for positive-sequence and negative-
sequence harmonic order. The zero-sequence harmonic is zero in the dg frame, so
there is no need to include this type of harmonic in the analysis of the control loop.
The control is designed in the synchronously rotating dg frame, and the d-axis
voltage is aligned with the space vector of voltage; thus, voltage and current are

converted into dg frame as follows:

[V]dq = T[V]abc

(2.3)
[I]dq - T[I]abc

where

0 0
T cols(a)lt +6,) co‘s(a)lt +6,,—-120 0) co‘s(a)lt +6,,+120 0) 2.4)
—sin(wf+6,,) -sin(of+6, —-120") —sin(of+6,,+1207)
The transformation in (2.4) is obtained by the phase-lock loop (PLL) in Figure
2-6. Because we focused on the steady-state harmonic analysis and the bandwidth

of the PLL is generally very low (e.g., 100Hz), the steady-state harmonic
components do not affect the PLL [2]. Substituting (2.2) to (2.3) leads to

Z i COS(@,, 1+ 0, —wt—0,)+ Z o Cos(w, t+0, +wt+0,)
z i SIN@, 1 +0, —of—0,)— Z Vg sin(@, t+6,, +ot+6,)

(2.5)
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iy =1, c08(6,, —6,)+ Z‘Igh+ cos(@,,t+06,,, —ot—0,)
+ Z[gh— cos(w, t+6,, +wot+6,) 2.6)
iy, =1, sin(5,, —0,)+> 1, sin(w,1+5,, —ot—0,)

> 1, sin(w, 1+, +w+6,)

To represent the outer control loop in Figure 2-6, the active power and reactive
power for the outer control loop are computed based on the voltage and current in

(2.5) and (2.6). The results are shown as (2.7) and (2.8)

3. . :
P= B Vgalga +Veglyy) =

Vol g €08(5,, —0,,) + Z Vorid g €08(0,,.. =0,

+z VA g c0s(0,, =0, )+V,, Z[ s COS(@,, 1 +0,, —wt—0,)
+Vg1 Zlgh_ cos(w, t+ 5gh_ + ot + Hgl) + Ig1 Z Vgh+ cos(w,,t + th+ -t — 5g1)

3
5 +1, Z Vg cos(@, t+6,, +awt+5,)+ z Vel gu cOS(0, 1+ 6, —00, 1 =F,)
x,yeh+
+ 21 Volgcos(ot+0, —ot-0o,)+ }Z h Volg cos(ot+0, +ot+0,,)
x,yeh— xeh+,yeh—
+ Z Vol cos(ot+6, +ot+6,,)
meh—,neh+

2.7)

3 . .

0= E (_ng log T nglgd)

Vol sin@@, = 8,)+ > Vo A, sin(0,, —S,.)+ D Vy 1y, sin(0, -5, )
)+ VD 1, sin(of+0, +w, 1+5,.)

+V, Zlgh+ sin(wt +6,, —®,,t -9
+z Vil g sin(@, 1 +6,, —ot=5,,)— Z Vg Ay sin(w, t+6, +of+d,)

gh+

3 : .
==+ Z Vel g sin(@t+6, —wt-56,)+ Z Vol sin(ot+6, —wt-95,)
2 x,yeh+ X,yeh—
+ Z Vol sin(ot+6, +ot+5,)
xeh+,yeh—
- hz h Vol sin(oi+6, +ot+d,)
xeh—,yseh+

2.8)

The active power and reactive power are fed into the outer control loop and yield

a reference current of
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1, = H,(s)(P, —P)

2.9)
1,,=H/(s)O,—-0)

Substituting (2.7) and (2.8) to (2.9) can lead to the reference current for the inner
current control loop. The three types of power in the active power and reactive
power are: 1) fundamental frequency power determined only by the fundamental
frequency voltage and current; 2) harmonic power determined only by the voltage
and current of the same harmonic order; 3) interaction power determined by the
voltage and current of different frequencies. Among these three types of powers,
fundamental frequency power and harmonic power are dc quantities. The difference
between these dc quantities and the Prrand Q. through the PI regulator leads to
the dc components in the reference current. These components are only related to
the fundamental current in the abc frame. As a result, only the ac components
(interaction power) in P and Q can lead to harmonics in the reference currents. The

expressions are given in (2.10) and (2.11)

3

I ~Z Hi(5)x

dref _harmonic ~

Ve Zlg,H cos(w,,t+6,,, —ot—0,)+V,, Zlghf cos(w, t+6, +wt+0,)
-‘r]gl Z Vgh+ cos(w, .t + 9gh+ -t — 5g1) + Ig1 Z Vgh_ cos(w, t+ th_ + ot + 5g1)
+ Z Vol cos(ot+0, —ot—5,)+ Z Vol cos(ot+6, —ot-35,)

gx gy g gy
X,yeh+,x#y x,yeh—,x#y

+ Z Vol, cos(ot+0, +ot+d,)+ Z Vol cos(ot+6, +wi+d,,)

axT gy &gy
xeh+,yeh— xeh—,yeh+
(2.10)
3
Iqrefiharmonic == E Hl (S) x
VoD Ly, sin(@f + 6, — @, t =8, ) +V, D 1, sin(wt+60, +w, 1+, )
D Vol sin(@,,t+6,,, —ot=35,)- >V, I sin(w, 1+6, +wt+3,)
+ Z Vol sin(@t+6, —ot-3o,)+ Z Vol sin(@t+6, —ot-0,,)
x,yeh+ x,yeh—
+ D Vol sinet+0, +ot+5,)- >, VI sin(@t+0, +o1+6,)
xeh+,yeh— xeh—,yeh+ F

(2.11)
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where lower subscript “F” represents the frequency domain. Accordingly, the

output signal of the inner control loop can be written as

=H,(s)(H, (s)[ldrcff'iharmonic
=H,(s)(H,(s)[{,

qref _harmonic

_]dh]_a)l(l‘l +L2)Iqh)
—1,1+o(L +L)I,)

Z/la? __harmonic

(2.12)

u

q _harmonic
Converting the above dg voltage back to the abc frame leads to

%

ta _harmonic

=Hd(s—ja),)(—H2(s—ja)])I

sah+

_HZ(S_ja)l)Igahf +jo (L + L)1

_ja)l (L] +Lz)[

gah+

gah—

Ve Z L, COS(®,, 1 +0,,, =20t -20,))
+Vg1 Zlgah— cos(w, t+ 5gh_ +2mt + 29g1)

DV aane + 1y DV an
3 . :
—EHI(S—]a)l)Hz(S—]a)I) + > VI, cos(t+6, —at-05,+wt+0,)

& 8y

x,yeh+,x#y

+ Z Vol cos(wt+6, —ot-0, -ot-0,)
X,yeh—,x#y

+ z Vlg cos(ot+0, +ot+6, +ot+0,)
xeh+,yeh—

+ Z Volgcos(wt+6, +ot+6, —ot-0,)
xeh—,yeh+ F

(2.13)

and the phase-B and phase-C voltages can be given similarly. Since we consider a
balanced system, only phase-A is discussed. It has to be noted that the harmonic
components in (2.13) that are introduced by the interaction between different
harmonics can be ignored due to the small magnitudes. The modulation signal is

related to the above voltage via the following equation
mah = ( N 2/3I/nom / VchO)utaiharmonic (2 14)

where Viom 1s the nominal line-line voltage, and Vo is the desired dc voltage.

29



2.3.2 Modeling the Impact of the Power Loop

The above analysis has shown that due to the existence of the harmonic
components in the ac-side voltage and current, there will also be harmonic
components in the modulation signal. The modulation signal of VSC can thus be

written as
m, =m, cos(ot+y,)+ Z m,, cos(w,.t+y,,)+ Z m, cos(w, t+y,) (2.15)

and the modulation signals for phases B and C have a 120-degree angle shift from
the voltage and current in (2.15). In (2.15), y is the angle of the modulation signal.
Similarly, the steady-state current on the ac side of the converter can be expressed

as
1, =1, cos(at+8,)+> 1, cos(w,t+3, )+ 1, cos(w,t+5,) (2.16)

and currents for phases B and C have a 120-degree angle shift from (2.16), and o
is the angle of the converter side current. The dc side current can be computed using
the switching function and the ac side current. The switching function, i.e., the
output signal of the PWM, can reproduce the modulation signal but it also
introduces additional high-frequency harmonics. The switching harmonics are
omitted here. The validation for doing this will be discussed in Section 2.4.

Accordingly, the current on the dc side of the converter can be written as

1,.(0) =m (O], () +m, (O], () +m (1. (1)

=%mllc, cos(y, —0,,)+ %Zlclmh+ cos(w,.t—at+y,. —9,)
3 3
+ 5 Z[clmhf cos(w, t+wt+y, +0.)+ 5 z mJl, cos(w, t+0o,, —wt—y,)

+§ Z milcjcos(a)it—a)jt+yi—5cj)+§ Z ml  cos(wt+wit+y,+9,)

i,jeh+ ich—,jeh+

3 3
+ 5 Z ml, cos(w, t+0, +wt+y)+—= Z ml  cos(wt+y,+wit+0,)

ich+,jeh—

+i Z ml,; cos(wt+y,—wt—05,)

ieh—,jeh—

(2.17)
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In (2.17), the harmonic components in the dc-side current that are introduced by
the interaction between two different harmonics can be omitted due to the small
magnitude. Note that the dc components in the dc-side current will pass to the other
side of the dc-link capacitor while the harmonic components in the dc-side current
can pass through the dc-link capacitor, leading to the voltage on the dc-link

capacitor as

1 t
Vo6)=——[ 1, (0)dt +V,.(0)
Cdc 0

3 T

= +— 1 cos(mw, .t —wt+ —5 -
dc0 2Cdc(a)h+_a)l)z My Cos(@,, T Ve —Ou 2)
3 V4
+— I .m cos(mw, t+ w it + +5 - 218
2Cdc(a)h+wl)z ;. cos(@,_ T V- T O 2) ( )
3 V4
+————> ml, cos(w, t+0, —ot—y ——
2Cdc(a)h+_a)1)z Ay cOS(@, che —OL =Y 2)
3

T
t——-— > ml, cos(w, t+35, +wt+y ——
2Cdc(a)h+w1)z ;- cos(@, eh- {Unavd 2)

The above equation is obtained by assuming all harmonic components in the dc-
side current pass through the dc-link capacitor. However, in practice, the other side
of the dc-link may consist of a dc source or load, and the associated equivalent
impedance is Zjqa(h+1) (the impedance feature will be further justified in Section
2.4). Under such a condition, all harmonic components in (2.18) need to be
multiplied by a coefficient of Ziai(h£1)/(Zivaa(hx1)+Zcac(h£1)). To simplify the
illustration, this coefficient is not included in the following derivations, but it can
be easily included when Zioad(h+1) exists. The voltage in (2.18) is related to the ac-

side voltage through the switching process, and the expression is given as
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Vi = {ma OV, (t)}h

= {Z:mh+ cos(w,, t+a,,)+ z m,_cos(w, t+a, ) } Vio/N2/31V,,.
3P,

4I/nimc (a)th — o )
3P

nom

T C, (0, —o

3P Ve
om ml m, cos(w, t+2mwt+a, +a,+0.,——)|
4V2 C (C()h_'i‘a)l)z 17c1""h h 1 h 1 1 2 4

3P V2
+ o ml . m, cos(w, t+a, —a,+0,——
4I/rilmcdc(a)h—+a)l)z Hetp- ( h— h— 1 1 2)|5
3P ) T (2.19)
_— m1I, cos(w, t+0, ——
4V2 C, (f%—wl)z 1 Len (@, h 2)|6

3P 5 V4
Hon m1,. cos(w,.t—2mt-2a,+7,
4V2 C (a)hJr _ a)l) Z 1 *ch+ ( h+ ch+ 2) |7

3P 5 V4
Hom m-l, cos(w, t+J6, +2wt+2a, ——
4V2 C (a)h +a))z 1 “ch— ( h— ch— 1 1 2)|8

nom

T
Z md m,, cos(w, t+a, +a, =0, - 5) l»

Vs
z mJl m,, cos(w, t-2ot+a,, —o, -0, — E) A

T
Foom m cos(w, t+0, ——
4V2 C (a)h +a)1 z 1 h ( h— 2)|9

nom

where Pyom 1s the nominal power, and | is used to mark the number of terms (x=1~9),
which can be used to identify the terms that impact the power loop. The voltage and
current in (2.19) have been converted to per unit values to be consistent with the
variables used in the above derivation of the control loop. The first term in (2.19)
describes the relationship between the ac-side voltage of the VSC and the
modulation signal when the impact of the dc-link capacitor is not included (i.e., an
infinite capacitance). The rest of the terms in (2.19) indicate the impact of the dc-
link capacitor. Equation (2.19) shows that a smaller dc-link capacitance will have a
more noticeable impact on low-order harmonics. Equation (2.19) can be illustrated
using Figure 2-8, where the red paths specify the impacts of the power loop. The
dc-link capacitor has two main impacts. The first is that it makes the harmonic
components in the ac-side voltage of the VSC deviate from those in the output
signal of the inner current control (\3V,,m, /N2V,, , i.e., the first term of (2.19)).
When the impact of the dc-link capacitor is not considered, the harmonic

components in the modulation signal will be the same as those in the ac-side voltage
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(black path in Figure 2-8). An additional linear relationship between the modulation
signal and the ac-side voltage (the 2nd~5th terms of (2.19)) will be introduced with
the power loop. The second impact of the power loop is that it introduces an
additional capacitive impedance (the 6"~9'" terms of (2.19)). This capacitive
impedance appears because the capacitor will be connected to the ac system when

the switches are on.

dc-link impact

m(h)

Jeh)

Te(h)

T
Impedance———
[

Figure 2-8 Illustration of the impact of the dc-link capacitor

2.3.3 Overall Harmonic Model of the VSC

The above analysis establishes the harmonic voltage on the ac side of the VSC
as a function of the voltage and current at the PCC. The harmonic components in
the voltage on the ac side of the converter can also be related to the harmonic
voltage and current at the PCC through the front-end LCL filter, which is given as

_ ZLI +ZCf — ZLIZLZ +ZLIZCf +ZLZZCf ]

cht ght ght
Z Z.

(2.20)

where Zr;, Zi> and Zcr represent the harmonic impedance of Li, Lz, and Cj,
respectively. Thus, combining (2.13), (2.14), (2.19), and (2.20) can lead to an
equation that represents the relationship between the steady-state phase voltage and

current at the PCC. This equation gives the harmonic model of phase A as follows:

33



ﬂvra3+ [+ + + 7 I a3+
. ‘ Z3,3 Z3,5 Z3,7 .g
Vga5+ 0 Z;:S Z;:7 .o 0 ]ga5+
Vga7+ - 0 0 Z7’7 .[ga7+ (221)
. 0 0 0 Z .
Vgah+ B Igah+
Vga3 _Z3_y3 0 0 0 T Iga3
Vgas ZS-,B ZS-,S O O IgaS
voE %z ze o 0 (2.22)
. 0 0 0 z. .
Vgahf_ B [gah—
where
7t = ZLI(ZL2+k2i)/ZCf +ZL1 +(ZL2+k2i)+klin(S'T'ja)O)'T'ja)O(Ll +Lz)k1¢
" 151, H,(s ¥ jo)H (s F jo)k,. +(Z,, +ZC/)/ZC,
(2.23)
z 1.5k, H,(s = joy) Hy (s — jo )V g’ % LA
"2 Sk H (s~ ja ) Hy(s — jo), +(Z,, + Z, 2, 2V, P Co (@, o)
(2.24)
S LSk H(sto)Hy(sHo)V e e/ — V2 m?
Y LSk, H (sHjo)H, (st +(Zy, +Ze ) Z, 2, P2 Co(, +)
(2.25)
3 . . — B3P, m1 20
Z+ . —ZH (s— io)H. (s — nom'""1” ¢l ej( 20—-y,—5,1) (226)
hh+d — 5 (s—Jjo)H,(s— 1)2\/*1/6160 V_C.(w, —o)
. 3 . . —j\B3P, mI A
7 B =—ZH(s+ io)H.(s+ CO nom” "1~ ¢l e.l(29+71+551) (227)
e 2 1( / 1) 2( / 1 2\/71/dc0 nom c(a)h—_'_a)l)
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3P JER-8a—2
=l VE e (2.28)
2\/§Cdc VchVnom (a)/1+ + CU] )

—-j3P, m}
.= JZ nom 1_ (229)
4C, V. (@, F o)

dc” nom

«BP (£ -04-2)
ki, mle 2 (2.30)

1
2\/5Cdc' VchViwm (a)h+ + Cl)] )

The above equations show that the VSC can be represented using a harmonically
coupled frequency-dependent impedance matrix. Chapter 3 will prove that the
degree of the coupling between different harmonics can be negligible so that the

model can be further simplified as (2.31).

Vess| Tz 0 0 .. o] e

VgaSi O ZSi:S O 0 ]gaSi

Al ol I U2 R U | 2.31)
, 0 0 0 z: | .
_Vgahi_ ) _Igahi_

The following are findings from the model in (2.31):

e The VSC does not impact the power system by injecting harmonic current like
conventional LCC equipment. Instead, the VSC only responds to the external
harmonics by behaving as a frequency-dependent and fundamental frequency
operating point-dependent impedance.

e The VSC’s impedances at the positive-sequence and negative-sequence
harmonics are different.

e The model is not affected by the distortion levels experienced by the VSC (i.e.,
ven), which means that it is a linear model and can be easily integrated into
existing noniterative harmonic power flow tools.

e The computation of the proposed model requires the internal information of the

VSC, which includes the filter parameters, control transfer functions,
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fundamental frequency components. This also means the proposed model can be

determined at an operating point before it is connected to an ac system.

Since the proposed impedance model is dependent on the fundamental
frequency operating point, the fundamental frequency power flow analysis is first
required to obtain the fundamental frequency voltage and current to compute the
model parameters. Then the harmonic model of the VSC can be computed.
Although the above model is derived based on a specific control scheme in Figure
2-6, it is possible to derive the model of the VSC with different configurations and
control schemes using the same method. Developing an analytical generalized
harmonic model of the VSC is challenging since the control strategy of the VSC
could be diversified. In practice, it is crucial to find the harmonic nature of the VSC.
For example, if the VSC can be proved to be an impedance under harmonic
frequencies, the measurement-based method can be used to obtain the model

regardless of the complexity of the control schemes.

2.4 Impact of the PWM on the Developed Model

In previous derivations of the harmonic model of the VSC, the PWM is assumed
to be ideal. This is only valid when two criteria are satisfied: 1) the modulated
output signal of the PWM can reproduce the modulation waveform perfectly; 2) the
PWM does not introduce additional harmonics that overlap with low-order
harmonics in the modulation signal. In the following, these two aspects are

analyzed.

2.4.1 Reproduction of the Modulation Signal

Reproducing the modulation signal for the PWM is always justified if the
switching frequency of the carrier signal is much higher than the frequency of the
modulation signal. However, harmonic power flow study requires computing the
harmonic distortions for harmonic power flow studies for up to the 29th harmonic.
On the other hand, in many high-power VSC equipment, the switching frequency

can be low (e.g., a switching frequency of 2 kHz is close to the 33™ harmonic).
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Therefore, it is necessary to investigate how the switching frequency of the PWM

affects the reproduction of the modulation signal.

To investigate how the PWM switching frequency impacts the harmonic
components in the modulation signal, a bipolar double-edge PWM with a triangle
carrier was analyzed numerically [23]. In this study, the modulation signal consisted
of the fundamental frequency signal and a 10% harmonic. Figure 2.8 shows the
results of the harmonics in the output signal of a PWM with different switching
frequencies. The PWM is based on the widely used asymmetrical sampling
technique [67]. Based on the results of Figure 2-9 and using a 5% difference as the
threshold, we can conclude that if the switching frequency is 2 kHz, the proposed
model is reasonably accurate for up to the 13" harmonic. If the switching frequency
is 3 kHz, the proposed model is reasonably accurate for up to the 23™ harmonic. If
the switching frequency is 4 kHz, the proposed model is reasonably accurate for up

to the 29™ harmonic.

150

T T
I Results of 2kHz PWM [ JResults of 4kHz PWM = = =95% of the input
I Results of 3kHz PWM = = =105% of the input

100 Lglim 1 ) b

50 H B

The output harmonic
(% of the input)

3 5 7 9 1M 13 15 17 19 21 23 256 27 29
Harmonic order

Figure 2-9 Results of the output harmonics for PWM with asymmetrical sampling

technique

The above conclusions were obtained by assuming that the control loop (i.e., the
modulation signal) always has a considerable impact on the impedance, that is, the
modulation signal always contains considerable harmonics regardless of the
harmonic frequencies. However, in practice, the high-frequency harmonics in the
modulation signal can be very limited due to the control loop's limited bandwidth.

Under such conditions, the PWM's reproduction limit does not affect impedances
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at these harmonics. The impact of the control loop on the harmonic impedance of
the VSC can be determined by comparing the calculated impedance using the
proposed model and the calculated impedance without the impact of the control
loop (m»=0). By applying a threshold of 5%, the range of harmonics for which the

control loop has negligible impacts on the harmonic impedance can be obtained.

According to the above analyses, the applicable harmonics for the proposed
model need to be determined by combining the impact of the switching frequency
of the PWM and the impact of the control loop on the harmonic impedance of the
VSC. As analyzed previously, for a specific switching frequency, the proposed
model is only reasonably accurate for harmonics up to Aiimic pwm. However, if the
control loop makes a negligible contribution to the harmonic impedance for
hiimiz wm and higher harmonics, the applicable harmonics for the proposed model
can be extended. The process to determine applicable harmonics for the proposed

model is summarized as:

1) Determine the highest harmonic for which a PWM has input/output error within

+5% (hiimic_Pwir)

2) Plot the impedances of the VSC with and without the control loop (m,=0). Find
the range of harmonics, for which the control has a contribution less than +5%

(h limitﬁcontrol)

3) Compare the hlimit_PWM and hlimit_control- If the hlimit_PWM > hlimit_control, the pl‘OPOSGd
model is reasonably accurate for all harmonics. If the Auimic Pwar > hiimic_control, the
proposed model is valid for (0, Aimic pwar) and (Biimic connrol, ) (€xcept in the case of

switching harmonics).

2.4.2 Additional Harmonics Introduced by the PWM

In addition to its impacts on the reproduction capability of the modulation signal,
the PWM may also introduce additional low-order harmonics when the modulation
signal contains harmonic components. When the modulation signal contains
harmonic components, the harmonics associated with the PWM can also be given

based on the double Fourier series method [23]. According to this method, when
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there is a harmonic w; in the modulation signal, the switching harmonics will have
harmonics w;, wA2w1, w-~wptw1 (only the lowest switching harmonics are
considered). With this understanding, and according to the mathematical
derivations in Section 2.2, the harmonics in different voltages and currents can be
illustrated using Figure 2-10. One can see from Figure 2-10 that, in addition to the
original harmonics in the connected grid (ws), there are additional harmonics of
0OE2m1, OA201E017Wh, O~0rEo1, and o-~oito), appearing on the ac side of the
VSC. Other harmonics may also exist but are much smaller. When the switching
frequency is a multiple of three times the fundamental frequency (21wi, for
example), these harmonics might overlap with the other low-order harmonics.
However, the bandwidth of the current control loop must be much lower than the
switching frequency, and as a result, ws<<w. [2], which means the above-
mentioned harmonics are close to the switching frequency, and thus can be
significantly attenuated by the front-end passive filter. Furthermore, if the switching
frequency is not a multiple of the fundamental frequency, all the above harmonics
are interharmonics that do not overlap with other low-order harmonics. Although
only cases with one harmonic in the system are analyzed, the above theory can be
adopted when multiple harmonics exist. In summary, the harmonics associated with

the PWM are not a concern for low-order harmonic studies.
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\ 4

Control

AC current/voltage MOdulaSﬁH signal
h —
wct+2e * PWM
w2 enEantamn Switching signal
We-whEm1 Wh
We-0ntmDh W21
We-ntm1
v
AC current
| h

DC current/voltage
wrtm
wcE2enton
wet2eten
wWC-wh
We-WhE1+EWhR

Figure 2-10 Harmonic information in VSC considering switching harmonics
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2.5 Technical Discussions of the Proposed Harmonic model

This section examines technical discussions of the proposed harmonic model,
including the applicable VSC equipment for the proposed model for VSC

equipment and the characteristics of the converter impedance.

2.5.1 Applicable VSC Equipment for the Proposed Model

The above-proposed harmonic model of the three-phase VSC is established with
the assumption that the dc system connected to the dc-link of the VSC can be
represented as an equivalent impedance (Z«¢) at harmonic frequencies. Therefore,
the proposed model can only be suitable for VSC equipment that satisfies this
criterion. For equipment such as the Photovoltaic (PV) system and the VSC-based
dc motor, the dc system can surely be modeled as an impedance [76], so the model
can be applied for such equipment. On the other hand, for equipment such as
Permanent Magnetic Synchronous Generator (PMSG) and VSC-based Variable
Frequency Drive (VFD), another VSC is connected to the dc-link capacitor (i.e.,
back-to-back VSCs), as shown in Figure 2-11. It needs to be proved that the other
VSC can be modeled as an impedance seen from the dc-link, i.e., Vaen/licn is an

impedance.

VSC Vicn| '@ —— VSC

| Equivalent dc circuit

Figure 2-11 The equivalent circuit of a VSC seen from the dc-link capacitor

The basic strategy to demonstrate the impedance nature of the VSC seen from
the dc-link capacitor is to assume a harmonic voltage on the dc-link capacitor (Vacs).
Then, based on the analytical representations of the control loop and power loop,

the corresponding harmonic current (/sx) can be derived. By checking the
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relationship between the I, and Vaen, the impedance feature can be verified.

Suppose there is a harmonic voltage on the dc-link that will induce a harmonic
voltage on the ac side of the VSC. Note that the (4-1)-th harmonic on the dc side of
the VSC corresponds to the /-th harmonic on the ac side of the VSC (here we only
discuss positive-sequence harmonics, although negative-sequence harmonics can
be addressed the same way), so the dc-link voltage and ac voltage of the VSC can

be written as
Vie =Vieo 7V cOS(@, 1L+ @,.,) (2.32)
V,=V,cos(wt+6)+V,, cos(w,t+6,) (2.33)

The harmonic voltage on the ac side of the VSC will introduce a harmonic

current on the ac side of the VSC, which can be expressed as
I =1 cos(wt+0,)+1,cos(wt+93,) (2.34)

And the harmonic voltage and current on the ac side of the VSC have the

following frequency-domain relationship

7 =it (2.35)

where Z; represents the harmonic impedance on the ac side of the other VSC (e.g.,
a generator in PMSG and the motor in a VFD). According to the analysis of the

control loop, the modulation signal can also be written as
m, =m, cos(at +a,)+m, cos(w,t +a,) (2.36)

It has been demonstrated that the harmonic components in the modulation signal
are proportional to the harmonic components in the ac side current in the frequency

domain, which can be expressed as
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Z _ mh

control ~ e

1/1

(2.37)

According to the power loop analysis, the dc-side current can be written as

1,

(g

=md,+md, +m.l,
3 3 (2.38)
=1,,+ Emllah cos(w,t+96, —ot +a,)+ Emhlal cos(wt+a, —wt+0,)

So, the harmonic components in (2.38) represent the dc current’s response (Zsch)
to the harmonic components in the dc-link voltage. Combining the above equations,

the harmonic voltage and current on the dc side have the following relationship

7 = Viein . Vaeinny cos(@, L+ ¢,,)

load — 3 3
Laeorn 5 m , cos(w,t+95, —ot+a,)+ 5 m, 1, cos(w,t+a, —wt+9,)

V., cos(wt+06,)-V,m, cos(wt+a,) (N2/3V, )

3 3
5 ml, cos(w,t+95, —wt+a,)+ 5 m, 1, cos(w,t+a, —wt+0,)

(2.39)
And the above equation can be expressed in the frequency domain as
7 _ Vdc(h—l) — I/ah_ I/chZcontrol Iah
load . . .
[dc(h—l) é ml Iah ejal + é Ial Iah Zcontrolej§1
2 2 (2.40)

— Zs — I/chZcontrol /( N 2 / 3I/nam)

;mlejml + ;IalZ

controlej(gl

The above result shows that the VSC seen from the dc-link capacitor exhibits an
impedance nature, so for the PMSG and VSC-VFD, the assumption that the dc
system can always be regarded as an equivalent impedance is reasonable. Note that
the assumption of an equivalent impedance for the VSC seen from the dc-link
capacitor is only valid when the ac side of this VSC is not connected to the grid.

When the other VSC is also connected to the grid, which means the ac side of the
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other VSC contains harmonic sources, the impedance nature of the VSC seen from
the dc-link capacitor is not valid. The equipment containing back-to-back VSCs
exposed to grid harmonics will be studied in Chapter 5 (DFIG) and Chapter 6
(VSC-HVDCO).

2.5.2 Characteristics of Converter Impedance

The above-developed harmonic impedance of the VSC is obtained at the PCC,
which comprises the front-end passive filter and the converter. The main interest
for the developed VSC model is the converter impedance since the impedance of
the front-end passive filter can be easily established. In particular, the concern is
whether the converter seen from its ac side is an impedance that is independent of
the front-end passive filter. Answers to this question can determine whether the
converter impedance can be independently obtained or whether the converter and
front-end passive filter should take as a whole to determine the impedance. To test
the above problem, we assume that the converter acts as an independent impedance,
and the overall VSC can thus be represented using the equivalent circuit in Figure

2-12. According to this circuit, the following equation can be established as

(Zconv + ZLZ )ZCf

+7Z,, +Zc,,

Z

+Zy, (2.40)

vsc = Z
where Zysc is the overall impedance of the VSC given in (2.23), and Zcony 1s the
converter impedance. Figure 2-13 shows an exemplary result of the overall
impedance of the VSC and corresponding converter impedance as described in
(2.40). However, it is interesting to find that when the computed converter
impedance is submitted back to (2.40) to calculate the overall impedance of the
VSC, the new result of Zysc does not match well with the initial results, as shown
in Figure 2-13. This means the equivalent circuit in Figure 2-12 is not correct, and
the converter cannot be represented as an impedance that is independent of the
front-end passive filter. This is because the feedback current of the control is from
the PCC, and as a result, the harmonic voltage on the ac side of the converter is a

function of the harmonic current at the PCC, as shown in Figure 2-14 (a).
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Consequently, the converter is not an independent impedance. Therefore, the

converter and filter must be considered as a unit for the harmonic model

development of the VSC.
L2 VA
ZVSC ZVSC

Figure 2-12 The equivalent circuit of VSC by assuming the converter is an independent

impedance

(o]

—-==Computed converter impedance Zconv
= = ‘Computed overall impedance of VSC using Zconv
Computed overall impedance of VSC using the proposed model

[&)]
T

N
T

Impedance (pu)
N w
T T

Harmonic order

Figure 2-13 Calculated converter impedance and corresponding VSC impedance

However, it is noteworthy that different control schemes may lead to different
characteristics of the converter impedance. For example, suppose the feedback
current is from the ac side of the converter (or the front-end filter is only an inductor,
which makes the current in the PCC the same as the current on the ac side of the
converter). In that case, the harmonic voltage on the ac side of the converter will be
a function of the harmonic current on the ac side of the converter, as shown in
Figure 2-14 (b). Therefore, the converter can be a harmonic impedance independent
of the front-end passive filter. As a result, the equivalent circuit in Figure 2-12 might
be applicable. To summarize the above analysis, to ensure the harmonic model can

always be correct for VSCs with different control schemes, the converter and the
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filter should be considered as a unit for VSC’s harmonic development.

mm
12 L1 I

Vh=ﬂ] h) T Cr <= /vsc

A e
Control |«
/vsc

(a) Grid-current controlled VSC and its equivalent circuit

Ih

L2 L1 I  +
712 /L1

= G
- -
ZVSC

(b) Converter-current controlled VSC and its equivalent circuit

Figure 2-14 Equivalent impedance of VSC with the different current control schemes

2.6 Summary

Based on the above analysis, the main findings and contributions of this chapter

can be summarized as follows:

e The response mechanism of the VSC to power system harmonics was
revealed. The impacts of both the control loop and power loop on the

harmonic model of the VSC were mathematically analyzed.

e A harmonic model of VSC that can be used for harmonic analysis was
developed. The result shows that the VSC can be represented by a coupled
frequency-domain impedance matrix at low-order harmonics. This model is

not affected by the distortion levels experienced by the VSC, so it is a linear
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model. The equations to compute the new model were established.

A comprehensive analysis of the impact of the PWM was presented in this
chapter. The research defined the range of the harmonics to which that the
proposed model can be applied. It also demonstrated that the interaction
between the harmonics on the modulation signal and switching harmonics

did not affect the proposed harmonic model.

The applicable VSC equipment for the proposed model were discussed. The
proposed model will be suitable for equipment containing only one VSC or
equipment containing back-to-back VSCs but only one VSC connected to
the grid. Typical examples of such VSC equipment include three-phase PV,
VSC-VFD, and PMSG. The research work also showed that the harmonic
model of VSC equipment would be developed by considering the converter

and the front-end passive filter to function as a single unit.
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Chapter 3
Modeling Voltage Source Converters for Power
System Harmonic Analysis: Model Verification and

Application

In this chapter, the proposed harmonic model of the voltage source converter (VSC)
in Chapter 2 will be verified and analyzed via time-domain simulations and lab
experiments. The correctness of the proposed model will be verified through time-
domain simulations, and the frequency-dependent impedance nature of the VSC
model be validated using lab experiments. Practical considerations, including the
relative contribution of different operating segments of the VSC, the impact of the
power loop, the impact of the control loop, the strength of coupling effect, as well
as the measurement-based model determination, will be investigated to show the
characteristics of the proposed model. According to the model characteristics, a
practical procedure to construct the developed model will be proposed.
Furthermore, the application of the proposed model for harmonic power flow

studies will be demonstrated via time-domain simulations.

This chapter is organized as follows: Section 3.1 shows the verification of the
proposed harmonic model of VSC via time-domain simulations and lab
experiments. In Section 3.2, some practical considerations for the developed model
are investigated. Section 3.3 presents a practical approach to constructing the
developed model. The verification of the effectiveness of the proposed model for
the harmonic power flow studies is presented in Section 3.4. Section 3.5 contains

the chapter summary.
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3.1 Verification of the Proposed Model Via Time-domain

Simulations and Lab experiments

The proposed impedance model was verified using time-domain simulations,
and the frequency-dependent impedance nature of the VSC model was validated
using lab experiments. The simulations and experiments will be described in this

section.

3.1.1 Verification of the Proposed Model Via Time-domain Simulations

Figure 3.1 shows the system in which the proposed model was verified in
Simulink/MATLAB. The control of the VSC is the same as the control scheme in
Figure 2-6. The dc-link was a capacitor powered by a series connection of an ideal
dc source and a resistor (to mimic a dc source). Table 3.1 shows the design

parameters of the studied system, referring to the design method in [21].

Rde %} % 42% 12 L 75 Vs
Cde| Y [
Ve Ve 'aae i €t
ﬂ%‘ ﬁ% Ll Vi Th

Figure 3-1 Studied system for verifying the proposed harmonic model

Table 3-1 Source of data

Sswitch 3kHz Ly, Ry 2.5mL, 0.01 Q
Li, R 2.5mL, 0.01 Q Cy, Re 50uF, 1Q
H, k,=0.033, k=2.46 H, k,=0.3467, k=517
Vs 380V Rating 20kW
Vie 760V Rac 100Q2

In power systems, odd harmonics constitute a significant concern. Thus, only
these harmonics were investigated, and a set of positive-sequence and negative-
sequence odd harmonics up to the 29™ order were added in the ac source in Figure

3-1 to conduct the simulations. For the simulation, the voltage and current at the
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PCC were measured, and a fast Fourier transform (FFT) was conducted to obtain
the harmonic voltage and current (¥ and I, in Figure 3-1), which were used to
compute the harmonic impedance (V3/I;). The simulated harmonic impedance of
the VSC was compared with the calculated impedance using (2.23) in Figure 3-2.
Figure 3-2 shows that the calculated harmonic impedance using the proposed model
matched well with the simulated harmonic impedance. This verifies the correctness
of the proposed model. Also, the positive-sequence impedance differed from the
negative-sequence impedance. Thus, the positive-sequence and negative-sequence
impedances had to be used separately for harmonic power flow studies. In the
simulations, IHD for different harmonics in the ac source was increased up to 20%,

and the same results were obtained, which means the model was linear.

Posifive—sequence .
r —— Impedance calculated using proposed model

A |mpedance obtained through time-domain simulation

[«

Impedance (pu)

O 1 | | 1 |
Nega{ive—sequence ‘ ‘ ‘ ‘

6 —— Impedance calculated using proposed model
A |mpedance obtained through time-domain simulation

Impedance (pu)

0 | | 1 | 1

5 10 15 20 25
Harmonic order

Figure 3-2 Comparison between the phase-A harmonic impedances calculated using the

proposed model and impedances using time-domain simulations

3.1.2 Verification of the Proposed Model Via Lab Experiments

The main finding of this work is that the VSC can be modeled as a frequency-
dependent impedance at a specific harmonic. In this section, this impedance feature
was verified by lab experiments in a 2kW VSC with the same control configurations
as shown in Figure 2-6. The internal parameters were unknown and thus are

represented by a black box seen from the grid side. The lab experiments were set

49



up following the schematical diagram in Figure 3-3 (a). There were two types of
setups: 1) the dc-link was supplied by an ideal dc voltage source (300V), 2) the dc-
link was a capacitor (80uF) powered by a series connection of an ideal dc voltage
source (300V), and a resistor (30Q2). The first setup could be used to measure the
harmonic impedance of the VSC with an infinite dc-link capacitor, while the second
setup was to show the impact of the dc-link capacitor. The VSC inverter is operated
at its nominal power, i.e., 2kW. The physical experimental setups are presented in
Figure 3-3 (b).

In the lab experiments, multiple harmonics, including the 5%, 7% and 11"
harmonics of different IHDs (2%, 5%, 10%) were added to the voltage source of
the ac supply. The FFT algorithm was applied to the voltage and current waveforms
measured at the PCC of the VSC. The exemplary waveforms of the voltage and

current when the ac source contained 5% of the 5", 7" and 11™

harmonics for setup
1 and setup 2 are shown in Figure 3-4. The FFT results of the voltage and current
were used to compute the harmonic impedances. Table 3-1 shows the experimental
impedance results for all of the investigated cases. The results revealed the

following key information:

e The impedance at one harmonic was almost constant regardless of the
background harmonic distortion levels. This finding confirms that the VSC
equipment can indeed be modeled as an impedance at each harmonic frequency
for a specific operating point. The coupling effect was negligible since the results
were not affected when multiple harmonics were added.

e The impedance for the VSC with a dc-link capacitance of 80uF was different
from the impedance of the VSC with a constant dc source, verifying the impact
of the dc-link capacitor. The differences were not significant for the 5™ and 11™

harmonic impedance, while the difference was more obvious for the 7" harmonic

impedance.
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(b) Experimental setup for VSC impedance measurement
Figure 3-3 Experimental test of the harmonic impedance of a VSC
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(a) experimental waveforms for setup1
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(b) experimental waveforms for setup2

Figure 3-4 Recorded experimental waveforms of phase-A voltage and current at the PCC

of VSC when 5% of the 5", 7% and 11" harmonics were added

Table 3-2 Measured phase-A impedance of a 2kW VSC under different background

harmonics

[HD  5® 70 e

Single harmonic 5%  27.77Q 21.14Q 14.41Q

10% 27.35Q 21.51Q 14.44Q

Setupl i ltiple harmonic 5% 27.45Q  21.05Q0 14710
10% 27.73Q 21.26Q 14.85Q

Single harmonic 5%  28.10Q2 23.46Q 14.64Q

10% 28.71Q 23.10Q 14.72Q

SeWp2 N ltiple harmonic 5%  28.620 23510 15.06Q
10% 28.11Q 24.11Q 15.10Q

3.2 Practical Considerations and Simplifications

This section includes the analysis of the relative contribution of different VSC

operating segments, the impact of the power loop, the impact of the control loop,

the strength of the coupling, as well as the measurement-based approach are

analyzed.
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3.2.1 Relative Contribution of VSC Operating Segments

A VSC harmonic model consists of the contributions from three operating
segments of the VSC equipment: (1) the front-end passive filter, (2) the control loop,
and (3) the power loop. It is helpful to understand the relative impact of these
segments to facilitate model construction. In Figure 3-5, the computed impedance
using the proposed model of the system in Figure 3-1 (dc-link capacitance is 20uF)
is compared with the computed impedance without the impact of the power loop
(i.e., an infinite dc-link capacitance), the computed impedance without the impact
of control (m;=0), and the filter impedance (i.e., both the control loop and power
loop are omitted). The results show that the filter impedance contributes most to
the VSC impedance, while the control loop and the power loop also have noticeable
impacts. Therefore, it is suggested to include all operating segments of the VSC to
obtain an accurate impedance. The impacts of the dc-link capacitor and control loop
are only obvious for relatively low-order harmonics. The control only impacts the
impedance for harmonics lower than the 13" while the power loop only impacts the

harmonics lower than the 10™,

Full analytical impedance (developed model) |

= = =Analytical impedance with infinite dc capacitance
Analytical impedance without considering control

8r Filter impedance ]

10 -

Impedance (pu)

3 4 5 6 7 8 9 10 11 12 13
Harmonic order

Figure 3-5 Impact of each operating segment on harmonic impedance

The switching frequency of the VSC was set at 3kHz. According to the analysis
of the impact of the PWM, the PWM can only reasonably reproduce the harmonic
components in the modulation signal for up to the 23™ harmonics. But as shown in
Figure 3-5, the control loop did not have any impact on the impedance of the VSC

for the 13™ or higher harmonics. So as shown in Figure 3-2, the proposed model is
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accurate for all harmonics.

3.2.2 The Impact of the Dc-link Capacitor

The simulation results are compared with two types calculated results to show
the impact of the dc-link capacitor. The first calculated results are based on the
proposed model for different dc-link capacitances (S0uF, 100uF, 200uF). The
second calculated results are based on the proposed model but the impact of the dc-
link capacitor is not included (i.e., an infinite dc-link capacitance). The comparison
results are shown in Figure 3-6. As Figure 3-6 shows, the results using the proposed
model matched perfectly with the simulation results, while there were discrepancies
with the calculated results for the infinite dc-link capacitor. This demonstrates that
the power loop did affect the impedance of the VSC. Figure 3-6 also shows that the
impact of the dc-link capacitor became less noticeable, which is consistent with the
analytical model in (2.23). For comparisons, see Table 3-2, which shows the errors
between the computed 7" harmonic impedance with an infinite dc-link capacitor
and the simulation results. The error reached 12.86% for a dc-link capacitance of

50uF, and the difference declined to 3.2% when the dc-link capacitance was

increased to 200pF.
8l —— Impedance calculated using proposed model |
————— Impedance calculated using model with infinite dc capacitance
= A |Impedance obtained through time-domain simulation
26 ]
P J
[S]
c
3]
e
1)
Q.
E

Harmonic order

(a) Harmonic impedance for a dc-link capacitance of SOuF
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(b) Harmonic impedance for a dc-link capacitance of 100puF
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(c) Harmonic impedance for a dc-link capacitance of 200uF

Figure 3-6 Comparison between the calculated harmonic impedances and simulated

harmonic impedances for different dc-link capacitances

Table 3-3 Impact of the dc-link capacitance on the 7™ harmonic impedance of the VSC

under different dc-link capacitances

de-link Simulated Calculated impedance with Error
capacitance impedance Cye=© (%)
50pF 0.6276+0.9741i 0.6260 + 1.1482i 12.86%
100pF 0.6484+1.047i 0.6260 + 1.1482i 6.19%
200uF 0.663+1.08i 0.6260 + 1.1482i 3.2%

Although the above results show that the impact of the dc-link capacitor was not
very significant, this research has quantified and clarified the degree of impact of

the power loop on the VSC harmonic responses. The findings will enable users to
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confidently model VSC with or without the inclusion of the power loop.

To determine whether the impact of the dc-link capacitor can be omitted in a
VSC, a sensitivity study can be conducted before the harmonic impedance is given.
As mentioned previously, the dc-link capacitor mainly impacted two aspects: the
first was the variation of the control part effect represented by ki in (2.28), the
second was an additional impedance (series connected with L) represented by k>
in (2.29). With this understanding, the impact of the dc-link on this part can be
examined by comparing ki to 1, and k2/Z;> to 0. The analytical results of k1 and
k2/Z1> in the simulated VSC system with different dc-link capacitances are depicted
in Figure 3-7, where £ is closer to 1 and k2/Z;» is closer to 0 with a capacitance of
100uF compared with a capacitance of 20uF, which is consistent with the results in
Figure 3-6. Accordingly, a pre-calculation of k1 and k2/Z;> can be conducted first to
check the impact of the dc-link capacitance before computing the harmonic
impedance. Using a 5% difference as a threshold, if k1 is smaller than 1.05 and
k2/Z1> is smaller than 0.05, then the impact of the dc-link capacitor can be omitted.
And the criteria are given as follow
&

|k, —1|<5% <5% (3.1)

L

If (3.1) 1s satisfied, the power loop does not need to be included.

1.2 T T T T T
1F
2
2087 —— K1 for 20uF 1
2 el - - -k2/ZL2 for 20uF |
I k1 for 100uF
204l - - -K2/ZL2 for 100pF
£ N
A Y
02F '~ i
\\ \~--~
0 e T =T = = = m == teeea |

Harmonic order

Figure 3-7 Numerical assessment of the impact of the dc-link capacitor
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In practice, it is concerned whether the criteria in (3.1) are needed for a
commercial VSC since the dc-link capacitor is designed within a specific range.
The rating of the dc-link capacitor for a practical VSC can be given by the following
equation [21]

T AP,
o2 _—d— LMAX (3.2)
ZVdCOAI/ch

where, T4 is the delay caused by the voltage and current control, APraax is the
maximum known variation of the power on dc bus, Vi is the desired dc-link
voltage, and AVqco is the tolerable dc-link voltage variation. In addition, the rating
of the dc-link capacitor is also designed to guarantee desired load ride-through
capability. For the studied three-phase VSC (refer to parameters in Table 3-1), a dc-
link capacitor of 50uF is enough to meet (3.2). If the dc-link capacitor is selected
as 50uF, according to the results in Figure 3-6, the power loop must be included.
But a larger dc-link capacitor may be adopted to increase the ride-through capability
of the VSC. If the dc-link capacitor is selected to be larger than 200puF, the power
loop can be omitted. Therefore, the power loop may impact the harmonic

impedance of a practical VSC, and the criteria in (3.1) need to be checked.

3.2.3 The Impact of the Control Loop

The above analysis shows that the control loop has a considerable impact on the
VSC harmonic impedance. The control loop consists of the outer and inner control
loops. A further investigation was conducted to show the individual impact of the
outer and inner control loops. Figure 3.8 shows a comparison between the
impedance with the outer control loop and the impedance without the outer control
loop. The impact of the outer control loop is not obvious for most harmonics, so the
impact of the outer loop is not comparable with that of the inner loop. Yet, there are
large errors for harmonics near the peak point of the impedance curve. For example,
the impedance error reached 10% at the 11" harmonic. The reason was that the filter
contributed to the impedance. For the peak value of the impedance, the filter

experienced series resonance between L; and Cr. As a result, the filter’s contribution
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to the impedance was reduced, and the cascaded outer control loop and inner
control loop became more dominant in the overall impedance. Therefore, the outer
control loop cannot be ignored near the peak value of the impedance. Also, the
resonance impedance was affected by the damping of the filter, and the smaller
damping led to the filter having less significance. Figure 3-8 shows a comparison
between the different damping in the capacitor. The impedance error for the 111
harmonic increased to 27% when the resistance was reduced from 1Q to 0.5Q. In
summary, although the outer control loop is not as significant as the inner control
loop, it affects the impedance to some degree for some harmonics and needs to be

taken into account for better accuracy.
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Figure 3-8 Impact of the outer control loop

3.2.4 Strength of the Coupling Effect

The proposed impedance matrix showed that there were coupling effects
between different harmonics, which originated from the outer control loop and the
power loop. There are two types of coupling effects: the coupling between 4-th and
(h+2)-th harmonics and the coupling between 4-th and (4+4)-th harmonics. In both

time-domain simulations and lab experiments, multiple harmonics were added at
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the same time, but results remain almost the same. This meant the interaction
between different harmonics was very limited. To verify the analytical nondiagonal
impedance of the positive-sequence impedance matrix in (2.21) was compared with
the diagonal impedance with a dc-link capacitance of SOuF. The results are shown
in Figure 3-9, where the coupling impedance is almost negligible compared to the
diagonal impedance. The reason for this phenomenon is that both the outer control
loop and dc-link make fewer contributions compared with the filter and inner
current control that determine the diagonal impedance. Thus, the coupling effect

can be omitted in most cases, resulting in a simplified diagonal impedance matrix.

5 T ‘ .
—Impedance Zh,h
41 - = =Coupling impedance Zh,h+2
= Y A Coupling impedance Zh,h+4
o3
o
c
©
B2
Q.
E
1
I . - ' N
5 10 15 20 25

Harmonic order

Figure 3-9 Comparison between the diagonal components and nondiagonal impedance in

the impedance matrix

The results of time-domain simulations further support the above analysis.
Figure 3-10 shows the coupling effect when a negative 5™ harmonic or positive 7
harmonic is added in the ac system in Figure 3-10. The negative 5™ harmonic indeed
introduces a 7" harmonic, while the positive sequence 7™ harmonic introduces a 5"
harmonic, which matches the theoretical analysis in Section II. However, the
coupled voltage is almost negligible compared to the injected harmonics. Therefore,

the coupling effect can be omitted in this case.
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Figure 3-10 Coupling effect in simulations

3.2.5 Determination of Model Parameters Using Measurements

Computing the analytical harmonic model requires internal details of VSC
equipment. In practice, the manufacturers might be reluctant to provide the control
parameters or even the detailed control configurations. In such a situation, a
measurement-based method can be used to determine the model parameters. The
measurement-based method takes into account the finding that the VSC equipment
behaves essentially as impedances at the traditional low-order harmonic
frequencies at the operating points of interest. Thus, the impedance can be
determined by simply using Vi/l, at the connection point (PCC) of the VSC
equipment at the operating points of interest. The measurement method can be the
lab experiments as described in Section 3.1.2 or the field data after VSC equipment
is connected to a power system, taking advantage of the natural harmonic voltage
and current at the PCC of VSC equipment. Note that the field-data-based procedure
may require long-term monitoring of the harmonics since it needs abundant
harmonics observed at the PCC, and the fundamental frequency operating points of

the VSC equipment can change in a day.

3.3 An Overall Procedure to Construct the Harmonic Model

Based on the impact and data availability of the three operating segments of VSC
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equipment, the ideal procedure for constructing the harmonic model is:

e First, the harmonic model of the VSC must include the front-end passive filter
since the front-end passive filter has the most contributions to the harmonic
model of the VSC. In this model, the VSC impedance can be obtained by
assuming that the converter is a short circuit and the VSC is behaving as the front-
end filter. This approach, which is easiest to take, may lead to a large error for
some harmonics (e.g., the error can reach 32.5% for 7™ harmonic impedance for
the studied system with a 100uF dc-link capacitor).

e Second, the inner current control loop of the VSC is included to improve the
accuracy of the harmonic model. This requires knowing the H>(s) transfer
function in addition to the filter parameters. Including the inner current control
will make the VSC impedance model acceptable for many cases. For example,
the error of the 7™ harmonic impedance of the studied system is only 7%.

e Third, the outer control loop and the power loop can be included for further
refinement of the model. This step requires knowing more internal parameters of
the VSC equipment.

¢ If no data is available at all, a measurement-based approach explained in section
3.2.5 can be used to determine the VSC impedance model at operating points of

interest.

3.4 Application of the Proposed Model for Harmonic Power Flow
Studies

The main application of the proposed harmonic model of the VSC, i.e.,
integrating the proposed model into harmonic power flow studies, is investigated

in this section.

A 13-bus IEEE test system [68] was used to show the usefulness of the proposed
model for harmonic power flow studies in power systems containing VSC
equipment, as shown in Figure 3-11. In this system, there are two VSC-based loads

at bus 5 and bus 11 and one LCC-based load at bus 7. The harmonic distortion was
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computed using both time-domain simulations and analytical harmonic power flow.
For the time domain simulations, the system in Figure 3-11 was modeled in
Simulink/MATLAB. The VSC-based loads were modeled on the configuration of
the VSC in Figure 2-6. The parameters of the VSC loads are shown in Table 3-4.
The LCC-based load is a 6-pulse rectifier.

@ Q

4: GEN-1 1: UTILITY-69 —+—
2: 69-1
5: VSC load I @
3: MILL-1
) 12: FDRH
6: FDR F I - FDRG

7: RECT ] 10: T11 SEC

ASD 8: T3 SEC 11: VSClead 13: T7 SEC

Figure 3-11 An industrial system for harmonic power flow studies

Table 3-4 Parameters of VSC loads

Switch 2kHz Ly, R> 5mL, 0.02 Q
Li, R 5mL, 0.02 Q C, R, 100uF, 1Q
H k,=0.033, k=2.46 H, k,=0.693, k=1034
Vi 380V Rating 800kW

Taking advantage of the developed VSC model, a non-iterative harmonic power

flow is proposed with the following steps:

1) Conduct the fundamental frequency power flow in the power system by treating
LCC equipment and VSC equipment as constant power loads (PQ nodes). The
harmonic impedance of the VSC loads can be obtained using equations (2.23).

Accordingly, the matrix model of the VSC can be established as equations (2.31).
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2) The LCC rectifier is modeled as a harmonic current source (/7(H)). The nodal

harmonic current injection is expressed as /».s(H)=[0,0,0,0,0,0,/7(H),0,0,0,0,0];

3) The rest of the system is linear and can be modeled as a harmonically decoupled

admittance matrix as follows:

1, [rL, o v,
(1| | 0 ¥ . 0 |7

= (3.1)
) Lo o . 0]

(4) Finally, the above equations are integrated to compute the harmonic voltage as

Vi () =Y, "1, (H) (3.2)

where Vs 1s the nodal harmonic voltage, H is the harmonic order interested.

To verify the usefulness of the developed model, the simulated phase-A
harmonic voltage and current at the PCC (bus 2) were compared with the calculated
phase-A harmonic voltage and current at the PCC using harmonic power flow with
the proposed harmonic model. The results of the waveforms of the voltage and
current are presented since they provide not only the magnitudes of the harmonics
but also the angle information of these harmonics. The results are shown in Figure
3-12, where the calculated voltage and current at the PCC match perfectly with the
simulated voltage and current at the PCC. The voltage and current at bus 5, where
a VSC load is connected, are also presented in Figure 3-13, and the calculated
results also match the simulated results. The above results show that the model can
be used to accurately assess the harmonic distortion in VSC-involved power

systems.
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Figure 3-12 Calculated and simulated phase-A voltage and current at the PCC
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1.5

——Voltage at bus5 calculated using harmonic power flow
—--=-Voltage at bus5 obtained through time-domain simulation
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(b) Voltage waveform

Figure 3-13 Calculated and simulated phase-A voltage and current at bus 5

In the studied system in Figure 3-11, the switching frequency of the VSC was as
2 kHz. For comparison, the switching frequency of the VSC is changed to 3 kHz
and 4 kHz while other parameters are unchanged. Figure 3-14 compares the
spectrums of the voltage and current at bus 5 obtained using time-domain
simulations with the spectrums calculated using the proposed model. The simulated
spectrums of phase-A voltage and current match the results calculated using the
proposed method. The reason is that, according to the designed parameters, the
control makes a very limited contribution to the harmonic impedance for harmonics
higher than the 10™. Therefore, according to the analyses in Section 2.4, the

harmonic model of the VSC is not affected by switching frequencies.
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(a) Voltage spectrum
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(b) Current spectrum

Figure 3-14 Comparison between the voltage and current spectrum obtained through

simulations and the spectrum calculated using the proposed method.

To show the importance of including the impedance model of the VSC, an

additional case was conducted. In this case, the harmonic power flow was run

without the VSC load at the bus 5 VSC at harmonic frequencies (i.e., Zvsc(h)=»).

The spectrum of the phase-A current at the PCC was compared with the original

harmonic power flow results in Figure 3-15. If the impedance model of the VSC at

bus 5 was ignored, there was a 28% error for the 1

1" harmonic current. This case

illustrates that the impedance model of the VSC must be included in harmonic

power flow studies.
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Figure 3-15 Errors of the spectrum of phase-A current at the PCC when assuming the bus

5 load is open
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3.5 Summary

In this chapter, the proposed harmonic model of the VSC was verified. The

chapter’s main contributions are:

e The correctness of the proposed harmonic model was verified by time-
domain simulations. The impacts of different operating segments on the
harmonic model of the VSC were analyzed. The results showed that the
control had a significant impact while the dc-link capacitor did not impact
the harmonic impedances when the dc-link capacitor was sufficiently large.
The chapter also included a proposal for a criterion to help determine

whether the power loop needs to be considered.

e Lab experiments verified the main finding that a frequency-dependent
impedance could represent the VSC at a specific operating point.
Experiments also demonstrated that the dc-link capacitor did not

significantly impact the model.

e A practical procedure to construct the developed impedance was presented

according to the characteristics of the proposed model.

e The effectiveness of the proposed model for harmonic power flow systems
in a complex power system was verified. The results show that the new

model can be easily integrated into the harmonic power flow tools.
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Chapter 4
Extension of the Harmonic Model for Single-phase

Voltage Source Converters

Single-phase voltage source converters (VSCs) are widely employed for interfacing
solar energy and battery energy storage (BES) in distribution power systems
[69][70]. It is essential to understand how the single-phase photovoltaic (PV)
affects the harmonics in the single-phase distribution system [71], and a harmonic
model is needed for this purpose. Similar to the three-phase VSC, the harmonic
model of the single-phase VSC can be established based on its harmonic response
mechanism that is determined by the control loop and the power loop. However,
the resulting harmonic characteristics of the single-phase VSC are different from
those of the three-phase VSC. In particular, the single-phase VSC will inject the 3™
harmonic into the connected ac system [72]. As a result, the developed model for
the three-phase VSC in Chapter 2 cannot be directly applied to the single-phase
VSC. To this end, in this chapter, the harmonic characteristics of the single-phase
PV system are analyzed, then an analytical harmonic model of the single-phase PV

system is developed through mathematical derivations.

This chapter is organized as follows: Section 4.1 illustrates the harmonic
response of a single-phase PV system and reviews existing relevant publications.
Section 4.2 looks at the mathematical derivations of the harmonic model for the
single-phase PV system. Section 4.3 details the time-domain simulations used to
verify the proposed harmonic model. Section 4.4 is a discussion of the 3™ harmonic
produced by the single-phase VSC in practical residential systems. Section 4.5

contains the chapter summary.
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4.1 Harmonic Characteristics of a Single-phase PV system

This section presents the characteristics of the harmonic response of single-
phase PV systems and the current work on harmonic studies of the single-phase

VSC.

4.1.1 Harmonic Response of a Single-phase PV System

A typical single-phase PV system shown in Figure 4-1 (a) is used to illustrate
the harmonic modeling of the single-phase VSC. In this system, the PV panel is
connected to the dc-link capacitor through a boost converter, and then the dc power
is transferred to the ac grid through a single-phase inverter. The control scheme of
the single-phase inverter is shown in Figure 4-1 (b). The inverter maintains the dc-
link voltage and the reactive power that it injected into the grid (usually set as 0).
The reactive power and dc-link voltage can be realized by controlling the current

at the PCC of the inverter (i in Figure 4-1).

lgv [Wyb\oost - nverter i g |
L1 L2 Zs
Vs,
PV Iva Vde|—— Cr Vg A
Panel T T
LCL filter grid
A -
; PWM Ve, ?PWM4 Ve is ¥ v
L 2Py MPPT w Inverter 9 Grid detection &
Vpv Vdc*, | Controller 1€ synchronization

(a) structure of the PV system

Mo Inverter

dg/ap > PWM > rwm

A6

(b) the control diagram of the inverter

Figure 4-1 Typical single-phase PV system and the control diagram
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The harmonic response of a single-phase VSC is similar to that of a three-phase
VSC, as shown in Figure 4-2. The harmonic model of the single-phase VSC can be
established by the combined analytical representations of the impacts of the control
loop and the power loop. However, the dc side current also contains a 2" harmonic
component (l42) that originates from the interaction between the fundamental
frequency components in the modulation signal (mi) and the fundamental
frequency components in the ac side current (Ic1). Further, this 2" harmonic current
leads to a 2™ harmonic voltage on the dc-link capacitor, which along with the
fundamental frequency component in the modulation signal (mi), gives a 3™
harmonic voltage on the ac side of the VSC through the switching process. Note
that this 3™ harmonic voltage exists regardless of the external 3™ harmonic
distortion, so the single-phase VSC also impacts the system as a voltage source at
the 3 harmonic. As to other harmonics, the single-phase does not act as a source,

and the combined control loop and power loop will still lead to an impedance model.

P ——— — —— — — ——— — -
: Control [" o iroller |« |

loop n : Converter | ;
L ST ————— ] IgiTigh | Grid l
- T T T T T ii_ _!_' _!_ [+ !T T = - I
| X VeitVes+Ven }: : Ve _| Filter | :|_® I
\ R . > Power Ieit e | I
I I/ deoT I/ de2+ I/a’o'}‘ | v +V | ]
[ DC | loop =y glm™Vgh —————————
Lcapacitor LicotlacotTacn | Model:7g 1+igff=_f(vg 1+ng?)

Figure 4-2 Harmonic response of a single-phase VSC

4.1.2 Review of Existing Publications

Existing studies about the harmonic modeling problem of the single-phase VSC
are similar to that of the three-phase VSC; they mainly focus on the harmonic
resonance problems of the single-phase PV system using the impedance model. The
impedance model is established through the analytical representation of the control
loop [73][74] or by using only the LCL filter of the single-phase PV and ignoring
the control impacts [75]. But these studies do not include the impact of the power

loop, so the 3™ harmonic is overlooked. Some other publications study the 2"
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harmonic on the dc side of the single-phase VSC. But most of these studies focus
on the mitigation of the 2"¢ harmonics on the dc-link [76]-[78]. Only [72] presents
the computation of the 3™ harmonic using the closed-form solutions, but the
computation method is indirect and relatively complex. Therefore, a sound model
that fully represents the harmonic characteristics of the single-phase VSC is still

needed.

4.2 Harmonic Modeling of Single-phase VSC

The harmonic model of the single-phase VSC can be established similar to that
used for the three-phase VSC. The control loop can be analyzed to establish the
analytical representation of the modulation signal. The resulting modulation signal
can be used to establish the analytical expression of the power loop. Combining
analytical expressions of the control loop and power loop can get the harmonic

model of the single-phase VSC.

4.2.1 abc/dq Conversion in Single-phase VSC

The steady-state voltage and current at the PCC that contain harmonics can be

expressed as

vg:V cos(a)t+6? )+ZV cos(a)ht+49gh) 4.1

cos(a) t+06 ) + Z , Cos(@,t + 5gh)

where V and [ stand for voltage and current, w is the angular frequency, / is the
harmonic order, “1” represents the fundamental frequency, and € and ¢ are the
angles of voltage and current, respectively. Since the control is implemented in the
dq frame, the above voltage and current have to be converted into dg-frame
quantities. However, no transformation can be used for direct abc/dg conversion
for single-phase voltage and current. So, the ac voltage and current are first
converted into the af frame by taking the original voltage and current as the a-axis
voltage/current and creating the pf-axis voltage/current by adding a 1/4

fundamental-frequency period delay in the original voltage and current (i.e., a 90°
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delay for the fundamental frequency voltage and current). Accordingly, the of-

frame voltage and current can be expressed as

Voo =V cos(@yt +6,,)+ Z Vg cos(wt+6,,)
Vs hr
Vg = Vg1 cos(mt + 9g1 - 5) + Z Vgh cos(w,t + th -——)

. 4.2)
Iy, =1, cos(@t+0,)+ Zlgh cos(@,t+9,,)

) T hr
i, =1, cos(wt+7, —5) + Zlgh cos(@,t+5,, _7)

The af-frame voltage and current are converted to the dg frame using (4.3)

[fd} :{ cos(ayt+06,,) sin(w1t+9gl)}{fa} @3)

J, —sin(wf+6,,) cos(wt+6,) | f;

where f'stands for voltage or current. Accordingly, the voltage and current in the dg

frame can be obtained as

Ve =V, cos(eyt + Hg, )cos(wt + 9&,1) + Z Vo cos(a,t + Qgh )cos(awt + Ggl)
+V,, sin(wt +6,)sin(ewf +6,,)+ z Vo cos(@,t+6,, — 7”) sin(@+6,,)

hr + 71')} 4.4

1
=V, + ZE Vg cos(ot+6, +wt+6,) {1 + cos(

1 hm+m
+ ZE Vacos(ot+6, —ot— Hgl)[l —cos( 5 )}

Vg =V cos(at +6,,)sin(wt +6,,)— z Vacos(@,t+0,)sin(wf +6,,)

+V, sin(wt +6,,)cos(wt +6,)+ Z Vacos(wt+0, - hg) cos(wf+6,))

- —% DV, sin(@t+6,, +aor+6,) {1 + cos(h7z i ﬂ)} (4.5)
1 . hr+7m
+EZVgh sin(w,f + 6, —a)]t—egl){l—cos( 5 )}
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Iy =1, cos(@t+3,)cos(mi+6,)+ Zlgh cos(w,t +9,,)cos(wt +6,,)

. . hr .
+1,, sin(wt +6,,)sin(wt +6,,)+ Z Vi cos(@,t +6,, — 77[) sin(@?+0,,)

1, cos8(6,,—-0,)+— Z 5 Cos(w,t + 0, +a)1t+(9gl){l+cos(hﬂ¥)} (4.6)
1 hrm+ 7
+521gh cos(w,t+08,, —ayt — )[1 cos( )}
=—1, cos(at+6,)sin(w+0,,)- Zlgh cos(w,t +0,,)sin(wt +6,))
+1, sin(wt +9,)cos(w+0,,)+ Zlgh cos(w,f +0,, — h—”) cos(wt +46,)
4.7)

=1, sin(5,, - 0,) Z[gh sin(@,t +96,, + ot +0, 1){1 +cos( hﬂ; ”)}

+%Zzgh sin(,t +5,, —a)lt—ﬁgl)[l—cos(hﬂ;”)}

The above dg-frame voltage and current show that, in the single-phase VSC, the
harmonic w; on the ac side of the VSC could be either wi-w1 or witw in the dg
frame depending on the 4 value. For example, a 5 harmonic on the ac side of the
VSC leads to a 4™ harmonic in the dg frame, while a 7" harmonic leads to an 8

harmonic in the dg frame.

4.2.2 Modulation Signal of PWM Switching

With the above obtained dg-frame voltage and current, the modulation signal
can be computed. The dc-link voltage control is established through the outer
control loop. The impact of this type of outer control loop is very limited (the reason
will be explained in Section 4.3). Consequently, it is reasonable to assume that the
outer control loop does not produce any low-order harmonics in the reference
current of the inner current control loop (i.e., lgarer and Iggrer are harmonic free).
Therefore, only the inner control loop is considered. Accordingly, the output of the

inner control can be written as
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1
Van = _E H(S+ja)1)[gh cos(a)ht + 58” + wlt - Hgl)‘:l ’ COS( hﬂ;— ”)}

~ His= j)l,s cox(@,1+0, ~ o ‘Hgl){l o) ﬁ)}
4.8)

qh

Yy = %H(erja)l)[gh sin(w,t +3,, +wlt+9gl){1+cos(hﬂ+”)}

—%H(s —jo)l,, sin(@,t+ 6, — ot - le){l - cos(hﬂ; ﬂ)}

The above dg-frame signal is converted back to the af frame, and the harmonic

components of the a-axis signal can be written as

%H(erja)l M, cos(@,t +0,, + ot + Hgl)[l + cos( hﬂ; ﬂ)}
vV, =— cos(wt+6,,)
1 . hr+ 7w
+5H(S—ja)1)]gh cos(@,t+6,, -t —0,)| 1—cos( 3 )

1 .
—EH(erja)1 M, sin(@,f +06,, + ot + Hgl){l +cos(
- sin(wf +6,,)
1 . . hr+ 7
+§H(s—]a)1)lgh sin(w,f + 96, —wit—6,,)| 1-cos( )

h7r+7r)}

2

1 ) hr+7x
=—Elth(s+]a)1)cos(a)ht+5gh)[1+cos( 5 )}

- %]th(S — jo,)cos(w,t + 5gh){l - cos(hﬁz+ ﬂ)}
(4.9)
And the harmonic components in the modulation signal can be given as
m, = N2V, 1 Vi W (4.10)

where V,om 1s the nominal voltage. (4.9) and (4.10) show that the harmonic
components in the modulation signal exhibit a linear relationship with the harmonic

components in the steady-state current at the PCC.

4.2.3 Modeling of the Impact of the Power Loop

Based on the above analysis, with the presence of the harmonic components in
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the steady-state current at the PCC, the modulation signal can include that harmonic
as well. The steady-state current on the ac side of the VSC can also include that
harmonic. Therefore, the modulation signal and the current on the ac side of the

converter can be expressed as
m=m, cos(a)lt+a,)+2mh cos(w,t+a,) (4.11)
I, =1 cos(ot+0,)+ ZIch cos(w,t+9,,) (4.12)

where ¢ stands for the converter and a is the angle of the modulation signal. The
current on the dc side of the converter can be expressed as
1, = {ml cos(wt +a,)+ z m, cos(w,t +a, )}°{101 cos(wt+0,)+ Z[Ch cos(w,t+9, )}

1 1
=1,,+ 5 ml  cosLat+a,+05,)+ 5 Zlchm1 cos(w,t+0, +ot+a,)
1 1
+ 5 Z:Idlm1 cos(wt+o, —wt—a,)+ B Z m,l  cos(ot+a,+wt+o,)

1
+ 5 Z m,l ., cos(wt+a,—wt—9,,)+ Z m, 1, cos(w,t+a,)cos(wt+0,,)

m,neh

(4.13)

In the above current, the components that are introduced by the interaction
between different harmonics can be omitted due to the small magnitudes. When
passing through the dc-link capacitor, the harmonic components in the above

current result in the dc-link voltage as

ml m V1
V=Vt ——cosQut+a,+5, — —)+Z% cos(w,t+0,, + ot +a, — 5)

dc™1 Cdc (wh
I,m, m,l V4
Z—cos(a)ht+5 -ot-a, - )-I-Z#cos(a)hl-l-ah +ot+d,——)
2C, (0, -~ 2C, (0, +w)
mh]c'l

+———cos(ot+a, —ot—0 _f)
Wplw-0) 7D

(4.14)

The above equation is obtained by assuming all harmonic components in the dc-

side current pass through the dc-link capacitor. Notably, the dc-side PV panel can
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also be regarded as an equivalent impedance and can be addressed as described in
the three-phase VSC. The above dc-link voltage is related to the voltage on the ac
side of the VSC through the switching process, and the expression is

2

m,"I V4
V.=mV, =V, mcos(ot+a)+——=Lcos(wt+5, - E)
de™™1

2 2
1 1
L cos(3wit +2a,+ 6, - Z) n ™ cos(w,t+0,, +2mt+2a, - z)
8C .o 27 4C, (0, +m) 2
Lm’ 1,m’
o cos(@,t+9,, — Tyy—ta™ cos(@,t+9,, — T
4C,. (o, + @) 27 4C, (v, - ) 2
I,m’ 1
+"”—m'cos(a)ht +8, —2wt-2a, - E) + Mcos(a)ht +a,+0,-a, - Z)
4C, (0, - ) 20 4C, (o, +ay) 2
1 I
L UCLE cos(ot+a, +2mot+a,+06,, — Z) TR . cos(,t+a, +a, -0, — Z)
4C, (@, + @) 27 4C (0, — ) 2
mm,1 r
—L I _cos(wt+a,-2wt-0,—a,——=)+V, m, cos(wt+a
4Cdc (a)h _ 0)1) ( h h 1 cl 1 2) dc0"""h ( h h)

(4.15)

Substituting the modulation signal in (4.10) into (4.15) and extracting the
harmonic components from the ac voltage, the harmonic components in the voltage

on the ac side of the converter can be expressed as
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V., = {ﬁd—V;}H(S tjo)l,, cos(wt+,)+

42 C (w,+@) 4V2.C
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2
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s
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+ — o' cos(w,t+6, - 2wt —2a, — Z
4c . V. (o, —w,) 2

dc” nom

mP I
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2
m BIOMIC 72.
— ol cos(Bayt +2y,+ 5, — E)

dc” nom
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_|._

4.2.4 Overall Harmonic Model of the Single-phase VSC

The obtained harmonic voltage in (4.16) can be related to the harmonic voltage
and current at the PCC through the front-end LCL filter. The expression can be
written as

Z,+Z

c
Vch Z—ngh _(ZLIZL2 +Zlec/ +ZLzch )Igh (4.17)

Cr

Combining (4.16) and (4.17), we can have the following model:

17!:,’3 Vgs} Z3,3 Z3,5 O o O g3
VgS 0 Z3,5 ZS,S ZS,7 0 IgS
Vo=l 0 |+ Z,s 7. 0|1, (4.18)
_Vgh_ L0 ] | 0 0 0o .. Zh’h__lgh_

And the impedances in (4.18) can be written as
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Z,(Zyy +hky)+ ZLIZC/ +(Z,, +k, )Zcf +hkH(s* jo, )Zcf

= 4.19
hoh Z.+7 (4.19)
cr
_ J(61—n) _ J(=61+n)
k=14 —Jmdue —Jmle (4.20)
o Co (0, + @) AV, Co (@, + @)
.2 .2
k2 ]ml [)nom + ]ml Pnom (421)
4I/nomCdc (a)h + a)l) 4I/numCdc (a)h _0)1)
Z mlze]( 271 2 Z Z
i 4C, (0, = )(Z}, + Zh,]z)(ZLIZC/~ +ZsZc,~ +ZLZZC,» +Z2, 2L+ 2,2,)
J(=61-n-— 2
ml e H(s+]a) )ch Z,
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4C (0, —a )2 Lo, + 2L + 2y Lo A2\ 21+ 2),2)

(4.22)

2 f(271

mle 2 Z2 Z,
4Cdc(a)h +a)| )(ZLI +Zh,h )(ZLIZCf» +ZSZC/~ +ZLZZC/ +ZLIZL2 +ZLZZS)

Zh+2,h =

J(Gn+n—

ml, e 2H(s+]a))Z L,
4C (a)h+w1)(ZLIZ +Z 7. +ZLZZ +ZLIZL2+ZLZZ)

(4.23)
ZC mlzldej(zﬁ +6;1 *E)
4 (4.24)

VYgsS =
8Cdc (ZC, + ZLZ)

The equation (4.24) validates the analysis in Section 4.1.1, which says that the

single-phase VSC will produce a 3™ harmonic voltage on the ac side of the VSC.

The 3™ harmonic voltage source will lead to a 3™ harmonic current at the PCC,

which will also introduce a 5% (and 7%, 9" | and so on) harmonic voltage source

because of the coupling mechanism. But the 5™ harmonic voltage introduced by the

coupling mechanism was quite small (0.69% of the 3™ voltage source in the studied

system in Section 4.3), and other coupling-introduced harmonics were even smaller.
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Therefore, the coupling-induced harmonic voltage sources can be omitted, and the

final model can be written as

Vs (V] [Zs 00 0 11, ]
Vs 0 0 Z, 0 0 {7,
Vol=l 0|+ 0 0 Z, 0|7, (4.25)
Vel LO] 0 0 0 Zyw || Lo

The following critical findings can be extrapolated from the above equations:

e There is a 3™ harmonic voltage source on the ac side of the converter, which is
determined by the fundamental frequency voltage and current. Thus, the
single-phase VSC acts as a harmonic source to the system. The 3™ harmonic
voltage on the ac side of the VSC can also be affected by the external 3™
harmonic from the grid side. Overall, the single-phase VSC can be represented
as a Thevenin circuit, as shown in Figure 4-3 (a).

e  For harmonics higher than the 3™ (e.g., 5"~29'"), the harmonic components on
the ac side voltage are a response to the external harmonics. Like the three-
phase VSC, the coupling effect between different harmonics is negligible so
that the single-phase VSC acts as an impedance for 57~29™ harmonics, as

shown in Figure 4-3 (b).

—

VA
@ v, Zh

(a) Thevenin circuit at 3™ harmonic (b) Impedance model at 57~29™ harmonic

Figure 4-3 Harmonic model of single-phase VSC
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4.3 Verification of the Proposed Model Via Time-domain

Simulations

The proposed harmonic model of the single-phase PV was tested by time-
domain simulations using the system in Figure 2-6. The system parameters are
presented in Table 4-1. The system is modeled in MATLAB/Simulink. The
impedances for 5"~29™ harmonics were verified first, and then the Thevenin circuit

for the 3" harmonic was validated.

Table 4-1 Parameters of the studied single-phase PV system

Vs 120V Zn 0.008+0.8231 (2)

Zs 0.008+0.8231 (Q2) Zi> 0.008+0.8231 (2)

Zcf 2.19+109i (Q2) Cac 3000pF
Power 3500W Switching 3780Hz

4.3.1 Verification of Harmonic Impedances at 57~29" Harmonics
A. Verification of the Correctness of the Harmonic Impedance

The impedances of the single-phase PV at the 57~29'" harmonics were verified
via time-domain simulations in the studied single-phase PV system. For the
simulations, various odd harmonics of different distortions were added to the
voltage source of the system (V). The simulated impedances were obtained through
the harmonic voltage and current (ven/ign). The calculated impedance using the
proposed model was compared with the simulated impedance via time-domain
simulations for a dc-link of 3000uF. The results are shown in Figure 4-4. The
calculated impedances match perfectly with the simulated impedances, which
verifies the correctness of the proposed model. In the simulations, the THD of one
harmonic voltage was up to 20% but the results were the same, indicating that the

proposed impedance model is linear.
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(a) a dc-link capacitor of 3000uF
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——Calculated impedance using the proposed model
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Harmonic order

(a) a dc-link capacitor of 300uF

Figure 4-4 Comparison between the calculated impedances and simulated impedances

B. Impact of the DC-link Capacitor

To show the impact of the dc-link capacitor, the calculated impedances for the
dc-link capacitor of 3000uF and 300uF, as well as the harmonic impedance for an
infinite dc-link capacitor, are compared in Figure 4-5. The dc-link does not have a
significant impact on the harmonic impedance even when the dc-link capacitor is
reduced to 300pF. Therefore, in most cases, the impacts of the dc-link capacitor are

almost negligible.
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Figure 4-5 Comparison between the calculated impedances for different dc-link

capacitors
C. Strength of the Coupling Effect

The final model has also shown that the dc-link capacitor leads to harmonic
coupling effects between different harmonics, but the coupling can be demonstrated
to be negligible. Fig. 4-5 shows the simulated voltage and current at the PCC when
20% of the 7" harmonic voltage is added to the ac source. The 7™ harmonic
introduces the 5™ and 9" harmonics, which is consistent with the theoretical
analysis in Section 4.2. But the coupling-introduced voltage and current are very

small, so the coupling can be omitted in practice.
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(a) coupled voltage
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Figure 4-6 Harmonic coupling effect in the VSC

4.3.2 Verification of the Thevenin Circuit for the 3'4 harmonic

The verification of the Thevenin circuit of single-phase PV at the 3™ harmonic
can be conducted using two sets of simulations, which are shown in Figure 4-7. For
Setupl, there is no harmonic source in the ac system, and the relationship between
the measured 3™ harmonic current at the PCC (Iycc1) and the 3™ harmonic voltage
source of the Thevenin circuit can be written as (4.26). For Setup2, a 3" harmonic
voltage source is added to the system source (V5), and the relationship between the
measured 3™ harmonic current at the PCC (I,c2) and the 3™ harmonic voltage
source of the Thevenin circuit can be written as (4.27). Therefore, we have two
equations and two unknowns (Vgs3, and Z3,3). Solving these two equations can give

the harmonic voltage source (Vgs3) and the impedance of the Thevenin circuit (Z3,3).

”
&3 (4.26)

[ =—2
peel
ZS,3 + Zs

Lo h (4.27)
peez = Z3,3 + Zs .
The results were compared with the calculated results using the proposed model

in Table II for the VSC with a capacitor of 300uF. The theoretical Thevenin circuit

parameters match well with the Thevenin circuit parameters obtained by the time-
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domain simulations. Therefore, the Thevenin circuit for the 3™ harmonic is correct.

Ipcc [ Ipcc
Zt Zt |

Zs
v Zs H v Vs
1 Setupl L L  Setup2

Figure 4-7 Setups for computing the Thevenin circuit

Table 4-2 3™ harmonic voltage at the PCC obtained using time-domain simulations and

the proposed model
Simulated results Calculated results
Ves3 (pu) 0.0003 - 0.0212i 0.0027 - 0.0210i
Z33(pu) 0.1759 +0.61501 0.1789 + 0.64441

The above analyses show that the single-phase VSC produces the 3™ harmonic
voltage and current, and the Thevenin model can be used to predict the 3™ harmonic
distortion caused by the single-phase VSC. It is noteworthy that the source of the
3" harmonic is influenced by the dc-link capacitance. A smaller dc-link capacitance
will lead to a larger 3™ harmonic voltage source. Figure 4-8 shows the current and
voltage waveforms at the PCC with different dc-link capacitances. The IHDs of the
3" harmonic current and voltage are shown in Table 4-3. The 3™ harmonic
distortion is inversely proportional to the dc-link capacitance, which is consistent
with (4.24). Section 4.5 will look at the degree of the impact of the 3™ harmonic

distortion caused by the single-phase VSC within practical system parameters.
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Figure 4-8 Voltage and current waveforms at the PCC involving different dc-link

capacitors
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Table 4-3 IHDs of the 3™ harmonic voltage and current involving different dc-link

capacitors
Capacitor 150pF 300uF 600uF 1200pF
Voltage THD (%) 3.36% 1.7% 0.86% 0.43%
Current IHD (%) 7.65% 3.8% 1.86% 0.92%

4.3.3 Impact of the Outer Control Loop

The impact of the outer control loop of the single-phase VSC was not included
in the proposed model, but the calculated harmonic model is still accurate, which
means the outer control loop has a negligible impact. As noted from the control
diagram of the single-phase VSC in Figure 2-6, the outer control loop regulates the
dc-link voltage on the d axis and the reactive power injected to the grid by the VSC
on the q axis. Since the reactive power is generally set as 0, the reference current
on the q axis is also zero (/;.=0). Therefore, only the dc-link voltage control loop
affects the harmonic response of the VSC by affecting the reference current of the
inner current control loop (Zurf). According to (4.14), the harmonic components in
the dc-link voltage can be expressed as a function of the ac side harmonic current,

as shown below:

I, m T
V.. = ch 1 cos(wt+6, —wt—a, ——
de(h-1) ZVYdCOCdC (a)h _ a)l) ( h ch 1 1 2)
mh cl T
+ cos(ot+a, —ot—90.,—— 4.28
ZI/chCjalc (a)h - a)l) ( ' ! 1 “ 2) ( )
= Zchllch +Zgh21gh
v = Ly, cos(w,t+0, +wt+a —Z)
de(h+l) 2VchCdc(a)h +a)1) h ch 1 1 5
1
+ T et cos(wt+a,+wt+3, _Z) (4.29)
2V,1.0Co (@, + @) 2
=Z ol + Zgh2[gh

The corresponding reference current (on d axis) for the inner current control loop

can be written as
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Idref(h—l) =-H\(s)Z,1,—H, (‘S)Zghlgh (4.30)

Idref(h+l) =-H, (S)Zthlth —-H, (S)Zghlgh (4.31)

It is noted that the impedance Z. in (4.30) and Z. in (4.31) determine the
relationship between the harmonic components in the dc-link voltage and the
harmonic components in the ac side current. For the studied system (the dc-link
capacitor is set as 300uF), the results of Zcn1 and Zgn1 (Zen2 and Zgio are even smaller)
under different harmonics are illustrated in Figure 4-9. Z.;1 and Zgp; are very small,
which means the harmonic current on the ac side of the VSC leads to only very
limited harmonic components in the dc-link voltage. This is because the power loop
of the VSC induces the harmonic components in the dc-link voltage, and, as
demonstrated previously, the impact of the power loop is not significant.

Consequently, the harmonic components in the reference current are negligible.

0.025 | \ \

- - Zth1 —Zght
0.02 - _

0.015

0.01

Impedance (pu)

0.005

3 4 5 6 7 8 9 10 11 12 13
Harmonic order

Figure 4-9 Impedance that connects the harmonic voltage on the dc-link and the

harmonic current on the ac side of the VSC with the harmonic current at the PCC

To further illustrate the problem, the impact of the outer control loop that
regulates the dc-link voltage is compared with the effect of the outer control loop
that regulates active (or reactive) power. The harmonic components in the active

power can be written as
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The corresponding reference current for the inner current control loop can be

written as

I,

ref (h=1) — —-H, (S)P(/H) (4.34)

Ly = —H ()i (4.35)

As shown in (4.30) and (4.31), the harmonic components in the reference current
are determined by both the harmonic voltage and current at the PCC. Here we
compared the harmonic components in the active power that are induced by the ac
side harmonic current with the harmonic components in the dc-link voltage that are
induced by the ac side harmonic current. In practice, the fundamental frequency
voltage at the PCC is regulated to be 1 pu (Vg1=1), so the harmonic component in
the reference current is luen=-3/4Ve1Hi(s)= -0.75H1(s)I». Therefore, according to
the results in Figure 4-9, for the same ac side harmonic current, the harmonic
components in the reference current that are induced by the dc-link voltage control
are much less than those caused by the active power control. Chapter 3 showed that
the active power outer control loop is not significant for most harmonics, so the dc-
link voltage control has an even more negligible impact. In summary, for harmonic

modeling, the dc-link voltage control can be omitted with confidence.
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4.4 Investigation of 3" Harmonics Produced by VSC in Practical

Systems

The concern about the Thevenin circuit developed at the 3™ harmonic is how the
harmonic source affected the distribution system. The degree of the 3™ harmonic
distortion caused by the single-phase VSC in practical distribution systems was
investigated to determine whether the 3™ harmonic source needed to be considered.
According to the established equations, the equivalent impedance and the 3™
harmonic voltage source of the Thevenin circuit can be computed using (4.19) and
(4.24) with a set of parameters. For practical, single-phase PV systems, the range
of parameters are listed in Table 4-4. Table 4-5 shows the resulting range of the 3™

harmonic voltage source and the equivalent impedance of the Thevenin circuit.

Table 4-4 Parameters of practical single-phase PV systems

Viom 120V or 240V Prom 1kW ~ 3kW
L 2mL ~ 5mL L 2mL ~ 5mL
Cr SuF~20uF Ry 1Q~2Q
mi 0.6~1.0 1 8.33A~50A
K, 0.15 K; 6.6

Vaco 120V ~ 400V Cc 1000uF~3000pF

Table 4-5 Range of the voltage source and impedance of the Thevenin circuit

Vess 0.84% ~ 2.64% 733 0.3418 pu~ 0.6437 pu

Based on the results in Table 4-5, the equivalent circuit in Figure 4-10 can be
used to estimate the 3™ harmonic voltage and current in the system. Notably, the
equivalent impedance of the connected distribution system is also needed to
evaluate the 3™ harmonic distortion. Table 4-6 shows a survey of the equivalent
impedance of the practical, single-phase distribution systems. According to the data
in Table 4-5, Table 4-6, and Figure 4-10, the practical 3™ harmonic voltage and
current can be written as shown in Table 4-7. Although the 3™ harmonic voltage
source of the Thevenin circuit is not very small, the 3™ harmonic voltage and

current at the PCC are limited because the equivalent impedance of the Thevenin
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circuit is very large. Therefore, practically speaking, the 3™ harmonic produced by

the single-phase VSC is not a significant concern for the system.

Table 4-6 Single-phase impedance data collected from various sources

Region Country RHX (16Q) Z(16Q) Comments
L-N,230V,
IEC-TR-60275  0.400+j0.250 0.4717 recommended
Europe value
L-N, 230V
Europe (95%) 0.400+j0.270 0.5420 (IEC-725
survey results)
Korean (95%)  0.670+0.370 0.7654 220;5 r21_ :)me
Asia Japan 0.231+0.089 0.2461 LN, 100V
0.257+j0.117 0.2824 L-L, 200V
Um(t;g;:;tes 0.102+0.059 0.1178 L-L, 240V
L-N, 120V,
North 0.190+j0.062 0.1999 calculated
America Hydro Quebec value
(high-end) L-L, 120V,
0.200+j0.080 0.2122 calculated
value
Field
measurement 0.090+j0.055 0.1055 L-N, 120V
Collected data (95%)
(Urban and Site calculation 0.0900 L-N, 120V
suburban) Survey (typical) 0.0660 L-N, 120V
Based on AV 0.1~0.2 L-N, 120V

limit (high-end)

Table 4-7 3" harmonic voltage and current at the PCC in practical, single-phase

distribution systems

System parameters 3™ harmonic voltage at PCC 3™ harmonic current at PCC

VgsS 0.84% ~ 2.64%

Z33 0.95pu~2.52pu 0.08% ~ 0.1% 0% ~ 2.51%

Zs  0.0lpu~0.lpu
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Figure 4-10 Equivalent circuit to compute the 3™ harmonic distortion

The 3" harmonic distortion caused by the single-phase VSC was further
compared with the 3™ harmonic distortions caused by other appliances, such as
desktops, laptops, TVs, and washers. These harmonic-producing appliances are
harmonic current sources. Therefore, the 3™ harmonic current induced by the
single-phase PV was compared with the 3™ harmonic currents induced by the
appliances mentioned above, as shown in Table 4-8. The 3 harmonic produced by
the single-phase VSC was much lower than that for the other appliances. Therefore,

the 3" harmonic produced by the single-phase VSC can be omitted.

Table 4-8 Comparisons between the 3™ harmonic currents produced by single-phase and

other appliances

Appliance Single-phase VSC  Desktop Laptop TV ~ Washer

3" current IHD 0~2.51% 85.49% 80.4% 3.33% 66.57%

4.5 Summary

Based on the above analysis, the main findings and contributions of this chapter

can be summarized as follows:

e The response mechanism of the single-phase VSC to power system harmonics
was explained, and a harmonic model of the single-phase VSC was established.
The results showed that the single-phase VSC can be represented using a

Thevenin circuit for the 3™ harmonic and an impedance model for other
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harmonics. The equations that can compute the developed model were also

established.

Time-domain simulations verified the correctness of the proposed harmonic
model for the single-phase VSC. In addition, the impacts of the dc-link

capacitor and outer control loop were analyzed.

The 3" harmonic voltage and current produced by the single-phase VSC in
practical systems was investigated. The 3™ harmonic voltage source did not
impact the connected distribution significantly due to the large equivalent

impedance of the Thevenin circuit.

92



Chapter S
Modeling Doubly-fed Induction Generators for Power

System Harmonic Analysis

The doubly-fed induction generator (DFIG) is predominantly used in power
systems because it operates at a constant frequency under variable wind speeds,
provides independent regulation for active and reactive power, loses power very
infrequently, and has low converter costs [79]. A DFIG generally consists of three
sections: an induction generator (IG), a rotor side converter (RSC), and a grid side
converter (GSC). The harmonic features of the DFIG are determined by these three
parts. The harmonic model of an IG has already been maturely developed [80], and
the validity of its equivalence in DFIG has also been investigated in [81].
Consequently, the key to developing the harmonic model of DFIG is the harmonic
models of the RSC and the GSC as well as their integration with the harmonic
model of the IG. Note that the RSC and GSC are back-to-back connected (i.e., they
share the dc-link), so the harmonics entering the RSC can propagate into the GSC
and vice versa, which leads to mutual harmonic coupling between the RSC and
GSC. As a result, the harmonic model of a three-phase VSC developed in Chapter
2 cannot be directly applied to the RSC and GSC. In this chapter, a new harmonic
model of the combined RSC and GSC unit will be presented first. Based on the
model, a full harmonic model of the DFIG will be presented.

This chapter is organized as follows. Section 5.1 provides a brief review of the
harmonic modeling of the DFIG for harmonic analysis. Section 5.2 describes the
operating characteristics of the DFIG. Section 5.3 shows the derivations of the
harmonic model of the DFIG. Section 5.4 and Section 5.5 present the verifications
of the proposed model via time-domain simulations and lab experiments,

respectively. The application of the proposed model for power system harmonic
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power flow studies is validated in Section 5.6. Section 5.7 contains the chapter

summary.

5.1 Review of Harmonic Modeling of the DFIG

DFIG models for the purpose of harmonic studies have been investigated and
published. For example, some harmonic current source models were proposed for
harmonic analysis in DFIG-based wind power systems [82]-[84]. In these papers,
the RSC and GSC[82], or the whole DFIG [83][84] were modeled as harmonic
current sources that are determined using measurement results. This model was also
proposed by IEC 61400-21: 2008 in which the wind turbines were suggested to be
represented using harmonic current source models established by measurements
[64]. But such a harmonic current source model has been reported to be inaccurate
[65]. In a most recent IEC report [65], a Norton equivalent model was suggested
to replace the harmonic current source model for better accuracy. Nevertheless, this
report did not present the technical justifications for this recommendation, and, as
a result, the recommended measurement-based Norton model is not always

guaranteed to be accurate.

There are also some analytical harmonic models of DFIG proposed for harmonic
studies. Typical examples are the extended harmonic domain model [85][86], the
impedance-based model [87]-[91], or the more accurate impedance matrix, which
includes the frequency coupling effect [92][94]. Among them, the impedance or the
impedance matrix model is favored for harmonic analysis since it can be easily
integrated into the existing harmonic power flow tools. In the impedance model of
[87]-[91], the RSC and GSC are decoupled from the dc-link capacitor by assuming
a constant dc-link voltage, and the RSC and GSC are both modeled as impedances.
However, no rigorous analytical justifications have been provided for such an
assumption. In practice, the de-link capacitor may also experience harmonic ripples
because of the ac/dc harmonic interaction, especially when the dc-link capacitance
is not sufficiently large. Because harmonic ripples in the dc-link voltage that come

from the RSC can propagate into the GSC and vice versa, there exists a harmonic
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coupling between the RSC and GSC. As a result, the obtained impedance model
based on a constant dc-link voltage could be inaccurate. In [95], the impact of the
dc-link capacitor is investigated but does not show the mechanism of harmonic

penetration between RSC and GSC.

5.2 Operating Characteristics of DFIG

Figure 5-1 (a) shows the typical structure of a DFIG, which contains an IG, a
GSC, and an RSC [82]. An inductor (Lg) is connected to the GSC to attenuate the
switching harmonics. An RC branch on the entrance of the DFIG is used for power
factor correction and could also attenuate the switching harmonics. The power
generated by the wind turbine flows into the grid mainly through the stator winding.
However, when the rotor speed is greater than the synchronous speed, the rotor also
delivers power to the grid through the RSC and GSC link. If the rotor speed is lower
than the synchronous speed, the grid will transfer power to the rotor through the
GSC and RSC link. In this way, the GSC and RSC unit transfers power in both
directions [96].

The RSC supplies an adjustable frequency ac voltage (wi-wm, @ is the grid
frequency and w is the rotor speed) to the rotor of the IG through the RSC controls.
Figure 5-1 (b) shows the control scheme. The active power and reactive power from
the stator circuit (Ps, Qs in Figure 5-1 (a)) to the grid are maintained to specific
values established through the outer control loop. The constant power control is
achieved by controlling the rotor side current (/- in Figure 5-1(a)) [97] through
varying the rotor voltage imposed by the RSC and its modulation signal, as shown
in the inner control loop. The GSC is connected to the grid, so the ac voltage is
synchronized with the grid voltage, and its control is shown in Figure 5-1 (c). The
GSC maintains the dc-link voltage and the reactive power of the GSC (usually set
as 0, iggre=0), which is realized by controlling the current on the ac side of the GSC
({gin Figure 5-1(a)). A phase-lock loop (PLL) is used to synchronize with the grid
voltage (61) for the GSC control. The angle result can also be used to track the
frequency of the RSC’s ac voltage (01-6m).
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Figure 5-2 shows the RSC and GSC’s responses to external low-order harmonics.
When there is a harmonic in the grid (ws), both the RSC and GSC are exposed to
that harmonic (w; for GSC and ws£w., for RSC). Since the control loop takes the
converter ac-side current (i-and iz, where subscript r and g stand for RSC and GSC)
as the input, the harmonics are present in the control loop and thus affect the
modulation signal (m) and the resulting switching function. The harmonics on the
ac side of the RSC and GSC can also propagate into the dc-link through power
electronic switching, leading to harmonic ripples in the dc-link voltage. This dc-
link voltage, in turn, can affect the harmonic voltage on the ac side of the RSC and
GSC. Note that the ripples in the dc-link voltage are jointly determined by the RSC
and GSC, there will be a harmonic coupling between the RSC and GSC. To ensure
a harmonic model, the RSC and GSC unit needs to be developed by analyzing both

the control loop and the ac/dc harmonic interaction.

Transformer

(a) Typical DFIG system
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(b) Control block of the RSC

96



QOuter control loop Inner control loop

idgre
Vdcref j%\/ SzA
GSC
"
Vde ]

lggref=

(c) Control block of the GSC

Figure 5-1 Typical DFIG system and the control diagrams of the RSC and GSC
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Figure 5-2 RSC and GSC response mechanism to the external harmonics

5.3 Harmonic Model of the DFIG

The main challenge to developing a harmonic model for the DFIG is to find a
method to model the combined RSC and GSC unit, a two-terminal “equipment”, as
shown in Figure 5-3. A model of this unit represents the harmonic voltage and

current relationships between the two terminals, “r” and “g,” i.e.,
(vrh’irh):f(vgh’igh) (51)

Once the above model is made available, it can be connected to the linear model
of the induction generator, which is shown in Figure 5-4 (the detailed derivation of
this equivalent circuit will be presented in Section 5.3.1). Then a harmonic model

for the entire DFIG equipment can be developed.
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Figure 5-4 Equivalent harmonic model of the DFIG system

5.3.1 Harmonic Coupling Model of RSC and GSC

The harmonic model of the combined RSC and GSC unit can be developed using
the flow in Figure 5-5. The detailed procedure to get the harmonic model is

summarized as follow:

e Assume that the steady-state currents entering the ac sides of the RSC (vrh, irh)
and GSC (vgn, ign) contain harmonics.

e Through the control loop, the modulation signal for RSC and GSC can be
expressed analytically (mn, mgn).

e The steady-state current (i, ig), through the PWM switching via the modulation
signal m, results in the dc-side current. The dc-link voltage can be determined
by integrating the dc currents from both the RSC and GSC, thus establishing a
relationship between the dc-link voltage and the input currents of the RSC and
GSC.

e  On the other hand, the dc-link voltage is related to the ac voltages of the RSC
and GSC through the PWM switching. Thus, another equation can be

98



established relating to the dc-link voltage, the ac side voltages of the RSC and
GSC, and the modulation function.

e The combined solution of the above two sets of equations results in a harmonic

model for the RSC and GSC unit.

Harmonic voltage and
current at PCC (v, 11,)

Filter Ve = GSsC —){ Rotor of the IG [« Filter
? ontrol loﬂp—‘ f virolfoop *
Ve fc iiJs i‘ \-|m

Modulation Modulation

switching «— . enal (m) » switching switching signal (mg,) switehing
A 1
Harmonic current Harmonic current
on de side (1.44) on de side (13.,)

h 4 _ A 4
Harmonic voltage

on de side (V)

Figure 5-5 Flow of the derivation of the harmonic model of RSC&GSC

A. Modulation Function of PWM switching

The modulation signal for the GSC and RSC is produced by their control loops
(only the modulation signal of the GSC is derived. The RSC can be addressed in
the same manner). The steady-state current on the ac side of GSC can be expressed

as
iy =1, cos(a)glt + 6g1)+ Zlgm cos(a)gh+t + 5gh+) + ZIg,F cos(a)ghj + 5gh7) (5.2)

and phase-B and phase-C currents have a 120-degree shift from (5.2). In (5.2),
subscript “1” represents the fundamental frequency; “A+” and “h-" represent the
positive-sequence and negative-sequence harmonic order; and ¢ is the angle of the
current. Since the zero-sequence harmonic is zero in the dg frame, there is no need
to include this type of harmonics. The control is designed in the synchronously
rotating dg frame, and the d-axis voltage is aligned with the space vector of voltage.

Thus, the current is converted into the dg frame as follows:
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[7],, =T[1],. (5.3)

where

- cos(wyt+06,)  cos(w,t+6,-120")  cos(w, 1 +06,, +120°) 54
—sin(@,1+6,,) —sin(w,1+0,-120") —sin(w,’+6, +120") |
and 6g1 is the synchronized angle for the abc/dq conversion. The transformation in

(5.4) is obtained with the phase-lock loop (PLL). Substituting (5.2) to (5.3) leads to

Iy =1, c08(8,, —0,,)+ ZIgh+ cos(@,,,
+ Z 1, cos(w,, t+9,

gh—

(48, —w,t-0,)

(5.5)
+a)g,t+6’g1)

iy, =1,sin(8,—0,)+> 1, sin(@,.t+5,, —0,t—0,)

. (5.6)
- Z]ghf sin(@,, t+06,, +aw,t+0,)

Since we focused on the steady-state, low-order harmonics, the outer control
loop and PLL of the GSC were omitted because of their low bandwidths (e.g., lower
than 120Hz). Therefore, only the inner control loop was considered here. As a result,
the above current passing through the inner current control gives the output signal

as

Uy =H, (S)(Hg2 (S)[Igdwf —iy]- a)gngigq)

. . (5.7)
Uy =H, (S)(HgZ (S)[]gqrcff —iy, 1+ wgnglgd)

where Hu(s) represents the 1.5-sample delay introduced by the digital
implementation of the control and PWM modulation and Hy, is the inner PI
regulator of GSC. The expression in (5.7) gives the harmonic components in the

above voltage signal as

u =—H,(s)H ,(s)i -, L1

gd _harmonic gd _harmonic 'gsc”gq _harmonic

(5.8)

ugqiharmonic = _Hd (S)HgZ (S)lgqiharmonic + wgngsclgdiharmnnic

Converting the dg voltage in (5.8) back to the abc frame (for PWM) gives
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ugaiharmomc H (S j 1){ gZ(S ] l)lph+ ]CO Lgsc gh+}
+H,(s+ jo 1){ g2(s+] 1)zgh +]a) L

gsc gh+ }

(5.9)

and phase-B and phase-C modulation signals have a 120-degree shift from (5.9).

The result in (5.9) is scaled to the modulation signal as

= ( N 2/3I/nom / ngcO )ugaiharmom'n (5 10)

where V,om 1s the nominal line voltage and Vo is the desired dc voltage. As shown
in (5.10), in addition to the fundamental frequency component, there are harmonic
components in the modulation signal. To illustrate the ac/dc harmonic interaction,

the phase-A modulation signal can be written as

mga harmonic — m Cos(wglt + ¢g1)

(5.11)
+Z My, cos( @y, 1+ ¢gh+) + nghf cos(a)ghj + ¢gh7)

where ¢ is the angle of the modulation signal. The ac-side harmonics would
propagate into the dc side of the converter and induce harmonic ripples on the dc

side.

B. Current and Voltage on the DC side

According to the above current and modulation signal (the switching harmonics
are omitted since we focused on the low-order harmonics), the current on the dc

side of the GSC can be written as (5.12).

3
Lgge = bgqMy, Fig My, +1i, M= 2mgllglcos(¢5g1—5gl)

3
+§Ig1 {Z my,, cos(@, -0, t+¢,, —0,)+ Znagh_ cos(w,, t+w,t+¢, + 5g1)}

3
+EZ:mgllgh+ coS(@,, t+ 08, ¢g1)+ z myl,; cos(w,t— oyt +¢, —3,)

z ,jeh+

3
+— z ml,; cos(w,t+ o t+¢,+0,)+ 5 Z myl,, cos(w, t+6, +0,+4,)

ieh—,jeh+

3 3
+= Z mgilgjcos(a)git+¢gi+a)gjt+5g].)+5 Z mgilgicos(a)git+¢gi—a)g].t—5g].)

ieh+,jeh— ieh—,jeh—
(5.12)
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In (5.12), the terms introduced by the interaction between two harmonics can be
omitted due to their small magnitudes. Similarly, the harmonic current on the dc

side introduced by the RSC can be written as

. . . . 3
lrdc =1,m +lrbmrb +i,.m :Emrllrl COS(¢r1 _5}’1)

ra ra rc rc

3
+Elrl {Z mrh+ Cos(a)rh+t - a)rlt + ¢rh+ - é‘rl ) + Zmrh— Cos(a)rh—t + a)rlt + ¢rh— + 5/‘1 )}

3 3
+§ Z m,I, cos(w, t+0,, —wt—¢ )+ 5 Z m, 1, cos(w,t—wt+@,—05,)

i,jeh+

3 3
+— z mn.lrj cos(w,t + w,t + @+ é'rj) + 5 Zmrllrh_ cos(w, t+96, +a.t+4¢.,)

ieh—,jeh+

3 3
+— Z m,l, cos(w,t+¢,+o,t+8,)+— Z m,l,; cos(w,t+¢,—a,t=9,)

5 rit 1y
ieh+,jeh— ieh—,jeh—

(5.13)

In (5.12) and (5.13), the harmonic components in the current will both pass
through the dc-link capacitor, leading to the harmonic components in the dc-link
voltage, as shown in Figure 5-3. As a response to the external harmonic @y, the
harmonic on the ac side of the RSC is wn=wgn+Fom. Consequently, the harmonics
penetrating the dc side from the RSC become w#+zw:1, which is equal to wgr=Fwgr.
As aresult, the harmonics on the dc-link from both the RSC and GSC overlap with
each other. Accordingly, the harmonic components in the dc-link voltage can be
computed using (5.14), and the ac side voltage of the GSC can be computed using
(5.15).

1 . I .
Vch (t) = Vch_'_C_dCJ.lrdahdt + C_dCJ.lgdchdt (5'14)
1 ¢. 1 .
I/gah = mga (t)(I/ch T lrdchdt +— J. lgdchdt) (5 . 1 5)
Ca’c Cdc h

C. Harmonic Model for the Combined RSC and GSC Unit

Substituting (5.12) and (5.13) for (5.15) can lead to the harmonic model of the
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combined RSC and GSC unit. Overall, the relationship between the harmonic

voltage and current of the RSC and GSC can be expressed as (5.16). The equivalent

circuit is shown in Figure 5-4.

|:VGSC/’I j| — |:Zgh,gh Zgh,rh :| |:[GSC/’I j| (5 16)
VRSCh Z rh,gh Zrh,rh I RSCh
The impedance matrix can be written as (5.17)

V gazs [+ + 7 g3+
. Ziy Zhes 0 . 0 |
V Z: Z: Z: 0
gast 23,85 25,85 g5.¢7 v gast
. _ + + .
Pl 0 Zae Zoe 0|
+
, 00 0 .z,
Vgahi [gahi
- - (5.17)
7 + | L razs
Ziw Zhes 0 . 0]
+ + +
Zg3,g5 ZgS,rS ZgS,r7 P O 1ra5i
+ + .
Ho0 Ziy Zh, e 0|l
0 0 0w Zi. .
) B L raht ]
where
. _ — 5gl_¢gl_£
Zi _ _]3P;'lommg12 n Hd (S+.]a)gl)Hg2 (S+]a)gl) 1+ \/anommgllgle ’ 2
h,gh — _ .
o 4an)mcdc (wghi + wgl) +]Lgsca)gl 2\/51/,10,,1Vayc()cvayc(a)ghir + a)g])
(5.18)
. ~ 3310mmg12ej(12¢g1*3) N \/gBmmmgllglej(?%l*5g1*3) Hd (5T ngl )ng (s ngl)
e 4 lyr'imcdc (a)ghi + a)gl ) 2\/§V:wm I/dCOCdc (a)ghi + a)gl) ¢-]Lg a)gl
(5.19)
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J(GaF8=3)

(81—~
Z+ 3}imnn/lrln/l e] : +{H (S+.] I)HJZ(S+.] 1)} \/_Pnommgllrl
SAC Y (@ e T0,) | FiL, + Lo, 22v, v,.C (0, FO,)

dc” nom

(5.20)
(F 1 ¥ (F 1 +8,-2) . .
7+ 3Pnomm;,12 ' 2 \/_ om gl j 2 Hd(S+Ja)gl)Hg2(S+.]a)gl)
ghrh+2 = nomCdc (a)g 1) 2\/—Vn0m d‘OCdL ) FJj(L, +L,X)60g1
(5.21)

A similar impedance matrix for the RSC can be established in the same manner

as (5.17), and the impedances can be written as

T

+ _.]3 nom rl H (S + J(U I)Hrz (S + ] ) \/_Pnommrllrle §
rh‘rh 4V’j”"c (a)g 1) +‘](L15 +L1”)a)31 2\/_V:10n1 dCOCdL‘ 'T_ a)gl)

(5.22)

+20n— (+¢/-1_5;-1_£)

+ :“"Pnom’/’/lrl2 e J_ nommrll ej : {H (S+ja)l)H’2(S+]a)’l)}
rh’rhiz 41/75)'"(? (a) gh+ + 2 1) 2\/_I/noml/d00cdc (a)ghir -T_ wgl) +-](L/S + L/r)wrl

(5.23)

(#1790 . (6, %01-2)
N 3Pnommg1m ¢ H JSFjo,)H ,(sF jo,) \/_ om!Mil g € e
rh,gh — —
¢ 4Cdc nom ((0 ht +a)g1) ]Lgsca)gl 2\/_I/nom chCdc +wg1)
(5.24)
'(¢¢r1i¢g1*£) (+¢r1+‘5g1’£)

+ 3Pnommglmrlej \/_Pr10mmrll ’ ’ H (S + jw I)Hr2 (S + J 1)

et 4V;limc (a) + a) 2\/_]7;'1()m I/d( 0™~dc (a) 1) +‘] &s¢ rl
(5.25)

The model developed above shows that a coupled impedance matrix can
represent the combined RSC and GSC unit. The coupling effect includes the
coupling between the RSC and GSC and the coupling between different harmonics.

The dc-link capacitor introduces both. The above-developed harmonic model of the
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combined RSC and GSC unit is a generalized harmonic model for any back-to-back
VSCs. This harmonic model can also be applied for other equipment containing

back-to-back VSCs.

5.3.2 Equivalent Harmonic Model of the DFIG

The developed equations in (5.16) define the relationship between the harmonic
voltage and current on the ac side of the GSC and RSC. The above model can be
integrated with the impedance model of the induction generator to form the
harmonic model of the DFIG. The coupling between different harmonics is very
limited (will show in Section 5.4.4), so here we focus on the harmonic impedance
correlating the voltage and current of the same harmonic. According to the
developed harmonic model in (5.16), the DFIG can be modeled as Figure 5-4, and
the model of the RSC and GSC unit in Figure 5-4 can be further equivalently
represented as a harmonic impedance using the conducting circuit analysis as

shown in Figure 5-6, which can result in the following equations
I/h = IthLs + ([lh - ]rh )ZM = gh (ZLgsc + Zgh,gh) + [th

gh,rh
([lh - [rh )ZM = Irh (ZLr + Zrh,rh) + Ithrh,gh
I,=1,+1,

(5.26)

Solving (5.26) gives the equivalent impedance of the DFIG. The expression of

the impedance is shown in (5.27).

Z, =

==

[ZM (ZM + Zgh,rh) - (ZM + ZLr + Zrh,rh / Sllp)(ZLs + ZM )](ZLgsc +Z

z, + Z,,h,gh / slip)(Z,, + Zgh’rh) -Zy+Z,+2,, / slip)(ZLgm + Zgh’gh

[Zrh,gh (ZM + ZLS) / Sllp - ZM (ZLgsc + Zgh,gh )]Zgh,rh
Islip(Zyy +Z )~ (Zyy +Z,, + 2, .,/ slip)(Z,,, +Z

gh.gh )

+Z,,+Z,,)

+
z,, +Z +Z,,+Z,,)

rh,gh gh,rh Lgsc gh,gh

(5.27)

In (5.27), the rotor-side quantities are converted to the stator side. Z;¢ is the

impedance of the inductor connected to the GSC. Z;,=jhX;'+ R, /slip and R,” and
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X" are the rotor resistance and inductance that refer to the stator side, respectively.
Z1~Rs+jhX1s and Ry and X, are the resistance and reactance of the stator side,

respectively. Zm=jhXu, Xu is the magnetizing reactance. The slip is defined as

w
e T T (5.28)
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Model of RSC and GSC unit

Figure 5-6 Equivalent impedance of the whole DFIG

Generally, the harmonic model of the DFIG includes the front-end RC filter as

well, so ultimately the harmonic impedance of the DFIG can be written as

YAVA
Z e = — 18 5.29
DFIG Z,+Z, (5.29)

The final model in (5.29) reveals that the DFIG can be simply represented using

an impedance, and the impedance can be calculated using (5.27) and (5.29).

5.4 Verification of the Proposed Model Via Time-domain

Simulations

In this section, the proposed model is validated via time-domain simulations.
The impact of the dc-link capacitor, the significance of the GSC and RSC
impedance, and the coupling impedance between different harmonics in GSC are

also analyzed.
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5.4.1 Validation of the Proposed Model

The proposed impedance model was tested via time-domain simulations in the
system of Figure 5-1 in MATLAB/Simulink. The parameters of the studied system
are shown in Table 5-1. In power systems, odd harmonics are a significant concern.
Thus, only these kinds of harmonics were investigated, and a set of positive-
sequence and negative-sequence odd harmonics up to the 29" order were added in
the ac source to conduct the simulations. The voltage and current at the point of
common coupling (PCC) were measured, and a fast Fourier transform (FFT) was
conducted to obtain the harmonic voltage and current (7} and 7, at the PCC), which
were used to compute the impedance (V/1). The impedances based on simulations
were compared to the calculated impedance in (5.29), which is shown in Figure 5-7.
It is clear from Figure 5-7 that both the positive-sequence and negative-sequence
harmonic impedances calculated using the proposed model have good agreement
with the impedances obtained through time-domain simulations, which verifies the
correctness of the proposed harmonic impedance model. In the calculation, the
coupling between GSC and RSC is omitted, and the calculated results still match
well with the simulation results, which verifies the analysis in Section III. In the
simulations, [HDs for different harmonics in the ac source were increased up to

20%, and the same result was obtained, which means the model is linear.

Table 5-1 Parameters of studied DFIG system

Vs (kV) 35 Ris(pu)  0.023 Hgsc_outer K=0.2, K,=5
Z; (Q) 0342  Xs(pu) 0.18 Hgsc_inner K=0.6, K,=8
R (Q) 0.0159  R/(pu.) 0.016 Hasc outer K=0.1, K,=5
CAur) 330 Xo'(puw) 016 Hoscime — Ki=0.83, Ky=5
Lg(mH) 0.04 Xu(p.u.) 2.9 Cic 5000puF
Wind(m/s) 12 @ (p.u.) 1.11 Vaco 1150
Pron(MW) 10 Viom(V) 575 rotor/stator 1:1
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Figure 5-7 Comparison between the impedances calculated using the proposed model and

impedances using time-domain simulations

5.4.2 Verification of the Impact of the Dc-link Capacitance

The dc-link capacitor has been shown to affect the impedance of the DFIG by
changing the impedance of the GSC and RSC as well as inducing a coupling
between the GSC and RSC. In Figure 5-8, the calculated harmonic impedance of
the DFIG, which assumed an infinite dc-link capacitance (i.e., the impact of the dc-
link capacitor is omitted), was compared to the originally calculated impedance and
simulation results. The calculated impedances with an infinite dc-link capacitance
deviated from the simulation results with errors of 6%~7% for the positive-
sequence impedances and 4%~5% for the negative-sequence impedances under

lth

5%-9™ harmonics, respectively. For the harmonics higher than the 11, the impact

of the dc-link capacitance was very limited.
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Figure 5-8 Comparison between the impedances calculated using the proposed model and

the impedances calculated with an infinite dc-link capacitance

To show whether the dc-link capacitor has a more noticeable impact on the
coupling between the GSC and RSC or the impedance of the GSC and RSC, further
investigations were conducted. In Table 5-2, the simulated impedance of the GSC
and RSC for 3~7" harmonics were compared with the calculated impedance
(Zagh,gn and Zy,m). In the simulation, the harmonic voltage and current at the ac side
of the GSC/RSC were used to obtain the harmonic impedance (Vn/I1). It can be seen
that the coupling impedance has limited impacts since the calculated impedances
of the GSC and RSC without the coupling impedance did not deviate significantly
from the simulated impedances. This is especially true for higher harmonics since
a larger dc-link capacitor will lead to a decreased coupling effect according to the

equations in (5.20) and (5.24). Compared with the impact on the coupling effect,
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the dc-link capacitor has a noticeable impact on Z,» and Zgngen. The results for
Zan,qh are shown in Table 5-3. In this table, the calculated impedance with an infinite
dc-link capacitance is compared to the simulated impedance of the GSC. Note that
the coupling between RSC and GSC also disappears when the dc-link capacitance
is infinite. There are large discrepancies between the simulated impedances and
calculated impedances of the GSC. Therefore, the main impact of the dc-link is on
the harmonic impedance of the GSC and RSC rather than the coupling between the
GSC and RSC. But the impact of the dc-link capacitor will decrease when the dc-
link capacitance increases. As shown in Table 5-4, the discrepancies between the
simulated harmonic impedances and calculated impedances with an infinite dc-link
capacitance are significantly decreased when the dc-link capacitor is increased to
10000pF. Although the above results show that the impact of the dc-link capacitor
is not very significant, this research has quantified and clarified the degree of the
impact of the dc-link on the DFIG harmonic responses. The findings will enable
users to confidently model the DFIG with or without the inclusion of the dc-link

capacitor.

Table 5-2 Comparison between the simulated impedances and calculated impedances of

the GSC and RSC (Zgi,on and Z, 1)

Harmonic Simulated impedance Calculated impedance

3 0.8754 — 0.4792i 0.8327 — 0.5564i
GSC

5 0.8470 — 0.2630i 0.8328 —0.2359i

7 0.8249 — 0.1991i 0.8327 - 0.1653i

3 0.6798-0.0200i 0.5961 - 0.1108i
RSC 5 0.6617 - 0.0130i 0.5927 - 0.0145i

7 0.6666 - 0.0089i 0.5871 - 0.0079i
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Table 5-3 Impact of the dc-link capacitance on the harmonic impedance of the GSC with
a dc-link capacitance of 2000pF

Harmonic Simulated impedance Calculated impedance with Cy-=00
3 0.8754 — 0.4792i 0.8329-0.0137i
5 0.8470 — 0.26301 0.8329 - 0.01501
7 0.8249 - 0.1991i 0.8328 — 0.01861

Table 5-4 Impact of the dc-link capacitance on the harmonic impedance of GSC with a

dc-link capacitance of 10000pF

Harmonic Simulated impedance Calculated impedance with Cgc=o0
3 0.8388 — 0.0542i 0.8329 -0.0137i
5 0.8368 — 0.0432i 0.8329 - 0.01501
7 0.8357 — 0.04001 0.8328 - 0.0186i1

5.4.3 Significance of the GSC and RSC Block

The main contribution of this research is the harmonic model of the RSC and
GSC unit. One of the most interesting findings is how significant is the RSC and
GSC for the overall impedance of the DFIG. In Figure 5-9, the calculated
impedances of the DFIG that exclude the GSC (Zgh,¢1=0) or RSC (Z,4=0) are
compared with the full DFIG impedance. The difference is relatively small when
RSC is excluded from the DFIG impedance, while the difference is more noticeable
when GSC is excluded from the DFIG impedance. The reason is that, as shown in
the final equivalent model in Figure 5-4, the RSC impedance is series-connected
with the IG impedance. Since the IG impedance is much larger than the RSC
impedance, the impact of the RSC is not obvious. However, the GSC is series-
connected with the inductor L,, and because Ly is not as large as the IG impedance,
the GSC has a more obvious impact on the overall impedance. In summary, it is
suggested that the GSC must be included in the harmonic model of the DFIG while
the RSC might be omitted.
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Figure 5-9 The degree of significance of the GSC and RSC impedances

5.4.4 Strength of the Coupling Effect Between Different Harmonics

The results in Figure 5-7 were obtained when multiple harmonics were added to
the ac source, but the simulated harmonic impedances match well with the
theoretical results. This means that the coupling effect can be omitted. There are
two reasons for this phenomenon. The first is that the coupling impedance is not
significant inside the GSC and RSC. The second is that the induction generator and
L, do not have coupling effects that would reduce the coupling effect in the overall
model of the DFIG. Figure 5-9 shows the harmonic spectra of the voltage and
current at the entrance of the GSC branch when positive-sequence 5 and 7
harmonics existed in the connected system, which verifies the above analysis. The
positive-sequence 5™ and 7™ harmonic did introduce coupled 3™ and 5™ harmonics,
respectively. This is consistent with the analysis in Section 5.3. Yet, the coupling
effect is almost negligible inside the GSC, and the coupling effect for the overall
DFIG is much smaller than that in the GSC. Therefore, the coupling effect can be

omitted in most cases.
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Figure 5-10 Coupling effect in the GSC

5.5 Model Verification Based on Lab Experiments

The main finding of this research, that the DFIG can be modeled using an
impedance at low order harmonics, has also been verified using the lab experiments
shown in Figure 5-11. In this test, a 3kW DFIG operating at its full rating was used.
The internal parameters are unknown, so the DFIG is a black box seen from the
grid side. Two types of tests were conducted: 1) Single 5, 7% or 11" harmonics of
different IHDs were added to the AC source; 2) Multiple harmonics including 5%,
7" and 11" harmonics of different IHDs were added to the AC source. The IHDs
of different harmonics were up to 10%. The FFT algorithm was applied to the
voltage and current waveforms measured at the PCC of the DFIG. Figure 5-11
showed the exemplary waveforms of the voltage and current at the PCC when the

AC source contained 10% of the 5", 7" and 11" harmonics. The Fast Fourier
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Transform (FFT) results of the voltage and current were used to compute the

harmonic impedances. The experimental impedance results for all investigated

cases are presented in Table 5-5. The results reveal the following key information:

e The impedance at one harmonic was almost constant regardless of the

background harmonic distortion levels. This finding confirms that the DFIG

equipment can indeed be modeled as an impedance at each harmonic frequency.

e The coupling effect between different harmonics was negligible. As shown in

Table 5-5, the impedance at one harmonic was not affected when multiple

harmonics were added.

______________

_________

| ~ Va i iResisrive load i iVah, Ial i
T b oh

| | | | I,L. |
O | v
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Lol S
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(b) Experimental setup for the DFIG impedance measurement

Figure 5-11 Experimental test of the harmonic impedance of a VSC
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Figure 5-12 Recorded experimental waveforms of phase-A voltage and current at the

PCC of the VSC inverter when the 10% 5%, 7" and 11" harmonics were added

Table 5-5 Measured phase-A impedance of a 3kW DFIG under different background

harmonics

IHD 5t 7t 11t
Single harmonic 5% 54.8Q 56.4Q 69.1Q
10% 53.7Q 56.8Q 70Q
Multiple harmonics 5% 54.1Q 58Q 69.4Q
10% 52.8Q 55.2Q 68.4Q

The above lab experiments provide a practical approach to determine the
harmonic model of the DFIG. In practice, the manufacturers might be reluctant to
provide the control parameters or even the detailed control configurations. In such
a situation, a measurement-based method can be used to determine the impedance.
The measurement-based method takes into account the finding that the DFIG
equipment behaves essentially as an impedance at the traditional harmonic
frequencies. Thus, the impedance can be determined by simply using Vi/I; at the
PCC of the DFIG. The measurement method can be the lab experiments as
described above or the field data after the DFIG is connected to a power system,
taking advantage of the natural harmonic voltage and current at the PCC of the
DFIG. Note that the field data-based procedure may require long-term monitoring

of the harmonics since it needs abundant harmonics observed at the PCC.
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5.6 Application of the Proposed Model of DFIG for Harmonic

Power Flow Analysis

For this section, a 13-bus IEEE test system [68] was used to show the usefulness
of the proposed model for harmonic power flow studies in power systems
containing a DFIG, as shown in Figure 5-13. In this system, there is one DFIG at
bus 4 and one LCC-based load at bus 7. The harmonic distortion was computed
using both time-domain simulations and analytical harmonic power flow. For the
time-domain simulations, the system in Figure 5-13 was modeled in
Simulink/MATLAB. The DFIG was modeled following the configuration of the
DFIG in Figure 5-1. The LCC-based load was a 6-pulse rectifier.

4: DFIG 1: UTILITY-60 ——
2:60-1
3: VSC load I @
3. MITI-1
. 12: FDR H
6:FDRF I 9:FDR G
7: RECT | 10: T11 SEC
ASD 2- T3 SEC 11: T4 SEC 13: T7 SEC

Figure 5-13 Studied system for harmonic power flow

Taking advantage of the developed DFIG model, a non-iterative harmonic power

flow was proposed with the following steps:

1) Conduct fundamental frequency power flow in the power system by treating the
line commutated converter (LCC)-equipment and the DFIG as constant power
loads (PQ nodes). Based on the results, the harmonic model of all the components,
as well as the harmonic models of the GSC and RSC, were computed. The DFIG

and other components were linear and were represented by a harmonically
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decoupled matrix as follows:

[]; ¥y, o .. 0 ||[[V]
s || 0 ¥ - 0 |V (5.30)
(11, 0 0 .. [YI, ]Vl

2) The LCC rectifier was modeled as a harmonic current source (/7(H)). The nodal

harmonic current injection was expressed as I».s(H)=[0,0,0,0,0,0,/7(H),0,0,0,0,0];
3) Finally, the above equations were integrated to compute the harmonic voltage as

Ve (H) =Y, 71, (H) (5.31)

us

where Vs was the nodal harmonic voltage and H was the harmonic order of interest.
Compared with the iteration-based harmonic power flow method, the harmonic

power flow using the proposed model was easier to use.

To verify the usefulness of the developed model, the simulated harmonic voltage
and current at the PCC (bus 2) were compared to the voltage and current at the PCC
calculated using harmonic power flow. The results of the waveforms of the voltage
and current were presented, as they simultaneously provided the magnitudes and
angle information of the harmonics. The results are presented in Figure 5-14. The
voltage and current at bus 4 where a DFIG is connected, are also presented in Figure
5-15, and the calculated results match with the simulated results as well. The
calculated voltage and current at the PCC match perfectly with the simulated
voltage and current at the PCC. To show the importance of the developed model,
another harmonic power flow was conducted, but in this case, the GSC and RSC
were excluded (i.e., only the IG and the inductor connected to the GSC were
considered). The calculated spectrum of the current at the PCC was compared to
the simulated results in Figure 5-16. When the GSC and RSC were not included,
the error for the 5 harmonic current at the PCC reached 11%. This shows that the

developed model is a meaningful tool to analyze harmonics accurately.
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Figure 5-15 Calculated and simulated phase-A voltage and current at bus 5
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Figure 5-16 Comparison between the simulated current spectrum and the calculated

spectrum ignoring the GSC and RSC

5.7 An Overall Procedure to Construct a Harmonic Model of the

DFIG

Based on the impact and data availability of the three operating segments of a
DFIG, the ideal procedure for constructing the harmonic model of the equipment

1S:

e First, the harmonic model must include the induction generator impedance and
the front-end passive filter impedance. These two sections have the most
contributions to the overall impedance of the DFIG. In this step, the model can
be obtained by assuming the GSC and RSC as short circuits. This approach is

very simple, but it may lead to a significant error for some harmonics.
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e Second, the GSC and RSC impedance can be included by including the inner
current control loop of the GSC and RSC. This requires knowing the Hx(s)
transfer function in addition to the induction generator and the passive-filter
parameters. Including the inner current control will make the VSC impedance
model acceptable for many cases.

e Third, the harmonic model can include the impact of the power loop. This will
lead to further refinement since the coupling between the GSC and RSC will be
included. But this model requires knowing more internal parameters of the VSC
equipment, and the final expression will be relatively complex.

¢ If no data is available, the measurement-based approach explained in 5.5 can be
used to determine the parameters of the impedance model of a DFIG at the

operating point of interest.

5.8 Summary

This chapter presents two contributions to the development of a harmonic model
for DFIG units. The first is a proposal for a harmonic model of the combined RSC
and GSC unit based on a rigorous analytical approach. The second is an actual

DFIG model based on the proposal and sensitivity studies.

The combined RSC and GSC unit can be represented using a 2x2 coupled
impedance matrix. The results prove that the coupling between the RSC and GSC
can be omitted under certain practical conditions if the dc-link capacitor is
sufficiently large. The degree of coupling and the need to model it has been

quantified using the proposed model.

The harmonic model of the DFIG unit is in the form of an impedance because
the harmonic currents produced from various coupling mechanisms can be omitted.
Equations to compute the model parameters have been established. The research
shows that the RSC and GSC unit must be included in the harmonic model of the
DFIG to maintain reasonable accuracy, and the GSC has a more noticeable impact

than the RSC on the overall impedance. The proposed model is accurate and
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effective for harmonic power flow studies, as verified using time-domain
simulations. The impedance nature of the DFIG under harmonics was validated in

lab experiments.

The proposed model fills in a gap in the modeling of renewable energy sources
for harmonic studies. It establishes a technical foundation to upgrade the IEC report

on the DFIG harmonic model.
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Chapter 6
Harmonic Modeling of the VSC-HVDC for Power

System Harmonic Analysis

The voltage source converter (VSC) is now also used to construct a type of high-
voltage DC (HVDC) transmission system called the VSC-HVDC [6]. This type of
HVDC system has a number of advantages, including independent control of active
and reactive power, fast control response speeds, and low filtering requirements. It
is widely used in power systems. The VSC-HVDC contains two back-to-back VSCs:
an inverter and a rectifier. The dc-link capacitors of these two VSCs are connected
through a dc transmission line (or cable) [98]. The characteristics of the harmonic
response of the VSC-HVDC are similar to those of the combined RSC and GSC
unit analyzed in Chapter 5. There is a harmonic coupling effect between the back-
to-back VSCs as well. Nevertheless, instead of sharing the same dc-link capacitor,
the VSC terminal’s dc-link capacitors are connected through the dc transmission
line. As a result, the coupling characteristics are different from those of the back-
to-back RSC and GSC. In this chapter, the harmonic characteristics of the VSC-
HVDC, particularly the harmonic coupling characteristics on the dc-link, are

analyzed in order to develop a model that can be used for harmonic analysis.

This chapter is organized as follows: Section 6.1 analyzes the harmonic
response of the VSC-HVDC. Section 6.2 presents the derivation of the harmonic
model of the VSC-HVDC. Section 6.3 shows the verification of the proposed model

via time-domain simulations. Section 6.4 contains the chapter summary.

6.1 Harmonic Response of the VSC-HVDC

The typical VSC-HVDC that contains two VSC terminals is shown in Figure 6-1

(a). One VSC terminal acts as the rectifier, controlling the active power and reactive
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power on the ac side of the VSC established by controlling the VSC’s ac side
current, as shown in Figure 6-1 (b). The other VSC acts as the inverter, regulating
the dc-link voltage and reactive power injected into the grid by the VSC by
controlling the ac side current of the VSC, as shown in Figure 6-1 (¢). The inner
controllers of these two VSCs take the current on the ac side of the converter as the
feedback current (/- and /; in Figure 6-1). On the ac side of each VSC, an LC filter
is connected to attenuate the switching harmonics. But a transformer exists between
the filter and the PCC, leading to an equivalent LCL filter between the converter
and the PCC.
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¥ i

PCC Icﬁ C=——Vde Vde = C Icﬁ PCC
Line

Rectifier Inverter

(a) Configuration of the VSC-HVDC

Outer control loop ) Inner control loop
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P I;m;‘ > P Ii.” >
D (a
+
Pr wI(LTi+Lf)
. @ I(LTI+Lf)
Igr | _
Igref
¥
(b) Control of the VSC1

123



Outer control loop Inner control loop
idref Ui

Vdcref ouf in If(ﬁ *
PI, ¥ » Pl "
+
P |
¢ idi Lﬁ oILT+LR)

iqi w{LT2+LR)

v

o3k Ugi

Iqref > » | PI™ i >
+ D’ +

(c) Control of the VSC2

Figure 6-1 Structure of VSC-HVDC and the control diagram

The harmonic response of the VSC-HVDC is similar to that of the combined
RSC and GSC unit studied in Chapter 5. But there are two major differences: 1)
The two VSCs are connected through the dc transmission line, so the coupling
feature is different; 2) The two VSC terminals are exposed to different grid
harmonic sources, so the “two-terminal” equipment cannot be represented as a one-
terminal impedance. Here, we will focus on the harmonic characteristics on the dc-
link, which is shown in Figure 6-2. As seen in the figure, the harmonic on the ac
side of both VSCs entering the dc side leads to harmonics on the ac side of the VSC
(Zrach and iaer). Instead of all of the current passing through the dc-link capacitor,
the harmonic current will also pass through the dc transmission line, and the dc side
harmonic currents from the two VSCs will be distributed as shown in Figure 6-2.
The critical information is the harmonic ripple in the dc-link voltage, which is
determined by the harmonic currents passing through the dc-link capacitor.
According to this figure, a set of equations as (6.1) can be established to compute

the harmonic currents of the dc-link capacitor.
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Figure 6-2 Harmonic characteristics on the dc side of the VSC-HVDC
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line_h Z Z
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where “7” and

[13+2)
1

stand for rectifier and inverter, respectively; Zc is the impedance
of the dc-link capacitor; Zjix is the impedance of the dc transmission line. Solving
the above equations results in harmonic current passing through the dc line as

follows:

‘ — ZC([idch _[rdch)
et 27,4227,

(6.2)

ine

Accordingly, the harmonic current passing through the dc-link capacitor of the VSC

can be written as

2Z. +7 V4
IrCh = fie € ]rdch + < Iidch (63)
22.+27,, 22.+2Z7,,
2Z. +7 Z
ich — e € wch T > 1 rdch (6.4)
22.+27,, 22.+27,,

As shown in (6.3) and (6.4), the harmonic current passing through the dc-link
capacitor comes from both the dc side of the inverter and the rectifier, leading to a
coupling between two VSCs. Further, the coupling strength can be defined using

the second term of (6.3) and (6.4), which is denoted as the coupling index shown
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in (6.5)

K. :L
" 27427,

ine

(6.5)
A larger K, means stronger coupling between the rectifier and the inverter.

6.2 Derivation of the Harmonic Model of VSC-HVDC

A full harmonic model of the VSC-HVDC is first presented in this section. Then

the model is simplified based on practical considerations.

6.2.1 Harmonic Model of the VSC-HVDC

The harmonic model of the VSC-HVDC can be derived in the same way as that
of the RSC and GSC unit in Chapter 5. The detailed derivations are not repeated
here, and only the harmonics on the dc-link are illustrated. The current entering the

dc side of the rectifier and the inverter can be written as (6.6) and (6.7), respectively.

: . : 3
ig,=im +i,m, +i m =5m,_11r1 cos(a,, —0,,)

3
+ EI” {Z m,. cos(w,.t—ot+a,, —9d,)+ Z m, cos(w, t+ot+a, +0, )}

3 3
+ 5 Zmrllrm cos(w, t+0, —ot—a,)+—= z m, 1, cos(ot-ot+a, —3,)

x> ry
x,yeh+

3 3
+— Z m,l cos(ot+aot+a, +05,)+ > Z m, I, cos(w, t+0, +wt+a,)

rit

xeh—,yeh+
3 3
+— Z m, 1, cos(ot+a, +ot+d,)+— Z m, 1, cos(ot+a, —wt=7,)
xeh+,yeh— xeh—,yeh—

(6.6)
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+—= Z m I, cos(ot+at+a,+0, )+52m211hfcos(a)hj+52hf+a)1t+a21)

xeh—,yeh+

+g z ml, cos(ot+a, +oif+9, )+E z m, I, cos(ot+a, —of-5,)

ix" iy ix" iy
xeh+,yeh— xeh—,yeh—

(6.7)

In (6.6) and (6.7), the terms that are induced by different harmonics can be
omitted due to the small magnitudes. Based on the results in (6.6) and (6.7), the
harmonic currents passing through the dc-link capacitors can be computed based
on (6.3) and (6.4). Here we present only the derivation of the harmonic model of
the rectifier. The derivation of the inverter can be addressed similarly. Substituting
(6.6) and (6.7) into (6.3), the harmonic current passing through the dc-link capacitor

of the inverter can be written as

3 Z my,. cos(@,.t — ot +¢@,, -0, +S,)
K1,

ir A
@2 +K,, Z m, cos(w, t+ot+¢, +0.,+<&,)
3 Z 1rh+ COS(CUh+t + §rh+ - C()]l - ¢r1 + 51 1)
+—K,m,
+Z Irh— COS(a)h_t + 5}’}1— + a)lt + ¢rl + 51 l)
3 K1 Zmih+ cos(@,,t —at + ¢, —6,+S&,)
' +Zm. _cos(w, t+wt+¢, +5,1<¢,)

2 12741
L3 3 Kom Z i COS(@,, 1+ 6, —wt —¢,+&),)
2 21 cos(w, t+96, +ot+¢,+&,)

(6.8)

where
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“mag” and “angle” represent the magnitude and the angle. Based on the harmonic
current passing through the dc-link capacitor, the corresponding dc-link voltage of

the rectifier can be written as

Veae =Vaco %Zmﬂﬁ cos(w,t—ot+a,, _§r1 + é:“ _%)
%Z m, cos(w, t+ot+a, +0.,+&,— %)
+%Zlm cos(w, t+36,,, —ot—a, +&, _%)
% Z I, cos(w, t+6, +ot+a,, +&,— %) 69)
+% me cos(w,,t —wt+a,, —5,+&, — %)
+%Z m, cos(w, t+wt+a, +5,+&,— g)
2Ci1;zmllw] D1, cos(w,,t+6,, — ot —a,+&, _g)
%Zlm_ cos(w, t+6, +ot+a,+&, _g)

The above dc-link voltage is related to the ac-side voltage through the switching

process of the rectifier, which is written as

Vi = {mraVrdc } {mra O o VY raen ]} (6.10)

Substituting (6.9) for (6.10) can lead to the following model:

V Z Z, . N1
|: rh:|:|: rh,rh rh,zh:||: rh:| (611)
V;h Zih,rh Zih,ih Iih
And the first row of (6.11) can be written as
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_ . _ . .‘(5,-1-?061*'512—&)
H,(sF jo)H (sF jo)| |\BK,P, m 1. 2
FJ(Lpy+ Ly, 22V, Vo C(0,. F o)

129



2 J(Fa,Fo +§12_*)

. 3K,,P, m

nom_"rl

2 = 4’ Clw,. F®,)

nom

L N3K,B,m e SOty {H (5T jo)H, <s+1w1)}

nom_"rl
2\/_I/zwm chC(a)hir + a)l) +~](LT2 + LfZ)wl

(6.16)

where L7 and L, represent the equivalent inductances of the transformers, and

H,(s) is the PI regulator of the rectifier side. A similar equation can be developed

for the inverter side. The above model has proved that the VSCs of the HVDC can

be represented by a coupled impedance matrix, which includes coupling between

two VSC terminals and coupling between different harmonics.

According to the above equations, the equivalent harmonic model of the VSC-

HVDC can be represented using the circuit in Figure 6-3.

Figure 6-3 Equivalent circuit of VSC-HVDC

6.2.2 Simplified Model

Chapters 2 and 3 showed that the coupling between different harmonics in a

VSC could be omitted, and in such cases, only the diagonal impedances in (6.12)

need to be considered. Further, in practice, the control parameters of the rectifier

and the inverter are identical and, as a result, Z. i—=Zin». Consequently, the

harmonic model in (6.11) can be further changed to (6.17), and the VSC-HVDC

can be represented using the circuit in Figure 6-4.

|

Vrh :| — |:Zrh,rh _Zrh,ih O :||:1rh:|+|:Zrh,ih Zrh,ih:||:1rh:| (6‘17)
V;h 0 Zih,ih - Zrh,ih ]z‘h Zih,rh Zrh,ih Iih
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Figure 6-4 Equivalent impedance model of the VSC-HVDC

The circuit in Figure 6-4 presents the full harmonic model of the VSC-HVDC,
which can be used for harmonic power flow analysis in the combined two ac
systems connected to the VSC terminals. Yet, it is relatively complex to conduct
harmonic power flow studies in the two ac systems when the coupling is included.
Note that the coupling between the two VSCs is determined by the harmonic
current passing through the dc transmission line, i.e., how the coupling impedance
Z,in 18 compared with (Zis+Zmm-Zimin). 1 Znin<<(Zrp+Zsnm-Zr,in), then the
coupling strength can be omitted, and the two VSCs can be decoupled from the
dc-link. Otherwise, the coupling should be included. As seen in (6.13) and (6.15)
the coupling can be evaluated using the index K;i (Z4,in=Ki*XZm,m). Assuming that
the harmonic current is the same on the ac sides of both the VSC terminals of the
VSC-HVDC, the coupling effect will lead to a harmonic voltage of ,Z4,. This
coupling-introduced harmonic voltage can be ignored if it is smaller than 5%. If
the criterion K,i<5% is satisfied, the coupling effect between two VSC terminals

can be omitted.

In practice, a long transmission line (or cable) is used, and the dc-link capacitor
is selected as a relatively large value. Consequently, the impedance of the dc line
(Ziine) 1s usually much larger than the impedance of the dc-link (Z¢), 1.e., Zine>>Zc,
Kn=1, K12=0, and Z,,#~0. This means the harmonic current entering the dc side
will mainly pass through the dc-link capacitor, and the harmonic current passing
through the dc transmission line will be very limited. Under these conditions, the
VSC-HVDC'’s rectifier and inverter can be decoupled from the dc-link (the dc
transmission line can be regarded as an open circuit). As a result, the developed
harmonic model for the three-phase VSC can be used for each terminal of the

VSC-HVDC, i.e., the harmonic impedance of the rectifier can be written as
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The harmonic impedance of the inverter can be written similarly. Therefore, the

harmonic model of the VSC-HVDC can be drawn, as shown in Figure 6-5.

Figure 6-5 Simplified decoupled impedance model of the VSC-HVDC

6.3 Verification of the Proposed Model Via Time-Domain

Simulations

This section describes how the above-simplified impedance model was verified

using time-domain simulations.

6.3.1 Verification of the Harmonic Impedance

The proposed harmonic model for the VSC-HVDC was verified using time-
domain simulations in the system, as shown in Figure 6-6. The parameters are listed
in Table 6-1. The calculated impedances using the model in (6.18) were compared
to the simulated impedance. For the simulation, harmonics were added to the ac
voltage source of the ac system connected to the rectifier, and the simulated
impedance was obtained at the PCC of the rectifier. The comparison results are
presented in Figure 6-7. The calculated results match well with the simulated results,

which verifies that the proposed model can be used for the VSC-HVDC.
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Figure 6-6 VSC-HVDC system for model verification

Table 6-1 Parameters of the VSC-HVDC

H, kp:3, k=3 H> kp:O.6, k=6
Transformer 230kV:100kV 7y 0.0015+0.15i (pu)
Zr 0.005+0.151 (pu) Filter] = Reactive power=14MW, h=33, Q=15

dc cable 0.0139+0.0599i (pu) Filter2 Reactive power=22MW, h=66, Q=15

T T T T
4 - —Impedance calculated using the proposed model
A |mpedance simulated via time-domain simulation

w

Impedance (pu)
N

-
[

0 I ! | | |
5 10 15 20 25

Harmonic order

Figure 6-7 Comparisons between the calculated impedances and simulated impedances

for the VSC-HVDC

6.3.2 Coupling Effect Between Two VSC Terminals

In the above calculation of the harmonic impedances, the coupling effect
between these two VSCs was not included, and the simplified harmonic model was
used. But the results show that the computed impedances still matched well with
the simulated impedances. This means that the coupling between the two VSCs was
very limited. To further validate the results, the impedance of the dc-link capacitor
was compared with the impedance of the dc cable, as shown in Figure 6-8. The
impedance of the dc cable is much larger than the impedance of the dc-link

capacitor. The coupling index K, is also shown in this figure. The coupling index
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is very small, so, the coupling between VSCs in the studied VSC-HVDC system

can be omitted with confidence.

__150 : . ; . :
c —— Impedance of the transmission line

§ 100 - ~— — ‘Impedance of the dc-link capacitor i

©
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Figure 6-8 Comparison between the impedance of the dc cable and the impedance of the

dc-link capacitor

6.4 An Overall Procedure to Construct the Harmonic Impedance

Model of the VSC-HVDC

The VSC terminals of the VSC-HVDC can be constructed in the same way as

those of the three-phase VSC. The detailed procedure can be summarized as follows:

e First, check if the criterion K,,<5% is satisfied. If the criterion is satisfied, the two VSC
terminals should be decoupled from the dc-link capacitor. If this criterion is not
satisfied, the coupling needs to be included.

e Second, make sure to first include the front-end passive filter in the harmonic
model of each VSC terminal of the VSC-HVDC.

e Third, to improve upon the above model, include the VSC’s inner current control
loop.

e To further refine the model, include the outer control loop and the power loop.
This step requires knowing more internal parameters of the VSC equipment.

¢ If no data is available at all, determine the VSC impedance model using the

measurement-based approach.
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6.5 Summary

In this chapter, a harmonic model of the VSC-HVDC was proposed using
mathematical derivations. The analysis of the harmonic response of the VSC-
HVDC shows a coupling effect between two VSCs, which is determined by the
impedances of the dc transmission line and the dc-link capacitor. According to the
harmonic characteristics of the VSC-HVDC, a harmonic model of the VSC-HVDC

was developed.

A practical approach was used to determine whether the coupling strength
between two VSCs needed to be included: a long dc transmission line was used to
connect two VSC terminals and a large dc-link capacitor was used to maintain the
dc-link voltage. The harmonic current passing through the dc transmission line was
quite small, which means that the coupling effect could be omitted with confidence,
leading to a decoupled simplified harmonic model for each VSC terminal. The
correctness of the simplified model for the VSC terminal was verified through time-

domain simulations.
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Chapter 7

Conclusions and Future Work

This chapter summarizes the main findings of the thesis and provides suggestions

for future work.

7.1 Thesis Conclusions and Contributions

This thesis has presented new analytical harmonic models of various types of

VSC equipment that can be used for power system harmonic analysis. First, a

harmonic model of a three-phase VSC was proposed for harmonic power flow

studies. Then, the harmonic model of the three-phase VSC was extended to the
single-phase VSC. Finally, harmonic models for the DFIG and VSC-HVDC for

harmonic power flow studies were proposed.

The main conclusions and contributions of this thesis are summarized as follows.

This thesis presents the analysis of the harmonic characteristics of the three-
phase VSC at low-order harmonics. The harmonic features of the VSC were
jointly determined by the control loop and power loop of the VSC. An analytical
harmonic model of the three-phase VSC was then proposed through rigorous
mathematical derivations. The final result showed that the three-phase VSC
could be represented using a coupled impedance matrix at low-order harmonics.
The coupling effect between different harmonics was induced by the outer
control loop and power loop, which is not significant and can be omitted in
practice. The three-phase VSC can be represented using an impedance at low-
order harmonic frequencies. Time-domain simulations and lab experiments
have demonstrated the correctness of the proposed model. Further, comparative
studies show that the power loop (i.e., dc-link capacitor) has a more noticeable
impact with a smaller dc-link capacitance. The application of the proposed

model for harmonic power flow studies has also been validated using time-
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domain simulations.

This thesis also proposed an analytical harmonic model for a single-phase VSC
at low-order harmonics. The harmonic model of the single-phase VSC for
harmonics higher than the 3™ is similar to that of a three-phase VSC, which is
in the form of a coupled impedance matrix. But the single-phase VSC also
injects the 3™ harmonic into the grid, so it can be modeled as a Thevenin circuit
at the 3™ harmonic. The degree of the 3™ harmonic depends on the size of the
dc-link capacitor: a smaller dc-link capacitor yields a more noticeable 3™
harmonic. The correctness of the proposed model of the single-phase VSC was
validated using extensive time-domain simulations and lab experiments.
Additionally, considering the practical parameters of the single-phase VSC and
the single-phase distribution systems, the 3™ harmonic produced in a practical

single-phase PV system is proved to be quite limited.

This thesis proposed the analytical models for the DFIG at low-order harmonics.
For the harmonic modeling of the DFIG, the harmonic characteristics of the
back-to-back RSC and GSC were analyzed using rigorous mathematical
derivations. In addition to the harmonic characteristics of a three-phase VSC,
there was a harmonic coupling between the back-to-back RSC and GSC. As a
result, the back-to-back RSC and GSC were modeled using a coupled
impedance matrix, which contained coupling between the RSC and GSC as well
as coupling between different harmonics. The coupling between different
harmonics was negligible, so a 2X2 impedance matrix was used with
confidence to represent the RSC and GSC unit. After integrating this new model
with the linear harmonic model of the induction generator, an impedance model
was obtained to represent the DFIG. The correctness of the proposed model was
verified using time-domain simulations and lab experiments. Furthermore,
extensive analyses have shown that the dc-link capacitor was critical to
determining the coupling strength between the RSC and GSC. A larger dc-link
capacitor led to a smaller coupling strength between the RSC and GSC. The
application of the proposed model of the DFIG for harmonic power flow studies
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was also validated.

e This thesis proposed a harmonic model for the VSC-HVDC at low-order
harmonics. The results showed that there was also coupling between the two
VSC terminals of the VSC-HVDC. However, due to the long-distance dc
transmission line or cable, the coupling between the two VSC terminals was
quite limited. As a result, the VSC terminals were decoupled in practice, and
the harmonic model of the three-phase VSC was applied for each terminal of

the VSC-HVDC.

7.2 Suggestions for Future Work

As with any study, something can always be done to extend the research. Several

extensions and modifications of this thesis can be explored as follows:

e In Chapter 2 ~ Chapter 4, the research looked at the harmonic model of the VSC
equipment with an outer control loop that regulates the active power, reactive
power, and dc-link voltage. The results showed that these outer control loops
were linear for harmonic studies. However, some VSC equipment may also
apply the ac voltage (magnitude) regulation as the outer control loop, which
might be nonlinear for harmonics. For this reason, effort should be made to
extend the proposed harmonic model to the VSC equipment with ac voltage

control.

e The harmonic modeling approaches for the VSC equipment can also potentially
be used to model the VSC equipment under unbalanced conditions, which can
be used to compute the noncharacteristic 3™ harmonic. In this research, both
positive-sequence and negative-sequence fundamental frequency voltage and
current were used to compute the 3™ harmonic. The main challenge was to
compute the negative-sequence fundamental-frequency voltage and current
using load flow studies. This research could be more meaningful for distribution

systems where the unbalanced degree is generally more significant.
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The proposed harmonic models of different types of VSC equipment were
developed with the assumption that the switching harmonics were not a concern.
In practice, the switching frequency may be close to some low-order harmonics
(e.g., 2kHz close to the 33" harmonic). How the proposed model will be
affected in such cases needs further investigation. And also, the switching
frequency of VSC could be low when selective harmonic elimination (SHE) is
used, how to model this type of VSC equipment is also interesting. Also, the
superharmonics (2kHz~150kHz) introduced by PWM switching could also be

investigated.

The research work in this thesis focuses on harmonic models of VSC equipment.
The harmonic model of VSC equipment can be further extended to the hybrid
ac/dc systems where the diode-bridge rectifier, LCC converter, and VSC
converter are jointly employed. For such research, more investigation is needed
into how the connection of different types of converters affects the harmonic

model.
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