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Abstract

The increasing penetration of inverter-based resources (IBRs) introduces some unex-
pected dynamic issues, including low-frequency oscillations. To investigate these phe-
nomenon, a laboratory-scale grid-following voltage-source converter (VSC) system is im-
plemented to demonstrate weak grid oscillations. Grid-following control is applied in VSC
to provide active power, reactive power or ac voltage control. The test bed is also replicated
in electromagnetic transient (EMT) simulation environment (MATLAB/SimPowerSystems)
for benchmark purpose. Case studies are carried out to demonstrate low-frequency oscilla-
tions under real power/ac voltage or real power/reactive power control. An analytical model
is carried out to examine the stability condition and compared with EMT or hardware test

bed results by using eigenvalue analysis.

To enhance the stability of an IBRs-integrated power system, reactive power (VAR) com-
pensation is an effective method. Synchronous condenser (SynCon) and static synchronous
compensator (STATCOM) are widely used among VAR devices. They have the capability
of increasing the transmission system stability and efficiency by absorbing or generating re-
active power. A comparison of SynCon and STATCOM under the condition of zero reactive
power injection will be presented. The two devices are integrated into a grid-connected type-
4 wind farm to examine their effects on system stability. It is found that SynCon is capable
of stability enhancement while STATCOM does not have such capability. To explain the
difference, we measure the dg-frame admittance frequency-domain responses of the two de-
vices using frequency scans. Vector fitting method is then utilized to convert the admittance
frequency-domain measurements to an s-domain model. s-domain admittance-based eigen-

value analysis further confirms that SynCon is advantageous in stability enhancement. The

vii



difference of SynCon and STATCOM can be summarized as SynCon providing a steady-state
reactance while STATCOM acting as a current source at steady state.

Moreover, the controller interaction of STATCOM in type-4 wind farm system is also
investigated. Reactive power and voltage control are implemented on STATCOM controller.
The control loops are disconnected and a series of harmonic signals are injected into the
system. With the frequency response data, a linear model can be derived using vector fitting
method. Then, the stability analysis for different control parameters are carried out by
root locus diagram. The proposed method is tested in a type-4 wind farm system, EMT

simulation results verify the accuracy of the stability analysis.
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Chapter 1: Introduction

1.1 Background

The power grid around the world is undergoing a continuously transformation due to the
growth shares of renewable energy, such as wind farm and solar photovoltaic. This change is
partly supported by government in order to transfer current energy use to renewable energy.
In December 2021, the Bide administration proposed an ambitious decarbonization plan
that aims to 100 percent clean energy by 2030, and net-zero emissions from overall federal
operations by 2050. Specifically, the U.S. Energy Information Administration (EIA) predicts
that the share of renewable energy in the U.S. electricity generation mix will increase from
21% in 2020 to 42% in 2050, of most which come from wind and solar photovoltaic [1]. Fig.
1.1 shows the prediction of U.S. electricity generation.

U.S. electricity generation, AEO2021 Reference case (2010-2050)
trillion kilowatthours

2020
6 ’

history | projection

5
- renewables
ydaro L)
4 : 42%
i2n1;/820 wind in 2050
3 solar

2 natural gas

coal

0 nuclear =
2010 2020 2030 2040 2050 €la

Figure 1.1: U.S. electricity generation prediction. This figure is from [1].

Since wind and solar energy are connected to grid with power electronic inverters, they can

be referred as inverter-based resources (IBRs). The increasing penetration of IBRs changes

1



the traditional power system’s properties. Synchronous generators dominate the traditional
power system, which has large inertia and strong damping ability [2]. The system has a
good stability performance against to common disturbances or oscillations. In contrast, the
IBRs use voltage source converters (VSCs), which has low inertia and weak damping ability.
Hence, dynamic stability becomes a major concern in maintaining the normal operation of
power grids due to the increasing shares of IBRs. An oscillation may not be damped quickly
and endanger the system operation.

In real-world operation, the IBRs related low-frequency oscillations have been observed.
For example, in China, subsynchronous oscillations (SSO) events were observed in the Type-
4 wind farm with a relatively weak transmission network [3]. In Texas, Electric Reliability
Council of Texas (ERCOT) observed oscillations at 4 Hz in a wind power plant under weak
grid condition. Fig. 1.2 shows the topology of transmission system and voltage oscillation
waveform [4]. These instability issues happened due to the transferred power reaches to
limit. The issue of low-frequency oscillation related to wind farm in weak grids has been

studied in [5-8].

1.2 Stability Analysis of VSC Connected to Weak Grid

The application of power converters is increasing with the development in power electron-
ics technology [9]. They are widely used in generation, transmission, and distribution system.
For example, the renewable energy sources such as wind farms and solar photovoltaics em-
ploy large amount of power converters [10,11]. Among these converters, three-phase VSCs
serve as the interface of grid integration [12-14]. Indeed, VSCs have been key components in
high-voltage direct-current (HVDC) transmission systems, machine drives, and flexible AC
transmission systems (FACTS) [15,16].

Currently, the majority of wind and solar adopts grid-following control strategy for the
grid-connected VSCs. Operating in weak grids has been identified as a critical challenge

for grid-following converter-interfaced IBRs by the grid industry worldwide. Specifically,
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weak grid oscillation is an issue that has been observed in real world. Several weak grid
oscillation events in wind farms have been documented in IEEE PES TR-80 “Wind Energy
Systems Subsynchronous Oscillations: Events and Modeling” [17]. IEEE IBR SSO Taskforce
collected 19 events over the past decade, which are categorized as series capacitor SSO and
weak grid SSO [18]. In addition, NERC has documented several wind farm and solar PV
low-frequency oscillation events due to weak grid operation from 2010-2016 [19].

This issue of low-frequency oscillations due to IBR in weak grids has been studied by the
senior authors, e.g., in [5-8]. While the senior authors have conducted preliminary research
on mechanism and mitigation strategy of weak grid oscillations in grid-following converters
in [5-8], the study scope focuses on grid-following converters with ac voltage control. Many
other possible control structures, e.g., reactive power control mode, volt-var droop control,
have not been considered in the prior research. In addition, results from hardware test beds
are desired to provide an additional layer of verification.

A hardware test bed consisting of a SiC VSC, a 45-kW Chroma grid simulator, and
passive components such as resistors, inductors, and capacitors, has been built to repre-
sent an IBR with weak grid interconnection. A corresponding EMT test bed is built in
MATLAB/SimPowerSystems. This computer simulation test bed is developed to mirror the
laboratory test bed except that the VSC assumes average model with 5000-Hz pulse width
modulation switching sequence not modeled for computing efficiency.

Different control methods such as P/Q and P/V control are utilized to examine the
active power limit and oscillation. Results show that the oscillation can be observed in a
P/V control system regardless of the controller parameters. By contrast, the P/Q control
system only has the oscillation under specific parameters.

The object of this section is to demonstrate weak grid low-frequency oscillations of a
grid-connected VSC system with ac voltage control or var control in both hardware and

simulation. This is the first step of an overall research goal that aims to develop a sta-



bility enhancement strategy and validate the strategy through hardware experiments for

technology readiness.

1.3 Stability Enhancement

In order to enhance voltage stability, reactive power compensation is an effective method.
This method can improve the stability of power system by increasing the maximum trans-
ferred power, and also help maintain a constant voltage profile [20]. SynCon and STATCOM

are two major devices for reactive power compensation.

1.3.1 SynCon and STATCOM

SynCon have been applied in power systems for a very long time. A reference in 1911 [21]
presents the common applications of synchronous condenser at that time. Essentially, a
synchronous condenser is a synchronous machine without a prime mover, working at motor
operation. It is controlled by the excitation system to absorb or generate reactive power
based on the requirement of power system. By the end of 2018, 90% of total generation
capacity in Texas Panhandle area is wind generation. In order to enhance the stability and
transmission efficiency, in April 2018, ERCOT installed two synchronous condensers with
rated capacity as +175/-125 MVA at 345 kV substations in Panhandle, resulting in a 13%
increase of power transfer compared that in of Year 2017 [22]. Reference [23] describes the
project of installing four synchronous condensers with 13.8 kV at Vermont Electric Power
Company (VELCO)’s Granite 230/115 kV station in Williamstown Vermont. This upgrade
project improved the reliability and stability of the Vermont power grid.

In recent decades, STATCOMs also have been widely utilized with the development
of switching devices such as IGBT and GTO [24]. A STATCOM consists of a voltage
source converter and a capacitor, which is capable of regulating reactive power transfer to
the power system and maintaining the voltage of network. Compared to a synchronous

condenser, STATCOM does not involve a rotating machine. It becomes the major reactive



power device in the market. In May 2001, the VELCO commissioned a project involving a
STATCOM-based compensation system, which has a rated capacity of +133/-41 MVA, at
Essex 115 kV station [25].

Even though both SynCon and STATCOMSs are vastly installed by utility companies,
SynCon is used more in islanded power grids, e.g., Kauai of Hawaii, as shown in [26], and
in zones with low SCR, e.g., South Australia [27]. Fig. 1.3 illustrates the wind farm system
and SynCon in Kiamal, South Australia. Apart from reactive power compensation, SynCon

is used to enhance grid strength and provide inertia and fault currents.

1.3.2 STATCOM Controller Interaction

As a reactive power compensation device, STATCOM is popularly used to provide reac-
tive power support. However, unwanted interaction of STATCOM controller and wind farm
may occur. The controller interaction of STATCOM and wind farm may bring oscillation
issues to the system. A STATCOM related oscillation is presented in [29], where differ-
ent frequencies’ oscillations are observed in real-world. It is found that this phenomenon
is related to the number of online STATCOMs and grid strength, and the controller is not
investigated. Thus, the objective of this paper is to investigate how STATCOM’s controller
affects the system’s performance.

The study of controller interactions can be done using root locus analysis. A detailed
linear model is necessary for the analysis, but it is difficult to derive the linear model because
the system’s parameters and control structure are confidential. Thus, harmonic injection, or
frequency scanning, is an alternative method to obtain the small-signal frequency response.
The detailed information of the system is not required, only inputs/outputs are used for
observed. The results from harmonic injection can be fitted into a transfer function using
vector fitting [30]. With the obtained linear model, root locus analysis will be carried out to

investigate the stability condition under different PI controller gains.
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Figure 1.3: The installation of SynCon in Kiamal, South Australia. (a) Solar farm
connection. (b) SynCon construction [28].



Some previous literatures discussed the influence and selection of STATCOM PI controller
gains. For example, in [31], the PI controller gains are adjusted in real time with an adaptive
approach. In [32], the gains are designed based on a proposed fuzzy PI control method.
However, these works focus on the PI controller tuning and need complicated calculation
process. This paper investigates the impact of STATCOM PI controller gains on the system
stability without the knowledge of system. It also provides a general approach for the

stability analysis and can be used in other power system as well.

1.3.3 Study Approaches

Both electromagnetic transient (EMT) simulation and eigenvalue analysis are employed
in this research to examine SynCon and STATCOM'’s performance for a type-4 wind farm
with weak grid interconnection.

For eigenvalue analysis, we adopt s-domain admittance-based eigenvalue analysis. This
method was proposed by Semleyn in 1999 [33] and has been found applications for inverter-
based resource stability analysis recently [34]. The benefit of this approach is that we no
longer need to derive a state-space model. Rather, we can obtain admittance model through
measurements. This feature is especially useful for EMT simulation models. For example,
the STATCOM model employed in this study is a 48-pulse GTO-based model. State-space
modeling approach requires derivation of an average model in a dg-frame. On the other
hand, this step is saved by utilizing measurements.

By applying a voltage harmonic disturbance at the device’s terminal with a range of
frequency and measuring the excited response at desired frequency, the frequency-domain
measurements can be obtained. Then the vector-fitting method is carried out to derive
the s-domain model representation of the targeted model. The vector fitting method is for
rational approximation through finding poles and residues iteratively based on the measured
points [30]. The Matlab toolbox of the method is available in public and this toolbox has been

used by researchers to conduct data fitting of frequency-domain measurements, e.g., [35].
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1.5 OQOutline of Dissertation

The dissertation is organized as follows.

Chapter 2 focuses on the modeling of a three-phase VSC to grid. System topology and
control algorithm are presented. The EMT, hardware experiment and admittance-based
model are built. Procedure of admittance-based modeling in MATLAB and PSCAD is well
demonstrated.

Chapter 3 presents four case studies are carried out under different control methods and
different parameters. Results from EMT model, hardware test bed and admittance-based
model are compared and validated.

Chapter 4 shows the stability enhancement in a type-4 wind farm system and their
controller interaction. Two VAR devices, STATCOM and SynCon, are introduced and com-
pared under zero reactive power compensation. And dg-frame admittance models of the two
devices are found through harmonic injection to illustrate their difference. The controller
interaction of STATCOM and type-4 wind farm is investigated with linear model and root
locus.

Chapter 5 concludes the dissertation and presents the future work of my research.
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Chapter 2: Methodology of Modeling and Analysis

This chapter demonstrates the modeling of a weak grid-connected VSC system in EMT,

hardware and analytical model.

2.1 Description of System

The test system is a three-phase VSC connected to grid through a transmission line.
The modeling of the power circuit and VSC’s control system are presented in Fig. 2.1,
where upper part shows circuit topology and lower part is vector control block. The power
direction and corresponding variables are also illustrated in this figure. Ry and L, represent
the choke filter impedance, C is the filter capacitor, R, and L, are the grid transmission
line impedance, P and QQ are the active and reactive power from VSC to grid, v,, v, and v,
represent the three-phase voltage of PCC bus. A PLL is used to synchronize the VSC by
tracking the PCC voltage V. PLL uses the PCC bus three-phase instantaneous voltage as
input, and generates the voltage’s magnitude, frequency and phase angle. The control block
is shown in Fig. 2.2.

The vector control system applies synchronous dg-frame, which converts time-variant
three-phase variables into dc time-invariant values. Two cascaded loops are included in the
control system based on the dg-variants. Inner loop controls currents in dg-frame and outer
loop controls P and Q (or V). The PLL provides an angle 6 for the abc to dg conversion.
PCC voltage is decoupled into v4 and v, through PLL, at steady state, vq is aligned to PCC
voltage and v, is kept as zero. The active power and reactive power can be expressed in

(2.1).

11
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Figure 2.1: Configuration of grid-connected three-phase VSC and its control system.
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Figure 2.2: Block diagram of PLL.

P =wv4i4+ quq (2 1)

Q = v4iqg — V4iq
Since v, is controlled as zero, it can be concluded that P and Q are directly proportional

to iq and 74, respectively. Therefore, the inner-loop reference i and i are generated from

outer-loop P control and Q control. Then (2.1) can be simplified as (2.2).

P= Udid (2 2)

Q = _Udiq

12



Hence, to regulate active power, the d-axis current can be adjusted, while the ¢-axis
current can be adjusted for reactive power control. In addition, because of the relationship
in (2.1), it can be seen that the active power related control should employ negative feedback
control while the reactive power or ac voltage control should adopt positive feedback control.

Assuming that there is no converter power loss, the DC-link capacitor dynamics can be

expressed in (2.3).

— Pyig— P 2.3
T a (2:3)

where P,;,q is the total power injection from the wind turbine to the dc-link capacitor and
the GSC.

Equation (2.3) illustrates the d-axis current order i}, can be generated by DC-link voltage
control. Due to the DC-link voltage relationship and the active power P, its can be seen
that a positive feedback should be employed for DC-link voltage control. The dg-axis current

orders (7j,) for inner controller are from outputs of the dc and ac voltage controllers.

2.2 Hardware Test Bed Setup

The VSC system shown in Fig. 2.1 is setup in experimental test bed. The configuration
is presented in Fig. 2.3. The grid is realized by a Chroma Grid Simulator 61845, three-phase
VSC is composed by a three-pack Imperix PEB-8024 silicon carbide power module, and a
BK Precision DC power supply is used as DC voltage source for VSC.

The PCC bus voltage is measured by an OPAL-RT OP8662 High Voltage Probe, mea-
sured signals are sent to RT-Lab OP5607 through its analog input ports. Current signals
are collected by current sensors, which embedded in the Imperix module, and also sent to
RT-Lab via RJ45 connectors.

The grid emulator Chroma 61845 is implemented with National Instruments LabVIEW

Development System on a Windows Operation System. The necessary drivers are down-

13



Grid emulator

Figure 2.3: Configuration of the hardware test bed. (a) Hardware test bed connection. (b)
Filter and grid impedance.
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loaded in chromausa official website, and a guide is found in [36]. The LabVIEW develop-
ment system is shown in Fig. 2.4. Front panel includes measurement windows for voltage,
current, real and reactive power. Moreover, the magnitude, frequency and phase sequence
of voltage are also configured in front panel. In block diagram, a current limit with 10 A is
used to protect the circuit.

These voltage and current measurements are received and processed by a Real-Time
simulator RT-Lab OP5600, which will generate PWM signals to control VSC MOSFET gates.
The data processing and control system are firstly built in MATLAB/SimPowerSystems
environment, then RT-Lab will convert the model to C code automatically. A RT-Lab
model typically consists of two subsystems as subsystem master (SM) and subsystem console
(SC). During the converting, RT-Lab is able to detect SM and SC, and a CPU core will be
assigned to an SM while SC does not occupy any calculation usage. Fig. 2.5 shows the
RT-Lab structure and work.

In this test bed, SM implements these functions as follows.

e Receive and filter the measured voltage and current signals.

e Convert the three-phase variables to dg-frame and generate control signals through the

control system.
e Generate and output PWM signals.

e Read, record data and send to SC.
Meanwhile, SC implements these function as follows.

e Monitor circuit operation variables in scope.

e Manipulate the control system such as switch Q or V control, adjust P or Q/V reference,

and change control parameters during operation.

After PWM signals are generated by RT-Lab, they will be transferred to Imperix module

by optical fibers. The front side of RT-Lab, and its connection to Imperix modules are shown

15
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Currents and DC
voltage measurements
PWM signals

Currents and DC
—
voltage measurements

e oY
0 {©000000000000000

PCC voltage e s ——

measurements

PWM signals

(b)

Figure 2.6: RT-Lab and Imperix module connection. (a) Front side of RT-Lab. (b) Imperix
module connection for measurements and PWM signals.

in Fig. 2.6. A HIL simulation interface is installed on the top of RT-Lab, it’s purposes are

listed as follows.

e Receive current measurements from Imperix modules through RJ45 connectors, and

transfer to RT-Lab.

e Receive PWM signals from RT-Lab, and transfer to Imperix modules through optical
fibers.

These devices are summarized and described in detail in Table. 2.1.
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Table 2.1: Hardware test bed devices

Device name

Function

Description

Chroma 61845

Grid Emulator

Bidirectional single- or three-phase power supply

Max. Power: 45 kVA

OPAL-RT OP5607

Record, generate and process data

16 analog inputs
48 digital outputs

Imperix PEB-8024 Power Module

Three-phase converter

Max. DC voltage: 850 V
1200 V/36 A SiC MOSFETSs
Max. switching frequency: 200 kHz
Current sensor bandwidth: 280 kHz

OPAL-RT OP8662

Voltage Probe

Number of voltage channels: 8
Max. voltage: 600 Hz
Bandwidth: 100 kHz

BK Precision 1666

DC voltage source

Max. output : 40 V/5 A

HIL Simulation Interface

Transfer measured and PWM signals

16 analog inputs with RJ45 connector
16 digital outputs with optical fibers

19



2.2.1 Hardware Test Bed Challenge

Benchmarking the computer simulation test bed and the hardware test bed is a time-
consuming task. It requires attention to meticulous details. Three lessons have been learned

in this process.

e Per-unit calculation for simulation and experiment requires attention. In this research,
the grid-following converter control parameters, e.g., current control, outer controls,
and PLL, are all in per unit values. This requires that the measurements are all con-
verted to per unit values. In the computer simulation test bed, the per-unit calculation
is realized automatically by the three-phase measurement block in the SimPowerSys-
tems model, where the nominal voltage is the line-to-line RMS value as 20 V. On the
other hand, in the hardware test bed, real-time three-phase voltage signals are mea-
sured and sent to RT-Lab for processing. Per unit calculation is followed. The base for

the instantaneous voltage signals is different from the RMS value, rather, the per-phase

peak value 16.3 V or \/g x 20 V should be used.

e The value of an inductor’s inductance should be carefully measured. The inductance
has mismatch from the value in an inductor’s label. In this research, the inductor’s
label shows it has inductance of 15 mH at 4 A. According to experimental results and
steady-state calculation, the circuit current is about 2 A in this case. Moreover, since
the inductance is too large for this system, two inductors are connected in parallel so
the transmission line impedance is reduced, which means that the current through each
inductor is also changed to half. Under this operation condition, the circuit current
is lower than the rated current, this change also influences the inductance value. To
find the accurate inductance, the Chroma 61485 grid simulator is connected to the
inductor directly and operates at the desired operation condition. By measuring the

voltage across the inductor and its current, the inductance can be calculated as about

20



9.7 mH (parallel connection) when working at this current. This value is then used in

simulation fro verification.

e PWM signals generation in the hardware test bed needs attention. The hardware test
bed employs RT-Lab to implement control algorithm. The output PWM signals are
defined by the duty ratio d, not PWM'’s modulation index m. On the other hand, the
output of vector control system is the reference voltage u..s. The equation to convert
Urer tO d is as follows.

1
d = é(uref + 1)
2.3 Simulation Test Bed

The VSC system shown in Fig. 2.1 is simulated in MATLAB/SimPowerSystems software.
Both control system and power circuit components are created using the blocks in the library.
The VSC block is an average model, which uses a reference signal u,.; to represent the
output terminal voltage vq., so the controlled signal of VSC block is a three-phase sinusoidal
waveform instead of PWM signal. This model does not contain harmonics and has a faster
simulation speed. A switch is used in g-axis outer loop to choose Q or V control manually.
The time step is set as 25 ps. Fig. 2.7 shows the simulation model. It should be noticed that

the calculation process for P and Q), filter, and dg-axis decoupled process are not shown.

2.4 Admittance-Based Model

The admittance-based model is also implemented to represent the VSC system. Harmonic
injection method and analytical model derivation are used to obtain the admittance-based

model. The two methods are demonstrated as follows.
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Figure 2.7: Configuration of EMT model.

2.4.1 Harmonic Injection Process

For example, harmonic injection is used in obtaining the system impedance in sequence
domain by injecting a voltage or current harmonics [37,38]. Through extracting the output
distortion and being processed in a range of frequency, the desired impedance model can
be built. This method is widely used for analysis of subsynchronous resonance in power
plants [39].

The authors in [40] have proposed the converter impedance model in the dg-domain, which
is shown in (2.4). In this system, the voltage or current injection is required to be applied in
the synchronous dg-reference frame. Since most of VSC employ controllers are based on dg-

reference frame, the dg-domain impedance has a closer relationship with its control system

22



[41]. Furthermore, the dg-domain impedance transforms variables such as voltages and
currents into DC components, the fundamental component does not impact measurements.
Thus, the dg-domain impedance is applied to implement the harmonic analysis.

Va(s)| _ | Zaals) Zag(s)| |1als) (2.4)

Va(s) Zqa(s)  Zag(5) | | La(5)

~~

deqq

where Z4444 is a two-by-two complex matrix related to frequency.

And the admittance Yy, is derived through inverse the Zg,, and can be expressed in (2.5).

Iy(s) _ Yaa(s) Yaq(s)| |Va(s) (2.5)

1,(s) Yia(s) Yoq(s)| | Va(s)

~

Yddqq

The dg—frame admittance can be built by injecting a set of voltage perturbation and
measure the output current in the dg-frame. Based on the (2.5), the Y4 and Y4 are derived
through perturbing vy while v, keeps zero. Similarly, when the perturbation is injected to

v, and vg is set to zero, the Yy, and Y, are measured. The algorithm is shown in (2.6).

UL L)
Vials) = JA  Vinlo) = {203 Vi) =0
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Another analysis approach of VSC is the sequence admittance model. It is widely used
in stability and harmonic analysis. This model can be represented as positive and negative

admittance in (2.7).

L(s) | [Yon(s) Yonls)| |Vil(s) (2.7)
Lis)| | Yup(s) Yun(s)| [Vals)

where subscript p and n represent positive and negative sequence, respectively.

According to the double fourier-series theory, when the three-phase VSC is disturbed
from its steady-state by a three-phase voltage injection at frequency fi, two current har-
monic components appear at frequencies f; and 2fy — fi, where the fy is the fundamental
frequency. The sequence domain impedance is calculated from the injected voltage and
generated current harmonic components.

For an injected voltage harmonic V), at frequency wy, the Y, and Y,,, are derived in (2.8).
_ jQ

Y,, = ==
‘/p*

L
pp vpa an (28)
where I; is current harmonic at frequency w; and I at 2wy — ws.
Then the injected voltage harmonic V), frequency changes to wj, the Y,, and Y,,, are

derived in (2.9).

I I
Yo = V_;‘ , Yop = 7; (2.9)
where w| = 2wy — wy, I, is current harmonic at frequency w; and I; at w).
The relation of dg-domain and sequence admittance is given in (2.10).
Ydd Yd 1 1 1 Y, Yn 1 ]
a| _ . pp tp (2.10)
Yoa Yy =3 I |Yap You| |1 —J
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It should be noted that if the wy is larger than than 2wy, the w{ will be negative. An
injected voltage with negative frequency means the voltage is negative sequence, where phase
b leading phase a by 120° and lagging phase ¢ by 120°.

In order to derive the impedance model of the VSC system, a three-phase voltage har-
monic is injected to the system [42]. By obtaining the current and voltage phasor at desired
frequency through FFT analysis, positive and negative admittance are calculated by (2.8)
and (2.9). Then the dg-domain admittance can be transformed from the sequence admit-
tance. The system is shown in Fig 2.8a. In dq injection approach, the voltage source is
decomposed into dg-reference frame. A perturbation is injected into d-axis voltage while g-
axis voltage has no injection, and vice versa. Converting three-phase current into dg-reference
frame and related to injected voltage, the dg-domain impedance also can be derived. This
method is shown in Fig. 2.8b. In this chapter, only dq injection approached will be imple-
mented.

The harmonic injection technique is employed to measure the admittance frequency-
domain responses. The currents and voltages in dg-domain are recorded after injecting a
small-signal perturbation at the terminal. The obtained data are used to calculate admit-
tance model.

As Fig. 2.8b shows, the controllable voltage source is connected to the wind farm at
the interconnection point of 220 kV. Two perturbation voltages are superimposed into the
voltage source, respectively.

The voltages are defined in the dg-frame and converted to the abc-frame to form a three-
phase voltage source. The resulting currents are recorded at the PCC bus. They are con-
verted to dg-frame variables i4,. Fast Fourier transform (FFT) is implemented to extract
the phasor form of vy, and 74, at the frequency of the injected perturbation. It should be
noted that the injected perturbation needs to be small enough so it has no influence on the

system operation.
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The admittance at every frequency point is calculated in (2.11).

W, @
Yl fs) = zdl (f) V() = zd2 (f))

v (f) W)

05 ) (2.11)
Yoa(f)) = 4 i) L Y (f) =2 (fi)

v () o ()

where superscripts (1) and (2) are related to voltage perturbation in d— and g—axes, respec-

tively; f; is the injected frequency.
Similarly, a real, reactive power vs. terminal voltage phasor (PQ/V#) model is built to

represent the relationship of power and voltage phasor, can be expressed in (2.12).

P(s)| |Guls) Gu(s)| |V(s) (2.12)

Q(s) Gai(s) Gaa(s)| | 0(s)

J/

TV
Gpv

The configuration of injection system for PQ/V6 model is shown in Fig. 2.9.

Controlled voltage source pcc BR

|4V| PR
N _/I_\_, Va Vi Ve
|V Wave
0% generator
* 1
| AHII\/ 60 Hz

Figure 2.9: Block diagram of PQ/V# injection system.
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This model is calculated as follows.

| _ PO )= PO
Gul(fi) V() Gra(fi) 9 (f;) (2.13)
0V(F) Q) |
Gu(fi) = Va(f) Galfi) = 02 (f;)

where superscripts (1) and (2) are related to voltage perturbation in V and 6, respectively.

2.4.1.1 Harmonic Injection in MATLAB Test Bed

An example system used for harmonic injection in MATLAB test bed is shown in Fig.
2.10. A three-phase grid voltage source is replaced by three controlled voltage sources to
represent v,, v,, and v., separately. The three voltage signals are generated from dq/abc
transformation, and two signals are superimposed to dg-input. Three-phase current I, is
converted to dg-frame I; and I,,.

For each injected frequency, d- and g-axis harmonic are imposed separately. Thus, only
one column of dg-domain admittance can be obtained for each injection process. The fre-
quency is preset in MATLAB script. A loop is used in MATLAB script to run the simulation

test bed. Fig. 2.12 shows the harmonic injection results.

2.4.1.2 Harmonic Injection with MATLAB Script

Harmonic injection may have accurate results for admittance model, but it’s time con-
suming and requires lots of coding work. Another method is applied using a MATLAB tool.
The process is demonstrated as follows.

As shown in Fig. 2.10, the block name of d-axis injected signal is 'Sine Wavel’, the g-axis
is 'Sine Wave2’, while output currents I; and I, are from block 'Demux5’. So the inputs and

outputs are defined as follows.

/Define input ports

io(1)=1linio('TestSystem/Sine Wavel',1,'input');
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io(2)=1linio('TestSystem/Sine Wave2',1,'input');

/Define output ports
io(3)=1linio('TestSystem/Demux5',1, 'output');

io(4)=1linio('TestSystem/Demux5',2, 'output');

A MATLAB command ' frest.create FixedT sSinestream’ is used to generate sinusoidal
waveform continuously. If the step size of system is 50 us, and injected frequency ranges

from 1 Hz to 200 Hz, magnitude is 0.1, then the waveform is defined as follows.

/Define injected signals
input = frest.createFixedTsSinestream(5e-5,{2xpi*1 2*pi*x200});

input.Amplitude=0.1;

The injected signals are shown in Fig. 2.11. It can be seen that d- and g-axis voltage
perturbation signals are injected separately. There are only four periods for each injected
frequency.

Last, the frequency response estimation are achieved as follows.

sStart injection
model = 'TestSystem';

sysest = frestimate(model,io,input);

Fig. 2.12 shows the comparison of harmonic injection and MATLAB command ' frest’
in a test system. For harmonic injection, the injected frequency is from 1 Hz to 200 Hz, and
interval is 1 Hz. For ’frest’ command, 30 frequencies logarithmically spaced between 1 Hz
to 200 Hz. Compared with harmonic injection method, ' frest’ is easier to implement, but

only 30 frequencies are swept.
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Figure 2.11: Dg-axis injected signals. (a) D-axis voltage. (b) Q-axis voltage.

2.4.1.8  Harmonic Injection in PSCAD

For a MATLAB/SimPowerSystems model, MATLAB script 'sim/ is able to run the target
model repeatedly. The model’s parameters are initialized in MATLAB ’InitFen’, and data
will be saved and processed with each injected frequency. In PSCAD model, Python script
is used to call PSCAD model, and data is saved as .cfg file. Then the data is read and
processed by MATLAB script. The injection procedure is demonstrated as follows.

Fig. 2.13 shows a grid-connected Type-4 wind farm in PSCAD model, where grid is
replaced by a controlled three-phase voltage source.

Fig. 2.14 shows the blocks of dg-transformation and injected signals generation. The
controlled voltage source’s signals are v,,4, Vmp, and v,,., which is converted from dg-frame
transformation. vy and v, are sum of a constant value and a small disturbance. The two
disturbances are generated from 'Sin’ block, where phase is zero, magnitude is a relatively
small value, usually less than 10% of nominal voltage, frequency is the controlled variable in

Python loop programming, and a switch is used to start the injection.
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Figure 2.12: Admittance comparison of harmonic injection and frest.

In PSACD model, each component has a unique identifier number. By right clicking the
component and this identifier number can be found in the attribute bar. Fig. 2.15 shows
the identifier number for d- and g-axis harmonic signals in red box.

After running this model, data of vy, and i4, are saved through RTP/COMTRADE
Recorder. And the identifier name for data name is also found in Fig. 2.16.

With the known identifier numbers of these variables, the injection process can be started.

Firstly, Python compiler will search for the project name in the working directory.

project_name = 'Type4_RLC_SSR_short_dq'

# Source and destination folders for output data

src_folder = working_dir + project_name + fortran_ext

dst_folder = working_dir + "dinj_output"

Then define the dg-frame injected signals and saved date file name.
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8 Attributes X
General 'I
o= 2l 3
= General

Class

Mame

Definition :
Build Label
= Schematic
¢ (position]) 1260
v i position) 432
z {sequence) 290
q (quadrant) Full motion
arientation ]
width 69
height 33
Id

Unigue identifier for the instance of this object.

ok | Cancel |

Help... |

(a)

Figure 2.15: Identifier number for (a) d-axis voltage harmonic signal. (b) g-axis voltage

B Attributes | x|

IGeneraI 'I
8= 4l 3 2
El General
Class serCmp
Id
lame
Definition
Build Label
El Schematic
i ) 1566
! v (position) 432
2 (sequence) 320
q{gquadrant) Full motion
orienkation u]
width 69
height 33
i
Id

Unique identifier for the instance of this object.

Ok | Cancel | HElpi . |

(b)

harmonic signal.

idl  iql  wvdd wvgq

All A2] A3] M

General [+
o 21 3
E General

Definition mast
Build Label

E Schematic
< ip )

1008
v (position) 846
z (sequence) 1290

Analog Inputs
v2.0 RTP Recorder

St File: f200q
@ﬂ Format: RTP
Ceo By

)

Comtrade 91 %
Comtrade 99®

Digital Inputs

|| qgiguadrant) Full mation
orientation 0
width 245

height 130

d

Unique identifier for the instance of this object.

(a)

Ok Cancel | Helgi.

(b)

Figure 2.16: (a) RTP/COMTRADE Recorder block. (b) Identifier number of saved data

file.
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freq_injd = main.user_cmp(600447610)

freq_injq = main.user_cmp(560079816)

data_log = main.user_cmp(1055116528)

Next step is to setup the loop parameters. If injection frequency is from 1 Hz to 100 Hz,
then PSCAD model will run 200 times. The first 100 times are d-axis injection and rests
100 are g-axis injection. Data generated from each loop are also defined. The code for loop

and name define are posted as follows.

j=1
while j<201:
if j<101:
freq_injd.set_parameters(Value=j)
freq_injq.set_parameters(Value=0)
data_log.set_parameters(FName="f"+str(j)+"d")
project.run()
else:
freq_injd.set_parameters(Value=0)
freq_injq.set_parameters(Value=j-100)
data_log.set_parameters (FName="f"+str(j)+"q")
project.run()

j+=1

After the injection process finished, all data will be saved in a folder, as shown in Fig.
2.17.

Each file represents a d- or g-axis injected voltage for this model. And program code for
the COMTRADE reader is used to extract the data and calculate the admittance.

Fig. 2.18 shows the flowchart for harmonic injection in a PSCAD model.
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Mame | Date modified Type Size
|| Fid.cfg 331/2021 &:35 PM CFG File 1EE
B Fid 31312021 §:35 PM Data File in DAT For... 1,993 KB
| Fid.hdr 3131/2021 5135 PM HOR File 1KB
_|Fzd.cfo 3131/2021 5135 PM CFG File 1KB
Fl=fed 313172021 5:35 PM Data File in CAT For.., 1,993 KB
| Fad.hdr 313172021 5:35 PM HDR File 1KB
| Fad.cfg 3131/2021 5:36 PM CFaG File 1KB
Fl=fad 33172021 8:36 PM Data File in DAT For... 1,993 KB
_ F3d.hdr 33172021 8:36 PM HDR File: 1EE
|| Fa4d.cfg 3[31/2021 8:36 PM CFG File 1EE
B Fad 313112021 §:36 PM Data File in DAT For... 1,993 KB
|| F4d.hdr 331/2021 8:36 PM HDR File: 1EE
| Fed.cf 3131/2021 5:37 PM CFG File 1KB
Fl=rsd 3131/2021 5:37 PM Data File in DAT For.., 1,993 KB
| Fad.hdr 313172021 5:37 PM HDR File 1KB
| Fad.cfg 313172021 5:37 PM CFa File 1KB
| Fed.hdr 3131/2021 8:37 PM HDR File 1KB
Fl=fad 33172021 8:37 PM Data File in DAT For... 1,993 KB
| | Frd.cfg 3f31/2021 8:37 PM CFG File 1EE
| Frd.hdr 3[31/2021 8:37 PM HDR File: 1EE
B frd 313112021 §:37 PM Data File in DAT For... 1,993 KB
| Fad.cfg 331/2021 &:33 PM CFG File 1EE
Fl=rad 3131/2021 5:33 PM Data File in DAT For.., 1,993 KB
| Fad.hdr 3131/2021 5:33 PM HOR File 1KB
__ Fad.cfg 313172021 5:39 PM CFa File 1KB
_ Fad.hdr 313172021 5:39 PM HDR File 1KB
Fl=rad 313172021 8:39 PM Data File in DAT For... 1,993 KB
| Fiod.cfg 33172021 8:39 PM CFG File 1EE
¥l=find 33172021 8:39 PM Data File in DAT For... 1,993 KB
|| Fiod.hdr 3i31/2021 8:39 PM HDR File: 1EE
| |Flid.cfg 331/2021 &:40 PM CFG File 1EE
Floci14 X ok RaetuteR BE-TF [ Byl Y | Fimb= Cilm im FAT Cme 1 O e

Figure 2.17: PSCAD harmonic injection data in folder.

2.4.2  Analytical Model

An analytical model is built to reflect the three-phase VSC system, which includes outer

loop control, inner loop control, PLL, and grid dynamics. The system is operated in dg-
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Set PSCAD model PSCAD
injected signals

v Python
Inject V4 as 0.1 pu
from 1Hz to 100 Hz

‘L

Save vgv,.izi,

h 4

Inject V,as 0.1 pu
from 1Hz to 100 Hz

h 4

Save vV, igi,

v MATLAB
Data processing script
FFT analysis for

each mjected data

Y
Calculate Y,
Y, dg Y, gcb Y, qq

Figure 2.18: Flowchart for harmonic injection in PSCAD model.

frame, thus, all variable are constant at steady state. Compared with EMT detailed model,

the grid dynamics are represented as a series of differential equations as follows.

di - -
le—tl + Ritn = Vi — Viee
di. Lo .
Ly =2 + Ryiy = Vyee =V, (2.14)
Ve = =
C dz =1 — i,
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The current space vector can be transformed to dg-frame in (2.15):
i = (ig + jig)ec® (2.15)

where ¢(t) = jwot + 0.
Similarly, substituting other variables in (2.14) by dg-components, we can deduce the

differential equations in dg-frame.

diyg 1

di 1 ; '
0y tpq — Rty — L)
di 1 ; ‘
did B L_2(Upcc,d — Vg — RQZ2d - wOLgZQq)
F 1 (2.16)
l2g _ R L,
ot = T Wreea = Baizg = woligiza)
dU cc . ,
#vd = C—f(zld — 24 + WoCfUpceyq)
dvpee 1. .
dpt 4 C_f(hq — 19 — wonUpcc,d)

Fig. 2.19 shows the analytical model, the control loops and PLL are well illustrated in

. L . _ . divg . diny . dizg . d d
previous descriptions. In this model, & = [4d; ®la. dizg, T2q, Tpeed . Wpceq]

dt ' dt 7 dt ’ dt? dat dt
c g
Vg Vd :
Reference Control > o> Grid X X
signals - system | —ol° 7> Dynamics ST
VAIQ*/P 1V Vg A
idc - y idg
e-J&pcc
g g’

Figure 2.19: Configuration of analytical model.

It should be mentioned that the dg-frame in this model has two reference frames as

converter frame (denoted by superscript '¢’) and grid frame (denoted by superscript ‘¢g’).
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Thus, the transformation of the two reference frames require the angle of PCC voltage
(Opec), which is tracked by PLL to synchronize the converter voltage with grid voltage. The
relationship between the dg-frame voltage and current in converter frame with grid frame is

expressed in (2.17).

G+ jvs = (v + jud)elre = (v] + jvI)(cos Opec + jSin Oec) 217)

iy + jid = (ig + jig)e’jep“ = (ig + Jig)(cos Opec — j Sin Opec)
2.4.2.1 FEigenvalue Analysis

This model is a twelfth-order system, where six state variables are related to grid dy-
namics, four state variables are related to control system and two related to PLL. Each state
variable is required to be linearized to compute a linear state-space model. Since this model
is built in MATLAB/Simulink with ordinary differential equations, the linear model can be

found through a command 'linmod’. The obtained state-space model is shown as in (2.18).

T = Az + Bu
(2.18)

y=Cx+ Du

where A, B,C, D describe the linearize input-output relationship. If input and output are
not specified, B, C, D are zero.

With matrix A, eigenvalues of the system can be calculate by another command eig(A).

2.4.2.2 Bode Response Model

Bode response is to describe the gain and phase of a system with a function of frequency
graphically. Magnitude and phase angle are presented on separately windows, where x-axis
is logarithmic frequency scale and y-axis is represented as 20log;o[A(w)] [43]. Inputs and

outputs of the model are defined by “inport’ and 'outport’ blocks in Simulink model.
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The Bode plot is obtained in MATLAB in the following step. (1) Build a model with

integrator % in Simulink environment and specify inputs and outputs. (2) Calculate the

linear model with transfer function, and (3) plot the Bode diagram.

In this work, the response models will be used for stability analysis.

2.5 System Parameters

The circuit parameters are listed in Table. 2.2.

Table 2.2: Parameters of the circuit

Description Parameters Values
Power base Sh 50 W (1 pu)
System frequency f 60 Hz
Voltage base (L-L RMS) Ve 20 V (1 pu)
Grid voltage (Phase RMS) Vs 115V
DC voltage Vie 40V
Switching frequency fs 5 kHz
Ry 0.27 Ohm (0.034 pu
Converter filter L (X)) | 15mH (0&)707 ppu))
C R 0.76 Ohm (0.09 pu
Transmission line I, (g(g) 07 i ((5.46 pﬁ) )
PLL kpprr, kipLL 60, 1400

The parameters of control system are listed in Table 2.3, two groups of parameters with

different bandwidth will be investigated.

Table 2.3: Parameters of the controller

Control loop Parameters
Current control kpi=1, ki;=10
Parameters I P control kpp=0.25, k;p=25

Q or V control kpq=0.25, k;;=25
Current control | k,;=0.4758, k;=3.28
Parameters 11 P control kpp=1.1, k;,=137.5
Q or V control kpq=0.25, k;;=25
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Chapter 3: Investigation of Weak Grid Oscillations

3.1 Introduction

Tn order to investigate the oscillation characteristics, four case studies are presented. All
case studies are first conducted in the hardware test bed, then benchmarked in the simulation
test bed. Different control strategies and parameters are examined and compared. For each
case, active power is given a step change to reach marginal stability condition. P, Q from
VSC and PCC bus V are presented. The experimental data are collected from RT-Lab and
plotted by MATLAB. Both simulations and hardware experiments have the same parameters.

Results from two models are compared for verification.

3.2 P/Q Control with Parameters I

In this case, the VSC is operated in P/Q control mode with parameters listed in TABLE
2.3. Both experimental model and simulation are working at steady-state when P is set as
1.65 pu.

Fig. 3.1 shows the P, Q from VSC and PCC bus voltage. The Q is regulated as 0.2 pu,
and when P increased to 1.68 pu, the experimental model is collapsed, while the limit is 1.7
pu for simulation model.

Before the step change of P, the PCC bus voltages are 1 pu for both models, which

demonstrates a good agreement.

!This chapter was published in IEEE 2021 North American Power Symposium (NAPS) [44]. Permission
is included in Appendix A
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Figure 3.1: Response of P, Q and PCC voltage under P/Q control with Parameters I when
P is given a step change from 1.65 pu. (a) Experimental results. (b) Simulation results.

3.3 P/Q Control with Parameters II

In previous case, the system is collapsed without any oscillation when P increases to
marginal stability condition. But, the oscillation can be observed with specific control pa-
rameters. Fig. 3.2 shows the oscillation when the system becomes unstable.

In this case, Q is still controlled as 0.2 pu, and P is 1.58 pu at steady-state. When P
is increased to 1.61 pu in experimental model, an undamped 3 Hz oscillation appears. In
simulation model, a 3 Hz oscillation is also observed when P increases to 1.65 pu. At steady-
state, since P and Q are controlled at the same level, PCC voltages of the two models are

compared and found to be same as 1.05 pu.

3.4 P/V Control with Parameters I

Under the P/V control, the PCC voltage is kept as 1 pu. The dynamic responses are
shown in Fig. 3.3. The initial value of power is 1.92 pu for both models. It can be seen

that when P reaches 1.94 pu, the experimental model becomes unstable and the frequency of
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Figure 3.2: Response of P, Q and PCC voltage under P/Q control with Parameters II when
P is given a step change from 1.58 pu. (a) Experimental results. (b) Simulation results.
oscillation is 2.8 Hz. In simulation model, a 2.8 Hz oscillation also appears when P changes

to 1.97 pu.

At steady-state before step change, the reactive power for both models are 0.42 pu.

3.5 P/V Control with Parameter II

In this case, the VSC applies P/V control with the Parameters II. The results are shown
in Fig. 3.4. P has a step change from 1.53 pu, and V is kept as 1 pu. Experimental model
has a 3.3 Hz oscillation when P increases to 1.57 pu. In simulation model, the limit is 1.59
pu, and the oscillation frequency is also around 3.3 Hz. Before the step change, the Q in two

models are about 0.19 pu.

3.6 Analytical Model Validation

The validation of analytical model are in two aspects: 1) steady-state operation condition,
and 2) marginal stability condition. Fig. 3.5 shows the steady-state values of real power,

reactive power and PCC voltage under P/V and P/Q control. P reference is increased so
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Figure 3.3: Response of P, Q and PCC voltage under P/V control with Parameters I when

P is given a step change from 1.92 pu. (a) Experimental results. (b) Simulation results.
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Figure 3.4: Response of P, Q and PCC voltage under P/V control with Parameters 1T when
P is given a step change from 1.53 pu. (a) Experimental results. (b) Simulation results.
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Figure 3.5: Steady-state operation condition comparison of EMT model and analytical
model under (a) P/V control, (b) P/Q control.

different operation conditions can be compared. The highly similarity of the steady-state
values illustrates the accuracy of analytical model.

Next, marginal stability condition is examined. A MATLAB command 'linmod’ is able
to obtain the state-space linear model of the analytical model, and the eigenvalues of A’
matrix are also the eigenvalues of system. Fig. 3.6 shows the eigen loci of the four cases with
increasing P. For P/Q control with parameters I, there is no oscillation in EMT simulation
when P increase to 1.68 pu. In this eigen loci analysis, the power limit is P=1.68 pu,
if P continues to increase, then there is no solution for the analytical model’s differential
equations. For P/Q control with parameters II, an eigenvalue crosses imaginary axis when
P is 1.68 pu, and frequency is about 3 Hz. For P/V control with parameter I, the marginal
stability is P=1.98 pu, oscillation frequency is about 2.8 Hz. For P/V control with parameter
IT, limit P is 1.66 pu, and frequency is around 3.3 Hz. These analytical analysis is very close

to the simulation or hardware results.
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Figure 3.6: Eigen loci for different cases, interval for each point is 0.02 pu. Red plus is
starting point, and red circle is ending point. (a) P/Q control with Parameter I, starting
condition is P=1.5 pu. (b) P/Q control with Parameter II, starting condition is P=1.5 pu.
(c) P/V control with Parameter I, starting condition is P=1.8 pu. (d) P/V control with
Parameter 11, starting condition is P=1.5 pu.
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Table 3.1: Results comparison

Case studies Test bed Power Oscillation Values before event
limit (pu) | frequency (Hz) | P (pu) | Q (pu) | V (pu)
P/Q control | Simulation 1.68 - 1.65 0.2 1
with Para. I | Experiment 1.70 - 1.65 0.2 1
P/Q control | Simulation 1.61 3 1.58 0.2 1.05
with Para. II | Experiment 1.65 3 1.58 0.2 1.05
P/V control | Simulation 1.94 2.8 1.92 0.42 1
with Para. I | Experiment 1.97 2.8 1.92 0.42 1
P/V control | Simulation 1.59 3.3 1.53 0.19 1
with Para. II | Experiment 1.57 3.3 1.58 0.19 1

3.7 Summary

Since the laboratory experiment is benchmarked with simulation model built in MAT-
LAB/SimPowerSystems, and operating at the same condition, dynamic simulation results
and steady-state values can be used to compare for the same event: a step change in P.
Table 3.1 summarize these results in digital for a better comparison, which shows excellent

matching with only slight difference on the marginal power limits.
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Chapter 4: IBR System with VAR Devices

4.1 Comparison of SynCon and STATCOM

4.1.1 Model Description
4.1.1.1  Wind Farm

2The investigated system is a type-4 wind farm connected to a grid through a transmission
line. Fig. 4.1 presents the structure of the system. The terminal voltage of wind farm is 575
V, and it is increased to 220 kV via two step-up transformers. The reactive power devices are
connected to the grid through a 22 kV /220 kV transformer. The grid transmission network
is comprised of two parallel impedance lines. A circuit breaker is shown and on/off of the
breaker changes the total transmission network impedance.

The type-4 wind farm is constituted by a synchronous machine, a machine side converter
(MSC) and a grid side converter (GSC), which is connected to PCC through a choke filter.
The GSC consists of an inner current control loop and outer voltage control loops is shown
in Fig. 4.2. This kind of control is well illustrated in Chapter. 2. And the parameters of the

wind farm and controllers are listed Table 4.1

4.1.1.2 STATCOM

STATCOM is widely adopted in power system to maintain voltage profile and enhance

voltage stability by offering additional reactive power. It consists of a DC capacitor and a

2This chapter was published in Electric Power Systems Research [45] and has been accepted in 2022 IEEE
PES General Meeting [46]. Permission is included in Appendix A
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voltage source converter, which is connected to a grid through a transformer, as shown in

Fig. 4.4a.
Ve )
Ve KpV+KiV/Siii'_?—» Ko K|
ig [ol]
oL ]
Vieed Kpi+Kil/s|
Voced

Figure 4.2: GSC control structure. The dc and ac voltage references are set at 1 pu.

Viee
+
+37 My dg
— Mapc
+
+~ Mg {fahc
HPLL

Table 4.1: Parameters of the type-4 wind farm

Description Parameters Value (SI)
Rated Power Prated 100 MW
Rated voltage VRated 575V
Nominal freq. Frnom 60 Hz
DC-link voltage Vbe 1100 V
Converter filter Ly, Ry 0.06 mH, 0.45 mQ2
Shunt capacitor C 90 mF
Stator winding reactance R, Xis 1.44 mS2, 40.8 m{2
Synchronous reactances Xa, X 313 mf2, 114 m$)
Transient reactance X} 71 m<
Subtransient reactances Xy, XJ 60.5 mS2, 58.3 mf2
Open-circuit time constant T, T 4.49 s, 0.0681 s
Short-circuit time constant T/ 0.0513 s
Inertia constant, poles H, p 0.62, 2
Friction factors F 0.01
Current PI controller ki, Kii 0.4, 48
DC voltage PI controller kp.des Kide 1, 100
AC votlage PI controller Ep.acs Kiae 0.25, 25
60, 4480

PLL

kpprr, kiprr
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Figure 4.3: STATCOM circuit and control. (a) Single-line diagram circuit of STATCOM.
(b) Reactive power control block diagram of STATCOM.
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The transferred active power (P) and reactive power (@) from the grid to the STATCOM

are controlled by adjusting the output voltage of the converter. P and () can be represented

in (4.1).
Q= Vol ([Vy] = [Vi| cos )
silf%—a) (4.1)
P = VIV

where V, is grid voltage amplitude at 1 p.u. and the phase angle is 0°, |V;| and « are the
amplitude and phase angle of STATCOM’s terminal voltage.

According to (4.1), it can be concluded that the amount of transferred ) is controlled
by adjusting the magnitude of the STATCOM terminal voltage and P is controlled by
adjusting the phase angle. Since the STATCOM is used to offer reactive power, the phase
angle between sending and receiving end is zero at steady state. Hence, when the STATCOM
voltage is lower than grid side, the grid sends reactive power to the STATCOM. Otherwise,
the STATCOM sends reactive power to the grid. Fig. 4.4 shows the STATCOM operation
by phasor diagrams.

The STATCOM tested in this paper uses a voltage source converter built of four 12-pulse
three-level GTO inverters. Its detailed model is available in the demo of MATLAB/SimScape
[47]. This model is developed by P. Giroux and G. Sybille of Hydro-Quebec. Fig. 4.5(f)
shows the multi-stepped output line-to-line voltage of the 48-pulse STATCOM. The zigzag
phase-shifting transformers are connected to the VSC terminals. A simplified block diagram
of the reactive power control is shown in Fig. 4.4b [48]. The instantaneous three-phase
terminal voltage is used to generate the reference angle ¢ through a PLL. Line current i is
decomposed into real and reactive current, and the reactive current ¢, is compared with the
reference reactive current ; to produce an angle a, which defines the phase shift between
converter output voltage and grid side voltage. Since the PLL aligns the grid voltage to
d-axis, v, is kept as 0, then ) = —i,V,. The reference reactive current can be generated

from reference reactive power Q*.
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Figure 4.4: STATCOM operation. (a) Capacitive operation. (b) Inductive operation.

The magnitude and phase angle of the converter voltage determine the real and reactive
power transferred between grid and STATCOM. If the STATCOM is only used for reactive
power compensation, then the phase angle is kept as 0, and reactive power is controlled by
the voltage magnitude, which is directly proportional to capacitor voltage V.

If the STATCOM aims to increase its reactive power to the grid, or the grid aims to
decrease its reactive power to the STATCOM, Vg, should increase and the phase angle «
should reduce to allow real power flowing from the grid to the STATCOM to charge the
DC-link capacitor. The control logic in Fig. 4.4b shows that increasing QQ* causes a reduced
iy and « will be subject to reduction initially.

Fig. 4.5 presents the dynamic performance of the STATCOM during operation. At ¢t = 2
s, the STATCOM increases its reactive power supply to the grid from 0 pu to 0.4 pu. This
change causes the angle of STATCOM voltage a to have a drop so that real power can be
injected to the STATCOM to increase the capacitor voltage V.. The increased V. leads to

a higher STATCOM output voltage V; to realize reactive power generation. At t =4 s, the
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STATCOM reverses its reactive power command to absorbs 0.4 pu reactive power from grid.
In turn, its dc-link voltage and ac voltage reduce. The phase angle « is subject to change

during transients but remains at 0 at steady state.
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Figure 4.5: STATCOM dynamic performance analysis. (a) Reactive power from the grid to
the STATCOM. (b) STATCOM capacitor voltage. (¢) STATCOM terminal voltage angle.
(d) Terminal voltages of STATCOM and grid. (e¢) STATCOM line-to-line voltage. (f)
Zoom-in STATCOM line-to-line voltage.

Since STATCOM only provides reactive power support and does not generate or absorb
any active power, the phase angle a should be zero according to 4.1. But it can be seen
in this figure that « is not kept as zero even there is no active power transferred between
the grid and STATCOM. In order to find the voltage angle difference between STATCOM
and grid, we need to measure the STATCOM converter output voltage. The STATCOM

system used in this paper is from MATLAB/SimPowerSystems block. It includes a 48-pulse
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VSC, which consists of four identical 12-pulse GTO converters connected in series with four
Zigzag transformers. Fig. 4.6 depicts the 48-pulse VSC-GTO converter model. So the
phase-A voltage of the STATCOM terminal is sum of each transformer secondary side phase

A voltage, which can be calculated in (4.2).

1 1
Vsr,a = Van1r1y + Van.rrip * 7 + Vanrray + Van.rrap * 7 (4.2)

Since the secondary and fourth transformers are Delta connection, a factor \/Lg is used to

convert L-L voltage to per-phase voltage.
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The grid side phase-A voltage can be measured directly, and is denoted as V, 4, so the

voltage difference is in (4.3).

0, = LVsra—2LVya (4.3)

The simulation results comparison of # and 6, is shown in Fig. 4.7. The voltage angle
between the STATCOM and grid voltage is kept as zero, but the angle from STATCOM

controller is about 0.017 rad (1 degree).
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Figure 4.7: Comparison of o and «,

According to the MATLAB documentation for STATCOM (detailed model) [47], 0.5 de-
grees of «a steady state value is required to maintain a small active power flow for transformer
and converter losses. In this paper, the parameters of STATCOM model are modified to ac-
commodate the Type-4 wind farm system. Compared to MATLAB STATCOM demo, the
impedance of transformer is decreased, and power rating and voltage level of STATCOM are
also changed. So we think the av of 1 degree is for converter losses and is reasonable in this

case.

57



Besides the reactive power control, the terminal voltage control is also applied in the
STATCOM as shown in Fig. 4.8. Grid side three-phase voltage vy, v4 and v, are converted

into dg-frame, and its magnitude is calculated as follows.

Vo= Vo + Vi (4.4)

The error of V, and reference V* goes to a PI controller, which generates reference g-axis
current 7;. The inner loop has the same control structure with reactive power control. Two

voltage PI controller parameters are used to compare the dynamic performance.

Vga,Vab,V
gas Vghs Vgc
,abcdq ol Ve + 1,7
A
v Firing
0 TpLL pulse [CTQ
i — generator
faib,ic abc
- L~ dq

Figure 4.8: Voltage control block diagram of STATCOM.

The parameters of the STATCOM and its controller are listed in Table 4.2.

Table 4.2: Parameters of STATCOM

Parameters Value (SI)
Rated Power 100 MW
Rated voltage 22 kV
Nominal freq. 60 Hz
DC capacitor 2000 pF

I, PI controller 54 2

Para I: 128—1— 2%
Para II: 12 + %
PLL 60 + =°

V PI controller
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4.1.1.3  SynCon

Compared to a STATCOM, a SynCon is a traditional device of reactive power generation
for reactive power generation and absorption through electromagnetic field instead of power
electronics converters. For a system with limited short-circuit power capacity, SynCons are
usually installed near the generation units to absorb or generate reactive power and maintain
a stable network voltage through excitation control.

A SynCon essentially is a synchronous machine working under no-load without real power
output. An excitation system is used to provide excitation current and regulate the terminal
voltage for the machine. According to IEEE standard, there are three different groups of
excitation systems: DC type, AC type, and Static Excitation System (type ST).

In this model, the SynCon is equipped with a DC2A excitation system as shown in Fig.
4.9 [49]. At steady-state, both power system stabilizer voltage V; and feedback signal Vi
are zero, which means only motor terminal voltage V¢ is controlled. Tz and T are the time

constants. The parameters are listed in Table 4.3.

VUEL_|_>
1+ STC HV

1+sT,| | Gate

4

1+ sTp|

Figure 4.9: Synchronous condenser exciter model.
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Table 4.3: Parameters of synchronous condenser

Parameters Value (SI)
Rated Power 20 MW
Rated voltage 22 kV
Nominal freq. 60 Hz

Xa, X, XY 654.4 m€2, 99 m2, 79 mQ2

X X 629.6 mf2, 79.2 mS)
R, X, 1.8 mf2, 55.4 mf2
T, 17, 4.55,0.04 s
T, T 0.67 s, 0.09 s
Inertia constant, pols 0.6, 2
Friction factors 0.6
DC capacitor 2000 pF
Tc, Tg 1,1
Ky 300
Tr, Kg 0.01, 2
Kr 0.01

4.1.2 EMT Simulation Results
4.1.2.1  Wind Farm Only

For the 100 MW wind farm grid integration system without any reactive power devices,
a dynamic event is created by tripping of a transmission line through a breaker switching.

With a closed breaker, the impedance of the grid is denoted in (4.5).

Zy = (B + jX0)|[(R2 + j X2) (4.5)

If the breaker is switched off, the line impedance will be increased.

Z,= R+ jX, (4.6)

Then, the grid becomes weaker through the breaker’s action.
The wind farm simulation results of the PCC voltage are presented in Fig. 4.10. It can

be observed that the system becomes unstable when X, increases to 0.42 pu from 0.2 pu,
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while it keeps as stable when X, increases to 0.41 pu. Furthermore, the oscillation frequency

of the unstable condition is about 9 Hz.

0.9

0.85 -

0.8 -

0.75 —Xg=0.41 p.u.
——X =0.42 p.u.
07 3 : :

0 1 2 3 4 5 6 7 8 9 10

Time(s)

Figure 4.10: Voltage at PCC bus in wind farm system. The line impedance changes at 1
second.

4.1.2.2  Wind Farm with STATCOM

To check the effect of STATCOM, the STATCOM is connected to the 22-kV bus. Two
cases are simulated. In the first case, there is no active and reactive power transferred
between the STATCOM and the power system. Fig. 4.11 presents the waveform of the PCC
voltage and STATCOM reactive power. It can be noted that the system collapses when X
changes from 0.2 pu to 0.42 pu due to line tripping. As illustrated in the sole wind farm
case study, the wind farm marginal stability condition is at X, = 0.41 pu, which means
the STATCOM cannot improve the system stability performance when there is no reactive
power compensation under this control strategy and this set of control parameters.

As a comparison, another case is conducted when the STATCOM injects reactive power
into the system. Fig. 4.11b shows that the oscillations are suppressed if the STATCOM

injects 0.1 pu reactive power into the system.
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Qgratcom (PY)

Figure 4.11: (a) Voltage at PCC bus and reactive power from STATCOM. (b) Voltage at
PCC bus in wind farm system with STATCOM when X, changes to 0.42 pu at 1 second,
STATCOM injects 0 or 0.1 pu reactive power to system.

Different PI controller parameters are also examined in this control system. The dynamic
performance comparison is shown in Fig. 4.12a. At 1 second, the X, increases to 0.42 pu,
the larger PI parameter has a better stability performance, and the smaller parameters may
worsen the oscillation. Fig. 4.12b demonstrate the larger PI parameters could increase the
marginal stability condition to 0.46 pu.

If the reactive power control is removed and the system is working with open loop control
as shown in Fig. 4.13, the control signal « is set as a constant to ensure reactive power from
STATCOM be zero during operation.

Fig. 4.14a shows the system becomes stable when X increases to 0.42 pu with open
loop control. Fig. 4.14b shows the open loop control is able to increase the marginal X, to
0.48 pu. When X, changes 0.49 pu, the system becomes unstable and oscillation frequency
is about 17 Hz.

When STATCOM is operated with voltage control, its reference voltage is tuned to
maintain Q from STATCOM as zero. Two voltage controller parameters are implemented
and the rest of parameters are the same with current control system. Fig. 4.15a shows the

simulation results when X, increases to 0.41 pu and 0.42 pu with Para I. It can be seen
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Figure 4.12: (a) System dynamic performance comparison of different PI controller when
X, increases to 0.42 pu. (b) X, increases to 0.46 pu and 0.47 pu with the PI controller
parameters as k, = 10, k; = 80.
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Figure 4.13: STATCOM open loop control system.

that the system stability performance is the same with reactive power control. But if the
parameters change to Para II, the system will be stable when X, changes to 0.42 pu as shown
in Fig. 4.15b. Fig. 4.16 illustrates the system with Para II could increases the marginal
stability condition to 0.49 pu. The oscillation frequency when X, changes to 0.50 pu is about

18 Hz.

These cases indicate that the STATCOM only has limited capacity to improve the system

stability performance under the zero reactive condition.
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Figure 4.14: With open loop control, voltage at PCC bus and the reactive power from the
STATCOM when (a) X, increases to 0.42 pu. (b) X, increases to 0.48 pu and 0.49 pu.
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g

increases to 0.41 pu and 0.42 pu with Para I. (b) X, increases to 0.42 pu with Para I and

Para II.
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Figure 4.16: Voltage at PCC bus and the reactive power from the STATCOM when X,
increases to 0.49 pu and 0.50 pu with Para II.

4.1.2.3  Wind Farm with SynCon

Finally, the SynCon replaces the STATCOM and operates in parallel with the wind farm.
Its generated power and reactive power are regulated by an excitation system. In this case,
the synchronous condenser is operated under no power condition.

Fig. 4.17(a) shows the PCC bus voltage and reactive power from the SynCon when X,
changes from 0.2 pu to 0.42 pu. After a short period of oscillations, the system recovers
to stability. To find out the marginal stability condition, the transmission line impedance
is adjusted. Fig. 4.17b shows the reactive power when X, increases to 0.67 and 0.68 pu,
which demonstrates the marginal stability condition is X, = 0.67 pu. The cases illustrate
that the SynCon can improve the stability performance significantly even without reactive
power compensation.

Although both STATCOM and SynCon have the capability providing reactive power and
improving stability performance due to reactive power supply, SynCon has advantage over

STATCOM at zero reactive power condition.
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Figure 4.17: (a) Voltage at PCC bus and synchronous condenser reactive power in wind
farm system when X, changes from 0.20 to 0.42 pu. (b) Voltage at PCC bus and the
reactive power from the SynCon for two additional cases: X, changes from 0.20 pu to 0.66
pu and 0.67 pu, respectively.

4.1.3 Admittance Model Extraction

There are number of approaches to establish the impedance models by simplifying the
power systems. These methods always decompose models into two equivalent parts as load

and source [13], [50], as Fig. 4.18 shows. The disturbance is injected into the grid or load

subsystem.

Source Injection Load
subsystem signal subsystem

i [

Zsource ZIoad

Figure 4.18: Simplified system diagram using harmonic injection.

The detailed harmonic injection process is demonstrated in Chapter 2. In this model,
the injection frequencies are swept from 1 to 100 Hz with 1 Hz interval. Dg-frame voltages
and currents are recorded and processed. FFT window is long enough to reduce the impact

of spectral analysis. Fig. 4.19 shows the wind farm admittance model. Each red plus sign

means an injected voltage point.
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The measurements can be fitted to an s-domain transfer function matrix via the vector
fitting toolbox [30]. Vector fitting treats a system as a transfer function matrix, and each
transfer function consists of a polynomials numerator and denominator. This method evalu-
ates the coefficients of both numerator and denominator by iterated least-squares estimation.
The order is firstly to set as 13 for each admittance of Yyq, Yy,, Y,q and Y,,. Fig. 4.19 illus-
trates the comparison of the Bode plot from estimated model (blue line) and measurement
data (red crosses) from harmonic injection. The estimation matches the measurements very

well.
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Figure 4.19: Comparison of the wind farm admittance model from vector fitting and
harmonic injection measurement points.
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4.1.4 Stability Analysis

This section presents s-domain admittance based eigenvalue analysis. The wind farm is
represented by a Norton equivalent circuit consisting of a current source iy;,q connected with
an admittance Yy,q in parallel. The grid side is also converted to a Norton equivalent circuit
with a current source 7, and line admittance Ygiq. Thus, from the view of the PCC bus,
there are two parallel-connected shunt admittance. At steady state, the system operation
condition point is transferred to dg-frame by using Park transformation. The voltage and
current variables in dg-frame are related as follows.

14 [

- (Ywind + Y:grid) (47)
—_———

(%

q Y q

The Yiing and Yy,q cab be represented as follows.

Yiind = Yaa g y Yoria = Bgtoky —wols
Yoo Yy woLy  Ry+sL,
where w, is the nominal frequency.

If the system is regarded as an input/output system, where the injected current and
the PCC voltage are denoted as the input and the output, respectively, then the transfer
function G(s) for the multi-input multi-output (MIMO) system is Y 1.

The poles of G(s) are the zeros of the determinant of Y (s), where Y'(s) is the inverse of
G(s). This statement can be elaborated as follows.

First, the poles of a closed-loop transfer function G(s) are the eigenvalues of the system
matrix A, where A, B,C, D are the minimal state-space realization of G(s). This definition

can be found in well-known control textbooks, e.g., [51].

&= Ax + Bu, y =Cx + Du (4.8)
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The closed-loop system’s transfer function G(s) has the following relationship with

A, B,C,D.
G(s) = C(sI — A)'B = %Oadj(s[ _AB+D (4.9)
s
where ¢(s) is the characteristics function of G(s).
¢(s) & det(sT — A) = [J(s = \) (4.10)
i=1

It can be seen that the poles of G(s) are the roots of the characteristic function ¢(s).
Pole of G(s) are also the eigenvalues of the system matrix A.
If we derive G(s)’s expression from its inverse Y (s), then we found that G(s) is associated

with the determinant of Y(s) in the following way.

1

G(s) =Y7) = Gy

adj (Y (s)) (4.11)

Thus, it can be seen that ¢(s) is the numerator of the determinant of Y (s). Therefore,
the system eigenvalues are the zeros of det(Y'(s)).

The same statement can be found in a 1999 paper by Prof. A. Semleyn of University
of Toronto [33] on finding closed-loop system eigenvalues through computing the zeros of
the network admittance matrix, though the reasoning is different. Semlyen started from the

voltage and current relationship as follows.
Y(s)v=0 (4.12)

where v is the union of the nodal voltage and the total current into a node is zero.
To find a non-trivial solution v, Y(s) has to be singular. This means that s will make

the determinant of Y(s) zero: det(Y (s)) = 0 and s is an eigenvalue of the system.
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With the admittance of the wind farm being identified from measurements, the eigenval-
ues of the entire system can be found if the transmission line parameters are known.

Furthermore, when a reactive power device is employed in the system, then the overall
admittance is in (4.13).

Y = Ywind + }/grid + Yrshunt (413)

where Y is the admittance model of the SynCon or STATCOM.

The s-domain model from vector fitting can used for eigenvalue analysis.

4.1.4.1 Wind Farm Only

According to (4.13), the eigenvalue loci are plotted in Fig. 4.27a with known Yyinq, and
Yiia has an increment of 0.01 pu from 0.3 pu to 0.5 pu.

It can be observed that there is one pair of complex conjugate mode affected by the
varying impedance. When X is 0.42 pu, the oscillation mode at 9 Hz moves to right half

plane (RHP), which corroborates with the simulation results shown in Fig. 4.10.

4.1.4.2  Wind Farm with STATCOM

The STATCOM model is identified using harmonic injection method when it is operated
in reactive power control with default parameters. The frequency is swept from 1 to 200
Hz with an interval of 1 Hz. Afterwards, the dg-admittance measurements of 200 points are
obtained and processed by vector-fitting algorithm to arrive at the linear model Ysratrcom
in s—domain.

Fig. 4.27b shows the movements of the dominant zeros of Ysrarcom + Yawind + Yerid, as X,
varying from 0.3 pu to 0.5 pu. It is evident that one pair of eigenvalues crosses the imaginary
axis when X, increases to 0.42 pu, which corroborates the EMT simulation results of Fig.

4.11.
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4.1.4.83  Wind Farm with SynCon

Similar to the STATCOM, the SynCon is also measured for its admittance mdoel Yy,
in range of 1 to 200 Hz. Fig. 4.20c shows the Eigen Loci of the overall system when X, is
changed from 0.6 to 0.8 pu. It can be observed that a pair of eigenvalues move to the RHP

when X, reaches 0.67 pu. This analytical analysis corroborates the EMT simulation results.

4.1.5 Comparison of Admittance of STATCOM and SynCon

Fig. 4.21 presents the dg-domain admittance models of the SynCon and STATCOM. It
should be mentioned that both the two models have the same operating condition in the
wind farm system.

To have a better understanding, we resort to a different domain. The admittance model
can be expressed in different domains, e.g., sequence domain or dg-frame. The two types of

models are related as follows [52].

Y, Y.l 111 5| |vw vall1 1
T =3 T et (4.14)
an Ynn 1 _] Y:zd Y;]q _.] ]

The sequence-domain admittance associates the two current phasors and two voltage
phasors. The two voltage (current) phasors are referred to the phasors at positive-sequence
at frequency w, + w; and negative-sequence at frequency w, — w;, where w; is the nominal

frequency of 60 Hz.

<<

TG+ ) | [Ylien) Yonli) | | Vit + 1) (4.15)

n(j(wp —wi)) Yop(jwp) Yan(jwp) | [ Vali(wp —wi))

~il
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Figure 4.21: Dg-domain admittance comparison of synchronous condenser and STATCOM.

Combining (4.14) and (4.15), the sequence-based current is related to voltage through

dg-admittance as follows.

Ly Yaa Yaq 1 1

p
Uo—j| (Y Yaa| [=7 3| |Va

(4.16)

At steady-state, the operation condition is at 60 Hz, so the dg-domain admittance at 0 Hz

will be analyzed. From the Bode plot, it can be observed that the steady-state admittance

is at the leftmost frequency range.

The Bode plot indicates that the magnitude of Yy4, Yy, and Y, in synchronous condenser

are relatively small compared to Y, at steady state, thus they can be approximated to zero.

The magnitude of Y4 is found as -6 dB or 0.5 pu. Similarly, the magnitude of Y4, Yy, and
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Y,q in STATCOM are treated as zero and Y, is -10 dB or 0.3 pu. Then we can conclude the

dg-domain admittance models at steady-state as follows.

0 O 0 O
Ysymdq = ) Yst,dq = (4 17)
—-05 0 0 —0.3

Assuming the system is balanced, positive and negative-sequence voltage are 1/0° and
0, respectively.
For SynCon, the only non-zero element is Y,4 at 0 Hz, so the current can be calculated

as follows.

(4.18)
- 1
= YoV = =05V, = 55V, (4.19)

Hence, the SynCon can be regarded as an impedance connected in parallel with PCC
bus. As shown in Fig. 4.22, by adding a parallel branch, the impedance after PCC bus will
be reduced and the grid strength is improved. This is the reason why SynCon can improve

stability even without injecting any reactive power.

PCC bus
|
|

Iwind farm Z

D7 ]

Figure 4.22: Equivalent circuit model of a wind farm connected with a SynCon.
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Similarly, for the STATCOM, the sequence-domain admittance is expressed as follows.

1| Y., -V |%
7p _ 5 qq qq 7]) (420)
[n _Yzzq Yzzq Vn
_ _ - 1 1 _ _
= T 0= (Y ) =0T (421)

This result implies that the STATCOM does not provide an impedance in the circuit and
acts as a current source at steady state or low-frequency range. Thus, the grid impedance
remains the same and the stability is not improved.

Through examining dg-frame admittances of a SynCon and a STATCOM, it is found that
the two differ in providing (or not providing) a reactance at steady state. This difference

causes the difference in stability enhancement.

4.2 Controller Interaction of STATCOM in Type-4 Wind Farm System

When STATCOM is integrated to a type-4 wind farm system, its controller may interact
with wind farm’s controller. This interaction is studied by using linear model and root locus

analysis.

4.2.1 STATCOM on Type-4 Wind Farm

As illustrated in previous section, a STATCOM is connected in a type-4 wind farm
system, the circuit topology is shown in Fig. 4.1.

In order to investigate the effects of STATCOM on this power system’s stability, a sole
type-4 wind farm system is firstly simulated while the STATCOM is not equipped. Fig. 4.10.
presents the simulation results of PCC bus voltage. When X, increases to 0.42 pu from 0.2
pu, the system becomes unstable and exhibits undamped oscillation. If the X, increases to
0.41 pu, the oscillations are suppressed. The simulation case illustrates the marginal stability

condition of the type-4 wind farm is when X;=0.42 pu.
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The same cases are implemented when a STATCOM is connected to the system. Fig.
4.23 shows the PCC bus voltage and reactive power from STATCOM under reactive power
control and voltage control. The STATCOM is tuned to neither absorbs nor generates any
reactive power. It can be observed that the system has the same marginal stability condition,
which means the STATCOM can not improve the stability performance under this condition.

To eliminate the impact of STATCOM’s controllers, the control loop is disabled, and the
firing angle « is set as a constant to ensure Q from STATCOM as 0. As shown in Fig. 4.24,

the fixed firing angle control can increase the marginal stability condition to 0.49 pu, while

the oscillation frequency is about 17 Hz.

— Voltage control
= Reactive power control

,m Hu.!"uhuhuhlmllMHHH)‘H'!H"tu

—_

Vec (PY)

Qgratcom (PY)

Time(s)

Figure 4.23: PCC bus voltage and reactive power from STATCOM under voltage and
reactive power control. X, increases to 0.42 pu at 1 second.

These case studies illustrate that the STATCOM’s controller has a large impact on the

system’s stability performance. The detailed analysis will be carried out by using linear

model and root locus diagram in next section.
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Figure 4.24: PCC bus voltage and reactive power from STATCOM with fixed firing angle
control. X, increases to 0.48 pu and 0.49 pu at 1 second.

4.2.2 Linear System Identification

The root locus analysis requires the linear model of the system. However, manufacturers
usually do not provide all detail parameters or controller structure to clients. Thus, the
system is a black-box model and it is impossible to derive an accurate linear model. There-
fore, harmonic injection is an alternative method, which is done by recording the frequency
response of the system while injecting a series small disturbances with a certain frequency
range. After obtaining the response data, vector fitting is used for the linear system identi-
fication.

In reactive power control, the feedback loop is disconnected, « is set as a constant to
ensure there is no power transferred between STATCOM and grid, and a series sinusoidal
signals are superimposed on «, then reactive current 7, is recorded. Fast Fourier transform
(FFT) is applied to extract the component of i, at the frequency of injected signals. Similarly,
in voltage control, feedback loop is also disconnected, and perturbed signals are added into

iy. In this case, V' is recorded. The injection signals, output measurements and disabled PI
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Figure 4.25: Block diagram of STATCOM control systems. (a) Reactive power control.(b)
Voltage control.

controllers are highlighted in Fig. 4.25. Fig. 4.26 shows the injection circuit block diagram,
the plant models are simplified as G;(s) and G,(s), and investigated PI controllers are also
highlighted with color background. It should be noted that since the reactive power control
is unstable when X, is 0.42 pu, in order to achieve a stable condition for injection, PI;
parameter is doubled.

The linear models of the two control systems are defined as follows.

ey lalfi)
Gi(fi) o(F) (4.22)
G.(f;) = yg;; (4.23)

where f; is the injected frequency, iq(fi), a(fi), Vy(fi) and i;(f;) are the corresponded

frequency-domain quantities of signals shown in Fig. 4.26.
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Figure 4.26: Signal injection for obtaining frequency response. (a) Reactive power control,
Pl;; is 5+ %. (b) Voltage control, PI, is 12 + 3% Pl is 10 + 85—0.

s

Moreover, the amplitude of injected signals should be chosen such that the disturbance
does not influence the normal operation of the power system, and ensures the excited signals
have larger magnitude than other frequency’s harmonic. Therefore, the amplitudes of in-
jected signals for reactive power and voltage control are 0.03 degree and 0.1 pu, respectively.
The injected frequency is 0.1 Hz to 100 Hz, where interval is 0.1 Hz between 0.1 Hz to 0.9
Hz and 1 Hz between 1 Hz to 100 Hz. Fig. 4.27 shows the harmonic injection results, each
red cross represents an injected frequency.

With the obtained frequency response measurements, the vector fitting toolbox is used
to find their transfer functions. The order of reactive power and voltage control are set as
20 and 21. Comparison of the measurements and transfer function’s Bode plot are shown in
Fig. 4.27, which illustrates a close matching.

The linear models can be validated through comparing their output responses when
subjecting a step change to input. In the open loop control models, feedback loop is discon-
nected, then o and i are given a step change, respectively. Since large change may cause the

instability of system, the amplitude of step changes are chosen as 0.05 degree and 0.05 pu.
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Figure 4.27: Comparison of the linear model from vector fitting and harmonic injection for
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Figure 4.28: Comparison of step change responses. (a) « has a step change, [, is measured.
Linear model is Gi(s). (b) I has a step change, V; is measured. Linear model is G,(s).

On the other hand, the step change response of linear models is realized by using MATLAB
command 'step’. The two responses shown in Fig. 4.28 indicates a high similarity between
EMT simulation and linear model.

After the accuracy of the linear model is validated by a step change test, the linear models

will be applied for stability analysis, as discussed below.

4.2.3 Impact of STATCOM Controller on System’s Stability

With the obtained linear model, root locus diagrams are plotted to investigate the impact
of controller on system stability. As shown in Fig. 4.25, controller signal « is generated from
the PI controller, and its parameter 5 + % is regarded as a base case, which means gain is 1
for this case, the root locus diagram is shown in Fig. 4.29. With an increasing gain, a pair
of poles will move to right half plane (RHP) to approach an instability condition. But if the
gain continues to increase, the poles will move back the LHP, and system becomes stable
again.

Three points are selected from the root locus diagram around the y-axis for validation.
When the gains are 0.15, 0.6 and 1.5, their poles are —0.39 + 11.97, 0.454 4 18.3¢ and

—0.585 + 25.17, respectively. Fig. 4.30 shows the simulation results with the three gains.
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Figure 4.29: Root locus diagram for reactive power control.
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At 1 second, X, increases to 0.42 pu, the system becomes unstable when gain is 0.6. For

the other cases, the system recovers to stability after a period of oscillations. Moreover, the

oscillation frequencies are 1.9 Hz, 3 Hz and 4 Hz, which are corresponded to the imaginary

parts of these poles.
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Figure 4.30: PCC bus voltage when X, increases to 0.42 pu at 1 second. The STATCOM

is under reactive power control with different gains.
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The root locus diagram of voltage control is shown in Fig. 4.31. The base value of voltage
controller parameter is 12 + 32—0. An increasing gain will move a pair of poles to RHP. When
gain is reaches around 1.1, the system is under marginal stability condition. So two points

are chosen, as gains are 1 and 1.2. The pole is 2.47 + 1957 when gain is 1.2.

Root Locus
Gain=1
200 r
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8 100 % e
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(&)
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>
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Figure 4.31: Root locus diagram for voltage control.

The simulation results are presented in Fig. 4.32. When X, increases to 0.42 pu at 1
second, the system with larger gain becomes unstable, and oscillation is about 31 Hz. The

results corroborate the linear model analysis.
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Figure 4.32: PCC bus voltage and reactive power from STATCOM under voltage control
with different gains. X, increases to 0.42 pu at 1 second.
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Chapter 5: Conclusion and Future Work

5.1 Conclusion

This dissertation investigates the stability and interaction of IBRs in power grids. A
weak grid-connected three-phase VSC is built as EMT, hardware, and admittance-based
test bed. The weak grid oscillation is replicated, and the marginal stability condition and
steady-state operation condition of the three test beds are compared and analyzed. Then,
the reactive compensation in a type-4 wind farm is presented. Two VAR devices, STATCOM
and synchronous condenser, are integrated to the system, and their dynamic performances
and admittance models are compared. Moreover, the controller interaction of STATCOM
and type-4 wind farm are investigated by using linear model. These areas are concluded in
the following paragraphs.

Chapter 2 focuses the modeling and analysis of a grid-following VSC system. The VSC
system is implemented in a hardware test bed, admittance-based model and a computer
simulation test bed in MATLAB/SimPowerSystems. Since the admittance-based model is
obtained from harmonic injection, the procedure is well demonstrated in both MATLAB and
PSCAD.

Chapter 3 presents four case studies are carried out under different control methods
and different parameters. With the grid-following control, active power is controlled and in-
creased to marginal stability condition. For P/Q control, the oscillation can only be observed
with specific parameters. On the other hand, the system with P/V control shows oscillations
at marginal stability condition regardless of controller parameters. The response of active

power, reactive power and PCC voltage from experiment and simulation are provided and
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compared. The good agreement of active power limit, oscillation frequency and steady state
variables before events demonstrates the accuracy of the computer simulation test bed.
Chapter 4 presents the stability enhancement and controller interaction for an IBR sys-
tem. Two VAR devices, STATCOM and SynCon, are examined in a type-4 wind farm
system. It has been shown that the SynCon can improve the system stability performance
without reactive power compensation, whereas STATCOM only enhances the system by
injecting reactive power. This chapter gives an explanation of this phenomenon based on
their frequency-domain admittance models. The frequency-domain measurements are ob-
tained from harmonic injection, and the measurement data are fitted into s-domain models
through vector fitting method. Eigenvalue analysis results confirm the observation from the
EMT simulation. It is found that SynCon and STATCOM differ in dg-frame admittance at
low-frequency range significantly. The difference also demonstrates as SynCon providing a
shunt reactance at steady state while STATCOM providing zero impedance at steady state.
This equivalent impedance provided by SynCon helps increase the grid strength to allow
more transferred power and enhanced stability. Moreover, this chapter also demonstrates
the impact of STATCOM control parameters on system’s stability performance. Reactive
power control and voltage control are examined. The control loops are disconnected and a
series of harmonic signals are injected into the system to generate measurement data. With
the frequency response data, a linear plant model can be derived using vector fitting method.
Root locus analysis is carried out on the open-loop system to find the gains at marginal sta-
bility conditions. Simulation results validate the analysis through stability marginal and

oscillation frequency comparison.

5.2 Future Work

5.2.1 Eigenvalue Analysis for PQ/V6# Model

In Chapter 4, stability analysis is realized by using grid side and IBR system’s dg-frame

admittance models. The zeros of sum of the two admittance models are the eigenvalue of
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whole model. Besides the ad-admittance model, the PQ/V# model can also be utilized for
stability analysis. Since this PQ/V6 model of VSC is obtained through harmonic injection,
then the grid side’s model is required to derived.
Fig. 5.1 shows a transmission line impedance, which consists of a resistor and an inductor,
Vy is grid voltage as 1£0°.
R JX
e~
P
Vpccﬁepcc ’ Q Vg

Figure 5.1: A transmission line impedance.

In a power the real and reactive power to grid are written in (5.1) [53].

P, =3 |VillVallGix cos(6; — i) + Bysin(0; — 6,)] i =1,2,3,...,n
k=1

n (5.1)
Qi = Z Vil Vil[Gir sin(0; — 6x) — Big cos(6; — 0] 1=1,2,3,...n
k=1
The impedance Z of the RL circuit is shown in (5.2).
1
= 2
R+ sL + jwL (52)
And G is conductance and B is susceptance.
G- R+ sL
" (R+sL)? + (wL)?
(5.3)
B_ wlL
(R+sL)?+ (wL)?
Put (5.3) into (5.1), the power flow can be written as follows.
P = Ve G = |Vpeel [V |(G €08 Opec — Bsin ) (5.4)
5.4

Q = [Voeel B = [Vyeel [V |(G 5101 Opee + B 08 Opee)
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Thus, the PQ/V# model is written as a Jacobian matrix.

AP Gn G| |AV

— (5.5)
AQ Ga1 Gaa AO
—_——
Ggrid
Each element is calculated as follows.
oP :
G = = 2|Vieel G = [V4|(G €08 Opec — B sin e,
av})ec
oP
G2 = 0 Vel [V (G sin Opee + B cos Opec)
Bgc (5.6)
Gy = = 2|Vpee| B — |V,|(G sin Opee + B cos O,
OWVpee
0
Gao = © = |V;;Cc||V9|(G 08 Opec — B sin QPCC)
aepcc

In a grid-connected VSC model, the PQ/V# model at PCC point is calculated in (5.7).

AP+ AP, AV
= ngrid + Gvscl =0 (5.7)
AQl + AQQ G:(;al Af

With the linear model of G, €igenvalue analysis can be carried out to conduct stability

analysis.

5.2.2 Participation Factor Analysis

Case studies in Chapter 3 illustrate some oscillation phenomena of VSC in weak grid.

However, we still do not find which states are most relevant to oscillation. From partici-

pation factor analysis, we can reveal the most influencing state on oscillation mode. This

analysis will be validated with EMT model and frequency response model, such as dg-frame

admittance and PQ/V6 model.
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