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Abstract

This thesis presents a method to perform real-time Electromagnetic Transient
(EMT) simulations for a large power system. The real-time EMT simulation
can become prohibitively expensive for large power systems. A solution to this
is to divide the system into an internal system where all details are important
and an external system (the rest of the system) where only the electromechanical
behaviour is important. This thesis presents a co-simulation model consisting of
an EMT model and a Transient Stability (T'S) model. The internal system is
modelled using the EMT model and the external system is modelled using the TS
model. The interface between the two models is a portion of the network (“buffer
zone” ) modelled using Dynamic Phasors (DP), which is less detailed than the EMT
simulation approach, but more detailed than the TS model. The intermediate
buffer zone modelled in DP enables smooth integration of EMT model and the
TS model. The challenges of interfacing a DP model to an EMT model and a
DP model to a TS model are discussed. A data prediction method is used to
overcome the time-step delay between the EMT model and the DP model. The
TS model uses a relatively larger integration time-step than the DP model and
the DP-TS boundary voltages are updated at every DP time-step in the buffer. A
novel voltage source type synchronous machine model is proposed in this thesis to

interface to a DP model.



The EMT-TS co-simulation model is implemented in a real-time platform
and it is validated using a complete EMT simulation. The New England & New
York 68 bus system is used as the test system to validate the co-simulation model.
The results of the co-simulation model show a good agreement with the EMT

simulation results under the disturbance applied in the internal system.
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Chapter 1

Introduction

1.1 Background

The time span of typical power system dynamics can vary from microseconds
to days as shown in Fig. 1.1 [1]. Power systems transients are mainly divided
into two categories: electromagnetic transients, and electromechanical transients.
Electromechanical transients result from the interaction between mechanical en-
ergy stored in the rotating machines and the stored energy in the network. The
right side of Fig. 1.1 shows some examples for electromechanical transients. They
have a large time span and relatively low frequencies in their oscillations. Electro-
magnetic transients result from the interactions between the magnetic field caused
by inductors and the electric field of the capacitors. The frequencies of electromag-
netic transients are relatively high compared to electromechanical oscillations. The
left-hand side of Fig. 1.1 shows some typical electromagnetic transients. As it can
be seen from the Fig. 1.1 the frequency spectrum of dynamics in a power system
varies in a large range. It is challenging to model the entire frequency spectrum of

the system without burdening the user with the cost of a fast processor. Hence,

1



Chapter 1. Introduction

different case-specific assumptions are made in different simulation programs to

simplify the problem. Mainly, there are three types of simulation programs cov-

Electromagnetic Transients Electromechanical Transients

Long Term Dynamics

Protection

| |

Transient Stability
| | |

Generator Control

| | |
HVDC and Power
Electronic Devices

| | |
Sub-synchronous Resonance

| |
Switching

Lightning
| | |
107 10° 103 10 10! 10° 10°

Time (s)

FI1GURE 1.1: Time span of typical power system transients

ering different ranges of frequencies [2]: (a) steady-state response analysis, (b)

quasi-steady state analysis, and (c) electromagnetic transient analysis.

In the steady-state response analysis, the steady-state algebraic equations
are used to analyse the power flow of power systems. It involves representing the
sinusoidal currents and voltages by a phasor, i.e. a constant magnitude and a
phase angle. Hence, the power system variables are expressed as complex numbers.
Time-varying sinusoidal signals are constants at steady-state when the rotational
term is removed from the signals. This can be considered as demodulation of the

signal from the carrier signal of 60 Hz [3]. As an example, a sinusoidal signal
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V = Vusin(wet — 6) transforms to the phasor V,,,/0 in steady-state, where V,, is

the voltage magnitude, 0 is the angle, wy is the angular speed and ¢ is the time.

The same phasors used in steady-state response analysis are used to
model the system in the quasi-steady-state analysis. However, the electrome-
chanical oscillations in the system are modelled using differential equations. The
stationary assumption is extended for a quasi-stationary condition where it allows
the system voltages and currents to vary slowly. The voltages and currents are
updated by solving the algebraic equations in discrete steps. This type of power
system modelling is used in Transient Stability (TS) simulations. The frequency
bandwidth of a transient stability study falls into a range of 0 Hz to about 5 Hz.
Therefore, the time-step of the quasi-steady-state approach can be relatively large
and it can vary in the range of 1 ms to 10 ms depending on the problem. Due
to the relatively large time step used, transient stability models are fast enough
to model large power systems containing hundreds of generators [4], [5]. In the
quasi-stationary assumption, the electromagnetic transients in the network and
the machines are not captured. It only considers power transfer at the system
frequency [6]. Since the electrical variables of the system such as currents and
voltages are considered as slowly varying phasors it can only model the system
by removing network transients. However, during a transient, the power system
will undergo the entire spectrum of frequencies. As an example, the disturbance
may start as a fast electromagnetic transient and it can decay leaving only a slow
transient that takes longer to decay. When the initial high-frequency transients
are of interest, a program that is capable of capturing the entire frequency span

is required.

The Electromagnetic Transient (EMT) studies can accurately model the
power system and depict the dynamics over a wide band of frequencies. It works

with instantaneous time-domain values and it follows the trajectories of the states

3



Chapter 1. Introduction

of the system. EMT simulation programs need a very small time-step (e.g. 50 us)
to capture system level transients of the power system. Even smaller time-steps
such as 2 us, are required if power electronic converters are involved. Therefore,
electromagnetic simulation programs are slow to study phenomena around the base
frequency and they are computationally demanding [6]. Typically, EMT studies
are not used in studying electromechanical oscillations for many reasons such as:
(a) simulation time required for TS studies can be relatively large (e.g. 10s or even
larger depending on the transient) and an EMT simulation needs a correspondingly
large amount of computational power to simulate an electromechanical transient
event with a small time-step like 50 us, (b) transient stability studies are typically
done for large power systems and EMT program are computationally demanding

for this purpose.

A comparison of the typical applications of EMT and TS studies are

summarized in Table 1.1.
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TABLE 1.1: Typical applications of EMT and TS simulations

Type of study TS | EMT
System planning, station design, power flow analysis, Y
short circuit analysis, protection system setting design
Transient stability analysis for system planning, /
calculating stability limits
Long term voltage stability v
Fast transient studies: Lightning,
Temporary Over Voltages (TOV) studies, v
breaker Transient Recovery Voltage (TRV) studies
Sub synchronous resonance studies v
Harmonic resonance v
System planning studies for HVDC, wind integration v
Protection and control system design for HVDC, /
FACTS etc.
Hardware-In-Loop (HIL) and Controller HIL testing v

Dynamic Phasors (DP) were introduced in the mid 90’s as an attempt
to overcome the limitations imposed by the quasi-stationary assumption made
in transient stability studies [7], [3]. Dynamic phasors are suitable for analysing
electromechanical oscillations and most of the typical electromagnetic oscillations.
Reference [6] has extended the applicability of dynamic phasors for different cases
by making it suitable for unbalanced systems as well. Similar to phasor models,
in dynamic phasors, currents and voltages are multiplied by e 7! to remove
their time-varying sinusoidal characteristics at the base frequency [6]. Hence, in
dynamic phasors, the magnitude and angle are represented by a constant in steady-

state. However, during a transient, it is allowed to change over time according to

5



Chapter 1. Introduction

differential equations [3].

The main difference between dynamic phasor models and transient sta-
bility models is the way they model the network. The dynamic phasors represent
the currents and voltages in the system as state variables [3] whereas in T'S mod-
els, they are treated as algebraic equations. Hence, the bandwidth of the dynamic
phasor-type simulations is higher compared to a TS model. Table 1.2 summarizes

the differences between the two simulation models.

TABLE 1.2: Comparison of TS and DP models

Transient Stability model | Dynamic Phasor model

Uses differential equations
Network model | Constant admittance to model inductor currents

and capacitor voltages

. Electromechanical only. Electromechanical &

Dynamics

Electrical states are ignored | electromagnetic
Frequency

Less than 5 Hz Up to kHz range
bandwidth
Computational

Low Higher than TS
burden

Recently, dynamic phasors have been used in parallel with electrome-
chanical simulations to accommodate high frequency switching components [8],
[9]. Reference [8] shows that dynamic phasors significantly improve the accuracy
of electromechanical simulations when there are power electronic devices in the
system. Another advantage of dynamic phasors is its ability to change the level of
complexity of the model. The level of complexity can be altered by selecting the
number of harmonics [10] and also by adding sequence components in an unbal-

anced situation [11], [12]. The dynamic phasor model implemented in [8], which

6
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is demonstrated for fundamental frequency, is extended to include higher-order

harmonics in [10], [13], [14] and [15].

The demand for real-time EMT simulation of the power system has in-
creased over time. There are many advantages of real-time simulations. One of
these advantages is that it enables the closed-loop testing of physical devices, such
as converter controllers and protection devices, in real-time. In real-time simula-
tions, the solution of the EMT model is updated at every time-step in real-time.
The simulation time-step of 50us is equal to 50us in a real world clock. When
the size of the power system becomes larger, it is hard to solve the network solu-
tion using a single processor. Therefore, the power system is usually divided into
subsystems and multiple network solutions are simulated in different processors.
The subsystems are divided in places where there is a long transmission line. The
natural delay in a travelling wave of the transmission line is used to account for
the data transfer delay between subsystems. Splitting the network to subsystems
using transmission lines is possible when the travelling time of the transmission
line is equal to or greater than the simulation time-step. Due to this delay across
the transmission line, each subsystem is decoupled from each other at any given
time-step. Using this property, the subsystems of the power system can be sim-
ulated in parallel. When it is required to simulate a large power system, many
powerful processors will be required. Therefore, if the entire power system is sim-
ulated using real time simulators, the cost of hardware can be prohibitive to many
utilities, manufacturers, universities and consultants. Real Time Digital Simula-
tor (RTDS) is one of the commercially available real-time simulators. The largest
power system in the world that runs in real-time using the RTDS is reported in
China, which uses 34 parallel computers (RTDS racks)[16]. This was reported in
the year 2014.
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There are different equivalencing methods available to reduce the com-
putational burden of EMT simulations. One equivalencing approach is to model
the power system in two parts: (1) study area simulated in detail, and (2) the rest
of the simulation represented by an equivalent impedance. The simplest method
to model the equivalent network is to use a Thevenin voltage source behind an
impedance. The impedance is calculated by matching the short circuit impedance
of the equivalent system. The use of such simplified models reduces the accuracy of
the EMT model since it does not capture the frequency response of the system ac-
curately. For many EMT studies, the frequency response of the equivalent system
is important and a constant Thevenin impedance would not successfully reproduce
transients. This problem is addressed in literature by using frequency-dependent
admittance as the equivalent which is called Frequency Dependent Network Equiv-
alent (FDNE) [17], [18]. The problem with FDNE as an equivalent is that it only
matches the high-frequency response of a system. However, for many studies, it is
important to model the electromechanical oscillations and controller interactions

of the system to study their interactions with the EMT study zone.

There has been a significant amount of work done on interfacing elec-
tromechanical and electromagnetic simulations as a hybrid simulator [19], [20],
21], [22], [23]. A small part of the network that requires detailed modelling is
simulated using a detailed EMT type model and the rest of the system is mod-
elled using a TS model. The part modelled in EMT is called the internal system
which contains the components like power electronics devices which need detailed
modelling. The rest of the system is called the external system and it is modelled
using a computationally inexpensive stability model like the TS model. Using
this approach, fast transients in the internal system can be studied with the EMT
model with the low-frequency influence on the internal system represented by the

TS based external system model.
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The bandwidth of frequency that an EMT model covers is much wider
than the bandwidth that a TS model can cover. Hence, interfacing these two
simulation models can be challenging. The problems associated with this type of
connection is summarized in [19]. At the interface, the external system should
represent the high-frequency behaviour of the external system [24]. This problem
has been overcome by using a Frequency Dependent Network Equivalent (FDNE)
at the interface. FDNE is used to represent the high frequency (e.g electromag-
netic transients) dynamics of the external system whereas the T'S models the
electromechanical oscillations. FDNE is a fitted admittance derived from the fre-
quency response of the system. A rational transfer function is obtained using the
frequency response of the system by applying curve-fitting techniques. A lumped
parameter model of the network is obtained by applying the recursive convolution
method to the rational transfer function. The lumped parameter model contains
many RL and RC branches to represents the frequency response of the external

systems. However, FDNE could cause the following problems:

1. Deriving the FDNE is an extra-step that the user has to perform. Automat-
ing the procedure to obtain a system equivalent is difficult. The user must
have a specialized knowledge on the system to design the FDNE and it could

be time-consuming. [25].

2. FDNE reduces the computational efficiency. The accuracy of the co-simulation
model depends on the tuning of the FDNE. Frequency band and the number
of iterations are some parameters that should be considered when tuning the

FDNE. The number of computational steps depends on the level of accuracy.

3. The numerical stability of the model depends on the passivity of the FDNE

model [26], [27]. The methods used to derive FDNE tend to give non-passive
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models (i.e. the resultant model generates energy) [28]. Passivity guar-
anteeing techniques introduce errors to the simulation [29] and add extra

computations.

1.2 Thesis Statement

The objective of the thesis is to develop a convenient, user friendly alternative to
FDNE for real-time EMT-TS co-simulation of large power systems. This thesis

will approach the design problem in two steps.

1.2.1 Step 1: Electromagnetic Transient and Dynamic Pha-

sor Co-simulation

The first part of the thesis will focus on replacing the FDNE and the transient sta-
bility part of the EMT-TS co-simulation model by a dynamic phasor model. The
interface between the two models does not require the additional step of designing
an FDNE since the dynamic phasors can represent high-frequency electromagnetic
transients. This is achieved by modelling the network dynamics using differential
equations. One objective of this thesis is to show that an accurate, numerically
stable real-time simulation can be achieved by replacing the TS part using dynamic
phasors. A discussion on dynamic phasor models for power system simulation is
presented in this thesis. The network components are solved using nodal analysis

based method.

Achieving numerical stability is one of the main challenges in a co-
simulation. Since the dynamic phasor part of the simulation is modelled separately

there is a time-step delay when exchanging the simulation variables between EMT

10
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and DP. If this is not properly addressed it can make the simulation unstable.
This numerical instability can happen anywhere when there are two models inter-
faced, i.e. interfacing a synchronous machine to the network. A stability criterion
is developed to demonstrate the requirements for stability. Techniques to make a
co-simulation numerically stable are also investigated. One of these techniques is
applied in the proposed EMT-DP co-simulation model to ensure numerical stabil-

ity caused by time-step delay.

The pursuit of modelling network components has led to an investigation
of a proper synchronous machine model suitable for dynamic phasor simulation.
The existing synchronous machine models used in EMT simulations either does
not satisfy the derived stability criterion or they are not efficient for nodal analysis
based simulations. Guaranteeing numerical stability in existing synchronous ma-
chine models requires extra computations which can make a real-time simulation
challenging. A numerically robust and efficient voltage source type synchronous

machine model was developed in this thesis.

1.2.2 Step 2: Electromagnetic Transient and Transient Sta-

bility Co-simulation

In order to analyse a large power system, a large time-step must be used in solving
dynamic phasor model of the external system to reduce the computational bur-
den. However, there are many factors affecting the limit of the dynamic phasor
simulation time-step in a real-time co-simulation (e.g. time-step delay is corre-
spondingly long when the time-step is large). Also, the transient stability models
are more convenient to use with larger time-steps due to the simplified models
used. Therefore, the second objective of this thesis is to replace the FDNE of an
EMT-TS co-simulation by a DP model. A multi-port buffer zone containing the
11
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boundary buses between EMT and TS is modelled using DP (Fig. 1.2). The idea
of using a buffer zone is first reported in [30] and [31] as a method to compute
an efficient equivalent for EMT simulation of large scale power systems. This ap-
proach of obtaining an equivalent with the buffer zone is called the Two Layer
Network Equivalent (TLNE). It is introduced to address the bottleneck of simu-
lating large power systems in real-time by computing an efficient equivalent for
the external system. The external system was further divided into two regions
named surface layer and a deep region (Fig. 1.2). The deep region was modelled
as a low-frequency model whereas the surface layer (in this case the “buffer zone”)
was modelled to capture high-frequency dynamics. In the research presented in
this thesis, the buffer zone connecting the internal and external system is mod-
elled using DP. The high-frequency signals in the EMT system will travel only a
short electrical distance due to high attenuation. Therefore, the interactions of
the high-frequency signals with the external system can be accurately modelled by
modelling the buffer zone using DP. At the low frequencies, both the buffer zone

and the deep region will contribute to the dynamic response.

n Buffer m
Study Zone / Zone Deep Region
7

(Internal System) (Dynamic (External System)
; Phasors)

FiGure 1.2: Using a buffer zone for the interface between EMT and TS

The goals and the characteristics of the proposed EMT-TS co-simulation

can be summarized as below:

(a) The purpose of the proposed method is to study the dynamics in a portion of
a large power system. The interested portion of the network is referred to as the

12
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internal system of the large power system. The internal system is simulated using
EMT. Any low-frequency interactions between the internal and external systems
is necessary for planning and design studies. Therefore, in this thesis, the external
system is modelled using a Thevenin type TS model that is capable of capturing
those frequencies. The common industry practice of using a system equivalent
can be replaced with the proposed method to produce reliable information on

controller interactions and electromechanical oscillations.

(b) The available co-simulation models use FDNEs at their boundary between
EMT and TS. As discussed before, FDNE has to be tuned in order to get accurate
results. Tuning an FDNE for a multi-port boundary is a time-consuming task that
the user has to perform. Therefore, this thesis uses a DP modelled buffer zone to
avoid the use of FDNEs. The goal is to propose a method that is convenient for

the user. The proposed method is validated against a complete EMT simulation.

(c¢) This thesis considers simulating a multi-port buffer-zone using DP. The size
of the buffer zone and the number of interface nodes are not limited by the DP

model.

(d) Another goal is to perform real-time simulations.

The transmission lines in the surface layer of the external system are
modelled using DP. By modelling the transmission lines in the boundary of the
external system using dynamic phasors, the accuracy of the simulation can be
significantly improved in an EMT-TS co-simulation [31]. Another advantage of
using DP is that interfacing EMT to DP is easier than interfacing EMT to TS
since the frequency bandwidth that DP covers is wider than TS bandwidth. The
challenge in the simulation only comes due to the time-step delay. EMT-DP-
TS co-simulation model is presented in [32] for a small network containing only

transmission lines. In [32], it was shown that the accuracy of the co-simulation

13
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can be improved by modelling the transmission line connecting the internal and
the external system using DP. However, to be convenient and also to be more
accurate it is appropriate to allow a multi-port buffer-zone between the internal
and external systems. According to the TLNE concept, a larger buffer-zone will
also improve the accuracy compared to a single line buffer-zone. In many large
power systems, it is convenient to select a multi-port buffer zone that connects the
EMT model to the external model than to find a single transmission line. As an
example, in New England & New York 68 bus system [33] if one models the New
England Power System (NEPS) using EMT and New York Power System (NYPS)
as the external system, there are more than one transmission line connecting the

two models.

As mentioned in the previous section, the challenge in co-simulation
comes from the numerical instability of interfacing different simulation models.
The proposed EMT-TS co-simulation model has two interfaces: i) Interfacing DP
to EMT model, ii) Interfacing DP to TS model. The former interface would be
more challenging since simulation variables in both sides change rapidly within a
small time-step. The challenge of using two different time-steps in DP-TS part of

the co-simulation is successfully addressed in this work.

The effectiveness of the proposed co-simulation model was demonstrated
using the New England & New York 68 bus system with an HVDC in-feed in the
internal system. The RTDS simulator is used as the real-time simulation platform
and the results of the co-simulation model were validated by a real-time EMT

simulation.

14
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1.3 Outline of the Thesis

Introduction to the thesis topic was presented in this chapter. Limitations of
current simulation models and the need for co-simulation models were highlighted.
The problems in the existing EMT-TS co-simulation models and the uniqueness

of the research topic were also presented.

An introduction to simulation models is given in Chapter 2. The concept
of dynamic phasors is discussed and representation of basic power system elements

in dynamic phasors is also presented in the same chapter.

Chapter 3 presents a stability criterion for interfacing an external system
into a dynamic phasor simulation. A dynamic phasor based synchronous machine
model suitable for a Nodal analysis type DP simulation is also developed in this
chapter. The numerical stability of the interface between the synchronous machine

model and the network is analysed using the stability criterion developed.

Interfacing a dynamic phasor model to a real-time EMT model is pre-
sented in Chapter 4. The challenges of interfacing EMT and DP is discussed with
a particular focus on numerical instability. The implementation of the EMT-DP
co-simulation model, using a proposed numerically stable interface method, on
a real-time platform is presented. The proposed model is implemented for New
England & New York 68 bus system and the results are validated using a complete
EMT simulation. The limitations of EMT-DP co-simulation are presented and the
need for combining a T'S model to the EMT-DP model for analysing a large power

system is discussed.

Chapter 5 presents the proposed real-time EMT-TS co-simulation model
using dynamic phasors as a buffer zone. Interfacing DP to a TS model is discussed
with an appropriate communication algorithm. The numerical stability of the

15
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co-simulation model is analysed. The basic blocks of the proposed EMT-TS co-

simulation model are presented in the chapter.

Testing and the validation of the proposed EMT-TS co-simulation model

on a real-time platform is presented in Chapter 6.

Chapter 7 gives conclusions and the contributions of this thesis. Some

recommendations for future work are also presented in Chapter 7.
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Chapter 2

Review of Simulation Models to

Analyse a Power System

2.1 Modelling of a Power System using Dynamic

Phasors

2.1.1 Introduction

The concept of dynamic phasors is presented in this section along with some ex-
amples of dynamic phasor models. Dynamic Phasor concept was first introduced
for power system modelling in 90s and it was then referred to as “time-varying
phasors” [7]. Time-varying phasor concept has been used in communication theory
over a long time and the modulation of signals is used for analysing narrowband
signals with signal bandwidth much less compared to the carrier frequency. This
phasor representation is very useful since the dynamics of a sinusoidal signal can

be represented using the magnitude and the angle of the modulated signal and the

17
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carrier signal can be filtered out. The same narrowband assumption can be made
on the phasor signals of power systems since power system transients usually lie
around the fundamental frequency. However, the bandwidth of the signal has to
be much less than the carrier signal frequency which is equal to 60 Hz. However,
after making this assumption this model will be similar to a quasi-stationary anal-
ysis and therefore, there won’t be much of new information that can be gained
from the study. The tools such as Hilbert transformation used in establishing the
time-varying phasors are not only for narrowband signals. Hence, this method can
be extended to a range where the signal frequency can go up to 60 Hz frequency.
This will allow capturing most of the dynamics in power system transients. The
signals where the frequency is below 60 Hz are referred to as “low-pass” phasor
signals. It has been shown in [34] that band-limited signal assumption is a funda-
mental requirement for modulating signals. It can be shown that the band-limited
assumption along with the low-pass phasor signals preserve the non-linear power

balance equations.

Let us consider the modulated signal u(t), where the carrier frequency

equals to w.. The magnitude of u(t) is denoted as A(t) and the angle is denoted

by 6(t).
u(t) = A(t)cos (wet + 6(t)) (2.1)

The phasor representation of the signal u(t) is,

a(t) = A(t)e?®® = A(t)£6(t) (2.2)

The modulated signal u(t) can be written using the phasor signal u(t) by

u(t) = Re(u(t)e’<t) = Re(A(t)e! w1y (2.3)
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which results in (2.1).

Therefore, for a given phasor signal u(t) there is a unique modulated
signal u(t) which satisfies (2.3). However, finding a unique phasor signal 4(t) from
the modulated signal u(t) is not possible since different values of 4(t) result in
same u(t). In order to represent network variables such as instantaneous voltages
and currents in the phasor domain, the phasor operation in (2.3) has to be valid for
both directions. The phasor representation of power system variables is important
since it filters out the carrier frequency allowing us to use larger integration time-
step to capture any dynamics associated with the signal. This can be further

explained as follows.

Due to the baseband characteristics of the power system transients, the
frequency spectrum of the power system dynamics lies around the fundamental
(i.e. system base) frequency. If the frequency spectrum of the system is shifted
by its fundamental frequency the system becomes a narrowband signal which has
a lower bandwidth around the fundamental frequency (signals that have such a
frequency spectrum are called bandpass signals). This will allow the dynamic
phasors to use a larger integration time step than the EMT simulations resulting
in faster simulations [35], [36]. The frequency spectrum of a bandpass signal is
shown in Fig. 2.1. After shifting the frequency from the carrier frequency (f.), the

frequency spectrum becomes narrow banded as shown in Fig. 2.2.

1S (w)]

FIGURE 2.1: Frequency spectrum of a band-pass signal
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1S (w)]

FI1GURE 2.2: Frequency spectrum of dynamic phasors

If the baseband assumption can be made to the power system, the phasor
representation improves the simulation efficiency significantly. However, in the
presence of higher-order harmonics, the spectrum of transients also lies around
the harmonic frequencies in the system other than the fundamental frequency. In

such a situation, there is not much advantage gained [9].

In [7], it was shown using Hilbert transformation that in order for the
operation in (2.3) to be valid in both directions the phasors has to be low pass
phasor signals on their bandwidths (i.e. bandwidth of the phasor signal has to be
smaller than the carrier frequency). This is a general requirement to solve non-
linear power equations. In a nodal analysis-type approach for network solving, the
objective of the simulation is to observe the voltages and currents in the system for
a sinusoidal excitation of a source. Hence, the problem becomes simple, where a set
of linear differential equations are solved for a time-varying sinusoidal input. There
is no restriction on the bandwidth on the validity of the phasor representation for
such a purpose. However, the equations are written in the complex phasor domain

and the dimension of the system becomes twice the size of the original system.

Derivative Operation

The main difference of dynamic phasors with the phasors used in traditional tran-

sient stability studies is the way that it handles differential equations. In TS type
20



Chapter 2. Modelling of a Power System using Dynamic Phasors

studies, the derivatives are substituted by the constant term jw. as a phase shift.

Let the dynamic phasor of the signal u(t) is equal to U(t):
u(t) = Re(U(t)e!* ") (2.4)
By differentiating the signal wu(t):

—u(t) = Re (d—U(t)eW> (2.5)

The derivative of the signal u(t) using U(t) is then expressed as (2.6):

Sty = e (00 + ) ) 26)

Hence, in dynamic phasors, the derivative is equal to the addition of
the derivative of the phasor signal and the jw. multiplied by the phasor sig-
nal [7]. Using this property, differential equations for the voltage of a capacitor
(capacitance=C') and the current in an inductor (inductance=L) can be written
as (2.8) and (2.10).

iet) = () (2.7)

Taking the dynamic phasor of both sides of (2.7):

d

TL{1) = CZVilt) + e CVilt) (2.5)
vu(t) = Lgin(1) (2.9)

Taking the dynamic phasor of both sides of (2.9):
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where signals 1.(t), V.(t), Vi(t) and I.(¢) are dynamic phasor voltages and cur-
rents. It should be noted that the above equations are derived for the fundamental
frequency component. As we can see, in DP we have voltages and currents in the
network as state variables which allows capturing network dynamics. In TS stud-
ies, currents and voltages are allowed to change in discrete steps and for the above
reason in DP they, change continuously through time. Therefore, DP can be used

to analyse phenomena such as sub-synchronous resonance, HVDC interactions etc.

2.1.2 Dynamic Phasor Representation of Network Com-

ponents

2.1.2.1 Representation of a Series RL Branch

Let us consider a series connected RL branch shown in Fig. 2.3, where the voltages
of the opposite sides equal to V; = Vig + jVi;r and Vo = Vo + jVar and current in
the branch equal to [ = Ig + j1;.

FIGURE 2.3: Series RL branch

Via(t) = LZ1(t) + (R+ jws L)L () (2.11)
%I(t) = —(% + jwo)I (t) + %Vm(f) (2.12)
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Separating the real and the imaginary parts of (2.12) results (2.13),

Vir(t)
-R 1 1

In(t — W In(t - 0 —= 0 Vit
% R() _ L _UR R() n L | L . 11() (2‘13)

Ir(t) W - Ir(t) 0 7 0 -7 Vor(t)

Var(t)

where,

i = Az + Bu (2.14)

The eigenvalues of the system are complex conjugates located at at —7 + jwy in
the complex plane, where 7 is the time constant of the system which equals to
T = %. The system oscillates at the frequency wg which is the carrier frequency.
Hence, the eigenvalue depicts the interactions between the original system and the

carrier.
The Norton equivalent of the series RL branch can be derived for nodal

analysis approach. Let us apply Trapezoidal rule of integration to (2.12).

I(t)ZI(t—l)—l- |:— (%‘FjWQ)[(t—l)—F%Vlg(t—l)

2.1
R )i+ o]
- L+]W0 ()+L 12(1) 5
Rearranging (2.15),
RAt At RAt At
1220 P iy = (1 - 2 S - 1)
2L 2 2L 2 (2.16)
At At '
EVlQ(t —-1)+ ﬁvm(t)
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Where,

he = AT oA (2.18)

o oL
=Y = |, FAL__wi (2.19)
o, 772

The Norton equivalent circuit model for the series RL branch is shown in Fig. 2.4,

where I denotes the history term which is expressed in (2.20) and V = V1 —-V2.

Iy =hVig(t — 1) + hol(t — 1) (2.20)

It +

V(i)
I
Y

<
Iy(t)

FIGURE 2.4: Norton equivalent of RL/RC branch in discrete domain

2.1.2.2 Representation of a Shunt RC Branch

Let us analyse the shunt RC branch shown in Fig. 2.5. The voltage and the current

across the branch are denoted by V and I respectively.

I(t) = C%V(t} + (G + jwoC) V (t) (2.21)
%V(t) _ (g + jwo) V(t) + é](t) (2.22)
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F1GURE 2.5: Shunt RC branch

d [ Vr() —G/C wo Vr(t) /¢ 0 Ig(t)
— = + (2.23)
it \ v, 1) —wy  —G/C ) \Vi(t) o 1/¢) \1,t)

The eigenvalues of the state space model lie at —7 4+ jwy, where 7 is the time

constant of the system which equals to 7 = g The system oscillates at the

frequency of carrier frequency (wp).

The Norton equivalent of the shunt RC branch can be derived for nodal

analysis approach. Let us apply Trapezoidal rule of integration to (2.22).

Vit)=V(t—-1)+ l— (ngij)V(t— 1) + é](t— 1)+

(2.24)

(g + jwo) V(t) + é](t)] %

At At GAt woAt

%I(t) = —%I(t— 1) — (1— TR )V(t— 1)+

(2.25)
GAt ,woAt

(14-%4-] 5 )V(t)

Ity =hV(t—1)+hI(t —1)+YV(t) (2.26)
Where,

hy = —1 (2.27)
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GAt ,WOAt

=56 77

hy = — A7 (2.28)
2C
GAt WAt
1+ —20 + 5
Y = N (2.29)
2C

The Norton equivalent circuit of the shunt RC branch can also be represented
using Fig. 2.4, where Iy denotes the history term which is expressed in (2.30) and

the admittance Y is given by (2.29).

Iy = hV(t— 1) + hoI(t — 1) (2.30)

The modelling of transformers in dynamic phasors is also similar to the

derivation presented above and it is presented in Appendix B.

2.2 Dynamic Phasors for Interfacing Electromag-
netic Transient Model to a Transient Stabil-

ity Model

2.2.1 Electromagnetic Transient Simulation

EMT simulation is the most accurate tool for studying the behaviour of a power
system in detail. It requires detailed modelling of power system components and
the simulation is done using a small time-step. Typical EMT studies use 50us
as the time-step. It models the three-phase power system allowing to capture

effects on unbalances in the system. EMT simulation can be solved using nodal
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analysis or state-space system. Many commercialized EMT models use nodal
analysis approach where each component in power system is modelled as a Norton
equivalent by discretising its governing equation. This approach is called Dommel’s
algorithm. As an example, let us consider the equation governing the voltage and

current characteristics of an inductor given in,
—i=—0 2.31
[ ( )

By applying the Trapezoidal rule to (2.31) we can obtain the Norton equivalent
model (2.33), where Iy is the history term, which can be regarded as the current
source of the Norton equivalent. The term Y can be regarded as the conductance
parallel with the current source. The equivalent circuit of the inductor can be

represented as Fig. 2.4.

i(t) = i(t — At) + % [v(t ~ A+ v(t)} (2.32)
i(t) = Yo(t) + In(t — At) (2.33)

Y = (%) (2.34)

Iy = i(t — At) + Yo(t — At) (2.35)

Compared to DP, the current source value is a real quantity in parallel with a

resistor.

In EMT simulations, detailed models of power system components are
used (e.g. frequency-dependent transmission lines, machine models with stator

dynamics, non-linear loads).
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2.2.2 Transient Stability Model

The efficiency of the TS models is gained by using simplified models of the power
system components. One main assumption it does is that it ignores the dynamics
in the networks caused by inductors and capacitors. It is assumed that the network
dynamics die out faster than a time-step of a TS simulation. Therefore, the
network differential equations are modelled using simple algebraic equations (V =
Y~!I). The dynamics of the mechanical devices connected to the network are
considered. Synchronous machines are modelled by ignoring the dynamics in the
stator winding and the speed deviation term in the stator voltage equations [37].
The differential equations corresponding to rotor, field and damper windings are
solved at every time-step and the node voltages of the machines are updated.
The differential equations are commonly solved using Runge Kutta integration.
Switching transients in power electronic devices are ignored. The power system
is modelled as a balanced system and the negative and zero sequence currents
generated during an unbalanced fault are represented using negative and zero

sequence impedances.

2.2.3 EMT-TS Interfacing using Dynamic Phasor Model

as a Buffer Zone

A comparison of the three simulation programs described in this chapter is sum-

marized in Table 2.1.

The objective of this thesis is to use the three simulation programs as a co-
simulation model to capture the high-frequency dynamics in the study zone, which
is modelled using EMT. Dynamic phasors are used to model a buffer-zone between

an EMT and TS model. The buffer zone mainly contains transmission lines and

28



Chapter 2. Modelling of a Power System using Dynamic Phasors

TABLE 2.1: Comparison of the three simulation programs: EMT, DP and

TS
EMT DP TS
Computational | High Higher than TS. | Low
burden Lower than EMT.
Frequency None None for solving lin- | Phasors vary
boundary as- ear set of equations | slowly compared
sumptions to wg:  Narrow-
band
Variation of | Continuously Constant in steady- | Constant in
voltages and | change during a | state. Continuously | steady-state.
currents disturbance. change in a distur- | Change in dis-
bance. crete steps.
Signals Three-phase real | Complex numbers | Complex numbers
instantaneous
quantities
Differential La(t) LX(t) + juwoX(t) JwoX (1)
equations
Inductor  volt- | Li(t) LLI(t) + juwoLI(t) | jwoLl(t)
age equation
Capacitor cur- | CLo(t) CLV (t)+jwoCV (t) | jueCV (t)
rent equation
Handling unbal- | Yes System is modelled | System is mod-
ances assuming balanced | elled assuming
conditions balanced  condi-
tions

loads. The purpose of the buffer zone is a) gap the frequency bandwidth difference

between the EMT and TS b) Capture some of the high frequency dynamics close

to the EMT-TS boundary. This chapter has briefly explained the characteristics

of the three simulation model and modelling techniques used in the three models.
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2.3 Summary
An overview of simulation models available to study a power system was presented

in this chapter. The concept of dynamic phasors and the representation of basic

power system components using dynamic phasors were presented.
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Chapter 3

Interfacing a Synchronous
Machine Model to a Dynamic

Phasor Simulation

3.1 Introduction

Synchronous machine is a fundamental part of the power system network and
there are several models available to represent it in simulations. The derivation
of a synchronous machine model that is suitable for a DP simulation is presented
in this chapter. Guaranteeing numerical stability in existing synchronous machine
models requires extra computations which can make a real-time simulation chal-
lenging. The stability and efficiency of the existing synchronous machine models
are investigated and a relevant stability criterion for interfacing a synchronous

machine to a DP simulation is presented in this chapter.
The approach of nodal based analysis in dynamic phasors results in a
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linear set of equations. The state equations of the synchronous machine have to
be solved separately since it is a non-linear device. At the end of every time-step
the machine model will update (or read) currents/voltages in the interface node
of the network that it is connected to. In this way, the network equations are
still linear and the Trapezoidal rule can be applied. However, this method results
in a time-step delay when exchanging data. In this chapter, the stability of the
interface when an external device is connected to a DP simulation is analysed and
a necessary condition for numerical stability is derived. This analysis is published

in [38].

In Section 3.3, the derivation of a novel voltage source type synchronous
machine model is presented for nodal analysis based DP simulation. The deriva-
tion of the proposed synchronous machine model is a simple extension to the
well-known transient stability model. However, the proposed model takes the dy-
namics in the stator winding into the account. The proposed model is efficient
and numerically robust. The robustness of the machine model is evaluated by
interfacing the machine into different networks. The novel synchronous machine

model is published in [39].

3.2 Stability Criterion

Interfacing two different network models under one simulation platform (co-simulation)
is a challenging task. The interface can introduce numerical instabilities to the
simulation due to the time-step delay in communicating of simulation variables at
the interface. In this section, the numerical stability of an externally connected

device as a current injection device and a voltage source is analysed. Necessary
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condition for stability is proposed when interfacing a device into a simulation that

involves a time-step delay.

Fig. 3.1 shows the basic steps for interfacing a device into a network
model using an iterative algorithm. Simple network shown in Fig. 3.2 is used to
illustrate the numerical stability when interfacing two different networks models.
The synchronous machine can be interfaced to a network as a voltage source or
as a current injection device. The stability of the two approaches are analysed as

Method 1 and Method 2 as below.

Method 1

Suppose that an iterative method is used to solve the network in Fig. 3.2. At each
iteration, the voltage at the interface bus is read from the right-hand side network
and the current is calculated in the left-hand side. At end of the iteration the
left-hand side will inject the calculated current to the right-hand side network.
And then again at the next iteration, the right-hand side will update the voltage
from the current output of the left-hand side and this process will go on until the
end of simulation. Let us assume that the voltage at the interface bus is “V” and

at r' iteration, V = V(r — 1) Then,

_E-V(r-1)

I 3.1
== (3.)

At (r + 1)™ iteration, V = V(r) and I, = I,

E, — —1

vevey =52V (3.2)

Ry

Ry Ry

V(r)=E,+ Es— —V(r—1)= 3.3
()= Bt Ecp? = V(= D3 33)
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Initialization

t =0

Update voltages/currents 1
at the interface nodes - N
Incriment the
simulation time
t = t+ At

Solve state equation
of the external device

Inject volteges/cur-
rents to the network

|

Compute network solution
and voltages/currents
at the interface nodes

!

Simulation time
elapsed?

t == tsim

F1GURE 3.1: Flow chart for interfacing an external device into a network
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Ry AY Ry
—L 1 F
L
— —

£ () o

FIGURE 3.2: Simple network to analyse numerical stability
Equation (3.3) can be written in discrete domain as,

Ry Ry

V=F,+E,— — 2 'V==2 3.4

+ R z R (3.4)
R Ry

Vil 2 ) =FE, + E,— 3.5

< + z R1> + R (3.5)

The discrete domain pole associated with (3.5) is given by z = —g—f and for sta-

bility |2|< 1. Hence, it is clear that to ensure numerical stability of this procedure

the following relationship (3.6) should stand.

| Ra|< | By (3.6)

Method 2

Instead of reading voltages from the right-hand side one can read current (/), and

the left-hand side voltage can be updated by using I as,

V =FE,— LR (3.7)

The calculated voltage (V') can be passed on to the right-hand side to calculate

the injected current for the next iteration. The z-domain analysis of this method
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will show that the numerical stability is preserved only if the condition in (3.8) is
satisfied.
[ Ra|< [ Ry (3-8)

Note that the conditions in (3.6) and (3.8) are opposite to each other. Therefore,
the numerical stability of the simulation depends on the way the external device

is modelled in the network.

To demonstrate the above result, the circuit in Fig. 3.2 is simulated with
Ry =20, Ry, =10, E, =5kV and F,, = 4kV. The initial voltage of the interface
bus was assumed as “V = 4.5kV”. In each iteration the interface bus voltage was
updated as in method 1. The results for this scenario is shown in Fig. 3.3 and it
can be seen that after few iterations the interface bus voltage is converged to the

actual value. This is expected as the condition (3.6) is satisfied.

Results for the same network with R, = 1Q and Ry = 22 where Ry < R,
is shown in Fig. 3.4 and for these network parameters the simulation is numerically
unstable. It can be shown that the same network is numerically stable if method

2 is used for interfacing (Fig. 3.5).

Voltage (kV)

4.3

4.25

1 2 3 4 5 6 7 8 9 10 11
No of iterations

FI1GURE 3.3: Simulation results for Fig. 3.2 with Ry =2 and Ry, = 1)
using Method 1
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FIGURE 3.4: Simulation results for Fig. 3.2 with R; = 1) and Ry = 2)
using Method 1
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S
\X/ o
)
g |
©
>

9 10
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FIGURE 3.5: Simulation results for Fig. 3.2 with Ry = 1 and Ry = 2()

using Method 2

The scenario discussed previously is very much similar to a case where

simulation models in two different platforms are interfaced to solve a large network

(co-simulation).

data read from each side is not completely accurate at that instant of time. It
must be noted that the above stability analysis was carried out for a steady state
condition and the actual simulations are usually dynamic simulations. However, if
the steady state solution is numerically unstable the dynamic solution is not going

to be stable. It can be concluded from this study that when there is an interface
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between two models involving a time-step delay, if the simulation is unstable when
one part of the network is modelled as a voltage source, then it is going to be
stable when it is modelled as a current source or vice versa. If the steady state
stability criterion discussed above is not satisfied, the dynamic simulation will
be numerically unstable. However, the steady state numerical stability does not
guarantee the stability of the dynamic simulation. Therefore, this criterion is only

a necessary condition.

The applicability of derived stability criterion for a dynamic simulation
is demonstrated using Single-Machine-Infinite-Bus (SMIB) system [37] shown in
Fig. A.1 in Appendix A.1. The data of the SMIB system is given in Table A.1.
The synchronous machine constants are given in Table A.3. The synchronous
machine in the system is modelled as a TS model and the transmission network
is modelled using DP. It is shown that depending on the network parameters the
equivalent synchronous machine model can only be numerically stable either as a

current source or as a voltage source.

3.2.1 Validation of the Derived Stability Criterion for SMIB

System

A general 6 order synchronous machine model with one field winding, one damper
winding on the d-axis, and two damper windings on the g-axis is used to validate
the derived stability criterion. The dynamics involved in the stator windings are
neglected. Equations (3.9) and (3.10) are the state equations that define the

dynamics of the mechanical systems [37].

) 1
Awr = ﬁ (Tm - Te - KDACL)T> (39)
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0 = Aw,wp (3.10)

Here, 6 and Aw, are the rotor position and the angular speed deviation and 7}, and
T, are the mechanical torque and the electrical torque respectively. Synchronous
machine inertia constant is denoted by H and the damping coefficient is denoted
by Kp. The differential equations for the flux in the field winding and damper
windings are given by (3.11) to (3.14) [37]. The terms ¢yq is the flux in the field
winding, @14 is the flux in the damper winding in the d-axis, ¢, and ¢y, are the

flux in the damper windings in the g-axis.

Pfd = Wo (Gfd + w}%fd> (3.11)
fd
P1d = Wo (—SDadX— i Rld) (3.12)
1d
P1g = Wo (—%qX_ ll qu) (3.13)
1q
Grg = Wo <—%qX_ P2 R2q) (3.14)
2q

" . Prd P1d
awd = X — -+ — 3.15
oot = Xoa (=i 4 1 24 (3.15)
" . Qplq 902q
ag = Koo | =g+ + 3.16
80 q q ( q qu X2q> ( )

The terms Ryq, R14, Riq4 and Ry, are the rotor circuit resistances. The terms X4,
X4, X14 and Xy, are the rotor circuit reactances. The subscripts fd, id, 1¢q and 2¢
denote the field winding, damper winding in the d-axis, first damper winding in the
g-axis and second damper winding in the g-axis respectively. The superscripts ’
relates to transient constants and ” relates to sub-transient constants. The terms

"

X, and X, in (3.15) and (3.16) are sub-transient mutual reactances in d-axis
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and g-axis respectively. The notations used in (3.9) to (3.16) are same as the
notations in [37]. In this study, the state equations of the synchronous machine
are solved separately and interfaced to the network as a voltage/current source.
In this way, the state equations of the network will be solved separately and the
network sees the machine as a voltage/current source at each time-step. The
synchronous machine can be represented by it’s internal voltage behind the sub-
transient reactance as in Fig. 3.6 [37]. The dg components of the internal voltage

are given by (3.17) and (3.18).

7 7 ngq @2(1

B =-x (X4 —) 3.17
i X! (qu = (3.17)
" " <,0fd Spld

B =-x (2 ¥ 3.18
o X, <de de) (3.18)

The dq components of the voltage can be then converted into phasor quantities

(RI frame) using dg to RI transformation matrix [37].

Ey sin(d)  cos(d)| | E,
E] —cos(d) sin(d)| |E

~

The internal (i.e.sub-transient) voltage behind the impedance is given by (3.19)
where E}; and E}/ are the real and imaginary parts of the internal voltage. The
impedance equals to X = X ; =X ;’ by ignoring the sub-transient saliency of the

machine. The resistor R, is the stator resistance.

E' = E,+jE, (3.19)
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Ve + Vi

il G
E}%HE}’C’\) |

FIGURE 3.6: Synchronous machine represented by it’s internal voltage
behind the sub-transient reactance

Finally, by using the bus voltage (Vg + jV7) in Fig. 3.6, the current in
the machine can be calculated as in (3.20).

(Ep+JEr) — (Ve + Vi)

[R+jI[: R +jX“

(3.20)

The transmission network of the SMIB system considered in this chapter
contains an RL branch. The dynamic phasor equation for the series RL branch

used in Chapter 2 is re-arranged as a differential equation as (3.21).

Validation of the Stability Criterion

According to the stability criterion presented in Section 3.2 and 3.2 either method
1 or method 2 can be numerically stable. The synchronous machine is modelled
as both voltage (method 2) and current (method 1) source to study the numerical
stability. If the synchronous machine is represented using a voltage source behind
an impedance, its equivalent circuit connected to the network can be represented as
Fig. 3.7. Here, V,.; represents the network Thevenin’s voltage and Z,,.; represents
network Thevenin’s impedance. The parameters i,,. and i,,.; are used to define the
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current in the machine and the current in the network. The network in Fig. 3.7
is very much similar to the network in Fig. 3.2, which was used previously to
develop the stability criterion. However, network quantities in the SMIB are in
time domain phasor quantities. It can be shown using simulations that a similar

stability criterion exist for the SMIB equivalent circuit.

. "
Ra +]X Znet
1 1
| I | I
2.mc 'L.net
— —

FIGURE 3.7: Equivalent circuit model for SMIB system

Fig. 3.8 and Fig. 3.9 show the generator voltage when the synchronous
machine is connected to the network as a current source (method 1) and a voltage
source (method 2). It can be seen that only the method 2 where the machine is

interfaced as a voltage source provides a stable solution.

500 T . .

400 [

w

o

o
\

200

Voltage (PU)

100

Time (s) % 10'4

FIGURE 3.8: Synchronous machine modelled as a current source

If we reduce the value of the network impedance in the same SMIB sys-

tem, it can be shown that the synchronous machine modelled as a voltage source

42



Chapter 3. Interfacing a Synchronous Machine Model to a Dynamic Phasor
Stmulation

1.196 w w x x x
1.194

T
1

1.192

T
1

119 .

Voltage (PU)

1.188

T
1

1.186

T
1

1 1 1 1 1

0 0.2 04 0.6 0.8 1 1.2
Time (s)

FIGURE 3.9: Synchronous machine modelled as a voltage source

(method 2) provides an unstable solution. It is difficult to state an exact network
condition for a stable dynamic simulation in general. However, it can be stated

that one of the methods will lead to an unstable simulation.

The conclusion of this study is that depending on the network impedance
the equivalent synchronous machine model can only be numerically stable either
as a current source or as a voltage source. In DP simulations, it is required to
include the stator dynamics of a synchronous machine. However in the model used
in this section TS modelling of the synchronous generator was used in order to
show the necessary requirements for the interconnection. A synchronous machine

model that is suitable for DP simulation will be presented in Section 3.3 below.

3.3 Novel Synchronous Machine Model for Dy-

namic Phasor Simulations

This section presents a novel synchronous machine model suitable for nodal analy-
sis type dynamic phasor simulation. Depending on the study objective, the extent

of modelling of the synchronous machine is different in simulation programs. The
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oscillations in the rotor of the machine are slow electromechanical oscillations. The
dynamics in the stator winding of the machine has higher oscillatory frequencies
and they fall under electromagnetic transients. In TS studies that focus only on
electromechanical oscillations, the high frequency oscillations from the network are
ignored [37]. Therefore, it is not necessary to model dynamics in the stator wind-
ings in stability studies. However, it is important to model the dynamics in the
stator winding fluxes in EMT simulations [1]. To be consistent with the dynamic
network model, the synchronous machine model with stator winding dynamics

used in EMT studies is used in the DP model.

Different full order synchronous machine models are used in EMT sim-
ulation platforms. A synchronous machine can be interfaced to the network as
a voltage or current source. In Section 3.2, it has been shown that one of these

methods would be numerically stable depending on the network parameters.

The dq transformation is commonly used to analyse the machine equa-
tions and it results in a simplified set of equations. This transformation can be
considered as a transformation of the stator parameters to the rotor side [37].
In the EMT studies, this model is known as the qd method. The qd machine
model can be interfaced to the network as a Thevenin equivalent or as a current
source in phasor domain [40], [41]. Another way of interfacing the qd model is to
represent the network as a Thevenin equivalent in dq domain. All of these three
methods except the current source method require prediction of data (electrical
and mechanical variables) for numerical stability and accuracy of the model. In
PSCAD-EMTDC program the synchronous machine is modelled using the current
source method and the value of the current source is calculated using previous
time-step values [40]. The numerical issues due to time-step delay between the
machine and the network are addressed by using a resistor with a compensated
current source at the interface bus. The stability criterion presented in Section
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3.2 has pointed out that the device modelled as either current source or voltage
source (not both) will be stable at steady state depending on the input impedance
of the network that it is connected to. In nodal approach, the state equations of
the synchronous machine are solved separately from the network and therefore,
an inherent time-step delay exists in the simulation. Since the network impedance
is usually much higher than the sub-synchronous reactance of the machine the
current source-type synchronous machine will be numerically unstable without a

compensating current source described above.

The synchronous machine can be also represented using the original cou-
pled circuit model in abc phasor domain. This method is called the Phase-Domain
(PD) method [42]. Time-variant inductance terms in the equations increase the

computational burden of the simulation [37].

Voltage Behind Reactance (VBR) models of synchronous machines for
EMT simulations are discussed in [43], [44], [45] and [42], where the rotor of the
machine is modelled using qd coordinates and the stator equations are modelled
using the phasor coordinates. The machine is represented using a Thevenin equiv-
alent with an equivalent impedance and the equivalent impedance can be included
in the network equations. This is more numerically stable since the stator is
part of the network’s admittance matrix. However, this method is computation-
ally demanding for the nodal analysis approach since the equivalent impedance is

time-varying.

The VBR method is extended for the EMT nodal analysis method in [41]
where the machine model is interfaced to the network by discretizing the stator
voltage using the implicit trapezoidal rule. Then the discretized equations are

used to come up with a general form given in (3.22) that can be included into
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EMT solution as a Thevenin equivalent circuit.

Uabc(t) = Req<t>iabc(t) + Eh(t) (322)

Here, the terms R.,(t) and Ej(t) are the equivalent resistance and history term
respectively. The term R, is time-dependant and is modelled externally to the
network as a Thevenin impedance. A constant parameter VBR model is presented

in [46] with an aproximation of the time dependant rotor speed (w,) to wp.

This thesis proposes an alternative approach where the stator reactance
is split into two components: (a) a fixed reactance corresponding to base frequency
(Lwp) and (b) a component representing change of reactance due to change in fre-
quency (LAw,). The fixed component is included in the network and the variable

component is included in the sub-transient voltage.

The proposed Voltage Source (VS) type synchronous machine model is
derived in Section 3.3.3 using the same set of steps that are used to derive the
synchronous machine model in typical transient stability studies [37]. The syn-
chronous machine model presented in this thesis is numerically robust and it has
a constant impedance that can be included in the admittance matrix of the DP
part of the network. Hence, at each time-step the voltage source value is given as

an input to the DP model as a boundary voltage.

3.3.1 Synchronous Machine Model

The synchronous machine model considered in this chapter is the same machine
model used in Section 3.2 but with stator flux dynamics included. Hence, there
are eight differential equations governing the dynamics of a synchronous machine.

Equations (3.9) and (3.10) are used to represent the dynamics of the rotor [37].
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The dynamics of the field winding and damper winding flux are expressed as in

(3.11) to (3.14), where the terms ¢,q and ¢, are given by:

" . Prd P1d
wa =1Ly —i +—+—) 3.23
Pad d ( d Lia ' L ( )
" . gplq QOQq
ag = Lo, | —1 —l———i——) 3.24
2 q q ( q qu L2q ( )

The notations and the current direction conventions that are used in this thesis
are same with [37]. Using the terms ¢qq and ¢,, the electric torque of the machine

can be expressed as (3.25) .

Te = Qpadiq - gan’id (325)

The dynamics of the stator winding flux in the d and q axes are expressed by

(3.26) and (3.27).

(pd = WrPq + Raid + eq (326)
Séq = _Wr@d + Raiq + 6q (327)

The main difference with the TS model and the DP model is that TS model
neglects the dynamics described in (3.26) and (3.27) by removing the terms ¢y
and ¢,. However, adding these two differential equations for the dynamics of
the stator flux components in d-q axes are necessary when the AC network is
represented using dynamic phasors. Along with these two stator winding flux

equations, there are 8 state variables for round rotor type synchronous generators.
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3.3.2 Voltage-Behind-Reactance Model of Synchronous Ma-

chine

The derivation of the VBR model for 8" order synchronous machine is explained

in this section. Let us consider (3.26), which can be re-written as (3.28).

€d = gp'd — WrPq — Raid (328)

Equation 3.28 can be then written as (3.29) using (3.23), (3.24) and the

relationships of g = puq — Litg and LL} = Lgd + Ly,

" d . ", . "
eq = —Ldazd +w, Lyig — Raiag + By (3.29)
where the term E); is equals to:
. L. L. L, L,
E = Zad Zad o _ 2 — W, 3.30
L L Ly B e (3-30)

The difference between the above model and the commonly used TS model of a
synchronous machine is that (3.29) has the extra term, Lg%id, representing the
dynamics of the d-axis component of the stator current. The first three terms in
(3.29) are identical to the dynamic equation of an RL branch in DP and thus it
can be modelled as part of the network solution. The term w, in (3.29) depends on
the rotor position and it is time-varying. Therefore, it does not allow this equation
to be directly included into the nodal analysis method. If one tries to solve this
equation using the nodal approach, the admittance matrix of the network has to
be updated at each time-step. Computing the inverse of the network’s admittance

matrix at each time-step is computationally demanding.
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3.3.3 Proposed Voltage Source Type Synchronous Machine
Model

The synchronous machine model suitable for nodal analysis method is derived in
this section. Let us go back to (3.29) and replace the term w, using w, = Aw, + 1.

It should be noted that the speed terms considered here are in per unit values.

1

nd ", . L .
ea = —Lg—iq+ (Aw, + 1)L, iq — Raiq + —“dgpfdJr
dt Lyq
, . . (3.31)
Lig . La Ly
le ©P1d rqu P1q TLQq P24
Now (3.31) can be re-arranged as (3.32) and (3.33).
" d B ", . /"
eg = _Ldald + Lig — Raia + E (3.32)
s L, Ll L, .
Ewd — ad Spfd + —adSOld — wr_qulq — wr_qum] —+ AwT’Lqu (333)

Lyq L4 Ly, Lo,

In (3.33), suffix w is used with the sub-transient voltage E,, to differentiate it
from the commonly used term E,. With this re-arrangement, (Aw, + 1)L;iq is
separated into L, i, and Aw, L i,. The former is included in (3.32) and the latter
is included in (3.33). The terms ¢4 and ¢4 in (3.33) can be found from (3.11),

(3.12) and (3.23).

Similarly, we can write the g-axis voltage equation using (3.27) as shown

in (3.34)

" d R ", . /"
g = —anzq — Lgia — Raig + E,, (3.34)
where E:q is equals to,
. L// LN L// LH .
) DAp— N 99 ,—ad ,—ad — Aw, L i 3.35
“ = T, P1q + Loy P2q + W Lra Pfa+w Ty P1d WrLglq ( )
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and the terms ¢7, and ¢y, can be found from (3.13), (3.14) and (3.16).

Equation (3.36) can be derived by adding (3.32) and (3.34) as follows:

1 d 1 "
€4 + jeq = —Lda’id + Lqiq — Ra’id + Ewd+
y (3.36)
j (—L%z’q — Liyiqg — Ryig + qu)

With sub-transient saliency neglected Lg = L; =L, (3.36) can be re-written as,

" d " "
Et - —L %It — ]L [t - RaIt + Et (337)

1"

where E; = eq + je,, E =FE, + jE:q and I; = iq + jig. All the parameters
in these equations are in per-unit. However, to integrate these equations to the
network, the per-unit time needs to be converted into seconds. Per-unit time is
equal to the time in seconds multiplied by the angular speed (wj) corresponds to
fundamental frequency. The resulting equation can be written as (3.38).

L' d

Bi=— ol =il = Ruli+ B (3.38)

The derived model of the synchronous machine can then be interfaced to

the network as a Thevenin voltage source (Fig.3.10).

FiGURE 3.10: Synchronous machine represented by its internal voltage
behind the sub-transient reactance

It is straightforward to interface the equivalent model of the synchronous
machine shown in Fig. 3.6 to nodal analysis method. The term R, + jL" can be
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added to the network’s admittance matrix and the voltage E, can be considered

as a time-varying boundary voltage updated at each integration time-step.

3.3.4 Test System and Simulation Results

The SMIB system shown in Appendix A.1 is used as the simulation case to test
the proposed synchronous machine model. The data of the SMIB system is given
in Table A.2 and synchronous machine constants are given in Table A.3. The
equivalent circuit of the SMIB system is shown in Fig. 3.11, where FE; is the
infinite bus voltage. The synchronous machine is modelled using the novel voltage
source model. The transmission line connected to the machine is modelled using
a DP model. The transmission line of the SMIB system is represented using an
RL branch. Equation (3.39) is used to model the transmission line. The terms R
and L are the resistance and the inductance of the transmission line respectively.

d 1
I =

ol =2 (V= (R+jwl)]) (3.39)

/1

E, R, +jL" Transmission Line Ey
' | [
L | !
|
I

FI1GURE 3.11: Synchronous machine connected to the infinite bus through
a transmission line

The results of the proposed synchronous machine model is validated using
the synchronous machine model available in RTDS. Figures 3.12-3.15 show the
comparison of machine variables (speed, electric torque, generator terminal voltage
and d-axis current respectively) with the EMT simulation when the infinite bus
voltage is dropped to 2% for a period of 100 ms. It can be seen from the figures

that the novel voltage source type synchronous machine model closely follow the
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EMT simulation results. It accurately captures the high frequency component in

electric torque and d-axis current.

380 T T T T T T

12 14 16 18 20 22
Time(9)

F1GURE 3.12: Comparison of generator speed

Torque (PU)
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12 12.05 121 12.15 12.2 12.25 12.3
Time (s)

F1GURE 3.13: Comparison of generator electrical torque

3.3.5 Discussion

In the previous section, it was shown that the proposed synchronous machine
model produces same results as the existing synchronous machine models. One
advantage of the proposed method compared to existing synchronous machine
models is that the proposed formation leads to a network bus admittance matrix

that is independent of time. This leads to a significant reduction in computation
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FiGUurE 3.14: Comparison of generator terminal voltage
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F1GURE 3.15: Comparison of generator d-axis current

time, a requirement for real-time simulation. The other advantage is that the
proposed model is numerically stable regardless of the network that it connected
to. The proposed interface does not require any filters at the interface for numerical

stability. These points will be further explained in Section 3.3.5.1 and 3.3.5.2

below.
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3.3.5.1 Stability Considerations for Interfacing Voltage Injection Type
Synchronous Machine Model

Let us consider the circuit given in Fig. 3.2. According to the stability criterion
given in Section 3.2 if the left hand-side reads current from the right hand side and
updates the voltage V' at the boundary bus, for numerical stability, the following

relationship between the impedances should stand.

Ry < Ry (3.40)

If we model the machine by including the impedance of the machine’s
Thevenin equivalent as part of the network impedance, R; is almost zero. Hence,
the stability criterion given is satisfied with any value of R,. This results in the
simulation to be stable with any network impedance. The theory is validated by
using different network impedances in the SMIB system as shown in figures 3.16,
3.17 and 3.18. The network side impedance is further reduced in each case. As
expected, the results validate that the simulation is always stable regardless of the

network impedance.
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FIGURE 3.16: Generator terminal voltage when the network impedance
is reduced to 10%
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FiGURE 3.17: Generator terminal voltage when the network impedance
is reduced to 1%
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FI1GURE 3.18: Generator terminal voltage when the network impedance
is reduced to 0.1%

3.3.5.2 Computational Efficiency

In the proposed method, the impedance of the Thevenin impedance of the syn-
chronous machine is not time-dependent and therefore the network admittance
matrix stays as a constant. Hence, matrix inversion is not required in every time-
step and it could be done only at the beginning of the simulation. A significant
computational advantage can be gained by the novel voltage source type syn-

chronous machine model due to this reason.
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3.3.5.3 Applicability of the Synchronous Machine Model for an EMT

Type Simulation

In this thesis, the novel synchronous machine model is interfaced directly to DP
type network model. However, it can also be interfaced to any EMT type network

model. Tt can be modelled using modified nodal analysis approach [47].

3.3.5.4 Modelling Saturation Effects of the Synchronous Machine

The non-linearities in the machine such as saturation effect are important for many
studies. In the machine model considered in this chapter, the effects in stator and
rotor iron saturation are neglected. A common method of representing saturation
is to write sub-transient reactance (L, and L;) as a function of the magnetizing
current (e.g. —ig + ifq + 914 in d-axis). According to this, the sub-transient

reactance (L") becomes time dependent.

This can be illustrated using Fig. 3.19 as shown below.

d d d

If we now represent the non-linear inductance using L(3),

v=L(i) % i (3.42)

the linear part of the impedance in (3.42) can be modelled as the constant
inductance and the non-linear region can be modelled as a voltage or a current
source. Therefore, in the voltage source type synchronous machine model, the

time-dependent part of L” can be included into the sub-transient voltage E” and
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the unsaturated value of the sub-transient reactance can be represented as a linear
inductance. The modelling of saturation in the proposed model is illustrated
in Fig. 3.20. In this way, the difference in the saturated value of sub transient
reactance (L,,,) is subtracted from the unsaturated value of sub transient reactance
(L") and the voltage drop due to this difference in reactance is subtracted from

the sub-transient voltage.
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FIGURE 3.19: Saturation curve

(Ll — L) 4T

sat

E - .]It sat ” @ 3

F1GURE 3.20: Modelling saturation in synchronous machine

o7



Chapter 3. Interfacing a Synchronous Machine Model to a Dynamic Phasor
Stmulation

3.3.5.5 Modelling Sub-Transient Saliency of the Synchronous Machine

In the proposed synchronous machine model, the sub-transient saliency was ig-
nored. Sub-transient saliency is defined as the difference between d and g-axis
sub-transient reactances (i.e. Xcll' — X;’). If the saliency is negligible the sub-
transient reactance can be modelled as part of the transmission network as pre-
sented in Section 3.3.3. If it is not equal to zero, any difference results from the
saliency can be included in the sub-transient voltage so that the sub-transient re-
actance can still be included as part of the network. Fig. shows the comparison
of the generator terminal voltage with and without the machine saliency (i.e. X ;/

is changed to 0.375 in Fig. 3.11 to include saliency).

115+
2 11l JAA%%
&)
§ 1.05 F without saliency EMT |
g —— without saliency VS
1t ——with saliency EMT |
| wi:[h saliencyIVS

10 10 05 10.1 10.15 10.2 10.25
Time (s)

FIGURE 3.21: Generator terminal voltage with saliency included

3.4 Summary

A stability criterion for interfacing a synchronous machine model to a DP simu-
lation was presented in this chapter. The proposed stability criterion is equally

valid for interfacing two types of simulation models. A novel voltage source type
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synchronous machine model was presented in this chapter to interface into a DP

simulation.
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Chapter 4

Interfacing Dynamic Phasor
Model to Real-Time
Electromagnetic Transient

Simulation

In this chapter, a dynamic phasor model is interfaced to an EMT simulation to
reduce the computational burden of simulating large power systems. This chap-
ter presents the concept and validation of the proposed real-time EMT-DP co-
simulation model. The first part of the chapter investigates the challenges of
interfacing DP to an EMT model. Achieving a numerically stable EMT-DP inter-
face is difficult due to the time-step delay in communicating simulation variables
between the two models. The numerical instability due to time-step delay is inves-
tigated and a set of solutions is proposed in this chapter. Among these methods,
the data prediction method is adopted in this work for a numerically stable EMT-

DP co-simulation. A comparison of some commonly used data prediction methods
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is presented in this chapter. Linear extrapolation method is chosen in this work
considering its favourable performance during a disturbance. The implementation
and the testing of the of the proposed EMT-DP co-simulation in real-time for the
New England & New York 68 bus benchmarked power system is explained at the
end of this chapter. The co-simulation results are validated using a complete EMT
simulation. The content of this chapter has been published as a journal article in

Cigre Science and Engineering Journal [48].

4.1 Numerical Stability in Electromagnetic Tran-

sient and Dynamic Phasor Interface

The co-simulation model proposed in this chapter contains EMT and DP models.
The solutions of the two models are calculated separately and at the end of every
time-step, the simulation variables are exchanged. The data that is communicated
arrives into the other model with a time-step delay. Therefore, the data received
from the connected model is not the correct value but correspond to the previous
time-step. Co-simulation is a challenging task due to the time-step delay. If the
time-step delay is not properly addressed, the simulation could lead to numerical
instability. A necessary stability criterion for interfacing two simulation models
was discussed in the previous chapter. According to the stability criterion, the
numerical stability of a co-simulation depends on the input impedance of the two
interfacing models. In a co-simulation, changing the impedance values of the
given network model is unacceptable since the internal and external systems are
defined by the user. Also, it does not guarantee numerical stability for a dynamic
simulation. Therefore, alternatives have to be investigated to design a numerically

stable co-simulation model.
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The instability due to time-step delay in a co-simulation can arise when
there is an inductor at one side of the interface and the other side injects a current
to the model through this inductor. This is a typical scenario in a power system
since the transmission network is inductive and the interface points usually con-
sist of one or more branches with inductors. As the current in an inductor is a
state variable, injecting a slightly different current (e.g. current in the previous
time-step) from the connected model to the inductor, can lead to a numerically
unstable simulation. The numerical instability can be avoided by connecting a
snubber resistor to the inductor connected to the interface. Hence, one solution
for instability is to connect a large resistor (eg. 500€2) in parallel to all the induc-
tors at the interface nodes. The resistor provides a path for the difference in the
current entering the interface point to flow. The drawback of this method is that
the value of the resistor depends on the inductor value. Therefore, the fictitiously
added resistor can alter the network impedance. This could result in inaccurate
results. Also, it is a tedious work for the user to do this for every inductor that is

connected to the interface.

The numerical instability due to time-step delay is discussed in [49], [50],
[51] and [52]. Following are some methods that can be used to avoid numerical

instability due to time-step delay.

Use of the natural time delay in the travelling waves of a transmission line

separating the internal and external systems to overcome the time-step delay.

Prediction of current time-step values from previous data.

Utilizing iterative methods for the solution.

Adding a smoothing filter to the interface.

Adding a resistor to the interface buses with a compensation current source.
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Among these methods the natural time delay in the travelling waves of a transmis-
sion line is used in real-time EMT simulators for partitioning networks to simulate
in different processors. The minimum length of a transmission line required to
decouple the networks is proportional to the simulation time-step by the following
relationship: s = d/At, where the propagation across the line is at the speed of
light (s = 3% 10® m/s), At is the simulation time-step, and d is the transmission
line length. As an example, if the time-step of the simulation is 1ms, there should

be a transmission line of length 300km.

In [52], the delay of the transmission line is used to interface the EMT
solution to the DP solution in an EMT-DP co-simulation. The dynamic phasor
model used in this paper is a three-phase dynamic phasor model. Therefore, all
together there are six phasors considering the real and imaginary parts. The com-
putational burden is higher compared to an EMT simulation in such an EMT-DP
co-simulation and user must be able to use a larger time-step in the DP model to
achieve any computational gain. When the time step of the DP simulation is high
the length of the transmission line separating the internal and external systems
has to be appropriately large. The user will end up having a restriction on the
point where the two subsystems are divided. Finding such a long transmission line
at the interface is not always possible. Therefore, in many cases, a fictitiously long

transmission line has to be added and it can add inaccuracies to the simulation.

In [51], extrapolation of data is used in an EMT co-simulation to over-
come the time-step delay. In this thesis, the feasibility of using a data prediction
technique to interface a DP model to an EMT model is analysed. Hence, the
interface variables at the current time step are predicted using the values at the
previous time-step. There are no constraints for choosing the interface points
when data prediction methods are used and therefore it is more convenient for the

users. However, the use of natural time delay in the propagation of waves in a
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transmission line is more accurate compared to a data prediction method if there
exists a long transmission line at the interface points. It will be shown that the
accuracy sacrificed by not using the natural time delay in the proposed approach

is not noticeable.

4.1.1 Data Prediction Techniques to Overcome Time-Step

Delay

The time-step delay in a co-simulation model can be avoided by a forward time-
step shifting of data. Time-shift can be achieved by predicting future data which

is called the extrapolation of data.

4.1.1.1 Extrapolation Techniques

Let us take the set points on x-axis x1,zy, X3, ....x, for a function f(x). Let us
say that the function f(z) is unknown and coordinates are known for a given set
points. The problem of finding the function value for an unknown z-value between
x1 and x,, is known as an interpolation problem. Finding a value for an z beyond
the range of x; and =z, is known as an extrapolation problem. Many techniques
are available for interpolation of data and the same techniques can be applied for
extrapolation to predict the values outside the range of known values. It should
be noted that the data interval has to be kept as small as possible for the accuracy

of this procedure.

The most common method used for interpolation is the linear method
where one finds a point in somewhere in between given two data points using the
linear approximation. This is illustrated in (4.1) and Fig. 4.1. Here, the function

values corresponding to time “t” and “t — At” are known and the function value
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for “t + At” is unknown.

z(t+ At) —x(t)  x(t) —x(t — At)

t+At—t  t—(t— Al (4.1)
z(t + At) = 2z(t) — x(t — At) (4.2)
x(t + At)
x(t)
x(t — At)
:

t— At t t+ At

FIGURE 4.1: Linear extrapolation

A polynomial approximation of the unknown function provides a more
accurate prediction compared to the linear approximation. Polynomial methods
require more than two history values of the function for extrapolation and therefore
the transition from one point to another is smoother. In this chapter, two polyno-
mial methods are considered and compared against the linear method. The two

methods considered are Lagrange’s polynomial method and cubic splines method.

In Lagrange’s method [53], an n number of points are approximated for
an (n — 1) order polynomial (4.3) and the coefficients of the polynomial are

calculated using (4.4), where y; = f(z;).
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L) =y [1 ai_—zkk (4.4)

With certain types of data, it is hard to fit the data points with one
polynomial due to the Runge’s phenomenon. In cubic spline method, a cubic
function for each data interval is generated [54]. A cubic spline consists of 3" order
piecewise polynomials passing through a number of predefined points (knots). A
comparison of the three methods is shown in Fig. 4.2. A sinusoidal signal with
magnitude of 230 is generated and the next time-step value is predicted using
the three methods mentioned above. A disturbance to the waveform is added at
t = 0.1s time-step by adjusting the magnitude to 5 for a period of 0.02s. A data
interval of 50 us is used (which is the typical time-step of an EMT simulation).
From the figure, it can be seen that for this time interval the predictions from all
three methods are accurate. The error in the polynomial methods are relatively
lower compared to the linear method. However, for the time-step chosen, the error
is negligible for all three methods. Since all these methods depend on the history
data points, during a disturbance all the methods generate a spike. This spike
could lead to erroneous results in a simulation under a disturbance. In the linear
method, the height of the spike is relatively lower compared to cubic spline and
Lagrange’s methods. Therefore, the level of inaccuracy added is relatively larger

for higher-order functions under a disturbance.

In this research, linear extrapolation method is used for extrapolation to
overcome the time-step delay. The boundary bus simulation variables transferring
to DP side from the EMT side are extrapolated to get the current time-step data
at the DP side.
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FI1GURE 4.2: Comparison of extrapolation methods

4.2 Implementation of the EMT-DP Co-Simulation

on a Real-Time Platform

The implementation of the proposed DP-EMT co-simulation model in a real-time

platform is presented here.

4.2.1 Dynamic Phasor model

The DP network is solved using the nodal analysis model described in Chapter
2. The inputs to the DP model are the voltages of the interface buses from
the EMT side. After every time-step, the DP side will update the currents in
the interface buses feeding to the EMT model. The synchronous machines are

modelled using the voltage source type synchronous machine model proposed in
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Chapter 3 (Fig. 3.10). The time-independent part of the stator impedance is
modelled as part of the network and is included in the network impedance bus
matrix. The sub-transient voltage in (3.38) is given to the DP model as a boundary
voltage at every time-step. The equations to derive the network solution of DP

are listed below from (4.5) to (4.11).

Let us consider a DP model with n number of interface buses (including
EMT-DP interface buses and generator buses) and m number of internal buses.

The network solution can be written as (4.5).

I=YV+1I, (4.5)

where, voltage and current vectors are given by (4.6) and (4.7). The vector I,

contains the current source values of Norton equivalents (e.g. Fig. 2.4).

K:[‘/al ‘/:12 V:zn ‘/bl %2 ‘/bm] (46)

l = [Ial ]a2 e ]an Ibl Ib2 ot ]bm] (47)
The admittance bus matrix can be written as (4.8) where suffix “a” corresponds
to interface buses and “b” corresponds to internal nodes.

y — [Yaa]nxn [Yab]nxm (48)

[Yba]mxn [Ybb]mxm
Let us partition the current vector as I, and I,. The current injection vector
L, = [I,114s...1,,)7 is the vector containing current injections to the interface buses.
L, = [Ip1 L. Ip) T is the vector containing current injections to the internal nodes

which is equal to zero. The voltage vectors also follow the same definitions and can

be defined as V., = [Vo1Vio... Vo] and V, = [Vi1Vig...Vim|T. The vector containing
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the history current injections is also partitioned as I, = [Ihailpa2---Than) and

Loy = [Tnor Inpa--- Tnpm) ™.

L= |[Yaa] [Vl Y.+ L (4.9)
L=0= ¥ [Yul] V+Ly (4.10)
V, = ~ Y] WaulV., — [Yia ™ L (4.11)

Computational steps of deriving the DP network solution using the above equa-

tions are as follows:

1. Obtain the interface bus voltages from the EMT side and also the sub-

transient voltages from the generator buses inside the DP model.
2. Compute the history current vector Ij,.
3. Compute the internal bus voltages from (4.11).
4. Compute injected currents to the interface buses using (4.9).

5. Compute instantaneous values of the injected currents to EMT-DP interface.

4.2.2 Data Transfer Between EMT and DP Models

4.2.2.1 Extraction of Phasors from the EMT Side

The solution of an EMT model is derived using time domain instantaneous values
of three-phase voltages and currents. The DP model uses phasor quantities in the
complex domain throughout its simulation process. At the interface buses between
EMT and DP, there is a need to convert abc instantaneous quantities to phasor
(RI) quantities and vice versa. The conversion of three-phase instantaneous values

to phasors is done in EMT-TS co-simulation by using a Fast Fourier Transform
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(FFT) [55], consecutive curve fitting technique [56] or by balancing the energy in
two sides [23]. A real-time simulation requires a computationally efficient conver-
sion method. FFT method requires data in previous cycles and therefore phasor
update could give errors when there is a disturbance in the system. In this thesis,
the phasor information is extracted by using the alpha-beta transformation. This
is a very simple and straightforward approach compared to available methods and

it does not add any delays to the simulation.

Let us consider the time-varying three-phase signals v,, v, and v., where
vy = Vppsin(6) and the angle of v, and v, are —120° and 120° shifted in phase
from v,. The aff components (v,,vs) of a three-phase signal is calculated using
the transformation in (4.12).

Vap = TaﬁVabc (412)

where,

(4.13)

o

|
wl& N
“fS ol

The magnitude and the angle of the phasors can then be calculated as in
(4.14) and (4.15) using vap. The parameters V,,, 6, wy and ¢ are magnitude, phase
angle, base frequency and time respectively. The alpha beta components resulting
from (4.12) are also sinusoidal signals. Therefore, the 60H z rotational component

of the voltages is removed by subtracting the term wogt as shown in (4.15).

Vin = (/v + v (4.14)

§ = tan™* (U—a) — wot (4.15)

Up

In order to use the alpha-beta transformation for the phasor conversion,
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the system voltages and currents have to be balanced three-phase signals rotating
at the speed corresponding to the fundamental frequency (e.g. fo = 60Hz2). In
(4.15), to remove the rotational component the fundamental frequency is used.
However, in a power system, the system frequency can settle on a different fre-
quency than the fundamental frequency in the absence of proper governor con-
trols. If the frequency deviation is significant the above transformation can result
in inaccurate results. The alpha-beta transformation matrix transforms a positive
sequence three-phase signal into the phasor quantities. If there is a negative se-
quence signal mixed with the positive sequence signal (i.e. unbalanced signal) the

transformation will result in inaccurate phasors.

4.2.2.2 Converting Phasors from DP Model to EMT Model

The solution generated at the DP side is a complex signal. The conversion to
three-phase signal from the complex phasor signal is straightforward. The phasor

solution of the DP model is converted back to three-phase signal as shown in

(4.16)-(4.18).

Vo, = Vipsin(wot + 0) (4.16)
. 2w

Vi = Vipsin(wot + 60 — ?) (4.17)
. 2m

Ve = Vyusin(wot + 6 + ?) (4.18)

4.2.3 Representing the DP Solution in the EMT Model

The DP solution of the network is interfaced to the EMT model as a current source
in parallel with an impedance. This is the typical way of representing component

models in a nodal analysis based EMT simulation. The DP side of the network
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takes voltages of the interface buses as the input and the external network is solved
to find the injected currents. If the interfacing point to the EMT program has a
transmission line there will be a three-phase capacitor (i.e. the capacitors resulting
from a m-section model of a transmission line) connected to the interface bus. This
is also an EMT type component modelled using the Dommel’s algorithm. Dynamic
phasor block contains the capacitors in the interface along with the dynamic phasor
model of the rest of the external system. Then the total current to an interface
node would be the addition of the current injection from the capacitor and the
dynamic phasor model. And the impedance parallel to the total current will be
equal to “At/2C”. This concept is illustrated in Fig. 4.3 for a three port interface.
Current injections from the DP model are represented as Igy1, Igy2 and Igy3 and
the current source values result from the capacitors are denoted as Igp1, Leape and

I cap3-

Dynamic Phasor

/ Solution
Icapl A_tlz_c_l ______________________

| |
| -1 |
leapr+lay : loys — :
Interface |74:@; lays | leapa+loys
| >
bus 1 . LY N | Interface
cap2™ ldy2 b dy2 \_ | bus 3
Interface |74:@7 : us
bus 2 : :
|
I = ! AU2C;
L ____
|cap2 AUZCZ ICaP3

FI1GURE 4.3: Implementing the DP solution as a Norton equivalent in the
EMT model

The impedance of the Norton equivalent can be represented using a very

large value when there is no transmission line at the interface points.
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4.3 Implementation of the Proposed System in

a Real-Time Platform

The steps of implementing the DP model in a real-time EMT simulation are sum-
marized in this section. The RTDS is used as the real-time EMT simulation
platform. The internal system is constructed using existing library components in
RTDS. The DP model of the external system is a user-written model incorporated
into RTDS as a single power system component. Hence, the EMT model and DP
model run in parallel as separate network solvers in real-time. The DP part of
the network is interfaced to the EMT model as a Norton equivalent. The current
source value of the Norton equivalent is updated at every DP time-step. The EMT
solution is represented in the DP model as a known boundary voltage at each time-
step. The time-step delay of reading the boundary voltages from EMT model at
the DP side is overcome by linear extrapolation of EMT interface bus voltages.
Fig. 4.4 shows the block diagram of the complete EMT-DP co-simulation. In the
figure, double line arrows indicate phasor quantities and single line arrows indi-
cate three-phase quantities. The both EMT and DP simulations use the same
time-step which is equal to hs = 50 us. This is the typical time-step used in EMT
simulations. The sequence of operation corresponding to Fig. 4.4 can be expressed

as follows.

1. Let us say that both simulations start at ¢t = t;. EMT and DP run from
tg to tg + hs at the first time-step. Any non-linear devices connected to
the DP side (e.g. synchronous generators) will solve their state equations
and calculate the interface bus voltages. Both models will solve the nodal
equations for the internal and external systems respectively. DP model will

convert its injected currents to the three-phase quantities.
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FIGURE 4.4: Block diagram of a single port of the proposed EMT-DP
co-simulation model

2. At the end of every h, time-step, EMT and DP exchange their solutions.
Current injections to any non-linear devices are also updated at the DP

model.

3. DP model will extrapolate the voltage input from the EMT side and it will

convert the three-phase quantities to the phasor domain.

4. These steps are continued until the end of the simulation.

4.3.1 Test System and Simulation Hardware

The proposed interfacing approach is validated using the New England & New
York 68 bus system (Appendix A.2). It contains two subsystems. Subsystem 1
is the simplified New York Power System (NYPS) and subsystem 2 is the New
England 39 bus Test System (NETS). The system has 16 generators. NYPS and
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NETS are connected through three transmission lines: from bus 53 to 54, from
bus 53 to 27 and bus 61 to 60. A portion of New England & New York 68 bus case
(shown in blue colour in Fig. 4.5 (A)) containing the buses 11, 30, 32, 33, 34, 38
are modelled using DP and the rest of the system is modelled as an EMT model.
Buses 30, 34 and 38 are the interface buses connected to the EMT simulation.
Therefore, this is a three port interface. The proposed method is, however, valid
for any number of ports. Generator 11 in the DP side of the network is modelled
using the voltage source type synchronous machine proposed in Chapter 3 Section
3.3.3. It was modelled without an exciter and a turbine model. Generator 10
in the EMT side of the network is replaced by a voltage source to fix the base

frequency of the system to 60H z.

RTDS is a real-time EMT simulator with a custom-built parallel pro-
cessing computer. It is developed specifically to carry out real-time EMT simu-
lation. A unit of RTDS hardware is called a rack and it contains rack-mounted
processor cards (i.e. GTWIF, PB5, GPC). The interface to the RTDS hardware
is done through the software RSCAD. RSCAD software can be run in a general-
purpose computer and it allows the user to build and run a simulation. The circuit
construction is done in RSCAD/DRAFT and it contains a library of component
models. A compiled draft is sent to RTDS hardware where it is processed. The
monitoring of outputs and real-time control of simulation variables are done in
RSCAD/RUNTIME. RSCAD/CBUILDER allows the user to develop their own
component models to use in RSCAD/DRAFT. It can be used to create both power
system and control system components. Power system components are directly
connected to the power system. The output of a control type components is pro-
cessed from the inputs from other components. The code for the component is

developed using the c-language.

The components in the EMT side of the New England & New York 68
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bus system are modelled using existing library components in the RSCAD library.
The generator 1 in the EMT side is replaced by the CIGRE HVDC benchmark
model . The CIGRE HVDC benchmark system is a mono-polar 500kV dc system
with a rating of 1000MW. The single line diagram of the HVDC system and
the network data are given in Appendix A.3. This model will allow us to use
the EMT-DP co-simulation model to analyse HVDC system interactions with the
power system. Fig. 4.5 (B) shows the relevant part of the RSCAD simulation case
with the connection of the user-written DP component to the rest of the 68 bus
system. The parameter “TIME” in the figure is used to send the simulation time

into the DP model.

The New England & New York 68 bus system is simulated in RTDS
using two RTDS racks. In this way, one RTDS rack is used to simulate one
subsystem. Each of these racks contains five PB5 cards. The travelling wave
delay in transmission lines connecting the two sub-systems (connecting bus 54
to 27, 54 to 53 and 60 to 61) are used to simulate the system in two different
racks. The DP model is written using the CBUILDER software in RTDS. The
DP component is implemented as a power system component. Therefore, it is
connected to the network. In this case, there are three interface buses between
EMT and DP. Therefore there are three physical connections (buses 30, 34 and
38) to the DP model from the EMT side. At each of these connection point, DP
solution is modelled as Norton equivalents. Hence, inside the DP block shown in

Fig. 4.5 (B), there are three Norton equivalents.

4.3.2 Simulation Results

The objective of the proposed co-simulation model is to study the dynamics in

the network modeled using EMT. The entire New England & New York 68 bus
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FI1GURE 4.5: DP part of the New England & New York 68 bus system
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system is also modeled using EMT simulation in RTDS for comparison against the
co-simulation model. Faults are applied at different locations of the 68 bus system
to analyze the accuracy of the co-simulation model. The simulation is carried out
using a time-step of 50 us in both EMT and DP simulations. A three-phase fault
(fault resistance is 0.1 2) is applied at ¢t = 5 s for a period of five cycles at HVDC
converter bus (bus 54). The voltage at bus 54 and the current through the DC line
are shown in Fig. 4.6. The voltage of bus 30 which is one of the interface buses
of EMT-DP shown in Fig. 4.7. The speed of the generator 8 which is the nearest
generator to the HVDC in-feed is shown in Fig. 4.8. As can be seen from the

figures, the co-simulation results closely match with the EMT simulation results.
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FIGURE 4.6: Comparison of inverter side voltage and DC current for a
three-phase to ground fault at the converter bus
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FiGure 4.7: Comparison of bus 30 voltage for a three-phase to ground
fault at the converter bus
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Fi1GURE 4.8: Comparison of generator 8 speed for a three-phase to ground
fault at the converter bus

The three-phase fault is then applied at bus 38 which is one of the EMT-
DP interface buses. Fig. 4.9 shows a comparison of the voltages of phase ‘a’ at the
EMT-DP interface buses. The co-simulation voltages closely follow the shape of
the EMT simulation results except for minor differences in voltage spikes during
the transient. The phase ‘a’ line current from bus 36 to 34 and its magnitude are
shown in Fig. 4.10 and 4.11. Fig. 4.10 shows the current during the transient and
the results match with the EMT simulation results. Fig. 4.11 shows the current

magnitude a few seconds after the fault, and it can be seen that the co-simulation

79



Chapter 4. Interfacing DP model to Real-Time EMT Simulation

and EMT simulation results settle down at the same value. The electric torque
and speed of generator 11 obtained with co-simulation are compared against EMT
solution in Fig. 4.12. The generator 11 is in the DP part of the co-simulation
model. This confirms that the results of co-simulation faithfully reproduce the

results of the EMT simulation.
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FiGURE 4.9: Interface bus voltages for a three-phase to ground fault at
the interface bus 38
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FI1GURE 4.11: Current magnitude from bus 36 to 34 for a three-phase to
ground fault at the interface
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FIGURE 4.12: Comparison of speed and torque of generator 11 for a
three-phase to ground fault at the interface bus 38

The co-simulation model was also validated by applying faults at different
locations of the New England & New York 68 bus system. The results for a three-
phase fault at bus 46 is shown in Fig. 4.13 to Fig. 4.15. As seen from the figures,

co-simulation results agree with the complete EMT simulation results.

The robustness of the proposed interface was validated by moving the

dynamic phasor part of the network to different locations in the 68 bus case.

It can be shown that when the system is unstable the co-simulation also
simulates it as unstable. This scenario was created by removing a Power System
Stabilizer (PSS). The magnitude of the current in the line between buses 36 and

34 is shown in Fig. 4.16. The results between EMT and DP-EMT agree up until
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FIGURE 4.14: Phase A current from bus 36 to 34 for a three-phase to
ground fault at bus 46

the first 13 seconds at which point the results begin to diverge. The difference
between the EMT and DP-EMT for unstable scenarios is not a concern as their

initial transients are accurately captured.
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F1GURE 4.15: Comparison of speed of generator 11 for a three-phase to
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FIGURE 4.16: Line current of an unstable case for a three-phase to ground
fault at the interface

4.3.3 Discussion

4.3.3.1 Computational Efficiency and Recommendations

A comparison of numerical efficiency of a DP simulation with an EMT simulation
is carried out in this section. In the EMT simulation, currents and voltages are
computed as three-phase quantities, whereas the proposed DP model uses single-
phase quantities which therefore reduces the computational burden. However, the

phasors in the DP model are complex signals unlike in the EMT simulation which
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only considers real values. Assume that in EMT simulation, the inverse of the
admittance matrix is computed only once at the beginning (in some implementa-
tions it is computed in every time-step). Then the computing burden in real-time
simulation is predominantly for the multiplication of a square matrix by a column
vector. The Floating Point Operations (flops) required to calculate the network
solution (V = Y ~'I) for EMT and DP simulations for a system with n number of

buses can be calculated as follows:

For the EMT system, the size of the admittance matrix is 3n x 3n and the
size of the current vector is 3n x 1. Matrix multiplication requires 9n? multiplica-
tions and (3n — 1) * 3n additions giving 18n* — 3n total flops. For the DP network
solution, the admittance matrix size is n X n and the size of the current vector is
n X 1. Each n sized row and vector multiplication results in n number of complex
number multiplications and n — 1 number of complex number additions. Multipli-
cation of two complex numbers requires four multiplications of real numbers and
two additions of real numbers. The addition of two complex numbers requires two
real number additions. Therefore, for one row there will be 4n + 2n + 2(n — 1)
flops giving total flops of 8n% — 2n for n number of rows. For an example, consider
a network of 50 buses. The EMT requires 44,850 flops whereas DP requires only
19,900 flops. The computations at the interface nodes do not depend on the size

of the network and it depends only on number of interface nodes.

4.3.3.2 Limitations of the Proposed Model

The DP part of the co-simulation model is modelled using only positive sequence
voltages and currents. Phase “A” to ground fault (fault resistance is 0.1 ) is
applied at ¢ = 5s for a period of five cycles at the interface bus 38. Fig. 4.17 shows

the phase “A” and “B” voltages at bus 38. The phase “A” line current from bus
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36 to 34 is shown in Fig. 4.18. As it can be seen from the figures that the co-
simulation results closely follow EMT results. However, the accuracy of the model
under an unbalance fault is case dependent. Therefore, to achieve robustness, the
negative and zero sequence components of the voltages at the EMT interface buses

have to taken in to account in the DP model.
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FIGURE 4.17: Voltages for a phase “A” to ground fault at bus 38

In order to gain more computational gain, the DP part can be imple-
mented using a larger time-step. The proposed interface does not guarantee nu-
merical stability when the DP side is simulated using a larger time-step. The
simulation is numerically stable for DP time-step of 100 us however a further in-

crease of time-step made the simulation unstable. One of the reasons for instability
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FIGURE 4.18: Phase A current from bus 36 to 34 for a phase “A” to
ground fault at bus 38

could be the error in extrapolation of interface variables. In this thesis, the chal-
lenges of implementing DP using a larger time-step are not addressed since TS
models are more appropriate to run using a larger time-step. For large networks,
we recommend the use of DP as a surface layer that connects the TS simulation
to the EMT model. This EMT-DP-TS co-simulation model will have a computa-
tional burden similar to an EMT-TS co-simulation model while avoiding the need

for an FDNE. This will be presented in Chapter 5 and Chapter 6.

4.4 Summary

A real-time implementation of the EMT-DP co-simulation model in RTDS was
presented in this Chapter. It was shown that the results of the co-simulation
model closely follow the EMT simulation results. The efficiency of the model was
compared to a typical EMT model. It was concluded that to increase the efficiency
further it is appropriate to use a TS model to model the external system of the

power system. A boundary between the external and the internal models can
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be modelled using DP. The proposed EMT-DP-TS co-simulation model will be

explained in the next two chapters.

88



Chapter 5

Real-Time Electromagnetic
Transient and Transient Stability

Co-Simulation Using a Dynamic

Phasor Buffer Zone

5.1 Introduction

This Chapter presents the real-time EMT-TS co-simulation model suitable for
analysing electromagnetic transients in a large power system. The co-simulation
model contains an EMT model of the internal system and a TS model of the
external system. A buffer-zone in the external system at the EMT-TS interface
is modelled using dynamic phasors. The DP buffer zone replaces the need for
an FDNE in a typical EMT-TS co-simulation. In this thesis, a multi-port buffer

zone connecting EMT and TS simulations is modelled using DP. The buffer zone
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contains transmission lines and loads but it is not limited to these components.
The challenges of interfacing DP model to a real-time EMT model was discussed in
Chapter 4. The same interface used in Chapter 4 is used to interface DP to EMT
in EMT-TS co-simulation model. In this chapter, the challenges of interfacing DP
to TS are discussed in Section 5.2.2. In the proposed method, EMT and DP are
simulated using identical time-steps. However, the TS part of the simulation is
carried out using a relatively larger time-step. The problems caused due to the
use of different time-steps are discussed in Section 5.2.2. The basic components of

the proposed co-simulation model are discussed in Section 5.3.

5.2 Interfacing Challenges of the Proposed Co-

Simulation Model

Interfacing EMT and TS models as one simulation model is difficult due to their
contrasting characteristics. Transient stability programs consist of simplified com-
ponent models and focus only on low-frequency oscillations and therefore use a
larger integration time-step compared to EMT programs. Interfacing different
simulations can be challenging due to reasons such as (a) different frequency
bandwidth, (b) time-step delay between the models, and (c) different integra-
tion time-steps. Any numerical inaccuracies due to the difference in the frequency
bandwidth of EMT and TS models are mitigated by the DP buffer zone. However,
this results in two interfaces instead of one (i.e. EMT-DP and DP-TS). The nu-
merical stability of both of these interfaces has to be ensured for a robust EMT-TS

co simulation model.
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5.2.1 Achieving a Numerically Stable EMT-DP Interface

The challenges of interfacing DP to EMT was discussed in Chapter 4. The numer-
ical instability due to time-step delay was addressed using the linear extrapolation
method. The same interface technique is used to interface DP to EMT in the

EMT-TS co-simulation model.

5.2.2 Achieving a Numerically Stable DP-TS Interface

The TS part of the network is simulated using a much larger integration time-step
than the DP model. Similar to the EMT model, voltages and currents in the DP
model change much faster compared to that of the T'S model. If these two models
run at two different time-steps, the response of the TS model corresponding to a
change that occurs in the DP model will arrive at the DP model after many DP
time-steps. For example, if the ratio of time-steps of TS and DP is 100 the DP
model has to wait for 99 DP time-steps to see a change in the TS model corre-
sponding to a change in the DP model. This could result in numerical instability

in a real-time simulation.

Let us define the time-step of DP as h, and the time-step of TS as h;. It
should be noted that h; is much larger compared to hs. A large time-step in the
TS side results in instability problems when interfacing the two models [23]. In
Chapter 3 of this thesis, it was shown that depending on the input impedance of
TS and DP models, the interface can only be stable either as a voltage source or
as a current source. However, this theory does not hold when one of the DP or T'S
components is modelled using a larger time-step. Section 5.2.2.1 below is added

to clarify this further.
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FI1GURE 5.1: Simple network to analyse numerical stability for two differ-
ent integration time-steps

5.2.2.1 Analysis of Requirements for Numerical Stability When Inter-

facing Different Time-Step Models

Let us use the simple circuit shown in Fig. 5.1 to represent the TS and DP models
with each having a voltage source and an RL branch. The circuit parameters are

given in Table 5.1.

TABLE 5.1: Circuit parameters for Fig. 5.1

DP TS

Voltage source magnitude | 230 kV | 221.8 kV

Voltage source angle 0 30°
R 1Q 1Q
L 0.0lH | 0.01H

The simulation is carried out few times by changing the ratio of h;/hs.
A fixed time-step of 50 us is used at the DP side. Time-step of the TS side is
changed at each simulation and the current () in the circuit is plotted. Fig. 5.2
shows results with different time-step ratios of DP-TS simulation. Fig. 5.2-(a)
shows the results for h;/h ratio of 1, Fig. 5.2-(b) shows the results for h;/hg ratio
of 5, Fig. 5.2-(c) shows the results for h;/h, ratio of 10 and Fig. 5.2-(d) shows
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the results for h;/hs ratio of 20. As it can be seen from the figure, higher the
time-step ratio more closer the system will be to the numerical instability. This
proves that communication of interface data only in the TS time-step could lead

the simulation to go unstable.
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FIGURE 5.2: Results for different time-step ratios: (a) hi/hs = 1, (b)
ht/hs = 5, (C) ht/hs = 10, (d) ht/hs =20

Further studies revealed that the ratio of the impedances between the TS
and DP models impacts the numerical stability for a particular time-step ratio.
Let us define the impedance at the DP side as Zpp and impedance at the TS
side as Zpg. Fig. 5.3 shows the results with different impedance ratios between
DP and TS. Fig. 5.3-(a) shows the results for Zpp/Zrg ratio of 3 and Fig. 5.3-(b)
shows the results for Zpp/Zrg ratio of 6 for the same unstable case with h;/hs
ratio of 20. The simulation becomes more stable with higher impedance at the
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DP side. However, changing the impedance of the two sides of the interface will
restrict the user on their freedom to partition the network. Therefore, the most
reliable solution would be to update boundary voltages at every h, time-step for
numerical stability since we cannot control the values of Zpp and Zpg. However,

doing so will increase the computation burden of the TS model.
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FIGURE 5.3: Results for different impedance ratios with time-step ratio
of ht/hs = 20: (a) ZDP/ZTS = 3, (b) ZDP/ZTS =6

The numerical stability of many EMT-TS co-simulations that run in
parallel is achieved by using iterations with data predictions in the T'S model [23].
In a real-time simulation, the calculations for one time-step should be completed in
actual clock time. Even though, the entire T'S simulation does not take much time
it does not guarantee that the iterative algorithm will converge during the period
of a time-step. The reason for this is that the calculations in some time-steps
can take a longer time and the iterative algorithm would require appropriately
long time to converge. Therefore, iterative approaches are not recommended in a

real-time simulation environment.

Hence, in this work, an additional step is incorporated into the DP solu-
tion to calculate the boundary bus voltages using the relevant elements of the TS
admittance bus matrix and currents in the DP-TS boundary. The calculations for

this step is given in Section 5.2.4. This step will enforce the DP model to receive
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an update from the TS side at every DP time-step. However, the majority of the

TS model calculations are done using the T'S time-step.

5.2.3 Solution Algorithm

All simulations run in parallel and after each time-step, the solution of each sim-
ulation model is sent to the connected model. In EMT model, the DP side is
represented as a current source at each boundary bus. At every time-step, current
source values are updated using the DP solution. In the DP model, the EMT side
is modelled as a voltage source. Voltages at the boundary buses are calculated at

each time-step in EMT and sent to the DP model.

The conversion of three phase instantaneous values to phasor domain is
done using the alpha-beta conversion explained in Chapter 4. The phasor solution
of the DP model is transformed back to the three-phase instantaneous signal as
Vo = Vipsin(wot + 0), Vi, = Viysin(wet + 0 — %”) and V., = V, sin(wet + 0 + %”),

where V,,, is the magnitude and 6 is the angle of the phasor signal.

Interfacing a DP model to a TS model is straightforward since they both
are phasor models. In the TS model, the DP side is represented as a current

source. In the DP model, the TS side is modelled as a voltage source.

5.2.4 Calculation of Transient Stability Boundary Bus Volt-

ages Inside the Dynamic Phasor Model

As mentioned before in Section 5.2.2.1, an additional calculation step is added to
the DP model to mitigate any negative effects coming due to the different time-

step used in the TS side. Let us consider that the number of boundary buses
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(199

connected to DP is “n”, number of machines connected nodes in T'S model is “m”
and number of internal nodes in the T'S model is “k”. The network solution of a
system with n + m + k order is shown in (5.1). The voltage and current vectors

are as given in (5.2) and (5.3).

V=yI (5.1)

V=WVu Vi =+ Viu Voo Vo -+ Vim
(5.2)

Vit Vie Vik]

£2[1p1 [p2 [pn Iql [q2 Iqm
(5.3)

-[7‘1 ]r2 Irk]T

The inverse of the admittance bus matrix can be represented as (5.4) where [Z,,]
contains the impedances corresponding to DP interface buses, [Z,,] contains the
impedances corresponding to generator buses and [Z,,.| contains the impedances

corresponding to TS internal nodes.

Zopluxn [Zoaluxm [ Zyrlaxi
Y7 = | Zplxn  Zaghmsm  [Zarlmsch (5.4)

[ZTp]an [qu]ka [er]kxk

Let us partition the current vector as I,,, I, and I,, where I, = [[,11ps...Ip,|" is

the vector containing current injections from the DP side and [, = [Ty ly2. Ty

is the vector containing the machine currents in the TS model. The vector I, =
[I.11,5...1%]" contains the current injections in the internal nodes at the TS side.
The voltage vectors also follow the same naming order and V,, = Vo Viao Vi1
V,= Vi1 Vg V)T and V. = [V;1V,9...V,]7. The voltages at the boundary bus

at time ¢ can be written as:

Kp(t) = prlp(t) + qulq(t) + Zprlr<t) (55)
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During one TS time-step, The values of I (¢) and I,.(¢) do not change. The value
of I,(t) is updated only when the state equations of the machines in the TS side
are solved and it happens only at every TS time-step. The internal currents in the
TS side (Z,.(t)) are equal to zero. The value of I, changes in every DP time-step.

Therefore, the voltage vector at t =t + h, can be written as:
Vot 4 he) = Zppl(t + hs) + Zpgl () + Zpe L, (1) (5.6)
As I(t+hs)=1,(t) and L.(t + h,) = L,.(t). By subtracting (5.6) from (5.5),

AV, =V, (t+ha) =V, (t) = Zyp (L(t+ he) = L, (1)) (5.7)

P

AV, = Z,AL, (5.8)

Where AL, = I(t+h,)—L,(t) is the change in DP-TS boundary currents
in a DP time-step. Al can be calculated by comparing the injected currents from
the DP side to TS in consecutive DP time-steps. Therefore, (5.8) is solved in every
DP time-step (hs) and t # jhy; where j is a positive integer and h; is the time-step
of the TS model. In every DP time-step, the DP-TS boundary bus voltages are
updated by adding the term AV calculated in (5.8). In this way, the DP side
DP-TS boundary voltages are updated at every DP time-step. The number of
calculations needed to solve (5.8) is independent on the number of nodes in TS
but depends on the number of TS-DP boundary buses. For example, if there are
four boundary buses between TS and DP with shunt impedances and transfer
impedances on the buses, the calculation involves only a 4 order complex matrix
to vector multiplication. Therefore, the extra calculation step would not add much

computational burden to the proposed co-simulation model.
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5.2.5 Implementing Transient Stability Model in a Real-

Time Platform

The TS model proposed for the co-simulation is similar to commercially available
transient stability programs. Therefore, it can be replaced by using an existing
TS program. However, for this research, a transient stability model is developed
from the scratch and it is implemented in the RSCAD software as a user-written
model. The developed model does not use any iterations and it is modelled using

an integration time-step of 5 ms. The modelling steps are summarized below:

e The TS network is modelled using a constant admittance matrix and the net-

work voltages and currents are calculated by solving the algebraic equation

V=YL

e The transmission lines in the TS side are implemented as w-section models

with inductors and capacitors having constant impedances.

e The synchronous machines in the TS part of the system are modelled as
6" order models by neglecting the dynamics of the stator winding flux.
Generic machine model with two stator windings, one field winding in d-
axis, one damper winding in d-axis and two damper windings in the g-axis
(GENROU type synchronous machine model) is considered. The equations
defining the machine model are given by (3.9) to (3.16). The synchronous
machine is modelled as a voltage behind the sub-transient impedance model
shown in (Fig. 3.6) [37]. The impedance R, + jX  is included in the net-
work admittance bus matrix and sub-transient voltage E” is considered as
a boundary voltage. In this way, an additional node per machine is added
to the network. After calculating the network solution, the currents of the

machines can be calculated. As an example, considering (5.1) to (5.4) for
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the system of n + m + k order, the current injections to the machine nodes

can be calculated as (5.9):
I, = Zq_qqu - Zq_quqplp (5.9)

e The current injections from the DP model to the DP-TS boundary are rep-
resented as current sources in the TS solution. And for the same system,
the voltage injections for the DP-TS boundary from the TS model can be
calculated using (5.10).

V, = Zypl, + Zyl, (5.10)

e Any non-linear devices that are in the TS side can be represented either as
a voltage source or a current source in the model. In this way, the network
impedance matrix stays constant and the inversion of the matrix has to be
calculated only at the beginning of the simulation. As an example, a constant
power (PQ) load connected to a node can be represented as a current source
using the node voltage of the previous time-step (e.g. I4(t) = (ﬁ)*),
where I, is the currents source value, S is the apparent power (P + j@Q) of

the PQ load and V (¢t — At) is the node voltage calculated in the previous

time-step.

The block diagram of the TS solution is shown in Fig. 5.4. The non-linear devices
in the TS network can either be modelled as a current source or a voltage source,
therefore, the arrows corresponding to that are represented with arrowheads in

both sides in the diagram.
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FIGURE 5.4: Block diagram of the TS solution

5.3 Proposed Co-simulation Model

The complete Block diagram of the proposed co-simulation platform is shown in
Fig. 5.5. EMT solution and DP solution use a typical EMT time-step and the
TS model uses a larger time-step. The parameters Algpr and AVgpr are the
DP-TS boundary currents and voltages in (5.8). Parameters V. and I are the
voltages and currents in the boundary nodes of EMT and DP. The TS side can

also be replaced by any commercially available transient stability software such as

PSS/E.

5.3.1 Data communication Between the Models

In the proposed method, EMT and DP use same integration time-step. Typically
in EMT simulations, the time-step vary between 2 us to 50 us.
hs = 50 ps is used in both EMT and DP simulations. In TS simulation, h; = 5 ms

is used, which is a value commonly used with large-scale TS simulations. Since
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FI1GURE 5.5: Block diagram of the proposed EMT-TS co-simulation plat-
form

TS time-step is different from the EMT and DP time-step, the data transfer is
performed as described below for proper coordination. The sequence of operations

referring to Fig. 5.5:

e Let us say that all simulations start at t = to. EMT and DP run from ¢, to
to+ h, at the first time-step. Both models will solve the nodal equations for
the internal and buffer zone respectively. DP will also calculate the boundary

voltages of T'S boundary using (5.8).

e At the same time, TS model starts its run from tq to ¢ty + h;. It will solve

any state equations in the external system and solve the algebraic equation

V=Y.

e At the end of every h, time-step, EMT and DP exchange their solutions.
The voltages and currents are updated corresponding to the TS boundary

calculation (AVppr and Algpr).
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e At the end of every h; time-step, the TS side will transfer the boundary
voltages (Vepr) calculated from the network solution to the DP side. Also,
the DP side will transfer the calculated current injections (Ippgr) of the

boundary to TS side.

e At the end of every integer multiples of h;, “T'S boundary voltage calcula-

tion” in the DP side is bypassed, as T'S has new values of voltage injections

(VBDR)-

e These steps are continued until the end of the simulation.

5.4 Summary

The main building blocks of the EMT-TS co-simulation model with a DP buffer
zone was presented in this chapter. The network models of EMT, DP and TS
were explained. The details of implementing the DP-TS interface in real-time
were presented. The validation of the proposed co-simulation model is presented

in the next chapter.
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Testing and Validation of the

Co-simulation Model

This chapter presents the implementation and testing of the proposed real-time
EMT-TS co-simulation model. The proposed model contains a buffer zone of a
part of the external system modelled using dynamic phasors connecting the EMT
and T'S models. The co-simulation model is implemented in RTDS using the New
York & New England 68 bus system. An LCC HVDC [57] in-feed is added to
the system to analyse the interactions of the HVDC system with the rest of the
power system. The results are validated using a complete EMT simulation, which
is the best possible benchmark to compare results of the co-simulation model. It
is shown that the co-simulation model produces matching results with the EMT

simulation results under disturbances applied in the internal system.
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6.1 Test System and Simulation Hardware

The New England & New York 68 bus system (Fig. 6.1) used in Chapter 4 is used
as the test case for the proposed EMT-TS co-simulation model. The test system
data are given in Appendix A.2. The subsystem containing NETS is considered as
the internal system and modelled using an EMT model. The NYPS is considered
as the external system. The network containing the buses 61, 53, 47, 48, 40, 30,
36, 31 and 32 is simulated using DP (thick red color lines). These buses define
the buffer zone connecting the external system to the internal system. The Rest
of the NYPS is modelled using the TS model. Buses 61 and 53 are the interface
buses between EMT and DP. Buses 36, 32, 31 and 40 are the interface buses
between DP and TS. Generators 1 to 8 except the generator 6 are modelled using
a detailed machine model with the stator winding dynamics [1]. Generator 6 in
the internal system is replaced by a voltage source to fix the base frequency of
the system to 60 Hz. Transmission lines in the EMT model are modelled using
the Bergeron line model. Generators 10 to 16 in the TS part of the network
are modelled using the simplified machine models neglecting the stator winding
dynamics. These machines operate using a constant field voltage (Ey;) and a
constant mechanical torque (7},,). The transmission lines in the DP and T'S models
are modelled using m-section models. In DP, the transmission lines are modelled
incorporating network dynamics whereas, in TS, constant admittances are used to
model the capacitors and inductors. The modelling steps and interfacing methods

were discussed in the previous chapter.
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Let us assume that there is a plan to replace the generation at bus 29
in NETS using an LCC HVDC in-feed. The objective of the study would be to
analyse the performance of the HVDC system. One of the many applications
of an EMT-TS co-simulation is to analyse HVDC interactions on the power sys-
tem. Evaluation of the impact on the AC system and the testing HVDC control
performance during Factory Accepting Tests (FAT) are some of the examples.
Considering the fast dynamics and harmonics associated with the HVDC, it is
more appropriate to model the system around the HVDC in an EMT environ-
ment. The HVDC in-feed is modelled using the CIGRE HVDC benchmark with
a rating of 1000MW. The single line diagram and the network data are given in
Appendix A.3. A small number of filters are added at the rectifier and the inverter
terminals. In a typical power system, the Total Harmonic Distortion (THD) at
the terminal is kept below 1.5% [58]. In the test system, it is kept at around 3.4%
purposely to have a significant amount of harmonics injected to the system. This
is done by removing the filters at the inverter end. This will allow us to analyse
the performance of the co-simulation model in the presence of harmonics in the

system.

The co-simulation model is implemented in RTDS from existing library
components and user-written components. A description of RTDS hardware and
software was given in Chapter 4 Section 4.3.1. The dynamic phasor model of the
buffer zone was implemented as a power system component and the TS model
containing the rest of the external system is modelled as a control system compo-
nent in RTDS. The user-written DP and TS models are shown in Fig. 6.2. The

connections from the DP model to the network are also shown in the same figure.

The box in colour red shown in Fig. 6.2 is the user-written transient
stability model. Since it is a control system component it is not directly connected

to the power system network. It takes the currents of the DP-TS interface buses
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from the DP side and after every time-step, it updates voltages of the same buses

in the DP model. The computations in this block are done in every 5 ms.
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el ;HAi‘ s 310 29 18
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£o £a e T
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RTDS Technologies File: test2DPwith_HVDC Test Circuit
Created: Jun 13, 2018 (konarhkk)
Last Modified: Oct 18, 2018 (konarhkk) SS#1
Printed On: Feb 14, 2019 Subsystem #1 of 2

F1cURE 6.2: Part of the RSCAD draft containing the user-written DP
and T'S models
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6.2 Validation of the Proposed Co-simulation Model

The validation of the co-simulation model is presented in this section. An EMT
model is used to simulate the entire New England & New York 68 bus system to be
used to validate the co-simulation model. The objective of the study is to analyse
the dynamics in NETS around the node where the LCC HVDC is connected to.

Therefore, the faults are applied in NETS and the dynamics in NETS are analysed.

Balanced three-phase faults are applied at different locations of the in-
ternal system of the New England & New York 68 bus system to check the perfor-
mance of the proposed model. Three simulation cases are generated by applying

faults at the following locations:

1. Fault at the HVDC terminal
2. Fault at a bus next to an interface bus of internal and external models

3. Fault at a interface bus

The accuracy of the proposed co-simulation model is examined by how well it’s

results match the results obtained from the EMT model.

6.2.1 Case 1: Three Phase Fault at the Converter Bus

In this case, the performance of the co-simulation model is evaluated for a fault
at the AC bus of the HVDC converter. The results are validated against a fully
EMT simulated 68 bus system. A three-phase fault with a duration of 5 cycles is
applied at bus 29 (HVDC converter bus) at ¢ = 10s. The current through the DC

line and converter AC side voltage (bus 29) are shown in Fig. 6.3. The voltage
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at bus 54 and current in the branch connecting buses 54 and 53 are shown in
Fig. 6.4. Fig. 6.5 shows the speed of generator 8, which is the closest generator to

the faulted bus. The results match very well with the EMT simulation results.
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F1GURE 6.3: Converter parameters for a three-phase fault at bus 29
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FIGURE 6.5: Speed of generator 8 for a three-phase fault at bus 29
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6.2.2 Case 2: Three-Phase Fault at a Bus Next to one of

the EMT-DP Interface Buses

In EMT side, the buses connected to boundary buses (bus 53 and 61) are 60, 54
and 27. A three-phase fault with a fault duration of 5 cycles is applied at bus 54
at t = 10s. Fig. 6.6 shows voltage at bus 54 and current in the line connecting
buses 54 and 53. The current through the DC line and phase ‘A’ voltage at the
converter (bus 29) are shown in Fig. 6.7. Fig. 6.8 shows the speed and the electric
torque of the generator 1. The results of the co-simulation model match well with

the EMT results except for some discrepancy in the current in Fig. 6.6 during the

fault.
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FIGURE 6.6: Voltage and currents for a three-phase fault at bus 54
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FIGURE 6.8: Generator 1 parameters for a three-phase fault at bus 54

6.2.3 Case 3: Three-Phase Fault at a Bus Right at the
EMT-DP Interface

In typical studies, faults are applied in the EMT side. In this study, faults are
applied right at the interface buses to check the performance of the co-simulation
model. Applying faults at the interface buses is not recommended. However, for
the purpose of testing the numerical stability and robustness, a three phase-fault
is applied at one of the interface buses, bus 53. Fig. 6.9 shows voltages at buses
53 and 29 and current in the branch connecting 27 to 53 for the three-phase fault

at bus 53. Fig. 6.10 shows the generator 16 speed, which is inside the TS model.
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FIGURE 6.10: Speed of generator 16 for a three-phase fault at bus 53

It can be seen from the figures that there are some inaccuracies but the
simulation is numerically stable. Even at the interface bus, the comparisons are
good except in the first 2-3 cycles. Speeds of generators in the TS side is shown to
demonstrate the reliability of the co-simulation. In the TS portion of the network,
the generators are modelled without the dynamics of stator winding flux. In
addition, the integration time step is 5 ms. Therefore, the two simulations are

not expected to give identical results.

6.3 Discussion

The proposed DP buffer zone for EMT-TS co-simulation is a convenient alterna-
tive compared to the methods proposed in the literature. Faults were applied at
different locations to test the robustness of the proposed approach and compared
against an EMT simulation. Without any exceptions, all simulations produced
results similar to that is presented above. The HVDC link is also simulated in
different locations in the internal system and the same level of accuracy in the

results was observed.
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6.3.1 Identification of the Interface Nodes

The boundary between the internal and external system should be selected care-
fully. The boundary should be away from the interested part (i.e. HVDC system)
of the internal system. Some of the limitations of selecting the boundary in already

existing EMT-TS co-simulations are summarized below.

e EMT-TS Boundary must be few buses away from the interested part of the
network. Faults applied close to the boundary cause numerical instability

[59).

e Assumed EMT system is well damped around the boundaries containing
only electromechanical oscillations. High-frequency components and fast

transients in the boundary can cause instabilities due to the large time-step

used in TS model [59].

e Having multiple boundary buses can make the simulation numerically un-

stable [23].

e Boundary buses should be electrically far away from each other. Electrically

close boundary buses could cause numerical instability due to the large time-

step used in T'S model [59].

The boundary between EMT and DP models of the proposed EMT-TS
co-simulation must be at least two buses away from the interested part of the
network. The simulation is numerically stable even at a fault in an interface bus
but as shown in Section 6.2.3 however the waveforms contain some inaccuracies.
There is no restriction on selecting the DP-T'S boundary. According to [32], buffer
zone could contain only a single transmission line. However, a buffer zone with at

least two buses depth will increase the accuracy of the co-simulation model.
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Since the TS model in the proposed co-simulation model updates the
voltages at DP-TS boundary buses at every DP time-step many numerical issues

discussed in previous work can be avoided.

6.3.2 Computational Efficiency of the Proposed Co-simulation
Model

The computational advantage is gained in the proposed model by using a large
time-step at the TS side of the co-simulation. In the proposed model a time-step
of 5ms is used to simulate the external system. Compared to a typical EMT
simulation time-step this is 100 times larger. Also, the use of simplified models
of power system components in the TS model further reduce the computational

burden.

6.3.3 Limitations/Drawbacks of the Proposed Co-Simulation

Model

One of the drawbacks of the proposed platform is that there are two interfaces
(i.e. EMT-DP and DP-TS) instead of one. And the user will also have to specify
the buffer zone. Dynamic phasor buffer zone allows smoother integration of EMT
and TS. The buffer zone can be one bus or more buses in depth. Having at least
two buses of depth buffer zone will improve the accuracy of the co-simulation
model. However, the user should keep in mind that the computational burden
of DP is higher compared to T'S. The DP Buffer zone could include Transmission
Lines, Loads, Synchronous machines and Transformers. The proposed synchronous

machine model in Section 3.3 can be used to model the synchronous machines

117



Chapter 6. Testing and Validation of the proposed Co-simulation Model

inside the DP buffer zone. There is no restriction on selecting the interfacing

buses between DP and TS.

The faults applied in the previous section was balanced three-phase faults.
Section 6.3.3.1 added to examine the performance of the co-simulation model un-

der unbalanced faults.

Another limitation of the proposed model is its performance under a
change of system frequency. The test cases used for validating the co-simulation
model has a constant steady-state system frequency of 60 Hz. However, in the
absence of proper governor models, the system frequency can deviate from 60
Hz. For the conversion between the EMT three-phase voltages to phasor values,
a constant system frequency was assumed. Any deviation of frequency results in
an error in the phase angle of the calculated phasor. If the frequency deviation is

considerable, there will be errors in the results of the co-simulation model.

6.3.3.1 Performance of the Co-Simulation Model Under Unbalanced

Faults

One limitation of the proposed interface is performance under an unbalanced fault.
In the approach presented in this thesis, both DP and TS parts are modelled
using positive sequence voltages and currents. In order to handle unbalances, the
negative and zero sequence components should be considered in DP and TS side.
A phase ‘A’ to ground fault is applied at bus 60 to analyse the performance of the
co-simulation model under an unbalanced fault. The phase ‘A’ and ‘B’ voltages of
bus 60 and current in the branch connecting buses 61 to 60 are shown in Fig. 6.11.
For this particular case, the difference in the results is negligible however, the error

would be case dependent.
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FIGURE 6.11: Voltages and currents for a phase A to ground fault

6.3.4 Performance of the System Under Worst Electro-

magnetic Transients

The worst scenario for the proposed co-simulation model is applying a fault at

one of the interface buses. As it was shown in Section 6.2.3, the simulation results
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have some errors however the simulation was numerically stable.

The proposed model was also tested under an unstable fault. A three-
phase fault was applied at bus 60 for a period of 450 ms to create an unstable
system. The results of the co-simulation model are compared with the EMT
simulation results and the line current through bus 61 to 60 and the speed of
generator 2 are shown in Figures 6.12 and 6.13 respectively. The results confirm

that the co-simulation works well under an unstable scenario.
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FIGURE 6.13: Speed of the generator 2 for a fault at bus 60

The proposed model is tested for a line energization case. Figure 6.14

shows the line current for energization of line connecting buses 58 and 59.
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FIGURE 6.14: Breaker current for a line energization between bus 58 and
bus 59

Harmonic frequencies were presented in the internal system due to the
HVDC in-feed in the system. Under that amount of harmonics, the co-simulation
model has produced accurate results. Section 6.3.4.1 is added to check the per-
formances of the co-simulation model with the presence of a large amount of

high-frequency signals in the system.

6.3.4.1 Performance of the Co-Simulation Model in Presence of High

Frequencies

The proposed co-simulation can perform well at sufficiently high frequencies ap-
plicable to typical planning studies. It was shown using simulations (Section 6.2)
that even with a THD of 3.4 the simulation results show a good agreement. To
test this further, a source with 1kHz and a magnitude equal to 20% of the bus
voltage is added to bus 22 (the bus circled in green in Fig. 6.1). The voltage at
bus 22 and current from bus 27 to 53 are shown in Fig. 6.15. It can be seen that
the 1 kHz component is well captured in the co-simulation model. The goal of
the co-simulation model is to capture electromechanical oscillations and controller
interactions with the external system. For this purpose, 1 kHz is sufficient.
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6.4 Summary

The implementation and testing of the proposed EMT-TS co-simulation model
were presented in this chapter. The co-simulation model has produced promising
results under disturbances applied in the internal system. Therefore, it can be
concluded that the dynamic phasor buffer zone is a simple alternative for using an

FDNE in an EMT-TS co-simulation model.
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Chapter 7

Conclusions, Contributions and

Future Work

7.1 Conclusions

The objective of the thesis was to develop a co-simulation model suitable to analyse
electromagnetic transients in a large power system. EMT-TS co-simulation models
proposed in the literature have limitations due to the use of FDNEs. The EMT-
TS co-simulations require an FDNE at the boundary between the EMT and TS
models. The main concern with FDNE is that it is not convenient for the user
to tune FDNE for a particular network. This thesis has addressed this problem
using two approaches. In the first approach, dynamic phasors are used to model
the external system of a large power system. The internal system, which is the
study area, was modelled using an EMT simulation. In the second approach,
dynamic phasors are used to model a part of the external system as a buffer zone
connecting the internal and external systems. The internal system was modelled

using EMT and the external system, excluding the buffer zone, was modelled
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using TS. This is a simple alternative to FDNE based EMT-TS co-simulations.

The conclusions of this thesis can be summarized as below.

A stability criterion for interfacing two different network models with a
time-step delay was introduced. It was concluded from this study that when there
is an interface between two models involving a time-step delay, if the simulation
is unstable when one part of the network is modelled as a voltage source, then
it is going to be stable when it is modelled as a current source, or vice versa. If
this steady-state stability criterion is not satisfied, the dynamic simulation will be
numerically unstable. A synchronous machine model used in transient stability
studies was used for validation of the stability criterion. It was shown that de-
pending on the network parameters, the equivalent synchronous machine model
can only be numerically stable either as a current source or as a voltage source.
This principle was used to interface a synchronous machine model into the DP
model. It was also pointed out that the stability criterion is equally valid for any

interface involving a time-step delay (e.g. co-simulations).

An efficient, numerically robust voltage source type synchronous machine
model was proposed to interface to a DP model. The proposed model is an EMT
compatible model where the dynamics of flux in the stator winding are included.
The robustness of the model was achieved by splitting the stator inductance into
two components. The constant part was included in the network and the remaining
part was updated at each time-step and included in the transient boundary voltage.
The proposed methodology results in a constant admittance bus matrix, therefore,
it is computationally efficient. The proposed synchronous machine model was
validated by using the machine model in the RTDS simulator. The computational
efficiency and the numerical robustness of the model were discussed against the

existing synchronous machine models.
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In this thesis, a DP model was interfaced to a real-time EMT model.
Numerical instability due to time-step delay in EMT-DP co-simulation was suc-
cessfully overcome by using a data prediction technique. The test system of New
England & New York 68 bus system with an HVDC in-feed in the New England
side was used to demonstrate the performance of the co-simulation model. The
simulation results showed that the results of the co-simulation model closely re-
produce the results of a complete EMT simulation. It was shown that unlike an
EMT-TS co-simulation, the proposed EMT-DP co-simulation does not require an
FDNE model at the interface bus. It was concluded that a T'S model is more ap-
propriate to simulate a large power system and DP can be used to model a buffer

zone between the EMT and the TS models.

A real-time EMT-TS co-simulation using a multi-port DP buffer zone
was presented in the thesis. The interface between EMT and TS models has been
achieved by using DP to model a multi-port buffer zone between the EMT and
TS models. This was a simple alternative to the existing FDNE models proposed
in the literature. The methods of achieving numerical stability and accuracy of
DP-TS interface has been discussed. The New England & New York 68 bus system
with an HVDC in-feed was used as the test system. The New England system was
selected as the internal system and it was simulated using an EMT model and the
New York power system was selected as the external system. The accuracy and
stability of the proposed co-simulation model were validated against a complete
EMT simulation model. The co-simulation model shows promising results under

disturbances applied in the internal system.

Testing of both EMT-DP and EMT-TS co-simulation models (Chapter
4 and 6) included applying three-phase faults at the boundary bus (i.e. EMT and

DP boundary), which is the most severe in terms of numerical stability
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7.2 Contributions

The key contributions of the thesis are listed below:

A stability criterion for interfacing two network models with a time step

delay was presented [38].

A study of existing synchronous machine models was performed in order to

find a suitable synchronous machine model for a DP simulation [60].

A novel numerically robust and an efficient voltage source type synchronous

machine model with the dynamics of stator winding flux was presented [39].

A numerically stable real-time EMT-DP co-simulation model to analyse a

power system was implemented and validated [48].

A real-time EMT-TS co-simulation was implemented to analyse a large
power system. The interface between the EMT and TS models was accom-
plished by using dynamic phasors to model a multi-port buffer zone between

the EMT and TS models [61].

7.3 Future Work

The necessary building blocks for a real-time EMT-DP co-simulation and an EMT-

TS co-simulation using DP were presented. The future work of the thesis is iden-

tified as follows.

The scope of this research was limited to studying balanced three-phase
systems. One of the future extensions to this work is to enable the co-

simulation model to handle unbalances in internal network that was modelled
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using the EMT simulation. In order to do this, the voltages at the EMT-DP
interface has to be fed through a positive, negative and zero sequence filter
before the phasor conversion. The positive sequence voltages can be used
to solve the buffer zone as presented in Chapter 5. The negative and zero
sequence impedances of the external system can be used to calculate the

negative and zero sequence current injections to the internal system.

e In this thesis, the disturbances were applied only in the internal system.
However, in some studies, the system response to disturbances in the external
system is needed. Applying faults in the external system requires further
research since the proposed models generate numerical oscillations under a
fault at the external system. This can be considered as another area of future

work for this thesis.

e In the proposed method, the three-phase voltages are converted to the phasor
domain assuming a fixed centre frequency (i.e. 60 Hz). In some power
system studies, system frequency settles on a different frequency from the
base frequency. A frequency measuring technique is needed inside the DP
model to accurately convert the three-phase voltages to the phasor domain

in such cases. This can be considered as another future work of the thesis.

e In this work, a simple linear extrapolation method is used to interface EMT
and DP models. During a disturbance, extrapolation methods add inaccu-
racies to the simulation since the voltages for next time-step are predicted
using the previous data. Therefore, improving the extrapolation algorithm
to mitigate errors under a disturbance is another extension to the work of

this thesis.
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e The TS part of the EMT-TS co-simulation model can be partitioned to
simulate even larger power systems. This can be considered as another

future work of the thesis.
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Appendix A

Test System Data

A.1 Single Machine to Infinite Bus System

The SMIB model used in Chapter 3 is shown in Fig. A.1 below.

Transmission Line

@ Infinite Bus

FiGURE A.1: SMIB system

The data of the network model of SMIB system used to validate the
stability criterion are given in Table A.1 and the data used to validate the novel
synchronous machine model are given in Table A.2. The data of the synchronous

machine model are given in Table A.3.
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TABLE A.1: SMIB system data used for the validation of the stability

TABLE A.2: SMIB

criterion
Constant Value
Infinite bus voltage | 24 kV
Eyq 1.1321 pu
Trnech 0.1838 pu
Line resistance 0.1
Line inductance 5.46 mH

system data used for the validation of the novel syn-

chronous machine model

Constants Value
Infinite bus voltage | 24 kV
Eyq 1.6569 pu
Tinech 0.5753 pu
Line resistance 0.075 2
Line inductance 3.855 mH
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Appendix A. Test System Data

TABLE A.3: Synchronous machine data for SMIB system

Machine constant Value
R, 0.00125 pu
Xy 1.536 pu
Xy 1.494 pu
X 0.3 pu
X, 0.65 pu
X 0.23 pu
X, 0.23 pu
X, 0.15 pu
T, 8 s

T;O 1s

T, 0.03 s
T, 0.07 s

H 3.5
Machine MVA base 555 MVA
Machine voltage base | 24 kV

D )
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Appendix A. Test System Data

A.2 New England and New York 68 Bus System

The New England & New York 68 bus system is the interconnected New England
Test System (NETS) and New York Power System (NYPS). The system contains
five areas as shown in Fig. A.2. The data used for the system are taken from [33].
NETS accommodates the area 1 and NYPS accommodates areas 2, 3, 4 and 5.
The generator data are converted to base of 4000 MVA. Generator dynamic data
are give in Table A.4 and A.5. Here, the impedance data are given in pu and the

time constants are given in seconds.
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Appendix A. Test System Data

TABLE A.4: Generator dynamic data

Gen | Bus | Xq | X4 X& Xd Xq X{I Xq
1 1 0.5 4 1.24 1 2.76 | 1.12 1
2 2 1.4 11.8 | 2.788 2 11.28 | 24 2
3 3 1.216 | 9.98 | 2.124 | 1.8 9.48 2 1.8
4 4 1.18 | 1048 | 1.744 | 1.4 |10.32 | 1.6 14
) ) 1.08 | 13.2 | 2.64 2 12.4 2.4 2
6 6 0.896 | 10.16 2 1.6 9.64 1.8 1.6
7 7 1.288 | 11.8 | 1.96 1.6 | 11.68| 1.8 1.6
8 8 1.12 | 11.6 | 2.28 1.8 11.2 | 21.8 1.8
9 9 1.192 | 8.424 | 2.28 1.8 8.2 2 1.8
10 10 1 0.796 | 6.76 | 1.828 | 1.6 4.6 1.8 1.6
11 11 10412 | 512 | 0.72 | 048 | 4.92 0.6 0.48
12 12 0.88 | 4.04 | 1.24 1 3.8 1.12 1
13 13 0.06 | 0.592 | 0.11 | 0.08 | 0.572 | 0.1 0.08
14 14 1 0.068 | 0.72 | 0.114 | 0.096 | 0.692 | 0.1 | 0.092
15 15 | 0.068 | 0.72 | 0.114 | 0.092 | 0.692 | 0.1 | 0.092
16 16 | 0.082 | 0.712 | 0.142 | 0.11 | 0.668 | 0.152 | 0.11
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Appendix A. Test System Data

TABLE A.5: Generator dynamic data II

/

iz

/

"

Gen | Bus Rq T do T do Tgo | Tgo H D
1 1 10.00125 | 10.2 | 0.05 | 1.5 | 0.035 | 1.05 0.1
2 2 10.00125 | 6.56 | 0.05 | 1.5 | 0.035| 0.755 | 0.24375
3 3 10.00125 | 5.7 | 0.05 | 1.5 | 0.035| 0.895 0.25
4 4 10.00125 | 5.69 | 0.05 | 0.05 | 0.035 | 0.715 0.25
5 5 |0.00125 | 54 | 0.05 | 0.44 | 0.035 | 0.65 0.075
6 6 |0.00125| 7.3 | 0.05 | 0.4 |0.035| 0.87 0.25
7 7 10.00125 | 5.66 | 0.05 | 1.5 | 0.035 | 0.66 0.2
8 8 10.00125 | 6.7 | 0.05 | 0.41 | 0.035 | 0.6075 | 0.225
9 9 |0.00125 | 4.79 | 0.05 | 1.96 | 0.035 | 0.8625 | 0.35
10 10 | 0.00125 | 9.37 | 0.05 | 1.5 | 0.035 | 0.705 | 0.139
11 11 |0.00125 | 4.1 [ 0.05 | 1.5 | 0.035 | 0.705 | 0.3375
12 12 1 0.00125 | 7.4 | 0.05 | 1.5 | 0.035 | 2.3075 | 0.3375
13 13 [ 0.00125 | 59 [ 0.05 | 1.5 | 0.035| 124 0.825
14 14 10.00125| 41 | 0.05 | 1.5 | 0.035| 7.5 2.5
15 15 [0.00125 | 4.1 [ 0.05 | 1.5 [0.035| 7.5 2.5
16 16 |0.00125 | 7.8 [ 0.05 | 1.5 | 0.035 | 11.25 1.25

Generator voltages and scheduled power are given in Table A.6. The

voltage and the MVA bases are 13.8 kV and 100 MVA respectively.
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Appendix A. Test System Data

TABLE A.6: Generator PV setting

Bus | Voltage (pu) | Power (pu)
1 1.0450 2.50
2 0.9800 5.45
3 0.9830 6.50
4 0.9970 6.32
) 1.0110 5.05
6 1.0500 7.00
7 1.0630 5.60
8 1.0300 5.40
9 1.0250 8.00
10 1.0100 5.00
11 1.0000 10.00
12 1.0156 13.05
13 1.0110 35.91
14 1.0000 17.85
15 1.0000 10.00
16 1.0000 40.00

All the generators except generator 9 consist of IEEE type AC4 excitation
systems. Generator 9 consist of IEEE type ST1 excitation system. Excitation
system data are given in Table A.7 and A.8. All the generators consist of TGOV1
type steam governors. Turbine data are given in Table A.9. Generators 1 to 5
consist of IEEE PSS1A Power System Stabilizers (PSS). PSS data are given in
Table A.10.
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Appendix A. Test System Data

TABLE A.7: IEEE type AC4 excitation system data

Ty (sec)

Tec (sec)

Ty, (sec)

Ka

Ta (sec)

Ke

0.01

1.0

10

100

10

0

TABLE A.8: IEEE type ST1 excitation system data

Ty (sec) | Tc (sec) | Ty (sec) | Kq | Ta (sec) Ky | Ty (sec) | Kc
0.01 0.1 0.1 200 | 0 0 0 0
TABLE A.9: Governor system data
R | Ty (sec) | Ty (sec) | Tg (sec) | D
0.05 | 0.05 2.1 7.0 0
TABLE A.10: PSS data
Ks | Ty (sec) | To (sec) | Ty (sec) | Ty (sec) | T4 (sec) | Ty (sec) | Tg (sec)
10 0.01 0.01 0.01 0.01 0.01 10 0.01

The transmission line data of the power system are given in Table A.11.

The transformer data and load data are given in Table A.12 and A.13 respec-

tively. The voltage and the MVA bases of the transmission network are 345kV

and 100MV A respectively.

TABLE A.11: Transmission line data

Travel time
From bus | To bus | R (pu) | X (pu) | B (pu)

(ms)
36 17 0.0005 | 0.0045 | 0.32 0.100658
49 18 0.0076 | 0.1141 1.16 0.96503
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TABLE A.11: Transmission line data

From bus | To bus | R (pu) | X (pu) | B (pu) Travel time
(ms)

68 19 0.0016 | 0.0195 0.304 0.204232
68 21 0.0008 | 0.0135 0.2548 | 0.155573
21 22 0.0008 | 0.014 0.2565 | 0.158956
22 23 0.0006 | 0.0096 0.1846 | 0.111666
68 24 0.0003 | 0.0059 0.068 0.053131
54 25 0.007 0.0086 0.146 0.093993
25 26 0.0032 0.0323 0.531 0.34739
37 27 0.0013 | 0.0173 0.3216 | 0.197856
26 27 0.0014 | 0.0147 | 0.2396 | 0.157424
26 28 0.0043 | 0.0474 | 0.7802 | 0.510107
26 29 0.0057 | 0.0625 1.029 0.672692
28 29 0.0014 | 0.0151 0.249 0.960806
53 30 0.0008 | 0.0074 | 0.48 0.15809
61 30 0.0019 | 0.0183 0.29 0.193238
61 30 0.0019 | 0.0183 0.29 0.193238
30 31 0.0013 | 0.0187 | 0.333 0.209321
53 31 0.0016 | 0.0163 | 0.25 0.16933
30 32 0.0024 | 0.0288 | 0.488 0.314467
32 33 0.0008 | 0.0099 | 0.168 0.108179
33 34 0.0011 | 0.0157 | 0.202 0.149381
34 36 0.0033 | 0.0111 1.45 0.336523
61 36 0.0022 | 0.0196 | 0.34 0.216539
61 36 0.0022 0.0196 0.34 0.216539
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TABLE A.11: Transmission line data

From bus | To bus | R (pu) | X (pu) | B (pu) Travel time
(ms)

68 37 0.0007 | 0.0089 0.1342 | 0.091673

31 38 0.0011 0.0147 | 0.247 0.159837

33 38 0.0036 | 0.0444 | 0.693 0.465293

41 40 0.006 0.084 3.15 1.364469

48 40 0.002 0.022 1.28 0.445128

42 41 0.004 0.06 2.25 0.974621

18 42 0.004 0.06 2.25 0.974621

17 43 0.0005 0.0276 0 R-L Branch
39 44 0 0.0411 | O R-L Branch
43 44 0.0001 0.0011 0 R-L Branch
35 45 0.0007 | 0.0175 1.39 0.413709

39 45 0 0.0839 0 R-L Branch
44 45 0.0025 0.073 0 R-L Branch
38 46 0.0022 0.0284 | 0.43 0.293131

593 47 0.0013 | 0.0188 1.31 0.416278

47 48 0.0025 0.0268 0.4 0.274642

47 48 0.0025 | 0.0268 | 0.4 0.274642

46 49 0.0018 | 0.0274 | 0.27 0.228153

45 51 0.0004 | 0.0105 | 0.72 0.230637

50 51 0.0009 | 0.0221 | 1.62 0.501906

37 52 0.0007 | 0.0082 | 0.1319 | 0.087236

5} 52 0.0011 0.0133 0.2138 | 0.141449

53 54 0.0035 | 0.0411 | 0.6987 | 0.449506
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TABLE A.11: Transmission line data

From bus | To bus | R (pu) | X (pu) | B (pu) Travel time
(ms)
54 55 0.0013 | 0.0151 0.2572 | 0.165308
55 56 0.0013 | 0.0213 0.2214 | 0.182158
56 57 0.0008 | 0.0128 0.1342 | 0.109939
o7 58 0.0002 0.0026 0.0434 | 0.028177
58 59 0.0006 | 0.0092 0.113 0.085527
o7 60 0.0008 | 0.0112 0.1476 | 0.10785
60 61 0.0023 | 0.0363 0.3804 | 0.311704
58 63 0.0007 | 0.0082 0.1389 | 0.089521
62 63 0.0004 | 0.0043 0.0729 | 0.046964
62 65 0.0004 | 0.0043 0.0729 | 0.046964
56 66 0.0008 | 0.0129 0.1382 | 0.112
65 66 0.0009 | 0.0101 0.1723 | 0.110655
66 67 0.0018 | 0.0217 | 0.366 0.236396
67 68 0.0009 | 0.0094 | 0.171 0.106348
593 27 0.032 0.32 0.41 0.960806
18 50 0.0012 | 0.0288 | 2.06 0.646099
TABLE A.12: Transformer data

From bus | To bus | R (pu) | X (pu) | Tap ratio

54 1 0 0.0181 1.025

58 2 0 0.025 1.07

62 3 0 0.02 1.07

19 4 0.0007 0.0142 1.07
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TABLE A.12: Transformer data

From bus | To bus | R (pu) | X (pu) | Tap ratio
20 ) 0.0009 | 0.018 1.009
22 6 0 0.0143 1.025
23 7 0.0005 | 0.0272 1
25 8 0.0006 | 0.0232 1.025
29 9 0.0008 | 0.0156 1.025
31 10 0 0.026 1.04
32 11 0 0.013 1.04
36 12 0 0.0075 1.04
17 13 0 0.0033 1.04
41 14 0 0.0015 1
42 15 0 0.0015 1
18 16 0 0.003 1
19 20 0.0007 | 0.0138 1.06
35 34 0.0001 | 0.0074 0.946
64 63 0.0016 | 0.0435 1.06
TABLE A.13: Load PQ data

Bus number | P (pu) | Q (pu)

17 60 3

18 24.7 1.23

19 0 0

20 6.8 1.03

21 2.74 1.15

22 0 0
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TABLE A.13: Load PQ data

Bus number | P (pu) | Q (pu)
23 2.48 0.85
24 3.09 -0.92
25 2.24 0.47
26 1.39 0.17
27 2.81 0.76
28 2.06 0.28
29 2.84 0.27
30 0 0

31 0 0

32 0 0

33 1.12 0

34 0 0

35 0 0

36 1.02 -0.1946
37 0 0

38 0 0

39 2.67 0.126
40 0.6563 | 0.2353
41 10 2.5

42 11.5 2.5

43 0 0

44 2.6755 | 0.0484
45 2.08 0.21
46 1.507 0.285
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TABLE A.13: Load PQ data

Bus number | P (pu) | Q (pu)
47 2.0312 | 0.3259
48 2.412 0.022
49 1.64 0.29
20 1 -1.47
51 3.37 -1.22
52 1.58 0.3

53 2.527 1.1856
54 0 0

95 3.22 0.02
56 2 0.736
57 0 0

58 0 0

59 2.34 0.84
60 2.088 0.708
62 0 0

63 0 0

64 0.09 0.88
65 0 0

66 0 0

67 3.2 1.53
68 3.29 0.32
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A.3 CIGRE HVDC Benchmark System

Fig. A.3 shows the one line diagram of CIGRE HVDC First Benchmark Model
[57]. The power system data of the model is given in Table A.14 and Table A.15.

The control system data is given in Table A.16.
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Appendix A. Test System Data

TABLE A.14: System ratings and system base quantities

Parameter Rectifier side Inverter side
AC voltage rating 345 kV 345 kV
System Frequency 60 Hz 60 Hz

AC voltage rating 1000 MVA 1000 MVA
Voltage 362.47kV/17.95° | -

Transformer rating 1196 MVA 1196 MVA

Transformer voltages

213.26 : 345 kV

345 :209.43 kV

Transformer tap ratio | 1.01 0.99
Nominal DC voltage | 500 kV 500 kV
Nominal DC current | 2 kA 2kA

146
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TABLE A.15: Impedance data
Parameter Rectifier side Inverter side
Ls1r=0.151 H -
Source Rgip = 3.7374Q) -

Rgop = 2160.633 2 | -

Reactive power compensator

Cor = 3.342 uF

Cor = 6.93 uF

Low frequency filter

Lppg=0.1364 H

Lrir =0.0606 H

Riir =29.76 Q

Rpir =13.23Q

Riop = 261.87¢)

Rpor =116.38 2

CLlR = 6.685 [LF

CLl[ =15.04 IUF

CLQR = 74.28 NF

CLQI = 167.2 ,uF

Ryr =283.320Q Ry =37.030Q
High frequency filter Lyr =0.0136 H Ly =0.0061 H
Transformer Xrr =0.18 pu X7rr=0.18 pu
DC line Rpc =0.151Q, Lpc = 0.5968 H, Cpec = 26 uF
TABLE A.16: Control system data
Controller PI gains

Rectifier current controller

Kp =1.0989,T; = 0.01092 s

Inverter current controller

Kp=2.63,T; = 0.01524 s

Gamma controller

Kp =0.7506,T; = 0.0544 s
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Appendix B

Dynamic Phasor Representation

of a Transformer

The transformers are modelled using an equivalent circuit derived using the in-
ductance matrix for two mutually coupled circuit (B.1) shown in Fig. B.1. It is

derived using the same principles used in EMT simulations [1].

Vi _ Ly Ly d I (B.1)

Vs L Ls) 1\,

I P

i| gle I

Ficure B.1: Two mutually coupled coils of the transformer
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Appendix B. Dynamic Phasor Representation of a Transformer

d (L 1 Loy —Lys Vi

— = — (B.2)
/
W\L) Y \-Lo Lu ) \W
L' = Ly1Lyy — LiaLys (B.3)
d Lo Lyo
ah =T (B-4)
Using the principle of dynamic phasors (B.4) can be written as,
d . Loy Lyo
%11 = —ju}Il + I Vi - 7‘/2 (B5)
By applying Trapezoidal rule it can be shown that
L(t) = Iy + ki Va(t) 4 ko (Vi(t) — Va(t)) (B.6)

o <i) L= 1) 4 kit — 1) 4 ki (V- 1)~ Vot~ 1)) (B7)

ki = w—»wﬁf' (B.8)
1+ 23
Lo At
_ 2L/
k1o = m (B.9)

Similarly we can derive the equation for the current in the second winding as,

Iy(t) = Lon + kaaVa(t) + ka2 (Va(t) — Va(2)) (B.10)

Where,

JwoAt
1+ ==

b <—_A> Bt — 1)+ kValt — 1) + by (Va(t — 1) — it — 1)) (B11)
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Appendix B. Dynamic Phasor Representation of a Transformer

L1 At _ Lio At

__2r 2L/
k22 - 1 + jwoAt <B12)
2

The Nortan equivalent for the transformer is given by Fig. B.2 and the
terms ki1, k12 and koy are the impedances and the terms I, and I, are controlled

current sources which represent the history terms.

k12

1
| S

L, <T> i Fi <T L

FiGURE B.2: Transfomer equivalent model
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