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Abstract

This thesis presents a method to do transient simulation of a large power system

using dynamic phasors and electromagnetic transient simulation. A novel hybrid

simulation technique using dynamic phasor equivalent is presented to analyse a

part of a large power system. Electromagnetic transient simulation is used to

model the part of the network that needs detailed simulation. The synchronous

reference frame phase locked loop is implemented as the interface between the

electromagnetic transient model and the dynamic phasor model. Two types of

positive sequence filters i) sinusoidal signal integrator phase locked loop ii) ex-

tended phase locked loop are presented to eliminate the voltage unbalance effect

in a phase locked loop. A comparison of the performance of the two filters is pre-

sented. The validation of the proposed interface is done using EMT simulation on

real time digital simulator. Finally the numerical problems involved in this hybrid

method are discussed.
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Chapter 1

Introduction

1.1 Problem Definition

The power system of today is a complex interconnected system containing thou-

sands of buses and a large number of power system components. Computer-based

simulation programs are necessary to model these large scale power systems and

the interdependencies among their components. The dynamics of the power sys-

tem take different periods of time due to its complexity. The time scale of power

system transients can vary from micro-seconds to days. Figure 1.1 shows typical

time ranges for different dynamics in a power system [1].

Power system transients can be divided into two categories based on the

time scale: electromagnetic transients and electromechanical transients. The elec-

tromagnetic transients take place due to the interactions between magnetic fields

of the inductances and the electric fields of the capacitances in the system. The

electromechanical transients are the results of the interaction between the mechan-

ical energy stored in the rotating machines. The region in the middle of Figure

1
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Figure 1.1: Time scale of different power system transients

1.1 represents the transient stability region where both the electromechanical and

the electromagnetic transients play a role.

Different types of power system simulation models are required to study

different regions of power system dynamics. Fast electromagnetic transients are

studied using electromagnetic transient programs (EMTP) with a small time step

(typically 50µs or less) to cover the required bandwidth. The size of the time

step depends on the type of the electromagnetic transient under study. In EMT

simulation, power system components are adequately modelled to simulate high

frequency transients. However, use of EMTP is not practical to analyse large

power systems since it uses a very small time step.

Transient stability programs (TSP) are typically used to analyse slow

electromechanical transients. It uses phasor models of transmission lines and sim-

plified rotating machine models. It neglects fast electromagnetic transients and
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assumes that the power transfer takes place at the system frequency. It uses a

larger time step (half a cycle) enabling the TSP simulation to solve large power

systems to simulate slow electromechanical transients [2]. Due to its nature, tran-

sient stability models can never capture the fast dynamics of a power system. On

the other hand, EMT type simulations can be used to analyse slow electromechan-

ical transients but it is impractical due to following reasons [3].

• Transient stability type simulation is usually used for simulating large power

systems. However the EMT model will require lot of computational power

to handle large power systems and it is practically impossible.

• Due to the longer time span of electromechanical transients the simulation

has to be carried out for a longer period of time.

• Due to the small time step of the EMTP high computational power will be

required.

For these reasons, EMT programs are impractical for simulation of large

systems. However on the other hand transient stability programs cannot represent

certain individual components of the system in detail such as power electronic de-

vices. Therefore, integrated approaches are necessary when analysing large power

systems. When EMT type simulations are used to simulate large power systems,

common practice is to divide the system into two zones. The zone where the

transient phenomena occur (zone 1) is modelled using the detailed EMT type

simulation and the rest of the system (zone 2) is modelled using phasor-type sim-

ulation [2]. In this study the zone 1 will be called as the internal system and the

zone 2 will be called as the external system.
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1.2 Background

In this section available techniques for analysing large power systems are discussed,

the concept of hybrid simulator is studied and interfacing of TSP to EMTP is

discussed. Alternative methods to analyse both electromagnetic and electrome-

chanical transients in a large system are also presented.

1.2.1 TSP and EMT Hybrid Simulation

In hybrid simulation, since the EMT type simulation needs more computational

power compared to transient stability program only the components that need

detailed simulation are modelled using the EMT model and the rest of the system

is modelled as a Thevenin’s equivalent circuit using TSP [4]. However, this method

does not adequately model the high frequency response of the external system.

Therefore, to model the external system in the EMT model, a dynamic equivalent

model that accurately represent the external system is required [2].

Therefore, when modelling the external system, there should be a suitable

technique to determine dynamic equivalent models that accurately represent the

external system to the EMT model. The dynamic equivalent of the external system

can be divided into three categories.

1. To investigate high frequency transients transmission lines should be mod-

elled to reflect the frequency dependency. This can be further classified into

frequency dependent network equivalents (FDNE), and two layer network

equivalents (TLNE).

(i) Frequency Dependent Network Equivalents (FDNE): A more complex

Thevenin’s impedance is used to represent the external system, which
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not only represents the external system at the fundamental frequency

but also at a selected range of harmonic frequencies [5].

(ii) Two Layer Network Equivalents (TLNE): When the external system be-

comes larger, the order of the FDNE filter increases. This will increase

the computational power required. In TLNE, the external system is

divided into two parts: a surface-layer containing low-order frequency-

dependent transmission lines and a deep region containing the low-order

FDNE model [6].

2. To study low frequency electromechanical oscillations, the transmission lines

can be modelled as constant impedances and the generators can be modelled

neglecting the stator winding transients.

3. To study subsynchronous oscillations, the turbine-generator dynamics and

network transients must be adequately modelled.

The representation of the external system using FDNE network involves some

complications. Some of these are summarized below.

• Coming up with a stable FDNE model for a large multi-port external system

is difficult.

• The resultant FDNE model should preserve stability, passivity and causality

which will lead to a numerically stable simulation [7].

• The FDNE model should not change the behaviour of the original network.

Considering the above limitations it can be stated that design of the

FDNE filter for a particular system involves complications, and it can also decrease

the accuracy of the entire simulation.
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1.2.2 Alternative Methods of Analysing Large Power Sys-

tems

Another method of simulating both electromagnetic and electromechanical tran-

sients is to use of the concept of dynamic phasors [3]. Some advantages of using

dynamic phasor simulation are mentioned below [8]. More details on dynamic

phasor models will be discussed on Section 2.2 of Chapter 2.

• Dynamic phasor model can capture the network dynamics of the power sys-

tem.

• Dynamic phasors can be used to compute fast electromagnetic transients

with larger step size [9].

• It allows model simplification to reduce the order of the dynamic phasor

model.

Some limitations of this method would be,

• Dynamic phasor models are not accurate when the center frequency of the

simulation changes.

• Frequency range that the dynamic phasors can model is less compared to

EMTP.

• Dynamic phasors assume balanced operation.

Therefore, the need for a simulation tool that is capable of simulating the

electromagnetic and electromechanical transients adequately in one simulation is

required. The aim of this study is to develop a simulation technique using dynamic

phasor equivalent to represent the external system of a large power system and
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integrate it to an EMT simulation [10]. The resultant model with the external

system modelled using dynamic phasors is compared against the fully EMT model.

1.3 Thesis Outline

This thesis presents a new method to simulate a large power system using dynamic

phasor equivalent and electromagnetic transient simulation. At the beginning of

this chapter the available techniques to analyse a large power system have been

discussed and the limitations of these methods have been pointed out.

In Chapter 2, a discussion on EMT simulation and the dynamic phasor

model is presented. Derivation of basic circuit models using EMT simulation

model is also presented. An introduction to the hybrid simulation using dynamic

phasors and EMT model is given.

The basic equations for a RL and RC circuit are derived using dynamic

phasors in Chapter 3. Two sets of equations are presented using state space

analysis and nodal analysis.

Interfacing dynamic phasor equivalent to the EMT type simulation is

presented in Chapter 4. Synchronous reference frame phase locked loop is proposed

as the interface between the two models. A comparison of results of the hybrid

phasor model and the EMT model is also presented in this chapter.

In Chapter 5, two positive sequence filters for improving the SRF-PLL

performance in a voltage unbalance situation is presented. The two methods

discussed are the sinusoidal signal integrator PLL and the extended PLL. A com-

parison of the performance of the two positive sequence filters is also presented.
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In Chapter 6, the work involved in implementing the proposed hybrid

system in real time digital simulator is presented. Difficulties of implementing

this process is also discussed.

Chapter 7 summarises the contribution and the conclusion of this work

along with some suggestions for future research.



Chapter 2

Simulations Models of Power

Systems

2.1 Electromagnetic Transient Simulation

Electromagnetic transient simulation (EMT) has become an important tool for

analysing fast electromagnetic transients in a power system. It models the power

system in detail to analyse voltage spikes, current surges, harmonics etc. [1]. State-

space and nodal analysis approaches are the most widely used methods for carrying

out electromagnetic transient simulation [11]. In the state space approach a power

system of order n is expressed using n number of differential equations (state

equations). One downside of this method is that the algorithm becomes complex

when handling large networks (for larger power systems the required number of

state equations is high). Therefore, in an automated digitalized solution it is hard

to generalize the program to come up with the system’s state equations.

Today, many EMT based simulation softwares adopt a method based

9
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on nodal analysis developed by H. W. Dommel. This method can be considered

as the most widely used method to model electromagnetic transients. In this

method, each of the power system component is represented as a Norton equivalent

circuit. The differential equations are solved to obtain a generalized solution using

numerical integration. Then this solution is represented using a current source

(derived from the past values) and a resistor parallel to it (the Norton equivalent).

Since each component is modelled separately, it is easy to obtain a generalized

solution using nodal analysis, which needs fewer details of the network topology.

Later a set of nodal equations can be derived using each Norton equivalent to solve

the network and to come up with the node voltages. This concept is described in

the next section.

2.1.1 Nodal Analysis

The nodal analysis approach is a step by step approach where a set of equations is

solved in each time step (∆t). Before starting the simulation all the components

are modelled as a current source-conductance equivalents, and the admittance

matrix ([Y ]) of the resultant network is obtained. The simulation starts with

some initial values which are used to update the value of the current sources at the

beginning of the simulation. Then, the network is solved using Kirchoff’s current

law and new voltages are derived using (2.1) and (2.2), where J is derived from real

current sources and I(t − ∆t) is derived from fictitious current sources (history

terms) in the network. Here the term “[Y ]−1” is the inverse of the admittance

matrix of the network.

[Y ]V = J + I(t−∆t) (2.1)

V = [Y ]−1[J + I(t−∆t)] (2.2)
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The history terms (value of the fictitious current sources) is then updated

in the next time step using the past values of the voltages. This procedure is carried

out until the end of simulation. The flow chart of the process is shown in Figure

2.1.

Numerical Integration

To model simple components such as capacitors, inductors or more complex non

linear components (e.g., saturable inductors) using nodal analysis, the compo-

nent must be represented using its Norton equivalent circuit. For most of the

components the Norton equivalent circuit can be derived using numerical inte-

gration methods. A number of integration methods can be used for this purpose

such as forward/backward Euler method, second-order Runge Kutta integration,

fourth-order Runge Kutta integration, trapezoidal integration, etc. Among these

methods, the trapezoidal rule of integration is used in most of the simulation pro-

grams since it preserves stability for linear systems. Trapezoidal rule is accurate,

numerically stable, and simple. Consider a first-order differential equation of the

following form:

dx

dt
= f(x, t) (2.3)

According to Figure 2.2,

x1 = x0 +

∫ t1

t0

f(x, t)dτ (2.4)

Using the trapezoidal rule of integration,

x1 = x0 +
∆t

2

(
f(x0, t0) + f(x1, t1)

)
(2.5)
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Figure 2.1: The simulation steps of nodal analysis in EMT simulation
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x0

x1

t0 t1

x

t

f(x,t)

Figure 2.2: Numerical integration using trapezoidal rule

In general,

xn+1 = xn +
∆t

2

(
f(xn, tn) + f(xn+1, tn+1)

)
(2.6)

These sets of equations can be used to determine the Norton equivalent

circuit for a given component. The derivation of Norton equivalent circuit for an

inductor and a capacitor is given below as examples.

Modelling an Inductor using Dommel’s Algorithm

In (2.7), the differential equation governing the voltage-current relationship for an

inductor is shown. The derivation of the Norton equivalent circuit, starting from

this basic equation is shown below.

d

dt
i =

1

L
v (2.7)

where, L is the inductance, i is the current through the inductor and v is the

voltage between the inductor. Here, lower-case v and i represent the instantaneous

voltages and currents.
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Applying trapezoidal rule of integration to the above equation results in

(2.9), where IL(t−∆t) is the history term, which can be regarded as the current

source of the Norton equivalent. The term gL can be regarded as the conductance

parallel with the current source. The equivalent circuit of the inductor is shown

in Figure 2.3.

i(t) = i(t−∆t) +
∆t

2L

[
v(t−∆t) + v(t)

]
(2.8)

i(t) = gLv(t) + IL(t−∆t) (2.9)

gL = (
∆t

2L
) (2.10)

IL(t−∆t) = i(t−∆t) + gLv(t−∆t) (2.11)

L i(t) i(t)

gL

IL(t-Δt)

v(t)

v(t)

Figure 2.3: The Norton’s equivalent of an inductor

Modelling a Capacitor using Dommel’s Algorithm

Equation (2.15) represents the Norton equivalent model, which can be derived by

applying the trapezoidal rule of integration to (2.12). Here IC(t−∆t) is the history

term, which can be regarded as the current source of the Norton equivalent. The

term gC can be regarded as the conductance parallel with the current source. The
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Norton equivalent circuit of the capacitor is shown in the Figure 2.4.

i = C
d

dt
v (2.12)

v(t) = v(t−∆t) +
∆t

2C

[
i(t−∆t) + i(t)

]
(2.13)

i(t) =
2C

∆t
v(t)− 2C

∆t
v(t−∆t)− i(t−∆t) (2.14)

i(t) = gCv(t) + IC(t−∆t) (2.15)

gC = (
2C

∆t
) (2.16)

IC(t−∆t) = −gCv(t−∆t)− i(t−∆t) (2.17)

C i(t) i(t)

gC

IC(t-Δt)

v(t)

v(t)

Figure 2.4: The Norton’s equivalent of a capacitor
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2.1.2 Real-Time Digital Simulator (RTDS)

RTDS is a real time implementation of Dommel’s EMT algorithm. Real time

simulation of the power system is useful to study the interactions of the equipment

like protective relays, power electronic devices (e.g., FACTS), control devices and

etc. Real time simulation of electromagnetic transients are done by dividing the

power system into sub systems and solving each of these networks in parallel using

a separate processor. In order to do this the travelling time of the transmission

line connecting the two sub systems should be greater than the time step of the

simulation [12]. RTDS adopts this concept to provide the user the capability of

simulating any size of a power system, by dividing it into sub systems. The each

of the subsystems can be modelled in a separate RTDS rack. As the size of the

simulation network increases, the number of processors required will increase.

RTDS simulation software is named RSCAD, which gives user a platform

to make a draft, compile and run it in a separate window (the run time window).

The component library of RSCAD contains a large number of pre-defined com-

ponents. Apart from that, RTDS gives users the capability of building their own

components in the interface named C-Builder. The user can write their own C-

code to design a power system or a control system component. It also allows the

user to draw their own symbols for the component.

As mentioned earlier to simulate a large power system, higher number of

racks are needed. One rack of RTDS can model maximum of 30 three phase buses

using the fibre enhanced backplane [13] (without the fibre enhanced backplane the

limit is 24 three-phase buses). Therefore, RTDS requires large number of powerful

processing units to analyse large power systems.
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2.2 Dynamic Phasor Equivalent

In dynamic phasor modelling a three phase signal is represented using its magni-

tude and angle which are allowed to change over time. In transient stability type

simulations the derivative of the currents and voltages are replaced by “jω”(where

ω is the angular frequency) so the power transfer will only happens at the sys-

tem frequency. But in dynamic phasors the differential equations are solved using

numerical integration methods. Therefore, dynamic phasor models are capable of

modelling some of the electromagnetic transients (e.g., power electronic devices

like FACTS, TCSC and etc.) involved in the power system [14]. In dynamic

phasors the oscillatory part (ωt) of the phasor signal is removed by multiplying

the signal by e−jωt resulting in constant phasors in steady state [15]. Consider a

constant rotating AC voltage (vac) and current (iac) with a phase difference of θ

in (2.18) and (2.19) [16] where φ is the angle of the voltage signal. The terms Vm

and Im are the magnitudes of the voltage and current signals.

vac = Vme
jφejωt = [VR + jVI ]e

jωt (2.18)

iac = Ime
j(φ+θ)ejωt = [IR + jII ]e

jωt (2.19)

where ,

VR = Vm cos(φ) VI = Vm sin(φ) (2.20)

IR = Im cos(φ+ θ) II = Im sin(φ+ θ) (2.21)

The terms VR and VI denote the real and the imaginary part of the voltage vac

and the terms IR and II denote the real and the imaginary part of the current iac.

Dynamic phasor models are accurate only when the system frequency of

the simulation does not change significantly over time. In this study, dynamic
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phasors are used only to study balanced, harmonic free three-phase systems. This

topic will be discussed at greater length in Chapter 3.

2.3 Hybrid Simulation of Electromagnetic Tran-

sient Model and Dynamic Phasor Equivalent

As discussed in the previous chapter designing the FDNE of the external system

for the TSA-EMT hybrid simulation is a difficult task. Moreover it degrades

the accuracy of the whole simulation model. Hence, the researchers are trying to

come up with an alternative method which would replace/modify the FDNE in the

hybrid simulation. Interfacing the dynamic phasor type simulation to the EMT

model promises several advantages compared to EMT-TSP hybrid simulation. The

dynamic phasor model covers higher bandwidth compared to TSP model therefore

the external system would be modelled in more details compared to TSP. Since

the dynamic phasor equivalent and the EMT model share similar characteristics,

there will be no need of an FDNE filter at the interface to represent fast high

frequency transients of the external system.

Since the dynamic phasor equivalent can be modelled using higher time

step and also using only two phasors instead of three, the dynamic phasor-EMT

hybrid simulation will reduce the computational burden significantly compared

to EMT simulation. In this research the crucial part of the network (internal

system) containing power electronic devices and switches are modelled using the

EMT type simulation and the less important part of the network (external system)

is modelled using the dynamic phasor equivalent (Figure 2.5).

This concept can be later apply to the TSP-EMT hybrid simulation to
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External System-

Modelled using 

Dynamic phasor 

equivalent

Internal System-

Modelled using the 

Detailed EMT 

Model

Figure 2.5: The internal and the external system of the hybrid simula-
tion

replace the FDNE model. Dynamic phasors can be used to simulate the network

between the EMT-TSP model including the interfacing nodes. Since TSP and

dynamic phasors are both phasor domain simulations the interfacing these two

models would be easier. This method can be used to simulate large power systems.

2.3.1 Representing External System Equivalent in the Elec-

tromagnetic Transient Simulation

In electromagnetic transient type simulation all the power system components are

modelled as a Norton equivalent and the system is solved using nodal analysis.

When a part of the network is modelled using dynamic phasor equivalent, depend-

ing on the network topology there can be one or more nodes in the network at the

interface between the EMT model and the dynamic phasor equivalent. The EMT
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model sees the external system as a current source in parallel with a conductor at

each of these nodes. The value of the current source and the conductor is derived

in every time step at the dynamic phasor equivalent.

2.3.2 Representing Internal System Equivalent in the Dy-

namic Phasor Model

In the dynamic phasor model, the EMT model is represented as a voltage source

at each of the interfacing point. The dynamic phasor program reads the voltages

of the interfacing nodes and it injects current back to the EMT model in every

time step (Figure 2.6).

Dynamic Phasor ModelEMT Model

.

.

.

.

.

EMT Voltages

Injected Currents
Node 1

Node 2

Node n

.

.

.

.

.

Node 1

Node 2

Node n

.

.

.

.

.

Figure 2.6: Interfacing the dynamic phasor equivalent to the EMT model



Chapter 3

Dynamic Phasor Models for Time

Domain Simulation

3.1 Introduction

In this chapter modelling a simple power system using dynamic phasors is de-

scribed. To model a power system using dynamic phasors, all the components

(generators, machines, loads, transmission lines etc.) have to be modelled using

dynamic phasors. As this research is mainly focused on interfacing dynamic pha-

sors to the EMT simulation, only some of the basic components in a power system

are modelled using dynamic phasors.

Most of the power system components can be represented using RL and

RC circuits [16]. As an example, a transmission line can be modelled using its

PI section model so that it will contain only series RL and shunt RC branches.

The five bus network in Figure 3.1, which has four transmission lines and a load is

represented using PI section model and used as the simulation case for this study.

21
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In this network, nodes 1, 2 and 3 are are connected to the EMT model and are

considered as interfacing buses between the EMT model and the dynamic phasor

model. The nodes 4 and 5 are inside the dynamic phasor model and are modelled

as dynamic phasor nodes. The resulting “C
2

” capacitors of the PI section model

derived from the transmission lines connected to the interfacing nodes are not

modelled in dynamic phasors and will be discussed in Chapter 6. In this study the
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Figure 3.1: The simulation network modelled using RL and RC branches

network in Figure 3.1 is modelled using state space representation (Section 3.2)[16].
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An alternative method, which is similar to nodal analysis discussed in Chapter 2

is also used to model the network in Figure 3.1. Moreover the performance of the

two methods is discussed.

3.2 Method 1: State Space Modelling

3.2.1 Dynamic Phasor Representation of the Power Sys-

tem

In this section, series RL and a shunt RC branch will be modelled in dynamic pha-

sors using state space models. The dynamic phasor equations for each component

is derived and numerical integration methods for solving the state equations are

discussed. Finally a solution for the network in Figure 3.1 is derived.

Dynamic Phasor Representation of a Series RL Branch

Consider the series RL component connected between node 1 and node 4 in Figure

3.1, where node 1 is an interface bus. The voltage drop across the series RL branch

can be expressed as,

v14 = L
di

dt
+Ri (3.1)

Taking,

v14 = Vm ∗ ejwt and i = Im ∗ ejwt ∗ ejθ (3.2)
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and by removing the rotational part it can be shown that,

Ṽ14 = (R + jw0L)Ĩ +
LdĨ

dt
(3.3)

where, Ṽ and Ĩ are the phasor values of voltages and currents. By separating the

real and imaginary parts of (3.3),

d

dt

IR
II

 =

−R/L w0 −1/L 0

−w0 −R/L 0 −1/L



IR

II

V4R

V4I


+

1

L

V1R

V1I

 (3.4)

The resulting model is a state space model where X is the state vector.

Ẋ = AX +BU (3.5)

where,

A =

−R/L w0 −1/L 0

−w0 −R/L 0 −1/L

 B =
1

L
(3.6)

The input vector U is the real and imaginary parts of the voltage at node 1.

U =

V1R

V1I

 (3.7)

The state vector X contains the state variables IR and II associated with the RL

branch and V4R and V4I associated with the node 4 voltage described in the next

topic. All the RL baranches in the network can be modelled in a similar way and

the corresponding state equations can be derived.
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Dynamic Phasor Representation of a Parallel RC Branch

Consider the shunt RC branch connected to the node 4,

i = C
dv

dt
+

1

R
v (3.8)

Ĩ = (G+ jw0C)Ṽ4 + C
dṼ4

dt
(3.9)

By separating the real and imaginary parts of the equation,

d

dt

V4R

V4I

 =

−G/C w0

−w0 −G/C

V4R

V4I

+
1

C

IR
II

 (3.10)

The resulting model is a state space model where, state variables are the real and

the imaginary values of the voltage at node 4.

Ẋ = AX +BU (3.11)

Where,

A =

−G/C w0

−w0 −G/C

 B =
1

C
(3.12)

and input vector U is the real and imaginary parts of the currents into the node

4.

U =

IR
II

 (3.13)

All the states of the network in the Figure 3.3 can be derived using these

equations. For this network the state variables will be the real and the imaginary

parts of the currents in RL branches and the voltages of the shunt capacitors. The

inputs of the state equations will be the EMT node voltages at node 1,2 and 3.
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3.2.2 Numerical Integration

The state equations are solved by numerically integrating it in each time step in

digital time domain simulation. The size of the integration time step is important

for accurate and stable results. The state equation can be numerically integrated

using numerous methods. In EMT type simulation, the trapezoidal rule of inte-

gration is used since it is stability preserving. The fourth order Runge-Kutte is

also a popular method of integration. The trapezoidal rule of integration is used

to solve the differential equations in this research for the interface between the

EMT model and the dynamic phasor model to be smoother.

The state space equation can be solved using the trapezoidal rule of

integration as follows.

Xn+1 = Xn +
1

2

(
AXn +BUn + AXn+1 +BUn+1

)
∆t (3.14)

Xn+1 =
(
I − ∆t

2
A
)−1(

I +
∆t

2
A
)
Xn +

(
I − ∆t

2
A
)−1

BU (3.15)

The complete flow chart containing all the computational steps of Method

1 (state space modelling) is shown in Figure 3.2 .

3.3 Method 2: Nodal Analysis

In this section, the network components are modelled in a way that is similar to

the nodal analysis in EMTP. All the components in Figure 3.1 is modelled using

it’s Norton equivalent circuit and the network equation is solved using Kirchoff’s

current law.
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Derive A and B matrices of the state equation

Obtain the instantaneous voltages of the mode 1,2 

and 3 from the EMT simulation

Solve the state equation and 

update the states using 

equation 3.15. 

Compute the instantaneous values of  I1, I2 and I3 

and pass them to the EMT nodes 1,2 and 3

Is simulation time elapsed Stop

Update the history current

Initialize time and history currents

YES

NO

Convert the three phase 

instantaneous values to 

phasors

Figure 3.2: The computational steps involved with the state space mod-
elling using dynamic phasors
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Dynamic Phasor Representation of a RL Branch

The equation for a RL branch in dynamic phasors can be derived using (3.1) and

(3.2).

Ṽ12 = L
d

dt
Ĩ + (R + jω0L)Ĩ (3.16)

d

dt
Ĩ = −(

R

L
+ jω0)Ĩ +

1

L
Ṽ12 (3.17)

By applying trapezoidal rule of integration,

I(t) = I(t− 1) +

[
−
(R
L

+ jω0

)
I(t− 1) +

1

L
Ṽ12(t− 1)

−
(R
L

+ jω0

)
I(t) +

1

L
Ṽ12(t)

]
∆t

2

(3.18)

Rearranging (3.18),

[
1 +

R∆t

2L
+ j

ω0∆t

2

]
I(t) =

[
1− R∆t

2L
+ j

ω0∆t

2

]
I(t− 1)+

∆t

2L
Ṽ12(t− 1) +

∆t

2L
Ṽ12(t)

(3.19)

Ĩ(t) = h̃1Ṽ12(t− 1) + h̃2Ĩ12(t− 1) + Ỹ Ṽ12(t) (3.20)

Where,

h̃2 =
1− R∆t

2L
− j ω0∆t

2

1 +
R∆t

2L
+ j

ω0∆t

2

(3.21)

h̃1 = Ỹ =

∆t

2L

1 +
R∆t

2L
+ j

ω0∆t

2

(3.22)

The circuit model for the series RL branch is in Figure 3.3, where IH denotes the

history term which is expressed in (3.23).

IH = h̃1Ṽ12(t− 1) + h̃2Ĩ12(t− 1) (3.23)
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Y

-IH
IH

Node 1 Node 4

Figure 3.3: The circuit model for a series RL branch

Dynamic Phasor Representation of a Parallel RC Branch

The equation for a RC branch in dynamic phasors can be derived using (3.8) and

(3.9).

Ĩ = C
d

dt
Ṽ + (G+ jω0C)Ṽ (3.24)

d

dt
Ṽ = −(

G

C
+ jω0)Ṽ +

1

C
Ĩ (3.25)

By applying trapezoidal rule of integration,

Ṽ (t) = Ṽ (t− 1) +

[
− (

G

C
+ jω0)Ṽ (t− 1) +

1

C
Ĩ(t− 1)+

(
G

C
+ jω0)Ṽ (t) +

1

C
Ĩ(t)

]
∆t

2

(3.26)

∆t

2C
Ĩ(t) = −∆t

2C
Ĩ(t− 1)−

[
1− G∆t

2C
− j ω0∆t

2

]
Ṽ (t− 1)+[

1 +
G∆t

2C
+ j

ω0∆t

2

]
Ṽ (t)

(3.27)

Ĩ(t) = h̃1Ṽ (t− 1) + h̃2Ĩ(t− 1) + Ỹ Ṽ (t) (3.28)

Where,

h̃2 = −1 (3.29)
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h̃1 = −
1− G∆t

2C
− j ω0∆t

2
∆t

2C

(3.30)

Ỹ =
1 +

G∆t

2C
+ j

ω0∆t

2
∆t

2C

(3.31)

The circuit model for a shunt RC branch is in Figure 3.4, where IH denotes the

history term which is expressed in (3.32).

IH = h̃1Ṽ (t− 1) + h̃2Ĩ(t− 1) (3.32)

Y

-IH

Node 4

Figure 3.4: The circuit model for a shunt RC branch

All the components in the Figure 3.1 can now be represented as a current

source in parallel with a conductance (Figure 3.5). The components of the admit-

tance matrix and the history currents going out from the nodes can be calculated

from the Figure 3.5. Then the network can be solved using Kirchoff’s current law

and the new voltages can be derived similar to the EMT simulation.
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Figure 3.5: The simulation case represented using the Norton equivalent
circuits
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
=



Y11 Y12 Y13 Y14 Y15

Y21 Y22 Y23 Y24 Y25

Y31 Y32 Y33 Y34 Y35

Y41 Y42 Y43 Y44 Y45

Y51 Y52 Y53 Y54 Y55





V1

V2

V3

V4

V5


+



Ih1

Ih2

Ih3

Ih4

Ih5


(3.33)


I1

I2

I3

 =


Y11 Y12 Y13 Y14 Y15

Y21 Y22 Y23 Y24 Y25

Y31 Y32 Y33 Y34 Y35





V1

V2

V3

V4

V5


+


Ih1

Ih2

Ih3

 (3.34)

0

0

 =

Y41 Y42 Y43 Y44 Y45

Y51 Y52 Y53 Y54 Y55





V1

V2

V3

V4

V5


+

Ih4

Ih5

 (3.35)
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V4

V5

 = −

Y44 Y45

Y54 Y55

−1 Y41 Y42 Y43

Y51 Y52 Y53



V1

V2

V3

−
Y44 Y45

Y54 Y55

−1 Ih4

Ih5

 (3.36)

The complete flow chart containing all the computational steps is in

Figure 3.6.

The conversion between three phase instantaneous values and its phasor

values has to be done in back and fourth in each iteration. The phasor currents

are converted to their instantaneous values using equations 3.37, 3.38 and 3.39

assuming three phase balanced conditions. Here Im is the magnitude of the phasor

current and the θ is the angle.

Ia = Im sin(ω0t+ θ) (3.37)

Ib = Im sin(ω0t−
2π

3
+ θ) (3.38)

Ic = Im sin(ω0t+
2π

3
+ θ) (3.39)

The conversion of the three phase instantaneous values of voltages to its phasor

domain will be discussed in the next chapter.
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Obtain the instantaneous voltages of the mode 1,2 

and 3 from the EMT simulation

Compute voltages at the nodes 4 and 5 

using equation 3.36

Compute I1, I2 and I3 using 

equation 3.34 

Compute the instantaneous values of  I1, I2 and I3 

and pass them to the EMT nodes 1,2 and 3

Is simulation time elapsed? Stop

Compute the history currents for all the 

components of the network

Initialize time and history currents

YES

NO

Convert the instantaneous 

voltages to phasors

Derive the admittance matrix

Figure 3.6: The computational steps involved with the nodal analysis
using dynamic phasors



Chapter 4

Interfacing Dynamic Phasor

Solution to an Electromagnetic

Transient Type Simulation

Electromagnetic transient-type simulations are done using time domain instanta-

neous values of voltages and currents. Since the dynamic phasor model uses phasor

values of voltages and currents, there should be a method to interface these dif-

ferent types of solutions. In TSA to EMT type hybrid simulation this conversion

is done using energy balance [4], a fast Fourier transformation (FFT) [17] or a

consecutive curve fitting technique [18].

Phase locked loops (PLL) are widely used for determining the phase angle

and the magnitude of the three phase grid voltage. The real and imaginary parts

of three phase instantaneous voltages can be calculated by connecting a PLL to

the interface between the EMT model and the dynamic phasor equivalent. Using

the phasor values of the EMT node voltages, the phasor type network solution can

be derived and sent to the EMT model as an injected current. In this research a

34
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synchronous reference frame PLL is used for phasor conversion since it has better

performance compared to other PLL structures under non ideal grid conditions

[19]. The basic structure of the SRF-PLL is described in Section 4.1.2.

4.1 Phase Locked Loop

4.1.1 PLL synchronization

The basic structure of a PLL is shown in Figure 4.1 which has three fundamental

blocks named “Phase Detector”, “Loop Filter” and “Voltage Controlled Oscil-

lator”. The phase detector block generates a signal proportional to the phase

difference between the two input signals. The loop filter contains a PI controller

and/or a low pass filter which removes the high frequency components of the input

signal and VCO outputs a signal that follows the input [20].

Phase Detector

(PD)

Loop Filter

(LF)

Voltage Controlled 

Oscillator

(VCO)

θ̂

θ

Figure 4.1: The basic structure of a PLL

4.1.2 Synchronous Reference Frame PLL

The SRF-PLL is the most widely used PLL type to estimate the angle in a three

phase signal. The structure of the SRF-PLL is simple yet fast and accurate. The
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functional block diagram of the SRF PLL is shown in the Figure 4.2 [21]. When

positive sequence three phase instantaneous voltages are given as the input to the

SRF-PLL, the control system is capable of estimating the phase angle (θ) of the

phase “a” signal.

PI Controller

abc to αβ 
Transformation

αβ  to dq 
Transformation

∫
+

ωff

vd

vq

va

vc

vb

θvβ

θ

vd
*=0

^

vα

-

+

^

+

Figure 4.2: The basic structure of the SRF-PLL

To track the phase angle, three phase voltages are transformed to a sta-

tionary system of two phases Vd and Vq . Assuming balanced conditions, a three

phase voltage vector can be converted into their alpha-beta components using

Clarke transformation as shown in (4.1) - (4.6).

va = Vm sin θ (4.1)

vb = Vm sin
(
θ − 2π

3

)
(4.2)

vc = Vm sin
(
θ +

2π

3

)
(4.3)

Tαβ =

1 −1
2
−1

2

0 −
√

3
2

√
3

2

 (4.4)

vabc =
[
va vb vc

]ᵀ
(4.5)

vαβ = Tαβ ∗ vabc (4.6)
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vα
vβ

 =

Vm sin θ

Vm cos θ

 (4.7)

Note that θ is not required to compute vα and vβ using (4.6) although they can

be expressed in terms of θ as shown in (4.7).

The phase angle θ is tracked by aligning the voltage vector along the q

axis. The q-axis transformation matrix is,

Tqd =

sin θ̂ cos θ̂

cos θ̂ − sin θ̂

 (4.8)

where θ̂ is the estimated phase angle output of the PLL. The alpha-beta com-

ponents of the voltages are then converted to the dq coordination system using

(4.9).

vqd = Tqd ∗ vαβ (4.9)

vqd =

 Vm cos(θ − θ̂)

−Vm sin(θ − θ̂)

 (4.10)

Aligning the voltage vector along the q axis will results the d axis voltage (vd) to

become zero. Now if θ̂ ≈ θ in (4.10), the term vd will equal to zero. Therefore,

the gains of the PI-regulator is tuned so that vd follows the reference value v?d = 0.

This will yield the estimated phase angle (θ̂) to be equal to phase angle θ. In

this condition, vq will be equal to the amplitude of the input voltage. The phasor

values are obtained as,

VReal = vq ∗ cos θ, VImaginary = vq ∗ sin θ (4.11)
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4.2 Simulation Procedure and Results

The network in Figure 3.1 was modelled in MATLAB using dynamic phasor models

described in Section 3.2 and Section 3.3. Three phase balanced instantaneous

voltages were generated as the EMT node voltages. The SRF-PLL in Section

4.1.2 was connected to the interface to convert the three phase instantaneous

values to its phasor domain. Each interface bus was connected to a PLL. The

results of the two dynamic phasor models were compared with a PSCAD EMT

model. This was done by implementing the Figure 3.1 network in PSCAD and

connecting three voltage sources containing the same voltages that were given

to the dynamic phasor model. Initially the time step of 50µs was used as the

simulation time step. Then the time step was increased until the dynamic phasor

equivalent results started to deviate from the EMT-PSCAD results. A step voltage

disturbance was injected to the input at 0.1s. The voltages of the interface nodes

before and after the disturbance is shown in the table 4.1.

Table 4.1: Voltages of the Interface Nodes Before and After the Distur-
bance

Before After
Node Voltage Phase angle Voltage Phase angle

/kV /rad /kV /rad
1 230.00 0 239.20 0
2 232.30 0 232.30 0
3 231.84 0 234.61 0.567

4.2.1 Simulation Results of the State Space Model

Figure 4.3, 4.4 and 4.5 show the injected currents to the EMT nodes when the

network in Figure 3.1 was simulated using state space analysis in dynamic phasors

using a time step of 50µs. The results are compared with the results from the
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EMT model. Considering the results, it can be said that the resultant dynamic

phasor model gives similar results as the EMT simulation. The same simulation

was carried out using a time step of 500µs and the results are shown in Figure 4.6,

4.7 and 4.8.
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Figure 4.3: The injected currents to the node 1 with the time step of
50µs

4.2.2 Simulation Results of Nodal Analysis

Figure 4.9, 4.10 and 4.11 show the injected currents to the EMT nodes when Figure

3.1 was simulated using the nodal analysis in dynamic phasors. Considering the

comparison of the results with the EMT model it can be said that the resultant

model adequately represents the network.
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Figure 4.4: The injected currents to the node 2 with the time step of
50µs
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Figure 4.5: The injected currents to the node 3 with the time step of
50µs
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Figure 4.6: The injected currents to the node 1 with the time step of
500µs
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Figure 4.7: The injected currents to the node 2 with the time step of
500µs
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Figure 4.8: The injected currents to the node 3 with the time step of
500µs
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Figure 4.9: The injected currents to the node 1 with the time step of
50µs
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Figure 4.10: The injected currents to the node 2 with the time step of
50µs
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Figure 4.11: The injected currents to the node 3 with the time step of
50µs
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Figure 4.12: The injected currents to the node 1 with the time step of
500µs
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Figure 4.13: The injected currents to the node 2 with the time step of
500µs
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Figure 4.14: The injected currents to the node 3 with the time step of
500µs

4.2.3 Summary of Findings

Considering the results observed so far, it can be concluded that the dynamic

phasor equivalent can adequately model the given power system. This proposed

method has been tested for a five bus system but it can be easily expanded into

a system containing more buses and RL/RC branches as the methodologies pre-

sented in Section 3.2 and Section 3.3 are general approaches independent of num-

ber of nodes. The simulation can also been carried out using a higher time step

(0.5ms) for this particular system (Figure 3.1).

The two methods, state space model and the nodal analysis give similar

results. Therefore, it can be established that the both methods are equally ac-

curate. But considering the algorithm for these two models the nodal analysis is

easier to generalize for a large power system.
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So far balanced harmonics free voltages were considered as the input

to the dynamic phasor program. In a simulation study, sometimes it is needed

to apply unbalanced faults in the EMT side of the model. However, the PLL

angle information can be easily corrupted by distorted voltage inputs. A positive

sequence filter is proposed to eliminate the effect of the voltage unbalance. This

topic will be further discussed in the next chapter.



Chapter 5

Implementation of Positive

Sequence Filters to Improve the

Performances of SRF-PLL in an

Unbalanced Power System

For simulation studies it is necessary to analyse the system behaviour under dis-

torted voltage conditions. The voltage and current harmonic distortions and volt-

age unbalanced conditions must be simulated in order to identify their effect on

power system components. Therefore, the developed hybrid model should be able

to model these distortions to accurately model the system behaviour. In this study

the distortions in the EMT side of the model is considered since that part of the

network is modelled in detailed. This will results the inputs of the dynamic phasor

model to become unbalanced. In this section the voltage unbalance condition is

explained, effect of this in the SRF-PLL is analysed and the solutions to mitigate

the problem is discussed.

47



Chapter 5. Implementation of Positive Sequence Filters 48

A three phase power system is called balanced or symmetrical system if

the voltage magnitudes of the three phases are equal and their phases are 1200

apart from one other. If the above conditions are not met, that power system is

an unbalanced or an asymmetrical system. Unbalanced system can be a result of

an unbalanced load, single phase loads or an asymmetrical fault. According to

the Fortescue’s theorem an unbalanced system can be resolved to three balanced

systems using symmetrical components. This allows the user to analyse an unbal-

anced three phase power system using three balanced systems. According to this

theorem a three phase voltage can be expressed as a summation of three balanced

voltages.

Va = Va0 + Va1 + Va2 (5.1)

Vb = Vb0 + Vb1 + Vb2 (5.2)

Vc = Vc0 + Vc1 + Vc2 (5.3)

Here Va0 is the zero sequence component, Va1 is the positive sequence component

and Va2 is the negative sequence component of the voltage Va. In a positive

sequence system, phase rotates in counter clock wise in phase sequence a→ b→ c.

The negative sequence components are rotates in clock wise in phase sequence

a → c → b. The zero sequence system is a stationary system where the angles

between the three phases are zero. Va, Vb and Vc can be written using sequence

components as in (5.4), where a = ej2π/3.


Va

Vb

Vc

 =
1

3


1 1 1

1 a2 a

1 a a2



Va0

Va1

Va2

 (5.4)
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5.1 Performance of the PLL in an Unbalanced

Power System

The SRF-PLL discussed in Chapter 5 is fast and accurate and has a simple struc-

ture. In the SRF-PLL the feedback loop of the controller is closed through a

rotating reference frame (dq frame). The position of this reference frame is de-

rived by regulating the d component into zero. For an unbalanced system, a second

reference frame rotating in the opposite direction will be needed to track the neg-

ative sequence component [22]. Therefore, the SRF-PLL gives inaccurate results

during a voltage unbalance. In this research a positive sequence filter is suggested

to filter the positive sequence component of an unbalanced signal before feeding

it into the SRF-PLL.

A number of options were considered to filter out the positive sequence

signal [23]. Two of the PLL structures with positive sequence filters (i) sinusoidal

signal integrator phase locked loop (SSI-PLL) [24]; and (ii) extended phase locked

loop (extended PLL) [25] were selected and implemented in this study. These two

methods were selected for their simplicity and the lesser computational time. Both

of these methods were implemented in MATLAB and results were compared with

each other.

5.2 Sinusoidal Signal Integrator Phase Locked

Loop

Sinusoidal signal integrator tracks the positive sequence component of an unbal-

anced signal and feeds it to the SRF-PLL. Consider a positive sequence signal
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where alpha component leads beta component by 90 degrees.

eα(t) = A cos(ωt+ φ) (5.5)

eβ(t) = A sin(ωt+ φ) (5.6)

The amplitude integration of eβ(t) can be written as,

yβ(t) = A
[

sin(ωt+ φ)
]
t (5.7)

Taking the Laplace transformation of the signal yβ(t),

Yβ(s) =
s

s2 + ω2

(
Aω cosφ

s2 + ω2
+
As sinφ

s2 + ω2

)
+

ω

s2 + ω2

(
As cosφ

s2 + ω2
+
Aω sinφ

s2 + ω2

)
(5.8)

Similarly the Laplace transformation of the signals eα(t) and eβ(t) can be written

as,

Eα(s) =
As cosφ

s2 + ω2
− Aω sinφ

s2 + ω2
Eβ(s) =

Aω cosφ

s2 + ω2
+
As sinφ

s2 + ω2
(5.9)

Considering these three equations it can be seen that the signal Yβ(s) can be

constructed using Eα(s) and Eβ(s).

Now consider the alpha component of the positive sequence signal. The

amplitude integration of eα(t) can be written as,

yα(t) = A
[

cos(ωt+ φ)
]
t (5.10)

Taking the Laplace transformation of the signal yα(t),

Yα(s) =
−ω

s2 + ω2

(
Aω cosφ

s2 + ω2
+
As sinφ

s2 + ω2

)
+

s

s2 + ω2

(
As cosφ

s2 + ω2
+
Aω sinφ

s2 + ω2

)
(5.11)

The signal Yα(s) also can be constructed using Eα(s) and Eβ(s).
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The same approach can be used to derive the equations for a negative

sequence signal. Using these equations for a positive sequence signal the posi-

tive sequence integrator can be implemented as Figure 5.1-A and for a negative

sequence signal the negative sequence integrator can be implemented as Figure

5.1-B.

s

s2 + ω2

- ω

s2 + ω2

ω

s2 + ω2

s

s2 + ω2

eα(t) = Acos(ωt + φ) +

+

+

+eβ(t) = Asin(ωt + φ)

yβ(t) = Asin(ωt + φ)t

yα(t) = Acos(ωt + φ)t

(a) Positive sequence signal passing through a positive sequence
integrator

s

s2 + ω2

- ω

s2 + ω2

ω

s
2

+ ω
2

s

s2 + ω2
eα(t) = Acos(ωt + φ)

+

+

+

+

eβ(t) = Asin(ωt + φ) yβ(t) = Asin(ωt + φ)t

yα(t) = Acos(ωt + φ)t

(b) Negative sequence signal passing through a negative sequence
integrator

Figure 5.1: Positive and negative sequence integrators

Figures 5.2 A and B show a positive sequence signal passing through

a negative sequence integrator and a negative sequence signal passing through a

positive sequence integrator. By comparing the outputs of these set-ups and the

previous set-ups (Figure 5.1-A and B), it can be seen that when a negative se-

quence signal going through a positive sequence integrator the output is negligible
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compared to the output when a positive sequence signal going through a positive

sequence integrator [24].

s

s2 + ω2

- ω

s2 + ω2

ω

s
2

+ ω
2

s

s2 + ω2

eα(t) = Acos(ωt + φ) +

+

+

+
eβ(t) = Asin(ωt + φ) yβ(t) = Asin(ωt + φ)t

yα(t) = Acos(ωt + φ)t

(a) Positive sequence signal passing through a negative sequence
integrator
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- ω

s2 + ω2

ω
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s

s2 + ω2eα(t) = Acos(ωt + φ)

+

+

+

+

eβ(t) = Asin(ωt + φ) yβ(t) = Asin(ωt + φ)t

yα(t) = Acos(ωt + φ)t

(b) Negative sequence signal passing through a positive sequence
integrator

Figure 5.2: Positive and negative sequence integrators giving neglegible
outputs

Considering this important observation, it is evident that if an unbal-

anced signal that has positive and negative sequence components is sent through

a positive sequence integrator the output will contain only the amplitude integra-

tion of the positive sequence signal. Based on this theory a sequence filter has

been implemented to extract the positive sequence signal from an unbalanced sig-

nal (Figure 5.3). The filter gain k controls the bandwidth and the response speed

of the filter.
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Figure 5.3: Sequence filter to extract the sinusoidal positive sequence
signal from an unbalanced signal

Behaviour of SSI PLL in a Voltage Unbalance

The filter gain “k” has a significant impact on the filter performance. The Figure

5.4 shows the filter behaviour for different “k” values. For this, the same magnitude

of positive sequence and negative sequence signals were generated and sent through

the filter. Equations (5.12), (5.13) and (5.14) are the generated three phase signal

inputs. These equations were converted to it’s alpha-beta components and sent to

the sequence filter.

Va = Vm sin(ω0t) + Vm sin(−ω0t+ θ) (5.12)

Vb = Vm sin(ω0t− 2π) + Vm sin(−ω0t− 2π + θ) (5.13)

Vc = Vm sin(ω0t+ 2π) + Vm sin(−ω0t+ 2π + θ) (5.14)

After analysing the output waveforms it was clear that when the value

of “k” increases the speed of the filter increases. On the other hand higher “k”

values lead to a steady state error in the output. It was understood that when

“k” has a high value, the filter cannot completely suppress the negative sequence
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component at the output.
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Figure 5.4: Sequence filter behaviour for different values of filter gain
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5.3 Extended Phase Locked Loop

Extended PLL uses the concept of symmetrical components to resolve an un-

balanced system to its positive sequence [26]. The symmetrical components are

defined in phasors and they can be converted to time domain signals by replacing

the phase shift operator “a” by 1200 phase shift in time domain [27]. For the ease

of implementation 1200 phase shift is expressed using the 900 phase shift as in

(5.16) [25]. 
va1(t)

vb1(t)

vc1(t)

 =
1

3


1 a a2

a2 1 a

a a2 1



va(t)

vb(t)

vc(t)

 (5.15)

a = ej120 = −1

2
+

√
3

2
ej90 (5.16)

va1(t) =
1

3
∗ va(t)−

1

6

(
vb(t) + vc(t)

)
− 1

2
√

3
ej90
(
vb(t)− vc(t)

)
(5.17)

vb1(t) = −va1(t)− vc1(t)) (5.18)

vc1(t) =
1

3
∗ vc(t)−

1

6

(
va(t) + vb(t)

)
− 1

2
√

3
ej90
(
va(t)− vb(t)

)
(5.19)

The 900 phase shift operator can be represented by an all pass filter which

generates a 900 phase shift at the center frequency [26]. A simple first order filter

was used for this purpose. The transfer function of the filter H(ω) is,

H(ω) =
1− s/ω0

1 + s/ω0

(5.20)

The block diagram of the extended PLL is shown in the Figure 5.5 [26].
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Figure 5.5: The structure of the extended PLL

Behaviour of Extended PLL in a Voltage Imbalance

The Figure 5.6 shows the performances of the extended PLL when extracting the

positive sequence signal from the same unbalanced signal used for the SSI-PLL in

the Section 5.2. It can be seen from the figure that there is zero steady state error

involved in an extended PLL. Also, the filter speed is relatively high.

5.4 Comparison of Results of the Phase Locked

Loop Structures

In this section, a comparison between the performance of SRF-PLL, SSI-PLL

and extended PLL is presented. The evaluation is done by considering the PLL

error, estimated phase angle and the estimated phasor voltages. To evaluate the

performances of the three PLL structures, three phase balanced voltages were

created as the input and from t = 0.2s to 0.3s, a negative sequence voltages were
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Figure 5.6: Performances of the extended PLL

added to make the system unbalanced. The same magnitude of negative sequence

component was added to the three phase signal at 0.2s.

First, the conventional PLL was evaluated against the voltage unbalance

and the PLL error is plotted in Figure 5.7. It can be seen that when a voltage

unbalance happens the PLL error tends to go towards a large value which will lead

to erroneous results in a simulation. Next, the PLL error of the extended PLL

and the SRF-PLL are plotted in Figure 5.8. Both the SRF-PLL and extended

PLL has better performance compared to the conventional PLL. Extended PLL

has less oscillations in a voltage unbalance compared to SSI-PLL. However there

is a high transient error in extended PLL at the point where the voltage became

unbalanced. Figure 5.9 shows the angle estimation of the three PLL systems.

Figure 5.10 and Figure 5.11 show the estimated phasor values of the voltages.

Initially SSI-PLL has taken a long time to achieve the steady state. Therefore, it

can be said that the SSI-PLL is relatively slow compared to the extended PLL.

Also the extended PLL response is better damped. The performances of the three
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Figure 5.7: Error Signal of the SRF-PLL in a voltage unbalance
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PLL structures are compared in the Table 5.1 [10].

Table 5.1: Comparison of the PLL Structures

Method Speed Unbalance Complexity Tuning
PLL Very Fast Poor Simple Easy
SSI-PLL Moderate-Slow Moderate Moderate Moderate
Extended PLL Fast Good Simple Easy

Considering the results it can be concluded that the extended PLL has

better performance compared to the SSI-PLL. Extended PLL involves zero steady

state error and the filter speed is acceptable. It is hard to tune the filter gain

”k” of the SSI-PLL to get the same performance as extended PLL. However, the

extended PLL has following limitations [26].
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• All pass filters are not frequency adaptive. Therefore, they do not work

properly when the center frequency of the simulation changes. The enhanced

PLL [26] and three-phase magnitude phase locked loop [28] are some of the

methods suggested to improve this problem. These are frequency adaptive

PLL structures that can track the magnitude, phase angle, and frequency of

the utility voltage.

• Extended PLL does not block harmonics and distortions.

The harmonics and other distortions can be removed by reducing the

bandwidth of the PLL. But this will reduce the speed of the loop filter in the PLL

[29]. Therefore, a low pass filter is recommended for better performances under

distorted EMT side network conditions.
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ventional SRF PLL, SSI-PLL and extended PLL



Chapter 5. Implementation of Positive Sequence Filters 61

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
-100

-50

0

50

100

150

200

250

300

Time (s)

V
o

lt
ag

e 
(k

V
)

 

 

SSI-PLL

PLL

Extended PLL

Figure 5.11: Comparison of the imaginary part of the voltage output of
conventional SRF PLL, SSI-PLL and extended PLL

The effect on the PLL from the zero sequence of an unbalanced system

is eliminated by adding a pre-filter which is designed to remove the zero sequence

component. Zero sequence component of an unbalanced system can be obtained

by the following equation.

Va0 = Vb0 = Vc0 =
1

3

(
Va + Vb + Vc

)
(5.21)

By removing the resultant of (5.21) from the input signal, PLL can track the

positive sequence component of the fundamental wave under distorted utility con-

ditions.
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5.5 Summary

The performance of two positive sequence filters were evaluated in this chapter. It

was concluded that the extended PLL has better performance compared to SSI-

PLL in a voltage unbalance. Taking this into the account, the extended PLL was

selected as the interface between the dynamic phasor equivalent and the EMT

model. A pre-filter was added before the extended PLL to remove the zero se-

quence of the input signal. The complete block diagram of the proposed system

for converting three phase instantaneous values to its phasor domain is shown in

the Figure 5.12.
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Figure 5.12: Complete block diagram for detecting the phasor quantities
from a three phase signal



Chapter 6

Implementing Dynamic Phasor

Type Solution in Real Time

Digital Simulator

This chapter presents a real-time implementation of the dynamic phasor model

described in Chapters 3, 4 and 5. An user defined power system component was

developed to represent the dynamic phasor equivalent in RTDS.

6.1 Structure of the Proposed System

For the implementation of the dynamic phasor model, the network has to be

partitioned into two parts where the smaller system containing power electronic

devices, which needs detailed simulation, is simulated using EMT type simulation.

The larger sub network is simulated using the dynamic phasor model. The block

diagram of the proposed scheme is in Figure 6.1.

63
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Figure 6.1: Structure of the proposed system

In this study, the time step of the dynamic phasor simulation is reduced to

50µs to ensure to give a solution per time step in real time simulation. The dynamic

phasor type simulation is implemented in RTDS as a power system component.

In RTDS power system components are modelled as a current source in parallel

with a resistor. Therefore, in the dynamic phasor equivalent the interface has to

be specified as a current source behind a resistor. The voltages and currents in the

RTDS is three phase instantaneous values. But the dynamic phasor simulation

uses real and imaginary values of voltages and currents. The set-up with the

extended PLL in Figure 5.12 was used to convert this with respect to a common

reference. The simulation results are presented in the following order.



Chapter 6. Implementing Dynamic Phasor Type Solution in RTDS 65

1. In the hybrid simulation the EMT network was modelled as voltage sources

with resistive source impedances.

2. The dynamic phasor model was connected to an EMT model containing

transmission lines, machines, loads and etc..

3. Numerical instability problems in the hybrid simulation model is analysed

and presented.

4. Solutions to mitigate the problem is analysed.

6.2 Hybrid System Simulation using RTDS

In this research, for ease of implementation a small network containing only five

buses (Figure 3.1) was modelled using dynamic phasors. Each RL and RC branch

in the network was modelled using state equations.

Since all the nodes connected to the EMT model has to be specified by

a current source and a certain impedance, only the selected (coloured) part of

Figure 3.1 was modelled in dynamic phasors. And the three capacitors connected

to the three ends were modelled as EMT type components 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. The impedance parallel to the total

current will be equal to “ ∆t
2C

”. This concept is illustrated in Figure 6.2-A. The

interface to the EMT program can also done by connecting a large resistance in

parallel with the current source (Figure 6.2-B), which is derived from the dynamic

phasor model.
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Figure 6.2: Interfacing the dynamic phasor model to RTDS
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6.3 Simulation Results

6.3.1 Evaluation of the interface

The interface between the EMT model and the dynamic phasor equivalent is eval-

uated by connecting three EMT modelled voltage sources with purely resistive

impedance to the interface nodes. This is illustrated in Figure 6.3. Figure 6.4

0.06234H

1.9044Ω

0.020627H

0.5819Ω

0.03985H

1.1638Ω

0.038447H

0.9522Ω7
9
7
.2

0
3
Ω

0
.3

9
9
9
0
7
H

3
.4

3
4
7
4
μ

F

1
.7

5
4
9
8
μ

F

Phasor Model

230V/1Ω

232.3V/1Ω

229.5V/1Ω

1

2

3

3.00857μF

1.172598μF

1.07214μF

Figure 6.3: RTDS simulation case with three voltage sources

shows the phase “a” injected currents from dynamic phasor simulation to the

EMT simulation when a phase “a” line to ground fault happen at 0.2s for a

period of two cycles at one of the interface buses (node 2 of Figure 6.3). The

simulation was carried out in RTDS and the results were compared against a fully

EMT simulated system. Considering the Figure 6.4 it is evident that the hybrid

model adequately represents the given network.

6.4 Limitations of the Proposed System

In this section the numerical issues faced when the dynamic phasor equivalent is

connected to a large EMT network containing generators, transmission lines and
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etc. are discussed. The subsystem modelled in dynamic phasors in Figure 3.1 is

connected to a large network (IEEE 68 bus system [30]) modelled in EMT model.

The simulation collapsed as a result of numerical problems involved in the interface

between the two models.

Networks with different types of components (inductors, capacitors etc.)

were simulated using the hybrid simulator to investigate the numerical issue. Af-

ter analysing the results of these simulated networks, it was understood that the

numerical instability occurs when the EMT side branches connected to the in-

terface bus has an inductor. In an EMT type simulation the currents through

an inductor is considered as a state variable which can’t undergo rapid changes.

However, when injecting currents from the dynamic phasor model to the EMT

model, the dynamic phasor model forced these inductor currents to change and

this is considered to be one of the reasons for numerical instability.

The cause for numerical instability was confirmed by simulating Figure

6.3 with an inductive source impedance. The inductance value of one of the sources

(the source connected to node 2) was increased by a small amount starting from

zero until the simulation collapse. A shunt resistance of 4000Ω at each interface

nodes was used as means of providing another path for the currents. The critical

value of the inductance that the simulation worked was recorded as L = 0.001H.

The simulation results for source inductance of 0.005H is shown Figure 6.5. Here

the simulation worked well for couple of milliseconds giving same results as the

EMT simulation. However, the resultant waveforms got distorted after this short

period of time. Some methods suggested to improve this problem are stated below.

1. Adding a compensating resistance to the interface: The numerical instability

can be a cause of the delay in updating the value of the current source

representing the dynamic phasor model. Since the dynamic phasor model is
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Figure 6.5: RTDS simulation results for source inductance of 0.0005H

not effected by the results of the EMT model until one time step later, the

dynamic phasor model will work with one time step old information. The

circuit in Figure 6.6 is suggested to avoid this delay [31]. This method was

initially used to interface machines to the EMT program.

In this method a fictitious shunt resistance Rc is connected to the interface

to avoid the open circuit condition at the interface. To compensate for

the resistance, a compensation current source is added to the circuit and the

value of this current source is calculated using the most recent voltage values

available for the dynamic phasor model. The compensation current can be

expressed as,

ic =
vc(t−∆t)

Rc

(6.1)
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Figure 6.6: Interfacing the dynamic phasor solution to EMTP using a
resistor with a compensation current source

Therefore, the current injection for the EMT model will be,

i = idy +

(
vc(t−∆t)

Rc

− vc(t)

Rc

)
(6.2)

When ∆t is really small (closer to zero) the second term of (6.2) disappears

so that the current to the EMT model will be equal to Idy as intended.

For the RTDS simulation, 50Ω shunt resistor was connected to the interface

and it was compensated by adding a current source of value “v(t)
50

” (where

v(t) is the interface point node voltage available to the dynamic phasor

model). The results were improved compared to the previous time but the

voltages started to distort after some milliseconds. The results of this model

is shown in Figure 6.8. The hybrid model simulation results matches with

the EMT model until t = 0.15s. At t = 0.15s a numerical error started to

accumulate and after some time the waveforms got distorted. Considering

these observations, it can be stated that the hybrid simulation adequately

model the network. However, due to numerical issues the simulation gives

inaccurate results after a certain period of time.
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Figure 6.7: RTDS simulation results for source inductance of 0.0005H
with a compensation current source

2. Decreasing the resistance of the shunt resistor connected to the interface

assuring the network behaviour stays the same: The results for 800Ω of

shunt resistance for a source inductance of 0.005H is shown in Figure 6.8.

The same conclusion can be reached by analysing the results of this model.

3. Adding a smoothing filter to the interface so that the injection current from

the dynamic phasor program will be smoothed out before it enters to the

EMTP side. Injected currents to the EMT program was calculated using

the previous and new values of currents as (6.3).

Idy = (1− ks)Idy,new + ksIdy,old 0 ≤ ks < 1 (6.3)

A higher ks value gives an injected current depends more on the previous
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Figure 6.8: RTDS simulation results for source inductance of 0.0005H
with a 800Ω shunt resistance at the interface

(old) value of the current. In this study, a higher ks value has given more

stable results. Figure 6.8 shows simulation results with source inductance

of 0.02H with ks = 0.98. Here, a shunt resistor of 1000Ω was used at the

interface. The results of the hybrid simulation (Figure 6.9) can be considered

accurate enough since the less important part of the network is modelled

using dynamic phasors. Therefore, it can be established that the dynamic

phasor model with the smoothing filter adequately represents the external

system.

Although these methods mitigate numerical instability problems, more generalized

solution is needed for simulating a large system. At this point, a stability analysis
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Figure 6.9: RTDS simulation results for source inductance of 0.02H with
a smoothing filter

may needed to determine what causes the numerical instability and solutions for

the problem.



Chapter 7

Conclusion and Future Work

7.1 Conclusion

A hybrid model suitable for analysing a large power system has been proposed

in this thesis. The hybrid model consists of an EMT model, which was used to

analyse a part of a large network in detail, and a dynamic phasor model to analyse

the rest of the system. The idea of interfacing an EMT model to a dynamic phasor

model is novel.

Two methods of modelling a network using dynamic phasors are pre-

sented in this thesis: state space and nodal analysis. A selected network was

simulated using the two methods and the results were compared against the EMT

simulation. The simulation was able to be carried out using a higher time step

(500µs) compared to the electromagnetic transient simulation. Considering the

results it was established that the two dynamic phasor models are equally accu-

rate. The state space analysis is used in this study for further simulations since the

simulation network considered in this study is small. However when the simulation

75
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network expands into a large network, the nodal analysis approach is recommended

since it is easy to generalize.

The SRF-PLL was suggested in this study for the interface between the

EMT model and the dynamic phasor model. A dynamic phasor simulation was

carried out including the SRF-PLL at the interface and the results revealed that

the SRF-PLL is suitable to determine the phasors of a dynamic system. The

SRF-PLL was considered robust since the PLL gains were kept constant during

the simulation.

To eliminate the unbalanced effect on the SRF-PLL, a positive sequence

filter was used before the SRF-PLL. Between the two positive sequence filters

evaluated, the extended PLL performed better in a voltage unbalance compared

to the SSI-PLL. Therefore, the extended PLL was chosen as the interface between

the EMT model and the dynamic phasor model.

The hybrid model was implemented in EMT-RTDS. A small network was

simulated using dynamic phasor equivalent and the system was connected to an

EMT model. The hybrid model was successfully validated against a fully EMT

simulated system.

One major problem of the real time EMT-dynamic phasor type simula-

tion is the numerical instability when the EMT side simulated network expands

into a large network. It was concluded that the numerical instability occurs when

the EMT side branches connected to the interface bus has an inductor. In this

thesis some measures were presented to mitigate the problem.
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7.2 Contributions

The major contributions of this thesis are summarized below.

1. A novel hybrid simulation technique to analyse a large power system was

presented. The electromagnetic transient simulation was used to simulate a

part of a large network in detail and the rest of the system was modelled in

dynamic phasors.

2. The synchronous reference frame phase locked loop was introduced as the

interface between the EMT model and the phasor model.

3. A small network was modelled using dynamic phasors using two methods:

state space analysis and nodal analysis. The results of the two models were

validated against EMTP. The nodal analysis approach was recommended in

this study for simulating large networks.

4. Two positive sequence filters i) sinusoidal signal integrator PLL ii) extended

PLL were evaluated as the interface between the two simulation models in a

voltage unbalance. A comparison of results of the two filters was carried out

considering the speed, steady state error and etc.. The extended PLL was

recommended to use in unbalanced conditions since it has better performance

compared to the other model.

5. The hybrid system was implemented in RTDS and the performance of the hy-

brid model was evaluated against the EMT simulation. Based on the results

of the two models, it can be concluded that the hybrid model adequately

models a given network.
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6. Numerical issues involved in the hybrid model was investigated when the

EMT simulated network expands into a large network. Some solutions to

mitigate this problem were presented.

These contributions have led to the following publication,

• H. Konara and U.D. Annakkage, “Evaluation of Two Positive Sequence Fil-

ters for an Interface Between Electromagnetic Transient and Phasor Solu-

tions”, Accepted to present in 2015 IEEE 10th International Conference

on Industrial and Information Systems (ICIIS), December 17-20 2015, Per-

adeniya, Sri Lanka.

7.3 Future Work

A natural extension of this work would be to improve the model to achieve a

numerically stable simulation for a larger network.

Another extension of this work would be to develop a small signal model

for the entire system (including the SRF-PLL, EMT modelled network and the

dynamic phasor equivalent) and perform a sensitivity analysis on the eigenvalues.

This will help to understand the reasons for instability in the EMT-DP hybrid

model.
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