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Abstract

The AC-DC line-commutated converters and voltage-source converters are widely used in
various high-power applications. It is imperative to conduct efficient and precise computer
simulations for practical and reliable analysis, design, and study of converter-based power systems.
However, detailed switching models of such converters offered by many commercial
electromagnetic transient (EMT) simulation programs are known to be computationally expensive.

The average-value modelling (AVM) technique has been developed to achieve
computationally efficient models of ac-dc converters for system-level studies. The AVMs neglect
the switching and capture the averaged dynamics of converters only. This thesis advances the state-
of-the-art and develops computationally efficient and accurate models of ac-dc converters for
EMTP-type simulation programs. The proposed approach is able to reconstruct the converter
waveforms, including all ac harmonics and dc ripples, without switching circuit elements. Two
interfacing methods of the proposed model are presented for indirect and direct interfacing in
EMTP-type solutions. The proposed modelling approach is demonstrated to have superior
computational efficiency and the ability to accommodate larger time steps compared to detailed
switching models of line commutated converters (LCCs) and voltage source converters (VSCs) in
ac-dc power systems. It is envisioned that the new models will become adopted by many

commonly used offline and real-time EMT simulators.
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Lay Summary

Development and analysis of power systems containing ac—dc power-electronic converters
demand comprehensive computer studies and simulations. Efficient modelling of electrical
components such as electrical machines, transmission lines, and power-electronic converters is
essential. Nevertheless, models of power-electronic converters have always posed challenges in
power systems simulations.

This thesis proposes new models of ac-dc line-commutated and voltage source converters
that are computationally more efficient compared to the existing conventional detailed switching
models. The proposed models have been validated through computer studies and demonstrated to
offer significant computational benefits. It is envisioned that many offline and real-time
electromagnetic transient programs and simulators will adopt the proposed models, thus providing

helpful tools for researchers and engineers worldwide.
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Chapter 1: Introduction

1.1 Motivation

POWER-ELECTRONIC converters play an important role in modern energy systems by
connecting new energy resources to conventional power grids. Two main types of converters are
commonly deployed in ac-dc conversion systems: line-commutated converters (LCCs), composed
of diode or thyristor switches; and voltage-source converters (VSCs), composed of forced-
commutated transistors, e.g., Insulated-Gate Bipolar Transistors (IGBTs) and similar
semiconductor devices.

In many applications, the 2-level LCCs and VSCs are used as basic building blocks due to
the simplicity and reliability of this technology [1], [2]. Such applications include the classic high
voltage direct current (HVDC) transmission systems [3]-[5], power systems of vehicles [6], [7],
ships, and aircraft, induction furnaces [8], exciters of synchronous generators [9]-[11], etc.

Among these various applications, HVDC transmission systems are extensively utilized
worldwide for bulk, long-distance power delivery due to their high power transmission capacity
and high efficiency [3]. The LCC-based HVDC transmission systems are commercially deployed
because of their reliable and cost-effective operation [12]. Despite their advantages, the LCC-
HVDC systems have some drawbacks, such as commutation failure [13], and the need for strong
ac systems and dc voltage polarity reversal in case power flow direction changes [4]. The VSC-
based HVDC systems have been utilized increasingly over the recent decades [13]. Unlike the
LCC-based HVDC systems, the VSC-based HVDC technology offers the ability of independent
regulation for active and reactive power [13]. Also, the on/off states of IGBT switching devices of

VSCs are independent of the grid, which makes this technology more suitable for weak systems
1



[4]. However, compared to the LCC-HVDC systems, the VSC-HVDC systems have a smaller
power rating, more loss, and a higher installation cost [12]. Utilizing the LCCs and VSCs in a
hybrid HVDC system brings the benefits of both technologies. A possible topology is to use the
LCCs on the sending end, considering their higher operating efficiency, and the VSCs on the
receiving end, due to their more flexible power control [14].

Although the wide adoption of such HVDC systems and, in general, the LCC and VSC ac-
dc converters due to their simplicity and reliability, the LCRs and VSCs produce ac harmonics and
dc ripples [15], [16], which may affect other components in the power system [17] (e.g., protection
systems and relays, harmonic compensation measures, transformers, generators, etc.).

Therefore, accurate modelling and simulation of these converters, including the prediction
of entire waveforms of ac and dc variables, are considered extremely important. These models
should be able to predict the behaviour of individual components and the entire system ahead of
the actual hardware implementation. Hence, offline and real-time electromagnetic transient (EMT)
simulations of systems with such converters are often conducted to analyze waveforms of ac and
dc terminal variables, design harmonic filters, etc. Commercial time domain simulation programs,
including either state-variable-based (SV-based) programs such as MATLAB/Simulink, Simscape
Electrical toolbox, PLECS, RT-Lab, and Typhoon HIL, or the nodal-analysis-based
electromagnetic transient programs (EMTP-type), such as EMTP-RV, PSCAD/EMTDC, RTDS,
and MicroTran, can be employed for transient studies of such ac-dc conversion systems.

For such purposes, the conventional detailed switching models of these ac-dc converters
are typically available as standard library components in these commercial EMT simulation
programs. These switching models offer accurate solutions by considering the operation of every

semiconductor device individually. However, due to many discrete switching events which need
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Figure 1.1 Diode current for: (a) non-interpolated switch, and (b) interpolated switch.

to be detected/predicted, these models typically require significant computing resources [18].
Offline programs may apply interpolation and zero-crossing detection, which are numerically
costly. For instance, PSCAD/EMTDC employs interpolation to facilitate the precise estimation of
switching events within a typical time step of power system simulation [19]. Figure 1.1 (a) and (b)
depict the solution procedure for non-interpolated and interpolated switches.

As shown in Figure 1.1 (b), initially, the solution is computed for = 1 when the diode current
is positive and the switch is on. Then, for the next time step, at ¢t = 2, the solution is computed
again. The program will calculate the current zero crossing moment if the new diode current is
negative. It would interpolate all voltages and currents to this moment and then switch the diode
off. Assuming that there is no further switching at this time step, the main program would

appropriately calculate the voltages at the next time step. Afterward, the program interpolates the
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Figure 1.2 Real-time simulation: (a) synchronized, and (b) overrun.

voltage back to ¢ = 2 to bring the simulation back on track with integral time steps. The voltages
and currents at # = 2 can be computed, and the program continues the normal solution to ¢ = 3.

Therefore, two interpolations are required for each switching event. Thus, such detailed
models typically require significant computational resources to handle switching events and
commutations. Due to many discrete switching events, this may result in a long run time in offline
simulations.

At the same time, interpolation may not be practical in real-time simulation [20] due to its
high computational cost. Therefore, real-time EMT simulation programs must use small time-step
to handle the switching events. This may cause time-step overflow (i.e., overrun) in real-time when
the computations in each step exceed the time-step window [21], [22], as shown in Figure 1.2 (b),
compare to the synchronized simulation shown in Figure 1.2 (a), where the computations can fit

in the time-step window.



The high computational cost makes the detailed switching models (DSMs) of converters
simulation bottlenecks for system-level studies, especially when the power system has many
switching components.

To avoid the computational cost of DSMs, efficient alternatives, such as the dynamic phasor
models [23]-[26] and average value models (AVMs) [27]-[33], have been developed. These
models facilitate the simulation of large-scale power systems by adopting larger time steps at the
cost of neglecting the switching details of individual semiconductor devices. In AVMs, the details
of switching are neglected, and slower dynamics are considered only. Therefore, AVMs do not
require zero-crossing detections and are able to be simulated with larger time steps, making them

favourable for system-level studies [34].

1.2 Literature review

The AVMs can be classified as analytical AVMs (AAVMs) [27], [35]-[37] and parametric
AVMs (PAVMs) [34], [38], [39] depending on the methodology used to derive the average-value
relationships among the variables. In AAVM [27], [35]-[37], the average values of ac and dc
variables are defined by analytical formulations. The AAVMs are valid for the specific mode of
operation for which the model is derived. Also, losses and non-idealities are neglected in the
typical AAVMs. To address these limitations, the PAVMs [34], [38], [39] were developed for
LCRs, and have proven accurate under various operating conditions. In PAVMs, algebraic
formulations are used to relate the average values of the dc-side and ac-side transformed variables
(in gd coordinates) using the so-called parametric functions that are obtained numerically [34].

Several AVMs have been developed specifically for HVDC systems [24], [40]-[43]. In [40],

an AVM has been developed for the HVDC system, which is constructed numerically. This
5



method reconstructs only the average values of ac and dc variables. In [24], [42], [43], AVMs are
proposed for modelling HVDC systems using dynamic phasors. In [42], Only the fundamental
frequency dynamics of the ac variables are reconstructed. The proposed models in [24], [43] are
able to retain higher-order harmonic components of ac variables, making them more accurate.
However, the complex derivation of the analytical switching functions, which relate the ac and dc
variables, can restrict the order of retained harmonics. Also, the validity of the models for different
operating points is restricted as the models are analytically derived for a single mode of operation,
which can cause significant errors in other modes of operation.

Some methods have been developed to enable the reconstruction of ac harmonic variables.
The proposed parametric dynamic phasor model in [23] presents a valid method for different
operating modes of LCCs, including 5th and 7th ac harmonics.

A generalized PAVM (GPAVM) was presented in [44] for LCRs. This GPAVM model is
able to reconstruct selected harmonics of the ac variables in addition to their fundamental
frequency components (by transforming them into multiple gd reference frames corresponding to
different selected harmonics). Including more harmonics increases the complexity of the GPAVM.

To reduce this complexity, a hybrid PAVM/detailed model (HPAVM) of LCRs was
proposed in [45], which uses only one gd transformation. This was done using extra parametric
functions for the oscillatory components for reconstructing ac harmonics and dc ripples as
accurately as the DSMs. However, in the HPAVM, the harmonics of the ac variables and the
ripples of the dc variables are computed separately from their fundamental frequency components
and averages, respectively, which comes with an additional computational cost.

The AVMs, PAVMs, GPAVM, and HPAVM are typically interfaced with the external

networks using controlled voltage/current sources [33], [34], [38], [39], [44], [45]. Some state-
6



variable-based programs [46] can solve the external network simultaneously with the AVMs.
However, in EMTP-type programs with non-iterative solutions (e.g., PSCAD and RSCAD), one
time-step delay is needed between the solution of the external network and the AVM interfacing
variables [47] (referred to as indirect interfacing). This delay may cause numerical inaccuracy or
instability at large simulation time steps.

To avoid the time step delay, in [48], the AAVM formulations for three-phase LCR are
discretized using the trapezoidal integration rule and interfaced directly with the external network
circuit. However, the model is limited to a specific operating mode as the general restriction of the
analytical approach.

Direct interfacing techniques have been developed in [47] and [49] for AVMs of LCRs and
VSCs in the nodal analysis-based solution, eliminating the interfacing time step delay. This was
done by linearizing the average-value relations and formulating a conductance matrix for the LCR
PAVM and VSC AVM to be solved as part of the overall network solution. However, the directly-
interfaced methods are based on the classic AVM of the converters, and are only able to preserve
the fundamental frequency components of the ac waveforms and the average values of the dc

variables.

1.3 Research Objectives

Considering the rapid growth of computer studies in the power systems industry,
preserving computational resources is a significant priority. This also includes optimizing the
utilization of essential CPU cores in real-time simulators, a goal that the proposed model aims to
achieve. The primary purpose of this thesis is to develop new models of ac-dc converters that

consider all the details of system variables (i.e., harmonics and ripples) similar to switching

7



detailed models, while enabling simulation with larger time-steps without significant loss of
numerical accuracy. This leads to reduced computational cost and efficient simulations, thereby

facilitating the studies of power systems that include many ac-dc converters.

1.3.1 Objective I: Extend the hybrid parametric average-value/detailed modelling to the
line-commutated inverters

Recently, the so-called hybrid parametric average-value/detailed (HPAVM) model was
developed for line-commutated rectifiers (LCRs) [45], which proposed a new method to construct
the entire ac and dc waveforms consistent with the switching models (i.e., considering all
harmonics for ac variables along with ripples on dc variables). This thesis’s first objective is to
extend the HPAVM formulation to line-commutated inverters (LCI). Specifically, dynamic
admittance and new parametric functions are derived based on [45] for average values and
harmonics/ripples of LCI. The objective achieves a numerically efficient model that outperforms
the conventional switching models by allowing larger time steps for simulations. The HPAVM
also provides the flexibility of choosing either to contain the ac-side harmonics and/or dc-side

ripples or to ignore them.

1.3.2  Objective II: Develop the directly-interfaced AVMs of LCRs in PSCAD

So far, the directly-interfaced AVMs (DI-AVMs) of LCCs [47] and VSCs [49] have been
developed for nodal analysis-based solutions. In [47] and [49], DI-AVMs have been demonstrated
using EMTP-solution in MATLAB. This objective aims to implement the user-defined component
(Component Wizard) of the DI-AVMs of LCRs in PSCAD/EMTDC to directly interface with ac

and dc subsystems similar to the PSCAD built-in electrical components.



1.3.3  Objective I11: Develop detailed parametric modelling of ac-dc converters for EMT
simulators

This objective focuses on extending the research carried out in the previous two objectives.
The main goal is to develop a detailed and efficient modelling approach for ac-dc converters,
including LCRs and VSCs. The proposed methodology is based on parametric functions that relate
ac and dc variables in the instantaneous sense. This allows the reconstruction of the waveforms of
voltages and currents without topological changes in the converter circuit. Furthermore, indirect
and direct interfacing methods are presented for the proposed detailed non-switching model of
converters. In addition, the model offers an accurate solution for different load compositions in
the dc network in contrast to the prior methods, where the accuracy of ripples and harmonics are

compromised by the network employed to establish parametric functions.

1.4 Platforms for Verifications

This thesis uses various simulation software programs to conduct steady-state and transient
studies and verify the proposed models against the existing models, as needed in each case. The
considered programs include MATLAB/Simulink [50], Simscape Electrical (SimPowerSystems)
toolbox [51], PSCAD/EMTDC [52], and RSCAD [53] using NovaCor of RTDS for real-time
simulations. These programs have gained general acceptance among engineers and researchers in
industry and academia and are known for their ability to accurately simulate power systems,
including power-electronic-based converters. Hence, the detailed models provided by these
programs can be used as appropriate benchmarks for evaluating the proposed models introduced

in this thesis. Furthermore, to ensure consistency, the simulation studies are carried out within the



same simulation and computational environment when comparing the numerical and

computational efficiency of the respective models.

10



Chapter 2: Hybrid Parametric Average-Value/Detailed Modeling of Classic

HVDC Systems

Classic high voltage direct current (HVDC) transmission systems based on line-commutated
converters (LCCs) offer reliable technologies widely used for long-distance transmission across
power grids. LCC-based HVDC systems have played a vital role in overcoming conventional AC
transmission limitations by enabling efficient, low-loss power transmission over vast distances [3].
Asynchronous grids operating at different frequencies or phases can also be interconnected using
LCC-based HVDC systems. This capability allows power to be transferred smoothly between
grids, enhancing grid reliability and stability. The LCC-based HVDC system consists of two
converter stations: the line-communicated rectifier (LCR) station at the sending end and the line-
communicated inverter (LCI) station at the receiving end.

This chapter first extends the formulation of the HPAVM [45] to LCIs. Thereafter, the
proposed HPAVM of LCIs and the HPAVM of LCRs are used to model a classic LCC-based
HVDC system. The numerical performance of the proposed hybrid parametric average-
value/detailed modelling technique is investigated on a classic line-commutated-based HVDC
system. It is verified that the proposed HPAVM can be superior compared to switching models of
HVDC systems by allowing simulations with large time steps while maintaining acceptable

accuracy.

2.1 Continuous Hybrid PAVM of HVDC Systems
A generic LCC-based classic HVDC system is studied herein, as shown in Figure 2.1.

Therein, the two ac subsystems are interconnected by two six-pulse LCCs through a dc subsystem.

11
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Figure 2.1 Generic LCC-based classic HVDC system containing a six-pulse LCR and an LCI.

Throughout this chapter, the superscripts “rec” and “inv” are used to refer to the rectifier and
inverter sides, respectively. The dc subsystem consists of the HVDC transmission line represented
by a T-model [54] with line resistance 73, inductance L;, and capacitance ;. The LCR and LCI are
both composed of thyristor switches with on-state resistance R,, and voltage drop V,,, which
determines the conduction losses. The ac-side subsystems may be represented by their Thévenin

equivalents [55] consisting of sources and impedances. The Thévenin impedances are modeled by

rec
abcs

resistances r,~ and ;" , and inductances L and L”. The three-phase equivalent sources e

\)

inv
abcs

and e are considered to be sinusoidal. Also, the angles of their phase a are denoted by 6;*

(for rectifier-side) and @™ (for inverter-side) in Figure 2.1. The angle of the rectifier and inverter

inv
abc

rec

ube and v

ac terminal voltages v can be defined as [45] (with the fundamental component of

their phase a as the reference)

eerec — J'a)gecdt, W = 27Z_ferec, (21)

e

o™ = Jo™dt, o =21, 2.2)

e
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where @ (£7°)and @™ (£™) are the frequency of rectifier- and inverter-side ac subsystems

in rad/s (Hz), respectively.

inv

The rectifier and inverter side ac voltages v’ and v”., and currents i’ and i’y can
be expressed by their fundamental and harmonic components as
rec __ 1 rec n,rec srec <1, rec sn,rec
Vabe = abc + Zvabc > lgpe = labc + z abc ’ (23)
inv _ l inv n,inv «inv «1,inv s 1,inV
Vabe = abc + Zvabc > Agpe =lgpe T abc (24)

n

where n denotes the order of harmonics; here equal to {5,7,11,13...}.
To establish the HPAVM formulation, the ac variables are transformed to gd reference

frames rotating with €7 and 6" using the Park transformation defined in Appendix A as

e,rec __ rec rec se,rec rec \srec
Ve =K (0 Vi, g = K(0 )i, 2.5)
e,jinv __ inv inv e, inv __ inv \ sinv
Vi —K(Ge )Vabc, iy —K(He )labc, (2.6)
where 1s Park’s transformation matrix. Here, v iy andv i, aretherec ifier- an
here K is Park’s t £ t trix. Here, ”ec/ &7 and e’"”/ i%" are th tifi d

inverter-side transformed voltages/currents, respectively. These transformed gd variables consist

of average values and oscillatory components, which can be expressed as

e,rec __ —e,rec |, ~e,rec se,rec __ s e,r Se,rec

Vod =V VS, A =i i 2.7
e,inv —=e,inv | ~e,inv seinv __ sejinv | 3e,nv

Voi =Vgi tVgq » Mg =l +ig, (2.8)

where the variables with bar — represent the average values and the variables with ~ represent the
oscillatory components. It is noted that the oscillatory components of ac variables in gd coordinates

correspond to the sum of the ac harmonics in abc coordinates.
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As well as the ac-side variables, the dc-side variables can be decomposed into the average

and oscillatory components as

rec _ —rec , ~rec .rec __ Trec , Trec
Vac = Ve +vdc s lge =g +ldc > (29)

inv _ —inv | ~inv .inv __ Tinv | Tinv
Vac = Vac +vdc > lge = Y +ldc ’ (210)

using similar symbols for components (i.e., — for the average values and ~ for the oscillatory
components).
For six-pulse converters considered in this paper, the periods of the ripples on gd ac

variables and the dc variables can be expressed as [45]
B=r/3, T =p/a, T™ =p/a™, (2.11)

where f is the period of ripples in radians, and 77 and T™ are its corresponding values in

seconds for the rectifier and inverter, respectively.

After decomposing the transformed ac and dc variables into the average and oscillatory
components, these components are obtained by applying a fast averaging to (2.7)—(2.10).
Afterward, the so-called parametric functions are presented to establish the relation between the

components of the dc- and ac-side variables of both converters.

2.1.1  Formulation of the HPAVM for the Rectifier
In the HPAVM method, the average values of the dc and gd ac variables are related to each

other through parametric functions defined as [34]

—dec . lTrec
,rec _ dc
S W)= (2.12)

Ve ‘ lqd

Wl,rec () _

14
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Also, a parametric function describing the relationship between the angles of fundamental
components of the rectifier gd voltages and currents is stored as [34]

—e,rec “e,rec
vy >

rec _ -1 d _ -1| %
Q () =tan” | = |—tan —erec | (2.13)
q q

These parametric functions are stored in two-dimensional look-up tables (for various

loading conditions) with respect to the rectifier firing angle «’“ and the so-called dynamic

rec

impedance z,°, which determines the loading condition of the rectifier and is defined as [34]

—rec

e = tde (2.14)

‘ ~“e,rec

L4
Due to the periodic behaviour of oscillatory components over S, parametric functions are

employed to relate them to the average components of the variables. For this purpose, the so-called

reconstruction angle is defined for the rectifier as [45]
e = mod(ege‘f, [)’), (2.15)

which is the remainder of the division of 8,* by . Using this angle as an additional dimension

for the look-up tables, the oscillatory component of the gd ac-side variables are related to the

average values of the rectifier dc-side variables using the parametric functions defined as [45]

‘76,"66 ﬁe,rec

q,rec _q d,rec _Yd

W)= W)= (2.16)
Ve Ve

rec

Similarly, using '~ , the ripples on the rectifier dc-side variables can be related to the fundamental

components of the rectifier ac-side variable by means of a parametric function described as [45]
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WAa’c,reC () = Tiicrec X (217)
yd

2.1.2 Formulation of the HPAVM for the Inverter

Here, the formulation of the HPAVM [45] is extended to the line-commutated inverters for
application in HVDC systems. To this end, the average values of dc and gd ac variables are related

to each other using parametric functions defined as

—inv

)l -
qd

(2.18)

Similar to (2.13), a parametric function is used to relate the phase angle of ac voltages/currents for

the inverter as

—e,iny ~e,inv

inv _ -1 d N -1 I
" () =tan s |—tan T | S, (2.19)
Vq ’

Here, these parametric functions are determined with regard to the inverter firing angle a” and

inv

the dynamic admittance y;" , which is representative of the loading condition of the inverter,

defined as

~inv

nv lc
y = e (2.20)

—e,iny

|7

qd

The oscillatory components of the inverter variables are captured over f with respect to a

reconstruction angle defined as

ym = mod(eg"V, ﬁ). 2.21)
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For this purpose, using the oscillatory components on gd ac variable (or dc oscillatory components)

for the inverter to the average values of dc-side variables (or the fundamental components of ac-

v

side variables), the parametric functions are defined as (with ™ as an additional argument)

Te,inv Te,iny

. l : 1
q,inv _q d inv _d
Wi (.)— Em— Wi (')_ ~inv °’ (2.22)
Lic Lic
dc,inv _ ‘7511’?) 2 23
Wy ()_ <einv|’ (2.23)
Vi

In general, it is not feasible to analytically drive the parametric functions (2.12)—(2.23)
under various operating conditions. A numerical method has been established in [45] to obtain the
parametric functions from several simulations of the system using switching models of the
converters. For this purpose, the subsystem connected to the dc-side of each converter is replaced
with a dc current/voltage source or a dc load. Afterward, the loading condition of the converter
varies by changing the dc source/load value along with the firing angle of the converter. Then, the

parametric functions are computed for each operating point and saved in appropriate lookup tables.

2.1.3 Implementation of the HPAVM of the HVDC System
For the implementation of the HVDC system using the proposed HPAVMs for the LCRs

and LClIs, both switching converters are replaced by controlled voltage and current sources, as

depicted in Figure 2.2. The inputs to the rectifier HPAVM are the rectifier firing angle o’ the

slec

phase a angle of equivalent sources in ac subsystems 8, , rectifier ac current i’

and dc voltage

—rec ,

Vi ; and its outputs are the rectifier ac voltage v’

. and dc current iz*, which are used as inputs

to the continuous dependent sources interfaced with the ac- and dc- subsystems.

17



- J  pC g
i +] . / Il -Si
AC-Side | 1! 11| Transmission ' E AC-Side
Subsystem | |} N Line !,. Subsystem
> T — 1
/ /
. rec jrec znv i znv inv
122(; abc Lac Vgic l'cl'lnv vdc abc Vabe
C
Rectifier — Inverter
l HPAVM « ) HPAVM —
erec arec al}’l\/Y 0”’”’
S

Figure 2.2 Implementation of the LCC-based HVDC system using the proposed HPAVMs of LCRs and LClIs

in their interfacing with the ac- and dc-side subsystems via controlled sources.

The inputs to inverter HPAVM are the inverter firing angle «™”, the phase a angle of

equivalent sources #;", inverter ac voltage v’”bv , and dc current i7" ; and its outputs are the
abc

o) inv

inverter ac current i, and dc voltage v to interface with its ac- and dc- subsystems.

The dynamic impedance (for rectifier) and dynamic admittance (for inverter) are calculated
based on (2.14) and (2.20), respectively, using the inputs to the HPAVM blocks. Then, the
parametric functions are computed based on (2.12), (2.13), (2.16)— (2.19), (2.22), (2.23).
Thereafter, using the inputs and the computed parametric functions, the fundamental components

of the rectifier ac voltages in gd coordinates are determined as [45]
yore = wi”ec () Vi€ cos(8,%), (2.24)

Vde,rec — wl,rec ( ) rec Sll’l(@rec) (2.25)

v

where 6, represents the angle of the vector Vi;* and is calculated as

“e,rec

0/ =" ()+tan” | £ : (2.26)

lTe,rec
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The oscillatory component of the rectifier gd voltages are also calculated as [45]

ﬁs,rec — W‘i],rec () vdrcec’ ﬁs,rec — W‘fl,rec ()Vdrcec (227)

Finally, the total gd voltages for the rectifier are computed as

e,rec __ —e,rec ~e,rec e,rec __ —e,rec ~e,rec
v, =V AV v =Y v (2.28)

To interface the voltage source with the ac subsystem, the inverse of Park transformation is

used to transform the computed gd voltages back to abc coordinates as

rec _1
Ve [ K@) ] Ve (2.29)

The average value of the rectifier-side dc is calculated as

~rec _ _ lrec ~e,rec Yrec _ _ dc,rec “e,rec
e = i e =wiere O (2.30)
The total interfacing dc current can be obtained as
.rec ~rec | Trec
ldC = ZdC‘ +ldC . (2.31)

Similarly, using parametric functions and inputs to the inverter HPAVM block, the average

values of the inverter ac currents in gd reference frame are computed as

Zle,inv _ Wil,inv ()l_dlcnv COS(@[MV)’ (232)

lfde,inv _ W!,inv ()l_dlcnv sin(@f"v). (233)

1

e,iny

Here, 0" represents the angle of the vector i,;  andis calculated as

va _ -1 —;,inv inv
i o=tan | = - () (2.34)
q

The oscillatory components of the gd ac currents of the inverter are also computed as
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;qe,inv — qu,inv (.)zlinv’ ;de,inv — Wid,inv ()Zizcnv (235)

Using fundamental and oscillatory components, the total values of gd currents for the inverter are
calculated as

.e,inv _ Te,inv | Te,inv .e,inv __ Te,inv | Te,inv
DA A D VL R ¥ (2.36)

To interface the inverter HPAVM current sources with the ac subsystem, the gd currents in

(2.36) are transformed back to abc coordinates as
einy inv\ ! seinv
i, = [K(@e )] i (2.37)

In addition, the average value and oscillatory component of the controlled dc voltage source of the

inverter HPAVM are calculated as

v =™ Oved | v =wiem (v (2.38)
Finally, the total interfacing dc voltage is computed as
Vi =V g (2.39)

It is to be noted that one can set the parametric functions wl-dc”ec (2.17) and/or wfc’i”v (2.23)
to zero and obtain only average values for the dc-side variables of the rectifier and/or inverter.

Additionally, the parametric functions w?"*, w?"* (2.16) and/or wi™, w™ (2.22) can be set

v )
to zero to neglect the ac-side harmonics and obtain only the fundamental components of ac variables

for rectifier- and inverter-side ac subsystems, respectively.

2.2 Performance Verification
To evaluate the accuracy and numerical performance of the presented HPAVMs of LCRs

and LCIs, the generic LCC-based classic HVDC system of Figure 2.1 is considered for the study.
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The parameters of the system are summarized in Appendix B . For comparison, the conventional
detailed switching model of the case study system has been implemented in MATLAB/Simulink
(as the reference model) using the standard library components of the Simscape toolbox.
Furthermore, the HVDC system is implemented in Simulink using the HPAVMs of the rectifier
and inverter as described in Section 2.1. Also, to prevent the numerical differentiation in model

implementation, low-pass filters are used to calculate voltage drop on L; of the rectifier side, and
L";’V. Two cases are considered for the HPAVM model: when the ripples on the dc-side variables
are reconstructed (denoted by DC Detailed); and when the dc-side ripples are neglected via setting

wl-dc”'“ and wfc’inv equal to zero (denoted by DC AVM).

2.2.1 Numerical Accuracy
Here, it is considered that the system of Figure 2.1 is initially operating in steady-state with

the rectifier firing angle a’® set to 40 degrees and the inverter firing angle o™ set to 137

—=rec

degrees. This results in 370 kV and 348 kV as the average values of the rectifier dc voltage v,

and inverter dc voltage v, respectively, where 1600 MW is transmitted from the rectifier side to

the inverter side. It is assumed that the transmitted power is to be decreased to 930 MW while
maintaining the rectifier dc voltage at its initial value (i.e., 370 kV). This causes an increase of the
inverter dc voltage to 357 kV. For this purpose, at t=0.4 s, the rectifier and inverter firing angles

are changed to 42.5 and 139 degrees, respectively.
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Figure 2.3 Transient response of ac- and dc-side variables of the rectifier-side of HVDC system as obtained by
the detailed switching model with time-step of 10 ps and HPAVM with time-step of 150 ps when the transmitted
power changed steps from 1600W to 930W at =0.4 s for: (a) rectifier phase a voltage, (b) rectifier phase a

current, (¢) rectifier dc voltage, and (d) rectifier dc current.

The transient response of dc- and ac- side variables for the rectifier and inverter are
presented in Figure 2.3 and Figure 2.4, respectively, as obtained by the detailed switching model
with a simulation time-step of 10 us and the proposed HPAVM with 150 us. As it can be noted

from Figure 2.3 (a)-(b) and Figure 2.4 (a)—(b), the proposed HPAVM is able to accurately
22
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Figure 2.4 Transient response of ac- and dc-side variables of the inverter-side of the HVDC system as obtained
by the detailed switching model with time-step of 10 ps and HPAVM with time-step of 150 ps when the
transmitted power changed steps from 1600W to 930Wat =0.4 s for: (a) inverter phase a voltage, (b) inverter

phase a current, (c) inverter dc voltage (d) inverter dc current.

reconstruct the ac waveforms, including their harmonics during steady-state and transients

consistent with the reference detailed switching model.

Also, as it is shown in Figure 2.3 (¢)-(d) and Figure 2.4 (c)—(d), the proposed HPAVM (DC

Detailed) is capable of reconstructing the dc-side variables of the converter, including their ripples
23



similar to the switching model. Furthermore, the HPAVM (DC AVM) accurately calculates the
average values of the dc-side variables. It should also be noted that the HPAVM has allowed a large
time-step (150us) without numerical inaccuracy/instability as opposed to the switching model,

which requires a small time-step (here 10us) to ensure a valid solution.

2.2.2 Computational Performance

Here, the computational performance of the presented HPAVM is benchmarked against the
detailed switching model of the HVDC system. For this purpose, the transient study shown in
Section 2.2.1Numerical Accuracy 1s conducted using the subject models of the HVDC system, where
the simulations are continued for 10 seconds. For consistency, all the simulations are run on a PC
with Intel Core 17 10750H CPU@2.60GHz, 64-bit, 16GB RAM using the MATLAB/Simulink and
fixed-step solver of ode3 (i.e., Runge-Kutta 3™ order). For a fair comparison, the maximum possible
time-step that results in acceptable accuracy is considered for each model (i.e., 10 us for the discrete
switching model and 150 s for the continuous HPAVM). The computational performance of the

subject models is summarized in Table 2.1.

As seen in Table 2.1, the HVDC system can be simulated nine times faster using the
proposed HPAVM of the converters in comparison with the switching detailed model (i.e., 10.85 s
vs. 97.7 s of CPU time), while providing consistent results as verified in Figure 2.3 And Figure 2.4.
This is due to the fact that the proposed HPAVM allows a much larger time step (150 ws) as opposed
to the switching model, which requires a small time step (10 ws) for accurate zero-crossing

detection.
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Table 2.1 Computational performance of the detailed switching and HPAVM of the HVDC System for the 10-

Second transient study

Model Time-step size Number of steps CPU Time
Detailed Switching 10 ps 1,000,000 97.7 s
HPAVM (AC Detailed, DC Detailed) 150 ps 666,666 10.85s
HPAVM (AC Detailed, DC AVM) 150 ps 666,666 9.27s

Also, the HPAVM can be slightly more efficient when the dc-side ripples are neglected (i.e.,
HPAVM — DC AVM with 9.27s) compared to the case that they are reconstrued similarly to the

switching model (i.e., HPAVM — DC detailed with 10.85 s).
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Chapter 3: Average-Value Modeling of Hybrid LCC-VSC HVDC Systems

with Direct Interfacing in PSCAD/EMTDC

As discussed in the previous chapter, HVDC transmission systems are extensively utilized
worldwide for long-distance power delivery [3]. In addition to the line-commutated converter
(LCC)-based HVDC systems, recently, voltage-source converter (VSC)-based HVDC systems
have been increasingly deployed due to their numerous advantages.

In the conventional so-called indirectly-interfaced AVMs (IDI-AVMs) of LCCs and VSCs,
the switching converters are substituted with controlled current and voltage sources to interface
with the dc and ac networks. With a non-iterative solution, e.g., in PSCAD, a one-time-step delay
is required at the interface for the inputs of the AVMs. In simulations with large time steps, this
interfacing delay can cause numerical inaccuracy and/or instability of the solution. To address this
drawback of IDI-AVMs, the so-called directly-interfaced AVMs (DI-AVMs) of LCCs and VSCs
were developed for nodal analysis-based solutions. In the direct interfacing technique, the AVMs
of LCCs and VSCs are formulated in the nodal form, and their resultant matrices are solved
simultaneously with the external network nodal equations. This eliminates the one-time-step
interfacing delay and increases the accuracy at larger time steps.

This chapter investigates the numerical performance of the DI-AVMs of LCCs and VSCs
on a hybrid LCC-VSC HVDC system. It is demonstrated that the hybrid LCC-VSC HVDC systems
can be simulated with much larger time-steps using DI-AVMs of the converters, and the results

are more accurate compared to using the conventional IDI-AVMs.
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Figure 3.1 A hybrid LCC-VSC HVDC system containing an LCR on sending end and a VSC on receiving end.

3.1 Average-Value Modeling of Hybrid LCC-VSC HVDC System

This Section considers a hybrid LCC-VSC HVDC system, as shown in Figure 3.1. Therein,
a line-commutated rectifier (LCR) composed of thyristor switches is utilized to transfer power from
the sending end (i.e., left-side) ac subsystem through the dc transmission line. The receiving end
(i.e., right-side) ac subsystem is connected to a VSC, which operates in the inverter mode. The
capacitance C,. is used to smoothen the dc terminal voltage of VSC. The dc transmission line is
demonstrated by a 7-model with line resistance 1y;;,., inductance L;;;,., and capacitance Cjjp.. The

ac-side subsystems are modeled by their Thévenin equivalent circuits where resistances 7, ; and
r,, ,and inductances L,, and L, represent the ac subsystem’s Thévenin impedances. The three-
phase Thévenin equivalent sources e, and e_ ., are considered to be purely sinusoidal, whose

phase a angles are indicated as ¢, and 6, , in Figure 3.1. These angles can be typically obtained

by a phase-locked-loop (PLL).

For the thyristor-based LCR, the firing angle a R

can be set either manually or by a
controller and is determined with respect to &, ;. For the inverter side, the modulation index M vse

5VSC

and angle are the inputs to the gate signal generator. These values determine the amplitude
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and angle of the fundamental component of the VSC ac voltages with regards to the dc terminal

voltage and &, ,, respectively.

To define the AVM formulation, the ac variables are transformed to the gd reference frames

rotating with 6, | or 6, , using Park’s transformation matrix as

Voi =K(0 )i g =K(6,) )ig (3.1)
Voa =K(0)vart . igd =K (0,5 )i (3.2)

LCR .LCR
abe > Vabe

and v¥>¢ . iVSC are the LCR and VSC ac

where K is Park’s transformation matrix. v abe > dgp

voltages and currents in abc coordinates, respectively.

Also, qufR , i;gR and VZdSC , iZdSC represent the LCR and VSC transformed qd variables.

The LCR and VSC waveforms contain significant harmonics and ripples because of the
discrete switching operation. In AVMs, the switching events are ignored, and the relation between
the average values of the dc and ¢gd variables are established using the so-called parametric
functions for LCRs, and the modulation index M VSC€ and angle o VSC for VSCs. Therefore, first,

fast averaging [34] should be applied to capture the average values of the gd and dc variables.

3.1.1 Indirectly-Interfaced AVMs of LCRs and VSCs

In the conventional IDI-AVMs of LCRs and VSCs, the discrete switches are substituted with
continuously controlled dependent voltage and current sources, as shown in Figure 3.2. For
parametric AVM (PAVM) of LCRs [34], the amplitude of the fundamental frequency components

of ac variables (or the average values of transformed gd variables) are related to the average values
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Figure 3.2 Implementation of the IDI-AVM of a hybrid LCC-VSC HVDC system using dependent

voltage/current sources.

of the dc variables using so-called parametric functions WLCR () and WLCR ( ), which are defined

as [34]
—LCR _
v LCR
LCR _H qd H LCR [\ _ e
w, ()— —x > Wi () T (3.3)
Vdc lqd

Also, the relation between the angles of fundamental components of the LCR ac voltages and

currents is captured by the parametric function ™} (.) defined as [34]

. [7Ler [Ler
1| 1| Va
" ()=tan” | L |~ tan T | < |. (3.4)
fq Vg

Two-dimensional look-up tables are utilized to store parametric functions (3.3) and (3.4) with
respect to the LCR firing angle o"“® and the dynamic impedance ZLIJCR , which specifies the LCR

loading conditions and is defined as [34]

SLCR

LCR dc

z = . 35

d TLCR (3.5)
e

The numerical method established in [34] can be used to derive the parametric functions

from simulation with the detailed switching model. To implement the PAVM of LCR, first, the
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dynamic impedance z;‘CR should be determined for the LCR operating condition using the AVM

inputs VdLCCR and TCIIU‘,CR (3.5). Then, parametric functions are obtained from look-up tables for

inputs z;‘CR and o"®. Afterward, the LCR ¢d voltages are calculated using the parametric

functions as

~LCR
SLCR _  LCR (\=LCR -1 L LCR
Vo =W, (.)vdc cos| tan +LCR —-@ ()

q

(3.6)
LCR LCR LCR 1 it LCR

j— _ j— . — d
v, =W, (.)vdc sin| tan —LCR -Q ()

q

By using the inverse of Park’s transformation, the three-phase controlled ac voltage source of

1,LCR

LCR in abc coordinates A

, shown in Figure 3.2, can be calculated as

1,LCR —1 =LCR
VR [K@ )] VIR, (3.7)

Similarly, a controlled dc current source is used for interfacing with the dc-side network, and which

is calculated using the parametric function w, % (.) as
SLCR _ _ LCR [ \[TLCR
e =l O (3.8)

It is noted that to interface the dc current source with the dc-side subsystem, a parallel

-LCR

may need to be utilized. In that case, a compensation current i is used to

LCR
Rx comp

snubber

eliminate the steady-state error caused by the snubber. The compensation current source is

calculated as

1

-LCR —LCR

comp = RLCR Ve t—At)' (39)
X

The dc terminal voltage over the snubber of LCR can be calculated as
30



—LCR _ pLCR,#wLCR , :.LCR +LCR
Ve =R7T(i Fleomp ~ bic ). (3.10)

For AVM of VSCs, the relation between the average values of gd variables (or fundamental

components of ac variables) and average values of the dc variables are defined using the

modulation index M Y*¢ and angle 6V5¢ (which may be set either manually or obtained from

controllers). For sinusoidal-pulse-width-modulation (SPWM), the relation between the averaged

qd output voltages V;lds © and the averaged dc terminal voltage V;;SC is defined as

Hz%’zzu :%MVSC, (3.11)

dc

Also, 6V5¢ determines the displacement angle of VSC ac voltages with respect to 0, , . Therefore,
the gd voltages can be calculated using o VSC and (3.11) as

_ 1 _
VVSC — —MVSCV)/,SC COS(5VSC)
q 2 c

) . (3.12)
VJSC _ EMvscvd\ésc Sin(§vsc)

Applying inverse of Park’s matrix, the gd voltages are transformed to the abc coordinates as

1,VSC -1 =VSC
i LG e (3.13)

where Vl’b\c]SC determines the controlled three-phase ac voltage source of IDI-AVM of VSC, shown

in Figure 3.2. Also, the VSC controlled dc current source can be calculated as [49]
e

_ 3 - -
AR ZMVSC H iqZSC Hcos{tan ! (?\/T] - 5VSCJ. (3.14)
q
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Similar to the LCRs, a snubber RY>C may be needed to interface the dc current source with

-VSC

the dc network. In that case, i

» Leomp 18 Used to compensate for the steady-state error of the snubber,

which is calculated as

1
-VSC —VSC
lcomp = RVSC Ve —AL ) (3 1 5)

Also, the VSC dc terminal voltage can be computed as

—VSC _ pVSC 7VSC | :VSC | 7VSC
Vg =RV iy Fige ) (3.16)

comp

In the indirect interfacing method, the ac currents and dc terminal voltages are the inputs
to the IDI-AVMs. These values are obtained from solving the ac and dc subsystems at every time
step. Therefore, without an iterative solution, e.g., in PSCAD, their values from the previous time-

step should be used for calculations. This one-time-step delay may result in a numerical error when

simulating the system with large time steps.

3.1.2 Directly-Interfaced AVMs of LCRs and VSCs
In the direct interfacing method, the AVMs of the LCRs and VSCs are formulated in the
nodal form so that their resultant matrices can be merged into the nodal matrices of the overall
network
GV =1, (3.17)
where G is the conductance matrix and V and I are the voltage and current of the network,
respectively. This allows the AVM equations to be solved simultaneously with the overall system

without the need for an interfacing time-step delay.
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To define the nodal equations of converters, first, the expression for the dc terminal voltage
of LCR (i.e., V% in (3.10)) and VSC (i.e., v,.°°(3.16)) should be substituted into (3.6) and
(3.12) to express all voltages as functions of currents. Then, the dc and ¢gd voltage equations should
be linearized at ¢ — At [47]. Afterward, the voltage vector of LCR or VSC can be described as

v=Ri+e,, (3.18)
where R is the equivalent resistance matrix and e, is the voltage history vector. The components
of R can be defined as

v,

mn ~ AT
0i,

: (3.19)
t—At

where n,m e {q, d ,dc} . Therefore, using (3.19) the equivalent resistances for LCR are calculated

as

a9

—LCR
V -
R ={R)ECRWVLCR(.){w}CR(Jcos(coLCR c)){ e - szCij

X

ZILCR ) ZJLCR COS((DLCR (.))_Z]LCR Sin((oLCR ('))

<Lcr|]?
i
t—At

—LCR
R(];dCR _ [RXLCRWVLCR () |:WI_LCR (.)sin ((pLCR (.)) + { ;dIfCR _ lfdl(;CR ] y

X

e ZILCR sin((DLCR (_))_ZiLCR cOs<(pLCR (.))
1 TLCR |I?
i
[f7| Diw
LCR LCR_ LCR 1 iR LCR
quc =|—-R,"w, " (.)cos| tan” leLCR -0 ()
! = : (3.20)
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—LCR
R;CR _ {RXLCRWVLCR (.){WiLCR Q) Sin((pLCR (.))J{;dfCR Z"ECRJXJ
—LCR _ . (, LCR —LCR LCR
i ><sm((p (.))+zq cos((p (.))

lTLCR x g
[

d

1
qd
t—At

—LC
RLCR [RLCR WECR (. ){ WECR (. )COS(¢LCR(.))+{;:ECR l—dLLCRJXJ

X

—LCR LCR “LCR _ : ( LCR
LR ><l xcos( (.))+zd xsm((o (.))

a4 TLCR|P
i

t—At

+LCR
LCR _ LCR_ LCR . 1| i LCR
R &= =-R 7w, (.)sm(tan (TLCRJ_(/) (.)J
t—At

1 (3.21)
LR RECR,LCR ()7LCR RLCR _ RLCR LCR()TdLCR
deg iqZCR dcd H LCR H . (3 ‘22)

t—At t—At

LCR LCR
R-CR = _RLC
dede

Using Park’s transformation for LCR ¢d impedances[47], the equivalent resistances in abc

coordinates can be obtained as

LCR LCR
RLCR
RUT =[K@©,)] Rk gl (K@) (3.23)
Rdd
Also, the abc to dc impedances are defined as
[ RECR
R =[K@,)] {"LCR} (3.24)
ddc

Likewise, the dc to abc impedances of LCR can be obtained from

Ry =—([REY RIS [K@.0]). (3.25)
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The minus sign in (3.25) is due to the direction of the LCR dc current, which is considered outward

of the component. Finally, the impedance matrix for the abc-dc nodes of LCR is defined as

LCR RLCR

LCR LCR
Rabc Rabc,dc
Ricr = :
Rdc,abc dede

Also, the gd-dc voltage history terms of LCR can be calculated as

—LCR
e;],“qCR = Wi‘CR (.)VL,];CR cos[tan1 {ZZLTJ _ R (.)}
o At
—LCR
e;%dCR = Wi“CR (.)VdLCCR sin Ltan1 (Z__dLCR J _ qDLCR (.)]
" At
LCR _ —LCR
Chde = Vde (—At

The gd voltage history terms should be transferred to abc coordinates using
LCR -l LCR  LCRqT
Shane =[ KO, )] [er ™ a1 .
The vector of abc-dc LCR voltage history terms e, - is defined as

_ (. LCR _LCRAT
€ cr =€ € 1 -

Finally, the Norton equivalent of the DI-AVM of LCR can be defined

-1

G = [RLCR] » Licr = _[RLCR ]_] €iLCR >

where G|y 1s the conductance matrix and I,; -r 1s the current history vector of LCR.

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

Using the same approach, the equivalent resistances for VSC are computed by linearizing

the gd and dc voltage equations which results in [49]
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R;/sc :%(MVSC)ZR;/SC COSZ(5VSC),R;2SC _ %(Mvsc)zR;/sc sin(25V5C)

q

R;;Csc _ lMVSCR;/SC cos(8VSC )’RZ;SC _ %(Mvsc)zR;/sc sin(25V5C)

1

Rd\;sc _ E(Mvsc)zR;/sc Sinz(évsc),Rstc _ _MVSCR;/SC sin(5VSC) (3.31)

RVSC _ EMVSCR)YSC COS(5VSC),R;§C _ %MVSCR;/SC sin(5V5)

dcg

RVSC _ RVSC
dedc x

Similar to the LCR, the abc-dc resistances of VSC can be calculated as

VSC VSC

iy RY,
Riw =[K@.2)] | T oo |[KO.)]. (3.32)
dgq Riq

VSC

VSC -1 RquScC
Rabc,dc = [K(HS,2)] > (333)
ddc

RYC =RV (3.34)

Using the obtained sub-matrices, the impedance matrix of VSC is defined as

VSsC VSsC

R _ Rabc Rabc,dc 335

vsC — RVSC RVSC |’ (3.35)
dc,abc dede

Also, the voltage history terms for gd-dc and abc-dc can be similarly calculated as [49]

vsc 1, vsc VSC\ —VSC
€y =M 7 cos(677) LN

vsc 1. vsc ., <vsc,—vsC
e,y =—M " sin(o ")V, L_N

(3.36)

VSC _ VVSC

€hdc = Vde L_At

eVSC =[K(6,,)] [e/5C oY, (3.37)
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T
eivsc =| e e | - (3.38)
Finally, the Norton interface of DI-AVM of VSC is defined as

-1 -1

Gysc =[Rysc] » Livse =—[Rysc]  €wvscs (3.39)

where Gygc 1s the conductance matrix and I,yqc is the current history vector of VSC.

Once the equivalent conductance matrix and history current sources are obtained for LCR
and VSC, their DI-AVM can be implemented either using coupled resistors and dependent

voltage/current sources (see [47], Fig. 5), or directly coded in the program as user-defined blocks.

3.2 Performance Verification

To validate the numerical performance of the presented DI-AVMs of LCC and VSC, the
hybrid LCC-VSC HVDC system in Figure 3.1 is considered for study, with parameters
summarized in Appendix C . The system has been implemented in PSCAD/EMTDC using three
different models of the LCR and VSC including: the detailed switching model, IDI-AVM, and DI-
AVM. Also, the solution of the IDI-AVM achieved with the small time-step of 1us is considered
as the reference.

It 1s assumed that the system is initially operating in a steady-state with the LCR firing

LCR

angle o set to 15 degrees. Also, the modulation index M “5¢ and angle §V5C are set to 0.8

and -57.29 degrees, respectively. The transferred active and reactive power to the receiving end is

1350 MW and -225 MVAR, respectively. At t=3s, the modulation index M ¥5 is stepped down

to 0.6, which increases the active power to 1460 MW. Also, the reactive power changes to -196

MVAR. Then, at =8s, angle &> is changed to -67.03 degrees to achieve the active power of
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Figure 3.3 Transient response of ac and dc variables of the LCR in the sending end of the hybrid HVDC system
as obtained by the subject models for: (a) LCR dc voltage, (b) LCR dc current, (c) LCR phase a voltage, and

(d) LCR phase a current. Here, IDI-AVM and DI-AVM are run with 10 ps.

1500 MW and zero reactive power. The transient response of the system is presented in Figure 3.3
and Figure 3.4 for some of the LCR and VSC variables, respectively, where both IDI-AVM and
DI-AVM are executed with the time step of 10 us.

It can be noted from Figure 3.3 and Figure 3.4 that, with such small time-step sizes, both
DI-AVM and IDI-AVM are able to accurately reconstruct the average values of the dc-side

variables and fundamental components of ac-side variables consistently with the reference AVM.
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Figure 3.4 Transient response of ac and dc variables of the VSC in the receiving end of the hybrid HVDC
system as obtained by the subject models for: (a) VSC dc voltage, (b) VSC dc current, (¢) VSC phase a voltage,

and (d) VSC phase a current. Here, IDI-AVM and DI-AVM are run with 10 us.

The results of AVMs are also in agreement with the results of the detailed switching model if the
switching ripples are neglected.

To show the superiority of the DI-AVM over the IDI-AVM, the same study is conducted
with larger simulation time steps. For this purpose, IDI-AVM is simulated with a time-step of 150

us and the DI-AVM is run with 500 us which is a much larger time-step size. The magnified view

of the transient response of several variables is shown in Figure 3.5, as obtained by the subject
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Figure 3.5 Magnified view of the transient response of several variables of the hybrid HVDC system as obtained
by the subject models for: (a) LCR phase a current, (b) LCR dc voltage, (¢) VSC phase a current. Here, IDI-

AVM is run with 150 us and DI-AVM is run with 500 us.

models. It can be noted in Figure 3.5 that the solution of the IDI-AVM visibly diverges from the
reference at 150 us due to the error caused by the one time-step interfacing delay. Meanwhile, the
DI-AVM can provide very accurate results compared to the reference solution even with time-step

sizes as large as 500 us.
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Chapter 4: Detailed Parametric Modeling of AC-DC Converters for EMT

Simulators

As mentioned for the HPAVM, the challenge of solving duplicate networks for average
values and ripples/harmonics leads to increased computational costs. As an alternative, fast
dynamic averaging can be employed, as depicted in Figure 4.1(a). This approach involves solving
a single network, and the inputs for the HPAVM are acquired through averaging. While this
method reduces computational burden by necessitating only a single network, the accuracy of
solutions during transient periods is compromised, as shown in Figure 4.2, due to the inherent
effects of averaging.

Furthermore, in the HPAVM and all preceding methodologies that account for
ripples/harmonics, the reliance on average values prevents the models from distinguishing between
distinct compositions within the dc network in terms of ripples/harmonics. Consequently, the
precision of ripples/harmonics is confined to the specific system on which the lookup tables are
constructed. (i.e., if lookup tables are derived from a purely resistive dc network, the model's
capability is limited to reproducing ripples solely for resistive dc loads.)

This Chapter proposes a new parametric detailed non-switching model (DNSM) for the
widely-used 2-level ac-dc converters, i.e., LCRs and VSCs. The proposed DNSM is able to
reconstruct the ac and dc waveforms similar to the DSMs of converters, including all harmonics
and ripples. This is achieved by formulating the parametric functions that are defined based on the
instantaneous values of ac and dc variables. As opposed to the HPAVM, the ac harmonics and the

dc ripples are computed with their fundamental frequency components and average values,
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Figure 4.1 Implementation of the HPAVM: (a) using fast dynamic averaging, and (b) duplicating the network.
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Figure 4.2 dc terminal voltage waveforms obtained by: (I) the conventional detailed switching models, (II)

HPAVM with duplicating the network (III) HPAVM with fast dynamic averaging.

respectively. Here, two interfacing methodologies for DNSM, denoted as indirectly-interfaced

DNSM (IDI-DNSM), which uses a time-step relaxation, and directly-interfaced DNSM (DI-
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Figure 4.3 A generic ac—dc converter system consisting of an LCR or VSC.

DNSM), which uses linearization and simultaneous solution, are formulated. The advantages of
the proposed models over the DSMs are demonstrated on generic LCRs and VSCs implemented
in PSCAD (offline simulations) and RSCAD (real-time simulations using NovaCor of RTDS). It
is verified that IDI-DNSM and DI-DNSM allow much larger simulation time steps compared to

the conventional DSMs while providing accurate waveforms for ac and dc variables.

4.1 Detailed Parametric Model of AC-DC Converters

Without loss of generality, a generic three-phase 2-level ac—dc conversion system depicted
in Figure 4.3 is considered to define the proposed methodology. The ac and dc subsystems are
interconnected by either a six-pulse LCR (composed of diode or thyristor switches) or a VSC
(composed of forced-commutated transistors, e.g., IGBTs). The dc subsystem may consist of a dc
network and an optional low-pass filter to smoothen the dc terminal voltage. The ac subsystem

may include rotating electrical machines, ac filters, ac loads, transmission lines, etc. The Thévenin
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Figure 4.4 Vector diagram of the converter ac currents and voltages in two qd reference frames rotating with

angles of ac sources and converter terminal voltages.

equivalent is utilized to represent the ac subsystem where equivalent voltages e, are assumed to

be balanced and sinusoidal as
2 2 d
€ pe = \/5 E s {cos(@s) cos(0, —?) cos(0, +?)} . 4.1)

Here, E,1s the rms value of phase voltages, and 6, indicates the angle of phase a of the equivalent
ac sources. The ac side Thévenin equivalent impedance is represented by 7, and L, . The converter

terminal voltages are denoted by v,,. whose fundamental frequency component has the angle

0,=[(2xf,)dt, (4.2)
where f, is the frequency of the ac subsystem in Hz. The angles 6, and 6, are related as
0=6,-0,, (4.3)
where 0 is referred to as the power transfer angle.
As depicted in Figure 4.3, the firing angle « and angle 6, or 6,, are the inputs into the

firing pulse generator for the thyristor-based LCRs. The firing angle & may be computed based
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on either the angle 6, or 6,, which can be identified by a phase-locked-loop (PLL). For the VSC,
the modulation index M , angle 0, and angle 6, are the inputs into the pulse generator. Here, 0
is used to specify the angle of the fundamental frequency component of the VSC ac voltages 6,

based on (4.3). Also, the modulation index M determines the amplitude of the fundamental

frequency component of VSC ac voltages with respect to the dc terminal voltage.

4.1.1 Formulation of DSNM

For the purpose of derivation, the converter ac voltages v_,. and currents i, are

C C

transformed to the source gd synchronous reference frame with angle 6,, as shown in Figure 4.4,
and computed using Park’s transformation matrix K [56] as

vig =K(@,)v il =K(8,)i (4.4)

abc> abc >

where v,,; and i, are the transformed ac variables. In the source gd reference frame, the axis ¢°

is aligned with the phase a of the equivalent source voltages e, .

Typical waveforms of dc and transformed gd ac variables for the LCR-based ac-dc system
in Figure 4.3 are illustrated in Figure 4.5. As seen in Figure 4.5, similar to the dc-side variables,
the transformed gd ac variables are also composed of dc average values and oscillatory components
(i.e., ripples) which correspond to the sum of all the ac harmonics in the abc coordinates. Also, the
dc average values of gd variables correspond to the amplitude of the fundamental frequency

component of the ac variables in the abc coordinates.
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Figure 4.5 Typical waveforms of terminal variables for six-pulse LCRs over one ac cycle: (a) dc voltage, (b)

dc current, (c¢) ac transformed gd voltages, (d) ac transformed ¢d currents.

In the VSC-based system, the dc and gd variables also contain dc average values and ripples
generated by the high-frequency switching. Their average values will correspond to the
fundamental frequency components, and the ripples will correspond to the ac harmonics.

The proposed technique uses parametric functions to capture the relationships between the
entire waveforms of the dc and ¢d ac variables. As opposed to the PAVM [34], GPAVM [44], and
HPAVM [45], in the proposed DNSM, these relationships are formulated based upon the

instantaneous values of the dc and gd ac variables/waveforms, containing both the average values

and oscillatory ripples. For this purpose, a parametric function w;, () is defined as

()= @3
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which at any moment relates the instantaneous values of the dc current and the magnitude of the

qd ac currents. Similarly, a parametric function w, () is defined as

wy ()= Lol (4.6)

Vde

which at any moment relates the instantaneous values of the dc voltage and the magnitude of the
qd ac voltages.

The phase shift between the instantaneous angles of the ac currents and ac voltages is also

captured with a parametric function go() defined as

¢(.)=tan™' [%J —tan”! [:—‘EJ ) 4.7)
q g

The parametric functions (4.5)—(4.7) are defined at any moment and for the desired operating
conditions of the ac-dc converter. For this purpose, the loading condition of the converter is
specified by defining an instantaneous dynamic impedance as

e (4.8)

Zd=

The profiles of the parametric functions w; (.), w, (.), ¢(.).and z, calculated based on the

typical waveforms in Figure 4.5 for the LCR system are depicted in Figure 4.6 over one ac cycle.
It is observed that these functions are also periodic similar to the ripples on the dc and ¢d ac
variables when considering their instantaneous values. The period of these ripples for LCR-based

system is obtained as
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Figure 4.6 Typical waveforms of the instantaneous parametric functions and dynamic impedance of the LCR-
based system for the proposed DNSM over one ac cycle: (a) parametric function Ww; () defined in (4.5), (b)

parametric function w, () defined in (4.6), (¢) parametric function go() defined in (4.7), (d) dynamic

impedance z; defined in (4.8), (¢) reconstruction angle defined in (4.11).

p=2x/p, (4.9)

where p denotes the number of LCR pulses (in Figure 4.5 and 4 p=6).
For VSCs, the period of ripples £ on the dc and ¢d variables, and parametric functions is
equal. However, £ of VSCs will also depend on the switching strategy, unsynchronized or

synchronized carrier frequency, symmetry or asymmetry of the carrier about a sinusoidal reference
waveform of SPWM, etc.[1], [57].

In this Chapter, a synchronous modulation with odd and multiple of 3 switching frequency
ratio is considered to eliminate the even and triple harmonics, and the harmonics of the order of
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Figure 4.7 Typical waveforms of the instantaneous parametric functions and dynamic impedance of the VSC-

based system in specific modulation index and angle for the proposed DNSM over one ac cycle: (a) parametric

function Ww; (.)defined in (4.5), (b) parametric function w, (.) defined in (4.6), (¢c) parametric function .
i v @

defined in (4.7), (d) dynamic impedance z,; defined in (4.8), (¢) reconstruction angle defined in (4.11).

the carrier frequency, resulting in the ac harmonic order of [58]

n=6m+tl, mef{l,23,..}, (4.10)
which results in harmonic order of 6m on dc and gd variables. Therefore, the period of ripples is

specified as S = % for the subject VSC system [58] .

After determining the period S, adequate samples of the parametric functions can be
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collected over only one period £ as illustrated in Figure 4.6. For this purpose, the so-called

reconstruction angle 6, is defined as

6... =mod (6, /). 4.11)

rec

The profile of &,,. is shown in Figure 4.6(¢).

4.1.2 Establishing Parametric Functions

It is generally impractical to derive the instantaneous parametric functions (4.5)—(4.7)
analytically under various operating conditions, especially when considering the nonlinearity and
losses of the converter. Here, Algorithm 1 is used for establishing the parametric functions of the
LCR-based ac-dc system numerically. A similar approach is used for constructing parametric
functions of the VSC-based system.

In this approach, the system is simulated using the DSM of the converter for short periods
of time over different loading conditions, and the parametric functions are computed numerically.
As shown in Algorithm 1, the system is simulated over the desired range of firing angles (in the
case of thyristor-based LCR) denoted by its minimum «,;

and maximum «,,,, values with step

n X

astep .

The system is also simulated over the desired range of loading conditions. Here, the loading
condition is varied by changing the load in the dc network, which is represented by an equivalent

resistance R;, which steps with R, i, from minimum R, ;, to maximum R, . . It is important

to note that the parametric functions obtained by varying a resistive load in the dc network are also

valid for other load compositions in the dc networks, such as inductive loads.
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Algorithm 1. Algorithm for construction of lookup tables

1. for o =a,, to a,,, step o, do

2. for R, :lemin to R/,max step R,,step do

3. Initialize the system with & and R; using DSM for LCR
4. Start the simulation

5. for k=0 to Nstep 1 do

6. Establish 6, based on (4.11)

7. Compute functions w;(.), w,(.), ¢(.) based on (4.5)-(4.7)
8. Compute dynamic impedance z,; based on (4.8)

9. Store the parametric functions in 3-D lookup tables in terms of z,, «, 6,,.
10. end for

11. End the simulation

12. end for

13. end for

Once the simulations start, the parametric functions are computed based on (4.5)—(4.7).
Also, the dynamic impedance z, and the reconstruction angle 8,,. are also established based on

(4.8), (4.11), respectively, for that operating condition. Then, N samples of the parametric
functions are collected over one period £, and stored in three-dimensional (3-D) lookup tables in
terms of « (for thyristor-based LCR) , z,, and 6,,. . Typical profiles of instantaneous dynamic
impedance and parametric functions for the proposed DNSM of a diode rectifier are shown in
Figure 4.8, and Figure 4.9, respectively.

For the VSC system, applying the same Algorithm 1, four-dimensional (4-D) lookup tables
in terms of modulation index M, angle 6, z,, and 6, are constructed and stored as the
instantaneous parametric functions over the desired range of operation. Figure 4.10 and Figure
4.11 depict the dynamic impedance and parametric functions of a VSC system for a specific

modulation index M , angle ¢ .
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Figure 4.8 Typical dynamic impedance for the proposed DNSM of a diode rectifier.
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Figure 4.9 Typical parametric functions for the proposed DNSM of a diode rectifier stored in lookup tables:

@ w;(.),® w,(.),and (©) ¢(.).
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Figure 4.10 Typical dynamic impedance for the proposed DNSM of a VSC with for a specific modulation

index M , angle O .
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Figure 4.11 Typical parametric functions for the proposed DNSM of a VSC with for a specific modulation

index M , angle O stored in lookup tables: (a) w; () ,(b) w, () , and (c¢) gp() .
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It is noted that the construction time and size of the lookup table data are determined by
the desired resolution of parametric functions and the range of operating conditions. Also, it should
be noted that this is a one-time procedure and once the lookup tables are established, they can be

used for various studies.

4.2 Interfacing Methods
Once the parametric functions are established as lookup tables, the proposed DNSM is
readily implemented, as shown in Figure 4.12. As seen, the firing angle « (in the case of thyristor-

based LCR) or modulation index M and angle 6 (in the case of VSC), the source angle 6,, the
dc voltage v, , and the ac currents i, are the inputs to the DNSM. The ac voltages v . and the
dc current i,, are the outputs.

According to Figure 4.12, the currents i,. coming from the external system are

transformed to the gd coordinates based on (4.4). Then, z, and 6,,. are computed based on (4.8)

, (4.11) using the input variables v,., 0,, and i, . The values of z, and 6, are then used along
with the LCR firing angle « (or VSC modulation index M and angle 0 ) as the inputs to the
lookup tables to compute the values of parametric functions w; (.), w, (.),and ¢(.).

Afterward, the value of the output dc current is calculated based on (4.5) using if]d and parametric

function w; (.) as

(4.12)
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Figure 4.12 Implementation of the proposed DNSM using indirect interfacing with external networks.

Also, the converter output ac voltages in gd coordinates are calculated based on (4.6), (4.7)

using the inputs v,., iy, , and the computed parametric functions w,(.) and ¢(.) as

v, =W, () vy cos| tan™ |

vy =w, (.)vgsin| tan”' | £

Finally, the abc voltages are computed using the inverse of Park’s transformation matrix as

- qo(-)},
w(-)]-

Vare =[KO)] Via.

4.2.1 Indirect interfacing method using controlled sources

(4.13)

(4.14)

(4.15)

To interface the proposed DNSM with external networks using circuit components, the

discrete switches of the converter are replaced with dependent voltage and current sources, as

depicted in Figure 4.13. Therein, the three-phase voltage sources are used to interface the output
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Figure 4.13 Indirect interface of the proposed DNSM with the external network using controlled current and

voltage sources.

v . With the ac subsystem, and the controlled intermediate dc current source, calculated based on
(4.12), is used to interface the output i;,, with the dc subsystem.

As shown in Figure 4.13, depending on the composition of the dc subsystem, a snubber

resistor R, may be needed in parallel with the dc current source i, when the dc subsystem cannot

accept the current source at the inputs (e.g., when there is a line inductor in series with the dc

current source) [59]. If a snubber is used, a compensation current source i,,,, should be used to

eliminate the steady-state error caused by the snubber current. To achieve an explicit and non-

iterative interface, the compensation current i,,,,, is calculated using the input dc voltage from the

previous time-step as
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Ve (t B At)

X

ANOE (4.16)

In EMTP-type programs without an iterative solution, e.g., PSCAD and RSCAD, the inputs

to the DNSM block (i.e., dc terminal voltage v,. and the ac currents i, in Figure 4.12 and Figure

4.13) use their values from the previous time-step (i.e., v, (t—A¢) and i, (f—At)) since their

abe
values are not computed at the present time-step yet.

The method presented here is referred to as indirect interfacing due to using the time step
delay in the interfacing variables. The interfacing delay can cause numerical inaccuracy and
instability in simulations with large time steps. Therefore, the proposed indirectly-interfaced
DNSM (IDI-DNSM) may not be able to run with large time-step sizes, although it still allows

larger time-step sizes compared to the DSMs of converters.

4.2.2 Direct interfacing for the proposed DNSM

Inspired by [48], a direct interfacing method is developed for the proposed DNSM. The
proposed directly-interfaced DNSM (DI-DNSM) is aimed to allow large time-step sizes in EMTP-
type programs without the need for iterative interfacing solutions. To eliminate the one-time-step
delay, the DNSM of the ac-dc converter is reformulated in the nodal solution form so that its
resultant matrices and vectors can be merged with the overall network solution and solved
simultaneously without a time-step delay.

The nodal equation of the overall system, including the converter, has the following general

form
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where V is the vector of system nodal voltages, G is the system’s conductance matrix, and the
vector I represents the sum of injected currents to the nodes, including history currents and

independent sources. Similarly, Gy 1S the conductance sub-matrix of the converter DNSM
model, whose voltages are defined in a vector form as
Veon =[va (@) vy v (1) v D] (4.18)
The converter currents are defined in vector form as
Teon =[i,(®) (@) () ig @] . (4.19)

The vector of history currents is defined as

Licon =[ina (@ iy () i (1) ipge (t)]T- (4.20)

First, to obtain the nodal equations for the proposed DNSM, its voltage equations are
reformulated as functions of the converter currents. Then, the resultant nonlinear functions of the
qd ac variables and dc variables are linearized at the time step (¢ — At )[48]. The linearized gd-dc

voltages are written as

S ' .S
V@O | IRy Ry Ry ||| [e®

Va0 |=| Ry Raa i Raae ||1a(®) |+ €@ |, (421)
Ve (t) Rdcq Rdcd ;Rdcdc idc(t) Chdc (t)

where
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qde = aT);I =-R, [Wv(') cos[tan [%J ()J]
Ve, ' oy (4.22)
a S
Ry = aj;f R Lw (){w()sm((p()) [R—x—ich
o dysin(e())+ i cos((o(.))]
i —3
lqd t—At
a S
Ry = a‘l’: N [w (){W()COS(w()) ( 3 —zdL]
s o cos(gp(.))+ i sin((p(.))}
iy % —
lqd t—At
Ry = 2"2 =-R, {wv(.) sin[tan1 %J(D(.)D
tde t—At lq A (4.23)
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oi’ i
9 lr—At qd Y
o, w, )iy
Rdc‘d = alic :RX " d , (4.24)
¢ fad t—At
Ryeae = a‘fdc =-R,
Ol Y
and
l-S
ey, (t) = | vgew, () cos tan~! i% — ()
q

t—At

e, (t) =| v, w,()sin (tanl {ZJ - go(.)]
l;] t—At
Chdc (t) = vdc|,_A[ : (425)

Then, the gd variables in (4.21) are transformed to the abc coordinates. After applying Park’s
inverse transformation to the gd variables in (4.21), and some algebraic manipulations, the

equivalent resistance matrix of the converter DNSM in abc coordinates yields

R, R, R, iR

ac ; adc
R Rpo Ry Rype | Ry |
o f_cz —— f.c{z - _ﬁc_c_ - _??_Cf{c__
Rdca Rdcb Rdcc : Rdcdc ( 49 6)
R, R ? R
—1 d ' -1 dc
(K@) | " K@)] K@) |
R R
dqg  Ldd dde |

- (I:Rdcq Rdcd } [K(ev )]) ; Rdcdc
Here, the positive dc current is considered outward of the converter. Therefore, a negative sign is

used with the dc-abc equivalent resistances to account for this convention.
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Figure 4.14 Direct interfacing of the proposed DNSM with the external network using Norton equivalent

circuit.

Also, the vector of voltage history terms e,y 1n abc coordinates is obtained as

€ha (t)

_ 03
K@) | ™ }
€ncoN = Zhbg; = [ ( )] Lhd @] (4.27)
e, (£) € (1)

To organize the equations in the form of (4.17), the converter conductance matrix G gy

and history currents I,y are calculated as

Geox =[Reox] s (4.28)

and
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-
Licon =—[Reon] €rcon- (4.29)

The equivalent conductance matrix Gy calculated (4.28) and vector of current history
terms I,qqy (4.29) calculated using (4.21)-(4.27), are then directly incorporated into the overall

network nodal equations (4.17) when the EMT program permits. Alternatively, the proposed DI-
DNSM can be interfaced using circuit components according to Figure 4.14 based on its Norton

equivalent circuit.

As demonstrated in Figure 4.14, in contrast to the indirect interfacing method shown in
Figure 4.13, the external snubber and compensation current are not required for the DI-DNSM as
the model is already integrated into the nodal formulation. Furthermore, no input variables from
the previous time step are required. This is due to the simultaneous solution of the converter’s

nodal equations alongside the overall network for ac and dc variables.

4.3 Computer Studies

To investigate the performance of the proposed modeling approach against the
conventional detailed switching models of LCRs and VSCs, the ac—dc system in Figure 4.3 is
considered with the diode- and thyristor-based LCRs, as well as VSC. The system parameters are
summarized in Appendix D .

The systems with the conventional DSM of the converters have been implemented in
PSCAD (offline) and RSCAD (real-time) using their standard library components. Also, the
proposed DNSM is implemented in PSCAD with the indirect and direct interfacing methods,
denoted as IDI-DNSM and DI-DNSM, respectively. The IDI-DNSM of the LCRs and VSCs

presented in section 4.2.1 is also implemented using basic library components of PSCAD based
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on Figure 4.12 and Figure 4.13. The DI-DNSM presented in section 4.2.2 is implemented as a
PSCAD user-defined block by defining a conductance G matrix and a vector of history currents
based on (4.26)—(4.29) and Figure 4.14. All the simulations with LCRs in PSCAD are run with
disabled interpolation for the switching events for consistency with real-time simulations in

RSCAD.

4.3.1 Studies with Diode-based LCR
Here, it is assumed that the LCR in Figure 4.3 consists of six diodes. The system is initially

in steady-state with the LCR operating in CCM-1 mode supplying a load with R, =5Q and
L, =2mH . At t =25, the load is stepped down to R, =0.5Q , which changes the operating mode

of the LCR to CCM-2. The transient response of the ac and dc variables obtained by the four
subject models (i.e., DSM in PSCAD, DSM in RSCAD, and the proposed IDI- and DI-DSM in
PSCAD) are shown in Figure 4.15.

The results in Figure 4.15 are obtained when the DSM in PSCAD and RSCAD are both
run with a time-step of Az =10 us , which was the maximum possible time-step to achieve accurate
results without interpolations. The two proposed IDI-DNSM and DI-DNSM are able to use much
larger time steps and are run with Az =70 us and Az =200 us , respectively.

As can be observed in Figure 4.15, the simulation results with the DSM run in offline mode
(using PSCAD) and in real-time mode (using RSCAD) match almost precisely. It is also verified
that the proposed IDI-DNSM and DI-DNSM are able to provide an accurate reconstruction of the
entire ac and dc waveforms, consistent with the switching models, both in steady-state and in

transients using much larger time steps (i.e., 70 ps and 200us, respectively).
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Figure 4.15 Transient response of diode LCR variables as obtained by the subject models for: (a) phase a
voltage v, (b) phase a current i, (c) dc voltage V., and (d) dc current i, . The DSMs in PSCAD and RSCAD

are run with Az =10 us, IDI-DNSM with Af =70 us , and DI-DNSM with Af =200 us .

Figure 4.16 depicts the waveforms of the diode LCR obtained by the conventional DSM
and the proposed IDI-DNSM while both simulations are conducted in real-time using RSCAD
with 70us time-step. As can be observed, the conventional DSM is unable to accurately reproduce

the ac and dc waveforms at such large time steps due to the errors in the handling of switching
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Figure 4.16 Steady-state waveforms of ac- and dc-side variables of diode LCR in CCM-1 condition as obtained

by the conventional DSM and proposed IDI-DNSM run on RSCAD with Az =70 us : (a) phase a voltage v, (b)

phase a current i, (c) dc voltage v, , and (d) dc current i, .

events; however, the proposed DNSM still achieves accurate results, similar to the waveforms in
Figure 4.15. To illustrate what happens if the time step size is further increased, Figure 4.17 shows
the solution of the DSM when a time step of 700 ps is used for simulation. As can be observed,

the conventional DSM solution loses accuracy and becomes numerically unstable when subjected

to larger time steps.
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Figure 4.17 Example of unstable solution of ac- and dc-side variables of diode LCR as obtained by the
conventional DSM run on PSCAD with Az = 700 us : (a) phase a voltage v, (b) phase a current i, (c) dc voltage

V4 » and (d) dc current i, .

4.3.2  Studies with Thyristor-LCR
Here, it is assumed that the LCR in the system of Figure 4.3 is composed of controlled

thyristor switches. Initially, the system is in steady-state with the LCR operating in CCM-1 mode

where the firing angle of thyristors is set to @ =35, and the LCR feeds a series RL load with
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Figure 4.18 Transient response of thyristor LCR variables as obtained by the subject models for: (a) phase a
voltage v, (b) phase a current i, (c) dc voltage V., and (d) dc current i, . The DSMs in PSCAD and RSCAD

are run with Af =10 us, IDI-DNSM with A¢ =50 s , and DI-DNSM with A =150 us .

R, =3.5Q and L, =10mH . Then, at ¢ =2+, the dc load resistance is stepped to R, =1€Q and the

firing angle steps to @ =15°. The transient response is shown in Figure 4.18 as obtained by the
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DSM in RSCAD and PSCAD (with Az =10 us), the proposed IDI-DNSM (with Af =50 us), and
the proposed DI-DNSM (with Af =150 us).

In line with the observations in Figure 4.15 for the diode-LCR, it is observed in Figure 4.18
that the results with the DSM run in offline mode (using PSCAD) and in real-time mode (using
RSCAD) are consistent. It is also seen that the proposed IDI-DNSM and DI-DNSM are able to
capture the entire ac and dc waveforms (including their ripples, harmonics, sharp edges, etc.)
consistently with the switching models, both in steady-state and in transients. It is emphasized that

the IDI-DNSM and DI-DNSM achieve this with such large time-step sizes (i.e., 50 s and 150
us , respectively), which is a significant numerical advantage over the DSM, which is able to run

only with small time-steps (10 s ).

4.3.3 Studies with VSC
Here, the VSC in the system of Figure 4.3 is considered to have a conventional two-level

topology. The switching frequency f, is assumed to be 900 Hz using the sinusoidal pulse-width
modulation (SPWM). The simulation starts from zero initial condition while the modulation index

and angle are set to M =0.6 and & =-15", transferring 80 MW in steady-state from the ac
subsystem to the dc subsystem. Without loss of generality, the dc subsystem here is composed of

a series RL branch with R, =5.99Q and L, =84mH, and dc voltage source E,. =150kV,
representing the inverter side of an HVDC system. Then, at # =15, the modulation index and angle
are stepped to M =0.8 and 6 =—-10", decreasing the transferred power to 70MW. Then, at ¢ =25
, the dc subsystem voltage source E,, starts to fluctuate based on the profile in Figure 4.19 (a).

The transient response of the system variables is depicted in Figure 4.19 (b)—(e), where the results
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Figure 4.19 Transient response of VSC variables as obtained by the subject models for: (a) dc subsystem
voltage source £ . , (b) phase a voltage v, (c) phase a current i, , (d) dc voltage V., and (e) dc current I, .

The DSMs in PSCAD and RSCAD are run with A7 =10 us, IDI-DNSM with Af =25 us , and DI-DNSM with

At =50us .

of the DSM in RSCAD and PSCAD are obtained with Az =10 us, and proposed IDI-DNSM and
DI-DNSM with Af =25us and At =50 us , respectively.
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It can be observed in Figure 4.19 that the proposed IDI-DNSM and DI-DNSM accurately
replicate the entire ac and dc waveforms, aligning with the DSMs. This accuracy is maintained in

steady-state and transients, with larger time-step sizes of 25 us and 50 s for IDI-DNSM and DI-

DNSM, respectively, achieving numerical advantages.

For the DSM of the VSC system in this paper, an accurate solution cannot be obtained
without interpolation, even at very small time-steps A¢ < 0.01 us, due to high-frequency switching.
Therefore, the DSM of VSC in PSCAD is presented here with interpolation enabled to verify the
solution provided by the proposed models. Also, the RSCAD DSM is implemented using their

recently developed universal converter model (UCM) [60].

The maximum possible time-step sizes to obtain numerically valid results with the subject
models are summarized in Table 4.1. As seen, the conventional DSM, IDI-DNSM, and DI-DNSM
are valid up to 10 us, 70 us, and 200 us for the diode-based LCR system, respectively; 10 us

, 50 ws,and 150 wus for the thyristor-based LCR system, respectively; and 10 us , 25 wus, and

50 ws for the VSC system, respectively.

4.3.4 Computational Performance Comparison

Here, the computational performance of the IDI-DNSM and DI-DNSM is benchmarked
against the conventional DSM of LCR and VSC systems. The offline CPU times taken with the
three subject models to run identical 30-second transient studies discussed in Sections 4.3.1, 4.3.2,
and4.3.3 with different time-step sizes are summarized in Table 4.2 for the diode LCR, thyristor

LCR, and VSC systems, respectively.
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Table 4.1 Maximum possible simulation time-step with the subject models of LCR and VSC systems

Max Time-Step Size (us)

Converter Model Diode-based LCR Thyristor-based

VSC

LCR
At <0.01 (Individual
Conventional DSM 10 10 switch-based model)
10 (UCM in RSCAD)
Proposed IDI-DNSM 70 50 25
Proposed DI-DNSM 200 150 50

As observed in Table 4.2, with At =10 s, the proposed IDI-DNSM of diode and thyristor
LCRs is computationally as expensive as the conventional DSM (taken 16.7s and 16.1s CPU time
for diode LCR and 20.8s and 19.6s for thyristor LCR, respectively). In contrast, the proposed DI-
DNSM requires slightly more computations (i.e., 22.3s CPU time for diode LCR and 25.1s for
thyristor LCR). However, the proposed IDI-DNSM and DI-DNSM can run with larger time steps.
For the diode LCR system with Af =70 us , they can run in 2.9s and 3.7s, respectively. Also, for
the thyristor-based system at Az =50 us, 4.3s and 5.7s CPU times are required for IDI-DNSM and
DI-DNSM, respectively. The DI-DNSM can be simulated with even larger time-steps of up to
At =200 us for diode LCR and Af =150 us for thyristor LCR for which only 1.4s and 2.2s is
taken by the CPU, respectively.

For the VSC system, it is seen in Table 4.2 that the conventional DSM requires 58.1s CPU
time with Az =10 us. It is noted that this time step was possible only by enabling the switching
interpolation, without which the time step would have been limited to less than 0.01 us. The
proposed IDI-DNSM and DI-DNSM also have comparable performance and require 55.1s and

61.2s, respectively. The IDI-DNSM and DI-DNSM can also run faster (i.e., 24.4s and 27.3s) by
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Table 4.2 Computational performance of conventional switching and proposed non-switching detailed models

of diode and thyristor LCRs and VSC systems for the 30-second transient study in PSCAD

CPU Time (s)

Converter At (us) DSM Proposed IDI- Proposed
DNSM DI-DNSM
10 16.1 16.7 22.3
Diode-based LCR 70 NA 2.9 3.7
200 NA NA 1.4
Thvristor-based 10 19.6 20.8 25.1
TR 50 NA 43 5.7
150 NA NA 2.2
10 58.1 55.1 61.2
VSC 25 NA 24 .4 27.3
50 NA NA 15.6

increasing the time-step to Ar=25us. The proposed DI-DNSM is even able to run with

At =50 us in only 15.6s.
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Chapter 5: Conclusion

The research presented in this thesis has been focused on developing numerically efficient
models of ac-dc converters, including LCRs and VSCs, for their implementation in EMTP-type
programs. Such converter models are considered extremely important for the practical and reliable
analysis, design, and study of energy conversion power systems. Therefore, it is essential to
include the harmonics and ripples of ac and dc waveforms of such converters within the model, as
they significantly impact the accuracy of the results. Also, from a numerical perspective in EMTP-
type programs, the converter model should possess the capability to directly interface with the
program, i.e., have a simultaneous solution with the network’s equations. Although several state-
of-the-art models have been proposed in the literature (e.g., GPAVM, HPAVM, DI-AVMs), they
either established based on indirect interfacing with the network or relied solely on average values,
ignoring harmonics and ripples.

This thesis fulfills this gap in the prior state-of-the-art research by proposing a detailed
continuous non-switching converter model for both indirect and direct interfacing that achieves
better computational efficiency with comparable accuracy to detailed switching models. The main

features and the contributions of each research objective in this thesis are summarized below.

5.1 Contributions

As part of the research presented in Chapter 2, the recently proposed hybrid parametric
average-value detailed model (HPAVM) of the rectifier systems has been reformulated for line-
commutated inverter systems. This was done by defining new dynamic admittance and parametric
functions for average values and ripples/harmonics. The proposed inverter-HPAVM was used

along with the rectifier-HPAVM for efficient simulation of a generic line-commutated-converter-
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based classic HVDC system. It was demonstrated that the proposed HPAVM is able to reconstruct
the ac and dc variables very accurately and similar to the detailed switching models of the
converters while allowing much larger time steps. The application of the proposed HPAVM for
converters enables superior computational performance and simulation speed (i.e., nine times
faster compared to the detailed switching model) for the HVDC system, resulting in significantly
reduced CPU time (10.85 seconds versus 97.7 seconds). The presented HPAVM also has the
flexibility of neglecting the dc-side ripples and/or the ac-side harmonics, if desired, for more
efficient simulations. It is proposed that the presented HPAVM can be an efficient asset for offline
and/or real-time simulations of classic HVDC systems when large time-steps are desired.

The numerical performance of the DI-AVMs was investigated in Chapter 3 for a hybrid
LCC-VSC HVDC system implemented in PSCAD/EMTDC. Conventional implementation of
average-value models (AVMs) of line-commutated converters (LCCs) and voltage-source
converters (VSCs) in EMTP-type programs requires a one-time-step interfacing delay. Here,
directly-interfaced AVMs (DI-AVMs) have been examined for LCCs and VSCs, which eliminate
the interfacing delay. It has been verified that the conventional indirectly-interfaced AVMs lose
their accuracy at time-step sizes around 100—-150 us. However, the new DI-AVMs of LCCs and
VSCs can provide accurate results in simulations with very large time steps, even as large as 500
us. This demonstrates excellent potential for DI-AVMs of LCCs and VSCs as efficient assets for
real-time and offline simulations of large-scale power-electronic-based systems where utilizing
large time-step sizes is desirable.

A new technique for modelling ac—dc switching converters in EMT simulators has been
proposed in Chapter 4. The proposed technique can provide detailed waveforms consistent with

the conventional switching models of converters and be used in simulations with large time steps.
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This was achieved by formulating parametric functions that instantaneously relate the converter’s
ac and dc variables. Two interfacing methods were presented for the proposed models. With the
indirect interfacing method, the proposed model was able to provide accurate results with time
steps up to ~70 us for diode and thyristor-based LCR systems, and up to ~30 us for VSC-based
systems. Meanwhile, the proposed model with direct interfacing could accurately run with time
steps up to ~200 us for LCRs, and up to ~50 us for VSCs. It is envisioned that the proposed
methodology can be beneficial for modelling switching converters in many EMT simulation
programs, especially for real-time applications where achieving larger time steps with a non-

iterative solution is highly desirable.

5.2 Anticipated Impact

The detailed reconstruction of converter waveforms and the adaptability of the proposed
model for both direct and indirect integration within EMTP programs make the DNSM a desirable
alternative. It is envisioned that the newly proposed DNSM of converters can replace the existing
detailed switching converter models in commercial real-time simulators such as RTDS. The
improved computational efficiency of the proposed model has the potential to expand the scope of
EMT simulators to handle more extensive systems, utilizing less computational hardware
resources. This advancement could lead to broader applications of EMTP programs and real-time
simulators in the power industry. Consulting companies engaged in many real-time transient
studies can enhance the size and level of detail in their systems due to the reduced computational

cost of the proposed models compared to the traditional models.
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5.3 Future Work

The research presented in this thesis will be continued in several directions. Due to limited
space, only three possible paths that other students in our research group may consider are
mentioned here:

The approach outlined in Chapter 2 offers detailed parametric models for line-commutated
rectifiers and inverters. This approach demonstrated the capability to use larger simulation time
steps compared to conventional discrete switching models. This is advantageous for conducting
system-level studies of power systems containing numerous switching converters. The technique
presented can be expanded to other types of power-electronic converters, including force-
commutated IGBT-based converters and PWM voltage-source converters (VSCs). Additionally,
it has the potential to be adapted for modelling modular multi-level converters (MMCs). It is
envisioned that appropriately extending this methodology can yield AVM models for MMCs,
enabling simulations with larger time steps by eliminating the requirement for zero-crossing
detection.

The direct interfacing of PAVMs of LCRs is investigated in Chapter 3 for HVDC systems
under symmetric and normal operating conditions. However, the failure of commutation of the
converter switches may occur due to internal or external abnormal conditions, such as the fault of
one or more switches, unbalanced ac sources, or faults in ac line. This requires more in-depth
exploration and the appropriate formulation of the model that accurately and automatically
incorporates the impact of unbalanced and asymmetric external systems on the converter operation
and commutation of switches, which will have to be incorporated into the PAVM.

The converter models presented in this study for direct interfacing, including DI-AVMs

and DI-DNSM, in Chapters 3 and 4, are integrated with the network’s overall nodal equations
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using a time-variant conductance matrix. This matrix needs to undergo computationally expensive
refactorization every time step. This introduces complexity to the model and increases
computational expenses. Avoiding frequent refactorization of the entire conductance matrix has
been shown to enhance simulation speed. Consequently, reducing computational demands can
lower CPU usage for specific studies. This strongly motivates developing converter models with

constant or partially constant conductance matrices.
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Appendices

Appendix A : Park’s Transformation Matrix and its Inverse (with neglected zero

sequence)
K(Q)—z cos(6,) cos(6, —27z/3) cos(8, +27/3)
/" 3] sin(0,) sin(6, —27/3) sin(6, +27/3) |

cos(6,) sin(6,)
[K(@e)]_l= cos(6,—2x/3) sin(6,-27/3)|.
cos(6,+2x/3) sin(6,+2x/3)
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Appendix B : Parameters for the Case Study of Subsection 2.2
Parameters of the AC Subsystems

e . = 228.4KkV, e =199.8kV, frrec = finv = 60 Hz,
e =r™"=1Q, L =L =10.01mH.

Parameters of the DC Subsystem

rn=25Q, L,=5968mH, C, =26 pF.
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Appendix C : Parameters for the Case Study of Subsection 3.2

Parameters of AC Subsystems:

€4pc1 = 188KV, €apc2 = 132KV, fs1 = fs2 = 60 Hz, Ts1 =Ts2 =18,
Ls1 =15, =0.037 H.

Parameters of DC Subsystem:

Tine = 2.5Q, Ljine = 0.5968 H,

Cline = 26 uF, Cy4c = 500 pF, R}C‘CR = R,‘C/SC = 150Q



Appendix D : Parameters for the Case Study of Subsection 4.3

LCR system parameters.

E,, =90V, f,=50Hz, r,=1Q, L =1mH, C,=500uF, R, =100,

R =0.091Q, V, =0.637V.

on _switch n_switch

VSC system parameters:

Erms = 707kV, fs = 6OHZ, f‘c = 900HZ’ r, = 1.5 Q’

L, =37.14mH, C, =3000uF, R,=150€2.
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