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ABSTRACT

Unbalanced Power Converter Modeling for AC/DC Power Distribution Systems

Xiaoguang Yang

Karen N. Miu, Ph.D.

In power distribution systems, the installation of power electronics based
equipment has grown rapidly for ac/dc system coupling, system protection, alternative
energy source interface, etc. This thesis will focus on power electronic component and
system modeling techniques and three-phase ac/dc power flow analysis for power
distribution systems. First, mathematical models are developed for unbalanced power
electronic converters, such as thyristor converters, diode rectifiers, and Pulse-Width-
Modulated (PWM) converters. The modeling approach captures the imbalance of
distribution systems using three, delta-connected, single-phase converters. In order to
perform system analysis, these models have been incorporated into two types of ac/dc
power flow solvers: (i) a three-phase backward/forward sequential solver and (ii) a three-
phase unified solver using the modified nodal analysis method. Both solvers have been
applied to unbalanced radial and weakly meshed distribution systems. Finally, an ac/dc
system hardware test bed was created to validate the mathematical models and the
performance of the power flow solvers. Extensive hardware tests, time domain

simulations, and steady-state analysis have been performed.






CHAPTER 1. INTRODUCTION

Recent developments in power electronics offer the possibility of wide-scale
integration of power electronics based devices into power systems [1]. Resulting benefits
would include improved control of the delivered power, high energy efficiency and high
power density. In order to implement these devices into distribution systems successfully,
system wide analysis should be performed in order to understand their impacts on system
planning and operation. As such, appropriate mathematical models and application tools,
are desired to capture the characteristics of power electronic devices. This thesis will
address power electronic device modeling techniques and three-phase ac/dc power flow

analysis for power distribution systems.

1.1 Motivations

In power systems, ac/dc conversion using power converters has been developed and
installed in transmission systems in past decades [2]. With a focus on power distribution
systems, the implementation of power electronic devices has grown rapidly in recent
years, such as in terrestrial distribution systems [3], shipboard power systems [4], and
transportation systems [5]. For example, adjustable-speed drives are replacing constant
speed electric motor-driven systems in industry to improve efficiency by controlling the
motor speed. Power electronics have also been used as interface to transfer power from
alternative energy sources, such as wind, photovoltaic, into the utility systems. In
shipboard power systems, power converters introduce the potential to actively control the
coupling of ac/dc systems. They can be operated faster than electromechanical devices to

open/close circuits and prevent the spread of faults using zonal electrical distribution [4].



The installation of these power electronic devices may have either positive or
negative impacts on the operation and control of distribution systems. To investigate the
impacts of these new devices, it is essential to establish a foundation to investigate their
properties and to incorporate them in planning and operation studies. Fundamental tools
for power system analysis include component and system modeling and steady-state
ac/dc power flow. The models and power flow have been used in many applications in
planning and operation, such as protection system design, service restoration, power
quality analysis, etc. The applications require appropriate models to reflect the actual
behavior of system components as well as robust and efficient power flow solution
algorithms.

Historically in the power industry, the main power electronics applications have been
in High Voltage Direct Current (HVDC) systems, solid state VAR compensators, unified
power flow controllers, and others. As a result, a number of models were created to
handle these devices and implemented in power flow solvers, see for example [6-12]. In
HVDC systems, large inductors are installed in the dc systems to smooth dc currents.
Thus, many converter models and subsequent power flow formulations assumed the
systems to be three-phase with constant dc currents. In [6-9], the network and loads are
assumed to be three-phase balanced. In these models, the converter ac currents were
assumed to be filtered and had sinusoidal waveforms with low distortion. The current
magnitudes were calculated by performing FFT analysis on the tri-state square ac
currents before filters. The dc systems were modeled as constant power ac loads in the
power flow solvers.

Some three-phase, unbalanced systems, converter models have also been developed



for HVDC system analysis. In [10][11], a three-phase thyristor converter model was
proposed. The imbalance of systems was captured by the conducting periods of thyristors
on each phase. In [12], three-phase thyristor converters were modeled as equivalent
sequence regulation transformers using modulation theory. In these three-phase models, it
was still assumed that the dc currents were constant.

In contrast, power distribution systems are inherently unbalanced systems consisting
of single, two and three-phase components and subsystems. Also because of limited
space [13], often there are not enough filtering devices to eliminate the harmonics
generated by power electronic devices. In addition, installation of large dc capacitors
amplifies dc current ripples in some distribution system devices, such as Adjustable
Speed Drives (ASDs), As such, the Total Harmonic Distortion (THD) in the dc currents
and ac currents could be much higher, e.g. THD is among 40-60% for ASDs [13], than
those in HVDC systems. For these reasons, the previous modeling approaches and power
flow solvers for HVDC system analysis are not directly applicable to power distribution
systems. New modeling techniques are desired to capture the properties of the power
electronic devices and to be implemented in distribution system analysis tools.

Furthermore, these new mathematical models and analysis tools should be tested and
validated in real-life environments. It is noted that real system data is not always
accessible and it is also impractical to perform experiments on real systems for the sole
purpose of validation. As such, it is desired to develop scaled-down, flexible, ac/dc

system hardware test beds.

1.2 Objectives

The objectives of this work are to



() Investigate characteristics of power converters and develop mathematical
models for distribution system analysis

(i)  Develop new power flow solvers with appropriate mathematical models to
support improved distribution system planning and operation

(i)  Develop hardware and software tools to validate power converter models and
the performance of power flow solvers

The framework of this thesis is shown in Figure 1.1.

Figure 1.1 The framework of this thesis

The work in this thesis addresses the above objectives and makes the following
contributions.
1.3 Summary of Contributions
This thesis provides the following contributions toward improving distribution system
operation and control in the presence of power electronic devices:
e Detailed unbalanced converter models using three, delta-connected, single-phase
converters for:
— Three-phase full bridge thyristor converters and diode rectifiers

— Three-phase Pulse-Width-Modulated (PWM) converters



e Three-phase ac/dc power flow solvers for uni-directional and bi-directional power
flow studies in radial or weakly meshed distribution systems
— A backward/forward sequential solver using a subsystem ranking method
— A unified solver using the modified nodal analysis method
— Detailed simulation results on radial and weakly meshed three-phase
distribution systems
e A flexible hardware test bed for studying ac/dc power flow and evaluating

mathematical system models and analysis tools

1.4 Organization of Thesis

This thesis is organized as follows. In Chapter 2, a new converter modeling approach
is proposed for unbalanced power converters. The approach utilizes three, single-phase
converters to model three-phase converters under unbalanced operating conditions. The
models are able to capture system imbalance using the single-phase converters. The
contributions of the single-phase converters to ac/dc power flow are determined by
participation coefficients. By introducing equivalence criteria, the converter models
become equivalent to three-phase converters with respect to both RMS fundamental ac
and average dc currents. They are valid for converters operating in either rectifier mode
or inverter mode. The modeling approach is applied to three types of three-phase
converters: (i) thyristor converters; (ii) diode rectifiers; and (iii) PWM converters. The
three converter models are validated in time domain simulation and steady- state analysis.

Using the converter models from Chapter 2, a three-phase sequential solver and a
three-phase unified solver are developed in Chapter 3 and Chapter 4, respectively, for

distribution ac/dc power flow studies. In the sequential solver, ac and dc power flows in



subsystems are solved using an iterative backward/forward algorithm. A subsystem
ranking method is proposed to determine the sequence for solving power flow. In the
unified solver, steady-state Modified Nodal Analysis (MNA) method is implemented to
solve ac and dc power flow in a unified manner. Using MNA, impacts among ac and dc
systems can be analyzed directly. The ac/dc power flow iterations, which may cause
divergence problems, in sequential solvers are avoided. In addition, existing ac and dc
nodal analysis programs can be extended to develop the unified power flow program
conveniently with moderate modifications.

In order to validate the performance of the theoretical converter models and the
power flow solvers, a three-phase ac/dc system hardware test bed has been developed and
will be presented in Chapter 5. The test bed contains a flexible network and loads as well
as three different three-phase converters: (i) a full-bridge thyristor converter; (ii) a full
bridge diode rectifier; and (iii) a variable frequency converter consisting of a diode
rectifier and a PWM inverter. Using the test bed, balanced or unbalanced ac/dc systems
can be set up for power flow studies. Special attention is paid to the design of the variable
frequency converter while the thyristor converter and diode rectifier are existing devices.
Using the test bed, ac/dc power flow has been studied in a real-life environment. In
addition, time domain simulations using MATLAB Simulink and power flow analysis
using the solvers developed in Chapters 3 and 4 have been performed. The delta-
connected converter models and the performance of the ac/dc power flow solvers are
validated by comparing the steady-state results with the hardware test results. In Chapter
6, conclusions are drawn for this work with outlined contributions. Possible future work

is also discussed.



CHAPTER 2. UNBALANCED CONVERTER MODELING: DIODE RECTIFIER,
THYRISTOR CONVERTER AND PULSE-WIDTH-MODULATED (PWM)

CONVERTER

In this chapter, three-phase converter models are proposed for power distribution
system analysis. The models allow for converter operation with continuous and
discontinuous dc currents. The following three types of converters are investigated:

e Line-frequency full bridge diode rectifiers

e Line-frequency full bridge thyristor converters

e Pulse-width-modulated (PWM) converters
These converters are modeled using three, delta-connected, single-phase converters. The
models are equivalent to three-phase converters with respect to RMS fundamental ac and
average dc currents. They can be used in analysis tools such as ac/dc power flow.

Unbalanced converter models are desired to capture characteristics of distribution
systems. Power converter based devices, such as adjustable speed drives (ASDs), dc
motor drives, flexible AC transmission system (FACTS) devices, have been used at
various voltage levels in distribution systems. Distribution systems contain single-phase,
two-phase, and three-phase components. As such, the ac voltages applied to and the ac
currents flowing in the converters are generally unbalanced.

However, use of these devices results in distorted currents in both the ac and dc

systems. Usually, installations of power electronics devices in distribution systems are



limited by physical space [13]. Consequently, the dc inductors, if present, have small
inductance and may not be able to significantly reduce the harmonics in the dc currents
generated by the converters. Typical ac currents in High Voltage Direct Current (HVDC)
links, DC drives, and ASDs [13] are shown Figure 2.1. It can be seen that the current in
the HVDC link has less distortion while the currents in the DC drive and ASD are highly

distorted.
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Figure 2.1 Typical current waveforms of HVDC links, 6-pules dc drives, and adjustable
speed drives [13]

Traditional converter models for HVDC system studies are not directly applicable to
converters in distribution systems. In HVDC systems, thyristor converters have been used
for ac/dc conversion with large dc link inductors. The majority of the ac components in
the dc link currents are eliminated. Then, based on pure dc currents and tri-state
square-wave ac currents, single-phase [6]-[9] and three-phase [10]-[12] converter models
have been proposed for HVDC power flow studies. Single-phase HVDC converter
models have also been used in power flow studies for certain balanced small ac/dc
systems [13][15] and transit railway power systems [16]. In the above models, it was

assumed that the dc currents were constant with no harmonics. The converter ac currents



at the fundamental frequency were obtained by performing Fast Fourier Analysis (FFT)
on the square-wave shape ac currents. However, the assumption of a constant dc current
generally does not hold for ac/dc systems with small dc inductance or large dc
capacitance and appropriate models are desired.

More recently, new three-phase converter topologies have been proposed for
unbalanced distribution systems [17-19]. Time domain simulations were performed with
detailed power electronic device models to verify the feasibility and efficiency of the
converters. However, time domain analysis requires detailed component models and
becomes complicated and time consuming for large-scale power systems. In order to
implement these converters in power flow studies, frequency domain models are desired.

Unbalanced converter models using three, Y-connected, grounded, single-phase
converters were proposed for distribution system power flow studies in [20]-[22]. The
models used single-phase converters to capture the imbalance in the ac currents. It was
assumed that the dc current was continuous and converter ac real power was balanced. In
this thesis, the Y-connected models are expanded and improved by using three,
delta-connected, single-phase converters. The new models relieve the above two
assumptions in the Y-connected models.

The three, delta-connected, single-phase converters in the new model capture the
imbalance of ac real power and the ac currents. The contributions of the single-phase
converters to the dc link current are represented using participation coefficients. The

delta-connected models are equivalent to three-phase converters in terms of both the
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RMS fundamental ac currents entering the three-phase converters and the average dc link
current. The modeling approach is illustrated in Figure 2.2. The models are:

e Applicable under significantly unbalanced operating conditions

e Valid for converters with either continuous or discontinuous dc currents

e Applicable to both rectifier and inverter operation modes

e Appropriate for both unidirectional and bi-directional power flow studies
They can be used for ac/dc power flow studies in both balanced and unbalanced

distribution systems.

Figure 2.2 The unbalanced, delta-connected converter modeling approach

In the following subsections, equivalent delta-connected models are first proposed
for three-phase diode/thyristor converters and PWM converters. Then, an example of the
model implemented for converters operating under significantly unbalanced conditions is
presented. MATLAB Simulink simulations are performed for a three-phase four-bus
ac/dc system. The delta-connected models are tested and verified in both time domain
and steady-state. The results are compared with those obtained from the Y-connected

models [20]. Hardware tests of the models will be presented in Chapter 5.
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2.1 Unbalanced Diode Rectifier and Thyristor Converter Models

The diode rectifiers and thyristor converters under investigation are three-phase
line-frequency full bridge converters [1]. It is noted that diode rectifiers have similar
characteristics as thyristor converters with zero firing angles. As such, this subsection
focuses on modeling thyristor converters. The diode rectifier model follows the same

approach and will be discussed at the end of this subsection.
2.1.1 Thyristor Converter Model

The circuit diagram of a three-phase full bridge thyristor converter is shown in
Figure 2.3. Please note that the following notation is used:

V7, VP, V. the RMS line-to-line voltages on the converter ac bus

12, 12, 15 the RMS ac currents entering the three-phase converters
T, to T,: the six thyristors forming the bridge

Li> Ci» Ry : the dcinductor, capacitor, and resistor respectively
B the average dc current through the dc link

I T .
| | [’3‘q>
| 77 T3 TS Lde
y i |
il |
gyt | | Cic —— Ru
V]' bc“ _>| | ~ac c
. <
c L Vy v I |
™| d |
l |
| |
| i

Figure 2.3 Three-phase line-frequency full bridge thyristor converter
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The following assumptions are made for the three-phase thyristor converters:
A1l. Equi-distant control is used
A2. All firing angles are known
A3. Commutation angles are known
A4. The percentage of the real power loss is known and constant
The dc current of a three-phase converter is either continuous or discontinuous,
depending on the network. For example, DC drives usually do not have dc link filters
[13] and the dc motor inductance results in continuous dc currents. On the other hand,
dc capacitors are generally installed for ac/dc/ac power conversion [1]. For example,
most ASDs have large dc capacitors to sustain dc voltages. The capacitors amplify dc
current ripples and cause discontinuous dc currents. In order to develop appropriate
models for both conduction modes, the following assumptions are made for the dc
systems:
AS. The dc capacitor is ignored when the converter is operated in the continuous
conduction mode
A6. The dc capacitor voltage is constant when the converter is operated in the
discontinuous conduction mode
Based on these assumptions, an equivalent model is developed using three,
delta-connected, single-phase thyristor converters as shown in Figure 2.4 with the

following notation:
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12, 17°, 1 the RMS ac currents entering the three single-phase converters
| ab | bc | ca

tac> It I1q: the average dc currents in the three single-phase converters

A .
[ the average dc link current

—_—— Ra §

Figure 2.4 Three-phase delta-connected thyristor converter model

In the model, the ac sides of the three single-phase converters are delta-connected. Each
converter contributes ac currents to two phases. The dc sides of the converters are in
parallel. The sum of the dc currents in the converters gives the dc link current. The model
is equivalent to three-phase converters with respect to both the RMS fundamental ac
currents entering the three-phase converters and the average dc link current. Details will

now be presented.

2.1.1.1 Delta-Connection Approach

The delta-connection modeling approach can be illustrated using the following
MATLAB Simulink example for a three-phase unbalanced thyristor converter in the
continuous conduction mode. Using the SimPowerSystems toolbox, the converter is

operated at firing angles of 10 degrees with a constant resistive dc load. Figure 2.5 shows
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the converter instantaneous ac currents, I;, i? , if, and dc current, i, .

005

Figure 2.5 The ac and dc currents in a three-phase thyristor converter
From Figure 2.5, the currents in the equivalent, delta-connected thyristor converter model
can be obtained through the following observations with T1 to T6 referred to thyristors in
Figure 2.3:

o i (t) is instantaneous ac current flowing between phase a and phase b when

the thyristor pair (T1, T6) or (T3, T4) conducts;
o i (t) is instantaneous ac current flowing between phase b and phase ¢ when

the thyristor pair (T2, T3) or (T5, T6) conducts;

jca
by

(t) is instantaneous ac current flowing between phase ¢ and phase a when
the thyristor pair (T1, T2) or (T4, T5) conducts;

iTaf’dc (t) is instantaneous dc current in the thyristor pairs (T1, T6) and (T3, T4);

iffdc (t) is instantaneous dc current in the thyristor pairs (T2, T3) and (TS5, T6);

I g (t) is instantaneous dc current in the thyristor pairs (T1, T2) and (T4, T5).

Please note that the same approach can be applied to the diode rectifier model and the
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PWM converter model.
The currents in the delta-connected model are generated in MATLAB Simulink and
shown in Figure 2.6. It is noted that the dc current in each single-phase converter includes

nearly linear segments, which correspond to the dc currents through the single-phase

converter during commutation. Compared with i, i7, if, and i%_, it can be seen that

the following relationship holds:
i2(t) =i () —i (1), () =i (t)-i®(t), i (t)=i2 ()= (1) (2.1)

i'??dc (t) = I'?:dﬁ (t) = i'Ie'd,adc (t) + i‘ll?fdc (t) + i'I(':e,lldc (t) (22)

Let i, i¥°, and i be the ac currents and i, ¥, i, be the dc currents in the

three single-phase converters. The model becomes equivalent to the three-phase

converter with respect to the ac currents and dc current as shown in (2.1) and (2.2).

i (A
.ab
IT

. bc
IT

.ca

IT

iab
T,dc

i bc
T,dc

i ca
T,dc

T (Seo)

Figure 2.6 The ac and dc currents in the delta-connected converter model

From the above analysis, it can be seen that the single-phase converters have the

following characteristics:
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(1) Each converter rectifies/inverts one line-to-line voltage;
(i1) At each frequency, each phase current equals the difference of the ac currents
entering two single-phase converters, e.g., at the fundamental frequency:
2 =12 =12, =1 =121 =12 =1 (2.3)
(ii1))  Their average dc currents add and the sum is the average dc link current:
17 = e + 1 + e (2.4)
(iv)  Their average dc power, P, P, P™., adds and the sum is the power
through the dc link, Pﬁaf :
Pl =Plec+Proc + Pl (2.5)
In the model, the ac current in a single-phase converter always flows between the two
phases to which it is connected. Hence, the three single-phase converters can be treated as
delta-connected current components in the ac systems. On the dc side, the dc link current
is equal to the sum of the three dc currents in the single-phase converters. Equivalent ac
and dc components are created as shown in Figure 2.7. Based on the equivalent circuits,
three-phase converters and the model will be equivalent using participation coefficients

and equivalence coefficients. The details are now presented.
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(a) The equivalent delta-connected (b) The equivalent parallel component
component in ac systems in dc systems

Figure 2.7 Equivalent ac and dc components of the delta-connected converter model

2.1.2  Determining DC Current and Power in the Delta-Connected Model

The average dc currents, ITL’LdC, with LLe {ab, bc, ca}, and the average dc power,

P i, in the single-phase converters are now calculated. Figure 2.8 shows the dc

currents in a three-phase thyristor converter and the three single-phase converters. It is

noted that irg and i, are the same during the full conduction of the three-phase

converter. The following notation is used.

i?.:  the instantaneous dc current in the three-phase converter
it.: the instantaneous dc currents in the single-phase converters

Subscript |, ,: start and end respectively

6" :  the starting angles of the linear increasing periods in the single-phase

converters, determined by the firing angles

u™:  the conduction angles of the linear increasing periods in the single-phase
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converters or the commutation angles of the three-phase converter

T AP S v '
12 ta Uy Uyl e Uy :
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Figure 2.8 The dc currents in a three-phase thyristor converter, iﬁfﬁdc , and the three

single-phase converters, iTL7LdC
In order to simplify the model and preserve the real power, the following
assumptions are made:
AT. iTL7LdC changes linearly during commutation of the corresponding thyristors in
three-phase converters.
A8. During conduction, each single-phase converter’s output voltage is equal to
that of the three-phase converter. Otherwise, it is open circuit.
A9. The percentages of the real power losses in the single-phase converters are
equal to that of the three-phase converter.
Using the above assumptions, the dc current in each single-phase converter, iTL7LdC,
consists of the following four periods: ( @- the fundamental frequency)

LL LL LL : : : : sLL : :
* @ <at<6 +u - Linear increasing period. i, increases linearly from

zero when the three-phase converter is in commutation;
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* 6" +u<wt<" - Full conduction period. iry, is equal to i% and the
three-phase converter is in the full conduction.

* 6,"<at<6"+u," - Linear decreasing period. iry, decreases linearly to
zero when the three-phase converter is in the commutation. 6" is the
commutation starting angle. U," is the commutation angle.

e Otherwise, the dc current is equal to zero.

The conduction starting angles, 8", are dependent on the dc voltages, the firing angles,
and the conduction modes. Detailed expressions will be presented in the following
sections.

It is noted in Figure 2.8 that during the commutation of the three-phase converter,

the dc current in one single-phase converter increases from zero while the dc current in

another single-phase converter decreases to zero. As such, the following relationship
holds for & and u,".

ezab — elca , ezbc — elab , ezca — elbc

ud =uf®, u=u®, uP=u”

Given the conduction angles, the average dc current in each single-phase converter

is equal to the average of the instantaneous dc current in a period of 7:

1 ¢7.
1 = L[t (e)d (an) 6

4

Based on A8, the dc voltage, VTaE)dc , on the single-phase converter between phase a and

LL L, LL
6, 6, +u;

9]LL+UILL_ B B
L () d (@) it (ot) () [ 1 0t)  (at)|

1
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phase b can be determined using the dc voltage on the three-phase converter [1]:

%[vﬁb (at)-v" (at)] 6° <at<®+u
v (at O +uP <at <GP
V-??dc (aﬂ) — | T ( ) 1 1 2 (27)
E[vﬁb (at)-vi* ()] 6° <at<6+u
Vr g (@t) otherwise
where:
Vit the instantaneous line-to-line converter voltages

.. b
In a similar manner, v;,, and v;, follow. The average dc power can be calculated

by averaging the instantaneous power in a period of 7:
PH = ik (001t (ot)-d (at) eX)
The instantaneous dc currents in the single-phase converters are determined
differently for the continuous and discontinuous conduction modes. Thus, the average

dc current and the average dc power are different in the two conduction modes. They

will be discussed respectively next.

2.1.2.1 Continuous Conduction
In the continuous conduction mode, the dc capacitor can be assumed to be zero

from AS. During the full conduction period, the dc output voltage, V; ,de (a)t) , 1s equal to

the line-to-line voltage, vi* (at), as given in (2.7). The instantaneous dc currents, iTL’Ldc ,

satisty the Kirchoff's Current Law (KCL) in the dc system:

| 9(iri (at))

V'lr_!_dc (ax) = dc dt + Rdc ’ 'TLde (((I) (29)
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Lo

It is assumed that is small and then % can be neglected. With the line-to-line

dc

voltages defined as:
vt (at) =2V -sin (@t + 8" ) (2.10)
where:

LL
g

, d,LTL: the magnitudes and phase angles of the RMS fundamental line-to-line
converter voltages respectively

The dc currents can be simplified as:

_ v (at
it (o) = L)
dc

R
Rdc

(2.11)

‘sin(a)t + d,';")

During the linear conduction periods, iTL’Ldc changes linearly and is continuous at the
boundary of linear conduction periods and the full conduction period. iTL7LdC at 6" +u't

and 6," can be determined using (2.11) and i ,de can be represented as:

LL _ptL
‘/ER’:/T “Sin(glLL_i_ulLL_i_ I;L) '(Cauu_gl ) HlLL SaxgglLL_i_ulLL
c 1
\/E LL
i (at)= Rd: “sin(axw‘yj) g +ut<at<o* 2.12)
LL
\ER’:/T “sin(é?z""+ LTL)-[l—u—lLL-(ax—e;L)J O <t <O +utt
c 2
0 otherwise

The average dc current, ITL7Ldc , can be obtained by substituting (2.12) into (2.6):
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\/5 ‘VTLL ‘ \/E ‘VTLL ‘

Him g, rin(a e a g ket et @i
LL
+%(—COS(92LL+ :L)+COS(91LL+U1LL+ ,;,_))
dc

The conduction angles, 6’1LL, HZLL, are determined as follows. With equi-distant

control from Al, the firing angle, ¢,

»» 18 specified to control the thyristors between

phase a and phase b. 6 can be calculated using the line-to-line voltage V& at

elab_a

5> Where Vi is equal to zero:

@ (6 -a) =2

67 =6," =0, — &7 (2.15)

T

sin (67 -, + &) =0 (2.14)

6" and 6" of other single-phase converters are determined:
02 =0" =6 +§7r (2.16)
0 =62 =6" +%n (2.17)
The average power, F’TL(LjC , in each single-phase thyristor converter can be obtained by
|LL

substituting VTL;C and iTL7LdC in different periods into (2.8). Next, I and F’TLCLic are

calculated for the discontinuous conduction mode.

2.1.2.2 Discontinuous Conduction
In the discontinuous conduction mode, it is assumed that the dc capacitor

voltage, VCdc , 1s constant. The instantaneous dc link current is equal to zero in the

three-phase converter when the thyristors are fired. Hence, there is no commutation

and u" and u," are equal to zero. iry, is equal to the dc currentin L, during
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the conduction period (8", &,"):

[[’VLL‘sm a)t+é;,LL) CJ (at) (2.18)

a)L HLL

\/5 TLL LL LL LL Ve LL
PV o o | Y (atat

dc @ dc

. =LL . =LL
Otherwise, I, 1is equal to zero. Therefore, I, can be represented as:

i (af) = {ALL -cos(at)+B, sin(at)+C, -at+D, 6" <at S o 2.19)
’ 0 otherwise
where:
2Vt J2V
L= a)ILCT ‘cos(évLL), B, = COE ‘sm(&}"‘),
Cu=- a\iCde , Du=-A, 'COS(QLL)_ B 'Sin(elLL)_CLL -G
dc
Then, the average dc current, |; de , can be obtained:
I = [ALL (sin(6t)-sin(61))+ By, -(—cos(e;L)+cos(6qLL)ﬂ (2.20)
+l{i.((6u)2 _(HLL)2)+ D '(HLL _HLL):|
s 2 2 1 LL 2 1

Two different cases are considered to determine the conduction angles, 8" and
6" . In the first case, the thyristors are fired when Vi g 2 Ve, - The thyristors start to
conduct immediately. 8" is determined in (2.15) to (2.17). At 6", iTL7LdC decreases to
zeroin (2.18). 6" can be solved using the Newton method.

In the second case, the thyristors are fired when v; 4 <V, . The thyristors do not
conduct until Vv; , becomes equal to V.

T - (eLL \/E‘VTLL“

=V

Cdc

(2.21)

sin (@LL + LTL)
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6" can be determined:

V.
6" =sin™! __Tde | d/';'— 0<6*t<2rx (2.22)

\/E ‘VTLL‘
6" is determined in the same manner as the first case.

. . . LL . . . .
Since there is no commutation, P, in the discontinuous conduction mode can be

. . LL AL
determined using V. and I g :

P = [ i (@) it (@) d (a1) (2.23)

BLL
1

= L[ 2 sin(at + 81) [ A, -cos(a) + B, sin(a)+C, -0t +D, |0 (a1

From above, it can be seen that ITLdeC and F’TLCLic are not balanced either in the

continuous conduction mode or in the discontinuous conduction mode because of the
unbalanced voltages. Hence, the contributions of the single-phase converters to the dc
link current and the dc power are not equal. This difference is now captured by
introducing three scalar dc current participation coefficients, 4™, A, A™, and three

scalar dc power participation coefficients, A2°, A, AS, into the model.

2.1.3  Participation Coefficients

In distribution systems, ac voltages and ac currents are generally unbalanced in both
magnitude and phase. Hence, each single-phase converter in the delta-connected model
contributes differently to the current and the power through the dc link. It is important to

determine the contribution of each single-phase converter to the total dc current and

ca
e

power. Three current participation coefficients, A7), A7, are introduced to

capture the imbalance of the ac current magnitudes of three-phase converters. A% is
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defined as the ratio of the average dc current, ITaf)dc, in the single-phase converter

between phase a and phase b to the sum of the average dc currents in the three

single-phase converters:

Iab

o= IR (2.24)

ab bc ca
IT7d(: + IT,d(: + IT,d(:

.. b
In a similar manner, 4;°, and A, follow.

.. . . b b .
Three real power participation coefficients, A’,, A'p, Arp, are introduced to

capture the imbalance of ac real power in three-phase converters in terms of average dc

power in the single-phase converters. /?,rafjp is defined as the ratio of the average dc

power , PTaZC , of the single-phase converter between phase a and phase b to the sum of

the average dc power on the three single-phase converters:

ab __ I:zl'afc)k:
A (2.25)

P T pab be ca
I:al',d(: + I:zl'7d<: + I:2I'7dc

Similarly, 4% and A7, follow. Next, the delta-connected model will be made

equivalent to a three-phase converter with respect to the RMS fundamental ac and the

average dc currents.

2.1.4  Equivalence Transformation

From above, three-phase thyristor converters are modeled as three, delta-connected,
singe-phase converters. The models are made equivalent with respect to the RMS
fundamental ac and the average dc currents entering/leaving the three-phase converter. A

dc equivalence coefficient, Kt g, is introduced to equalize the dc link currents in Figure
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2.3 and Figure 2.4. It is defined as the ratio of the average dc current of a three-phase

thyristor converter, Iﬁfﬁdc , to the average dc current, | ;dﬁ , of the delta-connected model:

I'I%¢d(:
Koo =15 (2.26)
T,dc
Iﬁﬁjc is equal to the average of the instantaneous dc current in a period of 27 :
1 por.
It =5, e (0)-d(a1) (2.27)
1 (2= s al ica Heo +al rca o
= (IT?dc (t)+ IT,dc (t)) + (I'lr),dc (t)+ ITE)dc (t)) + (IT,dc (t) + I?,dc (t)) ’ d (a)t)
2770
=l
Thus,
Krge =1 (2.28)

Now, the ac sides of the two models will be equalized with respect to the RMS
fundamental ac currents. From the ac equivalent representation of the converter model in
Figure 2.9, it can be seen that the phase currents entering a three-phase converter can be

obtained using the ac currents entering the delta-connected single-phase converters:

a__jab ca b _ ybc _jab c _jca__phbc
IT - IT - IT > IT - IT IT > IT - IT IT (2.29)
a
Iy
>
ca ab
Ir Ir
c A
A AN
be
— Iy
b 4
b
I

Figure 2.9 The ac equivalent component of the delta-connected converter model
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It is noted that instantaneous ac current, iTLL , 1s periodic and its absolute value gives the

instantaneous dc current:
if" (@) =ir' (at) (2.30)

LL
IT

By performing Fourier analysis on ir", the current magnitude, , can be

obtained:
Jad, +b?
‘ITLL‘:—LE/E = (2.31)
where:

a,, b,: the Fourier coefficients of the fundamental component in i}"
The Fourier coefficients of the fundamental component can be calculated as follows.

Details are provided in Appendix A:

2 ”.LL . .

a, —;IO irge (at)-cos(at)-d(at) (2.32)
2 7oL o .

b, —;IO irge (at)-sin(at)-d(at) (2.33)

AC equivalence coefficients, KTLL , are introduced to relate the ac current

LL
IT

magnitudes, , to the average dc currents, |1, in the single-phase converters. It is

defined as:

L
I
ILL

T.dc

1

KL = (2.34)

From A9, the real power on the ac side of each single-phase converter is equal to the
average dc power in the single-phase converter multiplied by a loss factor:
P =R, .C 239)

where:
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P :  the ac real power in the single-phase converters in the equivalent model
C™: the loss factor of the single-phase converters. C”* >1 for lossy rectifiers,

C™ <1 for lossy inverters, C;* =1 for lossless converters

2.1.5 Diode Rectifier Model

Three-phase diode rectifiers are also operated in either the continuous conduction
mode or the discontinuous conduction mode. In both conduction modes, the
delta-modeling approach for thyristor converters applies. In order to determine the
parameters of the model, the conduction angles, 8", 6", are calculated differently for
diode rectifiers.

In the continuous conduction mode, the conduction of the diodes depends on the
line-to-line voltages on the rectifier. For the single-phase rectifier between phase a and

phase b, the following equations holds at 8 and 62°:

VE (67) =2V sin (67 +52) =0 (2.36)
vy (65°) =2 Vel sin (6 + 85 ) =0 (2.37)
where:
Vg (@t):  the instantaneous line-to-line voltages
‘V[';" ,d,LDL: the magnitudes and angles of the RMS fundamental line-to-line
voltages

Solving (2.36) and (2.37) gives 6% and 6":

o =-67, 6" =4, (2.38)
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Similarly, the conduction angles of the other two single-phase diode rectifiers are

obtained:

O ==&, 6" =-4; (2.39)

D

o ==dy;, 6 ==& (2:40)
In the discontinuous conduction mode, the conduction angles are determined in the same

manner as thyristor converters with zero firing angles.

2.2 Unbalanced Pulse-Width-Modulated (PWM) Converter Model
Three-phase PWM converters, shown in Figure 2.10, are modeled using three,
delta-connected, single-phase PWM converters in Figure 2.11 with the following

notation:
Vo © the RMS line-to-line voltages on the single-phase PWM converters

I p

sww :  the RMS ac currents entering three-phase PWM converters, pe {a,b,c}

ILL

owv - the RMS ac currents entering the single-phase PWM converters

ILL

pum qc - the average de currents of the single-phase PWM converters

124

um.gc - the average de link current in three-phase PWM converters

I3A

runt.qc - the average de link currents in the model

Vewm g - the de voltage of three-phase PWM converters
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Figure 2.11 Three-phase delta-connected PWM converter model
In Figure 2.11, the ac sides of the single-phase converters are delta-connected. The
dc sides of the converters are in parallel. Each single-phase PWM rectifier (inverter) has
a line-to-line voltage, Vey, » as input (output). Their common dc output (input) is the
voltage on the dc link, Vpy, . . The following assumptions are made for PWM
converters:
A10. Bipolar PWM switching scheme is used;

Al1l. The amplitude modulation ratios, m,, , are less than or equal to 1.
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~
V control

where: m, =—
Vtri

9

V conval : the peak amplitude of the sinusoidal control signal.

Vi : the amplitude of the switching-frequency triangular signal

From the assumptions, the line-to-line voltage magnitudes, [Vany |, at the fundamental

frequency and the dc voltage, V., 4 » satisfy the following equation:

_m

Vown | = Y 2.41

‘ PWM ‘ > \/E PWM ,dc ( )
The ac currents entering the single-phase PWM converter have the following relationship
with the ac phase currents entering the three-phase PWM converters:

_Iab _Ica

Ia Ib _Ibc _Iab _Ica _Ibc
PWM PWM PWM > - -

PWM PWM PWM > II(::’WM PWM PWM
Ilg\t/)VM + o + |§3VM =0 (2.42)
The real power, P.y,, , in each single-phase PWM converter is:
P = real (vva;M (1 )) (2.43)
It is also assumed that A4 and A9 in the thyristor converter model hold for the PWM
converter model. The following relationship exists between the ac real power and dc
power on each single-phase PWM converter:
PPbe = PPk/l\/_M ,dc 'CllvovSvSM (2.44)
where:
Cis, o the loss factor, Cpe, >1 for lossy rectifiers, Cgo, <1 for lossy inverters,

|
Coun =1 for lossless converters
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ILL

LL . .
Then, gy 4 can be formulated as a function of the ac currents, |5, :

LL
| LL _ I:)PWM Jde Ppbe (245)

PWM,dc —

~ ~loss
VPWM,dc CPWM 'VPWM7dc

real (VPLWLM '(IlF:\I/_VM )*)

loss
CPWM 'VPWM Jdc

The average dc current in the dc link is equal to the sum of the average dc current in
each single-phase PWM converter:

3¢ _13.A _pab bc ca
IPWM ,dec T IPWM ,de IPWM ,dc + IPWM ,dc + IPWM ,dc (246)

The average power in the dc link, Po%,, - 18 determined by the dc voltage and
average dc current:
PS\ZM de :VPWM de I;ﬁVM Jdc (2.47)
= PPatlt\)lM ot Ppbvcvr\/lm + PPC\:/M de = P:WAAA de
Using the above formulation, the delta-connected model is equivalent to three-phase
PWM converters with respect to both the RMS fundamental ac phase currents entering

the three-phase converters and the average dc current. The real power is also preserved.

2.3 Three-Phase Converter Model Under Two-Phase Operating Conditions
Three-phase converters are generally operated under three-phase conditions.
Protection systems will trip the converters at significantly unbalanced operating
conditions such as heavily unbalanced ac loads, short circuits or open circuits. However,
it might be possible to operate three-phase converters with only two phases under

certain emergency circumstances where uninterrupted power supply is desired. The
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proposed modeling approach can be applied to perform system analysis under this
condition. An example is shown in Figure 2.12 with a three-phase thyristor converter
under two-phase operating conditions. It is assumed that there is an open circuit on
phase C but the thyristors are still operated under the equi-distant control. There is no

current on phase € but there are currents on phases a and b in the converter.

Lde
M

—
30

1’/'.4/0

Cde pu— Rdc§

Figure 2.12 A three-phase thyristor converter under two-phase operating condition
with phase ¢ open

Lde

“ iR B Yarae -
I74de 13 4
T.de

L

Cde —— Rdc§

U

Figure 2.13 The equivalent model of a three-phase converter under two-phase
operating condition with phase € open

The three-phase converter in Figure 2.12 is equivalent to the delta-connected model

with open circuits on the two single-phase converters connected to phase c. The
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equivalent circuit is shown in Figure 2.13. The average dc currents on the three

single-phase converters will be:

a 1 7 -l C ca
oo =—] Fac(0-(@), 1 =0, I =0 (248)
As such, only the participation coefficients af’, and /?,rafjp are not equal to zero:
n=1, " =0, =0 (2.49)
p=l A% =0, =0 (2.50)

In the model, the current magnitude, |12°

, is calculated using A7), K;,,and K{".

I7° and 1% are equal to zero. Therefore, the currents in phase a and phase b, 13, 12,
in the three-phase converter are determined by ITab only:

e R (2.51)

=17 =1 =—1 (2.52)

The same approach can be used for three-phase diode converters and three-phase

PWM converters under significant unbalanced conditions. Next, the delta-connected

models are investigated in steady-state analysis and are compared with three-phase

converters in time domain simulations.

2.4 Evaluation of Unbalanced AC/DC Converter Models

Delta-connected converter models are developed in this chapter for steady-state
analysis such as power flow studies, in unbalanced distribution systems. They are
equivalent to three-phase converters with respect to the RMS fundamental ac and the

average dc currents. Since traditional HVDC converter models for steady-state analysis
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are not directly applicable to distribution system converters, they cannot be used to
evaluate the delta-connected models. As an alternative, three-phase converters are studied
by performing time domain simulations. Time domain analysis can provide accurate
voltage and current profile with detailed component models for unbalanced circuits. As
such, time domain simulation results can be used to assess the delta-connected models.
Three types of converters are investigated:

* Three-phase thyristor converters

* Three-phase diode rectifiers

*  Three-phase PWM converters
Each of the above converters is embedded into an unbalanced ac/dc system as the
benchmarks and is tested in Simulink.

For comparison, the three-phase converters are modeled and studied using the
corresponding delta-connected models in steady-state. By applying the same voltages on
the converters as those in the benchmarks, the equivalence coefficients and participation
coefficients are calculated for the delta-connected, single-phase converters. Then using
the model, the ac currents and ac power in three-phase converters are compared with

those obtained from the benchmarks.
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2.4.1 Three-Phase Thyristor Converter Benchmark and Evaluation of the
Delta-Connected Model

In order to study three-phase thyristor converters, a 4-bus unbalanced ac/dc system
was created with the circuit diagram shown in Figure 2.14. In the system, three-phase,
balanced, 208 Vi power is fed to a 4-bus system with two identical, three-phase,
unbalanced distribution lines and a three-phase full-bridge thyristor converter. Both ac
lines are decoupled and their parameters are scaled down from actual distribution lines.
There are two loads in the system: an unbalanced ac load on bus 2 and a dc load on bus 4.
Both of the loads are constant impedance loads. The parameters of the system

components are shown in Table 2.1.

08VIL ya Byusi 7 Bus 2 z: Bus 3 Bus 4

g Ra’:

Figure 2.14 The circuit diagram of a 4-bus unbalanced ac/dc system with a
three-phase thyristor converter
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Table 2.1 Component parameters of the 4-bus ac/dc system with a three-phase thyristor

converter

Parameters

Values

Source line-to-line voltage

208 V @ 60 Hz

Source impedance

X2=X2=X{=03 Q

Line 1 & 2 impedance

22 =272=0.1410+ j0.4400 Q
Z)=72=0.1370+ j0.4420 Q

Z°=27°=0.1210+ j0.4460 Q

Z'=20+]j9 Q
AC load impedance Z)=10+j4.5 Q
Zi=7+j32 Q
DC load impedance R, =10 Q
Converter snubber resistance 100 Q
Converter snubber capacitance 0.1 uF
Converter conducting impedance 0.001 Q
Converter forward voltage 0.7V
Firing angles 10°

2.4.1.1 Simulation Results of the Thyristor Converter Benchmark

The circuit in Figure 2.14 was built in MATALAB Simulink using the

SimPowerSystems Toolbox for time domain simulation. The Simulink circuit is shown in

Figure 2.15. The thyristor model in the three-phase full-bridge thyristor converter is

simulated as a resistor Rop, an inductor Loy, and a DC voltage source Vi, connected in

series with a switch. The switch is controlled by a logical signal depending on the voltage

Vak, the current I, and the gate signal g.
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Bus 4

Source Bus 1 Bus 2 Bus 3
P9 ]'
Ale—afa a A ale— .]] A *
I"—@—[WB —=alB b B ble—a B DC Load
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100KVA Rectifier

Discrete,
Ts=2e-006s.

B Outl

i
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(a) The 4-bus unbalanced ac/dc system diagram
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Gare Vak

Thyristor
Logic e Jak

g

(b) The detailed thyristor model in MATLAB Simulink

Figure 2.15 The Simulink circuit of the 4-bus unbalanced ac/dc system with a
three-phase thyristor converter

A discrete solver was selected with a step size of 2 us. Each simulation has been run
for 0.05 seconds, which corresponds to approximately three cycles at 60 Hz. After this
time, the initial transients in the voltage and current waveforms diminish and the
variation of ac and dc voltages, currents and power calculated in Simulink is less than
0.01%. It is noted that the converter’s ac bus is Bus 3 and its dc bus is Bus 4. In order to

evaluate the model, the following signals directly related to the three-phase thyristor
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converter were measured and shown in Figure 2.15 and Figure 2.16.
*  The line-to-neutral voltages on Bus 3, vf (t), pe{a,b,c}
*  The ac currents entering the thyristor converter, i (t)
*  The dc voltage on Bus 4, v; 4 (t)

*  Thedc current, i’ (t)

Vr(v)

f (Sec)

Figure 2.15 Line-to-neutral voltages (top) and ac currents (bottom) in the
three-phase thyristor converter benchmark

Vrae (V)

0005 0.0 0015 002 125 003 0035 004 0045 005

f (Sec)

Figure 2.16 DC voltage (top) and dc current (bottom) in the three-phase
thyristor converter benchmark
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The ac voltages, currents, power at 60 Hz and dc voltage, current and power were
calculated using measurement blocks from the SimPowerSystems Toolbox and are

shown in Table 2.2.

Table 2.2 Numerical results of the three-phase thyristor converter benchmark using

Simulink
AC Values at 60Hz on Bus 3
Parameters
Phase A Phase B Phase C
V" (V) 105.5890 £ -10.48° 103.0332 £-132.29° 102.1528 £106.47°
17 (A) 17.6314 £ -26.48° 18.0152 £ -147.88° 17.4477 £91.71°
SP (VA) 1789.5708+j513.1080 1787.8748+j498.8428 1723.5181+j454.0926
DC Values on Bus 4
Vige (V) 228.7181
I?f”dC (A) 22.8718
Pﬁﬁc (W) 5242.9501

Since the voltages applied on the converter are unbalanced, both the ac currents and
power entering the converter are also unbalanced. The total real power entering the

converter is 5300.9637 watts. Compared with the dc power, the converter real power loss

is 1.09%.

2.4.1.2 Evaluating the Delta-Connected Thyristor Converter Model
The three-phase thyristor converter was studied using the equivalent delta-connected
model in steady-state. The goal is to determine whether the participation coefficients and

equivalence coefficients can provide accurate estimation of ac currents and real power in
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the three-phase converter. As such, it is assumed that the dc voltage in the model is equal
to those obtained from Simulink.
First, the participation coefficients and the equivalence coefficients in the model

were calculated using (2.24), (2.25), and (2.34). The results are provided in Table 2.3.

Table 2.3 Current participation coefficients, ﬂTLL, , power participation coefficients, L; ,

and equivalence coefficients, Ki'.,in the 1-phase thyristor converters

Parameters | Line AB | Line BC | Line CA

LL

K 0.3447 | 0.3339 | 0.3214

LL

P 0.3501 | 0.3356 | 0.3143

Kr* 1.3369 | 1.3407 | 1.3412

Remarks:

. ZTLL, are not equal because the unbalanced line-to-line voltages applied on the
single-phase converters resulted in unequal average dc currents in the
single-phase converters..

. /?TL}P are not equal and the ratios among them are not the same as those among

L7L,. It is because both the dc currents and voltages are different among the
single-phase converters.

e K" are the ratios between the magnitudes of the RMS fundamental ac currents

and the average dc currents in the model. They are not equal because the
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different distortions in the currents gave different magnitudes obtained from an

FFT in (2.31).
By applying the dc voltage on the dc load, the dc current and dc power can be calculated.
They are equal to those obtained from Simulink. Using the model’s coefficients, the dc
currents and dc power in the single-phase converters were calculated. Thus, the ac
currents and real power entering the single-phase converters were calculated, given the
converter loss percentage equal to that in the benchmark. Then, the ac currents, 1, and
power, S, entering the three-phase converter were calculated. In addition, 1 and S;
are also calculated using the Y-connected model in [21]. The results from both models are
shown in Table 2.4. I and S} are compared to those from the benchmark using the
following formula:

i

p
L !

T

model ‘ benchmark
| p

T benchmark

AP = -100%

sl I

odel

benchmark

-100%

Pl —
A‘ST ‘ - p
T benchmark

The difference is in percentage with respect to the benchmark.

Table 2.4 The ac currents, |, and ac power, S in the three-phase thyristor converter

using the A -connected model and the Y -connected model

Al Al
Parameters | A- Connected Model Y-Connected Model
(%) (%)
17 (A) 17.4907 £ -26.67° 0.7981 16.9421 £ -26.48° 3.9096
|$ (A) 17.9806 £ -147.23° 0.1922 16.6002 £ -147.88° 7.8546
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I1 (A) 17.5918 £ 91.66° 0.8256 163784 2/ 91.71° 6.1288
Als?| Als?|
A - Connected Model Y-Connected Model
(%) (%)

S7(VA) 1767.6931+j517.0740 | 0.7979 | 1766.9879+j311.5221 3.6218

S?(VA) | 1788.47718+j466.8529 | 0.1922 | 1766.9879+j311.5221 3.3355

S;(VA) | 1744.7727+j458.76203 | 0.8255 | 1766.9879+j311.5221 0.6686

Remarks:

* The maximal error in the ac currents and ac power is 0.8256% in the
delta-connected converter model. It is attributed to I .

* The maximal error in the ac currents and ac power is 7.8546% in the
wye-connected converter model. The source of the error is the assumption that
the ac power entering the converter is balanced.

Here, the delta-connected modeling approach outperforms the Y-connected modeling
approach and is preferable. Thus, a focus on the delta-connected modeling error is now
investigated.
Error Analysis:
Two main sources of error come from assumptions A7 and A9 on the delta-connected
converter model:
A7. The dc currents are linear in the model during the commutation of the
three-phase converter.

A9. The power loss percentages of the single-phase converters are balanced.
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Time domain simulations show that the converter dc currents during commutation were
nonlinear. Hence, assumption A7 introduced errors in the dc currents in steady-state

analysis. As a consequence, the magnitudes of the RMS fundamental ac currents in the

ILL

single-phase converters, |(l;

, are affected. Assumption A9 affects the ac real power in
the single-phase converters, P'". Since 17 and S! are calculated using ‘ITLL‘ and
Pt from the delta-connected model, A7 and A9 affect both I.” and S?.

In order to study which assumption contributes relatively more errors, a balanced
three-phase converter was tested and the impact of A9 was minimized. The results are
provided in Appendix B. It is shown that the maximal error is 0.6042% in steady-state
because of the linearized dc current during the converter commutation. If A7 contributes
a similar percentage of errors in both balanced and unbalanced converters, then A7

contributes relatively more errors to the converter model than A9.

2.4.2 Three-Phase Diode Rectifier Benchmark and Evaluation of the

Delta-Connected Model

The same 4-bus ac/dc circuit in Figure 2.14 is used to test three-phase diode
rectifiers. The thyristor converter is replaced with a three-phase full bridge diode rectifier,

which is now used as the benchmark.

2.4.2.1 Simulation Results of the Diode Rectifier Benchmark
The benchmark circuit was built in Simulink. The diode rectifier’s snubber

parameters and forward voltage are equal to those in Table 2.1. The same discrete solver
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and simulation time were used as the thyristor converter benchmark. Table 2.5 shows the

ac and dc voltages, currents, and power from the benchmark.

Table 2.5 Numerical results of the three-phase diode rectifier benchmark using Simulink

Parameters AC Values at 60Hz on Bus 3
Phase A Phase B Phase C
Vo (V) 106.1004 £ -10.79° 103.5642 £ -132.61° 102.6879 £ 106.17°
15 (A) 17.8382 £ -24.53° 18.2050 £ -145.92° 17.6458 £ 93.74°
S) (VA) | 1838.5146+j449.3539 | 1834.7559+j434.0173 | 1769.7272+j390.1061
DC Values on Bus 4
Vo (V) 231.8597
I7g (A) 23.1860
Py% (W) 5387.1708

The total real power entering the diode rectifier is 5443 Watt and the loss is 1.03%.
2.4.2.2 Evaluating the Delta-Connected Diode Rectifier Model

The evaluation of the diode rectifier model follows the same procedure as that of the
thyristor converter model. The three-phase diode rectifier was studied in steady-state
using the delta-connected model. It is assumed that the ac voltages and dc voltage applied
on the model are equal to those in time domain analysis. The converter loss percentage is
equal to the benchmark.

LL LL

First, the coefficients, 1 P K[L)L , In the delta-connected models were

calculated and provided in Table 2.6. Since the dc voltage in the model is equal to that
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obtained from Simulink, the calculated dc current and dc power are equal to those
obtained from Simulink. Using the model, the ac currents, |5 , and power, S},
entering the three-phase diode rectifier were calculated. The results are shown in Table
2.7. For comparison, the steady-state analysis results on the Y-connected model are also
provided in Table 2.7. 1}

and S5 are compared with those obtained from the

benchmark with the difference in percentage with respect to the benchmark.

Table 2.6  Current participation coefficients, /?#, , power participation coefficients,

o', and equivalence coefficients, Ky, in the 1-phase diode rectifiers

Parameters | Line AB | Line BC | Line CA
o 0.3447 | 0.3359 | 0.3195
P 03484 | 03372 | 0.3144
Kt 1.3330 | 1.3354 | 1.3394

Table 2.7 The ac currents, |}, and ac power, S§ in the three-phase diode rectifier

using the A -connected model in steady-state analysis

Par;zlet A -Connected Model A‘ I S‘ (%) | Y-Connected Model A‘ I S‘ (%)
15 (A) 17.7960 £ -24.71° 0.2365 17.4887 £-30.17° 1.9594
Ig (A) 18.0898 £ -145.40° 0.6329 17.1369 £ -148.08° 5.8670
Iy (A) 17.7570 £ 94.12° 0.6303 16.8989 £ 93.47° 4.2330
A-Connected Model | A ‘SS‘ (%) | Y-Connected Model | A ‘SS‘ (%)
Sp(VA) | 1859.8136+j526.5384 0.2361 1814.3+424.33 1.5197
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Sg (VA) | 1835.6097+j549.9678 0.6332 1814.3+424.33 1.1332
S; (VA) 1747.5704+j465.924 0.6191 1814.3+424.33 2.8049
Remarks:
. . Ape, Kgo displayed similar characteristics as those in the thyristor

converter model.

* In Table 2.7, |5 and S§ obtained from the delta-connected model are close
to those obtained in the benchmark. The maximal error is 0.6332%. The sources
of the errors are the assumptions on the dc current and converter loss.

*  Again, the delta-connected modeling approach provided more accurate results

than the Y-connected modeling approach.

243 Three-Phase PWM Inverter Benchmark and Evaluation of the
Delta-Connected Model

A three-phase PWM inverter was used as the benchmark to evaluate the

delta-connected PWM converter model. The inverter was embedded in a 4-bus

unbalanced ac/dc system with the circuit diagram shown in Figure 2.17.
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Bus 1 Ra'r Bus 2 Bus 3 ﬂ Bus 4

400 Vde

Figure 2.17 The circuit diagram of a 4-bus unbalanced ac/dc system with a
three-phase PWM inverter

In Figure 2.17, a 400 V4, source feeds dc power to a three-phase PWM inverter
through a dc line. The inverter’s output line-to-line voltages are regulated at balanced 208
Vi and supply a three-phase, unbalanced, constant impedance load on Bus 4 through a
three-phase unbalanced distribution line. The three phases of the line are decoupled and
parameters are scaled down from actual distribution lines. The parameters of the system

components are shown in Table 2.8.

Table 2.8 Component parameters of the 4-bus ac/dc system with a three-phase PWM
inverter

Parameters Values

Source voltage 400 Vg

Z2=0.1410+ j0.4400 Q
Line impedance Z) =0.1370+ j0.4420 Q

Z:=0.1210+ j0.4460 Q
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Z'=10+j4.5 Q
AC load impedance Z'=9+j4 Q
Zi=7+j32 Q
DC line R.=1 Q
Inverter snubber resistance 5000 Q
Inverter forward voltage ov
Modulation ratio 0.883

2.4.3.1 Simulation Results of the PWM Inverter Benchmark

The benchmark was built in Simulink using the SimPowerSystems Toolbox with the
circuit shown in Figure 2.19.a. The IGBT model in the three-phase, PWM converter is
shown in Figure 2.19.b. The IGBT is simulated as a series combination of a resistor Rgp,
inductor Loy, and a DC voltage source Vi in series with a switch controlled by a logical

signal (g>0org=0.

PWM
Bus 1 Bus2 IGBT Inverter Bus 3 Bus 4
9 r—
'L_E_/\/\/\/_ — A {] A a
ﬂT_ Vdc=400V \\ B I B b
- Cc I C c

1 )
—
v AC Line

Discrete, Discrete AC Load

Ts=2e-006 s. PWM Generator
L—{Pulses

Open thisblock

to visualize

—l—

recorded signals

Data Acquisition

(b) The 4-bus unbalanced AC/DC system diagram



50

+ VC
I SW Ron Lon

E
Ve
Co— E C 002 O—N\/\—NV\—J" FoE
Collector i‘ Emitter

IGBT [ lc
Gate Logic e Vee

g

(b) The detailed IGBT model in MATLAB Simulink

Figure 2.18 The Simulink circuits of the 4-bus unbalanced ac/dc system with a
three-phase IGBT PWM inverter

Each simulation has been run for 0.05 seconds with a step size of 2 uS. The waveforms of
the ac voltages and currents on the PWM inverter were captured and are shown in Figure
2.19. The following parameters were calculated using the measurement blocks from the

SimPowerSystems Toolbox and provided in Table 2.9.

The ac line-to-neutral voltages on the PWM inverter ac bus, Vg,

The ac phase currents leaving the PWM inverter, 175,

The complex ac power leaving the PWM inverter, SJ,,,

* The average dc voltage, current, and power of the PWM inverter, Vo g

3¢ 3¢ .
I ot ac> Powm e » respectively
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Figure 2.19 Line-to-neutral voltages (top) and ac currents (bottom) in the three-phase
PWM inverter benchmark

Table 2.9 Numerical results of the three-phase PWM inverter benchmark using Simulink

AC Values at 60Hz on Bus 3
Parameters
Phase A Phase B Phase C
Vo (V) | 129.0121 £-3.934° 124.5795 £ -114.67° 107.9349 £ 118.95°
o (A) 11.4374 /£ -29.93° 12.2624 / -140.59° 13.4968 £ 91.86°
Spum (VA) | 1326.3773+j646.558 | 1373.8864+j667.9173 1296.8449+(663.6267

DC Values on Bus 2
Voumae (V) 389.3541
I ce (A) 10.6459
Ponagc (W) 4145.0378
Remarks:

The three-phase current leaving the PWM inverter is unbalanced due to the

unbalanced line and load. As a consequence, the phase voltage is unbalanced.

pe{a,b,c}

*  The real power loss is [1— Z P /Ps\f,m’ch-IOO%=3.57%
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2.4.3.2 Evaluating the Delta-Connected PWM Converter Model

In order to evaluate the delta-connected model, the three-phase PWM inverter was
modeled using three, delta-connected, single-phase PWM converters for steady-state
analysis. The PWM inverter output line-to-line ac voltages were calculated using the
modulation ratio and the dc voltage in the benchmark. Then, the ac currents, |5y, , and
complex power, Sk, , in the model were calculated by applying the calculated ac
voltages to the ac system. It is assumed the loss percentage of the model is equal to that
of the benchmark. Then, the average dc currents, |5, & and power, Pois ¢ 1n the
single-phase PWM inverters were also calculated using (2.44) and (2.45).

Using the equivalent model, the ac and dc voltages, currents, and power in the
three-phase PWM inverter are calculated using (2.42), (2.46) and (2.47). They are
compared with those obtained in the benchmark using Simulink. The results are shown in

Table 2.10 with the errors in percentage with respect to the benchmark.

Table 2.10 Comparison of the benchmark and the three-phase PWM inverter using the
delta-connected model in steady-state analysis

AC Values at 60Hz on Bus 3
Farameters Benchmark A-Connected Model A‘ |Tp‘ (%)
I (A) 11.4374 £-29.93° 11.4762 £-29.80° 0.3390
17 (A) 12.2624 £ -140.59° 12.3043 £-140.52° 0.3421
I; (A) 13.4968 £ 91.85° 13.5357 £91.95° 0.2885
Benchmark A-Connected Model A ‘STP‘ (%)
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S7(VA) 1326.3773+)646.558 1332.2296+j645.9408 0.3384

S?(VA) 1373.8864+j667.9173 | 1379.5136+j668.3047 0.3425

S;(VA) 1296.8449+j663.6267 | 1301.6988+j668.3047 0.2883

DC Values on Bus 2
Benchmark A-Connected Model Error (%)

oo e (A) 10.6459 10.6895 0.4095
Pomt ac (W) 4145.0378 4151.9994 0.4092
Remarks:

*  The maximal error of the ac parameters is 0.3425%. It is mainly attributed to the
line-to-line ac voltages, which are assumed to be balanced in steady-state

analysis.

e The maximal error of the dc parameters is 0.4095%. It is larger than the error in
the ac parameters. It is mainly attributed to the assumption of the balanced loss
in the single-phase PWM converters. For balanced systems, this should not

introduce errors.

2.5 Comments

In this chapter, unbalanced converter models were proposed for distribution system
steady-state analysis, such as power flow studies. The modeling approach used three,
single-phase, delta-connected converters to model three-phase converters. It can capture

the imbalance of the network and is applicable to converters operating in both the
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continuous and discontinuous conduction modes under significantly unbalanced
operating conditions.

The modeling approach has been applied to three types of converters: three-phase
full-bridge diode rectifiers, full-bridge thyristor converters (rectifier and inverter), and
PWM converters (rectifier and inverter) respectively. For the diode and thyristor
converter models, equivalence coefficients are introduced to provide an equivalent
transformation between the model and the three-phase converter with respect to both the
RMS fundamental ac and the average dc currents in the three-phase converter.

Time domain simulations have been performed to test three-phase converters in
unbalanced ac/dc systems. The simulation results were used to verify the delta-connected
models in steady-state. It is shown that the models provided accurate estimation of the
unbalanced ac currents and power in three-phase converters.

The models can be applied to study ac/dc power flow in distribution systems. With
the appropriate converter models, ac/dc power flow solvers can be developed to study
unbalanced distribution systems. In the following chapters, three-phase sequential and

unified ac/dc power flow solvers are proposed respectively.
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CHAPTER 3. THREE-PHASE SEQUENTIAL DISTRIBUTION

AC/DC POWER FLOW

In this chapter, a three-phase sequential power flow solver is proposed incorporating
the converter models developed in Chapter 2. The power flow equations are solved
successively between ac systems and dc systems. For illustration, an ac/dc system is
shown in Figure 2.1 with two ac/dc converters. In this thesis, while solving ac power flow,
the dc system is represented as equivalent delta-connected ac components on the
converter ac buses. While solving dc power flow, the ac systems are represented as

equivalent dc components on the converter dc buses.

Source 1 Source 2

~ L AC/DC DC/AC || |

f Converter 1 / Converter 2 k?

AC system 1 DC System AC system 2

Figure 3.1 A sample ac/dc system

Sequential power flow solvers were first developed in the 1970’s [8] for HVDC
system analysis. In the past three decades, various sequential solvers have been proposed
for balanced [9], [25]-[28] and unbalanced [10]-[12] HVDC systems. Since HVDC
systems are typically balanced, power flow equations were established using single-phase
component models. In unbalanced power flow solvers, three-phase converter models
were proposed with constant dc currents. In the above solvers, the ac power flow was

solved using either the Newton-Raphson method [9][10] or fast decoupled Newton
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methods [27]. The dc power flow was solved using either the Gauss-Seidel method
[26][27] or the Newton method [8][10][28].

The sequential solvers for HVDC system analysis are not directly applicable to
distribution power flow studies. Distribution systems are unbalanced with single-phase,
two-phase, and three-phase network branches and loads. Additionally, distribution system
converters often generate voltages and currents with high harmonics because of
inadequate filtering devices. As such, a three-phase solver is developed in this chapter
with unbalanced component models. The delta-connected converter models capture the
impacts of the distorted voltages and currents in power flow. Some features of the
sequential solver include:

* Integration of unbalanced converter models into existing three-phase ac and dc

power flow solvers, capturing system’s imbalance;

* Consideration of different converter control schemes and operating conditions;

e Applications for uni-directional and bi-directional power flow studies in

distribution systems with radial or weakly meshed structures.

This chapter is organized as follows. First, power flow component models are
proposed. Then, the power flow problem formulation is developed using these models. A
three-phase sequential solver using the implicit Z-bus Gauss method is proposed and

tested in MATLAB simulations. The results are obtained and presented.
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3.1 Three-Phase Power Flow Component Models

In order to develop three-phase ac/dc power flow solvers, appropriate ac and dc
component models are desired. In this thesis, three-phase models from [29] are used for
ac transformers, distribution lines, switches, and loads. For dc components, distribution
lines and switches are modeled using pure resistances. DC loads are treated as constant
resistance (Z), constant current (1), and constant real power load (P), or linear
combination ZIP loads. The dc inductance and capacitance in the dc filters are considered
in the converter models.

The ac and dc systems are interconnected with various types of converters. Since the
ac and dc power flow are solved separately in the sequential solver, equivalent power
flow components have been developed to decouple the ac and dc systems. Depending on
the converter’s types, various equivalent components are built using the unbalanced
delta-connected converter models. In the ac systems, the dc systems are modeled as
delta-connected ac loads for rectifiers and sources for inverters on the converter ac buses.
In the dc systems, the ac systems are modeled as dc sources for rectifiers and loads for
inverters on the converter dc buses. The parameters of the equivalent ac and dc
components depend on the converter models and the previous power flow solutions. For
example, Figure 3.2 shows the decoupled ac and dc systems for one operation scheme of
the sample system in Figure 3.1. Details are presented next for the equivalent ac and dc

power flow components.
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Equivalent power flow
components

Rectifier Inverter
77N RN
Source 1 N / N Source 2

U (ﬁ] T=y i Q' ~

A LU 2 [ T

AC system 1 -7 DC System ~—-7  AC system 2

Figure 3.2 Decoupled ac and dc systems used in the sequential power flow solver

3.1.1 Equivalencing the DC Systems to AC Power Flow Components

On the converter ac buses, the dc systems can be modeled as different
delta-connected components, depending on the converter type and operating mode. A
summary of the equivalent power flow components are provided in Table 3.1 with the
equivalent single-phase ac circuits and the following notation.
superscript-- ab, bc, or ca
subscriptp, 1, pwm diode rectifiers, thyristor converters, and PWM converters

respectively

subscriptcony D, T, or PWM
CCCL/ CCCS: the current controlled current load/source
o | the coefficients between converter ac and dc currents
Iee, the RMS fundamental ac currents in the delta-connected model
13 6 the average dc link current
Vi the RMS fundamental line-to-line converter voltages

Note: CCCL and CCCS have the same equivalent ac component but opposite signs for
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the ac currents.

Table 3.1 Equivalent power flow components for the DC systems

Converter Control

Converter :
Schemes Equivalent 3-Phase AC Components
Types ;
on the AC Side
A
Iéznv Iggnv
Diode None

Conv

Rectifier &
C IbC
B |

L _ plL 3¢
CCCL - IConv_ Conv, | 'IConv,dc

Thyristor Rectifier — None The same as CCCL
Converter Inverter — None CcCs

AC current control
with unity power factor

The same as CCCL

PWM — 7ab
Converter Ve (" NU) Vg

AC voltage control

M@

be
I/I’WM

C
B

\oltage Source

If a dc system is interconnected with an ac system using a thyristor converter or a
diode rectifier, it can be made equivalent to a three-phase, delta-connected, current
controlled current load (source) for a rectifier (inverter). The magnitudes of the ac

currents and the ac real power in the equivalent component are determined by the
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converter models from Chapter 2 and are dependent on the dc current and the dc power
respectively. (3.1), (3.2) present the ac current and real power in terms of the average dc

current and average dc power in the thyristor converter model:

KL
1| (K—ﬂ 2, )
P = (A% CFF ) Py, (3.2)
where:

Kt Kpge: the ac and dc equivalence coefficients in the model respectively

A, s the current and power participation coefficients of each
single-phase converter in the model respectively

Pt Pyt the ac real power in the single-phase converters and the average dc

link power respectively
When a dc system is interconnected with an ac system using a current controlled
PWM converter, the dc system can also be modeled as a three-phase, delta-connected,
current controlled current component. The parameters of the equivalent component are
determined by the delta-connected PWM converter model. In the model, the three-phase
real power entering the single-phase PWM converters is balanced and the reactive power

is equal to zero. In addition, the ac real power is equal to the dc power in the converter

multiplied by a loss factor, C %

LL loss
|l — Pown_ Vewm e " Crun =B (3.3)
PWM — == * PWM dc — /FPWM,I ~ ' PWM dc )

(VPbe ) 3 (VPbe )

If the PWM converter is operated using the ac voltage control, the inverter’s output
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ac voltage is typically regulated. As such, the dc system can be modeled as a three-phase,
delta-connected, voltage source with specified voltage magnitudes and angles on the

converter ac bus:
—LL
VPI;/bM =V pum (3.4)
Next, the ac systems are made equivalent to dc power flow components for dc power

flow calculations.

3.1.2 Equivalencing the AC Systems to DC Power Flow Components

On the converter dc buses, the ac systems are modeled as different equivalent sources
or loads, according to the converter’s control schemes. A summary of the equivalent
power flow components are provided in Table 3.2 with the following notation:
VCVS/VCVL the voltage controlled voltage source/load
VCCS/VCCL the voltage controlled current source/load

Table 3.2 Equivalent dc power flow components for the AC systems

Converter Converter Control .
Types Schemes on the DC Side St it D COTEEREis
Diode
Rectifier None
VCVS
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—

- " 2 Y

34
1 T.de

— /)
1 T T 2} V'w
(i) Constant dc voltage Vi < } ]”"<> PT-"C<T> "

(i) Constant dc current _

Thyristor - - L .
Converter | (iii) Constant dc power (i) (ii) (i)
1\ Constant  firin
z(;mg;les 9 (i) Constant voltage source/load
(ii) Constant current source/load
(iii) VCCS/vCCL
(iv) VCVS/VCVL
AC current control Constant voltage source/load

PWM

Converter AC voltage control

CCCS/CCCL

For an uncontrollable diode rectifier, the average dc voltage, V, ., is the sum of the

integration of the dc voltages on the single-phase diode rectifier:

1 o
VD,dc =— z I LL VII:_JI,_dC (t) ’ dt (35)

72 LLe{ab,bc,ca} a
where:

6", 6,": the conduction angles of the single-phase converters

Substituting (2.7) into (3.5), V, . can be expressed in term of the line-to-line complex
voltage, V2, V2°.

Voo = A VA A VB 4 A (Vg V) (36)
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e
where: A5 =

Thus, the ac system can be modeled as a voltage controlled voltage source on the diode
rectifier dc bus.

For a thyristor converter, four control schemes are typically used to obtain- (i)
constant dc voltage; (i) constant dc current; (iii) constant dc power; and (iv) minimal
reactive power using constant firing angles. Thus, the following equivalent models can be
used to represent the ac system in the dc system respectively:

(i) A constant voltage component

VT,dc :\7T,dc (37)
(if) A constant current component
12 =17 (3.8)

(iii) A voltage controlled current component

BT dc
|30 =— 3.9
T,dc V ( )

T,dc
(iv) A voltage controlled voltage component similar to the diode rectifier

L

I LL VT,dc (t)dt (310)

72 LLe{ab,bc,ca} &4

VT,d(: =
— A:b .VTab + A?C 'VTbC + A;_:a . (_VTab _VTbc)
where:

Vra, Ite, Pra:the constant dc voltage, current, and power respectively

i sLL
_Jé‘v

At =S %t (t)

T Ya
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The current controlled PWM converter’s dc voltage is maintained at a constant value by
the dc capacitor. As such, the ac system can be represented as a constant voltage source

(rectifier) or load (inverters) on the converter dc bus:
VPWM dc :\7PWM ,dc (3.11)

For a voltage controlled PWM converter, the dc voltage may vary with the ac loads.
Using the real power relationship in the PWM converter model, the ac system can be

modeled as a current controlled current source (rectifier) or load (inverter) on the

*

converter dc bus. Please note in (3.12) that the conjugate of the ac power, (S,EVLVM) :

entering the single-phase converters is deliberately selected to represent 134, . in terms

of Iy instead of (15, )

> real ((SPL\,LVM )) ; real ((VPI;/bM ) = )

P
3¢ _ "PWM,dc _ L _
Lowm,gc = v Y clos v Chow (3.12)
PWM ,dc PWM,dc ~~PWM PWM,dc ~~PWM
_ ZﬁLL A LL
- PWM ,dc PWM
LL
where:
o - the coefficients between the dc current and the ac currents in the PWM

converter model
Now, the power flow formulation is presented for the sequential solver using the above

component models.
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3.2 AC/DC Power Flow Formulation

In this subsection, steady-state nodal analysis equations are established on both ac
buses and dc buses for the sequential power flow solver. On each phase of an ac bus,
there are four parameters — the voltage magnitude and angle, and the injected real power
and reactive power. With two parameters known, the other two can be determined. On
each dc bus, there are two parameters — the voltage and the real power. With one
parameter known, the other one can be determined.

A list of parameters is provided in Table 3.3 with the following notation. AC
quantities are vectors sized according to the number of existing phases at the bus. DC
quantities are scalars.
subscriptsp, ac, dc: the substation, ac buses, and dc buses respectively
subscriptp rpwm: diode rectifiers, thyristor converters, and PWM converters
VI, o, : voltage magnitudes and angles respectively
P,Q: real and reactive power injections respectively

LIE current magnitudes

Next, the ac/dc power flow formulation will be presented.

Table 3.3 A list of known and unknown parameters in AC/DC power systems

AC Buses Bus Types Known Parameters Pl;?:rrr:(e)z\:g;s
Gseunsgg tli%r:]_ Slack Bus [Veuwl, &, Psub » Qsub
Generation PV Pac » [Vad| Qac, 6,
Load PQ Pac, Qac [Vacl, 4,
Diode Rectifier PI| Po, Qo (|lo]) IVol, &,
Thyristor Converter P|I| P, Qr (|14]) IVil, &,
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I:>PWM ’ QPWM

Vewul,
PQ (ac current control) Vewdl, 0.,
. Veunl,
PWM Converter (i) Slack IVewnl, &, Peunt . o
(ac voltage control)
T PPWM ) |VPWM|
(1) PV (ac voltage control) Oy + Qo
DC Buses Bus Types Known Parameters g
Parameters
Generation Vv Ve P,
Load P P, V.,
Diode Rectifier V Vo Pou
VT,dc
v (dc voltage control) Proc
Thyristor Converter (e Cui);g;(tlzdcc))ntrol ) Vig
P
I':)T,dc V
(dc power control) T.de
VPWM dc
V Y I:)PWM,dc
PWM Converter (ac current control )
P I:)PWM,dc V
PWM,dc

(ac voltage control)

Note: For an ac voltage controlled PWM converter, the term “decoupled” means that the

converter’s ac bus and the substation are not in the same ac subsystem. The term

“coupled” means that the ac bus and the substation are in the same ac subsystem.

Q) The converter’s ac bus is treated as a slack bus if the ac bus and the substation

are decoupled.

(i) The converter’s ac bus is treated as a P|V| bus if the ac bus and substation are

coupled.

3.2.1 AC and DC System Nodal Analysis Equations

In this thesis, both the ac and dc power flow are formulated using nodal analysis.

Complex ac voltages and dc voltages are chosen as state variables and solved using bus

current injections. The constant impedance loads are added in the admittance matrix. The




67

constant currents loads are added in the current injection vector. The constant power
loads are represented as voltage dependent current loads and added in the current
injection vector. The voltage dependent current loads are updated at each iteration.
General matrix forms of the ac and dc nodal analysis equations are given in (3.13) and

(3.14) respectively:

YSUb Ysub,ac 0 Vsub Isub L (V )
. :
I:Ysub,ac] Yac Yac,Conv Vac = Ia(:,L (V ) (313)
T V I V)+B oy (V
0 I:Yac,Conv:I YConv Conv Conv,L( ) Conv,ac Conv( )
Gdc Gdc,Conv Vdc Idc L (V )
T = ‘ (3.14)
|:Gdc,Conv:| GCO”V VConv,dc IConv,LdC (V ) + IConv,dc (V )
where:
n.eR: the number of ac buses, excluding the substation bus and converter
ac buses
n.€R the number of dc buses, excluding the converter dc buses
Neony € R : the number of converters
Vv, e C the complex voltage vector of the substation bus
V, e C=: the complex voltage vector of ac buses, excluding the substation
and converter ac buses
Ve, € C*:  the complex voltage vector of converter ac buses
V, e R": the voltage vector of dc buses, excluding converter dc buses
Voo ac € R™™ 2 the voltage vector of converter dc buses

Ly, (V)e C*:

the complex load current injection vector of the substation bus
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lo. (V)e C*=: the complex load current injection vector of ac buses, excluding the
substation and converter ac buses
leom (V) € C*" :the complex current injection vector of converter ac buses from the

converter model

B e R*®:  the transformation matrix converting delta-connected currents in

Conv,ac

the converter model into the currents in three-phase converters

lcom . (V)€ C* : the complex load current injection vector of converter ac buses

l. (V)e R™: the load current injection vector of dc buses, excluding the

substation and converter dc buses

I (V)e R™ : the load current injection vector of converter dc buses

Conv, Ly,

I (V)e R™: the current injection vector of converter dc currents

Conv,dc

Y c (C3><3 Y c C3nac><3nC0nv .
y .

3x3n,, 3Ny x3N,,
sub sub,ac € C ! Yac € (C ! Y

3nC0an3nConv
Conv € (C ! Y

ac,Conv

the admittance matrices on the ac buses

Gdc = Rndcxndc , G = RnCmvxnCOnv , G = RndcxnCOnv

Conv dc,Conv
the conductance matrices on the dc buses

Three-phase ac power flow and dc power flow are solved separately by decoupling

the ac and dc systems at the converter buses. While solving for the ac state variables, the

dc power flow is treated to be constant and the dc systems are modeled as

delta-connected current injections on the converter ac buses in (3.13). The equivalent

currents are calculated using the converter models from Chapter 2 and the dc power flow

calculated in the present ac/dc iteration. Since the contributions of the dc systems are
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already included in the current vector, the ac nodal admittance matrix can be established
by neglecting the converters and the dc systems.

While solving for the dc state variables, the ac power flow is treated to be constant.
The ac systems are modeled as dc current injections on the converter dc buses in (3.14).
The equivalent currents are calculated using the converter models and the ac power flow
calculated in the present ac/dc iteration. Again, the conductance matrix can be established
by neglecting the ac systems. Details are presented next to present on how to integrate

different types of converters in the steady-state nodal analysis equations.
3.2.2 Converter AC Bus Equations

On the converter ac buses, the nodal analysis equations are modified to include the
contributions of the dc systems to the ac power flow according to the converter type. The
following two types of converters are considered:

A. Thyristor converters and diode rectifiers

B. PWM converters

3.2.2.1 Thyristor Converters and Diode Rectifiers

The treatment of thyristor converters in ac systems and the related ac equations are
described here. The treatment of diode rectifiers follows in the same approach. In (3.13),
a thyristor converter ac bus is treated as a P|lI| bus. The dc system is modeled as a
three-phase, delta-connected P|I| component. The real power, P, and the current

magnitudes, ‘ITLL

‘ , are calculated in (3.1) and (3.2). They are updated when the dc power

flow is updated.

The phase current injections from three-phase thyristor converters, I, in (3.13) can
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be represented using the ac currents in the delta-connected model:

-2 120 [-1 0 1]/ 1
I =|=17 [=Br |17 |=] 1 -1 0" (3.15)
—I¢ | &2 0o 1 -1 1&

The current angles, 5,:L, are calculated in (3.16) using the converter ac voltages from

previous ac power flow iteration. The angles are updated at each ac iteration:

pLL
5. =4, —cos™ [WJ (3.16)
T '

3.2.2.2 PWM Converters

The treatment of PWM converters in ac systems depends on their control schemes
and the connection with the substation. The following cases are considered here:

* AC current controlled converter

* AC voltage controlled converter with the ac bus (i) decoupled; (ii) coupled with

the substation

As a consequence, the related ac equations are different.
e AC Current Controlled Converter

For a current controlled PWM converter, the converter’s ac bus is treated as a PQ bus
in (3.13). The dc system is modeled as a three-phase, delta-connected, voltage dependent
current component. The component currents are calculated in (3.3) using the converter ac
voltages from the previous ac/dc power flow iteration and the real power from the dc
power flow. They are transformed to phase currents and added in the current injection

vector.
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* AC Voltage Controlled Converter

For a voltage controlled PWM converter, the converter’s ac bus is treated as a
constant voltage bus in (3.13). The dc system is modeled as a three-phase,
delta-connected component with constant voltages in the ac system. The magnitudes of

the line-to-line voltages and the difference of the voltage angles are specified:

——ab_bc ——=bc_ca

—LL
R T A A A S VO S k)
where:
V pun | the specified ac voltage magnitudes on the PWM converter
ot the phase angles of the converter line-to-line voltages

VPWM

——ab_bc

Advo, A_§3f,v;;a: the difference of the line-to-line voltage angles

The actual voltage angles are determined by the connection of the converter with the
substation. Two cases are considered as follows.
e Converter AC Bus Decoupled from the Substation

The PWM converter’s ac bus is treated as a slack bus when the ac bus is decoupled

from the substation. The voltage angle on phase a is chosen as the reference for all state

variables on the inverter ac side and set to zero degree. 5\7b can be set to thirty degrees.

e Converter AC Bus Coupled with the Substation.
The PWM converter’s ac bus is treated as a P|V| bus when the ac bus is coupled with

the substation. In order to determine the voltage angles, it is assumed that the total ac real

—3¢ . ..
power, Pprwm , In the converter is given:

—3
PPatlk\)/M + PF?@M + PPC\7VM = PP?NM (3-18)
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Using (3.18) as a constraint, the voltage angles are calculated iteratively. Initially,

5;“’ is set to thirty degrees with respect to the substation. The converter voltage angles

PWI

are adjusted at each power flow iteration using the bisection method until the difference

between the calculated three-phase real power and Peav is within a tolerance range.

3.2.3 Converter DC Bus Equations

On the converter dc buses, the contributions of the ac systems to the dc power flow
are represented using current injections in the nodal analysis equations. Depending on the
converter’s type and control scheme, the converter buses are treated differently in the dc
nodal analysis equation (3.14). The following two types of converters are addressed:

A. Thyristor converters and diode rectifiers

B. PWM converters

3.2.3.1 Thyristor Converters and Diode Rectifiers
For a thyristor converter, the converter’s dc bus is treated as (i) a voltage bus for the
converters with the constant dc voltage or the minimal firing angles; (ii) a power bus for
the converters with the constant dc current or dc power. The ac systems are modeled as:
» Constant voltage sources with specified voltages for the dc voltage control;
* \Wltage controlled voltage components for the constant firing angle control. The
dc voltage is updated when the ac power flow is updated,;
»  Constant current components for the dc current control;
* \Dltage dependent current components with constant power for the dc power
control. Each power flow iteration, the currents are updated.
For a diode rectifier, the dc bus is treated as a voltage bus. The dc voltage is calculated

using the converter’s ac voltages and is updated when the ac power flow is updated.
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3.2.3.2 PWM Converters

The treatment of the dc bus of a PWM converter is dependent on the converter’s
control scheme. For an ac current controlled PWM converter, the dc bus is treated as a
voltage bus in (3.14). The converter’s dc voltage is sustained by the dc capacitor and is
constant. The ac system is modeled as a constant dc voltage component. The current in
the voltage component is determined by the dc power flow.

For an ac voltage controlled PWM converter, the dc bus is treated as a PQ bus in
(3.14). The ac system is modeled as a voltage dependent current component. The current
is calculated using the ac real power obtained in present ac/dc power flow iteration as
follows:

2. Pon
e 19
The ac real power is updated when the ac power flow is updated. By appropriately
modeling the ac and dc subsystems in the nodal analysis equations, the ac power flow and

dc power flow can be solved sequentially.
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3.3 Solution Algorithm

In sequential power flow solvers, ac and dc voltages in subsystems are computed in a
sequential manner. The convergence of the solvers is affected by the sequence of solving
power flow. As such, a subsystem ranking method is developed to determine the
sequence. The ac/dc power flow in both radial and weakly meshed systems can be solved

using a backward/forward algorithm initiated by subsystem ranks.

3.3.1 Ranking Method

The ranking method assigns a rank, R;, to each subsystem i in the network,

ie {1..N}, where N is the number of subsystems. The sequence for solving power flow

can be determined using subsystem ranks. Power flow studies require all network, loads,
and other static parameters. Thus, the operating modes and control schemes are known
for all of the converters and can be used to determine the ranks.

The relationship between two adjacent subsystems is defined first according to the

operating mode of the interconnecting converter. For two adjacent subsystems, subsys,
and subsys;, where i# j, i,je{l..N}, subsys, is called a parent subsystem of
subsys; and subsys; is called a child subsystem of subsys; if

(i)  subsys, ison the ac side of an interconnecting rectifier, or

(if)  subsys, is on the dc side of an interconnecting inverter.
In both cases, power is fed from subsys; to its child subsystem, subsys;.

The ranking method assigns a subsystem one rank higher than its parent subsystems.

All of the subsystems can be ranked using the following steps.
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Step 1. For an N-subsystem network, select a main source. If there are multiple sources,
any one of the sources can be chosen as the main source.

Step 2. Perform a breadth-first search from the main source. Determine all of the
subsystems and the relationship among them according to the operating modes
of the interconnecting converters. Initialize all subsystem ranks to -N.

Step 3. Determine the subsystem containing the main source, defined as subsys;.
Assign R;=1.

Step 4. Determine all of the adjacent subsystems of subsys;, defined as adj (subsys, ).

For each subsys;, ie adj(subsys, ),

Step 4.a. Assign Ri=1-1=0 if subsys; is a parent subsystem of subsys;.
Step 4.b. Assign Ri=1+1=2 if subsys; is a child subsystem of subsys;.

Step 4.c. Add these adjacent subsystems into an empty subsystem list, subsysList.
Step 5. For each subsys;, ie subsysList, determine adj(subsys,). For each subsys;,
j€ adj(subsys,),
Step 5.a. Assign R, =max(R; —1,R;) if subsys; is a parent subsystem of subsys;.
Step 5.b. Assign R, =max(R; +1,R;) if subsys; is a child subsystem of subsys;.
Step 5.c. Remove subsys; from subsysList and add subsys; in subsysList.
Step 6. Go to Step 5 if subsysList is not empty. Otherwise, all of the subsystems are
ranked. Sort the subsystems according to their ranks.
The subsystem ranks are determined in Step 5.a and Step 5.b. For radial systems or

meshed systems with loops only existing in individual subsystems, there is only one path

from subsys, to any subsystem. For meshed systems with loops among subsystems,
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there may be multiple paths from subsys, to a subsystem. The final rank is equal to the

highest rank assigned to this subsystem during the ranking process. As such, each

subsystem will only have one rank after Step 6.

For example, Figure 3.3 shows an ac/dc system with five converters. There are two

ac subsystems and three dc subsystems. The operating modes of the converters and the

power flow directions are shown in the figure.

/
[

) Power flow direction based on
initial converter operating modes

AC 1 Rect DC1 Invt AC?2 Rect
“ AC/DC | } HDC/AC H. } acpe H
s A " "V \ N -
— —> |
\‘ '\‘ Rect
I‘ \
i AC/DC
\ 1 -

Substation | / Reet L
R T T
| L ACIDC )

Rect: rectifier ‘/’ L R ‘ ///’

Invt: inverter Tt TT -

i —> DC 3

\ ‘:} Subsystems

Figure 3.3 The one-line diagram of a sample ac/dc system with 5 subsystems

Each subsystem’s rank is shown in Table 3.4. Subsystem AC 1 contains the substation

and has Ry =1. It is noted that there are two paths from the substation to subsystem AC 2

with ranks 3 and 1. Thus, the final rank of AC2 is equal to max(3,1)=3.

Table 3.4. The ranks of the subsystems in the sample system

Rank

1

2

3

4

Subsyste

m # AC1

DC 1, DC3

AC 2

DC?2

A backward/forward algorithm is developed to solve ac/dc power flow in a sequential

manner based on the subsystem ranks. The algorithm is discussed next.
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3.3.2 Backward/Forward Algorithm
After the subsystems are ranked, a backward/forward iteration process is performed
to solve ac/dc power flow. The solution algorithm is illustrated in Figure 3.4 and it
includes:
e A backward sweep calculating unknown complex ac voltages and dc voltages
from the highest ranked subsystems, Rmax, to the lowest ranked subsystems, Ruyin;
e A forward sweep calculating unknown complex ac voltages and dc voltages from
the subsystems with Ry,  to the subsystems with Rpax.
It is noted that subsystems might have different ranks if different sources are selected as
the main source in multi-source networks. But the order of solving power flow in the
backward and forward sweeps will be the same. For subsystems with the same rank, the
computation order within each backward or forward sweep does not matter.

Backward Iteration

Forward Iteration

O Ranked subsystems

—@ Equivalent power flow components

Figure 3.4 The backward/forward sequential ac/dc power flow

For each subsystem, adjacent subsystems are modeled as equivalent power flow

components based on the delta-connected converter models. The parameters of the
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equivalent components are calculated using the power flow obtained from the latest
backward sweep or forward sweep.

The backward sweep is performed first and followed by a forward sweep. This is
because the convergence of sequential solvers is sensitive to the initial states of each
subsystem during the ac/dc iterations. Calculating power flow for subsystems with higher
ranks first provides a good estimation of the equivalent power flow components.

The above backward/forward iteration process is performed repeatedly until the
difference of the following parameters is within a tolerance range between two
consecutive backward/forward sweeps:

e The unknown three-phase complex ac voltages and the dc voltages

e The participation coefficients and equivalence coefficients of the converter

models

An implicit Z-bus Gauss method [23][24] is utilized to compute the ac and dc
voltages in (3.13) and (3.14). In the ac nodal analysis equation (3.13), the voltages on the
substation and on the ac voltage controlled PWM converters (e.g. inverter) are specified.
In the dc nodal analysis equation (3.14), the specified dc voltages include the voltages on
diode rectifiers, dc voltage controlled thyristor converters, and ac current controlled

PWM converters (e.g. rectifier). The unknown voltages, V,, are solved in an iterative

manner using the specified voltages, V,:
VI =Y T (V) -,y | (3.20)

where: k is the sweep number

Y,,, Y,: the self and mutual nodal admittance sub-matrices on the buses with

unknown voltages
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1,(V,): the vector of three-phase ac and dc currents injected into buses, which

are functions of unknown voltages
The solution procedure of the sequential solver includes the following steps:
Step 1. Search and partition the network.
Step 1.a. Determine the operating modes of the converters. Divide the network into
ac and dc subsystems at the converter buses.
Step 1.b. Rank the subsystems.
Step 2. Initialize all of the ac and dc voltages. Set the current rank R=Rnax and sweep
number k=1. Continue with a backward sweep.
Step 3. For all subsystems with rank R, compute the voltages in the subsystems.
Step 3.a. Compute the ac voltages for each ac subsystem with rank R
e Add the equivalent power flow components of the adjacent subsystems in the

ac nodal analysis equation (3.13).

e Update the unknown ac voltages using (3.20). Calculate AL- ,, At ., and

onv,| ! onv,P !

KLL

cow + Where Conve{D,T}, LLe{ab,bc,ca} in the interconnecting
converter models.
* Determine the parameters of the equivalent power flow components of the
present ac subsystem, based on the converter models. Go to Step 4.
Step 3.b. Compute the dc voltages for each dc subsystem with rank R

* Add the equivalent power flow components of the adjacent subsystems in the

dc nodal analysis equation (3.14).
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LL LL
onv,| ? onv,P !

* Update the unknown dc voltages using (3.20). Calculate and

KLL

Conv

in the interconnecting converter models.

e Determine the parameters of the equivalent power flow components of the
present dc subsystem, based on the converter models. Go to Step 4.
Step 4. Select subsystems with a new rank

Step 4.a. For a backward sweep, set the current rank to R=R-1. If R=R ., go to

Step 3. Otherwise, the backward sweep is complete. Go to Step 5.

Step 4.b. For a forward sweep, set the current rank to R=R+1. If R<R__, go to Step

3. Otherwise, the forward sweep is complete. Go to Step 5.
Step 5. Check for convergence of the ac/dc power flow
Step5.a. Calculate the following parameters between two consecutive sweeps, k and
k-1, i.e., a backward sweep and a forward sweep.

e The absolute value of the difference in the unknown complex voltages

K k-1
’Vz( )_Vz( )

LL
onv,l ?

e The difference in current participation coefficients, power

LL

participation coefficients, A, », and equivalence coefficients, Kc,, , of

Conv !

the diode/thyristor converter models

‘(ACLc')_nv,l )(k) _(ﬂCLcL_nv,l )(k_l)

) ‘(ﬂtli_cl)_nv,P )(k) _(XCLCL_nv,P )(k_l)

w0 e (kY
’ ( KConv ) ( KConv )

Note: (-)(k) represents parameters at k™ sweep

Step 5.b. Go to Step 7 if the maximal difference is within a tolerance range, e.g.

£<10°®. Otherwise, go to Step 6.
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Step 6. Set the sweep number to k=k+1. Start a new backward or forward ac/dc power
flow sweep.
Step 6.a. Select all subsystems with:
*  R=Rp« for the backward sweep
e R=Rp;, for the forward sweep
Step 6.b. Go to Step 3 to calculate the power flow for the subsystems with rank R.
Step 7. Output the ac/dc power flow solutions.
A flow chart of the sequential solver is shown in Figure 3.5. The following

subsection focuses on the application of the solver to ac/dc power flow studies.
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Rmin<=R<=Rmax

v

Start a backward sweep, R=Rmax, k=1

A

/

Determine al subsystems with rank R

Add the equivalent power flow components of
the adjacent subsystemsin (3.12)

v

| Update unknown voltages using |
19

AC or DC subsystem?

Y
Add the equivalent power flow components of
the adjacent subsystemsin (3.13)

v

Update unknown voltages using
(3.19)

Calculate parameters of the equivalent power
flow components of current ac subsystem

Calculate parameters of the equivalent power
flow components of current dc subsystem

Yes
R>=Rmin

Start aforward sweep,
R=Rmin k=k+1

No

Compare variables with previous
forward sweep

Backward or Forward

Yes
R<=Rmax

No

Compare variables with previous
backward sweep

Start abackward
sweep, R=Rmax, k=k+1

Figure 3.5 Flow chart of the 3-phase sequential ac/dc power flow solver
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3.4 MATLAB Numerical Results
The power flow algorithm was programmed in MATLAB. It was tested on a 1.5

GHz, 1024 MB computer for bi-directional power flow studies in a three-phase 12-bus
system shown in Figure 3.6. Bus 1 is the main source bus and the network contains:

o Athree-phase back-to-back thyristor converter placed between ac bus 4 and dc bus

7, allowing currents to flow in both directions
e Athree-phase PWM converter placed between ac bus 9 and dc bus 8
e Five ac constant impedance loads and one dc constant impedance load

e AnDistributed Generator (DG) placed on bus 11.

AC 1
T2 3 1 5 6 e
7/ A
\
AL D
. | }1 | w }1 /! AC 2
\\ //
Substation T\ - -~ Tase 1 - .
e 7 N
-7 N // \\
1 AC or DC load e |7 O I 10 11 12\
o ® \ o |/
=0 O N I =31 i I N I
S =g | , = | | |
\ ) Subsystem 28|\ , S /l
N_~ \\_,// \\ /
Power flow direction Case 2 N DG /
in different cases AN ///
D 1 . =

Figure 3.6 A one-line diagram of the 12-bus AC/DC system
Note:
e the ac side of a thyristor converter is the subsystem containing the thyristor
converter ac bus, e.g., bus 1 to bus 6 in subsystem AC 1 in Figure 3.6.
e the ac side of a PWM converter is the subsystem containing the PWM converter ac
bus, e.g., bus 9 to bus 12 in subsystem AC 2 in Figure 3.6.

The substation was chosen as the main source. The system was divided into the
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following three subsystems as shown in Figure 3.6:

e AC1:bus1ltobus6

e DC1:bus7andbus8

e AC 2:bus9tobus 12
The system ranks are determined by the operation modes of the converters.

Two cases were studied to demonstrate that the sequential solver can handle changes
in the direction of power flow across the converters. In Case 1, the load on the ac side of
the PWM converter was heavy. Power was fed from the substation to the ac side of the
PWM converter. In Case 2, the load on the ac side of the PWM converter was light. The
DG fed power to the ac side of the thyristor converter. Some parameters used in both
cases are listed below:

e The ac voltage on bus 1 was specified as balanced at 1 p.u.;
e Equi-distant control was used for the thyristor converter;
e The commutation angles of the thyristor converter were assumed to be 15 degrees;
e The percentage of the converter real power loss was assumed to be 1%.
e The capacity of the DG was 0.8 MW.
Case 1:

The loads in the system were unbalanced and are shown in Table 3.5. The total load
is 4.15 MW. The real power loads on the ac side of the PWM converter was 1.65 MW.
The DG outputted power at its full capacitor (0.8 MW). Since the load is larger than the
DG’s output. Power was fed to the ac side of the PWM converter from the substation

through the converters. The following settings were used:



85

e The thyristor converter operated in the rectifier mode. The firing angles were set to
a minimum value (10 degrees) to minimize the consumed reactive power;

e The PWM converter operated in the inverter mode using the ac voltage control. The
ac voltage was balanced at 1 p.u;

e PWM converter ac bus was the slack bus on the ac side of the PWM converter with
sufficient capacitance for reactive power determined by the network;

e The ac currents and ac power in the converters were defined as the values injected
from the converter models into the ac systems;

e The DG was modeled as a source with constant power (0.8+j0.4 MVA).

Table 3.5 Nominal loads for the 12-bus system in Case 1, [MW,MVAR]

Bus Pat+jQa Pu+jQp Pc+jQc
2 0.2+j0 0.4+j0 0.8+j0
5 0.1+j0 0.1+j0 0.1+j0
6 0.2+j0.067 0.2+j0.067 0.2+j0.067
10 0.3+j0.133 0.3+j0.133 0.3+j0.133
11 (DG) -0.267-j0.133 -0.267-j0.133 | -0.267-j0.133
12 0.3+j0.1 0.25+j0.15 0.2+j0.06
7(dc) 0.2

The sequential ac/dc power flow solver was applied to the test network. The ranks of

the subsystems are given in Table 3.6 based on the ranking method.

Table 3.6 The subsystem ranks in Case 1

Rank

1 2

3

subsystem

AC1 | DC1

AC 2

The tolerance range was set to £<107°. In order to observe the convergence behavior of
the sequential solver, the total number of backward sweeps and forward sweeps, the
number of implicit Z-bus iterations and the power flow run time were counted for the

following two methods:
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M1. the voltages in each subsystem are updated only once at each backward or
forward sweep

M2. the voltages in each subsystem are solved at each backward or forward sweep

Table 3.7 Convergence comparison of the sequential method in Case 1

# of backward & forward # of implicit Z-bus .
. X Run Time (Sec)
sweeps iterations
M1 8 17 0.500
M2 8 35 0.563

Both methods converged to the same solution. Table 3.7 shows that method M1
solved the power flow in 17 iterations, 18 fewer than method M2. This implies that M1
requires fewer flops to solve the power flow. As such, M1 is faster than M2, as indicated
by the run time. The simulation results are presented in the following tables and figures:

e Table 3.8 presents the bus voltage magnitudes for each phase. Figure 3.7 shows
the unbalanced ac voltage magnitudes

 Table 3.9 presents the ac voltages, ac currents, ac power, participation
coefficients, and equivalence coefficients of the thyristor converter model

e Table 3.10 presents the ac voltages, ac currents, and ac power of the PWM

converter model

Table 3.8 Bus voltage magnitudes in Case 1, |V|: [pu]

[Val Vel [Vel
Bus 1 1 1 1
Bus 2 0.997772 0.995201 0.99475
Bus 3 0.996896 0.994329 0.993879
Bus 4 0.99583 0.993267 0.992818
Bus 5 0.994713 0.992156 0.991704
Bus 6 0.99391 0.991359 0.990903
Bus 7 (dc) 2.198731
Bus 8 (dc) 2.196538
Bus 9 1 1 1
Bus 10 0.99863 0.998718 0.999167
Bus 11 0.998556 0.998733 0.999631
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Figure 3.7 AC bus voltage magnitudes in Case 1

From Figure 3.7, it can be seen that the voltages on the ac side of the thyristor

converter are unbalanced, e.g, bus 6, because the loads are unbalanced. The voltages on

bus 9 are regulated by the PWM converter and are balanced. Since the loads are

unbalanced on the ac side of the PWM converter, other buses voltages are unbalanced.

Table 3.9 Parameters of the thyristor converter in Case 1, V, I: [pu, deg], S: [pu]

Parameters Line AB Line BC Line CA
Vi 0.9947 £29.73° 0.9939 £-90.34° 0.9934 £ 149.72°
[ 10.99¢% £ -167.50° | 10.97e®.,72.68° | 10.96e°/-47.23°
St -10.44¢%-j3.24¢7 -10.43¢%-j3.19¢7 -10.42¢%-j3.14¢7

o 0.333724 0.333396 0.33288

e 0.333536 0.333373 0.333091

K- 1.348963 1.34896 1.348964

Table 3.10 Parameters of the PWM converter in Case 1, V, I: [pu, deg], S: [pu]

Parameters Line AB Line BC Line CA
Vo 1£30° 1£-90° 1£150°
v 10.389e° £ -16.73° | 9.572e°-147.93° | 7.209¢™ £ 105.56°
Spum 9.949¢3+j2.99¢™® 8.457e3+j4.484e3 | 6.982e°+j1.798¢7
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The participation coefficients, A}, Ar,, of the thyristor converter model were not

equal because the ac loads were unbalanced. As a consequence, the ac currents, I-, and

ac power, Sr-, were unbalanced. The model was able to reflect the imbalance of the

system. The ac currents, lx.,, , and ac power, Si.,, , in the PWM converter model were

also unbalanced because of the unbalanced loads on the ac side of the PWM converter.

Case 2:

In Case 2, the power flow direction in the converters was reversed from Case 1. The
loads in the system are provided in Table 3.11. The DG was operated as the slack bus. It
supplied all ac loads on the ac side of the PWM converter (0.5 MW). Since its output
limit was set to 0.8 MW, it also supplied the dc load. The following settings were used:

e Thyristor converter operated in the inverter mode with the constant dc power
control. The dc power entering the thyristor converter was 0.1 MW. The firing
angles were equal to 10 degrees;

e PWM converter operated in the rectifier mode using the ac current control with
Vpwm dc, at Bus 8 set to 2.2 p.u;

e The DG was modeled as the slack bus for the ac side of the PWM converter. The ac

voltage was balanced at 1 p.u..

Table 3.11 Nominal loads for the 12-bus system in Case 2, [MW,MVAR]

Bus PatjQa Pu+jQp Pc+jQc
2 0.2+j0 0.4+j0 0.8+j0
5 0.2+j0 0.2+j0 0.2+j0
6 0.267+j0.1 0.267+j0.1 0.267+j0.1
10 0.067+j0.033 0.067+j0.033 0.067+j0.033
12 0.1+j0.05 0.15+j0.07 0.1+j0.06
7(dc) 0.05
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Based on the ranking method, the ranks of the three subsystems are provided in
Table 3.12. It is noted that the computation order was reversed from Case 1. This was
because power was fed from the ac side of the PWM converter to the ac side of the
thyristor converter in Case 2.

Table 3.12 The subsystem ranks in Case 2

Rank -1 0 1
subsystem | AC2 | DC1 | AC1

The convergence behavior of the sequential solver was investigated again using the
two methods in Case 1. The sweep number and implicit Z-bus iteration number are given

in Table 3.13 with the power flow run time.

Table 3.13 Convergence comparison of the sequential solver in Case 2

# of backward & forward # of implicit Z-bus .
. X Run Time (Sec)
sweeps iterations
M1 5 11 0.297
M2 3 15 0.313

Both methods resulted in the same power flow solutions. The ac/dc power flow
converged after 11 iterations using M1, 4 fewer than M2. The running time shows that
M1 is faster than M2. The simulation results are presented in the following tables:
e Table 3.14 presents the bus voltage magnitudes for each phase and Figure 3.8
shows the unbalanced ac voltage magnitudes
e Table 3.15 presents the ac voltages, ac currents, ac power, participation
coefficients, and equivalence coefficients of the thyristor converter model
e Table 3.16 presents the ac voltages, ac currents, and ac power of the PWM

converter model



Table 3.14 Bus voltage magnitudes in Case 2, |V|: [pu]
|Val Vel [Vel
Bus 1 1 1 1
Bus 2 0.998649 0.996079 0.995619
Bus 3 0.998074 0.995511 0.995043
Bus 4 0.997372 0.994816 0.994342
Bus 5 0.995642 0.993097 0.992617
Bus 6 0.994542 0.992004 0.991519
Bus 7 (dc) 2.199627
Bus 8 (dc) 2.199996
Bus 9 0.999395 0.999395 0.999395
Bus 10 0.999548 0.999548 0.999548
Bus 11 1 1 1
Bus 12 0.99953 0.999287 0.999605
1]
0.995 -Hif H - W HBHH
= 09 HNH | [ IM MLl |DPhase A
i
0.98
0.975 HHN H - HHHH H
0.97 = - T L e e
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Figure 3.8 AC bus voltage magnitudes in Case 2
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Table 3.15 Parameters of the thyristor converter model in Case 2, V, I: [pu, deg],

S:[pu]
Parameters Line AB Line BC Line CA

Vi 0.9962 £29.80° 0.9954 £-90.25° 0.9943 £149.80°
I 1.063e £ 50.56° 1.062¢% £-69.7° | 1.061e%,170.19°
St 0.991e3-j0.376¢ 0.990e3-j0.371¢ 0.989¢%-j0.368¢

. 0.333728 0.333394 0.332877

e 0.333538 0.333372 0.33309
K- 1.348963 1.34896 1.348964
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Table 3.16 Parameters of the PWM converter model in Case 2, V, I: [pu, deg], S:[pu]

Parameters Line AB Line BC Line CA
Voun 0.9994 £29.98° 0.9994 £-90° 0.9994 £149.99°
vl 1.458¢° £-150.02° | 1.458e°.,89.98° 1.458¢ £ -30.02°
Spuim -1.46e+j0 -1.46€+j0 -1.46€+j0

From the above results, it is shown that the power flow in the thyristor converter and

the PWM converter was reversed from that in Case 1. On the ac side of the thyristor

converter, unbalanced voltages were applied on the thyristor converter. A7, and A%

were not equal in the delta-connected model, causing unbalanced I/ and S;“. It is

noted that the thyristor converter consumed reactive power although it was operated as an
inverter.

On the ac side of the PWM converter, the ac power in the converter model was
balanced and the reactive power was equal to zero as expected. Due to the balanced loads
between the PWM converter and the DG, whose ac bus was chosen as the slack bus, the

ac voltages and ac currents in the PWM converter model were also balanced.
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3.5 Comments

In this chapter, a three-phase sequential power flow solver was developed for ac/dc
power flow studies. The three-phase delta-connected converter models proposed in
Chapter 2 have been incorporated in the sequential solver to model three-phase
converters under unbalanced operating conditions. In order to determine the sequence for
solving power flow, a ranking method was proposed to rank the subsystems. The ac/dc
power flow was solved using a backward/forward algorithm based on subsystem ranks.

The solution algorithm was tested in a radial system for bi-directional power flow
studies. The results showed that the sequential solver was robust and converged for the
test system using the backward/forward algorithm and the ranking method. The
convergence behavior of the solver was improved by updating subsystem voltages only
once at each backward/forward iteration. The results also showed that the converter
models captured the imbalance of the system and appropriately modeled three-phase

converters at different operating modes and control schemes.



93

CHAPTER 4. THREE-PHASE UNIFIED DISTRIBUTION

AC/DC POWER FLOW

In this chapter, a three-phase unified solver is proposed for ac/dc power flow studies
using the delta-connected converter models. Steady-state Modified Nodal Analysis
(MNA) method is used to incorporate the nodal analysis equations describing dc
networks, converter dc terminals, and converter controls with the nodal analysis
equations of ac systems. AC state variables and dc state variables are coupled in the
modified nodal analysis equations and solved in a unified manner.

Unified solvers were introduced in the 1970°s for HVDC system analysis
[71[9]1[32][33]. In order to improve convergence characteristics, existing ac power flow
solvers were expanded to single-phase unified ac/dc solvers using the Newton-Raphson
method [7][9], a fast decoupled method [32], and a second-order method [33]. Balanced
converter models [6], assuming constant dc currents, have been used to couple ac and dc
state variables in power flow equations. Similar single-phase, unified approaches using
Newton-based methods have been proposed for power flow studies in small ac/dc power
systems [14][15] and electrified transit railway power systems [16].

The above unified solvers are not directly applicable to distribution power flow
studies because distribution systems are unbalanced and have more distorted voltages and
currents than HVDC systems. The power flow equations describing HVDC converters
are not appropriate for distribution system converters. Thus, the unbalanced converter
models proposed in Chapter 2 cannot be integrated into traditional unified solvers directly.

As such, a MNA-based unified solver is proposed using three-phase component models
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for distribution power flow studies. In MNA, ac and dc currents in the converter models
are chosen as additional state variables. In addition to nodal analysis equations, a set of
equations are established to describe the converter models. As such, the ac and dc
variables are coupled and can be solved in a unified manner. Some features of the
MNA-based unified solver are:

* Direct analysis of the interaction between the ac systems and the dc systems;

* Avoidance of potential divergence problems between ac and dc power flow

iterations in sequential solvers;

e Easy development with moderate modifications on existing power flow

programs;

*  Applying for uni-directional and bi-directional power flow studies.

This chapter is organized as follows. First, the MNA equations used in the unified
solver are established with a focus on the converter buses. The delta-connected models
are incorporated into the MNA equations for diode/thyristor converters and PWM
converters. Then, a solution algorithm is presented, followed by results obtained from a

MATLAB implementation. Some comments are made at the end of this chapter.
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4.1 AC/DC Power Flow Formulation in MNA

Modified nodal analysis is used to formulate the unified ac/dc power flow problem.
MNA is a circuit analysis method based on nodal analysis using the admittance matrix. In
nodal analysis, equivalent models are needed for both voltage sources and current
dependent components. These models change the structure of the circuits and the
admittance matrix becomes unsymmetrical. In addition, the currents of these components
can only be obtained by post-processing.

MNA was introduced in [34][35] to manage the above difficulties with nodal analysis.
In MNA, the currents in the voltage sources and current dependent components are
chosen as additional state variables with the voltages. It keeps the original symmetrical
nodal admittance matrix and modified nodal analysis equations can be easily established.

In Chapter 3, three-phase converters were made equivalent to voltage sources or
current dependent components using the delta-connected models as shown in Table 3.1
and Table 3.2. Thus, MNA can be used to analyze ac/dc systems. A set of steady-state

MNA equations are established in (4.1) with a (7x7) block modified admittance matrix:

Ysub Ysub,ac 0 I 0 0 I 0 0 Vsub Isub,L (V )

Ysub,ac Yac Yac,Conv i O O i O O Vac Iac L (V )
0 Yac,Conv YConv i 0 0 i BConv,ac 0 VConv IConv,L (V) 4 1
0 0 0 i Gdc Gdc,Conv i 0 0 Vdc = Idc,L (V) ( . )

R 9__i_G_dfvEfL"v___?_Cenx_i___o____?san&d_c Vomee || Teoma,, (V)
0 0 CConv 1 i 0 CConv 2 i DConv 1 DConv,Z IConv FConv

L O O CConv,3 : O CConv,4 : DConv,3 DConv,4 AL IConv,dc i L FConv,dc
where in addition to the notation defined in (3.12) and (3.13):
n,.€ R:  the number of ac buses, excluding the substation bus and converter ac

buses
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n, € R:  the number of dc buses, excluding the converter dc buses
e R: the number of converters
Ve C*: the complex voltage vector of the substation bus

V_ e C*=: the complex voltage vector of ac buses, excluding the substation and
converter ac buses

V., e C™: the complex voltage vector of converter ac buses

Conv

V€ R™: the voltage vector of dc buses, excluding converter dc buses

V,

Conv,dc

e R"™: the voltage vector of converter dc buses

leon (V)€ C*" :the complex current injection vector of converter ac buses from the

converter model

leonv o (V) € R™ : the current injection vector of converter dc buses

Beonv.ac » Beonvae - the sub-matrices representing the converter’s current contributions
Ceonvi+ Deonv;: the sub-matrices related to the converter models, i€ {1,2,3,4]
F Feowa-  the vectors of constant elements related to the converter models

Conv !

In (4.1), the top three rows correspond to the ac MNA equations on all ac buses. The

contributions of the dc systems to the ac power flow are represented using | The 4™

Conv *
and 5™ rows correspond to the dc MNA equations on all dc buses. The contributions of

the ac systems to the dc power flow are represented using | The 6™ and 7™ rows

Conv,dc *
correspond to appropriate converter models for ac and dc voltages, currents, and power
which are discussed in the following subsections for three-phase diode/thyristor

converters and PWM converters respectively.
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4.1.1 Modified Nodal Analysis Equations for Thyristor Converters and Diode
Rectifiers

In Chapter 2, three-phase thyristor converters and diode rectifiers were modeled
using three, delta-connected, single-phase converters. Since thyristor converters and
diode rectifiers have similar models, this subsection focuses on thyristor converters.
Diode rectifiers are discussed briefly at the end.

Based on the delta-connected model, a thyristor converter and the connected dc
system can be represented using a delta-connected, current controlled current component
on the converter ac bus. The ac system is modeled according to the converter control
scheme on the converter dc bus. The equivalent ac and dc power flow components are

shown in Figure 4.1.

g
I+
- - = +
M(k Ir,-,dc Pldc V Tde
| ca | ab -
T T
(D

(i) (iii) (iv)
C }—‘
B |

A

f \

(b) Equivalent dc components

¢ (i) Constant voltage control

(i)  Constant current control

() Equivalent ac components (iii)  Constant power control

(iv)  Constant firing angle control

Figure 4.1 The equivalent ac (a) and dc (b) power flow components for ac/dc systems
interconnected with three-phase thyristor converters

MNA introduces the complex ac currents and the dc current in the converter model as
state variables in the unified solver. As such, the state variables related to thyristor

converters include:
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e Three line-to-ground complex ac voltages on a grounded bus,

V; :[VTa (VARRVA ]T or two line-to-line complex ac voltages on an ungrounded
bus, V, =[v;® vT
e Three complex ac currents in the delta-connected model, 1, :[Iﬁb [ ]T

e Adc voltage on the converter dc bus, V;

e Adc current injected into the converter dc bus from the converter model, 1%,

The ac and dc MNA equations on thyristor converter buses are established in (4.2) and
(4.3) respectively. These two sets of equations correspond to the MNA equations on the

3" and 5™ rows of (4.1):

Vac
I:YT,ac YT,T : BT,ac] \_/T_ :|:IT,L] (4.2)
IT
Vdc
I:GT,dc Gry I BT,dc] \_/T_,d£ :[IT,LdCJ (4.3)
I'I?,¢d(:
where:
-1 0 1
Br.=|1 -1 0| foragrounded ac bus
|0 1 -1
-1 0 1
B, . = for an ungrounded ac bus
® 11 -10
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It is noted that the ac and dc currents injected from three-phase thyristor converters into

the system are represented by B, ,.-1; and B, -13% in (4.2) and (4.3) respectively.

The converter equations on the 6™ and 7" rows of (4.1) are established using the
delta-connected model. First, the ac power injected into the ac bus from the single-phase
converters can be represented in (4.4). Please note in (4.4) that the conjugate of the ac

power is deliberately selected to represent the power in terms of 11 instead of (ITLL )

*

(VTLL) ||_|_ (PLL+JQ [PLL_J\/ |_|_ ‘ILL PLL j (4.4)

where:
P*, Q" : the real and reactive power injections from the converter model
respectively,

Note: Qr" is negative because thyristor converters consume reactive power.

In the model, both ‘ITLL‘ and P'" can be represented as functions of the dc

current, 134, :
LL LL 3¢
‘ IT ‘ /11. IT dc (4'5)

I LL 3¢
CTOSS ’ P T dc — C s P 'VT,dc IT de (4-6)
where:

Ary, Are: thedc current and dc power participation coefficients respectively
K, K;:the ac and dc equivalence coefficients respectively

C: the loss factor of the model
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Substituting (4.5) and (4.6) into (4.4), the following equation is obtained for each

single-phase converter in the model:

2
(VTLL )* . ITLL + CTIOSS ﬂTLLD 'VT,dc — |VLL| [Closs ﬂTLL VT dc:| |T3¢Lc -0 (47)
5|gn(lT i Kr g

In addition, one of the following converter control equations is used in the MNA
equations:

* Constant dc voltage control

Vi g =V (4.8)
* Constant dc current control
13, = I (4.9)
e Constant dc power control
Vi g 13 = Prac (4.10)

e Constant firing angle control for minimal reactive power

L
1 % L

V. — Vi (1)-dt 411
T,dc T LLe{;c a) IalLL T,dc ( ) ( )

— @b 'VTab+A?C 'VTbC+A1(-:a ( Vab —V. c)

For diode rectifiers, the same approach follows. Since diode rectifiers are not

controllable, the dc control equations in (4.8) to (4.11) are replaced by the converter dc

voltage, V. Vo Can be expressed in terms of the line-to-line voltages V;° and
V2 in (3.6), which is repeated here:
Vose =AY V" + AF -V + AT - (V5 -Vy°) (4.12)

where:
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Next, the MNA equations are established for PWM converters.

4.1.2 Modified Nodal Analysis Equations for PWM Converters

A three-phase PWM converter can be made equivalent to three, delta-connected,
single-phase converters. PWM converters are generally operated by two control schemes:

e ac current control

e ac voltage control
For an ac current controlled converter (e.g. rectifier), the connected dc system can be
modeled as a delta-connected, current controlled current component on the converter ac
bus. The ac system is modeled as a dc component with constant voltage on the dc bus.
The equivalent power flow components are shown in Figure 4.2.

For an ac voltage controlled converter (e.g. inverter), the connected dc system is
modeled as a delta-connected voltage component on the converter ac bus. The ac system
is modeled as a current controlled current component on the dc bus. The equivalent

power flow components are shown in Figure 4.3.

A
Py (e
C bc
| I PWM
B
(@ (b)

Figure 4.2 The equivalent ac (a) and dc (b) power flow components for ac/dc systems
interconnected with ac current controlled PWM converters
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A |
|
+
V;fNM r\} (\J VSSVM []”}”:\/,LIL l I/PH'\/,Jc
()
C }—l = ]
| V;CNM 4|
B
(a) (b)

Figure 4.3 The equivalent ac (a) and dc (b) power flow components for ac/dc systems
interconnected with ac voltage controlled PWM converters

For PWM converters with either of the two control schemes, the state variables include:
e Three line-to-ground complex ac voltages on a grounded bus,

a

T . .
Vouns =[Vewm  Veww  Veww | OF two line-to-line complex ac voltages on an
T
ungrounded bus, V,,,, = [V;&,M VF?\X,M]

e Three  complex ac  currents in  the  delta-connected model,

I _ I ab I bc I ca
PWM — PWM PWM PWM

* A dc voltage on the converter dc bus, Vi «

* Adc current injected into the converter dc bus from the converter model, 1., 4

The ac and dc MNA equations on the PWM converter buses are established in (4.13) and

(4.14) respectively:

V

ac

|:YPWM ,ac YPWM ,PWM I BPWM ,ac :' \_/PWM = I: I PWM ,L:| (4 13)

I PWM
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Vdc
|:GPWM ,dc GPWM ,PWM I BPWM ,dc:l \_/P_W_M_di = |: I PWM, Ly ] (414)
I PWM ,dc
where:
-1 0 1
Bowma =| 1 -1 0 | foragrounded ac bus
0 1 -1
-1 0 1
Bowm ac = 1 O} for an ungrounded ac bus

BPWM,dc =-1
The ac and dc currents injected from three-phase PWM converters into the system are
represented With Boypy o * lowm @Nd Boy gc * lowm.ae 1N (4.13) and (4.14) respectively.

The PWM converter equations on the 6™ and 7" rows of (4.1) are established using

the delta-connected model and converter’s control schemes as follows.

4.1.2.1 AC Current Controlled PWM Converters
For an ac current controlled PWM converter, the ac real power is balanced and the

reactive power is equal to zero in the single-phase PWM converters. In order to represent
the power in terms of 15, , the conjugate of the converter ac power is used and the

following two equations hold:
(VPill\)/M ) : IS\?\IM = (VPb\ilM ) : Ig\CNM (4.15)
(VFk’)VCVM ) ) IS\CNM = (_V;Vk\)IM _VPbVCVM ) I o (4.16)
Also, the sum of the three-phase real power is equal to the dc power multiplied by a loss

factor, Ch», . Since the ac reactive power is zero, the following equation holds:
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_C:DO\;?M 'VPWM,dc ) IPWM,dc :(V;v?/M ) ) IS\t/)m +(VPb\;:VM ) ’ IS\CNM +(_V;vt\)/M _VPb\(I:VM ) ) IPC?NM (4-17)
On the converter dc bus, the dc voltage is constant:

Vowm dc =V pwm e (4.18)

4.1.2.2 AC Voltage Controlled PWM Converters

For an ac voltage controlled PWM converter, the line-to-line voltages, Vg, , are
regulated with specified magnitude and angle difference:

Ve =’\7§3W e (4.19)

—b j((s\?b 7Afé‘ab7bc j
Vown =’VP°WM R (4.20)

where:

’VPLML,M ‘ : 5VL:VM :the magnitudes and angles of the converter line-to-line voltages

—LL
PWM

A—gab_bc .

VPWM

: the specified magnitudes of the converter line-to-line voltages

the specified angle difference between V2, and Var,

If the converter ac bus and the substation are in different subsystems, the voltage angle on

phase a, dprM , I1s chosen as the reference for the ac subsystem connected to the PWM

converter. 5;“’ is constant and equal to thirty degrees for balanced voltages. If the

PWMi

converter ac bus and the substation are in the same subsystem, 5;“’ is referred to the

substation and unknown. It is updated using the calculated voltages at each power flow
iteration.

The sum of the ac currents in the delta-connected model is equal to zero:
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I;\?\IM + Ig\CNM + I;?NM =0 (4.21)
In addition, the real power on the ac and dc sides of the converter satisfies the following

relationship:

loss ab bc ca
_CPWM 'VPWM,dc ’ IPWM,dc = PPWM + PPWM + PPWM (4-22)
_1 Vab . Iab Vbc * Ibc Vab Vbc * Ica
_E' ( PWM) “Trwm +( PWM) “Trwm +(_ PWM PWM) “Trwm

1 . . *
+E|:(Vpa\,k\’,,v| >'(ISSVM> +(VPb\XIM )'(IE\CNM) +(_Vpi/k\)/M _VF?\XIM )'(IFC>3VM) :|
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4.2 Solution Algorithm

The implicit Z-bus Gauss method is used to solve (4.1). First, the modified nodal
admittance matrix is built. The original admittance matrices of all ac and dc subsystems
are constant and existing ac and dc nodal analysis programs can be used to develop them.
and B

In addition, B are constant and only need to be built once. On the

Conv,ac Conv,dc

other hand, C and D are functions of the converter model coefficients and the

Conv,i Conv,i

state variables. They need to be updated at each iteration.
It is noted that state variables include ac and dc currents in the converter models.
Thus, new notation is introduced in (4.1). Some of the state variables are specified and

defined as U, below:

¢ the ac voltages on the substation or ac voltage controlled PWM converters;

e the dc voltages on dc voltage controlled thyristor converters or on ac current
controlled PWM converters;

e The dc currents in dc current controlled thyristor converters.

Other state variables, U, , are solved using U,. Assume that (4.1) is reorganized as:

M11 Mlz Ul _ Fl(Ul)
{Mﬂ MJLHE(UZJ @2
where:

M, (U,U,), M, (U,U,): the self and mutual modified admittance sub-matrices

on the buses with the specified state variables

M,, (U, U,), M, (U, U,): the self and mutual modified admittance sub-matrices

on the buses with the unspecified state variables
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F(U,), F,(U,): the modified current injection vector, which are functions of state

variables, on the buses with the specified and unspecified state
variables, respectively

Thus, U, can be solved in an iterative manner:

UL =[G (Ul | [FE (U8) =Ml (Ul ) o, (424

where:

k: iteration number

M,,, M,,, and F,, are functions of U,. They are updated at each iteration until the

difference of U, between two consecutive iterations is within a tolerance range.

The solution procedure of the unified power flow solver includes the following steps:
Step 1. Search the network and determine all converters and subsystems
Step 1.a. Choose all complex ac voltages and dc voltages as the state variables;
Step 1.b. Determine the appropriate converter models. Choose the complex ac
currents and dc currents in the converter models as the state variables;
Step 1.c. Initialize the state variables and the coefficients of converter models.
Step 2. Build the constant sub-matrices in (4.1)
Step 2.a. Build the original admittance matrices for the ac and dc subsystems,
excluding the converters;
Step 2.b. Build Bcony,acy Beonv,de;
Step 2.c. Add constant elements into the modified current injection vector.

Step 3. Solve the ac/dc power flow using the implicit Z-bus Gauss method
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Step 3.a. Calculate the non-constant elements in C D

conv,i+ Pconv,i

Step 3.b. Calculate the voltage dependent elements in the modified current injection
vector;

Step 3.c. Update the unspecified state variables, U, , using (4.24);

Step 3.d. Solve the converter models and update the coefficients of the models using

the updated state variables;

Step 3.e. Compare U, with those obtained from the previous iteration,

AU M :‘ng) ~U |, k= iteration number

. If max(AUék)) <e=10"%, power flow converges and go to Step 4.

* Otherwise, go to Step 3.a for next iteration.
Step 4. Output ac/dc power flow solutions.
A flow chart of the three-phase unified power flow solver is shown in Figure 4.4. The
following section focuses on the application of the solvers to general structure power

flow studies.
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(o )
Y

Search the network

v

Define and imtialize the state variables, U1, 172

v

Initialize the coefficients of the delta-
connected models

Y

Calculate the constant elements in (4.1)

k=1 y =k+1

Calculate the non-constant elements 1 (4.1)

Update the unspecified state variables, 172,
using (424)

v

Update the converter's coefficients

v

Yes

Qutput results

End

Figure 4.4 The flow chart of the three-phase MNA based unified ac/dc power flow solver
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4.3 MATLAB Numerical Results

The power flow algorithm was tested on a meshed, three-phase, 25-bus system
shown in Figure 4.5. This type of system structure mimics a shipboard power system. Bus
1 is the power source bus and this network contains:

e A three-phase back-to-back thyristor converter placed between ac bus 18 and dc

bus 23, allowing the ac and dc currents to flow in both directions;
e Athree-phase PWM converter placed between ac bus 10 and dc bus 25;
e Four constant impedance and two constant power ac loads and one constant

impedance dc load.

f

N
ac side of the thyristor /\

converter

SOURCE

hyristor
z
F———Commen | = 24 =
bus =
1 2 3 4 5 6 z T 1:
ac side of the PWM

converter PWAM
1 3-phase ac loads I et
and/or dec loads .- 'l 1 [ -
\

Figure 4.5 A one-line diagram of the 25-bus system

Note:
e “Common bus” is the first bus on the path from the thyristor back to the
substation and the path from PWM converters back to the substation, e.g., bus 6 in
Figure 4.5;
e ac side of a thyristor converter is the subsystem from the common bus to the
thyristor converter ac bus and downstream buses, e.g., bus 6 to bus 22 in Figure

4.5;
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e ac side of a PWM converter is the subsystem from the common bus to the PWM
converter ac bus and downstream ac buses, e.g., bus 6 to bus 13 in Figure 4.5.

Two cases were studied to show how ac/dc power flow was solved by the unified
solver using the delta-connected converter models. In both cases, the amount and the
direction of the power flow were controlled by the converters to balance current flow and
to improve voltages. In Case 1, the load on the ac side of the PWM converter was heavy.
Power was fed to the ac side of the PWM converter through the converters. The thyristor
converter was operated in the rectifier mode and the PWM converter was operated in the
inverter mode.

In Case 2, the load on the ac side of the thyristor converter was heavy. Power was fed
to the ac side of the thyristor converter through the converters. The thyristor converter
was operated in the inverter mode and the PWM converter was operated in the rectifier
mode. Some parameters used in both cases are listed below:

e The ac voltage on bus 1 was balanced at 1 p.u.;

e The commutation angles of the thyristor converter were set to 15 degrees;

e 0.200 MVar capacitors were installed on each phase at the thyristor ac bus (bus

18) to provide reactive power for the thyristor converter;

e The percentage of the thyristor and PWM converter real power losses was 1%.

In both cases, the parameters of the converters are defined according to their control
modes. The thyristor converter was operated by one of the following two control
schemes:

e Constant firing angle control — the minimal firing angles were specified in

degrees to minimize the consumed reactive power;
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e Constant dc power control — the nominal dc power was specified and the firing
angles were specified in degrees.
The PWM converter was operated by the ac current control. The PWM converter dc

voltage was specified in per unit.

Case 1: the system is balanced with 5.1MW total load. In Table 4.1, the loads on the
ac side of the PWM converter (2.2MW) were larger than those on the ac side of the

thyristor converter (1.2MW).

Table 4.1 Nominal loads for the 25-bus system in Case 1, [MW,MVAR]

Bus Pat+jQa Pu+jQp Pc+jQc

3 0.5+j0 0.5+j0 0.5+j0

10 0.533+j0.267 0.533+j0.267 0.533+j0.267
13 0.2+j0.067 0.2+j0.067 0.2+j0.067
17 0.1+j0.033 0.1+j0.033 0.1+j0.033
20 0.2+j0.067 0.2+j0.067 0.2+j0.067
22 0.1+j0.033 0.1+j0.033 0.1+j0.033

24(dc) 0.2

Two scenarios were tested. In Case 1a, no power was transferred to the ac side of the
PWM converter through the PWM converter (Ppwmac=0). Here, only the thyristor
converter supplied the dc system. In Case 1b, power was transferred to the ac side of the
PWM converter through the PWM converter (Ppwmac=>0). In both scenarios, the bus
voltages and converter model currents were solved and were the same using both the

sequential and unified solvers.

Case 1a: (Ppwm.ac=0)
Initially, Ppwm ac Was zero. The thyristor converter was operated in the rectifier mode
using the constant firing angle control to minimize the consumed reactive power. The

firing angles were 10 degrees. The thyristor converter provided power for the dc network.
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The power flow results are provided in the following figures and tables:

Figure 4.6 plots the ac line currents on phase a in the balanced system and Table
4.2 presents the maximum line currents on the ac sides of the converters.
Figure 4.7 plots the ac voltage magnitudes on phase a in the balanced system and

Table 4.3 presents the bus voltage magnitudes on the ac sides of the converters.

Table 4.4 presents the current participation coefficients, A;; , power

participation coefficients, A, and equivalence coefficients, K;-, in the

thyristor converter model.

0.06
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Figure 4.6 AC line current magnitudes on phase a in Case la

Table 4.2 Maximum current magnitudes on the ac sides of the converters in Case 1a

with P,y .. =0 MW, [I]: [pu]

Line
AC Area with I 1o 1] [Ic|

PWM Side bus6-bus7 0.023877 | 0.023877 | 0.023877

Thyristor Side | bus6-busl4 0.013766 | 0.013766 | 0.013766
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Figure 4.7 AC bus voltage magnitudes on phase a in Case la

Table 4.3 AC bus voltage magnitudes on the ac sides of the converters in Case 1a with

PPWM ac 0 MW, |V|: [pu]
Bus [Val [V [Vl
1 1 1 1
10 0.988416 | 0.988416 | 0.988416
11 0.987895 | 0.987895 | 0.987895
12 0.987375 | 0.987375 | 0.987375
13 0.986855 | 0.986855 | 0.986855
18 0.992627 | 0.992627 | 0.992627
19 0.991843 | 0.991843 | 0.991843
20 0.99106 0.99106 0.99106
21 0.990799 | 0.990799 | 0.990799
22 0.990538 | 0.990538 | 0.990538
Table 4.4 Coefficients of the delta-connected thyristor converter model in Case 1a with
PPWM ac — 0 MW
Parameters Line ab Line bc Line ca
o 0.333333 0.333333 0.333333
o 0.333333 0.333333 0.333333
KTLL 1.348964 1.348964 1.348964
Remarks:

e In Figure 4.6, the line currents on the ac side of the PWM converter are larger

than those on the ac side of the thyristor converter. It is because the ac side of the

PWM converter is more heavily loaded;
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In Table 4.2, the feeder imbalance can also be observed. The maximal line

currents on the ac side of the PWM converter (line 6-7) were

( 0.023877 1
0.013766

]-100%: 73% higher than those on the ac side of the thyristor
converter (line 6-14);
In Figure 4.7 and Table 4.3, the voltage magnitudes on the ac side of the PWM

converter were relatively low, e.g., bus 10, caused by the high line currents;

In Table 4.4, A5, Arp and K;-are balanced in the thyristor converter model

because the system is balanced;

The total real power loss was 36.5 KW.

It is noted that the feeder currents were significantly unbalanced. This can be improved

by transferring power from the thyristor converter to the ac side of the PWM converter.

As a consequence, the low bus voltages can also be improved and the loss could be

reduced. It is illustrated in Case 1b.

Case 1b: (Pyyy o >0)

In this scenario, real power was transferred through the PWM converter to the ac side

of the PWM converter (P, ,. >0) with the following settings:

The thyristor converter operated as a dc power controlled rectifier;

The PWM converter operated as an ac current controlled inverter with unity
power factor;

The dc voltage on the PWM converter dc bus (bus 25) was set to 2.2 p.u. with the

dc voltage base equal to the ac voltage base.
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The thyristor converter dc power, P, .., and PWM converter ac power, P, .., Were

estimated with:

+P

P _ F)PWM,Ioad - F)T,Ioad deload _ 0.6 MW

T,dc —
2

P

PWM,ac —
2

where:

P

Joad *

total loads on the ac side of the thyristor converter

Powm 10aa - total loads on the ac side of the PWM converter

P, total dc loads

c,load *

_ I:)PWM,Ioad - I:)T,Ioad - I:)dc,loa\d -0.4 MW

(4.25)

(4.26)

Power flow was solved and results are displayed in Figure 4.8, Figure 4.9, and Table 4.5

to Table 4.8.
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Figure 4.8 AC line current magnitudes on phase a in Case 1b

Table 4.5 Maximum current magnitudes on the ac sides of the converters in Case 1b

with P,y .. =0.4 MW, |I|: [pu]
Line
AC Area with Imax ||a| ||b| ||c|
PWM Side bus6-bus7 0.0202 0.0202 0.0202
Thyristor Side | bus6-busl4 0.0180 0.0180 0.0180
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Figure 4.9 AC bus voltage magnitudes on phase a in Case 1b

Table 4.6 Bus voltage magnitudes on the ac sides of the converters in Case 1b with

PPWM ac — 0.4 MW, |V|: [pu]
Bus [Val [Vl Vel
1 1 1 1

10 0.9895 0.9895 0.9895

11 0.98898 0.98898 0.98898

12 0.988459 0.988459 0.988459

13 0.987938 0.987938 0.987938

18 0.990957 0.990957 0.990957

19 0.990175 0.990175 0.990175

20 0.989393 0.989393 0.989393

21 0.989132 0.989132 0.989132

22 0.988872 0.988872 0.988872

Table 4.7 Coefficients of the delta-connected thyristor converter model in Case 1a with
PPWM,ac =04 MW
Parameters Line ab Line bc Line ca
- 0.333333 0.333333 0.333333
e 0.333333 0.333333 0.333333
KTLL 1.348964 1.348964 1.348964

Table 4.8 AC power injected into the ac system from the three-phase converters in Case

b with Puyy o

=0.4 MW, S: [MW, MVAR]

Converter Bus Pat+jQa Pp+jQp Pc+jQc Total
10 0.1364+j0 0.1364+j0 0.1364+j0 0.4092
18 -0.2020-j0.0345 | -0.2020-j0.0345 | -0.2020-j0.0345 | -0.606-0.1035
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Compared to Case 1a, it was found in Case 1b that:

the high currents were reduced on the ac side of the PWM converter with better

feeder balance, e.g., currents in line 6-7 is (0'0202
0.0180

—l] -100% =12% higher

than the currents in line 6-14 in Table 4.5;

the bus voltages were improved on the ac side of the PWM inverter as shown in
Figure 4.9 and Table 4.6;

in Table 4.7, the thyristor converter model’s coefficients are the same as those in
Case 1a because the system is still balanced,;

in Table 4.8, the thyristor converter consumed 0.606 MW from the ac system,
including 1% converter loss. 0.4092 MW was transferred to the ac side of the
PWM converter as desired;

the real power loss was reduced to 33.9 KW.

From the above two scenarios, it can be seen that the unified solver can handle changes of

power flow direction across converters in balanced ac/dc systems. In Case 2, the test

25-bus system became unbalanced and ac/dc power flow was studied.

Case 2: the system is unbalanced and the total loads are 4.85 MW as shown in Table

4.9. The loads on the ac side of the thyristor converter (2.1 MW) are larger than those on

the ac side of the PWM converter (0.95 MW).

Table 4.9 Nominal loads for the 25-bus system in Case 2, [MW, MVAR]

Bus PatjQa Pu+jQsp Pc+jQc
3 0.5+j0 0.5+j0 0.6+j0
10 0.25+j0.1 0.2+j0.05 0.2+j0.15
13 0.1+j0.033 0.1+j0.033 0.1+j0.033
17 0.1+j0.033 0.1+j0.033 0.1+j0.033
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20 0.35+j0.2 0.35+j0.3 0.4+j0.2
22 0.25+j0.1 0.25+j0.1 0.2+j0.08
24(dc) 0.2

Two scenarios were tested. In Case 2a, B, .. Was equal to zero and the thyristor

converter supplied the dc system. In Case 2b, power was transferred to the ac side of the

thyristor converter through the PWM converter (P,,,, ,. <0) to improve the current flow

and bus voltages on the ac side of the thyristor converter.

Case 2a: (Pyyy o =0)

In this scenario, no power was transferred through the PWM converter. The thyristor
converter was operated in the rectifier mode using the constant firing angle control. The
firing angles were set to 10 degrees. Power flow was solved and the ac line current
magnitudes and ac bus voltage magnitudes were plotted in Figure 4.10 and Figure 4.11.
Please see Table 4.10 and Table 4.11 for the maximal line currents and bus voltages on
the ac sides of the converters. Table 4.12 presents the coefficients of the thyristor

converter models.

0.05 == A cideafbe Sty
PWM |:‘unverler thyristor clonverter
0.04 {fl H
S /J\ /J\ O Phase A
= o JH B Phase B
= 7 N7 N[

O Phase C
0.02 78l H
M I.HIHIHI_ [l
ACLmne

Figure 4.10 AC line current magnitudes in Case 2a
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Table 4.10 Maximum current magnitudes on AC sides of the converters in Case 2a

with P,y .. =0 MW, [I]: [pu]
Line
AC Area with Imax 12 [1o] [1e]
PWM Side bus6-bus7 0.01115 0.00929 0.010467
Thyristor Side | bus6-busl4 0.02291 0.02362 0.022806

AC side of the

PWM converter

AC side of the
thyristor converter

V| (pu)

TN
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O Phase A
B Phase B
O Phase C

Figure 4.11 AC bus voltage magnitudes in Case 2a

Table 4.11 AC bus voltage magnitudes in Case 2a with PB,,,, .. =0 MW, |V[: [pu],

Bus |Val Vil [Vel
1 1 1 1
10 0.992873 0.994481 0.99263
11 0.992611 0.994219 0.992369
12 0.99235 0.993957 0.992108
13 0.992088 0.993695 0.991847
18 0.988615 0.986672 0.988292
19 0.986978 0.984656 0.986631
20 0.985341 0.98264 0.984971
21 0.984603 0.981982 0.984474
22 0.983865 0.981325 0.983977
Table 4.12 Coefficients of the delta-connected thyristor converter model in Case 2a
with Py = 0 MW
Parameters Line ab Line bc Line ca
- 0.332997 0.33342 0.333582
e 0.333157 0.333375 0.333468
KTLL 1.348966 1.348968 1.348964




121

Remarks:

In Figure 4.10 and Table 4.10, the line currents on the ac side of the thyristor
converter were significantly higher than those on the ac side of the PWM

converter, e.g., the current on phase a in line 6-14 was

(0.02291

—l]-lOO% ~105% higher than that in line 6-7;
0.01115
In Figure 4.11 and Table 4.11, the voltages on the ac side of the thyristor

converter (bus 18 to bus 22) were relatively low;
In Table 4.12, the three coefficients, A, A%, K;-, in the delta-connected
thyristor converter model were unbalanced because of the unbalanced converter

ac voltages caused by the unbalanced ac loads;

The total power loss was 38.11 MW.

In order to balance the feeder current flow, real power was transferred from the PWM

converter to the ac side of the thyristor converter in Case 2b. As a consequence, the

voltages can be improved and real power loss could be reduced.

Case 2b: (Poyy o <0)

In this scenario, the PWM converter was operated as a rectifier. It supplied the dc

system and transferred power to the ac side of the thyristor converter. The following

settings were used:

The thyristor converter operated as a dc power controlled inverter;
The PWM converter operated as an ac current controlled rectifier with unity
power factor;

The PWM converter dc voltage was constant and set to 2.2 p.u.
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P . and P,y . Wwereestimated using following equations:

P .u—P -P
Pl- i — _( T,Ioad PWM ,Ioad dc,load J — —0.475 MW (427)
’ 2
P, . —P +P
PPWM a — _{ T,Ioad PWM2,I0ad dc,load ] — _0675 MW (4.28)

Power flow was solved and the results are provided in the following figures and tables:
e Figure 4.12 plots the ac line current magnitudes and Table 4.13 presents the
maximal currents on the ac sides of the converters;
e Figure 4.13 plots the ac bus voltage magnitudes and Table 4.14 presents the bus
voltage magnitudes on the ac sides of the converters;
e Table 4.15 provides the thyristor converter model’s coefficients;

e Table 4.16 provides the ac power injected from the converters into the ac system.
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Figure 4.12 AC line current magnitudes in Case 2b

Table 4.13 Maximum current magnitudes on the ac sides of the converters in Case 2b
with P,y .. =—0.675 MW, |I|: [pu]

Line
AC Area with I [1a] [1o] (1|
PWM Side bus6-bus? 0.0175 0.0158 0.0165

Thyristor Side | bus6-bus14 0.0169 0.0181 0.0168
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Table 4.14 Bus voltage magnitudes on the ac sides of the converters in Case 2b with
Powm ac =—0.675 MW, [V[: [pu]

Bus |Va| |Vb| |Vc|
1 1 1 1
10 0.990981 0.992583 0.990738
11 0.99072 0.992321 0.990477
12 0.990458 0.992059 0.990217
13 0.990197 0.991798 0.989956
18 0.990453 0.988501 0.990127
19 0.988813 0.986481 0.988464
20 0.987174 0.984462 0.986801
21 0.986434 0.983803 0.986302
22 0.985695 0.983144 0.985804

Table 4.15 Coefficients of the delta-connected thyristor converter model in Case 2b
With Poyy . =—0.675 MW

Parameters Line ab Line bc Line ca
o 0.332999 0.333418 0.333583

e 0.333158 0.333374 0.333469

KL 1.348966 1.348968 1.348964

Table 4.16 AC power injected into the ac system from the three-phase converters in Case

2bwith P, .. =—0.675 MW, S: [MW, MVAR]

Converter Bus Pa+jQa Pp+jQp Pc+jQc Total
10 -2.1946 +j0 -2.1981 +j0 -2.1940 +j0 -6.5867
18 1.5711-j0.5586i | 1.5638-j0.5560 | 1.5676-j0.5645 | 4.7025-j1.6791
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Compared to Case 2a, it is found in Case 2b that:

o the feeder currents were more balanced than Case 2a as shown in Figure 4.12. In
Table 4.13, the currents in line 6-14 became close to those in line 6-7;

e the ac voltages on the ac side of the thyristor converter were improved as shown
in Figure 4.13 and Table 4.14;

e Table 4.15 shows that the coefficients of the thyristor converter model were
unbalanced and were slightly different from those in Case 2a. It is because the
system imbalance was changed by transferring power through the converters;

e the loss was reduced to 33.3 KW.

From the above two scenarios, it is shown that the unified solver can solve ac/dc power

flow for unbalanced systems with the converters operating at various modes.

4.4 Comments

In this chapter, a three-phase unified power flow solver was developed. The modified
nodal analysis method (MNA) was implemented in the solver. It introduced the converter
ac and dc currents as additional state variables in the nodal analysis equations. As a
consequence, the ac and dc power flow equations are coupled at converters. AC and dc
state variables can be solved in a unified manner. In MNA, unbalanced converter models
proposed in Chapter 2 have been used. The models capture the imbalance of ac/dc
systems using three, delta-connected, single-phase converters and can be included in
modified nodal analysis equations conveniently.

The unified solver can be developed using existing nodal analysis based solvers with
moderate modifications. MATLAB numerical studies show that it converged to the same

solution as the sequential solver.
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CHAPTER 5. HARDWARE TEST BED FOR AC/DC POWER FLOW STUDIES

In this chapter, a hardware test bed is presented for three-phase AC/DC power system
analysis. It consists of a flexible three-phase AC/DC network with three types of AC/DC
converters. The test bed can be used to explore characteristics of various types of
converters and to study AC/DC power flow in balanced and unbalanced systems.
Mathematical converter models and AC/DC power flow analysis tools can also be
validated using the test bed.

AC/DC power system hardware platforms are desired for research and education
purposes. In [36], a laboratory has been built for power quality analysis. Additional
power quality test systems have been proposed in [37][38][39]. However, AC/DC power
system studies were not the focus of the above laboratories. In [40][41], power
distribution system laboratories have been developed for AC distribution system analysis,
such as power flow studies. Also in [41], AC/DC power system studies can be performed.
In this thesis, delta-connected power converter models were proposed for distribution
system power flow studies. They were incorporated in a three-phase sequential and a
unified power flow solvers and were validated using steady-state simulations. Hardware
tests are desired to validate accuracies of the models and the solvers.

The test bed presented in this chapter provides a flexible hardware platform for
unbalanced AC/DC system analysis. Three types of three-phase converters are available:

(1) a full bridge thyristor converter, (ii) a full bridge diode rectifier, and (iii) a variable
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frequency AC/DC/AC converter. The variable frequency converter consists of a diode
rectifier, a LC low-pass filter and a PWM inverter. The test bed also contains a
three-phase multi-tap line and adjustable AC and DC loads. As such, balanced or
unbalanced AC/DC systems can be set up for power flow studies.

This chapter is organized as follows. First, the design of the test bed is illustrated
with a focus on the variable frequency converter. Second, hardware tests on AC/DC
power flow are presented for unbalanced systems with the three types of converters
respectively. In order to verify the hardware test results, the test systems are developed in
MATLAB Simulink using SimPowerSystems Toolbox. Time domain simulations are
performed and the resulting AC and DC voltages, currents, and power are compared with
those obtained from the hardware tests. In addition, the sequential and unified power flow
solvers in Chapter 3 and Chapter 4 are applied to the test systems for steady-state analysis
using the delta-connected converter models. The steady-state power flow results, e.g., bus
voltages and line currents, are compared with those obtained from the hardware tests to

validate the converter models and the power flow solvers.
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A three-phase AC/DC system hardware test bed was developed for balanced and

unbalanced AC/DC power flow studies. It consists of the following components:

* A 208 VL power supply and a three-phase, Wye-ground/Wye autotransformer

12.0/24.0 Ohms)

converter

resistive DC loads, Ry

peia,b,c}

A three-phase line with a 7-tap reactor on each phase (0.5/1.0/2.0/3.0/6.0/

A three-phase diode rectifier, a thyristor converter, and a variable frequency

A multi-tap DC inductor, Lg, a multi-tap DC capacitor, C,, and adjustable

Three-phase adjustable resistive, R,, inductive, L,, and capacitive, C,, AC loads,

Two generic system setups on the test bed are shown in Figure 5.1 and Figure 5.2.

Photographs of the actual hardware are provided in Appendix E and Appendix F.
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Figure 5.1 An AC/DC system setup with a three-phase diode rectifier/thyristor converter

on the test bed
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Figure 5.2 An AC/DC system setup with a three-phase variable frequency converter on
the test bed

In the test bed, three-phase, 208 V1, 60 Hz, AC power is fed to the AC/DC system
through a three-phase autotransformer for safety reasons. The output of the transformer is
connected to three reactors, which model a three-phase line. Thus, the line can be
manually configured to be balanced or unbalanced. The AC power is fed into a
three-phase converter through the line. Three types of three-phase converters are
available:

e a full-bridge thyristor converter module (208 V, 100 A) developed in Center for

Electric Power Engineering (CEPE) at Drexel University [40];
*  an off-the-shelf full-bridge diode rectifier (600 V, 100A, Fuji 6RI100E [43]);
* aspecially designed variable frequency converter (208 V, 100 A) consisting of a
diode rectifier and a PWM Insulated-Gate-Bipolar-Transistor (IGBT) inverter.
Carbon filament light bulbs are used as resistive loads. Multi-tap inductors and capacitors
are also available for AC loads or DC filtering devices. Next, the design of the variable

frequency converter is presented.
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5.2 Three-Phase Variable Frequency Converter
A three-phase variable frequency converter was designed for AC/DC power flow
studies. A block diagram of the converter is shown in Figure 5.3. Details of the hardware

setup are provided in Appendix F.

Ldc

A 3-phase 4% 3-phase [ *
Low Pass B Output

cL| Rectifier Inverter |_|c
PWM control signals T
Gate Drive
Circuit
!
MATLAB dSPACE DSP dSPACE Analog

Simulink | 7| CadDS1104 | 1|  Output Port

Figure 5.3 The block diagram of the three-phase AC/DC/AC variable frequency

converter

The three-phase converter consists of the following three stages:
* AC/DC power rectification using a diode rectifier
e DC harmonics filtering using a LC low pass filter
* DC/AC variable frequency inversion using a PWM inverter
At the rectifier stage, a Fuji Electric 6RI100E series rectifier is used. This is a single unit,
three-phase full bridge rectifier. It is capable of 100 A continuous output at up to 600 V.
The DC filter stage consists of a LC low pass filter, which contains a hand wrapped
inductor and a capacitor bank with multiple commercially available capacitors in parallel.

The inductor was hand wrapped because of high current requirement (up to 100 A). It
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was tested at various current levels and the average inductance is 6.41 mH with a
standard deviation of 0.28 mH. DC capacitors were then selected with total capacitance
of 18600 uF. They hold a nearly constant DC voltage at the PWM inverter DC bus with
maximal peak-to-peak ripples of 0.2 V at 280 V (0.07%).

At the inverter stage, a three-phase PWM inverter was designed and constructed
using three dual IGBTs (PowerEX CMI100DU-12F) [44]. They are rated at 100 A
continuous output at up to 600 V. In order to operate the IGBTs, a control system was
developed using a real-time PWM controller kit (dSPACE DS1104) [45]. This kit
integrates a variety of control hardware and software into a package providing a wide
range of applications. It has a built-in PWM DSP controller generating PWM control
signals and acquiring feedback signals. The PWM switching program was developed in
MATLAB Simulink. A screen capture of the Simulink control circuit is shown in Figure
5.4.a. The fundamental frequency, the switching frequency, and the modulation ratios of
the PWM control signals can be conveniently set in the PWM inverter control module in
Figure 5.4.b.

The control signals are downloaded from MATLAB Simulink to the dSPACE card
and then fed into an IGBT drive circuit (PowerEX BG2B) [46]. The drive circuit
amplifies the control signals to an appropriate voltage level (-8 V / +15 V) to operate the
IGBTs. It also isolates the control circuit from the IGBTs for short circuit protection.

Using this variable frequency converter as well as the thyristor converter and the

diode rectifier, unbalanced AC/DC systems can be set up on the test bed for power flow
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studies. The unbalanced delta-connected converter models proposed in Chapter 2 can be
validated. Next, both hardware experiments and corresponding software simulations are
presented for AC/DC power flow studies.
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5.3 AC/DC Power Flow Studies using a Thyristor Converter and a Diode Rectifier

Three-phase AC/DC power flow was first studied using the test bed setup shown in
Figure 5.1. Since thyristor converters and diode rectifiers have similar properties, the
following two cases are presented in this subsection:

Case I: A 3-bus 3-phase AC/DC system with the thyristor converter

Case 2: A 3-bus 3-phase AC/DC system with the diode rectifier
For evaluation purposes, unbalanced networks are created using the following settings for
the three reactors in both cases:

Phase A: 0.5 Ohms, Phase B: 1 Ohm, Phase C: 2 Ohms
Please note that the reactors do not represent lines in real systems. They can be
considered as the internal impedance of the Thevenin equivalent circuit for unbalanced
AC systems. The reactors’ impedance is calculated using the hardware test results.

The test procedure was illustrated in Appendix E. During the tests, AC and DC
voltages and currents were measured and recorded at each bus using the following
equipment with accuracies in percentage from corresponding specification sheets:

* Four 500 V : 1 V differential voltage probes (Tektronix P5200, +3%) [47]

* Two 150 A current probes (Tektronix TCP303) and two 5 A : 1 V current

amplifiers (Tektronix TCPA300, *1%) [48];

*  One 100 MHz 4-channel digital oscilloscope (Tektronix TDS3014,+2% ) [49];
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Using the voltage probes, the three-phase voltages at individual buses were measured
simultaneously. But voltages at different buses were measured at different times. Using
the two current probes, only currents on phase a and phase b were measurement
simultaneously. Although, all signals cannot be measured simultaneously, the
transformer’s output voltages were kept constant when the measurements were taken at
different times.

The recorded data was saved in EXCEL spreadsheets. MATLAB programs were
developed to analyze the data numerically. An FFT function from MATLAB was used to
calculate magnitudes and phase angles of the measured voltages and currents at various
frequencies. It is assumed that the measured steady-state bus voltages and line currents
are constant. As such, the line impedance and load impedance can be calculated using the
bus voltages and line currents measured at different times. It is noted that the line
impedance can also be determined by measuring the voltage across the line and the line
current simultaneously. Tests have shown that the difference of the calculated impedance
using the above two methods is less than 0.01 Ohms. In order to keep all measurements
in short time, the first method was used during the tests.

Time domain simulations have been performed to verify the hardware test results.
Steady-state power flow analysis has also been performed and compared with the

hardware results to validate the converter models and the power flow solvers.
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5.3.1 3-Bus Unbalanced AC/DC System with a Thyristor Converter
In Case 1, the three-phase thyristor converter was used in the test bed to study power

flow in an unbalanced AC/DC system as shown in Figure 5.5.
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4 Xt
/. Source Switch " AN 1 0.5 Ohms ) 3
\ B Thyristor
L AMA—TT Converter Ric
/ 1 Ohm (CEPE)

V=208 V

/
vy L

Equivalent source

Figure 5.5 The 3-bus unbalanced AC/DC system with a three-phase thyristor
converter

It is noted that the parameters of the autotransformer, such as impedance and
input/output ratios, have not been rigorously tested. For power flow study purposes, the
AC power supply and the autotransformer are integrated into an equivalent ideal source
with constant voltages. The voltages are equal to the measured voltages at the
autotransformer output in the hardware tests. The thyristor converter is operated in the
rectifier mode by a control card (PTR6000-208) [50] using equi-distant control. The
firing angles can be altered manually and are 120 degrees apart among the three phases.

There is a resistive DC load at the output of the thyristor converter.
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5.3.1.1 Hardware Test Results

The hardware tests were performed at 208 V. The three-phase AC and DC voltages
and currents were measured at bus 1, bus 2, and bus 3. The voltage and current
waveforms were plotted in MATLAB using the measured data and are shown in Figure

5.6 to Figure 5.8, where pe{a,b,c}.
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Figure 5.6 Waveforms of the 3-phase line-to-neutral voltages at bus 1 in the 3-bus
AC/DC system with a thyristor converter
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Figure 5.7 Waveforms of V;” (top)and I; (bottom) at bus 2 in the 3-bus AC/DC

system with a thyristor converter
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Figure 5.8 Waveforms of V., (top)and [ ﬁf’)dc (bottom) at bus 3 in the 3-bus AC/DC

system with a thyristor converter

Remarks:

e In Figure 5.6, the voltages at bus 1 are close to pure sinusoidal waves because the
source holds the voltages;

e In Figure 5.7, V;” are distorted because of the commutation of the thyristor
converter and transients generated by firing thyristors. [ is much distorted and
unbalanced caused by the thyristor converter;

e In Figure 5.8, V;, and I;°, have the same shapes because there is only a
resistive DC load in the DC network.

A MATLAB program was developed to analyze the AC and DC signals. It is noted
that the converter AC bus is bus 2 and its DC bus is bus 3. Thus, power flow related to
the converter can be calculated. In addition, the converter firing angles, «; , and
commutation angles, u;, were determined using the converter AC voltage waveforms.

The power flow results are provided in the following tables:
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Table 5.1 presents the magnitudes and phase angles of the AC (60Hz) and DC
voltages at bus 1 to bus 3;

Table 5.2 presents the magnitudes and phase angles of the AC (60Hz) and DC
currents in line 1-2 and the DC load. The source currents and the converter AC
currents are equal to the currents in line 1-2;

Table 5.3 presents the AC and DC voltages, currents, and power related to the

thyristor converter as well as «; and u; .

Please note that the voltage on phase a at bus 1 was chosen as the reference.

Table 5.1 Voltage profile in the 3-bus AC/DC system with a thyristor converter from

hardware tests, V: [V, deg]

Bus # V. Vy Ve
1 119.0974 £0° 119.0300 £-120.04° 120.4284 £ 120.04°
2 114.9246 £-2.09° 111.7571 £-123.80° 106.7714 £ 112.0311°
3(DC) 209.0531

Table 5.2 Current profile in the 3-bus AC/DC system with a thyristor converter from

hardware tests, I: [A, deg]

Line/Load I, I, I
1-2 9.5345 ~£-33.70° 9.8691 £-156.18° 9.3056 £83.12°
DC load 12.5498
Table 5.3 AC and DC voltages, currents, and power in the 3-phase thyristor converter
from hardware tests, V: [V, deg], I: [A, deg], S: [W,Var]|, o ,u: [deg]
AC Values on Bus 2
Parameters
Phase A Phase B Phase C
vy 114.9246 £-2.09° 111.7571 £-123.80° 106.7714 £112.0311°
I7 9.5345 £-33.70° 9.8691 £-156.18° 9.3056 £83.12°
S7 933.2+j574.2 931.5+j590.6 869.7+j480.3
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oy 32.4 152.43 270.83
u;’ 9.80 5.20 9.5
DC Values on Bus 3
Vr.de 209.0531
Ih# 12.5498
B, 2623.6
Remarks:

e The voltages at bus 1 are approximately balanced. The thyristor converter AC
voltages, V;”, are unbalanced because of the unbalanced line. The unbalanced

V! resulted in the unbalanced AC currents, [, and power, S;;

is larger than ‘VT’"

vy

e JV/ and I7 have different imbalance characteristics.

and |V} 17| and |/;|. This is because [, depend on

. But ‘I?‘ is larger than
the line-to-line voltages and the control of the thyristor converter;

e The difference among the firing angles is close but not equal to 120 degrees. It is
attributed to the distortions in the AC voltages and the accuracy of the converter
control card;

e The commutation angles are not equal because of the unbalanced line and
unbalanced converter AC voltages;

e Real power loss of the three-phase thyristor converter is
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P
1— I.de -100% = 4.06%
real (Sf )

pefa,b,c}

In order to verify the hardware test results using time domain analysis, the following
parameters were also calculated:
e Table 5.4 presents voltages up to the 7" harmonic at bus 1. Voltages over 7™
harmonics were significantly smaller and were ignored.

e Table 5.5 presents line impedance at 60 Hz, Z;;,., and DC load resistance, R..

Table 5.4 Voltages at bus 1 in the 3-bus AC/DC system with a thyristor converter from
hardware tests, V: [V, deg], Freq: [Hz]

Frequency Va Ve Ve
0 8.5702 12.6884 7.6622
60 119.0974 £0° 119.0300 £-120.04° 120.4284 £120.04°
180 0.9139 £80.64° 1.1852£23.72° 0.5417£107.63°
300 0.8768 £209.82° 0.8536£-15.99° 0.6489£91.23°
420 0.9621£107.17° 0.8280 £-32.55° 0.6605£216.91°

Table 5.5 Line and load impedance in the 3-bus AC/DC system with a thyristor converter
from hardware tests, Z, R: [ Q]

Parameters Phase 4 Phase B Phase C
Ziine 0.1301+j0.6082 0.1415+j1.0969 0.2801+j2.2566
R 16.6579
Remarks:

e In Table 5.4, the 3™ harmonic is relatively large compared to 5™ and 7"
harmonics. This is because that unbalanced converters may generate all odd

harmonics in AC systems instead of (6ki1) /i, k is an integer number,
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harmonics from balanced converters, where f; is the fundamental frequency;
e In Table 5.5, the line impedances are consistent with the tap-settings.

Next, time domain analysis on the 3-bus unbalanced AC/DC system is presented.

5.3.1.2 Time Domain Simulation Results
The 3-bus unbalanced AC/DC system tested on the test bed was studied in time
domain using MATLAB Simulink. The circuit was built using the SimPowerSystems

Toolbox and shown in Figure 5.9.

Thoyistor Comuerter BEus3
Bis1 Lirn= Busz e | 3}
s e UL [T L= 2 A, ‘
B s ls——s A —TITL J B D Load
- e
gy — G—QWG—#J o
Equiwlert Sourcd ! w2
Dkcre : & A
e - - VImeaziEmen
T =2 {06 5, B ol
L=
Charm Jrwn |ty =R

Figure 5.9 The Simulink circuit of the 3-bus AC/DC system with a thyristor converter

The parameters of the circuit components are chosen as follows:
e the voltages of the equivalent source included up to 7™ harmonic from Table 5.4;
e the impedances of the AC line and DC load were equal to those in Table 5.5;
e the thyristor converter was operated using equi-distant control. The firing angle
was equal to 32.4 degrees on phase a;
e the converter forward voltage was set to 1 V and the internal impedance was set

to 0.28 Ohms so that the converter loss percentage matched the hardware test
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results.

A discrete solver was used to solve the circuit in time domain with a step size of 2 us.
Each simulation has been run for 0.1 seconds, at which the initial transients diminished.
The AC and DC voltages and currents at bus 1, bus 2, and bus 3 were measured and
calculated using measurement blocks from the SimPowerSystems Toolbox. Since the
voltages at bus 1 were specified, only the parameters at bus 2 and bus 3, which are the

converter AC and DC buses respectively, are provided in Table 5.6.

Table 5.6 AC and DC voltages, currents, and power in the thyristor converter from time
domain analysis, V: [V, deg], I: [A, deg], S: [W, Var]

AC Values on Bus 2
Parameters
Phase A Phase B Phase C
vy 115.0268 £-2.09° 111.8071 £-124.03° 106.2686 £ 111.81°
17 94816 £-32.61° 10.1960 £ -154.33° 9.6031 £82.80°
S7 939.48+j553.94 984.32+575.06 892.53+j494.81
DC Values on Bus 3
Vr.dc 209.0296
I 12.5483
B, 2622.98

The difference of the voltages, currents, and power obtained from time domain

analysis and the hardware tests was calculated using (5.1) and shown in Table 5.7:

|X1|_|X2|

x|

A|X|:‘ -100%

(5.1)




where:
X VIS
X;: values obtained from time domain analysis
X>: values obtained from hardware tests

Table 5.7 Difference of AC and DC voltages, currents, and power on the thyristor
converter between time domain analysis and hardware tests, AV, Al, AS: [%]
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Parameters | Phase A | Phase B | Phase C
AP 0.09 | 004 | 047
Alr?] 0.55 | 331 | 3.19
Alsy] 0.47 336 | 271
AVy . 0.01
ALY, 0.01
AP, 0.02

Error Analysis:

The maximal difference is 3.36%. It is mainly attributed to the following sources of
errors in the hardware parameters:
*  Non-simultaneous measurements and fluctuations of system parameters, such as
the source voltages;
*  The accuracies of the measurement devices.
Other factors affecting the results include the unknown thyristor internal impedance and

non-perfect equi-distant control of the thyristor converter.
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Overall, it can be seen that the power flow results from time domain analysis and
hardware tests are consistent. Next, the delta-connected model and steady-state power

flow solvers will be validated using the 3-bus AC/DC system in steady-state analysis.

5.3.1.3 Steady-State Power Flow Analysis Results

For steady-state analysis, the sequential and unified power flow solvers from Chapter
3 and Chapter 4 were applied to the 3-bus unbalanced AC/DC system. The system
parameters were equal to those obtained from the hardware tests. The source voltages at
bus 1 only included the voltages at 60 Hz. The thyristor converter was operated using
equi-distant control and the firing angle was equal to 32.4 degrees on phase a. The real
power loss of the converter was set to 4.06% from the hardware tests.

The three-phase thyristor converter was modeled using three, delta-connected,

single-phase thyristor converters. The participation coefficients, A;;, A, , and

equivalence coefficients, K-

;- , were used to make the model equivalent to the

three-phase converter. These coefficients were calculated and provided in Table 5.8.

Table 5.8 Coefficients of the thyristor converter model from steady-state analysis

Parameters Line AB Line BC Line CA
- 0.3521 0.3301 0.3179
o 0.3654 0.3264 0.3082

K" 1.3402 1.3482 1.3504
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Remarks
° Lf,, ﬂTLLP are unbalanced in the single-phase converters because of unbalanced
converter AC voltages caused by the unbalanced network;
e K" are unbalanced because the linear conduction angles, which are equal to the
commutation angles, of the single-phase converters are unbalanced.
Using the converter model, AC/DC power flow was solved using the sequential and
unified solvers. Both solvers obtained the same bus voltages. The results are provided in
the following tables:
e Table 5.9 presents the AC and DC voltages, currents, and power related to the
thyristor converter;
e Table 5.10 presents the difference of the voltages, currents, and power between

steady-state analysis and hardware tests. The difference was obtained using (5.1).

Table 5.9 AC and DC voltages, currents, and power in the 3-phase thyristor converter
from steady-state analysis, V: [V, deg], I: [A, deg], S: [W, Var]

AC Values on Bus 2
Parameters
Phase A Phase B Phase C

vy 114.8163 £-2.09° 111.2067 £-124.27° 106.2631 £111.97°

17 9.7591 £ -33.45° 10.2412 £ -157.12° 9.3136 £80.72°

S7 953.17 +j589.07 941.27 +j641.15 850.21 +j506.59
DC Values on Bus 3

Vr.dc 209.4374

I 12.5728
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P

T.,dc

2633.2

Table 5.10 Difference of AC and DC voltages, currents, and power in the 3-phase
thyristor converter between steady-state analysis and hardware tests, AV, Al, AS: [%]

Parameters Phase A Phase B Phase C
APy 0.09 0.49 0.48
Al 2.36 3.77 0.09
Als?] 2.26 3.25 0.38
AVr 4 0.18

ALY, 0.18
AP, 0.37
Remarks:

e The difference in the voltages is relatively small and the difference in the current

and power is relatively large;

e The maximal difference is 3.77% in A‘I}’ ‘ . It is slightly larger than the difference

(3.36%) between time domain simulations and hardware tests.

Error Analysis:

In addition to the sources of errors in the hardware parameters, the discrepancy is

also attributed to the following assumptions in the delta-connected converter model:

* the DC currents in the single-phase converters are linear during commutation of

the 3-phase converter;

* loss percentages of the single-phase converter in the model are equal.
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These assumptions introduced additional errors into the AC currents and power in the
three-phase converter compared to the hardware test results.

In both time domain analysis and steady-state power flow analysis, the power flow
results are close to those obtained from the hardware tests. In the following subsection,
hardware tests of AC/DC power flow are performed using the test bed for a 3-bus AC/DC
system with a three-phase diode rectifier. Time domain analysis and steady-state analysis
are also performed to verify the hardware test results and to validate the delta-connected

diode rectifier model and the power flow solvers.

5.3.2 3-Bus Unbalanced AC/DC System with a Diode Rectifier

In Case 2, the diode rectifier was used in the test bed to study power flow in a 3-bus
unbalanced AC/DC system. The system setup is shown in Figure 5.10. The source and the
autotransformer were integrated into an equivalent ideal source with specified voltages.

There was a resistive DC load at the output of the diode rectifier.
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/ N /\M,__m
, T il

;. Source Switch 1 0.5 Ohms

/ Diode

I + A

|‘ f\/>_/£ % 'I B /\/\/\,_m ReCtl ﬁer Ric
T 1 Ohm (6RI1100E)

\ V=208 V /

\ /
vy

~——

Equivalent source

Figure 5.10 The 3-bus AC/DC system with a three-phase diode rectifier
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5.3.2.1 Hardware Test Results

Hardware tests were performed at 208 V.. AC and DC voltages and currents were

measured at bus 1, bus 2, and bus 3. The waveforms were plotted using the measured data

in MATLAB and are shown in Figure 5.11 to Figure 5.13.

200 . . T ! - : ,
Va Vb Ve
L KR \ ],N AN A ,,'1 ‘,q I LS
/\; \”\ \J“ | lI\ ” LL( | J\J\‘ JJ\JA
b " Iy ! Iy Ll -
e . Vo
A | 1A b -
i L R N L I
\ h b (N bl ( ‘ ‘ J\ vy
— i 1 PU Iy
| [ Py
| f ( | | \' ‘ |
T‘, \J g \ \J t ‘k Y \H \ \I[ / '
-lOO—Jr\ N Jr\ [ }‘\ J A f\ H\ | }h f ’\ ’hi ) Y
[ | \ |
;.II H\v‘r \u" l\‘nl l\J} \k“ LY‘MJ" ‘\m#v \‘-(I \“f 1“%; W J‘ 1‘vrI \‘\ﬁ \w

W ™ 0 x4
T (ms)

100

Vs (V)

Figure 5.11 Waveforms of the 3-phase line-to-neutral voltages at bus 1 in the 3-bus
AC/DC system with a diode rectifier
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Figure 5.12 Waveforms of V) (top) and [, (bottom) at bus 2 in the 3-bus AC/DC

system with a diode rectifier
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Figure 5.13 Waveforms of V, , (top)and [/ ffdc (bottom) at bus 3 in the 3-bus

AC/DC system with a diode rectifier
Remarks:

e The voltage and current waveforms are similar to those in the AC/DC system

with a thyristor converter.

Using the MATLAB program developed with the test bed, the following power flow

results are obtained:

e Table 5.11 presents the magnitudes and phase angles of the AC (60Hz) and DC

voltages at bus 1 to bus 3;

e Table 5.12 presents the magnitudes and phase angles of the AC (60Hz) and DC

currents in the line 1-2 and the DC load;

e Table 5.13 presents the AC and DC voltages, currents, and power related to the

diode rectifier and the commutation angles.
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Table 5.11 Voltage profile in the 3-bus AC/DC system with a diode rectifier from
hardware tests, V: [V, deg]

Bus # V, Vs V.
1 118.1319£0° 118.5764 £-120.20° 118.9372 £120.59°
2 115.8062 £ -2.68° 114.8582 £ -125.34° 111.8674 £ 111.10°
3(DC) 247.0683

Table 5.12 Current profile in the 3-bus AC/DC system with a diode rectifier from
hardware tests, I: [A, deg]

Line/Load I

a

Ib

I

c

1-2

8.6458 £-14.46°

9.3034 £-136.06"

8.8301.£101.08°

3-ground

(DC)

11.4815

Table 5.13 AC and DC voltages, currents, and power in the diode rectifier from hardware
tests, V: [V, deg], I: [A, deg], S: [W,Var], u: [deg]

AC Values on Bus 2
Parameters
Phase A Phase B Phase C
vy 115.8062 £-2.68° 114.8582 £-125.34° 111.8674 £ 111.10°
1} 8.6458 £ -14.46° 9.3034 £-136.06° 8.8301 £101.08°
S 980.0740 +j204.7795 1049.9226+ j198.7901 972.7273+j171.9228
up 25 21 23
DC Values on Bus 3
Vp.ae 247.0683
1Y, 11.4815
P;fi,c 2836.7233
Remarks:

e In Table 5.13, the AC voltages and currents of the diode rectifier have similar

properties as those of the unbalanced thyristor converter in Case 1;
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e Real power loss of the three-phase diode rectifier is 5.33%.
For simulation purposes, voltages up to the 7™ harmonic were calculated at bus 1 and
shown in Table 5.14. Line impedance at 60 Hz and DC load resistance were calculated

and provided in Table 5.15.

Table 5.14 Voltages at bus 1 in the 3-bus AC/DC system with a diode rectifier from
hardware tests, V: [V, deg], Freq: [Hz]

Frequency V, Vs V.
0 8.0027 8.5188 8.8522
60 118.1319£0° 118.5764 ~ -120.20° | 118.9372 £120.59°
180 1.2792 £75.1711° 1.5587 £37.1505° 0.73452101.397°
300 0.5180.£220.1061° | 1.0426 £-28.0433° 0.6748 £ 140.4118°
420 1.1604 £ 73.8763° | 0.9682 /-65.1693° 0.9799 ~ 184.8491°

Table 5.15 Line and load impedance in the 3-bus AC/DC system with a diode rectifier
from hardware tests, Z, R: [Q ]

Parameters Phase 4 Phase B Phase C
Zline 0.1188 +j0.6742 0.1295 +;1.1881 0.2203 +32.2945
Ry, 21.5188

Next, time domain analysis on the 3-bus AC/DC system is presented.

5.3.2.2 Time Domain Simulation Results

The 3-bus AC/DC system with a diode rectifier was developed in MATLAB
Simulink using the SimPowerSystems Toolbox. The circuit is shown in Figure 5.14 with
the following parameters:

e The voltages of the equivalent source were equal to those in Table 5.14;

e The impedance of the AC line and DC load are equal to those in Table 5.15;

e For the diode rectifier, the forward voltage was 1 V and the internal impedance

was 0.51 Ohms according to the parameters of the three-phase diode rectifier.
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Figure 5.14 The Simulink circuit of the 3-bus AC/DC system with a diode rectifier

A discrete solver was used to solve the circuit in time domain with a step size of 2 us.

Each simulation has been run for 0.1 seconds. The power flow results are provided in the

following tables:

e Table 5.16 presents the AC and DC voltages, currents, and power related to the

diode rectifier;

e Table 5.17 presents the difference of the voltages, currents, and power related to

the diode rectifier between time domain analysis and hardware tests. The

difference was calculated using (5.1).

Table 5.16 AC and DC voltages, currents, and power in the 3-bus AC/DC system from
time domain analysis, V: [V, deg], I: [A, deg], S: [W,Var]

AC Values on Bus 2
Parameters
Phase A Phase B Phase C
vy 115.8022 £-2.6718° 1149011 £-125.3326° | 111.9617 £111.1250°
1} 8.6631 £-14.4661° 9.2849 / -135.8620° 8.8001 £101.3035°
S 982.026+j205.0539 1048.8809+j194.9553 970.8339+j168.0673

DC Values on Bus 3
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Ve 247.1478
I 11.4852
B 2836.7233

Table 5.17 Difference of AC and DC voltages, currents, and power in the diode rectifier
between time domain analysis and hardware tests, AV, AL, AS: [%]

Parameters | Phase A | Phase B | Phase C
% 0.003 | 0.037 | 0.084
Al 0.200 | 0.198 | 0.339
Alsy| 0.1961 | 0.1622 | 0.2567
AV, 0.032
ALY, 0.032
N 0.064

Remarks:

* The maximal difference is 0.339%. It is mainly attributed to the

non-simultaneous measurements and the accuracies of the measurement devices.

Time domain simulations for unbalanced diode rectifier are more consistent with the
hardware test results than the unbalanced thyristor converter. It might because the
non-simultaneous measurements were more consistent during the diode rectifier tests. In
addition, it is noted that the diode rectifier conducted naturally while the non-ideal
equi-distant control on the thyristor converter introduced errors between the hardware

tests and time-domain simulations.
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5.3.2.2 Steady-State Power Flow Analysis Results

The power flow solvers were validated using the 3-bus unbalanced AC/DC system
with a diode rectifier. The same system parameters were used in the power flow solvers
as those in the hardware tests. The power flow results were compared with those obtained

from the hardware tests and presented in the following tables:

e Table 5.18 presents the participation coefficients, /Iéf, , /’tf,fp , and equivalence
coefficients, K gL in the diode converter model;

e Table 5.19 presents the diode rectifier AC and DC voltages, currents, and power;

e Table 5.20 presents the difference of the voltages, currents, and power between

steady-state analysis and hardware tests. The difference is calculated using (5.1).

Table 5.18 Coefficients of the diode rectifier model from steady-state analysis

Parameters Line AB Line BC Line CA
/”téf, 0.3482 0.3612 0.2906
ﬂéfP 0.3442 0.3583 0.2975
KLL)L 1.3420 1.3315 1.3517

Table 5.19 AC and DC voltage, currents and power in the 3-phase diode rectifier from
steady-state analysis

AC Values on Bus 2
Parameters
Phase 4 Phase B Phase C
vy (V) 115.8186 £-2.69° 114.7955 £ -125.30° 112.1357 £111.24°
I} (4) 8.7215 £ -14.14° 9.2542 / -136.50° 8.6783 £ 101.59°
Sh (VA) 990+j200.5 1042.1+j206.3 959.4+j163.2
DC Values on Bus 3
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Voae (V) 246.8656
I (4) 11.4721
B (W) 2832.1

Table 5.20 Difference of AC and DC voltages, currents, and power in the 3-phase diode
rectifier between steady-state analysis and hardware tests, AV, Al, AS: [%]

Parameters Phase A Phase B Phase C
Ay 0.01 0.05 0.24
Al 0.88 0.53 1.72
Alsp| 0.89 0.58 1.48
AVp 4 0.08
ALY, 0.08
AP, 0.16

Remarks:

e The power flow obtained from steady-state analysis is close to the hardware
results with the maximal error of 1.72% ;

e The errors in steady-state analysis are larger than those (0.339%) obtained in
time domain analysis. This is mainly attributed to the assumptions in the
converter model in addition to the non-simultaneous measurements.

From above, it is shown that the power flow solvers provide steady-state power flow
solutions that are consistent with the hardware test results. The delta-connected model in

the solvers appropriately modeled the three-phase diode rectifier.
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5.4 AC/DC Power Flow Studies using a Variable Frequency Converter

AC/DC power flow was also tested in a 5-bus AC/DC-DC/AC unbalanced system
using the test bed setup in Figure 5.2. The variable frequency converter was used. The
system circuit diagram is shown in Figure 5.15 with the power supply and the

autotransformer integrated into an equivalent source.
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Figure 5.15 The 5-bus AC/DC system using the variable frequency converter

In Figure 5.15, the output of the equivalent source is 120 V. The settings of the

three-phase line are:
Phase A: 0.5 Ohms, Phase B: 1.0 Ohm, Phase C: 2.0 Ohms

They were chosen for evaluation purpose only and do not represent actual line parameters.
The variable frequency converter supplies a three-phase, wye-connected, ungrounded
resistive load. The impedances of the AC line and AC load were calculated using the
hardware test results. The test procedure was described in Appendix F. The following
parameters were chosen for the PWM inverter:

e the fundamental frequency, f,, was set to 60 Hz;

e the switching frequency, f,, was setto 1500 Hz, which is 25 times of f,. The

K
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PWM inverter output AC voltages contain harmonics at f, +2f, and 2f t 1 ;
e the modulation ratios were equal to 0.8.
During the tests, AC and DC voltages and currents were measured and recorded at each
bus using four differential voltage probes (Tektronix P5200, +3%), two current probes

(Tektronix TCP303) and one digital oscilloscope (Tektronix TDS3014,1+2%).

5.4.1 Hardware Test Results

The AC and DC voltages and currents were measured at bus 1 to bus 5 during the
tests. Since the PWM inverter is not grounded, line-to-line voltages were measured at the
PWM inverter AC bus (bus5). The waveforms of the AC and DC voltage and currents are

shown in Figure 5.16 to Figure 5.20.

150

100 ¢
50
>
n 0f
>
50 |
100 ¥}
-150 . . . . . . . . .
-40 -20 0 20 40
T (ms)

Figure 5.16 Waveforms of the 3-phase line-to-neutral voltages at bus 1 in the 5-bus
AC/DC system with a variable frequency converter
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Figure 5.19 Waveforms of V., (left)and 17, (right)atbus 5 in the 5-bus AC/DC

system with a variable frequency converter
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Figure 5.20 FFT of V3  (leftyand [I,, (right)atbus 5 in the 5-bus AC/DC system

with a variable frequency converter

Remarks:

e  The diode rectifier DC voltage, V., contains large ripples as expected. The
PWM inverter DC voltage, V,;,, ., is nearly constant because of the large
capacitors. The spikes in V,,,, , are caused by the switching of IGBTSs;

e The DC current is continuous because of the large DC inductor;

e VM and I contains harmonics at high frequencies as expected. The FFT
analysis in Figure 5.20 shows that the harmonic frequencies are at 1500+ 2-60
Hz and 3000+£60 Hz. It is consistent with the system design.

The steady-state voltage and current profiles are provided in Table 5.21 and Table 5.22.

All of the voltages and currents are referred to the voltage on phase a at bus 1.
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Table 5.21 Voltage profile in the 5-bus AC/DC system with a variable frequency
converter from hardware tests, V: [V, deg]

Bus # V, Vs V.
1 70.21 £0° 70.15 2 -119.95° 69.10 £ 120.30°
2 69.46 £-0.93° 68.71 £-121.49° 67.94 £117.20°
3(DC) 156.77
4(DC) 148.90
Bus # Vab Vbc Vca
5 70.03 £30.13° 68.95 2-90.20° 70.08 £150.62°
5-N 49.9980 £3.80° 33.0579 £-110.52° 39.2000 £ 107.08°

Table 5.22 Current profile in the 6-bus AC/DC system with a variable frequency
converter from hardware tests, [: [A, deg]

Line/Load 1, I, I,
1-2 1.9405 ~ -8.50° 2.0610 £-132.36° 1.8850 £ 106.35°
3-4
2.
(DC) 5307
5-N 1.1619 £3.80° 1.8538 £-110.52° 1.7422 £ 107.08°
Remarks:

e The source voltages at bus 1 are nearly balanced;

e The PWM inverter line-to-line AC voltages at bus 5 are unbalanced. It is

attributed to the unbalanced voltage drops on the IGBTs caused by the

unbalanced load currents;

e The diode rectifier AC currents are unbalanced because of the unbalanced AC

voltages applied on the diode rectifier;

e The PWM inverter AC currents are unbalanced because of the unbalanced load;

e  The real power loss in the diode rectifier is:
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V. I
AP, . =|1- Dde “Dde _15100% = 0.4323%
Z real[Vf,"-(Ig) }
pE{a,b,c}

o The efficiency of the PWM inverter, B, ., is calculated using the AC real

power consumed by the resistive AC load and the PWM inverter DC power:

> real(ve,-(12,) )
e1a,b,c
Por oy =| 2 }V y 100% = 49.80%
PWM

PWM

The efficiency of the PWM inverter is under 50% because the AC real power is
calculated using the fundamental voltages and currents only. It is noted that no AC filter
was installed on the PWM inverter. Thus, the AC currents contained large harmonics
when PWM inverter AC voltages were applied on the resistive AC load. As a
consequence, much power is wasted in harmonics.

For time domain analysis purposes, the harmonic voltages at bus 1 were calculated
and provided in Table 5.23. The AC line impedance (60 Hz), DC line resistance, and AC

load impedance (60 Hz) were calculated and shown in Table 5.24.

Table 5.23 Voltages at bus 1 in the 5-bus AC/DC system with a variable frequency
converter from hardware tests, V: [V, deg], Freq: [Hz]

Frequency V, Vs V.
0 0.5194 0.6220 3.2268
60 70.2101 £0° 70.1483 £ 240.04° 69.0958 £ 120.30°
180 0.8360 £ 78.20° 1.0545 £29.99° 0.4062 £ 86.48°
300 0.0782 £-33.54° 0.2231£72.28° 0.3119 £203.75°
420 1.0621 £ 83.26° 0.9565 £ -43.71° 0.9002 £ 199.47°
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Table 5.24 Line and load impedance in the 5-bus AC/DC system with a variable
frequency converter, Z, R: [Q ]

Parameters Phase A Phase B Phase C
Zline 0.3338 +j0.6566 0.5101 +31.0441 0.1912 +2.1836
Rae 3.2103
Zioad 43.0312 17.8325 22.5003

5.4.2 Time Domain Simulation Results
The 5-bus AC/DC system with a variable frequency converter was tested in time
domain using Simulink. The circuit is built using SimPowerSystems Toolbox and shown

in Figure 5.21. The parameters of system components were set using the hardware test

results.

LN
Bus 1 Bus 2 Bus 3 Bus 4 Bus 5
Ale—efle—s M- o—eff—s [ . .
_ = WP . )
Ble—s=ife— AT o— s LCFilter ~_||= L .
Clo—af{a—s AT o c | = »
] VA1 ’ VA2 ® )
Equivalent Line Diode V13
Source Rectifier PWMIGET
Di Inverter AC Load
Sﬂete, measurements
Ts=2e-006 s
Figure 5.21 The Simulink circuit of the 5-bus AC/DC system with a variable frequency

converter

A discrete solver was chosen for simulation with a step size of 2 us. The simulation
time was set to 1 second in order to minimize the initial transients. The voltages and
currents at each bus were measured using the measurement blocks from the
SimPowerSystems Toolbox. The simulation results are presented in the following tables:

e Table 5.25 and Table 5.26 present the voltage and current magnitudes and phase

angles respectively;



162

e Table 5.27 and Table 5.28 present the difference of the voltages and currents
between time domain analysis and hardware tests. The difference was calculated

using (5.1).

Table 5.25 Voltage profile in the 5-bus AC/DC system with a variable frequency

converter from time domain analysis, V: [V, deg]

Bus # V. Vi Ve
1 70.21£0° 70.15 £-119.95° 69.10 £120.30°
2 69.3873 £-0.97° 68.7012 £-121.54° 67.8827 £116.94°
3(DC) 155.5982
4(DC) 147.4954
Bus # Vab Vbc Vca
5 69.8029 ~£29.38° 68.8113 £-89.93° 70.0366 £ 150.42°

Table 5.26 Current profile in the 6-bus AC/DC system with a variable frequency
converter from time domain analysis, I: [A, deg]

Line/Load 1, I, I,
1-2 1.9510£-8.46° | 2.0687 £-131.73° | 1.9127.£106.79°
3-4
2.531
(DC) 5313
5-N 1.1511 £3.59° 1.8595 2-110.09° ‘ 1.7502 £106.94°

Table 5.27 Voltage difference in the 5-bus AC/DC system between time domain

simulation and hardware tests, A|V |: [%]
Bus # AV, AV AV
2 0.10 0.01 0.08
3(DC) 0.75
4(DC) 0.94
Bus # A Van| (%) A|Voe|(%0) A|Veal (%)
5 0.32 0.20 0.06

Table 5.28 Current difference in the 5-bus AC/DC system between time domain
simulation and hardware tests, A|l |: [%]

Line/Load A1, A1, Al1,]
1-2 0.54 0.38 1.47
3-4 0.02
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(DC)
5-N 0.93 0.31 0.46

Remarks:
e The maximal difference is 1.47%. It is mainly attributed to the non-simultaneous
measurements.
Next, AC/DC power flow in the 5-bus system is calculated using the power flow solvers

in steady-state and compared with the hardware test results.

5.4.3 Steady-State Power Flow Analysis Results

The sequential and unified power flow solvers were applied to the 5-bus AC/DC
system with the variable frequency converter. The parameters of the system components
were equal to those obtained from the hardware tests. The source voltages at bus 1 only
included the fundamental voltages and were set to those in Table 5.23. The real power
loss percentage of the diode rectifier was equal to 0.4323% from the hardware tests. The
PWM inverter was operated by the AC voltage control. The PWM converter AC voltage,

VLL

PWM >

was balanced and the magnitude was equal to 70 V. The efficiency of the PWM
inverter was equal to 49.80% from the hardware tests. The simulation results are

presented in the following tables:

e Table 5.29 presents the participation coefficients, A, 4,,, and equivalence
coefficients, K" in the diode rectifier model;
e Table 5.30 and Table 5.31 present the voltage and current magnitudes and phase

angles respectively;
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e Table 5.32 and Table 5.33 present the difference of the voltages and currents
between steady-state analysis and the hardware tests respectively. The difference

was calculated using (5.1).

Table 5.29 Coefficients of the diode rectifier model in the 5-bus AC/DC system with a

variable frequency converter from steady-state analysis

Parameters Line AB Line BC Line CA
/”téf, 0.3570 0.3492 0.2937
ﬂéfP 0.3574 0.3491 0.2935
KLL)L 1.3504 1.3410 1.3546

Table 5.30 Voltage profile in the 5-bus AC/DC system with a variable frequency

converter from steady-state analysis, V: [V, deg]

Bus # V, Vs V.
1 70.21 20° 70.15 2 -119.95° 69.10 £ 120.30°
2 69.3262 £ -0.96° 68.5869 /-121.48° 67.7422 £ 116.98°
3(DC) 156.0532
4(DC) 147.8326
Bus # Vab Vbc Vca
5 70.00 £30° 70.00 £-90° 70.00 £150°

Table 5.31 Current profile in the 5-bus AC/DC system with a variable frequency
converter from steady-state analysis, [: [A, deg]

Line/Load 1, I, I,
1-2 1.9889 £-10.64° | 2.0889.£-134.85° | 1.9078 £104.71°
3-4
2.
(DC) 5607
5-N 1.1562 £3.47° 1.8678 £-110.29° ‘ 1.7565 £106.76°

Table 5.32 Voltage difference in the 5-bus AC/DC system between steady-state analysis

and hardware tests, A|V |: [%]

Bus # AV,| A\ V| AV,
2 0.19 0.18 0.29
3(DC) 0.46
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4DC) 0.72
Bus # A V| (%0) AVl (%) A|Veal (70)
5 0.04 1.52 0.11

Table 5.33 Current difference in the 5-bus AC/DC system between steady-state analysis
and hardware tests, A|l |: [%]

Line/Load 4|1, | A1, A1,
1-2 2.49 1.35 1.21
3-4
DC) 1.19
5-N 0.49 0.76 0.82
Remarks:

e The maximal difference calculated using (5.1) in the voltages is 1.52% and the
maximal difference in the currents is 2.49%. They are larger than that (1.47%) in
time domain analysis.

e The errors are attributed to the assumptions in the diode rectifier model and the

PWM inverter model in addition to the non-simultaneous measurements.
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5.5 Comments

In this chapter, a flexible three-phase AC/DC system test bed was presented. It has
been used to perform hardware tests for unbalanced AC/DC power flow studies with the
presence of a thyristor converter, a diode rectifier, and a variable frequency converter.
The test results were used to investigate the properties of power converters under
unbalanced operating conditions. Time domain simulations have been performed to
verify the hardware test results. It was found that the AC/DC power flow was consistent
between time domain analysis and hardware tests when the accuracies of the
measurement devices were considered.

The sequential and unified power flow solvers proposed in Chapter 3 and Chapter 4
were applied to the AC/DC systems set up on the test bed. The accuracy of the solvers
was validated by comparing steady-state power flow results with those obtained from the
hardware tests. It was found that the difference was within 4%, which is mainly attributed
to the delta-connected converter models and the accuracies of the measured data. It can

be improved by using more accurate and automated measurement systems.
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CHAPTER 6. CONCLUSIONS

This thesis has focused on system modeling and steady-state analysis for unbalanced
AC/DC distribution systems using hardware validated power electronic device models.
The contributions are summarized and conclusions are drawn in this chapter. In addition,

future work is discussed.

6.1 Contributions

This thesis presented new ac/dc power flow analysis tools with new converter
component models. First, unbalanced models were created for power electronic devices
in distribution systems. The following contributions have been made:

e Detailed models, consisting of three, delta-connected, single-phase converters,

for three-phase thyristor converters, diode rectifiers, and PWM converters;

e Introduction of the participation coefficients to capture unbalanced contributions

of the single-phase converters;

e The equivalence transformation between the models and three-phase converters

using the equivalence coefficients;
The models are applicable to systems under significantly unbalanced conditions. The
delta-connected models use the single-phase converters to capture the imbalance of
distribution systems. They are valid for both unbalanced rectifiers and inverters with
either continuous or discontinuous dc currents. Comparisons between time domain
analysis and steady-state analysis demonstrated the effectiveness of the models and their
consistency with three-phase converter benchmarks in Simulink.

Second, the converter models have been implemented into distribution system ac/dc
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power flow studies. The following contributions have been made:

e Development of equivalent ac and dc power flow components using the delta-

connected converter models;

e A three-phase sequential power flow solver using a backward/forward algorithm

and a subsystem ranking method,

e A three-phase unified power flow solver using Modified Nodal Analysis (MNA)

method;
In the sequential solver, the ranking method effectively determined the sequence for
solving power flow in the backward/forward algorithm. In the MNA based unified solver,
converter currents were solved with ac and dc voltages in a unified manner. The solver
can be developed conveniently using existing nodal analysis programs because original
nodal admittance matrix structure is maintained in MNA.

Detailed numerical simulation studies have been performed in radial and meshed
networks for bi-directional ac/dc power flow studies. Simulation results show that both
the sequential and unified solvers were robust and converged to the same results for the
same radial or weakly meshed system. The equivalent power flow components of the
converters and connected ac or dc subsystems appropriately modeled ac and dc
subsystems.

Third, a hardware platform with software analysis tools has been developed to
validate the converter models and the ac/dc power flow solvers. The following
contributions have been made:

e A three-phase ac/dc system test bed containing a three-phase thyristor converter,

a diode rectifier, and a variable frequency converter;
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e The design of the variable frequency converter and its control circuit;

¢ Data analysis functions and time domain simulation circuits;
Detailed hardware tests, time domain simulations, and steady-state analysis have been
performed for ac/dc power flow studies. The test bed has a flexible structure and can be
configured as balanced or unbalanced ac/dc systems with various types of converters.
The hardware test results can be used to investigate properties of unbalanced ac/dc
systems and to validate power converter models and steady-state power flow solvers. The
comparison among the hardware tests, time domain simulations, and steady-state power
flow calculation has shown that the power flow solvers, which used the delta-connected
converter models, provided consistently accurate results which are equal or less than

3.77% from the hardware results and time domain analysis results.

6.2 Future Work

With increasing power electronic devices, distribution systems are facing new
challenges, such as changes in power quality, the need for new protection coordination
schemes, etc. These changes should be studied in both software simulated environments
and hardware environments. As such, the ideas and contents in Chapter 2 to Chapter 5

can be extended for research in the following areas.

6.2.1 System Modeling and Analysis

The steady-state converter models can be applied to harmonics analysis. Power
quality problems are major concerns with power electronic devices entering distribution
systems. This is because power electronic devices with insufficient filtering generate

harmonics in a wide frequency range under unbalanced operating conditions. The delta-
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connected modeling approach can be used to capture the properties of unbalanced
voltages and currents at different frequencies. The models can be implemented in

harmonic power flow solvers to investigate power quality.

6.2.2 Application to Planning and Operation

The power converter models and power flow solvers can also be used for new
protection scheme design. Power electronic devices have been used as protection devices
to prevent the spread of faults in certain circumstances. With appropriate control schemes,
they can open and close circuits in micro-seconds instead of milliseconds by traditional
circuit breakers. As such, new appropriate protection schemes are desired. To develop the
new protection schemes, the impacts of these power electronic devices on systems can be

studied using the delta-connected models and power flow solvers.

6.2.3 Hardware and Software Test-Beds for Multi-Frequency Systems

In order to validate potential distribution system applications, the ac/dc system test
bed presented in Chapter 5 can be used to develop new hardware and software tools. In
[37], a reconfigurable distribution system laboratory with an ac, three-phase, 36-bus
network has been developed. The test-bed can be integrated into this laboratory to create
large systems simulating shipboard power systems, distribution systems with alternative
energy sources, etc. In addition to hardware, software packages can be developed and
incorporated with the hardware for system analysis such as harmonic power flow studies,

power quality analysis, etc.
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Appendix A. Fourier Coefficients of the AC Currents in the Delta-Connected

Thyristor Converter Model

To determine the magnitudes of the ac currents in the delta-connected model, FFT
analysis is performed on the time varying ac current. The formulation used to calculate

the Fourier coefficients at the fundamental frequency includes:

LL__.[ irs (at)-cos(at)-d(at) (A1)

j it (at)-sin(at)-d (at) (A.2)

The dc currents, it («t), in the single-phase converters are used because they have the
following relation with the ac currents.

i, (at) =if" () (A3)
The dc currents are different for converters in continuous and discontinuous conditions.

They are illustrated as follows.

A.1 Continuous Conduction

For continuous conduction, i (et) is givenin (A.4). Substituting the current into

(A.1) and (A.2) gives a,, b, .

LL Ll
\/E’VT “Sin(elLL_l_ulLL_l_ LL) (a1 Ifl ) elLL SalS(?lLL+U1LL
Rdc ! u1
\/E LL
ITLIa (ax): T “Sin(al+é;/l;l‘) 61|_|_+U1LL (92LL Ad)
V2V 1
%‘sm(@w ) -(1—E-(ax—ezu)j 6" <ax<6," +u;t
0 otherwise
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a, = —_f irg (at)-cos(at)-d(at) (A.5)

e

+ 15 (1) cos(@t)-d (at)

oo i (t)-cos(at)-d (at)

[ 1) -cos ) 4 (at)|
=a,, [ f(6" +ut)-f(6")-6"- [cos (6)—cos(6" +u* )ﬂ
ta, [ f, (HzLL ) -, (glLL + ulLL )]

+a - [— £ (6" +upt )+ (81 )+ (05" +us*)- [cos(ezLL )—cos(&;" +uy" )ﬂ

Where:
2V2\V; | sin(B" +ut+ 6, ) 2J2V; |
a ., = L y A, T,
7R, -U; 7R,
22N, |-sin(6+ 6, )
a, ;= L

7R, -u,

f,(x)=sin(x)-x-cos(x), fz(x):—%sin(Z-x+HT'LL)+%cos(HT'LL)-x

‘—J ir'go (at)-sin(at)-d (at) (A6)

2 alLL +U1LL .
=2 [ i 0 sin(at) 0 (an)
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o ) sinan)-d (an)|
“b, 0. (6 +ul ) -, (64) -6 [sin (6 +ult)~sin(6") ]
+hy, ,- [gz(eLL) gz(elLL+ulLL)]
+hy, 4 -[— f, (65" +ust )+ £, (651 ) + (65" +ust )-[sin (65" +uz")—sin(6;" )ﬂ
where
b..=a,,, by,=a,, b ;=a,,
0, () =005 (x) #X:5iN (), 8, (X) =—5005(2 X6, ) +-2in (6. ) .

gS(X): gl(x)

A.2 Discontinuous Conduction

For discontinuous conduction, |TLLdC(a)t) isgivenin (A.7) and . Substituting it into

(A.1)in (2.28) (A.2) gives a,, b, .

.cos(at)+B , -sin(at)+C,, -at+D,, O <at<6*
A_L LL LL LL 1 2

sLL _
Ir e (k) = { 0 otherwise (A7)
where:
_\/— LL \/_VLL
= wL’\d/C ‘cos(@ ) L= w‘de ‘sln(@, )
CLL__VCdc , -A, (;()s(HlLL)—BLL SIn(QLL) C.-6"
oL,
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aLL——_fI )-cos(at)-d (at)
=_j [A-cos(at)+B-sin(at)+C-at+D]-cos(at)-d (at)
=20an(e) -t (0 )]+ () -1, (8")]
+C-[ £, (65)- £, () ]+ D- (63 - 6)

Where:

fl(x):§+%sin(2x), fz(X)=—%COS(2X), f,(x)=cos(x)+x-sin(x)

—I i )-sin(at)-d (at)

=—j [ A-cos(at)+B-sin(at)+C-at+D]-sin(at)-d(at)

=2[alalor)-0e)) 8o ()0 (0]

< [ofor)-o. ()0 (o0

9, (x)= f,(x), gz(x):g—%sin(Zx), g;(Xx)=sin(x)—x-cos(x)
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Appendix B. Three-Phase Thyristor Converter Benchmark and Evaluation of the

Delta-Connected Model in Balanced AC/DC Systems

To study three-phase thyristor converters, a 4-bus balanced ac/dc system was
created with the same circuit diagram shown in Figure 2.14. The parameters of the

system components are shown in Table B.1.

Table B.1 Component parameters of the 4-bus balanced ac/dc system with a three-phase

thyristor converter

Parameters

Values

Source line-to-line voltage

208V @ 60 Hz

Source impedance

X! =03 Q pe{ab,c]

Line 1 & 2 impedance

ZP =27/ =0.1410+ j0.4400

AC load impedance ZP=20+j9 Q
DC load impedance R, =10 Q
Converter snubber resistance 100 Q
Converter snubber capacitance 0.1 uF
Converter conducting impedance 0.001 Q
Converter forward voltage 0.7V
Firing angles 10°

B.1 Simulation Results of the 3-Phase Thyristor Converter Benchmark

The circuit in Figure 2.14 was built in MATALAB Simulink using the
SimPowerSystems Toolbox for time domain simulation. The Simulink circuit is shown in

Figure B.1.
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Bus 4

A\ 4

"

Source Bus 1 Bus 2 Bus 3
Ale—a A a A *
IlMLB (r— - B b B DC Load
cle—e= c A ¢ i
Line 2 : Thyristor
Rectifier

208V, 60 Hz Linel

100KVA
AC Load
Discrete,

Ts=2e-006 s.
A
B Outl

Cc

Open this block
to visualize
recorded signals Controller

Data Acquisitionl

Figure B.1 The Simulink circuit of the 4-bus balanced ac/dc system with a three-phase
thyristor converter

A discrete solver was selected with a step size of 2 us. Each simulation has been run
for 0.05 seconds. To evaluate the model, the following signals directly related to the

three-phase thyristor converter were measured and shown in Figure B.2 and Figure B.3.
* The line-to-neutral voltages on Bus 3, v/ (t), pe{a,b,c}
* The ac currents entering the thyristor converter, if (t)

* The dc voltage on Bus 4, v; 4 (t)

* The dc current, i, (t)

Figure B.2 Line-to-neutral voltages (top) and ac currents (bottom) in the
three-phase balanced thyristor converter benchmark
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Q :
0 0005 001 0075 002 0025 003 003 004 0045 005

Figure B.3. Dc voltage (top) and dc current (bottom) in the three-phase balanced
thyristor converter benchmark

The ac voltages, currents, power at 60 Hz and dc voltage, current and power were
calculated using measurement blocks from the SimPowerSystems Toolbox and are shown

in Table B.2.

Table B.2 Numerical results of the three-phase balanced thyristor converter benchmark
using Simulink

Parameters Phase A = Valus:l:StEGIgHz WEES Phase C

VP (V) 105.4292 / -10.71° 105.4280 £ -130.72° 105.4275 £ 109.29°

17 (A) 17.9998 £ -26.30° 17.9994 / -146.30° 17.9998 £ 93.70°
S? (VA) | 1827.9253+j509.8274 1827.8970+j509.7593 1827.5181+j509.8309
DC Values on Bus 4

Ve (V) 232.7067

139, (A) 23.2707

P (W) 5415.2037

Since the system is balanced, both the ac currents and power entering the converter
are also unbalanced. The total real power entering the converter is 5483.3 watts.

Compared with the dc power, the converter real power loss is 1.04%.

B.2 Evaluating the Delta-Connected Thyristor Converter Model
The three-phase thyristor converter was studied using the equivalent delta-connected

model in steady-state. First, the participation coefficients and the equivalence coefficients
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in the model were calculated using (2.24), (2.25), and (2.34). It is assumed that the ac and

dc voltages applied on the model are equal to those in the benchmark. The results are

provided in Table B.3. A, A5, and K- are all equal on the three single-phase

converters because the system is balanced.

Table B.3 Current participation coefficients, A:', power participation coefficients, A5,

and equivalence coefficients, K" ,in the 1-phase thyristor converters
Parameters | Line AB | Line BC | Line CA
LL

0 0.3334 | 0.3333 | 0.3333

e 0.3334 | 0.3333 | 0.3333

Kt 1.3408 | 1.3408 | 1.3408

Using the model, the ac currents, 17, and power, S, entering the three-phase converter

were calculated and compared with those obtained in the benchmark. The results are

shown in Table B.4 with the difference in percentage with respect to the benchmark. The

maximal error in the ac currents and ac power is 0.6062%. It is attributed to 177, .

Table B.4 The ac currents, 1, and ac power, S? in the three-phase thyristor converter
using the A -connected model

Parameters A - Connected Model A‘ ITP‘
(%)
17 (A) 18.0143 £ -26.47° 0.5246
I7 (A) 18.0137 / -146.47° 0.5255
17 (A) 18.0133 £ 93.53° 0.5291
A - Connected Model A‘STp‘
(%)
S#(VA) 1827.8 +j515.9 0.5239
S (VA) 1827.8 + j5156 0.5258
St (VA) 1827.7 + j5158 0.5095
N 23.1301 0.6042
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Appendix C. Case Files for the 12-Bus AC/DC System
Case 1
ARTIFICIAL TEST CASE
12 BUS SYSTEM, 1 THYRISTOR RECTIFIER BETWEEN BUS 3-4 1 PWM INVERTER BETWEEN
BUS 6-7, 2 DC LINE, 1 DC LOAD

ARTIFICIAL DISTRIBUTION SYSTEM
ARTIFICIAL LOAD LEVELS

END/ TITLE

TEST, 200

100000

END/ PARAMS
BUS1 1247 0.00 000 0 1 .00 .00 BUS1
BUS2 1247 0.10 000 0 1 .00 .00 BUS2
BUS3 1247 0.20 000 0 1 .00 .00 BUS3
BUS4 1247 0.30 000 0 1 .00 .00 BUS4
BUSS 1247 0.40 000 0 1 .00 .00 BUSS5
BUS6 1247 0.50 000 0 1 .00 .00 BUSG6
BUS7 1247 0.60 000 0 1 .00 .00 BUS7
BUS8 1247 0.70 000 0 1 .00 .00 BUSS8
BUS9 1247 0.80 000 0 1 .00 .00 BUS9
BUS10 1247 0.90 000 0 1 .00 .00 BUS10
BUS11 12.47 0.50 010 0 1 .00 .00 BUS11
BUS12 12.47 0.50 010 0 1 .00 .00 BUS11

END/ NODES

BUS1 12.47 0.000.050.00 0.05

END/ SOURCE

BUS1 BUS2 L1ABCL15207 1.00

BUS2 BUS3 L1ABCL14652 1.00

BUS3 BUS4 L1ABCL15644 1.00

BUS4 BUS5 L1ABCL17676 1.00

BUS5 BUS6 L1ABCL17676 1.00

BUS4 BUS7 C1ABC

BUS7 BUS8 L1D L15055 1.00

BUS8 BUSY9 C1ABC

BUS9 BUSI0L1ABCL17676 1.00

BUS10 BUS11 L 1ABC L17676  1.00

BUS11 BUS12 L 1ABC L17676  1.00

END/ BRANCH

END/ TRANSF

BUS2 1 2 200.0 0.0 400.0 0.0 800.0 0.0

BUSS 1 22 3000

BUS6 1 22 600 200

BUS7 1 22 2000

BUS10 1 22 900.0 400.0

BUS11 1 21  -800-400

BuUSiz 1 2 300 100 250 150 200 60

END/ LOADS

END/ CONSUM

END/ PV

BUS4BUS710 0600 16.8345101010
BUS9BUS821 1600 12.473012.47-9012.471506001.01.01.0
END/ PWRCVT



184

Case 2

ARTIFICIAL TEST CASE
12 BUS SYSTEM, 1 THYRISTOR INVERTER BETWEEN BUS 3-4 1 PWM RECTIFIER BETWEEN
BUS 6-7, 2 DC LINE, 1 DC LOAD

ARTIFICIAL DISTRIBUTION SYSTEM
ARTIFICIAL LOAD LEVELS

END/ TITLE

TEST, 200

100000

END/ PARAMS
BUS1 1247 0.00 000 0 1 .00 .00 BUS1
BUS2 1247 0.10 000 0 1 .00 .00 BUS2
BUS3 1247 0.20 000 0 1 .00 .00 BUS3
BUS4 1247 0.30 000 0 1 .00 .00 BUS4
BUSS 1247 0.40 000 0 1 .00 .00 BUSS5
BUS6 1247 0.50 000 0 1 .00 .00 BUSG6
BUS7 1247 0.60 000 0 1 .00 .00 BUS7
BUS8 1247 0.70 000 0 1 .00 .00 BUSS8
BUS9 1247 0.80 000 0 1 .00 .00 BUS9
BUS10 1247 0.90 000 0 1 .00 .00 BUS10
BUS11 12.47 0.50 010 0 1 .00 .00 BUS11
BUS12 12.47 0.50 010 0 1 .00 .00 BUS11

END/ NODES

BUS1 12.47 0.000.050.00 0.05

END/ SOURCE

BUS1 BUS2 L1ABCL15207 1.00

BUS2 BUS3 L1ABCL14652 1.00

BUS3 BUS4 L1ABCL15644 1.00

BUS4 BUS5 L1ABCL17676 1.00

BUS5 BUS6 L1ABCL17676 1.00

BUS4 BUS7 C1ABC

BUS7 BUS8 L1D L15055 1.00

BUS8 BUSY9 C1ABC

BUS9 BUSI0L1ABCL17676 1.00

BUS10 BUS11 L 1ABC L17676  1.00

BUS11 BUS12 L 1ABC L17676  1.00

END/ BRANCH

END/ TRANSF

BUS2 1 2 200.0 0.0 400.0 0.0 800.0 0.0

BUSS 1 22 600 0

BUS6 1 22 800 300

BUS7 1 22 500

BUS1I0 1 22 200.0 100.0

BuUSsiz 1 2 100 50 15070 100 60

END/ LOADS

END/ CONSUM

BUS11 4 800 12.47

END/ PV

BUS4BUS711 6600 -100 101010
BUS9BUS820 3600 27434111
END/ PWRCVT



Case 1A. Summer Load Ppwm=0 MW

Appendix D. Case Files for the 25-Bus AC/DC System

ARTIFICIAL TEST CASE
25 BUS SYSTEM, 1 RECTIFIER BETWEEN BUS 18-23 1 PWM BETWEEN BUS 10-25, 2 DC LINE, 1

DC LOAD

ARTIFICIAL DISTRIBUTION SYSTEM

ARTIFICIAL LOAD LEVELS

END/ TITLE

TEST, 200
100000

END/ PARAMS

BUS1
BUS2
BUS3
BUS4
BUSS
BUS6
BUS7
BUS8
BUS9
BUS10
BUSI11
BUS12
BUS13
BUS14
BUS15
BUS16
BUS17
BUS18
BUS19
BUS20
BUS21
BUS22
BUS23
BUS24
BUS25

34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50

END/ NODES

BUS1

END/ SOURCE

BUS1 BUS2
BUS2 BUS3
BUS3 BUS4
BUS4 BUS5
BUS5 BUS6
BUS6 BUS7
BUS7 BUSS8
BUS8 BUS9

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.20
0.30
0.40
1.50
1.50
1.50
1.50
0.20
0.30
0.40
1.50
1.50
1.50
1.50

L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676

BUS9 BUS10L 1ABC L17676
BUS10 BUS11 L 1 ABC L17676
BUS11 BUS12 L 1 ABC L17676
BUS12 BUS13 L1 ABC L17676
BUS6 BUS14 L 1ABC L17676

[eNeoNoNoNoNoNoNoNeoNoNoNoNoNoloNolejelololale oo i)

34.50 0.000.050.000.05

1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00

PRRPRPRRPRPRPRRPRPRRERRERRPRRPRPRPRPRPPRPRRERPRE

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

BUS 1
BUS 2
BUS 3
BUS 4
BUS 5
BUS 6
BUS 7
BUS 8
BUS 9
BUS 10
BUS 11
BUS 12
BUS 13
BUS 14
BUS 15
BUS 16
BUS 17
BUS 18
BUS 12
BUS 13
BUS 14
BUS 15
BUS 16
BUS 17
BUS 18

185



BUS14 BUS15 L1 ABC L17676
BUS15 BUS16 L1 ABC L17676
BUS16 BUS17 L1 ABC L17676
BUS17 BUS18 L1 ABC L17676
BUS18 BUS19 L 1 ABC L17676
BUS19 BUS20 L 1 ABC L17676
BUS20 BUS21 L1 ABC L17676
BUS21 BUS22 L1 ABC L17676
BUS23BUS24 L 1D L17676
BUS24 BUS25L1D L17676
BUS18 BUS23 C 1 ABC
BUS10 BUS25 C 0 ABC
END/ BRANCH
END/ TRANSF

BUS3 1
BUS10
BUS13
BUS17
BUS20
BUS22
BUS24
BUS18

PRPRRPRPPRPPRPP

2

22
22
22
22
22
12
22

END/ LOADS
END/ CONSUM

END/ PV

BUS18 BUS2310 0600 45.8674 101010
BUS10BUS2521 1600 34.224 30 34.224 -9034.22415001.01.01.0

END/ PWRCVT

5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00

1.00
1.00

500.0 0.0 500.0 0.0

500.0 0.0
1600 800
600 200
300 100
600 200
300 100

200 O

0 -600

Case 1B. Summer Load

ARTIFICIAL TEST CASE
25 BUS SYSTEM, 1 RECTIFIER BETWEEN BUS 18-23 1 PWM BETWEEN BUS 10-25, 2 DC LINE, 1

DC LOAD

ARTIFICIAL DISTRIBUTION SYSTEM

Ppwm=0.4 MW

ARTIFICIAL LOAD LEVELS

END/ TITLE

TEST, 200
100000

END/ PARAMS

BUS1
BUS2
BUS3
BUS4
BUS5
BUS6
BUS7
BUS8
BUS9
BUS10
BUSI11
BUS12
BUS13
BUS14

34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
0.50
0.50
0.50
0.50

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.20
0.30
0.40

lcNoNoReoRolelNolololNololollolNo)

PR RPrRPRRRPRPRPRPRPPRERRE

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

BUS 1
BUS 2
BUS 3
BUS 4
BUS 5
BUS 6
BUS 7
BUS 8
BUS 9
BUS 10
BUS 11
BUS 12
BUS 13
BUS 14
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BUS15 3450 050 1.50
BUS16 3450 050 1.50
BUS17 3450 050 1.50
BUS18 3450 050 150
BUS19 3450 050 0.20
BUS20 3450 050 0.30
BUS21 3450 050 040
BUS22 3450 050 1.50
BUS23 3450 050 1.50
BUS24 3450 050 1.50
BUS25 3450 050 1.50
END/ NODES

OO OO OO OO0OOOOo

BUS1 34.50 0.000.050.000.05

END/ SOURCE

BUS1 BUS2 L1ABCL17676
BUS2 BUS3 L1ABCL17676
BUS3 BUS4 L1ABCL17676
BUS4 BUS5 L1ABCL17676
BUS5 BUS6 L1ABCL17676
BUS6 BUS7 L1ABCL17676
BUS7 BUS8 L1ABCL17676
BUS8 BUS9 L1ABCL17676
BUS9 BUS10L 1ABC L17676
BUS10 BUS11 L 1 ABC L17676
BUS11 BUS12 L 1 ABC L17676
BUS12 BUS13 L1 ABC L17676
BUS6 BUS14 L 1ABC L17676
BUS14 BUS15 L1 ABC L17676
BUS15 BUS16 L 1 ABC L17676
BUS16 BUS17 L1 ABC L17676
BUS17 BUS18 L1 ABC L17676
BUS18 BUS19 L 1 ABC L17676
BUS19 BUS20 L 1 ABC L17676
BUS20 BUS21 L1 ABC L17676
BUS21 BUS22 L1 ABC L17676
BUS23BUS24L1D L17676

BUS24 BUS25L1D L17676

BUS18 BUS23 C 1 ABC

BUS10 BUS25 C 1 ABC

END/ BRANCH

END/ TRANSF

BUS3 1 2 5000 0.0
BUS10 1 22 1600 800
BUS13 1 22 600 200
BUS17 1 22 300 100
BUS20 1 22 600 200
BUS22 1 22 300 100
BUS24 1 12 200 O
BUS18 1 22 O -600
END/ LOADS

END/ CONSUM

END/ PV

BUS18 BUS2310 6600 600101010
BUS10BUS2521 3600 4501.01.01.0

END/ PWRCVT

1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00

1.00
1.00

PRRPRPRPRPRPPRPRERREPR

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

500.0 0.0 500.0 0.0

BUS 15
BUS 16
BUS 17
BUS 18
BUS 12
BUS 13
BUS 14
BUS 15
BUS 16
BUS 17
BUS 18
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Case 2A. Winter Load Ppwm=0 MW

ARTIFICIAL TEST CASE
25 BUS SYSTEM, 1 RECTIFIER BETWEEN BUS 18-23 1 PWM BETWEEN BUS 10-25, 2 DC LINE, 1

DC LOAD

ARTIFICIAL DISTRIBUTION SYSTEM
ARTIFICIAL LOAD LEVELS

END/ TITLE

TEST, 200
100000

END/ PARAMS

BUS1
BUS2
BUS3
BUS4
BUS5
BUS6
BUS7
BUSS8
BUS9
BUS10
BUS11
BUS12
BUS13
BUS14
BUS15
BUS16
BUS17
BUS18
BUS19
BUS20
BUS21
BUS22
BUS23
BUS24
BUS25

34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50

END/ NODES

BUS1

END/ SOURCE

BUS1 BUS2
BUS2 BUSS3
BUS3 BUS4
BUS4 BUS5
BUS5 BUS6
BUS6 BUS7
BUS7 BUSS8
BUS8 BUS9

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.20
0.30
0.40
1.50
1.50
1.50
1.50
0.20
0.30
0.40
1.50
1.50
1.50
1.50

L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676
L1ABC L17676

BUS9 BUS10L 1ABC L17676
BUS10 BUS11 L 1 ABC L17676
BUS11 BUS12 L 1 ABC L17676
BUS12 BUS13 L1 ABC L17676
BUS6 BUS14 L 1ABC L17676
BUS14 BUS15 L1 ABC L17676
BUS15 BUS16 L 1 ABC L17676

cNoNeoNoNeoNoNoNoNoNoNoNoNoNoNoNolejelelelNe oo o o)

34.50 0.000.050.000.05

1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00

RPRRPRPRRPRRPRPRRPRREPRPRERRERRPRPRRPPRPRPPEPRER

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

BUS 1
BUS 2
BUS 3
BUS 4
BUS 5
BUS 6
BUS 7
BUS 8
BUS 9
BUS 10
BUS 11
BUS 12
BUS 13
BUS 14
BUS 15
BUS 16
BUS 17
BUS 18
BUS 12
BUS 13
BUS 14
BUS 15
BUS 16
BUS 17
BUS 18
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BUS16 BUS17 L1 ABC L17676
BUS17 BUS18 L 1 ABC L17676
BUS18 BUS19 L 1 ABC L17676
BUS19 BUS20 L 1 ABC L17676
BUS20 BUS21 L1 ABC L17676
BUS21 BUS22 L1 ABC L17676
BUS23BUS24 L 1D L17676
BUS24BUS25L1D L17676
BUS18 BUS23 C 1 ABC

BUS10 BUS25 C 0 ABC
END/ BRANCH

END/ TRANSF

BUS3 1 2 5000 0.0
BUS10 1 2 250 100
BUS13 1 22 300 100
BUS17 1 22 300 100
BUS20 1 2 350 200
BUS22 1 2 250 100
BUS24 1 12 200 O
BUS18 1 22 O -600
END/ LOADS

END/ CONSUM

END/ PV

5.00
5.00
5.00
5.00
5.00
5.00

1.00
1.00

200

350
250

300
100

BUS18 BUS2310 0600 45.8674 101010

BUS10BUS2521 1600 34.224 30 34.224 -90 34.22415001.01.01.0

END/ PWRCVT

Case 2B.

Winter Load Ppwm=-0.675 MW

ARTIFICIAL TEST CASE
25 BUS SYSTEM, 1 RECTIFIER BETWEEN BUS 18-23 1 PWM BETWEEN BUS 10-25, 2 DC LINE, 1

DC LOAD

ARTIFICIAL DISTRIBUTION SYSTEM

ARTIFICIAL LOAD LEVELS

END/ TITLE

TEST, 200
100000

END/ PARAMS

BUS1
BUS2
BUS3
BUS4
BUSS
BUS6
BUS7
BUSS8
BUS9
BUS10
BUSI11
BUS12
BUS13
BUS14
BUS15

34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50
34.50

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
0.50
0.50
0.50
0.50
0.50

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.20
0.30
0.40
1.50

clolNoloRoNeoleleoloelNelNolNolololNo]

PR RRPRRPRRPRPRPRPRPREPRRERER

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

400
200

500.0 0.0 600.0 0.0
50 200

150

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

200
80

BUS 1
BUS 2
BUS 3
BUS 4
BUS 5
BUS 6
BUS 7
BUS 8
BUS 9
BUS 10
BUS 11
BUS 12
BUS 13
BUS 14
BUS 15
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BUS16 3450 050 150 0 1 .00
BUS17 3450 050 150 0 1 .00
BUS18 3450 050 150 0 1 .00
BUS19 3450 050 020 0 1 .00
BUS20 3450 050 030 0 1 .00
BUS21 3450 050 040 0 1 .00
BUS22 3450 050 150 0 1 .00
BUS23 3450 050 150 0 1 .00
BUS24 3450 050 150 0 1 .00
BUS25 3450 050 150 0 1 .00

END/ NODES

BUS1 34.50 0.000.050.000.05

END/ SOURCE

BUS1 BUS2 L1ABCL17676 1.00

BUS2 BUS3 L1ABCL17676 1.00

BUS3 BUS4 L1ABCL17676 1.00

BUS4 BUS5 L1ABCL17676 1.00

BUS5 BUS6 L1ABCL17676 1.00

BUS6 BUS7 L1ABCL17676 5.00

BUS7 BUS8 L1ABCL17676 5.00

BUS8 BUS9 L1ABCL17676 5.00

BUS9 BUS10L 1ABC L17676 5.00

BUS10 BUS11 L 1 ABC L17676
BUS11 BUS12 L 1 ABC L17676
BUS12 BUS13 L1 ABC L17676
BUS6 BUS14 L 1ABC L17676
BUS14 BUS15 L1 ABC L17676
BUS15 BUS16 L 1 ABC L17676
BUS16 BUS17 L1 ABC L17676
BUS17 BUS18 L1 ABC L17676
BUS18 BUS19 L 1 ABC L17676
BUS19 BUS20 L 1 ABC L17676
BUS20 BUS21 L 1 ABC L17676
BUS21 BUS22 L1 ABC L17676
BUS23BUS24L1D L17676
BUS24 BUS25L1D L17676
BUS18 BUS23 C 1 ABC

BUS10 BUS25 C 1 ABC

END/ BRANCH

END/ TRANSF

BUS3 1 2 5000 0.0
BUS10 1 2 250 100
BUS13 1 22 300 100
BUS17 1 22 300 100
BUS20 1 2 350 200
BUS22 1 2 250 100
BUS24 1 12 200 O
BUS18 1 22 O -600
END/ LOADS

END/ CONSUM

END/ PV

BUS18BUS2311 6600 475101010

5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00

1.00
1.00

200

350

250

50 200
300 400
100 200

BUS10BUS2520 3600 43.820901.01.01.0

END/ PWRCVT

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

500.0 0.0 600.0 0.0

150

BUS 16
BUS 17
BUS 18
BUS 12
BUS 13
BUS 14
BUS 15
BUS 16
BUS 17
BUS 18

200
80
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Appendix E. Test Manual for a 3-Phase AC/DC System with a Diode Rectifier

or a Thyristor Converter

E.1 Objective
Perform experiments to study ac/dc power flow in a three-phase unbalanced ac/dc

system with a three-phase diode rectifier or a three-phase thyristor converter

E.2 Hardware Devices
e AC power supply — CEPE station 1-4
e 1 3-phase knife switch
e 1 3-phase autotransformer
e 3 multi-tap reactors (#19, #20, and #21 in CEPE)
e 1 3-phase diode rectifier (Fuji Electric 6RI1100E)
e 1 3-phase thyristor converter (CEPE design)

e 1dcload (light banks on output A-1)

E.3 Test Equipment
e 1 oscilloscope - Tektronix TDS 4013
e 4 high voltage differential probes - Tektronix P5200
e 2 current probes and amplifiers - Tektronix TCP 303, TCPA-300
e 1 digital meter - Fluke 37
E.4 Introduction

In this experiment, ac/dc power flow was studied in a three-phase unbalanced
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ac/dc system with a three-phase full bridge diode rectifier or a three-phase full bridge
thyristor converter. The diode rectifier is a Fuji Electric’s 6RI100E series rectifier. This is
a single unit, three-phase full bridge rectifier. It is capable of 100 A continuous outputs at
up to 600 V. The thyristor converter is developed in Center for Electric Power

Engineering (CEPE) at Drexel University as shown in Figure E.1.

A
Control

card —_|
B

| Thyristors

Figure E.1 The full-bridge three-phase thyristor converter in CEPE
The thyristor converter consists of six GE thyristors. There is a control card
(PTR6000-208) operating thyristors using the equi-distant control. The firing angles can

be altered manually.

E.5 Experimental Setup

The test circuit for the 3-bus ac/dc system is shown in Figure E.2. The actual
hardware setup is shown in Figure E.3 for the ac/dc system with the thyristor converter. A
three-phase source provides 208V ac power on a power station. The power is fed into a
three-phase, wye-ground/wye autotransformer. The neutral of the transformer is

connected to the ground on the power station. The outputs of the transformer feed into a
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three-phase ac line. The ac line consists of three 7-tap reactors (0.5/1.0/2.0/3.0/6.0
/ 12.0 /24.0 Ohms) in a transmission line box. The following settings are used:
Phase A: 0.5 Ohms, Phase B: 1 Ohm, Phase C: 2 Ohms

The ac line is connected to the input port of the three-phase ac/dc converter, which is at
bus 2 shown in Figure E.2. The output of the converter, which is at bus 3, supplies a
resistive dc load. The load is mimicked using carbon filament light bulbs (120 Vac).
Three panels of light bulbs are connected in series. Each group can have 1 to 60 light
bulbs connected in parallel.

AC Line
A T
Xfmr

Source Switch 1 0.5 Ohms

2 Diode 3

\ ,E B Rectifier/
i[\j} % W Thyristor Rae
V=208 V L0 Converter

XY e

2 Ohms

ill

Figure E.2 The circuit diagram of the three-phase ac/dc system with a three-phase diode
rectifier or a three-phase thyristor converter

Power
station
Thyristor
Reactor box Y
converter
Auto- .
transformer Switch

Figure E.3 The hardware setup of the three-phase ac/dc system with a three-phase
thyristor converter
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E.6 Test Procedure

This test will study power flow in the three-phase unbalanced ac/dc system. The test
includes the following steps:
Step 1. Close the knife switch and turn on the ac power on the power station;
Step 2. Increase the output voltages of the autotransformer to 208 V line-to-line (rms).
Check the voltages using the digital meter;
Step 3. Switch on 60 light bulbs on each panel;
Step 4. For the thyristor converter, adjust the firing angles manually to desired values;
Step 5. Capture the following voltages and currents using the voltage probes and current
probes. Record the data in EXCEL spreadsheets using the oscilloscope. The
voltage probes are set to 500V:1V. The current probes are set to 5A:1V.
e 3-phase line-to-ground voltages at Bus 1 and Bus 2
e DC voltage at Bus 3
e 3-phase currents entering bus 2
e DC current in the dc load at Bus 3
Step 6. Decrease the output voltages of the autotransformer to zero;

Step 7. Turn off the power and open the knife switch.
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Appendix F. Test Manual for a 3-Phase AC/DC System

with a Variable Frequency Converter

F.1 Objective
Perform experiments for ac/dc power flow studies in a three-phase unbalanced

ac/dc system with a variable frequency converter

F.2 Hardware Devices
e AC power supply — CEPE station 3
e 1 3-phase knife switch
e 1 3-phase autotransformer
e 3 multi-tap reactors (#19, #20, and #21 in CEPE)
e 1 3-phase variable frequency converter
e 1PC (C3A) with dSPACE DS1104 DSP card and MATLAB 6.1 with simulink

e 1 3-phase ac load (light banks on outlets C and D)

F.3 Test Equipment
e 1 oscilloscope-Tektronix TDS 4013
e 4 high voltage differential probes - Tektronix P5200
e 2 sets of current probes and amplifiers — Tektronix TCP 303, TCPA-300

e 1 digital meter - Fluke 37
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F.4 Introduction

In this experiment, ac/dc power flow was studied in a three-phase unbalanced
ac/dc system with a three-phase variable frequency converter. The converter consists of

three parts as shown in Figure F.1. The actual converter is shown in Figure F.2.

Lde

A ‘ | | - A
3-phase o [ 3-phase
Input B — Di()de Filte(r Cdc/l-\ PWM — B OutP“t
cl] Rectifier Inverter ||

PWM control signals T

Gate Drive
Circuit

1
|

MATLAB | | dSPACE DSP | | dSPACE Analog
Simulink Card DS1104 Output Port

Figure F.4 The block diagram of the 3-phase ac/dc/ac variable frequency converter

Output

Inductor IGBTSs
A
PWM control
Input B circuit
¢ PWM control
Diode port
rectifier _
Capacitors

Figure F.5 The hardware of the 3-phase ac/dc/ac variable frequency converter
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The first part is a 100A three-phase diode rectifier from Fuji Company (Fuji
6RI1100E-060). The rectifier can convert the ac signals into dc signals. A low pass filter is
installed on the dc link to filter out the high frequency signals generated by the rectifier.
The third part of the converter is a three-phase, full bridge, Pulse-Width-Modulated
(PWM) inverter. The inverter has three sets of two-Isolated Gate Bipolar Transistors
(1IGBTs) from International Rectifier Company (GA100TS60U). By switching the IGBTS,
the inverter may convert the dc signals to ac signals at various frequencies.

The control of the IGBTSs is achieved by using a controller board from dSPACE
(DS1104). MATLAB Simulink is utilized to generate the PWM signals. The PWM
control signals are downloaded to the board, then fed into a gate drive circuit, which is
also built in the converter box, through an interface box. The gate drive circuit will
amplify the control signals to an appropriate voltage level (-8 VV / +15 V) to switch the

IGBTSs. DC supplies are installed to provide power for the gate drive circuits.

F.5 Experimental Setup

The test circuit for the ac/dc system is shown in Figure F.3. The actual hardware
setup is shown in Figure F.4. In the system, a three-phase source provides 208V ac power
on a power station. The power is fed into a three-phase, wye-ground/wye autotransformer
after a three-phase knife switch. The neutral of the transformer is connected to the ground
on the power station. The outputs of the transformer feed into a three-phase ac line. The
ac line consists of three 7-tap reactors (0.5/1.0/2.0/3.0/6.0/12.0/24.0 Ohms) in a
transmission line box. The following settings are used:

Phase A: 0.5 Ohms, Phase B: 1 Ohm, Phase C: 2 Ohms
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The ac line is connected to the input port of the converter, which is at bus 2 shown in the
figure. The output of the converter, which is at bus 5, is connected to a three-phase,

wye-connected, ungrounded resistive load. The constant resistive loads are carbon

filament light bulbs.

3-Phase
Li Variable Frequency Load
A e Converter A —AAN—
. ) Xfmr Lac Ra
Source Switch 1 0.5 Ohms ) 13 4 5
s &L= 8|,
B S s = ©
% W) 1|2 3 G Z z |HE—vW—s N
- . 1.0 Ohm = Ru
V=208 V \ﬁ \K
= C
—Jw— c
2.0 Ohms 7'\/\/\!—
Re

Figure F.6 The circuit diagram of the three-phase ac/dc system with a three-phase
variable frequency converter

Power
station

Variable frequency

Reactor box
converter

————a

Switch

Figure F.7 The hardware setup of the three-phase ac/dc system with a three-phase
variable frequency converter

In order to control the PWM inverter using the dSPACE board, an interface
chassis is connected to the dSPACE card in the PC. The control cable is plugged in the

PWM slave 1/O port on the interface. The other end of the control cable is connected to

the controller input port on the converter.
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F.6 Test Procedure

The test procedure includes the following 3 parts:

F.6.1

Software setup
Gate drive circuit test

AC/DC power flow test

Software Setup

In order to operate the IGBT in the PWM inverter, control signals are generated by a

DSP card from dSPACE 1104. The DSP card is controlled by software programs

developed in MATLAB Simulink. The setup procedure for the software program includes

the following steps:

Step 1.

Step 2.

Step 3.

Before running the experiment, the Simulink (MABLAB R12.1/6.1) and
dSPACEDeskControl must be installed on the computer with dSPACE 1104 DSP
card.

Open dSPACEDeskControl  software. Then open MATLAB from
dSPACEDeskControl. The default Simulink library in MATLAB is for DS1003
DSP card. We need to type “rti1104” under MATLAB after MATLAB is opened
from dSPACEDeskControl. Then the software will switch from DS1003 to
DS1104. All blocks of DS1104 will appear.

Open PWMConverter.mdl in Simulink. It is noted that the settings:
“Simulation->Simulation Parameters->system target file & template make file”

MUST be changed to DS1104.tlc and DS1104.tmf as shown below in Figure F.5.
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Figure F.5. Simulink Setting for the dSPACE 1104 DSP Card
The simulation circuit in PWMConverter.mdl is shown in Figure F.6.
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<} DS1104SL_DSP_PWM3 = [El[=E

DS1104 Slave DSP 3-Phase PWM Generation

Unit | Initialization | Terminatinnl

— Purpose
Provides a 3-phase PWwM generation with original and
inwerted outauts, variable duty cycles and aveariable
deadband

. PWefreguency
Range Frequency

125 Hz -6 MHz 1600 Hz

— Deadhband
Range Deadband

0-100us 10 us

dSPACE | | | |
I F 0K Cancel Help Anply

(b)
Figure F.6 The PWM inverter control circuit (a) and PWM control module (b) in
MATLAB Simulink for the dSSPACE DS1104 DSP card

Step 4. The fundamental frequency of the control signals is set to 60Hz. The switching
frequency of the PWM controller is set to 1500Hz. The modulation is set to 0.8.
The deadband between two control signals on each phase is set between 10uS to
20 uS.

Step 5. Download the code to the dSPACE card to generate PWM control signals by

using “Ctrl+B”.

F.6.2  Gate Drive Circuit Test
This test is to determine whether the gate drive circuits can generate appropriate control
signals to switch the IGBTSs on the inverter. The ac power is turned off in the experiment.
The test procedure includes the following steps:
Step 1. Run the Simulink, and open PWMConverter.mdl. The fundamental frequency
of the control signals is set to 60Hz. The switching frequency of the PWM
controller is set to 1500Hz. The modulation is set to 0.8. The deadband between

two control signals on each phase is set to 20 uS.



Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

F.6.3
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Turn on the dc supply in the converter box for the gate drive circuit.

Download the code to the dSPACE board to generate PWM control signals by

using Ctrl+B.

Compare the inputs and outputs of the six gate drive circuits using the voltage

probes and the oscilloscope. Make sure the output of each channel of gate drive

circuits is out of phase of its input and the output voltage is between -8V and 15V.
Compare the waveforms of the two signals for the dual IGBT module on each

phase and check if they are out of phase. Perform Fast Fourier Transform (FFT)

on the oscilloscope to check the frequency of the control signals. Also check if the

dead-band on each phase is consistent with the specified values.

Capture the line-to-line signals at the output of the inverter at open circuit. Check

if the signals are 120 degree apart.

AC/DC System Test

This test will study power flow in the three-phase unbalanced ac/dc system. The test

includes the following steps:

Step 1.

Step 2.

Step 3.

Run the Simulink, open PWMConverter.mdl. The fundamental frequency of the
control signals is set to 60Hz. The switching frequency of the PWM controller is
set to 1500Hz. The deadband between two control signals on each phase is set to
20usS;

Turn on the dc supply for the gate drive circuit;

Download the code to the dSPACE board to generate PWM control signals by

using Ctrl+B;
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Step 4. Close the knife switch. Turn on the ac power on the power station;

Step 5. Increase the output voltages of the autotransformer slowly. First, check the dc
voltage and the PWM inverter output voltages with diode rectifier input
line-to-line voltage at 10 to 30 V.

Step 6. Then, increase the rectifier input line-to-line voltage to 120V (rms). Check the
line voltages using the digital meter;

Step 7. Capture the following voltages and currents using the voltage probes and current
probes. Record the data in EXCEL spreadsheets using the oscilloscope. The
voltage probes are set to 500V:1V. The current probes are set to 5A:1V.

e 3-phase line-to-ground voltages at Bus 1 and Bus 2
e DC voltages at Bus 3 and Bus 4
e 3-phase line-to-line voltages at Bus 5
e 3-phase voltages across the ac load
e 3-phase currents entering bus 2
e DC current on the dc link from Bus 3 to Bus 4
e 3-phase currents in the ac load on Bus 5
Step 8. Decrease the output voltages of the autotransformer to zero.

Step 9. Turn off the power and open the knife switch.
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