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Abstract

Accurately modeling power system loads is essential in simulation-based power
system planning and operation studies. Since large industrial facilities such as
petro-chemical plants and paper mills are major power system loads, they must be
modeled properly. Utilizing the concept of the template-based load modeling
technique for industry facilities, this thesis investigates the modeling of paper
mills for power system dynamic studies. A systematic approach with
representative data is established for constructing equivalent dynamic models of
the Kraft type of paper mills. Case studies demonstrate that the proposed model
can capture the dynamic behavior of paper mill facilities adequately and
accurately. This thesis also investigates the modeling of DC (motor) drives and
their collective dynamic responses for system dynamic studies. The DC drive is
one type of elementary load, the modeling of which has not been fully studied in
the past. It is also a major load component in paper mills. This work develops an
equivalent dynamic model of DC drives, and a model aggregation technique.
Simulation results demonstrate the accuracy and usefulness of the proposed

model.
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Nomenclature

Utility-side bus voltage, per-unit.

Utility-side bus voltage, per-unit (pre-fault condition).

AC supply voltage of the SCR bridge converter, phase-to-ground.
AC supply voltage of the SCR bridge converter, phase-to-ground.
(pre-fault condition).

Real power consumption of the drive.

Real power consumption of the drive (pre-fault condition).
Reactive power consumption of the drive.

Reactive power consumption of the drive (pre-fault condition).
Apparent power consumption of the drive.

Apparent power consumption of the drive (pre-fault condition).
Rated motor horsepower.

Nominal DC motor armature current.

Nominal DC motor speed.

DC armature circuit resistance (total).

DC armature circuit inductance (total).

Proportional constant of PI current controller.

Integral constant of PI current controller.

Proportional constant of Pl speed controller.

Integral constant of PI speed controller.

Over-loading factor.

\oltage constant of the DC motor.

Torque constant of the DC motor.

Moment of inertia of the DC motor.

AC-side phase current (RMS).

Firing angle of SCR-bridge converter.

DC motor armature current.

Averaged DC motor armature current.

Output voltage of SCR-bridge converter.

Averaged output voltage of SCR-bridge converter.

Motor generated voltage (Back EMF)

Averaged motor generated voltage (Back EMF).

Commutating inductance.



Chapter 1

Introduction

The modeling of power system loads plays an influential role in simulation and
analysis of power system dynamic studies. Having an accurate load model is
essential in understanding the system impacts of disturbances, and developing
appropriate standards and practices for power system planning and operating.
Since large industrial facilities such as petro-chemical plants and paper mills are

major loads in power systems, modeling them accurately is especially crucial.

The main topic of this thesis is the modeling of paper mills, one of major
industrial loads in the U.S. and Canada, for power system dynamic studies. This
introductory chapter briefly reviews the background of modeling loads in power
system studies. The chapter also explains the motivation of modeling paper mills
as well as DC drives, one type of elementary load component in paper mills. At

the end of this chapter, the scope and outline of this thesis are presented.

1.1 Background of Load Models & Power System Studies

This subsection reviews the significance of load models in power system studies,

types of classical load models, and traditional and new techniques for modeling

1



power system loads.

1.1.1 Significance of Load Models in Power System Studies

Accurately modeling power system components is important for simulation-based
power system planning and operation studies. An inaccurate system model may
either result in poorly-designed power systems or lead to bad decision-making in
grid operation. For example, if over-optimistic models are selected, the grid can
be designed with an inadequate system security margin or operated in a risky
manner so that the system is vulnerable to widespread outages such as the
blackout in summer 1996. Conversely, if over-conservative models are selected,
the grid can be designed with unnecessary capital investment or operated
uneconomically so that an electricity shortage might be exacerbated in

highly-stressed areas.

The load is a type of major power system component, which generally refers to
the collective power demand at a substation observed from the transmission level.
It is well recognized that the modeling of loads is very critical in a variety of
power system studies. Many studies have observed that the characteristics of
loads play an influential role in the simulation and analysis of power system

dynamic behaviors [1-4]. More importantly, the representation of loads has a



major impact on the analysis of voltage instability and system oscillation [2, 3]. In
addition, accurately modeling loads is also essential for properly tuning automatic
controllers such as SVCs (static VAR compensators) or STATCOM (Static

Synchronous Compensator).

However, loads have not been sufficiently modeled in the past, as compared with
most other power system components such as generators and transmission
equipment which have been modeled accurately with full consideration of their
actual physical characteristics. Over decades, loads have been represented by
highly simplified models (such as constant impedance, constant current sources,
constant power, or combination of them) due to the limitations in computing
resources and the inaccessibility of specific load information. Many studies have
observed that the insufficiency of the load representation is has become the major
obstacle for improving the accuracy of power system dynamic studies [5]. For
example, the post-contingency analysis of the summer 1996 blackout found that
the deficiency of the load model is the major barrier to predict the undamped

oscillation [6].

On one hand, the advance of computing technology has greatly facilitated the
improvement of the existing load models; WECC (Western Electricity

Coordinating Council) also agrees that the improvements of load model have been

3



possible and greatly needed [7]. On the other hand, the difficulty in accessing
specific load information is still a barrier in modeling loads accurately. In
summary, there is an opportunity as well as a challenge for improving the

modeling of loads.
1.1.2 Overview of Classical Loads Models

A load model is a mathematical representation of the relationship between a bus
voltage (magnitude and frequency) and the power (active and reactive). Generally,
the two types of classical load models are static load model and dynamic load

models.

Traditionally, loads were represented by static load models, which assume that the
active and reactive load is an algebraic function of the bus voltage (magnitude and
frequency) and is not dependent on time [8]. A typical example is the polynomial
load model, which expresses the active or reactive power as a polynomial function
of the voltage. The most common structure of the polynomial load model is the

ZIP model (Z-constant impedance, |- constant current, P- constant power) as

vY (v
RV)=PR, {ap [\70] +bp [\TOJ“‘Cp] (1.1

where, the frequency dependence is normally disregarded, especially in the

described by.
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voltage stability studies.

Static ZIP load models have been very popular in power system dynamic
simulation programs during the past decades [9] Even today, many utilities had
adopted the static ZIP load model for large-scale dynamic performance studies
[10]. However, static load models may be inadequate, especially when the bus

voltage is changing rapidly within a large range [5, 11].

Realizing the weakness of static load models, many researchers have paid much
attention to dynamic load models [12-16]. Unlike the former, the later assume that
the active and reactive power is related to both the past and present values of the
voltage and frequency and is dependent on time. Dynamic load models normally
take the form of an aggregated induction motor model, or a composite load model

(in the form of differential equations, or transfer functions) [11].

Because induction motors account for around 60% of the electricity consumption
in North America, the inclusion of the dynamics of induction motors has been one
of the first attempts to build a dynamic load model [11]. Some utilities’ load
modeling practices assume that the dynamic part of loads can be simply
represented by an aggregated induction motor [6]. For instance, the WSCC

interim load model consists of a static part (80% of the total load) and a dynamic

5



part (20% of the total load, in the form of an induction motor). The induction
motor is normally represented by a well-established equivalent circuit model as

shown in Figure 1.1.

Rs Xs Xr

— AN
Xm g%
[ 4

Figure 1.1 Equivalent circuit model of induction motors

A composite load model is another form of load representation. It is the reflection
of the collective effects of all down-stream components, i.e. induction motors,
synchronous motors, excitation control and tap changers [17]. This model can be
represented by differential equations. Reference [17] presents a generic dynamic

load model in the form:.

p%:PS(V)—P, P=xR,(V) (1.2)

where T, is the time constant, and P and Ps are the transient and steady-state load
characteristics as given by B, (V)=V“and P, (V)=PRV®.

Alternatively, a composite load model can be also represented by transfer
functions [18]. According to [19], the dynamic load model can be simply

represented by a first-order transfer function, as presented below:



AP(s) = 250 Ay (o) (13)

Tps+1

where Ty and 7, are the time constants, and k; is the gain constant.

In recent years, the electric power industry has reached a consensus that modeling
loads with dynamic characteristics is necessary. For example, it’s found that the
inclusion of load dynamics is critical in capturing the phenomenon of power

system damping [20] and post-contingency voltage recovery delay [11].

1.1.3 Traditional Methods of Modeling Power System Loads

Traditionally, the measurement-based method and the component-based method
(also called the “bottom-up” method) are the two major approaches for modeling

power system loads.

The measurement-based method [21-26] estimates load parameters by using the
actual measurements observed at various load substations. For example, the
method in [26] is implemented by creating a voltage disturbance with a manual or
automatic tap changer and estimating the detailed load parameters by monitoring
the load responses at the load substations. The measurement-based method seems
to be effective and practical, but unfortunately, it is difficult to generate voltage

disturbances that are sufficiently significant for load model measurement.

7



Additionally, this method is not applicable to long-term planning, because a load
model might be needed for the system studies several years ahead of the

construction of the facility.

The component-based method, on the other hand builds up the load model from
information on its constituent parts (such as induction motors, synchronous
motors, static loads, and so on) and is also referred to as the “bottom-up” method
[27, 28]. For example, reference [29] presents a typical component-based method,
in which the electrical loads in an industrial plant are aggregated and represented

by a lumped induction motor and a lumped static load.

The component-based methods normally assume that the electrical system
structure and load composition of the industrial facilities are already known. For
instance, reference [29] assumes that the single-line diagram is obtainable from
the plant engineers and that the motor parameters can be taken from the
pre-determined values. This assumption is actually hard to implement, because the
requirement for legal confidentiality makes obtaining the specific plant data

difficult.

In practice, neither of the two methods is widely used in the industry, which

would prefer a simpler method. For instance, the WECC interim load modeling

8



practise suggests that any type of industrial loads consists of two components: 80%
static loads and 20% induction motors [6]. This approach is obviously too rough.
For example, our studies have found the difference in motor composition between
a paper mill and an aluminum smelter can be up to 50%. One may wonder why
the industry is still using such a rough load modeling practice. The main reason is
that the grid operators or planners feel reluctant to collect specific load data,
especially for long-term power system planning. For example, if a paper mill is
planned to be in service after 10 years, grid planners cannot access even the basic
information of this plant, such as single-line diagrams, load composition, or

loading factors.

In summary, the main drawback of the traditional load modeling methods is the
difficulty in accessing the load information (either field measurement data or

specific plant data).

1.1.4 An Novel Method of Modeling Power System Loads

In view of the disadvantages of traditional load modeling methods, reference [28]
proposed a new method: the template-based load modeling technique. The
objective of this method is to model large industrial facilities (such as oil

refineries and steel mills) accurately with minimal user input. This method has



been successfully applied to model oil-refinery facilities.

This method is based on the concept of the “template”, which means the
commonly-shared characteristics on the electrical system configuration for
industrial facilities of the same type. The configuration may include typical
industrial processes, circuit structure (i.e., single-line diagrams, voltage levels),
load composition (i.e., motor types/sizes, AC/DC drives, etc.), and parameters of
cables and transformers. The two general steps to construct a template-based load

model are the following:

Step A: Software vendors build the template database for the major types of

industry facilities that is involved in the utility grid. Table 1.1 presents a list of the

major industrial facilities in the North America, as recommended by WECC. The

template should include all the eight types of facilities.

Step B: Users utilize the template to model the facility of interest. The main idea

is to scale the template to a given size (in MW), and aggregate it into a single-unit
equivalence. The final outcome is a single induction motor and a single lumped

static load, which is computationally feasible for large-scale system simulation.
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Table 1.1 List of major industrial facilities in North America

1 Petro-Chemical Plant Built

2 Paper Mill (Kraft type) Not built
3 Paper Mill (TMP type) Not built
4 Aluminum Smelter Not built
5 Steel Mill Not built
6 Mining operation Not built
7 Semiconductor Plant Not built
8 Server Farm Not built

This template-based load modeling method has two major advantages: (1) the
load model is more accurate than traditional models, and (2) The method requires
minimal user input (only the type and capacity of the facility). As a result, this
method is especially useful in long-term planning, where specific information for

future loads is limited.

The major challenge with this method is that the template database has not been
fully established in the past. Theoretically speaking, the template database must
include all types of the major industrial facilities connected to the utility grid.
Until now, only petro-chemical plants (type#1) have had a template built for them
[28]; the templates of other facilities have not been built yet. Consequently, the
need to build templates for the other seven types of facilities listed in the Table 1.1

IS urgent.
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1.2 Motivation of Modeling Paper Mills and DC Drives

Paper mills are the major type of industrial facilities in both the U.S. and Canada.
As Table 1.1 reveals, paper mills (both the Kraft Type and TMP type) are among
the top 3 of major industrial facilities in the North America [30]. In addition,
paper mill loads constitute the major power demand of the utility grid in Canada.
According to [31], paper mills consume 30% of the industrial energy used in
Canada. Reference [32] also reports that paper mill loads are the major loads of a

Canadian utility company (Hydro Ontario).

More importantly, paper mill loads are normally large in capacity. The results of a
survey on the size (in MW) of 26 paper mills in British Columbia are presented in
Figure 1.2 [33]. The figure shows that most paper mills are between 20 and 40
MW, and many mills have even larger sizes, i.e. 80MW~100MW. The above
information indicates that the typical size of a paper mill varies from 20MW to
100MW. This size is normally equivalent to or greater than a single

residential/commercial substation.

In summary, there are strong reasons for modeling paper mills with as many
details as possible. Hence, this report will use paper mill loads as an example to

demonstrate the template-based load modeling method.
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Figure 1.2 Distribution of 26 Paper Mills at B.C. province vs. Mill sizes

DC (motor) drives are one type of elementary load component in many industrial
plants, especially in paper mills. Although DC drives are becoming less popular
than AC drives, they are still one of the major loads in the industry. Our studies
have found that DC drives can account for around 15%-~20% of total loads in

many large industrial facilities such as paper mills and petro-chemical plants.

Unfortunately, the modeling of DC drives has not been fully studied in the past.
Traditionally, motor drives are represented simply as transparent devices® in
dynamic studies, because these drives are vulnerable to nuisance trips in case of
voltage disturbances [34]. In fact, many studies observe that DC drives are able to
ride through voltage disturbance within £10% [35]. Obviously, excluding the DC
drives while the modeling of other components such as generators is done

accurately is not acceptable. Thus, developing an equivalent model of DC drives

1 In ETAP, “transparent devices” means the load that is tripped for the during-fault period and recovers
immediately to the initial power consumption after the fault clears.
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for system dynamic studies is important.

1.3 Thesis Scope and Outline

This thesis investigates mainly the issues of developing load models for power

system dynamic studies. Two topics are discussed in this research work.

The first topic discusses the building of an equivalent dynamic model for paper
mills by using the template-based load modeling method. The objectives of this

discussion include:

1) To investigate the configuration of electrical systems of sample paper mills,

extract the commonly shared features, and develop a template for paper mills.

2) To construct a template-based load model for a specific paper mill, and to
verify the obtained model by comparing it against the guideline models

through ETAP simulation.

The second topic of this thesis is the modeling of DC drives and their collective
dynamic response. DC drives are one of the elementary load components in

industrial plants, especially in paper mills, but the dynamic model of DC drives
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has not been fully studied in the past. The objectives of this discussion include
three folds: (1) to determine the tripping criteria for DC drives, (2) to derive an
equivalent dynamic model for ride-through DC drives, and (3) to develop a

technique to aggregate a group of DC drives.

In addition, this thesis also presents another stability-related research work
conducted by the author. This project investigates a novel method to study
small-signal stability and is presented to demonstrate the author’s workload in the

author’s MSc. Program.

This thesis is organized as follows:

Chapter 2 presents a survey on the configuration of the electrical systems of paper
mills, including the typical processes, system structures, parameters of cables and
transformers, and load composition (motor or non-motor, motor types, drive
types). The Kraft paper mill, the most representative type of paper mills, is

selected as the benchmark case.

Based on the survey in Chapter 2, Chapter 3 develops a facility template of paper
mill loads, and models a specific paper mill by using the template-based load

modeling method. Through ETAP simulation, the obtained model is verified and
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compared to the WECC guideline model.

Chapter 4 investigates the requirements for modeling and aggregating DC drive

loads for power system stability studies. This chapter discusses the following

three issues: the tripping criteria of DC drives, the equivalent model for

ride-through DC drives, and the model aggregation technique.

Chapter 5 presents another research project conducted by the author. This chapter

mainly investigates a synchrophasor-based technique for analyzing and

monitoring the small-signal angle stability.

Chapter 6 concludes this thesis and provides suggestions for future researches.

Appendix A summarizes the data sources used for the survey in Chapter 2.

Appendix B presents the detailed derivation of the proposed DC drive model.

Appendix C documents the Pade-approximation-based model reduction method.

Appendix D documents the parameters of the DC drives used for the simulation

studies and model validation.
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Appendix E presents a Matlab function “Build DD” to convert the input data into

an equivalent dynamic model for DC drives.

Appendix F presents a package of Matlab functions to implement the proposed

aggregation techniques.
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Chapter 2

Overviews of Paper Mill Facilities

Paper mills are used as an example to demonstrate the template-based load
modeling method in this thesis. The first step is to build the template of paper mill
facilities. For this reason, this chapter presents a survey on electrical system
configurations of paper mills, and extracts their commonly shared features that are
necessary for constructing the template. The representative data is summarized at

the end of this chapter.

2.1 Types of Paper Mills

Generally, there are four types of paper mills by pulping process: Kraft-type,
Mechanical-type, Recycled-type, and Sulphite-type. Different types of paper mills
may or may not have different configuration of electrical systems (i.e. source of
energy, and load composition). So we must select the most representative type of

paper mills that can be used to establish the template.

According to Lockwood’s Directory (1990 edition) [36], Kraft paper mills and
TMP (Thermal Mechanical Pulping) paper mills are the most popular types,

together accounting for approximately 90% of total mills in North America. Table
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2.1 reveals that Kraft mills are the most popular type in the United States,

accounting for over 50% of the total mills.

Table 2.1 Distribution of 136 pulp mills in USA (Lockwood’s Directory)

Pulp Mill Type | Number | Percentage (%)
Kraft Mills 74 544
TMP Mills 48 35.3
Other 14 10.3
Total 136 100

Kraft paper mill is also the major type of paper mills in Canada. Table 2.2 presents
the distribution of 49 paper mills of different types [31]. It’s observed that Kraft
paper mills account for approximately 50% of paper mills in Canada. In addition,
Kraft-type paper mills contribute to 67.8% of the total pulp and paper production
in the North America [36]. Therefore, in terms of both the number of mills and
electricity consumption (proportional to production), Kraft-type paper mills is

dominant among others.

Table 2.2 Distribution of mills by pulping process

Total Mills in Data Analysis: 49
Mills by Pulping Process Numbers
Kraft-pulping mill 24
Mechanical-pulping mill 28
Recycled-pulping mill 10
Sulphite-pulping mill 4

Therefore, we have sufficient reasons to select Kraft paper mill as a representative
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example of paper mills. In this report, a Kraft Paper mill with the capacity of

88MW is chosen as a benchmark case. The major specifications of this mill are

presented as below.

Table 2.3 Specifications of a Kraft Paper mill (Benchmark Case)

Capacity 88MW

Major products Kraft pulp + Uncoated paper
Annual production 680 000 tons/year
Non-motor Load, % 17.8%

Motor Load, % 82.3%

Source of electricity Co-generation plus Utility supply
One-line diagram available? Yes

\oltage levels of motors 4.16kV, 0.44kV

2.2 Typical Processes of Paper Mills (Kraft-type)

According to the survey on the sample facility data, Canadian paper mill directory
[37] and the design handbook of paper mills [36], there are normally ten major
chemical processes in Kraft paper mills, as shown below in Figure 2.1. Note that
the general buildings and other ancillary loads are categorized into Process 10
(Other). The explanations of these chemical processes (sub-process and major

equipment) are as shown in the Table 2.4.
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Wood Preparation PCC Plant Chemical Plant

Effluent treatment
plant

Fibreline

(Kraft process) Other

Extraction of Pulp

Steam power plant

Paper Machine

Chemical Recovery

Figure 2.1 Major processes in a typical Kraft paper mill

Table 2.4 Major Processes, Sub-process and Equipment in Kraft Paper Mills

Process Sub-process Explanation Major
Equipment
Debarking To remove barks of logs Barking Drum
Wood Chipping To convert logs in to chips. | Chipper
Preparation Chip screening To screen out moistures | Roller screen
from chips
The wood chips are cooked | Continuous
. in digesters with liquor | digester
Cooking . . . .
made of sodium hydroxide | Boiler/Cooling
and sodium sulfide Tower
The process where the | Brownstock
. used cooking liquors are | Washer
Washing
separated from the
o cellulose fibers
Fibreline - P
Part of the residual lignin | oxygen
(Kraft process)

Oxygen delignification

left in pulp after cooking is
removed using oxygen and
alkali.

delignification
reactor

The process where the pulp

Cowan screen

. is separated from large
Screening . .
shives, knots, dirt and
other debris.
Bleaching To bleach the pulp by | Power pump,
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treating it with chlorine,
chlorine dioxide, ozone,

peroxide et al.

Dilution Thread,
Cleaner

Extraction of
Pulp

Beating & Refining

Bleached pulp slurry.
Alum, Dyes, Clay,
Titanium Dioxide, added.

Pulp Beater,
Jordans
Hydrapulper,

Paper Machine

Sheet forming, Pressing,
Drying, Packaging

Through
cutting

press, drying,
packaging
process, paper products is

made in paper

and

Headbox, Dryer,
Fourdrinier,
Winder

Chemical
Recovery

Recovery Boiler &
Evaporator

To recycle and regenerate
cooking chemicals; Heat
recovery

Causticizing/Calcination

The process of converting
sodium carbonate into
sodium hydroxide.

Steam power
plant

Ancillary boiler

To service the
conventional steam power
plant

Effluent

Effluents are treated in a

None biological effluent
treatment plant
treatment plant
To produce Precipitated
Calcium Carbonate (PCC)
PCC Plant None . ..
which is an additive of
papermaking
. To provide the chemicals
Chemical L
None for papermaking (i.e. Na,S,
Plant
NaOH)
Compressors, Air
Other conditioner, Office, General areas

Canteen, Lighting

The benchmark case (Table 2.3) is used to quantify the power demand distributed
in each process. According to the benchmark facility, the typical power demand

(in %) of each process is shown in Table 2.5. The representative electrical loads
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are also presented in this table. These loads indicated in this table are mainly large
motors or heating loads. As seen in this table, the processes that consume most of

electricity include paper machine, Fiber line, chemical recovery, etc.

In summary, the typical processes shown in Table 2.4 and the distribution of
power demand shown in Table 2.5 can be used to establish the template for Kraft

paper mill facilities.

Table 2.5 Typical power demand of each process (benchmark case)

Power Demand Representative
Processes .
(%) Electrical Loads
1 Preparation of wood 5.0 Chipper, barking drum
2 Chemical recovery 15.2 Recovery boiler, evaporator
3 Power plant 3.6 Ancillary boiler
4 Extraction of pulp 13.7 Pulp beater, Hydrapulper
5 Fibreline 16.2 Digester, boiler/cooling tower
6 Paper machine 21.0 Dryer, Fourdrinier, winder
Effluent treatment
7 7.7
plant
8 PCC plant 2.4
9 Chemical plant 7.2
10 Other 8.1 Air conditioner

2.3 Electrical Systems of Paper Mills (Kraft-type)

This subsection presents a survey on the common characteristics of electrical

systems of Kraft paper mills. This survey is based on real-facility plant data,

23



technical documents, facility design manuals, and experience of electrical

engineers who are working or used to work in the paper mills. The survey intends

to provide technical evidences and support to establish a “template” for Kraft

paper mill facilities. This subsection will cover the five issues as follows.

* Source of electrical power supplies (utility / co-generation)

e Typical structures of distribution systems (i.e. connection structures, voltage
levels)

*  Typical parameters for cables and transformers

e Load composition of Kraft paper mills (induction motor / DC motors /

synchronous motors, AC/DC drives)

2.3.1 Source of Electrical Power Supplies

The electrical power consumed in a Kraft paper mills is typically a combination of

purchased power from utility and self-generated power from co-generation units.

While a few large and fortunate mills are self-sufficient in electrical power, a
number of smaller mills are totally dependent on power supplied by local utility
grid. Table 2.6 shows a survey on the co-generating units of 7 Kraft paper mills.
It’s seen that except for a few smaller mills, most of Kraft paper mills have their
own co-generating unit, and that the percentage of self-sufficiency level is ranging

from 60% to 100%.
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Table 2.6 Level of self-generated power for some Kraft paper mills

Mill Name Full Capacity | Self-Generated Percentage of
(MW) Power (MW) | Self-Sufficiency (%)
BC Mill_1990
BC, Clan;da 308 0 0
gé(e,r;rgggzntal Mill 40 o5 625
I;zi:p’leg;:;r(;gsey Falls 50 32 64
o BT R
Si Ti Kraft,
e 55 60 109.1
:gr’t?:;/r\]/;);): Pulp Mills 75 60 80
—] | wm | w
Average -- - 80

In this thesis, the average value for self-sufficiency level is taking 80%. This high
level of self-sufficiency is very common in Kraft paper mills, not only due to the
economical consideration, but also because of the motivation to utilize the

massive biomass produced from Kraft process.

Note that if the self-sufficiency level of the facility of interest is already known,
the specific plant data should be used. Otherwise, if this information is
unavailable, the self-sufficiency level for the facility model can be taken from the

80% average value.
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2.3.2 Typical Structure of Industrial Distribution Systems

Industrial distribution systems of the majority of industrial facilities have radial
(tree) configurations, as shown in Figure 2.2. For the purpose of reliability, the
electricity supply of the facility is often fed by two main transformers (i.e. T1 or
T2) with redundant capacity. Loads of different processes are connected to the
main bus by one or two service transformers (i.e. T3). At the downstream of the
radial system are multiple motors (or other types of loads) connected to the same
buses. These motors or loads are connected to either the medium-voltage bus

(2.4kV or 4.16kV) or the low-voltage bus (0.44kV).

| utlity |
Utility Bus
T1 ML\J @Gl G2 \AL\/ T2
Main Bus | | 13.8kV
| | !
Cabl
Loads Loads & A0
in in T3
Process 1 Process 2 4.16kV or 2.4kV
0.44kV
Loads in %% Eg&z
Process X

Figure 2.2 Typical structure of industrial distribution systems

Most of Kraft paper mills have co-generation system, since the process of Kraft

pulping yields a considerable amount of bio-mass, which can be used for bio-mass
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power plant (i.e. G1 and G2 are the two co-generation synchronous machines of

the bio-mass power plant).

As seen in Figure 2.2, the voltage levels of a typical industrial distribution system
are taking the below values: 13.8 kV for the main bus, 4.16 or 2.4kV for the
medium voltage bus, 0.44kV for the low voltage bus. This distribution of loads in
different voltage levels is determined based on the survey of real industrial
facilities. Table 2.7 shows the survey on distribution of loads connected to
different voltage levels, for several real-case industrial facilities [28, 38]. It is
observed that the major motor voltage levels used in the facilities are 480V/600 V,
2.4 kV, and 4.16 kV. Although 13.2-kV motors are used in some facilities, they are
not very common. Therefore, voltage level distribution in this report thereby

adopts the result as shown in Table 2.7.

Table 2.7 Distribution of loads vs. voltage levels

\oltage level 480V 2.4kV 4.16kV

Load distribution (%) 35 15 50

2.3.3 Typical Parameters of Cables and Transformers

Since the impedance of cables and transformers have an influence on the dynamic

response of the motors and other loads, we need to document the parameters of
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cables and transformers in a typical Kraft paper mill. Hereby, we utilize the data
extracted from the benchmark case (Brazilian 80MW Kraft paper mills) to build a

database of cables and transformers used at PKM facilities.

Underground cables are widely used in Kraft paper mills for power distribution.
The major types of cables and their parameters (length, size, resistance per unit
length, and resistance per unit length, voltage level, etc.) are as given in Table 2.8.
Note that only positive sequence data is documented, because the zero/positive

sequence parameters are not considered in system stability studies.

Table 2.8 Typical Parameters for Cables Used in Paper Mills

Dielectric Used on | Conductor Typical Length | R(Q/km) | X(€/km)
Rating (kV) | Bus (kV) | Size(mm?) (m)
138 138 120 1000 0.19 0.504
20 13.8 185 400-500 0.128 0.119
20 13.8 95 400-850 0.247 0.131
15 13.8 150 450 0.16 0.115
6 4.16 120 30-50 0.197 0.0997
6 4.16 95 30-50 0.247 0.103
1 0.44 300 30-50 0.0812 | 0.0836
1 0.44 240 30-50 0.0998 | 0.0843
1 0.44 185 30-50 0.129 0.0854

The typical parameters of transformers (primary-side voltage rating,
secondary-side voltage rating, positive sequence impedance Z, and X/R ratio, etc.)

are also documented in the below Table 2.9.
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Table 2.9 Typical Parameters for Cables Used in Paper Mills

Primary rated | Secondary rated | Capacity (MVA) Z(%) XIR ratio

voltage (kV) | voltage (kV)
138 13.8 100 12.5 34
13.8 4.16 3.0 7.0 10.67
13.8 4.16 6.0 7.0 12.85
13.8 4.16 9.0 8.0 15.5
13.8 4.16 5.0 7.0 12.14
13.8 2.4 2.0 6.0 7.098
13.8 2.4 3.0 7.0 10.67
13.8 0.44 2.0 6.0 7.098
13.8 0.44 1.5 6.0 7.098
13.8 0.44 1.0 5.0 5.79
13.8 0.44 0.5 5.0 3.96
4.16 0.44 0.75 5.0 3.96

2.3.4 Load Composition of Paper Mills

According to a survey [39] on motor loads conducted by U.S. Dept. of Energy
(DOE), the motor loads contribute 82% of the total electricity use in pulp and
paper industry, as seen in Figure 2.3. Since electrical motors take a dominant
position in electricity consumption, it’s very necessary to investigate the motor

composition in terms of motor type (Synchronous/Asynchronous) and drive type

(AC drive/DC drive).

Figure 2.3 Electricity usage in paper industry (Data Source: U.S. Department of
Energy Motor System Survey )

m Motor System Electricity Use

m Non-Motor System Electricity Use
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Table 2.10 and Table 2.11 present a survey on the motor composition of Kraft
paper mills. As presented, there is a considerable difference in motor composition
between older mills and newer (or recently upgraded) mills. In addition, the
electrical engineers at paper mills also support that old mills and new mills have a
completely different motor composition. For example, in an old mill, the capacity
of DC motors and synchronous motors in combine may account for up to 40% as
of total motor loads, while this number could be as small as zero in the majority of

new mills.

Table 2.10 Motor composition of older Kraft paper mill facilities

Mill Name MW | Induction Motor | DC motor Synchronous
(%0) (%) Motor (%)
BC Mill_1990* 30.8 715 17.6 10.9
Linerboard Mill_1* 55.4 60.5 17.3 22.2
Linerboard Mill_2* 113.7 74.3 10.9 14.8
Fine paper_1* 78.3 69.9 20.2 9.9
Expert estimation** \ 55.0 25.0 20.0
Template Value 65.0 20.0 15.0

*: Data provided by James Gibson, with Weyerhaeuser Paper Inc.
**: Data provided by Walter V. Jones, with TMEIC Solutions Inc.

Table 2.11 Motor composition of newer Kraft paper mill facilities

Mill Name MW Induction DC motor Synchronous
Motor (%) (%) Motor (%)
Suzano Mill* 88.0 100.0 0 0
Fray Bentos Mill [40, 41] 122.0 100.0 0 0
Simpson Tacoma Mill [42] | 55.0 100.0 0 0
Expert suggests** \ 100.0 0 0
Template Value 100.0 0 0

*: Case file provided by Tiago R. Ricciardi
**: Data provided by Mark Weaver, with Rockwell Automation
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Consequently, Kraft paper mill facilities should be classified into two

sub-cateqories, represented by two different templates. Different motor

compositions should be taken for the template of new mills and that of old mills,
respectively. In this report, the template value is chosen based on both the
real-facility data and experts’ estimation. Based on those considerations, Table
2.10 and Table 2.11 present a survey on the motor composition for typical Kraft
paper mill facilities (newer and older). The template value is estimated based on

the average of the facilities surveyed.

In addition, it is observed in Table 2.10 and Table 2.11 that the load composition
is very similar for Kraft paper mills of various sizes. This observation is consistent
with the basic assumption of template-based load models that industrial facilities

of the same type have a similar load composition and dynamic behavior.

Note that power electronic drives may be used for DC motors and induction
motors. So DC/AC drives must be included in the model. But power electronic
drives are not commonly used for synchronous motors. According to the industrial

experts, most of the synchronous motors are directly connected to the AC power

supply.

Since power electronic loads (i.e. variable frequency drives, VFD) have an
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influence on power system stability [43], we need to investigate the penetration

level of VFD in Kraft paper mill facilities.

According to a survey on VFD applications conducted by U.S. Department of
Energy in 2002, the average VFD penetration level is around 4% for a wide range
of industries. In addition, the industry experts observe that the number of VFD
loads is very few in older paper mills. This is because DC motor drives are
dominantly used in older mills for variable speed applications. In summary, the

VFD penetration level for Kraft-type of paper mills is given by Table 2.12.

Table 2.12 VFD penetration level in paper industry

Motor types Older Mills Newer Mills
Induction Motor without VFD
(% as of total HP induction motor)
Induction Motor with VFD
(% as of total HP induction motor)

100% 96%

~0% 4%

In addition, we need to know which particular process contains VFD loads.
Reference [44] provide a list of processes in paper mills that could involve VFD

loads, as seen in Table 2.13.

Table 2.13 Processes typically equipped with VFD in a paper mill (Kraft)

Processes Motors equipped with VFD
1 | Preparation of Wood Yes
2 | Chemical Recovery --
3 | Power Plant --
4 | Extraction of Pulp Yes
5 | Fibreline Yes
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6 | Paper Machine Yes
7 | Effluent Treatment Yes
8 | PCCPlant --
9 | Chemical Plant --
10 | Other --

VFD loads are simply modeled as static loads in this thesis, because there is no

well-developed model for VFD loads. For the same reason, most of
commercialized simulation software (i.e. ETAP and DIgSILENT) treats VFD

drives as transparent devices for the transient stability studies [45].

2.4 Summary of Representative Data

Based on the survey presented in this chapter, the representative data, as

summarized below, can be used to construct the template of paper mill facilities.

e The facility template has 10 processes shown in Figure 2.1; the typical loads

in each process should take the value as shown in Table 2.10.

* The template has the radial structure of distribution systems with four voltage

levels (13.8kV, 4.16kV, 2.4kV, and 0.44kV), two main transformers, and

optional co-generating synchronous machines.
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e The parameters of cables and transformers are documented in Table 2.8 and

Table 2.9.

* In the template, motor loads account for 82% of total loads, and static loads
account for 18% of the total load. The motor composition for older mills and

newer mills is taking the different values as given by Table 2.14.

Table 2.14 Motor/non-motor load composition of Kraft paper mills

Load types Type 2-Older mills Type 1-Newe'r mills
IM, without VFD (%) 53.3 78.7
IM, with VFD (%) 0 3.3
DC motor (%) 16.4 0
Syn. motor (%) 12.3 0
Static loads 18.0 18.0

* VFD loads are modeled as static loads in this report, unless a proper dynamic

load model for VFD loads is developed in the future.
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Chapter 3

Example of Modeling Paper Mills (Kraft-type)

In this chapter, a template-based approach has been established for constructing
equivalent dynamic models of paper mills. Firstly, this chapter reviews the general
procedures and requirements of the template-based load modeling method.
Secondly, the template of paper mills (Kraft type) has been constructed based on
the representative data summarized in chapter 2. The template has been used for
modeling a specific paper mill. Finally, the obtained model is further verified

through ETAP simulation and compared against the WECC guideline load model.

3.1 Template-Based Facility Modeling Method

This subsection briefly reviews the template-based load modeling method
established by reference [28] (Liang’s paper published on IEEE transaction on
Power Systems). General procedures and technical requirements of this method

are discussed.

3.1.1 General Procedures

Our extensive studies have observed that industrial facilities of the same kind
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have many commonly-shared features in their electrical system configurations.
Due to these common features, the industrial facilities of the same kind can be

represented with similar load characteristics.

Based on these considerations, reference [28] proposed a template-based load
modeling method. In this reference, “template” means the commonly-shared
features of industrial facilities of the same kind in their electrical system
configurations [28]. These common features could include, but not limited to:

* Industrial processes,

* Circuit structure,

* Load composition,

¢ Parameters of cables and transformers.

A template can be extracted from various data sources including:

Sample facilities,

Facility design manuals or technologist handbooks,

Technical database / survey,

Interview with facility electrical engineers.

The method has two general steps as follow:
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Step A: Software vendors build the template database. The Software vendors need

to develop a template database that includes the major types of large industrial

facilities. A template should contain the following components:

1) A typical single-line diagram and voltage levels of distribution systems (for

example, Figure 2.2).

2) Template scaling rules (load composition), as seen in Table 3.1.

3) Typical parameters of cables and transformers.

Table 3.1 A sample template scaling rules table

Rated loads, 480V induction motor, % | Static loads,
# | Process
% of total load of total load % of total load
Process #1 20 15 5
Process #2 45 35 10
Process #3 35 30 5
total 100 80 20

Step B: Users utilize the template to model the facility of interest (Steps are seen

in Fig.1). The procedures of Step B are shown in Figure 3.1.

User input 1: Type of Facility

v

User input 2: Size of facility (MW)

\4

Step 1: Scale the template to the given size (MW) using

template scaling rules

Step2: Aggregate the full model into a single-unit equivalence

Equivalent facility model

Figure 3.1 Procedures of Step B
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Step B.1 is to scale the template to a given size (in MW). There are two required
input: facility type (select from Table 1.1) and facility capacity (in MW). The
template of the given type should be scaled to the given size per the “template
scaling rules”, as seen in Table 3.1. Note that only the motors and loads are scaled

up or down; the cables and transformers are kept unchanged.

Step B.2 is to aggregate the full template model into a single-unit equivalence.
After the Step B.1, the scaled template may contain hundreds of motors. Using the
concept of “bottom-up” equivalence, various machines and loads can be
aggregated and represented as a systematic single-unit equivalent model, which
contains one aggregated induction motor, and/or one aggregated synchronous
motor, and one aggregated static load. The final outcome is called “Equivalent
Facility (EF) model” (Figure 3.2), which is computationally feasible for

large-scale system simulation.

Utility
Utility Bus
Gl G2
sk @ @
Main Bus | | 13.8kV

"

Induction Syncronous Static Loads
Motor Motor (Aggregated)
(Aggregated) (Aggregated)

-

Figure 3.2 Atypical Equivalent Facility (EF) model
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3.1.2 Technical Requirement

Model aggregation and system equivalence (Step B.2) is the key step of the
proposed method. This section will discuss the required techniques for
aggregating the most common load components including static loads, induction

motors, synchronous motors, and motor drives.

Aggregating static loads

Static loads of each process are added together to form a single lumped static load
for the whole facility, which is modeled as constant impedance connected to the

main bus, as calculated below.

I:)Static,TotaI + JQStatic,TotaI
ZLump = V 2

Aggregate induction motor (IM) loads

Induction motors are normally represented with circuit models as shown by
Figure 3.3. In this circuit model, “s” represents the motor slip. Most of
aggregation techniques are based on this circuit model and have been well
established and verified in existing publications. A typical example of such

techniques is given by reference [16].
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Rs Xs Xr

xm Zre
S

Figure 3.3 Circuit model of induction motors

The basic idea of reference [16] is to aggregate the models by obtaining the
equivalent circuit of a group of in-parallel circuit models. The highlight of this
idea is the introduction of an alternative equivalent circuit that replace the stator
impedance Zs (=Rs+jX;s) with a fictitious impedance Zsc, which highly facilitate the

process of model aggregation.

Zs
Zm Zr ZflC Zm Zr
[ 4 i
Regular Equivalent circuit Alternative Equivalent circuit

Figure 3.4 Alternative equivalent circuit model

According to [16], the fictitious resistance Zsc in this model can be calculated

under block rotor condition (s=1), as given by,

1 1

Z+ T 1 -1 T 1 (3.1)
—+ = 4+ + =
Zm Zr Zfic Zm Zr

Hence, the circuit parameters of aggregated model can be obtained by in-parallel

circuit equivalence as given by,
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L ZaggzL’ and Z. %9 = 1

m n 1’r n 1 fic n
: Zi _1Zi ZZI

r i=1 = fic

(3.2)

The final circuit model should be converted into the form of regular circuit model.

The aggregated stator resistance Z;*% can be obtained from (3.1).

Reference [16] has also developed a simple method to a. The aggregated slip “s”
can be obtained by equalizing between the active power of the total power (Py)
and the aggregated model (Pagg). In other words, slip “s” can be obtainable by
solving the below equation,

P () —P.=0 (3.3)

where, Pagg(s):Re(Y \/2) and Y

ot o 1S the total admittance of the circuit model

as of the function of slip “s”.

As of the mechanical loads, a simple way to aggregated them is to just summarize
them. For the inertia constant, a simple way to aggregated them is to calculate
their weighted average using their rated power (HP). Then we can obtain the
aggregated mechanical loads and inertia constant, as given by,

Toage =2 T, (3.4)

Hagg :Z I:)rate,iHi (35)

For the series impedance (transmission lines, cables and transformers) connecting

41



the induction motors, one can simply incorporate them with Zs as shown in the
circuit model as presented. In summary, this thesis will adopt this technique to

aggregate the induction model loads for model reduction.

Aggregate synchronous motor (SM) loads

The technique for aggregating Synchronous motor loads has been well established
in reference [46]. Note that the technique for aggregating synchronous motors is
not covered in this thesis, because the case study of this thesis only focuses on
modeling newer Kraft paper mills which don’t have considerable amount of
synchronous motor loads. However, if we need to model facility loads that contain
many synchronous motors, we need to include the aggregation technique

synchronous motor loads.

Aggregating Motor Drive Loads

AC/DC motor drives are widely used in the industry drive systems; however the
modeling of them is not fully studied in the past. For this reason, AC/DC drives
are simply treated as static load in the template-based models. In order to include
motor drives in the future, this thesis will discuss the modeling of DC drives in
Chapter 4. For the modeling of AC drives, there is another project (in process)

being conducted in Power Lab at University of Alberta.
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3.2 Modeling Paper Mills (Kraft-type)

In this subsection, the template of Kraft-type paper mills is constructed with the
representative data in Chapter 2. Using the template, a load model is established
for a specific paper mill facility. Finally, the established load model is verified

through ETAP simulation.

3.2.1 Establishing a Template of Kraft Paper Mills

According to the template-based load modeling method, the first procedure is to
build the template. Hence, in this subsection, the template of Kraft-type paper
mills is constructed based on the most representative data (see Chapter 2). This

template contains three parts of information as follow.

(1) Circuit structure (single-line diagrams and voltage levels). The typical data
can be obtained from the section 2.3.2. By referring to the sample systems, one
can develop a single line diagram for the template as shown in Figure 3.5. Each
subsystem (little square) in Figure 3.5 consists of a number of motors and loads

involved in an industrial process.
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Figure 3.5 A typical circuit structure in Kraft paper mills

(2) Typical parameters of cables and transformers. The cable and transformer
data has been documented in section 2.3.3. Using the typical data, one can easily
set values for the cables and transformers. Note that in the template, cables are
modeled as constant impedance, and transformers are modeled as constant

impedance plus an ideal transformer, as shown in Figure 3.6.

Ideal Transformer
% % R+jX 38/
1:n

Transformer Model as

R+jX
S E— _—

Cable

Figure 3.6 Representation of cables and transformers
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(3) Template scaling rules. Template scaling rules are developed from the load
composition data (section 2.3.4) and the data of sample facilities. Worth of
mention is that the newer mills and older mills should use different load

composition data, as shown below in Figure 3.2.

Table 3.2 Summary of Load Composition

Load types Type 1-Newer mills Type 2-Older mills
Induction Motor 77.7% 53.3%
VFD 4.3% 0
DC Drives 0 16.4%
Synchronous motor 0 12.3%
Static loads 18.0% 18.0%

Based on the above consideration, two set of template scaling rules are developed.
Table 3.3 presents the template scaling rules for newer Kraft paper mills (Type 1).
Table 3.4 presents the template scaling rules for older Kraft paper mills (Type 2).

Due to page limitation, only the newer mills (type 1) will be adopted as an

example to demonstrate the use of template scaling rules in the next section.

Table 3.3 Template scaling rules for newer Kraft paper mills (Type 1)

Rated loads, | 480V induction 2.4kV induction 4.16kV induction | Static loads,

% of total | motor, % of total | motor, % of total | motor, % of total | % of total

Process
load load load load load
None | VFD None | VFD None | VFD None
Wood
] 4.89 2.17 0.25 0 0 2.22 0 0.25
Preparation
Chemical 11.94 451 0 0 0 4.05 0 3.39
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Recovery
3 | Power Plant 3.75 1.24 0 0 0 2.51 0 0
Extraction
4 19.79 0 0 6.84 0.16 8.97 0.29 3.36
of Pulp
5 | Fibreline 12.10 3.48 0.50 3.77 0.17 4.35 0 0
Paper
6 ) 22.90 6.00 1.00 2.95 0.33 10.53 0 2.10
Machine
Effluent
7 7.98 2.75 0.50 0 0 4.57 0.17 0
Treatment
8 | PCCPlant 2.16 2.16 0 0 0 0 0 0
Chemical
9 7.58 0.80 0 0 0 0.28 0 6.50
Plant
10 | Other 6.90 2.36 0 0 0 1.99 0 2.55
Total 100.00 25.47 2.25 13.55 0.66 39.45 0.46 18.15
Table 3.4 Template scaling rules for older Kraft paper mills (Type 2)
4.16kV 480V 4.16kV
Rated loads | 480V induction 480V DC
induction  |synchronous | synchronous Static loads, %!
# Process (Real), % of | motor,% of motor, % of
motor,% of | motor,% of total motor, % of of total load
total load total load total load
total load | load total load
Wood
1 ) 6.61 1.92 1.73 1.22 0 15 0.24
Preparation
Chemical
2 9.74 3.94 3.53 0 0 0 2.27
Recovery
3 Power Plant 6.08 1.09 2.18 0 0 1.6 1.21
Extraction
4 19.48 0 6.41 1.13 4.29 4.4 3.25
of Pulp
5 Fibreline 16.3 3.04 3.47 1.41 4,29 2.2 1.89
Paper
6 20.52 5.25 8.34 0 0 49 2.03
Machine
Effluent
7 7.94 2.41 3.73 0 0 1.8 0
Treatment
8 PCC Plant 1.82 1.82 0 0 0 0 0
Chemical
9 5.23 0.71 0.24 0 0 0 4.28
Plant
10 | Other 6.28 2.07 1.74 0 0 0 2.46
Total 100 22.25 31.37 3.76 8.58 16.4 17.6
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3.2.2 Modeling a Kraft Paper Mill with the Template

Now that the construction of the template is complete, the next procedure is to
apply the template for modeling the facility of interest. According to the
template-based load modeling method, the modeling of a specific Kraft paper mill

has two steps (Figure 3.7) as follows:

User input 1: User input 2:
Type of Facility: Paper Mill Power consumption:88MW

\

Step 1: Scale the template to 88MW using template scaling rules

Template-based full (TF) model

¥

Step2 : Aggregate the full model into a single - unit equivalence

Equivalent facility (EF) model

Figure 3.7 Two steps for modeling a Kraft paper mill

Step 1: Scale the template up or down to the given size (88MW in this example).
The use of template scaling rules is simple: scaling the motors and loads up or

down, and keeping the series impedance (i.e. cables and transformers) unchanged.

After this step, a template-based full model can be obtained; one can create a case

file to represent this systematic model in the ETAP program, as shown in Figure
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3.8. Each sub-system represents a small network of motors and loads. For
example, Figure 3.9 presents the details inside a sub-system (process#1: wood
preparation). The loads and motors distributed in each process have been
summarized in Table 3.5. Due to page limitation, the size and typical parameters

of motors are not listed here.

138 kv
Genl Gen3 n2
( T1 31.6 MW 16.8 ww 97.6 W - 2
< 100 MVA ( ~) ® () 100 wva
9 : 3 z.
Wl ] sw13 -
ope y
s Open om.[

f % | [ 1 |

t

#5-Extraction of Pulp #7-Effluent Treatment #9-Chemical Plant

#2-Chemical Recovery #4-Fiberline #6-Paper Machine 48-PCC Plant #10-Others

Figure 3.8 One-line diagram for the template-based full model
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Figure 3.9 One-line diagram for one of the sub-system (Process #1-Wood
preparation)
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Table 3.5 Case-specific Template for 88MW Kraft paper mill (Type 1), in MW

Rated loads, | 480V induction 2.4kV induction 4.16kV induction | Static loads,
# Process MW motor, MW motor, MW motor, MW MW
None | VFD None | VFD None | VFD None
Wood
1 ] 4.30 1.91 0.22 0 0 1.95 0 0.22
Preparation
Chemical
2 10.51 3.97 0 0 0 3.56 0 2.98
Recovery
3 | Power Plant 3.30 1.09 0 0 0 2.21 0 0
Extraction
4 17.42 0.00 0 6.02 0.14 7.89 0.26 2.96
of Pulp
5 | Fibreline 10.65 3.06 0.44 3.32 0.15 3.83 0 0
Paper
6 ) 20.15 5.28 0.88 2.60 0.29 9.27 0 1.85
Machine
Effluent
7 7.02 2.42 0.44 0 0 4.02 0.15 0
Treatment
8 | PCCPlant 1.90 1.90 0 0 0 0 0 0
9 | Chem. Plant 6.67 0.70 0 0 0 0.25 0 5.72
10 | Other 6.07 2.08 0 0 0 1.75 0 2.24
Total 88.00 22.41 1.98 11.92 0.58 34.72 0.40 15.97

The full model could contain hundreds of motors and loads, and is not
computationally feasible for large scale system simulation. The next step is how to

reduce this full model.

Step 2: Aggregate the template-based full model into a single unit-equivalence. In
this step, using the “bottom-up” approach, one can be apply the aggregation
techniques (details in section 3.1.2) on motors and loads from the bottom level up
to the top, until single-unit equivalence is obtained. The single-unit equivalence is

called “Equivalent Facility (EF) model” in this method. The EF model consists of
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one lumped induction motor and one lumped static load, as shown in Figure 3.10.
This EF model is computationally feasible for large scale system simulation. The
parameters for the aggregated motor and static load are summarized in Table 3.6;

the parameters of the circuit model are illustrated in Figure 3.11.

ul
2500 MVAsc

138 kv

1000 m

138 kv

en
1 37.6 MA 16.8 MA 2
@ 100 Ve ? ? @ A
sW12 SW13 —
Open
13.8 kv WE“T OPE“(

Mtrl Loadl
66131 kn 27.851 Mva

Figure 3.10 Equivalent facility (EF) model of newer Kraft paper mills (Type 1)

Table 3.6 Parameters of Equivalent facility (EF) model

Induction motor Static load
Rated MW 66.13 24.22
Rated MVA 87.26 27.85
Rated kV 13.8 13.8
Power Factor (100%) 0.797 0.869
Slip 1.73 --
Rated RPM 3538 --
Full-load current (A) 3651 --
Inertia constant (s) 2.02 --
Mechanical Loads Tn(%)=100%*? -
Rs (%) 3.19 --
Xs (%) 13.92 --
Xm (%) 242.86 --
X (%) 17.28 --
R (%) 1.757 --
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Rs Xs Xr

Xm Rr

Figure 3.11 Circuit model of an induction motor
Worth of mention is that the established EF model can be readily imported into
the commercial simulation programs such as PSS/E. The static load can be
implemented with the polynomial load characteristics; the lumped induction

motor can be implemented by the CIM series induction motor load models [47].

Since some paper mills may or may not have co-generation, the generators in EF
model can be set as either in-service or out-of-service per the specific facility
configuration. The number of co-generating units can also be modified manually

per the situation of the real facility.

3.3 Simulation Results

The objective of this section is to demonstrate the accuracy and usefulness of the
established load model through ETAP simulation. For this purpose, two sets of
comparison studies are made as follows. The dynamic responses of these models

to system disturbances (such as a three-phase fault) are compared and analyzed.
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(1) Compare the template-based equivalent facility (EF) model and the
template-based full (TF) model;
(2) Compare between the real facility, equivalent facility (EF) model, and WECC

interim guideline model.

1) Comparison between EF model and TF model

A three-phase fault is applied at the 138-kV Utility Bus, for both TF model and
EF model. The fault occurs at 1.0 sec and clears at 1.25 sec with total simulation
time equal to 5 sec. The simulation is conducted using the ETAP program. The

dynamic responses of the two models for this event are presented in Figure 3.12.

Template-based Full (TF) Model Equivalent Facility (EF) Model {
80 T T T T T T T
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s
= 40k .
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5 100~ -
>
=
50 - b
r }' L r L
0 0.5 1 2.5 3 35 4
g 105 T T r . -
T
[=2]
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o
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m
>
% 95 r r r r
0 0.5 1 2.5 3 35 4

Time(sec)

Figure 3.12 Active power, reactive power, and voltage responses at transformer T1
for template-based full model and equivalent facility model
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It’s observed that there is a good agreement between the dynamic responses of the
two template-based models. This agreement confirms the accuracy and

effectiveness of model aggregation techniques as described previously.

2) Comparison between real facility, EF model and WECC guideline model

Further, in order to compare the proposed models against the existing models, we
made a comparison between Real Facility, EF Model, and WECC Guideline
Model. The description of those models is shown as follows.

* Real Facility (Benchmark Case) (80% induction motor, 20% static loads):
the detailed model for the Brazilian Kraft paper mills, which is newly
upgraded in 2006.

e WECC guideline model (20% induction motor, 80% ZIP static loads): an
interim load model recommended by WECC starting from 2001 [7]. Typical
motor data is used to construct the model.

* Template-based Equivalent Facility (EF) Model (82% induction motor, 18%
static loads): the model derived from the template, the structure of which is as

shown in Figure 3.10.

As seen in Figure 3.13, there is a good agreement in dynamic response between
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the EF Model and the real facility. However, the WECC guideline model fails to
capture the dynamic response of the real facility adequately, especially the

phenomenon of delayed voltage recovery.

{ Real Facility Template-based EF Model ——— WECC Guideline Model
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Figure 3.13 Active power, reactive power, and voltage responses at Utility main
bus for real facility, template-based EF model, and WECC guideline model

Table 3.7 explains the reason why WECC guideline model has such as big error.
As seen, the percentage of motor loads in WECC guideline model is only 1/4 of
the real facility. In comparison, the percentage of motor loads in EF model is very
accurate related to the real facility. In summary, inaccurate percentage of motor

composition is the major errors source for the WECC guideline model.
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Table 3.7 Comparison of load composition

Real Facility EF model WECC model
Motor loads 80% 82% 20%
Static loads 20% 18% 80%

In conclusion, the simulation results reveal that the proposed equivalent facility
(EF) model can accurately represent the full model. It’s also observed that EF

model is more accurate than the WECC guideline model.
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Chapter 4

Modeling and Aggregating DC Drive Loads

DC drive loads have a large population in industrial plants, especially in paper
mills. Although DC drives are getting less popular than AC drives, DC drives are
still very common in today’s paper manufacturing industry, due to their large base
number [48]. Therefore, the objective of this chapter is to discuss the issue of
modeling and aggregating DC motor drives for power system stability studies.
This chapter mainly investigates three issues: tripping criterions for DC drives,

equivalent model for ride-through DC drives, and model aggregation techniques.

4.1 Introduction

Traditionally, DC drives are treated simply as transparent devices? for the
dynamic performance simulation in most of the commercialized simulation
software (i.e. ETAP and DIgSILENT) [34]. This is because DC drives are very
sensitive to voltage disturbance, and are very likely to be tripped, subjected to

voltage disturbance.

However, it’s inappropriate to treat DC drives simply as transparent devices. The

2 |n ETAP, “transparent devices” means the load that is tripped for the during-fault period, and recovers to the
initial power consumption immediately after the fault clears.

56



behavior of DC drives can be classified into two scenarios, subjected to voltage
sags. As seen in Figure 4.1, if the voltage sag is severe, DC drives will be tripped
and should not be included in the dynamic simulation program. Otherwise, if the
voltage sag is mild, DC drives will ride through the fault and should be included
in the dynamic simulation program. Modeling of DC drives should consider both

two scenarios.

Severe Voltage Sag Mild Voltage Sag
Senserio 1: Senserio 2:
DC drives will be tripped DC Drives will ride through the Fault
DC drive should not be included in the DC drive should be included in the
dynamic simulation program dynamic simulation program

Figure 4.1 Two scenarios: DC drives responding to voltage sags

The objective of this chapter is to establish a valid load model and an aggregation
technique of DC drive loads for power system dynamic performance studies. The
following context is organized as follows. Firstly, the criterion for determining
whether a given voltage sag will trip DC drives is discussed. Secondly, the issue
of modeling ride-through DC drives as the standard transfer function model.
Thirdly, techniques for aggregating DC drive loads and incorporating cables and

transformers are discussed.

4.2 Trip-off Criterion for DC Drives
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This sub-section discusses the criterion for determining if a given voltage sag will
trip DC drives. Firstly, we present a survey on the threshold settings of DC drives’
under-voltage protection. Then, a DC drive trip curve based on the survey results
is proposed. Finally, a general procedure for dynamic simulation of DC drives is

presented.

4.2.1 Threshold Settings of DC Drives’ Undervoltage Protection

\oltage sags are normally characterized by depth and duration. In addition, other
parameters such as the imbalance, non-sinusoidal wave shapes, and phase-angle
jump also have an impact on DC motor’s dynamic response [49]. Nevertheless,
only the positive fundamental network is strictly considered, for the purpose of

power system dynamic studies (i.e., PSS/E) [50].

Therefore, this project only considers the balanced fault and investigates the
impact of depth and duration on DC drives. In addition, for the sake of simplicity,
the shape of voltage sags is considered to be rectangular in this project. This is
because the influence of the voltage sag fall and rise time on DC drive behavior is

very small and can be omitted [49].

The below four literature surveys have shown the sensitivity of DC drives
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subjected to voltage sags. The data sources cited here include product manuals of
industrial DC drives, technical and academic publications, and EPRI field

measurement data.

(1) Most of DC drive manufacturers only indicate the voltage tolerance in terms
of depth. For example, For ABB’s medium-voltage DC drive (model number DSC

800), voltage tolerance is indicated as -15 %/+10% [51].

(2) Reference [35] points out that Many DC drives are generally set to trip if the
voltage magnitude of one, two, or all of the supply phases sags below 90%. DC
drives with regenerative bridges, are especially sensitive to imbalance, and will

trip if one phase drops as little as 10% for 1-2 cycles.

(3) Reference [52] observes that DC drives are very sensitive to voltage drops,
and will trip when subjected to voltage drops to only 88% of nominal. There may

be 5 to 10 trips per year based on the utility average EPRI study.

(4) Reference [53] presents field measurement conducted in a newspaper facility
in Baltimore. The results are shown below. A sag generator is used to create sags

of different depth and duration.
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Table 4.1 Response of DC drives to voltage sags

Duration(cycles)

4/ 5| 6[10(15|20|30
Depth

90%
80%
70%
60%

I DC drive not tripped I Dc drive tripped

4.2.2 DC Drive Trip Curve

Based on the survey in the last sub-section, a recommended voltage tolerance
characteristic curve, as seen in Figure 4.2, is proposed to represent the sensitivity

of DC drive to voltage sags.
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Figure 4.2 DC drive trip curve for voltage sags due to three-phase balanced faults
(recommended)

The voltage tolerance characteristic curve is normally expressed in terms of one

pair of voltage sag magnitude/duration values. If the sag characteristic (magnitude,
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duration) is above the curve, DC drives will not trip and shall be included in the
dynamic load model; otherwise, if the sag characteristic (magnitude, duration) is
below the curve, DC drives will be tripped and won’t be included in the dynamic

load model.

The curve in Figure 4.2 is meaningful in determining if a given voltage sag will
trip DC drives. This curve shows that for voltage sags below 80% for duration
less than 5 cycles (83ms), or voltage sags below 90% for duration over 5 cycles
(83ms), DC drives will trip. Also, it’s observed that DC drives are more sensitive
and vulnerable to voltage sags as compared to the DC drive trip curves in
reference [54]. This is because DC drives don’t have any DC-link capacitors that

function as electrical energy storage devices.

4.2.3 General Procedures for DC Drive Simulation

As seen below are a list of recommended procedures for including DC drive loads

in power system dynamic simulation.

Stepl: Conduct a three-phase short-circuit study on the study system if the outage
event of interest involves a short-circuit fault. In this study, the DC drives can be

omitted since they have little contributions to the fault current. This study will
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yield a voltage sag magnitude at the DC drive’s location.

Step 2: Check the relay setting involved in clearing the fault. This setting will

provide the sag duration value for the outage event.

Step 3: The resulting sag magnitude and duration values are then compared with
the DC drive trip curve. If the point is below the curve, the DC drive will trip and

they shall not be modeled in dynamic studies.

Step 4: If the point is above the trip curve, DC drives will ride through the fault.
In this case, a detailed DC drive model may be needed for dynamic simulation.
Such a dynamic model will be developed and presented in the next section. The

technique to aggregate these models is also discussed.

4.3 Modeling Ride-Through DC Drives

In case of mild voltage sags, the DC drive may ride through the fault and must be
included in dynamic simulation model. This section discusses the issue of

modeling ride-through DC drives.

4.3.1 Description of DC Drives Adopted in This Thesis
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A typical DC drive consists of a power electronic converter and a DC motor in
series with a smoothing inductor. For most industrial applications, the power
electronic converter is a three-phase full-bridge thyristor rectifier as seen in Figure

4.3. The structure of DC Drives is based on P.C. Sen [55], P. C. Krause [56], and S.

Zhang [57].
If
Utility
Ry €
C ~-
o—— rrent Sensor <=
SCR Bridge cu IeA Senso €Y. Speed Sensor

ddg S~

Firing angle o x=0ver—load factor ®m
U [prcurrent] - s (p.u.) [ PISpeed " *
Controller ain Controller + ®m
Cosine phase angle control Speed Reference

Figure 4.3 Schematic diagram of typical DC drives

Double-loop speed control scheme is the most common method used to adjust the
speed of DC motors. Figure 4.3 shows the schematic diagram of a double-loop
speed DC drive control system. The control system consists of a Pl speed
controller (ASR) and a PI current controller (ACR). The ASR outputs the
armature current reference iy used by the current controller in order to obtain the
electromagnetic torque needed to reach the desired speed wp, . The ACR controls

the armature current iy by computing the appropriate thyristor firing angle o,

63



which generates the rectifier output voltage v4. needed to obtain the desired
armature current ig and thus the desired electromagnetic torque. Normally, cosine
control of phase angle (the procedure of “acos”) is used to maintain a linear
relationship between control signal u; and the output voltage of SCR bridge

rectifier vgc.

4.3.2 Response of Ride-Through DC Drives

To model ride-through DC drives, we need to simulate how ride-through DC
drives respond to voltage drops. The parameters for simulating DC drives are
taken from the textbook by N. Hong [58] as shown in Table 4.2. The simulation is
conducted using Simulink software (SimPowerSystem toolbox) based on a detailed
DC drive model as described in the previous subsection. This detailed model
includes the operation of switching devices in the rectifier, and the dynamics of
DC motors and circuits. In the simulation study, a three-phase balanced voltage

sag (depth: 90%, duration: 0.25 sec) is applied to the utility side of the drive at

t=0.5 sec.
Table 4.2 Simulation parameters for DC drives

Rated Power (HP) 40 Commutation Inductance L;(H) |0
Nominal Voltage (V) 220 Armature Resistance Ry (Q2) 0.21
Nominal Current (A) 136 Smoothing Inductance Ly (mH) | 20
Nominal Speed (rpm) | 1500 Mutual Inductance Ly (H) 2.621
Motor Inertia (kgm?) | 0.57 Field Current I; (A) 15
Controller parameter P1 Speed controller: K,=10.5, Ki=120.5
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PI Current controller: K,=2.48, Ki=37.3
Overload factor A=1.5

Mechanical Load TL=239.36N-m
Base Case Status 46.0kW+j27.2kVar, Supply voltage: 208V(L-L), 1500rpm
(full speed)
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Figure 4.4 Simulation block diagram of DC drives (Built in Simulink)

The simulation block diagram of DC drives is presented in Figure 4.4. The
simulation results are shown in Figure 4.5 and Figure 4.6. Figure 4.5 presents the
waveforms and RMS values for utility-side variables including line-to-ground
voltage V|4, active power P, and reactive power Q. Figure 4.6 presents the
waveforms and RMS values for DC-side variables, including output DC voltage
of bridge converter vg,, DC motor armature current igc and Motor generated
voltage ey. It’s observed that it takes more than ten cycles for a DC drive to reach

its post-fault steady state. Therefore, there’s a strong reason to represent DC

drives with dynamic characteristics.
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Figure 4.5 Utility-side waveforms and RMS values
Note that in this case of 5% voltage drop, the variation of AC/DC side current
(RMS or averaged values) is in a very small range (around 5%). Also note that the
disturbance of averaged output V. is less than 5%. As a result, it is permissible to

use the small-signal model to characterize the system dynamics.
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Waveform
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Figure 4.6 DC-side waveforms and dynamic-averaging values

It’s observed that there are some the ripples (within one cycle at t=0.5sec) in the
active and reactive power. Obviously, the ripples are not related to system
dynamics, but caused by the distortion of utility-side current waveforms at the
fault time. This is because the active and reactive power is calculated with a
running window over one cycle of the fundamental frequency, and will be

discontinuous at the edge of the current waveform.

4.3.3 Equivalent Dynamic Model for DC Drives

In this subsection, an equivalent model is proposed to simulate the DC drives for

power system dynamic performance studies. The proposed model is based on the
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three-phase full-converter DC drive (Figure 4.7) which is widely used for
adjustable speed applications in the industry. This type of DC drives is normally

equipped with speed-current double loop control systems as shown in Figure 4.8

[57].
r—— 7 | ldc Ld
| i
' & &
€a ﬂQ, Lc | Sy S3 Ss : Rq
ebC ke | |
| € Lc | | Vdc
| _ | €4
O
|
| I

Figure 4.7 Full-converter DC drive (two quadrants) with line commutation

Current
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_"’__ Kps+Kisg _//_ _ Kpe TKic S W acos ™ DC Drive
Limiter Limiter

Armature Current lgc
1/21,

A=Over-load factor

Motor Speed @n,
1w,

Figure 4.8 Control system blocks for PI current controller

An equivalent dynamic model of the DC drive can be established from the
electrical circuit equations, the control system dynamics, and the mechanical

dynamics of the DC motor. The derivation of the model is presented with details

68



in Appendix B. The model structure is shown in Figure 4.9. This model is based

on an average-value model (AVM) and can simulate a DC drive under symmetric

operation condition, i.e. a three-phase symmetric fault.

Average-Value Model of DC Drives

Power

Q

0

H (s),D(s) : 4" order Transfer Functions

™ P V- V-V, V-V,
—=|1+a, °+ + +H (s
External R { P ( J yp[ Vo ] } 0" Vi

V-V, V-V, V-V,
Network P.Q g_{]&a +ﬂ[ ]+yq( v j]+D(S) v

-V,

0

-V,

0

Figure 4.9 Equivalent model of DC drives for power system dynamic studies

(Model derivation is presented in Appendix B)

The input variable of the model is the bus voltage V (line-to-ground) at the

locations of the DC drive; the output variables are P+jQ, the active and reactive

power absorbed by the DC drive. Py, Qo, and V, are the active power, reactive

power, and bus voltage at the initial condition. H(s), D(s) are the fourth-order

transfer functions that describe the dynamic characteristics of the DC drive. The

complete expression of the model is given as follows,

Pl v V°+ﬁ V-V, +7p V-V, +H(S) -V,

PO V 0 VO VO
2 3

Q_y, aqV—VO o V-V, o, Vo) e VYo

QO VO VO VO VO

apZO, ﬂp:O, and yp:O

where,
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S,? S, P? S,' P?

a,==2, B,=-05=2-0 and y,=05-2, -0 (4.4)
Qs Y Q° Q° Q' Q’
H )= $*Ly + 5% (Ry Ve /g0 ) +5° K2 (4.5)
S'Ly +5° (KR Ry )+ 8% (KogyRyg + K I ) +5K R +K R,
D(S)__PLZS4Ld +83|:Rd _Qozvdco/Pozldco]"' N
Q°  s'Ly+5° (KR *Ry )+
+87K 2371 (4.6)
+5 (K gyRyg + K23 )+sKeq2Req+Keq3R '
_3\/6V|g0 _ AKEInKpcKps 47
eq . 4q ! Keql_ ic ' 4 ( : )
7 Al Jo,
Al K, AK 1K K.
Kego= o E (KK K Kip )y Kegs= T (4.8)

Input data that are needed to construct the equivalent model are presented as

follows:
Vigg - Utility bus voltage (base case), phase-to-ground
Po - Active power consumption of the drive (base case)
Qo - Reactive power consumption of the drive (base case)
Pn» - Rated Motor Power
In - Nominal DC-motor armature current
®n - Nominal motor speed
Ry - DC armature circuit resistance (total)
Ly - DC armature circuit inductance (total)
Kpoe - Proportional constant of Pl current controller
Kic - Integral constant of PI current controller
Kps - Proportional constant of Pl speed controller
Kis - Integral constant of Pl speed controller
A - Over-loading factor
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Ke - \oltage constant of the DC motor

J - Moment of inertia of the DC motor

The DC-side state variables for initial condition can be obtained from those input

data, as described below [55, 59].

3, _ 3«/P02+Q02
Ichz Elaco_ E— (49)

3\/Igo

W6__PR (4.10)

T /Poz i Qoz

Note that the saturation effect of the limiters in the controller blocks is

Vch =VIgO ’

disregarded. This is because only small voltage disturbances are considered in this
model. In addition, the commutating inductance L¢ resulted from cables and
transformers is disregarded. This is to avoid repeated calculation of the network
impedance because the commutation inductance of each DC drive involves the
Thevenin equivalence of the rest of the distribution network. Instead, the
commutation inductance is considered as series impedance, the effect of which is

discussed separately in the model aggregation sections.

4.3.4 Summary of Modeling Requirements and Procedures

This subsection summaries the general requirements and procedures for

constructing the equivalent dynamic model of DC drives.

Input data requirement:
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Input data required to construct the DC drive equivalent model is given by Table
4.3. Among the required input, the parameters Vg, Po, and Qo are determined by
the operating conditions of the drives. The initial conditions can be taken from
either preset values, or from the load flow results of an actual network. Typical or

sample values may be used if any of the drive parameter is unknown.

Table 4.3 Input data and typical values

Symbol Parameters Typical or Sample Value
Utility-side bus voltage User-defined (in V rms),
Y at the drive terminal, or taken from load flow results (base-case )
9 phase-to-ground  (base

case)
Real and reactive power User-defined (in kW)

Po, Qo | consumption of the drive or taken from load flow results (base-case )
(base case)

Py Motor HP (horsepower) User-defined (in HP)
Nominal DC-motor User-defined (in A)

I armature current

wn Nominal motor speed User-defined (in RPM)

DC armature circuit i . )

Ryg resistance (total) Typical value is given by Figure 4.10
DC armature circuit vV v
inductance (total), L, = 0.693'—900 =13.8—% (mH)

Lq including the smoothing 1, x5% ln
inductance and  the
motor inductance
Proportional constant of 10.5 (sample)

Koc PI current controller

K. Integral constant of PI 120.5 (sample)

' current controller
Proportional constant of 2.48 (sample)
Kos PI speed controller
K. Integral constant of PI 37.3 (sample)
° speed controller
A Over-loading factor Typical value 1.5
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P
Ke \oltage constant of the KE:KT ~_'n (V-sec)
DC motor NOX
H(insec)x P (in HP) .
o J=6.79x10* ( 2)_ n( ),lnkg-m'
3 Moment of inertia of the @,”(in rpm)
DC motor L
Typical inertia constant of DC motors:
H ~ 0.5sec [60]
S b N 1
Q:‘O
R4~0.1Q (for motors,é.‘....‘._
larger than 100HP)  :
0 i i i i i i i i i

0 20 40 60 80 100 120 140 160 180 200
Motor Size (HP)

Figure 4.10 Typical value of DC armature circuit resistance (Rq)

Some parameters of the equivalent model are not given in Table 4.3, and can be

calculated with following equations

3, _[3 «/P02+Q02
Ichz _Iaco_ s (411)
2 2 3

[s]0]
— PO
0 0
_3V6 Vio (4.13)
o A,
L AKILKGK, ALK
KoKt SR, K= (KKK, (01)
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_AK LK. K.

eq3 Tan ic” is (415)
a,=0, B,=0, and y,=0 (4.16)
2 2 2
aq:S—OZ, B= 058—— and y —058—P (4.17)
Qo Q’ Q) Q' QY

Matlab program for generating the proposed model

Appendix E presents a Matlab function “Build_DD” to convert the input data into
an equivalent model. The input of the function is an array of the parameters as
shown in Table 4.3. Two formats of input are supported in this program: standard
user input and minimal user input, as seen below. The output of the function is a
structure, which contains the parameters of the DC drive equivalent model. Please
find more details in Appendix E.

Format 1 (standard user input):

[Vieo | Po [ Qo [ Po | In [ @on | R | Lo [ Kpe | Kie | Kos [Kis| 4 [Ke | J ]

Format 2 (minimal user input):
IVIQO‘PO‘QO‘Pn‘ I ‘ CUnI

(Parameters are defined in Table 4.3)

Modeling Procedures

(1) Determine the initial operating conditions (Vig, Po, and Qo) of the DC drive

from either preset values or from load flow calculation of an actual network.
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()

(3)
(4)

(5)

(6)

Prepare the input data as specified in Table 4.3. If the detailed parameters are
unavailable, user might prepare a minimal user input (Vigo, Po, Qo, Pn, In, @n).
Enter the input data as specified in standard format (format 1) or minimal
user input (format 2) accordingly.

Run the Matlab function “Build DD”.

Save the output “DD_output” for dynamic simulation, or for model
aggregation program.

For dynamic simulation, the output DC drive model can be implemented as a
user-defined model (UDM). In some simulation software, UDM supports
transfer function models.

If the software doesn’t support UDM, one may ignore the dynamic part H(s)
& D(s), and represent DC drives simply as the static polynomial load model

(polynomial terms).

4.3.5 Model Verification

The proposed model is simulated and verified by comparing against the detailed

model. Two case studies are presented and conducted under Simulink. The

equivalent model of DC drives is represented with transfer functions plus

polynomial static load characteristics, as seen in Figure 4.11. In the simulation

study, a three-phase voltage sag (depth: 95%, duration: 15 cycles) is applied to the
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AC-side terminal of the DC drive. The fault starts at 0.5 sec and are cleared after

0.25 sec. The motor is running at 100% full speed.

PO

num _p(s)
" den_pe9 O E

H(s) dP

num _q(s)

den _q(s)
D(s)

P Al*u+A2*u”2+A3*u”3

Static

Figure 4.11 Simulation block diagram of equivalent model of DC drives

Case Study 1

Case 1 involves a 40HP DC drive (the simulation specification are given in Table
4.4). Following the given in subsection 4.3.3, the equivalent model can be
established as given by Table 4.5. Simulation results are shown for 95% voltage

sag (Figure 4.12 (a)) and 90% voltage sag (Figure 4.12 (b)).

Table 4.4 Simulation parameters for DC drives (40 HP)

Rated Power (HP) 40 Commutation Inductance L,(H) | O
Nominal Voltage (V) 220 Armature Resistance Ry (Q2) 0.21
Nominal Current (A) 136 Smoothing Inductance Ly (mH) | 20
Nominal Speed (rpm) | 1500 Mutual Inductance Ly (H) 2.621
Motor Inertia (kg'm?) | 0.57 Field Current I; (A) 15

Controller parameter P1 Speed controller: K,=10.5, Ki=120.5
P1 Current controller: K,=2.48, K;=37.3
Overload factor 1=1.5

Mechanical Load TL=239.36N'm
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Base Case Status 46.0kW+j27.2kVar, Supply voltage: 208V(L-L), 1500rpm
(full speed)

Table 4.5 Parameters of equivalent model (Case 1)

Parameters Value

Vo 1.0

Po, Qo 45.90kW, 27.2kVar
%y By 7y [0,0,0]

g By 74 [3.849, -5.484, 21.109]
H(s)

0.015s* + 1491s®+ 2.785 s>
0.015s* + 3.625 s> + 157.1 s>+ 2729s + 178e4

D(s) 0.0427 s* + 0.6828s° s* —7.936s°

0.015s* + 3.625s° + 157.1s” + 2729s + 178e4

(Note: in this Table, the symbol “e” denotes the exponential of 10. For example
“0.5e3” means 0.5*10"3.)
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\ Detailed Model ---- Proposed Model \ ‘ —— Detailed Model - -~ - Proposed Model\
(a) 95% voltage sag (b) 90% voltage sag
Figure 4.12 Comparison between the detailed model and the proposed model
(Casel)
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Good agreement between the response of the detailed model and that of the
proposed models is observed. The comparison has confirmed the accuracy and
usefulness of the proposed DC drive models. However, there are still slight
discrepancies in the active and reactive power between proposed model and

detailed model.

Case Study 2

Case 2 involves a 120HP DC drive [57] (the specifications are shown in Table
4.6). The parameters of the equivalent model can be calculated and presented in
Table 4.7. Simulation studies are conducted for 90% voltage sag (Figure 4.13(a))

and 85% voltage sag (Figure 4.13(b)).

Table 4.6 Simulation parameters for DC drives (120HP)

Rated horsepower P, (HP) | 120 Commutation Inductance L,(H) | O
Nominal Voltage V, (V) 220 Armature Resistance Ry (Q2) 0.06
Nominal Current I, (A) 462 Smoothing Inductance Lq (mH) | 4.3

Nominal Speed N, (rpm) 560 \oltage constant Kg (V.sec) 3.59

Motor Inertia J (kg:-m?) 14.7 Overload factor 4 15
Controller parameter PI Speed controller: K,=118.4, K;=1369

PI Current controller: K,=1.36, K;=0.072
Mechanical Load T.=1750N-m
Base Case Status 107.0kW+j87.4kVar, supply voltage:

208V/(L-L), 80%full speed

Table 4.7 Parameters of equivalent model (Case 2)

Parameters Value
Vo 1.0
Po, Qo 107.0kW, 87.4kVar
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By 7, [0, 0, 0]

ag By 74 [2.534, -1.944, 4.928]

H(s) 0.005 s* +0.474s® +0.874s”
0.005s* +0.57s° + 208.2s” +5.08e3s +3.21e4

D(s) -0.0077 s* +0.423s%-1.341s?
0.005s* +0.57s% + 208.2s + 5.08e3s +3.21e4

It’s shown in Figure 4.13 (a) and (b) that there is a good agreement between
detailed model and proposed model. Similar to case 1, one may observe that the
accuracy of the model under small system disturbances scenario (Figure 4.13 (a))

is slightly better than that under large system disturbances scenario (Figure 4.13
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1
3
S 095
=
0.9-
0.85—2 o5 3 o3 o5 Y 0.5 0.6 0.7 0.8 0.9 1
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P(KW)

. . . . . )
05 06 07 08 09 1 05 0.6 07 08 0.9 1

t(sec) t(sec)

100- Utility-Side Reactive Power 0 Utility-Side Reactive Power

90F

o> 70r >
60r
50 1 1 1 1 1 1 1 1 1 1 1 1
05 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
t(sec) t(sec)
[ —— Detailed Model - - - Proposed Modej | Detailed Model --- Proposed Model \
(a) 90% voltage sag (b) 85% voltage sag

Figure 4.13 Comparison between the detailed model and the proposed model
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(Case2)

In summary, for the both case 1 and case 2, one can observe that the proposed
equivalent model can capture the dynamic behavior of the detailed model
adequately. But slight discrepancy between the two models is also observed; the
discrepancy is getting larger as voltage sag goes deeper. In other words, the
equivalent model works accurately only in the case of small voltage disturbances,
which is resulted from the small-signal nature of the equivalent model. In fact, the
scenario of large voltage disturbances (over *15%) is omitted, since DC drives

will be tripped and excluded from the dynamic simulation in this case.

In addition, if voltage drops deeply (i.e. by 20%), the firing angle will reach its
lower limit. Since the proposed model doesn’t consider the effect of limiters, the
model is not able to capture the dynamic response well under this circumstance.
Figure 4.14 presents an example of large disturbance scenario where the limiter is
reached. This phenomenon is more likely to occur on DC drives with high power

factor.

However, since DC drives are usually tripped when voltage drop below 90%, we
don’t need to consider the modeling of DC drives for voltage disturbances larger
than 10%. As a result, the proposed equivalent model is sufficient to simulate the

dynamic behavior of ride-through DC drives.
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Figure 4.14 Large disturbance (80% voltage sag) scenario (case2)

Detailed Model —-— = Proposed Model |

4.4 Aggregating DC Drive Loads

This chapter mainly investigates the issue of aggregating DC drives, based on the
proposed model. Two techniques are discussed hereby: 1) Technique for
aggregating DC drives at the same bus; 2) Technique for incorporating cables and

transformers connected to the DC drives.

4.4.1 Aggregating DC Drive Loads at the Same Bus
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Figure 4.15 Aggregating a group of DC drives on the same bus

The objective of this subsection is to represent a group of DC drives on the same
as one aggregated DC drive, as shown in Figure 4.15. Firstly, suppose the load

characteristics of any single drive can be represented with:

2 3
p=R, | oy, v [V Vol ) [V Vo) VYo | (4 18)
VO VO VO VO

Q=Q, [1+aqi S, [V _V°] +74 (V\;V(’j +D, (s)VVV°] @.19)

0 VO 0 0

where, H(s) and D(s) are in the form of fourth-order transfer functions:

H ( )_ p4|S +p3|S +p2|S + p3|S+pO| (420)
q S +q3ls +q2|S +q3|S+qO|

4 3 2

W,;S™ +W,;S™+W,.S™ + W,;StW,,
4 3 2

VS 1V S +V,, 8" + VStV

D,(s) = (4.21)

Let’s first consider aggregating active power of the model. Note that the active
power Pgq for the aggregated DC drive must be equal to the sum of the active

power of all the drives before aggregation. Therefore, we obtain:

Peq:Zm:Po.llm V0° ﬂp.L V]+7pi[vvvj +H. (s) VV°] (4.22)

l 0 0 0

Then it can be simplified as,

2 3
'V =V, V-V, V=V, V-V
P, =Py |l+a ol 4 0| 421" Yo (s)| (4.23
[ P { v J n[ v ] v eq()] (429

where,
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m

z 0i P" -5 Z ﬂpi’ and 7/p’ ZPOI}/’)I (424)

er =1 er i=1 er i=1
m 1 &
Peqozz POiv and Heq(S) :P_z POiHi(S) (4-25)
i=1 eq0 i=1

For the purpose of model aggregation, we must represent Hey(s) with a
fourth-order transfer function like Hj(s). According to reference [61], any rational
transfer functions like Hi(s) can be approximated by a Taylor series about s=0 as
shown by (4.26). Note that only up to 8" order terms are kept, because only 8"
order terms are required to construct the Pade approximation of a 4™-order

rational function like Heq(S).

H. (S)— p4|S +p3ls +p2|S + plls pOI

~a,.+a.s+a,s°+..+a.s° 4.26
q S +qS|S +q2|S +ql|8+q0| a0I+81I ’ i " +a8l ( )

where, ay; are Taylor expansion coefficients as calculate by,

. 1 k
8y :&1 and a :q_{pki _thia(k—h)ij| (k=12 ..,8) (427)
oi

o h-1

With P =0, =0, Vvk>4

Therefore, Heq(S) can be approximated with power series using (4.26),

H,,(s)= Z Hi(s)— ZPO,( +a1is+a2isz+...+a8isz)(4.28)

er'l erIl

Further simplifying (4.28) vyields,
He (8) = Ay + As+AS* +..+ As® (4.29)

where,

83



A :iipmaki (k=12 ...8) (4.30)

eq0 i=1

Using Pade Approximation, Heq(s) in (4.29) can be approximated by a
fourth-order rational function as shown by,

/S D, S 4P, S* 4 BISHRY a9
0,5 +0;'5740,'s" +'s+1

Heq(s) A)+A15+Azs +.. +A85

where, p,,p,,ps,p, andq,,q,,d,,q, can be calculated from the coefficients
A1, Ay, ...Ag by solving the following linear equations (Please see details Pade

approximation in the Appendix C).
h
> Ad,—p,=0 (h=0,1,..8) (4.32)
i=0

p, =0, and g, =0 (h>8) (4.33)

Finally, the active power of the aggregated model can be represented as,

3
V- V-V, V=V V -V,
P, =Pgo|1+ Vo, + 0 OH,,(5)| (4.34
eqo{ vV [ O j 7p( VO j VO eq( ):l ( )

0

where,

H., ()= p,s'+p;s°+p,’s’ + p, s+p, (4.35)
q, 8" +0, $°+0,'s? + 0, s+q,
1 ,
a, =52 Puy: SR and ) =Y Ry, (436)
eqo i=1 er i=1 eqo i=1

Similarly, the reactive power of the aggregated model can be represented as,
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2 3
'V =V V=V, V=V, V-V,
= I+« 0+ 0| + | +D, (s)——2| (4.37
Qeq Qer[ q VO ﬁq[ VO ] 7q( VO j eq() VO ] ( )

where,

14 r .3 () ’ '
_ W, STHWS S HW, ST+ W SHW,

D, (s) (4.38)

14 r.3 r 2 ' '
Vi SV, STHY, ST+ 1V StV

aeq :izm:QOiai’ eq :izm:QOiﬂi’ and yeq :Qizm:QOiyi (439)

Qer i=1 Qeqo i=1 er i=1
4.4.2 Incorporating Series Impedance

After the DC drives connected to the same bus are aggregated into one DC drive
model (equivalent), we need to incorporate the upstream series impedance (i.e.
transmission line, cables or transformers connected to the bus) with this
equivalent model. In such a manner, the DC drive model can represented at a

higher-level bus with a new DC drive model (EM1), as seen in Figure 4.16.

Ia
Bus A PatiQa vV PatiQa A Va
A

RL+jXL

Vg New DC Drive
Bus B -
Pe +iQg l Model (EM1)

DC Drive Model

Figure 4.16 Incorporating cables or transformers with DC drive model

Incorporating Cables or Transmission Line:

Figure 4.16 illustrates a DC drive model (at Bus B) connected to the upstream bus

85



(Bus A) by an underground cable or overhead transmission line, which is
represented by the impedance (R_+jX.). Suppose the original load characteristics
at node B is given by:

AP, AV,

—HE) e L (av,), and g—%zD(s)f/—VMW(AvB), (4.40)

I:)BO BO BO BO

where, H(s) and D(s) are fourth-order transfer functions, and L(AVg), W(AVp) is

the algebra polynomial function of AVg as given by,

2 3
L(AVy) =, AVq +p, (AVB] +7, (AVBJ (4.41)
VBO VBO VBO
AV AV, (AavY
W (AVg) = o, —° +ﬁq( B} +yq[ Bj (4.42)
VBO VBO VBO

According to power invariant property, the active power observed at Bus A is
equal to the sum of the active power observed at Bus A and power loss in the
resistor R.. (Calculated in three phases)

P2 +Qy°

P,~P, +
A~ g e

R, (4.43)

Similarly, the reactive power observed at Bus A is given by,

P2 +Q,°

Qu~Qg+ V.2 X, (4.44)
B

For a small voltage drop AVa at the Bus A, taking the total derivative of (4.43),
and (4.44), one can obtain the change in active and reactive power observed at

Bus A, as shown by,

86



1+ 2RPs 2R Qy 2R Sa’

2 2 3
(APA j — WBO 3\/B0 (APB j‘l‘ WBO AVB (4'45)
AQA ZXLPBO 1+ 2XLQBO AQB 'ZXLSBOZ
3\/802 3\/BOZ 3\/503
Substituting (4.40) into (4.45) vyields,
PBOa _ZRLSBOZ ) s
(R o Gl e e
AQA KZ(S) VBO Q a _ZXLSBOZ VB() QBOﬂq VBO QBqu VBO
B0™q 3\/ 2
BO
where,
2R P, ? 2R Q,,°
K. (S)=| Py +—=B8% | H(s)+| —=—=B% ID(s 4.47
1()[50 3\,} ()[3\/802] ©) (4.47)
2X, P, 2 2X,Q,,°
K (s):(JJH(S){Q +Aj D(s) (4.48)
’ 3VBO2 % 3\/802

According to reference [62], for two buses that are connected by an impedance
R.+jX., and with a delivered power of P,+jQg, the difference of voltage

magnitude (phase-to-ground) between Bus A and Bus B can be expressed by,

+ PBRL +QBXL

V, =V, ey
B

(4.49)

where, P, Q are total-three-phase variables, and V,, Vg are phase voltage.

Taking total derivative of (4.49) yields,

AV, ~ AP+ 2 AQB+(1
3\/BO 3\/80

_ PBORL +QBOXL
502

jAVB (4.50)

For the convenience of model reduction, we assume a linear relationship between
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AV and AVg. Hence, we will neglect the 2™ and 3" order polynomial terms and

the dynamic part of APg and AQg as given by (4.50). In such a manner, one can

obtain:
R AV X AV PR +Q, X
AV ~—L p 2Ve |4 AL 2V 4180 T B0 |Ay 4.51
A 3\/80 BOGP(VBOJ 3\/80 QBoaq(VBOJ ( 3VB02 J ° ( )
Simplifying (4.51) vyields,
AV, AV, (4.52)
where,
P. R X, 1"
n= {1+(o¢p ~1) 2L +(a, —1)QL;} (4.53)
3\/80 BO

Combining (4.46) and (4.52) vyields,

2 3
iPA @) @VA ra, @VB . ﬁp,ﬁ/ij +yp,£Aij (454)

A0 A0 BO BO

2 3
A% _jo ey g Vs, g (f/VB] vy (A—VBJ (4.55)
BO

where,

2 2
G(s)= L0 {i + 2R P J H (g)+ Nas [ZRLQgO j D(s)  (456)
PAO VBO 3\/BO PAO

2 2
J(s)= N o EZXLP‘?,P J H (s)+ Mg (QBO + 2XLQ§° j D(s) (4.57)
QAO 3VBO QAO VBO 3VBO

2 3
r NV [ P 2R Sgy’ r (Ve | P P [V | P
% = Vn:;0 (PLOQP_WLZEO A vl ey A A vl =i £ (4.58)

A0 BO " A0

2 3

' UVAO(QBO 2XLSBOZJ ' [ﬂVAOJ Qeo ' (’7%«0] Qeo 4.59

oy =2 e, - By = B 7y = 2y, (459
T Vao (Qu ! Ve Quo ! v !



Note that H(s) and D(s) are fourth-order transfer functions. Recall that in the
previous section, we proposed a technique to approximate the sum of a number of
fourth-order transfer functions using an equivalent transfer function in the same
order. As a result, G(s) and J(s) can be approximated with a new fourth-order

transfer functions in the form of,

G (5) = PeS RS R, S Py sy (4.60)
05" +0;'5°+0,'s” + 0y 's+q,

14 r 3 r 2 ’ ’
W, 8" +HW, ST +HW, S° + W, SHW, (4.61)

Jeq(S)z !4+ r3+ r 2 r+ ’
Vyi S 1V, STV, ST 4V, StV

Consequently, the final DC drive model with the cable cooperated can be

represented with the following equations,

) -
i:[jH ’V v VAO +ﬂ (VA _VAO] +}/p’(VA _VAOJ +Geq(S) v AO (4 62)
0

A AO VAO VAO ) A0
, -
Qu = It ,V Va—Vao +4, (VA e J + 7‘4' [MJ e (S)V m (4.63)
Qo Vo Vao Vo Vio

where, the coefficients («, S, y) are given in (4.58) (4.59).

Incorporating Transformers:

Figure 4.17 illustrates a step-down transformer (ratio 1:n) that supplies multiple
DC drives connected to the same bus. Using the methods in the sub-section 4.1,
the DC drives have been aggregated into one lumped DC drive model. In this

figure, a transformer can be represented with an ideal transformer and a leakage
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inductor jXt, as seen in Figure 4.17. The nominal voltage of the primary side is

donated as V4 and the nominal voltage of the secondary side is donated as Vg.

. Iy . I
PatiQa PitiQa Va
VA [r—
I : | ) Iy
| Xr | Tranformer P, +jQ,
| - - "
: A | Xr
| Ln Ideal |
xfmr Ty New DC Drive
o~ _VJB P +1Qp vieVe Model (EM2)
P +iQ, ! J S
Lumped DC Lumped DC Drive
Drive Model Model (EM1)

Figure 4.17 Incorporating transformers with DC drive model

The proposed method has been divided into two steps as described as follows.

Step 1: The first step is to incorporate the ideal transformer by referring the DC
drive model to the primary side. For an ideal transformer, the active/reactive
power loss is zero and the voltage relationship is linear. Suppose the original load

dynamics at node B is given by:

2 3
i{lmp Ve Ve +p, (VB _VBOJ +7, (V—BV_VBOJ ]+G(3)V—BV_VB° (64)

BO BO VBO BO BO

Therefore, from the primary side, one can obtain Pg'=Pg. Then we have,

2 3
P_B: 1+ Ve _YBO +pr [VB —Vio J +7, (VB _YBO J +G(S)VB _YBO (65)
Vv

' p ’
PBO VBO VBO VBO

BO

where, Vg, =Vg, /N and Vg =V;/n.
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Consequently, the model given by step 1 (EM1) can be simply obtained by
replacing the initial-condition voltage Vg with (Vg/n), and Vg’ with (Vg’/n). In
other words, the parameters [H(s) D(s) « B y] won’t change when the ideal

transformer is incorporated.

Step 2: incorporating the leakage inductor jXr. The technique to incorporate
leakage inductor is exactly the same as incorporating a cable with the same
impedance. One can obtain the final equivalent model (EM2) using the technique

for incorporating cables.

443 Case Studies

In this sub-section, two comprehensive case studies are presented to verify the
proposed aggregation techniques. Appendix E presents a package of Matlab
functions to implement the proposed aggregation techniques. These Matlab
functions can be utilized as elementary modules, which the users can use to
develop a case-specific aggregation program. The aggregation program may be
developed based on the concept of bottom-up approaches. The bottom-up
approach allows the user to apply equivalence techniques from the bottom level
up to the top level until a single-unit model is obtained. Please see Appendix E for

more details.
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Description of Simulation Setup

Simulation study is used to compare the dynamic response of the original models
and the aggregated model. For this purpose, a voltage sag (sag depth: 90%,
duration: 15 cycles) is applied to the main bus. The dynamic response of the
active and reactive power Py and Qq is used to compare the original models and
the aggregated model. Figure 4.18 illustrates the comparison study between

original models and the aggregated model.

Voltage Sag Voltage Sag

P+ Quot T Prot+]Qtot T

A network system which contains a
number of DC drives

~4—Compare—p A single-unit
equivalence (DD_T)

Original Models

Aggregated Model
Figure 4.18 Comparison between original models and aggregated model

Case studies are conducted using Simulink software (SimPowerSystem toolbox).
In the simulation study, each DC drive (for the original models and aggregated
model) is represented with the proposed equivalent model, which is implemented
with the “user-defined dynamic load model” block. The active and reactive power
of this block is controlled by the proposed equivalent model as shown in Figure

4.19.
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e, mp
s

l Three-phase dynamic
< o v load model

Proposed
equivalent model

L5

Figure 4.19 Representation of one single DC drive

Trarsier functon Mooe!

Case 1. Aggregating the DC drive models at the same bus

Figure 4.20 present the schematic diagram of case 1, in which a group of DC
drives (DD1~DD4) are connected to the same bus. The aggregated model is
represented with “DD_T”. The specifications for the original model are attached
in the Appendix C. The specifications for the aggregated model are given in the

Table 4.8.

Original Model Aggregated Model

ProttjQtot .
Busl 208V Bust 208V | eIQu

_— e ,— e | —_—— ] _—— e —

| DD1 DD2 DD3 DD4 Aggregate > bD_T

Figure 4.20 Schematic diagram (Case 1)
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Table 4.8 Parameters of the aggregated model (Case 1)

Parameters Value

Vo 1.0

Po, Qo 142.13kW, 133.42kVar
Ay Por 7 [0,0,0]

g By 74 [2.2199, -1.5861, 4.4620]
H(s)

s*+ 25308+ 35485’
s*+ 157.20 s> +5.28e3 s° + 7.61e4 s + 4.014e5

D) 1.225* + 19458 §° —553.452

s*+ 987.24 s+ 432e4s*+ 7.62e5s + 4.67e6

Figure 4.21 (a) presents the comparison between the original model and the
aggregated model in terms of the dynamic response (Pt and Qo) Subjected to a
voltage sag of 90%. The simulation result shows that there’s a good agreement
between the dynamic response of aggregated model and that of the original

models.

It’s also observed that there’s some discrepancy between the aggregated model
and original model. Figure 4.21 (b) reveals that the discrepancy can be reduced
without using the order-reduction technique. This result is meaningful in revealing

that the order-reduced technique is the major source of the model errors.

94



Utility-Side Voltage Utility-Side Voltage

1.1
3 1 — i
e ]
% 09 >
0. . : : : : ] 05 0.6 0.7 0.8 0.9 1
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160 Utility-Side Active Power Utility-Side Active Power
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120——t . . . . ,
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t(sec) t(sec)
140 Utility-Side Reactive Power Utility-Side Reactive Power
T 124 =
© I
& 100 7
8 . . . . . ,
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 038 0.9 1
t(sec) t(sec)
|7 Original Model —— Aggregated Model (DD_T)' |7 Original Model —— Aggregated Model (DD_T)'
(a) with order-reduction techniques (b) without order-reduction techniques

Figure 4.21 Comparison between the individual models and the aggregated model
(Case 1)

Case 2. Aggregating DC drive models at the different buses

Figure 4.22 shows the schematic diagram of a 6-bus comprehensive industrial
system containing DC drive loads. The detailed specifications are attached in the

Appendix C. The specification of

In the system, DD1~DD4 are DC drive loads which are represented with proposed
equivalence models. Using the proposed aggregation techniques, this
comprehensive system can be aggregated and represent with one lumped DC

drive model DD _T.
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Original Modal Aggregated Modal

Protr+jQtot _

Busl | 7.2kV Prott]Qrot
- — — - T T T Busl 7.2kV
| T1 500kVA |
| Bus2 208V DD T
| Aggregate ~

Cable 1 Cable 2 Cable 3
| Bus3 208V Bus4 Bus5 208V|
| | | | |
DD1 DD2 DD3 DD4 |

Figure 4.22 Schematic diagram (Case 2)

Table 4.9 Parameters of the aggregated model (Case 2)

Parameters Value

Vo 1.0

Po, Qo 150.49kW, 136.77kVar
s By 7, [0, 0, 0]

g By 74 [2.192, -1.622, 4.799]
H(s)

s*+ 2557 s® + 3388 52
s*+ 14560 s® +4.83e3s° + 6.94e4 s + 3.66e5

D(s) -119s* + 278.35s° —695.65s°

s*+ 12661+ 557e4 s°+ 985e5s + 6.02e6

In order to test the aggregated model (DD _T), a 90% voltage sag is applied to the
main bus. Figure 4.23 (a) presents the comparison between the original models

and the aggregated model.
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‘ Original Models Aggregated Model (DD_T) ‘ ‘ Original Models Aggregated Model (DD_T) ‘
(a) with order-reduction techniques (b) without order-reduction techniques

Figure 4.23 Comparison between the individual models and the equivalent circuit
model (Case 2)

The simulation result has revealed that the aggregated model can sufficiently
capture the dynamic characteristics of the the original models. One may observe
some discrepancies between aggregated model and original model. In comparison,
the simulation result without the order-reduction technique (Figure 4.23 (b)) has a
better accuracy. This study result also reveals that the order-reduction technique
can lead to the loss in model accuracy. In addition, other minor source of errors

can be the simplifying conditions assumed in incorporating series impedance.

4.5 Summary
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This chapter investigates the issue of modeling and aggregating DC motor drives
for power system dynamic performance studies. The major achievement of this

chapter is summarized as below:

* A DC drive trip curve is proposed to determine if a given voltage sag will

cause nuisance tripping of DC drives.

e For the ride-through DC drives, a dynamic load model is proposed, which is
based on the average-value model (AVM) of DC drives and in the form of

fourth-order transfer functions.

e Techniques to aggregate DC drive loads at the same bus and to incorporate
cables and transformers with the proposed models are proposed and verified
through the simulation studies. It’s found that the order-reduction technique is

the major source of errors.
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Chapter 5
A Synchrophasor-Based Technique for Analysis and

Monitoring of Small-Signal Angle Stability

This chapter presents another stability-related project conducted during my
Master period. Some of this chapter are taken from reference [63], one of my
unpublished paper. This chapter mainly develops a synchrophasor-based

technique for analysis and monitoring of small-signal angle stability.

5.1 Introduction

With the increasing installations of phasor measurement units (PMU), a large
amount of phasor data, which have the great potential to enhance the situational
awareness of power systems, are available. To fulfill the potential of phasor data,
this chapter presents a new real-time method for analysis and monitoring of
small-signal angle stability. This method is based on real-time phasor data and a
new network decoupling transform, which is called Channel Components

Transform (CCT).

The CCT is conceived from the observation that a power network can be

represented as a multi-node, multi-branch Thé&venin equivalent circuit, which in
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turn can be eigen-decomposed into a set of two-node, single-branch equivalent

circuits (the channels). Since these channels are very simple power systems, they

can be used to readily and analytically extract valuable information regarding the

stability conditions of complex networks in real-time.

This CCT technique has been successfully applied to monitor and analyze voltage

stability in reference [64]. In this chapter, the CCT is applied to analyze the

small-signal angle stability. The major advantage of the proposed method is that

the transformation of a complex power network into a set of elementary

decoupled circuits facilitates considerably the small-signal angle stability analysis.

5.2 Basic Ideas of Proposed Method

5.2.1 Mathematical Basis of Channel Component Transform

A general multi-machine power network, as shown in Figure 5.1(a), consists of

n+1 generators, m loads and p lines. This network can then be represented by a

Thevenin equivalent circuit model as given by,

or,

V]
G kl le Z12
V. .z, 2
G 2 21 22
= Vs
7 k z, Z
_VGn | n nl n2
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NG] = [K]'\?s +[Z]'[re] (5.2)
where, VGn and fGn denotes the voltage and current phasors at the n-th generation
bus, respectively, Vs denotes the voltage phasor at the reference bus (normally
an extremely large power plant or a large external power system), and [Z] donates
the nodal impedance matrix of the power network. The [Z] matrix can contain
many components as transmission lines, transformers, all the loads modeled as

constant impedance and even the generator internal impedances.

1
-
— =10
Vg, N . Ji
GO vf—:
O R
Vo Ot —1
© Power H CCT' 5
Network
7 Ve, ) : )
' U, 5 by
1 An
I - of==+to

Real System Domain (a) Channel Domain (b)

Figure 5.1 A general electric power network and its representation in the channel
domain

Applying the eigen-decomposition of matrix [Z] in (5.2) vyields:
[Z]=[T]"-[A]-[T] (5.3)
where [4] and [T] are the eigenvalues and eigenvectors matrices of [Z],

respectively. Substituting (5.3) into (5.2) yields:
Vo1=[K1-Vs +([T1*-[A]-[T1)- 1] (5.4)

Multiplying [T] on the both sides of (5.4) yields:
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[T1-NVe1=[T1-[K1 Vs +[A]-[T]-[f¢] (5.5)

Equation (5.5) can be simply represented as:

[U1=[F1+[A]-[J] (5.6)

or,

U] [R]l T4 0o o 07d]

il 1Bl o 0 o0/l

Yol P 4|0 4 % (5.7)

: "o o

G6.| |g| Lo o W03,
where,

U= [T]VG donates the generators voltage phasors (channel systems)

F

[T][K]Vs donates the reference voltage phasors (channel systems)

J= [T] |, donates the generators current phasors (channel systems)

The results in (5.7) are essentially equivalent to a group of Single-Machine
Infinite-Bus (SMIB) systems, as shown in Figure 5.1(b). In this method, each
SMIB system is corresponding to a “channel”. These SMIB systems are called

“channel systems”.

Therefore, applying this transformation, a complex network of n+1 generators, m
loads, p lines can now be represented by a set of n two-node, single-branch

equivalent circuits (the channels), which can be further simplified for angle
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stability analysis to a Single-Machine Infinite-Bus (SMIB) system. Since these
SMIB systems are simpler, important information can be readily and analytically

extracted about the angle stability, as will be discussed in the next subsection.

Note that, in the equation (5.2), all the loads were represented by a constant
impedance model so that they were included into the impedance matrix and a
model reduced to the generator buses was used to simplify the explanations. Later,

a more complex model for the load will be discussed.

5.2.2 Appling CCT for Small-Signal Angle Stability Study

This subsection briefly discusses how the channel systems can be used for
small-signal angle stability analysis and monitoring. As a comprehensive example,
the simple 3-bus, 3-generator system shown in Figure 5.2 (a) will be used. The
data of this comprehensive system is summarized in Table 5.1. Using the CCT
technique introduced in the previous subsection, we can obtain the corresponding

channel systems as seen in Figure 5.2 (b).

Table 5.1 Test system parameters

P 1.2 pu 2H; 10.0s
P, 1.2 pu 2H, 10.0s
V1 1.0 pu 2H; 50.0s
V, 1.0 pu Z1o j0.8162 pu
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Vs 1.0.£0.0°pu Zi | j0.5632 pu
D1,2,3 0 Zx j07022 pu

0.150,114.9° 0.064 £0°

0.119]
U

1 Fl

1.435,48.8 1.48420°

<:>_>_lo'. 5'8'8‘—(j :) CH#2

u, F,

Reference bus

(@) real system (b) channel systems
Figure 5.2 A simple comprehensive 3-bus, 3-generator system
Since this system has 3 generators, the application of the CCT decouples the real
system into two SMIB systems in the channel domain, which are called Channel 1
(CH#1) and Channel 2 (CH#2). The parameters of the channel systems are given

in the circuit diagram in Figure 5.2 (b).

With regard to the two SMIB systems in Figure 5.2 (b), the transfer power of
generators can be characterized by the traditional P& curves:
U,

where, Pcy; is the active power transferred by the i-th channel, -4 is the angle

U U A F
PCHi:ReaI{Ui-Ji} 7 L cos(2£4) - |cos(5CH +2%4)  (58)

of the impedance of the i-th channel, and Jcy; is the angle difference between the

~

voltage phasors of the i-th channel, i.e. &, =£U, - 2ZF.

Using (5.8), P curves for each channel can be obtained. Figure 5.3 shows the P3
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curves for the channel systems seen in Figure 5.2 (b). The operating points of each

channels related to the base case are represented by blue dots.

CHANNEL 1 CHANNEL 2
0.07 T T 3.5 T T
0.06 - N 3r -
0.05 N 25 N
= 0.04 - = 2r N
= =
g g
& 0.031 g 1.5 -
0.02 - A 1k -1
0.01 -~ A 0.5 -1
0 r r r 0 r r r
o] 50 100 150 0 50 100 150
3 [degrees] S [degrees]

Figure 5.3 P& curves of channel systems

It’s observed in extensive simulation studies that the real system is stable if all the

corresponding channel systems are stable. (This observation will be verified in

our following subsection) Recall that for the criterion for small-signal stability of
a SMIB system is given by:

dP
—>0 59

s (5.9)
According to this criterion, the Po curves in Figure 5.3 reveal that both of the

SMIB channel systems are small-signal stable, indicating that the base case of the

comprehensive system in Figure 5.2 (a) is stable as well.

The correlation between the real system and the channel systems will be
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confirmed by modal analysis of the real system, as described below.

¢ The most critical eigenvalue of the state matrix [A] is used as the stability
indicator of the real system.

+ The operating points of channel P curves are used as the stability indicator
of the channel systems.

+ In order to obtain a trajectory of operating points for comparison, the system
generation was gradually increased and, for each new operation point, the
channel PS5 curves and the eigenvalue of the state matrix [A] of the real

system were calculated.

Figure 5.4 shows the trajectory of the eigenvalues of the matrix [A]. In this figure,
green dots represent stable operating points (all the eigenvalues of state matrix [A]
have negative real parts) and red crosses represent unstable operating points (there

is at least one eigenvalue of state matrix [A] that has a positive real part).
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EigenValues of [A]

10 L L U U L L U
8 [ -
6 - -
4+ -
> 2r y
o
2
5 Or ® ® ® ® -
< — >
= oL i
Increasing Power Dispatch
4~ -
6 i
8+ i
_lO r r r r r r r n
-0.5 0 0.5 1 15 2 25 3 35

REAL

Figure 5.4 Most critical eigenvalue of state matrix [A]

Figure 5.5 shows the channel P& curves and the operating points for successive
increases in the generation of the channel systems. Note that when the operating
conditions changes in the real system, in the channel domain, the generators
voltage phasors also change since they are defined by [U] =[F]-NG]. Therefore,
instead of a single Pd curve, one has a family of P6 curves in the channel domain,
one for each operating condition of the real system. In addition, in these figures,
green dots represent stable operating points and red crosses represent unstable

operating points as determined by the modal analysis of the real system.
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Figure 5.5 Operating points of channel P& curves

Figure 5.4 and Figure 5.5 together have reveal that, when one eigenvalue moves
to the right part of the real-imaginary plan, the operating point of one channel
(Channel 2) moves to the right part of the Pd curve. Therefore, the monitoring of
the operating points into the channel domain was able to predict the behavior of

the real system.

An analytical stability index in the channel system can be derived based on the
signal of the sensitivity Scy=0Pcn/0dcn, as for any SMIB system. If Scy is
positive for a given operating point, this point is stable (i.e., it is located in the left
side of the corresponding channel P curve). Otherwise, if Scy IS negative, the

operating point is unstable. The sensitivity Scy is analytically given by:

aPCHi ‘Lj' Ifi .
Sen 265CHi = Sin( Sy, + £4) (5.10)
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Figure 5.1 shows the comparison of the real part of the critical eigenvalue of the
state matrix [A] of the real system and the channel index Scy of Channel 2, which
is defined as the critical channel (as will be discussed in the next section), for
different system generation level £. For the real system, the operating points and
the generation increase pattern was determined by using a continuation power

flow.

Table 5.2 Small-signal stability limits given by the real system index and
by the channel system index

Generation Real System Index | Channel System Index
Level g Real(eig([A])) (OPch/0dch.)
1.2887 0.0000 0.2400
1.3174 0.0000 0.1283
1.3293 0.0000 0.0171
1.3251 1.5766 -0.0923
1.3058 2.3747 -0.1985
1.2726 2.9440 -0.3003

From this table, one can see that the proposed index is able to determine the
maximum stability limit with good accuracy, as compared. More details and

validations will be presented in the next sub-sections.

5.3 Issues for Practical Implementation

In order to apply the proposed technique to the practical power systems, more

issues for practical implementation should be considered. This subsection will
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discuss the essential issues for practical implementation such as decoupling
generators in channels, selecting load models, and identifying critical channels for

stability analysis.

5.3.1 Generator Decoupling Technique

Although the CCT decouples the transmission network into several independent
channel circuits, when it is applied to the generators, which are already physically
decoupled in the real domain, the channel generators becomes coupled. This
coupling can be better understood by representing the generators, which are
modeled as PV buses, by an equivalent variable shunt negative admittance Y.
Thus, just for the reason of the easy explanation, we can represent the PV buses as
an equivalent admittance, as follows.
[ic1=[Ys] Ve (5.11)

where, [Y¢] is a diagonal matrix and each diagonal element can be calculated by

Yaii = —Pcil|Vail® + jQail|Vail.

Figure 5.6 Negative admittance equivalence of PV generator
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Applying CCT on the both sides of (5.11) vyields:

[T1-0061=(IT1-[Ye ]-[TT)-[T1-Vs]

Then,
[31=[Y.]-U]
or,
J, Yerr Yo, o Yo || Uy
| _[Yeu Yoz = Yo || Ue
‘]M YCMl Y(:M2 YCMM UM

Although [Y¢] is a diagonal matrix, representing the generators decoupling in the

real domain, [Yc] is a full matrix, representing the generators coupling in the

channel domain.

Our observation reveals that the generators coupling in the channel domain is very
weak, but still causes unpredicted behavior of channel systems. In order to solve
this problem, the proposed solution is to represent the coupling from all others
channels into each channel generators by a Norton Equivalent Circuit, as shown in
Figure 5.7, since for the i-th channel the coupling depends only of the others j-th

channels, with i#/. Thus, mathematically, Equation (5.14) can be decomposed as

follows:
Yeu O -+ 0 0 VYep
|| O Y O 0
0 0 Yol [Yeu Y

or,
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Ji=Jg +3, =diag([Y,])- U1+, (5.16)
where,

[Jo1=diag([Y])-[U] (5.17)
[Jc]1=[J]-diag ([ Y ])-[U] (5.18)

i 8
If

Figure 5.7 Channel generator represented by the Norton Equivalent

By converting the admittance Yc; back into PV bus, the equivalent circuit for
channel systems is obtained in Figure 5.8 (a). For the reason of simplicity,
Thevenin equivalence is applied to the dashed box as seen in Figure 5.8 (a). Then
the voltage of the reference bus is modified as F,; =F +4J;. As seen in Figure
5.8 (b), the final equivalent circuit is therefore obtained, which has no generator

coupling in channel domain.

-_— Y= — - — — = —

G;i
Feq,— =F+ A.'JC,

(a) Current sources equivalent circuit (b) Final equivalent circuit

Figure 5.8 Equivalent circuit for i channel system

In summary, the procedures to decouple the generators in channel domain are

given as follows:
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Step 1: Calculate the equivalent negative admittances Y for each PV bus in real
system;

Step 2: Obtain [Yc] using the equation[Y, | =[T1[Ys ][T1T™;

Step 3: Compute [Jc] using [J.]1=[J]-diag([Y.])-[V1;

Step 4: Compute the modified channel reference voltage F,;

=k +4J,, and

obtain the final equivalent circuit as seen in Figure 5.8 (b);
5.3.2 Load Model Selection

In the previous explanation, the load are converted to constant impedance and
integrated into the [Z] matrix as given in equation (5.2). However, it is well
recognized that the load model has a large impact on the angle stability analysis.
On the other hand, accurate representation of all loads in a large system is
impractical due to lack of adequate load information. Therefore, it is
recommended by IEEE in reference [65] that the load for small-signal stability
analysis be modeled as Z-1 model. Z-1 model assumes that the active power of
loads is modeled as constant current source (I), and that the reactive power of
loads is modeled as constant impedance (Z). Thus, for a PQ load bus, its circuit

representation seen in Figure 5.9 is given by:

[11=—([11+ Y] - M) (5.19)

where,

113



Yo, =—j& I, =——=P (5.20)

Figure 5.9 Converting PQ load to Z-1 model

In order to include this load model into the network equation (5.2) as presented in
subsection 5.2, equation (5.2) should be rewritten as follows:
Nel=NVI+Z2]-[fc] (5.21)
where,
Vel = 1K1V, +121- N 1 (Yo 1+ Yig]) L]
[KI =121 Yee] D] (VT4 [Yeo) IYi)

-1

-1
121~ (YeaT-De (Mo +Dig]) ¥ )
The admittance sub-matrixes Yo, Yas, Yo, YiL, Yis, and Y g are obtained from

the nodal network equations:

[Ii'-] [YLL] [YLS] [YLG] [\{L]
[Is] = [YSL] [Yss] [YSG] ) [Vs] (5-22)
(1] WYe]l [Mas] Yool |[V,]

and, the load constant susceptances and currents are put as,

[Y,o] = diag (Yiq, Vi, - Vio,
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LR

[ILP =

—

LR,

5.3.3 Critical Channel Identification

Although CCT can decouple the complicated power network into a family of
SMIB channel systems, it’s not necessary to monitor the behavior of all the
channel systems. This is because only a channel or a few channels are responsible

for transferring most of the power in the channel domain.

For example, for the case analyzed in Subsection 5.2.2, one can see that Channel
2 transfer much more power than Channel 1, as seen in Figure 5.10. Thus, only
Channel 2 must be monitored to infer about the stability of the real system, as can

be seen in Figure 5.5.
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Figure 5.10 Critical channel identification of comprehensive system
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Figure 5.11 Transferring power of channels (IEEE 300 bus system)

Another example is the IEEE 300 Bus system with 69 generators (therefore 68
channels). Figure 5.11 shows the power transfer of the channel systems. It’s
observed that only 4 channels are responsible for transferring more than 95% of
all power in the channel domain. Hence, only these channels must be monitored to

analyze the small-signal angle stability of the real network.
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Consequently, only the channel or a set of channels with considerably large power
transfer limit must be monitored to analyze the small-signal angle stability of the
real network. These channels are called “critical channels”, which contribute to

the real system’s stability most effectively.

Another possibility of defining the critical channels is based on the stability
margin by using the Po curves. The channels with the smallest stability margin are
defined as “critical channels”, which must be monitored. Based on the example of
the 3-generator system, the stability margin in the channel domain can be defined

as:

M, = 2P 10006= Tin =P 1000 (5.23)

S
| Pbase | | Pbase |

Our experience with several different systems is that any of the previous criteria,
i.e., power transfer limit or stability margin, will select the same critical channels.
So that the criteria based on power transfer limit will be used to identify the

critical channels in the rest of this work.
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Figure 5.12 Representation of the stability margin in the channel domain

5.4 General Procedures

Based on the previous sections, the general procedure to use the CCT for

small-signal stability analysis and monitoring can be summarized as follows:

Step 1. Obtain [Z] and [K] from the network bus nodal admittance matrix [Y] and

from the load parameters [Y, o] and [Tp];

Step 2: Compute the transform [T] and the channel impedance matrix [A] — since
this transform depends only on the network impedance and load parameters, it

should be recomputed only when there is a change in the loading or network

topology.

Step 3: Obtain the phasor voltages in the generators buses and in the slack bus.
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These voltages can be measured by PMUs or collected from modern EMSs in real
time. If the method is intended to be applied in offline analysis, these values can

be obtained from a power flow calculation.

Step 4: Calculate the channel systems operating points [U], [lfeq] and identify

the critical channels based on the power transfer level or stability margin.

Step 5: Computes the power, the angle and the channel sensitivity stability

indicator given by (5.10).

Step 6: Obtain the Po curves if the stability margin should be estimated.

Step 7: Analyze the small-signal stability of the critical channels and concludes

about the stability of the operating point of the real system.

Step 8: Scale up the generation level (offline analysis) or Rescan PMU

measurement (online monitoring). Then continue the iteration from Step 3 to Step

7, if the channel sensitivity stability indicator is positive.
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Figure 5.13 Procedures of the proposed method

This procedure can be further summarized in Figure 5.13. Note that this procedure
can be used for either offline studies or online monitoring. The differences of

these two scenarios are seen in step 3 and step 8.

5.5 Further Validation of Proposed Method
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This subsection presents further case studies, using larger test systems to validate
the proposed method. Firstly, The New England system, as seen in Figure 5.14, is
selected for the analysis since it has been considered as a benchmark system for

stability studies.

In order to obtain the small-signal stability limit of the test systems, the
continuation power flow (CPF) program is utilized, which can gradually increase
the power flow until it reaches the maximum power flow (normally referred to as
CPF “nose point”). In the meanwhile, the generation parameter £ is gradually
increased from 1.0 (base case) to its maximum value fSmax. Normally, during this
process, the small-signal stability limit will be detected and identified by the state

matrix [A] in modal analysis.
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Figure 5.14 One-line diagram of New England system

Note that load power is not increased in this analysis, since if we increase load
and generation together, the test system will usually reach voltage collapse before
the small-signal angle stability limit. Worth of mention is that, in the real domain,
the system load reactive power was modeled as constant impedance the and active

power as constant current, as suggested in [8].

CHANNEL 1

~

o
T

|

B [ )]
o o o
T T

Power [pu]
[#]
o

® Real(eig[A])<0
X Real(eig[A])>0

1 L 1
0 20 40 60 80 100 120 140 160 180
0 [degrees]

Figure 5.15 Critical channel small-signal stability analysis for the New England
syste

Then we can apply proposed technique to analyze small-signal stability of the
New England system. The P-3 curves in the channel domain for the critical
channel are shown in Figure 5.15. The green circle and the red crosses indicate the

operating point for each value of generation. In addition, the green circles means
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that the model analysis of the dynamic matrix [A] for the real system classified the
system as stable for the corresponding operating point, while the red crosses
means that the real system is unstable based on modal analysis. Based on this
figure, one can see that when the real system becomes unstable, the critical
channel operates in the right part of the curve, indicating that, in the channel

system is also unstable.

Table 5.3 Small-signal stability limits for the real system and for the channel
system: New England system

Generation Parameter f3 Re[eig([AD] Channel Index (OPcH./0d¢ch.)
1.2953 0 0.0337
1.3043 0 0.02
1.3127 0 0.0064
1.3205 0 -0.0072
1.3277 0 -0.0208
1.3341 0 -0.0344

1.34 0 -0.0479
1.3451 0.5099 -0.0614
1.3495 0.9304 -0.0748
1.3532 1.217 -0.088

Table 5.3 shows the variation of the real part of the critical eigenvalue of the
dynamic matrix [A] of the real system and the index OPcw/0ocy of the critical
channel, for different system generation levels f. The real part of the critical
eigenvalue becomes positive for a generation parameter fSmax equals 1.3451, while
using the critical channel to monitor this maximum generation, the sensitivity

OPcn/0dcn becomes negative for the critical channel when the generation
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parameter fmax IS equal 1.3205. The maximum generation without the system

becomes unstable estimated by the proposed method is slightly lower than the

obtained by the modal analysis. Our experience with other systems shows that the

proposed method is a little bit conservative in estimating that limit.

To further validate the proposed method, we conduct more case studies on test

systems that have been widely used in other technical literatures. Table 5.4 shows

the small-signal stability limits of those test systems, calculated by modal analysis

of the dynamic matrix and by the proposed method. The calculation results have

revealed that the proposed method can estimate the maximum generation with

good accuracy.

Table 5.4 Small-signal stability limits for the real system and for the channel
domain load represented by current/impedance 1/Z

Test system

Small-signal stability limit Smax

Modal analysis

Proposed method

WSCC 9-bus system 2.570 2.566
New England system 1.341 1.314
IEEE 57-bus system 4.286 3.693
IEEE 300-bus system 0.798 0.703

5.6 Potential Applications

This subsection will present two potential applications based on the proposed

method: N-1 contingency analysis constrained by small-signal stability, and

124



visualization of small-signal stability index.

5.6.1 N-1 Contingency Analysis

To further validate the proposed method, this section presents a N-1 contingency
analysis taking into consideration small-signal angle issues by using the New
England system. The maximum generation determined by the modal analysis of
the dynamic matrix [A] was compared with the value determined by monitoring

the critical channel.

Figure 5.16 New England system and contingencies of interest

The idea is to see if the proposed method can be used as a screening tool for N-1
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contingency analysis from the viewpoint of the small-signal angle stability. Thus,
besides comparing the maximum generation value, the contingencies were
classified from the most critical to the less critical, where the most critical single
contingency is the one with the smaller stability margin. The stability margin was
calculated as the difference between the maximum generation parameter Smax and
the base case generation parameter fpase = 1. The system was simulated for each
one of all the N-1 possible contingencies that does not split the system into two

electric islands.

The severity ranking of the contingencies is presented in Figure 5.5 for the top ten
most severe contingencies. The “Real System” ranking was built monitoring the
eigenvalues of the [A] matrix while the “Channel Domain” ranking was built
monitoring the channel circuit sensitivity. Independently of the used method, the
rank is practically the same. Therefore, the channel domain monitoring is effective
in detect the critical contingencies from the viewpoint of small-signal stability.

The most several line contingencies are also indicated in Table 5.5.

Table 5.5 Contingency ranking using modal analysis and proposed method from
the viewpoint of small-signal angle stability

Rank of the Top Severe N-1 Contingencies

Real System 1,2, 14, 15,4, 21, 27,11, 12, 20
Channel Domain 1,2, 15,14, 27,4,21, 20,12, 11
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The maximum loading for each N-1 contingency scenario is also presented in
Table 5.6. The small-signal stability margin estimated by the channel monitoring
is always slightly conservative when compared to the one predictable by the

modal analysis.

Table 5.6 Small-signal stability limits for the critical contingencies

Contingency Maximum Generation fSmax Maximum Generation fBmax
in Line Real System Channel Domain
1 1.09275 1.08127
2 1.09827 1.08129
14 1.14581 1.11943
15 1.15153 1.11899
4 1.27167 1.21496
21 1.27879 1.2332
27 1.27884 1.20017
11 1.30787 1.28987
12 1.31001 1.27882
20 1.31437 1.26904

5.6.2 Visualization of Stability Index

Small-signal stability margin is a key index to be monitored in the area of power
system operation and control. Traditionally, the small-signal stability margin is
evaluated by gradually increase the power flow (i.e. continuation power flow
study) until it reaches the stability limit as indicated by modal analysis or general
practical criterion (i.e. Crary’s criterion) [66]. Obviously, this method is

computationally expensive for real-time applications.
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One of the main advantages of the proposed technique is the possibility of readily
and easily visualizing the information about the stability margin based on the P5
curves of the critical channel. By the proposed method, the stability index as
shown in (5.23) can be obtained easily without heavy continuation power flow
(CPF) computation. Therefore, this stability index can be used to monitor the

system stability margin as a powerful visualization tool.

As an example, Figure 5.17 shows the variation of the power margin of the critical
channel as the generators dispatch is increased for the New England system. One
can see that the system limit as pointed by CCT method is very close to but a little
bit conservative than that pointed by the modal analysis. Hence, the power margin
for the critical channel can be used as quantitative indicator of the system stability

to enhance the situational awareness.
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Figure 5.17 Power margin reduction in the critical channel with the increasing in
system loading

Other real-time applications and visualization techniques can be developed to
monitor the conditions of system operation using the phasor data through the
decomposition of the power network into the channels. For instance, an approach
for visualizing the system loading is presented in Figure 5.18. For this approach,
the following index I is defined:

r_ B 1 1

P M.+l B_

limit

(5.24)

where, 0 <T < 100%.

129



Real System Up tod_7f2f phase angle
2 4 6 3
1< | > Ll 2]
ST H | 31O
8 A
1__ Q
(6) 1.04020

Phasors have no intuitive meanings

A

U,

Channel System

Only 2 phase angles to be

monitored

mEm
]
Channel 1 &

eq;

Phasors reflect stability

around 75% of its transfer limit.

130

Figure 5.18 Monitoring small-signal stability in real system and channel system

The index I' indicates how close a given channel, and consequently the real
system, is to the maximum power transfer from the viewpoint of small-signal
angle stability. If ' = 100% for one channel, the system is in the vicinity of the
instability, since one channel has reached their limit. The values visualized reflect
the conditions from the base case operation point shown in Figure 5.18. For this

case, the system loading is such that the power flowing through Channel 2 is




From the example as shown in Figure 5.18, it’s observed that the proposed
technique has an obvious advantage that the variables to be monitored are highly
reduced. For example, if PMU devices are installed at X buses, phasor
measurement yields as many as X>(X-1) phase angle differences. Such a large
data volume makes it very hard and even infeasible to extract useful information
directly from phasor data. However, as mentioned, the proposed technique only
requires a small portion of channels (critical channels) to be monitored for the
purposed of stability analysis. As a result, the proposed technique considerably
reduces the number of variables to be monitored, as compared to the regular phase

angle visualizing tools.
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Figure 5.19 System architecture for CCT-based real-time angle stability
monitoring.

A possible architecture for real-time angle stability monitoring is shown in Figure
5.19. The data collected from PMU are transmitted to the system control center,
along with other information provided by the SCADA/EMS and from state
estimator such as network parameters and load models, which are processed
through the application of the Channel Components Transform. After applying the
proposed decomposition method, the conditions of the system in the channel
domain can readily be displayed in the form of Pd curves or other intuitive

visualized forms as shown in Figure 5.18 to increase the situational awareness.
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5.7 Summary

This chapter has proposed and demonstrated a phasor-based method to analyze
and monitor the small-signal stability of a complex power system. The proposed
method is based on the observation that a generic power network can be
represented by a Thevenin equivalent circuit and decoupled by
eigen-decomposition into a set of two-node, single-branch equivalent circuits.
This technique has been successfully applied to small-signal stability study by
providing intuitive P-0 curve and yielding the stability margin without heavy
computation. The case study results have shown that the proposed method
provides the same information on small-signal stability as the modal analysis with
slight conservativeness. Further, potential applications based on the proposed
method are proposed, including N-1 contingency analysis and visualization of

stability index.

The main advantage of the proposed technique is its simplicity and the possibility
of using visualization techniques for monitoring. On the other hand, the major
drawback of this proposed method is that it may be difficult to consider complex
control schemes in the channel domain. However, it is still a useful supplement

for regular small-signal stability analysis program.
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Chapter 6

Conclusions and Future Work

This thesis discussed the topics related to modeling power system loads,
especially those for large industrial facilities. A systematic approach using the
template-based concept was established for constructing the equivalent dynamic
model of paper mills (the Kraft Type). In addition, this thesis also investigated the
issues of modeling and aggregating DC drive loads. The major conclusions and

achievement of this thesis are summarized as follows:

* An extensive survey on paper mills was conducted to extract the common
features of their electrical systems. The features such as the typical industrial
processes, the typical structures, and parameters of the system circuit load

composition are extracted and determined.

* Based on these common features identified from the survey, a template for
paper mills (Kraft type) was established. The template-based load model of
paper mills was developed and verified through ETAP simulation. The
simulation results demonstrated the accuracy of the obtained model as

compared to that of the WECC guideline models.
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* The issue of modeling and aggregating DC drive loads was discussed. A DC
drive trip curve was proposed to determine the tripping criteria of DC drives.
For the ride-through DC drives, a dynamic load model was developed from the
average-value model (AVM) of DC drives and represented in the form of the
transfer function. Techniques to aggregate the proposed model and incorporate
the models with series impedance were proposed and verified through

simulation.

In addition, another stability-related research work of mine was presented in
Chapter 5. This work developed a method to analyze and monitor the small-signal
stability based on a network decomposition technique. The mathematical basis,
Implementation requirements and general procedures of the proposed method
were introduced. Simulation studies were conducted and verified the usefulness of
the proposed method by using IEEE test systems. The potential applications of the

proposed method in the EMS system were also discussed.

More work is needed to extend and modify the findings of this thesis in the future.

The suggestions for future work are summarized as follows:

* A complete template database needs to be established. This thesis builds only

the template for paper mills. In the future, it would be desirable to include in
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the template database other facilities such as the TMP-type paper mill,

aluminum smelter, and steel mills.

In this thesis, VFDs are regarded as transparent devices, because of the lack
of an adequate load model. In the future, the equivalent model of VFDs could
be developed by following a method similar to the modeling of DC drives. As
a result, the dynamic characteristics of VFDs could be included in the

template-based load model.

The technique for aggregating DC drive models is based on the model order
reduction method with Pade approximation. Its major drawback is that it
cannot guarantee the stability of the reduced model. In other words, the
reduced model may become unstable even if the original model is stable. For
this reason, other model order reduction methods might be considered, for

example, Routh method and optimization-based method.

The P1 controller parameters for DC drives are chosen as sample values in the
thesis. In fact, it is more appropriate to design the controller parameters based
on the user input data. In the future, the typical data generator should adopt an
additional module to design the controller parameters by following the

engineering controller tuning procedures.
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Appendix A

Summary of Data Sources

The data resources for the survey on paper mills are mainly taken from technical
reports, design manuals and the professionals who are working or used to work in

the paper mills.

I’d like to express my sincere thanks to the electrical engineering experts from
paper industry, who shared with me their valuable experience and assisted me in
finding useful information in paper mills. Due to the reason of confidentiality, we

don’t list their name and working units here.

The technical reports and other documents about the industrial loads and paper

mills is mainly obtained from the below reference.

¢ USA Department of Energy (DOE), United States Industrial Electric Motor
Systems Market Opportunities Assessment, 2002

* PAPTAC, Pulp and Paper Mill Annual Directory, 2012

* Technical Association of the Pulp and Paper Industry (TAPPI), TAPPI Online
database, 2012

*  Washington State University, Northwest Industrial Motor Database Summary,

2008
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* IEEE IAS (Industry Application Society), Proceedings of Annual Pulp and

Paper Industry Conference, 1960s-2000s

The data sources for the templates are extracted from the real plant data seen
inTable A.1 and Table A.2. They are taken from technical publications, industry

directory and industry fact books.

Table A.1 Major Kraft-Type Paper Mills at B.C., (Data Source: B.C. Forest
Industry Fact Book 1997)

Company name Production Capacity in MW
(10° t/year) (calculated)

1 Avenor Inc. Gold River 258.8 335
2 Canfor Corp. Prince George 622.8 80.6
3 Cariboo Pulp & Paper Co. Ltd. 322.6 41.7
Quesnel
4 Celgar Pulp Ltd. Castlegar 414 53.6
5 Crestbrook Forest Ind. Ltd. 224.3 29.0
Skookumchuk
6 Crown Packaging Ltd. Burnaby 163.9 21.2
7 Eurocan Pulp & Paper Co. 455.4 58.9
Kitimat
8 Fiberco Pulp Inc. Taylor 213.2 27.6
9 Finlay Forest Industries Ltd.. 189.8 24.6
Mackenzie
10 Fletcher Challenge Canada Ltd. 740 95.8
Crofton
11 Fletcher Challenge Canada Ltd. 814.2 105.4
Duncan Bay
12 Fletcher Challenge Canada Ltd. 207 26.8
Mackenzie
13 Harmac Pacific Inc. Cedar 386.4 50.0
14 Howe Sound Pulp & Paper Ltd. 500.3 64.7
Port Melon

15 Island Paper Mills Company 172.5 22.3
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Annacis Island

16 Louisiana Pacific Corp.
Chetwyn

17 MacMillian Bloedel Ltd.. Port
Alberni

18 MacMillan Bloedel Ltd. Powell
River

19 Newstech Recycling Inc. New
Westminister

20 Northwood Pulp & Timber
Prince George

21 Quesnel River Pulp Co. Quesnel
22 Scott Paper Ltd. New
Westminster

23 Skeena Cellulose Prince Rupert
24 Western Pulp Ltd. Partnership
Port Alice

25 Western Pulp Ltd. Partnership
Woodfibre

26 Weyerhaeuser Canada Ltd.
Kamloops

Table A.2 Other Real Cases of Paper Mills

172.5

288.1

633.1

165.6

517.5

313.9
108.7

448.5
162.2

257

446.8

Mill Name MW
BC Mill_1990* 30.8
Linerboard Mill_1* 55.4
Linerboard Mill_2* 113.7
Fine paper_1* 78.3
Suzano Mill* 88.0
Fray Bentos Mill 122.0
Simpson Tacoma Mill 55.0
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67.0
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Appendix B

Derivation of DC Drive Equivalent Model

The dynamics of DC drives can be generally described by the following six

differential or algebraic equations.

1) The average-value model (AVM) for the DC-side circuits:

The AVM model of DC drives is given by,

(Ld+2|_c)d(;§° :VdC—Eg—[Rd+%a)eLcjldc (B.1)

where, l4 , Eg, V4 are averaged current or voltage, and w. is the fundamental

frequency.

For convenience of model aggregation, the commutating inductance Lc is
neglected in this model. The effects of series impedance (including Lc) will be
discussed in our later chapters. Hence, (B.1)can be simplified as,

dl,
Ly d_: =V, — Eg -Ryl (B.2)

2) The mechanical dynamic equation of the motor:

do
T, T B.3
dt e m ( )
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where, the electromagnetic torque Te is given by T,=K;l,., and the mechanical

(load) torque T, is assumed to be constant.

3) The relationship between Back EMF E, and motor rotating speed wm:

E, =K., (B.4)

where, Kg is the voltage constant (Ke= Kt) and wn, is the machine speed.

4) The equations for Pl current controller (cosine firing angle control mode):

(I, —A11%) (I, = AL 1%)
o ,JMdncosao (B.5)

n I’]

o = arccos |:—K

where, o is the firing angle of the SCR bridge.

5) The equations for Pl speed controller:

I;c:{—Kps (C”m_“’:‘)—}<ist (a’m_a’;)dt} (B.6)

a)n 0 a)n

where, w, is the nominal speed, A is the over-loading factor, and lge is the

reference current for PI current controller.

6) Output of SCR bridge converter:

The average output voltage of the SCR bridge converter (neglecting commutation

inductance L¢) presented by Krause’s book [56] is expressed as,

36

=——V,, Cosa (B.7)
T

Vi

Cc
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Let’s assume that there is a small utility-side voltage disturbance AV)4. As a result,

the linearized small-signal model for the above six equations can be expressed as

follows.
L, %:Avdc —AE, —RyAl, (B.8)
3980 g Al (B.9)
AE, =K Aw, (B.10)

* t *
AVdC _ ch AV +3\/_ |go|: Kpc dc_ﬂ’InAldc)_Kic (Aldc_ilnAldc) dtj| (Bll)
T

Ig0 ﬂ’ln 0 ﬂ’ln
t
Al ;c:[—KpS A0 K, [A% dtJ (B.12)
a)n 0 wn

For the reason of convenience, we will use Laplace transform to represent those

equations for the following deviation. Substituting (B.9) into (B.12) yields,

X K K. 1 K K. 1
Al =| ——2 T Al 8T = Al B.13
dc |: an S dc Ja)n Sz dc} ( )

Substituting (B.13) into (B.11) yields,

V AK 1K (K
AV, VdCOAV _ 36V K o+ K+ e e e
Al P s
1

VIgO T . Jo,
(B.14)
MK(KK +K K)lz M_s Al
Jo, S Jo, S

Alternatively, (B.14) can also be simplified as,
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AV, :V""O AV,g—{Kpc+Keqll+Keq2i2+Keq3 13}R Al (B.15)
g0 S S S
where,
36V
S @1
AK LK K
Koy =Kt ——— . (B.17)
Keqzzﬂ;alf (KicK K oKy ) (B.18)
AK: K. K.
Kega= —Tan 2k (B.19)
Substituting (B.10) into (B.9) vyields,
KeK; 1
AE, = ] " (B.20)
Substituting (B.15) (B.20) into (B.8) yields,
sL Al +R Al = Vaeo AV, {Kpc+Keql%+Keq2S%+Keq38%}Rquldc—KJK
Igo
Re-organizing (B.21) vyields,
AIdc :|d_co SSVdco/ldco (BZZ)
Wi Vigo gt 182(K, R *R, )+ (Kequ ; KEJKTj+sKeq2R K R,

Similarly, by substituting (B.22) into (B.15), we can obtain the transfer function of

AV as shown by,

AV V s'L, +s°R, L

dc — dcO J (823)
AV, V. KK,

9 V00 5* ) +5% (KR #Ry )+ (Kequ +=E j+sKeq2R +K ogReq
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Note that the relationship between DC-side armature current lqc and AC-side

phase current 1, (RMS value) can be expressed by,

| (t):\/gldc (1) (B.24)

Therefore, from the utility side, the apparent power S, active power P and reactive
power Q consumed by the DC drive can be simply calculated from these DC-side

variables,

S(t) =3V, (1)1, (t) =3V, (t)\gl o (1) =BV, ()1 (1) (B.25)
P(t)~ Py =V (t) 1 () (B.26)

Q(t) =S (t)° —P(t)’ =l (£){/6V, (t)° ~V, (t)’ (B.27)

Considering the formula (B.26) from small-signal perspective, one can obtain the

following results,

A(V,I
AP = ( & dC) ~ Ich AVdc Vch Aldc (828)
AV, AV, AV, AV,
Substituting (B.22) (B.23) into (B.28) yields,
s*L, +s° (V““’ +Rdj+s2 LS
AP _ R o J (B.29)

pc” "eq

AVig - Vigo $'Ly +5° (KR +Ry ) +5° (Kequeq + KEJKT j+sKeq2Req+Kequeq

For the reactive power Q, we can expand the equation (B.27) with multi-variable
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Taylor series at the initial condition as given by,

Q Nt + R gy, + R

AQ=0Q-Q, ~— +—=
Q Q QO aIdc dc aVdc

AV,, +high order terms...  (B.30)

lg

Since Vg and g4 are small disturbances and can converge to the initial condition
(zero), we can neglect the higher-order (>2"® order) terms containing AVg. and
Algc. But the terms containing only AVq are not negligible, because AV|y might be
as large as 10%~20% and won’t converge to its initial state. Hence, we must keep
the higher order term of AV|q (up to the third order). Therefore (B.30) can be

further expressed as,

3
2 AV, AV, AV,
AQ :[_A'dc R AV j s +,B[ ] 7{ 'g] (B.31)
QO I dc0 QO dcO V VIgO VIgO

g0

where,

S 2 0.55, 52 05S.4( S 2
=20 p=_ 2% [ %0 g andp=—20 | 2 3| (B32
o7 T [Qo j ) (Qoz J (8:32)

Substituting (B.22) (B.23) into (B.31) yields,

AQ AV,
e Y ) W (AV. B.33
QO (S) VIgO " ( g) ( )

where,

2
D(S):_Piz R Lo J (B.34)
Q s'Ly +5° KRy +Ry ) +5 (K R, +KJK j+sK Ry +KegsReq

pc’ ‘eq eq2’ ‘eq eq3
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AV, AV AVS
W (AV,)=a—=+p—2 +y—1 (B.35)
VIgO VIgO VIgO
2 2 2 4 2
w2 p 010 BB ) e
Qo Qo QO QO QO

As seen in (B.33), the response of reactive power can be regarded as two parts:

dynamic part D(s) and static part W(AVg).

In summary, the proposed model can be expressed by the function of the active
power P and reactive power Q with regard to the bus voltage V. The final form of

the proposed model is shown as,

P V-V,

=Y =1+H (s) (B.37)
0 0
v-v, (v-v,Y  (v-v.Y V-V
Q _|14qY= °+ﬂ( — OJ +]/( — 0] +D(s)——2  (B.38)
QO VO VO VO VO
where,
2 2 2 4 2
a=2 p=—052 "o ang y=052 Fo_ (B.39)
Q Q" Q, Q" Q
s'L, +S3LV"°°+Rdj+szKEJKT
H(s)= = (B.40)
4 3 2 KEKT
$'Ly +5° KRy Ry ) +57| KRy + ; +5K 302 Reg K egaReq
2
, s4Ld+s3[Rd—(§°2\|/d°°}+szKEJKT
D(s)=_ro_ 0 luco (B.41)
0 s“Ld+s3(KpcReq+Rd)+52(Kequeq+ EJ Tj+sKeq2Req+K9q3R9q

Hence, the proposed model is represented with the fourth-order transfer function
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as shown in (B.29) and (B.33).

In order to unify the form of active and reactive power response, the final form of

the equivalent model is given by:

E:1{ v, +B, (V VOJ +7p(vvoj]+H(s)VVV° (B.42)

PO V 0 VO 0
2 3
Q. aqV_VO +B, V-V +7, V-V +D(S)V_V° (B.43)
QO VO VO VO VO
where,
a,=0, B,=0, and y,=0 (B.44)
2 2 2
4= f= ——o52 P o _oss—P— (B.45)
Q Q” Q Q* Q)
sy + 83 (R +V, o/l ) +5° K2
H(s)=— ( o/l _ (B.46)
S'Ly +5° (K poRyg tRy )+ 8% (K iRy + K207 )+sKeq2R +Kog3Reg
P? S Ly +s I:R ~QuVyeo/ R Idco:|+
D(s)=- —
QF 'L +5° (KR +R, )+
2 21-1
5 Re (B.47)
+5% (KegRog + K23 ™) #5K 0 Ry +K 3R
36 Vg AR KK
eq 4y ! Keql N T 1 (B48)
z Al Jo,
_ ALK, AK 1 K K,
Keg2= P E (KK K Ko ), Kegs= EJT (B.49)
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Appendix C

Pade-Approximation-Based Order Reduction Technique

Pade approximation is a method to equalize the n™-order Maclaurin expansion of
an original function and an approximated rational function. This technique has
been well developed in [61] and has been applied to model order reduction of load
models in [67]. This section will present a technique to reduce the order of

transfer function model using Pade approximation. In particular, this appendix

will present how to approximate a high-order model with a fourth-order model.

Suppose that an original transfer function (standard form) is given by,

n-1 n-2
H(s) = WoaS" W 877+ < W SHW, (n>4)
V8" +V, 8" Y Sty

(C.1)
According to [61], H(s) can be approximated by a Taylor series about s=0 as
shown by (4.26). Note that we only keep up to 8" order terms here.

H(s)~ f(s)=a, +a,S+a,5" +...+ a5’ (C.2)

where, ay; are Taylor expansion coefficients as given below.

k
aO — %, and ak — i|:wk _tha(k—h):| (k :l, 2, ,8 ) (C3)

0 0 h=1

According to Pade approximation technique, any given function f(s) can be
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approximated by a fourth order rational function R(s) of the form (go=1),

4 3 2
R(s) = BB TR 2 BT, (C.4)
05" +0;87+0,5° + 5+

Assuming f(s) = R(s), we can obtain,

-
o
0
1]
o
xU)
1]
o

(7]

f(s)-R(s) =" (C.5)

Hence, the coefficients of x" in the numerator must be zero, as given by,

h
> ad,;—p,=0, h=0,1,..8 (C.6)
i=0
We assume that,
p,=0,and g,=0 (h>8) (C.7)

Combining (C.6) and (C.7) vyields,

a, 0 0 0 -1 0 0 O q]| [qa
a a3 0 0 0 -1 0 O0}gq a,
a, 3 a, 0 0 0 -1 0] q a,
a, a, a4 a 0 0 0 -1}q, |2 (C8)
a a, a a 0 0 0 0| p ag
a, a, a, a, 0 0 0 O} p, ag
agZ a;, a, a, 0 0 0 O}/ p,g a,
18, & a a 0 0 0 0 p ]| [a]

Solving the linear equations (C.8) can yield the solutions ( p,, p,, P;, P, and

q17q2’ q3’ q4)
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Ultimately, the original transfer function H(s) can be approximated with the
newly-obtained fourth-order transfer function R(s), as shown by,

H(s) ~ R(s) = PSP P8 + sty (C9)
0,8 +0,8°+0,8” + 4,5+,

Sometimes the original transfer function H(s) might have the n™ order term in the

numerator as given by,

W, 8" +W, 8"+ W, SHW,

H(s) = C.10
®) V,S"+V, S+ SHY, (C.10)
We can convert it into the standard form as H (s) shown by,
W, WS WS T WS W,
H'(s)=H(s) - — =—""— 2 -9 (C.11)
Vv V.S"+V, ST 4+ SHY,

n
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Appendix D

Simulation Specifications of DC Drives

Appendix D presents the simulation parameters of DC drives and other
components (i.e. cables and transformers) that we used for simulation studies in

section 4.3.
Case 1.

The schematic diagram for case 1 is given in Figure D.1. The Simulink block
diagram is as shown in Figure D.2 (original model) and Figure D.3 (aggregated
model). Each of DC drives is represented with the dynamic load model as
characterized by the proposed transfer function model. The specifications of DC
drives (DD1~DD4) are shown in Table D.1, Table D.2, Table D.3, and Table D.4.
Note that the parameters we used for simulation of DD1 and DD2 is taken from N.
Hong [58]; the parameters we used for simulation of DD3 and DD4 is taken from

S. Zhang [57].

Detailed Modal Aggregated Modal

Busl 220V | - | Voltage Sag Bus1

| | |
DD1 DD2 DD3 DD4 DD_T

Figure D.1 Schematic diagram for Case 1
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Figure D.2 Simulink block diagram to simulate Case 1 (original models)

Figure C3 Simulink block diagram to simulate Case 1 (Aggregated model)

Table D.1 Specification of DC Drive#1

‘ Rated Power (HP) | 40 ‘ Commutation Inductance L (H) ‘ 0
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Nominal Voltage (V) 220 Armature Resistance Ry () 0.21
Nominal Current (A) 136 Smoothing Inductance Ly (mH) 20
Nominal Speed (rpm) | 1500 Mutual Inductance Ly (H) 2.621
Motor Inertia (kg'm?) | 0.57 Field Current I; (A) 15
Controller parameter PI Speed controller: K;=10.5, Ki=120.5
PI Current controller: K;=2.48, Ki=37.3
Overload factor A=1.5
Mechanical Load T.=239.36N'‘m
Base Case Status 40.3kW+j25.6kVar, Supply voltage: 208V (L-L)
Table D.2 Specification of DC Drive#2
Rated Power (HP) 40 Commutation Inductance L¢(H) 0
Nominal Voltage (V) 220 Armature Resistance Ry (Q) 0.21
Nominal Current (A) 136 Smoothing Inductance Ly (MmH) 20
Nominal Speed (rpm) | 1500 Mutual Inductance Ly (H) 2.621
Motor Inertia (kg:m?) | 0.57 Field Current I (A) 15
Controller parameter PI Speed controller: K,=10.5, K;=120.5
PI Current controller: K,=2.48, Ki=37.3
Overload factor 1=1.5
Mechanical Load T =171.5N'm
Base Case Status 25.8kW+j28.2kVar, Supply voltage: 208V(L-L)
Table D.3 Specification of DC Drive#3 (To be updated)
Rated Power (HP) 120 Commutation Inductance L¢(H) 0
Nominal Voltage (V) 220 Armature Resistance Ry (Q) 0.02
Nominal Current (A) 462 Smoothing Inductance Ly (MmH) 5
Nominal Speed (rpm) | 560 Mutual Inductance Ly (H) 1.79
Motor Inertia (kg'm?) | 14.7 Field Current I; (A) 2.0
Controller parameter PI Speed controller: K;=118.4, K;=1369
PI Current controller: K,=1.36, K;=0.072
Overload factor A=1.5
Mechanical Load T,=705.5N'm
Base Case Status 42.2kW+j35.8kVar, Supply voltage: 208V(L-L)
Table D.4 Specification of DC Drive#4 (To be updated)
Rated Power (HP) 120 Commutation Inductance L (H) 0
Nominal Voltage (V) 220 Armature Resistance Ry (€2) 0.02
Nominal Current (A) 462 Smoothing Inductance Ly (mH) 5
Nominal Speed (rpm) | 560 Mutual Inductance Ly (H) 1.79
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Motor Inertia (kg-m?)

14.7 Field Current I; (A) 2.0

Controller parameter

PI Speed controller: K;=118.4, K;=1369
PI Current controller: K,=1.36, K;=0.072

Mechanical Load

T,=705.5N-m

Base Case Status

33.9kW+j43.8kVar, Supply voltage: 208V(L-L)

Case 2:

The schematic diagram for case 2 is given in Figure D.4,

Detailed Modal Aggregated Modal
Busl 7.2kV | ][ Voltage Sag
Busl 7.2kV
T1 500kVA
Bus2 220v | Aggregate
DD_T
Cable 1 Cable 2 Cable 3
Bus3 220V Bus4 Bus5 220V
DD1 DD2 DD3 DD4

Figure D.4 Schematic diagram for Case 2

The Simulink block diagram is as shown in Figure D.5 (original model) and
Figure D.6 (aggregated model). Each of DC drives is represented with the
dynamic load model as characterized by the proposed transfer function model as
shown in Figure 4.4. In case 2, the specifications of DC drives (DD1~DD4) are

the same as Case 1. The specifications for transformers and cables in Case 2 are

given below as shown in Table D.2.

Table D.2 Specification of Cables and Transformers
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Equipment

Specifications

T1

500KVA, 7200V//220V, R(p.u.)=1.6% , X(p.u.)=6%

Cable 1 Z,=0.03+0.01 j (Ohms), Length=100m
Cable 2 Z,=0.015+0.005 j (Ohms), Length=50m
Cable 3 Z,=0.015+0.005 j (Ohms), Length=50m

TR,

1 = |5 ] 2
n —p .

L -

— —L»@

Figure D.5 Simulink block diagram to simulate Case 2
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Figure D.6 Simulink block diagram to simulate Case 2 (Aggregated model)
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Appendix E
Matlab Program for Generating the Equivalent Model for DC

Drives

This Appendix presents a Matlab program (“*.m” files) to convert the input data

of DC drives into an equivalent model.

How to represent the equivalent model of DC drives in this program

In this program, the equivalent dynamic model is implemented in the form of a
structure variable “DD” (DC Drive). The parameters of the equivalent dynamic

model are represented as the fields of DD structures (Table E.1).

Table E.1 Definition of the fields of DD (DC Drives) structure variables

Field Explanation Sample data

.PB Real power at base case (P,
. 107.0
in kW),

.OB Reactive power at base case 874
(Qqo, in kVar).

.Vt Utility bus voltage at base
case, phase-to-ground (Viq, 120.9
inV).

.Vb Nominal utility bus voltage,

. 120
phase-to-ground (V, in V).

.A123_agg | Polynomial coefficients (P):
[2.3847, -1.6510, 3.9370]

lay, By 7,1
.W123_agg | Polynomial coefficients (Q):
[y, By 741 10.6.0]
.P H Transfer function H(s) for 0.0063s* +1.123s° +0.8743s?

real power. (Please wuse | 0.0063s*+0.575s%+198s® +4819s+ 30410
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command “help tf” for more
details on constructing a
transfer function.)

.Q_H Transfer function D(s) for

reactive power. (Please use
-0.008723s" +1.075s> —1.211s”

0.0063s* +0.575s° +198s” +4819s + 30410

command “help tf” for more
details on constructing a

transfer function.)

Description of Matlab Function

This program consists of one Matlab function “Build_DD”, the purpose of which
is to build the equivalent model from the input data (Table 3.2). The input of the
function is an array of numbers “Input_para”. Two formats of the input array
“Input_para” are supported as shown below. Note that format 2 (minimal user
input) only requires the basic information of the drive, and assumes that all other

parameters are taken from sample data or typical data.

Format 1 (standard user input):
IVIgO Po QO Pn Ih | @n | Ra | Lg Kpc Kic Kps Kis | 4 Ke J

Format 2 (minimal user input):
IVIgo Po QO Po| In | @n

Parameters:
Vigg  : Ultility bus voltage (base case), phase-to-ground, in kV
Po _ Real and reactive power consumption of the drive (base case),
" inkw
Qo ~ Real and reactive power consumption of the drive (base case),
" inkw
Pn : Rated Motor Power, in HP
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In :  Nominal DC-motor armature current, inA

Wn :  Nominal motor speed, in rpm

Rq : DC armature circuit resistance (total), in Ohms
Lg : DC armature circuit inductance (total), in Henry
Ko  : Proportional constant of PI current controller
Kic : Integral constant of PI current controller

Kps  : Proportional constant of Pl speed controller

Kis : Integral constant of PI speed controller

A : Over-loading factor

Ke : \oltage constant of the DC motor

J :  Moment of inertia of the DC motor

The output is a DD structure named “DD_output”, representing the equivalent
model. Note that the calculation of equivalent models requires the initial
conditions of DC drives, including initial utility bus voltage (Vigo), initial real
power (Pg), and initial reactive power (Qp). The initial conditions can be either

preset values, or obtained from the load flow results of the actual network.

How to use

Step 1: Preset the initial conditions (Vigo, Po, Qo) of the DC drives, or determine
the initial conditions from the load flow studies of a network.

Step 2: Prepare the input data as specified in standard format (format 1) or
minimal user input (format 2).
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Step 3: Enter the input, and run the Matlab function “Build_DD”.
Step 4: Save the output “DD_output” for dynamic simulation, or for model

aggregation program.

Matlab Codes

function [DD_output] = Build DD (Input para)

\o

s BUILD DD: Build a DC drive equivlaent model (Strcture)

X

% Input format 1:[V1g0 PB OB Pn In wn Rd Ld Kpc Kic Kps Kis lambda KE
J]
% Input format 2:[V1g0 PB QB Pn In wn]

]
input error=0;

if length(Input para)==15,
V1g0=Input para(l);
PB=Input para

QOB=Input para ;

’

Pn=Input para

’

wn=Input para ;% wn in rpm

’

(2
(3
(4
In=Input para(5
(6
Rd=Input para (7

(8

Ld=Input para

’

Kpc=Input para

Kic=Input para

) ;
) ;
).

’

(9)

(10

Kps=Input para (11

Kis=Input para(l2

lambda=Input para(13);
KE=Input para(14);
J=Input para(l5);

elseif length (Input para)==6,
V1g0=Input para(l);

’

PB=Input para ;

QB=Input para

’

(2)
(3)
Pn=Input para(4);
In=Input para(5)
(6)

wn=Input para

;% wn in rpm
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Rd=max (1.5147*exp (-0.027*Pn),0.1);
Ld=13.8*V1g0/In*1/1000;%in Henry
Kpc=2.48;

Kic=37.3;

Kps=10.5;

Kis=120.5;

lambda=1.5;
KE=(Pn/1.341*1e3)/In/wn;

Hsec=0.5;

J=6.79e4*Hsec*Pn/wn"2;

else

display('Error! The length of Input array must be 6 or 15.

input error=1;

end;

if input error==1,
DD output=-1;

else
wn=wn/9.55;% convert rpm to rad/s
KT=KE;
beta=atan (QOB/PB) ;
Vdc base=2.34*V1g0*cos (beta);
Idc base=PB*1000/Vdc base;
Kl=Kic+Kpc*Kps*KT*lambda*In/J/wn;
K2=(Kic*Kps+Kpc*Kis) *KT*lambda*In/J/wn;
K3=Kic*Kis*KT*lambda*In/J/wn;
Reg=3*sqrt (6) /pi*V1g0/In/lambda;
Rdc=Vdc_base/Idc base;
x1i=(PB/QB) "2;
SB=sqgrt (PB"2+QB"2) ;
Al=(SB/QB)"2;
A2=-0.5* (SB/QB) "2* (PB/QB) "2;
A3=0.5* (SB/QB) ~4* (PB/QB) "2;

DD output.PB=PB;

DD _output.QB=0QB;

DD output.Vb=V1gO0;

DD output.Vvt=V1gO0;

DD output.Al23 agg=[Al A2 A3];
DD output.W1l23 agg=[0 O 0];
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num px=[Ld Rdc+Rd KE*KT/J 0 0];% P-V relation
den px=[Ld Kpc*Reg+Rd K1*Req+KE*KT/J K2*Reqg K3*Req];

[Ld Rd-(1/xi)*Rdc KE*KT/J 0 0]*(-x1i);%%% O-V relastion
den gx=[Ld Kpc*Reg+Rd K1*Req+KE*KT/J K2*Reqg K3*Req];

num gx=
DD output.P H=tf (num px,den px);

DD output.Q H=tf (num gx,den gx);

end;
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Appendix F

Matlab Program for Aggregating the Equivalent Models

In the main body, two equivalence techniques are established for aggregating DC
drives:

(1) Technique for aggregating DC drives connected at the same bus.

(2) Technique for incorporating the effects of series impedance (i.e. cables and

transformers) into the DC drive model.

This Appendix presents a package of Matlab functions (“*.m” files) to implement
these two techniques. Using these techniques as elementary modules, users may
build a systematic equivalence using the concept of bottom-up approaches. The
bottom-up approach allows the user to apply equivalence techniques from the
bottom level up to the top level until a single-unit model is obtained. Using such a

method, users can develop their own case-specific aggregation program.

This Appendix documents the brief requirement and procedures of using this
Matlab program. Note that this Appendix is a follow-up section of Appendix E,
and requires the results from Appendix E. So please read Appendix E prior to

Appendix F.

Description of Matlab Functions

169



This Matlab program package includes two functions.

The first Matlab function is “agg DD.m”, the purpose of which is to aggregate the
DC drives connected at the same bus. The required input of the function is an
array of DD structures (DD_GROUP) connected at the same bus. The output of

the function is a new DD structure (DD_agg), representing the aggregated model.

The second Matlab function is “agg Z.m”, the purpose of which is to incorporate
the effects of series impedance into the existing DC drive model. The required
input of the function includes a DD structure (DD), resistance of the impedance
(RL), reactance of the impedance (XL). The output of the function is a DD
structure (DD _agg), representing the DC drive model with the effects of series

impedance considered.

How to Use

Step 1: Prepare the equivalent models (in form of “DD” structures) for all the DC
drives that need to be aggregated. The Matlab program for generating such
models is presented in Appendix E. the equivalent models are readily to be used
by the model aggregation program.

Step 2: Prepare the impedance models (R.+jX.) for all the cables and
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transformers.

Step 3: Write a case-specific program for generating systematic equivalence. The
given Matlab functions (“agg DD.m” and “agg Z.m”) can be used as elementary
modules. A basic methodology is to represent the structure of the distribution
system as a multi-branch “tree”. By starting from the tips of the tree, one can
apply the equivalence techniques from the bottom level up to the top until the
single-unit equivalence is obtained.

Step 4: Run the model aggregation program, and output the systematic
equivalence (a single-unit DC drive model).

Step 5: Implement the output model as User-Defined Model (UDM) in the

dynamic performance simulation of large-scale system studies.

Matlab Codes

~~~~~~~~~ Begin of file 1: “agg DD .m” ~~

function [ DD _agg ] = agg DD(DD_GROUP)
% agg DD: to aggregate the DC drives connected at the same bus

% DD _GROUP is an array of DD (Struct of DC drives to be aggregated)

AN ”

% Please name the “.m” file as “agg DD .m
Ndd=length (DD_GROUP); % Number of DC Drives
Al123=[0 0 0];

W1l23=[0 0 0];

Px sys=0;Ptot=0;

0x sys=0;Qtot=0;

for hh=1:Ndd,

DD=DD_GROUP (hh) ;
A123=A123+DD.QB*DD.A123 agg; % Polynomial coefficients of Real
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Power
W123=W123+DD.PB*DD.W123 agg; % Polynomial coefficients of
Reactive Power
Px sys=Px sys+DD.PB*DD.P H;% Sum of dynamic parts H(s)
0x sys=Qx sys+DD.QB*DD.Q H;% Sum of dynamic parts D(s)
Ptot=Ptot+DD.PB; % Sum of real power at base case
Qtot=Qtot+DD.QB; % Sum of reactive power at base case

end;

DD agg.Vt= DD GROUP (1) .Vt; % Terminal voltage of aggregated model
DD agg.Vb= DD GROUP (1) .Vb; % Base voltage of aggregated model

DD _agg.PB=Ptot;

DD _agg.QB=Qtot;

Al23 agg=Al23/Ptot;

W123 agg=W123/Qtot;

DD agg.Al23 agg=Al23 agg; % Polynomial coefficients of aggregated
model

DD agg.Wl23 agg=W123 agg; % Polynomial coefficients of aggregated

model

Px sys=Px_sys/Ptot; % Dynamic parts H(s)-before order reduction

o)

Qx sys=Qx sys/Qtot; % Dynamic parts D(s)-before order reduction
Px sys4=pademod (Px sys,3,4); % Model order reduction-Pade
approximation

0x syséd4=pademod (Qx sys, 3,4);

DD agg.P H=Px sys4; % Dynamic parts H(s)- after order reduction
DD agg.Q H=0Qx sys4; % Dynamic parts D(s)- after order reduction

function G _r=pademod (G Sys,r,k) % sub-function

KK1=G Sys{1}(1)/G_Sys.den{1} (1)

G_Sys=G_Sys-KK1;% convert to standard TF form: num (r),den (k)
c=timmomt (G_Sys, r+k+1);

G _r=pade app(c,r,k);

G _r=G_r+KKl;% convert to original TF form
function M=timmomt (G, k) % sub-function

G=ss (G) ;C=G.c;B=G.b;iA=inv (G.a) ;iAl=iA;M=zeros (1,Kk);
for i=1:k,M(1)=-C*iAl*B;iAl=1A*iAl;end

function Gr=pade app(c,r,k) % sub-function
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w=-c (r+2:r+k+1) ';
vv=[c(r+l:-1:1)"';zeros(k-1-r,1)];
W=rot90 (hankel (c(r+k:=-1:r+1),vv));
V=rot90 (hankel (c(r:-1:1)));

x=[1 (W\w)'];

I

dred=x(k+1:-1:1)/x(k+1);
y=[c(l) x(2:r+1)*V'+c(2:x+1)];
nred=y(r+l:-1:1)/x(k+1);

)

Gr=tf (nred, dred
==========End of file 1: “agg DD .m” =

~~~~~~~~~ Begin of file 2: “agg Zm”

function [ DD _y ] = agg Z( DD,RL,XL)

$AGGZ DD: to incorporate the effects of series impedance into the DC
drive model

$DD: the equivalent DC drive model

$RL: resistance of the impedance, XL: reactance of the impedance

PB=1000*DD.PB;
QOB=1000*DD.QB;
VB=DD.Vb;

PA=PB+ (PB"2+QB"2) *RL/3/VB"2;
QA=QB+ (PB"2+QB"2) *XL/3/VB"2;
VA=VB+ (PB*RL+QB*XL) /3/VB;
SB=sqgrt (PB"2+QB"2) ;

epslong=1/(1+(DD.Wl-1) *PB*RL/3/VB"2+ (DD.A1-1) *QB*RL/3/VB"2) ;

CCl=epslong*VA/PA* (PB/VB+2*RL*PB"2/3/VB"3) ;
CC2=epslong*VA/PA* (0+2*RL*QB"2/3/VB"3) ;
CC3=epslong*VA/QA* (0+2*XL*PB"2/3/VB"3) ;
CC4=epslong*VA/QA* (QB/VB+2*XL*QB"2/3/VB"3) ;
DD y.PB=PA/1000;

DD y.QB=QA/1000;

W1l tmp=epslong*VA/VB* (PB/PA*DD.W1-0*2*RL*SB"2/3/VB"2/PA) ;
W2 tmp= (epslong*VA/VB) "2*PB/PA*DD.W2;
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W3 tmp= (epslong*VA/VB) “3*PB/PA*DD.W3;

DD y.
DD y.
DD y.

DD y.
DD y.

DD y.
DD y.
DD y.
DD y.

DD y.
DD y.

Al tmp =epslong*VA/VB* (QB/QA*DD.A1-0*2*XL*SB"2/3/VB~2/QA) ;
A2 tmp =(epslong*VA/VB)"2*QB/QA*DD.A2;
A3 tmp =(epslong*VA/VB)"3*QB/QA*DD.A3;

Al23 agg=[Al tmp AZ tmp A3 tmp];
W123 agg=[Wl tmp W2 tmp W3 tmp];

Vt=DD.Vt+ (PB*RL+QB*XL) /3/DD.Vt;
Vb=VA;
P_H=DD.P_H*CCl+DD.Q H*CC2;

Q H=DD.P H*CC3+DD.Q H*CC4;

P H= pademod (DD y.P H,3,4);
Q H= pademod(DD y.Q H,3,4);

function G _r=pademod(G Sys,r,k) % sub-function
KK1=G Sys{1}(1)/G_Sys.den{1} (1)
G_Sys=G_Sys-KK1;% convert to standard TF form: num (r),den (k)

c=timmomt (G_Sys, r+k+1);

G _r=pade app(c,r,k);

G _r=G_r+KKl;% convert to original TF form

o)

function M=timmomt (G, k) % sub-function

G=ss(G) ;C=G.c;B=G.b;iA=inv (G.a) ;iAl=iA;M=zeros (1, k) ;
for i=1:k,M(i)=-C*iAl1*B;iAl=iA*iAl;end

function Gr=pade app(c,r,k) % sub-function

w=-c(r+2:r+k+1)"';

vv=|[cC

(r+1:-1:1)"';zeros(k-1-r,1)71;

W=rot90 (hankel (c(r+k:=1:x+1),vv));
V=rot90 (hankel (c(r:-1:1)));

x=[1 (W\w)'];
dred=x (k+1:-1:1)/x(k+1);
y=[c(l) x(2:r+1)*V'+c(2:r+1)];
nred=y (r+1:-1:1)/x(k+1);

)

Gr=tf (nred,dred

’

:::::::::::Endoff“eZ:“agg_Z.n]” ——=—=—=——————=—=
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