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ABSTRACT

Industrial facilities connected to power transmission systems typically
draw large amount of power and have complex dynamic responses to system
disturbances. Traditional load modeling approaches cannot establish adequate
dynamic models especially for future industrial facilities in power systems
planning studies.

In this thesis, a new concept, the template-based load modeling technique
along with template scaling and model equivalence algorithms, is proposed to
address this issue. This method requires minimal user input and can be
implemented in a database program for a wide variety of industrial facilities. Oil
refinery facilities are used as an example to illustrate the proposed technique.

Variable frequency drives (VFDs) are increasingly used in industrial
facilities, however, dynamic models for motor drive systems suitable for power
systems dynamic studies are not available. Voltage sags occur when power
systems experience short-circuit faults, which is typically the starting point of
power systems dynamic simulation. VFDs will trip when they experience a
relatively large voltage sag (>20% - 30% voltage drop). As a result, there is no
need to include VFDs in dynamic studies. Based on the finding, a simple
procedure to determine if a VFD needs to be included for dynamic studies is

proposed in this thesis.



When VFEDs experience mild voltage disturbances and are able to ride
through, the equivalent dynamic model for motor drive systems is proposed.
These models are created by the linearization approach, voltage dependence and
frequency dependence are both considered. Dynamic models for VSI and
cascaded inverter drives and their induction motor loads are developed.
Aggregation algorithms for motor drive systems are proposed to achieve load
equivalence facility wide.

A generic dynamic load model structure covering all types of commonly
used loads including motor drive systems is proposed for industrial facilities. A
procedure is provided on how to obtain the final load model, which is tailored
from the generic structure based on load types practically involved in an

industrial facility of interest.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

It has been recognized for more than two decades that representation of
power system loads for dynamic performance analysis can have significant
impact on power systems stability. As power systems are designed and operated

with less stability margin, adequate load models are of major importance [1, 2].

The decisions made on system reinforcement and performance
improvement mostly reply on the results of power flow and stability simulation
studies, inadequate load representation could be costly due to under- or over-
building of the system or degradation of reliability. The benefits to improve load
representation are discussed in detail in IEEE Task Force on Load
Representation for Dynamic Performance [1]. If present load representation
produces overly-pessimistic results, the benefits of improved load modeling in
planning studies will be in deferring or avoiding the expense of system
modification and equipment additions; while for operation studies will be in
increasing power transfer limits. However, if present load representation is
overly optimistic, the benefits of improved load modeling in planning studies
will be in avoiding system inadequacies that may result in costly operation
limitations; while for operation studies will be in preventing system emergencies

resulting from overly-optimistic operating limits [1].

Despite enormous research efforts and acquired knowledge, load modeling
remains one of the most uncertain areas in large-scale power system simulations.
In today’s power industry environment, there are strong incentives to reduce the
margin of simulation errors. More detailed load modeling can contribute to this
goal, and thus, one option is to model loads at the distribution voltage level, with
major load components such as induction motors represented separately.

However, it is usually impractical to model the distribution network down to the



point where individual load devices are connected. It is common industry
practice to use relatively simple load models for power flow and dynamic
simulations. To deal with a reasonable number of discrete load models, the
aggregate effects of possibly thousands of individual load components are

lumped at the substation voltage level [3].

In this thesis, loads can be classified into two categories based on their
ownerships. The first category refers to “aggregate loads”, which are the
collective load demand of various utility customers and served by the same
substation. Examples are power distribution feeders connected to a substation.
Load modeling research works are mainly developed for aggregate loads. The
second category is the large industrial (and sometimes commercial) facilities
owned by a single customer and supplied by a (often dedicated) substation or
feeder, which are known as “facility loads”. Examples are oil refineries, steel
mills, paper mills and large airports. As mentioned in [1], models for some large
special loads such as chlorine plants, aluminum reduction plants, smelters, and
electric furnaces were provided in EPRI LOADSYN program, and development
of special models may be warranted for such large unique loads. These efforts

started showing the appreciation of the importance of large loads modeling.

Facility loads constitute major loads in a power system. It is critical to
model them properly due to their large power demand and complex responses to
system disturbances. Unfortunately, research works on modeling facility loads
have been few in numbers. Only a limited number of research works addressed
this load modeling gap. Reference [4] presented a method of creating equivalent
models for industrial facilities assuming the electrical system structure of the
facility is known. Reference [5] proposes an industrial load model that consists
of about 76% small and large motors and 24% static load. A few utility
companies have adopted similar crude approaches such as the WECC modeling
guide [3, 6], this guide suggests that an industry facility can be modeled as 80%
static loads and 20% induction motors. If these approaches in [3, 5, 6], which are

known as “guideline models” in this thesis, are adopted, an oil refinery will have



dynamic responses similar to a steel mill in power system dynamic studies. This
is clearly not acceptable when more and more accurate models are being
developed for aggregate loads and other power system components such as

generators.

Load models for two existing paper mills (I0OMVA and 30MVA) were
determined by Ontario Hydro using the measured data during disturbances [7].
However, such models were only valid for the two specific facilities. Also, the
measurement-based modeling method cannot be used to create load models for

future industrial facilities, which do not exist yet.

Developing tools to establish dynamic models for large industry facilities
is a project of interest to power industry. One of the challenges is how to model
a future industrial facility with limited information in power systems planning
studies. A common situation encountered by utilities planers can be described as
follows: a manufacturer contacts a utility company and plans to develop a X-
type industrial facility in a particular location; the facility needs about Y-MW
power and could be in service after a few years. The facilities have poor
visibility and the planning-time-frame visibility such as authoritative circuit
diagrams, load composition, loading factors etc. is often minimal or non-
existent. The utility, however, must include the model of the future facility in its
planning study since the load can be large, in hundreds of MWs. Therefore, there
are strong requirements to create adequate dynamic load models for industrial

facilities.

Another challenge is how to model VFDs and their motor loads in power
systems dynamic studies. VFDs can control the speed of an induction or
synchronous motor by converting fixed frequency and fixed voltage magnitude
to variable frequency and variable voltage magnitude at motor terminals, and
provide significantly improved process control, energy saving, and soft motor
starting. VFDs are increasingly used in various industrial facilities, for example,

the percentage of VFDs in some oil field facilities could be as much as 80% of



total load demand. Therefore, the adequate dynamic model for motor drive
systems shall be established with proven accuracy, which is especially important

for the facility with large amount of motor drive loads.

Although detailed switching models for motor drive systems are readily
available in the simulation software such as Matlab/Simulink, but they are
discontinuous due to inherent switching, and hence are not directly suitable for
linearization and small-signal frequency-domain characterization, for example
obtaining impedance characteristics and input-output transfer functions, which
are important in assessing stability of power-electronics-based power systems

[8].

This chapter presents literature review on the status of load modeling and
dynamic modeling of VFDs. Main objectives and the organization of the thesis

are also introduced.

1.2 Literature Review on Load Modeling

1.2.1 Load Definations and Characteristics

There are four categories of the load as defined in [1] as follows: 1) Load
device, a device, connected to a power system, that consumes power; 2) System
load, the total power (active and/or reactive power) consumed by all devices
connected to a power system; 3) Bus load, a portion of the system that is not
explicitly represented in a system model, but rather is treated as if it were a
single power-consuming device connected to a bus in the system model; 4)
Generator or plant load, the power output of a generator or generating plant. In
bulk power system studies, a load generally refers to the collective power
demand at a substation, which is the “bus load”. Therefore, the bus load, as

shown in Figure 1.1, is of main concern for power systems dynamic studies [1].
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Figure 1.1 Bus load including feeders, transformers, shunt capacitors, and load
devices [1]

Major load characteristics are summarized as follows [1]:

1) Loads that exhibit fast dynamic electrical and mechanical characteristics.

The primary examples are VFDs.

2) Loads whose response to voltage excursions exhibit significant
discontinuities. Example include VFDs that shut down on low voltage (as
high as 90% rated voltage); motor contactors that drop open during faults
and voltage swings, removing motor loads from the system; motor
overload protection that remove stalled motors from the system after
about 10 seconds. Motor starter contactors may drop open at 65-75% in
the case of 2300V-4000V motors, and 55-65% in the case of motors at
460V and below.

1.2.2 Load Models

The load model is a mathematical representation of the relationship
between a bus voltage (magnitude and frequency) and the power (active and
reactive power) or current flowing into the bus. The term load model may refer
to the equations themselves or the equations plus specific values for the

parameters (e.g., coefficients, exponents) of the equations [1].

The static load model is a model expresses the active and reactive power at

any instant of time as functions of the bus voltage magnitude and frequency at



the same instant, which involves algebraic equations. Static load models are
essentially used for static load components such as resistive and lighting loads.
Traditionally, the voltage dependence of load characteristics has been

represented by the exponential model [1]:

P:P{LJ (1.2-1)
Vo

V b
_o|V 1.2:2
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The parameters of this model are the exponents a and b. With these exponents
equal to 0, 1, or 2, the model represent constant power, constant current, or

constant impedance characteristics, respectively.

An alternative model which has been widely used to represent the voltage

dependence of loads is the polynomial model [1]:

P= PO[aI(KJ +a2(KJ+a3] (1.2-3)
VO VO
0=0, [a4 {Vloj +as (Vloj + asjl (1.2-4)

This model is also referred to as the “ZIP” model, since it consists of the sum of
constant impedance (Z), constant current (I), and constant power (P) terms. If the
models are used to represent a specific load device, V should be the rated
voltage of the device, Py and Qg should be the power consumed at rated voltage.
However, if the models are used to represent a bus load, Vy, Py and Qq are
normally taken as the values at the initial system operating condition for the
study. Polynomials of voltage deviations from rated voltage (AV) are sometimes

used [1].

The frequency dependence of load characteristics is usually represented by

multiplying the exponential model or the polynomial model by a factor



(1+K,4f) (1.2-5)

Where Af is the frequency deviation (f-fp) [1].

The dynamic load model is a model that expresses the active and reactive
powers at any instant of time as functions of the voltage magnitude and
frequency at past instant of time and, usually, including the present instant.
Difference or differential equations can be used to represent such models [1].
The dynamic load models are expressed by transfer functions considering
voltage and/or frequency dependence in [7, 9, 10]. For large industrial loads, two
dynamic models are proposed in [7]: a transfer function model and an induction

motor model with a shunt static load.

1.2.3 Load Modeling Approaches

There are two basic approaches to obtain composite load characteristics for
bus loads: measurement-based approach and component-based approach. The
measurement-based approach is to directly measure the voltage and frequency
sensitivity of load active and reactive power at representative substations and
feeders. Data of load modeling can be obtained by installing measurement and
data acquisition devices at points where bus loads are to be represented. The
parameters of a load model are estimated or identified by fitting the measured
data to the assumed model [1, 7, 10-19]. The advantage of this method is that the
data are obtained directly from the actual system. However, there are several
disadvantages, including 1) application of data gathered at one substation to load
models for other substations may only be possible if the loads are very similar;
2) determination of characteristics over a wide range of voltage and frequency
may be impractical; 3) accounting for variation due to daily, seasonal, weather,
and end-use changes requires on-going measurements under these varying

conditions [1].

The component-based approach is to develop load models by aggregating

models of individual components forming the load [1, 20-25]. Component
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characteristics can be determined by theoretical analysis and laboratory
measurement. This approach requires typical load composition, i.e., fractions of
load consumed by each type of load component. The load modeling can be
achieved via several processes: 1) component load modeling, 2) load
composition estimation, 3) aggregation of component loads, and 4) aggregation
of distribution system [26]. The aggregation of loads especially induction motors

are widely discussed in the literature [27, 28].

Les Pereira et al. constructed a dynamic load model with 80% static load
and 20% induction motor load, where a sensitivity study is conducted by varying
percentages of the induction motor load, parameters of the equivalent induction
motor etc. It is found that dynamic responses of overall system vary significantly
with percentage and parameters of the induction motor [29], and such assumed
load composition and load parameters are critical to the model. However, it is
very hard to obtain accurate values for them, and the accuracy of the resultant

load models become questionable.

For dynamic load modeling of future industrial facilities in power system
planning studies, the measurement-based approach is not possible as the future
facilities do not exist yet. If the component-based approach is used, the most
challenging part will be how to obtain load composition and parameters of
aggregated load devices. Therefore, a new dynamic load modeling method is

needed for industrial facilities.

1.3 Literature Review on Dynamic Modeling of VFDs

1.3.1 VFED Characteristics during Disturbances

Power systems dynamic studies investigate system responses after the
occurrence of one or multiple disturbances. Typical disturbances are short circuit
faults and subsequent line trips. Such disturbances first appear as voltage sags at
various buses of the system. It is, therefore, very important to understand how

VEDs respond to voltage sags.



Defined by IEEE standard 1159, voltage sag is a decrease to between 0.1
and 0.9 pu in rms voltage at the power frequency for durations of 0.5 cycle to 1
min. Typical voltage sag values are 0.1 to 0.9 pu [30]. Voltage sags are usually
associated with system faults but can also be caused by switching of heavy loads
or starting of large motors. The common types of short-circuit faults in power
systems are single-line-to-ground fault, line-to-line fault, double-line-to-ground
fault, and three-phase balanced fault. The first three faults are unbalanced faults.
Voltage sags normally do not cause equipment damage but could result in

disruption to the operation of sensitive loads such as VFDs.

The voltage sag is characterized by its magnitude and duration. The
severity of voltage sag depends on the network structure of the supply system,
radial or interconnected for example, and the observation point. The voltage
magnitude will depend on the number of phases involved, and the impedance
between the observation point and the source of the short circuit. The duration
will depend on the speed of the circuit protections, such as fuses, circuit
breakers, and differential protections, with a typical clearance time in the range

of 100 ms and 500 ms [31].

The common VFD structure comprises of an AC/DC rectifier, a dc link, a
DC/AC inverter, additional control and protection circuits. The dominant type of
drives is the pulse-width-modulation (PWM)-controlled voltage source inverter

(VSI]) drives [32].

As complex non-linear power electronics equipment, VFDs are more
sensitive to voltage sags than older mechanical systems. The control and
protection circuits in VFDs will disconnect the drives to protect their
components during large voltage sags [32]. The sensitivity of VFDs to voltage
sags are affected by many factors such as voltage sag types, loading and
operating condition of the drives, threshold settings in the protection of the

drives, and the control method etc [33]. The types of faults have significant



effect on the drive response to voltage sags. The sensitivity of VFDs is highest
for voltage sags or short interruptions caused by three-phase balanced faults, and
lowest for voltage sags or short interruptions caused by single-line-to-ground

faults [32, 33, 34].

The operation mode of VFDs due to the single-line-to-ground fault is
significantly different from that of other electrical components. A single-line-to-
ground fault at a VFD input is equivalent to operation with a blown fuse in one
phase, i.e., the three-phase rectifier is now just like a single-phase rectifier. For a
well designed system, the average dc voltage decreases only marginally due to
single phasing. For an open-loop V/Hz controlled PWM inverter drive, this
means that the fundamental voltage across the machine will remain practically
unaltered. Therefore, the average power drawn by the machine and the average
DC link current remain constant. In a single-phased operation mode, each diode
carries 50% more average current than that of a three-phase mode [35]. The
single-phased operation of the three-phase diode rectifier will occur even for

90% voltage sags, and is independent of the voltage sag magnitude [36].

The sensitivity of VFDs to voltage sags can be expressed as a voltage
tolerance characteristic curve in terms of voltage sag magnitude/duration values.
The two values are denoted as threshold values. If the voltage sag is longer than
the specific duration threshold and deeper than the specific voltage magnitude
threshold, the VFD will malfunction/trip. In other words, the area below and on
the right from the curve represents that voltage sags will cause
malfunction/tripping of the VFD, while the area above and on the left from the
curve represent that voltage sags will not cause VFD tripping [32, 33].

Based on the published results of equipment testing, the voltage magnitude
threshold may vary between 59% and 71% for VFDs, whereas corresponding
duration threshold varies between 15ms to 175ms. The probabilistic trip counts
may vary over a wide range, from 68 trips per year using a low sensitivity

threshold to 152 trips per year using a high sensitivity threshold [37].
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1.3.2 Modeling of VFDs

As an important type of loads in industrial facilities, power electronic
devices are extensively investigated for modeling [38-59]. Such investigations
mostly focused on averaged modeling for power electronics converters/rectifiers
at the component level. The dynamic averaged-value model (AVM) of a three
phase load commutated converter is proposed in [60], however, such AVM
model is just at the converter level, and the DC link, inverter, induction motor

and the associated control system are not considered.

The averaged modeling method is explained in [39] in detail. Switching
power converters (SPC) belong to a very special class of subjects to be
controlled. Due to switching action, which is common to every SPC, the
converter’s model switches periodically between a set of ordinary differential
equations. The whole model is a differential equation system with discontinuous
right hand-side functions. Such systems will be simply termed as discontinuous
systems. In the control literature, they are also called variable structure systems
(VSS). VSS control theory appears to be an immediate choice for control object
of SPC, but this was not the widely adopted approach at present. The reasons lie
in two aspects: first, many power electronic engineers are not familiar with VSS
control theory; second, SPC itself is a special class of VSS, and controller design
based on VSS control theory has some limitations. Another logical approach for
controlling SPC is to transform the discontinuous system models into continuous
ones, so that control methods for continuous systems become applicable,
averaging methods are the means for achieving these objectives. With averaging
methods, discontinuity of the original discontinuous models is smoothed, and in
many cases, the averaged models will be continuous. Recalling the history of
power electronics, averaging has been a dominant technique for analysis and

control of SPC [39, 40].

IEEE Task Force on Load Representation for Dynamic Performance

recommended that a VFD was effectively constant power load if it is able to ride
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through voltage sags without tripping [1]. Treating power electronics devices as
constant power loads, negative impedance characteristics of such devices are
investigated in [61-62]. However, as indicated in [2] using a constant power load
to represent a complex non-linear power electronics component is questionable,
a more accurate dynamic modeling method for VFDs in industrial facilities is

required for power systems dynamic studies.

1.4 Research Objectives

Due to load modeling challenges facing power industry today, this
research work is intended to explore proper dynamic load modeling techniques

and establish adequate dynamic load models for industry facilities.
Objective 1: Dynamic load modeling technique for industrial facilities

1). Explore a systematic dynamic load modeling technique suitable for various

industrial facilities

The current practice by utility companies is to use a guideline model
assuming certain percents of static loads and induction motor loads to represent
all industrial facilities. However, each type of facilities has its own load
compositions and characteristics based on industrial processes, power
consumptions and demands. As investigated in [29], dynamic responses of
overall system vary significantly when using different percentages and
parameters of the equivalent induction motor. Therefore, it is not proper to
represent all types of industrial facilities with the same assumed guideline
model. To address this issue, a systematic dynamic load modeling technique that

can be applied to various industrial facilities will be investigated in this thesis.

2). Determination of the load composition and system configuration for the

dynamic load model
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Due to the nature of future industrial facilities with very limited
information, determination of load compositions and system configuration for

different types and sizes of industrial facilities are one of the biggest challenges.

3). Load aggregation techniques for model equivalence

Load aggregation techniques for model equivalence shall be investigated
to properly group the loads and simplify the system model into the equivalent

model format, which is more suitable for power systems dynamic studies.

Objective 2: The equivalent dynamic model for motor drive systems

1). Investigate the approach creating the equivalent dynamic model for motor

drive systems

Although power electronic components are extensively studied and their
averaged models are derived, such models cannot serve as dynamic load models
for power systems dynamic studies. The converter AVM model does not include
the DC link, inverter, the motor and its control system, so it cannot represent
dynamic characteristics of the overall motor drive system. The goal is to find an
approach to create the equivalent dynamic model for a motor drive system

suitable for power systems dynamic studies.

2) Create dynamic models for VSI and cascaded inverter drives and their

induction motor loads

To illustrate the approach creating the equivalent dynamic model for motor
drive systems, dynamic models are created for two commonly used drive types,
low voltage 6-pulse VSI drives and medium voltage cascaded inverter drives,

and their induction motor loads.

3) Aggregation of motor drive systems

13



As part of load modeling task, the motor drive systems are required to be
aggregated to achieve the whole facility load equivalence. The aggregation

algorithms for motor drive systems need to be investigated.

Objective 3: A generic dynamic load model structure and a procedure on how to

determine the final load model for industrial facilities

The ultimate goal of this research work is to create adequate dynamic load
models for industrial facilities. It is important that a generic dynamic load model
structure is sought to cover all common types of loads, induction motors,
synchronous motors, static loads, and/or motor drive systems, in industrial

facilities.

On the other hand, load types used in different industrial facilities might be
different, for example, some types of facilities have synchronous motors, while
others don’t. Therefore, after the generic dynamic load model structure is
created, a procedure should be established on how to tailor the generic structure

into the final load model based on practical load types involved in the facility.

1.5 Thesis Organization

The objectives outlined in Section 1.4 have been accomplished
successfully. The main research results are presented in this thesis and organized

as follows:

In Chapter 2, a new concept, the template-based load modeling technique
for industrial facilities, is proposed to address current load modeling issues faced
by power industry. The main ideas including templates, template scaling rules

and model equivalence algorithms are presented in this chapter.

In Chapter 3, to illustrate the proposed template-based load modeling
technique, oil refinery facilities are used as an example. The template and

template scaling rules are established at first, a template-based full model for a
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108 MW coking refinery facility is then created based on them. The aggregation
algorithms for induction motors, synchronous motors and static loads are applied
to the template-based full model to obtain its equivalent models. The accuracy of
the template-based full/equivalent models for the sample 108 MW coking oil
refinery facility is verified by comparing dynamic responses of the template-
based models with that of the real facility and the guideline model under
disturbances. Due to limited amount of VFDs in oil refinery facilities, their
presence is ignored. ETAP transient stability program is used as simulation tool

in this chapter.

In Chapter 4, modeling of motor drive systems is extensively investigated.
The research work can be divided into two parts. Part 1: VFDs will trip when
they experience a relatively large voltage sag (>20% - 30% voltage drop). As a
result, there is no need to include VFDs in dynamic studies. Based on the
finding, a simple procedure to determine if a VFD needs to be included for
dynamic studies is proposed in this thesis. Part 2: When VFDs experience mild
voltage disturbances and are able to ride through, the equivalent dynamic model
of motor drive systems is proposed. These models are created by the
linearization approach with voltage and frequency dependence considered.
Dynamic models for VSI and cascaded inverter drives and their induction motor
loads are developed. These dynamic models are verified to be accurate by
comparing their dynamic responses with that of the detailed switching model
under disturbances. Sensitivity studies are also conducted to evaluate effects of
parameters on the developed dynamic models. Matlab/Simulink is used as

simulation tool in this chapter.

In Chapter 5, aggregation algorithms for motor drive systems are proposed
by considering two cases: 1) VFDs connected to the same bus; 2) VFDs
connected with upstream series impedance and transformers. The proposed
algorithms are verified to be accurate by comparing dynamic responses of the

aggregated equivalent dynamic model for VSI motor drive systems with that of
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the detailed switching models. Matlab/Simulink is used as simulation tool in this

chapter.

In Chapter 6, a generic dynamic load model structure for industrial
facilities is proposed including all common loads. A procedure is recommended
on how to tailor the generic structure into the final model based on loads
practically involved in an industrial facility of interest. Conclusions are drawn

and future works are presented in this chapter.
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CHAPTER 2 TEMPLATE-BASED LOAD MODELING TECHNIQUE
FOR INDUSTRIAL FACILITIES

In this thesis, a new concept, the template-based load modeling technique,
is proposed to establish dynamic load models for industrial facilities. The main
ideas of the technique include templates, template scaling rules and the model

equivalence method.

2.1 Main Ideas

The basic idea is derived from the consideration that each type of facilities
has a most common electrical system configuration, called a facility template.
The template includes, but is not limited to, industry processes and their electric
circuits, the number of circuit branches and voltage levels, load types and load
composition, common motor sizes for different processes, motor voltage levels,

and distribution lines/cables etc.

The facility templates are created mainly through a) facility design
manuals, and b) extracting common characteristics of sample facilities. Facilities
of same type share many common characteristics including characteristics of
their respective electric systems. Such characteristics are often documented in
industry specific design codes or manuals so that similar facilities can be
designed and constructed by engineering companies. For example, design
manuals and books are available for airports including their electric systems
[63], [64]. Template electric systems can thus be created based on these design

manuals. One can create a template database for different types of facilities.

The template needs to be scaled up or down to match the size of a specific
facility to be modeled. For example, if a template represents a 100 MW facility
and a model of 75 MW facility of the same type is to be created, template

scaling will be used to achieve this goal. Template scaling is a process to modify
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template circuits and loads automatically so that the scaled facility consumes
approximately the expected amount of power. Scaling is based on a set of

criteria that are developed according to different manufacturing processes.

The third aspect of the proposed technique is the model equivalence. The
size-specific template-based full (TF) model created from the template and
template scaling rules often contains hundreds of buses and motors, which is still
large and complex. To further simplify the model to be suitable for power
systems dynamic studies, equivalent models are obtained by aggregating the TF

model.

Industrial facilities are constructed according to production processes and
there are usually several processes involved in one facility. If all loads in one
process are reduced into one equivalent load, the template-based equivalent
model known as the “Equivalent Process (EP) model” is obtained. In subsequent
steps, several or all processes can be aggregated into one load and lead to the

simplest equivalent model known as the “Equivalent Facility (EF) model”.

It is recommended in [2] that each individual load type (static loads,
induction motors, and synchronous motors) may have multiple representations
for load modeling. For example, a bus load may consist of one or more static
load models, one or more induction motors, and a synchronous motor. Such

statements support the proposed EP and EF load model formats in this thesis.

Among the above three components (electrical templates, template scaling
rules and model equivalence method), the creation of facility templates and
template scaling rules are facility dependent, while the model equivalence
method is generally applicable to many facility types. A database tool can be
developed to store the information of the three components. The process of using
the database to establish dynamic load models for industrial facilities can be

summarized as follows (Figure 2.1):
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Step 1: User input. The basic information needed from the user are: a)

Facility type, defined based on the standard industry classifications for
manufacturing facilities. For example, oil refineries, steel mills, coal
mines and oil fields are facility types. b) Power demand of the facility,
normally expressed as nominal or rated MW of the facility. ¢) Format of
the output data. The user may input the preferred model type so that a

case-specific model can be derived from the database.

Step 2: Creation of size-specific template-based full facility model. The

database is first searched to extract the template for the specific type of
industrial facility of interest. Utilizing the template scaling rules stored in
the database, the template is then scaled up or down to match the power
demand level specific by the user. This process leads to a full model,
which is denoted as the “template-based full (TF) model” in this thesis,
tailored to the power demand of the user. Such model may contain

hundreds of buses.

Step 3: Model equivalence using aggregation algorithms. In this step, a

set of aggregation algorithms can be used to conduct model equivalence
for the TF model from Step 2). It will reduce the size of the TF model but
preserve its key electrical response characteristics as viewed from the
utility-facility interface point. The model equivalence will provide a
much smaller template-based equivalent model, EP or EF model, say

with 2 to 30 buses.

Step 4: Model output. Based on the user information, the database tool

will output the resultant template-based equivalent model in a format that
can be directly incorporated in simulation of the power systems without
editing. The database tool can also output a comparison of dynamic

responses between the full model and the equivalent model.
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1. Userinput: a) Facility
type, b) Power demand in
MW, ¢) Format of output
data

Template database

l

2. Creation of size-specific |
template-based full
model (TF model)
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h

F ¥

»| Template scaling
methods

Y

3. Model reduction:
Aggregation algorithms

4. Model output: Equi-
valent model (EP or EF
model) ready to be used

Figure 2.1 Process using the template-based load modeling technique for
industrial facilities

For some types of industrial facilities such as oil refineries, VFDs are used
in very small amount, therefore, only three types of loads, induction motors,
synchronous motors, and static loads, are considered in the template-based load
modeling. In other types of industrial facilities such as oil field, however, VFDs
are widely used and must be included. The equivalent dynamic model and
aggregation algorithms for motor drive systems need extensive investigations

and will be discussed in detail in Chapters 4 and 5.

2.2 Model Equivalence

It is recognized that load aggregation is an effective way and also a critical
part in load modeling, which directly affects accuracy of load models. There are
two load aggregation methods available, theoretical and identification

aggregation. The theoretical aggregation lumps similar loads analytically using
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pre-defined parameter values of the loads based on the load type. Only similar
loads will be grouped, for example, induction motors are aggregated with
induction motors, and synchronous motors are aggregated with synchronous
motors. The identification aggregation method is to create aggregated load

model through identification based on field measurements [65].

Induction and synchronous motors form significant portion of loads in
industrial facilities, and dynamic response of these motors plays a key role in
transient behavior of the entire system. Techniques for aggregating a group of
induction motors were investigated in [66-78]. Franklin et al proposed a dynamic
aggregation method for induction motors with improved accuracy comparing to
other existing aggregation methods, a group of induction motors connected to a
common bus can be aggregated into a single equivalent induction motor model
[66]. Similarly, the aggregation method for synchronous machines is extensively

studied in [79-93].

Electric systems of the majority of industrial facilities have radial (tree)
configurations as shown in Figure 2.2. At the tip of the systems are multiple
motors and/or other types of loads connected to same buses. Several such
branches are often connected to a higher voltage bus through transformers and
cables/lines. The group of branches forms one of the production processes of the

facility.

Aggregation algorithms for common types of loads need to be determined
to achieve the model equivalence for the template-based full model and obtain

the simplified template-based EP or EF models.

The aggregation methods for static loads, induction motors, and
synchronous motors are discussed in this chapter. The dynamic modeling and

aggregation methods for motor drive systems will be discussed in Chapters 4 and

5.
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Figure 2.2 Electrical system configuration of a typical industrial facility

The first step of load aggregation for the template-based full model is to
group static loads. The rated static loads measured in MW for individual
processes are added together to form an equivalent static load of the whole
facility. The lumped equivalent static load is modeled as a constant impedance
load and usually connected to utility-customer interface bus. The static load
model was proposed in [94] as a single admittance connected from bus to ground.

The equivalent static load parameters can be calculated as follows [94]:

n loads

Z SLi

Gy = Vz (2.2-1)
nlazads
Qs
By =——— (2.2-2)
1%

where Pgy; and Qgy; are active and reactive power drawn by individual static load

in the system, V is the voltage of the bus that the equivalent static load is
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connected to. After grouping static loads, the template-based full model contains

only motor loads at downstream buses.

A bottom-up aggregation scheme for radial network configuration is
proposed in this thesis to group various electric machines. This method includes
three key steps: 1) Aggregate induction motors (IM) connected to the same bus
into one equivalent induction motor. 2) Aggregate synchronous machines (SM)
connected to the same bus into one equivalent synchronous machine. 3). Split a
bus into two for the cases where both (equivalent) induction motor and
(equivalent) synchronous machine are connected to the same bus through a
common transformer and/or series impedance in the upstream circuit. This
procedure is repeated from the buses with the lowest voltage levels upward to
the substation bus, which eventually leads to an equivalent model for the entire

facility.

For Steps 1) and 2), the techniques proposed in [66] for aggregating a
group of induction machines and in [81, 82] for aggregating a group of
synchronous machines have been adopted by this work. For Step 3), a new
machine equivalence method, a bus split algorithm, is proposed. Therefore, the
major contribution for this part of the research work is Step 3) with the bus split

algorithm.

Figure 2.3 illustrates the proposed bottom-up aggregation scheme for a

simple radial network with induction and synchronous motors:

1) A group of three induction motors, IM3, IM4, IMS5, and their feeding
transformer TX-3 in Figure 3 (a) is aggregated to be an equivalent
induction motor IM-TX3-eq in Figure 3 (b); Similarly, a group of three
induction motors, IM8, IM9, IM10, and their feeding transformer TX-5
in Figure 3 (a) is aggregated to be an equivalent induction motor IM-

TX5-eq in Figure 3 (b).

2) A group of three induction motors, IM1, IM2, IM-TX3-eq, and their
feeding transformer TX-1 in Figure 3 (b) is aggregated to be an
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3)

4)

5)

6)

equivalent induction motor IM-TX1-eq in Figure 3 (c); Similarly, a group
of two induction motors, IM7, IM-TX5-eq, in Figure 3 (b) is aggregated

to be an equivalent induction motor IM-7-TX5eq in Figure 3 (c).

One induction motor and one synchronous motor, IM-7-TX5eq, SMI,
fed by their common transformer TX-4 in Figure 3 (c) are converted to
the new system structure using the bus-split algorithm, fed by two new

transformers TX-6 and TX-7, respectively, in Figure 3 (d).

A group of two induction motors, IM6, IM-7-TX5eq and its new
transformer TX-6, in Figure 3 (d) is aggregated to be an equivalent

induction motor IM6-TX6-eq in Figure 3 (e).

One induction motor and one synchronous motor, IM6-TX6-eq, SM1 and
its new transformer TX-9, with a upstream transformer TX-2 in Figure 3
(e) are converted to the new system structure using the bus-split
algorithm, fed by two new transformers TX-8 and TX-9, respectively, in

Figure 3 (f).

A group of two induction motors, IM-TX1-eq, IM6-TX6-eq and its new
transformer TX-8, in Figure 3 (f) is aggregated to be an equivalent
induction motor IM-TX1-TX8-eq in Figure 3 (g). At this step, the whole
system becomes a simplified format consisting of an equivalent induction

motor and an equivalent synchronous motor.
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Figure 2.3 Bottom-up aggregation scheme for radial networks
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2.3 Bus Split Algorithm

Rogers et al [4] recommended an aggregated induction motor model for
industry plants, but did not conduct work considering synchronous motors
aggregation; it simply mentioned that large synchronous motors should be
modeled in detail in any transient stability study in which plant dynamics are
important and thus are not considered to be part of the aggregated load. In real
life, however, synchronous motors may be present at the downstream motor
control center (MCC) bus mixed with many induction motors, and usually a
transformer and/or series impedance such as a cable is used to connect between
the downstream MCC bus and upstream circuits. In this case, how to aggregate
upstream motors with induction and synchronous motors connected to the
downstream MCC bus remains unsolved, i.e., presently the aggregation process
for induction and synchronous motors is stuck when such condition occurs.
Therefore, it is critical to develop an algorithm that is able to separate
synchronous motors from induction motors connected to a common bus through
a transformer and/or series impedance to continue motor loads aggregation
toward upstream. A bus split algorithm with detailed mathematical derivation is

proposed to address this issue.

For large industrial facilities, synchronous motors, if present, are normally
connected to the MCC with induction motors. A typical system configuration of
a MCC connected with i induction motors, j synchronous motors, and an
upstream transformer T, is shown in Figure 2.4 (a). Using the aggregation
method for induction motors connected to a common bus [66], the i1 induction
motors can be aggregated into a single equivalent induction motor. Similarly,
using the aggregation method for synchronous motors connected to a common
bus [81, 82], the j synchronous motors can be aggregated into a single equivalent
synchronous motor. After such aggregations, the MCC bus configuration is

simplified to be Figure 2.4 (b) with only one aggregated induction motor and one
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aggregated synchronous motor. This simplified system is known as “Original

system” in this thesis.

At this stage, the two different types of equivalent motors are still
connected through a common transformer Ty, so they cannot be directly
aggregated with upstream motors. To achieve further load aggregation, an
equivalent system is desired with the induction and synchronous motor
connected by two separate branches through two new transformers (T, and T,).
The proposed bus split algorithm can achieve such equivalence, and the new
system shown in Figure 2.4 (c) is known as “Equivalent system” in this thesis.
Note: the proposed algorithm is also valid for upstream series impedance instead

of a transformer.

Busl
13.8 kv
\lJ T[]
MCC
4.16 kv
é O <L 4:5 L l)
IM1 IM2Z2 IMi SM1  sM2 5M3

(a) Typical MCC bus in an industrial facility (before motor aggregation)

Vol

oot P ULy
1 i 1
i E&y : v Yo
] ! i []
1 ' o 1 [}
i (‘_‘.a.bleUtlllt.y : :
- - 1 ) - .
Busl To.Vo ' FablEUtlllty
i il
\.J\N 0 Busl lo, Vo
- vlu
Bus2 (MCC) Y
: —> o uiu T2
able2 e Vo=
C e
Yez
- Ispa, V'
s § Ve Bus3 ¥ lim, Vim Bus4y =M. UM
Bus S ad
IM1 M1
M1 sM1
(b) Original system (c) Equivalent system
(before bus split algorithm) (after bus split algorithm)

Figure 2.4 The bus split algorithm at a motor control center bus
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The state space equations and network equations in terms of the nodal
admittance matrix Y (I = YV) for the original and equivalent systems are used to
accomplish such equivalence. To summarize, the following steps are needed for

getting ready to use the bus split algorithm:
1) Choose the MCC bus with induction and synchronous motors.

2) Aggregate induction motors using the induction motors aggregation
method proposed in [66] and obtain the aggregated induction motor IM;
(Note if only one induction motor is present, then no aggregation is

required).

3) Aggregate synchronous motors using the synchronous motors
aggregation method proposed in [81, 82] and obtain the aggregated
synchronous motor SM; (Note if only one synchronous motor is present,

then no aggregation is required).

4) To this point, the bus split algorithm is ready to be used for further load

aggregation.

2.3.1 State Space Equations

2.3.1.1 Induction Motors

The per unit voltage and flux linkage equations for a single rotor winding

induction motors in d-q coordinates can be expressed as follows [4, 83]:

vy =Ri -0 ¥, +¥, (2.3-1)
v, =Ri, +o ¥, +¥, (2.3-2)
v, =Ri, -0 S¥, +¥, (2.3-3)
v, =Ri, +o, SY¥Y, +¥, (2.3-4)
W, =Li,+L,i, (2.3-5)
Y, =Li,+L,i, (2.3-6)
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Y, =L, +Li, (2.3-7)
VY,=Li,+Li, (2.3-8)
Where

¥, ¥, — stator flux linkages in terms of direct- and quadrature-axis components
¥, ., ¥, —rotor flux linkages in terms of direct- and quadrature-axis components
Vg5 s V4 — Stator voltages in terms of direct- and quadrature-axis components

I4 »1,, — Stator phase currents in terms of direct- and quadrature-axis components

v, ,v, —rotor voltages in terms of direct- and quadrature-axis components

qr
Iy »1,— rotor currents in terms of direct- and quadrature-axis components
R_, R, — stator voltages in terms of direct- and quadrature-axis components

s — angular velocity of the stator field in electrical rad/s
L,, — magnetizing inductance

[, — stator leakage inductance

[, — rotor leakage inductance

L, — total stator inductance, L, = [, +L,,

L, — total rotor inductance, L, = [, +L,,

S — constant slip

The following assumptions are made:

1) The stator transient is negligible:

¥, =0 (2.3-9)
liqu =0 (2.3-10)
2) The rotor is shorted:

v, =0 (2.3-11)
v =0 (2.3-12)

3) Define the new variable, the internal voltage for induction motor, as follows:
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V= (_ )z ]\pq, (2.3-13)

r

L

r

v/ = (X m )‘Pd,- (2.3-14)

4) Define normal transient impedance:

, X’
X =X - (2.3-15)
Xr
X, =X,+X, (2.3-16)
X =X,+X, (2.3-17)

Where X is the stator leakage reactance, Xy, is the rotor leakage reactance, and

Xm 18 the magnetizing reactance.

Substitute Equations (2.3-9) and (2.3-10) in Equations (2.3-1) and (2.3-2),
the following equations are obtained:
vy =R, - (2.3-18)
v, =Ri, +a¥, (2.3-19)

Substitute Equations (2.3-5) and (2.3-6) in Equations (2.3-18) and (2.3-19), we

have
v, =Ri, - (Li, +L,i,) (2.3-20)
Vqs = Rs iqs + ws (Lsids + Lmidr) (23_21)

By rearranging, Equations (2.3-7) and (2.3-8), the following equations are

obtained:

. 1 L, ).

i, = (Z}Pd - [ L jzds (2.3-22)
) 1 L, .

i, = (L—J‘Pq, —( L qus (2.3-23)
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By rearranging, Equations (2.3-13) and (2.3-14) can be expressed as follows:

L),
Y= {X—qu (2.3-24)

v =[— L Jvd' (2.3-25)
X

Substitute Equations (2.3-24) and (2.3-25) in Equations (2.3-22) and (2.3-23):

. I\, (L)

I, = (X—mjvq — (Zjlds (23-26)
; 1 4 Lm .

lqr = {— X—mjvd — ( Lr qus (2.3‘27)

Substitute Equations (2.3-26) and (2.3-27) in Equations (2.3-20) and (2.3-21):

L L
v, =Ri, + (ws "L J i, + 2ty (2.3-28)
L, X,
2
ws=RJW+[wJﬁ—fﬁ51J%-k9¥ﬁwq (2.3-29)
LV XW!
X, =alL, (2.3-30)
X, =oL, (2.3-31)
X, =olL, (2.3-32)

Based on Equations (2.3-15), (2.3-30), (2.3-31), and (2.3-32), Equations (2.3-28)

and (2.3-29) can be rewritten as follows:

v, =Ri, — X;iqs +V; (2.3-33)
Vy = X, + R, +Vq' (2.3-34)
In the phasor form, Equations (2.3-33) and (2.3-34) can be expressed by

V=R + X)) +E, (2.3-35)
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Substitute Equations (2.3-11) and (2.3-12) in Equations (2.3-3) and (2.3-4), the

following can be determined:
0=R,i, -So¥, +¥, (2.3-36)
0=R,i, +S0¥, +¥, (2.3-37)

Based on Equations (2.3-24) and (2.3-25), we have:

Tm:£§r}g (2.3-38)
ww=ﬂ-§r}g (2.3-39)

Substitute Equations (2.3-24), (2.3-25), (2.3-26), (2.3-27), (2.3-38), (2.3-39) in
Equations (2.3-36) and (2.3-37), the differential equations expressed by the

motor internal voltage and the stator current can then be determined as follows:

77’ Rr ’ ’ LmeRr .
Vd :(— 3 JVd + wSSVq —qus (23‘40)
5’ ’ R , L X R_ .
A e (2.3-41)

The equation of the motion in per unit for the induction motor is expressed as

follows:
2Ha@

r—p_p (2.3-42)
a)S
w =0,(-S5) (2.3-43)
P, =V}, +Vi, (2.3-44)

Rearranging Equations (2.3-42)-(2.3-44), the following equation can be

determined:

2HS =P, - (V]i, +V/i,) (2.3-45)
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Linearizing Equations (2.3-40), (2.3-41) and (2.3-45), the following are

obtained:

s’ q0 s K

r r

b R ’ ’ ’ R ’ .
AV = [_ o, X’ JAVd +S,0,AV, + @V, AS - (ws X’ j(x - X)Ai,, (2.3-46)

57 ’ R ’ ’ R ’ .
AV = (— Sows )Avd _(a)y ){JSOwYAVq _a)sVdOAS +(a)v - J(Xv _Xx )Alds (2'3_47)

q

e

r r

2HAS = —(i,yAV] +i,(AV, + V] Aiy + VA, ) (2.3-48)

If written in the matrix format, Equations (2.3-46), (2.3-47) and (2.3-48) can be

expressed as follows:

AV AV,

AS AS

(2.3-49)

In the partitioned form, the state space equation for the induction motor can be

rewritten as follows [4]:

AE’ E. E,|AE’ F
ml=l 0 T ] A, ] (2.3-50)
AS E, 0] AS F,
Where,
R
(_ a)s XrJ (S()ws)
E = r R (2.3-51)
Csm) [0
E, { w“v"°, } (2.3-52)
_a)sVdO

o | [_ta0. i
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P (2.3-54)

F, = {[_ Mj [_&H (2.3-55)
i) \"2m

The state variables for the induction motor are as follows:

4

Ax = {AE} (2.3-56)
AS

2.3.1.2 Synchronous Motors

By neglecting amortisseur windings, per unit voltages and flux linkage

equations for synchronous motors are given as follows [83]:

e, =—Y, - R, (2.3-57)
e, =¥, -R,, (2.3-58)
€ = lPfd TRy (2.3-59)
W, =—Lyi, +Li, (2.3-60)
W, =-Lji, (2.3-61)
Wy ==L, +Lyiy (2.3-62)
where

e, »e,— stator voltage in terms of direct- and quadrature-axis components

iy,1,— stator current in terms of direct- and quadrature-axis components

W, ¥, —stator flux linkage in terms of direct- and quadrature-axis components
e , — rotor voltage

i, — rotor current

Y., —rotor flux linkage

e
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L,=L +L,

L =L+L,

Ly, =L, +L,

L,, L, —d-axis and g-axis synchronous inductance

Lad’ L

a

,— mutual inductance
L,— the leakage inductance

R, — armature resistance per phase

R ,,— rotor circuit resistance

e

L ,, —rotor leakage inductance

fe

In above equations, the stator transients are neglected and the per unit

value of the rotor speed , is assumed to be equal to 1 in the stator voltage

equation. The assumption of per unit @, = 1 in the stator voltage equations does

not contribute to computational simplicity in itself, the primary reason for

making this assumption is that it counterbalances the effect of neglecting stator

transients (‘Pd ,‘Pq) so far as the low frequency rotor oscillations are concerned

[83].

Define the following new parameters:

L

E =2y
q fd
Lffd
’ Lzad
X,=L,- L

(2.3-63)

(2.3-64)

(2.3-65)

(2.3-66)
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z;=(LW] (2.3-67)

fd

Note in per unit X4 = Lg, and X4' = Lg'. Equations (2.3-64) and (2.3-66) are the
same equation but write separately for convenience.

Substitute Equations (2.3-60) and (2.3-61) in Equations (2.3-57) and (2.3-58),

we have

e, =—Ri,+LjJ,

(2.3-68)
e,=—L,j,—Rji,+L,i, (2.3-69)
Rearrange Equation (2.3-62) as follows:
1
i,=— (W, +L,i,)
s Ly, s avd (2.3-70)

Substitute Equation (2.3-70) in Equation (2.3-69), the following equation is

determined:

L, L
e =|—“4 [ |i,—Ri +|—=<|¥
4[%H Jd “4(%J-ﬁ (2.3-71)

Rewrite Equation (2.3-71) based on Equations (2.3-63) and (2.3-64) as follows:

e, =(—Xd)zd—Razq+Eq (23-72)

In the phasor form, Equations (2.3-68) and (2.3-72) can be rewritten as follows:
Vou = [_ (Ra + jX; )]ISM + E:, (2.3-73)

Rearrange Equation (2.3-63) and find its derivative as follows:

(2.3-74)

(2.3-75)
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Substitute Equations (2.3-74) in Equation (2.3-70) as follows:

A U N i )
Ly = [ZJEQ J{ L, }d (2.3-76)

Substitute Equations (2.3-75) and (2.3-76) in Equation (2.3-59), the following

equation is determined:

L . R R, L
fd ’ fd ’ fdad |.

efdz(—jE +(—jE +|—— i ]
L,) " \L,) " | Ly (2.3-77)

Rearrange Equation (2.3-77) based on Equation (2.3-65) as follows:

) R, I?
E =L |E, ~E —| =i
I (Lﬂd]{ A {Lﬂjd} (2.3-78)

The following relationship is obtained for the internal voltage for synchronous

motors by substituting Equations (2.3-66) and (2.3-67) in Equation (2.3-78):

e 1 ’ 7\
E = T—,[Eﬁ, ~E -(L,-L))i,] (2.3-79)
do

The equation for the motion is

dw 1

r:_(Te_TL_Da)r)
dt  2H (2.3-80)
T,=E), (2.3-81)

Where H is the combined inertia constant of the motor and loads, D is the

Damping factor. Substitute Equation (2.3-81) in Equation (2.3-80), we have

@ = ﬁ( ‘i ~T, - Dw,) (2.3-82)

Assuming Eg = constant, the linearized forms for Equations (2.3-79) and (2.3-

82) are derived as follows:

., 1) (Lo-L)),.
AE z(__]AEq—( = djmd (2.3-83)

do
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. E/
Ady, =| L |ag —(AJA@+ Ew |y (23-84)
2H 1 2H 2H ) 1

In the matrix format, Equations (2.3-83) and (2.3-84) can be expressed by

. (_ 1} 0 (_(Ld—L;)J 0
AE ||\ T AEC] U Th Ay (2.3-85)
Ad, g (_ D j Aw, E, | A,
2H 2H 2H
Equation (2.3-85) is rewritten as follows
1 [E, OTAE)| [F
AE, | 2| & AN IV (2.3-86)
Aw | |Es E,|Aw, | |F,
Where,
1
E, =|- 2.3-87
: ( T;J 2387
E. = Lo (2.3-88)
5 2H .
E, = (_ D] (2.3-89)
2H
F, =K—MJ 0} (2.3-90)
Td()

Flo [Eo (2.3-91)
‘o 2H T

The state variables for the synchronous motor:

o
AX = 4 (2.3-92)
Aw

r
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2.3.1.3 Induction and Synchronous Motors

If both induction and the synchronous motors are included in the state
space equation as requested in Figure 2.4 (b), the state variables in this case can

be chosen as follows:

AE/

m

AX =| AS (2.3-93)

The state space equations can be obtained based on Equations (2.3-50) and (2.3-
86) as follows:

AE'| [E, E, 0 0 TAE.] [F 0

AS | _|E, 0 00 |AS| |F O {AIIM} (2.3-94)
AE; 00 E O AEq 0 £ Al g,

Ady, 00 E E|Aw | |0 F

2.3.2 Original Network Equations before Bus Spliting

The transformer and the cables for the original system (Figure 2.4 (b)) can
be represented by an admittance matrix Y. Total 4 buses (Busl, Bus2 (MCC),
Bus3, and Bus4) are involved including two terminal buses for the induction and
synchronous motors. The network equation (I=Y'V) of the original system can be

written as follows:

AIo (YO’+YT0) (_YTO) 0 0 AVO

0 _ (_ YTO) (YTO +Y, +Y(2) (_ Y(l) (_ L2) AV, (2.3-95)
AIIM 0 _Ycl) Ycl) 0 AVIM
Al 0 (-v,) 0 (¥.,) ] Avy,

Rearrange Equation (2.3-95) in equations format as follows:
Al = (Y] +Y,0)AV, - Y, AV, (2.3-96)

0= (=Y, )AV, + (Yo + Y, +Y,)AV, =Y AV, —Y, AV, (2.3-97)

39



Al,, = (_ Y, )AV]J +Y,AVy, (2.3-98)
Al =(=Y,)AV, +Y AV, (2.3-99)

Where Y,,Y,,,Y,,,Y., are admittances for power source, transformer T, cable 1

connected to the induction motor terminal, cable 2 connected to the synchronous

motor terminal, which are given data for the original system; A/, AV, are current
and voltage for Bus 1; A7 ,» AV, are current and voltage for Bus2 (MCC);
Al,,,AV,, are current and voltage for the induction motor terminal bus (Bus 3);
Al,, , AV, are current and voltage for the synchronous motor terminal bus (Bus

4),

Linearize Equation (2.3-35), the terminal voltage of the induction motor

can be expressed by its internal voltage as follows:

AV = (Rs + jX;)NIM +AE,, (2.3-100)

Similarly, linearize Equation (2.3-73), the terminal voltage of the synchronous

motor can be expressed by its internal voltage as follows:

AV, =[-(R, + jX )AL, +AE] (2.3-101)

Substitute Equations (2.3-100) and (2.3-101) in Equations (2.3-96) - (2.3-

99), the following equations can be determined:

Al =Y AV, +YJAE, + Y AE,

(2.3-102)
Al = Yl/(,)AVO +Y1:AE;1 +Y1;AE; (2.3-103)
Al =Y AV, +Y]AE, +Y,,AE, (2.3-104)
Where,
Y’ + %
20 ’

Y, = (YIM _Y11)

v 7Y ) 74 (2.3-105)

YSM (YIM - Y1’1 ) YSM
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’ s’
4 YZIYII

YZ,I YZI +,(Y1£v1 _Y1’1) ;
1— Y)Yy, _ Yy
YSM(YIM _Yl,l) Yy

Y2f2 + Y2/1Y1/2 .
Yz’; Y,(?,M _Yu) -
1— 21112 _I»

YSM (YIM - Yl,l) YSM

7 _ YIOYIM + Y12Y1MY20

(YIM - Yl,l ) YSM (YI - Y1,1 )

7 _ YIIYIM + YIZYIM Y21

11 =

(Y M Yl/l ) YSM (YIM -

N (YI _Y1,1) YSM(YI _Yl,l)

n YoYio n Yoo
Y Y

M SM

” ’
YOO - YOO

o =y ToXE | Yors

M Y SM

Y01Y12 + YO2Y22

[ YIZYIM + YIZYIMYZZ

Yo,; = Yo,z +
YIM YSM
Y’ — YO,YTO +(YO’+YT0)(YC1 +Yc2)
” YTO +Ycl +Y62
’ — Y Y
01
YT0+Yc1 +Yc2
’_ Y, Yr
02
YTO +Ycl +Yc2
Y, = Yo [Yo,o — (YO,+YT0 )]
10
YTO
’ Y 7
Y, :_CIYm +Y,
YTO

(2.3-106)

(2.3-107)

(2.3-108)

(2.3-109)

(2.3-110)

(2.3-111)

(2.3-112)

(2.3-113)

(2.3-114)

(2.3-115)

(2.3-116)

(2.3-117)

(2.3-118)
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Y, =y,
Y (2.3-119)
Y. = Ycz[Yo,o _(Y0,+YT0)]
20 —
Y (2.3-120)
’ Y ’
Y, = Y_CzY()l
o (2.3-121)
’ YC ’
Y,, = _ZY()z +Y,
70 (2.3-122)
v = 1 1
M — - R
Zy (R +X)) (2.3-123)
V. = I 1
M Zg —(R,+ X)) (2.3-124)

The state space equation for the system can be obtained by substituting

Equations (2.3-103) and (2.3-104) in Equation (2.3-94):

AE; (El + F1Y1,1’) Ez (FIYI/Z,) 0 AE; FlYl,(;

m m

AS |_|(E;+FY]) 0 (Fy;) o | As | | FYo (2.3-125)
. = » » , |+ AV, .

AE; (F3Y21) O (E4 + F3Y22) O AE’Z F3Y2,(,) [ 0]

Ad)r (F4Y2,;) O (ES + F4Y2/;) E6 Aa)r F4Y2,(,)

In the general state space equation format, Equation (2.3-125) is rewritten

as follows
AX = AAX + BAu (2.3-126)
Where,
w
s
L@ (2.3-127)
_Va'O
u= V
L7 a0 (2.3-128)
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,1.e.,

A= {A“ A”} (2.3-129)
A21 A22

FIYl:,)

p=| P (2.3-130)
F3Y20

F4Y2,(,)

Based on the control theory, in order to have two sub-systems in the
parallel connection, A, and Ay; should be 0, i.e., ¥, =Y," =0 in Equation (2.3-
129). To successfully equivalent the original system (Figure 2.4 (b)) into its

equivalent system (Figure 2.4 (c)), our objective is to satisfy the following

relationship in the matrix A:

FY/ <<E, +FY/ (2.3-131)
EY,<<E,+FY (2.3-132)
FY] <<E, +FEY], (2.3-133)
F\Y] << E,+F,Y}, (2.3-134)

Or simply Y, =Y, =0
The injected power at the connecting bus (Bus1) can be determined by

AP, 1 I | AV Vv V. || Al
of_| fa ta a7 q “1=G,AV, +G,Al, (2.3-135)
ag, | " |-1, 1,)av, |V, -v,| Al

q

Substitute Equation (2.3-102) in Equation (2.3-135), we have
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AP,
[AQO } = (GV Yo,; )AE)’n + (GVYO,; )AE; + (GI +G, Yo,(’) )AVO
0
AE, (2.3-136)
AS
AE/

q

Aw

(3

=[G,v;) 0 (GYy,) 0 +[(G, + G,y )l[av,]

In the general state space equation format, Equation (2.3-136) is rewritten

as follows
Ay = CAX + DAu (2.3-137)
Where,
Lo,
e, (2.3-138)
c=[Gx;) o (GYy) 0] (2.3-139)
D=[G,+G,Y})] (2.3-140)

2.3.3 Equivalent Network Equations after Bus Spliting

For the equivalent system, total 3 buses (Busl, Bus3, and Bus4) are
involved including two terminal buses for the induction and synchronous
motors. The network equation (I=YV) of the equivalent system (Figure 2.4 (c))

can be written as follows:

AIo (YO’+YT1+YT2) (_Yn) (_er) AVo
Al |=|  (=Yy) v,) 0 [av, (2.3-141)
AISM (_ YT2 ) 0 (er ) AVSM

where Y, is the admittances for power source, which is the given data the same

as that in the original system. Note: the value of the power source admittance
will not affect the final calculation results. Yt; and Y, are admittances for the
two transformers T; and T, in the equivalent system, respectively, which are
unknown data and need to be determined. Aly and AV, are current and voltage

for Busl. Alp and AVyy are current and voltage for the terminal bus for the
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induction motor (Bus3). Alsy and AVgy are current and voltage for the terminal

bus for the synchronous motor (Bus4).

Rearrange Equation (2.3-141) in the equation format as follows:

Al, = (Yo/ +Y, + Y, )AVO - Y, AV, =Y, AV, (2.3-142)
Al ==Y, AV, + YAV, (2.3-143)
Alg, ==Y, AV, +Y,AV, (2.3-144)

Substitute Equations (2.3-100) and (2.3-101) in Equations (2.3-142) - (2.3-144),

similar to the original system, the currents at the three buses can be expressed as

follows:
AI() = Y()’()quV'() + Y(),lquEl; + Y(),ZquE; (23_14_5)
ALy, = le)quVo + Yl,lquEr,n (2.3-146)
Al = Yz/oquVo + YzfzquE; (2.3-147)
Where,
, Y. Y
Yo = 50— (2.3-148)
YTz - YSM
, , Y. Y
T (2.3-149)
YTZ - YSM
, Y.Y
loeg = 5 (2.3-150)
YTl - YIM
P , Y.Y
Vi = Vioeg =~ (2.3-151)
YTI - YIM
, , Y.y, Y.Y.
Yooeq :(YO+YT1+YT2)_ oo 1220 (2.3-152)
M Yo
’ P Y.y’
YOleq = Yl()eq = _(YTI + %j (23'153)
M
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Oeq
SM

, ’ Y.Y,
Yipey =Y :_(er"' TYZ 22] (2.3-154)

Substitute Equations (2.3-146) and (2.3-147) in Equation (2.3-94), the state

space equation for the equivalent system can be calculated as follows:

sg,] [(E+FY,) E 00 AE,| [ F¥i,

AS | |(E,+EY),) © 00 AS | | FaYio, V]
AE; B 00 (E4 + F3Y2,26q) 0 AE; ’ F3Y2,Oeq ’
Aw, 00 (Es + F4Y2,26q) E, | Ao, F4Y2,()eq

(2.3-155)
Substitute Equation (2.3-142) in Equation (2.3-135), the injected power at

the connecting bus (Bus-1) for the equivalent system can be written as follows:

AP , ’ ’ ’ 4
|:AQO :| - GVYOlquEm + GVK)Z@QAEQ + (GI + GVY;)OE’I )AVO
0

AE, (2.3-156)
Z[(GVY(;leq) 0 (GVYO,Zeq) O] AA;/ +[(G1+Gvyg0eq)][AVo]

q

Aw

(

In the general state space equation format, Equations (2.3-155) and (2.3-

156) can be rewritten as follows for the equivalent system:

AX = A, AX +B, Au (2.3-157)
Ay=C,AX +D, Au (2.3-158)
Where,
E|
_|S (2.3-159)
, |
.
y=| 4 (2.3-160)
Vo

46



yz[ﬂ (2.3-161)

0,
(E1+FIY1’1W) E, 00
A, = (E3+%Yugz) 0 (E4+£Y2,206q) . (2.3-162)
0 0 (E,+FY},,) E
(FYp,, ]
B, = 222 : (2.3-163)
FYy,
c,=ler.,) o Gr,) o (2.3-164)
D, =G, +6,v;.,) (2.3-165)

To make the two systems equivalent, the output functions (the injected
power at Bus 1) for both systems, Equations (2.3-136) and (2.3-156), are

considered to be the same, i.e.,

Yoo = Yor (2.3-166)
Yooeo = Yoo (2.3-167)
Yoo = Yoy (2.3-168)

The admittances of the two unknown transformers, Y1; and Yo, in the
equivalent system can then be determined from Equations (2.3-166) and (2.3-

167) as follows:

Y,, :M (2.3-169)
Y01 _YIM
Y'Y,
Y, =0 (2.3-170)
Y()z _YSM

By substituting the calculated Y1; and Y1, from Equations (2.3-169) and (2.3-
170) in Equation (2.3-168), it is verified that Equation (2.3-168) is true.
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The calculation indicates that the parameters in Equations (2.3-125) and

(2.3-155) make the following equations satisfied:

Yioew = Y50 (2.3-171)
Yaoeg =20 (2.3-172)
Y, =Y (2.3-173)
Yoy =1m (2.3-174)
Yo =¥y =0 (2.3-175)

Equation (2.3-175) is one of the objectives for the two system equivalence,
which is verified to be met. Based on these equations, the state space equations
for both systems are considered approximately the same with similar dynamic
response characteristics. As a result, the equivalent model can be successfully

obtained.

In summary, the following procedure is proposed to split a bus with both

induction and synchronous motors connected to:

1) Obtain the impedances of the induction and synchronous motors (Yp and
Ysm). These data are known for a given machine or an aggregated equivalent

machine.

2) Obtain the branch impedance for the transformer Ty, the cable c; for the
induction motor, the cable c, for the synchronous motor (Yo, Y1 and Yp)

for the original system. These are also known data.

3) Calculate the impedances of the two equivalent transformers T, and T, (Y1
and Y1) using Equations (2.3-169) and (2.3-170). The circuit impedances of

the new equivalent circuit are thus determined.

Note: The motor parameters remain the same in the above calculation. The
impedance of the two new transformers, Yr; and Yr,, are affected by the

machine parameters, so the bus-split algorithm is not a simple Y-A transform.
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2.3.4 Case Study of the Bus Split Algorithm

To verify the accuracy of the proposed bus split algorithm, a case study is
conducted using a sample system. The system configurations for the original and

equivalent sample systems are shown in Figure 2.5.

Ul
150 MVAsc
Bus Utility
13.8 kv
% z1
g, Cable Utility
Bus4
Busl
138 kv 13.8 kv
TO
4 MVA
13.8/4.16 kv
Bus2MCC
4.16 kv
Cablel Cable2
Bus2 Bus3
4.16 kv 4.16 kv
IMeqg SMeq
2000 HP 2000 HP
(a) Original system
Ul
150 MVAsc
Bus Utility
13.8 kV
% z1
Cable Utility
Bus4
Busl
13.8 kv 13.8 kV
v‘\J\/‘\/ Tl \/Jv‘v T2
2 MVA 2 MVA
13.8/4.16 kv 13.8/4.16 kv
Bus2 Bus3
4.16 kV 4.16 kV
IMeq SMeq
2000 HP 2000 HP

(b) Equivalent system

Figure 2.5 A case study to verify the bus split algorithm
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In the case study, both induction and synchronous motors are rated at 4.16
kV and 2000 HP. The transformer T, is rated at 4 MVA, 13.8/4.16kV, the
impedance Zto= 5.5% and X/R=10.67. The cables connecting the induction and
synchronous motors are S00AWG in size and 50 feet long each. The cable
impedance per 1000 ft is R + jX = 0.0284 + j0.0351 ohms. The impedance of the
utility at the 100 MVA and 13.8 kV base is assumed to be Z;' = 0.02562 +
j0.66617 p.u. (Note: the impedance of the utility will be cancelled during the
calculation, so this value will not affect final results). The equivalent circuit
parameters for the induction motor at machine base are Ry = 0.0194 p.u., Xjs =
0.1261 p.u., Xy = 3.1333 p.u., X;=0.1026 p.u., and R, = 0.0179 p.u. The
parameters for the synchronous motor at machine base are R, = 0.005 p.u.,

X4'=0.28 p.u.

The calculated impedance for the two new transformers T; and T, in the
equivalent system (rated at 2MVA each, 13.8/4.16kV) at transformer base using
Equations (2.3-169) and (2.3-170) are:

1). For Ty (connected with IM): Zr; = 1.66%, X/R = 17.57 (Z11 = 1/Y11)
2). For T, (connected with SM): Zr, =4.05%, X/R =41.88 (Z1, = 1/Y12)

Three types of faults are applied to the original and equivalent sample
systems in Figure 2.5 using ETAP. The faults are applied to the specified faulted
bus at 1.00 second, and cleared at 1.15 second. The total simulation time is 5

second.

Fault 1 refers to a local three-phase fault occurred at “Bus Utility” in the
original and equivalent systems with the voltage at “Busl” in the original and
equivalent systems equal to 0% of nominal voltage during the fault. The
dynamic response characteristics of the bus voltage at “Bus1”, the real power P
and the reactive power Q through “Cable Utility” in the original and equivalent

systems during Fault 1 are shown in Figure 2.6.
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Fault 2 refers to a remote three phase fault occurred at “Bus4” in the
original and equivalent systems with the voltage at “Busl” in the original and
equivalent systems equal to 50% of nominal voltage during the fault. The
dynamic response characteristics of the bus voltage at “Bus1”, the real power P
and the reactive power Q through “Cable Utility” in the original and equivalent

systems during Fault 2 are shown in Figure 2.7.

Original system ----- Equivalent system
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(a) Voltage at “Bus1” (Fault 1)
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0 1 2 3 4 5
Time, sec

(b) Zoomed-in view for voltage at “Bus1” (Fault 1)
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(d) Reactive Power through “Cable Utility” (Fault 1)

Figure 2.6 Dynamic responses of the original and equivalent systems (Fault 1)
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(a) Voltage at “Bus1” (Fault 2)
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Original system ----- Equivalent system
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Figure 2.7 Dynamic responses of the original and equivalent systems (Fault 2)
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Fault 3 refers to a remote three phase fault occurred at “Bus 4” in the
original and equivalent systems with the voltage at “Busl” in the original and
equivalent systems equal to 75% of nominal voltage during the fault. The
dynamic response characteristics of the bus voltage at “Bus1”, the real power P
and the reactive power Q through “Cable Utility” in the original and equivalent

systems during Fault 3 are shown in Figure 2.8.

It is found that dynamic responses match very well between the original
and equivalent sample systems in the case study, which verifies the accuracy of

the proposed bus split algorithm.
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Original system ----- Equivalent system
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Figure 2.8 Dynamic responses of the original and equivalent systems (Fault 3)

Please note: The linearization method is used to develop the model
reduction technique, the bus split algorithm. The following three facts support
the validity of the proposed method: 1) The linear approach has been verified to
be effective for facility modeling by Reference [4], 2) Case studies presented in
the thesis have shown that the equivalent model derived from the proposed
method produces quite acceptable responses even for large disturbances, 3) The
facility modeling task does not require accurate duplication of specific machine
response inside the facility. It is only concerned with the collective machine

responses seen at the facility-utility interface point.
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2.4 Summary and Conclusions

In this chapter, a new concept, the template-based load modeling technique
for industrial facilities, is proposed and the main ideas of this technique are

introduced.

There are three major components for this technique: templates, template
scaling rules, and the model equivalence method. Each type of industrial
facilities has its own unique templates and associated template scaling rules,
which are the basis for the creation of the template-based full model. The
established template-based full model shall represent all loads inside the facility
and capture major system dynamic characteristics during disturbances. The
model equivalence for the template-based full model can be achieved by using

the proposed aggregation algorithms for static loads and electric machines.

The proposed aggregation algorithms for electric machines are known as
“the bottom-up aggregation scheme” in this thesis, which is dedicated to group
various electric machines. As one of the essential steps for the bottom-up
aggregation scheme, a bus split algorithm is developed to deal with the case that
induction and synchronous motors are connected to a downstream MCC bus
through a transformer and/or series impedance at the upstream circuit. The bus
split algorithm makes aggregation of upstream motors with the induction and
synchronous motors connected to the downstream MCC bus feasible. This

algorithm is verified to be accurate by a simple case study in this chapter.

The proposed bus-split algorithm is based on linearization of differential
equations of electrical machines and the network, so it is suitable for small signal
stability analysis. Although case studies have verified that this method works for
large disturbance such as three-phase faults, more “bullet proven” equivalence

method is desirable. Future research will be conducted to address this issue.
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For some types of industrial facilities such as oil refineries, VFDs are used
in very small amount, therefore, only three types of loads, induction motors,
synchronous motors, and static loads, are considered in the template-based load
modeling. In other types of industrial facilities such as oil field, however, VFDs
are widely used and motor drive systems must be included in the template-based
load modeling. The equivalent dynamic model and aggregation algorithms for

motor drive system will be provided in Chapters 4 and 5.
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CHAPTER 3 TEMPLATE-BASED LOAD MODELING FOR OIL

REFINERY FACILITIES

To illustrate the template-based load modeling technique for industrial

facilities, oil refinery facilities are chosen as an example. The dynamic load

model for the specific type of facilities is established using the proposed

technique. The following are major parts to work on:

Establish templates for oil refinery facilities,

Create template scaling rules,

Determine the template-based full model (including electrical single-line
diagrams, ratings and parameters for individual components) based on
the template and template scaling rules,

Obtain the template-based equivalent model(s) by conducting model
equivalence for the template-based full model using aggregation
algorithms,

Verify the model equivalent method by comparing dynamic responses of
the template-based equivalent model(s) with that of the template-based
full model, and

Verify the accuracy of the template-based load modeling technique for
industrial facilities by comparing dynamic responses of the template-
based full/equivalent models with that of the real facility and guideline

models.

3.1 Process of Template-Based Load Modeling

3.1.1 Survey on Oil Refinery Facilities

The templates and template scaling rules for oil refinery facilities are

created based on extensive literature review [95-102] and the information from

real facilities. Three general categories of oil refinery facilities are found in the
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literature as follows [103] (the schematic flow chart of a typical oil refinery

facility can be found in Figure 3.1 [104]):

1)

2)

3)

Topping refinery. This refinery separates the crude oil into its constituent
products by Atmospheric Distillation unit (ADU). It consists only of an
ADU and probably a catalytic reformer to provide octane (blue circle in
Figure 3.1). Typically only condensates or light sweet crude would be
processed at this type of facility unless markets for heavy fuel oil (HFO)
are readily and economically available. Asphalt plants are topping
refineries that run heavy crude oil because they are only interested in

producing asphalt.

Cracking refinery. This refinery is equipped with Vacuum Distillation
Unit (VDU) and catalytic cracking in addition to equipment in a topping
refinery (green rectangle in Figure 3.1). The cracking refinery reduces
fuel oil by conversion to light distillates and middle distillates. It takes
the gas oil portion from the VDU (a stream heavier than diesel fuel, but
lighter than HFO) and breaks it down further into gasoline and distillate

components using catalysts, high temperature and/or pressure.

Coking refinery. This refinery processes vacuum residual fuel, the
heaviest material from the VDU and thermally cracks it into lighter
product using Delayed Coking process. The coking refinery adds more

complexity to the cracking refinery (pink oval in Figure 3.1).

Topping refinery plants are not common type of refinery facilities, only

small amount of topping plants are found in Canada. Primary refinery facilities

are Cracking Refinery in Canada. Therefore, only cracking refinery facilities and

coking refinery facilities are considered to construct the template and dynamic

load models.

Compared to Canadian refinery facilities, the US refineries are configured

to process a large percentage of heavy, high sulphur crude and to produce large

quantities of gasoline, and low amounts of heavy fuel oil. U.S. refiners have
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invested in more complex refinery configurations, which allow them to use
cheaper feedstock and have a higher processing capability. Canadian refineries
do not have the high conversion capability of the US refineries, because, on
average, they process a lighter, sweeter crude slate. Canadian refineries also face
a higher distillate demand, as a percent of crude, than those found in the U.S. so
gasoline yields are not as high as those in the US, but are still significantly

higher than European yields [103].

Research is conducted on electricity consumption for each process in oil
refinery facilities. Reference [105] provides electrical consumption for each
process based on estimated 2001 energy balance for the U.S. petroleum refining
industry. Electrical consumptions for an individual refinery, however, will be
different due to different process configurations. The estimate is based on
combination of data from different sources and assumptions on process
throughput and process energy intensities. Reference [106] summarizes total
electricity demand in Hypothetical California Refinery. The three process units
that consume most electricity are catalytic hydrocracker, alkylation unit and
coker in this case. The published data in [105, 106] are summarized in Table 3.1.
Electricity consumption for an existing Canadian coking oil refinery facility is

also summarized in this table for comparison purpose.

Table 3.1 indicates that the first three columns for refineries in U.S. and
California show large electricity consumptions on the hydrotreater process. The
general data for U.S. Refineries in the first column shows 33.395% electricity
consumption, and for California refineries in the second and third columns show
18.072% electricity consumption only from the hydrotreater process.
Hydrotreating is a process used to remove sulphur from finished products. As
the requirement to produce ultra low sulphur products increases, additional
hydrotreating capability is being added to refineries. Refineries that currently
have large hydrotreating capability are able to process crude oil with higher
sulphur content. For comparison, the 4™ column in Table 3.1 for a Canadian

coking refinery facility shows that the hydrotreater process only consumes
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2.14% electricity. Therefore, U.S. coking refineries process high sulphur crude

oil, while Canadian coking refineries process low sulfur crude oil.
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Figure 3.1 Schematic flow chart of a typical oil refinery [104]
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Table 3.1 Electrical consumptions of each process [105, 106]

Petroleum refinery Electrical consumptions of each process in percent of total
process electrical consumption for coking refinery in US and Canada
U.S. California Hypothetical A Canadian
Refineries Refineries California Coking
% % Refinery, % Refinery, %
Desalter 0.561 0.451 -- --
CDU(Crude 7.625 4.539 6.827 2.68
Distillation Unit)
VDU(Vacuum 1.785 1.861 2.289 9.86
Distillation Unit)
Hydrotreater 33.395 18.072 17.884 2.14
Coking/Thermal 9.772 7.697 18.028 8.57
Cracking
FCC(Fluid Catalytic 14.803 11.094 4.413 297
Cracker)
Hydrocracker 12.396 25.289 32.731 30.02
Reforming 7.210 5.498 2.778 0.67
Deasphalting 0.451 0.423 0.656 --
Alkylates 5.852 3.186 11.785 1.26
Aromatics 0.615 0.014 0.008 --
Asphalt 1.563 0.874 0.733 --
Isomers 0.841 0.733 0.630 5.97
Lubes 2.632 2.270 0.17 --
Sulfur 0.229 0.226 1.052 2.30
Hydrogen 0.189 4.412 -- 3.60
Gas Plant -- -- -- 3.09
Other 0.081 13.361 0.016 26.87
Total process use 100 100 100 100

3.1.2 Create Templates and Template Scaling Rules

Due to significant differences in crude oil sulphur content processed by
U.S. and Canadian oil refinery facilities, oil refineries are classified into four
types as follows:
1) Type 1: coking refinery processing high sulphur crude;
2) Type 2: coking refinery processing low sulphur crude;
3) Type 3: cracking refinery processing high sulphur crude;

4) Type 4: cracking refinery processing low sulphur crude

Total electrical consumption of an oil refinery facility is the sum of power
consumed by each process. Typical processes in facilities of Types 2 and 4 and

corresponding electrical consumption as percent of total consumption are
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presented in Table 3.2. The electrical consumption of Type 2 facilities is based
on a Canadian coking refinery while the electrical consumption of Type 1
facilities is taken as the average mean of corresponding values for different US
refineries [105, 106]. The electrical consumption for each process in Types 3 and
4 can be easily calculated from Types 1 and 2, respectively, by assuming zero

consumption for coking process.

A survey on actual facilities and literature review indicate that major motor
voltage levels used in oil refinery facilities are 480V/600V, 2.4 kV and 4.16 kV.
Although 13.2 kV motors are used in some facilities, they are not very common.
Therefore, the final motor data used to create templates (as shown in Table 3.3)

do not include 13.2 kV motors.

Based on the survey on a 108 MW actual oil refinery facility, it is found
that only four VFEDs are used in this large facility and supply power to two 250
HP rated induction motors and two 150 HP rated induction motors. The power
consumption of these drives is only 0.55% of the whole facility’s power
consumption. Therefore, the presence of the VFDs can be ignored in the load
modeling without introducing errors. Induction motors, synchronous motors and
static loads are common loads in oil refinery facilities, therefore, only these three
types of loads need to be included in the templates and the template-based load

models.

Using the data listed in Tables 3.2 and 3.3, the template and template
scaling rules for Types 2 and 4 oil refinery facilities are established as shown in
Table 3.4. The template and template scaling rules for Types 1 and 3 can be

established in a similar manner.

The proposed templates are suitable for modeling any sized oil refinery.
Based on the user input power demand (in MW) for a size-specific facility, loads
contained in each process can be determined using templates and template

scaling rules.
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Table 3.2 Template for Types 2 and 4: electrical consumptions of each process

Petroleum refinery Electrical consumptions of each process in

process percent of total facility electrical consumption, %
Type 2 Type 4

CDU (Crude Distillation 2.68 2.93

Unit)

VDU (Vacuum 9.86 10.78

Distillation Unit)

Hydrotreater 2.14 2.34

Coking 8.57 3.25

FCC (Fluid Catalytic 297 32.83

Cracker)

Hydrocracker 30.02 0.73

Reforming 0.67 1.38

Alkylates 1.26 6.53

Isomers 5.97 2.52

Sulfur 2.30 3.94

Hydrogen 3.60 3.38

Gas plant 3.09 29.39

Other 26.87 100

Total process use 100 2.93

Table 3.3 Template: horsepower distribution vs. voltage levels for induction

motors
Individual motor HP in percent of total induction motor HP in the facility, %
Voltage Reference | Reference Real Real Calculated | Template
level [13] [8] facility 1 | facility 2 average data

480/600V 40.85 44.29 16.67 29.66 33 35

24kV 15.33 7.65 29.1 0 13 15

4.16 kV 43.82 48.06 54.23 60.08 51.5 50

13.2kV 0 0 0 10.26 2.5 0
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Table 3.4 Templates and scaling rules for Types 2 and 4

Scaling CDU | VDU | Hydro- | Cok- | FCC | Hydro- | Refor- | Alkyl- | Iso- Sul- Hydro- | Gas Other
Criteria treater ing cracker ming Ates mers phur gen Plant
1. Rated loads as Type2 2.68 9.86 2.14 8.57 2.97 30.02 0.67 126 5.97 2.30 3.60 3.09 | 26.87
% of total loads Tvpe 4 293 10.78 2.34 - 3.25 32.83 0.73 1.38 6.53 252 3.94 3.38 | 29.39
2. Rated Static loads Type2 1.23 4.68 0 2.74 1.35 4.92 0.49 0.91 0.95 1.27 0 1.37 9.09
as % of total loads Typed 142 4.79 0.17 — 141 6.04 0.51 1.00 1.05 128 0.24 147 9.75
3. Rated synchronous
motor MW as % of Type2 0 0 1.21 0 0 11.74 0 0 0 0 2.76 0 0
total loads Type 4 0 1.21 - 0 11.74 0 0 0 0 2.76 0 0
4. Rated induction Type2 | 145 | 518 | 093 | 583 | 162 | 1336 | 018 | 035 | 502 | 103 | o084 | 172 | 1778
motor MW as % of
total loads Typed 151 5.99 0.96 - 1.84 15.05 0.22 0.38 5.48 1.24 0.94 191 | 1964
;;igllf\r‘td::?:r;f Type2 0.14 211 0.04 1.714 | 0.68 1.468 0.18 0.105 | 0.17 0.95 0.057 0.51 1.35
total loads Tvpe 4 0.17 2.58 0.05 - 0.83 1.79 0.22 0.13 0.21 1.16 0.07 0.62 1.65
6.2 3KV induction _ _
motor MW as % of Tvpe 2 131 0.24 0.89 0.173 0.42 0 0 0.245 0 0.08 0 0.66 3.59
total loads Tvpe4 134 025 091 - 043 0 0 025 0 0.08 0 0.68 367
T mduction | Twpe2 | 0 | 28 0 | 394305 | 118902 ] o o | 485 | o | 0783 | 055 | 1284
total loads Tvpe 4 0 316 0 - 058 1326 0 0 527 0 0.87 061 1432
200 200
1200 200 330 1000
8 460V induction Type2 200 1500 200 800 200 800 200 200 200 1500 200 200 200
motor capacities in 1000
HP 200 200
200 330 1000
Tvpe 4 200 1500 200 - 200 800 200 200 200 1500 200 200 200
1000
9 2 3KV induction 330 330 350 350 350 N/A N/A 350 N/A | N/A N/A 350 350
motor capacities in Type2 800 800 800
HP 350 3350 350 - 350 N/A N/A 350 N/A | N/A N/A 350 350
Type 4 800 800 800
330 3350 3350 350
Type2 N/A 1000 N/A 1500 350 2000 N/A N/A 1500 N/A 350 800 800
3000 3000 3500 1000
10. 4kV induction 4000 1500
motor capacities in 350 350 1500 350
HP Tvpe 4 N/A 1000 N/A - 350 2000 N/A N/A 5300 N/A 350 800 800
3000 1000
4000 1500
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3.1.3 Establish the Template-Based Full Model

In developing the template-based full models, it is assumed that the

connected load does not change during the observed disturbances, i.e., none of

the load is tripped by protective equipment. This is a reasonable assumption for

the model development due to the following reasons:

1)

2)

Voltage variations at the interface bus between the industrial facility and
the power grid are usually small in real life. A measurement had been
conducted at a 230 kV bus for three years in [12], there were 2768 snap
shots of voltage perturbations recorded, most perturbations are between
1% and 4%, and only 22 perturbations with voltage variations exceeding

20%.

As the worst case scenario, a short circuit analysis is conducted for a 108
MW coking oil refinery facility currently in operation in Canada. If a
three-phase fault is applied at the 138kV utility interface bus of the
facility which will cause 0% voltage at this bus during the fault, the
motor control centers and switchgears where all motors are connected to
will obtain 45%-65% nominal voltages during this fault. Based on
Reference [1], motor starter contactors may drop open at 65-75% in the
case of 2300V-4000V motors, and 55-65% in the case of motors at 460V
and below. Therefore, if the duration of the applied three phase fault is
long enough in this case, the motors might trip out of line. Although such
condition is very rare, in most cases the motors should remain on line,
considering the possible motor tripping in the template could serve as the

future work.

Based on the survey of oil refinery facilities, it is found that network

configurations for this type of facilities are radial configurations, and the most

common characteristics are the processes involved, which are almost the same

for each category of oil refinery facilities. The electrical consumptions of the

processes in refinery facilities were also investigated [105, 106]. Therefore, as
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part of the template creation work, the electrical single-line diagrams for oil
refinery facilities are established by showing particular industrial processes as

substations.

The electrical single-line diagrams for coking refinery facilities (Types 1
and 2) and cracking oil refinery facilities (Types 3 and 4) are shown in Figures
3.2 and 3.3, respectively. Each substation in the two figures represents a refinery
process. Thus, coking refinery facilities are represented by 13 substations, while
cracking refinery facilities are represented by 12 substations without the coking
process. Note: some facilities may or may not have co-generation, which can be

in or out of service according to the practical facility plan.

Internal structures of the electrical single-line diagrams for coking and
cracking refinery facilities in Figures 3.2 and 3.3 are created as follows based on

extensive survey:
1) The utility power supply is 138 kV.

2) Two main transformers deliver power from the 138 kV UltilityBus to the

13.8 kV system main bus (Bus 1).

Utility Power

Utility Bus CB1
138 kV
CB2 CB3
T1 T2
Co-Gen#l ”lﬂ Co-Gen#2
Busl CB4 CB5
13.8 kv
E; é! E; ;ﬂ ;ﬂ
Sub#1-CDU Sub#4-Coking Sub#7-Reforming Sub#10-Sulfur Sub#13-Other
Sub#2-VDU Sub#5-FCC Sub#8-Alkylates Sub#11l-Hydrogen
E} E} B} =
Sub#3-Hydrotreater Sub#6-Hydrocracker Sub#9-Isomers Sub#12-Gasplant

Figure 3.2 Template: electrical single-line diagram for Types 1 and 2
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Utility Power

UtilityBus
138 kv CBlj
52 i 53 i
Co-Gen#1 T1 T2 Co—Gen#2
Busl
13.8 kv ? CB4¥ CB5¥ ?

Sub#1-CDU Sub#4-FCC Sub#7-Alkylates Sub#10-Hydrogen

Sub#2-vDU| Sub#5-Hydrocracker Sub#8-Isomers Sub#1ll-Gasplant

(@]

(= [= (=} (=}

Sub#3-Hydrotreater Sub#6-Reforming Sub#9-Sulfur Sub#12-Other

Figure 3.3 Template: electrical single-line diagram for Types 3 and 4

3)

4)

5)

6)

7)

8)

Each refinery process is modeled as a substation connected to Bus 1.

A 2000 ft main cable connects 13.8 kV Bus 1 to the 13.8 kV process

main bus for each process.

Within individual processes, motors and static loads are determined
based on the templates. Induction motors are further divided into three

groups, 0.46 kV, 2.3kV and 4 kV.

The step-down transformers convert the voltages from 13.8 kV process
main bus to 0.48 kV, 2.4 kV and 4.16 kV, for the three induction motor

groups.

A 100 ft cable connects the 13.8 kV process main bus to the primary side

of each step-down transformer.

For refinery facilities, usually only three processes have synchronous
motors: Hydroteater, Hydrocracker and Hydrogen. Synchronous motors,
if present in the process, are connected to the same MCC bus (which is
the secondary of one of the step-down transformers) as the 4 kV group of
the induction motors for Hydrocraker and Hydrogen or as the 2.3 kV
group of induction motors for Hydrotreater. That is to say, the induction

and synchronous motors are connected to the same bus in a configuration
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similar to Figure 2.4 (a).

9) To simplify the model, 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 Bus 1.

Using the electrical single-line diagram templates proposed in Figure 3.2
or Figure 3.3, and assigning loads inside each process/substation based on
templates and template scaling rules provided in Table 3.4, the template-based

full model for a size-specific oil refinery facility can be developed.

The detailed data for induction motors, synchronous motors, transformers,
and cables used in the model creation can be found in Appendix A. As examples,
load assignments inside each process/substation for a 108 MW Type 2 coking

refinery facility are provided in Appendix B.

3.2 Template-Based Models for a 108MW Coking Refinery Facility

The template-based full (TF) model for a 108 MW Type 2 coking refinery
facility is created and shown in Figure 3.4 based on load assignments in

Appendix B.

By applying the model equivalence methods proposed in Chapter 2 to the
TF model, two template-based equivalent models, the EP and EF models, are

obtained and shown in Figures 3.5 and 3.6.
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Figure 3.4 The TF model for the 108 MW coking refinery facility
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Figure 3.5 The EP model for the 108 MW coking refinery facility
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Figure 3.6 The EF model for the 108 MW coking refinery facility

3.3 Model Verification for the 108MW Coking Refinery Facility

3.3.1 Three Template-Based Models

Three template-based models (a full model and two equivalent models) for
the 108MW coking oil refinery facility are obtained in previous section,
however, only the equivalent models can be used for power systems dynamic
studies because of their acceptable small size. However, to use the equivalent
models, the equivalence between the template-based full model and its
equivalent models, i.e., the accuracy of the proposed model equivalence method,

must be verified.

A 3-phase fault is applied at the 138 kV UtilityBus of the three template-
based models as shown in Figures 3.4-3.6. The fault starts at 1.0 second and ends
at 1.15 seconds with total simulation time equal to 5 seconds. The simulation
tool is ETAP. Dynamic responses of the three template-based models for the

event are shown in Figure 3.7.
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Figure 3.7 Dynamic responses at the transformer T1 and Utility main bus for the

three template-based models
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There are good agreements among the three models, which verify the
accuracy of the proposed model equivalence methods. The two template-based
equivalent models appear to have similar accuracies. The EP model has more
physical meaning as each branch of the circuit represents a refinery process,
while the EF model has the simplest form. The users can choose the equivalent

model based on practical needs.

3.3.2 Template-Based Full Model and Guideline Model

To demonstrate advantages of the proposed template-based load modeling
technique over the guideline modeling method, which is current practice for
some utility companies, a guideline model is built using 30% static loads and
70% induction motors for the 108 MW coking oil refinery facility. The electrical

single-line diagram of the guideline model is shown in Figure 3.8.

One issue faced by utility companies is that parameters such as the
equivalent circuit parameters and inertia of the large motor in the guideline
model are not available. Some utility companies simply use the default data
provided by software tools such as the PSS/E, which may lead to serious errors
in system modeling. In comparison, the template-based load modeling does not
have such concerns as induction and synchronous motors used in the template-
based full model are small motors, the equivalent circuit parameters and inertia
of these small motors are readily available either from manufacturer published
data or typical data such as listed in Tables A.1 and E.2 and Figure A.l in
Appendices A and E. By applying the model equivalence method, the
aggregated equivalent circuit parameters and inertia of the lumped large motors
in the template-based equivalent models are calculated based on equivalent
circuit parameters and inertia of each individual small motor in the template-
based full model, and thus, major dynamic response characteristics of each

individual small motor are kept in the lumped large motor.
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The following three sets of equivalent circuit parameters and inertia of the
101340 HP induction motor in the guideline model are used to investigate effects

of these parameters on dynamic responses of the system during disturbances:

1) IM1: The equivalent circuit parameters proposed in [2] for large
induction motors are used for the 101340 HP induction motor in the
guideline model. The inertia constant H of the motor is assumed to be 10

based on the default data from ETAP.

2) IM2: The default equivalent circuit parameters of a 100 MVA induction
motor provided in PSS/E are used for the 101340 HP induction motor in

the guideline model. The inertia constant H is assumed to be 10.

3) IM3: The equivalent circuit parameters of IM3 are the same as IM1, but
the inertia constant H is assumed to be 2. The purpose is to show the
impact of the inertia on the results.

U-quideline
2500 MVAsc

CBl-guideline
UtilityBus-guideline

138 kV
CB2-gquideline i (B3-guideline @
Tl-guideline l. TZ-guideline |,
100 MVA T 100 MYA ~7
CB4-guideline © CBS-guideline @
Busl-guideline
13.8 kV
Cableds § CableSO0 3
v O
Guideline-staticload Guideline-IM
33.58 MVA 101340 HP
Static loads Induction motor

Figure 3.8 The guideline model for the 108 MW coking refinery facility
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A 3-phase fault is applied at the 138 kV UtilityBus for the TF model
(Figure 3.4) as well as the guideline model (Figure 3.8). Dynamic responses for
the two models are compared in Figure 3.9. It is found that dynamic responses of
the guideline models are much different when using different equivalent circuit
parameters and inertia for the 101340 HP induction motor. Furthermore, the
guideline model’s response will be the same for different types of industrial
facilities with similar MW size. As a result, the template-based models have
clear advantages over the guideline model to provide adequate representation of

an industry facility.

3.3.3 Template-Based Full Model and Real Facility Model

To validate the proposed template-based load modeling technique,
dynamic responses of the detailed ETAP model for a real 108 MW coking
refinery facility are simulated using the transient stability program. This real
facility is very large and complex with 35 plants on site. The simulated dynamic
responses of the real facility are compared with that of the template-based full

model under the same disturbance event.

A three-phase fault is applied at the UtilityBus at 1.0 second and cleared at
1.15 seconds for the TF model (Figure 3.4) and the detailed ETAP model of the
real facility. To ensure consistency, a Utility Bus and two main transformers
with MVA sizes identical to the TF model are added to the ETAP model of the
real facility. Dynamic responses at the transformer T1 and 138 kV Utility main

bus for both models are shown in Figure 3.9.

It is found that dynamic responses of the template-based full model are
very close to that of the real facility, while dynamic responses of the three
guideline models drift away dramatically compared to that of the real facility.
This proves that the template-based full/equivalent models can adequately

represent industrial facilities.
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3.3.4 Effects of Configuration Change in Refinery Processes

The templates for oil refinery facilities shown in Table 3.4 could be
different from real refinery facilities. Therefore, effects of configuration change
in refinery processes are studied to evaluate the robustness of the proposed
templates. The following three cases are investigated for the 108 MW coking

refinery facility:

1) Case 1: The base case using the template provided in Table 3.4.

2) Case 2: Compared to Case 1, remove 7000 HP induction motors (5%
power consumption of the facility) in the process Hydrocracker and add
7000 HP induction motors in the process FCC.

3) Case 3: Compared to Case 1, remove 7000 HP induction motors in the
process Hydrocracker and add 7000 HP synchronous motors in the

process FCC.

The established template-based full models for Cases 2 and 3 are different
from that of Case 1 due to the variations of the template. A 3-phase fault is
applied at the 138 kV UtilityBus for the three different template-based full
models corresponding to the three cases, and their dynamic responses are

compared in Figure 3.10.

It is found that although modifying the template and the circuit by adding
synchronous motors in Case 3 shows more influence on dynamic responses than
only adding or removing induction motors in Case 2, dynamic models are in
general insensitive to 5% changes in power consumption in the two processes.
Since the system does not react greatly to a change in parameter values, it

reduces uncertainty of the model behavior.
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3.4 Summary and Conclusions

To illustrate the proposed template-based load modeling technique, the
template-based full model and equivalent models are established for oil refinery

facilities.

The process of utilizing template-based load modeling for oil refinery
facilities is explained in detail: step 1, create templates and template scaling
rules according to extensive survey; step 2, establish the template-based full
model based on the templates and template scaling rules; step 3, perform the
model equivalence to the template-based full model to determined two template-
based equivalent models, EP and/or EF models, which can be readily used for

power systems dynamic studies.

To verify the accuracy of the model equivalence method, dynamic
responses of the template-based full model are compared to that of the two
template-based equivalent models, it is found that there are good agreements
among the three models, and thus, the accuracy of the model equivalence
methods is verified. The two equivalent models appear to have similar
accuracies. The EP model has more physical meaning as each branch of the
circuit represents a process, while the EF model has the simplest form. The users

can choose the equivalent model based on practical needs.

To demonstrate that the developed template-based full/equivalent models
are adequate dynamic models for oil refinery facilities, dynamic responses of the
template-based full model are compared with that of a real facility and the
guideline model. There are good agreements between the template-based full
model and the real facility, while the guideline model using three different sets
of parameters for the induction motor drifts away dramatically from the real
facility model. Therefore, it is verified that the template-based full/equivalent

models can adequately represent practical industrial facilities.
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The robustness of the created templates is also verified using a sensitivity
study by conducting load changes in different refinery processes. It is found that
the system does not react greatly to a 5% load change in the template, so it

reduces uncertainty of the model behavior.
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CHAPTER 4 DYNAMIC MODELS FOR MOTOR DRIVE SYSTEMS

Two sets of research results on developing models of motor drive systems
for power systems dynamic studies are presented in this chapter. The first set of
research results clarifies how a VFD responds to voltage sags. Voltage sags
occur when power systems experience short-circuit faults, which is typically the
starting point of power systems dynamic simulation. This research shows that
VFDs will trip when they experience a relatively large voltage sag (>20% - 30%
voltage drop). As a result, there is no need to include VFDs in dynamic studies.
Based on the finding, a simple procedure to determine if a VFD needs to be

included for dynamic studies is proposed in this chapter.

The second set of research results presents how to model VFDs when they
experience mild voltage disturbances and are able to ride through. The
equivalent dynamic models for motor drive systems dedicated under such
conditions are proposed. These models are created using the linearization
approach and include effects of the drive, the motor, and the control system.
Since major work is focused on the second set, it will be introduced first in this
chapter in Sections 4.1 — 4.5. The first set regarding the VFD tripping will be

discussed in Section 4.6.

4.1 Modeling Methodology for Ride-Through Variable Frequency
Drives

VFDs can be categorized into four most commonly used types based on
their inverter topologies (Figure 4.1): 1) low voltage VSI drives, 2) low voltage
CSI drives, 3) medium voltage neutral point clamped (NPC) inverter drives, and
4) medium voltage cascaded inverter drives. Due to significant different

topologies for the four types of drives, their mathematical models are different.
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VS| cs| NPC Cascaded
inverter inverter

Figure 4.1 Common types based on inverter topologies of drives

VSI drives require a simple diode bridge as a front-end converter featuring
minimum costs, high efficiency, and high reliability for the rectifying stage
[108]. This type of VFDs is most widely used in industrial facilities. Both scalar
(voltage per Hz control) and vector control are used in VSIs. The energy storage
is more practical and efficient in capacitors than in inductors. The main
disadvantage of VSIs is the high dv/dt transient of the PWM-controlled inverter
output voltage, which could cause harmful effect on the motor insulation, but
such effect can be significantly lowered by adding a sine wave/load filter at the
output of the inverter, which have been successfully practiced in real life [108,

109].

Although not as widely used as VSI drives, CSI drives are also used in
industrial facilities. The CSIs offer a number of advantages including: 1) short
circuit protection, the output current being limited by the regulated DC bus
current; 2) low output voltage dv/dt due to the filtering effect of the output
capacitors at the output of inverter; 3) instantaneous and continuous regenerative
capabilities. These features in addition to the availability of large reverse
blocking devices make the CSI-based drive attractive in medium to high power
applications. Despite the advantages, CSI drives based on a thyristor front-end
rectifier presents a poor and variable overall input power factor, and losses at dc-

link inductor for low voltage applications [109].
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Two common multilevel inverter structures widely used for high power
applications are the NPC inverter and the cascaded inverter. The NPC inverter
uses one DC link subdivided into a number of voltage levels by a series string of
capacitors [158-161]. The configuration of a three-level NPC inverter motor

drive system is shown in Figure 4.2 [160].

The cascaded inverter is made up from series connected single phase full
bridge inverters, each with their own isolated DC bus [161, 118]. Figure 4.3
shows a configuration for an 18-pulse cascaded inverter motor drive system
[118]. The detailed descriptions for cascaded inverter drives can be found in
Section 4.4.1. Both NPC and cascaded inverter drives have similar front-end,
multiple 6-pulse rectifiers with phase-shifting transformers forming 18-pulse or
24-pulse front-end, but their DC link and inverter configurations are completely

different.

CONTROLLER

SECTION A . \ : % ‘D‘{Jf ‘”{%
Sl % b2 %
4 4

T i

TRANSFORMER —'J: * Jf

|

GRID

TRANSFORMER [
SECTIONC

e

=
|
A

—b
bt
i

(-1)

Figure 4.2 Configuration for a three-level NPC motor drive system [160]
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Figure 4.3 Topology of a nine-module 18-pulse cascaded inverter drive [118]

Regardless how many differences the system configurations have, a motor
drive system usually consists of three main components: 1) the drive, 2) the
motor, and 3) the control system. The mathematical models of these components
can be expressed by differential equations. Induction motors are workhorse in

industry, and are also major loads for VFDs. Three common control methods for
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induction motors are: 1) voltage per Hz control, 2) field oriented control, and 3)

direct torque control.

During mild disturbances, drives can ride through and remain in service.
The drives, their motor loads and the control systems all play a role in the overall
dynamic response. Therefore, mathematical models for the drive, the motor and
the control scheme shall be included in the development of the equivalent

dynamic model.

In this thesis, a linearization approach to create the equivalent dynamic
model for motor drive systems when VFDs can ride through during disturbances

is proposed as follows (illustrated in Figure 4.4):
1) Find differential equations for the drive, the motor and the control
systeml,
2) Combine all equations to establish the relationship among them,

3) Linearize the combined differential equations to obtain the dynamic

model for the motor drive system.

s S W
VFD Motor : : .
differential differential Li nezj;nze Obtam.
equations equations the w tlmlc dynamic

combined | " model of
system | VFD-
differential motor
equations system
Control system equations ee— R

| )

Figure 4.4 The linearization approach to create equivalent dynamic models

By applying the proposed approach, the equivalent dynamic model of a
motor drive system can be established as shown in Figure 4.5. This model

includes influences of the drive, the motor and their control system on the

! Note: the control system considered in this thesis is the normal control such as the voltage per
Hz control. Special designed control feature such as control for drives riding-through under
faulted conditions are not included.
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overall contribution to the power grid during disturbances, and thus accurately
represents its dynamic characteristics. Both voltage dependence and frequency
dependence are considered. The input variables for the model are the rms voltage
per phase (E*) and the frequency (fy) of the drive power supply. The output
variables are active power (P) and reactive power (Q) at the drive AC input

connected to the power grid.

-

E f.

) 4

Power VFD-motor system
Gnd ___P.Q dynamic model

L

Figure 4.5 Equivalent dynamic model for motor drive systems

Sabir et al. summarize in [7] that the loads are usually subjected to two
kinds of changes in stability studies: the first is the sudden voltage change
caused by application and removal of faults; the other type is the change in
voltage and frequency due to inter-area swings. Therefore, it is important that
both voltage dependence and frequency dependence are included in the dynamic

load model to cover all possible cases.

The voltage variations are also known as voltage sags/dips, which are
extensively discussed in the literature [31-37]. Andrew et al provide detailed
explanations on the frequency variation in power grid [107]. The frequency
deviations of a transient nature may result from increased or decreased
consumption and/or removal or addition of power generation systems. Increased
consumption and removal of power generation systems tend to cause a decrease
of the grid frequency. Decreased consumption and addition of the power
generation systems tend to cause an increase of the grid frequency. Power
consumption and generation are time-dependent variables which may cause

frequency variations in a range of approximately +0.5 Hz. The frequency

? Note: E is the symbol for the bus terminal voltage V here in the drive modeling sections
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transients are usually of the duration measured in seconds or minutes. The
magnitude of a frequency transient is typically influenced by a ratio of
magnitude of a power variation to the total power level within the grid and
associated interconnected grids throughout the duration of the variation. Larger
frequency transients outside the range +0.5 Hz could be a result of an immediate

loss of one or more power generators [107].

The proposed equivalent dynamic model is based on linearization of
differential equations for motor drive systems, and it is suitable for small signal
stability studies. On the other hand, VFDs will trip out of lines during large
disturbances, and the motor drive systems are only considered in dynamic
modeling for small voltage sags, so the equivalent dynamic model will serve

well for power systems dynamic studies.

In this chapter, dynamic models for VSI and cascaded inverter drives with
their induction motor loads are created. Development of dynamic models for CSI
([132-151]) and NPC inverter [158-161] motor drive systems will be part of the

future work.

4.2 Dynamic Models of VSI Motor drive Systems

4.2.1 Overview of the Motor Drive Systems

The low voltage 6-pulse PWM-controlled VSI based drives with diode
front-ends (Figure 4.6) are most commonly used in various industrial facilities
supplying power to induction motors. The equivalent dynamic model for this
type of motor drive systems is developed. The control method considered is the

voltage per Hz control.

A group of differential equations representing dynamic average-value
model for a load-commuted converter/rectifier proposed in [60] is adopted in
this work. The DC link and voltage source inverter are also represented by

differential equations. The average DC voltage and the average direct (d)- and
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quadrature (q) -axis components of the AC source currents at the input of the
drive can be predicted by differential equations of the rectifier. The d- and g-axis
AC source currents are used to calculate real and reactive power supplied to
motor drive systems. It is assumed that the cable between the drive and the
motor is short, and thus, the impedance of the cable can be ignored. In this case,
the inverter output voltage is considered to be directly applied to the motor
stator, the relationship between parameters of the VFD and the motor are
simplified and linked together easily. The control system applies more
constraints on the VFD and the motor parameters and forms a complete picture

of the whole system.

(a) Rectifier and DC link

€ S
4_14 4
boood

'-., ‘.M ' ‘-n:

(b) Inverter

Figure 4.6 Configuration of a low voltage 6-pulse VSI drive [60]
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The voltage per Hz control method is designed to accommodate variable
speed commends by using the inverter to apply a voltage of correct magnitude

and frequency so as to achieve the commended speed [60].

The constant voltage per hertz (V/f) control is an effective method for AC
motor drive speed regulation. In this method, the inverter output voltage is
varied proportionally to the reference frequency such that constant stator flux is
maintained. Particularly in an induction motor drive, this operating mode results
in shunt speed-torque characteristics (linear portion of the torque-speed curve),
yielding low slip frequency, high energy efficiency and good speed regulation.
Therefore, the method gained wide acceptance in many industrial and residential
induction motor drive speed regulation applications. However, the V/f method is
seldom implemented in its naive form, additional algorithms and control loops
are included in the control algorithm to enhance its performance. Slip frequency
compensation methods to improve the load overhaul characteristics, voltage
boost methods to compensate for the resistive voltage drop at low speed, and
frequency skipping techniques to avoid the unstable operating regions are widely
established and utilized. State of the art V/f inverter drives perform satisfactorily
in a wide speed range with 5% or better speed accuracy and higher resolution
can be obtained with shaft encoder feedback. Typical application areas of V/f
drives are pumps, ventilation systems etc., which have passive torque-speed
characteristics (with inherent damping) and no precise speed regulation

requirement [110].

There are two types of voltage per Hz control methods available for
induction motors: open-loop and closed-loop. The open-loop speed control is
used when the accuracy in speed response is not a concern such as in HVAC
(heating, ventilation and air conditioning), fan or blower applications. In this
case, the supply frequency is determined based on the desired speed and the
assumption that the motor will roughly follow its synchronous speed. The error
in speed resulted from slip of the motor is considered acceptable. When the

accuracy in speed response is a concern, the closed-loop speed control can be
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implemented with the constant V/f principle through regulation of slip speed,
where a PI controller is employed to regulate the slip speed of the motor to keep
the motor speed at its set value [111-116]. The open-loop and closed-loop

voltage per Hz control can be found in Figures 4.7 (a) and 4.7(b), respectively.

In this thesis, a closed-loop voltage per Hz control method is chosen for
the dynamic model development. The voltage per Hz control scheme provided in
Matlab/Simulink (Figure 4.8) is adopted and will be used in the detailed
switching models [117]. The open-loop voltage per Hz control method can be
treated as a simplified case of the close-loop control by removing the speed

feedback and the PI speed controller.

/_“max

*
P W, =0 Vp | Vs *
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(a) Open-loop voltage per Hz control [60]
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(b) Closed-loop voltage per Hz control [111]

Figure 4.7 Voltage per Hz control schemes
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4.2.2 Mathematical Model of VSI Drives

The differential equations for the PWM-controlled VSI drives with diode

front end in the three phase mode can be written in Equations (4.2-1)-(4.2-19).

The effect of the commutation inductance /. in front of the VFD is included in

these equations [60].

36 . 3 _ di
Vg = TE _;lc (27?7:7 )ld -2, 7‘; =2V jiode

. di,
V, =T1,0, +de—dt te,

, de,
=1 Cg
dt

3 . .
pP= E (Vdgldg TV elge )

3 } .
QZE( agldg _Vdglqg)
Vag :\/EE
Vg =0

ldg = ldgcom + ldgcond

3W2E

(4.2-1)

(4.2-2)

(4.2-3)

(4.2-4)

(4.2-5)

(4.2-6)
(4.2-7)
(4.2-8)

3J2E 3V2E

id com — & id |:_ COS(M — Sﬂ-J + Cos(_ 57[}:| +
g p 5 .

lqg :lqgmm +1

A, 2xf,

ggcond

32E

i —ﬁi sin(u—s—”j—sin(— 5—”) + (cosu
qgcom T d 6 6 m

)sinu—

2u—j—)27dc 2, u

(4.2-9)

a1 ot e

(4.2-10)

4.2-11)

3V2E
—1)+W(I—C082u)

(4.2-12)
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. _ 2\/5. . (Tx . 57
lqgcond _Tld N ? —Sin l/t+?

21,241, )i,
u =arccos| |l -————=——
J6E
1
vqs = Eded
v, =0

3( . .
PIM = 5 (vdslds + vqslds )

Plnverter = ed lI
f)lnverter = BM
where,

(4.2-13)

4.2-14)

(4.2-15)

(4.2-16)

(4.2-17)

(4.2-18)

(4.2-19)

P and Q - active and reactive power at the input of the VFD in front of the

commutation inductor,

[ — the commutation inductance, which is the sum of the power source

inductance and the inductance of the ac line reactor if any
E — the rms phase-to-ground voltage of power source,

f, — the power supply frequency at the input of the drive.

vq — the DC link voltage after rectifier

eq — the DC link voltage before inverter

1g — the DC link current after rectifier

i; — the DC link current entering inverter
Vdiode — the diode forward voltage

Cgc — the capacitance of DC link capacitor
rqc — the resistance of DC link

L4 — the inductance of DC link reactor
Vqe — q-axis power source voltage

vgg — d-axis power source voltage

1q¢ — g-axis ac current at drive input
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1qecom — g-axis ac current at drive input during commutation period
1gecond — q-axis ac current at drive input during conduction period
1gg — d-axis ac current at drive input

1dgcom — d-axis ac current at drive input during commutation period
1dgcond — d-axis ac current at drive input during conduction period
u — commutation angle

Vs — q-axis voltage at inverter output

vgs — d-axis voltage at inverter output

d — duty cycle

P — active power at motor terminal (assuming there is only a short cable
between the drive and the induction motor)

Prveter — active power at output of the drive

4.2.3 Mathematical Model of Induction Motors

The differential equations representing the 5™ order induction motor model

are given as follows [4, 83]:

vy =Ri, 0¥, + % (4.2-20)
d‘P A
v, =Ri, +0¥, + d: (4.2-21)
v, =R, — (0, -0 )¥, + djtdr (4.2-22)
: d¥
v, =Ri, +(@-w)¥,+ d: (4.2-23)
W, =Li, +L,i, (4.2-24)
W, =Li, +L,, (4.2-25)
W, =L, +Li, (4.2-26)
W, =L, +Li, (4.2-27)
T,=15p(¥, i, ~¥,i,) (4.2-28)
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do. _ P (1 _1)) (4.2-29)

Assuming the stator transients can be negligible, the induction motor model

becomes the 3 order:

% (4.2-30)
dt
¥,
=0 (4.2-31)
dt
For induction motors, the rotor is shorted, and thus, we have
v, =0 (4.2-32)
v =0 (4.2-33)

where,

R, — Stator resistance

L, — Total stator inductance, L, = [; +L,,
[, — Stator leakage inductance

L, — Magnetizing inductance

R, — Rotor resistance

L, — Total rotor inductance, L, = [, +L,,
[, — Rotor leakage inductance

Vgsr 1qs — q-axis stator voltage and current
Vas, 145 — d-axis stator voltage and current
Vs, Was — stator q and d axis fluxes

Wr, War — rotor q and d axis fluxes

o, — Electric angular velocity of the rotor
o — Stator field angular velocity in electrical rad/s
p — number of pole pairs

T, — electromagnetic torque

T — shaft mechanical torque

H — Combined rotor and load inertia constant
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4.2.4 Modeling of Motor Drive System Control Scheme

The principle of the closed-loop voltage per Hz controller is investigated in
this research. Reference [60] provides information on the voltage control method
for duty-cycle modulator, which is a critical part in addition to the voltage per
Hz control schemes shown in Figures 4.7 (a) and 4.7 (b). The goal is to obtain
the appropriate duty cycle(s) and the converter reference frame position in order
to achieve a desired fast average synchronous reference frame direct- and
quadrature-axis voltage. The voltage control of a duty-cycle modulator for the

pulse-width modulation is shown in Figure 4.9 [60].

v 1
9% ’ - NJN
R J(v;, )+ )| > n—/_ >
Vs D
vae 2
T
L HC‘E’ - 0
angle( Vas = IVds) | c
+

O¢

Figure 4.9 Voltage control of a duty-cycle modulator for PWM [60]

The voltage command related to the duty-cycle modulation can be

expressed as follows [60]:

Ve | |cos@, sin@, | v,
= . (4.2-34)

Ve —sinf,, cos@, || v
where 0. is angular displacement of the converter reference frame from the

synchronous reference frame, that is
6,=6 -6, (4.2-35)
In this research work, the sine-triangle PWM is considered. In this case,

sk
replacing V;S with the commanded value V;S, Vss with the commanded value
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VZS , V;s and VZ,S with the average values expression by Equations (4.2-15) and

(4.2-16) yield

o ) 1
Vo 6 6., || —d
{ q}:{cos . sin Ce} 5 de, 4.2-36)

v —sin@, cosé@, 0

From Equation (4.2-36), the following relationships are obtained:

(4.2-37)

6., = angle(v;: - vjj ) (4.2-38)

The developed block diagram for the closed-loop voltage per Hz control scheme

used for the formula derivation is shown in Figure 4.10.

42 42
{/q.s + Vd’s

ST

Figure 4.10 Voltage per Hz control scheme for VSI motor drive systems

The equations for the closed-loop voltage per Hz control are given as

follows:
a)SL = Kpm (0): - a)r )+ I(: Kim (a)j - a)r ht + (QVO - a)rO ) (42_39)
g, +0, =0, (4.2-40)
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(4.2-41)

7€d

where K, is speed PI controller proportional gain, and Kjy, is speed PI controller

integral gain.

Dynamic models of the VSI motor drive systems with the open-loop
voltage per Hz control can be easily obtained by simplifying the derived

dynamic model using the closed-loop voltage per Hz control.

4.2.5 The Equivalent Dynamic Model

By combining Equations (4.2-1)-(4.2-41) and conducting linearization for
the whole set of differential equations of the overall system, the dynamic model
of the PWM controlled VSI based drive and induction motor system can be

determined by Equations (4.2-42) and (4.2-43).

P=Py+G,AE+G,,AE” +(G,, + G,,AE)AY, (4.2-42)

0=0,+G,AE+ GQZAE2 + (GQ3 + GQ4AE)Afg (4.2-43)

The developed dynamic model includes both voltage dependence and frequency
dependence for real and reactive power, and the coefficients, Gp;, Gpz, Gp3, Gpa,
Go1, G2, Ggs, and Gu, in Equations (4.2-42) and (4.2-43) are expressed by 7th
order transfer functions. The Simulink models for the dynamic model are shown

in Figure 4.11.

The 7™ order transfer function represents seven first order differential
equations in the overall motor drive system. The induction motor is 3™ order
after ignoring stator transients, which represents three differential equations. The
drive and the control system together have four differential equations. When the

topology of the drive is changed, the order of the transfer functions could
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change. For example, for CSI motor drive systems, it will be 10" order transfer

functions in the dynamic model as more control is added.

- - E
A

PO(aN) PN
deltaP
x deftaEn2 » num(s)
den(s)
deltaE*2(V) o
% Signati deltaE | num(s <
lat ——— +
deftal den(s) + 4
Vokage sag dekaE(V) . ;
Eo deltaE*deftaf num(g
den(s)
deltaE(V) dehaf(Hz) —
% Signal 1 % deftaf num(s)
Frequency variation dekaf(H }dehaf den(s)
e z
GP3
f0{Hz)
(a) Real power P
o
A
QO(KVAR) QRVAR)
deltaQ
deftaEn2 num(s)
den(s)
deltaE*2(V) Y]
% Signal1 deltaE | num(y <
hal e +
deftal den(s) +
Voltage sag detalE(V) i
£ deltaE*deltaf num(g
den(s)
deltaE(V)*deltaf(Hz) Gad
% Signal 1 deltaf num(g)
Frequency variation detaf(H }dehaf den(s)
13 z
GQ3

fO(Hz)

(b) Reactive power Q

Figure 4.11 Simulink models for the equivalent dynamic model
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The AC current at the drive input can be determined by Equations (4.2-44)
and (4.2-45). Both voltage and frequency dependence are also considered. The
coefficients, Gige1, Gige2, Giggr, and Giggr, in the AC current calculations are

expressed by 7" order transfer functions.

g0 G AE+G o, (4.2-44)

Lag = lgg0 Iqg1

Lgy = lggo + G AE + Gy A, (4.2-45)

All coefficients appear in the dynamic model and AC currents calculation

can be determined by Equations (4.2-46)-(4.2-59).

_ C;PlflS7 +GP172S6 +GP173S5 —'—C;P174S4 +GP175S3 +GP176Sz +GP177S +GP178

G. =
" P,S"+P,S*+P, S +P,S* + PS>+ PS> +F,S+P,
(4.2-46)
G. = GP2_1S7 +GP2_2S6 "'Gm_as5 +GP2_4S4 "'sz_sS3 +GP2_652 +GP2_7S +GP2_8
" PByS” + PS4+ P8 + BuS* + PsS® + B S + P8 + B
(4.2-47)

GP3_1S7 +GP3_2S6 +GP3_3S5 +GP3_4S4 +GP3_SS3 +GP3_6S2 +Gps 1S +Gp; ¢
P,ST+B,S + P, S  + B, S + B8 + B, S+ P, S+ P,

P3

(4.2-48)

G 18T +Gpy 1S 4Gy 3S” +Gpy S 4Gy S +Gpy (S*+Gpy S +Gy

Cre= P,S" +P,S +P,S°+P,S* +P S  +P, S’ +P,S+P,
(4.2-49)
G - Gy 1ST+Gy ,S°+Gy 38 +G,, S*+Gy 87 +G, (S +G, ,S+Gy,
° P,S"+P,S°+F,S +P,S*+P.S+PS*+F,S+PF,
(4.2-50)
G, - Gyy (ST +Gy, ,S°+G,, ;87 +G,, ,S'+Gy, S7+Gy, (S +G,, ;S+G,, |

P,S"+P,S°+P,S’+P,S*+P,S’+PS*+P.S+P,

(4.2-51)
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Gys 187 +Gys S +Gys 387 +Gys (S +Gy S7+Gy; (S*+Gy; ;S+Gy,

G,, =
¢ P,S +P,S°+P.S’+P,S*"+P.S’+P,S*+P,S+P,
(4.2-52)
G - Gyy ST +Gy, ,S°+Gy, 5S7+G,y, S'+Gy, S°+G,, (S*+G,, ;S+Gy, 4
L=
¢ P,S"+P,S°+P.S°+P,S*+P . S*+P,.S*+P,S+P,
(4.2-53)
AE=E-E, (4.2-54)
N, =f, = feo (4.2-55)
G _ (;[qgllS7 —}_(;[qngS6 —|—(;1qgl3S5 +G1qgl4S4 —|—(;1qg15S3 —l—(;lqgl@g2 +G1qgl7S + GqulS
Iggl — 6 5 4 3 2
“ P,S"+P,S°+ PSS’ +P,S* + P8’ + P, S’ + P,;S + Py

(4.2-56)

G — qug2157 + qug2256 + qug23S5 + qug24s4 + GquZSS3 + (;qu26S2 + qug27S + GquZS
fas2 P, S"+P,S°+P,S°+P,S*+PS*+ P S +P,S+P,
(4.2-57)
G — (;IdgllS7 + Gldg12S6 -i_(;ldgl?as5 -i_(;ldgléls4 + (;IdngS3 + (;IdgléS2 +G1dg17S +G1dg18
PyST+ PS8 + B8  + B, 8" + B.S* + BS* + P, S+ B
(4.2-58)
G _ Gldg21S7 + Gldg2256 + G1dg23S5 + Gldg24S4 + Gldgsz3 + Gldg26S2 + Gldg27S + Gldg28
1dg2 —

P,S"+P,S°+P,S°+P,S*+PS’+PS*+P,S+P,

(4.2-59)
Po, Qo, Eo, fyo are steady-state values for real and reactive power, phase-to-
ground voltage, and frequency at drive input connecting to the power grid. Gp;;—
Gpig, ..., Go41—Gqss, and Gige11—Gigers, ...  Giag21—Grages, Pp1—Ppg  are
characteristic parameters in the form of real constant numbers for a given
system. S is the Laplace transform variable. For a given motor drive system, the
denominators of the transfer functions for all coefficients (Gp;, Gpy, Gps, Gpa,
Go1, G2, Gz, G4, Giget, Gige2, Giag1, and Giqgo) are the same and determined by
Py1—Pps. The Detailed model derivation can be found in Appendix C.
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Using the transfer function format representing active and reactive power

in dynamic models for power systems is introduced in [9] as follows:

AL(S) _ b,S" +---+bS+b, AV(S) (4.2-60)
L, aS"+--+aS+a, V,

Since the transfer function format for dynamic load models has been well
accepted, therefore, 7" order transfer functions are used for the equivalent

dynamic models of VSI motor drive systems.

To verify the accuracy of the dynamic model in Equations (4.2-42) and

(4.2-43), a case study is conducted in next section.

The equivalent dynamic model for the low voltage 6-pulse VSI motor
drive systems is suitable for normal operating and three-phase balanced fault
conditions, when three phases of the rectifier remain in operation. VFDs are
most sensitive for balanced three phase faults [32, 33, 34], if the drive is able to
ride through a balanced three phase fault, three phases of the rectifier will get
involved just as the three phase normal operation mode. The equivalent dynamic
models of VSI motor drive systems for unbalanced faults will serve as the future

work.
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4.3 Verification and Sensitivity Case Studies for VSI Motor drive
Systems

4.3.1 Case Study 1

To verify the developed dynamic model for the low voltage 6-pulse PWM-
controlled VSI based drive and induction motor systems, a sample system is

used as a case study with its parameters listed in Table 4.1.

Table 4.1 Electrical parameters of the motor drive system for Case Study 1

Induction Motor Parameters

Converter, inverter, DC parameters, controller

Nominal Power = 3 HP
Nominal voltage V, =220 V (rms)
Nominal frequency f,.q = 60 Hz
R;=0.435Q

[,=0.002 H

R, =0.816 Q

[,=0.002 H

L,=69.31e-3 H

Inertia J = 0.089 Kg* m’
Nominal speed nyeq = 1705 rpm
Pole pairs P =2

Diode forward voltage V gioqe = 1.3V

DC bus capacitor Cy. = 3400e-6 F

DC bus resistance rg. = 0 Q

DC bus inductance Ly =0 H

Output frequency f,,, = 59.8 Hz

PI speed controller Proportional gain K, =9
PI speed controller Integral gain K;,, = 10

Power Source

Rated voltage 230V (rms)
Rated frequency f, = 60Hz
Commutation inductance /. = 10mH

Load torque Ty, = 11 NM
Target speed n, = 1700 rpm

The detailed switching model and the dynamic model for the sample
system are created using the parameters in Table 4.1 and simulated by
Matlab/Simulink. The detailed switching model utilizing the library component,
“Space Vector PWM VSI induction motor drive”, readily available in
Matlab/Simulink. This library component consists of a low voltage 6-pulse VFD
with a diode rectifier and a PWM controlled VSI, an induction motor, and the
voltage per Hz controller. Its PWM control method is the space vector PWM.
The high level schematic and Simulink schematic for this library component are
shown in Figure 4.12. The dynamic model is created based on Equations (4.2-

42) and (4.2-43).
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Figure 4.12 “Space Vector PWM VSI induction motor drive” from
Matlab/Simulink library [117]
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4.3.1.1 Voltage Dependence

The verification of the dynamic model considering voltage dependence is
conducted. The power source frequency remains constant in this case. The

detailed switching model for the sample system is shown in Figure 4.13.
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Figure 4.13 The detailed switching model for Case Study 1 (voltage sag)

A three phase fault is applied near the power source in front of the
commutation inductance /. in the detailed model. The fault is applied at 1.4 s and
cleared at 1.65 s. The total simulation time is 2 seconds. The applied three phase
fault will result in the 90% and 80% voltage sags at the fault location in the

detailed switching model to represent real life events.

The dynamic model for the sample system in this case is given in Table 4.2
showing the detailed 7™ order transfer functions as coefficients of the dynamic
model. The resultant 90% and 80% voltage sags from the detailed switching
model are applied directly to the dynamic model. Dynamic responses of the
dynamic model are compared with that of the detailed switching model as shown
in Figures 4.14 and 4.15. Note: the measured real and reactive power values
from the detailed switching model are fundamental components. This applies to

all drive simulation cases in this thesis.
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Table 4.2 The dynamic model for Case Study 1 (Loading 1)

Calculated transfer functions for the dynamic model

Derived
Dynamic
Model

P =Py +G,AE+G,,AE” +(G,y + G, AE)Af,
0 =0, +G,AE+G,AE? +(G,, + Gy AEAf,

PO’ QO

2.163kW, 0.916kVAR

GPI

(2.1635x10557 +0.0525° +24.9266S° +5.0718x10° S* +

4.7484x10° S’ +1.6125x107 S* +1.9576x10" S +1.4459x10°

|

" (—1.2103><10'6S7 —-8.8511x10*85° —0.2787S° — 48.33855*

—4.8821x10°S’ - 2.7531x10° S* — 6.8740x10° S — 7.4598 x 10"’J

[2.1646><108S7 +2.8828x10*S5° +0.15525° +32.55145* +

3.006x10°S* +8.9298%x10*S? — 6.5497x10° S —8.5988x10°

|

" (—I.ZIOBXIO'GS7 -8.8511x10*85° -0.2787S8° —48.3385S*

—4.8821x10°S* —2.7531x10°S* — 6.8740x10° S — 7.4598><106J

—4.2410%10°S7 —0.01025° — 4.88625° —994.19345* —
9.308%x10*S* —3.161x10°S% —3.8373x10°S —2.8343x10°

|

B (—1.2103><10657 —8.8511x10S°® —0.2787S° — 48.33855*

—4.8821x10°S* —2.7531x10° §* - 6.8740x10° S —7.4598><106J

GP4

 (700.95265° —2.3804x10* S? —2.8898x10* 5 —2.1344x10°

[— 3.1938x10°S" —7.6763x10°S° —0.03685° —7.4869S* —J

e (—1.2103><10"S7 —8.8511x10™*5° —0.2787S° —48.33855*

—4.8821x10° S —2.7531x10°S* — 6.8740x10° S — 7.4598><106J

GQl

[4.4123><10'6S7 +0.02825° +14.78985° +3.0820x10° S* +

2.8545%10°S* +8.7410x10°S? —4.6276x10" S —6.3892 %107

|

e (—1.2103><1065’ —8.8511x10*S° —0.2787S° — 48.3385S*

~4.8821x10°S* —2.7531x10° S — 6.8740x 10° S —7.4598 106J

(— 4.4516x10°S7 +1.556x10*5° +0.09355° +20.1044S5* +

1.836x10°S° +4.8141x10*S* —7.9003x10° S —9.6032x10°

|

e [—1.2103x106S7 —8.8511x10*S° —0.2787S° — 48.33855*

—4.8821x10°S° —2.7531x10°S* — 6.8740x10° S —7.4598 x 10"’]

(8.7219><10'6S7 +0.00155° —0.6919S5° —221.26628* —

1.7284%10*S° +4.6725%10° S* + 6.3518%10” S +7.1612x 10’

|

e (— 1.2103x10°S7 —8.8511x10* S —0.2787S° — 48.3385S*

~4.8821x10°S* - 2.7531x10° S* - 6.8740x 10° § —7.4598><106J

6.5681x10°%S7 +1.115%10° S°® —0.00525° —1.6663S* —
130.15925* +3.5187x10°S> +4.7834%x10° S +5.3928 x10°

|

e (—1.2103><10657 —8.8511x10*S° —0.2787S° — 48.33855*

—4.8821x10°S* —2.7531x10° §* - 6.8740%x10°S —7.4598 X 106J
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Figure 4.14 Dynamic responses of the dynamic and detailed switching models
for Case Study 1, 90% voltage sag
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It is found that dynamic responses of the dynamic model have good
agreements with that of the detailed switching model under 90% and 80%
voltage sag conditions. Therefore, it is verified that the dynamic model

considering voltage dependence is accurate.

4.3.1.2 Frequency Dependence

The equivalent dynamic model of VSI motor drive systems considering
frequency dependence is verified. The parameters used in the simulation are the
same as Table 4.1 except the following slight loading and speed changes of the
induction motor: Load torque Ty = 12 NM, and Target speed n, = 1705 rpm.

The detailed switching model is shown in Figure 4.16. The dynamic model

in this case can be found in Table 4.3.
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Figure 4.16 The detailed switching model for Case Study 1 (frequency variation)

110



Table 4.3 The dynamic model for Case Study 1 (Loading 2)

Calculated transfer functions for the dynamic model

Derived
Dynamic
Model

P =Py +G,AE+G,,AE” +(G,y + G, AE)Af,
0 =0y + Gy AE + G, AE” + (G, + Gy, AE A,

PO’ QO

2.390kW, 1.079kVAR

GPI

(2 5104x107°S7 +0.0555° +25.90755° +5.2246x10° S * +

4.8122x10°8° +1.5598x10" % +2.0327x10" S +2.728x10°

4.966x10°S° —2.76x10° §* —6.7504x10° S —7.3298 x10°

2.8061x10°S” +2.9631x10™*S° +0.15825° +32.9807S* +

( 1.257x10°87 —9.1785x10™*§° —0.28825° —49.69325*
(2 9879%10°S* +8.2116x10*S* —7.1147x10° S —9.182x10°

—1.257x10°S7 —9.1785x10*5° —0.28825° —49.6932S *
-4.966x10°S* =2.76x10°S* —6.7504x10°S —7.3298x10°

|
|
)
J

5.4979x10°S7 —0.0125° —5.674S° —1144.28* -

e

0539x10°S* —3.4161x10°S* —4.4519><106S—5.9746><105]

1.
( 1.257%10°87 —9.1785x10*S® —0.28825° — 49.6932S*

4.966x10°S* —2.76x10°S> —6.7504x10° § —7.3298><106J

GP4

793.65985° —2.5726x10*S* —3.3526x10* S — 4.4993x10°

—-1.257x10°S7 —9.1785x10™*5°® —0.28825° —49.69325*
—4.966x10°S* —2.76x10°S* —6.7504x10° S —7.3298%10°

( 4.1403x10°S” —9.0638x107°S° —0.0427S° —8.6169S* —]

|

GQl

3.0591x10°S?* +8.702x10°S? —5.6084x107 S —7.53x107

(5.4298><10'6S7 +0.03128° +16.2491S5° +3.3658x10°S* +]

1.257x10°87 —9.1785x10* S —0.28825° —49.6932S*

|

5.4008x10°S" +1.6593x10S° +0.1006S” +21.5953S *

( 4.966x10°S* —2.76x10° > = 6.7504x10° S —7.3298x10°
[1 9288x10°S” +4.4695x10*S* —9.3198x10° S —1.1204x10

.

—-1.257x10°S7 —9.1785x10*5° —0.28825° —49.6932S *
—4.966x10°S* —2.76x10°S* —6.7504x10° S —7.3298x 10

)

[1 .0582x10°S” +0.00185° —0.8597S° —271.8093S * —

(2.0493x10*S* +6.7872x10° §* +7.5495%10" § +8.5129><107]

& (1257%10°S7 —9.1785x107* S° —0.28825° — 4969325 *
—4.966x10°S> —2.76x10° S —6.7504x10° S —7.3298 10

)

154.32658* +5.1112x10°S? +5.6853%x10° S + 6.4108x10°

(7.9686>< 10°87 +1.321x107°5° - 0.0065S° —2.0469S* — J

et (12571087 —9.1785% 10 S —0.28825° —49.69325*
—4.966%10°S? —2.76x10°S? —6.7504x10° S — 7.3298x 10

J
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The disturbance in this case is a step decrease of the power source
frequency from 60Hz to 52Hz. The frequency variation is applied at 1.4 s and
cleared at 1.65 s at the power source in the detailed switching model. The total
simulation time is 2 seconds. It is interesting to notice when the power source
frequency is changed, the voltage will vary slightly, i.e., the frequency variation
causes a frequency sag and corresponding small voltage variation in the detailed
switching model. The resultant frequency sag and voltage variation are applied

directly to the developed dynamic model for model verification purpose.

The dynamic responses of the dynamic model and the detailed switching
model at the drive AC input during the frequency disturbance are simulated by

Matlab/Simulink and compared in Figure 4.17.

It is found that dynamic responses of the dynamic model have good
agreements with that of the detailed switching model. Therefore, it is verified

that the dynamic model considering frequency dependence is accurate.
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Figure 4.17 Dynamic responses of the dynamic and detailed switching models
for Case Study 1, frequency variation
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4.3.1.3 Voltage Sag and Frequency Variation

In this scenario, it is assumed that the voltage sag and the frequency
variation happen at the same time in the system. To simulate such a condition,
the detailed switching model of the system has a three-phase fault applied in
front of the commutation inductance /., which causes the 92.2% voltage sag. In
the mean while, the power source frequency decreases from 60 Hz to 52 Hz.
Both voltage sag and frequency variation are applied to the detailed switching

model at 1.4 s and cleared at 1.65 s with total simulation time equal to 2 seconds.

The detailed switching model is shown in Figure 4.18 with a frequency
step variation applied at the power source and a three-phase fault applied at the
upstream of the commutation inductance. The simulation parameters are the
same as that used for the frequency dependence verification in Section 4.3.2. The

developed dynamic model is the same as Table 4.3.
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Figure 4.18 The detailed switching model for Case Study 1 (voltage sag and
frequency variation)

The dynamic responses of the dynamic model and the detailed switching

model for this scenario are shown in Figure 4.19. There are good agreements
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between the two models, which provide further verification of the accuracy of

the dynamic model.
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Figure 4.19 Dynamic responses of the dynamic and detailed switching models
for Case Study 1, voltage sag and frequency variation

4.3.2 Case Study 2

To further verify the dynamic model for low voltage 6-pulse VSI drives
and induction motor systems, the second case study is conducted. The detailed
switching model and the equivalent dynamic model for Case Study 2 are created
using the parameters listed in Table 4.4. The data of the 25 HP induction motor

are from Table E.2 in Appendix E.

Table 4.4 Electrical parameters of the motor drive system for Case Study 2

Induction Motor Parameters

Converter, inverter, DC parameters, controller

Nominal Power = 25 HP
Nominal voltage Vi, =460 V (rms)
Nominal frequency f,q = 60 Hz
R;=0.249 Q

[,=0.0015H

R;=0.536 Q

[,=0.0015H

L,=58.7¢e-3H

Inertia J = 0.554 Kg* m’
Nominal speed nyeq = 1695 rpm
Pole pairs P =2

Load torque T = 87.5 NM
Target speed n, = 1695 rpm

Diode forward voltage Vioqe = 1.3V

DC bus capacitor Cy. = 4500e-6 F

DC bus resistance rg. = 0 Q

DC bus inductance Ly, =0 H

Output frequency f,, = 60 Hz

PI speed controller Proportional gain K, =9
PI speed controller Integral gain K, = 10

Power Source

Rated voltage 480V (rms)
Rated frequency f, = 60Hz
Commutation inductance /. = 4mH
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4.3.2.1 Voltage Dependence

The system configuration of the detailed switching model for Case Study 2
is similar to Figure 4.13. The power source frequency remains constant in this

case.

A three phase fault is applied near the power source in front of the
commutation inductance /. in the detailed switching model. The fault is applied
at 4.4 s and cleared at 4.65 s. The total simulation time is 5 seconds. The applied

three-phase fault will result in the 90% and 80% voltage sags.

The dynamic model for Case Study 2 is provided in Table 4.5. The
resultant 90% and 80% voltage sags from the detailed switching model are

applied directly to the developed dynamic model.

The dynamic responses at the fault location for the dynamic model are
compared with that for the detailed switching model in Case Study 2 as shown in
Figures 4.20 and 4.21. Good agreements between the two models are obtained.
Therefore, it is verified by Case Study 2 that the dynamic model considering the

voltage dependence is accurate.
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Table 4.5 The dynamic model for Case Study 2

Calculated transfer functions for the dynamic model

Derived
Dynamic
Model

P =Py +G,AE+G,,AE” +(G,y + G, AE)Af,
0 =0, +G,AE+G,AE? +(G,, + Gy AEAf,

PO’ QO

17.114kW, 6.436kVAR

GPI

6.7595x10°S7 +0.2175° +102.12735” +1.9886x10* S * +
B (1.8184><10(’S3 +6.409%x107S? +8.2785x10" S +1.1622><107J
M (~1.0261x10° 87 —7.1073% 10 §° —0.22628° — 42,5586 *
(—4.9247><103S3 —3.2899x10°S* —9.8519x10°S —1.0757><10"’]

~(5.5009%10%S* +1.604x10°S?* —1.8234x10° S —2.2752x10°
" (~1.0261x10°S7 ~7.1073x 10 §° —0.22625° ~ 42.55865'*
-4.9247x10°S* —3.2899x10° S* —9.8519x10°S —1.0757x10°

[2.2889x108S7 +6.2982x10*S° +0.31985° + 62.5897S* + J

—1.9532x10° 8" —0.06275° —29.51085° —5.7462x10° S* —

B (5.2545><10533 -1.8519x107§* -2.3922x10" S —3.3583><10"J

P (21026110087 —7.1073%10™* S ¢ —0.22628° — 42.5586S*
(—4.9247><103S3 —3.2899%x10°S? —9.8519x10° S —1.0757><106J

GP4

—7.0481x10%S7 —2.2623x10* 5% —0.10655° —20.73495* —
_ (1.8961x10° S* ~6.6826x10* 5> —8.6319x10* 5 ~1.2118x10°*
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Figure 4.20 Dynamic responses of the dynamic and detailed switching models
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4.3.2.2 Frequency Dependence

The disturbance in this case is the frequency step decrease at the power
source from 60 Hz to 52 Hz. The frequency variation is applied at 4.4 s and
cleared at 4.65 s in the detailed switching model. The total simulation time is 5
seconds. It is interesting to notice when the power source frequency is changed,
the voltage will vary slightly, i.e., the frequency variation causes a frequency sag
and corresponding small voltage variation in the detailed switching model. The
resultant frequency sag and voltage variation are applied directly to the dynamic

model.

The dynamic responses of the dynamic model and the detailed switching
model during the frequency disturbance are simulated by Matlab/Simulink and
shown in Figure 4.22. Good agreements are obtained between the two models.
Therefore, it is verified that the dynamic model considering the frequency

dependence is accurate for Case Study 2.
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Figure 4.22 Dynamic responses of the dynamic and detailed switching models
for Case Study 2, frequency variation
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4.3.2.3 Voltage Sag and Frequency Variation

In this scenario, it is assumed that the voltage sag and the frequency
variation happen at the same time in the system. To simulate such a condition,
the detailed switching model has a three-phase fault applied in front of the
commutation inductance /., which causes the 92.2% voltage sag, and the power
source frequency decreases from 60 Hz to 52 Hz. Both voltage sag and
frequency variation are applied to the detailed switching model at 4.4 s and
cleared at 4.65 s with total simulation time equal to 5 seconds. The simulation
parameters are the same as Table 4.4. The derived dynamic model is the same as

Table 4.5.

The dynamic responses of the dynamic model and the detailed switching
model for this scenario in Case Study 2 are shown in Figure 4.23. There are
good agreements between the two models, which provide further verification of

the accuracy for the dynamic model.

Based on the model verification using Case Studies 1 and 2, it is concluded
that the equivalent dynamic model is able to capture major dynamic
characteristics of the system and accurately determine its contribution to the
power grid during disturbances. Therefore, it is an adequate load model for VSI

motor drive systems for power systems dynamic studies.
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4.3.3 Sensitivity Study

All parameters play a role on overall dynamic responses of motor drive
systems, it is important to know their individual influence on the equivalent
dynamic model. A sensitivity study is conducted for Case Study 1 evaluating the
impact of the following three parameters on dynamic responses of the developed
dynamic model: 1) the commutation inductance /., 2) the DC link capacitance

Cqc, and 3) Load torque Ty of the induction motor.

Figure 4.24 shows the dynamic responses of the dynamic model for 90%
voltage sag with the commutation inductance I varies, the 1. values considered
in the simulation are 12 mH, 10 mH, and 5 mH. Other parameters are the same
as that in Table 4.1. It is found that the commutation inductance has more
influence on dynamic transients on real power than that on reactive power but
almost no effect on the steady-state value of the real power. On the other hand,
the commutation inductance has significant effect on the steady-state value of

the reactive power.

The dynamic responses of the developed dynamic model for 90% voltage
sag are shown in Figure 4.25 with the DC link capacitance Cq. varies, the Cqc
values considered in the simulation are 2500 pF, 3400 pF and 4500 pF. Other
parameters are the same as that in Table 4.1. It is found that increasing the DC
link capacitance tends to increase the magnitude of the dynamic transient for real
and reactive power. The DC link capacitance has no effect on the steady-state

values for the real and reactive power.

The following three different load torques Ty applied to the induction
motor for Case Study 1 for 90% voltage sag: 5 NM, 8 NM, and 11 NM, which
correspond to 42%, 67%, and 92% loading of the motor, respectively. Other
parameters are the same as Table 4.1. The simulated dynamic responses of the

developed dynamic model in this case are shown in Figure 4.26. It is found that
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the load torque/loading factor of the motor has significant effect on both steady-

state and dynamic transient responses for real and reactive power.
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4.4 Dynamic Model for Cascaded Inverter Motor Drive Systems

4.4.1 Overview of Motor Drive Systems

The cascaded H-bridge multi-level inverter type medium voltage drives are
one of topologies for very high power applications [118-122]. This type of
medium voltage drive and induction motor systems is modeled in the thesis. The
drive is constructed using a series of low voltage power module. Usually, nine
power modules will form an 18-pulse, and twelve power modules will form a

24-pulse system at the drive input.

The topology of a nine-module 18-pulse medium voltage drive is shown in
Figure 4.3 [118]. With three power modules in series per phase, the drive can
produce as much as 1440Vac line-to-neutral, or 2494Vac line-to-line at the
output. The voltage waveforms consist of seven distinct line-to-neutral voltage
levels (£1800, £1200, +600, or 0 volts). Similarly, for a twelve-module 24-pulse
medium voltage drive, it can produce line-to-neutral voltage up to 1920Vac
(line-to-line voltage up to 3325V). At the drive input, there is a phase-shifting
transformer, and the phase-shift angle differs by multiple of 20° for 2400Vac 18-
pulse drives and by multiple of 15° for 3300Vac 24-pulse drives [118].

The configuration of each power module is shown in Figure 4.27 [118,
120]. Each power module is a static PWM power converter, there is a three
phase full bridge diode converter exactly the same as the low voltage 6-pulse
drive, which is capable of receiving input power from one of the phase-shifting
transformer secondary’s at 480Vac, 50/60Hz, charges a DC link capacitor to
about 600Vdc. The DC voltage feeds a single-phase full bridge inverter, which is
delivered to a single-phase load at any voltage up to 480Vac [118]. The output
of multiple single-phase inverters will be connected in series feeding one phase

of an induction motor as shown in Figure 4.28 [121].
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4.4.2 Mathematical Model of Each Power Module

The dynamic model derivation of the medium voltage cascaded H-bridge

multi-level inverter drives starts from the low voltage power module. For each

low voltage power module connected to the transformer secondary windings

without phase-shifting (phase-shifting angles equal to 0°), the dc link voltage

from the diode converter can be calculated as follows:

v, —iE——l Lo, )i, -

T

d .
2dede

di
— . d
V, =T1,0, +de—dt te,

_ de,
=1, L4
dt

3 .
P.= E (Vdglds TV l% )

2
Ve :\/EE
Vg =0

ldg = ldgcom + ldgcand

3WV2E

(4.6-1)

(4.6-2)

(4.6-3)

(4.6-4)

(4.6-5)

(4.6-6)
(4.6-7)
(4.6-8)

3WV2E 3WV2E

ol el )
T

- 243 r 57
Lagcona = 71d |:_ COS[?) + COS(M + ?j:|

lqg - lqgcom lqgcond

i 2\/_ —i s1n(u - S—ﬂ-j - sin(— 5—”) + 2E (cosu
qgcom d 6 6 m

a (27% )sin u-—

sin 2u — u
27116(27;72 '

(4.6-9)

an,271,)

(4.6-10)

(4.6-11)

3V2E
—1)+W(I—C082u)
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(4.6-12)

P =&id{sin(7—”j—sin(u+5—”ﬂ (4.6-13)

qgcon T 6 6

21 (2, )i,

Va2 4.6-14
e } (4.6-14)

u= arccos{l —

where,

P., and Q., — active and reactive power at the input of each power module,

[ — the commutation inductance, which is the sum of the power source
inductance and the inductance of the phase-shifting transformer

E — the rms phase-to-ground voltage supplied to the power module,

f, — the power supply frequency at the input of the drive.

vq — the DC link voltage after rectifier

eq — the DC link voltage before inverter

14 — the DC link current after rectifier

iy — the DC link current entering inverter

Viode — the diode forward voltage

Cgc — the capacitance of DC link capacitor

r4c — the resistance of DC link

L4 — the inductance of DC link reactor

Vqe — q-axis power source voltage at the input of each power module

vge — d-axis power source voltage at the input of each power module

1gg — q-axis ac current at the input of each power module

1gecom — q-axis ac current at the input of each power module during commutation
period

1gecond — q-axis ac current at the input of each power module during conduction
period

14¢ — d-axis ac current at the input of each power module

1decom — d-axis ac current at the input of each power module during commutation

period
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1decond — d-axis ac current at the input of each power module during conduction
period

u — commutation angle

It is verified in this study that the dc link voltages from the diode
converters connected to the transformer secondary windings with phase-shifting

angles not equal to 0° are exactly the same as Equation (4.6.1).

The output voltage from the single-phase full bridge inverter for each

power module can be determined as follows:
V, =de, (4.6-15)
where V) is the output voltage from each power module, d is duty cycle.

For an 18-pulse system with three power modules each phase connected to
the induction motors, the phase a voltage of the induction motor can be

determined as follows:

Vv = (””%}zed cos (4.6-16)

where n, is the pulse number of the MVD, V,, is the voltage at phase a of the

induction motor.

The voltages at phases b and c can be determined similarly as follows:

n
V, =| 2% \de, cos(@—z—ﬂ-j
6 3
nise
vV, =2 \de, cos[0+2—ﬂj
6 3

The three phase voltages of the induction motor in abc frame are converted to

dqO frame as follows:
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n,

v, = ( g’“ ]ded (4.6-17)
de = O

(4.6-18)

where,
vgs — q-axis voltage at the terminal of induction motor

v4s — d-axis voltage at the terminal of induction motor

The differential equations for induction motors are the same as Equations

(4.2-20)-(4.2-29), so they will not be repeated here.

4.4.3 Modeling of Motor Drive System Control Scheme

The real power supplying to the induction motor for an 18-pulse MVD

Pac v is:

n_ . n. ..
P = %(vdsiqs +Vi )= %Vqsiqs - %x( e de, ]iqs - ( " Jdediqs (4.6-19)

The total DC power at DC links for all power modules corresponding to

real power supplying to the induction motor for the 18-pulse MVD is:

n ulse n ulse .
Pdc =[ P2 JPdcpermodule = (ijedll (46'20)

Ignoring the losses at the inverters at the power modules, the following

equation is satisfied:

Pac_IM :Pd

c

(4.6-21)

Substitute Equations (4.6-19) and (4.6-20) in Equation (4.6-21):

n’pulxe . n[mlse .
4 de,i, = 5 e,l, (4.6-22)

Substitute Equation (4.6-3) in Equation (4.6-22), we have
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%dediqs e, [id -C, %’j (4.6-23)

The g-axis component of the motor stator current can be determined from
Equation (4.6-23) as follows:

.20, de, 1
—la_ge [deal 4.624
e Ty "‘( dt dj (4.6-24)

Linearize Equation (4.6-24):

i,
Ai ,=3Aid —20Ad ~
d

0 0 0

2C,

SAe, (4.6-25)
Substitute Equations (4.6-17) and (4.6-18) in Equation (4.2-34) yield:
{v;} _ [cos. 6, sind, }{v qb} _ [cos: 6, sind, } n”g’” de, (4.6:26)
Ve —sin@,, cosé, | v, —sinf, cosé, 0
From Equation (4.2-36), the following relationships are obtained:
g ) + s )

(4.6-27)
(npulse j
6 )

The developed block diagram for the closed-loop voltage per Hz control

d =

scheme used for the formula derivation for the 18-pulse MVD-induction motor
system is shown in Figure 4.29. The equations for the closed-loop voltage per

Hz control are given as follows:
a)SL = Kpm (0): - a)r )+ J.(: Kim (a)j - a)r ht + (a)SO - a)rO ) (46_28)

a)SL + a)r = a)s (46-29)

_ (4.6-30)
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Ve =, (ﬁ}/i (4.6-31)

Ve =0 (4.6-32)

where K, is speed PI controller proportional gain, and Kjy, is speed PI controller

integral gain.

42 ]
P:;.s + Vds

Y
b=

Figure 4.29 Voltage per Hz control scheme for the 18-pulse cascaded inverter
motor drive system

Linearize Equations (4.6-28) and (4.6-29), the relationship between o, and

®, can be determined as follows:

A S+A

A(l)s T”A(l)r (46-33)

Linearize Equation (4.6-30):

_ \/Evb a)sO
n

Ad = Ae, +
pulse 2 pulse
6 W€, 6 W€,

Aw (4.6-34)

Substitute Equation (4.6-34) in Equation (4.6-25):

Al = Ay AN, + ApAw, + (AZSIS + Ay )Aed (4.6-35)
A= (4.6-36)
21 4, )
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\/Eiqsovb

A, =- . (4.6-37)
e d,w,e,
Ay =— 2Ca (4.6-38)
d,
J2i Voo
Apy =——2—— (4.6-39)
pe dowbejo

Linearize Equation (4.6-17):

AV, = ("Fg’“ Jderd + (—"”g’” JedoAd (4.6-40)

Substitute Equation (4.6-34) in Equation (4.6-40), we have

n uiLse n uise 2V 2V
AV':(plederd"'[ p61 edoj _ \/_ » Dy Ae, + \/_ b Aw

* pulse 2 npulse ’ (4'6_4 1 )
6 €40 6 €40
= A Ao, + Aj)Ae,
Ay _ I, (4.6-42)

M e g - \/EVha)so
6 ’ w,e,

A, = (4.6-43)

4.4.4 The Equivalent Dynamic Model

At the input of the MVD, the real and reactive power at each power
module are the same, and thus, the total real and reactive power of the 18-pulse
MVD can be expressed by the power module number, which is 9 for 18-pulse
MVD, multiplied by the real ad reactive power for each power module as

follows:
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npulse
Pac = ( JPacpermodule (46—44)

2
npulse
Qac :( 2 JQac_permodule (46_45)
Swiowvi) (4.6-46)
ac _ per mod ule _5 dgldg + qglqg -

3 . .
Qac_ per mod ule = 5 (_ ‘/dg lqg + ng ldg ) (4'6_47)
V,, =~2E (4.6-48)
V, =0 (4.6-49)

The method for deriving the dynamic model for the 18-pulse cascaded inverter
motor drive systems are similar to the 6-pulse VSI motor drive systems, and the

detailed derivation can be found in Appendix F.

The derived dynamic model for the cascaded inverter motor drive systems

is given as follows, which has the same format as that for VSI motor drive

systems:
P=Py+G,AE+G,,AE® +(G,y + G, AE )N, (4.6-50)
Q=0,+GyAE+ GQZAEZ + (GQ3 + GQ4AE)Afg (4.6-51)

where the formula of all coefficients Gpi-Gps and Gqi-Ggs are the same as

Equations (4.2-46) — (4.2-53).
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4.5 Verification and Sensitivity Case Studies for Cascaded Inverter
Motor Drive Systems

4.5.1 Case Study

To verify the dynamic model for the cascaded inverter motor drive
systems, a case study is conducted. The system consists an 18-pulse MVD with
cascaded H-bridge inverter, a 2300V 1500HP rated induction motor with voltage
per Hz control. The detailed switching model and the dynamic models for this
case study are created using the parameters listed in Table 4.6. The data of the
motor are from Table E.2 in Appendix E. The derived dynamic mathematical

model for the given system is provided in Table 4.7.

Table 4.6 Electrical parameters of the cascaded inverter motor drive system

Induction Motor Parameters Converter, inverter, DC parameters, controller
Nominal Power = 1500 HP Diode forward voltage V gioqe = 1.3V

Nominal voltage V, = 2300 V (rms)

Nominal frequency f,.q = 60 Hz
R, =0.056 Q

[;=0.001 H

R, =0.037 Q

[,=0.001 H

L,=0.0527H

Inertia J = 44.548 Kg* m’
Nominal speed nyeq = 1783 rpm
Pole pairs P =2

Load torque Ty = 1500 NM
Target speed n, = 1771 rpm

DC bus capacitor Cy4. = 10000e-6 F

DC bus resistance rg. = 0 Q

DC bus inductance Ly, =0 H

Output frequency f,,, = 60 Hz

PI speed controller Proportional gain K, =9
PI speed controller Integral gain K, = 10

Power Source

Rated voltage 480V (rms)

Rated frequency f, = 60Hz

Commutation inductance /. including the
phase-shifting transformer impedance = 1.2mH

4.5.1.1 Voltage Dependence

The detailed switching model used in the simulation for voltage
dependence verification is shown in Figure 4.30. The 90% and 80% voltage sags
are applied at the power source in the dynamic model and the detailed switching

model at 14.4 s and cleared at 14.65 s. The total simulation time is 15 seconds.
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Table 4.7 The dynamic model for the cascaded inverter motor drive system

The derived dynamic model for the sample MVD-induction motor system

Derived
Dynamic
Model

P =Py +G,AE+G,,AE” +(G,y + G, AE)Af,
0 =0y + Gy AE + G, AE” + (G, + Gy, AE A,

PO’ QO

291kW, 73kVAR

GPI

0.038857 +203.1771S° +3.9584x10*S° +9.4318x10° S* +
3.2896x107 S° +2.6099%x10%S? +1.3533%10° S + 8.0349x 108

1.2962x10*S° —3.8931x10° S* —4.6363%x10°S —4.819%x10°

( 3.5641x10° 8" —0.01335° —2.83285° —347.3130S*
[7 0446x10*S* —5.0765x10°S* —=1.2378%x10" S —1.5042x10’

—-3.5641x107°87 —0.01335° —2.8328S"° —347.3130S *

7.2285%10°S +0.68365° +132.28835% +2.1104x10°S* + J
~1.2962x10*S* ~3.8931x10°S* — 4.6363x10°S —4.819><106J

—0.00628" —32.32065° —6.2968x10°S° —1.5004%x10° S* —
5.2329%x10°S° —4.1517x107 §? —2.1528x10% S —1.2782x 10"

1.2962x10*S° —3.8931x10°S* —4.6363x10°S —4.819x10°

GP4

( 3.5641x10°S7 —0.01335° —2.83285° —347.3130S*

—2.2258%x10°87 —0.11665° —22.7216S° —541.39915* —
1.8883x10*S° —1.4981x10°S? —7.7682x10° S — 4.6122x10°

—3.5641x10°S7 —0.01335°® —2.83285° —347.31308*
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The dynamic responses of the dynamic model and the detailed switching

model for 90% and 80% voltage sags are shown in Figures 4.31 and 4.32,

respectively. It is found there are good agreements between the two models,

which verify the adequacy of the derived dynamic model.
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Figure 4.31 Dynamic responses of the dynamic and detailed switching models
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4.5.1.2 Frequence Dependence

The detailed switching model for the frequency dependence verification is
shown in Figure 4.33. The frequency variation from 60 Hz step changed to 55
Hz is applied at the power source in the detailed switching model at 14.4 s and
cleared at 14.65 s. The total simulation time is 15 seconds. The frequency
variation and corresponding small voltage variation caused by the frequency
variation are applied to the dynamic model. The dynamic responses of the
dynamic model and the detailed switching model in this case are shown in

Figure 4.34.

The comparison between the dynamic model and the detailed switching
model for the sample system shows good agreements and similar tendency,

which verify the adequacy of the dynamic model.
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Figure 4.34 Dynamic responses of the dynamic and detailed switching models
for the cascaded inverter motor drive system, frequency variation

4.5.2 Sensitivity Study

A sensitivity study is conducted for the equivalent dynamic model of the
cascaded inverter motor drive system by evaluating the impact of the following
three parameters on dynamic responses: 1) the speed controller parameters K,
and K;, 2) the DC link capacitance Cq4., and 3) Load torque Ty of the induction

motor.

Figure 4.35 shows the dynamic responses of the developed dynamic model
for 90% voltage sag with the speed controller parameters K, and K; vary. The
following three cases are considered: 1) K, = 1.25, and K; = 1.6; 2) K, =9, and
Ki =10; 3) K, = 0.1, and K; = 0.01. Other parameters are the same as that listed
in Table 4.6. The control parameters with K, =9 and K = 10 in Case 2 show the
best performance, the system is able to recover quickly after disturbances and
reaches the previous steady-state values, which coincides with the detailed
switching model response as shown in Figure 4.31. However, the control
parameters in Cases 1 and 3 do not have good performance during disturbances.
Therefore, it is very important that a proper control parameters for the speed
controller are used in the dynamic model (such as K, = 9 and K; = 10),

otherwise, the system will not be able to reach steady-state after disturbances.
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Figure 4.35 The speed controller parameters K, and K;

The dynamic responses of the developed dynamic model for 90% voltage
sag with the DC link capacitance Cq. varying are shown in Figure 4.36. The Cyg
values considered in the simulation are 9200 pF, 10000 uF and 18000 pF. Other
parameters are the same as that listed in Table 4.6. It is found that increasing the
DC link capacitance tends to increase the magnitude of the dynamic transient for
both real and reactive power. The DC link capacitance has no effect on the

steady-state values for the real and reactive power.
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Figure 4.36 DC link capacitance Cgyc

The following three different load torques Ty, are applied to the induction
motor for 90% voltage sag for the derived dynamic model: 1000 NM, 1500 NM
and 2000 NM, which correspond to 17.3%, 25.9% and 34.5% loading of the
motor, respectively. Other parameters are the same as that listed in Table 4.6.
The simulated dynamic responses of the developed dynamic model in this case
are shown in Figure 4.37. It is found that the loading factor of the motor has
significant effect on both steady-state and dynamic transient responses for the

real and reactive power.
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4.6 Trip-Off Criteria of Variable Frequency Drives

The equivalent dynamic model for motor drive systems is proposed for the
case that a drive is able to ride through during disturbances, which is extensively
discussed in previous sections. However, when voltage sags are large and exceed
the thresholds of the drive protection, the drive will trip out of lines, in this case,

the motor drive system should be excluded from power systems dynamic studies.

To provide a generic motor drive system modeling technique, a VFD trip
characteristic curve and a simple screening procedure are proposed in this thesis
serving as criteria whether drives should be considered tripping or not. This
VED trip characteristic curve is developed based on the literature review for the
drives protection and control, field survey regarding VFDs tripping status during
disturbances, and also based on drive manufacturer specifications [31, 32, 33,

37, 123-128].

The under-voltage trip settings for the Siemens’s Medium Voltage Drive,
Robicon Perfect Harmony, which uses the cascaded H-bridge multi-level
converter topology, will trip on voltage sags with duration of 100ms (6 cycles)
or more and having a voltage drop of more than 30%, which is below 70% of

rated voltage [123].

As the requirements to the equipment responding to voltage sags/dips, IEC
61000 (parts 6-1 and 6-2) specifies that all equipment must ride-through a
voltage dip of a residual voltage of 70% for 10 ms, and must not be damaged for
a voltage dip of a residual voltage of 40% for 100 ms [31]. CIGRE/CIRED/UIE
Joint Working Group proposed immunity classes against voltage dips for
balanced voltage dips (type III). The equipment will remain in service: 1) when
the voltage dip is above 70% between 10 ms and 200 ms (1/2 cycle to 12
cycles), and 2) when the voltage dip is above 80% between 200 ms (12 cycles)
to 3000 ms [124]. VFDs as electrical equipment should also follow such

guidelines.
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Voltage sag measurements in two industrial facilities for 17 months were
conducted in [125], which provided solid proof about the levels of voltage sags
causing tripping of VFDs. The two facilities for measurements were fed by 115
kV utility transmission lines. Even faults in 230 kV or 400 kV lines were felt by
the utility entrance substation as voltage sags. The field records of voltage sags
and subsequent VFD tripping status indicates that voltage sags with duration of

12 cycles or more and having a voltage drop of more than 20% will trip out a
VED [125].

Since most fault durations are between 10 ms and 3000 ms, a conservative
VED trip characteristic curve is proposed for this duration as shown in Figure
4.38. Based on this curve, voltage sags above 70% between 10 ms and 200 ms
(12 cycles), and above 80% from 200 ms (12 cycles) to 3000 ms will not cause
VED tripping. A voltage sag marked as a “*” above the proposed curve will not
cause the VFD tripping, while a voltage sag marked as a “#” below the proposed
curve will cause the VFD tripping.

120

100
*VFD will nottrp |

i L 5L AN
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Figure 4.38 The VFD trip curve

A simple screening procedure is proposed to determine whether a VFD

will trip subjected to a given disturbance as follows:
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1) Conduct a three-phase short-circuit study on the system if the outage
event of interest involves a short-circuit fault, which will yield a voltage
sag magnitude at the VFD location. In the short circuit study, the VFDs

can be omitted since they have little contributions to the fault current.

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

provide the voltage sag duration value for the outage event.

3) The resulting magnitude and duration values for voltage sags are then
compared with the VFD trip characteristic curve. If the point is below the
curve, the VFD will trip and they shall not be modeled in power systems
dynamic studies. If the point is above the trip curve, a motor drive system
dynamic model proposed in Equations (4.2-42) and (4.2-43) are needed

for dynamic simulation.

4.7 Summary and Conclusions

The equivalent dynamic model for motor drive systems is proposed for the
case that a VFD is able to ride through voltage sags and remains in service. The
linearization approach is used to create the model. To illustrate this approach,
dynamic models are created for VSI and cascaded inverter drives and their
induction motor loads. The developed dynamic models are expressed by 7"
order transfer functions and both voltage and frequency dependence are
considered. These models can be inserted into commercially available computer
simulation tools, suitable for three-phase balanced fault conditions when three
phases of the rectifier remain in operation. The accuracy of the dynamic models
is verified by comparing their simulation results with that of the detailed

switching models.

For the case that a VFD will trip due to large voltage sags, the motor drive
system should not be included in power systems dynamic studies. A VFD trip
characteristic curve is proposed to evaluate whether the drive will trip or not

based on the magnitude and duration of voltage sags. A simple screening
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procedure is proposed for this purpose. This procedure provides instructions on
how to use the VFD trip characteristic curve, and whether a dynamic model of
motor drive system shall be developed and inserted into the simulation tool or

simply take the VFD out of line due to tripping for the event.

The equivalent dynamic model for motor drive systems is based on
linearization of differential equations, and it is suitable for small signal stability
studies. On the other hand, VFDs will trip out of lines during large disturbances,
the motor drive systems are only considered in dynamic modeling for small
voltage sags, so the developed dynamic models will serve well for power

systems dynamic studies.
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CHAPTER 5 AGGREGATION OF MOTOR DRIVE SYSTEMS

5.1 Scenario 1: VFDs Connected to the Same Bus

As part of the load modeling study for industrial facilities, the aggregation
method for VFDs connected to the same bus is investigated. The common

configuration of a group of VFDs connected to a switchboard is shown in Figure

5.1.

Pac+ ad
Switchboard Qs
P+Q P+Q; P:+Q:; Pi+Qy
Cable 1 Cable 2 Cable 3 Cable k
VED- VED- VED- VFD-
Motor 1 Motor 2 Motor 3 Motor k

{a) A typical configuration connecting VFDs to a switchboard

Switchboard ¥ PatQs

Aggregated
VEFD-
Motor

{b) The aggregated VFD-motor load
Figure 5.1 A group of VFDs connected to a common switchboard

Pade approximation method [129] is used to create the equivalent dynamic

model aggregated from a group of motor drive systems. The goal of such
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aggregation is to convert the system configuration from Figure 5.1 (a) to Figure
5.1 (b). The dynamic models for individual motor drive systems are listed as

follows:

})l = PO71 + GPlflAE + GPZ?IAEZ‘2 + (GP371 + GP471AE)A‘fg

(5.1-1)
0,=0, ,+Gy AE+G,, AE* +(Gy, ,+G,, AE, (5.1-2)
P, =F ,+Gp ,AE+ GPz,zAE2 + (GP3,2 +GP4,2AE)Afg (5.1-3)
0,=0, , +GQ1_2AE+GQ2_2AE2 + (GQ3_2 +GQ4_2AE)Afg (5.1-4)
P =F +GP1J<AE+GP2J<AE2 + (GP3J< +GP4,kAE)Afg (5.1-5)
0, =0, , +Gy (AE+Gy, (AE*+(G,, , +G,, LAE, (5.1-6)

To make the two systems equivalent, the real and reactive power through
the switchboard for the original and equivalent systems should remain the same.
Adding real and reactive power for each individual VFDs connected to the
switchboard, total real and reactive power through the switchboard can be

determined as follows:

Peq:pl+p2+...+Pk =P, +G AE+G AE2+(GP37eq+GP4JqAE)Afg

_eq Pl_eq P2_eq
(5.1-7)
k
Py =R, (5.1-8)
i=1
k
Gpi oy =2 G (5.1:9)
i=1
k
GPZ?eq = ZGPZJ (51—10)
i=1
k
GP376q :ZGP3J‘ (5.1-11)
i=1
k
Gpy oy = Z Gpy (5.1-12)
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Qeq = Ql + Q2 +eeet Qk = Qofeq + GQlfquE-i_ C;'QZ,«s’qAE‘2 + (GQ3,€q + GQ47€GAE)Afg

(5.1-13)
O =§:QO_,~ (5.1-14)
Gor_eg = ZGQU (5.1-15)
Gor o = é‘,ngi (5.1-16)
Gos o = IZ::GQSi (5.1-17)
Goi_eq = Z:ZGQ4f (5.1-18)

Equations (5.1-7) and (5.1-13) represent the dynamic model for the
aggregated equivalent motor drive system in Figure 5.1(b). The coefficients
expressed by transfer functions in the dynamic model, Gpi e, Gp2_eq» Gp3_eq,
Grs cq» GQieqr GQ2.eqp GQ3_eq» and G4 g, can be obtained based on Pade

approximation from dynamic models of individual VFDs.

The application of Pade Approximation in this case is explained using a

transfer function G(x) as follows:

2 m
a, +a1x+a2x +---+amx

G(x)= ; ;
by +bx+b,x"+---+b x

(5.1-19)

The transfer function G(x) can be expressed by a polynomial function f(x):

fxX)=cy+cx+c, x> +-+c,, x"" (5.1-20)
a, =byc, (5.1-21)
a, =b,c, +b.c, (5.1-22)
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a, =b,c, +bc, +---+b c, (5.1-23)

0=byc,,, +bc,,,,++bc, (5.1-24)

m+n

Based on Equations (5.1-21)-(5.1-24), the coefficients of the new function f(x)
can be determined. The detailed derivation using Pade approximation in this case

can be found in Appendix D.

To achieve the sum of transfer functions in Equation (5.1-9)-(5.1-12) and
Equations (5.1-15)-(5.1-18), the three steps are required: 1) the transfer functions
are converted to polynomials using Pade approximation; 2) the converted
polynomials are added together to obtain an equivalent polynomial; 3) the
equivalent polynomial are converted back to the equivalent transfer function

using Pade approximation backwards.

2 Gri = iZ:l‘,fm_i =Gy, (5.1-25)
gGm_i = é‘,fpz_i =Gpy_o (5.1-26)
lZ::Gm_,» = lZ::fm_i =Gp; o, (5.1-27)
IZ:‘,GPM = é:fm =Gpy_ (5.1-28)
gGQli = gfgli =Gy (5.1-29)
g%zi = ,Z::fQ“ =Gy (5.1-30)
le:l:GQLi ziz:,fQ3_i =Gy (5.1-31)
Zk:GQM = ifQ4i =Gy (5.1-32)
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The direct- and quadrature-axis components of AC current at the drive
input can be aggregated and converted using Pade approximation in similar way.

The AC current for individual drives are listed as follows:

iqg7 gO 1 + GquLlAE + GquZ?lAfg (51_33)
Ljg 1 = lggo 1+ GldguAE + Gldgz,léfg (5.1-34)
iqg_2 = iqg0_2 +G1qgl_2AE+Gqu2_2Afg (51_35)
lig 2 g0 2 TG 2AE+Gyy LA, (5.1-36)
bgg_x Zlggo_x t Gy (AE+Gyppr (L, (5.1-37)
idg,k = idgo,k + GIdglJcAE—i_ Gldgz,kAfg (5.1-38)

To make the two systems, Figures 5.1 (a) and 5.1 (b), equivalent, the
direct- and quadrature-axis components of AC current through the switchboard
for both systems should remain the same. Adding up direct-axis components and
quadrature-axis components of AC current for each individual VFDs,
respectively, the direct- and quadrature-axis components of total equivalent AC

current at the switchboard can be determined as follows:

g eq Zlgg 1 Flgg oty 4 Zlggo o TG o(AE+ Gy (M, (5.1-39)
k
lng_eq = Z:‘lqgo_i (5‘1_40)
k
qul eq z Iggl_i (51_41)
i=1
k
1%2 eq Z lqg2_i (5.1-42)
i=1
idg?eq :idg71 +id(gLZ +- “idgfk :idgofeq Gldgl quE+GIdg2 eqNg (51_4_3)
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k
400 c0 = D iag0 s (5.1-44)
i=1

Gt eg=2.Cruer i (5.1-45)

o~

Gragr_eq Z g2 (5.1-46)

Similarly, to achieve the sum of transfer functions in Equations (5.1-41),

(5.1-42), (5.1-45) and (5.1-46), Pade approximation is used as follows:

k

ZGI%’I i Z qul i =G Iqgl_eq (51-47)

i=1 i=

—_

k k
Y Grr i =2 Figri =Grg_eq (5.1-48)
i=1

i=1

k

Z Idgl_i Z [dgl l= 1dgl_eq (5'1_49)

i=1 i=1

>~

k
ZGldgz,l' = zfldngi = Glngfeq (5.1‘50)
i=1

i=1

5.2 Verification of Scenario 1
5.2.1 Voltage Dependence

The proposed aggregation method for a group of motor drive loads
connected to the same bus is verified by a sample system consisting of low
voltage 6-pulse VSI drives and their induction motor loads. In the case study,
there are four VFD-induction motor loads connected to a switchboard, and each
VFD- motor load has the same parameters and loading condition as that given in
Table 4.1. The detailed switching model of the case study is shown in Figure 5.2.
The dynamic model for the aggregated VFD-induction motor model can be

found in Table 5.1.

A three phase fault is applied at the upstream of the switchboard in the
detailed switching model in Figure 5.2, which results in 90% and 80% voltage
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sags. The fault is applied at 1.4 s and cleared at 1.65 s. The total simulation time

is 2 seconds.
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Figure 5.2 The detailed switching model for Scenario 1

Dynamic responses of the aggregated dynamic model and the detailed
switching model are compared in Figures 5.3 and 5.4 for 90% and 80% voltage
sags, respectively. It is found that there are good agreements between the two
models. Therefore, it is verified that the proposed aggregation method
considering voltage dependence for motor drive systems connected to the same

bus is accurate.
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Table 5.1 The aggregated dynamic model for Scenario 1 (Loading 1)

Calculated transfer functions for the dynamic model

Derived
Dynamic
Model

P =Py +G,AE +G,AE” +(Gpy + G, AE)AS,
Q =0, +GyAE+G,AE? +(G,, + G, AE A,

P07 QO

8.6537kW, 3.6659kVAR

Gp

—71.0971S7 —1.496x10° S —3.4427x10” S° —1.731x10° S* +

B (3.8654><10853 +2.8504x10° 5% —3.1806x10° S —2.5275x10° j

TS +424.07445° +7.036x10° S +5.626x10° S
(+1.8181x108S3 -6.2966x107S* —1.0949%107 S +3.26le108]

—-0.077557 —926.0955° —2.4489x10°S° —1.1997 x10” S* +
(7.3805><107S3 +1.7552x10° S* —1.2681x10°S —2.4385><108J
S7 +443.1435° +7.5686x10*S° +6.2396x10°S*
+2.1236x10°S” +3.2666x10° S * —3.5953%x10° S —5.2886><108J

P2

3.7327x10°S? —1.0305%x10° S* +3.6221x10° S +2.9071x10°
S7 +100.5° —1.5856x10*S° —3.6663x10°S* J

9.6782S7 +2.6608%x10*S°® —2.5107x10°S°> —3.6515%x10* S* —J

Gpy =

—2.1846x10%S° —1.992x10°S? —3.0207x10%S +1.9128x10°

Gpy

2.142x107 8% +1.7538%107 S? —9.4003x10° S —8.4141x10°
S7 +252.36385° +2.7039%x10*S° +1.3205%x10°S*
+3.4787x107 5% +1.543x10° S? +1.0624x10° S —7.3517x10°*

(0.086957 +210.52585° +1.3999x10* S> +2.5258%10° S* + j
Gy, =

—16.90465" —8.8257x10*S° —2.6466x10" §° —1.3721x10° S* +
6.9137x10°S° +8.4424x10°S* —1.6358x10* S +1.398%x10°
S7 +480.33955° +8.5297x10*S° +7.2325x10° S* J

G, =

+2.5064%x10%S° +2.4674x10%S? +3.2715x10° S + 4.0806x 107

GQ2

7.7943%x107 S° +3.6849x10°S* +5.9677x10" S —2.8335x10°

(0.1436S7 —552.92558° —1.536x10°S° —7.2452x10°S* + j
G —

e S7 +442.3046S° +7.5818%x10*S° +6.309%x10°S*
+2.212%x10%S? +7.239x10%S? +6.153x10" S —5.5027 x10°

—28.926857 +4.0674x10°S° +1.9036x10°S° +1.7981x107 §* —

~ (6.8068><109S3 —5.2405x10°S* —7.4623x10° S —1.1749%10" J

@ (87 +419.78378° +6.9422%10*S° +5.5567x10° S *
(+1.8219x10853 +1.4312x10°S? +2.0489x10° S +3.0596><108j

—0.36358" +534.57795° —1.3668x10° S° —4.2447x10°S* +
6.1931x10%S° —3.9425%10° S —5.7594x10% S +5.3625x10°
o (57 —1.6117x10°S® —4.4768x10°S° — 4.6603x107 §* j

—1.6878x10° S +1.3706x10'S* +1.3522x10° S —1.8545x10"
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Figure 5.3 Dynamic responses of the aggregated dynamic and detailed switching
models for Scenario 1, 90% voltage sag
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Figure 5.4 Dynamic responses of the aggregated dynamic and detailed switching
models for Scenario 1, 80% voltage sag
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5.2.2 Frequency Dependence

The frequency dependence of the aggregated dynamic model for motor
drive systems is further verified using the same case study with four VFD-
induction motor loads as Section 5.2.1. The parameters for individual VFD-
induction motor load are the same as Table 4.1 except the following slight
loading change for the induction motor: Load torque Ty = 12 NM, Target speed
n; = 1705 rpm. The derived dynamic model is provided in Table 5.2.

A step variation of the frequency from 60 Hz to 52 Hz is applied at the
power source in the detailed switching model, the variation starts at 1.4 s and
ends at 1.65 s. The total simulation time is 2 s. When the power source
frequency is changed, the voltage will slightly vary accordingly. Both the
frequency sag and the resultant small voltage variation were entered into the

aggregated dynamic model as disturbances to represent real system conditions.

Dynamic responses of the aggregated dynamic model and the detailed
switching model are compared in Figure 5.5 in this case. The simulated small
voltage variation caused by the frequency variation from the detailed switching

model is also shown in this figure.

It is found that there are good agreements between the two models.
Therefore, the proposed aggregation method for motor drive loads connected to

the same bus considering the frequency dependence is verified to be accurate.
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Table 5.2 The aggregated dynamic model for Scenario 1 (Loading 2)

Calculated transfer functions for the dynamic model

Derived
Dynamic
Model

P =Py +G,AE+G,AE” +(Gpy + G, AE)AS,
0 =0, +G,AE+G,AE? +(G,, + Gy AEAf,

PO’ QO

9.5582kW, 4.3148kVAR

Gp

—86.14995 " —1.5612x10° S° —5.0423x107 §° —2.8409x10° S * —
~ (1.5057><10‘°S3 —2.6116x107S* +1.9278x10" S +2.876x10° J
" (87 +536.28255° +9.9097x10* S° +8.6952x10° §*

(+ 3.2074x10°S* +1.5528x10°S* —3.3394x10° S —l.9318><109]

—0.155987 —895.06528° —3.5911x10°S” —=1.7112x10" S* +
(1.551x10853 —3.5173x10°S* - 4.6678x10" S +2.1296x10° J

(87 +567.44598° +1.0534x10° S* +9.085x10°5*
(+ 3.0987x10°S* —1.4735%10” S* —=3.106x10" S +4.2499><108]

18.7834S" +3.4026x10*S°® +1.0672x10" S +5.5947x10°S* +
B (7.5043><10853 —6.8923x10°S? —1.0852x10° S —1.4652x10° J
P87 +524.87375° +9.4966x 10" §° +8.0852x10° §*

L 2.7714x10°S* +3.0622x10°S* —3.9359x 10* S —4.4939><108J

Gpy

0.120157 +239.9875° +3.419x10*S” +1.1574x10°S* —
~ (5.2197x10653 +3.097x10°S? +1.5017x107 S +2.1895><106J

(ST +330.79028° +4.545%10* S° +2.968x10° S
(+ 7.1459%107 S° —3.5392x10°S* +2.9297x 10" S +8.9172><108J

—23.512287 —9.335%10*S¢ —3.5817x10" S° —1.768x10° S * +
o - 1.064x10"°8* +1.9107x10"°S? —3.4675% 10" S — 4.5858 x10'°
. (57 +561.49168° +1.0418x10°S° +9.0179x10°S* J

+3.1254x10%S* +2.9176x10% 5% —1.0404x10°S —1.116x10°

GQ2

5.1532x10°S° +2.5804%x10°S? —1.3337x10"° S — 4.0546x10"°
S7 +1.1441x10*S°® +2.8823%x10°S° +2.9649x10% S*
+1.1908x10"S* +4.0033x10'°S* —2.7725%10"° S —6.6313%x10"

{—3.933657 +3.11x10°S® —=7.3175%10°S° —4.1676x10°S* + J

Q2

—33.07987 +2.128x10°S° +3.1196x10°S° +2.7025x107 §* —
1.0905x10" S —5.7312x10” S * —8.8401x10° S —1.8813x10" J
S7 +490.86345° +8.6216x10*S° +7.1702x10°S*

+2.3931x10%S° +1.2963x10°5? +2.0411x10°S +4.0497><108j

23—

—0.2668S" +77.23278° +4.6731x10°S° —1.9824%x10°S* —
G 9.5746x10°S°* —2.2762x10*S* —7.592x107 S +1.9529%x10*
et (S7 +280.08125° +3.372x10* S° +1.9368x10°S* J

+4.8796x107 S* +6.5835x10°S* +1.9796x10° S —5.5822x10°
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Figure 5.5 Dynamic responses of the aggregated dynamic and detailed switching
models for Scenario 1, frequency variation

5.3 Scenario 2: VFDs with Upstream Series Impedance and
Transformers

5.3.1 Upstream Series Impedance

The aggregated dynamic model of VFDs connected to the same bus might
need to be aggregated further with upstream series impedance from cables,
reactors, and transmission lines etc. To achieve such a system aggregation, the
upstream series impedance in the form of Ry +jXi is considered as shown in

Figure 5.6.

The real and reactive power at Bus B, Pg and Qg, in Figure 5.6 can be

expressed based on Equations (5.1-7) and (5.1-13) as follows:
Py=F s +Gp AV + sz,BAsz + (GPLB +Gpy pAVp )Afg (5.3-1)
0, =0y 5 +Gy yAV, +Gyy JAVE +(G,y , +Gyu ,AV, A, (5.32)

According to power invariant property, the active and reactive power at
Bus A, P, and Qa, can be expressed using the branch current I and the

impedance as follows [11]:

_ 2
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0,=0,+3*(27,1)

2 .2 .
" =i, +i,

2
8

(5.3-4)

(5.3-5)

The branch current, I, is determined by the downstream induction motors load

demand, the branch current for the same load is considered to be the same

through the whole branch without a transformer; with a transformer the current

can be converted using the turn ratio of transformers accordingly. Equation (5.3-

5) can be linearized as follows:

A1?)= A2, +i2))=21,A1 = 2i, iy, +2i, A,
R
Bus A Pa+ Qs
Va
—
H R, +IX,
Bus B Po+jQg
Vg
Aggregated
VFD-motor
model from
downstream

(5.3-6)
|
Bus A # P.+iQ,
Vy
New
Aggregated
VED-motor
model

Figure 5.6 The motor drive model further aggregated with upstream series

impedance

For the real power, substitute Equation (5.3-6) in the linearized Equation

(5.3-3), we

AP, = AP, +3R,A(1*)= AP, +(6R, i, )Ai,, +(6R, i

have

APA:PA_P(LA

AP, =P, P,

0_B

Aldg =14, ~lge0

q80

Jai,,

(5.3-7)
(5.3-8)
(5.3-9)
(5.3-10)
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Ai =i —i

q8 q8 q80

P, =P, +3I;R,

_ /32
I, —1/ldg0 +lqg0

(5.3-11)

(5.3-12)

(5.3-13)

Similarly, substitute Equation (5.3-6) in the linearized Equation (5.3-4) for

the reactive power, the following can be obtained:

AQ, =AQ, +(6AL)AI £, )= AQ, +(122f iy Wiy, + (1278 i 0 A,

AQ, =0,-0 4
AQy =0y =0 3
Afy=Ff,—feo

Q=0+ 31(? (ij(‘g()L)

+(6aL12 ),
(5.3-14)
(5.3-15)
(5.3-16)
(5.3-17)

(5.3-18)

Substitute Equations (4.2-44), (4.2-45), (5.3-1) and (5.3-2) in Equations (5.3-7)

and (5.3-14), we have

P,=F ,+ Gpy AV + GPA12AV32 + (GPA13 +Gpy AV )Afg
Granr =G+ (6Ryi0)Grggs +(6R,i 0 )G

Gpaia =Gpy g

Goaa =Gra o+ (6R 10 )G 2 +(6R 0 )G

Gppy = GP4,B

Q4 =0 4 +GoniAV, + G AV +(G s + G AV, A,
Gounr = Gor_y + (127 1100 )G + 127 100 )G
Gonn =Gy, 5

GQA13 = GQ3_B + (1 ZﬂI‘nging )Gldgz + (1 Zﬂi’fgoiqgo )Gquz + (67115)

(5.3-19)
(5.3-20)
(5.3-21)
(5.3-22)
(5.3-23)
(5.3-24)
(5.3-25)
(5.3-26)

(5.3-27)
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Gouns =Gou (5.3-28)

According to Reference [130], the voltage at Bus B and the voltage at Bus

A have the following relationship:

PR, +0,X, . (R 1) (24 1
vV, =V, +%BBL =V, +(3LJ[PB ‘/Bj+[3j(ng3 ‘/BJ (5.3-29)
_ Py sR, +0Qy X,
Vio = Vo 3V, (5.3-30)

Linearize Equation (5.3-29), we have

3V:—-R, P .21 L 27l R 27,
AV, =| 2 OB HlCo s AV, + Oo.s Af, +| = AP, + fuo AQ,
Vs 3V 3V 3V

(5.3-31)

To simplify the problem, dynamic terms of AP and AQ are ignored from
Equation (5.3-31), the voltage variation of Bus B can be expressed by the

voltage variation of Bus A as follows:

AV, =V, AV, +V312Afg

(5.3-32)
Vo 3V,
o 3V320 - RLP(LB - 279(g0LQo,B (5.3_33)
Voo 27LQ, 5V
BI12 W2 “R.P, 27 ,LO, , (5.3-34)

Substitute Equation (5.3-32) in Equations (5.3-19) and (5.3-24), and ignoring the

2" order f, term, the real power can be obtained as follows:

P =P, ,+Gp AV, +G,, AV +(Gyy ,+Gpy AV, )Afg (5.3-35)
Where,

Gpi 4 =VeGpan (5.3-36)
Gpr a =ViilGpas (5.3-37)
Grs 4 =V51Gpan + Gas (5.3-38)
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Gpy s = (2V31 Ve )GPAIZ + V1 Gparg (5.3-39)

Substitute Equations (5.3-20) to (5.3-23) in Equations (5.3-36) to (5.3-39), the

following equations are obtained:
GPI?A = VBllGPlfB + (6RLidg0VBll )Gldgl + (6RLiqg0VBll )qugl (53_40)
Gpy_4 :V3211GP2,B (5.3-41)

GPS?A = VBIZGPlfB + (6RLidg0V312 )Gldgl + (6RLingVBIZ )qugl

+Gpy y +(6R,i 100 )G +6R 0 )G (5.3-42)

Gry 4 =2V Ve )Gry 5 +V5 Gy 5 (5.3-43)
Similarly, the reactive power can be determined as follows:

0, =0y 1 +Gy AV, +Gy, AVE+(Gy, ,+Gpy AV, A, (5.3-44)
Where,
Gor_s =Ve1Goan (5.3-45)
Gos 4 =ViGoun (5.3-46)
Gos 4 =VsGoai + Gouis (5.3-47)
Goi = 2VaiVe2 )Gouz +ViniGoua (5.3-48)

Substitute Equations (5.3-25) to (5.3-28) in Equations (5.3-45) to (5.3-48), the

following equations are obtained:
Goia =VenGo st (1 278 f golagoVan )Gldgl + (1 270 f ot o0V )G,qgl (5.3-49)

Gos 4 :VlelGQZJS (5.3-50)

0

GQ3,A = VBIZGQLB + (IZELngingVBIZ )Gldgl + (lzﬂLngingVBIZ )Gqul

(5.3-51)
+Gyy p+ (127 i1y )G g + (127 i 0 )Gy + 67LI

Goy s = (2V311V312 )GQLB V1G4 5 (5.3-52)

The coefficients, Gpi_a, Gp2_a, Gps_a, Gpa_a, Goi_a, Goz_a, Gos_a, and

Gqs_a, are calculated by adding several transfer functions, whose denominators
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might not be the same. Therefore, the Pade approximation method is used in this
case: 1) convert every transfer function for these coefficients into its polynomial
format; 2) add the converted polynomials to obtain the resultant final
polynomial; 3) convert the resultant final polynomial to a transfer function using

Pade approximation.

To illustrate the above mentioned steps, the coefficient Gp; o in Equation
(5.3-40) is used as an example. Gp; a is determined by three transfer functions,
GpiB, Guggi, and Gigi. The three transfer functions are converted to
corresponding polynomials using Pade approximation in Equations (5.3-53) —
(5.3-55), and the resultant final polynomial for the coefficient Gp; Ao 1is

determined by Equation (5.3-56).

14
Gpi_p (S) =Co_gpig TC1_gpisS T Cia_gpipS (5.3-53)

(8)= S s"
G \S) =€ ragt T €1 cuaa1S T Cla_cragn (5.3-54)

(5)= S "
G1\S) = C0_cige1 T €1 _c101S " Cla_guge1 (5.3-55)

(5)= S g

Gpi_a\S)=Couy_cpia T Creg_cr1aS T " Claey_cpia (5.3-56)
Coeg_cpia = V11Co_cpip + (6RLingVBll )CO_GIdgl + (6RLingVBll )CO_Gqul (5.3-57)
Crog_cria = VeiiCi_cpip T (6RLidg0VBll)Cl_GIdgl + (6RLiqg0VBll )Cl_Gqul (5.3-58)
Claeqg_cria = Vp11Cuu_cpis T (6RLidg0VBll )614,Gldg1 + (6RLiqgoVBU )C14,qug1 (5.3-59)

After obtaining the final polynomial for Gp; o in Equation (5.3-56), the Pade
approximation can be applied to convert it to the final 7" order transfer function

for Gp; A as follows:

7 6 5 4
{athPlAS +a6eq_GP1AS +a5eq_GP1AS +a4eq_GP1AS +J

3 2
a3eq,GP1AS + azeq,GmAS + aleq,GmAS +ay,, Gria

O 5.3-60
{bthPlAy +b6e‘1*GP1AS6 ""bseq,(;PlAS5 "‘b4eq,GP1AS4 +J ) |

3 2
b3eq_GP1AS + bZeq_GPlAS + bleq_GPlAS + bOeq_GPlA
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All coefficients can be calculated in similar way and their 7™ order transfer

functions for VSI drive-induction motor loads are listed as follows:

7 6 5 4
a7equP2AS +a6€q7GP2AS +aSequP2AS +a4equP2AS +

3 2
a%eq,cpzAS + azeq,szAS + aleq,szAS + Ayey_Graa

P2 AT 7 6 5 4
(b7quP2AS +b6€q7GP2AS +bSequP2AS +b4equP2AS +

by, GpanS +b S*+b

2eq_GP2A leq_GPZAS + bOeq_GPZA

7 6 5 4
{athPSAS +a6eq_GP3AS +a5eq_GP3AS +a4eq_GP3AS +

3 2
a3€q_GP3AS + aZeq_GPSAS + aleq_GPSAS + Aoy _cpr3a

P3 AT 7 6 5 4
[b7quP3AS + b6equP3AS + b5eq7GP3AS + b4eq7GP3AS +

3 2
b3eq7GP3AS + b2eq7GP3AS + bleq?GP3AS + bOeq?GP3A

7 6 5 4
[a7quP4AS +a6eq,GP4AS +a5eq,GP4AS +a4eq,GP4AS +

3 2
a%eq,GMAS + azeq,GP4AS + aleq,GmAS T ooy cpan

P4 AT 7 6 5 4
(b7quP4AS + b6€q7GP4AS + bSeq?GP4AS + b4eq7GP4AS +

3 2
b’ieq?GP4AS + b2€q7GP4AS + bleq?GP4AS + bOeq?GP4A

7 6 5 4
(athQIAS +a6eq,GQ1AS +a5eq,GQ1AS +a4eq,GQ1AS +

3 2
a3eq_GQ1AS + a2eq_GQ1AS + aleq_GQlAS + Aoy Gora

Ql A 7 6 5 4
[bthQlAS +b6eq7GQ1AS +b5eq7GQ1AS +b4eq7GQ1AS +

3 2
b3eq_GQ1AS + bZeq_GQlAS + bleq_GQlAS + bOeq_GQlA

7 6 5 4
{athQZAS +a6eq,GQ2AS +a5eq,GQ2AS +a4eq,GQ2AS

+
a S3 +a SZ +a S +a
3eq_GQ2A 2eq_GQ2A leq_GQ2A Oeq_GQ2A

Q2 A 7 6 5 4
[bthQZAS +b6eq,GQ2AS +b5eq,GQ2AS +b4eq,GQ2AS +j

3 2
b3€q_GQ2AS + b2€q_GQ2AS + bleq_GQZAS + bOeq_GQZA

7 6 5 4
[a7quQ3AS +a6eq_GQ3AS +a5eq_GQ3AS +a4eq_GQ3AS +J

3 2
a3eq_GQ3AS + a2eq_GQ3AS + aleq_GQ3AS +ao.y Gosa

Q3 A 7 6 5 4
[b7quQ3AS +b6eq7GQ3AS +b5eq7GQ3AS +b4eq7GQ3AS +]

3 2
b3eq7GQ3AS + bZeq?GQSAS + bleq?GQ3AS + bOeq?GQSA

(5.3-61)

(5.3-62)

(5.3-63)

(5.3-64)

(5.3-65)

(5.3-66)
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7 6 5 4
(‘ancgms +a6eq_GQ4AS +a5eq_GQ4AS +a4eq_GQ4AS +J

3 2
a3eq_GQ4AS + aZeq_GQ4AS + aleq_GQ4AS +ayy Goan

G —
04_4 5.3-67
£b7quQ4AS7 + b6eq_GQ4AS6 + bSeq_GQ4ASS + b4eq_GQ4AS4 +J ( )

3 2
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5.3.2 Transformers

For the case that the upstream component of the aggregated dynamic
model of the motor drive systems is a transformer, the transformer can be
expressed by a series impedance (Rt + jXt) and an ideal transformer with the
ratio n:1 (Figure 5.7). In this case, the dynamic model of the system at the
upstream Bus A can be obtained by further aggregation of the transformer with
the dynamic model of the system at the downstream Bus B by the following two

steps:

e Step 1: Convert the model to Bus B' by considering ideal transformer

only

e Step 2: Aggregate the model from Bus B' to Bus A through the series

impedance Rt + jXt using the method proposed in Section 5.3.1.

For the ideal transformer, the power loss is zero and the voltage
relationship is linear. The real power, reactive power and the voltage at the

primary of the ideal transformer (Bus B') can be determined as follows:

Vp=nV, (5.3-68)
P =k, (5.3-69)
0, =0, (5.3-70)
Iy =%13 (5.3-71)
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Figure 5.7 The motor drive model further aggregated with the upstream

transformer

Linearize Equations (5.3-68) — (5.3-71), and submit Equations (5.3-1) and

(5.3-2) in the linearized equations, the real power at Bus B' using the generic

model format can be expressed as follows:
Py =By 4Gy AV, +Gro yAV; +(Grs s +Gru AV, )WY,

where,

, 1
GPLB = [;ijB

The reactive power can be obtained in similar way:

0, =0, ,+G}y ,AV;+Gly AV +(Ghy , +Gly LAV A,

(5.3-72)

(5.3-73)

(5.3-74)

(5.3-75)

(5.3-76)

(5.3-77)
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where,

Gy _y = %)GQIB (5.3-78)
Gpr s = n—lszQz_B (5.3-79)
Gy 5 =Gy g (5.3-80)
Gos 5 = GJGQH (5.3-81)

Once the dynamic model at Bus B' is determined by Equations (5.3-72)
and (5.3-77), the dynamic model at Bus A can be calculated by the method
proposed in Section 5.3.1 by aggregating the dynamic model of the system at

Bus B' with the transformer impedance Rt +jXr.

5.4 Verification of Scenario 2

5.4.1 Voltage Dependence

The verification is conducted for the aggregated dynamic model derived
from four motor drive loads connected to the same bus, further aggregated with
an upstream impedance Ry + jXi, (Rp = 0.1 ohms, L = 0.18mH), and a step-down
transformer rated at 1 MVA, 4160 V/230 V, wye-wye winding connection, the
impedance Z of the transformer is 5.75% with X/R ratio = 5.79. The detailed
switching model for the whole system set-up is shown in Figure 5.8. Individual
motor drive loads are the same as that in Table 4.1. The aggregated dynamic

model at Bus A can be found in Table 5.3.

A three-phase fault is applied to the detailed switching model, which
results in 90% and 80% voltage sags. The fault is applied at 1.4 s and cleared at
1.65 s with the total simulation time equal to 2 s. The frequency of the power
source remains constant. The dynamic responses of the aggregated dynamic

model and the detailed switching model at Bus A are shown in Figures 5.9 and
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5.10 for 90% and 80% voltage sags, respectively. It is found that dynamic

responses of the aggregated dynamic model at Bus A using the proposed

aggregation algorithms has good agreements with that of the detailed switching

model. Therefore, it is verified that the proposed aggregation algorithms

considering voltage dependence are accurate.
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Figure 5.8 The detailed switching model for Scenario 2
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Table 5.3 The aggregated dynamic model for Scenario 2 (Loading 1)

Calculated transfer functions for the dynamic model

Derived
Dynamic
Model

P =Py +G,AE+G,,AE” +(G,y +G,,AE)Af,
0 =0, +GyAE +Gy,AE” +(Gy, + Gy AEY,

PO’ QO

8.821kW, 3.7808kVAR

Gp

—4.131187 =7.91x10°S°® —2.0383x10°S° —1.0794x10°S* —
(2.5373><107S3 +1.9429%10° % +1.5014x10’ S —7.6224><107j
" (ST +456.76275° +7.8812x10° §° +6.4996x10° 5
L 2.1548x10°S* —1.4092x10°S* —2.6477x10° S +1.8618x108J

—0.002387 —2.34948° —4.5671x10°S* —2.7175x10° S* +
(3.4012x10653 —-8.567x10°S* —4.426x10°S +1.1633><107J
S” +1.6593x10° S +3.8676x10° S’ +3.7859x107 S *

+1.373x10” 5% —6.1516x10° S* —1.7447x10° S +7.905><109]

P2

15.7601S7 +2.9661x10*S® +9.1068x10°S° +5.22x10%S* +
9.6808%x10°S* +6.1235%10° S +3.6317x10%S +1.5302x10°

+2.8881x10%5% +3.231x10%52 +1.1089x10* S +1.1894x10°*

Gpy

0.006557 +13.91085° +4.2307x10°S° +2.3499x10°§* —

4.2698x10*S’° +3.9138x10°S* +4.9924x10° S —4.3527x10°

(87 +504.58568° +9.1473x10* S° +7.8571x10° §*
+2.7327%x10°S° +1.0654x10°S* +5.255x10° S +8.4701x108]

(S7 +513.7506.5° +9.4069x10* S +8.1607x10° §* J

—16.90465" —8.8257x10*S°® —2.6466x107 §° —=1.3721x10° S* +
o - 6.9137x10°S° +8.4424x10°S* —1.6358x10° S +1.398 x10°
. (57 +472.38025° +8.3139x10*S° +6.9929%x10° S* J

+2.3953x10%S° +1.3968x10%S? —5.2794x 10 S — 4.4034 x10°

GQ2

4.7084x10*S7 —1.7746S° — 470.7178S° —2.2352x10* S * +
(1.999x10553 +1.427x10°S?* +2.2765x10°S +1.0737x10° j
2 (87 +432.5051S° +7.3513x10*S° +6.1048x10° $*
L 2.1721x10°S’ +1.0089x10° S* +1.4497x10° S + 6.5331x108]

—26.634757 +3.5595x10° S +2.1637x10°S° +3.1486x10” §* —
B (7.4436x10°S3 -4.6123x10°S* -1.6572x10° S —1.2289x10" ]

O (7 +445.90955° +7.6117x10* S° +6.239%10°S*
(+ 2.0743x10%S° +1.4379x107 S +5.8121x107 S + 3.4122><108J

—0.012757 +3.14365° + 741.0534S° +6.1252x10°S* —
~ 2.0776x10° 5% —5.0229x10°S? +3.6183x10" S +4.4588x10’
. (S7 +370.22028° +5.6633%10* §* +4.2361x10° S * J

+1.3114x10°S° +2.1742x10°S* —2.2276x10° S — 2.6255%10°
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Figure 5.9 Dynamic responses of the aggregated dynamic and detailed switching
models for Scenario 2, 90% voltage sag
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Figure 5.10 Dynamic responses of the aggregated dynamic and detailed
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5.4.2 Frequency Dependence

The frequency dependence is verified by applying frequency variation
from 60 Hz to 52 Hz, which is applied at the power source at 1.4 s and cleared at
1.65 s with the total simulation time equal to 2 s. Individual VFDs and their
motor loads are the same as Table 4.1 except the following slight loading
changes for the induction motor: Load torque Tr, = 12 NM, and target speed n, =
1705 rpm. The derived aggregated dynamic model at Bus A can be found in
Table 5.4.

Dynamic responses of the aggregated dynamic model and the detailed
switching model at Bus A are shown in Figure 5.11. It is found that there are
good agreements between the two models at Bus A, which verifies the accuracy

of the proposed aggregation algorithms considering the frequency dependence.
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Table 5.4 The aggregated dynamic model for Scenario 2 (Loading 2)

Calculated transfer functions for the dynamic model

Derived
Dynamic
Model

P =Py +G,AE+G,,AE” +(G,y +G,,AE)Af,
0 =0, +GyAE +Gy,AE” +(Gy, + Gy AEAY,

PO’ QO

9.7665kW, 4.458kVAR

Gp

(— 6.030357 —9.1917x10°S°® —5.1433%10° S° —3.0278x10° S * —J

~16.9813x10° S +2.4955x10* 52 +1.5193x10° S +8.5649x 10*

ne (57 +878.91345° +1.8447x10°S° +1.7211x107 §*

+6.3115x10%S* +7.0232x108 5% —1.3674x10° S —1.5638x10°

|

—8.9328%x10*S7 —2.76855° —1.8889x10°S°> —9.6825%x10* S* +J

G - (8.9015x10553 —3.4848x10°S? +7.4294x10° S + 2.8086x10°
r S7 +807.44615° +1.6559%10°S° +1.5166x10" S*
+5.3933%10%88* —1.25%10%S? +7.1736x10% S +1.747x10°

|

(18.16657 +3.215%10*S® +7.2032%x10°S° +3.3248%x10% 5 * —J

~ (9.2248x107 8% ~1.797x10° 5> ~1.8203x10° S — 4.7886x10°

P87 £421.6913.8° +6.8471x10* S5 +5.3212x10°S*
+1.6329%x10%S* —2.268x10%S? —6.7816x10% S — 2.4632x 10"

|

Gpy

0.0076S7 +15.43295° +3.6607x10*S° +1.6858x10° S* —
1 2.7898%10°S* +4.9997x10° S +7.3339x10° S —5.918x10°

|

P87 +433.33485° +7.1418%10% S5 +5.623x10°S*
+1.7526x10%S* —1.8355%10%S? +4.3254x10% S +9.7843%10

)

(—1.2296S7 —4.5418x10°S°® —1.6379x10°S° —7.8104%x10" §* +J

5.7329x10% 5% ~1.9125%10° §* ~1.0543x10° S +4.0039x 107

+2.8061x10%S* —2.155x10%S? —5.7676x10% S +2.2063 %10’

e (57 +542.44465° +9.8862x10*S° +8.3996x10° S *

|

GQ2

3.7631x10°S” +4.8925%x10° S* +5.4646x10° S +5.8488%10°

(5.2091><104s’ —1.8184S5° —558.1395° —2.2839x10*S* +

|

e (S7 +462.86825° +7.9317x10*S” +6.4938x10°S*

+2.1593x10%S* +2.7523%10% S* +3.0513x10% S +2.9813x10"

|

(— 30.720857 +3.2923x10° S +2.9145x10°S° +3.1355%10" §* —]

19.4472x10° 5% —9.6781x10” S +1.5623x10° S +3.1849x10°

e (S7 +473.98245° +8.2068%10*S° +6.7652x10° S*

+2.2546X10°5° +2.2167x10°S* —3.6245%107 § —7.3361x 106J

—0.014957 +3.5795° +954.31455° +8.5653%x10° S * —
~ 2.5788x10°5* —1.6031x107S* +4.3709x107 S +6.6815x10’

|

et (87 £382.05298° +5.9494%10* S° +4.5603x10° S *
+1.4982%10°S° +6.9819x10° % —2.2268x10°S — 3.224x10°

|
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Figure 5.11 Dynamic responses of the aggregated dynamic and detailed
switching models for Scenario 2, frequency variation

5.5 Summary and Conclusions

Aggregation algorithms of motor drive loads are proposed in this chapter
for two cases: 1) VFDs connected to the same bus, 2) VFDs further aggregated
with upstream series impedance and transformers. Both voltage and frequency

dependence are considered in the proposed aggregation algorithms.

The accuracy of the proposed aggregation algorithms for motor drive
systems is verified by comparing dynamic responses of the aggregated dynamic

models with that of the detailed switching models for both cases.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 A Generic Dynamic Load Model Structure for Industrial
Facilities
The ultimate goal of the research work is to create adequate dynamic load
models for industrial facilities. In Chapter 2, the template-based load modeling
technique for industrial facilities is proposed. In Chapters 4 and 5, the equivalent
dynamic model and aggregation algorithms for motor drive systems are

proposed.

Commonly used loads could vary from one type of industrial facilities to
another. For example, there are three common types of loads involved in oil
refinery facilities: induction motors, synchronous motors and static loads, the
number of VFDs are in very small amount in oil refinery facilities and thus
VEDs can be ignored from load modeling. In newer Kraft paper mill facilities,
three common types of loads could be present: induction motors, VFDs, and

static loads [131], synchronous motors are not used in this type of facilities.

A generic dynamic load model structure for industrial facilities is proposed
in this thesis, which consists of an induction motor, a synchronous motor, a static
load, and a motor drive system as shown in Figure 6.1. This generic load model
structure shall cover all commonly used loads and can be used to establish

dynamic load models for any types of industrial facilities.

The final load model for an industrial facility of interest can be adjusted by
removing certain load types that do not exist in the facility from the generic
structure. For example, as discussed in Chapter 3, the “motor drive system”
branch can be removed, and the “induction motor”, “synchronous motor” and
“static load” are left in the final load model for oil refinery facilities. For newer

Kraft paper mill facilities, the “synchronous motor” branch needs to be removed,
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% ¢

and the “induction motor”, “motor drive system” and “static load” are left in the

final load model.

Utility

Utility interface bus

e ——

Static
load

1
1
x

Induction Svnchronous
i
motor motor ' Q

system

Figure 6.1 The generic dynamic load model structure for industrial facilities

More “motor drive system” branches might be added to the load model if
the drives and/or motors are different types, which result in different order
transfer functions for the dynamic model, and thus, need to be expressed by

separate branches.

The procedure to create the final dynamic load model for an industrial

facility of interest can be explained as follows:

1) Conduct survey for the industrial facility of interest, and determine major

load types that will be included in the dynamic load modeling.

2) Tailor the generic dynamic load model structure based on major load

types into the final load model structure.

3) Create the templates and template scaling rules, and establish the
template-based full model of the facility based on the template-based

load modeling technique.

4) If VFDs are one of major load types in the facility, they shall be included
in the established template-based full model.
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5) Apply the model equivalence algorithms for induction motors,
synchronous motors, motor drive systems, and static loads (if present) in
the template-based full model to achieve load aggregation of whole

facility.

6.2 Conclusions

Two major contributions for dynamic load modeling of industrial facilities
are presented in this thesis:
1) Template-based load modeling technique
2) Equivalent dynamic models and aggregation algorithms for motor drive
systems
The combination of the above two contributions will lead to adequate dynamic

load models for industrial facilities.

Large industrial facilities connected to power transmission systems
typically draw large amounts of power and have complex dynamic responses to
systems disturbances. Traditional load modeling approaches such as those based
on load composition or site measurements are not adequate to produce dynamic

models for such facilities.

A template-based load modeling technique is proposed to provide adequate
dynamic load modeling for large industrial facilities. This technique consists of
three main building blocks, electrical templates, template scaling rules and the
model aggregation method. Oil refinery facilities are used as example to
demonstrate the proposed technique. Various case studies conducted have shown
that the template-based full model and equivalent models are able to capture
major dynamic characteristics of actual oil refinery facilities and can be used to

represent such facilities when detailed facility information is not available.

Due to increasing usage of VFDs in some types of industrial facilities, the

influence of VFDs and their loads on overall system dynamics for such facilities
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become essential. However, dynamic models for motor drive systems suitable
for power systems dynamic studies are not available. To address this issue, the
equivalent dynamic model for motor drive systems is proposed in this thesis for
the case that VFDs can ride through voltage sags. This model is created by
linearization of differential equations of the drive, the motor, and their control
system. The voltage dependence and frequency dependence are considered.
Dynamic models for VSI and cascaded inverter motor drive systems are created.
As part of the load aggregation requirements for the whole facility, aggregation
algorithms for motor drive systems are also proposed. The accuracy of the
proposed aggregation algorithms for motor drive systems is verified using case

studies.

The ultimate goal of the research work is to create adequate dynamic load
models for industrial facilities. Therefore, a generic dynamic model structure for
industrial facilities is proposed in this thesis, which consists of an induction
motor, a synchronous motor, a static load, and a motor drive system. This
generic structure shall cover all commonly used loads and can be used to
establish dynamic load models for any types of industrial facilities. The final
load model for an industrial facility of interest can be tailored from the generic
structure based on load types practically involved in the facility. Procedure on
how to use the proposed generic dynamic load model, template-based load
modeling technique, and dynamic modeling and aggregation approaches for
motor drive systems to establish the final dynamic load model for an industrial

facility is recommended in the thesis.
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6.3 Future Work

Based on current research results, the future work can be extended in the

following directions:

1) If VFDs are connected to a same bus/switchboard with many induction
motors, which is similar to the case induction motors and synchronous
motors are connected to the same bus, how to split VFDs and induction

motors for load aggregation purpose might need further investigations.

2) Develop equivalent dynamic models for CSI and NPC inverter motor

drive systems for motor systems.

3) Dynamic load models for motor drive system under unbalanced fault

conditions.
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APPENDIX A TYPICAL DATA FOR TEMPLATE-BASED

FuLL MODEL

1) Induction Motors Parameters Used in the Template

Table A.1 Equivalent circuit parameters of induction motors (60Hz) [152]

Motor Voltage R, X, X R,, X,
HP \% Q Q Q Q Q
200 460 0.02122 | 0.14032 5.79240 0.012055 0.17070
350 460 0.01212 | 0.08018 3.31000 0.006889 0.09754
800 460 0.00530 | 0.03508 1.44810 0.003014 0.04268
1000 460 0.00424 | 0.02806 1.15850 0.002411 0.03414
1200 460 0.00354 | 0.02339 0.96540 0.002009 0.02845
1500 460 0.00283 | 0.01871 0.77232 0.001607 0.02276
350 2300 0.39014 | 1.95401 53.9122 0.687706 2.00361
800 2300 0.15622 | 0.78205 21.5639 0.275060 0.80122
350 4000 1.18000 | 5.91000 163.060 2.080000 6.06000
800 4000 0.47250 | 2.36539 65.2221 0.831940 2.42336
1000 4000 0.29204 | 2.60472 79.1281 0.272311 2.34819
1500 4000 0.24520 | 2.23460 68.1497 0.246200 2.04430

2000 4000 0.19840 | 1.86450 57.1712 0.220000 1.74040
3000 4000 0.10480 | 1.12430 35.2143 0.167700 1.13260
4000 4000 0.01113 | 0.38406 13.2575 0.115370 0.52473
5500 4000 0.03260 | 0.32128 8.00000 0.065280 0.32128

The inertia J of the induction motors vs. HP ratings are shown in Figure A.1.

[neria J, Kg¥m2

g00
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6000

Figure A.1 Inertia vs. HP ratings of induction motors [156]
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2) Transformer Parameters Used in the Template

The transformer data are based on information from ETAP online manual
and database [152]. Transformer impedance and X/R ratios based on its KVA
sizing are listed in Tables A.2, A.3 and A.4. The Industrial Power System
Handbook by Beeman (page 96) specifies typical data for transformers that has
rating not larger than 500 kVA and primary voltage not higher than 12.47 kV.

Table A.2 Typical impedances for transformers less than or equal to 500 kVA

[152]
Group 1 * Group2*
Rating Percent Z X/R Percent Z X/R
kVA <S5 23 0.88 2.8 0.77
5<kVA <25 2.3 1.13 23 1.00
25<kVA <50 2.6 1.69 24 1.54
50<kVA <100 2.6 1.92 3.7 2.92
100< kVA £ 167 4.0 3.45 3.7 3.60
167< kVA <500 4.8 4.70 5.2 5.10
* Group 1: Transformers with high voltage windings of less than or equal to
8.32kV
+ Group 2: Transformers that have high voltages of greater than 8.32 kV and
less than or equal to 12.47 kV

The American National Standard C57.12.10 specifies impedance values

for transformers larger than 500 kVA.

Table A.3 Typical impedances for transformers more than 500 kVA [152]

Low Voltage Side Low Voltage Side > 2.4 kV
High Voltage Side <2.4kV Without LTC With LTC
kV <13.8 5.75 ** 5.5%%*
13.8 <kV <23 6.75 6.5 7.0
23 <kV <345 7.25 7.0 7.5
34.5<kV <46 7.75 7.5 8.0
46 <kV <69 8.0 8.5
69 <kV <115 8.5 9.0
115<kV <138 9.0 9.5
138 <kV <161 9.5 10.0
161 <kV <(230) 10.0 10.5
** Self-cooled transformers with greater than 5000 kVA values shall be the same as
those for 23 kV high voltage
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Table A.4 Typical X/R ratios for transformers more than 500 kVA [152]

Rating X/R Rating X/R
MVA<1 5.790 8§<MVA<10 15.50

1 <MVA<L2 7.098 10<MVA <20 18.60
2<MVA<3 10.67 20 <MVA <30 23.70
3<MVA<4 11.41 30 <MVA <40 27.30
4<MVAZS 12.14 40 < MVA <50 29.50
5<MVA<6 12.85 50 <MVA <100 34.10
6 <MVA<7 13.55 100 < MVA <200 42.00
7<MVA<38 14.23 200 < MVA <1000 50.00

3) Cable Parameters Used in the Template

Table A.5 Cable ratings and impedance for the TF model [152]

Parameters Cables used in the template full model
Voltage level, kV 15

Size 500 AWG

Resistance, ohms 0.0284 ohms per 1000 ft

Reactance at 60Hz, ohms 0.0351 ohms per 1000 ft

4) Synchronous Machine Parameters Used in the Template

Table A.6 Parameters in per unit on individual synchronous motor MV A base

X4, pu 0.15385
X4, p.u. 0.23
X4, pau. 1.10
Xia, poUL. 1.17
X., pu 0.11
X5, p.u. 0.15385
Xy, pu 0.15385
X, pu 0.12
X, p.u. 0.23
Xg P 1.08
X poU. .15
T4, sec 0.002
T4 , sec 5.6
T, , sec 0.002
Ty, sec 3.7
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APPENDIX B LOAD ASSIGNMENTS FOR THE TEMPLATE-BASED
FuLL MODEL

The load assignments in each process when creating the template-based

full model for the 108MW coking refinery facility are illustrated in detail.

1) Process 1 — CDU

Table B.1 Load distribution for CDU

Load distribution inside the CDU Loads in MW Explanations

Rated total loads of the process, MW 2.89 2.68% of 108 MW
Rated static loads of the process, MW 1.33 1.23% of 108 MW
Rated synchronous motor loads of the process, MW | 0 0% of 108 MW
Rated induction motor loads of the process, MW 1.566 1.45% of 108 MW
0.46 KV induction motors of the process, MW 0.149 0.138% of 108 MW
2.3 KV induction motors of the process, MW 1.417 1.312% of 108 MW
4 KV induction motors of the process, MW 0 0% of 108 MW

Table B.2 Voltage levels and sizes of loads for CDU

Voltage Induction motor load Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 - - - - 1.33
0.46 1 200 - - --
2.3 3 350, 800 - - --

Table B.3 Cables and transformers data for CDU

Cables Transformers
Cablel (to CDU-T1), 100 ft CDU-T1, 500KVA @ 13.8KV/0.48KV
Cable3 (to CDU-T2), 100 ft CDU-T2, 2.5MVA @ 13.8KV/2.4KV
Cable 34 (main feeder), 2000 ft

The electrical single-line diagram of the process CDU is shown in Figure
B.1. The electrical single-line diagrams for other processes will be created in
similar way as CDU, so they will not be provided in this thesis due to page

limits.
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2) Process 2 — VDU

Table B.4 Load distribution for VDU

Load distribution inside VDU Loads in MW Explanations
Rated total loads of the process, MW 10.65 9.86% of 108 MW
Rated static loads of the process, MW 5.054 4.68% of 108 MW
Rated synchronous motor loads of the process, MW | 0 0% of 108 MW

Rated induction motor loads of the process, MW 5.594 5.18% of 108 MW

0.46 KV induction motors of the process, MW 2.276 2.107% of 108 MW
2.3 KV induction motors of the process, MW 0.261 0.242% of 108 MW
4 KV induction motors of the process, MW 3.060 2.832% of 108 MW

Table B.5 Voltage levels and sizes of loads for VDU

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - - - 5.054
0.46 4 200, 1200, - - --
1500
2.3 1 350 - - --
4 350, 1000 - - --

Table B.6 Cables and transformers data for VDU

Cables

Transformers

Cable5 (to VDU-T1), 100 ft
Cable6 (to VDU-T2), 100 ft
Cable7 (to VDU-T3), 100 ft
Cable 36 (main feeder), 2000 ft

VDU-TI, 3.5 MVA @ 13.8KV/0.48KV
VDU-T2, 0.5 MVA @ 13.8KV/2.4KV
VDU-T3, 7.5 MVA @ 13.8KV/4.16KV

The electrical single-line diagram of the process VDU is shown in Figure

B.2. The electrical single-line diagrams for other processes will be created in

similar way as CDU and VDU, so they will not be provided in this thesis due to

page limits.
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Figure B.1 Single-line diagram of the process CDU
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Figure B.2 Single-line diagram of the process VDU
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3) Process 3 — Hydrotreater

Table B.7 Load distribution for Hydrotreater

Load distribution inside the Hydrotreater Loads in MW Explanations
Rated total loads of the process, MW 2.311 2.14% of 108 MW
Rated static loads of the process, MW 0 0% of 108 MW
Rated synchronous motor loads of the process, MW 1.307 1.21% of 108 MW
Rated induction motor loads of the process, MW 1.004 0.93% of 108 MW
0.46 KV induction motors of the process, MW 0.046 0.043% of 108 MW
2.3 KV induction motors of the process, MW 0.958 0.887% of 108 MW
4 KV induction motors of the process, MW 0 0% of 108 MW

Table B.8 Voltage levels and sizes of loads for Hydrotreater

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - -- - 0
0.46 1 200 -- - --
2.3 2 350, 800 -- - --
4 -- - 1 1750 --

Table B.9 Cables and transformers data for Hydrotreater

Cables

Transformers

Cable8 (to Hydrotreater-T1), 100 ft
Cable9 (to Hydrotreater-T2), 100 ft
Cable 37 (main feeder), 2000 ft

Hydrotreater-T1, 0.5 MVA @ 13.8KV/0.48KV
Hydrotreater-T2, 2.0MVA @ 13.8KV/2.4KV

4) Process 4 — Coking

Table B.10 Load distribution for Coking

Load distribution inside Coking/Thermal Loads in MW Explanations
cracking
Rated total loads of the process, MW 9.256 8.57% of 108 MW
Rated static loads of the process, MW 2.96 2.74% of 108 MW
Rated synchronous motor loads of the process, MW 0 0% of 108 MW
Rated induction motor loads of the process, MW 6.296 5.83% of 108 MW

0.46 KV induction motors of the process, MW 1.851 1.714% of 108 MW
2.3 KV induction motors of the process, MW 0.187 0.173% of 108 MW
4 KV induction motors of the process, MW 4.258 3.943% of 108 MW
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Table B.11 Voltage levels and sizes of loads for Coking

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - - - 2.96
0.46 7 200, 800 - - --
2.3 1 350 - - --
4 5 350, 1500, - - --
3000

Table B.12 Cables and transformers data for Coking

Cables

Transformers

Cablel0 (to Coking-T1), 100 ft
Cablell (to Coking-T2), 100 ft
Cable12 (to Coking-T3), 100 ft

Coking-T1, 3.0 MVA @ 13.8KV/0.48KV
Coking-T2, 0.5 MVA @ 13.8KV/2.4KV
Coking-T3, 7.5 MVA @ 13.8KV/4.16KV

Cable 38 (main feeder), 2000 ft

5) Process 5 — FCC

Table B.13 Load distribution for FCC

Load distribution inside FCC Loads in MW Explanations

Rated total loads of the process, MW 3.208 2.97% of 108 MW
Rated static loads of the process, MW 1.458 1.35% of 108 MW
Rated synchronous motor loads of the process, MW 0 0% of 108 MW
Rated induction motor loads of the process, MW 1.75 1.62% of 108 MW
0.46 KV induction motors of the process, MW 0.734 0.68% of 108 MW
2.3 KV induction motors of the process, MW 0.448 0.415% of 108 MW
4 KV induction motors of the process, MW 0.559 0.518% of 108 MW

Table B.14 Voltage levels and sizes of loads for FCC

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 — - - - 1.49
0.46 4 200 - - -
2.3 2 350 -- -- --
4 2 350 - - -

Table B.15 Cables and transformers data for FCC

Cables

Transformers

Cablel13 (to FCC-T1), 100 ft
Cablel4 (to FCC-T2), 100 ft
Cablel5 (to FCC-T3), 100 ft
Cable 39 (main feeder), 2000 ft

FCC-T1,3 MVA @ 13.8KV/0.48KV
FCC-T2, 5 MVA @ 13.8KV/2.4KV
FCC-T3,5 MVA @ 13.8KV/4.16KV
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6) Process 6 — Hydrocracker

Table B.16 Load distribution for Hydrocracker

Load distribution inside Hydrocracker Loads in MW Explanations
Rated total loads of the process, MW 32.422 30.02% of 108 MW
Rated static loads of the process, MW 5.314 4.92% of 108 MW
Rated synchronous motor loads of the process, | 12.68 11.74% of 108 MW
MW
Rated induction motor loads of the process, MW 14.43 13.36% of 108 MW
0.46 KV induction motors of the process, MW 1.585 1.468% of 108 MW
2.3 KV induction motors of the process, MW 0 0% of 108 MW
4 KV induction motors of the process, MW 12.843 11.892% of 108 MW

Table B.17 Voltage levels and sizes of loads for Hydrocracker

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - - - 5.314
0.46 13 200, 350, - - --
800, 1000
2.3 -- -- -- -- --
4 8 350, 2000, 4 2000, --
3000, 4000 3000,
2x6000

Table B.18 Cables and transformers data for Hydrocracker

Cables

Transformers

Cable16 (to Hydrocracker-T1), 100 ft
Cablel7 (to Hydrocracker-T2), 100 ft
Cable 34 (main feeder), 2000 ft

Hydrocracker-T1, 5 MVA @ 13.8KV/0.48KV
Hydrocracker-T2, 15 MVA @ 13.8KV/4.16KV

7) Process 7 — Reforming

Table B.19 Load distribution for Reforming

Load distribution inside Reforming Loads in MW Explanations
Rated total loads of the process, MW 0.724 0.67% of 108 MW
Rated static loads of the process, MW 0.530 0.49% of 108 MW
Rated synchronous motor loads of the process, MW | 0 0% of 108 MW
Rated induction motor loads of the process, MW 0.194 0.18% of 108 MW
0.46 KV induction motors of the process, MW 0.194 0.18% of 108 MW
2.3 KV induction motors of the process, MW 0 0% of 108 MW
4 KV induction motors of the process, MW 0 0% of 108 MW
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Table B.20 Voltage levels and sizes of loads for Reforming

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - - - 0.53
0.46 1 200 - - --
2.3 -- - - - --

Table B.21 Cables and transformers data for Reforming

Cables Transformers
Cablel8 (to Reforming-T1), 100 ft Reforming-T1, 0.75 MVA @ 13.8KV/0.48KV
Cable 41 (main feeder), 2000 ft

8) Process 8 — Alkylates

Table B.22 Load distribution for Alkylates

Load distribution inside Alkylates Loads in MW Explanations
Rated total loads of the process, MW 1.361 1.26% of 108 MW
Rated static loads of the process, MW 0.983 0.91% of 108 MW
Rated synchronous motor loads of the process, MW | 0 0% of 108 MW
Rated induction motor loads of the process, MW 0.378 0.35% of 108 MW
0.46 KV induction motors of the process, MW 0.113 0.105% of 108 MW
2.3 KV induction motors of the process, MW 0.265 0.245% of 108 MW
4 KV induction motors of the process, MW 0 0% of 108 MW

Table B.23 Voltage levels and sizes of loads for Alkylates

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- -- -- -- 0.983
0.46 1 200 - - -
23 1 350 -- -- --

Table B.24 Cables and transformers data for Alkylates

Cables Transformers
Cable19 (to Alkylates-T1), 100 ft Alkylates-T1, 0.5 MVA @ 13.8KV/0.48KV
Cable20 (to Alkylates-T2), 100 ft Alkylates-T2, 0.5 MVA @ 13.8KV/2.4KV
Cable 42 (main feeder), 2000 ft
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9) Process 9 — Isomers

Table B.25 Load distribution for Isomers

Load distribution inside Isomers Loads in MW Explanations
Rated total loads of the process, MW 6.448 5.97% of 108 MW
Rated static loads of the process, MW 1.026 0.95% of 108 MW
Rated synchronous motor loads of the process, MW | 0 0% of 108 MW
Rated induction motor loads of the process, MW 5.422 5.02% of 108 MW
0.46 KV induction motors of the process, MW 0.187 0.173% of 108 MW
2.3 KV induction motors of the process, MW 0 0% of 108 MW
4 KV induction motors of the process, MW 5.235 4.847% of 108 MW

Table B.26 Voltage levels and sizes of loads for Isomers

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - - - 1.026
0.46 1 200 - - --
2.3 -- - - - --
4 2 1500, 5500 - - --

Table B.27 Cables and transformers data for Isomers

Cables

Transformers

Cable21 (to Isomers-T1), 100 ft
Cable22 (to Isomers-T2), 100 ft
Cable 43 (main feeder), 2000 ft

Isomers-T1, 0.5 MVA @ 13.8KV/0.48KV
Isomers-T2, 8.0MVA @ 13.8KV/4.16KV

10) Process 10 — Sulfur

Table B.28 Load distribution for Sulfur

Load distribution inside Sulfur Loads in MW Explanations
Rated total loads of the process, MW 6.448 2.3% of 108 MW
Rated static loads of the process, MW 1.026 1.27% of 108 MW
Rated synchronous motor loads of the process, MW | 0 0% of 108 MW
Rated induction motor loads of the process, MW 5.422 1.03% of 108 MW
0.46 KV induction motors of the process, MW 0.187 0.953% of 108 MW
2.3 KV induction motors of the process, MW 0.083 0.077% of 108 MW
4 KV induction motors of the process, MW 0 0% of 108 MW

223




Table B.29 Voltage levels and sizes of loads for Sulfur

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - - - 1.026
0.46 1 200 - - --
2.3 -- - - - --

Table B.30 Cables and transformers data for Sulfur

Cables Transformers
Cable23 (to Sulfur-T1), 100 ft Sulfur-T1, 3 MVA @ 13.8KV/0.48KV
Cable44 (main feeder), 2000 ft

11) Process 11 — Hydrogen

Table B.31 Load distribution for Hydrogen

Load distribution inside Hydrogen Loads in MW Explanations
Rated total loads of the process, MW 3.888 3.6% of 108 MW
Rated static loads of the process, MW 0 0% of 108 MW
Rated synchronous motor loads of the process, MW | 2.981 2.76% of 108 MW
Rated induction motor loads of the process, MW 0.907 0.84% of 108 MW
0.46 KV induction motors of the process, MW 0.062 0.057% of 108 MW
2.3 KV induction motors of the process, MW 0 0% of 108 MW
4 KV induction motors of the process, MW 0.846 0.783% of 108 MW

Table B.32 Voltage levels and sizes of loads for Hydrogen

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 — - - - 0
0.46 1 200 -- -- --
23 — - - - —
4 3 350 2 2000 --

Table B.33 Cables and transformers data for Hydrogen

Cables Transformers
Cable25 (to Hydrogen-T1), 100 ft Hydrogen-T1, 0.5 MVA @ 13.8KV/0.48KV
Cable26 (to Hydrogen-T2), 100 ft Hydrogen-T2, 1.0 MVA @ 13.8KV/4.16KV
Cable 45 (main feeder), 2000 ft
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12) Process 12 — Gasplant

Table B.34 Load distribution for Gasplant

Load distribution inside Gasplant Loads in MW Explanations

Rated total loads of the process, MW 3.337 3.09% of 108 MW
Rated static loads of the process, MW 1.48 1.37% of 108 MW
Rated synchronous motor loads of the process, MW | 0 0% of 108 MW
Rated induction motor loads of the process, MW 1.858 1.72% of 108 MW
0.46 KV induction motors of the process, MW 0.553 0.512% of 108 MW
2.3 KV induction motors of the process, MW 0.708 0.656% of 108 MW
4 KV induction motors of the process, MW 0.597 0.553% of 108 MW

Table B.35 Voltage levels and sizes of loads for Gasplant

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - - - 1.49
0.46 3 200 - - --
2.3 3 350 - - --
4 1 800 - - --

Table B.36 Cables and transformers data for Gasplant

Cables

Transformers

Cable27 (to Gasplant-T1), 100 ft
Cable28 (to Gasplant-T2), 100 ft
Cable29 (to Gasplant-T3), 100 ft
Cable46 (main feeder), 2000 ft

Gasplant-T1, 1.0 MVA @ 13.8KV/0.48KV
Gasplant-T2, 1.5 MVA @ 13.8KV/2.4KV
Gasplant-T3, 1.5 MVA @ 13.8KV/4.16KV

13) Process 13 — Others

Table B.37 Load distribution for Other

Load distribution inside Other Loads in MW Explanations
Rated total loads of the process, MW 29.02 26.87% of 108 MW
Rated static loads of the process, MW 9.817 9.09% of 108 MW
Rated synchronous motor loads of the process, | 0 0% of 108 MW
MW
Rated induction motor loads of the process, MW 19.202 17.78% of 108 MW
0.46 KV induction motors of the process, MW 1.461 1.353% of 108 MW
2.3 KV induction motors of the process, MW 3.879 3.592% of 108 MW
4 KV induction motors of the process, MW 13.862 12.835% of 108 MW
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Table B.38 Voltage levels and sizes of loads for Other

Voltage Induction motor load | Synchronous motor load Static load in
level, KV # Unit size, HP # Unit size, HP MW
13.8 -- - - - 9.817
0.46 23 200 - - --
2.3 8 350, 800 - - --
4 22 800 - - --

Table B.39 Cables and transformers data for Other

Cables

Transformers

Cable 30 (to Other-T1), 100 ft
Cable 31 (to Other-T2), 100 ft
Cable 32 (to Other-T3), 100 ft
Cable 47 (main feeder), 2000 ft

Other-T1, 5 MVA @ 13.8KV/0.48KV
Other-T2, 2.5MVA @ 13.8KV/2.4KV
Other-T3, 2.5MVA @ 13.8KV/4.16KV
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APPENDIX C DYNAMIC MODEL FOR VSI MOTOR DRIVE
SYSTEMS

C.1 Diode Converter

The output voltage vq from the diode converter can be expressed as

follows:

346 3 . di

b =0p 3, )i, -2, 5L -2, (C.1-1)
T T dt

where vq4 is output voltage from the diode converter, iq4 is the dc link current from

diode converter, E is rms source voltage per phase, /. is the source commutation

inductance in front of the VFD, f, is the power grid frequency in Hz, Vioqe 1S

diode on-state voltage. The source resistance is ignored.

The DC link consists of a DC link resistor rg., DC link reactor Ly, and DC

link capacitor Cq4.. The voltage and currents at DC link can be calculated as

follows:
: di
Vg =Ty + Ly, —L+ €, (C.1-2)
dt
i, =i, +1, (C.1-3)
de
i, =C, —* C.1-4
@ ( )

Where e is the dc link voltage supplying to inverter, i. is the current flowing

through the DC link capacitor, iy is the current flowing into the inverter.

Combining Equations (C.1-1) and (C.1-2), the dc link current ig can be

expressed as follows:
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di:( 1 j{ﬁE_(rdc +%lc(27y€g )jid =2V diode _ed:| (C.1-5)

dt \L,+2l ) «

Substitute (C.1-5) in (C.1-2), the dc link voltage from output of the diode

converter can be rewritten as follows:

3.6 3
1l2r, = 2L (2
L, ( Toe .27, )j. 5 oL,

= c e (C.1-6)
L, +21 L, +2I, “Cr,+2 L, 21
Linearize Equation (C.1-5):
(%]AE —Ae, — (61(-id0 )Afg
T
Aly = 3 _LSLZIL AT SlL € LSLZZL ol
(de +21c)5+(rdc +l(,‘(27gcg0)] 1> T iz 1 a2 1 a2
T
(C.1-7)
L, =36 (C.1-8)
T
L,=L, +2l, (C.1-9)
3
L,=r, +;lc (279;0) (C.1-10)
Ly, =6l iy (C.1-11)
Linearize Equation (C.1-6):
Vg =Vgotag AE+a, Ay +a, A, +a, A, (C.1-12)
36,
= C.1-13
Te_w L, +2l ( )
21 -3L
aid7Vd — c (rdt,‘ dcng) (C.1_14)

L, +2I,

228



_ 6lc de id 0

a = (C.1-15)
fVE L 421
21
a =—°— C.1-16
“avp 421 ( )

Substitute Equation (C.1-7) in Equation (C.1-12), the dc link voltage can be

derived as follows:

vV, =V, +M,AE+M,,Ae, +M23Afg (C.1-17)
M, = (aE_VdLll)S +(aE_VdL12 +aid_VdL21)= M, S+M,, (C.1-18)
L,S+L, L,S+L,
M, = (aed,VdLu)S + (aed,Vdle Qi v ) _ M,S+M,, (C.1-19)
L,S+L, L,S+L,
M, = (afg_VdLn)S + (afg_VdLIZ + aid_VdLZZ) _ M S+ M, (C.1-20)
L,S+L, L,S+L,
My =a; Ly (C.1-21)
My, =a; v, L, +a, Ly (C.1-22)
My =a, L (C.1-23)
My =a, yL,=a, v (C.1-24)
My =ag L, (C.1-25)
My = afg,\/dl'lz +ay yilyn (C.1-26)
The power source voltage in dq reference frame can be expressed as
follows:
Vg = 0 (C.1-27)
v, =~2E (C.1-28)
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The current at the input of the VFD in dq reference frame can be calculated as

follows:
iqg = iqgcnm + iqgcond (C 1—29)
idg = idgcnm + idgcond (C 1‘30)

iqgwm=2\Bid{sin(u—56”]—sin[—5”ﬂ+ 32 E(cosu—1)+ 2 E(l—cos2u)

P 6 ) alx,) 4,271,
(C.1-31)
o :ﬁid{sin[zj—sin[u+5—ﬂﬂ (C.1-32)
V1 6 6
i =2—\/§i —cos(u—y[)+cos(—5ﬂ] + 2 Esinu— 32 Esin2u— 32 Eu
dgcom z 6 6 711“2792, ’ 47d£‘2lycg ) 2711L‘27;fg ’
(C.1-33)
L geond = 2—\/gid {— cos(m]+cos(u +5ﬂ-ﬂ (C.1-34)
/1 6 6
21.27f, )i
U = arccos 1—m (C.1-35)
J6E

where u is the commutation angle.

The real power P and reactive power at the power source in front of the

commutation inductor /. can be calculated as follows:

3( . .

P= E(vdgzdg Vi) (C.1-36)
3( . ,

Q :E( agds _vdglqg) (C.1-37)

Substitute equations (C.1-27) and (C.1-28) in Equations (C.1-36) and (C.1-37),

P:%(\/EEiqg):iEi =3 K

\/5 q8 \/5 (lqgcom

+ iqgcand) (C1_38)
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3 .
: (\/_Eldg ) \/5 Eldg E E(ldgcom + ldgcond )

Linearize Equations (C.1-31)-(C.1-35):

i +a Aig+ag gmAE+a Autag, oo,

qgcom - qgme id _qgcom u_qgcom

: 2[ AT L 342
lqgwm0 ldO sin Uy — ? —Sin —? +mEO(COSM0 —1)
N M £ (1 - cos(2u,)
47 ‘27#20 )

iy gocom = % —%sin(u0 )—gcos(u0 )= g (1 - \/gsin(uo )—cos(u, ))

aE_qgcom = ﬂ(cos(uo )—%—%COS(ZMO ))

27l f

cJ g0

_ 3W2E, [sin(2uo ) sinlu, )j +@(sin(u0 )=3cos(u, )

au?qgcom - 2
2771, f 0 2 T
3\/5E0 3 1
afg,qgcom = P ) _COS(MO)+Z+ZCOS(2u0)
27[ lc ng
Lygeond = Lageonao T @ia_qggeond Ai, + Ay ggcond Au

. 243 . 57
Lygeondo = p. ——1,| sin 6 —sin u0+?

g =2 2 ) L cos(u,)= 33 (sl )-coso )1

_ 3o cos(u, )+
7

do sin(uo ) = gi‘“’ (Sirl(uo )_ \/§COS(M() ))

au _qgcond

ldgcom = ldgcomO + ald dgwmAld + aEfdgcomAE + au?dgcomAu + afg?dgcomAfg

(C.1-39)

(C.1-40)

(C.1-41)

(C.1-42)

(C.1-43)

(C.1-44)

(C.1-45)

(C.1-46)

(C.1-47)

(C.1-48)

(C.1-49)

(C.1-50)
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Lygcomo = & Lol — COSEMO - 5_7[) + COS(— 5—7[) + 3\/5 E, Sin(uo ) -
gcom! T 6 6 72'10‘27#5'0 ) (C 1_51)
W2 32

2 E, sin(2uo)—

7dc‘ 279“5'0 27dc 27#;'0

Gy oo = %cos(uo )—%sin(uo )-% - g(ﬁ cosli,)—sin(i,)—3) (C.1-52)
342 . 1. u

Qg gocom :m(sm(uo)—zsm(wo)—?‘)j (C.1-53)

a _ 32E, (c S(uo)—cos(zu())_1)_\/%)(\@sin(u0)+cos(uo)) (C.1-54)

u _dgcom zl fgo 2 2 T
W2E, (. u, 1.
Ay ggeom = Wf}o(_ sin (u, )+ 7" + Zsm(Zuo )J (C.1-55)
idgcond = idgcondO + aid?dgcond Ald + au?dgcond AI/[ (C 1—56)
Ligeondo = 2\/_ - cos( 77[} + cos(u0 + 5—”} (C.1-57)
V4 6 6
aid_dgcond = % _%COS(MO )_ gSin(uo ) = g (\/§ - \/§ COS(MO )_ Sin(uo )) (C. 1‘58)
Ay _dgeona = 31% sin(u, )— \/ido cos(u, )= gido( 3sin(x, )— cosl(u, )) (C.1-59)

For the real power P, the Taylor expansion for Equation (C.1-38) can be

written as follows:

P = E] + aE_P (E - EO )+ aiqgc()m (lqgcom - lqgcomO )+ aiqgc(md (lqgcond - lqgc()nd(] )
+ aEiqgcom (E - EO )(lqgcom - qgcomO )+ athgcond (E - EO )(lqgcond - lqgcondO )
2
Tag p (E —E )

= P + aE PAE + atqgcomA qgcom + aiqgcond
AEAi

2
+ag pAE

AEAI

qgcond Elqgcom qgcom

Ai

+a

Eiggcond ggcond

(C.1-60)
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3. .
aEfP =7 (lqgcomo + lqgcondO ) (C 1_6 1)

Qiggcon_p = %EO (C.1-62)
Qiggeond P = % E, (C.1-63)
Apiggeon_p = % (C.1-64)
Aiggeond_p = % (C.1-65)
Qg p = % Apiggeom (C.1-66)

Substitute Equations (C.1-40) and (C.1-46) in Equation (C.1-60), the real

power P can be expressed as follows:

P =P, +GP, AE +GP,Ai, + GP,Au+GP,Af, + GP,AEAu

. 2 (C.1-67)
+GP,AEAi, + GP,AE" + GP,AEAf,

GRy =ap p+iyeeons_ggeom (C.1-68)
GPy = GiygeomBia_ggeom + Yiggeond@ia _qecond (C.1-69)
GP3 = Qigeom @y ggeom + Diggeond@u_qecond (C.1-70)
GPy = GiygeomB sy gocom (C.1-71)
GP; = A piggeomu_gzcom T Vriggeond Y _ggeond (C.1-72)
GRy = A giggcom@ia_ggeom T AEiggeona Yid _qgcond (C.1-73)
GR7 = Apiggeom@e_ggeom T Ap_p (C.1-74)
G = piggeony _ggeom (C.1-75)

Based on Equation (C.1-35), the commutation angle can be expressed as

follows:
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21 2, )i, Azl . (1)
sld 12 - C.1-76
Vor o T\E e

Linearize Equation (C.1-76), we have

cos(u)=1-

Au=uy Aiy +u,) AE +uy A, (C.1-77)
Uy = T (C.1-78)
\/EEO sin(uo)
I . T (C.1-79)
2 \/gEg sin (i, )
RN (C.1-80)

Uyy = ="
» \/EEO sin(u, )
Substitute Equation (C.1-77) in Equation (C.1-67),

P = P, +GP, AE+GP,,Ai, + GP,Af, + GP,Ai,AE + GP,,AE* + GP,AEAY,

(C.1-81)
GP, =GP, +GPu,, (C.1-82)
GP,, =GP, +GP,u,, (C.1-83)
GP, =GP, +GPu,, (C.1-84)
GP,, =GP, +GP.u,, (C.1-85)
GP,, =GP, +GP.u,, (C.1-86)
GP,, =GP, +GP.u,, (C.1-87)

For the reactive power Q, the Taylor expansion for Equation (C.1-39) can

be written as follows:
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0=0,+a; , (E —-E, )+ Qiggcom (idgcom ~ gm0 )+ Qiggcond (idgcond ~Lygcond0 )
+ A piggcom (E -k, )(idgcom - idgcomO )+ A Eigecond (E -k, )(idgcond - idgcondO )
tag o (E —E, )2

=0, ta; JAE+ aidgcomAidgcom *+ Qiyocona Aidgcond + aEia’gcomAEAidgcom

. 2
+ aEidgcond AEAldgcond + aEE _0 AE

(C.1-88)
3. .
aE_Q = ﬁ (ldg('t)mO + ldg('(md() ) (C. 1 '89)
3
aidgcom_Q = ﬁ EO (C. 1—90)
3
aidgcond7Q :ﬁEO (C.1—91)
= (C.1-92)
aEidgcnme - E -
= (C.1-93)
aEidgcond_Q - E .
3
aEE?Q = m aEidgcom (C 1_94)

Substitute Equations (C.1-50) and (C.1-56) in Equation (C.1-88), the

reactive power Q can be expressed as follows:

0=0,+G0, AE+GO,Ai, + GO;Au+ GO, Af, + GO, ;AEAu

(C.1-95)

+GQ,,AEAi, + GQ,,AE* + GO, (AEAS,
GO\ =ar o+ UiggeomBe ageom (C.1-96)
GQ,, = Qigecom@ia dgeom + Lidgeona%id _dgeond (C.1-97)
GO, = Qigocom@u _dgeom T Lidgeond Fu _dgeond (C.1-98)
GO\y = Uiggeom@ fy _ageom (C.1-99)
GOis = piggeomu_ageom t Qridgeond G _dgeond (C.1-100)
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GQ16 = aEidgcomaid _dgcom + aEidgcond aid _dgcond (C . 1 - 1 O 1 )

GO, = A gidgeom@E _dgeom T AEE 0 (C.1-102)

GQIS = aEidgmmafg_dgmm (C1'103)
Substitute Equation (C.1-77) in Equation (C.1-95),

0=0,+GO,AE+ GOy Ai, + GOLAf, + GO, Al AE + GQ,,AE’> + GO, AEAf,

(C.1-104)
G0, =GO, +GQus, (C.1-105)
GQO,, =G0, +GOu,, (C.1-106)
GO, =G0, +GO,;u,, (C.1-107)
GO, =GO +GO5u,, (C.1-108)
GQ,s =GQ,, +GO,u,, (C.1-109)
GO, =GOs + GO 51y, (C.1-110)

C.2 Induction Motors

The induction motors can be represented by the following differential

equations:
vds :Rsids _a)slpqs +% (Cz_l)
d¥
vqs = Rsiqs + a)slpds + dtqs (C2-2)
v, =Ri, —(0 -0)¥, + % (C.2-3)
. d¥,
v, =Ri, +(®-0)¥, + 0 (C.2-4)
IPds = Lsids + Lmidr (CZ—S)
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W =Li, +L,i, (C.2-6)

qs

Y, =Li, +Li, (C.2-7)
W =L, +Li, (C.2-8)
T, =1.5P(¥, i, —¥ i, ) (C.2-9)
dw P

=~ (T.-T C.2-10
=55 LT (C.2-10)
L=I1+L, (C.2-11)
L=I1+L (C.2-12)
g=2H (C.2-13)

p

where p is pole pair, /; and [, is the leakage inductance of the stator and the rotor,

J is inertia.

The stator transients are negligible,

¥y o Mg (C.2-14)
dt dt

v, =0, v, =0 (C.2-15)

Substitute Equations (C.2-5)-(C.2-8), (C.2-14) and (C.2-15) in Equations
(C.2-1)-(C.2-4), and (C.2-9):

vy =Ry~ (Li, +L,i,) (C.2-16)

Vqs = Rsiqs + ws (Lsids + Lmidr) (C2_17)

0:R@,{@—@X%%+g%%{%i?+g%%) (C.2-18)
t t
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di di
0=R,i, +(® - \L,i,+Li,)+ - -
rogr ( s r)( 'm"ds rdr) ( 'm dt r dt j
_15pL (dr qs iqrids)
Linearize Equations (C.2-10), (C.2-16)-(C.2-19):

Av, =RAiy — Lo, —L,oAi, —(Lio+L,io)Ao,

s qs0 ‘m"qr0

Av, =RAi +Lo,Ai, +L,0

m

sOAldr + (LsidSO + Lmidro )Awg

0=(R, +L,S)Ai, +L, (0, -@,)Ai, +L (@,,—-o,)Ai,
+(L,S)Ai, +(L i +Li JAw —(Li +Li ,JA®,

m”qs0 rqr0 'm”qs0 r qr0

0 = (Rr + LrS)Aiqr - Lm (wr() - ws() )Aidx - Lr (er - wx() )Aidr
+ (LmS)Alqr - (Lmids() + Lridr() )Awr + (Lmids() + Lridr() )Awr

1.5P*L

SAa)r = Tm (idrOAiqx + iquAidr quAlds id‘\‘OAiqr )

From Equation (C.2-21), iq; can be determined as follows:

Ai, _(L o j[R Aiy — L ,Ai (LquJO+Lmzq,0)Aa)s—Avds]

From Equation (C.2-22), i4; can be determined as follows:

Aidr = ( 1 ][Aqu - RvAiqv - Lv vaAidv - (LvidYO + LmidrO )va]
Lma)YO ‘ ‘ ‘ o ‘ o ‘

(C.2-19)

(C.2-20)

(C.2-21)

(C.2-22)

(C.2-23)

(C.2-24)

(C.2-25)

(C.2-26)

(C.2-27)

Substitute Equations (C.2-26) and (C.2-27) in Equations (C.2-23)-(C.2-25):

0=(R, +L,S)Av, L (@, —a)yo)Avds+la)so o, — 0, 2 LL,)—R(R +L,5)Ai,

+o, (2 LL)S+RL( “RLw ]Alds L. XO(M0

r s ’s0

[ +LS les0+L ldr0)+Lr(wr0_ SO)( sqs0+L I )+L @,

m~7s0

'm” qrQ

o,
o+tLi

r*qr0

e,
(C.2-28)
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0=—L, (@, —®,)Av, ~(R, +L,S)Av, +|w, (2 ~L,L)S+R L (@, -®,)-R Lo, i,

r~s"’s0
+ [Rs (Rr + LrS)_ a)s() (a)r() - ( )]Alds [Lm sO Lmlds() + L ldr() )]Aa)
+ [Lr (wr() - a)s() )(Ls ids() + Lmidr() ) + Lm a)s() (Lmlds() + Lrldr()) (R + L S (leqs() + Lmlqr()) a)
(C.2-29)
4Haw, S
(TZOJACOF qsoAV +i40Av, + [ldrOL W, —1,0R, +1,0L,0,,0,, ]Al
[quL a)v() + lquL a)YO + ldYOR ]Aldv I:ldv()( s qu + Lmlqu) qu (LsidSO + Lmidr() )]Aa)v
(C.2-30)

C.3 PWM-Controlled VSI and the Voltage per Hz Control

The output voltage from the PWM controlled voltage source inverter:

v, =0 (C.3-1)
1

v, =—de, (C.3-2)
2

Where d is duty cycle.

The real power from the inverter supplying to the motor load is

P

inv _out

=%(vdsidv+v i) (C.3-3)

qs”qs
The dc link power to the inverter can be expressed as
[)invfin = edil (C3_4)

When the losses of the inverter are ignored, the power at the input of the
inverter, Pi,y in, and at the output of the inverter, Piyy ou, 1S considered to be the

same:
3 . )
E(vdslds TV, ) €.l (C.3-5)

qs qs
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From Equations (C.1-3) and (C.1-4), the current entering inverter at the DC link

can be determined as follows:

dey

C.3-6
dc dt ( )

L, =1,—

Substitute Equations (C.3-1), (C.3-2), and (C.3-6) in Equation (C.3-5),

the following equation can be obtained:

de
id - Cdc dj
- f—( di (C.3-7)

i
® 3 d

At the time t=0, Equation (C.3-7) can be expressed using the initial values:

. de
4 (’do -C, 7:| H)J

i == (C.3-8)
®0 3 d,
Rearrange Equation (C.3-8),
. 3.
[Zdo _lqs()d()j
ded |t=0 — 4 (C.3—9)
dt Cu
Linearize Equation (C.3-7) and combining with Equation (C.3-9),
i
A =t pi A5 p, a0 pg (C.3-10)
® 34, 3d, d,
For the speed controller, the following relationship exists:
¢ cosé sin @ ¢
Vas | | S8 Ve e | Vas (C.3-11)
Ve —sinf, cos@, | v
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e e* e e* c
Replace v, by the command valuev, , v, by the command valuev, , v, and

v, by Equations (C.3-1) and (C.3-2),

. . 1
€ cosé. sind_ | =
{v‘ji}{ o } 24 (C3-12)

Vi, —sinf, cosé@, 0

The duty cycle d can be calculated as follows:

- I - (C.3-13)

The voltage per Hz control scheme for the low voltage 6-pulse VSI based

drive is shown in Figure C.1.

Pl speed
controller

42 &2
{/:;'.s + Vd‘s

Y w
I3

Figure C.1 Voltage per Hz control scheme for VSI motor drive systems

Based on Figure C.1, equations for the control system can be written as

follows:
a)SL = Kpm (w: - a)r )+ J.(; Kim (a): - a)r )jt + (a)SO - er) (C3_14)
Wy, +0, =, (C.3-15)
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—e,

Linearize Equation (C.3-14),

K S+K,,
_pm m Aa)r

Awy = _( S

Linearize Equation (C.3-15),
Aw,, +Aw, = A,

Combining Equations (C.3-17) and (C.3-18),

Ao, = A5t As
s S r

All :1_Kpm

A12:_ im

Linearize Equation (C.3-16):

Ad = (- —2‘/5‘/1’2“’50 JAed + (—2‘5‘@ JAa)

s
w,e, a,e,,

Substitute Equation (C.3-22) in Equation (C.3-10):

Aiqs =A,Ai, + AA0, + (A2315 + A4, )Aed

(C.3-16)

(C.3-17)

(C.3-18)

(C.3-19)

(C.3-20)

(C.3-21)

(C.3-22)

(C.3-23)

(C.3-24)

(C.3-25)

(C.3-26)
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2\/5‘117 a)s 0 iqx()

=TT b 75000 (C.3-27)
w2 wbejodo
Linearize Equations (C.3-1) and (C.3-2):
Av, =0 (C.3-28)
Av,, = Ay A0, + Ay e, (C.3-29)
Ay = \/EVb (C.3-30)
wb
py =t V0 (C3-31)
2 W€
Substitute Equation (C.3-19) in Equations (C.3-23) and (C.3-29):
Ai,, = AyAi, + (AZZA“S S+ Aty jAwr +(A,,,S + Ay, )Ae, (C.3-32)
Av,, = ASIA“S; A8 Ny + A A, (C.3-33)

Substitute Equations (C.3-28), (C.3-32) and (C.3-33) in Equations (C.2-
28), (C.2-29) and (C.2-30):

0=A AV, + A AV, +AyAi, + ALA0, + AgAiy + AgAw, (C.3-34)
0= A, AV, + A, AV, + AgAi, + A, A0, + AgAiy + AAw, (C.3-35)
0=Ag AV, + AgAV, + AgAi, + A A®, + AgAi, + AgA®, (C.3-36)
A, =A,,S+A,, (C.3-37)
Ay =L, (C.3-38)
A, =R, (C.3-39)
A,=-L(w,-aw,) (C.3-40)
A=A, S+A,, (C.3-41)

243



A, =—RL
Ay = 0,(@, -0, )L, ~L,L,)-R R,
A,=A,S+A,,

Ay =L, (Ls lyo T LmidrO)
M=oyl L
A=A S+A

Ay = 0y (L;Zn - LrLS)
A =LR(w,-@,)-RLa,

Ay =L,0, (L i+ Li,0)
A, =-L(w,-w,)

A, = A, S+ A,

Ay, =-L

A5y =-R,
Ay = AL, S+ A,

Ay =0, —LL)=A,

Ay, =LR (w,-®,)-RLw,=A,,
A=A, S+A,,

Ay ==L (L +L,i,,)

Ay ==L, @, (Lo + Lyiyg) =R (Lii o+ Li o

Ass = Ass) S + Assy

ASSI = Rer

)_ Rr (indx() + Lmidr() )_ Lr (wr() - a)s() )(

(C.3-42)
(C.3-43)
(C.3-44)

(C.3-45)

)

(C.3-46)
(C.3-47)
(C.3-48)
(C.3-49)
(C.3-50)
(C.3-51)
(C.3-52)
(C.3-53)
(C.3-54)
(C.3-55)
(C.3-56)
(C.3-57)
(C.3-58)

(C.3-59)

+ L l )+ Lr (a)r() - a)s() )(Lsidso + LmidrO )

(C.3-60)
(C.3-61)

(C.3-62)
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A552 = Rer - a)sO (a)rO - a)SO )(Lfn - LrLs ) (C3_63)

Ay =—L,a,(Li,+Li,,) (C.3-64)
At =iy (C.3-65)
Agy =gy (C.3-66)
Ag =L, @i, — Rii o+ L®yi,, (C.3-67)
Ay = iaio\Lii oo + Lyiiyo ) =i s (Lo + L) (C.3-68)
Ags =i oL 0y +igoR, +ioL, @) (C.3-69)
A=Ay, S (C.3-70)
Age1 =—% (C.3-71)

Substitute Equation (C.3-28) in Equation (C.3-36), and rearrange Equation
(C.3-36) as follows:

Aiy, = (— ALJ(AMAV + AgAi, + AyA®, + AyA®,) (C3-72)

qs

65
Substitute Equations (C.3-28) and (C.3-72) in Equations (C.3-34) and (C.3-35):
0= (BllS + Bl2 )AVqs + (leS + Bzz )Aiqs + (les + Bsz )Aa)s + (B4152 + B425 + B43 )Awr

(C.3-73)

0=(By,S + By, JAV,, +(By,S + By )Ai,, +(B;,S + B, JA@, + (B, S* + By,S + By JAw,

(C.3-74)
B, = A, As — A5, Ag, (C.3-75)
B, = A, A — Asr A (C.3-76)
B, =A; A — A5 Ags (C.3-77)
B,, = A, A — A Ags (C.3-78)
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By = Ay Ags — Assi A
B, = A, ,As — A Aq
B, =—A,5 A,

B, =—A,5,Aq

B,, = A Ags

B, = —-A A

B, = A Ags — Ay Ag,
Bg, = As31Ags — Ass1 Ags
By, = A, Ay — Ay A,
By = A5y Ags — Assi1 Ag,
B, = A, A — A, Ay,
By, =—Ass51Agen

By, =—As, A,

By, = A56A65

(C.3-79)
(C.3-80)
(C.3-81)
(C.3-82)
(C.3-83)
(C.3-84)
(C.3-85)
(C.3-86)
(C.3-87)
(C.3-88)
(C.3-89)
(C.3-90)
(C.3-91)

(C.3-92)

Substitute Equations (C.3-29) and (C.3-32) in Equations (C.3-73) and (C.3-74):

0=D,Ai, + D,,Ae, + D ;Aw,
0=D,,Ai, +D,,Ae, + D,,Aw,
D, =D,,S’+D,,S

D, =A,B,

D, =A,B,,

D, =D,,S’ +D,,,S* +D,,,S

D B, A

121 = Dr1ys

D122 = B21A232 + B22A231 + A32Bll

(C.3-93)
(C.3-94)
(C.3-95)
(C.3-96)
(C.3-97)
(C.3-98)
(C.3-99)

(C.3-100)
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D,,, = A,B,, + B,A,,
D, =D, S’ +D,,S* + DS +D,,
D, =B,

D, =A,(A,B,, +B,,)+B,A,A, +B,

Dl33 All(A31B12 +B32)+ A12(A31B11 + B31)+ B21A22A12 +B22A22All + B43

Dy, = A, (A31B12 +B;, )+ B,,A, A,
D, = Dzus2 +D,,S

D A, B

211 = 217761

D,, =A, B,

D,,=D,,S’+D,,,S*+D,,,S

D,, =B, Ay,

D,,, = B,A,,, + B, A,,, + Ay, By,

D,,, = A, B, +B,A,,

D,,=D,,S’+D,,S* +D,,;S+D,,,

D,, =B,

D,,, = A, (A, B, + B, )+ B, A,A, +B,,

D,,,=A,(A,B, +B,,)+ A, (A, B, + B, )+ B,A, A, + B, A, A, +B;,

D234 = A12 (A3IBSZ + B72 )+ B62A22A12

Based on Equations (C.3-93) and (C.3-94),

1 .
Aw, = [_ mj[(Dn —Dy, )Ald + (DIZ —Dy, )Aed]

(C.3-101)
(C.3-102)
(C.3-103)
(C.3-104)
(C.3-105)
(C.3-1006)
(C.3-107)
(C.3-108)
(C.3-109)
(C.3-110)
(C.3-111)
(C.3-112)
(C.3-113)
(C.3-114)
(C.3-115)
(C.3-116)
(C.3-117)

(C.3-118)

(C.3-119)

Substitute Equation (C.3-119) in Equation (C.3-93), the relationship between 14

and e4 can then be determined as follows:
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Aid _ |:Dl3(D12 Dz ):glz(Dm _D23):|Aed
11

)
Dll(Dl3_D23) 13(D _D21)

Equation (C.3-120) can be further derived to be:

Ai, =G Ae,

G.— F,S°+F,S*+F,S* + F,S* + F S+ F,
13 —
F,S*+F,S>+F,S*+F,S+F,

F,=E, —E,
F,=E,-E,

Fy=E;-Ey

Fy=E,~E,

Fis =E;s—E;

Fig=E—Ey

F, =E, -E,

F,=E,—E,

F,,=E,—-E,

F,,=E,, —E,

F =E —E,

E, =D,(D,, - D,,)

E,=D,,(D, -D,,)+D;(D,,-D,,)

\3(Dpp, = D,y )+ Dy, (Dyy, = D,y )+ Dy, (Dyys = D,y

134(D121 - D221)+ D133(D122 - D222)+ D132(D123 - D223)

e
[

S

)

122 _D222)+D133 (D123 _D223)
E,= D134(D123 _Dzza)

E, = D121(D131 _D231)

(C.3-120)

(C.3-121)

(C.3-122)

(C.3-123)
(C.3-124)
(C.3-125)
(C.3-126)
(C.3-127)
(C.3-128)
(C.3-129)
(C.3-130)
(C.3-131)
(C.3-132)
(C.3-133)
(C.3-134)
(C.3-135)
(C.3-136)
(C.3-137)
(C.3-138)
(C.3-139)

(C.3-140)
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E, =D,,(D,, ~D,,)+D,,(Ds, - D,,,)
E,,=D,(D,,~ D, )+ D,,,(D,5, — D,,,)+ D,,,(D,3; — D,s;)
E, =D,,(D, —D,,)+ D,,,(D,;; = D,;)+ Dy, (D3, — Dy,)
E, =D,,,(D,3; — D,,;)+ Dy, (D5, — Dss,)
E, =D,,(D,,, - D,,,)
E, =D, (D5 —D,,)
E, =D,,(Dy,—D,,)+D, (D, —Dy,)
E, =D, (D ~Dy,)+D,,(D,—D,,)
E, =D, (D,,—D,,)+D,,(Dsy~D,,)
E.=D,,(D,, ~D,,)
=D,,,(Dy,, =Dy,

Dm(Dm D211)+D131( 112_D212)

Dl33(Dlll D211)+Dl32( 112_D212)
D (Dlll D2ll)+D133(D112_D212)

E;= D134(D112 _D212)

(C.3-141)
(C.3-142)
(C.3-143)
(C.3-144)
(C.3-145)
(C.3-146)
(C.3-147)
(C.3-148)
(C.3-149)
(C.3-150)
(C.3-151)
(C.3-152)
(C.3-153)
(C.3-154)

(C.3-155)

Combined Equations (C.1-7) and (C.3-121), the relationship between E

and e4 is obtained:

Ae, =G AE+G,Af,

F,S*+F,S’+F,S*+F,S+F,

Gll

F,S°+F,S’ +F,S*"+F,S’ +F,,S’+F,S+F,

L
G, = {L_MJGM
21

F, =L F,

F, =L F,+L,F,

(C.3-156)

(C.3-157)

(C.3-158)

(C.3-159)

(C.3-160)
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Fyy =L Fy+ L, F, + F
F,=L,F,+L,F,+F,
Fys =L, Fis+L,Fiy + Iy
F,=L F,+L,F;+F,
Iy =L, Fig+ Fs

Fyy =Ly b,

F,=L,F,

Fiy =L, Fy

F, =L, F,

Fis =L, Fy

C.4 Overall System Combination

Rewrite Equation (C.1-7) as follows:

Ai, =N, AE+ N, Ae, + N;Af,

— L,
L,S+L,

11

1
L,S+L,

12—

— Ly,
L,S+L,

13

Rewrite Equation (C.3-156) as follows:

Ae, =G, AE+ (%JGI Af,

21

(C.3-161)
(C.3-162)
(C.3-163)
(C.3-164)
(C.3-165)
(C.3-166)
(C.3-167)
(C.3-168)

(C.3-169)

(C.3-170)

(C.4-1)

(C.4-2)

(C.4-3)

(C.4-4)

(C4-5)

250



Submit Equations (C.4-1) and (C.4-5) in Equations (C.1-81) and (C.1-
104), the dynamic model of VFDs using the real power and reactive power at the

input of the VFD can be determined as follows:

P =P, +G,AE+G,,AE* +(G,, +G,,AE)Af (C.4-6)
G, =GP, +GP,N, +GP,N,G, (C4-7)
Gp, =GP +GPN, + GP,N,,G), (C.4-8)
Gpy =GP; +GP,N |, + % N,,G,, (C4-9)
21
G,, =GP +GP, N, + LGPy, N,G, (C.4-10)
21
2=0, +GQ1AE+GQ2AE2 + (GQ3 +GQ4AE)Af (C.4-11)
GQI =G0, +GO,N,, +GO,N,,G), (C.4-12)
GQZ =G0y +GO,,N,, + GO, N,,G,, (C.4-13)
LG
Gy =G0y +GO,\N +22L—QZZN12Gll (C.4-14)
21
L,.G
GQ4 =G0y, +GO,N,; + ZZL—Q24 NG, (C.4-15)

21

The coefficient of the real power and reactive power are transfer functions,

they can be derived as follows:

_ GP,S"+GP,S° +GP,;S’ +GP,S* +GP,S’ + GP,S* + GP,,S + GP,
; PuST + PS4 ByS” + RS 4 BsS’ + BS” + By S+ B

(C.4-16)

_GP,S"+GP,S° +GP,,S’ +GP,,S* +GP,;S” + GP,;S* + GP,,S + GP,
B,S"+P,8" + PS8’ + B, S + BS’ + BS” + B, S+ By

P2

(C.4-17)
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_GRB,S"+GP,S° +GR,S’ +GP,,S* + GBS’ + GRS’ + GBS +GP,

G..=
" P,S"+P,S + PS8’ + P, S* + B,S + B S + B, S + B
(C.4-18)
G - HP,S’ + HP,S° + HP,,S’ + HP,,S* + HP,,S’ + HP,.S* + HP,,S + HP,,
" B,S"+P,S° + P8  + B, S* + By S’ + FS* + P, S + By
(C.4-19)
G =008 +G0,S" +GOS* +GO.S "' +GOiS" + GO S” + GOy S + GOy,
¢ P,S"+F,S° + B,S* + B, S* + B8 + B S* + B, S + By
(C.4-20)
G - GQ.,,S"+GQ,S°+GQ,,S’ +GQ,,S* +GQ..S’ +GQ,.S* +GQ..S + GO,
¢ PyS" + B8  + B S + B, St + BiS  + B, S* + B S+ By
(C.4-21)
G =GOS +G0,S" +G0\,S* +G0,S" +G0usS” +GQyS” + G0 S + GOy
“ P,S" +P,S +F,S" + B, S* + By S’ + BeS® + B S+ B
(C.4-22)
G o HO,\S"+HO,S +HO,S + HO,,S" + HO,S” + HO,S™ + HQ,, S + HOy
“ P,S"+B,S + P8 + B, S* + RS  + B S  + B, S+ By
(C.4-23)
AE=E-E, (C.4-24)
Af =f,— S (C.4-25)

Where Py, Qo, Eo, fy0 are steady-state values for real power, reactive power,

voltage per phase, power supply frequency, respectively.

B, =L, F; (C.4-26)
P,=L,F,+L,F, (C.4-27)
P,=L,F,+L,F, (C.4-28)
P, =L,F, +L,F,, (C.4-29)
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P =L, Fs+L,F, (C.4-30)

P, =L, Fy +L,F, (C.4-31)
P, =L, Fy+L,F, (C.4-32)
Py =L,y (C.4-33)
GP, =GP, I, (C.4-34)
GP, =GP, L, +GP,L, (C.4-35)
GP, =GP, F, (C.4-36)
GP, =GP, F,, +GP,,F,, (C.4-37)
GP, =GP, F,, + GP, F,, (C.4-38)
GP, =GP, F,, +GP,F,,~GP,F, (C.4-39)
GP,, =GP, F,; + GP,F,, — GP,F,, (C.4-40)
GP, =GP, Fy, +GP,F,,—~GP,F,, (C.4-41)
GP, =GP, Fyy +GP,F, ~GP,F,, (C.4-42)
GP, =GP, F, —GP,F,, (C.4-43)
GP, =GP,L,, (C.4-44)
GP,=GP,L, +GP,L,, (C.4-45)
Gp, = Goln (C.4-46)
L21
GP, =GP, L, (C.4-47)
GP, = GPyL,, + GP, L, (C.4-48)
GP, =GP, F, (C.4-49)
GP, = GP,F,, + GP,F, (C.4-50)
GP,, =GP, F,y + GP,F, (C.4-51)
GP, =GP, F,,+GP,F,,~GP,F, (C.4-52)
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GPs =GF,Fys +GRFy, —GP, ),
GP¢ =Gl Fys + GEsFys —GPFyy
GP, =GP, F,, +GP F,,—GP,F,,
GP, =GP F,,—GP, F,

GE, = GE, F;,

GE, = GE,F;, + GER, F,

GR, =GF,\ Iy, + G, Iy

GP,, =GP, F,, +GP,F,,—GF,_F,,
GFP, =GF, F,; +GP,F,,—GF,F,,
GE =Gl Fys + GE, Fys — GG F,
GP, =GP, F,, +GP,F,,—GP,F,,
GPy =GP,F,, —GPF,;

HE, = GP,L,

HF, = GP,L, +GP,,L,,

HP — G])24L22
13
L,
HP, = HR\F;,

HP,=HR F,,+HR,F,
HP,,=HPR F,;+HF,F,,
HP,=HREF,,+HF,F,;— HFE,F,,
HP,,=HPB F,,+HR,F,, —HP,F,,
HP, =HPF F, +HF,F,,—HP.F,,
HP, = HR\F;; + HR, F;, — HEF,

HP, = HR,F;; — HEF,;

(C.4-53)
(C.4-54)
(C.4-55)
(C.4-56)
(C.4-57)
(C.4-58)
(C.4-59)
(C.4-60)
(C.4-61)
(C.4-62)
(C.4-63)
(C.4-64)
(C.4-65)

(C.4-66)

(C.4-67)

(C.4-68)
(C.4-69)
(C.4-70)
(C.4-71)
(C.4-72)
(C.4-73)
(C.4-74)

(C.4-75)
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GQ, =GO, L,

GO, =G0, L, +GO,,L,,
GO, =GO, F;,

GO, =GO Fy, + GO,

GOs; =GO, F;; + GO, F;,

GO, =GO, F,, + GO, F,; — GO, F,,
GO =GO, Fis+GO,Fy — GO, Fy,
GOy =GO, F3s + GO, Fs — GO, F

GOy, =GOy Fy + GO Fy — GO, F,

GOy, =GO, Fy, —GQy,F,s
GOy =GOy,
GO, =G QysLyy + GOy Ly,
GOy, =GO,L,

GG, =G0OyL, +GO,,L,,

GP83 — GQ22L22
L,
GO, =GO F;,

GO, =GOy F;, + GO, F,

GOy, =GOy Fy, + GO, Fy

GQ,, =GOy, F;, + GO Fy; GO, F),
GO =GOy F3s + GO Fy — GO, Fy,
GOy =GOy, Fy + GO, Fis — GO, Flg

GO,y =GOy Fy; + GOy Fiys — GO, Fy,

GOy =GO, Fy; —GP,Fs

(C.4-76)
(C.4-77)
(C.4-78)
(C.4-79)
(C.4-80)
(C.4-81)
(C.4-82)
(C.4-83)
(C.4-84)
(C.4-85)
(C.4-86)
(C.4-87)
(C.4-88)

(C.4-89)

(C.4-90)

(C.4-91)
(C.4-92)
(C.4-93)
(C.4-94)
(C.4-95)
(C.4-96)
(C.4-97)

(C.4-98)
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GOy =GOy F;,

GOy, =GOy Fy, + GO, F,,

GOy, =GOy Fyy + GO, Fy,

GQ,, =GOy F,, + GOy, Fy; — GO, F,,

GOs =G0yl + GO Fyy =GOy,
GQy =GO, Fys + GOy Fys — GO, F,,
GQ,, = GOy Fy; + GOy, Fy — GO Fy,

GOy = GO, Fy, —~GOF,

HQ, =GOyL,,

HQ,, =GQyL,, +GO,, Ly,

G
HQ13 — Q24L22
L21
HQ, =HQ,F;,

HQ,, = HQ, I, + HO,, F,

HQ,, = HQ, F,, + HQ,,F,,
HQ,,=HQ, F,,+HQ,F,,—HQ,F,
HQ,s=HQ, F;s+ HQ,,F,,— HQ,;F,
HQ,, =HQ, F,, + HQ,F,; —HQ,,F,,
HQ,, =HQ, F,, + HQ,F,, —HQ,F,,

HQ,, =HQ,,Fy; —HQ;F,;

(C.4-99)
(C.4-100)
(C.4-101)
(C.4-102)
(C.4-103)
(C.4-104)
(C.4-105)
(C.4-1006)
(C.4-107)

(C.4-108)

(C.4-109)

(C.4-110)
(C.4-111)
(C4-112)
(C.4-113)
(C.4-114)
(C.4-115)
(C.4-116)

(C.4-117)
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Table C.1 Parameters used in real power and reactive power

G, , =GP, G,, =GP, G, =GP, Gp, , =HP,
Gp_, =GPy, Gp, , =GP, G,, , =GP, G, ,=HP,
Gp ;=GP Gp, =GPy Gp;_; =GF,; Gp, ; =HP,;
Gp_4 =GPy Gp, =GPy Gp; 4 =Gh, Gpy 4 =HP,
Gp_s =GP Gp, 5 =GP Gp; s =GPy Gpy s = HP;
Gp_s =GPy Gp, =GPy Gp; ¢ =GhRy Gpy o = HP,
G, ; =GP, G, , =GP, G,;, , =GP, Gpy ; =HP,
Gp_s =GPy Gp, s =GPy Gpy 5 = GFy Gpy s = HPy
Gy 1 =GOy, Gy, =GOy, G,; 1 =GO, Gy, , =HOQ,,
G, =G0y, Gy, , =G0, Gy , =G0, Gy, , =HQ,,
Gy 3 =G0, Gy, =G0y Gy; 3 =G0y, Gy, s =HQ,y
Gors =605 Gpr 4 =G0 Gos_y =GOy, Gos 4 =HO,,
Gp s=G0ss | Gy, s =G0Oss Gps s=GQys | Gy, s =HQ,;
Gpi 6 =G0s Gy, 6 =G0 Gy 6 =G0y | Gy, s =HQOy
Gy 7 =G0y Gy, =G0 Gy =G0y, | Gy, ,=HO,
Gp s =G0s | Gpy s =GOy Gps s =GOy | Gy, s = HQ,y

The coefficient of the real power and reactive power as 7" transfer

functions can be rewritten as follows:

G. = GP1_1S7 +GP1_2S6 +GP1_3S5 +GP1_4S4 +GP1_5S3 "'Gm_aS2 +GP1_7S +GP1_8
Pl
pP,S"+P,S°+P,S’+P,S*+P.S’+P,S*+P,S+P,

(C.4-118)

G. = G1>2_1S7 +GP2_2S6 +GP2_3S5 "'G1D2_4S4 +GP2_5S3 +GP2_6S2 +GP2_7S +GP2_8
P2
P,S"+P,S°+P,S’+P,S*+P.S’+P,S*+P.S+P,

(C.4-119)

— GP3_IS7 -i-GPB’_ZS6 -i-GPB’_SS5 -i-GPB’_4S4 +GP3_553 -i-GPB’_6S2 +GP3_7S +GP3_8
BuST+ B 4 B8 + PS4 ByS 4 BS” + B S + By

P3

(C.4-120)
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(}'P471S7 +GP472SG -i_(;'P473S5 -i_GPéLéls4 +GP475SS —"_(;'P476S2 +GP477S +GP478

G. =
" PyS"+ P8  + PS4 BuS + BiS™ 4 BS” + B S + B
(C.4-121)
G - Gy ST +Gy ,8°+Gy s8°+G,, ST +Gy S +G, (S +G, ;S+G,
o P,S"+F,S*+P,S’ +P,S* +P.S’+PBS’+P,S+P,
(C.4-122)
G - Gpo (ST +Gy, 18 +Gy, 187 +Gy, S +Gy, 87 +Gy, (S +Gy, ;S+Gy,
e P,S" +P,S°+P,S’ +P,S"+PS’ +PS’+P,S+ Py
(C.4-123)
G - Gos 1ST+Gys 1S +Gp; 387 +Gys (S*+Gy; sS°+Gy; (S*+Gy, ;S+Gy; ¢
o P,S"+P,S*+P,S’+P,S*+P,S+PS’+P,S+P,
(C.4-124)
G - Gys 18" +Gy, ,S°+Gy, sS°+G,, ,S'+G,, S°+G,, S*+G,, ;S+Gy,
o PblS7 + Pb256 + P173S5 + P174S4 + PbSS3 + Pb6S2 + Pb7S + Pb8

(C.4-125)

To calculate the ac current at the drive input, substitute Equation (C.1-77)
in Equations (C.1-40), (C.1-46), (C.1-50), and (C.1-56), the following can be

obtained:

Lyecom = Lygeom 0 T G1nBiy + G, AE+ G A (C.4-126)
qul = ig_gecom T Ay _ggeomiar (C.4-127)
quz =g gecom T Ay _ggcomtar (C.4-128)
Gy =gy goeom T Au_ggeomas (C.4-129)
Logeond = Lggeond 0 T GrgaBiy + G s AE+ G, Af, (C.4-130)
Glys = Wig_ggeond + u_ggeona¥nn (C.4-131)
Grs =, yeconatn (C.4-132)
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G1q6 = au?qgconduZS

lqg = lqgcr)m + lqgcr)nd = lng + G1q7

Ai, +G,

g8

AE+G, A,

lng = lqgcomO + lqgcondO
G,.=G,+G

Iq7 Ig1 Iq4

qus = quz + qus

qu9 = G1q3 + qu6

+GAl, + Gy AE + G4, g

ldg('()m = ldgcr)mO

Gldl = aid_dgcom + au_dgmmMZI
GIdZ = aEfdgcom + au?dgcomMZZ
Gld3 = afg?dgcom + au?dgcomu23

idgcond = idgcondO +G, Al +G s AE+ Gyl g
GId4 = aid _dgcond + au _dgcond u21

Gys =a, _dgcond¥22

Gue =a

u _dgcond u 23

Lie = Lageom T Ligeona = lago + G781, + G AE+ Gy, o

lng = ldgmm 0 + ldgcond 0
G7 =G Gy
Gras =Gpyn +Gyys

Gr9 =G5 + Gy

(C.4-133)

(C.4-134)
(C.4-135)
(C.4-136)
(C.4-137)

(C.4-138)

(C.4-139)
(C.4-140)
(C.4-141)

(C.4-142)

(C.4-143)
(C.4-144)
(C.4-145)

(C.4-146)

(C.4-147)
(C.4-148)
(C.4-149)
(C.4-150)

(C.4-151)

Substitute Equation (C.4-1) in Equations (C.4-134) and (C.4-147), we have
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| +G AE+G,quAfg

Lag = lgg0 Iqgl

idg = ing + GldglAE +G1dg2Af ¢

qugl = G1q8 + GIq7N11 + G1q7N12G11
G,7L,,
G[qu = G1q9 +qu7Nl3 + Z NG,
21
Gldgl =G5 +G N, + G, NGy
G, L
GIng =G+ Gy Ny + 722 N\,G;,

21

(C.4-152)
(C.4-153)

(C.4-154)

(C.4-155)

(C.4-156)

(C.4-157)

The four coefficients in Equations (C.4-152) and (C.4-153) are 7" order transfer

functions as follows:

10,87 +10,8° +10,,8° +10,,S"* +10,:8* +10,,S* +10,,S +10, 4

B RS 4 P,S P S B, S 4+ PS + PST + By S + By

Iqu = GIq8L11F31

10,, = G, L, Fy, +(G 5Ly + G,y Loy JF,

10, =G4, Fy; +(G 4L, + G, 1Ly, )F,

10,, = G xLy\Fyy +(G 5Ly + Gy Ly, JFyy = Gy Fy
10,5 =G, L, Fis +(G, 5L, + G,y Ly, JFoy ~ G, ) Fy
10,5 = G i, Fys + (G 4L, + G,y Ly )Fys — G,y Fy

IQq7 = G1q8L11F37 + (G1q8L12 + qu7L21)F36 - G1q7F44

IQqS = (G1q8L12 + G1q7L21 )F37 _G1q7F45

(C.4-158)
(C.4-159)

(C.4-160)
(C.4-161)
(C.4-162)
(C.4-163)
(C.4-164)
(C.4-165)

(C.4-166)

_HQ,S"+HQ,S°+HQ,S’ +HQ,,S" +HQ,S* +HQ,S* +HO,,S +HQ,

Iqg2 —

BST+ RS+ PyS” + B S + BsS® + BeS™ + By S+ B

(C.4-167)
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Hqu = G1q9L11F31
Hqu = G1q9L11F32 + (G1q9L12 + G1q7L22 )F31

HQq3 = qu9L11F33 + (G1q9L12 + G[q7L22 )Fsz

( ) G147L22
HQq4 = G1q9L11F34 + G1q9L12 +G147L22 F33 - I F41

HQqS = G1q9L11F35 + (G1q9l'12 + qu7L22 )F34 -

HQqG = G1q9L11F36 + (G1q9L12 + qu7 L, )Fas -

HQq7 = GIq9L11F37 + (qu‘)LlZ + GIq7L21)F36 -

G7Ly,
HQq8 = (qu9L12 + qu7L22 )F37 - 2 Fys

21

Gldgl -

21

G1q7 L22

F42

21

L22

qu7

Fy

21

L22

G[q7

F44

21

(C.4-168)
(C.4-169)

(C.4-170)

(C.4-171)

(C.4-172)

(C.4-173)

(C.4-174)

(C.4-175)

_ 10,87 +10,,8° +10,,8” +10,,8"* +10,58* +10,48* +10,,S + 10,4

10, =G, L, F,,
10,, =G, L, \Fy, +(G, 5L, + G, Ly, )F,,

10,,=G,,L,F,, +(G, L, +G,,L, )F,
10,, =G Ly Fyy +(G
10, =G, L, F,s +(G

BuST+ PS8  + RS 4 B S 4 ByST + PyS” + By S+ By

1d8L12 +GId7L21)Fs3 _Gld7F41

1d8l‘12 + G1d7L21)F34 _G1d7F42

IQd6 = G1d8L11F36 + Gld8L12 +G1d7L21)F35 _G1d7F43

10, =G 5Ly Fyy + (G[dSLIZ +Gy Ly, )Fss -

Ist = (Gld8L12 +G1d7L21)F37 _G1d7F45

G[d7 F44

(C.4-176)
(C.4-177)

(C.4-178)
(C.4-179)
(C.4-180)
(C.4-181)
(C.4-182)
(C.4-183)

(C.4-184)
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HQ,S'+HQ,,S°+HQ,,S’+HQ,,S*+HQ,. S’ +HQ,,S*+HQ,,S+HQ,4

G =
P,S" +P,S° + B8 + B, S" + By S + FS* + P, S + By
(C.4-185)
HQ, =G L F; (C.4-186)
HQ,, =G,L\F; +(Gld9L +G, L, )F (C.4-187)
HQ,; =G L, Fi; +(G149L12 +Gyy Ly )Fsz (C.4-188)
_Gunln C.4-189
HQd4 = G1d9L11F34 + (G1d9L12 + G1d7L22) F41 ( < )
21
Gunln C.4-190
HQdS = G1d9LllF35 +(G1d9L12 +G1d7L22 )F F42 ( - )
21
G1d7L22
HQdG = Gld9L11F36 + (G1d9L12 +G1d7L22) F43 (C4_191)
21
Gurln C4-192
HQd7 = Gld9LllF37 +(G1d9L12 +G1d7L22 )F F44 ( < )
21
Sl C.4-193
HQdS (G1d9L12 +G1d7L22 )F F45 ( U )
21
Table C.2 Parameters used in ac currents in d- and g-axis
qugll = Iqu qug2l = Hqu Idgll =10, Gldg21 =HQ,
quglz = IQqZ qug22 = Hqu Gldglz Ide Gldg22 = Hde
qu£13 = IQ<13 qug23 = HQq3 Gldg13 Ist Gldg23 = Hst
qug14 = IQq4 qug24 - HQq4 Gldg14 IQd4 Gldg24 = HQd4
qung = IQqS qug25 = HQqS GIdng 10,5 Gldg25 =HQ,;s
quglé = IQ<16 qug26 = HQq6 Gldglé =10, Gldg26 =HQ,,
qug17 = IQq? qug27 = HQq7 Gldg17 =10, Gldg27 =HQ,,
qung = IQqS qug28 = HQq8 GIdng 104 Gldg28 =HQ

The four coefficients as 7" order transfer functions for the d- and g-axis ac

currents are rewritten as follows:
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G

Iggl

G

Gldg 1

Gldg2

Iqg2 —

GrinS 4G 0S° +Gr3S” + G S* + G sS  +G6S” +GruynS + G

_ Tlggll Iqgl2 Iqg13 Iqgl4

B,S"+P,S° + B8’ + B, S* +BsS’ +BS” + B, S+ By
(C.4-194)

_ Gqule7 + Gqu2ZS6 + GquZSSS + GIL};;'24S4 + qug25S3 + qugZ(sz + qug27S +G1qg28
Pb1S7 -i_PbZS6 +B)3SS +Pb4S4 +PI7SS3 +PI76S2 +Pb7S+f)b8

(C.4-195)

7 6 5 4 3 2
_ GlngIS + G1dg1zS +G1dg13S +G1dg14S + GIdngS + Gldg16S + GIng7S +G1dg18

ByS" +P,S° + PyS’ + P,y S* + BsS* + B S” + P, S + By
(C.4-196)

Gldg21S7 + Gldg22S6 + Gldg23S5 + Gldg24S4 + GIngSSS + Gldg26S2 + Gldg27S + Gldg28
P,S"+P,S°+P.S°+P,S*'+P.S’+PS*+P,S+P,

(C.4-197)

Note: due to the characteristics of diode rectifier which does not allow the power

flowing backward to the power grid, the dynamic response results calculated

from the developed dynamic model need to manually assign all negative real

power and reactive power values to be 0.

C.S

Initial Values

The initial values used in the formulas are determined in this section. Some

parameters are given values, such as

Lg.: dc link inductance

Iqc - dc link resistance

Cgc: dc link capacitance

l.: commutation inductance

R,: stator resistance

ls: stator leakage inductance

R,: rotor resistance

l;: rotor leakage inductance

L. exciting inductance
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H: Motor inertia

p: pole pair

Viiode: diode on-state voltage

Eo: power source steady-state rms voltage per phase
o,: power source angular frequency

oro: rotor steady-state electric angular frequency
wg: stator steady-state electric angular frequency
Kpm: speed controller proportional gain

Kin: speed controller integral gain

Vy: nominal voltage of the motor per phase

y: nominal frequency of the motor

TpLoag: the load torque

PF: power factor in front of the commutation inductance
Py: real power

Qo: reactive power

So: apparent power

Some parameters or initial values need to be calculated. The DC link

voltage from the diode front-end rectifier can be calculated as follows:

W6, 3,
Voo = Ey == 1.0y040 = 2V jioge (C.5-1)
T V4

Vao = Takgo T €40 (C.5-2)

Based on Equations (C.5-1) and (C.5-2), the DC link voltage after the capacitor
is calculated by

€0 = %EO _(% lcng + rdcjido - 2Vdiode (C.5-3)

The initial value for the commutation angle, AC input current components of the
drive at d- and g-axis, and real power and reactive power at the input circuit can

be determined as follows:
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2lc a)g OidO j

J6E,

20 {22 i)« 22 o 2 o

U, = arccos(l -

l‘IgcamO = 7ld() 6 7d€ wgo 47dcwg0
(C.5-5)
23 ( 57[] ( 57[] 3\2E, . 3\2E, . 3V2E,
Liocomo = Llgo| —COS{ Uy ———— +cosf — ||+ smu, — sin 21/[0 - 0
¢ T 6 6 .o, @y 27, ,,
(C.5-6)
. 23, [ (1« . Sz
lqgcondO = T ldO[SIH(?j_Sln(uo +?):| (C.5'7)
Lyocondo = & il — COS(ZJ + cos[uo + S—Ej (C.5-8)
¢ V4 6 6
ing = iqgcomO + iqgcondO (C5-9)
ing = idgcomO + idgcondO (CS-lO)
P-SF (C.5-11)
0= ﬁ olgg0 .
s, =10 (C.5-12)
PF,

where PF, is assumed based on the commutation inductance values. If the
commutation inductance is 0-1mH, PFy, = 96% (a typical power factor at the ac
input of a diode rectifier), if the commutation inductance is 10mH, PFy = 92%.

Other values can be estimated based on them.

Q,=+/S; — B (C.5-13)

To determine the parameters in Equations (C.5-3) - (C.5-13), the dc link

current i,, must be determined first. Based on induction motors equations and

inverter equations, we have:
Vds() = Rsidso - wsO (Lsiqso + Lmiqr()) (C5-14)
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R?lqv() sO (LsidSO + Lmidr()) (C5-15)
O = RridrO - (wSO )(Lrlqu + LmlqsO ) (C5_16)
O erqu (a)sO - a)rO )(LridrO + LmidsO) (C5-17)
Vo =0 (C.5-18)
1
Voo = docao (C.5-19)
From Equation (C.5-16),
. a,—w
ldrO = M (Lrlqu + LmquO) (C5_20)

r

Substitute Equation (C.5-20) in Equation (C.5-17), after rearrangement,

the following equation can be obtained:

R+(w,-w,) L , w,-o,) LL |
|: r ( XOR rO) j|q,0+[L ( ,.0)]lds()+|:( s0 rO) r mj|lqs():0

R

r r

(C.5-21)
From Equations (C.5-14) and (C.5-18),

: R, . L .
o =\ a0 7| 7 fao (C.5-22)
s0~m 'm

Substitute Equation (C.5-22) in Equation (C.5-21), the following is determined:

Lyso = S11 450 (C.5-23)

) 22 2
(Rr + (a)sO — a)rO) Lr )Ls W — (a) ) L’Lm 50 (C5_24)

S =
! (er +(a)s0 _er )2L3 )Rs +(a)s0 ) Rrlen 80

Substitute Equation (C.5-23) in Equation (C.5-22),

= Sialg0 (C.5-25)
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5,, = XS = Bl _Lw‘OL“ (C.5-26)
a)XO

m

Substitute Equation (C.5-25) in Equation (C.5-20),

lgg = SlSiqsO (C.5-27)

(wSO B er )(Lm + LrSIZ )
R

r

S, = (C.5-28)

Under the steady-state condition, the motor electromagnetic torque should be
balanced with the load torque as follows:

T,,=1.5pL, (idroiqso - iquidso ) =T} a0 (C.5-29)

Substitute Equations (C.5-23), (C.5-25) and (C.5-27) in Equation (C.5-29),

i,,ocan be calculated as follows:

T
i = \/ Load (C.5-30)
1~5PLm(S13 - S12S11)

Substitute Equation (C.5-30) in Equations (C.5-23), (C.5-25) and (C.5-27), i,

i,.- and i,, can be calculated.

Substitute Equations (C.5-23) and (C.5-27) in Equation (C.5-15), and
combining with Equation (C.5-19),

. ) ) 1
Vyso = R, + o, (Lsslllqso +LmSl3lqs0):5dOed0 (C.5-31)

s7gs0
Define a new parameter Sj4 as follows:

S, =d,e,, = 2R,

s“qs0

+ 2ws0 (Lsslliqs() + LmSI3iqSO) (C5'32)

Based on Equation (C.3-5),
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3 ) ) .
5 (vdsOldSO +V50l50 ) = €010 (C.5-33)

Under steady-state, i,, =i,,, combining this with Equations (C.5-18), (C.5-19)
and (C.5-33),

3(1 . .
5(5 doedojlqso =€,0l40 (C.5-34)

The dc link steady-state current i4p can be obtained from Equation (C.5-34) as

follows:
.3 .
T i dOquO (C.5-35)
4
Multiplying both sides of Equation (C.5-3) by dy as follows:
Su=e d, = ﬂ E,d,— (3 Lo, +r, jidodo AT (C.5-36)
T T

Substitute Equation (C.5-35) in Equation (C.5-36), we obtain the function of the

duty cycle dy as follows:

{%[%lcwg + rdcjiqm}dg _(¥ Ey =2V jioge ]do +5,=0 (C.5-37)

Solving Equation (C.5-37), the duty cycle dy are determined. All required initial

values can be determined accordingly.
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APPENDIX D AGGREGATION USING PADE APPROXIMATION

The Pade Approximation can be expressed as follows [129]:

(x) a,+ax+a,x’ +--+a,x"
X)=

2 (D-1)
by+bx+b,x" +---+b x"

The function G(x) can be expressed by the function f(x) as follows:
f(x)=c0 tex+e,x +-+e,,, X" (D-2)
a, =byc, (D-3)
a, =byc, +bc, (D-4)
am = bOCm + blcm—l te-t bch (D_S)
O = bOCm+n + blCWH—n—l tee+ bncm (D_6)

Based on Equations (D-3)-(D-6), the coefficient ¢ of the new function f(x)
can be determined. As an example, one of the transfer functions for the real

power Gy is converted to a polynomial fp; using Pade Approximation.

_ GP,S" +GP,,S° +GP,,S’ +GP,S"* + GPsS’ + GP,S* + GP,,S + GP,
B, S’ +F,S8° +PyS’ + P, S* + BsS’ + BS” + By S + By

Pl

(D-7)

In Equation (D-7), m = 7 and n = 7, a new polynomial function fp;(S) equivalent
to G,,(S)can be determined as follows:

fo(S)=c,+c,S+c,S* +++c,S" (D-8)

Assign the following parameters as shown in Table D-1:
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Table D. 1 Parameters used in G, for Pade Approximation

ag = GPsg bg = Pys
a; = GPs; by = Py
a; = GPss by = Pys
as = GPss bz = Pys
as = GPs, by= Py
as = GPs; bs = Py
as = GPs, bs = Py
a; = GPs; by = Py,

Equation (D-7) can be rewritten as follows:

(s)= a,S" +a,S°+aS’ +a,S* +a,S” +a,S* +a,S +a,
m b,S” +b,S° +b,S° +b,S* +b,S* +b,S> +b,S +b,

(D-9)

Based on Equations (D-2) — (D-6), Equation (D-9) in the transfer function format

can be converted to a polynomial format as follows:

fo(S)=c,+c,S+c,S* +-+c,S" (D-10)
%:%f (D-11)
e =i(al —blco) (D-12)
c, =b—10(0t2 -bc, —bzco) (D-13)
inﬁ%—h%—@q—@%) (D-14)
c4=£%@4—bp3—bp2—@q—4u%) (D-15)
%ziﬁ%—hg—gg—@%—mq—@%) (D-16)
%zéﬁ%—hg—@q—@g—mq—@q—@%) (D-17)
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1
c =b—(a7 —b,cg —bycs —byc, —b,cy —bsc, —bgc, —bsc,) (D-18)

0

Cy =b—10(— b,c, —b,cy —bycs —b,c, —bsc, —byc, —b.c,) (D-19)
Co = é(— b,cy —b,c, —byc, —b,cs —bsc, —byc, —byc,) (D-20)
Clp = b—lo (=b,cy — b,y —byc, —b,cq —bses —bge, —bscy) (D-21)
¢, = i(— b,c,, —b,co —bscy —b,c, —bsc, —bycs —byc,) (D-22)
Ch :i(— b,c,, —b,yc,y —bycy —b,cg —bsc; —bycg —bycs) (D-23)
cy = % (=byc,, = bycy, —bycyy — by — bscy —becy —bac,) (D-24)
C =bi(— b,c,s —b,c,, —bsc,, —b,cyo —bscy —bycg —bocy) (D-25)

0

For n VFDs connected to the same bus, fi(S), £5(S), ..., and f,(S) are
obtained. The equivalent aggregated VFD should have the following function:

fPl_eq(S): fPl_l(S)+fPl_Z(S)+”.+fP1_n(S):COeq +CleqS+C26qu +“.+C14eqSI4

(D-26)
Coeg =Co1 TCp T77°C, (D-27)
Ciog =Cpp TCp +00C, (D-28)
Crpg =Cop TCpp +10C, (D-29)
Ciyeq = Crag TCryp T Cy, (D-30)
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Now the task is to convert Equation (D-26) back to the transfer function

format as follows:

(5)= &S +a,S° +aS’ +a,S* +a,S’ +a}S’* +a/S +a
Pleg

- ’ ’ ’ ’ ’ ’ ’ ’ (D_31)
b;S”T +b[S° +b.S” +b,S* +b.S” +b,S* +b/S +1b]

Assign b, =1. Please note, when using Pade approximation method for VFDs,
by =1 cannot be assigned. The reason is that it could cause ill-conditioned

matrix operation, and result in incorrect calculation result using Matlab. Based

on Equations (D-3) — (D-6):

a, =b;c, (D-32)
a =byc; +bc, (D-33)
a, =b,c, +b/c, +b,c, (D-34)
a, =b,c, +bc, +b,c, +bic, (D-35)
a, =byc, +b/c, +b,c;, +bic, +b,c, (D-36)
a. =bjc.+b/c, +b,c; +bic, +b,c, +b.c, (D-37)
a, =bjc, +b/c. +b,c, +b;c; +b,c, +b.c, +b,c, (D-38)
a, =byc; +bjc, +b,c. +b;c, +b,c; +b.c, +b,c, +bc, (D-39)
0=b)cy +b,c, +b,c, +b;c. +b,c, +b.c, +b,c, +bc] (D-40)
0="bjc, +b/c; +byc, +bic, + bici +bic, +b,c; + b, (D-41)
0=bycr, +bjc, +b,cy +bic, +b,c, +blc. +b.c, +b.c; (D-42)
7 7 7 7 7’ 7 7 7 7 7 7 7 7 7 7 7
0=>byc,, +b,c), +bycy +bicg +b,c; +bseg +bics +bicy (D-43)
7 7 N4 7 7 7 7 7 7 7 7 7 7 7 7
0=>byc,, +bic;, +b,c)y +bicy +b,cg +bsc;, + by + bic (D-44)
7 7 ’ 7 7 7 7’ 7 7 7 7 7 7 7 7 7
0=>byc,; +bic;, +byc, +bsc,, +b,cy +bscg +bic, +bicg (D-45)
0=b,c;, +bic,,+b,c;, +bici, +b,ci, +bicy +bicy +bic, (D-46)
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Solving Equations (D-40) - (D-46), b, to b, can be obtained. Further
solving Equations (D-32) — (D-39) using the calculated b, to b, values, a, and
a’,can be obtained. Now the equivalent transfer function for the real power in

Equation (D-31) is determined. The equivalent transfer function for the reactive

power can be calculated using the similar method.

273



APPENDIX E TYPICAL PARAMETERS FOR DYNAMIC
MODELS OF MOTOR DRIVE SYSTEMS

The input data and their typical/sample values used to derive the dynamic

models for VSI based drive-induction motor systems are listed in Table E.1.

Once the input data in this table are input into the Matlab program, all initial

values will be calculated, and all transfer functions as the coefficients of the

dynamic model are determined using the Matlab program.

Table E.1 Typical parameters for equivalent dynamic models

Symbols Parameters Descriptions Typical values
For power source
E, Rms value of the power source phase- | User defined or
to-ground voltage supplied to the drive | based on load flow study results at the bus the
(in front of the commutation VFDs are connected to (V)
inductance)
fo0 Power supply frequency at the drive User defined, 50Hz or 60Hz (Hz)
Input
I Commutation inductance in front of the | User defined or inductance of the 3% or 5% ac
drive (include ac line reactor and the line reactor plus the power source inductance,
power system impedance at the input either based on short circuit study results or
of the drive) assumptions (H) [153]
For VFDs
Vdiode Diode on-state voltage 1.2 0or 1.3 (V) [154, 155]
T'de Resistance of DC link 0(Q) [154]
Lge Inductance of DC link reactor 0 (Q) [154]
Cae Capacitance of DC link capacitor User defined or 10%—-20% of the base impedance
() [36]
Kom Speed PI controller proportional gain 9 [154]
for the closed-loop voltage per Hz
control
Kin Speed PI controller integral gain 10 [154]
for the closed-loop voltage per Hz
control
fout Output frequency of the drive User defined, or estimated from (motor expected
operating speed in rpm)*(motor nominal
frequency) /(motor nominal speed in rpm) (Hz)
[154]
npulse Pulse number of the cascaded H-bridge | User defined, 18, 24 etc
inverter drives
For induction motors
Vb Rated voltage of the motor User defined or from Tables E.2 or A.1 (V) [156]
R, Stator resistance User defined or from Tables E.2 or A.1 (Q) [156]
I Stator leakage inductance User defined or from Tables E.2 or A.1 (H) [156]
L, Magnetizing inductance User defined or from Tables E.2 or A.1 (H) [156]
R Rotor resistance User defined or from Tables E.2 or A.1 (Q) [156]

N4
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I, Rotor leakage inductance User defined or from Tables E.2 or A.1 (H) [156]
P Number of pole pairs User defined or 2 (assumed to be 4 poles)
frated Nominal frequency of the motor User defined or 60 (Hz)
J Inertia of the induction motor User defined, or from Tables E.2 or A.1, or
estimate from Figure A.1 (kg* m) [156]
Nrgted Nominal speed of the motor User defined, or estimated from Table E.2 (rpm)
[156]
T Load torque User defined or assumed to be equal to 25% -
(Motor operating data 1) 80% of the rated electromagnetic torque
calculated from Equation (E-1) (NM) [157]
n, Operating target speed of the motor User defined, or assumed to be equal to nominal
(Motor operating data 2) speed of the motor (rpm)
For Transformers (aggregation VFDs)
Stx Transformer rated capacity, VA User defined
Vptx Transformer primary rated voltage, V User defined
Vstx Transformer secondary rated voltage, User defined
)\
7tx Transformer impedance in % User defined, or from Tables A.2 and A.3 [152]
X/R Transformer X/R ratio User defined, or from Tables A.2 and A.4 [152]
For upstream series impedance
(aggregation VFDs)
Rimp Resistance of series impedance, ohms User defined
Limp Inductance of series impedance, H User defined

Table E.2 Equivalent circuit parameters of induction motors

(4 poles, 60Hz, 3-phase) [156]

Motor | Voltage, | Rated R,, L= L., R, J, D,
HP A% speed Q L, H Q Kg*m®> | N*m*s
rpm H
3 220 1710 | 0435 | 0.0713 | 0.0693 | 0.816 0.089 0.008
25 460 1695 | 0.249 | 0.0602 | 0.0587 | 0.536 0.554 0.040
50 460 1705 | 0.087 | 0.0355 | 0.0347 | 0.228 1.662 0.073
100 460 1700 | 0.031 | 0.0193 | 0.0189 | 0.134 4.449 0.121
250 2300 1769 | 0.681 | 0.2342 | 0.2277 | 0.401 6.918 0.124
500 2300 1773 | 0.262 | 0.1465 | 0.1433 | 0.187 11.062 0.402
800 2300 1778 | 0.131 | 0.0976 | 0.0957 | 0.094 21.262 0.283
1000 2300 1778 | 0.112 | 0.1452 | 0.1436 | 0.074 29.871 0.786
1500 2300 1783 | 0.056 | 0.0537 | 0.0527 | 0.037 44.548 0.500
2250 2300 1786 | 0.029 | 0.0352 | 0.0346 | 0.022 63.869 1.607
6000 4160 1787 | 0.022 | 0.0597 | 0.0589 | 0.022 | 674.971 2.444
Note 1: The inertia J include the inertia of load, which is assumed to be equal to inertia of
motor
Note 2: These parameters were determined from manufacturer’s published data for all
motors except the 3HP machine, its parameters were determined from laboratory test
data. All resistances are given for a temperature of 75°C.
Ly =L+L,
L. =1,4L,
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The rated electromagnetic torque calculation [157]:

3PR, JX

m

em =
279“ rated N 1

1

where

Xs = ijcrazedls
Xm = ng(‘razed Lm

Xr = 27g(‘razed lr

R.R R X
(“—XSX, -x,(x, +X,)J+j(RSX, +f+x

1
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APPENDIX F DYNAMIC MODEL FOR CASCADED INVERTER
MOTOR DRIVE SYSTEMS

F.1 Each Power Module

The generic calculation method introduced in this Appendix is suitable to
VEDs with either 18-pulse or 24-pulse. The 18-pulse medium voltage cascaded
H-bridge inverter based drive consists of three power modules per phase. The
derivation of the dynamic model for this type of MVD started from each low

voltage power module.

The DC link voltage v4 from each power module can be expressed as

follows:
di
Vd = ﬂ E - 2 lc (277‘1,' )ld - 2’lc i - 2Vdi0de (F 1- 1)
2 2 dt

where vy 1s output voltage from the diode converter at each power module, i4 is
the dc link current from diode converter at each power module, E is rms source
voltage per phase at each power module, /. is the source commutation inductance
in front of the MVD, f, is the power grid frequency in Hz, Vgjode 1s diode on-state

voltage. The power source resistance is ignored.

It is verified that the DC link voltage in Equation (F.1-1) is not affected by
the phase-shifting angle from the transformer, and each module has exactly the

same voltage at DC links.

In each power module, the DC link consists of a DC link resistor rg., DC
link reactor Lg4., and DC link capacitor Cq4.. The voltage and currents at DC link

can be calculated as follows:
) di
Vy =T, + L, 7;] te, (F.1-2)
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i, =i +i, (F.1-3)

i =C,—% (F.1-4)

Where ¢4 is the dc link voltage supplying to inverter, i. is the current flowing

through the DC link capacitor, iy is the current flowing into the inverter.

Combining Equations (F.1-1) and (F.1-2), the dc link current iz can be

expressed as follows:

diy = ( 1 J{ﬁE_(rdc +%lc (27472 )jid =2V diode _ed:| (F.1-5)

dt \L,+2l ) &

Substitute (F.1-5) in (F.1-2), the dc link voltage from output of the diode

converter can be rewritten as follows:

36 L, L (2@6 - % L., )]

¢ = Lﬂ- Iyt 2L €, 2L, Viiode (F.1-6)
0 21, L, +21, L, +2I, L, +2I,
Linearize Equation (F.1-5):
(?)\/g]AE —Ae, ~ (6lcid0 )Afg
T
Ai, = TV S Y +#Afg
é L,S+L, L,S+L, L,S+L,
(de + 2ll, )S + rdc + l(: (2796;;0)
T
(F.1-7)
L, =3 (F.1-8)
T
L,=L, +2l. (F.1-9)
3
o =T T—1L, <0 -1-
L 7[1 27 (F.1-10)
Ly, =6l (F.1-11)
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Linearize Equation (F.1-6):

vy =V tap yAE+a, A +a, A, +a, A, (F.1-12)
3J6
Ld('
/4
@ =" F.1-13
E_Vvd Ld(. + 2lL ( )
2 (l’d _3Ld fg())
I F.1-14
% _va L, +2l, ( )
6l.L,i,
Ay g ==l (F.1-15)
¢ L, +2l,
21
a = "c F.1-16
ed _Vd de +21L ( )

Substitute Equation (F.1-7) in Equation (F.1-12), the dc link voltage can be

derived as follows:

V=V + My AE + My Ae, + My, Af, (F.1-17)
e S
v b5+l e, ) _mus o, .
L,S+L, L,S+L,
= et e b v la) St (F.1-20)
My =a; v, Ly (F.1-21)
My, =a, ,L,+ay ,L, (F.1-22)
My =a, L, (F.1-23)
My, =a, ,L,—a, v, (F.1-24)
My =a;, vLy (F.1-25)
My =a, y,L,+a, yLy (F.1-26)
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The power source voltage in dq reference frame at the input of each power

module can be expressed as follows:

v, =0 (F.1-27)

8

v =A2E (F.1-28)

q8

The current at the input of the power module (without phase shifting) in dq

reference frame can be calculated as follows:

Ly =1 om Tl (F.1-29)

qg ~ “qgcom qgcond

(F.1-30)

ldg = ldgmm + ldgcand

= 2f i {sin(u _56”] —sin[—sgzﬂ + ﬂf%E(cosu - 1)+ﬁ\/2%)E(l—cos 2u)

lqgc()m

(F.1-31)
iqgcond = ﬁld |:Sln[7_ﬂ.j - Sin[u + S—Ejj| (F 1-32)
V4 6 6

i 2—\51' —cos(u—y[)+cos(—5ﬂ] + 3\/5 Esinu— 3\5 Esin2u— 3\/5 Eu
dscom g 4 6 6 A, 2q,) an.27f,) 24, 271,)

(F.1-33)

Lond = 2—\5 i {— cos(m) + cos(u + Sﬂ-ﬂ (F.1-34)
¢ V4 6 6

u= arccos(l - ZICS_%)%J (F.1-35)

where u is the commutation angle.

The real and reactive power at the input of each power module can be

calculated as follows:

[)ac_permodule = E (Vdg idg + ng iqg ) (F 1-36)
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3 . .
Qac_ per mod ule = E (vqg ldg - vdg lqg ) (F 1 -37)

The total real and reactive power at the input of the 18-pulse MVD can be
calculated by substituting equations (F.1-27) and (F.1-28) as follows:

npulse = 18
n ulse ulse
Pac = [ le jpac_permod ule — 1’21 (\/_El )
(F.1-38)
3n’pulu ( . )
2\/_ qgcom + lqgcund
M ise ulse
Qac = ( 1’21 JQacpermodule - p l (\/_Eldg)
(F.1-39)

3n pulse

) \/— (.décom +idgc0nd)

where npy is the pulse number of the MVD, P, and Q.. are the total real and
reactive power at the MVD input, Puc permodule and Qac_permodute 1 the real and

reactive power at each power module.
Linearize Equations (F.1-31)-(F.1-34) for each power module:

Lyecom = Lggeom 0 T4 Ai, +aE7qgmAE+a

Autag ond, (F.1-40)

id _qgcom u_qgcom

i 2\/_ —i [sm(u 5”) sin( Sﬂﬂ + 32 E,(cosu, —1)
qgcomd — do o~ . |~ - 0 0
d 6 6 )] .0, (F.1-41)
e 3 cos()
47, i27§f 20 ’

£ 3 sin(u, )— gcos(u0 )= 3 (1 - \/gsin(u0 )—cos(u, )) (F.1-42)

aid_qg('()m - T T
32 31
e _qggcom = m(cos(uo )- e Zcos(2u0 )j (F.1-43)
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_ 3\2E, [sin(2uo ) sinlu, )j +%(sin(uo )=3cos(u, )

a =
u_qgcom 2 2
7ol f
cJ g0

= @(— cos(u, )+ % +icos(2u0 )j

a
18 _qgcom 2 2
277l f g0

2

lqgcond =1 + aid _qgcond Ald + au _qgcond Al/l

i = —2\/5 i sin[z) - sin(u + 5—”)
ggcond 0 T do 6 0 6

ggcond 0

id _qgcond =
T

a —ﬁ + ésin(uO )— gcos(uo ) = %(\/5 sin(uo )— cos(uo )— 1)

au _qgcond =

ldgcom = ldgcom 0 + aid?dgcomAld + aE?dgcomAE +a

j 243 Sz 57
ldgcom() = 7 ld() — CO§ u() - ? + CcoSs| — ? + ﬂi 27#‘
4 ( gO )

32 E, sin(2u,) - 32 Equ,
47d‘,127;fgo ) 2711‘,‘27;]2,0 )

a = %cos(uo )—%sin(uo )—% = ﬁ(\/gcos(uo )—- sin(u0 )- \/5)

id _dgcom
/4

:ﬂ(gn(uo)_ign(zuo)_u_ﬂj

a .
E _dgcom 27[21(, fg . 2

_ 325, (Cos(uo)_‘305(2“0)_1j_\/g

i
au _dgcom 2 40
2771, f o0 T

_ 32K,

a =
fg _dgcom 2 2
277l f g0

2 2

(— sin(u0 )+ M?O +isin(2u0 )j

ldgcond = ldgcond 0 + aid?dgcond Ald + au 7dgc0ndAu

. 233 . 17 Sz
ldgcondO = Tldo — COS ? + COS U, +?

3Z%COS(M() )+ \/gﬂldo Sin(”o ) = g Ly (sin(u(, )_ \/g COS(MO ))

Au+ afgidgwmAfg

u _dgcom

E, sin(u, ) -

(\6 sin(uo )+ cos(u0 ))

(F.1-44)

(F.1-45)

(F.1-46)

(F.1-47)

(F.1-48)

(F.1-49)

(F.1-50)

(F.1-51)

(F.1-52)

(F.1-53)

(F.1-54)

(F.1-55)

(F.1-56)

(F.1-57)

282



aid?dgcrmd i_ECOS(MO)__3Sln(u())_ 3 (\/g—\/gCOS(MO)—Sin(uo )) (F1—58)
T T T V4
A, decond :?ﬂ%sin(uo)— \/57;‘“’ cos(u,)= ;ldo(\/gsin(uo)—cos(uo )) (F.1-59)

For the total real power, the Taylor expansion for Equation (F.1-38) can be

written as follows:

Pac = 1)0 + aEiP (E - EO ) + aiqgcom (lqgcom - lqgcom() ) + aiqgcond (lqgcond - lqgcond())
+ aEiqgc(}m (E - EO )(lqgcom - lqgc()m() )+ aEiqgcond (E - EO )(lqgcond - lqgcondO )

+aEE P(E_E )2

- P + aE PAE + alqéwmAiqgcom + atq;,wndA qgcond + ath;,wmAEAl qgcom
+ aEiqgcond AEA qgcond + aEE PAI.Z2
(F.1-60)
3]’1 ulse (.
aE_P 2\1)/_ ( qgme qgmndO ) (F 1-61)
3n uLse
aiqgcr)m_P = 2\p/15 EO (F. 1—62)
3npulse
aiqgmnd _P = 2\/5 EO (F 1—63)
3n[mlse
aEiqgcom?P = 2\/5 (F1-64)
3npulse
aEiqgmnd _P = 2\/5 (F 1—65)
_3n
—=a (F.1-66)

a =
EE_P Elqgcom
42

Substitute Equations (F.1-40) and (F.1-46) in Equation (F.1-60), the real

power P can be expressed as follows:
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P.=F,+GP,AE +GP,Ai, + GP;Au+GP, 4Afg +GP,;AEAu

(F.1-67)
+GP AEAi, + GP,,AE® + GP AEAf,

Gh,=a; ,+ Qigecom@E _ ggcom (F.1-68)
GP, = Qigeeom@ia_ggeom + Viggeond @i _qecond (F.1-69)
GHh;3 = Qiggeom @y _ggeom T Qiggeond @ ggeond (F.1-70)
GP, = GypeomB sy goeom (F.1-71)
GPs = Qpiggeom@u_ggeom + Ciggeond %u_ggeond (F.1-72)
GRy = A giggcom@ia _ggeom T AEiggeona Yid _qgcond (F.1-73)
GP, = A gigecom@E _ggeom + Qpe_p (F.1-74)
GPs = Agiggeon@ sy _ggeom (F.1-75)

Based on Equation (F.1-35), the commutation angle can be expressed as follows:

_aeA)i | am (1
cos(u)=1- T _1_\/3 f,i (Ej (F.1-76)

Linearize Equation (F.1-76), we have

Au=u, Ai, +u,, AE+u,Af, (F.1-77)
Uy = T (F.1-78)
\/EEO sin(u, )
Uy =~ 4ﬂ1€fg01d0_ (F.1-79)
\/EE(f sin(u, )
g =t (F.1-80)

\/EEO sin(u,)
Substitute Equation (F.1-77) in Equation (F.1-67),

P, = P, +GP,AE +GP,Ai, + GP,Af, + GP,Ai, AE + GP, AE* + GP, AEAY,
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(F.1-81)

GP, =GP, +GP.u,, (F.1-82)
GP, =GP, + GP.u,, (F.1-83)
GP,, =GP, +GPu,, (F.1-84)
GP,, =GP, +GP.u,, (F.1-85)
GP, =GP, +GPu,, (F.1-86)
GP,, =GP, +GPu,, (F.1-87)

For the total reactive power, the Taylor expansion for Equation (F.1-39)

can be written as follows:

Qac = QO + aEfQ (E - EO ) + aia’gcom (ldgcom - ldgcomO )+ aia’gcond (ldgcond - la’gcondO )
+ aEidgcom (E - EO )(ldgcom - ldgcomO )+ aEidgcond (E - EO )(ldgcond - ldgcondO)

+ aEE_Q(E - Eo )2

=0, + aE_QAE + QiggeomDlageom T Didgeona Mageona + aEidgcomAEAidgcom
+ piggeond AEAL ey + A oAE ’

(F.1-88)
a :%(’ i genao) (F.1-89)
iggeom_o = 3;1%/—’2 E, (F.1-90)
Diggeond o = 3:\/% E, (F.1-91)
piggem 0 = 3:\/’5 (F.1-92)
@ piggeond o = 3;”/15 (F.1-93)
= e (F.1-94)

a = a .
EE_Q Eidgcom
42
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Substitute Equations (F.1-50) and (F.1-56) in Equation (F.1-88), the total

reactive power can be expressed as follows:

Qac = Qo + GQnAE + GleAid + GQISAM + GQ14Afg + GQ15AEAM

(F.1-95)
+GQ,(AEAi, + GO, AE® + GO, AEAS,
GO, =a; o+ UiggeomPs ageom (F.1-96)
GO\y = UiggeomBia_ageom T Cidgeona%id _dgeond (F.1-97)
GOis = Giggeom_ageom T idgeond %u_dgeond (F.1-98)
GOy = Uiggeon@ sy ageom (F.1-99)
GOis = Apiggeomu_dgeom + Vidgeond %u_dgeond (F.1-100)
GO\ = Apigeeom@ia_ageom T riageondYia _dgeond (F.1-101)
GQ,; = A gigocom@E _dgeom T A o (F.1-102)
GO = A piageom@ sy _dgeom (F.1-103)
Substitute Equation (F.1-77) in Equation (F.1-95),
0. =0, +GO, AE+ GO, Ai, + GOLAf, + GO, Al AE+ GQZSAE2 + GO, AENS,
(F.1-104)
GO, =GO, +GOuy (F.1-105)
GOy, =GOy, +GQsuy (F.1-106)
GQ,, =GQ,, +GQ,;u,, (F.1-107)
GQ,, =GO, +GOsu,, (F.1-108)
GO,s =GO, +GO5uy (F.1-109)
GOy =GO + GOty (F.1-110)
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F.2 Induction Motors

The induction motors are exactly the same as Section C.2, and the three

main equations are copied here for convenience:

O = (R + L S)Av - Lr (a)r() - a)sO )Avds + la)sO (a)r() - )(L2 - L Ls )_ Rs (Rr + LrS)JAiqs

+[a)s0( -LL )S+R L ( wyo)_R La)vo]Al [ m s()( m qs() +Lrlqr0) ,
—[(R, + L8N Lyiyo + Lyio )+ L (00 = 0,0 \Lifi g + Lo )+ L@y (Lo + Lo A0,
(F.2-1)
0=-L, (0, ~@,)Av, (R, +L,S)Av, +|@, (2 ~L,L)S +R L, (@, - ®,,)- R Lo, Ai,,

+ [Rx (Rr + LrS)_ 5'0 (a)rO - )(L -L Lx )]Aldv [Lm xO (L ld&() +L ldrO )]A(()
+ [Lr (a)r() - a)s() )(le.dx() + LmidrO ) +L,0 (Lmlds() + Lrldr()) (R +L S)(L&quO + Lmlqr() )]Aa)v

'm~7s0
(F.2-2)
4Haw, S
( 3P;0 jAa)r qsOAv + ldsOAvds I:ldV'OLWlwAO qsOR +ldsOL a)AOwAO ]Al
- I:quOLs wsO + iqr OLm a)_SO + idsORs ]Aids + [idSO ( s qsO + Lmlqro ) qsO (Ls idsO + Lm idrO )]A a)s
(F.2-3)

F.3 Voltage per Hz Control

The output voltage from the single phase full bridge inverter for each

power module can be determined as follows:
V, =de, (F.3-1)
where V) is the output voltage from each power module, d is duty cycle.

For an 18-pulse system with three power modules each phase connected to
the induction motors, the phase a voltage of the induction motor can be

determined as follows:

V. = ("ﬁg‘” jded cos (F.3-2)

where V,, is the voltage at phase a of the induction motor.
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The voltages at phases b and c can be determined similarly as follows:

n
V, =| 2% \de, cos(@—z—”j
6 3
V. = Ppuise de, cos(0+2—”j
6 3

The three phases voltages of the induction motor in abc frame are converted to

the dgO frame as follows:

v =| Do g F.3-3
qs 6 €y ( - )

V,=0 (F.3-4)
where,

Vy4s — q-axis voltage at the terminal of induction motor

vas — d-axis voltage at the terminal of induction motor

The real power supplying to the induction motor for an 18-pulse MVD

Pac v is:

3 . . 3 . 3 n uLse . n uise .
P :E(vdyzqy +Vqs1qs):5Vqszqs =5x( P61 de, }qs :( P4l ]dedlqs (F.3-5)

The total DC power at DC links for all power modules corresponding to

real power supplying to the induction motor for an 18-pulse MVD is:

n ulse n ulse .
Pdc =[ P2 JPdcpermodule = (ijedll (F3'6)

Ignoring the losses at the inverters at the power modules, the following

equation is satisfied:

P.wm=PF, (F.3-7)
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Substitute Equations (F.3-5) and (F.3-6) in Equation (F.3-7):

n,_ .. n s
( P‘l‘d-lse ]dediqs :( P;lse Jedil (F3‘8)

Substitute Equations (F.1-3) and (F.1-4) in Equation (F.3-8), we have

1. . de
Ededlqs =€d(ld -C, 7:) (F.3-9)

The g-axis component of the motor stator current can be determined from

Equation (F.3-9) as follows:

2i, de, 1
=2l e [ded F.3-10
e =7y "‘( dt dj ( )

At the time t=0, Equation (F.3-10) can be expressed using the initial values:

i] (F.3-11)

lS
4, dt

= —Zido — 2Cdc (& y
=0 0

Rearrange Equation (F.3-11),

de 2i,0—1, ,d
| T (F.3-12)
dt 2C,,
Linearize Equation (F.3-10):
i
Ai, = iAid w0 gy 2Cu SAe, (F.3-13)
Y d, d, d,
Replace Vqse* in Equation (4.2-34) by v, in Equation (4.6-17) yield:
i n
v, cosd sind, | v cos® sin @ pulse
qs — . ce ce qs — ' ce ce 6 ded (F3_14)
ve | |-sing, cos@, ||v, | |—sing, cosd, 0
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From Equation (F.3-14), the following relationships are obtained:
o \2 ot \2
(vqs ) + (vds )

(F.3-15)
(npulse j
6 )

The developed simplified block diagram for the closed-loop voltage per

d =

Hz control scheme used for the formula derivation is shown in Figure 4.27. The

equations for the closed-loop voltage per Hz control are given as follows:

0, =K, (0 -0, )+ j(: K, (0 -0lt+(o,-0,) (F.3-16)

Wy, + 0, = 0, (F.3-17)

- (F.3-18)
[l’lpglse jed
v,
Ve =w| N2 (F.3-19)
q. (0;,
Vo =0 (F.3-20)

where K, 1s speed PI controller proportional gain, and Kjy, is speed PI controller

integral gain.

Linearize Equations (F.3-16) and (F.3-17), the relationship between ws and

®, can be determined as follows:

_ASHA

Aw, ZAw, (F.3-21)
All zl_Kpm
A, =-K,,
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Linearize Equation (F.3-18):

_ \/Evb a)sO

Ad = Ae, +

Substitute Equation (F.3-22) in Equation (F.3-13):

Aiqs =A,Ai, + AyAo, + (A2315 + Ay, )Aed

— \/Eiqs(]vb a)SO

232
pulse

2
d,w,ey

Linearize Equation (F.3-3):

npulxe npulse
AV, :( 5 jderd +( 5 JedoAd

Substitute Equation (F.3-22) in Equation (F.3-28), we have

(F.3-22)

(F.3-23)

(F.3-24)

(F.3-25)

(F.3-26)

(F.3-27)

(F.3-28)

qs d
pulse 2 n pulse

n uise n uise 2V 2V
AV =( ”61‘ ]dOAed+( p6l edOJ - V2,0, Ae, + V2,

e ,
6 b0 6 b
= Ay Ao, + Ay Ae,

AG, | 3.29)

€40
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A, =
31 wb
A = npulse d _\/Evba)so
32 6 0
e

Linearize Equation (F.3-4):

Av, =0

Substitute Equation (F.3-21) in Equations (F.3-23) and (F.3-28):

Ai = A A+ [AZZA“S S+ Any jAa}, +(Ay,S + Ay, A,

q

— A31A11S +A31A
qs S

Av ZAw, + Ay, Ae,

Equations (F.2-1), (F.2-2) and (F.2-3) are rewritten as follows:

0=A, AV, + A,AV, + A + A AG, + AgAiy, + AAd,
0=A5 AV  +A,AV, + AGAL + A A0, + A Al + A A,
0=A,AV, + A AV, + AgAi + AyAD, + A Al + A Ao,
A=A, StA,,

A, =L

A, =R

Ap=-L, (wr() - wsO)
An=A,S5+A,

A, =—RL

Ay =0, -0, 2 ~L,L)-RR

m r s r

Ay=AuS+A,

(F.3-30)

(F.3-31)

(F.3-32)

(F.3-33)

(F.3-34)

(F.3-35)
(F.3-36)
(F.3-37)
(F.3-38)
(F.3-39)
(F.3-40)
(F.3-41)
(F.3-42)
(F.3-43)
(F.3-44)

(F.3-45)
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Ay =-L (Ls lg0 T Lmidro)

Ay, =-L w,(Li +Li

'm~7s0 \"m"gs0 rqr0

A=A S+ A
Ay =0y (Lfn - LrLs)
Ay, = LR, (er —ay )_ R Lw

r s~ 7s0
A= L,0 (L i+ Li,0)
A, =-L(w,-w,)
A, = A, S+ A,
A, =-L
A5 =R,
Ay, = Ay, S + A,
Ay =0,(2-LL)=A,
Ay, = LR (0~ 0,)-R Lo, = Ay,
A, = A, S+A,,
Ay =—LI(Li  +Li )

sigso F Linliyro
Ay ==L, @, (Lo + Lyiyg) =R (Lii o+ i o
A=A, S+A,

A =RL

A =RR. ~0,(@, -, - LL,)
A,=-L w,(Li, +Li,,)

Ag = L4s0

)_ Rr (indx() + Lmidr() )_ Lr (wr() - a)sO )(

(F.3-46)

)

(F.3-47)
(F.3-48)
(F.3-49)
(F.3-50)
(F.3-51)
(F.3-52)
(F.3-53)
(F.3-54)
(F.3-55)
(F.3-56)
(F.3-57)
(F.3-58)
(F.3-59)

(F.3-60)

+ L l )+ Lr (a)r() - a)s() )(Lsidso + Lmidro )

(F.3-61)
(F.3-62)
(F.3-63)
(F.3-64)
(F.3-65)

(F.3-66)
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Agy =iy (F.3-67)

Agy = Ly @,yigo = Ryigy + L@y, (F.3-68)
At = iaio Lyt oo + Lyiiyo ) =i s (Lo + L) (F.3-69)
Ags =i yo L, @, +igoR, +iyoL,0y) (F.3-70)
Ay, =Ay,S (F.3-71)
Ager = —% (F.3-72)

Rearrange Equation (F.3-37), and substitute Equation (F.3-32) in Equation
(F.3-37):

Ai, = (_ ALJ(AMAVqS + AGAL, + Ay A®, + A A, (F.3-73)

65
Substitute Equations (F.3-32) and (F.3-73) in Equations (F.3-35) and (F.3-36):

0=(B,,S+B,,)AV, +(B,,S +B,,)Ai, +(B,,S + By, )Aw, +(B,S* + B,S + B, JAw,
(F.3-74)

0=(B,,S+By,)AV, +(B,S+B,)Ai _+(B,S+B,)Aw, +|B,S* +B,,S + B, JAw
51 52 qs 61 62 qs 71 72 s 81 82 83 r

(F.3-75)
B, = A, Ass — A5 Ag, (F.3-76)
B, =A,,A; — A, A (F.3-77)
B, =A; A — A5 Ags (F.3-78)
B,, = A, A — Ay Ay (F.3-79)
B, = A Acs — Ays Ay (F.3-80)
B, = A, Al — AisyA (F.3-81)
B, =—A, A (F.3-82)
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B, =—A5, A

B, = A A

B, = —Ay Aq

B, = A5 Ags — Assy Agy
By, = Ay Ay — Ay A
Bg, = As3pAgs — Assy Ags
B, = A, A — Ay Ay,
B, = AsppAgs — AssyAg,
By, = —Ay A,

By, =—As5, Agq

By, = AsgAgs

(F.3-83)
(F.3-84)
(F.3-85)
(F.3-86)
(F.3-87)
(F.3-88)
(F.3-89)
(F.3-90)
(F.3-91)
(F.3-92)

(F.3-93)

Substitute Equations (F.3-21), (F.3-33) and (F.3-34) in Equations (F.3-74) and

(F.3-75):

0=D,Ai, + D,,Ae, + D;;Aw,
0= D, Ai, +D,,Ae, + D,,Aw,
D, =D,,,S*+D,,,S

D, =A,B,,

D,,=A,B,,

D, =D,,S’+D,,S*+D,,,S

D B, A

121 = Dr1ys
Dy, = By Ay, + By Ay + Ay By,
Dy, = Ay,B), + By Ay,

D= D131S3 "'DmS2 + D335+ Dy,

(F.3-94)
(F.3-95)
(F.3-96)
(F.3-97)
(F.3-98)
(F.3-99)

(F.3-100)

(F.3-101)

(F.3-102)

(F.3-103)
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D, =B, (F.3-104)

Dy;, = AII(A31B11 +B;, )+ B, AyA, + B, (F.3-105)

Dy = Ay, (ASIBIZ + By, )+ A12(A31311 + By, )+ By Ay Ay +BpAnA, + By (F.3-106)

D, =A,(A,B, +B,,)+B,,A A, (F.3-107)
D, =D,,S*+D,,,S (F.3-108)
D,,=A,B, (F.3-109)
D,,, = A, B, (F.3-110)
D, =D,,S*+D,,,S* +D,,.S (F.3-111)
D,, =B, Ay, (F.3-112)
D,,, =B,A,;, + By A, + Ay, By, (F.3-113)
D,,, = A,Bs, + B,A,,, (F.3-114)
D,,=D,,S’+D,,,S*+D,,S+D,, (F.3-115)
D, =B, (F.3-116)
D,,, = A, (A, B, + B, )+ B, A,A, +B,, (F.3-117)

D233 = AII(A31B52 +B72)+A12(ASIBSI +B71)+B62A22A11 +B61A22A12 +B83 (F3_1 18)

D234 = A12 (A3IBSZ + B72 )+ B62A22A12 (F3_1 19)

Based on Equations (F.3-94) and (F.3-95),

1
Aw, = (_ —J[(Dn -D,, )Aid + (Dlz -D,, )Aed] (F.3-120)
D13 _D23

Substitute Equation (F.3-120) in Equation (F.3-94), the relationship between i4

and eq4 can then be determined as follows:

Aj :|:D13(D12_Dzz)_Dlz(Dl3_D23):|Ae (F 3_121)
d d .
Dll(D13 _Dzs)_Dls(Du _D21)
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Equation (F.3-121) can be further derived to be:

Ai, =G,Ae,

G. = F\S*+F,S*+F,S’+ F,S* + FsS + B
13—
F,S*+F,S’+F,S*+F,S+F,

F,=E, —E,

F,=E,-E,

F,=E;-E,

F,=E,—E,

Fis=Es—E;

Fig=E s —Ey

F, =E, —E,

F,=E,-E,

F,,=E,—E,

Fy,=E,-E,

F,,=E,—E,

E, =D (D, -D,,)

E, =D,,(D,,,~D,,)+D,;,(D,,, — D,,,)

E,=D,.,(D,, - D,,)+D,,(D,, —D,,)+ D, (D, — D,,,)
E,=D,,(D,,,~D,,,)+D,,(D,,, — Dy,,)+ D,5,(D,p;— D,,,)
E=D,.,(D,,, —D,,,)+D(D,;—D,,,)
E,=D,,(D,~D,,)

E21 D121(D131 - D231)

i

n = D122 (D131 _D231)+ Dm(Dm _D232)

E23 = D123(D131 - D231 )+ D122 (D132 - D232)+ D121(D133 - D233)

(F.3-122)

(F.3-123)

(F.3-124)
(F.3-125)
(F.3-126)
(F.3-127)
(F.3-128)
(F.3-129)
(F.3-130)
(F.3-131)
(F.3-132)
(F.3-133)
(F.3-134)
(F.3-135)
(F.3-136)
(F.3-137)
(F.3-138)
(F.3-139)
(F.3-140)
(F.3-141)
(F.3-142)

(F.3-143)
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E24 = D123 (D132 _D232)+ D122 (D133 _D233)+ D121(D134 _D234) (F'3'144)

E, =D,,,(D;; = D,,;)+ Dy, (D5, — Dss,) (F.3-145)
Es = Dpyy(Dyyy = Dyyy) (F.3-146)
Ey =D,,(Dyy, = Dsy) (F.3-147)
E, =D,,(Dy, —D,,)+D,,(D,, —Dy,) (F.3-148)
E, =D, (D ~Dy)+D,,(D5,—D,,) (F.3-149)
E, =D, (D, ~D,,)+D, (D —D,;) (F.3-150)
Ey =D,,(Dy, —Dy,) (F.3-151)
E, =D, (D,,,~D,,) (F.3-152)
E,=D,,(D,,-D,,)+D,(D,,-D,,) (F.3-153)
Eg =D,y5(Dy,, =Dy, )+ Dysy (D), = D,y (F.3-154)
E, =D,,(D,,~-D,,)+Dy(D,,-D,,) (F.3-155)
Ey =Dy, (D), —D,),) (F.3-156)

Combined Equations (F.1-7) and (F.3-122), the relationship between E and

€4 1s obtained:

Ae, =G, AE + G, Af, (F.3-157)

F,S*+F,S’+F,S*+F,S+F,

(F.3-158)

N R S LS+ F,S + F,S + F, .S’ + FS+F,,
G, = [EJGH (F.3-159)
L21
By =L,F, (F.3-160)
F,=L,F,+L,F, (F.3-161)
F, =L, F,+L,F,+F, (F.3-162)
F,, =L, F,+L,F,+F, (F.3-163)
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Fis =L Fs+L,F,+F,; (F.3-164)

Fo.=L,F +L,F;+F, (F.3-165)
Fy =L, Fg+Fy (F.3-166)
F,, =L, F, (F.3-167)
F,=L,F, (F.3-168)
F, =L, F,, (F.3-169)
F,=L,F, (F.3-170)
F, =L, F, (F.3-171)

F.4 Overall System Combination

Rewrite Equation (F.1-7) as follows:

Ai, = N, AE+ Nyhe, +N,Af, (F4-1)
L

S (F.4-2)

LllS + l’12
1
12 = (F.4'3)
L,S+L,

= Ln (F.4-4)

LS+L,

Rewrite Equation (F.3-157) as follows:

Ae, = GHAEJ{%jGHAfg (F.4-5)

21

Submit Equations (F.4-1) and (F.4-5) in Equations (F.1-81) and (F.1-104),
the dynamic model represented by real and reactive power at the input of the

MVD can be determined as follows:
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P=P, +G,AE+G,,AE* +(G,, +G,,AE)Af
G, =GP, +GP,N,, +GP,N,G,,
Gp, =GP +GP,N,, +GP,N,,G),

L,,GP,

Gy =GP +GP,N,; + N,G,,

21

L,Gh,

Gy, =GP +GP, N, + N,G,,

21
Q=0, +G,AE +G,AE* +(G,, +G o, AE A
GQI = GQ21 + GQ22N11 + GQ22N12G11
GQ2 = GQZS + GQ24N11 + GQ24NIZGII

L22GQ22

21

L,GO
GQ4 =G0y + GO, N, +%N12Gu

21

GQ3 =G0, +GO, N3 +

N12G11

(F.4-6)
(F.4-7)

(F.4-8)

(F.4-9)

(F.4-10)

(F.4-11)
(F.4-12)

(F.4-13)

(F.4-14)

(F.4-15)

The coefficient of the real power and reactive power are 7" order transfer

functions, they can be derived as follows:

_GP,S"+GP,S° +GP,S’ +GP,S* +GP,S’ + GP,S* + GP,,S + GP,

G. =
" Py +P,S + B8  + B, S* + BsS  + BS™ + By S + B

G - GP,S’" +GP,S° +GP,S’ +GP,,S* +GP,S* + GP, .S’ + GP,,S + GP,,
" B,S"+P,8° + PS8’ + B, S+ FS” + BeS” + B, S+ By

G - GP,S” +GP,S° +GP,,S’ +GPB,,S* +GP,,S’ + GB,;S* + GP,,S + GP,,
P3

ByS"+P,S°+B3S* + B,S" + S + B S* + B S + By

(F.4-16)

(F.4-17)

(F.4-18)

300



_ HP, S’ +HP,S°+HP,,S’ +HP,,S* + HP,;S’ + HP, (S’ + HP,;S + HP,,

G. =
" B,S"+P,S° + P8  + P, S* + B8’ + P S* + P, S + By
(F.4-19)
G - GO, S +GQ,,S° +GQ,,S’ +GQ.,S* + GO, S* + GO, S* +GQ., S + GOy
. PyS"+P,S +ByS* + B, S + PS4 BST 4 By S+ B
(F.4-20)
G - GQ,,S"+GQ,S°+GQ,,S’ +GQ,,S* +GQ..S’ +GQ,.S* +GQ..,S + GO,
. P,S"+B,S +B,S  + B, S* + B8  + S + B, S + B
(F.4-21)
G~ G008 +G0,S" +G0,,S* +G 0, S" +G0usS” + GOy S” + G0 S + GOy
“ B,S"+P,S° + P8  + B, S* + B S’ + B S* + P, S+ By
(F.4-22)
G o HO\S"+HO,S +HO,S + HO,,S" + HO,S” + HO,S™ + HO,, S + HOy
“ PyS'+B,S 4+ ByS  + B, S  + RS + BeS® + B, S+ By
(F.4-23)
AE=E-E, (F.4-24)
A =f, = fp (F.4-25)

Where Py, Qo, Eo, fyo are steady-state values for real power, reactive power,

voltage per phase, power supply frequency, respectively.

B, =L,F, (F.4-26)
P,=L,F,+L,F, (F.4-27)
P,=L ,F,;,+L,F, (F.4-28)
P,=L,F,+L,F,, (F.4-29)
Ps=L,F;+L,F,, (F.4-30)
Po=L,F +L,F, (F.4-31)
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P, =L,F;+L,F;

Py =L,F;

GP, =GP, L,

GP, =GP, L, +GP,L,,

GP, =GE,F;,

GP,, =GP, F,, +GP,F,,

GP, =GP, F,, +GP,F,

GP,, =GP, F,, +GP,F,;—GP,F,,
GP., = GP,F,; + GP,F,, —GP,F,,
GP,, =GP, F,,+GP,F,,—GP,F,,
GP, =GP, F,, +GP,F,,—GP,F,,
GPy =GP, Fy; —GP,Fys

GE, =GPh,L,,

GF, =GP,L, +GP,L,,

GP.. = GP,L,,
63
L,
GF, =GPh,L,

GP, =GP,L, +GP,L,,
GP, =GP,F,,

GP, =GR, Fy, + GFF;,

GPB; =GR, Fy; + GFF,

GP, =GP,F,,+GPF,,—GP,F,,
GP =GP, F,, +GP,F,,—GP,F,,

GP¢ =GF F,, +GEF,s —GP,F,;

(F.4-32)

(F.4-33)

(F.4-34)
(F.4-35)
(F.4-36)
(F.4-37)
(F.4-38)
(F.4-39)
(F.4-40)
(F.4-41)
(F.4-42)
(F.4-43)
(F.4-44)

(F.4-45)

(F.4-46)

(F.4-47)
(F.4-48)
(F.4-49)
(F.4-50)
(F.4-51)
(F.4-52)
(F.4-53)
(F.4-54)
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GP,, =GP, F,, + GP,;F,, —GP,F,,
GP,, =GP, Fy; —GP,,F;

GE, =GR F,,

GE, = Gl Iy + GE, F

Ghy =GhyFyy + GR, B

GP,, =GP, F,, +GP,F,,—GP,F,,
GPy =GP, Fys + GP,F,, —GP,F,,
GE = GE,Fys + GE, Fys — GRGE,
GR,, =GP, F;; + GP,,F,, —GP,F,,
GPy =GP, F,,—GP,F,q

HE, = GByL,

HF, = GPL,, + GP,L,,

HP — GP24L22
13
L,
HP,, = HE\F;,

HP,=HP F,, +HF,F,,
HP,,=HR F,;+ HF,F,,
HP,=HPBF,,+HF,F,,— HF,F,,
HPs = HR, Fys + HR, Fy, — HEF,
HP,=HP F,,+HB,F,,—HF.F,,
HP, = HR,F;; + HR,F; — HEF,
HP,,=HP,F,,— HP,F,;

GO, =GO, L,

GO, =G0, L, +GO,,L,,

(F.4-55)
(F.4-56)
(F.4-57)
(F.4-58)
(F.4-59)
(F.4-60)
(F.4-61)
(F.4-62)
(F.4-63)
(F.4-64)
(F.4-65)

(F.4-66)

(F.4-67)

(F.4-68)
(F.4-69)
(F.4-70)
(F.4-71)
(F.4-72)
(F.4-73)
(F.4-74)
(F.4-75)
(F.4-76)

(F.4-77)
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GO, =GO, F;,

GQ,, =GO, F,, + GO, F,,

GQ,, =GO, F,, +GQ,,F,,

GQ,, =GO, F,, +GQ,,F,, —GQ,,F,,
GOss =GO, F35+ GO Fyy — GO, Fy
GO =GOy Fis+ GOy Frs —GO,Fy,
GO, =GO, F,, + GO, F,s —GQ,,F,,
GOy =GO, Fy, — GO, Fg

GO =GO,

GOy, =G0hsLy, + GO, Ly,

GOy =GOyl

GO, =GOx,L, +GOy,L,,

GP, = GO,,L,,
L,
GO, =GOy, F;,

GO,, =GO F,, + GO, F;,

GO, =GO, F,; +GO,,F,,

GO,, =GO, F,, +GO,F,;, —-GO,,F,,
GQ,s =GO, F,s + GO, F,, —GO,,F,,
GO, =GO, F,, + GO, F,, — GO, F,,
GQ,, =GO, F,, + GO, F,, —GO,,F,,
GO, =GO, F,, —GP,F;

GO, =GOy I,

GOy, =GOy F;, + GO, Fy,

(F.4-78)
(F.4-79)
(F.4-80)
(F.4-81)
(F.4-82)
(F.4-83)
(F.4-84)
(F.4-85)
(F.4-86)
(F.4-87)
(F.4-88)

(F.4-89)

(F.4-90)

(F.4-91)
(F.4-92)
(F.4-93)
(F.4-94)
(F.4-95)
(F.4-96)
(F.4-97)
(F.4-98)
(F.4-99)

(F.4-100)
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GOy, =G0y Fyy + GO,

GQ,, =GO, F,, + GO, F,, —GO,F,

GQOys = GOy Fis + GOy Fy, —~GOGF,
GOy =GOy Fiys + GOy, Fys — GO F,
GOy, =GO, Fy, + GOy, Fys —GOF,,

GOy =G0y Fy; ~GOyFis

HQ, =GOyL,

HQ,, =GQyL, +GO,,Ly,

GO,.L

HQB — 24722
LZl

HQ, = HQ,F;,

HQ,, =HQ, F,,+ HQ,F,,

HQ,, =HQ, F,,+HQ,F,

HQ,, =HQ, F,,+HQ,F,,—HQ,.F,,

HQ,,=HQ, F;+HQ,F,,—HQ,F,,
HQ, =HOQ, Fy +HQ, Fys —HOF,

HQ,, =HQ, F,+HQ,F,,—HQ,F,,

HQ,, =HQ,F;; —HQ,;F 5

(F.4-101)
(F.4-102)
(F.4-103)
(F.4-104)
(F.4-105)
(F.4-106)
(F.4-107)

(F.4-108)

(F.4-109)

(F.4-110)
(F.4-111)
(F.4-112)
(F.4-113)
(F.4-114)
(F.4-115)
(F.4-116)

(F.4-117)
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Table F.1 Parameters used in real power and reactive power

Gy =Gk, Gp, | =GPy, Gy, | =GP, G,, , = HP,
Gy, =GPk, Gy, , =GP, Gp;_, =GFh, G, ,=HP,
Gp 5 =GPy Gp, ; =GP, Gpy 3 =GFy, Gp, ; =HP,;
Gp_4 =GPy Gp, 4 =GP, Gps_4 =GP, Gy, ,=HP,
Gp_s =GP Gp, s =GPy Gpy_s =GPy Gp,_s = HP;
Gp ¢ =GPy Gp, =GPy Gp;_¢ =GFy Gp, o =HPy
Gp_, =GPy Gp, =GP, Gp; ; =GF, G,, , =HP,
Gp_s =GPy Gp, s =GPy Gpy s =Ghy Gp, s = HPy
GQ1 =GOy, GQ2_1 =G0, GQ3_1 = GQ91 GQ4 = HQ,,
GQLZ =G0, GQ2,2 =G0, GQ3,2 =G0, GQ4,2 =HQ,,
Gy 3 =G0, Gy, =G0y Gy; 3 =G0y, Gy, s =HQ,
GQI 4 GQ54 GQ2_4 = GQ74 GQ3 4= GQ94 GQ4 4 = HQ24
GQI 5= Gst GQ2_5 = GQ75 GQ3 5= GQ95 GQ4_5 = Hst
Goi_s =G0s Ggy 6 =G0 Gos_6 =G0y Gos_o = HQy
Gy 1 =G0y Gy, =G0y Gy =G0y Gy, , =HQ,,
Gy s =GOs Gy, s =G0 Gos_s =G0y Gos_s = HQy

The coefficient of the real power and reactive power as 7" transfer

functions can be rewritten as follows:

_ GPUS7 +GP1,2S6 +GP1,3SS ‘*‘GP1,4S4 ‘*‘Gm,sS3 +GP1,6SZ +Gp 1S +Gy

" P,S"+P,S°+P.S*+P,S*+P S*+PS*+P S+P,
(F.4-118)
G - Gpy S"+G,y ,S°+G,, 38 +Gpy ST+G,, (ST+G,, (S+G,, ;S+G,,
2 PSS +P,S°+P.S°+P,S*+P.S*+P, S’ +P. S+P,
(F.4-119)
G, = Gpy ST +Gpy ,S°+Gpy S’ 4Gy [ S*+Gpy (S*+Gpy (S*+Gpy ;S+Gy ¢

PyS" +B,S° + P38 + B, S+ BsS” + PeS” + B S + Py

(F.4-120)
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_ (}'1’47157 +GP472S6 -i_(;'P473'S5 -i_GPéLéls4 —i_GP475S3 +GP47652 +GP477S +GP478

G, =
" PyS" +P,S° + PyS® + BuS* + P8 + PS> + B8 + P
(F.4-121)
G Gy S +Gy ,S°+Gy ;87 +Gy ,S*+Gy S +Gy (S7+Gy ;S+Gy ¢
e P,S +P,S°+P.S*+P,S*+P.S +P,S*+P.S+P,
(F.4-122)
G - Gy S"+G,, ,S°+Gy, S7+G,, ,S'+G,, S +G,, (S*+G,, ;S+Gy,
e P,S"+P,S°+P,S’+P,S*+PS’+PS*+P,S+P,
(F.4-123)
G - Gos 18" +Gyy 1S +Gyy 38  +Gyy S' +Gyy S +Gy, 87 +Gy, ;S+Gy,
o P,S"+P,S*+P,S’ +P,S*+P.S +P, S’ +P, S+P,

(F.4-124)

G - Gys 18" +Gy, ,S°+Gy, sS°+G,y, ,S*+G,, S°+G,, S*+G,, ;S+Gy,
04
PblS7 +Pb256 +PI73S5 + Pb4S4 -l-PbSS3 +Pb6S2 +PI77S +PI78

(F.4-125)

Note: due to the characteristics of diode rectifier which does not allow the power
flowing backward to the power grid, the dynamic response results calculated
from the developed dynamic model need to manually assign all negative real

power and reactive power values to be 0.

F.5 Initial Values

The initial values used in the formulas are determined in this section. Some
parameters are given values, such as
Lgc: dc link inductance
Iqc - dc link resistance
Cgc: dc link capacitance
I.: commutation inductance

R: stator resistance
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ls: stator leakage inductance

R,: rotor resistance

l;: rotor leakage inductance

L: exciting inductance

H: Motor inertia

p: pole pair

Viiode: diode on-state voltage

Eo: power source steady-state rms voltage per phase
o,: power source angular frequency

oro: rotor steady-state electric angular frequency
so: stator steady-state electric angular frequency
Kpm: speed controller proportional gain

Kim: speed controller integral gain

Vy: nominal voltage of the motor per phase

op: nominal frequency of the motor

TpLoag: the load torque

PF: power factor in front of the commutation inductance
Py: real power

Qo: reactive power

So: apparent power

Some parameters or initial values need to be calculated. The DC link
voltage from the diode rectifier at each power module can be calculated as

follows:

3v6 3 .
Voo = Ey =~ 1.0y0110 = 2V0q, (F.5-1)
T T

Vao = Takgo T €49 (F.5-2)

Based on Equations (F.5-1) and (F.5-2), the DC link voltage after the capacitor is
calculated by
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€10

3.6 3
=£E0 —(—l w +rdcjid0 2V, . (F.5-3)

0
4 T f

The initial value for the commutation angle, AC input current components of the
drive at d- and g-axis, and real and reactive power at the MVD input can be

determined as follows:

20w,
U, = arcco 1— M (F5—4)
J6E,
NP sz\ . ( 57| 3V2E, 3\2E,
Lycomo = lgo| SIN| Uy ——— [—SIn| —— | [+ (cosu0—1)+ (l—cos2u0)
“* T 6 6 o, 4, @,
(F.5-5)
) 23 sz sz\| 32E, . 3W2E, . 3W2E,
Lageomo = Lao —COS| Uy —— (+Cos| —— ||+ Smu, — sSin 2u0 - U,
6 6 7dc‘ a)g 0 c a)g 0 27d( a)g 0
(F.5-6)
. 23, [ (1« . R4
lqgcandO = 71d0|:S1n(?j - Sln[uo + ?):| (F5‘7)
idgcond() = & id() - COS(ZJ + COS[HO + S_ﬂ-j (F5—8)
V4 6 6
ing = iqgcomo + iqgcondO (F5—9)
ing = idgcomO + idgcondO (FS-lO)

The total real and reactive power at the input of MVD can be calculated by

3n

P, _2%/%“1501-%0 (F.5-11)
s, =fo (F.5-12)
PF,

where PF, is assumed based on the commutation inductance values. If the
commutation inductance is 0-1mH, PFy = 96-98% (a typical power factor at the

ac input of a diode rectifier).
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0, =+S; - P (F.5-13)

To determine the parameters in Equations (F.5-3) - (F.5-13), the dc link

current i,, must be determined first. Based on induction motors equations and

inverter equations, we have:

Vaso = RsidsO - wsO (LsiqsO + Lmiqu) (F5_14)
VqsO = Rs‘iqs() + wsO (Ls ide + Lmidr()) (FS_IS)
O = RridrO - (ws() - er )(Lriqr() + LmiqsO ) (F5_16)
0= Rriqu + (a)SO - a)rO )(LridrO + LmidsO) (F5_17)
v, =0 (F.5-18)
npulse

Vaso = =g DoCuo (F.5-19)
From Equation (F.5-16),

. a,—w . .

ldrO = M (Lrlqu + LmquO) (FS_ZO)

r

Substitute Equation (F.5-20) in Equation (F.5-17), after rearrangement, the

following equation can be obtained:

R +(w, —w, VI | : @, -0, LL, |
{ s ( 5(}{ rO) ':|lqr0+[Lm(a)x0_wr0)]lds0+{( = rO) ’ m}lq“’:o

r Rr
(F.5-21)
From Equations (F.5-14) and (F.5-18),
(R ). (L)
lqu - @ Liso — L_m lqsO (FS_ZZ)

Substitute Equation (F.5-22) in Equation (F.5-21), the following is determined:
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Lyo = Slliqso (F.5-23)

2 252 P
5 - (R +(w,-,) L )Lsa)s0 (0, -0,V LLo, 5.2
(R2 ( 50 - a)ro ) L% )Rs + (a)SO )RrLfn 5()

Substitute Equation (F.5-23) in Equation (F.5-22),

=S i (F.5-25)

127¢gs0

R‘v Sll — wSOLS

S = oL (F.5-26)
Substitute Equation (F.5-25) in Equation (F.5-20),

Liro = Silgs0 (F.5-27)
5. - (w,, -, )L, +L.S,,) (F.5:28)

R

r

Under the steady-state condition, the motor electromagnetic torque should be

balanced with the load torque as follows:
7—;0 = l’sme (idrOiqSO - iquidSO ) = TLoadO (F5_29)

Substitute Equations (F.5-23), (F.5-25) and (F.5-27) in Equation (F.5-29),

I,,ocan be calculated as follows:

iqsO =\/ Tsouto (F.5-30)
1‘5me (S13 _S12S11)

Substitute Equation (F.5-30) in Equations (F.5-23), (F.5-25) and (F.5-27), i,,,

i,.0-and i,, can be calculated.

Substitute Equations (F.5-23) and (F.5-27) in Equation (F.5-15), and
combining with Equation (F.5-19),

311



=R

( ) npulse
sloso T L Slllqso +L Sl3lqs0 Tdoedo (F.5-31)
Define a new parameter Sy4 as follows:

6 : .
Sy =dyesg=—Rii 2 (LsSnlqso + LmSl3lq50)

s qsO
pulse pulse (F . 5 ) 3 2)
6
= {— qv()j[R + a)x() (LsSII + LmSl3 )]
pulse
Based on Equation (F.3-8),
n . n
( P:” ]dediqs :( ";’“ Jedi, (F.5-33)
Under steady-state, i,, =1i,,, Equation (F.5-33) becomes
n’pulxe d . _ n’pulxe .

4 0€aolgs0 = T €0l40 (F.5-34)
The dc link steady-state current igy can be obtained from Equation (F.5-34) as
follows:

1 .
lago = E dOlqsO (F.5-35)

Multiplying both sides of Equation (F.5-3) by dy as follows:

3\/3

S, =e,d, == E,d, ( 3 Lo, +r, jidodo — 2V, .d, (F.5-36)
T

Substitute Equation (F.5-35) in Equation (F.5-36), we obtain the function of the

duty cycle dj as follows:
B(%lcwg + rdcj qso}d , [3*/_ E, 2dedejd +5,=0 (F.5-37)

Solving Equation (F.5-37), the duty cycle dy are determined. All required initial

values can be determined accordingly.
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