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Abstract

The penetration level of power electronics (PE) interfaced loads has been gradually

increasing in recent years. It is beneficial to equip the electric load with a PE interface since

it allows for more advanced control of the load performance. Furthermore, the increasing

penetration of PE interfaced loads will bring both challenges and opportunities to power

network resilience and reliability.

However, the lack of modeling and control design for PE interfaced load units in the

transmission-level power network analysis, especially for these high-penetrated high-power-

rating load applications, limits the accuracy of evaluating the dynamic performance and

stability status of the power network. Additionally, the complex configuration and high

bandwidth dynamic performance of the PE interfaced load computationally prohibit the

model development in transient stability (TS) simulation programs.

Therefore, the dynamic PE interfaced load model can be characterized considering the

following aspects: 1) Utilize the real-time experimental platform to represent the PE load

dynamic performance since the power testbed can reflect the power grid operation with more

robustness. 2) Adapt the simplified PE-based model to TS simulation tools, which focus on

grid electromechanical transients and oscillations between 0.1 and 3 Hz.

Research of the PE interfaced load towards its modeling and control design in different

simulation environments and the flexible contribution to the grid operation has been

conducted. First, the variable speed drive (VSD) based motor load is studied as a typical

PE interfaced load, which can actively interact with power grid operation. The model

of VSD load is introduced and applied to the power emulator for the multi-converter-

based hardware testbed (HTB) in the Center of Ultra-wide-area Resilient Electric Energy

Transmission Network (CURENT). Second, the aggregated performance of multiple VSD

vi



load units with grid frequency support function is characterized. Third, the fast electric

vehicle (EV) charging unit is studied as a typical PE interfaced load with high power

consumption. The generic model of EV charger load is developed based on the detailed

switching model. The accuracy of the proposed EV charger load TS model has been verified

by comparing it to simulation results of the equivalent electromagnetic (EMT) model.
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Chapter 1

Introduction

1.1 Background and Motivation

Power electronics (PE) interfaced loads have gradually become one of the most commonly

used types of loads in the electric power network. It is beneficial to equip electric loads with

a PE interface since it not only provides a flexible way to change the power supply voltage

magnitude and frequency, but also allows for more advanced control of the load performance.

There are a large number of PE interfaced load types over wide power rating and application

range, e.g., electric vehicle (EV) charging stations, variable speed drives (VSD), consumer

chargers, etc. PE interfaced loads are usually classified into the following categories [1]:

• Switch-mode power supply (SMPS) load includes “consumer electronics” devices, such

as personal computers (PCs), televisions (TVs), compact disc (CD), and digital video

disc (DVD) players, etc. The load power stages usually consist of a front-end rectifier,

a dc link, and a dc-dc converter controlled to provide regulated output.

• Energy efficient lighting load includes compact fluorescent lamps (CFLs) and light-

emitting diode (LED) lights. The LED light source circuit is mainly made up by

the diode bridge rectifier, while CFLs use an electronic ballast circuit with the self-

oscillating inverter to control the voltage across the fluorescent tube.
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• Single-phase and three-phase VSD controlled motors can be further classified based

on different types of mechanical loads, which include the constant-torque load, linear-

torque load, quadratic-torque load, and constant power load.

• Distributed electric storage system (DESS), of which the storage unit is connected

to the grid through a PE interface, which usually includes a pulse-width modulation

(PWM) boost converter and a PWM voltage source converter (VSC).

• EV battery charging unit includes multiple power-rating levels based on different

electric source formats. The EV charging unit characterizes a considerable power

consumption with a growing penetration in the power grid.

The increasing penetration of PE interfaced loads will bring both challenges and

opportunities to power network resilience and reliability, which is explained in the following

two subsections.

1.1.1 Challenge: Distinct Load Characteristics and High Power

Consumption

First, the PE interfaced load influences the grid transient stability (TS) when participat-

ing into the operation of conventional ac network [2]. A PE interfaced load is characterized

as a nonlinear model with more complexity compared to the conventionally adopted load

format for the TS analysis. Moreover, the growing energy consumption of some high-power-

rating PE interfaced load also introduces a significant influence on the grid performance, of

which the typical examples are an EV charging unit, a three-phase VSD unit, etc [3, 4].

The year-by-year development of charging infrastructure requirements in San Francisco

is illustrated in Fig. 1.1 as an example [5]. It can be observed that each type of charging

infrastructure (i.e., workplace, public Level 2, and public dc fast) needed in the San Francisco

metropolitan area grows significantly from 2017 to 2025. By 2025, there are expected to be

more than 6,000 additional charge points in the workplace or public Level 2 charging, and

more than 700 in dc fast charging, which is a huge increase compared with the existing

number of EV charging infrastructures. Additionally, this analysis for the San Francisco EV
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Figure 1.1: Quantifying the EV charging infrastructure gap in San Francisco metropolitan
area [5].
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charger expected growing trend shown in Fig. 1.1 is similar to that performed in the other

100 most populous metropolitan areas. So an EV charging unit global increasing trend will

be expected in the near future.

1.1.2 Opportunity: Grid Enhancement Provided by PE Interfaced

Load

Aside from influencing the power network operation due to its own characteristics, the

PE interfaced load has the potential of improving the power grid stability with appropriate

coordination and control.

Nowadays, renewable energy resources (RES) have been widely accepted and utilized

since they play an essential role in reducing greenhouse gas emissions in the U.S. [6].

According to [7], renewable electricity generation is expected to increase to up to 38%

of the total electricity generation by 2050, which is shown in Fig. 1.2. However, the

increasing number of RES in the power grid introduces a severe power mismatch between the

generation and demand because the RES is more intermittent and unpredictable compared

with conventional generation resources. Therefore, it requires the coordination of responsive

loads or energy storage units with the RES to mitigate the power mismatch issue.

The PE interfaced load is regarded as one of the best candidates for the responsive load.

One of the reasons is that the PE interfaced load can respond accurately according to grid

support requirements since PE interfaces can provide advanced load control. Moreover, using

the PE interfaced load is cost-effective since it does not require extra investment on sensors

and regulators compared with some loads inherently without PE interfaces. Therefore, the

PE-based load has great potential of being used as the responsive load to promote grid

performance.

1.1.3 PE Interfaced Load Model Application Current Status

However, the lack of PE interfaced load modeling and control design, especially for these

high-penetrated high-power-rating load applications, limits the study of the corresponding

impact on the power network dynamic performance and stability analysis. According to the
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survey conducted by the International Council on Large Electric Systems (CIGRE) regarding

the international industry load modeling practice in 2013, the most commonly used load

model for the power system analysis is the static load model as illustrated in Fig. 1.3 [8, 9].

From Fig. 1.3, the active load model and reactive load model are studied respectively

as illustrated in Fig. 1.3a and Fig. 1.3b. As for the load model used in the dynamic power

system analysis, 70% of the companies and institutes adopted the static model to represent

the active and reactive load characteristics globally. In comparison, the application of the

dynamic load is limited not only in terms of being adopted by a small portion of users,

but also in terms of the limited types of dynamic load representation - typically, only the

induction motor (IM) load is considered as the dynamic load and represented specifically. In

contrast, other types of loads are all simplified and represented as static loads.

Meanwhile, Western Electricity Coordinating Council (WECC) has been working on

improving the load representation in dynamic simulations. The WECC Composite Load

Model (CLM) was tested and implemented in major industrial level simulation software

by 2012, including PowerWorld Simulator, Siemens PTI PSS/E, TSAT, etc [10]. The

dynamic load models provided in CLM include four types of motors. However, the dynamic

performance of PE devices has not been emphasized until one of the recent updates where

the PE-based RES, e.g., the photovoltaic (PV) generation unit, has been classified as one of

the CLM [11]. However, the model of the PE interfaced load still has not been considered

yet.

One of the most important reasons for using a static load model to represent most of the

electric loads, especially the PE interfaced load, is due to the fact that it is computationally

prohibitive to study the large-scale transmission network with highly detailed models of any

load devices. Therefore, it is not practical to represent the complex dynamic characteristics of

the PE-based load, which includes the fast switching dynamics, the high-bandwidth control

algorithm, and the sophisticated filtering process. However, the PE interfaced load is a

typical nonlinear load. Also, some types of PE interfaced loads consume a large amount

of power, e.g., EV charging units, DESS, etc. Therefore, PE interfaced loads significantly

affect the grid dynamic performance when being integrated into the conventional ac network

[12]. Also, the PE interfaced load has the potential of improving grid stability with specific
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Figure 1.2: Increasing trend of renewable electricity generation [7].

(a) Active power load model. (b) Reactive power load model.

Figure 1.3: Load models used for dynamic power system studies [8, 9].
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coordination and control, as introduced above. All of these distinct load characteristics

cannot be fully reflected by the static load model. Therefore, it is of great importance to

investigate how to represent the PE interfaced dynamic load performance, as well as the

corresponding support functions, in the large-scale power system analysis.

1.2 Dissertation Outline

This dissertation is organized as follows in terms of exploring the modeling and control

of PE interfaced load in the transmission-level power network analysis:

Chapter 2 gives a detailed literature review on the existing research progress towards

utilizing industrial VSD loads with PE interfaces to perform as responsive loads to promote

the power network operation, PE interfaced devices modeling method adopted by the TS

simulation environment, control algorithms of fast EV charging units, and the application

of the real-power electric grid emulation testbed. Meanwhile, the research topics in this

dissertation are summarized in this chapter.

Chapter 3 presents detailed and simplified VSD models with open and closed-loop control

schemes. The power emulator of the VSD load is developed based on the corresponding load

model.

Chapter 4 presents the aggregated model of a VSD load with grid frequency support

techniques. The potential of VSD loads in terms of providing an equivalent operational

reserve for the grid is also discussed in this chapter.

Chapter 5 introduces the experiment exploring VSD load primary frequency support

based on HTB and corresponding power emulator.

Chapter 6 introduces the simplified fast EV charging unit model, which is derived based

on the detailed electromagnetic transient (EMT) model. The proposed simplified EV charger

model will be used for developing the electromechanical model, which is suitable for the TS

simulation environment.

Chapter 7 proposes an EV charger load model generic representation for a TS simulation

environment, including the characterization of commonly used EV charger control algorithm
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in different operation modes. The accuracy of the proposed load model is verified by

comparing the simulation results to that of the equivalent EMT benchmark model.

Chapter 8 summarizes the main conclusion of this dissertation, and introduces potential

future research topics considering the PE interfaced load modeling and control.
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Chapter 2

Literature Review

The increasing penetration of PE interfaced loads has introduced challenges and

opportunities to the transmission power network, considering that PE loads not only perform

as high-power-rating nonlinear load, but also have the potential of providing grid support

flexibly. Therefore, it is no longer appropriate enough to regard the PE-based loads as static

power consumption for grid analysis. Considering the compatibility of the complicated PE

interfaced load model to the transmission-level power network analysis, there are two options

for representing the PE-based load in the transmission power network: 1) Utilize real-time

analog testing platform to represent the PE-based load dynamic performance; 2) Adapt

the simplified PE-based model to TS simulation tools, which reflects the electromechanical

transients and oscillations between 0.1 and 3 Hz.

In this dissertation, the investigation of the PE interfaced load mainly focuses on: 1)

explore the potential of PE interfaced load on regulating the power grid frequency stability,

2) PE-based load emulator development in real-power testbed, 3) PE interfaced load dynamic

model development for the transmission-level grid analysis. Reviews on the existing research

about responsive loads, the PE interfaced devices modeling, and real-time power testbed are

introduced in this chapter.
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2.1 Responsive PE Interfaced Load Model and Con-

troller Design

Nowadays, the vast integration of RES into the electric power grid imposes great

challenges to the traditional centralized management system due to intermittence and

unpredictability of RES [13, 14, 15, 16, 17]. Therefore, it is of critical importance to

maintain a relative balance between the power supply and power demand instantaneously

and continuously for the power grid with high-penetrated RES. Conventionally, the grid

frequency stability is mainly provided by the synchronous generator (SG) primary frequency

and secondary frequency control as illustrated in Fig. 2.1 [18, 19, 20].

As illustrated in Fig. 2.1, the primary frequency regulation aims to keep the balance

between the generation and demand between 5-30 s following a grid disturbance, and the

secondary frequency regulation restores the frequency to the nominal value in less than

15 minutes. However, due to difficulties introduced by the intermittent RES in terms of

power flow balance regulation, it is more expensive and technically complex to guarantee the

stability and reliability of the power grid by only using the conventional regulation scheme

provided by SGs. In order to facilitate the application of RES in the future, it requires

more flexible and fast response capacities to handle the generation variability. Therefore,

the concept of using fast-response non-critical loads to improve grid stability has emerged in

recent research.

2.1.1 Concept of Using Non-critical Load to Enhance Grid Sta-

bility

Non-critical loads can tolerate a wide variation of the supply voltage/frequency for a short

time without disrupting consumers. It has been proposed in [21] that the technique of using

non-critical load to achieve power flow response according to the power grid requirement

is referred to as smart load (SL). Meanwhile, using non-critical loads as grid power reserve

is economical since less energy storage capacity will be required accordingly [22, 23]. To

simplify the notification, end-users equipped with similar techniques are all notified as “SL”
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in the following text, though some different names are presented in other existing studies.

The general configuration of the SL is illustrated in Fig. 2.2.

The basic configuration of the SL model includes the following three parts, as illustrated

in Fig. 2.2: 1) a combination of multiple identical non-critical load units, or multiple non-

critical load units with similar characteristics. 2) PE interface which decouples load units

from the power supply. Additionally, as for the load which originally has no PE interface

configurations, it requires to install PE interface to fulfill the load responsive functions,

which yields an extra investment. 3) Measurement unit and corresponding control schemes

are required to be applied to the PE interface, which supports the required load response.

The basic function of SL is to flexibly adjust the power consumption following the

requirement of grid support for a short duration. Therefore the modeling and control design

of the SL should emphasize the flexible variation of the power flow. The SL can be classified

according to the type of connected load as:

• Static smart load (SSL): the characteristics of the corresponding load can be modeled

as the static load, e.g., resistance load, inductance load, capacitance load, etc.

Therefore, the SSL can be regarded as a controllable active and reactive power sink by

appropriately adjusting the load terminal voltage magnitude VES and phase angle θES,

with actively regulating the PE interface. The basic SSL configuration is illustrated

in Fig. 2.3a. The power capability of SL depends on the permissible voltage variation

range of the load and PE interface, and the converter power rating limitations.

• Dynamic smart load (DSL): the dynamic load characteristics are not only related to the

status of the current moment, but also related to the status of the previous moment.

Therefore, the dynamic load is usually modeled by high-order differential equations,

which is more complicated compared with the static load. The VSD driving non-critical

rotating load, which is attributed to the high-power-rating non-critical PE interfaced

load, is one of the most frequently used DSL. Existing examples utilizing VSD as DSL

are mainly reviewed in this chapter considering the scope of this dissertation. The

main configuration of VSD based DSL is illustrated in Fig. 2.3b.
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Figure 2.1: Schematic diagram of frequency control following a frequency disturbance [18,
19, 20].

Figure 2.2: Smart load basic configuration [21].
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The general circuit topologies illustrated in Fig. 2.3 are based on the assumption that

the load models are represented for the transmission level. Different circuit topologies are

required if representing the load for the distribution level.

2.1.2 SL Grid Support Functions

Based on the existing research, the SL main grid support functions can be classified

according to the following five aspects:

• Active/reactive power control and voltage regulation [24, 22, 25, 26]. Several control

schemes for regulating the SSL power consumption by adjusting the VES have been

proposed in these research papers. Additionally, it has been proved that the application

of SL can effectively reduce the energy storage requirements in the power network.

• Mitigation of harmonics [27], where the PE interface is utilized to improve supply

voltage power quality by reducing the voltage harmonics.

• Power factor enhancement [28, 29], which is similar to the control principle of regulating

the load power flow by adjusting the VES.

• Three-phase balance control [30, 31]. The load power imbalance condition is mitigated

by independently regulating the PE interface in each phase.

• Grid frequency control [32, 33, 34, 35]. The supply and demand power mismatch can

be mitigated by actively adjusting the SL active power consumption, thus improving

the grid stability. Both the SSL and DSL have been investigated to support the grid

frequency. How to provide frequency support by actively regulating DSLs is emphasized

in the next subsection considering the research scope of this dissertation.

2.1.3 Grid Frequency Support Provided by VSD Load

IMs are used in a wide range of industries, such as oil, mining, marine, and other industry

utilization. Meanwhile, VSDs have been widely used to control IMs because the PE-based

VSD can accurately regulate the motor rotating speed according to the requirement of
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(a) SSL with series-parallel converter [22].

(b) VSD based DSL with series converter [21].

Figure 2.3: Main circuit topology of smart load.
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customers. So the VSD has been gaining popularity in recent years, considering its benefits

on performance improvement and energy savings [36]. It is estimated in [37] that energy

savings from VSD systems are 787 GWh/year for fan systems and 6421 GWh/year for pump

systems.

Furthermore, VSDs have the potential to improve the power grid stability, since VSD

regulated motor loads can provide a variety of grid support - e.g., grid frequency service

- with appropriate control schemes to adjust load power. Specifically, non-critical loads,

such as pumps and fans for heating, ventilation and air conditioning (HVAC), have better

potential to provide grid support since a temporary adjustment of the rotating speed does

not affect the load primary production process [35, 38, 36].

Compared with the SSL introduced above, a VSD load is regarded as a convenient end-

user for providing grid support since the support control schemes can be directly applied

to the PE-based motor drive without requiring extra investments. However, in existing

research papers which discuss the VSD load frequency support, only the IM open-loop control

scheme is adopted by most VSD controller designs, e.g., the widely used constant volt-

per-hertz control, which is also referred to as constant V/f control [36]. The basic grid

frequency support scheme using VSD load is summarized below according to the existing

literature[39, 40, 41]:

According to Fig. 2.4, the grid frequency deviation ∆f is measured locally by the load

unit, and the required VSD power consumption deviation reference ∆Pref is derived based on

the required droop response. Afterward, ∆Pref will be transferred to rotor speed reference

deviation ∆ωr according to the inherent motor load characteristics. ∆f - ∆Pref droop

response will be introduced in the following subsection in detail.

Additionally, the VSD load topology mentioned in the above literature mainly includes

the diode rectifier, the dc capacitor, the inverter-based motor drive with controllable switches

and IM. So the motor load regenerative process should be considered as well. According to

the proposed research results, the regenerative process is avoided by: 1) restricting the slew

rate of the motor speed reference; 2) specifically design the VSD controller as illustrated in

Fig. 2.5 [39].
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As shown in Fig. 2.5, load power command Pref is computed based on initial power

command P0 and ∆Pref derived from the frequency deviation ∆f . ∆ωr,ref is calculated

using a proportional-integrator (PI) compensator with the input signal of the inverter’s

power deviation, which is expressed by the difference between Pref and Pinv. This technique

guarantees to avoid regeneration during the motor’s speed reduction process regardless of

its operating range.

Applying the open-loop constant V/f control to the VSD is cost-effective because: 1) an

advanced microprocessor is not required to achieve the simple open-loop control function;

2) fewer electrical sensors are needed since no feedback information is used in the control

loop. However, constant V/f control limits VSD performance accuracy, so the effectiveness

of VSD frequency support function is relatively compromised. For example, an overshoot

on the load power consumption is observed if the slew rate of the motor speed reference is

large. Meanwhile, the critical parameters of the constant V/f controller can not be adjusted

according to the real-time load performance, which is a general disadvantage of all open-loop

control schemes [36].

2.1.4 P - f Droop Control

For conventional SG, if there is a sudden power mismatch between the prime motor

power output and electrical power consumption, the SG is able to extract the kinetic energy

from the rotating mass to slow down the rate of change of frequency (RoCoF) at the very

instant of the event, and this phenomenon is regarded as inertial response. Following the

inertial response, the SG will provide additional power to stabilize the deviated frequency at

a new steady-state level due to the governor’s droop setting [42, 43, 44]. This is a relatively

slower response compared with the inertial response, which mainly depends on the governor’s

characteristics and prime-mover time constant.

The concept of droop control has been widely adopted by distributed generation units

for power grid stability improvement. In additional to p − f droop control, v − f droop

control is also utilized to sustain the grid voltage and active power [45, 46, 47, 48]. For

PE-based generation units, the p− f droop control is applied to emulate the response of the

SG governor [42, 49, 50, 51, 52, 53]. The generator output active power reference deviation

16



∆Pref during a grid contingency is proportional to the deviation of the system frequency

∆f by the predefined droop rate Kdroop according to the droop control scheme, which is

illustrated in Fig. 2.6 and expressed by (2.1).

∆P = Kdroop∆f (2.1)

As illustrated in Fig. 2.6, ∆P represents the deviation of active power contribution

provided by the generation unit when grid frequency deviation occurs. ∆fdb represents the

deviation between deadband frequency fdb and nominal frequency fnom as expressed in (2.2).

fdb represents the threshold where the droop frequency control is activated. The definition of

∆fmax is similar, which represents the deviation between the predefined maximum frequency

fmax and fnom as expressed in (2.3). All available power reserves are released for frequency

support when grid frequency reaches fmax. Pprime,up and Pprim,down represent the maximum

available power reserve in frequency increase and decrease event respectively.

∆fdb = fdb − fnom (2.2)

∆fmax = fmax − fnom (2.3)

In addition to being adopted by RES, the droop control scheme is also adopted by

responsive loads for promoting grid frequency stability.

2.1.5 Research Gaps

According to the overview of the existing research, the following research gaps in terms

of responsive PE interfaced load modeling and control are summarized below:

• The SSL model and control have been widely studied based on the literature review.

However, investigation on DSL, of which the typical example is the VSD load, is rarely

mentioned compared with that of the SSL [24, 22, 25, 26, 28, 29, 27, 30, 31].

• The aggregated representation of VSD load units has not been investigated yet

according to the existing research. In [39, 40, 41], the VSD based DSL dynamic
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Figure 2.4: Primary frequency support control schemes adopted by VSD loads [39, 40, 41].

Figure 2.5: Updated primary frequency support which avoids the regenerative process [39].

Figure 2.6: p− f droop control diagram [52]
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performances are modeled by one VSD load unit without justifying the accuracy of

such representation method.

• The currently studied VSD load with grid frequency support functions mainly focuses

on the diode front-end rectifier VSD with open-loop controllers. The active front-end

rectifier VSD with sophisticated control schemes is rarely mentioned.

2.2 Multi-converter Based Hardware Testbed (HTB)

Analog experimental platforms have been widely used in power network transient studies

due to their excellent performance on the accuracy, numerical robustness, and the wide

time scale compared with the digital simulation [36]. The multi-converter based hardware

testbed (HTB), which is developed by the Center of Ultra-wide-area Resilient Electric Energy

Transmission Network (CURENT) at the University of Tennessee, is a real power testbed

featuring multiple power emulator modules based on a programmable three-phase VSC [54,

55]. The CURENT HTB is advantageous to emulate the dynamic performance of large-scale

power systems considering the following aspects [56]:

• Broad time scales in one system - ranging from microseconds level for PE switching dy-

namics, to milliseconds and seconds level for conventional power grid electromechanical

transients.

• Less dependency on numerical calculation, increase the overall robustness of the whole

testing system.

• Realistic power testing platform which integrates real-time communication, system

protection, power grid centralized control, and visualization together.

• Capable of performing prolonged real-time experiments, meanwhile simultaneously

providing power system information in detail.
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2.2.1 HTB Electrical Topology

The architecture of HTB is illustrated in Fig. 2.7 [57]. A constant dc voltage source

is utilized to power up the whole testbed. Modular three-phase VSCs, which can also

be referred as “power emulators”, are connected to both ac and dc sides. This electrical

connection allows for power circulation between ac and dc buses, so the HTB consumes

almost no power except making up the power loss during circulation. According to Fig. 2.7,

each power emulator is responsible for mimicking the real-time dynamic performance of one

or more electrical components in the power network.

2.2.2 Power Emulator Unit Configuration

The most basic functional unit in the HTB is the VSC-based power emulator. The

power emulator is capable of representing various electrical components in the power network,

including the synchronous generator [57], renewable energy sources [58, 59], transmission lines

[60], static and dynamic loads[61, 62], etc. The power emulators are connected according to

the desired power network topology.

Power emulators are flexibly controllable and configurable, so multiple transmission-

level scenarios can be performed and analyzed with specifically designed emulators [62],

e.g., the transmission network fault scenarios [63], the inertial response of high penetration

renewable resources network [60], the fault induced delayed voltage recovery (FIDVR) [62],

etc. Therefore, the creation of new HTB emulators will promote the research of the

transmission-level power grid [62].

As mentioned in previous paragraphs, the regenerative architecture of HTB is developed

based on voltage type emulators, current type emulators, and common dc voltage source,

which is illustrated in Fig. 2.8 [64]. This regenerative configuration is highly efficient for high-

power applications. The generation units, including conventional synchronous generator or

RESs, are usually represented by the voltage type emulator, which provides a stable ac

voltage for the emulated ac power network, while the load units are represented as the

current type emulator, which actively controls the corresponding current consumption to

represent the dynamic load performance.
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The current controlled type emulator circuit topology and control structure in three-

phase coordinates, which is also referred to as abc coordinates, is illustrated in Fig. 2.9 [64].

The emulator three-phase ac side is the electrical interface with the rest of the system, and

the corresponding ac voltage and current - which are denoted as Vsabc and Isabc respectively -

are sampled in real-time. The sampled electric variables are used for updating the emulated

power load model. Based on the previous investigation and emulator development research on

HTB, almost all of the emulated electric element models are created based on dq coordinates

since it can simplify the modeling and control design. Specifically, the ac side line-to-line

voltage Vll,abc serves as the inputs for the phase lock loop (PLL) to determine the phase

reference of dq coordinates, and all electrical variables in abc coordinates will be transferred

to dq axis accordingly in the modeling process.

As for the modeling of the current type load emulator, Vsdq, which is the equivalent

representation of Vsabc in dq coordinates, are usually used as the input variables for the

emulated load models. As illustrated in Fig. 2.9, the emulator microprocessor generates the

current reference Isdq,ref according to Vsdq following the load modeling procedure. Then the

VSC gate signals gabc are generated based on Isdq,ref through a digital current control loop

and modulation process as illustrated in the solid grey box, of which the current control

loop adopts PI controller in both d and q-axis [36]. In this way, the three-phase interface

will mimic the emulated load characteristics by providing load current following the derived

Isdq,ref .

2.2.3 HTB Communication, Control and Visualization

As mentioned above, one of the advantages of using HTB for power system emulation

is that it can mimic the practical communication of the power network, which includes the

communication between the central controller and local controllers from each area, sending

out commands to local electric devices, information feedback from local devices to the control

layer, etc. The HTB communication system is necessary for the purpose of emulating the

operation of the power network control center, and the development of communication system

allows for efficiently controlling the HTB to perform multiple scenarios according to users’
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Figure 2.7: Architecture of CURENT Hardware Testbed [57].

Figure 2.8: Voltage and current type power emulator circuit topology and regenerative
structure [64]
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requirements. For example, with the human-machine interface (HMI), users can send out

control commands to low-level devices, and monitor the power system operation.

As illustrated in Fig. 2.10, the HTB consists of hardware configuration, which includes all

the basic power emulators and electrical connections, and visualization/control center which

is applied to monitoring the HTB operation and send out grid regulation commands [65]. So

the hardware configuration represents the low-layer devices, and the control center represents

the high-layer monitor and control systems. The HTB communication system plays the role

of the bridge that actively connects these two parts together. The National InstrumentsTM

(NI) LabVIEW interface is used as the HTB HMI, which is used to realize the system level

communication and control implementation. Connection between the LabVIEW (users) and

the HTB hardware is based on NI CompactRIO-9081.

As shown in Fig. 2.10, the bidirectional communication between the LabVIEW and the

CompactRIO is realized based on Ethernet, while the bidirectional communication between

the CompactRIO and power emulators is realized by CAN bus, which is developed within a

Texas Instrument (TI) DSP TMS320F28335 employed by each power emulator.

Additionally, potential transformers (PTs) and current transformers (CTs) are installed

to monitor the electric variables of critical buses and transmission lines. These measured

signals are sent back to LabVIEW interface to mimic the real power system control center.

2.2.4 HTB Load Power Emulator Design

The electric load is one of the most important electric components in the power network,

and several types of HTB load emulators have been developed in previous research. The

most frequently used load type is the static load, and the “constant-impedance, constant-

current, constant-power” (ZIP) load emulator has been developed in [61]. The developed

ZIP load emulator is a current type emulator, and the composition can be flexibly adjusted

according to the requirement of the user.

Meanwhile, the dynamic load model has also been studied. According to the previous

research, load emulators related to the IM and the diode-front-end rectifier have been

developed. In [66, 62], load emulators specifying the characteristics of IM load and the

motor-drive-regulated air conditioner have been designed and verified on the HTB. Also, the
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Figure 2.9: Circuit schematic and control structure of current controlled load emulator [64].

Figure 2.10: Communication architecture of CURENT HTB [65].
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power emulator characterizing the three-phase diode rectifier connected with a resistor load

is also introduced in [67]. However, there is still a gap between the PE interfaced dynamic

load performance representation and the emulator models developed in the previous research

[36].

2.2.5 Research Gaps

Although models of PE interface configuration and motor have been developed in the

previous HTB emulator research, they still cannot meet all requirements of the VSD-based

frequency response load performance representation:

• Characterization of the inverter-based motor drive with various control schemes has

not been investigated yet. For example, the motor-drive-regulated air conditioner

power emulator has been developed in [62], but only the most basic open-loop motor

speed controller has been investigated, limiting the complete description of load

characteristics.

• Lack of effective connection of the VSD-based load. Although the HTB emulators

characterizing the VSD PE interface and the rotating load have been studied as

mentioned above, these major components never operate jointly as the VSD-driven

motor load. So investigation on VSD-based load should be performed based on

connecting these major electric parts together as an effective load unit.

• Oversimplified load dynamic performance. The HTB power emulator characterizing

the three-phase diode rectifier-based load has been proposed in [67], but the diode

bridge connected load’s characteristics are simplified as a resistor load, which limits

the corresponding load performance representation.
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2.3 Load Model Applied for Transmission-level Power

Network Analysis

In this section, the commonly used PE interfaced device models adopted by the

transmission-level power network study are reviewed. Furthermore, the prevailing simulation

tools which allow for the PE-based device modeling are introduced. Meanwhile, the

simulation tool’s capability of being used for the transmission-level power grid simulation is

evaluated respectively.

2.3.1 Prevailing PE-based Load Model Format

Electrical load models are classified as the static model and dynamic model in the TS

analysis, which focuses on the electromechanical transients and oscillations between 0.1

and 3 Hz [68, 2]. As presented in [12], static models include: 1) ZIP model [69, 70, 71],

2) exponential model [69, 72], 3) frequency dependent model [69, 73], 4) Electric Power

Research Institute (EPRI) LOADSYN model [73, 74]. In comparison, dynamic models

include: 1) IM model[69, 73], 2) exponential recovery load model [75, 76], 3) Western

Electricity Coordinating Council (WECC) Composite Load Model (CLM) [77, 78].

The PE interfaced load has been widely studied and modeled based on different research

purposes, which can be classified into the following categories according to the existing

research literature:

• Exponential model, including the standard exponential and polynomial format, is

widely used in both static and dynamic analysis [79, 80, 81]. The polynomial load

representation has been reported to have an excellent performance when adopted by

static system evaluation, e.g., the power flow analysis, the voltage stability analysis

exploring the grid, etc. However, the accuracy of this type of load model will be

compromised if representing the transient load performance.

• Dynamic equivalent circuit model, including both the detailed circuit model and

dynamic average-value equivalent model [82, 83, 84]. The detailed model characterizes
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the on/off status of PE devices, thus requiring a small simulation time step. In

comparison, the average model concentrates on the converter cycle-to-cycle behavior

so that less computational resources are required when applied to digital simulation.

However, the equivalent circuit model is widely used in the EMT rather than the TS

simulation tools since it features the load circuit topology, which is too complex to be

modeled in TS simulators.

• State space model/transfer function model, where the dynamics of the load electrical

components and control strategies can be described based on this model format

conveniently. The state space model is derived based on the system time-domain

differential equations, e.g., the EV fast charger model is proposed by this approach

in [85]. The transfer function model is equivalent to the state space model, which

represents the system frequency domain dynamics. The state space model is more

suitable to be used in TS simulation environments compared with the equivalent

circuit model. For example, the PE-based VSD model in TS simulation environment

is proposed in [86, 87, 88, 89] using this model format. However, simplification

approaches are required if considering the accessibility to the transmission-level

network simulation, which is not sufficiently studied to the best of the author’s

knowledge.

Although it has been proved that using a dynamic load model can improve the accuracy

of the power system analysis, the electric load is mostly represented by the static load

model in the transmission-level system studies according to the technical report provided

by CIGRE regarding the international industry load modeling practice in 2013 [8, 9].

Furthermore, from the small portion of the adopted dynamic loads, most of them are used

for representing the industrial IM load. In comparison, the PE interfaced load is usually

regarded as the static load assuming that it does not largely influence the power grid dynamic

performance. However, this consumption is not valid if considering the distinct PE-based

load characteristics and the potential contribution to grid operation.
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2.3.2 Overview on Digital Simulation Tool Regarding PE-based

Components

The load model format has been discussed in the last subsection. An appropriate

model format should be selected based on the research purpose, as well as considering the

capability of specific simulation environments. For example, PE-based devices have been

extensively studied using the EMT simulation tools, but the corresponding model used for

EMT environments cannot be directly used in other simulation environments. Therefore, it

is of critical significance to study the capability of simulation software, and design a suitable

simulation model according to specific simulation tools.

Several commercial simulation tools can be used for modeling PE-based devices according

to different research purposes. Specialties and limitations of prevailing simulation tools are

summarized in Table 2.1 and briefly explained below:

• Device-level simulation, prevailing commercial simulation tools under this category

include PSPICE, PLECS, etc. This type of simulation tool focuses on the research

and development of PE devices based circuits, and provides a simulation package with

detailed information of semiconductor switches, e.g., the switch turn-on resistance, the

parasitic capacitance, etc. Usually, the influence of the power network connected with

the studied electric device is not considered, so the ideal voltage source is adopted as the

power supply. So this type of simulation tool is not used for large-scale power network

simulation, though it provides the most detailed representation of PE configurations.

• Three-phase EMT simulation program includes EMTP/ATP, PSCAD/EMTDC, etc.

This type of simulation program is developed considering both the dynamic perfor-

mance of PE-based devices, and the corresponding interaction with the rest of the

transmission-level power network. Usually, the simulation package of transmission-

level components, (e.g., synchronous generator model, transmission line model, etc,)

and the PE-based devices, (e.g., basic ac-dc converter bridge, FACTs, etc.) are

provided, allowing the users to develop the power network with relatively complete

details. However, such rich simulation details yield a relatively small simulation time
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Table 2.1: Frequently used simulation programs including the model of PE devices.

Device-level
simulation

Three-phase
EMT simulation
program

Positive-
sequence TS
simulation
program

Hybrid
simulation
program

Commercial
software

PSPICE,
PLECS, etc.

EMTP/ATP,
PSCAD/EMTDC,
etc.

PSS/E,
PSLF, TSAT,
PowerWorld,
etc.

PSS/E-PSCAD
Co-Simulation;
TSAT-PSCAD
interface; user-
defined platform

Specialty research and
development
of PE-device-
based circuit.
The power
source used
in circuits
is usually
assumed to
be ideal.

Three-phase
time domain
simulation,
capable of
simulating
switching
dynamics of
semiconductor
devices. Provide
specialized
transmission-
level simulation
modules.

Single-phase
phasor domain
modeling
approach.
Suitable for
three-phase
balanced
transmission-
level power
system analysis.

External power
network and
PE devices
are simulated
separately.
Three-phase
unbalanced
conditions can
be represented.

Time step smaller than
switching cycle

∼50 µs ∼4 ms ∼50 µs to ∼4
ms

Simulation
time
duration

N/A Long Short Medium

Simulation
capability

N/A Hundreds of
buses

∼100000 buses N/A

Limitation Not suitable
for power
network
simulation.

Not suitable for
large-scale power
network studies
due to limited
buses and long
simulation time.

Cannot fully
reflect the
high-frequency
dynamic
performance in
the grid; limited
capability on
characterizing
unbalanced
grid condition;
limited dynamic
load models.

Communication
protocol
between
different
simulation
platform;
complex
boundary
definition.
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step at ∼50 µs, which results in a great computational burden. So there are some

related simulation issues that may occur, such as lack of robustness, and long simulation

time length. Therefore, one of the most critical disadvantages of the three-phase EMT

simulation program is the limitation on the number of simulated buses.

• Positive-sequence TS simulation program includes PSS/E, PSLF, TSAT, PowerWorld,

etc. This type of simulation tool is most frequently used for the large-scale

transmission-level power network analysis, of which the simulation capability can reach

up to ∼100000 buses. The electrical components are all represented as single-phase

phasor domain models assuming that a three-phase balanced system is studied. The

simulation time step is∼4 ms, which is suitable to represent electromechanical transient

at 0.1 and 3 Hz. Disadvantages of these simulation programs include that: 1) the high-

frequency dynamic performance cannot be fully reflected; 2) limitation on simulating

unbalanced grid faults; 3) lack of the non-passive load model provided by the simulation

package.

• The hybrid simulation is a newly emerged research topic which emphasizes the

cooperation of two different simulation platforms. The concept of “hybrid simulation”

includes a broad range, so the cooperation between the TS program and EMT program

is emphasized. Currently, the commercial hybrid simulation tools include the PSS/E-

PSCAD Co-Simulation developed by Siemens PTI, and the TSAT-PSCAD interface

(TPI) developed by DSATools. The advantage of hybrid simulation is that the

conventional large-scale power network and PE-based devices are simulated separately

in different simulation programs with varied time steps, so it includes the advantages of

both simulation environments, and conserves computational resources. However, there

are not many commercial hybrid simulation tools for users to select, so the user-defined

hybrid simulation environment, which combines two simulation platforms out of the

users’ choice, can be seen in recent research papers.

Based on the evaluation and analysis above, the TS simulation tool is more suitable for

simulating transmission-level power grid compared with other simulation tools, considering

the large number of buses involved, and accurate representation of power network dynamic
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performance. So the models of PE-based devices developed in TS simulation environments

are reviewed and summarized in the following subsection according to the current research

progress.

2.3.3 PE-based Device Modeled in TS Simulation Tools

Although the PE-based load in the TS program has not been extensively studied based

on the author’s best knowledge, there are still some research papers related to this research

topic. Some of the typical research progress are reviewed below:

As proposed in [88], the performance-based VSD load model is implemented by obtaining

the linearized power-voltage and power-frequency transfer functions based on the test data

from the EMT model simulation. The prediction error minimization technique is utilized to

optimize the VSD model transfer function. Therefore, the proposed model is represented as

a controlled voltage source, of which the voltage is derived based on the load power flow.

The developed model is able to capture the dynamic behaviors of a vector-controlled motor

drive in linear operating range, i.e., approximate to the initial operating point. So this

model is suitable for being used in the small-magnitude low-frequency system oscillations

condition, but not for investigating the system performance subject to large disturbances,

such as voltage depressions.

A similar linearized diode front-end VSD load model has been proposed in [90, 86]. The

proposed VSD model is initially expressed by PE device differential equations. Then all the

load differential equations are combined and linearized at the initial operating point and

expressed as a transfer function in the frequency domain. The proposed VSD load model

also cannot accurately represent the dynamic performance when the power grid is subject

to large disturbances.

As proposed in [89], the positive-sequence model of a diode front-end VSD load with an

open-loop control scheme is proposed, which is suitable for transmission-level TS analysis.

The proposed model is reasonably simplified, where the front-end rectifier is simplified as a

power flow representation, the back-end inverter is represented by a constant V − f control

scheme, and the motor load is derived based on the equivalent transient circuit. The proposed

load model is developed independently by C code.

31



The PE-based load model proposed in [91] has almost the same configuration and control

scheme compared with that studied in [89]. The VSD load is modeled by differential

equations, and the dynamic impact of the load protection scheme is considered in this

research paper. The proposed VSD load is developed in Power System Toolbox (PST),

which is an open-source simulation tool for both commercial and academic use.

The positive-sequence model of VSD load with active front-end and vector control is

proposed in [92]. Compared with the VSD load models introduced above, the one proposed

in this paper has a more complicated control scheme and electrical configuration. The main

configuration of the VSD dynamic load includes the motor drive and IM, where the front-end

rectifier and the back-end inverter are modeled by corresponding control schemes expressed

by differential equations, and the IM is also expressed by classical differential equations in

the time domain. The proposed VSD load model is represented as a controlled voltage source

of which the voltage is derived based on the load current consumption. The VSD load model

is developed in GE PSLF, which is a more widely used TS commercial software compared

with the simulation tool selected in [91, 89]. However, the proposed VSD load dynamic

model is too complex with limited simplification approaches, which may introduce too much

computational burden when investigating the large-scale power network.

Moreover, the representation PE-based generation unit - also referred to as the RES units

- in the TS simulation environment has been addressed and standardized. The purpose of

developing such a generic generation unit model includes the following aspects [93]:

• Public availability, documentation and transparency: generic models are not subject

to the non-disclosure agreement followed by the vendor-specific models. So the generic

generation model provides a public, well-documented generator format for all the model

specifications.

• Guarantee consistency and uniformity across the various commercial simulation

software.

• The generic generation unit model is reliable for power system simulation since it has

been well validated.
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• Provide a relatively realistic model for evaluating the future power grid, where the

parameters for the actual equipment are not yet known.

The 2nd generation RES model is documented in [94]. Accordingly, the RES generic

model is formed by seven generation unit modular blocks. There are three different general

renewable energy electrical control models, which are denoted as regc a, reec a/b/c and

repc a/b respectively, and two wind turbine specific control models, which are denoted as

wtgp a and wtgq a respectively. Moreover, there are two wind turbine physical configuration

models, which are denoted as wtga a and wtgt a respectively. By appropriately connecting

these modules together as shown in Table 2.2, different PE-based generation unit models can

be developed. Among all the generic renewable generators, the PV generation unit/battery

energy storage system are close to the configuration of the PE-based load.

Additionally, the distributed energy resource model version A (DER A) is proposed in

[95] for representing the aggregated dynamic behavior of the PE-based generation unit in

time domain positive-sequence TS studies. The DER A is supposed to be more advanced

compared with the 2nd generation RES model stated above, which is illustrated in Fig. 2.11.

The model DER A has 48 parameters and 10 states, which is roughly 1/3 of the number

of parameters used in the 2nd generation RES model. The proposed generation unit model

is represented as a controlled voltage source of which the voltage is derived based on the

generator current flow. According to Fig. 2.11, the DER A model includes the following

control functions: constant Q/power factor control, the terminal voltage control, the grid

frequency support control, and the low voltage trip protection.

2.3.4 Fast EV Charging Unit Control Algorithm

The fast EV charging unit is a typical nonlinear load with high power consumption, which

influences grid TS when participating into the power network operation [12]. Therefore, the

investigation on the dynamic performance of fast EV charging load is of great importance.

So the fast EV charger load is introduced below to represent the characteristics PE interfaced

load units.

33



Table 2.2: Module combination of generic PE-based generator model [94].

RES Model Combination
Type 3 wind turbine generation unit regc a, reec a, repc a, wtgt a, wtga a, wtgp a, wtgq a
Type 4 wind turbine generation unit regc a, reec a, repc a (optional: wtgt a)

PV generation unit regc a, reec b/a, repc a
Battery energy storage regc a, reec c (optional: repc a)

Figure 2.11: Diagram of DER A model [95].
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The prevalence of PE switches that can be turned on/off by gate signals, e.g., insulated

gate bipolar transistor (IGBT) and metal oxide semiconductor field effect transistor

(MOSFET), allows for the bi-directional power regulation between the power grid and the EV

batteries, which explores EV batteries potential to provide grid support functions. Therefore,

aside from the conventional grid-to-vehicle (G2V) control schemes, the vehicle-to-grid (V2G)

control has been gradually adopted by the EV charging unit, especially by fast dc charging

units which feature a large power rating and have the potential of providing more significant

support to the power grid.

2.3.4.1 EV Charger Level Classification

The EV charging infrastructure charging levels, nominal terminal voltages and connection

configurations are summarized in Table 2.3 regarding the current charging technology [96,

97, 98, 99]. The EV charger load is considered as high-power-consumption units, especially

for EV chargers under the category of DC level 1 - 3. For example, it is possible to charge a

25 kWh battery pack at DC Level 2 in less than 20 minutes, of which the power consumed

significantly exceeds the peak power demand for an average household in the U.S. The ultra-

fast charging unit features a higher power rating compared with the EV charger adopting

DC charging techniques, of which the charging time can be reduced to several minutes.

Therefore, the power network operation will be significantly changed with the increasing

penetration of EV charger loads.

2.3.4.2 Active Front-end Rectifier Control Algorithm

According to the topology of the fast EV charging unit, the active front-end rectifier is

connected between the ac network and the dc battery charger converter. The controller of

the active front-end is generally designed to perform the following control schemes [100]:

• Eliminate the load current total harmonic distortion (THD) introduced by semicon-

ductor devices.

• Provide a stable dc-link voltage for the dc battery charger converter.

• Provide unity power factor correction or reactive power compensation.
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• Regulate the load active/reactive power flow separately.

In this dissertation, load current THD elimination is out of the research scope considering

the relatively long time step of TS simulation programs. Considering the power flow

directions, the fast EV charger control schemes can be classified as G2V and V2G operation

modes for the following purposes:

1. Active Front-end Control Scheme: G2V Operation Mode

The main purpose of conventional G2V mode is to provide charging service to the EV

battery according to the specific charging scheme determined by the battery status. The

most common control algorithm adopted by the active front-end rectifier is to provide a

stable dc voltage source for the connected power stage, which is directly used for regulating

the battery charging status by adopting vector control in the dq coordinates.

According to the vector control principle, the d-axis current Id,ref is determined by the

dc voltage control loop, of which the specific control algorithm can be illustrated in Fig 2.12:

The rectifier dc voltage is denoted as Vdc in the following passage in this section. One

of the commonly applied Vdc control introduced in [101, 102, 103, 104] is illustrated in

Fig. 2.12a, where ∆Vdc is used as the input of Vdc negative feedback regulation, and PI

regulator is selected as compensator. The control scheme illustrated in Fig. 2.12b is similar

to the one in Fig. 2.12a except that the negative feedback loop input is Vdc
2 [105].

Similarly, the active front-end q-axis current Iq,ref can be determined by the reactive

power reference Qref , Iq reference Iq,ref , and terminal voltage reference Vt,ref , which are

illustrated in Fig 2.13 respectively:

The EV charger load reactive power regulation scheme presented in [101, 102, 106] is

illustrated in Fig. 2.13a, whereQref can be decided by power factor unity control, or by higher

level coordination. Also, the terminal voltage Vt is closely coupled with the reactive power

flow in the transmission network, so Iq,ref can be directly decided by Vt,ref , as illustrated in

2.13b [103, 105]. Additionally, as presented in [104], Iq,ref can be predefined externally in

cases that Iq is not required to be decided in a sophisticated manner. The simple constant

Iq control is illustrated in 2.13c.

2. Active Front-end Control Scheme: V2G Operation Mode
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Table 2.3: EV charging level, terminal voltage and configuration [96].

Charging
Level

Terminal
Voltage

Power
per Vehicle

Charging
Time

System Level
Connection

AC Level 1 120 V
1-phase

2 kW 10∼13 h Residential/Commercial
Secondary Customer

120 V and 240 VAC Level 2 240 V
1-phase

20 kW 1∼4 h

AC Level 3 240 V
3-phase

43.5 kW ∼1 h

DC Level 1 200∼450 V 36 kW 0.5∼1.44 h Commercial
Primary/Secondary

Customer 480 V
DC Level 2 200∼450 V 96 kW 0.2∼0.58 h

DC Level 3 200∼800 V 200 kW ∼10 min

Ultra-Fast
Charging

(UFC)

≥800 V 500 kW ∼Gas
Refueling

Sub-transmission
Primary Customer

26 kV or 69 kV

Note: Ultra-Fast Charging is not yet finalized

(a) Vdc control: Vdc negative feedback control.

(b) Vdc control: Vdc
2 negative feedback control.

Figure 2.12: Vdc control commonly adopted by the EV charging unit active front-end rectifier
[101, 102, 103, 104, 105].
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The EV charging unit V2G application allows for the power to transfer from the

EV batteries to the power network, which makes the combination of the EV charging

configuration and the vehicle battery units serve as a distributed storage device. The V2G

operating modes offer a variety of applications including [107]: 1) active power regulation,

2) reactive power support, 3) current harmonics filter, 4) load balancing by valley filling, 5)

peak load shaving, 6) reduce utility operating cost and overall cost of service, 7) improve

load factors, 8) generate revenue, 9) reduced emissions, 10) tracking of variable RES.

Among the above applications, 1) to 3) require the fast response of PE interface controller

from EV charging unit. In comparison, the rest of them are attributed to long-term service,

which is out of the scope of the research topic of this dissertation. The V2G reactive power

regulation has been studied in many existing literature [108, 103, 109, 110], and it is almost

identical to that of the G2V operation in terms of the control scheme. So here, only the

active power regulation control scheme is introduced.

The active power support function which requires fast response of PE interface controller

includes grid frequency support as presented in [111, 112]. The grid frequency deviation ∆f

is measured and sent to the rectifier controller, then a certain amount of active power P is

absorbed or released according to the determined active power reference Pref . The frequency

support control scheme is illustrated in Fig. 2.14, which includes both the primary frequency

support where the load power contribution is proportional to the ∆f by Kp, and the inertial

response support where the power contribution is proportional to the frequency changing

rate d∆f
dt

by Kin.

2.3.5 Research Gaps

According to the overview of existing researches, the following research gaps in terms of

the generic representation of PE interfaced loads are summarized below:

• Lack of accurate dynamic PE-based load model. The static load model is still widely

used to represent PE-based load performance based on the existing literature [69, 73,

75, 76, 77, 78, 8, 9].
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(a) Q negative feedback control.

(b) Vt negative feedback control.

(c) Iq negative feedback control.

Figure 2.13: Q, Vt and Iq control adopted by the EV charging unit active front-end rectifier
[101, 102, 103, 104, 105, 106].

Figure 2.14: EV charging unit grid frequency support [111, 112].
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• Lack of PE interfaced load generic representation in TS simulation tools. In

comparison, the generic model of PE-based generation unit has been widely discussed,

and it provides several advantages to grid analysis [94, 95]. There are some research

papers that discuss the modeling of PE interfaced VSD load in TS simulation tools

[86, 87, 88, 89, 91, 92]. However, the development of a certain type of PE-based load

unit generic model, especially high-power-rating electric loads, is rarely mentioned.

2.4 Summary and Contributions

Reviews on SL model and control, HTB load emulator development, and the PE inter-

faced devices modeling in transmission level simulation environment have been introduced

in this chapter. Considering the research focus introduced at the beginning of this chapter,

the following aspects are investigated in the next chapters of this dissertation based on the

research gaps discussed above:

• Three-phase VSD based motor load is studied as a typical example of the PE interfaced

load, which can actively interact with the power grid operation. The model and control

of VSD connected IM load with grid frequency enhancement potential is developed.

• Development of a novel HTB load power emulator, which includes a three-phase VSD

detailed load with advanced controllers, and a three-phase VSD simplified model

emphasizing the corresponding load active power consumption.

• Development of a VSD load aggregated model, which reflects the potential of VSD

load units in terms of providing the grid frequency support to the transmission grid.

The developed aggregated VSD model is applied to the HTB power emulator.

• Investigate VSD load potential of regulating grid frequency regarding varying external

conditions.

• Fast EV charging unit is studied as an example of the PE interfaced load with high

power consumption and high penetration level. The generic model of EV charger load,
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which is suitable for the TS simulation environment, is developed based on the detailed

electromagnetic model.

• Development of an EV charger load generic model benchmark in TS simulation

program, which includes commonly used EV charger control schemes in different

operation modes.
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Chapter 3

Power Emulator of Variable Speed

Drive in Multi-converter Based Power

Grid Emulation System

The VSD load main configuration is illustrated in Fig. 3.1. The VSD load model consists

of three major parts: the front-end rectifier, the back-end inverter, and the motor with the

directly connected load torque model [36].

The front-end rectifier is generally classified as: 1) passive-front-end rectifier which is

composed of diodes, so the passive-front-end rectifier is also regarded as a diode-front-end

rectifier; 2) active-front-end rectifier, and the active-front-end is made up of the PE switches

which can be turned on/off by gate signals, e.g., IGBT, MOSFET, etc. The primary function

of the front-end rectifier is to provide a stabilized dc-link voltage to the next power stage.

The motor drive control scheme is embedded in the back-end inverter, so it is also referred

to as the inverter-based motor drive configuration. The dynamic performance of the motor

drive is mainly characterized by the specific controller applied to the back-end inverter, which

will be explained in detail in the following sections.

The motor is directly connected to the inverter-based motor drive, along with the rotating

load driven by it. The motor and the directly connected load will be mentioned as “motor

load” together in the following sections considering the simplicity of the dissertation paper.
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The motor load characterizes the motion performance of the motor and the connected load,

as well as the majority of the VSD load power consumption.

In this chapter, the VSD load dynamic characteristics and modeling algorithm are

introduced in detail. The modeling of the passive/active-front-end rectifier and the

differences between these two types of rectifiers are introduced. Meanwhile, the modeling and

control of the back-end inverter are emphasized, which includes the introduction of multiple

loop motor rotor speed control schemes, and the corresponding impact on the motor load

dynamic characteristics, including the load power consumption, the motor rotating speed,

etc. Meanwhile, the VSD load simplified model considering different rotor speed control

schemes is also proposed, which keeps a balance between model accuracy and simplicity.

Additionally, the procedure of developing the VSD load power emulator is presented based

on the corresponding modeling and control presented in this chapter.

3.1 VSD Front-end Rectifier Model and Control

As illustrated in Fig. 3.1, there are two commonly used VSD front-end configurations,

passive-front-end and active-front-end rectifier in three-phase full-bridge configuration. The

main characteristics of these two types of rectifiers are summarized below:

• The passive-front-end rectifier is cost-efficient compared with the active-front-end

rectifier.

• The passive-front-end rectifier does not require a complicated gate drive system and

control scheme since the switching dynamics rely on the external ac voltage source and

load power consumption.

• The active-front-end rectifier allows for a bidirectional operation, which can smoothly

release the regenerative power (reverse power flow) during the motor deceleration.

• The active-front-end rectifier provides a chance for the connected loads to participate

in the power grid coordination because it has the potential of employing sophisticated

control algorithms.
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• The active-front-end rectifier is better at reducing THD than the passive-front-end

rectifier.

The modeling algorithms of the above two types of VSD rectifiers are introduced in the

following subsections, respectively. A comparison between these two types of VSD rectifiers

in terms of the different responses towards grid disturbance is also introduced in this section.

3.1.1 Passive-front-end Topology and Modeling Algorithm

The circuit topology of the passive-front-end rectifier is illustrated in the upper yellow

box on the left side of Fig. 3.1. In the VSD system, the diode rectifier converts the three-

phase ac power supply to provide a stable dc voltage Vdc for the next power stage, along with

the dc filter inductance Ldc and energy storage capacitance Cdc. Compared with the diode

bridge model which has been derived in [113], the whole VSD load model in this dissertation is

derived based on the load bus terminal voltage Vsabc according to the interface design between

the load model and the HTB 2.2.2, ignoring the impact of the transmission line impedance.

So the previous model algorithm, which relies on the dynamic of line impedance, is not

suitable anymore. So a new diode bridge model algorithm for HTB emulator is proposed as

follows [36]:

• The diode rectifier model is simplified based on the assumption that the diode switch

in the rectifier is ideally disconnected when turned off, and ideally connected when

turned on with forward voltage drop Vdiode [36].

• As illustrated in Fig. 3.1, the voltage after the diode bridge, which is represented by

Vsac, specifies the maximum line-to-line voltage of Vsabc. So idc,diode, which represents

the current flowing from the diode bridge and through Ldc, can be expressed as [36]:

didc,diode
dt

=
Vsac − 2 · Vdiode − Vdc

Ldc
(3.1)

Meanwhile, Vdc across Cdc can be expressed as:

Cdc
dVdc
dt

= idc,diode − idc,im (3.2)
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where idc,im represents the dc current flowing directly to the inverter and bypassing

Cdc.

• The diode bridge is under normal operating condition when idc,diode > 0. Isabc is

determined by idc,diode under normal operation as expressed in (3.3) [36]:

Isk = isgnk · idc,diode, (k = a, b, c) (3.3)

where isgnk represents the direction of Isabc according to Vsac. When isgnk = 1, the

corresponding phase k current is equal to idc,diode, while when isgnk = -1, the phase

k current is opposite to idc,diode. The phase k has no current flowing through when

isgnk = 0. According to the operating principle of diode front-end rectifier, if the diode

switches connect to the most positive and most negative source side ac voltage, then

switches will turn on to make up a complete current flow path. So the diode switch

turn-on sequence is decided by the ac voltage source Vsac. An example explaining how

Isabc is related to Vsac and Idc,diode is illustrated in Fig. 3.2. In this example, the most

positive ac voltage is the phase a voltage, and the most negative ac voltage is the phase

b voltage, so Vsac = Vab. The current flowing path is represented by the blue line, and

the current flowing through ac and dc side can be expressed as [36]:

Idc,diode = Isa = −1 · Isb (3.4)

More detailed information about the relation between isgnk and Vmax is listed in

Table 3.1. However, the diode bridge is disconnected from the rest of the power

network when idc,diode drops to 0 since it does not allow for the regenerative power

[36].

• The LC passive filter is connected in parallel to the diode front-end rectifier at the

ac bus terminal to reduce the load current THD. Aside from improving the power

quality, the filter capacitor is also designed to provide a considerable amount of reactive

power to adjust the local power factor. The reactive power consumption of the LC

passive filter usually accounts for a larger portion compared with the impact of the
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Figure 3.1: VSD load configuration [36].

Figure 3.2: Passive-front-end model based on Vsabc and current direction when idc,diode > 0
[36].

Table 3.1: Relation between isgnk and Vmax in normal operating conditions [36].

Vmax Vab Vac Vbc Vba Vca Vcb
isgna 1 1 0 -1 -1 0
isgnb -1 0 1 1 0 -1
isgnc 0 -1 -1 0 1 1
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load current THD reduction due to Var support, so the reactive power provision is

used to characterize the LC filter function in the HTB load emulator design [36]:

Qflt =
∑

V 2
s,rms/Zflt,k (3.5)

where Qflt represents the reactive power provided by the passive filter, Vs,rms represents

the root mean square (RMS) value of the voltage source, Zflt,k represents the impedance

of the LC filter.

Qflt characterizes the dynamic reactive power support by the passive filters according

to (3.5). However, in cases where the impact of VSD reactive power consumption is

not emphasized, Qflt is regarded as a static value when considering the overall impact

of the VSD load. For example, analysis of the grid frequency support function mainly

involves the dynamic adjustment of the active power consumption of the load [36].

The VSD passive-front-end modeling procedure for the HTB power emulator is illustrated

in Fig. 3.3 based on the VSD modeling principle explained above. For implementation in

the DSP, the passive-front-end model expression (3.1) to (3.5) is required to be converted to

discrete equations by using the backward Euler method.

In Fig. 3.3, the flow chart inside the yellow solid box illustrates the nth computation cycle

in the power emulator microprocessor, and the dashed lines out of the yellow solid box stand

for using the computational results from the (n− 1)th computation cycle.

As illustrated in Fig. 3.3, the input variables for each computation cycle include Idc,diode

and Vdc from the last cycle, and the real-time ac side voltage Vsabc. The output variables

include the load current Isabc, or converted to the load active power consumption PV SD.

Then the HTB power emulator generates real power flow according to the current/power

reference.

As shown in the modeling procedure, the passive-front-end model starts from the Ldc

model expressed in (3.1) with electrical components derived from the last computation cycle,

including idc,diode and Vdc. Second, the updated idc,diode is regarded as the temporary diode

dc side current idc,diode,temp and is sent to the comparison process: if idc,diode,temp > 0, then

the final idc,diode = idc,diode,temp. Otherwise, idc,diode = 0 since the diode front-end rectifier
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does not allow for regenerative power. Third, the final idc,diode is sent to the Cdc model

expressed in (3.2) along with Vdc calculated in the (n− 1)th computation cycle. Finally, the

passive-front-end power flow current reference is decided by idc,diode and Vsabc according to

the modeling principle illustrated in Fig. 3.2 and Table 3.1.

3.1.2 Active-front-end Topology and Modeling Algorithm

The active-front-end rectifier is equivalent to the configuration of VSC, of which the

HTB emulator design and development have been widely investigated in [58, 59, 114]. The

active-front-end rectifier can participate in improving the power grid stability since it can

adjust the load active/reactive power consumption respectively in a more flexible manner

compared with the passive-front-end rectifier.

The circuit topology of an active-front-end rectifier is below that of a passive-front-end

rectifier in Fig. 3.1. The full-bridge three-phase VSC is selected as the topology of the

active-front-end rectifier in this chapter. Cdc is utilized for the dc energy storage, and it

provides a stabilized voltage source for the next power stage, which is similar to the design

of the passive-front-end rectifier. The mathematical expression of Vdc dynamic performance

is expressed as:

Cdc
dVdc
dt

= idc,inv − idc,im (3.6)

where idc,inv represents the current flowing from the active-front-end rectifier.

Equation (3.6) is similar to (3.2) except that Idc,inv should be modeled in a different

manner from that used in a passive-front-end rectifier. In an active-front-end rectifier, Ldc

is negligible since the current THD is small, so Ldc is removed from the front-end model

for simplification. Therefore, Idc,inv cannot be modeled by the Ldc dynamic expression as

written in (3.1). Alternatively, Idc,inv is expressed by using the ac-dc equal power principle

expressed below:

Idc,inv = 1.5
VsdIsd + VsqIsq

Vdc
(3.7)
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where Vsd, Vsq, Isd, and Isq represent Vsabc and Isabc converted to dq coordinates. Idc,inv is

derived assuming that the ac side active power flowing into the three-phase VSC bridge, and

the dc side active power flowing out of the three-phase VSC bridge are always equal assumes

rectifier is lossless.

Additionally, vector control based on the dq coordinates is the commonly used control

scheme for the three-phase VSC. Generally, the d-axis controller is in charge of the active

power related variables and functions, e.g., the load active power consumption Prec control,

the constant dc-link voltage control, etc. Meanwhile, the q-axis controller is in charge of the

reactive power related variables and functions, e.g., the reactive power Qrec consumption

control, the power factor correction, the grid terminal voltage support, etc.

The active-front-end rectifier control scheme studied in this chapter is illustrated in

Fig. 3.4. Generally, the VSC vector control is composed of the outer control loop and

the inner current control loop, and the PI controller is adopted by both the outer and inner

control loop. The outer control loop generates current commands Isd,ref and Isq,ref , which

represent the current drawn by the VSD load from the grid. According to the requirement

of the VSD front-end rectifier, the constant Vdc control is adopted as the d-axis controller

as illustrated in Fig. 3.4 to provide a stable dc power supply for the next power stage.

Meanwhile, the constant Qrec is adopted as the q-axis controller, and Qrec,ref is usually set

to 0 to improve the load power factor.

According to the control scheme illustrated above, the active-front-end outer control loop

in dq coordinates can be mathematically expressed as:

Isd,ref = Kpv(Vdc,ref − Vdc,meas) +Kiv

∫
(Vdc,ref − Vdc,meas) (3.8)

Isq,ref = Kpq(Qrec,ref −Qrec,meas) +Kiq

∫
(Qrec,ref −Qrec,meas) (3.9)

where Kpv and Kiv, as well as Kpq and Kiq, represent the PI controller parameters of d and

q-axis controller respectively. Vdc,meas and Qrec,meas represents Vdc and Qrec measured value.

Vdc,meas can be computed by (3.6), while Qrec,meas can be expressed by ac side current and
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Figure 3.3: VSD passive-front-end model procedure for HTB power emulator.

Figure 3.4: VSD active-front-end rectifier control scheme.
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voltage in dq coordinates as:

Qrec,meas = 1.5 · (Vsd · Isq − Vsq · Isd) (3.10)

Besides the expression in (3.9) which represents the classical PI controller, the feed-

forward controller can also be used in Qrec control which is expressed in (3.11):

Isq,ref =
Qrec,ref − 1.5VsqIsd

1.5Vsd
(3.11)

Both (3.9) and (3.11) are regarded as frequently adopted Qrec controllers. The controller

using a PI regulator in (3.9) is easier to be designed to maintain the controller stability

compared with the feed-forward control in (3.11), while the (3.11) is simpler. Customers can

select either control scheme according to their practical requirements.

The inner current control loop is to generate appropriate modulation index md and mq,

providing the required line current Isabc by adjusting the VSC output voltage VLabc. This

process is essential for regular VSC control; moreover, it is also necessary for some HTB

power emulator design, e.g., in [115], the VSC modulation process is required since the HTB

emulator VSC configuration is used to emulate the ac-dc power stage of a battery energy

storage system. However, it is not necessary for the VSD load emulator developed in this

chapter to identify the md and mq since only the emulator current reference is required to

represent the load dynamics. So the inner current loop is ignored in the HTB load emulator

design, assuming that the load current ideally follows the current reference Isd,ref and Isq,ref .

The VSD active-front-end model procedure for the HTB power emulator is illustrated in

Fig. 3.5 based on the modeling principle explained above. Similar to Fig. 3.3, the process

inside of the solid yellow box illustrates the nth computation cycle, and the dashed lines out

of the green box stand for using the computational results from the last cycle, including Vdc,

Isd and Isq. The dq coordinates controllers are modeled respectively based on the modeling

principle introduced above. Output variables in each cycle are the command of Isabc, which

is the current absorbed by the rectifier on the ac side.

As shown in Fig. 3.5, the active-front-end rectifier model in d-axis starts from identifying

Idc,inv based on the real-time Vsabc and Isdq from the last computational cycle as expressed in
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(3.7). Second, the updated Idc,inv is sent to Vdc model expressed in (3.6) along with Vdc from

the last computational cycle. Third, the updated Vdc is sent to the d-axis vector controller

model expressed in (3.8) for generating Isd,ref . As explained above, Isd is considered to be

equal to Isd,ref assuming that the modulation process dynamics are ignored. Meanwhile,

the active-front-end q-axis is similar to the modeling procedure comparing with that of the

d-axis.

3.2 Modeling of VSD Back-end Inverter

As introduced above, the control schemes used for regulating the motor load are applied

in the VSD back-end inverter, which is also regarded as the inverter-based motor drive. In

this section, the different motor control algorithms are introduced, as well as how to represent

them in the HTB emulator.

3.2.1 IM Voltage and Torque Expression

The IM electrical model is introduced in this section, which characterizes the electrical

and mechanical dynamic performance [116]. The IM expressions in abc stationary frame

and dq0 rotating frame are introduced, respectively. Meanwhile, the symbols of the machine

variables, which will be frequently used in the following chapters, will be introduced in the

following sections.

3.2.1.1 abc coordinates

The voltage equation expressed by IM variables are:

vabcs = rsiabcs + ˙λabcs (3.12)

vabcr = rriabcr + ˙λabcr (3.13)
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where:

(fabcs)
T =

[
fas fbs fcs

]
(3.14)

(fabcr)
T =

[
far fbr fcr

]
(3.15)

In (3.14) and (3.15), the vector with abc subscript represents the variable vector composed

of the three-phase electrical components. In the above equations, s and r subscript denotes

the variables associated with the IM stator and rotor, respectively. So vabcs, iabcs and

vabcr, iabcr represent the stator and rotor voltage and current vector respectively. rs and rr

represent the diagonal matrices composed by the resistance in the stator and rotor circuit.

For a magnetically linear system, the flux linkages λabcs and λabcr in (3.12) and (3.13) are

expressed as: λabcs
λabcr

 =

 Ls Lsr

(Lsr)
T Lr

iabcs

iabcr

 (3.16)

Neglecting the mutual leakage, the inductance matrices in (3.16) are expressed as:

Ls =


Lls + Lms −1

2
Lms −1

2
Lms

−1
2
Lms Lls + Lms −1

2
Lms

−1
2
Lms −1

2
Lms Lls + Lms

 (3.17)

Lr =


Llr + Lmr −1

2
Lmr −1

2
Lmr

−1
2
Lmr Llr + Lmr −1

2
Lmr

−1
2
Lmr −1

2
Lmr Llr + Lmr

 (3.18)

Lsr = Lsr


cosθr cos(θr + 2π

3
) cos(θr − 2π

3
)

cos(θr − 2π
3

) cosθr cos(θr + 2π
3

)

cos(θr + 2π
3

) cos(θr − 2π
3

) cosθr

 (3.19)

In the above inductance equations, Lls and Lms represent the stator windings leakage

and magnetizing inductance respectively, while Llr and Lmr are for the rotor windings. The

inductance Lsr is the amplitude of the mutual inductances between stator and rotor windings.
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After referring all rotor variables to stator windings based on stator-to-rotor turns ratios,

the inductance matrices expressed in (3.19) and (3.18) are rewritten as:

Lr
′ =


Llr
′ + Lms −1

2
Lms −1

2
Lms

−1
2
Lms Llr

′ + Lms −1
2
Lms

−1
2
Lms −1

2
Lms Llr

′ + Lms

 (3.20)

Lsr
′ = Lms


cosθr cos(θr + 2π

3
) cos(θr − 2π

3
)

cos(θr − 2π
3

) cosθr cos(θr + 2π
3

)

cos(θr + 2π
3

) cos(θr − 2π
3

) cosθr

 (3.21)

The prime superscript denotes rotor variables referred to stator windings. The flux

linkages are expressed by the rotor side variables after referring to the stator side in (3.22):

λabcs
λabcr

′

 =

 Ls Lsr
′

(Lsr
′)T Lr

′

 iabcs

iabcr
′

 (3.22)

vabcs and vabcs
′ expressed by the current and IM passive component variables after

referring to the stator side is written as:vabcs

vabcr
′

 =

rs + pLs pLsr
′

p(Lsr
′)T rr

′ + pLr
′

 iabcs

iabcr
′

 (3.23)

where p = d/dt.

The electromagnetic torque Te is the derivative of field energy in terms of actual angular

displacement θrm. Te in Newton meters (Nm) expressed by electrical angular displacement

θr is written as:

Te = P (iabcs)
T ∂

∂θr
[Lsr

′]iabcr
′ (3.24)

where P represents the number of pole pairs.
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Furthermore, Te and electrical rotor speed ωr are related by:

Te =
J

P

dωr
dt

+ TL (3.25)

where J is the rotor moment of inertia, and in some cases the inertia of the connected load

is also included in it. The first term on the right of equal sign is the inertial torque. In

(3.25), the unit of J is kilogram·meter2 (kg·m2) or Joules·second2 (J·s2). TL represents the

load torque [116].

3.2.1.2 dq0 Coordinates

At the beginning of this subsection, it should be noticed that dq coordinates, which

are used to express the machine variables, are different from the rotating dq0 coordinates

mentioned in section 3.1.2. More details can be found in [116].

The three-phase variables of stator circuit elements transferring to the dq0 coordinates

are expressed as:

fdq0s = Ksfabcs (3.26)

where the transformation matrix Ks is expressed as:

Ks =
2

3


cosθ cos(θ − 2π

3
) cos(θ + 2π

3
)

sinθ sin(θ − 2π
3

) sin(θ + 2π
3

)

1
2

1
2

1
2

 (3.27)

As expressed in (3.27), θ represents the angular position, where θ and velocity of the

rotating reference frame ω are related as:

dθ

dt
= ω (3.28)
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Similarly, rotor circuits variables in the abc coordinates transferring to the dq0 coordinates

are expressed as:

fdq0r
′ = Krfabcr

′ (3.29)

where the transformation matrix Kr is expressed as:

Kr =
2

3


cosβ cos(β − 2π

3
) cos(β + 2π

3
)

sinβ sin(β − 2π
3

) sin(β + 2π
3

)

1
2

1
2

1
2

 (3.30)

β = θ − θr (3.31)

where θr and ωr are related as:

dθr
dt

= ωr (3.32)

Substitute (3.27) and (3.30) into (3.23), voltage equations in the dq0 reference frame are

expressed as:

vqs = rsiqs + ωλds + pλqs (3.33)

vds = rsids − ωλqs + pλds (3.34)

vqr
′ = rr

′iqr
′ + (ω − ωr)λdr ′ + pλqr

′ (3.35)

vdr
′ = rr

′idr
′ − (ω − ωr)λqr ′ + pλdr

′ (3.36)

The zero sequence is not represented here in (3.33) to (3.36) since the IM is three-phase

balanced. vqr
′ and vdr

′ from IM are always equal to 0, so the expanded form of flux linkages
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expressed in (3.33) to (3.36) can be rewritten:

λqs = Llsiqs + LM(iqs + iqr
′) (3.37)

λds = Llsids + LM(ids + idr
′) (3.38)

λqr
′ = Llr

′iqr
′ + LM(iqs + iqr

′) (3.39)

λdr
′ = Llr

′idr
′ + LM(ids + idr

′) (3.40)

where LM = 3
2
Lms.

The equivalent circuits in dq coordinates based on the voltage and flux linkage equations

above are illustrated in Fig. 3.6 based on the expression from (3.33) to (3.40). The IM

characteristics and dynamic performances mentioned in the following chapters are based on

the model introduced in this section.

Accordingly, the IM electromagnetic torque equation is expressed in terms of rotor and

stator current as:

Te =
3

2
PLM(iqsidr

′ − iqsiqr ′) (3.41)

3.2.2 Constant Volts-per-hertz Control

To simplify the expression, the prime superscript, which denotes the rotor variables that

have been referred to the stator windings, is ignored in the corresponding mathematical

equations.

The constant volts-per-hertz control, which is also referred to as the constant V/f control,

is a widely applied open-loop motor speed control. Applying the open-loop constant V/f

control to the VSD is cost-effective because: 1) an advanced microprocessor is not required to

achieve the simple open-loop control function, 2) fewer electrical sensors are needed since no

feedback information is used in the control loop. The principle of using constant V/f control

to regulate motor speed is based on the observation: 1) the rotor speed can be regulated by

controlling the electrical frequency of stator voltage vabcs, 2) the voltage magnitude should

be proportional to the electrical frequency so as to maintain a constant flux linkage [36].
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Figure 3.5: VSD active-front-end model procedure for HTB power emulator.

Figure 3.6: IM equivalent circuit topology in dq coordinates [116].
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The most elementary constant V/f control is illustrated in Fig. 3.7. It can be observed

that both vabcs electrical frequency and voltage magnitude are determined by ωrm,ref .

However, the rotor speed cannot reach the speed command by simply using the presented

elementary constant V/f control. Furthermore, this speed controller is not accurate enough,

especially when ωrm,ref is much lower than its nominal speed. To improve the performance of

the motor drive, some adjustments can be applied to the elementary constant V/f control.

For example, ωrm control accuracy can be improved by adjusting the RMS value of the

terminal voltage, or by adding a stator current feedback control based on the elementary

control. However, these correction methods increase the complexity of the motor drive

controller, which will overshadow the advantage of adopting the constant V/f control scheme.

To maintain a balance between the accuracy of ωr command and the motor drive control

simplicity, a look-up table is inserted into the original control scheme, which demonstrates

the relationship between ωe and ωr of IM in the static operating condition. The look-up

table is derived based on the following derivations:

The electric torque at steady state in the p.u. system is expressed as:

Te,pu =
ωe

ωb
XM,pu

2rr,pus|Vas,pu|2

[rs,purr,pu + s(ωe

ωb
)2(XM,pu

2 −Xss,puXrr,pu)]
2

+ (ωe

ωb
)2(rr,puXss,pu + srs,puXrr,pu)

2

(3.42)

where Xss,pu, Xrr,pu and XM,pu are expressed respectively as:

Lss = Lls + LM (3.43)

Lrr = Llr + LM (3.44)

Xss,pu =
Lss · ωb
Zb

(3.45)

Xrr,pu =
Lss · ωb
Zb

(3.46)

XM,pu =
LM
Zb

(3.47)

where Lss represents the total stator inductance, Lrr represents the total rotor inductance,

Xss,pu, Xrr,pu and XM,pu represent corresponding motor impedance in the p.u. system
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respectively, Xb represents the motor impedance base value. All variables in (3.42) with

pu subscript stands for being represented in the p.u. system.

s in (3.42) denotes the slip of rotating speed, which is expressed as:

s =
ωe − ωr
ωe

(3.48)

Additionally, |Vas,pu| in (3.42) is expressed as:

|Vas| =
ωe
ωb

(3.49)

The fan/pump type of load torque is studied as an example of typical rotating load

characteristics in this section. Ignoring the mechanical loss, Te,pu is equivalent to the square

of ωr,pu in the static operating state, so (3.42) can be used to express the relation between ωe

and ωr if replacing Te,pu by ωr,pu. Therefore, the look-up table mentioned above is derived

accordingly.

Considering the look-up table compensation effect on rotor speed command, the

compensated constant V/f control is illustrated in Fig. 3.8:

The elementary and compensated constant V/f controller are both developed in Simulink.

The comparison of these two controllers are illustrated in Fig. 3.9. ωr comparison is

illustrated in Fig. 3.9a, where the black curve represents motor speed reference, the blue curve

and red curve represent motor speed when motor drive adopts elementary and compensated

constant V/f control, respectively. The elementary constant V/f control cannot regulate ωr

to be equal to the speed reference, while the compensated constant V/f control can mitigate

this gap.

VSD load dynamic performance using these two different controllers are also represented

by TL, Te and PV SD, which are illustrated in Fig. 3.9b, Fig. 3.9c and Fig. 3.9d respectively.

The motor electric torque and power consumption are also increased when the VSD adopts

the compensated constant V/f controller, because ωr is closer to the speed command.

This compensated constant V/f model can be used to represent the condition where the

elementary constant V/f controller is updated to provide a more accurate rotating speed.

The advantage of this model is to maintain a good balance between the accuracy of ωr
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Figure 3.7: Elementary constant V/f control [116].

Figure 3.8: Compensated constant V/f controller with look-up table expressing the static
relation between ωe and ωr.

(a) IM dynamic performance: ωr. (b) IM dynamic performance: TL.

(c) IM dynamic performance: Te. (d) IM dynamic performance: PV SD.

Figure 3.9: Dynamic performance comparison between elementary and compensated
constant V/f controller based VSD load.
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command and the model simplicity. The model of elementary and compensated constant

V/f controller can be selected based on research purposes.

3.2.3 Field-oriented Control

It is desirable to make the motor drive perform as a torque transducer of which Te is

instantaneously approximately equal to the torque command, which is beneficial to simplify

the motor speed and position control. The torque balance requirement mentioned above can

be achieved by a collection of control methods, which is known as the field-oriented control

(FOC) [116]. The FOC includes a number of different control permutations, which include

the stator flux oriented, rotor flux oriented, and air-gap flux oriented control. In this chapter,

one of the most prevalent types is introduced and modeled, which is the rotor-flux oriented

control.

The operating principle of the FOC algorithm is explained below. First, Te is expressed

in (3.50) by dq coordinates rotor current and flux linkage:

Te =
3

2
P (λqridr − λdriqr) (3.50)

Meanwhile, with a given magnitude of flux linkage, the maximum Te is observed if the

flux linkage and current vectors are perpendicular to each other [116]. Particularly, the

vectors of the rotor flux linkage and rotor current are perpendicular at the motor steady

state. The objective of motor drive adopting the FOC is to maintain such characteristics

during transient conditions [36].

The method to achieve such perpendicular operating condition is twofold, of which the

first requirement is to ensure the following two operating conditions:

λqr = 0 (3.51)

idr = 0 (3.52)

The first condition expressed in (3.51) can be satisfied by a suitable choice of reference

frame. The rotor flux linkage can be referred to the d-axis totally by specifically choosing
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the position of the synchronous reference frame. Then the second condition expressed in

(3.52) is satisfied by forcing the d-axis stator current to be constant [36].

Substitute (3.52) into (3.38) and (3.40) respectively, it is clear that:

λds = Lssids (3.53)

λdr = LM ids (3.54)

Accordingly, it can be observed that the d-axis flux is only determined by the ids.

Combining (3.50) and (3.51), Te can be rewritten as:

Te = −3

2
Pλdriqr (3.55)

Substitute (3.51) into (3.39), iqs can be replaced by iqr as expressed as:

iqr = −LM
Lrr

iqs (3.56)

Combining (3.55) and (3.56), Te can be expressed by iqs and λdr as follows:

Te =
3

2

LM
Lrr

Pλdriqs (3.57)

Therefore, the generic rotor flux-oriented control is depicted in Fig. 3.10 by (3.54) and

(3.57).

As shown in Fig. 3.10, the q-axis stator current Iqs,ref is formulated based on a torque

command Te,ref , and the estimated value of d-axis rotor flux λdr,est according to (3.57). The

d-axis stator current command Ids,ref is calculated based on (3.54).Ids,ref is determined by

the rotor flux command, which is expressed as λdr,ref . Then the d and q-axis current is

generated by the current regulation process of PE inverter-based motor drive according to

corresponding Ids,ref and Iqs,ref .

However, λdr,est and electrical angle θe are required in the FOC process as shown in

Fig. 3.10. There are two different ways to represent the required values mentioned above,

which are usually referred to as the direct rotor FOC and indirect rotor FOC. The direct
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rotor FOC is to compute the rotor flux linkage by using Hall-effect sensors which can sense

the air-gap flux linkage. This method is robust with the variation of machine parameters,

but it is also expensive and problematic to be applied in practice. The indirect rotor FOC

estimates θe and λdr,est based on the IM mathematical relation, so it is sensitive to the

machine parameters variation during motor operation. The indirect rotor FOC is analyzed

in this dissertation paper, though these two methods are of similar complexity in terms of

modeling VSD loads. The estimated θe,est and λdr,est are expressed in (3.59) and (3.60):

1) Using (3.56) to express iqr in terms of iqs and assuming Vqr = 0, ωe,est and θe,est are

expressed as:

ωe,est = ωr +
LM
Lrr

rr
λdr,est

iqs (3.58)

θe,est =

∫
ωe,estdt (3.59)

2) Using (3.36) to express the relation between idr and λdr and assuming Vdr and λqr =

0, then, idr is replaced by λdr and ids using (3.40), and λdr,est is expressed by the transfer

function below:

λdr,est = LM
ids

1 + (Lrr/Rr)s
(3.60)

FOC is applied to the VSD inverter back-end and directly regulates the IM power supply,

so the FOC model can be used to represent the inverter back-end dynamic performance in

dq coordinates.

3.2.4 Direct Torque Control

The direct torque control (DTC) is another established control method for regulating

Te [116]. Two types of commonly used DTC are illustrated in Figs. 3.11 and 3.12, 1)

DTC with state space vector modulation, and 2) DTC with hysteresis modulation. As

illustrated in Fig. 3.12, the stator flux and Te are firstly estimated based on stator and rotor

voltage/current. Furthermore, after comparing the estimated stator flux magnitude and Te

with the corresponding reference value, a table look-up block is provided to generate the
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inverter switching signals. Meanwhile, sample/hold block is applied to prevent the devices

from switching too fast.

The DTC with state space vector modulation is studied and modeled here. It is critical

to model vds and vqs in the load modeling process according to Fig. 3.11 since it determines

the IM power supply. The stator flux estimation value λs,est, and Te,est are expressed as:

1) The stator flux in the stationary dq coordinates, λqs and λds, are expressed as:

λqs =

∫
(vqs − rsiqs)dt (3.61)

λds =

∫
(vds − rsids)dt (3.62)

So λs,est and θe,est are expressed respectively as:

λs,est =
√
λ2
qs + λ2

ds (3.63)

θe,est = arctan (−λds
λqs

) (3.64)

2) According to (3.61) and (3.62), Te,est expressed by the stator flux and current is written

as:

Te,est =
3

2
P (λdsiqs − λqsids) (3.65)

3.2.5 Constant Slip Current Control

The constant slip current control (CSCC) is similar to the FOC, where the IM is regulated

by providing the stator current reference Ids,ref and Iqs,ref . So a current source based

operation is achieved by the inverter-based motor drive in this way. As suggested by the

name, the CSCC regulates stator current by adjusting the slip frequency ωs. Meanwhile,

the IM optimal operation can be realized by appropriate ωs control, which includes both the

optimal torque operation and the maximum efficiency operation.

The CSCC control algorithm is illustrated in Fig. 3.13, where Te command value Te,ref

serves as the input of CSCC [116]. A speed regulator can be applied as an outer loop
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Figure 3.10: Generic rotor flux oriented control.

Figure 3.11: DTC with space vector modulation.

Figure 3.12: DTC with hysteresis modulation [116].
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controller to decide Te,ref , which will be introduced in the following subsection in detail. ωs

is determined based on requirements of the system optimal operation as mentioned above,

and the maximum efficiency operation is selected as the optimal requirement in this section.

Therefore, the predefined slip frequency ωe,set is expressed as:

ωs,set =
rr
Lrr

1√
LM

2

Lrr
2
rs
rr

+ 1
(3.66)

After the constant slip frequency ωe,set is used, the maximum torque that can be reached

at such operation mode can be computed considering the maximum rotor flux λr,max:

Te,thresh = 3P
ωs,setλr,max

2

rr
(3.67)

where Te,thresh represents the IM threshold torque. If Te,ref ≤ Te,thresh, the IM can operate

at the predefined slip ωs,set considering optimizing the operating efficiency.

The operation principle illustrated in Fig. 3.13 can be explained as follows: 1) when

Te,ref ≤ Te,thresh, and the rotor flux linkage λr ≤ λr,max, ωs is equal to ωe,set and yielding

the maximum efficiency; 2) when Te,ref > Te,thresh, ωs is regulated to maintain λr,max, where

now ωs is driven by Te,ref instead of being a constant ωe,set. ωs adopted by the motor drive

when Te,ref > Te,thresh is expressed in 3.68:

ωs =
Te,refrr

3Pλr,max
2 (3.68)

With Te,ref and ωs determined according to the control algorithm as shown in Fig. 3.13,

the RMS current command Is,ref is expressed as:

Is,ref =

√
|Te,ref |(rr2 + (ωsLrr)

2)

3P |ωs|LM 2rr
(3.69)
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Accordingly, Iqs,ref and Ids,ref are expressed respectively based on the computation above:

Iqs,ref =
√

2 · Is,ref (3.70)

Ids,ref = 0 (3.71)

where Iqs,ref equals to
√

2Is,ref , and Ids,ref is regulated as 0, in order to maintain the current

RMS command. And the transformation from dq coordinates to abc coordinates is expressed

below: 
Ias,ref

Ibs,ref

Ics,ref

 =


cosθ −sinθ

cos(θ − 2π
3

) −sin(θ − 2π
3

)

cos(θ + 2π
3

) −sin(θ + 2π
3

)

 ·
Ids,ref
Iqs,ref

 (3.72)

3.2.6 Te,ref Determination Based on Speed Regulation

In Section 3.2.3, 3.2.4 and 3.2.5, the sophisticated closed-loop motor drive controllers are

introduced. However, all these presented closed-loop controls provide what is essentially as

electromechanical torque transducer, which is expected to effectively provide Te according to

Te,ref . In most applications, the motor rotating speed is required to be regulated according

to the speed command ωr,ref , instead of directly sending out Te,ref to the motor drive.

Therefore, a closed-loop speed control scheme is adopted by all the controllers mentioned

above to characterize the practical operation of the motor drive in this chapter, and the

control scheme is illustrated in Fig. 3.14.

As shown in Fig. 3.14, ωr,ref is provided externally, and the PI compensator is used for ωr

closed-loop regulation, which generates Te,ref accordingly. A low-pass filter can be selected

to provide a more stabilized ωr according to the practical requirement of the VSD system.

3.2.7 HTB VSD Emulator Design

The physical configuration and control algorithm of the inverter-based motor drive and

IM load have been introduced from Section 3.2.1 to 3.2.6. The modeling and design of
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VSD based load emulator are proposed in this subsection according to the VSD operation

characteristics mentioned above.

The IM load emulator design is proposed in [66], of which the IM is characterized by

(3.25) and from (3.33) to (3.41). Therefore, the IM emulator design will not be introduced

in detail in this chapter. The model of the rotating load driven by the motor is determined

by TL characteristics, e.g., the constant torque load, the torque proportional to the square

of the speed, etc.

As presented in the above sections, the IM drive rotor speed regulation control is

introduced, and the corresponding speed command is achieved by using either an open-loop

control scheme such as constant V/f control, or closed-loop control schemes, including FOC,

DTC, and CSCC. Based on the above control algorithms, the back-end inverter consisting

of fully controlled PE devices is utilized to provide appropriate three-phase stator voltage

vabcs to the IM load. The back-end inverter is characterized by the VSC average model for

brevity, of which the dynamic performance is characterized by the three-phase modulation

index Ma, Mb and Mc. Since the modulation indexes fully characterize the output voltage

of the inverter-based motor drive, they are equivalent to the stator voltage vsa, vsb and

vsc. Therefore, the inverter-based motor drive is mainly characterized by the corresponding

control algorithm. Accordingly, the power emulator modeling procedure of the VSD back-end

is illustrated in Fig. 3.15.

As presented above, the model embedded in the power emulator is in a discrete fashion, of

which the emulator controller update frequency is decided by the emulator microprocessor.

According to Fig. 3.15, the nth computation cycle is illustrated inside of the yellow solid box,

and both the inverter and the IM are modeled in the dq coordinates. At each computation

cycle, the modeling starts from the VSD inverter back-end with the electrical components

modeled from the last computation cycle; then the inverter back-end model provides updated

IM stator voltage in dq coordinates, which is notified as vsd and vsq, to the IM and the

connected load model [36]. The back-end inverter model includes the motor drive open-loop

and closed-loop controller, which can be selected according to the research purpose. Then

through the IM model, the updated electrical components, including the stator current isd

and isq, and the rotor speed ωrm, are stored and used for the next computation cycle.
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Figure 3.13: Control algorithm of the CSCC [116].

Figure 3.14: ωr closed-loop control scheme.

Figure 3.15: Power emulator modeling procedure of VSD back-end inverter and IM load.
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The back-end inverter is classified based on the adopted motor control scheme, as

shown in Fig. 3.15, since the requirement of open and closed-loop motor drive control are

different. For an inverter-based motor drive utilizing closed-loop control, the corresponding

nth computation cycle is based on the results of the (n− 1)th computation cycle to represent

the negative feedback included in the model. In comparison, the nth computational results

of the motor drive with open-loop control do not rely on results from the last computation

cycle since the open-loop control characterizes the real-time performance of the VSD load

without considering previous performances at previous moments.

3.3 VSD Load Model Adopting Closed/Open-loop Con-

trol Schemes: Comparison and Simplification

3.3.1 Simplification Considering Passive and Active-Front-End

Rectifier Performance Consistency

Detailed models of passive-front-end and active-front-end VSD loads, which can be

used for HTB power emulator design, are introduced in Section 3.1.1 and Section 3.1.2,

respectively. The corresponding load unit dynamic performance can be accurately reflected if

designing the HTB power emulator based on the modeling principle of the detailed VSD load

model. Also, the detailed model introduced above is necessary for cases when all presented

model variables are required, e.g., the rectifier protection design, the VSC controller design,

etc.

However, it is not always practical to include all load model details considering the

limited computational capability of the hardware microprocessor. For example, the dynamics

of total load power consumption is more of a concern when it comes to the emulation

analysis of the transmission-level power network, instead of all aspects of detailed load

dynamic characteristics. Therefore, the emulator model simplification should be emphasized

accordingly.

The most critical function of the VSD front-end rectifier is to convert the three-phase

ac power supply into the constant Vdc voltage source for the back-end inverter, instead
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of deciding the total active power consumption Prec. Vdc can be considered as constant

considering: 1) the back-end inverter-based motor drive and Cdc can serve as an energy

buffer, which can stabilize Vdc, 2) the inherent front-end rectifier response speed towards the

load variation is fast, so Vdc is guaranteed to be relatively constant within some certain load

power range. Therefore, Prec is decided by the motor load for both passive and active-front-

end if assuming that the power loss at the front-end rectifier is not the dominant part in the

total Prec.

However, the passive-front-end rectifier performs differently from the active-front-end

rectifier when Prec < 0, since it only allows for unidirectional power transportation from the

power grid to the load. If Prec reaches 0 in passive-front-end rectifiers when the motor is

decelerating, the load power cannot be sent to the grid. Instead, the regenerative power

charges Cdc, and this will result in an increase of Vdc. Additionally, the increased Vdc will

trip the VSD overvoltage protection, which induces the disconnection between the passive-

front-end rectifier and the terminal bus. However, this is not expected by the normal grid

operation, so the rotor speed variation rate is usually restricted by the slew rate limiter

(SRL) to prevent IM regeneration. Therefore, the dynamic performance of active-front-end

and passive-front-end rectifiers can be regarded as consistent, assuming that the VSD load

operation will not be interrupted by regenerative operation. Based on this consistency in the

dynamic performance between the passive and active-front-end, the VSD load model with

different front-end rectifiers can be further simplified considering that either rectifier can be

regarded as a power transducer, assuming that: 1) the main research purpose is concentrated

on evaluating the load power consumption instead of other load dynamic characteristics, 2)

no significant terminal voltage variations will occur, which may activate the relay to protect

the front-end rectifier. More details and numerical examples about the simplification based

on performance consistency will be introduced below.

The passive and active-front-end rectifier can both be represented as a power transducer

if not operating in regeneration mode. So we can specify the operation range where IM

regeneration will not occur. As for the IM, the electric power Pe consumed by the load and
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the rotor speed ωr are related in p.u. system as:

Pe = TLωr + 2Hωr
dωr
dt

(3.73)

where TL represents the load torque, and H represents the IM inertia constant. TL model is

expressed according to the specific load characteristics. Here we use the fan/pump load to

represent the load characteristics, which is expressed as TL = ωr
2. More information about

the IM mathematical expression will be introduced in the next section.

As explained above, Pe is required to be > 0 in the specified operation range, so (3.73)

can be rewritten as:

dωr
dt

> −ωr
2

2H
(3.74)

So the absolute value of motor deceleration rate should be smaller than
ωr,min

2

2H
, where

ωr,min represents the minimum rotor speed during the operation. In conclusion, if adjusting

the motor deceleration rate within this region, the dynamic performance of the passive-front-

end VSD and active-front-end VSD can be regarded as a simple power transducer, which

will significantly simplify the HTB emulator model.

The example below illustrates the VSD load performance with passive-front-end and

active-front-end in terms of different rotor speed deceleration rates. Here in this example,

rotor speed reference ωr,ref decreases from 0.7 p.u. to 0.664 p.u., which is illustrated in

Fig. 3.16. The inertia constant of the motor is H = 3 s.

As explained above, large deceleration rate makes the motor enter regenerative mode,

which should be avoided considering grid support applications. According to (3.74) and

the motor speed deceleration example case which is illustrated in Fig. 3.16, three different

deceleration rates
dωr,ref

dt
are adopted to show the corresponding impact on the passive/active-

front-end VSD load performance. Example cases are simulated in PSCADTM/EMTDC and

illustrated in Fig. 3.17.

In Fig. 3.17a, ωr,ref deceleration rate is determined by ωr = 0.7 p.u., yielding
dωr,ref

dt
=

0.0817 p.u./s according to (3.74). Since ωr = 0.7 is the motor maximum rotating speed

during deceleration, the motor load will enter regenerative mode. Therefore, a significant
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Figure 3.16: Motor rotating speed reference ωr,ref variation.

(a)
dωr,ref

dt = 0.0817 p.u./s .

(b)
dωr,ref

dt = 0.0704 p.u./s.

(c)
dωr,ref

dt = 0.0554 p.u./s.

Figure 3.17: Active/passive-front-end VSD load Prec under different deceleration rate.
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divergence in Prec between active and passive-front-end VSD load is observed in Fig. 3.17a:

during the regeneration process, the passive-front-end VSD load Prec is 0 and the load is

disconnected from the power network, while the active-front-end VSD load can transfer the

regenerative power back to the grid.

In Fig. 3.17c, ωr,ref deceleration rate is determined by ωr = 0.57 p.u., which is lower than

the motor minimum rotating speed by about 10%. The corresponding deceleration speed

is
dωr,ref

dt
= 0.0554 p.u./s. Prec for the active and passive-front-end VSD load are almost

identical since the regeneration process is avoided when adopting the smaller deceleration

rate.

In Fig. 3.17b, ωr,ref deceleration rate is determined by ωr = 0.65 p.u., which is the

minimum motor speed during deceleration process. So the corresponding deceleration speed

is
dωr,ref

dt
= 0.0704 p.u./s. Observing simulation results in Fig. 3.17b, the motor regeneration

is almost avoided except the period between 10.45 s and 10.55 s. This is because the dωr

dt

cannot fully follow the
dωr,ref

dt
, and the absolute value of the real dωr

dt
is slightly higher than

the reference value, making the motor mode enter the regenerative mode temporarily.

According to the simulation results shown above, the relation between
dωr,ref

dt
and motor

regeneration almost follows the (3.74), except for the speed region which is very close to the

minimum ωr. So equation (3.74) can also be used as the criteria for designing the motor

drive SRL. Therefore, if the rotor deceleration rate is limited based on the criteria above,

the motor regeneration will not happen, then it is of little difference between the passive and

active-front-end rectifier dynamic model.

3.3.2 VSD Load Simplified Model with Closed-loop Control

As introduced in the previous sections, the back-end inverter can achieve rotating

speed closed-loop control if utilizing the FOC, DTC and CSCC. Meanwhile, motor drives

adopting the above closed-loop control schemes demonstrate similar dynamic characteristics

if employing identical rotor speed controllers.

These three closed-loop controllers are developed based on the basic operating principle

of the IM. So the similarities between these controllers are significant. For example, the DTC

is regarded as the simplified version of FOC. According to Fig. 3.10 and Fig. 3.11, both the
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DTC and FOC can be attributed as vector control. As for FOC, the q-axis controller is

to regulate Te which drives the IM load to accelerate and decelerate, while the d-axis is to

maintain a suitable rotor flux linkage. The DTC used here is similar to FOC except that the

d-axis controller regulates the stator flux linkage to avoid saturation. Additionally, the FOC

provides the stator current reference, isq,ref and isd,ref , to the inverter-based motor drive.

Usually, the inverter generates the gate signals through an inner current control loop, or a

hysteresis current loop. However, the DTC directly provides the stator voltage reference,

skipping the process of generating iqs,ref and ids,ref . So, the inverter switching signals are

generated through the space vector pulse-width modulation (SVPWM) according to the

requirement of the DTC.

CSCC is similar to FOC in terms of producing iqs,ref and ids,ref to drive the VSD back-end

rectifier. Additionally, differences between these two control schemes are: 1) λr is regulated

indirectly based on the IM electrical relation if utilizing the CSCC, while λr is regulated by

adjusting isd,ref if utilizing FOC; 2) the CSCC only determines the magnitude of the stator

current RMS value, while both isq,ref and isd,ref are determined if using vector control.

Comparing the closed-loop controllers mentioned above, it can be concluded that Te is

achieved by regulating the electrical reference of the back-end inverter, which includes vdqs,ref

or idqs,ref , and the difference is in how these references are generated. Therefore, the VSD

load model adopting different motor control schemes can be simplified as an identical format

based on the following considerations:

• The front-end rectifier provides a stable dc-link voltage which guarantees the normal

operation of the following power stages. The extreme ac terminal voltage condition

(excessive overvoltage/undervoltage) is not of consideration.

• The motor drive controller inner regulation loops, including the inner current loop in

FOC and CSCC, and Te/λs regulation loop, have a high control bandwidth compared

with the outer speed regulation loop, so the dynamic performance of these processes

can be simplified compared with the relatively slow-response process.
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• The motor load reactive power consumption is decoupled by the dc-link capacitor at

the front-end rectifier, so the IM reactive power consumption model can be removed

from the VSD model.

• The VSD load provides a relatively constant operating efficiency η over a wide operation

range. So, the total VSD power consumption is considered to be proportional to the

rotating load power consumption [117, 118].

According to these conditions stated above, the process of transferring Te,ref to Te can be

simplified as a time delay process for the three closed-loop control algorithms studied above

considering the rapid response of the inner control loop and the corresponding modulation

process, while the dynamic model of the speed regulation loop is maintained in the simplified

model to provide Te,ref . Also, considering the IM dynamic equations, only the q-axis is related

to reflecting the IM active power dynamic performance. Therefore, the simplified model of

VSD load in p.u. system is illustrated in Fig. 3.18.

The IM and the connected load are included in this simplified model. The total VSD

active power consumption PV SD,pu in p.u. system is not related to the front-end rectifier since

we assume a normal operating condition here, as introduced in Section 3.3.1. Therefore,

PV SD,pu is proportional to the IM consumption Pe,pu with coefficient ηV SD. TL indicates

the load torque, which is determined by the dynamic characteristics of the rotating load

connected to the IM.

3.3.3 VSD Load Simplified Model with Open-loop Control

The open-loop control is also referred to as constant V/f control, which is explained in

detail in 3.2.2. Compared with the closed-loop motor speed control, a motor drive with an

open-loop control scheme regulates the IM ωr by adjusting the stator voltage magnitude and

electrical angular frequency according to the control algorithm illustrated in Fig. 3.7 and

Fig. 3.8. Without the negative feedback loop, Te can be expressed by ωm,ref according to

the static operating principle in (3.42) based on the assumption that the motor drive has a

much faster response compared with the dynamics of the IM rotating process.
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Accordingly, the relation between Te and ωm,ref is expressed in (3.75), and the simplified

VSD model with open-loop control is illustrated in Fig. 3.19.

Te =
XM

2rr
ωe,ref−ωr

ωe,ref

ωe,ref

ωb

3

[rsrr +
ωe,ref−ωr

ωe,ref
(
ωe,ref

ωb
)
2
(XM

2 −XssXrr)]
2

+ (
ωe,ref

ωb
)
2
(rrXss +

ωe,ref−ωr

ωe,ref
rsXrr)

2
(3.75)

3.3.4 Simulation Studies: VSD Load Simplified Model Verifica-

tion

The verification of VSD simplified model adopting closed/open-loop control scheme will

be illustrated in this section. Two operation transient cases are provided to verify the load

model dynamic performance, which are illustrated in Fig. 3.20. Case 1 is to reflect the VSD

load dynamics when subject to TL variation, where TL ramps down from 200 Nm to 150

Nm during 3.5 s to 5.5 s, while ωr,ref = 150 rad/s. TL variation process is illustrated in

Fig. 3.20a. Case 2 reflects the VSD load dynamics when subject to ωr,ref variation, where

ωr,ref ramps up from 120 rad/s to 160 rad/s during 3.5 to 5.5 s, while TL = 200 Nm. ωr,ref

variation process is illustrated in Fig. 3.20b.

The closed-loop VSD load dynamic performance consistency is first verified by simulation

studies in MATLAB/Simulink®. As mentioned in the sections above, motor drives adopting

closed-loop control schemes, including FOC, DTC and CSCC, demonstrate similar dynamic

characteristics if adopting identical rotor speed controllers. This is also the basis of

developing the VSD load simplified model. So the IM rotor speed controller for VSD models

is selected following the control scheme shown in Fig. 3.14 with identical control parameters.

The comparison of the VSD model with different control schemes is introduced below.

The detailed VSD model with closed-loop controllers introduced above is developed in

Simulink. VSD model parameters are listed in Appendix A. Comparison results of Case 1 and

Case 2 mentioned above are illustrated in Fig. 3.21 and Fig. 3.22 respectively. The VSD load

ωr, Te and PV SD are recorded and compared among detailed models with different control

schemes. It can be observed that the rotor speed, torque, and active power consumption

dynamics are almost identical for these three VSD load models in both cases. These
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Figure 3.18: VSD simplified model utilizing closed-loop control.

Figure 3.19: VSD simplified model utilizing open-loop control.

(a) Load torque TL variation. (b) Rotor speed reference ωr,ref variation.

Figure 3.20: Two operation transient cases to verify the load model dynamic.
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simulation results verify that VSD loads will demonstrate an almost identical performance

when subject to external transients with different closed-loop schemes if adopting an identical

ωr controller.

The comparison between the simplified and detailed VSD load models is discussed below.

The VSD load simplified models are proposed in Fig. 3.18 and Fig. 3.19, and the detailed VSD

load model are introduced in Section 3.2.2 to Section 3.2.5. Simulation models of detailed and

simplified VSD load are developed according to the modeling algorithm introduced above.

The VSD load adopting the closed-loop controller has identical dynamic performance as

discussed above, so the VSD load with FOC is selected as the benchmark model to compare

with the simplified closed-loop VSD model. The comparison simulation results for Case 1 are

illustrated in Fig. 3.23, where red curves represent the dynamic performance of the detailed

VSD load model, and blue curves represent the simplified VSD load model.

As observed from Fig. 3.23, the simulation results of detailed and simplified model

represent a good agreement with each other for the IM ωr and Te, which reflects the

proposed closed-loop VSD simplified model can accurately reflect the motor rotating dynamic

performance. The total active power PV SD should have shown a mismatch between the

detailed model and simplified model. This is because the detailed model PV SD includes

the power loss of the IM, the back-end inverter, and the front-end rectifier. In contrast, the

simplified model does not contain the model of these processes. PV SD only represents the IM

electromagnetic power. However, the VSD efficiency η is relatively constant during a wide

operation range as introduced above, so the simplified model PV SD can be estimated with a

predefined η to make the corresponding power consumption closer to the value computed by

the detailed model. PV SD illustrated in Fig. 3.23 has applied an estimated η to the original

simplified model, so the power consumption values from the detailed and simplified model

are very close in Fig. 3.23c. In Fig. 3.23 and Fig. 3.24, η = 93.5%, and in Fig. 3.25 and

Fig. 3.26, η = 92.6%.

The dynamic performance comparison between the closed-loop VSD detailed model and

simplified model for Case 2 is illustrated in Fig. 3.24. A close agreement between these two

models can be observed in ωr and Te, and PV SD. These phenomenons are similar to what is

shown in Fig. 3.23.
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(a) ωr in Case 1.

(b) Te in Case 1.

(c) PV SD in Case 1.

Figure 3.21: Detailed VSD model reflecting the load dynamics in Case 1.
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(a) ωr in Case 2.

(b) Te in Case 2.

(c) PV SD in Case 2.

Figure 3.22: Detailed VSD model reflecting the load dynamics in Case 2.
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(a) ωr in Case 1.

(b) Te in Case 1.

(c) PV SD in Case 1.

Figure 3.23: Load dynamics in Case 1: Detailed VSD model vs. simplified VSD model with
closed-loop controller.
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(a) ωr in Case 2.

(b) Te in Case 2.

(c) PV SD in Case 2.

Figure 3.24: Load dynamics in Case 2: Detailed VSD model vs. simplified VSD model with
closed-loop controller.
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The open-loop VSD load detailed model and simplified model are simulated and compared

in Fig. 3.25 and Fig. 3.26, following the dynamic cases illustrated in Fig. 3.20. The simplified

model shows a close agreement with the detailed benchmark model.

Therefore, it is verified that the simplified model is efficient and accurate in terms of

representing the VSD load dynamic performance and its active power consumption according

to simulation results illustrated above. Therefore, the VSD load simplified model keeps a

balance between accuracy and simplicity.

3.4 VSD Load Emulator Verification Experiments

The VSD detailed model and simplified model adopting various control schemes are

proposed in the previous sections. Aside from the fast switching dynamics, the VSD detailed

model can reflect the load dynamic performance in several aspects, including the dynamics of

the passive electrical components, the control scheme adopted by the front-end rectifier and

back-end inverter, the IM electrical and mechanical dynamic performance, etc. Therefore, the

HTB load emulator adopting the VSD detailed model is suitable for the emulation application

where all the above load dynamics are included, e.g., the VSD overload protection design,

the VSD control scheme design, etc.

In comparison, the simplified VSD load model focuses on representing its active power

consumption based on the motor ωr dynamic performance. The front-end rectifier, back-end

inverter and equivalent electrical representation of IM are simplified as a time delay process.

So the VSD simplified model is suitable for the emulation application where only the VSD

load power consumption is emphasized.

The accuracy verification results of the HTB emulator are presented in this section. The

HTB power emulator is developed based on the modeling procedure illustrated in Fig. 3.15.

The VSD load created by function modules provided in the Simulink library is used as the

benchmark model to compare with the experimental results of the developed VSD load power

emulator. Meanwhile, the consistency of the active-front-end VSD and passive-front-end

VSD dynamic performance has been presented in Section 3.3.1, so only the active-front-end

VSD model is adopted for model verification in this section.
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(a) ωr in Case 1.

(b) Te in Case 1.

(c) PV SD in Case 1.

Figure 3.25: Load dynamics in Case 1: Detailed VSD model vs. simplified VSD model with
open-loop controller.

86



(a) ωr in Case 2.

(b) Te in Case 2.

(c) PV SD in Case 2.

Figure 3.26: Load dynamics in Case 2: Detailed VSD model vs. simplified VSD model with
open-loop controller.
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According to the introduction above, the VSD load can be classified based on the speed

controllers adopted by the back-end inverter, which include: 1) VSD load with open-loop

ωr controller, 2) VSD load with closed-loop ωr controller. In this section, the detailed

and simplified VSD load model with open and closed control loops are adapted into the

HTB emulator. The model verification results are illustrated and explained in detail in the

following subsections.

3.4.1 Detailed Model Verification: VSD load with Open-loop

controller

Two operation transient cases are provided to verify the load model dynamic performance.

In Case 1, TL ramps down from 200 Nm to 150 Nm during 3.5 s to 5.5 s, while ωr,ref = 150

rad/s. In Case 2, ωr,ref ramps up from 120 rad/s to 160 rad/s during 3.5 to 5.5 s, while TL

= 200 Nm.

In this subsection, the detailed VSD load model is adapted to the HTB emulator, and the

elementary constant V/f controller is selected as open-loop ωr controller, which is illustrated

in Fig. 3.7. The dynamic performance of VSD load with the corresponding open-loop

controller is represented by ωr, Te, and PV SD respectively. Experimental results of Case

1 and Case 2 are shown in Fig. 3.27. The HTB experimental results are illustrated by red

curves, while benchmark model simulation results are illustrated by blue curves. According to

comparison results, the emulated ωr, Te, and PV SD have a close match with the counterparts

measured from the benchmark simulation, so the emulated VSD load model can accurately

reflect corresponding dynamic performances.

3.4.2 Detailed Model Verification: VSD load with closed-loop

controller

As introduced in the above sections, the VSD closed-loop controllers selected for modeling

include FOC, DTC, and CSCC. Dynamic performances of detailed VSD load models

adopting the above controllers when subjected to Case 1 and Case 2 are illustrated in

Fig. 3.28, Fig. 3.29 and Fig. 3.30. According to the comparison between the simulation
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(a) ωr in Case 1. (b) Te in Case 1.

(c) PV SD in Case 1. (d) ωr in Case 2.

(e) Te in Case 2. (f) PV SD in Case 2.

Figure 3.27: Detailed VSD load with elementary constant V/f : HTB emulator experimental
results vs. benchmark model simulation results.
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and experimental results, the emulated VSD load electrical variables have a close match

with those measured from the benchmark simulation. Thus the accuracy of the detailed

VSD load HTB emulators is verified.

3.4.3 Simplified Model Verification

The simplified VSD load model is proposed in Section 3.3.4, including VSD load with the

open and closed-loop controller. Both the above two types of simplified VSD load models are

adapted to the HTB emulator, and the comparison between the power emulator experimental

results and the benchmark model simulation results are presented in Fig. 3.31 and Fig. 3.32

respectively.

Similar to detailed VSD load HTB emulator verification results, the emulator adopting

a simplified VSD load model can also accurately reflect the VSD dynamic performance,

of which the experimental results are almost identical to that of the benchmark model

simulation results. The consistency between the VSD load detailed model and simplified

model has already been explained in Section 3.3.4, so the simplified VSD load power emulator

is suitable for being used in the large-scale power network experiments.

3.4.4 Model Accuracy Estimation

To evaluate the accuracy of the VSD load HTB power emulator presented above,

normalized root mean square error (NRMSE) is adopted to quantitatively represent how

accurate the emulator models are, which is expressed as [119]:

NRMSE =
1

ȳ
·
√∑n

i=1(yi − ŷ)2

n
(3.76)

where yi is the ith observation of y, ŷ is the predicted y value given by the model, and ȳ is

the mean value of y.

Benchmark models developed in Simulink are used as the model benchmark, and power

emulator experimental results are evaluated according to the benchmark model reference.

The VSD load models with both the open and closed-loop control schemes in detailed and
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(a) ωr in Case 1. (b) Te in Case 1.

(c) PV SD in Case 1. (d) ωr in Case 2.

(e) Te in Case 2. (f) PV SD in Case 2.

Figure 3.28: Detailed VSD load with FOC: HTB emulator experimental results vs.
benchmark model simulation results.
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(a) ωr in Case 1. (b) Te in Case 1.

(c) PV SD in Case 1. (d) ωr in Case 2.

(e) Te in Case 2. (f) PV SD in Case 2.

Figure 3.29: Detailed VSD load with DTC: HTB emulator experimental results vs.
benchmark model simulation results.
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(a) ωr in Case 1. (b) Te in Case 1.

(c) PV SD in Case 1. (d) ωr in Case 2.

(e) Te in Case 2. (f) PV SD in Case 2.

Figure 3.30: Detailed VSD load with CSCC: HTB emulator experimental results vs.
benchmark model simulation results.
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(a) ωr in Case 1. (b) Te in Case 1.

(c) PV SD in Case 1. (d) ωr in Case 2.

(e) Te in Case 2. (f) PV SD in Case 2.

Figure 3.31: Simplified VSD load with elementary constant V/f : HTB emulator
experimental results vs. benchmark model simulation results.
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(a) ωr in Case 1. (b) Te in Case 1.

(c) PV SD in Case 1. (d) ωr in Case 2.

(e) Te in Case 2. (f) PV SD in Case 2.

Figure 3.32: Simplified VSD load with closed-loop controller: HTB emulator experimental
results vs. benchmark model simulation results.
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simplified format are evaluated, and the accuracy rates of each model are presented in

Table 3.2.

According to estimation results shown in Table 3.2, the detailed power emulator model of

VSD loads is relatively more accurate compared with the simplified power emulator model,

of which the NRMSE are all very close to 100%. The simplified model removed the operating

loss of the load unit, and uses a constant η to represent the power mismatch between total

power and rotating load power. So the model accuracy is lower than that of the detailed

emulator model.

3.5 Conclusions

In this chapter, VSD load model is introduced, including the modeling algorithm of

the passive-front-end rectifier, the active-front-end rectifier, and the back-end inverter with

open-loop and closed-loop rotor speed control.

Moreover, the VSD load model simplification is investigated considering releasing the

computational burden of corresponding simulation/emulation environments:

• The VSD operation region is specified where the passive and active-front-end rectifier

have identical dynamic performance. So it is not necessary to distinguish these two

types of front-end rectifiers when the VSD is within the specified operation region,

which reduces the modeling complexity. The VSD load studied in the following chapters

is restricted to this operation region.

• The simplified model of the VSD load which emphasizes its active power consumption

is proposed. Such simplified VSD load model can accurately reflect the dynamic

performance of the frequency responsive load, which will be presented in the following

chapters.
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Table 3.2: VSD load power emulator model accuracy estimation.

VSD control
scheme

accuracy
rate

VSD control
scheme

accuracy
rate

VSD control
scheme

accuracy
rate

Constant V/f 97.30% FOC 97.81% DTC 97.84%
CSCC 97.82% open-loop

simplified
91.65% closed-loop

simplified
92.67%
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Chapter 4

Modeling and Control of VSD Based

Load for Grid Primary Frequency

Support

It is important to characterize aggregated load performance because using the aggregated

model can reduce the complexity of the original model, which is beneficial for performing

simulation in terms of saving computational resources and accelerating the simulation speed.

The aggregated model plays a critical role, especially for studying the large-scale power

network, since it is computationally prohibited to model a large number of end-users in the

simulation or experimental testbed. In this chapter, the representation of the VSD load

HTB emulator is introduced, which accurately mimics the load dynamic performance and

how it can be regulated to provide primary frequency support to the power network. The

VSD model frequency support control and aggregation algorithm are explained in detail in

the following sections.

4.1 Frequency Responsive VSD Load

In this section, the grid frequency support control provided by the VSD load is introduced

by using one VSD load unit as an example. Additionally, the simplified representation of

the VSD load is also included in this section.
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4.1.1 VSD Grid Frequency Control Scheme

As introduced in Chapter 2, the power consumption of non-critical electric motor loads

can be regulated by accelerating and decelerating the motor rotating speed, so the grid

frequency response is enhanced consequently. And the VSD provides a convenient way for

regulating the motor load by adjusting the motor rotating speed according to grid frequency

regulation requirements. To precisely regulate the VSD load power consumption, the VSD

grid frequency control scheme is introduced in this section, which is illustrated in Fig. 4.1.

Grid frequency deviation ∆f is measured at the point of common coupling (PCC) and

introduced to the motor speed reference ωr,ref as illustrated in Fig. 4.1. ωr,ref with respect

to ∆f is expressed below according to the illustrated frequency support scheme [36]:

∆f = f − fnom (4.1)

ωr,ref = Kf ·∆f + ωr,ini (4.2)

where f represents the measured grid frequency, fnom represents the nominal grid frequency,

Kf represents the coefficient of frequency control scheme, and ωr,ini represents the initial

rotor speed before the grid disturbance.

When f decreases below fnom, ωm,ref will decrease proportional to ∆f following (4.2).

The coefficient Kf represents the extent of load response to ∆f . After the grid is stabilized,

ωr is lower than ωr,ini due to ∆f and Kf , thus the VSD load power consumption is lower than

that before the grid disturbance, i.e., when ωr = ωr,ini. Accordingly, the responsive VSD

load will help mitigate the grid frequency deviation when subjected to a grid disturbance,

which is similar to the effect of primary frequency control. The operating condition when f

increases due to grid disturbance can be explained similarly [36].

4.1.2 VSD Load Model Simplification

The VSD load simplified model is introduced in Fig. 3.18. Considering the decoupling

of the front-end and back-end PE interfaces which has been explained in Section 3.3, the

VSD load dynamic performance can be expressed by the speed regulator and the IM rotor
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speed dynamic equations. Along with the model of frequency regulation scheme introduced

in Section 4.1.1, the simplified model of VSD based pump/fan type of loads with frequency

support control is expressed as Fig. 4.2.

In Fig. 4.2, the pump/fan type of load TL is represented by ωr following:

TL = ωr
2 (4.3)

As illustrated in Fig. 4.2, the motor drive regulation process, which includes the load

voltage/current control and modulation of the PE interface configuration, is simplified as a

time delay process, of which the time constant T is usually selected as the switching cycle, or

twice of the switching cycle, based on the specific controller design. The switching bandwidth

is much higher compared with that of the rotor speed control loop and the IM mechanical

dynamic performance. The corresponding zero-pole map of the VSD load linearized model

shown in Fig. 4.2 is illustrated in Fig. 4.3, assuming that the PE interface switching frequency

is 10 kHz.

As shown in Fig. 4.3, the pole of the VSD transfer function representing the PE control

and modulation delay is far from the rest of the zeros and poles, which are all close to (0, 0),

verifying that the time delay process can be ignored due to its fast dynamics. So the time

delay process modeled in Fig. 4.2 can be eliminated accordingly, thus further simplifying the

VSD model.

4.2 Potential of the VSD Load in Terms of Primary

Frequency Support

The equivalent load operational reserve reflects the available load power reserve, which

can be utilized for primary frequency response. The responsive load usually follows the

droop-like control for the primary frequency as introduced in Section 2.1.4, which mimics the

governor of the conventional generation unit. The VSD load can adopt a flexible controller

to regulate the motor rotating speed, so it guarantees a fast and efficient frequency response

which improves the power grid stability. Discussion about the VSD load frequency response
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Figure 4.1: VSD frequency support control diagram [36].

Figure 4.2: VSD driving pump/fan type of loads with frequency support control.
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is presented in this section, which includes the potential of VSD load in terms of providing

equivalent primary frequency response, and how to provide frequency droop control using

multiple VSD load units.

4.2.1 Frequency Support Capacity of Individual VSD Load

The concept of load frequency response includes both decreasing the load power

consumption when grid f is lower than fnom, and increasing the power consumption when

f is higher than fnom. The main configuration of VSD load includes the front-end rectifier,

the back-end inverter, and the motor load. Among these three major parts, the motor can

tolerate the overload condition for a relatively long period of time. However, for the VSD

load PE configuration, the overload capability is relatively low. As presented in [120], the

VSD allows an overload of at least 60 seconds when the current lies between 100% and 150%

nominal current Inom. Therefore, it is not recommended to run the VSD at overcurrent status

for a relatively long period of time, i.e., the VSD load is not suitable to frequently provide

power which is higher than Inom considering the overload capability of the corresponding PE

configuration.

As introduced above, the pump/fan type of load driven by VSD is selected as frequency

responsive load since the rotating speed variation does not largely influence the corresponding

main production process, thus allowing for a flexible adjustment of load power consumption

according to the requirement of the grid frequency support scheme. Furthermore, the

rotating speed of such circulation centrifugal load with VSD can be adjusted actively by

the customer to achieve high operating efficiency under different operating conditions. As

suggested in [121], the optimal operating speed of pump load ranges from 80% to 100%

nominal rotating speed, which is denoted as ωr,nom. Therefore, a wide range of VSD load

operating speeds provides a wide adjustment range of load power consumption without

overloading the VSD. Accordingly, considering the tolerance of electric devices and the

reasonable operational efficiency, the reserve power of individual VSD load unit is defined in

Fig. 4.4.

As illustrated in Fig. 4.4, VSD devices operating between 79.39% and 100% ωr,nom are

chosen as available to be utilized as load operational reserve. Otherwise, VSD loads are
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Figure 4.3: VSD linearization model zero-pole map.

Figure 4.4: Operational reserve provided by the individual VSD load unit.
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not allowed to provide frequency support. As for the pump/fan type of load, of which TL

is proportional to the square of ωr, the predefiend initial speed can be transferred to the

initial load consumed power ranging from 50% to 100% Pnom, where Pnom denotes the VSD

nominal power. Assume that ωr,ini = p% ωr,nom, then the operational reserve is classified as

following two aspects:

• Individual VSD load unit downwards power reserve Pre,down,i, which represents the

power reserve for supporting the condition when grid frequency decreases. Pre,down,i is

expressed as:

Pre,down,i = ((p%)3 − (79.39%)3) · Pnom (4.4)

• Individual VSD load unit upwards power reserve Pre,up,i, which represents the power

reserve for supporting the condition when grid frequency increases. Pre,up,i is expressed

as:

Pre,up,i = ((100%)3 − (p%)3) · Pnom (4.5)

4.2.2 Frequency Support Capacity of Multiple VSD Load Units

Following Equivalent Droop Response

The total power reserve in p.u. value provided by multiple VSD load units at different

frequency events can be expressed respectively in (4.6) and (4.7) based on the individual

load unit power reserve expression in (4.4) and (4.5):

Pre,down =

∑n
i=1 Pre,down,i
Pbase,sys

(4.6)

Pre,up =

∑n
i=1 Pre,up,i
Pbase,sys

(4.7)

where the frequency decrease and increase event are expressed in (4.6) and (4.7), respectively.

Assume there are n VSD load units in the studied load center, and the grid power base in

the corresponding region is Pbase,sys.
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According to the definition of the primary frequency droop curve which is presented in

Section 2.1.4, the Kdroop is determined by the lower and upper threshold power, which is

denoted as Pprim,down and Pprim,up respectively. Pprim,down and Pprim,up should not exceed the

limit of available operational reserve power Pre,down and Pre,up, which is expressed as:

|Pprim,down| ≤ |Pre,down| (4.8)

|Pprim,up| ≤ |Pre,up| (4.9)

Therefore, not all the available power reserves Pre from each VSD load unit are to be

utilized in the frequency event, since the power reserve threshold Pprim is not required to be

equivalent to Pre. Regardless of the frequency deviation direction, assume the ratio between

Pre and Pprim of the droop controller is expressed as:

Kprim =
Pprim
Pre

(4.10)

Substitute (4.10) into (4.6) or (4.7), Pprim can be expressed as:

Pprim =

∑n
i=1 Pre,i
Pbase,sys

·Kprim (4.11)

According to the primary frequency droop control expression, the total power contributed

by VSD loads in p.u. value is denoted as ∆PV SD,tot,pu, and is expressed as:

∆PV SD,tot,pu = Kdroop∆fpu (4.12)

where ∆fpu represents the p.u. value of grid frequency deviation. Kdroop is expressed as:

Kdroop =
Pprim

fmax − fdb
(4.13)

where fdb represents the frequency deadband over which the VSD load should be responsive

to ∆f , and when f reaches fmax VSD load power contribution should reach Pprim. Equation

(4.13) is in consistent with Fig. 2.6 in Section 2.1.4.
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The overall VSD load contribution should follow the droop regulation as expressed in

(4.12). The power contribution ∆PV SD,pu,i of a single VSD unit i is modeled below.

According to the VSD frequency regulation expressed in (4.2), PV SD,pu,i of VSD unit i is

expressed as:

PV SD,pu,i = (ωri,ini,pu +Kfi ·∆fpu)3 (4.14)

where Kfi represents Kf in ith VSD unit.

Accordingly, ∆PV SD,pu,i compared with the initial load power consumption is expressed

as:

∆PV SD,pu,i = 3ω2
ri,ini,pu(Kfi ·∆fpu) + 3ωri,ini,pu(Kfi ·∆fpu)2 + (Kfi ·∆fpu)3 (4.15)

The grid frequency deviation in p.u. value is quite small, so ignore ∆f terms which are

higher than first-order in (4.15), ∆PV SD,pu,i is simplified as:

∆PV SD,pu,i = 3ω2
ri,ini,pu ·Kfi ·∆fpu (4.16)

Accordingly, the total VSD load power contribution expressed by the sum of individual

loads is expressed as:

∆PV SD,tot,pu =

∑n
i=1 3Kfiω

2
ri,ini,puPbase,i

Pbase,sys
·∆fpu (4.17)

Based on the expression in (4.17), the required Kdroop is achieved by adjusting Kfi in

ith VSD load unit. Substitute (4.17) and (4.13) into (4.12), the expression of Kfi is shown

below:

Kfi =
Pre,pu,iKprim

3ω2
ri,ini,pu(fmax − fdb)

(4.18)

where Pre,pu,i represents the power reserve of ith VSD unit in p.u. value.
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4.2.3 Numerical Study: Using VSD Loads to Provide Frequency

Droop Response

The example of VSD load potential in terms of providing p−f droop control is represented

below using the derivation from the last section. The performance of VSD load group is

represented by 18 VSD load units with different controller parameters, Pbase,i and ωri,ini,pu.

The parameters used for developing VSD load in this example are listed in Appendix B.

The VSD load unit operation status Pbase,i and ωri,ini,pu are randomly generated. For

simplification consideration, Pbase,i is scaled as (4.19), and ωri,ini,pu is selected between 79.39%

and 100% ωr,nom as explained in the last section. The initial operation status of 18 VSD

load units are illustrated in Fig. 4.5a.

1 ≤ Pbase,i ≤ 2 (4.19)

Kdroop is determined based on Pprim provided by the VSD load group following (4.8) and

(4.9). So different composition of the VSD Pbase,i and ωri,ini,pu will yield different Pprim, thus

providing different Kdroop to the power grid. The equivalent droop curve provided by the

VSD load group based on the initial operation status in Fig. 4.5a is shown in Fig. 4.5b.

The simulation results represented in Fig. 4.5b is based on the aggregated VSD model

developed in Simulink, which is composed by 18 VSD load units introduced above. The

blue curve represents the desired droop control, and the red dot represents the VSD load

response in the simulation. As illustrated in Fig. 4.5b, Kdroop,up and Kdroop,down are decided

respectively by Pprim,up and Pprim,down. It is shown that Kdroop applied for the frequency

increase and frequency decrease events are different based on the VSD unit load status. In

this example, Kdroop,up = 0.2667 p.u./Hz and Kdroop,down = 0.2333 p.u./Hz.

4.3 VSD Load Aggregation Principle

As explained in the previous sections, it is important to represent the electrical

components by the aggregated model, especially in terms of evaluating the performance
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of the large-scale power network. Following this principle, it can be concluded that the

design of the HTB power emulator will be more efficient and precise if the performance of

multiple VSD load units can be represented by an acceptable number of aggregated VSD

models.

Assume multiple VSDs employing the frequency support control are located at one load

center, which is represented as connected to one load bus in the power network transmission

level model. The total power consumption PV SD,tot will be varied according to ∆f due to the

VSD grid support function. PV SD,tot considering the frequency support can be characterized

as:

PV SD,tot = f(x, u) (4.20)

where u represents the input variable ∆f , x represents all the state variables involved in

(4.20).

Practically, ∆f is measured locally by the current sensor applied in each VSD load

unit. Assume the input variable ∆f is identical for all VSD loads at a certain load center,

and all VSD loads involved follow the same model format as illustrated in Fig. 4.2, which

includes both the frequency regulation scheme model and the VSD load model. Therefore,

the initial estimate for the VSD aggregated model is that it also follows the same model

representation as that in Fig. 4.2, i.e., the aggregated representation of multiple VSD load

units is equivalent to that of one VSD load unit if characterizing the performance expressed

in (4.20). The aggregated model initial estimation can be further validated if appropriate

model parameters can be identified to represent the aggregated performance of multiple VSD

load units.

Since we assume that the aggregated VSD load model format is known, so the grey-

box system identification algorithm can be used to identify the model parameters of the

aggregated model. To increase the identification efficiency, the model parameters are

identified based on the following two steps in this dissertation: 1) Use the black-box system

identification algorithm for a linearized model to decide the initial load model parameters,
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2) Use the grey-box system identification algorithm to identify load parameters based on

initial values derived in step 1).

4.3.1 VSD Load Clustering Principle

The linearized model of a single VSD is illustrated in Fig. 4.6 based on the nonlinear

model shown in Fig. 4.2. According to Fig. 4.6, the parameters for the VSD linearization

model includes the frequency regulation coefficient Kf , the PI controller parameters Kp and

Ki, the IM inertia constant H, the initial rotating speed ωr,ini and the initial electric torque

Te,ini. ωr is regulated by a closed-loop speed controller with PI regulator. The VSD power

consumption deviation ∆Pe,pu linearization expression is proportional to the electric torque

deviation ∆Te and the rotor speed deviation ∆ωr, which is expressed as:

∆Pe,pu = ∆Te · ωr,ini + Te,ini ·∆ωr (4.21)

The transfer function of the VSD linearized model can be derived according to Fig. 4.6.

The frequency response of the VSD load varies in the time domain when adopting different

bandwidths for the main controllers. This can also be observed by observing the time-domain

load active power response, or evaluating the VSD ωr controller open-loop gain. An example

of two VSD load units with different control bandwidths is illustrated in Fig. 4.7.

The blue curve illustrates the VSD ωr control bandwidth of 10 rad/s, while the orange

curve illustrates that of 100 rad/s in Fig. 4.7. The VSD load response characteristics with

diverse ωr control bandwidths in both time and frequency domain are observed. Considering

the discrepancy of the load response stated above, it is not accurate to combine the VSD load

with significantly different control bandwidth together to derive the aggregated model. So the

accuracy of the equivalent aggregated VSD model will be increased if multiple VSD loads

can be classified based on controller bandwidth before developing the aggregated model.

VSD load units with close control bandwidth can be clustered together and aggregated

separately, and here in this section, VSD loads with 10 times of control bandwidth difference

are supposed to be clustered separately. Example cases to verify this clustering principle

will be illustrated in the following sections.
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(a) VSD load unit initial operation status:
ωri,ini,pu vs.Pbase,i.

(b) VSD aggregated load frequency response
following the required Kdroop.

Figure 4.5: Numerical study example: primary frequency response provided by VSD loads.

Figure 4.6: Linearized model for the single VSD load unit.
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(a) Load active power consumption comparison.

(b) VSD open-loop gain comparison.

Figure 4.7: VSD load comparison between different ωr control bandwidth: time and
frequency domain.
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4.3.2 Black-box System Identification for Linearized Model

The first step of the aggregated model parameter identification process, which focuses on

identifying the initial model parameters by the black-box system identification algorithm, is

explained in this subsection. The aggregated VSD load linearized model has been introduced

in Fig. 4.6. Accordingly, the VSD load model transfer function can be expressed as (4.22):

∆Pe,pu
∆f

=
a2s

2 + a1s+ a0

b2s2 + b1s+ b0

(4.22)

where in (4.22), the input variable is ∆f , and the output variable is ∆Pe,pu.

The system identification algorithm for black-box model is adopted in order to identify

coefficients in the transfer function (4.22), i.e., a2, a1, a0, b2, b1 and b0. The above coefficients

are expressed respectively as:

b2 = 2Heq (4.23)

b1 = 2ωr,ini,eq +Kp,eq (4.24)

b0 = Ki,eq (4.25)

a2 = 2HeqKf,eqKp,eqωr,ini,eq (4.26)

a1 = Kf,eq(2HeqKi,eqωr,ini,eq + 2ωr,ini,eq
2Kp,eq + Te,ini,eqKp,eq) (4.27)

a0 = Kf,eqKi,eq(2ωr,ini,eq
2 + Te,ini.eq) (4.28)

According to Fig. 4.6, there are 6 model parameters that are required to be identified to

develop the VSD aggregated model, which are the equivalent IM inertia constant Heq, the

equivalent initial rotor speed ωr,ini,eq, the equivalent initial electromagnetic torque Te,ini,eq, the

equivalent ωr controller coefficients Ki,eq and Kp,eq, and the equivalent frequency controller

coefficient Kf,eq. However, these 6 model parameters stated above cannot be directly

computed by a2 to b0 based on (4.23) and (4.28). Since b2 is used as the divisor of nominator

terms, it is usually scaled to 1 in the final identification results. So the following parameter

optimization algorithm is used to select the optimal model parameters, which is illustrated

in Fig. 4.8.
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Figure 4.8: Optimization algorithm for selecting the optimal model parameters.
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The proposed optimization algorithm is based on the exhaustive method. First, an err is

defined at the beginning of the optimization algorithm, which represents the upper limit of

the mismatch between the estimated coefficient from the optimization algorithm and the real

coefficient from the VSD linearized model derived by the black-box parameter identification

algorithm.

The next step is to define the initial value of Heq, ωr,ini,eq. Along with (4.23) and (4.26),

the estimated value of Te,ini,eq, Kp,ini,eq, Ki,ini,eq and Kf,ini,eq can be computed. Then the

estimated value of a0 and a1, which are denoted as a0,est and a1,est, can be computed with

the four estimated coefficients stated above.

The last step is to compare the coefficient a0 and a1 which are provided by the black-

box system identification algorithm, with the estimated coefficient a0,est and a1,est which

are provided by the proposed optimization scheme. If the mismatch between the real value

and the estimated value is smaller than the predefined err for both a0 and a1, then the

final estimated model parameter sets, which includes Heq, ωr,ini,eq, Te,ini,eq, Kp,ini,eq, Ki,ini,eq

and Kf,ini,eq, will be sent to the solution pool. Otherwise, the estimated coefficients will be

discarded.

The above estimation process will be repeated with the predefined err, and when each

computation iteration starts, the Heq and ωr,ini,eq initial value will increase by predefined

∆H and ∆ω. All Heq and ωr,ini,eq selected for optimization are within a predefined range,

which are expressed respectively as:

Heq,min ≤Heq ≤ Heq,max (4.29)

ωr,ini,eq,min ≤ωr,ini,eq ≤ ωr,ini,eq,max (4.30)

After scanning all Heq and ωr,ini,eq within the predefined range, the solution pool will be

checked. If there are no estimated model parameter sets sent to the solution pool, it means

that the err, which is used to evaluate the accuracy of a0,est and a1,est, is too strict to draw

a solution. So err will be increased and repeat the above optimization process again until

the solution pool is no longer empty.
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4.3.3 Grey-box System Identification for Nonlinear Model

The linearized VSD model cannot accurately reflect the dynamic load performance,

especially when the transient operating conditions diverge significantly from the initial

operating point. The grey-box system identification algorithm for the nonlinear model is

used to further improve the accuracy of the equivalent VSD load aggregated model. The

system identification results for the black-box model introduced in Section 4.3.2 are used as

the initial guess of the model parameters for identifying the equivalent nonlinear VSD load

model.

As stated above, the model format of the equivalent aggregated VSD model is identical

to that of the single VSD load unit model, so the required parameters for the equivalent

aggregated VSD load model are the same as that illustrated in Fig. 4.2, including

the equivalent inertia constant Heq, the equivalent rotating speed reference ωr,ref,eq, the

equivalent frequency regulation coefficient Kf,eq, the equivalent ωr, regulation PI controller

parameter Ki,eq and Kp,eq. The VSD grey-box model is expressed by state variables in p.u.

value as follows:

d∆f

dt
= u (4.31)

dTe,eq
dt

= Kp,eqKf,equ−Kp,eq
Te,eq − ωr,eq2

2Heq

+Ki,eq(Kf,eqf + ωr,ref,eq − ωr,eq) (4.32)

dωr,eq
dt

=
Te,eq − ωr,eq2

2Heq

(4.33)

y = Te,eq · ωr,eq (4.34)

where the state variables include ∆f , equivalent electric torque Te,eq and equivalent motor

rotating speed ωr,eq. Additionally, u represents the input variable which is the differential

of ∆f , y represents the output variable which is the aggregated VSD load active power

consumption of PV SD,tot.

The solution derived from the VSD linearized black-box model is used as the initial

estimate of the state variables and VSD model parameters, which can be concluded as:
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• The initial value of VSD model state variables ∆f0, Te,eq,0 and ωr,eq,0 is defined as:


∆f0

Te,eq,0

ωr,eq,0

 =


0

Te,ini,eq

ωr,ini,eq

 (4.35)

where the coefficient Te,ini,eq and ωr,ini,eq are derived and explained in Section 4.3.2.

• The initial value of VSD model parameters, which include Heq, ωm,ref,eq, Kf,eq, Kp,eq

andKi,eq, employ model parameters solution derived from the VSD linearized black-box

model. ωm,ref,eq is regarded as equivalent to ωr,ini,eq which is derived in Section 4.3.2.

PV SD,tot can be represented by ωm,eq in p.u. value as follows, assuming the mechanical

power loss is negligible.

PV SD,tot = ωr,eq
3 (4.36)

Therefore, ωr,eq,0 and ωm,ref,eq can be identified by the initial load power consumption

PV SD,tot. The only restriction for the remaining parameters is ≥ 0.

The combination of linearized model identification and nonlinear model identification can

significantly reduce the complexity of the system identification process, making it easier to

get a converged solution.

4.3.4 VSD Aggregated Model Identification Example

The MATLAB® system identification toolbox is used to identify the equivalent aggre-

gated VSD load model. As stated above, the VSD clustering based on ωr control bandwidth

will promote the accuracy of the aggregated model. So in the following part of Section 4.3.4,

the model aggregation and parameter identification of VSD loads with different control

bandwidth is introduced, and then the positive impact of load cluster is presented.
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4.3.4.1 Aggregated Model Parameter Identification: with Close Control Band-

width

Two groups of VSD load models are used as examples of performing the aggregated model

parameter identification. One consists of individual VSD devices with control bandwidth =

10 rad/s, and the other consists of VSD devices with control bandwidth = 100 rad/s. The

model parameters of each VSD load unit are listed in Table 4.1 and Table 4.2 respectively.

As shown in (4.20), the VSD model is expressed as a single-input single-output system.

According to (4.22) and (4.31), the input variable of the aggregated VSD load model

expression is ∆f , and the output variable is the total active power consumption PV SD,tot,

which is subject to the variation of ∆f . Based on the VSD information listed in Table 4.1

and Table 4.2, simulation tests are performed to collect the input and output data as shown

in Fig. 4.9 and Fig. 4.10, which are required by the model parameter identification. The

input/output data shown above are used for the VSD aggregated model identification studies

introduced below.

As shown in Fig. 4.10, the power consumption of each VSD load unit with respect to

∆f variation are illustrated in Fig. 4.10a and Fig. 4.10b. The black curves in Fig. 4.10a and

Fig. 4.10b represent the average total power consumption PV SD,agg of 9 VSD load units in

p.u. system, which is expressed as:

PV SD,agg =

∑9
n=1(PV SD,n · Pbase,n)∑9

n=1 Pbase,n
(4.37)

where PV SD,n and Pbase,n represent the power consumption and power base value of each

VSD load unit. PV SD,agg is used as output values for aggregated VSD model parameter

identification.

The model identification results are listed in Table 4.3, which includes the estimated

aggregated model parameters of VSD load with different control bandwidth, where VSD

load units with control bandwidth = 10 rad/s is referred to as VSD group No. 1, and the

VSD load units with control bandwidth = 100 rad/s are referred to as VSD group No. 2.

The comparison of load power response between the estimated model and measured response

data in each group are illustrated in Fig. 4.11a and Fig. 4.11b respectively. It can be observed
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Table 4.1: VSD model parameters with control bandwidth = 10 rad/s.

VSD No. H (s) Kp Ki ωm,ref (p.u.) Kf

1 1 20.039 3.5076 0.65 4
2 1 20.046 3.5084 0.7 4
3 1 20.046 3.5084 0.75 4
4 1.5 30.024 5.2547 0.65 4
5 1.5 30.028 5.2554 0.7 4
6 1.5 30.028 5.2554 0.75 4
7 2 40.018 7.0039 0.65 4
8 2 40.018 7.0039 0.7 4
9 2 40.018 7.0039 0.75 4

Table 4.2: VSD model parameters with control bandwidth = 100 rad/s.

VSD No. H (s) Kp Ki ωm,ref (p.u.) Kf

1 1 199.97 349.99 0.65 4
2 1 199.97 349.99 0.7 4
3 1 199.97 349.99 0.75 4
4 1.5 299.96 524.95 0.65 4
5 1.5 299.96 524.95 0.7 4
6 1.5 299.96 524.95 0.75 4
7 2 399.94 699.97 0.65 4
8 2 399.94 699.97 0.7 4
9 2 399.94 699.97 0.75 4

Figure 4.9: The aggregated VSD load model identification input variable: ∆f in p.u. value.
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(a) Power consumption of VSD load with 10 rad/s rotor speed control bandwidth.

(b) Power consumption of VSD load with 100 rad/s rotor speed control bandwidth.

Figure 4.10: The aggregated VSD load model identification output variable: power
consumption in p.u. value.
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that both estimated aggregated models achieve a close match compared with the original

measured power output of multiple VSD devices, where the accuracy rate of group No. 1 is

99.81%, and the accuracy rate of group No. 2 is 99.41%.

4.3.4.2 Aggregated Model Parameter Identification: with Diverse Control

Bandwidth

As mentioned in Section 4.3.1, the step responses of VSD devices with different control

bandwidth are not consistent when observed in both the time domain and frequency domain.

So the aggregated model accuracy will be compromised without clustering the load units

before deriving the aggregated model.

To further justify the proposed clustering principle, the VSD aggregation model

identification is carried out for a group of multiple VSD load models with significantly

different control bandwidths. The measured model input and output variables illustrated in

Fig. 4.9 and Fig. 4.10 are used here for the parameter identification. To demonstrate the

diverse control bandwidth of each load unit, VSD devices with control bandwidth = 10 rad/s

and 100 rad/s are combined together in this study, where each accounts for 50% of the total

power consumption.

The model identification results are listed below, which includes the estimated model

parameters in Table 4.4 and the response comparison in Fig. 4.12. Comparing with the

example in Section 4.3.4.1, the accuracy rate shown in Table 4.4 is not as good as the

identification results where VSD aggregated models are clustered and estimated separately.

Also, the estimated parameter Ki,est = 0, and this is due to the preset constraint Ki,est

≥ 0. A Ki,est which is smaller than 0 will be provided if this constraint is removed, and

the identification results are not shown here for simplicity consideration. The mismatch on

Ki,est means that the aggregated model for this case no longer follows the predefined VSD

model format since the equivalent PI controller does not maintain its practical function

anymore. Meanwhile, the accuracy rate of this parameter identification case is 94.48%,

which is significantly lower than the last two cases where the clustering process is involved.
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Table 4.3: VSD aggregated model estimated parameters and accuracy rate.

VSD group No. Hest Kp,est Ki,est ωm,ref,est Kf,est accuracy
1 1.4995 30.16556 3.8448 0.7049 4.002 99.81%
2 1.5176 325.6324 49.1555 0.7049 3.9877 99.41%

(a) Response comparison of VSD group 1.

(b) Response comparison of VSD group 2.

Figure 4.11: Comparison of load power response between the estimated model and measured
response data.

Table 4.4: VSD aggregated model estimated parameters without clustering.

Hest Kp,est Ki,est ωm,ref,est Kf,est accuracy
1.429 76.0365 0 0.7049 4.0527 94.48%
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Therefore, the predefined VSD model format is not suitable for the VSD aggregated

model if multiple diverse different control bandwidths are included in the VSD load unit

group.

4.4 Responsive VSD Load Impact on Grid Frequency

4.4.1 VSD Load Control Architecture

For the large-scale power network with multiple load units, an effective controller

structure is critical for appropriately utilizing responsive load’s potential. The existing

responsive load control structures which are commonly used for providing grid frequency

support mainly consist of the following three types: decentralized controller[122, 123, 124],

centralized controller[125, 126], and hierarchical hybrid controller[127, 128, 129].

The main characteristic of the decentralized control method, which is illustrated in

Fig. 4.13a, is that the control signal of each device is generated locally and independently

by the individual controller. The advantage of such a control scheme is it has a simple

communication network without sending signals to the control center/system operator.

However, the decentralized control structure lacks the capability to coordinate between

different load units. And the local controller cannot perform self-adjustment according to

the available load power reserve in the grid. Therefore, the aggregated performance of the

responsive load is less effective to follow the required droop response.

The main characteristic of the decentralized control method, which is illustrated in

Fig. 4.13b, is that control signals of all devices are generated by the control center. The

advantage of the centralized controller is that it can largely utilize the potential of responsive

loads by coordinating each load device’s operation, because the control center can process the

information of all responsive loads. However, the centralized control system compromises

the communication speed. Meanwhile, the control capability of the centralized control is

limited, considering that the number of load devices processed by the one single control

center is relatively small.
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Figure 4.12: Comparison of load power response between the measured response data and
the estimated model without clustering VSD units according to controller bandwidth.

(a) Decentralized control.

(b) Centralized control.

Figure 4.13: Frequently used controller structure for responsive load [128].
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The hybrid hierarchical control architecture is regarded as a mix of the centralized

controller and the decentralized controller. Different from the centralized controller, the

control center of the hybrid control architecture is regarded as the top-layer controller,

which is only responsible for processing some critical parameters which are related to the

overall regulation of the power network operation. Below the top layer controller, the load

aggregator plays the role of the bridge between individual load units and the control center

– the load aggregator generates control commands for load units according to the control

signals provided by the top layer controller. The load units will respond to the grid frequency

event respectively with the command provided by the load aggregator.

The multiple VSD loads operation is regulated by a hybrid controller in this dissertation,

considering the advantages stated above. The adopted hybrid control architecture is shown

in Fig. 4.14.

The control center is at the top layer, which is responsible for deciding Kdroop based on

the grid power reserve Pprim, and these commands are updated every several hours. The load

aggregator is at the middle layer, which coordinates available VSD load units, so each load

unit sends its corresponding operation status to the load aggregator, e.g., ωr,ini,i, Pbase,i and

Pre,i. Meanwhile, the load aggregator sends Kdroop command to each load by transferring

it to Kprim, frequency threshold and selection command. The bi-directional communication

between load aggregator and load units can be around once every 2 minutes or longer,

considering reducing the communication cost.

VSD load units are at the local layer, and these devices are assumed to be able to measure

the grid frequency locally. So load units can respond to the frequency event rapidly according

to the control command sent by the load aggregator.

4.4.2 System Implementation for Frequency Responsive Load

Industrial end-use loads, such as ventilation fans or water circulation cooling pumps, can

be actively controlled to provide grid frequency service. The following implementations are

required to realize the hybrid hierarchical control introduced above: 1) Local measurement

units and effective load controllers should be implemented for the load unit level. 2) A

load aggregator is necessary which serves as an intermediate provider, and it is helpful for
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letting more individual load units participate in power grid dispatch. 3) The central control

is provided by the grid utility company for a particular region. The frequency support

commands are decided by the control center by evaluating the overall operation status of

the whole grid.

Besides, bidirectional communication channels should be provided between each layer in

the hierarchical control architecture, as illustrated in Fig. 4.14.

4.4.3 VSD Load Primary Frequency Support Efficiency Consider-

ing Communication Delay

As introduced in Section 4.4, centralized control architecture can flexibly coordinate

the load units during the grid frequency event, since the control center directly provides

performance command to the load units. However, the load cannot respond rapidly

considering the relatively long communication delay, which is due to the long communication

path from load to the top control layer [130]. In comparison, the load can respond to

the frequency deviation instantaneously if adopting the decentralized control architecture,

but it is complicated to realize the coordination between multiple load units. The hybrid

architecture has the advantage of both centralized and decentralized control architecture,

which features overall coordination within the load units group with rapid frequency

response. However, this rapid response is based on the predefined load coordination provided

by the load aggregator, which is updated frequently (around every two minutes or longer).

It is still necessary to consider the communication delay if applying real-time coordination

algorithm to the hybrid control architecture.

The frequency support efficiency of the hybrid control architecture presented above is

introduced in this subsection, including the load coordination scheme and communication

delay model. Meanwhile, the frequency responsive load with centralized control architecture

is also modeled and studied compared to the introduced hybrid control architecture-based

responsive load.
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4.4.3.1 Simplified Power System Model

The VSD load frequency support function is simulated and examined in Simulink, where a

simplified power grid model is adopted, as illustrated in Fig. 4.15. Critical model parameters

used to build the power system are listed in Table 4.5.

As shown in Fig. 4.15, the function block named “VSD load model” represents the VSD

load and corresponding control system model illustrated in Fig. 4.14. If changing the power

∆Pin sent to the governor, a power mismatch between generation and demand is created,

thus introducing power grid frequency events. So power system frequency contingency is

created accordingly to evaluate the VSD load frequency support in the following part of this

section. Additionally, to emphasize the responsive load primary frequency support function,

the generator secondary frequency support control is disabled in this simplified system model.

4.4.3.2 Coordination Algorithm on Hybrid VSD Control Architecture

As introduced above, the hybrid control architecture features advantages of both

decentralized and centralized control architecture, which largely decrease the communication

delay. However, the real-time coordination between load units depends on communication

between load aggregators and end users. So in this section, the frequency responsive VSD

load with real-time coordination is simulated and compared with other control schemes and

architectures. The operation principle of adopted coordination method is summarized as:

• The number of VSD load units NV SD involved in frequency support is decided based

on ∆f as expressed in (4.39):

NV SD =
∆f

fmax − fdb
·NV SD,tot (4.38)

where NV SD,tot represents the number of total available VSD load units. Load

aggregator will keep NV SD at the maximum value during the frequency event to avoid

the frequent switch on/off of load units.

Meanwhile, frequency control coefficient Kfi for each load unit, which is expressed in

(4.18), is required to be adjusted according to NV SD following (4.39) to maintain the
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Figure 4.14: Frequency responsive VSD load hybrid control architecture.

Figure 4.15: Simplified power system model.

Table 4.5: Simplified power system model parameters.

Parameter Tg Tt H (s) KD R
Value 0.4 0.1 3 0.02 0.05
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required Kdroop.

K ′fi =
NV SD,tot

NV SD

·Kfi (4.39)

where K ′fi represents Kfi after adjustment.

• Load aggregators randomly dispatch the participation of VSD load units periodically

(e.g., every 15 minutes), which helps balance the usage of each load unit.

4.4.3.3 Numerical Studies: VSD Load Grid Support Function

Frequency support comparison between different control architectures focusing on impact

of communication delay is introduced in this subsection. Model of VSD load with different

control architectures in power system illustrated as Fig. 4.15 is developed in Simulink. The

frequency increase and decrease events with different generation-demand power mismatch

are evaluated and illustrated in Fig. 4.16 and Fig. 4.17.

In the frequency decrease event shown in Fig. 4.16 and Fig. 4.17, VSD load regulated by

hybrid control architecture without real-time coordination is equivalent to communication

delay = 0. This is because coordination commands are sent to VSD loads before the frequency

event happens, so each load unit will respond to ∆f spontaneously. In comparison, VSD

load regulated by hybrid control architecture with real-time coordination is represented as

with relatively short communication delay, and model with communication delay = 0.3 s

and 0.4 s are both regarded as equivalent to this control architecture as shown in Fig. 4.16.

This is because that in the hybrid architecture, coordination commands will be sent from

the aggregator to load units after the frequency event occurs, which requires a relatively

short communication path. Additionally, the communication delay is longer when adopting a

centralized controller since each load unit cannot measure and respond to ∆f spontaneously,

so communication delay = 1 s is used to represent the centralized control architecture.

As shown by simulation results comparison in frequency increase and decrease event,

VSD load regulated by hybrid control architecture without coordination has the best

frequency support function due to the negligible communication delay. In comparison, when

communication delay = 0.3 s and 0.4 s, the frequency support efficiency is slightly worse than
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(a) ∆Pin = -0.025 p.u.

(b) ∆Pin = -0.075 p.u.

(c) ∆Pin = -0.125 p.u.

Figure 4.16: Frequency decrease event: evaluation of communication delay impact on
frequency responsive VSD load grid support efficiency.
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(a) ∆Pin = 0.025 p.u.

(b) ∆Pin = 0.075 p.u.

(c) ∆Pin = 0.125 p.u.

Figure 4.17: Frequency increase event: evaluation of communication delay impact on
frequency responsive VSD load grid support efficiency.
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in the last case. Additionally, in Fig. 4.16b and Fig. 4.16c, the frequency support efficiency

are almost identical between communication delay = 0 s and = 0.3 s, which is because

higher ∆f introduces higher active power support. So VSD load regulated by hybrid control

architecture with coordination can also effectively support the grid frequency with short

communication delay. In comparison, the centralized control architecture simulated in this

section cannot effectively mitigate the grid frequency nadir, as shown by the blue curves.

This is because the grid model inertia constant is low, considering high renewable generation

penetration. So according to the simulation results, the responsive load with the centralized

controller cannot be fully activated before grid frequency reaches a nadir, resulting in a

frequency nadir almost as much as that without any responsive load involved.

Meanwhile, all control architecture can be designed to follow the predefined Kdroop

regardless of ∆Pin as shown in Fig. 4.16c.

Accordingly, hybrid control architecture with and without coordination can provide

effective frequency support in both transients and stabilized operating conditions. The

hybrid control architecture without coordination can simplify the control and communication

design, while the hybrid control architecture with coordination can decrease the number of

load units required to participate in the grid support function.

4.5 Conclusions

In this chapter, the aggregated performance of providing frequency support by multiple

VSD load units is characterized based on the simplified model which is presented in the last

chapter. The VSD load aggregated model is specifically designed for the pump/fan load

of which TL is proportional to the square of ωr. Additionally, the VSD aggregated model

parameter identification method is proposed.

The potential of VSD loads in terms of providing primary frequency support has also

been discussed in this chapter. The equivalent operational reserve provided by each VSD

load unit is identified, which makes up the total power reserve for primary frequency support

provided by VSD load units in the studied region. The mathematical expression of matching
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the required droop rate by adjusting frequency support coefficient Kfi in each VSD load unit

is also elaborated.

Additionally, the hybrid control architecture is adopted to control multiple responsive

VSD loads’ performance. The responsive load frequency support performance with different

control architecture and coordination schemes are simulated and compared by Simulink

models. The hybrid control architecture is shown to regulate the frequency performance

more effectively, compared with centralized control architecture.
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Chapter 5

VSD Load Grid Frequency Support:

Experimental Verification and

Discussion

5.1 VSD Grid Frequency Support Experimental Anal-

ysis Performed on HTB

The evaluation of VSD load primary frequency support is conducted on the HTB, which

is illustrated in Fig. 5.1. The secondary frequency support is disabled to emphasize the

primary frequency support efficiency. The responsive load experimental results are shown

and explained in this section.

As mentioned in previous sections, VSD based pump/fan loads are appropriate candidates

for frequency responsive loads. According to the current load profile, only a small portion

of this type of motor load is driven by the VSD, resulting in limited responsive load power

reserve. However, the end-user electrification will greatly promote the conversion of motor

loads to electric drives in the near future as expected in [131]. Therefore, it is reasonable

to predict that a considerable number of motor loads will evolve to VSD loads. The

VSD frequency responsive load experiments introduced in this section are based on this
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assumption, that a relatively high penetration level of VSD based motor load will appear in

the future power grid, and exert considerable impact on the grid operation.

Western Electricity Coordinating Council (WECC) system is emulated in the HTB, and

VSD load experiments introduced in this chapter are performed based on it. The responsive

VSD load model is integrated into the southeastern area of the simplified WECC system to

evaluate the frequency support functions. The simplified WECC diagram is illustrated in

Fig. 5.2. The VSC-based power emulators in HTB mimic Bus 1 to 10, of which red circles

represent generation buses, green circles represent load buses, and blue circles represent

generation and load combined buses.

There are two possible solutions to represent the aggregated VSD load dynamic

performance in HTB experiments: 1) Use multiple VSC based power emulators, and each

emulator adopts one VSD load unit model, which is illustrated in Fig. 5.3a; 2) Use one

VSC based power emulator which characterizes multiple VSD load unit models. The second

option, which is illustrated in Fig. 5.3, is adopted since it is beneficial to simplify the HTB

power network configuration and decrease the number of power emulators. Meanwhile,

considering the computational processing capability of the power emulator DSP, 6 to 8 VSD

load units with diverse model parameters are applied to one power emulator unit.

5.2 VSD Load Frequency Support Experimental Veri-

fication

The responsive VSD load penetration level changes based on different weather and time

of the day, so the overall impact of frequency support function will vary significantly. 8

cases are tested to fully represent frequency support function at different operating points:

1) normal summer at 4 am, 2) normal summer at 10 am, 3) normal summer at 4 pm, 4)

normal summer at 10 pm, 5) hot summer at 4 am, 6) hot summer at 10 am, 7) hot summer

at 4 pm, 8) hot summer at 10 pm. The responsive VSD load is evenly applied to each load

bus. The load profile of each load bus is presented in Table 5.1.
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Figure 5.1: HTB Experimental platform.

Figure 5.2: Simplified WECC power system.

Table 5.1: Test power network load profile.

Bus P
(p.u.)

Bus P
(p.u.)

Bus P
(p.u.)

Bus P
(p.u.)

1 0.1 2 0.1 3 0.1 5 0.1
6 0.2 9 0.35 10 0.04
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5.2.1 Frequency Event with Unequal Kdroop

First, the VSD load grid frequency support function with unequal Kdroop is performed

and analyzed. In this scenario, the generation unit emulator model parameters are listed

in Table 5.2. Also, 8 different operating points with various VSD load penetration levels

are listed in Table 5.3. Kdroop for each load unit is decided according to (4.13), so Kdroop is

different considering different Pre as listed in Table 5.3. The grid frequency increase event is

performed by shedding 0.08 p.u. of the total load at Bus 5, and the grid frequency decrease

event is performed by tripping 0.08 p.u. of the total generation at Bus 7. G7 and G4, which

represent generators at Bus 7 and 4, are used to demonstrate the grid frequency at area

1 and 2, respectively. The load at Bus 2 and 5, which are represented as L2 and L5, are

selected to represent the VSD load response when subject to frequency variation.

Grid frequency increase event for Case 1 to 8 is illustrated in Fig. 5.4. All represented

cases demonstrate different grid support potential under the same power mismatch condition.

Grid frequency deviation is more significant in cases with less amount of VSD load, and less

significant with more VSD load. For example, ∆f is the smallest in Case 1, and the largest

in Case 7, corresponding to different load penetration levels in each case. Meanwhile, more

load active power support is provided in cases with higher VSD load percentage by observing

L2 and L5 experimental results.

As shown in Fig. 5.5, similar frequency support performance is observed in the grid

frequency decrease event: in cases which have higher VSD load penetration level, more

active power supports are provided by loads to mitigate the generation and load power

mismatch, thus yielding less grid ∆f . Fig. 5.5 only includes the experimental results from

Case 1 to 4 for simplification since the trend is similar for the other 4 cases.

5.2.2 Frequency Event with Equal Kdroop

Next, the VSD load grid frequency support function with equal Kdroop is also investigated.

Although equal Kdroop is applied, the grid support performance may vary due to unequal VSD

load penetration level. To emphasize the impact of responsive load account, a relatively low

VSD load penetration level is adopted in this experiment compared with the last scenario,
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(a) Option No. 1: Multiple VSC based power emulators, each emulator adopts one responsive
VSD load model.

(b) Option No. 2: One VSC based power emulator, which adopts multiple responsive VSD load
models.

Figure 5.3: Aggregated responsive VSD load representation in the HTB.

Table 5.2: HTB generation unit model parameters.

Generator No. Tg Tt H (s) KD R
G1 0.2 0.0 13 0.0 0.1
G2 0.2 0.0 6 0.0 0.1
G3 0.2 0.0 13 0.0 0.1
G7 0.2 0.0 13 0.0 0.1
G8 0.2 0.0 13 0.0 0.1
G10 0.2 0.0 6 0.0 0.1

Table 5.3: VSD load penetration level: for unequal Kdroop scenarios.

Weather 4 am 10 am 4 pm 10 pm
Normal
summer

26.26% 17.62% 15.0% 19.74%

Hot summer 16.92% 10.48% 8.34% 11.16%
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Figure 5.4: VSD load providing grid frequency support in the frequency increase event with
unequal Kdroop.
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Figure 5.5: VSD load providing grid frequency support in the frequency decrease event with
unequal Kdroop.
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which is listed in Table 5.4. Experimental results comparison for frequency increase event

between Case 4 and 8 is illustrated in Fig. 5.6 and Fig. 5.7. When Kdroop = 20 p.u./Hz,

the grid frequency response of each load is very similar since the required active power

contribution can be provided in each case, so different cases show similar grid frequency

performance in Fig. 5.6.

In comparison, if increasing Kdroop to 40 p.u./Hz, the required active power support

cannot be fully provided by Case 8 considering the limited VSD load power reserve. So a

significant grid frequency and power difference are observed between Case 4 and 8 in Fig. 5.7.

In conclusion, the VSD load power reserve limit varies considering different operating points,

leading to different impacts to the grid even with identical Kdroop command. Therefore, the

frequency support decision should be effectively made considering the impact of responsive

load amount, i.e., a large Kdroop can be satisfied when load power reserve is sufficient, and

Kdroop should be decreased appropriately when the load reserve is limited.

5.3 Communication Delay Impact on Frequency Sup-

port Efficiency

As introduced in Section 4.4.3, the responsive load communication delay is almost

negligible if adopting hybrid control architecture, since the load units are required to measure

∆f and respond to it locally. Meanwhile, responsive loads will be periodically updated

with coordination signals, which are sent from the top control layer before frequency events

occur. In comparison, loads adopting centralized control architecture cannot respond rapidly

considering the long communication path from load to the top control layer. Experiments in

terms of mimicking the communication delay for different control architectures are performed

on HTB and represented in this section. The communication delay impact on frequency

support performance is investigated and discussed.
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Table 5.4: VSD load penetration level: for equal Kdroop scenarios.

Weather 4 am 10 am 4 pm 10 pm
Normal
summer

13.13% 8.81% 7.50% 9.87%

Hot summer 8.46% 5.24% 4.17% 5.58%

Figure 5.6: VSD load providing grid frequency support in the frequency increase event with
equal Kdroop: Kdroop = 20 p.u./Hz.
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Figure 5.7: VSD load providing grid frequency support in the frequency increase event with
equal Kdroop: Kdroop = 40 p.u./Hz.
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5.3.1 Power Network Configuration and Generation Unit Design

As shown by simulation results in Section 4.4.3.3, communication delay influences

the grid frequency transient performance right after the contingency occurs. So in this

scenario, relatively low inertia constant values are applied to generation unit power emulators

considering 1) emphasize the grid frequency transient response after the frequency event, 2)

represent the power grid low inertia status when RES penetration level is high. Critical

model parameters for HTB generation emulators are listed in Table 5.5. The responsive

VSD load penetration level follows Table 5.3.

5.3.2 Frequency Increase/Decrease Event with Different Commu-

nication Delay Amounts

In this scenario, the following delay amount Td are considered in experiments: 0.4 s, 0.8

s, and 1.2 s. In comparison, the following cases are also included: no VSD load support, and

VSD load with Td = 0. Communication delay amount reflects control architectures adopted

by responsive loads: Td = 0 is equivalent to adopting hybrid control architecture, while Td 6=

0 is equivalent to centralized control architecture. For the equivalent hybrid control model,

the signal transfer process is ignored assuming that the coordination commands have already

been sent to each VSD load.

The frequency increase event is created by the load shed at Bus 5. Different Td and load

shed amounts are applied to responsive loads and the power grid, of which the corresponding

experimental results are illustrated in Fig. 5.8. In Fig. 5.8a where load shed = 0.05 p.u.,

responsive VSD loads contribute to mitigating ∆f by providing active power support during

frequency events. Meanwhile, f stabilizes at the same value regardless of Td in cases where

responsive loads are applied. As shown in Fig. 5.8a, the frequency support is most effective

when there is no communication delay. Meanwhile, f transient response when Td = 0.4 s

is similar to that when Td = 0 s. However, longer Td introduces larger frequency nadir.

This is because PE-based responsive load can respond to ∆f command rapidly, so it can

contribute to mitigating frequency nadir right after frequency disturbance occurs if Td is

short. Furthermore, load shed = 0.08 p.u. is also tested and illustrated in Fig. 5.8b. The
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above phenomena can be similarly reflected when applying different load shed amounts.

Additionally, the communication delay experimental results are consistent with simulation

results shown in Section 4.4.3.3.

Meanwhile, the frequency decrease event is created by generation trip at Bus 7, which is

illustrated in Fig. 5.9. Similar to the frequency increase events explained above, faster VSD

load response results in smaller frequency nadir, which is beneficial to improving the power

network stability.

In conclusion, VSD loads with hierarchical control architecture can effectively promote

frequency support efficiency considering the rapid load response.

5.4 Conclusion

• The impact of different load operating points is investigated regarding frequency

support capability. Experimental results show that the VSD load can effectively

mitigate the grid frequency deviation if operating within the total load power reserve.

Meanwhile, droop control coefficient Kdroop is decided according to the power grid

operating point, which is significantly influenced by the time of the day and the weather.

• According to experimental results, VSD load power reserve limit varies with the time

and weather, leading to varied frequency support performance even with identical

Kdroop command.

• The impact of control architecture on the frequency support efficiency is investigated.

Responsive load performance regulated with different control architectures can be

represented with different communication delays. Experimental results show that the

hybrid control architecture without real-time coordination can rapidly respond to grid

frequency deviation without any communication delays, while the hybrid control with

real-time coordination has to go through a communication delay before effectively

activated. The frequency support performance of the hybrid control is much better

than the centralized control since the communication delay between load units and

load aggregator is much shorter.
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Table 5.5: HTB generation unit model parameters.

Generator No. Tg Tt H (s) KD R
G1 0.2 0.0 5 0.0 0.1
G2 0.2 0.0 6 0.0 0.1
G3 0.2 0.0 5 0.0 0.1
G7 0.2 0.0 5 0.0 0.1
G8 0.2 0.0 5 0.0 0.1
G10 0.2 0.0 6 0.0 0.1

(a) 0.05 p.u. load shed at Bus 7. (b) 0.08 p.u. load shed at Bus 7.

Figure 5.8: VSD load providing grid frequency support in the frequency increase event.
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(a) 0.05 p.u. generation trip at Bus 6. (b) 0.08 p.u. generation trip at Bus 6.

Figure 5.9: VSD load providing grid frequency support in the frequency decrease event.

146



Chapter 6

Modeling and Simplification of Fast

Electric Vehicle Charging Unit for

Transient Stability Simulation

Environments

As presented in Section 2.3.2, the PE interface dynamic performance cannot be fully

reflected in TS simulation programs because the TS simulation mainly focuses on the

electromechanical transients in the power grid. Thus TS simulation tools cannot process

the high-bandwidth dynamic performance of electric devices. Therefore, the PE interfaced

load should adapt to the TS simulation environment based on reasonable simplification.

The fast EV charging unit is regarded as a typical example of a PE interfaced load, and

the corresponding simplified model, which is suitable for utilization in the TS simulation

program is introduced in this chapter.
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6.1 Three-Phase EV Charging Unit: Topology and

Control Algorithm

The most common topology of the fast EV charging unit is the three-phase full-bridge

active-front-end rectifier connected with the buck converter, and corresponding control

schemes are implemented into each power stage, respectively. In this chapter, the model

and control scheme of the EV charging unit is discussed. Additionally, reasonable model

simplification is introduced, which benefits the adoption of EV charger model into the TS

simulation environment.

6.1.1 Topology and Application of Different Power Stages

The circuit topology of the fast EV charging unit studied in this dissertation is illustrated

in Fig. 6.1, which includes the terminal ac bus Vt, the main charging circuit, and the

battery load. Generally speaking, the charging circuit consists of two power stages: one

of which is the three-phase active-front-end rectifier transferring the ac voltage supply to a

stable dc voltage, and the other is a dc-dc converter regulating the battery charging mode

[2]. As illustrated in Fig. 6.1, ZL represents the adjacent transmission line impedance,

Lf represents the active-front-end filter inductance, Cdc represents the rectifier dc-link

capacitance, Lb represents the battery charger filter inductance, Cb represents the battery

charger capacitance.

Therefore, there are four parts that are under consideration in the EV charger load

modeling based on the EV charging unit illustrated above, which are: 1) terminal voltage

Vt and transmission line impedance, 2) EV charger active-front-end, 3) dc-dc converter for

battery regulator, and (4) EV battery load. Vt and transmission line impedance represent

the interconnection between the power grid and the load, the active-front-end rectifier and

the dc-dc converter mainly represent how the EV charger load performs according to the

control scheme, and the EV battery load model represents the charging and discharging

dynamic performance.
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6.1.2 EV Charging Unit: Control Scheme Specification

Conventionally, uni-directional EV charging units are commonly applied, which can only

be used for charging the EV battery. The prevalence of the three-phase rectifier made up

of full-controlled switching devices allows for the development of bi-directional EV charging

units, which have the potential to provide power grid support. Multiple G2V and V2G

control algorithms have been introduced in Section 2.3.4.2. Except for the control and

planning scheme focusing on the relatively long time scale, the following typical control

algorithms which represent the most prevalent EV charger control functions are selected for

load model studies:

1) G2V mode:

• Constant Vdc control: One of the most commonly used d-axis control schemes, which is

used to provide a stable dc voltage for the next power stage. The constant Vdc control

algorithm studied in this chapter is illustrated in Fig. 6.2.

• Iq,ref determination: There are multiple methods to regulate Iq,ref as introduced in

Section 2.3.4.2. Here the constant reactive power Q control is modeled in this chapter,

as illustrated in Fig. 6.3.

2) V2G mode:

• Primary frequency support: The EV charger load can be utilized to absorb or release

active power according to the specific change of grid frequency deviation ∆f , which will

promote the overall power network stability. The EV charger load primary frequency

regulation scheme is illustrated in Fig. 6.4.

The constant Q control introduced from the G2V mode control scheme is very similar to

the V2G reactive power regulation, so the constant Q control can also be adapted and

attributed to the V2G control scheme. Therefore, the V2G reactive power regulation

is not introduced and modeled in this chapter.
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Figure 6.1: EV fast charging unit circuit topology.

Figure 6.2: Typical G2V mode controller: constant Vdc control.

Figure 6.3: Typical G2V mode controller: constant Q control.

Figure 6.4: Typical V2G mode controller: primary frequency support control.
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6.2 EV Charger Unit Model Simplification

As explained in Section 2.3.2, the detailed PE interfaced load model cannot be

directly used for the transmission-level power network analysis considering the limitation

of computational resources, so reasonable simplification is required when developing load

models for TS simulation tools. The EV charger load simplification mainly lies in the

following two aspects: 1) simplification of active-front-end rectifier, 2) simplification of the

dc-dc battery charger.

6.2.1 Active-front-end Rectifier Simplification

TS simulators only focus on the electromechanical transients and oscillations between 0.1

and 3 Hz. So it is not necessary to reflect the detailed PE device model which characterizes

the on/off switching status. The commonly used PE interface average-value model in dq

coordinates is adopted, which concentrates on the converter cycle-to-cycle behavior so that

fewer computational resources are required.

EV charging unit average model is illustrated in Fig. 6.5, the EV charger front-end

rectifier side ac voltage is equally characterized by modulation indicesmd andmq respectively.

Moreover, these modulation indices are characterized by the rectifier control scheme, which

is illustrated in Fig. 6.6. The active-front-end rectifier control schemes introduced in the last

section are applied to d and q coordinates to provide Id,ref and Iq,ref respectively.

The bandwidth of inner current control loop is so high that it is not appropriate to be

characterized by TS simulators. So the EV charger unit ac current consumption is assumed

to ideally follow the current command, with the inner current loop performing as a time

delay.

Fig. 6.5 emphasizes the EV charging unit rectifier, so the dc-dc converter is simplified

as a current source. The modeling and simplification of the fast EV charger second power

stage are elaborated in the following section.
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Figure 6.5: EV charging unit three-phase active-front-end average model.

Figure 6.6: Control scheme of EV charging unit three-phase active-front-end.
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6.2.2 DC-DC Converter and Battery Load Model

The dc-dc converter is powered by Vdc which is provided by the EV charger three-phase

rectifier. As illustrated in Fig. 6.1, it is directly connected to the EV battery. The IGBT is

used in the dc-dc buck converter in order to allow for the V2G application. Similar to that

of the three-phase rectifier, the dc-dc converter also operates based on the fast switching of

PE-based devices. So the corresponding average model is adopted to represent the simplified

dynamic performance of a battery charger, which is illustrated in Fig. 6.7.

The three-phase rectifier output Vdc is simplified as a dc voltage source in the second

power stage average model for simplification. As shown in Fig. 6.7, the corresponding

dynamic performance is characterized by modulation index Db. The average model can

be mathematically expressed as:

V ′dc = Db · Vdc (6.1)

I ′L =
IL
Db

(6.2)

Two basic charging modes are adopted by the dc-dc converter, the constant current (CC)

and constant voltage (CV) mode [84]. Which charging mode to use is determined based on

the battery state of charge (SoC). The CC and CV mode control, which are selected to

evaluate the battery charger model in this chapter, are illustrated in Fig. 6.8.

The CC mode control scheme is basically an ibatt feedback control loop with the PI

regulator, which provides the buck converter modulation index reference Db,ref . The CV

mode control scheme is also designed based on regulating ibatt. As illustrated in Fig. 6.8,

the voltage across the battery at the moment when the CV mode is activated, is used as

the battery reference voltage Vbatt,ref . Then Vbatt,ref is used for generating Ibatt,ref along with

the SoC based on the analytical expression f(SoC, Ibatt, Vbatt,ref ), which will be introduced

in the following text.

The lithium-ion battery is selected as the battery load in this chapter, and the Shepherd

model is used to characterize the battery performance [132]. For a single battery cell, the

equivalent model can be illustrated as Fig. 6.9, where Ebatt,sng represents the internal battery
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voltage, ibatt,sng represents the battery current flow (ibatt,sng > 0 when discharging the battery,

and ibatt,sng < 0 when discharging the battery), R0 represents the series resistance, and

Vbatt,sng represents the battery output voltage, which is equivalent to Vbatt in Fig. 6.7.

Ebatt,sng expression in Fig. 6.9 is:

Ebatt,sng = Eocv −K
J

J −
∫
ibatt,sngdt

·
∫
ibatt,sngdt−K

J∫
ibatt,sngdt− 0.1J

· ibatt,sng + Ae−B
∫
ibatt,sngdt

(6.3)

where Eocv represents the nominal open circuit voltage in V, J represents the battery cell

capacity in Ah, K represents polarization constant in Ω, A represents exponential zone

amplitude in V, and B represents inverse exponential zone time constant in Ah−1.

Therefore, Vbatt,sng based on the battery charging and discharging process model in (6.3)

is expressed as:

Vbatt,sng = Ebatt,sng −R0 · Ibatt,sng (6.4)

The SoC which reflects the charging status can be expressed as:

SoC =
J −

∫
ibatt,sngdt

J
(6.5)

Based on (6.3), (6.4) and (6.5), f(SoC, Ibatt, Vbatt,ref ) can be mathematically expressed

and used for deciding current reference in the CV mode as introduced above. Equations

(6.3) to (6.5) are only valid between SoC = 20% to 100%.

6.2.3 DC-DC Converter and Battery Load Simplification

The EV battery model can be simplified reasonably according to the Shepherd model

expressed in (6.3). As illustrated in Fig. 6.10, the EV battery package comprises bseries ·

bpara battery cells connected together, i.e., bseries battery cells are connected in series, and

bpara of battery series strings are connected in parallel. The battery package voltage Vbatt and

battery charging current Ibatt,ch, of which the positive direction is flowing into the battery

package, are expressed in (6.6) and (6.7).
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Vbatt = bseries · Vbatt,sng (6.6)

Ibatt,ch = −bpara · Ibatt,sng (6.7)

According to the SoC expression in (6.5),
∫
ibatt,sngdt can be replaced by SoC, which is

expressed as:

int = J(1− SoC) (6.8)

where int is used to represent
∫
ibatt,sngdt.

Substitute (6.6), (6.7) and (6.8) into (6.3), the relation between the output voltage Vbatt

and Ibatt,ch is expressed as:

Vbatt = bseries · (Ecov + C1
Ibatt,ch
bpara

+ C2) (6.9)

where C1 and C2 in (6.9) are expressed respectively as:

C1 = R0 +K
J

int− 0.1J
(6.10)

C2 = Ae−Bint −K J

J − int
int (6.11)

Cell SoC does not change drastically for a short period of time, so the SoC and int can be

regarded as a constant value considering the time scale of concern in this chapter. Therefore,

Vbatt is linear to ibatt,ch according to (6.9) since the EV charger load dynamic performance is

almost negligible within a short period of time. Example EV battery package parameters are

listed in Table. 6.1, Vbatt is expressed by Ibatt,ch in (6.12) based on the corresponding model

parameters:

Vbatt = 100 · (3.366 + 0.0012 · Ibatt,ch − 0.0117) (6.12)
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Figure 6.7: EV charging unit dc-dc converter average model.

Figure 6.8: Control scheme of EV battery charger: CC and CV mode.

Table 6.1: Example EV battery package parameters.

Parameter Value Parameter Value Parameter Value
J 2.3 Ah SoC 60% Ecov 3.366 V
R0 0.01 Ω K 0.0076 Ω A 0.2642 V

B 26.5487 Ah−1 bseries 100 bpara 30
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Figure 6.9: Single battery cell Shepherd model.

Figure 6.10: EV battery package model: consists of bseries · bpara battery cells.
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According to (6.12), Ibatt,ch variation only accounts for 0.035% of Vbatt variation, so Vbatt is

also considered as a constant value when studying the EV charger load dynamic performance

during a short time scale. Therefore, the EV battery is simplified as a constant voltage source

of which the terminal output voltage mainly relies on the SoC.

Generally, the battery charger buck converter constant current controller has a higher

bandwidth compared with that of the rectifier controller. For example, the dynamic

performance of Ibatt,ch from EV charging unit simulation model developed in Simulink is

illustrated in Fig. 6.11. Ibatt,ch transient due to the ac terminal bus voltage is illustrated

in Fig. 6.11a, where the ac grid side voltage Vt decreases to 80% of its initial value at t

= 0.6 s, and recovers to its original value at t = 0.8 s. As shown in Fig. 6.11a, there is

a negligible oscillation occurring on Ibatt,ch compared with its initial value before the grid

contingency. Ibatt almost maintains constant according to Ibatt reference value, which is

denoted as Ibatt,ch,ref , during the illustrated time duration. Moreover, the process of Ibatt

following the variation of Ibatt,ch,ref is illustrated in Fig. 6.11b. Ibatt,ch,ref decreases from 12.5

A to 0 A at t = 0.6 s, and ramps back to 12.5 A at t = 0.8 s, while Vt maintains constant

during this process. Meanwhile, Ibatt almost follows the variation of Ibatt,ch,ref ideally.

Therefore, a further simplification of the buck converter is performed accordingly: if the

control bandwidth of Vdc is much slower than that of Ibatt,ch, then the dynamic performance

of Ibatt,ch can be ignored regarding to that of Vdc. According to rectifier and buck converter

control schemes which are illustrated in Fig. 6.2 and Fig. 6.8 respectively, the open-loop gain

of Vdc and Ibatt,ch are shown in Fig. 6.12a and Fig. 6.12b.

The controller open-loop gain in Fig. 6.12 includes both the controller model and the

electrical component model of the EV charging unit with reasonable simplifications. As

illustrated in Fig. 6.12a, the relation between Id and Idc in the p.u. value is expressed in

(6.13) according to the power equivalent principle. The contribution of q-axis components,

Vq,pu and Iq,pu, are ignored for simplification since the value of which are negligible compared

with the corresponding d-axis components. The time constant Teq is usually defined to

be equal to the corresponding VSC switching period, which refers to the time delay of
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(a) Ibatt,ch vs. Ibatt,ch,ref when subject to Vt variation.

(b) Ibatt,ch vs. Ibatt,ch,ref when subject to Ibatt,ch,ref variation.

Figure 6.11: Dynamic performance of Ibatt,ch subject to external disturbance.
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transferring the current reference value to the real current.

Idc,pu =
Id,pu · Vd,pu
Vdc,pu

(6.13)

As illustrated in Fig. 6.12b, Vdc is regarded as a constant value, which is denoted as Vdc,in,

in the corresponding transfer function. So the dc voltage after the buck converter V ′dc can

be expressed as:

V ′dc = Db · Vdc,in (6.14)

So Vdc and Ibatt,ch open-loop gain are expressed respectively in (6.15) and (6.16), where

Kp,dc, Ki,dc and Kp,I , Ki,I are PI regulators control parameters in the constant Vdc controller

and the CC/CV mode controller, Iac,base and Vdc,base are the base value used for transferring

the electric components between the p.u. value and the real value. The parameters used in

(6.15) and (6.16) are listed in Table 6.2.

Gvdc =
Vd,puIdc,base
Vdc,puVdc,base

· Ki,dc +Kp,dcS

CdcS2(1 + STeq)
(6.15)

GIbatt =
V ′dc(Ki,I +Kp,IS)

LbS2
(6.16)

The open-loop gain bode plot of Vdc and Ibatt,ch are illustrated in Fig. 6.13, where the Vdc

loop gain is represented by the red curve, and Ibatt,ch loop gain is represented by the blue

curve. According to Fig. 6.13, the bandwidth of Gvdc and GIbatt are equal to 1195 rad/s and

8375 rad/s respectively. Therefore, it can be concluded that the dynamic response process

of Ibatt,ch controller can be regarded as Ibatt,ch following Ibatt,ch,ref in real time due to its

high control bandwidth compared with that of Vdc controller in the active-front-end rectifier.

Therefore, the EV charger second power stage can be further simplified as a controlled

current source following Ibatt,ch,ref .
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(a) EV charging unit rectifier Vdc open-loop gain.

(b) EV charging unit dc-dc converter Ibatt,ch open-loop gain.

Figure 6.12: EV charging unit: three-phase rectifier and dc-dc converter controller open-loop
gain.

Table 6.2: EV charging unit model parameters in (6.15) and (6.16).

Parameter Value Parameter Value Parameter Value
Kp,dc 153 Ki,dc 4022 Teq 0.0001s
Vd,pu 1 Vdc,pu 1 Idc,base 6.25 A
Vdc,base 800 V Cdc 0.0014 F Kp,I 0.034
Ki,I 123.25 Vdc 800 V Lb 5 mH
Cb 30 µF

Figure 6.13: open-loop gain bandwidth comparing Vdc and Ibatt,ch.
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6.3 Conclusions

In this chapter, the EV charging unit simplified model is presented. The following

simplification approaches are adopted by the simplified EV charger model:

• The VSC dynamic average-value model is adopted to represent the EV charger electric

circuit, including the three-phase VSC from the first power stage, and the dc-dc

converter from the second power stage.

• The battery charging current Ibatt,ch closely follows Ibatt,ch,ref since the buck converter

has a higher control bandwidth compared with the Vdc control in the active-front-end.

So the EV battery and the buck converter are jointly regarded as a current source

following Ibatt,ch,ref .

• The dynamic performance of the active-front-end rectifier inner current control loop is

simplified as a first-order system considering that the corresponding control bandwidth

is higher than that of the outer control loop.
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Chapter 7

Model Benchmark of Fast Electric

Vehicle Charging Unit for Transient

Stability Simulation Environments

As presented in previous chapters, the wide adoption of EV and fast EV charging stations

is leading to a gradually increasing requirement of electromechanical model of the fast

EV charging unit, considering the accurate analysis of transmission-level power network

operation status involving EV charger stations as the major load consumption. Based on the

simplified model of the fast EV charger load unit introduced in the last chapter, the specific

response of EV charger load in terms of the grid contingency is introduced and included

in the load model. At last, the generic EV charger model suitable for the TS simulation

environment is developed and verified compared with the equivalent EMT benchmark model

developed in the PSCADTM/EMTDC.

7.1 EV Charger Model under Terminal Voltage Con-

tingency

As introduced in the above chapters, the integration of EV charger loads into the

conventional ac network affects the system transient stability. Hence it is important
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to investigate the EV charger load dynamic performance, and among which the load

characteristics during the grid contingency is of great significance[12, 133, 134]. The dynamic

modeling characterizing the fast EV charging unit performance when subject to voltage sag

and momentary power outage is introduced in this section.

7.1.1 Active Power Cut-off and PCC Voltage Support

There are a few literatures discussing the low voltage ride-through (LVRT) control scheme

of fast EV charging units based on author’s knowledge. For example, the LVRT scheme

introduced in [135], which is adopted by EV charging units to enhance the grid stability, is

performed by cutting off the load active power and adjusting the load reactive power. The

wind farm and HVDC LVRT standard is presented in (7.1) [136, 137, 138, 139, 140]:


PEV = PEV s, QEV = Qreq when Vmag > 0.8p.u.

PEV = 0, QEV = Qreq when 0.5p.u. ≤ Vmag ≤ 0.8p.u.

PEV = 0, QEV = 0, when Vmag < 0.5p.u.

(7.1)

where PEV and QEV represent the active and reactive power consumption of the EV charging

load unit. PEV s is the total charging power of the connected EV battery, and as presented

in [135], the EV charger load is under normal operating condition when Vmag > 0.8p.u., so

PEV = PEV s stands for the normal charging operation without grid contingency interference.

PEV and PEV s will not be distinguished in the following paragraphs for simplicity. Qreq

represents the required reactive power consumption which is used to maintain the EV

terminal bus voltage at the permissible range. Vmag represents the EV charger terminal

voltage magnitude in p.u. value.

As expressed in (7.1), PEV decreases to 0 when Vmag ≤ 0.8p.u., and QEV is utilized to

maintain Vmag within the appropriate operating range. When Vmag is too low, the charging

unit will disconnect from the grid. This proposed LVRT scheme is beneficial to avoid grid

voltage instability.
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7.1.2 EV Charging Unit LVRT Design Requirement

As presented in [141], the EV charger load trip during voltage sag may introduce a

significant overvoltage phenomenon after the grid voltage is recovered, which is harmful to

the grid stability. This is because the EV charger load dropping off results in a high power

mismatch between the power supply and demand after the grid fault is cleared. Moreover,

the response of EV charging unit to power-quality events is suggested in SAE J2894 as below

[142]:

• Voltage sag: EV chargers must remain energized if the supply voltage drops to 80% of

the nominal value for up to 2 s.

• Momentary outage: EV chargers must ride through a complete loss of voltage for up

to 12 cycles.

Accordingly, EV charger loads are required to keep energized during the conditions

mentioned above. Otherwise, EV charger loads are allowed to be tripped from the power

network. Although the situation, where voltage sags below 80% but remains nonzero, is not

explicitly covered by the standard, usually the customers can design the EV charger loads

to withstand the voltage sag for a predefined period of time, and then trip the load if the

terminal voltage does not recover prior to the predefined time period.

Therefore, the EV charger load dynamic performance should be modeled considering the

design of the corresponding LVRT scheme during grid events to improve the proposed load

model accuracy. However, the LVRT scheme is not clearly specified according to authors’

best knowledge. So an LVRT control is designed and adopted by the fast EV charger

studied in this chapter to present a more practical load response [2]. The LVRT algorithm

characterizing the EV charger load response when subject to the voltage sag and momentary

outage mentioned above is illustrated in Fig. 7.1 and expressed in (7.2):

Ibatt,ref =


Ibatt,ref,nom, when Vmag > Vth1

(−Vth2 + Vmag)/(Vth1 − Vth2), when Vth2 ≤ Vmag ≤ Vth1

0, when Vmag < Vth2

(7.2)
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where Ibatt,ref represents the battery current control command, Ibatt,ref,nom represents the

nominal current command, Vmag represents the Vt magnitude, and Vth1, Vth2 both represent

the control threshold for Vmag .

The LVRT scheme presented in Fig. 7.1 and in (7.2) represent a gradual decrease process

of Ibatt,ch,ref . This ride-through design aims to partially keep the EV charger function, but

remove the potential instability introduced by the constant power load, which is equivalent

to the load model characterizing the normal operating condition of the EV charging unit.

According to the presented LVRT scheme, the power consumption of the EV charging unit

is supposed to decrease so that the EV charging load can ride through the severe voltage sag

and keep energized from the grid, without inducing a grid instability or disconnection from

the power network.

The determination of threshold voltage Vth1 and Vth2, which characterize how to regulate

the power consumption during the voltage sag event, is based on the following aspects: 1)

The LVRT regulation is presented by [142], but the specific criterion for the ride-through

scheme is not defined by the above standard, or suggested by any other references to the

best of the author’s knowledge; 2) the power rating of the converter configuration of the

EV charger units, of which the power converter usually follows the design that the converter

should be capable of riding through twice of the nominal current for 12 cycles; 3) the power

flow capability of the load connected feeder network subject to varied terminal voltage,

which is commonly represented by the grid P − V curve. The author selected Vth1 and Vth2

in the following sections considering the specific requirement of the grid. However, the design

guideline of the EV charging unit LVRT control scheme is out of the scope of this chapter.

7.1.3 EV Charging Unit Restart after Grid Event

The EV charging load unit is not allowed to remain energized if the terminal voltage

sag or power outage is over the designed tolerance range. So the load is tripped from the

connected power network due to protecting the load device from the power-quality event.

After the grid fault is cleared, the EV charger load is required to reconnect to the power

grid. As suggested by [142], a gradual restart of battery chargers after a specified time delay

is desirable to help mitigate issues brought by “cold load pickup”, which usually includes
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the protective relays initiating de-energization of an unfaulted circuit due to the excessive

pickup current [143]. The load restart scheme after grid events adopted in this chapter is

illustrated in Fig. 7.2 [142].

According to Fig. 7.2, after longer or deeper than the specified voltage sag/momentary

outage or a complete loss of the utility ac power, the restart of EV supply equipment (EVSE)

should be delayed for a minimum of 2 minutes, plus an additional pseudo-randomized timer

by EVSE. This period will begin each time power has been restored. Meanwhile, to prevent

voltage sags due to rapid increase in charger input current, and to avoid excessive trips

of protective equipment during cold load pickup, the EV charger load reference charging

current shall ramp back at the rate no faster than 40 A/s.

7.2 EV Charger Realization in TS Simulator

According to existing studies of modeling power converter based facilities, such as HVDC

[144, 145, 146, 147, 148, 149], the positive-sequence model of PE interfaced devices in the

TS simulator is usually divided into the following three parts [2]:

• The ac side dynamic model, which includes the PCC, the decoupling inductance, and

the equivalent PE interfaced device ac side model, where the ac side model is usually

specified as an ac voltage source.

• The dc side dynamic model specifies the dynamic performance of the dc-link capacitor,

which serves as the dc energy storage component.

• The dynamic controller model, which characterizes the dynamic performance of the ac

and dc side models.

According to the EV charging unit average model illustrated in Fig. 6.5, the equivalent

physical model of the fast EV charger in the TS simulator is illustrated in Fig. 7.3, which

characterizes a combination of the ac and dc side models. The controllers specifying the

dynamic performance are not shown in Fig. 7.3 [2].

As shown in Fig. 7.3, the equivalent electromechanical model of the fast EV charging unit

mainly comprises ac side and dc side equivalent models, which follows the basic configuration
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Figure 7.1: EV fast charging unit LVRT control scheme [2].

Figure 7.2: Cold load pick-up and load rate relationship [142].
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of PE-based devices positive-sequence model as mentioned above. At ac side, an equivalent

ac voltage source is employed, where critical model parameters are listed below: I represents

the load current at ac side, XL represents the line impedance between the EV charger and the

PCC, and Vev represents the equivalent ac voltage source which characterizes the EV charger

load. On dc side, the power transmitted from the ac terminal is converted to a dc current

source, of which idc represents the current injection from the equivalent dc current source,

iL represents the current consumption from the second power stage of the EV charging unit,

and Cdc represents the dc-link capacitance. The parameter notification is consistent with

that illustrated in Fig. 6.1. The ac and dc sides are connected by the power balance principle,

which is expressed in (7.3):

1.5(Vd · Id + Vq · Iq) = Vdc · Idc (7.3)

7.2.1 Electrical Variables Transformation between TS and EMT

Model Expression

The ac equivalent model of the EV fast-charging unit should be represented in the phasor

domain if adapted into the TS simulation environment. Therefore, the transformation

between the dq coordinates and the phasor domain is necessary. The phasor domain

coordinates, denoted as RI coordinates in the following passage, is illustrated in Fig. 7.4 by

solid black lines, where the real and imaginary axis are used to represent the phase angle and

the amplitude of the electrical variables [150]. The corresponding phasor variables remain

constant at the steady state operating point in the RI coordinates. The dq coordinates,

which are illustrated by the black dash lines in Fig. 7.4, rotate at the fundamental frequency

of the connected ac grid. V and I notation in Fig. 7.4 show an example of the voltage

and current in RI coordinates, and θ1 and θ2 represent V and I phase angle respectively.

Accordingly, I lags behind V by (θ1−θ2), and V is selected to identify the position of d-axis.

So the transformation from the dq coordinates to the phasor domain is expressed as follows

[2]:
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IR =
√
i2d + i2q · cos (θ2)

II =
√
i2d + i2q · sin (θ2)

(7.4)

θd = θ2 − θ1 = arctan (iq/id)

θ2 = arctan (VI/VR) + θd

(7.5)

where id and iq represent the current I in the dq coordinates; VR and VI represent the voltage

V in the RI coordinates; IR and II represent I in the RI coordinates; θd represents the angle

difference between θ1 and θ2 [2].

In this chapter, the PCC voltage Vt is aligned with the d-axis, so the corresponding

voltage and current variables used to represent the EV charger load dynamic performance

in TS simulation environment should be transferred to RI coordinates following (7.4) and

(7.5) respectively [2].

7.2.2 EV Charging Unit AC Terminal Specification

A comparison between the EV charging unit load model in the EMT simulator and TS

simulator is illustrated in Fig. 7.5. Combining with the dc side model and corresponding

controllers, the framework of the positive-sequence EV charger model proposed in this paper

is illustrated in Fig. 7.5a. The constant Vdc and constant Q controller are selected to

illustrate the modeling structure in the TS simulation environment as an example. Basically,

the equivalent PE load TS model is derived based on the equivalent EMT model which is

illustrated in Fig. 7.5b [2].

The difference between the EMT model and TS model proposed in this chapter is that

the proposed model includes reasonable simplification considering that the TS simulation

tools concentrate on the transients and oscillations between 0.1 and 3 Hz, so the switching

dynamics and the fast controller transients are eliminated from the proposed TS model,

which has been discussed in the last chapter in detail.
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As shown in Fig. 7.5a, the VSC vector control is employed to generate the reference

current in dq coordinates, Id,ref and Iq,ref . The process of driving the PE interface to generate

real line current Id and Iq is represented by a first-order system due to model simplification.

With Id and Iq derived by the controller model, Vev in phasor domain is expressed as [2]:

˙Vev = V̇t − (RL + jXL) ˙Iref (7.6)

where ˙Iref represents the PE interface grid side current command, of which the phasor

expression is derived by (7.4) and (7.5). Vev in phasor domain is used to represents the load

characteristics of the developed EV charging unit model.

7.2.3 EV Charging Unit Model Appropriate Operation Scope

As introduced in Chapter 6, the EV charger load model is developed based on the dynamic

average-value modeling approach. So the semiconductor device switching performances,

which are characterized in the EMT simulator, will not be included. Therefore, the limitation

of the developed model is that the corresponding PE interface switching harmonics related

phenomena are not able to be characterized. This is reasonable for the TS simulator load

unit model, considering the potential computational burden introduced by multiple buses

included in the power network. Instead, the developed EV charger model can represent

the following performance which does not significantly influenced by switching harmonics,

including:

• Load active/reactive power consumption variation. The developed PE-based load

can represent the corresponding power consumption dynamic performance due to the

variation of load operating condition.

• Response to power grid contingency and disturbance following the control schemes

adopted by PE interfaces. When the load is subject to the power grid events, which

induce terminal voltage magnitude and frequency variation, the load can provide self-

protection response and grid support response accordingly.
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Figure 7.3: Equivalent physical model of fast EV charger in TS simulator [2].

Figure 7.4: Reference frame transformation: between dq coordinates and RI coordinates [2].

(a) Framework of the positive-sequence EV charger model in the TS simulator [2].

(b) Framework of the EV charger model in the EMT simulator.

Figure 7.5: Comparison between EV charging unit load model in EMT simulator and TS
simulator.
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Therefore, the EV charger unit model developed in this chapter is appropriate to be used

in transient studies which meet with the operation scope introduced above.

7.3 Fast EV Charging Unit Model Benchmark

The TS model of the fast EV charging unit is developed in DSAToolsTM/TSAT based

on the modeling process presented in Section 7.2, and the accuracy of the proposed

electromechanical model is verified. As illustrated in Fig. 7.6, the EV charger model is

connected to the IEEE 3-machine 9-bus transmission network at Bus 5, and all the other

loads in the power grid are constant impedance loads [2]. The overall load profile is listed in

Table 7.1.

The detailed EMT model of the network above has been developed in the PSCADTM/EMTDC

as the benchmark model to evaluate the accuracy of the TS model. The controller reference

step response, the transmission line disconnection, three-phase ground fault remote/close to

the EV charger load bus, and grid frequency support are simulated and analyzed respectively

in the following subsections. Meanwhile, the different dynamic performance between the

proposed load model and the static model is also specified [2]. The electrical model and

controller parameters are listed in Appendix C.

7.3.1 Controller Reference Step Response

The TS model is built based on a combination of the average PE power stage model

and the corresponding controllers in DSAToolsTM/TSAT, which follows the model structure

illustrated in Fig. 7.5a. The selected EV charger control functions, which are illustrated

in Figs. 6.2, 6.3 and 6.4, are modeled following the proposed PE load modeling structure

respectively. All these introduced EV charger load models will be simulated and verified in

the following paragraphs.

The step response is performed on the EV charger TS simulation model to evaluate the

dynamic response when it is subject to the grid small disturbance, where a step change of the

controller reference is characterized. The TS model of EV charging unit adopting constant

Vdc and constant Q control schemes are analyzed first.
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Vdc,ref increase/decrease events are illustrated in Fig. 7.7 and Fig. 7.8 respectively. Vdc,ref

increased from 1 p.u. to 1.05 p.u. in Vdc,ref increase simulation case, while Vdc,ref decreased

from 1.05 p.u. to 1 p.u. in Vdc,ref decrease simulation case. Both Vdc and the EV charging

unit active power consumption PEV are measured to evaluate the load dynamic performance,

where the red curves illustrate the simulation results of the corresponding power network

and load unit benchmark model developed in PSCADTM/EMTDC, while the blue curves

illustrate simulation results of the electromechanical model developed in TSAT.

Similarly, Qref increase/decrease events are illustrated in Fig. 7.9 and Fig. 7.10

respectively. Qref increased from 0 p.u. to 0.1 p.u. in Qref increase simulation case, while

Qref decreased from 0.1 p.u. to 0 p.u. in Qref decrease simulation case. Both the EV

charging unit reactive power consumption QEV and the load connected bus voltage V5 are

measured to evaluate the load dynamic performance.

According to the simulation results illustrated in Fig. 7.7 to Fig. 7.10, the electrome-

chanical model developed in TSAT can effectively follow the controller reference deviation,

and the electromechanical model simulation results matches well with the EMT model when

subject to the reference value step response. Therefore, it is shown that the EV charging

unit TS simulation model can accurately mimic the dynamic performance of the equivalent

EMT load model.

7.3.2 Transmission Line Disconnection

As illustrated in Fig. 7.6, one of the transmission lines between Bus 7 and Bus 8 is tripped

to evaluate the load model performance during small grid disturbance. The transmission line

is tripped at t = 2.5 s and lasts for 0.2 s. PEV and V5 are measured to represent the dynamic

performance of the EV charger load. Simulation results are illustrated in Fig. 7.11, where red

curves illustrate the EMT model performance, and blue curves illustrate the proposed TS

model performance. It can be observed from simulation results that the dynamic performance

of the TS EV charging load model presents a good match with that of the equivalent EMT

benchmark model [2].

In the comparison case performed in TSAT, the proposed EV charger model is replaced

by the equivalent constant impedance load at Bus 5, and the corresponding static load
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Figure 7.6: Fast EV charger integrated into the 3-machine 9-bus system [2].

(a) Vdc response to Vdc,ref step change.

(b) PEV response to Vdc,ref step change.

Figure 7.7: EV charging unit dynamic response to Vdc,ref step change: Vdc,ref increase from
1 p.u. to 1.05 p.u..
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Table 7.1: Load profile at Bus 5,6 and 8 [2].

Bus Load type Active Power
(MW)

Reactive Power
(MVA)

5 dynamic EV charger 80 0
5 constant impedance 45 50
6 constant impedance 90 30
8 constant impedance 100 35

(a) Vdc response to Vdc,ref step change.

(b) PEV response to Vdc,ref step change.

Figure 7.8: EV charging unit dynamic response to Vdc,ref step change: Vdc,ref decrease from
1.05 p.u. to 1 p.u..
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(a) QEV response to Qref step change.

(b) V5 response to Qref step change.

Figure 7.9: EV charging unit dynamic response to Qref step change: Qref increase from 0
p.u. to 0.1 p.u..
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(a) QEV response to Qref step change.

(b) V5 response to Qref step change..

Figure 7.10: EV charging unit dynamic response to Qref step change: Qref decrease from
0.1 p.u. to 0 p.u..
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(a) PEV response to transmission line disconnection.

(b) V5 response to transmission line disconnection.

Figure 7.11: Transmission line disconnection between Bus 7 and 8 [2].
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performance is illustrated by black dash curves in Fig. 7.11. And according to the simulation

results comparison, the static load cannot represent the PEV dynamic performance compared

with the proposed dynamic load model. So it also shows that the power system simulation

and analysis accuracy will be compromised if using the static load to represent the dynamic

load, especially during the grid contingency [2].

7.3.3 Ground Fault Remote from EV Charging Unit Terminal

A three-phase ground fault at Bus 8 is applied to evaluate the load model performance

during a grid contingency. The LVRT control is applied to the EV charger to withstand the

low terminal voltage, of which the threshold voltage is qualitatively defined as Vth1 = 0.6

p.u. and Vth2 = 0.3 p.u. in the simulation. Bus 8 is grounded with impedance at t = 2.5 s

and lasts for 0.2 s. The dynamic performance of the EV charger ac and dc side model are

both evaluated, where the following variables are recorded respectively: PEV , V5 and Vdc.

Simulation results of the above variables are illustrated in Fig. 7.12. Both the ac side and dc

side performance of the TS model achieve a good match with that of the EMT model. The

simulation results in TSAT with equivalent constant impedance load and constant power

load at Bus 5 are also illustrated in Fig. 7.12 to compare with the proposed EV charger

load model. According to Fig. 7.12a, remote ground fault induces a small terminal voltage

variation, which results to EV charger load active power consumption oscillation at t =

2.5 s and t = 2.7 s [2]. In comparison, the equivalent constant impedance load power

consumption drops with terminal voltage sag, and the constant power load will keep the

previous power consumption during the grid contingency. The terminal voltage variation

comparison between dynamic EV load, constant impedance load and constant power load

is illustrated in Fig. 7.12b. The different impact on V5 between different load models is not

significant since the difference for load power consumption during contingency is not large.

7.3.4 Ground Fault Close to EV Charging Unit Terminal

In this case, a three-phase ground fault is applied at Bus 5 to which the EV charger

load is directly connected, so the ground fault influences the EV charger load more severely
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(a) PEV response to ground fault.

(b) V5 response to ground fault.

(c) Vdc response to ground fault.

Figure 7.12: EV charger model: Response to remote ground fault at Bus 8 [2].
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compared with the last case. The simulation results are illustrated in Fig. 7.13, and compared

with those of PSCADTM/EMTDC models. It is observed from the simulation results that

the performance of the proposed EV charging model achieves a relatively good match with

that of the EMT model [2]. Similar to the last case, simulation results with the equivalent

constant impedance load and constant power load are also illustrated. As shown in Fig. 7.13a,

the EV charger load LVRT is activated to respond against the drastic terminal voltage sag.

In comparison, the constant power load is converted as impedance load when subject to the

extremely low voltage. When the fault is cleared, the load active power consumption of the

three different load models are significantly different. The EV charger load oscillation will

introduce impact to the rotor angle stability, which cannot be reflected by static load model.

In conclusion, the proposed dynamic TS model for PE-based load reflects the corresponding

load performance more accurately comparing with equivalent static loads.

7.3.5 V2G Mode: Primary Frequency Support

The primary frequency support provided by the EV charging units in the V2G model

has been presented in Fig. 6.4. The second power stage is simplified as a constant dc voltage

source in the V2G mode. So the dynamic model of EV charging load in the V2G model can

be developed based on the G2V mode model according to Fig. 7.5a and Fig. 6.6 respectively,

which represents the control structure and model principle, respectively.

The grid frequency increase event is created by a load shedding at Bus 6 when t = 3 s,

of which 50% of the active power loads are disconnected from the power network. The EV

charger load response at this frequency event is measured in both TS and EMT simulation

environment, which is illustrated in Fig. 7.15. The frequency controller parameter Kp is

selected as 50, and the frequency deadband is ± 0.015 Hz. When the EV charging unit

detects a grid frequency deviation ∆f , an extra power consumption reference to PEV,ref will

be generated by the frequency support control and then be added to PEV,ref . Both the

generator rotor speed and PEV in p.u. value are measured to evaluate the proposed TS load

performance.

Simulation results in Fig. 7.15 show that the EV charger load power consumption

increases to contribute to the primary frequency support with the grid frequency increasing.
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(a) PEV response to ground fault.

(b) V5 response to ground fault.

(c) Vdc response to ground fault.

Figure 7.13: EV charger model: Response to close ground fault at Bus 5 [2].
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And simulation results from the developed TSAT model show a close match with that of

the EMT model. Meanwhile, load restoration is also performed to evaluate the process

that PEV,ref gradually decreases. As illustrated in Fig. 7.16, the load at But 6 is restored

when t = 15 s. PEV,ref gradually decreases to the original value with the recovery of the

grid frequency. Similarly, the TS simulation results closely matched with the corresponding

EMT benchmark model simulation results, which verifies the accuracy of the developed EV

charger model in the TS simulation environment.

7.4 Discussion: PE-Based Load Impact on Power Grid

Stability

In this Chapter, the fast EV charging unit is studied as the typical PE interfaced load

in the TS simulation environment. The PE-based load has the potential to contribute to

the power network stability, since the PE interface can adopt control functions which is

beneficial to improving the grid operation. In this way, the PE-based electric load can

actively respond to the grid contingency and disturbance, other than the conventionally

used static load, which can only perform as a power sink. The positive impact of PE load

on grid stability can be summarized below according to the analysis and evaluation in this

Chapter:

• PE-based load can actively respond to low bus voltage. Grid voltage collapse will

occur if the electric load consumption is not appropriately managed. As introduced

in Section 7.1, the LVRT technique is adopted in the PE interface to adjust the load

power consumption following the terminal voltage magnitude. When bus voltage is

low, the load will perform as constant impedance load with an appropriate regulation

scheme, which significantly improves the voltage stability margin. In comparison, the

accuracy of grid voltage stability analysis will be compromised if using a static load

model to represent PE interfaced load units.

• PE interfaces can provide grid support functions, which facilitate the grid operation and

improve the stability. This is similar to PE-based renewable generation units, of which
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the PE interfaces are required to equip with grid operation control functions, e.g., grid

frequency support, grid voltage support, and other ancillary services. The PE-based

load can also employ such control functions to improve the power grid operation.

• PE interface can serve as an energy buffer to the electric load units. The PE interface

front-end VSC and Cdc, as illustrated in the previous chapters, can serve as the energy

buffer for the following power stage. Therefore, the grid disturbance can be temporarily

decoupled from the electric load connected to the PE interface. Compared with the

grid-connected load units, the PE interfaced load can sustain the normal grid operation

by mitigating the electric loads’ drastic response. For example, the PE interface can

mitigate the prolonged power network voltage sag by preventing the air conditioner

motor from stalling.

7.5 Conclusions

In this chapter, the LVRT technique of the fast EV charger load is introduced and included

in the EV charger load model design. Additionally, the fast EV charging unit model, which

is suitable for the TS simulation environment, is developed. A detailed explanation of how

to realize the proposed model in the TS simulation program has been introduced.

The proposed TS model of EV charging unit is developed in the TSAT, and several grid

disturbance and contingency cases regarding both the EV charger G2V mode and V2G mode

are performed in TSAT with the proposed load model, including controller reference step

response, transmission line disconnection, EV charger load subject to three-phase remote and

close ground fault, and grid frequency support. The simulation results are compared to that

measured from the equivalent EMT benchmark model developed in PSCADTM/EMTDC. TS

simulation results and EMT simulation results show good consistency with each other, which

demonstrates the accuracy of the proposed EV charger load model for the TS simulation

environment.
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(a) Grid frequency response to load shed at Bus 6.

(b) Active power support provided by the EV charger load.

Figure 7.14: EV charger V2G mode: Response to load shed at Bus 6.
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(a) Grid frequency response to load shed at Bus 6.

(b) Active power support provided by the EV charger load.

Figure 7.15: EV charger V2G mode: Response to load shed at Bus 6.

(a) Grid frequency response to load shed at Bus 6.

(b) Active power support provided by the EV charger load.

Figure 7.16: EV charger V2G mode: response to load restoration at Bus 6.
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Chapter 8

Conclusion and Future Work

8.1 Summary

In previous chapters, the typical PE interfaced loads are studied in terms of model

development and the flexible interaction with the power grid operation. In Chapter 3 and

Chapter 4, the VSD load dynamic performance is characterized by the detailed model and

simplified aggregated model, respectively. The VSD detailed, simplified, and aggregated

models have been developed and applied to the HTB power emulators, which can accurately

mimic the dynamic performance of the corresponding VSD load. Additionally, the potential

of VSD load units to provide equivalent primary frequency support has been investigated.

The hybrid control architecture is adopted to regulate and coordinate multiple responsive

VSD loads’ performance. The responsive load frequency support performance with different

control architecture and coordination schemes are simulated and compared based on Simulink

models. The hybrid control architecture is shown to regulate the frequency performance more

effectively, compared with other control architectures. In conclusion, the grid frequency

support function applied to the VSD controller makes the VSD load unit perform as a

responsive load which can support the power grid frequency, thus improving the power

network stability.

In Chapter 5, evaluation of VSD load primary frequency support is conducted on the

HTB. The simplified aggregated VSD load-based power emulator, which is developed and

introduced in Chapter 3 and Chapter 4, is used to represent the aggregated responsive VSD
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loads’ performance, promoting a good balance between accuracy and model efficiency. The

impact of power reserve and control architecture on responsive load performance is evaluated

and discussed: 1) Experimental results show that the VSD load can effectively mitigate the

grid frequency deviation if operating within the total load power reserve. Meanwhile, droop

control coefficient Kdroop is decided according to the power grid operating point, which

is significantly influenced by time of the day and weather. Additionally, experimental

results show that the VSD load power reserve limit varies with the time and weather,

leading to varied frequency support performance even with identical Kdroop command. 2)

Comparing the impact of different control architectures, the hybrid control architecture

with and without real-time coordination can both achieve a much better frequency support

performance compared with that of the centralized controller since the former can provide a

relatively short communication delay.

In Chapter 6 and Chapter 7, the generic model of the fast EV charging load has been

developed for the TS simulation program. The EV charger load model is first simplified

based on the detailed switching model: 1) VSD average model is adopted to replace the

PE device switching dynamics, 2) real battery charging current closely follow the battery

charging current command considering the high control bandwidth of the buck converter, 3)

inner current control loop of the rectifier is simplified as a first-order system. The proposed

simplified EV charging unit TS model is developed in TSAT. Several grid disturbances and

contingencies are performed on the developed load model, including controller reference step

response, transmission line disconnection, EV charger load subject to three-phase remote

and close ground fault, and grid frequency support. The accuracy of the proposed TS model

has been verified by comparing it to the simulation results of the equivalent EMT model.

8.2 Contributions

In this dissertation, the following research contributions are made, in terms of PE

interfaced load modeling and control in multiple simulation/experimental platforms, and

grid support potential investigation:
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• Development of a novel HTB load power emulator, which includes: 1) the three-phase

VSD detailed load with advanced controllers, 2) the three-phase VSD simplified model

emphasizing the corresponding load active power consumption.

• Development of a VSD load aggregated model, which reflects the VSD load potential

in terms of providing the grid frequency support in the transmission power network.

The developed aggregated VSD load model is also applied to the HTB power emulator.

• Investigate VSD load potential of regulating grid frequency regarding varying external

and internal requirements.

• Development of the generic model of EV charger load based on the detailed EMT

model, which is suitable for the TS simulation environment.

• Development of an EV charger load generic model benchmark in TS simulation

program, which includes commonly used EV charger control schemes in different

operation modes.

8.3 Future Work

8.3.1 VSD Load Model with Multiple Operation Modes

The responsive VSD load dynamic performance is modeled in this dissertation, which

focuses on the capability of providing power grid frequency support functions. Accordingly,

the simplified and aggregated model of the VSD load unit is developed based on the VSC

d coordinate and motor q coordinate since it only focuses on the active power consumption

dynamics of the load. The proposed simplified model is valid based on the assumption that

only grid disturbance is considered, which requires motor speed command varies within a

predefined range. And this model design and the corresponding assumption are sufficiently

accurate according to the research scope of this dissertation. However, a more well-rounded

VSD load model is necessary to be investigated in future research, which focuses on the

following aspects:
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• Aside from the frequency support model investigated in this dissertation, VSD load

units with multiple operation modes should be modeled and integrated as VSD load

generic model. For example, VSD load should actively respond to grid contingency,

such as terminal voltage variation, voltage supply outage, etc. So generic VSD load unit

should include voltage sag mode, power outage mode, frequency contribution mode,

normal operation mode, etc. In each mode, both the load supportive response and the

grid and self-protection scheme should be modeled.

• VSD load unit generic model should effectively identify the operation mode according

to external and internal conditions. Meanwhile, a smooth mode transition should be

designed accordingly.

Active interactions between PE-based load and the power grid will improve the power

grid operation stability, which is especially critical considering the increasing application of

RES. In future research, the updated VSD load unit supporting the power grid performance

in more operation status will be investigated in depth. The model format developed for the

VSD load unit can also be promoted to other types of PE interfaced load units, which can

provide more electric service to power networks.

8.3.2 PE-Based Load Impact on Transmission-Level Power Grid

The impact of PE-based load units on transmission-level power operation is to be further

explored. Conventionally, the electric loads are modeled as static load units, which has

a limited impact on the grid stability analysis. As introduced in the above chapters, the

PE-based load can more actively participate in the operation of the power grid, so the

following aspects related to the power grid stability are recommended to be evaluated for

future research:

• Power system small-disturbance rotor angle stability analysis. The generic PE-based

load small-signal model should be developed for performing the corresponding stability

analysis. Specifically, how to design the PE-based load to improve the system damping

should be emphasized.
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• Power system TS analysis. Similarly, the PE-based load impact on mitigating the first

swing instability to maintain power system synchronism should be explored.

• Power system voltage stability analysis. The PE-based load can support grid voltage to

maintain at the nominal range by adopting specific control schemes, e.g., reactive power

control scheme, and LVRT scheme. The research on coordinating multiple PE-based

loads in the power grid to improve voltage stability is recommended to be performed.
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A VSD Model Parameters Employed in the Detailed

Model Developed in Simulink

The VSD load model with open/closed loop control schemes is developed in Simulink to

verify the accuracy of the proposed simplified VSD load model. The critical parameters of

the developed VSD load model are summarized from Table 1 to Table 5.

Parameters of the IM in the developed VSD load model are listed in Table 1.

Table 1: VSD load model parameters developed in Simulink: IM parameters.

Parameters Value Parameters Value
VIM,base 375.6 V PIM,base 37.3 kVA
Tbase 197.9 Nm ωr,base 377 rad/s
HIM 0.79 s Pole pair 2
Rs 0.015 p.u. Rr 0.051 p.u.
Lls 0.053 p.u. Llr 0.053 p.u.
Lm 2.31 p.u.

Parameters of the active front-end rectifier in the developed VSD load model are listed

in Table 1. The base value of the rectifier ac and dc sides are represented by Vac,base Vdc,base,

Kp,dc and Ki,dc represent the PI controller parameters of constant Vdc control loop.

Table 2: VSD load model parameters developed in Simulink: active front-end rectifier.

Parameters Value Parameters Value
Vac,base 480 V Pbase 40 kVA
Vdc,base 800 V Cdc 0.005 F
Kp,dc 109.08 Ki,dc 64165.66

Parameters of the VSD load adopting closed loop speed controllers are listed in Table 3 to

Table 5, which represents the controller parameters of FOC, DTC and constant slip current

control. Kp,T and Ki,T represent the PI controller parameters of generating Te,ref via the

ωr negative feedback control, Kp,I and Kp,I represent the PI controller parameters of stator

current control loop, Kp,vq, Ki,vq, Kp,vd and Ki,vd represent the PI controller parameters of

stator voltage control loop.
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Table 3: VSD load model parameters developed in Simulink: FOC.

Parameters Value Parameters Value
Kp,T 13 Ki,T 26
Kp,I 1.1 Ki,I 28.3
λr,ref 0.96 Wb

Table 4: VSD load model parameters developed in Simulink: DTC.

Parameters Value Parameters Value
Kp,T 13 Ki,T 26
Kp,vq 1.5 Ki,vq 100
Kp,vd 4000 Ki,vd 250
λs,ref 0.96 Wb

Table 5: VSD load model parameters developed in Simulink: constant slip current control.

Parameters Value Parameters Value
Kp,T 13 Ki,T 26
Kp,I 1.10 Ki,I 28.3
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B VSD Load Model Parameters for Equivalent Droop

Control Simulation

As mentioned in Section 4.2.3, there are 18 VSD simplified models employed in the

simulation test to represents the aggregated performance of the VSD load groups. The

parameters of the 18 VSD load units are listed below in Table 6

Table 6: 18 VSD load unit model parameters which are selected for representing the multiple
VSD load aggregated performance.

VSD No. H (s) Kp Ki VSD No. H (s) Kp Ki

1 1 20.04 3.51 10 1 199.97 349.99
2 1 20.05 3.51 11 1 199.97 349.99
3 1 20.05 3.51 12 1 199.97 349.99
4 1.5 30.02 5.25 13 1.5 299.96 524.95
5 1.5 30.03 5.255 14 1.5 299.96 524.95
6 1.5 30.03 5.255 15 1.5 299.96 524.95
7 2 40.02 7.004 16 2 399.94 699.97
8 2 40.02 7.004 17 2 399.94 699.97
9 2 40.02 7.004 18 2 399.94 699.97
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C Electrical Model and Controller Parameters of the

Studied Fast EV Charging Unit

Parameters of the EV charger load model developed in both TSAT® and PSCAD/EMTDC®

are summarized in Table 7. Vdc,base, Vac,base, and Pac,base represents the EV charger load dc

side voltage base, the ac power network voltage base, and the ac power network power base;

Kp,dc and Ki,dc represent the PI controller parameters for the constant Vdc control, Tdc,LPF

represents the low pass filter for the measured Vdc; Kp,Q and Ki,Q represent the PI controller

parametesr for the constant QEV control, TQ,LPF represents the low pass filter for the QEV ,

Kp,I and Ki,I represent the PI controller parameters for the vector controller inner current

loop.

Table 7: Critical parameters for the EV charging unit model.

Parameters Value Parameters Value
Vdc,base 420 kV Vac,base 230 kV
Pac,base 100 MVA Kp,dc 0.035
Ki,dc 1.99 Tdc,LPF 0.01
Kp,Q 0.1 Ki,Q 0.1
TQ,LPF 0.0038 Kp,I 300.53
Ki,I 0.0038 Kp,I 1.77 · 105

216



Vita

Ms. Shuyao Wang was born in Shenyang, Liaoning Province, China in Oct, 1990. She

received her Bachelor of Science and Master of Science degree from North China Electric

Power University in Beijing, China in 2013 and 2016, respectively. She started her Ph.D.

study in 2016 at the Center for Ultra-wide-area Resilient Electric Energy Transmission

Networks (CURENT), the University of Tennessee, Knoxville. Her research interests include

power electronics interfaced device modeling and control, HVDC transmission systems,

renewable generation resources, etc. During this period, Shuyao Wang has also had two

intern experiences: she worked as a power system engineer intern during May 2019 - Aug.

2019 at Global Energy Interconnection Research Institute North America (GEIRINA), and

worked as intern engineer during Jan. 2021 - May 2021 at Tesla.

217


	Modeling and Control of Power Electronics Interfaced Load for Transmission Power Network Analysis
	Recommended Citation

	Front Matter
	Title
	Dedication
	Acknowledgments
	Abstract

	Table of Contents
	1 Introduction
	1.1 Background and Motivation
	1.1.1 Challenge: Distinct Load Characteristics and High Power Consumption
	1.1.2 Opportunity: Grid Enhancement Provided by PE Interfaced Load
	1.1.3 PE Interfaced Load Model Application Current Status

	1.2 Dissertation Outline

	2 Literature Review
	2.1 Responsive PE Interfaced Load Model and Controller Design
	2.1.1 Concept of Using Non-critical Load to Enhance Grid Stability
	2.1.2 SL Grid Support Functions
	2.1.3 Grid Frequency Support Provided by VSD Load
	2.1.4 P - f Droop Control
	2.1.5 Research Gaps

	2.2 Multi-converter Based Hardware Testbed (HTB)
	2.2.1 HTB Electrical Topology
	2.2.2 Power Emulator Unit Configuration
	2.2.3 HTB Communication, Control and Visualization
	2.2.4 HTB Load Power Emulator Design
	2.2.5 Research Gaps

	2.3 Load Model Applied for Transmission-level Power Network Analysis
	2.3.1 Prevailing PE-based Load Model Format
	2.3.2 Overview on Digital Simulation Tool Regarding PE-based Components
	2.3.3 PE-based Device Modeled in TS Simulation Tools
	2.3.4 Fast EV Charging Unit Control Algorithm
	2.3.5 Research Gaps

	2.4 Summary and Contributions

	3 Power Emulator of Variable Speed Drive in Multi-converter Based Power Grid Emulation System
	3.1 VSD Front-end Rectifier Model and Control
	3.1.1 Passive-front-end Topology and Modeling Algorithm
	3.1.2 Active-front-end Topology and Modeling Algorithm

	3.2 Modeling of VSD Back-end Inverter
	3.2.1 IM Voltage and Torque Expression
	3.2.2 Constant Volts-per-hertz Control
	3.2.3 Field-oriented Control
	3.2.4 Direct Torque Control
	3.2.5 Constant Slip Current Control
	3.2.6 Te,ref Determination Based on Speed Regulation
	3.2.7 HTB VSD Emulator Design

	3.3 VSD Load Model Adopting Closed/Open-loop Control Schemes: Comparison and Simplification
	3.3.1 Simplification Considering Passive and Active-Front-End Rectifier Performance Consistency
	3.3.2 VSD Load Simplified Model with Closed-loop Control
	3.3.3 VSD Load Simplified Model with Open-loop Control
	3.3.4 Simulation Studies: VSD Load Simplified Model Verification

	3.4 VSD Load Emulator Verification Experiments
	3.4.1 Detailed Model Verification: VSD load with Open-loop controller
	3.4.2 Detailed Model Verification: VSD load with closed-loop controller
	3.4.3 Simplified Model Verification
	3.4.4 Model Accuracy Estimation

	3.5 Conclusions

	4 Modeling and Control of VSD Based Load for Grid Primary Frequency Support
	4.1 Frequency Responsive VSD Load
	4.1.1 VSD Grid Frequency Control Scheme
	4.1.2 VSD Load Model Simplification

	4.2 Potential of the VSD Load in Terms of Primary Frequency Support
	4.2.1 Frequency Support Capacity of Individual VSD Load
	4.2.2 Frequency Support Capacity of Multiple VSD Load Units Following Equivalent Droop Response
	4.2.3 Numerical Study: Using VSD Loads to Provide Frequency Droop Response

	4.3 VSD Load Aggregation Principle
	4.3.1 VSD Load Clustering Principle
	4.3.2 Black-box System Identification for Linearized Model
	4.3.3 Grey-box System Identification for Nonlinear Model
	4.3.4 VSD Aggregated Model Identification Example

	4.4 Responsive VSD Load Impact on Grid Frequency
	4.4.1 VSD Load Control Architecture
	4.4.2 System Implementation for Frequency Responsive Load
	4.4.3 VSD Load Primary Frequency Support Efficiency Considering Communication Delay

	4.5 Conclusions

	5 VSD Load Grid Frequency Support: Experimental Verification and Discussion
	5.1 VSD Grid Frequency Support Experimental Analysis Performed on HTB
	5.2 VSD Load Frequency Support Experimental Verification
	5.2.1 Frequency Event with Unequal Kdroop
	5.2.2 Frequency Event with Equal Kdroop

	5.3 Communication Delay Impact on Frequency Support Efficiency
	5.3.1 Power Network Configuration and Generation Unit Design
	5.3.2 Frequency Increase/Decrease Event with Different Communication Delay Amounts

	5.4 Conclusion

	6 Modeling and Simplification of Fast Electric Vehicle Charging Unit for Transient Stability Simulation Environments
	6.1 Three-Phase EV Charging Unit: Topology and Control Algorithm
	6.1.1 Topology and Application of Different Power Stages
	6.1.2 EV Charging Unit: Control Scheme Specification

	6.2 EV Charger Unit Model Simplification
	6.2.1 Active-front-end Rectifier Simplification
	6.2.2 DC-DC Converter and Battery Load Model
	6.2.3 DC-DC Converter and Battery Load Simplification

	6.3 Conclusions

	7 Model Benchmark of Fast Electric Vehicle Charging Unit for Transient Stability Simulation Environments
	7.1 EV Charger Model under Terminal Voltage Contingency
	7.1.1 Active Power Cut-off and PCC Voltage Support
	7.1.2 EV Charging Unit LVRT Design Requirement
	7.1.3 EV Charging Unit Restart after Grid Event

	7.2 EV Charger Realization in TS Simulator
	7.2.1 Electrical Variables Transformation between TS and EMT Model Expression
	7.2.2 EV Charging Unit AC Terminal Specification
	7.2.3 EV Charging Unit Model Appropriate Operation Scope

	7.3 Fast EV Charging Unit Model Benchmark
	7.3.1 Controller Reference Step Response
	7.3.2 Transmission Line Disconnection
	7.3.3 Ground Fault Remote from EV Charging Unit Terminal
	7.3.4 Ground Fault Close to EV Charging Unit Terminal
	7.3.5 V2G Mode: Primary Frequency Support

	7.4 Discussion: PE-Based Load Impact on Power Grid Stability
	7.5 Conclusions

	8 Conclusion and Future Work
	8.1 Summary
	8.2 Contributions
	8.3 Future Work
	8.3.1 VSD Load Model with Multiple Operation Modes
	8.3.2 PE-Based Load Impact on Transmission-Level Power Grid


	Bibliography
	Appendices
	A VSD Model Parameters Employed in the Detailed Model Developed in Simulink
	B VSD Load Model Parameters for Equivalent Droop Control Simulation
	C Electrical Model and Controller Parameters of the Studied Fast EV Charging Unit

	Vita

