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Abstract

To provide a more realistic testing environment for power system studies and
demonstrations, a hardware test-bed (HTB) platform has been developed by the CURENT at the
University of Tennessee, Knoxville, to emulate power systems by programming interconnected

three-phase voltage converters (VSCs) to behave like the intended power system components.

In this dissertation, several platforms are developed to extend the HTB emulation capability,
including a versatile power electronics converter based transmission line emulator, a hybrid
emulation platform with the HTB and the real time digital simulator (RTDS), and a flexible

modular multilevel converter (MMC) test-bed for HVDC applications.

For the versatile power electronics converter based transmission line emulator, the
algorithms for emulating transmission line lumped model, traveling wave model, transmission
line with integrated compensation devices, and faults are proposed and implemented. A
combined model is proposed to avoid the switching transients between the normal state and the
fault state. Stability analysis is also conducted to locate the boundary conditions of emulating the

transmission line stably.

For the hybrid emulation with the HTB and the RTDS, two hybrid emulation interfaces are
developed to emulate the subsystems of a large system in the HTB and RTDS separately and
simultaneously to perform as a whole system. An interface model by combining two
complementary ideal transformer model (ITM) interface algorithms are implemented to realize
the hybrid emulation stably under different conditions. A time-delay correction method is
proposed to compensate the interface time-delay to improve the hybrid emulation accuracy. An

analysis of the hybrid emulation stability with two interfaces is also conducted to provide



guidance on the interface algorithm selection.

For the flexible MMC prototype development, a test-bed with 10 full-bridge submodules
(SMs) in each arm and flexible topology, switching frequency, and passive component
parameters reconfiguration capabilities is developed. A cost-effective method is also proposed

and demonstrated to pre-charge the MMC by utilizing a low voltage dc source.

In addition, the potential station transformer saturation issue of line-commutated converter
(LCC) HVDC in hybrid ac/dc transmissions is evaluated. The dc fault impact on connected ac

system stability is also evaluated by comparing with an equivalent ac fault.
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1 Introduction

1.1 Background and Motivation

Since the “War of currents” between Tesla’s alternating current (ac) and Edison’s direct
current (dc) in the 1880s, the ac scheme has dominated the electric power grid with several
advantages over the dc scheme, including the ability to deliver a large amount of electricity over
a relatively long distance efficiently through a high voltage alternating current (HVAC)
transmission line with the help of ac transformers, cost-effective ac generators and motors, etc.
With the development of power electronics technology, delivering electric power through a high
voltage direct current (HVDC) transmission line becomes available and provides several distinct
advantages over HVAC, including lower cost for bulky electric power delivery over a long
distance, faster control capability for ac system support, interconnection between two
asynchronous power grids, etc. These advantages make the HVDC scheme a promising solution

for integrating remote renewable generation sources.

With the increase of renewable energy penetration, more HVDC projects have been built up
and connected to traditional HVAC power grids to deliver a large amount of electricity remotely.
The new type of power grid structure and power generation fluctuations of renewable energy
sources introduce challenges to operate the mixed ac-dc system stably and safely. In order to
provide a more realistic testing environment for power system studies and demonstrations, a
hardware test-bed (HTB) platform has been developed by the CURENT at the University of
Tennessee, Knoxville, to emulate power systems by programming interconnected three-phase
voltage converters (VSCs) to behave like the intended power system components, as shown in

Figure 1-1.
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Figure 1-1. System structure of the HTB.

The dc sides of the emulators share a common dc power supply. The ac side of each
emulator is controlled to function as a power system component, such as a generator, a load, an
energy storage unit, etc. The ac link connection forms the emulated ac grid by connecting each
emulated component the same as it is in the original ac grid. Since the emulator VSCs share a
common dc link, the active power circulates among the VSCs as indicated by the circulating

arrows, and the dc power supply only makes up for the system power loss.

As the bridge of delivering electric power from generators to loads, transmission lines are
among the most important components in power grids. Emulating transmission lines is one vital
task to build a power system real time emulation platform, like the HTB. Several models can be
utilized to represent a transmission line, including lumped models, distributed models, and
traveling wave models. The transmission line model selection depends on the transmission line
length and power system study requirements. In many cases, transmission lines act as the power

delivery bottleneck in power grids and can cause system stability problems. Some compensation



devices have been developed to boost the transmission line power transfer capability, provide
power flow controllability, and stabilize the power grid. These compensation devices are
connected to the transmission line in series or parallel and include fixed capacitors, thyristor-
controlled series compensator, continuously variable series reactor, static synchronous series
compensator, thyristor switched capacitors, thyristor controlled reactors, static synchronous
compensator, and unified power flow controller. Integrating the compensation devices into the
transmission line emulator would be a beneficial way to extend the HTB capabilities. Except for
the normal operation conditions, short-circuit faults within transmission lines are the most
common disturbances in power grids and are employed for many studies. It is essential for the

HTB to have the transmission line short-circuit fault emulation capability.

Comparing with power system digital simulation environments, the HTB is closer to the real
system application by allowing real-time system testing and demonstration with real
measurement, communication, protection, and control. However, the size of the emulated system
is limited by the HTB physical components, and certain phenomena are not easy or not needed to
be modeled in the HTB. By emulating the subsystems of a large system in a real-time digital
simulator (RTDS) and the HTB separately and simultaneously, the hybrid emulation
complements the advantages of the RTDS and the HTB. Similar to the power hardware-in-the-
loop (HIL) technique, a hybrid emulation interface with both digital interface and power
interface combines the two separate emulation subsystems to perform as a whole system.
Different from the purpose of testing a specific device in a regular power HIL setup, this

platform is developed mainly for power system studies.

In addition to the traditional power system elements, like generators, loads, and transmission

lines, the HVDC emulation is essential to the HTB for the power system studies with a high



penetration of renewable energy. Specifically, the voltage source converter (VSC) based multi-
terminal dc technology is the most promising solution for integrating offshore windfarm
generation into the power grid. Comparing with other VSCs, such as two-level VSCs and three-
level VSCs, modular multilevel converters (MMCSs) stand out as a better candidate considering
no power switches in series directly and reduced current switching slope (di/dt). Nowadays,
researchers are still actively working on different MMC topologies and control algorithms.
Building up a MMC test-bed with flexible reconfiguration capabilities of the topology, passive
element parameter, and control algorithm is essential for the HTB platform. In addition, MMC
submodules (SMs) need to be pre-charged to the rated voltage before normal operations. Pre-
charge resistors and bypass breakers are usually utilized to pre-charge the MMC SMs with
currents limited by the pre-charge resistors. In HVDC applications, this method needs high
voltage high power resistors and breakers, which are bulky and expensive. It is beneficial to

develop a small size and cost-effective MMC pre-charge method.

Considering the high cost of building new transmission lines and the social barriers to
acquiring the new right-of-way, a hybrid ac/dc transmission concept was proposed to allow ac
and dc power delivery through the same transmission line. The hybrid ac/dc transmission can
push the power transfer capability of ac transmission lines closer to their thermal limit. The
concept and several feasible system topologies of hybrid ac/dc transmission have been verified,
and the influence of superimposed dc component on the ac system has been investigated.
However, the ac system impact on HVDC has not been studied, such as the potential HVYDC
converter transformer saturation caused by the dc side fundamental frequency current iso, which

exists even in a pure HVDC project.

Though the multiterminal HYDC (MTDC) has been claimed as a promising solution for
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integrating remote renewable energy into the power grid, the extreme high rising rate and lack of
zero crossing point of the dc fault current are barriers to an economical dc breaker. Usually,
short-circuit faults are considered to be more detrimental to dc grids than ac grids. However, the
differences between dc and ac grids under fault conditions and their fault impacts on the system
stability have not been thoroughly investigated, and different dc fault protection strategies have

not been evaluated by considering the ac system transient stability.

The objectives of the research are to develop several platforms to extend the HTB emulation
functionality and capability, including a versatile power electronics converter based transmission
line emulator, a hybrid emulation platform with the HTB and the real time digital simulator
(RTDS), and a flexible modular multilevel converter (MMC) prototype for HVDC applications,
to investigate the potential ac system impact on HVDC in a hybrid ac/dc transmission system,

and to evaluate the dc fault impact on the interconnected ac system stability.

1.2 Dissertation Organization

The chapters of this dissertation are organized as follows.

Chapter 2 reviews the state of the art research on the transmission line emulator, the power
system hybrid emulation, the MMC test-bed, the hybrid ac/dc transmission, and the dc fault
impact on ac system stability. According to the reviews, the challenges in these areas and the

main objectives of this proposal are identified.

Chapter 3 proposes the transmission line emulation models under normal conditions,
including the RL model, T model, traveling wave model, and transmission line with

compensation device model. Simulation and experiment results are also presented.

Chapter 4 develops the transmission line emulation models under balanced fault conditions,
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and a smooth switching method between the normal state and fault state is proposed. The
transmission line emulation stability is also analyzed for both normal states and fault states.

Simulation and experiment results are also presented.

Chapter 5 proposes the transmission line emulation models under unbalanced fault
conditions, and a negative sequence control method and a time-delay correction method are
developed to improve the emulation accuracy. Simulation and experiment results are also

presented.

Chapter 6 develops a hybrid emulation platform with the HTB and RTDS. The hybrid
emulation stability with two interfaces are analyzed, and a time-delay correction scheme is

proposed to improve the interface accuracy. Simulation and experiment results are also presented.

Chapter 7 develops a flexible MMC test-bed. The system structure, control algorithms, and
basic functions are presented. A cost-effective method is proposed to pre-charge the MMC by

utilizing a low voltage dc source. Simulation and experiment results are also presented.

Chapter 8 investigates the HVDC transformer saturation issue induced by unbalanced
transmission lines in the hybrid ac/dc transmission system. Two methods are proposed to solve

the problem and simulation results are presented.

Chapter 9 evaluates the dc fault impact on interconnected ac system stability. Simulation

results are presented.

Chapter 10 summarizes the work that has been done in this dissertation and provides some

recommended future work.



2 Literature Review and Challenges

This chapter reviews the state of the art research on the corresponding areas of the
transmission line emulator, the power system hybrid emulation, the MMC test-bed, the hybrid
ac/dc transmission, and the dc fault impact on ac system stability. The research challenges are

identified and the research objectives are proposed to show the originality of the work.
2.1 Transmission Line Emulator

2.1.1 Transmission Line Models

In power grids, a set of transmission lines consist of several conductive wires, which are
constructed side by side for several miles to hundreds of miles. The most accurate way to
represent a transmission line would be modeling the self-resistance, inductance, capacitance and
the coupling-resistance, inductance, and capacitance with all other transmission lines in every
infinitesimal length, as shown in Figure 2-1. However, solving or emulating this complicated

model is very difficult and actually not necessary for most power system studies.

Usually, some simplified models are utilized for power system studies, which are divided
into three categories, including short line approximation models, medium line approximation
models, and long line approximation models. Different transmission line models can be selected

for system studies based on the transmission line lengths and the system study objectives.

As shown in Figure 2-2, the lumped RL model, which is a resistor and an inductor
connected in series, is utilized to represent a short transmission line since the shunt capacitance is

almost negligible [1].



Figure 2-1. Detailed transmission line model.
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For a medium length transmission line, the shunt capacitance is not negligible and can be
placed either at the two ends equally as a lumped IT model or at the middle as a lumped T model,

as shown in Figure 2-3 and Figure 2-4, respectively [1].

For a long transmission line, the distributed model is preferred instead of a lumped model, as
shown in Figure 2-5, where r, L, and C are the resistance, inductance, and capacitance per unit
length, v and i are the voltage and current at location x, and | is the total length of the
transmission line [2]. Assume a lossless transmission line, the traveling wave model can be

derived as in Figure 2-6, where the voltage and current relationships are expressed in (2-1) [3].

1
Jin(o =~ ra(t=D +ia(t =)

k i1(t) = Z_V1(t —7)+i(t—1)
0
where Zo and 7 are expressed in (2-2).
L
%=z (2-2)
7 =WLC

By separating a transmission line equally into two sections and adding a lumped R/4 at both
ends of the two sections, the transmission line with power loss can be approximately represented

as a Bergeron model, as shown in Figure 2-7, where R is the transmission line total resistance rl

[3].
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Figure 2-8. Transmission line power delivery diagram.

2.1.2 Transmission Line Compensation Devices

For a simplified transmission line model, as shown in Figure 2-8, the power delivery can be

derived as in (2-3).

_ RV (Vy cos 26 — V; cos &) + XVy(V; sin 26 — V, sin §)

B RZ + X2

_ RV (Vysin26 -V, sin§) + XV, (V; cos § — V, cos 26)

B R? + X2 (2_3)
_ RV,(Vycos6 —V,) + XV, V, sind

Bl R2 + X2

_ RV V;siné + XV, (V, — V; cos d)

Bl R2 + X2

Py

Q1

P,

2

Usually, the HVAC transmission line resistance R is much smaller than reactance X, the

power delivery in (2-3) can be approximated as in (2-4) [4], [5].

( Vi(Vysin 26 — V, sin §)
Pl = X

0 RV, (V;cosé —V, cos 265)
1 =

X -
) RAZEN (2-4)

2T X
_ RV,(V; —V; cosé)
B X

Q2

Thus, the transmission line power delivery is determined by the line reactance, bus voltages,

and power angle difference. To boost the power transfer capacity and gain the power flow
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controllability of transmission lines, compensation devices have been proposed and implemented
in power grids to realize the flexible alternate current transmission systems (FACTS) by either
modifying the equivalent reactance of a transmission line or adjusting the voltages within a

transmission line through reactive power injection.

Usually, compensation devices in series with transmission lines are implemented to change
the equivalent line reactance. The most straightforward way is to insert a capacitor into the
transmission line as a fixed capacitor compensator, as shown in Figure 2-9(a) [6]. The capacitor
C can be either inserted into the transmission line to compensate the reactance or bypassed by the
bypass switch. This method compensates the line reactance at several discrete values and

depends on the number and capacitances of installed fixed capacitor compensators.

To compensate the transmission line reactance continuously, a thyristor-controlled inductor
is added to adjust the equivalent reactance smoothly and continuously through the thyristor firing
angle, as shown in Figure 2-9(b) [6]. Based on the nonlinear characteristics of magnetic cores, a
continuously variable series reactor has been proposed by adjusting the magnetic core saturation

point through a dc source, as shown in Figure 2-9(c) [7].

As the development of power electronic technologies, voltage source converters (VSCs)
have been introduced to compensate transmission lines, which is named as static synchronous
series compensator (SSSC), as shown in Figure 2-9(d) [8]. Because the switching frequencies of
VSCs are higher than that of a thyristor, SSSCs can compensate transmission lines with a faster

response and lower harmonics than the thyristor-controlled compensators.

Differently, compensation devices connected onto transmission lines in parallel are

implemented to inject reactive power. The most straightforward way is to connect a capacitor
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onto the transmission line through a switch as the thyristor switched capacitor parallel
compensator, as shown in Figure 2-10(a) [8]. A thyristor-controlled reactor can also be added to
adjust the reactive power injection continuously by changing the thyristor firing angle, as shown
in Figure 2-10(b) [8]. Similarly, VSCs can be connected to transmission lines in parallel as a

static synchronous compensator (STACOM), as shown in Figure 2-10(c) [8].

Combining the SSSC and STATCOM together, a unified power flow controller was
proposed to compensate the transmission line in series and parallel coordinately and

simultaneously, as shown in Figure 2-11 [8].

2.1.3 Transmission Line Fault Cases

Being installed in the remote field with lengths of several miles to hundreds of miles,
transmission lines are the most vulnerable elements to different types of short-circuit faults in
power grids. The faults can be divided into two categories, symmetrical faults and asymmetrical

faults.

Symmetrical faults are also called balanced faults, including three-phase faults and three-
phase-to-ground faults, as shown in Figure 2-12. As the most severe faults that happen in
transmission lines, balanced faults are commonly utilized for power system transient stability
studies. Asymmetrical faults are also called unbalanced faults, including line-to-line faults, line-
to-ground faults, and line-to-line-to-ground faults, as shown Figure 2-13. As the most frequently
occurring faults in transmission lines, unbalanced faults are widely utilized for relay protection
studies and unbalanced control investigations of power electronic converters in power grid

applications.
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reactor; (d) Static synchronous series compensator (SSSC).
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Figure 2-13. Transmission line unbalanced faults: (a) Line-to-line fault; (b) Line-to-ground

fault; (c) Line-to-line-to-ground fault.
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2.1.4 Transmission Line Emulation Schemes

In 1929, MIT and GE proposed and demonstrated an ac network analyzer by using down-
scaled resistors, inductors, and capacitors to represent transmission lines and loads, and emulated
synchronous generators with phase-shifting transformers [9], [10]. Nowadays, most power
system emulation platforms still rely on physical inductors, capacitors, and resistors to build up
lumped RL, I1, and T models for transmission line emulation. In [11], a scaled power system
laboratory setup was utilized for EMS testing and validation, where a 4-wire transmission line
model was built with inductors, capacitors, and resistors. Power system simulator products with
physical inductors, capacitors, and resistors emulating transmission lines are available from a
company named TERCO [12]. There are several disadvantages of the transmission line
emulation with physical inductors, capacitors, and resistors, including high costs and limited line
parameters or reconfiguration capabilities. Also, different types of scaled transmission line
compensation devices need to be installed separately for ac system studies with FACTS. Not
only the device installations need additional cost and space, but also the utilization flexibility
would be limited by the type and parameters of the installed compensation devices. By using
several sections of inductors, capacitors and resistors in series to emulate a transmission line,
circuit breakers can be implemented at the common point between two sections to emulate a
short-circuit fault [13], [14]. However, similar to the other elements in a traditional analog
emulation platform, the disadvantages of high cost and less flexibility still exist, and the fault can
only happen at several discrete locations, depending on the number of sections. A cost-effective
and user-friendly way would be integrating different types of transmission line models,

compensation devices, and fault emulation capabilities into one emulator.

In the HTB, a transmission line emulator based on two three-phase VSCs has been
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developed to improve the flexibility of changing the emulated line impedance [15]. But only the
normal operation and manual line trip open functions with a RL model were implemented [16].
To extend the capabilities of the transmission line emulator, algorithms need to be developed to
solve the above-mentioned transmission line models with or without integrated compensation

devices under normal or fault conditions.

2.2 Power System Hybrid Emulation

Since the 1990s, with the development of real-time digital simulators, such as real-time-
digital-simulator (RTDS), Opal-RT, and the Typhoon HIL, the hybrid simulation environment,
which combines a digital simulation and a hardware testing through the hardware-in-the-loop
(HIL) technology, has become a new trend for power system studies[17], [18]. With this
technology, the simulation capability and flexibility can be improved and also physical devices
can get involved in the testing. Except for testing controllers, such as protection relays, generator
excitation controllers, and power converter controllers, by using the control HIL technology, the
power level facilities can also be tested by using power amplifiers as the interfaces, which is
named as power HIL [19]. Power HIL has been used to test different devices, such as
photovoltaic inverters and wind generators [20], [21]. A 60 KVA air coil superconducting fault
current limiter was evaluated with power HIL technologies in [22]. As one of the critical devices
in the power HIL platform, the power amplifier has been developed to be high power and high
bandwidth [23], [24]. A multi-physics test-bed with thermal, hydraulic, communication and
electrical interfaces was built to test a home energy system in [25]. Reference [26] implements a
differential boost converter as the power HIL amplifier to extend the ac output voltage capability.
Instead of power system level testing and study, these platforms focus on testing only one device
or a small system of no more than a microgrid with a few buses and lines [27]-[29].
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For power HIL platforms, the hybrid emulation is stable when the impedance relationship
between the digital side and the hardware side fulfills certain conditions [30]-[33]. Tradeoffs
need to be considered among the interface stability, bandwidth and accuracy [34]-[38]. As a new
type of power system emulation platform, the HTB is full of power electronics switching
harmonic components [16]. Appropriate schemes need to be implemented to deal with the
potential interface stability and accuracy issues caused by the time delays of filters within the
voltage and current measurement loops. Usually, typical power grids with ring or meshed
topologies need at least two interfaces to separate them into two subsystems for hybrid
emulations. The hybrid emulation stability with two interfaces has not been previously

investigated in the literatures.

2.3 MMC Test-bed and Pre-charge Method

2.3.1 MMC Test-bed

A modular multilevel converter (MMC) consists of two arms in each phase, and each arm is
built up with submodules (SMs) in series, which are bridge circuits formed by power electronics
switches and dc capacitors. Figure 2-14 shows a typical three-phase MMC structure with N SMs
in each arm. Because of its simplicity and cost effectiveness, the half-bridge SM topology has
been widely used in MMC-based HVDC projects, as shown in Figure 2-15(a). However, the
half-bridge SM cannot block the dc fault current since it flows through the antiparallel diode of
the bottom device T.. The large and fast rising dc fault current obstructs the application of VSC-
based HVDC transmission, especially the most promising multi-terminal direct current (MTDC)
system [39]-[41]. Several SM topologies have been proposed that have dc fault current blocking

capability, including the full-bridge SM, clamp double SM, cross connected SM, etc. [42]-[45].
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Figure 2-15. MMC SM structure: (a) Half-bridge; (b) Full-bridge.
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Figure 2-15(b) shows the full-bridge SM topology, in which the dc fault current is blocked
by the SM dc capacitor. Except for that, the full-bridge SM provides other benefits of modulation
capability and flexibility since it can output a negative voltage at the SM ac terminal by turning
on T», Tz and flexibly select the zero state by either turning on Ty, T3 or T2, T4 [46]. These
benefits provide potential ways to further improve the performances and reduce the size of the
MMC, such as balancing the SM switch losses, reducing the SM dc voltage ripple, improving the
SM dc voltage balancing control, suppressing the circulating current, etc. Recently, a hybrid
MMC topology with both half-bridge and full-bridge SMs in one MMC is proposed to block the
dc fault current with less switches than the MMC with pure full-bridge SMs [43], [44]. With the
development of wide-bandgap devices, researchers have started to investigate the SiC MOSFET
application in MMCs considering the benefits of high voltage, high switching frequency, and
low conduction loss [47]. However, most of the MMC studies are still limited to digital
simulations or rely on hardware demonstrations with a specific setup and limited number of SMs

[48]-[54].

2.3.2 MMC Pre-charge Methods

Each phase of a MMC is constructed by multiple series connected SMs, whose dc link
capacitor voltages are zero before normal operations. The SM dc link capacitors need to be pre-
charged to the rated value to avoid the large inrush current by directly applying the ac or dc
voltages on the ac or dc input terminal and be prepared for the MMC normal operation. Four
categories of methods have been proposed to pre-charge the SM capacitors in MMCs [55], [56].
The four categories are (1) charging by a separate charging circuit for each SM, (2) charging by
the grid-tied ac source, (3) charging by the dc source from the connected dc grid, and (4)
charging by an auxiliary dc supply connected on dc side [55], [56].
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e MMC pre-charge by a separate charging circuit for each SM [57]

Each MMC SM capacitor can be connected to an auxiliary dc supply and a pre-charge
resistor Rprecharge through separate pre-charge switches Sprecharge iN Sequence, as shown in Figure
2-16. The auxiliary dc supply voltage needs to be the same as the MMC SM dc link voltage,
which can be a high voltage in HVDC applications. At the same time, several pre-charge

switches need to be installed, which increases the cost and complexity.
e Grid-tied MMC pre-charge by the ac grid

A grid-tied MMC SM capacitor can be pre-charged by the ac grid, as shown in Figure 2-17.
To avoid large inrush current, the pre-charge resistors Rprecharge and bypass breakers BKprecharge
are implemented. The pre-charge resistors Rprecharge and bypass breakers BKprecharge Can locate

either on ac side in series with the ac grid, as shown in Figure 2-17(a) [58]-[63], or in MMC

22



arms, as shown in Figure 2-17(b) [64]. Locating the pre-charge resistors and bypass breakers in
MMC arms needs more devices but can provide the additional capability of pre-charging from
the dc side. In HVDC applications, the ac terminal high voltage leads to high voltage pre-charge

resistors and breakers, which would be large size and expensive.
e MMC pre-charge by a dc grid [65]-[67]

For a MMC connected to a dc grid, MMC SM capacitors can be pre-charged by the dc grid
through the pre-charge resistor Rprecharge and bypass breaker BKprecharge, @S shown in Figure 2-18.
Though the number of pre-charge resistors and breakers is less than that of pre-charging by the
ac grid, the dc terminal high voltage still makes the pre-charge resistors and breakers to be large

size and expensive.

e MMC pre-charge by an auxiliary dc supply connected to the dc bus

Except for pre-charging from the connected ac or dc grid, the MMC SM capacitors can also
be pre-charged by an auxiliary dc supply connected on the dc side, as shown in Figure 2-19.
Each SM can be pre-charged by connecting the SM dc capacitor to the dc supply through the
pre-charge diode Dprecharge and pre-charge resistor Rprecharge I Sequence, as shown in Figure
2-19(a) [68], [69]. In this case, the dc supply voltage needs to be the same as the MMC SM dc

link rated voltage, which can be relatively high.

Further, the auxiliary dc supply and pre-charge diode Dprecharge Can cooperate with the MMC
switches to operate in a boost converter mode to pre-charge the MMC SMs, as shown in Figure
2-19(b) [56]. Under the boost converter mode, the pre-charge resistor Rprecharge Can be avoided
and the dc supply voltage can be lower than the SM dc link rated voltage. However, the pre-

charge diode Dprecharge Still needs to withstand the dc terminal high voltage, which makes the
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with the dc supply voltage lower than the SM rated voltage.

26



diode a large size and expensive.

All of the above pre-charge methods requires at least one high voltage device for pre-
charging the MMC, which makes them expensive and large sizes. It would be beneficial if a pre-
charge method can totally avoid high voltage devices by fully utilizing the existing MMC

devices.

2.4 Hybrid Ac/dc Transmission

To meet the increasing requirement of electric power delivery, new transmission lines can
be built or the power transfer capability of existing transmission lines must be improved.
Considering the high cost of building new transmission lines and the social barriers to acquiring
the new right-of-way, a hybrid ac/dc transmission concept was proposed to allow ac and dc
power delivery through the same transmission line [70]-[73]. The hybrid transmission can push
the power transfer capability of ac transmission lines closer to their thermal limit [74]. The
concept and several feasible system topologies of hybrid ac/dc transmission have been verified
by simulation [75]-[78]. The cost benefit and power delivery improvement of the hybrid ac/dc
transmission have been analyzed and evaluated in [78]. In [79], it was mentioned that the zig-zag
transformer could be saturated if the three-phase transmission line resistances are unbalanced. A
line impedance conditioner based on single-phase converters was proposed to balance the dc
currents among the three phases [79]. However, only the influence of the superimposed dc
component on the ac system was considered, but not the influence of ac system on HVDC. For
HVDC transmission paralleled with ac transmission, a fundamental frequency (60 Hz) current on
the dc side of the HVDC converter, referred to as ieo With a root mean square (RMS) value lgo in
this thesis, can be generated due to the coupling effect, and it may lead to potential converter

transformer saturation [80]. Considering the ac and dc share the same transmission lines, the
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hybrid ac/dc transmission may have worse converter transformer saturation problem, which

needs to be fully investigated.

2.5 Dc Fault Impact on Ac System Stability

The fault current characteristics and VSC-HVDC converter performances under dc fault
have been investigated in [81], [82]. In [83], a general VSC model was developed for the system
stability studies of the power system with the MTDC. Derived from the phasor modeling
approach, the model can be used for electromechanical studies, in which the electromagnetic
transient process can be neglected. In [84], the interaction between the MTDC and the connected
multi-machine ac system was studied. However, the main focus was on the verification of a
developed MTDC model for stability analysis. In [85], the system transient stability mechanism
based on unbalanced energy theory was discussed. The algorithm was derived by considering
directly blocking the HVDC station under the point-to-point HVDC transmission condition. In
[86], the ac system transient stability characteristics under dc fault with three different modular
multi-level converter (MMC) configurations were discussed. The analysis was based on a point-
to-point HVDC overlay transmission. In [87], a four-terminal HVDC system was built to
evaluate the impacts of a permanent dc fault on the hybrid ac-dc system. The dc circuit breaker
was verified to improve the system stability. However, the study focused only on the active

power and dc voltage transient of the HVDC converter under dc fault conditions.

Though short-circuit faults have been claimed to be more detrimental to dc grids than ac
grids, the differences between dc and ac grids under fault conditions and their fault impacts on
the system stability have not been thoroughly investigated, especially for the MTDC system.
Different dc fault protection strategies have not been evaluated by considering the ac system

transient stability.
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2.6 Research Objectives

Based on the above survey, many algorithms need to be proposed to realize the power
electronics converter interfaced power system emulation platforms for extending the HTB
capabilities. To realize the development of the emulation platforms, some known or potential

issues need to be solved.
The main challenges for transmission line emulator include:

1) Algorithms and realization of emulating different transmission line models,
transmission lines with integrated compensation devices, and transmission lines

under fault conditions.
(2 Smooth switching between transmission line normal state and fault state.
3) Transmission line emulation interface time-delay.
4) Power converter control under unbalanced faults.
The main challenges for hybrid emulation with the HTB and RTDS include:
1) Hybrid emulation interface algorithm with high accuracy and stability.
2 Hybrid emulation interface time-delay correction.
3) Hybrid emulation stability with two interfaces.
The main challenges for MMC test-bed include:

1) Flexibility for reconfiguring MMC topology, and modifying passive component

values and switching frequency.

2 Easy to reprogram different control functions and test.
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3) A cost-effective and universal MMC pre-charge method.

The main challenges for hybrid ac/dc transmission and dc fault impact on ac system stability

include:

1) In a hybrid ac/dc transmission system, the impact of ac transmission on HVDC has

not been investigated.

2 For MTDC systems, the dc fault impact on interconnected ac system stability is not

clear.
Corresponding to the challenges listed above, the main tasks of this proposal are as follows.
The main tasks for transmission line emulator include:

1) Propose algorithms to emulate different transmission line models, transmission lines
with integrated compensation devices, and transmission lines under fault conditions,

and develop the transmission line emulator based on the proposed algorithms.

2 Propose a method to smoothly switch between transmission line normal state and

fault state, and implement it into the transmission line emulator.

3) Develop an algorithm to compensate the time-delay within the transmission line

emulator.
4) Build up a power converter with unbalanced current tracking capability.
The main tasks for hybrid emulation with the HTB and RTDS include:
1) Develop a hybrid emulation interface algorithm with high accuracy and stability.
2 Propose a method to correct the hybrid emulation interface time-delay.

3) Analyze the hybrid emulation stability with two interfaces.
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The main tasks for MMC test-bed include:

1) Develop a MMC test-bed with the capability of changing topology, passive

component value, and switching frequency easily.
(2 Utilize the MMC test-bed to conduct research demonstrations.
3) Propose and implement a cost-effective and universal MMC pre-charge method.

The main tasks for hybrid ac/dc transmission and dc fault impact on ac system stability

include:

1) Investigate the ac transmission system impact on the HVDC operation and propose

corresponding methods to solve the potential issues.

2 Analyze the differences between a dc fault and an ac fault and evaluate the impact of
a dc fault on interconnected ac system stability by implementing different dc fault

protection schemes and comparing with an equivalent ac fault.
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3 Transmission Line Normal State Emulation

In this chapter, the basic concept and theory of transmission line emulation based on power
converters are investigated. The characteristics of different transmission line models are analyzed
and corresponding algorithms are proposed to solve the models under the emulation environment.
According to this analysis, most transmission line compensation devices can be represented by
variable capacitors or inductors connected into transmission lines in series or parallel.
Transmission line emulation models with integrated variable capacitors and inductors are
developed to emulate transmission lines with compensation devices together. Through Y/A
transformation, the transmission line model with integrated variable inductors in parallel is
developed to avoid the stability issue caused by directly calculating the variable inductor
voltages. By analyzing the characteristics of transmission line traveling wave models, a scaling
method and an algorithm are proposed to realize the transmission line emulation based on

traveling wave models.

3.1 Power Converter Based Transmission Line Emulation Concept

Similar to power HIL concept, the transmission line emulator solves the terminal current
references based on the measured terminal voltages and the transmission line model in a digital
signal processor and then controls the interface power converters to track the calculated current
references. Figure 3-1 shows the basic concept of transmission line emulation with power

converters.

Figure 3-1(a) is the hardware and control structure. Two converters share the dc bus, which

are named as Master and Follower, respectively. The inductors with Lt inductance serve as the
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converter filters. Both Master and Follower VVSCs have their own controllers for current tracking
control. Area 1 and Area 2 represent two power system networks, which are connected by the
emulated transmission line. The transmission line model, which calculates the current references
according to the terminal voltages, is located in the Master controller. The Follower side current
references are calculated in the Master controller and sent to the Follower controller through

dedicated serial communication.

Figure 3-1(b) shows a general three-phase transmission line model, where the two terminals
of the transmission line are named as Master and Follower, respectively, corresponding to the
emulator structure in Figure 3-1(a). The transmission line inductance and resistance are L and R,
respectively. The Master side phase A, B and C to neutral voltages are named as Vima, Vmb and Ve,
respectively. The Follower side phase A, B and C to neutral voltages are named as Vsa, Vi and Ve,

respectively.

The Master side phase A to B, phase B to C and phase C to A voltages are named as Vman,
Vmbe and Vmea, respectively. The Follower side phase A to B, phase B to C and phase C to A

voltages are named as Vran, Vibc and Vica, respectively.

The Master side phase A, B and C currents are named as ima, imb and ime, respectively, with
the corresponding current references imaref, imbref and imcref from the transmission line model. The
Follower side phase A, B and C currents are named as i, It and isx, respectively, with the
corresponding current references isaref, itoref and iscrer from the transmission line model. The phase
A, B and C voltages across the transmission line are named as Vmfa, Vmfo and Vmec, respectively.
The voltage and current positive directions are defined in Figure 3-1(b). The voltages and

currents in all transmission line emulation cases follow the definitions in Figure 3-1.
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Figure 3-1. Power converter-based transmission line emulator: (a) Hardware and control

structure; (b) A general three-phase transmission line model.
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3.2 Transmission Line Emulation with Lumped Models

3.2.1 Transmission Line RL Model and IT model

Figure 3-2 shows the three-phase transmission line RL model, where phase A, B and C
currents flowing through the transmission line under normal conditions are named as ia, ib and ic,

respectively.

In time domain, the transmission line is expressed as (3-1).

di
VUmfx = Vmx — Vx = Ld—; + Ri, (x =a,b,c) (3-1)

By measuring the terminal voltages, the current references can be derived from (3-2).

, . . Umx — Vrx — Rix
bnxref = lfxref = lxref = j I dt (3-2)

Thus, the transmission line RL model emulation algorithm is derived as shown in Figure 3-3.

For the transmission line IT model, the parallel capacitors at both ends can be integrated into
the generator or load emulators connected on the same bus. Thus, transmission line RL model

emulation can be utilized to emulate the IT model.

3.2.2 Transmission Line T Model

Figure 3-4 shows the three-phase transmission line T model, where phase A, B and C
currents flowing into the capacitors are named as ica, ico and icc, respectively and phase A, B and

C voltages across the capacitors are named as Vca, Vcp and vce, respectively.
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In time domain, the transmission line is expressed as (3-3).

Vmx ~ Vex = 0.5L—0
=05y dx f X + 0.5Ri
| Vex U (x =a,b,c) (3-3)
f le
\ - lmx x

By measuring the terminal voltages, the current references can be derived from (3-4).

( Ve = T2t — 0.5R i
lnxref = f 05L dt
iy — 1 ' (3-4)
Yaref = f 0.5L dt

Thus, the transmission line T model emulation algorithm is derived as shown in Figure 3-5.

LS lfxref

Figure 3-5. Transmission line T model emulation algorithm.
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3.3 Transmission Line Emulation with Compensation Devices

usually operate as variable reactance to either compensate the line impedance in series or inject
reactive power in parallel. Thus, the transmission line compensation device functions can be
represented by adding variable capacitors or inductor in series or parallel into the transmission

line model.

According to the discussion in section 2.1.2, the transmission line compensation devices

3.3.1 Series Compensation Device Emulation

representing the series compensation devices working in the capacitive region. The capacitor

Series compensation capacitor

Figure 3-6 shows the three-phase transmission line RL model with variable capacitors

voltages in phase A, B, and C are named as Vca, Vcb and vee, respectively.

Master iya ,Vca L iy R IFollower

vmao—h%—mww—w Vi

+ —— C VimfaVmibVimfc e

Figure 3-6. Transmission line emulation with series variable capacitors.
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In time domain, the transmission line model with series variable capacitors is expressed as

(3-5).
diy .
Umfx = Umx — Vpx = LE+ Ri, + vy
. (x =a,b,c) (3-5)
lx
ch - f?dt

By measuring the terminal voltages, the current references can be derived from (3-6).

(3-6)

) i
. . . vmx—vfx—RLx—f?xdt
Unxref = lfxref = lxref = 7 dt

Thus, the emulation algorithm of a transmission line model with series variable

compensation capacitors is derived as shown in Figure 3-7.

Figure 3-7. Transmission line model with series variable compensation capacitors emulation

algorithm.
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i L
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+— Vmfa Vimfb Vmfc — -

Figure 3-8. Transmission line emulation with series variable inductors.

e Series compensation inductor

Figure 3-8 shows the three-phase transmission line RL model with variable inductors

representing the series compensation devices working in the inductive region.

In time domain, the transmission line model with series variable inductors is expressed as

(3-7).

di, di
vmfx:Umx_fo:L dt +Rlx+L dx (x=a,b,c) (3'7)

By measuring the terminal voltages, the current references can be derived from (3-8).

. . . Umx — Vrx — Rix
bnxref = lrxref = lxref = f L+L dt (3-8)
c

Thus, the emulation algorithm of a transmission line model with series variable

compensation inductors is derived as shown in Figure 3-9.
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Figure 3-9. Transmission line model with series variable compensation inductors emulation

algorithm.

(1-A)L (1—/1)R Follower

+< Y Vv V
Master - L R mfa Vmfb Vmfc

Ima Ca
Vima o——— VY A—AAN i

: AL JR ¢

Imb
Vimp © ’ vV VYV I

AL JR pco

Ne——N——=

Nm_/\/\/\/_,_o Vig
(L-HL (AR

V<‘_NYY\_/\/\/\/_._O Vio

(L-AL (AR

Vee Ce NV ANA— 6 Vi
|Cc

Figure 3-10. Transmission line emulation with parallel variable capacitors.
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3.3.2 Parallel Compensation Device Emulation
e Parallel compensation capacitor

Figure 3-10 shows the three-phase transmission line RL model with variable capacitors
representing the parallel compensation devices working in the capacitive region, where the
parameter A (0 < A < 1) is the percentage of the distance from the compensation device location
to the master side terminal with regard to the total line length. The capacitor voltages and

currents in phase A, B, and C are named as Vca, Vcb, Vce, ica, ich, and ice, respectively.

Since the capacitor common connection point voltage referring to the imaginary neutral
point is zero in the balanced three-phase system, the transmission line model with parallel

variable capacitors is expressed as (3-9).

( di
Vmx — Vex = AL dT:x+/1Rimx
— -~ R
<‘UCx_fo—( - ) dt +( - ) lrx (x=a,b,c) (3_9)
ic
ch:f?xdt
\ iCx=imx_ifx

By measuring the terminal voltages, the current references can be derived from (3-10).

Iy — 1
. Vs = [ T2 dt — ARipy
bnxref =

dt
_ AL (3-10)
L' _jfmfoxdt—vfx—(l—l)Rifxdt
Yaref = (1- AL

Thus, the emulation algorithm of a transmission line model with parallel variable

compensation capacitors is derived as shown in Figure 3-11.
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> lfxref

Figure 3-11. Transmission line model with parallel variable compensation capacitors emulation

algorithm.

Ima AL /AR
Vina O——>—"""—w
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nmn AN Vfa
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i (1-2)L (1-2)Ris; Vibe
N\ ym AMN )_0 VfC
Vica

Y
1

< Vmfa Vimfb Vmfc

Figure 3-12. Transmission line emulation with parallel variable inductors.
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e Parallel compensation inductor

Figure 3-12 shows the three-phase transmission line RL model with variable inductors
representing the parallel compensation devices working in the inductive region, where the
parameter A (0 < A < 1) is the percentage of the distance from the compensation device location
to the master side terminal with regard to the total line length. The inductor voltages in phase A,
B, and C are named as Via, Vb and v, respectively. The inductor currents in phase A, B, and C

are named as iLa, iLb and iLc, respectively.

A straightforward way would be replacing the capacitor voltage in (3-10) to the inductor
voltage, as expressed in (3-11). However, the inductor voltage is not a state variable and needs

to calculate the current derivation, which is very sensitive to harmonics and errors.

( Aime = ifx) IR
mx

Umx — Le———F——
imxref :f dt dt
AL

(3-11)

dli, —i ,
) Lcw - fo — (1 — X,)lex
Llfxref =

Y dt

To avoid the inductor voltage calculation by solving the current derivation equation, the Y/A
transformation is implemented to reshape the transmission line model with parallel variable
inductors. Since the inductor common connection point voltage referring to the imaginary neutral
point is zero in the balanced three-phase system, the transmission line model can be analyzed by
a single-phase circuit. Figure 3-13 shows the Y/A transformation of the transmission line model

under a single-phase circuit.

Figure 3-13(a) is the Y/A transformation in s-domain. According to Y/A transformation, the

impedances in the A connection are expressed in (3-12).
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( A= DZ()2 + 2Z(5)Z.(s) + (1 — DZ(s)Z.(s)
() = 20
M= DZ(5)? + AZ(S)Z(5) + (1 = DZ(5)Zc(5) ]
\ Zmn(S) = A= D20 (3-12)
, M= DZ(8)? + AZ(S)Z(5) + (1 = DZ(S)Zc(5)
| Zm($) = 2Z(s)
where the impedances in Y connection are expressed in (3-13).
Z(s) =R+ sL
{ Z.(s) =sL, (3-13)
Substitute (3-13) into (3-12), to obtain (3-14).
— ]2 _ _ 2
(me(s) _ (L 4 A(1 . AL )S R4 2/1(1L ARL N A(1 . DR %
3 Zmn(S) = (iL + 1L_C/1) s+ AR (3-14)
\ Ze(s) = ((1 — AL+ L—/{) s+(1-A)R

Based on (3-14), the equivalent R, L, C circuit after the Y/A transformation is shown in

Figure 3-13(b), where the corresponding element parameters are expressed in (3-15).

( y(1 —p)L? 2y(1 —y)RL y(1-y)R?
Lpys=L+———— Ryr=R+—7-——, =0
mf L, mf L, mf L,
L
| Lo = (VL4 T2 ) R = YR (3-15)
L
L= (1—y)L+ f,an =(1-y)R

Thus, the three-phase transmission line model with parallel variable inductors after Y/A

transformation is shown in Figure 3-14.
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(a) (b)

Figure 3-13. Y/A transformation of the transmission line model with parallel variable inductors:

(@) Circuit diagram in s-domain; (b) Equivalent R, L, C circuit.

+«———Vmfa Vmfo Ve ——> -
Imfa me Rmf Cmf Ita

WOV,
Imna Y it I 7 i V1t
- —>—O Vy
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. ) onc
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Figure 3-14. Transmission line model with parallel variable compensation inductors after Y/A

transformation.
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In time domain, the model is expressed as (3-16).

( di .
Umx = Lmn % + Rynlmnx
di,, i
mfx mfx
'Umfx = me dt + Rmflmfx + f C dt
3 mf (x =a,b,c)

di
fnx
Ve = Lfn dt + anlfnx

lnx = lmnx + lmfx

\ ifx = imfx - ifnx

By measuring the terminal voltages, the current references can be derived from (3-17) and

(3-18).

( f mfx

Umfx — Rmplmpx —
imfxref = f dt
Iy

. _ [ Vmx — Rmnimnx d
lmnxref - t

Lmn
Umfx —
imfxref =J me

Ve — Repl
. fx fntfnx
Unxref = jL—dt
fn

mfx
mflmfx f Cmf dt

dt

{lmxref - lmnxref + lmfxref
lfxref - lmfxref lfnxref

Substitute (3-17) into (3-18), to obtain (3-19).

( lm x
—R i vmfx - mflmfx f
. _ Umx mnlmnxd d
lmxref - Lmn + me t
4
mex
, fvmfx B mflmfx f d fvfx - anifnx dt
1 = t — _—
L fxref me Lfn
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Thus, the emulation algorithm of a transmission line model with parallel variable

compensation inductors after Y/A transformation is derived as shown in Figure 3-15.
3.4 Transmission Line Emulation with Traveling Wave Model

3.4.1 Transmission Line Emulation Based on Traveling Wave Model

According to Figure 2-6, Figure 2-7, (2-1), and (2-2) in the transmission line traveling wave
model discussion, the two section transmission line traveling wave model with lumped resistors

representing the power losses are expressed in (3-20) corresponding to the diagram in Figure
3-16, where Z, = \/L/C, T = IVLC, L and C are the inductance and capacitance per unit length,
R is the total resistance, and | is the line length.

Imnx () = _Zlovmmx (t - %) + Unmx (t - %)

5o (=)~ Fior = 3) #im -

0

(3-20)
Ummhx(t) =

The voltage and current relationships of transmission line section 1 and section 2 are

expressed in (3-21) and (3-22), respectively.

imhx(t) = _Zlovmmx (t - %) + L (t — %)
. 1 T R T ] T (3-21)
(et = 7, (e (6= 3) = Fime (1= 3)) # e (2= )
e R R

Llfhx(t) = Zy (Ummx (t - %) - gimmx (t - %)) + lnma (t - %)
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Figure 3-15. Transmission line model with parallel variable compensation inductors after Y/A

transformation.

Section 1 Section 2
|me/4 I*‘ _>||mmx R/2 |+ |R/4 |fx

Imhx |fmhx
Vix Zg I 4}} {0 ZO Vix
mmhx

Figure 3-16. Two section transmission line traveling wave model with lumped resistors.

Imx I
| mx
Vinx 7 |fx Z Vix

Figure 3-17. Simplified transmission line traveling wave model with lumped resistors.
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The circuit between section 1 and section 2 is expressed in (3-23).

. . Vpmmyx (€)
lmmx(t) = lmmhx (t) — ng1x
° 0 (3-23)
kvmmx(t) - E immx(t) = Z, (immx(t) - ifmhx(t))
Solve (3-23), to obtain (3-24).
( 270% + ZyR 27>
Vi (£) = TAZ tR Immhx (t) — a2+ R Lrmnx () o
27
Ik Immax (£) = m (immhx(t) + ifmhx(t))
Substitute (3-21) and (3-22) into (3-24), to obtain (3-25).
( R
27y +R o @Z+R)(Z-7) -
Vymx (£) = ———v (t——)+ (t——)+
mmx 4720+ R mx 2 4Zo + R mx 2

ZZO T 20(4‘20 - R) . T

— v (t—2) ———————i (t — =
) 4Zy+R T* ( 2) 2(42(2 +R) f’)‘ ( 2) (3-25)

_ 2 T 4Zy—R) T
e (1) = 37— Vmx (e~ E) T oz, + Ry (e~ E) N
2 T 4Z,— R . T
\ 4ZO+va"(t_§)+2(4ZO+R)lfx(t_§)

Substitute (3-25) into (3-21) and (3-22), to obtain (3-26).

According to (3-26), the two terminal currents and voltages are directly related to each other

without the variables between section 1 and section 2.

Assume the model in Figure 3-16 can be simplified as in Figure 3-17, then the two terminal

voltages should be equivalent, as expressed in (3-27).
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( o= 2% Nl S
) = 7 PR\ Tz, N T T Ty T

R 1 4Zy—R
m( Ze — Uy (= T) — A I (t — T))
< 4z, (1 47, — R (3-20)
; — 0 40 _
lfhx(t) - 4ZO +R (ZO Umx(t ) + 4‘ZO lmx(t T)) +
R 1 47, —R
\ m 7 vfx(t T) — 7 lfx(t — T)
vmx(t) = Z(imx(t) mx(t)) lmx(t) + Z, (lmx(t) Lmhx(t))
r (3-27)
U2 (0) = Z (I (0) = i72(0)) = Zo (irme(®) = i () = iz (©)
Solve (3-27), to obtain (3-28).
( Z—(Zo+ ) Zo
Imx(t) = lmx(t) +— lmhx(t)
! Z z (3-28)
zZ—(z ) Zy
L Ifx(t) = %lfx(t) +— lfhx(t)
Substitute (3-26) into (3-28), to obtain (3-29).
1+H 1 . 1-H 1 .
! Ly (8) = < Evfx(t -7)+ Hlfx(t - T)) + T<_Evmx(t —17) = Hip,(t — T))
(3-29)

1+H/1 . 1-H/(1 ,
L I (t) = T<Evmx(t — 1) + Hipyy (t — r)> + T<Evfx(t — 1) — Hip (t — r)>

where Z and H are defined in (3-30). However, the references of terminal currents imy, it instead

of controlled current sources Imy, lix are required for the transmission line emulation.
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(7=2,+%
| 0" 4
gk (3-30)
|H = R
\  Z+3g

By adding up the current flowing through the parallel resistor and the corresponding

controlled current source together, the terminal current references for transmission line emulation

can be derived in (3-31).

(. 1+H{/ 1 _

lmxref(t) :T _Evfx(t_f) +Hlfx(t_T) +
1-H( 1 , Ve ()
T(—Evmx(t —T) = Hipyy (t — T)> + mz

1+H(1 (3-31)
ifxref(t) = T <E me(t — ’l') + Himx(t — T)) +

VUrx (t)
Z

1-H/(1 ,
\ T(Evfx(t — 1) — Hip, (¢t — ‘L')) -

3.4.2 Scaling Method of Transmission Line Traveling Wave Model

Usually, a high voltage and high power grid is scaled down to an equivalent and relatively
low voltage and low power grid to be emulated for system studies. In this thesis, the frequency is
not scaled, and there are mainly four variables need to be scaled, including voltage, current,

power, and impedance. Define the impedance scaling ratio Zratio in (3-32).

_ Zorl’ginal (3_32)

VA ,
t
rate Zscaled

where Zscaled IS the equivalent impedance in the scaled system corresponding to the impedance

Zoriginal 1N the original system. Thus, the inductance scaling ratio Lratio, Capacitance scaling ratio
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Cratio, and resistance scaling ration Rratio Can be derived as in (3-33).

( L _ Loriginal _ Zoriginal/W _
ratio — - ratio

Lscaled Zscaled/W

) _ Coriginal _ 1/WZoriginal _ 1 (3_33)
Cratio - C - 1 Z - Z
scaled /W scaled ratio
_ Roriginal _
\ Rratio - R — 4ratio
scaled

where Lscaed and Cscaled are the equivalent inductance and capacitance in the scaled system
corresponding to the inductance Lorigina and capacitance Coriginat in the original system,
respectively. Since the transmission line traveling wave model is derived from the distributed
inductance and capacitance model, the scaled transmission line traveling wave model is
determined by the scaled distributed inductance and capacitance. The scaled traveling wave

model characteristic impedance Zoscaled and time constant zscaied are expressed in (3-34).

L

Lscaled _ 1 original ZOoriginal

Zoscaled =

Cscaled Zratio Coriginal Zratio (3_34)

krscaled = l\/ LscaieaCscatea = l\/LoriginalCoriginal = Toriginal

where Zoscaed and zscaled are the equivalent characteristic impedance and time constant in the
scaled system corresponding to the characteristic impedance Zooriginal and time constant zoriginal in

the original system, respectively.

Substitute (3-34) into (3-30), to obtain (3-35). According to (3-34) and (3-35), the
transmission line Norton interface impedance Z is scaled based on the impedance ratio, while the

travel time 7 and coefficient H keep the same as the original system.
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(Z — 7 Rscaled _ ZOOTiginal Roriginal _ Zoriginal
scaled — 40scaled - -
4 Zratio 4'Zratio Zratio
4 7 Rscaled ZOoriginal _ Roriginal
H _ “Oscaled 4 Zratio 42 atio —H
scaled — - — Horiginal
Zoscaled T+ M ZOoriginal Roriginal g
scale
\ 4 Zratio 4‘Zratio

3.5 Simulation and Experiment Results

(3-35)

By highlighting a transmission line emulator in Figure 1-1, the system configuration of the

HTB grid emulator is shown in Figure 3-18. The transmission line emulator is composed of two

VSCs, which are named as Master and Follower, respectively, in this dissertation. The Master

and Follower VSCs also share the same dc link with the other HTB emulator VVSCs so that the

power loss of Master and Follower VSCs does not affect the power loss performance of

emulated transmission line. Figure 3-19 shows the HTB grid emulation platform. The VSC

parameters are listed in Table 1.

. HTB [ ine emulator 1!
DC Link _ILine emulator
}Emulator #1 AC '—'”kl Master | ‘
[ J@ |~ rvx I J@ | |
From || L ~AA H
oC supply | || | |
o—¢ |
‘ AC Emulated|Grid |
@ [ Do |Commun|cat| |
|
|
|
| Emulator #n | Follower !
| L~V O 1
| L~V LA ‘
o | : !
U S o'e'g WY ™
e |T =]

Figure 3-18. System configuration of HTB with a transmission line emulator.
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Figure 3-19. HTB grid emulation platform.

Table 1. Parameters of the VSC

Parameters Values
Filter inductance Lt 0.575 mH
Dc-link voltage Vqc 200 V

Switching frequency fs 10 kHz
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A simplified two area system is selected to verify the transmission line emulation under
normal conditions, as shown in Figure 3-20. The transmission line is connected to two voltage
sources with the line-to-line voltage RMS value V.. = 43 V: (1) an ideal voltage source Vi with
the source impedance L1 = 5.97 mH, R1 = 0.65 Q and (2) an ideal voltage source V> with the

source impedance L> = 2.4 mH, R2 =0.07 Q, respectively.

Both the simulation and experiment are conducted to verify the proposed transmission line
model with compensation devices. Figure 3-21 is the simulation verification setup in
MATLAB/SIMULINK environment by representing the transmission line with controlled
current sources, whose current references come from the transmission line model. Figure 3-22
and Figure 3-23 are the experimental verification setup and hardware platform, respectively, and
the two VSCs, named as VSC1 and VSC2, are controlled to function as the voltage source Vi
and V>, respectively. The pure MATLAB/SIMULINK digital simulation with the system in

Figure 3-20 is conducted to be the original simulation for comparison verification.

3.5.1 Transmission Line Emulation with Lumped Models
e RL model

A system diagram with two identical transmission lines, named as Line 1 and Line 2, is built
to verify the transmission line RL model, as shown in Figure 3-24. The transmission line
parameters are L =5 mH and R = 0.5 Q. Line 2 is connected in parallel with Line 1 through the
switches S; and Sy at 0.1 s when the phase angle of Viay is 218°. The angle difference between
the two voltage sources is 8 = 6v1 — Gvo = 225°. Figure 3-25(a) and Figure 3-25(b) show la and Ip
comparisons, respectively, of the experimental and the original simulation results. The results

indicate that the experimental waveforms match with the original simulation results.
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Figure 3-21. Transmission line model simulated in MATLAB/SIMULINK with controlled

current sources for transmission line emulation verification.
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Figure 3-23. Experiment hardware platform for transmission line emulation verification.
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Figure 3-24. System diagram for transmission line RL model verification.
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Figure 3-25. Experiment and simualtion comparisons with the transmission line RL model when

Line 2 is connected into the system: (a) la; (b) Ib.
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e T model

A system diagram with two identical transmission lines, named as Line 1 and Line 2, is built
to verify the transmission line T model, as shown in Figure 3-26. The emulated transmission line
parameters are L = 12 mH, R=0.65 Q, and C = 0.4 mF. Line 2 is connected in parallel with Line
1 through the switches S1 and S; at 0.1 s when the phase angle of Viap is 9°. The angle difference
between the two voltage sources is 6 = 6v1 — 6v2 = -194°. Figure 3-27(a) and Figure 3-27(b) show
the 1. and I, comparisons, respectively, of the experimental and the original simulation results.

The results indicate that the experimental waveforms match with the original simulation results.

3.5.2 Transmission Line Emulation with Compensation Devices
e Series compensation capacitor

The system diagram for transmission line RL model with series compensation capacitors
verification is shown in Figure 3-28. The emulated transmission line parameters are L = 12 mH,
R =0.65 Q. The series compensation capacitors are changed from C=3 mFto C =0.6 mF at 0.1
s when the phase angle of Viap is 190°. The angle difference between the two voltage sources is 8
= Ov1 — Ov2 = -63°. Figure 3-29(a) shows the . comparison of the transmission line model based
simulation and the original simulation results and Figure 3-29(b) shows the Ia comparison of the
experimental and the original simulation results. The results indicate that both the transmission
line model based simulation and the experimental waveforms match well with the original

simulation results.
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Figure 3-26. System diagram for transmission line T model verification.
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Figure 3-27. Experiment and simualtion comparisons with the transmission line T model when

Line 2 is connected into the system: (a) la; (b) Ib.
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Figure 3-28. System diagram for a transmission line with series compensation capacitors

verification.
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Figure 3-29. Ia comparisons with the original simulation for the case of the transmission line with
series compensation capacitors: (a) Transmission line model based simulation results; (b)

Experimental results.
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e Series compensation inductor

The system diagram for transmission line RL model with series compensation inductors
verification is shown in Figure 3-30. The emulated transmission line parameters are L = 12 mH,
R =0.65 Q. The series compensation inductors are changed from Lc =15 mH to L = 0.5 mH at
0.1 s when the phase angle of Vian is 29°. The angle difference between the two voltage sources
is @ = 6v1 — Ov2 = 215°. Figure 3-31(a) shows the 1o comparison of the transmission line model
based simulation and the original simulation results, and Figure 3-31(b) shows the la comparison
of the experimental and the original simulation results. The results indicate that both the
transmission line model based simulation and the experimental waveforms match well with the

original simulation results.
e Parallel compensation capacitor

The system diagram for transmission line RL model with parallel compensation capacitors
verification is shown in Figure 3-32. The emulated transmission line parameters are L = 12 mH,
R =0.65 Q. The parallel compensation capacitors are changed from C = 1 mF to C = 0.5 mF at
0.1 s when the phase angle of Viap is 227° and the compensation location parameter 2 = 0.5. The
angle difference between the two voltage sources is 6 = 6v1 — 6v2 = 166°. Figure 3-33(a) shows
the Ia comparison of the transmission line model based simulation and the original simulation
results, and Figure 3-33(b) shows the la comparison of the experimental and the original
simulation results. The results indicate that both the transmission line model based simulation

and the experimental waveforms match well with the original simulation results.
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Figure 3-30. System diagram for a transmission line with series compensation inductors
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Figure 3-31. Ia comparisons with the original simulation for the case of the transmission line with
series compensation inductors: (a) Transmission line model based simulation results; (b)

Experimental results.
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Figure 3-32. System diagram for a transmission line with parallel compensation capacitors

verification.
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Figure 3-33. Ia comparisons with the original simulation for the case of the transmission line with

parallel compensation capacitors: (a) Transmission line model based simulation results; (b)

Experimental results.
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e Parallel compensation inductor

The system diagram for transmission line RL model with parallel compensation inductors
verification is shown in Figure 3-34. The emulated transmission line parameters are L =5 mH, R
=0.65 Q. The parallel compensation inductors are changed from L =12 mHto L =3 mH at 0.1
s when the phase angle of Via is 178.2° and the compensation location parameter A = 0.5. The
angle difference between the two voltage sources is 6 = 6v1 — Ov2 = -47.52°. Figure 3-35(a) and
Figure 3-35(b) show the la and Ir comparisons, respectively, of the experimental and the original
simulation results. The results indicate that the experimental waveforms match well with the

original simulation results.

3.5.3 Transmission Line Emulation with Traveling Wave Model

A system diagram with two identical transmission lines, named as Line 1 and Line 2, is built
to verify the transmission line traveling wave model, as shown in Figure 3-36. The emulated
transmission line parameters are Z = 16 Q and H = 0.9865, and Line 2 is connected in parallel

with Line 1 through switches S; and Sz at 0.1 s.

Voo Vi
Angle: 0 =" 7JL JR 1-DL (1-)R. I Angle: 0°
|Vmabimb ~ AMA ?fb Vtab I

Vimbe Ime It Vive |

Vl | Vinca Vica I V2
I L. Parallel inductor I
b e e = 4

Figure 3-34. System diagram for a transmission line with parallel compensation inductors.
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Figure 3-35. I, experiment comparisons with the original simulation for the case of the

transmission line with parallel compensation inductors: (a) Phase A current; (b) Phase B current.
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Figure 3-36. System diagram for a transmission line traveling wave model verification.
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a) Transmission line traveling time t= 0.5 ms

For the transmission line traveling time t equals to 0.5 ms, Line 2 is switched into the
system at 0.1 s when the phase angle of Viap is 6.5° and the angle difference between the two
voltage sources is € = 6v1 — 6v2 = -107°. Figure 3-37(a) and Figure 3-37(b) show the la and Iy
comparisons, respectively, of the experimental and the original simulation results. The results

indicate that the experimental waveforms match with the original simulation results.
b) Transmission line traveling time T =1 ms

For the transmission line traveling time T equals to 1 ms, Line 2 is switched into the system
at 0.1 s when the phase angle of Viap is 6.5° and the angle difference between the two voltage
sources is @ = Ov1 — Ov2 = -125°. Figure 3-38(a) and Figure 3-38(b) show the la and Ip

comparisons, respectively, of the experimental and the original simulation results.
c) Transmission line traveling time t= 1.5 ms

For the transmission line traveling time t equals to 1.5 ms, Line 2 is switched into the system at
0.1 s when the phase angle of Via is 25° and the angle difference between the two voltage
sources is @ = Ov1 — Ov2 = -130°. Figure 3-39(a) and Figure 3-39(b) show the I and Ip
comparisons, respectively, of the experimental and the original simulation results. The results

indicate that the experimental waveforms match with the original simulation results.
d) Transmission line traveling time t =2 ms

For the transmission line traveling time t equals to 2 ms, Line 2 is switched into the system at 0.1
s when the phase angle of Viap is -1° and the angle difference between the two voltage sources is
0 = Ov1 — Ov2 = -141°. Figure 3-40(a) and Figure 3-40(b) show the l. and I, comparisons,
respectively, of the experimental and the original simulation results.
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Figure 3-37. Experiment and simualtion comparisons with the transmission line traveling wave

model when the traveling time t equals to 0.5 ms: (@) la; (b) Ib.
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Figure 3-38. Experiment and simualtion comparisons with the transmission line traveling wave

model when the traveling time T equals to 1 ms: (@) la; (b) lb.
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Figure 3-39. Experiment and simualtion comparisons with the transmission line traveling wave

model when the traveling time t equals to 1.5 ms: (@) la; (b) Ib.
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Figure 3-40. Experiment and simualtion comparisons with the transmission line traveling wave

model when the traveling time T equals to 2 ms: (a) la; (b) lb.
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3.5.4 Transmission Line Emulation Accuracy

By zooming in the waveform comparisons in section 3.5.1, section 3.5.2, and section 3.5.3,
the phase A current Ima and lta amplitudes and phase angle differences between the emulation
experiments and the original system simulations are identified as shown in Table 2. According to
Table 2, the current Ima and lta amplitudes differences between the transmission line emulation
experiments and the original system simulations are smaller than 0.3 A, which is less than 4% of
all original system simulation results. The current Ima and Ira phase angle differences between the
transmission line emulation experiments and the original system simulations are not larger than

3°, which is less than 150 us time difference for the 60 Hz waveforms.

3.6 Conclusion

The emulation algorithms of transmission line RL, IT, T and traveling wave models have
been proposed according to the characteristics of the circuit diagrams. The transmission line
emulations with integrated series or parallel variable capacitors or inductors have been developed
to emulate the transmission line together with series or parallel compensation devices. By
comparing with the system simulation with the original transmission line and compensation
devices, the proposed algorithms have been verified to emulate the transmission line together
with the compensation devices well through both simulations in MATLAB/SIMULINK

environment and experiments in the HTB.
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Table 2. Phase A current Ima and lra amplitudes and phase angles differences between the

emulation experiments and the original system simulations

Ima amplitude Ima phase lta amplitude Ita phase

Emulation case  Original Difference angle Original  Difference angle

(A) (%) difference (°) (A) (%) difference (°)
RL model 8.3 3.6 1 8.2 3.7 2
T model 9.5 2.1 3 8.1 2.5 3
Series
compensation 5.3 3.8 2 5.3 3.8 2
capacitor
Series
compensation 5.0 2.0 2 5 2.0 2
inductor
Parallel
compensation 12.4 1.6 3 4.2 2.4 3
capacitor
Parallel
compensation 5.9 1.7 1 6.2 1.6 2
inductor
Traveling wave

6.8 1.5 1 6.7 3.0 2
time 1 ms
Traveling wave

5.2 1.9 1 5.1 2.0 1
time 1.5 ms
Traveling wave

4.3 1.2 1 4.2 1.2 1

time 2 ms
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4 Transmission Line Emulation with a Balanced Fault

In this chapter, the algorithm of transmission line emulation with a balanced fault is
proposed. For lumped RL and T models, the current references calculated for the transmission
line emulation correspond to the line inductor currents. If the current references of the
transmission line normal and fault models are solved separately, a small current reference
mismatch between the normal and fault models would cause a current step change of an inductor
during the switching between the normal and fault states, which would induce a large voltage
spike or even instability. A smooth switching algorithm is proposed by combining the normal
state model and fault state model together. To locate the boundary of emulating transmission line
stably, the emulation stability under both normal states and fault states is analyzed. Experiment

results verified the effectiveness of the proposed model and smooth switching algorithm.

4.1 Transmission Line with a Balance Fault Model

In a balanced system, the transmission line three-phase-to-ground fault is equivalent to a
three-phase fault since the neutral to ground voltage is zero. The transmission line RL model
with a balanced fault is shown in Figure 4-1 where Rr is the fault resistance. The parameter y (0
<y < 1) is the percentage of the distance from the fault location “o0” to the Master side terminal

with regard to the total line length.

The transmission line model with a balanced fault is expressed in (4-1).

di
|( "+ YRipy

Vmx — Vox = YL dt

: 4-1
_ dify . (x=a,b,c) (4-1)

Vox — Vrx = (1 - V)LW + (1 - V)lex

Vox = RF(imx - ifx)
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By measuring the terminal voltages, the current references can be derived from (4-2).

. _ f Umx — RF(imx - ifx) - VRimx
lmxref -

(

| T dt

! N . (4-2)
. _ RF(lmx - lfx) —Vrx — (1 - V)lex d

l‘f xref = 1-p)L ‘

Thus, the emulation algorithm of a transmission line with a balanced fault is derived as

shown in Figure 4-2.

The emulation algorithm of a transmission line under a balanced fault with a zero fault
resistance is derived by setting Rr to zero, as shown in Figure 4-3. The balanced fault with a zero
fault resistance is the most severe fault within a transmission line, which is commonly utilized

for power system transient stability studies.
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n
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Figure 4-1. Transmission line with a balanced three-phase fault.
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Figure 4-2. Transmission line with a balanced fault emulation algorithm.

1 Imxref

Figure 4-3. Transmission line with a balanced zero resistance fault emulation algorithm.
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4.2 Smooth Switching Algorithm between Normal State and Fault State

Considering the ideal current tracking performance, the transmission line emulator main

circuit can be simplified and represented as controlled current sources, as shown in Figure 4-4.

By switching the controlled current source input references between the model under the
normal state and the model under the fault state, the transmission line emulator can realize the
emulations of both normal state and fault state. However, at the switching moment, there can be
current reference errors between the normal state and the fault state if the two models are
calculated separately. The error introduces undesired transients, especially when the transmission

line is in series with inductors, which cannot tolerate current step changes.

In this thesis, a combined model is proposed to avoid the switching transients between the
normal state and the fault state. Instead of switching the controlled current source input
references, the inputs of the integral units for the current reference calculations are switched, as
shown in Figure 4-5, which combines the normal and fault states in one model. Figure 4-5(a) and
(b) are the transmission line emulation model with non-zero fault resistance and zero fault
resistance, respectively. The single-pole double-throw switches are implemented to switch
between the normal state and the short-circuit fault state. The emulated transmission line
operates at the normal state when the switches are at position “1”; otherwise, it operates at the

short-circuit fault state if the switches are at position “2”.

4.3 Parallel-connected Transmission Lines

Parallel-connected transmission lines are commonly utilized in power grids for power
delivery reliability and full utilization of corridors. Figure 4-6 shows a diagram with k parallel-

connected lines.
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Figure 4-6. Diagram of parallel-connected transmission lines.
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When a three-phase short-circuit fault happens within one of the parallel-connected
transmission lines, the parallel-connected transmission lines can be separated into two parts,
which are the normal lines and the faulted line, as shown in Figure 4-7. The normal lines can be
integrated into a single transmission line with equivalent inductance L, and resistance R, of all
normal lines in parallel. The faulted line inductance and resistance are named as Ls and Rs,

respectively.

The phase A, B and C currents of the normal lines are named as ian, ibn and icn, respectively,
with the corresponding current references ianref, ionref @nd icnret from the transmission line model.
The Master side phase A, B and C currents of the faulted line are named as imas, imbs and ims,
respectively, with the corresponding current references imasref, imbsref and imesret from the
transmission line model. The Follower side phase A, B and C currents of the faulted line are
named as ias, ifbs and iss, respectively, with the corresponding current references ifasref, ifosret and

ircsref from the line model.

Figure 4-8 shows the combined model of parallel-connected transmission lines with a three-
phase short-circuit fault happens within one of the transmission lines. The normal line model and
the line model with a three-phase short-circuit fault are solved separately. The total current
reference of the parallel-connected transmission lines is derived by adding up the current
references of the normal line model and the line model with a three-phase short-circuit fault. The
single-pole double-throw switches are implemented to switch between the normal state and the
short-circuit fault state of the predetermined transmission line for the three-phase short-circuit
fault emulation. The predetermined transmission line operates at the normal state when the
switches are at position “1”; otherwise, it operates at the short-circuit fault state if the switches

are at position “2”.
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Figure 4-8. Combined model of parallel-connected transmission lines.
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4.4 Transmission Line Emulation Stability Analysis

4.4.1 Single Transmission Line Stability Analysis

Similar to the power HIL interface algorithms, there is a potential emulation stability issue
induced by the time delay within the transmission line emulator. It is essential to locate the
boundary conditions of emulating the transmission line stably [88]. A balanced three-phase

circuit can be separated into three identical single-phase circuits for analysis.

Assume the single-phase diagram of a power system where the transmission line can be
simplified as in Figure 4-9(a). E1 and Z; are the equivalent voltage source and impedance at the
Master side. E> and Z» are the equivalent voltage source and impedance at the Follower side.
Theoretically, the models of the two VSCs, which are programmed to emulate the transmission

line, should also be considered in the stability analysis.

In this thesis, in order to focus on the stability analysis of the transmission line emulation
algorithm itself and derive a more generalized stability condition guidance, the VSC current
tracking performance is assumed to be ideal. Figure 4-9 (b) shows the single-phase diagram with
the transmission line emulator considering ideal current tracking performance. Similar to the
power HIL interface algorithm analysis in [89]-[92], assuming the total time delay within the
transmission line emulator is At, and the time delay is applied on the voltage measurements to

simplify the analysis. For the stability analysis, only balanced zero resistive faults are considered.

In s-domain, the circuit at the Master side and the circuit at the Follower side can be

expressed in (4-3).

{El(s) = Zl(s)lmref(s) + Vin(s) (4-3)
Ey(s) = =Z2(S)pres(s) + Vi (s)
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Figure 4-9. Simplified single-phase diagram: (a) Original system; (b) System with transmission

line emulator.
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Under the normal condition, the transmission line model can be expressed as in (4-4), where

Z. is the transmission line impedance.

Lrer (5) = Iprep () = (Vi () = V(5)) €72/ Z,(5) (4-4)
Substitute (4-4) into (4-3), the current references can be solved as in (4-5).

(Ei(s) = E(5))/Z,(s)e ™™
(Z,(s) + Zz(s))/ZL(s)e‘SAt) +1

Lpyer(s) = Ippef(s) = ( (4-5)

According to (4-5), taking E: or E> as the input and Imrer OF lfef @s the output, the
denominator of the closed-loop transfer function is the denominator in (4-5). Thus, the open-loop
transfer function can be obtained as the expression inside of the absolute value sign in (4-6). If
the magnitude of the open-loop transfer function is smaller than 1, there is no 0 dB crossing point
in the amplitude-frequency curve, which means that the phase margin is infinite. Thus, the

system is assured to be stable when (4-6) is satisfied.

(E1(s) = Eo(5))/ZL(s)e ™"

I (s) = Irer(s) = 4-6
mref fref ((Zl(S) n ZZ(S))/ZL(S)Q_SM) 1 ( )

The stability requirement is expressed in (4-7) based on (4-6).
|Z1 + Z5| < |Z,] (4-7)

According to (4-7), under normal conditions, the transmission line emulation is assured to be
stable if the line impedance is larger than the sum of the equivalent source impedances at both

sides of the transmission line.
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Under a short-circuit fault with zero fault resistance condition, the transmission line model
can be expressed as in (4-8), where Z_ is the transmission line impedance and vy is the percentage
of the distance from the fault location to the Master side terminal with regard to the total line

length.

{ Imref(s) = V()™ /(yZ,(s)) (4-8)

Irer () = Vp(s)e™* /(1 = ¥)Z,(5))

Substitute (4-8) into (4-3), the current references can be solved as in (4-9).

Ly = B0/ (5))e st
! e (Z1(s)/(YZ,(s))e~s2) + 1
| I (S) — EZ(S)/((l - y)ZL(S))e_SAt
\/ref (Zy()/((1 = Y)Z,(s))e=8%) + 1

(4-9)

Similarly, the system is assured to be stable when (4-10) is satisfied.

{ |2,()/(rZu(s))e™| < 1 (4-10)

|Z2()/ (1 = V)Zu(s)e ™| < 1
The stability requirement is expressed in (4-11) based on (4-10), and the line model is more
likely to be unstable if the fault is at one end of the transmission line (y is close to 0 or 1).

{ 1Z1| < lyZ,|

1Z,] < (1= y)Z,] (4-11)

4.4.2 Parallel-connected Transmission Line Stability Analysis

Under normal conditions, the parallel-connected transmission line model is the same as the
single transmission line, thus the transmission line emulation is stable if the equivalent

impedance of the parallel-connected transmission lines is larger than the sum of the equivalent
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source impedances at both sides of the transmission line.

Under a short-circuit fault with zero fault resistance condition, the transmission line can be
separated into the normal lines and the faulted line. The emulation stability of normal lines can
be evaluated by assuming the short-circuited line operates stably, as shown in Figure 4-10.
According to Thevenin-Norton theorem, the Master side and Follower side equivalent
impedances are Z1 || (yZs) and Zz2 || ((1-y) Zs), respectively, where Zs is the faulted transmission
line impedance. Similar as the single transmission line analysis, the stability requirement is

expressed in (4-12), where Zx is the normal transmission line impedance.

|(Z1 1| (vZe)) + (Zz 1| (A =V)Z))| < |Zy] (4-12)

The Master side emulation stability of the faulted line can be evaluated by assuming the
normal lines and the faulted line Follower side operate stably, as shown in Fig. 14 (b). According
to Thevenin-Norton theorem, the equivalent impedance at the Master terminal is ((Z2|| ((1-y) Zs))

+ Zy) || Z1. The stability requirement is expressed in (4-13).

1((Z2 11 (A = Y)Z5)) + Z)1Z4] < |YZ| (4-13)

Similarly, the Follower side emulation stability of the faulted line can be evaluated by
assuming the normal lines and the faulted line Master side operate stably, as shown in Fig. 14

(c), and the Follower side stability requirement is expressed in (4-14).

1((Z1 | (vZs)) + Zn)11 2] < [(1 =) Z (4-14)

Thus, the emulation of parallel-connected transmission lines with a three-phase short-circuit

within one transmission line is assured to be stable when (4-12), (4-13) and (4-14) are satisfied.
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Figure 4-10. Stability analysis diagram of the parallel-connected transmission line with a three-
phase short-circuit at one of the transmission lines: (a) Normal line stability analysis model; (b)
Faulted line Master side stability analysis model; (c) Faulted line Follower side stability analysis

model.
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4.5 Simulation and Experiment Results

The same as the transmission line emulation verification under normal conditions, a system
diagram of a transmission line connected between two voltage sources is set up to verify the
transmission line fault emulation, as shown in Figure 3-23. In the HTB, the ideal voltage sources
V1 and V> are realized by voltage source converters through maintaining the voltage magnitude

with closed-loop control.

The ideal voltage source frequency is kept at 60 Hz, but the angle can be modified manually
through the Human Machine Interface (HMI) to change the power flow between the two sources.
The voltage source internal impedances are realized by physical inductors, which are L1, R; and
L2, R2, respectively. The transmission line can be set to connect between two ideal voltage

sources by using zero internal impedances (Set L1, Ry, L2, and Rz to zero) for the voltage sources.

45.1 Zero Resistive Fault Emulation of a Single Transmission Line

The system diagram of the single transmission line experiment verification is shown in
Figure 4-11. The transmission line inductance and resistance are L and R, respectively. The
three-phase short-circuit fault happens at the location y (0<y<1), which is the ratio of the distance

from the fault location to the Master side terminal with regard to the total line length.
e Assingle transmission line connected with two ideal voltage sources scenario

To verify the transmission line emulation performance by connecting to two ideal voltage
sources, the voltage source impedances are set to zero (L1, R1, L2, and Rz equal to zero). The
transmission line inductance and resistance are selected as 12 mH and 0.3 Q, respectively. Three
fault scenarios with y equals to 1/3, 1/2, and 2/3, respectively, are conducted to verify the three-

phase short-circuit fault emulation at different locations within the emulated transmission line.
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Figure 4-11. System topology for single line experimental verification.

a) Three-phase short-circuit fault with y = 1/3

A three-phase short-circuit fault happens at 0.1 s and cleared at 0.3 s at the location y = 1/3
when the phase angle of Vmab is 170°. The angle difference between the two voltage sources is 6
= 6v1 — Ov2 = -26°. Figure 4-12(a) and Figure 4-12(b) show the experiment and simulation result
comparisons of Vap and la, respectively, which indicate that the experimental waveforms match

with the simulation results.
b) Three-phase short-circuit fault with y = 1/2

A three-phase fault happens at 0.1 s and cleared at 0.3 s at the location y = 1/2 when the phase
angle of Vmap is 130°. The angle difference between the two sources is § = -30°. Figure 4-13(a)

and Figure 4-13(b) show the experiment and simulation comparisons of Vap and Ia, respectively.
c) Three-phase short-circuit fault with y = 2/3

A three-phase fault happens at 0.1 s and cleared at 0.3 s at the location y = 2/3 when the
phase angle of Vmap is 150°. The angle difference between the two voltage sources is 6 = Gv1 —
Ov2 = -22°. Figure 4-14(a) and Figure 4-14(b) show the experiment and simulation result

comparisons of Vap and la, respectively.
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Figure 4-13. Single transmission line experiment and simulation comparison with y = 1/2: (a)

Vab; (b) Ia.
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Figure 4-14. Single transmission line experiment and simulation comparison with y = 2/3: (a)

Vab; (b) la.

A single transmission line connected with two non-ideal voltage sources scenario

In order to verify the single transmission line emulation stability, two non-ideal voltage
sources are connected with the transmission line by setting the voltage source impedances L: to
5.97 mH, R1 to 0.65 Q, L2 to 2.4 mH, and Rz to 0.07 Q. Similar to the power HIL interface
algorithm, the transmission line emulation instability usually happens at the frequency range
higher than the fundamental frequency. In order to simplify the analysis, the inductance is
employed to judge the transmission line emulation stability since the resistance is negligible
compared to the reactance in the high frequency range. According to (4-7), the transmission line
emulation is assured to be stable under normal conditions if the transmission line inductance L is
larger than 5.97 mH + 2.4 mH = 8.37 mH. According to (4-11), the transmission line emulation
is assured to be stable under fault conditions if the inductance between the fault location and the

Master terminal yL is larger than 5.97 mH and the inductance between the fault location and the
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Follower terminal ((1-y) L) is larger than 2.4 mH.

Figure 4-15(a) shows the experiment and simulation result comparison of la when the
transmission line inductance and resistance are L = 8.5 mH (> 8.37 mH) and R = 0.25 Q,
respectively. The three-phase short-circuit fault happens at 0.1 s at the location y = 0.71 (0.71 x
8.5 mH =6.035 mH >5.97 mH and 8.5 mH - 6.035 mH = 2.465 mH > 2.4 mH) when the phase
angle of Vmap is 73°. Figure 4-15(b) and Figure 4-15(c) show the experiment and simulation
result comparisons of la when the transmission line inductance and resistance are L = 10 mH (>
8.37 mH) and R = 0.3 Q, respectively. Figure 4-15(b) is the case when a three-phase short-circuit
fault happens at 0.1 s at the location y =0.6 (0.6 x 10 mH =6 mH >5.97 mH and 10 mH - 6 mH
=4 mH > 2.4 mH) when the phase angle of Vmap is 197°. Figure 4-15(c) is the case when a three-
phase short-circuit fault happens at 0.1 s at the location y = 0.75 (0.75 x 10 mH = 7.5 mH > 5.97
mH and 10 mH — 7.5 mH = 2.5 mH > 2.4 mH) when the phase angle of Vmab is 177°. The

transmission line emulation is stable when (4-7) and (4-11) are satisfied.

45.2 Zero Resistive Fault Emulation of Parallel-connected Transmission Lines

The system diagram for the parallel-connected transmission line experiment verification is
shown in Figure 4-16. The equivalent inductance and resistance of all parallel-connected
transmission lines are L and R, respectively. The equivalent inductance and resistance of the
normal transmission lines are L, and Rn, respectively, and the equivalent inductance and
resistance of the faulted transmission lines are Ls and Rs, respectively, as shown in Figure 4-16.
The three-phase short-circuit fault happens at the location y (0<y<l), which is the ratio of the

distance from the fault location to the Master side terminal with regard to the total line length.
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Figure 4-16. System topology for parallel-connected transmission lines experimental

verification.

e Parallel-connected transmission lines connected with two ideal voltage sources scenario

In order to verify the transmission line emulation performance by connecting to two ideal
voltage sources, the voltage source impedances are set to zero (L1, Ry, L2, and Rz equal to zero).
A transmission line diagram with three parallel-connected transmission lines is selected to verify
the fault emulation of parallel-connected transmission lines. The total inductance and resistance
of three parallel-connected transmission lines are L = 12 mH and R = 0.3 Q, respectively. The
inductance and resistance of each transmission line are 36 mH and 0.9 Q, respectively. Two of
the transmission lines are normal and the three-phase short-circuit fault happens within one of
the transmission lines. Thus, the normal line inductance and resistance are L, = 18 mH and R, =
0.45 Q, respectively. Three fault scenarios with y equals to 1/3, 1/2, and 2/3, respectively are
tested to verify the three-phase short-circuit fault emulation capability at different locations

within the emulated transmission line.
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e) Three-phase short-circuit fault with y = 1/3

A three-phase short-circuit fault happens at 0.1 s and cleared at 0.3 s at the location y = 1/3
when the phase angle of Vmab is 65°. The angle difference between the two voltage sources is 6 =
Ov1 — Ov2 = 43°. Figure 4-17(a) and Figure 4-17(b) show the experiment and simulation result
comparisons of Vap and la, respectively, which indicate that the experimental waveforms match

well with the simulation results.
f) Three-phase short-circuit fault with y = 1/2

A three-phase fault happens at 0.1 s and cleared at 0.3 s at the location y = 1/2 when the
phase angle of Vmap is 350°. The angle difference between the two voltage sources is 6 = Gv1 —
6v2 = 41°. Figure 4-18(a) and Figure 4-18(b) show the experiment and simulation comparisons of
Vap and la, respectively, which indicate that the experimental results match well with the

simulation results.
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Figure 4-17. Parallel-connected lines experiment results with y = 1/3: (a) Va; (b) la.
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Figure 4-18. Parallel-connected lines experiment results with y = 1/2: (a) Vab; (b) la.
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g) Three-phase short-circuit fault with y = 2/3

A three-phase short-circuit fault happens at 0.1 s at the location y = 2/3 when the phase angle
of Vmab is 350°. The angle difference between the two voltage sources is € = 6v1 — 62 = 33°. The
fault is cleared at 0.3 s. Figure 4-19(a) and Figure 4-19(b) show the experiment and simulation
result comparisons of Va, and la, respectively, which indicate that the experimental waveforms

match with the simulation results.

e Parallel-connected transmission lines connected with two non-ideal voltage sources scenario

To verify the parallel-connected transmission line emulation stability, two non-ideal voltage
sources are connected with the transmission line by setting the voltage source impedances L; to
5.97 mH, Ry to 0.65 Q, L to 2.4 mH, and Rz to 0.07 Q. The whole transmission line equivalent
inductance and resistance are L = 8.5 mH and R = 0.25 Q, respectively. The normal transmission
line equivalent inductance and resistance are L, = 17 mH and Ry = 0.5 Q, respectively. The

faulted line equivalent inductance and resistance are L, = 17 mH and Ry = 0.5 Q, respectively.

Figure 4-20(a) and Figure 4-20(b) show the experiment and simulation result comparisons
of la when a three-phase short-circuit fault happens at 0.1 s with the fault location y equals to 0.5
and 0.7, respectively. Similarly, the inductance is employed to judge the transmission line
emulation stability. When y equals to 0.5, (L1]| yLs) + (L2]|| (1-y) Ls) = 5.38 mH < L, = 17 mH
satisfies (4-12), ((L2|| (1-y) Ls+ Ln) || L1=4.54 mH < yLs = 8.5 mH satisfies (4-13), and ((Lz]| yLs)
+ Ln) || L2 = 2.15 mH < (1-y)Ls = 8.5 mH satisfies (4-14). When y equals to 0.7, (L1 || yLs) + (L2||
(1-y) Ls) = 5.61 mH < L, = 17 mH satisfies (4-12), ((Lz2|| (1-y)Ls+ L) || L1=4.52 mH < yLs =
11.90 mH satisfies (4-13), and ((L1 || yLs) + Ln) || L2 = 2.15 mH < (1-y)Ls = 5.1 mH satisfies

(4-14). The transmission line emulation is stable when (4-12), (4-13), and (4-14) are satisfied.
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Figure 4-20. Parallel-connected transmission line experiment and simulation comparison under

non-ideal voltage sources condition: (a) L=8.5mHand y=0.5; (b)) L=85mH and y=0.7.

4.5.3 Transmission Line Fault Emulation Application in Real System Scenario

The simplified future Western Electricity Coordinating Council (WECC) system with a
hypothetical three-terminal HVDC overlay in Figure 4-21 is scaled and emulated in the HTB for
system studies. The transmission line between Bus 2 and Bus 8, named as Line 2-8, is emulated
by the transmission line emulator. Line 2-8 is composed of three parallel-connected transmission
lines, and the scaled total equivalent inductance and resistance are 3.2 mH and 0.08 €,
respectively. The transmission line emulator Master side and Follower side are connected to Bus
2 and Bus 8, respectively. The fault location y represents the ratio of the distance from the fault
location to Bus 2 with regard to the total line length. The transmission line emulator is employed

to study the impacts of the fault location and the number of faulted lines on the system behaviors.
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Figure 4-21. WECC system with a hypothetical three-terminal HVDC overlay: (a) One-line
diagram with the corresponding map; (b) One-line diagram with generators, loads, and

transmission line parameters shown.
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e Fault location impact study

A three-phase short-circuit fault happens at the location y in one of the three parallel-
connected transmission lines. Figure 4-22 shows the transmission line terminal voltages and
currents. The channel “F1”” and “F2” are Vap and Vi at the terminal of Bus 2. The channel “F3”
and “F4” are Vap and Vi at the terminal of Bus 8. The channel “F5” and “F7” are la and Iy, at the
terminal of Bus 2. The channel “F6” and “F8” are la and Iy at the terminal of Bus 8. Fig. 30(a)
and (b) are the waveforms with the fault location y = 0.33 and y = 0.67, respectively. According
to the waveforms, the fault currents at the terminal of Bus 2 decreases as the fault location y
increases, and the fault currents at the terminal of Bus 8 increases as the fault location y
increases. The Bus 8 voltage decreases as the fault location y increases. The Bus 2 voltage does
not change much during the fault as the increase of the fault location y. This is because Bus 2 is

supported by a generator G2, which maintains the terminal voltage by the excitation control.
e System impact study with different number of faulted lines

Two cases are conducted where a three-phase short-circuit fault happens at the middle (y =

0.5) of the transmission line for 0.4 s fault duration.

Case 1 (One line fault): the fault happens in one of the three parallel-connected transmission

lines.

Case 2 (two lines fault): the fault happens in two of the three parallel-connected

transmission lines.

Figure 4-23(a) and (b) show system frequency and Bus 8 voltage comparisons between one
line and two lines fault cases, and the fault happens at 2 s. The two lines fault creates larger

impact on the system since the frequency and voltage deviations during the transient are large.
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Figure 4-22. Transmission line terminal voltage and current waveforms under a three-phase
short-circuit fault at different locations within one of the three parallel-connected transmission

lines: (a) y = 0.33; (b) y = 0.67.
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4.5.4 Non-zero Resistive Fault Emulation of a Single Transmission Line

The experiment verification system diagram of a single transmission line with a non-zero
resistive three-phase fault is shown in Figure 4-24. The transmission line inductance and

resistance are L and R, respectively.

The three-phase short-circuit fault with fault resistance Rr happens at the location y (0<y<1),
which is the ratio of the distance from the fault location to the Master side terminal with regard

to the total line length.

In order to verify the single transmission line emulation with a non-zero resistive three-
phase fault, two non-ideal voltage sources are connected with the transmission line by setting the
voltage source impedances L1 to 5.97 mH, Ry to 0.65 Q, L to 2.4 mH, and Rz to 0.07 Q. The

transmission line inductance and resistance are selected as 5 mH and 0.5 Q, respectively.
a) Three-phase short-circuit fault withy=0.3and Re=1 Q

A three-phase short-circuit fault with Rr = 1 Q happens at 0.1 s at the location y = 0.3 when

the phase angle of Vmap is 358°. The angle difference between the two voltage sources is 6 = 6v1
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— 6Ov2 = 304°. The fault is cleared at 0.3 s. Figure 4-25(a) and (b) show the experiment and
simulation result comparisons of Ia and Iy, respectively, which indicate that the experimental

waveforms match well with the simulation results.
b) Three-phase short-circuit fault with y = 0.3 and RFr =2 Q

A three-phase short-circuit fault with Rr = 2 Q happens at 0.1 s at the location y = 0.3 when the
phase angle of Vmap is 118°. The angle difference between the two voltage sources is 6 = Gv1 —
Ov2 = 75°. The fault is cleared at 0.3 s. Figure 4-26(a) and Figure 4-26(b) show the experiment
and simulation result comparisons of Va, and la, respectively, which indicate that the

experimental waveforms match well with the simulation results.
c) Three-phase short-circuit fault withy=0.4and Re=1 Q

A three-phase short-circuit fault with Re = 1 Q happens at 0.1 s at the location y = 0.4 when the
phase angle of Vimab is 65°. The angle difference between the two voltage sources is 8 = Gv1 — b2
= -307°. The fault is cleared at 0.3 s. Figure 4-27(a) and Figure 4-27(b) show the experiment and
simulation result comparisons of Vap and la, respectively, which indicate that the experimental

waveforms match well with the simulation results.
d) Three-phase short-circuit fault with y = 0.4 and Re =2 Q

A three-phase short-circuit fault with Re = 2 Q happens at 0.1 s at the location y = 0.4 when the
phase angle of Vmab is -57°. The angle difference between the two voltage sources is 8 = 6v1 — G2
= 156°. The fault is cleared at 0.3 s. Figure 4-28(a) and Figure 4-28(b) show the experiment and
simulation result comparisons of Vap and la, respectively, which indicate that the experimental

waveforms match well with the simulation results.
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4.6 Conclusion

The fault model of a single transmission line has been proposed to realize three-phase short-
circuit fault emulation at different locations along the emulated transmission line. By switching
the input of the integrator for current reference calculation, a combined transmission line model
is proposed to avoid the switching transient between the normal and fault conditions.
Furthermore, the fault model of parallel-connected transmission lines has also been proposed and
implemented in the transmission line emulator to emulate a three-phase short-circuit fault within
one of the parallel-connected transmission lines. In addition, the transmission line emulation
stability is also analyzed for both single and parallel connected transmission lines. Experiment
results verified the proposed transmission line model and the effectiveness of the developed

transmission line emulator with three-phase short-circuit fault emulation capability.
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5 Transmission Line Emulation with an Unbalanced Fault

In this chapter, the algorithm of transmission line emulation with an unbalanced fault is
proposed based on the circuit analysis. A negative sequence current control method is proposed
and implemented to track the negative component of the current references under an unbalanced

fault condition.

A time delay correction method is also developed to compensate the interface time delay
within the transmission line emulation, which creates an angle shift on the current negative
sequence component under dq0 domain and influences the emulation accuracy. Simulation and
experiment results verified the effectiveness of the proposed model, negative sequence control

method, and time-delay correction scheme.

5.1 Line-to-Line Fault Model

The transmission line RL model with a line-to-line fault is shown in Figure 5-1 where Rr is
the fault resistance. The parameter y (0 <y < 1) is the percentage of the distance from the fault

location “0” to the Master side terminal with regard to the total line length.

The transmission line model with a line-to-line fault is expressed in (5-1).

( di, ]
Umfa = Vma — Vfa = LE + Ri,
dinp ]

Umb — Vop = VLd—TZ + VRimp
difb . 5-1
| Vep = Vop = —(1—)/)147—(1—)’)1?11% S

. . Aimc .
VUme — Vob + Rp(imp — lfb) =vyL dt + YRipm,

dis,
dt

kvfc — Vop + Rp(imp — ifb) =—(1- V)L -(1- V)Rifc
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Figure 5-1. Transmission line with a line-to-line fault.
Solve (5-1), get (5-2).
( di, ]
Vg = Umq — Vfq = LE-I_ Ri,
A(imp = ime) , , . .
9 Umbc = Vmb — Umc = VL% + YR(imp — ime) + Rp(imp — Lfb) (5-2)
dlie, —1
(Vrbe = Vep — Vpe = —(1 = V)L% — (A= R(isp — igc) + Re(imp — ifp)
By measuring the terminal voltages, the current references can be derived from (5-3).
( . ) . VUma — Vra — RI
lmaref = lfaref = laref = f s Za 2 dt
, . , [ Ymbc — YRimpe — RF(imb - ifb) (5'3)
] Umbcref = lmbref — lmeref = VL dt
; _ i _ f —Vppe — (1 = VIRifpe + Rp(lmp — irp) gt
. fbcref — Yfbref fcref — (1 _ V)L
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For a three-phase three-wire system, the current relationship is expressed in (5-4).

imaref + imbref + imcref = ifaref + ifbref + ifcref =0 (5-4)

Submit (5-4) into (5-3), get (5-5).

( . . . Uma — Vfa — Ri
lmaref = lfaref = laref = f e La = dt
fvmbc - yRimbcyz RF(imb - ifb) dt — fvma - vaa - Ria dt
imbref = 5
f_vfbc -(1- V()Rifbc)+ Re(imp — ifp) gt — fvma - vica —Ri, it
1—-y)L
\ ifbres = (5-5)
lrbref >
_J-Umbc - VRimbcyZ RF(imb - ifb) dt — fvma B via - Ria dt
imcref = 5
Vrpe + (1 = VIRirpe = Re(imp —irp) ;. Vma — Vra — Rig
\ lrcref = 5
Simplify (5-5), get (5-6).
( . , ) Vma — Vrq — RI
lmaref = lfaref = laref = f R l}ja Zdt
i _ f Umbc — yRimbc - y(vma - vfa) + yRia - RF(imb - ifb) dt
mbref — ZYL
! _ f ~Vfpec — (1 - V)Rifbc - (1 - Y)(Uma - vfa) + (1 - V)Ria + RF(imb - ifb) dt (5-6)
rorel 2(1=7)L
i _ J ~VUmbc + VRimbc - y(vma - vfa) + YRia + RF(imb - ifb) dt
mcref — ZVL
. _ Vfbe + (1 - V)Rifbc - (1 - V)(vma - vfa) + (1 - V)Ria + RF(imb - ifb) dt
el = 20— )L

Thus, the emulation algorithm of a transmission line with a line-to-line fault is derived as

shown in Figure 5-2.
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Figure 5-3. Transmission line emulator control structure.

5.2 Negative Sequence Control and Time-delay Correction

The transmission line emulator detailed control structure corresponding to Figure 3-1(a) is
shown in Figure 5-3. The Master and Follower current references imap,c.ref and ifap,c ref are derived
in the Master controller from the transmission line model based on the measured Master and

Follower side voltages Vimfab,c, Vmapb,c, Vmab,bc,ca, Vab,be,ca, @Nd Viabc.

Proportional-integral (Pl) controllers under dqO coordinate are implemented to track the
current references. The Master and Follower side voltages Vmanb,c and Vvrap,c are utilized to acquire
the phase angle wmt and wit for Master and Follower sides’ Park’s transformations (abc/dq0 and
dgO/abc), respectively. The Follower side current references isap.crer are transferred to ifd,qoref N
the Master controller through the abc/dg0 transformation, and then transmitted to the Follower

controller through communication.
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Under balanced conditions, the current references imdqoref and ifqorer are pure dc
components, which can be tracked with PI controllers without errors. Thus, transmission lines
can be emulated accurately under balanced conditions by using Pl controllers in dq0 domain.
However, negative sequence components in the current references imab,cret and isap.crer Would be
induced by a transmission line line-to-line fault. These negative sequence components are
transferred to a second order harmonic in the dqO0 domain references imd,qoret and isd,q,oref, Which

cannot be tracked without errors by purely using P1 controllers.

In this dissertation, a negative sequence control algorithm is proposed to eliminate the
current tracking errors for both Master and Follower side controllers caused by negative

sequence components, as shown in Figure 5-4.

The phase B and phase C of current references imab,cref, ifab,cref and feedbacks imab,c, itab,c are
switched so as the negative sequence components become positive sequence components in the
restructured current references imacpref, Ifacoref and feedbacks imacp, ifach. Then, the original
negative sequence components are transferred to dc components in the dg0 domain, which can
be tracked without errors by using PI controllers. The dg0 domain modulation indexes are
transferred back to the abc domain. The phase B and phase C modulation indexes from the

negative sequence control block are switched back and added into the original control outputs.

Except for the negative sequence component tracking control, the second order harmonic
phase-shift of the Follower side current references isq,qoref Caused by the communication time-
delay between the Master controller and Follower controller can also influence the emulation

accuracy.

Under balanced conditions, the communication time-delay would not influence the steady-
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state performances since the current references if,qoref are dc components. However, the time-
delay performs as a phase-shift on the second order harmonic of isqq0ref induced by a line-to-line

fault.

The Park’s abc/dq0 and dqO/abc transformation matrixes are expressed in (5-7) and (5-8),

respectively.

i 21 21\
cos(wft) cos (a)ft — ?) cos (a)ft + ?)
2| . _ 2m _ 2m
P = 3 sm(wft) sin (a)ft — ?) sin (a)ft + ?> (5-7)
1 1 1
2 2 2
cos (a)f(t — AT)) sin (wf(t — AT)) 1]
2m _ 2m
p-1 =|cos (wf(t —AT) — ?) sin (a)f(t —AT) — ?) 1 (5-8)
2m _ 21
cos (a)f(t —AT) + ?) sin (wf(t —AT) + ?) 1_

Under balanced conditions, the Follower side current reference is a positive sequence

component expressed in (5-9).

(5-9)

Ifa,b,crefpos = Ipos COS((A)ft - ons) COS((Uft - ons - COS((J)ft - gpos +

T
3) 3)

where lpos and pos are the positive sequence component magnitude and phase angle, respectively.

The current reference positive component after dg0 transformation are expressed in (5-10).
Ifd,q,Orefpos = PIfa,b,crefpos = Ipos [COS 91)05 sin 91705 O]T (5'10)

The current reference positive component after the communication delay tqelay keeps the
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same, as expressed in (5-11).
Ifd,q,Oreflpos = Ipos [COS gpos sin ngS O]T (5_11)

Transfer the current reference positive component after communication back to abc domain,
as expressed in (5-12), which is the same as the original current reference positive component.
-1
Ifa,b,creflpos =P Ifd,q,Oreflpos = Ifa,b,crefpos (5'12)

Under line-to-line fault conditions, the Follower side current references contain a negative

sequence component, as expressed in (5-13).

I =1 —0 —0 i g, — " (5-13)
fab.crefneg = Ineg [cos(wyt neg) COS(wyt heg T 3 ) cos(wyt neg 3 )

where lneg and 6neg are the negative sequence component magnitude and phase angle,

respectively.

The current reference negative component after dq0 transformation is expressed in (5-14).
Ifd,q,Orefneg = Plfa,b,crefneg = Ineg [COS(wat - 97169) Sin(zwft - 97199) O]T (5'14)

The current reference negative components after the communication time-delay tdeiay IS

expressed in (5-15).

Ifd,q,Oreflneg =
(5-15)
. T
Lyeg [cos(Za)ft — 2wrtgeray — Hneg) sm(Za)ft — 2wstgelay — Hneg) O]

Transfer the current reference negative component after communication back to abc domain,

as expressed in (5-16), which indicates that the communication time-delay induces 2wtdelay phase
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angle delay on the current reference negative sequence component.

cos(wft — Oneg — Z(Uftdelay)

21
-1 cos| wst — Opeg +— — 2wyt )
Irapcrefineg = P Iraqorefineg = Ineg ( f neg 3 fldelay

2
cos | wrt — Opeg — 3 20rtgeray

(5-16)

To eliminate the negative sequence component phase-shift caused by the communication

time-delay, a time-delay compensation method is proposed and implemented in the Follower

controller, as shown in Figure 5-4.

According to the above analysis, the positive sequence component has no phase-shift if the

received Follower side current reference if,q0ref1 IS transferred to abc domain through a regular

dgO/abc transformation. Thus, only the negative sequence component is introduced into the time-

delay compensation block by using a bandpass filter (BPF) with a center frequency 2wt.

For the time-delay compensation block, the compensation phase angle wtcomp and magnitude

ratio o are applied on the dg0 to abc transformation, which is expressed in (5-17).

CoS (O)f(t - tcomp)) sin (O)f(t — tCOmp)) 1_
2m : 21
Piomp = 0| €OS (a)f(t - tcomp) - ?) sin (a)f(t — twmp) — ?) 1

2 2
| COS (wf(t - tcomp) + ?T[) sin (“’f(t - tcomp) + ;) 1_

The current reference compensation component is expressed in (5-18).

[ cos(wft Hneg+wftcomp) ]
I

- | cos (a) t—06 wet
Ifa,b,ccomp = Pco}nplfd,q,OTeflneg = O_Ineg[ f neg + + f*comp

cos (a)ft — Hneg + wftcomp j
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To fully compensate the negative sequence component, (5-19) should be satisfied.

Ifa,b,crefneg = Ifa,b,creflneg + Ifa,b,ccomp (5'19)

Submit (5-13), (5-16), and (5-18) into (5-19), get (5-20).

cos(wrt — Opeg) (0 cos(wstoomp) + cos(2wrtgeray) — 1) +
sin(a)ft — Hneg) (sin(Za)ftdelay) -0 sin(a)ftwmp))
21
cos (a)ft — Opeg + ?) (o cos(wsteomp) + cos(2wstgeray) — 1) + .
2m - -
sin (a)ft — Onpeg + ?) (sin(watdelay) -0 sin(a)ftcomp)) - [g] (5-20)
21
cos (a)ft — Oneg — ?) (a cos(wftcomp) + cos(Za)ftdelay) - 1) +
2
sin (a)ft — Opeg — ?) (sin(2wystgeray) — o sin(wsteomp))
If condition is expressed as in (5-21) for satisfying (5-20).
{0 cos(@rteomp) + €0s(2wstaeay) —1 =0 (5-21)
sin(watdelay) - Usin(wftcomp) =0
Solve (5-21), get (5-22).
( tcomp = itan‘l Sin(zwftdelay)
Wy 1- cos(watdelay) (5-22)

La = \/(sin(Za)ftdelay))z +(1- cos(watdelay))z

For the transmission line emulator, the communication time delay tdeiay is around 200us.

According to (5-22), the time delay compensation parameters are tcomp = 4ms and ¢ = 0.1507.
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Figure 5-5. System topology for single line experimental verification.

5.3 Simulation and Experiment Results

The same as the transmission line emulation verification under normal conditions, a system
diagram of a transmission line connected between two voltage sources is set up to verify the
transmission line fault emulation, as shown in Figure 3-20. The ideal voltage source frequency is
kept at 60 Hz, and the voltage source internal impedances are realized by physical inductors,

which are L1, Ry and Lo, Rz, respectively.

The system diagram of the single transmission line experiment verification is shown in
Figure 5-5. The transmission line inductance and resistance are L and R, respectively. The line-
to-line short-circuit fault happens at the location y (0<y<1), which is the ratio of the distance
from the fault location to the Master side terminal with regard to the total line length. The

resistance Re is the fault resistance.

In order to verify the transmission line emulation performance, two non-ideal voltage
sources are connected with the transmission line by setting the voltage source impedances L to
5.97 mH, R1 to 0.65 Q, L2 to 2.4 mH, and Rz to 0.07 Q. The transmission line inductance and

resistance are selected as 5 mH and 0.65 Q, respectively. Three fault scenarios with y equals to
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0.3 and 0.5, respectively are conducted to verify the line-to-line short-circuit fault emulation

capability at different locations within the emulated transmission line.
o Negative sequence control and time delay correction performances
a) Line-to-line fault emulation without negative sequence control and time delay correction

A line-to-line short-circuit fault with a fault resistance R = 0 Q happens at 0.1 s at the
location y = 0.3 and when the phase angle of Vmap is 63°. The angle difference between the two
voltage sources is € = Ov1 — 6o = 175°. The fault is cleared at 0.3 s. Figure 5-6(a) and Figure
5-6(b) show the experiment and simulation result comparisons of 1, and Iy, respectively, which

indicate that the experimental waveforms do not match with the simulation results.
b) Line-to-line short-circuit fault emulation without negative sequence control

A line-to-line short-circuit fault with a fault resistance Rr = 0 Q happens at 0.1 s at the
location y = 0.3 and when the phase angle of Vman is 280°. The angle difference between the two
voltage sources is 6 = v1 — Ov2 = 64°. The fault is cleared at 0.3 s. Figure 5-7(a) and Figure 5-7(b)
show the experiment and simulation result comparisons of 1 and Iy, respectively, which indicate

that the experimental waveforms do not match with the simulation results.
¢) Line-to-line short-circuit fault emulation without time delay correction

A line-to-line short-circuit fault with a fault resistance Rr = 0 Q happens at 0.1 s at the
location y = 0.3 and when the phase angle of Vmab is 234°. The angle difference between the two
voltage sources is 8 = Gv1 — 6v2 = 55°. The fault is cleared at 0.3 s. Figure 5-8(a) and Figure 5-8(b)
show the experiment and simulation result comparisons of 15 and Iy, respectively, which indicate
that the experimental waveforms do not match with the simulation results but the differences are
smaller than the experiment without negative sequence control.
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Figure 5-6. Single transmission line experiment and simulation comparison without negative

sequence control and time delay correction when y = 0.3 and Re = 0 Q: (a) la; (b) Ib.
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Figure 5-7. Single transmission line experiment and simulation comparison without negative

sequence control when y = 0.3 and Rr = 0 Q: (@) la; (b) Ib.
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Figure 5-8. Single transmission line experiment and simulation comparison without time delay

correction when y = 0.3 and Re = 0 Q: (a) la; (b) Ib.
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Figure 5-9. Single transmission line experiment and simulation comparison with y = 0.3 and

Re =0 Q: (a) la; (b) Ib.
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d) Line-to-line short-circuit fault emulation with proposed negative sequence control and time

delay correction

A line-to-line short-circuit fault with a fault resistance Rr = 0 Q happens at 0.1 s at the
location y = 0.3 and when the phase angle of Vmap is 58°. The angle difference between the two
voltage sources is 0 = Ov1 — Ov2 = 226°. The fault is cleared at 0.3 s. Figure 5-9(a) and Figure
5-9(b) show the experiment and simulation result comparisons of I and Iy, respectively, which

indicate that the experimental waveforms match well with the simulation results.
e Line-to-line fault emulation results
a) Line-to-line short-circuit fault with y = 0.5 and Rr =0 Q

A line-to-line short-circuit fault with a fault resistance R = 0 Q happens at 0.1 s at the
location y = 0.5 and when the phase angle of Vmab is 72.36°. The angle difference between the

two voltage sources is 8 = 6v1 — 6v2 = 4.32°. The fault is cleared at 0.3 s.

Figure 5-10(a) and Figure 5-10(b) show the experiment and simulation result comparisons
of la and Iy, respectively, which indicate that the experimental waveforms match well with the

simulation results.
b) Line-to-line short-circuit fault withy=0.5and Rr =1 Q

A line-to-line short-circuit fault with a fault resistance Rr = 1 Q happens at 0.1 s at the
location y = 0.5 and when the phase angle of Vman is 46.44°. The angle difference between the

two voltage sources is 8 = Ov1 — Bv2 = 169.56°. The fault is cleared at 0.3 s.

Figure 5-11(a) and Figure 5-11(b) show the experiment and simulation result comparisons
of I and Iy, respectively, which indicate that the experimental waveforms match well with the

simulation results.
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Figure 5-11. Single transmission line experiment and simulation comparison with y = 0.5 and Re
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c) Line-to-line short-circuit fault with y =0.5and RF =2 Q

A line-to-line short-circuit fault with a fault resistance Rr = 2 Q happens at 0.1 s at the
location y = 0.5 and when the phase angle of Vmap is 59.83°. The angle difference between the

two voltage sources is 8 = 6v1 — 6v2 = 88.56°. The fault is cleared at 0.3 s.

Figure 5-12(a) and Figure 5-12(b) show the experiment and simulation result comparisons
ofs la and Iy, respectively, which indicate that the experimental waveforms match well with the

simulation results.
d) Line-to-line short-circuit fault with y = 0.3 and Rr =1 Q

A line-to-line short-circuit fault with a fault resistance R = 1 Q happens at 0.1 s at the
location y = 0.3 and when the phase angle of Vmab is 70°. The angle difference between the two

voltage sources is 6 = v1 — Bv2 = -307°. The fault is cleared at 0.3 s.

Figure 5-13(a) and Figure 5-13(b) show the experiment and simulation result comparisons
of l. and Iy, respectively, which indicate that the experimental waveforms match well with the

simulation results.
e) Line-to-line short-circuit fault with y = 0.3 and Rr =2 Q

A line-to-line short-circuit fault with a fault resistance Rr = 2 Q happens at 0.1 s at the
location y = 0.3 and when the phase angle of Vmap is 355°. The angle difference between the two

voltage sources is 8 = 6v1 — 6v2 = 50°. The fault is cleared at 0.3 s.

Figure 5-14(a) and Figure 5-14(b) show the experiment and simulation result comparisons
of la and Iy, respectively, which indicate that the experimental waveforms match well with the

simulation results.
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5.4 Conclusion

The fault model of a single transmission line has been developed to realize line-to-line short-

circuit fault emulation at different locations along the emulated transmission line. A negative

sequence control method has been proposed to track the negative sequence current induced by

the line-to-line fault. A time-delay correction method based on Park’s transformation has also

been proposed and implemented to compensate the communication time-delay between the

Master and Follower controller, which influence the transmission line emulation accuracy during

a line-to-line fault. Experiment results verified the proposed transmission line model and the

effectiveness of the developed transmission line emulator with line-to-line short-circuit fault

emulation capability.
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6 Hybrid Emulation Platform with RTDS and HTB

In this chapter, the basic concept and theory of power system hybrid emulation are
introduced. A combined interface algorithm is developed to assure the hybrid emulation stability
under different system configurations based on the stability analysis of the state of the art
interface algorithms. A new time-delay correction method is proposed to improve the hybrid
emulation accuracy by compensating the interface time-delay. Two hybrid emulation interfaces
are built up to makes the platform suitable for more general power grid topologies, and the
emulation stability with two interfaces are analyzed. Simulation and experiment results are

presented to verify the developed platform.

6.1 Hybrid Emulation Interface Algorithm

The theoretical basis of hybrid emulation is the substitution theorem in electric circuit theory.
Within an electrical network, if a subsystem is replaced by a voltage source, whose voltage
equals to the subsystem terminal voltage in the original network at any instant of time, the
performance of the remainder of the subsystem in the network keeps the same as it is in the
original network. Alternately, if a subsystem is replaced by a current source, whose
instantaneous current equals to the subsystem terminal current in the original network, the

performance of the remainder of the subsystem keeps the same as it is in the original network.

By using the substitution theorem directly, the Ideal Transformer Model (ITM) algorithm was
proposed to realize the hybrid emulation of a real-time digital simulator and a hardware platform
[93]. In this dissertation, the ITM algorithms are separately named as voltage source ITM and

current source ITM based on the type of controlled source implemented at the hardware side.

127



The voltage source ITM is represented by a controlled voltage source at the hardware side, as
shown in Figure 6-1(a). The current source ITM is represented by a controlled current source at

the hardware side, as shown in Figure 6-1(b).

For the voltage source ITM in Figure 6-1(a), the voltage and current relationship is

expressed in (6-1).

{ Ei(s) = Z,(s)i"(s) +u(s) (6-1)

E>(s) = —Z3(s)i(s) + u’(s)

Assume the total interface time delay is At, and the time delay is applied on the voltage

reference to simplify the analysis, as expressed in (6-2).

{u* (L:)(i) : (si§z)-sAt (6-2)
Substituting (6-2) into (6-1) results in (6-3).
{E5(s) = —Z5()i(s) + u(s)e s (6-3)
Substituting (6-1) and (6-2) into (6-3) results in (6-4).
Ey(s) = —=Z,(s)i(s) + E1(s)e ™8 — Z1(s)i(s)e ™M (6-4)
Solving for i(s) from (6-4) results in (6-5).
i(s) = [Ex(8)e™ /Z,(s) — E5(8)/Z2(9)] /11 + Z1(s)e™ % /Z5(5)] (6-5)

According to the Nyquist stability, the system is assured to be stable when (6-6) is satisfied.

|Z1()e™2 /Z,(s)] < 1 (6-6)
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Figure 6-1. Hybrid emulation interface algorithms: (a) Voltage source ITM; (b) Current source

ITM.
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The stability requirement is expressed in (6-7) based on (6-6).
1Z1(s)] < 1Z(s) (6-7)

With the same assumption for the current source 1TM, the relationship is expressed in (6-8).

E1(s) = Z1(5)i(s) + Ey(s)e M + Z,(s)i(s)e At (6-8)
Solving i(s) from (6-8) results in (6-9).
i(s) = [E1(s) — Ex(s)e™] /[Z1(s) + Zy(s)e %] (6-9)
Similarly, the stability requirement is expressed in (6-10) based on (6-9).
1Z1(s)] > 1Z,(s)] (6-10)

According to (6-7), the voltage source ITM algorithm is stable if the equivalent impedance of
the digital side is smaller than the hardware side; on the contrary, the current source ITM is

stable if the equivalent impedance of digital side is larger than hardware side, as shown in (6-10).

Since the hybrid emulation is unstable under some impedance relationship conditions with
one type of ITM algorithm, some interface algorithms have been proposed to improve the
stability. Figure 6-2 shows the Damping Impedance Model (DIM) algorithm, in which the
impedance Zi» between the digital side and the hardware side is used repeatedly and an
additional impedance Z* is applied at the digital side to improve the hybrid emulation stability
[32], [92]. The stability region is larger than that of the pure voltage source ITM [32]. However,
the interface accuracy can be affected by the repeated use of Z12 and the additional impedance Z”,
and an actual resistor needs to be installed in the hardware side. The physical resistor introduces
losses in the hardware setup and influences the emulation flexibility. The Partial Circuit

Duplication (PCD) algorithm is a special case of DIM when Rq = 0 [32].
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Figure 6-2. DIM algorithm: (a) System topology to be emulated; (b) Hybrid emulation diagram

with DIM algorithm.
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Figure 6-3. TLM algorithm: (a) System topology to be emulated; (b) Hybrid emulation diagram

with TLM algorithm.
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By using the decoupling characteristic and natural time-delay of Bergeron equivalent circuit,
the Transmission Line Model (TLM) algorithm was proposed to improve the hybrid emulation
stability, as shown in Figure 6-3 [32]. The TLM algorithm utilizes a linking inductor or capacitor

equivalently as the Bergeron line model.

The resistance Rvine in the model equals to L / At and At / C for the linking inductor L case and
the linking capacitor C case, respectively, where At is the transmission line propagation time.
The TLM algorithm is highly stable since it is numerically based on the trapezoidal
approximation. However, an actual resistor also needs to be installed in the hardware side, and

the resistance must be modified when the emulated system changes.

Although the DIM, PCB, and TLM algorithms have a larger stability region than a pure
voltage source or current source ITM algorithm, the interface accuracy and system flexibility are

affected by implementing these algorithms.

Considering the stability conditions of voltage source ITM and current source ITM are
complementary, an interface, which is composed of these two ITM algorithms, is implemented to
realize the hybrid emulation stably under different conditions in this paper. When the equivalent
impedance in the digital side is smaller than the hardware side, the voltage source ITM is used,
when the equivalent impedance in the digital side is larger than the hardware side, the current

source ITM is selected.

6.2 Time-delay Correction Method

In the hybrid emulation system, the interface time-delay not only causes stability problems
but also influences the hybrid emulation accuracy [35]. A time-delay compensation method

based on FFT was proposed in [36] to improve the power interface accuracy, as shown in Figure
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6-4. The voltage reference is first transformed to the frequency domain with the FFT algorithm.
In the frequency domain, the time-delay is equivalent to a phase-shift for each frequency
component, so a phase-advance can be implemented to compensate for the corresponding phase-
shift. A portion of the harmonic components can be processed with this method by
implementing multiple FFTs. However, the number of harmonic components that can be

processed is limited considering the FFT calculation time.

In this thesis, a time-delay compensation method in dg0 domain is proposed to improve the
hybrid emulation accuracy, as shown in Figure 6-5. In the dgO domain, the time-delay is
equivalent to a phase-shift for the fundamental frequency phase angle 61, so a phase
compensation angle Aé: can be added into the phase angle 61 to correct the time-delay. The A6:
can be acquired by testing and preset as the delay correction angle. Since the angle correction is
implemented to adjust the abc to dg0 Park’s transformation phase angle, all harmonic

components are maintained.

Power Interface

\Y Vol
FFT o 1a8e v
/ Amplification
v 1 \
Digital Phase ,| Waveform Hardware
simulator \ Advance Reconstruction pe
| IHUT
HUT Current
Measurement

Figure 6-4. Time delay compensation method based on FFT.
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quO
vabcH‘ abc/dg0

Figure 6-5. Time-delay compensation method based on Park’s transformation .

dg0/abc

Vabco

The Park’s transformation (abc/dq0) matrix with a phase angle delay A8 and Park’s inverse

transformation (dg0/abc) matrix are expressed in (6-11) and (6-12), respectively.

2m 2
cos(wit — AB;) cos(wit — 37 AB,) cos(wqt + 37 AHl)l
2 2 2
P_pg, = 3| sin(w,t —A8;) sin(w,t — ?n —A6;) sin(wt+ ?n — A6,) | (6-11)
1 1 1 J
2 2 2
cos(wqt) sin(w4t) 1
21 . 21 ]
p-1— cos(wt — ?) sin(w;t — ?) 1 (6-12)
2m _ 21
cos(wqt + ?) sin(w;t + ?) 1

Assume the original three-phase voltages are va, Vb, and v, the output voltages after the

delay correction are expressed in (6-13).
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vao Ua
[Ubo] = P71P_pp, [Vb] =

vCO UC
1 1 21 1 21 ]
> + cos(A8,) -+ cos(? +A6;) =+ cos(— 3 + A6,)

2 2

L coscan, — 2° L L., T e EZ
5 cos(A6, 3) > cos(A6;) 5 cos( 3 1)

1 21 1 41 1
5 + cos(? + AB,) 5 + cos(? + A6,) 5 + cos(A8,)

(6-13)

wil N

Assume Va, Vb, and v are positive sequence three-phase voltages with an angular frequency o,

as expressed in (6-14). Submit (6-14) into (6-13), get (6-15).
T 2m 2m 1"
[Va Vb Vc]' = [V cos(wqt) Vcos(wit— ?) V cos(w1t + ?)] (6-14)

[ V cos(wt + A84)

Jao vl v 24 a0y
Ubo| = P_lp_Agl Up| = COS((D 3 1) (6_15)
Veo Ve 21

V cos(wt + 3 + A6,)

According to (6-15), three-phase positive sequence voltages under any frequency get a A1
phase-lead and maintain the magnitude by implementing the delay correction angle A6 in the
Park’s abc/dq0 transformation. The fundamental frequency positive sequence component angle-

delay can be completely compensated by setting Aé: equals to the pre-tested angle-delay.

Assume Va, Vb, and vc are negative sequence three-phase voltages with an angular frequency o,

as expressed in (6-16). Submit (6-16) into (6-13), get (6-17).

21 2m 1"
[Va Vb V] =|Vcos(wt) V cos(wt+ ?) V cos(wt — ?)] (6-16)
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V cos(wt — A64) 1

Vao Vg | 2r
[Vbo _ P_lp—A91 [Ub _ |V cos(wt — 3" A6,) (6-17)
vCO UC

2
|V cos(wt + ?n — 46,) |

According to (6-17), three-phase negative sequence voltages under any frequency get a A6x
phase-delay and maintain the magnitude by implementing the delay correction angle A6 in the

Park’s abc/dq0 transformation.

Assume Va, Vb, and vc are zero sequence three-phase voltages with an angular frequency o, as

expressed in (6-18). Submit (6-18) into (6-13), get (6-19).

[Va Vb Ve]T = [V cos(wt) Vcos(wt) V cos(wt)]” (6-18)
Vao Vg V cos(wt)
[vbol =P P_p, [vb = |V cos(wt) (6-19)
Veo Ve V cos(wt)

According to (6-19), three-phase zero sequence voltages under any frequency keeps the

same by implementing the delay correction angle A1 in the Park’s abc/dg0 transformation.

Assume the required negative sequence phase angle delay correction is Aé,, an additional
compensation voltage can be added to fully compensate the negative sequence component, as

expressed in (6-20).

[ V cos(wt + AB,) ] [ V cos(wt — AB,)

_ lV cos (a)t + 2; - A91)} (6-20)

21
V cos (a)t -3 ABI)

2
_ lV cos(wt + 3 + A6,,)

2m
V cos(wt — 3 + A6,)

Solve (6-20), get (6-21), and An and By, are expressed in (6-22).
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A, cos(wt) — B, sin(wt)
Vanc [ 21 . 21 ]
[Vbnc v A, cos (wt + ?> — B,;sin (wt + ?> (6-21)
Vene 21 . 21 |
lAncos (a)t — ?) — B, sin (a)t — ?>J
{An = cgs(ABn) — cps(ABl) (6-22)
B,, = sin(A@,,) + sin(AH,)
Solve (6-21), get (6-23), and An and Abnc are expressed in (6-24).
[ cos(wt + ABnc) ]
Vanc | |
[vbnc] = 2,V |cos(wt + 2 80,0) I (6-23)
VUche 2 |
|cos(wt ——+ A6y) |
Ay = |A,% + By? = {/(cos(AB,,) — cos(A6;))? + (sin(AB,) + sin(A6;))?
(6-24)

B sin(A6,,) + sin(A0
AB,,. = arctan (A—n> = arctan< (46,) ( 1)>
n

cos(AB,,) — cos(Ab,)

An additional function block can be added to fully compensate the angle-delay of the
negative sequence component, as shown in Figure 6-6. By switching phase B and C, the negative
sequence component is transferred to positive sequence component, and the negative sequence
component with a frequency w is transferred to a dc component through the abc/dq0
transformation. The low-pass filter filters out all the other components except for the negative
sequence component under the frequency w. By adding the angle A8, multiplying a coefficient
An, and switching phase B and C back, the required correction voltage in (6-23) for the negative

sequence component can be acquired.
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Figure 6-6. Time-delay compensation with an added negative sequence correction block.

Assume the required zero sequence phase angle delay correction is A6, an additional
compensation voltage can be added to fully compensate the zero sequence component, as

expressed in (6-25).

Vaoe V cos(wt + ABy) V cos(wt)
[vbOC = |V cos(wt + ABy) | — |V cos(wt) (6-25)
Veoc V cos(wt + AB,) V cos(wt)

Solve (6-25), get (6-26).

Vaoc
Upoc| =V

VUcoc

Aycos(wt) — B, sin(wt)
Aycos(wt) — B, sin(wt)

(6-26)

Aycos(wt) — anin(wt)]

where Ao and By are expressed in (6-27).
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Ay = cos(Aby) — 1 ]
{ B, = sin(A8,) (6-27)
Solve (6-26), get (6-28).
Vaoc cos(wt + Ab,,)
[UDOC] = A()V COS((Ut + AHOC) (6'28)
Veoc cos(wt + Aby.)
where 1o and Afoc are expressed in (6-29).
(
| 1, = / = \/(cos(AB,) — 1)2 + (sin(AB,))?
4 (6-29)

AQ . (BO) ~arct sin(A6,) N
L oc = arctan 7, + m = arctan cos(B8y) — 1 T

An additional function block can be added to fully compensate the angle-delay of the zero
sequence component, as shown in Figure 6-7. By adding 27/(3w) and 4m/(3w) time delay on
phase B and Phase C, respectively, the zero sequence component under the frequency w is
transferred to positive sequence component, and then it is transferred to a dc component through
the abc/dq0 transformation. The low-pass filter filters out all the other components except for the
zero sequence component under the frequency w. By adding the angle A6, multiplying a
coefficient Ao, and using the phase A voltage for all three phases, the required correction voltage

in (6-28) for the zero sequence component can be acquired.

Usually, the higher order harmonic component angle delay is larger than the fundamental
frequency component for the same time delay. Thus, for the positive components of higher order
harmonics, the compensation method maintains the magnitudes and partially compensates the

angle-delay.

140



| A
= A I
N Delay 21/(3w) abc/quHLolyi\; tsfsie(%e[dqwabc%
C a Delay 4n/(3w . C

' |
: iti & Positive to zero :
: Zero to positive Abo |
| ot :
|

Figure 6-7. Time delay compensation with an added zero sequence correction block.

Assume the required harmonic positive sequence phase angle delay correction is Afh, an
additional compensation voltage can be added to fully compensate the harmonic positive

sequence component, as expressed in (6-30).

V cos(wt + ABy) V cos(wt + AB,)
Jahe [V 2T a0 v °T A6 ]
[Vbhc _ |V cos(wt — 3 + ABp)| _ |V cos (wt —3 + 1) (6-30)
VUche 21 2n
V cos(wt + Y + ABy) V cos (wt + Y + Ael)
Solve (6-30), get (6-31), and An and B, are expressed in (6-32).
Ajcos(wt) — Bysin(wt) ]
Vahe |A 21 _ 2m\ |
[Ubhc — y |Ancos (a)t - ?> — Bysin (wt — ?) (6-31)
VUche 21 . 21
Ajcos (wt + ?) — Bysin (a)t + ?)
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Figure 6-8. Time-delay compensation with added harmonic positive sequence correction blocks.

Ap = cos(AB) — cos(AB,)
{Bh = Sin(AHh) - Sin(AHI) (6 32)
Solve (6-32), get (6-33), and An and Abhc are expressed in (6-34).
cos(wt + ABy,)
Vanc 2 ]
[vbhc] = AV cos(wt — 3 + ABy.) (6-33)
VUche 21
cos(wt + 3 + A6y.)
r 2
!/’lh = ’Ah + B2 = \/(cos(A8),) — cos(Ah;))? + (sin(Ab),) — sin(A6,))?
NG = arct (Bh> = aret sin(A@),) — sin(A8,) (6-34)
L he = arctan a, 7 = arctan cos(A0,) — cos(86,)

An additional function block can be added to fully compensate the angle-delay of the

harmonic positive sequence component, as shown in Figure 6-8.
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The positive sequence component with a frequency w is transferred to a dc component
through the abc/dq0 transformation. The low-pass filter filters out all the other components
except for the positive sequence component under the frequency w. By adding the angle A6 and
multiplying a coefficient in, the required correction voltage in (6-33) for the harmonic positive

sequence component can be acquired.

6.3 Hybrid Emulation Stability Analysis with Two Interfaces

To separate a meshed network into two subsystems for hybrid emulation, at least two
interfaces need to be developed. To simplify the stability analysis and get a more general
conclusion, a hybrid emulation system with two interfaces based on ITM algorithms, named as
“interface 1” and “interface 2” in this dissertation, respectively, is simplified as in Figure 6-9.
The original system is separated into two subsystems, named as “subsystem 17 and “subsystem

2”, by the two interfaces.

The separation “interface 1” is located at the line connection between node N11 and node Nio.
The separation “interface 2” is located at the line connection between node N21 and node Nao.

The time-delays in “interface 1” and “interface 2” are At1 and At, respectively.

The equivalent voltage source and impedance connected on node Nii, node N1z, node Nai,
and node N2, are identified as E11 and Z11, E12 and Zi1o, E21 and Z»1, and Ez2 and Z2o, respectively.
The equivalent impedance between node Ni1 and node Nz: is identified as Zsi. The equivalent

impedance between node N1z and node N2 is identified as Zs».

The node N1z, node N12, node N2g, and node N22 voltage and current equations are expressed

in (6-35) and (6-36), respectively.
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Figure 6-9. Hybrid emulation system with two interfaces based on ITM algorithms.

Vn11(s) = Vi (s)e A + 11 (5)Z34,(s)
{VN21(5) = V,(s)e 82 + 1,(5)Z41 ()

6-35
Vn12(s) = Vi(s) — 11(s)Z55(s) ( )
Vn22(8) = Vo(s) — I(5)Z4(s)
Vn11(S) — V21 (s) _ E11(s) — Vy11(s) _ _ _ E31(s) — V21 (s)
Z51(s) - Z11(s) fls) =L(s) Zy1(s) (6-36)
Vn12(8) — Va2 (s) _ E12(s) = Vn12(s) F1,(s) = —L,(s) — E27(s) — Viz2(s)
k Zs5,(s) Z15(s) ! 2 Z2(s)
Submit (6-35) into (6-36), get (6-37), (6-38), (6-39), and (6-40).
221(5)(211(5) + 231(5))11(5) + Z11(S)(221(S) + Z41(S))12(S) + 637)
6-37

Zy1(8)e 58V (8) + Z11(5)e 522V, (s) = Z31(S)Er1(S) + Z11(S)E1 (5)
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(Z11(S)Zs1(5) + Z11(8)Z51(s) + 231(5)251(5))11(5) = 211(8)Z41(s)I(s) +

(6-38)
(211(5) + 251(5))9_SM1V1(5) - Z11(5)e_SAt2V2(5) = Zs51(s)E11(s)
Zzz(s)(zlz(s) + Z32(5))11(5) + Z12(5)(Zzz(5) + Z42(5))12(5) — Zy(s)Vi(s) — (6-39)
Z12(8)Vo(s) = —=Z(8)E12(8) — Z12(8S)Ezz(s)
(Z12(5)Z32(5) + Z12(8)Z53(s) + Z3; (S)Zsz(s))11(5) = Z12(8)Z45(8)1(s) —
(6-40)

(Z12(5) + Zs, (5))V1(5) + Z12(8)V2(s) = —Zs3(8)E2(s)

Eliminate Vi(s) and V2(s) from (6-37), (6-38), (6-39), and (6-40), results in (6-41) and

(6-42).

(=211(5)?Z12(8)Zy1 (5)e ™2 — Z,1(8)Z52(5)(Z11(8)Z21(S) + Z31(5)Z31 (s) +
211(8)Z31(5) + Z11(5)Z51 (5) + Z31(5)Z51(5))e ™22 — 2,1 (8)Z55(5) (Z1(5) +
Z35())(Z11(5) + Z31(8) + Zs, (s) )e S8, (5) +
(=211()212(5) (Z21.(5)Z41(8) + (Z51(5) + Zaa(5)) (a1 (5) + Zs1 (5)) ) ™41 —
711(8)2Z31(8)Z 35 (s)e 82 — 72,1 () Z12(8)(Z22(S) + Z42(8))(Z11(5) + Z21(s) + (6-41)
Z51(5))eSCu*8) ) [ (5) = —Z41(5)Z12(5) (221 () Ena (5) + (Zaa () +
Z51(5))Ex1 (5)) €44 — Z43(5)Z25(5) ((Z21() + Zs1(5) ) Ena (5) +
le(s)E21(s)) e 582 + 7,1 (5)(Z11(8) + Z31(8) + Z51(5))(Z52($)E1o () +

Z1z (S)Ezz(s))e—S(At1+At2)
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((202(5) + Z32(5) + Z52(8)) (Z12.(8) 221 (5) + Z31 ()23 () + Za1(5)Zaa (5) +

Z11(8)Z51(8) + Z31(8)Z51(5)) + (Z11(8) + Z51(5) + Z51(5))(Z12(5) Z42(s) +

Z33(5)Z33(5) + Z12(5)Z5() + Z12(8) 253 () + Z35(5)Zs3(5))e ™21 ) Iy (s) +

(Z11()Z21(8)(Z12(8) + Z32(8) + Zs3(8)) + Z12(8)Z22(5)(Z11(5) + Z51(s) + (6-42)

Z51(5))e20) 1, (5) = (Zuz(5) + Z23(5) + Zs2(5)) ((Zaa(5) + Zs1(5)) Eny (5) +
Z11()En(5)) = (Z11(8) + Z51(8) + Z51(8)) ((Z22(5) + Z52(8)) Ena(s) +

Z12(8)Ey; (5)) ehh

Solving I1 and I from (6-41) and (6-42), results in (6-43).

( Ts | Te _—sat, , I7 —sat, , Ts —s(at,+Aty)
m+tme Tttt =te 2 e 1T
I, = T, T, Ty T,
1 + %e—sAtl + % e—SAtz + %B—S(Atl‘FAtz)
X ! ! ! 6-43
To  Tho p-saty 4 Tua p-sae, | Tiz —staty +aty) (6-43)
I = T, T Ty Ty
27 T. T T,
22 ,—sAt 23 ,—sAt 24 ,—s(Aty+Aty)
L 1+T1e51+T1852+T1e5 1+At;

where the symbol Ty, T2, T3, Ta, Ts, Te, T7, Ts, To, T1o, T11, and T12 represent the expressions in
(6-44), (6-45), (6-46), (6-47), (6-48), (6-49), (6-50), (6-51), (6-52), (6-53), (6-54), and (6-55),

respectively.

T, = (Z12 () + Z33(s) + Zs, (5))(211(5)221(5)231(5) +Z11(8)Z31(5)Z41(s) +
211(8)Z21(5)Z51(8) + Z11(8)Z31(5)Z41(S) + Z11(5)Z41(5)Z51(s) + (6-44)

Z21(8)Z31(5)Z41(S) + Z31(5)Z31(8)Z51 () + Z31(5)Z41 () Z51(5))
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T, = (Z12(S)Zzz(5) + Z15(8)Zs5(s) + Z32(5)(Z12(S) + Zy,(s) +
Zsz(s))) (211(5)221(5) + Z31(8)Zs51(s) + Z41(S)(Z11(5) +Zy(s) + 251(5))) -
Z11(8)Z12(5)Z51(8)Z32(s)

T; = (Z11(S)Zz1(5) +Z11(8)Zs1(s) + Z31(5)(Z11(S) + Z(s) +
Z51(5)) ) (Z12()Z22(5) + Z22(5)Z52(5) + Zaz () (Z12(5) + Za (5) + Zs(s)) ) —

211(8)Z12(5)Z21(s)Z35(s)

T, = (Z11(S) + Z5.(s) + Zs1(5))(212(5)222(5)232(5) + Z12(8)Z55(8)Z45(s) +
Z12(8)Z22(8)Zs3(S) + Z12(8)Z32(5)Z42(S) + Z12(5)Z42(5)Zs2(s) +
Z22(5)Z33(8)Z42(S) + Z32(5)Z3,(8)Z52(s) + Z3; (5)242(5)252(5))

Ts = (Z12(S) + Z55(8) + Zs2(5)) ((221(5)241(5) + Z31(8)Z51(s) +

Z41(5)Z51(5))E11(5) + Z11(5)Z41(5)E21(5))

Te = — ((221(5)241(5) + (Zz1(5) + Z41(S))(Z11(5) + 251(5))) ((Zzz(s) +
Zs; (S))Eu (s) + Z12(s)Ey; (S)) + Z12(5)Z,(s) (221(S)E11(5) + (Z11(S) +

251(5))521(5)))

T; = ((212(5) + Zsz(s))(zzz (s) + Z42(5)) + 222(5)242(5)) ((221(5) + 251(5))511(5) +

Z11(S)E21(5)) + Z11(8)Z31(s) (222(5)512(5) + (Z12(9) + Zsz(s))Ezz(S))
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Tg = —(Z11(S) + Z(s) + 251(5)) ((222(5)242(5) + Z52(5)Z5,(s) +

Zy (5)252(5))E12(5) + Z15(8)Z42E>; (5))

Ty = (Z12(5) + Z(s) + Zsz(s)) ((le(S)Zgl(S) +Z11(8)Z51(s) +

Z31(5)Zsq (S))E21(S) + 221(5)231(5)511(5))

Tio = ((Z22(5) + Z52(5)) (Za2(5) + Z32(9)) + Z12(5)Z52(5) ) ((Zaa () +
251(5))521(5) + Zz1(5)E11(5)) + Z31(5)Z11(s) (Z12(5)Ezz(5) + (222(5) +

Z52(5))Era(s))

Ty, =— ((211(5)231(5) + (Z11(S) + Z31(5))(Zz1(5) + 251(5))) ((212(5) +
Zsz(s))Ezz(S) + Zzz(S)Eu(S)) + Z32(5)Z15(s) (Z11(5)E21(S) + (221(5) +

251(5))511(5)))

Ty, = _(211(5) +Zy(s) + 251(5)) ((212(5)232(5) + Z15(8)Z55(s) +

Z35(5)Zs; (S))Ezz (s) + Zy; (5)232512(5))

(6-51)

(6-52)

(6-53)

(6-54)

(6-55)

For a special case, if breaking the connections between node N11 and node N21 and between

derived as in (6-56).
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node Ni2 and node N2. by setting Zs: and Zs to infinite, the original ring network is divided into
two individual two-area systems, which are the top one with E11, Z11, Za1, Z32, Z12, and E12 and

the bottom two-area system with Ez1, Zo1, Za1, Za2, Z22, and Ez, and the currents Iy and I» are



( ( Eiq _ Ei, e—SAt1)

L= Zu®+ 76 Zu6) + 2 ()
Z15(8) + Z35(S) _ _sae,

( B MOETMOK “)

6-56
E,, (6-56)

( E21 - e—sAt2>

I, = Zy1(8) + Z41(s)  Zy(s) + Z4y(s)
Zy7(S) + Zyp(s) _ ,

' (1 I MOEY MG )

which match with the result in (6-9).

According to (6-43), taking Eu1, E12, E21, Or E22 as the input and Iy or I as the output, the
denominator of the closed-loop transfer function is the denominator in (6-43). Thus, the open-
loop transfer function Go(s) can be obtained as in (6-57).

T T T.
G,(s) = T_Ze—sAt1 + T_3€—5At2 + T_4e—s(At1+At2) (6-57)
1 1 1

The system stability can be evaluated by the open-loop transfer function Go(s) with
corresponding parameters of the targeted emulation system. Specifically, in order to provide a
general guidance for the system separation considering stability, if the magnitude of the open-
loop transfer function is smaller than 1, there is no 0 dB crossing point in the amplitude-
frequency curve, which means that the phase margin is infinite. Thus, the system is assured to be

stable when (6-58) is satisfied.

T T. T.
|Go (S)l — T_2 e_SAtl + T_3 e—SAtz + T_4' e—S(At1+At2) < 1 (6_58)
1 1 1

To be more conservative on (6-58), the system is assured to be stable if (6-59) is satisfied.

ITo) + 1T+ ITa] _ (6-59)
A
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According to (6-44), (6-45), (6-46), and (6-47), the majority of variables in T1 and T4 are
from “subsystem 1” and “subsystem 27, respectively, and the variables in T> and Tz are
distributed evenly in “subsystem 1” and “subsystem 2”. Larger impedances at the controlled
voltage side (Z11, Z21, Zs1, Za1, Zs1) than the controlled current side (Z12, Z22, Z32, Za2, Zs2) helps to
stabilize the hybrid emulation with two interfaces. Especially, allocating all impedances of the
two separation lines (between node Ni11 and Ni2 and between node N21 and N22) to the controlled

voltage side, which means Zz and Z4, are set to zero, makes the emulation system more stable.

6.4 Hardware Configuration and Software Implementation

6.4.1 Hardware Configuration

The developed hybrid emulation platform is composed of the RTDS, HTB and hybrid
emulation interfaces, as shown in Figure 6-10. In the RTDS, Gi (i = 1, 2, --- n) represents
generator i and LD;j (j = 1, 2, --- m) represents load j. In the HTB, each converter serves as an
emulating unit by programming the DSP based converter controller. Two hybrid emulation
interfaces, which are interface 1 and interface 2, are built to extend the capability and flexibility
of the hybrid emulation platform. Each hybrid emulation interface has a digital interface at the

RTDS side and a power interface at the HTB side.

The power interface, which is connected to the HTB emulation subsystem, is controlled as a
voltage or current source, depending on the selected interface algorithm. The power interface
voltage and current references come from the RTDS. The digital interface, which is connected to
the RTDS subsystem, resides in the RTDS and is composed of controlled current source and
controlled voltage source models. The digital interface voltage and current references come from

the output voltage and current measurements of the power interface.
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Figure 6-10. RTDS and HTB hybrid emulation configuration.
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RTDS Area 2 - HTB Areal
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Emulator 1
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Emulator 2
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Figure 6-11. Hybrid emulation converter cluster and RTDS.

The converter cluster of the HTB and power interfaces has a paralleled construction, as
shown in Figure 6-10. The converters share the same dc link, which has a dc power supply to
maintain a constant dc voltage. The ac link connection of the converters can be configured as an
emulated power system. Although each converter is controlled to export or absorb certain active
power by the emulation requirements, the dc power supply only needs to compensate the

converter power loss because of the power circulation through the dc link.

In this dissertation, one RTDS Rack and two area cabinets with converters rated at 600 V
and 75 kW are built as the hybrid emulation platform, as shown in Figure 6-11. In each area
cabinet, three of the four converters are programmed as HTB emulators, and the other converter
serves as the power interface of the hybrid emulation. The output voltage and current

measurement signals of the power interface are sent to the RTDS through the RTDS Giga-
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Transceiver Analogue Input (GTAI) card. The power interface voltage and current references are
sent to the power interface controller through the RTDS Giga-Transceiver Analogue Output

(GTAO) card.

The rated power and voltage of the emulated power system are usually too large to be
directly emulated in the HTB, thus scaled-down parameters are implemented in the HTB to keep
the same performance as the original power system by maintaining the same per-unit values.
Different from the HTB, the subsystem in the RTDS is calculated digitally without the restriction

of actual power and voltage, so the original subsystem can be implemented in the RTDS directly.

6.4.2 Converter Control

Within the HTB, each converter is controlled to have the same steady state and dynamic
characteristics as the emulated component by tracking the voltage reference based on the
terminal current or tracking the current reference based on the terminal voltage, as shown in

Figure 6-12(a).

For example, if a synchronous generator is emulated, the Digital Signal Processor (DSP)-
based controller calculates the terminal voltage reference by solving the synchronous generator
model, which corresponds to the “Emulated Object Model” block in Figure 6-12(a), with the
terminal current measurement, and then the controller “Current/Voltage Tracking Regulator”
block regulates the terminal voltage to track the derived voltage reference through a closed-loop

control with the terminal voltage feedback.

The power interface converter is controlled to behave at the A, B, C terminals the same as
the subsystem simulated in the RTDS by tracking the voltage or current reference, which comes

from the digital interface terminal of the RTDS subsystem, as shown in Figure 6-12(b).
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Figure 6-13. Hybrid emulation communication and HMI structure.
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The voltage reference is tracked if the voltage source ITM interface algorithm is selected,
otherwise, the current reference is tracked under the current source ITM interface algorithm.
Instead of in the DSP-based power interface converter controller, the current or voltage closed-
loop tracking control function is realized in the RTDS by the “Current/Voltage Tracking
Regulator” block with the converter terminal current or voltage feedback. The power interface
controller operates under an open-loop condition by directly generating the switching signal with

the received modulation signal from the RTDS “Current/Voltage Tracking Regulator” block.

6.4.3 Hybrid Emulation Platform Communication System

Figure 6-13 shows the communication system of the hybrid emulation platform. A
CompactRIO (CRIO), which is a real-time embedded industrial controller from National
Instruments (NI), is implemented in each area cabinet to serve as the local controller by
communicating with the controller of each emulator through a CAN bus. A personal computer
(PC) running Labview serves as the control center for each area by communicating with the
CRIO through an Ethernet switch. The DNP3 protocol is implemented in both the RTDS
GTNET card and the PC Labview to realize the communication between the RTDS and the

control center. A PC running RSCAD software operates the RTDS through the GTWIF card.

In this dissertation, the Labview and RTDS DNP3 models are defined as master station and
follower station, respectively. The master station exchanges data with the follower station by
polling the follower station periodically. The DNP3 master station model running in Labview is
shown in Figure 6-14. The follower station IP address, internet port number and baud rate are
defined in the DNP3 master station settings. The analog input, analog output and binary output

are implemented in this application.
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The DNP3 follower station model running in the RTDS is shown in Figure 6-15(a). The
DNP3 follower address, master station IP address and internet port number are defined. The

points file (.txt) named as “Hybrid” defines the data exchanged, as shown in Figure 6-15(b).

6.5 Simulation and Experiment Results

6.5.1 Hybrid Emulation Results with One Interface

Although the hybrid emulation platform with the RTDS and HTB is developed to realize
relatively large-scale system emulations, a typical two-area system is employed to verify the
effectiveness of the developed hybrid emulation platform with one interface. The scaled-down
two-area system with the given parameters of the generators and loads is shown in Figure 6-16.
Gi (i=1, 2, 3, 4) is a synchronous generator with a mechanical power input Pg; and a terminal
voltage reference Vei. LD;j (j = 7, 9) is a load with an active power reference P.pj and a reactive
power reference Qrpj. The pure HTB emulation and pure digital simulation based on the same

system as the hybrid emulation are conducted to verify the hybrid emulation performance.
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Figure 6-16. Scaled-down two-area system.
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In this thesis, two complementary cases of the two-area system are emulated in the hybrid
emulation platform separately to verify the implemented voltage source and current source ITM
algorithms. When the transmission line between Area 1 and Area 2 is emulated in the HTB, the
equivalent impedance in the digital side is smaller than the hardware side, then the voltage
source ITM algorithm is implemented by selecting the single-pole double-throw switch to
position “1”, as shown in Figure 6-17(a). On the contrary, the current source ITM algorithm is
utilized by selecting the single-pole double-throw switch to position “2” if the transmission line

between Area 1 and Area 2 is simulated in the RTDS, as shown in Figure 6-17(b).
e Case I: Load step change scenario

Figure 6-18, Figure 6-19, and Figure 6-20 show the Gsfrequency, Gz active power, and LDg
active power comparisons, respectively, between the hybrid emulation and the pure HTB
emulation when there is a step change of LDy from 0.8 p.u. to 0.4 p.u. at 2.5s. The hybrid
emulation matches with the pure HTB emulation since the hybrid emulation waveforms are

similar to that of the pure HTB emulation.
e Case II: Transmission line fault scenario

Figure 6-21 and Figure 6-22 show the waveform comparisons between the hybrid emulation
and the pure digital simulation based on MATLAB/Simulink when a three-phase short-circuit
fault happens at the middle point of the transmission line between the two areas. The three-phase
short-circuit fault happens at 6 s with 0.15 s duration. The system returns to the original
operation point gradually with damped oscillations after the short-circuit fault disappears at 6.15
s. Figure 6-21 and Figure 6-22 show the Gs frequency and Gs active power comparisons,

respectively. The hybrid emulation matches well with the pure digital simulation.
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Figure 6-18. Gz frequency comparison between the hybrid emulation and the pure HTB

emulation during the load step change.
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Figure 6-23. Northeast Power Coordinating Council (NPCC) system with hypothetical Cape

Wind Project system.
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6.5.2 Hybrid Emulation Results with Two Interfaces

The hybrid emulation platform with two interfaces is applied to demonstrate the Northeast
Power Coordinating Council (NPCC) system with hypothetical Cape Wind Project system, as
shown in Figure 6-23. The hypothetical Cape Wind Project system delivers the power of two

offshore wind farms to the onshore load center with a multi-terminal dc grid (MTDC).

The NPCC system is reduced and scaled down to be a three-area system for the hybrid
emulation system demonstration, as shown in Figure 6-24. G; (i = 1, 2, 3, 4, 5) is a synchronous
generator with a mechanical power input Pgj and a terminal voltage reference Vgi. LDj (j =7, 9,
12, 13) is a load with an active reference P.pj and a reactive power reference Qupj. WFk (k = 1, 2)
is a wind power generator with a mechanical power input Pwrk. VSCi (I =1, 2, 3, 4) is the MTDC
station voltage source converter. VSC1 and VSC: deliver the active power of WF1 and WF: into
the MTDC network, respectively. VSCz works in the constant dc voltage (Vac = 1.0 p.u.) and
constant reactive power (Qvsca = 0.3 p.u.) mode. VSC4 works in the constant active power

(Pvsca = 0.3 p.u.) and constant reactive power (Qvscs = 0.3 p.u.) mode.

Based on the existing HTB hardware of a two-area system (Area 1, Area 2, and a
transmission line between Area 1 and Area 2) and with the help of the hybrid emulation stability
analysis with two interfaces in Section 6.3, the current source ITM algorithm is implemented in
both hybrid emulation interfaces with the entire line impedances from Area 1 to Area 3 and from
Area 2 to Area 3 allocated at the digital side. The scaled-down three-area system is emulated in
the hybrid emulation platform with two interfaces, as shown in Figure 6-25. Area 1, Area 2, and
the transmission line between them are emulated in the HTB. Area 3, the transmission line
between Area 1 and Area 3, and the transmission line between Area 2 and Area 3 are simulated

in the RTDS.
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Figure 6-25. Hybrid emulation of the scaled-down three-area system.
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The current source ITM algorithm is implemented in both hybrid emulation interfaces since
the equivalent impedance in the digital side is larger than the hardware side. The scaled-down
three-area system is simulated in the pure MATLAB/Simulink environment and the pure RTDS

platform separately to compare with the hybrid emulation.
e Case I: Steady state comparison of three-area system

The comparison of the bus voltages and the system frequency under steady state condition is
shown in Table 3. The voltage deviations among the hybrid emulation, the pure MATLAB
simulation and the pure RTDS simulation are smaller than 0.006 p.u. The frequency deviation
among the hybrid emulation, the pure MATLAB simulation and the pure RTDS simulation are
smaller than 0.0004 p.u. The comparison indicates that the hybrid emulation matches with the
pure digital simulations well since the per-unit values of the deviations are small, which verifies

the validity of hybrid emulation with two interfaces during the steady state condition.
e Case Il: Power generation trip in three-area system

A power generation trip is emulated by dropping the active power of wind farm 2 from 0.3
p.u. to 0.0 p.u. The system frequency response of the hybrid emulation matches well with that of
the pure MATLAB simulation and the pure RTDS simulation, as shown in Figure 6-26. The

system frequency drops because of losing a power generation source.
e Case IlI: Voltage collapse scenario in three-area system

As a heavy load center, Area 3 has voltage stability issues caused by the long transmission lines
from Area 1 and Area 2. The voltage collapse scenario is demonstrated by ramping the LD13
active power with a slope of 0.018 p.u./s.
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Table 3. Three-area system steady state comparison among hybrid emulation, pure MATLAB

and pure RTDS simulations

Parameters Hybrid (p. u.) MATLAB (p. u.) RTDS (p. u.)
A 1.030 1.031 1.031
V2 1.011 1.011 1.011
Vs 1.031 1.031 1.031
Vs 1.012 1.013 1.013
V7 1.035 1.036 1.039
Vo 1.035 1.036 1.041
V12 1.137 1.141 1.141
Vi3 1.085 1.088 1.089
Vis 1.035 1.034 1.033

f 1.0044 1.0045 1.0040
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Figure 6-26. Frequency response comparison under a wind farm outage condition.
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ramping period.
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Figure 6-27 shows the bus 13 voltage and LD13 active power during the LD13 active power
ramping period. The voltage collapse happens at the time around 57 s for the three cases of
hybrid emulation, pure MATLAB simulation and pure RTDS simulation, which indicates that
the hybrid emulation matches with the pure MATLAB simulation and the pure RTDS simulation

well.

6.6 Conclusion

A hybrid emulation platform based on RTDS and HTB is developed to extend the size of an
emulated system limited by the number of HTB physical components available. Considering the
complementary stability criterion of the voltage source ITM algorithm and current source ITM
algorithm, both algorithms are implemented in a hybrid emulation interface to guarantee the
interface stability under different system conditions by selecting the appropriate algorithm based
on the relationship between the equivalent impedance at the digital side and the equivalent

impedance at the hardware side.

A time-delay correction method is also proposed and implemented in the hybrid emulation
interface to enhance the emulation accuracy. To further extend the emulation capability and
flexibility, two identical interfaces are implemented in the developed hybrid emulation platform.
The emulation stability is analyzed for a hybrid emulation system with two interfaces. The
validity of the hybrid emulation platform is verified since the hybrid emulation performance is

similar to the pure HTB emulation, pure MATLAB simulation and pure RTDS simulation.
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7 MMC Test-bed Development and Demonstration

In this chapter, a flexible MMC test-bed with 10 full-bridge submodules (SMs) in each arm
and flexible reconfiguration capabilities of MMC topologies, switching frequencies, and passive
component parameters, is developed for MMC studies. The SM dc voltage balance control based
on a sorting algorithm and a second order circulating current suppressing algorithm based on
proportional resonance (PR) controller are implemented. A cost-effective and universal per-

charging method is also proposed to pre-charge the MMC to be prepared for normal operations.

7.1 System Structure and Hardware Design

Figure 7-1 shows the main circuit diagram of the developed MMC test-bed. Each arm has 10
full-bridge SMs, which can be easily configured as half-bridge SMs by keeping T4 “on” and T3
“off” and operating T1 and T2. Thus, the MMC test-bed can conduct the half-bridge, full-bridge,

and hybrid MMC tests.

The dc input has a dc breaker and two series connected dc capacitors Ci, C2. An Yg/A
transformer is installed on the ac side. Two ac contactors and three current limiting resistors are
installed to pre-charge the MMC through the ac side if the traditional pre-charging method is
evaluated. Two dc voltages Vdcp, Vden, tWo dc currents igcp, iden, SIX arm currents ia_up, ia_tow, ib_up,
Ib_tow, Ic_up, Ic_low, SIX @C CUITENts ia, ib, ic, lao, Ibo, Ico, SIX AC VOItages Va, Vb, Ve, Vao, Vbo, Veo, and all of

the SM dc voltages are measured for flexible tests of different control algorithms.

As a scaled MMC testing platform, the maximum dc voltage, ac voltage, and apparent
power of the MMC test-bed are designed to be V4. = 400V, Vac = 208V, and Sy = 15 kVA,

respectively.
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Figure 7-1. MMC test-bed main circuit diagram.

Figure 7-2 shows the control system diagram of the developed MMC test-bed. The Labview
running in a Personal Computer (PC) functions as the station level controller and Human
Machine Interface (HMI) by exchanging information with the main controller DSP through CAN
bus communication based on a CompactRIO, which is a real-time embedded industrial controller

made by National Instruments (NI).

The major control functions are implemented in the main controller DSP to generate the
modulation index based on the operation mode from the HMI and the voltage and current
feedback from the main controller FPGA. The main controller FPGA samples the voltages and
currents with dedicated analog to digital (A/D) chips, communicates with six arm controllers
through optical fibers, and exchanges information with the main controller DSP through a data

bus.
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measurement from the main controller FPGA, measures the dc voltage feedback from the 10
SMs through the two fiber boards, and generates the switching signals to control the 10 SMs in

each arm through the two fiber boards.

and (d) are the main controller, the arm controller, the fiber board, and the SM board,

switch in series so that the total SM dc capacitance can be easily modified by changing the status
of the manual switches, as shown in Figure 7-3(d). The SM board can operate at a switching

frequency higher than 10 kHz by using the MOSFET devices (Vbs = 200V, Ip = 88A) for the

Each FPGA-based arm controller receives the modulation

Figure 7-3 shows the designed PCB boards for the MMC test-bed. Figure 7-3(a), (b), (c),

Figure 7-2. MMC test-bed control system diagram.
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Figure 7-3. PCB boards for the MMC test-bed: (a) Main controller; (b) Arm controller; (c) Fiber
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Figure 7-4. SM installation of each arm for MMC test-bed hardware.
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Figure 7-5. Control board installation from the cabinet top view for MMC test-bed hardware.
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Figure 7-6. Cabinet installation for MMC test-bed hardware.
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Figure 7-4, Figure 7-5, and Figure 7-6 show the MMC test-bed hardware installations.
Figure 7-4 is the SM installation of each arm where five SMs share a cooling duct with a fan
blowing the air. Figure 7-5 is the control board installation from the cabinet top view. Figure 7-6
is the cabinet installation, which has a control board layer, six arm SM layers, and two

transformer and inductor layers.

The arm SM layer is mounted to the cabinet frame with a pair of drawer slides. By installing
the optical fibers and cables connected to the arm SM layer in a drag chain cable carrier, the SM
arm layer can be extended out on the drawer slides to test the MMC and modify the SM

capacitance easily, as shown in Figure 7-6.

7.2 Control Algorithm Implementation

For a MMC, there are mainly three control function blocks, including the overall converter
function control, the circulating current suppressing control, and the SM dc voltage balance

control, as shown in Figure 7-7.
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. dy d
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Figure 7-7. MMC test-bed control system diagram.
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7.2.1 Converter Function Control

The converter function is realized by a double-loop control structure, as shown in Figure 7-8.
The outer d axis control loop controls either the dc voltage or active power by generating the d
axis current reference larer. The outer g axis control loop controls either the ac bus voltage or the
reactive power by generating the q axis current reference lgrer. The inner dg control loops control

the Iq and I, respectively, with PI controllers and dg decoupling terms.

7.2.2  Circulating Current Suppression Control

A proportional resonant (PR) controller is implemented to suppress the second order
circulating current, as shown in Figure 7-9. The circulating current reference is zero and the
feedback is iacir = (lauptiaiow)/2. The circulating current suppression control duty ratio dacir IS
derived with a PR controller according to the circulating current error Aiacir. The circulating
current suppression control duty ratio dacir iS subtracted by the duty ratio from the inner current

loop to acquire the upper arm duty ratio dayp and low arm duty ratio daiow.
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Figure 7-8. Converter function double-loop control algorithm.
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Figure 7-9. MMC second order circulating current suppression control.

7.2.3 SM Dc Voltage Balance Control

A sorting method is implemented to balance the SM dc voltages. Figure 7-10 shows the
phase A upper arm SM dc voltage balance control diagram. The fully inserted SM number k (1 <
k <N-1, N is the total SM number) and the modulation index D (0 < D < 1) of one more SM are
calculated by using the phase A upper arm duty ratio dawp. The voltage ranking index(1) to
index(N)) store the SM sequence numbers according to the SM dc voltage from high to low. The
SM selection block decides the fully inserted k SMs and another SM operating under duty ration
D according to the arm current direction and voltage ranking indexes. In this dissertation, the
arm current positive direction is defined as in Figure 7-1. If layp > 0, the SMs with sequence
numbers stored in the voltage ranking index(1) to index(k) are fully inserted (duty ratio D; = 1)
and the SM with sequence number stored in the voltage ranking index(k+1) operates with duty
ratio D. On the contrary, if layp < 0, the SMs with sequence numbers stored in the voltage ranking
index(N-k+1) to index(N) are fully inserted (duty ratio Dj = 1) and the SM with sequence number

stored in the voltage ranking index(N-k) operates with duty ratio D.
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Figure 7-10. MMC SM dc voltage balance control.

7.3 MMC Pre-charge

A cost-effective and universal pre-charge method is proposed to pre-charge the MMC SM
dc voltages to the rated value to be ready for normal operation, as shown in Figure 7-11. A low
voltage pre-charge dc supply is connected to the three-phase bottom SM dc links through a low

voltage pre-charge diode.

In this dissertation, the SMs in each phase from the positive dc bus to the negative dc bus in
Figure 7-11 are named as SMxn (X is a, b, or c representing the phase; n is 1, 2, - or 20

representing the SM number).

During the pre-charge process, the MMC operates in a half-bridge mode. The upper power
electronic switch and lower power electronic switch in each SM are named as Sup xn and Siow _xn,

respectively.

To pre-charge the SMs in one phase except for the SMyo (X is @, b, or ¢ representing the
phase), the targeted pre-charge phase, the pre-charge dc supply, and the pre-charge diode

cooperate with another phase to operate in a boost converter mode.
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Figure 7-11. Proposed MMC pre-charge method with a low voltage dc supply.
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Figure 7-12 and Figure 7-13 show the two operating statuses in sequence to pre-charge the
SMam (M is 1, 2, --- or 19) with the pre-charge dc supply. First, the pre-charge dc supply energy is
delivered to phase A and phase B arm inductors by increasing the current icharge through turning
on the phase B bottom SM upper switch Sy 20 and the lower switches of all the other SMs in
phase A and phase B, as shown in Figure 7-12. Second, after the icharge reaches a pre-set upper
bound value, the energy stored in phase A and phase B arm inductors is delivered to phase A SM
capacitor except for the SMaxo by turning on all phase A upper switches except for the bottom
SM and turning on all phase B lower switches, as shown in Figure 7-13. After the icharge
decreases to a pre-set lower bound value, repeat the above two steps until all SMam(mis 1, 2, -
or 19) are pre-charged to a pre-set value. By using the same method, phase B and phase C SMs

except for the SMu20 and SMc2o can also be pre-charged to the pre-set value.
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Because the SMa2o, SMn20 and SMc2o dc links are directly connect to the pre-charge dc supply
through the pre-charge diode, they are not able to be pre-charged by the pre-charge dc supply.
Instead, a part of the energy pre-charged and stored in the SMxm (X is @, b, or ¢ representing the
phase; mis 1, 2, --- or 19 representing the SM number) is utilized to pre-charge the SMa2o, SMb20

and SMc2o.

In the previous pre-charging process, the SMxm is pre-charged to a pre-set value slightly
higher than the rated voltage to reserve energy for pre-charging the SMa2o, SMy20 and SMc20. Any
two phases cooperate to operate in a buck converter mode to pre-charge the SMazo, SMp20, and
SMc20 With the SMym. Figure 7-14 and Figure 7-15 show the two operating statuses in sequence to

pre-charge the SMp2o with the energy stored in SMam (M is 1, 2, --- or 19).

First, the energy in SMam (m is 1, 2, --- or 19) is delivered to phase A and phase B arm
inductors by increasing the current icharge through turning on the Syp am (M is 1, 2, --- or 19),
Siow_a20, @nd Siow bn (N IS 1, 2, --- or 20), as shown in Figure 7-14. Second, after the icharge reaches a
pre-set upper bound value, the energy stored in phase A and phase B arm inductors is delivered
to SMi20 by turning on Sup bm and all lower switches of the other SMs in phase A and phase B, as
shown in Figure 7-15. After the icharge decreases to a pre-set lower bound value, repeat the above
two steps until either all SMam (M is 1, 2, --- or 19) or SMy20 reaches the rated value. By using the
same method, the SMc20 can be pre-charged by the SMpm (M is 1, 2, --- or 19) and the SMazo can

be pre-charged by the SMcm (M is 1, 2, --- or 19) successively.

The detailed pre-charge program diagram is shown in Figure 7-16. There are two pre-charge
sections in sequence, which are pre-charge SMym and pre-charge SMxzo (X is @, b, or ¢

representing the phase and mis 1, 2, --- or 19), respectively.
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Figure 7-15. Deliver energy from phase A and phase B arm inductors to the SMpo.
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Turn on Syp bi-19,
Siow_b20, @Nd Siow_c1-20
Set “during charge” flag

Turn on Sigy_pn if SMyy is
full, otherwise, turn on
Sup_on, Where n is 1~19

SMp1-19 IS
set value?

Ip_up > Imax?

Y

Turn on Siow_c1-20,
Siow_a1-19, aNd Syp_az0
Clear “during charge”
flag

Turm on Sy, c1-19,
Siow_c20: @A Siow_a1-20
Set “during charge” flag

Turn on Sygy_cn if SMey is
full, otherwise, turn on
Sup_cn Where n is 1~19

Set “second
round” flag

SMc1-10 is
set value?

Turn on Sygy_on if SMp,
decreases to set value,
otherwise, turn on Sy, pn,
where n is 1~19
X
Turn on Syoy_pzo and
3|ow,c1-zo
Clear “during charge”

Turn on Siew_b1-20,
Siow_c1-19, @Nd Syp _c20
Set “during charge” flag

Turn on Sygy_ca if SMeq
decreases to set value,
otherwise, turn on Sy, cp,
where n is 1~19

Turn on Sygy,_cz0and
Siow_a1-20
Clear “during charge”

During
charge?

Turn on Syo_c1-20,
Siow_at-19, aNd Syp 220

Set “during charge” flag

Figure 7-16. MMC pre-charge operation sequence.
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e Pre-charge SMym

In the pre-charge SMym section, the phase A, B, and C are pre-charged in sequence. The pre-
charge for each phase is finished when all of the SMym in this phase reaches the pre-set value. To
compensate the natural discharge on the phase A and B SMs after finishing pre-charging phase C
in the first round, a quick second round pre-charge is designed to bring the three phase SMs back

to the pre-set value.

For each phase pre-charge part, in this dissertation, the phase A and B, B and C, and C and
A cooperate to pre-charge the phase A, B, and C, respectively. The two phases cooperate to start
to increase the inductor current and clear the “during charge” flag when the inductor current is

smaller than the pre-set lower bound imin.

The two phases cooperated to start to decrease the inductor current by charging the SMs and
set the “during charge” flag when the inductor current is larger than the pre-set higher bound imax.
If the inductor current is between the lower bound imin and the higher bound imax, the two phases
keep the switching status according to the “during charge” flag, which means that the two phases
keep charging the SMs if it is during the charge status, otherwise, increasing the inductor current

if it is not during the charge status.
e Pre-charge SMy2o

In the pre-charge SMxzo section, the SMy20, SMc20, and SMazo are pre-charged by the phase A
and B with a part of energy in the SMai-19, the phase B and C with a part of energy in SMp1-19,

and the phase C and A with a part of energy in SMc1-19, respectively.

The pre-charge for the SMp2o ends when either all of the SMai~19 or the SMp2o reaches the

rated value. Similarly, the pre-charge for the SMc20 ends when either all of the SMp1-~19 Or the
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SMc2o reaches the rated value, and the pre-charge for the SMaxo ends when either all of the

SMc1-19 Or the SMa2o reaches the rated value.

Similarly, for each phase pre-charge part, the two phases cooperate to start to increase the
inductor current and clear the “during charge” flag when the inductor current is smaller than the
pre-set lower bound imin. The two phases cooperated to start to decrease the inductor current by
charging the SMs and set the “during charge” flag when the inductor current is larger than the

pre-set upper bound i'max.

If the inductor current is between the lower bound i'min and the upper bound i'max, the two
phases keep the switching status according to the “during charge” flag, which means that the two
phases keep charging the SMs if it is during the charge status, otherwise, increasing the inductor

current if it is not during the charge status.

7.4 Experiment Results

The scenario of a half-bridge MMC working as an inverter is conducted to verify the
functions of the developed MMC test-bed. Two operation modes, which are resistive load mode
and grid-tied mode, are conducted with the MMC test-bed, as shown in Figure 7-17(a) and

Figure 7-17(b), respectively.

In Figure 7-17(a), the ac resistor Rioad Serves as the load. In Figure 7-17(b), the two-level
voltage source converter (VSC) is controlled as a constant voltage source to emulate the grid.
The ac inductor Ls serves as the ac filter of the two-level VSC. A three-phase common mode
choke is implemented to block the common mode circulating current between the two-level VSC
and the MMC since they share the dc bus. The MMC dc bus voltage, arm inductance, and

switching frequency are Vgc = 400 V, Larm = 3 mH, and fsw = 10 kHz, respectively.
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Figure 7-17. MMC test-bed experiment setup: (a) Resistive load mode; (b) Grid-tied mode.

7.4.1 MMC Test-bed with Resistive Load Scenario

Figure 7-18 shows the experimental results with resistive load Ricad = 2.3 Q. Figure 7-18(a)

and (b) are the load terminal line-to-line voltages and phase currents with the RMS values Vi =

60 V and | = 15 A, respectively, and ViL = V3IR,pq4-

Figure 7-18(c) shows the phase A upper and lower arm currents whose sum equals to the
output current. Figure 7-18(d) shows the dc bus voltage Vq4c = 400 V and one SM dc link voltage

vsm from each phase with the average value Vsm = 40 V = Vg / 10.

Figure 7-18(e) and (f) are the phase C upper arm vsmz, Vsmz and lower arm vswz, Vsmz With the
SM capacitance equal to 17.6 mF and 4.4 mF, respectively. The average SM dc voltage equals to
40 V for both SM capacitance cases, and the SM dc voltage ripple is larger for the smaller

capacitance case.
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Figure 7-18. MMC test-bed experiment results with resistive load: (a) Load terminal voltages Van,

Ve, Vea; (D) Load terminal currents i, ib, ic; (C) Phase A arm currents ia_up, ia_low, OUtpUt current ia,

and the sum of the arm currents ia_up+ia_iow; (d) Dc bus voltage vqc, phase A SM voltage, phase B

SM voltage, and phase C SM voltage; (e) Phase C upper arm vsmi1, Vsmz, and phase C lower arm

Vsmz, Vsmz2 With SM capacitance Csy = 17.6 mF; (f) Phase C upper arm vsmz, Vsm2, and phase C

low arm vsmz1, Vsmz2 With SM capacitance Csmw = 4.4 mF.
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Figure 7-19 shows the ac side voltage and current waveforms during the transient of

increasing the active power command with a step change from 800 W to 2000 W.

7.4.2 MMC Test-bed Grid-tied Mode

Figure 7-20 shows the experimental results with grid-tied mode. Figure 7-20(a) and Figure
7-20(b) are the MMC terminal line-to-line voltages and current, respectively, under a steady state
condition. Figure 7-20(c) shows the terminal voltages and currents under the transient of

increasing the active power demand with a step change from 2 kW to 4 kW.

7.4.3 MMC Pre-charge

A pre-charge dc supply with Ve _charge = 36 V is implemented to pre-charge the MMC to the
rated dc voltage 400 V, which corresponds to 40 V in each SM. The current upper and lower
bounds for pre-charging SMxi-19 (X IS a, b, or ¢ representing the phase) are set to be imax = 13 A
and imin = 5 A, respectively. The current upper and lower bounds for pre-charging SMxzo (X is a, b,

or ¢ representing the phase) are set to be imax = 6 A and imin = 3 A, respectively.

Figure 7-21 shows the phase A, B, and C SMs voltages during the pre-charge in the HMI.
First, the phase A, B, and C SMs except for the ones connected to pre-charge dc supply are pre-
charged to the pre-set value in sequence. During the phase B and C pre-charging, the phase A
SM voltages decrease slightly due to the natural discharge. Because the same reason, the phase B
SM voltages decrease slightly during the phase C pre-charge. Second, a quick second round pre-
charge is applied to bring the phase A and B SM voltages to the pre-set value. Last, the SMs

connected to the pre-charge dc supply is pre-charged to the rated value.

Figure 7-22 shows the SMa: (Channel 1), SMp1 (Channel 2), SMc1 (Channel 2), and SMazo
(Channel 4) voltages in the scope during the pre-charging, which are the same as in the HMI.
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Figure 7-19. MMC test-bed experiment results with resistive load step increase from 800 W to

2000 W.
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Figure 7-20. MMC test-bed experiment results with grid-tied mode: (a) MMC terminal voltages
Vab, Vbe, Vea; () MMC terminal currents ia, ib, ic; (¢) MMC terminal voltages and currents during

the transient of increasing active power command from 2 kW to 4 kW.
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Figure 7-22. MMC SMa1, SMb1, SMc1, SMazo Vvoltages during pre-charging.
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Figure 7-23 shows the ia_up (Channel 1), i yp (Channel 2), ic yp (Channel 3), and Vsma2
(Channel 4) during pre-charging. The phase A and B cooperate to pre-charge the phase A SMs
with mainly positive ia_yp and negative i yp. Similarly, the phase B and C SMs are pre-charged
With i _up, Ic_up @nd ic_up, 1a_up, respectively. The current peak is limited to around the upper bound
imax = 13 A. As the phase A SM voltages increase, the phase A current ia yp decreases to be

smaller than the lower bound imin =5 A or even negative values during the charging process.

Figure 7-24 shows the zoom in waveforms when the phase A SM voltages are close to the
pre-set value, in which the minimum ia_yp reaches -4 A. This is because the control action is at
least one step time delayed refer to the actual current. The higher the phase A SM voltages, the
larger the current decrease would be within a fixed time-delay, then the more the current can
potentially exceed the hysteresis bound. The current decrease slope is sharper than the rise slope
since the applied voltage to decrease the current is the sum of the SMai-19 voltages, which is

larger than the SMy20 voltage that is applied to increase the current.

Figure 7-25 shows the zoom in waveforms during the second round pre-charge process,
which repeats the first pre-charge process with a shorter duration since all SM voltages are

already close to the pre-set value.

Figure 7-26 shows the zoom in waveforms during the pre-charge SMy2o process. The SMy2o
is pre-charged with the energy stored in SMai-19 With mainly negative ia yp and positive iy up.
Similarly, the SMc2o and SMazo are pre-charged with iy up, ic_up and ic_up, ia_up, respectively. The
current peak values exceed the upper bound i'max = 6 A and lower bound imin = 3 A for the same
reason of control delay. Differently, the current rise slope is sharper than the decrease slope since
the applied voltage to increase the current is the sum of the SMai-~19, SMy1-19, Or SMc1-19 Voltages,

which is larger than the SMy20, SMa2o, Or SMc20 Voltage that is applied to decrease the current.
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7.5 Conclusions

A flexible MMC test-bed with 10 SMs in each arm has been developed to conduct MMC
studies with different topologies, switching frequencies, and passive component parameters. The
SM dc capacitance can be modified easily by changing the status of the manual switch in series
with each SM capacitor. Each layer of the arm SMs can be extended out from the cabinet to test
the MMC and operate the manual switches easily. The function has been verified by running the
developed MMC test-bed as an inverter under the half-bridge MMC configuration with different

SM dc capacitances.

A cost-effective and universal pre-charge method by utilizing the MMC circuit and a low
voltage dc supply is proposed to pre-charge the MMC. The proposed method has been
implemented in the MMC test-bed. The function has been demonstrated by pre-charging all SMs

in the MMC test-bed to the rated value.
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8 Hybrid Ac/dc Transmission

In this chapter, the system structure and principle of hybrid ac/dc transmission is introduced.
The fundamental frequency current on the dc side iso induced by the non-transposed double
circuit transmission line is investigated. The ieo influence on the HVDC station transformer

saturation is evaluated and two methods are proposed to solve the issues caused by the iso.

8.1 System Structure and Basic Principle

The hybrid ac/dc transmission system is shown in Figure 8-1. The 12-pulse line-commutated
converter (LCC)-based bipolar HVDC is used to inject the dc current into the double ac circuits
through zig-zag transformers. Each HVDC station contains an ac station transformer with three

windings and two thyristor based rectifiers in series.

The zig-zag transformer has two windings from different magnetic pillars connected in
reversed polarities, as shown in Figure 8-2. With magnetic flux cancellation characteristic for
each magnetic pillar, balanced three-phase dc current injection will not cause a zig-zag
transformer saturation problem, and the zero sequence impedance of the zig-zag transformer will
be small. The positive sequence impedance of the zig-zag transformer is three times of the
winding impedance, which is large [78]. Thus, the injected dc current can flow through the zig-
zag transformer with a low impedance. At the same time, the zig-zag transformer blocks the

positive sequence current.

The non-transposed transmission lines are used since it is commonly implemented in the
high voltage ac systems. The tower structure and line sag of a typical 345 kV double circuit

transmission line are shown in Figure 8-3.
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Figure 8-1. System configuration of hybrid ac/dc transmission.

Figur

e 8-2. Zig-zag transformer.
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4.6m

7.6m

19.2m

8.2 HVDC Transformer Saturation Induced by Unbalanced Transmission Line

8.2.1 leo Induced by Non-transposed Lines

A typical 345 kV non-transposed double circuit transmission line is used to investigate the
influence of ac transmission on an HVDC station in hybrid ac/dc transmission system. The

detailed line parameters are shown in Table 4.

In order to evaluate the induced zero-sequence current, a simulation model without HVDC

stations is built, as shown in Figure 8-4.

Table 5 gives the simulation results of zero-sequence currents and ground currents.
According to the results, the zero-sequence current increases with the line length. It is because

the unbalanced capacitances, which are the main contributor to the zero-sequence current,

5.7m
l-ewi+-cwz-

8.2mx4.5m
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Ground Sag: 10m
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e

{

KKK

Line Sag

Figure 8-3. Transmission line tower structure.

increase with the line length.
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Table 4. Transmission line RLC matrix

Series R matrix (£2/km)

Line Al Bl C1 A2 B2 C2
Al 0.1249 0.1004 0.1026 0.1070 0.1025 0.1006
Bl 0.1004 0.1118 0.0963 0.1001 0.0962 0.0946
C1 0.1026 0.0963 0.1157 0.1025 0.0983 0.0966
A2 0.1070 0.1001 0.1025 0.1249 0.1026 0.1009
B2 0.1025 0.0962 0.0983 0.1026 0.1157 0.0967
C2 0.1006 0.0946 0.0966 0.1009 0.0967 0.1125

Series L matrix (mH/km)

Line Al Bl C1 A2 B2 C2

Al 1.7880 0.8120 0.8170 0.6710 0.6890 0.6290
Bl 0.8120 1.8100 0.8670 0.6270 0.6780 0.6150
C1 0.8170 0.8670 1.8020 0.6890 0.7720 0.6770
A2 0.6710 0.6270 0.6890 1.7880 0.8170 0.8310
B2 0.6890 0.6780 0.7720 0.8170 1.8020 0.8650
C2 0.6290 0.6150 0.6770 0.8310 0.8650 1.8090

Parallel C matrix (nF/km)

Line Al Bl C1 A2 B2 C2
Al 10.0480 -1.4852 -1.4525 -0.6046 -0.4867 -0.2287
Bl -1.4852 10.5530 -1.6621 -0.2107 -0.2488 -0.0954
C1 -1.4525 -1.6621 10.7420 -0.4834 -0.8856 -0.2565
A2 -0.6046 -0.2107 -0.4834 10.1050 -1.4230 -1.6725
B2 -0.4867 -0.2488 -0.8856 -1.4230 10.7410 -1.6568
C2 -0.2287 -0.0954 -0.2565 -1.6725 -1.6568 10.4980
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Figure 8-4. Zero sequence current evaluation.

Table 5. Zero sequence current induced by non-transposed transmission lines

Ground current rms

Zero sequence current rms

Transmission line length
lar (A) 12 (A) Mz (A)  Taa(A) g1 (A) g2 (A)
100 miles (161 km) 4.67 10.40 8.10 5.70 9.20 5.30
200 miles (322 km) 13.52 22.73 18.82 15.40 20.34 15.38
300 miles (483 km) 31.00 42.00 37.00 33.00 39.00 34.00
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The zero-sequence current induced by non-transposed double circuit transmission lines can
have two flow paths. One is from the neutral point of the zig-zag transformer to ground, and the
other path is from the neutral point of one zig-zag transformer to the neutral point of another zig-
zag transformer. In the hybrid ac/dc transmission system, the circulating current shows as three
phase zero-sequence current on the transmission line, igo on the dc side, and dc components

between the HVDC converter and transformer.

The ieo circulating loop caused by unbalanced line-to-ground capacitors is shown in Figure
8-5. Assuming balanced three phase voltages are applied to the line-to-ground capacitors and
considering the unbalanced capacitances, the currents flowing through the capacitors are
unbalanced and contain the zero-sequence component. Because the currents flow into the ground
through the capacitors, the iso circulating loop contains the ground and can be separated into two

independent loops by the ground.

Transmission Line

=T

Figure 8-5. lgg circulating loop caused by line-to-ground capacitors.
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In the igo circulating loop, the impedances between HVDC converter and transformer can be
ignored because the currents are dc components and the resistances are small. Two smoothing
inductors on dc side and the three-phase line impedance are the main contributor to the

impedance of the igo circulating loop.

The ieo circulating loop caused by unbalanced line-to-line capacitors is shown in Figure 8-6.
Assuming balanced three-phase voltages are applied to the line-to-line capacitors and
considering the unbalanced capacitances, the currents flowing through the capacitors are
unbalanced and contain zero-sequence current. Because the currents flow from one three-phase
line to the other through the capacitance, the iso circulating loop does not include the ground and
circulates among the double circuit transmission lines. Four smoothing inductors on dc side and
two three-phase line impedances are the main contributor to the impedance of the iso circulating

loop.

Transmission Line
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labc dc THT l o
j =

@3 ib
\
==

Figure 8-6. lgo circulating loop caused by line-to-line capacitors.
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8.2.2 leo Influence on Transformer Saturation

According to [80], there is little influence on the converter transformer if lgois less than 0.1%
of the rated dc current. But, if leo is larger than 1%, it will cause noticeable impact, including loss
of life, audible noise, harmonic generation, etc. Thus, the zero-sequence current induced by non-
transposed transmission lines is calculated to evaluate the influence on converter transformer

saturation. For the LCC HVDC converter, phase a voltage can be assumed as in (8-1).

Van = V2V, sin @ (8 = wt = 120mt) (8-1)

Dc side current I, includes dc component I,;. and fundamental frequency component igo is

expressed in (8-2) where # is the angle difference of ieo to van and « is the firing angle.

I, = Iz, +V2I4 sin(@ — B) (8-2)

Figure 8-7 shows the waveforms of dc side current and phase A voltage and current. The

phase A current can be expressed as in (8-3).

( 0 0<f0<a
. 21
Iy +V2Igsin@ a<6<a+?
0 27T<0<
I, = at+—-sbOsa+m (63
5w
_Idc_‘/ileosiHH a+n<9<a+?
5
0 a+—<6<2n

\ 3 =

The dc component of phase A current is obtained as in (8-4).

L 8-4
Iadczﬁfo I,de (8-4)
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Figure 8-7. Waveforms of LCC HVDC converter.
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Submit (8-3) into (8-4), get (8-5).

e
Ip,, ==— f (Ige + V2Igo sin(6 — B) d6
¢ 2m a+g
11 (8-5)
1 (%%
+o- e (—Iac —V2Igo sin(6 — B)) d6
Solve (8-5), get (8-6).
V6
Ig, = 7160 cos(a — B) (8-6)

Similarly, the dc components of other two phases can be obtained. Therefore, the dc

components of three-phase ac currents can be expressed as in (8-7).

AC Bus Transmission Line AC Bus
CB1I=\I[ CBX =T C E=cB2
115/ 280 kV I I 280/ 150 kv

Non-transposed V )
coupled de $@=
115 kV 180k LCC Station | 115 kV
(4Hces
Vdc
115/ 280 kV 280/ 150 kv
==CBx I 1 C
AC Bus AC Bus

Figure 8-8. CCC HVDC.
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A

6
Ia_dc = 7160 cos(a - B)

2T

NG
Ip gc = ?160 cos (a - B - —)

2T

NG
I gc = 7160 cos (a -B+ —)

(8-7)

According to (8-7), the three-phase dc current components are linearly proportional to the leo,

which means large lso may cause converter transformer saturation.

8.3 Proposed lso Suppression Method

Since the circulating current is a dc component between the HVDC converter and

transformer, series capacitors can be used to block the current. The capacitor commutated

converter (CCC) HVDC, which is mostly used for weak ac system connection, is implemented to

block the circulating current, as shown in Figure 8-8.

Transmission Line

115 kV

AC Bus

8

14uF

Non-transposed

14uF

14uF

280/ 150 kv

coupled
14uF
cee— I 1
CBX T T

Figure 8-9. Band-stop LC filter.
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An alternative method is to use a band-stop LC filter as shown in Figure 8-9, because the
circulating current on dc side is at the fundamental frequency. The capabilities to limit the dc

current in the converter transformer windings for both methods have been verified in simulation.

8.4 Simulation Results

A simulation platform of the hybrid ac/dc transmission simulation system is built with
parameters given in Table 6 and the topology is the same as in Figure 8-1. The dc side current
waveforms are shown in Figure 8-10. The dc side current waveforms of using method 1 (CCC
HVDC) and method 2 (band-stop LC filter) are shown as in Figure 8-11 and Figure 8-12,
respectively. The lso and converter transformer dc current component values under original, CCC
HVDC and band-stop LC filter cases are given in Table 7. The simulation results show that the
leo is higher than 1% of the rated dc current and the dc current components exist in converter
transformer windings if no limiting method is implemented, and both proposed methods can

suppress the iso and block the dc current components in transformer windings.

Table 6. Hybrid ac/dc system parameters

Parameters Values

Line length 200 miles

Line voltage AC: 280 kV DC:180 kV

Line current AC: 612 A DC:1000 A
Transmission power 729 MW (AC: 189 MW DC: 540 MW)

Transformer 115 kV / 280 kV

205



Table 7.

leo and dc component values

Variables Original Case CCC-HVDC Band-stop LC Filter
leo N ldc1 (A) 18 0 0

leo In ldc2 (A) 27 0 0

l6o N ldcz (A) 18 0 0

l6o N ldca (A) 15 0 0

logc in 11 1 (A) A:-10B:18C: -8 A:0B:0C:0 A:0B:0C:0
logc in 121 (A) A:-2B:18C:-16 A:0B:0C:0 A:0B:0C:0
lgc In 11 2 (A) A:-28B:12C: 16 A:0B:0C:0 A:0B:0C:0
lac In 122 (A) A:-25B:22C:3 A:0B:0C:0 A:0B:0C:0
lgc in 11 3 (A) A:8B:2C:-10 A:0B:0C:0 A:0B:0C:0
lgc in 123 (A) A:10B:-3C: -7 A:0B:0C:0 A:0B:0C:0
loc In 11 4 (A) A:-4B:10C: -6 A:0B:0C:0 A:0B:0C:0
lac in 12 4 (A) A:2B:7C:-9 A:0B:0C:0 A:0B:0C:0
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Figure 8-10. Original case dc side waveforms.
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Figure 8-11. CCC HVDC dc side waveforms.
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Figure 8-12. Band-stop LC filter dc side waveforms.

8.5 Conclusion

The zero-sequence current induced by non-transposed coupled transmission lines has been
investigated through a typical 345 kV double circuit transmission line, and the influence of igo on
the HVDC converter transformer has been analyzed and simulated. The CCC HVDC and band-
stop LC filter methods are proposed and verified to limit the iso and avoid converter transformer
saturation. Compared with the conventional HVDC, the CCC HVDC is cost-effective for weak
ac system connection. The band-stop LC filter method will add extra cost for the filter capacitor

and inductor, but it is possible to share a part of the smoothing inductor as the filter inductance.

208



9 Dc Fault Impact on Ac System Stability

This chapter introduces the voltage source converters (VSCs) for high voltage dc (HVDC)
applications and analysis their performances under dc fault conditions. The characteristics of dc
and ac grids under fault conditions are investigated for both the point-to-point and multi-terminal
grid configurations. The dc fault impact on interconnected ac system stability by using different

protection schemes is evaluated by comparing with an equivalent ac fault.

9.1 HVDC Converter Dc Fault Analysis

The state-of-the-art VSC HVDC topology is the MMC, as shown in Figure 9-1. The
submodules in MMC can be either half-bridge or full-bridge, as shown in Figure 9-2(a) and
Figure 9-2(b), respectively. The red lines and blue arrows indicate the possible fault current
contribution loop from ac side to dc side under dc fault conditions. The half-bridge MMC cannot
block the dc fault current by turning off the switches, as the fault current can still flow through
the anti-parallel diodes. By inserting the submodule capacitors into the fault current loop, the
full-bridge MMC can block the dc fault current. As a simple type of three-phase VSC, the two-
level VSC is also used in the VSC-HVDC system. Figure 9-3 shows the fault current loop in a
two-level VSC. During a dc fault, the fault current is contributed from both the ac side and dc
capacitor. Considering the large dc fault current and low damping resistance, the dc fault current
with both half-bridge MMC and two-level VSC will circulate through the anti-parallel diodes in
each branch, as shown in Figure 9-4. Neglecting the small voltage drops of the anti-parallel
diodes, the H-bridge ac terminal voltage is zero. Thus, the dc fault equivalently creates a three-

phase fault on the converter ac side. The fault impedance is the ac filter impedance.
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+ L + -|HI}T1
T EPo° T St
-||,fl} 2 -
— < <0
(a) (b)

Figure 9-2. MMC submodule fault current loop: (a) Half-bridge; (b) Full-bridge.
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9.2 Dc Fault Impact on Dc Grid and Interconnected Ac System Stability

As the most severe short-circuit fault in ac system, the three-phase short-circuit causes the
fault location voltage to be zero, and the voltage rises as the distance to the fault location
increases. Thus, the fault has less impact on buses far away from the fault location due to the less
voltage drop. However, a dc pole-to-pole fault pulls the whole dc grid voltage down to zero since

the voltage drop across the line resistance is negligible.

9.2.1 Point-to-point Configuration

Figure 9-5(a) shows the point-to-point ac transmission with a three-phase short-circuit fault.

The voltage at the fault location is zero and the ac bus voltages can be expressed in (9-1).

( Z14
_ IrquinnZ14 _ 2
L= =
2 Z
) (_51 + Zs1) Vs1 ©-1)
Zin
Vo = IrquitsZ11 _ 2
3 = =
2 Z
. (_51 + Zs3> Vss

The point-to-point dc transmission with a pole-to-pole short-circuit fault is shown in Figure
9-5(b). The dc side voltage is zero and the HVDC converter ac bus voltages are expressed in

(9-2).

{Vl =Zr1/(Zp1 + Z51)Vsq (9-2)

Vs = Zp3[(Zps + Zs3)Vs3

Though the fault does not pull the two terminal ac voltages down to zero, both ac and dc

transmissions lose the power transfer capability.
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(b)

Figure 9-5. Point-to-point transmission: (a) Ac transmission case; (b) Dc transmission case.

9.2.2 Multi-terminal Configuration

Figure 9-6(a) shows a 4-terminal ac transmission with a three-phase short-circuit fault. Bus

1 and 3 voltages are determined by the total fault current, as expressed in (9-3).

Vi = IrquitrZ11/2
9-3
{V3 = IrquitzZi1/2 ( )

Considering the voltages across line 3 and 4, bus 2 and 4 voltages are expressed in (9-4).

Vo =Vi + IpquieaZys
9-4
{V4 = V3 + IpquitaZia (©-4)

Since bus 2 and 4 voltages may not drop too much, the transmission line between bus 2 and

4 can maintain certain power transfer capability.
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Figure 9-6. Multi-terminal transmission: (a) Ac grid case; (b) Dc grid case.
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The MTDC with a pole-to-pole short-circuit fault is shown in Figure 9-6(b). The dc grid
loses the power transfer capability since the dc side voltage drops to around zero. The ac bus
voltages of the HVDC converters are determined by the ac system and filter impedances, as
expressed in (9-5).

(Vi=Z1/(Zs1 + Z51)Vs1
Vo =Zsy[(Zgy + Zs2) Vs

| Vs = Zr3/(Zf3 + Zs3)Vs3
U/4 =Zsa/(Zsa + Zs4)Vsa

(9-5)

9.2.3 Dc Fault Impact on Connected Ac System Stability

The dc fault impact on the connected ac system includes the MTDC power transfer
capability loss and an equivalent three-phase short-circuit fault on the ac side of each HVYDC
converter, as shown in Figure 9-7. The power transfer capability loss impact on ac system
depends on the percentage of the power delivered through MTDC. The equivalent ac fault
impact on ac system depends on the HVDC converter ac filter impedance and the number of

HVDC converters.

P3Qs P1Qs
Vs z,<= “zy W1 N

,/ L¢3 Rfaé L ! 5 Ry La \

[

AC

/ PsQs P<2:(|32
\ Vy Zu <= Zo Vo

\ /
~ Lt Rmé é R, Lr W/

| |

| |

!

| AC |

Lo

L
I

Figure 9-7. Equivalent ac faults caused by dc fault.
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9.3 Simulation Results and Analysis

The dc and ac simulation platforms are built in MATLAB to verify the dc and ac grid
characteristics under fault conditions and the fault impact on ac system. The point-to-point
transmission and multi-terminal system topologies are shown in Figure 9-5 and Figure 9-6,
respectively. The simulation platform can correspond to the hypothetical MTDC system
transferring power form two windfarms in Cape Cod Bay area to two onshore load centers in

Massachusetts (U.S.) and Connecticut (U.S.), as shown in Figure 9-8 [94].

The per unit values of system parameters are shown in Table 8. Figure 9-9 shows the HVDC
station control diagram. The HVDC station VSC3 operates at constant dc voltage and constant
reactive power mode. The other three VSC stations operate at constant active power and constant

reactive power mode.

Load
svC
Thermal
Wind
HVDC

7 -y U Connecticut @ s
B Load Center
V-V«':m'h Jereppet (CLC)

Figure 9-8. Cape Wind Project hypothetical system in Northeast Power Coordinating Council

(NPCC) system.
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Table 8. System parameters for ac and dc fault simulation

Source 1 Source 2 Source 3 Source 4
Vs1 01 Vs 0, Vs3 03 Vsa 04
1p.u. 35° 1p.u. 35° 1p.u. 0° 1p.u. 0°
Zs1(p.u.) Zs2(p.u.) Zs3(p.u.) Zs4(p.u.)

Ls1 Rs1 Ls2 Rs2 Ls3 Rs3 Lsa Rsa4
0.2300 0.0068 0.2300 0.0068 0.2300 0.0068 0.2300 0.0068
Z1(p.u.) Z2(p.u.) Z3(p.u.) Zia(p.u.)

L1 RL1 L2 RL2 Lis Ris Lia RLa
0.1120 0.0120 0.0930 0.0080 0.0900 0.0020 0.1270 0.0350
Zs1 (p.u.) Zr2 (p.u.) Zs3(p.u.) Zs (p.u.)

L R L R Lt Rz L Rt
0.1500 0.0015 0.1900 0.0019 0.1500 0.0015 0.1900 0.0019

Ve Control mode selection

_ Constant Vg

|
+ dref 1
Vdcref Idref
Pret —1 Inner out

- Constant P current , Uty

cycle
P loop

Qref +, ‘ Pl } Iqref
B Constant Q

Q

Y

Figure 9-9. HVDC station control diagram.
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9.3.1 Point-to-point Ac and Dc Transmission Comparison

The simulation results for the point-to-point transmission case are shown in Table 9. The
steady state values before the fault happens are shown in the “Normal” column. The steady state
values after the fault happens are shown in the “Fault” column. For the ac transmission during
fault, the bus voltages and active powers drop to around 0.2 p.u. and 0 p.u., respectively. For the
dc transmission, the ac bus voltages, dc voltages and active powers drop to around 0.4 p.u., 0 p.u.
and 0 p.u., respectively. Both ac and dc transmissions lose the power transfer capability and the

results match with (9-1) and (9-2).

9.3.2 Multi-terminal Ac and Dc Transmission Comparison

The simulation results for the multi-terminal case are shown in Table 10. The steady state
values before the fault happens are shown in the “Normal” column. The steady state values after
the fault happens are shown in the “Fault” column. For the multi-terminal ac (MTAC) during
fault, the voltage drop and active power loss of bus 1 and bus 3 is larger than that of bus 2 and

bus 4, which are located further away from the fault location.

The positive value of P4 indicates that the bus 2 and bus 4 remain certain power transfer
capability. For the MTDC system during fault, the ac and dc voltages drop to around 0.4 p.u. and
0 p.u., respectively. The positive values of P1 and P> and negative values of P3 and P4 indicate
that all active powers flow into the MTDC grid for the grid power loss. The MTDC loses the
power transfer capability. Based on the results, the ac fault impact decreases as the distance from
the fault location increases, but the dc fault impact is significant within the whole MTDC grid.
At the same time, there is an equivalent three-phase short-circuit fault on the ac side of each

HVDC converter since dc voltages almost drop to zero.
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Table 9.

Point-to-point ac and dc transmission comparison

' Vi(p.u.) Vs (p.u.) P1(p.u.) P3(p.u.)
Grid type
Normal  Fault Normal Fault Normal Fault Normal Fault
AC 0.974 0.196 0.966 0.196 0.890 0.068 0.880 -0.068
DC 1.000 0.393 0.940 0.393 0.870 0.060 0.850 -0.060
. Q1 (p.u.) Qs (p.u.) Vic1 (p.U.) Vs (p.u.)
Grid type
Normal  Fault Normal Fault Normal Fault Normal Fault
AC -0.041  0.589 -0.043 -0.589 Not available
DC -0.130 0.890 -0.130 -0.890 1.008 0.015 1.000 0.015
Table 10. Multi-terminal ac and dc comparison
_ Vi (p.u.) V2 (p.u.) Vs (p.u.) V4 (p.u.)
Grid type
Normal Fault Normal Fault Normal Fault Normal Fault
AC 0.978 0.283 0.976 0.461 0.972 0.265 0.972 0.479
DC 0.998 0.382 0.998 0.390 0.936 0.381 0.930 0.393
_ P1(p.u.) P2 (p.u.) P3(p.u.) P4 (p.u.)
Grid type
Normal Fault Normal Fault Normal Fault Normal Fault
AC 0.910 0.190 0.780 0.430 0.890 0.030 0.780 0.160
DC 0.865 0.100 0.740 0.210 0.837 -0.100 0.738 -0.210
_ Q1 (p.u.) Q2 (p.u.) Qs (p.u.) Qs (p.u.)
Grid type
Normal Fault Normal Fault Normal Fault Normal Fault
AC -0.064 0.744 -0.050 0.711 -0.019 -0.732 -0.005 -0.778
DC -0.140 0.870 -0.100 0.700 -0.130 -0.870 -0.120 -0.700
_ Vet (p.u.) Ve (p.u.) Vdces (p.u.) Vdea (p.u.)
Grid type
Normal Fault Normal Fault Normal Fault Normal Fault
DC 1.007 0.030 1.006 0.072 1.000 0.020 1.001 0.078
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9.3.3 Dc Fault Impact on Ac System Evaluation

A scale-down three-area system, which represents a reduced NPCC region, is built in
MATLAB to evaluate the dc fault impact on connected ac system, as shown in Figure 9-10. Area
1, 2, and 3 represent the New York area, New England area, and the Connecticut area,
respectively. The offshore wind is connected to the ac system through a MTDC. An equivalent

MTAC is built to replace the MTDC for comparison, as shown in Figure 9-6 and Table 8.

Three dc fault protection schemes are implemented separately in the MTDC to evaluate the
dc fault impact on ac system with different protection schemes. Figure 9-11 shows the detailed
protection strategy, including the ac fault protection. The three dc fault protection schemes are: 1)

dc breakers, 2) full-bridge MMCs with dc contactors, 3) ac breakers with dc contactors.

P:0.5p.u.
P 1 25mH 6

0.7mH 7 1 ! |
2 ™1  0mH T TN 6500 001 pu e o
: | 1.2 mH 10 mH Replace for
P:0.65p.u.Q:-0.1p.u. I apc case
P:0.5p.u. Areal

P:0.7 p.u. Q: -0.1 p.u.
pu-Q:-0.1p f10 mH3mHE

P: 0.5 p.u. 13
P ? 25mH 10
@ " o07mH ? -~ ~h 3 &N .
4 07mH [ o
@ P: 0.6 p.u.Q:-0.1p.u. Area3
15
P:05pu  Areaz o @ P:0.1p.u.
P:0.7 p.u. Q: -0.1 p.u. 2.5mH

Figure 9-10. Three-area system with offshore wind farm.
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Scheme 1: DC breakers
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Figure 9-11. Dc and ac fault protection schemes.
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A permanent pole-to-pole dc short circuit happens at 0.1s. The VSC dc side voltages and ac
side active powers are shown in Figure 9-12, Figure 9-13, and Figure 9-14 with the dc fault

protection scheme 1, scheme 2, and scheme 3, respectively.

1) Scheme 1: The equivalent ac fault duration is around zero since dc voltages are further
above zero, as shown in Figure 9-12(a). The power transfer capability loss duration is around

0.05 s considering the active power recovery, as shown in Figure 9-12(b).

2) Scheme 2: The equivalent ac fault duration is around 0.02 s since dc voltages drop to
around zero, as shown in Figure 9-13(a). The negative dc voltages indicate that the dc fault
currents are blocked by the full-bridge MMCs. The power transfer capability loss duration is

around 0.15 s considering the active power recovery, as shown in Figure 9-13(b).

3) Scheme 3: The equivalent ac fault duration is around 0.1 s since dc voltages maintain
around zero until 0.2 s, as shown in Figure 9-14(a). The power transfer capability loss duration is

around 0.4 s considering the active power recovery, as shown in Figure 9-14(b).

Table 11 summaries the equivalent ac fault duration time and power transfer capability loss

duration time for the three dc fault protection schemes.

Table 11. Equivalent ac fault and power transfer capability loss duration time with three

different dc fault protection schemes

Duration time Scheme 1 Scheme 2 Scheme 3
Power transfer loss 0.05s 0.15s 0.4s
Equivalent ac fault 0.0s 0.02s 0.1s
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Figure 9-12. Waveforms with dc fault protection scheme 1: (a) VSC dc side voltages; (b) VSC ac

side active powers.
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Figure 9-13. Waveforms with dc fault protection scheme 2: (a) VSC dc side voltages; (b) VSC ac

side active powers.
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Figure 9-14. Waveforms with dc fault protection scheme 3: (a) VSC dc side voltages; (b) VSC ac

side active powers.
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Since the power angle difference between generators G5 and G1 is the largest one, it is
chosen to evaluate the fault impact on the ac system transient stability. Figure 9-15 shows the
angle variations with three dc fault protection schemes. According to the first peak angle value,
the dc fault impact on ac system is small with the dc protection scheme 1. The dc fault protection
scheme 2 has similar performance as the ac fault case. The dc fault impact on ac system is larger
with the dc protection scheme 3. The system is transient stable under all protection schemes

since the angle is within -180°.

According to the simulation results, the dc fault impact on ac system can be small if fast dc
breakers or full-bridge MMCs are implemented. The fast dc breaker can even make the impact
smaller than the equivalent MTAC case. Though the dc fault impact on ac system is large if ac

breakers are employed to deal with the dc fault, the system is still transient stable.

G5 refer to G1 angle variation under fault conditions

A
o

==DC breaker
45 *='Full-bridge MMC
=AC breaker for dc fault
==AC fault
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Figure 9-15. Power angle variations between G5 and G1 under fault conditions.
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Shown in Figure 9-16 is the model built in MATLAB Simulink to emulate the power
transfer capability loss and equivalent ac fault, named as PFE in this dissertation. The power
source model can output the demand active and reactive powers by changing the output currents
based on the terminal voltages. The power transfer loss can be emulated by changing the power

source references to zero. The equivalent ac fault can be emulated by closing the breaker.

The PFEs are connected into the three-area system by replacing the original HVDC stations
with PFEs, as shown in Figure 9-17. By using PFEs, the impacts of power transfer capability loss

and equivalent ac faults on the connected ac system can be evaluated separately.

Figure 9-18 shows the power angle comparison of the dc fault protection scheme 1 and
equivalent PFE cases. The 0.05 s power transfer loss and O s equivalent ac fault are implemented
in the PFEs. The difference of the two power-angle peak values is smaller than 0.5°, which
indicates that the PFE model can emulate the dc fault impact on ac system with protection

scheme 1.

A4 o |
7 I

Fault |

I

| _Bresenl )

Figure 9-16. Power transfer capability loss and equivalent fault emulator.
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Figure 9-17. Three-area system with PFEs emulating the power transfer capability losses and

equivalent ac faults.

G5 refer to G1 angle variation comparison
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Figure 9-18. Power angle comparison of 2ms dc breaker and equivalent PFE cases.
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Figure 9-19 shows the power angle comparison of the dc fault protection scheme 2 and
equivalent PFE cases. The 0.15 s power transfer loss and 0.02 s equivalent ac fault are
implemented in the PFEs. The difference of the two power-angle peak values is smaller than 0.5°,
which indicates that the PFE model can emulate the dc fault impact on ac system with protection
scheme 2. The power transfer capability loss and equivalent ac faults are also implemented
individually to evaluate their impacts on the ac system transient stability separately, as shown in
Figure 9-19. The impact of power transfer capability loss on the power angle variation is close to
that of the equivalent PFE case. The equivalent ac fault impact on the power angle variation is

small.

Figure 9-20 shows the power angle comparison of the dc fault protection scheme 3 and
equivalent PFE cases. The 0.4 s power transfer loss and 0.1 s equivalent ac fault are implemented
in the PFEs. The difference of the two power-angle peak values is small, which indicates that the
PFE model can emulate the dc fault impact on ac system with protection scheme 3. The power
transfer capability loss and equivalent ac faults are also implemented individually to evaluate
their impacts on the ac system transient stability separately, as shown in Figure 9-20. The impact
of power transfer capability loss on the power angle variation is close to that of the equivalent

PFE case. The equivalent ac fault impact on the power angle variation is small.

Figure 9-21 shows the power angle comparison of the equivalent ac fault and zero
impedance ac fault related to the dc fault protection scheme 3. The power angle variation is
several times larger if the fault impedance is not implemented. However, according to the
comparison of equivalent PFE and zero impedance PFE, the ac fault still contributes little to the

angle variation even if the fault impedance is not implemented.
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Figure 9-19. Power angle comparison of full-bridge MMC, equivalent PFE, power transfer loss,

and equivalent ac fault cases.
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Figure 9-20. Power angle comparison of 0.1s ac breaker, equivalent PFE, power transfer loss,

and equivalent ac fault cases.
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G5 refer to G1 angle variation comparison
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Figure 9-21. Power angle comparison of equivalent PFE, zero impedance PFE, equivalent ac

fault, and zero impedance ac fault cases related to 0.1s ac breaker protection.

According to the simulation results, the PFE model is verified to emulate the dc fault impact
on ac system with the three protection schemes. The dc fault impact on ac system stability
mainly comes from the power transfer capability loss. The impact of equivalent ac faults on ac
system stability is insignificant. The VSC filter impedance weakens the equivalent ac fault

impact on ac system stability, but the influence is not significant in the defined system scenarios.

9.4 Conclusion

Based on the analysis of the dc fault performances under different HVDC converter
topologies, this paper investigates the dc and ac grid characteristics under fault conditions and
the dc fault impact on connected ac system. From the simulation results, the following

conclusions can be drawn:
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1) For point-to-point transmission case, both ac and dc transmissions lose the power transfer
capability under zero impedance three-phase short-circuit fault and zero resistance dc fault

conditions.

2) For multi-terminal transmission case, the ac fault impact decreases as the distance from
the fault location increases, but the dc fault impact is significant within the whole dc grid. Under
the zero impedance three-phase short-circuit fault condition, the ac grid can still maintain certain
power transfer capability for the buses far away from the fault. However, the dc grid completely
loses the power transfer capability under a zero resistance short-circuit fault. A dc fault also

creates an equivalent three-phase short-circuit fault on the ac side of each HVDC converter.

3) During dc fault, the connected ac system suffers both the MTDC power transfer
capability loss and the equivalent ac faults. The impact of equivalent ac faults depends on the

HVDC converter filter impedances.

4) The dc fault impact on connected ac system can be small if fast dc breakers or full-bridge
MMCs are implemented. The fast dc breaker can even make the impact smaller than the
equivalent ac case. Though the dc fault impact on ac system is large if ac breakers are employed
to deal with the dc fault, the system is still transient stable for the evaluated system in this
dissertation. The HVDC converter filters weaken the equivalent multiple ac faults impact on ac
system, and the impact of equivalent multiple ac faults on the connected ac system is small under

the defined system scenarios.

Though the results are based on the defined system scenarios, the conclusion can be a

reference for the ac grid and dc grid evaluation by considering fault conditions.
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10 Conclusion and Recommended Future Work

This chapter summarizes the work that has been done in this dissertation and provides some

recommendations for future work in this area.

10.1 Conclusion

A power electronics converter interfaced power system emulation platform has been

developed in this dissertation. The key issues involving transmission line emulation, hybrid

emulation with the HTB and RTDS, and flexible MMC test-bed have been investigated. The

conclusions can be drawn as follows:

e Transmission line emulation

1)

)

3)

Algorithms to solve different transmission line models, transmission lines with
integrated compensation devices, and transmission lines under fault conditions are
proposed respectively to emulate the corresponding transmission line performances
by calculating the terminal current references with the terminal voltage feedbacks.
The proposed algorithms have been implemented in a transmission line emulator
based on two VSCs and are verified by comparing experiment results with the

corresponding digital simulations.

Combined transmission line models are developed to avoid the switching transient
between the normal and fault states by switching the input of the integrator for
current reference calculation instead of switching the current references from two
different integrators.

A time-delay compensation method based on Park’s transformation is proposed to
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(4)

correct the follower side current reference negative sequence component phase angle
shift caused by the communication time delay. Experiment results verify the

effectiveness of the proposed compensation method.

A negative sequence current control method is proposed and implemented in the
transmission line emulator to track the negative sequence current references under
unbalanced conditions. Experiment results verify the effectiveness of the proposed

negative sequence control methods.

e Hybrid emulation with the HTB and RTDS

1)

)

©)

A hybrid emulation interface with both voltage source ITM and current source ITM
algorithms is established to guarantee the interface stability under different system
conditions by selecting the appropriate algorithm based on the relationship between
the equivalent impedance at the digital side and the equivalent impedance at the

hardware side.

A time-delay correction method based on Park’s transformation is proposed and

implemented in the hybrid emulation interface to enhance the emulation accuracy.

Two identical interfaces are implemented in the developed hybrid emulation
platform to further extend the emulation capability and flexibility. The hybrid
emulation stability with two interfaces is analyzed, and the analysis result is utilized
for selecting appropriate interface algorithms to ensure the hybrid emulation stability.

Experiment results verify the effectiveness of developed hybrid emulation platform.

e Flexible MMC test-bed

1)

A MMC test-bed with 10 full-bridge SMs in each arm is developed with flexible
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reconfiguration capabilities of topologies, switching frequencies, and passive

component parameters.

2 A cost-effective and universal pre-charge method by utilizing the MMC circuit and a
low voltage dc supply is proposed to pre-charge the MMC, which has been

implemented and demonstrated in the MMC test-bed.
e Hybrid ac/dc transmission and dc fault impact on ac system stability

1) In hybrid ac/dc transmission system, the zero-sequence current induced by non-
transposed coupled transmission lines flows into the dc side as a fundamental
frequency current igo, which can induce saturation issues on the LLC-HVDC
converter transformer. Two methods, including the capacitor-commutated converter
(CCC)-HVDC and band-stop LC filters, are proposed to solve the potential HVDC

converter transformer saturation.

2 Under a dc fault, the connected ac system suffers both the MTDC power transfer
capability loss and the equivalent ac faults, whose impact depends on the HVDC
converter filter impedances. The dc fault impact on ac system is large if ac breakers
are employed to deal with the dc fault. On the contrary, a dc fault impact on
connected ac system can be small if fast dc breakers or full-bridge MMCs are
implemented. The fast dc breaker can even make the impact smaller than the

equivalent ac case.

10.2 Recommended Future Work

As the further extension of the work in this dissertation, the following future works are

recommended:
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(1) Transmission line emulation

Even though the commonly utilized transmission line models have been emulated with the
transmission line emulator, more complicated transmission line models can be potentially
emulated in the future, like the multiple [] sections transmission line model, transmission line

model considering phase coupling effects, unbalanced transmission line models, etc.

For transmission line emulation with combined compensation devices, variable capacitors
and inductors are utilized to represent different compensation devices. In the future, high level
control functions can be implemented to adjust the variable capacitors and inductors online to

perform the same as FACTSs, like STATCOM, SSSC, UPFC, etc.
(2) Hybrid emulation between RTDS and HTB

This dissertation implemented a switched hybrid emulation interface between the voltage
source ITM and current source ITM algorithms in the hybrid emulation platform. Because the
two ITM algorithms have complementary stability conditions, the hybrid emulation system
maintains stability by selecting the corresponding stable interface algorithm under different
scenarios. Even though the demonstrated scenarios in this dissertation are always stable by
keeping the selected interface algorithm, it is potentially beneficial to switch the interface
algorithm online under some extreme cases that the impedance relationship between the HTB

and RTDS subsystems changes in real time.
(3) MMC test-bed

The basic functions have been implemented in the MMC test-bed, and it has been utilized to
study and demonstrate the proposed pre-charge method. Because the reconfiguration flexibility

and as many as 10 SMs in each arm, this platform can be used to conduct various MMC research
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scenarios, like the MMC fault tolerant study, dc fault current block and fast restart with full-

bridge or hybrid MMC setup, MMC modeling and stability study, etc.
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