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Chapter 1

Introduction

1.1 Challenges in the Operation of Future Power

Systems

The operation of electric power systems has, throughout most of the 20th Century,
been fundamentally based on the properties of synchronous machines and dispatch-
able power generation in the form of thermal power (mainly fossil fuel based plants)
and hydro power plants. For multiple economical and environmental reasons, this
paradigm has been changing in a growing pace throughout the last decades. The cur-
rent trend is that of renewable power generation based on non-dispatchable sources
such as solar radiation and wind. These sources are also characterized by the re-
liance in power electronics converters in order to interface the traditional ac grid
with the technologies used in the immediate primary energy source conversion into
the electrical form (e.g. photovoltaic panels and, in the case of wind, asynchronous
generation). In Brazil, there is also the trend of hydro power plants based on the run-
of-the-river technology [1], which present a limited capability of being dispatched,
specially during the dry season.

It is expected that, in this context of widespread adoption of Variable Renew-
able Energy (VRE), challenges to the stable operation of power systems will arise.
A first class of problems is related to the fact that traditional power systems op-
erate based on load forecasting and adjustment of the necessary power generation.
As wind and solar power outputs are variable, the system may experience mismatch
between energy demand and generation regardless of precise load forecasting. These
operational issues may cause renewable energy generation curtailment, lead to unat-
tended loads, and require larger spinning reserves [2]. Another point is related to
the stability of power systems. On the face of contingencies, i.e. the disconnection of
elements such as interconnections between subsystems, generators or large loads, the

frequency of power systems can suffer large deviations and leave what is considered



to be the normal operating range. This might lead to disconnection of power plants
by their respective protection schemes, activation of load shedding schemes and
even blackouts. This class of stability, known as frequency stability, benefits from
characteristics of synchronous generators, such as synchronizing torque, the kinetic
energy stored in rotating masses of synchronous machines, and primary frequency
regulation capabilities.

The considerably large masses present in synchronous machines rotors are syn-
chronized to the power system frequency before an eventual contingency and, due to
their inertia, will oppose fast frequency variation [3]. As a result, the immediate rate
of change of frequency (ROCOF) following the contingency is lower for systems with
higher inertial levels [4]. It is important to notice that this discussion deals with the
rate of change of average frequency, as in the immediate follow-up from a large-scale
disturbance the system may present oscillation modes and, therefore, the machines
will not be perfectly synchronized, but oscillate against each other [5]. If the system
possesses small-signal stability, these oscillations will be dampened out by damper
circuits of the synchronous machines and controls such as Power System Stabilizers
(PSS). The explanation presented here assumes small-signal stability. Figure
depicts a simplified representation of the behavior of an electrical subsystem aver-
age frequency after a contingency-related interconnection loss. In the shown time
range (seconds), the main factors are the system’s inertia and its primary frequency
response. As expected, after the contingency the system will stabilize in a different
frequency, which differs from the initial one by the quantity Ay,s. The system will
subsequently move into a new frequency state using secondary frequency regulation,

which is not captured in the behavior shown in Figure|l.1
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Figure 1.1: A possible shape of a frequency curve related to contingencies in inter-
connected electrical power systems.

As power electronics based generation and power imports via High-Voltage
direct-current (HVdc) links start to take up a larger share of the total power avail-
able, the system may lose inertia and become more susceptible to larger frequency

variations [0] [7]. Some countermeasures have been added to the control of power



electronics converters in order to mitigate this condition. For example, commer-
cially available wind energy plants have adopted the virtual, or synthetic, inertia
concept, which allows for the converter to quickly remove energy from the rotating
wind turbine and inject it into the grid, emulating the natural inertial response of
synchronous machines [§]. However, VRE such as wind and solar operate in the Max-
imum Power-Point Tracking (MPPT) strategy and have no associated large energy
storage. Therefore, supply of primary frequency control from usual power-electronics
based generation is rarely available [9] [10] [IT] [12] [13]. Some Transmission System
Operators (TSO) around the world see a lack of inertia as a possible hindrance to
the continuous stable increase of VRE penetration [6] [14].

Modern power systems with great penetration of non-dispatchable power sources
with power-electronics interface have, therefore, two main challenges. The first one,
is related fundamentally to the non-dispatchable nature of the VRE. This specific
operation aspect could be greatly improved with technologies capable of reducing
the generation-demand mismatch. Large scale energy storage is a possible solution
and research in its multiple implementation methods have been gaining traction in
the last years [I5] [16] [17]. Throughout the 20th Century, countries such as Japan
and France have dealt with this specific condition and installed large-scale energy
storage in the form of Pumped Hydro Storage (PHS) to operate systems with large
share of nuclear power plants, which are operated in a non-dispatchable manner [I§]
[19]. On the other hand, when the also stochastic nature of VRE, with possibly
fast variations is taken into account, large-scale energy storage with the possibility
of providing dynamic grid support in the form of frequency regulation, synthetic
inertia and other ancillary services becomes desirable [20].

This dissertation focuses on the large scale energy storage technology known
as Variable-Speed Pumped Hydro Storage (VS-PHS). This is a relatively new and
mostly power-electronics based enhancement of the original, fixed-speed, PHS vari-
ant. It has been proposed with the objective of contributing to the operation of

modern power systems by presenting multiple ancillary services capabilities.

1.2 Perspectives for Pumped Hydro Storage

Pumped Hydro Storage technology is based, fundamentally, on the conversion of en-
ergy in the electrical form to energy in gravitational potential form, and vice-versa.
The energy storing process is done by pumping water to an elevated reservoir. This
energy is recovered in the same process that occurs in a regular hydro plant, letting
the water flow towards the lower reservoir, acting upon a turbine coupled to an elec-
tric generator. The United States Department of Energy (U.S DOE) reports that,

as of 2019, approximately 96% of the world’s large-scale energy storage is imple-



mented using PHS technology [21]. This is the only technologically mature option
for utility scale (GWh) energy storage [22] and the most efficient one [23], being
capable of reaching the 80% mark in terms of efficiency [24] [25]. Pumped hydro has
lower environmental impact if compared to batteries-based storage and its related
industry [26]. This happens partially because PHS also presents larger lifetime and
therefore does not require replacement costs [27]. According to Katsaprakakis et
al. [28], the pumped-hydro technology is the optimum large-scale energy storage
for medium and large power systems, both in technical and economical terms. The
association of PHS and batteries for isolated power systems relying solely on VRE
has been also recently proposed [29].

A detailed report of how PHS enterprises fare in different electricity markets is
beyond the scope of this work. The USA’s Argonne National Laboratory presents
an extensive report on the potential advantages of PHS in the United States power
system, in operational and economical terms [30]. Kelman et al. [31] investigate the
feasibility of a PHS in the Sobradinho reservoir, in the Brazilian northeast region.
They also explore another possible application of pumped hydro’s reservoirs: floating
photovoltaic (PV) farms. The justification for floating PV is based on the fact that
solar panels render useless land that could be used otherwise and, at the same time,
operate more favorably when cooled down, what would happen near a large body
of water.

The International Hydropower Association (IHA) reports that until 2019 the
PHS installed capacity was of approximately 160 GW [32] and is expected to grow
approximately 78 GW until 2030, most of it taking place in China as a way of re-
ducing VRE curtailment [27]. In Europe, the installed capacity has grown 2.1 GW
in Portugal since 2001, contributing to the considerable increase of VRE in the
Portuguese electrical grid [33]. Norway has a great hydro potential and the imple-
mentation of pumped-hydro to counteract variations due to offshore wind power has
been proposed [34].

Brazilian planning authorities have recently published a report listing possible
sites for PHS units in the state of Rio de Janeiro. A set of 15 feasible locations
has been chosen, totaling 63 GWh of stored energy with an estimated global ef-
ficiency of 75% [35]. A similar screening of feasible PHS locations has been done
in Australia, identifying hundreds of locations and considering the exportation of
renewable energy to Southeast Asia through HVdc links [36]. In recent years there
have been research initiatives regarding PHS including universities and industries
in both Europe [2] [37] and Brazil [3§]. Table [1.1|shows some of the Pumped-Hydro

Storage Units currently operational, and their respective energy storage potential.



Table 1.1: Some examples of currently operational pumped-hydro storage units.
Data based on the International Hydropower Association map [39]

PHS plant Location | Energy Storage Capacity | Power Rating (Pumping Mode)
Goldhistal Germany 8.48 GWh 1060 MW
Baixo Sabor | Portugal 3.4 GWh 189 MW
Grand Maison | France 34.8 GWh 1200 MW
Nygard Norway 65.82 GWh 56 MW
Zhanghewan China 5.98 GWh 1000 MW
Omarugawa Japan 10.25 GWh 1200 MW
San Luis USA 509.71 GWh 424 MW

Pumped-hydro units are capable of energy storage in multiple time-frames, a
high-head PHS built using a major river as the lower reservoir and capable to long-
term (up to pluriannual) regularization capacity is known as a Seasonal PHS (SPHS),
and is capable of making contributions to the whole river cascade, it has been
proposed as an option for the Brazilian Power System [40]. Hunt et al. [41] identified
a worldwide energy storage capacity for SPHS of 17.3 PWh, with estimated cost
under 50 US$/MWh. Also according to this paper, the average land requirement
for this kind of high-head PHS is within the 1.2 and 20 km?/TWh. Long-term
pumped-storage can also contribute to water management in countries which are
prone to water shortage in some periods of the year.

Even though the world’s first PHS unit is almost 100 years old and the concept
is well established, there are still new proposals being made in terms of mechanical
parts [42] and reservoirs choices. For example, the idea of underground reservoirs,
possibly using abandoned mines has been proposed as a way of minimizing costs
and possible environmental impacts [40] [43].

With the ongoing advances in high-power electronics and the falling prices of
the associated high-power semiconductor devices [44], there is growing interest in
the Variable Speed Pumped Hydro Storage (VS-PHS) units. This variant of the
conventional Fixed Speed Pumped Hydro Storage (FS-PHS) allows this kind of unit
to quickly and precisely modulate its power flow, leading to an electrical behavior
better suited to modern power systems [44] [45], where large sudden energy mis-
matches can occur due to the behavior of primary sources such as solar radiation
and wind speed [7]. The possible offer of ancillary services from power-electronics
interfaces PHS is also beneficial to the grid and a source of income to the plant
unit. For example, the Frades II plant, in Portugal, has 13% of its income from
ancillary services [33]. Vargas et al. [46] evaluate the economics of retrofitting fixed
speed units to variable speed units, reaching profitable results when participation
on ancillary service markets are taken into account. Another promising applica-

tion concerning high-power converters is the connection of pumped hydro storage



to Multi-Terminal HVdc grids, this is the case for the Fengning PHS, part of the
Zhangbei four-terminal dc grid project, currently under development in China [47]
[48].

The IHA pumped-hydro storage map [39] indicates that, globally, there are 15
units now operating or under construction with variable speed capabilities. From
that number, almost all of them are built using the DFIM (Doubly Fed-Induction
Machine) topology [24]. As in the wind power production market, the fact that the
DFIM topology allows for the use of a smaller converter is beneficial. However, for
PHS units, there are specific advantages related to full-size converters (FSC) in
contrast with DFIM:

e Start-up of the pumping mode of DFIM based PHS units requires extra elec-
trical equipment [49]. According to some authors, the zero-frequency torque of
the DFIM solution is not enough to start the pump while it is submerged, and
this requires a time-consuming procedure known as de-watering, or blow-down
[24] [44] [50]. If compared to FSC based PHS, the start-up time is considerably
longer [51];

e FSC units can operate as STATCOM even if the machine is out of operation
[18] [44];

e F'SC units can be built from retrofitting of existing fixed-speed PHS [24] [52],
that is the case of Grimsel 2 [53];

e Low-voltage Ride-Through (LVRT) is a challenging requirement for DFIM
units, requiring special protection schemes or the oversizing of the converter

[24] [54]. The converter oversizing factor can reach values higher than 3 [20];

e The rotor of induction machines employed in DFIM configurations are more
complex, requiring voltages in the kV range; approximately five times the num-
ber of brushes required for the FSC based on electrically excited synchronous
machines; losses approximately eight times higher, and an overall higher fail-
ure probability than the rotors of electrically excited synchronous machines
[20] [54];

e If the variable-speed operation happens during both the pumping and gener-
ating mode, an optimized synchronous machine design can be made for the
operation with FSC, leading to smaller costs that might even offset the con-

verter costs [55].

Despite the possible advantages, there is only a single, as of 2020, operational unit

using the FSC configuration. The higher power levels related to this kind of unit, if



compared to wind power generation, brings up the requirement for the application
of multilevel inverters. The Grimsel 2 unit employs Active Neutral Point Clamped
(ANPC) converters, built by ABB. To illustrate the power level requirements, Table
[1.2] shows the power levels of some PHS of the variable-speed type, the power levels
are at least ten times higher than that of commercially available wind turbines, and

in most cases a hundred times higher.

Table 1.2: Some examples of variable-speed pumped-hydro storage units [50]

PHS plant Location | Power Rating per Machine (Pumping Mode)
Goldhistal Germany 265 MW
Frades 11 Portugal 372 MW
Nant de Drance | France 172 MW
Tehri India 255 MW

To build VS-PHS based on full-size converters, Steimer et al. [44] have proposed
in 2013 the application of the Modular Multilevel Converter (MMC), a topology
flexible in terms of voltage and power capabilities proposed by Rainer Marquardt
in 2002 [57]. The application of the MMC to VS-PHS has, conceptually, many
advantages both over the DFIM configuration and over the FSC configuration based
on monolithic converters such as the ANPC. Many of those advantages are also true
for the HVdc market, which has seen an intense growth of the MMC-based solution.

Some advantages are:

e MMC-based FSC requires only very reduced filters, or none at all, if compared

with monolithic solutions [57];
e MMC-based FSC is related to smaller common-mode voltage levels [58];

e MMC-based FSC, owing to its converters modularity, is easier to maintain and

to repair [44];

e Also owing to its modularity, the converter can be built in different spatial
configurations, molding itself to room constraints that might be present inside
dams [44];

e The drive configuration can be built without transformers, while monolithic
converters may require several parallel or series connections in order to attain

the necessary multi-pulse behavior (see, for example, [49] and [59]).

One important possible drawback of the MMC, though, is the fact that this topology
is prone to problematic voltage ripples when under low-frequency operation [60]
[61]. Many control techniques have been proposed to circumvent this problem. This

dissertation has the objective of, among other things observe the behavior of the
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MMC during start-up of the pumping system, when it will have to deal with low

frequencies.

1.3 Objectives

This work has the objective of investigating the VS-PHS based on the Modular Mul-
tilevel Converter (MMC) acting as a drive for an electrically excited synchronous ma-
chine. This implementation of VS-PHS has been conceptually proposed by Steimer
et al. [44] but is yet to be built and operated commercially. While there is at
least one prototype [54], works analyzing the behavior of such a plant taking into
account detailed vector control dynamics and MMC internal variables are yet to be
published. The present dissertation aims to partially fill this gap, focusing on the
pumping mode operation and attempting to follow the operational procedures of
Grimsel 2, the only currently operational VS-PHS based on a full-size converter.
More specifically, the control system of the MMC-based back-to-back configura-
tion is designed and its correct functioning is verified via time-domain simulation
using PSCAD/EMTDC. This simulation presents some level of detail that has not

been implemented in a single simulation in previous literature work:

e The hydraulic system is represented in detail for the pump-mode operation by

its non-linear equations, as developed by Liang et al. [62];

e The Modular Multilevel Converter is represented by a detailed model up to
the submodule level [63]. The MMC internal variables, such as circulating
currents and submodule voltages, are observed. Some previous works represent

the converter as a regular Voltage Sourced Converter [25], or using averaged
models [64] [65];

e MMC main-circuit design for this specific application without transformers on
the machine-side of the back-to-back is done and possible limitations of the

current technology are addressed;

e MMC control system is designed not only in terms of external variables but
also in terms of circulating current control and low-frequency operation control

strategy;

e A detailed field-oriented control is designed for the operation of a synchronous
machine with detailed parameters, including non-linearities of the magnetizing

branch and damper winding currents contributions;

e The start-up procedure is explored, specially in terms of the behavior of the

converter. The procedure is similar to the one applied in the commercial



operation of Grimsel 2, the world’s only variable-speed pumped-hydro storage

plant based on full-size converter technology, as reported in [53];

e The impacts of synthetic inertia applied during pumping mode operation are
investigated, both in terms of contribution to the frequency stability of the
power system and in terms of the repercussions to the VS-PHS unit internal

variables.

While the objective is to advance, both in scope and level of detail, the work
presented by some previous literature on the subject, this is a complex and multidis-
ciplinary subject and, therefore, some important topics on Pumped Hydro Storage

units are not included:

e No investigations on possible instabilities of hydraulic nature are performed,
even though this kind of phenomena is reported [66], operation under condi-

tions prone to cavitation and other hydraulic problems is simply avoided;
e No considerations about electrical power losses are done;

e Based on the current operation of Grimsel 2, where the converter is bypassed

in the generating mode, only the pumping mode operation is investigated;

e During the electrical drive control design, it is considered that the machine’s
rotor position is known. That is, a rotor decoder is considered to exist. The
author acknowledges that, for such an application, sensorless control would
probably be very advantageous. However, for the main topics of this disser-
tation, regarding power system interactions and start-up procedures, there is
no sensible advantage in implementing sensorless control. Implementing reg-
ular vector control was considered to be an important first step in this field
of research and the implementation of sensorless control is considered to be a

source of interesting future work;

e No economical feasibility studies are presented.

1.4 Contributions of this Dissertation

As a result of the investigations, this dissertation brings the following contributions
to this research field:

e A transfer function to describe the relationship between power and speed for
the model of a PHS operating on pump mode, presented by Liang [62], is
developed and used to design a control system with nested speed and power

control loops;



e It is proposed to slightly modify the already proposed MMC low-frequency
operation techniques by employing a differentiable approximation of a square
wave as common-mode voltage. This contribution resulted in a conference

paper [67].

1.5 Organization of this Dissertation

Besides the present Chapter, which contains the introduction, this dissertation is

organized in the following manner:

e Chapter [2 presents, in further detail, the VS-PHS technology and the mathe-
matical modeling applied throughout this work;

e Chapter [3| presents the mathematical modeling of the electrical equipment
related to a MMC-based FSC VS-PHS. The vector-control scheme and the

start-up procedure technique are also explained;

e Chapter {] presents the methodology applied to the simulations, control, and
main circuit design, describing and justifying the different criteria chosen

throughout the dissertation;

e Chapter [ presents the main-circuit design of the simulated Modular Multilevel

Converters;
e Chapter [0] presents the design of control systems;
e Chapter [7| presents the simulation results and discusses the findings;

e Chapter |8| contains the conclusions of this work.
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Chapter 2

Pumped Hydro Storage:
Technology and Mathematical
Modeling

This chapter aims to present a bibliographical review of Pumped Hydro Storage
(PHS) technology, basic concepts, and hydraulic models useful for power systems

dynamic performance studies.

2.1 Pumped Hydro Storage Technology and

Operational Experience

Pumped Hydro Storage has been largely deployed throughout the 20th Century
in, for example, Japan and USA, as a way to guarantee maximum efficiency in the
operation of nuclear and thermal power plants [24] [68]. Historically, most PHS units
have been of the fixed speed type. In this type of unit, the dynamics of the PHS
plant are relatively slow and, because there is no power-modulation capability during
pump operation, there are start-stop cycles spread throughout the day, happening
once per a couple of hours. The immediate advantage in this historical context is the
fact that, with fixed speed Pumped Hydro Storage, thermal units can operate with
relatively constant power output, leaving the load-generation coupling role to the

stored energy. Figure shows the general idea of this load-generation dynamics.
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Figure 2.1: Energy storage role in coupling power generation and demand.

It is possible to categorize PHS units in multiple ways. First, depending on the

hydraulic system two configurations are possible:
e Reversible Pump-turbine and
e Ternary System.

In the Reversible Pump-Turbine (RPT) configuration, a reversible turbine is
employed, operating both pumping water upwards and generating electrical energy
from falling water. Every reaction turbine is theoretically of this kind and can be
used to build this kind of PHS [69]. Usually the Francis Reversible Pump-Turbine is
employed [24]. Most PHS units currently in operation are of this type, owing to their
much simpler construction and therefore, lower initial costs [24]. The present work
focuses exclusively on units employing the RPT configuration. Ternary systems, on
the other hand, have two machines, each one exclusively dedicated to an operation
mode. This kind of PHS has advantages such as less start-stop cycles and faster
transition between operation modes. The main disadvantage is the more expensive
and complex construction, requiring twice the number of penstocks, machines and
every related equipment [52].

PHS can also be categorized in regard to the operation of the electrical machine

coupled to the turbine. There are two configurations:
e Fixed Speed Pumped Hydro Storage (FS-PHS) and
e Variable Speed Pumped Hydro Storage (VS-PHS).

Commercially available VS-PHS units are based on power electronics converter

technology. Their implementation began in 1990 with the Yagisawa plant [23].
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This sort of unit presents a faster and more delicate power control, allowing the
system operator to better match generation and demand [52]. Figure shows
a modified version of the pumping region shown in Figure 2.1, with a comparison
between the behavior of fixed speed and variable speed units, both with four sub-
units. It is shown that the VS-PHS variant can track the energy mismatch more
precisely. It also leads to less start-stop cycles. VS-PHS presents such a behavior
even while on pumping mode and is also capable of continuous and bidirectional
pump-turbine mode transition [5I]. These advantages lead to a smaller need for
fossil-fuel based reserve generation and to a longer life-span for the PHS turbine [52],
which is negatively affected by start-stop procedures [70] [71]. It is also important
to notice that Figure presents a load-generation mismatch with more spikes and
variations, if compared with Figure this is expected in a modern scenario with

larger penetration of VRE, where increased system flexibility is deemed necessary.

Fixed-speed unit
Variable-speed unit
Power generation surplus

A

Pumping
Power

-

Individual units
power rating

>

Time

Figure 2.2: Comparison between Variable Speed and Fixed Speed Pumped Hydro
Storage in the coupling energy generation and demand.

VS-PHS is advantageous to the power plant not only to extend the lifespan
of the equipment, but also because, as the hydraulic system can now operate in
multiple speeds, it can constantly attempt optimal speed operation. Optimal speed
is a function of water flow and is usually outside of the FS-PHS operating range
[72]. This relationship is represented by turbine manufacturers by an experimentally
obtained contour line known as the turbine’s hill chart [25] [73].

The first VS-PHS units (e.g. Yagisawa and Ohkawachi, both in Japan) were
based on the Thyristor technology, more specifically on cycloconverters [74]. Their
modern counterparts, on the other hand, are based on Voltage-Sourced Converters
(VSC) and are, just like modern wind generation, mainly based on two topologies:

doubly-fed induction machines and full-size back-to-back converter-fed synchronous
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machines [24] [59]. Examples of both topologies are shown in Figure [2.3|

FSC Field Excitati
System ew/i

Full-size Converter (FSC)

(P
:T’\/

D FI M Partial-size Converter
System [n =

Figure 2.3: The Full-Size Converter and Doubly-Fed Induction Machine topologies.

The current market dominance of DFIM technology has, according to some
authors, a decreasing trend. The downsides of full-size converters are expected
to become less significant because they are fundamentally related to the still ad-
vancing high-power electronics technology. That is, with currently advancing high-
power converter technologies, such as IGCT (Insulated-Gate Commutated Thyris-
tor) switches and advanced topologies such as the MMC, it is expected that the FSC
technology will push the current 100 MW feasible power to higher levels [20] [24] [44]
[51] [54] [59]. The downsides of DFIM, on the other hand, are expected to remain
relatively stable, for most of them are related to the fundamental characteristics of
the construction of induction machines.

While variable speed units allow for wider range of operation, specially when

using the full-converter topology, hydraulic limitations related to stability and cav-
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itation must still be respected [66].

2.1.1 Grimsel 2 Operational Experience

Grimsel 2 is a pumped-hydro storage unit located in the Swiss Alps. The unit has
three turbines operating with fixed-speed and one of them with variable-speed. This
variable-speed turbine is of special interest because it is the only, as of 2020, op-
erational VS-PHS based on a FSC. Table 2.1 shows some of the characteristics of

Grimsel 2 variable-speed operation.

Table 2.1: Some characteristics of the Grimsel 2 VS-PHS [59] [53] [70].

Characteristic Value
Converter Nominal Power 100 MVA
Nominal Voltage 13.5 kV
Frequency-range 46-51 Hz
Nominal Hydraulic Head 400 m
Converter Topology Active Neutral-Point Clamped Converters (ANPC)

The unit commenced operation in 2011. Throughout the first 11 months of opera-
tion it operated 43% of the time in the controlled pumping mode without presenting
specific problems [59]. This unit pumping-mode start-up happens against a closed
spherical valve until it reaches 600 rpm. After that, the spherical valve is opened
and the speed is set according to the desired pumping power, as function of the
hydraulic head. The start-up procedure takes, approximately, 60 seconds [59]. The
control scheme of the converter seems to consist of a nested power-speed loop, con-
taining also primary frequency response and head adaptation [53]. In this work the
same nested power-speed loop will be designed and implemented, disregarding head

adaptation.

2.2 Modeling of Hydraulic Components of PHS
Units Operating on the Pumping Mode

Hydro power generation is based on the conversion of water gravitational potential
energy to its electrical counterpart. In fundamental terms, a hydro unit consists in
two bodies of water (usually reservoirs, but not always) connected through a water
conduit (here called the penstock). The water flow (Q), given in m?3/s, passing
through this conduit propels a turbine, which is coupled to an electric generator.
Figure [2.4] shows a fundamental schematic of a PHS unit. The height difference

between the bodies of water is known as the head (H), given in meters.
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Figure 2.4: Conceptual drawing of a pumped-hydro storage unit.

The amount of power for a certain PHS configuration is given by [19] [75]:

P=pgHQn (2.1)

where p is the water density; g is the gravitational acceleration in the unit location,
given in m/s? and 7 is the pump efficiency. For the design of control systems and
development of linear models, is usually per-unitized and linearized around
the nominal values of P, H and @) (which are all equal to one). As the discussion
presented here regards pumps, a subscript p is added. This process results in ([2.2))
[75] [76]:

AP, = AH, + AQ,. (2.2)

The hydraulic modeling of hydro plants can be made in different levels of detail
depending on the kind of study and the plant characteristics. For example, some
installations have a surge tank with the objective of reducing pressure related to
rapid closure of the turbine wicket gates [19]. This work will disregard this kind of
element, specially taking into account the fact that no studies related to fast gate
closure will be performed.

Following the approach shown throughout the literature [19] [62] [76], the mod-

eling developed here is divided in two sections, the first one for the penstock, the
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second one for the pump-turbine. In some plants, multiple pump-turbines share a
single tunnel before it is divided in multiple penstocks, this will not be the case
studied here and, therefore, analysis for this kind of structure is not covered.

The water column in the penstock presents some dynamical characteristics,
namely: water inertia and water compressibility (also known as water hammer ef-
fect). It is not always necessary to add these dynamical effects in the model for
power system studies [76]. Water compressibility effects are specially important in
long penstocks [19]. PHS units are usually only considered to be feasible with a rate
between length of penstock and head of 10 or less [69], many have a ratio of 5 or less
[68]. Therefore, water compressibility is disregarded and an inelastic water column
model is studied.

Due to the different modes of operation of PHS units, an approach reported in
literature is to use two hydraulic models for the Reversible Pump Turbine. By using
this approach, electrical studies involving pumping mode (for example, for analysis
of the start-up procedure) would use a pumping-mode model and studies for the
investigation of the generating mode would use another model [62] [77]. However,
the practical operation of VS-PHS based on full-size converters presently bypasses
the converter during generating mode [53], making the unit operate as a regular
hydro power plant. Therefore, this dissertation focuses only on the pumping mode

model.

2.2.1 Penstock Model

The dynamics of the water column within the penstock are given by the differential
equation [76]:

dAQ  AH

a T,

where T, represents the quantity known as the water starting time, related to the

(2.3)

amount of time it takes for the water column of a given penstock to start moving.

It is function of the geometrical properties of the penstock [19] [62] :
__Le
Y AHg

where A is the penstock transversal area.

(2.4)

The head H in this case is not the same as the pump head H,. H is given by the
composition of the nominal head H,,, the penstock and gate-related head losses H,
and the head developed by the pump H,. If a unitary H,,, in per-unit, is considered,
the pump must develop |H,| > 1.0 4+ |H,| to guarantee upwards water flow:

H=H,— H,— H, (2.5)
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the relationship between flow and the variable head losses H; is given by:

Hy = fe(’@‘@)

fe = fc + fgate
differently from penstock models employed in traditional hydro modeling [19], the

(2.6)

friction constant related to the head loss in the penstock, f., is a sum between a

stationary friction f, and a variable one, fyu., [62] related to the gate position G

by:
Gma:v - G

fgate = aq

(2.7)

2.2.2 Pump-Turbine Model for the Pumping Mode Opera-
tion

The head generated by a centrifugal pump as function of speed w and flow can be
described as [62]:

H, = a,w* + a1w|Q,| + agQIQJ. (2.8)

Throughout this work a set of constants ag;2 = (1.7,—0.2,—0.3) is employed.
These values are similar to the ones applied by Liang et al. [62] and present a
behavior similar to the reported for Grimsel 2 [53]. Figure shows the pump
behavior for these constants and different speed values. As previously written, the
pump must be able to develop a head larger than 1.0 in order to actually propel
water. Therefore, Figure [2.5] shows that the pump can not operate, for example,
with w < 0.7. In the next subsection the possible operating points of the pump as

function of both speed and gate is shown.
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) Pump Q x H characteristic
T T T

w=0.6pu

Pump Developed Head, H (pu)

0 I I I I I
0 0.2 0.4 0.6 0.8 1 1.2

Pump Flow, Q (pu)

Figure 2.5: Relationship between speed, developed head and water flow in the cen-
trifugal pump used in this work.

2.2.3 Complete Hydraulic Model of Pumping Mode
Operation
The complete hydraulic model of the plant is obtained by combining the models

described in the previous subsections and can be represented as shown in Figure
2.0l

H,
w Pump Model H, Q P T
—_— 1 [_l P/ Amee
(Eq 2.8) O 4 O— 7 [
w
” T

Head Losses and
Wicket Gate Model ||
(Egs 2.6 and 2.7)

fe

Figure 2.6: Complete hydraulic model of the pumping-mode.

Figure [2.5] is now modified and only the pump characteristic curve for w = 1.0
pu is kept. The steady-state head requirements both from nominal head and head
losses in the penstock and gate are added for different gate values and, for steady-
state, of course, both values must be equal, otherwise flow would keep increasing

or decreasing. Figure shows that, for w = 1.0 pu, there are multiple possible
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operating points, depending upon the wicket gate position. As the developed head
for this speed is relatively high, the model presents no limitations, from the point

of view of keeping an upwards flow.

) Hydraulic System Characteristic
T T T
18 / / i
1.6
1.4

1.2 / .

Required Hp forG=0.1pu
Required Hp forG=0.2

Pump Developed Head, Hp(pu)

Required Hp forG=0.5pu
Required Hp for G=0.75 pu
0.2 Required Hp for G=1.0 pu

04

0 | | | Pump Q x H Curve for w = 1.0 pu

0 0.2 0.4 0.6 0.8 1 1.2
Pump Flow, Q (pu)

Figure 2.7: Complete hydraulic system characteristic for different gate positions.

Avoiding flux reversal is not the only limitation, there is also the maximum rated
power of the pump, Figure 2.8 shows that, for w = 1.0 pu, the intersection between
both characteristics (penstock and pump) would only happen for power levels of
almost 1.2 pu. It can be seen that for w = 0.95 pu the pump power is very close to
1.0 pu. So that value is chosen to be the maximum operating speed. The minimum
operating speed is set to w = 0.8, pu leading to a range of 0.15 pu, not very distant
from the 0.1 pu range of Grimsel 2 [53].
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Hydraulic System Characteristic
| | .

2.5

= = == Required Hp forG=1.0 pu

Pump Q x H Curve, w =0.8 pu
2 Pump Q x H Curve, w =0.9 pu
Pump Q x H Curve, w = 0.95 pu

Pump Q x H Curve, w =1.0 pu

0 0.2 0.4 0.6 0.8 1 1.2
Pump Flow, Q (pu)

Pump Head, Hp (pu) and Mechanical Power Pp (pu)

Figure 2.8: Complete hydraulic system characteristic. (€)2020 IEEE. Reproduced

from [67].

2.2.4 Developed Transfer Function Between Mechanical
Power and Pump Speed

Now that the complete hydraulic model has been presented, a transfer function that
is not explicitly presented in the literature must be developed. As will be seen later,
the electrical drive controlling the machine will have control loops for both speed
and power. It becomes necessary, for a correct control design, to know the transfer
function relating both variables.

The development begins with the linearization of (2.8) around a given operating

point w = wy, @) = Qpo:

AL — 2wp ag + a1Qpo a1wo + 2a0Qpo A
P 2 2 2 2 —Qp- (2.9)
apwy + a1wo + a2l apwy + a1wo + a2l
For brevity, two constants are defined, A aoiﬁig?:ﬁ%& and
0 p0
ajwo+2a2Qpo . . . .
= a0w3+a1wo+a§ & (2.9) is rewritten accordingly:
AH, = AAw + BAg,. (2.10)

As a second step, the linearized differential (2.3)) is rewritten and the Laplace

Transform is applied to it, resulting in:

TwAQs = —AH, (2.11)

substitution of (2.10]) into (2.11)) leads to the transfer function:
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AAw
(sT, — B)

which relates variations of water flow and pump speed, as the pump will operate

AQ = (2.12)

with constant and fully opened wicket gates, the head losses related to the gate H,
are disregarded. From now on the p subscripts are dropped. As the objective is to
relate mechanical power and pump speed, the linearized mechanical power is
substituted into . This yields:

A

Revisiting (2.10) and substituting it in (2.13) leads to:

sAT, —AB+ A B(sT, — B)
Aw +
(s Ty — B) sT,—B

The second right-hand term can be further modified by using (2.12)):

AP, = AQ. (2.14)

sAT, —AB+ A B(sT,—B) AAw
Aw

AP, = |
(57w —B) T T, —B (Tw-B)

(2.15)

with further algebraic manipulation a transfer function relating speed and

mechanical power is obtained:

A(sTy,+ 1)

AP = (s Ty — B)?

Aw. (2.16)

This process results in a description for the relationship between mechanical
power being employed on the pumping process and the pump speed. It is important
to observe that the constant B has only negative terms on the numerator, and a
positive denominator. Therefore, has only left-half-plane poles. The transfer
function derived here will be revisited in Chapter [0] during the design of the active

power control loop present in the machine-side converter.

2.3 Chapter Conclusions

The literature presents a model for the pumping-mode operation of a VS-PHS,
including the effects of wicket gates position. Using this model, a frequency range
for the operation of the converter studied in this dissertation has been defined.
Besides, in this chapter a transfer function relating variations of mechanical power
and pump speed has been developed. This development will be useful during the

control design process.
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Chapter 3

Modeling and Control of Electrical

Components

3.1 Introduction

Figure[3.1]shows a diagram representing the drive configuration studied in this work.
This chapter deals with the modeling of the electrical components of this high-power
electrical drive. The driven load in our specific case is, of course, a Reversible Pump-

Turbine and its modeling has been presented in Chapter [2]

Driven
Load
Electrical Grid ;r A —
7: s ~ /\/ im,s
gs
Vie Synchronous
V.. V. Machine +
g9¢ — /\/ e Static Exciter
Neutral bus

Figure 3.1: Simplified view of the electrical drive being studied.

3.2 Synchronous Machine Modeling

This work will deal exclusively with three-phase, wound rotor, salient pole syn-
chronous machines. A set of assumptions are necessary for the mathematical
modeling presented in this section [78] [79] [80].

e The rotor windings can be represented by a set of three equivalent windings
distributed amongst two perpendicular axis. In the direct axis (d) there is the
field winding (F) and the d-axis damper winding (D). In the quadrature axis
(q-axis), there is the g-axis damper winding (Q). This model can be found in
the literature as the 2.1 model [81] and fits with the generator data which is
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employed on the remaining of this work. More detailed representations of the

rotor also exist and are usually employed in turbomachinery [76] [82];

e The stator windings are distributed equally throughout the stator circumfer-

ence and can be represented by three windings, one for each phase;
e Magnetic non-linearities such as hysteresis and saturation are neglected;
e Capacitances are neglected;
e Resistances have constant values;

e There is no mutual linkage inductance between field and d-axis damper

windings. That is, Canay inductance is null [83].

These assumptions alone will still generate a relatively complex model with time-
varying inductances. As will be seen later, it is possible to make this model time-
invariant by using a reference frame fixed to the rotor. From now on the modeling
done using the initial assumptions will be called the "modeling in terms of machine
variables”, as done in [82]. Later the same equations in the "rotor reference frame”
will be explored.

Electrical rotating machines can be modeled by three sets of equations. One of
them describes the relationship between the magnetic fluxes in the machine and its

electrical currents, this set will be referred to, from now on, as the flux equations.

3.2.1 Flux Equations in Terms of Machine Variables

The stator-referred flux equations for a salient pole synchronous machine are:

L i
b iy

Ae| | Ls LSR] e (3.1)
AQ 5Lsr Lr | |io

AP IF

/\D_ iD_

where A\; = 0,7 p is the flux linkage of each of the windings described previously
and 7, is the current passing through these same windings, Lg is the submatrix with
self and mutual inductances of the stator, Lgg is the submatrix of the rotor to stator
mutual inductances and Lz is the submatrix of self and mutual inductances of the
rotor. As is a set of linear equations, it is natural to have a matrix of self and

mutual inductances. This matrix is henceforth expanded:
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[ Laa Lab Lac LaQ LaF LaD_

Lba Lbb Lbc LbQ LbF LbD

LS LSR Lca ch Lcc LcQ LcF LCD
- (3.2)

slér ¢ L $Loa Loy 3Loe ¢ Loo Lor Lop

%LFa %LFb %LFC LFQ LFF LFD

_2LDa %LDb %LDC LDQ LDF LDD_

The formulation of the inductance matrix elements varies for different kinds of
rotating electric machinery. We begin by defining the elements of submatrix Lg. For

synchronous machines with salient poles the stator self inductances become [82]:

Laa Lab Lzzc
LS = Lba Lbb Lbc )
Lca ch Lcc
Lo =L+ La+ Lp cos(20,), (3.3)

2
Loy =L+ Lo+ Lg cos (2(& - §7T>) ,

2
L..=L;+Ls+ Lg cos <2(6’T + ?ﬁ)) ,

where L; is the stator leakage inductance; L, and Lg are both constants for a same
machine, and L, > L. Lpg is function of the rotor-saliency and becomes zero for
uniform air-gaps [82]. The angle 6, is defined as the angular displacement of the

rotor in relation to some arbitrary direction. The stator mutual inductances become:

1
Lap = Lo = =5 La = Ly cos ( 2(0, — f)) ,

3
1
Ly = Lg = —§LA — Lg cos (Q(HT + W)), (3.4)
1
Lca = Lac = —§LA — LB COS (2(97‘ -+ g)) .

Now the mutual inductances between stator and rotor windings (submatrix Lgg)

are defined, the equations presented are already referred to the stator, as shown in
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[82]:

Ly, cos(6,) Laasin(6,) Lqsin(0,)
Lsg = |Lagcos(0, — %) Lagsin(0, — 27)  Lgasin(d, — &) |
Lagcos(0r + 27)  Logsin(0, + %) Lagsin(6, + 3)
3 (3.5)

Lag = 5(La— Ls),
3
Log = §(LA + Lp).
where L,, and L,; are the magnetizing inductances in the quadrature and di-
rect axes, respectively. As previously stated, for machines without rotor-saliency,
Lp = 0. Therefore, in that specific case, L,y = Lqa.

Finally, Lr can be presented as:

LZQ + Laq 0 0
LR = 0 LlF + Lad Lad ) (36)
0 Lag Lip + Laa

where L;p, Lip and L are the leakage inductances of, respectively, the field winding,

the d-axis damper winding and g-axis damper winding.

3.2.2 Voltage Equations in Terms of Machine Variables

The second descriptive set contains the voltage equations, relating voltage in each
winding with its respective linked flux and electrical current. These relations will
exist for stator (3.7) and rotor circuits (3.8)) [79]. Positive currents are defined as

those leaving the machine’s stator:

V. re 0 0 i Aa
Vil ==10 7, 0] |in| +p|N], (3.7)
V. 0 0 rgf |7 Ae
VQ Ty 0 0 iQ /\Q
VF =10 r. O ip| +p )\F ) (38)
Vb 0 0 7| |ip AD

where r, and r, are, respectively, the electrical resistances of rotor and stator
windings and p represents the time-derivative operator. These equations can also

be written in the following shorter notation, which will be employed henceforth:
[Uabc]T = —Ts [I] [iabC]T + p[)\abc]T (39)

[orp)" = r[ligro]” + plAoro]” (3.10)
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where [I] is the identity matrix.

3.2.3 Mechanical Equations in Terms of Machine Variables

The synchronous machine’s mechanical variables can be represented by two
equations. Equation describes the relationship between torques and rota-
tional speed and describes the electrical torque production as function of
currents passing through the machine windings [82]. As the machine resistances are
usually much smaller than its reactances, for this set of equations the resistance val-
ues are disregarded. In the PSCAD/EMTDC synchronous machine model, it is not
necessary to inform the number of poles of the machine, as the mechanical and elec-
trical speeds are the same in their respective per-unit bases [84]. The development

shown here considers that the equations are per-unitized accordingly:

Tn—T.=—Jpuw, (3.11)

7. = (=gl g (e — Ll fi] + (i L fign)) (312

3.2.4 The Rotor-Oriented Reference Frame

The differential equations which relate voltages, currents and flux in synchronous
machines (here called the voltage equations) contain inductances which are function
of the rotor position and, consequently, of time (except if the rotor is at standstill).
This fact brings an extra-level of complexity to the model of the machine, as can be
seen from, for example, (3.12)). Thankfully, these equations can be simplified with
a change of reference frame.

The originally presented voltage equations are associated with the concen-
trated stator windings (a, b and ¢). R. H. Park was the first to propose a change
of variables where these equations are referred to two fictitious windings (q, d) con-
tained within a reference frame fixed to the rotor.

This transformation is henceforth called the Park’s Transformation and, as any
other real transformation, can be thought of as a transformation between 3-phase
variables related to a stationary circuit, and an arbitrary reference frame (which may

be rotating or not). This change of variables is expressed in a general mathematical

form as [82]:
h, hy
hy| = Ks | hy (3.13)
hc hO
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where

) cos(d) cos(@ — &) cos( + %)
K, = 3 sin(6) sin(f — %’T) sin(6 + 25 |,

cos(0) sin(0) 1
K;'= |cos(d — ) sin(d— %) 1
cos(0+ &) sin(f+2) 1

By defining 6 as the angular displacement of the rotor in relation to some di-
rection (that is, § = 6,.), the Park Transformation (K,) is defined and the voltage

equations cease to contain time-varying inductances.

3.2.5 Flux Equations in the Rotor Reference Frame

Applying Park Transformation K, to (3.1)) yields:

Aq

% K,LsK,- K,L :

)\Q _ QTTS 7“:11 r&SR 'qus 7 (314>
A\ §LSRK7" LR ZQFD

F

where 445 is the vector of the stator currents referred to the rotor-reference frame,
i.e. igas = [ig 14 %0]", and igsp = [ig isip]T is the vector of rotor currents. Consid-
ering a perfectly balanced three-phase machine, developing (3.14]), and considering

a nonactive field excitation voltage leads to the following set of equations:

A = —Ljig+ Lag(—ig +ig),

Ai = —Lyjig+ Log(—iqg +ip + ir),

Ao = Ligiq + Lag(—iq +i0), (3.15)
Ar = Lipip + Loa(—i4 +ip +ip),

Ap = Lipip + Lai(—ta + ir + ip),

this set of equations is useful in the process of obtaining circuit parameters (induc-
tances and resistances) used in control design from the parameters usually given by
manufactures (operational inductances), as is shown in Section [3.2.8/ This set is

also useful in the development of flux and magnetic saturation estimators, shown in

Section [3.3.4]
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3.2.6 Voltage Equations in the Rotor Reference Frame

The voltage equations given in the rotor reference frame are usually given as the
following set [82]:
Vg = —Tslq + wWpAg + PAgs,
Vg = —Tsld — WrAg + PAds,
Vg = Toig + pAo, (3.16)
UF = TFiF + PAF,

Vp = TDid + p)\D

3.2.7 Torque Equation in the Rotor Reference Frame

It can be shown that the electrical torque equation in the rotor-reference frame is
given as [85], [86]:
3
T, = §(Adiq — Ngla)- (3.17)

This formulation is considerably simpler than the one previously presented and will
allow the development of relatively simple torque control. It is important to observe
that the variables A, and \; are the rotor-reference frame components of the stator
flux. There are others ways of representing (3.17), namely using the air-gap flux

components [85].

3.2.8 Equivalent Circuits and Operational Impedances

Synchronous machine electrical data is usually supplied by manufacturers in the
form of time constants, synchronous reactances, transient reactances and subtran-
sient reactances. The development shown until now has been given in terms of
inductances, these quantities possess the same values when given in per-unit [87].
The flux equations can also be presented in terms of reactances X and flux
linkages per second ¢ [82]:

g = —Xiig + Xag(—ig +ig)

Oqg = —Xjig + Xad<_id +ip + iF)

g = Xigig + Xag(—1q +i0) (3.18)
¢r = Xipip + Xaa(—ia +ir +ip)

¢p = Xipip + Xad(—iq +ir +ip).

That being said, the development of control systems shown throughout this work will
employ inductances (L) and flux linkages (), using appropriate per-unit systems.

Stator flux components can be written as function of field voltages and rotor
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currents, as shown in Section [3.2.5] The relationships previously presented between
fluxes, rotor currents, and rotor voltages in a machine model with a single damper
winding on each axis is often depicted through the equivalent circuits shown in
Figure [82] [88]. It is important to observe that a new quantity representing
the field excitation voltage, Vr, has been added. The equations given previously

considered a null field excitation voltage, that is, Vi = 0.

L L,
—/VVW\ SNV
i Lip Lir T] Lig
3 L
Ad Rp Rp )‘q RQ

Ve

Figure 3.2: Equivalent circuits representing the 2.1 synchronous machine model.

These circuit representations are useful in the control design presented in Chapter
6l The inductances and resistances present in these circuits can be obtained from
manipulations of the manufacturer data given in the form of operational impedances
and time constants [79)].

Operational impedances are transfer functions describing the relationship be-
tween rotor currents and stator flux linkages per second [76]. They are given by the

form:
¢q,d = Xq7d(8) iq,d' (319)

As previously stated, this is equivalent, in per-unit, to:
)\q,d = Lq7d(8) Z'qjd. (320)

Now the development of synchronous, transient, and subtransient inductances is

presented for the quadrature and direct axes.

Quadrature-axis Operational Inductance

The operational inductance in the g-axis is given by:
A = Ly(s) ig, (3.21)

it is possible to write L,(s) as the transfer function (j3.22))

sT”
L(s) :Lq%. (3.22)
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The L, = L;+ L, quantity is the g-axis synchronous inductance. The time constants
17 and Ty, are related to the circuit elements shown in Figure by:

LZL 1 LlL 1
T// — (L aq = ([, aq
d ( lQ+Ll + Laq)RQ ( Q+ Lq >RQ7 (3 23)
T" — Laq + LlQ '
q0 Ro

Synchronous, transient and subtransient inductances are approximations for the re-
sponse of L,(s) to phenomena with different dynamic behaviors. The operational
impedances response to steady-state operation is defined as the synchronous induc-
tance L, [76]:

Lq = Lq(5>’5=0 = Ll + Laq- (324)

Observing the circuit in Figure it becomes clear that is equivalent to
opening the rotor circuit damper winding.

In this model, the other behavior region for the g-axis is to consider the response
of the electrical machine to fast references and define L;/, the subtransient inductance

[82]:
" LaquQ

L = Ly(8)]moe = Ly + —2219 :
¢ = Lq(s)] Z+Laq+LlQ (3.25)

In terms of the equivalent circuit, this quantity is equivalent to taking every damper

winding into account.

Direct-axis Operational Inductance

The d-axis component of stator flux Ay is, just like in the g-axis case, a function of

the respective operational inductance L4(s) and stator current i,:
)\d = —Ld(s) id (326)

it is possible to approximate L,(s) in terms of the transfer function:

(1+ sT)(1 + sT)
YA+ 5T} )1+ sT)

Ly(s) =L (3.27)
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the d-axis time constants are given by:

y_ Lip+ Lad
do RF ?
1 LipL,
v = 5 (Lipt—"—5),
Rp Lip + Lad (3.28)
T Re T L+ Lag”
1 LogLigL
Rp LipLoa + LipLy + LiLaa
Similarly to the g-axis case, the synchronous d-axis inductance is given by:
Ld = Ld<8)|s:0 = Ll —+ Lad (329)
and the subtransient d-axis inductance is [82]:
" LogLipL
Ly = La(8)]smoo = Ly + D (3.30)

LoaLip + LoaLip + LirLip

just like in the g-axis case, that amounts to taking into account every damper
winding branch in Figure [3.2] Unlike the g-axis though, the d-axis circuit has, in
this model, two branches portraying the rotor behavior. A transient inductance is,
thus, defined as an intermediate behavior between synchronous and subtransient
responses. This is defined by switching off the d-axis damping circuit [82] [83],

resulting in:

LagLip
Lag + Lir’
Equations (3.23)), (3.24)), (3.25)), (3.28) (3.29), (3.30]) and (3.31])present a relation-

ship between the usual datasheet values and the circuit resistances and inductances

L= Lq(5)|smoe = L1 + (3.31)

values that are actually used to design the electrical drive control systems.

Obtaining Circuit Variables from Operational Impedances

From the time constants, synchronous, transient and sub-transient inductances,

values for the circuit quantities are obtained as follows for the g-axis [83]:

Lq
rQ = 77

9 (3.32)
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and for the d-axis:

LipL, "
T LiLoaLip — LiLogLir
b LlLlF -+ LlLad + LadLlF - L:lelF - LgLad7 (333)
| Loa(L},— L)
Llp -~ 5 7175
Lg— L)
Lip + Loy
Ry =—=  ~ad
g 13

3.2.9 Machine Saturation

So far the whole model has been done disregarding magnetic saturation effects.
Models of salient-pole synchronous machines implemented in simulation software like
PSCAD/EMTDC usually only take into account magnetic saturation in the d-axis.
Leakage inductances are considered to be constant and magnetizing inductances
vary as function of magnetizing current i,, = ip —i4+1p. Figure is now redrawn

presenting not only the stator flux linkages but also the air-gap flux linkages A\gq,q4:

L, Ll
AN AN
— %
td Lip Lir lq Lio
éLad iDT ZFT é Lag Z.QT
Ad Aad Rp Rr g Aaq Rq
Vi

Figure 3.3: Equivalent circuits representing the 1d1lq synchronous machine model
with the variables related to magnetization.

These circuits show that the air-gap flux linkages differ from the stator-flux
linkages previously presented in (3.15)). They are represented by the following set of

equations:

Maa =(ip +ir —iq)(Laa),
/\aq :(iQ - iq)(Laq)'

Figure |3.4] illustrates a typical d-axis saturation, based on data from a currently

(3.34)

operational synchronous machine in the Brazilian power system, and the variation
of magnetizing inductance L,4 as function of the operating point in the non-linear
magnetizing curve [89] [90]. In this usual model, hysteresis is not taken into account
[90].
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Saturation curve for the d—axis

Direct—axis magnetization curve
Air—-gap line magnetization curve

Lad = )\ad/ im

a

Air—gap flux linkage A p

Magnetizing Currenti_

Figure 3.4: Typical saturation behavior of synchronous machine models and mag-
netizing branch inductance variation.

This is a typical curve for the variation of L4 [83] [00]. There is a way of deriving
this curve using the electrical drive itself. That is, the drive performs a saturation
scan before the operation commences and, with this information, implements a
saturation estimator [83]. This saturation estimator is explained in Section [3.3.3]

Magnetization curves as presented by manufacturers usually have the
field winding current on the horizontal axis and the RMS terminal voltage on the ver-
tical axis, and, from that curve, it is possible to obtain variables related to per-unit

quantities, as is shown in Chapter [6]
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3.3 Vector Control of a Wound-Rotor Syn-

chronous Machine

3.3.1 Introduction to AC Machines Vector Control

In multiple applications, it is desirable to quickly and precisely control the electric
torque developed by an electrical machine. Historically, this kind of high-dynamics
control has been implemented with relative easy on dc machines, specially the ones
with separate excitation, where the developed torque is proportional to the simple
product between a flux-producing current and a torque-producing current. Torque
production on ac machines can be understood in the same manner: as the product of
two currents, or, as the interaction between a flux (generated by the flux-generating
current) and a current. This unified understanding of electric torque production
among dc and ac machines only took place in the 1970s, with the works of Blaschke,
Haase, and Leonhard [83] [85]. This line of work has shown that, with appropriate
reference frames, the torque equations for electric machines could be written in sim-
plified forms, similar to those of dc machines. As this control technique requires the
use of reference frames which, usually, follow a specific flux linkage, these techniques
are sometimes called Field-Oriented Control (FOC) [83] or, as they are based on the
control of the spatial angle between physical quantities and not only their modulus,
they are also known as Vector Control [85].

Vector control can be developed in a relatively simple manner for electrically
excited (and permanent-magnet) synchronous machines. Its development begins

with the fundamental torque equation, (3.17)):
3,0 . .
Te = 5()\qu — )\qu).

This equation has, at first, been presented as done by Krause [82], i.e. as a conse-
quence of applying the rotor-reference frame transformation to the torque equation
written in the machine-reference variables . In the light of vector control, this
equation can be understood as the vector product of the stator-flux linkage space

vector As and the stator current space vector i [85]:

3
T. =500 x is). (3.35)

Equation shows that torque is maximized if the angle between stator flux and
stator current space vectors are kept as close as possible to 90° degrees. This gives
rise to one possible vector-control technique implementation known as the stator flux
oriented control, where the reference frame is set to follow the stator flux linkage

(see, for example, [83] or [91]). There are other possible implementations [80] [85],
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depending upon which reference is chosen. For example, can be rewritten in
terms of the air-gap flux linkage and this quantity can be chosen as the reference,
giving rise to air-gap flux oriented control (e.g. [85]). These techniques have been
historically, for example with the work of Blaschke, developed with induction ma-
chines in mind [83] [92]. Vector control is, however, a general concept applicable to
any ac machine.

Further understanding about torque production in salient-pole synchronous ma-
chines can be obtained by rewriting employing the relationships between
stator fluxes and currents previously estabilished by :

)\d - — Llid + Lad(_id + ’iD + ZF)
Ny =— Liig+ Log(—ig +ig)

substituting the d-q axes stator fluxes from (3.15)) into (3.17) yields:

T, =

DO W

{(_Llid + Lad(_id +1ip + ZF))Zq - (-Lﬂq + Laq(—iq + ZQ)) Zd] . (336)

Identifying A\yr = Luqir as the contribution of the field-winding for the air-gap flux

linkage:
3
T. =5 (Ld - Lq)iqid + AaFiq + LadiDiq - Laquid (337)
2 |e——— —~~ ~ .
R S D

where R, S and D mark the terms related to, respectively, the saliency (or reluc-
tance) torque, excitation torque, and induction machine (or damper) torque [80]
[85]. Damper winding currents are usually disregarded, leading to:

T, = 2 [(Lg — Lg)igia + Aarig) - (3.38)

[\ RV

As previously stated, vector control of ac machines is dependent on torque formula-
tions which are a product of flux-producing currents with torque producing currents,
both in space quadrature [85]. Equation shows precisely this behavior for the
excitation torque, where the flux producing current is i, giving rise to \,r, and
iq is the quadrature torque-producing currents. As the field winding is fixed to the
d-axis, both currents are in quadrature. The first term could simply be eliminated
by setting iq = 0, in what is known as the Zero Direct-current Control (ZDC) and
that would be already enough to employ some form of vector control to an electri-
cally excited synchronous machine. However, there is a more advantageous option,
related to the minimization of stator current, which is known as Maximum Torque
per Ampere (MTPA) operation [78]. This technique will allow for the optimal use

of reluctance torque in the salient-pole synchronous machine.
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3.3.2 Stator Current References based on Maximum Torque

per Ampere Operation

A desirable way of controlling electrical machines is to precisely and quickly con-
trol torque while maintaining stator current values as small as possible. The vector
control technique which enables this is sometimes called the Maximum Torque per
Ampere (MTPA) technique. For non-salient rotor machines there is no reluctance
torque and, therefore, this is trivially achieved by setting iy = 0. For salient pole
rotor machines this must be achieved differently. Wu [78] presents this technique in
a relatively straightforward way for salient-pole permanent-magnet synchronous ma-
chines and alternatives for electrically excited synchronous machines are presented
in other works [83] [85].

Equation shows that a certain electric torque might happen in different
(i4,14) points [78]. To illustrate this, an example of a synchronous machine with
L;=125L,=0.7and A\,r = 1.0 is presented. Figure shows a contour plot of

torque as function of d,q axis stator currents.

Torque (pu) contour plot as function of stator currents for constant field excitation
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Figure 3.5: Contour plot of developed torque for Ly = 1.25, L, = 0.7, \,r = 1.0.

Clearly there are infinite points on the 74,17, plane leading to the same torque.
To further expand on this point, now only the unitary torque curve is kept and the
contour plot for the modulus of the stator current is superimposed to it. The result
is shown in Figure [3.6]

37



S%astor current contour plot superimposed to unitary torque contour line

Unitary torque (pu) contour line
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Figure 3.6: Superimposed stator current and unitary torque contour lines, clearly
there is an optimal operation point on the 4,7, plane.

Figure |3.6] shows that there is a single operating point which minimizes the
modulus of the stator current. The objective of MTPA operation is to somehow
compute this point in real-time.

Electrical torque can be written as the vector product between stator-flux linkage
and stator currents, as shown by . Therefore, (3.35]) is maximized when the
space vectors of these two quantities are in quadrature. Thus, to obtain optimum
references for i4 and %, the following procedure is followed in this dissertation. First,

the modulus of the stator flux space vector is obtained:

A = /A2 4 22 (3.39)

Aq and \; are estimated as shown in Section The angle between the stator

flux space vector and the machine rotor is given by:

A
J), = arctan (—q) (3.40)
Ad
as the objective is to keep i; and A, in quadrature, the modulus of i, is given by,

via (3.35)):
2 Te ref

3 A

and the references for the rotor-reference frame current axis components are given

ligres| = (3.41)
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. . m
ldref :‘Zsref| COs <5)\S + 5)

. . . T
igref =|isref| sin <5As + 5) )

The process explained in this Subsection is represented as the MTPA block in Figure
3.8} shown at Subsection [3.3.5

(3.42)

3.3.3 Magnetic Saturation Estimation

As previously shown in Section the machine saturation is modeled exclusively
for the d-axis and is considered to be a variation on the value of L,4. As shown by
Pyrhonen et al. [83], a possible way of obtaining a curve for the L, variation is
to take advantage of the electrical drive and control the variables in such a way as
to calculate L,y as function of magnetizing current. This is done by setting iy = 0,
maintaining 4, with a constant value, varying i, and measuring the electrical torque.
Doing this process and then employing for each iy value allows to obtain the
curve relating L,q; and the magnetizing current.

VSC-based Lad measurement
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Figure 3.7: Result of the L,y measurement using the VSC-based electrical drive.

It can be observed that the L,; curve obtained follows the same general form
of the one shown in Figure [3.4] based directly on machine data. With the set
of points describing this curve, it is possible to then build a look-up table which
receives i,, = ip — iq and returns L., as depicted in Figure |3.8] This estimation
procedure is necessary to estimate the machine flux linkages, as will be seen in the

next subsection.
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3.3.4 Air-gap and Stator Flux Linkages Estimator

As the stator current references are based upon stator flux, it could seem, at first,
that there would be no need to estimate or control air-gap flux linkage. The moti-
vation for this estimation comes from the fact that a stiff air-gap flux linkage leads
to better dynamic performance of the synchronous machine, effectively counter-
balancing damper winding currents. This strategy is known as reaction control [83].
It would be possible to simply keep a constant ir order and control the machine
that way, although with inferior dynamic performance [83].

There is a coupling between direct axis and quadrature axis voltage equations,
which is proportional to stator flux quantities, as can be seen in Equation (3.16]).
The stator-flux linkage is, therefore, not only necessary to obtain the stator-current
references, as previously shown, but is also necessary to decouple axes equations in
current control.

In this work, the vector control strategy employs nested direct-axis air-gap flux
linkage and field current control loops. While field current can be measured, air-
gap flux linkage must be estimated and, as seen in , is a function of not only
measurable currents i,, iz and ¢4, but also of the unmeasurable damper winding
currents 7o and ¢p. Therefore, it is necessary to estimate these damper currents.

This can be done through the following set of equations for the d-axis [83]:

1
 (Ki e Ko 1
ip = (Kiqiq + thF)(—TrDS 1 ),
Lad
Ky = ,
e Loa+ L+ Lip (3.43)
K. Laa + Ly '
& Loa+ L+ Lip’
Loa+ L+ Lip
TrD = y
D
and the following set for the g-axis:
K (— )
Q@ = higlq Tr08 + 1 ’
L
K, =—4
tq T+ L0’ (3.44)
Laq + Ll
TTQ = r
Q

With both damper circuits currents and L, (Section (3.3.3]) estimated, the air-
gap and stator flux components can be estimated using (3.36]).
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3.3.5 Employed Vector Control Strategy

Figure shows how the control fundamental blocks are set together in the vector
control employed in this work. The way in which the control loops are designed is

presented in Chapter [0
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Figure 3.8: Simplified view of the proposed vector control strategy.

3.4 Modeling and Control of Modular Multilevel

Converters

3.4.1 Introduction to the Modular Multilevel Converter

The Two-Level Voltage-Sourced Converter (2L-VSC) is the kind of power electronics
converter most commonly connected to ac power grids given its relative simple mod-
ulation, low cost and multiple advantages over the previously dominant Current
Sourced Converters (CSC) . In applications requiring dec-side voltages above 2 kV,
though, this topology becomes less interesting. This is the case because there are
no power semiconductors capable of blocking voltages above certain levels and the
series connection of such forced commutation semiconductor switches is still an open
problem in terms of technological difficulties in equalizing the switches character-
istics for reliable valve build-up. Even if this difficulty were to be overcome, the
switching of high-voltages would be associated with insulation stresses and large
switching power losses. The solution for the application of VSC for high voltages
and powers came in the form of multilevel topologies, specially in the form of the
Modular Multilevel Converter, where the pole-to-pole voltage is divided between
multiple semiconductor switches by using the concept of submodule (SM) , with no
necessity for series connections [57] [93] . The MMC, depicted in Figure 3.9 not only

eliminates the problems previously cited, but also presents other advantages. The
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submodule-based construction leads to minimization of problems related to elec-
tromagnetic interference (EMI), superior reliability and its multiple voltage levels
considerably reduce the harmonic frequencies injection, leading to smaller ac-filters,

or to their complete absence [60] [94].

SM SM

SM SM

 [smi[sm] {sm
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- ; |
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Figure 3.9: Topology of the Modular Multilevel Converter.

There are, conceptually, multiple topologies for the submodules shown in
Figure 3.9, In most practical applications though, only two of them are applied,
these are the half-bridge and full-bridge submodules.

Half-bridge submodules are based on the circuit shown in Figure |3.10, This
type of submodule has the main advantage of, amongst the possible submodule
configurations, being the one with the lowest loss levels, requirements of volume, and
cost. Its main drawback is the impossibility of producing negative v,,; voltages. A
MMC built using this sort of submodule is sensitive to dc-side faults and, as of 2020,
requires the actuation of ac-side circuit breakers in these cases. This will remain
to be the case until the on-going developments towards dc-side circuit breakers are
complete. Most of the operating MMCs in the world are built with this kind of
submodule, as most HVdc links de-sides are based on underground (or submarine)

cables [60]. This work will focus on this topology.
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Figure 3.10: Topology of the half-bridge submodule and its external voltage as
function of switch positions.

3.4.2 Mathematical Modeling

The MMC can be described as a system with four state-variables per phase, each
of these will be described throughout this subsection. The modeling presented here
is valid for a MMC with M phases and, with that in mind, Figure is redrawn
in a single-phase visualization, as shown in Figure [3.11} The MMC considered here
is built with half-bridge submodules and that v, and v; voltages can have dc and
ac components. At this first exposition the total absence of common-mode voltages
(CMV) is assumed.

Figure 3.11: Single-phase MMC.
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From inspection of Figure [3.11] the relation between the arm currents (i, ;)

and the phase current i, can be written as:
s = Ty — 1. (3.45)

There is also a current (i.) circulating through the MMC arms and not flowing
to the ac grid. It contributes equally to both arms currents and, with that in mind,
the pair of arm currents, ¢, and 7;, can be written as function of phase current

and circulating current 7.

s .
’iu = 5 + 1.
; (3.46)
@:—§+%
Manipulation of ([3.46)) makes it possible to reach an equation for the circulating

current as function of upper and lower arm currents:
Ty + 1

o=~ (3.47)

It is important to observe that there is also a dc-side current i4. and that, via
KCL, a dc component must be present in the arm currents. That is, there are dc
and ac components in the arm currents. Under the assumption that i, has only dc
components, the following condition for an M-phase MMC is immediate:

. tde

fe = 7r (3.48)
Of course the condition of a purely dc circulating current does not arise naturally and
is, for the purpose of this initial exposition, a product of an ideal control technique
which suppresses the other i. harmonic frequencies. As will be seen later the MMC
has a tendency of having circulating currents with multiple frequencies and, specially
in the case of low-frequency operation of medium-voltage drives, sometimes they
are not suppressed. Figure depicts the flow of fundamental frequency ac and
circulating dc currents within the three-phase MMC.
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Figure 3.12: Flow of fundamental frequency and dc currents within the MMC.

As previously stated, the single-phase MMC can be represented by four state
variables. By now, two of them have been presented, i5 and 7.. It is time to define
its dynamical equations. Using Kirchhoff’s Voltage Law (KVL) following a loop
both through the upper and lower arm of the MMC of Figure [3.11] yields:

Ve , di,,

Vg = 2d —vu—R@u—Lé (3.49)
Ve _ di

Vpg = — 2d +vl+Rzl+L£. (3.50)

Summing ([3.50) and (3.49) and remembering the definition of the phase current i:

vuy—uv, R. L di,
—_ _7/8 —_ —— =
2 2 2.dt %

(3.51)

now subtracting (3.50]) from (3.49) and employing the definition of the circulating
current 7.

Vdc U+ Uy . dzc
—Ri,— L— =0. 3.52
2 2 T (3:52)
Equations (3.51]) and (3.52)) govern, respectively, the external current and circulating

current dynamics. It is noticeable that there are voltage terms in each of these

equations which propel these currents. From them the phase (or differential) voltage

v, and the leg-offset voltage v, definitions are [95]:

V) — Uy
Vg =
2
V;ic — U — Uy (353)
Ve = —————
2
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Substituting those definitions back into (3.49)) and (3.50)) results in:

R . L dig
US J— 57/8 J— EE — U¢g (354)
di,
. — Ri, — L—==0. 3.5
v 1 o ( )

With and there is a dynamics description for two of the state variables
of the MMC. These two equations can be written in terms of equivalent circuits.
The other state variables are related to the dynamics of v, and v;, which are related
to the voltages of the submodules. Before expanding on this subject, the concept of

averaging the MMC model is presented.

3.4.3 Averaging Principle and the Dynamics of Submodule
Capacitor Voltages

We first observe that every submodule can be considered to be simply connected or

disconnected and, therefore, every submodule has a boolean quantity, n’ ,, where

i
u,l?
the high state means the submodule is connected. It is also clear that the voltage

of an arm is the sum of its individual submodule voltages v§,;, ;, that is:

N
i
Vu,l = E Myt VSMu,l: (3.56)
i=1

This equation can be made considerably simpler by taking into account the fact
that, as will be shown later, the converter switching is modulated in such a way as
to maintain the mean value of every SM voltage the same. With that, (3.56) can be

rewritten:

N
U,l N u7l .

i=1
Further simplification can be acquired with additional considerations [57]:

e The quantity % Zi\;l nfhl can be seen as a new quantity, n,;, which is the

normalization of the amount of connected submodules in an arm. That is, a

set of N boolean quantities is substituted by a single quantity varying discretely

between 0 and 1, with N steps.

e There is a high enough number of submodules per arm so as to consider that

n,, actually varies continuously between 0 and 1.

e Submodules voltages are balanced. This way, for dynamical modeling pur-

poses, the difference between them can be disregarded.
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Taking these into account, arm voltages are written simply as:

N
7
Uyl = Myl E USM w,ls (3.58)
=1

using this principle is specially advantageous taking into account that every sub-
module capacitor voltage is a state variable of the dynamic model, making it a
model with, at least, dozens of variables. By applying the averaging principle the
sum over the N capacitors of each arm becomes the state variable. With that, for

a single-phase MMC, there are two equations governing the sum of the capacitors

voltages:
¢ deil VS u s :
Cdyy v s
~ szltUst _ (_% +i.) =n 4 (3.60)

From the development shown above, multiple options to effectively modulate the
converter arise. From the knowledge of desired leg-offset voltages and differential

mode voltages, how to obtain a reference for the arm voltages?

3.4.4 Modulation Techniques

The development shown in the last subsection allows for the representation of volt-
ages V.s as function of the insertion indices, that is, as function of the number
of submodules that are inserted in each arm. The insertion of submodules is, ul-
timately, the way by which any variable related to the MMC is controlled. By
substituting into the following set of equations is obtained:

—1 Do) Vhara + Yy Vi

Vs = 9 )

N N
v — Vide = M D51 Usara — U i1 Usan
c — )

2

algebraic manipulation leads to the insertion indices references for both upper and

(3.61)

lower arm as function of the references for differential and leg-offset voltages [96]:

Ve
N — 5 — VUcref — Usref
u N
.V
v Zz_l SMu (362)
TC — Vcref + Vs ref
n; = N ; .
> izt Vs
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Disregarding any voltage ripple, the denominator of the right hand-side of these

equations is:
N

N
ngMu = ZUEMI = Vie. (363)
=1

i=1
In reality, though, there is ripple and these values actually oscillate around the
average value of V.. With that, there are four ways through which Zfil vl Mu, AN
be substituted in the MMC control [57] [96], giving rise to different index selection

techniques:

e Direct Voltage Control, this strategy considers the summation of the

voltages of the SM of each arm to be the average value, that is,

N N
Dimt Vshu = D_im1 Vsan = Ve
e (Closed-Loop Control, in this strategy the summation of the voltages of the

SM of each arm are actually measured.

e Open-Loop Control, in this strategy the ripple in the summation of the SM

voltages are estimated and added to the average value.

e Hybrid Control, this strategy considers the summation of the arm SM voltages
to be the summation of the average value, V., and of the measured ripple,
obtained at the output of a band-pass filtered measurement of the summation
of the SM voltages.

A comparison between these techniques is performed by Christe et al. for
medium voltage drives [96]. The authors consider an averaged model of the MMC
arms and disregard quantization effects, that is, consider the indices to be real
numbers. It is concluded that the Direct Modulation technique requires circulating
current control to become feasible but otherwise presents advantages such as good
dynamic performance and relative simplicity by not requiring the estimators, energy
controllers, and digital filters related to some of the other options. Furthermore,
they conclude that for high-dynamics control the Closed-Loop control technique
is recommended. Given the simplicity and acceptable dynamics related to Direct

Modulation, this is the option chosen for the present work.

The entire discussion presented so far considers an equivalent string of arm sub-
modules. The manner by which a certain index n,,; gives rise to firing signals for each
submodule while maintaining the SM dc voltages balanced has not been presented.
There are multiple ways by which this can be done, including individual submod-
ule voltage control and multiple Pulse-Width Modulation (PWM) implementations
[57]. As the MMC is often employed for HVdc-links, containing therefore hundreds
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of submodules, it is usual to also find options with very low switching frequency
such as Nearest Level Control (NLC) and Selective Harmonic Elimination PWM
(SHE-PWM) being discussed in the literature.

The studied medium-voltage application applied a relatively small number of
submodules, if compared with the hundreds applied in HVdc applications. In such
a case, techniques with higher switching frequencies are usually necessary. The
technique applied in this work employs Phase-Shifted Carrier PWM (PSC-PWM)
with sorting algorithm, as also done, for example, by Darus et al. [95]. In this PWM

technique there are as many carriers as there are submodules (that is, 2N); For each
3602

N
the upper and lower arms can be shifted between each other or not, what affects

arm there are N carriers, time-shifted from each other by The carriers from
the harmonic frequencies generated, as discussed in the literature [57] [97]. If the
carriers are shifted, the scheme is known as interleaved PSC-PWM.

The Phase-Shifted Carrier PWM scheme presents beneficial points, namely, even
stress distribution among semiconductors and the production of an equivalent high-
switching frequency [97]. Figure m shows the basic idea of PSC-PWM, there are
N carriers per arm and, in one of the possible implementations, a single reference
for each arm. This reference can be further modified for each SM to guarantee SM
voltage balancing. The procedure followed in this work is to use a single reference
for each arm, the comparison between this reference and the carriers results in
the number of submodules that should be connected in that arm, not specifying
which ones. The average value of v,; remains V. because of the sorting algorithm,
which enforces voltage balancing, the PWM scheme controls the ac portion of these

voltages. With that, the reference for internal voltage v.,.; contains only ac terms
and the denominators of (3.62)) are set to half V. [95].

Example of Phase-Shifted Carrier PWM applied to the upper arm of a 12 submodule per arm MMC

! 320 X/ 04 X/ Reference Voltage
0.51% KXAX YXAX S XA SN === ===Carriers

A% Y

-0.5 o aue

0

0.8 Normalized, quantized, insertion index

0.6 n

0.4

0.2 -

Time

Figure 3.13: Example of upper arm modulation using phase-shifted carrier PWM.
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The task of identifying which SM should be connected and ensure SM voltage
balancing is given to a sorting algorithm. The sorting algorithm is a usual technique
employed in MMC and is based upon the analysis of the voltage of each arm sub-
modules and in the ordering of their voltages. With the ordered list, it is possible to
choose which submodules should be connected for a certain arm current direction.

This technique is depicted in Figure |3.14}

1) Obtain the List of Submodule Voltages for an Arm

1
UVSM
2
USM }?
. \
N \
VSM \
\
2) Rearrange the List According to the Arm Current Direction \
If: If: \
tout = 0 Lout < 0 \

Rearrange from the lowest
to the highest voltage

Rearrange from the highest

I
I
I
I
I to the lowest voltage

T = Number of SMs to be inserted

|
|
3) Obtain, via PSC-PWM, the number of SM to be inserted |
I
I

4) Insert the Top SM of the List

1
USM
The method inserts 2
the first  SM VS M |
of the list .

Figure 3.14: Submodule voltage sorting algorithm.
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A general overview of the employed modulation scheme can be seen in
Figure |3.15]
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Figure 3.15: Submodule voltage sorting algorithm.

3.4.5 Circulating Currents and Capacitor-Voltage Ripple

A fundamental characteristic of the MMC is that there are unavoidable low-
frequency voltage ripple in the capacitors of the submodules. This is an important
difference in relation to the 2L-VSC, where there is no low-frequency ripple at the
dc-bus voltage. The development presented up to this point has the assumption
that there is an ideal circulating current suppression control which leaves only the
unavoidable circulating dc component flowing through the arms. This assumption is
now dropped and a second harmonic circulating current, which is expected to appear
without Circulating Current Suppression Control (CCSC), is added. As previously
discussed and shown in Figure [3.12] there are, necessarily, dc and fundamental fre-
quency currents flowing through the arms. With the further addition of second

harmonics, the 7, currents in a phase of a three-phase MMC can be written as:

2 L de

iy = igpsin(2wt + 0) + gz sin(wt + ¢) + % (3.64)
2 L de

ip = isosin(2wt + 0) — gis sin(wt + ¢) + %. (3.65)

The current passing through the SM capacitors of an arm can be defined as the
product between the average switching function of the arm SM, Sgpr,,, and the

average current passing through the arm in which the SM can be found [98].

Z-cobp u,l — SSMu,l Z.u,l- (366>
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The average switching functions have, in a general form, dc and fundamental ac
frequency components, the later with amplitude Sg,,,. This comes from the form of

the average insertion indices n,;:

1 Sampsin(wt)
Ssmu = 57 9
3.67
o 1 N Samp sin(wt) (3.67)
SML= 5 5 -

Substituting (3.64), (3.65) and (3.67) into (3.66) leads to the formulation of the

average capacitor current for the upper and lower arms submodules:

, ige V2S,mpis COS Tde . V/2i, sin(wt +
ZSMcapu - % - p8 ((b) - %Samp Sln(("Jt) + i ¢)
1 21 2wt 1. .
—Zis2samp cos(wt + 0) + V2 COS<8 wt+ ¢) + 5is2 sin(2wt + 0)
1
+Zi525amp cos(3wt + 0)
. . . (3.68)
4 ide  V2Sampis cos(¢) N lde in(wt) V2 sin(wt + ¢)
ISMeapl = — — =Sy Sin(wt) —
SMeapl = 76 8 6P 4
1 21 2wt 1. .
+Z—li325amp cos(wt +6) + V2 Cosé wi + 9) + 5l sin(2wt + 0)
1
—ZisgSamp cos(3wt + 0),

now the average SM capacitor voltage ripple at a certain frequency can be obtained
by multiplying the current terms of (3.68)) relative to this frequency with the cor-
responding capacitor impedance. The result for the fundamental frequency ripple

is:

g _ V2 sin(wt + ¢)
VS Mcap u ripple = 60)05]\/[ Samp Sln(Wt) + 4WCSM
1
— S amp cos(wt + 0)
4wQSM o (3.69)
i e ) V2i, sin(wt + @)
USMeap Lripple = ~ g~ = Cont Samp sin(wt) — 20Csn;
1 )
+mz825amp cos(wt + 0).

The presence of w in the denominator of every term explains why low-frequency
operation is a known challenge to the MMC. With low-frequency, the voltage ripple
in each SM tends to become unacceptably high. Increased values of capacitance
could help counterbalance this ripple, but at increased financial costs and converter
volume. Notice that the traditional CCSC applied to the second harmonic frequency
of the circulating current would not be able to nullify any term of the upper and
lower arms ripples . Therefore, the conventional CCSC is not the solution
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to low-frequency operation of the MMC. In fact, as shown ahead, it is the exact
opposite, the techniques designed to counter this problem are based on the control
of certain circulating currents frequencies and not on the classical second-harmonic

suppression.

3.5 Control Technique for Low-Frequency

Operation

There are multiple applications of Modular Multilevel Converters in the medium-
voltage range. Some examples are Flexible-ac Transmission System (FACTS) de-
vices [99] and Medium-Voltage direct-current (MVdc) grids [I00]. In the begin-
ning of the 2010 decade, the first works regarding MMCs applied to transformerless
medium-voltage drives are published and the possible difficulties of low-frequency
operation are identified (e.g. [101]).

A set of papers have been published proposing techniques for the operation of
the MMC under low-frequencies without torque limitations. These techniques are
usually based, fundamentally, on understanding the power oscillations that hap-
pen within the converter and to damp these oscillations through the control of two
variables: the circulating currents and the common-mode voltage [I02]. This work
applies the technique proposed by Jung et al. [I03] [104] and compares the ap-
plication of different waveforms as common-mode voltage. The exposition of the
technique begins with Figure [3.16], where the ac-side neutral bus z is not grounded,
so that it is possible to measure a common-mode voltage between this bus and the

neutral bus, n.
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Vg
Figure 3.16: MMC single-phase equivalent with neutral points (©)2020 IEEE. Re-
produced from [67].

Adding the contribution from the common-mode voltage v,,, into the arm volt-
ages given by (3.62)), substituting (3.58) and algebraically manipulating the result
yields (3.70).

Ve
Uy = 9 — VUcref — Usref — Uzn,
(3.70)
Vdc
U = 9 — Vcref _'_Usref + Vgn-

With the definitions of v, and vy, it is possible to write the power flowing through

o . Vdc ls .
Pu = Uyly = 2 — Usref — Uzn — Ucref 5_'_7’8 )

. Vdc _is .
b= = 7+Usref+v$n_vcref 9 + 2.

A source of voltage ripple is the power exchange between upper and lower arms from
a same MMC leg. This difference is, from (3.71]), given by:

each arm as:

(3.71)

o ‘/dcis
2

Pu — Di - 2Us refic - 2vxnic — Uc refis- (372)

When the MMC is supplying external low-frequency currents, the two first right
hand-side terms will have a large amount of low-frequency components, leading to
low-frequency energy exchange, and consequently, to energy unbalance. There are
terms which are dependent upon the common-mode voltage, which does not affect

the output current of the MMC. This fact brings an extra degree of freedom to
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the converter. The same logic is valid for the circulating current i.. The high
and low-frequency components of these variables are identified, respectively, by the
superscripts HF' and LF":

Van = Vgn
. T (3.73)

e =21, +1.°,

and is rewritten with only the low-frequency terms. This equation should be
nullified via control action, as these low-frequency components will lead to a high
energy unbalance between arms:

[ = —Vdjs — 2, il — (0PI = g, (3.74)

Pu— D1

For the last right-hand side term to have very low-frequency terms, i7" and vfF

are set to be of the same frequency. To accomplish this, the same frequency of v,
is imposed to the voltage v. that drives 7.. For example, if a sinusoidal waveform is

chosen for the common-mode voltage:

VUgn = ‘/:L"n Cos(wcm) (3 75)
Ve = V. cos(wem + 0.)

the displacement angle 6, is, if the arm resistance R is disregarded, set to  rad.
The common-mode voltage is directly injected into the converter, with a desired

frequency and waveform, the next step is to define the peak voltage V., of the
voltage v.. From (3.75), (2vZFiHI)LE can be rewritten as:

(QuHF{HF\LF _ 2VenVeref _

o ¢ wcmLarm
5 LF (3.76)
ZVanTeref cos(Wemt) sin(wemt + z)
wcmLarm o o 2 .
Finally, the relationship below is found:
In‘/;
(QuHFHFyLE 1 (3.77)

- 9
tharm

substituting (3.77) back into (3.74)), considering that the power difference between

the arms should be null, a definition for the peak value of the leg-offset voltage is

cmL VC-S .
Vo = “’U ( dQZ - zvmfsz). (3.78)

obtained:

A question remains, what are proper selections for the high frequency w,,,, and
waveform of v.? No analytical rationale behind the choice of w,, is given by Jung,

but a value of 100 Hz is applied in the experimental validation. Regarding the
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waveform choice, Li [105] shows that the circulating currents related to sinusoidal
waveforms are twice the ones related to square-wave injection. The application of a
real square-wave is, in practice, impossible, as there would be the necessity of an infi-
nite dv/dt level. That is the rationale behind the usual application of the trapezoidal
waveform. Jung reports that, for the trapezoidal waveform, a 37% smaller circu-
lating current was measured in comparison to the sinusoidal waveform application
case. This choice does not come without drawbacks, though. As there are harmonic
frequencies injection into the de-side current, notwithstanding the general possible
problems present in the driven machine caused by common-mode voltages with high
frequency components. More on this topic is presented in Subsection B3.5.1]

Jung et al. consider that, for the application of a square or similar waveform,
the resistance of the arm is the dominant impedance component [103] and that,

consequently, the angle 6. becomes zero. Furthermore, the waveform of v,, and v,
are no longer the shown in (3.75)) and are then defined as:

Vo 0<t < 24—,
Vpnsq = 2fem (379)

Vin  gpm St< g

i (@_qusrefic) O§t< CTi

Vesg =4 2 2 1 e’ (3.80)
cls o
s (P55 = 205pefie) g SE< g

In the control scheme, the reference for the peak value of v. does not come purely
from its analytical expression given by ([3.80f), it has another component, which is
the output of a PI controller, following a reference for the energy difference between

arms (Fa) in the same leg:

En=FE, — L,
CSM = ; 2
E,=—=> (Vsm)
2 4 (3.81)
i=N
Csum ;
B = S5 )
i=1

The strategy is depicted in Figure |3.17, The objective is to have no energy
unbalance between arms, therefore, Ea,.; = 0. As can be seen, acts as a
feed-forward term. The kind of scheme shown in Figure [3.17| is called the energy
balancing controller, or, the vertical balancing controller [6I]. The scheme for a

sinusoidal voltage injection would follow the same pattern.
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Figure 3.17: Vertical balancing controller considering square-wave injection
(©2020 IEEE. Reproduced with modifications from [67].

The PI controller depicted in Figure |3.17] is located within the rotor-oriented
frame. In the original scheme shown by Jung in 2014 [103], to the best of the author’s
understanding, there are no details about on which reference frame this PI-controller
should be operating. In this dissertation, the rotor-oriented reference frame has been
chosen based on the fact that, under low-frequency operation, the feed-forward term
Vde — 204 12" has, as predominant, the rotor frequency component.

Another source of possible MMC capacitors voltage instability is the difference
between energy input and output into the converter legs, keeping the energy within
the MMC leg stable is the objective of what is known as the averaging control, or
horizontal balancing controller [61]. The accumulation or depletion of energy per

time unit in a leg of the converter is written as:
Pu + b= ‘/;icic - 2Ucrefz.c — Us refis - Uacnisa (382>

the same procedure followed for the vertical balancing controller is applied here, the
low-frequency variations of (3.82)) are the ones capable of causing voltage instability

and therefore this equation is rewritten in terms of low-frequency components:
LF . .
(pu + Pl) = ‘/dcng — Usrefls- (383)

It is possible to, once again, obtain a feed-forward term. In this case, the feed-
forward refers to the low-frequency circulating current order to be fed to the CCSC.
By setting (3.83) to zero, it is possible to obtain:

. Usrefis
| = Jaresls 3.84
i v (3.84)

As for the vertical balancing controller case, the order is complemented by a
PI controller tracking a reference of energy. In this case the controlled energy is

the summation of the energy in the two arms of a same leg, and not the difference.
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The total energy in a converter leg Ey; is given by:
Exy=FE,+ E,. (3.85)

The reference for this value is simply given by substituting the nominal SM capacitor
voltage in the definition of E, and Ej, given by (3.81). Adding horizontal balancing

control to Figure leads to the complete low-frequency control technique, shown

in Figure [3.1§

&7

Es ref ,, + P
ﬁ%L»_ KPEZ+ K K,ExY ++ Serr
EZ ic ref

. ; Circulating Current
Vs reft
srefts Control

97'otor erotor
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EAref:O + P, UfIF + Uer
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Figure 3.18: Low-frequency control of the MMC (©)2020 IEEE. Reproduced from
[67].

This control scheme is only active for low-frequency operation. When the fre-
quency reaches a certain boundary, the horizontal balancing i.,.s is set to zero
and the CCSC resumes classical operation, simply suppressing circulating currents.
The common-mode voltage injection is also interrupted. In this dissertation, the

boundary frequency is set to 12 Hz.

3.5.1 Common-mode Voltage Drawbacks and Proposed

Waveform

The effects of common-mode voltages on machines driven via power electronics has
been subject of study since the 1990s. Originally, the source of this voltage was solely
the power semiconductors switching characteristic, which caused a fraction of the dc-
voltage to appear at the neutral of the driven machine and force current circulation
through the stray capacitances present between conducting surfaces of the machine
[T06]. This current flow through the machine can happen in different ways depending
upon machine characteristics and upon characteristics of the common-mode voltage

waveform. This subsection briefly reviews these effects and discusses, in the context
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of the low-frequency operation of the MMC, a common-mode waveform that could
reduce some of these effects in comparison to the trapezoidal waveform.
Common-mode voltages related to power-electronics converters can generate
what are known as bearing currents, these currents can possibly reduce a machine
lifespan. They flow through the shaft and bearings of the driven machine, possibly
causing loss of quality of lubricant oil, which increases vibrations and the risk of

bearing failure [107]. These currents are divided in five types:

e Small capacitive currents: related to the dv/dt levels of the CMV, specially
common in small machines near nominal speed operation. Usually considered

to be harmless;

e Electrostatic discharge currents: related to the peak value of the CMV, and

associated to machines operating near nominal speeds;

e Rotor grounded currents: possibly dangerous, high-intensity currents. Related
to situations in which the machine has a grounded rotor shaft and poorly
grounded casing. Specially related to large machines and pumps. Can be
avoided with the use of shielded cables [108];

e Circulating bearing currents: related to large machines operating under low-
speed. Due to CMV, a high-frequency current is established through the stray
capacitances between stator windings and the stator iron. This initial cur-
rent may induce a second current, circulating inside the machine and passing
through the bearings. This induced machine happens specially under low-

speed operation, for the bearing resistances are smaller on this range [109];

e Conduction currents: a current is established between the stator and rotor
through stray capacitances, then flows through the bearings to the external
frame. This current follows the same path of small capacitive currents but is

differentiated by its relation to low-frequency operation [107].

A detailed discussion on the subject is beyond the scope of this work and can be
found in, for example, Reference [I10]. In general, the presence of bearing currents
is related to CMV and the subsequent emergence of high-frequency currents flowing
through stray capacitances. Reducing the high-frequency components and the am-
plitude of CMV is desirable to reduce the impact of these currents into the driven
machine [IT1]. One of the advantages of the MMC is the smaller switching-related
CMV levels if compared to the 2L-VSC [112], an effect increased with higher number
of submodules per arm [I13]. Besides, multiple techniques based on PWM varia-
tions have been proposed to reduce this CMV even further [114] [115] [I16] [117]. In

the case of the MMC operating under low-frequencies, though, there is the obvious
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problem that CMV is being purposely injected with high amplitudes. According to
Li et al. [T18], Du et al. [I19], and other works [120], this injection might be capable
of causing bearing currents circulation and associated problems. Li et al. propose
topological modifications to the MMC to deal with this and also point out, in other
publication [105], that large CMV dv/dt levels could lead to stresses on the MMC
arm inductors.

In this work, waveforms are compared in order to investigate if a differentiable
approximation of a square-wave, henceforth called "smoothed square wave”, could
present advantages over the usually employed trapezoidal waveform. Figure
shows the two waveforms compared in this thesis, a square wave is also added to the
graph. Care is taken to set a trapezoidal waveform and a smoothed square waveform

that have the same maximum dv/dt and the same peak voltage levels.

Waveform options for common-mode voltage application
T

15 T T T T T I I
Square Waveform
Trapezoidal Waveform
10 Smoothed Square Waveform | |
Y. \ / \ 2
/ / \ /
O - —
\ / \ /
N/ N |
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15 I I I I I I I I I
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
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Figure 3.19: Comparison of possible waveforms to be applied as common-mode
voltage (©)2020 IEEE. Reproduced from [67].

The smoothed square waveform shown in Figure has a closed expression

based on trigonometric functions [T}
A sin(wemt)
so(t) = ———— arct — 3.86
SMsq(t) arctan (1) arctan ( 5 ) (3.86)

where § is a positive real number. given in rad=!. A is given in kV, and w,,, in
rad/s. Increasing the parameter 0 leads to smoother signals, as shown in Figure
0, 20!

1A discussion on ways of obtaining closed formulas for differentiable approximations of wave-
forms can be found at https://mathematica.stackexchange.com/a/38295, where formulas similar
to are described by user ybeltukov. There is at least another closed-form expression for a
square-wave’s differentiable approximation, described in Reference [121].
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Proposed common-mode voltage waveform, smoothed square wave
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Figure 3.20: Proposed common-mode voltage waveform. Equation (3.86|) parame-
ters: A = 7.6, wen = 753.98 rad/s. (©)2020 IEEE. Reproduced from [67].

The fact that such an expression exists is advantageous for the application of
this waveform as the injected CMV. The existence of a closed-formula allows a
relatively simple implementation of this option in a digital controller. Another
possible advantage of such an expression is the fact that the variables 6 and A can
be chosen as function of chosen values for the frequency, peak-voltage and maximum
dv/dt levels of the CMV. To obtain these relationships, the time derivative of

is first obtained:

dsmy,(t) Wem A cos(wemt)
= i - , (3.87)
dt arctan (1) [62 + sin(went)?]
the time derivative zeroes are located at w.nt = %F. Therefore, the smyg,(t) peak
value is:
Mg (1) pear = A. (3.88)

The time derivative maxima are located at we,t = nw. Thus, the maximum dv/dt

level of the waveform can be written:

dv
dt

Wem A

= —. 3.89
¢ arctan(s) (3.89)

max

Eq. can be solved numerically for the variable §. The minimum attainable
dv/dt level is that of a sinusoidal wave: we, A, this is expected from Figure ,
where the waveform becomes increasingly smoother with higher §, approaching the
shape of a sinusoidal waveform.

A comparison between the smoothed square waveform and the trapezoidal wave-

form is made in terms of harmonic frequencies components. The signals shown in
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Figure[3.19|are compared. In this example, 6 = 0.4. Figure[3.21|shows the harmonic

frequencies, starting from the third order, present in each of the waveforms.

Harmonic Frequencies
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Figure 3.21: Comparison of RMS values of the harmonic components of trapezoidal
and smoothed square waveform, fundamental frequency is 120 Hz. Values below
0.01 kV were considered to be null. (©)2020 IEEE. Reproduced from [67].

The smoothed square waveform presents basically no harmonic components be-
yond the eleventh order, while the trapezoidal waveform, with the same peak and
maximum dv/dt voltage levels, still present harmonic frequencies up to, at least, the
31st harmonic order. This seems to be an advantageous property of this waveform,
as most bearing currents types, including the induced type, are related to high fre-
quency currents flowing through machine stray capacitances. Taking these points
into account, it might be advantageous, if possible, to apply this waveform instead
of the usually studied trapezoidal waveform.

A question arises when applying this new waveform: the discussion so far has es-
tablished that, depending upon the common-mode voltage waveform, the definition
of the leg-offset voltage v. may have or not a displacement angle in relationship to
the common-mode voltage v,,,. When using this smoothed waveform, should the ac-
companying v, order be displaced by 7 as is the case for sinusoidal waveforms, or not
displaced as is the case for the square-wave forms? The performed PSCAD/EMTDC
simulations with § = 0.4 have shown that not adding any displacement to v. has
yielded good results, that is, the procedure applied to the square and trapezoidal

waveforms remains valid.
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3.6 MMC Simulation Model

Modular Multilevel Converters are considerably more complex than the usual
2LL-VSC and this can lead to slower simulation times. The literature reports multiple
techniques for the simulation of this type of converter, depending upon the objective
of the study [57].

One of the objectives of this work is to evaluate internal variables such as the
capacitor voltage ripples. This type of investigation requires detailed models repre-
senting the inner working of each submodule. The PSCAD/EMTDC model library
contains a proper, submodule-level detailed model, which has been applied in this
work. More detail on the inner workings of this model can be found in Reference
[63].

3.7 Chapter Conclusions

The MMC has a tendency towards submodule voltage ripple during low frequency
operation, the usually employed control technique developed to circumvent this con-
dition is based on injection of common-mode voltage. As of today, the waveform
usually employed is the trapezoidal waveform and, in this chapter, an alternative
waveform with smaller high frequency components has been presented. This pro-
posed waveform is a differentiable approximation of a square wave with the advan-
tages of retaining the possibility of adjustable maximum dv/dt and peak voltage

levels, and of being described by a closed-form expression.
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Chapter 4

Methodology

4.1 Introduction

This dissertation consists fundamentally on time-domain simulation studies of a Full-
size Converter VS-PHS using a Modular Multilevel Converter. These simulations
are performed using the PSCAD/EMTDC software in its 4.6.3 version. There are

three main lines of investigation:

e The design of the MMC-based VS-PHS, including main-circuit design and
control system design, critically evaluating the possibility of retro-fit of existing

units;

e The behavior of the MMC during start-up procedures compatible with those
effectively employed in operating VS-PHS employing FSC, including the fea-

sibility of a new common-mode voltage waveform;
e Synthetic inertia provision of the VS-PHS during pumping mode.

In the case of main-circuit design, the converter is designed with a similar nominal
power to those currently operational in VS-PHS applications, the power semicon-
ductor device applied is the same proposed by Steimer et al. [44] and applied in
some currently operational projects [122]. The synchronous machine and hydraulic
circuit data have been, as much as possible, based upon real data and criteria for
PHS units, as reported by the literature [19] [69].

4.2 Hydraulic Data

4.2.1 Hydraulic Circuit

The energy density of a PHS reservoir greatly benefits from high heads. These high

heads will, naturally, require longer penstocks, which will cause some energy losses.
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PHS units follow a general rule of feasibility: usually a location is only considered
fit for PHS if the ratio between the length of the penstock and the Head is below
10 [123].

As the PHS unit studied here does not really exist, the author has been forced to
simply choose a value for the penstock length. As this work’s objective is not to an-
alyze hydraulic phenomena in detail, a ratio of 3 between penstock length and head
is chosen. With this relatively short penstock the chance of elastic water column
phenomena being of relevance to our studies is diminished [19]. Other quantities
such as the diameter of the penstock are chosen based on typical values found in
[19]. Using these choices and the hydraulic equations presented in Chapter [2] the
data used in the hydraulic circuit model is derived and presented in Table [1.1]

Table 4.1: Hydraulic data.

Hydraulic Circuit Variable | Value
Nominal Head (H) 200 m
Penstock Length (L) 600 m
Penstock Diameter 2.5m

4.2.2 Pumping Mode of the Reversible Pump-Turbine

Liang et al. [62] model a Francis Pump-Turbine within the range of hundreds of MW,
the constants used in their modeling are considered to be a good first approximation
to the case studied here, so they are slightly modified and applied as presented in
Table [4.2] as has been exposed in further detail in Chapter [2}

Table 4.2: Pumping mode model data.

Pump model variable Value
Variable relating speed and pump Head (ag) 1.7
Variable relating speed-flow product and pump losses (a1) | -0.2
Variable relating flow and pump losses (az2) -0.3
Variable relating flow and penstock losses (f¢) 0.01
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4.3 Synchronous Machine Data

The machine modeled in this work is based on a 101.3 MVA synchronous machine
currently operational on a hydro power plant. This particular apparent power value
is chosen based on the current power trend for power-electronics based pumped hydro
storage: while the scientific literature agrees that full-sized multilevel converters will
eventually surpass the DFIM dominance on the hundreds of MW range, the present
situation is that VS-PHS projects with full-size converters are confined to an upper
boundary of, approximately, 150 MVA. Grimsel 2 VS-PHS is within that range [59]
and the author believes that pioneering projects applying the MMC will remain

within that power range.

4.3.1 Electrical Data

Table shows the synchronous machine data as usually given by manufacturers,
that is, in terms of traditional operational impedances and time constants of the

studied synchronous machine.

Table 4.3: Synchronous machine data.

Circuit Variable Nominal Value
Synchronous Reactance X, 1.15 pu
Transient Reactance X, 0.32 pu
Sub Transient Reactance X 0.26 pu
Synchronous Reactance X, 0.75 pu
Sub-Transient Reactance X,/ 0.23 pu
Leakage Reactance X 0.12 pu
Transient Time 77, 7.71s
Sub-Transient Time T} 0.07 s
Sub-Transient Time Ty, 0.2s
Nominal Voltage (rms) 13.8 kV
Apparent Power 101.3 MVA
Nominal Electrical Frequency 60 Hz
Inertia Constant (Hgas) 2.8 s

Given that one of the aspects of this work deals with common-mode volt-
age, it is reported that the neutral series resistance of the machine’s model in
PSCAD/EMTDC is 10 k€.

4.3.2 Saturation Data

Table shows the magnetization characteristics in terms of magnetizing current
and stator voltage, as entered into PSCAD/EMTDC.
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Table 4.4: Synchronous machine magnetization characteristics as entered into
PSCAD/EMTDC.

Current | Terminal Voltage
0.0 pu 0.0 pu
0.45 pu 0.57 pu
0.63 pu 0.742 pu
0.81 pu 0.931 pu
0.9 pu 1.0 pu

1.035 pu 1.1 pu

1.2163 pu 1.16 pu

1.368 pu 1.2 pu
1.8 pu 1.3 pu
2.7 pu 1.375 pu

The air-gap line nominal voltage is related to a current of 750 A, therefore

configuring this current value as 1.0 pu.

4.4 Electrical Network Data

Two networks are employed throughout this work. Namely, first a Thevenin equiv-
alent is directly connected to the PHS model. This network model is employed for
simulations in which the only objective is to verify the behavior of the converter in-
ternal variables, or of the machine-side converter controlled variables. To investigate
the dynamics of a power system, an 11-bus test network has been built. This is a
modified version of the network presented in [124], which is itself originally inspired

in the two-area system by Kundur [76].

4.4.1 Thevenin Equivalent

The applied Thevenin Equivalent Network has the characteristics shown in
Table .5}

Table 4.5: Data regarding the Thevenin Equivalent Network.

Characteristic Value
Voltage 500 kV
Short-Circuit MVA | 5000 MVA
X/R Ratio 20

4.4.2 11-bus System

The unifilar diagram of the 11-bus system is shown in Figure In this system,

a VS-PHS with 8 parallel machines is employed, so the total rated active power is,
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approximately, 800 MW.
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Figure 4.1: 11-bus system employed in simulations with the objective of investigating
the synthetic inertial response of the MMC based VS-PHS.

The characteristics of the transmission lines (represented by TL), transformers

and synchronous machines are presented on the Appendix [A]l

4.5 First Simulation Case: Start-up Procedure

The difficulties of low-operation frequency of modular multilevel converters have
been widely reported [57] [60] [LI0I]. The first simulation case is an investigation
of this phenomenon. The MMC internal variables are observed and the effect of
multiple control techniques are investigated. The simulation is performed with the
Thevenin Equivalent network. The start-up procedure is based upon the Grimsel 2
unit operational experience [53], the time frames come from results reported in the
literature [51] [70] which put the necessary time for start-up in, approximately, 60

seconds. The timeline of events during the start-up are:

e From t = 0 s to t = 25 s, the Reversible Pump-Turbine is accelerated to
nominal speed against a closed spherical valve, that situation is modeled by

ideally closed wicket gates (G = 0);
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e the MMC low-frequency operation mode is active while the machine speed

remains below 0.2 pu;

e From t = 25 s to t = 55 s, wicket gates are linearly opened until the fully
opened state (G = 1).

It is expected that, with the implemented technique, this procedure allows for the
correct start-up of the RPT in terms of active power while the SM capacitor volt-
ages remain within the upper boundary of 3.3 kV, as will be further discussed in
Chapter [5 It is also expected that even throughout the start-up, the MTPA scheme
leads to almost no requirements of reactive power provision by the machine-side con-
verter.

The start-up procedure is to be simulated with and without the low-frequency
strategy described in Chapter The injection of the proposed smooth waveform
and of a trapezoidal waveform with similar amplitude and maximum dv/dt levels

are compared. Every simulation is performed with a time-step of 10 us.

4.6 Second Simulation Case: Synthetic Inertial

Response

The 11-bus system is set to operate in the point described in Appendix [A] In this
situation, the stiff voltage source of Bus 11 is exporting, approximately, 1800 MW
to the system with boundaries defined by Buses 7 and 8.

In the simulation, a contingency defined by the opening of two of the three
circuits that connect Bus 11 to Bus 10 happens, causing an immediate decrease
of power supply to the receiving system and, consequently, a frequency dip. The
response of the PHS with inertial response during this time-period is observed.

It is expected that the VS-PHS with synthetic inertia decreases its power con-
sumption in a considerably fast manner and contributes to reduction of ROCOF

and frequency nadir.

4.7 Chapter Conclusions

This dissertation is organized in two PSCAD/EMTDC simulation cases. In one of
them, the VS-PHS model is connected to a Thevenin equivalent with the objective
of studying the start-up procedure. The other simulation case uses an 11-bus test
system in order to evaluate the unit behavior during synthetic inertia provision.
Data for the VS-PHS hydraulic components and start-up procedure are based on

the operational experience reported on the literature.
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Chapter 5

Modular Multilevel Converter

Main Circuit Design

This chapter describes the MMC main circuit design. It deals with the main aspects
of such a design, as outlined in [57]. It is important to notice that, as a back-to-back
topology is employed, there are actually two converters: the machine side and grid
side converters; in this thesis they are both identical. It is also important to notice
that the several parts of main circuit design are not entirely uncoupled and the order
in which the sections are presented is not representative of a correct order to follow
in the design of a MMC. The modular multilevel converter main circuit design is an
iterative process [57] and this is shown throughout the chapter.

In terms of the specific application of VS-PHS, this chapter shows that, if the
machine-side converter is connected directly to the synchronous machine, the cur-
rently available semiconductor devices might be surpassed in terms of maximum
rated electrical current. A similar discussion is presented by Milovanovic and Du-
jic [125], including alternatives related to parallelization options within the MMC
structure. Literature review has also shown that, even though some IGCT devices
may be compatible with the application in terms of voltage and current capability,
their presently available commercial form might bring a set of complexities related
to pulse driving [126]. The objective of the chapter is not to propose a design
which solves every problem but to report on some challenges that could arise when
employing the IGCT.

5.1 Nominal Power Selection

In this dissertation the MMC converter is designed to be able to withstand a power

factor down to 0.8. Therefore, the converter nominal apparent power is 126.87 MVA.

70



5.2 Switching Semiconductor Device Selection

In one of the first papers proposing the application of MMCs to Pumped-Hydro
Storage, Steimer et al. [44] propose the application of advanced IGCT technology.
Applying IGCT, the authors say, a converter with a total efficiency of approximately
98% could be attained [44]. The IGCT has been chosen for the implementation of
multiple currently operational medium-voltage high-power converters [122]. The
superior efficiency of IGCT, its good reliability and applicability to MMCs, are also
reported by Sharifabadi et al. [57]. If compared with the IGBT (Insulated-Gate
Bipolar Transistor), the IGCT has approximately half the cost for the same capacity,
higher surge current withstanding, and higher reliability. Disadvantages also arise
though, as the presently available IGCTSs require separate dc power supplies for the
gate pulses and also snubber circuits. The power rating required for the driving
circuit stands between 50 and 100 W, while for the IGBT it stands in the 10 W
range. For the specific MMC application, which is based on submodules, the need
for sets of separately excited dc supplies can considerably increase the cost and
volume of the converter [126].

A bibliographic research on the voltage and current withstanding capabilities
of the IGCT has been made. The 4.5 kV maximum voltage value is found for
commercial IGCTs in multiple references [57] [127] [128] [129]. In terms of current
capability, the main limiting factor of the IGCT is the maximum turn-off (that is, the
maximum controllable) current and not the thermal capacity [I30]. The maximum
controllable current value of 5.5 kA, for an IGCT operating with 3.3 kV, has been
reported in [I31]. Another reference [132] reports 5 kA for operation with 2.8 kV.
These electrical current values are superior in relation to the ones found for the
IGBT, reported in the range between 2.4 kA [127] and 3.6 kA [133]. An alternative
would be to adopt parallel connection of IGBT devices, allowing a larger current
capability. This kind of parallel connection is reported to not be feasible with devices
based on thyristor technology (such as the IGCT) [134]. The on-resistance value of
IGCT is set to be 0.24 m(2, based on ABB information [135].

The chosen device should be able to withstand a current 4., that is function of
the rated dc current i4. and of the peak ac current ipeqrac [57], as shown in :

. ipeakac idc
ev — - 5.1
la 5 TS (5.1)
The power selection made in Section leads to, assuming an operation under
0.9 pu ac voltage, igepear = 8.33 kA and, assuming a dc voltage level of 28 kV (a
reasonable value as will be seen later), is. = 4.53kA, yielding a value of ig4.,, = 5.6kA,
slightly above the 5.5 kA mark reported by reference [I31].
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By now two factors presented in the introduction of this chapter are clear; first
of all, the present power semiconductor device technology is pushed to its maximum
capabilities in electrical drives such as the one studied here, the second point is
that the main circuit design is an integrated process where choosing the dc-voltage
level becomes also a function of the switching device’s capabilities. This discussion
is concluded by reporting that, for the present main-circuit design, the IGCT has
advantages such as its higher current capabilities and superior efficiency, and that
adjustments on the dc-voltage level will be made in order to maintain currents under
the rated values. Employing a transformer between the converter and the machine
would also solve the problem but at a higher cost and larger footprint, requiring
an area that is possibly not available given that the equipment would be operating
inside a dam. Another alternative would be to employ a parallel association of
MMC s, as is done, for example, in the MMC-based STATCOM built in NP Kunta,
in India [99]. This option would also bring higher costs and require more room for

two converters and for duplicates of auxiliary equipment.

5.3 DC Voltage Selection

The previous section has shown that the dc-voltage selection is coupled to the device
rating. Therefore, first the rationale behind the initial 28 kV value estimate is
presented and then, in a second iteration, the voltage level is increased, keeping the
currents within the semiconductor device rated values.

As presented in Chapter [4] the synchronous machine employed in this thesis has a
13.8 kV rated voltage and is Y connected. Therefore, the peak phase voltage is equal
to 11.26 kV. A maximum operating voltage of 1.1 pu is considered and, therefore,
the maximum operating peak phase voltage is 12.4 kV. At the same time, it is usual
practice to have a dc voltage higher than strictly necessary, this extra dc voltage is
sometimes called the electrical drive voltage reserve and usually remains within the
5% to 10% range [83]. In the first iteration a voltage reserve of 12%, approximately,
is employed. This choice leads to the dc voltage level, between poles, of 28 kV.

As shown in the previous section though, increasing this voltage level would lead
to a smaller contribution of current from the dc side, possibly reducing it enough to
remain within the IGCT capabilities. The dc voltage level V. is, therefore, increased
to 33 kV. This new level leads to, via[5.1] i4e, = 5.45 kA. This value is, of course,
calculated for the most stressing condition for the MMC, with 0.9 pu ac voltage and
maximum apparent power. A condition very unlikely to occur at the machine-side
converter, given the MTPA technique employed and the relationship between stator
voltage and machine speed. Taking this into account, it is considered that the main-

circuit design can proceed with the 33 kV dc voltage level choice. It is important
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to once again notice that this design exercise shows a tendency of transformer-less
VS-PHS applications with relatively low dc-voltage levels to considerably stress the
semiconductor devices, specially taking into account that the machine used here

does not have a particularly large power rating.

5.4 Number of Submodules

After a dc voltage level has been chosen, it is necessary to set the number of sub-
modules (N) contained in each MMC arm. This decision is a function of, besides
the dc voltage level itself, the power semiconductor employed. As the total dc link
voltage V. will be imposed upon N submodules, the maximum withstanding voltage
of the semiconductor technology will define the suitable number of submodules.

As shown in Section the maximum current withstanding has been set con-
sidering that the switching devices will operate under a maximum voltage of 3.3 kV.
A dc-voltage level ripple around 10% in each SM voltage is usually reported as a
reasonable value [57] [136], as the MMC is applied in an variable speed application,
we choose to apply N = 12 submodules per arm, allowing for percentual ripples up

to 16 %.

5.5 Switching Frequency

While increasing the switching frequency leads to better harmonic elimination and to
smaller voltage fluctuation on each MMC submodule, the IGCT is a device optimized
to reduce conduction losses and has a typical switching frequency in the 500 Hz range
[135] [137]. At the same time, it is reported that a better voltage balancing between
the submodules is obtained from a switching frequency which is not a multiple of
the fundamental frequency [57]. The machine-side converter is related to a variable
frequency ac-system, so the extent to which such a recommendation is relevant
is not clear. However, based on the grid-side converter, the author has chosen a
switching frequency for every submodule of 687 Hz (11.45 times that of the 60 Hz
fundamental). The PWM scheme employed is the Phase-Shifted Carrier PWM, as
explained in Chapter [3
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5.6 Submodules Capacitance

The definition of the submodules capacitance requires the definition of the energy-

power ratio of the converter Ep:

E max
Ep=-¢

= Sorre (5.2)
where Eopnq, is the maximum energy stored in the capacitors and Sype is the
converter’s rated power. The energy-power ratio concept is very similar to the usual
inertia constant H usually employed for synchronous machines.

As the capacitors are responsible for, approximately, half of each submodule’s
volume, it is desirable to minimize capacitance in order to reduce the overall con-
verter’s size [I38]. On the other hand, larger capacitors lead to smaller voltage
fluctuations. Capacitance choice is, therefore, a trade-off between performance and
cost which can be represented by Fp. Larger energy-power ratio values would lead
to bulkier converters while presenting smaller voltage fluctuation. Zygmanowski et
al. [136] report that typical values of Ep for MMCs fall within the 10-50 kJ/MVA
range and present a table with multiple design choices from the scientific literature.
In [I38], a minimum value of 39 kJ/MVA is recommended for a converter operat-
ing in a 50 Hz grid and dealing with pure reactive power operation, [57], on the
other hand, presents the range of 30-40 kJ/MVA as a reasonable first estimation
for capacitor sizing, both references consider a 10% voltage ripple in each SM to be
acceptable.

The total energy stored in the dc-side of the MMC’s submodules can be written,
if it is considered that the voltage between submodules are equally distributed (that
is, there is no variation between each submodule voltage), as [136] [138]:

Csm

Eactink = GNTVSQM’ (5.3)

where N is the number of submodules in each arm, Cs,, is the capacitance of each
submodule and Vs, is the nominal voltage in each submodule, considering, as pre-
viously said, that the dc-link voltage is equally distributed throughout the N sub-
modules in the on-state.

The variable frequency nature of the VS-PHS application requires regular low
frequency operation, under relatively low voltages. Pure reactive power control,
on the other hand, would only happen on the grid-side converter, where frequency
would only deviate slightly from the nominal value. Also, the nature of the VS-
PHS application requires an attempt to minimize the volume of the converter, given
the expected scarcity of physical space inside a dam. Given these observations,

the design choice followed here is, in a first attempt, to apply two-thirds of the
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value recommended by Green at. al [I138], that is Ep = 26 kJ/MVA, this value
could possibly be reduced if modulation with triple harmonic insertion were used
[138] but that is not the case here. As previously states, this value could also be
described as the converter’s inertia constant. In this case, this value would be 26
ms, a value approximately one hundred times smaller than the inertia constant of
the synchronous machine employed in this dissertation.

Substituting into yields a closed formula for the capacitance of each

submodule for given values of N, Ep and Vj,:

Snom
Csy = EpN —- 5.4
SM P 3‘/(1267 ( )
applying the chosen values of N, E,, Syom and Vg, (5.4) yields, approximately,
Cspr = 12000 pF. That is above most, but not all, of the design examples found by
Zygmanowski et al. [I36]. This gives a value for total capacitance of each arm of

Claym = 1000 piF.

5.7 Arm Inductances Selection

Arm inductance selection is another way of possibly increasing the maximum current
capability of the converter, larger arm inductances might cause a larger voltage drop
within the converter in relation to the external ac voltage [57]. In this work, though,
the selection is done mainly to avoid resonances within the converter.

As discussed in Chapter [3, the MMC has a circulating current containing har-
monics of even order. The procedure outlined in [I36] is followed. With that, the
circulating current suppression control is not considered in the decision process. As
discussed, the steady state converter operation will have the CCSC activated, so the
choice presented in this section can be understood as conservative.

In an MMC, the operating frequency under which resonance occurs can be writ-
ten as [136]:

s _ 1 2(h* — 1) + m2h?
" LavmCarm — Sh2(R2—1)

(5.5)

where h is the even-order harmonic, h =2n,n =1, 2, ... oo and m, is the modulation
index. By manipulating it is possible to find which values of inductance would
cause resonance for each set of variables. In order to determine which are safe arm
inductance values choices, operating frequencies of 45, 50, and 60 Hz are studied
while the capacitance is set to be the value chosen in the previous section. The
modulation index is allowed, for each of those frequencies, to vary between 0.1 and
1.0. Priority is given to the harmonic frequencies of order 2 and 4, as done in [136].

The results are shown in Figure [5.1}
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Resonance-causing inductance as function of modulation index

102 C.m =1000 uF
1.4 T T T T T T
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O h=2,f=45Hz
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0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Modulation index m,_

Figure 5.1: Set of arm inductances which are resonance-prone.

Each line represents a set of undesirable choices and, as the electrical drive
operating frequency is expected to vary between, approximately, 60 Hz and 45 Hz,
we can choose the two extreme plotted lines in Figure [5.1] as boundaries of an
undesirable region that might be attained during the drive operation, this region is
shown in red in Figure
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Resonance-causing inductance as function of modulation index
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Figure 5.2: Resonance-prone arm inductance selections for the expected operating
region of the machine-side converter.

Observing the undesirable region of Figure [5.2] the design of arm inductance is
set to be Ly, = 1.4 mH. This value is equivalent to 0.2 pu in the converter base.
If there were no need for an operation in frequencies as low as 45 Hz, this value
could be reduced to approximately 0.11 pu. This can be observed on Figure [5.1} as
the highest values of resonance-causing inductances are related to 45 Hz operation.
Values in the 0.1 — 0.15 pu region are reported as usual for converters required to
deal with dc-link faults without bypass thyristors or other techniques to protect the
SM switches [57]. The wide frequency operating region gives rise to this peculiarity
where a back-to-back converter ends up having an arm inductance with the same

per unit scale of converters prone to dc-link faults.

5.8 AC Filter

It is widely reported that modular multilevel converters applied to HVdc links usu-
ally require very small filters or none at all. It is well known that the harmonic
generation levels of such converters are very small [57] [03] [127] and that usually
the most worrying power quality related phenomena is related to harmonic insta-

bility caused by the interaction between the converter and other equipment on the
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power grid [94]. The usual characteristics of filters for MMC are reported by a
CIGRE Working Group [94]. It is reported that filters for such converters are usu-
ally very small, have a low quality factor (@ < 3) and are tuned to frequencies
close to the switching frequency. This report also contains harmonic distortion
levels recommended by the IEC 61000-3-6 standard. In this work, simulations with-
out ac filters are performed, the results for the voltage distortion at the Point of
Common-Coupling (PCC) are investigated and compared with the levels presented
in the IEC 61000-3-6 standard. The Total Harmonic Distortion (THD) definition
applied in this work excludes interharmonics, as considered by the same IEC stan-
dard [94]. Distortion levels for simulation cases with the detailed MMC model and
a b us time-step are presented. The grid model considers a Thevenin Equivalent
with short-circuit power of 5000 MVA and an X/R ratio of 20. This grid based on
a Thevenin equivalent is the same described in Chapter [4] The distortion levels are
evaluated during steady-state operation, that is, power quality considerations are
not made for the start-up procedure. To verify the distortion levels, a simulation
is run with the Variable-Speed Pumped Hydro station operating with unity power
factor and absorbing 85 MW of active power. The distortion levels for this condition
are shown in Table [5.1]

Table 5.1: Comparison between distortion levels as required by IEC 61000-3-6 for
High-Voltage and Extra High-Voltage grids and distortion levels as found via simu-
lation.

Harmonic IEC 61000-3-6 Simulation without

order requirement ac filter
2 1.4 % 0.023 %
3 2.0% 0.015 %
4 0.8% 0.012 %
5 2.0% 0.010 %
6 0.4% 0.010 %
7 2.0% 0.007 %
8 0.4% 0.008 %
9 1.0% 0.008 %
11 1.5% 0.01 %
13 1.5 % 0.009 %
15 0.3% 0.008 %
21 0.2% 0.01 %

By observing the values shown in Table it becomes clear that the observed
distortion levels are well within the recommended ranges. Taking this into account
and the fact that it is desirable to minimize room requirements, the design decision

is to operate without an ac filter.
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5.9 Chapter Conclusions

This chapter has shown that medium voltage electrical drives with power ratings in
the range of the hundreds of MW not employing a transformer at the machine-side
are quite demanding regarding the electrical current ratings of the presently available
power semiconductor switches, as described in the literature [I125]. The semiconduc-
tor employed, the IGCT, presents advanteges related to smaller conduction losses.
Yet, the parallel association of IGCTs is still an open problem. This is a possible
caveat for the application of the MMC on VS-PHS in an IGCT-based, transformer-
less configuration. The addition of a transformer, or of parallel-connected MMCs,
would possibly violate tight room availability and would also eliminate one of the
MMC-based solution advantages over the solution presently operational at Grimsel
2, employing the three-level Active Neutral Point-Clamped Converter. On the other
hand, even though the converter must deal with low-frequency operation, it was not
necessary to increase the amount of energy within the converter to counteract this.

In other words, this is a regular converter in terms of capacitor sizing.
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Chapter 6

Control Systems Design

6.1 Introduction

In this work, the control system design is presented for the machine-side converter
and for the grid-side converter. As the case studied here is that of a back-to-back
structure, there are different control structures spread among the two converters.

Figure [6.1| shows a general view of the control objectives and measurements of each

converter.
lvdc ref lPe ref
. Grid-Side Machine-Side
Vgs lgs Converter Control Converter Control
Vd" Vms iF
ims 0
Gate Pul Gate Pul: .
SiagnealsLI * Siag:alsu * Deren
Load
Electrical Grid /\/ =
Tos
gs
—
Vie Synchronous
V. 7 Machine +
gs — /\/ " Static Exciter

Figure 6.1: Basic control structures present in each of the converters.

In the structure adopted here, the machine-side converter contains a field-
oriented control structure and has the objective of tracking a certain active power
reference while operating with a power factor as close as possible to unity. This is a
usual control structure, commonly found in the literature [78] [I39]. The grid-side
converter has two objectives, it controls the dc-bus voltage level and, consequently,
allows for the correct flow of active power; it is also capable of contributing to ac-
voltage control, configuring the provision of an ancillary service. The machine-side

converter control general strategy and estimators have been presented in Chapter
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and the present chapter deals with the design of controllers and with the system
dynamic responses

A typical way of designing a controller is to set the control loop to have a spec-
ified bandwidth response [140] [I41]. This can be done, equivalently, by choosing a
certain desired time constant for the equivalent first order transfer function. Usually,
for Voltage-Source Converters, current control is the most basic and fundamental
control loop [86] and is the first control design level detailed in this chapter. Be-
fore proceeding, it is important to remember that the relationship between the time
constant 7, in seconds, of a first order transfer function and its bandwidth ap, in

radians per second, is given by (/6.1)):

T=_— (6.1)

If the interest lies in using a PI controller of the form K, + K? to control a
first-order plant and, therefore, acquire a closed-loop transfer function with certain
specified time constant ¢. and bandwidth c, a criterion for the choice of K, and K;
becomes necessary. In the case of current control, the so-called first-order plant is

an RL circuit, the control loop described here becomes, therefore, the one shown in
Figure [6.2]

7:ref +

. K, v 1
K + t Ustator base
P S R+sL

1

<

Ibase

Figure 6.2: Current Control Loop.

The open-loop transfer function of the control scheme shown in Figure [6.2 can
be described and developed as follows [86] [141]:

G(s) = (Kp+ K;) (R;J = (%) <8%+f_j) , (6.2)

K

’TR, at the same time, there is a zero z; = —3*. The
p

objective is to have a closed loop behavior similar to a first order transfer function

clearly G(s) has a pole p; =

of the form such a closed loop behavior requires an open loop gain with no

1
T+mis’
zeroes and a single pole. This can be achieved canceling p; with z; through the

following criterion [86]:
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K, =

}? (6.3)
K;=—.

Ti

Alternatively, this same criterion can be presented as function of bandwidth and

taking into account the per-unit bases. For the proportional term, given in pu/pu
[140]:

OCCXL(Q)
K, = 6.4
g Zbase ( )
and for the integral term, given in 1/s :
R(22
K, = 2R (6.5)
Zbase

Once there is a criterion for the choice of controller constants given a desired
bandwidth, the next question is, what is the criterion for choosing the desired band-
width for current control? In the case of VSC, the choice of current control time
constants usually remains between 0.2 and 2.0 ms [86]. In this work, ¢; = 2.0 ms is
chosen. Leading, via , to a. = 500 rad/s.

Proportional-Integral controllers are only capable of reference tracking of dc-
quantities and, for that reason, the control of grid-connected converters is usu-
ally made in the synchronous reference frame based upon synchronization via
Phase-Locked Loop (PLL) [86]. That is the procedure followed here for the grid-
side converter. Important observations must be made regarding the machine-side
converter, though, as it configures a variable-frequency system and the synchroniza-
tion happens in relation to the machine rotor position, more detail on that is given
in Section [6.21

6.1.1 Per-Unit Systems

Electrically excited synchronous machines have fundamentally two per-unit base
systems, one for the excitation systems and one for the network [76]. As can be seen
in Figure [3.3] the rotor and stator circuits, even though electrically isolated, can be
represented as a single circuit. That, as for the case of transformers, happens due
to a certain choice of per-unit systems [89]. The per-unit system which allows for a
single circuit representation is usually called the L,4-base reciprocal system [76] and,
of course, results in different impedance base values for rotor and stator circuits. As
for any electromagnetically coupled circuit, the bases for apparent power and time
must be the same [89]. This system, as usually used by the manufacturers for stator

quantities, has the following characteristics [83] [86] [89]:
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e Stator base-voltage vy.s: peak phase voltage.
e Stator base-power: Ss,p, the three-phase machine rated power in MVA.

e Stator base-current iy.s.: peak line current.

The manufacturers also supply the machine saturation curve, from which the

base-current for the excitation system can be obtained [76] [89]:

e Excitation system base-current Ipp.: current value that, at the air-gap line,

generates nominal terminal voltage.

From the data given by the manufacturer it is possible to obtain the current and
voltage bases (igpase; Vipase) for the rotor circuits on the Lyg-reciprocal system and

on the non-reciprocal system ({ppase,Frpase) using the following relationships [76]:

i _IFbase
Fbase —
Liad (6.6)
. S3ph o rp B
VFbase - — Fbase

LFbase Lad

6.2 Control of the Machine-Side Converter

6.2.1 Introduction

This section covers the detailed control design of the machine-side converter, using
the modeling and control concepts covered in the preceding chapters. The control
technique employed here is the so-called air-gap flux oriented control. As the objec-
tive is to present the control design, results are first presented using a VSC converter
averaged model. The final results, using a detailed MMC model, are presented in
Chapter [7]

As the control of an electrically excited synchronous machine consists of multiple
basic blocks, this chapter is divided in multiple sections, one for each major control

objective:

e Stator Current Control

Excitation Control (Field Current)

Air-Gap Flux Control

Speed Control

Power Control

Magnetic Saturation Estimator
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6.2.2 Stator Current Control

As previously stated, the control systems based on PI controllers employ the syn-
chronous reference frame and, with that, there are two current controllers for each
converter, each one dealing with the current in each axis of the rotating reference
given by the angle of the machine’s rotor. Therefore, there are two independent
branches, as shown in Figure 6.3 containing regular feedback control and a decou-

pling factor between the direct and quadrature axis.

iq ref +
v
Kia d N v
- KP d+ ;( Ustator base [T ref da0
. T q
td
Vabe ref Mab
w ﬁ abc
iqref — + v .
K;q q J Vg ref dc rated
- KP q + s +O Ustator base —> abe
7
q

Figure 6.3: Stator current control diagram.

To design the PI controllers, the closed-loop control model shown in Figure
is employed:

7:cl ref + v iq
K Kia d v
\ pd+ " stator base Plant Model >
1
Istato'r base
lgref  + v iq
K; q
\ Kp q + p q Ustator base Plant Model >

Istator base

Figure 6.4: Stator current control diagram.

The design of the d-axis current is now presented.

Direct-Axis Stator Current Control

The machine data given in Chapter |4] contains part of the circuit parameters nec-
essary for controller design, namely: armature resistance (rs = 4.4 m{)) and syn-
chronous inductance (Lg = 5.7 mH) values. The other value of interest comes from

the converter data. In the usual MMC model, the converter output current is being
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driven through this resistance ry;y¢, usually considered to be a quantity modeling
the MMC losses and assuming values reaching 0.1 €2 for converters with hundreds
of submodules [57] [I42]. An approximation considering the slope resistance of the
IGCT presented in Chapter 5[ and that the output current can be flowing through
up to 12 submodules yields rypc = 2.9 m2. The MMC arm inductances are not
considered in the stator current control design, as the synchronous machine model
inductance values are 8 times larger than the MMC arm inductances.

With the necessary data for the control design already gathered, a discussion
regarding the synchronous machine model must be introduced. The current control
design is made as if the plant were a RL circuit, but a synchronous machine model
actually presents different time constants (namely: synchronous, transient and sub-
transient). The design criterion followed here was using the synchronous inductance.
This is done because the current control loop reference is the final output in a cas-
cade of slower control loops, ultimately leading to relatively slow reference changes.
With that, it is expected that, during most operation circumstances, synchronous
inductance better represents the machine. This discussion yields the Plant Model,
for the controlled machine, from the point of view of stator current control, shown
in Figure (6.3

iq(s) 1

va($) T rvmo +7s 5Ly
by applying these inductance and resistance values to and , the following
d-axis controller constants are found: K,; = 1.52 and K;q = 1.9365 s~ A closed

loop model is built in Matlab and its step response is shown in Figure [6.5]

(6.7)
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Time domain step response, d axis stator current control based on synchronous reactance
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Figure 6.5: Matlab d-axis current step response.

The response has good correspondence with the desired time constant. The
system reaches the final value in approximately 0.01 s. That is, five times the
chosen time constant, as expected. The Matlab command bandwidth returns w. =
498.98 rad/s, further confirming that, if our machine model represents the plant
correctly, the time-domain control objectives have been obtained. Figure shows

the comparison between the response obtained in Matlab and PSCAD.

Time domain step response, d axis stator current control based on synchronous reactance
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Figure 6.6: d-axis current step response, comparison between PSCAD and Matlab
models for a control design considering synchronous reactance.

The responses shown in Figure are considerably different, and that is ex-
plained by the fact that the design applied L;. In other words, the Matlab machine

model has been built using the response of the machine to slow phenomena and has
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been tested for a sharp change of stator current. Figure shows the same com-
parison, but now the model has been updated and the control has been redesigned

using L), leading to another proportional constant (/K,; = 0.3448).

Time domain step response, d axis stator current control based on sub—transient reactance
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Figure 6.7: d-axis current step response, comparison between PSCAD and Matlab
models for a control design considering sub-transient reactance.

It can be seen that now the responses are very similar and present the desired
time-domain behavior. That is expected as now the model more accurately repre-
sents the machine for this kind of input. This result demonstrates the equivalence
between Matlab and PSCAD models and the usefulness of the applied control design
method. As previously stated, though, the PI controller actually used throughout
this work is the one based on synchronous quantities, with that in mind, the gains
are the ones presented previously: K,; = 1.52 and K;; = 1.9365 s™!. A final time-
domain comparison is done between Matlab (with the Ly based model) and PSCAD
for a filtered step response. A first-order filter with 20 ms time constant is added to
the input. Figure shows that for this kind of smoother reference, the responses

are similar.
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Time domain filtered step response, d axis stator current control based on synchronous reactance

7000 T T T T T T T T

6000 -
< 5000 .
€
o
S 4000} —
(@]
S
© [ -
& 3000
R
x
P 2000 -
° Matlab

1000 = = = PSCAD

O Reference, step with 20 ms time constant filter
0 | | | | | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Time (seconds)

Figure 6.8: d-axis current filtered step reference and responses simulated on PSCAD
and Matlab, for the final control design considering synchronous reactance.

Some investigation on the behavior of this control loop regarding stability is now

presented.

Stability of the Direct-Axis Stator Current Control

From the point of view of stability, the bandwidth of the output current closed loop
a, has upper limits dependent upon the delays related to the MMC control [57]. A
recommended design practice is that the bandwidth of the closed loop should be, at
least, 10 times smaller than the angular frequency related to the sampling period (7%)
[86]. In the present case this criterion is easily satisfied, as the bandwidth choice has
been mostly motivated by the large inductances related to the synchronous machine.
If an excessively fast control (that is, with a large bandwidth) were chosen, this could
require large voltage references and, therefore, overmodulation. With that in mind,
an example in terms of phase and gain margins is now presented and shows that
the d-axis current control loop as previously designed presents no problems from the
stability point of view.

We begin by considering that the total delay related to the converter is 1.57 and
that the sampling frequency fs is 5 kH z. This gives a total delay time T; = 0.3 ms.
Adding this delay to the block diagram shown in Figure [6.2] and plotting the bode
diagram (see Figure allows the observation that both gain margin (which is
infinite) and phase margin (which is 81.6°) indicate a closed-loop stable system with

a good margin against uncertainties.
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Bode Diagram
Gm = Inf dB (at Infrad/s), Pm = 81.6 deg (at 495 rad/s)
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Figure 6.9: d-axis current control frequency response, considering a total delay time
of 0.3 ms related to switching, communication, and sampling.

Quadrature-Axis Stator Current Control

The same procedure is followed through for the g-axis circuit. In this case, the
constants of interest are: ry = 4.4m€), rype = 2.9 m and L, = 3.7mH. The

transfer function relating voltage and output current becomes, for the g-axis:

1
G(s) = . 6.8
(s) o ——— (6.8)
Application of these inductance and resistance values to (6.4) and (6.5]), leads to the
the following g-axis controller constants: K,, = 0.99 and K;, = 1.9365 s~*. Just like

in the case for the d-axis, there is a difference between modeling for the synchronous

response and the sub-transient one, the control based on the synchronous reactance
transfer function is the one employed, for the same reasons explained for the d-axis.
The response for the synchronous reactance Matlab model and control design is

shown in Figure [6.10
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Time domain step response, q axis stator current control based on synchronous reactance
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Figure 6.10: Matlab g-axis current step response.

Stability of the Quadrature-Axis Stator Current Control

As done for the d-axis stator current control, a total delay time T; = 0.3 ms is
considered and the gain and phase margins are obtained via Matlab. The results
are exactly the same, as the control design criterion and total delay time are the
same, that is: both gain margin (infinite) and a 85.5° phase margin indicate a

closed-loop stable system.

6.2.3 Field Current Control

There are multiple ways of integrating field current control in a vector-oriented
controlled synchronous machine. In the first place, it depends upon which flux-
linkage orientation is being used. Reference [83] presents an example of such a
control focusing on the stator-flux linkage, [85] detailedly describes control using
air-gap flux oriented control. In both cases the field current value is not directly
controlled but becomes a consequence of the desired flux value. Using flux as the
controlled variable is related to improved dynamical behavior if compared with the
strategy of simply using field current control [83]. In this work limitations of the
excitation system are taken into account.

Figure shows the basic idea of field current control as implemented in
PSCAD/EMTDC. Previously, it was commented that there are two usual bases for
field circuits, the Lyg4-reciprocal base and the non-reciprocal one. The synchronous
machine model of PSCAD/EMTDC outputs ip in the L,4-reciprocal base and ex-
pects a voltage input Fr in the non-reciprocal one, therefore, a change of base is

necessary.
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Figure 6.11: Field current control.

To advance in the control design, the closed-loop diagram block shown in Figure
6.12]is used,

Z'F ref + V .
( ) , . F 1
K,r+ K;F VF base — 5| Plant Model F >

L=

iF' base

Figure 6.12: Field current control block diagram.

Because the machine rotor effectively behaves in different ways for different kinds
of responses, field current control could be implemented taking into account differ-
ent electrical time constants for the plant model. Employing 77, for example, is
considered to be enough for the design of excitation control in regular hydro plants
[143] and that is the criterion used here. The controlled plant for this control loop

is given by: (5) X
tp\S .
VF(S) TF+S(Lad+LF).

(6.9)

The procedure is the same one followed for stator current control. The choice of field
current control closed loop bandwidth must be based upon the circuit and excitation
system characteristics. It is expected that the field current control should have a
considerably slower response in comparison to those of stator currents, given that
the rotor field inductance is considerably larger [91].

A static excitation system is capable of bidirectional voltage input in the field
circuit, but its voltage ceiling is usually in the range of hundreds of volts [144].
Increasing this level to the range of a few kV is possible and can be found in op-
erational synchronous machine, but care must be taken regarding insulation levels
[145]. This could present an obstacle in the retro-fitting of existing FS-PHS with
decades old synchronous machines. There is also the delay added by the excitation
system, which is in the range of milliseconds for static exciters [146]. Based on what
has been found in the literature, the static exciter is modeled as a first-order filter
with a 2 ms time-constant [I43] and is part of the "Plant Model” shown in [6.12]
In this initial control design no considerations about the ceiling voltage are present.

In the next sections, when complete simulations are performed, the comparison be-
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tween the imposed excitation voltage and usually possible ceiling voltage levels is
presented.

The chosen bandwidth is a = 15 rad/s. Applying this to and leads to:
K, = 0.0478 and K; = 0.2439 s~*. Figure m shows the response for both PSCAD
and Matlab models. Once again a difference between models is expected, for the
same reasons of the stator current case, and also due to the presence of disturbances
such as direct axis damping current ip, as shown by . The effects of such

disturbances into the air-gap flux linkage is discussed further in in the flux control

section.
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Figure 6.13: Field current control step response using 77 as plant transfer function.

The frequency response diagram of Figure shows that the desired bandwidth

has been obtained with a phase margin of 80°.

Frequency response diagram, field current control
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Figure 6.14: Field current control frequency response.
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6.2.4 Direct Axis Air-Gap Flux Control

Air-gap flux and field current control loops are nested, as shown in Figure[6.15 As a
well known control procedure, the outer control loop must be slower than the inner
one [86] [01]. The criterion here is to define a flux control bandwidth 4 times smaller
than the closed field current control loop one [91]. This results in ay = 3.75 rad/s.
Disregarding the stator current iy and the damper circuit current ip contributions
shown in (3.15), the air-gap flux control plant model is:

/\ad

(23

= Log. (6.10)

In this case, the main control objective is disturbance rejection, as the air-gap flux
reference remains constant, except for flux weakening regions. Using the closed
loop transfer function of field current control obtained previously and using Mat-
lab pidtune options, the following PI-controller gains are defined: K, = 0.0 and
K; =33s71.

iFref + \% i
K, ¢
Kpx+ 4 A K, Kir £ | Fietd current control g Air-gap Flux Control Aad
N P s Plant Model
Plant Model

iF base

/\ari ref+

Y

Abase

Figure 6.15: Direct-axis air-gap flux control modeling.

Disturbance rejection becomes important, as stator d-axis current i; and damper
winding current ip interfere with the air-gap flux linkage. Thus, the control scheme

implemented presents feed-forward terms, as shown in Figure [6.16]

/\ad

iq
A Tﬂ?— Ky + K;_A +/L+ IF ref Field Current Control Vr ref | excitation System —VF>
ip
Figure 6.16: Direct-axis air-gap flux control structure

The step response of the designed control system in both PSCAD and Matlab is
shown in Figure [6.17}
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Figure 6.17: Direct-axis air-gap flux step response, with disturbance rejection on
the PSCAD simulation response.

Figure shows the effect of disturbance rejection via feed-forward term. A
unitary step reference is given for 74 control while air-gap flux reference is constant.
In practice, as shown ahead, such sharp reference changes for ¢4 are not common and,
thus, this is a pessimistic scenario. With feed-forward, the controlled flux returns

in less than 0.1 seconds to 95% of the reference value.

Air-gap flux control, effect of feed-forward terms on disturbance rejection
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Figure 6.18: Direct-axis air-gap flux step response, with disturbance rejection on
the PSCAD simulation response.

A first investigation on the excitation system behavior is done, an initial ceiling
of 2.1 kV is set for Vi and a PSCAD case test with the two pessimistic scenarios, a
unitary step in A\, reference and, 4 seconds later, a unitary step in the iy reference.
Figure |6.19 shows that, for both cases, Vr remains within the chosen ceiling voltage
boundary. As shown in Chapter [7] for the disturbances and reference changes that

actually take place during operation, this ceiling could be even lower.

94



Excitation voltage during air-gap flux reference tracking and stator current disturbance rejection
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Figure 6.19: Excitation voltage during both air-gap flux reference tracking and stator
current disturbance rejection.

6.2.5 Speed Control

In the case of speed control using purely Pl-controllers, obtaining fast response
without overshoot is not feasible [147]. For this loop control, therefore, the addition
of a Two-degree-of-freedom (2-DOF') PI is necessary for a better performance [147].

This leads to the control structure shown in Figure [6.2.5}

wr’ﬂef + 1
f‘\ e}e’

pr—l— ;w >
o (
w

F.(s)

Figure 6.20: Conceptual block diagram of the speed control.

For the design of the structure related to the 2-DOF PI, the following equation,
derived in [147], is used:

Fis) = Jay, [(m —1)s— 48

6.11
5+ maoy, ’ (6.11)

where ay, is the desired bandwidth for the closed loop speed control, ( is the desired
damping, and m is a parameter to be set. By setting m = 1, the same load-torque
rejection and measurement noise amplification of the regular PI design are attained.
By using this criterion, the transfer function shown in becomes the first-order
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filter:

5
Fi(s) = — f; . (6.12)

For the speed control, the K, and K; constants are set as [147]:

K, = Ja, (6.13)
Q, 2

The data of interest to perform this tuning comes from Table 4.3 In per-unit,
J =2H [84], so J = 5.6 pu. The desired bandwidth is set to 1.5 rad/s. Inserting
these values into (6.12)), and yields Fy.(s) = — =555, Kp = 8.4 and
K;, = 3.3 s71. As shown in Chapter , the range of speed of the pump is 0.15 pu.
Therefore, the step response given to the PSCAD model in order to test this control
loop is within the nominal speed range (0.8 pu to 0.95 pu).

Figure |6.21| shows the response of the PSCAD model to this reference step when
the wicket gates are completely closed, that is, the machine is spinning without pro-
pelling water. A comparison is shown between the case with and without 2-DOF PI.

As expected, the addition of the filter F.(s) gives a response with smaller overshoot.
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Figure 6.21: Speed control with and without 2DOF-PI. PSCAD PHS model with
closed wicket gates (G = 0)

Now the same result is shown for the case with fully opened wicket gates (G = 1)
in Figure [6.22] This is important to confirm that speed control, that has been de-
signed considering only the machine inertia and disregarding the mechanical torque
produced by the hydraulic circuit as a disturbance, works properly for multiple gate

positions. The power developed by the pump P, is also shown, it is observable that,
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for w = 0.95 pu, P, is close to 1.0 pu, as expected from the hydraulic circuit model
described in Chapter [2l The initial value, between 0.3 and 0.35 pu is also very
similar to the expected from Figure 2.8 From the point of view of speed control,
there is a difference, as the response takes longer to actually reach the final value
due to the mechanical nature of the disturbance. This configures no problem for the
general control structure, as shown in the next subsection describing the outermost

control loop, related to the mechanical power.

Time domain step response, Speed control for gate fully opened
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Figure 6.22: Step response of speed control with 2DOF-PI. PSCAD PHS model
with opened wicket gates (G = 1)

6.2.6 Power Control

To design power control it is necessary to employ the transfer function (2.16|) devel-
oped in Chapter [2| and rewritten below:

A(s T, +1)

APy =

Aw.

As previously discussed, this equation is linearized around a certain point (wg, Qo).
By observing the relationship between flow and speed shown in Figure 2.8 and
considering that a pump speed standing approximately in the middle of the
operating range is a good choice, the point chosen to design power control is

(wo = 0.9 pu,Qp = 0.9 pu). The control loop can be represented as depicted in

Figure [6.23]
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Figure 6.23: Power control loop representation

By using the pidtune options of Matlab and choosing a bandwidth of 0.5 rad/s,
the PI is tuned in the following manner: K,p = 0.536 and K;p = 0.111 st To
verify the performance of this design, a power order step of 70 MW is given to
both the PSCAD and MATLAB PHS models. The 70 MW value represents the
operational range of the PHS as developed throughout this work and shown in
Chapter 2] The results of these reference steps are shown in Figure [6.24] In both
programs the response follows the expected settling time for the chosen bandwidth.
Also, the validity of the developed transfer function is confirmed, as both PSCAD

and Matlab models behave in a similar manner.
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Figure 6.24: Response to a step reference change of 70 MW applied to the power
control loop, both in PSCAD and Matlab environments.

In practice, no frequent step changes of that magnitude in power reference are
expected, for such sudden torque variations can cause stresses to the synchronous
machine’s shaft and decrease its lifespan, so a rate limiter is added to any order step

in the final model.

6.2.7 Circulating Current Suppression Control

As described in Chapter [3] it is usual to control the alternating circulating current
values inside the MMC. More specifically, the second-harmonic circulating current
is usually suppressed in HVdc applications. In the present work, as discussed in

Chapter [3] circulating current control serves two purposes:
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e To follow a reference for circulating currents, during the start-up procedure;

e To suppress the double frequency circulating currents, when under normal

operation.

To fulfill these tasks, the control structure shown in Figure [6.25]is built and the

reference variables (i.4ref and i.,.f) are appropriately chosen:

-29 |
ledref
'I:cd + K. Vcd
| T T d
abc - Kped+ — >
7:u(a,,b,c)"’_'il (a,b,c)j%g
2 7 . Ve g
dq ﬁcq_ Kpcq_|_KZCq I
gn s
icqref

Figure 6.25: Circulating Current Supression Control structure.

The PI controllers shown in Figure [6.25 are designed as described by Tu et al.
[142]. The relationship between the references for v 4,4, both shown in Figure W,

and the circulating currents i. q,i., is given by:

di.
Ved = Lm‘m% - 2<fu-[/armicq + Rarmicd

di (6.15)
Veq = Larmﬁ + 2WLarmicd + Rarmicq-

Just as in the case of output current control, the second term on the right-hand
side of gives rise to a feed-forward, decoupling term, and the PI-controllers
can be designed using and . The bandwidth is 500 rad/s, the same chosen
for the output current control. This yields K, 4, = 0.4 and K; 4, = 3.1 s™'. Figure
shows the effect of the designed CCSC. The detailed model of the MMC studied
in this work is operating with active power flow of 0.86 pu and, at the simulation
time t = 0.5 s, the CCSC is disabled. Clearly the amount of circulating current in
the chosen reference frame (double frequency, negative sequence) suddenly increases,
demonstrating the effect of the designed CCSC.
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Effect of circulating current supression control, disabled aftert=0.5s
T T T T

ot
o

Circulating Current, d-axis on the double frequency negative sequence frame
Circulating Current, g-axis on the double frequency negative sequence frame | |

o
~
T

o
w
T
I

Circulating Current (pu)
o (=}
- )
T T

01 | | | |
0 0.5 1 1.5 2 2.5

Time (seconds)

Figure 6.26: Effect of Circulating Current Supression Control shown by disabling it
at t = 0.5 s.

6.3 Synthetic Inertial Response

It is possible to modify the power order given to the VS-PHS as function of network
frequency deviations and, with that, allow the converter to provide some artificial
inertial response to the power system [I48]. The definition followed in this work
is the one presented by Eriksson et al., that is: synthetic inertia implementation
is fundamentally related to the ROCOF, and is based on the following relationship

between active power and angular velocity variations, both in per-unit (e.g. [149]):

dw
AP, =2H—. 6.16
o (6.16)
This response can be further complemented by a variation directly proportional to
the deviation of the frequency in relation to its reference, what Eriksson defines as
Fast Frequency Response (FFR). This leads to the general control structure shown

in Figure [6.27

fref =

kerrf
+ + APorder

T
> kaiff T

Figure 6.27: Synthetic Inertia Control Structure.
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In the implementation done for this dissertation, the AP,,.4., is given to both

the machine-side converter and the grid-side converter.

6.4 Control of the Grid-Side Converter

The control of the grid-side converter can be considered, at least in its most basic
form, to be simpler than the vector oriented control applied in the control of the
synchronous machine. Figure 6.28/shows an overview of the control of the grid-side

converter, considering only external variables.
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Figure 6.28: Power control loop representation

The control loops shown are well covered by the literature and a detailed de-
scription of them is beyond the focus of this dissertation. Some description and

the control gain settings employed in the grid-side converter are presented in the
Appendix [B]

6.5 Chapter Conclusions

This chapter presents the design of the vector control of an electrically excited
synchronous machine and how the possible different behaviors of this machine can
affect the control design process. The general control structure contains cascaded
control loops, requiring successively smaller bandwidths for the most external control

loops. The speed control loop presented a superior performance with the use of
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the 2-DOF PI controller, as proposed by Harnefors et al. [147]. In the direct-
axis air-gap flux control, the superior performance of a feed-forward augmented
disturbance rejection is presented. In terms of retrofitting feasibility, the possible
limitation regarding the ceiling voltage of the synchronous machine exciter has also
been reported and an initial investigation of this topic has been presented. This

investigation will be complemented by the results presented in Chapter [7]
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Chapter 7

Simulation Results

7.1 Start-up Procedure with Common-Mode
Voltage Injection

As shown in detail in Chapter [3| the submodule voltage ripple of a modular mul-
tilevel converter tends to be unacceptably high when operation with low frequency
is attempted and requires a special control strategy to properly work under such
conditions. In this section, this strategy is tested via simulation with different
common-mode voltage waveforms. The strategy is applied in such a way as to keep
the SM voltages just below the maximum rated level of the employed IGCT. The
start-up procedure follows the same structure of that applied in the operational ex-
perience with Grimsel 2 [53], as described in Chapter 4l The two common-mode

voltage waveforms injected in each simulation are:

e Simulation a: smoothed square wave type, with A = 7.6 kV, w., = 120 Hz
and 0 = 0.4.

e Simulation b: Trapezoidal waveform, with same amplitude, frequency, and

maximum dv/dt level of the smoothed square wave of Simulation a.

A third simulation, through which no low frequency control strategy is active is
also performed and is henceforth referred to as Simulation c. Figure shows the

CMYV waveforms related to Simulations a and b.
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CMV waveforms related to Simulations a and b
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Figure 7.1: Common-mode voltage waveforms employed in Simulations a and b.

The results in this section is first presented with a focus on the period of machine
acceleration, still with the wicket gate closed. This is the region in which the low-
frequency control strategy is active and, therefore, focusing on it first allows to
carefully observe and compare the MMC internal variables for different choices of
CMV waveform. After that, results regarding the complete start-up procedure, that

is, from standstill to fully opened wicket gates, is presented.

7.1.1 Results and Comparative Analysis

The first result presented is that of Simulation a. Figure shows the capacitor
voltage ripple of a single submodule of each arm of phase a of the MMC. This result
was simulated by the author and published in [67]. It suffices to show a single
SM per arm as the voltage of every SM is regulated to be the same by the sorting

algorithm.
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Low-frequency operation with smoothed square wave: submodules voltage ripple
| | | | |
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Figure 7.2: Capacitor ripple voltages for the case studied in Simulation a.
(©2020 TEEE. Reproduced from [67].

Now, for comparison purposes, the results of start-up procedure without the
low-frequency strategy (Simulation ¢) and those already presented (Simulation a)

are superimposed in Figure [7.3]

Low-frequency operation with and without common-mode voltage injection: submodules voltage ripple
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Figure 7.3: Capacitor ripple voltages for the case studied in Simulation a.
(©2020 IEEE. Reproduced with modifications from [67].

The curves shown in Figures [7.2] and [7.3] lead to two immediate conclusions: it
is necessary to employ the low-frequency strategy for the start-up procedure, with-
out this scheme the MMC internal voltages become immediately unstable, reaching
voltages of up to 10 kV. The second conclusion is that the proposed waveform as

implemented is effective in the ripple suppression objective and compatible with the
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strategy proposed by Jung et al. [103].
Now the comparison is done against Simulation b and shown in Figure [7.4] For

better visibility, only the lower arm of phase a is shown.

35 Comparison between smoothed square wave and trapezoidal CMV: submodules voltage ripple
. | | | |

Lower arm SM voltage, smoothed square wave CMV

— — — Lower arm SM voltage, trapezoidal CMV

Submodule voltage (kV)

2 | | | |
0 5 10 15 20 25

Time (seconds)

Figure 7.4: Comparison of capacitor voltage ripples for the cases studied in Simula-
tions a and b. (©)2020 IEEE. Reproduced from [67].

Figure shows that the proposed smoothed square waveform application to
the CMV, for this specific studied case, results in basically the same voltage ripple
levels.

As previously discussed, sinusoidal waveforms as common-mode voltages are
usually considered problematic due to their associated very high circulating currents,
necessary to control the SM capacitor voltage ripple. It is important to observe the
currents flowing through each arm during start-up in order to guarantee that these
value are within the power semiconductor switches range of operation. Figure
depicts these results, it can be seen that every arm current stays within the IGCTs

current ratings for Simulation a.
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Low-frequency operation with smoothed square wave CMV: arm currents

Phase a: upper arm current
Phase a: lower arm current
Phase b: upper arm current
Phase b: lower arm current
Phase c: upper arm current
Phase c: lower arm current
= = = |GCT Maximum Rated Current

0 5 10 15 20 25 30
Time (seconds)

-2

MMC arm currents (kA)
o

-4

Figure 7.5: Arm currents during start-up procedure with smoothed square wave
CMYV injection. (©)2020 IEEE. Reproduced from [67].

Now a comparison between Simulations a and b is presented in Figure[7.6] so the
increase in circulating currents between trapezoidal and smoothed square CMVs is
observed. Figure has previously shown that, for a certain simulation, the current
levels are the same between the MMC arms, so, to facilitate the comparison, only a

single arm current (phase a: upper arm) is plotted for each simulation.

Low-frequency operation with CMV injection: arm currents

Phase a, upper arm current with smoothed square wave CMV
Phase a, upper arm current with trapezoidal CMV

kA)

MMC arm current (

| | | | |
0 5 10 15 20 25 30
Time (seconds)

Figure 7.6: Comparison of MMC arm current level during start-up for trapezoidal
and smoothed square-wave CMV. (©)2020 IEEE. Reproduced from [67].

The graphs presented in Figure[7.6)show that the arm currents do indeed increase
with the proposed waveform if compared with the trapezoidal waveform. This in-

crease is of 11.25% in the studied case, and the current values are within the IGCT
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rated values and, therefore, this increase probably causes no hindrances related to
the reliability of the converter. Some level of increase was expected, as it is known
that there is an inverse relationship between the employed waveform’s RMS value
and the amount of circulating currents during the application of the low-frequency

operation strategy [150].
The MMC low-frequency operation strategy leads to extra harmonic frequencies

into the dc-link [105]. Figure shows the dc link voltage for both Simulation a
and b, in both waveforms there is an increase in the dc-voltage ripple while the
low-frequency control technique is active. Comparatively, though, there are only

slight differences between the simulations employing the different waveforms.

Dc link voltage during start-up with injection of CMV
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Figure 7.7: Comparison of MMC arm current level during the PHS start-up, for
trapezoidal and smoothed square-wave CMV options. (€)2020 IEEE. Reproduced

from [67]

Figure shows phase-neutral voltage of phase a during the start-up based on
smoothed-square CMV. This figure confirms that the injected common-mode voltage
does not appear in the external phase-neutral voltage of the converter. The phase-
neutral voltage behaves exactly as expected during the start-up of the machine,
slowly ramping up even though there is a common-mode voltage with peak voltage

of approximately 7 kV being injected.
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Phase-neutral voltage of the machine-side converter during start-up, phase a
| | | | | | |
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Figure 7.8: Phase neutral voltage of phase a during PHS start-up with CMV injec-
tion.

Figure presents the variables behavior during the complete start-up proce-
dure. Complete start-up procedure is here defined as beginning with the machine
on standstill and ending with the machine in the nominal speed range and with fully

opened wicket gates. The CMV applied is the smoothed square wave.
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Overview of start-up procedure
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Figure 7.9: Overview of the complete start-up procedure. (€)2020 IEEE. Repro-
duced from [67].

There are some points of special interest to be observed on Figure one of
them is that the voltage of the submodules’ dc-capacitors, including the ripple,
remain within the 3.3 kV range throughout the whole simulation. This remains
true even by the end of the starting procedure, when an active power flow of almost
1.0 pu is already taking place. Also, the MTPA technique effectively maintains the
power factor of the machine very close to unity, as the reactive power in practically
null. Finally, the speed order is followed smoothly, without any sort of disturbances

on the machine speed even while CMV is being injected.

7.2 Synthetic Inertia Response

As described in Chapter [ the simulation performed to observe the synthetic
inertia response during pumping mode consists in the loss of two out of three
circuits of an intertie within the 11-bus test system. At steady-state, there are
approximately 1800 MW flowing through this intertie. In this section the effect of
synthetic inertia in the system as a whole is studied. Subsequently, the effects of
synthetic inertia into the MMC internal variables are investigated and it is observed
if, for that example case, any of the main-circuit rating limits are breached. Two
simulations are performed, one at which the synthetic inertia is deactivated and

the other where it is not.
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Anderson and Fouad [89] define an inertial center and a mean frequency for
a power system, this concept is going to be employed in this section as the way of
quantifying the synthetic inertia’s contribution to the power system’s overall inertial

response. This mean frequency is defined by:

> weHy

> Hy

where d the index of a certain synchronous machine connected to a system. In
the case studied here, d =1, 2, 3.

The angular speeds of each of the three synchronous machines of the 11-bus test

(7.1)

w =

system, obtained for both the cases with and without synthetic inertia, and their
respective inertia constants, are then applied to ([7.1)). The resulting mean frequency

@ comparison is shown in Figure [7.10]
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Figure 7.10: Frequency variation of the 11-bus system synchronous machines.

As expected, the frequency obtained through this criterion shows an improved
inertial response for the simulation where VS-PHS has the synthetic inertia acti-
vated, with improved frequency dip and nadir. To quantify this improvement, the
maximum absolute value of ROCOF for both curves shown in Figure has been

estimated and the results are shown in Table [7.1t

Table 7.1: Estimated rate of change of mean frequency for the cases with and without
Synthetic Inertia.

Case Max. absolute rate of change of w (Hz/s)
Synthetic Inertia Deactivated 0.343
Synthetic Inertia Activated 0.305

Therefore, the provision of synthetic inertia has caused a reduction of rate of
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change of frequency of 11.08%. That is, activating synthetic inertia of an 800 MW

large-scale energy storage improves the inertial response of this specific system, for

this specific contingency, in approximately 10%.
Figure shows how the synthetic inertia control makes the VS-PHS quickly

modulate its power consumption, leading to a decrease of, approximately, 300 MW,

in less than 1.0 second.
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Figure 7.11: PHS active power output, with and without synthetic inertia.

10

Clearly there is an overshoot in terms of active power output, which dampens the

frequency overshoot shown in the case without inertia. It is shown in the following
Subsection [7.2.1], that this did not configure a problem to the current and voltage

ratings of the converter components.

Figure shows the variation in the power flowing through the intertie during

the simulated contingency. There is an, approximately, 900 MW sudden power flow

reduction and subsequent power oscillations, which are considerably damped in the

case with provision of synthetic inertia and fast frequency response.
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Power flowing through the 11-bus system intertie
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Figure 7.12: Power flowing through the intertie, during the contingency.

7.2.1 VS-PHS Internal Variables

It is important to investigate what are the effects of the synthetic inertial response
of the converter, and the related active power flow variations, on the components
of the VS-PHS unit. That includes the switching semiconductors of the MMC, the
excitation system of the synchronous machine, the machine itself, and the hydraulic
circuit.

Figure[7.13| shows the de-voltage of a single, phase a, upper arm, MMC submod-
ule, for both the grid-side and machine side converters. As shown, the submodule’s
dc-voltage oscillates but ultimately remains within the rated SM dc-link rated volt-
age. Discussion on the fundamental reason for these oscillations is presented further
in the text.
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Effects of synthetic inertia into the submodules dc-voltage
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Figure 7.13: Submodules voltage at the machine-side and grid-side MMCs, during
the active power variations triggered by the contingency and subsequent synthetic
inertial response.

The current levels flowing through the power semiconductor switches during
the contingency and their compatibility with the rated values are also verified.
Figure [7.14] shows the current variations on the phase a, upper arm submodules
of both the grid-side and machine-side converters. Clearly, in both cases the current
remains well within the IGCT current rating until the variables return to steady-

state conditions.

Effetéts of synthetic inertia and subsequent power overshoot on the current flowing through MMC submodules
T T

Current (kA)

Current flowing through each machine-side MMC, phase a, upper-arm, submodules
4 Current flowing through each grid-side MMC, phase a, upper-arm, submodules
= = = Limits imposed by the rated IGCT current

0 5 10 15
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Figure 7.14: Currents flowing through the submodules of the machine-side and grid-
side MMCs during the synthetic inertial response to the contingency.

Chapter [3] contains a discussion on the ceiling voltage of the excitation system of

the VS-PHS synchronous machine. Figure [7.15/shows the behavior of the excitation
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system voltage during the contingency, demonstrating that the initial rated value
of 2.1 kV was not reached for this contingency and could be considerably reduced,
this simulation presents strong evidence for the case of employing regular excitation
systems in VS-PHS, without need for any increased ceiling voltage levels. This

of course depends also on the desired performance of a given system for various

contingencies.
300 Effects of Synthetic Inertia into the VS-PHS Synchronous Machine Field Excitation Voltage
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Figure 7.15: Voltage response of the VS-PHS synchronous machine excitation sys-
tem.

The speed of the VS-PHS synchronous machines also goes through a transient.
As shown in Figure the speed sharply decreases, presents a small overshoot and

then returns to its initial value.
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Angular Speed of the PHS synchronous machines during the synthetic inertial response
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Figure 7.16: Angular speed of the VS-PHS synchronous machines during the con-
tingency and subsequent synthetic inertial response.

Consequently, the flow of water passing through the water conduit follows a
similar, but more damped behavior, due to the inertial response of the water, related
to the water starting time. The behavior is shown in Figure [7.17

0.83 Behavior of the water flow through the VS-PHS conduit during the synthetic inertia response
. T I

0.825

0.82

©
©
-
()]

Water flow (Q) (pu)

0.81

0.805

Time (seconds)

Figure 7.17: Water flow through the water conduit of the VS-PHS during the con-
tingency and subsequent synthetic inertial response.

It is interesting to observe the flow of energy through the VS-PHS components
throughout the simulation. The unit contains components capable of energy storage
themselves, such as the machine and the converter, with their respective inertia
constants and observing the mismatches between output and input power on certain
portions of the PHS unit gives some information on the origin of the dynamics

observed in, for example, Figure [7.13
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Figure [7.18 shows the comparison between the power being used in the pumping
of water in a single unit, the active output power flow of each machine-side converter

and the active power input of each grid-side converter.

Power flow at different points of the VS-PHS unit
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Active power delivered to the water by a single unit
O | |
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Time (seconds)
Figure 7.18: Comparison between power flow at different points of the VS-PHS.
It is expected that transient mismatches between these powers, disregarding the
losses of course, leads to some energy accumulation in the converter submodules or

in the synchronous machine’s rotor. Figure[7.19]shows, specifically, the relationship

between machine’s speed and the power mismatches related to it.
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Relationship between VS-PHS machine speed and power fluctuations
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Figure 7.19: Comparison between power flow at different points of the VS-PHS and
their comparison with the synchronous machine speed dynamics.

The power related to the water being pumped varies relatively slowly, as any
water flow variation is related to the water starting time of the water conduit.
Analyzing the figure it can be concluded that, in the immediate aftermath of the
contingency, there is a sharp decrease in the power being delivered by the converter
to the synchronous machine, and yet, the mechanical torque on its shaft, related to
the power being stored in the form of water flow does not decrease as quickly, leading
to a reduction of synchronous machine speed. This trend is eventually reversed and
there is an active power overshoot being delivered to the machine, this surplus causes
the machine’s speed to also undergo an overshoot, as has been shown previously in
Figure [7.16] Eventually the machine’s speed reaches steady state again, after some
seconds of oscillatory behavior.

Figure shows the comparison between active power flow entering the grid-
side converter and leaving the machine-side converter. As expected, the dynamics
observed for the submodules dc-voltages are also related to a transient power mis-
match. In this case, the power responses of the machine-side and of the grid-side
converters present slight differences, These brief energy surplus, or deficit, periods
end up causing the observed dc-voltage dynamics on the submodules. For example.
Figure shows that, after the power dip of the VS-PHS (around the 1.0 s mark),
the machine-side MMC starts to give more power to the synchronous machine (in an
attempt to recover from the synthetic inertial response) than the grid-side MMC is
obtaining from the grid. Therefore, from the mark of 1.5 s up until, approximately,
the 2.5 s mark, it is possible to observe a dip on the submodules voltage. This

undervoltage trend is only reversed when the power dynamics is reversed due to the
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grid-side converter’s dec-voltage control and the submodules start to be charged up

again.

MMC submodules dc-voltages
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Figure 7.20: Comparison between power flow in different points of the VS-PHS and
their relationship to the dc-link voltage of the MMCs submodules.

A possible future work regarding the discussion on synthetic inertia provision
lies in the optimization of the coordinated control between converters in order to
allow for an optimized synthetic inertia response for a given main-circuit design.
For example, the application of an active power flow feed-forward term between
machine-side and grid-side converters could yield improved results. It might also be
possible to discuss optimized designs for the machine and water-starting time of the
water-conduit.

For now, the results have shown that the synthetic inertia concept can be imple-
mented on the pumping mode of the VS-PHS operation. This investigation based
on simulations has shown no incompatibility between this control technique and the

ratings of the VS-PHS components.
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Chapter 8
Conclusion and Future Works

In this dissertation, a detailed time-domain simulation model of a VS-PHS based on
the Modular Multilevel Converter has been built. The control design of the plant
has been presented. Furthermore, the MMC main circuit and control design have
been developed and reported in detail. This development has allowed the author to

perform simulations and arrive at the following main conclusions:

In terms of the feasibility of retro-fitting existing units: the maximum
possible active power order variations for this PHS have been simulated and, even in
this extreme scenario, the required ceiling voltage levels for the excitation systems of
synchronous machines stood within the 2 kV range. The synthetic inertia simulation
has shown even smaller voltage ceiling requirements, within the range of hundreds
of Volts. This leads the author to believe that. in some cases, it would be possible
to maintain the same excitation system of existing plants, but more detailed studies
regarding the dynamics of the unit in other systems are necessary. It has also been
shown that it is possible to control a synchronous machine which has parameters
similar to the ones usually found in existing hydro plants. As a future work, it will
be important to verify the feasibility of sensorless vector control, which could be

important to operate existing machines without rotor position sensors.

In terms of the main-circuit design: the findings, so far, lead the author to
believe that the application of a single MMC with IGCTs for power levels of 100
MVA and above is unlikely. Possibly the paralleling of semiconductor switches, or
entire converters [99], would be necessary. To the best of the author’s knowledge,
this would require the application of IGBTs or, alternatively, some sort of parallel

association of submodules or arms, as discussed in Reference [125].

In terms of low-frequency operation: this dissertation has proposed a novel

choice of waveform to be applied as common-mode voltage during the MMC low-
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frequency operation and shown that the common-voltage injection based technique
for low-frequency operation of MMC works as intended with this choice of waveform.
For a better understanding of the advantages brought by this waveform, which con-
tains a smaller amount of higher order harmonic frequencies, the author believes
that alternative simulation models capable of estimating common-mode voltage im-
pacts on the machine and converter are important and are left as a future work
suggestion. It has also been shown that, with the application of special control
techniques during low-frequency operation, an MMC with regular levels of internal
energy storage can be employed in a VS-PHS, without violation of the maximum
SM capacitor voltage ripple. Finally, the low-frequency operation strategy, with
both the proposed waveform and the trapezoidal waveform, does not interfere with

torque control and with the performance of the MTPA technique.

In terms of synthetic inertia during pumping mode: simulations have shown
that it is possible to employ synthetic inertia strategies for a VS-PHS operating on
pumping mode. The VS-PHS internal variables remained within their nominal val-
ues and, subsequently, resumed their previous operating point. The implemented
control, therefore, works as intended. In terms of future works and possible power
grid applications, the author believes that a complete set of cases for a specific net-
work should be analyzed to guarantee the compatibility of the desired dynamical
response with the employed converter and excitation systems. There are also multi-
ple possibilities in terms of control design techniques taking into account main-circuit

limitations and PLL dynamics.
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Appendix A

Characteristics of the Network

Elements of the 11-bus System

Table A.1: Data regarding the Transmission Lines of the 11-bus system.

Characteristic Value
Nominal Voltage 500 kV
Positive Sequence Resistance per km 0.0227 Q
Positive Sequence Inductance per km 0.333 Q2
Positive Sequence Shunt Capacitive Reactance per km | 0.203 M
Negative Sequence Resistance per km 0.198 Q
Negative Sequence Inductance per km 0.159 Q

Negative Sequence Shunt Capacitive Reactance per km | 0.401 MS)

Table A.2: Data regarding the synchronous machines of the 11-bus system.

Circuit Variable Nominal Value
Synchronous Reactance X, 1.8 pu
Transient Reactance X, 0.3 pu
Sub Transient Reactance X 0.25 pu
Synchronous Reactance X, 1.7 pu
Transient Reactance X, 0.550 pu
Sub-Transient Reactance X,/ 0.25 pu
Transient Time 77, 8s
Sub-Transient Time T} 0.03 s
Transient Time Ty, 04s
Sub-Transient Time Ty, 0.25 s
Leakage Reactance X 0.2 pu
Nominal Voltage (rms) 20 kV
Apparent Power 900 MVA
Inertia Constant (H) 3.75 s
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Table A.3: Data regarding the Transformers of the 11-bus system.

Characteristic Value
Nominal Voltage 500/20 kV
Positive Sequence Leakage Reactance 0.1 pu

Table A.4: Load-flow condition of the 11-bus system.

Bus Number | RMS Voltage (pu) | Angle (Degrees)
1 1.025 11.0
2 1.045 1.0
3 1.049 6.9
4 1.023 -1.4
) 1.04 -1.9
6 1.014 6.4
7 0.998 -4.9
8 0.993 -12.7
9 0.989 -18
10 1.0 -2.9
11 1.0 0.0
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Appendix B

Control Settings

B.1 PLL

The PLL implemented is a Synchronous-Reference Frame PLL, with the constants
shown in Table B

Table B.1: Constants of the PLL’s PI controller.

Constant | Value
K, 2
K; 70 s 1

B.2 Dc-Voltage Control

Table B.2: Constants of the dc voltage control’s PI controller.
Constant | Value

K, 0.135

K; 1.13 s 1

B.3 GSC’s Output Current Control

Table B.3: Constants of the current control’s PI controller.
Constant | Value

K, 0.2
K; 0.4 s 1
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