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ABSTRACT

ABSTRACT

This thesis presents a comprehensive evaluation of control structures for HVDC
converters operating as Virtual Synchronous Machines (VSM) under unbalanced conditions
in both grid-connected and islanded mode. The converters taken into considerations are the
two-level VSC and MMC. The obtained control for the converters is a Current Controlled
VSM where a quasi-stationary virtual impedance emulates a simplified positive sequence
electrical model of a synchronous machine. A Negative Sequence Current Generator is
defined, which depends on the control objective for the unbalanced conditions, and for the
MMC an additional energy control and circulating current controller are used. It is shown
how three general strategies can be selected for controlling the negative sequence currents:
i) calculation of the negative sequence current references according to the desired active and
reactive power flow characteristics, ii) applying a negative sequence virtual impedance
resulting in unbalanced currents as in the steady-state response of a synchronous machine,
or iii) operation with a negative sequence voltage controller for eliminating unbalances in
the locally measured voltages. For the first approach, four objectives for shaping the power
flow characteristics can be selected: i) balanced three-phase currents, ii) constant
instantaneous active power flow, iii) constant instantaneous reactive power flow, or iv)
reduction of dc side voltage fluctuations. Comprehensive simulation results are presented to
evaluate the performance and applicability under grid connected and islanded operation. The
results demonstrate how utilization of the negative sequence currents to control the power
flow characteristics is only applicable for grid connected operation, while the other two
approaches can be utilized in both islanded and grid-connected modes. However, closed loop
control for balancing the local voltages depends on a high equivalent grid impedance and is
not suitable for operation in strong grid conditions.
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INTRODUCTION

1 INTRODUCTION

Electric power quality for today's society is a merit good. As such to be produced and
distributed as effectively and efficiently as possible is of paramount importance. The
production of clean energy is vital for the climate situation. Public and private entities have
been taking actions such as decommissioning coal power plans and innovating for
sustainable solutions. And for this reason, in the last years, a surge in renewable energies has
been experienced. In Fig. 1.1 is shown the share of electricity production by source in Europe
and, more than 35% is produced by renewable resources from which more than 15% is
produced by wind and solar technologies. There is a 400% increase in wind and solar energy
production share from 2010. This increase has started to drive the market which has reduced
the cost of power generation for these sources. Thus providing space for further prosperity

for renewables.

30% e e
25% < “\
1 Muclear
20% Gas
Coal
15% .= Hydropawer
E S i
Wind
10%
e
5o Other renewables
T Solar
e = O:
0% N
1985 1990 1995 2000 2005 2010 2015 2019
Source: Our World in Data based on BP Statistical Review of World Energy & Ember CCBY

Fig. 1.1. Share of electricity production by source in Europe
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INTRODUCTION

Power converters are the technologies that allow efficient and flexible
interconnection between the renewables and power systems. The static power electronic
converters used in HVDC (High Voltage Direct Current) links allow bulk power
transmission over long distances with low losses. The diffusion of power converters into the
power systems makes them decisive for a stable and reliable system. Therefore, operation
under adverse conditions such as unbalanced conditions should be insured for these

converters.

A further concern that is related to the grid stability is the decrease in the rotating
masses. As previously mentioned, the decarbonization actions reduced the number of coal
power plants with their rotating generators. The place of these big synchronous generators
in the new electrical grid is taken by the static electronic converters which do not have any
inertia as the former. Thus reducing the total rotating inertia of the grid. The frequency in
the grid is stabilized by this inertia, therefore reducing the rotating inertia brings reduced
frequency stability which has a big impact on the other variables of the grid. To solve this
problem, solutions are presented by controlling the power electronic converters not just to
transfer power, but control them in such a way that provide virtual inertia (also known as
synthetic inertia). This can be realized using frequency-derivative-based inertia emulation
by grid following control. The drawback if this control is the need to be connected all the
time with the grid. Another approach to solve this problem is by using grid forming control.
For such control the converter behaves like a generator. Virtual Synchronous Machines also
known as Virtual Synchronous Generators are the most diffused grid forming control

approaches with virtual inertia.

In this thesis are considered HVDC converters that are controlled as Virtual
Synchronous Machines which can operate and control the grid under balanced condition and
also under unbalanced condition. The unbalanced condition may be related to unbalanced
three phase local load or unbalanced grid. Furthermore, operation in islanded mode is

considered.

Firstly, the main characteristics of HVDC transmission are highlighted and its
advantages and disadvantages are compared to HVAC transmission. In the first chapter are
also shown the HVDC configurations and topologies. Moreover, explanations are given for

the main technologies such as Line Commutated Converters and Voltage Source Converters.

13



INTRODUCTION

Where the Voltage Source Converter has the ability to control voltage magnitude and angles

and for this reason is chosen to be used as a Virtual Synchronous Generator.

In the second chapter is shown how to control the two-level Voltage Source
Converters so that they can behave as the Virtual Synchronous Generators. Details are given
how the synthetic inertia is provided and how additional functions such as the Governor or
the Automatic Voltage Regulator are modeled. Additionally, two different current
controllers are considered, one of which allows the converter to work under unbalanced

conditions.

As previously mentioned insuring operation under unbalanced condition is important
therefore in the 3™ chapter are shown the changes made to the control so that the Virtual
Synchronous Machine can operate properly. Furthermore, strategies are considered to
control unbalanced conditions. The proposed strategies that control the power flow are,
balanced three phase currents, constant active power, constant reactive power, and the
strategies to reduce the unbalanced voltages are, negative virtual impedance, negative
sequence voltage control. In addition, for this strategies, power limitations are derived so
that the converter current does not surpass the threshold. To guarantee the effectiveness of
these control strategies, simulations are done using MatLab/Simulink. Some of this results
are presented in the 9" ICRERA conference, Glasgow, UK [50]. This publication can be find
in the appendix of this thesis.

For high voltages and high powers applications, the best-suited technology is the
Modular Multilevel Converter. In this thesis is shown how to operate and control this
converter. And is shown how its control structure will adapt if the converter has to behave
as a Virtual Synchronous Generator and ensure operation under unbalanced conditions. To
validate the control structure and to explain the internal dynamic of the Modular Multilevel

Converter simulations with different scenarios are done via MatLab/Simulink.
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HIGH VOLTAGE DC TRANSMISSION

2 HIGH VOLTAGE DIRECT CURRENT
TRANSMISSION

2.1 Introduction

High Voltage Direct Current (HVDC) Transmission is an alternative way of
transmitting electrical energy with respect to the most well-known Alternating Current (AC)
Transmission. HVDC systems in certain situations have different economical and technical
advantages over the AC ones. HVDC is one of the best transmission solutions for bulk power
transfer over long distances. Hence in the last decades, the Direct Current Transmission has
started to spread out at a fast pace. The HVDC links play a key role in future advancement

plans for the European transmission grid [1].

Several inherent capabilities with the HVDC technology provide auxiliary services,
from which the power system can benefit. The use of these capabilities contributes to
meeting the current and future challenges, for example, decarbonization and the large-scale
penetration of Renewable Energy which is largely implemented through Power Electronic
interfaces. Some typical applications for HVDC transmission are bulk power delivery in
long distances, the connection of asynchronous ac system or systems with different
frequencies, submarine power transmission, ancillary services, Ultra-High voltage dc links,
etc. The following sections compare HVDC and HVAC transmissions and also discuss the

technologies and configuration used for HVDC.
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HIGH VOLTAGE DC TRANSMISSION

2.2

Comparison of HVDC transmission over HVAC
transmission

Advantages that HVDC transmission has over HVAC transmission [2].

I.

With the same conductor size and insulation level, the dc lines transfer a higher
power compared to ac lines. In dc transmission the effective voltage and conductor
diameter can be higher. In ac, the conductor diameter is limited due to skin effect.
There are lower power losses in dc transmission.

For overhead lines, the required ground area and support towers are smaller in
HVDC. This happens because for the same power transfer HVDC transmission uses
smaller cable sizes.

There is no need for reactive power compensation for power transmission purposes.
HVDC power can be transferred over long distances with constant voltage. When
using long ac lines there will be high voltage drops from the reactance of the line,
thus compensating devices such as SVCs (static VAR compensators) or STATCOMs
(static synchronous compensators) are required to maintain the ac voltage level. This
increases the cost of HVAC over long distances.

HVDC allows connections between asynchronous ac grids.

System operations can actively control the power flow. This is because of the way
that HVDC connections can quickly control the transmitted power. This might be
challenging from an operational perspective, nevertheless, it will allow the system

operator to utilize the existing ac system more efficiently.

Disadvantages of HVDC transmission over HVAC transmission.

1. Transformers and circuit breakers for HVAC are less complex and less
expensive than HVDC. There is no zero-crossing on the current thus the dc

circuit breakers have a complex design, especially at high power levels.

16
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Investment
costs
3

Total DC cost

DC terminal
costs

‘ ! ; é
’ Distance

§~——Critica| distance——*%

Fig. 2.1. Comparison between HVDC and HVAC using cost for distance

2. HVDC terminals have a higher cost of construction with respect to HVAC

due to the power electronics and converter transformers.

This comparison helps us understand that the best solution for power transmission is
strongly related to the type of project implemented. Taking into consideration the
transmission distance and the initial start-up cost of the project is obtained the graph as
shown in Fig. 2.1. From this graph can be seen that the terminal cost for dc is higher but the
ratio cost/distance is higher for ac transmission. Therefore, there is a critical distance called
the break-even distance, from this point on utilizing the dc transmission is a cost-effective

solution [3].

2.3 HVDC technologies

Power electronic technology has increased rapidly over the last decades and this
created the opportunity to have different types of HVDC technologies. Line- Commutated
Converter for HVDC is used for more than 50 years for Bulk power transfer and has the
highest power and efficiency ratings [9]. Voltage Source Converters were first

commissioned for HVDC systems in 1997 with a voltage of +10 kV and a transmission

17



HIGH VOLTAGE DC TRANSMISSION

capacity of 3 MW. Nowadays, operation with voltages above +£500 kV and 2 GW are feasible,
but there has been no operating experience with them [10]. The development of Modular
Multilevel Converter technology for HVDC transmission started with the need to reduce the
switching losses and power, and improve the converter ac side voltage waveform to lower

the filter requirements that are present in a two-level Voltage Source Converter.

2.3.1. Line Commutated Converter

Line Commutated Converter (LCC) is used mostly for the transmission of bulk
power using high voltage transmission lines. LCC uses thyristor-based technology. The
thyristor is a solid-state semiconductor device that turns on in a determined time instant by
a gate signal and it will conduct until the thyristor is reversed in polarity and current. The
breakdown voltage of the thyristors is a few kV thus to use it in HVDC applications several
series-connected thyristors are needed. The AC/DC conversion is performed in the rectifier
units and the DC/AC conversion is performed in the inverter units. Typically, each unit has
a 12-pulse arrangement consisting of two 6-pulse thyristor bridges. The transformer for a
12-pulse bridge has a star-star-delta three-winding configuration and typically has a leakage

reactance to limit the current during a short-circuit fault of the bridge arm.

The LCC technology as a line-commutated thyristor valve converter which relies on

a stable AC system for a reliable commutation. If the converter unit is located in a weak ac

smoothing
reactor

//_ " swennseeene DC ling
Dc
COMVErTEr filter

ACgrid converter
transformer

=) AC
=71 filter

capacitor
bank = =

i oc i
| filter :

\\ s g - DCline

Fig. 2.2. LCC-HVDC convertion station[1]
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grid it may be needed to install Synchronous Condensers to increase the short circuit level,
a typical short circuit ratio (SCR) is SCR>2-3. LCC-HVDC link has a high reactive power
demand that varies with the DC power. Typically, the required reactive power is up to 60%
of the dc power rating and is provided by filter banks, capacitor banks, or static converters

such as STATCOM or SVC.

2.3.2. Voltage Source Converter

Voltage Source Converter (VSC) is an transistor-based technology where for high
power HVDC application is mostly used IGBT(Isolated Gate Bipolar Transistor). The IGBT
capability of turning on and off allows the generation of the ac side voltage with a specific
amplitude and phase angle. These parameters are derived by the set-points provided to the
control by the system operator. Since the voltage magnitudes and angles can be controlled
separately, the active and reactive power can be controlled separately as well. VSC-HVDC
systems can be easily connected with a weak grid and even energize a dead network.
Energizing a dead network is also known as black-start [11]. This is a strong point of VSCs
therefore it makes them very suitable for distributed energy resources such as photovoltaic

power stations or wind power plans.

VSCs usually have been based on two-level or three-level converters which provide
switching respectively with two or three different voltage levels to the ac side. Therefore,
the ac side voltage has high harmonic content, that is why an LC or LCL filter is used

between the converter and the grid. A two-level VSC is represented in Fig. 2.3.

The newest generation of converters applies a modular concept which increases the
arbitrary number of voltage levels which leads to reduced losses and improved harmonic
content. This modular concept with many series connected submodules (mostly half-bridge
or full-bridge modules) in each arm Fig. 2.4, enables the generation of an almost perfect
sinusoidal voltage on the ac side of the converter. The modular concept is known as Modular
Multilevel Converter (MMC) and more about it is discussed in the fourth chapter of this

thesis.
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Fig. 2.4. Single-phase VSC-HVDC Modular Multilevel Converter 1) half-bridge submodule, 2) full-

bridge submodule[1]

2.3.3. Comparison between LCC and VSC technology

In [1] is extracted a comparison between LLC and VSC technologies used in HVDC. Their

similarities and differences are shown in Table I.
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Table I: Comparison between LCC and VSC

LCC

VSC

Thyristor-based technology

IGBT-based technology

The semiconductor can withstand voltage in either
polarity

Can withstand current in either direction

Constant current direction (power reversal by
changing voltage polarity)

Current direction changes with power

Energy is stored inductively

Capacitive energy storage

Turned on by a gate pulse but relies on an external
circuit for its turn off

Both turn on and off are carried out without
the help of an external circuit

High power capability per converter

Lower power capability per converter

Strong overload capability

Weak overload capability

Requires stronger AC systems for excellent Operates well in weak AC systems
performance
Requires additional equipment for black start

operation such as a synchronous condenser

Possesses black start capability

Requires AC and DC harmonic filters for removal of
distortion and harmonics

Requires no filters because it generates an
insignificant level of harmonics (MMC)

Limited in reactive power control (filters may be
needed for operation)

Good reactive power control

Large site area, dominated by harmonic filters

A more compact site area

Requires converter transformer

A conventional transformer is used

Lower station losses (approx. 0.7%)

Higher station losses (approx. 1%)

More mature long-existing technology

Technology still relatively new

Higher voltage capability of over 1000 kV

Lower voltage capability of around 600 kV

The inverter side suffers commutation failures (active
power = 0 for a few hundred ms) as a result of a sudden
drop in the amplitude or phase shift in the AC voltage,
which results in a temporal DC overcurrent This
happens even if the voltage drop is small, and even if it
occurs on one phase, and therefore also occurs as a
result of AC single-phase faults far from the HVDC. The
commutation failure could be a significant problem for
the AC system when the transmitted DC power is very
high compared to the total demand of the
interconnected AC networks

Ability to be turned on as well as off, makes it
immune to any voltage dips or transient AC
disturbances; therefore, it does not suffer
commutation failures

A low number of LCC in multi-terminal systems

A high number of VSC in a multi-terminal
system possible (needs to be investigated)

During short circuits on the DCline, control of the firing
angle of the thyristor valves stops the increase of the
DC fault current. This converter control prevents the
damage caused by the fault current. During overhead
line faults, power transmission is stopped for arc
deionization, after which power transmission is
resumed. This is not a critical point

Continuous conduction in the diode of half
bridge submodules will cause an increase in
DC fault current even when the IGBTs are
turned off. The AC circuit breakers at both
ends must be opened to stop the diode
conduction. The HVDC link must be restarted
after the fault has been removed. This is a
critical point

Need for minimum active power transmission

No need for minimum active

transmission

power

Need for short circuit power

Short circuit power during normal operation
and/or in STATCOM operation and/or in
black start operation may be required

Power reversal is critical

Power reversal is not critical
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2.4 HVDC configurations

HVDC transmission systems have many different configuration topologies. They can
be monopolar, bipolar. And depending on the number of converters they can be point-to-
point which are back-to-back or long distances, and multi-terminal. The configuration will

depend on operational requirements.

2.4.1. Monopolar configuration

The monopolar configuration can be symmetric or asymmetric. In the case of a
monopolar asymmetric HVDC configuration, two converters are connected by a high-
voltage cable. Depending on the case, for returning the current, a metallic low-voltage
conductor line Fig. 2.5. c), or earth/sea return Fig. 2.5. d) can be used. In the recent schemes,
using earth as a return conductor is becoming less common because of the environmental

impact.

As for the symmetrical HVDC monopolar configuration Fig. 2.5. e), the dc side of
the converter has two high-voltage cables with opposite polarity. This means that the voltage
difference between the cables is twice as high as before. In case there is a failure in one of
the conductors this configuration does not allow for earth returning. The monopolar
symmetric configuration has a higher cost with respect to the asymmetrical configuration

nevertheless the symmetrical configuration is the most used in VSC-HVDC systems.

2.4.2. Bipolar configuration

The most common configuration is bipolar configuration, with two independent
poles (one positive and the other negative), which are normally balanced with no ground
current. The configuration with ground electrodes is known as rigid bipole and is shown in
Fig. 2.5.b). In case of fault for one of the cables, it will continue operating, using the ground

as a returning path. The operation, in this case, is in monopolar-mode which allows 50% of
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Fig. 2.5. HVDC configurations(1].

the transmission capabilities of the initial bipolar configuration. In some grid code
regulations, using the ground as a return path is not allowed due to environmental impact. In
this situation, a metallic return is used, although more expensive is becoming more and more
common. In some cases, is possible to change the configuration from bipolar operation with

no ground return to monopole operation using one of the cables as a ground return.

2.4.3. Point-to-point configuration

The simplest configuration is a back-to-back interconnection where two converters
are in the same place with a short direct-current line or even without one. This is mainly used
to interconnect lines with different frequencies or asynchronous line ac systems. As the cost
of HVDC components is voltage-dependent and there is no need for dc cables, the currents

usually are high while the voltages are kept low [4]. One of the advantages of this
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configuration is the increasing stability of the grid which is achieved by interconnecting two

asynchronous ac systems [5].

Long-distance interconnections are considered when two converters are connected
by submarine, ground cables, or overhead lines. In this situation, the losses in the conductor

considerable hence higher voltages are used for these types of interconnections.

2.4.4. Multi-terminal configuration

In multi-terminal HVDC (MTDC) more than two sets of converters operate
independently. Each converter can operate either as a rectifier or an inverter. Using MTDC
technology, multiple generators and ac grids can be connected as shown in Fig. 2.6. For
MTDC, IGBT-based technologies are more suitable than thyristor-based technologies since
IGBT-based technologies can change the direction of the power flow without changing the
polarity of the dc voltage. Recent consideration of countries with real possibilities of
building MTDC networks for large offshore windfarms and inter-regional dc grids has
encouraged serious research and development efforts from manufacturers and academia[6]
[7][8]. Studies have been carried out on dc switchgear, dc faults and protections, system

responses during the loss of converters, and circuit topologies.

BCIG Grid Side

Onshore
AC grid

Grid Side

.WDC g WBG

Fig. 2.6. Multi-terminal HVDC configuration[49]
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3 CONTROL SYSTEM FOR VSC AS VIRTUAL
SYNCHRONOUS MACHINES

3.1 Introduction

The usual strategies for VSC control try to provide a cos(¢)=1 hence providing active
power transfer. By doing this they are seen as constant power and do not give any response
to the grid frequency changes. As a consequence, they reduce the total inertia of the grid. If
we consider a control that models the behavior of the Synchronous Machine in the grid then

we increase the total inertia and the frequency regulation capabilities of the grid.

The Virtual Synchronous Machine (VSM) concept allows the converters to operate
both in grid connections and islanded conditions. The inherent inertial characteristic of the
VSM can provide services as frequency support and sharing of the transient power as
primary control actions but it can also offer grid forming capabilities. These control
strategies don’t reduce the ability of the converter to operate in structures where the external
references and set-points are provided by a centralized controller for optimizing the grid
operation. A further advantage of VSMs approach lies in the fact that based on the physical

machine, it gives an intuitive interpretation of its behavior.

Usage of the swing equation of SMs allows the modeling of inertial response and
damping
that these machines have. Considering these characteristics, several control strategies have
been developed to permit power electronic converters to provide synthetic or virtual inertia
to the power system. Nevertheless, emulation of the inertia and damping effects requires an
energy buffer that has sufficient capacity to represent the energy storage effect of the

emulated rotating inertia available. Thus, the amount of virtual inertia that can be added to
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the system by a single VSM unit will be limited both by the DC-side configuration and the

current ratings of the converter.

3.2 Overview of the control

The system starts with the DC link capacitor as shown in the right of Fig. 3.1, whose
voltage is fed to the DC side of VSC which is connected to the grid. Between the grid and
the converter, an LC filter is implemented in order to remove the high harmonics produced

by the converter.

As previously mentioned to control the converter, a VSM model is implemented. To
do so there are two loops the inner and outer. The inner is the current loop which is the
fastest. The outer loop gives the voltage as magnitude and angle respectively by the Reactive
power controller and VSM inertia emulation. A Phase Lock Loop (PLL) is used to detect
the actual frequency of the grid w,. This last one helps the swing equation of the VSM inertia

emulation to implement the damping term.
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Fig. 3.1.VSC control scheme for a current controlled VSM.
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The most common strategy to realize this control is the decoupled dq-vector control.
This approach utilizes a linear PI controller and Pulse Width Modulation to control the

VSC’s switches.

3.3 VSM inertia emulation

The emulation of rotating inertia and the power-balance based synchronization
mechanisms of this virtual inertia is the main difference between the considered VSM
control structure and conventional control systems for VSCs. The VSM implementation is
based on a conventional swing equation 3.3.1, where is considered also the damping of the

traditional SMs and the frequency droop.

d
o0 LY = Tm = Tel 33.1
dt

3.3.1. VSM swing equation

For this thesis is used equation 3.3.2 as presented in [12] and with a block diagram

as shown in Fig. 3.2.

dwvsm

TQT: pr* —DP —Pa 332
Pa = kd(wvsm - wgrid) 333
pr* = p* + kw(w:;sm - wvsm) 334
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Where p"*is the virtual input power that comes from the output of frequency droop,
p is the measured electrical active power flowing from the VSC into the grid, and pq is the
damping power. While the mechanical time constant is defined as Ta (corresponding to 2H
in a traditional SM). The p.u speed w5, is then given by the integral of the power balance

while the corresponding angle is given by the integral of the speed.

D 1 @ @ 7] |

L Dysy | 1 vsm S O s
Ty s s :
|

k Y+ a)i’-’s‘M |

d i |

@iy ]

Fig. 3.2.Inertia emulation of the Virtual Synchronous Machine.

3.3.2. Damping Power and PLL

The damping power is defined by the damping coefficient kq and the difference
between wysm and wgrid (eq. 3.3.3). The grid frequency is unknown for our control, but a

similar frequency can be considered. There are different methods to find this frequency.
In this part, we take into consideration 3 methods. Finding w by:

e using a PLL with the measurement Vo (voltage across the capacitor at the LC filter)
e using a PLL with the positive sequence of Vo
o filtering wygy -

The phase lock loop (PLL) applied in the first method is used for tracking and estimating

the actual grid frequency. The structure used is shown in the figure.
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: ¥
af e atar : EJ"S

apll Bl

Fig. 3.3.PLL structure while using the voltage measured across the LC filter capacitor.

The structure is based after [13] where V,z is the measured voltage expressed in the

stationary reference frame.

To follow the grid frequency (in the Synchronous Rotating Reference Frame) the
angle between the measured voltage vector and the grid vector should be zero. As a
consequence, the inverse tangent is used to calculate this error. This phase error is given as

an input to the PI controller in order to find & f5;; .

wpr, = (fpase + Ofprr) *2*m 335
33.6

SfpLL = kp * Eprp, + f ki *epyy, * dt
—1 Yoq 33.7

For the first case, Vd and Vq are found by transforming V, from af} to dq frame with
the angle 8p;; . The first and second methods are identical with the only exception being that
in the second method is considered just the positive sequence of the voltage measured across

the filter capacitor.

In the second method from V, a sequence detection is done and V", p is found which

is used as shown in Fig. 3.4. Hence transforming from af frame to dq frame is attained V;

and V.
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Fig. 3.4.PLL structure while using the positive sequence voltage.

In the third method for the damping are used the oscillations of wygy. By making
the difference between wygy and Wrirereq by @ low pass filter gives the frequency
oscillations which are needed to be damped.

The above described solutions are tested under the same model where is simulated a
power reference perturbation at time t=2s, a perturbation in the local load at time t=3s, and

an unbalanced condition occurring at time t=4s. The results are shown in Fig. 3.5
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Fig. 3.5. Represent the frequency with respect to time, comparison between the three
cases for implementing the damping power. PLL with Vo ( — ), PLL with the positive
sequence of Vo (—— ), Filtering wy s ( )
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For Case 1 where the PLL with the measurement from Vo.

Parameters: Kp=10, Ki =100, Kd=200
For Case 2 where the PLL with the positive sequence of Vo.

Parameters: Kp=2, Ki =70, Kd=200
For Case 3 where the filtered oscillations of wyg,, are used.

Parameters: Kd=100, wd=2

As shown in Fig. 3.5 , case 1 ( PLL with measured voltage of across LC filter
capacitor, blue curve) when the system is unbalanced, w oscillates with twice the
fundamental grid frequency and it will affect negatively wygy by introducing second
harmonic rriples in it. In the second case(red) the system behaves similarly to the previous
case for power and load perturbation but better behavior under unbalanced conditions. The
3" case(yellow) it can be seen that the settling time is quite long since the low pas filter
introduces delays. On the other hand it can also be seen that under grid fault wy gy is not

effected as much as in the previous two cases.

3.3.3. Active Power Droop control

An external frequency droop is included in the power control of the VSM which acts
as a frequency controller of the internal frequency of the VSM. This frequency droop is
modeled after the steady-state characteristic of the speed governor from a traditional

synchronous machine.

This power-frequency droop is characterized by the droop constant ky acting on the
difference between a frequency reference wy,, and the actual wy,. As a consequence the
virtual mechanical input power p™* to the VSM swing equation is given by the sum of the

external power reference set-point, p*, and the frequency droop effect (eq. 3.3.4).

3.4 Reactive Power Droop Control
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The Reactive Power Droop provides as an output the voltage amplitude reference [v¥|
that is needed by the Virtual Impedance. This voltage changes in such a way to keep the
reactive power close to a reference (since the droop controller has just the proportional it

doesn’t reach error =0).

The internal voltage amplitude reference |v| is calculated by equation 3.4.1 where
|v*| is the external voltage amplitude reference and g*is the reactive power reference. The
gain k, of the reactive power droop acts on the difference between the reactive power

reference q* and the measured reactive power q.
lv| = v*| + kq(q" — q) 3.4.1

The application of this technique is very common in microgrid systems when the

compensation of a low-inertia problem is required [14].

Another way to provide the internal voltage reference is by using a Reactive Power
Droop with Voltage Control which copies the behavior of the Automatic Voltage Regulator
for SMs. A voltage controller regulates the amplitude of the internally induced voltage of
the VSM electric model, to control the voltage amplitude at the VSC filter capacitor. A
standard PI controller acts on the voltage amplitude error calculated as the difference
between the amplitude reference |v*| and the measured output voltage at the filter capacitor

Vol

The controller offers the possibility to have an active droop function in the voltage
reference by adopting the Reactive Power Droop Control. In this case, q* defines the level
of reactive power at which the droop effects the voltage set-point changing it from a positive
value to a negative one. Considering this type of control, the internal voltage amplitude will

be given by the equation below:

|U| = kpv (lv*l_lvol) + kq kpv(q* - CI) + kivg + kffe |Uo| 34.2
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dé 3.4.3

E: (|U*|—|Uo|)+kq(q*_Q)

Where k¢r, is the coefficient for the feed-forward action and ¢ represents the

integrator state of the PI controller. For a better and more robust behavior is advised to use

a filtered q. Hence the final scheme is going to be as Fig. 3.6.

3.5 Virtual impedance

The virtual impedance is part of the VSM, it provides a interface between the
Simulated SM and the control loops. The virtual impedance can be considered as an
emulation of the impedance of a traditional SM in a SRRF (Synchronous rotating reference
frame) as in equation 3.5.1.

di

Vg =e—rsi5—lsd—ts—jwlsis 3.5.1

This impedance influences both the steady-state and the dynamic operation of the
VSM. It will cause a phase angle displacement between the grid and the VSM voltage, also
it will reduce the sensitivity to small disturbances in the grid thus making the model more
robust. In general, there are two dominating architectures, depending on whether the
machine model provides a current reference or a voltage reference for controlling the
converter operation. In the following are going to be expressed these 2 architectures as

represented in [15].
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The voltage controlled virtual synchronous machine Fig. 3.7 or VCVSM for short has
a closed loop voltage controller that provides the reference for the inner loop current

controller. Its references as the terminal voltages are provided by the Virtual Impedance.
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Fig. 3.7 Voltage controlled virtual synchronous machine
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Fig. 3.8 Current controlled virtual synchronous machine

34



CONTROL SYSTEM FOR VSC AS VIRTUAL SYNCHRONOUS MACHINES

The second architecture Fig. 3.8 is the current controller Virtual Synchronous
Machine (CCVSM) which has a current controller for the inner loop and its references are

provided again by the Virtual Impedance.

As before mentioned the electrical model used for the Virtual Impedance is based on
(eq. 3.5.1) the stator equation of the SM and it can be represented with 2 different

approaches.

The first one is a Dynamic Electrical Model (DEM).

. di, | . 352
Vo = Ve — ylp — lv—t _]wVSMlvlo
di,”™ v, v, ) ) 353
d E - E = (/L + jwysm)io

This model is relevant for CCVSM where v, represents the internally induced voltage of a
SM, in series with a dynamic representation of a RL impedance representing the virtual stator
windings. The LC-filter output voltage v, is measured and used as an input to the internally
simulated electrical model. The current i,”5" calculated by the numerical simulation of
the model, are provided as references to the VSC current controllers. In equation 3.5.3 5, L,
are the per unit virtual stator resistance and inductance and wyg), is the per unit speed of the

virtual inertia.

In the second approach is a Quasi-Stationary electrical model based on [16]. The
QSEM (Quasi-Stationary Electrical Model) implementation assumes a representation of the
SM in the SRRF. This is done by setting the current derivative to zero, equation 3.5.5,

resulting in the quasi-stationary stator current.

. di, . . 354

Vo = Ve — ylp — lv—t _]wVSMlvlo
UV, =V, — iy — joysylyi, 355
Ve — Vo 356

[p=——7"
1t joysuly
Equation 3.5.6 is used for QSEM-based CCVSM implementation. Where v, is the

measured voltage at the filter capacitor, equivalent to the voltage measured at the terminals
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of the SM, v,is the reference voltage that comes from the outer loop control and equivalent
to the back emfe of the SM, i, is the current that should be used as a reference for the current

controller of the VSC which is equivalent to the stator current of the SM.
For VCVSM is used:

v, =v" —1n,i, — joysylyi, 3.5.7

As before v* is the reference voltage, 7, [, are the per-unit virtual stator resistance
and inductance and wyg, is the per-unit speed of the virtual inertia. For this case i, is the
measured current after the LC filter and v*, is the voltage that should be used as a reference

for the voltage controller.

3.6 Current control

The current controller represents the inner loop. It provides the voltage for which the
switches of the inverter will be driven Fig. 3.9. This current will depend on the voltage of
the connection point as expressed in equation 3.6.1. This equation can be expressed both in
the Stationary Reference Frame and in the Synchronous Rotating Reference Frame hence

we are going to consider the current control in both the frames.

36



CONTROL SYSTEM FOR VSC AS VIRTUAL SYNCHRONOUS MACHINES

B

L+Rs

e B 4 13

Fig. 3.9 VSC configuration

digbe 3.6.1

Ve = vgPe + R i + L —-
di% 3.6.2

v = v + R + L, 7

. aidd . 3.6.3
vflf’ = v;iq + Ry zf;’ + Ly ;Ct” +jw Ly zf;’

3.6.1. Current controller implemented in the synchronous rotating

reference frame

In SRRF in steady-state under balanced conditions the current and voltages are
constant hence a linear PI controller will work perfectly. Presenting equation 3.6.3 from
complex vector to its dq form.

dig,
dt

v, = vl + Ry i, + Ly 364

—wlLsif,

3.6.5

digv .d
. + wLpic,

q _ 4 :q
Vey = Vo + Rpigy, + Lg m

In per unit

37



CONTROL SYSTEM FOR VSC AS VIRTUAL SYNCHRONOUS MACHINES

. lr did .q 3.6.6
v, =vd 4+ id + o == wpy lpigy
q q L did, 4 3.6.7
Vey = Vp +Tplg, +———+ wpy lr 15,

w, dt

Considering equation 3.6.6 and equation 3.6.7 the reference voltage for the converter

becomes:
ve" = v + v — wyy il 3.6.8
3" = p8 vl + w1y il 3.6.9
Where
v =k (8 — i) + k(& — &) de 3.6.10
v = ky (i8, = i&) + ki (8, — i) dt 3.6.11

3.6.2. Current controller implemented in the stationary reference frame

As before can be presented, equation 3.6.2, from complex vectors to its af form and

after in per unit and we get:

di& 3.6.12
vé, = v + Rp iy + L ——

3.6.13

I’C‘l]

dt

vl = vl + R iE + L

In SRF the current reference changes in time with frequency w= wy g, by doing so
the PI controllers are not the most suitable solutions hence the PR (proportional resonance)
controllers are used for the inner loop Fig. 3.10. These controllers are SOGI-based structures.
The SOGI (Second Order Generalized Integrator) is resonant term that oscilates with the
frequency of the VSM. In the frequency domain the SOGI provides a gain theroretically

infinite for the resonant frequency and zero for the other ones [17].
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Fig. 3.10 PR controller

Considering the RL as the object under regulation the voltage on which the VSC is controlled

as follows.
ve" =vf +vie 3.6.14
B* _ B +U£R 3.6.15
The frequency adaptation for this two integrator scheme is of paramount importance.
There is a high peak gain on the needed frequency and thus allow a zero steady-state error.

The frequency of the integral part should be the same with the frequency of the virtual

machine which is also the changing frequency of the reference.

ki *wg*s 3.6.16
Hon (W) = lop + = o2
0
UPR = HPR (l* - iC‘l]) 3617

Where vpp, is the controller output voltage, i* is the reference current provided by the
virtual impedance, i, is the current measured at the output of the converter. Tuning the PR

controller parameters can be done similarly to the PI controller as presented in [17].

3.7 Active damping
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The LC filter creates oscillations in the voltage. To suppress the oscillations an active
damping term is needed. Firstly, we find these oscillations by filtering the voltage v,
measured across the LC filter capacitor and by subtracting from the measured voltage the
filtered one we get the oscillations. Secondly, the oscillations are reduced by an active
damping coefficient k,p and feed negatively to the voltage that comes as a reference from

the current controller. Hence we get the formula:
Vap = kap (Vo — @) 3.7.1

Where ¢ is the filtered signal. In case the current controller is in SRRF the voltage

references are in dq and vy, is in dq as well. In this case vg % is filtered by a low pass filter.

In case the current controller is in SRF the voltage references are in af3. In this case

vy f changes with the frequency of the grid hence a Band Pass Filter with adaptive

capabilities is needed. For this reason, SOGI can be used as BPF.
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4 CONTROL STRATEGIES FOR
UNBALANCED CONDITIONS

4.1 Introduction

The electrical network is a dynamical system, whose behavior depends upon many
factors thus the grid-connected power converters should guarantee proper operation under
normal conditions and ensure a robust and safe performance under abnormal grid conditions.
Nonlinear loads and occurrence of grid faults may give rise to distortion and/or unbalanced
grid voltages at the point of common coupling (PCC) of the converter. Being subject to
unbalanced conditions and also the unbalanced currents, and the interaction between
unbalanced voltages and currents create oscillations in the active and reactive power
delivered to the grid. The proper operation of the power converter under such conditions is

a challenging control issue.

Controlling the unbalanced current injections under unbalanced grid voltage
conditions allows attenuating power oscillations, maximizing the power delivery, or even
having balanced grid voltages at the point of connection. With VSM implementation (see

chapter 2) these control strategies are useful also in islanded mode.

Ideally, power converters used for HVDC should stay actively connected, supporting
the grid services (voltage/frequency) but, under unbalanced conditions, this is not always
fulfilled. The currents injected by the power converter into the phases of the grid should
always be under control, even though the grid voltage may experience variations. Therefore,
the control algorithms should estimate the instantaneous performance of these currents at
any time, even during transient faults, in order to avoid any overcurrent tripping. Thus,
considerations should be made, for the calculation of the maximum power that can be

delivered to the grid, without overpassing the current limits of the power converter.
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4.2 Sequence detection and power calculations

In this section, it is shown how to acquire the positive and negative sequences of the voltage

and current from the three phase measurement.
Under generic grid conditions the voltage at PCC is as follows:
Vabe = Vape + Vape + Vape
Where:

[ cos(wt + 6%) 1

2
_" 4 pt
vt = V+|COS(Wt 3 +6 )l

[COS(Wt + % + 9+)J

[ cos(— Wt+9 )

cos Wt+—+9
abc_V | ( )

|

|

|

cos(—wt — — + 6~ )J
cos(wt + 69)

v0. =V |cos(wt + 6°)
cos(wt + 69)

42.1

42.1.a

42.1b

42.1.c

In Fig. 4.1 is shown the locus of the voltage v under unbalanced conditions. This

voltage can be represented in general in three different ways.

e Three phase system abc

e Cartesian aff representing a Stationary Reference Frame (SRF)

e (artesian dq which is rotating with the synchronous speed and it represents

the Synchronous Rotating Reference Frame (SRRF)
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It can be seen that in this unbalanced case the rotation of vector v will generate in
SRF U, > Uz and in SRRF vy = ¥ + #(2w) if W = Wsypep. This behavior will affect
negatively the previous control systems with VSM implementations, hence a separation of
the positive and negative sequences has to be done and taken into consideration. The main
interest of power converter under unbalanced conditions lies in controlling the positive and

negative sequence of the injected currents.

In VSC v, + v, + v, = 0, then the zero sequence is not considered and the voltage becomes

v=vt+uv.

To show the voltage vector on the Cartesian af3 frame, a reduced version of the Clarke

transformation matrix T, is used.
[va]_ 1 -1/2 -1/2 L’a
vl "o V32 —v3p2]|,,

Uaﬁ = Taﬁ Vabc

422

From (eq. 4.2.1) we can represent the positive and negative sequences of the voltage as

follows.

Fig. 4.1. Locus of voltage under unbalanced conditions.
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Uﬁ-l'- 1 1 az a Vq
Fl== 1 a?||Y
a’? a 111

+ 7+
17abc_T Vabc

Uc? 1 1 a Cl2 Vq
Vp| = 3 a’? 1 all|v
. a a* 11lve

Vabe = T~ Vabc

Where a = e

423

424

2T
73 is a version of the Fortescue operator and represents a time-shifting

equivalent to a 120° phase-shifting. Considering (eq. 4.2.3) , (eq. 4.2.4) and substituting

Vape using the inverse Clarke transform, we get (eq. 4.2.5). Moreover, by using the Clarke

transformation again for the positive and negative sequence we will find new matrixes (eq.

4.2.77) for which we can find the positive and negative sequence from v,g.

+ 7+ — 7+ -1
17abc_T Vape =T Taﬁ Vap

Vape = T™ Vgpe =T~ To:ﬁl Vap

U;ﬁ = Taﬁ 17;'z-bc = Ta[)’ T* To;ﬁl Vap

-1

U;ﬁ = Taﬁ Vape = Taﬁ - Taﬁ Vap

_ 111 —q
T“”’T+T“1:T;f”:§[q 1]

— e - 1 ¢
Tap T Ta[}:Taﬁ:E[_q 1

T

Where q = e )z
111 —q
Vap = E[q 1 ] Vap

1
v;ﬁz—[ 1 Vag
2l-q 1

4.2.5

4.2.6

4.2.7

42.8
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42.9

v =2 (v~ q vp)
1 42.10

v/}' = E(q Ve + Vp)
o1 42.11

v =5 (va+qvp)
42.12

1
Vg =§(—q v, + vﬁ)

As mentioned q = e’z which means that there is a 90° lagging phase-shifting

operator applied on the time domain to obtain an in-quadrature version of the input

waveform. It can be created by delaying the signal with T/4, Integration, differentiation, or

the most relevant using a low pass filter. Considering the last one, a second-order generalized

integrator (SOGI) is going to be used as the quadrature signal generator (QSG), as shown in

Fig. 4.2.

The SOGI-QSG behaves as a bandpass filter where the output is used as an in-phase

signal introducing filtering and noise suppression in the system and low-pass filtered output

is representing the phase-shifted signal.

50GI-QS5G

v
1y
F 3

v

Fig. 4.2. SOGI-QSG structure.
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v'(s) Kxw=xs 42.13
v(s) S2+Kx*wxs+w?

qu'(s) _ K * w? 4.2.14
v(s) SZ+K*w#*s+w?

For these reasons a dual set of SOGI-QSGs Fig. 4.3 is used to obtain the signals and
their quadrature components for both alpha and beta. This method is shown in [18] where

is also considered K = /2 as the best suited coefficient considering a tradeoff of dynamic

response and overshooting.

The positive and negative sequence of the current can be found using the same
matrixes as the voltage (eq.4.2.7). As mentioned in the introduction, under unbalanced
voltages there are unbalanced currents and therefore power oscillations. In the following

paragraphs, these power oscillations are going to be explained.

Considering the powers expressed in af3 frame.

50GI-Q5G

Vasc abc Va [ ] s — Vas
| X 1/s - 1/2 -
. aLg=) s 12 |
i = | T
X 1/s :
X l—y
ELC NNyl P
L2 ] o
Wusm
S0GI-QSG -
LVE | Vp-
/s AL 1/2 4 OL
LT

qve 4 Va-

1/z
J

Fig. 4.3. Dual set of SOGI-QSGs used for sequence separation.
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S=v 1
s = (Vg +jvp) * (iq — jip)
P =Vq*iqg+vg*ip
q="vg*ig—Vg *lig
Considering the case of unbalanced voltages and currents.
p =i +ve)* (i +i) + (v +v) = (if +15)
= vFif + vpiE +vgig +vpis + viig +vgid + iz tugi
q = (v5 +v5) * (i +i2) = W& +v) » (i + i)
= vi} +vpip —viif —vgiz +viip +vpid —viiz—vgit
If
vE = |v*|cos(wt + 67)
vy = |lv™|cos(—wt + 67)
vg = [v*|sin(wt +67)
vg = |v7[sin(—wt + 67)
ir =|it|cos(wt+61)
ig =|i"|cos(—wt +67)
ig = li*]sin(wt + 67)

iy = |i~| sin(—wt +67)

4.2.15

4.2.16

4.2.17

4.2.18

4.2.19

4.2.20

4221

42.22

Then by substituting (eq. 4.2.19) and (eq. 4.2.20) the positive and negative sequences of the

alpha-beta components of the current and voltage we get:
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p=|vT|*|it|*xcos(@F —8*)+ |v|*|i"| *xcos(6~ —§7) 4223
+(vt|*|i7|*cos(@T —=67) + v | *|iT| xcos(8~ —6F)) cos(2wt)

+(lv| = [i7| *sin(6~ — 0*%) + [v™| * |i*]| * sin(6~ — 6T))sin(2wt)

q=|vt|*|it|*sin(0* —=6T) + |v7| *|i7| *sin(0~ —67) 4.2.24
+(vt|*|i7| *sin(@t —&7) + |v™| *|i*] * sin(8~ — 6™)) cos(2wt)
+(lvF| *|i7|*cos(6~ —0%) — |v™| % |iT| *x cos(8~ — §))sin(2wt)

From these equations, it is visible that the power has two components, the average
one and the oscillating one. The oscillating one is made by the sum of sinusoidal and
cosinusoidal oscillations. It is worth mentioning that the oscillations come as a consequence
of multiplying a component from the negative sequence to a component of the positive
sequence and the result is an oscillating component whose frequency is twice the grid

frequency.

4.3 Control Strategies for operating under unbalanced
conditions

As mentioned in the introduction we can have different control strategies by
controlling the unbalanced currents injections. The current injected into the grid should keep
a certain relationship with the voltages at the PCC to deliver a given amount of active and

reactive power.

The most extended solutions for controlling the current are based on SRRF which
uses PI regulators operating in dq frame. However, if unbalanced currents are needed to be
injected, the behavior of such controllers are not best suited since there is not a specific
control loop for the negative sequence current components. If this loop was going to be
considered, we would have 4 PI controllers for the current controller which increases the

complexity of the control. On the other side, if PR current controllers implemented in the
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SRF are used (as expressed in the previews chapter) then they can close the control loop for
both positive and negative sequences of the current since both sequences have the same value

of frequency.

In VSM implementation the unbalanced currents injected are generated with the
usage of the virtual impedance for the positive sequence, in order to have the same VSM
implementation as mentioned in chapter 2. For the negative sequence of the current, the
reference changes depending on the control strategy. In the following paragraphs, the idea

behind different control strategies for controlling the converter is going to be shown.

4.3.1. Control strategies for Balanced Current

To control the behavior of the converter we control the current in it, and in order to
have balanced currents, we should control the negative sequence of the current to zero. This
approach will result in the lowest possible current amplitudes for a specified average active
power transfer during unbalanced conditions, but with the consequence of second harmonic

oscillations in both the active and the reactive power flow.
=0t i 43.1
i~ =0 432

The positive sequence of the current will come from the Virtual Impedance, as expressed in

Fig. 4.4:
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V-

|+ +‘ ‘++|

/
Vdr
W*wisn
v +
Wy = dq Tot
= i
=] | —
. —
/
Vqt
El T
IIl T

Fig. 4.4. Generated currents for controlling balanced three phase currents.

In Fig. 4.4 is considered a virtual impedance using a Quasi-Stationary electrical model
implemented in the positive sequence dq frame. As previously explained, the current

reference is changed in af8 frame and a PR current controller is used.

4.3.2. Control strategies for Balance Voltage

In this case, a virtual impedance for the negative sequence is considered as shown in

Fig. 4.5. By doing so we can give current references in order to have the negative sequence

of the internal voltage of VSM equal to zero (eq 4.3.6).
Vaq = Vag + (1 + jWysuly)iag 433

Vags = Vag+ + (1 + jwysmly)iggs 434
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Vot

Vot

Fig. 4.5. Current generation with positive and negative virtual impedance.

Vag- = Vag- + (1 + jwysmly)igg- 43.5
0 =vaq-+ (v +jwysmly)igg- 43.6

When connected with a strong grid, the negative sequence currents required to reach
the balanced conditions are going to be very high and not reachable, thus, it is not able to
influence the local voltage. On the other hand, for weak grids or in an islanded mode, having

negative sequence currents to reach balanced voltages is more achievable.

Considering in islanded mode v;,,4 = v, and i;y4q = i,, it is possible to find the

voltage and current sequence components through an unsymmetrical load.
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Va,load Za 0 0 ia
[Ub,zoad =10 Z, 0]]ip
Vcload 0 0 Zc ic
17?oad Za 0 0 iO
Ulioad :A_1 O Zb O A IE+
Vioad 0 0 ZC L
11 1 i 1 1
A=|1 a®> al, A =3 1 a a?
1 a a? 1 a*> a

1 1
Vipad = §i0(za +Zy+Z)+ §i+(Za + a*Z, +aZ,.)

1
+§i‘(Za +aZ, +a%Z,)

1 1
UV ad = §i°(za +aZ, +a%*Z,) + §i+(za +Z,+Z,)

1
+§i‘(Za +a?Z, + aZ.)

1 1
Vioad = §i0(za +a*Z, +aZ;) + §i+(Za +aZ, + a*Z,)

1.
+§L‘(Za +7Z,+7Z,)

Neglecting the zero-sequence current,

1 1
Viggg = 11 [g(za +aZ, + azZC)] +i” [g(za + 7, +Zc)]

4.3.7

4.3.8

4.3.9

4.3.10

43.11

43.12

4.3.13

From this equation it can be observed that the unbalances are created both from the
negative and positive sequence of the current. To achieve balanced voltages a negative
sequence current is required equal to the effect of the positive sequence current. Not knowing

the unbalanced impedances of the load, a negative sequence virtual impedance is considered
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in generating the negative sequence current. By not considering the filter the equation below

is found.

YO .I ’dq lu
\ It I
| L | - .
. a
A 9B
. ot 1,
Wysu - "+
Ovins
A
J1 -
Voltage control - 1 )
1 P - J "%
Sy AR
\d. *t E - l. = |l . .
. = Negative sequenc 4 .dq l.',-
A | i Vo NWirtia Imoedance [ o [ g-
Ve @ s:...‘ ] f C, Virtual Impeda | ap P
q i

Fig. 4.6. Generated currents using negative sequence voltage control

U_* = i_ZVSM + Ul_oad 4314

The equation above looks like a control loop with just the proportional coefficient.
By using the negative sequence of the voltage at the PCC as a process variable and the
negative sequence of the internal voltage as a control variable we can inject the negative
current needed to balance the voltage at the PCC. The virtual impedances use the same
electrical model as expressed in equation (QS VI). In consequence, the currents will have

the following equations

. gt = v + (v = vg) (Cwrsn)ly 43.15
¢ 12 + Wysuly)?
(v =vm — it = v (wysal 43.16

1 72 + (Wysyly)?

Consequently, if a PI controller is used to provide the reference for the internal
negative sequence of the VSM voltage using for feedback the negative sequence voltage
measured at the filter capacitor Fig. 4.6. Thus the negative sequence of the internal voltage

of the VSM reaches such values that the PCC voltage becomes balanced.

In conclusion, under unbalanced conditions, unbalanced currents are injected to
balance the voltage, which will depend upon the equivalent grid impedance. The negative

sequence currents to be injected in the point of common coupling are obtained from the
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negative sequence virtual impedance. The internal negative sequence of the VSM may be
equal to zero, coping so the steady-state behavior of the synchronous machine, or it can be
the output of a negative sequence voltage controller with the objective to balance the local

voltages.

4.3.3. Control strategies for Constant Active or Reactive Power

As previously explained, both active and reactive powers have an average value and

sinusoidal and cosinusoidal components oscillating with double the frequency.
P = Po + Pcz c0S(2Wt) + pg, sin(2wt) 43.17
q = qo + q., cos(2wt) + q,, sin(2wt) 43.18

Where py, qo is the average value of the instantaneous active and reactive power
and Py, Ps2, ey 452 Tepresent the magnitude of the oscillating terms. If represented in dq

the active and reactive power will have the following equation as expressed in [19]:

Po = viig +vjig +vzig +vgig 43.19
Pz = V3ig +vgig +vjig +viig 4.3.20
Ps2 = Vglig —Vgiq —viig +vgig 4321
qo = viif —viif +vgig —vg iy 43.22
Gez = Vqig —vgig +viig —viig 4323
qs2 = Vgig —vgiy +viig +viig 4324

To have constant active power we need to provide p., = ps; = 0 hence the injected negative

sequence currents can be calculated from the matrix below.

. o= - - +o =T+
[ld] B -1 VIV — VU, Vavg +17d17q”1d] 4325
= Y 2 [4,+4,- +o,—- o= _ o= ||+
lq (Wa)*+ (q)? [vgvg +vavg vgvg —vavg||ig
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Additionally, to obtain constant reactive power we need to provide q., = g5 = 0 and

consequently the injected negative sequence currents can be calculated from eq 4.3.26.

[ld] ViV — Vv vavg +vivg 4.3.26
vy )2+(17 V\vagvg tvivg vivg —vivg

It is interesting to notice that equation 4.3.25 and equation 4.3.26 have opposite signs with
respect to each other. This provides convenience in implementing and unifying the

algorithm.

4.3.4. Control strategies for suppressing dc side voltage fluctuations

Under unbalanced voltages, there will be double frequency oscillations on the active
power, which are propagated on the dc side as well. The dc-link capacitor of the HVDC
affected by these oscillations will give rise to voltage fluctuation on the dc side and
consequently if the oscillations are above a certain threshold a stable operation of the
converter won’t be possible. To mitigate this problem, it is needed to suppress the double
frequency oscillations of the active power p.,, ps» to zero by injecting proper negative
sequence currents. The injected negative sequence currents can be calculated using equation
4.3.27 as expressed in 4.3.26 but in this case, the power oscillations to be considered are
between the converter and the LC filter because the filter may introduce a phase shift on the

fundamental frequency of the voltage.

. — %
[zd ] 4.3.27
. — %
lq
— + —
-1 [Ucv dvcvd - 17cqucvq Ucv qvcvd + Ucv dvcv q] [ cv, d]
2 2
(Ucvd) + (Ucv q) cvq

+ —
Ucv q cv d + 17cv dvcv q 17cv,qvcv,q cv dvcv d

If the converter is considered in steady-state than v, = vcr,ff . This consideration
gives different advantages. Firstly, new measurements aren’t needed and secondly, the

harmonic presented by the converter will not affect the control.
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4.4 Power and current limitations

Strategies to limit the converter currents must be implemented for safe operation of
VSCs. This limitation takes into account the intended dynamic and steady-state performance
of the converter. The current limitations can be implemented in several ways, either included
as a simple limitation of the current controller references, or it can be considered as a part of
the power control strategies used to calculate the current references. Current limitation
strategies acting directly on the instantaneous phase currents will however lead to distorted
currents and voltages as shown in [20], thus current limitation is often implemented by

limiting the amplitude of the current reference in the synchronous reference frame.

The physical current limitation of a Voltage Source Converter will always be given
by the current capability of the converter legs corresponding to each phase. It is useful to see
this projection of the phase current limitation in the stationary of} reference frame as shown
in Fig. 4.7. As distinguishable from the figure, the phase current limitations form a hexagon
in the stationary af reference frame, given by the intersections between the straight lines
corresponding to the limitations of the different phases. The blue trajectories show the vector
current limitation under different unbalanced conditions. The black circle corresponds to the
trajectory of balanced three-phase currents with an amplitude equal to the phase current
limitation. Can be noticed that the maximum of different current trajectories is higher than
the phase current limitation and this is acceptable as long that is inside the hexagon. But this
current limitation implemented in a synchronous reference frame or based on vector
amplitude consideration in the stationary reference frame is more complicated and goes
beyond the purpose of this thesis hence the maximum current to be considered from this

point on is Imax corresponding to the black circle.

The current limitation can be obtained indirectly by limiting the injected power into
the grid as shown in [21]. The power limit is calculated from the converter current limit and

the grid voltage sequence components by using the instantaneous power theory.
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Fig. 4.7. Representation of the phase current limitation and vector current limitation in the SRF.
The maximum current is in the moment where the rotating positive sequence current
vector is aligned with the negative sequence current vector which is rotating in the opposite
direction. Therefore, the magnitude of the maximum current occurring at this moment is the

sum of the positive and negative magnitudes of the sequences.

+2 | 42 2, -2 4.4.1
Iy = [ig"+i°+ [ig" +ig

Under unbalanced conditions, the control has different purposes therefore the
currents generated depend upon the strategy. To find the limiting power, the different

strategies are considered separately.
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4.4.1. When controlling for Constant Active Power:
the oscillating terms of the active power p,,, ps, are equal to zero. Hence the power equation

is (4.4.2) and is possible to find the currents as shown in equation (3.5.3).

_ .

Do vy vi Va Vg [i}

+ v, —v;|li+

Qo| _|vg -v} q Va |[ig
B i 2 R 2 A | Fi

q d 11 442

- - + +
Vqg Vg Vg Vg lig

P

Q

iq va, 443
i -,

q
iq |17+| _|U |2 —Ud 17+| +|17 |2 Ud_

-7

q

iq

By calculating I,,, through the use of equation (4.4.1) and (4.4.3) the following is obtained:

) 3 . 3 444
0 0

L. = L S + -

m (|v+|2—|v‘|2> +(|v+|2+|v‘|2> (ol + 17D

Lnax 18 the permissible peak current of the converter which should be set below the
overcurrent protection threshold to avoid the risk of overcurrent shutdown of the converter.
The reference power limits will depend on 1,4, and the voltage sequence components as
shown in equation (4.4.5). However, equation (4.4.5) cannot generate the active and
reactive power limitations due to two unknown parameters ( active power limit Pj;,, and

reactive power limit Q;;,,, ) in only one function.

2 2 445
Plim + Qlim — I'max
=)\ Pz (vl

Under unbalanced conditions that may be caused by voltage sages, the VSM provides

power support for the power grid. Depending on the grid there can be required higher
reactive or active power demand. To provide frequency support the active power has the

priority hence the reactive power will be expressed as a function of the active power.
Qiim = kPiim for 0<k<1 4.4.6

Then the power reference limitation for constant active power can be determined by solving

equation (4.4.5) and (4.4.6).
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[ Qlim = kPlim 4.4.7
Lnax( 0¥ = 1o )) ([t + v 12)

Piim =
P Q1)+ (s

It can be proven that:

15([v*)12 + [v™]?) 448
>1 for 0<k<1
VEZ(vt 2 = v [2)2 + (v ]2 + [v=[2)?
Now equation (4.4.7) can be rewritten as:
449

Inax (1| = 1v71)
1.5

Qllm = kPiim
Pllm

Using equation (4.4.9) instead of (4.4.7) gives us two advantages. Firstly, there is a
higher margin for overcurrent protection which is needed due to small disturbances or

inaccuracies, and secondly, the equation obtained is easier to implement and it reduces the

computational power needed in practical implementations.

4.4.2. When controlling for Constant Reactive Power:
the oscillating terms of the reactive power q.,, 4, are equal to zero. Consequently, equation
(4.4.2) which was previously used for calculating the constant active power is changed to

equation (4.4.10). From the last one the current components are calculated so that the

maximum current I,,, can be found.

— — L+

_ —1]3' Vq —Vq i;’
—vg vy —vg iy
_ “ 4 + 2 4.4.10
Vg vqg Vg 1l
il v} v}
i;’ _ by U; n q, —U;
N || .-
I ol L o D B s el L o 4.4.11
a
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Po z 9o z
I — L - s + -
m <|v+|2+|v‘|2> +<|v+|2—|v‘|2> (ol + 17D

4.4.12

2 2
Plim + Qlim _ Imax
vt + v 12 lvt|* = v |2 ([ +1v71) 4.4.13

With equation (4.4.13) the new limits for constant reactive power control strategy

are found, with I,;,as the maximum permissible current for a safe operation of the
converter. As previously mentioned equation (4.4.13) cannot be solved with two unknowns.
Hence the reactive power is expressed as a function of the active power as shown in equation

(4.4.6). Having now two equations the power limits are found.

Quim = kPiim 4.4.14
Lnax( 0¥ = o= 1) (ot [* + 1= 12)

ij( o+ + |v—|2)2 + (o) - |v—|2)2

Plim:

Equation (4.4.14) is not suitable for practical implementation. By considering
equation (4.4.14 ) and (4.4.15) is obtained equation (4.4.16) which is more suitable than
(4.4.14) for practical application and has a higher margin from the overcurrent protection of

the converter.

15([v*)12 + [v™]%) 4.4.15
for 0<k<1
VE2CI0H 2 + w722 + (o2 — [v~]2)?

Qlim = kPiim 4.4.16
p _ Imax( |U+| - |17_|)
lim — 15

4.4.3. When controlling Balanced Currents:
The negative sequence current becomes zero. Hence the power equation is (4.4.17) and

is possible to find the currents as shown in equation (4.4.18).
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p0]= vi V¢ vy vy |[id 4.4.17
aol T vy —pr v —valli
[i; _ Py [vi], 4o v;] 4.4.18
Gl Pl o v

It can be noticed that the negative sequence current components do not appear in the

two equations above. Thus the maximum current I,,, is a function of the positive sequence.

4.4.19
g1:/q2+g2

And I, is equal to:

1 4.4.20
Iy = W\/ (p0)? + (qo)?

Knowing the positive sequence voltage and the allowable maximum current I,,,,, for
which a safe operation of the converter is ensured, it is possible to find the power reference

limits:

4421
\/(Plim)z + (Qlim)z = I'max |U+|

Expressing the reactive power as a function of the active power through equation

(4.4.6), the power reference limits are obtained as:

Quim = kPiim 4422
1 v
Plim max|V"]
K +1
1.5 4423
—_—>1 or 0<k<1
VkZ +1 !
Qi = kPlim 4424
1 v
Plim mix|5 |

Considering equation (4.4.23), new power reference limits are found as shown in
equation (4.4.24). It is worth mentioning that I,,,,, depends on the converter and the power

limitation depends on the control strategy. In the case of constant active or reactive power,
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the reference power limitation is a function of ( |[v*| — |v~| ) and when balanced current are
controlled the reference power limitation is a function of [v*]. It can be noticed for the last
one that the power limitation is going to be higher, therefore when balanced currents are
used as a control strategy there will be maximum power transfer from the converter side to
the grid side. This result can be intuitively understood as follows. When there are both
positive and negative sequences of the current, the energy propagates from the converter to
the grid using the positive sequence currents and from the grid to the converter using the
negative sequence currents. In case there is just the positive sequence, all the ‘available’
current is used to propagate the energy from the converter to the grid, therefore resulting in

the maximum power transfer.

4.4.4. When controlling with negative sequence virtual impedance or
negative sequence voltage controller:

A simpler path with respect to the previous ones is used. The apparent power can be
expressed as a function of the voltage and current amplitudes, equation (4.4.25). Hence the
limit apparent power under unbalanced condition is a function of the maximum allowable
current and the magnitude of the unbalanced voltage. The magnitude of the voltage under
unbalanced conditions oscillates from |v*|+ [v~| to |[v*| — |v~| . In Fig. 4.8 is shown an
unbalanced voltage condition with a resistive load and an inductive load, the magnitudes of
the current and voltages for this conditions and the apparent power calculated by the equation
(4.4.25). The limit apparent power for a resistive load where the angle between the voltage
and current is 0° will depend on the maximum allowable current and maximum magnitude
of the unbalanced voltage (this case can be seen at t=0.01). On the other hand, the limit
apparent power for an inductive load where the angle between the voltage and current is 90°
will depend on the maximum allowable current and minimum magnitude of the unbalanced
voltage (this case can be seen at t=0.045). In this thesis is not going to be considered the load
angle meaning that for the apparent power the worst case is considered and is calculated as

shown in equation (4.4.26).
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Fig. 4.8. Unbalanced voltage conditions and apparent power limitation.

The limited apparent power can be also expressed as in equation (4.4.27). Combining

equation (4.4.26) with (4.4.27) is obtained equation (4.4.28).

s = pulli] 4425
T2
3 4426
SLim = E(|v+| - |17_|) Imax
3 3 4427
SLim = PLim + QLim

2 3
\/(Plim)z + (Qlim) = §(|U+| - |17_|) Imax 4.4.28

Expressing the reactive power as a function of the active power as shown in equation (4.4.6),

the reference power limits are obtained as follows:
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Q. = kPiim 4.4.29
p _ 1.5(vt|=1v7D) Imax fOT 0<k<1
lim

JEP+1

By neglecting % the equation is simplified as:

{ Qim = kPiim 4430
Plim = (|U+| - |U—|) Imax

It is worth noticing that the active power reference limitation is limiting the virtual
input power (p"*) of the swing equation in the VSM and not the external reference set-point
(see VSM inertia emulation in chapter 2). When the converter is in islanded mode the
frequency droop may increase the power above the limit therefore the limitation has to take

place after the frequency droop.

4.5 Simulation of VSC as VSM under unbalanced
conditions

In this part of the chapter is presented the control and the response of a two-level
VSC controlled as a VSM operating under unbalanced conditions. Simulations of different
control strategies with different scenarios are done through the means of
Matlab/Simulink/SimPowerSystem environment. The investigated strategies are: Balanced
Three Phase Currents, Constant Active Power, Constant Reactive Power, Negative Sequence
Virtual Impedance, Negative Sequence Voltage Control, Reduced dc side Power
Fluctuations. These simulations are conducted not just in a wide range of grid conditions but
also under islanded mode to evaluate the performance and applicability of all the presented
control strategies. Further, inspection is done for current and power limitation and validation

of the VSM inertial response behavior under unbalanced conditions
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4.5.1. Configuration and control

The configuration taken into account is expressed in the figure where the VSC has
as input the dc side voltage and provides ac voltage as an output. The voltage of the converter
passes through an LC filter which reduces the harmonic content of the voltage waveforms

and is feed into the grid.

The VSC is controlled through the control scheme shown in Fig. 4.10. Elements of this

control scheme are:

e Simulated Synchronous Machine Model (see chapter 3)
o Frequency Control
o Inertia Model
o Positive Sequence electrical model (Positive Sequence Virtual Impedance)
o Voltage Control
e Phase Lock-Loop (see section 3.3.2)
e Proportional-Resonant Current Controller (see section 3.6.2)
e Active Damping (see section 3.7)
e Pulse Width Modulation (PWM)
e Negative Sequence Current Generator Fig. 4.9(see section 4.3)

e Measurement processing and sequence separation (see section 4.2)
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The parameters used for the configuration and the control are shown in Table II

Table 1I: Parameters of the Investigated System Configuration

Parameter Value Parameter Value
AC Voltage Vign 400 V Rated current 72 A
Rated angular frequency w, 2n-50 Hz | Primary filter 0.08pu,
inductance I/, 1y 0.008pu
DC voltage Vicn 686 V Filter capacitance ¢, 0.079 pu
Active damping ksocr, kap \2, Grid-side filter inductance 0.2pu,
0.5 pu lg, g 0.01pu
Current controller gains, kpc,kic 1.2 DSOGI-QSGs for sequence \2
0.8 separation ksocr
VSM Positive Seq. Impedance, »,", I, 0.01 pu |PLL PI controller, 2,
0.2 pu kp.pr, ki pLL 70
VSM Negative Seq.Impedance, 7, , [, 0.01 pu, |Negative sequence voltage control, 0.1,
0.2 pu kop s, kins 5
Virtual inertia Ta 10s VSM damping ., 200 pu
Frequency droop k., 20 pu Reactive power droop £, 0 pu

4.5.2. Transient response under unbalanced conditions

The performances of the proposed control strategies for controlling the unbalanced

conditions are investigated in a transient response to a 25% unbalanced voltage sag and

100% unbalanced voltage sag thus considering a mild and a severe fault. For the first one

together with the transient responses are verified also the inertial responses for power and

frequency.
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Fig. 4.11. Simulation results in grid-connected mode showing the transient response to an
unbalanced voltage sag occurring at t=0.05 a) Balanced positive sequence currents b)
Constant active power c¢) Constant reactive power, d) Negative sequence virtual
impedance e) Negative sequence voltage controller.

As the first test, the CCVSM (Current Controlled Virtual Synchronous Machine) is
exposed to an unbalanced in the grid voltage. The unbalanced created is 0.8 p.u. for the
positive sequence and 0.2 p.u. for the negative sequence of the voltage, resulting in a grid
voltage with 25% unbalanced (|[v~|/|v*| = 0.2/0.8 = 0.25). In Fig 4.11) are shown the

active and reactive power and the three phase currents and voltages measured at the point of
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common connection (PCC). To make a better comparison between the control strategies

some quantitative parameters are going to be considered.

When controlling balanced currents Fig. 4.11.a) after the unbalanced voltage sags
transient, the control keeps under 3% of the current unbalanced (|i~|/[i*]). As for the
voltage unbalance, it is kept at 23%. There is a small reduction coming from the control
since the reactive power increases and consequently, the positive sequence voltage
magnitude is increased. But there is no noticeable change since the control objectives are not
the voltage unbalance. It has to be mentioned that in order to limit the reactive power flow
during voltage sags, V. is also limited to be within + 0.05 p.u. of the actual measured positive
sequence voltage, such that 0.95|v, | < Ve <1.05|v, '|. As expected the active and reactive
power will have an average power and double frequency oscillations. Respectively the power

oscillations are 0.13 p.u. and 0.12 p.u.

When controlling constant active power Fig. 4.11.b) the negative sequence currents
injected into the grid reduces the oscillations of the active power. It can be noticed that the
negative sequence currents increase in value with respect to the previews control and now
has 20% of current unbalance. Meanwhile, the voltage unbalanced factor is at 22%. The
active power oscillation is not perfectly constant since to generate the current are used the
measurements at the PCC as for feedback for controlling the current, the output current of
the converter is used. A small current passes through the capacitor of the LC filter so the
current before and after the filter is not the same. Even though the generated current to keep
constant active power is not exactly equal to the controlled current, the active power

oscillations have a value of 0.01p.u.

When utilizing constant reactive power Fig. 4.11.c) as a control strategy the negative
sequence current generator produces the currents. These current components reduce the
cosinusoidal and sinusoidal terms of the reactive power (measured at the PCC) to zero.
Under this strategy and for the simulated case the voltage unbalanced factor is 24% and the

current unbalanced factor is 26%.

When controlling the negative sequence currents through the use of the negative
sequence impedance the response under an unbalanced condition is shown in Fig. 4.11.d).
For this strategy the voltage unbalanced factor is 12% and the current unbalanced factor is

75%. It is noticeable that very high unbalances in the current had to be created to reduce the
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voltage unbalance. This result depends strictly on the grid equivalent impedance. For a
strong grid and a low grid equivalent impedance, the needed currents to reduce the

unbalanced are very high and the reverse also holds true.

When using the negative sequence voltage control strategy the results are shown in
Fig. 4.11.e). By introducing the closed loop control for eliminating the voltage unbalanced

achieving an unbalanced factor of 0%, the unbalanced of the three phase currents is further
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Fig. 4.12. Comparison of inertial response to an unbalanced voltage sag

increased. Relatively slow response of the balancing controller can also be seen from the
figure resulting in achieving a voltage unbalanced factor of 0%, meaning three phase
balanced voltages. It can be also noticed that in this last two controls the active and reactive

power have higher oscillations due to the high increase in the unbalanced currents.

It is important to show that during this unbalanced voltage sag is kept the inertial
response of the VSM Fig. 4.12. Between the different simulated cases, there are small
differences in the initial transient of the average active power flow due to the negative

sequence currents. The small differences in the average active power flow influence also the
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VSM speed. After a transient determined by the inertia model, the power is controlled back

to the reference value, and wy gy, returns to the grid frequency.

To provide support to the grid during a severe fault is fundamental for all the
generating units in the transmission system. In Fig. 4.13 is shown the transient when a severe
fault occurs. The fault is generated by the grid where the grid voltage is 0.5 of positive
sequence and 0.5 of negative sequence, thus resulting in a simulation done with 100% of
voltage unbalance. It can be noticed that the voltage in all the control strategies does not
change visibly, since the grid is strong and has a low equivalent grid impedance. It can also
be noticed the difference in the current between the first three controls and the last two. The

first three control strategies control the power flow, since the power limitation limits the
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Fig. 4.13. Simulation results in grid-connected mode showing the transient response to
an unbalanced voltage sag occurring at t=0.05 with 100% of voltage unbalanced factor
a) Balanced positive sequence currents b) Constant active power c) Constant reactive
power, d) Negative sequence virtual impedance e) Negative sequence voltage controller.
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power transfer the current does not reach the maximum allowable current. On the other hand,
when the current comes from the Negative Sequence Virtual Impedance the current

reference is limited to the maximum allowable current.

4.5.3. Current and power limitation

For the same case as shown in the previews section is possible to identify the power
delivered during a severe unbalanced condition. In Fig. 4.14 is shown the transient when
changing the control strategy from Constant Active Power (CAP) to Balanced Positive
Sequence Currents (BPSC). When CAP is used the reference power is limit to zero and it
can be seen that the output power is zero. Meanwhile, BPSC has a higher power that is
injected into the grid and is able to keep balanced currents. It can be seen that the voltage
unbalanced does not change and is noticeable that the power transfer during BPSC is higher
and the currents are balanced which makes this strategy the preferred one when severe faults

affect the grid.
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Fig. 4.14. Simulation results in grid-connected mode with 100% of voltage unbalanced factor
showing the transient when passing from CAP to BPSC control strategy

4.5.4. Reducing the dc side power fluctuations
As identified previously, it is possible to suppress the dc side voltage fluctuations by
reducing the oscillations on the dc side power. This last one is achieved in a VSC by reducing

the oscillations in the active power on the ac side. Considering a case with 25% of
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unbalanced voltage factor, it is possible to show how the system behaves for such control.
At time t=0s an unbalanced in the grid side occurs which can be seen in the voltage
measurement from Fig.4.15. The dc side power after a transient with a settling time of 25ms,
achieves a constant value thus reducing the dc side voltage oscillations. It can be also seen
that for the same control strategy the active power oscillations in the output of the converter

are reduced as well.
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Fig.4.15. Control strategy results for keeping constant DC power oscillations Ppc (—) P,(---)

4.5.5. Transient response when islanding under unbalanced
conditions
In this section, the control strategies performance is investigated for islanded
operation. The test is important since we are considering a VSM-based control for which the
capability to operate as grid forming (consequently islanded operation) is a key feature.

Therefore, driving the converter disconnected from the grid under unbalanced conditions is
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of paramount importance. Simulation results are shown both for the transient when islanding

operation occurs and the inertial response that the VSM provides.

In this case, the converter is subject to an unbalanced local load with a total power
demand of 0.5 pu at rated voltage. The unbalanced is created by adding another load between
phase a and b with half the impedance of the initial delta-connected load. The studied control
strategies are exposed to an islanding transient by switching the breaker indicated in Fig.
4.10 from closed to open position. The response of the islanding transient is presented in
Fig. 4.16. for all the simulated control strategies. As clearly shown by the results in Fig. 4.16
a), b) and c), the cases where the negative sequence current references are directly specified
to shape the power flow characteristics are not suitable for islanded operation. Indeed, all
these three strategies are generating over-voltages in the phase with the lowest load. The
case with balanced three phase currents is even increasing the amplitude of the local negative
sequence voltage to 0.4 pu, while the case with constant active power is maintaining a
negative sequence voltage in the range of 0.2 pu. The case with CRP is even resulting in an
uncontrolled increase in the negative sequence voltage, and a significant increase in the total
average load power due to the increased voltage, but without being able to eliminate the
reactive power oscillations. Thus, even if operation with BPSC, CAP, and CRP can be
suitable for operation in strong grids, these control functions should be immediately disabled

when transitioning into an islanded mode.

The response to the islanding transient for the case with virtual impedance defining
the negative sequence currents is shown in Fig. 4.16 d). In this case, the transient response
to the islanding is smooth and fast, with the resulting negative sequence currents contributing
to the balancing of the load voltage. The resulting amplitude of the negative sequence voltage
is then reduced to 0.04 pu. However, since the negative sequence currents are resulting from

the virtual impedance, they cannot fully compensate for the unbalanced caused by the load.

Finally, Fig. 4.16 e) shows the results with the closed loop control for eliminating the voltage
unbalance. As expected, this strategy can maintain balanced three phase voltages
independently of the unbalance in the load resistance. Indeed, the negative sequence currents
resulting from this control strategy in steady-state operation correspond to the currents that
would result from feeding the load with a balanced three phase voltage source. It is also

noted that both these strategies provide unbalanced currents to the local unbalanced load also
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before the islanding. Thus, the grid is (partially) relieved from supplying unbalanced currents

to the unbalanced local load.

A comparison of the response in average active power and virtual speed of the VSM
after islanding with the unbalanced load is presented in Fig. 4.17. As shown in the figure,
the cases with balanced currents or constant active power are not able to maintain the desired
average voltage of the load, which is resulting in reduced power provided to the resistive
load. Thus, the frequency droop control is also resulting in a higher steady-state frequency
than when the load voltage is maintained close to the rated value. The case with constant
reactive power is instead resulting in a significant increase of the load power and a
corresponding reduction in the steady-state frequency. This further confirms how this control

strategy is unsuitable for operation in islanded mode.
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Fig. 4.16. Simulation results show the transient to sudden islanding occurring at t=0.05
when connected to an unbalanced local load a) Balanced positive sequence currents b)
Constant active power  c) Constant reactive power, d) Negative sequence virtual
impedance e) Negative sequence voltage controller.
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Fig. 4.17. Comparison of response to the transition from grid-connected operation to
islanded mode with an unbalanced load

The case with negative sequence voltage control results in the expected load power of 0.5
pu and a corresponding droop effect in the frequency. The results for the case with only a

negative sequence virtual impedance are also very close to the case with closed loop

balancing of the voltage.

4.5.6. Inertial responses upon different perturbations
In this section are presented the capabilities of the VSM to provide virtual inertia
under unbalanced conditions. Simulations are done both in grid connected and islanded
operation. In grid connected operation the simulated perturbations are in the converter power
reference and perturbation in the grid side frequency. On the other hand, in islanded

operation is simulated a perturbation in the local load.
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The CCVSM is exposed to a step in the active power reference of 0.3 pu and a step
in the grid frequency of —0.002 pu, as shown in Fig. 4.18 a) and b), respectively. As a point
of reference, these figures also include a case with balanced grid voltages. The results show
some minor differences in the average power during the transients, which results in
corresponding differences in the VSM speed. However, these differences are very small,
demonstrating that the influence from the negative sequence current control on the inertial

dynamics of the VSM swing equation is limited when operating in grid-connected mode.

The results in Fig. 4.19, show the response to a change of the local load under unbalanced
islanded operation. In this figure, the cases with constant active or reactive power are not
included since the operation with these control strategies is unacceptable. A case with the
initial balanced load is also included as a point of reference. The figure shows how the case
with balanced three phase currents results in a total average load close to the case with
balanced loads since no additional current is provided to the phases with increased load. The
load power and the steady-state frequency of the case with negative sequence virtual

impedance is almost identical to the case with closed loop control of the voltage. Indeed, these
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Fig. 4.18. Comparison of responses under unbalanced voltage conditions to a step: a) increase of 0.3 pu
in the power reference at t= 0.1 s b) decrease of 0.1 Hz (=0.002 pu) in the grid frequency att=0.1s
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two strategies are the only cases providing reasonable performance for operation in islanded

mode with unbalanced loads.
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Fig. 4.19. Response to a step increase of the load by 0.1 pu at t=0.1 s under unbalanced conditions

4.6 Conclusion

In this chapter have been evaluated the options for operating a current controlled
Virtual Synchronous Machine (CCVSM) under unbalanced conditions and are shown the
performance in both grid-connected and islanded modes. Six different strategies for
controlling the negative sequence currents are identified, balanced three phase currents,
constant active power, constant reactive power, reducing the dc side oscillations, negative
sequence virtual impedance, and closed loop control on the negative sequence voltage. Their
performance is assessed by time-domain simulations. The simulation results clearly show
how the control strategies based on the calculation of the negative sequence current

references for shaping the power flow characteristics are only suitable for grid-connected
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operation. Thus, if any of these strategies are preferred for grid-connected operation, they
should be immediately disabled in case of transitioning to islanded mode. Operation with a
negative sequence virtual impedance results in a similar steady-state response to unbalances
as would result from a synchronous machine and can ensure stable operation in both grid-
connected and islanded operation. However, this approach will not fulfill any specific
objectives of shaping the power flow characteristics or balancing of the voltage. Closed loop
control of the negative sequence components for balancing the local voltages is suitable for
islanded operation with unbalanced local loads. Although this approach also can be utilized
for grid-connected operation in weak grids with high equivalent impedance, the controllers
will saturate if the system is operated in a strong grid. Thus, there is no universal control
strategy that will be suitable for all types of unbalanced operation. Instead, a flexible
mechanism can be useful for choosing between different objectives, depending on the
operating conditions. Further analysis should consider how to adapt the operation of the
VSM to any grid-connected or islanded conditions by automatically selecting the proper

objective for control of the negative sequence currents.
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5 OPERATION AND CONTROL OF MODULAR
MULTILEVEL CONVERTERS

5.1 Introduction

The modular multilevel converter (MMC) has become the most attractive multilevel
converter for high voltage and high power applications such as VSC-HVDC transmission.

The features that set apart MMC from the other multilevel converters are[22]

1) Modularity and scalability that allows to meet any voltage level.

2) High efficiency (1% of the transmitted power) which for high power
application is of significant importance.

3) Superior harmonic performance and consequently reduced passive filters.

Having these advantages, MMC is becoming an important part of the grid. Therefore,
it should be able to transfer power and at the same time provide support for the grid. The
technical challenges of operation and control of MMCs over the last few years are addressed
both by manufacturers and academia. Some of the challenges are related to the decrease of
the equivalent inertia of the grid thus using the MMC as a Virtual Synchronous Machine
[43][44][45]. Other challenges are related to insure a proper operation of the MMC under
unbalanced conditions [37][46][47].

This chapter is adressing the use of the MMC as a Virtual Synchronous Machine, by
assuring proper control under unbalanced conditions. The chapter starts by considering the
MMC topologies, the modulations and balancing techniques for a normal operation of the
MMC. After the used mathematical model and the internal energy controls are explaind.
Furthermore the necessary adaptations are made for the converter to be controlled as a VSM
and assure operation under unbalanced conditions. Lastly, simulations are done considering
the converter in unbalanced conditions both in grid connected and islanded mode. The

simulations are made using MatLab/Simulink
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5.2 Operation

5.2.1. Topology
In Fig. 5.2 is shown a schematic of a three-phase MMC. There are two arms per leg

(1))

(upper “u” and lower

“177

) and one leg per phase. Each arm has N series-connected
submodules (SMs), and an arm inductor L which suppresses the high-frequency components
in the arm current. The SMs in each arm are controlled to provide an ac phase voltage. Each
SM can be realized by a, a) half-bridge circuit or copper-cell, b) full-bridge circuit or bridge-
cell, ¢) clamp-double circuit, d) three-level flying capacitor (FC) converter circuit, ¢) three-
level neutral-point-clamped (NPC) converter circuit, or five-level cross-connected circuits
as represented in Fig. 5.1. In Table III are provided comparisons between these circuits in

terms of voltage levels, dc side short-circuitd handling, and power losses.

Among all this different circuit configurations, the half-bridge SM has been mostly
adopted for the MMC [23].

Table 11I: Parameters of the Investigated System Configuration

SM circuit Voltage levels de-fault Losses
handling
Half-bridge 0, ve No Low
Full-Bridge 0, ve Yes High
Clamp-double 0, ver, veo,(vert vez) | Yes Moderate
Three-level NPC 0, vea, (vart ves) No Moderate
Three-level FC 0, ver vea, (ver-vez) | No Low
Five-Level Cross-connected | 0, ver ver, (vert vez) | Yes Moderate
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Fig. 5.1. SM topologies, a)half-bridge, b)full-
bridge, c)clamp-double, d)three-level FC,
e)three-level NPC, f)five-level cross-

connected
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5.2.2. Modulation

Different  pulse-width ~ modulation
(PWM) techniques have been developed to turn
on and off the switches of the MMC. The ac side
voltage and the internal dynamic of the MMC
will depend on the carrier waveforms and the

reference waveforms [24].

Firstly, there are -carrier-disposition
PWM (CD-PWM) techniques and Subharmonic
techniques. CD-PWMs require N (number of
SMs per arm) identical triangular carrier
waveforms displaced symmetrically with
respect to the zero axis. These carriers are
compared with the phase voltage reference
waveform thus providing the desired switched
output. Voltage transitions corresponding to a
carrier are associated with the insertion or
bypass of a specific SM. Depending on the
phase shift among the carriers these techniques
can be classified into phase disposition (PD),
phase opposite disposition (POD), and

alternated phase  opposition  disposition
(APOD). No stability control is needed for
these techniques if used with one reference
signal therefore, these techniques become easy
to be implemented. The drawback is that these
techniques include unequal distribution of
voltage ripple across the capacitors impacting
on the total harmonic distortion in the ac side

voltage, and large magnitude of the circulating

(a)

(b)

0.75
025
-0.25
-0.5 |

0.75

(e)

Fig. 5.3. Carries for MMC, a)PD, b)POD,
¢)APOD, d)Saw-tooth, e)phase-shifted

carriers [48]
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currents (for circulating currents see section 5.3.1). As for the subharmonic techniques, there
are 2N identical carriers per phase-leg, either saw-tooth or triangular waveforms with a phase
shift of 360°/2N as shown in Fig. 5.3. Considering the same number of switching for PD-
PWM and subharmonic techniques, the PD-PWM techniques produce better line-to-line

voltages.

Secondly, there are several modulation techniques based on the number of
references, there can be one, two, or multiple references. When using two reference
waveforms the modulation techniques may be with direct or indirect modulation. Direct
modulation controls the upper and lower arm voltages, by two complementary sinusoidal
references waveforms as given in (eq 5.2.1) and (eq. 5.2.2) where n,, ; and nj, (for k =a,b,
c are the reference waveforms for the number of inserted SMs respectively in the upper and
lower arms (are also known as insertion indices), and v, represents the reference ac side
voltages. A major disadvantage of this modulation technique is the presence of oscillating
circulating currents, which increase the converter power losses and current rating values of

the components.

Vac _ 5.2.1
% 2 17cv,k
nu,k =N
Vac
D,
. % + UZv,k 522
n, = N—vd
c

Indirect modulation gives the upper and lower arm voltages in order to control the
energy balance within the converter and provide the reference ac side voltages. The reference

insertion indices can be calculated as shown in equation(5.2.3) and equation (5.2.4). Where

V¢ 18 used to drive the circulating current, e, ; is used to drive the ac current and vczapu X
and vczap 1 are the sum voltage of the capacitors on each arm.
Vac 2
. o vk — Vek 5.2.3
nyy =N 5
1ycap,u,k
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Vac 524
. ) + €cvk — Uk o
n =N 5
1JCap,l,k

These techniques can be in a closed loop or open loop depending if the capacitor voltages
are measured and there is a closed loop in the energy control or if the voltages of the
capacitors are estimated and v, is estimated to reduce the harmonics of the circulating

current.

5.2.3. Balancing

The MMC requires an active capacitor-voltage balancing strategy to balance and
maintain the SM capacitor voltage at Vdc/N. There are different strategies with open-loop
or closed loop control for each SM capacitor voltage [25][26]. In [27] is developed a
predictive strategy to control the MMC, this strategy consists in a predefined cost function
in which are balanced the SM capacitor voltages. The most adopted balancing strategy is
shown in [28] [29] [30]and is based on a sorting method. In this strategy, the SM capacitor
voltages of each arm are measured and sorted. If the current passing through the arm is
positive, out of N, SM capacitors per arm the one with the lower voltage are inserted.
Consequently the positive current will charge and increase the voltage of the capacitors. On
the other hand, in case the arm current is negative, the SMs with the higher voltages are
inserted. Therefore, the capacitor voltages corresponding to these SMs will decrease. The
number of inserted submodules will depend on the insertion indices. The disadvantage of
this method is that it produces unnecessary switching transitions among SMs. Even if the
insertion index for the arm remains the same for two consecutive control periods, the inserted
or bypassed SMs may change. Therefore, resulting in increased switching frequency and
consequently increased power losses. For high power systems, the losses are very high.
Hence to reduce the switching frequency of the MMC closed or open loop methods in

conjunction with sorting method or harmonic elimination are considered [31][32]

5.3 Control
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5.3.1. Mathematical model

In the circuit diagram shown in Fig. 5.4 are presented the arm inductors L, and also
an arm resistance R, which models the power losses within the arm of the MMC. The upper
and lower arm currents for each phase are i, ; and i; ; for k being phase a, b, and c. The most

adopted mathematical model of the MMC is shown in [28] [33].

The arm current will be influenced by the converter output current and the current
that passes through the leg. The converter output current is i, , and the contribution to this
current under stable operation is considered equal from the upper arm and the lower arm.
The current that passes through the leg is the circulating current i.;, . Thus the upper and

lower arm current can be expressed as:

+
] [
2
|SMM Via
Vi | + : :
2 T
. -
[l 24 [y,
RD
LO
iu.u
I—
0] i[,u
LO
RO
| sM;, +
Ve L 0 [
2 T I V.
- .
| sM;,
| sm})

Fig. 5.4. Circuit diagram of the MMC

86



References

. . icv,k
lu,k = lcir,k + 2

. . lcv,k
Uk = leirk — 2

Consequently i, and i, can be expressed as:

levk = luk — Lk

. gkt
lcir,k - 2

By using Kirchhoff’s voltage law are obtained the equations below.

Vdc diu,k
T — Vuk LO dt + RO Lk + Vevk
Vdc dil,k

53.1

53.2

533

534

53.5

53.6

Where V. is the dc side voltage, v, is the output voltage of the converter for phase

k (k = a, b, ¢) and v, is the sum voltage of the inserted SM capacitors. By subtracting

equation (5.3.6) from equation (5.3.5) we get equation (5.3.7). Furthermore, by substituting

in equation (5.3.7) equation (5.3.1) and (5.3.2), is found equations (5.3.8).

diye digg . .
Vike = Vuk = ko \~g T 41 + Ry (lyk — ik ) + 2Vepi
v Uk —Vyr Lo dicvk Ro i
k = - — 5 levk
v 2 2 dt 2 <
Uik — Uy
ecv,k - 2

Where:

5.3.7

53.8

539
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LO dicv,k RO . 5.3.10
€cvk = Vevk +77 Tch,k

On the other hand by adding equation (5.3.6) with equation (5.3.5) is obtained
equation (5.3.11). In addition by utilizing equation (5.3.4) in equation (5.3.11) is possible
to get equation (5.3.12).

Ve = (e + i) = Lo (% N %) Ry g + i) 53.11
% _ (Vi ;‘Ul,k) =L, dicclitr,k T Ro lyins 5.3.12
Vac _ (Wuse + Vi) 5.3.13
I
Where:
Ver = Lo di:litr'k + Ry igirs 5.3.14

From equations (5.3.8) and (5.3.12), can be concluded that the alternating voltage
Vepr depends only on the alternating current i.,, and the difference between the arm
voltages. Furthermore, the circulating current depends on the dc-link voltage and the sum of
the arm voltages. Thus subtracting the same voltage contribution from both arms will not

affect the ac side quantities but will impact the circulating current instead[34].

Assuming that the balancing techniques work properly the total voltage vczap stored in each

arm is shared equally among the submodules of the arm.

_1 s 53.15
17ca10,u,k - N Ucap,u,k

_1 s 53.16
Veaplk = N 17cap,l.k

Consequently, the energy stored in each arm is equally shared between the SMs and

is expressed as in the equations below.
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c c 1 C 53.17
X _ _ % _ %
WC,u,k =N [E (UCaP.u.k)Z] =N [E (N 17ca1r),u,k)2] - 2N 17ca1r),u,k)2

5.3.18

c c 1 C
Wi = N |5 Geap)?| = N 3 G ¥20?| = 55 i

Where Wczu and WCZI . Tepresent the total energy stored into the capacitors in the

upper and lower arm of a phase k, and C is the capacitance of each submodule. The equations
provided in this section give a generalized dynamic model of the MMC, which can be used

for control purposes.

5.3.2. Circulating current

To keep the capacitor voltages at the right levels, different energy balances are needed.
They are needed also to provide a stable operation to the MMC. The balancing can be at the
total capacitor energy in the leg and at the difference (unbalance) energy between the upper
and lower arms. In the following is going to be shown how the circulating current affects the

energy balancing and consequently the capacitor voltages.

Y _ >

WC,k - WC,u,k + WC,l,k 5.3.19
A _ X X

WC,k = WC,u,k — WC,u,k 5.3.20

From equations (5.3.9) and (5.3.13) can be found equation (5.3.21) and (5.3.22) which are

the same equations used for indirect modulation.

Vac 53.21
Vuk = 2 —€cvk — Vck

Vac 5.3.22
Ve = > + ey — Vek

It is possible to say that:
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X ,
dWC,u,k lcv,k Vac 5323
= €cvk — 17c,k)

dt = DPuk = iu,k Vuk = (icir,k + T) (T -

> .
dWc,z,k levk | Vdc 5.3.24

d Pk = Lk Vi = (lcirk — 5 )(T + ecpk — Vek)

By differentiating equations (5.3.19) and (5.3.20) and substituting in them equations (5.3.23)
and (5.3.23) the following is obtained.

dwz, 53.25

dt = leirk (Udc - 217c,k) — levk vk

5.3.26

AW Vac ,
qr - levie (T - Uc,k) = 2lcirk €cvk
The equation (5.3.25) and equation (5.3.26) show that the circulating current i
plays a crucial role in controlling the total capacitor energies in the converter arms. The
circulating current has different components. The dc component of the circulating current
multiplies with the dc-link voltage v,4.to balance the power transferred to the ac side plus
the losses that are made in the arm. Furthermore, the dc component of the circulating current
does not affect the energy balance between the upper and the lower arm as long as there are
no dc components in e, . Therefore, the dc component of the circulating current can be
used to control the sum energy level or the sum voltage level sored in the capacitors in each
converter leg. Because the power transferred to the ac side in a leg is a power term which

oscillates with twice the fundamental frequency.

On the other hand, the fundamental harmonic component of the circulating current
which has the same frequency as the output phase voltage impacts the distribution of the
capacitor energies between the upper and lower arms in a converter leg. It has to be

mentioned that the term iy €cpx and iz, Ve Will create a dc term witch will influence

awg . . . Lo .
%. However, this component is smaller than the one discussed earlier if there are high

output voltage amplitudes and a reasonably small arm inductance [34].
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5.3.2.1.  Energy control

To control the stored energy in the MMC and ensure energy balance between the
upper and lower arm both Wcz_k, WCA_k have to be controlled. There are different controls
proposed in [34][36][45]. In this thesis is considered a practical and intuitive control. As
mentioned previously, the sum energy has mainly a dc component and a double frequency
component. This double frequency energy component can create an oscillating circulating
current or oscillating arm voltages. For the proposed control in this thesis, the double
frequency of the oscillating current is controlled to zero. But this may create higher voltage
oscillations. To solve this potential problem in [39]-[42]different strategies are proposed to
reduce the voltage oscillations. The energy difference has mainly a fundamental component.
The control task is to keep the average capacitor voltages in the rated values and reduce the
unbalanced between the upper and lower arm of the leg-phase. To do so a simplification of

equations (5.3.25), (5.3.26) are used as expressed below.

dVT/E:z,:k . 1 5.3.27
dt = leirk Vac — §pac
A2, 5.3.28
== _Zicirkecvk
dt ' '

Where VT/CZ_k is the average sum energy accumulated in the leg of the converter and
VT/'CA'k is the difference in average energy between the upper and lower leg. The sum energy

is proportional to the sum of the total capacitor voltage squared, and the difference energy is
proportional to the difference of the total capacitor voltage squared, respectively shown in

equation (5.3.29) and equation (5.3.30).

_ _ 2 B )
dWCE.:k — d[(vczap,u_k) + (Uczap,l,k) ] 5.3.29
dt - dt
_ B 2 _ 2
dWCA.k — d[(vg:ap,u_k) - (Uczap,l_k) ] 5.3.30
dt - dt
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Fig. 5.6.Generating the first harmonic component of the circulating current

Considering the equations (5.3.27)-(5.3.30) the is achieved the control as shown in
Fig. 5.5 and Fig. 5.6. When generating the first harmonic of the circulating current reference,
the magnitude of e, is not considered, since in balanced conditions the converter is
providing a magnitude of 1 p.u. and if it changes the integral part of each phase will charge
accordingly. For a better performance under unbalanced conditions the control structure is
changed and explained in the next section. In Fig. 5.6 are also two matrixes, the matrix B
generates the first harmonic of the circulating currents with the same phase angle as the
converter phase voltage. And the matrix C is used to cancel the sum of the different ac

components in order to mitigate this first harmonic component into the dc current [38].

[COS(Q) 0 0 1 5.3.31
I _2m I
B=| 0 cos(6 3 |
| 21|
l 0 0 cos(6 + ?)J
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5.3.2.2.  Adapting the energy control for VSM under unbalanced conditions

The first point of improvement of the internal control for the MMC used as a VSM
is the frequency adaptability for the notchfilter or also known as a band-stop filter. The first
approach is not to implement a notchfilter but to do an averaging over one period since for
the control, just the average value is needed. This solution is easy to be implemented in the
discrete-time domain, removes the presence of any high harmonic from the signal, and
averages the noise of the signal. But, if the period changes from the tuned one errors are
introduced in the control. A proper solution is to implement a SOGI structure which tunes to
a specific harmonic, and after this harmonic can be removed from the signal. The SOGI has
also the capability of changing the tuning frequency depending on the speed of the VSM.
Therefore, allow proper operation when the grid frequency changes or when the converter is

operating in islanded mode.

The second point of improvement is for operation under unbalanced conditions. As
seen from equation (5.3.28), to have just the first harmonic oscillations in the difference
energy control, i, should be in phase with the leg-phase voltage and its amplitude is
inverse to the phase voltage. Under balanced conditions, the 3 phase voltages are shifted by
120° and their amplitude in normal operation are within 5% of the nominal voltage. But
under unbalanced conditions, the voltage magnitudes have a higher variation while the
voltage phases are not shifted anymore by 120°, but it will depend on the unbalance. In [37]
is considered the nominal phase voltage and a PLL is used for each phase to find the phase
angle. In this thesis is considered an approach using the SOGI-QSG structure so that for each
phase can be found the quadrature signal. By having the signal and its quadrature is possible
to find the magnitude which can be used for the control. Furthermore, if the phase signal is

divided by the magnitude the cosinusoidal term is obtained. Therefore, the structure becomes
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like the one shown in Fig. 5.7. The new element introduced with respect to the previous
control scheme is the SOGI-QSG which is used to calculate the magnitude and angle of the

voltage in each phase.

0 + - 1 . .
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Fig. 5.7.Generating the first harmonic component of the circulating current under unbalanced
conditions

5.3.2.3.  Circulating current controller

For controlling the circulating current usually is used a PI controller. In this thesis a
PIR controller is considered, Fig. 5.8 with two resonant terms one for the fundamental
component used for controlling the energy balancing in the leg (difference energy), and the
other for reducing the second harmonic component that is created in the leg when

transferring power from the dc side the ac phase.

Pac

Ve dc component
Control

A"

2] Leg balancing
Control

Fig. 5.8.Energy control and circulating current control
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5.4 Simulations for MMC as VSM under unbalanced
conditions

In this part of the chapter are presented the controls and responses of an MMC
controlled as a Virtual Synchronous Machine. The simulated scenarios show the behavior of
the internal dynamic of the MMC controlled under balanced conditions and also under
unbalanced voltage conditions for grid connected and islanded mode. The simulation

environment used is SimPowerSystem/ Simulink/ Matlab.

5.4.1. Configuration and control

The configuration taken into account is shown in Fig. 5.9 where the MMC has a
constant dc voltage in the dc side and provides the ac voltage as output. The output of the
converter is connected to an inductive filter which reduces the high curret harmonics. The

converter can work in grid connected, and if the breaker is opend, in islanded mode.

To control the MMC is used the control scheme shown in Fig. 5.10. The elements form

which this control is formed are:

e Virtual Synchronous Machine Model (see chapter 3)
e Phase Lock-Loop (see section 3.3.2)

e Proportional-Resonant Current Controller (see section 3.6.2)

Fig. 5.9. System configuration with MMC
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e Active Damping (see section 3.7)

e Pulse Width Modulation (PWM)

e Negative Sequence Current Generator (Fig. 4.9, see section 4.3)

e Measurement processing and sequence separation (see section 4.2)
e Balancing (see section 5.2.3)

e Modulation (see section 5.2.2)

e PIR Current Controller (see section 5.3.2.3)

e Energy Control (see section 5.3.2.1)

The switching signals for the SMs are obtained by the balancing block which ensures
equal capacitor charging among the SMs in the arm. To provide the insertion indices utilized
by the balancing, a PD modulation is used. The modulation reference for the upper and lower
arm comes from an indirect modulation. For the indirect modulation are needed the converter
voltage that drives the ac current and the circulating voltage that drives the circulating
current. Thus, these currents are driven by current controllers implemented respectively in
the alpha-beta frame and in the abc frame. The current reference for the circulating current
comes from the MMC energy control. The current reference for the ac current derives from

two SRRF currents where one is rotating in the positive direction and the other one is in the

N
» N’
q D)
. Measurement §
Negative |_Yo Processing 8 o
Sequence| i, S 5 E
Current and o
Simulated SM model Generator|« 2 )
LA Vous Luat Sequence % L,
v Separation o [
Dysyy
* V.
Viollizige v, |Electrical i,
Control —¥ Osrr |Prsue
(AVR)) Model ]
’ i aff Voae
T Dysir ] Ly _’> Balancmg Eom
P, abe —
) &
Frequency Inertia Osu * Modulation
Control  [—» .
(' Governor' Model |@s Veat
Iw”” J v L i:.m PIR V(k
— PLL o.dd Vo Energy i, | Current —
i o Control " *|Controller]

Fig. 5.10. The control structure for MMC controlled as VSM under unbalanced conditions
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negative direction. The positive sequence current is issued from the positive sequence virtual
impedance as part of the Synchronous Machine model and the negative sequence current
results from the Negative Sequence Current Generator. This last one generates negative
sequence currents that brings forth different strategies for controlling the unbalances at the
point of common connection. These strategies are Balanced Three Phase Currents, Constant
Active Power, Constant Reactive Power, Negative Sequence Virtual Impedance, Negative

Sequence Voltage Control.

Furthermore can be noticed that this control scheme is similar to the one used for the
two-level VSC shown in Fig. 4.10. The main difference between these two controls is the
presence of the elements that control the dynamic behavior of the MMC such as the

modulation technique for a higher number of switches, balancing technique for SMs

capacitor voltages, energy control, and circulating current control.

The Configuration and control parameters are shown in Table IV

Table IV: Parameters of the MMC System Configuration and Control

Parameter Value Parameter Value
AC Voltage Vign 9 KV Rated current, 1, 245 A
Rated angular frequency w, 2n:50 Hz | SMs per arm, N 50
DC voltage Vaen 30KV Primary filter 0.08pu,
inductance [/, ry 0.008pu
Active damping ksocr, kap \2, Filter capacitance cr 0.079 pu
0.5 pu
AC Current controller gains, k., kic 0.8 Grid-side filter inductance /g, 7, 0.2pu,
0.8 0.01pu
Circulating current controller gains 1.3,16.2 | DSOGI-QSGs for sequence \2
kp,cir, ki,cir ki,wcir ki,2wcir 0029, 0.014 separation kSOGI
Circulating current dc component 0.59 PLL PI controller, 2,
control, Kpdc, Kide 13 kp.pLL, ki pLL 70
Leg balancing control 1.36 Negative sequence voltage control, 0.1,
Kp.leg, Kijteg 13.6 kp,ns, kins 1.5
VSM Positive Seq. Impedance, »,", /," 0.0l pu | VSM damping k4 200 pu
0.2 pu
VSM Negative Seq.Impedance, r, ", [, 0.01 pu, |Reactive power droop 4, 0 pu
0.2 pu
Virtual inertia Ta 10s Frequency droop 20 pu
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5.4.2. The internal dynamic of the MMC controlled as VSM

In this section is investigated the internal dynamic of the MMC when the converter

is controlled as a Virtual Synchronous Machine. The inertial response of a power

perturbation or frequency perturbation will influence the energy control of the MMC.
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Fig. 5.11. MMC dynamic in a step perturbation from the VSM active power set-point
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In Fig. 5.11 are shown the transients form a perturbation of 1 p.u. at =0.1 and a
perturbation of -0.5 p.u. at t=1.2 both in the active power set-point. From top to bottom the

graphs show the active power in the point of common connection, the speed of the VSM,
X

upper and lower arm of phase a sum capacitor voltages ( Ug:ap,u,a' Veapla

), the average sum

energy for phase a ( VI_/C;a ), the average difference energy for phase a (VI_/CA,a), and on the last

one is the reference circulating current and the circulating current for phase a.

It can be seen that the circulating current has mainly a dc component and it resembles
the ac power. In controlling a zero second harmonic in the circulating current, the second
harmonic power oscillations in the single-phase-leg are influencing just the capacitor
voltages. Thus, it can be seen that the arm sum capacitor voltages increase the oscillation
magnitude with increased power transfer. The control aimes at removing the harmonic from
the circulating current and consequently from the arm due to the loses that they produce, but

should be taken into account that the sum arm voltages remain within their limit.

For the energies can be distinguished some first and second order harmonics during
the transients. The oscillations are related to the inertial response of the VSM. More
specifically on the way how the averaging of the energy is done. As previously mentioned
the sum energy has mainly a dc component and a second harmonic component and the
difference energy has mainly the first harmonic. With the energy controls the aim is to keep
the average sum energy to a nominal dc component and the average difference energy to a
zero dc component. To keep just dc values of the signal a low pass filter with a low cut-off
frequency may be used, even though is not a very good idea because the dynamic of the
converter will slow down. What is preferred is to use a notch filter tuned at the fundamental
grid frequency and twice the fundamental frequency. The notch filter allows the signal to
pass and filters out the tuned frequency. For the control structure to work just the dc
component of the energy is needed hence a easy solution is to do a local averaging. Since
the implementation is in discrete time, this simulation uses a local averaging with a sliding
window. This last one for a fixed period sums the samples and divides them by the number
of samples taken in one period getting as a consequence an average value. The downfall of
this type of approach are the changes in the frequency. Consequently, the period is not fixed
and this average will have oscillations. This effect is very visible in the average difference

energy graph shown in Fig. 5.11. During the transient, the speed of the VSM changes the
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Fig. 5.12. Active power perturbation effect in the energy control,

averaging using SOGI (—— ), averaging with Sliding window( — )

period changes from the nominal one and as a result the oscillations occur and influence the

energy control. The oscillations continue until the speed of the VSM returns to the nominal

value.

To reduce the average energy ripples a frequency adaptive notch filter is considered

using SOGIs structures so that the fundamental and second harmonic component can be

removed and still be frequency adaptive. In Fig. 5.12 is shown a comparison of the energy

controls when using SOGI and Sliding window to find the average. The blue curves are a

zoom-in of the first perturbation shown in Fig. 5.11, and the red ones show how the energy

control behave if for the averaging are used the SOGI structures. It can be noticed that the

second harmonics on the average sum energy are eliminated and the first harmonics in the

average difference energy are reduced.
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This change in the control structure becomes more important if there is a frequency
perturbation. In that case, the frequency will not return to the nominal value thus there is
going to be a constant ripple in the average energy. In Fig. 5.13 is shown how the energy
controls behave if there is a change in the grid frequency with 0.3% of the nominal value.
There are simulated 2 cases in each graph the first one uses SOGIs for the energy averaging
(the blue curve), and the second case uses a sliding window for the averaging. In the top left-
hand side of the figure, it can be seen that the average sum energy control has a better-

damped transient. And on the right-hand side, it can be seen that the control with the SOGIs
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Fig. 5.13. Frequency power perturbation effect in the energy control,

averaging using SOGI (—), averaging with Sliding window( — )

removes the second harmonic oscillations from the sum energy control and the first harmonic

from the difference energy control.

A small disadvantage of using SOGI over the sliding window is the noise presence,
as can be seen in the top right-hand side of Fig. 5.13. This happens because the sliding
window does the sum over one period and the noise in average will cancel and the SOGIs
remove just the harmonics. This is not a big drawback since the SNR (Signal to Noise Ration)

is high and also the PI will attenuate the noise.
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5.4.3. The internal dynamic of the MMC controlled as VSM under grid

unbalanced conditions

In this section, is tested the MMC control for 25% voltage unbalanced ([V/|V*| =
0.2/0.8=0.25) happening at t=0.05. The control strategies tested are a) balanced three phase
currents, b) constant active power, ¢) constant reactive power, d) negative sequence virtual
impedance, e) negative sequence voltage control. For these control strategies are shown the
three phase currents and voltages and the active and reactive power at the point of common
connection. If compared with the results from the two-level VSC can be noticed that the
control strategies for grid connected unbalanced conditions work better. This comes as a
consequence of having just an inductor as a filter and not the LC filter. Hence the current

generated by the converter for the unbalances is the same as the one going at the grid.
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Fig. 5.14. Simulation results of MMC in grid-connected mode showing the transient
response to an unbalanced voltage sag occurring at t=0.05 a) Balanced positive sequence
currents b) Constant active power c) Constant reactive power, d) Negative sequence
virtual impedance e) Negative sequence voltage controller.
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Meantime the current for the two-level converter passes partly through the capacitor of the
LC filter.

In figure Fig. 5.15 are shown the sum of the SMs capacitor voltages for the upper and
lower arm of phase a and also the circulating current of phase a. It can be noticed that the
voltage oscillation is higher for the last two control strategies which are related with reducing
the negative sequence voltage. For this strategies, the negative sequence current increases
and for phase a, the current are higher with respect to the previous control cases. Thus
meaning that the power transfer for this phase is higher. By controlling the second harmonic
of the circulating current to zero, in the phase-leg the power transfer is higher which means

higher oscillating voltages as explained in the previous section.
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Fig. 5.15. Simulation results of MMC in grid-connected mode showing the transient
response of the arm voltages and circulating current for an unbalanced voltage sag
occurring at t=0.05 a) Balanced positive sequence currents b) Constant active power
c) Constant reactive power, d) Negative sequence virtual impedance, e) Negative
sequence voltage controller.
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In Fig. 5.16 are compared to the inertial responses of the different control strategies.
It can be noticed that the converter is able to provide inertia support. The power absorbed by
the fault when negative sequence virtual impedance or negative sequence voltage controller
are used is higher. This comes as a consequence of the higher negative sequence current that
these two strategies produce in order to reduce the negative sequence voltage at the point of

common connection.
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Fig. 5.16.Inertia response for the MMC under unbalanced conditions.

104



References

5.4.4. Transientresponse of the MMC when islanding under an unbalanced local

load

In this section, the MMC control performance is investigated for islanded operation.
This test is important since the islanded operation is a key feature of the VSM. For this
simulation, the MMC converter is subject to an unbalanced three phase load. The unbalanced
load is created by adding another load between phases a and b. The added load has half the
impedance of the initial delta-connected load. The simulated scenario is a converter
connected with the grid and an unbalanced local load where at t=0.05 the breaker indicated
in Fig. 5.9 goes from closed position to open position. The response of the islanding transient
is shown in Fig. 5.17. In islanded mode the first three strategies that control the power
(balanced three phase currents, constant active power, constant reactive power) are not

acceptable since they produce overvoltages, meanwhile the last two strategies that reduce
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Fig. 5.17. Islanding operation of a MMC connected with an unbalanced local load a)
Balanced positive sequence currents b) Constant active power c) Constant reactive
power, d) Negative sequence virtual impedance e) Negative sequence voltage controller.
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the negative sequence voltage behave properly. These results validate further the conclusions
drawn from the third chapter. Moreover, the same can be said for the inertial response shown

in Fig. 5.18 where the behavior in islanded mode is the same as obtained from the two-level
VSC.
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Fig. 5.18.Inertia response for the MMC under unbalanced conditions.

From the two figures above is understood that the MMC if seen from the point of
common connection can operate under unbalanced conditions in islanded operations as a
Virtual Synchronous Machine. The control strategies for unbalanced conditions under

islanded operation should aim to reduce the voltage unbalance.

The transient responses and the inertial responses are similar when using negative sequence
virtual impedance or negative sequence voltage controller. The same happens for the internal
dynamic of the MMC as well. Therefore, in Fig. 5.19 is shown the internal dynamic of the
MMC when using negative sequence virtual impedance as an example for both the control
strategies. In this figure are shown the sum capacitor voltage of the SMs of the upper and

lower arms for phase a, the average sum energy, the average difference energy, and the

circulating current for phase a,b,c.
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Fig. 5.19. MMC dynamic when islanding with an unbalanced local load

Firstly, can be noticed that the transient is faster for the sum energy with respect to
the difference energy, which comes as a result of the regulator tunings. Secondly, when the
energy difference is balanced the fundamental component in the circulating current is
reduced. And, the power transfer from each phase for these control strategies is different
hence the dc component of the circulating current has different values. Thirdly, in the
average sum and difference energies, there are no first and second harmonic ripples even
though in islanded operation the frequency deviation from the nominal value is higher. This

comes as a result of the used SOGIs to remove these harmonics.
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5.5 Conclusions

In this chapter is considered how to operate and control the MMC as a VSM under
unbalanced conditions. The operation of the MMC starts with the sub-modules. Depending
on the application the sub-modules of the MMC may have different topologies but the half-
bridge is the most used at the moment. The arm of the MMC has several SMs. How these
SMs are inserted or bypassed depend on the modulation techniques and the balancing
technique. The modulation tells how many SMs per arm are inserted to do so the preferred
technique is the PD-PWM with two references (one for the upper and the other for the lower
arm). And the balancing techniques tell which SMs from the arm are inserted/bypassed.
Depending on what is the control objective the two references for the modulation can be for
direct and indirect modulation. To have a stable operation under unbalanced conditions is

needed to control the capacitor voltages thus indirect modulation with energy control is used.

The energy control considers the energy accumulated in the arms and the legs of the
converter. There is the sum energy control which considers the average total energy
accumulated in the legs. And there is the difference energy control which controls that the
energy is shared equally between the upper and lower arms of the leg. It is shown that for a
good internal dynamic there should be adaptability in the frequency when controlling the
average energy. This was achieved by using SOGI structures as notch filters to remove the
first and second harmonic ripples in the average sum and difference energy. Furthermore,
the difference energy control is improved so that the converter can operate better under
unbalanced conditions. This improvement is done by finding the magnitude and angle of
each phase during the unbalanced conditions and using this information to properly generate
the current reference for the difference energy control. Moreover, simulations are done
considering in balanced conditions the internal dynamic when the MMC is used as a Virtual
Synchronous Machine. And other simulations are done for controlling the MMC under

unbalanced conditions both in grid-connected and islanded operation.
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6 CONCLUSIONS

Conclusions and contributions

The purpose of this thesis is to find a control system for power electronic converters that provides
inertia support, grid forming capabilities and assure reliable operation under unbalance conditions. For this
thesis HVDC converters are chosen since the importance HVDC applications is increasing and its
technologies can be good candidates for providing the virtual inertia and grid forming capabilities in the power

system.

In the first chapter are expressed the possible HVDC technologies from which two converters are
considered to achieve the stated purpose for the HVDC application. The first is a two-level Voltage Source

Converter and the second is a Modular Multilevel Converter.

A control able to provide the inertia support for the grid is the Virtual Synchronous Machine. The
components of this control structure are shown and explained in chapter 2. The control structure chosen for
this thesis is a Current Controlled VSM with a Proportional-Resonant current controller implemented in the

alpha-beta Stationary Reference Frame.

In the third chapter are investigated the unbalanced conditions and through the use of a dual set of
Second Order Generalized Integrator with Quadrature Signal Generator was possible to obtain the positive
and negative components of the grid current and voltages. Six different strategies for controlling the negative
sequence currents are identified, from which Balanced Three Phase Currents, Constant Active Power,
Constant Reactive Power are well known in the literature. And Reduction of DC Side Oscillations, Negative

Sequence Virtual Impedance, and Closed Loop Control on the Negative Sequence Voltage are a contribution
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of this thesis. Additionally, in this chapter is considered a worst-case scenario for the current limits and the

power transfer is actively limited to ensure a safe operation of the converter under unbalanced conditions.

The strategies to control the unbalanced conditions are simulated in grid connected and islanded mode
for both the two-level Voltage Source Converter in chapter 3 and the MMC in chapter 4. The results clearly
show how the control strategies based on the calculation of the negative sequence current references for
shaping the power flow characteristics are only suitable for grid-connected operation. Operation with a
negative sequence virtual impedance can ensure stable operation in both grid-connected and islanded
operation. However, this approach will not fulfill any specific objectives of shaping the power flow
characteristics or balancing the voltage. Closed loop control of the negative sequence components for
balancing the local voltages is suitable for islanded operation with unbalanced local loads. Although this
approach also can be utilized for grid-connected operation in weak grids with high equivalent impedance, the
controllers will saturate if the system is operated in a strong grid. Therefore, there is no universal control
strategy that will be suitable for all types of unbalanced operation. The converters and their control structures

studied in this thesis can assure virtual inertia under unbalanced conditions.

Moreover, the MMC control structure is similar to the two-level Voltage Source Converter control
structure for controlling the ac currents in the point of common connection, but it has additional components
for controlling the internal energy of the MMC. There is a sum energy control and a difference energy control
investigated in chapter 4. These two controls try to keep the total average energy in the leg to a reference and
share this energy equally between the upper and lower arms of a given phase. It is found that for a good
internal dynamic there should be adaptability in the frequency when controlling the average sum/difference
energy. This is achieved by using SOGI structures and their frequency adaptivity capabilities as notch filters.
By doing so is possible to remove the first and second harmonic ripples in the average sum and difference
energy. Moreover, the difference energy control is improved so that the converter can operate better under
unbalanced conditions. This improvement is done by finding the magnitude and angle of each phase during
the unbalanced conditions and using this information to properly generate the current reference for the

difference energy control.
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Abstract—This paper presents a comprehensive evaluation of control strategies for
operation of a Virtual Synchronous Machine (VSM) under unbalanced conditions in
both grid-connected and islanded mode. The basis for the evaluation is a Current
Controlled VSM where a quasi-stationary virtual impedance emulates a simplified
positive sequence electrical model of a synchronous machine. It is shown how three
general strategies can be selected for controlling the negative sequence currents: i)
calculation of the negative sequence current references according to the desired active
and reactive power flow characteristics, ii) applying a negative sequence virtual
impedance resulting in unbalanced currents as in the steady-state response of a
synchronous machine, or iii) operation with a negative sequence voltage controller for

eliminating unbalances in the locally measured voltages. For the first approach, three

This work was supported by the project “HVDC Inertia Provision” (HVDC Pro), financed by the ENERGIX program of the Research
Council of Norway (RCN) with project number 268053/E2, and the industry partners; Statnett, Statoil, RTE and ELIA.

116



APPENDIX

objectives for shaping the power flow characteristics can be selected: i) balanced three-
phase currents, ii) constant instantaneous active power flow, or iii) constant
instantaneous reactive power flow. Comprehensive simulation results are presented to
evaluate the performance and applicability under grid connected and islanded
operation. The results demonstrate how utilization of the negative sequence currents
to control the power flow characteristics is only applicable for grid connected
operation, while the other two approaches can be utilized in both islanded and grid-
connected modes. However, closed loop control for balancing the local voltages
depends on a high equivalent grid impedance and is not suitable for operation in strong

grid conditions.

Keywords— Grid connected VSCs, Islanded Power Systems, Unbalanced Grids, Virtual

Synchronous Machines
e Introduction

The control of power electronic converters as Virtual Synchronous Machines (VSMs) has
been extensively studied during the last decade [1]-[3]. Indeed, many control schemes for
emulating the behaviour of Synchronous Machines (SMs) with power converters have been
proposed, including concepts labelled as Virtual Synchronous Generators (VSGs)
Synchronverters, or Synchronous Power Controllers (SPCs)[3]-[7]. A first motivation for
pursuing such control strategies has been to provide virtual inertia in modern power systems
with declining equivalent rotating inertia due to the increased share of generation with power
electronic interfaces. Furthermore, control strategies relying on a similar power-balance-
based synchronization mechanism as SMs enable operating in grid-connected as well as in
islanded mode. Thus, a second motivation for pursuing VSM-based control strategies is to
ensure grid forming capability, which is attractive for applications where both grid-

connected and stand-alone operation are required.

In the literature, three general control approaches have been applied for actuating the
reference voltage amplitude and the phase angle resulting from the inertia model of a VSM
[3]: 1) In the simplest strategies, these reference values are directly applied to the modulation
stage of the converter [3]-[6]. This approach can be referred to as VSMs with Directly
Applied Voltage (DAV); ii) alternatively, a closed loop voltage control cascaded with an

inner current control loop can be implemented [3], [8]. This control structure can be referred
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to as a Voltage Controlled (VC) VSM. For both these types of control, a virtual impedance
can be utilized to emulate the stator impedance of an SM. iii) The third common approach
for VSM-based control is to utilize a virtual impedance, or a virtual admittance, to translate
the voltage reference from the SM model into current references for a conventional current
control loop [3], [7], [9]. This approach can be generally referred to as a Current Controlled
(CC) VSM.

The majority of the VSM-based control implementations proposed in literature are not
directly applicable under unbalanced conditions. Indeed, further enhancements are needed
for controlling the response to the negative sequence component of the voltages. Recent
publications have addressed this issue by proposing different ways of controlling the
negative sequence currents during operation in unbalanced grids [10]-[15]. Although
configurations including direct or closed loop voltage control have been applied for
unbalanced conditions in [10], [11], the requirements for limiting the currents under
unbalanced grid faults generally favours current controlled implementations. Thus, it is
shown in [12]-[16] how CCVSM-based strategies can be combined with different objectives
for calculating negative sequence current references. Specifically, it is shown how the
negative sequence currents can be calculated by imposing either I) balanced three phase
currents, II) elimination of active power oscillations or III) elimination of reactive power
oscillations. However, these studies consider only the operation under unbalanced conditions
in grid-connected mode when the negative sequence currents can be controlled without
significantly influencing the voltage. On the other hand, [17] discusses a VSM-based control
for an islanded system where a CCVSM-based strategy controlling the positive sequence
currents is combined with a negative sequence voltage controller for eliminating unbalances
in the local voltage. Similarly, the VCVSM based control in [11] includes an option for
directly generating balanced voltages when operating in islanded mode. However, none of
these publications have comprehensively studied the alternative control options under

unbalanced conditions for both grid-connected and islanded operation.

This paper presents a thorough evaluation of operating strategies for a CCVSM under
unbalanced conditions in both grid-connected and islanded modes. It is first shown how three
general strategies can be utilized for controlling the negative sequence currents: 1)
calculation of the negative sequence current references according to the desired active and

reactive power flow characteristics, 2) introduction of a negative sequence virtual
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impedance, and 3) operation with a negative sequence voltage controller. For all cases, only
the dc-components of the power flow are used as feedback signals for the active and reactive
power control, ensuring that the outer control loops are not influenced by double frequency
power oscillations. A comprehensive set of simulation results illustrates the performance of
the presented options for controlling the negative sequence currents under unbalanced
conditions in grid-connected and islanded modes, as well as for the transition from grid-
connected to islanded operation. The results demonstrate how the strategies for controlling
the power flow characteristics are only suitable for grid-connected operation Furthermore,
the results indicate how operation with negative sequence voltage control is only applicable
in islanded operation or in conditions with a relatively high equivalent grid impedance. The
results offer an overview of the general control objectives that can be applied for VSM-based
control under unbalanced conditions and can serve as a basis for defining suitable strategies

for transitioning between grid-connected and islanded operation.
e VSM-based control Under Unbalanced Conditions

The system configuration shown in Fig. 1 is utilized to evaluate the different options for
operation during unbalanced conditions. In this structure, a Voltage Source Converter (VSC)
operated as a CCVSM is connected to a local power system through an LC filter. The
configuration includes a local passive load connected close to the converter and can be
separated from the main grid by a breaker. In the figure, upper case symbols indicate physical
variables or parameters, while lower case symbols indicate per unit quantities used in the
control system. The main measurements utilized by the VSM-base control are the three
phase values of the converter currents icv, the filter output voltages v,, and the output current

Io.
o Overview of CCVMS control structure

The general structure of the CCVSM implementation shown in Fig. 1 is adapted from the
control system presented in [9]. However, Proportional-Resonant (PR) controllers are
utilized for the inner loop current regulation to simplify the implementation while ensuring
the capability to control positive and negative sequence currents. These controllers operate
directly on the converter currents i., in the stationary af reference frame. Furthermore,
active damping of LC filter oscillations is introduced by using a band-pass filter based on a

Second Order Generalized Integrator (SOGI) configured as a Quadrature Signal Generator
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(QSG) [18]. The structure of the active damping can be considered as a stationary frame

equivalent to the dg-frame active damping used in [9] Thus, the frequency characteristics

of the damping can be adjusted by tuning the internal gain of the SOGI-QSG.
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Fig. 1 Overview of the CCYVSM-based control strategy for unbalanced grid-connected

and islanded operation

o Sequence separation and power calculation for VSM operation under

unbalanced conditions

Access to the positive and negative sequence components of the voltages and currents is

needed to control the converter operation under unbalanced conditions. This is achieved by

a dual set of SOGI-QSGs (i.e. a DSOGI-QSG) according to [18]. Using the voltage as an

example, a block diagram showing how the DSOGI-QSGs structure generates the in-phase

and in-quadrature components required for Positive and Negative Sequence Calculation

(PNSC) is shown in Fig. 2. The only difference from the implementation in [18] is that

frequency adaptivity of the DSOGI-QSG is ensured by using the VSM speed instead of a

frequency estimation based on the voltage measurements.

By estimating the positive and negative sequence components of the measured voltages and

currents, the average values or dc-components of the active and reactive power flow can be

directly calculated as:
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The resulting values of average active and reactive powers are used directly as the feedback

signals indicated in Fig. 1.
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Fig. 2 Sequence separation of voltage measurements by DSOGI-QSG with frequency
adaptivity provided by the VSM speed

o Virtual Swing equation and electrical model of CCVSM

The structure of the virtual swing equation used for inertia emulation and power-balance-
based synchronization in the CCVSM is the same as presented in [8], [20]. A block diagram
of the implemented Inertia Model, given by a virtual swing equation, and the frequency
droop (i.e. 'governor' function in Fig. 1) acting on the input power to the swing equation, is

shown in Fig. 3. Thus, the VSM swing equation can be expressed as:

1408~ (01— s )~ P Ky (01— ) o
Here, p," is the external power reference set-point and p, is the average power flowing from
the VSC into the grid as given by (1). Furthermore, %, is the droop gain acting on the
difference between the frequency reference, @"ysy, and the emulated speed wysu, while ky
is the damping coefficient. The inertial damping is implemented by multiplying ks with the
difference between wysy and a frequency estimate wpy; provided by a Phase Locked Loop
(PLL). It should be noted that the PLL is operating on the positive sequence voltage
component and is only used for estimating the frequency since the grid synchronization is
provided by the virtual swing equation. Indeed, the emulated speed is defined by the integral

of the power balance, and the phase angle of the positive sequence rotating reference frame
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is given by the integral of the VSM speed. The only difference between (2) and the dynamic
equation for the VSM speed in [8], [20] is that p, from (1) is used instead of the instantaneous
three phase power flow. Thus, any double frequency power oscillations resulting from

unbalanced conditions will not influence the inertial dynamics of the VSM.

The Quasi-Stationary Electrical Model (QSEM) from [9] is used for emulating an SM stator
impedance for the positive sequence control. Thus, the positive sequence current reference
vector is calculated as:

N

C T ol 3)

In this equation, v, is the internal positive sequence voltage amplitude of the VSM, and r,",
[,* are the corresponding per unit virtual resistance and inductance. The positive sequence
voltage component v," is obtained from the DSOGI-QSG as shown in Fig. 2. Due to the
filtering effect of the DSOGI-QSG, there is no need for additional filtering of the voltages

as discussed in [18].

Finally, the amplitude of the internal positive sequence VSM voltage in (3) is calculated by

a reactive power droop,

,,,,,,,,,,,,,,,,,,,,,,,,,,, .
|
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Fig. 3 Flexible selection of control objectives for the negative sequence current

references
v, :ﬁ:+kq (q*—%) 4)

where V. is the internal reference for the positive sequence voltage amplitude. Furthermore,
q" is the reactive power reference, ¢, is the average measured reactive power and 4, is the
reactive power droop gain. In order to limit the reactive power flow during voltage sags, Ve
is also limited to be within & 0.05 pu of the actual measured positive sequence voltage, such

that 0.95|V0+| < ﬁe <1.05|V0+|.
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o Control of the negative sequence currents

The power flow characteristics of the VSM and the impact on the local voltages during
unbalanced conditions will be determined by the control of the negative sequence currents.
In general, three different approaches can be pursued for controlling the negative sequence
current: I) calculation of the negative sequence current references for shaping the active and
reactive power flow characteristics, II) applying a negative sequence virtual impedance
resulting in unbalanced currents equivalently to the steady-state response of a synchronous
machine, or III) operation with a negative sequence voltage controller for eliminating
unbalances in the locally measured voltages. These three approaches are explained in the

following.

Calculation of negative sequence current references for shaping the power flow

characteristics.

As discussed in [13], [14], the negative sequence current references can be calculated
according to the desired power flow characteristics. This control approach is equivalent to
corresponding conventional PLL-based strategies for active and reactive power flow control
under unbalanced conditions [19]. Thus, three different objectives can be defined for
controlling the negative sequence currents as I) obtaining balanced three-phase currents, II)
eliminating oscillations in the active power flow, or III) eliminating oscillations in the

reactive power flow.

The simplest control approach is to set the negative sequence current references to zero,
which directly ensures balanced three phase currents. This strategy is referred to as Balanced

Positive Sequence Current (BPSC).

If the objective is to eliminate the active power oscillations, the negative sequence current
references can be calculated as a function of the voltage components and the positive
sequence currents resulting from (3). As derived in [13], the negative sequence current

references required for controlling constant active power (CAP) can be expressed as:

S
" U -1
1 = - .
c4pP . + \2 + 32
Iy Jep oa) +(0v,)
+ + .- + - + - -+
|:v0‘d vn‘d - vo,qvo,q vo,qvo,d + vo,d vo,q :||:lo,d

+ + - + - + - -+
v()‘qvo‘d + va,dvo,q vo,qvo,q - vo,dvo,d lo,q :| (5)
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A similar equation can be derived for ensuring constant reactive power (CRP) during

unbalanced conditions [13]. The resulting current references can be expressed as:

*

U ocre =

—i (6)

The negative sequence current references for the three defined cases can be easily
generalized into a single control scheme as discussed in [13]. In the following, the case of
balanced three phase currents is considered separately, while the cases of CAP or CRP are

integrated into a single function, as shown in the upper part of
Fig. 4.

Although these three strategies can be suitable for VSMs in grid-connected mode, they are
mostly relevant for operation under strong grid conditions when the output currents of the
VSM will not significantly influence the local voltage. Furthermore, these strategies are not
necessarily directly applicable or suitable for operation in weak grids or in islanded mode

with unbalanced loads.
Operation with negative sequence virtual impedance

The negative sequence currents can be defined by a negative sequence impedance in the
same way as the positive sequence current references. Applying the same quasi-stationary
equations for representing the negative sequence virtual impedance, the negative sequence

current references can be expressed as:

! (”\,_ )2 + @yl )2 (7)

Setting the negative sequence voltage references v, and v, to zero as shown in the middle

of

Fig. 4, results in a negative sequence current depending on the equivalent impedance, like in
a regular synchronous machine. Indeed, the virtual resistance and inductance »,~ and /,” for

the negative sequence can be specified to different values than for the positive sequence.
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However, this strategy would imply unbalanced currents in response to unbalanced voltages,

depending on the virtual impedance and the equivalent grid impedance.
Operation with negative sequence voltage control

In case of operation in weak or islanded grids, the VSM could be capable of balancing the
local voltages. Especially in islanded conditions, it could be required from the VSM to
provide balanced voltages independently of any unbalances in the local load. Since the local
load and/or grid impedance can change significantly, such local voltage balancing should be
obtained by closed loop control. This can be implemented in several different ways, for
instance by a controller directly providing the negative sequence voltage components as
proposed in [17]. In this paper, an approach relying on the virtual impedance is preferred, to
ensure that the current references can be easily limited in case of severe unbalanced
conditions. Thus, two PI controllers are applied for providing the internal negative sequence
voltage references to be applied in (7). The resulting control structure is also illustrated in

the lower part of

Fig. 4.
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e Simulation Results

Time domain simulations in the Matlab/Simulink/ SimPowerSystems environment have
been conducted to evaluate the performance and applicability of all the presented control
strategies. A comprehensive set of results is presented in the following, to illustrate the

operation in both grid-connected and islanded modes.
o Case description

Table 1 Parameters of the Investigated System Configuration

Parameter Value |Parameter Value
AC Voltage Vi gn 400 V  |Rated current 72 A
Rated angular frequency w, 2n50Hz | Primary filter 0.08pu,
inductance Iy, 7y 0.008pu
DC voltage Vaen 686 V | Filter capacitance ¢y 0.079 pu
Active damping \2 Grid-side filter inductance 0.2pu,
ksoai, kap 0.5pu |y reg 0.01pu
Current controller gains, 1.2 DSOGI-QSGs for sequence | \2
kpce,kic 0.8 separation ksocr
VSM Positive Seq. Impedance, | 0.01pu |PLL PI controller, 2,
n LT 0.2 pu |kpriL, kipLL 70
VSM Negative Seq.Impedance, |0.01 pu |Negative sequence voltage 0.1,
o, L 0.2 pu |control, ks, kins 5
Virtual inertia Ta 10s VSM damping kq 200 pu
Frequency droop k., 20 pu Reactive power droop 4 0 pu

The simulations are based on the system configuration from Fig. 1 with parameters given in
Table 1. The performance of the investigated strategies is first studied in response to an
unbalanced voltage sag. The inertial response is also verified for power and frequency

transients under unbalanced grid voltages. Then, the transient resulting from islanding of a
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small system that includes only the VSM and a local unbalanced resistive load is simulated.

These results serve to illustrate which solutions can be suitable for islanded operation. The

inertial response to changes in the load under unbalanced islanded operation is also

evaluated.
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Fig. 5 Simulation results in grid-connected mode showing the transient response to an

unbalanced voltage sag occurring at t=0.05, resulting in a grid voltage with 25%

unbalance (|[V7)/|[V*| = 0.2/0.8=0.25). a) Balanced positive sequence currents b) Constant

active power c¢) Constant reactive power, d) Negative sequence virtual impedance e)

Negative sequence voltage controller.

o Unbalanced operation in grid-connected mode
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As a first test, the CCVSM is exposed to an unbalanced voltage sag. The response in terms
of currents and voltages as well as instantaneous powers is shown in Fig. , while a
comparison of the average active power flow and the resulting virtual speed of the VSM is
shown in Fig. 6. As shown in Fig. , an unbalanced voltage sag results in a transient drop of
the active power and a significant change of reactive power due to the reduced amplitude of

the positive sequence voltage.

The positive sequence voltage reference for the VSM is limited to a value close to 0.85 pu,
as explained in section o to avoid excessive reactive power flow. The results in Fig. a) b)
and c) also clearly show how the three cases with BPSC, CAP and CRP respond as expected.
The case with a negative sequence virtual impedance results in higher and more unbalanced
currents than the three first cases, and correspondingly higher oscillations in the active and
reactive power flow. However, the unbalanced currents flowing through the grid-impedance
is in this case helping to reduce the local unbalance in the voltage. When introducing the
closed loop control for eliminating the voltage unbalance, the unbalance of the three phase
currents is further increased as shown in Fig. e). A relatively slow response of the balancing
controller can also be seen in the figure. The local voltage unbalance is finally eliminated by
injecting negative sequence currents into the grid impedance but the maximum current
amplitude among the phases depends on the voltage unbalance and the equivalent grid
impedance. Therefore, this approach would not be generally applicable in strong grids with

a low equivalent grid impedance.
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Fig. 6 Comparison of inertial response to an unbalanced voltage sag
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As shown in Fig. 6 there are small differences in the initial transient of the average active
power flow between the simulated cases, resulting from the different negative sequence
currents, and this has a small influence on the VSM speed. After a transient determined by
the inertia model, the power is controlled back to the reference value, and wysy returns to

the grid frequency of 1.0 pu for all the cases.
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Fig. 7 Comparison of response to a step increase of 0.3 pu in the power reference at t=

0.1 s under unbalanced voltage conditions
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Fig. 8 Comparison of response to a step of —0.1 Hz (=0.002 pu) in the grid frequency

at t=0.1 s under unbalanced voltage conditions
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To further evaluate the transient response of the evaluated control strategies, the CCVSM is
exposed to a step in the active power reference of 0.3 pu and a step in the grid frequency of
—0.002 pu, as shown in Fig. 7 and Fig. 8, respectively. As a point of reference, these figures
also include a case with balanced grid voltages. The results show some minor differences in
the average power during the transients, which results in corresponding differences in the
VSM speed. However, these differences are very small, demonstrating that the influence
from the negative sequence current control on the inertial dynamics of the VSM swing

equation is limited when operating in grid-connected mode.
o Transient response to islanding with local load

The studied control strategies are exposed to an islanding transient by switching the breaker
indicated in Fig. 1 from closed to open position. After disconnection from the grid, the
converter is left to operate in islanded mode with an unbalanced local load with a total power
demand of 0.5 pu at rated voltage. The unbalance is created by adding another load between
phase a and b with half the impedance of the initial delta-connected load resistances. The
response to the transient is shown in Fig. 9 for all the simulated cases. As clearly shown by
the results in Fig. 9 a), b) and c), the cases where the negative sequence current references
are directly specified to shape the power flow characteristics are not suitable for islanded
operation. Indeed, all these three strategies are generating over-voltages in the phase with
the lowest load. The case with balanced three phase currents is even increasing the amplitude
of the local negative sequence voltage to 0.4 pu, while the case with constant active power
is maintaining a negative sequence voltage in the range of 0.2 pu. The case with CRP is even
resulting in an uncontrolled increase in the negative sequence voltage, and a significant
increase in the total average load power due to the increased voltage, but without being able
to eliminate the reactive power oscillations. Thus, even if operation with BPSC, CAP and
CRP can be suitable for operation in strong grids, these control functions should be

immediately disabled when transitioning into islanded mode.

The response to the islanding transient for the case with virtual impedance defining the
negative sequence currents is shown in Fig. 9 d). In this case, the transient response to the
islanding is smooth and fast, with the resulting negative sequence currents contributing to
balancing of the load voltage. The resulting amplitude of the negative sequence voltage is

then reduced to 0.04 pu. However, since the negative sequence currents are resulting from
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the virtual impedance, they cannot fully compensate the unbalance caused by the load.
Finally, Fig. 9 e) shows the results with the closed loop control for eliminating the voltage
unbalance. As expected, this strategy is able to maintain balanced three phase voltages
independently of the unbalance in the load resistance. Indeed, the negative sequence currents
resulting from this control strategy in steady-state operation correspond to the currents that
would result from feeding the load with a balanced three phase voltage source. It is also
noted that both these strategies provide unbalanced currents to the local unbalanced load also
before the islanding. Thus, the grid is (partially) relieved from supplying unbalanced currents

to the unbalance local load.

A comparison of the response in average active power and virtual speed of the VSM after
islanding with the unbalanced load is presented in Fig. 10. As shown in the figure, the cases
with balanced currents or constant active power are not able to maintain the desired average
voltage of the load, which is resulting in reduced power provided to the resistive load. Thus,
the frequency droop control is also resulting in a higher steady-state frequency than when
the load voltage is maintained close to the rated value. The case with constant reactive power
is instead resulting in a significant increase of the load power and a corresponding reduction
in the steady state frequency. This further confirms how this control strategy is unsuitable

for operation in islanded mode.

The case with negative sequence voltage control results in the expected load power of 0.5
pu and a corresponding droop effect in the frequency. The results for the case with only a
negative sequence virtual impedance are also very close to the case with closed loop

balancing of the voltage.

The general trend of the results in Fig. 10 is confirmed by the results in Fig. 11, which shows
the response to a change of the load resistance under unbalanced islanded operation. In this
figure, the cases with constant active or reactive power are not included since the operation
with these control strategies is clearly unacceptable. A case with the initial balanced load is
also included as a point of reference. The figure shows how the case with balanced three
phase currents results in a total average load close to the case with balanced loads, since no
additional current is provided to the phases with increased load. As in Fig. 10, the load power
and the steady-state frequency of the case with negative sequence virtual impedance is

almost identical to the case with closed loop control of the voltage. Indeed, these two
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strategies are the only cases providing reasonable performance for operation in islanded

mode with unbalanced loads.
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Fig. 9 Simulation results showing the transient response to sudden islanding with an
unbalanced load at t=0.05 s a) Balanced currents b) Constant active power, c) Constant
reactive power, d) Negative sequence virtual impedance c) Negative sequence voltage

controller
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Fig. 11 Response to a step increase of the load by 0.1 pu under unbalanced conditions

e Conclusions

This paper has evaluated the options for operating a current controlled Virtual Synchronous

Machine (CCVSM) under unbalanced conditions, and the resulting performance in both

grid-connected and islanded modes. Five different strategies for controlling the negative

sequence currents are identified, and their performance is assessed by time domain
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simulations. The simulation results clearly show how the control strategies based on
calculation of the negative sequence current references for shaping the power flow
characteristics are only suitable for grid-connected operation. Thus, if any of these strategies
are preferred for grid-connected operation, they should be immediately disabled in case of
transitioning to islanded mode. Operation with a negative sequence virtual impedance results
in a similar steady-state response to unbalances as would result from a synchronous machine
and can ensure stable operation in both grid-connected and islanded operation. However,
this approach will not fulfil any specific objectives of shaping the power flow characteristics
or balancing of the voltage. Closed loop control of the negative sequence components for
balancing the local voltages is suitable for islanded operation with unbalanced local loads.
Although this approach also can be utilized for grid-connected operation in weak grids with
high equivalent impedance, the controllers will saturate if the system is operated in a strong
grid. Thus, there is no universal control strategy that will be suitable for all types of
unbalanced operation. Instead, a flexible mechanism for choosing between different
objectives depending on the operating conditions, as presented in this paper, can be useful.
Further analysis should consider how to adapt the operation of the VSM to any grid-
connected or islanded conditions by automatically selecting the proper objective for control

of the negative sequence currents.
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