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ABSTRACT
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In this thesis, possible interactions between multiple STATCOMSs (Static Synchronous Com-
pensator) connected parallel in high-voltage transmission network was studied. These possible
interactions are related to uneven power-sharing between devices, called hunting behavior, where
STATCOMs compensate each others reactive power outputs, and possible effect to dynamic per-
formance and controller response times. Because of the constantly increasing amount of high-
power renewable energy generation units, the need for more reactive power compensation also
increases. Eventually, one individual compensation device will not be able to provide enough re-
active power output, and due to restrictions in power electronic equipments’ power ratings and
physical footprint of the compensation units, parallel connection of several compensation units is
becoming a solution.

The objective of this thesis is to investigate possible interactions between parallel connected
STATCOMs with traditional grid-following STATCOM, and also for grid-forming STATCOM, and
to find possible solutions for mitigating these interactions. This topic was investigated through
simulations in MATLAB Simulink and downscaled laboratory experiments. In the simulation, up to
10 parallel STATCOMs were connected in parallel in various configurations, and in experiments
two inverters were configured to act as parallel STATCOMs.

The simulation results showed that in steady network with voltage control mode, the reactive
power outputs of parallel STATCOMs started to diverge from the 0 MVAr point to opposite direc-
tions, and eventually saturated in power limits and thus, hunting occurs. When droop control was
applied to the voltage controller, the divergence of reactive power outputs was limited to certain
values well below the power limits, but still uneven capacitive-inductive power-sharing was seen.
Possible solution with this control mode was to apply a slow cascade reactive power controller
with the voltage controller. This way the controller drove the diverging reactive power outputs back
to the steady-state value and hunting was mitigated. With reactive power control mode, where
STATCOMSs control the reactive power on the point of common coupling with common reactive
power measurement, reactive power outputs of STATCOMs also diverged and hunting occurred.
With grid-forming STATCOM, the hunting behavior was not visible, and parallel connection did not
affect other parallel STATCOMSs. The laboratory experiment showed, that the dynamic response
time of one inverter was affected by approximately 50 % of the parallel connected inverter. Also,
the parallel connection caused some noise to the measurement of the inverter, and the cause to
that phenomenon remained unclear.

Possible solutions to mitigate possible interactions between parallel STATCOMs is to have a
communication link between the STATCOMSs, so the parallel devices will know when the compen-
sation is needed, and the hunting can be mitigated. Also, the control topologies of the controllers
needs to remain similar, and voltage references for parallel STATCOMs needs to be equal.
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Téassa diplomitydssa tutkittiin suurjanniteverkkoon rinnan kytkettyjen STATCOMien vélisid mah-
dollisia vuorovaikutuksia. N&mé& vuorovaikutukset liittyvat epatasaiseen tehonjakoon, hunting-
iimiéon, jossa rinnakkaiset STATCOMit alkavat kompensoida toistensa tuottamaa loistehoa, ja
mahdollisesti myés STATCOMn dynaamiseen toimintakykyyn ja sen saatimien vasteaikaan. Koska
suuritehoisten uusiutuvan energian tuotantoyksikéiden maara on jatkuvassa kasvussa, myés lois-
tehon kompensoinnin maaran tarve kasvaa. Lopulta yksittdinen kompensointilaite ei enda pysty
tuottamaan tarpeeksi suurta kompensoivaa loistehoa, ja tehoelektroniikka-komponenttien toimin-
tarajoitusten ja myds kompensointilaitteiden fyysisen koon seurauksena kompensointilaitteiden
rinnankytkentd ndhdaén ratkaisuna.

Taman diplomityén tarkoituksena oli tutkia mahdollisia vuorovaikutuksia rinnakkaisten
STATCOMien valilla perinteisilla verkkoa seuraavilla STATCOMeilla ja verkkoa muodostavilla
STATCOMeilla, ja I0ytaa keinot ratkaista mahdolliset vuorovaikutukset. Tata aihetta tutkittiin simu-
laatioilla MATLAB Simulink-ohjelmassa ja pienennetylla laboratoriotestilld. Simulaatioissa, jopa 10
STATCOMia kytkettiin rinnan eri tavoin, ja laboratoriotesteissa kahta invertteria ohjattiin toimimaan
kahtena rinnankytkettynd STATCOMina.

Simulaatiotulokset nayttivat, ettd vakaassa verkossa jannitesdadolla rinnakkaisten STATCO-
Mien tuotetut loistehot alkavat hajaantua 0 MVAr:n ympérilla, saturoituen lopulta laitteiden tehora-
joihin. Taten laitteiden valille syntyy epatasaista tehonjakoa. Droop-sdadoén lisddminen jannitesaa-
timeen rajoittaa loistehojen hajautumisen ja tehot pysyvat matalammissa arvoissa. Silti laitteiden
vélille jaa epatasaista tehonjakoa 0 MVAr:n ymparilla. Mahdollinen ratkaisu tahan ongelmaan on li-
sata jannitesaatimen kanssa sarjaan hitaaksi viritetty loistehosédadin. Tdman kaskadisdaddn avul-
la tuotetut loistehot sdadetdan hajaantumisen jéalkeen tasapainotilan arvoon ja laitteiden valinen
hunting poistuu. Loistehosd&ddssa, jossa STATCOMit sdatavat yhteisen kytkentapisteen loistehoa
yhteiselld loistehomittauksella, ulostulot hajaantuvat ja hunting-ilmié on lasn&. Verkkoa muodosta-
vien STATCOMien vélilla hunting-ilmiéta ei ole haivittavissa, ja naiden rinnankytkenta ei aiheutta-
nut laitteiden valilla ongelmallisia vuorovaikutuksia. Laboratoriotulokset osoittivat, etta invertterien
dynaaminen vasteaika hidastui noin 50 % rinnankytketyn invertterin johdosta, ja jannite- ja virta-
mittauksiin syntyi héiriéta, jonka alkupera ei tutkimuksissa selvinnyt tarkemmin.

Mahdollisia ratkaisuja naiden vuorovaikutusen poistamiseen ja ennaltaehkaisemiseen rinnak-
kaisten STATCOMien valilla on lisaté laitteiden valille kommunikaatiolinkki. Taten rinnakkaiset lait-
teet tietdvat milloin kompensointi on tarkoituksen mukaista ja mahdollinen epatasainen tehonjako
ja hunting saadaan poistettua. Myds saadinten tolopogiat tulisi vastata toisiaan, ja mahdolliset
saadinten referenssit tulisi olla samat rinnakkaisilla laiteilla.

Avainsanat: Rinnakkaiset STATCOMit, hunting-ilmi6, tehonjako, PRBS, taajuusvaste

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

Today’s electricity network is constantly changing towards the use of renewable energy
production due to climate change [1]. More and more of distributed energy resources,
such as wind power plants, are connected to the utility grid. Renewable energy production
causes many changes in the utility network, by the ever-changing nature of the network,
in which voltage and reactive power fluctuates constantly around the nominal values. Re-
active power is essential power, but it plays a crucial role in the utility grid by decreasing
the real power capacity. Reactive power flows between generation units and loads in the
utility grid, and if the reactive power demand exceeds the supply, voltage levels may drop,
leading to instability and equipment damage. Connection of distributed energy resources
also needs power electronic converters to convert the generated power into suitable form
for the grid [2]. From the year 2000 until the year 2019, power systems all around the
world were integrated with 1200 GW of power electronic converter interfaced renewable
energy sources [3]. These converters may cause instability in the power system when
interacting with each other, because the voltage waveform of the power electronic con-
verters are not pure sinusoidal, and those cause harmonics to the grid. The utility grid
needs additional devices for compensating reactive power and to stabilize the power sys-
tem, and this is where flexible AC transmission system (FACTS) controllers are used.
One main shunt-connected FACTS controller used for reactive power compensation and
utility grid stabilization is static synchronous compensator (STATCOM). STATCOM is a
power electronics based controlled device, which can produce inductive and capacitive
current as an output independently of the alternating current (AC) system voltage [4].
STATCOM can produce the needed amount of reactive power to maintain the acceptable
system voltage level. STATCOM is able to control each phase voltage independently and
that way it can regulate the system voltage levels and mitigate power system unbalances.
In addition, STATCOM can be also designed to absorb system harmonics as an active
harmonic filter.

When large scale offshore wind farms reach high enough power, one STATCOM is not
enough to compensate the reactive power [5]. This is one reason why parallel connection
of compensation devices is needed. Parallel connection of STATCOMs enable power-
sharing between devices and that way the maximum reactive power output can be in-
creased. Parallel connection of devices also allows faulted devices maintenance without



sacrificing power system stability by disconnecting only compensator from the power sys-
tem. On long transmission lines the power losses also increase the further the source
is from the end load. This way increasing the power compensation capacity by installing
parallel devices a bit further away from each other the end users power level can be
maintained at acceptable levels. Multiple parallel STATCOMs might have better oscilla-
tion damping than one. Also, more low power rating STATCOMs in parallel might be more
economical than a large one. [6] Large scale offshore wind farms need to fulfill the grid
code set by transmission system operator (TSO). Renewable energy production has a
significant impact on the stability and power quality due to varying production and lack
of inertia, and the grid codes define the requirements for voltage and frequency control,
reactive power compensation, and fault ride-through capability. STATCOMs are able to
keep the operation of wind power plants within the grid code limits.

Although there are many advantages of parallel connection of STATCOMSs, there might
be unwanted interactions between the control systems between devices. Recent studies
have examined the small-signal stability of close-connected STATCOMs by comparing dif-
ferent control-loop bandwidths [6—9]. It was reported that at least two parallel connected
STATCOMs are operating stable in close proximity, but system instability occurs when
more devices are connected. Parallel STATCOMs may experience asymmetric power-
sharing, where the operation point of some devices drives towards the inductive side and
other to the capacitive side. This behavior is called hunting. This hunting phenomenon
may cause compensation with poor efficiency and additional losses while operating at de-
vices power limits. Because the STATCOM can be identified as voltage source converters
(VSC), same problems might occur for parallel STATCOMs than for parallel VSCs.

The goal of the thesis is to characterize the dynamic effects in the utility grid when mul-
tiple STATCOMs are connected in parallel. The research questions in the thesis can be
formulated as follows.

+ What are the stability and performance issues related to parallel STATCOMs? Be-
cause the control systems of each STATCOM controls the same variables of the
utility grid with shared measurements, the power-sharing issue may occur.

» How the operation of parallel STATCOM s is affected when grid-forming and grid-
following control strategies are applied? Grid-forming and grid-following are two
operating modes of STATCOM, and it is yet unknown if there are any issues in both
modes, and if so, are the issues the same.

* How the stability of parallel-connected STATCOMSs can be guaranteed? Different
kind of control methods are tested to see if the possible stability issues between
parallel STATCOMs can be eliminated, and to see if the control systems can be
done without any communication link between devices.

The rest of thesis is organized as follows: Chapter 2 presents the basic theory of STAT-



COMs and how STATCOMSs operate in parallel connection, and what is a hunting phe-
nomenon in synchronous generators. Chapter 3 consists of STATCOM control principles
and some of the most common control methods are presented. In Chapter 4, a simu-
lation of parallel connected STATCOMs is presented and the steady-state and dynamic
stability of the STATCOMs is examined. In Chapter 5, a laboratory experiment of parallel
connected inverters is studied. Chapter 6 introduces possible future work topics related
to this work. Lastly, Chapter 7 concludes the study and results.



2. THEORY

In this chapter the basic theory of STATCOM is introduced. The chapter also consists of
theory behind parallel connected STATCOMs and hunting phenomenon in synchronous
generators.

2.1 STATCOM as reactive power compensator

Operating principle

First STATCOM with rating of 20 MVAr was introduced by Kansai Electric Power Co. and
Mitsubishi Motors in the 1980s, and ever since the STATCOM has played an important
role in power industry, and is one of the main FACTS controllers used in today’s power
system [10]. STATCOM is a VSC based controlled shunt connected reactive power com-
pensator. It provides continuously controlled reactive power generation and absorption
by processing voltage and current waveforms. A simple configuration scheme of shunt-
connected STATCOM can be seen in Figure 2.1a. A large pre-charged capacitor is usually
connected to the direct current (DC) link of the VSC to provide a constant DC voltage. The
VSC is connected to a utility bus through a coupling transformer. [11]

Reactive power compensation is utilized by exchanging reactive power between the VSC
and the utility grid. This is done by controlling the amplitude of the three-phase voltage
Esrarconm of the VSC as illustrated in Figure 2.1b. When the amplitude of the VSC
output voltage is increased above the grid voltage V.4, the VCS supplies reactive current

Israrcom Absorbs Q
Xs Vgrid
Voltage ESTATCOM ISTATCOM Vgrid + ESTATCOM
VC_L sourced
. Coupling Istarcom Supplies Q
STATCOM
transformer
(a) (b)

Figure 2.1. (a) Equivalent circuit of STATCOM system [11], and (b) principle of reactive
power exchange.



that flows through the reactance from the VSC to the utility grid. This way the VSC
generates capacitive reactive power for the utility grid. When the amplitude of the VSC
output voltage is decreased below the utility grid voltage, the current flows from the utility
grid to the VSC. Now the VSC absorbs inductive reactive power from the utility grid. When
the VSC generates capacitive reactive power to the utility grid, the generated current
which flows through the reactance is leading the voltage waveform, and when the VSC
is absorbing inductive reactive power from the grid, the current is lagging the voltage
waveform. When the VSC output voltage equals to the utility grid voltage, the reactive
power exchange becomes zero, and the STATCOM is in a floating state. [11]

The mechanism how the STATCOM generates/absorbs the reactive power can be un-
derstood by considering the relationship between the input and the output powers of the
VSC. The converter DC input is directly connected to the AC output with integrated gate
bipolar transistor (IGBT) switches, and thus, the net instantaneous power at the AC out-
put terminal must always be equal to the instantaneous power of the DC input terminal.
Because the DC link capacitor only supplies real power to the converter input, it does not
play a role in reactive power output generation. The converter simply interconnects the
three phases of the utility system the way, that the reactive output current can flow freely
among the phases and a circulating reactive power exchange is established among the
phases. [11]

The real power that is exchanged by the converter at its AC output terminal with the utility
grid needs to be supplied or absorbed from the converters DC input terminal by the DC
capacitor. The converter is also able to control the exchange of real power between the
converter and the utility grid, if an energy storage system, like battery or a supercapac-
itor is connected to the DC input of the converter. With the energy storage system the
converter is able to supply real power to the utility grid, if the voltage angle of the energy
storage system leads the utility grid voltage angle, and absorb real power if the energy
storage systems voltage angle lags the utility grid voltage angle. [11]

When operating on capacitive or inductive reactive current, the VSC has same rated
current capability. A typical V-1 characteristics of STATCOM can be seen in Figure 2.2.
The STATCOM can supply both inductive and capacitive reactive power compensation,
and it is able to control both capacitive and inductive current outputs to the rated limits
independently of the amount of the grid voltage. The STATCOM is also able to provide
full capacitive reactive current even with very low system voltage levels. [11]

MMC configuration

In high-voltage transmission network the requirements of the power system increases and
the conventional full-bridge VSC would not satisfy the requirements. Thus, the conven-
tional VSC is replaced with Modular Multilevel Converter (MMC) topology. [12] The MMC
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Figure 2.2. V- characteristics of STATCOM [11].

enables a direct connection between STATCOM and power system even at transmission
level without using a transformer [13]. A full-bridge VSC shown in Figure 2.3, is called a
submodule. One submodule can produce three voltage levels: Vi~ when switches 1 and
4 are turned on, 0 when a bypass mode is achieved by turning on switches 1 and 2 or 3
and 4, and —V when switches 2 and 3 are turned on. This produces a square wave, and
to get more close to a sinusoidal waveform, multiple of these submodules are connected
in series, and controlled on and off in specific sequence. In a STATCOM, several of these
submodules combined is a valve, and it creates a voltage waveform for one phase. When
three of these valves are stacked together, a controlled voltage is applied for all three
phases. All the three phases can be controlled individually to regulate system voltage
levels in case of voltage unbalance. [14]

An n-level single-phase cascaded full-bridge converter is shown in Figure 2.4. Each sep-
arate DC capacitor is connected to a single-phase full-bridge converter. The AC outputs
of each of the different converters are connected in series so that the synthesized voltage
waveform is the sum of converter outputs. The number of output phase voltage levels is
determined by n = 2s + 1, where s is the number of the converters. The total phase volt-

S \Y)
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Figure 2.3. Single-phase, two-level H-bridge.
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Figure 2.4. Single phase structure of a multilevel cascaded full-bridge converter.

age of this configuration is the sum of the voltages V,,,, = V1 + Vo + Vs +- - -+ V. The
smoother sinusoidal voltage output is achieved by the control system sequentially turning
on each submodule to sinusoidally grow the total voltage of the converter on the positive
half cycle until the peak, and then turns the submodules back off to bring the waveform
back to zero. Then the control system repeats the sequence with different switch config-
uration to produce a negative half cycle. The more submodules are added in series, the
smoother the output voltage waveform is. This one row of submodules produces only the
one-phase, and by stacking these rows three-high, the full waveform for all three phases
is produced. [14]

STATCOM vs. SVC

Another popularly used shunt-connected FACTS device is static var compensator (SVC).
When considering the voltage to current characteristics of the two devices, it can be noted
that the STATCOM can operate over its output current range even at very low system volt-
age level, while SVC’s maximum current output decreases linearly as the system voltage
level decreases. Thus, the maximum VAr output of SVC decreases as a square with this
voltage. This is because STATCOM is an alternating voltage source behind a coupled
transformer, and SVC is composed of thyristor switched capacitors (TSC) and thyristor
controlled reactors (TSC), and it becomes a fixed capacitive admittance at full output.
This way STATCOM is much better in providing voltage support during large system dis-
turbances, where the system voltage would be well outside the linear operating range of
the compensator. Because the STATCOM can manage full capacitive output current at
low system voltages, it is better during system transients that SVC by improving transient
stability more efficiently. [4]

The response time of STATCOM is almost decade smaller than of SVC, because the
"transport lag" in the power circuit is much smaller for STATCOM than for SVC. This
way the STATCOM responds to transients much faster enabling more stable operation for
power system during faults. STATCOM can be interfaced with a suitable energy storage
with the AC system for real power exchange. This way STATCOM can be used for enhanc-



ing dynamic compensation, to improve power system efficiency and to potentially prevent
power outages. With STATCOM, large capacitor and reactor banks are not needed for
the production of reactive power, so STATCOM'’s physical size is smaller than SVC’s. [4]
This concludes that the STATCOM can be more efficient and better on performance than
SVC, and so STATCOM has gained more interest among FACTS production.

2.2 Operation of parallel STATCOMs

When considering parallel connected power electronic converters, the interactions be-
tween the devices needs to be taken into account precisely. Some standards have indi-
cated in the early 2000, that interaction problems may arise between parallel connected
power electronic converters [15, 16]. Especially in low voltage networks, harmonic pol-
lution is one of the main problems caused by parallel-connected power electronic invert-
ers in photovoltaic (PV) systems [17]. In high-voltage transmission systems connection
of large wind farms cause harmonic problems [18]. In the case of parallel-connected
STATCOMs in high-voltage systems, there might be unwanted operation between paral-
lel connected STATCOMs. The parallel connection of utility STATCOMSs is mostly a new
phenomenon, so there is little research and documents, and thus there is a lot of ques-
tions about this topic. When each STATCOM has its own control system, all devices are
controlled individually, and so the control systems might interact with each other leading
to unwanted instability issues. This is documented in [6-9], and the other issues parallel
STATCOMs might have are researched in this thesis.

As STATCOM is a VSC, it can have the same kind of problems as other power electronic
converters. With parallel-connected STATCOMs the harmonic problems caused by inter-
action between devices can be mitigated by the capability to design the STATCOMSs with
an active power filter (APF). As the parallel STATCOMs share the same measurements
from the Point of Common Coupling (PCC), and the control systems of each individual
STATCOM controls the same variables in the network, power-sharing issues may occur.
To avoid these power-sharing issues, a droop control can be used in the voltage con-
troller. The droop control is used to regulate the system voltage and frequency, and to
maintain the generation and load power balance within grid limits. [19] To avoid unwanted
interactions between parallel devices, communication links between STATCOMs may be
necessary, but that may not be possible if there are multiple devices from different manu-
facturers in the near proximity to each other.

The constantly increasing amount of distributed generation (DG) in the transmission sys-
tem increases the fluctuation on the amount of reactive power transferred in the network.
Thus, there is more and more reactive power to be compensated in the system, and
when power ratings of DG units exceed the compensation devices power ratings, more
devices are needed. When connecting STATCOM s in parallel, the total power rating can



be increased.

For example in the Hornsea ONE Wind power plant in the east coast of East Yorkshire,
United Kingdom, there is total of 1200 MW of wind power. This amount of apparent
power integrated to the high-voltage transmission network through ocean generates a
large amount of reactive power by the marine cables. The connection of this wind power
plant to the 400 kV transmission network needs additional reactive power compensation
and voltage regulation at the PCC. One STATCOM is usually rated with + 200 MVAr out-
put, and so in this scale systems, more of reactive power compensation rating is needed.
One way to achieve higher system ratings is to add more STATCOMSs to the same busbar
in parallel. This way the parallel connected devices are able to share the busbar load
together. [5]

The reactive power cannot be transmitted practically through long distances because of
the active power losses caused by reactive current, so a connection of multiple STAT-
COMs along the transmission line may become a desired solution. Parallel connection of
STATCOMs also enables more robust operation for the system by acting as hot standby
devices for each other for example during maintenance. This way the faulted device can
be disconnected from the network and the rest of the STATCOMSs can continue normal
operation. [7] Multiple STATCOMs might achieve better oscillation damping than one
standalone STATCOM, and more STATCOMs with lower power ratings in parallel might
become more economical than one large STATCOM. [6]

STATCOM is used to control the reactive power at PCC to be on a specified level. When
another STATCOM is added to the same busbar, the devices try to hold the PCC reactive
power at the specified level, but the sum of outputs of the two devices might become
0 MVAr. This means that the first STATCOM can be for example 100 MVAr inductive,
and the second STATCOM is then 100 MVAr capacitive. This causes the STATCOMs to
operate against each other, and that phenomenon is called as hunting.

2.3 Hunting phenomenon

Because the STATCOM can be called as a controlled voltage source, it partly has the
same properties as synchronous generators. Since synchronous generators were first
interconnected into the power system to provide more power capacity and more reliabil-
ity, oscillations have been observed. Synchronous generators stay synchronized due to
self-regulating properties of their interconnection. If one generator deviates from its syn-
chronous speed for example due to rapid load change, power is transferred in the system
from the other generators to reduce the speed deviation. The generators mechanical in-
ertia comes into play and results as a pendulum swinging about its equilibrium. [20] This
oscillation in the generator is called "hunting". Hunting is a natural phenomenon in the
power system as long as the oscillations decay over time.
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When generators’ no-load voltages and droop voltages are set to same level, generators
will inherently share the load equally between them. When hunting occurs in parallel
generators, they take or shed reactive power periodically, and thus, results as hunting in
the power system. [21] The hunting can occur in the power system in four ways. First
way is that a one generator or a group of coherent generators can oscillate in a specific
power station causing swinging of generator or group of generators against the whole
large power system or load center. This might become a huge problem with high load
and reactance tie-lines. Second way is that a group of coherent generators in one area
swings against another group of coherent generators located in another area of wide-area
power system. This may be the most effective power oscillation mode. Third way is that
two or more generators at the same power plant can oscillate against each other in a low
frequency range of 1 to 3 Hz. Fourth way takes place within the rotating elements of the
generator mounted on the same shaft. This affects the power system frequency with a 10
Hz oscillation. [22, 23]

Although STATCOM can partly be seen as a synchronous generator, hunting phe-
nomenon with synchronous generators is caused by the inertia and the mechanical os-
cillation of the rotor axel, which STATCOM does not have. Thus, STATCOM do not have
same sort of hunting phenomenon with synchronous generators, and hunting with paral-
lel STATCOMs can be mainly seen as compensation of other STATCOMs reactive power
outputs. For parallel connected STATCOMs hunting can be visible when the STATCOMs
interact with each other in low frequencies. The STATCOMSs’ control systems voltage con-
troller usually has low frequency bandwidth. For example in two parallel STATCOM sys-
tem, the phase difference between the harmonic voltages produced by the STATCOMs
may in some cases produce characteristic harmonic circulating current in the system.
This circulating current will increase the power losses of the STATCOMs and also cause
low-frequency disturbances within the system. These low-frequency disturbances (har-
monic currents and oscillation as for the synchronous generators) will affect the dynamic
stability of the power system. Also, the harmonic oscillation in the control loop of the
STATCOM will oscillate periodically with the STATCOM output voltage, injecting distur-
bance signal into the voltage control loops of both STATCOMSs. This circulating harmonic
current is one main cause of parallel STATCOMs instability. The inter-harmonic circula-
tion of the STATCOM may cause new disturbances in the STATCOM system. Same droop
control strategy that has been used for synchronous generators to damp the hunting os-
cillation can be also used with STATCOMs. This droop control is better known as virtual
resistance method for STATCOMs. [24]

As stated above, the hunting for STATCOMs can be seen as diverging reactive power
outputs of parallel STATCOMs. Due to errors in the voltage measurements of individual
STATCOMs, the equilibrium points of the control systems will be slightly off from other
devices with same references, and that way the parallel devices will constantly try to cor-
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rect the error in the response of other STATCOMSs. This way the reactive power output
of one STATCOM will be driven to the inductive side and the other one will be driven to
capacitive side. The hunting does not affect the dynamic operation of the parallel STAT-
COMs, but it is more of a steady-state phenomenon causing additional power losses in
the power system due to excessive capacitive-inductive hunting. If the voltage controllers
are well tuned, the variation of the voltage controller speeds is not a challenge considering
hunting.
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3. CONTROL OF STATCOM

In this Chapter, a control system of typical MMC based STATCOM is introduced. Firstly an
overall control structure and a synchronous reference frame is introduced in Section 3.1.
Then the designs of the controllers of overall control structure are presented in Section
3.2. In Section 3.3 another operation mode of STATCOM, grid-forming is introduced.

3.1 Overall control structure

An MMC based STATCOM comes with many advantages, which can be for example
modularity, zero sequence current controlled internal DC link arm balancing, and high
voltage and power capability with low rated components. An operation of MMC STATCOM
can be divided into to two parts; 1) control the power between the converter and the
connection point by controlling the exchanging currents and 2) balancing the DC voltage,
and both of these can be achieved with linear or non-linear controller-based approach.
[25].

Even though reactive power compensation and basic operation of MMC based STATCOM
configuration is simple, to achieve a stable and well performing operation under constantly
changing power system a quite complex control system is needed. Figure 3.1 shows an
overall block diagram of MMC control system. The first block on the block diagram is
"higher-level control", which includes voltage and/or reactive power control loops, which
generates the current reference, and a phase locked loop (PLL). PLL uses synchronous
reference frame instead of per-phase values for grid synchronization, active and reactive
power control, DC-bus voltage control and power-synchronization control. The output
current control loop has the highest bandwidth of all nested control loops and so it is called
as the hearth of the converter control system. Its design is considered more in Section
3.2. The output current controller determines the output voltage reference, which can be
straight forwarded to the pulse width modulator to produce a gate signals for the switches
in submodules. An arm-balancing controller takes care of the circulating current and the
sum of capacitor voltages and its output goes as insertion indices to a modulation and
submodule balancing states, where all the gate signals for the submodules are generated.
[26]

The most straightforward controller used in STATCOM applications is a proportional in-
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Figure 3.1. Basic block diagram of MMC STATCOM control system [26].

tegral (PI) controller. Pl-controller is implemented in synchronous reference frame, so it
needs a robust synchronization and transformation from AC quantities to DC quantities.
Other way to control the system in linear mode is to use the three-phase AC quantities,
and this can be done with a proportional resonant (PR) controller. PR-controller is imple-
mented into the alpha-beta frame or straight into the three-phase frame. [25]

The PLL used in STATCOM control uses the Clarke and Park transformations to adjust
the controlled voltage to be synchronized with the AC system voltage. This type of PLL is
called synchronous reference frame PLL (SRF-PLL) [27]. SRF-PLL performs well under
ideal utility conditions, but in the unbalanced SRF-PLL might suffer from critical limitations.
This is because in unbalanced conditions, the AC system voltage might have harmonic
components, and/or positive and negative sequence components visible, so the funda-
mental sine wave could be hard to detect to achieve proper grid synchronization. [28]

A normal balanced three-phase power system has three-phase voltages with equal mag-
nitudes and a 120° phase shift between them. STATCOM controls the system voltages
partly in synchronous reference frame and partly in three-phase frame. When control
is done in synchronous reference frame, the three-phase frame (abc-frame) voltage or
current is transformed with Clarke transformation into an «/3-frame. For abc-voltage the
Clarke transformation is

2 1
Vo 3 3 3| |Ye
= 1 1 3.1
Vs 0 73 /3 Up | > ( )
11 1
Yo 3 3 3 Ve

where v, is the voltage a-component, vz is the voltage S-component, vy is the zero-
sequence voltage, and vy, are the instantaneous values of a, b and ¢ phase voltages.
The zero-sequence voltage can be neglected in balanced systems. Now v, and v rep-
resents the three-phase system as a two-phase system with 90° angle between phases
and form a complex plane. With these, the three-phase voltage can be presented as a
space vector which rotates counterclockwise with a fundamental angular frequency w:
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[29]

Vas = Uy + jUg. (32)

The length of the vector gives the peak value of the voltage, and the angle difference
between the a5 current and equivalent voltage gives the amount of reactive power same
way as in abc-frame the phase shift between voltage and current phasors. This a5-frame
gives us two sinusoidal waveforms as a function of time. When applying a Park transform
to af-frame, a synchronous reference frame can be obtained. The voltage vector in
dg-frame is [29]

va| _ cos(f) sin(0) | |vq | 3.3)
Uy —sin(f) cos(@)| |vgs

where v, is the voltage d-component, v, is the voltage g-component and 6 is the trans-
formation angle. The transformation angle is usually chosen to be so that the d-axis is
aligned with the voltage space vector. This frame is also a complex plane which rotates to
same direction as space vector with fundamental angular frequency, but in synchronous
reference frame, the frame is rotated with the vector, and thus the space vector is standing
still. The voltage space vector in dg-frame can be presented by: [29]

Vag = Vg + JUq. (3.4)

The Clarke and Park transformation matrices are same for current. The inverse trans-
formation from dg-frame to a3-frame and from that to abc-frame can be obtained from
equations (3.1) and (3.3) with using inverse of the transformation matrix. A voltage and
current vectors in stationary and synchronous reference frames can be seen in Figure
3.2.

When the dg-frame is aligned with the voltage vector, voltage magnitude is given by the
length of the voltage d-component. Here the g-component is zero, and it is not shown in
the equations. The instantaneous active power p and reactive power q are

3 .

p= ivdzda (35)
3 .

q= _§Ud7/q- (36)

As from the above equations can be seen, the active power depends on the d-component
of the current vector, and reactive power is dependent of the g-component of the current
vector. [26] On STATCOM control, the reactive power is controlled by adjusting the length
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Figure 3.2. Voltage and current vectors in (a) stationary frame and in (b) synchronous
frame.

and polarity of the g-component. When the g-component is zero, the voltage vector is
aligned with the d-axis, and only active power appears depending on the length of the
current d-component.

3.2 Basic control modes

In this Section, the operation of basic controlling modes of STATCOM are introduced.
This includes current controller, voltage controller and reactive power controller.

Current control

Typically, current controller is in cascade with a voltage controller, and therefore is the
innermost control loop of STATCOM. Current controller can either be Pl-controller or PR-
controller. A Pl-controller controls the current in the stationary reference frame where
the three-phase AC currents are transformed into dqO-frame where the currents are now
DC-quantities. The Pl-controller is capable of providing zero steady-state tracking error,
which makes it a good choice in three-phase systems. Pl-controller requires significant
computational effort because of the Clarke and Park transforms (and the inverse trans-
forms of those), and that way additional need of PLL to calculate the angular frequency
for the frame transforms. Thus, a stationary frame PR-controller might be a better option
in current control modes for STATCOM. [30] A PR-controller tracks the reference current,
and introduces an infinite gain at the resonant frequency, eliminating any steady-state
errors at that specific frequency. Thus, it is conceptually close to an integrator with infinite
DC gain forcing DC steady-state error to zero, and that way the resonant portion of the
PR-controller can be called as a generalized AC integrator. [31]

The Pl-controller is used in linear current control, and it is said to be the easiest way
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of current control in STATCOM applications. Because of the PLL in the linear current
controller, the active and reactive currents can be controlled individually through the d-
and g-components of the current. But as stated above, the addition of PLL increases the
need for computational power needed in the controller. In exact linearization control a
PR-controller is used to control the current. This control method uses a nonlinear model
of the STATCOM to define a nonlinear control law. This method does not need a PLL, but
in this, a high number of variables that must be sensed to implement the control strategy,
and this is a major drawback of the PR-controller. [32]

Other methods to control the current in STATCOM applications are hysteresis modula-
tion control and a predictive control. The hysteresis modulation control is widely used
in power converter applications due to its simple implementation for 2-level converters
and good dynamic performance, but the implementation for MMC topology may become
very complex. Different ways of implementing the hysteresis modulation control for MMC
are presented in the literature. Predictive control consists of evaluating all the possible
switching states of the converter and then selecting the most optimal switching combina-
tion that minimizes the current error. This control method needs discrete-time model of
the STATCOM in order to evaluate the allowable switching conditions. [32]

Voltage control

Voltage controller is the outermost controller in the MMC controller topology which is the
first block from the left in Figure 3.1. Voltage controller’s purpose is to regulate the PCC
voltage by controlling the reactive power by adjusting current references. A Pl-controller
is typically selected to control the voltage response of an MMC STATCOM [33]. Voltage
controller is used to control the PCC voltage magnitude of the AC system by sending a
current request for current controller, and also the DC voltage of the VSC capacitor. AC-
and DC-voltage controllers are different controllers, and those have different purposes.
When analyzing the effect of the reactive current the three-phase PCC voltage is trans-
formed from abc-frame to dg-frame, and usually only the positive sequence components
are taken under inspection. The VSC DC-link voltage is held only by the DC-capacitor,
and since there are no energy storage attached to the DC-link, the net real power trans-
acted by the STATCOM must be zero. As the operation point of the STATCOM is decided
by the DC-link voltage, it is necessary to draw the needed amount of active power from
the AC system due to losses in the VSC. [34]

As from the equations 3.5 and 3.6 can be seen, the active and reactive powers (voltage
at PCC) can be controlled by controlling the i4 and i, respectively. Both d- and g-axis
voltage measurements are individually controlled with a Pl-controller to get a d- and g-
axis current references, which are filtered and then controlled with current controller.
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Reactive power control

The reactive power controller, also known as Q-controller, in STATCOM is responsible for
regulating and controlling the reactive power output of the STATCOM to match the set re-
active power reference level. The principle in reactive power control reminds a traditional
voltage controller. The Q-controller measures reactive power from the connection point
of the STATCOM and compares it with the set reference value for reactive power. The
reactive power measurement error is then controlled with Pl-controller and then formed
to current reference for current controller. The reactive power controller can also be build
in slow cascade with the voltage controller in a way, that the Q-controller output can be
summed in the voltage reference in voltage controller. [35]

As a practical example, in [35] a reactive power control method for wind farm is presented.
In the implementation the reactive power of each generator is limited. Then the voltage
measurement from the PCC is compared with the voltage reference set by the TSO, and
then the voltage error is used to calculate the reactive power required by the generators.
Then the required power from the calculation is compared with the maximum value of
each generator. The answer of the comparison is the number of generators needed to
contribute in the reactive power support.

3.3 Grid-forming control

Usually STATCOM is considered as a grid-following converter. Due to the increasing
amount of power electronic converter interfaced renewable generation replacing syn-
chronous generators, the power system lacks of inertia. In the network the inertia will
resist the changes of frequency with the energy of a spinning mass. This way the power
system dynamic behavior has been significantly altered. Mostly the power systems elec-
tromechanical modes has been impacted, so that power flows on some tie-lines has been
changed and the damping of inter-area modes and transient stability margins has been
affected. Some studies have shown that the increasing amount of power electronic inter-
faced converters has pros and cons depending on the grid layout, location and the used
control of the converter. [36]

Other type of converter, called as grid-forming converter (GFC) is getting more popular.
Traditionally, power system stabilizers (PSS) have been implemented with synchronous
generators to damp low frequency oscillations caused by hunting. The basic principle for
PSS is to provide rotor oscillation damping for the synchronous generator by generating
a component of electrical torque in phase with the rotor speed deviation. For FACTS
devices, more specifically for STATCOM, the power oscillation damping (POD) can be
achieved by modulating the voltage at the PCC using reactive power injection. Because
the voltage in PCC must be regulated within grid code specific limits, which reduces the
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amount of damping the device can provide, this is not ideal way of POD. It is also less
efficient to affect the active power oscillation by modulating voltage than straight control
the active power. The amount of injected reactive power needed to regulate the voltage
at PCC depends on the power systems short-circuit ratio (SCR), as higher SCR means
more reactive power needed and vice versa. [36]

Now, the introduced GFC can provide an active power injection on reactive transmission
line affecting the PCC voltage phase angle without varying the magnitude significantly
with an energy storage system (ESS) connected into the converter dc-link. [36] The
working principle of GFC is based on a power synchronization loop. The GFC achieves
its purpose of power injection or voltage regulation by directly controlling the voltage at
the converter output terminals. Additionally, the GFC provides a reference voltage for the
loads and the other units operating nearby under no-load condition. Both grid-following
converter and grid-forming converter can achieve voltage regulation and frequency regu-
lation at the PCC by means of modifying actual active and reactive power setpoints, but
the main difference is in the reaction to grid event, and their small-signal behavior under
weak as well as stiff grid conditions. [37] The additional ESS in the dc-link of the VSC can
provide active power for the converter for longer time period than the traditional dc-link
capacitor, and the ESS is also able to provide higher power level.
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4. SIMULATIONS

In this Chapter, the parallel operation of STATCOM s is investigated with simulation model.
Different network events are simulated to see the transient and dynamic behavior of the
parallel STATCOMs. First, in Section 4.1 the simulation configuration used in the inves-
tigation is introduced. Second, in Sections 4.2, 4.3 and 4.4 the simulation results are
discussed for considering different control loops and control modes of STATCOM. Finally,
in Section 4.5 the results are concluded and discussed.

4.1 Configuration and methodology

The interaction between parallel devices in the power system can be investigated with
simulations. In this study, a MATLAB Simulink model is implemented and used to in-
vestigate parallel connected utility STATCOMs with rated power of 180 MVAr (1 pu).
The network in use is a 400 kV three-phase Thevenin equivalent network with Thevenin
impedance to act as a transmission line. The network configuration can be seen in 4.1
below, and the Simulink model can be seen in Figure 4.2.

Pcc Zstarcom B
Y [F
STATCOM1
ZsraTcom?
e Vo e L
| T
Vo STATCOM?2
: Zry
ZsTaTcom9
e e e e L
| T
, STATCOM9
STATCOM10
Y e e L
| T
STATCOM10

Figure 4.1. Thevenin equivalent 400 kV network with 10 parallel STATCOMs.

To keep the simulation model simple and light to run, the STATCOM is modeled as a
controllable voltage source for each phase instead of switching model. Coupling reactor
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Figure 4.2. Simulink model used in the simulations.

and step-up transformer are modeled as series branch impedance. The control of the
STATCOM is implemented as follows: The medium-voltage (MV) side voltage and current
measurement are measured after the reactor impedance and used in current control. The
high-voltage (HV) voltage and current measurements are measured from the HV side of
the transformer impedance and used in PLL for grid synchronization. The PLL calculates
the dg-components for voltage and current, which are then used to synchronize the con-
trol loop angular frequency with the grid. In voltage control mode, a droop control is used
to adjust the reference voltage, which is then compared with the voltage d-component.
That error is then controlled with Pl-controller to compute the current reference. The cur-
rent reference is then transformed back to abc-frame and compared with the MV side
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current measurement, and the error is controlled with PR-controller to get needed voltage
regulation. Then the voltage is injected into the AC system. For the reactive power con-
trol the measured reactive power from the PCC is compared with the set reactive power
reference and then the error is controlled with Pl-controller to get the current reference for
the current controller.

As the used STATCOM models are identical to each other, considering the control model
and the controllable voltage source, step-up transformer and coupling reactor, all the
STATCOMs act as individual devices in the network. All STATCOMs share the same
measurement from the PCC, which includes voltage and current measurement, and active
and reactive power measurements are calculated from the PCC voltage and current. The
voltage measurement in all measurement points is the phase-voltage.

For some test cases, the simulations are done for exactly identical STATCOMs, but for
specific, more realistic cases, various parameters can be varied. The network short-
circuit level (SCL) can be varied by changing the transmission line impedance so, that the
nominal SCL will be either 4000 MVA for weaker grid and 40000 MVA for stiffer grid. The
simulation results are from 4000 MVA network as a default, and the 40000 MVA results
are only shown if there is any difference. All the STATCOMs are connected to the PCC
through series branch impedance, which can be varied for all STATCOMs individually to
change the electrical distance from the PCC busbar. The voltage transformer measure-
ment error can be varied and a voltage measurement offset can be set individually for all
STATCOMs. For all STATCOMSs an error parameter can be varied for the reactive power
measurement to add deviation between devices. Also, the STATCOM voltage controller
speed can be varied between devices. The variation to parametrization is utilized by using
MATLAB rand(1) functions, so the widest possible range of cases can be covered, and
the results are more applicable to realistic scenarios.

4.2 Grid-following STATCOM

Voltage control

In the first set of simulations, the STATCOMs are operating in voltage control mode with
slightly different voltage measurements. In voltage control mode, STATCOMs control the
reactive power at the PCC with the PCC voltage and current measurements. The refer-
ence voltage for all STATCOMs is 1 pu. Figure 4.3 presents the hunting phenomenon
between two parallel connected STATCOMs without droop control. Here, for STATCOM,
the hunting phenomena can be seen as deviating reactive power outputs of parallel STAT-
COMs. As can be seen, the reactive current and reactive power outputs of the two devices
diverge so that the first STATCOM drives to the inductive side, and the second STATCOM
drives to the capacitive side, finally saturating into the devices power limits. This hap-
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Figure 4.3. Hunting between 2 STATCOMSs with 0 % droop.

pens because the other STATCOM will measure lower voltage at the PCC compared to
the reference due to measurement error, and will produce capacitive reactive power, and
similarly, the other STATCOM measures higher voltage at the PCC compared to the ref-
erence due to measurement error, and will produce inductive reactive power. This way
the STATCOMSs are not able to reach equilibrium state. Although the total reactive power
output (which is the sum of individual device outputs) is now 0.031 pu, which is 5.6 MVAr.
The hunting power, which is the power that devices produce to compensate each other,
can be calculated as Qpunting = sum(|Q1], |Q2], -..) — Qrotar, Which in this case is ap-
proximately (1.0 pu + 1.0 pu) - 0.031 pu = 1.97 pu (354.6 MVAr).

In Figure 4.4 the effect of droop control can be seen. The PCC voltage equation with
droop control is Vpce = Vier — Xarooplq, Where Vpec is the STATCOM output voltage
at PCC in pu, V,.r is STATCOM's voltage reference in pu, X0 is the droop and I, is
the STATCOM output current in pu. In this case, due to slightly different voltage measure-
ments, the reactive power outputs of each individual STATCOM diverge towards inductive
and capacitive until steady-state operation point is reached. At the steady-state opera-
tion point the calculated PCC voltage for STATCOM2 is now 1.0 pu - 0.03 x 0.085 pu =
0.99745 pu, and droop equations are fulfilled with the set 3 % droop. Now the total power
output is approximately 0.042 pu. The hunting power in this case is approximately (0.045
pu + 0.085 pu) - 0.042 pu = 0.088 pu (15.84 MVAr).

When adding more STATCOM s into the system, the operation of 9 parallel STATCOMs
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Figure 4.4. Hunting between 2 STATCOMs with 3 % droop.

in a stable network can be seen in Figure 4.5. Here, a 3 % droop is used. As from
the Figure can be seen, four of the STATCOMs are producing capacitive reactive power,
and five STATCOMSs are producing inductive reactive power. The reason for the different
amplitudes of the reactive powers is caused by the amount of PCC voltage measurement
error of individual STATCOMs. For example, STATCOMs 3 and 8 have almost zero error
in the voltage measurement, and the output powers of those two STATCOMs are almost
zero. The total reactive power is almost 0 MVArs, but the total inductive power output is
0.33 pu and the total capacitive power output is 0.35 pu. This way the hunting power is
approximately 0.66 pu.

Figure 4.6 shows a reference step of 0.025 pu from 1.0 pu being applied for all devices
simultaneously. As from the upper left-hand side figure can be seen, a shift in the opera-
tion points is visible as the reference voltage increases, but the divergence of the reactive
power and current outputs remains unchanged. The reactive power response is smooth
and the total reactive power increases close to 0.6 pu. As the operation point changes,
it can be seen from the deviating reactive power and current outputs that the power loss
for hunting decreases as more devices shift towards capacitive operation point. Only
two STATCOMs operate at inductive side against the rest of the STATCOMs at the new
equilibrium point. When all STATCOMSs are contributing with same sign reactive power
output, the hunting does not result in opposite operation of STATCOMSs but instead uneven
power-sharing.
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Figure 4.7. Voltage dip response from 9 parallel STATCOMSs with variation in parameters.

In Figure 4.7, the effect of adding variation to the STATCOM parameters can be seen. The
voltage controller speeds are now different from each other, and a randomly generated
additional branch impedance is added to all STATCOMSs before the common PCC to make
the electrical distances different. An additional test has been done by applying a voltage
dip from the network voltage source between times 2.5 ... 2.75 seconds. As can be
seen from the Figure, the response against voltage dip is fast and the total Q is smooth.
The difference between the voltage controller speeds can be seen as varying response
rates of PCC voltage and reactive power and current outputs. The collective response of
STATCOMs finds the equilibrium point as quickly as the fastest single device (assuming
that the output will not saturate to the power limit), but the individual devices find their
common equilibrium point a little later than the aggregated equilibrium point.

Based on these results, it can be noted that the hunting does not affect the dynamic op-
eration of the parallel STATCOMSs, but it is more of a steady-state phenomenon causing
additional power losses in the power system due to excessive capacitive-inductive hunt-
ing. If the voltage controllers are well tuned, the variation of the voltage controller speeds
is not a challenge considering hunting.

Reactive power control

On the second simulation set, the STATCOMs are operating in reactive power control
mode. First, a slow cascade reactive power control with voltage controller is investigated.
This control is utilized by measuring the reactive power at the HV side of the voltage
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transformer. This reactive power measurement is then compared with a reference reac-
tive power, which is 0 MVAr set for each STATCOM. The reactive power error is controlled
with Pl-controller, producing voltage reference for the voltage controller, and the voltage
controller will produce the current reference. The reactive power control is a slow integral
controller, which slowly drives the reactive power output to be a specified level by con-
trolling the outputs of the individual STATCOMs instead of the PCC reactive power. This
reactive power controllers slow integral control overrides the equilibrium point set by the
hunting equation, and that way the hunting problem may be tackled.

In Figure 4.8 the response of reactive power control can be seen against a voltage dip
at 5 second time. As from the Figure can be seen, right after the starting transient the
reactive power control drives the reactive currents back to 0, which is the reference, so it
removes the hunting in steady-state. After the voltage dip, the voltage controller produces
a fast capacitive response to support the grid voltage at approximately 1 pu. total reac-
tive power output. The reactive power output is slowly driven back towards the reference
point after the transient, and no divergence occurs in reactive power control. Because the
voltage controller is much faster than the cascade reactive power controller, the reactive
power controller’s reference does not have enough time to change, as the voltage con-
troller sees a large error caused by the rapidly decreasing voltage measurement, and the
voltage controller will respond with capacitive output. The oscillation of individual STAT-
COM outputs in the Figure is caused by the amount of error in the voltage measurement.
Higher error in the voltage measurement will cause the oscillation amplitude to be larger
during transient, and the oscillation settling time will be longer.
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Figure 4.8. Hunting between 9 STATCOMSs with slow cascade reactive power control.
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Then, a separate reactive power controller without voltage controller, called Q control is
investigated. In this Q control, the flowing reactive power at PCC is measured and used
for all STATCOMSs to control the reactive power against a PCC reactive power reference
set separately for each STATCOM. This reactive power error is then controlled with PI-
controller to get a current reference for the current controller. In this simulation case
the PCC reactive power reference is set to 0.5 pu, and an additional 200 MVAr (1.1 pu)
inductive load is connected after 2 seconds. In Figure 4.9, the simulation results can be

seen.
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Figure 4.9. Hunting between 9 STATCOMs with Q control.

When in steady-state operation, a divergence can be seen between devices’ reactive
power outputs similarly to the voltage controller, because there is no droop equation active
in the Q controller. The divergence continues until STATCOMs saturate on inductive and
capacitive limits. When the additional load is connected, the controller produces a fast
capacitive response against the voltage change in the grid. As from the upper right-hand
side figure can be seen, the red line is the total PCC reactive power including STATCOM
outputs and the additional 200 MVAr inductive load, and the black line is the total reactive
power output of the STATCOMSs. The total STATCOM output is 0.5 pu, and the total power
flow at PCC is approximately 1.6 pu (0.5 pu of STATCOM output, and 1.1 pu from the
additional inductive load).

As based on the reactive power controller test results presented in this section, the slow
cascade reactive power control mitigates the hunting phenomenon slowly, and the re-
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sponse to the voltage dip is smooth. The Q controller has a fast and smooth response
to the reactive power reference step, but the hunting occurs in steady-state. From the
Figure 4.9 can be also seen, that when the STATCOMSs are operating with common re-
active power measurement (individual devices measurements summed together) without
any coordination between devices, the hunting phenomenon is not mitigated and reactive
power outputs are diverging towards the power limits.

Voltage control loop measurements

The effects of parallel connection of converters can be also investigated in the frequency
plane. The parallel STATCOMs may affect the dynamics of the devices’ controllers, and
the interactions may affect also the speed of the controllers, possibly causing the con-
troller become unstable due to too slow or too fast dynamics. The frequency response
measurement gives important information about the controller speed and stability, and
that way the performance of the control loops can be investigated.

Frequency response of specific control loop can be measured by injecting a perturba-
tion signal into the loop. One widely applied perturbation signal is pseudo-random binary
sequence (PRBS). PRBS signal is a periodic broadband signal that is generated by a
feedback shift-register circuit. Frequency response could also be measured by a sine-
sweep method, but because PRBS signal has energy on several frequencies, the fre-
guency response can be obtained faster with PRBS. [38] In this simulation case, a 9-bit
PRBS perturbation signal is injected into the voltage error in voltage control loop, and the
input and output of the injection is measured. The input and output measurements are
then post-processed to obtain a frequency response measurement to see how the gain
and phase of the control loop change as a function of frequency. The PRBS generation
frequency is 200 Hz which allows approximately a 4 Hz measurement resolution.

First the measurement was done for one standalone STATCOM in 4000 MVA network
with voltage controller tuned to gain crossover frequency of 4.5 Hz, and mode identical
STATCOMs were connected in parallel. Figure 4.10 presents the frequency response of
one STATCOM while increasing the number of parallel STATCOMSs from 1 to 3.

For only one STATCOM, the voltage controller gain crossover frequency is around 4.5 Hz
as it should. When connecting another identical STATCOM in parallel, and repeating the
loop measurement, it can be seen that the controller gain crossover frequency decreases
from 4.5 Hz to 3 Hz, and the phase margin increased approximately from 70 degrees to
100 degrees. The gain curve is not affected on higher frequencies from 9 Hz and above,
but the shape of the gain curve is affected for the lower frequencies. When adding one
more identical STATCOM in parallel to the system, the gain crossover frequency again
decreases close to 2 Hz and the shape of the gain curve is affected even more for the
lower frequencies. The phase margin is almost equal to two STATCOM system. By
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Figure 4.10. Frequency response of one STATCOM with different number of parallel
connected STATCOMs with identical controller tuning.

adding more STATCOMSs, the shape of the gain curve would be affected even more, and
the gain crossover frequency will be decreased. In this scenario for higher frequencies,
the controller speeds will remain the same. This might cause the total response time of
the three or more STATCOMSs to be too fast for transients happening on frequencies 9 Hz
and over, and that might cause instability to the system, for example, by overshoot in the
controller response.

Next the measurement was done for one standalone STATCOM in 4000 MVA network
with 4.5 Hz controller crossover frequency, and more STATCOMs were added in parallel
one by one, decreasing the gain of the voltage controller by downscaling the controller
gain by the total number of connected STATCOMSs. Figure 4.11 presents a frequency
response of one STATCOM while increasing the number of parallel STATCOMs from 1 to
9.

For only one STATCOM at PCC, the STATCOM gain crossover is around 4.5 Hz as from
the Figure can be seen. When connecting more STATCOMs to the PCC, the STATCOM’s
voltage controller gain needs to be decreased to keep the system total response at ac-
ceptable level for higher frequencies also. But as can be seen, the phase is not majorly
affected, so the addition of parallel STATCOMs has only affect on the gain. For the low
frequencies the deviation of phase margins is approximately 40 degrees between one
standalone STATCOM and 9 parallel STATCOMs, but for higher frequencies the phase
margin is not affected. The phase margin is still large enough to not cause harm to the
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Figure 4.11. Frequency response of one STATCOM with different number of parallel
connected STATCOMs by downscaling controller gain.

system. Now when the controller gain is downscaled, the shape of the gain curve is not
affected, and the controller gain is decreased also for higher frequencies. This way the
total response time of the whole STATCOM system will not increase too high, as might
happen when gains are not downscaled. This tackles the possible issue of causing insta-
bility when the controller gains are not downscaled. When increasing the network SCL
to 40000 MVA, the deviation between gain crossovers is almost the same compared to
4000 MVA network, but the phase margin deviation is decreased close to 0 degrees.

The effect of network SCL can be seen in Figure 4.12 for 4000 MVA and 40000 MVA
networks with 9 parallel STATCOMs. As from the figure can be seen, for the weaker
network (4000 MVA) the phase margin is higher than for stiffer network. Gain crossovers
are approximately the same, but the gain is lower for frequencies above 1 Hz in the stiffer
network. This can be justified by the fact that when the network SCL is increased, the
network impedance decreases and thus the STATCOM sees much lower impedance on
the network than on the other STATCOM s in the PCC. Thus, the effect of other STATCOMs
in the PCC to the control loop is much smaller in stiffer networks than for weaker networks,
where the network impedance is higher. This can be seen from the shape of the gain
curve for weaker network.

In the second case, two parallel connected identical STATCOMs with same voltage con-
troller bandwidths is simulated. Figure 4.13 presents the effect on first STATCOM'’s con-
troller speed after adding another STATCOM with same controller speed in parallel. The
addition of second STATCOM with same controller speed decreases the controller speed
of the first STATCOM by modifying the shape of the gain curve. The gain curves cross
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Figure 4.12. Frequency response of the first STATCOM in 9 STATCOM system in 4000
MVA and in 40000 MVA network.

over each other at approximately at 13 Hz, and the gain crossover frequency has been
decreased from 4.5 Hz to 3.2 Hz. The phase margin for one standalone STATCOM is
approximately 60 degrees, and when the second STATCOM is added, the phase margin
increases close to 100 degrees.

Figure 4.14 presents the effect of adding a STATCOM with slightly different controller
speeds in parallel. In the Figure, the red line shows the frequency response of 4 Hz
standalone STATCOM and blue line shows the frequency response of 6 Hz standalone
STATCOM. The red dashed line shows the effect to the 4 Hz STATCOM when a faster 6
Hz STATCOM is connected in parallel with it, and the blue dashed line shows the effect
of adding a slower 4 Hz STATCOM in parallel with 6 Hz STATCOM. As from the dashed
lines can be seen, in both cases the slope of the curve decreases and the shape of the
curve is affected. For the 4 Hz STATCOM the effect of adding a 6 Hz STATCOM in parallel
decreases the gain crossover frequency from 4 Hz to 3 Hz, but for the 6 Hz STATCOM the
addition of 4 Hz STATCOM in parallel decreases the gain crossover frequency from 6 Hz
to 5.5 Hz. This shows that in the parallel connection the faster STATCOM sees less effect
from the slower STATCOM, than the slower STATCOM sees from the faster STATCOM.

As a conclusion, the parallel connection of STATCOMs seems to affect the voltage control
loop. The effects of can be seen mainly in the shape of the gain curve, where the gain
crossover frequency is decreased, leaving the curve unaffected above 9 Hz frequencies.
The phase margin is increasing when more STATCOMs are in parallel. The larger network
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SCL is decreasing the phase margin a bit, but the gain crossover frequency seems to
remain the same. In the weaker network, the shape of the gain curve is affected more
than in the stiffer network.

Current control loop measurements

Current controller of the STATCOM control system is used to control the STATCOM output
current by comparing the measured current of the AC system with the generated current
reference from voltage controller or reactive power controller, and then produce a voltage
waveform that regulates the voltage of the power system. The interaction between paral-
lel STATCOMs may also affect other closed loops in the STATCOM system, and therefore
loop measurements are performed for current control loop. A 9-bit PRBS with 2000 Hz
generation frequency has been injected into current error in the current control loop. The
control loop is usually the innermost control loop in the MMC control topology, and thus
the bandwidth of the current controller is much higher than for voltage controller. At first,
current control loop measurement was performed by measuring the PRBS injection sig-
nal input and output of one standalone STATCOM. Then the same measurement was
repeated for the same STATCOM, by adding more STATCOMs in parallel one at a time.
The simulation was performed for up to 9 parallel STATCOMs. Every measured frequency
response has been added into same plot, which can be seen in Figure 4.15.
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Figure 4.15. Frequency response measurement of STATCOM current control loop by
increasing number of parallel connected STATCOMS.

As the results in Figure 4.15 shows, the current control loop is not affected by the addition
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of parallel STATCOMSs. Phase margin for current controller in all cases is 55 degrees, and
that remains the same in all cases. It should be noted, that the distorted measurement
points at the resonant peak are at 50 Hz which is the fundamental frequency of the power
system, and where the fundamental frequency distorts the excitation signal the most.

4.3 Grid-forming STATCOM

One of the interesting topics in power electronics world is a grid-forming STATCOM (GFS).
In this study, a simplified version of a GFS is made, and same parallel interaction cases
are investigated as for grid-following STATCOM in Section 4.2. The GFS model in this
study does not have any energy storage at the VSC DC-link, because the DC-link is
not included in the modelling of the VSC. Thus, there is technically an infinite energy
storage in use. Only a control method of grid-forming converter is build into the STATCOM
control system to illustrate the dynamics of a GFS. The used grid-forming model controller
takes the measured active power and compares it with active power reference, which in
this case is set to 0 MW. The active power error is controlled with integrator to get a
synchronization frequency. This frequency is then transformed into angular frequency
and that angle is used in voltage controller synchronous reference frame calculation. The
voltage controller for GFS is similar to the grid-following STATCOM voltage controller. The
only difference is that now both d- and g-components are controlled separately, while in
grid-following STATCOM only the d-component was controlled. It should be noted that
there is no power limitation used in the STATCOM control in these simulations, which will
be seen as a large active power spike in the simulation result figures. These simulations
are run for 4000 MVA and 40000 MVA networks, but again results of 40000 MVA network
are only shown when there is difference in dynamics between network SCLs. Base active
power for this grid-forming STATCOM is 150 MW, which equals to 1.0 pu.

Different kind of grid events has been created to test the dynamic behavior of the parallel-
connected GFSs, from 1 STATCOM to 10 parallel STATCOMs. First generated grid event
is a 10 degree phase jump on the grid voltage source. Figure 4.16 presents the dynamics
of one standalone GFS against phase jump. From the Figure can be seen that the re-
sponse to the phase jump comes mainly from the fast active power output, which rapidly
settles back to reference value. The reactive power output response is low as it should
be and it is not affected by the active power response. When looking at the voltage re-
sponses, the voltage g-component has the major effect to the phase jump, and produces
the current d-component. For stiffer 40000 MVA network the simulation results are simi-
lar, but the response time is faster. Next, another GFS was connected in parallel and the
same phase jump scenario is repeated. Test results can be seen in 4.17.

Now it can be seen, that the peak total active power is almost doubled with two STAT-
COMs, than with one STATCOM. The active power output of individual STATCOMs is
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Figure 4.17. 10 degree phase jump for two parallel connected grid-forming STATCOMS.

decreasing compared to one STATCOM scenario, and other controller responses seems

to be equal.

In the next case, 9 more GFSs has been added in parallel and the measurement can be
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seen in Figure 4.18. The addition of more parallel GFSs affects the output power mainly
by slowing the response time and increasing the total power output. However, the active
power output of single STATCOMs is decreased when comparing to the one standalone
STATCOM case above. Voltage d-component amplitude is increased on all devices, and
g-component amplitude is a bit less than for one standalone GFS. Current component
amplitudes have decreased from one STATCOM case, but overall the system response is
smooth and fast. For 40000 MVA network the results are similar, but the response time is
faster, and the active power outputs are a bit higher.
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Figure 4.18. 10 degree phase jump for 10 parallel-connected grid-forming STATCOM.

Second test includes a 1 Hz frequency ramp, where rate of change of frequency (ROCOF)
is 2.5 Hz/s for 0.4 seconds in 4000 MVA network. First the test is simulated for only one
GFS, and the measurements can be seen in figure 4.19. The STATCOM produces a
slow active power response to restore the grid frequency back to nominal 50 Hz. This
active power response is caused by the power synchronization loop, which will resist
changes in its angle, and therefore produce/absorb active power to resist changes in the
network, especially in frequency. Similarly, as for the phase jump tests, the voltage and
current responses as accurate and the system is driven back to reference values after
13 seconds. Figure 4.20 presents the system response of 4 paralleled GFS to the same
frequency ramp. As can be seen, the active power output of the STATCOMs is decreased
a bit, but every other measured values have been increased after the transient. In Figure
4.21 same measurements for 5 paralleled GFSs can be seen, and it can be noted that
now the system has gone unstable. When looking at the total active power output for the
5 STATCOM scenario, it can be seen that the total active power reached so high values,
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that it caused the system to go unstable.
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Figure 4.19. ROCOF of 2.5 Hz/s for one grid-forming STATCOM in 4000 MVA network.
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Figure 4.20. ROCOF of 2.5 Hz/s for 4 parallel-connected grid-forming STATCOMs in
4000 MVA network.

The same measurements are repeated in stiffer 40000 MVA network, and the measure-
ment results for 10 paralleled GFSs can be seen in Figure 4.22. When the network SCL
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Figure 4.21. ROCOF of 2.5 Hz/s for 5 parallel-connected grid-forming STATCOMSs in
4000 MVA network.
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Figure 4.22. ROCOF of 2.5 Hz/s for 10 parallel-connected grid-forming STATCOMSs in
40000 MVA network.
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has been increased, the impedance of the network is decreased. This way the dynamic
interaction decreases between the STATCOMs, and the system remains stable with all
amount of parallel STATCOMs from 1 to 10. The power output of individual STATCOMs
is relatively high due to lack of power limitation of the control system in these simulations,
but the response is smooth and the operating point of STATCOMSs is yet again restored
back to reference.

Third test enables a voltage amplitude step change from 1 pu to 1.1 pu on the source
in 4000 MVA network for one GFS, and for 10 GFSs. Figure 4.23 presents the system
response with one STATCOM. As from the Figure can be seen, STATCOM responds
to the voltage amplitude step with fast response with inductive reactive power outputs.
The voltage d-component jumps up to 1.1 pu voltage level to response to the change
in the network voltage, and active and reactive powers and currents drives back to zero
reference level. The voltage d-component is not driven back to 1.0 pu, because the GFS
is operating in pure grid-forming mode, without voltage control. In 40000 MVA network for
one STATCOM the results are same as for 4000 MVA network.
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Figure 4.23. \oltage amplitude step for one grid-forming STATCOM.

Figure 4.24 presents the measurement results for 10 parallel-connected GFSs in 4000
MVA network with 0.1 pu voltage amplitude step. As can be seen, the active and reactive
power outputs of individual STATCOMs is same as on the standalone STATCOM case,
and so the total active and reactive power outputs are much higher. Response time is
a bit slower for parallel STATCOMs. Otherwise, the response and dynamic behavior is
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similar for one standalone STATCOM and for parallel-connected STATCOMs. In 40000
MVA network the results do not differ from the results in 4000 MVA network.
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Figure 4.24. \oltage amplitude step for 10 parallel-connected grid-forming STATCOMs.

Control loop measurements

Similarly, as for the grid-following STATCOMs, the frequency response measurements
are performed for standalone grid-forming STATCOM and for the same STATCOM when
adding more grid-forming STATCOMs in parallel to the same busbar. The same 9-bit
PRBS injection is used as in the previous frequency response measurements, and the
PRBS is injected into the d- and g-component errors in the voltage controller. First,
the voltage controller loop is measured. As in the GFS voltage control, both d- and g-
components are controlled separately, so the measurements were done for both com-
ponents. In Figure 4.25 the frequency response measurement for voltage controller d-
component can be seen in 4000 MVA network for one GFS and 10 parallel GFSs. As
it can be seen from the Figure, the voltage control loop is barely affected by the parallel
STATCOMs. The gain crossover for one standalone GFS is 35 Hz, and in 10 parallel GFS
case, it is decreased to 33 Hz. Phase margin in one GFS case is 55 degrees, and in 10
GFSs case phase margin is 60 degrees. The same measurement in 40000 MVA network
can be seen in Figure 4.26, and it can be seen, that the effect parallel GFSs to gain and
phase are negligible. Here the gain crossover is at 30 Hz and phase margin is 56 degrees
in both cases.

Same frequency response measurements are done for the g-component of the voltage
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Figure 4.25. Frequency response measurement of voltage controller d-component for 1
and 10 grid-forming STATCOM simulations in 4000 MVA network.
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Figure 4.26. Frequency response measurement of voltage controller d-component for 1
and 10 grid-forming STATCOM simulations in 40000 MVA network.

controller, and the results in 4000 MVA network can be seen in Figure 4.27. As from
the Figure can be seen, the controllers gain and phase are affected similarly to the d-
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Figure 4.27. Frequency response measurement of voltage controller g-component for 1
and 10 grid-forming STATCOM simulations in 4000 MVA network.

component. For the g-component the controller gain crossover is at 19 Hz for one stan-
dalone GFS, and 17 Hz for 10 parallel-connected GFSs. The phase margin is 79 degrees
for one standalone GFS and 84 degrees for 10 parallel-connected GFSs. The results
of the frequency response measurements in 40000 MVA network can be seen in Figure
4.28. As from the Figure can be seen, the effect on both gain and phase is negligible.
The gain crossovers in both cases are at 15 Hz and the phase margin is 81 degrees.

Second, the active power controller loop frequency response measurement is performed.
The 9-bit PRBS injection is injected into the active power error and the input and output
of the injection is measured. In Figure 4.29, the frequency response of the active power
control loop is presented. As from the Figure can be seen, the gain is not affected by
the parallel GFSs, and the gain crossover frequency is around 1.5 Hz for both cases.
Phase is barely affected and remains the same, and the phase margin for both cases is
65 degrees. In Figure 4.30 the same measurement in 40000 MVA network is presented,
and it can be seen, that the gain and phase are not affected by the addition of parallel
GFSs.

From the above results it can be stated, that the effect of adding more GFSs in parallel
with one standalone GFS is not affecting the control loops of the GFS control system.
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Figure 4.28. Frequency response measurement of voltage controller g-component for 1
and 10 grid-forming STATCOM simulations in 40000 MVA network.
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Figure 4.29. Frequency response measurement of active power control loop for 1 and 10
grid-forming STATCOM simulations in 4000 MVA network.
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Figure 4.30. Frequency response measurement of active power control loop for 1 and 10
grid-forming STATCOM simulations in 40000 MVA network.

4.4 Paralleled grid-following and grid-forming

One interesting case is the parallel connection of grid-following and grid-forming STAT-
COM due to the differences in the voltage controllers and the additional active power
controller, which is investigated in this Section. The simulations are done in both 4000
MVA and 40000 MVA networks. Same network events, voltage amplitude step, frequency
ramp and phase jump, are simulated in for this setup also. In the first case, a 10 degree
phase jump is investigated, and the responses of both STATCOMs in 4000 MVA network
can be seen in Figure 4.31. As from the Figure can be seen, grid-following STATCOM
responds to the phase jump with capacitive reactive power output of 0.07 pu, and the
grid-forming STATCOM responds with active power output of 0.8 pu. When looking at
the power outputs, it can be seen that the grid-following STATCOM barely does anything
to the phase jump, and the response comes mainly from the grid-forming STATCOM, as
it should, because grid-forming control is based on power synchronization loop, which
will resist changes in the network frequency based on active power measurement. The
voltage d- and g-components are controlled well to stay at references (d-component ref-
erence is 1 pu and g-component reference is 0 pu). The frequency of both STATCOMs is
rapidly controlled back to 50 Hz, which is the nominal frequency of the power system.

Second test is the 1 Hz frequency ramp with ROCOF of 2.5 Hz/s for 0.4 seconds, and the
results in 4000 MVA network can be seen in Figure 4.32. Now a same kind of dynamic
behavior can be seen after the transient, as in the previous case. Grid-following STAT-
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Figure 4.31. 10 degree phase jump for parallel connected grid-following and grid-forming
STATCOMs.

COM responds with a capacitive reactive power output of 0.37 pu, and the frequency is
increased to 51 Hz without any overshoot from the controller. The response of the grid-
forming STATCOM is an active power output of 3.7 pu in total, which slowly is driven back
to 0 pu. The frequency of the grid-forming STATCOM is also controlled to 51 Hz, but a
small overshoot can be seen in the response when comparing to the grid-following STAT-
COM. It can be also seen that the grid-forming STATCOM responds to the transient with
both active and reactive currents, as the grid-following STATCOM only responds with a
reactive current, and the current outputs of the grid-forming STATCOM'’s currents is very
high.

Third test is a voltage amplitude step test of 0.1 pu, and the results in the 4000 MVA
network can be seen in Figure 4.33. From the results can be seen, that the grid-following
STATCOM responds to the voltage amplitude change with full inductive reactive power
output, and the grid-forming STATCOM responds with a much smaller inductive reactive
power output of 0.3 pu. Grid-following STATCOM measures the active power from the
network after the voltage amplitude step, but it is not capable of producing any active
power. The currents of both STATCOMs is controlled to the references and the frequency
is restored back to 50 Hz.

From the tests done here it can be concluded, that both STATCOMs work as they are
intended when connected in parallel to the same busbar. Responses to the network
events are fast and smooth, and the operation of one STATCOM is not affected by the
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another STATCOM in any point. The test results were similar in both 4000 MVA and 40000
MVA network, but in stiffer network the responses were slightly faster than in 4000 MVA
network. The results of effects to the control loops of grid-following STATCOM by the grid-
forming STATCOM is identical to the effect of another same type grid-following STATCOM,
and the same applies for grid-forming STATCOM with grid-following STATCOM in parallel.

4.5 Conclusion

When adding more STATCOM s in parallel with one standalone device, it can be assumed
that some changes will be noticeable. The power outputs of STATCOMs are reduced
in parallel connection and the total reactive power output is managed when response
to grid changes is needed. One big concern with parallel STATCOMs is the hunting
phenomenon, which is seen in voltage control mode without the slow cascade reactive
power controller, and in Q control mode. There the parallel STATCOMs will start to hunt
down the response of other STATCOMs, and that way add power losses to the system in
a form of hunting power. When the system voltage is controlled in slow cascade reactive
power control with voltage control, the hunting phenomenon is mitigated. As from the
results can be noted, the hunting phenomenon is only a steady-state phenomenon, and
does not affect the dynamic behavior of the STATCOM system. The used droop-control
can limit the amount of hunting down in the system, and without the droop control, the
STATCOMs continue to increase the power outputs until they saturate at the power limits
of inductive or capacitive operation points.

For grid-following STATCOMSs, the addition of more parallel STATCOMs will not affect the
transient behavior of the STATCOM system in a way that the system will go unstable, but
the voltage control loop of grid-following STATCOMs are affected by the addition of more
parallel STATCOMs. When adding two or more STATCOM s in parallel with the same con-
troller bandwidth, the bandwidths of the STATCOMSs will decrease majorly. This will slow
down the response of STATCOM to changes in grid and also will affect the gain margin
and phase margin of the STATCOM. When increasing the network SCL, the effect can
be minimized, but it is still visible. When adding more STATCOMs in parallel into same
busbar, the control bandwidth will also decrease on all STATCOMSs, and the higher the dif-
ference between the controller bandwidth are, more the controller bandwidths will change
from the standalone case. Also, the effect of faster STATCOM on slower STATCOM is
less than the effect of slower STATCOM to the faster STATCOM. The current control loop
is not affected by the addition of parallel STATCOMs.

For grid-forming STATCOMSs, the power outputs are reduced for individual STATCOMs,
but the total power output is increased similarly than for the grid-following STATCOM
as the number of parallel GFSs increases. When comparing the results between grid-
following STATCOMSs and grid-forming STATCOMSs, the hunting does not occur for GFSs,
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and the power-sharing is equal. The reason why the hunting does not occur for GFSs, is
that the grid-forming control in these simulations does not include similar voltage control
loop than the grid-following control, and the GFS is performing in pure grid-forming mode.

When adding more GFSs in parallel, only minor effects were seen in the transient re-
sponse. One major effect causing instability, was seen during frequency changes with
more than 4 parallel GFSs in 4000 MVA network. When increasing the network SCL to
40000 MVA, the system will not go unstable when the number of parallel GFSs is in-
creased above 4. The GFS’s control loops are not affected by the addition of more GFSs.
When measuring the voltage control loops of d- and g-components, the gain and phase
are only affected very little in the 4000 MVA weaker network, and when increasing the
network SCL to 40000 MVA, the effect of parallel GFSs is negligible. The same goes for
the active power control loop. The addition of parallel GFSs’ effect on the active power
control loop is visible only on phase of the control loop in 4000 MVA network, but the
phase margin is same for one standalone GFS and for 10 parallel GFSs. In 40000 MVA
network the gain and phase are not affected at all.

When one traditional grid-following STATCOM and one grid-forming STATCOM is con-
nected in parallel, these responses to changes in grid is normal on both STATCOMs.
Both STATCOMSs are responding to the changes as they should, the responses are not
affected by the other STATCOM. The control loops of grid-following STATCOM faces sim-
ilar effects of the grid-forming STATCOM than were shown in Section 4.2, and the grid-
forming STATCOM faced similar effects of grid-following STATCOM that were shown in
Section 4.3.

From these results, it can be seen that the parallel connection of STATCOMs does not
cause major concerns and modification to the control systems of the STATCOMs with
reasonable power output level, but when the total power output is increasing very high,
the system goes unstable, as where shown in the frequency change simulations for grid-
forming STATCOMs. To mitigate the hunting phenomenon with grid-following STATCOMs
in voltage control and reactive power modes, additional communication link between the
STATCOMs may be necessary to share for example the voltage measurement errors.
This way the STATCOMs would know the steady-state outputs of other parallel devices,
and STATCOMs would not start to compensate each other’s power outputs. Although,
using the slow cascade reactive power with the voltage controller showed that the hunt-
ing was mitigated without the communication link. These results also shows that it is
possible to connect grid-forming STATCOMSs in parallel without any possible concerns of
hunting phenomenon, and other unstable operation. It needs to be noted, that only the
power synchronization loop of the grid-forming control was implemented in the STATCOM
control, so there was no voltage controller etc. used in the GFS. It is also possible to con-
nect grid-following STATCOM and grid-forming STATCOM in parallel, with them operating
stably and smoothly to grid changes.
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5. EXPERIMENTS

In this Chapter, laboratory experiment results will be discussed to try to replicate the dy-
namic behavior of parallel STATCOMs from the simulations. The laboratory experiments
are done with two inverters and a grid emulator, and dynamic operation of the inverters
in parallel is investigated. The laboratory experiment will be mimicking the simulations
done for parallel grid-following STATCOMSs in Chapter 4. First, in Section 5.1 the used
laboratory devices and the overall laboratory configuration is being presented. Second,
in Section 5.2 the experiments are introduced, and the obtained results will be discussed.
Finally, in Section 5.3 the experiment will be concluded.

5.1 Laboratory setup

Laboratory test setup consists of two inverters, a three-phase two-level IGBT based VSC
MyWay-9R144 (denoted as VSC-1) and Imperix PEB8024 Half-bridge modules (denoted
as VSC-2) controlled by dSPACE ds1103 PPC (Power Plant Controller) Controller Board.
Tektronix TCP312A current measurement probes and the Tektronix P5200 voltage mea-
surement probes were used to measure the VSC-1 current and the PCC voltage, respec-
tively. A measurement unit NiDAQ USB-6363 was used to collect the data to the computer
via the Imperix BoomBox unit from the VSC-2. A Spitzenberger Spies PAS5000 Grid Em-
ulator was used as a three-phase AC source and a Spitzenberger Spies PVS7000 Battery
Emulator was used to work as a DC-link for VSC-1. Figure 5.1 presents the setup config-
uration for the VSC-1, and the Figure 5.2 presents the setup configuration for the VSC-2.
The system parameter values are presented in Appendix A. A simplified schematic of the
whole laboratory setup can be seen in Figure 5.3.

Both VSC-1 and VSC-2 were controlled as STATCOM units. Both VSCs control their own
PCC reactive power with a decoupled PQ control, described more in detail in [39], and
both VSCs had same controller parameters and stats. Reactive power controllers in both
VSCs are Pl-controllers with Kp = 0.001 and Ki = 40. The measurement data from both
VSCs were taken to MATLAB without any filtering, and the data was post-processed with
MATLABSs’ butterworth filter function with cut-off frequency of 100 Hz, and sampling time
of 18 kHz.
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Figure 5.4. VSC-1 step response without VSC-2 in parallel.

5.2 Experiment results

The experiments were performed so that first the VSC under test was operated as a
standalone STATCOM without the other VSC, and a reactive power reference step was
applied. Then, the other VSC with some constant reactive power output was connected
in parallel and the same step test was applied. From both cases, the reactive power
output was measured and plotted on top of each other with MATLAB scripting to see any
possible effects of the parallel connection of the VSCs to the dynamic response.

First, the VSC-1 was operated as a standalone STATCOM, and a 200 VAr reactive power
reference step to capacitive and inductive side was applied. Then, the VSC-2 was con-
nected in parallel, and the same reference step was applied. Here, the VSC-2 reactive
power reference was set to 400 VAr constant. Figure 5.4 presents the reactive power ref-
erence and measurement of VSC-1 without the VSC-2. Figure 5.5 presents the reactive
power reference and measurement of the same VSC-1 with the VSC-2 in parallel. As
from the two Figures can be seen, the connection of the parallel VSC affects the mea-
surement with a lot of noise, which is visible as an approximately 2 Hz oscillation around
the steady-state value. The steps in these two tests were done manually, so the timing
for steps is not matching well. In Figure 5.6 the reactive power outputs are compared
between these two cases (with and without the parallel VSC).

As the reactive power reference being constant value set for both inverters, the noise



52

400 - VSC-1 with 200 VAr step with VSC-2 (400 VAr)

300 -

200 [

-
o
o

Reactive power (VAr)
S
o o
I

-200

-300

-400 \ \ \ \ \ \ \ \ \ |
0 2 4 6 8 10 12 14 16 18 20

Time (seconds)

Figure 5.5. VSC-1 step response with VSC-2 in parallel producing 400 VAr.

VSC-1 with 200 VAr step without and with VSC-2 (400 VAr)

250 -
Qref without VSC-2
——— Qmeas without VSC-2
Qref with VSC-2
***** Qmeas with VSC-2
200

Reactive power (VAr)
S o

o o

I I

(&)
o
I

50 \ \ \ \ \ \ \ \ \ |
1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75

Time (seconds)

Figure 5.6. VSC-1 step response with and without VSC-2 in parallel producing 400 VAr.
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is not caused by the parallel inverters, but it is something caused by the measurement
circuit. Thus, the oscillation and the noise is not investigated further in this work.

As from the Figure 5.6 can be seen, with the standalone VSC-1, the rise time of the re-
sponse to the reference step was around 21 ms, with 7 % overshoot, and with 43 ms
settling time. The connection of VSC-2 in parallel cause major noise to the measure-
ment, and that can be seen after the transient as a descending reactive power value. In
two STATCOM system, the rise time of the VSC-1 response is 39 ms, overshoot is ap-
proximately the same 7 %, and settling time is approximately 68 ms. Now it can be seen,
that the parallel connection of another STATCOM affected the dynamic operation of the
STATCOM under measurement, and increased its rise time by 54 % from 21 ms to 39 ms.
Overshoot was not affected, and the output settled in same time after the overshoot.

Next, the same experiment was performed, but the STATCOM under test was changed to
be the VSC-2. First, the VSC-2 was operating as a standalone STATCOM, and a 400 VAr
reference step was applied. Then, the VSC-1 was connected in parallel with a constant
200 VAr reactive power output. Step test results for standalone VSC-2, and the VSC-2
with VSC-1 can be seen in Figure 5.7.
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Figure 5.7. VSC-2 step response without and with VSC-1 in parallel producing 200 VAr.

Unlike for the VSC-1, the VSC-2's measurements seems not to be affected with noise
when the other VSC is connected in parallel. This might be due to different method for
measuring the powers on the VSCs. From the figure it can be also seen that the reactive
power controller is over-damped. Reactive power reference and output measurement for
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both scenarios for comparison are plotted in Figure 5.8 below.
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Figure 5.8. VSC-2 step response without and with VSC-1 in parallel producing 200 VAr

(zoomed in).

As from the Figure below can be seen, the standalone VSC-2 has a rise time to the
response of the reference step of 35 ms, and the response seems to be quite much over-
damped as stated above when looking at the measured reactive power output. Initially,
the output settles to the 400 VAr, but the settling time is closer to 125 ms. For the two
STATCOM case, the response is almost equal to the standalone STATCOM case, and the
connection of the VSC-1 does not seem to affect the VSC-2 dynamic behavior. There
might be several factors on why the dynamic response is not affected on the VSC-2,
and is affected on the VSC-1 only. One factor that might be the cause in here, is the
difference in network coupling between the inverters. Both inverters have their own filters,
which they are coupled to the network with. That way the impedance of the VSCs may
be different, and that way the other VSC is much more effected by the parallel connection
than the other. Other possible factor can be the non-linearities in the power electronic

components.

5.3 Conclusion

When adding an VSC in a parallel connection with another VSC, the dynamic perfor-
mance may be affected, and the controllers may initially slow down as the number of
parallel STATCOMSs will increase. This laboratory experiment shows that the dynamic
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performance of one individual STATCOM is affected by the other STATCOM connected
in parallel, as the response time increased. After the connection of the other STATCOM
in parallel, unexpected noise was added to the measurement of the VSC-1, which was
caused by the measurement circuit and not the other inverter in parallel. The amount of
how much effect the parallel connected STATCOMs have to the control systems depends
on also a lot of the parametrization of the controllers and the implementation of the control
loops in general.

In this experiment, for the VSC-1, the addition of VSC-2 in parallel added some noise
to the measurement signals, and increased the rise time of the step response by 54 %.
Otherwise, the dynamic behavior of the controller is not affected. For the VSC-2, the
addition of VSC-1 in parallel seems to have no effect on the rise time, nor the dynamic
behavior in any other way. Several factors might be causing the phenomenon, where only
the VSC-1 was affected by the parallel connection, and two factors might be the difference
in network coupling of the VSCs and the non-linearities in the power electronics.

The possible effect of the parallel connection of VSCs seems to be increased rise-time,
and possible noise to the measurement circuit. The number of VSCs, and the controller
topology and parametrization are the key factors in the changes in the rise time and the
controller operation. This experiment showed that the parallel connection of VSCs have
some effects to the control loops, which was seen as increased rise time of the controller
responses, and similar results were seen in the simulations.
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6. FUTURE WORK

There is still a lot of topics to be researched in the area of parallel connected STATCOMs
in the high-voltage transmission network. Some papers, referred also in this thesis [6-9],
only considers STATCOMSs connected in close proximity of each other, but not in the same
busbar. Because the constantly increasing amount of power in e.g. wind power plants
causes a need for higher amount of reactive power to be compensated, the systems
consisting of parallel STATCOMs will become more popular in the future.

Because in this thesis, the simulation model of the STATCOM was utilized without a
switching model, there is still a lot of simulation and research work needed to be done
to fully understand the effect of parallel STATCOMs. The switching events in STATCOM
valves will cause additional harmonic currents to the STATCOM system, and the effect
of these currents to the parallel STATCOMs might be not known, and may cause major
issues.

Related to the switching model of the STATCOM, also a harmonic stability studies will
be important topics to be researched. An additional active harmonic filter (AHF) in the
STATCOM control topology, which is not carried out in the scope of this thesis, is one
future topic to be investigated and studied for parallel STATCOMs systems.

Other interesting topics for future work might be found from the possible questions that
have risen during this thesis. One question that was not answered in this thesis is that why
the interactions are the way that they were discovered. Could it be possible, that for dif-
ferent type of STATCOM control topology, the interactions would be totally different? One
possible topic would be to find a way to model the interactions for further investigations
and studies.
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7. CONCLUSION

The main objective of this thesis was to investigate possible interactions between parallel
connected STATCOMs in high-voltage transmission network. The possible interactions
were investigated in simulation environment, where a Thevenin equivalent network of 400
kV, 50 Hz system with selectable grid SCL, and 1 to 10 identical STATCOMs may be
connected simultaneously to the PCC. This environment was built in MATLAB Simulink,
where the simulations were performed, and the data handling was done by MATLAB
scripting. First research question was that what are the stability and performance issues
related to parallel STATCOMs. Parallel connection of STATCOMs might lead to different
kind of unwanted interactions between the devices, and that way threaten the strength
and stability of the transmission network. One main concern for parallel STATCOMs is
hunting phenomenon. For STATCOMs the hunting phenomenon means that the parallel
devices will try and compensate the reactive power outputs of individual devices, and this
causes additional power losses.

The simulations showed that the hunting phenomenon is visible only as diverging power
outputs of the STATCOMSs, and it is not affecting the dynamic transient operation of the
STATCOM, but is a steady-state phenomenon. In voltage control mode, the reactive
power outputs of individual STATCOMs will diverge from each other and eventually sat-
urate to the power limits, causing uneven inductive-capacitive power-sharing. When the
voltage controller is applied with a droop-control, the continuous diverging of the power
output can be mitigated, but the outputs of different STATCOMSs in parallel will reach dif-
ferent steady-state values, driving the system into inductive-capacitive power losses due
to hunting power. The amount of error in the voltage measurement is one main factor
in this difference between the steady-state values. When applying the voltage controller
with an additional slow cascade reactive power controller, the divergence of power out-
puts is mitigated and the power outputs are driven to the set reference value, and hunting
behavior is also mitigated. In reactive power control, the same kind of behavior can be
seen, and because in this mode there is no droop control, the divergence will continue,
and the power outputs will saturate eventually to the power limits of the STATCOMs. The
difference between the slow cascade reactive power controller with voltage controller and
the reactive power controller itself, is that the slow cascade controller controls the reactive
power output of the STATCOM, and the reactive power control controls the total reactive
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power at the PCC. These results show that the hunting phenomenon is a steady-state
issue, and the amount of error in the voltage measurement, the amount of droop in the
controller, and the control topology itself will define how much hunting power is provided
in the system.

When measuring the frequency response of the control loop, the effect of parallel STAT-
COMs can be seen in decreasing cross-over frequency for the controller. When connect-
ing two STATCOMSs with voltage controller tuned to 4 Hz cross-over frequency in parallel,
the parallel device decreases the cross-over frequency closer to 3 Hz. Same behavior
can be seen for differently tuned voltage controllers also, and the phenomenon is so that
the slower controller (lower cross-over frequency) seems to be affected more of the faster
(higher cross-over frequency) controller in parallel. The effect on the crossover frequency
in the control loops depends on the controller topology itself. In this work, no effects were
seen on the current controller, and neither for grid-forming control.

Second research question was that how the operation of the STATCOM is affected when
grid-forming and grid-following control strategies are applied. Grid-forming STATCOM
differs from the traditional grid-following STATCOM by the way it synchronizes to the grid.
The grid-forming STATCOM does not use PLL for the grid synchronization, but uses power
synchronization loop instead. This enables that the grid-forming STATCOM is able to
produce/absorb also active power as well as reactive power. Active power response is
needed in case of phase jumps between the line voltages, and frequency changes in the
network. This grid-forming STATCOM replicates the spinning machines in the network
which added real inertia to the network, by adding virtual inertia to the network through the
active power response. When adding grid-forming STATCOM s in parallel, the simulations
showed that there is no unwanted interactions between the parallel STATCOMs, except
in the frequency ramping case with more than 4 parallel STATCOMs the system went
unstable. For 5 parallel STATCOMs the total active power reached so high values, that the
system went unstable, and if the STATCOMs were different kind, this might happen also
with less STATCOMSs. Several different network events were created, and the operation
of parallel grid-forming STATCOMSs were stable, and the hunting behavior was mitigated.
When measuring the control loops and investigating the frequency responses, there is
only very minor effects of the parallel devices of the phase shift in the control loops.

In the simulations, it was also tested if there would be any interactions between the tradi-
tional grid-following STATCOM and the grid-forming STATCOM in parallel. Again several
network events were simulated. Simulations show, that there is no effect of parallel STAT-
COM during the network events, and the dynamic and steady-state operation remained
normal.

During this work, laboratory experiments were also performed with two parallel STAT-
COMs with reactive power controllers. The meaning of the experiment was to replicate
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the simulation cases and verify the behavior of parallel devices. The experiment results
showed that there is slight effect of parallel STATCOM to the controller cross-over fre-
quency, by looking at the controller response time during reference step with standalone
STATCOM and two parallel STATCOMs. The parallel connection of STATCOMSs also af-
fected the measurement purity by adding a lot of noise to the measurements of the one
STATCOM under test, but the noise must be added measurement signals from the mea-
surement circuit rather than by from the addition of parallel STATCOM. The experiment
results were as expected, as the controller dynamics during transient were affected by
increasing the rise time of the controller response, and the steady-state remained unaf-
fected.

Third and final research question was that how the stability of parallel-connected STAT-
COMs can be guaranteed. Throughout these tests performed in the simulations, and
also the tests in the laboratory, the stability of STATCOMSs is not threatened by the paral-
lel STATCOMs. To make sure that there will be minimal unwanted interactions between
parallel STATCOMSs, some kind of communication link between the parallel STATCOMS’
controllers might be necessary. This way the hunting behavior might be mitigated when
the STATCOMs have information of the states of other parallel STATCOMs. The commu-
nication link is not mandatory, as the simulation and experiment results showed that there
was only minor interaction between the STATCOMs, and the few major interactions may
be solved with changed/additions in the control topology. The communication link may
not still be a solution for the grid-forming STATCOMs going unstable during frequency
changes with 5 STATCOMs. Possible solutions to mitigate the hunting would be to design
the controller topologies so that the STATCOMs would control the output of themselves
instead of the common reactive power measurement with parallel STATCOMs, and to
minimize the voltage measurement error as close to zero as possible. Also, the reference
points for the controllers in parallel STATCOMs needs to be equal to each other to not
have any hunting power.

Few possible unwanted interactions were recorded between parallel STATCOMs during
this work, hunting being the major one with the unstable operation of 5 grid-forming STAT-
COMs in parallel during frequency change in the grid. Grid-following STATCOMs suf-
fered from hunting phenomenon in both voltage control mode and reactive power control
mode. Adding slow cascade reactive power controller with the voltage controller mitigated
the hunting. Parallel connection of STATCOMSs increased the controller response time,
and that way affected the dynamic performance of the STATCOMSs. Grid-forming STAT-
COM operated well in parallel, and only interaction was caused during network frequency
change due to too large active power output. Simulations and experiments showed that
the parallel connection of STATCOMs is possible, and will ease the loading of individual
devices during high power operation.
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APPENDIX A: EXPERIMENT PARAMETERS

Table A.1. Components and system parameters of the laboratory experiment setup.

Grid

System frequency, f
Nominal power, Py
Grid voltage (rms), Ug
Grid inductance, Lg
Grid resistance, Rg

60 Hz
10 kW
120 V
0.38 mH
0.4 ()

Imperix PEB8024

Switching frequency, fs.,
Sampling frequency, f
Filter inductance, L
Filter resistance, I?;
DC-link capacitor, Cy.
DC-link voltage, V.

18 kHz
18 kHz
2.5mH
22 m()
780 uF
400 V

dSPACE two-level VSC

Switching frequency, fs.,
Sampling frequency, f
Grid side filter inductance, L,
VSC side filter inductance, L ¢,
Filter resistance, I?;
Filter capacitance, C
Filter damping resistance, r.;
DC-link capacitance, Cy.
DC-link voltage, Uy,

18 kHz
18 kHz
2.5mH
0.6 mH
100 m{2
10 uF
1.8
1.5 mF
400 V
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