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Abstract:

As power systems transition away from synchronous
generators to inverter-based resources, concerns about
stability and insufficient system damping continue to
grow. This thesis investigates the implementation of
power oscillation damping (POD) in hybrid power plants
composed of wind turbines, photovoltaic panels, and
battery energy storage systems. T'wo control approaches,
POD-P and POD-Q,based on active and reactive power
deviations respectively, were designed using lead-lag
compensators. A state-space modelling framework was
developed to analyse system stability and guide the
tuning of these controllers. The models were validated
through time-domain simulations and experimental tests
using a dSPACE hardware-in-the-loop setup. While
both POD-P and POD-Q reduced oscillation amplitudes
under specific conditions, the results highlighted the
limitations of using static compensators in dynamic grid
environments. POD-P, in particular, was sensitive to
signal disturbances, requiring the addition of a low-pass
filter to be practically viable. The findings indicate that
while passive POD strategies can offer some improvement,
more adaptive control approaches may be necessary to

meet evolving grid stability requirements.
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Summary

The global transition from synchronous generators to inverter-based renewable energy sources
has introduced new challenges to power system stability. Hybrid power plants (HPPs) combining
wind turbines, photovoltaic panels, and battery energy storage systems have become more
common. However, these systems rely on grid-following inverters that lack the inherent inertia
and damping provided by synchronous machines, prompting updates in modern grid codes to
include power oscillation damping (POD) requirements for large-scale plants.

This thesis explores POD control in HPPs with a focus on two types of controllers: POD-P (based
on active power deviation) and POD-Q (based on reactive power deviation). In collaboration
with Eurowind Energy, the feasibility, effectiveness, and practical limitations of these strategies
were assessed. The controllers were implemented using passive lead-lag compensators and
integrated into a grid-following inverter structure. Initial evaluation was performed through
time-domain simulations in MATLAB/Simulink, and a comprehensive small-signal state-space
model was developed for both single- and multi-inverter systems. This allowed eigenvalue
analysis and participation factor studies to determine the impact of the POD schemes on system
stability and identify which states most influenced oscillatory behavior.

Experimental validation was carried out using a dSPACE control-in-the-loop setup. The
tests confirmed that both POD-P and POD-Q effectively reduced oscillation amplitudes in
the 0.2-1.25 Hz range, though their performance varied. In particular, the POD-P controller
struggled with noise in power measurements, which limited the observable oscillation-to-noise
ratio; this was mitigated by introducing a second-order low-pass filter to improve signal quality.
In contrast, POD-Q, based on voltage magnitude deviation, was less affected by noise.

Despite their basic effectiveness, the passive compensators pose a key limitation because they
are tuned for a specific frequency range and degrade at higher oscillations—especially for
POD-P—making them unsuitable for the dynamic environments of real-world grids, where grid
impedance and oscillation modes can shift over time. Furthermore, practical implementation
challenges such as communication delays, sensor noise, and control loop limitations underscore
the gap between theoretical models and performance in the field.

In conclusion, while the implemented POD-P and POD-Q controllers reduced power oscillations
under controlled conditions, their limited adaptability restricts their usefulness in variable grid
environments. These findings point to the need for more flexible or adaptive control strategies in
future work. Nonetheless, this thesis provides a solid foundation for evaluating POD in hybrid
power plants and offers practical insights into the modelling and implementation process.
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Abbreviations

Abbreviation Meaning

BESS Battery Energy Storage System
CSI Current-Source Inverter

DC Direct current

DER Distributed Energy Resource
DSO Distribution System Operator
EMS Energy Management System
FRT Fault Ride Through

HPPC Hybrid Power Plant Controller
HPP Hybrid Power Plant

IBR Inverter-Based Resource

LC Inductor-Capacitor

LCL Inductor-Capacitor-Inductor
LPF Low-Pass Filter

MIMO Multiple-Input Multiple-Output
MPPT Maximum Power Point Tracking
PCC Point of Common Coupling

PI Proportional-Integral

PLL Phase-Locked Loop

POD Power Oscillation Damping
POD-P Power Oscillation Damping — Active Power
POD-Q Power Oscillation Damping — Reactive Power
POC Point of Connection

PPC Power Plant Controller

PSS Power System Stabiliser

1Y% Photovoltaic

RES Renewable Energy Sources

RIG Requirements for Generators
SISO Single-Input Single-Output

SSM State-Space Model

SRF-PLL Synchronous Reference Frame Phase-Locked Loop
TSO Transmission System Operator
VSI Voltage-Source Inverter
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Nomenclature

Units of measurement

Symbol Explanation Unit
A State-space matrix A -]
Apop POD state matrix -]
B State-space matrix B -]
Binvipop | Input matrix of inverter+POD model -]
Bpop POD input matrix -]
C State-space matrix C -]
Ch Capacitance 1 in cable PI section [F]
Co Capacitance 2 in cable PI section [F]
Cy Filter capacitance [F]
Ceor(s) Closed-loop transfer function [—]
Crr(s) Lead-lag compensator transfer function -]
Cpop(s) POD compensator transfer function -]
Crop POD output matrix -]
Cinv Inverter output matrix -]
D State-space matrix D -]
f Frequency [Hz]
Hrpr(s) Low-pass filter transfer function -]
Hyq(s) Transfer from voltage to reactive power -]
Hyo(9) Washout filter transfer function -]
k POD gain factor -]
kpop POD gain -]
kpop—p,init | Initial gain for POD-P -]
kpop—q Gain for POD-Q -]
L. Output impedance inductance [H]
Ly Filter inductance [H]
A Regularization factor -]
P Active power (W]
Q Reactive power [VAr]
R, Output impedance resistance Q]
Ry Filter resistance Q]
T Sampling time [s]
T4 Lead/lag time constants [s]
Trp Time constant of LPF [s]
Tw Time constant of washout filter [s]
u(t) State-space input vector [—]
Veds Veg Capacitor voltage dq-components [V]
Vo Output voltage [V]
(-]

State-space state vector
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Units of measurement (cont’d)

Symbol Explanation Unit
y(t) State-space output vector -]
x(t) Time derivative of state vector [—]
AP Active power deviation [W]
AQ Reactive power deviation [VAr]
Ad' Washout filter intermediate state -]
AN Intermediate state for lag element -]
Aig dq Output current deviation (dqg-frame) [A]
Ay gq Filter inductor current deviation [A]
AN Integrator state (current controller) -]
Aw Frequency deviation [rad/s]
Adgq Integrator state (power controller) -]
Ap PLL integrator state [rad]
Af PLL angle deviation [rad]
AV 4o Modulation voltage reference V]
Avp 4q Bus voltage deviation (dg-frame) [V]
AVgel dg Delayed modulation signal [V]
Av, dq Output voltage deviation (dg-frame) [V]
Aw Intermediate filter state -]
A4 Intermediate state for lead-lag filter -]

w Angular frequency [rad/s]
W, Nominal angular frequency [rad/s]
Ocr(w) Phase shift of closed-loop power controller [rad]
0u,popq(w) | Total POD-Q compensator phase shift [rad]
0u,popp(w) | Total POD-P compensator phase shift [rad]
Oipf(w) LPF phase shift [rad]
Orarget Desired phase shift at w [rad]
Ovo(w) Phase shift between voltage and Q [rad]
Owo(w) Washout filter phase shift [rad]
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1 Introduction

The penetration of renewable energy sources (RES) in the grid is increasing. Many concerns
are being raised regarding power system stability in the near future. The addition of hybrid
power plants (HPPs), most commonly consisting of wind turbines (WTs), photovoltaic (PV)
panels, and a battery energy storage system (BESS), but may also incorporate other technologies
(generators, PtX, biogas, etc.), can offer reliable and stable electricity supply. By employing
multiple technologies, such as PV, WTs and BESS, the inherent intermittency of RES can be
mitigated, resulting in a more stable electricity supply [1].

However, since the characteristics of inverter-based resources (IBRs) are different from
traditional synchronous generators, grid codes have been updated to take this into account and
will continue to be updated in the future [2]. Synchronous generators have inherent properties
that add inertia and damping to the system [3]. When replaced by IBRs, these important
properties will be lacking in the power system and control algorithms and grid codes need to be

updated to ensure stable and reliable operation of the grid.

W
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Figure 1.1 Hybrid power plant concept illustration.
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The inherent damping of synchronous generators helps mitigate power oscillations in the grid.
However, the parallel operation of multiple synchronous generators and interconnected power
systems has historically contributed to the occurrence of power oscillations. Therefore, various
methodologies were developed and used to mitigate these oscillations. One of these were the
power system stabiliser (PSS) added to the control scheme of synchronous generators [4] [5].

As synchronous generators are replaced by IBRs, the system loses both the inherent damping
and inertia provided by synchronous machines, as well as the damping capability of the PSS.
This leads to the future, or for some current, issue of adding power oscillation damping (POD)
control to IBRs and renewable power plants [6]. Several countries have already added some kind
of POD requirement to their grid codes [2] [5].

This project is written in collaboration with Eurowind Energy. They are interested in the
investigation into POD control, as it is a possibility that there will also be added POD
requirements to the Danish grid codes in the future. Additionally, they have power plants
in many parts of the world and will be dealing with issues related to POD at some point.
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2 State of the Art

This chapter will present the relevant state of the art for the project. First, hybrid power
plants will be described and explained, including the configuration, control architecture and
converter control. Secondly, the definition of power oscillations will be presented, followed by
an explanation of PSS and POD. Then, grid codes relevant for POD from several countries will
be presented. Finally, the scope of the project and the project goals will be defined.

2.1 Hybrid Power Plants

A hybrid power plant is a collection of distributed energy resources (DERs) that are all behind
the same POC and under control of the same high-level controller. The collection of different
DERs helps ensure stability of power supply and allows for increased profits if combined with
BESS. Therefore, HPPs are both interesting concepts for the grid operators (TSO and DSO)
and power plant owner/operator. The DERs can be many different technologies, but WTs, PV
panels and BESS are the most common [1].

2.1.1 Configuration of Hybrid Power Plants

The DERs inside the HPP can be connected in many ways and the conversions can happen at
various places. Generally, there are three ways of configuring the HPP. These are, as seen in
Figure 2.1: common DC bus with separate connections, DC bus for PV + BESS with WTs
connected separately, and common AC bus with separate connections.

Configuration a offers a solution where WTs, PV panels, and BESS are connected separately
to a common DC bus. This arrangement enables a simplified grid connection, requiring only a
single DC-AC conversion stage to the POC. If the DERs are physically close to one another,
this configuration can also reduce cabling and wiring costs. However, the limited availability of

mature DC protection equipment and turn-key DC solutions currently makes this configuration
less practical [1].

-4 20— ?’%
X X Z @%

- a2 - E@‘i@ 5
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— = = 2 =

a) b) <)

Figure 2.1 Hybrid power plant configurations: a) common DC bus, b) WT AC connection and BESS
+ PV DC bus, ¢) common AC bus.

Configuration b consists of PV panels and BESS connected to a common DC bus, while WTs
are connected to the AC bus at the POC. This configuration enables close coordination between
the PV panels and the BESS, particularly for efficient charging and discharging. Compared to
configuration a, this DC architecture is more readily available and practical. It is especially
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advantageous if a significant portion of the energy stored in the BESS is expected to originate
from the PV panels [1]. However, if the BESS capacity is significantly larger than the PV
panel capacity, or if the wind turbines are widely distributed, this configuration becomes less
favourable.

Configuration c is a solution where the DERs are connected separately to the AC bus at
the POC. This configuration is market-ready, with many turn-key solutions available. It is
particularly suitable if the energy stored in the BESS is expected to originate in comparable
proportions from WTs, PV panels, and the grid. Additionally, this arrangement offers greater
modularity and scalability than the other configurations [1].

2.1.2 Control Architecture

The control architecture of a HPP is often done in a hierarchical way. The highest level
controller gives setpoints and commands to the lower level controllers. Depending on the size
and configuration of the HPP there can be multiple layers of control. For this explanation,

configuration c is taken as example and can be seen in Figure 2.2.

The highest level control is the decisions made by the traders or the energy management system
(EMS). A reference for active power will be given by the traders or EMS depending on an
analysis and prediction of weather, BESS state of charge (SOC), demand and electricity prices.
Additionally, information regarding the active power dispatch can be given by the EMS and
trader. This determines the distribution of active power amongst the DERs and whether the
BESS should charge or discharge. Furthermore, the TSO, or in some case DSO, can give
references and change operational mode to ensure grid stability. According the the Danish grid
codes [7], the power plant should be able to operate in three different Q modes: voltage control,

reactive power control and power factor control.

Grid HPPC
WT PPC =2
> WT
PCCI—4 — ( ) — /ﬂ\= § Asset
------:-- ---’ (Prefl Qref) ---------------------- ) Contro'
PV Panel PPC # PV Panel
' @ @ Asset
§' ""’ (Prefr Qref) """"""""""" > Contr0|
TSO (Qm(ﬁel ,(%refr V, efr P,Frefr E BESS PPC BESS
............ » Ancillary Services) : %Lf Asset
------------ P (P.er, P dispatch) eceesd (Progy Quar) weeeemroomranmeeacee e Control

Trader/EMS

Figure 2.2 Hybrid power plant control architecture.

An order to do voltage control can be given to the power plant controller and the power plant
has to utilise its reactive power capability to follow a voltage reference based on droop control.
Similarly, an order to operate in reactive power control mode can be given. Here the power plant
receives a reactive power reference and must follow it. Normally, the park will be operating in
reactive power control mode with a reactive power reference of zero. Additionally, an order to
operate with a specific power factor can be given. In this case, the power plant will adjust its
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reactive power based on the current active power and the power factor reference. Additionally,

commands and references related to ancillary services can also be given by the relevant operator

[ [7]-

It is the hybrid power plant controller (HPPC) that ensures the active- and reactive power is
distributed amongst the DERs to ensure the references given by the trader, EMS, TSO or DSO
are met at the POC [1]. Thus, the HPPC does active- and reactive power control loops to ensure
accurate reference tracking at the POC. Additionally, the HPPC will distribute the active- and
reactive power setpoints amongst the DERs based on available power, trader or EMS commands,
and/or a standard distribution.

The references from the HPPC are sent to the power plant controllers (PPCs) of the DERs
(yellow in Figure 2.2). The PPCs are responsible for meeting the references given by the HPPC
at their connection/radial to the point of common coupling (PCC). The PPCs will distribute
references amongst the assets within its control based on communications of power availability

from the assets [1].

The asset level control is the lowest level of control. For WTs, the asset level control is the WT
control it self, i.e. AC-DC, DC-AC and pitch angle control. For PV panels and BESS it is the
first power electronic system that they meet, i.e. a string of PV panels or batteries connected
to a single inverter system. The asset level control determines the voltage and current output
of the inverter or rectifier and is also responsible for functions such as fault ride through (FRT),

mazximum power point tracking (MPPT), safety functions and SOC [1].

2.1.3 Converter System Control

A converter system for WTs, PV panels, BESS, and other IBRs is categorised as either a
current-source inverter (CSI) or a woltage-source inverter (VSI). A CSI typically features a
proportionally large series inductor at the DC connection, stabilizing the DC input current.
In contrast, a VSI incorporates a proportionally large shunt capacitor at the DC connection,
maintaining a stable DC voltage. The presence of the inductor or capacitor determines whether
the converter primarily regulates current (in the case of a CSI) or voltage (in the case of a VSI),
hence the respective names. A VSI is more commonly used due to its effective power control
and transient response, which is why the following control description will be based on a VSI
[6]. A control scheme for a grid-connected VSI can be seen in Figure 2.3.
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Figure 2.3 Simple grid-connected inverter with control diagram.

The inverter can be connected with an L, LC, or LCL filter [6]. The VSI in Figure 2.3 is
connected with an LC filter, though it could be argued that the coupling inductance, L., is
making it an LCL filter. The coupling inductance can represent the second L in the LCL filter,
line inductance and/or grid inductance. What is relevant is that only the capacitor voltage is
measured, and not the voltage after the coupling inductance. The terminal current, it, and
output current, i,, are measured as well. In practical use it might be necessary to measure the
terminal voltage as well for protection and other control options [8].

In the control block diagram in Figure 2.3, dq0 reference frame is utilised. This allows decoupling
of the active- and reactive components, i.e. d- and q components. The active- and reactive power
reference, P* and Q*, are fed to the power control block. Its output is a current reference in the
dq0 reference frame, 2;‘; dq- This is then fed to the current controller, which generates a voltage
reference in the dq0 reference frame for the inverter terminals, ,U;k,dq' This is then transformed
to the abc-phases, v;abc, which forms the basis for the pulse-width modulation (PWM). In other
words, the current controller adjusts the terminal voltage until the desired terminal current is
reached and the power controller adjusts the terminal current until the desired power output is
reached. The dq to abc and abc to dq transformations utilise the phase angle determined by
the phase-locked loop (PLL) [8].
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2.2 Power Oscillations

Power system oscillations are electromechanical oscillations. They were first discovered when
multiple synchronous generators were put in parallel. Many methods have been used to mitigate
these oscillations, such as flexible AC transmission system (FACTS) devices, capacitors and
control methods. One of the control methods is implementing a PSS in the synchronous
generators. These can be tuned to target a specific frequency range and dampen their oscillation.
However, even though solutions exists, power oscillations have led to adverse effects on power
system components, voltage instability and blackouts. Power system oscillations are generalised
in categories based on the areas and/or components of the power system that they affect. These

are [9]:

Intra-plant mode oscillations

Local plant mode oscillations

Inter-area mode oscillations

Torsional mode oscillations

Control mode oscillations

Intra-plant mode oscillations refers to machines inside the same power plant oscillating
against each other. These oscillations are often localised within or near to the plant. Local
plant mode oscillations are when a small group of machines are oscillating against the larger
grid. Inter-area mode oscillations are when a large area is oscillating against another
large area. Thus, the oscillation is observable across many measurement points. Torsional
mode oscillations refer to the mechanical oscillation of rotating masses in the power system,
such as turbine shaft and rotor. Control mode oscillations refer to oscillations caused by
power system controllers, which may result from improper tuning or sensitivity to changing grid
conditions. For instance, these oscillations could stem from a poorly tuned PLL or improper PLL
operation under weak grid conditions. Generally, intra-plant mode oscillations have a higher
frequency than local plant mode oscillations, and local plant mode oscillations have a higher
frequency than inter-area mode oscillations [9]. Torsional mode oscillations have the highest
frequency of them all and control mode oscillations can be within the range of intra-plant-, local
plant- and inter-area mode oscillations. A table showing the frequency ranges stated by different
articles and books can be seen in Table 2.1.

Table 2.1 Definition of oscillation modes from different articles and books.

Intra-plant  Local plant  Inter-area  Torsional Control Reference

- 0.7-20Hz 0.1-0.7Hz - - [6]
20-3.0Hz 10-20Hz < 1.0Hz 10- 46 Hz - [9]

- 0.7-20Hz 0.1-0.7 Hz - - [10]

- 0.7-20Hz 0.1-0.7Hz > 2Hz* > 2 Hz [11]
20-30Hz 08-16Hz 0.2-0.7THz - 1.5 - 2.5 Hz* [12]
1.5-30Hz 08-18Hz 0.2-0.5Hz - - [13]

*Similar definition of oscillation mode

As can be seen, there are some disagreements about the frequency ranges of oscillation modes,

though they are generally similar with some exceptions. The publication year varies a lot and no
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tendency can be seen related to this. However, several articles indicate that an increased share

of IBRs increase the oscillation frequency due to lack of energy stored in the rotating masses [6].

However, the frequency range for which POD is required will be specified by the relevant
transmission system operator (TSO) or distribution system operator (DSO) in grid codes or
similar regulatory frameworks. It should be noted, however, that existing grid codes already
impose limits on power oscillations caused by power plants themselves [14]. As a result,
intra-plant oscillations must be addressed in accordance with those requirements and are not
considered part of POD services provided to the grid. Relevant parts of grid codes from various
countries will be further explored in Section 2.3.

2.2.1 Power System Stabiliser

To understand PSS, the conventional control scheme of a synchronous generator has to be
explained. The control scheme includes governor control, automatic voltage requlator (AVR)
and PSS control [3] [9]. An illustration of a synchronous generator control scheme can be seen
in Figure 2.4.

Governor

Aw
(]
Pref . Tm Synchronous
Turbine
Generator . .
AW
meas or
e f AP
. re
Exciter AVR

PSS

Figure 2.4 Illustration of generating unit with governor-, AVR- and PSS control.

Governor control is used to maintain a stable frequency and speed by adjusting the power
input to the turbine (e.g., fuel input, flow, etc.). This ensures the generator’s mechanical speed
stays constant despite fluctuations in load. The AVR maintains a desired terminal voltage by
regulating the excitation current supplied to the rotor windings. By adjusting the excitation
current, the AVR changes the strength of the magnetic field in the rotor. A stronger magnetic
field results in a higher induced voltage in the stator windings, thus increasing the terminal
voltage [3]. One of the reasons for power oscillations in the grid was the fast-acting high gain
of the AVR, implemented to deal with transient stability issues related to system voltage. The
oscillation issues was especially pronounced during high active power output and weak grid
conditions [9].

The PSS is a control algorithm that takes an oscillation or variation as input and then counteracts
the oscillation in order to actively add damping to the system. Traditionally, PSS was used to add
damping to synchronous generator rotor oscillations. The PSS would take the speed deviation,
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Aw, as input, often measured at the generator shaft [3]. However, as more accurate and reliable
equipment for measuring have been developed, the active power oscillation or electrical frequency
have also been used. Additionally, wide-area measurement system (WAMS) have been employed
to monitor the oscillations in the grid at various point to more accurately dampen oscillations
and detect oscillation modes [6]. PSS have mostly been used to dampen active power oscillations,
which is why the shaft speed, i.e. frequency, has been used as measurement.

Unlike governor control and AVR, PSS is designed to act only on a specific frequency range.
Most commonly, PSS consists of a gain, a washout filter and phase compensation [3]. The block
diagram of a standard PSS can be seen in Figure 2.5.

' ]

! sT,, 1+sT, |g !
‘_'-Vpss- Kess | 1+sT, NI 1+sT, < s A

¢ Gain Washout Phase ¢ or

b Filter =~ Compensation : AP

Figure 2.5 Block diagram of a standard power system stabiliser.

The washout filter or high-pass filter is tuned so that frequencies below the relevant frequency
range are attenuated. This ensures that steady, low-frequency changes in the system are ignored.
While the value of T,, is not critical for system stability, it does involve a trade-off. If the
breakpoint is set too close to the relevant frequency range, it may cause some attenuation and
phase shift in parts of the desired signal. Conversely, if the breakpoint is set too far from the
relevant frequency range, unwanted signals may remain, potentially causing the PSS to act when
it is not desired [3] [9]. Using T3, = 1.4 s from Example 12.4 in [3], the bode plot can be drawn, as
seen in Figure 2.6. Noticeably, frequencies above 0.2 Hz are not significantly attenuated, though
there are some significant phase shifts on the relevant frequencies.

Bode Plot of Washout Filter
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Figure 2.6 Bode plot of washout filter.
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The phase compensation or lead-lag block ensures the proper phase shift of signals within
the relevant frequency range, thereby contributing to positive damping of oscillations. In
synchronous generators, the excitation system typically exhibits a phase lag relative to the
turbine’s torque. To address this, a phase-lead compensator is often used, where 77 > T5.
Depending on the required phase shift, multiple phase compensation blocks may be implemented,
and in some cases, a combination of phase-lead and phase-lag compensation (phase-lead-lag) is
employed. However, due to the nature of phase compensation blocks, some signal attenuation
may occur [3] [10]. Using 77 = 0.154s and T5 = 0.033 s from Example 12.4 in [3], a bode plot
may be drawn, as seen in Figure 2.7. Noticeably, there is significant phase shift for frequencies
0.5 to 10 Hz and an increasing attenuation over this interval.

Bode Plot of Phase-Lead Compensator
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Figure 2.7 Bode plot of phase compensation.

The gain should be tuned last in the process. If the entire system, including the PSS, is
taken into account, a root locus can be performed. This allows visualisation of the impact of
changing the gain and helps make an informed decision based on both stability and damping
requirements. Ideally, the highest possible damping should be selected without compromising
the overall system stability [3] [9]. Using a gain of 9.5 from Example 12.4 in [3], a bode plot
may be drawn of the entire PSS, as seen in Figure 2.8. It can be seen that from around 0.15
to 2 Hz there is a relatively flat gain and phase compensation, which is desired. However, the
phase does have some curvature to it, which explains why a lead-lag compensator has been used
as well [3] [9].
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Bode Plot of Combined System (gain + Washout + Phase-Lead)
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Figure 2.8 Bode plot of washout filter, phase compensation and gain.

2.2.2 Power Oscillation Damping Control

POD control is based on the synchronous generator PSS. It resembles the nature of adding an
oscillation to counteract the oscillation happening. However, POD control is implemented for
non-synchronous generating units like WTs, PV panels, BESS and FACTS devices [6]. The
POD control will be added to the relevant part of inverter or power plant control algorithm.
POD control can be divided into active POD (POD-P) and reactive POD (POD-Q), based on
the characteristics of IBRs [2]. Other ways of doing POD control can be to add the damping
signal to the i4 or i, errors and add the damping signals to the magnitude and phase of the
polar ugqres signal [6]. These differ from PSS, where active power oscillations are damped
through the excitation system, thus affecting both active- and reactive power. POD control
for WTs also depend on what type of WT is referred to. When doing POD control, active-
and reactive power is split into dg-components, which allows separate control for each of them.
Furthermore, the POD control does not have to be based on lead-lag phase compensation, as
for PSS. Additionally, the damping can be done with many different control techniques [6].

In Figure 2.9 a control structure can be seen with POD-P and POD-Q fed into the error signal.
As input to the POD-P, the speed- or frequency deviation can be used. Alternatively, the active
power deviation can be used, as it gives a more direct view of the active power oscillation [6].
Similarly to PSS, WAMS can also be used.

Aw, Af or AP AU or AQ
POD-P|e— POD-Q|e—
2, PI 5 Q PI |—
tp

tQ

Figure 2.9 Example of POD-P and POD-Q control fed into the error signal.

The input to the POD-Q can be either the voltage- or reactive power deviation. Again, using
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the reactive power gives a better indication of the reactive power oscillation.

The control structure of POD-P and POD-Q is similar to that of PSS, as can be seen in Figure
2.10. However, there are some distinct differences. The control structure for POD-P and POD-
Q are similar to each other but the parameters may vary. As can be seen, the first block (from
the left) is a limiter block, used to limit the output of the POD control. This is used to avoid
generating excessive oscillating signals on the power plants side. It can also be combined with
active power availability, PQ) capabilities or other limiters. The purpose of the gain is the same

as for PSS [2].
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4—'—_/_4— Kpop,p 4—<1+57-2> 17T, [ T+sT, [
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b e eee—eaaans Compensation _ Filter | Filter __:

S - R

: 1+sT,\2 1 sT, | or
‘_E_—/_‘_KPOD'Q‘_(HsTZ) 117, [ 75T, [
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Figure 2.10 POD-P and POD-Q control structure. Adapted from [2].

The phase compensation block is squared to achieve a large enough phase compensation. Unlike
PSS, where the phase compensation must account for the exciter lagging behind the mechanical
torque, the POD phase compensation block must create a total phase shift of —180° for POD-
P and —90° for POD-Q, including delays and other system dynamics [2]. The washout filter
and the low-pass filter are together a band-pass filter that targets a specific frequency range.
They should be tuned to the desired frequency range of power oscillations to be damped [2].
Compared to PSS, the washout filter serves the same purpose and a low-pass filter can also be
implemented in PSS.
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2.3 Power Oscillation Damping in Grid Codes

Power oscillation damping is not widely represented in existing grid codes. They are, however,
becoming more common as the electrical power systems move away from synchronous generators.
In the RfG, published back in 2016, POD is not mentioned, but states that facilities of Type C
and Type D shall have adequate damping of oscillations [14]. However, in the draft document
known as RfG 2.0, POD requirements are introduced [15]. The document only includes The
European Union Agency for the Cooperation of Energy Regulators’ (ACER’s) recommendation
for amendments to the current RfG. It states that power park modules of the type C and D
shall be able to dampen out power oscillations in the range 0.1 Hz to 1.0Hz. Some countries
have already introduced or is currently introducing POD in the grid codes. These include but

are not limited to; Denmark, Sweden, Spain and Finland.

The Danish grid codes state that for type C or D facilities, active power oscillations generated
within 0.1 Hz and 50.0 Hz may not exceed the least restrictive of +£0.5% of delivered active
power and £0.25% nominal active power. If exceeded, it shall be restored to acceptable levels
within 180 seconds [7]. These requirements are not currently in effect, but have been sent to
the Danish Utility Regulator for approval.

The Swedish grid codes differentiate between active- and reactive power oscillation damping,
denoted as POD-P and POD-Q respectively. For POD-P, the function should be implemented
as a feedback loop to the active power regulation with the local frequency as input to the POD-
P. For POD-Q, the function should be implemented as a feedback loop to the reactive power
regulation with the positive sequence voltage as input to the POD-Q. For both types of POD
the frequency range of interest are 0.25 Hz to 1.0 Hz and the TSO has a right to determine if
the functions should be used [16].

The Finnish grid codes state that Type D facilities must have the capability to use POD or similar
to dampen oscillations. The frequency of interest is not specified by the POD requirement, but it
does state later, under PSS, that the frequency of interest when it comes to inter-area oscillations
in the Nordic synchronous area is between 0.2 Hz and 1 Hz. Furthermore it states that the most

prevalent oscillation mode is approximately 0.3 Hz [17].

Similar proposal for regulation and operation of POD controllers have been put forward by
Red Eléctrica in Spain. Here, the frequency range of interest is 0.2 to 2.5 Hz and should be
implemented for Type C and Type D. Red Eléctrica also distinguishes between POD-P and
POD-Q [18].

Based on the classification in [18], POD controllers are expected to be effective primarily in
the frequency range between 0.1 Hz and 0.3 Hz, corresponding to the critical inter-area modes
in the Continental European system. Between 0.3 Hz and 1.5 Hz, they may still provide some
improvement, though the impact is likely limited. Above 1.5 Hz, no performance enhancement
is expected, but the controllers should avoid negatively affecting other system modes.
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2.4 Specifying the Project Scope

As the penetration of IBRs increase and synchronous generators are decommissioned, the inertia
and damping of the power grid decreases. Additionally, the control algorithm PSS, which is
implemented for synchronous generators, is no longer applicable as these are being replaced by
IBRs. This is leading to growing concerns over power system damping, as power oscillations
will be more likely to occur. Therefore, grid codes in Europe, along with the new RfG 2.0, are
being updated to include requirements for power oscillation damping capabilities of larger power
plants [7] [15] [18]. Because of this, Eurowind Energy has found it of interest for this project
group to investigate the possible implementation of POD control and its impact on the stability
of the park. This is the basis for the project theme and an investigation into the implementation

of POD control and its impact will be done based on several project goals.

The goal of this project will be to:

e Design and Development
— Model a single-inverter power plant
— Model a three-inverter power plant representing a hybrid power plant consisting of
WTs, PV panels, and a BESS
— Design current and power control loops for grid-following inverters
— Develop POD-P and POD-Q control schemes
e Stability Assessment
— Develop state-space models of the single-inverter and three-inverter power plants,
including POD-P and POD-Q
— Validate the state-space models against time-domain simulations in MATLAB
Simulink
— Evaluate the small-signal stability of the single- and three-inverter power plants
— Assess the impact of POD-P and POD-Q on system stability
e Experimental Validation
— Implement the developed control schemes on a hardware setup comprising of dSPACE
and four inverters with LCL filters
— Experimentally validate the inverter control design
— Experimentally validate the functionality of the developed POD-P and POD-Q

control schemes

Success for this project will be determined by the following criteria:

e The inverter control design operates stably and as intended in both simulation and
experimental setups

e The POD-P and POD-Q controllers provide measurable damping of power oscillations in
both simulated and experimental tests

e The state-space models accurately reflect the dynamic behaviour observed in time-domain
simulations

e The experimental setup using dSPACE and multiple inverters successfully reproduces key
control functions and validates system behaviour under test conditions
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2.4.1 Project Outline

From this point on, the report is structured as follows. Chapter 3 presents the single- and three-
inverter systems under study and describes the design of the current and power control loops.
The developed POD-P and POD-Q control schemes are introduced, and their performance is
demonstrated through time-domain simulations.

Chapter 4 provides the theoretical background for small-signal state-space modelling and
formulates the models for both the single- and three-inverter power plants, including the
POD control schemes. The dynamic response of the state-space models is validated against
MATLAB/Simulink time-domain simulations. Furthermore, the small-signal stability of the
models is assessed, and the impact of incorporating POD-P and POD-Q on system stability is
evaluated.

Chapter 5 presents the experimental setup and describes the methodology used for validation.
The current and power control loops are experimentally validated for both the single- and three-
inverter configurations. Additionally, the functionality of the developed POD-P and POD-Q
control schemes is tested and verified.

Chapter 6 discusses the results obtained in the preceding chapters, highlighting key insights,
limitations, and sources of error. Chapter 7 summarises the main findings of the work, and
Chapter 8 outlines suggestions for future work and potential improvements.
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3 Modelling and Control Design

This chapter presents the single- and three-inverter power plant systems to be modelled, along
with the relevant system parameters and input data. The design and implementation of the grid-
following current and power control loops are described in detail. Furthermore, the development
of the POD-P and POD-Q control schemes is presented. Time-domain simulation results are

included to demonstrate the performance of the POD control designs.

3.1 System

The system to be modelled is based on the experimental setup described in Chapter 5. The
system consists of three identical inverters with identical LCL filters. In the experimental setup,
only the terminal current, i, output current, ¢,, capacitor voltage, v,, and the grid current,
ig, are measured. Therefore, this chapter and the control design will also be limited to these

measurements. The system can be seen in Figure 3.1.

Inverter 1

g 'Uol

Inverter 2 Grid
L

M

M

~

Inverter 3
—_— f v

0,3

.3 Cf I Z'0,3

Figure 3.1 Inverter system.

u

The parameter values are also based on the experimental setup. An overview of the parameter
values used for the control design and transfer function derivation can be seen in Table 3.1.
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Table 3.1 System parameter values.

Parameter | Value
Vaom,peak 120V
f 50 Hz
fsw 10kHz
T 0.0001s
Shom 900 VA
L 1.8 mH
R 0.029
Ct 3 uF
Ly 0.17mH
Ry 0.001 92

3.2 Control Design
This section presents the modelling of the system and related transfer functions. Furthermore,
the current and power control loops will be tuned based on the derived transfer functions.

Additionally, the grid synchronisation will also be explained.

3.2.1 Current Control

The primary function of the current control loop in a grid-connected VSI is to regulate the dg-
axis current components independently and generate appropriate modulation signals for PWM.
Assuming the inductances include a resistive component, the single-line equivalent circuit can
be represented as shown in Figure 3.2. Since the control objective is to control the terminal
currents, the current control loop is designed based on the first KVL loop, which governs the

terminal inductor current dynamics.
Inverter

1L = LYY | NY‘(\_I_
_T 1

— WL b

Figure 3.2 Inverter with LC-filter and KVL loop.

By applying KVL from the terminal voltage, v, to the capacitor voltage, v,, the following KVL

equation can be written.

Ut,a, it,a d Z.t,a Vo,a,
Vgh| = Rf it,b + Lf@ it,b + | Vo,b (3.1)
Ut,c it,c Z.t,c Vo,c

)

Transforming Equation (3.1) to dq0 reference frame, applying the Laplace transform and
isolating for the terminal current that is not related to the cross coupling, the following equation

is obtained.

it,d 1 Vt,d Vo,d 0 wLe 0| |ita
I = — Vg v + | —wL 0 0 [% 3.2
i »q SLf + Rf »q 0,q f ] »q ( )
it,0 Vg0 V0,0 0 0 0] [0
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As can be seen, the terminal current depends on the terminal voltage, capacitor voltage, and
a cross-coupling term introduced by the dq transformation of the inductor derivative term. To
simplify the system dynamics, the capacitor voltage is treated as a disturbance and compensated
through feed-forward compensation, while the cross-coupling terms are decoupled, also using
feed-forward compensation. In other words, the v, qq0 is added to the vg qq0 and the wLe-matrix
and 7 qq0 term are subtracted from the v¢ 4q0 term. Consequently, the resulting equation shows
the input-output relations of the terminal voltage to the terminal current. In a block diagram,
the current control loop will appear as seen in Figure 3.3.

Lk Vo,d *
It,d Vt.d
¢+ »| PI
wL¢
wL¢
K
It,q Viq
Vo,q

Figure 3.3 Block diagram of current control loop.

It can be deduced from Equation (3.2), that the plant transfer function of the current control
loop is the remaining inductance and resistance term, i.e. the input-output relation, as seen in
Equation (3.3).

itydq(s) i 1
U;dq(s) N sLy+ Ry

Gi,plant(s) = (33)

The full derivation of the KVL loop, transformation to dq0 reference frame and isolation of the

terminal current can be found in Appendix A.1.1.

Furthermore, since the current controller generates the modulating signals, the delay associated
with the PWM is often applied as well. Due to sampling, it takes one sampling period to measure
the voltage and a half sampling period to generate the PWM signal [19].

1
Ga(s)=e 1Pl — — 3.4
als) 1+ 1.5TLs (34)
The delay can be approximated by a first-order Taylor series, which gives the first-order transfer
function, as seen in Equation (3.4). From this, a new plant transfer function can be derived, as

seen in Equation (3.5).

it,dq(s) 1
Gi’ lant = = Gd(s) E (3.5)
plant U 4q(5) sLy+ Ry

A PWM gain can also be included in the plant transfer function if relevant.
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Tuning

When selecting values for the current PI controller, the closed-loop stability in the frequency
domain is of importance. To assess this, the gain margin (GM) and phase margin (PM) of the
open-loop transfer function are evaluated for the specific design. Although there are no formal
standards for GM and PM in current controllers for grid-connected inverters, many papers
try to achieve GM Z 6dB and a PM between 35° and 60° [20]. With these criteria, a high
bandwidth and quick current control can be achieved. However, having a phase margin lower
than 60° can give issues with overshoot, depending on the proportional gain and the bandwidth
of the system. Additionally, these control parameters are to be implemented for experimental
validation, which consequently includes noisy signals, parameter uncertainties, parasitics and
non-linearities. Therefore, the stability margins will be designed to be more robust than is
perhaps necessary, i.e. GM > 20dB and PM > 60°. Additionally, the design will aim for 0%

overshoot, which inherently limits the achievable system bandwidth.

Using the values presented in Section 3.1, the PI controller was designed based on the current
controller plant transfer function, Equation (3.3). The PI controller gains are kp . = 3.3 and
ki = 37.851. The resulting open-loop and closed-loop bode plots can be seen in Figure 3.4.

GM=Inf , PM=75.10 (@ 281.99 Hz) Bandwidth: 382.35 Hz
‘ ;
%0 —Gials)|] _ o -3 dB.
m m
Z A=)
g , 20
3 =]
£ g —Gia(s)
-50 60 382.35 Hz
-90 0
S S -45
8120 g
@ @ -90
@ @
£ 150 £
o i o 135
‘ ‘ ;PM = 75,‘10"
-180 : -180
10° 10t 102 10° 104 10° 10t 102 10° 10*
Frequency (Hz) Frequency (Hz)
(a) Open loop. (b) Closed loop.

Figure 3.4 Compensated inner current loop bode plots.

In Figure 3.4a, the bode plot shows smooth attenuation with no resonance and the phase
transitions smoothly from —90° to —180°. A GM of oo and a PM of 75.1° are achieved, meeting
the design requirements. In Figure 3.4b, a bandwidth of 382.35Hz or 2402rad/s is achieved,
which could be considerably faster if slight overshoot is allowed. However, the bandwidth is still

fast and the design is thus deemed adequate.

3.2.2 Power Controll

The purpose of the power controller for a grid-following inverter is to regulate active current and
reactive current in order to track the desired active- and reactive power reference. Though, for
practical implementation, many functions should be included to comply with grid codes. The
power control used for this project is based on the dq0 reference frame instantaneous power
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theory calculation, as seen in Equation (3.6) [21].

3, . ) ) 3, . .
P = §(Udﬁd + vqiq + volo) Q= §(Uqld — Vqiq) (3.6)

If assuming that there is no 0-component and that the PLL has fully aligned the phase with vgq,

then the equations simplify to Equation (3.7), since vq, vo, ig = 0.

3 3

Since the current controller decouples the d- and g-components and the PLL aligns the phase
with vgq, the active- and reactive power can be determined from the d- and g-component,
respectively. In this case, a PI controller is used to regulate the active- and reactive power

error, as seen in Figure 3.5.

PI —>

Q" lt,q

PI —>
Q

Figure 3.5 Power control block diagram.

Notice, that the references here are for i; qq. This is because the terminal current reference is
what is passed to the current controller. Since there is a shunt capacitor in the filter, some
current will take this path. This relationship can be written as seen in Equation (3.8) by doing
KCL on the capacitor node.

it(t) = io(t) + tcap(t) (3.8)

As can be seen, there is a difference between the current going to the grid and the current
coming out of the inverter. For a 50 Hz signal, the current entering the shunt capacitor will be
relatively small for a smaller capacitance, though will of course still introduce an error. The
steady-state error will be compensated for by the integral part of the PI controller.

Since the power is usually measured with a low-pass filter, and the control loop has a relatively
slow bandwidth, the plant transfer function of the outer power loop is commonly represented
by the power calculation and the low-pass filter [21], as seen in Equation (3.9).

P(S) 3 v WIL,PF Q(S) . 3 WLPF

p,plant (5) iz,d(s) 2 45+ WLPF aptat (%) z’j;q(s) 2%+ WLPF &

There is no delay implemented here, as delay was already considered in the current controller.

However, these plant transfer functions are simplified and do not include any filter capacitance,
line- and grid impedance dynamics [8]. Also, they do not represent the different currents used

for current control and power control, i.e. it and i,.
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To include these dynamics of the system, additional circuit analysis have to be done, defined
by the second KVL loop and capacitor node in Figure 3.2. If using Equation (3.8), and doing
a similar transformation to the dq0 reference frame, an equation for the KCL relation at the

capacitor node can be found.

Vo,d ] it,d lo,d 0  wC 0f [vod
Vo,q| = Sicvf th7q - Z'O7q + —(/JCf 0 0 Vo,q (310)
V0,0 Z't,O io,O 0 0 0 Vo,0

As can be seen in Equation (3.10), there is cross coupling due to the dq0 transformation and
the capacitor derivative term. Since there is no voltage control loop for grid-following inverters,
no decoupling of these terms will happen.

Similarly, to include the grid- and line impedance effects, a KVL loop can be done from the
capacitor voltage to the Thévenin grid voltage, as can be seen in Equation (3.11), where it has

also been transformed to the dq0 reference frame.

’L'07d 1 Vo,d Vg d 0 wa 0 io,d
] =— —wlL 0 Of |2 3.11
/L.qu SLC + RC /Uo’q ,U&q + w f Z.qu ( )
10,0 Vo,0 Ug70 0 0 0 10,0

Notice again, that there is a cross-coupling term due to the dq0 transformation and the inductor.

Similarly, these terms can not be decoupled.

Combining Equations (3.2), (3.8), (3.9) and (3.11), a block diagram representation can be made,
as seen in Figure 3.6. The upper part shows the d-component, or the parts related to active
power. The bottom part shows the g-component, or the parts related to reactive power. The

cross-coupling terms can be seen in the middle.

p ft,d ——
P ':aé_’ Vg p
PG () Gc,i(S)-P(::)—* Ga(s) V4> LPF [
S H
K ,’ k
% Gc,q(s)—tf?—vec,i(a Yl cs) vl e [
Q A
i q G

Figure 3.6 Block diagram representation of the d- and q component equations with cross-decoupling
and feed-forward compensation (red).

As was explained previously, cross-decoupling of the inverter dq currents and feed-forward
compensation of the capacitor voltage is utilised in the current control. These parts are marked
by dashed red lines. Notice, that the cross-decoupling and feed-forward compensation are added
before the delay, and therefore do not exactly cancel out. This will result in some of the dynamics

from these terms being present, though at a reduced level.
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By assuming that the cross-decoupling and feed-forward compensation is exact, and that the
rest of the cross-coupling terms are negligible, a simplified block diagram representation can be

written, as seen in Figure 3.7.

K .
P I ve
»?—»Gc,p<s)—>?—>ec,i(s)—>6d<s)—>stin
P A

Figure 3.7 Block diagram representation of the KVL and KCL dq0 equations.

1 3 P,
SR [P12V P LPF T

Additionally, the current and voltage d- or g-components are not differentiated, as there is no
interaction between the two given the assumptions made. However, only in the current control
have the cross-coupling terms been decoupled. Therefore, an error in dynamics is expected due
to not having decoupled the capacitor- and coupling inductor cross-coupling terms, which is not
possible to do without adding more control layers.

Notice, that the power calculation term can still be found at the end of the block diagram to
convert the grid current to power. Thus, the block diagram includes the simple plant transfer
function, as was presented in Equation (3.9), but also includes the dynamics of adjusting i} to
achieving a certain i, based on the power calculation.

To reduce the block diagram, the take-off points of several of the variables are moved. Then,
loops can be closed and the diagram reduced. Notice, that there is a subtraction of the Thévenin
equivalent grid voltage. This value is not measurable and will be set equal to zero, vy = 0, as
any dynamics associated with this are unknown. From this, the take-off point from is can be
moved, as can be seen in Figure 3.8.

v

SL+R. —> 7Vd LPF

E»?—» Gc,p(s)—t—'?*Gc,i(S)"Gd(s)_’ SR
P A

Figure 3.8 Block diagram reduction: current control loop plant transfer function.

The current control loop plant is the same as presented during the explanation of the current
controller. Thus, the current control loop can be closed, which simply reduces to unity gain,
assuming the closed-loop current control is much faster than the power loop.

The next step is to close the loop containing the coupling impedance and filter capacitor, which

reduces to Figure 3.9.

p* it i i p
t t 1 0o 3
»QT)_»GC,D(S) Gi,cl(s)_’SZLch.FSCchq.]_ ZVd_> LPF
p

Figure 3.9 Block diagram reduction: power control loop transfer function.

\ 4

v

From this, a plant transfer function for the active power outer loop can be found, as seen in
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Equation (3.12).

P(s) 3 WLPF 1
Gptant () = 5~ = SV e
p,plant (8) z;d(s) 92 dePF + 5 52LcCy + sCiR. + 1 ( :

3 1
G plant(s) = .?(S) = Dy —EF (3.13)

zt,q(s) 2 depF + 5 82L.Cr + sCiR. + 1

The plant transfer function includes the remaining dynamics of the filter capacitance and
coupling impedance, including the resonance and damping effects. The open-loop plant transfer
function is a Type 0 system, which will result in a non-zero steady-state error given a step input.
Therefore, the outer active power controller should have an integrator to eliminate steady-state
error, such as a PI controller.

Tuning

Similar to the tuning of the current controller, the design requirements for the power controller
will be a GM > 20dB and a PM > 60°. Especially for the power controller, avoiding overshoot
is important since the accurate reference tracking is of concern. Also, considering that there
will be three inverters in parallel. A design requirement for the power controller is that the
bandwidth is at least 10 times less than that of the current controller [8]. This allows the closed
current loop to be taken as unity gain, and ensures that current regulation has minimum effect
on the active- and reactive power. As presented throughout this section, both a simple and a
more accurate transfer function for the power plant have been derived. Based on the values
presented in Section 3.1, a comparison of their bode plot can be made, as seen in Figure 3.10.

—Simple ||
Detailed

o
T

-100 -

Magnitude (dB)

-200 -

-180 -

Phase (deg)

-360 -

| L IR | L Lol L Lol L Py L
107 10° 10t 102 108 10* 10° 108
Frequency (Hz)

Figure 3.10 Comparison of simple and detailed power plant transfer function.

The simple plant transfer function is simply a LPF with a gain. Noticeably, the detailed plant
transfer function shows a resonance peak caused by the filter capacitance and the coupling
inductance. It also shows greater attenuation and phase shift at higher frequencies. Using the
simple plant transfer function can lead to undesirable closed-loop system response, which is why
the detailed plant transfer function will be used.
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After tuning the PI controller to meet the design requirements with k,, = 0.0029 and
kip = 0.1071, the open-loop and closed-loop bode plots can be made, as seen in Figure 3.11.

GM=47.55dB , PM =96.09 (@ 3.25 Hz) Bandwidth: 2.91 Hz
‘ 0
L GM =47.55 dB ——Gpa(s)| ]
g © = @ 50|
z s
@ © -100 [—— Gpa(s
5 -100 3 i
2 E -150
[=2] {=2]
[ []
= 00 = -200
-250
0
-90
=) . . =)
-1 IPM = 96.09
g1 3 -180
& -270 &
[ [
Ky ey
& 360 % 360
-450 : ; ;
10° 102 104 108 10° 102 10* 10°
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(a) Open loop. (b) Closed loop.

Figure 3.11 Compensated outer power loop bode plots.

The open-loop bode plot in Figure 3.11a shows a GM = 47.55dB and PM = 96.09°. These
are both well above the design requirements. The closed-loop bode plot in Figure 3.11b shows
a bandwidth of 2.91 Hz, which is considerably slower than the current controller.

It was attempted to tune the PI controller so that the system response was faster. However, the
resonance peak and associated phase shift, along with the requirements, limited the achievable
system bandwidth. The open-loop resonance peaks with —10dB at 2070 Hz (resonance frequency
of Cr and Lg). At this point the phase has already crossed —180°. Thus, if the gain is increased,
such that the resonance peak crosses 0dB, the dynamics at that frequency will stop being
attenuated and will make the system oscillate at the resonance frequency with a magnitude
increasing with gain. However, that is not the major limiting factor to system bandwidth. If
the open-loop phase is compared with that of the simple plant, it can be seen that the detailed
plant’s phase decreases much faster and actually crosses —180° relatively early. This will result
in lower PM at higher gains and will limit the gain to a certain range. To clarify, the resonance
peak is not the cause of instability, as the first 0 dB crossing already leads to a critically low
phase margin at higher gains. Due to these reasons, the power controller was tuned slower than

desired. However, it is still adequately fast with a settling time of 226 ms.

3.2.3 Grid Synchronisation

All three inverters will be operating in grid-following mode and it is therefore necessary to
make sure that the phase of each inverter are aligned with the grid. A typical approach used
for synchronisation during operation is a synchronous reference frame phase-locked loop (SRF-
PLL). The objective of the SRF-PLL is to obtain the phase angle of the grid voltage or POC

voltage, which is then used when generating the modulation signal for the inverters.

The SRF-PLL estimates the phase angle of the three-phase input by using the park
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transformation to convert the input to the dq0 reference frame. Then, the angle 6 is changed
with a PI controller until the quadrature component becomes zero. Which means that the phase
angle used for the transformation is in line with the phase angle of the input [22]. The block
diagram of the used SRF-PLL can be seen in Figure 3.12.

Vabc_ |abg Uq 1 Aw W 1 %
qu Ud,nom _’?_ PI g _>
0 | Wn

Figure 3.12 Block diagram of the SRF-PLL

The closed-loop of the SRF-PLL can be described as second order filter [22]. The transfer

function for the phase angle estimation is given by Equation (3.14).

Ky, pus + K; pn
s2 4+ Kppns + Kipn

H(s) = (3.14)
The closed-loop dynamics are controlled by the characteristic equation, i.e. the denominator of
the transfer function.

Characteristic equation: s + Kppus + Kipn =0

Comparing with standard form: s? 4+ 2wy s + wfl =0

By comparing the characteristic equation to the standard form, equations for K, ,; and Kj;
can be found.
Kp,pll = 2CwnKi,pll = w721

Utilising a damping factor ¢ of 0.707 and aiming for a bandwidth of 30 Hz, K, ,;; and K ,;; are
found to be 266.57 and 35530.57 respectively. Derivation of the SRF-PLL transfer function can
be found in Appendix A.1.2.

3.3 POD Control Design

This section presents the POD-P and POD-Q control design. In Section 2.2, the POD control
function for inverters was introduced. As was mentioned, it seeks to emulate the PSS of
synchronous generators in order to dampen any oscillations in the power grid. A generic form of
a POD-P and POD-Q was introduced in Section 2.2 and these will serve as basis for the POD
functions implemented in this project. The POD control schemes can be seen in Figure 3.13.

AP AP,
OI‘(S) 1 Tws | Tis+1 | T3s4+1 _’Po(i‘D(S)
T 1] 7| T 11 7 T 1 T 1
A‘/O7d(8) LPS+ w S+ 28+ 48+ AQron(s)

Low-Pass Washout h ~
Filter Filter Lead-Lag Compensator

Figure 3.13 POD control schemes.

3.3.1 Delay and Gain

For the POD to be effectively used to damp power oscillations, a few additional delays of the
system has to be considered in order for the output signal of the POD to align correctly. Firstly,
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the PODs are set to control the reference power of the inverter, but the input is not necessarily
the measured power. The input must therefore first be related to the output signal. Secondly,
since the POD output is fed into the reference for the power controller it is necessary to take

into account the frequency response of the power control loop.

These delays, along with the phase shifts introduced by the LPF and washout filter in the
POD, need to be compensated by another filter. A lead-lag compensator or two series lead-lag
compensators are usually used to obtain the desired phase shift [6]. The advantage of using the

series compensator is that it can achieve greater phase compensation.

The transfer function of the POD Ci4(s) is described by Equation 3.15.

Cpod(s) = Hrpr(s)Huwo(s)CLL(s)kpoD (3.15)

Where Hypr(s) is the transfer function of the low-pass filter, Hy,(s) is the washout or high-pass
filter, Cr1(s) is the lead-lag compensator and kpop is a gain.

If the frequency is used as the input to the POD-P then the lead-lag compensator needs to
not only compensate for the phase shift of the two filters but also the phase angle between
the power and frequency. The phase angle between the active power and the frequency needs
to be incorporated in order to ensure correct phase alignment of the delivered active power.
Phase angle difference is dependent on the system impedance and the control method in power
control loop. The frequency’s impact on the measured power can be modelled as disturbance
on the power controller’s feedback signal as the frequency is induced on the grid side and are
propagated through the system thus affecting the power measurement. If instead the active
power measurement is used as the input for the POD-P then the phase angle between the power
and frequency is not needed for the tuning of the lead-lag controllers.

Furthermore, the delay from the closed-loop control of the power controller also needs to be
taken into account. Thus, the total phase delay that the lead-lag compensators need to take
into account is given by Equation 3.16. Each delay are dependent of the oscillation frequency,
w.

O podp(w) = —1 - (Oips(w) + Owo(w) + OoL(w)) (3.16)

Where 6,y and 0,,, are the phase shifts from the low-pass filter and washout filter, respectively.
Oc1, is phase shift from the power controller. If the input of for POD-P differs from the signal

it is regulating, ie. if the frequency is used, an additional term is needed.

The tuning of the POD-P gain was done iteratively until a satisfactory damping of the power
oscillation was achieved. An initial value for kpop_p was calculated based on the magnitude
change through the POD-P, as seen in Equation 3.17

1
|Hrpr(8)Huwo(s)CrLL(s)Cors)]

Where CCL(S) is the the inverters’ power control closed-loop. The kpop—p,init Was used as

kpop—p,init = (3.17)

a starting point for the tuning and was then slowly increased until satisfactory damping was
achieved.
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The tuning of POD-Q is similar to POD-P, with the only difference being that instead of
frequency or active power as input, it takes either voltage magnitude or reactive power. If the
voltage is used then a term for the phase difference between the voltage oscillation and reactive
power needs to be included. Otherwise if the reactive power is used as input this term is omitted.
The total phase shift for lead-lag compensators is then described by Equation 3.18

Oupodg(w) = =1+ (Bvq(w) + Oy (w) + buo(w) + bor(w)) (3.18)

Where 6y 4 is the angle difference between the voltage and the reactive power. The voltage

used is voltage magnitude and not the sinusoidal signal.

In contrast to POD-P, the gain of POD-Q was not found iteratively. Instead the gain kpop_q
is found by Equation 3.19

[Hvg(s)|
|HLpr(8)Huwo(s)CLL(s)CoL(s)|

Where Hy @ is the transfer function describing the relation between the voltage and reactive

k‘pOD_Q = (3.19)

power and C¢p is the inverters’ closed power control loop.

3.3.2 Delay Compensation

The analytical approach introduced in the previous section yield the phase compensation needed
from the lead-lag compensators at a given frequency. These can then be used to find the optimal
time-constant for the compensators either to a given frequency or a whole frequency range.
However, while it possible to design a two series lead-lag controller to give the correct phase
a shift at a single frequency during it over a range may not be possible, depending on the
needed phase shift. The approach introduced in this section therefore tries to minimise the
error between the target phase response and lead-lag phase response in order to get as close to

optimal alignment over the whole frequency range.

Section 2.2 specified the expected frequency of oscillations in a power grid to be within 01-
3Hz. This is supported by the Spanish TSO Red Eléctrica, which defines the frequencies of the
oscillation to be between 0.1 Hz and 2.5 Hz as described in Section 2.3. Further adding that the
POD is not be expected to deliver the same damping for the whole frequency range. Instead,
they state that POD should be more effective at lower frequencies, while not contributing to

additional oscillations for higher frequencies.

Utilising Equations 3.16 and 3.18 along with the frequency range 0.1-2.5Hz, it now possible to
find the expected phase angle shift for the different frequencies. This is then used in a single-
objective constrained optimisation function in order to find the lead-lag time constants that best

fit the needed response.

The cost function is given by Equeation 3.20.

cost = ||arctan(wTiead1) — arctan(wagr) + arctan(weadz) — arctan(wmaga) — Grarget ||y

+ A (|Tlead1 - 7_lead2| + |Tlagl - Tlag2’) (3'20)
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Where w is the frequency in rad/s, 7 are the time constants of the lead-lag compensators,
Otarget is phase angle target for the given frequency and A is the regularisation factor to penalize
differences between the two compensators.

The cost function consists of two objectives: the primary aims to match the phase response of
the lead-lag compensators to the provided 8¢arget, While the secondary objective introduces a
regularisation factor A to encourage the use of similar time constants in both compensators by

penalizing their differences.

Both w and Ogarget are 1 x n vectors, which means the primary objective also yields a 1 x n vector
representing phase errors at each frequency point. The Euclidean norm is applied to this vector
to produce a single scalar cost, where larger errors contribute more to the total. By weighting
large errors more strongly, the optimization is biased toward reducing significant mismatches in
phase response, ensuring better overall alignment with the target.

3.3.3 Simulation of POD Control

This section contains the simulation results for power oscillation damping. The system contains
two inverters one as a grid-following inverter and the second as a stand in for the grid. The
second inverter sets the voltage with dual-loop control, which the first inverter synchronises to
using a PLL.

This section is split into two parts. One for active power oscillations, where a forced oscillation
on the grid side frequency is introduced, which is visible in the measured active power of the
inverter and a second part for the reactive power oscillation damping, where the grid side voltage

magnitude is varied.

The POD-P is set up as described in Section 3.3.1, where the input to the POD-P is the measured
active power. It contains a low-pass filter, a washout filter, two lead-lag compensators and a
gain. The values for each component can be seen in Table 3.2.

Table 3.2 POD-P parameters used for simulation results

Parameter Value
Time constant LPF 0.1
Time constant wo 5)
Time constant lead 1 8.6684
Time constant lag 1 0.084359
Time constant lead 2 8.6684
Time constant lag 2 0.084359
Gain -0.01000477

The parameter of the filters are based on [18] and compensators time constants are found
according to the method described in Section 3.3.1.

The forced frequency oscillation for this simulation is at 2 Hz with a magnitude of 0.4 Hz. The
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impact of adding POD-P for damping of active power oscillations can be seen in Figure 3.14. The
POD-P is activated after 5 seconds and the oscillation magnitude is then reduced from 0.46 W
down to 0.014 W. This illustrates how the POD can be used to dampen power oscillations.
The oscillation are not completely removed and the POD-P effectiveness is dependent on the

frequency, thus at different oscillation frequencies, the result will change.

@
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Figure 3.14 Simulation results for POD-P

From Figure 3.14, it can be observed that the power measurements prior to the activation of
POD-P exhibit oscillatory behavior. Although the input disturbance introduced at the grid side
is a single-frequency oscillation, the resulting power signal on the plant side displays two distinct
frequency components. This is due to the non-linear effects of power measurements.

The POD-Q uses similar filter as POD-P but has different values for the lead-lag compensators
and a different gain. These parameter values are found according to the method introduced in
Section 3.3.1. The parameters of the POD-Q filters and compensators can be seen in Table 3.3

Table 3.3 POD-Q parameters used for simulation results

Parameter Value
Time constant LPF 0.1
Time constant wo )
Time constant lead 1 1.1322
Time constant lag 2 0.036697
Time constant lead 1 1.1322
Time constant lag 2 0.036697
Gain -0.0105396

The oscillation in reactive power is generated by varying the grid side voltage magnitude. A
2 Hz sinusoidal signal with a magnitude of 12 V is added to the vq component of Inverter 2’s
voltage reference. This results in an observable reactive power oscillation seen at the POC, as
can be seen in Figure 3.15.
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Figure 3.15 Simulation results for POD-Q.
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The POD-Q takes the oscillation in voltage magnitude of its own capacitor voltage as the input.
The POD-Q is activated after 5 seconds and the oscillation magnitude is then reduced from
10.1 VAR down to 0.388 VAR.

3.4 Summary

This chapter presented the modelling of the three-inverter system along with the design and
tuning of the current, power, and POD controllers. The inverters were configured for grid-
following operation, with a SRF-PLL used for phase estimation. The current controller was
implemented in the dg-frame and designed using decoupling and PI regulation, while the outer
power controller regulates active and reactive power references. Power oscillation damping was
added through POD-P and POD-Q controllers, implemented as lead-lag compensators acting
on power and voltage deviation signals. The chapter also covered how these controllers were

tuned based on system characteristics and desired damping performance.
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4 Stability Analysis

This chapter will present the stability analysis of the inverter system. First, the theory behind
the techniques used to evaluate the inverter system stability will be explained. Secondly, the
state-space model of the single- and three-inverter system will be derived. Then, the POD
control scheme will be added to the single-inverter state-space model. Finally, a comparison will
be made to the simulation results, as well as an evaluation of the inverter system small-signal
stability with and without POD control.

4.1 State-Space Modelling

This sections presents the theory and principle of small-signal linearisation and state-space
modelling. Ultimately, these techniques will be combined and used to derive a small-signal
state-space model of the paralleled inverters.

4.1.1 State-Space Representation

In control theory, the state-space representation is a mathematical representation of a control
system. It uses the differential terms to distinguish between different states in the system, e.g.
# and x. The system can be a single-input single-output (SISO) system or a multiple-input
multiple-output (MIMO) system. There are also sub-variants such as systems with single inputs
but multiple outputs and vice versa. Nonetheless, the state-space representation (SSR) can
generally be written in the form seen in Figure 4.1 or Equation (4.1) [23].

#(t) = A(D)z(t) + B()u(t)

y(t) = C(t)z(t) + D(t)x(t) (4.1)

v

D

A |«

Figure 4.1 Basic representation of a state-space model.

In Figure 4.1 and Equation (4.1), & are the derivative terms of x, y is the output of the system
and u is the input to the system. These are vectors for most cases. Furthermore, A, B, C and
D are matrices involving the system. A is the state or system matrix, describing the feedback
relation between z and z, i.e. how the current x is relating to its derivative. B is the input
matrix, defining how the input affects the derivative term. C' is the output matrix, defining
how the states affect the output. Finally, D is the feed-forward matrix, defining how the input
directly affects the output. The specific dimensions of each vector and matrix are as follows:
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e z(-),nx1 e A(:),mxn
o i(-),nx1 e B(:),nxp
e y(-),gx1 e C(),qgxn
ou(-),pxl .D('),qxp

Notice, that the matrices in Equation (4.1) are time dependant, which makes the the state-space
model time variant [23]. For this project, the state-space models will be time invariant, i.e. the
matrices are not time dependant. These are also called linear time-invariant (LTI) systems and
can be written as seen in Equation (4.2) [23].

x(t) = Az(t) + Bu(t)

y(t) = Cx(t) + Dx(t) (4.2)

Depending on the state-space model, there can be no direct feed-forward of the input signals.
If that is so, D is a zero matrix of the same dimension. Additionally, the output matrix C' can
simply be chosen as the identity matrix, in which case the outputs are just the state variables,

ie. y(t) = z(t).

4.1.2 Small-Signal Linearisation

Small-signal linearisation is based on the Taylor series expansion of a non-linear function around
an equilibrium point. By retaining only the first-order term, the linear effect of small deviations,
referred to as perturbations, can be captured. The higher-order terms (H.O.T.) are omitted to

preserve linearity, as shown in Equation (4.3) [3].

1 2
Az + 14 +H.O.T. (4.3)

In a non-linear state-space system defined by © = f(z,u) and y = g(x, u), the same linearisation

principle can be applied to both the state and input variables using partial derivatives, as shown
in Equation (4.4) [3].
of

i~ (XU + 5 "

4.4
Bx}(X,U) o ou l(x,U) (44)

Because the point (X,U) is an equilibrium, it satisfies X = f(X,U) = 0. As a result, the
linearised system can be expressed in terms of perturbations only, as shown in Equation (4.5)

[3].
Azx~ of Az o1 Au = AAz + BAu (4.5)
ox l(x,U) oul(x,U)
Logically, this is done for each Az;-equation and includes the partial derivative of each variable
Az; and u; in every equation. The output equation is linearised similarly, as seen in Equation
(4.6) [3].
dg A g

Ay ~ ==
4 oz l(x,0) . ou l(x,U)

Au = CAz + DAu (4.6)
Thus the A, B, C and D-matrices are formed based on the Jacobian of the set of equations,
with partial derivatives taken with respect to x and u [3]. In practice, each variable of interest
is often expressed as the sum of its equilibrium value and a perturbation, as shown in Equation
(4.7).

r=X+Az, u=U+Au, y=Y+Ay (4.7)
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This simplification is valid because the state-space model consists of first-order differential
equations, and all non-linear terms involving products of perturbations, such as Ax;Az;, are

neglected in the linear approximation.

4.1.3 Eigenvalue Stability Analysis

To determine system small-signal stability, eigenvalue analysis can often be done. For a state
matrix A, the corresponding eigenvalues A1, Ao to A,, for a n x n state matrix, determine the
damping and oscillation of system modes of the linearised system. The real part of the eigenvalue
refers to the damping of the mode, where a negative real value indicates positive damping, and
a positive real value indicates negative damping and system instability. The imaginary part
of the eigenvalue describes the oscillation of the mode. The relationship between the real and

imaginary part, and the damping and natural frequency can be described as seen in Equation

(4.8) [1].

AN =05 + jw;

fi= g (43)
2

= Ve

Although eigenvalues indicate system stability, they do not identify which state variables
contribute to a given mode’s stability or instability. To relate stability to the state variables,
the participation factor is often calculated.

Plusn] = |PLinx1] P2nx1] - Pnjnx1] (4.9)

Each participation factor is calculated by the right, Vj;, and left, W;, eigenvector [1]. The
calculation of each column of participation factors in Equation (4.9) can be calculated, as seen
in Equation (4.10).

D1,i V1,iWia

D2,i V2,iWi2
=] (4.10)

DPn.i Vn,iWn,l
This allows the determination of which state variables are participating in the stability, or
instability, of each mode.

4.2 State-Space Model of a Single Inverter

When modelling a single inverter using the small-signal state-space approach, the resulting
equations often become too complex to represent within a single state-space model. Therefore,
the model is divided into several smaller state-space representations, each corresponding to a
subsystem [24] [25]. For this part, the inverter is split into the:

1. Power Controller
2. Current Controller
3. Delay

4. LCL Filter
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5. PLL
6. Grid* (Taken as input)

These are chosen based on input-output relations and logical differences. A representation of
the different state-space models and their connections can be seen in Figure 4.2.

Ail,dq
T4 = | Avodq
Aig,dq
Grid or
Power Controller Current Controller Delay LCL Filter PCC connection

Y2 = [Aif ] ys = [Avfaq) us = [Aviaad]
7 = A1y + Biug q Ty = Agwz + Baua q 73 = A3w3 + Baug q 24 = Agmq + Bauy
1 = Cio1 + Dywy y2 = Coxz + Dauy y3 = C3x3 + Dsug ya = Caza + Dyug «

_|ar PLL
5= [A()}

25 = Asxs + Bsus

Y5 = Cs5%5 + Dsus

Ys = [AW]

Figure 4.2 Overview of the single-inverter state-space model. Dark blue: state feedback; dark red solid:
explicit outputs; orange dashed: dg-frame rotation.

Each state-space model connects to some of the other state-space models, identical to the
relations described in Chapter 3. However, the way they connect are different. Some of the
state-space models have explicit outputs, meaning that the output is not just the state variables,
i.e. yr # Tk, but that it is a specific algebraic equation. In Figure 4.2, these are marked by
dark red arrows. The outputs where y; = x, are marked with dark blue arrows and are state
feedbacks. The grid or PCC connection is marked with green, but is not directly covered by the
single-inverter state-space model.

The PLL has a significant impact on the abc-to-dq transformations and the inverse. To include
the effect of the transformation, equations are inserted for each of the transformed state variables.
In other words, the frame rotation, which is not an output to any state-space model, is inserted
in the state-space models and is dependant on the state feedback of the PLL. This makes this
relation a special case, since it represents both an input and a state feedback.

It should be noted that the frame rotation is applied to the LCL filter, meaning that the
voltages and currents associated with the filter are expressed in the dq-frame aligned with the
PLL. This differs from the approach commonly found in the literature, such as in [25] and
[26], where the frame rotation is applied within the power controller, current controller, and
PLL, and the terminal voltage reference is typically transformed back to the original dg-frame.
Such a procedure deviates from the physical system, where both the LCL filter dynamics and
the voltage reference inherently operate in the PLL-aligned frame. In contrast, the state-space
model developed in this project avoids this discrepancy by keeping the voltage reference and
filter representation consistently within the same dg-frame. This also allows for more accurate
comparison with simulation results. The impact on eigenvalue-based stability analysis between
these two methods are unknown.

The derivation of the small-signal linearised equations and state-space representation of each
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state-space model will be explained in the next sections, though most of the derivation will
take place in the appendix. The control structure and values used will be identical to that of
Chapter 3. The state-space modelling approach will be based on [24], [25], [26] and the principles
of small-signal state-space modelling, explained in Sections 4.1.1 and 4.1.2.

4.2.1 Power Controller

The power controller consists of two parts, the power calculation used for the feedback signal and
the PI controller used to generate the current reference based on an error between the reference
signal and the measured power. The control scheme can be seen in Figure 4.3, which includes

the state variables and outputs.

P*

>
P P
Tr1 = Q
Pa
$q

*

e
Y1 = t,d
Q \ ita
(Uo qio d — Vo dio q)
WLPF ) [} ) )
S+WLPF ¢

Figure 4.3 Control diagram of the power controller with highlighted state variables and outputs.

The power calculations and control equations can be seen in Equation (4.11).

Power Calculations:

— _wipr 3 ; ;

P - wLpF+S 2 (UO,dZO,d + UO,QZO,Q)
__ _wWLPF 3 : _ :

Q - wLpF+S 2 (voquozd vO,dZO#l)

Control Equations:

¢pa = [(P*— P)dt = @i =p* P
o= [(Q —Q)dt = G2 = Q" —Q
igd = kpp (P* = P) + kipda

i:,q = kp,q (Q* - Q) + ki,q¢q

(4.11)

As can be seen, intermediate equations are created for the integral action of the PI controller, i.e.
¢q and ¢q are the integral term of the error signals. By moving around and doing small-signal
linearisation, the state equations and algebraic equations can be reached in Equation (4.12).
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State Equations:

AP = —wipr AP + wiprs (Voaliod + IoaAvod + Voqioq + LoqAvog)
AQ = —wrprAQ + wrpr§ (VoqAiod + LoaAvoq — Voaliog — LoqAvoa)
A¢q = AP* — AP

Agq = AQ" - AQ

Algebraic Equations:

Aif g = kpp (AP* — AP) + ki ,A¢q

Ay = kpq (AQ™ — AQ) + ki ¢Adq

(4.12)

\

As can be seen, the s in the LPF and the integral action of the PI controller creates 4 state
equations and 2 algebraic equations. The full derivation of this can be found in Section B.1.1.
In a state-space representation, the 4 state equations form the Azq and the algebraic equations
form the Ay;. The Az can be seen in Equation (4.13).

AP AP

AU
. AQ AQ da AP
Az = = Ap + Bp1 | Avgqq| + Bp2 (4.13)
A A »dq AO*
Pd ®a Ao Q
Agq Agq

Where the system A-matrix can be written as seen in Equation (4.14) and the two system input

matrices can be written, as seen in Equation (4.15).

—WLPF 0 0 0
0 —WILPF 0 0
Ap = 4.14
P -1 0 00 (4.14)
0 —1 0 0
00 3 I 3 I, 3 V. 3 V. 0 0
3WLPF1o,d 3WLPFlo,q 3WLPF Vo,d 3WLPF Yo,q
Bpy = 00 *%WLPF]o,q %WLPF]o,d %WLPFVO,q *%wLPFVo,d Bpy = 00 (4.15)
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

Notice, that the input matrix has been split into two matrices. The first matrix, Bp1, relates to
the state variables of the LCL Filter and the second matrix, Bpo, relates to the reference signals
given. The logic of this will become clear when the state-space models are finally combined.
The system output can be written, as seen in Equation (4.16).

AP
Ag* AQ AP*
P iz T age] T A (4.16)
Agy
Where the system output matrix and feed-forward matrix can be written, as seen in Equation
(4.17).
—k ki k
Cp= | oY po 00 ppo (e O (4.17)
0 —kpq 0 FKig 0 kpg
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4.2.2 Current Controller

The state-space model of the current control loop only consists of the control equations. However,
the integral action of the PI controller creates the need to add intermediate equations. A control
diagram of the current control loop can be seen in Figure 4.4, where the state variables and

outputs are highlighted.

Vo,d
i P Fp
t,d *
(DDt
Yd
1 ki ¢ ( B
s )
. _|7d
1,4 »lw, L T2 =
_’}/q
[«
\ U
> wan y2 — t7d
v¥
> ]{:p’c \ L t:q

-
g

Vo,q
Figure 4.4 Control diagram of the current control loop with state variables and outputs highlighted.

The control equations can be seen in Equation (4.18).

Control Equations:
va = (itq—iva) do = B =it —icg
. . d . .
Yq=J (Z;;F,q - Zt,q) dt = % =it q — ltq (4.18)

U;d = _Wanit7q + Vo, d + kp7c (i;d - it,d) + ki,c'}’d

Uiﬁq = wnLfit,d + Vo,q + kp,c (iick,q - Z't,q) + Kicq

By doing small-signal linearisation, 2 state equations from the integral part and 2 algebraic

equations can be created, as seen in Equation (4.19).

State Equations:

dAYg A ok .
& Azt,d — Aigg

dAvyq _ A% ;
& = Aqu — AZt’q

(4.19)
Algebraic Equations:

Avf g = ~wnLifivg + Ao + kpe (il = Aiga) + kicAva
Avﬁq = wnLAig g + Avgq + kpc (Ai,’f’q — Ait,q) + ki cArvyg

The full derivation of the state equations and algebraic equations can be found in Section B.1.2.
The 2 state equations form the Azs and the two algebraic equations form the Ays. The Az
can be seen in Equation (4.20).
. A’L'tydq
Ay = [ Myaq| = Ac [Avag| + Bor At 4y | + Bes | Avoaq (4.20)
Ao dq
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Where the system A-matrix and input B-matrices can be seen in Equation (4.21).

00 10 -1 0 000 0
] Bey = ] BCQ:[ ] (4.21)

Ao =
““lo o 0 1 0 =100 0 0

Notice once more, that the input matrix is split into two matrices. Similarly as for the power
controller, the first matrix is related to the current references and the second matrix is related
to the LCL filter state variables. The output can be seen in Equation (4.22).

A dq
Ays = {Avf,dq} =Co {A’qu] + D¢ [Aiiﬁk,dq} + Dca | Avg dq (4.22)
Aig 4q

Where the output matrix and feed-forward matrix can be seen in Equation (4.23).

ki 0 k 0 —k —wnLy 1 0 0 O
Co=|""° Doy = | P D¢ = pe ~wnlf (4.23)
0 Kic 0 kpe wali —kpe 0 1 0 0
4.2.3 Delay

For the controller tuning, the delay was implemented as a transfer function approximation.
Similar can be done for a state-space representation. The equations for the delayed modulation
signals can be seen in Equation (4.24).

Delay Equations:
. 1 1
Udel,d = — 1575 Vdel,d + 1575 'U;:d (424)
. 1 1
Udel,q = — 1.5T% Vdel,q + 1.5T% Uéq
The s in the delay approximation creates state variables. The equations can be small-signal

linearised, which leads to the equations in Equation (4.25).

State Equations:
Avged = — 137 Avdeld + 1o AVl 4 (4.25)

: 1 1
Avdel,q = — 1577 Adel,q T T3 AV q

The state equations can be written in state-space representation, as seen in Equation (4.26).

A A Avy
Azxg = Vdeld | _ Agel Udeld + Bgel Uzd (4.26)
Avgel q Vdel,q Avt,q
Where the system A-matrix and input matrix can be seen in Equation (4.27).
S S 0 1 0
Adel = 1.5T5 1 Bdel = | 15T 1 (427)
0 - 15T 0 15T

Note that, in this state-space model, there is no explicit output. In other words, C-matrix is an

identity matrix of the same size as the A-matrix and the D-matrix is a zero matrix.
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4.2.4 LCL Filter

The equations for the LCL filter can be defined as was done in Chapter 3 for the transfer function
derivation. This leads to 6 equations in the dq domain, as seen in Equation (4.28).

rKVL & KCL Equations:
dilt‘;d _ _Tlffit,d + Wi g + L%Uﬁel,d - Lifvo’d
djitt,q _ _L—fffit,q — Wiy g + Lifvziel,q - Lifv‘)’q
dqéot’d = Wlo,q + Cifit,d - Cifio’d o
et = —wvgq + Fitq — Fioa
Tt = o4 + Wiag + Z-lod ~ 7-Ubd
diféq = T oq — Wiod + 1-Voq — 1-Uba

The w is determined by the PLL in order to align the dq0 reference frame. Therefore, any
mismatch between the actual frequency and the PLL frequency will have an effect on the
dynamics. When small-signal linearising, the multiplication between w and the voltages and
currents will introduce non-linear second order terms, i.e. Aw - (Ai¢ gq+ Ao dq + Atodq). These
are ignored since they are non-linear and typically small. However, for linear simulation with
large step changes, the assumption that the values are typically small is untrue. Therefore,
an increased mismatch in dynamics is expected when doing large changes in the system. The
small-signal linearised equations can be seen in Equation (4.29).

State Equations:

dAditt,d — _TlffAit’d + wn Ay g + Awli g + %fAvéel,d — %fAUo,d
dAdit,q = %I}"Ait,q — WnAit,d — Awliq + %fAvéel,q — %fAUO:q
Lt = wnAvoq + AwVo,q + G Qiva — & Aiga (4.29)
08 = o Avg,q — AwVa + & Aitq — &Nigg
U0 — B Nig g + Do + Awlog + 7= Avoq — £ Avsg
| L2 = e Diog — wnliog — Awlod + £ Aveq — £Aupg

The full derivation of the small-signal linearised equations can be found in Section B.1.4. There
are 6 state equations that form the A'l‘4, as seen in Equation (4.30).

At dq
A:CC4 = AicL Avs4q | + Brera [Avgel,dq] + Brcre [Avb,dq} + Brcis [Aw] (4.30)
Aig dq

Where the system A-matrix can be seen in Equation (4.31).

—f& w40 0 0]
—wn —E 0 —£ 0 0
1 1
& 0 0 n o~ 0
Aper = | & “ Cr ] (4.31)
1 R
0 0 £ 0 —f w
L0 0 0 £ —wy —E
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And the input matrices can be defined as seen in Equation (4.32).

- 0 0 0 [ I
0 £ 0 0 ~Iiq
0 0 0 0 V.
Bicri = 0 0 Bicre = 0 0 Bicrs = o (4.32)
—Vo,d
0 0 - 0 Lo
[0 0] 0 —L%_ | — 14|

Notice, that the system B-matrix is split into three B-matrices. The first is related to the
voltage driven by the inverter and the second is related to the voltage of the connecting bus or
PCC. The third matrix carries the operating points or equilibrium points. These alter the dq
components based on the Aw from the PLL. The purpose of splitting the matrix will become
evident later.

4.2.5 PLL

The PLL is identical to what was presented in Chapter 3. In the dq frame, the PLL can be
illustrated as shown in Figure 4.5, where the state variables and output have been highlighted.

)
Uo,q T _’ Aw w 0 oo [9]
_7>Ud,nom‘_>©_ _p o
Wn
-y

OT <P kL
Figure 4.5 Control diagram of the PLL with the state variables and output highlighted.

Note that, the k, prr, and ki prr, can just be scaled with 1/vqnom for simplicity. The control

equation can be written, as seen in Equation (4.33).

Control Equations:
p=[(0—1yqdt= % = —Uoq (4.33)
w=10=kpprLL(0 — Voq) + ki PLLP + Wn

The intermediate variable, p, is created to account for the integral action of the PI controller.

The PLL control equations can be small-signal linearised, as seen in Equation (4.34).

State Equations:

Ap=0—Avyq

Af =k prr(0 — Aveq) + kipLLAp (4.34)
Algebraic Equations:

| Aw = —kp pLLAVoq + ki pLLAp

The output required from the PLL state-space model is the angular frequency, due to the
dependency on it in the LCL filter. The full derivation of the small-signal linearised equations
can be found in Section B.1.5. Writing the equations in a state-space representation, the Azs
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in Equation (4.35) can be reached.

‘ AV
. A A ,dq
Azs = P = Ap1L P + Bpri, A’Uo,dq (4.35)
AG AG )
Alo’dq

Where the A-matrix and B-matrix can be seen in Equation (4.36).

0 0
kipL O

000 -1 00

B pu—
P10 0 0 —kppr 00

APLL = (4.36)

The output can be explained from the algebraic equations and can be seen in Equation (4.37).

Ap At dq
Ays = [Aw} = CpLL N + DpLL | Avsqq (4.37)
Aig dq

Where the C-matrix and D-matrix can be seen in Equation (4.38).
Cpir = [kipie 0] Dee=1[0 0 0 ~kypr 0 0 (4.38)

However, if the PLL is only implemented like this, only the stability of the PLL it self is taken
into account. Additionally, A6 is never used in the PLL state-space model, nor in any of the other
state-space models. In the PLL block diagram from Chapter 3, the PLL used its calculated 6 to
adjust all the abc-to-dq0 transformations. Thus, the PLL does influence it self, like a feedback
loop, but this is not present in anything presented yet. Consequently, if a disturbance happens to
the state-space system, no realignment of the dq0 frame would happen [25] [26]. An illustration
of a dq frame misalignment can be seen in Figure 4.6.

PLL
q

Figure 4.6 Illustration of PLL dq frame rotation.

The figure shows a mismatch between some initial or actual dq frame, described by 6y, and the
PLL calculated dq frame, described by fprr,. To account for this dynamic behaviour, a rotation
has to be applied to the dq0 voltages and currents. Thus, for the state variables of the LCL
filter, the transformation can be seen as in Equation (4.39).

(Al ARyl o 12y ]

Aiptt A 0 —Iy A

Add | _ |Atha| 10 Yoy | |Ap| A B |2 (4.39)
ot a0 vl | [ae] TS T | ag -
AFLL Aid 0o 1Y, s

| Adggt] (AR, [0 104
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In other words, the [Aimdq Avg 4q Ai(),dq}T in all the other state-space models should be
replaced with Equation (4.39). This ensures that the dq frame used for control accurately
reflects the dynamics of the PLL. The full derivation and small-signal linearisation can be found
in Section B.1.5.

4.2.6 Combined Single-Inverter Model

To combine the state-space models into one single state-space model, representing an inverter
with filter, the explicit outputs of the state-space models have to be inserted into the belonging
inputs of the Az, state-space models. Afterwards, the combined state-space model can be

represented as seen in Equation (4.40).

Ay = Ay [AxINV} + Biny [Avb,dq} + Borni [APQ*] (4.40)

As can be seen, the state variables are Axyy and the inputs are the connecting bus voltage,
[Avp, 4q), and the active- and reactive power references, AP* and AQ*. In Equation (4.40), the

combined state variables are as seen in Equation (4.41).

T
Aziny = |AP AQ A¢yq Mg AUfggqq Dicdq Avogq Niedq Ap Af|  (4.41)

Thus, there are a total of 16 state variables, 5 of them coming from the integral action of PI
controllers and 11 of them being the powers, voltages, currents and angle of the system.

An overview can be seen in Table 4.1 for the state-space models and the relevant inputs and
outputs. Only explicit outputs can be found in the table, since they are the outputs that have
to be inserted into the Azj-equation of other state-space models. If the output is just the state

variables, then these will be assigned by the placement in the combined A-matrix.

Table 4.1 Overview of single-inverter state-space model inputs (u) and explicit outputs (Ayg # Axy).

SSM Input Output

AP* .
AQ*:| [Azt,dq]

Azs  Current Controller [Aitdq Avodq Aiqdq]T and [Aiz"dq} [Avadq}

Az Power Controller [Az’t’dq Avg dq Az’o’dq]T and [

Azs  Delay [Av] 4] (]
. _ . A

Ars  LCL Filter (Ao ag], [Avbag], [Aw] and [ Ag] -]

A:Z‘5 PLL [Ait,dq A’quq Aio,dq] T [Aw]

Similarly to the control structure presented in Chapter 3, the output of the power controller,
Ay, = [Ai;dq], will be input into the state-space model of the current controller. Then, the
new output of the current controller, Ays = [Av;“vdq], will be inserted into the state-space model
of the delay. Finally, the dq frame rotation will be inserted into the other state-space models
and the output of the state-space model of the PLL, Ays = [Aw], will be inserted into the
state-space model of the LCL filter.
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Now, all the Az can be combined into a large state-space model, as seen in Equation (4.42)
[24]. The full process of inserting inputs and combining the state-space models can be found in
Section B.1.6.

Al‘l
. A AP
Aziny = |Azz| = Ainwv[Azivy] + Biny [Avb,dq} + BcTrL AO? (4.42)
Azy
Azxs

The A-matrix is 16-by-16 and can be seen in Equation (4.43), reduced to a 5-by-5 matrix.

Az, Ay Azs Azy Az
—_—~— = A~
Ap Ox2)  Ouxg Bp1y Bp1Bg
Ay = BciCp Ozx2)  Opaxy Beo B Bg
ByaDc1Cp  BaelCc Adel BaaDcs BaaDc2Bg
Of6x4] Ox2) Brour Avcr + BrensDron  AncLBe + BrensCpLL
O2x4] Oizx2)  Opaxg BpLL ApLL

(4.43)
The B-matrices can be seen in Equation (4.44), where the first B-matrix relates to the connecting
bus or PCC voltage, and the second B-matrix relates to the active- and reactive power reference

signals given.

Opaxg) Bpy
Op2x2] BciDp
Biny = | Oaxy Botre = | BgelDe1 Dp (4.44)
Brorz Of6x2]
| Oj2x2) | | Opx2)

The single-inverter state-space model is now complete. There are no explicit output of the state-
space model, and the output can be chosen using the C-matrix. The D-matrix is a zero matrix.
For linear simulation of the single inverter system, the bus voltage can be set to a constant value,
like the grid voltage or similar. The active- and reactive power reference can then be changed to
emulate a step response or similar. Alternatively, the bus voltage input can be used to combine

several inverters in various types of connection.

4.3 State-Space Model of Multiple Inverters

For the multi-inverter small-signal state-space model, the inverters have to be combined
depending on their connection configuration and control logic. For this system, the 3 inverter
models are in parallel and connected to a grid, as seen in Figure 4.7. The bus voltage, Auvy, qq,
will be used to make the connection. However, the bus voltage does not have its own differential
equation, meaning that it can not be a state variable. Therefore, a special method has to be
implemented for it to act as a floating bus. The grid current is the sum of the inverter currents,
but also passes through the grid inductance and resistance, making it a separate differential
equation. Therefore, the current relationship and the grid impedance have to be modelled for
the multi-inverter model to be made. Additionally, the single-inverter model has to be modified,
as the inverters will share the same single PLL.
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Inverter 1

- Lf Vo,1 Lf

T ~ ? Cfi ?

Inverter 2 I Grid
= .
T |/~ :
Inverter 3 I:I
== Lf Vo,3 Lf —i—

N

14,3

Figure 4.7 Overview of multi-inverter system configuration.

4.3.1 Grid Model

The grid, in this case, is modelled as an inductive line with resistance, where on one end is a
fixed voltage, vg, and on the other is the bus voltage, v,. This can be seen in Figure 4.7. The
grid equations for this line, are similar to the KVL equations presented for the LCL filter in
Section 4.28 and can be seen in Equation (4.45).

KVL Equations:

digq _ —Rg. ; 1 1

dt = I led TWigq T 7 Vbd — T Vsd (4.45)
digq _ —Rg . . 1 1

It = I 'sa " Wigd T T Vbq ~ T Vsq

Similar to the LCL filter, the grid equations have cross-coupling terms and can be small-signal

linearised as seen in Equation (4.46).

State Equations:

dAigq  —Rg A - . 1 1

at = I, Dlgd T wnligg + Awlgq + - Avha — - Avgd (4.46)
dDigq _ —Rg A : 1 1

Gt = T, Qigq — wnliga — Awlga + 77 Avp g — 77 Avgq

The equations in Equation (4.46) shows both a fixed cross-coupling term depending on the dq
currents, but also a changing cross-coupling term depending on the change in angular frequency.
The equations can be combined into a state-space model, as seen in Equation (4.47).

Ay g Avg g

+ Bas + Brq [Aw} (4.47)

Ub,q Vg,q

The system A-matrix and the B-matrices of the grid model can be seen in Equation (4.48).
Note that, the sign of Bgy and Bgs swap depending on the sign definition of the bus voltage

equation.
Rg 1 1
- w 7 - 0 I
Ag=| " | Ba= [ 5 Bas = [ Le 7 Brq = [ ?q] (4.48)
“wn T, 0z 0 -z ~lga

This is the state-space model of the grid, where Av, 4q represents the Thévenin equivalent grid
voltage magnitude.
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4.3.2 Bus Voltage and Current Relation

So far, no model has yet been made for the bus voltage, Avyqq, and the current relation,
lg.dq = to,dq,1 T %o,dq,2 T+ %0,dq,3; has not been included. To include this, a virtual shunt resistor
to ground is implemented at the bus [24], as was seen in Figure 4.7. The equations can be seen
in Equation (4.49).

.
Equation:

Vb,d = I'N(—lgd + To,d,1 + G0,d,2 + t0,d,3)
Ubq = N(—lg,q + fo,q,1 + fo,q,2 + %0,q,3) (4.49)
Small-signal Equation:

Avp g = rN(—Adg g + Adg g1 + Alg g2 + Aiga3)

Avp g = rn(—Aigq + Aiog1 + Aiog2 + Aiog3)

The sign of the equation is chosen to properly reflect the voltage change happening in the system,
and is tied to some of the signs in the grid model. Now, the equation can be combined to an
algebraic equation in state-space representation, as seen in Equation (4.50).

Awvp g M [Aio,d,1] M

Aig q
Aigq

AV
AZ‘o,q,i’:

AZ.o,d,2
AZ'0,q,2

Alpus = —H + M (4.50)

Avp g Ao g1

Where the matrices are as seen in Equation (4.51).

H= [_TN 0 ] M= [rN 0] (4.51)
N

0 T 0 N

The equation not only defines the bus voltage, but also governs the current relation between
the inverters. The virtual resistor will be chosen as a large value to not affect the dynamics
of the system, e.g. 10002 as was done in [24], resulting in ig4q = io,dq,1 + %0,dq,2 + %o,dq,3 OF
lg.dq = lodq,1 T To,dq2 T fodq3 + & where € is an error associated with the virtual resistor.
Consequently, some discrepancy between the state-space model and the simulation is expected,
though should be within reasonable bounds, depending on the chosen value of resistance. For
this model, the resistance has been chosen as 1 M(2, as it was found to yield good results.

4.3.3 Single-Inverter Modification

The single-inverter model should be modified by removing the PLL from the A-matrix and
making it purely an input to the rest of the single-inverter model. Additionally, small changes
have to be made to the PLL state-space model, since the bus voltage will now be used as input.

The modified single-inverter state-space model can be seen in Equation (4.52). Notice, that
the frame correction term, Bcogri, and cross-coupling term, Bxj, have been moved outside of
the original A-matrix and will need the PLL output [Aw] to be input. Additionally, the rows
associated with the PLL have been removed entirely, as they will be implemented in a separate
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PLL model.
Axl
. A.TQ *
Azinvi = Anvi A + BCORRi [ACCPLL} + Bxi [AW} + Binvi [Avb,dq] + BerRL [APQ }
3
A.%'4
(4.52)
The modified A-matrix can be seen in Equation (4.53).
Ax1 Axo Axs Axy
— A A
Ap Ouux2)  Ouxzy  Bpi
Amvvi = BaiCp Opx2)  Opx2  Bez (4.53)
BaeDc1Cp BaeaCc Ader Baa Doz
Of6x4] Ox2y Broni  Avcr
And the modified B-matrices can be seen in Equation (4.54).
Bp1Bg, Opax1) Opax2) Bpo
B Bg Of2x1 Op2x2] Bci1Dp
Bcorri = Bxi = Binvi = Berrui =
' | BaaDc2Bg 1 O2x1] 1 Of2x2] " | BaaDc1Dp
ALcLBg Brovs Brcre O6x2]
(4.54)

The inverter state-space model has now been modified, so that the output of the external PLL
state-space model can be inserted into the single-inverter model. Note that, the ¢ in the matrices

indicate the inverter number and will become important when combining multiple inverters later.

4.3.4 PLL Modification

The PLL has to be modified, so that it uses the bus voltage, Aw, 44, as the synchronising voltage.
As the bus voltage is not a state variable, this unfortunately involves defining it based on several
inputs from the other models and, consequently, results in a lot of variables being inserted where
the bus voltage appears. The resulting state-space model can be seen in Equation (4.55).

Ap

. Ap Avp g
A = =A + B ’ 4.55
TPLL Af PLL | Ag PLL Avpg (4.55)
Where the A- and B-matrices are seen in Equation (4.56).
0 0 0 -1 |
AprL, = BprL = (4.56)
[ki,PLL 0 [O —Fkp,PLL |
Similarly, the output can be modified.
Ap Avb d
Aypir = |Aw] = C +D ’ 4.57
YPLL w PLL | Ag PLL [ Avb,q] ( )
Where the C- and D-matrices are seen in Equation (4.58).
CpLL = [ki,PLL 0] Dpr1, = [0 _kp,PLL} (4.58)
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Now, the bus voltage in Equation (4.50) can be inserted into the PLL model with C-matrices
to select the currents from the inverter models, as seen in Equation (4.59)

Ap Aig g
Af Aig g

+BprLL. M Cinve [A$INV2} + Bpr.MCinvs [AmINVB}

+ BpLLH

Azprr, = Aprp + Bpr, M Cinvi [AxINVI]

(4.59)

Where Cinvi can be seen in Equation (4.60), i.e. it simply selects the correct state variables of
the inverter model.

Oixizg 1 0O
Cinvi = | | (4.60)
[0[1x12] 0 1]

The bus voltage can also be inserted into the PLL output, as seen in Equation (4.61).

Ayprr, = CprL + Dpr.. M Crnvi [AZ’INVI}

p Aig d
+ Dp H|T®
Ag| T [Aiqu

+DprLL M Cinva {A-xINVZ} + DpLL M Cinvs [AfCINVS}

(4.61)

Now, the PLL output and the bus voltage equation can be inserted into the modified single-
inverter model and the grid model. This is covered in Section B.2.1 and the final equations
where the PLL output and bus voltage has been inserted are Equations (B.55) and (B.57).

4.3.5 Combined Multi-Inverter State-Space Model

Combining the single-inverter state-space model in Equation (B.55) with the grid model in
Equation (B.57) and the PLL model in Equation (4.59), a multi inverter state-space model
representing a power plant can be made, as seen in Equation (4.62).

AriNnvi Azinvi

AziNve AziNve
. Av AP AP AP
Azpp = |Azivvs | = App | Azivva | + Boro |, 9| + Brert ! | + Brer2 ° | + Brers ‘
Vg,q AQT AQ3 AQ3

AzprL Azpr,

Aajglrid AIglrid

(4.62)

The A-matrix is 46-by-46, made up of 14 state variables from each inverter, 2 state variables
from the PLL and 2 state variables from the grid model. The A-matrix can be seen in Equation
(4.63), reduced to a 5-by-5 matrix.

App =
Amvi + BsiMCinvi Bs1 M Cinva Bs1 M Cinvs Becorri + BxiCpLL + Binvi Bvs Bs1H
Bsa M Cinvy Anve + Bs2M Cinvz Bsa M Cinvs Becorrz + Bx2CpLL + Binva Bvs BsoH
BszM Cinvi Bs3M Cinva Amnvs + BssMCinys  Beorrs + BxsCpLL + BinvsBvs BssH
BpLL. M Cinvi BpLLM Cinve BprLM Cinvs ApLL BprLH
By MCinvi ByMCinva B;MCinys AgBgg + Ba1Bvs + BeCprL  Ac + ByH

(4.63)
To reduce the size of the matrix, repetitive terms have been shortened to what is seen in Equation
(4.64), where i represents the inverter number, i.e. the row in the state matrix.

Bgi = BxiDpLL + Binvi By = Bai + BeqDrLL (4.64)
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Additionally, frame rotation has been applied to the grid current and bus voltage, which can be

seen by the matrices in Equation (4.65).

0 1
Brg = & 4.65
BG [0 B Ig,d] (4.65)

Note that, a C-matrix has been implemented to select the correct output of the single inverter
models, i.e. the output currents. The B-matrices can be seen in Equation (4.66), where the first
relates to the grid voltage and the rest relates to the control reference of the i*" inverter.

Or14x2] Berria O14x2] O14x2)
Or14x2] Of14x2] Berriz Or14x2]
BGriD = |Opaxg)| Brer1 = | Onaxz) | Brer2 = | Opsx2) | Brers = |Borris|  (4.66)
O;2x2] Op2x2] Op2x2] Op2x2)
| Baa | | Opx2) | | Op2x2) | | Opxg |

4.4 State-Space Model of the POD Control

This section will formulate the single-inverter state-space model with POD included. First the
POD stat-space model will be made. Then, the POD state-space model will be inserted into
the single-inverter state-space model.

4.4.1 POD State-Space Model

The POD control scheme involves many filters, as described in Section 2.2. These are a low-
pass filter, a washout filter and two lead-lag filters, as seen in the top of Figure 4.8. The
implementation of the low-pass filter in a state-space model was covered in Section 4.2.6 when
deriving the state-space model for the power controller. However, when the filter includes an s
in the numerator, the derivation of a state-space model becomes more complex. To simplify the
derivation, an intermediate state is introduced, denoted by X’. This can be seen in the bottom
of Figure 4.8.

M;(S)—> N RUOR I IO P RO [P ﬂ’[}_AI:PSD(S)
T 1 »| Tows+1 | T,st1 ¥ Tl
AV, a(s) Lot wet 2ot s AQpon(s)
AP 1 Wl 1 A4 [P A (R QP = N I o P APpon
or Tipst1[ 2| Tws+1 [ "W Tost1[ 2125+ M P ls T or
AVod AQpop

Figure 4.8 Block diagrams of POD control scheme with the top showing the standard form and the
bottom showing the extended version with intermediate states.

Starting from the left, the state-space model can be derived for the low-pass filter. The transfer
function can be written on the form as seen in the following equation, assuming AP as the

input.
Ws) _ L _w _
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By doing small-signal linearisation and isolating for the derivative term, the transfer function

can be written in a state-space representation as follows.

. . 1 1
AwTip + Aw = AP = Aw=———Aw+ —AP (4.68)
Tip Tip

Combining the state equation, Equation (B.60), and the output equation, Equation (B.62), the
full state-space model of the washout filter can be seen in Equation (4.69).

Az = —ﬁAz’ + ﬁAw

(4.69)
Az = —AZ + Aw

By combining the state equation, Equation (B.65), and the output equation, Equation (B.67),
the state-space model for the lead-lag filter can be made, as seen in Equation (4.70).
AW = —LAN + EAz
& - e . (4.70)
Ah=(1-F) AR + Az

Similar can be done for the second lead-lag filter, which results in the state-space model seen in
Equation (4.71).
Ad = —LAd + L~ Ah
N (4.71)
Ad=(1-F)Ad + Fan

The full derivation of the filter state-space models can be found in Section B.3. Some of the state
equations and outputs are dependant on the outputs of the other state-space models. Therefore,
the output equations should be inserted into the other equations. The derivation of this can be
found in Section B.3, and the result of this can be summarised in Equation (4.72).

State Equations:
Aw = —7=Aw + 7=AP

Az = ﬁAw — ﬁAz'

AW = 2 Aw — A — AN (4.72)
’ T T T
A = e Aw — T A2+ (= 75 ) AW - fAd

Algebraic Equations :
(ad=FRaw-BRaz + (B - AB)aw + (1- ) ad

15Ty 15Ty 15Ty
The state-space models can be combined into a combined state-space model of the POD control

scheme, as seen in Equation (4.73).

Aw Aw
. A4 A7
A = =A B AP 4.73
TPOD = |\ 1 POD | \pr| T poD[AP] (4.73)
Ad' Ad'
Where the A- and B-matrix can be seen in Equation (4.74).
1 1
—F 01 0 0 o
=  —7 0 0 0
Apop = | Tw Tw . Bpop = (4.74)
n Tnn 0 0
T N 1 Ny 1 0
TiTs T, Ti Tl ~ Ta
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As seen in Figure 4.8, the output d is multiplied with a gain, which defines the output equation
of the combined POD state-space model, as seen in Equation (4.75).

Aw Aw
A7 T T T: T3 _ T T: A7
Ayron = kA = Cronpjq | 7| = [FRE —kER * (B-28) v(1-2)] Nt
Ad Ad
(4.75)

4.4.2 Combined POD and Inverter State-Space Model

The POD state-space model can be added to the single-inverter state-space model by inserting
the POD output into the active- and/or reactive power reference of the single-inverter model.
For the sake of simplicity, only one POD, i.e. POD-P or POD-Q, will be implemented at a time.
The combined model will be made by substituting the active- and reactive power reference with
Equation (4.76).

AP* AP* AP
Ao bob (4.76)
AQ AQ AQpop
This can be done because of the way the POD control is implemented, as seen in Figure 4.9.
P
POL  Thon-p(s) WAV Qrop Tron-_q(s) | Avo,d
* Z* d * Z*
B PI > A PI =

rt ot

Figure 4.9 POD control in the power controllers.

The combined state-space model of the inverter and POD control can be seen in Equation (4.77).

AP*
AQ*

Axny

)

4.77
Avy, g ( )

Azinv4rop = Ainv4proD + BiNnv4+POD + BoTRL+POD

Axpop

In the combined state-space model, the A-matrix and B-matrices can be seen in Equation (4.78)

B Ay BerruCrop _ | Binv _ | BerrL
AINV4POD = Binvipop = BcetrLyPOD =
BpopCiny Apop Opax2] Opax2)
(4778)
Where Ciny can be chosen as either Ciny, p or Cinvy,@, as seen in Equation (4.79).
_A.%'l_ _Al'l_
AZ’Q AQ?Q
AP = CINV,P Axs Avo,d = CINV,Q Axs (4.79)
Axy Azy
Aa:5 A$5
Where the C-matrices are as seen in Equation (4.80).
Cvvp = [1 00 - 0} Cinvv,o = [Opiwgy 0 10 o[wd (4.80)
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The C-matrix used for adjusting the active- or reactive power reference can be chosen as seen

in Equation (4.81), depending on what POD control is desired.

O1x4) ]

(4.81)
Cpron-qQ

Cprop =

CpoD-P
O1x4]

CpoD-P
Cprop-qQ

In case of implementation in the multi-inverter state-space model, the implementation depends
on how the POD is desired to be performed. The POD could be implemented in the BESS
control scheme or in the central controller, which could involve various ways of distributing the
POD regulation setpoint. However, this will not be explored further.
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4.5 Comparison of Simulation and State-Space Results

This section will compare the state-space simulation results to time-domain simulations
performed in MATLAB Simulink. First, the single-inverter dynamics will be compared, followed
by the stability prediction of increasing the grid inductance. Then, the multi-inverter dynamics
will be compared to the time-domain simulation. Afterward, a comparison between single-
inverter stability and multi-inverter stability will be made. Finally, the small-signal stability
impact of implementing POD will be evaluated.

4.5.1 Comparison of Single-Inverter Dynamics

Initially, a comparison can made of the single-inverter state-space model without POD control
to a simulation. This is done to validate the accuracy of the state-space model. A simulation is
made where the active- and reactive power is stepped as follows:

t=10s, P=0W — 300W
t=20s, P=300W—0W
t=3.0s, @ =0VAr— 300VAr
t=4.0s, @Q =300VAr — 0VAr
Similarly, the input to the single-inverter state-space model is altered to mimic the simulation.
By using the values of the equilibrium points in the simulation at t = 0.99 s accurate comparison
can be achieved.
up = Avpg =120V
up = Avp g =0V
0W, t<1.0s
ug =AP* = 4300W, 1.0s<t<20s
CALS t>20s
0W, t<3.0s
ug =AQ" =<{300W, 3.0s<t<4.0s
0w, t>4.0s

Notice, that the bus voltage, or in this case grid voltage, has been set as an input. This is
equivalent to keeping the input as 0 and adding the state variables’ equilibrium points afterwards,
due to the linear nature of the model.

To evaluate the dynamic accuracy of the state-space model, the non-integrator states are
compared to that of the simulation, including the Aw output of the PLL but disregarding
the delayed voltage reference. The 9 states and the 1 output can be seen compared to the
simulation results in Figure 4.10. On the left side is the full step, whereas on the right side is a
zoomed in version to better see the dynamics. Only the active power step up is shown in Figure
4.10. The rest can be found in Section B.4.1.

Taking a look at the full step (left), the state-space model can be seen to accurately represent the
dynamics at this time scale. Almost no noticeable deviation can be observed. However, when
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looking at the smaller time scale on the right, the dynamics show some slight deviation, though

compared to the step size is very small. Noticeably, there is an ~ 3333 Hz oscillation happening

at the capacitor voltage, and consequently also on Aw and the currents. This indicates a poorly

damped mode in the system. The oscillation in the state-space model matches well with the

simulation. The error in dynamics observed on the zoomed-in plots is strongly influenced by

the solver settings used in the simulation. See Section B.4.1 for more thorough information.

Therefore, it is likely that all residual error can be attributed to solver-related issues and non-

linearities, and not any modelling error.
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Figure 4.10 Comparison of non-integrator state variables to simulation results

Taking a closer look at the error between the state-space model and simulation, it can generally

be seen to be low. In Figure 4.11 the maximum error and root mean square error (RMSE) are
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plotted on the left, whereas the normalised maximum error and normalised root mean square
error (NRMSE) are plotted on the right. These help describe the error between the state-space

model and simulation.

The maximum error, likely found during transients, show the maximum deviation in absolute
units. For example, the power seems to deviate the most with a little more than 0.04 W/VAr in
deviation. Most other values are way below this and show no major differences for the maximum

€ITor.

Absolute Error Percentage Error (%)
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Figure 4.11 Bar chart of absolute errors and percentage errors for an active power step up.

Looking at the RMSE, it can be seen that this error, which takes into account the full step,
shows minimal deviation and mostly agree with the maximum error. By normalising the
maximum error and RMSE, a better picture can be given of the significance of the error. The
maximum error and RMSE are normalised with factors based on the step size and voltage,
i.e. Poorm = 300W, Vigrm = 120V, the current is computed from the dq power calculation,
Thorm = 3/1;’}% = 1.667 A, the angle is divided by 27 and the angular frequency is divided by
2750.

The normalised errors are generally low and show percentage errors way below 5 %, as has been
used to validate state-space models in [1]. In fact, the percentage error shows a maximum of
around 0.05 %, which is a factor 100 from the validation requirement. In the normalised errors
there is a clear trend that the currents, A gq and Ai, qq, have the largest deviation from the
simulation, as was also observed in Figure 4.10. This likely indicates non-linear effects due to
the PLL aligning the dq frame or issues related to the solver settings in Simulink. The bar
charts of the errors for the other steps can be found in Section B.4.1. The data used in Figure
4.11 can be seen in Table 4.2 with a precision of 6 decimals.

Group EPSH4-1035 53 of 96



4.5. Comparison of Simulation and State-Space Results Aalborg University

Table 4.2 Overview of state-space model errors compared to simulation with bold font highlighting the
larger deviations.

State Max. Abs. Norm. Max.

Variable Error Abs. Error (%) RMSE  NRMSE (%)
AP 0.040375 0.013459 0.023384 0.007795
AQ 0.043729 0.014576 0.012984 0.004328
Avyq 0.006303 0.005252 0.003976 0.003314
Av, 4 0.004589 0.003824 0.000497 0.000414
AVIY 0.000834 0.050015 0.000562 0.033734
Aty g 0.000374 0.022463 0.000402 0.024140
Aig g 0.000834 0.050033 0.000563 0.033781
Aig g 0.000369 0.022156 0.000321 0.019289
Al 0.000018 0.000294 0.000003 0.000055
Aw 0.025138 0.008002 0.001129 0.000360

4.5.2 Comparison of Single-Inverter Closed-Loop Transfer Functions

The dynamics of the single-inverter state-space model has now been validated. Therefore, it
is appropriate to compare the derived power plant transfer function from Section 3.2.2 to the
resulting closed-loop transfer function of the state-space model. The result of this comparison
can be seen in Figure 4.12. The closed-loop bode plot comparison includes the simple plant
transfer function, the detailed plant transfer function, derived using block diagram reduction,
and the state-space model transfer function. The simple transfer function is a second-order
transfer function, the block diagram transfer function is a seven-order transfer function and the

state-space model is a 16-order transfer function.
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Figure 4.12 Bode plot comparison of closed-loop transfer functions.

As can be seen, the block diagram transfer function has an attenuation similar to the state-
space model, especially at lower frequencies. At higher frequencies, the attenuation deviates
more. Additionally, the block diagram transfer function shows much poorer damping of the
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resonance peak than is the actual case. The simple transfer function shows similar attenuation

at lower frequencies but deviates heavily beyond that.

Furthermore, the phase of the simple transfer function matches decently at lower frequencies
but stop declining at 30 Hz, i.e. the cut-off frequency. The block diagram transfer function
matches the phase of the state-space model well, especially at lower frequencies and up until the
resonance frequency. The block diagram transfer function underestimates the damping of the
resonance peak, which is clearly visible on the phase. However, for controller tuning purposes,
the block diagram reduced transfer function is adequate and shows the important phase decline
from 30 Hz to the resonance peak, which affect the phase margin of the open-loop system.

4.5.3 Comparison of Single-Inverter Stability

One advantage to making state-space models, is the ability to investigate the eigenvalue
trajectories of the A-matrix during a parameter sweep. Depending on the accuracy of the
state-space model, the trajectories can tell the tendency of changing a parameter and when that
parameter makes the system unstable.

Often times for grid-connected inverters, the grid conditions change. This can be the voltage,
the frequency and the strength of the grid or impedance. For this evaluation, the grid inductance
has been chosen as the parameter for the sweep. In the simulation, and previously shown state-
space model, the grid impedance was 0.17 mH, which is quite small. However, due to the second
inductance of the LCL filter, the combined impedance, or coupling impedance, was L. = L+ Lg.
Thus, the impedance between the grid voltage source and the filter capacitor was 1.97 mH. By
using the ratings of Section 3.1, the SCR can be found to be 38.76, which is a very strong
grid. Typically, grid-following inverters face issues with stability below an SCR of 3, which is
considered a weak grid [25]. As discussed in Section 2.2, these are also the cases when power
oscillation can become an issue for IBRs, especially at high active power output. Therefore,
a eigenvalue parameter sweep is conducted on Lg. This is done at three active power levels:
300 W, 600 W and 900 W. At 900 W the corresponding d component of the output current is
5 A, which is the current limit of the inverters.

In Figure 4.13, the eigenvalues are plotted for each value of L.. On the left, all the eigenvalues
can be seen. In the middle and on the right, zoom-ins have been made to better see the behaviour
of the eigenvalues close to the right half-plane (RHP). The starting point is marked with a green
star, while the ending point is marked with a blue circle. The coupling inductance is varied from
110 mH to 150 mH. This corresponds to a change in SCR. of 0.694 to 0.509 with an active power
output of 300 W, which is quite low for grid-following inverters. The inverter system becomes
unstable at a coupling inductance of 140.5 mH, which corresponds to a SCR of 0.544. However,
this is also at relatively low power output.
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Figure 4.13 Eigenvalue plot at P = 300 W for L, varying from = 0.11H to 0.15H, becoming unstable
at 0.1405 H as the real part crosses zero.

Noticeably, the state-space model stability boundary is very sensitive to how close the starting
point is to the unstable point. For these investigations, the equilibrium conditions were

calculated close to the unstable point.

For the case of 600 W output power, the result can be seen in Figure 4.14. Here the coupling
inductance is varied from 55mH to 70 mH, which is a steep decrease compared with at 300 W.
It corresponds to a SCR of 1.39 to 1.09. The system becomes unstable at a coupling inductance
of 65.46 mH, which corresponds to a SCR of 1.17.
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Figure 4.14 Eigenvalue plot at P = 600 W for L, varying from = 0.055H to 0.07 H, becoming unstable
at 0.06546 H as the real part crosses zero.

Similarly, the eigenvalues can be investigate at 900 W, as seen in Figure 4.15. In this case, the
coupling inductance is varied from 35 mH to 50 mH, which corresponds to a SCR of 2.18 to 1.53.
The inverter system became unstable at a coupling inductance of 48.83 mH, corresponding to a
SCR of 1.56. Taking this as 1p.u. active power, similar results were achieved in [25].
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Figure 4.15 Eigenvalue plot at P = 900 W for L, varying from = 0.035H to 0.05 H, becoming unstable
at 0.048 83 H as the real part crosses zero.

For all the eigenvalue plots, similar trajectories can be observed. In all the cases the same
eigenvalue crossed into the RHP. By investigating the participation factor of the eigenvalues
at the crossing to instability, the reason for the instability can be found. This can be seen in
Figure 4.16. The left y-axis shows each state variable, the x-axis shows each eigenvector and
the colourbar on the right shows the participation factor.
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Figure 4.16 Heat map of participation factors of each state variable for each eigenvector with the inverter
operating at an active power of 900 W.

As can be seen, the unstable mode is eigenvector 14, marked by the dashed line, which the
integrator of the reactive power controller has a large participation in. The other noticeable
participation is from the integrator of the active power controller. In other words, the power
controller is becoming unstable at this increased coupling inductance. This could be due to the
significant resonance peak and phase behaviour of the transfer function of the power controller,
discussed in Sections 3.2.2 and 4.5.2. The participation factors at the other power levels can be
found in Section B.4.3, though they show similar results.
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As discussed previously, the eigenvalue-based stability analysis is highly sensitive to the
equilibrium point around which the state-space model is linearized. Figure 4.17 illustrates how

the predicted point of instability evolves with increasing active power.
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Figure 4.17 Diagram of instability trend with a varying L, and active power.

Three curves are presented: the blue curve represents the most accurate estimate of the stability
boundary, obtained by initiating the parameter sweep from values of grid inductance close to
the boundary. In contrast, the orange and yellow curves correspond to sweeps starting at
L, = 10mH and Ls = 0.17mH, respectively. Despite the substantial difference in starting
values, the resulting stability boundaries for the orange and yellow curves are nearly identical,
indicating that the state-space model is more linear far from the critical point and does not
significantly affect the identified instability threshold in this case.

However, both the orange and yellow curves slightly overestimate the stability boundary
compared with blue one. When the parameter sweep begins closer to the actual transition
point, as in the blue curve, the system is found to lose stability at a lower value of L,. This
discrepancy is likely due to non-linear effects becoming more pronounced near the boundary,
where the accuracy of the linearised model deteriorates. Additionally, numerical sensitivity
increases in this region, meaning small differences in the equilibrium point can lead to significant
shifts in the system’s eigenvalues.

Since the result is highly sensitive to the specified equilibrium point, the starting inductance is
varied incrementally, digit by digit within the numerical limits of the solver, in order to examine
how the stability boundary converges with respect to the initial inductance used for both the
equilibrium point calculation and the subsequent parameter sweep. This is illustrated in Figure
4.18 for an active power of 900 W.
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Figure 4.18 Convergence of instability against starting inductance for active power of 900 W.

The orange line and dot are identical to the value found in Figure 4.15, which compared to the
new purple line and dot is significantly larger. The value at which the purple line and dot indicate
that the system becomes unstable converges on L, = 38.282mH, which is a reduction of 21.6 %
compared with the orange. Similar was done for 600 W and 300 W and the convergence figures
can be found in Section B.4.3. The value at which the system becomes unstable converges on
Ly = 57.4001 mH and Ly = 114.658 mH for 600 W and 300 W, respectively. These correspond to
a reduction of 13.9 % and 18.6 %, respectively. A table summarising the steps for the convergence
at each power level can be seen in Table 4.3.

Table 4.3 Summary of values used for convergence plots, where Ly ¢ is the starting inductance and Lg
is the value at which the system is unstable.

Active 300 W 600 W 900 W

Power

Step | Lgs (mH) Ly, (mH) | Lgs (mH) Lgy (mH) | Lgs (mH) Ly, (mH)
1 0.1700 115.000 0.17000 115.000 0.170000 76.600
2 10.0000 230.000 10.00000 114.000 10.000000 75.400
3 110.0000 140.500 55.00000 65.400 35.000000 48.800
4 112.0000 128.000 55.50000 60.080 36.400000 40.535
5 112.8000 117.230 55.56000 57.940 36.450000 39.345
6 112.8500 115.030 55.56200 57.650 36.463500 38.466
7 112.8580 114.660 55.56250 57.508 36.463970 38.284
8 112.8583 114.658%* 55.56257 57.419 36.463973  38.282%
9 —— —— 55.562579 57.4017 —— ——
10 —— —— 55.5625799 57.4001%* —— ——

* Convergence at a relative error less than 1.0e-5

To validate the eigenvalue-based stability analysis, a simulation will be performed where the
inductance is increased in steps, to see when the system becomes unstable. The steps are
made by having inductors connected in parallel with breakers. Initially, 6 inductors will be
in parallel and every 0.5s a breaker will be opened, as done in [25]. However, the transient
dynamics of switching the breaker is not included in the eigenvalue-based stability analysis.
Thus, discrepancies are expected. Nonetheless, the simulation was done as seen in Figure 4.19.
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The figure shows the active- and reactive power, dq voltages, dq currents and frequency. Marked

above the dashed line is the value of inductance that is being switched to.

As can be seen, the transient at the switching instance is increasing in magnitude and length
as the inductance increases. This is especially noticeable when looking at the frequency. The
voltage d component can be seen to decrease with every step in inductance, representing the
increased voltage drop across the coupling inductance. This causes the current d component to
increase to meet the active power reference, which can also be seen by the active power deviation
from the reference of 900 W.

When the inductance is switched from 35.559 mH to 38.282 mH, the system becomes unstable,
and all values can be seen to continuously increase, i.e., the system is undamped. A zoom-
in of the phase voltages and currents can be seen in Figure 4.20. This indicates that the
eigenvalue analysis can approximately predict when the system becomes unstable. However,
the exact point of instability may lie between 35.559 mH and 38.282mH. Since the simulation
includes non-linearities, it is more accurate near the stability boundary. Nevertheless, solver-
related issues have previously been observed, and as discussed, the transient introduced by
the inductor switching can also move the system into an unstable region. Thus, discrepancies
can be attributed to these factors. Nonetheless, the eigenvalue-based stability analysis has
demonstrated a reasonable ability to predict the stability boundary, which, for all practical
purposes, should not be approached and will be difficult to recreate in reality. This validates
the derived state-space model for stability analysis. Together with the dynamic validation in
Section 4.5.1, the state-space model can be considered fully validated and reliable for predicting
trends in system stability.
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Figure 4.19 Varying the coupling inductance until the system is unstable.
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Figure 4.20 Zoom-in of voltages and current when instability occurs.
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4.5.4 Comparison of Multi-Inverter Dynamics

To validate the multi-inverter state-space model, the results of active power steps will be
compared with the results of the simulation. The inverters will be stepped as follows:
(=105, PL=0W —200W

t=20s, Pb=0W —200W

t=3.0s, Ps=0W —200W

t=4.0s, PL=200W —0W

t=5.0s, P,=200W —0W

t=6.0s, Ps=200W —0W

The result of the simulation and the state-space model can be seen in Figure 4.21. The columns
represent each inverter and the rows indicate the variable of interest. In the figure, the active-

and reactive power, voltage and current are shown with a broad time frame.
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Figure 4.21 Active- and reactive power, voltage and current comparison during active power steps for
the multi inverter models.

As can be seen, the state-space model and the simulation match well at this zoom scale, and
the overall dynamics are captured well. No significant effect of one inverter on another can be
seen. When zooming in on each step, for each inverter and variable, some impact and proof
of connection can be seen, as shown in Figure 4.22. The figure shows the active- and reactive
power of each inverter, zoomed in on each step. The x-axis covers just over 0.3s, so this is
still a zoomed-out look on the dynamics. The figure shows that the active power dynamics are
captured well throughout all inverters.

Conversely, some deviation is observed when looking at the reactive power, where the two results
clearly deviate from each other. However, the y-axis for the reactive power is zoomed in on a
lot compared with the active power. Additionally, this deviation is relatively small compared
with the size of the step.
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Furthermore, issues with the solver and getting correct results have been observed in Simulink.
Therefore, it could be argued that the error could be due to the increased complexity of the
model, when the solver settings are kept the same. Though, without having a proper reference
to determine what is correct, it is hard to tell which of the results, or both, are wrong.
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Figure 4.22 Active- and reactive power zoom-in comparison during active power steps for the multi-
inverter models.

Comparing the reactive power during an active power step up to the results for the single-inverter
case in Figure 4.10, the reactive power from the multi-inverter state-space model appears to
match the single-inverter results more closely. This could indicate that the multi-inverter state-
space model is the more accurate one, though without knowing the impact of multiple inverters
in parallel and without a reference for comparison, it is difficult to draw a definitive conclusion.

To further investigate the relation between the inverters, and the accuracy of the state-space
model, the voltage at a close zoom is investigated, as seen in Figure 4.23. Similarly to the power,
the voltage d- and g-components are shown for each step and inverter. When investigating the
voltage at this zoom, a clear interaction between inverters is seen every time a step is performed.
Additionally, the dynamics of the voltage are matched very well for both the d- and g-component.
This also indicates that the PLL model rotates the dq frame correctly for the capacitor voltages.
Overall, the voltage dynamics are very well presented in the state-space model.
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Figure 4.23 Voltage zoom-in comparison during active power steps for the multi-inverter models.

The zoom-ins of the output current of each inverter can be seen in Figure 4.24. Common for all
the inverters, the current, both the d- and g-components, seem to match well before and during
the steps. However, especially the g-component of the current settles at a lower value than the
Simulink model does, indicating some steady-state error compared with the simulation. Note
that, the y-axis for the current g-component is quite small and the deviations here are mainly
visible due to this zoom. The reason for this discrepancy could be due to the way the bus voltage
is modelled. For the bus voltage to not be stiff, the model requires some current to pass through
the virtual resistor. This inherently will generate some steady-state error.
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Figure 4.24 Current zoom-in comparison during active power steps for the multi-inverter models.

The bus voltage and grid current can be seen in Figure 4.25. Looking at the bus voltage, it can
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be seen that the state-space model match well with the dynamics of the Simulink model. This

is similar to the capacitor voltages for each inverter, where the d- and g-component aligned well
with the Simulink model.
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Figure 4.25 Zoom-in of bus voltage and grid current during active power steps.

Looking at the grid current, it can be seen to, in general, match well with the dynamics of the
Simulink model. However, some steady-state error can be observed, though the y-axis scale is
very small. This is similar to the output current of each inverter and could be due to method
of implementing a virtual resistance. Nonetheless, the dynamics are well modelled by the state-
space model.

To quantify the errors seen, bar charts are made of the maximum absolute error, the RMSE, the
normalised maximum error and the NRMSE. This is done for each of the active power steps,
and focuses on the variables related to the inverter that is doing the active power step. In Figure
4.26, the errors can be seen for inverter 1.
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Figure 4.26 Bar chart of absolute errors and percentage errors for inverter 1 for the active power step
up of inverter 1.

The absolute error shows that only the reactive power has a significant deviation in absolute
terms. This was also seen on the result. However, when normalising, the reactive power is not

the most significant deviation. The g-component of the output and grid current are seen to
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deviate the most with just under an NRMSE of 0.4. This is well below the limit of 5% described
in [1]. The errors during the other steps and for the other inverters can be found in Section B.4.2.
In summary, the multi-inverter state-space model matches well with the simulation. Thus, the
dynamics of the state-space model can be said to be validated.

4.5.5 Comparison of Multi-Inverter Eigenvalues

To evaluate the stability of the multi-inverter state-space model, the eigenvalues can be compared
to those of the single-inverter state-space model. This can be seen in Figure 4.27, where the
blue circles mark the single-inverter eigenvalues and the orange plusses mark the multi-inverter
eigenvalues. The left plot shows all the eigenvalues, where the large real part of a complex
conjugate pair zooms out the plot. These are eigenvalues related to the small grid impedance,
L, =0.17mH and Ry = 0.001 €.
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Figure 4.27 Comparison of multi-inverter eigenvalues with those of the single inverter.

In the middle plot, many of the eigenvalues are located in the same spot but some of them are
new. The new eigenvalues are the result of the parallel connected LCL filters to the same bus.
On the right plot, the eigenvalues mainly associated with the controllers can be seen to be in
almost the exact same spot. Note that, there are multiple identical eigenvalues, due to the same
control parameters, located in the same spot.

This result indicates, that besides the different system with more LCL filters connected,
no significant change happens to the common eigenvalues. However, the sensitivity of the
eigenvalues can have changed. To investigate this, a parameter sweep of the grid inductance,
L, is conducted, as seen in Figure 4.28.
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Figure 4.28 Eigenvalue plot at P = 900 W (300 W for each inverter) for L, varying from = 0.035H to
0.06 H, becoming unstable at 0.05545 H as the real part crosses zero.
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The grid inductance varies from 0.035H to 0.06 H, similar to what was done for the single-
inverter case. The operating point is computed with 300 W from each inverter, i.e. a total of
approximately 900 W. The eigenvalues move in a similar way as for the single inverter, except
new eigenvalues are present. The system becomes unstable at a grid inductance of 55.45 mH,
which is similar to the 48.83 mH that was seen for the single-inverter.

Figures 4.27 and 4.28, together with the dynamic comparison in Section 4.5.4, indicate that
the presence of multiple paralleled inverters does not significantly affect the system dynamics,
stability trends, or stability limits. In addition, the single-inverter state-space model is
considerably less complex and more tractable for analysis. Consequently, it is used in the
subsequent investigation of the impact of implementing POD on system stability.

4.6 POD Control Stability Analysis

This section will analyse the impact on stability of implementing POD control in the inverter
control scheme. To assess the impact of the POD controller on the inverter dynamics, the
eigenvalues of the system matrix without POD, Ay, and with POD included, Ainvipop, will
be compared. First for POD-P then for POD-Q using the tuned values presented in Section
3.3.1.

4.6.1 POD-P Stability Analysis

The POD-P controller implementation can be validated by injecting a sinusoidal perturbation
on the single-inverter bus voltage input. In other words, for the case of a 2Hz oscillation,
Avp g = 12sin(27-2-t). In the developed state-space model it is not possible to do perturbation
on the frequency, which is why the voltage magnitude is chosen instead. The result of the
state-space simulation with and without POD-P can be seen in Figure 4.29.
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Figure 4.29 State-space simulation with and without POD-P.

At the top, the measured power with and without POD-P can be seen, whereas the bottom
shows the POD-P output. As can be seen, the POD-P controller almost entirely and instantly
reduce the forced oscillation. A noticeable transient at the start can be seen, which is of a higher
frequency than the oscillation, but disappears within 250 ms. This is due to power controller
and POD-P controller interactions. Noticeably, there is no double frequency oscillation present,
as was seen in Section 3.3.3. This is because the small-signal state-space model is a linearised

model and the non-linear effects have been neglected.

To evaluate the impact on small-signal stability of the POD-P controller, the eigenvalues of the
single-inverter state-space model with and without POD control are plotted in Figure 4.30. As
can be seen, all of the high-frequency eigenvalues are visibly unaffected by the implementation
of the POD control. Similar can be seen for the medium-frequency eigenvalues, except the
creation of new eigenvalues. For the low-frequency eigenvalues, some are not affected and some

have changed a lot.
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Figure 4.30 Eigenvalues of single-inverter A-matrix with and without POD-P control.
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An overview of the eigenvalue and their change can be found in Table 4.4. The table shows
that all the values have some numerical change, but for most of them, the change is minimal.
Noticeably, the eigenvalues 11-12 appear to have reduced damping and increased frequency,
whereas 13-14 remains largely unchanged. Additionally, the complex or oscillatory part of

eigenvalues 15-16 have been removed entirely.

Table 4.4 Comparison of eigenvalues for with and without POD-P control.

Mode Eigenvalue Comment
Index* A AINV A AINV+POD
1-2 —3233.8 £ 516259 —3233.8 + 516259 Non-visible change
3-4 —3200.3 £ 715709  —3200.3 & 515709 Non-visible change
5-6 —1805.6 £ j2095.3 —1807.2 + 52095.0 Minimal change
7-8 —1490.0 £ j1765.2 —1492.7 + j1764.5 Minimal change
9-10 | —132.12+4131.80 —132.14 4+ 5131.79 Minimal change
11-12 | —22.931 £ 57.8952 —16.802 + j131.58 | Reduced real part, increased frequency
13-14 | —22.833 £ 57.6973 —22.880 + 57.8026 Slight variation
15-16 | —11.468 £ ;0.0068 —11.470 % 50 Oscillatory part removed
— — —36.749 New real mode
— — —0.2166 £+ 71.1079 New conjugate poles
— — —0.1989 Very slow real pole

* Indexed according to eigenvalues of ANy

To investigate how these changes relate physically to the system, the participation factors of
both matrices are plotted, as seen in Figure 4.31. The left plot shows the participation factors of
the inverter matrix without POD control and the right plot shows with POD control. Starting
on the left plot, the participation factors are very regionalised: eigenvalues 1-8 are most related
to the electrical circuit, eigenvalues 9-10 are most related to the PLL, eigenvalues 11-14 are

related to the power controller and eigenvalues 15-16 are related to the current controller.
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Figure 4.31 Participation factors of the matrices with and without POD-P control.

Similarly, for the right plot, the participation factors are generally regionalised: eigenvalues
1-8 are most related to the electrical circuit, eigenvalues 9-10 are most related to the PLL,
eigenvalues 11-13 are most related to the active power controller and LPF input to the POD
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control, eigenvalues 14-15 are most related to the reactive power controller, eigenvalues 16-17
are most related to the lead-lag filters, eigenvalue 18 is almost entirely related to the washout
filter and eigenvalues 19-20 are most related to the current controller. Note that, the POD
controller has shifted the current controller eigenvalues to the end and the eigenvalues related to
the POD controller is placed by the active power controller, before the reactive power controller.
Therefore, the mode index will not be a 1-to-1 comparison with that of without POD control.

Most interesting, is that the d- and g-component of the power and current controller have split
up, not being as dependant any more. This results in the low-frequency mode of the current
controller being removed entirely. Similar has happened for the power controller, except the
active power controller now has reduced real part and increased imaginary part. This causes the
power controller to have a poorly damped mode when the POD control is on. This appears to
be the only stability concern when investigating the eigenvalues of the single-inverter state-space
model with POD control.

However, this was done for a specific gain. It could be that a lower gain offers adequate damping
of power oscillation without compromising the inverter stability as much. To investigate this, a
parameter sweep of the POD-P gain, k, is performed for the single-inverter state-space model
with POD-P control. This can be seen in Figure 4.32.
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Figure 4.32 Eigenvalue parameter sweep of POD-P gain, where £ = —0.0001 - - - — 0.03.

As can be seen, the parameter sweep has practically no effect on the high-frequency eigenvalues.
In the middle plot, some eigenvalues can be seen move to the left, some not move at all, but
mostly move to the right. Additionally, the active power control eigenvalues can be seen to
increase its frequency and after a while, start reducing its real part. This indicates, that if only
a little disturbance is desired on the active power controller, the gain should be kept small,
though the power oscillation damping capability will have to be taken into consideration to

make this choice, though currently, only little change in the system can make it unstable.
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4.6.2 POD-Q Stability Analysis

The POD-Q controller implementation can be validated by injecting a sinusoidal perturbation
on the single-inverter bus voltage input, like what was done for POD-P. The result of the state-
space simulation with and without POD-Q can be seen in Figure 4.29.
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Figure 4.33 State-space simulation with and without POD-Q.

To evaluate the impact of POD-Q control on the stability of the inverter system, the eigenvalues
of the single-inverter state-space model with and without POD-Q control can be seen in Figure
4.34. No significant shifts in eigenvalues are observed for the high-frequency eigenvalues. On the
medium-frequency and low-frequency eigenvalues, no observable changes can be noticed, except
the eigenvalues related to the reactive power controller, located at —24.6265 + j7.1894, and the
new eigenvalues by the POD-Q control.
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Figure 4.34 FEigenvalues of single-inverter A-matrix with and without POD-Q control.

An overview of the eigenvalues and their change can be seen in Table 4.5. Compared with
the case for POD-P, much less change is observed. The high-frequency eigenvalues are affected

slightly more but this change is negligible. Noticeably, the power controller eigenvalues are
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affected much less. The eigenvalues related to the reactive power control, eigenvalues 13-14,

are only slightly changed. This indicates, that POD-Q can achieve adequate damping without

changing the system eigenvalues significantly and is thus more stable.

Table 4.5 Comparison of eigenvalues for with and without POD-Q control.

Mode Eigenvalue Comment
Index* A AINV A AINV—i—POD
1-2 —3233.8 £ 716259 —3233.6 + 516259 Minimal change
3-4 —3200.3 £ 515709  —3200.4 + 515709 Minimal change
5-6 —1805.6 & 52095.3 —1806.4 + j2095.3 | Minimal change
7-8 —1490.0 £ 51765.2 —1490.0 + §1765.2 | Minimal change
9-10 —132.12 £ 7131.80 —132.12+ 5131.80 | Minimal change
11-12 | —22.931 4+ 57.8952 —22.891 + 47.7900 | Minimal change
13-14 | —22.833 £ j7.6973 —24.6265 + j7.1894 | Slight variation
15-16 | —11.468 £ 50.0068 —11.467 + §0.0079 | Slight variation
- — —28.584 New real pole
— — —22.505 New real pole
— — —10.248 New real pole
- - —0.2000 New real pole

* Indexed according to eigenvalues of ANy

To better understand the physical meaning of the change, the participation factors for the
single-inverter state-space model with and without POD-Q control can be seen in Figure 4.35.
The participations factors for without POD-Q control are the same as for the POD-P analysis.
Similar to what was seen for the POD-P control, the current controller eigenvalues have shifted
to index 19 and 20. Eigenvalue 11 is most related to the washout filter, eigenvalues 12-13
relate mostly to the active power control, eigenvalues 14-17 relate mostly to the reactive power
control and lead-lag filters and eigenvalue 18 is mostly related to the LPF. Note that, the power
controller has split participation factors for active- and reactive power control, whereas the
current controller d- and g-component are still together, unlike for POD-P.
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Figure 4.35 Participation factors of the matrices with and without POD-Q control.

To further investigate the effect on stability of the POD-Q control, a parameter sweep of the
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POD-Q gain, k, is performed. The result of this can be seen in Figure 4.36. Looking at the
left plot, no significant shift in eigenvalues can be observed. In the middle plot, which is quite
zoomed in, only a slight shift in eigenvalues can be seen. Noticeably, the eigenvalues related to
reactive power initially decrease in frequency and later increase again. They also increase their
real part. Furthermore, the eigenvalues that are real poles shift both right and left, though none
of them move considerably towards the RHP.
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Figure 4.36 Eigenvalue parameter sweep of POD-Q gain, where £ = —0.0001 - - - — 0.03.

Compared with the results for POD-P, the POD-Q parameter sweep shows less impact on the
stability of the eigenvalues. Mostly, the eigenvalues related to the POD filters shift, which do
not change considerably with changes in the system. Therefore, the POD-(Q implementation
has minimal impact on system stability. This could be due to the voltage being used as input,
instead of the controlled power. This might indicate, that if substantial damping and limited
impact on system stability are desired, then the input parameter should be a non-controlled

parameter.

4.7 Summary

In this chapter, the concept of small-signal state-space modelling has been described and applied
to a single- and multi-inverter model configuration. Additionally, the POD control scheme has
been modified for implementation in the single-inverter state-space model. The states-space
models showed almost identical dynamics and stability trends when validated against time-
domain simulations. A small-signal stability analysis determined that POD-P with active power
deviation as input impacted the power plant stability the most, whereas POD-Q with voltage
magnitude deviation as input had almost no adverse effect on the power plant small-signal
stability.
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5 Experimental Validation

This chapter will present the experimental work performed to validate the simulation results.
First, the experimental setup will be explained along with any relevant data. Then, the initial
grid synchronisation will be presented. Afterward, the results for the single inverter active- and
reactive power steps will be presented to ensure that the dynamics of the developed control are
similar. Then, similar will be done for the multi inverter system with the same purpose. Finally,
the experimental results of the POD will be presented and explained.

5.1 Experimental Setup

This section will present the experimental setup and the specific parameters used. The
experimental setup is located in the AAU Energy, Center for Research on Microgrids (CROM),
and is called the Microgrid Research Laboratory (MGLab). It consists of multiple setups which
are configurable to AC and DC microgrids. One of these are used for the experimental validation
of the developed control schemes. The setup consists of a DC source, 4 Danfoss inverters,
4 LCL filters, LEM measuring boards, a dSPACE platform and a dSPACE interface board.
Additionally, several relays are there to adjust connection configuration with inverters, load
and/or grid. The dSPACE platform allows for real-time simulation and hardware-in-the-loop
testing. The control schemes developed in MATLAB Simulink will be compiled to a .sdf file
and uploaded to the dSPACE platform. By connection between the dSPACE and a computer,
real-time data capture and control references and logic can be altered from the setup computer.
The different components of the setup can be seen in Figures 5.2 and 5.1.

Figure 5.1 Front of lab setup. Figure 5.2 Back of lab setup.
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Initially, the intention was to use the grid emulator present at the MGLab. However, it was
not functional. Therefore, a dual-loop control scheme was implemented on one of the inverters,
specifically Inverter 2. This way, a voltage across its capacitor could be defined and controlled,
which the other inverters can synchronise to. The configuration used for all the experimental
work can be seen in Figure 5.3. As can be seen, v, 2 will be the POC and the PLL will use this
voltage to synchronise all the inverters. Notice, that all the filters have the same parameters
and therefore same values. Depending on the experiment, the relays will be opened or closed.

Power Plant
(Grid-Following Control)

. Inverter 1 :

’ — Ly Vot L. R1

T - W_ ' Grid-Emulating Inverter

' 5,1 = %o,1 ' (Dual-Loop Control)

: Inverter 3 : I Inverter 2
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E ~ Z.t’g Cf_|_ Z‘0,3 E i072 Cf_l_ Z.t,2 ~
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. — Ly Vou L. R4 | |
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Figure 5.3 Illustration of the configuration of the inverters in the experimental setup.

The parameters for the filter can be found in Table 5.1. Additionally, the Danfoss inverter
ratings, sampling and switching can be found in the table. At the bottom of the table, some
limits have been implemented for the limits since the voltage has been reduced from nominal.
The power limit comes from the dq power calculation P = %led, which for V3 = 120V and
Iy = 5A yields P = 900 W. The operating voltage was selected through practical testing of
the laboratory setup, with consideration given to signal quality and overall system behaviour.
Although the hardware supports up to 350 V, a lower voltage was ultimately chosen. At higher
voltages, the resulting currents were smaller in magnitude, which made them appear more
susceptible to measurement noise and reduced the effective signal-to-noise ratio. Lowering the
voltage increased the current levels, improving the clarity of the measured signals and the
reliability of the control response. The chosen voltage level therefore represents a compromise
that ensures stable operation while maintaining adequate measurement quality.
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Lab Parameters Values
Vbe 650V
Vnom,peak 325V
fow 10kHz
T 0.0001 s
Srated 2.2kVA
It,rated 55A
Ly 1.8 mH
Ry 0.02 2
Cy 3uF
L. 1.8mH
R, 0.029
Chosen Parameters | Values
Vop,peak 120V
Shhax 900 VA
It,max 5 A

Table 5.1 Data for experimental setup.

5.2 Initial Grid Synchronisation

When the inverter is connected to the grid it will follow the voltage set by the grid and therefore
only the phase angle is needed for keeping synchronisation. However, initially when the inverter
is turned on, a voltage will have to be established on the inverter end before connecting it to

the grid in order to avoid overcurrents.

Before the inverter is connected to the grid, it uses a modulation signal with the nominal
frequency and designated voltage instead of the power and current controllers. To synchronise
it to the grid voltage, the phase angle difference and voltage magnitude difference are estimated
and used to change the modulation signal until these differences become zero, or close to.

For the phase angle, a PI controller is implemented to minimise the cross product of the Clarke
transformation of the capacitor and grid voltage. If the cross product of the two voltage vectors
in the a-3 plane is zero, it indicates that the two vectors are parallel (or anti-parallel). In terms
of the phase angles of these voltages, this would mean that their phase angles are aligned. The
cross product can therefore be used as the error signal in a PI control loop whose output is
a small change in phase angle. Assuming balanced voltages on both sides of the breaker, the

phase synchronisation can be reduced to the block diagram seen in Figure 5.4.

Upoc |abce/|& y
o013 / é 140
PI | = >
Ut abc 5_/ Y E
afB o %

Figure 5.4 Block diagram of Phase Synchronization

To ensure the voltage magnitudes are similar before closing the breaker, a PI controller is
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implemented. It is using the difference in vq of the two three-phase voltages as the error signal

and the output is used to modify the voltage magnitude of the inverter.

PSO—] b1 2%
Ut,dT

Figure 5.5 Block diagram of voltage magnitude synchronisation.

Figure 5.5 shows the block diagram of the voltage magnitude synchronisation. Notice that the
direct-axis voltage for both the inverter and grid side is calculated by two separate PLLs.

5.3 Single Inverter

This section will present the experimental results of the single inverter system, as well as the
comparison to the state-space model. The state-space model has been chosen for comparison
due to ease of use and since the dynamics were validated against the Simulink simulation in
Chapter 4.

In Figure 5.6, an active power step can be seen, where the active power, reactive power, capacitor
voltage and output current can be seen. The voltage and current are in the dq reference frame.
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Figure 5.6 Comparison of experimental results to SSM for a 300W active power step up.

The active power steps at ¢ = 1s and the state-space model settles after 226 ms, whereas
the experimental results show a settling time of approximately 602ms. This is significant
difference. Additionally, the experimental active power shows some overshoot of 5.67 %,
compared with the target of 0%. Three primary factors may contribute to this behaviour:

deviations in filter /impedance parameters, the presence of additional delays in the experimental
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setup and the influence of noise in the measured signals. Delays associated with signal
measurement, computation, and data transmission can induce overshoot by effectively degrading
the responsiveness of the control system. In addition, inspection of the dg-domain voltages and
currents, as seen in Figure 5.7, reveals some signal noise. This can impair the controllers’ ability

to operate accurately, thereby cause dynamic deviations such as overshoot.
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Figure 5.7 Experimental results during a 300W active power step up.

Additionally, the measured voltages and, in particular, the currents exhibit signs of imbalance.
Both magnitude discrepancies and DC offsets are observed across the three phases. These
issues were thoroughly investigated during the experimental testing. Adjustments to offset and
magnitude were attempted based on oscilloscope measurements obtained using a current probe.
However, the offset and magnitude varied between phases and changed with different power
levels, complicating the implementation of a single consistent correction. Moreover, these values
appeared to fluctuate over time, with noticeable deviations occurring throughout the week.
Ultimately, no correction was applied to the measured signals, as it was determined that such
adjustments were not essential for fulfilling the scope of the project.

The experimental setup was also evaluated under an active power step down, a reactive power
step up, and a reactive power step down. These tests exhibited dynamics and deviations
similar to those observed during the active power step-up, as documented in Section C.1.
In summary, while the experimental setup demonstrates dynamic behaviour that differs from
the expected results, it successfully tracks reference signals, maintains synchronization with
the grid, and performs appropriate regulation of terminal voltage and current. Despite the
observed deviations, the experimental setup is considered sufficient for validating the POD
control functionality.

5.4 Multi Inverter

This section will present the results of the multi-inverter system to validate the proper
functioning of the control scheme when applied in parallel configuration. For the tests, each
inverter will be stepped up, to reach a total active power of 600 W and a total reactive power
of 600 VAr. The reason for the reduced power compared with the 300 W and 300 VAr used for
the single inverter test, are that the inverters share the same DC source. This causes circulating
currents between the inverters, especially considering the delta connection of the filter capacitor.
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Therefore, the terminal current has been found to be much higher than expected, even at 0
output current. This inherently limits the power the multi-inverter system can take, due to
reaching the 5 A max of the inverter protection earlier. The voltage level could be increased to
lower the magnitude of the current but as discussed in Section 5.1, this will affect the signal-to-

noise ratio, which is not desired.

The inverters are stepped one at a time, so that the total active/reactive power reaches
600 W/600 VAr. Then the inverter that first stepped up, will step back down to 0, and so
on. This procedure, for active power, can be seen in Figure 5.8, where the active- and reactive

power are shown.
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Figure 5.8 Multi inverter active power steps.

The active- and reactive power show some noise, similar to what was observed during the single
inverter experiments. The distortion does not seem to increase on any single inverter, except
inverter 2 that also handles more current. When investigating the active power, inverter 1 can
be seen to have the largest overshoot and undershoot of 7.8 % and 8.8%. Inverter 3 and 4
seem to have similar responses with overshoot and undershoot of 4.6 % and 5.0 %, respectively.
Additionally, each inverter shows some deviation from their setpoint when the other inverters
are stepped but quickly track the reference again. A noticeable interaction occurs around 4s,
when inverter 1 is visibly affected by a step in inverter 3. Conversely, inverters 3 and 4 exhibit
a response when inverters 1 and 3 are stepped down at around 11s and 13s, respectively. A
similar pattern is observed in the reactive power behaviour, with inverter 1 again exhibiting the

largest deviation.

Most significantly, the active power of inverter 2 deviates from the active power delivered by the
other 3 inverters. The inverter 2 active power should be below 400 W and 600 W, but settles
above this. The deviation is due to improper scaling and offset of the measured currents, as was
discussed in Section 5.3. Thus, if the measured power on inverter 2’s side does not match the
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combined power of the other inverters, it indicates a measurement inconsistency. This could be
due to either an overestimation in the current measured by inverter 2, or an underestimation in
the current measured by one or more of the other inverters, causing them to track incorrect power
references. Of course, this could also be caused by measurement error on the voltage. However,
only few inconsistencies were observed during experiments, making the current measurement
the likely cause. In this case, the difference between 0 W and after the inverter 1 has stepped is
198 W, the difference between 198 W and after inverter 3 has stepped is 237 W, and the difference
between this power and after inverter 4 has stepped is 195 W. This indicates that inverters 1
and 4 have adequate scaling of the powers, whereas inverter 3 underestimate the current with
around 20 %.

The current can be further investigated by zooming in on each step in active power. This can
be seen in Figure 5.9, where the columns have the same time axis and the rows represent each

inverter measurement.
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Figure 5.9 Output current of each inverter for each active power step.

Generally, the inverters show a slight unbalance, with inverter 2 also showing some DC offset in
current, clearly visible at 0 current. The unbalance and offset issue becomes very clear at higher
magnitudes of current on inverter 2. The currents show no clearly visible disturbance when the
other inverters are stepped and the currents behave as expected, similar to what was seen in
Section 5.3 for the single inverter experiment.

Overall, the multi inverter setup performs well, with some measurement errors and possible
unbalance. For the purpose of this project, the multi-inverter setup serves the purpose of
testing the POD control in a power plant like setting.
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5.5 POD Control

This section will present the implementation and results of the POD control in experimental
setup. First, the implementation of the oscillations are described and a few modifications to
the control structure are presented. Next, the method used to select the time constants for the
lead-lag compensators is described. Finally, the results obtained using POD-P and POD-Q for
damping the oscillations are presented.

5.5.1 Implementation

Only two of the four inverters are utilised for POD tests. Inverter 1 in grid-following mode and
Inverter 2 setting the voltage. Inverter 2 sets the voltage and Inverter 1 synchronises to this
using the PLL. The power oscillation are then generated by varying the reference voltage of
Inverter 2. This is done to mimic oscillations between a power plant and the grid by changing
the voltage at POC, the point between the two inverters. The power will then oscillate between
them.

The active power oscillations are created by varying the frequency of the grid voltage. The output
voltage of Inverter 2 are generated by keeping constant reference Vq and V, while varying the
frequency used for the angle generation to the dg-abc transformation. The oscillating frequency

results in measurable oscillation in the active power, which in turn can be used as the input for
the POD-P.

When a frequency oscillation is introduced on the voltage, two strong oscillations are present in
the active power. One at the forced oscillation frequency and one at twice the forced oscillation
frequency. A visualisation of this can be seen in the simulation example in Figure 5.10, where
a 2 Hz oscillation is added to the grid frequency. The measured power in Figure 5.10 consists
of two oscillations. The first at 2Hz and a second at 4 Hz. The oscillations in the frequency
used in the example is relatively high in order to better show the presence of the two frequency
components.

Frequency (Hz)

Active Power (W)

200 | | | | | | | | |
4
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Figure 5.10 Power measurement response to a force frequency oscillation

POD-P only modulate the phase and magnitude of the input signal and will there for only
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dampen frequencies present in the input. Therefore, if frequency measurements were to be used
as the input signal for the POD-P in the example shown in Figure 5.10, then a 4 Hz signal would
still be present in the power measurement, even with perfect alignment of the output. Instead
the measured power can be used as input to the POD-P and thereby achieving an output signal
which includes both oscillations. A similar effect will be happening for the reactive power and
POD-Q if the voltage is used as the input.

Through the experimental tests the dual frequency effect were more prevalent in the active
power than the reactive power. The active power measurement were therefore chosen as the
input for the POD-P instead of the frequency while the voltage magnitude is used as the input
for POD-Q.

Furthermore, it was observed that the measured power had unwanted high-frequency oscillations
which caused problems for POD when the power were used as input. A second-order filter were

therefore included on POD-P input signal in order to attenuate the oscillations.

Oscillations were also observed on frequency which oscillated roughly between 50.25 Hz and
49.75 Hz which was deemed inadequate. The bandwidth of the PLL for the POD was therefore
lowered to 3Hz instead of 30Hz. This reduced the frequency oscillation to be between 50.004 Hz
and 49.996 Hz

The values used for POD-P and POD-Q filter during the experiments can be seen in Table 5.2
below.

Table 5.2 POD parameters used for experimental results

Parameter POD-P POD-Q
Time constant LPF 0.1 0.1
Time constant wo 5 5

Time constant lead 1 0.74585  0.98504
Time constant lag 2 0.20704 0.019668
Time constant lead 1 0.74585  0.98504
Time constant lag 2 0.20704 0.019668
Gain -0.4 -0.02

5.5.2 POD-P Results

In the experimental setup continuous forced oscillations is generated through an inverter with
dual-loop control, which enforces the frequency rigidly and thereby obscuring the impact of the
POD-P on the frequency. It would, however, still be possible to verify the functionality of the
POD-P by comparing the frequency oscillation with the power output. But the effects would
not results in a decrease in frequency oscillations. In contrast, the transferred power can be
modified so the net transfer due to the forced oscillations is reduced.

The power input is calculated using the inverter output current, measured after the LCL filter,
and the voltage across the filter capacitor. Due to imbalances in the signal, particularly in

the current, the resulting power measurement contained high-frequency ripple components. To
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mitigate these unwanted oscillations, an additional low-pass filter was included in the POD-P
path. A second order Bessel filter was selected, which has the advantage of having a flat group
delay, while still attenuating high-frequency noise. The flat group delay of Bessel filter is the
reason for choosing this type, as it will preserve the signal waveform shape which is crucial for
effective damping. Spectral analysis of the power measurement revealed that the main power
oscillations due to the measurement imbalances was around 37 Hz. A cut-off frequency of 12 Hz
was therefore chosen. This ensures that the frequency range of interest (0.1 Hz to 2.5Hz) lies
well within the filter’s passband, while the 37 Hz ripple is effectively attenuated.

Figure 5.11 shows the response of the POD-P compensator under forced oscillations at four
different frequencies. In each case, the injection magnitude was set to 0.2 Hz.
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Figure 5.11 Active Power oscillation damping at different frequencies

The signals displayed in the first row of Figure 5.11 are the oscillation frequencies as measured
by the PLL. Note that, despite identical input magnitudes, the PLL’s measured oscillation
amplitudes vary with frequency. The second and third row are measured output power of the
inverter and the reference adjustment from POD-P, respectively. For the first three cases the
power oscillation amplitudes decrease as the POD-P is activated, with varying effectiveness.
However, for the fourth case at a 2.5 Hz oscillation, the POD-P has adverse effect on the power
oscillations. The POD-P at 2.5 Hz adds to a positive feedback loop due to miss alignment of
the reference output compared with the power oscillation, which increases the power oscillation
instead of decreasing it. The situation is only stable due to a saturation block limiting the
POD-P output. This saturation block is set to allow at maximum reference change of up to
100 W in either direction.

The reduction of the amplitude of the active power oscillations at the different frequencies is
summarised in Table 5.3.
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Table 5.3 Amplitude reduction at various oscillation frequencies for POD-P.

Frequency (Hz) Amp. Pre Amp. Post Reduction (%)

0.5 12.301 6.4459 47.599

1 35.718 13.537 62.100
1.25 37.685 18.689 50.408
2.5 17.844 52.156 -192.3

The adverse effect observed at the 2.5 Hz oscillation could likely be mitigated by characterising
the experimental setup’s true frequency response and retuning the POD-P filter accordingly. In
practice, however, the physical hardware may introduce dynamics such as delays, component
tolerances and measurement noise, that cause the real system to deviate from the idealised
mathematical model. As a result, a set of filter coefficients or compensator gains that work
perfectly in simulation will not yield identical performance in a hardware setup, and must
therefore be retuned experimentally to account for these non-idealities.

Figure 5.12 show the frequency components of measured active power before and after the
activation of the POD. The signals are dominated by two frequencies, the first being at the
oscillation input frequency and the second twice the oscillation frequency.
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Figure 5.12 FFT analysis of measured active power before and after POD-P.

From the spectral analysis it is evident that the POD damping are different for each frequency
and that it is more effective for the lower frequencies and becomes less effective as the frequency
of the oscillation increases.

5.5.3 POD-Q Results

The reactive power oscillation are generated by introducing oscillations on the reference voltage
of Inverter 2’s Vq component. This causes both the active and reactive power to oscillate. To
increase the reactive power oscillations, the reactive power reference of Inverters 1 is set to

200 VAR. Unlike the active power when the oscillation on the frequency is introduced, the
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reactive power oscillation does not have a significant second order harmonic and it was therefore
not found necessary to change the input signal to be the measured reactive power. Instead the
voltage magnitude was used as the input signal. The voltage magnitude oscillations are found

by equation (5.1)
Vosc = \/‘/:12T‘/q2 - Vmag,avg (51)

Where Vg and V, is the direct- and quadrature component of the capacitor voltage of Inverter
1 and Vinagavg is the average voltage magnitude which is found feeding the first term of (5.1) to
a strong low-pass filter in order to extract its DC-component.

Figure 5.13 shows the results of the oscillation damping using POD-Q. The first row shows the
Va of Inverters 2’s capacitor voltage. The second row is the measured reactive power between
the two inverters and the third row is the reactive power reference adjustment from the POD-Q.
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Figure 5.13 Reactive Power oscillation damping at different frequencies.

In all four cases activation POD-Q results in significant reduction in the power oscillations.
With greatest reduction being 77.328 % for the 1.25Hz case and the case with least reduction
being the 0.5 Hz case, where the reduction was only 52.241 Hz. A summary of all four cases can
be seen in Table 5.4.

Table 5.4 Amplitude reduction at various oscillation frequencies for POD-Q.

Frequency (Hz) Amp. Pre Amp. Post Reduction (%)

0.5 20.294 9.6923 52.241

1 36.124 8.9704 75.168
1.25 40.000 9.0686 77.328
2.5 34.739 14.221 59.064

The reactive power’s frequency composition can be seen in Figure 5.14. Here it can be seen

that the POD-Q is most effective at damping the frequencies oscillation around 1.25Hz this
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in contrast to the POD-P which had a clear trend of a decrease in damping with increased

frequencies.
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Figure 5.14 FFT analysis of the measured reactive power before and after activation of POD-Q.

All four POD-Q cases show a greater reduction in power oscillations compared to their POD-
P counterparts. Part of this difference may be attributed to better alignment between the
direction of power reference modulation and the dominant mode of oscillation, which could
potentially be improved in the POD-P cases by adjusting the lead-lag controller time constants.
Additionally, the initial power oscillation magnitudes in the POD-P cases were roughly half of
those in the POD-Q cases. As a result, the signal-to-noise ratio was lower for POD-P, limiting
the compensator’s ability to target the oscillatory component. Since the POD are designed to
suppress low-frequency oscillations and do not actively respond to high-frequency noise (which
is filtered out), the effective compensable portion of the power signal was greater in the POD-Q
cases. This led to more significant reductions in oscillation magnitudes.

The experimental validation of the POD-P and POD-Q controllers confirms that both control
strategies are effective in attenuating power oscillations in a practical inverter-based setup.
The measured data shows a noticeable reduction in oscillation amplitude upon activation of
the controllers, particularly within the targeted frequency band of 0.2-1.0 Hz. However, at
higher frequencies the damping were less pronounced and for 5 Hz case in POD-P the oscillation

increased in magnitude.

The level of damping achieved in the experiments was also less pronounced compared to
both the time-domain simulations conducted in Simulink and the state-space model results.
This discrepancy is likely due to differences between the modelled system and the physical
implementation. Potential contributing factors include unmodelled communication delays
and deviations in the closed-loop dynamics of the inverter. Further investigation into these
aspects—such as quantifying control latencies and validating the actual inverter response could
help improve the experimental results.
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Furthermore, it is evident from the experimental results that neither the POD-P nor the POD-
Q controllers were able to completely eliminate active or reactive power oscillations. This
limitation highlights a key drawback of the implemented controller architecture: both PODs
are implemented as passive lead-lag compensators with fixed parameters. While this design
provides simplicity and ease of implementation, it inherently lacks adaptability to varying grid
conditions.

In practical grid-connected applications the grid impedance, strength, and general system
dynamic behavior can vary over time. Since the effectiveness of a lead-lag compensator is highly
dependent on the system’s operating point and the frequency characteristics of the oscillations,
a fixed-parameter filter is unlikely to provide optimal performance across all scenarios. As a
result, compensators tuned for one set of conditions may offer suboptimal damping, or even
contribute to instability, under others conditions.

Moreover, power oscillation damping requirements typically cover a range of frequencies rather
than a single narrow band. A passive compensator, by design, has limited bandwidth and must
be carefully tuned to target a specific frequency, which complicates implementation when the
oscillation modes are uncertain or variable. This further reinforces the need for more advanced,
adaptive control strategies that can identify the dominant oscillation modes in real time and
adjust the damping response accordingly.

To address these limitations, future research should explore alternative control approaches such
as adaptive parameter POD schemes. This may offer greater robustness and flexibility, enabling

reliable damping across a broader set of grid conditions and system configurations.

5.6 Summary

In this chapter, the feasibility and performance of the developed grid-following control and POD
schemes were validated in an experimental environment. The single-inverter experiments were
compared with simulation and state-space model predictions. Some discrepancies were observed,
for instance, the experimental settling time and overshoot differed from simulation results. These
differences were attributed to practical issues such as measurement noise, communication delays,

and component imbalances.

The multi-inverter test extended the validation to a parallel inverter configuration. While
the inverters largely tracked the desired references, measurement inconsistencies and current
imbalances were noted, particularly affecting one inverter’s power measurement.

Finally, experiments on POD control were conducted using both POD-P and POD-Q. The
POD-P controller initially faced challenges due to noise in the power measurements, which was
mitigated by adding a second-order low-pass filter. However, the POD-P still had adverse effects
on the 2.5 Hz oscillation. POD-Q performed more robustly in damping oscillations across the
whole frequency range. Overall, while both damping schemes reduced oscillation amplitudes as
intended, their effectiveness was limited by the fixed, passive nature of the compensators and
the practical challenges of the experimental environment.
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Collectively, the experimental studies confirm the basic functionality of the grid-following
control and POD schemes, while also highlighting areas, such as measurement noise, tuning
discrepancies, and inverter interactions, that need further improvement for practical, real-world

application.
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6 Discussion

In this report, grid-following control was designed for both single- and multi-inverter
configurations with the aim of implementing a POD control scheme. The primary objective
was to investigate the implementation of POD in power plants, validate its functionality, and
evaluate its impact on system stability. To achieve this, the electrical system was modelled,
and control strategies were developed accordingly. Furthermore, to assess small-signal stability,
state-space models representing both single- and multi-inverter configurations with POD control
were formulated and validated against time-domain simulations. In addition, the performance
of the grid-following control and the POD functionality was validated experimentally using a
hardware setup comprising of inverters, LCL filters, and a dSPACE. This discussion will first
delve into the results from the stability analysis. Afterwards, the experimental results and
observations will be discussed. Finally, a combined discussion will be made on the POD control
scheme, its limitations, and aspects of the practical implementation.

To evaluate the impact of implementing the POD control scheme in power plants, a small-
signal state-space model of a single-inverter configuration with POD was formulated. This
configuration was chosen for its simplicity and its eigenvalue behaviour, which resembled that
of the multi-inverter system. Although some deviations between the single- and multi-inverter
configurations were observed, the eigenvalue trends were sufficiently similar. Therefore, the
single-inverter model was considered adequate for assessing the impact of the POD control
scheme. The investigation into the stability consequence of adding POD was split into two
parts, namely POD-P and POD-Q. The active power damping control scheme, POD-P, was
implemented using the active power deviation as input, whereas the POD-Q control scheme was
implemented with the voltage magnitude deviation as input. The POD-P and POD-Q control

schemes were tuned to achieve similar damping of power oscillations.

Using the tuned parameters for the POD-P control scheme, the eigenvalues without POD-P
could be compared to the eigenvalues with POD-P. The comparison showed that no major
shift occurred on the high- and medium-frequency eigenvalues. However, the low-frequency
eigenvalues, mainly related to controller eigenvalues, showed more deviation. Specifically for
the eigenvalues related to the power controller, the real part had reduced by half and the
imaginary part had increased with more than a factor of 10. This is a drastic shift in eigenvalues,
which moves the power controller closer to instability. Notably, for all eigenvalue-based stability
analyses done in this project, the power controller was the first to become unstable. Thus,
such a shift in power controller eigenvalues, severely affects the stability margin of the system.
However, during a parameter sweep of the POD-P gain, it was seen that a lower gain yielded
a lesser shift in eigenvalues, though this will be at the consequence of poorer power oscillation
damping. This indicates that for POD-P with the active power deviation as input, less damping
can be achieved when aiming for limited impact on the stability of the power plant.

Similarly, using the tuned parameters for the POD-Q control scheme, the eigenvalues with
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and without the POD-Q control scheme could be compared. The comparison showed that the
eigenvalues shift for the high- and medium-frequency eigenvalues are minimal, and that only
slight deviations in the low-frequency eigenvalues occurred. Similar to POD-P, the reactive
power control eigenvalues shifted the most. However, for POD-Q the eigenvalues moved only
slightly, the real part increased and the imaginary part decreased. The parameter sweep of
the POD-Q gain showed, that much less change happened with the eigenvalues than what was
seen of POD-P and most eigenvalues became more stable. This indicates that for POD-Q with
the voltage magnitude deviation as input to the POD control scheme, good damping can be
achieved without compromising the small-signal stability of the power plant.

This poses the question as to why the POD-Q does not have the same stability consequences
as was seen for POD-P. It could be related to the selected input parameter to the POD control
schemes. The POD-P uses the active power deviation as input, which is also a parameter
dominantly controlled by the inverter active power controller, whereas the voltage magnitude
deviation used for POD-Q is less dependant on the reactive power controller. In addition,
the power controller was tuned based on general performance considerations, and due to the
resonance peak introduced by the filter capacitor and grid inductance, resulted in a closed-loop
bandwidth of approximately 2.91 Hz. This bandwidth coincides with the frequency range of the
POD regulation and may therefore contribute to the observed reduction in stability for POD-P
when using the active power deviation as input.

To validate the control design and evaluate the functionality of the POD control schemes,
the developed control was implemented in an experimental setup. The setup configuration
was identical to the configuration used for control design and state-space model formulation.
However, when validating the grid-following control design, deviations were observed. There
were significant delay in the experimental setup, and imbalances, noise and parameter
uncertainty affected the control performance. The settling time of the power controller deviated
with a factor of around 3 and overshoot was observed. Furthermore, the delay was clearly
evident in the current regulation, although its overall shape aligned well with expectations.
Similar was seen for the case of the three-inverter configuration. Ultimately, the experimental
setup functioned well and was deemed adequate for testing the implementation and functionality
of POD control schemes.

When implementing the POD control schemes in the experimental setup, some of the observed
deviations played a role. The disturbance in the voltage and current measurements resulted in
a power oscillation-to-noise ratio that was too low for the POD-P control scheme to provide
adequate damping in its current form. Therefore, a second-order low-pass filter was included to
reduce some of the higher frequency disturbances. This cleared up the measured active power
oscillation, and allowed for the intended use of the POD-P control scheme. This was not the
case for POD-Q), as the voltage magnitude deviation was used instead. Thus, for POD control
schemes with power deviations as input, the control schemes commonly presented in literature,
as described in Section 2.2, is not adequate for experimental implementation.

Nonetheless, both the POD-P and POD-Q control schemes were successfully implemented in
the experimental setup. As the experimental setup deviated substantially from the design basis,
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the POD parameters had to be retuned to function properly. The POD with the retuned
parameters showed substantial damping of forced power oscillations for most cases. The POD-P
control scheme showed a reduction in active power oscillation of 47.6 %, 62.1 % and 50.4 % for
power oscillations of 0.5Hz, 1Hz and 1.25Hz, respectively. However, for a power oscillation
of 2.5 Hz, the POD-P control scheme had adverse effect on the oscillation and increased until
the saturation limit was reached. Since the power controller showed no signs of instability, this
indicates that the reason for the adverse effect was due to miss-alignment issues. Therefore,
it is likely that a different tuning could yield similar damping for oscillations of 2.5 Hz as well.
Although significant damping was achieved, it was not on the same scale as was shown in the
simulations. This is likely also due to imperfect tuning of the POD-P parameters. Predicting the
exact delay and phase shifts in the experimental setup is difficult, and was not made any easier
by the noise and disturbance on the signals, which is why better performance of the POD-P
control scheme was not achieved.

In comparison, the implementation of the POD-Q control scheme did not require any changes
to the control scheme, and only the tuning of the parameters was changed. The POD-Q control
functioned well and showed adequate damping between around 50 % and 80 % for all oscillation
frequencies. Though, as high sensitivity to the gain and filter parameters has been observed,
the improved damping could be coincidental rather than a generic result. Similar to POD-P,
better performance of the POD-Q control scheme was not achieved due to the same reasons.
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7 Conclusion

This report explored the design, implementation, and validation of POD control schemes in
grid-following inverter-based power plants. POD control schemes were developed for active
power, POD-P, and reactive power, POD-Q. The POD control schemes were developed and
evaluated through modelling, small-signal stability analysis, and experimental testing, with the
aim of assessing its functionality and impact on system stability. The models were validated
against time-domain simulations and used to analyse the stability implications of introducing
POD control.

The results demonstrated that the developed POD-P and POD-Q control schemes exhibit
significantly different effects on system stability. While POD-P provided effective damping
in simulation, it also introduced a considerable shift in the power controller eigenvalues,
reducing the overall stability margin. In contrast, POD-Q exhibited minimal adverse impact
on the system’s eigenvalue trajectories, suggesting that it can offer effective damping without
compromising small-signal stability. These differences were attributed to the interaction between
the POD input signals and the underlying power control loops.

The experimental validation confirmed the functionality of both POD schemes. However, it also
highlighted challenges in practical implementation. The POD-P control scheme required the
introduction of additional filtering to mitigate noise in the power measurements, and retuning
was necessary to achieve effective damping. The performance of POD-P was highly sensitive
to tuning and delay effects in the setup, which limited its effectiveness at higher oscillation
frequencies. POD-Q, on the other hand, could be implemented without modifications to the
control structure and showed more robust performance across a range of frequencies, though it
exhibited sensitivity to parameter tuning too.

Overall, the study concludes that POD control schemes can enhance power oscillation damping
in grid-following hybrid power plants, but their design must account for stability trade-offs,
practical implementation effects, and interactions related to input signals. Among the two
control schemes, POD-Q based on voltage magnitude deviation demonstrated greater stability

and robustness.
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8 Future Work

Although the present study has successfully developed and validated both POD-P and POD-Q
control schemes for grid-following inverter-based systems, several aspects remain to be explored

further in order to improve practical performance and enhance overall system robustness.

One area that could be improved is the tuning of the POD controllers for the experimental
setup. In the experiments, the power step response of the power controller exhibited clear
deviations from the time-domain simulation results. Since the tuning of both the POD-P and
POD-Q controllers depend critically on the closed-loop phase response of the power controller,
it is necessary to retune these controllers based on measured loop characteristics. Future work
should involve extensive experimental testing to characterise the closed-loop behaviour of the
experimental setup under varying operational conditions. This information could be used to
adjust the controller parameters over the full range of oscillation frequencies, rather than relying
on tuning for a single frequency.

Moreover, the current study has mainly focused on a single inverter model with POD control.
Further investigation is required to assess the performance of POD schemes in a multi-inverter
environment. It is important to explore both the behaviour of POD control on an individual
inverter level and the possibility of implementing a coordinated or shared POD strategy among
inverters. In this framework, integrating the hybrid power plant controller with POD control
strategies could offer improved performance over a broader range of operating conditions,
ensuring that the individual contributions of the various inverter subsystems are properly
coordinated.

Additionally, the results indicate that the selection of the input parameter for the POD
controllers has a significant impact on both damping performance and small-signal stability.
In the present work, the POD-P controller utilised active power deviation as its input while
the POD-Q used the voltage magnitude deviation. Future efforts should explore alternative
choices of inputs, such as using frequency deviation for POD-P and reactive power for POD-
Q to investigate whether these alterations can improve damping or reduce adverse stability
impacts. The observed differences in small-signal stability between POD-P and POD-Q may
be linked to their respective input signals and tuning strategies, which could be investigated
further.

Finally, further refinement of the state-space models would enable a more comprehensive
evaluation of damping effects versus stability consequences. For example, it would be beneficial
to include frequency perturbations as part of the grid input, and to extend the POD framework to
the multi-inverter state-space model. A grid-scaled model in which the grid exhibits naturally
poorly damped eigenmodes could be developed. This could provide insights into how much
damping the POD controllers add to the power system compared to the adverse effects on the
power plant stability.
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Collectively, these areas of future work offer a promising pathway toward enhanced control of
inverter-based power plants. With better model accuracy and more flexible control strategies, it
should be possible to achieve effective power oscillation damping while maintaining good system

stability across various grid conditions.
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A Modelling

A.1 Control

A.1.1 Current Control
Beginning with the KVL equation:

Ut,a it,a d Z.t,aL Vo,a
Vb | = Ry iy | + Lfa ith| + [Vob (A1)
Ut,c ZAt,c it,c Vo,c

By designating T as the abc-to-dq0 transformation matrix and 77! as the dq0-to-abc
transformation matrix, a new equation can be made:

Vt.d It d d It d Vo.d
—1 1| 1| 1
T Ve | = BfT Qg | T Lf% T it,q + 7T Vo,q (A.2)
Ut,0 (%0 140 V0,0

The d/dt term can be expanded:

Vg d (% d it,d d t.d Vo,d
T || =ReT™" |ieg| + | Ly <dtT_1> ig| + LT | 2 g + 77" | voq
Ut,0 2,0 2,0 2,0 V0,0
(A.3)
The first derivative term can be simplified by:
d 0 —wa 0
LJET—1 =|wLy 0 0 (A.4)
0 0 0

Thus, by using the above term and the relationship 7 - T~ = 1 the equation becomes:

vt,d Z.t,d 0 —WLf 0 it,d

d it,d Vo,d
via| =B |dea| +|wly 0 OF figg| Ly | o fita| |+ |Yoa (A.5)
Vt,0 1,0 0 0 0 |ét0 KX Vo,0

By gathering the Ry and Ly terms the following equation can be found:

Vi 4 p itd [0 —wL; 0] [ica Vo.d
Ut,q :(Lf%‘i‘Rf) itq | T |wLy 0 O] [tt,q| + |Voq (A.6)

)

Ut,0 14,0 | 0 0 O] |7t,0] Uo,0

By transforming to Laplace the following is found:

’Ut7d Z.t,d 0 —(.ULf 0 it,d Uo7d
vrq| = (sLy+ Ry) |itg| + |wLf 0 O |itq| + |Voq (A7)
Ut,0 1,0 0 0 0] [0 | V0,0

By isolating for the left i; 4q0 term, the final equation can be found:
it,d 1 'Ut,d Uo7d 0 —wa 0 _it,d

i.t,q = 78‘[/]0 n Rf Vt,q Vo,q + CL)Lf 0 0 Z:t,q (AS)

14,0 Vt,0 Vo,0 0 0 0] |20

I



A.1.2 SRF-PLL Transfer Function Derivation
Va(s) = Ka(0in(s) — Oest(s))

In case of a normalised input Ky can be assumed zero.

KipmV,
)PILY g
West = Kp,pll‘/;] + s

West

eest =

K pul
(Kp,pll + ng

S

) Kd(Hin(s) - Qest(s))

Hest _ Kde,plls + KdKi,pll
Oin s+ Kde,puS + KdKz',pll

KoK, pns + KqK; o

H(s) =
() s2 + KgKp pns + KqK; pn

Characteristic equation: s? + KoK, pns + KqK; pn =0

Comparing with standard form: s + 2Cwps + w,% =0

2Cwn,
K4

omegan
Ky

Ky = Ko =

II

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)



B Stability

B.1 Single Inverter State-Space Model
B.1.1 Power Controller

The power calculation in the dq0 reference frame can be written as seen in Equation (77).

WLPF 3 ) )
= (Voqliod — Vo,dioq) (B.1)

WLPF
P= — o
WLPF + 52

= S (Uo,dio,d + Vo, Z'o, )
WLPF + 8 2 arod

Moving around and adding doing small-signal linearisation.

3 ) )
P (wppr +s) = WLPF 5 (Vo,d%0,d + Vo,qlo,q) (B.2)

3 ‘ .
(P +AP) (wrpr + ) = wiprg (Vo + Avoa) (lod + Adoa) + (Vo + Avoq) (Lo, + Alog))
(B.3)
Multiplying terms together. Ignoring terms with perturbation multiplied by perturbation and

removing the steady-state part.

3 . .
AP (wLpF + 8) = wLPF§ (VQdAZO’d + Io,dAvo,d + V07qA’Lo’q + Io7qAUo7q) = (B.4)

. 3 ‘ .
AP = —wiprAP + WLPFi (‘/o,dAZo,d + Io,dAvo,d -+ Voqulqu + Io,quo,q) (B5)

Doing the same for reactive power. Moving around and doing small-signal linearisation.

3 . .
Q (wLpF +5) = WLPF (Vo,qlio,d = Vo,dlio,q) (B.6)
3 . .
(@+AQ) (wrpr +5) = wiprg (Voq + Avo,q) (lod + Adoa) = (Vo + Avoa) (log + Adog))
(B.7)
Letting steady-state terms cancel out and ignoring perturbation with perturbation multiplica-

tion.
3 . .
AQ (WLPF + 5) - WLPFi (Vo,qAZo,d + Io,dAUo,q - V:),dAfLo,q - Io,quo,d) (B8)

. 3 ) .
AQ = —wLprAQ + UJLPF§ (VO,qAZ(J’d + 16,4Avoq — Vo aQioq — IO,qu(,,d) (B.9)

The control equations for the power controller can be seen:

ioa = kpp (P* = P) + kip(P" = P)  igq=Fkpp(Q" = Q) +kip(Q" - Q) (B.10)

The integral action of the PI controller creates the state equations.

Y P P

doq _

- Q-Q  (Ba
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Doing small-signal linearisation on Equation (?7), Equation (??) can be derived.

Agg = AP* — AP Ady = AQ* — AQ
Similarly, by doing small-signal linearisation can be derived.
(I5q+ Qi q) = kpp (P*+ AP*) — (P + AP)) + kip (94 + Ada)

(I5q 4 Aig o) = kpp (Q" + AQ") — (Q + AQ)) + kip (P + Ady)

Steady-state terms cancels out.

Aig g = kpp (AP" — AP) + kipAda Adg o = kpq (AQ™ — AQ) + ki qAdq

B.1.2 Current Controller

The integral part of the current PI controller can be written as:
. . d’yd . . . . d’}/ . .
4= / (Z:’d —ina) dt= ar ita —itd  Ya= / (Zt,q —itq) dt = d7tq = ltq ~ lta
The two equations can be small-signal linearised as follows.

d . " :
& (Fd + A’)/d) = (It7d + Azt7d) — (It,d + A’Lt7d)

d . » .
&t (Tq +Ayg) = (It7q + A%,q) — (It,q + Aigq)

The steady-state terms cancel out.

dAq . _ dA~, , ,
It = A’L;d — Alt’d a1t 94— Alzq — AZt’q

The algebraic equation of the control equation is then:
'Uz:d = —WHLf'it7q + 'Uo’d + kp7c (Z;d - it,d) + kLC’Yd

U;’,k,q = wnLyisd + vo,q + kpe (z';q — it,q) + Eicvq

By doing small-signal linearisation, the following equation can be reached.

(thd + AU':d) = —wnlLg(liq + Airg) + (Voa + Avoa)
thpe ((Ira + Aifq) = (ua + Aia)) + ki (Ta + Ava)

(Vi A0 ) = wnls(Tq + Aiga) + (Voq + Atog)
Fhpe ((If g+ Aif o) — (Ttq + Aigg)) + kie (Dg + Aryg)

The steady-state terms cancel out, leaving the following:
AU;d = —wanAit,q + Avmd + kp,c (Ai:’d — Ait,d) + ki’cA”yd

Av;q = wnLtAig g + Avo g + Ep e (Ai;q — Az’t,q) + ki cAvyg

v

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)

(B.25)



B.1.3 Delay

For the controller tuning, the delay was implemented as a transfer function approximation.
Using this transfer function and input-output relations, the equation can be written in the
correct form.
Ga (s) = 13} = Tarers =
(1.5Tgs+1)Y (s) =U (s) =
15Ty (t) +y(t) =u(t) =
() = 13y () + aru(t)

Now that the delay equation is written in a form similar to the state-space representation, the

(B.26)

inputs and outputs can be replaced with the correct parameters.

g — JP— +Tan ! (B.27)
Vdel,d = 75 Tg Pdeld T T Yhd - Pdelg = Ty Ty Pdela T e @ '
The equations can be small-signal linearised.
. 1
(Vaera + Avael,a) = =y =7 5T (Vael,a + Avdera) + 7 5T (Via + Avgq) (B.28)
. 1 1
(Ve + Avdgela) = = 151 (Vatel,q + Avdel.a) + 15T (Vi + Avgg) (B.29)
And as the steady-state terms cancel out, they can be written as follows.
AVderd = — — A B.
Vdel,d 1,57, , 1 5T vg d (B.30)
: 1
A'UdeLq = —ﬁAvdel q 1 5T A'Ut d (B31)

B.1.4 LCL Filter
The equations for the LCL filter can be defined as was done in Chapter 3 for the transfer function

derivation. )
dig q —R 1
. thd+Wth+Lfvtd Uod
d’it,q _ R 1
di = I g — Wia + Lfvt d — 7;Voq
dvo,d _ 1
dt UL)'UO’q + alt,d - @loyd (B 32)
ot — g1y q + Aipq — i '
& o,d Cyha C’ 0,9
di d R
dot = TI. T llod + Wiog + T Uod va,d
dio,q _ R 1
&t — L lo,q — Wiod + ”0 a4 T Vbg




Doing small-signal linearisation, the following can be achieved.

& (Toa+ Diga) = F (Ta + Aiga) + (wn + Aw) (Teq + Aieg)
L% (Via + Avga) — (Vo,d + Avo q)
& (Tg+ Nivg) = F2 (Iug + Aivg) — (Wn + Aw) (Iy,q + Aigq)

+L% (Via + Avpa) — L% (Vo,q + Avoq)
& Voa+Avoa) = (wn+Aw) (Vogq+ Avogq) + & (Tra + Aira)
— & (o + Do)

L (Vo + Aog) = —(wn + Aw) (Vo + Avea) + & (Tg + At q) (B.33)
—Ci (Io,q + Dioq)
E Lo+ Niga) = ( od + Aigg) + (wn + Aw) (Lo,q + Aioq)
7 (Voa + Avg ) — = (Voa + Avp a)
& Toq + Aiog) = < (Lo,q + DAiog) — (wn + Aw) (Io,q + Adgq)
( 7 (Vo + Avoq) = 7= (Vhg + Avpq)
Letting the steady-state terms cancel out, the final equations can be reached.
dAditt’d = _T%Ait,d + wnQig g + Awlg g + %fAUt,d — L%Aqu
dAditt,q — —szfm't,q — wpQig g — Awly g + %{Avmd - Lif Ao q
dAdvto,d = wnAvoq + AwVoq + CifAit,d — CifAiQd (5.30
001 = 1y Avoq — AwVpa + G g — Qo g
diito’d e Nig 4 + wniog + Awloq + £ Avod — -Avhg
\ d%ito’q — %Aqu —wpAip g — Awly g + TCAUO,q — L%Avb’q

B.1.5 PLL
The PLL is identical to what was presented in Chapter 3. The control equation can be written
as follows.
w=40= ]{;p7pLL’(}O7q + ki,PLL / Uo7th + wp (B35)
With the integral part of the PI controller being taken as an intermediate equation.
d
p= /vqut = £ = Uoq (B.36)

By applying small-signal linearisation, the following can be reached.
O+ A0 = kyprr, (Vo + Aveq) + kipLL (P + Ap) + wy (B.37)
This reduces to the following.
A0 = kypLLAv,  + ki pLLAp (B.38)

Ap = Aveg (B.39)
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For the PLL rotation dynamics, the rotation can be expressed by the following equation.

T cos(fprr, — 0o)  sin(fprr, — 90)] ~ [ ( 1 OpLL — 00] (B.40)

— sin(HpLL — (90) COS(QPLL — 00) QPLL — 90) 1

Thus, a rotation can be applied to any variables in a dq frame, as seen in the following equation.

ZELL 1 Oprr, — 6| |29
%LL - 8 (B.41)
xq _(QPLL — 60) 1 (Eq

By doing small-signal linearisation, the following equation can be achieved.

[Xg;’LL + ARl [ 1 Al (X9 + Al (B.42)
PLL PLL 0 0 :
Xg o+ Az -Af 1 Xy +Azy
This can be reduced to the following equations by cancelling out the steady-state term.
XPHE 4 AgftE X§+ Axl + AO(XE + Axl) (B.43)
XM+ Agltl —AO(X] + Azd) + X0 + Az
A PLL A 0 A@XO A 0 XO
x%LL - " +0 ol = Jjg + 0 [AH} (B.44)
Az, —A0X§ + Axy Az - X3
B.1.6 Single Inverter
To begin with, insert power controller output, y;, into current controller.
AP
At g
AQ AP* ad o)
‘s = B C +D + B Av, + BB
T2 C1 P Ady P AQ* 2 U Jdq c2BE |\ g
Ad Ay dq
_ 4 (B.45)
AP Ai
— BorCr | 29| 4 BauD | +B Alt’dq + BoaBy |2
= bc1Cp Ady ci1lp AQ* C2 1'10,dq c2BE | (g
Alg dq
[ Ay
And insert it into the output.
AP
Aig g
AQ AP* < Ap
=CcA D C +D + D Avg DeoB
Y2 CAYdq +Dc1 | Cp Ady P AG* c2 7.),dq + DcaBE AY
A(;S AZqu
° e (B.46)
AP .
AQ AP Aidtdq Ap
= CcAvqq + Dc1C + Dc1D + D Avg, + Dco B
CHRYdq ci1bp Ady c1p AQ* C2 A? ,dq C2DE Ad
%0,d
[Adqg !
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Now, insert current controller output, y2, into delay model.

A A
g = Udeld | _ Agd Udel,d + Buy
A'Udel q A'Udel,q
AP .
_ AQ P* Alt:dq p
CA]+DC + DD + Do | A + DewB
cl Ydq c1Lp Ady c1p [AQ* C2 A'l‘)o,dq C2DE AY
2
A¢q o,dq
AP (B.47)
Avgel,d 1 AQ
—A 4 4 ByaC [A + BauDciC
del AUdeLq delYC ’qu_ del/C1UP Ady
— A¢q
" Aildq Ap
+BagaDc1Dp N + BaelDc2 | Avodq | + BaeDc2Br N
| Ao

Now, insert PLL output, ys, into LCL filter.

Aildq
7y = ApcL | Avodq | + ALcLBE iz + Brcri [Avéel’dq] + BLoL2 {Avbdq}
Aiodq
Ap Adygq
+Brcrs | CpLL AQ + DpLL | Avoaq
Alodq (B.48)
Aildq Ap
= ArcL |Avedq | + ALcLBE Ad + Brcri {szelvdq} + BLcL2 [Avb,dq]
Aiodq
Ailgq
+BrcL3CpLL Ag + BreLsDpLL | AUodq
AVR™

Now writing each state-space model in order.

AP
Aiyg
AQ a Ap AP*
h=A + B A + Bp1B + B B.49
i1 = Ap Ady P1 A7;odq PBe |\, AN (B.49)
A¢q odq
AP
Ailg
AQ a Ap AP*
‘s = Bo1C + B Av, + BcoB BaoiD B.50
7y = Bc1Cp Ady 02 Al.) dq c2Bp | \ | T BaDp AQ? (B.50)
Lod
Ay 4
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AP

Aiyg
. A Av q
73 = BqelDc1Cp @ + BaelCo [A’qu} + Agel 44\ | By Doy Avggq
Adqg Avgel ¢ .
A(b Alodq (B.51)
q
Ap AP
Bga DcoB BgeDc1 D
+DgelDc2bE Af + BaePc1p AQ*
Aildq
74 = BrcL1 [Avéel’dq} + (ArcL + BronsDpLr) | Avodq
Nigdq (B.52)
+ (ALcLBE + BrcnsCpLL) AZ + Brcr2 [A'Ubdq}

Ai]dq Ap

Ay (B.53)

T'5s = BpLL | Avodq | + APLL

Aiodq

B.2 Multi Inverter State-Space Model
B.2.1 Modified Single Inverter

The PLL output and bus voltage can be inserted into the modified single inverter model, as seen
in Equation (B.54).

Azinvi = AmwvilAzivvi] + Boorri[Azpry] + BxiCpLL[Azprr] + BxiDpin H[Azgid]
+Bxi DpLr M Cinvi[Azinvi] + Bxi Dpr M Cinva [Azinye]
+BxiDpri, M Cinvs[Azinvs] + BinviH [Azgria] + BinviM Cinvi [Azinvi ]
+BinviM Cinve[Azinve) + BinviM Cinvs[Azinys]

AP

+BcoTRLi "
AQ;

(B.54)

By gathering by common inputs, the equation can be reduced, as seen in Equation (B.55).

Azinvi =  Amvi[Azinvi] + (BxiDpLz + Binvvi) MOyt [Azinyi]
+(BxiDp11 + Binvi) M Cinva[Azinve] + (BxiDpr + Binvi) M Cinvs[Azinys]
AP
AQ;
(B.55)

This then represents the state-space model of the i inverter. Notice the i in the equations,

+(Bcorri + BxiCprL)[Azprr] + (BxiDprr, + Bivvi) H[Azgria] + BoTrLi

which denotes which matrices are specific to the inverter number.
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Similar can be done for the grid state-space model, as seen in Equation (B.56).

Azgia = (Ag + Ba1H)[Azgia] + Bai MO [Azinvi] + Bai M Cinva [Azinye]
+Bc1 M Cinvs|Azinvs] + Ba2[Avg aq) + BeqCrri[Azpry] + B DL H [Azgrid]
+BrqDprr, M Cinvi [Azinvi] + BeqDprr M Cinve[Azinye]

+BrqDpriM Cinvs[Azinys]
(B.56)
Which reduces to Equation (B.57).

Azgiqa = (Ag + Ba1H + BrqDpirH)[Azgia] + (BaiMCinvi + BrqDprr M Cinvi) [Azinvi]
+(Bc1 M Cinva + Brq D, M Cinve) [Azinve]

+(Ba1 M Cinvs + BeqDprr M Cinvs) [Azinvs] + BeQCpLL[Azprr] + Ba2[Avg 4]
(B.57)

B.3 POD State-Space Model
When deriving the state-space model for the washout filter, the use of the intermediate state,

7', has to be used. The washout filter is split into two equations as follows.

Z(s) __Tws N Z'(s) _ 1 Z(s)
Wi(s) Tws+1 W(s) Tws+1 Z'(s)

= Tws (B.58)

Starting with the first, which is equivalent to a washout filter, the transfer function can be made
into the following equation.

Z'(s) 1

W(s) Tws+1 Z'(s)(Tws + 1) = W (s) (B.59)

By doing small-signal linearisation, the state-space model can be made for this part of the filter,

as seen in the following equation.
. , . 1 , 1
AZTw + Az = Aw = A2 = ——AZ + —Aw (B.60)
Tw Tw

However, the last part of the filter should be included. The following equations shows the
isolation of the output of the washout filter, namely Z.

Z(s)
Z'(s)

=Tws = Z(s) = Z'(s)Tws (B.61)

By doing small-signal linearisation, the algebraic equation can be made, and by inserting for the
derivative term of the intermediate state, Az , the following equation can be reached.

Az=—-A2Tyw = Az = —AZ 4+ Aw (B.62)
This functions as the output of the state-space model of the washout filter.

A similar approach can be taken for the lead-lag filters, except that the numerator differs. The
transfer functions can be split into two parts, as seen in the following equation.

H(s) Tis+1 H'(s) 1 H(s)
Z(S) B T;S‘i‘ 1 ~ Z(S) N Tos+1 H’(S) =Tis+1 (B.63)
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The first part can be put on the correct form, as seen in the following equation.

H'(s) 1
Z(s) Tes+1

= H'(s)(Tebs +1) = Z(s) (B.64)

By doing small-signal linearisation and isolating for the derivative term, the state-space model
can be made.

. . 1 1
AWTy + AR = Az = AW = —— AW + — Az (B.65)
15 15

Similar, the last part of the transfer function can be put on the correct form, as seen in the

following equation.
H{(s)
H'(s)

By doing small signal linearisation and moving around, the output equation can be made, as

=Tis+1= H(s) = H'(s)(T1s+1) (B.66)

seen in the following equation.

. T T
Ah = ART; + AK = <1 - 1) AR + LAz (B.67)
Ty 15

Nothing needs to be inserted into state-space models of the low-pass filter and washout filter.
However, the output of the washout filter needs to be inserted into the state-space model of the
first lead-lag state-space model. The output can be seen inserted into the state-space model in
Equation (B.68).

. 1 1 1 1 1
AW = — =AW + = (=AY + Aw) = — =AW — — A2 + —A B.
h 7 h —|—T2( 2+ Aw) T h 7 z +T2 w (B.68)

Similar can be done for the output equation, as seen in Equation (B.69).

T1 T1 T1 Tl Tl
Ah=(1— =AM + = (A +Aw) = (1 - = | AN — —AZ + —A B.
h < T2> h' 4+ T (—AZ + Aw) ( T2> h T 2+ T w (B.69)

The same approach is taken for the second lead lag filter, except it will be Equation (B.69) that
will be inserted. This can be seen in Equation (B.70).

Nt =—pad+ 4 ((1-F)aw - Baz + faw)

(B.70)
T T T
=~ %A + (F — 75 ) AW = F A+ Aw
Similar can be done for the output equation, as seen in Equation (B.71).
T: T: T T T
Ad = (1-% Ad’+T—i<< —ﬁ)Ah’—T—;Az’JrT—;Aw) _—

— _ I3 / T3 iz r I3 AL DT
=1 T Ad—l—(T4 T2T4)Ah T2T4Az —|—T2T4Aw

XI



B.4 Comparison of SSM to Simulation

B.4.1 Single Inverter Comparison
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Figure B.4.1 Comparison of non-integrator state variables to simulation results
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Figure B.4.4 Bar chart of absolute errors and percentage errors for an active power step down.
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Comparing Results with Different Solver Settings

Throughout many iterations of simulations it was discovered that there was a noticeable
difference in results depending on solver settings. Of course, when using a discrete solver
compared to continuous solver had significant impact, due to inherent zero-order hold function,
unit delay and more. However, when a continuous model was compared to the state-space
model, some discrepancy was discovered. Though, similar the results differed in dynamics. This

can be seen on the left column in Figure B.4.7.
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Figure B.4.7 Comparison of results for two different solver settings (solid: state-space model; dashed:
simulation).

When the solver settings were iteratively changed and results examined, it was evident that
it had an impact on the dynamics. When increasing the relative tolerance of the solver and
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using MATLAB Simulink’s algebraic loop solver instead of adding a small transport delay, e.g.
1-107 s, the results became much more similar to the results of the state-space model. This
can be seen on the right column in Figure B.4.7. Though the error on the left column is
small, the dynamics were not matched. On the right column, the dynamics are almost exactly
matched. With more time invested in the specifics of solver setting, the error can likely be
reduced even further. However, the computational time also increased a lot with the better
settings. Additionally, since the dynamics slightly differ, this can also have an effect on stability,
especially near the stability boundary, where non-linear effects are more prevalent. This will
likely also have an effect on the eigenvalue stability analysis.

In this case, several simulation settings were modified to improve the alignment between the
Simulink model and the corresponding state-space model. Specifically, the relative tolerance was
adjusted from 1-1073 to 1-107°, the solver was explicitly set to ode45 (Dormand-Prince), the
”Enable minimal zero-crossing impact integration” option was activated, and the ”Normalize
using nominal values” setting was enabled. Furthermore, it was observed that even minor
transport delays had a substantial impact on the simulation behaviour. It remains uncertain
whether all of these adjustments are necessary to achieve accurate correspondence with the
state-space model. However, due to time constraints, no further investigation into the issue was
conducted.

B.4.2 Multi Inverter Comparison
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Figure B.4.8 Bar chart of absolute errors and percentage errors for inverter 1 for an active power step
down.
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B.4.3 Stability Analysis Comparison
Unstable Mode 14: # = 0.0178 + 0.0000j
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Figure B.4.13 Heat map of participation factor of each state variable belonging to each eigenvector at
600 W.
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Unstable Mode 14: # = 0.0547 + 0.0000j
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Figure B.4.14 Heat map of participation factor of each state variable belonging to each eigenvector at
300 W.
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C Experimental Validation

C.1 Single Inverter
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Figure C.1.1 Comparison of experimental results to SSM for a 300W active power step down.
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Figure C.1.2 Comparison of experimental results to SSM for a 300VAr reactive power step up.
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C.2 Multi Inverter
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Figure C.2.1 Multi inverter reactive power steps.
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Figure C.2.2 Capacitor voltage of each inverter for each active power step.
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Figure C.2.4 Capacitor voltage of each inverter for each active power step.
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