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Abstract

With increasing integration of intermittent renewable generation, such as wind and
solar power, additional frequency regulation is required in power systems. This is
driven by generation fluctuations and reduced system inertia, as fossil fuel generation
is phased out. Frequency regulation is partially provided through ancillary services,
including frequency containment reserve for normal operation (FCR-N) and emerg-
ing services such as dynamic fast frequency reserve (dynamic FFR) and synthetic
inertia, which aim to mitigate rapid frequency deviations. Most renewable energy
sources are today connected through grid-following (GFL) inverters, which could
provide these services. However, active power injection for frequency support can
introduce local frequency disturbances that may destabilize the inverter. The stabil-
ity of the inverter depends on the resulting frequency deviation, grid strength, and
the inverter’s frequency filter. This thesis investigates these stability challenges for a
GFL inverter by evaluating the stability limits of regulating strength and synthetic
inertia, as well as the performance of the frequency ancillary services at Chalmers
University’s power system laboratory.

The stability limits of FCR-N operation were evaluated both during grid-connected
and islanded operation with a synchronous generator (SG), while synthetic inertia
stability limits were assessed only during grid-connected operation. Grid strength
was varied through changes in the impedance between the inverter and the local
grid connection. The stability limits and performance of FCR-N, dynamic FFR,
and synthetic inertia were investigated for different frequency measurement meth-
ods and frequency filters with varying time constants.

The results showed that a GFL inverter could provide frequency services while main-
taining stable operation for most combinations of filters, filter time constants, and
grid conditions, including islanded operation with an SG and grid-connected opera-
tion with varying grid impedance. Laboratory experiments demonstrated improved
stability margins when a lead-lag filter was used to attenuate high-frequency com-
ponents in the active power response. During islanded operation, the inverter could
independently provide sufficient frequency regulation to maintain stable grid opera-
tion. For dynamic FFR, the inverter mitigated both the rate of change of frequency
and the frequency nadir. Compared to synthetic inertia, dynamic FFR reduced the
frequency nadir more effectively but required higher energy capacity for the same
peak power output.

Keywords: grid-following inverter, frequency regulation, ancillary services, frequency
containment reserve, FCR-N, dynamic FFR, synthetic inertia, island operation, grid
strength, power system stability.
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Introduction

This chapter begins with a background on the thesis topic. Following this, the aim
and limitations of the thesis are defined. The research questions that this thesis
aims to solve are then presented.

1.1 Background

By the end of 2024, renewable energy sources reached 46% of installed power gen-
eration capacity in the world, leading to a growing share of the energy production
from converter-based resources [1]. In contrast to synchronous generators in con-
ventional power plants, converter-based sources do not naturally provide inertia to
the energy system. If conventional units were to be phased-out, the power system
would become more sensitive to frequency deviations due to lower system inertia.

During disturbances such as sudden loss of generation or load, the frequency of
the grid deviates from its nominal value. To limit these deviations and restore
frequency, frequency ancillary services are required [2]. Traditionally, these services
were provided by conventional power plants such as coal, gas and hydro [3]. These
generators also provide inertia, which slows the rate of change of frequency (RoCoF),
following an imbalance in power [4].

An important frequency ancillary service is the frequency containment reserve (FCR),
which acts to limit frequency deviations, within certain intervals. In the Nordic
synchronous area FCR is divided into two categories, FCR for normal operation
(FCR-N) and FCR for larger disturbances (FCR-D) [2]. As conventional generation
is switched out for converter-based units, frequency ancillary services are therefore
expected to be provided by converter-based units instead [3], such as wind power,
photovoltaics, and battery energy storage systems. These services include estab-
lished FCR and static fast frequency reserve (FFR) [2], as well as upcoming services
under development including dynamic FFR and synthetic inertia. Frequency an-
cillary services will become more important in low inertia systems, where higher
RoCoF reduces the available response time and drives the need for fast frequency
response [4].

Most converter-based generation units today use grid-following (GFL) inverters [5].
These inverters rely on a separate unit generating the grid frequency and voltage
waveform, typically a conventional synchronous generator or an stable and reliable
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grid [3]. However, this dependency does not prevent GFL inverters from deliver-
ing various frequency ancillary services required to maintain a reliable grid. Grid-
forming (GFM) inverters have been developed as an alternative that generates their
own voltage and frequency references, regardless of the strength of the connected grid
[3]. Although GFM inverters enhance system stability and are increasingly viewed
as a key solution for future grids, their large-scale deployment is still evolving [6].

Improper tuning of control parameters in GFL inverters may lead to oscillations or
slow dynamic response, which reduces overall system stability [7]. Consequently,
technical requirements govern established services like FCR and static FFR prior
to grid deployment [8]. These requirements are established by the European Net-
work of Transmission System Operators for Electricity (ENTSO-E) and enforced
by the transmission system operator (T'SO) at the national level, such as Svenska
Kraftnat (SvK) in Sweden. Therefore, compliance with these requirements must be
demonstrated prior to connection and operation.

A real-world example of the evolving regulatory frameworks is Germany’s new mar-
ket for instantaneous reserve, launched in early 2026 [9]. This market enables
converter-based energy sources to provide fast frequency response services such as
synthetic inertia. Although these frameworks assume an increasing adoption of GFM
inverters, it remains highly relevant to investigate the potential of more widely de-
ployed GFL inverters for similar frequency services [5]. Therefore, this thesis also
evaluates the capabilities of GFL inverters to provide fast frequency control. Pre-
vious work demonstrated the potential of both GFL and GFM inverters to provide
frequency control in a simulated environment [10].

1.2 Aim

The aim of this master thesis is to investigate the stability limits and performance of
frequency control implemented in a GFL inverter. In particular, the stability limits
of FCR-N and synthetic inertia operations are evaluated, while the dynamic perfor-
mance of FCR-N, dynamic FFR and synthetic inertia are analyzed under different
grid conditions. Furthermore, the technical requirements for FCR-N specified by
ENTSO-E are assessed. To improve stability and performance, the frequency mea-
surement filters are analyzed and tuned. The power system laboratory at Chalmers
will be used to evaluate the stability and performance of the GFL inverter.

1.3 Limitations

The evaluation of stability and performance for a GFL inverter is subject to sev-
eral limitations associated with the laboratory setup and defined scope, which are
presented in this section.

The inverter used in the laboratory is supplied directly from the local power grid
and is modeled as an ideal source with unconstrained energy availability. This
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assumption is made to isolate and evaluate the stability of the inverter control system
independently of external generation or storage limitations. Therefore, the study
does not consider the effects of finite energy availability or generation variability
from renewable sources on stability and performance during frequency regulation
experiments.

The investigation of different grid strengths is limited to strong, intermediate and
weak grid conditions based on the available connections in the network model, which
contains a limited number of 7-sections. Furthermore, the voltage source with which
the inverter operates is limited to the local power grid and a synchronous generator.
An option would be to use a secondary inverter to emulate other types of grids or
voltage sources, but the dynamics of introducing an additional inverter could have
an unknown impact on the results. Studying the impact of a secondary emulating
inverter is outside the scope of this study.

Since most converter-based generation units today utilize GFL technology [5], this
thesis focuses on optimizing the functionality of GFL inverters. Therefore, GFM
inverters are excluded from this study.

The testing of the GFL inverter with FCR functionality is limited to FCR-N, while
FCR-D is not studied in this thesis. This scope is considered sufficient due to the
similarities in their underlying control strategies. The primary differences between
FCR-N and FCR-D lie in their operational frequency bands. Since FCR-N oper-
ates within a narrower frequency band (£0.1 Hz) [11], it requires higher regulating
strength. This higher gain increases the risk of control loop instability, making
FCR-N more critical to evaluate.

1.4 Specification of the Issue Being Investigated

From the aim and limitations of this thesis project, this project intends to answer
the following questions

Stability limits of a GFL inverter

o What are the stability limits that can be achieved with different frequency
filters and frequency measurement methods?

o How does the strength of the grid affect the stability limits of the inverter?

o How does the stability limit of the inverter change between grid-connected and
islanded operation?

Dynamic performance

e Can ENTSO-E’s technical requirements be fulfilled for FCR-N?
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o How could a GFL inverter support an SG in an islanded grid with frequency
regulation?

o What similarities and differences are there between the performance of dy-
namic FFR and synthetic inertia for the evaluated GFL inverter?

Societal and ecological

» How do inverter-based technologies impact environmental emissions from elec-
tricity generation?

o What geopolitical challenges could arise from the implementation of inverter-
based resources inverters?

o How can the implementation of frequency ancillary services through inverter-
based resources inverters help improve societal perception regarding the relia-
bility of renewable energy?

o How does the integration of digitally controlled inverters affect grid cyberse-
curity and system stability?
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Modeling of Grid Following
Inverter for Frequency Regulation

In this chapter, the mathematical models and control principles for grid-following
inverter are presented. The chapter begins by establishing the fundamentals of
the inverter and their role in providing different types of frequency ancillary ser-
vices to the grid. This includes frequency containment reserve for normal condition
(FCR-N), dynamic fast frequency reserve (dynamic FFR) and synthetic inertia.
Thereafter, control architecture of the inverter is explained, after which the techni-
cal requirements for FCR-N are outlined. Currently, no technical requirements have
been established for the other frequency ancillary services presented.

2.1 Grid Following Inverter Fundamentals

In a physical three-phase inverter, six insulated gate bipolar transistor (IGBT)
switches are typically used to build a full bridge configuration [12]. A pulse width
modulation (PWM) is often used to control these switches so that the inverter can
synchronize its voltage and frequency to the grid. Since the focus in this thesis is on
dynamics of the control loops, the timescale is in milliseconds to seconds. Switch-
ing dynamics in microseconds are therefore not as relevant and the high frequency
harmonics that can be generated from the switches will not be considered. Conse-
quently, assuming the inverter’s output being well filtered, the six IGBT switches
and PWM logic can be replaced by a controllable voltage source that represents the
average output voltage for a switching period [13]. Therefore, the voltage source
converter (VSC) in Fig. 2.1 is modeled as an average controllable voltage source.

The VSC’s output voltage is driven by the signals from the control system’s ref-
erence voltage magnitude Vrfgfg, phase angle V;rfé and frequency fpry. In a GFL
inverter, the voltage and current are measured at the point of connection (POC).
Fig. 2.1 shows that the POC is the connection point between the inverter and the
grid. The measured voltages are fed into a Phase-Locked Loop (PLL) where the
frequency (fpLL) and phase angle (Vf) are estimated [5]. The frequency is used
in another controller to determine a power reference. The power reference is used
in the power controller to calculate the current reference for the inverter, which the

current controller then uses to calculate the voltage magnitude and phase reference.

5
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Inverter Filter Thévenin equivalent grid
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Figure 2.1: Circuit of the inverter together with its filter and the Thévenin equiv-
alent grid.

The inverter is connected to the grid through a filter with resistance (Ry), inductance
(L¢) and capacitance (Cf), as seen in Fig. 2.1. The filter is used to reduce harmonics
or other transients that originate from the converter at the POC. At the POC, the
grid is represented by a Thévenin equivalent, which models the power system as an
ideal AC voltage source (V) behind a variable series impedance (R, Lg). A circuit
breaker is placed between the inverter and the Thévenin equivalent grid to enable
connection and disconnection.

To be able to investigate how a weak or strong grid affects the stability of the
controllers in the inverter, the short-circuit ratio (SCR)

Vs

SCR = Sz

(2.1)

is used. In (2.1), V is the base voltage of the system, Sg is the apparent base
power and Z. is the short-circuit impedance of the Thévenin equivalent grid. The
short-circuit ratio is defined as the apparent short-circuit power in the POC divided
by the rated power of the inverter [14]. A higher SCR indicates a stronger grid,
which means reduced sensitivity to voltage dips during faults. Generally, a grid is
classified as weak when the SCR is below 6 to 10, whereas values above 20 represents
an exceptionally strong grid [14]. For this high SCR values, the grid behaves as a
stiff voltage source and can therefore be approximated as an ideal source.

If the grid is weak, as described earlier, then the current that the inverter is supplying
will heavily affect the voltage at the connection point and since that voltage is used
in the PLL to estimate frequency and phase, this creates a feedback loop that can
make the inverter unstable [3]. This limitation motivates the alternative use of
GFM inverters, which act as voltage sources to eliminate the dependency on the
grid strength. However, as many systems currently utilize GFL control, analyzing
the PLL instability under weak grids remains relevant.

6
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Since a GFL inverter is controlled digitally, the calculations are performed in discrete
time. While the controller and inverter model are initially derived in the contin-
uous domain, they must be discretized for digital hardware implementation. The
discretization of continuous-time integral terms are achieved by the relation

- (2.2)

where Ty is the sampling time, and z is the z-transform variable [15]. For the
derivative, s, it is discretized by also assuming the derivative to be constant over a
time step. Thus the derivative is found by taken the difference between the current
and previous value, divided by the sampling time [16], which results in

s = = . (2.3)

The previous value is found by taking the unit delay, 1/z, of the signal [15].

2.2 Frequency Ancillary Services in the Grid

The frequency of the grid is measured and sent to a control system which determines
the desired power output. The implementation of the power regulation is determined
by the type of frequency ancillary service. Three types of frequency ancillary services
are studied in this thesis, FCR-N, dynamic FFR and synthetic inertia.

2.2.1 Frequency Containment Reserve

Within the Nordic synchronous area (consisting of Sweden, Norway, Finland, and
Eastern Denmark), FCR is divided into two categories, normal and disturbance
FCR [2]. The primarily difference between these two is the frequency interval in
which they operate. While FCR-N operates within the 49.9-50.1 Hz range, which is
considered normal condition of the grid [2], FCR-D operates within 49.5 - 50.5 Hz
range, excluding the FCR-N interval. Apart from operating in different frequency
intervals, both systems share the same proportional control principle. The reference
output power for FCR is determined by

PFCR,ref - (fref - fPLL)K- (24)

The output power is calculated from the deviation in the frequency, which is the
difference between the reference frequency ( fif) and the measured frequency ( fprr)
[17]. Lastly, the frequency deviation is scaled with the regulating strength,

K=—-=""= (2.5)
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where R is the droop factor. AP and Af are the deviations in active power (MW)
and frequency (Hz), respectively, so the unit of K in (2.5) is in MW /Hz. However,
the regulating strength is usually scaled to p.u./p.u. by the base power and the
base frequency. To dimension the FCR-N’s regulating strength, a power interval is
reserved within the unit’s power capacity. The regulating strength is set to ensure
full activation of the reserved capacity during the largest disturbance, for FCR-N
being 0.1 Hz.

The implementation of FCR-N controller is presented in Fig. 2.2 and follows the
relation in (2.4).

fref

w ‘ K LP filter

Figure 2.2: Block diagram of the frequency response controller. The lower path
represents the FCR-N control, while the first selector switch activates the HP filter
to provide dynamic FFR control. The second selector switch allows the lead-lag
filter to be enabled for either FCR-N or dynamic FFR mode.

Lead-lag

oot [ET T

The FCR-N controller in Fig. 2.2 is equipped with a low-pass (LP) filter to attenuate
transients and noise from frequency. Thus, the LP filter determines the regulator’s
sensitivity to frequency changes.

2.2.2 Dynamic Fast Frequency Reserve

The purpose of FFR is to counteract the initial fast and severe frequency deviations
[18]. In contrast to FCR-N which aims to regulate the frequency to a steady-state
level, FFR aims to reduce the RoCoF and the nadir/zenith. Hence, FFR do not
regulate the frequency to achieve a steady-state level.

FFR is divided into static and dynamic FFR. The static FFR is already an es-
tablished service for the Nordic TSO:s. Static FFR is designed after its activation
frequency, at which maximum power is to be delivered within a certain time frame
[19]. Static FFR does not have any regulation of its power output and is at max-
imum power throughout the duration of support. After supporting, it can ramp
down and start to recover [19].

However, dynamic FFR can regulate its power output after the frequency deviation.
The implementation is done following the FCR controller, but adding a high-pass
(HP) filter to the output signal [20]. The HP filter in cascade with the LP filter
creates a band-pass filter, that allows transients and fast frequency changes to pass
through. The block diagram can be seen in Fig. 2.2 by connecting the HP filter.

8
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2.2.3 Synthetic Inertia

The inertia in the system determines how sensitive the grid frequency is to active
power disturbances. In hydro, nuclear and thermal plants the generators are rotating
with the grid frequency, thus for the grid frequency to change the generators has to
change their frequency as well [21]. This need to change the generators frequency
yields an inertia in the system. The relation between the RoCoF and a power
disturbance is described by the swing equation [22],

2H df

where H is the inertia constant, f, is the nominal frequency, % is the RoCoF, Py,

dt
and P, is the mechanical respective the electric power.

Unlike traditional generators, inverter-based units do not inherently provide inertia
since they consist of only power electronics and therefore lack a synchronously cou-
pled rotating mass [23]. However, the control system could be adapted to emulate
inertia. The equation to derive the controller for synthetic inertia is found by first
deriving the swing equation in per-unit as

dfpu
dt

2HPY — P o — Papu, (2.7)

where all variables are expressed in per-unit except for the inertia constant H, which
remians in seconds [23]. Since inverters has no mechanical power, Py, ,, is set to zero.
Then extracting the electrical power from (2.7) the output power of the inverter is
found as

dfpu
dt -

Pe,pu =—2H (28)

2.3 dg-Frame

The power system consists of three phases, where each phase ideally has the same
amplitude but phase shifted 120° from each other. The power system could thus
be expressed by three references axes spaced 120° apart. Then along its respective
references axis the electric quantity for phase a, b or ¢ is represented. Each electric
quantity is time varying quantity which moves along its reference axis. Since, the
reference axis are not independent from each-other, each electric quantity can be
projected onto a 2-axis reference system. The new reference system is referred to as
the af coordinate system, where the « axis is aligned along the a axis, while the
axis is shifted 90° lagging [24]. There are two variants of Clarke transformation to

project from abc to aff. Power-invariant transformation has a scaling factor of \/g
and amplitude invariant transformation
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1 L _1 a
it 29
2

has a scaling factor of % Using the amplitude-invariant transformation in (2.9), the
amplitude in af coordinates is the same as in abc. However, when calculating the
power in o3 a scaling factor is needed. On the other hand, the power in af and abc
is equal when using power-invariant transformation, but it causes the amplitudes to
be scaled incorrectly.

Similar to the abc reference frame, quantities in the af frame still varies with grid
frequency. Therefore, instead of the quantities varying, the reference-frame is rotated
synchronously with the grid, making the phase quantities being stationary. With
the af coordinates determined in (2.9) the new rotating reference frame (dq) is
found with the Park transformation [24], by

d cosf) —sind a
lJ:lsine cos Hg] (2.10)

where 6 corresponds to the phase angle of the power system. The properties of the
selected Clarke transformation are transferred to the Park transformation.

A transformation matrix 799 is derived to map the cartesian system directly onto
to dq frame. The transformation matrix is found by multiplying (2.9) with (2.10),
which results in the matrix

quzg cost) —sin(0 +§) —sin(
3| sinf cos(@+ %) —cos(

)

0
) (2.11)

EIE

2.4 Phase-Locked Loop

The phase angle # in the Park transformation (2.10) cannot be directly measured,
it must be estimated using for example a PLL. The aim of the PLL is to align the
voltage vector with the d-axis in the dg-frame by measuring the angle between the
d and q component [25]. To align the voltage with the d-axis, this angle should
be zero. Consequently, the angle () is treated as the estimation error, which the
proportional-integral (PI) regulator uses to generate a new estimation as can be seen

in Fig. 2.3.
Ts I/ﬁ\ 1 No filter, foLL
z1 KI_F'LL T \ o LP filter or | —
e MAVG filter
Clarke ) wn
transformation Park Cartesian to
trapsformation  polar coordinates
yabe aB VB X
da | v ® 3 ‘v f/+ NN Ts Op11
abc KppLL \ e\l ; 21
‘ N/ /

’—’ ap xy

Figure 2.3: Block diagram of the PLL.
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The nominal angular frequency is denoted with w, in Fig. 2.3. The PLL’s PI
controller outputs the deviation between the estimated angular frequency and the
angular frequency measured from the grid frequency at the POC. This is then used
to estimate the grid frequency (fpry) and phase angle (fpry,). The estimated phase
angle is then fed back to the coordinate transformations for subsequent calculations.
With the angle difference between d and ¢ treated as the estimation error and Fig.
2.3, the transfer function of the PLL is

1 1 1 1
Oprr, = ;(wn + (KppLL + ;KI,PLL)(S) R (EKP,PLL + ?KI,PLL)d- (2.12)

The gains of the PI controller are defined as Kppry, and Kiprr, which are the
proportional and integral gain, respectively. From (2.12) the transfer function is
derived, and its denominator is set equal to a second-order LP filter, due to the two
poles from the PI integrator and the phase angle integrator. The transfer function
is thus

OpL.  KipLp + sKppLL
o s?2 + sKpprL + KipLL

(2.13)

As seen in (2.13), the denominator of the transfer function is of the same order as a
second-order LP filter. Thus, setting the denominator of the transfer function equal
to the denominator of a second-order LP filter gives

82 + SKP,PLL + KI,PLL = 82 + 2- 27TprL(S + 27TfPLL7 (214)

where fpry, is the desired bandwidth [Hz| of the PLL and ( is its damping factor.
From Fig. 2.3, it can be seen that the frequency is extracted from the integrator,
excluding the proportional gain (Kpprr). This is because the proportional gain is
sensitive to phase jumps (high frequency dynamics), whereas the integrator is not.
This results in more stable and accurate frequency measurements. Furthermore, the
estimated frequency (fprr) in Fig. 2.14 can be used unfiltered, filtered through an
LP filter or a moving average (MAVG) filter. The types of filters used are described
in Section 2.8.

2.5 Power Controller

Given the reference power (P,f) from the FCR controller, the power controller cal-
culates a corresponding reference current (19;). Two types of power controllers are

introduced, a proportional-integral based (PC-PI) and a simplified power controller
with division-based calculation (PC-DIV).

11



2. Modeling of Grid Following Inverter for Frequency Regulation

2.5.1 Proportional-Integral Based Power Controller

Since apparent power is the combination of active and reactive power, two separate
Pl-integrators are used, seen in Fig. 2.4. The active power controller, calculates
the active current component, Ip, which is equal to the d-axis current, I, [17].
Moreover, the reactive power controller determines the reactive current, I, which
has a different polarity from I.;.

KPPC|‘ +]
-+
Psetpoint
Is
z-1
| L N et
> > U > >

LP filter

f

I:'im.r,ou‘t

Clsetpoint

LP filter

Clinv,out

Figure 2.4: Block diagram of the PC-PI.

The Pl-regulator compensates for the error between the measured active power
(Puv.out) and the total active power demand. The total active power demand is
the sum of the active power reference (P.f) from the frequency controller and the
active power setpoint (Pietpoint). FOr reactive power, the error is calculated by the
difference between the reference (Qyer), setpoint (Qsetpoint) and measured (Qiny.out);
where the reference is set to zero if no reactive power regulation is implemented.

The proportional (Kppc) and integral (Kppc) gains in Fig. 2.4 is tuned until the
desired time constant is achieved for a power step in Pt The tuned parameters are
found in Section 3.4.2.

Furthermore, the active power regulator is equipped with an anti-windup. This is
necessary since the integrator would otherwise be prone to integral-windup due to
the active power reference not being limited, while the inverter output being limited

12
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by its power rating. The limitations of the inverter are symmetric with the rated
power, meaning Py, = —Puax. Meanwhile, it is not needed in the reactive power
controller if the reference is set to zero and assuming small variations in the produced
reactive power.

2.5.2 Simplified Power Controller with Division-Based Cal-
culation

An alternative to traditional PI-based control is the division-based power controller.
This approach incorporates two simplifications of the Pl-controller. Firstly, since
no reactive power regulation is implemented and assume that the active power has
negligible influence on the produced reactive power, the reactive power controller is

removed. Instead of a controller, the current, I}, reference is set to zero.

Secondly, the mathematical relation between active power and I¢ is utilized, which
replaces the active power Pl-integrator. The voltage at the POC is assumed to be

aligned with the d-axis, Vpoc = Vi, as for the PLL derivation. The reference
apparent power at the POC is calculated as

dq dg* d d » d 7d 1 d
Sret = Voocliet = Veoc(Liet = 3 1ret) = Vioclier — 1Veoc et (2.15)
where I is the reference current of the inverter. The real part in (2.15) equals the
active power reference of the inverter. Hence, the active current relation with the
active power is found as

Id o Pref . Pref
ref — d - .
Vsoc  [Veocl

(2.16)

With the assumption that the voltage was aligned with the d-axis, (2.16) is simplified
to only consider the magnitude of the POC voltage. The implementation of this
power controller is shown in Fig. 2.5.

Psetpoint

IDref

Y
v

X Idref
Cartesian to LP filter _/_ >
polar coordinates /
Vipoc
—Poc o Veocl | _/_

X
Vipoc Y

Figure 2.5: Block diagram of the PC-DIV.
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The direct calculation from the PC-DIV offers a direct response but has two draw-
backs. As the POC voltage approaches zero, the reference current tends towards
infinity, which can be solved by setting limitations on |Vpoc|. The reference current
is also limited and the chosen settings are detailed in Section 3.5.1. Furthermore,
the absence of an integration term results in a controller that is unable to eliminate
its steady-state errors in the power produced.

2.6 Current Controller

The purpose of the current controller is to regulate the inverter’s output voltage to
ensure that the output current matches the reference current. To achieve this, the
closed-loop transfer function,

_ F(s)G(s)  2nf.
H{s) = F(s)G(s)+1 s+ 27?0]?00’ (2.17)

of the current controller and the filter is modeled as a first-order LP filter [26], with
a bandwidth of foc. To find the current controller function F(s), the filter function
G(s) must first be defined. Applying Kirchhoff’s voltage law on the filter presented
in Fig. 2.1 and assuming current going out of the inverter, the terminal voltage is

dl
View = Vpoc + Rel + Lfa. (2.18)

where Vpoc is the voltage at the POC. The system in (2.18) is defined with physical
dimensions. To simplify further calculations, (2.18) is converted into per-units.

This is done by dividing the whole expression with the base voltage, Vg, thus (2.18)
becomes

Vi _ Vpoc n Rl Lyl

L u,f dl u
v = ‘/;)u,inv = = Vpu,POC + Rpu,f[pu + o ’
B

2.19
VB RB[B + WBLBIB [09) 3 dt ’ ( )

where Rp, Lg, wg and Iy is its respective base values. With the parameters in
p.u. the transformation to dq frame is carried out. To transform (2.19) into dg, the
transformation matrix 799 defined in (2.11), is applied. The terminal voltage in p.u.
is

AT Loty dl,
qu‘/iau inv — qu‘/pu pocC + Rdeq[pu + Lpu fijpu + ; 7deq7p- (220)
’ ' Todt WB dt

The transformation matrix 799 is dependent on the time as seen in (2.11), since
the phase angle is time dependent. Therefore, the product rule has to be applied

14
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on (2.20) on both the transformation matrix and the current. Furthermore, the
chain rule has also been applied on the transformation matrix, thus canceling wg.
Thereafter (2.20) is converted into the Laplace domain,

. L.,
T (8) = TV 00 (8) + RougT () + Lo TaqLpu(s) + s—2E T4, (s).
wB
(2.21)
The term with derivative of the transformation matrix in (2.20) introduces cross-

coupling between the d- and g-currents [26]. Therefore, is the d and q components
analyzed separately rather than collectively as shown in (2.21)

Lpu
{ %%,inv = ‘G)%,POC(S) + Rpu,f]gu(s) ~ Louslgu(s) +5 £B7fI§u(S) (2.22)

Lpu
VI:)%,inv = ‘/p%,POC(S) + RPuvfIgu(S) + Lpuaf]}()iu(s) + S%]gu(s)'

In (2.22) the filter is defined, however there is a cross-coupling between Igu and I,
and the voltage at the POC creates a non-linearity. Since neither the cross-coupling
nor Vpoc contains a s or 1/s factor, and both are independent of the same d or q
component, neither is directly controlled by the current controller. Hence, for the
determination of the current controller, the cross-coupling and Vpoc are momentarily

removed. The transfer function of the filter becomes the following

Olsy = il _ 1 (2.23)

dq Lpu,f '
Vpu,inv Rpu,f + s wB

Extracting the controller function, F'(s), from (2.17) and inserting the filter function
(2.23), F(s) is found to be

27 foo L¢ Ry Kicc
F(s) = = = .
(s) sG(s) : Wh s oo s

After deriving the transfer function for the PI regulator, the cross-coupling and
Vpoc from (2.22) are reinstated. The corresponding block diagram for the current
controller is presented in Fig. 2.6.
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Figure 2.6: Block diagram of the current controller.

This current controller loop serves as the final component of the inverter’s control
structure, detailed in the following section.

2.7 Connection of Controllers

The overall control structure and the connections between different controllers are
illustrated in Fig. 2.7. As shown, the system has a cascaded layout with the PLL
that handles synchronization, allowing the power controller to generate the reference
for the inner current controller loop. Then, the inverter’s output is regulated by the
current controller.

Control System

Veoc| lroc Vroc| Iroc
d d
fPLL et Vet
v, Frequency Pret Power Iq—> Current Va
RO PLL Controller Controller N Controller ref
SpiL
Hardware
POC
= Lt Ry
Energy source — —:|—rrnr\—o/a—
Y

Inverter

Figure 2.7: Overview of the control structure and connections between the con-
trollers.
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This cascaded layout creates a feedback loop where the inverter dynamics are cou-
pled to the grid through the POC voltage, which is used by the PLL to estimate
the grid frequency. The estimated frequency deviations drive a power response ac-
cording to (2.4) and (2.8). This impacts the phase angle § as can be seen by the
two-port equation

Vpocv . VPOCV .
P = = tsin(8) = =T Esin(Bpoc — by) (225)

where 0poc and 0, are the phase angles at the POC and at the connection point of the
voltage source V; as seen in Fig. 2.1. The resistive component of the variable series
impedance (R, Lg) is neglected since the inductive reactance of a transmission line
typically dominates the resistance, making the X/R ratio large enough to assume a
lossless line. For a strong voltage source, the 6, can be treated as a stiff reference.
Seen in (2.25), variations in transferred power lead to changes in fpoc. A rate of
change in fpoc corresponds to a deviation in the local frequency as

froc = 1 dfpoc
POC T onty dt

(2.26)

This frequency is measured by the PLL, which closes the loop. However, because
the active power injected is dependent on the measured frequency ((2.4) and (2.8))
which in turn is affected by fast changes in P ((2.25) and (2.26)), there is a risk of
instability.

The closed-loop instability is influenced mainly by three factors: the grid strength,
the regulation gain of frequency controller and inverter’s response time. The strength
dependence of the grid is seen in (2.25), with a small L, (indicating a stronger grid)
the change of P resulting in a small change in fpoc. The change in 6poc also depends
on the size of P, which is regulated by the gain of the frequency controller. For FCR-
N and dynamic FFR the regulating strength corresponds to its controller gain, while
for synthetic inertia it corresponds to the inertia constant. Lastly, from (2.26) it is
seen that the rate of change affects the stability of the closed-loop, caused by the
inverter’s response and measurement. The inverter’s response and measurement are
therefore filtered.

2.8 Filtering Methods

In the controllers, the raw measured signals can often be noisy. This creates the
need to filter the signal in order to provide clean and stable inputs and outputs for
the different controllers. Two common types of filters for noise suppression are LP
filter and moving average filter.
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A LP filter suppresses frequencies over the cut-off frequency, w., such as ripple or
noise [27]. While lower frequencies, below the cut-off frequency, are unaffected. The
first order LP filter is defined as

H(s) = ¢ (2.27)

54w,

Fig. 2.8 shows the LP filter’s frequency response. It demonstrates that a larger time
constant (mp = 1/w,.) results in a lower bandwidth and more phase lag.
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c - ———llT -~
8%40*— p = 0.5 Tl
= ==T7p =1
-60 T 1 L I I L I I L
1072 107 10° 10"

Phase

Phase [deg]

Frequency [Hz]

Figure 2.8: Bode plot of a LP filter for various time constants 7ip.

A MAVG filter operates by taking the average of the most recent samples over a
window length of N with a sampling time of T;. The size of the sampling window
is determined by the desired filtering time constant myavg. This process suppresses
high-frequency noise and transients, as these fluctuations only contribute to a small
portion of the overall average [28]. The relation between the sampling time, time
constant and window length is found as

N = . (2.28)

The bode plot of the MAVG filter can be seen in Fig. 2.9. It can be noticed that
the specific frequency components which are canceled, correspond to multiples of

1/mvave-
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Figure 2.9: Bode plot of a MAVG filter for various time constants myava.

Another type of filter is the high-pass filter that removes low frequency components
and steady state components [29]. The HP filter can be used, e.g. for dynamic
FFR, allowing the controller to respond only to fast frequency changes rather than
in steady-state. The transfer function of an first order HP filter,

H(s) = Sf%, (2.29)

is very similar to (2.27) but with an s in the numerator instead of the cut-off fre-
quency w.. The response of the HP filter for different time constants (mpp = 1/w,)
is shown in Fig. 2.10.
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Figure 2.10: Bode plot of a HP filter for various time constants myp.
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Finally, a lead-lag filter can be used to either attenuate or amplify higher frequencies
while allowing lower frequencies to pass [30]. The transfer function of a lead-lag filter
is given by

B 1—|—ST1
- 1+ST2’

H(s) (2.30)

where T} is the zero time constant and 75 is the pole time constant. The fraction
between these time constants determines if and by how much the higher frequencies
are amplified or attenuated. For example, if T} in (2.30) is set to be smaller than
T5, lead-lag becomes a lag filter, which attenuates higher frequencies. This is seen in
the bode plot in Fig. 2.11 where the lead-lag filter attenuates the higher frequencies.
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Figure 2.11: Bode plot of a lead-lag filter. The parameters T} and 75 define the
attenuation or amplification profile.

From Fig. 2.11 it is shown that the attenuation of higher frequencies is the fraction
between T} and T5.

2.9 Technical Requirements for FCR-N

There are multiple requirements for a production unit to be allowed to provide
FCR-N, which are defined by ENTSO-E [11]. The requirements include both time
domain and frequency domain requirements, which are described in more detail in
the following sections. ENTSO-E has not yet published requirements for dynamic
FFR and synthetic inertia, as these technologies are not technically mature.
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2.9.1 Time Domain Requirements

To determine whether performance in the time domain is valid, steady-state per-
formance, endurance, and dynamic performance are evaluated [11]. To evaluate the
performance in the time domain, a step sequence of the frequency is applied as the
measured frequency in the FCR controller. The frequency step sequence and an
example of the corresponding power response are illustrated in Fig 2.12.

- - Frequency —Active power|

Active power [kW]

0 5 10 15 20
Time [min]

Figure 2.12: Step sequence in frequency with an example of power response, for
evaluation of the time domain requirements given by [11].

Firstly, the dynamic performance is evaluated by the rise time of the output power.
The requirements in [31] state that during a step of 0.1 Hz, the power should reach
63% of the final value within 60 seconds and 95% within 3 minutes.

Secondly, the endurance test evaluates whether the source is able to support the grid
for a certain period of time [11]. Depending on the type has limited energy reservoir
or not, the step duration in Fig. 2.12 is longer for non-limited energy reservoirs.

Lastly, steady-state performance evaluates the deviation of the power response from
the theoretical response [11]. The requirement for both up- and down regulation
states that the maximum under-delivery for either direction is 5% and a maximum
of 20% over-delivery.

2.9.2 Frequency Domain Requirements

The frequency domain requirements for FCR-N consist of two criteria, stability and
performance. Verifying the requirements is done by injecting a sine wave frequency
into the FCR-N controller and evaluating the output power in relation to the fre-
quency input. The time-period of the injected frequency varies between 300 s and
10 s, with a constant amplitude of 0.1 Hz centered around 50 Hz.

The stability and performance in the frequency domain are evaluated by the transfer
function of the inverter (F(s)) and the grid’s (G(s)). G(s) is a defined transfer
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function specified by ENTSO-E in [11]. F(s) is derived instead from the measured
result of the power response by the injected frequency [11].

For the stability requirement, the negative open-loop function is evaluated in a
Nyquist diagram. Due to the fact that F'(s) is being measured, only certain points
of the transfer function are found. Hence, the assumption is made that the transfer
function is linear between points. The open-loop function is calculated as

Go(jw) = —F(jw)G(jw), (2.31)

where w is the angular frequency of the injected frequency signal. The technical
requirement for FCR-N states that (2.31) should have a margin from the instability
point (-1,0) with a radius of 0.43 [11]. However, the stability requirement is also
accepted if it has a margin with a radius of 0.4085 from the instability point.

For the performance requirement, the closed-loop transfer function is evaluated in-
stead and in the bode magnitude plot. The closed-loop transfer function is found
as

: G(jw)
G.(jw) = 5 P0G (2.32)

The criteria, set by ENTSO-E, state that the magnitude of (2.32) with 0.95 scaling
shall always be less than the magnitude of the inverse of their disturbance profile
D(s) = |m|, as illustrated in Fig. 4.8 [11].
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3

Design and Implementation of
Grid Following Inverter for
Laboratory Experiments

This chapter begins by defining the per-unit system and its base values. This is
followed by a description of the experimental setup, including the inverter, voltage
source and network model. Subsequently, the tuning of the various controllers in-
troduced in the Chapter 2 is explained and then the modifications necessary for
implementing the control system in the laboratory environment. At the end of
Chapter 2 is a summary of all parameters used in the design of the inverter and the
parameters for the experiment set-up presented.

3.1 Declaration of the Per-Unit Base

To simplify the control design and thus the calculations, the per-unit (p.u.) system
was utilized. The principle of p.u. system is to normalize all quantities with a certain
base value. The base units were chosen based on the rated values of the inverter,
which had a rated power (Sg) of 10 kVA and a rated phase-phase voltage of 400
V. Furthermore was the power system frequency used as the base frequency. From
these quantities, the remaining base values could be calculated. The base current,
I, and impedance, Zg, was derived from the apparent power and ohm’s law

Vi

Sp = V3Vl = 2. (3.1)
Zp

For the base inductance of the system, the reactance base is equal to the base
impedance. Therefore is the base inductance

Xp

L= 2
B 27TfB’

(3.2)

where fg is the base frequency. Finally, the angular frequency is given by wg = 27 fg.
Together with (3.1) and (3.2), this defines the reaming base values, all of which is
presented in Tab. 3.1
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Table 3.1: Base values in the power system laboratory.

Variable | Value | Unity
Sp 10 kVA
Vs 400 \Y
I 14.4 A
Zy 16 Q
I 50 Hz
wp 314 | rad/s
Ly 0.0509 H

3.2 Experiment Setup

In this Section, the setup for the inverter, laboratory and measurements are intro-
duced. The inverter is introduced first and described together with the relevant
software. Second, the types of voltage source the inverter operates against are de-
scribed, followed by the types of network used in between. Last, the adaption of the
requirements and studies of the invert is descried.

3.2.1 Inverter Setup

The inverter in the power system laboratory is implemented using a Regatron
TC.ACS, which emulates a controllable power supply [32]. The Regatron receives
reference voltage control signals calculated by the control system and outputs corre-
sponding AC voltages to the physical network model in the laboratory. It operates
in voltage control under amplifier mode, which means that low-voltage analog input
signals are amplified.

The control system is implemented using a dASPACE MicroLabBox [33], which re-
quires discrete-time models for real-time operation. Since the controller operates
digitally, continuous-time signals must be sampled and processed at discrete time
intervals. The MicroLabBox provides Analog to Digital Converters for sampling
measurements from the network model and Digital to Analog Converters for send-
ing control signals to the Regatron.

The inverter control system is designed in Simulink using Real-Time Interface blocks
to provide inputs and outputs to the MicroLabBox. The Simulink control algorithms
are translated into C code, which is executed by the MicroLabBox for real-time
control. dSPACE ControlDesk is used as a user interface for parameter tuning and
data visualization.

3.2.2 Voltage Source

Two types of voltage sources are used, modeled as V; in Fig. 2.1: a connection
to the local power grid and a synchronous generator (SG). The local power grid
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is considered a very strong grid, with high short circuit capacity and large system
mechanical inertia, which cannot be affected by local changes in power.

In contrast, when the inverter is connected through the network model to the SG,
the strength of the grid is limited. The SG has a fixed amount of inertia, with an
inertia constant (Hgg) of around 5.6 s, which refers to the SG rated power of 75
kVA. The inertia constant for SG referred to the system base is H = 5.6% =41.7s.

The SG is controlled to emulate either a thermal or a hydro power plant. When
operating as a thermal power plant, the SG is tightly regulated to provide a fast
frequency response, while hydro regulation has a slower response. The regulation
difference is presented in the frequency response in Fig. 3.1 when connecting a 4.5

kW load.

50
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o 49.6 —Hydro plant
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o
)
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49+
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Figure 3.1: Comparison of frequency regulation between an emulated thermal and
hydro plant. The dotted line represents the thermal plant, while the solid line shows
the response a hydro plant. In both cases, a 4.5 kW load was connected to get a
frequency deviation.

As seen in Fig. 3.1, the emulated hydro plant has a lower frequency nadir due to
slower regulation and a decrease in power during initial regulation. Furthermore, it
is observed that there is an overshoot in the regulation. Lastly, it can be seen that
the emulated thermal plant achieves a steady state faster, while the emulated hydro
plant has a small damped oscillation.

3.2.3 Network Model

The network model consists of six transmission line sections, or m-sections, that can
be utilized. One m-section is characterized by the inductive reactance X,; of 0.953
Q2 and the resistance Rp; of 0.05 € [34]. The capacitance Cp; is switched off.

One 7-section is used as the inverter’s output filter (Rf and X¢), as shown in Fig. 3.2.
The remaining 7-sections are used to model the transmission line impedance (L, and
R,) between the inverter and the voltage source, as seen in Fig. 3.2. Changing the
line impedance is equivalent to changing the line length, where a larger impedance
corresponds to a longer transmission line.
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Figure 3.2: The electrical diagram of the experiment setup. With breaker 1 in
the upper position, the setup operates in grid-connected mode, while in the lower
position it operates in islanded mode. Breaker 2 switches in and out the extra 4.5 kW
load. Breaker 3 is used to connect and disconnect the inverter from the experiment
setup.

For the case where the inverter is connected to the local power grid, configurations
with one, three and five m-sections are investigated. These cases represent strong,
intermediate and weak grid conditions that are possible to achieve with the lab setup.
Since the local power grid is assumed to be ideal with negligible impedance, the
effective grid strength in these scenarios is determined by the number of m-sections.
This setup is referred to as grid-connected mode/operation and is achieved when
the breaker 1 in Fig. 3.2 is in the upper position. When breaker 1 is in its lower
position, the setup operates in islanded mode/operation. In islanded operation, only
the SG is used, and a single m-section is used between the POC and SG, since the
intention is to study a configuration where the inverter is electrically close to the
SG. For the islanded mode, a base load of 9 kW is used and a second load of 4.5 kW
can be connected, by closing breaker 2 in Fig. 3.2.

The short circuit impedance for each network combination is calculated and pre-
sented in Tab 3.2. The corresponding SCR, calculated according to (2.1), is also
shown in Tab 3.2. For islanded operation, a generator step-up transformer with
a 1:1 ratio is implemented to introduce the transformer impedance and replicate
realistic system behavior. The transformer has a resistance (Rgsy) of 0.075 Q and
a reactance (Xgsy) of 0.06 Q. The SG has a resistance (Rgg) of 0.081 @ and a
transient reactance (Xgg) of 0.437  [34]. Both impedances contribute to the total
short-circuit impedance during islanded operation.

Table 3.2: Short circuit impedance and ratios for different scenarios.

Voltage source | m-sections | Short-circuit impedance [©2] | SCR

Local power grid 1 0.95 17
Local power grid 3 2.86 6
Local power grid 5 4.77 3

SG 1 1.46 11
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3.2.4 Operation of Frequency Measurement Devices

In this section, the different methods of measuring the frequency is described. For
grid-connected operation, the inverter can operate in two modes, either in mea-
sured frequency mode or by simulated frequency mode as indicated in Fig. 3.3. In
measured frequency mode, the measured frequency (fieas) is sent to the frequency
controller that determines the output power. For simulated frequency mode, a sim-
ulated frequency (fsm) is sent to the frequency controller and not the measured
frequency. To evaluate the FCR-N technical requirements, the inverter operates in
simulated frequency mode. During operation with the SG, only the measured fre-
quency mode is used, and frequency disturbances are performed by connecting or
disconnecting the 4.5 kW load.

Vpoo External | fext
transducer No filter, F . Measured
LP filter or ~ -M€8%0 *-.frequency mode
MAVG filter -
VP&, PLL ‘ﬂo / : Fc:rggfrgﬂg?l
x
fS|mulated fsim - _/Simulated
requency “frequency mode

Figure 3.3: Operating in measured frequency mode offers two options of frequency
measurement device, a PLL or an external transducer, refereed to as external (see
Section 3.5.2). The LP and MAVG frequency filters (previously shown inside the
PLL in Fig. 2.3) are moved outside the PLL in this figure to show that both
frequency measurement devices can use those filters. Simulated frequency mode
utilizes an simulated frequency as the input.

Operating the inverter in measured frequency mode, the disturbance is added by
a step in Py, for the FCR-N and dynamic FFR controller. While evaluating the
synthetic inertia, a ramp is added to the measurement signal. When operating in
measured frequency mode, the stability of the inverter is evaluated considering the
regulating strength, inertia constant and filtering of frequency measurement.

Due to the inverter’s fast response time, the FCR-N technical requirements have
been performed in a shorter time frame. For the time-domain requirements, the
step-sequence is scaled down from minutes to seconds while the frequency-domain
requirements has fewer number of cycles per period. Furthermore, three additional
periods was added 5, 1 and 0.5 s, to further evaluate the performance then specified
in [11]. The endurance test in the FCR-N technical requirements was not performed,
as this thesis does not consider limitations in energy storage.

3.3 Controller Tuning

The tuning of the controller is performed such that the outer loops are slower than
the inner loops, otherwise oscillations and instability may occur in the inverter. The
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bandwidth of the controllers are however limited by the switching frequency of the
inverter, to 5 kHz [35].

The control system is organized in a cascaded manner, where the inner control loop
is enclosed by slower outer control loops, as illustrated in Fig. 2.7. All controllers
are tuned after the filter shown in Fig. 3.2. The filter consists of a resistance, Ry
of 50 m2 and inductance, L¢, of 3 mH. Due to the inverter being heavily internally
filtered, the output voltage does not require additional filtering. Therefore, the
filtering capacitance Ct is neglected.

3.4 Evaluation of Inverter’s Control Design

In this section, the operation of the inverter’s current and power controller is pre-
sented. Both controllers were evaluated with a strong, intermediate, and weak grid,
as defined in Section 3.2.3. Furthermore, both types of power controllers, PC-DIV
and PC-PI, were evaluated.

3.4.1 Current Controller

The controllers are tuned sequentially, starting from the innermost loop and pro-
gressing outwards. Therefore, the current controller is tuned first, as the innermost
loop is the fastest controller after the switching. The bandwidth of the current
controller was chosen to be one-tenth of that of the inverter’s, foc = 500 Hz. For
stability and to avoid oscillations between the loops, an industry standard is to keep
the outer-loop’s bandwidth a tenth of the inner-loop’s [36]. To determine the inte-
gral and proportional gain of the current controller, (2.24) is utilized by inserting
the current controller’s bandwidth and the filter parameters Ry and L¢. The propor-
tional gain is found to be Kpcc = 1 p.u. and the integral gain Kjcc = 31 p.u./s,
following (2.24).

The feedback voltages Vi and Voq, shown in Fig. 2.6 were equipped with an
LP filter. Since the voltage is directly coupled with the inverter, any high-frequency
oscillations or ripples are propagated to the inverter. Therefore, the objective for
the LP filter is to suppress very high-frequency components and ripples in the mea-
sured voltage, thus, the cut-off frequency (f.rrv) was set to 500 Hz for islanded
operation and 100 Hz for grid-connected operation. The cut-off frequency for the
grid-connected operation had to be reduced to be stable at idle when operating in
weak grids.

For the implementation of the current controller in the laboratory environment,
active dampening is used by adding a virtual series resistor

2T tee L pu

Rapu = — Repa) - 0.05 = 0.03 p.u., (3.3)

wB
where L, and Ryp, are the filter impedance Ly and Ry in per-unit.
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Active damping attenuates the oscillation in the inverter’s controller that could be
caused by the fast current controller [37]. The scaling factor is set to 0.05 to provide
a moderate amount of active damping.

To verify the operation of the current controller, a reference step in I, of 0.1 p.u.
is performed in the current controller when operating the inverter in grid-connected
mode with a weak, intermediate and strong grid. The reference step and measured
Id are presented in Fig. 3.4.
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Figure 3.4: Response of inverter’s d-component of current output at a reference
step of 0.1 p.u. The dashed line presents the step in reference current and the solid,
dash-dotted and dotted line shows the corresponding output current for a weak,
intermediate and strong grid

From the measured output current, the time constant of the response was found to
be around Taetuar,cc = 1.6 ms, which equals a bandwidth (factuarcc) of 100 Hz, for
all three grid strengths. The practical bandwidth is thus a fifth of the theoretical
bandwidth, which could be caused by the delay in the feedback voltage filter, in the
estimation of phase angle by the PLL and in the Regatron.

3.4.2 Power Controller

With the current controller tuned, the subsequent controller to tune was the power
controller. The bandwidth of the power controller is tuned such that the bandwidth
is at least ten times lower than the current controller’s [36]. Moreover, the two
different controllers are tuned differently because of their different designs. The
PC-PI is tuned by the proportional and integral gain, while the PC-DIV is tuned
through an LP filter.

For the PC-PI controller, the maximum bandwidth was found to be fpc = foc/10 =
50 Hz resulting in a time constant of 7pc = 1/(27 fpc) = 3 ms. With a proportional
gain, Kppc, of 0.25 p.u./p.u. and an integral gain, Kipc, of 30 rad/s the time
constant of the power controller is 30 ms and the bandwidth 5 Hz. The power
controller is therefore 10 times slower than the theoretical calculations to allow
extra margins for the operation of the power controller. The tuning of the PC-DIV
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is achieved by inserting an LP filter at the output and selecting an appropriate cut-
off frequency such that the time constant of the PC-DIV is similar to that of the
PC-PI. With a cut-off frequency (f.pcprv) of 10 Hz on the LP filter, the resulting
time constant of the PC-DIV was 20 ms, corresponding to a bandwidth of 8 Hz.

Furthermore, the PC-PI compares its reference power with the measured power,
which is calculated from the measured current and voltage. Consequently, high-
frequency components might be introduced into the controller. Therefore, for the
implementation of the PC-PI controller in the laboratory environment, the power
calculations are equipped with an LP filter. The LP filter has a cut-off frequency
(fe.Power cale) Of 50 Hz for islanded operation and 20 Hz for grid-connected operation.
The cut-off frequency had to be reduced for the grid-connected operation to ensure
stable idle operation in weak grids.

Similar to the current controller, the power controller is verified when the inverter
operates in grid-connected operation with a weak, intermediate and strong grid. A

reference step of 1 p.u. is performed, and the corresponding output power for both
the PC-DIV and PC-PI is presented in Fig. 3.5.
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Figure 3.5: The inverter’s power output response to a 1 p.u. step in reference
power. For both figures, the dashed line represents the reference power, while the
dotted, dash-dotted and solid line shows the inverter’s measured output power for
a strong, intermediate and weak grid.

Evaluating the step response for both controllers, the time constant for all three
grid strengths was found to be 7pc.prv = 25.4 ms for the PC-DIV and 7pc.p; = 32.6
ms for the PC-PI. Thus, the bandwidths (fpc.prv & fpc.pr) of the controllers are 6
Hz and 5 Hz, respectively. This proves the power controller is operating as intended
after the tuning of the PC-PI and PC-DIV.

In Fig 3.5b it is seen that the power output from the PC-PI has small oscillations
for weaker grids which the PC-DIV in Fig. 3.5a does not have. This is due to the
PC-DIV being equipped with a LP filter at its current reference. With the LP filter,
the response from the power controller is smoothed out, thus the inverter increases
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it output power smoothly and achieves a stable response. However for the PC-PI
the proportional gain generates almost a step in reference, and then the integral
part helps smoothen the response. Due to the step from the proportional part the
current controller overshoots, initializing the oscillations in voltage. This step from
the proprtinal gain is however not visible in Fig. 3.5b since the measured power is
filtered through a 50 Hz filter.

3.4.3 FCR-N

From (2.5), the target regulating strength (Kiaget) is found by the inverter’s full
power range (10 kW) and FCR-N maximum frequency deviation (0.1 Hz) to be 500
p.u./p.u. (which is the same as 1000 %/Hz or 100 kW /Hz). The FCR-N controller
is equipped with an LP filter at the output with a cut-off frequency of 10 Hz to
attenuate any high frequency-component from the frequency measurement.

Due to the inverter having a rapid response, a lead-lag filter can be enabled in the
FCR controller to improve the maximum regulating strength. The lead-lag filter is
placed after the FCR’s LP filter, as shown in Fig. 2.2. For the lead-lag filter, the
zero time constant 77 in (2.30) was set to 4 s, and the pole time constant T was
set to 20 s. This configuration is henceforth referred to as the 4/20 lead-lag filter.
Consequently, the magnitude of higher frequencies is attenuated to 0.2 of the filter’s
input level.

3.4.4 Dynamic FFR

The dynamic FFR controller had a similar controller as the FCR, but with a HP
filter in cascade with the LP filter. The effect of the HP filter’s time constant 7yp,
was evaluated by using the time constants 10, 20 and 60 s as in [20].

3.4.5 Synthetic Inertia

For the synthetic inertia controller the maximum inertia was determined from (2.8)
and that the rated power where to be delivered at an RoCoF of 2 Hz/s. According
to the Requirements for Generators and the Swedish implementation EIFS 2018:2,
generators should be able to ride through a fault of a minimum of 2 Hz/s [38]. To
minimize the risk of units disconnecting during faults, maximum power is to be
delivered at 2 Hz/s. Applying a RoCoF of 2 Hz/s in (2.8), the target synthetic
inertia constant (Hiarget) is 12.5 s referred in Sp.

3.4.6 Phase-Locked Loop

The phase-locked loop is the outermost control loop and therefore the slowest. The
bandwidth of the PLL was determined to be a tenth of the power controller, thus
frLr = 5 Hz. Assuming a critically damped system (¢ = 1), the coefficients of the
PLL, calculated by (2.14), are thus
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{ Kppry, =2- 27TfPL2LC = 2@( =63 s} (3.4)
Kiprn = (27 fprr)” = 987 s

3.5 Modification for Implementation

To ensure proper operation of the inverter, additional tuning and functions are
added. This includes tuning of saturation blocks and presenting a secondary fre-
quency measuring device. These functionalities help increase the stability and ro-
bustness of the inverter.

3.5.1 Saturation Blocks

Signal limits were also applied using saturation blocks. Since the inverter is incapable
of operating outside its physical limits, digital limitations are needed within the
controller. In the FCR-N controller, the maximum reference power is limited to the
rated power of the converter, 1 p.u. The same limitation is set on the reference
power from the dynamic FFR and synthetic inertia controllers. Furthermore, in
the PC-DIV power controller, another saturation block is used to ensure that the
denominator, |Vpoc|, cannot be zero.

In addition to the power limit blocks in the power controller, there are also limits on
the reference current. As stated in [39], power generating units are required to be
able to deliver nominal power when the voltage is within 90-105%. Thus, during the
voltage drop to 0.9 p.u. the current is increased to deliver 1 p.u. of power. Thus,

1mi . _Prominal . 1 _
the current limit (Zyefm) was calculated to gl = e = 1.11 p.u..

A limitation block is also applied to the output of the current controller to keep the
voltage references within a safe operating range. As stated in [39] the maximum
voltage the inverter should be able to operate in is 105% at the POC. Accounting
for the filter impedance (L, and R,) and the maximal current limit of 1.11 p.u., the
d- and g-axis voltage references are limited to Viefjim = 1.05 4+ 1.1 - |Ry + jwpLg| =~
1.2 p.u..

3.5.2 Secondary Frequency Measurement Device, External
Transducer

For frequency regulation, the measured frequency is the most critical signal. In Fig.
2.3, the frequency is obtained by the PLL, optionally filtered, and fed to the fre-
quency controller that regulates the reference power. Since frequency measurement
is crucial for the inverter’s regulation, a modification is introduced to enable the
use of an external frequency measurement device. A switch is added between the
PLL and the filtering stage to allow selection between the PLL and the external
transducer, as presented in Fig. 3.3. The Tillquist LQT400 is used as the external
transducer. It is a configurable multi-converter capable of measuring various electri-
cal quantities [40]. LQT400 is configured here to measure the frequency of the grid
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and output an analog signal between 4 and 20 mA, corresponding to the frequency
interval of 49.5 and 50.5 Hz. To convert the analog current to a voltage, a 250 (2
resistor is used. With a 250 € resistor, the 49.5 to 50.5 Hz interval is equivalent to
a voltage interval of 1 to 5 V.

3.6 Summary of Model Parameters

This final section summarizes the design parameters for the inverter and the network
parameters, which was presented throughout Chapter 3. Tab. 3.3 presents the
baseline parameters that used in both grid-connected and islanded operation.

Table 3.3: Compilation of parameters for the inverter controllers and the net-
work model, that is shared between operating in grid-connected mode and islanded
operation.

Parameter ‘ Value Parameter ‘ Value
Current controller Frequency controller
Fec 500 Hz Kearger | 500 p.t./p.u (100 kW /Hz)
KP,CC 1 p.u. Htarget 12.5 s
KI,CC 31 rad/s PLL
R, | 0.03pu (0.48 Q) FoLL 5 1z
Tactual,CC 1.6 ms C 1
factual,CC 100 Hz KP,PLL 63 s 1
‘/ref,lim 1.2 p.u (480 V) KI,PLL 987 572
Power controller Network model parameters
Kppc.pr 0.25 p.u./p.u. Xpi 0.060 p.u. (0.953 Q)
Kipc.pr 30 rad/s Ry 0.0031 p.u. (0.05 Q)
TPC-PI 32.6 ms X¢ 0.060 p.u. (0.953 Q)
frcpr 5 Hz Ry 0.0031 p.u. (0.05 Q)
fepcpiv 10 Hz Xasu 0.0038 p.u. (0.06 Q)
TPC-DIV 25.4 ms Rasu 0.0047 p.u. (0.075 Q)
fpcprv 6 Hz Xsa 0.18 p.u. (2.93 Q)
et jim L11 pu. (16 A) Rsc 0.051 p.u. (0.081 Q)
HSG 5.6 s

While Tab. 3.3 covers the shared parameters and the corresponding response time
of the controllers, some parameters change depending on the mode. Tab. 3.4 shows
these changes, comparing the specific settings used for grid-connected and islanded
mode.

33



3. Design and Implementation of Grid Following Inverter for Laboratory
Experiments

Table 3.4: Compilation of parameters for the inverter controllers and the network
model, that is specific for each operating condition.

(a) Grid-connected operation (b) Islanded operation
Parameter ‘ Value Parameter ‘ Value
Current controller Current controller
Jeppv | 100 Hz feppv | 500 Hz
Power controller Power controller
Jfe,Power cale ‘ 20 Hz fe,Power cale ‘ 50 Hz
Network model parameters Network model parameters
SCR | 17,60r3 SCR | 11

Tab. 3.3 and 3.4 shows that the majority of the parameters are shared between
the operation modes. However, the SCR is different since, for islanded operation,
the battery should be electrically close to the SG and for grid-connected operation,
the network between the inverter and the grid is investigated. Additionally, f.prv
and f; power cale Were different because the inverter became unstable for weak grid
operation if the islanded mode parameters were applied.
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4

Analysis of Stability Limits and
Performance for Inverter
Providing FCR-N, Dynamic FFR
and Synthetic Inertia

This chapter presents the results of stability limits and performance for FCR-N,
dynamic FFR and synthetic inertia. Since not all frequency controllers are evaluated
for stability limits and performance, nor are all evaluated in both grid-connected and
islanded operation, Tab. 4.1 presents a summary of the analyzes performed and their
corresponding section.

Table 4.1: The frequency ancillary services tested against different grid combina-
tion, that the result presents.

Grid-connected operation
Stability limits ‘ Performance

Islanded operation
Stability limits ‘ Performance

FCR-N
Dynamic FFR
Synthetic inertia

4.1 & 4.2 4.2

4.6

4.3 4.3 & 4.4
4.5 & 4.7
4.7

When operating in either grid-connected mode or islanded mode, the shared settings
used are presented in Tab. 3.3, which is complimented by either Tab. 3.4a when
operating in grid-connected operation or Tab. 3.4b when operating in islanded
operation. The stability limits and performance of the different frequency ancillary
services are evaluated by different types of frequency measuring devices, frequency
filtering and type of voltage source used. Therefore, has all the different parameters
been compiled in a sensitivity analysis list:
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Frequency measurement device: PLL, external transducer
Frequency filtering: unfiltered (7.p = Tvave = 0 s), LP filter, MAVG filter
Frequency filter time constant: 0 sto 1s
Lead-lag filter implementation
Voltage source:
— Local power grid, grid-connected operation (SCR 17, 6, 3)
— SG, islanded operation (SCR 11)
Frequency controller: FCR-N, dynamic FFR, synthetic inertia
Control parameters: regulating strength, synthetic inertia constant

Power Controllers: PC-DIV, PC-PI

In the sensitivity analysis list, the control parameters is used to evaluate the stability
limits for the appropriate frequency controller. For the stability limit analysis of the
regulating strength, the maximum limit was set to 1000 p.u./p.u. (200 kW /Hz).
While for the synthetic inertia constant the limit was set to 200 s. An analysis
of the different power controllers where performed in section 4.1-4.3, which showed
the operation difference being small and thus only the PC-DIV was used in the
subsequent sections.
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4.1 Stability for FCR-N in Grid-Connected Op-
eration

The performance of the inverter in grid-connected operation for FCR-N is evaluated
by operating the inverter in measured frequency mode and applying a step in the
frequency reference. The resulting power response from such a step has been classi-
fied into two categories, stable and unstable. The regulating strength was varied for
each combination of filter type, filter time constant and frequency measuring device
in order to determine the transition between stable and unstable operation. The
maximum regulating strength was defined as the regulating strength corresponding
to a response that was on the verge of instability, in other words, the critical stable
response. The responses shown in Fig. 4.1 are representative examples used to il-
lustrate critical and unstable response characteristics and do not correspond to the
same frequency step, filter type, filter time constant, frequency measurement device,
or regulating strength.

Active power [kW]
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o
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(a) Critically stable power response (b) Unstable power response

Figure 4.1: Representative power responses of the inverter during FCR-N oper-
ation in measured frequency mode after a step change in the reference frequency.
The responses are classified as stable and unstable. The examples shown do not
use the same frequency step, regulating strength, filter type, filter time constant, or
frequency-measuring device, but are included to illustrate the classification method.

The critically stable response exhibits oscillations that are attenuated over time and
eventually reach a steady state, meaning that the inverter control is still capable of
damping the oscillations. The unstable response either has growing oscillations or
never reaches a steady-state value. Therefore, it is desired to have large margins
between the instability limit and the operation point, to have a fast and damped
response from the inverter and to not risk instability if the grid changes. The
maximum regulating strength is evaluated for strong, intermediate and weak grid
conditions as defined in Section 3.2.3.

In Fig. 4.2, the difference between operating the inverter with the PC-DIV and
PC-PI in a weak grid (SCR 3), equivalent to operating with a long transmission
line, is presented. The stability is assessed for both PC-DIV and PC-PI when
measuring the frequency directly from the PLL or from the external transducer,
and for the unfiltered, LP or MAVG filtered measured frequency. For unfiltered
frequency measurement, the filter time constant is set to 0 s.

37



4. Analysis of Stability Limits and Performance for Inverter Providing FCR-N,
Dynamic FFR and Synthetic Inertia

3_ T ';‘ T T T T T T
©.1000¢ o= & s &1 g1000F 4 ; & "“x,n 1
:: , ,/,, ......... X : “ , /A'"/
S o) e dao (Y0
= S x = \ ’ & X
2 600t /A o 1 © 600l \ ,/ ’A,.» x ,
% 500 LRty PR EETEY EEEEE -| % 500 - = == Fle oo e oo -|
o 4000 £ | 400 LSS ]
£ -o-LP filter, PLL £ LA X -o-LP filter, PLL
© 200+ -A&-MAVG filter, PLL o 200+ L. Q’ _____ " -A&-MAVG filter, PLL
:O’, -+ LP filter, External 8‘: -+ LP filter, External
00:9 -%-MAVG filter, External Q -%-MAVG filter, External

oL I I : : ; Y oL L I : : T

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Filter time constant [s] Filter time constant [s]

(a) PC-DIV configuration (b) PC-PI configuration

Figure 4.2: The maximum regulating strength as a function of the frequency filter-
ing time constant, in a weak grid with the two types of power controllers. Different
combinations with PLL or external transducer with unfiltered (ropmave = 0 s),
LP or MAVG filtered frequency. The horizontal dashed line indicate the targeted
regulating strength of 500 p.u./p.u. (100 kW /Hz).

As described in Section 3.4.3, the maximum evaluated regulating strength is limited
to 1000 p.u./p.u. (200 kW/Hz), resulting in a factor of two margin from the desired
regulating strength of 500 p.u./p.u. (100 kW/Hz) derived in Section 3.4.3. From
Fig. 4.2, the instability of the inverter occurs at low filtering time constants, this is
due to rapid changes in the phase angle. At low filtering time constants, the inverter
reacts quickly to smaller frequency variations, leading to a rapid change in power
output. With a fast change in power, the phase angle in the POC increases, leading
to a momentarily local frequency deviation, f = %%&'ﬁ). Consequently, since the
inverter operates with a lower filtering time constant, this local frequency deviation
is measured and fed back into the control-loop, which creates a positive feedback

with high enough regulating strength or low time constant.

Furthermore, from Fig. 4.2 it is seen that the MAVG filter achieves lower stability
margins than the LP filter. This is due to the phase-shift of the MAVG filter not
limited to -90 degrees as for the LP filter but continuous decreases after -90 degrees,
as seen in Fig. 2.8 and 2.9. The phase-shift from the MAVG causes the inverter to
compensate for the local frequency deviation out of phase earlier than compared to
the LP filter, thus the MAVG is more prone to cause instability. From Fig. 4.2, it is
also found that the maximum regulating strength increases between applying lower
filtering time constants and unfiltered (myavg = 0 s). The improvement of stability
is caused by the elimination of phase-shift with unfiltered measurements.

In Fig. 4.2 it is seen that the external transducer achieves a lower maximum reg-
ulating strength than the PLL, which is due to the external transducer (Tillquist,
LQT400) induces phase-shifts and delays into the control-loop. The phase-shifts and
delays are caused by the method of measuring the frequency and any internal filter-
ing. The precise phase-shifts and delays the external transducer introduces are not
presented, since neither does the manufacturer specify which measuring method is
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implemented, nor was the phase-shift and delay of the specific transducer measured.

Comparing the two power controllers (PC-DIV and PC-PI), the difference between
their maximum regulating strengths is very small. The only major difference in
maximum regulating strength is for the PLL cases with unfiltered and LP filter
with a 0.1 s time constant, where the PC-DIV underperforms the PC-PI. This is
unexpected since a LP filter should have a gradual decrease in achieved regulating
strength. Seen from (2.27) and Fig. 2.8, the characteristics of an LP filter have
a limited phase-shift and an inverse relation with the time constant. Thus, if the
stability margins was reduced for the 0.1 s time constant it should have been reduced
for the unfiltered as well, which is seen in the other result when using the LP filter.

In Fig. 4.3, the maximum regulating strength for both the PC-DIV and PC-PI
are presented. The overall difference in maximum regulating strength is negligible
between the two power controllers.
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Figure 4.3: The maximum regulating strength as a function of the frequency filter-
ing time constant, for the same combinations as in Fig 4.2a, but for an intermediate
and strong grid configuration. Both PC-DIV and PC-PI is evaluated together with
the PLL or the external transducer with unfiltered, LP or MAVG filtered frequency.
The horizontal dashed line indicate the targeted regulating strength of 500 p.u./p.u.
(100 kW /Hz).
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It can be seen that a stronger grid improves the stability of the inverter for all filtering
setups. Similarly to the results presented in Fig. 4.2a, configurations using the PLL
for frequency measurements achieves a higher maximum regulating strength than
the configurations using an external transducer. Furthermore the LP filter achieves
higher regulating strengths than the MAVG filter independent of the frequency
measurement method.

To improve the stability of the inverter, the 4/20 lead-lag filter described in Sec-
tion 3.4.3, is enabled. Thus, the high-frequency components are attenuated and a
smoother and stable response is achieved. The effect of the 4/20 lead-lag filter is
presented in Fig. 4.4 when applied to the unstable case shown in Fig. 4.1b.
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Figure 4.4: The effect of the 4/20 lead-lag filter has on the active power output
on the unstable response presented in Fig. 4.1b.

Fig. 4.4 shows that an otherwise unstable case can become stable when implement-
ing the 4/20 lead-lag filter. This stability is achieved because the higher frequency
components shown in Fig. 4.1b are attenuated, leading to reduced oscillations. By
enabling the 4/20 lead-lag filter, the regulating strength reached 1000 p.u./p.u. (200
kW /Hz) for almost all scenarios presented in Fig. 4.2 and 4.3 with both power con-
trollers. The only exceptions occurred under weak grid conditions for the following
cases:

o Using the PC-DIV power controller without frequency filtering.

o Setups using the MAVG filter with a time constant of 0.1 s for both power
controllers.

e The combination of the PC-DIV controller, the external transducer, and MAVG
filtering with a 0.2 s time constant.

As shown in Fig. 4.2, these specific cases initially had a regulating strength below
(or near) 55 - 1000 = 200 p.u./p.u. without the 4/20 lead-lag filter. This suggests
that the chosen time constants of the 4/20 lead-lag filter would need further tuning

to achieve a regulating strength of 1000 p.u./p.u. (200 kW /Hz).
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4.2 Technical Requirements for FCR-N

This section presents the result of the evaluation based on the technical requirements
for FCR-N following ENTSO-E’s guidelines, detailed in Section 2.9. The first part
presents the result for the time domain requirements and the second part for the
frequency domain requirements.

4.2.1 Time Domain Requirements

A step-sequence is conducted to evaluate the steady-state and dynamic performance
of the inverter. Without the lead-lag filter enabled, the sequence was shorten to take
20 s. However, with the 4/20 lead-lag filter, the test duration is changed to 600 s due
to the lead-lag filter’s slower response. The result with PC-DIV, with or without
the 4/20 lead-lag filter, is presented in Fig. 4.5 using a weak grid (SCR of 3).
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Figure 4.5: The simulated frequency (dashed, orange) following the adjusted FCR-
N step response sequence, presented together with the inverter’s output power (solid,

blue). The presented result shows the inverter operating in a weak grid with the
PC-DIV.

The difference in the result between different grid strengths and power controllers
was found to have negligible effect. The dynamic performance criteria to achieve
63% before 60 s where fulfilled since the longest response took 50 ms. The criteria
to reach 95% in less than 3 minutes, were also satisfied, as seen in Fig. 4.5a. For up-
and down-regulation, the criteria to not under-deliver less than 5%, or over-deliver
more than 20%, where achieved since the maximum up-regulation deviation was
found to be 0.01% and 0.02% for down-regulation.

When adding the 4/20 lead-lag filter, the response was much slower, as seen in Fig.
4.5b. For all combinations of grid strengths and power controllers, the maximum
time constant was 20 s, and the up- and down-regulation deviations were 0.07% and
0.2%, respectively. This shows that for the dynamic performance requirement, the
time to reach 63% of its final value is well below 60 s. Furthermore, the criteria
to reach 95% of the steady state in three minutes were met, as seen in Fig. 4.5b.
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Additionally, the steady-state requirement was satisfied, not to under-deliver less
than 5%, or over-deliver more than 20%.

During the time domain requirements, the frequency filters were bypassed. There-
fore, the impact of an LP or MAVG filter was not presented. However, this would
not affect the fulfillment of the time domain requirements. This is because with
the 4/20 lead-lag filter, the results had large margins from the requirements limits,
as shown in Fig. 4.5. Consequently, the influence of any frequency filter would not
change the result to exceed the requirements. However, for the frequency domain re-
quirements, the effects of the different filters were evaluated by adding their transfer
function to the measured transfer function of the inverter.

4.2.2 Frequency Domain Requirements

For the frequency domain stability requirement, the result with PC-DIV in a weak
grid, with the 4/20 lead-lag filter disabled and a frequency filtering time constant
of 1 s, is presented in Fig. 4.6. The impact of using PC-PI instead of PC-DIV
was found to have a negligible impact. For all cases, a regulating strength of 500
p.u./p.u. (100 kW/Hz) was used.
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(a) Nyquist diagram showcasing all time (b) Nyquist diagram with focus on the

periods instability point, with the time periods
0.5, 1 and 5 s visible for all three filters
and 10 s for LP filter is visible.

Figure 4.6: Nyquist diagram of the frequency domain stability requirement in a
weak grid, using PC-DIV with a frequency filtering constant of 1 s. The instability
point (-1, 0) is presented in both figures, and in detailed view in (b). Results for
the filter methods unfiltered, LP or MAVG filter is marked with circles, squares and
triangles, respectively.
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In Fig. 4.6b, it is clearly shown that the inverter meets the criteria. With the 4/20
lead-lag filter enabled, the short time periods are shifted closer to origin, as can
be seen in Fig. 4.7. From ENTSO-E criteria, the smallest time period to evaluate
where 10 s, and comparing Fig. 4.6b and 4.7b higher time periods are now visible,
meaning less margin until instability following ENTSO-E’s requirement. However
the added time periods is closer the origin, and thus farther from the instability
limits, which increases the stability margins for small time periods.
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(a) Nyquist diagram showcasing all time (b) Nyquist diagram with focus on the
periods instability point, with the time periods
0.5, 1, 5, 10, 15 and 25 s visible.

Figure 4.7: Nyquist diagram of the frequency domain stability requirement in a
weak grid, using PC-DIV with a frequency filtering time constant of 1 s and the 4/20
lead-lag filter enabled. The instability point (-1, 0) is presented in both figures, and

in detailed view in (b). Results for the filter methods unfilter, LP or MAVG filter
is marked with circles, squares and triangles, respectively.

For Fig. 4.7b the time periods up to 25 s can now be seen, in contrast to Fig. 4.6b.
By decreasing the frequency filter time constant from 1 to 0.1 s, the data points
becomes closer to unfiltered result. Therefore, since the unfiltered results have
larger stability margins, lowering the filtering time constant increases the stability
margins.

Lastly, the frequency domain performance criteria with the 4/20 lead-lag filter both
enabled and disabled are presented in Fig. 4.8. The presented result uses the same
inverter setups as Fig. 4.6 and 4.7.
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Figure 4.8: The Bode magnitude plot of the frequency domain performance re-
quirement in a weak grid, using PC-DIV with a frequency filtering constant of 1 s,
with and without the 4/20 lead-lag filter. The dashed line presents the disturbance
profile D(s) and the circle, square and triangle points represents the use of different
frequency filters.

From Fig. 4.8a, it can be seen that the inverter satisfies the performance criteria.
When applying the 4/20 lead-lag filter the performance requirement is fulfilled.
However, the magnitude of the data points from the time period’s in the interval 10
to 150 s has increased, as seen in Fig. 4.8b. The magnitude increase in performance
is due to the induced phase-shift from the 4/20 lead-lag filter. As seen from the
bode diagram of the 4/20 lead-lag filter in Fig. 2.11, the phase-shift is within the
time periods 10 to 150 s. Therefore, the performance during the 10 to 150 s interval
has changed while using the lead-lag filter.

Furthermore, the impact of performance criteria with a filter time constant of 0.1
s instead of 1 s was not noticeable. In Fig. 4.8 the LP and MAVG filter had a
result similar to unfiltered. Therefore, when decreasing the filtering time constant
the filters become more unfiltered, hence the difference between the time constant
0.1 s and 1 s was minimal.

In summary, the stability and performance limitation of the inverter is not deter-
mined by the type of frequency filter method or the filter time constant. Instead,
stability limitations and performance are defined by tuning between the regulating
strength and the filter time constant, as seen in Fig. 4.2 and 4.3. Furthermore,
since the requirements are fulfilled with margins when using the lead-lag filter, as
seen in Fig. 4.5b, 4.7 and 4.8b, and the regulating strength margins reaches 1000
p.u./p.u. (200 kW /Hz) for the majority of all cases, it is recommended to implement
a lead-lag filter.
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4.3 Stability for FCR-N in Islanded Operation

To evaluate the maximum regulating strength in islanded operation, the inverter
operates in measured frequency mode, i.e. the frequency is measured with the PLL
or the external transducer. The SG’s frequency regulation is disabled by using a
deadband of £3 Hz of nominal frequency. The SG still provides inertia to the system,
but it is the inverter that will provide frequency reserve P, in the Swing equation
(2.6), when P, changes. Thus, when a load of 4.5 kW is applied, all frequency
regulation is done through the inverter. The measured frequency during the 4.5 kW
step is presented in Fig. 4.9, both with and without the 4/20 lead-lag filter enabled.
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Figure 4.9: The frequency and power response of the inverter when it is the only
frequency regulation unit in island operation during a load activation of 4.5 kW, with
a regulating strength of a 1000 p.u./p.u. (200 kW/Hz). The inverter operates with
the PC-DIV and measures the frequency through the PLL and filters the frequency
through an LP filter with a time constant of 0.1 s.

Firstly, even though the inverter is a GFL, it can regulate the frequency on its own
after the grid has been initialized. As illustrated in Fig. 4.9a, the inverter regulates
the frequency to a steady state, despite minor overshoots and oscillations in power
response. By adding the 4/20 lead-lag filter in Fig. 4.9b, the frequency nadir is
lower, but there are no power oscillations and a smaller overshoot.

The maximum regulating strength was evaluated against the frequency filter time
constant in islanded mode. Fig. 4.10 presents the result of maximum regulating
strength for combinations of power controllers, frequency measurement, frequency
filters and no lead-lag filter. The minimum filtering time constant investigated was
reduced from 0.1 s to 0.05 s, to achieve greater resolution at the lower range.
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Figure 4.10: Maximum regulating strength in islanded operation as a function of
the frequency filtering time constant, for different power controllers. The horizontal
dashed line indicate the targeted regulating strength of 500 p.u./p.u. (100 kW /Hz).
Note that both unfiltered (7Lp = Tmave = 0 s) cases in (b) reached a regulating
strength of 1000 p.u./p.u. (200 kW /Hz)

The inverter stability is more sensitive to the time constant in islanded operation
than in grid-connected mode, since it is more unstable at both high and low filtering
time constants. This is clearly shown in Fig. 4.10, except for the LP filter with the
PLL since it reaches 1000 p.u./p.u. (200 kW /Hz) for all time constants. The result
of Fig. 4.10 behaves similarly to that of Fig. 4.2, that the effect of the power
controller is small and the LP filter performs better than the MAVG filter, since the
phase-shift of the LP filter is limited between 0 and -90 degree. With the 4/20 lead-
lag filter, the regulating strength reached a value of 1000 p.u./p.u. (200 kW /Hz) for
all combinations presented in Fig. 4.10.

As could be seen in Fig. 4.10, the system could be unstable for both high and
low time constants without the lead-lag filter. Fig 4.11 illustrates two examples of
system instability, one with a low filter time constant and one with a high filter time

constant. Both examples were obtained using the PC-PI, measuring the frequency
through the PLL and using a MAVG filter.
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(a) Power response following the connec- (b) Power response with a filter time
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strength at ¢ = 1.5 s up to 900 p.u./p.u.

Figure 4.11: Power response characteristics of the inverter during FCR-N opera-
tion, illustrating two unstable cases. The examples are acquired using the PC-PI,
measuring the frequency through the PLL and using a MAVG filter.

The causes behind decreased stability for low filtering time constants and increased
stability of unfiltered follows a similar reasoning as detailed in Section 4.1. With low
filtering time constant the inverter rapidly injects power, that changes the phase-
angle leading to local frequency change which is positively feedback into the loop,
creating instability. Since the instability occurs due to the inverter compensating for
its own phase-shift, the oscillation is of a high frequency as seen Fig. 4.11b whose
frequency is around 8 Hz. For high filtering time constants however the instability
was caused by oscillation between the inverter and generator, this lead to an slower
oscillation, as seen in Fig. 4.11a whose oscillation frequency was around 0.4 Hz.
Increasing the filter constant slows down the inverter’s response and degrades the
phase margin within the frequency control loop. This reduction in phase margin
causes the compensation to become out of phase with the power delivery. The
interaction worsens as the SG attempts to track the frequency, creating oscillations
between the SG and base load that the inverter repeatedly tries to counteract.

4.4 Frequency Regulation by both Inverter and
Synchronous Generator

In Section 4.3 the SG operated with a deadband, and thus the inverter performed
all the frequency regulation. However, this section presents the result when both
provide frequency regulation. The inverter’s frequency regulation operates with the
FCR-N controller, with the regulating strength determined by the relation to the
SG’s regulating strength. The relation between the inverter’s and SG’s regulating
strength determines each unit’s contribution to frequency regulation. With the
SG’s regulating strength set to 150 p.u./p.u. (30 kW /Hz), the inverter’s regulating
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strength was determined to be equal (1:1), twice (1:2) or a third (3:1) of the SG’s,
which is presented in Tab. 4.2.

Table 4.2: Regulating strengths for three SG to inverter ratios.

SG to Inverter | Inverters regulating strength | SG regulating strength
ratio [p-u./pu] | [kW /Hz| [p-u./pu] | [kW/Hz]
1:1 150 30
1:2 300 60 150 30
3:1 50 10

The result for both units contributing to the frequency regulation is presented in
Fig. 4.12, when using the 9 kW base load and adding a 4.5 kW load. The inverter
operates with the PC-DIV, filters the frequency from the PLL with an LP filter
with a time constant of 0.1 s, without any lead-lag filter and operates in islanded
mode. As described in Section 3.4.3, for the FCR-N controller to operate within
+0.1 Hz the regulating strength must be 500 p.u./p.u. (100 kW /Hz). With a lower
regulating strength, the frequency operation band increases, while it decreases with
higher regulating strength, as seen by (2.5). Therefore, with the regulating strengths
detailed in Tab. 4.2, the inverter is able to operate outside the +0.1 Hz interval, as
seen in Fig. 4.12.
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Figure 4.12: Grid frequency (left) and inverter power response (right) when both
the inverter and the SG provide frequency regulation using the FCR-N controller.
The inverter measures the frequency by the PLL and filters the signal with an LP
filter with 7p = 0.1 s. The dashed line shows the frequency response when only the
SG provides frequency regulation, used as the reference case. The solid, dotted and
dash-dotted lines represent the inverter response with regulating strength equal to,
twice or one-third of the SG, respectively.
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In Fig. 4.12 the reference signal is the frequency response where only the SG does
the frequency regulation and operates as an emulated hydro power plant. It can be
seen that with the inverter operating with a third of the SG’s regulating strength,
the frequency nadir is significantly reduced compared to the reference. Furthermore
when the inverter has twice the regulating strength of the SG, the frequency nadir is
close to the steady-state level. Moreover, when operating with twice the regulating
strength, the inverter is able to regulate most of the initial power imbalance before
the SG has time to provide power. A larger regulating strength also requires more
power during the steady state, since the inverter provides more power and reaches
a smaller steady state error.

Operating the inverter with a generally low filtering time constant or without a filter
on the measured frequency had a negligible difference from the response in Fig. 4.12.
However, as the time constant increases, the inverter’s power regulation slows down,
resulting in a deeper frequency nadir. This can be seen in Fig. 4.13a where the filter
time constant is increased from 0.1 s to 1 s and the inverter provides a third of the
SG, the nadir drops below 49.6, compared to 49.65 Hz in Fig. 4.12.

Furthermore, a larger time constant led to a higher risk of instability, characterized
by heavy oscillations in both frequency and power before settling. This is caused
by the phase margin decreasing with an increasing time constant. To mitigate this,
the 4/20 lead-lag filter is applied, which reduces the frequency of the oscillations, as
presented in Fig. 4.13b.
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(a) With disabled 4/20 lead-lag filter.  (b) With enabled 4/20 lead-lag filter.

Figure 4.13: Grid frequency response when both the inverter and the SG provide
frequency regulation. The inverter measures the frequency by the PLL with an
applied LP filter with 7.p = 1 s on the frequency signal. The dashed line shows
the frequency response when only the SG provides frequency regulation, used as
the reference case. The solid, dotted and dash-dotted lines represents the inverter
response with regulating strength equal to, twice or one-third of the SG, respectively.

As shown in Fig. 4.13a, low frequency oscillations were present before the 4,/20 lead-
lag filter was applied. At these lower frequencies, the filter’s phase shift reduces the
phase margin, which amplifies the oscillations as seen in Fig. 4.13b. The 4/20 lead-
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lag filter’s phase shift can be studied in Fig. 2.11. In contrast, with a MAVG filter
with the same time constant of 1 s, the oscillations occur at higher frequencies. At
these higher frequencies, the 4/20 lead-lag filter introduces less phase shift ,resulting
in a larger phase margin. Consequently, the oscillations are effectively attenuated,
improving stability, as shown in Fig. 4.14.
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Figure 4.14: Grid frequency response when both the inverter and the SG provide
FCR-N. The inverter measures the frequency by the PLL with an applied MAVG
filter with myiavg = 1 s on the frequency signal. The dashed line shows the frequency
response when only the generator provides FCR-N, used as the reference case. The
solid, dotted and dash-dotted lines represents the inverter response with regulating
strength equal to, twice or one-third of the generator, respectively.

Comparing the oscillations in Fig. 4.14a with Fig. 4.13a, the frequency of the
oscillation frequency has increased, and thus the lead-lag filter is more effective, as
seen in Fig. 4.14b. A notable consequence of adding the 4/20 lead-lag filter is a
deeper frequency nadir, since the lead-lag filter makes the inverter’s response slower
and smoother, as could be seen in Fig. 4.9. When the inverter operates with a
regulating strength of a third of SG, the frequency nadir goes down to 49.3 Hgz,
which is close to the reference case. Therefore, there is a trade-off between reducing
the frequency nadir or damping the amount of oscillations when implementing a
lead-lag filter.

4.5 Dynamic FFR in Islanded Operation

The experiments with dynamic FFR, the same regulating strengths are used as for
the measurements of shared frequency regulation, which is presented in Tab. 4.2.
Furthermore, due to the similarity between the frequency filters (unfiltered, LP and
MAVG), only the LP filter with a time constant of 0.1 s is evaluated. For the SG,
it operates again as an emulated hydro power plant, which is used as the reference
case and together with the inverter provides frequency regulation. With dynamic
FFR the inverter should frequency regulate for the transient and fast changes in
the frequency, then hand-over the frequency regulation to the SG which regulates
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the frequency to a steady-state. Fig. 4.15 presents the inverter’s response when the
invert’s regulating strength is equal (1:1), twice (1:2) and a third (3:1) of the SG’s
regulating strength, and when the HP filter has a time constant of 10 s.
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Figure 4.15: Dynamic FFR provision with a HP filter time constant of 10 s.
The figure shows the measured frequency response (left) and active power injection
(right) across the three SG-to-inverter strength ratios (1:1, 1:2, and 3:1, detailed in
Tab. 4.2). The dashed line presents the reference case when only the SG provides
frequency regulation.

From Fig. 4.15, the inverter is able to compensate for the initial and fast change
in power demand and then hand over the regulation to the SG. This is seen by
the high power peak at the 4.5 kW load step and then slowly ramping down the
power output. This leads to the frequency nadir being smaller and the inverter
only providing frequency regulation for fast changes and not steady-state errors.
As shown in Fig. 4.16, increasing the HP filter time constant to 20 s, extends the
frequency regulation handover period between the inverter and SG. This transition
is characterized by a slower decline in power from the inverter than it was with a
HP filter time constant of 10 s, as shown in 4.15.
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Figure 4.16: Dynamic FFR provision with a HP filter time constant of 20 s.
The figure shows the measured frequency response (left) and active power injection
(right) across the three SG-to-inverter strength ratios (1:1, 1:2, and 3:1). The dashed
line presents the reference case when only the SG provides frequency regulation.

With a longer transition of frequency regulation from the inverter to SG, the over-
shoot in frequency when reaching steady-state is reduced. The overshoot difference
in frequency is observed when comparing Fig 4.15 and 4.16, when the inverter hav-
ing a regulating strength a third of the SG’s. A higher HP filter time constant also
results in the frequency nadir being improved upon, since both the initial nadir gets
smaller and reduced overshoot at steady-sate. Increasing the HP filter time con-
stant from 20 s to 60 s does not affect the lowest frequency nadir significantly, but
the frequency regulation transition from the inverter to SG is so slow that there is
no overshoot of the frequency when reaching steady-state. The result using a time
constant of 60 s is presented in Fig. 4.17.
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Figure 4.17: Dynamic FFR provision with a HP filter time constant of 60 s.
The figure shows the measured frequency response (left) and active power injection
(right) across the three SG-to-inverter strength ratios (1:1, 1:2, and 3:1). The dashed
line presents the reference case when only the SG provides frequency regulation.
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Comparing Fig. 4.17 to Fig. 4.15, the time it takes for the power output to reach
zero takes much longer, but there is close to no overshoot in the frequency response.
Using the external transducer for frequency measurements had an negligible effect
on frequency and power response compared to using the PLL. The result of using an
external transducer had a negligible affect on the power and frequency response. The
main difference is an introduced transient peak in the power response, the frequency
nadir was however unaffected.

Since the dynamic FFR controls the fast changes and the SG handles the hand-over
and steady state frequency regulation, the regulation of the SG’s turbine becomes
smoother and slower. The dynamic response of the SG turbine and the inverter is
presented in Fig. 4.18. The measurements show the case where the inverter has a
regulating strength of a third (3:1) of the SG’s and an HP filter time constant of 20
S.
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Figure 4.18: Dynamic FFR provision with HP filter time constant of 20 s and
a regulating strength equal to a third of the SG. The figure shows the frequency
response on the left, both with and without the inverter enabled. The tight figure
presents the active power injection from both the SG and inverter. The inverter
operates with a regulating strength equal to a third of the SG.

As seen in Fig. 4.18, the initial output power comes from the inertia response of the
SG. However, afterward, the SG gradually ramps up its power output to the desired
level. Furthermore, since the SG could increase its power output more smoothly
to the desired power level, the wear and tear on the turbine and valves of the
power plant could potentially be reduced. This means that variation in mechanical
movements is reduced and smoothed out.
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Furthermore, from Fig. 4.15-4.17 it could be observed that with a higher time
constant on the HP filter, the time it took for the hand-over of frequency regulation
from the inverter to the SG increased, since it took longer for the inverter to return to
0 kW. This allows the SG to achieve steady-state in a slower and smoother response
with a higher HP filter time constant, thus further reducing deterioration.

4.6 Synthetic Inertia in Grid-Connected Opera-
tion

To evaluate synthetic inertia, a simulated ramp is applied on the measured frequency.
Depending on the synthetic inertia constant, the ramp is tuned such that power never
exceeds its rating, and the maximum frequency ramp is 2 Hz/s. Furthermore, as
seen in Section 4.1, MAVG filtered has lower stability margins than unfiltered and
LP filtered, thus, MAVG was neglected. Fig. 4.19 shows the frequency signal and
power response for an example case with an inertia constant of 25 s and ramp of 0.9
Hz/s. The test sequence consists of the frequency ramp applied for 5 s, followed by
a b s period of constant frequency and a final 5 s negative ramp to restore frequency
to its nominal value.
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Figure 4.19: Inverter power response (solid line) to a three-stage frequency cycle
(dashed line) under weak grid conditions, a inertia constant of 25 s, a LP frequency
filter with 0.7 s time constant and frequency measured with the PLL. The frequency
cycle includes a 0.9 Hz/s ramp for 5 s, a constant frequency for 5 s and a negative
recovery ramp for 5 s.

The result presented in Fig. 4.19 shows an example of a stable response, indicated
by a small overshoot and small oscillations at steady state. For the shown example
case, frequency is taken from the PLL and filtered through an LP filter with a time
constant of 0.7 s.
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If the simulated ramp where to progress over a longer period the inverter is able to
produce the equivalent power of the ramp and inertia constant. However, if the ramp
were to happen in the actual frequency, the assumption that the inverter operates
around a 50 Hz would be invalid and thus could lead to the inverter malfunction.
If the ramp were however to increase the inverter could be saturated and limited to

deliver only the rated power.

To evaluate the maximum inertia constant, the same test cycle is used, but with the
ramp adapted to the inertia constant so the output power does not exceed the rated
power of the inverter. For the cases with unfiltered frequency, the noise of the grid
frequency saturated the inverter control. This introduced significant uncertainties
for the maximal inertia constant for both the PLL and the externally measured
frequency. With the LP filter, the noise was reduced and the maximum inertia

constants could be evaluated, presented in Fig. 4.20.
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Figure 4.20: The maximum inertia constant in a strong, intermediate and weak
grid as a function of the frequency LP filtering time constant for different methods of
measuring frequency. The lower horizontal dashed line indicate the targeted inertia
constant of 12.5 s. As reference the SG had a inertia constant of 41.7 s referred to

the inverter’s base, which is the upper horizontal dashed line.

As shown in Fig. 4.20, the majority of tests points yield a synthetic inertia constant
exceeding that of the SG. This indicates that the inverter is able to strengthen the
grid’s frequency stability to a degree similar to or beyond that of the SG, since a
higher inertia constant implies a stiffer grid with a lower RoCoF. Therefore, synthetic
inertia could be a great option to use as converted-based production units increases.
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Asseen in Fig. 4.20b, synthetic inertia is very sensitive to low filtering time constants
for the external transducer, compared with the use of PLL, presented in Fig 4.20a.
This is due to the time delay and possible phase shift of the external transducer that
shifts the response of the inverter in regard to frequency. Furthermore, the stability
of the inverter is highly dependent on the strength of the grid, since a weak grid
performs significantly worse than a strong grid.

4.7 Comparison Between Synthetic Inertia and
Dynamic FFR in Islanded Operation

Both synthetic inertia and dynamic FFR focus on the initial fast transient following
a frequency disturbance. Since they share the same objective, this section presents a
comparison of the effectiveness of the two controllers. However, since a stability anal-
ysis regarding maximum regulating strength for dynamic FFR were not conducted,
the performance of reducing the frequency nadir is compared. The comparison was
made in island operation, where the 4.5 kW load is switched in. The SG operates
as a hydro power plant and is used as a reference frequency response. For an even
comparison between these two, the peak power was tuned to be the same by tuning
the regulating strength and the inertia constant. The regulating strength and inertia
constant to achieve a power peak of 3 kW when performing a 4.5 kW step load are
presented in Tab. 4.3.

Table 4.3: Regulating strength and inertia constant to compare the performance
of dynamic FFR and synthetic inertia, respectively. The regulating strength and
inertia constant are tuned for each filter type and time constant, such that the peak
of the power response is 3 kW.

Frequency HP filter Regulating strength Inertia
filtering time constant [s] | [p.u./p.u.] | [kW/Hz] | constant [s]

10 160 32

PLL -0.1s 20 165 33 70
60 166 33.2
10 35 7

PLL-1s 20 30 6 80
60 25 5
10 34 6.8

External - 1 s 20 29 5.8 68

60 27 5.4

With the tuned regulating strength and inertia from Tab. 4.3, the power response
for 4.5 kW load step is compared for synthetic inertia and dynamic FFR. While
dynamic FFR is evaluated using a HP filter time constant of 10, 20, 60 s, Fig. 4.21
shows the comparison using the 20 s setup to illustrate the differences between the
two frequency ancillary services.
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Figure 4.21: Comparison between the inverter’s power injection when comparing
synthetic inertia against dynamic FFR, for different filtering time constant and with
PLL or the external transducer for frequency measurements. The dynamic FFR has
a HP filter with mqp = 20 s.

Fig. 4.21 presents the result when using the LP filter with a time constants of 0.1
s and 1 s when measuring the frequency by the PLL, and the result from using the
external transducer with a 1 s LP filter. However, with a time constant of 0.1 s with
the external transducer, the synthetic inertia did not reach a peak of 3 kW without
being unstable. This could be seen by Tab. 4.3 and Fig. 4.20b, as the necessary
inertia constant would be around 70 s, and assuming island operation has similar
limits to a strong grid-connection operation, the necessary inertia constant would
exceed the stability limits.

From Fig. 4.21, it is shown that the response of the synthetic inertia controller
is faster than dynamic FFR, since synthetic inertia reaches its peak earlier. This
is due to the synthetic inertia controller being less filtered than the dynamic FFR
controller and regulates against the frequency derivative, instead of the frequency
deviation. However, the dynamic FFR has a more damped frequency response,
without any overshoot. The synthetic inertia has an overshoot in frequency when
reaching steady-state at around 40 s which is seen in the corresponding frequency
response to the power response is presented in Fig. 4.22.
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Figure 4.22: Comparison between the grids frequency when comparing synthetic
inertia against dynamic FFR, for different filtering time constant and with PLL
or the external transducer for frequency measurements. Where the dotted line
represent when the inverter frequency regulate with dynamic FFR, the synthetic
inertia regulation is shown by the solid line and the dashed line present the reference
case were the inverter is disconnected. The dynamic FFR has a HP filter with
THP — 20 s.

With either dynamic FFR or synthetic inertia, the frequency nadir is improved com-
pared to the reference. It is seen that for an LP filter time constant of 1 s, in Fig.
4.22b and 4.22¢, the frequency nadir with synthetic inertia is smaller than that of
the dynamic FFR. However, for a time constant of 0.1 s, Fig. 4.22a, the dynamic
FFR performs better, seen from the frequency nadir. The reason why synthetic iner-
tia performs better at higher filtering time constants than dynamic FFR is because
of how it affects the measured frequency. The dynamic FFR controller regulates
depending on the frequency deviation, and with more filtering, the measured de-
viation increases more slowly, thus reducing the effectiveness. However, synthetic
inertia regulates on the frequency derivative and with low filtering time constant the
signal is quite noisy, making the derivative and consequently the reference power in-
creasing and decreasing rapidly. Therefore, with higher filtering time constants, the
derivative becomes more steady, since the measured frequency increases without
much noise, which would otherwise affected the derivative. Hence, the synthetic
inertia performs better with higher filtering time constants and dynamic FFR for
lower filter time constants.

In addition to comparing the frequency nadirs, the maximum amount of energy
needed for each case is compared in Tab. 4.4. As described in Section 3.4.2, the
calculated power is passed through a 50 Hz LP filter. The maximum energy capacity
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is found by integrating the output power, starting when the 4.5 kW load is connected
until the power response reaches the first zero-crossing. Therefore, maximum energy
integration does not consider power after the polarity of the power output has been
changed.

Table 4.4: Compilation of the required energy, lowest frequency nadir and initial
RoCoF for synthetic inertia and dynamic FFR, with the maximum power peak
tuned to 3 kW as presented in Tab. 4.3. The table includes result for both the PLL
and external frequency measurement, LP filtering time constants 0.1 s and 1 s, and

the HP time constants used for the dynamic FFR.

HP time | Maximum energy [kJ] | Frequency nadir [Hz| | Initial RoCoF [Hz/s]
Frequency . . . : . .
filtering constant Syntheﬁc Dynamic Synthgtlc Dynamic S}.fnth(?tlc Dynamic
[s] inertia FFR inertia FFR inertia FFR
PLL 10 23 49.54 -0.19
01 s 20 15 28 49.44 49.53 -0.094 -0.20
60 49 49.50 -0.21
PLL 10 19 49.47 -0.091
1s 20 16 24 49.49 49.45 -0.065 -0.094
60 44 49.41 -0.090
Extornal 10 19 49.45 -0.082
1s 20 14 23 49.47 49.43 -0.066 -0.086
60 40 49.43 -0.087

As seen in Tab. 4.4, the least energy storage capacity is needed for synthetic inertia
for all cases. Furthermore, it is shown that a higher HP filter time constant increases
the necessary energy storage capacity, and the frequency nadir gets slightly worse.
The increase of energy storage capacity for dynamic FFR for higher HP filter time
constants is due to the longer hand-over between the inverter and SG. For dynamic
FFR this hand-over process can be regulated by the HP filter time constant, while
for synthetic inertia the hand-over process is not controlled.

In Tab. 4.4 is the initial RoCoF also presented, which is calculated by the derivative
of the change in frequency from when the 4.5 kW load is connected and one second
forward. For the reference case, with only the SG connected, the initial RoCoF
was -0.23 Hz/s. When comparing the reference case with dynamic FFR, with a
frequency filter time constant of 0.1 s the dynamic FFR does not improve the RoCoF
significantly. Increasing the HP filter time constant did, in most cases, worsen
the RoCoF because the HP filter then includes slow changes. Since the regulating
strength was tuned to achieve a peak of 3 kW, which is dependent on slower changes,
the dynamic FFR becomes less aggressive for fast frequency changes. Increasing the
LP filter time constant improves the RoCoF instead, as the measurements become
less noisy, making the measured change increase more steadily. This results in the
inverter delivering a steadier output power.

Synthetic inertia is, however, more effective in reducing the RoCoF and becomes
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even more effective at a higher frequency filtering time constant because the filter-
ing reduces measurement noise. The inverter estimates the RoCoF using a discrete
momentary derivative, calculated as the difference between the current and previous
samples divided by the sampling time. Without sufficient filtering, this derivative
significantly amplifies high-frequency noise, leading to heavily distorted reference
signals for the inverter. Conversely, with a higher filtering time constant the cal-
culated RoCoF becomes more stable resulting in the reference signal becoming less
noisy. If the reference signal is very noisy the inverter has to constantly and rapidly
change its output level, which affects the measurement as well, leading to a noisier
signal.

The comparison between dynamic FFR and synthetic inertia shows that the most
suitable frequency ancillary service may depend on requirements and system condi-
tions. Synthetic inertia could be preferred when a fast response is required, while dy-
namic FFR may be more advantageous for applications that require a more damped
and stable frequency response. In the future, a combination of these systems could
be used to provide fast and stable frequency support for low-inertia systems, while
also enabling the frequency containment reserves (FCR) to respond effectively.
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Discussion of Inverter Tuning for

Stability and a Comparison of
FCR-N and Dynamic FFR
Regulation

This chapter first discusses the implementation of FCR-N operation in both islanded
and grid-connected operation with the impact of the tuning of filter parameters. The
tuning of these parameters focused on achieving high stability margins in regulating
strength while operating with different grid strengths for grid-connected operation,
as well as in islanded operation. The implementation discussion focused on the
implication of high margins in regulating strength and the operation of the two
power controllers, PC-PI and PC-DIV. A comparison between dynamic FFR and
FCR-N regulation is thereafter presented. The final sections of this chapter present
a discussion of societal and ecological aspects, followed by a discussion of future
work.

5.1 Tuning of Frequency Filter for Stability with
FCR-N

This section discusses the choice of filtering parameters and measuring method for
frequency measurement while considering the stability margins of the inverter. The
stability margins were evaluated for FCR-N operating in grid-connected mode or
islanded operation. The aim was to achieve a stable operation at a regulating
strength of 500 p.u./p.u. (100 kW /Hz) or above. A higher regulating strength than
500 p.u./p.u. (100 kW /Hz) was desirable, as it created a stability margin. Operating
with very small margins increases the risk of instability caused by variations in the
grid or inverter parameters. Therefore, maintaining sufficient stability margins is
important for robust inverter operation.

As seen from the stability analysis for grid-connected operation in Fig. 4.2, 4.3
and for islanded operation in Fig. 4.10 the first order LP filter provided the over-
all highest stability margins, from 500 p.u./p.u. (100 kW /Hz). This was achieved
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independently of any combinations of grid strength, voltage source, type of power
controller or frequency measurement device. In addition to the LP filter being
the preferred filtering method, measuring the frequency via a PLL yielded a stable
regulating strength higher than that of the external transducer. There are some ex-
ceptions where the LP or PLL had lower stability margins than other combinations,
however for the majority of cases, the LP filter and measuring frequency by the PLL
had highest stability margins. Operating with small margins increases the risk of
instability caused by variations in the grid. Therefore, maintaining sufficient mar-
gins is essential for robust inverter operation. If the 4/20 lead-lag filter was applied,
the LP filter and PLL measurement reached the maximum regulating strength used
(1000 p.u./p.u. or 200 kW/Hz) for all combinations, demonstrating a substantial
stability margin. Therefore, in terms of the stability margins for regulating strength,
the combination of a PLL and LP filter appeared to be the most effective.

When tuning the filter time constant, one option is to use only the LP filter with
the PLL since it was stable in all tests during islanded operation. Therefore, the
regulating strength has to be tuned only after the grid-connected operation, since
the maximum stable regulating strength varied with the filtering time constant.
However, excluding all other filter combinations is quite restrictive. Rather than
compromising between filter methods, the filter parameters could be tuned to achieve
the most versatile inverter. To do this, the parameters should be tuned for the two
worst cases that in general resulted in the lowest stability margins, which were weak
grid in grid-connected operation and islanded operation. Tuning the filter based
on these worst cases creates more flexibility in choosing filters and increases the
regulating strength margin from instability.

If the priority instead is to not achieve full versatility, but rather tune specifically for
stronger grids that are less prone to instability, the filter time constants can be tuned
based on the stability limits for intermediate and strong grids presented in Fig. 4.3.
When considering both the PLL and the external transducer, the minimum filter
time constant was found to be 0.1 s for the LP filter and 0.4 s for the MAVG filter.
For weak grids and islanded operation, the tuning should combine the results of weak
grids (Fig. 4.2) and island operation (Fig. 4.10). The minimum filter time constant
to achieve a regulating strength of 500 p.u./p.u. (100 kW/Hz) was found to be 0.2
s for the LP filter and for the MAVG filter it was 0.4 s. However, as presented
in Section 4.3, a too high filter time constant leads to instability. Therefore, a
time constant of around 0.3-0.7 s for the LP filter and 0.5 s for the MAVG filter is
appropriate for ensuring stability.

A third option is to implement the lead-lag filter. With the 4/20 lead-lag filter, the
regulating strength achieved 1000 p.u./p.u. (200 kW/Hz) for the majority of cases,
the few that did not reach it were close. By implementing the lead-lag filter, existing
GFL inverter’s could operate on the FCR-N market with high regulating strength
without replacing existing hardware or extensive tuning of filtering time constants.
The drawback of the lead-lag filter is the slower response time, which increases the
frequency nadir, as indicated in Fig. 4.14b.
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5.2 Influence of Regulating Strength and Power
Controller on the Stability of an Inverter While
Providing FCR-N

Although the two power controllers (PC-PI and PC-DIV) were tuned according to
the same procedure, the PC-PI by its PI regulator, and the simplified PC-DIV by
its LP filter, their resulting time constants differed. Therefore, a fair comparison
between the power controllers cannot be conducted on a detailed level. However,
the results show that the power controllers yielded a similar maximum regulating
strength. Furthermore, based on the results of the technical requirements tests
for FCR-N, the differences between the power controllers had a negligible effect
on the technical requirements. Given these similar results in regulating strength
and requirements, the simplification of the PC-DIV did not significantly affect the
inverter’s performance. Therefore, for experiments with dynamic FFR and synthetic
inertia, it was assumed that PC-DIV and PC-PI would yield a similar outcome.

One advantage of PC-DIV over PC-PI is that no integrator is needed. Without the
integrator, the risk of integrator wind-up is eliminated, and the overall calculations
are less demanding. Furthermore, a second advantage is that less tuning is needed for
the PC-DIV. The PC-PI is tuned by K and Kp, which determine the characteristics
of the response. For the PC-DIV, only the LP filter’s time constant is tuned. This
simplifies implementation and if future tuning is desired, only one parameter has
to be changed. However, a drawback of the PC-DIV is that division by zero could
occur, by voltage dips in weak grid or disturbances in the measurements, leading to
a high reference current. However, this is compensated for by the saturation block

in the power controller that limits the reference current, I, to a maximum of 1.11

p.u.

5.3 Comparison between Dynamic FFR and FCR-
N for Frequency Regulation

As previously shown, the inverter has a fast power response following a frequency
deviation. Therefore, the idea of using the inverter to provide dynamic FFR, which
takes care of only the initial fast and severe frequency deviations, seemed advanta-
geous. Comparing the frequency nadir between the dynamic FFR in Fig. 4.12 and
the FCR-N provision in Fig. 4.15-4.17 the frequency nadir is unchanged or slightly
reduced, for equal regulating strength and the same frequency filter. However, since
the reserve is active for a shorter period of time, the amount of energy consumed
is also reduced, which is important to consider if a limited energy reservoir were to
be used. Therefore, a higher regulating strength could be utilized to decrease the
frequency nadir without exceeding the energy required for FCR-N.
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5.4 Societal and Ecological Aspects

As the share of renewable inverter-based sources increases in the grid, the reliance
on conventional generators which is driven by fossil fuel is reduced. This transi-
tion decrease the greenhouse gas emissions from electricity production. However,
the technologies for renewable sources such as solar cells, wind parks, batteries and
inverters all require a high amount of raw materials and energy during manufac-
turing. Furthermore, the extraction, manufacturing and transport causes environ-
mental damages and emissions. These effects can be reduced by using renewable
energy in the production and develop more environmental friendly materials and
manufacturing methods.

An ethical and geopolitical concern is the origin of the materials used in renewable
energy technologies. Many of these materials, including cobalt, lithium and rare
earth elements, are extracted in countries such as the Democratic Republic of the
Congo [41]. The study further reports concerns about poor working conditions, the
risk of child labor and limited protection for the workers mining these materials. To
be dependent on a small number of countries for critical materials could also create
geopolitical vulnerabilities and logistical risks. Ensuring transparent supply chains,
improving labor standards and increasing material recycling could help reduce these
ethical and geopolitical concerns.

The implementation of frequency ancillary services through inverters could influence
the societal perception of renewable energy, if these services are seen as helping to
address the challenges with integrating a larger share of renewable resources. There
are several barriers to deploy renewable energy systems as a reliable power source,
these are identified in [42] and includes intermittency and forecasting difficulties.
Furthermore, research on public opinion shows that many people still perceive re-
newable energy sources as unstable and less reliable than conventional generation.
For example, [43] reports that Americans generally view solar and wind power as
less reliable than other energy sources. By improving grid support and system sta-
bility, frequency ancillary services provided by inverter-based sources may therefore
address both the technical and societal barriers to the renewable energy adaptation.

One other important aspect to consider is the security of inverters, which consists
of power electronics with digital controllers. In setups such as the one used in this
thesis, vulnerabilities to cyberattacks may arise, where an attacker could gain access
to the control system and intentionally destabilize the system. To prevent unautho-
rized access, security systems must be implemented to mitigate vulnerabilities.
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Conclusion and Future Work

The aim of this thesis was to analyze the stability and performance of a GFL inverter
when providing frequency regulation. The stability limits for FCR-N and synthetic
inertia were evaluated. The stability limits of the inverter were analyzed either in
grid-connected operation, when connected to the local power grid, or in islanded
operation with a synchronous generator. For grid-connected operation, the stability
was evaluated with a weak, intermediate or strong grid. The inverter’s stability
limits were determined by finding the maximum achievable regulating strength or
inertia constant before reaching instability. The FCR-N regulation was also assessed
against the technical requirements for FCR defined by ENTSO-E. Performance was
then evaluated using the same setup, with either in grid-connected or islanded oper-
ation. The impact of the frequency measurement method, frequency filter and filter
time constant was evaluated to determine the inverter’s stability and performance.

For FCR-N operation, it was found that the stability limits regarding regulating
strength had large margins from the desired strength of 500 p.u./p.u. in most cases.
In weak grids and islanded operation, however, the desired regulating strength was
not always achieved or margins were small. The minimum filter time constant
to achieve 500 p.u/p.u. for all was 0.2 for the LP filter and 0.4 s for the MAVG
filter. The result showed that the external frequency transducer performed worse for
all combinations, and for grid-connected operation, a lower filtering time constant
reduced the maximum regulation strength.

For islanded operation, with the inverter utilizing the FCR-N controller, both high
and low filtering time constants reduced the regulating strength. This reduction
occurred since lower time constants did not attenuate high-frequency noise but in-
creased the phase shift, whereas higher time constants introduced significant delays
that reduced the phase margins. To improve the stability limits, a lead-lag filer
could be implemented, resulting in almost all combinations reaching 1000 p.u./p.u.
(200 kW /Hz) However, the drawback is an increased response time that leads to a
deeper frequency nadir. Evaluating against the technical requirements for FCR, it
was found that the inverter fulfilled the requirements well within limits.

The inverter’s FCR-N operation was thereafter evaluated in island operation without
the SG providing any frequency regulation. The result showed that the inverter could
regulate the frequency for both the grid between the inverter, the load and the SG.
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Lastly, the frequency regulation in the SG was reinstated. The result showed that
the inverter and SG could share the frequency regulation and that with an inverter
the frequency nadir could be reduced in comparison when only the SG provided
frequency support.

The FCR-N controller was thereafter equipped with an HP filter, converting the
controller into dynamic FFR. The performance of dynamic FFR was evaluated in
islanded operation and showed a remarkable improvement in frequency nadir com-
pared to when only the SG did the frequency regulation. The time constant of the
HP filter determined how fast the SG should take over frequency regulation from
the inverter responsibility. Furthermore, since the inverter provides faster frequency
regulation than the SG, the inverter could manage the faster transients, allowing
the SG to operate more smoothly and against slower variations.

Lastly, the result for the inverter stability limits during operation with synthetic
inertia showed reduced stability at lower filtering time constants. The maximum
achieved emulated inertia constant of the inverter was for many cases above the
SG’s inertia (normalized to the inverters base). Indicating the inverter’s potential
to operate similarly to a SG, even without a rotating mass. Comparison between
dynamic FFR and synthetic inertia showed that, for the same power peak, dynamic
FFR provided a faster response to frequency variation and reduced the frequency
nadir more. However, due to its higher energy demand, a trade-off between available
energy capacity and the desired frequency nadir must be considered when selecting
the appropriate service.

6.1 Future Work

It can be noted that the technical requirements for FCR-N were well fulfilled, sug-
gesting that different requirements could be developed and performed to better
utilize the inverter’s fast response time. Furthermore, both dynamic FFR and syn-
thetic inertia showed promising results for fast frequency regulation. Therefore, to
enable their operation in the frequency regulation market, market frameworks and
financial incentives for dynamic FFR and synthetic inertia need to be developed.
To achieve this, introducing market-based frequency ancillary services would allow
producers to voluntarily provide synthetic inertia based on unit capacity, grid needs
and financial compensation. A next step could be to study the new requirements
that could be used for inverter based frequency regulation. Furthermore, the lim-
itations for synthetic inertia in island operations were not evaluated in this thesis,
but could be studied as well.

Further tuning of the PC-PI and PC-DIV could be performed to investigate how
a faster or slower power controller could impact the results. For the PC-PI, this
includes tuning of the proportional and integral gain and for the PC-DIV only the
LP filter has to be tuned, since the LP filter regulates the PC-DIV’s response.
Investigating how fast the power controller response can be while still maintaining
the system stable when regulating frequency regulating against either the grid or the
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SG is of interest. A faster power response would improve the speed of the frequency
support, thereby counteracting frequency deviation faster.

In this thesis, only one frequency ancillary service has been used at a time, but
combinations of multiple frequency ancillary services could be implemented. Other
functionalities could be investigated, such as adding a voltage controller to the in-
verter. Since weak grids can suffer from large voltage variations, adding a voltage
regulator could help manage overvoltage or undervoltage by injecting or absorbing
reactive power. Therefore, future work could investigate how an inverter with an
integrated voltage regulator impacts grid stability, since this function was provided
by the external grid or an SG in this thesis.

To further improve stability in weak grids, future work could evaluate the same
experiments performed in this thesis using a GFM inverter. This is because GFL
inverters depend on a PLL, which increases their sensitivity to instability in weaker
grids. Investigating the behavior of a GFM inverter would provide a foundation for
how inverter-based resources can support voltage and frequency regulation in future
grids.

Based on the findings from the experiments in the power system laboratory, future
research could expand from a controlled network model to large-scale implementa-
tions. This expansion is necessary to investigate the interactions between multiple
inverters and control stability in more complex networks. Furthermore, integrat-
ing the developed control structure with battery energy storage systems or hybrid
power plants could show how to coordinate and manage inverter-based resources in
practical applications.
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