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Abstract. Nowadays, significant changes in the electricity
generation mix raise questions about the secure operation of
power systems. Most of the newly installed generation capacity is
being connected to the grid via power electronic converters, thus
can be seen as a non-synchronous generation. The theory of
power system operation and control relies heavily on the
characteristics of synchronous machines and conventional
network structure. Therefore, the effective integration process of
the new technologies must include the composition of new
physical models for converter dominated large power systems as
well as innovative solutions to ensure the secure operation in the
future. The focus of this paper is a holistic analysis of the
reducing power system inertia to frame up new constraints for
system operators through simulation studies on the Institute of
Electrical and Electronics Engineers standard 118 bus test
system. The different system states and scenarios offer a
comparison  opportunity  between  stability  preservation
possibilities. ~ Minimum  inertia  constraint  calculation
methodologies and various objective functions are being
discussed. The utilization and effects of synthetic inertia from
non-synchronous generators and energy storage systems is also
considered to quantify the exact effects.
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1. Introduction

Renewable energy sources have clearly outgrown the
alternative label in the past years. According to the
International Energy Agency, almost two thirds of the
newly installed generation capacity came from renewables
in 2016, thanks in part to a 50% overall growth in solar
energy. [1] Incentives from policy makers made
impressive emission reduction goals feasible, but the
effective integration of new technologies still has lots of
open questions. [2] Wind and solar generation behave
quite differently from the conventional synchronous
generators. Apart from the intermittent nature caused by
the variation of wind speed and irradiation, most of these
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sources do not contribute to the power system inertia
inherently due to the electrical decoupling of power
converters. [3] The inertial frequency response of
synchronous machines is taking place directly after any
electric power imbalance in the system as the stored
kinetic energy in the rotating mass of those machines
limits the rate of change of frequency (ROCOF). [4] The
kinetic energy extraction (under frequency events, when
the machine slows down) or absorption (over frequency
events when the machine accelerates) ensures system
stability as a physical response until controlled reserves
could be activated. Therefore, the high penetration of
non-synchronous generation might cause frequency
instability issues through the reduction of rotating mass.
Due to the inertia reduction, the ROCOF of the power
system may be high enough to activate the load-shedding
processes even in case of a small power imbalance
between generation and consumption. The European
Network for Transmission System Operators — Electricity
(ENTSO-E) discussed this issue in detail in recent
publications. [5-8] The growing share of intermittent
sources also decrease the frequency containment (FCR),
frequency restoration (FRR) and replacement reserves
(RR) in the system which must be taken in to account in
the operation planning phase. To overcome the issues,
these new generators should provide frequency control
services for the system. Energy storage devices also
could offer viable reserve capacity at the entire value
chain of system operation and control. [2]

The focus of this paper is to examine stability
preservation methods with simulation studies performed
in the DigSilent Power Factory 15.1 Software. Minimum
synchronous generation constraints [9] being tested and
further developed with the addition of synthetic inertia
control on a standard Institute of Electrical and
Electronics Engineers (IEEE) 118 Bus system. [10] The
introduced methodology provides useful principles for
the composition of stability preservation strategies of
power systems with high penetration of non-synchronous
generation. However, a complete stability reserve
planning will require further studies in the future.
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2. Methodology

The robustness of a power system is measured by the
ability of operating in a state of equilibrium under normal
and perturbed conditions. The discipline of power system
stability deals with the study of the system behaviour
under extreme conditions, such as short circuits, generator
outages or sudden changes in load. The system is stable if
the interconnected generators remain in synchronism. In
case of a severe disturbance, the dynamic motion of the
synchronous generators is determined by the swing
equation. [11] Frequency stability focuses on overall
response of the system as evidenced by its mean
frequency, rather than the relative motion of machines.
Therefore, in a single bus frequency model, the swing
equation can be expanded to a whole system. In this case
the active imbalance could be calculated [9]:

d
Wiings T Dy Af (1)

AP =—
dt

Where AP (MW) is the power imbalance, Wiin,sys (in MWS)
is the kinetic energy of the system, Dsys (MW/HZ) is the
damping coefficient and Af (Hz) is the change of
frequency. The first term is the inertial response of the
system (in this form both generation and load), the second
is a damping effect of the elements. The damping effects
depend on frequency, voltage and time and it should be
separated from the inertia analysis (but in most cases, the
effects could not be neglected). Equation 2. describes the
kinetic energy — ROCOF correlation [9]:

d Zvvkin,sys(f = fo) d
E'Wkin,sys ~ f aAf )

0

Where fo (Hz) is the nominal system frequency. It means
that the Kkinetic energy changes proportionally to the
frequency gradient. Due to the difficulty of accurately
estimating the load’s inertia, the system inertia is
considered equal to the synchronous generation inertia in
most of the studies. From the operator viewpoint this could
be seen as a safety factor in a minimum inertia
requirement. With this neglection, the system’s kinetic
energy in steady state operation could be calculated as in
equation 3. [9]:

kin,sys

N
Wiings (F = ) = Z H;S; 3)
i1

The system contains N synchronous generators, H; is the
inertia constant (s) of a single machine and S; is the
apparent power (MVA) of it. If accurate information about
the load inertia constants is available, it could be added to
this summarization the same as the generation. This paper
focuses on the ROCOF and frequency nadir parameters to
evaluate frequency stability of the system, however
stability is a complex problem and other aspects have to be
considered in the composition of an operating solution.
The complete stability preservation mechanism should
include different modelling methods for each scenario,
such as voltage and rotor angle stability, overloading,
congestions and increasing variability due to the
intermittent generation.
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A. Estimation of system inertia

From equation 3., the kinetic energy of a system could be
calculated for steady state operation if each parameter of
the synchronous generators is available. Based on the
swing equation, inertia could be estimated online and
offline with analysis of the frequency curve during the
disturbance. Several approaches exists to calculate the
inertia of the system from measurement data as well as to
monitor the relevant parameters online. [12-14] [7]
Several transmission system operators run pilot projects
to test different methods and provide feedback from
practical experience. If such system is implemented, it
could provide useful data and more flexible operation,
thus can improve security of supply while being cost
effective.

B. Operation constraints

In order to keep the ROCOF values under a predefined
limit, constraints could be defined on the minimum
available Kkinetic energy (system inertia). The time
invariant constraint ensures that the ROCOF magnitude
does not exceed the predefined value even if the most
severe single fault, which can be described with the
active power imbalance Pmax (MW). This could be a
generator, a load, an export/import point depending on
the actual grid topology. This is a static approach but
more applicable. [9]

f,P
Wkin,sys (f = fO) 2

0" max
d
— Af
dt |,
The second constraint offers a more dynamic approach:
instead of the time-invariant largest single equipment,
Pmaxact represents an actual largest element in the
examined system state of the time step. [9]

(4)
2

fO Pmax,act

2

Wkin,sys (f = fo) 2 (5)

— Af
dt |,

The increasing variability should also be considered in
the constraints. According to ENTSO-E, future systems
may face up to 40% imbalances and ROCOF up to 2
Hz/s. Hence the simulation scenarios also include load
step changes to evaluate the short-term effects of
variability. [8]

C. Synthetic inertia provision

Synthetic (or artificial, augmented, emulated, virtual)
inertia is a control function which implements that non-
synchronous elements behaves similarly to the
synchronous machines during frequency excursions, with
the emulation of the hidden kinetic energy extraction or
absorption effects. The utilization of the power
converters for synthetic inertia services enhances the
power system stability. It has to be activated
autonomously with a very rapid response time (in the
range of 50-100 ms). It is provided by non-synchronous
generators (such as doubly-fed induction generator and
full converter type wind turbines or solar panels), energy
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storage systems with power electronics, high voltage direct
current (HVDC) converters or any other capable
equipment. [15-27]

Figure 1. depicts the applied synthetic inertia controller
topology. The grid frequency is measured with phase-
locked-loops (PLLs). ROCOF is being composed with a
differentiator and filtered properly to avoid unnecessary
activations. The deadband block could provide selectivity
functions and ensures the operational safety of the device
(e.g. avoiding mechanical stresses of wind turbines [25]).
The emulated inertia constant can be tuned properly, and
also the controller can handle any kind of technology
(energy storage, solar panels, wind turbines, HVDC etc.)
with an active power setpoint possibility. The
delayer/limiter block offers settings for operators to
provide technology-based dynamics for the analysis,

therefore the models could be validated with
measurements. [17]
Emulated
inertia
constant (H)
L 4 Activ_e power
Grid frequency Diffe;iftr;?amr beadband signal

Active power
setpoint

Fig. 1. Synthetic inertia controller overview [17]

In this study the controller emulates a H=10 s inertia
constant with a group of 2,5 MW wind turbines (4 wind
farms with 450 or 500 MW aggregate power, as described
briefly in section 3/b.), the maximum inertial response
power output is 0.1 p.u, and a gradient limit is 1 p.u./s to
provide a technically feasible simulation. No additional
selectivity is provided. [17] [25]

The application of synthetic inertia can enhance frequency
stability if utilized properly. Thus, the controlling is
observable with the stability evaluation methods described
as well as the activations have effects on the operation
constraints. The purpose of this concept is to calculate and
evaluate the effects of synthetic inertia with the extension
of previously proposed methods on a well-known and
standard power system model and offer a more flexible
stability enhancement concept which confirms that non-
synchronous generators can offer highly valuable grid
supporting functions.

3. Simulation studies

Evaluation of the stability preservation methods mostly
carried out with dynamic network simulation software and
tools. In this research, the DigSilent Power Factory 15.1
symmetrical steady-state stability analysis (RMS module)
functions were used to analyse the electromechanical
transients and emulated inertia effects. Generators,
network topology and parameters are the same as the
standard open access system in the base case. [10] The
different level of non-synchronous penetration is
implemented with the substitution of the standard system’s
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conventional generators to type 4 full scale converter
wind turbines. In the case of energy storage systems
parameter sets describe a battery storage system,
therefore it is also a power converter-based device.
Disturbances are caused by load ramps and generator
outages. All the simulations lasted 5 seconds, the
disturbance occurred at 2 s. No FCR or FRR effects were
examined.

A. The IEEE 118-bus system

Figure 2. depicts the standard system model topology of
the IEEE 118 bus system. It is the portion of Midwest
Interconnected System from 1962, and consists of 118
buses, 186 transmission lines, 54 connected machines
with a total installed capacity of 7.220 MW and a system
could be divided to three regions. 19 synchronous
generators provide active power to the system while other
20 is operating as a synchronous condenser and only
provide reactive power to the system. Other 15
synchronous machines are motors in the model. The total
system load is 3668 MW and1438 MVAR, the nominal
frequency is 50 Hz. [10]
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Fig. 2. Topology overview of the IEEE 118-bus system [10]

The loads were modelled as constant impedance type in
this model, thus have a damping effect on frequency and
voltage excursions. The inertia of the condensers and
motors are also included in the Kinetic energy
calculations.

B. Scenarios and results

Two different disturbances cause the transient state of the
system in the following simulation studies:

o step increment of load (5-25% of the total
system load in 5% steps)

e the outage of the largest single element, a
synchronous generator (a 835 MVA generator
with the actual active power of 607 MW, unit
number 89)

The share of non-synchronous generation is implemented
by substituting synchronous generators with wind farms
(consists of the same full converter type wind turbines
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equipped with the synthetic inertia activation possibility)
with similar power output on different points of the
system. Five different non-synchronous generation levels
were examined, Table I. summarizes the parameters for
each case.

Table 1. — Non-synchronous generation implementation in the
modelling, simulation cases

Base Case l. | Case 2. | Case 3. | Case 4.

Share of non-
synchronous 0 12.27 25.9 39.53 51.8
generation (%)

Aggregated
wind farm 0 450 950 1450 1900

output (MW)

Generator
substituted X 10 80 69 66
(unit no.)

Remaining
kinetic energy 2412 22.75 21.38 20.01 18.67
(GW5s)

C. Quantification of the inertia reduction effects

Figure 3. summarizes the ROCOF values measured in the
simulation studies. This variable was defined as the system
frequency derivative instantly after the disturbance. The
different level of non-synchronous generation clearly
affects the values, as in extreme conditions roughly 12,3%
of non-synchronous generation growth leads to 10%
ROCOF change (Case 3 — Case 4, 25% load increment).
The exact ROCOF constraint should be chosen in a way
that every network element (generator, load, transmission
and distribution element, protection device etc.) can
operate but none of them would damage because of the
power system parameter changes. The inertia reduction of
the generation side also applies for the consumers, as
power electronics offer more efficient and cost-effective
operation. This means that the share of decoupled devices,
and constant (the active and reactive power of the load is
independent from the system frequency and voltage)
power loads are getting more and more common. In case
of an insecure parameter change, these devices disconnect
from the grid as a protection function which could lead to
more severe grid faults.

ROCOF values - IEEE 118 Bus

1375

1.24

1.134 1.146
L 1.088

1015
0.9
0863 0.843

0.779
0.713

0.631

0% 5% 10% 15%
LOAD STEP (% OF TOTAL LOAD)

25.90 39.53% ©51.80%

Fig. 3. Simulated ROCOF values with different power
imbalances and non-synchronous generation level
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With the knowledge of actual grid codes, regulations and
consumer preferences the ROCOF constraints could be
set based on these results for the system.

D. Synthetic inertia activation

If the ROCOF constraint could not be met with the actual
generation mix and grid circumstances, a possible way to
enhance stability is to activate synthetic inertia functions
in non-synchronous generators. In Case 1, the 450 MW
wind farm (consists of 225 pcs. of full converter wind
turbines, each with 2 MW output power) provide 10%
synthetic inertia controlling capability. The activation of
emulated inertial response is much faster than
conventional FCR, thus can be seen as the new first level
of grid level frequency control. Figure 4. shows a
possible output for a measured frequency value.
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Fig. 4. Synthetic inertia controller output signal

Table Ill. summarizes the effects of synthetic inertia
provision in Case 1. Both the frequency nadir and the
ROCOF values were improved: the frequency absolute
value stayed closer to the nominal value, the nadir was
higher. Also, the ROCOF was limited as a lower value in
every case. Compared to the Base case (Table I1.), when
only synchronous generators provided the power, the
ROCOF values are slightly higher and the frequency
nadir values are slightly lower. This means that the
synthetic inertia control could not provide the same effect
as the lost kinetic energy (1.368 GWs difference between
Base case and Case 1.) but significantly improve the
frequency stability during the disturbances. The effects
can be quantified and included in the operation
constraints to ensure effective, secure and reliable
operation. The exact number (artificial kinetic energy)
which describes the emulated inertia and can be included
equation 4-5. should be examined further in future
research.

Table Il. — Base case frequency nadir and ROCOF values

Kinetic energy (GWs) 24.119
Non-synchronous penetration (%) | 0.00%
Synthetic inertia

Load increase (%) 5% 10% 15% 20% 25%
Frequency nadir (Hz) 49.92 49.76 49.54 49.29 49.04
ROCOF (Hz/s) 0.217 0.428 0.631 0.843 1.088
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Table 111. — Effects of synthetic inertia provision from a 450 MW

wind farm
Kinetic energy (GWs) 22.751
Non-synchronous penetration (%) | 12.27%
Synthetic inertia
Load increase (%) 5 10 15 20 25
Frequency nadir (Hz) 49.89 49.71 49.46 49.19 48.91
ROCOF (Hz/s) 0.246 0.487 0.713 0.942 1.146
Synthetic inertia Active
Load increase (%) 5 10 15 20 25
Frequency nadir (Hz) 49.92 49.8 49.61 49.36 49.09
ROCOF (Hz/s) 0.244 0.47 0.686 0.906 1.108
E. Generator outage events and energy storage

application

The static and dynamic constraints are calculating with the
largest single element of the power grid. In the case of the
IEEE 118-bus test system, it is a synchronous generator
with an apparent power of 835 MVA and the inertia
constant of 2.649 s (unit no.: 89). Table IV. summarizes
the simulations of the outage events. These simulations
offer the static (and if this generator is online, also the
dynamic) constraint for the grid operation. The actual
power of the generation in the moment of the outage is 607
MW, approximately 16,5% of the system load. The
synthetic inertia activation offered around 10-15% of
ROCOF reduction in the examined cases. In the case of the
non-synchronous share of 25,9%, only 450 MW of wind
power was equipped with the synthetic inertia capability.

Table IV. — Effects of generator outage with different level of
non-synchronous generation and synthetic inertia control

Remaining kinetic energy (GWs) 21.913
Non-synchronous penetration (%) | 0.00%

Synthetic inertia

Loss of generation (MW) 607

Frequency nadir (Hz) 49.35

ROCOF (Hz/s) 0.844

Remaining kinetic energy (GWs) 20.545
Non-synchronous penetration (%) | 12.27%

Synthetic inertia -E
Loss of generation (MW) 607 607
Frequency nadir (Hz) 49.24 49.44
ROCOF (Hz/s) 0.963 0.881
Remaining kinetic energy (GWs) 19.177
Non-synchronous penetration (%) | 25.90%

Synthetic inertia -E
Loss of generation (MW) 607 607
Frequency nadir (Hz) 49.17 49.4
ROCOF (Hz/s) 1.108 0.955

Energy storage systems with high ramping capability
could offer synthetic inertia for power systems with higher
share of non-synchronous generation. In the case of 25,9%
and generator outage a 100 MW output power storage
system operated as inertial reserve with the ramping
capability of 1 p.u. / 50 ms. This grid supporting function
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raised the frequency nadir and limited the ROCOF
significantly:

e Nadir: 49.4 Hz - 49.5 Hz
e ROCOF: 0.955 Hz/s = 0.645 Hz/s

Inertial response emulation with energy storage is a
power type application. Therefore, it can be aggregated
with other grid services or market schedules effectively.
This solution is also a viable opportunity to enhance
power system stability, considering the technical
capabilities and economical parameters.

4. Conclusions

This work evaluates previously proposed inertia
examination methods and operation constraints with the
addition of synthetic inertia control from both non-
synchronous generators and energy storage systems to
highlight the possible integration of this solution. Thus,
the results are an expansion for power system stability
preservation processes. There are several possible
development possibilities in the methodology to provide
useful information for the stability reserve planning of
systems with high penetration of non-synchronous
generators.

Operation constraints were examined on the IEEE 118-
bus system, considering the synthetic inertia provision.
The studies showed that synthetic inertia is clearly visible
in the system parameters during the disturbance and can
help to enhance stability if utilized properly. Effects of
instantaneous load increments, generator outages in
different generation combinations provide useful
recognitions for frequency stability evaluation as more
and more data are available on the dynamic behaviour of
the system. Synthetic inertia provision loosened the
constraints over 10% in some cases, which highlights the
practical application possibility. It is showed that energy
storage systems with high ramping capability could also
be used as a stability reserve, which is a new grid
supporting function in systems with high share of wind
and solar generation.

Utilization of renewable energy sources — especially non-
synchronous generators with highly controllable power
converters — is inevitable to ensure the secure operation
in the future. As the operation becomes more and more
complex, advanced methods and dynamic constraints
should be applied to ensure cost-effectiveness beside the
reliability and security of supply. Synthetic inertia could
become an integrated part of the smart grid operation and
control.
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