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Abstract— The paper investigates the frequency and voltage
dynamics and stability in power systems with increased
penetration of inverter-based renewable energy sources (RES).
The case studies presented within the paper show that the
frequency dynamics (frequency nadir and rate of change of
frequency) is not only affected by the decrease in system inertia
but also by increasing frequency/voltage interactions when the
proportion of RES exceeds that of synchronous generation.
Furthermore, the critical fault clearing Time (CCT) analysis for
transient stability indicates that RES fault ride through (FRT)
and their settings can have a significant impact on the nearby
generators. The studies also demonstrate that voltage and
frequency interactions can be reduced and transient stability of
synchronous generators improved by applying dynamic voltage
support in weak areas of the system.

Index Terms— Frequency stability, System inertia,
Renewable energy sources, Transient stability, Low-inertia
power systems

I. INTRODUCTION

HE security of future power systems will be challenged

by the increasing penetration of inverter-based renewable
energy sources (RES). The large-scale integration of RES
into electricity grids have an impact on power flows as well
as voltage and frequency control, which change the dynamic
behavior of the system considerably and in a complex
manner.

Inverters decouple a rotating mass from the rest of the
system even though the prime mover behind the inverter may
have some inertia (as in the case of wind turbines), hence,
there is no natural inertia contributed by an inverter
connected rotating mass [1, 2]. By displacing synchronous
generation (SG), high penetration of RES thus reduces the
natural inertia of the system and influences the rate of change
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of frequency (RoCoF) and the frequency nadir. The high
RoCoF also means the large transient displacement of voltage
angles in different zones of the grid that may induce pole
slipping of SGs and network splitting, possibly causing
distance protection tripping. One solution could be to deploy
inertia potentially available from RES, for example from
wind generation. However, to do so a significantly oversized
inverter may be necessary due to inverter current and voltage
limitations [3]. Furthermore, the “synthetic “inertia provided
by RES cannot exactly match the behavior of the natural
inertia of SG, due to measurement and control action
delays[3].

Many studies have been performed by using a traditional
system equivalent model approach where the collective
performance of all generators is assessed [4-6]. Analytical
methods that use state space models linearized around the
operating point were also used to determine the optimal
amount and location of inertia [7]. In these analysis converter
connected renewable generators are modelled as generic
power sources with specified inertia and damping, with an
underlying assumption that those could be synthesized using
a power electronics inverter [7]. A framework for assessing
renewable integration limits with respect to frequency
adequacy, using a simplified four-area system of Australia,
was proposed in [8]. The authors proposed a framework to
analyze the impact of increased penetration of RES on grid
frequency taking into account the stochastic and intermittent
patterns of RES [9]. The proposed methodology successfully
identified the critical penetration levels and critical inertia of
the system. Recently there has been significant interest in
incorporating post-contingency requirements in economic
dispatch and unit commitment models [10, 11]. Minimum
inertia requirements are included in economic dispatch in
[12], and RoCoF and frequency nadir constraints are added
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into unit commitment and economic dispatch in [10, 13, 14].

Synchronous generators are also the backbone of voltage
control in the electric power networks. The voltage support
provided by SG in addition to voltage support provided by
conventional capacitors as well as static devices (e.g., SVCs
and STATCOMS) is particularly important as it does not lose
effectiveness when the terminal voltage decreases, as is the
case with other devices. Besides being auto-stabilizing, the
response of an SG to an emergency reactive power
requirement is much faster and more accurate than that of
static reactive sources [15]. Furthermore, inverters lack
inductive characteristics that are associated with rotating
machines. Even though they can contribute to short circuit
current, this contribution is typically limited to 1 pu provided
that all the active power is reduced to zero, and all the current
which is able to flow through the valves is turned into
reactive power [2].

Though frequency and voltage phenomena are
intrinsically linked, as it can also be appreciated from the
above considerations, they are typically studied
independently in the design and operation of electrical
networks. However, the high penetration of RES increases
these interactions which may strongly affect frequency
dynamics and large disturbance rotor angle stability.

This paper investigates the effect of frequency and
voltage interactions on frequency dynamics and large
disturbance rotor angle stability of the network. The
performed analysis indicates that when the proportion of RES
becomes greater than SGs in an individual area of the
network, frequency dynamics are not only affected by the
decrease in inertia but also due to increased frequency and
voltage interactions. The performed analysis shows clearly
that the impact of these interactions can be minimized by
introducing dynamic voltage support in the weak area of the
network that improves grid frequency response and also large
disturbance stability of SGs.

Il. TEST NETWORK

To investigate the interactions between frequency and
voltage due to an increased penetration of inverter connected
RES, a well-known small test system (adapted from [3]
where system data is presented) is selected. A small test
network is chosen to facilitate easy explanation.

H=6s

Fig. 1: Four Machine Network

The network consists of two areas, with G1 and G2
connected in area 1, and G3 and G4 in area 2. The active
power is flowing from area 1 to area 2. All generators are
equipped with the fast-acting IEEE-ST1A exciter.
Generators G2 and G4 are represented by three parallel

machines of the same size and inertia constant. All generators
are modeled with a 6™ order model. Lines are represented by
n equivalent models. Each load in the network is modeled as
a combination of constant impedance and constant power
load. The governors are blocked to isolate the effect of a
decrease in inertia.

RES are represented by a Type 4 WTG model for system
stability. Type 4 WTG are full converter connected (FCC)
generators. All generators connected to the grid through full
converter interface like PVs can be represented by the Type 4
WTG model for system stability studies [16]. The modelling
approach is similar to Type 4 models in [17]. Current
controller, PQ controller and over frequency power reduction
control of the converter are also included in the model. The
test network is implemented in DIgSILENT PowerFactory.

A. Case studies

The following case studies are developed to examine the
extent of frequency and voltage interactions on frequency
dynamics and large disturbance rotor angle stability.

CS|:  The standard network

CS1I:  One out of three 250 MVA units of G2 is replaced
by a full converter connected RES of the same size.
CS lIl:  Two out of three 250 MVA units of G2 are replaced
by a full converter connected RES of the same size.
CS IV: Entire G2 is replaced by FCC RES of 750 MVA.
CSV: One 250 MVA unit of G4 is replaced by FCC RES.
CSVI: Two units (500 MVA) of G4 are replaced by FCC

RES.

CS VII: Entire G4 (750 MVA) is replaced by a FCC RES.

Different disturbances are applied to stress the system and
analyse its dynamic behavior, as discussed below.

I1l. RESULTS AND ANALYSIS

In these studies, the original test network without RES
(CS 1) is compared with the cases where FCC generation
incrementally displaces SG but in different areas, namely, CS
I1-1V for Area 1 and CS V-VII for Area 2. The summary of
the resulting inertia constants and RES penetration levels per
area and for the whole network is given in Table | and
Table II.

TABLE |: WHOLE NETWORK (H) AND AREA (H;) INERTIAFOR CS I-CS VII

nertia NO RES Replacement of G2 Replacement of G4

constant s | lunit 2units FullG2 1 unit 2 units  Full G4
CSIl  CSIll CSIV CSV CSVI CSVII
Area 1 6.27 5.36 4.45 3.54 6.27 6.27 6.27
Area 2 5.11 5.11 5.11 5.11 4 2.88 1.77
Network  5.75 5.25 4.75 4.25 5.25 4.75 4.25

It can be observed that as the share of RES gradually
increases to 45% (Table I1) in area 1, the inertia constant of
area 1 decreases from 6.27 s to 3.54 s. Similarly, the
displacement of SG of the same size increases the penetration
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of RES to 55% in area 2 and the inertia constant of area 2
drops to 1.77 s. Although the displacement of G4 units leads
to a greater decrease in the inertia constant of area 2, the
average inertia of the system stays the same whether SG is
disconnected in area 1 or in area 2.

TABLE Il: PENETRATION LEVELS OF RES FOR CS I-CS VII

Replacement of G2 Replacement of G4

No RES !
% RES lunit 2units Full G2 1 unit 2 units  Full G4
CSI csi csim €SIV CSV  CSVI CSVII
Areal 0%  15% 30% 45% 0% 0% 0%
Area2 0% = 0% 0% 0%  18% 37%  55%
Network 0% 8% 16% 25% 8% 16%  33%

B. Active power disturbance at bus 7

Fig. 2 shows the grid frequency response at bus7
following an active power disturbance (increase in demand)
when RES gradually displaces SGs in Area |. The active
power disturbance is introduced at bus 7 and it is 5% of the
total demand in the network. The frequency nadir following
the active power disturbance in the system without RES is
49.63 Hz which drops to 49.5 Hz when penetration of RES
increases to 45% following the displacement of entire G2.
The increase in RoCoF is also small; it grows from 0.2 Hz/s
to 0.22 Hz/s.
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Fig. 2: Grid frequency response following an active power disturbance at bus
9;CSI-CSV

The RoCoF and the drop in the frequency stay the same
whether one or two units of SGs are disconnected in area 1 or
area 2. However, when the entire G4 is replaced by RES,
frequency and voltage interactions in the network become
very strong, changing frequency dynamics significantly (Fig.
3). It can be seen that following the same active power
disturbance the frequency of each generator does not drop,
but instead increases initially (each generator in fact
accelerates). The generator G3 first experiences a positive
RoCoF of 1Hz/s, and then a negative RoCoF of 0.9 Hz/s.
The frequency drops to 49.3 Hz in area 2, and 49.5 Hz in area
1. This can be explained by looking at the voltage of the
buses connecting the two areas through tie-lines.

Following the increase in the load at bus7, the voltage at
bus 7 and bus 9 drops to 0.7 pu and 0.6 pu respectively (Fig.
4) reducing the power flow through the tie-lines. Power is
flowing from area 1 to area 2. Hence, SGs in area 1
accelerate. The frequency in area 1 increases. The power flow
from G3 to bus 9 is also decreased due to the considerable
voltage drop at bus 9, hence, G3, also accelerates. RES
reduce their active power to provide reactive power (Fig. 5).
Then voltages at bus 7 and bus 9 start to recover. The

reduction in RES power appears as an active power
disturbance, with the generator G3 being the nearest and
“lightest” generator. Therefore, it experiences a higher
RoCoF of 0.9 Hz/s, while the frequency drops to 49.3 Hz in
area 2 and 49.5 in area 1. At that point, voltage recovers to
the nominal value, and RES increases their active power.
These frequency and voltage oscillations last for seconds.
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Fig. 3: Frequency response of G1, G2, and G3 following an active power
disturbance at bus 7; CS VII
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Fig. 4: Voltage profiles at bus 7 and bus 9 following the active power
disturbance
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Fig. 5: Active and reactive power of RES
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Fig. 6: Impact of dynamic voltage support on grid frequency response

To help reduce the impact of these frequency and voltage
interactions, dynamic voltage support can be used. Dynamic
voltage support can help to recover and maintain the voltage
which in turn will support the recovery of the frequency. In
the standard network, there is static reactive power support
provided by capacitors at bus 7 and bus 9. To illustrate the
effectiveness of dynamic voltage support, the 200 Mvar
capacitors at bus 9 are disconnected, and a synchronous
condenser of 100 Mvar is connected. Fig. 6 shows the
frequency response of the system following the same active
power disturbance when the entire G4 is replaced by RES;
i.e., the system is operating with 55% penetration of RES in
area 2. It can be seen that frequencies of SGs in both areas are
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the same and frequency response is very similar as it was
when the entire G2 was disconnected.

C. Three phase fault at bus 7

To investigate further these frequency and voltage
interactions in the network, CS | —-CS VII are repeated by
introducing a 70ms self-clearing three-phase fault at bus 7.
Fig. 7 shows the frequency response of generator G3
following the three-phase fault without RES, replacement of
one unit, two units and the entire G4 with RES, respectively.
Generator G3 is the lightest generator in the network.
Therefore, its frequency excursions are presented.
Frequencies of all other generators show very similar but less
pronounced behavior.
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Fig. 7: Frequency response of G3 following a three-phase fault at bus 7 for
gradual displacement of SGs in area 2, CS I and CS V-CS VI
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Fig. 8: Frequency response of G3 following a three-phase fault at bus 7 for
gradual displacement of SGs in area 1, CS I, CS II-CS III

It can be seen that the increase in the initial peak of the
frequency of the generator, following the fault, is negligible
as penetration of RES increases (inertia of area 2 reduces).
However, when two units of G4 are replaced by RES, a large
dip in all generator frequency is observed. The dip in the
frequency increases from 49.95 Hz to 49.7 Hz. This change in
the dynamic behaviour of the system can be explained by
looking at the active powers of SGs and RES.

Following the three-phase fault at bus 7, the active power
of each generator drops and generators’ rotors accelerate. As
the fault is cleared, active power increases and generators’
rotors start to decelerate. This deceleration corresponds to the
dip in their frequencies. The deceleration area is increased
due to fault ride mode of RES. The voltage deadband of the
RES controller is set in this study to 0.1 pu. After the fault is
cleared, the voltage at bus 4 where RES is connected
becomes higher than 1.1 pu due to the assumed reactive
power support from RES, and the active power of RES drops
from 460MW to 190MW. This appears as a loss of generation
in the network, resulting in SGs having to increase their
active power and hence a bigger dip in the frequency of all
generators. When the entire G4 is disconnected, the voltage
drop at bus 9 becomes higher than in the previous case, and

the reactive power support provided by RES does not cause
overvoltage and thus a consequential reduction in active
power support by RES. Hence, the large dip in generator
frequency is not observed. On the other hand, the
disconnection of the entire G4 leads to an increase in the peak
of frequency of the generator.

Fig. 8 shows the frequency response of G3 when SGs in
area 1 are displaced (CS II-CS IV). It can be seen that the
frequency response is very similar when two units of G2 are
removed, and the dip in the frequency is again increased.
However, for the full disconnection of G2, G3 becomes
unstable. This is due to RES controls. In fact, when their
settings are changed, i.e., the voltage dead band is enlarged,
the system becomes stable. If the fault is introduced at bus 9
for the full disconnection of G4, G2 becomes unstable and
cannot be stabilized by changing the setting of RES controls.

It should be emphasized that the interactions between
voltage and frequency, in addition to the RES penetration
level, are strongly influenced by the type of controllers
applied and controller settings of RES.

I\VV. EFFECT OF VOLTAGE FREQUENCY INTERACTIONS ON
TRANSIENT STABILITY

The Critical Clearing Time (CCT) has been widely used
as an index to assess system transient stability, and thus we
also use it in this study. The CCT is determined for case
studies CS1-CS7 after introducing three-phase self-clearing
faults at Bus 7 and Bus 9.

The CCT for faults at Bus 9 is much smaller than that of
Bus 7 for all cases. In general, as generators are disconnected
(either G4 or G2), the CCT increases for a fault at Bus 7
while it decreases for a fault at Bus 9. This indicates that
there is a positive effect on transient stability by the fault ride
through (FRT) capability of RES for faults that are less
severe, i.e., further from the critical area of the network.
Furthermore, in the standard network as well as in the cases
when the RES is connected close to G2, generators G3 and
G4 tend to go unstable together. This indicates that area 2,
power importing area, is the weaker area of the network. In
cases when one and two units of G4 are replaced with RES,
generator G3 is the first generator to exhibit instability. This
indicates local support to generator G4 from FRT control of
RES, when units within G4 are disconnected.

TABLE III: CCTS FOR FAULTS AT BUs7 AND BUs9

CCT [s]
Bus7 Bus9
Standard network 0.63 0.26
. G4 0.79 0.23
One unit
G2 0.73 0.25
G4 1.08 0.15
Two units
G2 0.98 0.24
. G4 0.34
Entire
G2 - 0.13

When the faults are close to the critical generators G3 and
G4 (bus 9), the disconnection of generators leads to a
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decrease in CCT. This behavior is much more prominent
when the disconnection of synchronous generation occurs in
the critical area of the network (area 2). Further inertia
reduction inside a weak area causes a more significant
decrease in the CCT. On the other hand, when inertia is
reduced in the stronger area of the network (far from the
generators causing the instabilities), the reduction in CCT is
lower. Generator G3 becomes unstable when entire G4 is
replaced by RES and fault is introduced at bus9. Similarly,
G3 becomes unstable when entire G2 is replaced with RES
and the fault is introduced at bus7.

In the simplest form (neglecting the damping constant),
we can use the classical swing equation (1) to represent a
generator’s dynamics. Neglecting changes in the pre-fault
operating conditions, the effect of RES on system stability
has to do with i) inertia of the system being reduced and ii) P
being actively affected by RES controllers in a non-linear
manner. (In the case of swing equation representing the
equivalent generator, the mechanical power also changes for
disconnection of individual units forming the equivalent
generator under analysis.) While the effect of reduction in
system inertia H is easier to account for, it is not
straightforward to analytically represent the effect of RES
controllers on P, of generators, during and after disturbances.
In general, the effect of RES control, assuming FRT
capability, is to reduce their active power output and increase
reactive power output to support the voltage. This discrete
control action has an immediate effect on nearby generator
power P, during and after the fault, which in turn affects the
accelerating/decelerating areas and hence the overall stability
of the generator. Coupling the effect of RES on P. with the
reduced inertia in the system makes the effect on
acceleration/deceleration of individual generators even more
prominent.

do wg (1)
—=— (P, —P,
It is, therefore, important to identify critical

areas/generators in the system and appropriately model
disconnection and de-loading of SG. In particular,
disconnecting generators in the stronger area of the network
and de-loading generators in the weaker area can maintain or
even improve the transient stability of a system.

CS IV and CS VII (Entire disconnection of G4 and G2)
are repeated by installing a synchronous condenser at bus 9.
The CCT for CS IV becomes 0.14 s for a fault at bus 9, and it
became 0.63 for CS VII at bus 7. As expected, dynamic
voltage support in weak areas of the network can support
dynamic behaviour deterioration due to RES.

V. CONCLUSIONS

Currently, frequency and voltage events are considered
separately and not combined as considered in this work.

The case studies presented within the paper show clearly
that when the penetration of RES dominates synchronous
generation in the weak area of the network the frequency

dynamics, frequency nadir, and RoCoF can be strongly
affected by voltage and frequency interactions. The impact of
these interactions can be considerably reduced by identifying
weak areas/buses in the system and providing dynamic
voltage support. Control settings and RES location can also
affect large disturbance rotor angle stability considerably in a
weak area of the network. Dynamic voltage support in weak
areas of the system reduces voltage and frequency
interactions and also improves large disturbance rotor angle
stability.
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