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ABSTRACT

Frequency stability in large power networks has been
traditionally maintained by the inertia of synchronous
generators. However wind turbines that are coupled to the
power system through a power electronics (PE) interface
do not provide the inertia that is required to maintain
frequency stability. This will have a material effect on the
ability of the power system to manage incidents arising
from the loss of a generator or sudden increase in demand.

To facilitate the increased integration of wind turbines an
inertial component needs to be synthetically supplied by the
wind turbines to maintain the stability of the frequency. In
this paper the impact of PE interfaced generation has been
assessed on a simplified representation of the UK power
system appropriate for determining the frequency stability.
The test network used in simulations was validated for a
significant number of recorded system incidents. — The
studies carried out established the sensitivity of frequency
stability to changes in the power system’s generation mix
(increase of wind generation) and system conditions
including frequency support provided by loads. It then
assessed the impact of employing a synthetic inertia
component associated with wind turbines and the
contribution it makes to frequency stability in the network.
The synthetic inertia controller was then designed to give
different inertial outputs. Sensitivity of inertial response to
controller parameters is clearly established. Finally it is
demonstrated that by employing suitably tuned synthetic
inertia controllers more wind turbines can be integrated
into the system while maintaining required frequency
stability of the power system.

INTRODUCTION

Frequency Control is managed by many elements on a
power system: one of which is the inherent inertia of large
machines rotating shafts that are electrically coupled to the
power system. However in facilitating government targets
for a reduction in CO, suppliers of electricity are changing
the face of the electricity generating quite dramatically and
are turning to wind turbines to provide energy to the system.
The UK targets in practical terms require 37% of electricity
to be produced from renewable sources by 2020 [1]. This
changing generation background provides many challenges
to the power system industry. One of these areas is
frequency stability of the network following a large
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disturbance on the network. The majority of the wind
turbines being connected are of the variable speed type
where much of the mechanical mass of the wind turbine and
in some instance all of it is situated behind the PEs and
therefore not electrically coupled to the power system, as
shown in figure 1.
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Figure 1 Schematics of PE interface connected
Wind Turbines

The practical impact of this is that the inertial contribution
of the wind power turbine will not be provided to the power
system [2-5]. The effect of this increase in generation that
has a much reduced, or even no inertia at all, will be that the
system inertia (the cumulative effect of all the synchronous
machines inertia) will also be reduced and the effect (bigger
drop in frequency for smaller inertia) can be clearly seen in
figure 2.
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Figure 2 Effect of reducing the system inertia

With this impact in mind the manufacturers have been quick
to show that the wind turbines can provide a synthetic
inertia contribution [6, 7]. The inertial contribution is
realised by not operating the wind turbine at the optimal
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rotor speed for that wind speed condition. The temporary Frequency response
over production is realised by increasing the converter 2500
active power set point. This creates an imbalance between T T T
w0k L =rmen]

the mechanical input and electrical output [8]. Any system
operator looking at the issue of inertialess generation
connecting to their system and the impact that this could
have on the frequency stability of the power system should
consider the synthetic inertia contribution of the wind
turbines.

MODELLING OF THE TEST SYSTEM

A simple representation of the UK power system has been
developed in this study that allows the focus of the power
system studies to be on frequency stability. The two-bus
test system developed for the study (in DigSILENT
environment) is shown in Figure 3. It includes two large
conventional plants, aload, a static generator that is used to
represent the wind turbine and the largest loss infeed to the
UK system connected to each bus. Total demand in the
system is 25GW. All generators are lumped parameter
models to represent that particular type of generation in that
area.
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Figure 3 Simplified UK power system representation

These two types of large synchronous generators are
modelled because one of the generators has to operate in a
frequency response mode that is required by the UK Grid
Code [9] and the other in a limited frequency sensitive
mode. In frequency sensitive mode the generator should
provide an energy contribution proportional to the
frequency change on the grid. In limited frequency sensitive
mode no change of active power is required until a set level.
The UK Grid Code requires all plant (including wind
turbines) to be capable of providing frequency response to
the value of 10% of the active power capacity of the plant
within 10s and sustained for 30 minutes [10]. (The past
experience in the UK is that wind farms can provide
frequency response [11]). The responses of these two types
of generators following the simulated loss of the tripping
generator (infeed loss) are shown in Figure 4 and 5.
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Figure 5 Output of Limited Frequency response generation

The wind farm (WF) generator is modeled using a static
generator that is current controlled to allow an injection of
active power into the network. This model provides an
effective method for studying the output of the wind
generators on the grid but does not account for the
mechanical impact of providing the inertial contribution.

The load is modeled as part induction machines and part
static frequency dependant loads, using a 2% per Hz
relationship. The load provides a great deal of uncertainty
in any model when considering its impact on system
response. Therefore, the sensitivity of frequency stability to
change in the make up of the load must be established.

The modeled test system is used to show the impact that
inclusion of inertialess generation can have on the frequency
stability. The UK transmission system operator has a
licensed obligation to contain the frequency fall above
49.2Hz following the largest (currently 1320MW) infeed
loss [12].

SIMULATION RESULTS

The results of simulations illustrate the sensitivity of the
frequency control of the system to load make up and the
amount of wind generation in the system following the
largest infeed loss.

Three case studies of demand make up modeled by
equivalent inertia constant of demand of Os, 2.18s and 4s,
were considered to establish the influence of demand on
frequency response. (The inertia of 2.18s corresponds to a
border line case when the system without wind generation
just meets the required frequency response.) The results of
simulations are shown in figure 6. It can be seen that the
increase of the inertia of demand results in better frequency
response of the system, i.e., the demand provides better
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frequency support.

To determine the effect of wind penetration on the
frequency stability of the power system three case studies
were considered, i.e., 0%, 40% and 70% wind
penetration. The inertia of demand used in these cases was
set to 2.18s. The results, shown in figure 7, demonstrate that
as the penetration of wind generation increases the power
system could not constrain the frequency nadir to the
required limit (49.2Hz). The frequency dropped to about
49.1Hz for 40% penetration and to 48.9Hz for 70%
penetration.
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Figure 6 Frequency sensitivity to different load make up
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Figure 7 Frequency sensitivity to the penetration of wind

DESIGN OF CONTROLLER

Further penetration of wind is shown to have an impact on
the ability of the power system to contain the frequency
within the required limits. In order to address this issue
one option is to consider the inertial contribution of the
wind turbines as set out by the wind turbine manufacturers.
There are other options available, e.g., constraining off
wind, constraining the generators with the largest inertia
constants, tripping load etc. These however are
economically viable.

The simulation results shown in figure 8 and figure 9 are for
50% wind penetration on a 25GW system. In this instance
the inertial contribution as outlined in [6] is employed. The
results show that while the wind turbines output can be
increased to provide some energy to help the frequency
stability of the system it is important to coordinate this with
the system frequency incident. Because of the system
frequency drop we require most of the energy upfront and
not at the frequency nadir. Therefore, it would seem
sensible to control frequency using the rate of change of
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frequency (ROCOF), i.e., df/dt, which will be higher at the
start of the event, as shown in figure 10.
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Figure 8 Simulation of manufacturer’s response

1320MW Loss, 12500MW Wind, H =4

60 70
Time (s)

Figure 9 Impact of manufacturer’s response on frequency
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Figure 10 ROCOF example

Initially, the controller was designed to provide “on-shot
control”, i.e., depending on the df/dt caused by the loss of
the infeed, or sudden increase in demand, the generators
output would be regulated. After the initial energy
contribution up front which is proportional to df/dt, the
controller would reduce the energy volume over the period
of 10s in accordance with required frequency response
timescales specified in the UK Grid Code. However,
discussion with manufacturers revealed that it would be
extremely difficult to have this type of “variable/adaptive”
control when providing the energy from the wind farm. It
was therefore decided that the inertial controller should be
fully based on df/dt controller. The block diagram of the
controller is shown in figure 11.
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Figure 11 Wind farm inertial controller

The augmentation of power in the delta power function
block is the inverse of the equation (1) given below:
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This means that the wind farm generator will increase its
output as a result of a falling system frequency such
providing extra power when it is required.

Three case studies were considered for different wind
penetrations, as before. To determine the synthetic inertia
control parameters the worst case scenario, i.e., 70%
penetration of wind on a 25GW system is used. The
sensitivity of frequency responses to the value of synthetic
inertia is clearly shown in figure 13. The increase in
synthetic inertia constants results in better frequency
response. With the value of synthetic inertia above 4s the
frequency response is within required limits of the Grid
Code even for 70% penetration of wind.

The controller parameters: the delay in response to the start
of the frequency event; the speed of the inertial contribution
and the inertial energy contribution that should be provided
during event can be easily adjusted if required.
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Figure 12 Frequency Sensitivity to changing Synthetic inertia
controller’s inertial contribution

As well as changing the overall energy contribution that the
inertia controller should provide the effect of the timing of
the provision of synthetic inertia is examined. Figure 13
shows that if the action of the controller is delayed beyond
Ls, for this particular test system, the requirements of the
Grid Code could not be met.
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Figure 13 Frequency Sensitivity to changing Synthetic inertia
controllers delay and ramp rate

The results of sensitivity of the frequency response to
synthetic inertia controller parameters show that the
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synthetic inertia contribution of the wind turbines can have
a positive impact on the frequency stability of the power
system. Most importantly the results show that by
employing synthetic inertia the frequency stability of the
network can be maintained to the standards required.
Detailed sensitivity studies are very important to determine
the required speed of controller response, i.e., the speed of
provision of required inertial contribution.

CONCLUSIONS

The consequence of a future integration of inertialess
generation into power systems is that the frequency stability
of the network may be affected. A possible solution to the
lack of an inertial contribution form wind turbines is to
design controllers for the wind turbines which would
emulate synthetic inertia. One such controller is designed
and its performance illustrated in this paper.

It is extremely important that the parameters of this
controller are appropriate for the power system that it is
connecting to. The network operator therefore, should
specify the requirements for synthetic inertia controller in
advance, following appropriate studies, in order to facilitate
further increase in penetration of wind generation and to
insure full compliance with corresponding Grid Code.
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