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Abstract— The integration of wind power generation (WPG)
have many different impacts on the current power transmission
and distribution systems. Most of them are related to their effect
on the dynamic behaviour and frequency deviation during system
frequency disturbances affecting the system inertia response.
Different approaches have been presented to show the dynamic
behaviour diminution, and several metrics have been proposed to
quantify the impact of the inertia reduction. This scientific paper
looks at the background system inertia problem, presenting some
of the most significant contributions in observation of power
system dynamic under high penetrations of WPG and presents
two dynamic measurements. First one measures the damping
ratio of the power lines quantifying it in an online fashion. The
second one measures the frequency of an electrical power signal.
The dynamic measurements are tested in a hypothetical active
power signal with the inclusion of wind energy showing the
affectivity of the dynamic measurements presented and the
impact of wind farms in power systems. Finally, future work and
conclusions are given.
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I. INTRODUCTION

During the last two decades an enormous transformation of
the power generation, and in general, in the power system
infrastructure has been developed. The renewable energy
technologies have started to be integrated into the portfolio in
order to limit the global warming and counteract the pollution
around the world. Hence, a better understanding of the
operational challenges of high inclusion of non-synchronous
generation in the power system is needed [1].

Several private and governmental institutions have
manifested their concern about the short-term grid code
changes and the impact of non-synchronous generation on the
power system dynamics and planning. For instance, North
American Electric Reliability Corporation (NERC), have
experienced abrupt frequency declines and less-inertia response
due to the non-synchronous generation installed [2]. Similar
phenomena have been reported by the European Wind Energy
Association (EWEA) [3]. Transmission System Operators
(TSO) globally concern about how much non-synchronous
generation can be reliably integrated onto the bulk and which
dynamic consequences and improvement are necessary to
deploy [4].

Therefore, new tools for measurements and control are
required to detect and counter-measures undesired events that
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can affect the system drastically. One of the areas where the
non-synchronous generation has been studied the most is the
oscillatory stability [5].

Low-inertia operated systems require fast mechanism and
real-time monitoring of low-frequency /damped oscillations
along the transmission system since they can provoke a
blackout or a critically unstable system [6]. Such monitoring
and measurements should incorporate recent methods and
technologies that allow transferring remote information to the
regional centre, the controllers involved (e.g. Power System
Stabilizer, PSS), and/or Phasor Data Concentrators (PDC) for
analysis a posteriori.

Situational awareness technologies may have the ability to
track those oscillations and establish secure stability margins
that classify the frequencies and, disregard the noise or
frequencies associated with other phenomena [7].

With the inclusion of non-synchronous generation, such
monitoring and margins may reach different levels activating
protections unnecessarily or generate islanding generation of
the distributed energy resources involved [8].

Several studies have shown that a high penetration of non-
synchronous generation changes the oscillation ranges that
alters the tuning of the controllers, and consequently requiring
supplementary controllers for damping those oscillations [9].

The proposed method presented in this paper aims to track
and monitor the oscillations propagated in the transmission
lines active power, which is where the oscillations waves
conform the oscillation paths. The method quantifies the
damping and frequency while the oscillation is propagating and
in the range of inter-area oscillations. This method differs from
the common mode estimation methods since it does the
monitoring directly from the signal. The information obtained
can be directly sent to the protection and control systems
involved. Moreover, it also can be applied to the oscillation
monitoring of power systems with non-synchronous generation
inclusion. Additionally, an overview of other relevant dynamic
measurements applied to low-inertia power systems is given.

The document is structured as follows: In Section Il an
overview of significant contributions in inertia problem is
given. In Section Il is given some basics of wind energy
conversion including the synthetic inertia state of the art and
some control developments involved. Section IV presents the
method applied and the measurements obtained. Finally, the
conclusions and future point of view of this research are given.
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Il. OVERVIEW OF INERTIAL RESPONSE

System inertia has been defined as a measurement of the
total amount of kinetic energy stored in all spinning turbines
due to the rotating mass of the rotor [10], and this has an
important impact on the called the inertial response of the
system. In a conventional power system, in case of sudden
disconnection of a synchronous generator, the frequency drops
increasing the ROCOF, as it is shown in Fig. 1. The system
frequency dynamic is reflected and propagated in the power
system instantaneously. During the first period, the inertial
response of the spinning machines naturally reacts releasing
kinetic energy to the grid [11]-[13]. The appropriate answer of
the primary and secondary controllers (AGC - Automatic
Generation Control) can fulfil the frequency margins and
assure a correct compensation of the frequency deviation in the
system [14]-[16]. Otherwise, the deep penetration and
integration of wind energy in the current power systems have a
significant change diminution in the average power inertia.
This is due to wind turbines do not have a natural response to
face frequency dips as synchronous generators [17], [18].
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Fig. 1. Illustrative frequency response of a power system after sudden

disconnection of a generator. Primary and secondary frequency response
is indicated.

The reduced value of the inertia response by wind turbines
generators (WTG) is a direct consequence of power-converter
(PC) based technologies like Doubly Fed Induction Generator
(DFIG) (Fig. 2) [19]. The DFIG and the full-rated PC
technologies commonly a back-to-back ac/dc/ac PC as
interface between the generator and the power net, it isolated
the rotational inertia and the generator from the power system
and inhibit it to provide any change in the power system
frequency and consequently from the inertial response as well
[20].

The traditional generators are equipped with automatic inner
controllers. The idea of the controllers is to recover the system
frequency, and the system frequency response can be divided
in according to the actions. The first action affected is the
Inertial Response (IR) which takes energy from the rotating
masses, where the machine with the highest inertia contributes
with the highest inertia power. This response is propagated
through all the system via voltage angles and frequency
provoking different decelerations in the power system
machines. If the speed-power controllers actions are not done
properly can cause rotor angle instability and the loss of
synchronism of the machines involved. Fig. 3 shows a typical

frequency response of different synchronous generators (SGs)
after a system frequency disturbance (SFD).
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Fig. 2. Representative scheme of a WTG using DFIG. The rotor connected
power converter (PC) is represented.
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Fig. 3. [lllustrative examples of system frequency response of three different
SGs subject to an SFD.
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Inertia Representation in Power Systems

Inertia

Fig. 4.

Representation

Gyroscopic motion can be used to describe the spinning
effect of WT rotors [21]. As an analogy to represent the Kkinetic
inertia presented in power systems, it is possible to depict the
inertia as the energy stored in a Chinese yo-yo spinning and its
rotation. It continues rotating after the energy source is
removed, and it is possible to add more than one and stabilize
and synchronize them under an external control action with a
string. When two rotating yoyos are involved a different speed,
and coordination control is required to stabilize them, but what
would happen with the control action when it is replaced one of
them with a smaller one. The system inertia will change, and
the external control action will be different. Fig. 5 shows an
initial state of system stability, then the recovery under the
string action. In a conventional power system, the rotating



machines and the controllers involved are in charge to support
the inertia system response automatically with coordination and
synchronization. The same question presented above is what
would happen if it is included an energy source with not
enough of system inertia. Fig. 5 shows the power system inertia
representation.

I11. WIND POWER IMPACT ON MEASUREMENTS

Low-inertia operated systems, and potential improvements
have been studied by several authors. Similarly, representative
dynamic measurements have been identified by the gradual
integration of non-synchronous generation as well as novel
methods have been studied to counteract the inertia reduction
and its dynamic impact [22].

Small signal stability studies with large non-synchronous
inclusion have shown that a drastic change in the
frequency/damping relation, displacing the action of the PSSs
involved and changing the oscillation paths in the system. Root
locus analysis can be interpreted as a tool which presents such
changes after linearizing the system in a static window frame.
Identifying changes in the modes including non-synchronous
generation it is possible to identify potential tuning in the
respective controllers involved in the modes damping and
designing supplementary controllers to improve the system
response [23].

The active power includes a kind of inertial effect. In the
reactive power case, the wind farm emulates the behaviour of a
Static Var Compensator (SVC) [24] .

An interesting performance index-based eigenvalue
sensitivity is presented in [25] and applied to quantify the
DFIG based WPG impact on the power systems inertia. This
index is expressed as follows:
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where H; is the inertia of j™ conventional synchronous
generator, A’ is the i eigenvalue, w; and v; is the left and the
right eigenvector corresponding to i eigenvalue respectively.
This index provides a good metric to estimate the impact due to
increased DFIG penetration on system dynamic performance.

Power Systems Engineering Research Center (PSERC) in
its report [26], establishes that is possible to identify the inter-
area modes and apply the concept of participation factors to
excite them in the time domain. In addition to the sensitivity
analysis, the same report evaluates the transient stability to see
the effect of excitation in the low damped modes. An index
which measures the severity is presented into, and expressed
based on the angle margin as follows:

Tst = 38070 100
360+ 9,

where dmax is the maximum angular separation of any two
generators in the system at the same time in the post-fault
response.

-100< TSI <100 2

Reference [27], proposes different performance metric
factors to measure the impact frequency performance of Wind
Turbines. These factors are obtained after studying some cases
in California. The following explains the factor and its impact
on frequency response briefly. K; (Governor’s Participation):
These metrics quantify the governor’s response according to
the numbers of them involved.

Frequency Nadir: According to the report [27], this factor
is used as a measurement of the inertia in the frequency
response. The frequency deviation has a slight impact and
nearly invisible. However, when is isolated the impact response
on active governors, there is a substantial drop. It is concluded
that the number of units and the speed response of governors. It
can be obtained some derivative metrics such as frequency
nadir time, nadir-based frequency response and settling
frequency.

Headroom Deviation: This metric observes the dispatch of
the active governors. The response shows that governor with
higher initial power levels has a faster response, nevertheless
there is no a high impact on frequency. An important
observation can be done tracing the frequency nadir as a
function of the governor participation. From this metric can be
derived another metrics, the minimum and extreme minimum
head-room [27].

ROCOF dynamic measurement has been proposed in the
islanding detection of wind turbines in [48], where is used to
detect circuit breaker levels and to quantify the inertia effect
variation on. This measurement uses a frame which is updated
according to the voltage waveform following the equation (3):

df A
dt T AtL
where Af; is the frequency change at the cycle, i and 4 is the

duration of the i" cycle, and n is the dynamic frame window
width in cycles.

©)

Wind farms (WFs) can contribute to diminishing the
frequency deviation trying to imitate the behaviour of the
rotational energy response of synchronous generators [28].
The objective of this emulation is to deliver some kinetic
energy to the inertial response of the system taken into account
the ROCOF under active power control [29], so that in this
sense it is necessary to do a proper quantification of the
frequency. Some interesting applications using syncrophasors
units have been made concerning measuring power
oscillations [30], and ROCOF monitoring to protect the system
and avoid out of synchronism in the presence of high
distribution generation penetration [31].

IV. PROPOSED DYNAMIC MEASUREMENTS

The importance of studying the impact of WPGs on power
systems and, quantify the measurement of damping ratio
effectively and frequency is the first step to develop a correct
control action. In this section, the proposed dynamic
measurements is presented [32]. Fig. 6 shows the relation of
these measurements and the control system.
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Fig. 6. A schematic block diagram of the proposed measurements and control
system.
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Fig. 7. Proposed algorithm of dynamic measurement: Damping

A. Dynamic Damping Measurement

An algorithm is developed to measure the damping factor
of any signal, not only a power signal but supposing that the
signal is filtered already, as it can be seen in Fig. 7. In order to
test the algorithm, it is simulated a typical signal in Matlab-
Simulink® with the next characteristic equation, knowing the
constant parameters x = ke"sin(ewt). Fig. 8 shows the signal
introduced and the damping factor obtained.

B. Dynamic Frequency Measurement

Once is calculate the period of the signal as it is shown in
the algorithm presented in Fig. 8, it can be calculated the
frequency of the signal. An example measurement is presented
in Fig. 9 where, as it is expected the frequency measurement is
obtained according to the known signal parameters.
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Fig. 9. Frequency Measurement

V. CONCLUSIONS

In this paper, a review of the current research on the impact
quantification and measurements of wind power on power
system stability is presented. Proposed dynamic measurements
can be used in future control systems to evaluate the impact of
the integration of wind power in traditional power systems. It
iS necessary to evaluate the impact of the increasing
penetration of DFIG based WTG in the inertia system
applying small signal stability in order to quantify its changes
under disturbances.
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