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Abstract- In recent years, the integration level of renewable energy sources into the grid system has grown considerably. In the
near future, renewable-based power is expected to be comparable to the conventional power generation systems. Nevertheless,
the variations in renewable power can induce negative effects on power systems, such as frequency disturbances. This paper
presents a study of the sensitivity functions for system frequency to power changes produced by renewable energy sources.
Transfer functions are analyzed using Bode plots. The results reveal that there is a region where the impacts of the harmonic
contents of the power variations cause larger impacts on both the frequency and the total transferred power of a given control

area.
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1. Introduction

The worldwide penetration of renewable energy sources
(RES) for generation of electricity is increasing and trending
up [1]. Aspects such as humanity ever growing need for
electric energy, the limited reserves of fossil fuels and the
environmental concerns over greenhouse-gases impulse a
continuous development of these new generation systems.
Even if some characteristics such as reliability, controllability
and availability of the power produced from RES sources are
radically different with respect to conventional power
generation [2]. Additionally, because renewable resources
sometimes are unpredictable, very variable and location-
dependent, their generated power output may present
significant fluctuations over time [3]. Large penetration of
renewable energy cause many different impacts in the
operation and control of power systems [3]-[5]; frequency
performance constitutes one of the main important issues and
has attracted considerable research interest [3], [6], [7].

In power systems, rotational speed of the synchronous
machines determines system frequency. Frequency is a
parameter that indicates the balance between power
generation and load demand. In presence of renewable energy
sources, the power fluctuations produced may cause
unbalances in the load — generation relationship, therefore
resulting in frequency deviations from the operational
standard. Control systems are in place for facing these
situations: variations in operational speed of synchronous
units are attenuated by machine inertia, and primary (Load
Frequency Control) and secondary (Automatic Generation
Control) control schemes will restore system frequency to the
standard value. However, these control systems were usually
designed for the operation of conventional units. There is a
need to study the effects of renewable energy sources over the
power system frequency and its components. As the most
popular RES around the world, frequency control
requirements and methods have been studied for solar
photovoltaic systems [6], [8] and more extensively for wind
generation [6], [9], [10] (the latter reference presents a
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complete summary of grid
strategies).

requirements and control

This paper focuses on the analysis of the effects of active
power variations that could be caused from renewable energy
sources in the system frequency. Sensitivity functions are
established using linearized models and transfer function
representations for the system components, and Bode
Diagrams are used as the analysis tool. A first approximation
for the same methodology can be found in [11]. Results are
illustrated through simulation of a multi-area system.
Although Bode Diagrams were previously employed for
studying wind power impacts in power systems [12], [13],
those works only deal with isolated one-area systems. Also,
transfer functions for control system frequency components
are developed in [14], [15]. However, they are used to
determine the system sensitivities to machine parameters like
inertia, damping and speed droop, and not for the analysis of
the effects of renewable energy sources.

The paper is organized as follows. The first part presents
a brief description of frequency regulation in power systems,
indicating the main stages of the regulation schemes. Later,
the classical model for frequency regulation in power systems
is presented in a two-area configuration. Sensitivity functions
with respect to load disturbances are obtained for the two-area
case and Bode plots for each function are calculated. The
results of the Bode diagrams are evaluated through the
application of a wind energy source acting as disturbance for
the frequency regulation scheme in one of the areas. At the
end, there is a discussion of results and some conclusions.

2. Frequency Regulation in Power Systems
2.1. Description

The effects of large disturbances in electrical power
systems are notorious, and may cause variations in both active
and reactive power. Usually, the loss of the equilibria between
demanded and generated reactive power leads to voltage
modifications; unbalances in generated and demanded active
power result in frequency changes. Each generator is affected
by these unbalances in different ways according to its role in
the system and its own parameters and configuration. As
mentioned in [6], “a large frequency deviation can damage
equipment, degrade load performance, cause the transmission
lines to be overloaded, and can interfere with system
protection schemes, ultimately leading to an unstable
condition for the power system.”

The automatic system for frequency regulation is
composed by two main parts: primary and secondary control.
Tertiary control, another stage consisting of the release of
control reserves after a disturbance, is not considered a
specific part of frequency regulation [16]. This is because the
use of those control reserves, after a manually activated
process, is more related to the energy production process
according to the generation scheduling (dispatch).

Primary control is related to locally executed control
actions (plant-level in generation units) based in the reference
values for frequency and generated power. The operating
values of both of those variables can be measured on-site.

Deviations from reference values will result in a control signal
that will action valves, gates, servomotors and other elements
in the turbine-generator group, in order to produce the required
active power. In primary frequency control the main task is the
fast frequency restoration to appropriate operational levels,
although small deviations can be attenuated under normal
conditions. However, there is a remaining steady-state error
from frequency reference values because the control action
only involves a proportional gain. Primary control is shared by
all the generating units regardless of the disturbance location.

Secondary frequency regulation, or Load Frequency
Control (LFC), has to restore system frequency for deviations
large enough to escape the primary control action. In LFC, the
reference values for the generation of active power are
adjusted to eliminate the remaining steady-state error in
system frequency. Besides this, secondary control also must
react to variations in the transferred power flows exchanged
by the control area; these flows can change due to active
power unbalances and primary control actions. Typically,
secondary control is designed to response only to local area
disturbances. When this control loop performs in a fully
automated way, the scheme is denominated Automatic
Generation Control (AGC).

2.2. Modelling of frequency regulation

As frequency in an electric power system is directly
related with rotational speed of generation units, frequency
regulation can be transformed into a speed control issue for
generators. Frequency variation in power systems can be
represented by the so called swing equation [17]:

JEE =Ty — T, ()

In equation (1), J is the merged inertia moment for turbine
and generator [kg m?], w the rotor angular speed [rad/s], t is
time [s], T,, and T, the mechanical, and electromagnetic
torque, respectively [N m]. There are many ways to write the
swing equation; after some mathematical manipulations, and
using Laplace transformation, we can obtain the following
expression:

AP, (s) — AP, (s) = 2HsAf (s) + DAf(s). 2

In equation (2), Af represents the normalized frequency
deviation [p.u], AP, the variation in machine mechanical
power [p.u], AP, the change in load demanded power [p.u], H
is the corresponding inertia constant per machine power rating
[s], and D load damping constant. Equation (2) represents
frequency variations in a synchronous machine. Variations in
the mechanical power AP,, can be represented through the use
of models for the machine speed governor and turbine. Several
models have been proposed for modeling the dynamic
characteristics of turbine and speed governor in power system
frequency analysis and controller design [17]. Often, first
order representations are used for conventional hydro and
thermal units; the proportional action of primary control is
applied through the droop characteristic of each generator
(denoted by R).
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Fig. 1. Block diagram of the two area system model for
frequency response analysis. (Based on [17]).

In Fig. 1 a block diagram representation of a two area
system is depicted. There, G,,,(s) denotes the transfer function
for the turbine-governor group, K(s) = k;/s is the integral
secondary controller, the bias factor for each area is§; =
1/R; + D;, and T is constant defined as the synchronizing
power coefficient [17]. Also, M = 2H, w = 2nf, and the
interchanged power flow between areas is denoted by
AP;,.The blocks marked as load ref represent the changes in
machine power set-points, and are assumed to be at zero value.

3. Sensitivity Analysis for Frequency Regulation

In order to describe the relationships between area
frequencies and the applied disturbances, the transfer
functions need to be expressed. From Fig. 1, the following
relationships can be extracted:

APy (s) = ZT(Afi(s) = Afy(s)) ®)
Afi(s) = G1()[A1(5) Gy (S)AS(s) + F()APy,(s) — APy (s)]
Afy(s) = G2 ()[A2(5) Gz ($)Af5(5) — Fo(s)APy5(s) — AP,(5)]

Table 1. Appearance properties of accepted manuscripts

Parameter | Area 1 | Area 2
Mi 10 8

Di 0.6 0.9
Tgi 0.2s 0.2s
Tchi 05s 05s
Ri 1/20 1/20
Ki -0.3 -0.3
pi 20.6 16.9

T 2 2

Fo 60 Hz | 60 Hz

In the previous set of equations, for i = {1,2}:

1

Gi(s) = 2H;s+D; “)
Ay(s) = (31’%— Ril)

Fi() = (F6mi(s) 1)

The system composed for Equations (3) and (4) is solved
for Af;(s), Af,(s) and AP;,(s) as functions of load
disturbances AP, (s) and AP;,(s). Assuming one of the load
disturbances as equal to zero, the transfer functions with
respect of the other can be established. Therefore,
for AP,,(s) = 0, the transfer function between both area
frequencies and the transferred power with respect to AP, (s)
are found and denoted by:

_ AAG)

Gf1,PL1(5) 2P 5)
_ AfR®)
GfZ,PLl(S) = AP )
AP15(s)
Gpi2,p11(s) = m

Conversely making AP,;(s) =0, and in a similar
notation as above, transfer functions Gy p,(s), Gszpr2(S)
and Gp; p12(S) can be easily obtained. For the full expression
of the transfer functions, the system machines for both areas
are going to be considered as thermal units, modeled as shown
in equation (6). Parameters T,; and T,; are time constants in
seconds.

1 1 .
Gmi = (Tgis+1) (Tchis+1)' for i=12 ®)

Bode plots are employed for the study of the transfer
functions in the group of equations (5). As defined in [18],
“Bode plots are graphs of the steady-state response of stable,
continuous- time Linear Time Invariant systems for sinusoidal
inputs, plotted as change in magnitude and phase versus
frequency.” Bode plots can be seen as a visual representation
of a system behavior, and they represent a very useful tool in
linear control theory.

In order to examine the behavior of the transfer functions,
and depict the Bode plots, computer simulations are
performed using the parameters described in Table 1.

3.1. Sensitivity analysis with Bode Plots

As shown in Table 1, both areas have very similar
parameter values, and the transferred power flows from area 1
to area 2. Figure 2 shows per-unit magnitude Bode plots for
Gr1,pL1(s) and Gy, p 1 (s). For most of the spectrum both plots
present responses with an attenuating behavior. This means
that the low frequency power fluctuations are attenuated by
AGC. In both cases, the high frequency (values greater than 1
Hz) power variations are damped by generator inertia.
According to Figure 2, area 2 frequency is much less sensitive
to load disturbances in area 1; this is expected from the design
requirements of secondary control. There is only a narrow
band between 0.4 and 0.9 Hz where the magnitude of the
disturbance effects in area 2 is greater than 0..02 per unit. The
sensitivity region for area 1 frequency is bigger, from 0.01 to
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1 Hz, with a maximum value of 0.25 per unit at 0.27 Hz. We
can conclude that area 1 frequency is more sensitive to load
variations in area 1, and disturbances with spectral content
inside the previously highlighted zone could cause major
effects to system frequency in area 1.

Figure 3 depicts the per unit Bode plot for Gpy, pp1(S).
Transferred power has a wider region of sensitivity to area 1
disturbances than the case of the frequency functions, with
values ranging from 0.001 to 1 Hz. Signals with harmonic
content inside of this region could cause disturbances in
transferred power. Figure 3 also shows a maximum peak value
of 0.25 in magnitude at the same frequency of Gy p.1(s).
There is no sensitivity for disturbances beyond 1 Hz, just like
the case of frequencies of both areas.

3.2. System Response to disturbances with different spectral
content

Results of sensitivity analysis are verified through
simulation, by the application of different disturbance signals
with spectral content inside the different identified regions.

Bode Diagrams of area freq to load changes in area 1
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Fig. 2. Bode plots for G, p;4(s) (dotted line) and G, p11 (s)
(solid line).
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Fig. 3. Bode plot for Gpy;,p1(s)
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Fig. 4. Time responses of Gy p1(s) (blue), and G, py1 ()
(green) and Gpq, p11 (s) (red) for different load disturbance
signals.

The resulting plots are depicted in Fig. 4. Sine waves of
different frequencies were applied as load disturbances in area
1, all of them having and unitary amplitude (per unit).
Comments on every response are listed below:

> At first, the system response a sine with a frequency
of 0.001 Hz shows activity only for the transfer function of the
transferred power between areas (Gpi,p11(Ss)); the response
for both area frequencies are almost zero, and it is hard to
separate each response in the resulting image.

» For a sine disturbance of 0.041 Hz, all the transfer
functions have a response. However, both Ggppq(s)
and Gg, p11(s) signals have a magnitude of about 0.05 (per
unit), and the amplitude for Gp,, p41 (s) has and absolute value
around 0.2 (per unit). This is expected from Fig. 3, as the
transfer function of transferred power reaches its second
maximum value at 0.041 Hz.

> As seen from figures 2 and 3, the maximum peak
response for all the transfer functions is reached at 0.27 Hz.
This is verified with a sine disturbance of this frequency value,
showing an amplitude for G, p;1(s) of an absolute value of
about 0.25 (per unit), just slightly bigger than the amplitude
of Gp12p11(s). Response for Ge, pp1(s) is also greater than
the other cases, too.

> Finally, a sine load disturbance of 5 Hz is applied.
For this frequency value, the Gy p.1(s) response is bigger
than the others, even when its magnitude oscillates around a
maximum absolute amplitude of 0.005 (per unit). This is
expected because the transfer functions Gs,pp4(s) and
Gp12,p11(s) have almost zero amplitude for frequencies over 1
Hz.

This simple simulation illustrates the possible application
of the results of the sensitivity analysis using Bode plots for
predicting the frequency regulation performance to load
disturbances. This could lead to the development of a useful
tool for the assessment of system performance with renewable
penetration, as shown in the next section.
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4. System Response to Wind Power Disturbances

We are interested in the determination of the effects of
renewable energy sources in power system frequency
regulation. In these way, and continuing with the previously
employed simulation scenario, let’s assume that a wind farm
is inserted in the generation mix of area 1. Using a wind profile
obtained from the database of Virgin Islands (USA) [19] as
the base for the source signal, we reproduce the generated
power from a set of typical wind turbines, denoted by AP, and
shown in Figure 5. Data is obtained for a complete day and
sampled by minute. For the sake of simulation, we assume a
sampling frequency of 1 second.

Since the wind farm does not contribute to the frequency
regulation schemes, its power variations are considered as
load variations in the area, so it is assumed that AP,; = APy, .
As we saw from the sensitivity analysis and the Bode plots
from previous section, there are some regions where the load
disturbances are more dangerous for the system. In order to
know whether this signal APy, belongs to these regions or not,
we obtain the periodogram using the Fast Fourier Transform,
as shown in Figure 5.

The main spectral content of APy, is concentrated below
0.05 Hz; for these values, only the transferred power AP;,(s)
could be affected for the spectral content of the signal. The
spectral content at 0.27 Hz (frequency of maximum
sensitivity) has a value of 0.0007123. Therefore, this mode
does not represent a real threat for frequency regulation with
the given wind power variations. The principal cause of
concern for the frequency regulation is the amplitude of the
variations in APy, going over 0.3 [p.u] at some points. Any
variation of about 30% of the rated area power will have
consequences regardless the kind of generation involved
(either conventional or renewable-based, or both).

4.1. Responses to wind power variations

Figures 7, 8 and 9 present the time responses for Af;, Af,
and AP;,, respectively, after the application of the signal APy,
as a load disturbance in area 1. As seen from APy, in Fig. 5,
the power generated from the wind farm under 500 seconds is
almost zero; consequently, the transferred power and both
time responses of the area frequencies remain almost
unchanged for the same time interval. In total, the simulation
lasts over 1400 seconds.
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Fig. 5. Wind power fluctuations APy,
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Fig. 8. Variations in area 1 frequency due to AP,; = APy,

The plots of frequency variations for area 1 and area 2
have a very similar behavior, differing almost exclusively in
magnitude. In both Fig. 7 and Fig. 8, the magnitude of the
frequency deviations is presented in per-unit system. In order
to have a better grasp of the size of the variations, some limit
deviations have been highlighted in both areas. The operating
frequency of the simulation is 60 Hz. Therefore, regions
involve variations with a maximum absolute value of 0.12 Hz
for area 2 and 0.3 Hz for area 1. These limit values are
intriguing because the trespassing of them could lead to
penalties for the generation entity, depending on the grid code
and the operation requirements [10].

The wind farm is located at area 1, acting as a load
disturbance to the frequency regulation scheme. Usually, the
parameters of the controllers in primary and secondary
frequency control are tuned in such a way that disturbances do
not propagate to the other areas. According to this fact, and
the sensitivity analysis performed in previous sections, it is
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somewhat straightforward that area 1 frequency (Af;) is more
affected, reaching the mentioned values of 0.3 Hz o getting
near them many times over the simulation. Also, as expected
from the sensitivity analysis, values of Af, are very low, only
exceeding 0.12 Hz at the extreme values of wind power
deviation. The average frequency deviations per-sample over
the simulation were Af] g, = 0.1625 Hz, and Af; 4 =
0.0455 Hz.

0.02

0.01

0.005 -

-0.005 -

AP [p.u]

-0.01 [
-0.015 -
-0.02 -
-0.025 -

-0.03 L .
0 500 1000 1500
time (seconds)

Fig. 9. Variations in transferred power due to AP,; = APy,

Fig. 9 demonstrates how transferred power time response
has a similar behavior to the area frequency plots, even though
it looks more disperse. The increased activity after 500
seconds can be attributed to the variations in wind power
generation after the same time period. As the area 1 frequency
starts to deviate from normal operation, transferred power also
starts to oscillate to compensate for frequency variations. The
average transferred power deviation per-sample over the
simulation was APy, g,,, = 0.2876 [p.u].

5. Conclusion

The use of Bode plots as analysis tool for the
determination of the impacts of load disturbances in frequency
regulation schemes shows that there are regions of major
impact according to the disturbance spectral characteristics.
The a priori knowledge of these sensible zones could lead to
the identification of dangerous disturbances, and the
development of compensation techniques that attenuate the
adverse effects in advance. This will come in handy for the
accommodation of renewable energy sources into the power
systems, a task that could lead to disturbances in frequency
regulations schemes, as it was observed the simulation of a
wind farm in a two-area power system.

The increased penetration of renewable energy sources
could also require call for the involvement of these kind of
generation in frequency regulation tasks. In turn, given the
new requirements and the different characteristics of
renewable energy sources with respect to conventional units,
this may result in the suggestion of different or additional
control loops in for frequency regulation for maintaining a
secure and stable network operation.
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