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Abstract—The most commonly used method for including pho-
tovoltaic system in the control of system frequency is to operate
a PV power plant at reduced power while maintaining a spe-
cific amount of available power reserve. Such operating regime,
often referred to as de-loaded, can cause additional costs and,
consequently, determining a required power reduction becomes
vitally important. This paper introduces a method for determin-
ing the required minimum de-loaded reserve of a photovoltaic
system. To achieve the desired result a parabolic approximation
of the system frequency response is developed to derive an explicit
function of the frequency nadir. Taking this approximation into
consideration, a method for determining the required minimum
de-loaded margin was developed and tested in a case-study which
observed a small power system consisting of several power plants.
To demonstrate the accuracy of the proposed parabolic approxi-
mation, the calculated approximate values of the frequency nadir
were compared to the values of the frequency nadir obtained
from the frequency response simulations performed on the power
system model developed in MATLAB/Simulink.

Index Terms—Parabolic approximation, frequency response,
power reserve, de-loaded margin, photovoltaic system.

NOMENCLATURE

a, b, c Coefficients of the parabola.
abase, bbase, cbase Coefficients of the parabola for the

base case.
C(s) Converter system transfer function.
C, L Converter capacitance and inductance.
d Moment at which photovoltaic system

reaches a maximum output.
D Load damping constant.
ε Damping factor.
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f Power system frequency.
�f Power system frequency deviation.
Fass(s) Laplace transform of the function fass(t).
fass(t) Assumed quadratic function of system

frequency.
fass’(t) Derivation of the assumed quadratic func-

tion of frequency.
FHP Fraction of the power.
fmin System frequency minimum, i.e., mini-

mum of a parabola.
fmin-base System frequency minimum of the base

power system.
fn Nominal system frequency.
fnadir System frequency nadir.
fsys(t) System frequency solution.
H System inertia constant.
Hn Decreased system inertia constant.
HPP(s), TPP(s), Transfer functions of the hydro, thermal
PV(s) and photovoltaic power plant
Ipv, Vpv Current and voltage of the PV plant.
k System inertia reduction coefficient.
K0 PV transfer function gain.
Kp, Ki PI controller coefficients.
L , L −1 Laplace transform/inverse Laplace

transform.
PHPP, PTPP, PPV Nominal power of the hydro, thermal and

photovoltaic power plant.
PB System base power.
PL Step load disturbance.
PPVPP(t) Photovoltaic power response in the time

domain.
Pr Photovoltaic system power reserve.
PVnew(s) Transfer function of the photovoltaic

power plant which considers the limita-
tion of the power reserve.

RH , RT , Rpv Droop constant of the hydro, thermal and
photovoltaic power plant.

rpv Dynamic resistance of the photovoltaic
power plant.

RT Transient droop.
s Laplace variable.
t Time.
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t1, t2, t3 Three different points for the
parabola determination.

TCH Control valve time constant.
Td Time delay constant.
TG Governor time constant.
tnadir Time of frequency nadir.
TR Reset time.
TRH Reheater time constant.
TW Turbine time constant.
u(t) Heaviside step function.
Vdc DC link voltage.
ω0 Undamped natural frequency.

I. INTRODUCTION

ACCORDING to the International Energy Agency
report [1], at the end of 2019, the total capacity of

installed photovoltaic (PV) systems in the world was around
620 GW. In 2020, an additional 140 GW of PV systems
is expected to be installed. The continuation of such rapid
growth in installed PV capacity and the increase in the share
of PV systems could negatively impact the power system
operation and potentially threaten the system stability. The rea-
sons for concern are: a lack of rotational mass in PV plants,
which causes minimal contribution to the overall system
inertia [2], and, the operation in the Maximum Power Point
Tracking (MPPT) mode means there is no power reserve
available for frequency control.

The literature dealing with the possibilities of PV partici-
pation in system frequency regulation can be classified into
two main groups. The first group consists of papers suggest-
ing combining PV systems with a particular energy storage
device, for example, a DC-link capacitor [3] or a battery [4],
both able to provide fast power reserve. The second group
of papers propose the operation of PV plants at the output
power below maximum power point, in the so-called de-loaded
mode, thereby providing a certain amount of power reserve.
The drawback of the first potential solution is the increase in
installation costs and because of the high energy storage price.
The drawback of the second suggested group of solutions is
the increase in operating costs and the potential loss of produc-
tion due to operation at a sub-optimal point. While there are
many existing papers [5]–[8] focusing on the optimal sizing
of energy storage in order to minimize costs; the literature on
analyzing and calculating the appropriate PV power reserve,
i.e., de-loaded margin of PV systems, is still relatively rare.

Some papers, such as [9]–[11], propose only the power
reserve control strategy for PV systems without discussing
the amount of actual power reserve that needs to be con-
trolled. It has been shown that the reference power reserve
can be maintained either at the fixed amount [9] or at the
amount equal to a fixed percentage of the maximum available
power [10]. Generally speaking, the amount of desired power
reserve can be set to any given reference point within the
interval from near-zero to 100% of the available power [11].
Furthermore, a PV power reserve can be controlled without
additional hardware, as shown in [12]. In papers investigating
the improvements in frequency stability due to PV systems

participation in the frequency control a fixed de-loaded mar-
gin is usually used. In [13]–[15] the de-loaded margin is
predefined as 10% while in [16], 20% of the nominal power
was selected arbitrarily and without any further explanation.
The predefined PV de-loaded margin value of 10% is also
used for projects carried out in large-scale PV plants in order
to test their ability to provide ancillary service to the grid as
described in [17].

In [18], a wide-area measurement system (WAMS)-based
method is proposed to calculate a PV power reserve margin.
According to this reference, the PV system de-loaded mar-
gin was calculated to be over 40% which led to unacceptably
high costs. Furthermore, the study conducted in [19] showed
that maintaining a PV power reserve level in the interval of
10-20% is sufficient to improve the system frequency response
with a reasonable costs increase. On the other hand, in [20],
an amount of active power reserve created from curtailment
is not set to a fixed percentage but dynamically adjusted in
the intervals from 2.8% to 22.5% depending on the PV plant
size. Unfortunately, the impact on the system frequency con-
trol was not examined. Similar approach was taken in [21]
where the de-loaded margin of the PV system is dynamically
changed considering a 10 minute solar irradiation forecasts and
the operating conditions of the system. However, the explana-
tion of the selection process for obtaining the reserve values
is missing. Also, both of these papers provide little or no dis-
cussion regarding the impact the de-loaded margin has on the
amount of power reserve availability.

This paper presents a viable method for determining the
de-loaded margin of the PV system required to maintain the
frequency stability. The amount of power reserve required
to preserve the frequency stability is closely correlated with
the frequency nadir. The fundamental idea is to establish
a mathematical relationship between the frequency nadir and
the system parameters; such as, system inertia, load distur-
bance, PV power reserve, etc. In the existing literature several
methods for developing the analytical expression of the nadir
function can be found [22]-[26].

In [22], the authors derive the analytical expression of the
frequency nadir function for the single-machine power system
model with a reheat turbine. Similarly, the frequency nadir
function for the multi-machine (with reheat turbines) power
system model is derived in [23]. However, in order to derive
the explicit frequency-nadir function, the model of a multi-
machine power system must consist of the identical type
of generating units. Therefore, the method presented in [23]
cannot be applied to a mixed power generation system. For
this method to be feasible a low-order heat turbine model is
necessary.

The model presented in [24] takes into account the response
of various types of generating units but only a first-order
transfer function is used to approximate the real power plant
response. The simple method for determining frequency nadir
as a function of the system parameters is proposed in [25]
assuming the delivery of primary frequency response can be
modelled as a linear function. This paper, however, does not
consider the various turbine models. The research presented
in [26] expands the multi-machine power system model used
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in [23] by incorporating the impact of grid-forming convert-
ers. The realization of this method still requires the use of the
low-order turbine models.

Generally, the methods for the analytical derivation of
frequency nadir function presented in the literature can be
classified into two main groups according to the type of power
system and the turbine models used:

1) single-machine power system model with full-order
turbine model;

2) multi-machine power system model with low-order tur-
bine model.

To the best of our knowledge, the derivation of an ana-
lytical function of the frequency nadir for the multi-machine
power system with the full-order turbine models has not been
presented before. Therefore, obtaining an explicit function of
the frequency nadir with the method we propose can make
a valuable contribution. The novelty of the method is that it
can be applied to the multi-machine power system model con-
sisting of various types of generating units, and its utilization
of the full-order turbine models. Additionally, the method is
not computationally demanding and shows a high degree of
accuracy compared to the values obtained from the conducted
power system simulations. The analyzed power system model
includes hydro, thermal, and photovoltaic generation technolo-
gies. Furthermore, there are no limitations excluding other
technologies such as the wind power plant model presented
in [27].

In summary, the main contributions of this paper are:
• Development of a parabolic approximation of the system

frequency response;
• Establishment of the frequency nadir as an explicit

function of system inertia and PV power reserve;
• Determination of the required minimum PV power

reserve to maintain the system frequency stability.
This paper is structured as follows: In Section II, a method

for parabolic frequency response approximation is developed.
Section III describes the determination of the required min-
imum PV power reserve margin. Section IV presents the
results, and Section V concludes the paper.

II. FREQUENCY RESPONSE PARABOLIC APPROXIMATION

A. Generation Unit Models

The model of hydropower generating unit is represented
with the governor, the transient droop compensation, and the
turbine transfer functions [28]:

HPP(s) = 1

RH
· 1

1 + sTG
· 1 + sTR

1 + s
(

RT
RH

)
TR

· 1 − sTW

1 + 0.5sTW
(1)

The model of thermal generating unit with a reheat turbine
cycle is represented with the governor and the turbine transfer
functions [28]:

TPP(s) = 1

R T
· 1

1 + sTG
· 1 + sFHPTRH

(1 + sTCH)(1 + sTRH)

(2)

Unlike the conventional power plant models which are well
known and widely used, a generic PV system model conve-
nient for system frequency response analysis has not yet been
adopted. In general, the PV system active power change can
be represented as (3):

�Ppv(s) = �ω(s) · 1

R pv
· C(s) (3)

where �ω(s) is the frequency deviation, Rpv is the droop
constant, and C(s) is the converter system transfer function.
In the literature [22], [29], C(s) is usually set to the value
of 1 as the converter dynamics are much faster than the
governor-turbine actions. However, in this paper, a more accu-
rate C(s) representation [11] will be used. It is represented
by a PI controller, delay, and typical second-order transfer
function.

C(s) =
1

PPV
·
(

Kp + Ki
s

)
· 2−Tds

2+Tds · K0
s2+2eω0s+ω2

0

1 + 1
PPV

·
(

Kp + Ki
s

)
· 2−Tds

2+Tds · K0
s

2 + 2eω0s + ω2
0

(4)

K0, e and, ω0 are given
by:

K0 = −Vdc

LC

(
Ipv + Vpv

rpv

)
(5)

ω0 = 1√
LC

(6)

ε = −1

2·rpv · Cω0
(7)

Finally, by inserting the real parameter values, which are
listed in Table III of the Appendix, into equation (4) the
transfer function of the PV system participating in frequency
control is obtained:

PV(s)= 1

Rpv
× 1.385 · 106s2 + 5.47 · 1010s + 2.77 · 1013

s4+40710s3+3.127 · 107s2+2.249 · 1011s+2.77 · 1013

(8)

B. Methodology

Ordinarily, the single-area multi-machine power system
model convenient for exploring and simulating the frequency
response is derived in Laplace s-domain. Transforming the
model from Laplace s-domain to the time domain leads to the
following equation:

�f (t) = L−1

⎧⎨
⎩

PL(s)

2Hs+D+∑n
i=1

1
RHi

HPP(s)i+
∑m

i=1
1

RTi
TPP(s)i+

∑k
i=1

1
Rpvi

PV(s)i

⎫⎬
⎭

(9)

where �f is the system frequency deviation; t is time;
L −1 denotes the inverse Laplace transform; HPP(s)i, TPP(s)i,

and PV(s)i are the transfer functions of the ith hydropower gen-
erating unit, thermal power generating unit, and photovoltaic
power plant respectively; n, m, and k represent the number
of hydropower plants, thermal power plants, and photovoltaic
power plants in the system respectively; RHi, RT i, and Rpvi

are droop constants of the ith hydro, thermal, and photovoltaic
power plant; PL is a step load disturbance; H is the system
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Fig. 1. Concept of developing frequency response parabolic approximation.

inertia constant; D is the load damping constant. Solving (9) is
very demanding and it can be numerically calculated only if
all the parameters are known. Furthermore, it is impossible
to express the frequency nadir as an explicit function of the
system parameters (e.g., H, PL, R, etc.) by solving (9).

To obtain a mathematical relationship between the
frequency nadir and the system parameters in the time domain,
a parabolic approximation of the system frequency response
following a load disturbance had to be developed. Only after
parabolic approximation was developed, the analysis of the
dependence of the frequency nadir on the system parameters
could be performed.

The idea behind the parabolic approximation of system
nadir stems from the observation that the general frequency
response curve in the part of the frequency response from
t = 0 (a start of frequency drop) to t = tnadir resembles
one half of the parabolic curve. This novel concept of devis-
ing frequency response parabolic approximation is depicted in
Fig. 1. Assuming the solution, frequency versus time, of the
system differential equation is in the form of the quadratic
equation, obtained by transforming the power system model
(Fig. 1) from Laplace s-domain to the time domain, it can be
written as:

fass(t) = at2 + bt + c (10)

where fass is the assumed function of frequency, t is the time,
and the numbers a, b, and c are the coefficients of the quadratic
equation.

Starting from the assumed solution of the system frequency
fass, the system solution can be written as:

fsys(t) = L −1
{

[−Fass(s) · [SYS(s)] − PL(s)]
1

2Hs + D

}
(11)

SYS(s) =
n∑

i=1

HPP(s)i +
m∑

i=1

TPP(s)i +
k∑

i=1

PV(s)i (12)

where Fass(s) is a Laplace transform of the assumed solution
fass(t). As can be seen from (12), the power system model
shown in Fig. 1 can consist of several power plants and each
would be modelled with its own transfer function and taken
into consideration in the total system equation (11). However,
for clarity and simplicity, just one block of HPPs, TPPs, and
PVs is shown in Fig. 1.

After the quadratic solution (10) is assumed, the quadratic
coefficients a, b, and c need to be determined. Since the
assumed solution fass and the system solution fsys represent
the same frequency response, the quadratic coefficients can be
found by setting the responses:

fass(t) = fsys(t) (13)

The quadratic equation is determined by three points. Inputting
the three different values t1, t2, t3 for t into (13), the system of
three equations with three variables (a, b, c) is obtained with
a unique solution.

C. Selecting the t1, t2, t3
Although the values t1, t2, and t3 cannot be arbitrarily cho-

sen, there are numerous sets of (t1, t2, t3) which can achieve
satisfactory results. One method for providing the selection of
appropriate values t1, t2, and t3 is described here. Considering
that the parabola mainly approximates the inertial response
part of the frequency curve, whose time frame is usually up
to a few seconds [30], it is reasonable to select values for t1,
t2 and t3 from these intervals. Additionally, the values are per-
mutable so if the selected values t1 = 1, t2 = 2, t3 = 3 are
a valid triplet, then the following permutated values are also
valid: t1 = 2, t2 = 3, t3 = 1 or similarly t1 = 3, t2 = 1,
t3 = 2 etc.

In particular, this paper shows t1, t2, and t3 were deter-
mined specifically for the power system which was used
to analyze the required minimum PV power reserve. The
considered 1 GW power system consists of one thermal
power plant (PTPP = 300 MW) and three hydropower plants
(PHPP1 = 250 MW, PHPP2 = 250 MW, PHPP3 = 200 MW).
Other parameters are given in Table II of the Appendix. It
should be noted that droop has to be expressed in per unit of
the system as:

R[p.u.] =R[%]

100

P

PB
(14)

where P is the nominal power of the power plant [MW], PB

is the system base power [MW], and R [%] is droop of the
generator.

Additionally, D is set to 0 for simplicity. The method is
performed in several steps.

1st step: Arbitrarily choose any value within the interval
from 0 to 4 seconds and insert it as t into (13). In this case,
the value 0.1 was chosen.

t1 = 0.1→Eq. (13) (H =3, PL = 0.05)⇒ f1(a, b, c) = const.

2nd step: Set several different values for t � = t1 into (13)

and for each of them obtain the second equation f2(a, b, c) =
const. In this case, the following values were chosen:

t21 = 1.5 f21(a, b, c) = const.

t22 = 2 → Eq. (13) (H = 3, PL = 0.05) ⇒ f22(a, b, c) = const.

t23 = 2.5 f23(a, b, c) = const.
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Fig. 2. Curves depicting the process of obtaining the point t3.

3rd step: Set t = t3 for t into (13) to obtain the third
equation f3(a, b, c, t3) = const.

t = t3 →Eq. (13) (H =3, PL = 0.05)⇒ f3(a, b, c, t3) = const.

4th step: Solve the systems of three equations f1, f2k, and
f3, k = 1, 2, 3 for a, b, c and obtain the minimum value as
a function of t3:

fmin(t3) =
(

c − b2

4a
+ 1

)
· fn

(f1, f21, f3) → a, b, c → fmin1(t3)

(f1, f22, f3) → a, b, c → fmin2(t3)

(f1, f23, f3) → a, b, c → fmin3(t3) (15)

5th step: Find t3 as the intersection point of the functions
fmin1, fmin2, fmin3 (see Fig. 2). In the observed case, for the
above selected values, the point t3 = 3.2 is obtained.

When the two points are known, t1 = 0.1 and t3 = 3.2, it
is necessary to find point t2. It can be done in the following
steps:

1st step: Obtain the functions f1, f2, f3 as:

t1 = 0.1 f1(a, b, c, H) = const.

t = t2 → Eq. (13) (H = H, PL = 0.05) ⇒ f2(a, b, c, H, t2) = const.

t3 = 3.2 f3(a, b, c, H) = const.

2nd step: Solve the system of three equations f 1, f 2, and
f 3 for a, b, c and obtain the minimum value fmin(H, t2) as
a function of H and t2 using (15)

3rd step: Draw the graphs of the functions fmin(H, t2) for
several H (e.g., H = 3, H = 4, H = 5, H = 6) (see Fig. 3). It
is evident from Fig. 3 that for any point t2, from the interval
1.5 to 3, the minimum value is not significantly changed.
Accordingly, the midpoint of the interval was chosen, i.e.,
t2 = 2.2. If value of the frequency minimum deviates signif-
icantly for various points t2, there are no valid sets (t1, t2, t3)
where t1 = 0.1. Therefore, a different value for t1 should be
chosen, e.g., t1 = 0.2, and a new set should be obtained.

Fig. 3. Process of obtaining the point t2.

Fig. 4. System frequency response approximated with a parabolic function.

D. Method Accuracy Evaluation

To show the accuracy of the proposed method, a parabolic
approximation of the frequency response was calculated con-
sidering the above-mentioned 1 GW power system. Inserting
t1 = 0.1, t2 = 2.2, and t3 = 3.2 into (13), along with
parameters H = 5 and PL = 0.05, the following coefficients
of the quadratic equation were obtained: a = 0.000820,
b = −0.006077, c = 0.000098. Recalling (10), the quadratic
function of the frequency deviation in per unit can be writ-
ten as:

�f (t) = 0.00082t2 − 0.006077t + 0.000098 (16)

The quadratic function of the system frequency expressed in
Hz can be obtained as:

f (t) = [�f (t) + 1] · fn (17)

To validate the accuracy of the proposed frequency
response parabolic approximation, the output of the simulation
model was used because the actual data and measurements
from a competent system operator are not easily accessi-
ble. Fig. 4 shows the comparison of the simulated system
frequency response and the obtained parabolic approximation.
The nominal system frequency fn is 50 Hz.
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TABLE I
COMPARISON BETWEEN fmin AND fnadir

Note that a parabola is translated two units horizontally to
the right since the load disturbance is set to occur in the 2nd

second. It can be seen that the parabola follows the frequency
response curve almost perfectly. Furthermore, in the system
response analysis, the main goal for developing a parabolic
approximation was to preserve the value of the frequency
nadir. To clarify, the minimum of the quadratic equation is
denoted as fmin and the minimum of the system frequency
response is denoted as fnadir.

Additionally, the comparison of the system response for
different values of H between fnadir, obtained by simula-
tions in MATLAB/Simulink, and fmin, obtained by calculating
the minimum value of the approximation function, was done
and shown in Table I. For the typical values of system
inertia (H = 3 stoH = 8 s), the fmin deviations from fnadir

are less than 0.01 Hz which is insignificant in the practical
applications.

One of the most important advantages of this method is
that adding power plants to the system does not make the
calculation more complex. Namely, by observing (11), one
can conclude that each new power plant comes into cal-
culation simply as an additional factor of the sum SYS(s)
(equation (12)). Because of the linear property of the inverse
Laplace transform, the calculation does not get more compli-
cated.

III. DETERMINATION OF REQUIRED MINIMUM

PV POWER RESERVE

To determine the required minimum PV power reserve for
participation in the system frequency control, while maintain-
ing the satisfactory inertial response, an appropriate margin of
PV power reserve needs to be defined. The problem is exam-
ined from the system operator’s standpoint. The determination
of the de-loaded margin of the PV system is carefully aimed
to maximize the contribution to the system frequency con-
trol with the minimally possible de-loaded margin. Therefore,
our definition of the “required” amount of reserves is primar-
ily related to the frequency response and the stability of the
system by finding the point at which the tradeoff between the
ability to provide the reserve and efficient energy production
is the most optimum. The specific costs and profitability in
general are not analyzed here.

The displacement of the conventional power plants by PVs
inevitably leads to a reduction of synchronous inertia which
causes faster frequency dynamics and, consequently, the
appearance of lower fnadir values. However, if the PV systems
participate in the system frequency control, the frequency sta-
bility is maintained since the PV system provides a very
fast dynamic response. The larger the PV power reserve is
maintained the better frequency response can be achieved.
Therefore, the paramount question is what amount of the
power reserve should the PV systems maintain? The gene-
sis for determining the amount of reserves, which is in this
paper referred to as “required minimum PV reserve”, is based
on the following:

i) If the power system consisting only of the conventional
power plants is analyzed and the event of load distur-
bance PL occurs, the frequency drop will be stopped at
a certain value marked as fnadir-conv

ii) By displacing a share of the conventional generators
with the PV power plants the frequency stability is dete-
riorated mainly due to the decrease of system inertia.
This leads to a lower value of the maximum frequency
drop fnadir-RES in the case of the same load disturbance
PL:

fnadir-RES < fnadir-conv (18)

iii) By including PV production units in the frequency con-
trol the values of the frequency nadir can be preserved.
The goal of the analysis was to determine the precise
amount of the reserve the PV power plant should main-
tain to achieve the identical system response as the
system with a lower share of PV production while
considering the same load disturbance PL:

fnadir-RES = fnadir-conv. (19)

The analyzed power system is the very same power system
already described consisting of one thermal power plant
and three hydropower plants. The case in which the third
hydropower plant is replaced with the PV power plant (PPV =
200 MW) is investigated. In this paper, although the transfer
function of the PV power plant described by equation (8) is
derived for the specific PV power plant with the nominal
power 2 kW. The same transfer function can be used for
the PV power plant with a greater nominal power since the
sum of many small PV power plants can be observed as one
aggregated large-scale PV power plant.

First, to analyze and determine the required minimum PV
power reserve, the coefficients of a parabola a, b, and c for
the base system without the PV power plant were obtained.
Recalling (13) and using already obtained values (Section II-
C) for this power system t1 = 0.1, t2 = 2.2, and t3 = 3.2,
the system of three equations was obtained. By solving the
equations, the coefficients a, b, c are obtained as a function
of the load disturbance and the system inertia (PL, H):

abase = PL
7.62H−0.88

16.27H3+7.38H2+10.43H−0.25
(20)

bbase = −PL
8.14H2+14.90H−2.07

16.27H3+7.38H2+10.43H−0.25
(21)
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cbase = PL
1.04H−0.74

16.27H3+7.38H2+10.43H−0.25
(22)

Second, since abase, bbase, and cbase are the quadratic equation
coefficients, a function minimum, i.e., a frequency minimum,
can be easily determined as:

�fmin−base(H, PL) = cbase− b2
base

4abase
(23)

fmin−base(H, PL) = [
�f min−base(H, PL) + 1

] · fn (24)

Third, the coefficients of a parabola a, b, and c should be
found for the power system with the addition of the PV power
plant. To consider the limitation of the maximum PV power,
i.e., amount of PV power reserve while performing the simu-
lations in MATLAB/Simulink, the saturation block was used.
However, the saturation block is a highly nonlinear element
and there were difficulties in representing it by an analytical
expression. To overcome the problem, this paper proposes the
use of Heaviside step function u(t) which is defined as:

u(t) =
{

0, t < 0
1, t = 0

(25)

Accordingly, the PV power response can be mathematically
described as:

PPVPP(t) = L −1{−Fass(s) · PV(s)} · [u(t) − u(t − d)]

+ Pr

100

PPV

PB
u(t − d) (26)

PVnew(s) = L [PPVPP (t)]/Fass (s) (27)

where Pr is the PV power reserve in [%]; PPV is the nominal
power of PV [MW]; PB is the base system power [MW]; d is
a moment at which PV power reaches its maximum power out-
put; L is Laplace transform; PVnew is the transfer function of
the PV system considering the limitation of the power reserve.
Given just the injection of the power reserve, stemming from
(26), the following can be concluded:

1) from t = 0 to t = d, a PV power plant increases the
power from 0 to Pr;

2) at a moment t = d, a PV power plant reaches maximum
power output;

3) for t > d,PV power plant continues to operate at
power Pr.

In the conducted simulation case, d was set to the value of
0.150 seconds. In this analysis, the value of d can be set freely
and be explained with two facts. The first fact is that a moment
at which PV power plant reaches its maximum power output
can be adjusted by changing the PV plant droop constant (Rpv).
The second, and the more important fact, is that the frequency
nadir is not affected by the change of Rpv. This trend is shown
in Fig. 5, which depicts the graph of frequency nadir as a func-
tion of droop constant Rpv. The analysis was conducted for the
system parameters: PL = 0.05 pu, H = 4s, Pr = 5% (0.01 pu).
It is evident that the change of frequency nadir is insignificant
for the wide range of values of the PV droop constant Rpv

(2%-10%).
Considering these facts, a parabola for the analyzed power

system was developed. Due to the differences in the number
and the types of generating units compared to the base power

Fig. 5. Frequency nadir as a function of PV droop constant Rpv.

system, new values of t1, t2, and t3, for this changed system
had to be found. Using the method described in Section II
the values of t1, t2, and t3 were obtained. However, in this
case, the same values as the previous ones, i.e., t1 = 0.1,
t2 = 2.2 and t3 = 3.2 were obtained. Again, recalling (13),
and solving the system of three equations, the coefficients a,
b, c were obtained as a function of PL, H, and Pr:

a = 12021.38PL−59.17Pr+3.12H2Pr−354.72HPr+190120.56HPL

406875H3+262367.03H2+301596.95H+50732.79
(28)

b = −18930PL+122.8Pr+390H2Pr−203437.5H2PL+814.3HPr−409358.5HPL

406875H3+262367.03H2+301596.95H+50732.79

(29)

c = −14638.88PL−5.81Pr−39.03H2Pr−74.61HPr+27539.20HPL

406875H3+262367.03H2+301596.95H+50732.79
(30)

Finally, a frequency minimum as a function of H, PL, and
Pr for this system can be calculated:

fmin(H, Pr, PL) =
(

c − b2

4a
+ 1

)
· fn (31)

IV. RESULTS

According to the definition for the required minimum PV
power reserve given by (19), the equations (24) and (31) are
equalized:

fmin(H, Pr, PL) = fmin-base(H, PL) (32)

Since an increase in the number of PV power plants that
substitute synchronous generators leads to a decrease in the
system inertia, (32) can be rewritten as:

fmin(Hn, Pr, PL) = fmin-base(H, PL) (33)

Hn = k

100
· H (34)

where Hn is the decreased system inertia constant, and k is
the reduction coefficient [%].

For the three different cases of decreased system inertia,
k = 90%, k = 80%, and k = 70% and PL = 0.05 pu, the
determined required minimum of PV power reserve is shown
in Fig. 6.

If the inertia constant for the base system is selected to
be H = 5s, and if after connecting the PV power plant the
inertia constant is decreased by 20% (i.e., Hn = 80%ofH),



8 IEEE TRANSACTIONS ON SMART GRID

Fig. 6. Required amount of PV power reserve for the different levels of
decreased inertia.

Fig. 7. Required minimum amount of PV power reserve for the different
load disturbances.

which corresponds to the previously analyzed case in which
the third hydropower plant is replaced by the PV power plant,
the maximum amount of PV power reserve does not exceed
3% of nominal power.

It is noteworthy to point out these results were obtained by
examining situations where hydropower plant production was
replaced by the PV power plants. The results for the required
minimum PV power reserve would be higher in the case of
observing the thermal power plant displacement because the
initial response of the these is superior to the hydropower
plants. However, the thermal power plants are usually not
turned on and off during a day in which they need to pro-
vide power since their start-up and shut-down times and the
operating costs are high. Thus, this case was not examined in
the paper.

The required minimum amount of PV power reserve
was also determined in the case of 20% decreased system
inertia (Hn = 80%H) for the different load disturbances,
PL = 0.05 pu, PL = 0.075 pu, PL = 0.1 pu, and the results
are shown in Fig. 7.

It can be seen that the required amount of PV power reserve
increases as the magnitude of disturbance increases. However,
the maximum amount of required PV power reserve is still

Fig. 8. Required level of PV power reserve Pr to maintain a frequency nadir
at the desired value.

below 10% of the nominal power even in the case where the
total load was changed by 10% (PL = 0.1 pu).

Additionally, using (31), the required capacity of Pr to
maintain a frequency nadir at the desired value for the var-
ious values of system inertia was determined. The analysis
was conducted for three different values of the minimum
allowed frequency (fmin = 49.50 Hz, fmin = 49.60 Hz and
fmin = 49.70 Hz) and results are shown in Fig. 8. A step load
disturbance PL is set to 0.05 or 5% of the total load.

The orange curve in Fig. 8 represents the values of the
frequency nadir for the same system but without the PV par-
ticipation in the system frequency control. If the system with
H = 5s is considered in the case without PV participation in
the system frequency control, it can be seen that the frequency
nadir is fnadir = 49.41 Hz. However, if fnadir is raised to
49.50 Hz, 49.60 Hz, or 49.70 Hz, in the case where the PV
power plant participates in the system frequency control, then
the PV power plant would need to be de-loaded for 3.9%,
8%, and 12% of the nominal power respectively. Fig. 8 also
shows that the higher the system inertia is, the lower PV
power reserve is required to maintain the frequency nadir at the
desired value. This is due to the slower frequency decline at
higher H, which provides more reaction time for the remaining
generating units.

V. CONCLUSION

In this paper, an approach to determine the required min-
imum power reserve of the PV systems participating in the
system frequency control was presented. The new approach
is based on the derivation of the frequency nadir as an
explicit function of the system parameters (i.e., system inertia,
load disturbance, and PV power reserve). To actualize the
proposed approach, parabolic approximation of the system
frequency response was developed. The approximation focuses
on preserving the values of the frequency nadir as this is con-
sidered the key indicator of the frequency response quality.
The advantage of the proposed parabolic approximation is
that it has only one extreme value corresponding to the real
frequency nadir which is easily determined if the coefficients
of the quadratic function are known. The analyzed power
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TABLE II
HYDROPOWER AND THERMAL POWER PLANTS PARAMETERS

TABLE III
PHOTOVOLTAIC POWER PLANT PARAMETERS [11]

system had a total capacity of 1 GW and consisted of one
thermal power plant and three hydropower plants. The calcu-
lation of the required PV power reserve was based on a novel
frequency response parabolic approximation, assuming vari-
ous levels of inertia reduction due to the grid connection of
the PV system (10%, 20%, and 30%). The results showed that
in the case of a 20% inertia reduction and a load disturbance
of 0.05 pu, the maximum required PV power reserve does not
exceed 3% of the nominal power. Although the results may
vary for a different system or system topology, this research
provides a basis for determining the minimum required PV
power reserve regardless of the changes within the system.

Future research could focus on obtaining an analytical
expression of the frequency nadir function for a multi-
area power system. In this case, the tie-line power flow must
be considered, which would increase the accuracy of the

approach. At this stage, we plan to obtain the real system
data for our validation study.

APPENDIX

See Tables II and III.
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[20] B.-I. Crǎciun, T. Kerekes, D. Séra, R. Teodorescu, and U. D. Annakkage,
“Power ramp limitation capabilities of large PV power plants with
active power reserves,” IEEE Trans. Sustain. Energy, vol. 8, no. 2,
pp. 573–581, Apr. 2017.

[21] C. Rahmann, C. Mayol, and J. Haas, “Dynamic control strategy in
partially-shaded photovoltaic power plants for improving the frequency
of the electricity system,” J. Clean. Prod., vol. 202, pp. 109–119,
Nov. 2018.

[22] J. Fang, H. Li, Y. Tang, and F. Blaabjerg, “Distributed power system
virtual inertia implemented by grid-connected power converters,” IEEE
Trans. Power Electron., vol. 33, no. 10, pp. 8488–8499, Oct. 2018.

[23] H. Ahmadi and H. Ghasemi, “Security-constrained unit commitment
with linearized system frequency limit constraints,” IEEE Trans. Power
Syst., vol. 29, no. 4, pp. 1536–1545, Jul. 2014.

[24] I. Egido, F. Fernandez-Bernal, P. Centeno, and L. Rouco, “Maximum
frequency deviation calculation in small isolated power systems,” IEEE
Trans. Power Syst., vol. 24, no. 4, pp. 1731–1738, Nov. 2009.

[25] F. Teng, V. Trovato, and G. Strbac, “Stochastic scheduling with inertia-
dependent fast frequency response requirements,” IEEE Trans. Power
Syst., vol. 31, no. 2, pp. 1557–1566, Mar. 2016.

[26] M. Paturet, U. Markovic, S. Delikaraoglou, E. Vrettos, P. Aristidou, and
G. Hug, “Stochastic unit commitment in low-inertia grids,” IEEE Trans.
Power Syst., vol. 35, no. 5, pp. 3448–3458, Sep. 2020.

[27] M. Krpan and I. Kuzle, “Dynamic characteristics of virtual inertial
response provision by DFIG-based wind turbines,” Electr. Power Syst.
Res., vol. 178, Jan. 2020, Art. no. 106005.

[28] P. Kundur, N. J. Balu, and M. G. Lauby, Power System Stability and
Control. New York, NY, USA: McGraw-Hill, 1994.

[29] R. Rajan and F. M. Fernandez, “Power control strategy of photovoltaic
plants for frequency regulation in a hybrid power system,” Int. J. Electr.
Power Energy Syst., vol. 110, pp. 171–183, Sep. 2019.

[30] K. Tuttelberg, J. Kilter, D. Wilson, and K. Uhlen, “Estimation of power
system inertia from ambient wide area measurements,” IEEE Trans.
Power Syst., vol. 33, no. 6, pp. 7249–7257, Nov. 2018.

Tomislav Baškarad (Graduate Student Member,
IEEE) received the B.Sc. and M.Sc. degrees in elec-
trical engineering from the Faculty of Electrical
Engineering and Computing, University of Zagreb,
where he is currently pursuing the Ph.D. degree. His
research interests include renewable energy sources
with emphasis on photovoltaic plants, mathematical
modeling of power systems, frequency stability, and
active power control.

Igor Kuzle (Senior Member, IEEE) is a tenured
Professor with the Faculty of Electrical Engineering
and Computing, University of Zagreb. His scientific
interests include electric power systems dynamics
and control, maintenance of electrical appliances,
smart grids, and integration of renewable energy
sources. He received the highest Croatian National
Science Award in 2018, for his outstanding contri-
bution in the field of smart grid applications in trans-
mission systems. In 2019, the Croatian Academy of
Sciences and Arts recognized him for excellence in

the technical field. He is a member of eight editorial journal boards and has
been a chairman of several international conferences.

Ninoslav Holjevac (Member, IEEE) received the
Ph.D. degree in electrical engineering from the
Faculty of Electrical Engineering and Computing,
University of Zagreb, in 2019, where he is
a Postdoctoral Researcher. He was a Visiting
Researcher with Tsinghua University, China, in
2016. His scientific interests include energy system
planning and modeling, and power systems dynam-
ics and control.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


