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Abstract— In a power system with a high-share of photovoltaic
systems, the frequency response can be improved by the
participation of photovoltaics in frequency control. If the
photovoltaic system operates at reduced power, in a so-called deloaded mode, and maintains a specific amount of power reserve,
then participation in system frequency control is usually realized
by a droop control method. The implementation of this method is
very simple, but it does not provide the recovery of PV power
reserve before the secondary frequency control reacts. This means
the PV system cannot provide additional support to the grid if a
new disturbance occurs in a short time following the first one. This
paper presents a novel approach for PV system control in
providing support to system frequency. The novel control
algorithm aims to enable rapid recovery of PV power reserve
which makes the PV system capable of providing support to the
cascading disturbance events. The development of such PV system
control model is based on a detailed mathematical analysis of the
dynamic frequency response. The effectiveness of the proposed
method was tested on a two-area multi-machine power system
model and through 4 different study cases.
Index Terms—photovoltaic system, frequency
approximation, variable droop, cascading events

I.

response

INTRODUCTION

T

o improve the stability of power systems with a high share
of photovoltaic (PV) power plants and wind power plants
(WPP), the PV systems and WPP should be able to participate
in system frequency control. As an example, in the Australian
power system, from year 2020 the primary frequency response
is mandatory for all scheduled and semi-scheduled generators.
This also applies to PV power plants, but it does not require a
headroom to be maintained by curtailment of output to allow
for increased output in response to low power system
frequency. When the PV power plants output is curtailed due to
network constraints, they may increase power above this
curtailed level in response to frequency drop based on the
specified droop settings [1]. Indeed, by enabling PV systems to
participate in the system frequency response, a significant
improvement in frequency recovery following a load
disturbance can be observed [2].
In general, the strategies represented in the literature for the
PV system participation in system frequency control can be
classified into two main groups. The first group focuses on
combining PV systems with a particular energy storage device.
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The role of the energy storage device is to provide fast power
reserve. A battery system [3] or DC-link capacitor [4] are
commonly utilized for that purpose. Due to the high installation
costs associated with the solutions proposed by the first group
of papers, the second group focuses on the operation of the PV
systems at the output power level below maximum power point
to enable providing a certain amount of power reserve if
needed. This kind of strategy of enabling the participation of
PV systems in the frequency control is usually based on a droop
method principle which is also commonly used in conventional
generators. The injected power to the grid during a frequency
drop is proportional to the frequency deviation from the
nominal value and that proportional factor is called the droop
constant Rpv. The advantage of this method is its high efficiency
in reducing the maximum frequency deviation from the
nominal value (fnadir).
However, the response dynamics largely depend on the droop
constant value Rpv which is not uniquely determined but is set
in the literature to different values from the interval of 1% to
5%. In that line in [5], a frequency droop curve is defined with
the droop constant value of 2%, while in [6] the rapid active
power control of the PV system with the droop constant value
of 3% is proposed. The WPP and PV systems ability to improve
the system frequency response in U.S. power grids is examined
in [7] where the droop constant value of 5% was used in the
tests and provided satisfactory results regarding the mitigation
of negative effects caused by increased renewable penetration.
The research presented in [8] analyses the large-scale PV power
plants with frequency support functions for the transmission
systems. The PV support to the system was achieved by setting
the droop constant value to 3%. To demonstrate the feasibility
of the droop control method for PV participation in the system
frequency control, National Renewable Energy Laboratory
(NREL) conducted frequency droop control tests on a 300 MW
PV power plant [9]. The tests showed that PV power plant can
provide a satisfactory response with 3% and 5% droop settings.
In the above-mentioned papers [6]–[9], the fixed droop
constant is used. The disadvantage of using a fixed droop
constant is that in this way the PV system can only contribute
to one disturbance and thus does not exploit the full potential of
PV system fast dynamic response. In other words, only after the
secondary frequency control returns the frequency back to the
nominal value, which can take longer than 5 minutes, the PV
system will recover the power reserve and become able to react
again to the next disturbance.
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The ability to react to each of the several consecutive
disturbances in a short period of time, i.e. to cascading events,
is very important because these situations can greatly endanger
the stability of the system. One such situation has caused blackout in the Swedish and Danish power systems [10]. After the
first load disturbance of 1200 MW, the system managed to
stabilize frequency, but a few minutes later a new disturbance
occurred which eventually caused the system to collapse. A
review of the major blackouts around the world caused by
cascading events can be found in [11].
For the PV system to be able to respond and counter the
multiple disturbances in the cascading event, the PV system
must, after responding to the first disturbance, recover its power
reserve as soon as possible. This can be achieved by
implementing a variable droop constant control, but two things
need to be carefully considered:
1. Starting moment of the PV power reserve recovery;
2. Trajectory of the PV power reserve recovery process
after its start.
Both of the above-mentioned aspects must be precisely
determined to avoid a potential secondary frequency dip. The
appearance of this secondary frequency dip is already known as
a possible side effect of the wind power plant (WPP) inertial
response [12]. The phenomenon of secondary frequency dip has
also been observed in the participation of the PV system in the
frequency control [13].
There are just a few papers that introduce a term of variable
droop control for the PV systems. The paper [14] proposes the
use of the variable droop gain to recover the power reserve after
the primary response timescale. However, there is no discussion
on the parameters on which the proposed variable droop gain
function depends and the implementation of the method is
missing. A recent study [15] presented an approach based on a
variable droop characteristic to recover PV power reserve. The
power reserve was successfully recovered, but the recovery
process caused the secondary frequency dip because it was
activated only after the frequency oscillations were damped.
The concept of the variable droop method is also found in [16]
but for the opposite effect, i.e. to maintain the maximum
injection of power reserve. In [17], the developed PV system
controller adjusts the droop constant values according to the
conditions in the system to obtain a desired response of the PV
system, but it does not realize the PV power reserve recovery.
Generally, the methods presented in the literature can be
classified according to the type of droop constant used:
a) A fixed droop constant in which the PV power reserve can
be only partially recovered using higher values of droop
constant, but that inevitably minimizes the effect on reducing
the fnadir [6]–[9].
b) A variable droop constant in which the PV power reserve
can be fully recovered but without the avoidance of the
secondary frequency dip [14], [15] and without addressing the
possibility to contribute to the cascading events [14]–[17].
To improve on the identified shortcomings of current
methods proposed in the literature this paper presents a novel
PV system control algorithm that enables rapid recovery of PV
power reserve. This makes the PV system capable of providing
support to the cascading load disturbance events. The recovery
process is done in less than 10 seconds and does not cause the
occurrence of the secondary frequency dip by activating the

Fig. 1. Typical frequency and system power response to a sudden load increase
or loss of generation
(red line)

recovery process at the exact moment when temporary excess
of power in the system occurs.
By analyzing the frequency response of a power system, it
was observed that at the particular moment (tPmax) after the
maximum frequency deviation (tnadir), the total injected power
to the system is greater than the size of the occurred disturbance
as Fig. 1 shows. That appearance of power surplus is explained
by the generator's inertia and their inability to change
generating power momentarily which inevitably leads to
oscillatory response. Therefore, the optimal moment to start the
PV power reserve recovery is the moment tPmax when max
power surplus in the system occurs.
The papers dealing with the mathematical analysis of
frequency response mainly focus on the point of fnadir trying to
approximate its value [18] or trying to derive its explicit
function [19].
In that line of mentioned analysis, the proposed paper
extends the previous research on fnadir by presenting a
mathematical analysis of the moment tPmax and its
corresponding frequency value fPmax. The focus is on
establishing the relationship between fnadir and fPmax that are for
a general case shown in Fig. 1. To do that, the paper introduces
an exponentially damped sinusoid curve fitting method of
frequency response measurements. The development of phasor
measurement units (PMUs) has made it possible to combine
local frequency measurements to obtain a broader picture of the
global system frequency. The concept of Center of Inertia (CoI)
frequency is most commonly used to describe and represent the
global system frequency. To obtain the CoI frequency curve,
different curve fitting techniques are presented in the literature.
In [20], the frequency response curve of the Great Britain power
system was approximated by a fifth-order polynomial. The
required degree of a polynomial that gives satisfactory
approximation results depends on the duration of the frequency
response curve, therefore in [21] a variable-order polynomial fit
of frequency response is presented. In general, the longer the
observed frequency response interval, the higher the degree of
the polynomial is required for curve fitting. The method
proposed in [22] estimates the CoI RoCoF using only the slope
of the linear function. Although polynomial curve fitting is
effective and accurate, the advantage of the proposed method,
i.e., curve fitting with an exponentially damped sinusoid, is that
the mathematical relationship between fnadir and fPmax can be
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obtained analytically, which is not possible if higher-order
polynomial functions are used in polynomial curve fitting.
There are also methods in the literature that are not based on
curve fitting methods, however, those methods, along with the
PMU measurements, usually require additional input data. The
network admittance matrix needs to be available for the method
presented in [23], the size of the disturbance was assumed to be
known in [24], while many detailed generators’ parameters are
necessary for the method proposed in [25]. With additional data
available, these methods show high accuracy over the entire
frequency response interval duration. However, for the
proposed method in the paper, such high accuracy is not
required, since only fnadir and fPmax estimations are required.
Therefore, only PMU measurement is needed while knowledge
of precise detail of network, generators and load data is not
required for the effectiveness of the proposed method.
In summary, the main contributions of this paper, as
identified in the two main fields mentioned in the presented
literature review, are:
• Establishment of an approximative measurement-based
mathematical relationship between fnadir and frequency
value at the moment of the max power surplus in the system
fPmax.
• Development of the control algorithm that enables the PV
system to recover power reserve and to provide continuous
frequency support in the case of cascaded disturbance
events.
This paper is structured as follows: In the Section II, a
mathematical expression that relates the variables fnadir and fPmax
is derived. Section III describes the proposed photovoltaic
system control model. Section IV presents the results. Section
V provides a discussion and sensitivity analysis, and Section VI
concludes the paper.

where H is the system inertia constant, f is the system
frequency, D is the load damping constant, s is the Laplace
operator, ΔPL is the step load disturbance, PPn represents power
plant dynamics, n is the number of power plants in the system,
and Pg is the system power response.
Applying the Inverse Laplace Transform to equation (1), the
function of system power response in the time domain is
obtained:
Pg (t) = 2H∙f' (t) + ∆PL (t) + D∙f (t)

(2)

Now, the fPmax point can be calculated by finding the extreme
values of function expressed by equation (2):
Pg ′(t) = 2H∙f'' (t) + D∙f' (t) = 0

(3)

Solving equation (3) returns the point tPmax by which the point
fPmax can be obtained as expressed in equation (4):
fPmax = f (tPmax)
(4)
In general, the exact form of the function f(t) i.e. frequency
versus time, is obtained by solving the differential equation
describing the load frequency control, which is presented in the
block diagram on Fig. 2. However, the function of frequency
f(t) obtained in this way is unwieldy and inapplicable for further
calculations. Hence, the frequency f(t) should be defined by a
function that is suitable for calculating fnadir and fPmax while
maintaining a satisfactory approximation accuracy. For this
purpose, this paper proposes the following expression for the
frequency function:
f (t) = A∙e-b∙t ∙sin(w∙t+c)+d

(5)

where A, b, w, c, and d are the coefficients of the damped
sinusoid function. The idea behind proposing such a function
stems from the observation that the general frequency response
curve behaves as an exponentially damped sinusoid. In
addition, if the power system from Fig. 2 is modelled as a
single-machine power system with a reheat turbine, as it was
II. MATHEMATICAL ANALYSIS OF THE SYSTEM FREQUENCY
done in some papers such as [4], then the frequency response of
RESPONSE
that system is precisely an exponentially damped sinusoid.
To derive a mathematical expression that relates the variables
To show the effectiveness and accuracy of the proposed
fnadir and fPmax, it is necessary to define the mathematical
approximation, the frequency response of the recent actual
function of the system power response. Referring to the general
disturbance on the 8th of January 2021 [26] was approximated
load frequency control model shown in Fig. 2, that is based on
by function expressed by equation (5) and the comparison is
the swing equation, equation (1) can be written as:
shown in Fig. 3. The shown system event occurred in the
n
Continental Europe (CE) Synchronous Area during which it
f (s)∙ ∑ PPn (s) = Pg (s) = 2H∙s∙f (s) + ∆PL (s) + D∙f (s) (1) was separated into two synchronous areas [26].
1
Fig. 3 shows the measured frequency from the northwest
synchronous area after the separation where a deficit of power
led to a frequency decrease. As can be seen in Fig. 3, the
Power plant dynamics PPn(s)
frequency approximation with equation (5) follows the
measured frequency well.
Primary frequency
G1(s)
Referring to equation (5), the expression for frequency nadir
control
Power system dynamics
ΔPL
can be found as follows by equations (6) and (7):
Primary frequency
control

Primary frequency
control

G2(s)

Gn(s)

+
+
+

Pg

+
-

1
s

(2H)-1
System
inertia

Integrator

D
Load damping dynamics

Fig. 2. General load frequency model

f

f' (t) = 0 → tan(w∙tnadir +c) =
b

w

f(tnadir ) = fnadir = A∙e- w∙[arctan( b ) - c] ∙

w

(6)

b

w
√w2 +b2

+d

(7)

Firstly, substituting equation (5) into equation (3) and solving
such obtained expression, the point tPmax is found as expressed
in equation (8).
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value of at least d=49.82 Hz after the primary frequency control
reacts, then according to equation (14) the system power will
not reach its maximum value before the system frequency
reaches the frequency value f=49.365 Hz. The exact expression
for fPmax as a function of the fnadir and the coefficients of the
damped sinusoid is given by equation (15).
b

w

fPmax = 2∙e- w∙arctan( b ) ∙

b
√w2 +b2

∙ (fnadir - d) + d

(15)

III. PROPOSED PHOTOVOLTAIC SYSTEM CONTROL MODEL
Derived from the mathematical analysis described in the
previous section the proposed PV system control model has two
different modes, each with its own main purpose:
Mode A has the function to enable PV participation in
frequency control and to enable the contribution of the PV
system to the reduction of fnadir.
Fig. 3. Measured system frequency and approximated system frequency
expressed with a damped sinusoid function

Mode B has the function to perform the PV system power
reserve recovery process thus enabling the continuous
frequency support in case of the cascading disturbances.

A. Mode A: PV system participation in the frequency control
The development of PV system participation function used
in this paper follows the well-researched phenomenon of the
participation of the PV system in the frequency control and
contribution to fnadir reduction using the droop based approach.
In this paper the chosen strategy to enable the participation of
PV systems in the frequency control is based on the operation
w∙t
+c
w
2H∙f'' (t) = 0 → tan( Pmax ) =
(8) of PV system at the output power below maximum power point,
2
b
in the so-called de-loaded mode. Considering this fact, the
b
w
- ∙[2∙arctan( ) - c] 2∙b∙w
function of mode A was simply achieved by implementing a
w
b
(9)
f(tPmax ) = fPmax = A∙e
∙ 2 2 +d
w +b
fixed droop control method (Fig. 4), as this method was proven
Finally, having (7) and (9), the mathematical expression that to be very effective.
relates the variables fnadir and fPmax is derived in equation (10).
The common values for the droop coefficient Rpv are from the
interval
1% to 5%, while the transfer function of the converter
b
w
fPmax - d
b
= 2∙e- w∙arctan( b ) ∙
(10) system PV(s) is represented as a first-order transfer function
fnadir - d
√w2 +b2
[29] or even set to the value of 1 [4] as the converter dynamics
Substituting w/b in equation (10) with the new variable x gives: are much faster than the governor-turbine actions.
1
fPmax - d
1
fgrid
= 2∙e- x∙arctan(x) ∙
(11)
fnadir - d
√1+x2
The maximum and minimum values of equation (11) are
ΔP
1
Dead
PV(s)
reached as x approaches zero and infinity, respectively:
Rpv
Band
+
1
1
2
- ∙arctan(x)
lim (2∙e x
∙
) = ≈0.735
(12)
𝑥→0
𝑒
√1+x2
fn
1
1
- ∙arctan(x)
lim (2∙e x
∙
) =0
(13) Fig. 4. Mode A - the concept of droop control method for PV systems
𝑥→+∞
√1+x2
participation in frequency control
Furthermore, substituting t with tPmax in equation (5), the point
fPmax is obtained as expressed in equation (9). The following
calculations were done with parameter D set to 0 in equation (3)
because the value of D is very small, normally around 0-2 ([19],
[27]), and does not significantly affect the values of tPmax and
fPmax.

Taking into account equation (12), the point fPmax can be limited
to the lowest possible value with respect to the point fnadir:

B. Mode B: PV system power reserve recovery process
The development of the algorithm that performs the PV
system
power reserve recovery process as fast as possible
fPmax > 0.735∙fnadir + 0.265∙d
(14)
without deteriorating the frequency response represents the
It should be noted that the parameter d represents the quasi- second of the two contributions of the paper. Two main outputs
steady-state frequency value and according to ENTSO-E of the developed algorithm are:
1. The determination of a starting moment (fPmax) of the
Operation Handbook [28], the minimum permissible quasiPV power reserve recovery;
steady-state frequency value is 49.82 Hz. For instance, if
2. The performance of the whole duration of the PV
following a disturbance, the frequency drop stops at fnadir=49.2
power reserve recovery process.
Hz, and assuming that frequency has to be restored back to the
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The starting moment fPmax is determined using the derived
expression of the equation (15). To find the necessary
coefficients b, w, and d the frequency response needs to be
approximated with the exponentially damped sinusoid as
expressed by equation (5). To perform that function, the curve
fitting tool is utilized. By sampling the frequency and passing
the data to the curve fitting tool, the approximation of the
frequency with the exponentially damped sinusoid function can
be obtained in real-time. Since equation (5) has five
coefficients, the curve fitting tool requires at least five samples
to start the calculation. Since the time to reach fnadir can be up
to 10 seconds, using a sampling period of 50 ms provides a
sufficient number of points for an accurate approximation. The
illustration of the process is shown in Fig. 5. The sampling
process and coefficients calculation stop when the frequency
reaches the value of fPmax. The parameter fnadir which is also
needed to calculate fPmax from equation (15) can be simply
determined by measuring the frequency and passing the
minimum value that occurs during this process to the output.
To recover the power reserve provision capability, the PV
system must reduce the injection of its power to the grid, as was
mentioned previously. The reduction of power should be
smooth and gradual to avoid the sudden and large changes in
PV power which could lead to a secondary frequency dip. To
realize a function for reducing the injection of PV power in the
desired manner, a dynamic change of the droop constant Rpv
was introduced. By dynamically decreasing the value of droop
gain 1/Rpv, the injection of PV power reserve is consequently
reduced. The linear decrease of droop gain 1/Rpv depending on
the system frequency is proposed and shown in Fig. 6. As
shown in Fig. 6, the initial value of the drop gain 1/Rpv at the
frequency fPmax is calculated as the ratio of the amount of PV
power reserve Pr [p.u.] and fPmax [p.u], while the value of 0 is
reached at the quasi-steady-state frequency value fss.
According to Fig. 6, the mathematical function can be written
as shown by expression in equation (16):
1
Rpv

(f ) = a∙f + b

(16)

where a and b are the coefficients of the linear equation. By
knowing two points that a line passes through, the coefficients
a and b can be determined.
(f1,t1)
(f2,t2)
(f3,t3)
(f4,t4)

1 [pu]
Rpv
Pr
fPmax

f [Hz]

0

fPmax

fss

Fig. 6. Dynamic change of droop gain as a function of the system frequency

Given the two points in Fig. 6, the coefficients a and b are
obtained as followed in equations (17) and (18):
a=

Pr
fPmax[p.u.] ∙(fPmax - fss )

b = - fss

=

fn ∙Pr

fn ∙Pr

Curve fitting
tool
f(t)=A·e-b·t·sin(w·t+c)+d

(18)

(fn - fPmax )(fPmax - fss )

where fn [Hz] is the nominal frequency.
C. Coordination
Coordination and accurate triggering of both functions
included in Mode A and Mode B is a crucial step. The trigger
for Mode A is reaching of the set permissible threshold of
measured ROCOF values which results in the control algorithm
switching to Mode A. The trigger for Mode B is equalization of
the measured frequency with the calculated value of fPmax
resulting in the control algorithm switching to Mode B. The
mentioned switching between defined modes is realized with
the additional control subsystem shown in Fig. 7 that prevents
both control modes to be activated simultaneously.
Finally, Fig. 8 shows the flowchart of the entire proposed
control algorithm.
df
> ROCOFthreshold
dt
f > fPmax && f > fnadir

S

Q

[R] !Q
S

Q

+
+

2

[R] !Q
Sampling period
50 ms

(17)

(fn - fPmax )(fPmax - fss )

Mode A
Mode B

1
2
Multiport
Switch

Fig. 7. Control subsystem achieving the coordinated switching between modes
A and B

Frequency [Hz]

(f5,t5)

A

Time [s]
Fig. 5. The illustration of the curve fitting process

b

c

d

w

IV. RESULTS
The efficiency of the proposed method was tested on a twoarea multi-machine power system. The schematic diagram of
the power system is shown in Fig. 9. The nominal power of both
areas is 1 GW. Area 1 consists of one thermal power plant
(PTPP1=400 MW) and two hydropower plants (PHPP1=250 MW,
PHPP2=350 MW). Area 2 consists of one thermal power plant
(PTPP2=300 MW), two hydropower plants (PHPP3=300 MW,
PHPP4=200 MW), and one photovoltaic power plant (PPV2=200
MW). The tie-line capacity was set to 200 MW. The models of
hydropower plants and thermal power plants are represented
with the full-order turbine models.
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TPP(s) =

START

1
RT

∙

1
1 + sTG

∙

1 + sFHP TRH
(1 + sTCH )(1 + sTRH )

(20)

The model of PV system convenient for system frequency
response analysis (Fig. 4) is represented by equation (21):

Frequency and ROCOF
measurement

∆Ppv (s) = ∆f (s)∙

1
Rpv

∙ PV(s)

(21)

where PV(s) is the first-order transfer function available in the
literature [29] and expressed by equation (22):
df
> ROCOFthreshold
dt

NO

PV(s) =

∆Pc-i =Ki ∙ ∫ ACEi ∙dt

Δf > Deadband

YES

Mode A

Injecting the power reserve

ΔPr = Δf

Curve fitting tool

Sampling
period
50 ms

1

1

f(t)=A·e-b·t·sin(w·t+c)+d

Rpv-fix

b,w,d
fPmax calculation
using Eq. (15)

fnadir Minimum
value

f

f

fPmax

(23)

where i is the area number, ΔPc-i is a correcting variable of the
area i, Ki is the integral gain, and ACEi is the area control error
in the area i and is defined in equation (24):
ACEi = ∆Ptie - β∆f
(24)
where β is the frequency bias factor, and ΔPtie is the tie-line
power deviation [28]. The parameters of all elements are given
in Table I in the Appendix.
A. Case study 1: PV power reserve recovery
This case study analyzes the implemented PV power reserve
recovery algorithm. The system frequency response was
simulated for a step load disturbance of PL2=0.1 p.u. in Area 2
of the case study power system. The amount of PV power
reserve for participation in the system frequency control was set
to 5% of the nominal power according to previous work of
authors presented in [18]. The results are shown in Fig. 10.

f > fPmax

NO

(22)

Secondary frequency control of each area is realized by the
integral regulator [28] as shown in equation (23):

YES

NO

1
1 + sTpv

&&

f > fnadir
YES
Mode B

PV power reserve recovery

ΔPr = Δf R 1 (f)
pv-dyn.

a)

Fig. 8. The flowchart of the proposed control algorithm for Power System
Frequency Support in Case of Cascading Events
AREA 1

AREA 2

HPP1
HPP2
250 MW 350 MW

HPP3
HPP4
300 MW 200 MW

PV
200 MW

Tie line

PL2

PL1
TPP1
400 MW

TPP2
300 MW

Fig. 9. Single-line diagram of the case-study power system

In addition, the model of hydropower generating unit is
represented with the governor for primary frequency control,
transient droop compensation, and the turbine transfer functions
[30] expressed by equation (19):
HPP(s) =

1
RH

∙

1
1 + sTG

∙

1 + sTR
R
1 + s( T )TR
R
H

∙

1 - sTW
1 + 0.5sTW

(19)

The model of thermal generating unit with a reheat turbine
cycle is represented with the governor for primary frequency
control and the turbine transfer functions [30] expressed by
equation (20):

Fig. 10. a) The comparison of the frequency responses with (blue line) and
without (dashed orange line) novel PV system control and b) the corresponding
PV power response with (blue line) and without (dashed orange line) novel PV
system control
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The main observations are listed as:
i. The impact of the proposed PV system control on the
frequency response is no different from the conventional
control in terms of the frequency nadir;
ii. PV power reserve recovery process using proposed
algorithm does not deteriorate the frequency response i.e.
the secondary frequency dip is avoided. Moreover, with the
proposed PV system control, the frequency response is
significantly less oscillatory. There are two main reasons
for these achievements. Firstly, the PV power reserve
recovery process was started at fPmax when the total injected
power to the system is greater than the size of occurred load
disturbance. Secondly, the process was carried out in a
gradual manner which was achieved by implementing the
dynamic change of the PV droop gain 1/Rpv.
iii. Recovery process is complete in less than 15 seconds after
the first disturbance, meaning the PV system becomes
ready to provide support for new potential disturbances
very soon after the initial disturbance. This is a significant
improvement over the conventional methods where the PV
system becomes ready to provide additional support only
after the frequency reaches a nominal value, which can take
up to several minutes.
B. Case study 2: Cascading event
This case study examines the capability of the proposed PV
control in case of the cascading event. To simulate a cascading
event, it was assumed that two generators with a nominal power
of 100 MW were operating in the hydropower plant HPP4 in
Area 2. The cascade failure of both generators was simulated,
with the failure on the second generator following about 30
seconds after the failure on the first generator. As in case study
1, the amount of PV power reserve was set to 5% of the nominal
power. Again, the comparison of the system frequency response

with the conventional method and with the proposed method is
analyzed. The results are shown in Fig. 11.
The frequency nadir is the same for both methods for the
failure of the first generator, which is a desirable behavior as
discussed in the previous case study. However, a significant
difference considering the frequency nadir can be seen when
the failure of the second generator occurs. Fig. 11 shows that an
improvement of 0.13 Hz considering the frequency nadir was
achieved by employing the proposed method for the PV power
reserve recovery. This improvement could be even greater in
the case of a larger amount of PV power reserve (e.g. 10%). The
observed improvement is very important because otherwise, in
this particular case, the under-frequency load shedding
protection would have been activated (fnadir <49.2 Hz). Besides
the obvious improvements in the value of fnadir, an improvement
considering the amplitude of frequency oscillations can be also
noticed in Fig. 11, particularly for the case of subsequent
disturbances (0.49 Hz compared to 0.68 Hz).
C. Case study 3: Power system splitting
This case study examines the effectiveness of the proposed
method in case of a cascade outage scenario that leads to system
splitting. This is considered to be the most challenging scenario
for the demonstration of the method performance because, in
addition to simulating a power system splitting scenario, an
additional aggravating circumstance is that this occurs at a
moment when the PV power reserve is still recovering. To
simulate a cascade outage scenario that leads to system splitting
it was assumed that Area 2 imports 50 MW from Area 1. At
t=8s, a 100 MW generator failure in HPP3 located in Area 2
occurs, which leads to line overload and consequently to the tieline trip, eventually resulting with the system splitting. The
results are shown in Fig. 12. As can be seen at the moment when
the PV power was only half recovered (t=8s), the system splits.

Fig. 11. The comparison of frequency response in case of the cascading event for the system with proposed PV control (blue line) and for a case without
proposed control (red line)
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a)

frequency even if it is in its unfiltered form (blue curve). The
true fPmax value is determined according to the time tPmax of the
maximum system power (an orange curve) Pmax. The estimated
fPmax is determined according to equation (15). The difference
between these two values is negligible (0.01 Hz). Additionally,
as already mentioned, due to inertia, the generators cannot
change their outputs instantaneously and therefore the favorable
values for fPmax can be from a certain frequency range. As shown
in Fig. 13, a deviation of only +/- 2% of Pmax (two dashed green
vertical lines) corresponds to the 0.07 Hz frequency range
(49.70 Hz to 49.77 Hz) and the difference of the value obtained
by the proposed method falls well within these boundaries.

Fig. 12. a) The comparison of the frequency responses with (blue line) and
without (dashed orange line) novel PV system control and b) the corresponding
PV power response with (blue line) and without (dashed orange line) novel PV
system control in case of system splitting

D. Case study 4: Unfiltered frequency
This case study was developed to demonstrate the
effectiveness of the proposed method for estimating the fPmax
point when subjected to unfiltered frequency curves. This is due
to, on the one hand, simulations of power system models
usually giving the so-called mean equivalent frequency, while
on the other hand, actual frequency measurements often
including low-pass filters or a moving average. Therefore, in
both of the above-mentioned cases, the output frequency is
filtered. To create a frequency shape that is oscillatory and
unfiltered, parameters (T12, β, and Ki) of the power system
model have been dynamically changed during the simulation. It
should be noted that the purpose of changing the parameters
during the simulation is not to create or represent some specific
conditions in the grid but only to obtain random frequency
shape suitable for the purpose of the test. Fig. 13 shows the
obtained results. It can be seen that a proposed exponentially
damped sinusoid (dashed blue curve) fits very well the system

Fig. 13. The effectiveness of the proposed method to estimate fPmax of the
unfiltered frequency curve

V.

DISCUSSION AND SENSITIVITY ANALYSIS

The case studies presented in Fig. 11 and Fig. 12 indicate that
the effectiveness of the PV power reserve recovery and
contribution to the frequency response highly depends on the
moment of a subsequent disturbance occurrence. The moment
of a subsequent disturbance and its impact on the PV power
reserve recovery process can be analyzed regarding three
phases of the frequency response as shown in Fig. 14.
Phase 1
- recovery phase not yet

Phase 2
- PV power reserve

Phase 3
- PV power reserve

initated

recovery process started

completely recovered

fss

Frequency

From Fig. 12, it can be concluded that in case a new
disturbance occurs at the moment when the PV is recovering its
power reserve, the recovery process gets interrupted and the PV
contributes to the frequency control with the amount of power
that was available at that moment of disturbance, or in this case,
moment of system splitting. The improvement in frequency
response considering fnadir is less than that of a response in the
case shown in Fig. 11 (0.13 Hz vs. 0.06 Hz) precisely because
in this case, only half of the PV power reserve was available for
the new disturbance. At t=15s, the PV system starts again the
power reserve recovery process. The dynamics of the new PV
power reserve recovery are slower because it depends on the
difference between fPmax and fss (Fig. 6). This difference is larger
than in the case of the initial disturbance due dynamic change
of the droop gain as a function of the system frequency.

fPmax

fnadir
tnadir

tPmax

Time

tss

Fig. 14. PV power reserve recovery process depending on the frequency
response phase
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• Phase 1: During this phase, the process of PV power reserve
recovery has not yet begun. This means that the proposed
method has no effect on the frequency response if a subsequent
disturbance occurs at this phase.
• Phase 2: During this phase, the process of PV power reserve
recovery starts at point fPmax and at point fss the power reserve is
fully recovered. If a subsequent disturbance occurs at this
phase, the proposed method may already contribute to a better
frequency response, but this depends on the current level of
recovered PV power reserve as shown in Case study 3.
• Phase 3: At this phase, the PV power reserve is completely
recovered and in case of a new disturbance, the PV is fully
prepared to contribute again to the frequency control. This was
presented in Case study 2.
The sensitivity analysis details of the proposed method can
be summarized in the following cases:
i) Type of frequency response:
o Ideal (fnadir = fss ) → The PV power reserve recovery is
not possible;
o Real (fnadir < fss) → The PV power reserve recovery is
possible.
ii) Type of disturbance:
The PV power reserve
o in one area
recovery is possible in
o in both areas
all cases
o leading to system splitting
→
iii) Moment of the disturbance occurrence:
T
o t < fPmax
→ The PV
hepower reserve recovery is
P
not possible;
V power reserve recovery is
o fPmax < t < fss
→ The PV
p
partially possible;
o power reserve recovery is
o t > fss
→ The PV
w
possible.
er
re
VI. CONCLUSIONS
se
In this paper, a novel control algorithm
to enable the PV
rv
system to provide continuous frequency
support
in the case of
e
cascaded disturbance events was presented.
The
new control
re
algorithm focuses on the rapid PV co
power reserve recovery. To
recover the PV power reserve as
ve fast as possible without
deteriorating the system frequencyryresponse and causing the
secondary frequency dip, the recovery
is
process needs to be
n
conducted at the carefully selected
frequency value. To
determine that frequency value,ot firstly, a mathematical
p
relationship between system frequency
response and system
os This process identified
power response was established.
si
frequency value fPmax which corresponds
to the maximum
power surplus in the system as the bl
optimal value. Secondly, an
e
exponentially damped sinusoid approximation
of the system
frequency response was developed. Thirdly, using the two
above-mentioned findings, an equation was derived which
relates the frequency nadir fnadir and the fPmax values. Finally, the
proposed control algorithm was tested on a two-area multimachine power system model on several demonstrative case
studies.
The main results showed that with the proposed method, the
PV system becomes ready to provide support for new potential
load disturbances shortly after, in 5 to 10 seconds, the frequency

}

reaches the nadir value. This presents a significant
improvement compared to the conventional methods which
usually take more than 5 minutes to enable the PV system to
provide additional support to the grid. The importance of the
ability to quickly provide additional support to the system was
demonstrated in the simulation of cascade failure of two
generators as well as in the simulation of system splitting
scenario. With the proposed method, the frequency nadir
improvement depends on the current level of recovered PV
power reserve. In the best case, when PV power reserve is fully
restored, the frequency nadir was improved for as much as 0.13
Hz compared to the conventional method. This significantly
improves the overall system stability. The effectiveness of the
method to determine the starting point fPmax of the PV power
reserve recovery and conduct the process was further tested on
an unfiltered frequency shape and the method proved to be very
effective and precise even in such conditions.
Future research will focus on developing a control algorithm
to coordinate the PV power reserve recovery of various PV
systems located in different areas of the power system.
APPENDIX
The parameters used in the case study power system are
shown in Table I.
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TABLE I
POWER SYSTEM MODEL PARAMETERS
Area 1
Parameter
Nominal power
[MW]
Inertia constant
H [s]
Droop RH,T [%]
Governor time
constant TG [s]
Reset time TR [s]
Transient droop
RT [s]
Turbine time
constant TW [s]

Area 2

Secondary frequency control

HPP1

HPP2

TPP1

HPP3

HPP4

TPP2

PV

Parameter

Area 1

Area 2

250

350

400

300

200

300

200

Integral gain Ki

0.06

0.08

5s

4s

6s

3.5 s

4s

5.5 s

-

Frequency bias factor β

20.75

18.5

Synchronizing
coefficient T12

2

2

5%

4%

5%

4%

5%

5%

3%

0.25 s

0.2 s

0.2 s

0.3 s

0.2 s

0.25 s

0.01 s

6s

9s

-

8s

7s

-

-

0.55 s

0.5 s

-

0.45 s

0.5 s

-

-

1.00 s

1.05 s

-

1.10 s

1.10 s

-

-

Reheater time
constant TRH [s]

-

-

7s

-

-

8s

-

Control valve
time constant
TCH [s]

-

-

0.25 s

-

-

0.30 s

-

Fraction of the
power in the
high-pressure
steam turbine
FHP [s]

-

-

0.35

-

-

0.33

-

