Asian Journal of Convergence in Technology
ISSN NO: 2350-1146 1.F-5.11

Volume VII and Issue I

Enhancing Inertia of a Grid Connected PV System
to Improve Frequency Regulation and Stability

Jayaprakash Allemshetty
Department of Electrical and
Electronics Engineering
University College of Engineering,
Osmania University
Hyderabad, India.
jayaprakashallemshetty @gmail.com

Abstract — Power generation from solar photovoltaics is
rapidly increasing. In this scenario, this new technology has to
work with the existing system in tandem to maintain stability
during contingencies as it is a low inertia system. The
interfacing power electronics devices have to be designed in
such a way that the integration of the photovoltaic (PV) to the
Grid is to be taken care during the disturbances. This paper
presents the various issues when the PV penetration is
comparable with the system capacity. The frequency of the
system drops more in the PV-Grid connected system than the
conventional generation system for same disturbance. Also, the
frequency regulation methods get affected. The mode of
operation of the inverter might be altered. An auxiliary source
like batteries, ultra-capacitors is being suggested to balance the
power for successful operation during abnormalities. In spite of
this, many authors had developed new control techniques to
mimic the interfacing inverter like conventional generating
unit. The basic concepts of these methods have not explained in
most of the literature. This paper reviews the concepts and
applications of these methods and compares them.
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I. INTRODUCTION

In the recent years, there is a huge deputation of solar PV
cells throughout the world due to various reasons like
renewable, eco-friendly, localized generation, and easy
installation and even due to its modularity. In India the
energy generated through PV cells is around 132.41 MU. [1]
Even the Govt. of India has started International Solar
Alliance to promote the generation electrical energy utilizing
solar energy. It has targeted to generate 100 GW by the year
2022 by only solar PV power under National Solar mission.
This comprises of around 22-25% of total Energy generated
in India [1]. As per the reports some of the thermal units are
going to be shut down in future [2]. Therefore, this transition
will make certain impact on the present existing power
system operation and control. Either the existing power
system is renovated or a new power system is to be
developed in mere future. New technologies in all the
components of power system have to be adopted to meet the
future requirements. The concept of Microgrids, Smart Micro
grids and DC Microgrids [3] are some of the emerging
changes in the power system. As the penetration level of PV
power is increasing into the grid, apart from adopting new
technologies, the stability of the grid is also a major concern.
Literature studies identified the stability of the power system
may be affected with the penetration of large PV power. The
basics of the power system stability reveal that the inertia of
the generators is an important parameter in maintaining the
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stability of the power system under contingencies. The inertia
of the existing generation units is good enough to maintain
the stability but with the intervention of the less inertia
generators like PV the stability of power system get affected
[4]. The other major drawback of PV energy is reliability.
The energy from it depends on the weather conditions. The
irradiance and insolation of the sun is not constant
throughout the day [5]. Hence this behaviour also causes
stability problems as PV power penetration is high.

The researchers have been proposing methods for
improving stability of the PV, grid connected system for the
past few years. These methods can be widely classified into
two major categories. First category is to adopt an energy
storage device or a generator which delivers or absorbs the
mismatch energy during the disturbances like battery storage
system, diesel generators etc. [8]- [15]. The presence of other
generators mainly those with rotating parts will improve the
net inertia of the system apart from maintaining the power
balance during the disturbances. Second category is to
modify the operation of the interfacing power electronic
converters to emulate as a synchronous generator. This
method is popularly known Virtual Inertia, synchro-converter
[16]- [26] etc. This paper mainly concentrates few of the
methods proposed by the researches to improve the transient
stability of the PV — Grid connected system. The paper is
organized as follows. Section Il describes the concept of
virtual inertia from the principles of power system stability.
Section 111 deals with few methods by using energy storage
system (ESS) or an auxiliary source. Section IV describes the
second category methods to improve the inertia and the
converter topologies as other choice.

II.  VIRTUAL INERTIA

A. Swing Equation

A conventional synchronous generator is driven by
turbine with a constant speed. The Kinetic Energy (K.E) of
the rotor of synchronous generator [6] is given as (1). Where
J is moment of inertia of rotor in kg/m% o, is the
synchronous speed in rad/sec.

K.E =%wax10-6 (1)

The torque equation governing the dynamics of rotor is given
by equation (2)
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Where, 6, is the displacement angle between rotor torque, Ty,
and electromagnetic torque T, M is the moment of inertia in
MJ-s/elect.rad. Consider the inertia constant of a
synchronous generator defined as the amount of K.E stored
corresponding to its rating in MVVA (S). For a given rating if
the value of ‘H’ is high, the kinetic energy stored in the
machine is also more at a particular angular speed.

H :%MJ/MVA

“)
The equation (5) is obtained by substituting ‘M’ in terms of
inertia constant ‘H’.

H 0%0,
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Where, ‘6'is called rotor displacement angle from

synchronously rotating frame and popularly known as torque
angle or power angle. Equation (5) is called as the swing
equation and it illustrates the dynamics of the rotor. From
equation (1) — (5), we can conclude that, when there is a
change in load, (4P may be positive or negative) the
rotational speed of the prime mover changes and thus K.E of
the turbine accordingly. This change in K.E with respect to
the time results is the power generated or absorbed which is
necessary to keep system power in balance at the cost of
change in the frequency. Hence the system power is balanced
until the valve, automatic governor control (AGC) comes
into action. This automatic power balance is not much
possible with the less inertia, static power electronic
interfaced generators.

=P —P =AP

In a multi machine system, where there are many
generators the total inertia of the system is shown [7]

[T+,

2H,
i=1

Where H, is the inertia constant of individual unit. The
rate of fall of frequency when there is disturbance or
mismatch in the power is given in the equation (7) which is
derived in the reference [7]

MJ / MVA (6)

df  f, AR
dt  2H, >P, @

In the paper [8], the author presented the inertia analysis
on the conventional speed governor model which is similar to
the figure 1. He claimed that ‘H’ has no much impact in
quasi-steady state frequency change but it certainly has
impact on Rate of Change of Frequency (RoCoF) and
frequency nadir. As the PV power penetration increases into
the grid, the net inertia of the system get decreased and from
equation (6) and (7), we can conclude that with the increase
in PV penetration, the less inertia generator, the rate of fall of
frequency will increase for the same amount of power
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Fig. 1: Turbine-Governor model of a conventional system

mismatch when compared to a conventional system than PV-
Grid integration system.

B. Turbine —Governor Model

In Figure 1, the turbine governor model of a synchronous
generation is described. In the figure, 4P.(s) is the power
command given by the turbine, 4Pg (s) is the power
delivered by the generator and 4Py, (S) is the load demand.

R represents the speed regulation of the governor which is
approximated as

Af =—RAPo (8)
The fall of frequency when there is a change in power
balance is controlled by the speed governor R. The P-f droop
control governor will increase the mechanical input power
and settles at steady frequency which may be lower than
nominal value. This mechanism doesn’t exist in PV system
as there are no rotating parts. The rate of change of frequency
(RoCoF) with respect to rate of change of power mismatch is
obtained from figurel. If the PV system is made to mimic as
a speed turbine governor model as described above by
introducing inertia constant called Virtual Inertia and
controlling power by droop control method called as Virtual
Synchronous Generator, the PV-Grid system may resemble
as conventional power system and the stability of the system
may remain same. The concept of virtual inertia is introduced
in balancing the power following droop characteristics. The
inverter and other converters are operated by the references
from the droop characteristics. The researchers are proposing
many methods in this methodology to attain stability in the
PV-Grid connected system.

STABILITY IMPROVEMENT USING ESS OR
ALTERNATE ENERGY SOURCE

In this method an energy storage system is utilised or an
alternate energy source like a diesel generator, wind turbine
is placed. In energy storage system like battery and capacitor
the power is absorbed or delivered. The following principle
is presented in the paper [8] representing the concept of
virtual inertia. The reference power from the converter of

ESS PE*SS is measured as given by the equation (8) [9]

PI;SS = —KuiKufoAf C)

Both the equations (7) and (9) are similar which is
principle of conventional turbine governor model. K; is the
virtual inertia of the system, K, is th conversion factor, f is
the nominal frequency. The design of K,;is very important to
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Fig. 2: Generalized PV system with Energy storage device.
introduced. In this paper the synchronous machine is
integrated with a hydro generator. The VSM may be a battery
or super capacitor or PV. The integration of VSM with a
hydro generator has less inertia. Hence the VSM is modelled
to emulate as convention generator by designing the fall of
active power with respect to frequency i.e., RoCoF as
following equation.
d(Af)

Rem =K, +Kp (Af) (10)

K, and Kp are inertia constant and damping constant
respectively. First term in the equation (9) comes into
picture during transients to reduce RoCoF whereas second

term sets up the frequency to a reference value.

This concept of VSM is also implemented by considering
by change in voltage popularly known as Rate of change of
voltage (RoCoV). The variation of power can also be
estimated by looking at the variation in voltage [11] called
as Rate of Change of Voltage (RoCoV). The power is
estimated as.

S

(11
S+a

Where P, is the output power from the Virtual

synchronous machine i.e., battery, K; (negative) virtual
inertia which decides the amount of active power to be
deliver and Vdc is washout filter output voltage whose input
is dc link voltage at the inverter. The parameter are chosen
from the stability analysis will vary from researcher to other

researcher.
Apart from considering the power, frequency and
voltage, the impedance is also considered in the paper [12]

called as virtual impedance in the droop control strategy. The
virtual reactance is placed in the following equation given as

Pvsm = ki Ve

V,=-Rji; - L, diy +aol,i, +V
dt (12)

di
V, =-RJ, - Lv$+a)lwid +0 (13)

Where R, and L, are virtual resistance and virtual
reactance respectively. The equations mentioned above are

used to control the inverter. In this way the concept of virtual
inertia was being implemented.
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In the paper [13], The concept of synthetic inertia is
proposed along with the Modular Multilevel Converters
(MMQC). In this work, the sub-modules capacitors energy is
used which in turn used as synthetic inertia. An MMC with
inertia constant is presented. The author controlled the
frequency droop when there is change in the load by utilizing
the synthetic inertia. The fall in frequency in conventional
synchronous generator as discussed earlier is compared with
the reduction in the voltage of sub-modules capacitors. A
reference voltage AU, of the sub-module capacitors is
generated by considering the fall in the frequency by the
equation (13) which is similar to (3). U, and

Aw are the DC voltage and change in frequency in rad/sec
respectively.

AU =§UCAw (14)
The change in the energy with the change in the increase or
decrease in sub-modules voltage is shown in the equation
(13). This energy change is used to generate the reference for
active power variation since the load change will be in-terms
of active power. The experimental results proved the energy
in the capacitors can be used for short duration of time to
cope the power variations.

1 1 C,Js
Ecsm(uc-I'AUC)Z_ECsmUcZz S&zdchw (15)

sm

AE

The author in this paper [14] estimated the capability of the
static interfacing power electronic converters in maintain the
frequency when there is change in the load of 3%. The work
is done on a microgrid i.e., ship board power structure of 1
MVA. In the paper the author made a close summary on the
limitation on the utilization of dc link capacitor as an energy
storage which delivers the power. The results show the
RoCoF is within the limits but there is reduction of the DC
link voltage. For a microgrid, the DC link voltage can be
increased by other sources.
IV. STABILITY IMPROVEMENT BY
INVERTER ALONE
The concept of synchronous generator, virtual inertia can

be implemented without any energy storage or auxiliary
localized synchronous generator. The Inverter itself is
designed to mimic as a conventional turbine —governor
synchronous generator model. The inverter will act as a
source of active and reactive power. The output of the
inverter is given as shown [16] for a microgrid where R >>
X. From above two equations the active power and reactive
power can be controlled by Ui and &i by choosing a reference
and PLL. Both the powers can be controlled independently.
This method doesn’t mimic as synchronous generator.

Vv
Pi=—|Ui-V (16)
o)
uv
Qi=—105i (17)
|Zi]

The droop coefficient has to be included to control the power
to make inverter to function as virtual synchronous generator.
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In the paper [17], the control mechanism is explained by
introducing droop coefficient.

U =U" —Ka(Pi—P")
fi= fi* + in(Qi —Qi*)

(18)
(19)

Where K, and K are the droop coefficients fi*, Uj* are
the reference values and P* and Q;* are the reference set
values. Equation (13) is used to control the active power
whereas equation (14) is used to control the reactive power in
the system. The reason to choose the frequency as a control
variable for reactive power control is that the droop
coefficients are not easily determined and even phase angle
also. Phase angle can be measured from frequency as we do
in PLL. Itis expressed as integral of

frequency which can realized from the below equation (15)
ui(t) = \/EUisin Oi
=J2Ussin (J[ 2 f(r)+ 5ao)
’ (20)

Where, dio is the initial phase angle set for inverter. The
control of reactive power using frequency droop is explained
in the paper. The dynamic performance and stability of a
VSG not only depends on inertia but also damping ratio. In
the paper [18], the author explains the necessity of control of
damping ratio along with droop gain method. The author in
[18] proposed a control scheme which provides freedom in
tuning the damping ratio from droop gain. This will reduce
the steady state error caused by the droop gain since a
decoupled method is followed in the paper. This method is
used to control both active and reactive power in the system.
A small signal analysis was proposed for the controller to
study the system stability against system frequency and
voltage variations which gives guidelines for the design of
control parameters. The impact of high penetration of PV
power was described in paper [19]. In this work a 100 MW
PV plant was considered which is connected a northern Chile
where the average demand is around 2000 MW and its
stability was observed. Each inverter was designed to act as
synchronous generators by imparting synchronous power
controller methodology. The author observed the
performance for small and large disturbances in the power
system. There are two controllers, one the central plant
controller and the other is converter controller. The central
plant controller will generate set points of active and reactive
power taking an account of frequency at the point of
common coupling (PCC). The voltage is controlled by
generating a reactive power reference at the PCC. The
converter controller emulates the electromagnetic force of the
virtual synchronous generator behind a virtual admittance.
The author claimed requirement of PLL is not necessary
using this method. A current reference was generated which
will flow the virtual admittance which results in voltage
difference between the internal virtual EMF and the voltage
at PCC where the converter was connected. The converter
controller includes frequency and voltage droops that
modifies the active and reactive power references from the
central controller. The dynamics of PV power variation was
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not included in this paper such as variation of irradiation,
temperature and dc
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Fig 3: A Generalized PV-Grid system without energy storage

voltage, since these variations are much slower than the grid
variations. Hence maximum power point tracking (MPPT)
methods are not employed in this paper. In the work the PV
were designed to contribute to frequency regulation with a
5% droop and the synchronous power controller (SPC) an
inertia constant of 5s. The study evaluated for different cases
like line contingency, generator contingency, load
contingency. Finally, the author claimed that there were less
severe oscillations when SPC was enabled in the real time
application of 100 MW PV plant on 2000 MW power
system.

To emphasis the method of virtual inertia among the
converter, the author [20] proposed a derivative control based
virtual inertia in multi-area HVDC interconnected system.
The method was used to suppress the first overshoot which
was tested in simulation. In fact, in HVDC system converter
are used which has no inertia. In this paper, the derivative of
the system frequency was obtained and the power reference
for converter was modified. In his study, and energy storage
system is used for emulating inertia. The analysis was made
for different control parameters.

In paper [21], the author proposed a control law which is
derived from the structure preserving energy function
(SPEF). The energy preserving function is applied for SSSC,
SVC, and STATCOM as given in the literature. In the work
author claimed that by controlling the reactive current
component of PV inverter can damp the oscillations and
maintain the stability. The reactive current component is a
dependent on the PV voltage, which is measured
continuously. Therefore, in the work, the reactive component
or reactive power is controlled by keeping in the view of
stability.

V. CONCLUSION
An attempt was made to analyze various research papers
and review them in detail. A clear understanding of the
significance of inertia is also realized in this paper. The very
primitive idea of this paper is to overcome the difficulty of
understanding the stability issues system in PV-Grid
integrated system. A comparative study is given out, in
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improving inertia of the system by the researchers in which
various techniques proposed by them to enhance the inertia
are mentioned. This paves the way for simplicity in
designing the control methods by inserting inertial
parameters to mimic as conventional generator. The paper
classifies two major methods and describes some of the
solutions. Though many researchers have provided the
methodologies, at the higher levels of PV power injection the
efficient methods are to be developed and to be proved
experimentally. As this scope of renewable sources widely
renowned, innovating the interfacing power electronic
devices that are currently in use by adopting the
methodologies in literature would certainly pose a challenge
that is yet to be solved. The utilities able to adopt these
methods at a faster rate for the successful integration.
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