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Abstract- The gradual increase in power generation from renewable energy sources (RES), results in a reduction in power
system inertia. It adversely affects the stable operation of the microgrids that contains high penetration of RES. The frequency
stability concerns caused by the penetration of RES in the grid-connected system is controlled by synchronous generator (SG).
Whereas in the stand-alone microgrid, which entails of RES deteriorates the frequency stability under power imbalances. The
emulated inertia control (EIC) technology used for the power electronic inverter mimics the inertia of SG. EIC provides an
effective solution for power systems with low inertia. This paper analyses the performance of EIC applied to the stand-alone
microgrid that comprises of RES only. The utilization of EIC in stand-alone microgrid successfully addresses the frequency
stability issues under solar irradiation and load variations. Furthermore, the small-signal stability analysis of the EIC is
performed to analyze the stability under parameter variation. The simulation analysis shows that the frequency response and
DC bus voltage is regulated in sudden disturbances with EIC efficiently as compared with constant voltage constant frequency
(CVCEF). The proposed EIC strategy is tested and compared with CVCF using the hardware in the loop (HIL) simulation with
the help of real-time simulator OP5700 to verify the feasibility.

Keywords Inertia emulation, virtual inertia, stand-alone microgrid, frequency control, constant voltage constant frequency
control.

Nomenclature

Pge, Active power reference
P Active power output

QSE, Reactive power reference
QCal reactive power output

D, Dropping coefficient of frequency
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Dq Dropping coefficient of voltage

J Inertia

k Constant

0] Angular frequency of the system

o, Angular frequency reference

v, Output voltage of the system

Vn’: Reference voltage

) Rate of change of frequency (ROCOF)

s, max

1. Introduction

Power systems are changing from a centralized few large
SG’s to a relatively large number of distributed generation
based on RES with electronic power converters [1]. The
microgrid has emerged as with the rise in RES power
generation growth. The microgrid can function as two types
based on the connection, i.e. the grid-connected mode and
the stand-alone mode. The increase in the number of power
electronic converters between RES and grid affects the
system stability due to lack of inertia [2], [3]. Due to SG’s
inherent synchronization capability and inertia, electricity
generation is dominated by SG in the traditional power
system. Hence, the system stability is maintained by the SG
in the grid-connected microgrid. Whereas in the stand-alone
microgrid, which entails of RES deteriorates the frequency
stability under power imbalances [4], [5]. In a stand-alone
microgrid, it is necessary to maintain the frequency and
voltage magnitude at acceptable limits. The allowed
frequency deviation is +1.5Hz and allowed maximum
ROCOF (@, .. )is 0.6 Hz/s for the safe and secure operation

5, max

of stand-alone microgrid.

In a stand-alone microgrid, an SG-based diesel generator
uses droop control technique to generate the reference
frequency and voltage magnitude. However, a pattern of this
control strategy follows that of a traditional power system
[6]. The droop control technique was initially introduced for
the uninterruptible power supply system, which supplies
local loads. The active power-frequency (P-f) droop control
was used for the stand-alone microgrid in [7]. In [8],[9] the
P-V droop controller has been used for reactive power
sharing in the stand-alone microgrid. In [10], the detailed
small-signal modelling of the droop controller for the
microgrid was developed. The droop control based stand-
alone microgrid provides small, or no inertia that leads to
frequency stability issues. The low inertia stand-alone
microgrid results in large frequency deviations and high
ROCOF under significant load transitions leads to tripping of
RES and loads. An appropriate control approach is required
to employ inertia in the stand-alone microgrid, with a
significant share of renewable power generation. Therefore,
the implementation of inertia emulation control methods to

power electronic inverter places a vital role in the frequency
stability of stand-alone microgrid.

Various approaches have been recommended to address
these low-inertia problems, like adding of rotational devices
or deployment of synchronous condensers to power system
[11]. On the other hand, emulating the inertia to the power
electronic converters was studied in [12]-[15]. An evolving
concept implemented to support the inertia is known as EIC.
In [12], the complete mathematical model of the SG is taken
to design the inertia emulation algorithm, but it results in
numerical instability. In [16], the second-order model of SG
is considered to design the control algorithm; here, the
calculation of ROCOF leads to complexity in the algorithm.
The EIC control scheme is an appropriate solution to the low
inertia power system. The EIC mimics the SG characteristics,
by regulating the switching pattern of the inverter to offer the
virtual inertia and to decrease frequency nadir during
disturbances. In [17], the small-signal modelling of EIC with
ideal  grid-connected inverter is analyzed. The
implementation of the EIC algorithm in the power system is
reported in [18]. The use of inertia emulation in the
microgrid is analyzed in [19]. Inertia emulation using hybrid
energy storage consists of battery and supercapacitor for the
single-phase rooftop system is proposed in [20]. However,
earlier investigation on EIC only emphasis on the controller
design, grid-connected applications and hardly discussed the
application of EIC in the stand-alone microgrid.

The frequency stability of stand-alone microgrid under
load transitions is to be examined inevitably. In [21], the
author used the virtual synchronous generator in the stand-
alone microgrid based on gas engine generator to mimic the
inertia. In [22], the author used the inertia emulation
controller to emulate the inertia for the wind turbine. In [23],
energy storage is used to control the frequency of islanded
microgrid, consisting of wind-solar generating stations. In
[23]-[25], proved that the utilization of energy storage in the
isolated microgrid improves the frequency under power
imbalance with constant voltage and constant frequency
control (CVCF). However, the inertia is not an inherent
capability in CVCF control. Due to the lack of inertia in
CVCEF control, the frequency deviations are more.
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In previous studies, the performance analysis of EIC and
CVCF in stand-alone microgrids that consisting of
photovoltaic generators and energy storage device is hardly
reported in the literature. The main objective of this paper is
the application of the EIC approach in a stand-alone
microgrid to utilize the energy from the battery to provide
inertia to the stand-alone microgrid. EIC control able to
reduce the frequency nadir and can improve the stability
without losing the performance of other MPPT control
algorithm for source variations and load fluctuations. The
small-signal analysis of EIC is performed to evaluate the
stability of EIC under inertia and damping coefficient
variations. A comparison of the stability parameters like
frequency and DC bus voltage is carried out with the EIC
over CVCF under load transition. The transient performance
of the system with EIC and CVCF are analyzed under
sudden load transitions by using HIL experimental setup.

The rest of this paper is organized as follows. Section 2
describes the structure of stand-alone microgrid, section 3
explains the core concept of EIC, CVCF and DC voltage
controller, section 4 describes the small-signal modelling of
EIC, section 5 deals with the simulation results, section 6
describes the HIL results and the conclusion is given in
section 7.

2. System Configuration

DC-DC |
|| Converter
— pcoc [ | =
Comeris PV a2

PV array 1

LCL filter Loads
Bi directional |
DC-DC
Convert
onverter Three Phase Inverter

Battery unit

DC Bus

Fig. 1. Structure of Stand-alone microgrid.

A typical stand-alone microgrid under this study consists
of two photovoltaic (PV) arrays, battery unit, three-phase
inverter and loads are shown in Fig. 1. The boost converter is
used to connect the PV arrays to the DC bus. It is used to
extract the available amount of power from PV arrays by
utilizing maximum power point tracking technique. The
three-phase inverter converts the DC to AC, and it is coupled
to the load with LCL filter. The LCL filter aims to remove
high switching frequency components from the inverter
current. The battery, along with bi-directional converter is
attached to the DC bus to balance the load.

The system conFig.d in this work consists of three
modules. The following section describes each module in the
framework.

» PV arrays and dc-dc converters.

» Battery unit with bidirectional DC-DC

converters.

»  Three-phase inverter with LCL filter.

2.1. PV arrays and dc-dc converters

The two PV arrays of 5 kW of power generation capacity
are considered in this work. One of the PV unit with dc-dc
converter is shown in Fig. 2. These two PV arrays are
coupled to the DC bus through boost converters. The boost
converter uses a basic P & O control technique to extract the
available power from PV units. The P & O control technique
adjusts the voltage and examines whether power is increased
or not. If the power extracted from the PV array is not
improved, then the operating voltage is not changed.

Boost Converter

MPPT Control
Algorithm

Fig. 2. PV unit with dc-dc converter.
2.2. Battery unit with bidirectional DC-DC converter

The PV arrays are working on MPPT, does not take care
of sudden load variations, and it affects the stability of the
microgrid. Sudden change in either demand or generation
(due to irradiance fluctuations) in stand-alone microgrid can
create more frequency deviations and ROCOF. The battery is
included in the system to maintain the stability of stand-alone
microgrid. The battery, along with bi-directional converter is
attached to the DC bus to balance the load, as shown in Fig.
3. The battery in the system has to respond to the frequency
imbalances. The switching pulses for the bi-directional
converter are generated from the dc voltage controller
discussed in section 3.

DC Voltage
Controller

Fig. 3. Battery unit with Bi-directional converter.
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2.2.1. Energy Storage Requirement for the stand-

alone microgrid

This section estimates the size of the battery to
balance the power mismatch and to maintain frequency
stability. It is essential to control the state of charge of
the battery in allowable range:

SOC,, <S0C<SO0C,, (1)

In this work, the energy storage capacity of the
battery is assessed by using [26]-[28]:

4 %
Ylmted (%) - (Ah) k (2)

Where Y is the portion of the rated load current.
1, .. 1s the rated load current, ¢ is the time duration that

the battery offers power into the system, k- a fraction
that defines the average discharge/charge current of the
battery.

In this paper, the battery storage is assumed to
provide 40 per cent of the total load current ( Y=0.4)
over a 5 h time duration. Hence, Ah rating of the battery
for the given system is calculated to be 15 Ah.

2.3. Three-phase inverter with LCL filter

Fig. 4 shows the three-phase inverter, which used to
connect to the DC bus with three-phase loads through the
filter. The filter is designed to reduce harmonic content [29].
The switching pulses of the three-phase inverter are
generated using the EIC is discussed in section 3.

The EIC applied to the inverter used to alter the load
angle for balancing power under load transitions to decrease
the frequency nadir. The battery used to handle both inertia
response and primary frequency regulation of the considered
system. The detail description of the DC voltage controller of
the battery and EIC of the inverter is discussed in the
following section.

Three phase inverter

Loads

Emulated
inertia control

Fig. 4. Three-phase inverter with LCL filter.

3. Control Description

This section explains controllers used in this paper such
as emulated inertia control, constant voltage constant
frequency control and DC voltage controller.

3.1. Proposed emulated inertia control for stand-alone
microgrid

EIC enhances frequency stability of the power system
and allows more power generation from renewables into the
system [30]. EIC uses the swing equation to emulate the
inertia. EIC resembles the SG characteristics to enhance the
frequency stability. Moreover, it emulates inertia to the
power electronic inverter like SG to support frequency
stability of stand-alone microgrid. The control diagram for
the EIC is illustrated in Fig. 5. The main concept of EIC is to
calculate the extra power required for the frequency
deviation and to add this extra power to set point. The EIC
responds to frequency variations and alters the load angle.
The electrical appearance of both EIC and SG
mathematically equivalent. Hence, the inertial response of
the EIC is similar to the SG.

The EIC developed based on the swing equation to alter
the load angle of the inverter €. The fundamental concept of
EIC is shown in (3)-(5).

dw
(BSE/_PCal)/w_DP(w_wr):JE (3)
de
w= @

%J.(Qsa =0+ Dq (V’: —V )dt=E 5)

The EIC is divided into two control parts. The first part
of EIC is used to alters the load angle based on the frequency
deviation. The damping term for the given frequency
deviation is included to the difference in the set torque
(calculated with set power) to the torque output (calculated
with output power). The integrator, along with inertia term
alters the load angle based on the difference in torque terms.
Whereas in the second part of EIC regulates the voltage
amplitude. Depends on the reactive power variation, the
voltage amplitude can be altered. The voltage amplitude and
the load angle are combined to get the reference voltage for
the inverter. The reference voltage generated by the EIC is
fed to PWM to produce the pulses for the inverter. Whenever
there is a change in the demand, the EIC alters the load angle
to inject/absorb the power with the help of energy stored in
the battery. Implementation of EIC in a stand-alone
microgrid reduces the frequency deviations and ROCOF.
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ESil‘l(g i 3) Generator
Esin(8+ 27 /3)

Fig. 5. Emulated inertia control.

3.2. Conventional constant
control technique

voltage constant frequency

The conventional CVCF control technique for the
inverter is displayed in Fig. 6. The PI controller is used to
provide the reference voltage amplitude as an output with the
voltage amplitude error as an input. The integrator is used to
calculate the angle with a reference frequency. Here, the 50
Hz is considered as the constant frequency for the operation
of microgrid with CVCF control. The reference voltage is
given to the PWM generator to produce the switching pulses.
The frequency of the microgrid with CVCF control is
compared with the EIC control under load variations. The
purpose of including CVCF technique in this paper is to
evaluate and compare the performance with EIC. The
qualitative comparison of EIC and CVCF controllers are
present in Table 1.

o, 1 Esin®d To PWM
- > Generator
s Esin(0-27/3)—»

K,Q. Pl Esin(6+27/3)

v,

"

Fig. 6. CVCF Control diagram.

Table 1. Qualitative comparison of CVCF and EIC
controllers

CVCEF control | EIC Control
Inertia control No Yes
Frequency control No Yes
Voltage control No No
Plug and play Cannot Can

3.3. DC Voltage controller of stand-alone microgrid

The DC voltage controller at the battery has to operate
properly to achieve frequency stability by using EIC. The
DC bus voltage must be preserved constant to accomplish
power balance in the system. The DC voltage controller
produces the reference current to be injected/drawn into/from
the DC bus to preserve the DC bus voltage constant. The
control algorithm applied to the bi-directional converter of
the battery is shown in Fig. 7.

v, () = v ()=, (1) (6)
i (O) =k, v, 0+, [v, (Ods ()

Where &, and k, are the PI controller gains, i,()is
the battery reference current, v, (¢)is the reference DC bus
voltage, v, (¢)is the measured DC bus voltage, v (t) is the

DC bus voltage error and [, is the battery current.

o To Battery
DC Converter
> PWM
Generator
VDC

Fig. 7. DC voltage control of stand-alone microgrid.

The DC bus voltage V). is compared to reference DC
bus voltage 7,,. , as indicated in Eq. (6), and the error is fed

to PI control. The PI control generates the battery reference
current as shown in Eq. (7), then it is compared to the battery
current. Depends on the error in the battery current the PI
controller alters the duty ratio. Thereby the DC bus voltage is
maintained constant, and the required power is
injected/absorbed to/from the system.

4. Small-Signal Modelling and Parameter Design of
EIC

This section analyses the small-signal stability and
parameter design of EIC. The small-signal modelling of EIC
is shown in Fig. 8.

Psg+ 1 o |1 6
> — —>
\ Js+D )
PCaJF

Fig. 8. Small-signal modelling of emulated inertia control.

The Eq. (3) of EIC is rewritten in terms of load angle:
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d’e do
PSet _PCal :Ja)?-‘rDPa)E (8)

The active power output ( ;) can be written as

P )

EV .
Cal :7511'19

The Eq. (8) can be transformed as for the rotor angle
difference to the power imbalance is

a0 !
AP

(Jw)s® +(D,o)s + (%) (10)

Therefore, the roots of Eq. (10) are defined by equating
the characteristic equation to zero is known as:

-D, +[(D} - 4JwEV | X)
2 = 2o (n

The Eq. (11) proved that the poles are complex
conjugate and lies in left half of s-plane. Thus, EIC is
critically stable in nature. The poles do not encompass £ and
D, , which means that the parameter design of active power
loop is independent of reactive power loop. To design the
EIC in stable manner, the imaginary portion of Eq. (11) must
equate to zero. Then, the critical inertia (J,) can be known
as:

D:X

J, = (12)

4wEV

The system operates in the underdamped state if inertia
value J is chosen as more than J_, then the natural

frequency of oscillation and damping ratio can be given as

o [3EV (13)
2JwX
/ X
=D 14
=Dy 6JwEV (19

The natural frequency of oscillation is dependent on
inertia (J ) and reactance ( X'). Whereas the damping ratio
depends on the damping coefficient (D, ), inertia (/) and

reactance (X ).

4.1. Design Guideline for drooping coefficient (D)

The drooping coefficient( D, ) is designed in such a way

that the angular frequency (@) is in the acceptable range.
The drooping coefficient is decided by using (15).

Pmax _Pmin
D, > o (15)

Where P,

max

is the maximum active power capacity of

the system, P,

> % min

is the minimum active power generated by

the system,o,, ,o, are the maximum and minimum

ax * ~ min

allowable angular frequency by the system.

4.2. Parameters influence in ROCOF

The ROCOF protection relays of generating units may
be activated by a rapid return of frequency after the
contingency event [31]. The ROCOF of the system must be
smaller than the allowable ROCOF limit (&

§,max )

ROCOF of the system after the contingency event can be
calculated by rearranging Eq. (3):
D,ow,

s

P —
ROCOF =~ 22 <, (16)

Where P, . =F, —P,0 clo -0

Prz’.s‘rve € [PS(’t - Pmax ’PSe Pmin] . The ROCOF reaChes to a
maximum value when the large power imbalance occurs.
According to Eq. (16), D, and J must be selected effectively

. — o

min] s

—

to reduce ROCOF value must be in the allowable range.

4.3. Parameter analysis of EIC using pole-zero map

The pole distribution with different values of D, , and
X are shown in Fig. 9. Fig. 9(a) illustrates that poles are
slowly approaching to the imaginary axis as the < alue is
increasing. If  is increasing further the system state
changes from the underdamped to the overdamped. As
increasing system damping and natural frequency of
oscillations decreased, and overshoot increased. Fig. 9(b)
indicates that the system characteristic roots intersect at one

point and transform to complex roots as Dy decreases. The

damping of the system improves with D, . The overshoot and

settling time of the power decreases with Dy increasing. The
reactance X has an influence on the natural frequency of
oscillations, which has no effect on damping coefficient. If
X decreases, the system damping decreases and response
speed increases. The pole-zero map for variations in
reactance X is shown in Fig. 9(c).
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Fig. 9. Pole-Zero map (a) for variation in.J , (b) For
Variations in D, (c) For Variations in X .

5. Simulation Results

The simulations are carried out using the
Matlab/Simulink environment. Two PV arrays, battery
unit, three-phase inverter and loads are considered in
these simulations as per Fig. 1. The detailed simulation
parameters are tabulated in Table 2. This section further
divided into two parts. The first part of the section deals
with the performance of the EIC under parameter
variation of inertia (/) and drooping coefficient ( D, ).

Last part of the section proves the effectiveness of the
EIC control over the CVCF control under sudden
variations in load.

Table 2. Qualitative comparison of CVCF and EIC

controllers

Parameters Values

Reference 50 Hz

frequency ( f )

Reference Voltage | 220V

)

Rated DC bus 500V

voltage (V)

PV cell Voo =373V,
I =82A,V, =303,
I =75, Ny=15,
N,=2.

Rating of battery 15 Ah

unit

Battery terminal 250V

voltage

DC bus Capacitor | 3300 uF

Inverter side 2.1 mH

inductance (L, )

Load side 0.8 mH

inductance (L,)

Filter capacitance 12 uF

(©)

Frequency 50

Drooping

Coefficient (D))

Inertia coefficient | 0.058 Kg.m?

(J)

Voltage drooping 120

coefficient ( Dq )

Gain (k) 1000 A. s

PI coefficients of 0.5,22

CVCEF control

5.1. Performance validation under parameter variation

Initially, the stand-alone microgrid operates with a load
of 8000W. After that, another load of 4000 W is connected to
the system at 2 s. The drooping coefficient and inertia are
playing a vital part to enhance the stability. Several
simulations are carried out to understand the impacts of the
parameters (D,and J) on the performance of EIC. The

system shown in Fig. 1 is simulated with /= 0.058 and
D,= 75. Later the inertia remains unaltered, and the

drooping coefficient is changed from 75 to 100 and 150. The
frequency takes a lesser time to settle, and the oscillations are
less as the D, increases under load transition as depicted in

Fig. 10(a).
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Frequency (Hz)

Time (s)

(a)

19.95 |

Frequency (Hz)

499

19.85

498\ L L n
12 14 16 18

Time (s) A

(b)

Fig. 10. Frequency under Parameter variation
(a)Varying D, (b)Varying .J .

When D, value rises the overshoot and settling time

is decreased, and this can suppress the oscillations of
frequency and enhances the stability, and it is illustrated
in Fig. 10(a). The system frequency is shown in Fig.
10(b) for different values of the inertia parameter. In this
scenario, the inertia parameter is changed from
J=0.058 to 0.58 and 5.8. From Fig. 10(b), when J
increases, the frequency nadir decreases, peak time and
settling time of frequency increases.

Table 3 summarizes the frequency nadir and
ROCOF for different values of drooping coefficient
(D, ) and inertia (/). From Fig. 10 and Table 3, it is
concluded that as the drooping coefficient (D,) and

inertia (J ) values are increasing the frequency nadir
and ROCOF decreases.

Table 3. Comparison of frequency and ROCOF for
different parameter values

Frequency | Inertia Frequency | ROCOF
Drooping (J) nadir

coefficient

(Dp)

75 0.58 49.847 0.193
100 0.58 49.863 0.1813
150 0.58 49.874 0.176
75 0.058 49.824 0.228

| 75 | 5.8 | 49.89 | 0.146 |

5.2. Comparison of EIC over CVCF

iy
R
ey ey {

Frequency(Hz)

——————— CVCF Control
—— EIC Control
49.75 T T T T T
1.0 1.5 2.0 25 3.0 35 4.0
Time(s)
(a)
520

~ 500

2

o ;

4 —— EIC Control

s | ——CVCF Control |
> 480

®

>

2]

Q

a

460
T
1 2 3 4
Time (s)

Fig. 11. Comparison of CVCF control and EIC Control
under load change ;(a) Frequency (b) DC bus voltage.

This section compares the performance of the EIC with
CVCF under load transition. The system parameters like
frequency and DC bus voltage are compared with both the
controllers (EIC and CVCF). The frequency deviation and
the frequency oscillations are more due to the lack of inertia
in the CVCF control. Whereas the inertia is emulated from
the SG in EIC control, then the frequency deviation is less.
The frequency deviates more with CVCF control than the
EIC control under load transition as shown in Fig. 11.
Similarly, the DC bus voltage is also deviating to 473V with
CVCEF control and 485V with EIC control. Fig. 11 concluded
that as compared with the CVCF control, the EIC control
limits both the frequency and DC bus voltage deviations.

Table 4 summarizes the frequency nadir, DC bus voltage
and ROCOF for both the controllers (EIC and CVCF). From
Fig. 11 and Table 4, it concluded that the frequency nadir,
DC bus voltage deviation, ROCOF are less in case of EIC as
compared with CVCF. The EIC approach for the stand-alone
microgrid enhances the stability under load transitions.

Table 4. Performance comparison of EIC and CVCF
controllers
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Controller Frequency | ROCOF | DC bus
nadir voltage

EIC Control | 49.89 0.146 484.601

CVCF 49.795 0.234 473.5

Control

6. HIL results

6.1.

The performance of EIC in stand-alone microgrid
was investigated in HIL simulations. The stand-alone
microgrid displayed in Fig. 1, EIC and CVCF controllers
were dumped to the OP5700 real-time simulator to
observe the frequency variations. The system parameter
values used in HIL are similar to those used in
simulation studies.

Under load transition

In this case, the stand-alone microgrid with CVCF
control and EIC control is tested for constant irradiance
with step increase and step decrease in load power. The
full power 5000 W of each PV array is produced at an
irradiance of 1000 W /m’. The load of 8000 W is
connected to the system initially, and the extra power
produced from both the PV arrays is stored in battery.
Fig. 12 illustrates that the power from inverter, battery,
PV arrayl, PV array2, frequency and DC bus voltage
with CVCF control in load transitions. Fig. 13 illustrates
that the power from inverter, battery, PV arrayl, PV
array2, frequency and DC bus voltage with EIC control
in load transitions. At ¢ = ¢, s another load of 4000W is

added, the deficient power in the system is supplied by
the battery. The sudden increase in load demand creates
the deviation in frequency and DC bus voltage.

Usually in traditional power system with SG, the
kinetic energy resides in the rotor is used to reduce
ROCOF and frequency deviation under load transitions.
Similarly, the EIC increases the load angle to supply the
power whenever the frequency deviates from the
nominal value. Hence, the frequency deviations are less
with EIC control because it is emulating the inertial
characteristics of SG. Due to lack of inertial behavior in
CVCF control frequency deviations are more. The
frequency dip and voltage dip are more in case of CVCF
control as compared to the EIC control. At ¢ = ¢,5,

4000W load is removed, and the excess power is stored
in the battery. The EIC controller triggers whenever
frequency deviated from the nominal value. The EIC
alters the load angle to balance the frequency. When the
load angle decreases the DC bus voltage increases, then
the DC voltage controller activates to charge the battery.
The EIC controller and DC bus voltage controller
activate until the system reaches power balance.
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1
86¢
attery Power :4000 Widi
2000W f hm? ower i div
. I » | >
¥
2000W \
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R \
A Time : |2s / div]
1 ’1
(a)
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X

X
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o DC Bus Voltage: 500V

4735V

A Time : [2s / div

(b)

Fig. 12. Load transition under constant irradiation with
CVCEF control (a) power from inverter, battery, PV
arrayl, PV array2; (b) frequency and DC bus voltage.
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Fig. 13. Load transition under constant irradiation with
EIC control (a) power from inverter, battery, PV arrayl,
PV array2; (b) frequency and DC bus voltage.
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Whereas in CVCF control the frequency rise is more due
to lack of inertia. The battery used to balance the demand and
PV generation in the stand-alone microgrid under sudden
load variations. However, the frequency and DC bus voltage
deviations are more with CVCF control as compared with the
EIC control under load transitions.

6.2. Under PV power variation

8000\ W Inverter [Power :#000 W/div
'} VS
2000W

400W A

;zn(gu'\ Output Powdr : 2000 W /(Ii\ll 2000W
bower > div
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N e J 5000W
3800W
3800W
r's Power output from PV array 2 :2000 W/div
S004W
e 5
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527,5V
|

l‘( \

4::4 N DC bus Voltage : S00V

T ? Tiime : 2§ / div]

(b)

Fig. 14. Real power variations at constant Load with
CVCEF control (a) Inverter output power, Battery power,
the output power of PV arrayl, the output power of PV
array?2; (b) Frequency and DC bus voltage.

In this scenario, the stand-alone microgrid with
CVCF The sudden decreasing of the PV power creates
the reduction in DC bus voltage and does not create the
deviation in frequency. In this transition, there is no
effect of frequency observed, but DC bus voltage is
reduced more when compared with EIC control. At ¢ =

t, s, the PV power generated from both PV arrays are

increased suddenly with irradiation level. The excess
power generated from the PV arrays is absorbed by the
battery. This transition creates the increase in DC bus
voltage and does not create effect on the frequency. The
deviation in DC bus voltage is more with CVCF control
compared to EIC control. As compared to CVCF
control, the EIC control effectively worked to mitigate
the frequency deviation and to maintain the DC bus
voltage under load variations and irradiation variations
also.

8000 W nverter(Power :H000 Widiv
4 &
2000W
Y x
X b _
Battery Outpuft Power}: 2000 W/div
-Z000V
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\
3800W . )
N Powler output from PV array 1 :2000 W/div |/
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! ®) g

Fig. 15. Real power variations at constant load with EIC
control (a) Inverter output power, Battery power, the output
power of PV arrayl, the output power of PV array2; (b)
Frequency and DC bus voltage.

7. Conclusion

The stand-alone microgrids that comprise only RES are
lack of system inertia and predominantly affecting the
stability of stand-alone microgrid. The utilization of EIC
emulates the inertia of an SG to handle with sudden power
fluctuations. Whereas the battery is utilized to store/absorb
the power to balance the generation and demand. For stable
operation of the system, the EIC alter the load angle to
inject/absorb the active power to limit the frequency
deviation. The battery is supplying/absorbing the power in
the inertial response with EIC. The small-signal stability
analysis carried out in this paper proved that the EIC could
provide sufficient inertial response with proper selection of
damping coefficient and inertia. The performance
comparison of EIC and CVCF controllers was presented.
Both the HIL and simulation results proved that the EIC has
better performance over the CVCF control in the stand-alone
microgrid. Hence, an EIC controller can enhance the
transient response of frequency and DC bus voltage in the
stand-alone microgrid system under variations in solar
irradiation and load.
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