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Abstract

Microgrid is a new paradigm for current and future energy distribution
systems that enable renewable energy integration. The microgrid generally
consists of multiple distributed generators interfacing with the grid through
power inverters. When the islanded microgrids are concerned, it is essential
to maintain the system stability and achieve load power sharing among the
multiple parallel-connected distributed generation units. However, poor
active and reactive power-sharing is expected due to the influence of
impedance mismatch of the distributed generation feeders. The key
objective of this work is to estimate the virtual impedance value to nullify
the power-sharing errors without the need for communication links. A fuzzy
logic controller is proposed to estimate the value for virtual impedance
based on the instantaneous real and reactive power demands. The virtual
impedance dynamically changes depending on the load demand to
compensate for the feeder impedance mismatch, hence called adaptive
virtual impedance. The proposed power-sharing control strategies are
validated using Matlab/Simulink simulation under four operational
scenarios. The proposed fuzzy controller provides precise reactive power
sharing and helps to eliminate the need for communication links. In

addition, it provides superior dynamic performance.
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Introduction

Fossil fuels (coal, oil, natural gas, etc.) have a limited life span and limited reserves.
They are the main reason behind pollution, reflected in environmental health risks and
economic threats. Therefore, spreading alternate energy sources will reduce these effects

and the global energy crisis.

Among the renewable energy sources, PV and wind energy are the most harnessed and
integrated with the electrical grid [2, 3], forming microgrids. The DC/AC inverter is a
critical component of any power-electronic-based microgrid consisting of high-
switching frequency, solid-state devices, and a low pass filter. An L filter or LCL filter
is usually placed between the inverter and the grid to attenuate the switching frequency
harmonics produced by the grid-connected inverter [20]. Compared with the L filter, the
LCL filter has a better attenuation capacity of high-order harmonics and better dynamic
characteristics [2, 3]. However, an LCL filter can cause stability problems due to the
undesired resonance caused by zero/low impedance at specific frequencies. Several
damping techniques have been proposed to prevent this resonance from contaminating
the system. One way is to incorporate a passive physical element, such as a resistor in
series with the filter capacitor [4]. This passive damping solution is straightforward and
highly reliable. However, the additional resistor results in power loss and weakens the
attenuation ability of the LCL filter. This drawback can be overcome by employing
power-sharing based on virtual impedance. The goals of power-sharing are 1) adequate
power-sharing and 2) accurate power control without communication, if possible.
Power-sharing is achieved in several ways, including master-slave controllers, current
chain schemes, and droop control [21]. The first and second methods depend on power-
sharing on a connection between the controls of the inverters. This increases the cost and
reduces reliability. By the droop control method, the power is shared between the
inverters without communication links. The droop control features include precise
reactive power management and minimal frequency and voltage deviations [16]. Many
studies have also increased DG power-sharing accuracy by enhancing droop control [7,
9], which can be mitigated using virtual impedance. The virtual impedance technique
can vary the reactance and/or resistance of the output impedance of inverters with no

more physical inductors and/or resistors, which minimizes the system's size and cost [9].
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The research gap is stated as follows. The virtual impedance dynamically changes
depending on the load demand to compensate for the feeder impedance mismatch. Thus,
preset control parameters fail to track the load demands. Hence, we propose identifying

the instantaneous load demands using fuzzy logic in this paper.

A fuzzy logic controller is proposed to estimate the values of the virtual impedance based
on the real power demand at that particular instant. The virtual impedance dynamically
changes depending on the load demand to compensate for the feeder impedance
mismatch, hence called adaptive virtual impedance. Thus, the proposed fuzzy logic
controller makes accurate reactive power sharing possible without requiring

communication links and the knowledge of feeder impedance.

I1. Proposed System

A typical microgrid configuration is shown in Figure 1. The system consists of two solar
energy subsystems and a DC-DC converter to obtain the maximum power. The LCL and
LC filters use an inverter and harmonic reduction to convert from DC to AC. The robust
construction of each inverter to operate in parallel with the other inverters in the system
is a major problem for parallel-running inverters. The virtual impedance concept shares
electrical power among inverters equally (reasonably). This paper presents a controller
design and implementation, including maximum power point tracking for PV and equal
power sharing by all system inverters. The proposed controller is validated by MATLAB
/ SIMULINK environment under constant and variable weather conditions and fixed and
variable loads. The robust construction of each inverter to operate in parallel with the
other inverters in the system is a major problem for parallel-running inverters. The virtual
impedance concept Shares electrical power among inverters equally (reasonably). This paper
presents a controller design and implementation, including maximum power point
tracking for PV and equal power sharing by all system inverters. The proposed controller
is validated by MATLAB / SIMULINK environment under constant and variable
weather and loading conditions.
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Figure 1. General micro grid Structure

A. Photovoltaic System Model

A PV module consists of several PV cells connected in series and parallel to obtain the
desired voltage and current output levels, as shown in Figure 2. A common PV model
consists of a photocurrent source Iph, diode, series resistances Rs, and shunt resistance Rp
[35, 36].

I: Solar cell current (A).

Ipn: Light produced current (A).

Io: Diode saturation current (A).

lo: reverse saturation current of the diode

T: array temperature (in K).

q: electron charge (1.6 x 1071°C)

{__J—»—o0
Rg Lot
In Ip )
Iy v
D Rp
O
Figure 2 Model of PV cell
I'=Ly-1I,[exp (q(V + I Rs)/KT)) - 1] - (V + IR )/ Ry (1)
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Where
Ip = I, [exp(q(V +IRs)/KT) = 1] )
B. Maximum Power point Tracking

Power provided by a PV panel significantly depends on existing atmospheric conditions
(irradiation and temperature). Consequently, the operational point requests to be tracked
continuously by an MPPT technique to produce the maximum obtainable power [29].
The power output of a circuit is maximum when the circuit impedance (source
impedance) matches the load Impedance. Hence our problem of tracking the maximum
power point reduces to an impedance matching problem. There are different techniques
used to track the maximum PowerPoint. MPPT technique is constructed on the hill-
climbing Perturb and Observe method [32]. The main advantage of this approach is the
simplicity of the technique. Furthermore, previous knowledge of the PV panel
characteristics is not required. This method performs well in its simplest form, provided

solar irradiation does not vary too quickly [9, 24].

The adapted MPPT technique is the Perturb and Observe, which controls the boost
converter, as shown in Figure 3. The output signal from the MPPT controller is compared
with the PV voltage, and the error signal is sent to the PI controller to eliminate zero. The
output signal from the PI controller is the duty cycle sent to the boost converter switch

[10,18]. Figure 4 shows the Schematic diagram of the boost converter control.

)

Vpv ~

> mppT PI VR
_’ —‘

|
va PV

Figure. 3. Schematic diagram of boost converter control.

C. DC/AC Inverter and LCL Filter

The DC/AC inverter is a critical component of any power electronic-based microgrid
[34], consisting of high switching frequency solid-state devices and a low pass filter. As

shown in Figure 4, the input of the inverter is DC, produced across the DC link capacitor
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[30,31], while the output is AC generated on the output of the inverter. The switching
devices, IGBTSs, receive control signals from a voltage controller. The latter produces
pulse width modulation (PWM) signals correlated to the reference voltage signal. The
AC output of the switching devices contains many harmonic signals resulting from
switching. Consequently, an LCL filter attenuates these harmonics and produces a sine
wave power signal. However, an LCL filter can cause stability problems due to the
undesired resonance caused by zero impedance at specific frequencies [5].

Bidirectional DC/AC Converter

(inverter)
[ .
LCL Filter
{JT A A
i “wj T u 4
YT YT
- DC-Link I W A T Y
Capacitor Y T l LYY
{1 A ~A . i
i ] I
| Sensors
I,_———‘
PWM | Voltage
Generator | Controller Vref

Figure 4 Inverter and LCL filter
I11. Adaptive Virtual Impedance Technique

A voltage control loop is used in basic voltage source inverters VSI to track the desired
input signal and reduce its error and the measured output voltage. A proportional
controller, Ky, is utilized in this study, backed by a feed-forward loop. The feed-forward

loop reduces steady-state error while allowing for a broader control band [1] [3].

Figure 4 depicts an inverter configuration with an LCL filter. The inner loop controllers
are shown in this block diagram [12-14]. This paper uses a virtual impedance concept to
unify the nature of the output impedance for inverters working parallel. This impedance
mimics the behavior of an inductor or resistor in the program. Using a programmable

impedance rather than a physical one reduces the losses and costs [19-22]. In addition,
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being programmable presents adaptive operation and increases the inverter's robustness
against network impedance variations [23-27]. Figure 5 shows the block diagram of the

voltage controller with the virtual impedance Z(s).

Vo(s) = G(s) * V() = Zoy(s) * I,(s) ©)
The output impedance with virtual impedance can be derived as,
Zoy(s) = Zo(s) + G(s) Zy (s) (4)
The nature of Zy could be chosen to be resistive as,
Zy(s) =Ry (%)
Where Ry is the resistance of the virtual impedance, or it can be inductive as
70(s) = = Ly (6)

Where Ly is the inductance of the virtual impedance and ,, is the time constant of the
high pass filter used to approximate the derivative in the transfer function of the ideal

virtual inductance Z,, = sL,, [25].

Figure 5. Model of basic double-loop voltage controller

Calculating of zy value is done through the following equation.

V(5).6(5)~Zo(5)-1o(5)=vo(s) )

Zo(9) = Ges)lo s)

Figure 6 shows the model of virtual impedance Zy(s). Calculating G(s) and Z(s) values

are done through the following equations.

Ky+1 ®)
L1 Cs2+K, Cs+ Ky+1

G(s) =

In the case of using the induction current of the filter

_ Lis+ Ke
T Ly CS2+K,Cs+ Kp+1

Zol

+ Ly s €)]
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In the case of using the capacitive impedance current of the filter

_ Ll S
Zo = Ly Cs2+K, Cs+ Kp+1 + Ly (10)

out put PV,

Figure. 6 Model of virtual impedance Z.(5s).

The estimation of virtual impedance based on the fuzzy logic controller with the unknown
feeder impedance and fluctuating loads has been proposed. This fuzzy controller
eliminates the need for communication between parallel-operated DGs. In the proposed
scheme, each parallel DG includes a fuzzy controller that estimates the value of the virtual

impedance required for the respective line. A fuzzy controller, like a dangling controller,

mean

uses locally available signals as input, i.e., a quotient by I;—, thus eliminating
load

communication links using the measured values for this input, the controller estimates the
ambiguity, which is then measured to get a percentage that is added to the default

resistance to get an accurate value of the default resistance
IV. Simulation Results and Discussions

Figure 7 shows the performance of the PV module and the performance of perturb and
observe algorithm to track the maximum power point of the PV module under various
weather conditions. The PV module simulation is implemented in MATLAB Simulink.
The system is simulated during five different cases between constant and changing solar

radiation and constant and changing loads
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Figure7 Characteristics of PV
Case 1:

Figure 8 shows sun irradiance 1000 w/m2. In this case, the solar radiation is constant
within 6 seconds. To make it easier to view the performance of the virtual impedance, a

switch has been set to reverse between using and not using the virtual impedance.
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Irradiance input to the PV

Figure .8 Irradiance input to the PV array

Figure 9 shows the active power output curves of the two PV modules with a solar
radiation value of 1000 W/m? and a constant temperature of 25 degrees. In 1.9 seconds,
there was an instantaneous change in the energy value due to switching between the above
two states.

60 z T s
50F .
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Figure 9 Active power mean of the two inverters
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Figure 10 shows the output power of each inverter. It is assumed that both inverters are
already operating in parallel and that without virtual impedance turned on at the beginning
of the operation, we notice that the output of the inverter that uses a filter of the LCL type,
the value of the power is less than half of the required value until it reaches a time of 1.9
seconds. The switch position is switched to the virtual impedance mode, so both inverters

give maximum power. Here a fixed value of the virtual impedance was used

]-OO - : . . . . -
80 .

40 W 't ]
20
0 _

_20 L . . . . . -
-40 :
-60 .

805 1 2 3 4 5 6

Time (s)

(KW)

Active power output of the two mverters

Figure 10 Active power output of the two inverters
Case 2:

A constant value of the virtual impedance was also used here. Figure 11 shows the sun's

radiation is variable
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Figure 11 Irradiance input to the PV array

Figure 12 shows the output power of each inverter. It is assumed that both inverters are
already working in parallel. With the use of a fixed virtual impedance, we will notice that
both inverters give their maximum power until the olfactory radiation changes and the
power decreases, and at a time of 3 seconds, the output of the inverter used, the LCL

filter, the value of the power decreased by a small percentage.

M10



Hilmy Awad/ Engineering Research Journal 179 (September 2023) M1- M16

Active power output of the two inverters

rof-

Figure 12 Active power output of the two inverters

Case 3

Figure 13 shows the sun's radiation of 1000 watts / m2; in this case, the solar radiation is

constant within 6 seconds. In this case, a variable virtual impedance was used, dimming

according to equation (7), and the loads were changed with the constant solar radiation.
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Figure 13 Irradiance input to the PV array
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Figure 14 shows the output power of each inverter. It is assumed that both inverters are

already operating in parallel. Using a virtual variable impedance, we will notice that both

inverters give their maximum power even when the loads change.
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Figure 14 Active power output of the two inverters

Case 4

A variable value was used for the virtual impedance. Its value depends on Equation No.

8. Figure 15 shows the sun's radiation as a variable with the change of loads
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Figure 15 Irradiance input to the PV array

Figure 16 shows the output power of each inverter. It is assumed that both inverters are
already operating in parallel. Using a virtual variable impedance, we will notice that both

inverters give their maximum power even when the loads and solar radiation change.
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Figure 16 Active power output of the two inverters

Case 5

Figure 17 shows different solar radiation, where the first is 2000 W/m2 and the second is
700 W/m?2, in which case the solar radiation is constant within 6 seconds. In this case, a
virtual variable impedance was used, dimming according to Equation no 8, and with

constant solar radiation, the loads were fixed
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Figure 17 Irradiance input to the PV array.
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Figure 18 shows the output power of each inverter. It is assumed that both inverters are
already operating in parallel. Using a virtual variable impedance, we will notice that both

inverters mid-range the required load capacity.
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Figure 18 Active power output of the two inverters
V. Conclusions

This article presented a method for efficient power sharing between paralleled inverters in
microgrid applications. An adaptive virtual impedance has been analyzed, implemented,
and tested to ensure equal/appropriate power sharing between inverters. A fuzzy controller
has been proposed to replace the conventional scheme for virtual impedance estimation,
which requires communication links or estimating the value of feeder impedance. The
proposed fuzzy controller provides precise power sharing, eliminates the need for

communication links, and provides superior performance.
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