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Abstract—In microgrids, the voltage source inverters often use
the droop control technique along with voltage and inner current
control loops to achieve a reliable electrical supply. Because
of the unmatched line impedance, the standard droop control
technique makes it difficult to uniformly distribute power and
limit circulating flow across parallel connections, especially in
highly nonlinear systems. The purpose of this research is to
introduce a neural network-based virtual impedance integrated
with a bi-directional grid inverter control technique that im-
proves stability during the dynamic operation of microgrids.
In order to track demand and reference power accurately
with less deviation and better stability under various operating
scenarios, the suggested technique employs the Feed-Forward
Neural Network (FFNN) to learn the nonlinear model during the
transient state of the inverter. It consists of adding compensation
voltages without any further tuning procedure. The proposed
FFNN controller’s extensive transient stability analysis, power
tracking, and operational performance are assessed in various
dynamic scenarios using the power hardware-in-the-loop (PHIL)
technique. In addition, the robustness and performance of the
proposed approach are validated on the IEEE 33-bus standard
distribution system. All findings are compared to the tried-and-
true conventional technique to demonstrate its efficacy.

Index Terms—feed-forward neural network, inverter-based
power system, virtual impedance, microgrid, droop control.

I. INTRODUCTION

HE concept of microgrids which are integrated with

distributed energy resources (DERs), has been utilized
commonly in recent years due to the devastating environmental
effects of classical power generation stations into power grids
and the growing worldwide need for decarbonizing energy
[1], [2]. Distributed generation (DG) systems that can pro-
vide electricity in both off-grid (islanded) and grid-connected
(GC) functioning modes have been made possible because of
developing technologies, advances, and enhanced control in
power converter/inverter systems [3].
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Droop control techniques are among the strategies that assist
in controlling the interchange of shared power in inverter-
based microgrids, and their importance has recently grown
[4]-[6]. The droop controller is the main device that is
frequently used in grid inverters/converters to increase the sta-
bilization of microgrids [7]. Reactive power-voltage magnitude
droop control and active power-frequency droop control are the
two main operating principles for typical conventional droop-
controlled inverters. The droop control is become more popular
as a result of its benefits, including simple installation, adaptive
parameter adjustment, active and reactive power adjustment
in the absence of DERs’ data connection, and a significant
level of dependability [7]-[9]. In contrast, the standard droop
control system has significant drawbacks and shortcomings,
including frequency and/or voltage variations, DGs’ system
transient behavior impact, a drop of inertia assistance in mega
inverter-based grids during dynamic operation, inaccuracies in
delivered power value with variable coupling impedance, and
instability states due to insufficient dynamic action [10]-[13].

Conventional droop controllers function poorly when ap-
plied to grids with unknown line compensations, transmission
lines with complex impedance, or distribution systems that are
primarily resistive. Additionally, the impedance mismatch at
the terminals of side-by-side inverters has a negative effect
on droop controllers. Otherwise, the synchronized virtual
impedance is formulated using a complex virtual impedance
that incorporates both inductance and resistance elements.
These components, inductance and resistance, are utilized to
offset discrepancies in reactive and active power, respectively.
By concurrently adjusting virtual resistance and virtual induc-
tance, the compensation is extended to address incongruities
in line impedance among DGs. This dual-tuning approach not
only ensures accurate power sharing but also contributes to
bolstering the overall stability of the microgrid system by
augmenting damping across the entire system [14]. As a result,
these circumstances lead to uneven power distribution and,
ultimately, instability. Since the correct frequency and voltage
regulation in microgrids and accurate active and reactive
power-sharing capabilities are both essential for converter-
controlled distributed generators, many adjusted droop control
structures are developed to tackle this problem. In [15]-
[18], the concept of virtual impedance is implemented. An
optimal adjustment of complex virtual impedance is adopted
for each inverter to enhance power-sharing accuracy by calcu-
lating feeder impedance using an online estimation algorithm
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[15]. In [16], authors propose an adaptive virtual impedance
controller for reconfigurable AC/DC MicroGrids that enables
autonomous adaptation of output impedance of inverters to
ensure power sharing enhancement. It is noteworthy that the
virtual impedance concept can be deployed to ameliorate
power quality by compensating harmonic power sharing while
supplying nonlinear loads [17].

The aforementioned systems have certain drawbacks, in-
cluding a lack of precise active and reactive power decoupling,
dependence on the structure of microgrids, and a need for
more measurement instruments. Therefore, several current
methods seek to improve the droop controllers even further
through intelligent control methods [19]-{22]. For the purpose
of load-shedding and power sharing in a droop-controlled
islanded microgrid, the authors in [19] present a probabilistic
wavelet fuzzy peural network techmique to take the place
of the voltape regulator, which is based on a PI controller.
Even yet, the method has a long execution time, and its
deployment is limited to microgrids powered by battery energy
storage. For the enhancement of power-sharing in microgrid
systems, a hierarchical control framework based on radial
basis function neural networks (RBFNN) is adopted in [23].
In this approach, a basic Pl-based voltage control loop is
added to the multilevel control scheme, using the PIRBFNN
methodology to solve power flow equations and obtain reactive
power references. As a result, the low-pass filter in the droop
control system is no longer required. But since the new PI
controller must be properly tuned in order for this technique to
be accurate, the system becomes more complicated. Moreover,
it does not include any physical application of the presented
strategy or give evidence of the offered method’s accuracy in
reactive power-sharing. In [21], a reinforcement learning-based
data-driven intelligent conirol is provided for customizing
the settings of virtual inertia emulation for frequency con-
trol. As opposed to power-sharing capabilities, the frequency
management of microgrids is the major topic of this work.
This technique is a model-based strategy that necessitates
knowledge of the system model beforehand. For voltage and
frequency stabilization and power-sharing control, the authors
in [22] suggest a data-driven online learning method to take
over the traditional droop control technique. The method's
limitation is that reactive power sharing must take prece-
dence over greater voltage faults in order to achieve both
voltage control and reactive power sharing concurrently. To
address the constraints of tuning back-to-back PI regulators,
separate tuning for various system sizes, and the calculation
complexity of the other methods, the cascade-forward neural
network (CENN) approach to driving inverter-based grids is
presented in [24]. The CFNN system gains benefit from the
online weights adaptation technique by following the nominal
system voltage and frequency, or active and reactive power,
in islanded/grid-connected mode, respectively. Otherwise, this
CFNN technique exhibits some divergence during the dynamic
transition.

The feed-forward neural network (FFNN) trained using the
back-propagation algorithm, as opposed to the most straight-
forward (PI controller) and widely used systems, is recom-
mended in contrast to the prior approaches. The advantage of

the FFNN is that it can handle nonlinear connections between
input and output while maintaining a linear relationship.
Besides, to follow the reference parameters based on the
operational mode, a live neuron-weight modification algorithm
is used to drive the feedback signals to zero. In the context of
our application, the advantage of applied FFNN is not only its
inherent ability to handle non-linear relationships but also its
flexibility in managing linearity. The used FFNN architecture
allows for a more controlled and interpretable adjustment of its
parameters, making it feasible to introduce linear components
when needed. This flexibility can be advantageous in scenarios
where preserving or incorporating linear characteristics is
beneficial for specific aspects of the control strategy. Also,
the conventional modeling and standard virtual impedance
control may be effective in many scenarios, while neural
networks can offer advantages in situations where the system
dynamics are complex, non-linear, or subject to uncertainties
that are challenging to model accurately. Accordingly, the
FFNN virtual impedance technique is suggested with mini-
mal oscillation during dynamic operation, such as a fault or
transition state, to address the other methods® limitations of:
i) single tuning for various system sizes and/or installation
locations; ii) the conventional method'’s unstable condition in
highty nonlinear cases; iii) the complexity of the adaptation in
the other common techniques. The proposed approach is unit-
based, making it peneral enough to be applied to a variety of
converter-controlled distributed penerator sizes without extra
tuning. By monitoring the reference and actual currents in
islanded or grid-connected mode, the live weights adaption
technique adds value to the suggested system and results in
less oscillation during dynamic operating conditions such as
faults or transition states.

In brief, the contribution of the paper is:

« Introducing a virtual impedance-based universal FFNN
to enhance inverter-based microgrids with bi-directional
islanded/grid-connected modes control.

s The feedback errors are driven to zero by online neural
network neuron-weight adaptation, which makes it sim-
pler for the suggested technique to monitor the reference
values to increase system stability, less oscillation.

+ The FFNN virtual impedance technique gets around the
limitations of single tuning for various system sizes
and/or installation locations, the conventional method’s
unstable condition in highly nonlinear cases, and the com-
plexity of the adaptation in the other common techniques.

s Multiple PHIL experimental assessmenis on 1MW
BESSs using the IEEE 33-bus standard distribution sys-
tem and real-time platform coupled with pro-
cessor demonstrate the efficacy of the proposed approach.
As a result, the offered scheme is verified and contrasted
with the conventional supported method, revealing the
effectiveness and robusiness of the sugpested sirategy
in the operating modes of islanded, grid-connected, and
dynamic (fault/transition).

Section II analyzes the droop control and conventional

virtual impedance concepts in microgrids. The proposed FENN
virtual impedance is executed for grid-supporting VSIs in
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Section I11. Besides, in Section IV, a transient stability analysis
is conducted to prove the robusiness of the proposed tech-
nique. The PHIL experimental results for the proposed and
conventional methods are presented in Section V, as well as
the IEEE 33-bus standard test in Section VL. Section VII wraps
up the research with a comprehensive overview and a detailed
conclusion.

II. VIRTUAL IMPEDANCE THEORY IN MICROGRIDS

Fig. 1. Three-phase V51 with LC filler circuit layout.

Voltage Source Inverters (V5I) are utilized in modern util-
ities to incorporate both battery energy storage devices and
distributed power sources. Therefore, an LC filter, which is
regarded as an interface device, is used to connect the VSI to
the grid. The power source, V51, LC filter, and grid-connected
impedance are shown in Fig. 1. The LC filter consists of L,,
R; at the V5] side and parallel capacitor C'y, and Lg, Rg
at the grid connection point. v2* and %™ are the VSI 3-
phase voltage and current, and v§™ and 3" the grid or load
side voltage and current. Also, v2 is the filter's tie-point
voltage. A droop, along with current and voltage control loops,
make up the traditional control framework for VSI-based
microgrids. The mathematical control model is constructed
using the conventional control approach described in [7] as
a benchmark model.

A Droop Control model

A primary-level controller known as a "droop controller” is
used in microgrids to regulate the output power (P, (J) using
the frequency and amplitude of the inverter's terminal voltage.
The algorithm for conventional droop control is developed as
follows [24],

P
Qﬂ.r_'t:l

where E and w are the amplitude and angular frequency of
the inverter’s terminal signal, £, and w, are the reference or
nominal values of voltage amplitude and angular frequency,
myg and my, are the droop controller gains, P/ and Q™' are
active and reactive reference power values, and P and (%
are the measured active and reactive power, respectively.

W= wp + mp{P”-r
E =E,+mg(Q™f

(1a)
(1b)

B. Current Regulator Control Loop

1) Islanded mode: The main function of the current control
loop is to improve the voltage level of microgrids in IS
operating mode. The voltage regulator block, which modifies
the output voltage of the inverter, is part of the outer control
loop. It is important to underline that the voltage regulation
loop is only ftrigpered in islanded operation. The voltage
control loop’s mathematical equations are expressed as,

i;e'r = Kp vy + K fﬂw (2a)
i;‘a'f =Kpz ey, + Ko fﬂuq (2b)
where, ey, =v)! va=FE v, ev, =0  vgq vg,,

is the dg-axis voltage at the prid-side, i;:f is the reference
current on dg-axis, Kpy 0 and Ky o are the PI controllers’
gains.

2) Grid connected mode: The primary objective revolves
around the concept of distributing both active and reactive
power within microgrids. This is achieved by implementing
intricate control mechanisms that encompass inner/outer loops
for voltage and current regulation. These control loops work
harmoniously to ensure that the sharing of power is optimized
and balanced, contributing to the efficient operation of the
microgrid. This is accomplished by adjusting voltage ampli-
tude and current in order to regulate the shared active and
reactive power. The active power deviation is the driving signal
of the PI controller in the active power conirol loop, whose
output creates the d-axis reference current. The reactive power
deviation is sent to the PI controller, and its output appoints
the g-axis reference current, thus driving the reactive power
control loop. Therefore, it is possible to derive the active and
reactive power equations as,

il — Kps ep+ Kus f ep (3a)
il = Kpg eq + Kus f eq (3b)
where, ep = P/ Pt e — QU QO Kpsg

and K5 are the PI controllers’ gains.

C. Comventional Virtual Impedance

The voltage regulator control loop output voltages vg, are
written as (4),

vy = vgq + RiT + Lditi;ef wLifef (4a)
_ d. .
vy = vgq + Rig + Lit*! +wLig” (4b)

where, R = Ry and L = L,

The current regulator unit is the main component of the
inner control loop, which serves as the inverter current regu-
lator. The voltage loop combined with the current loop can be
reconstructed from (4a) and (4b) as follows,
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va = vga + R wLil®! + Ky eq, + Kaa f e, (5a)

L..-L..ig‘f
Ug = Ugq + Ri;e-r + wLiEe'r + Kpg e, + K4 f e, (5h)
where, e, — iy’ ig and e, = ip*f ig- Kpa

and Kz 4 are the the PI controllers’ gains. L, is the Virtual
impedance. Further, the controller desired voltage vz, can be
written as,

vy = vUga + Ri:&‘r wLiEE-r +uf

vy =ug+ R,;;E! + wLi;e-r + ﬂ;-

(6a)
(6b)

where in the conventional control system, u;'q, can be described
as follows,

vl = wLui;E'r = Kpa ey +K13f‘5=¢

vf = wlyig! = Kpy g, + Ku f e, (7b)

The inverter output impedance, virtual impedance, and
feeder impedance are all included in the total output
impedance. The key portion of the overall output impedance
that influences system stability and dynamic performance is
the inverter output impedance. The voltage and current control
loop structures with decoupling elements are used to track the
voltage reference precisely and quickly. The conventional PI
regulator (5) is used in the voltage control loop (wLyi™=f).

The characteristics of L, are related to voltage stability.
The gains should be tuned in such a way that the output
voltage does precisely track the reference voltage. In fact, the
line impedance in low-voltage microgrids is both resistive and
inductive [18], making the separation of reactive and active
power regulation challenging.

(Ta)

II1. FENN VIRTUAL IMPEDANCE INVERTER-BASED
MICROGRID

A Feed-Forward Neural Network Based Virtual Impedance

The control diagram of the FFNN virtual impedance-based
bi-directional droop control approach that is proposed in

this work is shown in Fig. 2. It contains a 3-phase voltage
source inverter and an integrated conventional droop controller
with FFNN virtual impedance for microgrid applications. The
distributed generation units in the microgrid system cannot
determine the relative amount of their line impedance, making
it impossible to change the virtual impedance. To correct for
line impedance mismatch, an FFNN-based virtual impedance
control approach is presented. To satisfy the situation that
the total output impedance is mainly inductive, the virtual
inductance L, must be regulated to regulate the actual current
around its reference value. While the existing current con-
troller addresses the immediate reference current requirements,
the FFNN is designed to learn and adapt to more complex pat-
terns and dynamic aspects of the system. Its goal is to predict
and compensate for potential disturbances, uncertainties, or
nonlinearities that may affect the system’s performance.

Accordingly, the proposed FFNN-based virtual impedance
aims to compensate for the drop voltage value and boosis the
desired voltage to avoid any unstable situation during dynamic
operation. The virtual impedance L, is a function of the actual
current (%), reference current (i"=), and the deviation of
these currents (e, = ¢™ 2%,

For the grid inverter-based controller, extracting an accu-
rate adaptive virtual impedance model requires understand-
ing the link between the compensation voltage v, and the
load/reference current The suggested model enhances the
WVSI's stability in grid-connected and islanded modes for
microgrid applications. The neural network-implemented tech-
nique produces the compensating voltage v;'q without using
any of the standard virtual impedance (Pl controller). This
is able to be accomplished by creating the required dg-axes
voltages to be added to the desired voltage in order to maintain
stability.

The reference current ',/ and actual current i2° are used
to identify the input signals for the FFNN. The proposed
feed-forward neural network is trained to utilize an offline
training approach using the data provided by the conventional
virtual impedance model, a synthetic dataset (Section II-C).
Feedback signals are required to reduce unexpected deviations
caused by variations in the equivalent output impedance of
the V5I and make up for the difference between the reference
values and real values of the dg-axes currents. As a result,

_ ref et _ .re -act : -
E1, = ig ig™ and e, = ig ! ig determine the iy,

Fig. 2. FFNN Virtual Impedance Bi-directional Inverter-Based Microgrid Control Block Diagram.
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current feedback errors (ei). The sirategy of live neuron-
weights adaptation is employed to reduce these errors to
zero. The sugpested approach is unit-based, making it general
enough to be applied to a variety of inverter-based sysiem
sizes without further tuning. The compensation voltage u;'q, is
added to the required voltage, as illustrated in Fig. 2.

B. Feed-Forward Neural Network

Fig. 3. Proposed Feed-Forward Neural Network scheme.

In systems where there is little understanding of the behav-
ior, complexity, and dynamics of the system, neural networks
are frequently used for estimation, modeling, and control. The
parallelization and training capabilities of neural networks en-
able them to reach target values. The universal approximation
theorem for neural networks states that they may properly
estimate any nonlinear or dynamic properties [24]. The ad-
vantage of the FFNN is that it can handle nonlinear input-
output interactions while maintaining a linear relationship.
The following is a description of the relationship between the
inputs and outputs of the FFNN.

m
(1) (1) (1)
vy =by + Z Wy Ty

(8a)
o = £ (e “}:I (8b)
M ), N o ), P+
P p+
ey =by +3 > Opwg (9a)
p=1 k=1
where, r; is the input signal for index i, m is the number of

input signal, w};’ is the weight of node j of layer (k) for
input 7, b}" is the bias, f;"’ is the activation function, and
oM s I‘hf: output signal. Layer index 1: 1%* hidden layer, h:
h‘%‘ hidden layer , and o: output layer. n: number of neurons.
Lastly, the FFNN output signals i can be declared as §j =
[1,%2, ... w), where [ is number of output signals.

Back-propagation learning is used to acquire the FFNN
weight and bias parameters. The online weight adaptation
law is also responsible for maintaining the robustness of the
closed-loop control system as follows,

- {h} (k) (k)

Wy, =wy +E.|_'H.Ij1 (10a)
h—1 n

A {D} ﬁ{u)'i‘ Z Z D[Pj .«(P+1} {]ﬂh}
p=1 k=1

ref

where, e, =z T, e, is the feedback deviation/error
of the input signal (i), I‘“‘ is the actual value of the neural
network input signal, am:l I:e‘f is the reference value of the
input signal ().

As per Fig. 3, the suppested FFNN is made up of two layers.
Ten neurons make up the input layer, 1** layer, which is used
to connect the input parameters (ie., i} ref gt z;ef and i3°),
and two neurons build up the output layer, 2™¢ layer, {l.e U
and wg). The first and second layers are activated using the
Purelin transfer function.

The sugpgested neural network's training data is generated
using the conventional virtual impedance technique, a syn-
thetic dataset. In this model, the ranges for the load's active
power and reactive power are | 1 1|pu and [ 0.7 0.8|pu,
respectively, in steps of 0.001 and 0.002. The learning data
matrix is created using the conventional model findings in
Section II-C. The mean square error (MSE) object of the test
synthetic dataset, MSE = Y (yi  pi)?/n, is set at 0.0005,
which represents half of the active power step, [24], [25]

Diverse scenarios where the microgrid is subjected to dif-
ferent prid conditions, transient events, and load variations
are simulated. The correct value of the virtual impedance for
syslem training is determined through a systematic process.
Initially, comprehensive studies and simulations to assess
the microgrid’s performance under various virtual impedance
settings are conducted. These simulations involve scenarios
with changing grid conditions, transient events, and load
fluctuations. To capture a wide range of operating conditions,
the virtual impedance of the grid is intentionally varied dur-
ing the training process. The Neural Network is exposed to
scenarios with different virtual impedance values, allowing it
to leamn the system’s responses and dynamics under varying
impedance conditions. Through the extensive training process
that includes a diverse set of scenarios, the FFNN learns
to generalize and make predictions even in situations not
explicitly encountered during training. Additionally, the live
weights adaptation scheme plays a crucial role. The FFNN
is continually updated based on real-time data, enabling it to
adapt to unforeseen changes in operating conditions that may
not have been explicitly covered during the training phase.

IV. TRANSIENT STAEILITY ANALYSIS

The active and reactive power of the DG presented in Fig. 1
can be expressed as follows:

P— ";"9 8g) = (11a)
Q= uEM cos(d, .sg} - ng cos(d) (11b)
o ]

where, v, and §, are the inverter tie-point voltage magnitude
and phase angle, and v, and &, are the grid/load side voltage
magnitude and phase angle, respectively. Also, the power angle
d is the phase angle difference between the inverter side and
grid side voltage. In addition, z,=z+ Ty, Lo=L+ Ly,
and the relationship of power angle 4§ and the angular velocity
w is derived as: w = dd/dt.
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For the microgrid system during the fransient state, even
though the inverter-based grid is a second-order nonlinear
system, delermining its analytical solution makes it difficult to
determine the transient stability. It is discovered that there is a
structural similarity between the inverter-based grid nonlinear
model and the swing equation of the synchronous generator.
The inverter normally sends power to the load under normal
operation, which demands that the power angle be no higher
than , maximum boundary [26]. As a result, the drop
in grid voltage and rise in line inductance are detrimental
to the stability of synchronization. From (7) and (10}, it is
found that the virtual impedance is closely related to the PI
parameters . , or , and the droop parameter

. The negative damping/accelerating zone extends with a
drop in and arise in , or in (1), which might
result in the power inverter losing synchronization.

[——wio Virual Imp ——Proposed |
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Fig. 4. Simulation results for power angle  and angolar velocity  under
(a) small disturbance; (b) large disturbance; (c) fault disturbance; (d) grid
transition disturbance.

According to [27], load switching, short circuits, or open
circuits in AC transmission lines are the main causes of
grid phase disruption. Also, authors in [28] present how
grid failures can disturb the inverter’s voltage phase. In
reality, regardless of the type of larpe-signal disturbance
{short circuit failure, load switching), the deviations in power
angle and frequency demonsirate the system’s stability per-
formance. This section presents examples of transient re-
sponses to disturbances rather than a comprehensive stability
analysis. The intent is to showcase the performance of the
proposed approach under transient conditions (grid connec-
tion/disconnection, high renewable penetration, dynamic load
changes, and fault events [27], [28]).

The inverier-based microgrid model is created for MAT-
LAB/Simulink simulation in order to investigate the stability

of the suggested technique during transient conditions. The
system characteristics are provided in Table 1, and Fig. 6 illus-
trates the configuration. It should be noted that the disturbance
used in this investigation is the grid phase disturbance, as
defined in [27], in order to immediately establish the power
angle afier the disturbance, which is useful for the quantitative
study of the stability.

Fig. 4 displays the simulation results under various dis-
turbances: (a) small disturbance; (b) large disturbance; (c)
fault disturbance; (d) grid transition disturbance. The term
"Proposed” in Fig. 4 refers to the virtual impedance based
on FFNN. The system maintains stability and returns to
equilibrium because, as illustrated in Fig. 4(a), the power angle
of the proposed method following a small disturbance (small
load switching) is still contained within the stability limit, as
well as without virtual impedance but with slight oscillation.
As seen in Fig. 4(b), after the system experiences a large
disturbance (huge load switching), the power angle oscillation
equals for the proposed method, while it is
without virtual impedance, and the sysiem continues to be
stable in both methods. As seen in Fig. 4(c), when the system
faces a significant disturbance (3-phase fault disturbance), the
severe oscillation process causes to surpass the maximal
stability limit, which ultimately results in instability when
the system operates without virtual impedance also under the
conventional virtual impedance, Fig. 14 in [26]. While using
the proposed virtual impedance method, the system continues
to be stable, and the power angle varies in the range of
As presented in Fig. 4(d), under grid transition disturbance,
the proposed method shows a tiny change. In contrast, a
continuous oscillation of at angular velocity
clearly appears at the grid transition state because of the total
equivalent impedance variation at the inverter tie-in point

V. PHIL EXPERIMENTAL VERIFICATION
A. PHIL Experimental Setup

To assure the efficiency of the FFNN virtual impedance
technology, experimental validations are conducted on a PHIL
system. LabVolt three-phase inverters, DC power supplies, and

real-time simulator make up the PHIL system, as
illustrated in Fig 5. The Artemis library and MATLAB Sim-
PowerSystems are used to create the microgrid, power circuit,
loads, and LCL filter. Since the entire system comprises too
many switches, the state-space nodal technique is required to
delink the power circuit modeling, [29].

Applying a processing time-step of 100 |, the described
control scheme—which includes the FFNN—is constructed on
a high-performance real-time architecture. Opal-ET Technolo-
gies’ RT-EVENT library block, [30], is used to produce the
driving pulses, which have a switching frequency of 2.7
It's because the VS5I gates’ inputs are interfaced with the
simulator’s digital outputs. Using the analog input of the

, the inverier's output voltage is instantly sensed. The
DC voltage power source and voltage source inverters, scaled
to /1MW, make up the actual BESSs. In Table I, the
LCL filter's parameters and power sysiem's parameters are
listed.
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Fig. 5. PHIL Experimental setup [24].

TABLE I

PowER SYSTEM PARAMETERS [24]
Parameter Value
DC Voltage (W) v = 922
Mominal gridficad frequency (He) | f =60
Mominal gridfioad L-L voltage (V) | Vrma = 600
Imverer-side filter (mH, 1) L,=0% R, =263-10 ¥
Parallel fiker (kKVAr) Gy =50
Grid-side filer (H. 11) Lg = 0.06, Ry = 0.003

B. Microgrid Testing model

The testing system is developed to cover the majority of
operating scenarios and demonstrate the efficacy, robusiness,
and usefulness of the suggested approach since it is intended to
be a universal FFNN virtual impedance bi-directional inverter-
based microgrid droop controller. Fig. 6 demonsirates the
testing scheme, which has a IMW voltage source system. On
the DC side, it is coupled to a battery storage system, and
on the AC side, it is connected to an LCL filter and isolation
transformer.

Fig. 6. Microgrid testing scheme.

Fig. 7 presents the PHIL. experimental results for 1MW
BESS for the proposed FFNN virtual impedance in compar-
ison with the conventional VI and without VI as well. To
evaluate that in both operating modes, grid-connected and
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Fig. 7. PHIL experimental results for 1MW BESS.

islanded modes, a variant load and grid model are linked on
the common busbar. Therefore, the 1MW BESS is tested in
this section under:

1) Islanded Mode: The variant load power is changed in
five steps, 100v50, 300/200, 550/300, 800/500, and 1000/600
KW/kVAr as illustrated in Fig. 7(a), (b) between 0 9 sec.
From Active and reactive power curves, both the proposed
and conventional methods deliver stable load power. While
without virtual impedance, the delivered active and reactive
load power fluctuate more at a high load level than at low
power. Similar reactions are reflected on load current curves,
Fig. 7ie), for the three presented methods.

The load voltage and frequency curves, Fig. 7(c), (d) and
zoom-in scopes Fig. 8, demonstrate how far the proposed
and conventional methods supply the required active and
reactive power at the nominal voltage and frequency within
an acceptable variation range. On the conirary, neglecting the
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Fig. 8. Detail voltage and frequency results for 1MW BESS at islanded mode.
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virtual impedance, the load voltage goes over the nominal
voltage by 15%, Fig. 8(a), and the load frequency changes
in the range of 1 Hz, but it exceeds the nominal frequency by
0.5 Hz.

2) Fault Dynamic Phase: A 3-phase fault is also applied
during this phase at 9 sec for 0.4 sec to test the proposed
method’s dynamics during a significant disturbance. Fig. 9
focuses on the transient state of the active and reactive power,
load voltage, and frequency. Fig. 9 confirms the capability
of the proposed and conventional methods to supply the load
power back after eleasing the fault. Nevertheless, dropping
the virtual impedance leads to a voltage drop and frequency
swing out of the acceptable range during and afier the fault.
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Fig. 9. PHIL experimental results for 1MW BESS at fault dynamic.

3) Islanded-Grid-Islanded Transition Mode: The transition
from islanded to grid-connected mode is investigated during
this phase. The V5I is operated in parallel with a swing bus,
and the BESS shares the load per the reference active and
reactive power values. The load power is held at 1000/600
kW/KVAr while the BESS's reference power values are modi-
fied to 3007200 and -300/100 kW/kVAr. The BESS serves as a
load and charges the battery when the active power is negative,
Fig. 7 between 10 14 sec. Back to islanded mode at 14 sec,
the grid is switched off, and the BESS supplies the load at
a value of 1000/600 KW/KVAr Even more, at the transition
points 10 sec and 14 sec, the sugpested approach produces
less load voltage fluctuation than the conventional method,
Fig. 10{a); while the load frequency is almost the same in both
methods, Fig. 10(b). On the other hand, the dynamic transition
effect clearly appears in operating without virtual impedance
rather than in the other methods because it does not match the
grid-side impedance. To improve the accuracy of the active
and reactive power sharing and reduce the circulating current
during the transient state, this impedance must be changed.
Consequently, the virtual impedance technique is the approach
by which the dynamic transition states may be avoided [16].
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Fig. 10. Detail voltage and frequency mesults at transition mode.

Otherwise, during the steady-state period of grid-connected
mode, the load voltage and frequency stick to the grid values.

Besides, in the proposed FFNN and conventional virtual
impedance methods, the additional voltage values play the
main part in system stability throughout transient states, with
the system parameters’ limitations, Kp, K, or ﬁ;;‘). At
some points in the transitions and islanded/grid-connected
modes, the conventional method cannot sustain the nominal
system values, frequency and voltage tracking. Consequently,
the suggested FFNN method demonstrates enhanced resilience
to transient dynamics and variations in referencefload power.
Variations in grid or load impedance produce rapid variations
in v voltages. The suggested approach can react quickly
to s n changes in the power flow, operating mode, or
overall equivalent impedance. This solution has the advantage
of a uniform and quick dynamical reaction since it employs
a live weight adaptation approach over the u;'q voltages. The
suggested approach is general and adaptable to each and every
BESS size, with no more adjustment/tuning needed since it
uses a per-unit base.

V1 IEEE 33-BUS STANDARD DISTRIBUTION SYSTEM

The proposed FFNN virtual impedance method is also
confirmed within the standard IEEE 33-bus microgrid by
connecting four inverters at different locations.

Fig. 11. IEEE 33-bus PHIL Experimental setup.

Case 1 : Ring microgrid model :
Fig. 11 and Fig. 12 present the standard IEEE 33-bus PHIL
experimental setup and single line diagram, respectively, as
proposed by [31] in a ring model (tie lines 33, 34, 35, 36,
and 37 are in-service ); in addition, it is integrated with four
BESSs, 1 MW each. This test scenario verifies the FFNN
method's robusimess in generic grid'microgrid applications,
whatever the installation location or total equivalent impedance
at tie-in points. The test procedure is divided into two stages.
The first one, Fig. 13, offers the normal operation stage at
which each BESS operates in grid-connected mode at the
reference active and reactive power, Table II and Fig. 13(a),
(b). The proposed method achieves stable voltage at each
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Fig. 12. IEEE 33-bus single line diagram.

inverter’s connection busbar (Fig. 13(c)) while ignoring fre-
quency variations (Fig. 13(d)).

TABLE II
REFERENCE ACTIVE AND REACTIVE POWER
BESS1 BESS2 BESS3 BESS4
0-3 0-35 0-4 0-3 sec
300/ -100 | 400/ 100 200 /-200 | 50 /200 kW / kVAr
3-6 35-5 4-8 3-6 sec
-300 /200 | -100/-100 | -300/200 | 300/100 | kW /kVAr
6-10 5-10 8-10 6-10 sec
650 /-500 | 550 /400 50 /7 600 550 /350 | kW /kVAr

In the second stage (Fig. 14), the dynamic transient oper-
ation is divided into three phases, i) At 10 sec, a 3-phase
fault is applied and released at 10.5 sec. ii) At 11.5 sec,
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Fig. 13. PHIL experimental results for IEEE 33-bus ring microgrid integrated
by four BESSs at normal operation.
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Fig. 14. PHIL experimental results for IEEE 33-bus ring microgrid integrated
by four BESSs at dynamic operation.

the first substation’s (Subl) frequency is changed by 1 Hz
before the protection system takes action and trips this feeder
at 11.7 sec. iii) At 13.5 sec, the second substation’s phase
angle is modified by 10 degrees before being adjusted back
to the normal phase angle at 14 sec. Fig. 14(a), (b), voltage
and frequency curves, confirm the proposed FFNN virtual
impedance stability advantages by keeping each independent
system stable during and after releasing the disturbances. On
the contrary, the proposed method shows some acceptable
deviation (close to 0.5 Hz) during high-impedance change,
BESS3 and BESS4 during Subl frequency change. As BESS3
and BESS4 are closer to the disturbance source. Besides, the
conventional virtual impedance method was also tested under
the same operating conditions and gave the same results. They
are not presented, however, because it is already confirmed in
Section IV.
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Fig. 15. IEEE 33-bus radial microgrid integrated by four BESSs at dynamic
operation

In this case, tie lines 33, 34, 35, 36, and 37 are out of
service, and the above dynamic transient applications are
conducted. Fig. 15 demonstrates the robusiness of the pro-
posed method against the conventional method. During this
test, the PI controller of BESS2 cannot compensate for the
highly nonlinear system. Therefore, the conventional sysiem
encounters unstable operating conditions. On the other hand,
the proposed FFNN virtual impedance technique can keep the
systems stable under significant disturbances. Thanks to the
online weights adaptation method and FFNN structure that
deal with nonlinear systems and can adjust the inverter termi-
nal voltage (grid linkage impedance) to deliver the assigned

power and keep the output frequency in the stability range.

VII. CoNCLUSION

For bi-directional inverter-based microgrids, a control tech-
nique using feed-forward neural network virtual impedance is
developed. A multi-layer feed-forward neural network trained
using the back-propagation method with online weight mod-
ification is used to build a robust control method that im-
proves stability during the dynamic operation. The FFNN has
one hidden layer of ten neurons behind two neurons in the
output layer. Additionally, the mathematical analysis of the
microgrid droop control technique and FFNN structure serve
as a foundation for the suggested technique. Combining these
two approaches guarantees that distributed generation systems,
such as BESSs, supply the grid or loads with the required
energy. As a result, the load receives the demanded active
and reactive power, maintaining the voltage and frequency of
the system in islanded mode. Under grid-connected mode, the
reference active and reactive power is maintained at the nom-
inal system’s voltage and frequency. Moreover, the proposed
method is adapted to operate various VSI systems without
any additional adjustment. Using real-time PHIL experimental

studies, the effectiveness of the suggested procedure is exam-
ined throughout many phases. Simulink real-time software and
an Opal-RT platform are used to build the PHIL setup. In order
to test the IMW BESS, the inverter bridge is driven by the

system. Also, the IEEE 33-bus standard distribution
syslem is tested in various scenarios assisted with four BESSs,
that are based on the FFNN virtual impedance technique. In
the highly nonlinear system, the conventional method cannot
beat the proposed one, while the proposed FFNN virtual
impedance technique can maintain system stability under
significant disturbances. The neural network’s offline training
adds exira value because it minimizes the massive computa-
tional load associated with such traditional approaches. This,
together with the live neuron-weight modification strategy, en-
sures stable performance. Finally, the experimental outcomes
show how successful the suggested control technique is in
both running modes. Otherwise, the proposed method shows
some deviation during high-impedance change. Thus, future
work will investigate and analyze this state performance and
improvement for the FFNN control technique and avoid these
deviations.
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