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Abstract

An effective and robust controller is designed using Levenberg-Marquardt
(LM) algorithm-based Artificial Neural Network (ANN) for the solar Photo-
Voltaic (PV) based distributed generation units for stabilizing the grid-
connected microgrid (MG) under load changes and irradiance variations. A
test system comprising of two PV units and one diesel generator unit con-
nected to the utility grid is modelled and considered for the controller design
in MATLAB/Simulink environment. PV generated power is injected into the
grid through voltage source converter (VSC) regulated by using the proposed
ANN controller. Based on the grid voltage and available PV generation,
the ANN controller regulates the inverter current by setting the reference
voltage vector to synthesize gating pulses for the inverter. The robustness
of the controller design is analysed and validated through time-domain
simulations by subjecting it to extreme operating conditions. The controller
performance is evaluated by Integral Square Error (ISE) and Integral Time
Absolute Error (ITAE) for the test system. The results are compared with
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conventional PI and PID controllers to prove the superior performing ANN
controller.

Keywords: Stability of microgrid, LM-algorithm, ANN controller, voltage
source converter, time-domain simulation, power-flow regulation.

1 Introduction

In recent years, there has been a revival of interest in many electric utilities
throughout the world to generate power from renewable energy sources like
solar, wind, biomass, etc. These renewable power sources along with energy
storage systems can be integrated with low voltage distribution networks
which are called distributed energy sources (DER).

The important aspects of stability are presented in remote and utility-
based microgrids depending on the modes of operation, types of sources, and
network parameters [1]. A damping controller is proposed for a PV source
coupled microgrid system for robust system performance including sudden
disturbances and variation in operating conditions [2]. A distributed optimal
controller is presented to enhance the dynamic performance of the system in
coordination with multiple distribution units in the microgrid which enhances
the performance under various working conditions within its range [3]. PI
current/power regulators are designed suitably to stabilize a hybrid AC/DC
microgrid system incorporating following step changes in the dynamic and
static loads [4]. An adaptive feedforward strategy is proposed to alter the
dynamic coupling between the distributed resource unit and utility grid so
that the system stability is made insensitive by droop coefficients [5]. The
dynamic stability of microgrid is influenced by system configuration and
variable intermittent generation. Controlled energy storage is essential for
the reliable operation of the microgrid as well as the utilization of renewable
energy [6].

A neuro-fuzzy controller is recommended for smooth operation for the
hybrid microgrid retaining the stability of the system in isolated mode and
obtain good performance in grid-connected mode [7]. An intelligent con-
troller with a combination of modified general regression neural network and
radial basis function network sliding mode is proposed for the stabilization
of the grid-connected microgrid system [8]. A Neural sliding mode lineariza-
tion controller trained with an extended Kalman filter learning algorithm
is proposed for active and reactive power regulation of distributed energy
resource in microgrid interconnected IEEE nine bus system [9]. An online
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training-based Elman NN controller is employed to track the PV source
operating point [10]. The power transferred to the utility grid by the converter
is controlled by a neural sliding mode linearization controller utilizing recur-
rent high order neural network with an extended Kalman filter to ensure the
stability, robustness, and reject the disturbances [11]. An adaptive radial basis
function neural network is used to tune the parameters of a PID controller
connected to a PV based energy system [12].

A cascaded control structure is proposed with nonlinear simplex-based
algorithm for the optimal tuning of control parameter. This minimizes the
voltage deviation in the microgrid and also enables single transition state
in microgrid [13]. Genetic algorithm is implemented for multi objective
optimization in an adaptive dynamic droop controller for stabilization of PV
based multiple microgrid cluster. The controller introduces local and inter
area oscillation modes to damp the underdamped oscillation behaviour in the
microgrid [14].

From the above review of literature, it has been observed that ANN
controller is employed for the control within the microgrid as standalone
system and utilized for the optimal tuning of controller gain in islanded DC
or AC microgrids. The proposed LM algorithm-based ANN is compared
against conventional PI, PID controllers in the grid connected operation of
a PV-Diesel test microgrid.

The proposed ANN controller is simple and effective for regulating power
flow in the grid-connected microgrid enhancing the stability of the system
under transient and steady-state. The ANN algorithm overcomes the inherent
issues in improving transient performance and governing satisfactory power
delivery to the grid during the excess generation in the microgrid and power
reversal during a power deficit in the microgrid. ANN controller is inherently
adaptive to various operating conditions, whereas in the conventional analog
controllers, any changes in controller parameters results in modification of
hardware components incurring more time and associated cost in design and
components. The proposed ANN controller is designed and implemented
to generate reference voltage modulation signal for VSC controller based
on grid parameters without collapsing the grid under parametric changes.
The stability in micro-grid here refers to the stable operation of the VSC
interfacing DG sources to the utility grid. Enhancing the stability, the pro-
posed controller also, preserves the power quality of the utility grid during
transient and steady-state operation of the microgrid. The major contribution
of the work lies on applying the LM algorithm for dynamic power flow
control in the grid connected microgrid with changes in operating conditions
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The proposed ANN controller regulates the power flow outputs of the PV
sources adaptively by fine tuning the VSC duty cycle in accordance with
instantaneous power generation existing with other micro sources in the
microgrid and irradiance changes.

This paper is organized as follows Section 1 presents the introduction
and literature review, Section 2 presents the modelling details of microgrid
in grid connected mode. Section 3 discusses the proposed LM-based ANN
controller with its implementation in Section 4. The results of simulation are
presented in Section 5 with comparison metrics with conventional controllers,
and Section 6 presents the conclusion.

2 Modeling of PV-Diesel Test Microgrid in Grid
CONNECTED Mode

The test microgrid considered for this research work is described which
comprises of two PV sources and a diesel generator unit. This microgrid is
capable of operating in both islanded and grid-connected mode. Linear loads
are connected to both the microgrid test system and the utility grid. The power
output from the PV module is integrated into the utility grid in two stages. The
power output from individual PV units is extracted using Maximum Power
Point Tracking (MPPT) controlled DC-DC converter sharing common dc-link
with VSC interfaced to the grid. A typical PV-diesel microgrid test system
with the proposed controller is illustrated in Figure 1. The maximum power
output from the PV module is utilized all the time. The diesel generator (DG)
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Figure 1 Schematic diagram of the PV-diesel system model.
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output is reliable on the total amount of delivered power according to its
rating. In islanded mode of operation, the output power delivered depends on
the microgrid load only [15]. All the generation units are connected through
transformer to the grid. Active power is provided by the PV generation
module with the VSC interface. The grid control restricts the inverter fed
source by controlling the voltage on the bus. The capacitor output changes
yield variations in the PV output.

ANN-based control strategy regulates the power flow in the microgrid
sources by controlling VSC. It generates a set of reference current for the
VSC and controls the system components according to the power balance of
the system. The specifications of PV module and diesel generator parameters
are discussed in this section.

2.1 Sizing of PV Module

The PV sources (DG1 and DG2) comprises of a group of panels that are
connected in series and parallel to meet the voltage and current requirements
for the proposed test-microgrid. SPR-315E-WHT-D panels are employed as
a power source whose specification is listed in Table 1 [16].

2.2 Modelling of Diesel Generator

Use The diesel generator is considered to have a diesel engine coupled to
a salient pole synchronous machine whose parameters are considered as in
Table 2. The diesel engine operation is governed by a speed governor whose
parameters are given in Table 3.

Table 1 PV module data

Parameters Values
Total no. of Parallel strings 64
Series modules in String connected 5

Open circuit voltage Vo (V) 64.6
Short-circuit current Isc (A) 6.14
Voltage at maximum power point level Vi, (V) 54.7
Current at maximum power point I, (A) 5.76
Specified temperatures of Array @ 1000 W/m? 45°C and 25°C
Maximum Power of a PV Cell (W) 315.072

From Table 1, the available PV power output capacity is calculated as
Pous = Vo for 5 series strings * I for 64 parallel strings = 126.92 Kw.
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Table 2 Diesel generator parameters

Parameters Values

Nominal power 200 kVA

line-to-line voltage 460 V

Frequency 60 Hz

Reactance [1.305, 0.296, 0.252, 0.474, 0.243,
[Xa, Xar, Xqrr, Xq, Xgrr, X1] 0.18] all in p.u

[Taor, Taorr, Tqrr] [4.495 0.0681s 0.0513s]
Resistance of the stator Rs (pu) 0.0045 p.u

Inertia constant, friction factor, pole pairs [H(s) F(pu) p] [3.701]

Table 3 Diesel engine governor parameters

Parameters Values

Gain for the regulator, K 40
Time constants of regulator [T, T2 T3] (s) [0.01 0.02 0.2]
Time constants of actuator [T4 Ts Ts] (s) [0.25 0.009 0.0384]

Tables 2 and 3 present the data of a diesel engine and governor sys-
tem [17]. All the inputs are considered in p.u. The diesel engine output
is mechanical power driving the synchronous generator. Motor inertia is
considered along with the generator. The diesel generator is considered as an
independent voltage source as the rotor speed control and generator voltage
control is coordinated inside the system. A fixed voltage is continuously
maintained which is independent of the load or the output current.

2.3 Proposed Control Law

The proposed model control law describes controlled coordination of the
converters in the PV-diesel grid-connected system. The power balance of the
microgrid is satisfied when the PV plant is operating in grid connected mode
as well as in isolated mode. The power balance equation in the system under
various loads and supply conditions are given in Equation (1).
PpU+Pdg+Pgrid_]Dloss :]Dload (D

Where Py, is the PV output power, Py, is the diesel generator power,
Pioaq is the required load power and total power loss is considered as Pjogs
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in the MG. In the case of deficit power generation by PV modules, it results
in DC (Vpc) dip. The dc voltage error (Vi — Vpc) is processed by the
PI controller and the output is the d-axis reference current (Iy), required to
maintain the dc-link voltage fairly constant. This current Iy is added to the
d axis current output of the inverter and then applied to the ANN controller
for reference generation. The converter operates in buck mode and power is
transferred from the generators to the load. In the case of excessive power
generation, the DC voltage increases in the DC link and delivers a reference
value for the converter control to operate in a boost mode. The power flows
from the main DC-link with excessive power. The proposed ANN controller
processes and regulates the power exchange based on the requirements of
grid-connected PV-Diesel microgrid connected load.

3 Proposed LM-Algorithm Based ANN Controller

ANN is the heart of the intelligent controller designed for the proposed work.
ANN control is online and it uses supervised learning method. It is developed
by using data sets. The ANN controller receives information like grid voltage,
inverter output current, and DC link reference voltage. The voltage balance
in dc-link is vital for the operation of VSC and hence it is regulated using
the PI controller. The d-axis reference current (I5) is generated by relating
the dc reference voltage and actual dc-link voltage using a comparator and
PI controller. Based on the power generation from PV microgrid sources, the
reference inverter output current is set and is provided as I:;q to the ANN
controller. It processes and generates reference voltage command required
for the VSC, in the dg-frame. The ANN focusses on regulating the power
delivered to the grid from PV sources. The inputs of the PV sources are
temperature and irradiation, among which the irradiation is considered as the
variable at a standard constant temperature. The ANN is trained to monitor
the real-time information of the system, to compute the modulating reference
voltage signal required for VSC. The training data is generated by the actual
behavior of system constraints. The learning task is given in the form of a
training set. In this research work, the training data are generated from the
best values i.e. Amin (taken as Current parameter: Iq, I;) and Pgm (taken as
Voltage parameter Vq).

The Backpropagation (BP) training algorithm and LM algorithm [18] are
used in the network to train the dataset in the microgrid stability enhance-
ment. The feedforward network is trained by the BP algorithm to train the
ANN controller to get the optimum and best result as shown in Figure 2. The
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Figure 2 Structure of feedforward neural network.

optimum and best result is achieved by training the feedforward ANN control
network using BP algorithm.

A network with connections between nodes model is used and the node
does not form a cycle known as the feedforward model. The minimum value
of a function is located in the LM algorithm. The sum of squares of non-
linear functions is expressed by the iterative technique. A combination of the
Gauss-Newton method and the steepest descent method is used according
to the combination coefficient. Gauss-Newton method is used when the
combination coefficient has a very small value. The steepest descent method
is also used when the combination coefficient is large.

The output node of neuron j is calculated using

y; = [i(net;) (2)

Where y; is the output vector Vd’zo, fj is the activation function of neuron
J and net value net; is the sum of weighted input nodes of neuron j:

ni
net; =y wjiyji +wjo 3)
i=1
Where
Y;; is the i*" input node of neuron j, weighted by Wi
w; o 1s the bias weight of neuron j obtained by tuning and updation in iterative
procedure.

Based on the output obtained from the network, the optimal control pulses
are generated for the voltage source converter based on the grid parameter
variations. Then the proposed topology is implemented in the MATLAB
platform and the results were analyzed. The training data set for the proposed
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ANN control strategy results in the least mean square error of 0.025684 and
regression value of 0.98163 close to 1.

ANN technique employed here is trained with a set of all possible data
combination and contingencies that may arise in a microgrid that affects the
steady state operation of the connected grid/loads. ANN is relatively simpler
and faster techniques when compared to other computational algorithms to
determine the duty cycle for the power switches. In this work, the ANN
controller is trained with better estimates of duty cycle that the VSC must
operate under normal and abnormal conditions. Hence it is not required
to compute or tune the controller parameters as in conventional or other
controllers. There may be recent techniques that perform satisfactorily or
mere enhancement in the performance of the system. The objective is to
propose an ANN controller that requires minimal computation for obtaining
appropriate duty cycle for the VSC.

4 Implementation of the Proposed Controller in Simulink

The Simulink model of the test system is illustrated in Figure 3 and the struc-
ture of ANN-based VSC control and the process of generating a reference
signal V;q by the ANN-based current regulator from the measurements is
shown in Figure 4a. Figure 4b is the expanded form of the ANN controller
block in Figure 4a. According to the dq-control strategy, the error in dc-
link voltage is regulated to deliver the desired charging current to maintain
constant dc-link voltage. The ANN controller regulates the current delivered
to the inverter based on available power output from PV and grid voltage.
Also, it regulates the dc-link voltage.

The control of VSC is carried out in the dg frame. It produces a
reference output voltage for the inverter in dg-frame. Applying inverse

i
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Control V| Ay B G
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DG, L = 2. e Vac .
T & Skm Feeder Load
vsc A—a 2 A A A AA a
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Figure 3 Simulink model of the proposed system.
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Figure 4b ANN-based current regulator.

Table 4 Parameters of the test-microgrid

Parameters Values

DG-1 (PV-1) 115 kW

DG-2 (PV-2) 130 kW

DG-3 (DG set) 145 kW

LC filter L¢ = 49.8 mH, C¢ = 50 uF
Transformer 260/10 kV, 0.4 MVA
Installed capacity of microgrid 390 kW

Utility grid capacity (Short Circuit MVA) 2500 MVA

park transformation, the synthesized reference voltage (Vd*q()) in dg-frame
is transformed into time domain reference (V', ). The reference in the dqo
frame generated by ANN is transformed back to abc frame and is used as
modulation signal for VSC.

The proposed ANN controller model is tested and analyzed under two
test cases: At constant irradiance by varying load and by varying irradiance
at constant load. Furthermore, the system is simulated with PI and PID con-
trollers for comparative analysis of the proposed controller. The parameters
of the test-microgrid system considered for analysis are given in Table 4.
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5 Simulation Results of the System with Proposed
Controller

To prove the effectiveness of the proposed controller against the conven-
tional controller, two cases are considered to analyze the performance of the
ANN controller. The case depends on the irradiance changes of the solar
power for PV generation and the controller performance is compared with
the conventional controller like PI, PID controller. From the grid side, the
disturbance is created in terms of an increase or decrease of a load.

5.1 Constant Irradiance Input to PV at Varying Load

The irradiance input of DG1 and DG2 are constant at 1200 W/m?. The pulse
is controlled based on the reference voltage and the output voltage of the grid-
connected PV-Diesel microgrid system. It is observed that PV generators,
diesel generator, and output voltage of the system are measured from the
simulation results based on the load variation in the dc-link and ac load
variation in the grid. The output power of the DG1 and DG?2 is illustrated
in Figure 5. A load is connected in the DC link and switched on after 0.4
seconds along with the addition of load in the grid side from 0.4 seconds to
0.8 seconds creating momentary disturbance in the system.

5.2 Varying Irradiance Input to PV at Constant Load

The proposed controller performance is evaluated based on the asymmetrical
irradiance variation of the PV generator from 0.2 to 0.6 seconds and without

Proposed method DG1 output power
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Figure5 Proposed ANN controller performance of PV module in case 1 (a) Irradiance level,
(b) DG1 output power (c) DG2 output power (d) Output power of DG3.
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Figure 6 Proposed ANN controller performance for PV module in case 2 (a) irradiance, (b)
DG1 output power (c) DG2 output power (d) DG3 output power.

load variations. The irradiance is varied at a constant rate from 1200 W/m? to
600 W/m? and back to 1200 W/m? for both PV sources. The combined output
power from the PV source fluctuates between 0.2 to 0.6 seconds. The output
power of the MG connected system is improved based on the generated power
of DG1, DG2, and DG3. When PV power output goes low the ANN controller
connected to the VSC takes care for stabilizing the output.

The proposed ANN controller regulates power output of DG1 and DG2,
and maintains constant output with minimal disturbance. The combined
output of the DG1 and DG2 remains fairly constant after small load increase
and decrease. The ANN controller continuously regulates the VSC until it
stabilizes on either case of disturbances it is subjected to, without loss in
its stability. The output power of DG1 and DG2 along with the irradiance
is presented in Figure 6, which illustrates the estimated output power under
Case-2.

5.3 Comparative Analysis of Proposed Controller with
Conventional Controllers

In this section, the performance proposed controller is compared with the
conventional controller (PI and PID controller) in terms of power output
from the individual sources before and after disturbances. In case-1, a load
is switched on in the DC-link from 0.4 seconds and another load is switched
on in the grid side from 0.4 to 0.8 seconds. The proposed controller regulates
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Comparison of Power Output of DG Sources under Case-1
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the power flow and enhances the stability of the microgrid in the duration
less than a cycle period of the supply voltage. On the other hand, for the same
disturbance conventional PI and PID controllers regulates the power flow in
one second.

Also, the power/voltage oscillations are sustained in conventional con-
trollers in comparison with the proposed ANN regulator. The real power
oscillations are damped and greatly minimized to 50% in comparison to
conventional controllers. Hence it is proved that the performance of the pro-
posed controller is superior than other conventional controllers. The zoomed
image for the period 0.4 to 0.65 seconds is shown in Figures 7(a) and
7(b) respectively which shows the significant difference in the controller
performance. The proposed controller improves the stability of the microgrid
system with the help of the controlling parameters of the grid-connected PV-
Diesel microgrid MG connected load system. The proposed controller also
marginally enhances the output power performance with 2% to 4% in DG3
which is a mere sharing of load and not direct performance enhancement.
The diesel generator has a speed governor, which senses the grid voltage,
power and regulates the voltage and speed accordingly. The performance
characteristics are shown in Figure 7(c) when compared with the conventional
controller.

The comparative analysis of case 2 is shown in Figures 8(a) and 8(b)
for PV sources. Case-2 depicts the irradiance variation for DG1 and DG?2.
The improvement of stability in the proposed controller is explicit for the
irradiance variation between 0.2 sec to 0.6 sec. The proposed controller
provides a faster response of 39 cycles of operation or 0.6 seconds compared
to PI and PID controller and minimizes the power oscillations by 5% to 10%
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Figure 8 Comparative analysis of Case-2 for (a) Output power of DG1 (b) Output power of
DG?2 (c) Output power of DG-3 (d) Grid voltage.

to improve the output power. The proposed controller reduces the voltage
oscillations and the comparative analysis shows the better performance of
the proposed controller in power output of DG1 and DG2 during irradiance
change. The proposed controller also marginally enhances the output power
performance with 2% to 4% in DG3 as similar to the previous case as shown
in Figure 8¢ when compared to the conventional controller.

The proposed controller increases the availability of power injected to
the grid with negligible variations whereas the PI controller introduces large
power oscillations by 50% in DG; and DGy under dynamic conditions. The
performance of PID controller is appreciable but under steady-state, the
power injected into the grid by DG; and DGy is 5 to 10% less than the
PI controller. The diesel generator is considered as an auxiliary source of
generation. In real-time, DG3 will supply the load in the absence of grid
power or storage system failure from PV array. The generation control of
DG3 is based on a demand requirement that exceeds the installed capacity
of DG1 and DG2. Hence from Figure 8, the superior performance of the
proposed ANN controller based on time-domain simulation is proved against
conventional PI and PID controllers.

5.4 Performance Metrics for the Proposed ANN Controller

Integral square error (ISE) and Integral time absolute error (ITAE) for the
proposed controller is compared with the conventional PI and PID controllers.
VSC controller parameters Vq. and Vgiq are considered for the calculation.
The results of the comparison are tabulated in Table 5 for ISE and Table 6 for
ITAE respectively. The calculated metrics of the controller from the tables
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Table S Comparison of ISE for case-1 and case-2

ISE (Case-1) ISE (Case-2)
Controller Ve Vrid Ve Verid
Proposed  13.2081 2.7640 9.5863  3.2507
PI 14.7288 3.0682 11.2387 3.6640
PID 13.2677  3.1999 41.2562 3.5857

Table 6 Comparison of ITAE for case-1 and case-2
ITAE (Case-1) ITAE (Case-2)
Controller Ve Verid Ve Virid
Proposed  2.5089 1.2515 2.0661 1.3426
PI 2.6400 1.3459 23939 1.4656
PID 2.5709 1.3752 4.3698 1.4548

show that the proposed ANN controller performs better than the conventional
PI and PID controller for both the test cases.

The measures ISE and ITAE are considered and are a measure of the
controller’s performance under transient state and steady-state respectively.
For better transient performance, the controller must be tuned for ISE and
ITAE for better steady-state performance. The minimum values of these
parameters reflect better performance and hence, it is concluded that the
proposed ANN controller performs better than the PI and PID controller
considered in the test-microgrid.

6 Conclusion

In this paper, the LM algorithm-based ANN controller is implemented to
improve the stability of grid-connected PV-Diesel test-test microgrid under
load changes and irradiance variation. The output of the PV power sources
is unpredictable and it varies rapidly. Hence the presence of PV results in
power oscillations leading to unstable operation in grid connected mode. If
the microgrid structure changes due to the addition of new wind generation
unit or additional PV inputs, the proposed ANN controller required to train
and develop it will be easier when compared to conventional PI and PID
controller. The proposed controller enhances the capability to extract the
maximum available power from the renewable sources under various input
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conditions, while compared to existing/conventional controllers. Also the
proposed controller enhances the stability of the microgrid by maintaining
the VSC control with stringent limits in its operation. Hence any disturbance
either from the PV source or from the load side is effectively handled without
affecting the microgrid and other connected loads which is based on the
proposed ANN controller training dataset. Based on the results for the various
test cases, the proposed ANN controller was observed to be an effective
and better performing controller compared with conventional PI and PID
controller. The load in the test-microgrid is supplied by a diesel generator
and ANN controlled PV source.. The controller performance is evaluated
based on the metrics ISE and ITAE in this work. The minimum value of
these indices compared with PI and PID controllers gives the justification in
support of the proposed ANN controller. Hence along with the time response
parameters, the proposed ANN controller is proved to be effective and effi-
cient. The proposed ANN controller overcomes the drawback of dynamic
conditions of PI and steady-state error of the PID controller simultaneously
and performs superior under both steady-state and transient conditions. The
objective of injecting power to the grid at the unity power factor from the
PV source is achieved through ANN controlled VSC maintaining the grid
standards under all test operating conditions is achieved.
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