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Abstract—The integration and utilisation of renewable energy
resources (RES) have seen significant growth due to increased
demand and environmental concerns. These RES resources are
often integrated through a DC link. The stability and maintaining
the DC link voltage at a specific level is of prime importance
to ensure smooth and efficient operation in the presence of
fluctuating RES. High penetration of these fluctuating resources
and load power causes instability at the DC link, which needs to
be addressed. A fractional order super twisting sliding mode
control technique (FOSTSMC) is proposed in this regard to
stabilise the voltage, reduce response time, and overshoot at
the DC link of a grid-connected microgrid. The proposed
control technique is implemented in a grid-integrated microgrid
composed of a photovoltaic (PV) system with an incremental
conductance and integral regulator-based maximum power point
tracking (IC+IR MPPT) algorithm to extract maximum power.
Firstly, a conventional proportional-integral (PI) control-based
voltage control technique is implemented, which is considered a
benchmark technique for comparison and validation purposes.
The results of the benchmark technique exhibit higher overshoot,
response time and larger settling time. Secondly, the proposed
control technique is implemented to control the DC link voltage to
a reference voltage in both constant and varying irradiance. Addi-
tionally, to overcome the parameter tuning complexity related to
the FOSTSMC, an Ant colony optimisation algorithm is utilised
to optimally tune the coefficients of the FOSTSMC controller.
The algorithm optimally tunes the parameters of the FOSTSMC
to enhance the dynamic stability and overall performance. The
simulations are carried out for two cases: with constant irradi-
ance and varying irradiance. The simulation results demonstrated
the effectiveness of the ACO-FOSTSMC which exhibits 72%
lower settling time, and no overshoot when compared with the
benchmark technique. The benchmark technique exhibits longer
settling time with a 23.6% overshoot, and 26% undershoot.

Index Terms—FOSTSMC, microgrid, renewable energy, DC
voltage control, PID

I. INTRODUCTION

Amidst the environmental concerns attributed to conven-
tional fuel-based energy generation, RES emerges as a promis-
ing solution to fulfil energy needs and curtail carbon emis-
sions simultaneously [1]. Over the past decade, significant
advancements have been achieved in the wide adoption of
RES resources and their integration into power systems as
microgrids [2]]. Microgrids are locally controlled and installed
to facilitate the main grid in terms of reduced transmission
losses, enhanced reliability, advanced monitoring, optimisation
capabilities, and multi-operation mode operation. Solar and
wind power energies are the most commonly used technology
to produce electrical energy, however, the output depends on

various climatic conditions and factors. These energy resources
are often connected with the DC link using DC-DC boost/buck
converters, which are widely adopted for small-scale systems
due to their low cost and design simplicity.

Solar energy electrical output depends on meteorological
conditions. Therefore, to adjust the power by the load re-
quirements, various traditional and intelligent algorithms for
MPPT are proposed, which are based on perturbation and
observation algorithms, fuzzy logic, artificial neural networks,
model predictive control, heuristic algorithms and incremental
conductance algorithms [3]]. The effectiveness of these algo-
rithms for MPPT applications is mostly validated using experi-
mental setup, however, high complexity and computational and
slow convergence are some of the barriers to wide adoption
for real projects. The primary hurdle in integrating RES into
a microgrid lies in developing suitable and robust control
techniques to guarantee stability, control, and effective power
management [4]. Various linear control techniques and con-
trollers exhibit limitations in their performance and response
to reject system disturbances, achieve robust response, and are
typically developed to meet specific operational requirements
[S]. The major challenge faced by the utilisation of DC
link is the voltage stability and power delivery during high
penetration RES resources. For instance, non-linear control
techniques based on PID controllers are proposed to stabilise
the voltage at the DC bus bar. Hu et. al. [6] proposed a
coordinated control mechanism based on model predictive
control and PI controller to control the power and voltage
transfer in a 3.5MW AC and DC grid. Similar works are
proposed in the literature, where Benlahbib et. al. [[7] proposed
fractional order PID for DC link voltage regulation in a RES-
based hybrid system. Ibrahim et. al. [8] proposed a PID control
technique for a similar purpose for an AC microgrid. Nanyan
et. al. [9] proposed an optimal PID controller using a sine
cosine algorithm for a DC-DC buck converter for a micro-
grid. Kotra and Mishra [10] carried out a study conducting
design and stability analysis of a DC microgrid composed
of battery supercapacitor-based storage systems using a PI
controller. The majority of these studies adopted conventional
PID controller-based techniques which leads to higher settling
time and overshoot for voltage stabilisation. Several other
techniques to control the voltage are proposed in the literature,
which include loop shaping, robust control using Hammerstein
identification, and current programmed control techniques
[12]. Compared with the conventional control techniques, a
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Fig. 1: Proposed control scheme of 3-phase grid-connected PV system

sliding mode controller (SMC) is considered suitable in the
literature to mitigate the stabilisation of DC link voltage [13]].
SMC possess high robustness and fast response to minimise
the error between the reference value and feedback value,
however, the response of the system consists of a chattering
phenomenon [14]. Several other variants were introduced to
resolve and weaken the chattering phenomenon. These variants
include terminal SMC (TSMC), second order SMC (SOSMCQ),
adaptive SMC (ASMC), STSMC, etc. which tend to resolve
the chattering phenomenon and improve the robustness of
the system and were found effective [15)]. These variants can
be found effective in controlling the voltage source inverter
and stabilising the DC link voltage. However, the SMC
controller suffers from a parameter tuning issue with lengthy
parametric adjustments to exhibit robust response. In this
context, several research works focused on tuning mechanisms
for PID controllers using ACO algorithm [[16]. Several other
recent research works proposed ACO-based tuning methods
for controllers like classical, and sliding mode controllers [[17],
and [18]]. However, in this work, we have utilized the ACO
algorithm for the tuning of FOSTSMC parameters, to achieve
acceptable response time, settling time, and lesser overshoot
with effective voltage stabilisation.

To overcome the challenges related to the DC link voltage
regulation and stabilisation for grid-connected PV-based mi-
crogrids, this work presents an optimal control strategy based
on ACO-FOSTMC controller to stabilise the DC link voltage,
reduce overshoot, settling time and steady-state error. An ACO
algorithm is utilised to mitigate the tuning challenge related
to the FOSTSMC controller to present a robust response.
A grid-connected microgrid scenario is developed in MAT-
LAB/Simulink to validate the results using simulations. The
control strategy is tested, firstly applying constant irradiance,

and then varying irradiance. As a result, the ACO-FOSTSMC
improves the DC link stability and effectively reduces over-
shoot and settling time. The rest of this work is organized as
follows. Section [I] presents overall grid-connected microgrid
modelling and architecture, proposed ACO-based FOSTSMC
control strategy and controller development. In Section [T} the
simulation results for our proposed technique and benchmark
control strategy are discussed. Finally, Section [[V] concludes
the paper.

II. SYSTEM CONFIGURATION AND ARCHITECTURE

The microgrid considered in the current study involves
controlling of boost converter along with a maximum power
extraction algorithm based on incremental conductance and
an integral regulator-based MPPT algorithm for PV systems.
The algorithm is aimed at extracting maximum power from the
PV while also stabilising the voltage at the DC link improving
settling time, overshoot etc. A FOSTSMC along with an ACO
controller is proposed to stabilise the voltage DC link.

A. Grid connected microgrid modelling

The overall modelling of the system is carried out in
MATLAB/Simulink, where the ACO algorithm is developed in
MATLAB, and grid-connected microgrid modelling is carried
out in Simulink. A block diagram showing the overall scenario
developed in MATLAB/Simulink is illustrated in Fig. [T} The
PV system’s characteristics are shown in Table [I The output
current of the PV model can be calculated using a nonlinear
mathematical exponential expression using Eq. (1] - [3) men-
tioned in [19]].

v
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TABLE I: PV specifications of Victron solar panel 90W-12V

l [ Parameters [ Values [ ‘

Nominal Power 90W
No. cells in series 36

Open circuit voltage (Voc) 2344 V
Short circuit current Ig¢ 4.61 A
Voltage at MPP 19.5

Temperature coefficient of Voo -0.35 (%/deg.C)

Temperature coefficient of Igc 36
Parallel strings 2
Series connected modules per string 6

Total power at MPP 1078.74 W

Vi Vpy + Ipv R
Py =1Isars {exp( D ) _1] _ (Vpy + Ipv Rs) )
azVr Rsu
G
Ipy = Ipu—src + Ks(Tc — Tsrc)] % e 3)
sTC

Where, Ipyv, Ipg, Isar, Vb, a, Vi, Tc, G, and Gsrc,
represents PV output current, photocurrent, reverse saturation
current, diode voltage, diode ideal constant, diode thermal
voltage, ambient temperature, and standard test condition
temperature. Along with the PV array, a boost converter is
designed to step up the DC voltage of the PV to convert it
into an AC voltage [[19].

The boost converter is followed by a grid-connected inverter,
which performs grid synchronisation, and monitoring of power
flow using pulse width modulation. A voltage source and
current source control inverter topology is adopted to design
the inverter using size IGBT switches for the current system
model, which is shown mathematically using Eq. @ [5), and
is calculated based on the conversion of voltage from natural
to synchronous (d-q) reference frame.
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B. ACO-FOSTMC

Fractional order calculus involves both the integration and
differentiation with an additional fractional order operator
known as D] and represented using Eq. [ The FOSTSMC
controller has 4 coefficients: K1, K2, K3 and fractional
operator. K1 can be referred to as the proportional control
coefficient, K2 is in the range [0 1] and is used to reduce the
chattering effect in the response of the system, while K3 can
be referred to as the integral control coefficient.

sinwr sin(wr — 27/3)

sin(wr + 27/3)
coswt cos(wT — 27/3)

cos(wt + 27/3)
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sinwr  sin(wr — 27/3)
coswt cos(wt —27/3) cos(wt + 27/3)
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Peng et. al. [20] presented a Grunwald-Letnikov-based approx-
imate definition for the fractional integrodifferential mathe-

matically represented in Eq. 7| Where, is the binomial

99 33

coefficient, "o and ”t” are the lower and upper integration
limits, and the values of these depend on the integral and
differentiation. Reimann-Liuoville also gave another definition
to represent the fractional integro-differential, which is shown

using Eq. [§]
D = i3 (- (1) sa-an o
o1 (A" [ f(r)
D10 = 55 () [ ©

(63

A simplified version of the fractional approximation algo-
rithm using the recursive distribution of the poles and zeroes
which is shown using Eq. (9) [21]. Where, K, M, w. , Wp 5,
wy, and wy, represents gain of function, no. of poles and zeroes,
frequency of poles, frequency of zeroes, lower frequency and
high frequency, which can be calculated using Egs. (10| - [I3).
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C(s) = K1 (e) + Ko (\/]e])sign(e) + v (14)
v = (K3Dy)sign(e) (15)

Furthermore, to tune the parameters of the FOSTSMC
mentioned in Eq. (I4] - [I6), the ACO algorithm is utilised
to optimally tune these parameters. The objective function for
the ACO algorithm is mathematically represented using Eq.
L6

f(obj) = ITAE(IntegralSquareError) = /t|e(t)|dt

(16)

The reference voltage and closed loop feedback are con-
sidered for the evaluation of the objective function for the
optimization problem to search for the optimal combination.
Initially, only one cost function is considered, after which
the best nodes identified are then considered for the single
objective function. In the trip of food search, the ants cross
the joints and choose from a track among “Ns” and “Nd”
nodes, where the main objective is considered. To find out
the optimal journey with minimized cost in the FOSTSMC
function. To choose the nodes ”i” to ”’j” a rule of probability
for the Ky, and Afj is given in Eq.
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In Eq. the partial solution can be represented by ST,
whereas the possible nodes’ set of ants is represented by
N(ST), the possible path not visited by the ant "K” can be
represented by ”1”, the intensity of spice between nodes “i”
and ”’j” can also be represented by vfj, and heuristic intensity
”1” and ”j” is shown by nfj
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Fig. 2: Simulation results for the proposed control strategy
with a constant irradiance 1000 W/m? at 25°C.
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The trail and analytical information values are represented by
the o and [ respectively, whereas the ant spice values are
updated by negative update rules, global spice positive, and
local spice according to Eq. [T8] Eq.[T9] and Eq. 20] Whereas,
the general spice renovating factor is termed as a minimal
function of the overall trip and can be represented by ”C” of
an ant ’K”.

III. SIMULATIONS RESULTS ANALYSIS

The performance of the system model using the proposed
control strategy for the DC link voltage regulation is car-
ried out using MATLAB/Simulink. The overall 3-phase grid-
connected PV-powered microgrid is developed in Simulink,
whereas the optimisation algorithm utilised for the optimised
coefficient tuning is carried out in MATLAB as illustrated in
Fig. [ An incremental conductance and integral regulator-
based MPPT algorithm [22] is utilised with the proposed
control strategy to maximise the PV output. To validate the
performance of the proposed system model, firstly a con-
stant 1000 W/m? irradiance at 25°C is applied to the PV
system. Secondly, a variable irradiance with sharp decrease
and increase is also applied to evaluate the performance of
the proposed control strategy in varying weather conditions.
In the first case, with a constant irradiance, the results are
shown in Fig. (2)), which shows the PV voltage, current, power
and DC link voltage. Fig. (2a), shows the PV current using
the proposed ACO-FOSTSMC strategy and PI controller, a
large overshoot and longer settling time can be observed
in the PI result for current, whereas the ACO-FOSTSMC
having comparatively lesser overshoot and fast settling time.
Similarly, Fig. (2b) shows the PV voltage for the constant
irradiance, which also possesses overshoot and longer settling
time as compared with the ACO-STSMC. Fig. depicts
the PV power with IC+IR MPPT. The power output having
a PI controller, starts with a sharp increase at 0.07 secs,
however drops sharply again at 0.12 secs and settles again
at 0.2 secs. However, the ACO-STSMC started tracing at 0.13
secs without any overshoot at the start. From Fig. (2d) it can
be observed the PI controller-based strategy exhibits a large
undershoot and longer settling time whereas stabilises after
0.17secs. Concurrently, the proposed ACO-FOSTSMC-based
strategy stabilises the DC link voltage directly after starting
the simulations at 0.05 secs without an overshoot at the start.
To evaluate the performance of our proposed strategy, varying
irradiance is applied to the system model consisting of sharp
increase and decrease. The results are shown in Fig. (3),
which shows the irradiance, PV current, voltage, power and
DC link voltage. A total of 11 points of varying irradiance
are applied between 0 and 2.2 secs, as depicted in Fig. (3a).
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Fig. 3: Simulation results with varying irradiance using PI and
FOSTMC.

The current and voltage waveforms of the PV for the PI
and ACOFOSTSMC are shown in Fig. (3b) and Fig.
respectively. Due to the smooth increase in the irradiance at the

start, the PI controller did not overshoot as it did in the case
of constant irradiance. However, in the case of the DC link
voltage stabilisation, a clear overshoot and undershoot can be
observed in Fig. (3d). PI control-based strategy started tracing
the DC ref voltage at 0.2 secs, and the ACO-FOSTSMC-based
control strategy started tracing at 0.05 secs. The overshoot here
is due to the MPPT and VSC controller settling delay, which
is introduced using a step input signal at 0.05 for both the
constant and varying irradiance cases.

After the completion of the simulation for both cases, the
results demonstrate that the ACO-STSMC outperforms the PI-
based strategy in terms of overshoot and settling time. For the
case of constant irradiance, the ACO-FOSTSMC settling time
is up to 50% lesser when compared with the PI control-based
strategy. Similarly, for the case of PV voltage, the settling
time is also 50% lesser, and vice versa for the case of PV
power with a high undershoot in the case of PI control-based
strategy. The DC link voltage is stabilised more effectively
using the proposed system model with almost no overshoot,
lesser settling time and steady-state error. The settling time for
the FOSTSMC is 72.2% lower than the benchmark PI-based
control strategy.

IV. CONCLUSION

This paper proposes a DC link voltage regulation and
stabilisation strategy based on the ACO-FOSTSMC control
technique for a grid-connected PV system. An IC+IR MPPT
algorithm is also utilised with the PV system to extract
maximum power, which is then connected with a grid using
a 3-level inverter supplying 3-phase power to the load. The
FOSTSMC control technique is deployed to stabilise the
voltage and reduce overshoot, settling time, and steady-state
error. A PI controller-based benchmark strategy, which is
widely adopted, is also deployed to validate the results of
our proposed technique. The simulation results are carried out
for two cases of irradiance using constant and varying values
over time. The simulation results suggest that the proposed
technique exhibits better results when compared with the
benchmark technique with no overshoot, steady-state error and
lesser settling time when compared with the PI control-based
strategy.
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