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Abstract—This paper projects Parameter Improved
Particle Swarm Optimization (PIPSO) based direct current
vector control technology for the integration of photovoltaic
array in an AC micro-grid to enhance the system performance
and stability. A photovoltaic system incorporated with AC
micro-grid is taken as the pursuit of research study. The test
system features two power converters namely, PV side
converter which consists of DC-DC boost converter with
Perturbation and Observe (P&QO) MPPT control to reap most
extreme power from the PV array, and grid side converter
which consists of Grid Side-Voltage Source Converter (GS-
VSC) with proposed direct current vector control strategy. The
gain of the proposed controller is chosen from a set of three
values obtained using apriori test and tuned through the
PIPSO algorithm so that the Integral of Time multiplied
Absolute Error (ITAE) between the actual and the desired DC
link capacitor voltage reaches a minimum and allows the
system to extract maximum power from PV system, whereas
the existing d-g control strategy is found to perform slowly to
control the DC link voltage under varying solar insolation and
load fluctuations. From simulation results, it is evident that the
proposed optimal control technique provides robust control
and improved efficiency.

Index Terms—solar energy, particle swarm optimization,
optimal control, power conditioning, microgrids.

I. INTRODUCTION

Since fossil fuel power generation system has major
disadvantages and environmental pollution, renewable
energy sources is an admirable alternative solution for fossil
fuel exhaustion. Nowadays, renewable power sources such
as solar cells, hydrogen-fuel cells and wind energy
conversion systems are used in power electronics interface
[1] as essential elements for grid integration.

During the availability of sunlight, boost DC/DC
converter and the Grid-Side Voltage Source Converter (GS-
VSC) can transform solar energy to local load and utility
grid. However, in the absence of sunlight, the power
required for local loads is consumed directly from the main
AC grid. Since GS-VSC has been located widely at the
feeder tail end, reactive power compensation becomes more
operative for load-side consumer voltage support. In grid-
connected condition, the commercial inverters mainly inject
active power only to the grid [2-3].

On the other hand, it is possible to integrate power quality
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functions by compensating the reactive power of the local
loads. The reactive power capacity of the voltage source
inverter is limited by the current-carrying capability of the
Insulated Gate Bipolar Transistor (IGBT) and dc-link
voltage. In the meantime, solar photo voltaic output power is
at all times less than the inverter rated power and its
remaining capacity can be used for the reactive power
supply [4-5].

The reactive power, voltage control and harmonics
current compensation methods are conferred for distribution
generation systems in [6-7]. The grid connected power
quality compensator with distribution generation can control
not only the active power flow, but also can alleviate load
unbalance, harmonics, and manage reactive power by using
Instantaneous Reactive Power (IRP) theory and the
Synchronous Reference Frame (SRF) theory. These theories
are mostly addressed in the literature [8].

The performance of a GS-VSC in AC micro-grid depends
not just on type of converter topologies but also on how the
converter has been controlled. Conventionally, controlling
of a GS-VSC in AC micro-grid as well as the converter in
STATCOM employs the traditional decoupled d-q vector
control scheme [9-10]. The performance of the controller
has not been discussed in detail, when the converter works
below and above the linear modulation limit [11-12]. The
origin of this work shows that there are some limitations in
the d-q vector control strategy, and the output seems to be
large oscillations in the GS-VSC grid connected systems,
specifically when the converter works above its linear
modulation margin. This paper proposes an optimal PIPSO
based tuning for the PI controllers in the direct current
vector control approach for a GS-VSC. The purpose of the
proposed control technique is to maintain a constant dc
capacitor voltage in order to improve the system efficiency
and to enhance the system stability both within and beyond
the converter linear modulation limit. It compared with the
results obtained from the conventional tuning of the PI
controller.

The rest of the paper has been organized as follows: the
configuration and different operating modes of a test system
are focused in Section 2. Section 3 proposes an optimal
control philosophy. Section 4 presents simulation study and
the system performance comparison. Finally, the Section 5
is concluded with the summary of the main points.
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II. SYSTEM CONFIGURATION AND OPERATION

A. AC Micro-Grid and Circuit Configuration

The layout diagram of the AC micro-grid is shown in
Fig.1. PV side DC/DC boost converter operates using
Perturb and Observe (P&O) based Maximum Power Point
Tracking (MPPT) technique [13-14] whereas grid side
inverter GS-VSC employs the proposed PIPSO based
optimal direct current vector control.

Main

AC Grid GS-VsC PV
AC/DC DC/DC g
-— -— yARDARY,

Grid
Transformer :

AC
Loads

Figure 1. Layout of AC micro-grid for integration of PV

B. Operating Modes

The primary objective of this proposed work is to extract
maximum amount of energy from the PV module and that
improves the system stability and efficiency with the
assistance of optimal control technique. Power flow model
of the proposed AC micro-network is classified into three
different operating modes.

Mode-1: When there is no AC local load demand at the
Point of Common Coupling (PCC), whatever the electric
power generated by PV module is completely fed into the
main AC grid.

Mode-11: While the power produced from PV source is
greater than the demanded power of local loads, the
remaining surplus energy of PV is exported to the main grid.

Mode-111: During sunset or dimness of sunlight, the
intensity of solar energy falling on PV module is
insufficient. In this situation, to meet out the local AC loads,
the system imports the remaining required power from the
main AC grid.

III. GS-VSC CONTROL METHOD

Fig. 3 depicts the proposed PIPSO based direct-current
vector control strategy of GS-VSC. It has a nested loop
topology which comprises an outer slow voltage loop and an
inner fast current loop that produce d-axis and g-axis current
references (i*; and i*;) [15]. The function of inner current
controller is to minimize the two current errors such as the
d-axis current error between the d-axis current reference i*,
and the actual d-axis current component; and the g-axis
current error between the g-axis current reference i*, and
the actual g-axis current component. The outer voltage
controller consists of a DC link voltage control and AC bus
voltage or reactive power control. The DC voltage control
can alter the d-axis current reference i*, according to the
difference between the actual and the reference capacitor
voltages, whereas AC voltage control alters the g-axis
current reference i*, depending on the difference between
the actual and the reference AC bus voltages. The main
function of DC link voltage control employed in the d-q
vector control is to control the active power flow between
the AC bus and the DC link of VSC.
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The equations (1) and (2) are arrived from the reference
frame voltage balance equation of the AC system. The three
phase sinusoidal converter output voltage depends on the d-
axis and the g-axis references of v*,;, v*y and v*  are
produced from the two voltage references v*4; and v*g; to
control the VSC. The d and q axis components of grid
voltage vq & vg, and v'qy & v’y are transferred from the
current controllers and whereas the low pass inductor filter
mentioned as L, w, is the angular frequency of the grid
voltage.

* ' .
Vg =V, toLi' +v, (1)
v, =—v,—olLi' @)

The voltage control signals v’y and v’y from the outer
controller are used to regulate the current control signals i,
and i, respectively. From the view point of d-q vector
control technique, it can be well understood that the real
power control is more efficiently regulated by g-axis voltage
whereas the reactive power control is more efficiently
regulated by d-axis voltage. Hence, the standard vector
control technique depends especially on compensation
elements rather than the PI controllers to control the d-axis
and g-axis current components. In order to utilize the
advantage of optimal PI control logic, the d-q vector control
method is modified to improve the system efficiency and
performance and an optimal PIPSO based direct-current
vector control is proposed in the next section. The proposed
control system uses d-axis current for active power control
and g-axis current for grid voltage support control.

A. PIPSO Based Optimal Direct-Current Vector Control
for GS-VSC

In this section, a novel PIPSO based approach is
presented in designing the PI controller gain variables for
the proposed direct-current vector controlled system [16-
18]. The parameters of proportional and integral gain control
variables (K,) and (K;) of PI controller are being optimized
using PIPSO algorithm. The fitness function has been
developed by considering the system parameters such as rise
time, peak over-shoot, settling time and steady state error to
optimize the parameter of the PI controller. Normally, the
performance indices such as Integral of Squared Error (ISE),
Integral of Time multiplied Squared Error (ITSE), Integral
of Time Multiplied by Absolute Error (ITAE) and Integral
of Absolute Error (IAE) are applied for the optimization of
controller. Based on the investigations, it is found that ITAE
offers good system stability with reduced oscillations and
also minimizes the fitness function [19]. ITAE for the
optimal design of PI controller is given by the equation (3)
ITAE = |1 V;C V.|t 3)

Where, V*,;. and V, are the desired and the actual DC-
link capacitor voltages, respectively and ‘¢’ is the simulation
step time.

In general, the d-q vector control has four PI controllers,
two at inner current loop and the remaining at outer voltage
loop. In the proposed study, the gain of the PI controllers at
outer voltage loop (AC voltage control and DC voltage
control) is kept constant and the optimal tuning of PI
controller gains by PIPSO is implemented at the inner
current loop. The values of the proportional (K,) and the
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integral (K;) controller gains of outer voltage loop
controllers are shown in the Table I. Table II shows the PI
controller gain at inner current loop of upper and lower
limits obtained by PIPSO optimal tuning for each controller.

TABLE I. CONTROLLER GAINS FOR OUTER VOLTAGE LOOP

Parameters Proportional Gain Integral Gain
(Kp) (Ki)
AC Voltage regulation 0.55 2500
DC Voltage regulation 0.001 0.15

TABLE II. RANGE OF PI CONTROLLER GAINS FOR OPTIMAL TUNING —
CURRENT LOOP

Proportional Gain Integral Gain
Parameters (Kp) (Ki)
min max min max
d-axis 0.643 0.958 160 240
g-axis 0.625 0.942 158 238

B. Parameter Improved Particle Swarm Optimization
Algorithm (PIPSO)

The concept of PSO algorithm to solve the optimization
problems was discovered by Eberhart and Kennedy in 1995
[20]. PSO technique has been developed from the natural
behavior of birds flocking or fish schooling. By extending
the concept of existing particle swarm optimization
algorithm, PIPSO based technique has been developed. The
basic PSO algorithm explores the global optimum solution
from a given search space. The position and velocity of the
i™ particle of the swarm in the D-dimensional vector are
represented as x;=/x;;,Xi,....x;p] and v;=[vi;,vi,...,Vip],
respectively. The local and the global best position are
represented as p;=[p;;pi2,....pip] and po=[Pg1.Per...Pen],
respectively. The position and velocity of each particle are
updated in the next iterations by using the following
equations.

V;H] =ov'+¢(p/ _xin)+¢2(p; -x;') “4)
: 1 )
Where, (i = 1,2,..., m), n is the iteration number, ® is the

inertia weight, ¢,;=c,;r; and ¢,=c,r; c¢; and c, are two

positive acceleration coefficients called social and cognitive
agents, respectively. Both r; and r, are random numbers

uniformly distributed in between O to 1.

The parameters of the PIPSO such as w, ¢; and ¢, are
improved by the following equations,
o . -0

x?l-#l — x;l + vin+

_ _ max min
0 =0, -0 —mnxpy (6)
M ax
O =0y + O X7y (7)
C —Cy..:
— _ _lmax Imin 8
€1 = Clmax xn ( )
nmax
C —C, .
_ _ “2max 2min 9
¢, =, S~ Comn o, ©)
nmax
Where, ®,;, and w,, are the minimum and the

maximum weights, ¢, and ¢ ;.. are the minimum and the
maximum cognitive factors, ¢, and ¢, are the minimum
and the final social factors, 7,,, is the maximum iteration
and r; is random numbers uniformly distributed in between
Oand 1.
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C. Implementation

Let ‘m’ is the number of populations and ‘n’ is the
number of iterations. The flowchart of the PIPSO algorithm
is shown in Fig. 2. The step by step procedures of the
implementation of proposed method to find optimal
controller gain parameters are as follows,

Step 1: Read PIPSO parameters such as m, n, 1,4y, (@ min
and (Umax), (clmin and c]max) and (CZmin and CZmax)~

Step 2: Set initial iteration number as n = 1.

Step 3: Arbitrarily assign initial working solutions for
‘m’ particles in vector form as x;=/x;; x;5/, i = I to m;
where x;; represents proportional gain and x;, represents
integral gain of the Proportional-Integral (PI) controller.

Step 4: For each particle i, calculate fitness function
ITAE of the test system using (3) to i particle. Repeat this
step for all other particles.

Step 5: Find out the i” particle’s local best position p; and
velocity v;.

Step 6: Modify the swarm weight factors using equations
6)-9).

Step 7: For each particle i, carry out velocity update using
(4) and qualify their positions using (5).

Step 8: Calculate the global best position p, among the
best particle.

Step 9: Examine whether the selected best swarm
positions meet the problem requirements. If any position
vector dissatisfies, then initialize new solutions for the
violated swarm as stated in step 3; otherwise, proceed to the
following step 10.

Step 10: If the convergence criteria are satisfied (n equals
Nmax ), OUtput the optimal gains of the controllers; otherwise
set n = n + 1, and repeat the steps 4 to 10.

v

Read the PIPSO parameters
) 2
| Set initial iteration number as n = 1 |
v
Arbitrarily assign feasible solutions for ‘m’ particles
v
For (i=1: to ‘m’ particle, increment ‘i’) >
Y

Find the Fitness function for all particle using (3)

\ 4

v
Find out the local best position ‘p; " and velocity ‘v;’
v

Update parameters, velocity and position using (4)-(9) and
calculate the global best position ‘p,’ among all particles

4

No

— n=nt+l

Yes

Output the optimal gains of the controllers

Figure 2. Flowchart of the PIPSO algorithm
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Figure 3. Proposed PIPSO based direct current vector control scheme for GS-VSC

IV. CASE STUDIES AND SIMULATION RESULTS

In order to examine the prevalence and quality of the
proposed control scheme, a MATLAB/Simulink model has
been developed for an AC test system. The modeled test
system with standard d-q vector control and the proposed
optimum control is simulated separately for three different
operating environments. The performance has been
examined with three case studies over the period of
operation. Though the process may be continuous still the
best values of the gains obtained from the three cases has
been used with a presumption that it will allow the PIPSO
for assuring at the desired performance. The inferences
obtained from the simulation studies are used to observe the
performance efficiency and superiority of the DC-DC
converter and GS-VSC in terms of maximizing the power
extract from the PV panel, controlling the DC capacitor
voltage and delivering maximum possible renewable energy
to an AC micro grid. During the time domain analyzation,
the effect of solar insolation variation is considered. At first,
the solar insolation is maintained at 1000 W/m?> for 1 sec,
and then, the solar insolation is varied randomly between
800 W/m® to 1000 W/m? for every 1 second. The entire
simulation is carried out for a period of 10 seconds and the
average value of solar insolation falling on the PV panel is
assumed as 910 W/m®. The following section details three
simulation case studies. In all the case studies, the
effectiveness of the proposed PIPSO based control scheme
is compared with the d-q control scheme.

A. Case-1

In this case study, the renewable PV source is
interconnected with an AC micro grid through DC-DC
converter and GS-VSC and also it is assumed that there is
no live AC load present nearer to the Point of Common
Coupling (PCC). During the time domain analyzation, the
PV side DC-DC converter is about to operate under MPPT
mode in order to achieve maximum power extracts from the
solar panel and the GS-VSC is committed to control the DC
capacitor terminal voltage. The power exported to AC micro
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grid and the DC power extracted from the PV panel with
respect to the effect of sun light intensity variation are
studied and the corresponding simulation responses are
depicted in Fig. 4(a) — (c). Figs. 5(a) — (c) show the voltage
response of the DC capacitor and PV terminal for different
solar insolation levels. It can be concluded that the GS-VSC
with proposed PIPSO based direct current vector control
strategy can smoothly regulate the DC-link voltage, during
solar insolation variation.

B. Case-2

The generated PV power integrated with an external AC
micro-grid along with fixed 50kW local AC load is
considered in this analysis. During the simulation, the PV is
operated under MPPT mode, and the GS-VSC regulates the
DC voltage. The effect of solar insolation variation is
considered in the simulation and it is shown in Fig. 6(a). The
Power exported to AC micro-grid, Local AC load power and
PV power are illustrated in Figs. 6(b) - (d), respectively. DC
voltages at the DC-link of VSC are shown in Fig. 7(b). Fig.
7(c) also shows the PV array MPP voltage for different solar
insolation levels. It is inferred that the GS-VSC with
proposed PIPSO based direct current vector control strategy
can efficiently control the DC-link voltage during solar
insolation variation.

C. Case-3

In this test case, the PV generation system is compared
with the conventional and the proposed control strategies
under situations like cloudy days. In this situation, the
intensity of solar radiation falling over PV panel will be low
and also the electric power extraction is very minimum. To
meet out the reliable operation of local AC loads at PCC, the
system imports the remaining required power from the main
AC grid. During the simulation, the PV is operated under
MPPT mode and the GS-VSC regulates the DC voltage.
Similar to previous case studies, the effects of both solar
insolation variation and load variation are considered for the
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validation. Power exported/imported to AC micro-grid, AC
load power and PV power are illustrated in Figs. 8(b) - (d),
respectively. DC voltages at the DC-link of VSC are shown

in Fig. 9(b). Fig. 9(c) also shows the PV array
for different solar insolation levels. It is seen

MPP voltage
that the GS-

VSC with the proposed controller can proficiently maintain
the DC capacitor voltage during solar insolation variation
and the terminal voltage of GS-VSC is also regulated under

different loading conditions.

Table III illustrates the details of power export, import

Volume 18, Number 1, 2018

and local load utilization during the simulation sample time
period of 0 to 1 seconds for the solar insolation value at

1000 W/m?.
TABLE III. DIFFERENT OPERATING SCENARIOS
Power Power
Solar Exported Imported Local AC
Modes Power - p Loads
) to Grid from Grid (PLoas)
P (Pgrid) (Pgrid)
Case-1 100 kW 100 kW 0 kW 0 kW
Case-2 100 kW 50 kW 0 kW 50 kW
Case-3 50 kW 0 kW 50 kW 100 kW
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Figure 4. System operation during PV generation variation in grid connected mode (Case-1), (a) Solar insolation variation (W/m?), (b) Total power exported

to grid (kW), (c) PV power generation (kW).
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Figure 5. System operation during PV generation variation in grid connected mode (Case-1), (a) Solar insolation variation (W/m?), (b) DC-link voltage at

GS-VSC (V), (c) PV array voltage (Volts).
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Figure 6. System operation during PV generation variation in grid connected mode with fixed S0kW local AC load (Case-2), (a) Solar insolation variation
(W/m?), (b) Total power exported to grid (kW), (c) Total power consumed by local AC load (kW), (d) PV power generation (kW).
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Figure 7. System operation during PV generation variation in grid connected mode with fixed 50kW local AC load (Case-2), (a) Solar insolation variation
(W/m?), (b) DC-link voltage at GS-VSC (V), (c) PV array voltage (Volts).
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Figure 8. System operation during PV generation variation in grid connected mode with variable local AC load (Case-3), (a) Solar insolation variation
(W/m?), (b) Total power exported/imported to grid (kW), (c) Total power consumed by variable local AC load (kW), (d) PV power generation (kW).
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Figure 9. System operation during PV generation variation in grid connected mode with variable local AC load (Case-3), (a) Solar insolation variation
(W/m?), (b) DC-link voltage at GS-VSC (V), (c) PV array voltage (Volts).

The comparisons of power conversion efficiency of the based direct-current vector control strategy for different case
existing control method and the proposed optimal PIPSO  studies are reported in the Table IV. From the Table IV, it is
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evident that the proposed optimal direct current vector
control scheme has better performance than the existing
control scheme. Even for time varying solar insolation and
different loading conditions, the power extraction
efficiencies of both the DC-DC converter and GS-VSC
outperform compared to the d-q controller. For all the
simulation cases carried out in this study, the power
conversion efficiency is improved than that of d-q vector
control method. The Table IV shows that the proposed
optimal direct current vector control scheme not only just
possesses good stability and efficiency but also it shows
solid performance against time varying solar insolation
under different loading conditions.

TABLE IV. COMPARISON OF POWER CONVERSION EFFICIENCY OF EXISTING
AND PROPOSED CONTROL STRATEGY FOR VARIOUS CASES

Case-1 Case-2 Case-3
PIPSO PIPSO PIPSO
based based based
Technique Vgégor Direct Vgégor Direct Vgégor Direct
Control Current Control Current Control Current
Vector Vector Vector
Control Control Control
Average Solar
insolation 910 910 910 910 910 910
(W/m?)
Average Power
extracted from 90.38 90.86 89.86 90.86 89.36 90.86
PV panel (kW)
Average Power
exported to gird | 88.95 89.44 88.55 89.56 87.93 89.43
(kW)
Power
conversion
efficiency at 99.31 99.84 98.74 99.84 98.19 99.84
DC-DC
converter (%)
Power
conversion
efficiency at 97.74 98.28 97.30 98.41 96.62 98.27
GS-VSC (%)

V. CONCLUSION

This paper purports PIPSO based optimal direct current
vector control technique for GS-VSC in a photovoltaic
incorporated AC micro-grid under load fluctuations and
solar insolation variation. The maintenance of constant
voltage at DC link capacitor and at GS-VSC is recognized
as the objective of the proposed control scheme by
conceiving two different operating modes such as power
exported to the main utility grid and power imported from
the grid. The aggregations of the proposed control strategy
and MPPT technique enable maximum utilization of power
extract from the PV modules, during time varying solar
insolation and load perturbation. The simulation studies
have been implemented in MATLAB Simulink environment
and it is verified that the proposed control scheme has
improved system stability and power conversion efficiency
over the d-q vector control in renewable energy source
integrated AC micro-grid.
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