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1. INTRODUCTION

Due to the rapid increase in the demand for electric power in the last decade, and the depleting fossil
fuels in nature, there is a need for an alternative source of energy for generating electric power. Under such
circumstances, energy generation from solar photovoltaic is one of the most suitable solutions available
today. Since the energy generated is one of the cleanest and pollution-free source of energy and its
availability in abundance has increased the use of solar photovoltaic increased by a substantial amount. In the
remote areas, the use of standalone solar photovoltaic is an expensive proposition because of the high
installation cost of batteries. So in order to reduce the cost of power generation, it is more economical to
inject the electric power to the grid.

In systems designed for injecting the electric power generated from solar photovoltaic into the grid,
various power electronic converters are used to convert the electric power into suitable form for the grid.
This power electronic device usually works on high switching frequencies and also degrades the quality of
electric power. The output of the inverter comprises of the harmonics components along with the
fundamental component. Hence, it is very important to maintain the power quality especially total harmonic
distortion in the range as per IEEE standards [1-3].

In grid applications, the boost converter is utilized for elevating the levels of output voltage, mainly
because of the low voltage at output of the PV array. These boost converters use the high switching duty
cycle for achieving higher voltages as they are not compatible for applications where high power is involved.
In most of the grid-connected solar PV systems, cascaded boost converters are used for providing the high
voltage gains. But this also has a drawback of increased complexity of the control circuit and a substantial
increase in cost. Also the higher losses due to cascading of boost converters results in lower efficiency [4].
It has been seen in the literature that the use of transformer less topology in the grid-connected applications
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has proved to provide higher efficiency and voltage gains. So, multilevel converters are used in grid-
connected systems [5-6].

PI controllers have been used by the researchers from last many years in the grid-connected solar
photovoltaic applications for controlling the parameters because of the robustness, simple design and good
performance. In this paper, a control strategy with a PI controller for the grid-connected solar photovoltaic
system has been presented for total harmonic distortion reduction and control of power delivered to the grid.

2. MODELING OF 100KW GRID CONNECTED SOLAR PHOTOVOLTAIC SYSTEM

A grid linked solar photovoltaic system is a form of electric system which usually converts the
energy from solar radiation into electric power and after that exchanges it furthermore in the suitable form
expected. As the Solar photovoltaic system is normally linked to the grid, it has got the liberty to switch spare
energy within the main grid after nurturing any local need of energy. Although whenever the system
produces energy much less as compared to which is needed to assist the localized requirements than spare
energy is utilized right from the main grid. Therefore, photovoltaic energy system linked to grid functions as
a great alternative source of electric power. The photovoltaic or PV system is engineered to switch electric
power coming from photovoltaic systems towards the main grid.

Initially, a dc voltage boost converter is utilized to boost the output voltage of the PV array to a level
as per the requirement of the grid voltage [7]. The dc boost converter takes to care for achieving the point of
maximum power extraction from the PV module and in order to extract the maximum power, there are
various algorithms available such as Perturb and Observe, Incremental Conductance, Hill Climbing etc. [8].
Then a PWM based inverter is utilized to convert the dc output of boost converter into sinusoidal ac form as
per grid frequency and voltage levels. The output of the inverter is a square waveform. A basic layout of grid
linked solar photovoltaic system as shown in Figure 1.
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Figure 1. A basic layout of grid linked solar photovoltaic system

A model forlOOKW photovoltaic grid-connected system has been designed in MATLAB
SIMULINK environment.

2.1. Solar PV Array Modeling

The solar PV array has been designed to deliver maximum 100KW of power to the grid. For the
purpose, 330 solar panels have been connected (5 in series, 66 in parallel). The design consideration of the
solar PV array is mentioned in the Tablel:

Tablel. PV Array Specifications

S. No. Parameter Description
1 PV panel make Sun Power SPR 305-E
2 Maximum power per panel 305.226 W
3 Voc 64.2V
4 Isc 5.96 A
5 Vmp 547V
6 Imp 5.58 A
7 Cells per module 96
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2.2. DC/DC Voltage Converter

The voltage received as an output of the solar array varies due to change in solar irradiation and also
due to the functioning of the MPPT unit. But, this varying voltage cannot be provided to the inverter.
The inverter needs a constant input dc voltage for proper functioning, so here a boost converter is used which
converts the varying dc voltage into fix dc output voltage. Here, the boost converter which is designed
converts the varying voltage to a fix 1450 dc voltage[9-10]. The method of preferring the voltage levels of
the DC bus is explained through the equations below. The line to line grid voltage (r.m.s value) is considered
to be approx. 415V. So enough DC Link voltage is required to ensure the AC output. So the DC link voltage
level is calculated as:

Vg = ke @

Here, the voltage level of the DC Link is selected as 1450V. The value of boost converter inductor
is given by:

_ Vs(Vbc—Vs)
LBoost - AlLfsVDc (2)

Here,

Vs = Source Voltage.

Vpc= Output DC Voltage.

fs= Switching frequency of the switch used in the boost converter.
Al =Ripple current.

Al = .1 % 1y 22UT ®)

Vs

The PV Array is coupled with the system with the help of a capacitor. The value of the capacitor
is given by:

_ _Pev_ (4)

- 2wVeu

Here,

PPV = Power of solar array.

u = amplitude value of voltage ripple

V. = Mean Voltage.

w = Angular frequency.

The duty cycle of the boost converter is given by

D=1-"'ev 5)

Vbc

DC-DC converter parameters as shown in Table 2. The values of the parameters calculated using the
above formulations are as follows:

Table 2. DC-DC Converter Parameters

S.No Parameter Value
1 Duty Cycle, D 0.81
2 Input voltage, Vs 273.5V
3 DC Link Voltage, Vout 1450V
4 Switching Frequency, f, 5KHz
5 CDC LINK 1580uf
6 Inductor, L 2.3mH
7 Capacitor, Cpy 0.7uf

2.3. MPPT Controller
It is the unit that functions for extracting maximum electric power from PV array and provides itto
the inverter. The solar array current and voltage parameters are dependent on solar irradiation which is
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uncertain in nature throughout any day. So, here MPPT plays its role. It simply modifies the duty cycle of the
switch in the boost converter [11]. Certainly, there are numerous methods for maximum power point. Here,
Perturb and Observe method has been employed for extracting maximum electric power from PV array.

2.4. Inverter Control Strategy

In the inverter control strategy, the inverter converts the dc power to ac power using a control
mechanism [12-13]. Majorly the control mechanism for the inverter is based on the combination of certain
cascaded loops. Some of them are as follows:

a) Outer loop intended for power and Internal loop intended for current
b)  Outer loop intended for DC Link voltage and internal loop intended for current
c) Outer loop intended for voltage and internal loop intended for power.

In the literature, the outer loop intended for DC Link voltage and internal loop intended for current
type is the most commonly used loop structure. The DC Link Voltage management loop balances the electric
power flow in the system whereas the current management loop deals with the power quality maintenance
and mitigation of harmonics present in the current so that it could be injected to grid.

2.4.1 Controller for Real and Reactive Power

When it comes to any grid-connected inverter system the active as well as reactive power can easily
be managed by the power controller. There are two approaches available for controlling active and reactive
power for the Voltage Source Converter system. The first approach is voltage mode controlled which is
basically employed in substantial power applications like FACTS controllers. The active as well as the
reactive power, both are handled by managing the phase angle along with the amplitude of inverter voltage
comparative to point of common coupling voltage(PCC).

Another strategy for controlling active and reactive power is current mode regulation. With this
approach, the current in the line is regulated simply by a concentrated strategy and the active and reactive
power are managed by taking care of phase angle along with amplitude of inverter output current. Another
advantage of this mode of control is that it is protected against over currents [14-15]. Schematic diagram of
an inverter control strategy as shown in Figure 2.
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Figure 2. Schematic diagram of an inverter control strategy

2.4.2 Modeling of Controller
Let us assume the AC system voltages are given by:

Vo (£) = V; cos(wyt + 6,) (8)

Where,

V.= Amplitude of line to neutral voltage
wo= Angular frequency

6,= Phase angle
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The state space equivalent is given by
V.(t) = ]/Sef(on@o) 9)

The dynamics of the AC side of the inverter can be described by following state space phasor
Ldi

= —R+1)i+V, — Y, (10)

By substituting Vs from the above equation we get,

B = (R + Tyl + V, — Vs (@0t +00) (11)

Now, by substituting i = iz,e’? and V, = V;4,e’? in the above equation, we get

Ld(igqe’?) . . ; :
—— = (R +1,n)(igqe’) + (Vigqe'?) — Vie (@0t +00) (12)

Where,fy, = fq + jfq and the above equation is rewritten as

L% - ]LM (R + on)(idq) + (thq) - Vsej(ongo_p) (13)

Now, by decomposing above equation we get,

a(ig) d .

L dlf =L df q — R+ 7)) + (Veq) — Vicos(wot + 6y — p) (14)
alig) _ , d . ,

L ,(;tq =L di a— R+ ron)(lq) + (th) — Vssin(wot + 6y — p) (15)

These above two equations are not in standard state space form. Thus, we introduce new variable w,
d . .
where w = d—‘; which gives

LD = Lo (0)ig — (R + 1) (i) + (Vsa) = Vicos(wot + 6, — p) (16)
L = )iy = R+ 1) (1) + (Vig) = Visin(aot + 0 — p) (17)
LEL = (R + 1) (i) + (Vo) — Vicos(wot + ;) (18)
d(“’) —(R + 1) (ig) + (Viq) — Visin(wot + 6,) (19)

Let us assumew(t) = 0, then

2.4.3 Current Mode Control of Active/Reactive Power Controller
The active as well as reactive power is given to the AC system at the point of common coupling is
given by:

Po(t) =2 [Vea (0)ig(£) + Vg ()ig (1] (20)

Qs() = 2 [Vea ®ig(t) + Vi (Dig (1)] (21)

Where V4 and V, are voltage components in the d-q frame and also it must be noted that these
components cannot be varied or controlled in a steady state. Therefore the active and reactive power can get
managed byi, and i, respectively. If the control system is capable of providing fast reference tracking then
active and reactive power can be controlled by separate reference values which are given by the following
equations:
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farer (€) = 5= Porer (6) (22)

fqref (£) = = 35— Qsrer (£) (23)

Inverter Control: Let us assume a steady state operation and by replacing w(t) byw,, we deduce that,

L%if) = Lwoiq = R+ 7)) + Vea) — Via (24)
d(iq) . ,

Ld_tq = Lwyly — (R + ron)(lq) + (th) - Vsq (25)

Where

Via = %md ® (26)

Vig = “26my (0) @

Now here m, and m,, are given by
2 .

my = V_DC (ud + Lwolq + VSd) (28)
2 .

my = e (ug + Lwgig + Viq) (29)

Where uy and u, are two new input for control.

2.5. PI Controller

The Proportional Integral (PI) controllers are the most commonly and widely used controllers in the
field of the control system. Such type of controller comprises of a proportional term, Kp and an Integral term,
Ki that reacts to the error signal in the system. Various authors in the literature suggest that higher bandwidth
is achieved by higher proportional gain while the large integral gain facilitates the control strategy to avoid
lower frequency hindrances [16]. Schematic diagram of the Pl controller as shown in Figure 3.
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Figure 4. Schematic diagram of the PI controller

The relation involving the input signal (Error signal) and output signal (control signal) of the PI
control mechanism can be demonstrated by the (30) and its Laplace form can be shown by taking its Laplace
transformation.

m.(t) = K,E.(t) + K; [ E, (t)dt (30)
m(£) = KpE, () + K; 72 (31)
me(t) = E,(t) [K,, + %] (32)
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For obtaining the transfer function of the PI controller, the (32) is arranged to obtain the transfer
function in the Laplace domain as shown (33).
KpS+Ki

me(s)
Gpi(s) = E:(S) =

(33)

3. ADAPTIVE GENETIC ALGORITHM BASED PI CONTROLLER

In Genetic Algorithm, a population of strings, also called chromosomes encode an individual
solution for optimizing the result, evolves toward certain more efficient solutions. Noticeably, solutions are
signified in binary form as the strings of zeros and ones [17]. In the GA process, the evolution is started from
a population where the individuals are generated randomly and the generation continues till stopping criteria.
Here, in all iteration the fitness value of each population is obtained based on which the individuals with
higher fitness are selected to provide a solution. Further, the selected populations are altered by performing
reproduction and mutation to generate a new generation having better fithess and proximity to the optimal
solution. The newly obtained population is then processed in the next iteration to achieve a better solution
than the previous once and this process continues till the stopping criterion is obtained. It might continue
iterating until the error becomes minimal by maintaining generation and load demands equal.

4. SIMULATION RESULTS & DISCUSSION

In this work, a grid linked solar photovoltaic system is designed where electrical power is given to
inverter at 1450V DC and is converted to the 3 phase AC power which is further being fed to the grid.
The grid phase to ground voltage is considered to be 340V (415V approx. line to line).The power injection to
the grid can be controlled by controlling the three parameters i.e. Dc Link voltage, Direct Axis current and
quadrature axis current. These three parameters are controlled using three PI controllers which are tuned in
this work.

The total simulation runs for 0.35s. At 0.025s, the inverter is de-blocked and it starts injecting
current in the grid. The time delay of 0.025s is considered because after this instant, the DC link capacitor
starts charging and maintains the dc voltage 1450V as observed in Figure 4(a). When the DC voltage starts
building, the active power being fed to the grid starts rising up to steady state value as shown in Figure 4(b)
and reaches to the value of approx. 93KW.The current injected by the inverter to the grid is shown in
Figure 5(@) and Figure 5 (b) respectively by using two approaches (Pl controller and GA optimized PI
controller based inverter control strategy). At 0.1s the reactive power is switched from 0 to 50KW and which
can be observed in the current waveforms in Figures 6.
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Figure 4. (a) DC Link Voltage for Conventional PI controller v/s GA optimized controller (b)Power delivered
to the Grid

The dc link voltage while using the conventional PI controller takes more time to settle to a level of
1450V as compared to when GA optimized PI controller is used.
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Figure 5. Three phase current waveform for conventional PI controller (b) Three phase current waveform for
GA optimized PI controller
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Figure 6. (a) THD levels for current injected into the grid by using conventional Pl controller
(b) THD levels for current injected into the grid by using GA optimized PI controller

The total harmonic distortion is observed to be reduced as shown in Figure 6(b) as compared to in
Figure 6(a). It shows that the grid current being injected into the grid comprises a harmonic level of 2.07%
which is very less as compared to 2.59% when the conventional PI controller was implemented.

5. CONCLUSION

A 100 KW grid-connected system has been designed by employing an inverter control strategy for
the power quality improvement in a PV connected utility grid. The MPPT method helps in extracting
maximum power from the photovoltaic array and the boost converter boost the DC voltage to the desired
specifications. The comparison between the conventional Pl controller and GA optimized Pl controller used
in inverter control strategy has been shown and the power quality has been observed to be improving which
can be seen in the FFT analysis of the current waveform injected into the grid.
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