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KEYWORDS Abstract In a grid connected photovoltaic (PV) system, dynamic control strategy is essential to use
PV array: the solar energy efficiently as well as for an energy optimization. This paper presents a decoupled
High gain multilevel DC/DC control of grid connected photovoltaic system using Fractional Order Proportional-Integral (FO-
converter; PI) controller. In the proposed system, closed loop high gain multilevel DC/DC converter is also
MPPT control; implemented to meet the regulated DC link voltage at the inverter input. The decoupled control
Decoupled control; strategy allows independent control of real power (P) and reactive power (Q) according to the
THD; power generated by photovoltaic systems and the power consumed by the utility grid. A complete

Pl and FO-PI controller study of the dynamic behavior of the grid connected PV system is presented using Matlab/Simulink.

Simulation results are presented to validate the system response during disturbance with FO-PI con-
troller, power factor control at the grid and the Total Harmonic Distortion (THD) of grid current
for any solar irradiation.

© 2016 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. Thisis an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction The use of energy storage devices in the standalone system
increases the overall cost of the system. Hence, the three-
With the increasing concern about global warming, the neces- phase gird connected system is considered to reduce the invest-
sity to generate pollution-free power is the need of the hour. ment cost. The PV array is connected to utility grid through
The photovoltaic (PV) generation system is one of the best converters and inverters. Due to the presence of power elec-
renewable energy sources available to meet out the energy cri- tronic devices, it is necessary to maintain THD standards, grid
sis. It is safe, clean, pollution-free, and it requires less mainte- current control during normal/faulty conditions and grid syn-
nance and inexhaustible. The standalone PV system is widely ~ chronization [1.2].
used in remote areas where the power generation is needed. In general, the voltage obtained from the PV array is very

low and has to be boosted considerably for the grid applica-
tions. The conventional boost converters are not suitable for
higher power applications due to extreme increases in duty
cycle to achieve higher voltage gain. In most of the grid con-
nected system, interleaved and cascaded boost converters are
used widely used to achieve the required high voltage gain
‘ [3-6]. However, cascading of boost converters has drawbacks
ELSEVIER Production and hosting by Elsevier of incremental costs and complexity of the control circuit even
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it achieves high voltage gain. In addition, efficiency and gain of
the system is restricted due to high ripple current and higher
losses. Interleaved converter uses transformers or coupled
inductor to achieve required high gain with necessary turns
ratio [7-10]. The increase in turns ratio results in high leakage
in the secondary that causes increased switching loss at the
output. Further, these topologies have the drawbacks of lim-
ited switching frequency, high voltage stress and transformer
losses. From the literature, gain and efficiency of the converter
in the grid connected PV system is increased by implementing
the transformer less topology. To overcome these issues, a high
gain multilevel DC/DC converter is used to achieve the
required high gain in the grid-connected applications [11-13].
The lower rating devices are used in multilevel converter owing
to fixed and equal voltage stress on each stage of the device
that is lower than the output voltage. The low on-state resis-
tance of the switch reduces the conduction losses and improves
efficiency.

For many years, Proportional-Integral (PI) controllers are
popular in grid connected PV applications, to control the sys-
tem parameters under disturbances. The main features of PI
controller are simple design procedure and good performance
characteristics. Owing to the wide usage of PI controllers, it is
necessary to improve their quality and robustness [14,15]. The
performance of PI controller is enhanced by introducing FO-
PI controller whose integral order is non-integer. The increase
in tuning parameters of FO-PI controller, increases the robust-
ness of the system, provides optimal control and delivers better
system response than the PI controller [16].

In this paper, a decoupled control strategy for grid-
connected PV system with high gain DC/DC converter and
FO-PI controller is presented for power quality studies. A high
gain multilevel DC/DC converter is employed for the proposed
1KW grid-connected PV system to generate the required DC
link voltage at the inverter input. This grid-connected system

and synchronization through PLL, in order to achieve grid
code agreement during voltage unbalances.

2. Modeling of three phase grid-connected photovoltaic system

A three phase grid-connected PV system is illustrated in Fig. 1
with two-stage of control operation. The first stage uses a high
gain multilevel DC/DC converter, which is employed to main-
tain the DC link voltage as constant. In addition, this con-
verter makes the PV array to operate at the optimal
operating point with the use of MPPT control during the vari-
ation in environmental conditions. In the second stage, a DC—
AC inverter is used to convert the DC power into an AC power
and controls the output current. The purpose of the decoupled
control of the grid connected photovoltaic inverter is to trans-
fer the maximum power supplied from PV panel to the utility
as efficiently as possible [17,18]. The control requirement of the
system is supported with the SPWM control techniques.

2.1. PV Array modeling

Fig. 2 shows the equivalent circuit model of a PV cell. Series—
parallel combination of PV cells forms a PV panel with speci-
fied rating of voltage and current. The output current and volt-
age of a PV cell is expressed in Eq. (1)
I'=1In— I [e(%*%) - 1:| (1)
where V' is the cell voltage, K is the Boltzmann constant, ¢ is
the charge of an electron and A4 is the diode ideality factor.
T is the absolute temperature [19]. The photocurrent (/)
and the reverse saturation current (/) of the PV cell is given
in Egs. (2) and (3).

c.ompris.es of the required control features that provide regula- Ip = [l + A(T = T)] S ()
tion of inverter current through FO-PI controller to meet the 1000
power quality standards of the grid. In addition, it gives signif- ;
icant reduction in the grid current THD. This control strategy L= I, % {1] * [ e(%* 1) _ 1} (3)
enables power factor control, reactive power compensation T;
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Figure 1  Three phase grid-connected PV system.
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Figure 2 Equivalent circuit model of solar cell. m— 1VC
where I, is the short circuit current at the reference tempera- L ¢
ture, S is the solar irradiation, 4 is the temperature coefficient, 1::
T, is the reference temperature, I, is the reverse saturation cur- Vde —
rent at reference temperature and Eg is the energy band-gap. T S I -
Eq. (4) gives the output current for a PV module/array ]
I=nyly — nyl [e(ﬁ%) — l] (4) Figure 3  High gain multilevel DC/DC converter.
where ng and n, are the number of series and parallel cells.
The selection of PV cells are mainly based on open circuit C= DV, (7)
voltage (V,.), short circuit current (), optimal operating SV, R

point, fill factor and efficiency of solar cell [20]. The open cir-
cuit voltage and short circuit current are directly proportional
to the temperature and the photocurrent respectively. The
amount of power generated by the PV panel is based on the
available solar irradiation, temperature and the size of the
panel. The PV array size depends on the power requirement
of the grid. The parameters and description of four 250 W
solar PV panel selected for 1 kW PV array are shown in
Table 1.

2.2. High gain multilevel DC/DC converter

Fig. 3 shows the high gain multilevel DC/DC converter topol-
ogy. It consists of conventional boost converter with additional
capacitors and diodes to increase the gain of the converter.
This converter has one switch, 2 N-1 diodes and capacitors.
The output voltage V,is N * V., where V. is the capacitor volt-
age and N is the number of levels in the converter [21].

The voltage gain for the high gain multilevel DC/DC con-
verter can be obtained using (5).

N
Volt in=—— 5
oltage gain = -—— (5)
where D is the duty ratio. The value of inductance (L) and
capacitance (C) are determined using (6) and (7), which is sim-
ilar to the conventional boost converter [22].

D(1 - D)’R
L DU-DIR ©
2f
Table 1 Parameters of PV panel SPSM250 at STC.
Parameters Values (unit)
Peak power (P,,4y) 250W,
Open circuit voltage (V,.) 4321V
Short circuit current (/) 7.63 A
Voltage at max power (V,,,) 355V
Current at max power (,,,,) 7.04 A
No. of cells () 72

where f'is the switching frequency, R is the load resistor, V, is
voltage ripple factor and V, is the output voltage.

2.3. MPPT control

P&O algorithm is widely used to operate the PV panel at the
optimized operating point due to its simple structure. This
MPPT algorithm operates periodically by comparing the PV
output power with that of the previous perturbation cycle.
Based on the change in power (AP), the PV array voltage is
incremented or decremented to reach MPP. This algorithm is
summarized in Table 2. P&O algorithm obeys for the instanta-
neous value of PV array voltage and current, if sampling
occurs only once in each switching cycle. The MPPT process
is recurring periodically until the optimal operating point is
reached. The system then oscillates near the MPP. The oscilla-
tion is minimized by reducing the perturbation step size. How-
ever, a smaller perturbation size slows down the MPPT [23].
Fig. 4 shows the flow chart of conventional P&O technique.

2.4. Control of DC/AC inverter

In a grid-connected PV system, inverter control comprises of
two control loops. The inner control loop is employed to reg-
ulate the DC-link voltage of the system for balancing the
power flow and maintains the stability during dynamics. In
addition, the outer control loop with a SPWM technique is
used to control the current which is injected into the grid at
unity power factor with low harmonic distortions

Table 2 Summary of P&O algorithm.

Perturbation Change in power (AP) Next perturbation
Positive Positive Positive

Positive Negative Negative
Negative Positive Negative
Negative Negative Positive
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(THD < 5%). The decoupled current control strategy is
responsible for power quality issues and current harmonic
compensation. As well, a Phase Locked Loop (PLL) device
is used to generate a synchronized reference current to the cur-
rent control loop.

Decoupled control of inverter with FO-PI controller per-
forms two independent control of active and reactive power
between the PV system and the grid. From the inverter, the
quality real power is fed into the grid at unity power factor.
Together, the reactive power compensation is carried out
based on the utility demand and the PV generated power
[24]. Though the real power (P) and reactive power (Q) of
the inverter are determined from the apparent power (.S) such
that [25]:

S=P+j0 (8)
where
_ Ve
P= oL Vi SIN O 9)
V%’
Q0 =—%(Vy— Vi cosd) (10)

wlL

The phase angle between the grid voltage V, and the inver-
ter output voltage V;,, is denoted as J. The real and reactive
power exchanged with the utility grid is determined from
Egs. (9) and (10) and is dependent on the phase angle (J)
and the inverter output voltage magnitude (¥7,,). The d—¢ cur-

art for P&O algorithm.

rent components are settled with suitable values during the
entire operating time to control both real and reactive power.
During nighttime, the PV generator is failed to supply real
power. Hence, the inverter carries out the reactive power com-
pensation. The real power supplied by the inverter increases
during daytime and satisfies the needs of utility grid, thereby
reduces the reactive power flow.

From Fig. 5, the inverter active current component (i)
and the inner DC voltage controller determines the reference
active component (iz.). The reference reactive component
(igrep) 1s obtained by the reactive current component of the
inverter (i,,y) and the load (iyqq). From Egs. (11) and (12),
the reference active and reactive component is maintained at
specified value with the use of FO-PI controller during the
variations of environment conditions.

. K4 . K

Liref = |:<KP(/(' + /_11> (Vdc - V(/(:r'ej) - ldinv:l (KP + _,[> (11)
S S

. . . K

Lyref = [lqload - lqinv] (KP + E/I) (12)

2.5. FO-PI controllers

The block diagram of FO-PI controller is shown in Fig. 6. This
controller is denoted as PI*. The FO-PI controller is an exten-
sion of classical PI controller. [11,12].
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Figure 6 Block diagram of FO-PI controller.

The differential equation of fractional order controller is,
u(t) = (ky + ki )e(1) (13)

where e(?) is the error signal and u(z) is the control signal.
The continuous transfer function of the FO-PI controller is
given by

u(s)

m:kp—.—kis :

(14)
where A is an arbitrary real number. A classical PI controller is
achieved by assuming 4 = 1. Thus, the modification in PI con-
troller provides flexibility and accuracy in the FO-PI con-
troller. The increase in robustness makes the system more
stable. The optimal values of FOPID controller parameters
are tuned with Ziegler Nicholas method to control the overall
system performance.

In this system, two control loops are considered: an inner
control loop, and an outer control loop. The FO-PI controller
is used to control the DC voltage at the inner control loop by
comparing the DC link voltage with the reference DC voltage.
This control loop keeps the DC link voltage as constant and
efficiently transfers power from the PV system to the grid. In
the outer control loop, the real and reactive components are
controlled by the FO-PI controller and allowing the synchro-
nization between the inverter and the grid voltages.

2.6. LCL filter

According to IEEE 519 standard, the THD of the three phase
currents lie around 5% [26]. In addition, the power delivered
to the grid must assure the power quality requirements. The
LCL filter is presented to meet the standard for interconnect-
ing the PV-grid system. The inductance of a LCL filter is small
as compared to the L filter to minimize the harmonics at the

switching frequency. The increase in amplitude at resonant fre-
quency causes instability of the overall system. To overcome
this disadvantage, a damping resistor R is introduced [27].
Fig. 7 shows the equivalent circuit of an LCL filter and the
parameters are calculated by the following equations. The
inverter side inductance (L;,,) is expressed in Eq. (15) w.r.t
dc link voltage (V,.), rated ripple current (Al;,,..) and the
switching frequency (f;) of the system.

Ve
Ly=——""7"— 15
" 16 ‘ AILmax fy ( )

In Eq. (16), a 10% ripple of rated current for 50% duty
cycle is calculated from the nominal power (P,) and the phase
voltage (V).

Liav Lz

Inverter end Grid end

Ct

o T O

Figure 7  Equivalent circuit of LCL filter.

Table 3 Specifications for the grid-connected PV system.

Parameters Values (unit)

PV array 1 kW

Grid voltage 3¢, 440 V

Grid frequency 50 Hz

Switching frequency 5SkHz

DC link voltage 740 V

DC link capacitor 470 pF

Output filter L; =20 mH
L, = 10mH
G = 1pF
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P2 (16) L, =71 % Ly, (17)
3V From Eq. (18), the filter capacitor (C,) is determined by
multiplying the power factor variation at the grid with the base

impedance of the system.

AILmax = 01 *

The grid side inductance (L,) is expressed in Eq. (17) and it
is calculated w.r.t. the relation factor (r).
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Figure 8 (a) Irradiation, (b) PV array voltage and (c) generated PV power.
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Cr=0.05%C, (18) 3. Simulation results and discussion

The damping resistor (R,) required to avoid resonance is
obtained w.r.t resonant frequency (w,.,) and is given in Egs.
(19) and (20)

Fig. 1 shows the block diagram of decoupled control of grid-
connected PV system. The overall system is simulated and ana-

1 lyzed in Matlab/Simulink platform. The parameters chosen to
Ri= m (19) simulate the system are shown in Table 3. The behavior of
] three-phase grid connected PV system is investigated with PI
Liw + L, and FO-PI controller for variable irradiation and load
Ores = (Liw - Lg - C)) (20)  conditions.
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Table 4 Grid current THD during variable irradiation.

Irradiation % THD

(W/m?) PI FO-PI

1000 1.82% 1.24%
200 2.54% 1.87%

3.1. Controller performance under variable irradiation

In this case, initially the irradiation is set as 1000 W/mz. At
t = 0.08 s, the irradiation is changed to 200 W/m? as shown
in Fig. 8(a). The generated PV array voltage corresponding
to the variable irradiation is 124 V and 98 V respectively as
shown in Fig. 8(b).

From the variable PV array voltage, aDClink voltage of
740V is obtained using high gain multilevel DC/DC converter.
This DC link voltage is regulated by comparing the DC volt-
age reference with the output voltage of the converter and
the error signal is given to the controller. Fig. 9(a) shows that
the regulated DC link voltage (V) of 740 V, which settles at
t = 0.036 s and the peak overshoot voltage is 1240 V while
implementing PI controller. The proportional (k,) and integral
(k;) constant are obtained using Ziegler Nichols tuning as
0.0001 and 0.5 respectively.

Similarly, the settling time of direct (d) and quadrature (g)
current component output in the outer control loop using PI
controller is shown in Fig. 10(a). Whereas, the FO-PI con-
troller makes the V. to settle at t = 0.024 s and the peak over-

(a) Fundamental (50Hz) = 0.5671, THD= 1.82%

Grid current Magnitude
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w

2
1
R N P DO
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Figure 12
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Grid current Magnitude
(% of fundamental )
w

Grid current Magnitude -

shoot is reduced to 926 V and is shown in Fig. 9(b). The
controller parameters of FO-PI are same as PI controller
constants.

In addition, fractional integral order (1) is introduced as
0.95 to improve the system performance. From the FO-PI con-
troller output, reduction in settling period by 33% and peak
overshoot voltage by 25.3% is achieved compared to PI con-
troller. Likewise, the settling time of direct (d) and quadrature
(g) current component output in the outer control loop using
FO-PI is shown in Fig. 10(b). The control of dg current com-
ponent allows the real and reactive power exchange between
the inverter and the grid. The mathematical expression, which
connects the real power supplied by the inverter, grid and the
load, is given by

P[m,r:PL:tP(; (21)

where Pj,, is the power delivered by the inverter, P is the
power consumed by the load and Pg is the grid power. The real
and reactive power delivered by the inverter during the irradi-
ation of 1000 W/m? is 896 W and 200 VAR. The inverter
power satisfies the load demand of 600 W, 200 VAR and the
excess power is fed into the grid. During 200 W/m? irradiation,
the power supplied by the inverter is 246 W, 200 VAR. Now,
the required load demand is satisfied by delivering the real
power of 354 W from the grid. Hence, Fig. 11 shows the real
and reactive power exchange and the grid power factor is
maintained unity by sustaining the reactive power is zero.
From these results, the PV fed inverter acts as energy generator
during daytime and acts as reactive power compensator during
nighttime.

(b) Fundamental (50Hz) = 0.5523, THD= 2.54%
5 T T . -

4 4
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0 200 400 600 800 1000

Frequency (Hz)

FFT analysis of grid current THD under variable irradiation — PI application (a) for 1000 W/m? (b) for 200 W/m?.
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Figure 13 FFT analysis of grid current THD under variable irradiation FO-PI application (a) for 1000 W/m? (b) for 200 W/m?.
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The grid current THD of the system is tabulated while
employing PI and FO-PI controller for variable irradiation.
It is noted from Table 4 that the THD content in the grid sys-
tem using different controllers lie below 5% of the IEEE stan-
dard and high frequency harmonics are eliminated effectively.
The grid current THD of the system is obtained with PI con-
troller during 1000 W/m?> and 200 W/m? irradiation are
1.82% and 2.54% respectively. However, the application of
FO-PI controller measures the THD content in the grid as
1.24% and 1.87%. The major reduction in the grid current
THD of 31.87% is observed for the irradiation of 1000 W/
m>. Similarly, 26.37% reduction in THD is achieved during
200 W/m? irradiation. The FFT analysis of the controllers is
shown in Figs. 12 and 13.

Real and reactive power exchange under load variation — FOPI application. (a) Inverter, (b) load and (c) grid.

Table 5 Grid current THD during change in load.

Load % THD

P (W) 0 (VAR) PI FO-PI
600 200 1.82% 1.24%
700 600 3.32% 2.62%

3.2. Controller performance during change in load

The power factor control in the grid and the power distribu-
tion of the system is analyzed under change in load. Fig. 14
shows the power generation and distribution when load

o
o
~

Inverter
Power Factor

~
=3
=

Load
Power Factor

—~
(]
~

Grid
Power Factor

Figure 15 Power factor variation during load variation — FO-PI application. (a) Inverter, (b) load and (c) grid.
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Figure 17 FFT analysis of grid current THD during load variation — FO-PI application. (a) P = 600 W, Q = 200 VAR and (b)

P =700 W, Q = 600 VAR.

changes from 600 W, 200 VAR to 700 W, 600 VAR at ¢t =
0.08. The real and reactive power requirement of the load is
satisfied by the inverter power until = 0.08 s. Subsequently,
the increased load of 700 W, 600 VAR is satisfied by supplying
real power from the grid and the reactive power from the
inverter. Therefore, the power factor varies during the load
transition. Fig. 15 shows that the grid maintains unity power
factor when the load power factor changes. The real and reac-
tive power control during load variation is attained by regulat-
ing the direct and quadrature current components.

In addition, the application of PI and FO-PI controller in
the grid-connected system is analyzed under change in load.
The grid current THD of the system for load variation is given
in Table 5. From Fig. 16, the grid current THD of the system is
achieved with PI controller during the load changes 1.82% and
3.32% respectively. With the use of FO-PI, the reduction in the
grid current THD of 31.87% is achieved when introducing
load with high power factor. Similarly, 21% of reduction in
the THD is obtained with low power factor loads. The FFT
analysis of grid current during load variation is shown in
Fig. 17 with FO-PI controller. The significant improvement
in THD reduction is attained by FO-PI compared with the
PI controller.

4. Conclusion

In this paper, a decoupled control of grid connected PV system
using FO-PI controller is presented. The Matlab/Simulink
software is used to develop and simulate the system. The appli-
cation of decoupled control strategy with FO-PI controller in

the grid connected system gives better results compared to PI
controller in terms of system response, DC link regulation
and output current control at the inverter end. The reduction
in grid current THD and power factor control in the grid is
obtained during any irradiation as well as load variation.
The significant reduction in the grid current THD is achieved
by injecting less oscillation current to the grid. This feature of
FO-PI controller improves the system efficiency by reducing
the losses caused by THD during the variable irradiation
and load condition.
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