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ABSTRACT: A Moadified MPPT-SRF Configuration of a Single Stag Grid-Connected PV System Inverter Based On
Voltage-Oriented Control is shows better performance in conversion of PV output power into high-quality ac voltage.
Hear the purpose of voltage-oriented control (VOC) is to solve fast varying irradiation problems. In VOC, a cascaded
control structure with an outer dc link voltage control loop and an inner current control loop is used. The currents are
controlled in a synchronous orthogonal d-q frame using a decoupled feedback control. The reference current of
proportional—-integral (PI) d-axis controller is replaced with FUZZY controller to improve the fastness of the triggering
circuit of the VSI. With this we can achieve a unity power factor, the g-axis reference is set to zero and wave distortion
are reduced which gives an improved efficiency. Simulations and experimental results demonstrate that the proposed
method provides effective, fast, and perfect tracking. The results are examined by using MATLAB software.

. INTRODUCTION

The voltage-power characteristic of a photovoltaic (PV) array is nonlinear and time varying because of the changes
caused by the atmospheric conditions. The task of a maximum power point (MPP) tracking (MPPT) in a PV power
system is to continuously tune the system so that it draws maximum power from the PV array.In recent years, the grid
connected PV systems have become more popular because they do not need battery backups to ensure MPPT. The two
typical configurations of a grid-connected PV system are single or two stages. In two stages, the first is used to boost
the PV array voltage and track the maximum power; the second allows the conversion of this power into high-quality
ac voltage.

The presence of several power stages undermines the overall efficiency, reliability, and compactness of the system
besides increasing the cost. The single stage has numerous advantages, such as simple topology, high efficiency, etc.
Nevertheless, the control strategy (FZZY Logic) has to be designed in order to extract the maximum available power
and to properly transfer it from the PV array to the grid simultaneously. In this case, an important consideration in the
controller design is needed.

In this paper, the main component of the single-stage grid connected PV system is the three-phase voltage source
inverter (VSI). Typically, simple inductors L are used as a filter interfacing inverter and mains, as shown in Fig. 1. LCL
filter provides advantages in costs and dynamics since smaller inductors can be used. However, in a grid-connected
system, an LCL filter may cause resonance, which is a disaster for the system’s stability. Hence, control systems
involving LCL filters are inevitably more complicated. The voltage-oriented control (VOC) method used for VSI
employs an outer dc link voltage control loop and an inner current control loop to achieve fast dynamic response. The
performance of the power flow depends largely on the quality of the applied current control strategy. In this paper, the
current control has been implemented in a rotating synchronous reference frame d, q because the controller can
eliminate a steady-state error and has fast transient response by decoupling control.
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Fig. 1. Typical configuration of a single-stage grid-connected PV system.

Many algorithms have been developed for the MPPT of a PV array. Among the MPPT techniques, the perturbation and
observation (P&O) method is the most popular because of the simplicity of its control structure. Yet, in the presence of
rapidly changing atmospheric conditions, the P&O MPPT algorithm can be confused due to the fact that it is not able to
distinguish the variations of the output power caused by the tracker perturbation from those caused by the irradiance
variation. Recently, improved P&O MPPT algorithms for rapidly changing environmental conditions have been
proposed by Sera et al. In this paper, in order to generate the correct MPP reference voltage under rapidly changing
irradiation, a robust MPPT controller has been proposed. In this algorithm, the d-axis grid current component reflecting
the power grid side and the signal error of a FUZZY Logic controller instead of PI controller outer voltage regulator is
designed to reflect the change in power caused by the irradiation variation. Hence, with this information, the proposed
algorithm can greatly reduce the power losses caused by the dynamic tracking errors under rapid weather changing
conditions. The superiority of the newly proposed method is supported by simulation and experimental results.

1. SYSTEM DESCRIPTION AND MODELING

Fig. 1 shows the basic structure of a single-stage three-phase grid-connected PV system studied in this paper. This
system consists of a PV array, an input filter capacitor C, a three-phase VSI, an output filter inductor L, and grid. The
PV modules are connected in a series—parallel configuration to match the required dc voltage and power rating. The
input capacitor supports the solar array voltage for the VSI. The three-phase pulse width-modulated inverter with a
filter inductor converts a dc input voltage into an ac sinusoidal voltage by means of appropriate switch signals to make
the output current in phase with the utility voltage and obtain a unity power factor.

A Solar Cell and PV Array Model

A PV generator is a combination of solar cells, connections, protective parts, supports, etc. In the present modeling, the
focus is only on cells. Solar cells consist of a p-n junction; various modeling’s of solar cells have been proposed in the
literature. Thus, the simplest equivalent circuit of a solar cell is a current source in parallel with a diode. The output of
the current source is directly proportional to the light falling on the cell (photocurrent). During darkness, the solar cell
is not an active device; it works as a diode, i.e., a p-n junction. It produces neither a current nor a voltage. Thus, the
diode determines the I-V characteristics of the cell. For this paper, the electrical equivalent circuit of a solar cell is
shown in Fig. 2 The output current | and the output voltage of a solar cell are given by

Vdo qVdo Vdo
1= 1o — lgo =222 = 1, — 1o (exp (L02) — 1) — T 1
ph do Rsh ph o\ €Xp nkT Rsh ( )

V= Vg — Rl 2
Here, L, is the photocurrent, |, is the reverse saturation current, 14, is the average current through the diode, n is the
diode factor, q is the electron charge (q = 1.6+10™°), k is
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Fig. 2. Solar cell electrically equivalent circuit. Fig. 3. Three-phase

VSI.

the Boltzmann’s constant (k = 1.38+10—-23), and T is the solar array panel temperature. Rs is the intrinsic series
resistance of the solar cell; this value is normally very small. Rsh is the equivalent shunt resistance of the solar array,
and its value is very large. In general, the output current of a solar cell is expressed by

= _a_ —1)-(Rs!
1= lnlo(exp (= (v + Rg 1)) — 1)+( = ) 3)
In (3), the resistances can be generally neglected, and thus, it can be simplified to
= |ph-|0(exp (# V) - 1) 4
If the circuit is opened, the output current | = 0, and the open-circuit voltage Voc is expressed by
(KT n(eh ~ (M5 n(fen
Ve En(2 4 1)~ (E)n(2)

If the circuit is shorted, the output voltage V = 0, the average current through the diode is generally neglected, and the
short circuit current Isc is expressed by using

1
Isczlz% (6)
(1+@)
Finally, the output power P is expressed by
Vv
P=VI=(Ipp — Iao — R—d:) % 7)
111.VSI MODEL

The VSI connected to the grid through an L filter is shown in Fig. 3. In this section, a dynamic analytical model of the
VSI is developed in its original three-phase abc frame. Then, this model is transformed into a synchronous reference
frame. Before analyzing the three-phase VSI, some assumptions are proposed. The three-phase voltages are sinusoidal
and symmetrical, and their representations are depicted in (8).The switches operate at constant frequency. The
switching frequency is much higher than the line frequency. The inductors L are linear and balanced. Saturation is not a
concern.

1) The whole conduction losses are represented by three symmetrical resistors R, as shown in Fig. 3.The absence of
the zero sequence in the currents into a three wire system.
(Va =V cos(wt)

_ 2
{ V, =V, cos (wt - En) (8)
(V. =1, cos (wt + %n)
Based on the aforementioned assumptions, the model of the VSI in the stationary abc frame is established as
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di, .
ea=LE+|aR+va+vnN

ey —L%t +iyR+vy +v, N

_, dig
e. = dt+|R+v +v, N

pv dt + inv (9)
By doing the sum of the three equations in (9), one can obtain the relation
vN——(e +e, +e.) (10)
The switching function d=k (k = 1 3, 5) of the inverter is defined as in
4 _{1, ifSk isonand Sy, isoff (11)
10, if S isoff and Sy, ison '
Hence, one can write the complete model (12) of the VSI in the abc frame
di, . . dry +d, +dY
LE =—-v, —i,R+ (d 1 —f)vdc
di . ., dy +d, +d
d_.F:—Vb—le"'(dz—%)vdc

LS = Ve iR+ (o, - D02 T sy,
dv, . . .
cd—‘t“ = 1,y — (d*4i, + iy + d*5i) (12)
For pulse width modulation (PWM) inputs, the aforementioned model can be separated into low- and high-frequency
components using the Fourier analysis. The high-frequency model is concerned with the switching behavior of the

inverter and is almost neglected. The low-frequency model, which has the same expression as (12), with the switching
functions d* being replaced by continuous duty ratios dx(k = 1, 3, 5) €0, 1], is much more considered

[cos(wt) cos (wt - %n) cos (wt + gn)]

T =2l sin(wt) sin(wt—zn) sin(wt+3n)| A (13)

dqo 3 3 3
1 1 1
2 2 2

It is noted that the model (12) is time varying and nonlinear. In order to facilitate the control, the model can be
transformed into a synchronous orthogonal frame rotating at the angular frequency of the utility w. With this time-
varying transformation, given by (13), the positive sequence components at the fundamental frequency become
constant.Finally, the whole dynamic model (14) in the dq frame is obtained from (12) and (13)

L

[dld] -2 o dd [—— 0 0],
| * [[7a
d‘q| -0 -2 [ l+| 0 —% ol[vql (14)
[ddeJ [ Vac
where

id, iq d- and g-axis grid currents, respectively; vd, vq d- and g-axis grid voltages, respectively; dd, dq d- and g-
axis duty ratios.

3.1 Current And Voltage Controllers

According to [19], VOC strategy guarantees fast transient response and high static performance via internal current
control loops.

A. Current Control

It can be seen from (14) that there is cross-coupling between the d and g components. However, cross-coupling can
affect the dynamic performance of the regulator. Therefore, it is very important to decouple the two axes for better
performance. This effect can be accomplished with the feed forward decoupling control method. Assuming that

Vg = Vg +dgVy + wli,
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vrq = _‘/q + qudC - (L)le (15)
where w is the angular frequency of the utility. Then, the system model is transformed to
(Fa_ _R, L1
| at pta™Vra
diq _ R . 1
{ E——zlq"'zvrq (16)
lavac _ oo Vatvea, _ Vatvrg .
—HE == -,
dt Cc CViac CVic

The cross-coupling variables are eliminated in the aforementioned model. Hence, the currents id and iq can be
controlled independently by acting upon inputs Vd and Vq, respectively. Furthermore, by using Pl-type regulators, a
fast dynamic response and zero steady-state errors can be achieved. The diagram of the current regulator is shown in
Fig. 4. Since the switching frequency is much higher than the line frequency, the sampling and hold delay is neglected.
the diagram, kip and kii are the proportional and integral parameters, respectively; i= is the reference current signal, and
I is the feedback current. The diagram is suitable for both id and

V)
G '
‘

Fig. 4. Diagram of the current loop. Fig. 5. Voltage loop diagram with constant irradiation.

iq loops. From the diagram, the closed-loop transfer function of the d, g current loops is

k

—iL
) _ial) _kw Ry (17)
GO e L (aptR) Ky

L L

The damping ratio { = (Kip + R)/2L/kiji /L, and o? =kijj/L. Thus, the parameters of the current regulator can
be designed as follows:

Kip = 2(oniL -R (18)
Kii =Lw?;
B. Voltage Control

In the case of a unity power factor (i ,= 0) and with the previous assumption, the third equation in the model (14) is
repeated as

€2 = I, — dyiy (19)

At the beginning of a sequence, the atmospheric conditions are considered constant; hence, an equivalent input is
defined as

Fd = lpv —ddid (20)

In order to regulate the dc voltage at a fixed value, the error ¢ = Vj.— V,, is passed through a Pl-type compensator, as
shown in Fig. 5.

In the diagram, the voltage loop is an outer loop, while the current loop is an inner loop. The internal loop has been
designed to achieve short settling times in order to achieve a fast correction of the error. The outer loop can be designed
to be slower. Thus, the inner and outer loops can be considered decoupled, and they can be linearized. Consequently,
the current loop transfer function is approximately considered as Gc¢ = 1.
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Fig. 6. Deviation from the MPP with the P&O algorithm under rapidly changing irradiance.

The closed-loop transfer function of dc voltage regulation, obtained from Fig. 5, has the following form:

k
Vaels) _ kup_ Fup™ 1)
Vic) € s24Mupg
In the same way as the design process of the current loop, the voltage regulator parameters can be given as follows:
kup =20Conu
K, = Co?, (22)

3.2 MPPT

The dc voltage controller is used to produce the reference current value for the id current controller. Its aim is to keep
the voltage constant on the dc side in normal condition or during rapidly changing atmospheric conditions. The MPPT
algorithm modulates the reference voltage V * dc according to the environmental conditions in order to keep the
operating point of the PV panels close to the MPP. In the conventional P&O method, the MPP is obtained from the PV
array power by multiplying the voltage and current of PV arrays and comparing it with the previously measured power.
In the case of a sudden increase in irradiance, the P&O algorithm reacts as if the increase occurred as a result of the
previous perturbation of the array operating voltage. The next perturbation, therefore, will be in the same direction as
the previous one. Assuming that the system has been initially oscillating around the MPPT, the path of this behavior is
drawn in Fig. 6. It can be seen that a continuous perturbation in one direction will lead to an operating point far away
from the actual MPP. This process continues until the increase in irradiance slows down or ends.

The MPPT controller is applied to the reference of the outer loop control dc voltage photovoltaic (PV).Without PV
array power measurement, the proposed MPPT identifies the correct direction of the MPP by processing the d-axis
current reflecting the power grid side and the signal error of the FUZZY outer loop designed to only represent the
change in power due to the changing atmospheric conditions. The robust tracking capability under rapidly increasing
and decreasing irradiance is verified experimentally with a PV array emulator. To overcome the limitations of the P&O
method, the proposed MPPT enables us to decouple the change in power caused by the simultaneous increment
perturbation and irradiation variation. The irradiation variation is estimated by using the signal error of the PI controller
of the dc voltage control. The PI regulator is designed to assure zero signal error if the atmospheric conditions are
constant and a constant signal error in the opposite case. Hence, the signal error reflects only the change in power
caused by the irradiation variation. After that, in order to calculate the total change in the PV array power, the d-axis
grid current component is used. Finally, the change in power caused by the previous perturbation is obtained by a
simple subtraction; therefore, the correct direction of the MPP can be identified.

A. PV Power Calculation
In the synchronous rotating frame d, g, the active and reactive powers of a three-phase grid-connected VSI are given by

3 . .
P = E(led + ‘/qlq)
3 . .
Q= ;(led ~ Vyia)
If the three-phase grid voltage is ideally sinusoidal without any harmonics, then in the d, g frame, the grid voltage
vector is given by

(23)
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V=V
{Vq o (24)

In practice, the grid voltage is nonsinusoidal due to harmonics. Therefore, both Vd and Vq will not be constant but have
slight ripples whose frequencies and magnitudes depend on the harmonic components. However, in steady state, the
average value of Vq is still equal to zero. Consequently, (23) can be rewritten as (25). Its active power depends on the
d-axis current, and the reactive power depends on the g-axis current.Furthermore, in order to achieve unity power factor
fundamental current flow, the g component of the command current vector is set to zero

3 .
P = ;(led)

3 .
Q=3 (vdlq)
Assuming lossless power transmission between solar array and grid line, the relationship of instantaneous active power
exchanged between the PV array and the grid is given by

(25)

va =P = %(vdid) (26)

This allows one to obtain the relation
2

id = ;va (27)
da
Therefore, the PV power information can be obtained from the d-axis grid current component by the relation (27).

B. Signal Error of Outer Voltage Regulator
The change of d-axis current in one period sampling Te under irradiation variation is expressed by the following:

Aiy (k) = Aiy, (k) + Aig (k) (28)

Aiy (K) is the change of d-axis current component caused by the tracker perturbation, and Aig (K)is the change of d-axis
current component caused by the change in irradiation Fig. 7. Thus, the dc bus-voltage control loop under changing
irradiation can be modeled with the block diagram of Fig. 8, where the current of PV array is an input disturbance. In
this case, the error

Y
L AV gl g AV g g
Aiy,
+ k-1 " 1ry
III * ‘._1.1{ B A
v 2 i iy
k id v
o
Fig. 7. 1d-V characteristic under variable irradiation Fig. 8. Voltage loop diagram under

variable irradiation.

between voltage referencel/;. and voltage measurement V. is the following:

e(s) = A(S)Vj.(s) + B(s)ig(s) (29)
where
cs?

() CS2+dgkypS+dgky;
drtup drtui
B(S)

dgk dakyi
C g24 dcups+ dcul

If we consider only the impact of perturbation iG, we can write

_dg N .
e(8)=, P i6(s) (30)

24 —d ui

Cc
Assuming that the rate of change in the irradiation is constant over one sampling period Te of the MPPT (Aig = aT,),
the iG(s) expression can be written
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i(s) =5 (31)

By inserting (31) into (30), the error is defined as
da_ S

S(S)— c 53_,,@524,%5

To calculate the signal error, we use the final value theorem for Laplace transforms. According to this theorem, as long

as &(s)

| Sense Wil 1alkK) |

v

AW L (kD Wk — Wy (k-11)
Aialk ) 5|.-|I:|.-..'|'- i.||:]'..-|-l

v

[ ik} = (Vierk-1) - Vaolk) PKa*Te |

¥

| Alyvlk) = Adglk, - Adgik) I

v

Ircs, Inc, *SigniAiy ¥ Signid gk
Ircg [ncx*SigndAig)

—<3-f1r,i.l_-:‘!-lx',l #li
1LY T

h 4 arslAnc) # |
WViedk) Vee{ k-1 ) - Ine, | 2 -

| WVeed k) = Wiek-1) ]l Wik = Wier(k-1) + Incg I

v - 4

(32)

Fig. 9. Flowchart of the proposed MPPT algorithm.

does not have any poles in the right half of the complex plane, except maybe s = 0, then

e =limg_, %W] (33)

Hence, the signal error has the following form (Fig. 9):

£=— (34)
Finalltgfl, the AiG(K) that reflects only the change in power caused by the irradiation variation is defined as in
Aig =Tp.e.ky; =T, ky;. (Vc;c(k —-1)- Vdc(k)) (35)

The flowchart of the proposed MPPT is shown in Fig. 9. The first step is to set up a fixed voltage whose value is about
0.8 times of the PV array open-circuit voltage. Then, the instantaneous voltage of the PV array and the d-axis grid
current component are measured using the saved previous voltage and current in order to calculate the differential
values of Aid and AVdc. After that, the AiG and AiV are calculated by using (35) and (28), respectively. With this
information, two increments are calculated. The first IncV will be used when the PV array voltage is far away from the
MPP voltage and the second IncG when irradiance change is present and the PV array voltage is initially equal to the
voltage of the MPP. In the next test, if abs(AiV ) is more than zero (the power change caused by the previous tracker
perturbation is different from zero), the reference voltage of the PV array is given by adding IncV to the previous
reference voltage (IncV can be positive or
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IV. MODELLING OF CASE STUDY AND SIMULATION RESULTS
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Fig. 10 Modal Grid-connected PV system with fuzzy controller

Fig. 11 Simulation Measurements of the
instantaneous efficiency the instantaneous
efficiency with modified MPPT using FUZZY
Controller.

Fig. 12. Simulation measurement of using Pl
controller
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Fig.13 PV array voltage with classical P&O
and theoretical MPP modified MPPT and
theoretical

Fig. 15. Simulation measurement of the PV array
power during a PV array power during
trapezoidal irradiation profile, using the classical
P&O MPPT the classical method, compared to
the theoretical MPP power.

Fig. 14. PV system voltage with the
voltage during a trapezoidal irradiation profile.
MPP voltade durina a tranezoidal irradiation

Fig. 16. Experimental measurement of the a
trapezoidal irradiation profile, using P&O
MPPT method, compared to the theoretical MPP
power.

From the above simulated results we can identify the instantaneous efficiency with modified MPPT using FUZZY
Controller , PV system voltage with the modified MPPT and theoretical MPP voltage during a trapezoidal irradiation
profile and PV array power during a trapezoidal irradiation profile using the classical P&0O MPPT method, compared

to the theoretical MPP power are improved.

Fuzzy logic control circuit is implemented in MAT LAB is shown in below fig.
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Unit Delay

Derivative

Time (s)

Controller
Fig. 17. Steady-state inverter output current.

Fig. 19 Fuzzy Logic Circuit

S

i Lol

T T i
™ ‘. i
LTI

1 sasvd 1' O WM

20 ms PV SYSTEM
s i P ) 3PHASEVSI

Va

Time (s) Fig. 20 Grid connected PV system through VSI
Fig. 18. Grid voltage and grid current at unity MAT Lab based simulation circuit
power factor.

This section presents the simulation results of the classical P&O and the proposed method in order to validate the
performance of the control scheme. Computer simulation has been done using MATLAB/SIMULINK simulation
package. The full diagram of the control methodology and the modulation is shown in Fig. 10. The characteristics of
Solar PV module are used for the PV array model in the simulation and experiment. The 60 module provides 60 W of
nominal maximum power and a 21.1-V open-circuit voltage at an irradiation of 1 kW/m2 and an ambient temperature
of 25 -C. To compare the performance of the proposed MPPT method with that of the P&O method, the simulations are
configured under exactly the same conditions to compare the performances. The PV array in simulation is composed of
ten series connected modules. The sampling period used for MPPT algorithm is chosen as 0.2 s, and voltage increments
of Incl = 0.5V and Inc2 = 0.1 V are used.In order to verify the effect of rapidly changing irradiation, an irradiation
ramp change was used. A 20-s period for the increasing and decreasing ramps was selected. This irradiation change
starts from 200 W/m2, stops at 1000 W/m2, waits at this level for 20 s, and decreases again back to 200 W/m2 with a
constant slope. The temperature is considered constant during the simulation.

Fig. 21SRF Configuration circuit
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V. CONCLUSION

In order to avoid possible mistakes of the classical MPPT algorithm with PI control due to the fast-changing irradiation,
this paper a FUZZY based MPPT-SRF Configuration of a Single Stag Grid-Connected PV System Inverter Based On
Voltage-Oriented Control has proposed an improved MPPT controller. Our control scheme uses the d-axis grid current
component and the signal error of the FUZZY outer voltage regulator. This MPPT method permits one to differentiate
the contribution of increment perturbation and irradiation change in power variation, hence identifying the correct
direction of the MPP. In the simulation and experimental results, the robust tracking capability under rapidly increasing
and decreasing irradiance has been proved. Moreover, the output power losses caused by the dynamic tracking errors
are drastically reduced, particularly under fast changing irradiation. With proposed fuzzy controller we achieved
improved wave shapes in ac voltages and also maintain unity power factor.
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