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1. INTRODUCTION

In the last decades, energy demand has been increasing due to lifestyle changes; households are now
using more and more electronics and smart devices. Unfortunately in contrast to the upraised demand,
conventional fossil fuels are decreasing, therefore to meet consumer needs, science researchers and industry
leaders have made the utilization of renewable energy sources as an alternative solution to preserve power
energy, mainly photovoltaic energy source.

Renewable energy sources have been used for more than 20 years, but there are some points where
improvements are needed to increase the efficiency and quality of the energy injected into the grid. In fact,
one of the most important problems is the synchronization of the injected current with the mains voltage,
a better synchronization allows the extraction of the real phase angle for the different disturbances of the grid,
in order to control the delay between the injected current and the mains voltage, and thus control the active
and reactive power for a better performance [1-2].

For the latter case, among the problems that must be solved with a great caution we can mention the
problem of the synchronization. In fact, the synchronization is used to implement a strategy to apply
electronic control of the interconnection of this type of energy sources to the electrical network. a better
synchronization allows the extraction of the real phase angle for the different disturbances of the grid,
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in order to control the delay between the injected current and the mains voltage, and thus control the active
and reactive power for a better performance. Its purpose is to support the power system in case of a
possibledefault, and take account various disturbances that can occur on the electrical network (change of
amplitude, phase jump, harmonics, imbalance).lt is generally, based on rapid and accurate detection of
the phase angle of the grid voltage of electrical network, which can be estimated with the aid of a phase-
locked loop (PLL) [3-4]. Most popular synchronization approaches for grid connected inverter with the grid
voltage are based on the phase-locked loops (PLL) algorithms as shown in Figure 1 [4-6].

V Orthogonal
——  system

generation

Figure 1. General structure of the phase-locked loop (PLL)

PLL design should have a rapid release and a very low inaccuracy between the obtained phase angle
and the real phase angle, mainly at amplitude or frequency variation [6]-[12]. These two objectives cannot be
achieved simultaneously. Either they get a fast response with medium precision or good accuracy with a
longer synchronization time. Most PLL systems are implemented with a PI controller that is very sensitive to
disturbances, as the controller parameters are synthesized around a specific operating point. The key
drawback of this corrector (PI) is its inability to react to sudden changes of the grid voltage. The control
device shall be optimized in order to achieve rapid locking with acceptable accuracy for different
operating points.

For easier implementation researchers utilized various types of proportional integral (P1) controllers
to control the PLL. However, the well-known disadvantages of the conventional Pl and their adaptive
versions encourage researchers to apply the intelligent controllers such fuzzy logic, neural network,
neurofuzzy, etc. Among the main advantages of intelligent controllers for grid connected inverter
system [6-11] are: their ability to deal with any non-linearity of arbitrary complexity and their designs do not
require a mathematical model of the system and theoretically. Thus, the intelligent controllers are ideally
suited for controlling grid connected inverter system. Among the various intelligent controllers fuzzy logic
controller (FLC) is the simplest control and better than the conventional controllers in terms of insensitivity
to parameter and grid variations, response time, settling time and robustness [13-15].

This document presents a new PLL method for grid-connected PV inverter. The new method
consists in generating an orthogonal axis in a rotating frame, using a structure based on the integration of the
generalized second order (SOGI), followed by a Park transformation to bring it back to a fixed reference [3].
The locking of the phase angle is translated by the cancellation of the quadratic component of the Park
transform, using fuzzy logic. To validate the performances of this new method, we will proceed initially by a
simulation under the PSIM software, by using the DLL block for the implementation of the proposed
algorithm, and see its response against grid disturbances. After, we will experiment the algorithm, on a real
conditions using a prototype based on a microcontroller STM32F407. For validation, we will visualize the
shifted grid voltage sent to the ADC block with the voltage generated by the DAC block that represents a
sinusoid of the estimated phase angle.

2. PLL BASED ON THE SECOND ORDER GENERALIZED INTEGRATOR (SOGI-PLL)

The structure of the second order generalized integrator (SOGI) is illustrated in Figure 2. The input
signal v’ is the voltage signal measured at the PCC. As output signals, two sinusoidal waves v’and qv’ with
a phase shift of gare generated so that the component has the same phase and amplitude as the fundamental

input voltage signal (v) [16-18]. The Figure 2, shows the structure of the second order generalized integrator
(SOGI).
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Figure 2. Orthogonal signal generator based on SOGI

The second-order generalized integrator (SOGI) acts as a band pass filter with infinite gain whose

transfer function is defined in (1).The closed loop transfer functions and of the structure shown in Figure 2
are defined as [19-22]:
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where @), represents the unamortized natural frequency of the SOGI that is equal to the estimated frequency

®, = and Kis the gain that affects the SOGI bandwidth.

The grid frequency can change; therefore, this orthogonal signal generator must be able to tune its
coefficients in case of grid frequency change. To achieve this, trapezoidal approximation is used to get
the discrete transfer function as follows:

2z-1
H (Z) _ wnTSZ+1 _ (kanTS)(Zz—l) (4)
A\ 2z-132 22-1, 2 4(z-1)2+(2kwyTs) (22—1)+(w, Ts)2(22-1)2
(Tsz+1) +kw"Tsz+1+w" nes nes

Now, using X = 2K, T, and Yy = (a)nTs )2

X — X 2
+ 2
[x+y+4J [x+y+4] b, +b,z7?
H,(2)= = — —
2(4-y) 21 X—y—4 22 l-a,z7 —a,z
X+y+4 X+y+4 (5)
ky +2 ky 2+ ky 72 6)
H.(2)= X+y+4 X+y+4 X+y+4 _qb, +0bzt +gb,z?
! 24-y) ), 1 _(x-y-4) 1-a,z" -a,z7°
X+y+4 X+y+4

Once the orthogonal signal has been generated, park transform is used to detect the Q and D
components on the rotating reference frame. This is then fed to the PI loop that controls the VCO of the PLL.
The coefficients of the orthogonal signal generator can be tuned for varying grid frequency and sampling
time [20-22].

As can be seen, the transfer function for Hy resembles that of a Band Pass Filter, that filters out
harmonic and random noise and whose output is in phase with that of the input signal. The transfer function
for Hyis the same as that of a second order Low Pass Filter, that not only filters out harmonics and random

noise, but also introduces a phase shift of 77/2 radians [20-22]. Figure 3 Shows the block diagram of
the overall SOGI-PLL structure [21-23].
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Figure 3. Structure of SOGI- PLL

3. SOGI-PLL PROPOSED BASED ON FUZZY LOGIC

This section presents a new phase-locked loop control (PLL) for a grid connected photovoltaic
inverters. The originality in this work is to generate an orthogonal power voltage system based on a second
order generalized integration structure (SOGI) driven by fuzzy logic to obtain fast detection and a more
accurate image of the phase angle [24-25]. The Figure 4 shows the proposed second order generalized
integrator (SOGI) structure based on fuzzy logic.

v, =0
YO T
\V ap - +
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Figure 4. Proposed structure of SOGI-PLL based on fuzzy logic

The proposed method is based on the application of the fuzzy logic on the quadratic component of
Park and its error compared to a reference value, to have a precise and fast correction of the frequency, which
will be integrated to obtain the phase angle of the grid. For the validation of this method, we will perform
the discretization and the implementation of the equations developed in the previous section, in the form of
the functions in programming language C. Firstly, they will be used in the DLL block which executes
the routines at each step simulation of the PSIM software. Secondly, they will be used for the generation of
the program that will be embedded in the STM32F407 microcontroller for experimental validation.

3.1. Fuzzy logic controller design

Defining input and output variables, and controller functions is one of the most important steps in
the fuzzy logic design process. In this study, the selection of members and the number of rules had to be
minimized. Blurred affiliations and rules must act quickly to speed up or move backwards the d-q axis until it
reaches synchronization speed and position, then lock the axis to its correct synchronization state.
This requires more attention to the design of exit rules [1-2].

The fuzzy logic controller is designed with two variables (quadrature component of Park and its
error to a reference value) defined as input variables. These two input variables have five triangle
membership functions for each of them. The linguistic variables "positive large (PL)","positive small
(PS)","zero (2)","negative small (NS)","negative large (NL)" for two input variables are used to express
the fuzzy variables. Thus the control action is defuzzified in a unit range also with five membership functions
defined as output variable of fuzzy logic to express the values of frequency correction [1, 26-28].
The detailed design of the fuzzy membership functions is illustrated in Figure 5. Established on the basis of
information about the system and how it works, depending on error variations for a rapid transient response.
The fuzzy logic rule bases for output variables are shown in Table 1.
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Figure 5. (a) Vq membership, (b) Error membership, (c) Output membership

Table 1. Basic rule for output variable

Err Vr
PL PS Z NZ NL
PL L L M S S
PS L M M M S
Z M M M M M
NS S S M L L
NL S M M L L

3.2. Discretization of the two methods

a. Method SOGI with PI
[*Estimation of u value with the SOGI*/
sogi_u[n]=(b0*(u[n]-u[n-2]))+(al*sogi_u[n-1])+ (a2*sogi_u[n-2]);
[*Update of u */
sogi_u[n-2]=sogi_u[n-1];
sogi_u[n-1]=sogi_u[n];
[*Estimation of u value with the SOGI  */
sogi_qu[n]=(gb0*u[n])+(b1*u[n-1]) + (gb2*u[n-2]) + (al*sogi_qu[n-1]) + (a2*sogi_qu[n-2])
[*Update of qu*/
sogi_qu[n-2]=sogi_qu[n-1];sogi_qu[n-1]=sogi_qu[n];
[*update of grid voltage*/
u[n-2]=u[n-1];
u[n-1]=u[n];
[*Park Transform from alpha beta to d-q axis*/
u_Q[n]=(cos*sogi_u[n]) + (sin*sogi_qu[n]);
u_DI[n]=(cos*sogi_qu[n]) - (sin*sogi_u[n]);
[*P1 process*/
[*Error update*/
Error=u_Q[n]-u_Qref;
[* proportional term */
up = v.Kp*Error,
/* integral term */
ui = (v.Ki * up)+ i1,

il =ui;
/* sum of integral and proportional term */
Pl_f[n] = up + ui;

[*Estimation of outputfrequency*/
fo=fn+P1_f[n];

[*Update of Uq value of Park component */
u_Q[n-1]=u_Q[n];

[*Frequency integration to obtain the phase angle*/
theta[n]=theta[n-1] + (2.0*n*timestep*fo);
/*Re-initialization of phase angle over 2pi*/
if(theta[n]>(2m))

theta[n]=0.;

[*Update of phase angle*/
Theta[n-1]=theta[n];
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b. Method SOGI with fuzzy logic
/I Estimation of u value with the SOGI //
sogi_u[n]=(b0*(u[n]-u[n-2])) + (al*sogi_u[n-1]) + (a2*sogi_u[n-2]);
[/l updat of u 1
sogi_u[n-2]=sogi_u[n-1];
sogi_u[n-1]=sogi_u[n];
/I Estimation of u value with the SOGI //
sogi_qu[n]=(gb0*u[n]) + (b1*u[n-1]) + (gb2*u[n-2]) + (al*sogi_qu[n-1]) + (a2*sogi_qu[n-2])
I/ update of qu Il
sogi_qu[n-2]=sogi_qu[n-1];
sogi_qu[n-1]=sogi_qu[n];
Il update of grid voltage //
u[n-2]=u[n-1];
u[n-1]=u[n];
/I Park Transform from alpha beta to d-q axis //
u_Q[n]=(cos*sogi_u[n]) + (sin*sogi_qu[n]);
u_D[n]=(cos*sogi_qu[n]) - (sin*sogi_u[n]);
Il Fuzzyprocess//
[l Error update //
Error=u_Q[n]-u_Qref;
/I Fuzzification of the q axis input voltage//
Fuzzification(u_Q[0],X1,X1_abcs);
/I Fuzzification of the q axis error//
Fuzzification(Error,X2,X2_abcs);
/I Application of basic rules between uqg and Error to have fuzzified the correction frequency//
Fuzzylnference(X1, X2, Y);
/IDefuzzification of the frequency correction //
Fuzzy_ f[n]=Difuzzification(Y,OutputFunc);
/I Application of the frequency correction//
fo=fnom+Fuzzy_f[n];
[/ Update of Uq value of Park component //
u_Q[n-1]=u_Q[nJ;
/I Frequency integration to obtaine the phase angle //
theta[n]=theta[n-1] + (2.0*n*timestep*fo);
/I Re-initialization of phase angle over 2pi //
if(theta[n]>(2m))
theta[n]=0.;
/I Update of phase angle//
theta [n-1]=theta[n];

3.3. Simulation results

In this section, we present the simulation results under the PSIM software, the Figure 6, represents
the two blocks used in the simulation, a C block that generates a sinusoidal signal controlled in frequency and
amplitude to simulate the disturbances of the grid, and a DLL block that contains the functions SOGI, Park,
fuzzy logic and VCO for the estimation of the phase angle of the grid.

The Figure 7 shows the results of the proposed method with different variations (amplitude
variation, frequency and phase shift). Figure 7 shows that the proposed generalized integration structure
(SOGI) of second order controlled by fuzzy logic, has a very good behavior against this variation despite
transient oscillations (Amplitude variation as shown in Figure 7-a, Amplitude and frequency variation as
shown in Figure 7-b, Frequency variation and phase jump as shown in Figure 7-c. Therefore, the response of
the proposed method is very efficient and accurate, and this can be seen by comparing the generated
sinusoidal signal with the estimated phase angle and the signal that simulates the grid, the locking time of
the Phase angle is very fast (less than one period of the grid signal).
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Figure 7. Results of the simulation, (a) Amplitude variation, (b) Amplitude and frequency variation,
(c) Frequency variation and phase jump

3.4. Experimental result

The proposed new logic (SOGI-Fuzzy) is verified and evaluated by an experimental test, using
a differential voltage level shift circuit to sample the network voltage with the CAN of the STM32F4-
discovery evaluation board, to evaluate the accuracy of SOGI-fuzzy logic, we visualize using a digital scoop
the sinusoid of the estimated phase angle in the DAC with the offset gate voltage. The Figure 8, shows the
connection between the test equipment used in the experimental prototype. The proposed PLL structure
based on second order generalized integrator is experimentally validated in the following. The Figure 9,
shows the assembly of the practical test of the proposed method.
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Figure 9. Results of the experimental tests, (a) Hardware platform connection, (b) Dynamic response of the
inverter connected to the grid with the proposed method.

3.5. Discussion

Once the simulation task is complete, the process of reading the analog signal and generating
the sinusoidal signal using the estimated phase angle is done with the STM32F407-discovery evaluation
board. The functions of the SOGI-Fuzzy method runs in an interrupt with a frequency of 10khz, the complete
program is compiled using the COOCOX software, that generates a Hex file which will be sent to
the microcontroller of the evaluation board STM32F407-discovery.

The proposed PLL (SOGI-Fuzzy logic) is verified and evaluated by comprehensive tests.
To evaluate the performance of the proposed method, different scenarios are carried out. In the first case,
the stability of the SOGI-PLL must be simulated and experimentally tested for ideal grid conditions and not
ideal with fuzzy logic control (the performance of the proposed method is studied both for stable operation
and transient conditions such as reference variations). The second scenario, verifies the ability of SOGI-PLL
to achieve fast and more accurate lock status. Thus the compensation gains are easily determined according
to the system operating point from the PI controller control by the fuzzy logic. So in Figure 10, shows the
sinusoidal signal generated by the DAC bloc (shifted by a voltage of 1.65V), with the grid voltage signal
scaled by the differential voltage level shift circuit.

From the digital oscilloscope pictures, the results of the proposed SOGI-Fuzzy method have a fast
response to transient’s disturbance, and the output signal generated by the DAC tracks the network voltage
with great accuracy. Thus, the simulation results are validated by experimental tests, and the new SOGI-
Fuzzy method has demonstrated efficiency in terms of speed and accuracy. The SOGI-Fuzzy logic controller
has also been designed not only to have a faster and more precise response, but also to have the ability to
attenuate network disturbance (phase jump, amplitude change, harmonic, imbalance).

A new SOGI-PLL method based on fuzzy logic for grid connected PV inverter (Abdelhadi Bouknadel)
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4. CONCLUSION

In this article, we present a new method of synchronization based on the fuzzy logic for the
correction of the estimated grid frequency, simulation and practical tests show that the new command gives
a faster and more precise and effective response than the classical control based on the PI corrector. The new
SOGI-FUZZY has also been designed not only to have a faster and more accurate response, but also to
mitigate the disruption of the grid characteristics (phase jump, amplitude change, harmonic, imbalance).
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