Circuits and Systems, 2016, 7, 2452-2466 993 Scientific
Published Online July 2016 in SciRes. http://www.scirp.org/journal/cs ‘Qto’ 53?‘&352

. S g
http://dx.doi.org/10.4236/cs.2016.79212

Design and Implementation of ANFIS
Controller Based Grid Connected Voltage
Source Inverters in RTOS Environment

D. Thalapathi Udhayakumar?, P. S. Manoharan?

1Department of Electrical and Electronics Engineering, Christian College of Engineering and Technology,
Oddanchtram, Dindigul, Tamil Nadu, India

2Department of Electrical and Electronics Engineering, Thiagarajar College of Engineering, Madurai,
Tamil Nadu, India

Email: thalapathy udayakuar@yahoo.com

Received 9 April 2016; accepted 18 April 2016; published 22 July 2016

Copyright © 2016 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Open Access

Abstract

In this manuscript it is proposed and demonstrated that how an ANFIS (Adaptive Neuro Fuzzy In-
ference System) can be used in the control of a Voltage Source Inverter (VSI) connected to the grid.
Volatile changes in the gird parameters rising by its variable demands and other related issues
may humiliate the efficiency with which power can be injected into the grid. The system becomes a
higher order one with the filters used at the terminal of the Voltage Source Inverter (VSI) along
with the parameters of the grid which change from time to time. Single time tuned mathematical
controllers like the PID variants are not suitable for such applications. Considering the increased
order of the system and the associated non-linearity we have to look out for intelligent controllers.
An ANFIS based control is found to be promising; the development and implementation of one
such are demonstrated in this paper using the MATLAB SIMULINK platform and through experi-
mental verification using the Reduced Instruction Set Computer (RISC) Microcontroller Advanced
RISC Machine (ARM) processor as the central controller for the VSI.
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1. Introduction
This is the age of distributed generation, generating here and there something, using the locally available natural
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resource like wind, sun light or a water fall and so on. These natural resources are preferred for the generation of
electricity because they offer almost free of cost whatever they offer big or small one. Clean production metho-
dologies are involved because of no burring and no smoke and as such these methods are eco-friendly. They also
help in stabilising the global warming by at least not increasing it.

Usually after many stages of power conversion like DC to DC or AC to DC, buck boost stages etc. in the final
stage of these non-conventional energy production we use voltage source inverters. It is the output of the VSI
that will be ultimately connected to the grid. In the VSI we have two parameters at our disposal. They are the
Modulation Index (MI) and the Theta of the reference signal. Now these two ultimate manipulated parameters
are to be handled properly. These two parameters are manipulated based on the present situation of the distri-
buted generation side and the parameters of the grid side.

Hectic research is ongoing in this area and there has been an amount of breakthrough as well happening in
this area.

The authors in [1] have proposed a Pl control system that can be used in this situation and it is the simplest of
the control schemes; however it needs a thorough knowledge of the plant under consideration and the mathe-
matical models involved. However this method is not robust, considering the real time parametric variations.

In [2] the authors have suggested a PI control scheme with two different filter models: one with an L alone
model and another with the LCL model of the terminal filter. Though the system works well it is quite cumber-
some considering the mathematical procedures involved.

At this junction, it can be observed that the use of power electronic converters in power generation and com-
pensation schemes are not actually used at large in the power industry especially in our country because of the
mathematical complicities associated with such types of control schemes, as it is quite difficult to comprehend
and implement such schemes.

In [3] the authors have developed a fuzzy logic based control scheme. Well, it is an interesting idea to go
ahead with the FLC but when actually implemented in a digital processor it is comparatively slow because of the
procedures involved in the FLC especially if a large set of rules, derived from large segments of the universe of
discourse, are used. In nonlinear plant models the difficulty arises in selecting the membership functions for
each of the segment.

Artificial neural networks are also one among the fore runners and in [4] the authors have used ANN based
control scheme. However there is no suggestion regarding the implementation of the same in a real time envi-
ronment.

The Ha control has also been demonstrated in [5]; it is applicable in unpredictably changing plant, parametric
situations are well demonstrated and it proves to offer a robust control scheme. Again in this case also it is quite
difficult to implement in real time hardware with commonly available micro controllers.

Therefore, considering the bottlenecks of the various control schemes previously discussed [6]-[34], in this
paper a novel control scheme, not involving hectic mathematical procedures, has been presented. The proposed
methodology first develops an FLC, collect the relevant error, error rate and the output data and then train a
neural network with this data. Once a suitable ANN is trained the ANN is implemented in Keil C and is down
loaded into a micro controller. The encapsulated ANN embedded in the micro controller can now handle the
situation and generate appropriate control quantities.

For this purpose we have used the MATLAB/SIMULINK environment for developing the simulation of the
FLC and the ANN and then an LPC 2148 ARM processor in the experimental verification.

The chapters of this paper are arranged in the following manner. Next to the introduction part the general
control principles of the VSI are outlined in Chapter 2. Chapter 3 discusses the fuzzy logic control and its ANN
implementation. Chapter 4 discusses about the experimental verification. MATLAB/SIMULINK sub systems
and the details of experimental verifications along with a discussion on the results are presented in Chapter 5
followed by the conclusion.

2. General Control Principles of the VSI
2.1. An Outline of the Three-Leg VSI

A voltage source inverter is one which generates a pre set voltage level across its terminals. The metrics of the
output voltage of the VSI typically voltage amplitude, frequency and phase are usually, or at least expected to be,
not altered according to the load connected across the terminals of the VSI.
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There are two controls or three degrees of freedom associated with the three leg three phase voltage source
inverter. These three are the modulation index, the phase angle phi and the frequency. These three factors are
embedded, according to the power transaction and power quality requirement, in a signal called the reference
signal which will be used in the PWM section. The output of the inverter, driven by the PWM pulses, exhibits
the requirements as embedded in the reference signal and thus the actual requirement is fulfilled. Figure 1
shown gives the block schematic of the arrangement usually used to connect a three phase voltage source inver-
ter to the grid.

2.2. The Control Techniques of the VSI

The three leg Voltage Source Inverter used in this application is of the Graetz bridge type. The three leg inverter
is usually driven by any one of the popular PWM techniques like Sinusoidal PWM, the Space Vector PWM or
the SHE PWM. While the carrier based SPWM and the mathematically derived SVPWM are high switching
frequency cases and exhibit higher switching losses, the SHE PWM technique leads to elimination of selected
harmonics while offering much reduced switching losses. Whatever is the PWM technique used the more im-
portant is the generation of the reference signal. The three phase reference signal necessary for the generation of
the PWM pulses is generated using a number of techniques based on the constraints of power transaction re-
quired. There are two degrees of freedom. We can observe and control the Modulation Index or the Theta. Based
on the real and reactive power requirements at the minimal THD levels with uniform voltage profile we have to
make decisions regarding the MI and the Theta.

There are two controllers one for the generation of the MI and the other for the generation of the Theta. Any
control scheme like the PID, FLC, Hoo, or any Artificial Neural Network based controllers can do the job. While
each of these methodologies can offer an acceptable control scenario some are better than the other in terms of
the performance parameters.

The basic control scheme for the VSI in the context of injection of real and reactive power into the grid is
shown in Figure 2.

2.3. Reactive Power Transaction

Consider two nodes A and B, linked by a reactor, between which we need reactive power transaction. As for
reactive power transaction between the two nodes A and B connected by the reactor X it is required that the vol-
tage at node A be higher in amplitude than that at node B such that reactive power can flow from node A to B
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Figure 1. Block diagram of three phase voltage source inverter to the grid.
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and vice versa.
This happens according to the Equation (1).
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Figure 2. Basic control scheme of three phase voltage source in-
verter to the grid.

Q=

2.4. Real Power Transaction

where V, and V, are the two nodal voltages and X being the reactance between them then if the two nodal vol-
tages are in phase, then Cosd becomes equal to CosO = 1 and for the given potential difference between V, and
V, the reactive power transact with the help of two controllers.

)

The DC side of the VSI carries a fixed capacitor and this capacitor across the DC source and it to be held at a
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constant DC potential. This DC potential across the DC link capacitor is maintained by the control scheme of the
VSI. For this purpose a control scheme is used in association real power transaction in the process of maintain-
ing the required DC voltage across the DC link capacitor.

The real power transaction between the PCC and the DC link capacitor happens through the VSI and its oper-
ation is governed by the following equation.

\,V, Sins
X

P 2

Real power transaction between two nodes at voltages V, and V, and linked by a reactor X is maximized when
the phase angle V; and V, is 90 degrees. With 90 degrees phase difference between V; and V,, the factor Sind in
Equation (2) becomes Sin90 = 1.

Real power transaction between two nodes at voltages V; and V, and linked by a reactor X is maximized when
the phase angle V; and V, is 90 degrees. With 90 degrees phase difference between V; and V,, the factor Sind in
Equation (2) becomes Sin90 = 1.

In this research the following methodology is sued.

Step 1. A set of FLCs are first developed.

Step 2. The FLC is first run and the real time data sets like error, error rate and the corresponding output for
each of the controllers are collected in the MATLAB work space.

Step 3. Based on the collected data an ANFIS is trained and developed.

Step 4. The ANFIS is then used in the place of the previously used FLC and the model is run again to collect
the data as done earlier in step 2.

Step 5. This data is further used to train a Back Propagation Feed Forward ANN unit.

Step 6. The newly formed ANN unit now replaces the ANFIS and the model is run again.

Step 7. Once satisfied with the performance of the latest ANN model which is a trained one the same is trans-
lated into a KEIL C program to be down loaded in the ARM 7 processor LPC 2148 and used in real time appli-
cations.

3. An Outline of Intelligent Controllers
3.1. Fuzzy Logic Control

Fuzzy logic control scheme is a technique to handle uncertain data in the process of arriving at an agreeable re-
sult. In any process control we are usually interested in the error and rate at which this error moves along with
its direction so that an appropriate control action is carried out.

The error and the error rate are spread over a scale with a maximum and a minimum values. This scale is di-
vided into a number of segments each segment occupying a certain range overlapping to a certain extent with
the range of the adjacent segment. Over each such segment is the membership function. The membership func-
tion dictates the degree of membership of the error or error rate in that segment and we call this the Degree of
Belief (DOB). The DOBs of error and error rate in real time are taken to a rule matrix and the appropriate rule is
selected. This rule will decide what to do corresponding

Fuzzy logic, unlike the other systems of control does not make use of the numerical data instead it uses the
linguistic variables. The MATLAB/SIMULINK tool was used in this research to develop the FLC and the
ANFIS. The Figure 3 shows the block diagram of the control scheme as used in this research. The synchron-
ously rotating frame was considered and the DQ quantities of the voltage at the point of common coupling the
current injected into the grid to the currently prevailing situation.

3.2. Hybrid Soft Control Techniques

Hybrid software control schemes are used nowadays for getting the advantages of two or more soft computing
schemes as applied to a common control system. FLC with ANN is a commonly used combination. In this paper
the ANFIS model of control is demonstrated. Further an ANN is trained to mimic the ANFIS control model and
this reverse operation is carried out just to implement the ANFIS function trained on an ANN to be easily im-
plemented on an ARM processor typically LPC 2148.
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Figure 3. Block diagram of control scheme.

3.3. Artificial Neural Network

Artificial Neural Networks are networks of neurons arranged in layers. A minimum of three layers are required
in the making of the back propagation feed forward ANN. The number neurons in the input layer and that in the
output layer are determined by the number of elements in the input and output vectors of the system under con-
sideration. In the making of a control system to mimic an ANFIS after the ANFIS has been developed in
MATLAB/SIMULINK we have the error and the error rate inputs to the ANN. The first ANN unit considering
the error and error inputs gives out the modulation index and the second ANN gives the Theta.

Thus we get the MI and the Theta from two ANN units. A general structure of the control scheme is as de-
picted in Figure 2.

4. Experimental Verification

The real time implementation of the proposed system and its validation was carried out using a scaled down
model. A solar panel with 80 W rating was used for the purpose. The output of the panel which is of around 17
V at maximum power output was first boosted to the required 400 V level using a boost DC to DC converter.
The output of the boost converter was then applied to the three phase bridge inverter unit. The voltage source
inverter was then connected to the three phase AC mains through the LCL filter unit.

The voltage and current measurements were carried out using potential and current transformers and after fed
to the ARM 7 processor. The related control activities were carried out inside the ARM processor and the deci-
sions were made using the built in ANN unit. This trained ANN unit is the coded version of the one we have
developed in the MATLAB/SIMULINK environment. The modulation index and the phase angle were the two
outputs of the ANN and using these two quantities the PWM was carried out. The PWM signals were then
coupled to the MOSFETS used in the VVSI (Figure 4(a)) using opto-couplers.

The Power injection into the grid had to be done based on the availability of the power source at the solar
panel and at same time the load, in this case the grid, also exhibits changes in its impedance. The variations in
solar insolation and the associated solar power generation and the variations in the grid impedance were the two
challenges. The selection of the optimal MI and Theta to be used in the generation of the reference signal for the
three phase VSI is the essence of this research. And this has been carried out using the ANN that got trained us-
ing the training data obtained after the ANFIS unit.
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Implementation of a trained unit in the ARM processor (Figure 4(b)) can be done by appropriately writing a
function to represent the sigmoidal function of the neurons and then the synaptic weights in the form of multip-
liers.

Frequent changes in the power output of the solar power unit or the changes in the grid impedances cause
disturbances to the power transaction as well as the power quality.

However when it can be observed from the waveforms and the THD of the terminal voltage after the filter at
the grid terminals that the voltage waveforms are of better quality with the THD within the limit of 5%.

As mentioned earlier, Real Time Operating System based micro controller that can undertake multiple tasks is
employed in this attempt. The three tasks to be carried out independently are

1. To monitor the output voltage continuously.

2. To send the switching pulses with appropriate theta for the DC-DC boost converter.

3. To send the switching pulses with appropriate Ml for the VSI.

Each of the developed ICBT inverters was tested by driving the input from a DC power source and supplying
a star-connected resistive load on the AC side. The reference signal, the PWM waveform generated of the phase
to load neutral and the filter output are shown on Figure 4(c) for Modulation Index versus phase angle. It is
clear that the magnitude of the reference signal has no effect on the inverter output. The output voltage magni-
tude is greatly affected by the modulation index. Also, the phase shift does not affect the magnitude of the in-
verter output voltage.

5. Results and Discussions

The Injection of power from the VSI onto the grid has been carried out using the ANFIS based controller. The
power transactions, the FFT of the terminal voltages and the injected current are compared in this chapter. In
this part output voltage and current waveforms of inverter have been shown. For nonlinear load a full wave rec-
tifier with capacitive filter of 30 puF and a resistance of 50 Q have been used. All the results were performed in
isolated mode. Then THD of output voltage was calculated by FFT analysis and the obtained results are com-
pared.

5.1. Fuzzy Logic Control

Here for linear load a resistance of 17.16 ohm is connected across inverter output. As the input dc supply is of
400 volt, an AC voltage of peak value 400 volt is obtained across output. The corresponding load limit is 23.31
ampere is opted as load current. Though output waveforms are approaching sinusoidal, yet output voltage con-
tains some higher order harmonics. Corresponding harmonic spectrum of output voltage is shown in Figure 5(c)
and it found that the THD of V, is 2.81%.

For a non-linear load a rectifier load is considered. As the rectifier uses switching devices, hence generates
harmonics and then injects to source. Hence output voltage as well as output current is containing harmonics. As
a result they are not sinusoidal which is expected to be so. When output voltage was analyzed through FFT the
THD was found to be 15.08% given in Figure 5(f).

5.2. With ANFIS Controller

As ANFIS controller is based on principle ANN, it output performs the PI controller. In Figure 5(g) & Figure
5(h) output voltage and current are nearly sinusoidal. Its FFT analysis gives the THD of 0.69% given in Figure
5(i).

When this controller along with ANFIS is implemented in case of nonlinear load it shows better performance
than Fuzzy Logic Controller. FFT analysis of output voltage gives THD of 4.53% given in Figure 5(I). From
Table 1 shows ANFIS controller gives less % THD.

Based on the deduced transfer functions the step responses of the voltage and current controller of the three
phase grid connected inverter are plotted in the MATLAB/Simulink environment.

In the Figure 6(a) step response of the dc-link voltage controller is shown. As the dc-link voltage controller is
a slower one its rise time is set at 0.059 second. Its settling time is 2.675 second and having a peak overshoot of
13.3%.

In Figure 6(b) step response of the current compensator is shown. As the current controller is the faster one
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Figure 5. (a) Output voltage wave form of inverter (Linear Load); (b) Output current wave form of inverter (Linear Load); (c)
THD of output voltage (Linear Load); (d) Output voltage wave form of inverter (Non-Linear Load); () Output current wave
form of inverter (Non-Linear Load); (f) THD of output voltage (Non-Linear Load); (g) Output voltage wave form of inverter
(Linear Load); (h) Output current wave form of inverter (Linear Load); (i) THD of output voltage (Linear Load); (j) Output
voltage wave form of inverter (Non-Linear Load); (k) Output current wave form of inverter (Non-Linear Load); (I) THD of

output voltage (Non-Linear Load).
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Table 1. Comparison of %THD.

Sl.No. Controller Linear Load Non-Linear Load
1 PI Controller 4.9% 22.7%
2 Hoo Controller 4.5% 20.5%
3 Fuzzy Controller 2.81% 15.03%
4 ANFIS Controller 0.69% 4.53%
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Figure 6. (a) Step response of voltage controller; (b) Step response of current controller.

it’s rise time is set to lesser than that of outer dc-link voltage controller. A control strategy is based on the goal
of minimizing absolute error between the desired and the actual d-axis and g-axis currents through an adaptive
tuning process. It is crucial to identify that fast current loop controller is necessary to assure highest power quality.

6. Conclusion

An ANFIS based control scheme for the management of the VSI connected to the grid was studied in detail. The
results of the previous control schemes like Hoo controller, Pl controller and fuzzy logic controllers were com-
pared against the ANFIS model. The ANFIS model and its implementation through a trained ANN implemented
in the ARM processor proved to be a better choice in this application. A control strategy was developed based
on the model and its step responses were plotted. From the obtained results it is concluded that ANFIS controller
gives less THD% in output voltage in case of both linear and non-linear load as compared to Heo controller, Pl

controller and fuzzy logic controllers.
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