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ABSTRACT  

This paper presents theGustaffson – Kessel fuzzy clustering algorithm based control for 

photovoltaic(PV) based diode clamped(DCD)-multilevel inverter(MLI), employed for 

gating signal generation. The space vector modulation (SVM) strategy eradicates the complexity 

in determining the reference vector location, the ON-time calculations and switching state 

selection. A digital G-K control algorithm is implemented on a field programmable gate 

array(FPGA) to keep the current injected into the independent source (grid) sinusoidal and to 

achieve high dynamic performance with low total harmonic distortion (THD) of output voltage 

and output current which are 0.97% and 1.26%. With the proposed configuration, the 

adjustments of modulation index and phase angle are synthesized onto a FPGA by means of 

hardware description language (VHDL). The efficiency of the scheme is verified through 

simulation study. To confirm the feasibility of the scheme, experimental studies are carried out 

on a scaled-down laboratory prototype. 

Keywords : Fuzzy clustering, Grid connected PV, Multilevel Inverter, Total harmonic distortion 

 

1. Introduction:  

Today, photovoltaic (PV) energy has augmented interest in wide range of electricalpower 

applications, since it is considered as a basically limitless and generally on hand energy resource 

with the focus on greener sources of power particularly for distant locations where utility power 

is engaged [1]-[4]. Many MPPT techniques have been proposed and implemented to track the 

MPP from the PV array [5]-[8]. SVPWM is used to control the variable given by the control 

system, and identifies each switching vector as a point in complex (α, β) space. Gupta et al . [9] 

carried out that the multilevel ON-time calculation problem is converted to a simple two-level 

ON-time calculation problem. The FPGA is a sub-class of application-specific integrated circuit 

controllers which provides characteristics such as fast prototyping, simple hardware and software 

design and higher switching frequency. This is used in the control algorithm for PV inverters 

considered in [10]. The scheme is [11] [12] proposed for a single-phase multilevel cascaded H-

bridge inverter for PV applications with fuzzy logic control (FLC) and system-on-chip approach. 

 

The modelling, simulation and sizing of battery energy storage systems of reducing for 

residential electricity peak demand in the grid are explained [13]. Energy management strategies 

for commercial buildings are load shedding, to reduce the electricity bill using PV and storage 

systems [14]. An accurate and less-disturbing active anti islanding method based on phase locked 

loop (PLL) for single-phase grid connected inverter systems [15]. The modeling and simulation 

of three-phase multilevel inverter using sinusoidal pulse width modulation for grid connected 

photovoltaic system with fuzzyMPPT are proposed in [16]. The mathematical model for micro-
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source design of anintelligent building integrated with micro-grid is discussed [17]. According to 

thestandard IEEE-929-2000 [18], a lower percentage of THD indicates higher qualityof an 

output waveform for utility interface of PV systems. 

 

This paper describes the prototype development of PV based DCD-MLI using simplified SVM 

algorithm utilizing FPGA tied with independent sources. The three-level DCD-MLI model and 

control algorithm are developed and simulated in the SimPowerSystem block set environment. 

Indeed, the paper presents the operation principle and control algorithm of the PV based DCD-

MLI utilizing FPGA tied with independentsources. This is essential due to the fact that it is the 

core in the PV-based integrated buildings, both remote and grid-connected buildings. Here, the 

grid tied PV-based DCD-MLI is effectively integrated and utilized for achieving the energy-

efficiency type of buildings. Considering the significance of the aforementioned PV-based 

inverter, the PV source can be fully utilized and integrated in specially design buildings where 

the available PV energy can be easily harvested by using the proposed PV-based inverter.  

 

The proposed system consists of a grid tied PV three-phase three-level DCD-MLI as shown in 

Figure 1. 

 

 
Figure 1. General diagram of grid connected photovoltaic system. 

 

This paper is organized as follows Section 2.discusses the Space vector modulation algorithm for 

DCD-MLI system. The FPGA controller and its control strategy are explained in section 3. The 

control system of the proposed technique is explained in section 4. Simulation results are shown 

in Section 5. Experimental results of proposed technique are shown in Section 6 and the paper is 

concluded in section 7. 

 

 

2. Space Vector Modulation Algorithm for DCD-MLI 
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In this paper, SVM technique is proposed to generate gating signals generation to the inverter. 

The space vector VSP constituted by the pole voltages of DCD-MLI VR0, VY0, VB0with phase 

displacement 120
0
is defined as in Equation (1) 

 

    (1) 

By switching amongst the DCD-MLI switching states positioned at the vertices, the reference 

voltage vector able to be reproduced in the average sense and contiguous closeness to it. The 

reference voltage in terms of volt-seconds with nearest three states are equated, the duty cycles 

are obtained by following equation. 

      (2) 

whereδ1, δ2, and δ3 are duty cycles of the voltage vectors in DCD-MLI space vector diagram 

nearer to the reference vector and Z is the voltage reference vector. 

2.1. Duty Cycle Calculation and Switching Loss Reduction 

     (3) 

In three-level inverter, the redundant switching states cause certain voltage vectors correspond to 

two or three switching states. The main principle of the algorithm is that, the changing of switch 

states causes only the voltage (switch state) of the one phase change every time. When the 

rotating vector rotates from sector S14 to sector S15 the switching states will modulate as 

following sequence (221 → 220 → 210 → 110 → 110 → 210 → 220 → 221) → (221 → 220 → 

120 → 110 → 110 → 120 → 220 → 221). When the rotating space vector VZ is in sector S14, VZ 

can be synthesized by space vector V21 or V9 (expressed by switching state 221 or 110), V14 

(210), and V2 (220). When VZ falls in to sector S15, space vectors, V21 or V9 (221 or 110), V2 

(220), and V15 (120), are selected to synthesize VZ. The switching states 221 and 110 express the 

same voltage vector and it is used as the starting state and ending state to complete the 

modulation process. There are a certain number of transitional switching states, but this will not 

change the overall output voltage magnitude and the duration of each output voltage vector. 

3 FPGA Controller and its Control Strategy 
In this paper, FPGA using VHDL and coding are used to generate the SVM for the inverter 

circuit. To control tied independent sources with DCD-MLI ac output voltage, the digital G-K 

DIC controller can be employed. The inverter output voltages VR, VY and VB with FPGA 

controller are interfaced by using three voltage sensors for the part of voltage regulation. These 

voltage sensors attenuate the voltage to acclimatize the FPGA working voltages with precise 

voltage gains. The block diagram for FPGA implementation SVPWM control with finite state 

machine is shown in Figure 2. 
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Figure 2. Block diagram for SVPWM control. 

The DCD-MLI output voltage VR, VY, VB with assumed unity power factor and ω is the output 

frequency are defined as following Equations. 

      (4) 

These voltages are scale down by using the voltage sensors and supply them to FPGA controller 

ADC channels for supplementary processing. For voltage regulation, these sampled signals are 

fed to voltage regulator block. These signals are sampled and fed to the voltage regulator block 

for voltage regulation. The Gustaffson-Kessel (G-K) fuzzy clustering algorithm based Direct 

Inverse Controller (G-K DIC) is operated efficiently, reducing the steady-state errors and 

regulates the output voltage.  

4 Fuzzy Clustering  

Fuzzy clustering can be used as a tool to obtain a partitioning of data where the transitions 

between the subsets are gradual rather than abrupt. This section gives an introduction to the basic 

concepts of fuzzy clustering and simultaneously serves as a reference to clustering algorithms 

that can be used to construct T-S fuzzy models from data.  

4.1 Cluster Analysis 

The objective of cluster analysis is the classification of objects according to similarities 

among them and the organizing of data into groups. Clustering techniques are among the 

unsupervised (learning) methods, since they do not use prior class identifiers. Most clustering 

algorithms also do not rely on assumptions common to conventional statistical methods, such as 

the underlying statistical distribution of data and therefore they are useful in situations where 

little prior knowledge exists. The potential of clustering algorithms to reveal the underlying 

structures in data can be exploited, not only for classification and pattern recognit ion, but also for 

the reduction of complexity in modeling and optimization. 

Prior to clustering, the regression structure of the model is selected, in order to properly 

represent the system dynamics. Problems where little prior knowledge is available are usually 

represented in an input-output form. After the structure is determined, clustering in the product 
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space of the regressors and of the regressand can be applied to partition the data. Since each 

cluster serves as a local linear model of the system. 

4.2 Fuzzy Partition   
From the available input/output data pairs, the regression matrix X and the output vector y 

are constructed asgiven by 

       .],...y[yyand],...x[xX N1
T

N1
T    (5) 

where N>>n is the number of samples used for identification. The antecedent fuzzy sets iA in 

are determined by means of fuzzy clustering in the product space of the systems input and 

outputs. Hence, the data set 
N1)(n

RZ


  to be clustered is represented as a (n+1)Ndata 

matrix composed from X and y. Each column of Zk,                k = 1,2,…,N contains an  input/output 

data pair as given by 

     ]y,X[Z T
k

T
kk       (6) 
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Given Z and an estimated number of clusters „c‟, fuzzy clustering partitions Z into „c‟ fuzzy 

clusters. Each cluster forms one fuzzy rule. A fuzzy partition can be represented as an „N   c‟ 

matrix U, whose elements (x)φi  [0, 1] represents the membership degree of kZ  in clusters „i‟. 

Hence, the i
th

 column of U contains the values of the membership function in the fuzzy partition, 

which is taken to be a point wise representation of the antecedent fuzzy set Ai of the i
th
rule . The 

sum of each columnof U is constrained to one, but the distribution of membership among the „c‟ 

fuzzy subsets is not considered. Also, there can be no empty clusters and no cluster may contain 

all the objects. This means that the membership degrees in the partition matrix U are normalized, 

and for the given identification data, the membership values (x)φi  correspond to the normalized 

degree of fulfillment of the rule antecedents. In this work, membership functions for antecedent 

are extracted using Gustafson-Kessel (G-K) clustering algorithms. 

4.3 Gustafson-Kessel (G-K) clustering algorithm 

 Gustafson and Kessel extended the standard FCM algorithm by employing an adaptive 

distance norm, in order to detect clusters of different geometrical shapes in one data set. Each 

cluster has its own norm-inducing matrix iA . The matrices iA are used as optimization variables 

in the C-Means functional, thus allowing each cluster to adapt the distance norm to the local 

topological structure of the data. Given the data set Z, choose the number of clusters as 1<c<N, 

the weighting exponent m > 1 and the termination tolerance 0ε  . Initialize the partition matrix 

randomly such that fc
(0) MU  . The following steps are repeated using MATLAB software for 

j=1,2… The G-K algorithm is same as that of FCM, only the computation of distance measure is 

calculated using co-variance matrices as follows: 

Step (1): Compute the cluster prototypes (means): 
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Step (2): Compute the cluster covariance matrices: 
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    where ci1  . 

Step (3): Compute the distances: 
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Step (4): Update the partition matrix: 

 If   0DikA   for  ,Nk1,ci1    
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              Until        ║ 1)(j(j) UU  ║< ε .       

 

4.4 Inverse Model using Fuzzy Clustering  

 The procedure of training the fuzzy clustering to represent the inverse dynamics of the 

process is referred to as inverse modeling. The inverse fuzzy model is trained using present 

output, delayed outputs and delayed input. The block diagram of inverse model is shown in 

Fig.3. Fuzzy clustering has the ability of non-linear mapping and can be used to develop model-

based controllers. One such method of control is the non-linear inverse model based control 

strategy. However, this method depends largely on the availability of inverse of the system, 

which is difficult to obtain analytically for nonlinear systems. Hence, Fuzzy clustering can be 

used to develop the inverse model and inverse model based control.    
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Fig.3. Block diagram of an inverse model scheme based on fuzzy clustering. 

 

4.5 Direct Inverse Control using Fuzzy Clustering 

The advantage of using direct inverse control is that it does not require an existing controller 

for training [Meszaros et.al, 2009]. The inverse fuzzy clustering model developed is connected in 

cascade with the process model as shown in Fig.4. If there is no model mismatch, then the output 

of the combined system will track the set point. The inverse nonlinearities in the controller 

cancel out the nonlinearities in the process. The effectiveness of the direct inverse neural control 

can be verified for set point tracking.   

 
Fig.4. Block diagram of a direct inverse control scheme based on fuzzy clustering. 

 

The G-K DIC generates theoutput voltage and it is exactly matches with reference voltage. Thus, 

the DCD-MLI output voltage can be controlled and stabilized.This voltage regulation is made 

feasible by the attainment of the modulationtechnique and to obtain a sinusoidal ac output 

waveform, a SVM technique is implementedin the DCD-MLI control algorithm. 
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5. Simulation Model and Experimental Set-Up 
 

Simulation is performed by using MATLAB/Simulink for about 0.2 secs.This involvesthe 

determining the position of the reference vector according to the fundamentalfrequency=50Hz, 

Sampling frequency fs=10 kHz and time.According to sector where in the reference vector is, 

determine the switching sequenceand to calculate the time for different switching states.The 

modulation index determines the shape of the output voltage of the inverter. Thefigure 5 shows 

the results of multi DC link capacitor.It proves that the voltages are maintained constant. The 

overall operation is governed bythe control system where the controller samples the voltages of 

the inverter and thengenerates the PWM Signals for driving the IGBT‟s. 

 
Fig. 5. Capacitor voltage waveform for three level DCD-MLI. 

With the control scheme implementation, the inverter is able to maintain constant phase andline 

output voltage.In this system, the simulation result of the output line voltage waveform are 

50Hzsinusoidal,balance and displaced to each other by 120º.The controller managed to regulate 

thepeak output phase voltage of 325V or rms voltage 230V without any undesired 

voltageovershoots.It reveals a considerably good transient and steady state performance of the 

inverter.Thecontroller manages to precisely track the voltage reference, quickly achieve the 

steady state values and discriminates the oscillations around the operating point.This result 

demonstratesthe efficacy of the control strategy and algorithm employing the G-K DIC.In the 

threephase system which acquires high power capacities, line voltage characteristics are 

moresignificant than the phase voltage. The experimental setup of proposed system is shown in 

figure 6. 
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Fig. 6.Experimental setup of DCD-MLI system. 

 

5.1Switching instant of SVPWM 

The switching instant of SVM pulse waveform is shown in the fig 7. 

 
Fig.7. Switching instant of SVPWM pulse waveform 

 

5.2G-K MPPTtracking 

The G-K MPPT tracking system is shown in figure8.For verification of simulated 

modelindependent sources tied three-phase three-level DCD-MLI prototype was build,tested 

andevaluated.The equipments used in this model are Xilinx development tool with 

VHDLcoding, FPGA controller, digital storage oscilloscope, digital multimeter, IGBT‟s, 

IGBTdriver are used in independent sources tied three phase three level DCD-MLI. 
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Fig.8. Fuzzy MPPT Tracking 

5.3Grid connected PV system outputs 

Simulation result of the output line voltage of the independent sources tied three phasethree level 

DCD-MLI is shown in figure 9 and output line voltage waveform of grid tied PV system is 

shown in figure 10. 

 
Fig 9 Output line voltage of grid tied three level DCD-MLI 
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Fig.10 Output line voltage waveform of grid tied PV system. 

Fig 11is Similar to the output voltage waveform, the phase load current waveform exhibit 

aconstant peak level of approximately 7.2A or rms of 5.1A.They are balanced 

sinusoidalwaveforms of 50Hz and 120º displacement to each other. Considering the phase 

relation ofboth independent sources current and voltage waveform, they reveal in phase 

relationship,indicating a unity power factor feature which acquires high efficiency. 

 
Fig.11 Filtered three phase output current 
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Fig.12. Output line voltage of grid tied three level DCD-MLI 

 

5.4Total Harmonic Distortion (THD) 

As illustrated in Figure13 the THD of the current waveform are shown. The THD of thecurrent 

waveform of the simulated inverter is 0.07% .It can be seen that, the frequencyspectrum of the 

independent sources current waveforms contain only the fundamentalcomponents which 

signifies the most of the harmonics components especially around the10kHz switching frequency 

are filtered out from the inverter output waveform.This proves that the proposed scheme can 

reduce THD which is indispensible conditionfor proposed system. The THD of both independent 

voltage and current waveform arecontributed by the effectiveness of the components selection of 

the low pass filter and theSVM switching techniques implemented in the inverter control 

algorithm. This proves thatthe proposed scheme can reduce the THD which is necessary system 

for proposed system. 

 
Fig.13 THD and harmonic spectrum of phase current waveform 

The inverter output phase voltage waveforms are captured and shown in the fig 5.10.It isinferred 

that, the output voltage waveforms are stabilized at the peak voltage level ofapproximately 300V 

which is equivalent to rms voltage of 212V.The waveform of threephase line voltage is present 

in the figure 14. 
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Fig.14. Three phase output voltage waveform using real PV module 

 
Fig.15. Output line voltage waveform of grid tied PV system 

It is observed that the peak level of the DCD-MLI output line voltage is approximately 

600Vwhich is equivqlent to rms voltage of 424V.The waveforms area balanced nearly 

sinusoidal53with the fundamental frequency of 50 Hz. The phase voltage waveform ,Va, Vb and 

Vcare120ºdisplaced of each other as anticipated in the simulation. They exhibit some 

slightdistortions in the waveforms which are shown by tiny ripples unsmooth 

sinusoidalwaveform.This is due to the existence of small level of lower order harmonics 

,i.e,3rd,5th,and7th harmonics,centered around the cut-off frequency of the filter which can be 

clearly seen inthe harmonics spectrum.The THD of the output voltage waveform is calculated to 

be 0.97. The three phase independent sources current waveforms are depicted in the 

figure16.Like the voltage waveform ,current waveforms area balanced and nearly sinusoidal 

withthe peak level of approximately 7Aor rms of 4.9A .As anticipated the 50Hz sinusoidal 

currentwaveforms are 120º displaced to each other.Owing to the existence of the 3rd,5th,7th 

harmoniccomponents centered on the filter cut-off frequency of the filter which can be clearly 

seen inthe harmonics spectrum.The THD of the output voltage waveform is calculated to be 

1.26. 
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Fig 16 Three phase output current waveform 

In view of the phase relation of load current and voltage waveform,both waveforms are inphase 

or unity power factor condition,which implies an efficient of power transfer.In generalthe above 

real hardware experimental result are slightly different compared to that ofsimulation.Unlike 

simulation the experimental results might be influenced by the nature ofparameters. The 

comparison of THD for both simulation and hardware is analyzed. These results areconsidered to 

be a good conformity between the experimental and the simulation. Total harmonic distortion of 

current waveform and total harmonic distortion of voltage waveform are shown in Figure 17 and 

18 respectively. 

 
Fig.17 Total harmonic distortion of current waveform. 
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Fig.18. Total harmonic distortion of voltage waveform. 

 

5 Conclusion  

 

This work has presented the independent sources tied three-phase DCD-MLI utilizingFPGA 

controller board platform. The configuration for the proposed system is designed andsimulated 

using MATLAB/Simulink and implementation on FPGA. The simulation resultgives that output 

voltage and current waveforms are stabilized at 1 p.u. which proves that thealgorithm employing 

G-K DIC is effective for the output regulation. This systemguarantees that a fast transient 

response, a high disturbance rejection capability, a robustperformance and lower THD are 

obtained. From the simulation, the THD of output voltageand current is 0.07% and 0.07%. 

FPGA controller with the independent sources tied threelevelDCD-MLI prototypes, the proposed 

DCD-MLI model control algorithm managed togenerate the ac output power. The captured 

experimental results show that the invertercontroller produces stable sinusoidal output voltage 

and current of 50 Hz which iscomparable to the simulation. The proposed system is better in 

terms of unity power factorand less THD of output voltage and current. The low percentage of 

THD is obtained by bothsimulation and experimental. 
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