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Abstract: A modular structured and high efficient photovoltaic
(PV) system is essential in today’s scenario. The single stage Cuk
based inverter has continuous input and output current, and
hence, makes it suitable for applying MPPT techniques when used
for PV applications. The PI, PID, and fuzzy controllers could be
applied for PV inverter. The PI controller decreases the error in
steady state, and at the same time, it also decreases the stability of
the system. The PID controller involves large time delay process.
The random nature in fuzzy controller may not lead to optimum
results. Hence, this paper proposes a controller based on Adaptive
Neuro-Fuzzy Inference System (ANFIS) for a three phase PV
inverter based on Cuk converter. The effectiveness of proposed
system is verified using MATLAB/SIMULINK, and the results are
presented. The performance of proposed ANFIS controller for
Cuk based three phase inverter is compared with conventional Pl
controller. The proposed system has several merits like increased
performance, accuracy, and efficiency.

Keywords: DC-DC power converters, DC-AC power converters,
P1 control, photovoltaic systems, artificial intelligence.

I. INTRODUCTION

The extensive usage of fossil-fuels in the generation of
electric power results in pollution beyond the prescribed
limits necessitates the utility of renewable energy sources
namely solar, fuel cells, and wind energy. As the world is
focusing on green energy, the modular structured, highly
efficient and lesser weight PV systems are in demand. Solar
systems are used in many applications because they are
pollution and maintenance free [1]. As a result, demand
increases in reducing converter weight, passive element
values and volume [2]. The most common topology for
converting DC-to-AC is Voltage Source Inverter (VSI)
topology [3]. The input DC voltage obtained from PV
systems has to be boosted using DC-DC converter before it is
fed to VSI so that the required AC output voltage is obtained
[4]. The volume, weight, cost, and losses are increased by the
two stage conversion of additional DC-DC converter, and
also, the reliability is decreased [5]. In few applications,
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leakage current due to common mode is a main concern
observed in transformer-less topologies with boost-buck
converters or buck-boost converters connected in cascaded
architecture [6].

For applications where transformer-less topologies could not
be employed, an isolated High Frequency Leg (HFL) inverter
topology provides a better option. A bidirectional multistage
HFL topology is introduced in [7], whereas the topology
described in [8] suggests power flow in a single direction.
Most of the inverter topologies that employ HFL necessitate
the application of DC-DC converter, and also, a DC capacitor
for decoupling, whereas, the multistage power converter
configurations may not require a decoupling DC capacitor.
Since the cost of the power converter configuration in a PV
system, which operates at low power to be low, the research
is to be carried out in the converter topology that can provide
the required boosted output in single-stage [9].

Single-stage solutions are described and compared in which
the input series and output parallel topology is presented in
[10]. In [11], three phase SEPIC based inverter is presented.
In [12], single-phase Cuk inverter in the differential-mode is
presented, and the design and modulation of it was discussed.
The advantages of the differential inverter with Cuk
converter topology are presented in [13].

In the conventional system, the connection of load is between
the two boost converters in a differential way, and the
converter load voltages are modulated in a sinusoidal
manner. The disadvantage of this type of configuration is
with the control since the control of AC output load voltage
necessitates the control of both the DC-DC converters. Also,
it incorporates indirect method of control of the load voltage
and the need of capacitance of high value to be connected in
parallel to the output.

Single-phase rectifier used in three phase converter, which
converts AC to DC, and its parallel operation is presented in
[14]. The system has better transient response because of the
dynamic feature in the control technique. But, the proposed
system has six number of Cuk converters with six number of
rectifiers which involves much higher cost and control
difficulty. In [15], the sliding mode type of control is adopted
for an inverter, which has six switches in the two converters
for a single phase system, in which half cycle is constructed
by each converter in the output voltage and output current.
The size of filtering components reduces for continuous input
current converters. In addition, continuous flow of current is
required for solar systems to apply Maximum Power Point
Tracking (MPPT) techniques [16-17].
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The Cuk converter, among the nine DC-DC converters, gives
best regulation and minimum losses with single switch,
single diode, one capacitor and two inductors.

In [18], a three phase inverter has been presented, whose
output AC current can be greater or lower than the input
current since it is based on Cuk converter, and it is suitable
for PV applications due its continuous nature of output and
input current which is required for MPPT operation.

The PV inverter can be controlled using PI, PID and fuzzy
controllers. The PI controller decreases the error in the steady
state, at the same time, slightly decreases the system stability.
The PID controllers are associated with high time delay
process. In Fuzzy based controller, the output from control
block is obtained using rule base selection [19-20]. The rule
base is framed taking past experiences as basis and selection
of rule is carried out randomly. Therefore, the random nature
is associated with the fuzzy controller and may not result in
optimum results. But, in ANFIS controller, proper rule base
can be selected because it utilizes both the fuzzy logic
principles and neural networks principles [21-22] and gives
excellent results.

The fuzzy logic is 89% generally in agreement with results
given by experts. ANFIS has a simple software, high training
speed and most effective learning algorithm [23-25] when
compared to other techniques. In addition, ANFIS has faster
convergence, better performance, accuracy, efficiency and
response. Hence, ANFIS based controller is proposed for a
single-stage Cuk based three phase inverter, where the back
propagation algorithm used in adaptive neural networks is
employed for the selection of appropriate rule base.

Il. CUKINVERTER

The Cuk inverter consists of input voltage source Vi,
inductors Ly and Ly, two switches S; and S; with two
anti-parallel diodes D, and D; and a capacitor Cy. The transfer
of energy from the input side to the load Z is through
capacitor Cx. The voltage sources at the input and output are
converted into current sources by two inductors Ly and Ly
respectively. The various operating modes are given in Fig. 1.
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Y
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Fig. 1. Cuk converter-operating modes (a) Cuk converter
(b) S1 = ON, Lx charges, Cx discharges and Ly charges (c)
S1 = OFF, L« discharges, Cx charges and Ly discharges

The state space averaging method is used for modeling. The
turn on period and turn off period of S; is assumed as Ton and
Tott, Ts = Ton +To. The state space equations during
Continuous Conduction Mode (CCM) are written as:

i) When S; = ON and S;= OFF, L charges, Cx discharges
and Ly charges
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ii) When S; = OFF, S; = ON, Ly discharges, Cyx charges, Ly
discharges
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Lx dILX :Vin _VCX (9)
dt

di, 1, _ 1, (10)
dt L, L,

dve, _ iiu (11)
dt C,

X = A1X1 + B1Vin (12)

Vo = 11X (13)
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The duty ratio d = Ton/Ts and the averaged state space
equations are written as

A=A@1-d)+Ad (16)
B=B,(1-d)+B,d A7)
Y =Y,(1-d)+Y,d (18)
X = AX+ BV, (19)
V, =YX (20)
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The three phase Cuk inverter is presented in Fig. 2. All the
three Cuk converters produce a sinusoidal output current and
voltage with the presence of dc offset.

— CUK 1
Ian VC_\':

= CUK 2

]
PV Panel | | T

- I Ve

— CUK 3
- IL xc VC\' & IL ye

Fig. 2. Three phase Cuk inverter

The three phase line currents can be written as
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where, |, is the value of maximum three phase AC current of
the load and vy is the phase angle of AC three phase current of
the load.

I1l. PROPOSED CONTROL STRATEGY

The control strategy is to make the output AC voltage of the
load to follow the reference sinusoidal output AC voltage.
Initially, a PI controller is used for the single-stage Cuk based
three phase inverter to have the comparison with ANFIS
based controller. The control output from PI controller can be
written as

C.=C,..+K.e()+ *; [eat (26)
1
where, C, - Output signal of controller
Cobias - Controller bias value
\Y - Actual output voltage
Vv* - Reference voltage
E - Error signal = V-V
Ke - Controller gain
T - Integral time constant

The general block diagram representation of ANFIS is
shown in Fig. 3, which consists of interconnection of four
different units namely, fuzzification, ANFIS engine, fuzzy
rule base and defuzzification units.

Fuzzy Rule Base

Input Output
Data Data

—>| Fuzzification HANFIS Engine =] Defuzzification |—>

Fig. 3. Block diagram of ANFIS

The ANFIS architecture is shown in Fig. 4, which has five
layers. The layer-1 is called fuzzy layer, and layer-2 is the
product layer. The layer-3, layer-4 are normalized layer and
de-fuzzy layer respectively. The layer-5 is called the total
output layer. If the system has two inputs as x; = e, voltage
error signal, and x, = Ae, rate of change of voltage error
signal, and one output as f, control signal, then the if then
rules of fuzzy system for the Sugeno fuzzy model of first
order can be written as,

Rule 1: IF e = Ay, and de = By, THEN fi=pie+qide+r
Rule 2: IF e = A2, and de = By, THEN fy=p2e+Qqode+r,
where, A;, HA; are the sub modes linguistic terms along with
the membership functions, pi, gi,rieR, fi(e, 4e) represents the
coefficients of linear equations, i= 7,2,3..¢> and j =
1,2,3....q, where g represents the membership functions
number with inputs e and 4e for the fuzzy system. In ANFIS,
fuzzy inference system is constructed using the tool box
function ANFIS using a given set of input/output data, where
the adjustment of parameters of membership function is
carried out using back propagation algorithm. Similar to
neural network, a network structure is developed which maps
the inputs of the system via input membership functions and
the parameters associated with it, and then, via output
membership functions and the parameters associated with it
and to the outputs of the system
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. The different layers in the architecture of ANFIS shown in
Fig. 4 are explained as below.

X1X2

1

Wif1

Wafz

N

X1x2

LAYER 1

LAYER 2 LAYER 3 LAYER 4
Fig. 4. ANFIS architecture

Layer-1: The voltage error signal (¢) is one input and rate
of change of voltage error signal (de) is another input given
to layer-1. Each node in layer-1 will be a non-fixed or
adaptive node with a fuzzy membership function associated
with it. The node outputs are represented as follows for the
two inputs,

O, = 1A (e) (27)

Ol,i = 1B, (Ae) (28)

The triangular shaped membership functions are chosen
for A and B and seven membership functions each are
considered for A and B.

Layer-2: In layer-2, every node will be a non-adaptive
node, which is labeled by M. The incoming signals at this
node are multiplied and its product is the output of this node
denoted as Oy, and is represented by the equation mentioned
below.

Oz,i = LA (e)*;uBi (Ae) =W,
where, Wi denotes the firing strength of every rule.

Layer-3: The each node that belongs to this layer is a
non-adaptive node which is denoted as N. Each node
calculates the ratio of the i rule firing strength to the
summation of all the rules’ firing strengths. The output of this
node is called as the normalized value of firing strength.

W, (30)

LAYER 5

(29)

Layer-4: In layer-4, each node is a non-fixed node and the
node’s output is represented as

O,; =W, f; =V\7i(pie +0;Ae + ri)
where, Wi is the normalized value of firing strength.

Layer-5: There is only one node in this layer, which will
be a non-adaptive or fixed node and the output of this node
will be summation of all the signals coming to this node. This
circle node is denoted as Z. The node’s output is represented

as
o Zwi f;
Os,i = ZWi f, = IZW

(31)

(32)

The parameters are varied based on the learning process.
The gradient vector is used in the adjustment of these
parameters. ANFIS evaluates the parameter estimation of the
membership function using back propagation algorithm. The
gate driver signals to Cuk inverter is controlled using ANFIS
controller based on the voltage error signal and the change of
voltage error signal with respect to time. The PV inverter is
controlled using ANFIS Controller in order to have fast
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computing, high performance, accuracy and better response.
The block diagram of ANFIS controller for Cuk based PV
inverter is shown in Fig. 5.

-

| PV PANEL CUK INVERTER [—»{1L0AD]|

| GATEDRIVER |

1

ANFIS CONTROLLER I
-~

Fig. 5. Block diagram of proposed ANFIS controller for
Cuk based PV inverter

IV. RESULTS AND DISCUSSION

For the purpose of comparison, the single-stage Cuk based
three phase PV inverter is first controlled using PI controller
and then using ANFIS controller with the same input and
load. The voltage error signal (e), which is the difference
between the actual output voltage and reference output
voltage, and rate of change of voltage error signal (de) are
given as input to the ANFIS controller which sets the proper
PWM signals to the Cuk based PV inverter in order to make
the output voltage track the reference voltage.

The sinusoidal output voltages are developed by each Cuk
converter with a DC-offset. The output current waveform is
also sinusoidal in nature with DC offset. The input voltage
and current waveforms are shown in Fig. 6. The input voltage
is 50.06 V and input current is 45.27 A.
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Fig. 6. (a) Input voltage (b) Input current of the PV
Inverter

The three phase output voltage of PV inverter with Pl and
ANFIS controller is shown in Fig. 7 and Fig. 10 respectively.
It is observed from simulation that the output voltage (peak to
peak) with Pl controller is 69.8 V and that of ANFIS
controller is 74.94 V. The load current of PV inverter with Pl
and ANFIS controller is shown in Fig. 8 and Fig. 11
respectively. It is seen from simulation that the load current is
22.72 A with Pl controller and 24.98 A with ANFIS
controller.
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The Cuk based PV inverter has continuous input current
which is essential for PV systems for the application of
MPPT technique. The Cuk based PV inverter also has the
inherent nature of current sourcing, which also suits it for
DC-AC conversion when operated parallelly in PV
applications. The application of ANFIS controller for the Cuk
based PV inverter increases its performance interms of
voltage gain and efficiency due to the increased accuracy
with ANFIS controller. The load voltage is to be regulated at
75 V (peak to peak) and the error is very minimal with
ANFIS controller when compared to Pl controller for the
single stage Cuk based three phase PV inverter.

=L (1] 1
e P l J J

N o  ~— oo0s 7;,1 7 oas - 7;.2
Sl 1] !
2 e BN

SO0 :).FOS — — 0.1—. , 0.15 : CiZ
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SECCUNUILH ALY =] ]

e AU AL T

0.1
Time (sec)

Fig. 7. With PI controller - (a) R-phase output voltage (b)
Y-Phase output voltage (c) B-phase output voltage (d)
Three phase output voltage of PV inverter

25
MaVealaslantasoaVaatanisalaali
< L [ L ——R Phase
2 1500 T Y Phase 7
£ 10 —— B Phase
o . AT
ok (AL
0 0.05 0.1 0.15 0.2
Time (sec)
Fig. 8. Three phase output current of PV inverter with Pl
controller
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Fig. 9. RMS output voltage of PV inverter with Pl
controller
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Fig. 10. With ANFIS controller - (a) R-phase output
voltage (b) Y-Phase output voltage (c) B-phase output
voltage (d) Three phase output voltage of PV inverter
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Fig. 11. Three phase output current of PV inverter with
ANFIS controller
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Fig. 12. RMS output voltage of PV inverter with ANFIS
controller

The RMS output voltage of PV inverter with PI controller
and ANFIS controller is shown in Fig. 9 and Fig. 12
respectively. It is observed from simulation that the RMS
voltage obtained with Pl controller is 45.44 V and that of
ANFIS controller is 48.86 V. The efficiency obtained with Pl
controller is 96.1% and the efficiency obtained with ANFIS
controller is 98.76%. The comparison of Pl controller with
ANFIS controller for the PV inverter in terms of performance
is shown in Fig. 13 and Table I. The parameters compared are
input voltage, input current, output voltage (peak to peak),
output current (peak to peak), RMS output voltage and
efficiency. It is observed that the performance is improved
with ANFIS controller for the single-stage three phase Cuk
based PV inverter in terms of all above mentioned
parameters. Therefore, ANFIS controller will be a good
choice for Cuk based inverter for PV applications.

120
100 4
80
60 4
40 4

mFI m ANFIS

T
Efficiency

Output Output FMIS

voltage coment  voltaze (V) [y
(peakto ipeak o
peak) (V) pes) (A)

Fig. 13. Comparison of Pl controller with ANFIS
controller for the PV inverter
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Table I. Comparison of Pl Controller and ANFIS
Controller for PV Inverter

Parameters Pl ANFIS
Input Voltage (V) 50.06 50.06
Input Current (A) 45.27 45.27
Output Voltage (peak to peak) (V) 69.8 74.94
Output Current (peak to peak) (A) 22.72 24.98
RMS Output Voltage (V) 45.44 48.86
Efficiency (%) 96.10 98.76

V. CONCLUSION

The proposed ANFIS controller for single-stage Cuk based
three phase inverter has manybenefits when being applied for
PV system. Direct MPPT techniques could be employed
because of the continuous input current nature of Cuk based
inverter. The proposed system is verified using
MATLAB/SIMULINK platform and the results are
presented. The parameters are compared with both Pl and
ANFIS controller. The efficiency obtained with PI controller
is 96.1%, whereas, the efficiency obtained with ANFIS
controller is 98.76%. The ANFIS controller which combines
both neural network principles and fuzzy logic principles
gives the benefits of both the techniques. The ANFIS
controller gives better efficiency, performance, accuracy, and
could be used efficiently with nonlinear converters like
Cuk-based inverter. The system with MPPT operation is to be
considered for future publication.
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