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High Efficient Soft Switching Cuk Converter with Ripple Correlation Control
MPPT for PV Applications

Mutta Krishna Murthy®, Sandeep N and Kulkarni P S™*

This paper presents the application of “ripple correlation control (RCC)” maximum power point
tracking (MPPT) algorithm for photovoltaic (PV) system employing dc-dc Cuk converter to maximize
the output power of PV module. Soft switching commutation of the main and auxiliary switches at zero-
voltage using active clamp technique allows the operation of the Cuk converter at very high switching
frequencies with reduced size of reactive elements and electromagnetic interference. The combination
of auxiliary switch, clamp capacitor and resonant inductor is used to exploit the advantage of high
efficiency with zero switching losses. RCC technique uses the high frequency signal ripple, which makes
it to converge asymptotically to the maximum power point independent of module configuration and
parameters. The operating modes of converter for different switching time intervals are analyzed and
design considerations are presented. The simulated performance of the converter with RCC MPPT over
conventional MPPT algorithms is presented. The MPPT methods are compared on the basis of the time
taken to track the maximum power point (MPP), steady state oscillations about MPP and dependence
on array parameters. To evaluate the viability of ZVS Cuk converter with RCC MPPT, the entire system
is simulated using MATLAB/SIMULINK platform for an 87 Wp solar PV system.

Keywords: Active clamping, DC-DC Cuk converter, Photovoltaic system, Ripple correlation control
(RCC), Zero voltage switching (ZVS).

NOMENCLATURE B : Normalized clamping voltage

V, : Converter input voltage (V) C. : Resonant capacitor (F)

V, : Converter output voltage (V) W, : Resonant frequency (rad/sec)

L, : Inputinductor (H) V.. : Open circuit voltage (V)

L, : Outputinductor (H) C. : Clamp capacitor (F)

C. : DC capacitor (F) Vi : Voltage across main switch (V)

C, : Output capacitor (F) I, : Current through main switch (A)
L, Resonant inductor (H) V,, : Voltage across auxilary switch (V)
I, Output current (A) I, : Current through auxilary switch (A)
f, : Switching Frequency (Hz) V. : Voltage across clamp capacitor (V)
L, : Normalized load current I.. : Resonant inductor Current (A)
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Ipsw @ Current through Diode Dy, (A)

Vo : Voltage across Diode Dy, (V)

I . Source current (A)

Vwer : Maximum power point voltage (V)
Ivpp @ Maximum power point current (A)

Py : Peak power of panel (W)
I, : Short circuit current (A)

Ky : Temperature coefficient of V,. (V/°C)

K; : Temperature coefficient of I, (A/°C)
R, : Parasitic series resistance (£2)
R, : Parasitic parallel resistance (€2)

G, : Nominal insolation (= 1000 W/m?)
T, : Nominal cell temperature (= 25°C)
Diode ideality factor (= 1.2-2)

[

1.0 INTRODUCTION

Now a days the unavailability of conventional
energy sources like petroleum, energy crisis due
to the growing demand and increasing concerns
about the environmental conservation has led
to the use of alternate energy sources in power
generation that are cleaner and renewable [1].
Photovoltaic (PV) energy is presently considered
to be one of the most useful natural energy
sources since it is free, abundant, pollution-free
and distributed throughout the earth. Despite all
the above mentioned advantages of generating
energy using solar PV system, the efficiency of
energy conversion is low, since it is affected by
so many factors such as insolation, temperature,
dirt, shadow and so on.

The PV panel exhibits non-linear power-voltage
characteristics as shown in Figure 1. Thus, in
order to achieve maximum efficiency it becomes
necessary to extract the maximum power from
these panels using suitable power conditioning
system (PCS). The PCS must keep the power
extracted from the PV panel close to the MPP.
Several solutions for a PCS with MPPT capability
have been proposed from time to time [2]. Some
of the popular techniques are the hill climbing
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method, incremental conductance method,
constant voltage method, B method and the
RCC method. PCS consists of a dc-dc converter
whose duty cycle is varied in accordance with
the changes in environmental conditions to keep
the system operating point near MPP. Among
all the dc-dc converters the Cuk converter [3]
is considered to be best suited whose operating
region is as shown in Figure 2.
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FIG. 1

Change in the duty cycle enables it to operate
through L. to V,. with zero non-operating zone [4].
The operation of Cuk converter at high frequency
reduces the size of reactive components and cost.
However this results in the reduced efficiency of
the converter due to increased switching losses,
which can be reduced substantially by use of
soft commutation techniques like ZVS and zero
current switching.

Change in duty cycle
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FIG.2 OPEARTIONAL REGIONS OF THE I-V CURVE
FOR CUK CONVERTER

In this paper a high efficient PCS based on
active clamping dc-to-dc Cuk converter for
tracking MPP of PV module is proposed. The
major parasitic reactances like transistor output
capacitance, track inductance are absorbed in this
converter. The performance of converter with
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RCC MPPT is compared with perturb and observe
(P&O), incremental conductance MPPT methods
based on the parameters like transient tracking
time, speed and power ripple near MPP. Results
demonstrating the comparative performance are
presented. A table that summarizes the major
characteristics of the MPPT methods as applied to
ZVS Cuk converter is also provided. Validation of
the performance comparison is done based on the
simulation of MPPT methods with the proposed
system in MATLAB/SIMULINK environment.

2.0 SYSTEM MODELING

Figure 3 shows the 87 W, solar PV panel with
ZVS Cuk converter based PCS with RCC
MPPT algorithm. The proposed system has been
modelled as under.

Algorithm

FIG.3 ZVS CUK CONVERTER BASED PV SYSTEM

2.1 PV Panel Modeling

The simplified electrical model of PV module is
current source in parallel with a diode. Series (Rs),
Parallel (Rp) resistances are included to obtain a
practical PV model for simulation studies [5] as
shown in Figure 4.
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FIG.4 EQUIVALENT CIRCUIT OF PV MODULE
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The main equation for the output current of PV
module is

V+RI V+RI
1—1,,V—1(,[exp[V s j—l}— e ...(1)

Where Ipy and I, are cell photovoltaic and diode
leakage currents respectively, V 1is the output
voltage across module, Vt=NskT/q is the thermal
voltage of the module with Ns cells connected in
series, k is Boltzmann constant (1.38%10-23 J/K),
q is charge of electron (1.6x10-19 C)and T (in
Kelvin) is the temperature of the module.

The cell photovoltaic current is caluculated from

Ly = (I, + K,AT)GE (2)

n

and diode leakage current is computed from

Iy, +K,AT

1, =
exp[(V:’c’” +KVAT)aV,]_1 ...(3)

The key electrical specifications of chosen PV
module are tabulated in Table 1.

TABLE 1
KC85T PV MODULE ELECTRICAL
SPECIFICATIONS
Parameter Symbol Values

Maximum power Py 87TW

Peak power voltage Viep 174V

Peak power current Tyep 5.02A

Open circuit voltage | Voc 217V

Short circuit current Isc 534 A
e & [sarievie
e

2.2 Circuit Description

The circuit diagram of the ZVS Cuk converter
with RCC MPPT is as shown in Figure 3. Unlike
the conventional Cuk converter an auxilary
switch in series with clamp capacitor, a resonant
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inductor L, and resonant capacitor C, are included
to achieve soft commutation of the semiconductor
switches [6]. To simplify the analysis the following
assumptions are made

e All the semiconductor devices and reactive
elements are ideal.

e The clamp capacitor C. is selected to have
large capacitance, which makes the voltage
across it to be a constant value.

e The input and output filter inductances are
assumed to be large enough to consider them
as a current source I;and I, respectively.

e Sufficient energy is stored in resonant
inductor L, to discharge C, completely for
the soft commutation of switch S;.

The circuit behavior with the help of six topological
stages of operating modes and the key waveforms
during one switching cycle is shown in Figure 5
and Figure 6 respectively.

Mode 1: (z,- t;) -: Figure 5(a) shows the operating
state of the converter during this interval. Prior to
t,, the main switch S, is on, auxiliary switch and
diode Dy, are off. At t=t, the switch S, is turned
off with zero switching loss, and the capacitor
C, starts charging linearly and it reaches to
V.=V,(output voltage) + V(voltage across PV
module) at the end of this mode. The equations
that describe this state are:

1,(0)=1 +1, (D)
V5x¢)=(15+1?)*(4"%) (5)
Cr
V. *C
—¢Ca “r (6
A (1,+1)) ©)

Mode 2: (¢, — t;) -: Figure 5(b) shows the
operating state of the converter during this
interval. When V,, reaches V., the free-wheeling
diode Dy, becomes biased and starts conducting.
The current through L, and voltage V., involve in
a resonant way and V., rises from V to (V. +V.).
The voltage across C, is clamped to (V,+V.) and
the equations describing this state are:
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I, ()=, +1)cosw, (t—t,) w(7)

Vo, t)=V., +, +1)z, sinw (t—t) ...(8)

.y o

w, = : ...(10)
LC

(1)

| v
Aty =t,—t, =—sin"' | —C——
Wo ([S+IO)Z()

Mode 3: (t,—t;) -: Figure 5(c) shows the operating
state of the converter during this interval. As
Ver=(V.,+V.) the antiparallel diode of S, starts
conducting. The current through L, ramps down
as C, is considered as a constant voltage source,
until it reaches zero and rises again when it
changes its direction. At the end of this stage the
current through the inductor is equal to -(Is+L,)
and switch S, is turned off. The equations that
describe this state are:

IL,(t)—T(t )+ +1),1 [(ISHO)ZJ ...(12)

T

Vo (t) =V, +V, ..(13)

2
(I, +1)L, V

Al3 =L-t= (—X VC () 1+ l—[—([s +;U)ZOJ (14)
Mode 4: (¢;—t,) -: Figure 5(d) shows the operating
state of the converter during this interval. The
voltage across C, falls due to the resonance
between L, and C,. At the end of this stage the
voltage across the capacitor C, becomes zero and
the antiparallel diode of S, starts conducting. The
equations that describe this state are:

I.(t) :Esinwy(t—g)—(lx +1 )cosw (t-t,)

(1
. (15)
V() =V, +(I +1 )z sinw,(t=t,)+V.cosw,(t-t,)  ....(16)
- -(I +1
Al(4:t4—t3:L 00871 % _I_tanl[ (Y+ o)Zo]
Wr ([320) +(Vc) VC

(17
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Mode 5: (¢;—t5) -: Figure 5(e) shows the operating
state of the converter during this interval. At this
stage S, turns on with zero losses (ZVS), since V.,
is equal to zero. The current through L, changes
its polarity and ramps up to reach I at the end of
this stage. The equations describing this state are
given as follows:

IL,(t)z%(t—t4)+1L,(z4) ..(18)
Vet)=0 (19)
Aty =t ~t, =% 20)

s

Mode 6: (1 t,) -: Figure 5(f) shows the operating
state of the converter during this interval. The
free-wheeling diode Dy, becomes reverse biased
and turns off with zero switching loss. Power
is transferred to the load through S, carrying a
current equal to I;+I,. The auxiliary switch is off
and the stage ends when S; is turned off with
ZVS at the end of switching cycle and the circuit
goes to operating mode-1. In this operating mode
the key voltages and currents of the circuit are
expressed as follows:

I, ()=0,+1) ..(21)
Ve, (0)=0 .(22)
Aty =t; =15 = DI, .(23)

3.3 General Design Considerations

As shown in Figure 6 the resonant time intervals
are of short duration as compared to the time
intervals of switching states 3, 5 and 6. The gain
(q) of the converter is derived by averaging and
equating the voltage across L, to zero [7].

Vv, D-2L
g="o_ " .(24)
V. 1-D+2L,
L L, (25)
V.,
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The gain of the converter is a function of duty
ratio (D) and L,, T; is the switching time interval.
The current that flows in the clamping capacitor
must be zero over a switching cycle to have the
steady state operation of the converter. Thus

(-D)r,
Iczl j [_ch+1v+lo}dt:0 -(26)
Tv 0 Lr ‘
v, 2L 1
_Ve_ by (27)
p V. (1-D) (1-D+2.L,))

The energy stored in the resonant inductor must
be greater than the stored energy of the resonant
capacitor during mode 3 to have a proper soft
commutation of S; and S,. We have

.(28)

-0 ]

L2
! {(1—0)@.%—2

Where w, is the resonant frequency, which is
considered to be multiple of switching frequency.
However in the practical realization of the
converter, the maximum current of the input
inductor is greater than the average current. Thus
there is more energy stored to commutation. Thus
(28) must have a correction factor.

L, 2[ 2L, +1}. 7
=D (D-2.L,).0+1

1
T +(29)

Where 1 is the efficiency of the converter and r is
the ripple current through the input inductor. For
the soft commutation of switches, there should be
time delay between the gating pulses of S; and
S,. Then

. 2(V+IV)C ..(30)
L (v.+v,)C, 1. .31

d — I‘Y

W)



112

The Journal of CPRI, Vol. 10, No. 1, March 2014

e c"g 4
® o ya @
N
(b)
el
=
L1} |
S FTFC - c
S,
® [ 5 . ®
(c)
e
s, F c = c
GD 1, Tl} ;EZ — 74 D, GD 1,
(d)

s, c ’ c
S,
3
(e)
c
2l
S, - %%c iL c
S,
® | = . v, @

(f)

FIG.5 OPERATING MODES OF THE CONVERTER

VES; Vgs),’ ; VgS]
+ ; !
Il.r @ ]:S IO . P /__Izﬂn_
V.+V, V+VW !
Vor (F——1 ;
t, h b : 1 tJ t’!,g
FIG.6 KEY WAVEDORMS OF THE IDEAL
CONVERTER
3.0 MPPT TECHNIQUES
The popular MPPT techniques like P&O,

incremental conductance and RCC are discussed
in foregoing sections [8]

3.1 Perturb and Observe (P&O)

Thismethodinvolvesaperturbationinthe operating
voltage of the PV panel by perturbing in the duty
ratio of the PCS. The P & O method shown in
Figure 7 operates by periodically incrementing
or decrementing the output voltage of the PV
panel and comparing the power obtained in the
current cycle with the power of the previous one.
From Figure 1 it can be seen that decrementing
(incrementing) the voltage decreases (increases)
the power when operating on the left of the MPP
and increases (decreases) the power when on the
right of the MPP. Subsequent perturbation should
be kept the same if there is a increase in power
and should be decreased if there is a decrease in
power.

The process is repeated periodically untill the
MPP is tracked and the system then oscillates
about the MPP. Perturbation step size decides
the range of oscillations about MPP. However a
smaller perturbation size slows down the MPPT.
P&O method can fail under rapidly chnaging
atmospheric conditions.
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3.2 Incremental Conductance

The incremental conductance (IncCond) method
is based on the fact that the slope of the PV panel
Power-voltage curve (Figure 1) is zero at MPP,
positive on the left of MPP and negative on the
right given as

dP/dV =0 at MPP

dP/dV >0  left of MPP -(32)
dP/dV <0 right of MPP.

Since

ar _ .y AL (33
av AV

The MPP is  tracked by comparing the

instantaneous conductance (I / V) to the
incremental conductance (Al /AV) as shown in the
flow chart in Figure 8. In theory the steady state
oscillations are eliminated once the derivative
of power with respect to voltage is zero at MPP.
However a zero value of the slope hardly ever
occurs due to digital implementation. Effective
way of performing the IncCond is to use the
instantaneous conductance and the incremental
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conductance to generate an error signal. A simple
proportional integral (PI) control can then be used
to drive this error to zero.
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3.3 Ripple Correlation Control

When a PV panel is connected to a power
electronic converter the switching action in the
converter imposes current and voltage ripple
on the PV panel. The RCC method is based on
the principle of maximum power transfer, and it
uses the oscillations to determine the MPP. RCC
correlates the time derivative of the time-varying
PV power with the time derivative of the time-
varying PV voltage or current to drive the power
derivative to zero, thus reaching the MPP.

d—Vd—P>O:>V<Vm
dt dt o

d—Vd—P<0:>V>Vm
dt dt w

e (34)

The derivatives in (34) are usally undesirable
and hence these are approximated by high-pass
filters with cutoff frequency higher than the ripple
frequency. The sign of the time derivatives of
power and voltage is computed and an integral
controller is used to integrate the product which
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determines the perturbation step size of the voltage
reference. The gain K of the integral controller is
tuned according to the requirement of speed and
trajectory of convergence. The block diagram of
RCC MPPT is as shown in Figure 9.

dp dv

AV, =k |——dt
P i ]NJY

» HPF ;p

LPF

I o HPF |

va
FIG.9 BLOCK DIAGRAM OF RCC MPPT

4.0 PERFORMANCE RESULTS

In order to evaluate the performance of the
ZVS-PWM converter with the selected MPPT
techniques simulation is carried out using
MATLAB/SIM-ULINK. The PV panel is modeled
by using its electrical characteristics to provide
the output voltage and current, which are fed to
the converter and the controller simultaneously.
The converter components are chosen according
to the design considerations presented in section
3.0 and the values are tabulated in Table 2.
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TABLE 2
PARAMETERS OF CUK CONVERTER

Parameter Values
Output power (P) 87 W
Input voltage (V) 174V
Output voltage (Vy) 52V
Switching frequency (f;) 50 kHz
Resonant frequency (f,) 250 kHz
frrllg:llz t((fr,) and output (L,) filter 507 mH
Capacitor C, (PV side) 1.81 uF
Capacitor C,(output side) 0.5 uF
Resonant capacitor (C,) 25.92 nF
Resonant inductor (Z,) 4 uH
Clamping capacitor (C.) 5 uF
Duty ratio (D) 0.75
Gain (q) 2.98

To test the operation of the system, the condition
of changing insolation is modeled. The level of
insolation is varied between three levels. The
first level is 1000 W/m?; at t=0.02s, the level is
suddenly changed to 600 W/m? at t=0.04s and
then to 800 W/m? at t=0.06s. Output power of
87W, 51W and 69 W are the desired values of
peak power at G= 1000 W/m? 600 W/m? and 800
W/m? respectively.

The main points that emerge out of the comparative
application of the selected MPPT techniques are
briefly discussed and summarized in Table 3 with
respect to various performance parameters. The
efficiency of converter for different loading is
presented in Figure 17.
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FIG. 10 POWER EXTRACTED FROM PV PANEL WITH SELECTED MPPT TECHNIQUES
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The power extracted from PV panel with the
selected MPPT techniques with step change in
insolation level at constant temperature is shown
in Figure 10. From the simulated performance it
is seen that the power extracted from the PV panel
with ZVS-PWM Cuk converter corresponds to the
desired maximum power for a given insolation
level. Ripple comparisons in steady state of the
power extracted are shown in Figure 11, where
P&O and IncCond methods standout for having
the largest ripple in steady state as compared with
the ripple exhibited by the RCC MPPT.

MPPT methods are also compared with respect
to their dynamic response, i.e. how they behave
when the PV panel is subjected to sudden variation
in the insolation level. According to these results
RCC stands out, which presents less time to reach
steady state maximum operating power point.

The waveforms showing the performance of dc-
dc Cuk converter with ZVS active clamping are
presented. Figure 13 shows the simulated resonant
inductor current and voltage across the resonant
capacitor. The current through the main switch S;
and the voltage across it are shown in Figure 14,
and it is evident that the switch operates with ZVS
and the voltage across it is clamped actively by
clamping capacitor to V., + V, . Figure 15 shows
the simulated voltage across and current through
the free-wheeling diode Dy, and it is evident that
the switching transitions occur at zero voltage
across it. The simulated waveforms of auxilary
switch current and voltage across it are shown in
Figure 16. From all the switching waveforms it
is seen that the switch undergoes the switching
transitions at zero voltage resulting in reduced
switching loss.
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high efficiency of power conversion, which
confirms the efficient operation of converter at
high frequencies with reduced size of reactive
components and cost.

The converter presents high efficiency of 98% at
full load.

5.0 CONCLUSION

High efficient dc-dc converters are being widely
used in stand-alone PV lighting, solar cars
and water pumping systems. In this paper the
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operating principle, circuit design consideration
of Cuk converter with active clamping and soft
commutation (ZVS) have been presented. The
MPPT techniques P&O, IncCond and RCC
are applied to ZVS-PWM Cuk converter and
the performance of operation is demonstrated.
The dynamic performance of these MPPT
techniques with step change in insolation levels
is presented. The choice of MPPT scheme is
application specific. Overall, the RCC method
is the fastest and will particularly be suitable for
fast changing environmental conditions further
it is parameter insensitive and its application is
independent of panel configuration. However
it suffers from the lower tracking capability,
particularly at low insolation levels, as it uses
large step size near MPP. It is noted that the
P&O and IncCond also deserve to be mentioned
as alternatives for outstanding performance.
It is seen that the difference in performances
among the selected MPPT are very slight and a
different PCS may render different values of the
performance parameters, however it is expected
that the variation remains less intact.

From the analytical and simulation studies the
following conclusions are drawn

a) Soft commutation (ZVS) operation of the
main and auxiliary switches is achieved.

b) The converter is controlled by conventional
PWM technique operating at fixed switching
frequency.

¢) The converter is suitable for MPPT of PV
system operating at high-frequency with
high efficiency.

Simulation results confirm the viability and
feasibility of the ZVS-PWM active clamped Cuk
converter with high rate of convergence RCC
MPPT for solar PV generation system.

Future work is aimed at designing experimental
prototype for the proposed system.
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