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Abstract: This paper presents an optimized controller for non-isolated DC-DC CUK converter for constant voltage
applications. CUK converter has inverted voltage polarity at the output, however, it operates on the principle of
capacitive energy transfer and uses inductors on both sides of the switch to reduce current ripple. MOSFETSs are used as
a switching device in low power and high frequency switching applications. It may be noted that, as the turn-on and
turn-off time of MOSFETSs are lower as compared to other switching devices, which reduces the switching losses. High
frequency operation of MOSFET reduced size of filters components. These converters are now being used for various
applications, such as Switched Mode Power Supply (SMPS) etc. The paper attempts to present parametric variation
analysis of buck-boost converters for constant voltage output.
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1. INTRODUCTION

The basic non-isolated Cuk converter shown in Fig.1. It is one of the best basic DC-DC converters because its output
voltage is negative and the output voltage may be higher or lower than the input voltage. It is widely used in electrical
power system, communication, instruments and meters etc. The advantage of the basic non isolated Cuk converter over
the standard buck—boost converter is to provide regulated DC output voltage at higher efficiency and this also reduce
ripple currents and reduced switching losses. The basic non isolated Cuk converter is a switching power supply with
two inductors, two capacitors, a diode, and a transistor switch. The transfer capacitor C; stores and transfers energy
from the input to the output.

Vs S _IE] Vo Co == .

Fig. 1 Schematic diagram of non-isolated Cuk converter

1. OPERATING MODES OF CUK CONVERTER
The converter circuit is divided into two parts as shown in fig.2 and fig.3. During mode 1, when transistor switch is
closed then current through inductor L; rises. At the same time the voltage of capacitor C; reverse biases diode D and
turns it off. The capacitor C; discharges its energy to the circuit formed by C;, Cy, L, and the load.
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Fig.2 Mode 1: Switch Closed

During mode 2, when the input voltage is turned on and switch S is open then diode D is forward biased and capacitor
C; is charged through L;, D and the input supply V. The energy which is stored in the inductor L, is transferred to the
load. The diode D and the switch S provide a synchronous switching action.
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Fig.3 Mode 2: Switch Open

The Cuk converter can step the voltage either up or down, depending on the duty cycle. The Cuk converter contain the
series inductors at both input and output, hence it has much lower current ripple in both circuits. The average output
voltage can be calculated in term of the switch duty cycle.

D = on time duration of switch/ total switching time period

Duty cycle = - %
S™Vo
Output voltage (V,) = Vs [% (Where the negative sign indicates voltage inversion)

Control schematic of CUK converter output voltage is assumed to be 400V. A simple CUK converter model realize in
MATLAB Simulink is shown in fig.5
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Fig. 4 Simulink model of open loop non- isolated Cuk converter

Design parameter and equations for non-isolated Cuk converter:

Vo = DV,,/(1 — D)

L = DVin/ (Al T

Lo = Vo(1 —D)/(Alo)fs
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Ci = D/{(Rfs)(AVei/ Vo) }

Co = (1 — D)/{(8Lof*)(AV, /V,)}

Where

f, = switching frequency

Aly; = peak to peak ripple current I ; (assuming 10% of I;)

Al = peak to peak ripple current I, (assuming 10% of I, )

AV;= voltage ripple (assuming 5% of V)

D = duty cycle

Calculated value of design variables are D=0.562, L;= 54.47 x 1073 H, L,= 70 x 1073 H, C;= 1.125 x 107° F and
C,=0.025x 1076 F
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Fig.5 Open loop response of non-isolated Cuk converter
The results of open loop CUK converter is shown in fig.7, which depicts peak to peak ripple voltage (AVo) is 54
Volt and maximum overshoot of 10%. Since the design equations assume constant input voltage and
constant load under steady state conditions, the variation of input voltage shall result in fluctuation in output

Therefore, a closed loop controller is required with optimized parameters to suit the constant voltage output as per
requirement of load.

1. CLOSED LOOP CUK CONVERTER

The Simulink Schematic of CUK converter with analog PI controller is shown in fig. 8
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Fig. 6 Simulink model of closed loop Cuk converter

The output voltage is sensed Vo, and compared with the input voltage Vs .An error signal is produced
which is processed through PI controller to generate a control voltage. The control voltage is used to
feed to the PWM generator for control of switch. The PI controller has two parameters namely Ky and
K.

P1 controller has transfer function: C(s) = Kp+ %
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Where, Kp=Proportional gain and K;= Integral gain
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Fig. 7 Closed loop response of Cuk converter

The results of closed loop CUK converter is shown in fig.9 which has maximum overshoot of 3.2%, settling time
0.0116 sec and rise time 0.0107 sec.

TABLE | AND FIG 8-10 SHOWS VARIATION OF PERFORMANCE PARAMETERS FOR VARIATION OF
BOOST INDUCTOR (L;) VALUE IS VARIED.

TABLE | RESULTS OF BOOST INDUCTOR (L;) VARIATION.

L Voltage(Vy) Current (I;) Current (I,,)
(0 O T S0 | e | 05 | S | % |05 | S | fie
34.47 3.2 0.0113 0.0107 7.94 0.01 0.01 3.2 0.0107 0.0107
44.47 3.125 0.0113 0.01075 7.4 0.01 0.01 3.1 0.01073 0.0107
54.47 3.072 0.0113 0.0108 7.2 0.01 0.01 3 0.0108 0.0108
64.47 3.075 0.0114 0.0108 7.46 0.01 0.01 3.07 0.0109 0.01085
74.47 3.125 0.0114 0.0109 75 0.01 0.01 3.12 0.0109 0.0109
84.47 3.25 0.0115 0.011 8.25 0.01 0.01 3.25 0.011 0.011
_ 33 . 0.0116 . 0:0112
_U% 3.2 e ? -E,U? 0.0115 4 \5;_’/ 0.011 °
N o e
6 3.1 N’ 27 00113 ~ 0.0108
53 ? 00112 2 0.0106
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L; (mH) L; (mH) L; (mH)

Fig.8.1 Effect on overshoot due to
variation in boost inductor (L:)

Fig.8.2 Effect on settling time due to
variation in boost inductor (L;)

Fig.8.3 Effect on rise time due to variation
in boost inductor (L;)

Fig.8 Effect on output voltage (Vo) due to variation in boost inductor (L;)
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When the value of boost inductor (L;) increases up to two times of the designed value then output voltage (Vp)
overshoot, settling time and rise time continuously increases. If the value of boost inductor (L;) decreases from its
designed value then output voltage (Vp)overshoot increases continuously, settling time remains constant and rise time
continuously decreases.
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Fig.9.1 Effect on overshoot due to Fig.9.2 Effect on settling time due to Fig.9.3 Effect on rise time due to variation
variation in boost inductor (L;) variation in boost inductor (L;) in boost inductor (L;)

Fig.9 Effect on inductor current (IL;) due to variation in boost inductor (L;)

When the value of boost inductor (L;) increases up to two times of the designed value then boost inductor current (I;)
overshoot continuously increases, settling time and rise time remains constant. If the value of boost inductor (L;)
decreases from its designed value then boost inductor current (I;) overshoot continuously increases, settling time and
rise time remains constant.
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Fig.10.1 Effect on overshoot due to Fig.10.2 Effect on settling time due to Fig.10.3 Effect on rise time due to
variation in boost inductor (L;) variation in boost inductor (L;) variation in boost inductor (L;)

Fig.10 Effect on inductor current (IL,) due to variation in boost inductor (L;)

When the value of boost inductor (L;) increases up to two times of the designed value then filter inductor current (I;,,)
overshoot, settling time and rise time continuously increases. If the value of boost inductor (L;) decreases from its
designed value then filter inductor current (1.,) overshoot increases continuously, settling time and rise time
continuously decreases.

TABLE Il AND FIG 11-13 SHOWS VARIATION OF PERFORMANCE PARAMETERS FOR VARIATION OF
FILTER INDUCTOR (Lo) VALUE IS VARIED.

TABLE Il RESULTS OF FILTER INDUCTOR (Lo) VARIATION.

L VoItage_(VO) _ Curren_t (1) _ Curren_t (o) _
(mH) 0.S Set.tllng R_lse 0.S Set.tllng R_lse 0.S Set_tllng R_lse
(%) Time Time (%) Time Time (%) Time Time
10 3.2 0.0112 0.0106 9.4 0.01 0.01 3.2 0.0106 0.0106
40 3.125 0.0112 0.0107 7.3 0.01 0.01 3.1 0.0107 0.0107
70 3.072 0.0113 0.0108 7.2 0.01 0.01 3 0.0108 0.0108
110 3 0.0115 0.0109 6.5 0.01 0.01 3 0.011 0.0109
140 2.95 0.0116 0.011 6.22 0.01 0.01 2.95 0.0112 0.011
170 2.95 0.0117 0.012 6.21 0.01 0.01 2.94 0.0113 0.012
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Fig.11.1 Effect on overshoot due to Fig.11.2 Effect on settling time due to Fig.11.3 Effect on rise time due to
variation in filter inductor (L) variation in filter inductor (L,) variation in filter inductor (Ly)

Fig.11 Effect on output voltage (Vo) due to variation in filter inductor (L)

When the values of ripple filter inductor (L) increases up to two times of the designed value then output voltage (V)
overshoot decreases, settling time and rise time continuously increases. If the values of ripple filter inductor (Lo)
decreases up to seven times from its designed value then output voltage (V) overshoot increases, settling time and rise
time continuously decreases.
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Fig.12.1 Effect on overshoot due to Fig.12.2 Effect on settling time due to . . .
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Fig.12 Effect on inductor current (IL;) due to variation in filter inductor (Lg)

When the value of ripple filter inductor (L) increases up to two times of the designed value then boost inductor current
(Iy;) overshoot decreases, settling time and rise time remains constant. If the values of ripple filter inductor (Ly)
decreases up to seven times from its designed value then boost inductor current (I,;) overshoot increases, settling time
and rise time remains constant.
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Fig.13.1 Effect on overshoot due to Fig.13.2 Effect on settling time due to Fig.13.3 Effect on rise time due to
variation in filter inductor (L) variation in filter inductor (L) variation in filter inductor (L)

Fig.13 Effect on inductor current (ILo) due to variation in filter inductor (Lg)

When the value of ripple filter inductor (L) increases up to two times of the designed value then filter inductor current
(I.,,) overshoot decreases, settling time and rise time increases. If the values of ripple filter inductor (L) decreases up
to seven times from its designed value then filter inductor current (I.,) overshoot increases, settling time and rise time
continuously decreases.
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TABLE IlIl AND FIG 14-16 SHOWS VARIATION OF PERFORMANCE PARAMETERS FOR VARIATION OF
BOOST CAPACITOR (Cj) VALUE IS VARIED.

TABLE Il RESULTS OF BOOST CAPACITOR (Cj) VARIATION.

Voltage(V,) Current (1) Current (I.,,)
Ci (UF) Settling Rise Settling Rise Settling .
0.5 (%) Time Time 0.5 (%) Time Time 0.5 (%) Time Rise Time
0.1125 2.875 0.0113 0.0109 5.93 0.01 0.0105 2.9 0.0108 0.0109
1.125 3.072 0.0113 0.0108 7.2 0.01 0.01 3 0.0108 0.0108
2.125 4 0.0112 0.0107 19.37 0.0127 0.01 4.1 0.01081 0.0107

3.125 7.25 0.0144 0.0108 36.02 0.0131 0.01 7.26 0.01082 0.0104

4.125 10.38 0.0154 0.0109 48.67 0.023 0.01 10.4 0.0141 0.0109

5.125 11.91 0.0162 0.0108 53.9 0.0246 0.01 11.91 0.0152 0.0108

6.125 12.6 0.0169 0.0106 54.41 0.0258 0.01 12.6 0.0158 0.0106
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Fig. 14.1 Effect on over shoot due to Fig. 142 Effect on settling time due to Fig. 143 Effect on rise time due to
variation in boost capacitor (C;) variation in boost capacitor (C;) variation in boost capacitor (C;)

Fig.14 Effect on output voltage (Vo) due to variation in boost capacitor (C;)

When the value of boost capacitor (C;) increases up to six times of the designed value then output voltage (V)
overshoot and settling time increases and rise time decreases. If the values of boost capacitor (C;) decreases from the
designed value then output voltage (V) overshoot decreases, settling time remains constant and rise time increases.
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Fig. 15.1 Effect on over shoot due to  Fig. 15.2 Effect on settling time due to Fig. 15.3 Effect on rise time due to
variation in boost capacitor (C;) variation in boost capacitor (C;) variation in boost capacitor (C;)

Fig.15 Effect on inductor current (IL;) due to variation in boost capacitor (C;)

When the value of boost capacitor (C;) increases up to six times of the designed value then boost inductor current (lIy;)
overshoot and settling time continuously increases and rise time remains constant. If the values of boost capacitor (C;)
decreases from the designed value then boost inductor current (I;) overshoot decreases, settling time remains constant
and rise time increases.
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Fig. 16.1 Effect on over shoot due to Fig. 16.2 Effect on settling time due to Fig. 16.3 Effect on rise time due to

variation in boost capacitor (C;) variation in boost capacitor (C;) variation in boost capacitor (C;)

Fig.16 Effect on inductor current (ILo) due to variation in boost capacitor (C;)
When the value of boost capacitor (C;) increases up to six times of the designed value then filter inductor current (I,)

overshoot and settling time continuously increases and rise time decreases. If the values of boost capacitor (C;) decreases
from the designed value then filter inductor current (I,,) overshoot decreases, settling time remains constant and rise

time increases.

TABLE IV AND FIG 17-19 SHOWS VARIATION OF PERFORMANCE PARAMETERS FOR VARIATION OF
FILTER CAPACITOR (Co) VALUE IS VARIED.

TABLE IV RESULTS OF FILTER CAPACITOR (Co) VARIATION.

o5 seting | o5 Stting [ s | OS5 | Setting
| oy | Time | RiseTme | | ime | Time | (6 | Time | RiseTime
0.00025 3.07 0.0113 0.0108 6.88 0.01 0.01 3 0.0107 0.0108
0.0025 3.071 0.0113 0.0108 6.9 0.01 0.01 3 0.0108 0.0108
0.025 3.072 0.0113 0.0108 7.2 0.0102 0.01 3 0.0108 0.0108
0.25 3.072 0.0113 0.0108 7.79 0.0105 0.01 3.1 0.01081 0.01
2.5 4.5 0.0115 0.0107 16.8 0.013 0.01 6.6 0.0118 0.01
25 34 0.0435 0.01 158.02 0.046 0.01 140 0.042 0.01
50 47.5 0.072 0.01 343.9 0.12 0.01 317 0.118 0.01
. 60 2 0.1 7 0.011 ‘\
240 — E & 0.0105
: padl 2005 74 : e
320 = £ o001 *
i 7o 20,0095
0 20 40 60 0 20 40 60 0 20 40 60
Co (HF) Co (UF) Co (HF)
Fig. 17.1 Effect on over shoot due to Fig. 17.2 Effect on settling time due to Fig. 17.3 Effect on rise time due to
variation in boost capacitor (C;) variation in boost capacitor (C;) variation in boost capacitor (C;)

Fig.17 Effect on output voltage (Vo) due to variation in filter capacitor (Cq)

When the value of filter capacitor (Cy) increases up to two thousand times of the designed value then output voltage
(Vo) overshoot and settling time continuously increases however rise time decreases and finally attain a constant value.
If the values of filter capacitor (C,) decreases up to hundred times from the designed value then output voltage (Vo)
overshoot decreases, settling time and rise time remains constant.
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Fig. 18.1 Effect on over shoot due to Fig. 18.2 Effect on settling time due to Fig. 18.3 Effect on rise time due to
variation in filter capacitor (Co) variation in filter capacitor (C,) variation in filter capacitor (Cy)

Fig.18 Effect on inductor current (IL;) due to variation in filter capacitor (Cq)

When the value of filter capacitor (Cy) increases up to two thousand times of the designed value then boost inductor
current (I;) overshoot and settling time continuously increases however rise time remains constant value. If the values
of filter capacitor (C,) decreases up to hundred times from the designed value then boost inductor current (I;;) overshoot
decreases, settling time and rise time remains constant.
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Fig. 19.1 Effect on over shoot due to Fig. 19.2 Effect on settling time due to Fig. 19.3 Effect on rise time due to
variation in filter capacitor (C) variation in filter capacitor (Cy) variation in filter capacitor (C,)

Fig.19 Effect on inductor current (ILo) due to variation in filter capacitor (C;)

When the value of filter capacitor (Cy) increases up to two thousand times of the designed value then output filter
inductor current (I;,), settling time continuously increases however rise time decreases and finally attain a constant
value. If the values of filter capacitor (Cp) decreases up to hundred times from the designed value then filter inductor
current (I.,,) overshoot become constant, settling time slowly decreasing and rise time increased.

V. CONCLUSION

The parametric variation analysis of non-isolated CUK converters has been carried out for constant voltage applications
considering inductor and capacitor as performance parameters. Non-isolated CUK converter has been designed to
deliver 400 volts DC to a 400 watt load. Performance and applicability of this converter is presented on the basis of
simulation in MATLAB SIMULINK. The design concepts are validated through simulation and results obtained show
that a closed loop system using buck-boost converter will be highly stable with high efficiency. Cuk converter can be
used for universal input voltage and wide output power range. The Cuk converter uses capacitive energy transfer. In the
Cuk converter overshoot and settling time varies much if there is small change in boost capacitor. The closed loop Cuk

converter has an efficiency of 98.69%.
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