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ABSTRACT

This thesis presents analysis and modelling of power factor corrector base on a Cuk converter
operating in Discontinuous Conduction Mode (DCM). The averaged behaviour of the converters are
modelled and can be represented in the form of the averaged switching model. The converter’s linear
model is obtained by small-signal perturbation of the averaged model and used in control loop design
of the prototype converters. Experimental results show that with the designed control loop the

converters exhibit a high input power factor and good output voltage regulation.
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Modelling of a Discontinuous Conduction Mode
(DCM) Cuk Power-Factor-Corrector (PFC) with
the Averaged Switch Model

T. Kerdpol and C. Bunlaksananusorn
Faculty of Engineering, King Mongkut’s Institute of Technolgy Ladkrabang, Bangkok, Thailand
E-mail: kbchanin@kmitl.ac.th

Abstrace— A Cuk converter, when operating in
Discontinuous Conduction Mode (DCM) with a duty cycle
of the power switch being kept relatively constant, exhibits
the property of a resistor at its input port, in which an
average input current drawn is proportional to an input
voltage. Such property makes it very suitable to be used as a
power factor corrector (PFC) in off-the-line applications.
This paper presents modelling of a DCM Cuk PFC using the
averaged switch model. Due to its quasi-static nature of
operation, the converter’s averaged model can be obtained
directly from circuit inspection and represented by the
averaged switch model. A linear model useful for feedback
control design can then be derived by small-signal
perturbation of the averaged model. The DCM Cuk PFC
has been designed and prototyped. Experimental results are
given to verify its performances.

Keywords-Cuk converter; Power factor correction; Modelling

L INTRODUCTION

A Cuk converter, when operating in Discontinuous
Conduction Mode (DCM) with a duty cycle of the power
switch being kept relatively constant, exhibits the property
of a resistor at its input port, in which an average input
current drawn is proportional to an input voltage [1]. This
means the converter will draw a sinusoidal average input
current when connected to the sinusoidal AC mains. Such
characteristic makes the DCM Cuk converter suitable to
be used as a power factor corrector (PFC) in off-the-line
applications. Compared with the conventional boost PFC
employing average current mode control, the Cuk PFC
uses only a simple output voltage control loop to achieve
high power factor and does not require a current control
loop and multiplier circuit. Moreover, input/output
isolation is easier to implement in the Cuk PFC by
incorporating a transformer into the circuit. Inclusion of
the isolated transformer increases flexibility in stepping
up/down the output voltage, as well as eliminating the
polarity reversal problem in the Cuk converter, whereas in
the boost PFC the output voltage is always higher than the
input voltage. The DCM Cuk PFC has recently been
studied by many researchers. In [1-3], analysis and design
of the converter are described. The main results from
these papers yield design guidelines and equations for
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selecting component in the power circuit. The converter
modelling is studied in [4], where the authors applied the
method so called Current Injected Equivalent Circuit
Approach (CIECA) to derive the converter’s small-signal
model. However, the obtained model model was validated
only by simulation. No experimental work has been given.

Focused on the modelling issue, this paper proposes an
alternative method to model the DCM Cuk PFC using the
concept of the averaged switch model [5]. The proposed
technique makes use of a quasi-static nature of the
converter to obtain its averaged equivalent circuit directly
by inspection. The resulting averaged circuit is in the form
that can be readily represented by the averaged switch
model. A linear model for control loop design can then be
derived by small-signal perturbation of the averaged
switch model. Compared with CIECA, the proposed
method is more intuitive and straightforward in arriving at
the viable model.

Organisation of the paper is as follows. In Section i,
operation and analysis of the DCM Cuk PFC are
reviewed. The averaged switch modeling procedure,
including denivation of the converter’s small-signal model,
is described in Section III. Control loop design is
presented in Section IV, along with experimental results.
Finally, a conclusion is given in Section V.

II.  CONVERTER OPERATION

The Cuk power factor corrector is shown in Fig. 1. The
input voltage is a full-wave sinusoid rectified from the
220V, 50Hz AC mains. Since the switching frequency the
power switch (fs = 1/Ts) is much higher than the
frequency of the full-wave sinusoid (fg), the input voltage
1o the converter can be considered to be constant equal to
its averaged value over one switching cycle. Moreover, at

L G m G L
ult) I ¥
M D C.x R2 V¥,
PWM Comparator Al Z
M Viewet  Error amplifier =

Figure |, DCM Cuk power factor corrector
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steady state the averaged voltage across L,, L, primary
and secondary windings over one switching cycle is zero.
Hence, the averaged voltages of C, and C, are equal to the
averaged input and output voltages, as given by (1) and
(2) respectively.

{(va)=(ve)
{vea)=(vo)

Note that the brackets are used to denote an averaged
value.

At steady state the converter operates in DCM (ie. L,
and L; are in DCM), with three distinct states in each
switching cycle. The first state is when M conducts and
lasted for DyTs (Fig. 2a). During this interval, L, is
charged by the input source and current iy, ramps up;
meanwhile L, is charged by C) and C; and current iy; also
ramps up. The ripple currents Ay, and Ai; are given by

1)
@)

algy = ("'a )les

; &)
Ll
Vo)d/T,
b =(—GHLL. @

2

The second state is when D conducts and lasted for D,Tg
(Fig. 2b). During this interval, L, is discharged to C, and
C; causing iy, to ramps down; meanwhile L, is
discharged to C and Ry and iy, ramps down as well, The
ripple currents Aig; and Aiy, during this state are given by

] a4, T,
a-L.="("—L>'i, )
. _(Vn)dsz
i ot )

The third state is when M and D are not conducted and
lasted for (1-(D+D3))Ts (Fig. 2c). During this interval, L,
and L, are completely discharged. The currents iy, and iz
are constant expressed by

(7
(8)

i, =1,

iy =nl.

Note that the direction of i has been reversed in Fig. 2c.
Fig. 3 shows waveforms of i, iy, isw (the switch
current), and ip (the diode current) in one switching
cycle. The switch current igw is a sum of iy, and iLa
reflected to the primary (see Fig. 2(a)), while the diode
current ip is a sum of iy, and iy, reflected to the secondary
(see Fig. 2(b)). Peak values of isw and i, are given by

0
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where L., = n’L,L,/(n’L,+L,). Referring back to Fig. I,
the output voltage is regulated by a simple PWM control
loop. This control loop is intentionally designed to have a
low bandwidth, typically lower than one fifth of the input
voltage's frequency (fg), to make the duty cycle appears
relatively constant over one period of the input voltage
for good power factor.

III. CONVERTER MODELLING

The input and output voltages of the converter are not
constant, but periodic with the frequency fg; i.e. the input
voltage is a full-wave sinusoid and the output voltage
contains some ripple. However, due to fs being much
higher than fg, both input and output voltages can be
assumed to be constant equal to their averaged values in
each switching cycle. Consequently, an averaged model of
the converter can be derived based on the averaged
behaviour in one switching cycle. This modelling
technique is known as “quasi-static approach” [5]. Once
the averaged model has been obtained, the small signal



model for control loop design can be derived by small-
signal perturbation of the averaged model.

A.  Averaged Model

Under the steady-state condition, in each switching
cycle the Cuk converter in Fig. 1 has zero averaged
voltages across L,, L,, primary and secondary windings,
and zero averaged currents in C; and C,. Hence, the
averaged equivalent circuit can be drawn by short
circuiting L), L, primary and secondary windings, and
open circuiting C, and C,. The resulting averaged circuit
is shown in Fig. 4a.

The averaged switch current, <isw>, can be determined
from the isw waveform in Fig. 3(c).

{isw)

1
zaddsw.m (11)
Substitution of I, ,x from (9) into (11) gives

(lsw)_(vo)d & ([:G) (12)

where R, = 2L/d, Ts.
The averaged diode current, <ip>, can be determined
from the i, waveform in Fig. 3(d).

g 1
(1n)='2'dzlu.rx (13)

Since the averaged voltages across L; and L, over one
switching cycle are zero, this allows d; to be computed.

Substitution of d; and Ip px into (13) gives

(Po) = (io)(vo) = (V°)” (‘:). ()

lq ]

From (12) and (15), the averaged model of the MOSFET
and diode in Fig. 4(a) can be drawn as shown in Fig. 4b.
The model, known as the averaged switch model [5),
exhibits the characteristic of a resistor at its input port and
of a constant power source at its output port, with the
output power being equal to the power consumed at the
input. It can be seen from (12) that if d, is held constant
over one period of the input voltage vg, the averaged
input current <igw> will be proportional to vg, resulting in
high power factor.

B.  Small-signal Model

The averaged switch model in Fig. 4b is nonlinear
because it contains the product of two independent
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Figure 4. DCM Cuk PFC: (a) Avungedcucun (b) Averaged
Switch Model (c) Small-sienal model

variables, <vg> and d,. The small-signal model suitable
for linear control design can be derived by applying the
following perturbations to (12) and (15)

Vo) = Vo +¥, (16)

where the capital letters represent a DC value and the tilde
letters a small signal variation. Taking only the small-
signal terms and neglecting the DC and non-linear terms
(i.e. a product of the two small-signal quantities), the
linear small-signal equations are expressed by

~

2 ¥ar==2n

SR =_'—+J1dl (17)
L

- ~ gt GO

Iy = BaVg t Rl -— (18)

g

where 1, = R, j; = 2Ve/DR,, j2 = 2Vg*/DiR.Vo, g2 =
2Va/Vo Re, T2 = RVoVg:. From (17) and (18), the
small-signal model can be drawn as shown in Fig. 4c.
The duty cycle-to-output voltage transfer function for use



in control loop design can be derived from the figure by
assigning ¥, = 0.

(19)

2Vg'R Vo

o= R, Vu‘ +RLVOI
DR, V, +R, V) " ;

where K = 5
CROR Vs

IV. CONTROLLER DESIGN AND RESULTS

The small-signal transfer function (19) is used to design
a control loop of the prototype DCM Cuk PFC. The PFC
has the following specifications: vg 198-242V
(rectified from the 220V, 50Hz AC main), V, = 12V, 1,
= |-5A and fg = 50kHz (T = 20us). Parameters of the
converter are as follows: n = 8, L, = 9.7mH, L, = 3.8uH,
C, = 550nF, C, = 66pF, C = 8800pF, and Ry = 2.4-12Q.
The PWM IC, UC3825, is selected for output voltage
feedback control.

The control design is performed under the low-line full-

load condition, i.e. vg= 198V, and Iy = 5A (R = 2.4Q).
Substituting the relevant circuit parameters into (19), Gy
(s) is found to be

26

Cul® = 15005

(20)

The control signal-to-output voltage transfer function is
equal to a product of G(s) and the gain of the PWM
comparator, which is equal to 1/V guuoan- For the UC3825,
Vawoonn = 1.8V, Therefore,

21

The control loop’s compensation circuit is shown in
Fig. 5. It has the transfer function

a+->
{01}

Gs)= (22)

=
o+
7 0,

where w,e = 1/ReCeyy, @ = HRe(CoytCr)), wpe =
(CertCeal(ReyCeyCe). The classical frequency response
method [S5] is adopted to carry out the loop compensation
design. The crossover frequency is chosen at 201z, the
first pole of G.(s) is placed at f, = 0.1Hz, the sccond pole
at f. = 32Hz, and the zero at f,, = 15Hz. Such the design
vields Rey = 740k, Rea = 10k€2, and Cyy = Cep = LpF.
The frequency response of the open loop transfer
function, Gy($)Ge(s), resulted after the control loop
compensation, is shown in Fig. 6. The system has the
phase margin of 87° under the low-line full-load
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Figure 5. Loop compensation circuit in the prototype PFC
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condition and 55° under the high-line light-load condition
(Vg = 242V, and lp = 1A). This implics the prototype
PFC is stable throughout its operating range. In both
cases, the crossover frequency is seen to be below 10Hz
(it was specified at 20Hz in the design). This is the
desired result as the duty cycle will vary slowly in one
period of the input voltage, resulting in high power factor.
Furthermore. the loop compensation yields the system a
high DC gain, which indicates good output regulation.
Experimental results of the prototype DCM Cuk PFC
measured under the low-line full-load condition are given
in Fig 7. It can be seen that the input current of the bride
rectifier is proportional to the sinusoidal input voliage
(Fig. 7(a)). The output voltage is regulated at 12V and
contains a ripple voltage at the 100Hz frequency (Fig. 7
(b)). The output voltage transient response, when the load
current was suddenly increased from A to 5A, is shown
in Fig. 7(c). The voltage has dropped to about 10V and
taken about 100ms to arrive back at 12V, with small
overshoot. Dynamic of the input current of the bridge
rectifier under the same loading condition is shown in Fig.
7(d). The input voltage is relatively unchanged, while the
current has increased to the new steady-state value just
about the same time as the output voltage resettles to 12V.

V. CONCLUSION

In this paper, modelling of the DCM Cuk PFC has been
presented. The averaged model of the converter is
obtained from circuit inspection and represented in the
form of the averaged switch model (Fig. 4(b)). It can be
seen from the model thar the input port of the converter
has the characteristic of a resistor; i.e. the averaged input
current is proportional to the input voltage, making the
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converter ideal for use in power factor correction. To
facilitate control design, the converter’s linear model is
required and has  been derived by small-signal
perturbation of the averaged model. Based on this lincar
model, control loop design is carried out for the prototype
PFC. Test results confirm the capability of the designed
control Joop in regulating the output voltage and
achieving the high input power factor. The modeling
technique presented in this paper can be readily extended
to model other converters in the same class, such as a
DCM flyback PFC and DCM SEPIC PFC.
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a ! a P s A - =
13191 A.1 AT IUNDINUDINT PFC ‘ljﬂﬂﬂunmﬂﬂi D n nﬂ15ﬂ}ﬁﬂu“ﬂﬂq

n L L, (mH) L, (uH) Duty Vew Vo Iy ek L5 px

5 152.59 9.984 6.199 0.1528 402 80.40 28.04 5.61

6 205.01 11.573 5997 0.1771 414 69.00 29.03 4.84

7 260.94 13.057 5.434 0.1999 426 60.86 30.02 429

8 319.42 14.446 5.104 0.2211 438 54.75 31.01 3.88
9 379.64 15.749 4.803 0.2411 450 50.00 32.00 3.56
10 441 16.974 4.528 0.2598 462 46.20 32.99 3.30

11 502.97 18.127 4.275 0.2775 474 43.09 33.98 3.09

12 565.18 19.216 4.044 0.2941 486 40.50 34.97 291
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