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ABSTRACT

ANALYSIS AND DESIGN OF A CUK SWITCHING REGULATOR

GUNAYDIN, Zekiye
M. S, Department of Electrical and Electronics Engineering
Superivisor: Prof. Dr. Aydin ERSAK

may 2009, 117 pages

This theses analyzes Cuk converter, that is one of the dc to dc switching converters.
For continuous inductor current mode and discontinuous inductor current mode,
stedy state operation is analysied. Characteristic parameters are determined. Through
State Space Averge Models, Small Signal Models are obtained. Parasitic Resistance
effects on steady state and small signal models are determined. Efficency of the
switching converter is derived. Open loop transfer functions for continous and
discontinuous inductor curret mode are obtained. Parmeters for small signal
behaviour is determined and stability is analysied. Parasitic resistance effects on
transfer functions is determined. Therotecial analysis are verified with a simulations

of designed converter.

Keywords: Dc-dc, Cuk Converter, discontinuous inductor current mode (DICM),
continuous inductor current mode (CICM) , parasitic resistance effects, efficieny,

open loop transfer functions .
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CUK ANAHTARLAMALI DONUSTURUCUNUN INCELENMESI VE
TASARIMI

GUNAYDIN, Zekiye
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Aydin ERSAK

mayis 2009, 117 sayfa

Bu calisma Cuk anahtarlamali dc-dc doniistiiriiclisiinii incelemekedir. Siirekli ve
siireksiz andiiktans akimlart i¢in stlirekli hal c¢aligmasi incelendi. Karakteristic
parametreler belirlendi. Durum uzay1 oratalama modelinden yaralanilarak kii¢iik
isaret modeli elde edildi. Gergek elemanlarda var olan direnglerin siirekli hal
caligmasmma ve kiiciik isaret modeline etkisi belirlendi. Anahtarlamali
donistiiriiciiniin verimi incelendi. Siirekli ve siireksiz endiiktans akimlar1 ¢alismasi
icin agik cevrim transfer fonksiyonlar1 elde edildi. Kiiglik isaret davranisi icin
parametreler belirlendi, karalilik incelendi. Eleman i¢ direnglerinin transfer
fonksiyonlar1 {izerindeki etkisi belirlendi. Teorik analizler tasarimlanan Cuk

donistiiriiciiniin simiilasyonu ile dogrulandi.

Anahtar Kelimeler: Dc-dc, Cuk Doniistiiriicii, Stireksiz endiiktans akimi c¢aligsmast,
Stirekli endiiktans akimi ¢alismasi, eleman i¢ direnglerinin etkisi, verimlilik, agik

cavrim transfer fonksiyonu.
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CHAPTER 1

INTRODUCTION

Cuk converter is a switching regulator which yields a variable output voltage
from a constant dc supply. Its continuous input inductor current gives a relative
advantage against its rivals. This converter has been investigated quite extensively in
the literature. There several studies related to its modeling, analysis, and control

issues.

Descriptive equations of voltage and current for different operational states of
a Cuk converter used, when developing the model of the converter, are given in
several papers [12, 13] for continuous inductor current mode operation. The state-
space averaged model used to derive the steady-state and the dynamic models of the
Cuk converter based on its state space averaged model, are given in [2]. The state-
space averaging concept provides a means to obtain models for Cuk converter
operating in discontinuous inductor current mode. It is used also to analyze the
converter response for continuous inductor current mode. Discontinuous inductor
current mode operation of Cuk converter at constant duty ratio makes the application
of Cuk converter feasible to be used as power-factor preregulator [5], and parameters
for this specific operation are determined in [3] and [4]. Additionally, [16]
investigates application of Cuk converter as power-factor preregulator in continuous
inductor current mode. It is stated that by special average current mode control
technique, Cuk converter in continuous inductor current mode is applicable as
power-factor preregulator for high power requirements that can not be provided at
discontinuous inductor current mode. Furthermore, there is an additional mode of
operation of both Cuk and Sepic converters that is discontinuous (energy transfer)
capacitor voltage mode. Similar to the discontinuous inductor current mode of
operation, the discontinuous capacitor voltage mode operation makes the application
of Cuk converter feasible to be used as power factor preregulator. In [17]
discontinuous capacitor voltage mode operation of Cuk converter is studied and
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power-factor preregulator applications of discontinuous inductor current mode and
discontinuous voltage mode is compared. Efficiency issues related to the Cuk
converter are discussed in the literature in comparison with Buck-Boost converter
without giving an overall efficiency expression.[1] Stability analysis for Cuk
converter is performed through state-space averaged model with Routh—Hurwitz
criterion in [14] for closed- and open-loop in continuous input inductor current mode
operation. Also in [15] stability for closed- and open-loop in continuous input

inductor current mode is analyzed with multifrequency approach.

Application of sliding mode control to Cuk converter is discussed in [13],
[12] and [18]. Sliding mode control technique is based on directing state variables of
a system to references that compose a surface and is applicable to linear and non
liner systems. In [13] the control technique is applied considering the state-space
averaged models of the converter with fixed frequency PWM switching. The control
technique improves large signal dynamic response and ensures large signal stability.
Studies regarding to the improvement of the system stability and optimization of the
performance take place in the literature using the sliding mode control technique
which also gets rid of the need of decoupling input and output stages of the
converter.[12] Another control technique that takes place in applications of Cuk
converter is one cycle control.[19, 20] Duty ratio in one cycle control technique is
determined by comparing output voltage integration to reference volt-second at each
cycle. Current mode control of Cuk converter is analyzed in [21], [22] and [23]. In
the papers it is stated that current mode control is stable for limited duty- ratio, where
the duty-ratio of operation is determined by reference current. In case the duty ratio
limit is exceeded by setting current reference high, alternating variations in duty-ratio
is observed and chaotic waveforms are observed. Isolation, integrated magnetics

concept and their advantages in Cuk converter is discussed in [24] and [25].

Isolation transformer in Cuk converter is placed by dividing energy
transferring capacitor to two. The isolation transformer is placed between the
capacitors such as; both of energy transferring capacitors are connected series to
transformer windings, one to primary winding and the other to secondary winding.

Application of integrated magnetics is feasible only for inductors which have

2



identical voltage waveforms. Thus for Cuk converter integration is applicable
between two inductors, between primary winding of the transformer and input
inductor or between secondary winding of the transformer and output inductor.
Magnetics integration reduces current ripples at input, output or input and output at
the same time regarding to integrated elements. Moreover, zero current ripples can
be achieved at input inductor or output inductor by the magnetics integration. Current

ripple reduction is important in efficiency and EMI.

The thesis work aims at analyzing and determining the design constraints
prevailing the switching of the Cuk converter. Analyses are done for two operating
modes of the converter; continuous input inductor current mode, and discontinuous
input inductor current mode. Analyses in these modes of operations use a state-space
averaged model of the Cuk converter developed as described in [2]. These analyses
involve the use of steady-state and dynamic (small signal) models of the converter to
determine the responses of the converter when operating in either of the operational
modes. The stability analysis and the investigation of the dynamic behavior of the
converter use the transfer functions that are defined in the thesis as dynamic

conversion ratios.

The thesis considers effects of parasitic resistances related to several
parameters of the Cuk converter as well. The related analysis is given following the
ideal case analysis. With a designed Cuk converter simulations will be performed to

go through theoretical analyses.

In the thesis second chapter covers continuous input inductor current mode
analysis. VVoltage and current equations for states are derived. Using criteria such as;
the volt-second balancing for inductors, and current-charge balancing for capacitors,
steady-state equations are obtained. The steady-state and dynamic models are

developed in state-space.

Third chapter deals with discontinuous input inductor current mode analysis.
Likewise in the continuous mode of operation again, the voltage and current
equations for states are obtained. Critical parameters for discontinuous inductor

current mode are determined. State-space averaged models of the converter are
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derived for the steady-state and dynamic analyses. Operational criterion and
parameters of the converter model are rearranged so that the converter is analyzed as

a Power Factor Preregulator.

In fourth chapter effects of parastic resistances will be determined. State-
space averaged models are modified with parasitic resistances for both operating
modes. Modifications are extended to steady state and dynamic models as well for

both operating modes.

Efficiency considerations for Cuk converter are evaluated in fifth chapter.
Parasitic resistance and switching of real elements are sources of losses. A MOSFET
is considered as the real switch in Cuk converter. Switching losses of a diode and

MOSFET as well as those related to inductors are investigated in [8] and [9].

Sixth chapter investigates the stability and the dynamic behavior of the converter.
Using the small signal models obtained in second, third, and fourth chapters, the
dynamic voltage conversion-ratios, and control to output conversion ratios are
obtained in both operating modes. Effect of parasitic resistances on the dynamic

conversion-ratios is also evaluated.

In the last chapter simulation results are examined. A cuk converter has been
designed for simulation purposes. The simulations have been conducted for the
continuous inductor current mode operation. When discontinuous inductor current
mode operation is considered the simulated converter is modified accordingly and
simulations are performed for discontinuous inductor current mode and the power
factor preregulator application. The dynamic conversion-ratios of the circuits are
obtained. Stability analysis and dynamic behaviors are examined for discontinuous
and continuous inductor current modes. Parasitic resistances are also evaluated for
stability and dynamic behavior in continuous and discontinuous inductor current

mode operation.



CHAPTER 2

ANALYSIS FOR CONTINUOUS INDUCTOR CURRENT MODE
OPERATION

Cuk converter is a switched mode converter. Schematic of the Cuk converter
is shown in Fig. 2.1. During the operation the switch S; switches on and off at a
frequency ° f¢ ’, with a period ‘T’ and duty ratio‘k’ within the period T determined

by an externally applied control signal.

Ll C]_ L:
254 I S
—_— + = e ol
iz Vi iz
&1 + =]
C‘) < Dy Co L v, %
. N
+

Fig. 2.1 Cuk converter

2.1 Separate Analysis of Two States

Continuous conduction mode operation implies than inductor currents do not

fall to zero at any instant within the period.

In the subsequent analysis parasitic resistances are negligibly small, and all

elements are supposed ideal.

The operation of the converter within the period T can be divided into two

states for continuous conduction mode operation;



State for S1is ‘on’, when 0 <t <T_,

State for S1 is ‘off’, when T, <t <T
T :
where k =$:>TOn =KkT and k =1-K

2.1.1 State S, ‘off’, kT <t<T

The circuit is divided into two separate meshes as seen in Fig. 2.2. When S1
is off, the energy storage capacitor C; in the left hand mesh is charged through L, and
D, in this time interval. Diode D; common to both meshes is forward biased in this
time interval. L, and C, in the right hand mesh transfer their stored energies, left
from the previous time interval during the steady-state operation, to the load R over

D; again. One can write the following equations governing the operation in this state

as,
L 1 L,

Fre | Gt
_—:" + EE —
Ir, Xe Iz C

== I‘b"ﬂ.
e g
F +

Fig. 2.2 The Cuk converter equivalent circuit in state for S; is off

diLl — e]-_VC
dt L
ch i
= 2.1
dt C 1)

in the left hand mesh,



di, =V,

dt L,
dvo 1 . Vo
F:a('l_z "R (2.2)

in the right hand mesh.
Current passing through D is the sum of input and output inductor currents:
ip, =iy, +ig (2.3)
2.1.2 State S; ‘on’>, O<t<KkT

In the state S; is on the converter circuit takes the form shown in Fig.2.3.
Similar to the ‘off” state equivalent circuit there are two separate meshes again. In the
left hand mesh the input inductor L, stores energy from the source over S; during the
time interval. The energy storage capacitor C, is now in the right hand mesh and it
transfers stored energy, over S;, to the load R, and energy storing elements L, and C,.
Due to the inappropriate voltage polarity of the charge on the capacitor C, diode D,
is reverse biased and therefore off. The common path between the two meshes is
provided by S; this time. One can write the following equations governing the

operation in this state as;

Ll I:1 L:
= AL . S
i1 Vi I-I: =3 :
’ +

Fig. 2.3 The Cuk converter equivalent circuit in state for S; is on

(2.4)



in the left hand mesh, and

™ - (2.5)
2
dvo 1 . Vo
_ v :_(IL _ Y
dt C, 2 R

in the right hand mesh.

Current passing through S; is the sum of input and output inductor currents:
g, =i, +i, (2.6)

Main energy transferring element in the Cuk converter is the capacitor C;.
The terminal of C; connected to the negative terminal of the supply alternates in each
state. It is the negative terminal of C, for the state S, is off, the positive terminal for
the state S, is on. It was declared in [1] that this property in the connection of C; is
the cause of the inversion of the output voltage, v,.

2.2 Steady State Operation

Note that the integral of the voltage vi; on an inductor L; i=1,2 within a
switching period T is equal to zero when it operates in steady state. Thus if the
voltage changes polarity within a cycle, the volt-second balance is to be maintained.
This yields,

T di
fL—tdt=0
I dt

L (i (T)—i_ (0) =0 i=12 (2.7)
iLi (M= i|_i (0)

the result indicating that the inductor current magnitudes at the beginning and at the

end of a cycle are equal.



Similarly, the integral of the current ic through a capacitor C; within a
switching period T is equal to zero when it operates in steady-state. Thus, if the

current changes direction within a cycle, the ampere-second balance is to be

maintained. This yield,
T
Ilth =0
0

gq%%mw
C,(ve, (T) =V, (0)) =0 (2.8)
Ve, (T) =V, (0)

the result indicating that the capacitor voltage magnitudes at the beginning and at the

end of a cycle are equal.

(2.4) and (2.5) can be written in incremental form as (2.9), (2.10), and (2.11);

Al , Al, , and Ave; can then be defined as peak-to-peak ripple magnitudes of the

respective variables.

Al e )
A—t1=— with At =KkT
N (2.9)
Al =2k
L fs
Al V. —V
-G % with At=kT
At L,
(2.10)
V V
Al ,=—=2—"k
L, s
AV |
S - L with At=kT
At C,
| (2.11)
Av, =—2—k
' leS

The output voltage ripple is the ripple on the voltage of the capacitor C,.

Since the load current ripple is negligibly small then Al = Al must follow. As can



be followed from the trace of ic,, Fig. 2.4, the charging current for C, flows only for
half a period T/2. Therefore, the average value for this current is

le, = (Al 12)/2

2.12
=Al, /4 (212

Fig. 2.4 Current of Output capacitor Co

Thus the incremental change on the voltage of the capacitor C, due to the average
charging current I, is expressed as in [7];

Ave = %I dt
\Y; -
C CO 0 Co
T
:i?Ale _ Al
Coo 4  8fsC,

and substituting (2.10) we have result in [7]:

_ (ve, —Vo) c

- 2.13
8L,C, f> (13)

VCo

Voltages applied to inductances during switching period are considered
nearly constant. Since the volt-second increase in the period S; is ‘on” must be equal
to the volt-second decrease in the period S; is ‘off” that means volt-second rise and

fall in the voltage on an inductor must be balanced over a period T. Upper case

10



letters representing the steady state values of the respective variables this balance for
the inductor L, gives (2.14) ;

kT T
[Edt+ [(E -V, )dt=0
0 kT

EKT +(E, -V, )A-K)T =0 (2.14)
ET -V, (L-K)T =0
E, = (L-Kk)V,,

Volt second balancing for second inductor leads;

k](vcl ~V,)dt + Tj(-vo)dt -0

(Ve, =Vo)KT +(=V,)A-K)T =0 (2.15)
VKT =V,T =0
V k=Y,

Considering currents drawn from the capacitor constant the rise and fall of
the voltage on the capacitor C; must also be balanced over a period T as given in
(2.16).

KT T

[ dt= fi dt=0

0 KT

KT~ 1 (L-K)T =0 (2.16)
k=1, (@1-k)

With the help of (2.3), average current for the diode Dy, I, is averaged value

of the sum of the average input and the average output inductor currents I, 1 over

a period KT.
lp, = (I, +1,)k
lo, = (1, (1;kk)+ 1)k (2.17)

11



Also from (2.6) average current for the switch Sy, | is expressed with

average input and output inductor currents I, I as follows;

g, = (1, +1,)A-K)
_k

Nl (2.18)

I, = (1, +1

Is, =1,

2.3 Steady State and Dynamic Models

State-space averaging method is used to model the power stages of dc-to-dc
switching converters. It combines two main power stage modelling approaches,
state-space and averaging methods between which correlation is little. The method
was proposed by Middlebrook R.D., Cuk Slobodan in [2].

State-space averaging method provides single representation for entire period
as stated in [2]. According to the averaging method dynamic and static equations are
averaged. ForO<t <KT interval equations are multiplied by ‘k’, and for kT <t<T

interval equations are multiplied by ‘k' =(1-k)’ for averaging the system variables.

di di e, —V
(g =)+ AR =)
t L dt L,
dv i dv i
k(= = ——2) + (1— k)(—2 = 1)
it C dt C,
di Vo~ —V di
e e I )
t L, dt L,
dv 1 .. v dv 1 .. Vv
K(—2=— (i, ——2)N+1-k)(—2=—(, -2 2.19
G — )+ A== 5, — ) (2.19)

By summing these resulting equations the average state-space representation is
obtained. Variables that take place in the model are averaged variables for a

switching period. Averaging method is applied in (2.19) and (2.20).

12



di, ¢ (@-Kvg, "

dt L L,

dve, ki, (A=K,
dt C, C,

di, _ kve, Vo

dt L, L,

dvg 1, Vo

b Vo (2.20)
dt C, GCoR

‘This model is the basic model which is the starting model for all other (Steady state

and dynamic model) derivations.’ stated in [2].

Variables in the state space averaged model can be represented as summation
of steady state and perturbed variables. In steady state operation variables are
constant. This means that derivatives for steady state variables in model equations
are zero. Steady state variables are represented by upper case and perturbed variables

are represented by lower case with a cap ‘“*’ on top then,
eg=E +¢
i, =1y, +le
Ve, =V, +\7Cl
i, =1y, +ig,
v, =V, +V,

k=K +k (2.21)

New representation of the state space averaged model is given in (2.18). The system

is nonlinear, includes product of time dependent perturbed variables.

It is supposed that perturbed values are too small from steady state values.
Thus by neglecting terms including product of time dependent (perturbed) variables

13



the system is linearized. The linear equations are given in (2.23). It is a linearized
small-signal low-frequency model.
di, E (@-K\Vg ¢ @A-K)g +vCl +V, c

- = 4=

Vg, =_KlL2 +(1— Kl Kiy, +(1—|<)i”L1 L lz_i”L1 +i,

k
dt C, C, C, C, C, C,
di, KVe vV +9c)
d, Ko Vo Ky 1,0, Votie),
dt L, L, L, & L, L,

%:Ii_v_o 'i_v_o (2.22)
dt C, CyR Cy, CyR

diy, B (1-K)Ve, +é_1_(1— K)Ve, +vilz

dat L L, L, L L,

de, K, +(1— S Kiy, +(1— K)i, L c
dt C, C, C, C, C,

di, KVe vV Ve .
i=—cl——0+£\7cl _i\')o +&k
dt L, L, L L, L,

%:%-%+%-% (2.23)
According to [2] steady state and dynamic models are combined in (2.23).
After separation, steady-state (2.24) and dynamic (2.26) models are obtained. From
steady state model the relation between input and output variables are derived and
given in (2.25). It is consistent with relations derived due to volt second balance and

ampere second balance.
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Kly, | @-K1,
Cl Cl

KVC1 Vo
L, L,

|
o:i_v_o (2.24)
Co CoR

1-K
. Vo
VOZKVC11 ILZ =H
K
Vo=———E;; Vo =E{ +V 2.25
0 (1-K) 10 Vg 1+t Vo ( )

The relation between variables expressed in (2.21) is dependent on duty ratio
K and the load resistance only as stated in [2]. L;, C4, L,, C, storage element values
do not affect steady state operation point.

diy, & (@=KlNe Vo

mg__ﬁg+a—mm_}H+mﬁ

T C, C,
di, .
L =£Ac _i\yo Gy

_ Vo (2.26)
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Dynamic model given in (2.26) includes variable k . Perturbations in duty
ratio k can be observed in both open loop and closed loop systems. For closed loop

systems, model is modified by substituting feedback loop relation between k and
output voltage vo.

(2.27) is the matrix representation of (2.26).

dj — ) _ _
Iy 0 _(@-K) 0 0 A
dt Ll a7 B 1 7 E
dv 1-K) K o | =
Vcl C— 0 —C— 0 A |_1 (ll_1 + |L2)
dt _ 1 1 VC1 +l 0 él + - Cl [lz} (227)
dé K 1
| L, 0 L_ 0 _L_ | L 0 VCl
dt ? IR, 0 L
d N 1 1 L Vo - - 2
Vo 0 0 - R 0
Ldt | L Co Co ] i

The system has two sources of perturbation, voltage source perturbations €, and duty
ratio perturbationsk .
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CHAPTER 3

ANALYSIS FOR DISCONTINUOUS INDUCTOR CURRENT MODE

General condition for discontinuous inductor mode operation at dc to dc
converters is zero current passing through the inductor for a period of a cycle.
Whereas Cuk converter operates in discontinuous inductor current mode if the output
inductor current reverses direction and becomes equal to input inductor current
within a switching period. Thus the third state is observed in the period ‘T’. Two of
states are similar with the states of continuous conduction mode. ON OFF state
combinations of the switch and the diode determine states of discontinuous

conduction mode.
3.1 Separate Analysis of the Three State

The three state operation definition needs at least two duty ratios. Duty ratio
k defines the ratio of on position of switch S;. Duty ratio k; defines the ratio of on
position of the diode D;. In the continuous conduction mode operation the diode D;

is on until the end of a cycle, so there is no need to the second duty ratio.

State S;on, D, off 0<t<T,,

State S, off, D;on T, <t<T

don

State S; off, D;off T, <t<T

don

where k:Trﬂ:Ton =KkT, k, :Tdon —Ton T

- o = (k+k)and k' =1—(k +k,)

Combination of State S; on, D, off and State S, off, D, represents similar operation to

continuous conduction mode.
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3.1.1 State S,on, D,off O0<t<kT

The circuit operation at this state is similar with the operation of the state S,
on of the continuous conduction mode. The equivalent circuit for this state is given in
Fig. 3.2. It is same with the equivalent circuit at state S; on, Fig. 2.3.The only
difference between the states is; the output inductor current is negative at the
beginning of the state S; on, D, off while it is a positive for continuous conduction
mode operation. The analysis made in the part 2.1.2 is valid for this state too.

1.1 I:1 I
= LD P
. * s e
.

Fig. 3.1 The Cuk converter equivalent circuit in state S; on, D, off.

diy e (3.1)

d L '
in the left hand mesh, and

dve, _ i,
dt C,

di, Vo Vo
a L, L,

% - iLZ Vo (32)

dt C, C,R

in the right hand mesh.
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Current passing through Dy is the sum of input and output inductor currents:

i =i, +i, (3.3)

3.1.2 State S; off, D;on kT <t<(k+ky)T

The operation of this state is also similar to the operation of the state S, off of
the continuous conduction mode. The equivalent circuit for this state is given in Fig.
3.2. It is same with the equivalent circuit at state S; off, Fig. 2.2. The differences
between these states are duration and the value of output inductor current at the end
of the state. In the discontinuous conduction mode, state S, off, D; on ends before the
cycle ends. Whereas the state S; off ends at the end of a cycle in the continuous
conduction mode operation. Also output inductor current value is positive at the end
of the state for continuous conduction mode operation but it has negative value at the

end for discontinuous conduction mode operation.

The analysis made in the part 2.1.1 is valid for this state too.

L, C; L,
i I s
T ® Ve ) -'T c -
o () "TW3R
N

Fig. 3.2 The Cuk converter equivalent circuit in state S; off, D;on

di, e —vg

dat L
de, iy o
a  C '
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in the left hand mesh,

dy, _ v

dt L,

dvo 1 . Vo

0 _ = (j, -2% 3.5
&c L) (35)

in the right hand mesh.
Current passing through Dy is the sum of input and output inductor currents:

i, =i, +ig, (3.6)

3.1.3 State S, off, D, off (k +k)T <t<T

The circuit is not separated to meshes in the state S, off, D, off as it is in the
other states. The equivalent circuit is given in Fig. 3.2. This state starts when the
current ip of the diode D; become zero. The zero current passing through the diode
D, causes the diode D, to be reversed biased. At this state the switch S; is also off.
The switch S; is turned on at the end of switching period T. This means that input

inductor current i, is equal to reverse directed output inductor currenti_ and

common current is circulating through L; C,; and L,.

11 ':1 Ll
Fr B T
ir, % ve T
. ]
a:(%) . “f £ A

Fig. 3.2 The Cuk converter equivalent circuit in state S; off, D;on
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One can write the following equations governing the operation in this state

as;
i, =i (3.7)
Vi, VL, =€ + Vg — Vg, (3.8)

The combined behaviour of the first two states is similar with continuous
conduction mode operation. Considering steady state operation, average voltage of
the energy transferring capacitor for state S, off, D; on and state S; on, D, off is equal
to sum of input and output voltages. Current i,_keeps charging energy transferring
capacitor C,, but the capacitor voltage increase is negligibly small for the state S, off,

D, off. C; is large enough to provide nearly constant voltage within a period. Thus it
is considered constant and following equation is valid:

dvg,
dt

-0 (3.9

Also i discharges output capacitor Co, but the capacitor voltage decrease because of
i, is negligibly small for the state S, off, D, off and it is ignored. Co is large enough

to provide nearly constant voltage within a period.

dv,

=0 3.10
it (3.10)

As a result voltage across inductors within the state S, off, D, off is zero, given in
(3.11).

vy, +V, =€ +Vg =V, =0 (3.11)

Thus, for steady state operation current flowing at the third state is constant,

freewheeling current and it is expressed as;

i, =, =1, (3.12)
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This result in

di, di_

b =0 3.13
dt dt (3.13)

3.2 Steady State Operation

In Fig. 3.3 the waveforms of input and output currents within a period for
steady state discontinuous conduction mode is shown.

Fig. 3.3 Input and output inductor current waveforms within a period for steady state

discontinuous conduction mode.

In the case when voltages v; across the inductors L;, i=1,2 changes polarity,
for steady state operation voltage balancing for each L, i=1,2 is required within a

period T. By applying (2.5) volt-second balancing at discontinuous conduction mode
operation following results are obtained.

These results imply that the inductor current magnitudes are same at the

beginning of a cycle, at the instant (k +k,)T within a cycle and at the end of a cycle.
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:
fv dt=0
0 1
T di,
L —dt=0
5 | dt
(k)T T di
[ L—dt+ [ L—*dt=0
0 d (k+k))T dt
i, (0) =i, (k+k)T) =i, (T) (3.14)

(3.14) also implies that magninute of current increment at kT is equal to magnutude

of current decrement atk,T . Thus, derivative equivalents of input and output currents
in (3.1), (3.2), (3.3) and (3.4) are modified by substituting incremental variables such
that;

At L
e where At = kT
Al =—2k
b f
1's
Aly, _ Ve, —€
At Ly where At =k, T (3.15)
Ve, = €&
1's

where At =kT
V J—

Al == 2k

’ Llfs
Al,_2 Vg
AL where At =k,T
Al = Yoy (3.16)

©Lf
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According to (3.14) at steady state operation for each inductor decrement and
increment of currents within a period are equal. Upper case letters represent steady

state operation values of varibles. This yields,

Al Ve B By
h Llfs ! Llfs
Ve =V \V/
Al =—a O Yo g (3.17)
2 L2 fs L2 fs

(3.17) provides determination of the relation between input and output variables.

VC — (K1K+ K) E1
( 1K ) (3.18)
+
Ve == 2V,

As stated earlier for steady state operation at discontinuous conduction mode
voltage of energy transferring capacitor is the sum of input and output voltages. Note
that this result is satisfied since the voltage increase of the energy transferring

capacitor is negligible small at the state S; off, D, off.
VC]. = El +V0 (3.19)

Also the relation between output and input voltages are derived as the ratio of duty
ratios K, Kj.

\Y
Vo _K (3.20)
El Kl
Considering %100 efficiency, power equality is given in (3.21).
El, =Vl (3.22)

Relation of input and output current is obtained from (3.22), by substituting input and

output voltage relation.
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(3.22)

According to the Fig. 3.3 and (3.11) average input and output currents for a
period can be obtained as given in [5] ;

€

i, = TR k(K +ky)+ 1

. e,

i = k(k+k,)—1 3.23
TR URORY (3:23)

According to the capacitor charge balance at steady state the total charge of
the capacitor for a period must be zero, as indicated in (2.6). Thus the energy
transfering capacitor C; maintains the ampere-second balance as the other capacitor.
Considering the current waveforms given in Fig. 3.3, and (2.6) the charge balancing

for C; is represented in (3.24). The circulating current value |, given in (3.25) is the

result of (3.24). Voltage increase of energy transferring capacitor because I, at the

state S; off, D; off is not ignored.

KT_ (K+Kl_)T T
= Jijdt+ [ dt+  [l¢dt=0
0 KT (K+K)T
12
Vi, KT (K+Ky)T T
(= Jigdt+ [ i d)+ [igdt+ [l;dt=0
0 ke KT (K+K)T
f
V,_2
L 1 L 1
1022 _Z(Al, =1 )WKT =1 —2)4+=Al, K:T+1;(1-K-K,)T =0 3.24
f 2VL2 2( L, i) fVLz) 5L f 1) ( )

1 1 L 1 1
Al KT+2Al 1y —2 4+ 21 KT +=Al, K,;T+1;(1-K—-K,;)T =0
oA, AL, fVL2 S ALK i ( 1)

1 1 1 L, 1
SAILKIT = AILKT + 14 EA|L2V—2—5KT+(1—K1)T -0

Ly

(3.24) leads;
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1A|L1KT—1A|LZKJ
P— 2 (3.25)
Tar B Yokt
2 v, 2

By substituting ripple current equivalents (3.15), (3.16) for steady state operation in

(3.25) circulating current 1 equivalent is modified as (3.26).V is replaced with its

equivalent value E,at a period kT .

1B 2 1V

2L, fq 2 L, f,
(1_ Kl)

K,

I, = (3.26)
The circulating current |, is predicted that has positive value for the defined

direction and defined discontinuous inductor current mode operation.

In the case of 1, is negative, input inductor current will be reversed while

output inductor current flows in the same direction. It means that higher current
ripple is on the input inductor and also on the source current. This is undesired case.
To reduce ripples from source additional filtering is needed. This method is
inefficient, since output filtering already exists. The inequality (3.27) must be

satisfied to provide positivel .

; (3.27)

It is suggested in [3] that input and output inductor values not to be at the
same degree. To avoid high ripples at input side the condition of the input and output

inductor relation (3.27) is modified as given in [3];
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L, >> (%) L, (3.28)

0

3.2.1 Criteria for Discontinuous Inductor Current Mode Operation

For discontinuous inductor current mode operation durations for three states

are defined in the previous part. General relation between them is defined as follows:
(k+k)T <T (3.29)

At a period kT,k,T , input and output currents i, i, are flowing through the diode

as stated in part 3.1.2. For a Cuk converter operating in discontinuous inductor
current mode, average value of diode current Ipisc) for a period (k+ki1)T is equal to

average value of output inductor current 1 ., for the same period. One can write

the following according to (3.6) The relation (3.22) is valid for the averaged
variables at a period (k+k1)T.

Ipdisg = (1L, disg + 1 @isg ) K1

K
= (1 disa + — 1L (gise ) K
2 2
( L, (disc) K L, (dISC)) 1
1

=11, (disg (K +Ky) (3.30)
where (K +K,) =1 for 1, | I

L, (disc) * * L (disc) *

Since the effect of circulating current Iz on the output capacitor voltage is ignored,
average output current lp for a whole period T is equal to output inductor current

I, averaged for a period.

ID(disc)(K +K) =1,

I, aise) (K + Ky) =1, foraperiod T.
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= Yo for a period T. (3.31)
Peak value of the diode current is the sum of input and output peak values.
Thus the steady state value of peak diode current as stated in [4] is

iDpeak:i—lKT np +E—1KT oy
! 2 (3.32)

where L, RTTIN

The average value of diode current ip is obtained as follows;

IppeakKi T

Dpeak "1

|, =2t
i o (3.33)

_ekkT  e’k°T '
72k, 2yl

From (3.31) and (3.33) one can write the following equation;

2VL R
) (3.34)

<

E—O M is ‘voltage conversion ratio’ between input voltage E; and
1
outputaverage voltage Vo .Then the equivalent representation for duty ratio K, (3.35)

where

is obtained.

2L, 2L,
K = M2 =M (3.35)

RT RT
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L,

is defined as conduction parameter as defined in [4] and is denoted by K,.

(3.20) provides another equivalent reperesantation for M such as;

Moo K (3.36)
El Kl

By substituting (3.36) in (3.35) the duty ratio K; is obtained as following;

K, =K, (3.37)
where K, is conduction parameter and defided for (3.35).

As a result duty-ratio K; is dependent to physical parameters Lj, L, load
current and switching period. Variations of input voltage and duty ratio K do not

affect the duty ratio Kj.

By substituting K and Kj equivalents in equation (3.29) the following criteria

is obtained for steady state discontinuous conduction mode operation.

(K +%K) <1
0 (3.38)

K(1+i)<1:> K<
M

1+ M

From (3.36)-(3.38) conduction parameter K, is found as;

1

K, < M)? (3.39)

The transition point between discontinuous and continuous conduction mode
operations is the equivalence of the criteria (3.38), that is
M

K= 3.40
1+M ( )
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By substituting the conduction parameter K, in the transition point criteria, critical

conduction parameter K, .., equivalent becomes as follows;

a,crt

1
Kacrn = CM)? (3.41)
Since the voltage conversion ratio, M is greater than zero, the critical conduction

parameter, K, .. is always smaller than 1.

K,. <1 (3.42)

a,crt

3.3 Steady State and Dynamic Models

State space averaging method is applicable to multi state configurations.
Discontinuous conduction mode operation is a three state configuration. Application
of the method to a multi state configuration is similar with the application to a two
state configuration. The method is multiplying each state-space equation with the
duty ratio of its interval and summing resultant equations. The model derivation is

given in (3.43). Resultant model is given in (3.44)

di e di e -V
k(—“=—1)+kl( L :1_01)
dt L dt L
dv, i dv i
k( Cl=—i)+k]_( C, =i)
dt C, dt C,
di V. —V di v
kK(—2=-9 ) +ky(—2=--2)
dt L, dt L,
dv 1 . Y dv 1 Y
K(—2=—"(, —2))+ky(—2=—4(, -2 3.43
(gt "o e~ G = o =) (3.43)

State space averaged model aims to represent the behaviour with a single
equation for entire period. Therefore as stated in [6], the model represents the
behaviour of variables averaged for a switching period. Since state space averaged
model is the model for low frequency behaviour, the averaged representations for

variables do not cause to ignore any characteristic related with low frequency
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behaviour. In (3.44) i_, i, , vc ,V, are averaged values for a switching period. i, ,

i, are given in (3.23).

di, e ko Ve

dt L, k+k L

chl__ k ii+ K, £
dt  k+k, C, k+k, C,

dl,_2 k VCl V_0

dt k+k L, L,

w1
dt C,

Yoy (3.44)

(iL2 - R

Operation at steady state means that perturbed values for all variables and
derivatives of variables are zero. From (3.44) the steady state model is obtained and

given in (3.45). Uper case letters represents steady state operating point values.

_E K Vo
L KK L

ok K
K+K, C, K+K,C,

K Ve vy
K+K, L, L,

0=—"-(, -2 (3.45)

As a result of (3.45) the relationships between steady state variables, input voltage

Ei, output voltage Vo, input current! , output currentl  and voltage of energy

transferring capacitor V¢ are as follows:

K K
E = LV, :V = V. = E +V, =V,
1 K+ K, c 0 K+ K, c 1+t Vo c,
| V,
LK Y (3.46)
L, K, : R
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Relationships in (3.46) are same with (3.18), (3.19), (3.20) and (3.22), obtained for
steady-state operation.

The model obtained in (3.44) is nonlinear. Small signal model is obtained by
linearizing the model (3.44) around the steady state operating point. Averaged small
signal variables, in other words perturbed variables are represented by cap ‘*’ on the

lower case representation of the variables. The model is given in (3.47).

dt L (K+K)L (K+K)* L (K+K)* L
e, K R, KR K Opmlk ke (- Tk
dt K+K,C, K+K, C (K+K)*> C, (K +K,)? C,
di Ve ¥ K. V.k V. K
u_ K T %K YK, K Yok (3.47)
dt K+K, L, L (K+K)* L, (K+K)* L,
v, 1 . Y,
—=——(1 .
at CO(LZ )
(3.48) is the matrix representation of (3.47).
dy || 0 K 0 0 _
dt (K+K1)L1 A _1_
dvCl Ky 0 K I, il
— Ll
dat || (K+K)C (K+Ky)Cy Ve, 1.l 0 6
K 12 1
dii, 0 -— |, | |0
(K +K)L, L, | =
dt 1 1 LYol [0
dv, 0 0 — N
R C CoR
(K+K)? L (K+K)? Ly
K; (||_2—|Ll) L K (ILZ_ILl) .
+ (K+K1)2 C, K+ (K+K1)2 C, Ky (3.48)
K Ve _ K Vo
(K+Ky)? Ly (K+Ky)? Ly
- 0 - - O =
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According to (3.48) there are three sources of perturbation: perturbation voltage

sourceé,, perturbation of duty ratio of the switch S; k and perturbation k1.

di, || 0 K 0 0
dt (K+ Kl -
d\?cl K, B K Iy
dt || (K+Kp)C (K +K;)Cy \7C1
di, K N
dt (K+KpL, . |-12 \?0
dv, 0 0 = =
= | L Co CoR
K Ve
1] (K+Kyp)? Ly
L K, (g, -1y) R
+ 0B+ (krk)? C K (3.49)
0 K Ve
10 (K + K1)2 L,
0

Variations in IZl is dependent according to (3.29) to switching frequency and

load. Thus k, is not independent variable, variations in k,are observed while

switching frequency and output load perturbs. In analysis load and switching
frequency perturbations is not considered. Thus (3.48) is modified and (3.49) is

obtained.
3.4 Application of Cuk Converter as Power Factor Preregulator

Ac to dc converters such as bridge rectifier has output voltage with high
ripple. A simple method to reduce ripples is adding a filter capacitor. Unfortunately
the simple method cause high, narrow current pulses. That means high harmonic
currents are observed on the utility line. The desired case is utility current to be
without harmonics and in phase with utility voltage as stated in [5].

The alternative method to regulate output voltage of ac to dc converter is
using power factor preregulator circuits that are based on dc to dc converters.
Important property of the circuits is improving power factor of utility line.
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One of the dc to dc converters used as power factor preregulator is Cuk

converter operating in discontinuous inductor current mode.

The expected operation of the pre regulator is to provide almost unity power

factor. Therefore the converter’s input impedance must have resistive characteristics.

At discontinuous conduction mode operation the sum of average input and
output currents are given in equation (3.50) according to [5].

) ) 1 ¢
I+l :E

: k(k+k,) (3.50)

eq 'S

By substituting equation i, = flu modified equation for average input current is

obtained as given in [6].

2 2L, f
i, =%k—e1 where R, = —— (3.51)

L, s k?

In (3.51) it is obviously shown that for a constant duty cycle k and constant switching

frequency fs, R,, is constant and averaged input current i and supply voltagee, are

in the same phase. As stated in [5] Cuk converter behaves as an ideal current shaper,
and performs current shaping automatically with no control when operating in
DICM.

Critical conduction parameter are derived in the following lines according to
the flow in [3].

Output filtering of Cuk converter provides nearly constant output voltage v, .
Vv, #V, (3.52)

Input voltage waveform of the Cuk converter while it is used as power factor

preregulator is half sinusoidal pulses. Thus input voltage is defined as

e, =VjJsin(wt) (3.53)
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Thus conversion ratio m is as obtained follows:

Y V, M

Voo Vo where M = 0 (3.54)
e, Vsin(wt)| [sin(wt)| Vi

As a result conversion ratio m varies according to the input voltage variation.

It has minimum M value at wt = z/2 and maximum infinity at wt =0and wt =r.

(3.52) is substituted in (3.51) and input current is obtained as

2

i =1 Ky [sin(wt)| = | HEL SRy (3.55)
©2L,f “2L,f '
Assuming %100 efficiency load current is
Al
iy = %sinz(vvt) (3.56)

0

Thus the load value seen by the converter is

V,’
r=—2% (3.57)
Vil sin®(wt)

Also input and output power equivalence can be expressed with input voltage

and current RMS values and output resistance:

Al 2
Vil _ Vo (3.58)
2 R
As a result modified (3.58) is given as
R
r=—— 3.59
2sin’(wt) (3:59)

(3.59) evidently express that load seen by the converter varies according to the input

voltage variation. It has minimum R/2 value at wt = z/2 and maximum infinity at

wt=0 and wt =r.
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As stated in [3] since input voltage is constantly changing with a frequency
two times of line frequency, converter is not operating at its steady state conditions.

(3.35) is modified by substituting variable load resistance r to obtain variable
expression for conduction parameter k, .
2L,

k, =—— =22L—eqsin2(wt):2K sin®(wt) (3.60)
LT RT : '

Also by modifying (3.41) with (3.54) k, .expression with variable conversion ratio

is obtained (3.61).

02
acort = 7 sin”(wt) 2 (3.61)
T (sin(wt)| + M)
Condition for discontinuous conduction mode operation is
ka < ka,crt (3'62)

By substituting (3.60) and (3.61) in (3.62) discontinuous inductor current mode

operation criteria for parmeter K, is obtained.

1
K, < -
2(|sin(wt)| + M )?

(3.63)

Since [sin(wt)| <1, the right hand part of (3.63) has its smallest value for|sin(wt)| =1.

Thus the criteria that provides dscontinuous inductor current mode operation for

entire half sinusoidal period is

1

K, <M (3.56)

(3.35) is modified with variable conversion ratio m and variable conduction parmeter

to obtain an expression for duty ratio K for the switch S;.
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K=mJk, = M 1/2Ka|sin(wt)|:\/§M\/K_a (3.57)

[sin(wt)|

As a result Cuk converter, operating at discontinuous conduction mode with
constant duty-ratio K, has a resistive characteristic. That povides high power factor at

the utility.
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CHAPTER 4

PARASITIC RESISTANCE EFFECTS

4.1 Source of Parasitic Resistances

4.1.1 Parasitic Resistance in Inductor

Currents passing through inductors of Cuk Converters are not purely dc. They
have both ac and dc components. So, resistance characteristic of inductances must be

modeled for dc and ac. Winding resistance for dc is expressed as

R = px (4.1)
where | is length of conductor, A is cross sectional area of conductor, p is resistivity.
In case of ac current resistance characteristics differ because of ‘skin effect’ and
‘proximity effect’. Ac current passing through a conductor causes magnetic flux
induction. This magnetic flux according to Lenz Law induces eddy current in a
conductor, which lowers current density in a centre so current density accrues at
outer part of a conductor. Thus ac current tends to flow at a surface of a conductor.
This is called in literature ‘skin effect’.

It was stated in [8] that according to Maxwell equation maximum current
density is at the surface of a conductor and decays exponentially. As stated in [8]
length, most of current passes through is called ‘skin depth’ and for sinusoidal

current with frequency f skin depth is given as:

5= |- (4.2)
muf

38



where p is resistivity of the material, p is permeability and is equal to o for copper
conductor. In (4.2) it is obviously shown that 6 depth for a specific conductor

depends on current frequency. ‘skin depth’ decreases with increase of frequency.

Also it is stated in [8] that penetration depth of copper conductors at 500 kHz
Is approximately equal to diameter of AWG #40 conductor and at 10 kHz to diameter
of AWG #22.

An ac resistance for a conductor is given in [8] as:

ac

R, = g R for h>>¢ 4.3)

where h is thickness of conductor and R is dc resistance given in (4.1).

Magnetic flux induced by ac current passing through a conductor, causes

eddy current induction in an adjoining conductor too. This is ‘proximity effect’.

It is stated in [8] proximity effect causes increase of partial current at least 2
times in a conductor while net flowing current remains constant. Eddy currents in
coils of inductor increases losses according to proximity effect and is source of

additional parasitic resistance series to an inductor.

According to [8] ‘skin effect’ and ‘proximity effect’ are effective in case of
high current where using multi layer windings are necessary, especially in high

frequency converters.

In Cuk Converter, for continuous conduction mode the ripples of input and
output current are required small enough to consider currents as constant. Current
with a %210 ripple has RMS value 1.05 times average current I. Even in high

switching frequency ‘skin effect’ and ‘proximity effect’ can be neglected.

For discontinuous induction current mode operation output inductor current
ripple is generally higher than the average output inductor current. Thus especially

for high frequency operations ‘skin effect’ and ‘proximity effect’ is considerable.
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4.1.2 Parasitic Resistance in Capacitor

A capacitor is an element consists of parallel plates or films that are electrical
conductors and insulating layer through them. Wires, the plates and the insulator are
not ideal and have resistances. These resistances are the cause of parasitic voltage
drop. It is stated in [9] that in a capacitor model insulator resistor is represented with
parallel resistor to an ideal capacitor, resistance of plates and wire is represented with
a series resistance. According to [9] in a capacitor standard model, all resistances are
modeled with a single resistance called ‘equivalent series resistance’ or ‘ESR’. In [9]
‘ESR’ is given as:

1

SR=Re t R,

ins

(4.4)

where R, is resistance of wire and plates and R, is resistance of insulator, w is

switching frequency in radians. R, is the property dependent to insulator. As stated

in [9] ESR is a non linear frequency dependent resistance and it decreases with
increasing switching frequency. Also it was stated in [9] that ESR is the basic
specification for a capacitor and in general the value, given by manufacturers is for
120 Hz.

For a capacitor dissipation factor (df) or loss tangent (tan ) is defined as in

[9]:

R
df /tand = —
X

ER (ESR)WC (4.5)

Cc-

[9] states that the dissipation factor or loss tangent is also supplied by manufacturer.
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4.1.3 Parasitic Resistances in Power Semiconductors

Cuk converter contains two semiconductors; a switch and a diode which
replaces a second switch. In Cuk converter both semiconductors are used as
switching devices. Switching devices have two states on and off at their regular

operation.

As stated in [9] at on states, while current passes through a real switching
element, small voltage drop is observed. Also at off state while voltage across a real

switch is blocked, small current passes through a switch.

Transition between on and off states is another stage exists at operation of a
real switch and it is called commutation stage according to [9]. The commutation

stage is important and considered for loss calculations.
4.1.3.1 Diode

On and off state modeling of real switches is called static modeling. Real

switch static model influences characteristics of power converters.

1
E:
o s
Fr E C

Fig. 4.1 On- off state model of a diode

A model for a real diode is given in [9] as illustrated in Fig. 4.1. In the model
D represents an ideal diode. According to a diode v-i characteristic, constant voltage
drop at on state operation is observed. This is modeled with dc voltage source E. The
linear part of on state v-i characteristic is represented by the resistor Rp. Off state
operation is modeled with a resistor R,. Current passing through R, at off state is
significantly small. As stated in [9] off state current do not cause considerably high
losses. The overall efficiency is affected less than % 0.1 according to [9]. Thus it is
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emphasized in [9] that for power electronics a diode is preferred to be modeled with
on state characteristic. Thus modified model is given in Fig. 4.2.

o—p——E — o

Ep e N

Fig. 4.2 Model of a diode, off state current is ignored.

4.1.3.2 Power MOSFET

As a switching semiconductor in analysis of Cuk converter, a mosfet is
considered. Power MOSFET’s are widely used in application. According to [9] static
model of a MOSFET is given in Fig. 4.3. In the model in [9] an ideal switch is
represented with an ideal SCR. The model in [9] is modified by replacing ideal SCR
with ideal switch. For the proposed operation an ideal switch meets the function of
an ideal SCR.

Y
Ra
s o tW—E—{>H—o b
R; E C
LT
N Ra

Fig. 4.3 Static model of a MOSFET

According to a MOSFET forward operation, voltage current characteristic
given in Fig. 4.4 from the origin are nearly linear. Thus forward operation is modeled

with a resistance Rgs series to an ideal switch in Fig. 4.3.
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I

Vg

Figure 4.4. MOSFET Forward characteristic

For a linear operation of a MOSFET, voltage drop Vgs across it is small.
Slope of characteristics is dependent on magnitude of the control signal Vg . Thus
the series resistance Rgys is related with V. G in Fig. 4.4 represents gate of a

MOSFET where control signal is applied.

Reverse direction operation of a MOSFET is dominated by a reverse diode
that internally exists. It is represented in the model of a MOSFET by parallel reverse
diode mode. For reverse direction operation, in case of gate signal is on, voltage drop
across a MOSFET is smaller than both voltage drop of internal diode and voltage
drop of Rgs. R, off state resistance of a diode is generally ignored in the model of a
MOSFET.

Voltage on the MOSFET is positive for regular operation of Cuk converter.
Thus in modeling of parasitic resistances in Cuk converter reverse direction

operation of a MOEFET is ignored.
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4.2 Modeling of Cuk Converter with Parasitic Resistances

A Cuk converter circuit model with series parasitic resistances is given in Fig. 4.5.

Ty, L Tesx G fr, L,
A e g ——ns

= e

L L 7.z o
f CD i ep Poen | Vg % R

g ¢,

Dy £3

|

Fig. 4.5 Cuk Converter Circuit with parasitic resistances. +,-

4.2.1 Steady State and Dynamic Models for Continuous Inductor Current Mode

Operation way of a Cuk converter remains as explained in case of deal

elements. (2.1), (2.2), (2.3) and (2.4) is modified to obtain representation with series

parasitic resistances. €y is constant forward voltage drop of diode and it is about 0.7-

0.8 V.

State S; ‘off”, kKT <t<T

(r, +eesr)iy, 3 rp (i, +1iy,

Ll

(4.6)
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dle __rD(lL1 +|L2)_rL2|L2 Y, &

dt L, L, L, L,

dv, R . Vo reeseR iy,
- (i, — 20y 4 e
* R’ rgegt+R dt

dt Co(R+ rCOESR)

State S; ‘on’, O<t<KT

diL1 _& rLliLl _ rds('L1 +IL2)

dt L, L L,
e, _ M
t  C

diL2 Ve, Y B rinL2 B rClESRiLZ B rds(iL1 +iL2)
dt L, L, L, L, L,

dv, R Vo

. R — _7)+MdiL2
dt  Co(R+Tees) © R roe +R d

4.7

(4.8)

(4.9)

With the help of (4.6), (4.7), (4.8) and (4.9) state space average model is

obtained as follows:

dip, o iy kras(iy +iy) @-K)c, +ep) (@-k)(rcesr)ity =R iy, +i,)

dt L L Ly Ly L

dve, ki, (=K,
dt C, C,

di, kve, k(i +i,) kreesei,  A-Kply +i,)  @-kjep

dt L, L, L, L, L,

dvg R Rt Vo, feesrR iy,
dt  Co(R+rcesp) ° R’ roese+R dt

Ly
r'—z i L, Vo
L, L,

(4.10)
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4.2.1.1 Steady State Model for Continuous Inductor Current Mode

From (4.10) steady state model is obtained by implying steady state
conditiondx/dt =0, where x’ are variables. Obtained model is given in (4.11).
Steady state variables are expressed with upper case letters.

_ El I’L1||_1 Krds(ILl +|L2) (1— K)(Vcl +eD)
L L L, L

- K)gesp)ly,  A-Kirp(ly, +1,,)
Ly Ly

Ki, @Q-K)I,
- +
Cy Cy

0=

0 KVC1 i Krgs (I, + 1) ) Kreesrl L, ) A-Krp (I +1,) ~

L, L, L, L,

(1_ K)eD _ r'—z"—z _V_O
Lo L, L

R Vo

R (4.11)
Co(R+Tgesg) © R

One can obtain steady state equivalents for variables from (4.11) as
following:

By =ry by, +Krgs (I, +1,)+@-K)(Ve, +ep) +

Q- K)(rgesp)ly, +@=K)rp (I, +1,) (4.12)

K

ILl :mILZ (4.13)

1
Ve, =E(Krds(|L1 +11,) +Kigespl, +@-K)rp (I, +1,)+

A-K)ep +r I, +V,) (4.14)
V
I, :EO (4.15)
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Conversion of input and output current (4.13) and output current equivalent
(4.15) are equal to ideal case current conversion and output current equivalent given
in (2.25). This is because switching loss effects on the current are ignored. From
(2.17) and (2.18) (4.16) and (4.17) are obtained.

KA, +1,)=1, (4.16)

A-K)(I, +1,) =1, (4.17)
Thus substituting (4.16) and (4.17) into (4.12) and (4.14) E, and V. as follows:

E,=r b, +rgl, +@=K)Ve, +ep)+ Q= K)(rees)l, +1p1, (4.18)

Ve, = %(rds I, +Krgesly, +1oly, +@=K)ep +1 1 +V,) (4.19)

In (4.18) and (4.19) all 1 are replaced with its equivalent given in (4.13). As a
result;

__K ~ 1-K) B
E = 1-K) I, (r,_1 +r,+(1 K)(RclESR) +—K )+ K)(VCl +ep) (4.20)

1

1-K 1
Vcl = IL2 (— rds_on ( )
1-K)

e+ Vo (4.21)

1 1
+Teesr +ErD +ErL2)+

By substituting (4.21) in (4.20) and replacing I, with its equivalent given in (4.15),

steady-state input and output voltage conversion ratio Mg, is obtained as;

Vo _ K 1 (4.22)

E, 1-K[1 K2 K

ds 1)

€p
— r, + f + f +r)+—+1
R (1_ K)Z L (1—K)2 1-K 1-K C,ESR LZ) VO

The steady state conversion ratio, Moy appears as multiplication of ideal

conversion ratio in (2.25) and parasitic effect. Parasitic resistances, clearly cause
reduction in the conversion ratio. All parasitic resistances, except the output

capacitor parasitic resistance r; .. , affect the conversion ratio of the converter.
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Variation of Mgy With duty ratio K is shown in Fig. 4.6. It is an exponential

variation.

T T T T T T T T T I
anlk — parasitics ¥R=0.05 ||
— parasitics R=0.1
18| — ideal cuk

16 .

14+ -

121 .

10F R

MW conversion ratio

D L 1 1 1 1 1 1 1
o 0.1 D2 03 04 05 06 07 08 09 1

K duty ratio

Fig. 4.6 Steady- state variation of conversion ratio Mg, With duty ratio K

It is stated in [10] that output voltage ripple is equal to ripple voltage caused

by ‘I esr” in the case of “Cyre cz * is greater than half of maximum state duration
(@- Kmm%’ Km%).

AV, = rCOESRAI L (4.23)
where Al is given in 2.10 for ideal case. If Co provides lower time constant than
required in the condition peak to peak voltage ripple is greater than (4.23).
4.2.1.2 Dynamic Model for Continuous Inductor Current Mode

Dynamic or small signal model expresses behavior of a system near steady
state operating point. By linearizing model in (4.10) in the vicinity of steady state
operating point E1, Vo, I 1, I2, K dynamic model is obtained.
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Matrix

where;

diA_Ll:é_l_ r, +Krgs + - K)rgesg + - K)rp P (1-K) 0, -
1

dt L L L

Krys + (- K)rp : +Vc1 +ep +reesrly + (o —Tgs)(Iy + ILZ)IQ
Ly 5 Ly

W, Ky, CKiy, Ik . A= K)iy,

dt C, C, C, C,
deZ _ KrdS —+ (1— K)rD f + K \7 I’LZ + Kl’ds + KI’ClESR + (1— K)I’D f
dt L, b, @ L, L
\7_0+V01 —TeeselL, + (o —Tas)(I, +11,) +€p 0
L, L
0, . fc.esgR i,
B _ R, J’%nﬂ L (4.24)

dt  Co(R+rc,esr) rc,esp + R dt

representation of the small signal model is

Tt Krgs + (1= K)re esg + (L- K)rp _(1-K) Krg + (1- K)rp 0
Ll Ll Ll -
(1-K) 0 K o I
G C Ve, +
Krgs + (L- K)rp K r, + Krg + Kre gsg + 1-K)rp 1 fL
- e - e 2
L L, L, L, ¥y
B fe,esrR Ky + (1- K)rg e esrR K A B B
fe,esr + R L, ek TR Ly ]
Ve, +ep +gesely, + (o =)y, +1,)
L
1 1
- (1, 1)
C -
0 : | 4.25
0 [1} Ve, +(rp =) (I, + 1) —TeesrlL, +€p - ( )
0 Lo
I'eesrR (Vcl +(rp —rg)(Iy, + 1) —Teesel L, +eD)
| fcesr TR L, |
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R re,esrRR My, + Krgs + Kig gsp + (11— K)rp

- - ) (4.26)
Co(R+rcesr)  Teesr+R L,

R 4 Ie,Esr R

B =~
Co(R+ rCOESR) LZ(rCOESR +R)

(4.27)

In (4.24) output voltage derivative dv,/dt is related to deriavaive of output

inductor current diAL2 /dt. To obtain expression for output voltage derivative dv,/dt

related to only i, ,vc i, ,vo variables, equivalent of diAL2 /dt in (4.24) is substitued

in the expression of dv,/dt in (4.24). Resultant expression for dv,/dt is given in the

matrix representation (4.25).

The model with parasitic resistances (4.25) has two sources of perturbations

as in the ideal model, they are; the input voltage perturbation é and the duty ratio

perturbationl? :

4.2.2 Steady State and Dynamic Models for Discontinuous Inductor Current
Mode

(3.1) — (3.5) equations are modified to involve parasitic resistance determined
in Fig. 4.5.

State S; ‘off”, kT <t<(k+k))T

d'L1 €, _Vi_e_D_ (rL1 +rC1ESR)iL1 _ rD(il_1 +iL2
d L L L L, L
dve, _ Iy (4.28)
dt C,
di|_2 __rD(iL1+iL2)_rin|—z _V_O_e_D
dt I—2 L2 LZ L2
dv, R (i, - A )+ rCOESRR diL2 (4.29)
L, '

dt B Co(R+ rCOESR) R Meese + R dt
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State S; ‘on’, O<t<KkT

d|L1 e Iy rds(lL1 +|Lz)

it L L L,
e, _ b (4.30)
it C,

d'l_2 _Vﬁ_V_o i _ IeesrlL, _ rds('L1 +|L2)

at L, L, L, L, L,

w,_ R

- (4.31)
dt  Co(R+rcew)

(i _Vio)_,_Mdii
" R’ I +R dt

Variations in variables at stage (k +k,)T <t <T are ignored also in case with

parasitic resistances, because of same approximations stated in ideal case analysis.

From (4.28), (4.29), (4.30) and (4.31) state space average model representation is

obtained.
di_Ll—e_l_rLliLl _ k rds(i|—1+i|—2)_ k1 (VC1+eD)_
a L L (k+k) Ly k+k) L
ki Teesrly, kg To(iy, +ig,)
(k +kq) Ly (k +Kkq) Ly
dvcl _ k i'—z kl iLl

— _+ —_
dt  (k+k;) C;  (k+k;) Cy

di, _ k Vo Kk rgs (i, +11,) k I'c,EsRIL, B
dt  (k+k) Ly (k+kg) L, (k+k) L,
Ky rD(iL1+iL2)_ ky e_D_rinLz Vo
(k+k) Ly k+k) L, L L
I R di
Po_ R Yoy, Tt T (4.32)

dt  Co(R+rc,esr) R™ roesp+R dt
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4.2.2.1 Steady State Model for Discontinuous Inductor Current Mode

By setting variations in variables in (4.32) to zero one can obtain following
relations for steady state operation. Upper case variables represent values for steady

state operating point.

Krgs(Iy, +11,)  Ki(Ve, +ep)
0:E1—r|_||_ - —_ —
1 (K+Kj) (K+Ky)

Kreesrly,  Kirp (I +1,)

(K+Kj) (K+Kj)

SN S P W
(K+Ky) 2 (K+Ky) 2

0- K _Krds(|L1+|L2)_KrC1EsRIL2 _Ker(IL1+IL2)_
(K+Ky) @ (K +Kjy) (K +Ky) (K +Ky)
K,e

_ "D _ rLz | L _VO

(K+Ky)
V,

_ R (I, -2y (4.33)
Co(R+rc esr) R

which when rearranged gives;

Krds(IL1 + IL2)+ Kl(\/c1 +ep)+ Kifcesly, + Ker(ILl + ILZ)

E,=r I, + (KK) (4.34)
I, =K£1 I, (4.35)
Ve, =%(Krds(ll_1 + I,_2)+ Kreesrly, + Ker(I,_l + I,_2)+ Kiep +
(K+Kr, I, +(K+K)Vo) (4.36)
VY (4.37)
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Conversion of input and output current (4.35) and output current equivalent
(4.37) are equal to ideal case current conversion and output current equivalent given

in (3.22). This is also because switching loss effects on the current are ignored.

By substituting (4.35), (4.36) and (4.37) in (4.34) input and output voltage

conversion ratio M,sc IS obtained as following:

\é_o:Kﬁ 1 K2 K(K+K KlK K (4.38)
' P ( ot ( +2 l)rds+gro+7rCESR+rL)+e7D+1)
RKS ™ K, K, Ky ™ TV

Steady-state variation of conversion-ratio, Mp;sc With duty ratio K is shown

in Fig. 4.7. Variation characteristics are nearly linear. For higher parasitic resistances

characteristic lines have smaller slope. Also for small k; conversion ratio increases.

1.8} — k1=03 wR=005 -
K1=0.3 wR=0.1 K,--"’
1B} —— k1=0.25 R=0.05 -
—— K1=0.25 rR=0.1 ~

M conversion ratio

0.7

K duty ratio

Fig. 4.7 Steady-state variation of conversion ratio M s with duty ratio K
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All parasitic resistances except output capacitor parasitic resistance r; .

appear at the conversion ratio expression.

Output ripple expression (4.23) with stated conditions for continuous inductor

current mode is valid for discontinuous inductor current mode too. Al for

discontinuous inductor current mode is given in (3.16) for ideal case. Output current
ripple is high from average output current for discontinuous inductor current mode.

Therefore capacitors with low ESR values for high current ripples are preferreable.
4.2.2.2 Dynamic Model for Discontinuous Inductor Current Mode

The method to obtain dynamic model as applied in previous parts is
linearizing the model in the vicinity of steady state operation. The model in (4.41) is

a dynamic model obtained by modifying (4.32) by substitutingdi,, /dt in (4.32) in

the equivalent of dv,/dt in (4.32) and linearizing the modified (4.32).

A

(4.41) do not contain k, as a source of perturbation. Although the variations
in k, depends on the switching frequency and load, k, is not an independent

variable. Variations in k}are seen while switching frequency and output load are
perturbed. In analysis, load and switching frequency perturbations are not

considered. Thus in (4.41) K, is not included as a source of perturbation. System has

two sources of perturbations; the input voltage perturbations €, and K.

In (4.41) C and D stand for;

_ R 3 rCOESRR o+ Krgs + KrclESR + Ker) (4.39)
Co(R+ rCOESR) LZ(rCOESR +R) (K+K))
r R
D= R CoESR ) (4.40)

+
Co(R+ rCOESR) L, (rCOESR +R)
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L, Krgs + Karc,esr + Kafp
Lon K +Kq
Ky
Ci(K+Ky)
Krgs + Kl
LK +Ky)
 TegesRR Ky + Kyrp

(K+KpL,
Ie,esrR K

fe,esr T R Lo(K+Ky)

fe,esr T R (K+Kp)L,

1

L

(n,

K, Ve, +ep+reesrly + (o —fgs)(Iy, +11,)

_ Krgs +Kqfp
(K+ KL
K

(K +Ky)
Krys + KrClESR +Kilp

(K+Kyp)
C

(K +Ky)? Ly
m K (I, +11,)
0 L1 (K+K)? G |
Ky Ve, +ep+(p eIy +1L,) —TeesrlL, -
(K +Ky)? L,
Ic,EsRR K, Ve, +ep+(p—rg)(ly, +1,)- rCIESRILZ)

| Topesr TR (K +Ky)° L

0
0 |
C
1)
L, |V
D
(4.41)
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CHAPTER 5

EFFICIENCY

5.1 Elements of Losses

Loss in switching regulator are consists of two main parts; loss of parasitic
resistances and switching losses.

5.1.1 Parasitic Resistances

Conversion ratios of discontinuous inductor current mode and continuous
inductor current mode operations given in (4.38) and (4.22) imply that parasitic

resistances are one of a reason for loss.

Considering conversion ratios (4.32) and (4.22) one can derive loss caused by

parasitic resistances as following;

For Continuous Inductor Current Mode Operation;

Bil, -Vol, G

= 5.1
S G, +1 G
where;
—1(K2r+Kr+1r+Kr +r)+e—D
1R (1-K)? L (1-K)? o T T DT T TaEsR T, Vg
For Discontinuous Inductor Current Mode Operation;
El, -Vl
L ~Vol, G (5.2)

El, G+l

where;
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1,K? K(K +Ky) (K +Ky) K e
=gt > Ergs + L1 T TcEsR +r|_2)+—D
R Kl Kl Kl Kl VO

G,

In the derivations of (5.1) and (5.2) input and output current conversions are
considered ideal as given in (2.25) and (3.22), since switching loss is not considered

in this part. r. ¢, also causes loss that is not included in (5.1) and (5.2). Average
current I¢ passing through the r. .z in CICM operation as given in (2.12) for half

of a period is

I, = (5.3)

The average current at a period is zero. It means that average current for the
first half of a period is equal to negative average current for the second half of a

period. Thus the average dissipation on the resistorrc gsg for both halves of a
period are equal.

The average dissipation on the rc gsg for a whole period is derived as given
in [1];

4 2
Peo = 3 r'e,esrlc, (5.4)

(5.4) is also valid for discontinuous inductor current mode operation. By neglecting

freewheeling current (5.3) also represents average current passing through r; s, in

discontinuous inuctor current mode operaion.
5.1.2 Switching Losses

Switching losses consist of indutor losses related to current ripple and

frequency on them and losses of switching elements.
5.1.2.1 Switching Losses of Inductance

Energy of an inductor is stored in the core material. Since it is not ideal and
core losses and eddy current losses become considerable because of the current

ripple and frequency.
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Current flowing through an inductance induce magnetic field H which is the
source of flux density B. Relationship between B and H is dependent to the

permeability of a core material. For linear part, it is defined as; B = yH where p is

permeability. Non ideal B-H characteristics are different for increasing H and
decreasing H. This means that a specific value of flux density B is induced with
higher inductance current in ascending part of B-H characteristic compared to that in
the decreasing part of B-H characteristics. The difference between current values is
the cause of loss. According to [8] energy consumed by core is represented in terms

of inductor voltage and current as follows:

W= [v)i(t)dt (5.5)

one_cyccle
For ideal inductor the energy is equal to zero for a cycle.

According to Faraday’s and Ampere’s law v(t) and i(t) are replaced with their

flux density and magnetic field equivalents. Thus energy given in (5.5) is modified as

W =(Al,) [HdB (5.6)
one_cyccle

where Ac is cross sectional area of the core and I, is the average length of magnetic

field versus flux. Integral part of (5.6) corresponds to the area inside of B-H graph

given in Fig. 5.1. For low current ripple, loss decreases. The enclosed area in the B-H

graph is small. For high ripple seen in discontinuous inductor current mode operation

enclosed area increases, thus core loss is high.

As stated in [8] power loss is frequency f, times energy lost in a cycle. It is

given as follows in [8].

Pcore_loss = f(ACIm) IHdB (57)

one _cyccle

Ac flux @(t) flowing through a core material causes voltage induction in the
core. Since core materials conduct current, currents called ‘eddy currents’ are

flowing because of induced voltages. Frequency of flux ®(t) is a multiplier in
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equivalent equation of induced voltage. In [8] it was stated that for purely resistive
core material eddy current magnitude also increases with increase of frequency. For
ferrite materials as stated in [8] losses increase in the rate higher than f? ,because
resistivity of ferrite also increase with f. Eddy current losses are reduced by applying
some methods. It was stated in [9] that laminations cause the flux to be divided and
relatively induced voltage on the core material reduces. This method is applicable to
materials with low resistivity. Another technique is using as core material alloy of
insulating material and ferromagnetic particles. Saturation density of such a material
is lower than pure ferromagnetic material. Also using core material with high

resistivity reduces eddy current loss.

Area corresponds to low
ripple loss (CICM}

s

“

. H

Area correspands to
high ripple loss [CHCM)

Fig. 5.1 B-H curve and areas that represent core losses.

Total magnetic core loss expression in [9] is given as follows:

P

loss

=P f*B° (5.8)

It is declared in [9] that b in (5.8) is approximately 2 and a in (5.8) is between 1 and
2.
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5.1.2.2 Switching Losses of a Diode

A diode is forward biased and conducts current when minority charges are
stored in the diode semiconductor p-n junction. A diode is turned off via removing
the stored minority charges. In [7] it is stated that in spite of forward diode current
reduces to zero, the diode continuous to conduct as long as minority charges exists in
the junction. According to [7] the time interval at which stored minority charges are
neutralized and recombined is called ‘reverse recovery time’. Current-voltage
characteristic of a diode for transient operation at reverse recovery time is given in
Fig. 5.2 from [8]. As seen from the characteristic charges are removed by negative
current. t, is reverse recovery time. Current passing through the diode at the

beginning of turn off transient is I..

Diode ¥
wavefonms i
di
0 dt - X
I
drea l':_.
0,
je—1t.—>
-+ l“_-»i _/."
4 .
Transistor le (t )
waveforms e
rea
0,
T
¥
f T.
Vs (t ) / i
0 e

Fig. 5.2 Current-voltage characteristic of a diode for transient operation at reverse

recovery time
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In [8] it is stated that reverse recovery transient causes switching losses in a
switching semiconductor operating in conjunction with the diode in the same
converter. A MOSFET is considered as switching semiconductor and it is assumed
faster that the diode. According to the buck converter model in [8], turning on the
toggled switch MOSFET forces negative current to flow through the diode. Thus the
diode minority charges are removed. The increasing rate of reverse current is
dependent to both the diode itself and external inductances. Also peak value I, of the

reverse current is related to the rate of increase.

In Fig. 5.2 voltage across a mosfet is Vy. Current passing through the mosfet
after transient turn on period is 1. Stored minority charge is represented by Q, and is
equal to shaded area in Fig. 5.2, area under diode current waveform at t. reverse

recovery time.

Energy dissipation on the mosfet
tr

W, = [vg (t)is (t)dt (5.9)
0

The diode in Cuk converter also causes switching loss on the MOSFET for
continuous conduction mode according to the buck converter model explained above.
Turning on of the MOSFET applies negative voltage to the diode. Thus it is forced to

reverse biases and dissipate power of stored charges on the MOSFET.

However for discontinuous conduction mode operation of Cuk converter this
is not valid. The MOSFET is turned on (1-k-ki)T later after the diode is turned off.
Thus the diode is not forced by the MOSFET to be reversed biased. The diode
becomes reversed biased by removing or neutralizing minority charges with the zero
decaying current. Thus for discontinuous inductor current mode operation a diode
charge is not dissipated on a toggled switch. Thus diode switching loss does not

exist.

For continuous inductor current mode, current I_ passing through the diode at

the beginning of turning off is the sum of input and output inductor currents I 1+l 2,
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where current are considered without ripple. Current passing through the mosfet is
is(t) and given in (5.10).

L 1 Cl L 9
Y Il Rin
4 + - «— |_
:L]. Vi E.D Iz
21 s — <7
Q L Y
+

Fig. 5.3 Cuk converter circuit with real switching elements

is) =1y +1, —ip(t) (5.10)

where ip(t) is current passing through the diode at transient shown in figure 5.3.
Voltage blocked by the mosfet is the sum of input and output voltage, where voltages

are considered without ripple. Thus vs(t) is
v (t) =E, +V, (5.11)

(5.9) is modified for Cuk converter and dissipated energy in the mosfet for

continuous inductor current mode operation is obtained as:
tl’
Wo = [(E, +Vp)(I, + 1, —ip(t))dt (5.12)
0

Wy = (B, +Vo)(I, + 1)t + (B, +Vo)Q, (5.13)

(5.13) represents amount of dissipated energy at a cycle. First term of (5.13) is
already considered in MOSFET switching losses. Thus the dissipated energy

contribution by a diode is Wpp

Wpp =(E; +V)Q, (5.14)

62



Average power is represented as;

WDD

where T is switching period, f is a switching frequency.

According to [8] internal junction capacitor C;causes switching loss. In the

analysis junction capacitor loss is ignored.
5.1.2.3 Switching Losses of a MOSFET

For dc-dc converters turn on, turn off transitions of a diode and a transistor
are described as follows in [9]: At a state transistor off and diode on inductive current
flows through a diode and transistor blocks voltage. After a transistor is driven,
current passing through the transistor is set to its nominal value in a time. However
diode continuous to conduct a part of the current until transistor current is set to its
nominal value. Thus blocked voltage V remains across a transistor at the transient
state. When the current of a transistor is set to its nominal value the diode turns off

and blocks voltage across the switch. Then switch voltage falls to zero.

At a state, transistor on and diode off, also inductive current flows trough a
transistor. At a transition of a transistor, current decreases with high di/dt value,
thus negative voltage is induced across the inductor. This causes voltage across the
diode to become positive and makes the diode turn on. Then voltage across the diode
Is transferred across the transistor. As a result transistor transients (on-off and off-on)
always take place when blocked voltage V exists across it. It is called ‘inductor

dominated commutation’ in [9].

Transistor commutations of a Cuk Converter are same with the transition
model stated above at continuous conduction mode. Switching losses for a MOSFET
are calculated according to switching waveforms given for ‘inductor dominated
commutation’ type in Fig. 5.4. At turn off transition of a transistor, turn on transition

of not ideal diode because of limited di/dtof a diode causes swinging in inductive
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voltages. At turn off transition negative di/dtthrough inductors increases voltage

across the transistor. The situation remains until transition period of a diode starts. It

I,1
' >
Im | oo - il
Ver /
vrit)
0 -
Turn on Turn aff

Figure 5.4 Inductor dominated commutation’

is stated in [9] that slow diodes with large inductors cause increase of turn off losses
by factors up to %100. In analysis the diode is considered fast enough and additional
losses are neglected. It is declared in [9] that a non ideal diode is slower than a
transistor and at turn on transition of a transistor di/dtthrough an inductor is a
positive. So voltage across the transistor in transition mode is smaller than a blocked
value. This causes reduction in losses. In the analysis since the diode is considered

fast enough loss reduction is ignored.

Approximate switching loss of a transistor is given as follows in [9]:

Vgl (t +1
Wswitch _ off on((turn_ozn) (turn_off)) (516)

(5.16) is equal to blocked voltage across transistor, Vo multiplied by area under

current waveform at tum_on and twm_of given in Fig. 5.4.

For continuous inductor current mode operation, before turn on and after turn
off, voltage blocked across a transistor for a Cuk converter is equal to voltage of the
energy transfering capacitor C;. Voltage transition waveforms, at turn on and turn off
is given in Fig. 5.4. For steady-state operation, neglecting voltage ripples, voltage of
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the capacitor C; is equal to summation of input voltage E; and output voltage Vo, as
given in (2.25). So, blocked voltage across the transistor Vg is;

Vi =E, +V, for turn on and turn off at continuous inductor current  (5.17)

Current passing through a transistor, after turn on and before turn off, is equal
to summation of input and output inductor currents for continuous inductor current

mode, as given in (2.6). Considering steady-state operation, on state current I, is;

loo =1, +1,,, for turn on and turn off at continuous inductor current (5.18)

Current transition waveforms at turn on and turn off is given in Fig. 5.4. Actually for
turn on transition of the transistor, current waveform is affected by the transient
operation of the diode and actual transient current is represented by (5.10). However,
the diode effect is analyzed in part 5.1.2.2 and only the diode contribution to loss is
obtained. Thus to derive the transistor’s contribution to switching loss separately, the
current for turn on transition is considered as given in Fig. 5.4 by neglecting transient
effect of the diode.

By substituting (5.17) and (5.18) in (5.16), switching loss of the transistor for

a Cuk converter operating in continuous inductor current mode is;

W _ (El +VO)(IL1 + IL2 )(t(turn_on) +t(turn_off))

switch —
2

(5.19)

At discontinuous inductor current mode operation, voltage blocked across a
transistor Vi after turn off is also equal to voltage of the energy transfering
capacitor C; and (5.17) is valid. However voltage blocked across a transistor Vg,
before turn on transition is equal to input voltage E;, because the converter operates
at the state S; off, D, off.

V = E,, for turn on at discontinuous inductor current (5.20)

For discontinuous inductor current mode operation, current passing through

the transistor, after turn on and before turn off is also equal to summation of input
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and output inductor currents. However ripples for inductor currents in discontinuous
inductor current mode is high and (5.18) with state-steady current values is not valid.
Thus to obtain accurate expression for the loss, (5.18) is modified by replacing
average current values with current values at instants right after turn on and before
turn off. For steady-state operation, at the instant before turn off transition input

inductor current i, and output inductor current i, are at their peak values. Thus for

turn off transition Iy is;

Lon = 1 peak + I, peak » fOr turn off at discontinuous inductor current  (5.21)

For steady state operation, at the instant after turn on transition summation of

input inductor current i, and output inductor current i, is zero, because just ended

state is state S; off, D; off.
Ion = IL]_ + |L2
I,, =0 ,for turn on at discontinuous inductor current (5.22)

Thus for discontinuous inductor current mode switching losses of a transistor is;

W _ (E1 +V0 )( I L, peak +1 L, peak )t(tum_Off) (523)

switch
2

The switching loss of a MOSFET at discontinuous inductor current mode is
lower than the loss at continuous inductor current mode. (5.23) gives amount of

dissipated energy at a cycle. Average power is represented as;

W... .
F)switch = s¥|tch :Wswitchf (5-24)

where T is switching period, f is a switching frequency.

According to [8] internal capacitor Cys effects switching loss. In the analysis

Cgs loss is ignored.
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Also [8] states that internal gate capacitors Cys and Cgq causes switching
losses. Datasheets of MOSFETSs includes gate charge Qg values instead capacitor
values. Thus dissipated energy in terms of charges:

Wg =V4eQq (5.25)

Energy for these capacitors is supplied by gate drive circuit, which is not
directly connected to input inductor. In efficiency calculations, input is considered
as input inductor current and input voltage and gate energy dissipation is not

considered.
5.2 Efficiency of Cuk Converter

As a general rule input power is equal to output power plus loss. Power
equivalent for a Cuk converter according to element losses given in previous parts

can be expressed as following;
For continuous inductor current mode operation referring to (5.1);

Eily, =Voly, “TKml +1)+ Py + Py f 2B +Wpp f +Wyyigenf (5.26)

For discontinuous inductor current mode operation referring to (5.2);
Kl aphb
Ell Ll :Vol L2 ?(GZ +1) + PrCO + PO f B +WSWitCh f (527)

P, f*B"in (5.26) and (5.27) represents core loss of both inductances.

In part 5.1.2.2 it is stated that for discontinuous inductor current mode
switching losses of a diode do not exist. Thus different from (5.26), (5.27) does not

include diode switching loss.The overall efficiency is expressed as;
For continuous inductor current mode operation;

1
7= - 5 - (5.28)
(_K/(Gl+l)+ fco +PO]c B +VVDD]c _i_Wswitchf
K I:’out I:)ou'[ I:)out IDout

67



For discontinuous inductor current mode operation;

1
7= 5 — (5.29)
ﬁ(G +1) + fco +P0f B +Wswitchf
K 2

out POUt POUt

where P, =Vl for both discontinuous and continuous inductor current mode

operation.

(5.28) and (5.29) implies that efficiency of Cuk converter for both operating

mode is dependent to the switching frequency.
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CHAPTER 6

OPEN LOOP STABILITY ANALYSIS

6.1 Stability Analysis of Cuk Converter with Ideal Elements for Continuous

Inductor Current Mode Operation

Continuous inductor current mode small signal model (2.27) is transformed

with Laplace transformation. Variable equivalents in Laplace form is given in (6.1).

i =% Fa-K)v, +e +V k-
1 S 1 1 -

1

1 ) ) -
VCl :E ﬁ— K)ILl —Kle _(ILl + ILz)k_

_ L

I, = sL I(Vc1 —Vo +Ve K
2

R

V,=— 6.1
° (SC,R+1 " 61)

where small signal variables are represented with lower case and
E,.Vc,, K, I, are steady state operating values for related variables. Small signal
variables are same with variables of (2.27), but they are represented in (2.27) with

‘““over variables. This chapter only deals with small signal variables, thus ‘“*’over

variables is removed.

One can write from (6.1) output voltage in terms of input voltage and duty-
ratio as following:

1
C (1-K)%(a, +a,.5+a,s? +a,s° +a,5")

Vo

ka-Kye, +(d, +ds+d,sD)k  (6.2)
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where

a, =1
a, = mLK2+L(1 K)?.
a, = mCOR Lk?+La-K) + (1_1K)2 cL,
%= 1- K) RL1 2
%= 1|<) LL,C.C,
= (- KV,

d, =—KL1(|,_1 + I,_z)
dz = |—1(:1Vc1

Voltage conversion ratio m, for dynamic operation is defined as output

voltage over input voltage while small signal duty-ratio is zero.

6.3
el (S) k=0 ( )

By setting duty-ration k to zero in (6.2), one can derive the dynamic voltage
conversion ratio given in (6.4).

Vo _ K

&1 (1-K)(ag +a;.5+a,s% +ass® +a,5%)

(6.4)

The system has four poles while it has no zeros. According to the BIBO (Bounded

Input Bounded Output) stability for LTI (linear time invariant) systems, dynamic
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behaviour is determined by poles of a system. Stability is provided with negative

poles.

4.th order equation with coefficients in terms of circuit parameters can be
solved approximately. Approximation solution is applied in [11] for 4.th order
system. According to the solution 4th order system is represented by multiplication
of approximate two second order equations. Condition for approximate separation to
two equations is staed in [11] as separate corner frequencies. After separation
denominator of (6.4), (6.5) is obtained.

(1+ﬁ3+ﬁ32)(1+i3+i32) (6.5)
Q d, A3,

Second order denominator is expressed in [8] in the following form:

s s’

0 W,

@+

where Q is quality factor and wq is corner frequency. Q is the magnitude of the
transfer function at corner frequency wp. Thus the condition for separate corner
frequencies in terms of (6.5) is expressed as;

a a,a

202 (6.8)

a, a,

For the transfer function (6.4), separate corner frequency condition is

obtained according to (6.8) as following;

1 K2 (1-K)> 1
<< + +

K? 1 Le e, Tue, Y
C0L172+C0L2+72C1L1 i o Y
(1-.K) (1-.K)
This yields;
4 2
1ec K G o2 G 2K i+(1—K)ZCOLZ+ 1 &L, (6.10)
-KPLC G (-KZL LG -K)* LG,
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To satisfy (6.10) followings need to be satisfied;
C,>C, L >L,and C,L, >L,C, or CjL, <L,C,

If (6.9) is not satisfied, poles can be determined with higher order equation solutions.

Roots of (6.5), in other words poles are as follows;

Si2 = _Za?ll:li 1- 48.223.0 :l (6.11)
2 a‘l

S34 = —%lli 1 22432, ] (6.12)
4 a;

By substituting related coefficients of (6.4) in (6.10) and (6.11) the following pole

expressions for the small signal voltage conversion ratio m is obtained;

: (6.13)
5,=- 1+ 1-40-K)RERLK? L 0-K) ng%z
CR+2— A CLlR { \/ kel & K?+L,(1-K)? EJ

LK+ LK)

where s; is defined as the root square term of (6.13) .

s, =1-41-K)’RERLK? + L, a-K)? }RCLJL

K2+ |_(1 K)2 ]

1 C,R
83’4:—2C0R[1i\/1—4|_1 ’c FRLK? +L,a-K)? +CL} (6.14)

where s; is defined as the root square term of (6.14) .

s. =1-4 CoR

brLK?+L,0-K)2 +ClL,

1—2¥1

According to BIBO stability LTI (Linear time invariant) system is stable for
negative real parts of poles. The system becomes more stable for high negative real

values. (6.13) and (6.14) has always negative real parts if s; and s; are negative. In
this case roots of ‘sil‘and ‘siz‘compose imaginary parts of poles. Positive values of
s,and s, are in the range P.1_. For s, and s, equal to one, according to (6.13) and
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(6.14) one of the pole of each equation is zero. Howevers; and s; are equal to one

only in case that some component do not exist, which is not meaningful. Thus real
values of poles are small than zero for all cases. As a resullt open loop system is

stable for all cases.

Quality factors Qi, Q2 and corner frequencies w, and w, are derived interms

of circuit parameters as following;

w, = |2 ! (6.15)
% Ya, K? 1
1=1

cL —~ +CL+ —
“Ta-K)?2 7 1-K)?

R YTV e L2 +L,0-K)? +CiL,
%7 a, L, L,C,C,

2 2
L S Gl O (6.16)
L2C1 Llcl LZCO

ag
Q=
a,Wo,

1-K)2R K? 1
— ~|Col —— 4+ CoL, + c,L 6.17
Lk?+L,a- K)Z_\/ ok 0 k)2 @17

o2,
Q=22
azWo,

2 )2
:(COR{ KZ , 4=K) }5) ! (6.18)
L,Cy LCy L, K? N 1-K)? N 1
L,Cy LCy L,Co

[8] states that for Q,, <0.5 poles are real valued. Thus transient response is
exponential decaying function. For Q,, =0.5system is critical damped. But for
Q,, > 0.5the poles are comlex. Even real parts of poles are negative, in other words

system is stable, transient response has oscillations with decaying amplitude and
causes overshooting. Also it is stated that high Q causes high overshoots, such as
overshoot of Q=1 is about 16.3% while overshoot of Q=2 is 44.4%.
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Conversion ratio g, of duty-ratio k to output voltage vy for small signal
operation is defined as output voltage vy over duty-ratio k for zero small signal input
voltage e;. Control to output transfer function is defined as output voltage over duty

ratio while input voltage is zero.

:VO_(S) 6.19
g ) .o (6.19)

By setting small signal input voltage e; to zero in (6.2) conversion ratio g is obtained
as following;
v, (d, +d,s+d,s%)

-0 _ 6.20
k (@(-K)*(a, +a,s+a,s* +a,s’ +a,s*) (6.2

(6.20) has same denominator with voltage conversion ratio m in (6.4). Thus they both
present same stability characteristics. Different from (6.4), (6.20) contains 2 zeros.

According to solution of second order equation zeros are;

SRS PO AR 6.21)
1,2 2d2 d1

d; is negative for all combinations of circuit components. According to statement
made for poles in previous lines zeros have always pozitive real parts. It is declared
in [8] that zeros are effective at frequencies higher than zeros and positive zeros
cause initail response of the transfer function to be in opposite direction with the
input effect. In other words for increase in k, output voltage reflects initially with

decrease because of zeros.

6.2 Stability Analysis of Cuk Converter with Ideal Elements for Discontinuous
Inductor Current Mode Operation

Applying Laplace transformation to small signal model (3.48) for

discontinuous inductor current mode operation variables are obtained as following;
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N L

sly T (K+Ky)

I|_l =

L -
Ve +e,+———V K
c T& (K K1)2 c K.

1 K, . K . K,
Ve, = I, - I, + z(IL_IL)k
osC (K+K) ¢ (K+K) 7 (K+K) 2 '

iL :i LVC _VO_LQVCk
2osL, | (K+K) ™ (K+K)® =

Vo=

® (sC,R+1) "

One can write output voltage in terms of input voltage and duty ratio

variations as follows:

1
T (K+K)%(a, +a,5+a,s’ +a,s° +a,5%)

K 2
Where, a.o :m
1

1

a =  lkrsLk?
' (K+K))?R L 2t -

1 —

az :mco I‘1K2 + L2K12 _+ClLl
1

as :ELlecl

a, =L L,CC,

K 2
do :—1Vc
(K+K) ™

KK,

d=——2—_1L(I,_+I
1 (K+Kl)2 1( Ly Lz)

d, = KL,CV,,

kk.e, +(d, +d,;s+d,s7)k  (6.23)

Voltage conversion ratio m, for discontinuous inductor current mode from

(6.23) considering definition (6.3) as following;



<

KK
0= . L — - 7 (6.24)
e, (K+K)(a,+a,.s+a,5" +a;s” +a,s")

The system has four poles while it has no zeros. The condition for approximate

separation, separate corner frequencies, can be modified for (6.24) as following;

2 2 2
. 12 . 1 i K® K™ (K+Ky) ) (6.25)
ColiK™ +ColpKy " +(K+K)°Cily  (K+Ky)" LG LG L.Co
This yields;
1 2 (2K12(K+K1)2+K4%+ K14%+(K+K1)4 LG,
1o (K+KD) CiL, Gl L,Co (6.26)
2K2(K+K1)2£+2K2K12@
|-2 Cl

(6.26) is satisfied incase C, >C,, L, >L, and C,L, >L,C, or C,L, <L,C,. For
discontinuous inductor current mode operation inductance inequality is already
satisfied in (3.28). Also because of high output current ripple in discontinuous
inductor current mode output capacitance is greater capacitance required for

continuous inductor current mode. Thus capacitance inequality is already satisfied.
After separation denominator of (6.24), it becomes in the form of (6.5).

Pole equivalents from (6.11) and (6.12) are obtained as follows:

%2 =" 2|-1ClR(K FK) 1i\/1_4K12(C0 b Lok (ke
2C, R+ LR T

LK2 + LK,

= } (6.27)

ez’

U T P 1_4K12C0R2 Co(LK? +L,K,*) + L,C, (K + K,)? (6.28)
2GRV (K+KY! L,L,C,

According to statement made in the previous part for poles of continuous
inductor current mode, (6.27) and (6.28) have negative real parts for all

combinations of circuit elements. Thus according to BIBO stability system is stable.
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Quality factors Qi, Q2 and corner frequencies w, and w, interms of circuit

parameters are as following;
a
Wol - —0
a

_ Ky?
ColuK 2 +ColKy? + (K +Kq)2Cy Ly

)
W, = [——=
a4
|k co kK2 LK +(K K%L
(K + K1)4 L1L2C]_CO
K KEK? (KK
(K+K) LG LG L,Co
__ 9
& Wo,
_ KPR [CoLiK? +ColoKy? + (K + Ky)Cily
LK+ LK, ) K,
apa
Q=%
azWo,

K, K2 K2 } R(K+K1)2) 1

- a (COF{L C, LC L 2 2 k2 2
(K+Ky) G LG 2 K, K? K (K+Ky)
(K+Kyp)* LG LG L2Co

(6.29)

(6.30)

(6.31)

(6.32)

Behavior of conversion ratios m and g according to Q; and Q, stated in continuous

inductor current mode operation is valid for discontinuous inductor current mode

operation too.

Small signal duty-ratio k to output voltage v, coversion ratio,

g for

discontinuous iductor current mode is derided from (6.23) by the definition (6.19) as

follows;
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g=Yo_ (dg +dys +d,s?)
kK (K+Kj)?(ag +a,.5+a,5° +a35° +a,s)

(6.33)

(6.33) has same denominator with the line to output transfer function (6.24). Thus
they both present same stability characteristics. (6.33) contains 2 zeros. Coefficients
of nominator in (6.33) are given in (6.23). Zeros are equal to solution of second order
equation given in (6.19). d; is negative for all combinations of circuit components.
According to statement made for poles in previous lines zeros have always pozitive
real parts. Thus both control to output transfer functions for continuous inductor
current mode and discontinuous inductor current mode presents same charteristics

regarding zeros.
6.3 Parasitic Resistance Effects on Stability of Cuk Converter at Continuous
Inductor Current Mode Operation

Small signal model variables according to the model (4.25) are expressed as

following after laplace transformation is applied.

; 1 {—(1— K)ve, = (Krgs + 1= K)rp)i, +e }
L

- (sLy + 1y, +Krgg + (1= K)rg esp + (1= K)rp) | + Vg, +ep + e esrly, + (o —Tas) (I, + 1,k

1 . . e
Ve, =S—Cl [1—K)|Ll =Ki, —(I, +1,)k

i 1 Kve, —(Krg + (- K)rD)il_1 —Vo +
L=
2 (sky +r, +Krgs + Krgesg + (- K)rp) | Ve, +(rp = rgs (1, +11,) —Teesr L, +ep)k

_ SCoRMcesr +R i (6.34)
(sCo(R+Trcesr) +D)

Vo

(6.34) leads to relationship between output voltage, input voltage and duty-ratio as

following;

1
4

= 1-K)(1+bys)(1-b do +d;s+d,s2) (635
A By ka0 bis)a-bs)e; +(do +dss+d,s2)a+bys)k

Vo

where;

78



a, :m ker, +@-K)2r, + Ky + KA— K)rg g + @— K)rp +1
LK?+L,1-K)*+C,(R+ rCOESR)(KZrL1 +(1- K)ZrL2 +Kry, +
1
a, = m K- K)rclESR +1-K)rp) +Cl((rL2 +Kreesr + R)(rl.l +(1- K)rclesrz) +
(rLl +r, Fleess t R)(Kry + (1= K)ry)) +C, Rr: esr 1-K)?
1 LiK? + Lo (L- K)? + Cy((ry, +Krgesp) (1, +(@L-K)reesr) +
ay =———5—Co(R+rcesr)
1-K)“R (ry +1, +reesr) (Krgs + (- K)rp))
N l Ll(rL2 + Kl’ds + KrciESR + (1— K)I’D + R) +
o2~
@-K)?R | (Lp +CoRre s )1y, + Krgs + (@~ K)rg sg + (1~ K)rp)
a = 1 CoCi(R+ rCOESR) |-1(r|_2 +Kry + KrClESR +(1-K)rp) +
i 1-K)*R|L, (ry, + Krg + Q= K)rgee +@- K)I’D):+ L L,C, + LCCiRIc esr
1
a, = m L1L2C1C0(R + rCOESR)

bl = COrCQESR

9 r
b,=C,(—*—+-L2
2 l((l—K) K)

do =(1- K)(Vq "’e[))_rds(ll_1 + ILZ)_(l_ K)rcllzsrell_2 - KrLl(ILl + ILZ)

B Cl(rLl(rD - rds)(IL1 + ||_2)+(I‘|_1 +(- K)r(:lEsR)(Vc1 +€p — rclESRILZ)

1
_rdsrclESR(ILl + |L2))— K|-1(|L1 + ILZ)

dz = |-1C1(Vc1 +€p +(rD _rds)(ILl + ILZ)_rclESRILZ)

Small signal voltage conversion ratio, for continuous inductor current mode
with parasitic resistances effect, is derived from (6.35) by setting small signal duty
ratio k to zero according to definition (6.3).
Vo KL+ b;s)(L—b,s)

m=-—"= 2 3 4
€ (1-K)(ag+a;.s+a,8° +a3S” +a4S")

(6.36)
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The conversion ratio (6.36) has four poles and two zeros. However small signal
voltage conversion ratio for ideal case (6.4) does not have any zeros. So, parasitic

resistances add two zeros to the system. Zeros are given in (6.37).

1
Zl__b_
1

6.37

B (6.37)
SZZ—E

Supposing that the approximating method condition (6.8) is satisfied, one can
derive corner frequencies of the system (6.38) and (6.39).

/ao
WO1 = g

i j K, +a-x)%, +Krds+K(1—K)rclESR+(1—K)rD:+(1—K)2R (6.38)

LiK? + Ly (L= K)? + Cy((r, +Krg s )1, + - K)ie esg) +
Co(R+1eiesr)
(1, + 11, + e esr)(Krgs + (1= K)rp))

Cy (i, + Ky + Krg gsg + (L= K)rp +R) + (L + CoRr esg (1, + Kigs + (1= K)ig esp + (L= K)rp) _

dpdy
ay

LlKZ + LZ(]-_ K)2 + C]_((rL2 + KrclESR)(rLl + (1— K)rCIESR) +
Co(R+ I Esr)

(n, + 1, +1cesr) (Krgs + (1= K)rp))
+ Cl [.1(r|_2 + Krds + KrclESR + (1— K)I’D + R) + (L2 + CORrCOESR)(rLl + KrdS -+
1= K)reesp +@-K)rp) ]

QD

0

| (6.39)
LL,CiC

To make corner frequency expressions meaningful for comparison, (6.38) and (6.39)
is simplified with approximations. Simplification is used for analysis in [11] too.

Approximations made for (6.43);
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% |<2rL1 + (1= K)?r, + Krgs + KL= K)re esg + (1 K)rp :+(1_ K)? ~

((r, + Krgesr) (1, +A- K esp) + (1, +1, +loesp)(Kigs +1-K)rp)) — (6.40)
% |<2rLl + (1= K)?r, + Krgs + K- K)rg esr + (L- K)1p :+ 1-K)? ~

(r, + Krgs + Krg gsp + 1= K)rp) (6.41)
% |<2rL1 + (10— K)?r, +Krgs + K(1- K)re esg + (1 K)1p :+ 1-K)? ~

(r, +Krgs + (1= K)rg esg + (1= K)rp ) 1+ CoRig esr ) (6.42)

and by neglecting

I(ZrLl +(1-K)? I, + Kry + K(1- Ky e + (1= K, in numerator and g g iN
denumarator to maintain 3 terms same as in the wo;. Approximations for (6.44) are
a, ~land rc g ~0. Resultant exrpressions (6.43) and (6.44) are obtained for

corner frequencies;

Wy, = 5 ! (6.43)
C,L,K L. GbL G CiL+Ly)
1-K)2 °7? @-K)* R R

‘ K? N (1-K)? N 1 N (rL2 + KrclESR)(rL1 +(1- K)'@ESR)*’ (r|_l +r, + rciESR)(Krds +@1-K)ry)

W = L,C, LG L,C, LL, (644)
* + (rLz + Krds + KrCIESR + (1_ K)rD) + (rL1 + Krds + (1_ K)rclESR + (1_ K)rD)
RL,C, L,C,R

When they are compared with (6.14) and (6.15) it reveals that parasitic resistances
tend to separate corner frequencies, increasing high frequency and decreasing low

frequency.

By approximations;

1 _
= |<2rL1 +(1-K)?r, +Kigs + K(A- K esp + (L K)rp +(1-K)? =

k2, + Q- K)2r, + Krgg + K- K)reesg +A-K)rp (6.45)
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|<2rLl +(1-K)?r, + Krgs + K- K)ig gsp + (1— Ky +(1-K)? ~

|+~

for Quand re ez ~0and Krgegr = (1 K)reegr for Qp, quality factors expression is

obtaing as following;

_ %
Wo,
. A-K)°R 1 (6.47)
LK 2 +L,(1-K)? +CoR(AL-K)? +CR(AL-K)? +Cy (1-K)? Wo,
apay
Q=——"+
azWo,
Cl("Li2 +1, I esr + K- K)"clESR2 +
CCR KL AK ] R @K o) (K + (LK) 1 (6.48)
“lLe LG L, CoCR(L + Ly)(r, + Krygs + Krg gsr + (- K)rp) ™ W,

Since nominator and denominator increases with inclusion of the parasitic

resistances, general statement about parasitic resistance effects can not be derived.

All denominator coefficients of (6.18) increase with parasitic resistance
effects. Considering pole equivalents (6.11), (6.12) and coefficients of (6.33), exact
statement for increase or decrease of pole real parts can not be made. However BIBO
stability criteria negative real parts of poles are satisfied for all cases, according to
statement made for ideal case poles. Thus system remains open loop stability in case

of parasitic resistances.

Small signal duty-ratio k to output voltage vy conversion ratio g, for

continuous inductor current mode with parasitic resistances effect, is derived as;

2
g _Vo _ (do +dys+d,s7)(d+1ys) (6.49)

k  (1-K)%*(ag +a,.5+a,5% +ass> +a,5")
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(6.49) has same denominator with the line to output transfer function (6.36). Thus
they both present same stability characteristics. Transfer function (6.49) has three
zeros, while its ideal form (6.20) contains two. Coefficients of nominator in (6.49)
are given in (6.35). According to solution of second order equation two zeros are;

d,

s, =-——
22,

ﬂ] (6.50

1

Because of parasitic resistances, negative d; and positive do, d, tends to decrease in
magnutude. However zeros remain their real parts pozitive. Additional negative zero
is pleced because of output filters parasitic resistance, it is given in (6.51).
1
= (6.51)
6.4 Parasitic Resistance Effects on Stability of Cuk Converter at Discontinuous

Inductor Current Mode Operation

The relation for input and output variables given in small signal model in

(4.41) in laplace form can be derived as following;

B 2 3 kx.a+b,s)a-b,s)e, + (d, +d,s+d,s2)A+b,s)k _ (6.52)
(K+K)K(a, +a,.5+a,s> +a,5° +a,5*) ]

Vo

where;

S

< |<er1 + K, 1+ (K + KKr + KK e + (K + KK, +1
1

a, =

LK + LKy + Co(R+ e gsr ) (K2ry, + Ky?ry, + (K + K)Krgs + KKqi esg + (K + Kp)Kyrp) +

a = ———| C(((K+ Kyr, + Krg gsr + R) (1, + Kifg esr) + (K + K (1, + 1, + e esr) + R)(Krgs + Karp)) +
2

1
(K+Ky)

CoRIc Esr

2
1 LK?+ LKy +C((K + Ko, + K esr) (K + Kyry, + Kife esr)
5—Co(R+1¢,EsR)
0
KR +(K+Ky)(ry +1y, +e,esr) (Krgs + Karp))

a2=
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LK+ Kl)rL2 + Krgs + Krg esp + Kirp + R)+

1
+——Cy(K+Kj) CyRr,
K2R 1 1 (L, + o"fcyESR

1 (K+Ky) (K +Kyry, +Krgs + Kafe gsg + Kilp)

CoCi(R+ rCDESR)(K +K,) I'l((K + Kl)rL2 + Kry + Kreeer + Kifp)

a, = T + L, (K + K)r, +Krg + Ko e + Kyl
F (K 4+ K)?LLC, + (K + K )LC,CiRr e
1 2
a, =— (K+K)LLCC(R+ rCOESR)
K. R

b1 = Co I esr

Iy r
bz = Cl(K + Kl)(KLl"'?D)

(KL (K + KV, +ep) = (K+K)Pr (1, +1,)

d, =(K+K))
L~ (K + Kl)KerIESR I L (K + K1)KrL1(| L + ILZ)

_Cl((K + Kl)rL1 (rD - rds)(l L + IL2)+ ((K + Kl)rl_l + Klrc1ES|:z)(Vc1 +€p — rC1ESRIL2)

d, =(K+K,)
__(K + Kl)rdsrCIESR(ILl + ILZ))_ Kl-l(ll_l + ILZ)

dy = (K+Ky)? LiCi(Ve, +ep +(rp =)y, +11,) —TeesrlL,)

Small signal voltage conversion ratio m, for discontinuous inductor current
mode with parasitic resistance effect, is obtained as following from (6.52) by setting

small signal duty-ratio to zero;

_Vo _ KK (1 +b;s)(1—b,s)

m
&1 (K+Ky)K%(ap +ay.5+a,52 +ass° +a,st)

(6.53)

The transfer function has four poles as transfer function of ideal case. But differently

from ideal case (6.53) has two zeros. Zeros are given in (6.54).

1
Zl__b_
1

6.54

B (6.54)
SZZ—E
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Considering that approximating condition is satisfied and denominator become in the
form of (6.5), function parameters are derived.

Corner frequencies of the system:

/ao
WO1 = g

| K2r, + Kn, + (K + K)Krgs + KKyie esp + (K + KKyl + KR
LK? + LoK,® +C (K + K, + Krg gsr)(K + Kry, + Kife psr) + .
(K + Ky)(ry, + 1, + I esr)(Krgs + Kilp))
L((K+ Kl)rL2 +Krygs + Krg gsr + Kifp + R) +
Cy(K +Ky) CoRIe, 57
(Lp+——
(K+Kyp)

(6.55)

Co(R+ rcoESR)[

J(K + Ky)ry, + Krgs + Kife gsg + Kifp)

dpdp
WO2 =
a4
Co(R+ e cer) LK?+ LK% + Cy((K + Kor, + Kregsr) (K + Kyry, + Kife esr) +
S (K R 1 + T esr) (K + Kyrp))

Li((K + Kyr, + Krgs + Krg gsp + Kifp + R) + )

+C (K +Ky) . CoRrc,esr
5+ L TCESR

(K + Kyry, + Krys + Kyl es + Kilp)

(K+Ky) | (6.56)
(K + K L4L,CiCo (R + I esR)

With following approximations, corner frequency w, is simplified to get meaningful

expression.

% |<2rLl +Kir, + (K + Ky)Krgs + KK gsg + (K + Ky)Kyrp + Ky ~

(K+Kpr, +Krg esp) (K + Ky, +Kirg esr) + (K +Ky)(ry, +11, + 1o esp) (Krgs +Kqfp)) (6.57)
il@ 2r + (K + Kp)Krgs + KK K+ Kp)Kap + K ~
R ry, + Ko, + (K+Kp)Krgs + KKyfe gsp + (K + Kp)Kyrp +Ky™ »

((K+Kr, + Krgs +Krg g + Kqrp) (6.58)
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11 2 %
E I< rLl + Kl rLz + (K + Kl) Krds + KKlrclESR + (K * Kl) Ker .y Kl N

CoRIc sk ) (6.59)
(K+Ky)

(K+ Kl)rLl +Krgs + Kile esr + Kirp) @+
and by neglecting

I(er1 + KerLZ +(K+K)Krg + KK Ie ger + (K + KK 1, in numarator and re cqq

in denumarator to maintain 3 terms same as in the wo;. Resultant expression for w, is

1
N C L (K+Ky) N CoCy N Ci(Ly + L) (K +Ky)
K,? R R

Wy ~ 6.60
0, COL1K2 ( )

K,?

+CoLs

By approximating a, ~land Iz ~0 expression for w, is simplified as

following;

s K,2 1
5 + —+ +
(K+K)?LC, (K+Kp)2LC, (K+K)LCo
(K +Kyry, + Kregsp)(ry, + Karg,gsr) + (K + Ky)(ry, + 1, + e esr)(Krgs + Kirp)
(K+ K1)2 LiL,
(K + Kyry, + Krgs + Kre gsg + Kilp) . (K + Ky)ry, + Krgs + Kyfe gsr + Kilp)
(K + K;)RL,Cy (K+K)LCR

(6.61)

0, ®

Parasitic resistances add terms to denominator of w, and to nominator of w, . It

means that parasitic resistances tend to separate corner frequencies.

With approximations, quality factor Q,and Q, simple expressions (6.64) and (6.65)

are obtained.

Aproximations for Q,;
1 |<2 2 T2
E rLl + Kl r|_2 + (K + Kl) Krds + KKlrclESR + (K + Kl) Ker _+ Kl ~

Kerl + K12r|_2 + (K + Kl) Krds + KKerlESR + (K + Kl) Ker (662)
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2 2
kerl + Kl I’|_2 + (K + Kl) Kl’ds + KKlrclESR + (K + Kl) Ker _+ Kl =~

el

and (6.57) and r; gz ~ 0.

Ql_ao

& Wo,

o K,°R 1
K2 + LK,2 + CoRK,? + CiRK;2 + C K, 2 Wo,

(6.64)

Approximations forQ,are r; ez 0, 1, ~ 1 and Kre cop = KiI¢ geq , SO that

dodp
Q=——
agWo,

2 2
CoR K 5 + Ky 5 + R 5
(K+K)LC (K+K)LC (K+K;)°CiL,

(6.65)

Col(K +Ky)?r, ? + (K + K T esp + K2Te esg” + 1

Q

(K +Kp)(@r, + re esr)(Krgs + Kyrp) + W,
(K + Kp)(Ly + Ly)(ry, + Krgs + Kre gsp + Kiip)

| (K + KpCoCiR(Ly + Lp)(r, + Krys + Krg gsr + Kirp) + (K + K1)2L1L2C1¥

All denominator coefficients of (6.23) ideal case, increase with parasitic
resistance effects. Considering pole equivalents (6.11), (6.12) and coefficients of
(6.52), exact statement for increase or decrease of pole real parts can not be made.
However BIBO stability criteria, negative real parts of poles are satisfied for all
cases, according to statement made for ideal case poles. Thus system remains open
loop stability in case of parasitic resistances.

Small signal duty-ratio k to output voltage vo conversion ratio g, for
discontinuous inductor current mode operation with parasitic effects is obtained as

following, from (6.52) by setting small signal input voltage to zero;
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Vo _ (d, +d,s+d,s*)L+D,s)

- 2 2 3 4 (6.66)
k  (K+K)K;"(a, +a,.5+a,5° +3,5° +a,5%)

(6.66) present same stability characteristics with line to output transfer function
(6.53), because they both has same denominator. Ideal and non ideal control to
output transfer functions is different in zero numbers also. Parasitic resistances add

another zero to the system. It is (6.67).

1
St =, (6.67)

Already existing zeros equivalents have same representations with (6.47).
Considering coefficients of (6.52) and (6.50) it reveals that because of parasitic
resistances, negative d; and positive do, d, tends to decrease in magnutude. However

zeros remain their real parts pozitive.

6.5 Critical Points for Open Loop Operation

Satisfying only stability criteria do not provide desired dynamic behaviour. Listed
critical points below have significant effects on dynamic behaviour:

i. It was stated in [4] that the resonant frequency of C,, L; and L, must be greater

than the line frequency, to avoid input current oscillations (\y, ), if the source

varies periodically.

1

"she,

ii. According to [4] resonant frequency C,, L, must be lower than the switching

(6.68)

frequency (s ), to provide constant voltage in a switching period.

(6.69)

iii. The output filter C,, L, should be determined such that its resonant frequency is
too small from the switching frequency. Thus the oscillations are eliminated.
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(6.70)
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CHAPTER 7

DESIGN AND SIMULATIONS

Simulations are run with SIMPLORER 7.0 Student Version.

7.1 Design and Simulations for Continuous Inductor Current Mode Operation

Circuit elements for the converter are given in Table 7.1. Steady-state operating point

of the converter is given in Table 7.2. The circuit used in the simulation is shown in
Fig.7.1. Switch S switches at a period T=0.025 ms, with a duty-ratio K=0.4. It is

driven with PWM1 module. Dot shown in the figure indicates that the current enters

the element at that terminal. Simulation is done in transient mode of the Simplorer

which yields results in real time.

Table 7.1 Components of the converter

Component L,/ mH L,/ mH C,/uF Co/uF R/Q
Size 2 2 150 200 5
Table 7.2 Steady State Operating Points
Parameter E,/V Vo/V K I, /A /A
Magnitude 100 67 0.4 13.4 8.9
Ly=ZmH =150 pF Lo=2mH
e [ st —
E ! f‘*’rc Lz, .
1= — [
dov(®D [ERF\S - cD=znnF?'TV° ZR-50
: 1

Fig. 7.1 The circuit simulated
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i Lo
20,004 A
Iy 7

Amperes

5.2

0 50000 £0.00n
t (Sec)

Fig. 7.2 (a) Input and output inductor current iLl, i

5
253301
200014
2
&)
=
10001
240
1] -.'II.IIIl:In t ISEC.:I 50.00n
Fig. 7.2 (b) Energy transferring capacitor v, .
4.2
. -60.00-
e
o
=
-100.0H
18,01
i 50.00r e 30,007

Fig. 7.2 (c) Output voltage v, simulation results.

The response obtained in the transient mode is from the start up instant onward. Thus
the simulation includes both transient and steady-state behaviours. Fig. 7.2 (a) shows
the inductor currents iy, and iy, in time resulting from the simulation of the circuit

shown in Fig.7.1. The system settles down to its steady-state operating point within
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30 msec. The oscillation in the currents at starting, are indications of the presence of
the poles of the system located on the imaginary axis. The results presented here
cover the first 80 msec. of the simulation. Fig.7.2(b) shows the capacitor voltage
Ver and Fig.7.2.(c) shows the output voltage v,. Note that the average output

voltage is negative in polarity at the designed value -67 V.

The steady-state behaviours are shown in Fig.7.3 (a) — (c). The data displayed
here are extracted from the complete response shown in Fig.7.2(a) — (c) around t = 50
msec. Fig.7.3 (a) shows the inductor current variations iy, and i, for a period of a

few cycles around t=50 msec. Figs.7.3(b) and (c) show similar detailed variations at

1:5.00

10.00

Amperas

1 T
S0 00m S0.05n t: ISEC.:I 30100

7.3 (a) inductor currents iLl, i|_2 in detail for a few cycles.

17000

Vo (V)

16530+

16001

I_ _ 1 _ _
30 .00m 30.05n t: IEEC.:I 30.10n

7.3 (b) detailed capacitor voltage v, for a few cycles.

the same time interval for the capacitor voltagev. and the output voltage v,

respectively. The computed ripple magnitudes for the capacitor voltage, the output

voltage, and the inductor currents are given in Table 7.3.
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H6 50
HE -
2
:S-EEB[—
700
50.00m 50.05r | ey 50.10r
7.3 (c) detailed output voltagev, for a few cycles.
Table 7.3 Ripple magnitudes at steady-state
Peak-to-Peak AV, IV AV, | mV Al 1A Al, I A
Ripple
Magnitude 0.59 9.76 0.5 0.5

7.2 Design and Simulations for Discontinuous Inductor Current Mode
Operation

In simulating the circuit in continuous conduction mode operation M

conversion-ratio and conduction parameter K, were found as given in Table 7.4.

Table 7.4 Conversion ratio and Conduction parameter

Parameter | Value

K 16

a

M 0.67

The discontinuous conduction mode operation for the same conversion ratio M,

conduction parameter K, must be lower than 0.35 according to the criteria
developed previously for discontinuous conduction mode operation. Since K,
depends on the equivalent inductance L., it can be decreased to 0.35 by changing

L.,. The critical value of the equivalent inductance L., for M=0.67 is calculated as
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21.8*10°H, so that L, <21.8*%10°H . Conduction parameter K, can also be

modified by decreasing both the output current magnitude and the switching

frequency. However, here both the current demand and switching frequency are

considered constant.

In accordance with (3.22) the order of magnitude of L; remained same,

although it is reduced to 1mH. In order to obtain the desired Leq a higher value has

been adopted for L,. Hence, L, <21.54H is found. Consequently, parameters of the

converter that operates in discontinuous conduction mode have been modified to

those given in Table 7.5. The other parameters of the circuit remain same as given in

Table 7.6. Input and output current ripples resulting in the discontinuous inductor

current mode of operation are given in Table 7.7.

Table 7.5 Parameters for Discontinuous Inductor Current Mode

Parameter L. /uH L/mH L,/uH Ka M K

Value 14.77 1 15 0.236 0.67 |0.32

0.48

Table 7.6 Other Circuit Parameters

Component | C/uF | C,/uF | R/ Q
Size 150 200 5

Table 7.7 Input and output ripple currents

Variable | Al /A | Al, /A
Magnitude 0.8 53

The implemented circuit for the simulation is shown in Fig. 7.4. Switch S is
driven with PWM module switches with a period T=0.025 ms, and K=0.32 duty-
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ratio. Simulation results for transient mode are given in Fig. 7.5. It takes about 6
msec to settle down to the steady-state operating point. Simulation is made for 80
msec in length. It is observed that the output current waveform has a large envelope

due to high magnitude of the current ripple.

Ly=1mH C=1”5|:|j.IF L2=1E:j-IH
r iI_-| "L b i|_
Ei= 1 FITm \ o e 27 = —
100w {(Z) G G mF==T o IR-5Q

Perod, T=0.025 ms
= k.= 032

Fig. 7.4. The circuit simulated

B35
] Lo
dl 50,04 a—
a
£
T
-30.5 &
i 525
a 50.00r t, {SEC} 20.00r
Fig. 7.5 (a) Input and output inductor current i|_1, i|_2.
2T
2
2
:910‘

::1-
")
2
1

50.00 t. (sec.} 0. 00r

Fig. 7.5 (b) Energy transferring capacitor v .

The steady-state responses for a few cycles around t= 50.0 ms are shown in
Fig. 7.6 (a) — (c). They are the current waveforms for the inductors, the diode current

waveform, the energy transfer capacitor’s voltage waveform and the output voltage
waveform.
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Fig. 7.5 (c) Output voltage v, simulation results.
1800
E 40, 0=
) ||_.I
E "
I 20,00
-‘i':":"

m.mm 50, 10r

t, { s2c)

Fig. 7.6 (a) Simulation results of input and output inductor currenti,_, i, and diode
current i, scaled for few cycles.

i

=
i 155_WW
|9
=
16
T T
50.00m 50.05¢ t (sec) 50,10

Fig. 7.6 (b) Simulation results of energy transfering capacitor voltage v, scaled for
few cycles.

In the analysis the voltage ripple of the energy transferring capacitor within

the interval |K + Kl)T,T: IS ignored except the derivation of |, expression. Note

that this voltage ripple ignored here is directly related with | ,. From simulation
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results of the energy transferring capacitor, it is obviously seen that the voltage of the

capacitor increases slightly at the state ‘S off, D; off’.

il
=
= -ﬁﬁ.ﬁ-w
8]
=
-70,04
T .
E£0.00rm 50.05¢ t, I:SEC:I 50,100

Fig. 7.6 (c) Simulation results of output voltage v, scaled for few cycles.

The output voltage waveform shown in simulation results has higher ripple
than that obtained in the continuous conduction mode. The reason for this is the
reduced size of the output inductance L,. Thus the corner frequency of the output
filter L,-Cy increases and it can not, therefore, filter ripples as did before. To reduce
the ripple at discontinuous conduction mode the output filter corner frequency needs
to be reduced by increasing capacitor value. This, however, violates the condition to

be satisfied of the item 3 in Part 6.3.

The simulation is repeated with a large output capacitor of C, =1 mF to yield

us the steady-state responses shown in Fig.7.7(a) —(c).

2200

1]
LLI[
D01 [

55,00 3 Bt 80,10
ts]

Fig. 7.7 (a) Simulation results of input and output inductor currenti,_, i, and diode
current i, scaled for few cycles.
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Fig. 7.7 (b) Simulation results of energy transferring capacitor voltage v, scaled for

few cycles.
00
;%_ 5 0
o
0.0
50.00m 50.05¢ E0.10r
ts]

Fig. 7.7 (c) Simulation results of output voltage v, scaled for few cycles.

7.3 Design and Simulations for Application of Cuk Converter as Power Factor

Preregulator

The circuit elements that are already modified in part 7.2 so that the converter

runs in discontinuous inductor current mode are given together in table 7.8.

Table 7.8 Modified circuit elements for Discontinuous Inductor Current Mode

L,/mH

Component

LQ/HH

C/uF

C, /mF

R/IQ

Size

1

15

150

1

5
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A bridge rectifier, supplied from RMS 220 V AC, is used as a dc source.

Required output voltage is 100 V. Load is considered constant, so parameter K, is

constant for this case. Conversion-ratio M for input peak voltage 311 V is 0.32.

According to (3.56) K, satisfies the condition K, <0.28. K, parameter for the

considered circuit is 0.236, so the circuit parameters are not modified. For given

parameters K, and M duty-ratio K, is calculated as 0.24. The parameters are given

in Table 7.9.

Table 7.9 Conduction parameters and Duty ratios for the circuit

Parameter | M K, Ky

0.236 | 0.24

Value 0.32

As stated before input voltage of the converter has periodical waveform.
According to the item one and two of ‘6.3 Critical Points for Open Loop Operation’
(6.68) and (6.69) must be satisfied. For the proposed circuit the calculated variables
of (6.68), (6.69), (6.70) are given in the table 7.10. (6.69) is satisfied by the
parameters of the circuit. Resonant frequency of input inductor and energy storage
capacitor is 4 times greater than input line frequency. Thus (6.68) is not satisfied.

This causes oscillation in input current.

The constructed circuit for simulation is shown in Fig. 7.8. Simulation results

for transient mode are given in Fig. 7.9.

Table 7.10 Parameters for the proposed circuit

Parameter 1 L
WL WS \/E \/E
Value 628 251327 2582 21082
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Fig. 7.8 The constructed circuit for the simulation.
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Fig. 7.9 (a) Current and voltage waveforms of the supply E;
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Fig. 7.9 (b) Input inductor current, i, waveform.
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Fig. 7.9 (c) Output voltage, v, waveform.

It is obviously seen from results that input current oscillates at the proposed
frequency. Also the output voltage has ripples at the frequency of the input voltage.
This is due to the inability of the filter made of the output inductor and the output

capacitor. To reduce the input current oscillations, the angular frequency is

1
VLG

to be modified to satisfy the item one of ‘Critical Points for Open Loop Operation’.

Modified values for components are:

Table 7.11 Modified Component values

Component | Value
L, 200uH
Ci 7 UF
Co S mF

As stated in [4] the existing capacitor is calculated to filter switching
frequency ripple. Another capacitor, as practically applied, is used to filter out the
line frequency ripple. In the simulation the size of the output capacitor is modified
instead of adding a capacitor. After the modification, calculated parameters for
discontinuous inductor current mode operation are given in Table 7.12. Simulation

results are given in Fig. 7.10.
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Table 7.12 Conduction parameters and duty-ratios for the circuit

Parameter | Value
M 0.36
K, 0.22
Ky 0.24
312.0¢(
200.0+
<
5S 0
w
-200.0(H
-312.5(
0 50.b0r 80.00n
t [s]

Fig. 7.10 (a) Supply E; voltage and current waveform for PFP operation
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Fig. 7.10 (b) Supply E; current waveform averaged for a period for PFP operation
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Fig. 7.10 (c) Input inductor current i, waveform for PFP operation
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Fig. 7.10 (d) Voltage v waveform of energy transferring capacitor for PFP
operation
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Fig 7.10 (e) Output voltage v, waveform for PFP operation

Power factor at the supply is calculated by simulator as 0.815.
7.4 Design and Simulations for Dynamic Models
7.4.1 Continuous Inductor Current Mode Simulations

The ideal circuit proposed for continuous inductor current mode analysis in
Table 7.1 is considered for simulation of dynamic models. Its line to output voltage

transfer function is obtained as:

Vo(S) 0.6667
e, (s) 0.333*107%?s* +0.333*10 %5 +1.41*10 %s? + 0.5824 *10 s + 1

(7.1)

The circuit do not satisfy criteria determined for separate corner frequencies since

elements L; is equal to L, Bode plot of the line to output transfer (7.1) is given in
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Fig. 7.11. Bode plot shown that corner frequencies are not separate as predicted. Step

response of the line to output voltage transfer function is given below in Fig.7.12.

The circuit given in Table 7.1 is modified to satisfy separate corner
frequencies criteria:

Table 7.13 Modified circuit parameters for separate corner frequencies.

Component

Ll/mH

L2 /mH

C]_/},LF

Co/}LF

R/Q

Size

2

0.5

150

500

ad

-5l

=100

Magnitude (dH)

=150

=200

=90

-1a0

Phese (deg)

=270

-360

10

Bode Diegram

107

Frequency (radfizec)

Fig. 7.11. Bode plot of the transfer function (7.1)

10°
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Fig. 7.12. Step response of the transfer function (7.1)

Line to output voltage transfer function for the circuit given in table 7.13 is
obtained as following:

Vo(S) 0.6667

e;(s) 0.208*102s* +0.083*10%s® +1.113*10°s2 +0.28*10 35 +1 (7.2)
Poles for the transfer function with approximation method (6.5) are obtained:
sy, =-90,90 | +8.8430i _
S34 =—200 §£10.12i (7.3)

Bode plot for approximate and original transfer functions are obtained in Fig. 7.13.
Graph plotted with blue shows results of original transfer function. Green graph was
plotted for transfer funtion obtained or approximate solution. Approximating tends to
separate corner frequencies.

7.4.1.1 Parasitic Resistance Effects

Parasitic resistances are considered as follows:
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Table 7.14. Parasitic resistances considered for continuous inductor current mode

Parameter | r rn, s/ | €o /v | ™ /Q I'c,ESR /O
Q /Q [ Q

Value 0.5 0.5 0.05 0.7 0.01 0.01 0.01

Line to output transfer function in (6.36) is obtained as following for parameters
given table 7.13 and 7.14:

Vo(s) _ 0.6667(1L—11*10 %5 —80*10 12s2)
e;(s) 0.209*107'?s* +0.364*10 s +1.696*10 ®s? +0.648*10 *s+1.160

(7.4)

50 I ——

— originnal ideal

L > —— epproximale ideal
0 M\ —

Magnitude (dB)
i
[ ]
1

=100 | =

150

A0 F

=180

Pheze (deg)

=270

-360 E
10

10°

Frecquency (redisec)

Fig. 7.13 Bode plots of line to output transfer function (7.2) and line to output
transfer function obtained for approximate poles (7.3).

Bode plots for transfer functions (7.2) ideal case and (7.4) with parasitic resistances
are given in Fig. 7.14. Bode plots of Fig. 7.14 shows that quality factors Q for the
system decrease considerably with parasitic effects.
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Step responses of both functions are shown in Fig.7.15. It is clearly seen that

in ideal case the response settles to higher steady-state value following large
oscillations. This implies that quality factor Q is high for the ideal case and parasitic
resistances cause extra damping.

7.4.2 Discontinuous Inductor Current Mode Simulations

The ideal circuit proposed for discontinuous inductor current mode analysis

in Table 7.5 is considered for simulation of dynamic models. Line to output transfer

function for the proposed circuit is obtained as;

0.24

Vo (S) _

e1(s)

a0

-3l
=100

=150

Magnitude (dB)

=200 -

-250
360

180

Pheze (deg)
=

-180

=360

10"

2.250*10%°s* +0.450*10*?s® + 0.315*10 ®s? +0.033*10 s + 0.36

(7.5)

TTT] T T T TTITIr T 1 T T T ToT T T T TTrro

]

= — original ideal

A —— otigingl with parasitics

10° 10° 10t 10° 10°

Frequency (redisec)

Fig. 7.14 Bode plots of line to output transfer function (7.2) ideal case and line to

output transfer function (7.4) with parasitic resistances.

The separate corner frequency criteria is satisfied by parameters of the circuit in
Table 7.5. Poles of transfer function (7.5) with approximation method (6.5) are

obtained as:
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51, =—52.44 ]+ 20.3480i _

S34=-100]+£71.03i . (7.6)

Bode plot for transfer function with approximate poles (7.6) and transfer function
(7.5) are plot in Fig.7.16. Graph plotted with blue is a result of transfer function
(7.5). Green graph was plotted for transfer function obtained for approximate poles
(7.6).

7.4.2.1 Parasitic Resistance Effects

Parasitic resistances are considered as given in Table 7.15. Approximate
solution for discontinuous inductor current mode tends to close up corner
frequencies.

15 T T L T T T T

q —— original ideal
— with parasitics

Ampiude

0.5

0 1 1 I 1 1 1 1
0 0.01 0.02 003 004 0105 006 0.07 0.0s

Tme (sec)

Fig. 7.15 Step response of line to output transfer function (7.2) ideal case and line to
output transfer function (7.4) with parasitic resistances.
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Table 7.15. Parasitic resistancec considered for continuous inductor current mode

Parameter | r_ 10

", 1O

Mds /O o /v

/O

lcESR/O

IcESRIO

Value 0.1

0.5

0.05 0.7

0.01

0.01

0.01

Line to output transfer function in (6.53) is obtained as following for
parameters given Table 7.5 and Table 7.15:

Vo(s) _

1.041(1-6.25*10 %5 —1.625*1071252)

(7.7)

e1(s)

0.626*10*?s* +0.065*10%s® +1.024*10%s% + 0.440*10 s +1.08

Bode plots for ideal case discontinuous inductor current mode operation transfer
function (7.5) and transfer function for discontinuous inductor current mode with
parasitic resistances (7.7) are obtained. According to Fig.7.17 corner frequencies are

al

=50

Magnitude (d5)

=100

150

— ariginal
—— approximete

H=[n .

=180

Pheze (deg)

=270

-360 &

10

10°
Erequency (redisec)

10°

Fig. 7.16 Bode plot for transfer function with approximate poles (7.6) and transfer

function (7.5).
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Fig. 7.17 Bode plots for ideal case discontinuous inductor current mode operation
transfer function (7.5) and transfer function for discontinuous inductor current mode
with parasitic resistances (7.7)
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Fig. 7.18 Step responses of the functions (7.5) and (7.7)
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not affected by parasitic resistances. But parasitic resistances tend to increase
magnitude, according to simulation results. That is not expected result. Step
responses of the functions (7.5) and (7.7) are shown in Fig.7.18. Increases in the
magnitude and in the peak values are also observed for parasitic resistance case. This
Is not an expected result also.

General case observed for all transfer function is the shift of the phase by
-180 degree resulting for frequencies between the two corner frequencies.
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CHAPTER 8

CONCLUSION

The study introduced in this thesis compiles the results of studies made related

to Cuk converters. The summary of the compilation can be given as follows:

The steady-state and dynamic models are derived using the state-space
averaged models. Stability and small signal behavior are analyzed through open loop
dynamic voltage conversion ratios and control to output dynamic conversion ratios,

where conventional definition of the dynamic conversion ratios is transfer functions.

Derivations are repeated for the topology of Cuk converter including parasitic
resistances. Losses of parasitic resistances and switching are determined and overall
efficiency expression is obtained.

Consequently with a designed converter theoretical analysis are investigated

through simulations.

Current and voltage ripples at steady-state are analyzed using state equations. It
is shown in the study that equations governing the operation of the converter at
steady-state are equal to those derived from volt-second and current-charge
balancing. One point of interest is that, these equations do not include capacitors and
inductors present in the converter. Thus the steady-state operating point is not
determined by the capacitors and inductors of the system.

The thesis tries to give quite detailed analysis of the Cuk converter in
discontinuous inductor current mode. It is seen that the converter is forced to operate
in discontinuous inductor current mode if the size of the output inductance is
decreased to a sufficiently low value or the switching frequency is decreased to a
sufficiently low value. The followings have been noted in the operation at this mode;
two of the three states of operation resulting in this mode are similar to those

obtained in continuous inductor current mode operation, whereas the third state in the
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discontinuous mode of operation does yield significant difference in the state

variable, and the input current freewheels.

Compared to the continuous inductor current mode operation, the output
inductor current ripple for discontinuous inductor current mode results is high. Also,
the output inductor current ripple magnitude comes out greater than the average

output inductor current.

The ability of Cuk converter to operate satisfactorily in discontinuous
inductor current mode makes them a choice to be used as a Power Factor
Preregulator. Noting that the input voltage for them in these applications are half
sinusoidal waveform, the discontinuous inductor current mode operation together
with half sinusoidal input voltage put the converter into worst case operational

condition.

The thesis accounts for the effects of parasitic resistances on the steady-state
and dynamic models for both operation modes. Static parasitic resistance of switches
and elements are determined. Steady-state and dynamic models are obtained for the
modified topology with parasitic resistances. It is noted in the study that the steady-
state conversion ratios for both continuous and discontinuous modes of operations

are reduced by the presence of the parasitic resistances.

The thesis pays attention to the overall efficiency issue as well. Expressions,
regarding to the overall efficiency of Cuk converter, are derived while it is operating
in continuous inductor current mode and discontinuous inductor current mode. It is
made clear that parasitic resistances, non ideality of the magnetic core material used
for inductances, and switching loss resulting from simultaneous current and voltage
transitions in switching elements are primary causes for losses in the Cuk converter.
Within this context we note that losses in the magnetic core material and during the
turning off transition period of the switch are high for discontinuous inductor current
mode compared to the losses of continuous inductor current mode. Whereas for
discontinuous inductor mode, losses resulting during diode conductions and in

turning on transition period of the switches are nearly zero. The effect of increasing
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switching frequency on the efficiency for operations in both modes can be simply

summarized as a decrease.

Considerations regarding to the stability and dynamic behavior of the Cuk
converter are based on dynamic conversion ratios which are conventionally called
transfer functions in the thesis work. General stability criteria for the Cuk converter
are established so that separate corner frequencies are to be satisfied. Such a
condition accounts for the poles of the system can be approximated in case of
separate corner frequencies. Otherwise, the stability analysis can only be made for a
given specific numerical set of the elements. It is seen in this part of thesis work Cuk
converter while operating in discontinuous inductor current mode already satisfies
separate corner frequencies condition. However, for continuous inductor current
mode operation the criterion needs to be checked whether it is being satisfied for the
given set of converter parameters. Note that for the open-loop operation Cuk
converter, with separate corner frequency condition being satisfied, is stable for all
cases. Parasitic resistances tend to separate corner frequencies and add zeros to
conversion ratios of the system for both operation modes. Parasitic resistance effect
in quality factor Q can not be stated obviously according to the obtained expressions.
Also the thesis work refers to the critical points that affect dynamic behavior of the

converter.

Simulations of a Cuk converter made in the thesis work show that Cuk
converter is stable for both operating modes. Simulations with parasitic resistances
included indicate that the quality factor Q decreases with increasing amount of
parasitic resistances. However, increasing presence of them do not significantly
affect corner frequencies. For continuous inductor current mode the magnitude of
step response for ideal case is greater than the magnitude of step response for the
case including parasitic resistances. However, for discontinuous inductor current
mode the magnitude of step response for ideal case is smaller than the magnitude of

step response for the case including parasitic resistances.
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