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Introduction

DC-DC converters are circuits consisting of bottedir, and nonlinear elements.
Additionally converters work as a switching cirsyitherefore even though they
consist of few elements the process of modelingosas simple as in common
circuits.

The first method of modeling the converters was@néed in year 1976 and it
was based on averaging of state space equationsSibce then converters have
been described using various techniques e.g. swatebraging [2], [3] and
separation of variables [4], [5], which was usediéive models presented in this
paper. All of those methods have one in commoney tare based on averaging
signals over one switching cycle. The most popuoiadels which can be found in
the literature describe ideal converters, some h&mt include few parasitic
resistances [2], [3], [6]. One can also find mod=lasidering parasitic resistances,
which describe most losses in converter circuit [8]

The authors who neglect some of parasitic resissgngrobably are assuming
that the losses are so small that ignoring them'twoake a change in the model.
Such assumption is true if parasitic resistancesafficiently small [9]. However in
some cases it is not possible to use the simplelehand thus the full model needs
to be used [10].

In order to model the behavior of a converter, desiall other parasitic
resistances, one can use static or dynamic moddloafe resistance. The model
considering dynamic resistance of a diode is mareeusal because, if needed, it is
much easier to switch to the model with staticstesice than opposite. Most models
that can be found in literature do not include tlypamic resistance and voltage
offset of a diode [1], [7], [11]. Therefore thos@dels are limited in use. However
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there are some papers that include models consigbdth the diode resistance and
voltage offset [8], [12] which allows to analyzeiafluence of additional parameter.

This paper contains models of converters workinthexcontinuous conduction
mode (CCM). The models consider the dynamic valudiade resistance and a
voltage offset, created after linearization of diodharacteristic. First chapter
describes basic terms and nomenclature used imefupirt of this paper.

From the second to the fourth chapter one canderived models of BUCK,
BOOST and BUCK-BOOST converters, which can be usesimulate work of the
converters. The models consider dynamic value adelresistance and the voltage
offset, as it has been mentioned previously.

The fifth chapter is used to present some Scilatulsitions of models presented
in this paper in comparison to known models [12].

The fifth chapter is followed by conclusion andereinces.

1. Static and dynamic diode resistance

When modeling an ideal DC-DC converter (figure heodoesn’'t need to
consider parasitic resistances of its electronimponents. When considering non
ideal power converter one needs to specify valii@a@sitic resistances, which are
a simple representation of power loses.
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Fig. 1. An ideal step-down converter (BUCK) consistingidéal transistor T, diode D,
inductor L and capacitor C.
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Fig. 2. Waveform of a transistor gate-to-source voltagel @oil current during ON
and OFF phase

Evaluation of those resistances for transistorudtol and capacitor is simple
and obvious. But on the other hand a lot of DC-D@werters contain a diode which
can be represented by static or dynamic resistddicele currentg changes with
time in every switching cycle (figure 2). In CCMofe changes are not significant if
comparing with DC value of the current, but thep &@ad to significant changes in
value of static resistance.

To deal with those changes one can use the chasticteof a diode after
linearization, presented in fig 3b. In this case $fope represents the dynamic value
of parasitic conductance of a diode, which is leatnerable to small current
changes than a static value. The valgdsva representation of DC diode voltalye.
converter’'s model the /is represented by an independent voltage sourte wi
constant value in fig 4, where all other parasiggistances are included.
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Fig. 3. Current-voltage characteristic of a diode: a) ;rdal model based on linear
approximation
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2. Models of BUCK converter with all parasitic resstances

To create a mathematical model of a converter meaeslculate it's transfer
function. In this paper two important transfer ftioos are considered. One of them
represent the response of output voltage to inpliage excitation and it is called
line-to-output transfer function (1). The secondnsfer function represent
dependency of output voltage on small-signal dyttecand it is called control-to-
output transfer function (2).

H, () = vol® (1)
’ Vg (S) 8(s)=0
H (S) = VO_(S) (2)
i 0(8) |\, (s-0
where:

Hy(s) - transfer function line-to-output
Hq(s) - transfer function control-to-output
V(s) - small signal value of output voltage
6(s) - small signal value of duty ratio

DC-DC converters are switching circuits hence whaltulating the transfer
function it is necessary to use one of averagiertigues presented in [2] [4] [5]
[12]. All those techniques are based on averagimgeats and/or voltages over one
switching cycle. After averaging a linearizatiorkda place where all signals are
treated as a combination of a constant, and a sigaldl values as presented in (3).

X=X+ Xx(t) (3)

The linearization is followed by separation of 8reall signal values from the
constant values. The small signal values are wsedltulate the transfer functions
accordingly to (1), (2).

An implementation of diode model considering th@aiyic resistance R and
voltage offset ¥, into a BUCK converter consisting of real elemasatpresented in
figure 4
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Fig. 4. Non ideal BUCK converter consisting of ideal compots and their parasitic
resistances

Using one of averaging techniques based on separativariables the BUCK
converter transfer functions has been derived:
D,(1+sC
Hg(BUCK,CCM)(S) == a R) (4)
s°C,L+(C, R+ LG+t CR) ¢ GR+1

_ (Vo= 1. (R —R)-\)(A+ SCR) (5)
Hd(BUCK,CCM)(S) T2
$C,L+(C,R+ LG+ CR) ¢ GR+1
where:
v, =PV +V,(1-D,) (6)
GR, +1
|L = DAVG +VD(1_ DA)G (7)
GR, +1
C, =C(1+GR) ®
R =D,(R-R)+ R+ R ®)

The values ¥, Ve, Vp, I, and [} are constant values of output voltage, input
voltage, diode offset voltage, coil current andyduattio respectively. Equations (6)
— (7) have been derived after linearization andasgn of the small signal values
from the constant values.

Accordingly to (4) the value of diode voltage off3&, in BUCK converter
doesn't influence the transfer functiog(s). It means that only change of static to
dynamic resistance affects this transfer functidrie equation (4) is not different
from the one presented in [5][14] except that hitsee value of B refers to the
dynamic resistance.
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3. Models of BOOST converter

Circuit of a BOOST converter considering all paiasiesistances and model of
a diode with dynamic resistance and voltage oftsptesented in figure 5
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Fig. 5. Circuit of a BOOST converter considering all p#tiegesistances and model of a
diode with dynamic resistance and voltage offset

Transfer functions related to the circuit preseritedigure 5 are presented in
(10) and (11):
H (s) = 1+sCR)A- D) (10)
OOTTENTTSLG, + (G B+ G CRI- DY)+ GRr(1- B

(1+sCR)1- D) L(R- R)+ ¥+ v—@)
(1-D,) (11)

H =
oo e S SUG (G B Y G CRA- D)+ GR(- D
where for BOOST converter:

Ve W%@-D) _p (12)
R, G+(1- D,)
| = VG _VD(l_ DA)G (13)

" RG+(- D)
Formulas related to£and R have been presented in (8) and (9).

4. Models of BUCK-BOOST converter

In figure 6 one can find a circuit of BUCK-BOOSTra@rter which was used
to derive transfer functions (14) and (15). Thecwir contains all parasitic
resistances and model of a diode considering dynegsistance and voltage offset.
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Fig. 6. Circuit of a BUCK-BOOST converter, including aksitic resistances and model
of a diode considering dynamic resistance and geltzfset

Small signal models related to the circuit in fig@rare presented in (14) and (15)

y i} (1+sCR)(1- D) D, (14)
g(BUCK—BOOST CCM Sz LCZ + q Q 3 + LG" CB(]._ Q)Z)_'_ GB"’ (1_ Dz
(L+SCR)(1- Q)(—'L((ls_LSSZ)Hé- L(R+ R)+ ¥+ vj (15

Hd(BUCK—BOOST cey = &2 LC,+ {C R+ LG+ CR(- Q)Z)+ GR+ (1- QZ

Constant values of output voltage and coil curcamt be calculated with (16) and
a7):

v, = Vs DA(l— DA)+VD(1— DA)2 (16)
GR -(1- D,y
— Ve Da +VD(1_ DA)G (17)

‘" GR -(1- D)
As it was mentioned before, formulas related ca@d R have been presented
in (8) and (9).

5. Simulations of BUCK converter

In this chapter one can find simulations of a BUCGkhverter. Values of the
elements, used in following simulations, have belepsen to be in compliance with
values of real, measured elements. All those vdiage been presented in tab. 1.
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Table 1
Vg=bH V C=44,7uF DA=0,5
Rr=4 mQ Rc=35 M G=0,2 S
RD STAT=364 m L=23,5MH VD=O,8 \Y
Rp pyn=59 mQ *R =62 nQ

* Resistance Rincludes the value of a resistor used to mea$eredil current

5.1.  Comparison with other model

A large signal model considering diode voltage etffhias already been
presented in [12]. The model is presented in figire The differences in
nomenclature are explained in tab. 2.

vy (t) drip ¥ IS dv vy R.Z Vo

Fig. 7. Large signal model of a BUCK converter presented 2]

where:
r=Dryg+(1-D)R: +r, (18)
Table 2
Syf"bo' used Description sylfnqbu(;\llﬁlseené in
in[12] :
this paper
V| Input voltag: Vg
Ve Forward voltage of diode Vp
r ESR of a inductc R,
rc ESR of a capacitor R
Ios Roson resistance of a transistor R
Re Forward resistance of a dic Rp
R, Load resistanc Ro=1/G
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According to the model from figure 7 the line-tojowt and control-to-output
transfer functions are as follows:

@+sCR)D,
} g- (19
g(BUCK_CCM —1)( ) SZLCZ +s(C,R, +LG+CR.)+GR, +1
V; (1+sCR) (20)

H s)=
aceuck_com 3 () $’LC, +S(C,R, +LG+CR.)+GR, +1

The nomenclature of equations (19) and (20) has bkanged accordingly to
tab 2, so that they could be easily compared tatgans (4), (5). According to this,
only the control-to-output transfer function (28)different from that presented in
(5). To assess the differences a simulation has teee.

First simulation presented in figure 8 compares twodels in frequency
domain. The characteristic corresponds to a sttoatvhere duty ratio was
periodically changing, and the amplitude of theatgons was equal to 0,1. Dashed
curve was calculated based on model from figur&2, page 409] which will be
called model 1 from now on. The solid curve waswated according to equation
(5) which will be called model 2. All parametersedsfor the simulation are
presented in tab. 1.
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Fig. 8. Bode characteristic of control-to-output transfenction of a BUCK converter:
dashed - model 1, solid — model 2.
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The simulation shows good consistence between thasenodels. Differences
between magnitudes are small for element valuesepted in tab. 1. But in some
cases (e.g. when the input voltage is relativelalnthe difference in magnitude
can be higher, which is presented in figure 9 whamly input voltage ¥ was
changed from 5V to 2V. All other parameters areshme as in tab. 1. If the input
voltage rises, the difference between magnitudes ¢go zero and the two models

are equivalent.

Vo/ 0 (dB)

103 10% 10
Frequency (Hz)
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Fig. 9. Control-to-output transfer function of a BUCK camter with \z=2V: dashed -
model 1, solid — model 2.

5.2. Comparison of models with various combinationof parasitic

resistances
The second simulation presented in the figure f€rg¢o bode characteristic of
a control-to-output transfer function of a BUCK werter. This simulation shows

differences in models including various parasigisistances.
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Fig. 10. Control-to-output transfer function of a BUCK camter: a) ideal converter; b)
parasitic resistances of coil and capacitor only) all parasitic resistances
and a dynamic resistance of a diode with voltageetif d) all parasitic resistances and a
static resistance of a diode

It can be seen from fig 10 that simulation of ideahverter (fig. 10a) differs
even from the model which does not include all afagitic resistances (fig.10b).
Moreover it can be seen that in this particulaecasplitudes of plots 'b' and 'c' are
similar, but of course it does not mean that threyadways going to be similar. Main
differences between those two models can be segmaise diagram. The plot in fig.
10d refers to a situation where static value ofddioesistance has been used.
Differences between models with static and dynaescstance of a diode are large
because of the differences between those resesamdich was mentioned at the
beginning of this paper.

Regardless differences between those two resistaticere is a much more
interesting feature. From phase chart in figureoh® can notice a big differences
between models which do, and do not include paagsistances of transistor and
diode. Those differences appear in higher freq@snaievertheless this simulation
shows that parasitic resistances of switches re®e considered in the model of a
converter.
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Fig. 11. Output voltage response to step change of inpdagelby 1V according to model
including: a) static resistance, b) dynamic resisteof a diode

From the table 1 one can read that value of stesitstance of a diode is not
only a few times bigger than the value of dynan@sistance, but it is also the
biggest parasitic resistance in the whole circ@iiaaconverter. It means that any
change of this resistance will impact the charasties of a converter. This can be
seen in figure 11 where line-to-output (4) trangterction of BUCK converter was
used to simulate transient response for step chahgeput signal. This transfer
function is not different from the one presentedother papers [4][5]. The only
exception is the value of diode resistance. In #Mample first static and later
dynamic resistances have been used to calculateutherator and the denominator
of transfer function. The reader can see the diffee in amplitude, time of
oscillations and constant value of output voltage.

Conclusions

The extended models of two common transfer funstioha converter have
been presented. The models include additional geltsource referring to the
constant value of diode voltage, which appearsr dliteearization of diode
characteristic. Presented model of line-to-outpandfer function is equivalent with
model obtained with a different method [12]. Th#edence appears in the control-
to-output transfer function. Simulations show ttiffierences between those transfer
functions increase when the input voltage is ggtiwer. When the input voltage is
much higher than the offset voltage of a diodg then the differences can be
neglected. Moreover presented models show thanhthuence of the voltage offset



Modified small-signal models of BUCK, BOOST ... 51

is visible only with the control-to-output transfemction. Nevertheless regarding
the simulations differences between using stattt dynamic resistance of a diode
are noticeable in all types of transfer functions.

Presented equations can be easily implementednatlhematical program such
as Scilab or Matlab. To the knowledge of the authlbrequations of transfer
functions presented in this work hadn't been prtesebefore and thus are original
extension of models presented in [4][5]. Moreovirngodels can be very easily
modified to use with value of static diode resist@arwhich makes them more
practical and universal.
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Abstract

Various models of DC-DC converters have been ptedein many references.
This paper provides extended version of a commanster functions (line-to-
output, control-to-output) of three most popular-DC converters BUCK, BOOST
and BUCK-BOOST. The extension includes all parasisistances and additional
voltage source created after linearization of dicllgracteristic.

Streszczenie

W dostpnej literaturze istnieje wiele modeli przetwormepkcia statego.
Modele te ranig sic migdzy innymi rodzajem uwzetinianych rezystancji
pasaytniczych. Niniejszy artykut zawiera modele przetmio napécia statego
BUCK, BOOST oraz BUCK-BOOST, wyprowadzone przy pamotechniki
separacji zmiennych. Modele te uwahhiajg zarbwno rezystancje pasonicze
wszystkich elementéw przetwornicy jak i dodatkogvédto napécia powstate po
linearyzacji charakterystyki diody.

Stowa kluczowe: BUCK, BOOST, BUCK-BOOST, rezystancje pagtmicze
W przetwornicach nagcia statego, modele matosygnatowe, przetwornica¢oagp
statego



