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Abstract. The main topic of the paper is the large signal averaged model of a switch-mode flyback power converter. The use of the large-signal
averaged models of switching converters allows for fast simulation of power systems. The known averaged models of a flyback are based on
the state-space averaging or switch-averaging approach. The model presented in the paper is derived with the use of the separation of variables
approach and include parasitic resistances of all converter components. The limitations of the model accuracy are discussed. The calculations
based on the averaged model are compared with detailed full-wave simulations and measurements results.
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1. Introduction

Transformer-based converters are an important group of switch-
mode DC-DC converters and have unique features: DC isola-
tion between input and output, broad range of the voltage trans-
fer functions, the possibility to generate multiple outputs. The
most representative example of the transformer-based convert-
ers is a flyback converter. The basic version of a flyback is con-
sidered in this paper. The basic properties of a flyback converter
are widely described in many sources, including textbooks [1,
2], technical data and application notes. The detailed analysis,
modeling for simulation purposes, design methods and propo-
sitions of modifications may be found in many papers, for ex-
ample [3-8].

Averaged modeling is a generally accepted approach to
a simplified description of DC-DC converters and is presented
not only in numerous papers and application notes but also in
textbooks, as for example [1, 2]. Averaged models describe the
behavior of switching converter in the low frequency range
including frequencies of external signals (changes of input
voltage, load current etc.) and the characteristic frequency of
a power stage, much smaller than the switching frequency of
a converter. Averaged model of the power stage of a switch-
ing power converter may be obtained by one of possible ap-
proaches: state-space averaging, an averaged switch modeling
[1, 2], or the separation of variables [9, 10]. In the procedure of
averaged models derivation, a large signal nonlinear averaged
model is obtained first and then, a small signal averaged model
is derived by the linearization of the large signal model [1, 2].

The knowledge of a small signal averaged model in the form
of a proper transmittance (usually, control-to-output transmit-
tance) is necessary in the designing a control system for a power
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converter. The large-signal averaged model may be used not
only for finding small-signal one, but also as a convenient
description of a power converter in the fast, simplified time-
domain simulation of a power system containing converters.

Averaged models of switching power converters, mainly con-
sisting of simple, transformer-less converters are extensively
discussed in many sources. The averaged descriptions of fly-
back converters presented in the literature usually apply to the
idealized converter models in which such effects as the series
resistances of the transformer and parasitic resistances of tran-
sistors, diodes and capacitors are not included or included only
partially, as in [11, 12], while the small-signal version of the
models is discussed. In [13] , the averaged modeling of flyback
is only mentioned, but the main considerations concern the gen-
eral model without averaging.

Averaged models of a non-ideal flyback with parasitic resis-
tances of all principal components are considered to the lim-
ited extent in the literature, and the most representative example
seems to be papers [14] and [15] in which the interesting modi-
fications of the standard state-space averaging and the switch
averaging technique, specific for a flyback converter, are in-
troduced, with the parasitic resistances of all converter compo-
nents included. Some results of the calculations of transients in
a converter obtained by presented models are compared with
the simulations based on the full-wave description including
switching. Unfortunately, the form of the proposed models is
inconvenient — the averaged description contains some vari-
ables that are defined only for the specific subinterval, so the
additional calculations have to be performed. No comparisons
of the simulation results with the experiments are presented.

This paper is devoted to the presentation of the large-signal
averaged models of a non-ideal flyback converter in the form
of the set of equations and equivalent circuits. Apart from the
derivation of the models based on the separation of variables
principle (Section 2), the examples of their application to the
simulation of the large-signal behavior of a converter is shown
in Section 3. Experimentally obtained waveforms are compared
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to the calculations based on the averaged models and to the
results of simulations taking into account the full waveforms
during switching processes. Concluding remarks are given in
Section 4.

2. Large-signal averaged models of flyback
and their circuit representation

2.1. Introductory remarks. The basic description of the
power stage of a non-ideal flyback used in the further consider-
ations is presented in Fig. 1. The ideal part of the transformer
is represented by two controlled sources —n - vy and —n-ip and
so called magnetizing inductance L. The parasitic effects in the
transformer are represented by the resistances Ry and Ry,. The
semiconductor switches are represented as ideal switches S1
and S2 in series with their parasitic resistances Ry and Rp. The
series resistance of the capacitor is Rc. The averaged model
of a converter should describe the relations between currents
and voltages averaged over single switching period. The par-
asitic leakage inductances of the transformer and capacitances
of semiconductor switches are not included in the derivation
of the averaged models, which are valid only for the low fre-
quency range.

R, R,
|

Fig. 1. The power stage of a flyback converter

The difference between two possible modes of the converter
operation — continuous conduction (CCM) and discontinuous
conduction (DCM) may be observed in Fig. 2, presenting the
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Fig. 2. Waveforms of the current iz (z) in the magnetizing inductance:
a) in CCM; b) in DCM
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waveforms of the current i; in magnetizing inductance in both
modes where: Ts — switching period, 7oy — time when the ON
phase ends, ty — time when the OFF1 phase ends.

The calculated waveforms of iz (¢) for an ideal converter in
both modes are linear, but in a real converter they are slightly
nonlinear because of the parasitic resistances. The deviation
from linearity is better visible in DCM because the relative
changes of iy are greater than in CCM. It is illustrated by the
shape of iy (1) dependence in Fig. 2. The averaged models of
a non-ideal flyback are considered in subsections 2.2 and 2.3.

2.2. Continuous conduction mode (CCM). A converter in
CCM may be described separately in two subintervals: ON
(§1 ON, S2 OFF) and OFF (S§1 OFF, S2 ON). The equivalent
circuits for these subintervals, obtained from the model in Fig. 1
are shown in Fig. 3a and 3b, where resistances Ry, and Rpy, are
defined as:

Ry =Rr +Ry1, (1
Rpr=Rp+Ryp>. )

Fig. 3. Equivalent circuits of a non-ideal flyback in CCM: a) ON state;
b) OFF state

The set of variables describing a non-ideal flyback converter
contains: vg, Vo, da, ir, ip, vc. The part of the equations, true
for both subintervals, and also for averaged values, obtained
from Fig. 1, is as follows:

dig
=L.—= 3
VL a (3)
dv,
VO:VC""RC'TtC’ €]
. dv,
zch-d—f+G-v0. 5)

For finding other equations for averaged quantities, it is con-
venient to use the concept of the local average of each circuit
variable in given subinterval. According to the separation of
variables idea [21], the circuit variables are divided into two

Bull. Pol. Ac.: Tech. 68(1) 2020
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groups. Group A contains variables having the same local av-
erages in subintervals ON and OFF, equal consequently to the
averaged values in the whole switching period. Group B con-
tains the variables with different local averages in ON and OFF
subintervals. The local averages of the variables of group B are
represented as functions of the variables of group A for each
subinterval and next the averaging equation is applied:

XAV:dA~x(0N)+(1—dA)~X(0FF), (6)

where dy is duty ratio of the switching signal, x4y is average
value of the variable x for the whole switching period, x(ON)
and x(OFF) are local averages of x in ON and OFF subintervals,
respectively. In the case of flyback in CCM, group A consists
of variables v, vp and it is assumed that the current i; may be
also treated as a group A quantity, because the time-dependence
of iz is nearly linear (see Fig. 2a). The sufficient set of group B
variables is: vy, ip and ig.

For the subinterval ON:

vL(ON) =vG —Rrr-iL, (N
ip(ON) =0, ®)
ic(ON) =1ir. )

For the subinterval OFF:
ip(OFF) =", (10)
n
1 ir
VL(OFF):—*-VO—*Z’RDL, (11)
n n
ic(OFF) =0. (12)

Next, applying Eq. (6) to the variables vz, ip, i, one obtains
the following expressions for averages:

v
VLAV:dA'VG_(l —dA)-—O—
R (13)
—ip- |da- R+ (1 —dA)'% ;
. I
ipay = (1—ds)- . (14)
iGay = da -if. . (15)

The subscript AV in Egs. (13)—(15) is applied to the quantities
of group B only, because in the case of group A quantities (ac-
cording to their definition), there is no need to distinguish their
averaged values from values in the subinterval ON or OFF. The
quantity in the square brackets in (13) may be treated as a duty-
controlled resistance rgg(da):

R
VEQ(dA):dA'RTL-F(l—dA)'%a (16)

therefore:

v
VLAV:dA'VG—(l—dA)'FO—l’L-I‘EQ(dA). (17)
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The voltage drop corresponding to the last terms in (13) and
(17) may be alternatively treated as the voltage source con-
trolled by iz and dy.

The large-signal averaged model of a non-ideal flyback con-
verter in CCM is expressed by equations (3), (4), (5), (13), (14)
and (15) and may be presented in the form of the equivalent
circuit shown in Fig. 4a, where the central cell may be replaced
by the cell shown in Fig. 4b. Symbol vx denotes voltage source
described as:

Rpr.

vx =i - dA~RTL+(1—dA)-? . (18)

In the further text and figures of subsection 2.2, only the av-
eraged values of the circuit variables are present, therefore the
subscript AV is omitted.

a)

Fig. 4. The equivalent circuit representing the averaged, large-signal
model of the non-ideal flyback converter in CCM: a) basic form,
b) the alternative form of the central cell

A DC version of the averaged model of the non-ideal flyback
in CCM is obtained by setting to zero the inductor voltage and
capacitor current in the model shown in Fig. 4. The result is
presented in Fig. 5, where the symbols of DC components of
variables are applied.

Fig. 5. DC averaged model of flyback in CCM
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From Fig. 5 one obtains:

1- Dy

Dy-Vg = Vo +Rgo 11, (19)
where:
REQZDA'RTL—F(l—DA)'%- (20)
In addition: "
IL:I_DA-G-VO 2D
and
Ig=Dy- I = 1";%;.6-%. (22)
From (19) and (21) one obtains:
n-Dy
Vo = I=D0 Ly, (23)
1+G-Rgo- m
Therefore, the DC voltage transfer function is:
My = e 24)
FORe

The quantity My; in (24) denotes the DC voltage transfer
function in the ideal case (for Rgp = 0):

n- DA
My; = . 25
Vi 1 _DA ( )
From (22) and (25) we have:
I = My; - Ip. (26)

Equations (25) and (26), true for an ideal flyback converter in
CCM correspond to the known description of a flyback [1, 2]. In
the description of a non-ideal flyback in [1], only the parasitic
resistance of the transistor is included. In [2], more involved
description of a converter is given in which, the impact of the
switching losses on the DC voltage transfer is included.

2.3. Discontinuous conduction mode (DCM). A characteris-
tic feature of the DCM is the shape of the current iz, of the induc-
tive element L, shown in Fig. 2b. The sub-period OFF consists
of two parts, OFF1 and OFF2 and in the OFF2 state, both semi-
conductor switches are OFF. The equivalent circuits shown in
Figs. 3a and 3b may be used to the description of a converter in
DCM in the states ON and OFF1. Equivalent circuit for OFF2
is shown in Fig. 6. Referring to the idea of the separation of
variables, the current i, does not belong to group A of variables
in DCM, because its local averages in ON and OFF sub-periods
are different. The only variables of group A in DCM are the
input and output voltages v and vg.

84

Fig. 6. Equivalent circuit of a flyback in DCM in the OFF2 subinterval

The first step in the derivation of the averaged model of con-
verter in DCM is finding the average value vy4y on the ideal
part L of inductive element. From Fig. 2b we have:

P 7
= — t)dt
VLAV TS/VL()
0
1 fon tx
= — /VLI dl‘—|—/VL2dt—‘r0 R 27
Ts
0 ton
where:
dig;
t)=L—— 28
VLl() dt ] ( )
dirn
t)=L—= 29
via(t) a0 (29)
ton <t <Ts.

ir1(r) and if5(t) denote the waveforms of the if (¢) current in
subintervals ON and OFF1 respectively (see Fig. 2b).
From Egs. (27)—(29) we obtain:

VIAV = % (i1 (ton) —ir1(0) +ira(tx) —ira(ton)) = 0. (30)

The result is independent of the particular shape of the iz ()
and iz»(¢) dependencies. It means that the ideal part of the in-
ductive element L is shorted in the averaged model for DCM.
For the derivation of the model, the dependencies of the aver-
aged currents igay and ipqy on the voltages vg, vo and duty
ratio d4 should be found. Currents i and ip in each state are
directly connected to the current i;, therefore the description
of iy should be found first. In the ON state, from Fig. 3a, one
obtains:

di
v =g Ry +L- —2t (31)
dr
where:
ir1(t)=0, for t=0. (32)

The resulting description of iz () is:

R
iLl(t)ZI:—SL- [1—exp (-ZH)} for 0<1<toy. (33)

Bull. Pol. Ac.: Tech. 68(1) 2020
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In the OFF1 state, for oy <t < tx, from Fig. 3b:

di
R - S, (34)
dr n
where:
ir2 (ton) = ir1 (ton) = im - (35)

The quantity iz denoting the maximum value of the current
ir can be calculated by putting t = toy = dj - Ts in Eq. (33) and
may be approximated by:

iy = VTG dy - Ts. (36)

The solution of Eq. (34) is:

. n-vo . n-vo
i) =— RoL + (lLM+ Rop ) .

RpL
-exp (_nZ-L . (t—lON)> ,forton <t <tx. (37)
The current i in each state depends on vg and vp, i.e. on
the quantities belonging to the group A, in accordance to the
separation of variables rule.
Current i (1) equals iz (¢) in the ON state and is zero in other

states. Current ip(t) equals iz2(¢)/n in the OFF1 state and is
zero in other states. Consequently, the averages of ig(¢) and

ip(t) are:
a7
iGAvV = = /
T
&)

1
) =—-— -dr = .
LpAV Ts / n-Ts
ON

01 and Q5 denote the respective integrals of currents iz and
ir>. From Eq. (33) we obtain:

L R
0 = 1:; [mmn (exp(—f-m@—l)] (40)

Using the approximation:

sdt = —, (38)
Ts

(39)

Flfxt % (41)
one obtains:
~ VG VG
01 = toy =5 di T (42)
From (37) we have:
n-v
Or=— A 9 (tx —ton) +
DL
n VG ” + Vo L
L lov RoL Row (43)

~ [1—GXP <—r§D_LL'(fx—t0N)>] :

Bull. Pol. Ac.: Tech. 68(1) 2020

Using the approximation (41) we obtain:

Ix —
0, = x—lon) L"N)~
(tx —ton)
. da-Te—
[Vc a-Ts o (44)
“Rpp -da - T
_<VO+VG DL - dA s)]
n-L

The time point #y (denoting the end of the OFF1 subinterval)
is defined by the condition iy (ty) = 0, that leads to:

Rpr n-vo

The averaged quantities ig4y and ipay described by Eqgs. (38)
and (39), with the expressions (40) and (43), or their approxi-
mations (42) and (44), depend on the input and output voltages
vg and vp and on duty ratio dg.

The resulting large-signal averaged model of a non-ideal fly-
back in DCM may be presented in the form of equivalent cir-
cuit shown in Fig. 7a. The subscript AV in the description of the
circuit in Fig. 7 is omitted, because the dependencies concern
only the averaged quantities. The description of the controlled
sources ig(vg,da) and ip(ve,vo,ds) based on the approxima-
tions (42) and (44) are:

txy =ton + 45)

ic = f1(vg,da) = 2 L -d3 - Ty (46)
and
tx —t
ip = f>(da,vG,vo) = = nON
Ix —Ion

47
vG Rpr-da-Ts “7)
n-L '

Using additionally the approximation In (14 x) & x in (45)
we can obtain a simplified expression for the current ip:

dZ_T_ 2
NASVG.<1_ (48)

D= 2-L-vog vo-n-L

vG-Rpr-da- Ts)

The controlled current source in the input cell in Fig. 7a
may be treated as the duty-controlled conductance as shown in
Fig. 7b.

The DC version of the averaged model for DCM mode is ob-
tained by setting to zero the capacitor current. From the DC av-
eraged model, the static voltage transfer function may be calcu-
lated, because DC component of i (dependent on Q,) is equal
to the load current, Ip = G-V . The quantity Q», according to
Eqgs. (43) or (44), together with Eq. (45) depends on the voltages
vg and vy, therefore the dependence between v and vp may be
found. Unfortunately, even with the use of approximate equa-
tion (44) for Q», the expression for vy cannot be found in the
analytical form. It may be shown however, that after neglecting
the parasitic resistance Rpy in equations (44) and (45) one ob-
tains the ideal formula for the static voltage transfer function,
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a) ig ip
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b)

D Jew

Fig. 7. Large signal averaged model of a non-ideal flyback converter
in DCM: a) basic form, b) the current source in the input cell replaced
by the duty-controlled conductance

consistent with equations given in [1] and [2]:

Ty
2-L-G’

Myp; =D, - (49)

3. Simulations and measurements

In real flyback converters, the waveforms of currents and volt-
ages within each switching period resulting from switching pro-
cesses in semiconductor components and the resonances caused
by parasitic capacitances and inductances are observed, as in
the example shown in Fig. 8. The accurate simulation of such
waveforms demands the use of very complex models of the con-
verter elements and, consequently, is time-consuming. On the
other hand, the changes of external signals (input voltage, load
current) for converter working in more complex power system
as well as changes resulting from the internal time constants
of a converter are relatively slow. The fast, approximate sim-
ulations of a converter for time segments containing hundreds
or thousands switching periods may be performed with the use
of large-signal averaged models. The usability of models pre-
sented in the previous section to such simulations may be eval-
uated on the examples presented below.

VoslVI

110

88

66

44

22

0
-1.02x107 2.31x10° 4.73x10°® 7.15¢10° 9.58x10°® 1.2x10°

t[s]

Fig. 8. The waveforms of the voltage vpg on the switch S1 in CCM
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Figures 9—11 show the waveforms of the output voltage of
the converter for a step change of the input voltage or the duty
ratio, obtained by the averaged models, full-wave simulations
or measurements. Main circuit parameters are: fs = 100 kHz;
n=0.2; L =150 uH; C = 570 uF. Load resistance is 3.3 Q
for CCM and 50 Q for DCM. The waveforms in Fig. 9 are ob-
tained for d4 = 0.5 and the input voltage step 0-20 V; the wave-
forms in Fig. 10 — for d4 = 0.3 and input voltage step 0-24 V.
Fig. 11 corresponds to step change of d4: 0.3 to 0.2 at con-
stant input voltage 24 V. Curves 1 represent results of full-wave
simulations; 2 — simulations based on the averaged model; 3
— measurements. Other data for simulations based on the av-
eraged model are: R;; = 0.5 Q; Rjp =23 mQ; Ry = 163 mQ;
Rp =100 mQ; Rc = 53 mQ. In the full-wave simulations tran-
sistor and diode are represented by the Spice library models of

vo[V]

N 2, |

0

0 0.001 0.002 0.003 t[s] 0.004

Fig. 9. The output voltage response to the input voltage step in CCM

10 Vo[V]

0 0.02 0.04 t[s] 0.06

Fig. 10. The output voltage response to the input voltage step in DCM

10 eVl
8t
3 2\

6_
n 1
5L
0

0 0.1 0.12 0.14 0.16 t[s] 0.18

Fig. 11. The output voltage response to the step change of the duty
ratio in DCM
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the devices TPH3206 and MBR1035. In addition, leakage in-
ductances of the primary and secondary coils of transformer
Lrp = 1.5 uH, Lgs = 1 nH are taken into account in full-wave
simulations. The values of resistances Ry and Rp are obtained
from the measured DC characteristics of the transistor and
diode. The values of other parasitic parameters are extracted
from measurements of the impedances of capacitor and input
and output coils of transformer. In particular, the leakage in-
ductance Lrp has been measured for shorted transformer output
and Lgg — for shorted transformer input.

The differences between the waveforms obtained by two
variants of simulation and measurements, which may be ob-
served in Figs. 9—11, are the result of the fact, that each model
may represent the real object only approximately. In particular,
the averaged model doesn’t include high frequency phenom-
ena, connected to switching processes and, by definition, is the
approximation.

The waveforms of the output voltage for more complex
changes of the input voltage (0-20-30-40 V) at d4 = 0.5 shown
in Fig. 12, and duty ratio d4 (0.4-0.6-0.8) at vg = 20 V shown
in Fig. 13 are obtained by full-wave simulations (curve 1) and
on the base of the averaged model (curves 2) for switching
frequency fs = 200 kHz and changed capacitor parameters:
C =470 uF, Rc = 76 mQ. The differences between waveforms
obtained by the accurate full-wave simulations and approximate
simulations based on the averaged model are relatively small
but the differences in the simulation time in Spice are gigantic

vol[V]
30[]

0 . ‘
0 0.01 0.02 tls] 003

Fig. 12. The output voltage response to the step change of the input
voltage in CCM

Vvo[V]
20

151

10

[ |

1 1
0 0.01 0.02 ts] 003

Fig. 13. The output voltage response to the step change of the duty
ratio in CCM
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(averaged models: 20 ms in both cases; full-wave: 1123.97 s or
1287.75 s). This comparison shows the main advantage of using
averaged instead of full-wave approach for large-signal, time
domain simulations of power systems containing converters.

4. Conclusions

The large-signal averaged models of switching power convert-
ers are usually used as a first step for finding small-signal av-
eraged models needed in the designing process of control sub-
circuits. On the other hand, large signal averaged models may
serve as a convenient tool for performing fast, approximate sim-
ulations of power systems. The averaged models of flyback
known so far are based on the state-space averaging or switch
averaging approach and usually take the parasitic resistances of
the converter components into account only partially [11, 12] or
have an inconvenient form as in [14] and [15]. The models pre-
sented in this paper are derived for the continuous conduction
mode (CCM) and discontinuous conduction mode (DCM) with
the use of the separation of variables and include the parasitic
resistances of the all components of a converter. The final form
of the models may be directly implemented in large signal time
domain circuit simulators. The exemplary calculations based on
the presented averaged models are compared with the detailed
full-wave simulations and the measurements results and a rela-
tively good consistency is observed. The main advantage of the
use of averaged models in large-signal power system simula-
tions is the simulation speed.
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