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Abstract: - Studying the function of DC/DC converters is an important topic when organizing a course in
Power Electronics. The use of tapped inductors or autotransformers changes the behavior of the converter and
also the stress of the semiconductors. In this paper, a simple way to teach these converters is shown and
demonstrated for two variants of the well-known SEPIC converter. Suggestive drawings and simple
calculations and simulations are used to demonstrate the operation of the converters. The large signal and the

small signal models for one variant are calculated.

Key-Words: - DC/DC converter, SEPIC, autotransformer, coupled coils, tapped inductor, large signal model,

small signal model, simulations.

Received: September 9, 2023. Revised: May 5, 2024. Accepted: June 11, 2024. Published: August 6, 2024.

1 Introduction

Replacing a coil of a DC/DC converter with a
tapped inductor or an autotransformer changes the
voltage transformation ratio, changes the stress of
the semiconductors, and gives an additional degree
of freedom for the design. The input and the output
voltages can be adapted in such a way that the duty
ratio of the active switch has no extreme values near
zero or near one. So the efficiency can be increased.
Here we discuss in a didactical way the function of a
Sepic converter, when the first coil is replaced by
two coupled windings. The best way to understand
the function of a converter is by sketching the
voltages across and the currents through the
components. So the comprehension of converters is
deepened. Both variants used here are done for the
first inductor, and in the first case, the coupled coils
behave like a transformer, and in the second variant
as a tapped inductor. First, a look at the literature
concerning tapped coils used in DC/DC converters,
especially the SEPIC converter is done.

A short paper describing basic bidirectional
converters with tapped inductors is [1]. In [2] tapped
inductor technology-based DC-DC converters are
shown. The modeling of the tapped inductor SEPIC
converter by the TIS-SFG approach is treated in [3].
A high step-up tapped inductor SEPIC converter
with a charge pump cell can be found in [4]. [5],
treats an analysis and design of a charge pump-
assisted high step-up tapped inductor SEPIC
converter with a regenerative snubber. The analysis
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of a bidirectional SEPIC/Zeta converter with a
coupled inductor [6] uses the coupling of both
inductors of the original topologies. A family of
high step-up soft-switching integrated Sepic
converters with a Y-source coupled inductor is
discussed in [7]. Other applications with tapped
inductors are shown in [8] and [9]. It should be
mentioned that the original SEPIC topology is
treated in the textbooks on Power Electronic, e.g.
[10], [11], [12].

In its basic form, the Sepic converter consists of
an active (S) and a passive switch (D), two coils
(L1, L2), and two capacitors (C1, C2). The circuit
diagram is shown in Figure 1. During the steady
state the voltages across the inductors are zero in the
mean, so it is easy to see that the voltage across C1
must be equal to the input voltage U1. With the help
of the voltage-time balance, the voltage
transformation ratio is equal to a Buck-Boost
converter according to

MoY2_ 4 1)
U, 1-d
e ¢ . %
.‘5 :'tll Lc2 o R

vl " u2

Fig. 1: Circuit diagram of the Sepic converter
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The wvariants will be studied for ideal
components (no parasitic resistors, ideal switching),
in the continuous mode, in steady-state, and with
capacitors so large that the voltages across them are
constant during one period. In the continuous mode,
only two modes within a period follow each other in
a repeated way. In the first mode, M1 the active
switch S is on and the passive switch D is off, in the
second mode M2 the electronic switch S is off and
the diode D is conducting. When the converter is in
the discontinuous mode a third mode M3, when
both semiconductor components are off, occurs. The
drawings are done for a winding ratio of one to one
but lettered with the exact winding ratio.

2 Variant |
In the first variant, the first coil of the Sepic
converter is replaced by a tapped inductor which
acts as an autotransformer. Figure 2 shows the
circuit diagram.

2.1 Connection between the Voltages
When inspecting the circuit diagram one can
immediately see that in the steady state, the voltage
across C1 must be equal to the input voltage
Uegp =Us. (2)

During M1 the input voltage U1 is across the
winding N11 and during M2 the input voltage minus
the output voltage minus the voltage across C2 is
across the complete winding of the autotransformer
(N11+N12). Only the corresponding part

Nll 3
Ni;+ Ny ®)
is across the first winding during M2. With an
arbitrarily chosen input voltage of two divisions,
one can now draw the voltage across N11 (Figure 3,
left).

Uniym2 = (Ul_UZ_U01)

Sapic modificetion first coll L

Fig. 2: Variant |

The charge balance across N11

.=L -uU, — 1—
U,-d N11+N12|U1 U, U01|( d)

leads to the voltage transformation ratio

(4)
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U, Ny3+Ng, d

M =

()

In the same way, one gets the voltage across the
second winding N12 of the autotransformer
(Figure 3, right).

L WA
4 N g N1z §
' oMz
Ly | 2%
t t
-
iy — g — U I Ta e
) _"'L'll . .'\:]l:l
M+ #iz Ny tNpa

Fig. 3: Voltages across the autotransformer: first
winding (left), second winding (right)

With a duty cycle of one-third the output
voltage is equal to the input voltage for N11=N12.
Figure 4 on the left side shows the input and the
output voltages, and the voltage across the first
capacitor.

The voltage across the coil L must be zero in the
mean. During mode M1 the sum of the transformed

voltage across N11 plus the voltage across C1
N
Upmi =U; '—le +Ucy (6)
11

lies across the coil and during M2 the negative
output voltage (Figure 4 right).

Wy, Wy, U2
‘ 1 1

Ly, Uy, Uy

;I.
- g
Fig. 4: Input voltage and voltages across the
capacitors (left), voltage across the coil (right)
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Fig. 5: Voltages across the electronic switch S (left)
and the diode (right)

For the design of the converter the voltage
maxima across the semiconductors are important
(Figure 5). With the help of KVL one gets:

YUsmx _ 1 )
U, 1-d’
U D'max _ Nll + le 1 (8)

2.2 Connection between the Currents
We start arbitrarily with a load current of two

divisions (Figure 6, left).
e + Iz
rLoap ;
o

t

- —IroAD

Fig. 6: Currents through the load (left) and through
the output capacitor (right)

bea
l(_

lI-H
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The charge balance of the output capacitor C2
can easily be drawn (Figure 6, right) and leads to

I onp -d :(|L+|N12,M2— ILOAD)(l—d). €)]

Ini2m2 is the mean value of the current through
the winding N12 referred to as the duration of

mode M2. The charge balance of the first capacitor
Clis given by

IL-d=1nzmz-(1-d). (10)
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Solving
1-d 1-d TN12M2 1
. : =" |1 11
o d“ w2 |o[ oo
leads to
|_N12,M2_ d (12)
ILOAD 1_d,
e _q, (13)
ILOAD

Figure 7, left shows the current through the
winding N12 which is equal to the current through
the capacitor C1. To distinguish the currents through
L and N12 the current ripple is chosen differently,
one division for the coil and half division for the
autotransformer winding. The current through coil is
shown in Figure 7, right.

i\r.
l.u

li:
‘ L

]
\l f _
> /\/ Iy,
\ .. o

Fig. 7: Current through the second winding (left)
and the current through the coil (right)

During M2 the transformer has no output
current, so the current through N12 is only the
magnetizing current imag. This current must also
flow through N11. During M1 the magnetizing
current flows only through the first winding N11
and must be therefore higher. The ampere windings
must be the same:

Ni1imagm1 = (N1 +Nio) imagm2 (14)
therefore, the magnetizing current must be
. Ni;+ Ny .
Inag,M1 = llN 12 “Imag,M2 (15)
11

higher in mode M1. The current through N11 is in

M1 equal to this higher magnetizing current and the

current which is the transformed current through the

coil L. The current turns are:

N12'iL = Nll'iL,Nll' (16)

So the current caused by the current through the
coil in N11 (Figure 8, left) can be obtained by:

N

i.iL

™ a7

ILN1 =
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The magnetizing current is shown in Figure 8
on the right side.

PN
N1

‘ 'i:I'.lIl'J_I.I

! rredeg, 1

t YL g b JI.
s

Fig. 8: Current through the first winding (left),
magnetizing current (right)

Now one can construct the current through the
semiconductor devices. The current through the
electronic switch (Figure 9, left) is

is =Ny — i01 (18)
and through the diode (Figure 9, right)
A is
i
[ / A0
in1l
W12
=iy
t oy
- -

Fig. 9: Currents through the semiconductors, active
switch (left), passive switch (right)

3 Variant 11

Not only the first inductor is replaced by a tapped
inductor, also the connections of the electronic
switch S and of the intermediate capacitor C1 are
changed (Figure 10).
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Fig. 10: Variant |1

In this case, we can interpret the tapped inductor
as coupled coils.

3.1 Connection between the Voltages

During mode M1 (the active switch is turned on and
the diode blocks) the input voltage is across the
complete winding N1+N2. According to the
transformation law (the voltages behave like the
number of turns) only the part

Ny

Ni;+ N2 '
is across the winding N11. During M2 one gets the
sum of the input voltage minus the output voltage
and minus the voltage across Cl across N11
(Figure 11, left)

Unizmz =Up —Up =Ug .

(20)

Unigmi =

(21)

Inspecting the circuit of the converter, it is easy
to see that in the steady state, the voltage across C1
must be equal to the input voltage U1 (the inductive
components have zero voltage in the mean).

Now one can calculate the voltage
transformation ratio according to
Yoo Ny d 22)
U, Ny +N;, 1-d

In Figure 11 on the right side the voltages across
the input, the capacitor C1, and the output are
depicted.

A Wy, U, U

l'”.-*-’]l 1y, Usy

[ Ny
VR Rz
el

t

o

r'(']: -

(L = Us
Fig. 11: Voltage across the first winding (left),
voltages across the input, the intermediate capacitor
and the output (right)

During mode M1 the voltage across the second
winding N12 of the first magnetic element is:
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N12
Np1+ Ny
and the transformed voltage across N11 during M2
is:

Uni2,M1 = U, (23)

N
Uni2,m2 :N—lz(Ul—Uz—Um)- (24)
11

The voltage across the second winding is drawn
in Figure 12 on the left side.

The third magnetic winding is the coil L. During
M2 the negative output voltage is across the coil and
during M1 the sum of the negative voltage across
N12 plus the voltage across C1 is there (Figure 12,
right).

A1
i N1z

l:.-'l._lLu— l”.[
Mgz [y — I My
[~ ol VRN
t
- T
VI — Dfe — Drea ) 912
(L'y L7 Ll Ml =L

Fig. 12: Voltage across the second winding (left),
voltage across the coil (right)

The  maximum  voltages across the
semiconductors (Figure 13) are

N N
US,max:U1+U2&i (25)
11
UDmax = —] U1L+U2 (26)
’ N+ Ny
UD,max __ N11 1 (263.)
U, N;; + N, 1-d
n (s
_%-'.;-:', — g — Leng
+1 ol B Lo
15y}
4 1
-
—ten
Nya ) .
AR

Fig. 13: Voltages across the electronic switch S
(left) and the diode (right)
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3.2 Connection between the Currents

The connections between the currents are more
difficult to find. First one can write the charge
balance of the two capacitors (in the steady state the
mean current through a capacitor must be zero).
During mode M1 the output capacitor supplies the
load, and during mode M2 the diode transfers the
current through the coil L and the current through
the capacitor C1 to the output. The charge balance
for the output capacitor is therefore

|_|LOAD|'d :(TCLMHTL—'LOADJ‘(l—d) (27)

where 1cim2is the current through C1 during mode

M2 referred to the duration of mode M2. 1.,
represents the mean value of the current through the
coil L. The load current can be taken as constant
because the output capacitor is dimensioned so large
that the voltage across it stays nearly constant
during a period. When one looks at the first
capacitor one can see that the current through the
coil L must flow (discharging) through the capacitor
during M1, and during M2 a positive current flows
through it which must be equal to the one through
the first winding N1 (there is no current in the
winding N2).

lcimz = Inttmz. (28)

One can therefore write the charge balance
according to:

‘—TL -d=lcimz (1-d). (29)

One has to solve:

1-d 1-d] [Terma | (1),
o) e o

leading to
Icime2 d
’ - 4 (31)
lioap 1-d
L= I Loap - (32)

We start to draw the signals with the load
current (arbitrarily 3.5 divisions, Figure 14, left)

The current through the capacitor C2 is the
negative load current during M1. The mean value of
the current during M2 must be half as large as the
load current (Figure 14, right).
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Fig. 14: Load current (left), current through the
output capacitor (right)

From (32) one knows that the mean value of the
current through L must be equal to the load current.
With an arbitrarily chosen current ripple one gets
Figure 15 on the left.

It is easy to draw the current through C1 (Figure
15, right). During M1 the current of the coil L must
flow in a negative direction through the first

capacitor. The mean value Icimz=Ici20f the
current through C2 during M2 must be half as large.
A (g

""'--..,_____‘

fery, s

N\

Pl\ I
-

Fig. 15: Current through the coil (left), current
through the intermediate capacitor (right)

In mode M2 no current flows through N12 and
the current through the first capacitor must flow
through N11. We can interpret this a magnetizing
current. The magnetizing current through N11
during M1 must be smaller because more windings
are available. The current turns (current linkage,
magnetomotive force) must be equal immediately
before (dT -) and after the turn off (dT +) of the

electronic switch

iNll(dT _)(Nn +Nyp,) = iNll(dT +)N11 (33)

Now one can draw the magnetizing current. For
a winding ratio of one to one we have half the
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values of iN11, and M2 at the beginning and the end
of M2 to get the values of mode M1 (Figure 16).

()
A ‘meg

Fig. 16: Magnetizing current

The current through the coil L flows to both
windings and compensates them (according to the
number of turns). The winding with a lower number
of turns must correspondingly take more current.
With
(34)

i =i N1 L2
Nll'iL,Nll =Ny,- iL,NlZ (35)
the currents through the windings caused by the

current through L during mode M1 can now be
calculated according to

N1t

(36)
I Ni;+ Ny
iL,-NlZ _ Niq (37)
I N3+ Ny

The current through N11 (Figure 17, left) during
M1 is the magnetizing current minus the current
caused by L and the magnetizing current during M2.
The current through N12 (Figure 17, right) is the
sum of the magnetizing current and the current
caused by L during M1 and zero during M2.

in
FRugS

--...______-hf_.\'l 1,M2

in12
i N12

/'_I-_

-'l-'.lr.'r.'_l,l Jl
— —— -

Fig. 17: Currents through windings: first (left),
second (right)

The currents through the semiconductor devices
can now be found. The current through the
electronic switch is equal to the current through the
second winding N12. It is the sum of the
magnetizing current plus the current caused by the
coil L according to (37) (Figure 18, left). The
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current through the diode is the current through the
first winding N11 and the current through the coil

(Figure 18, right).
\_"

hin

—
/ A

i il

- i | .

Fig. 18: Currents through the electronic switch (left)
and the diode (right)

4 Simulations

For better understanding, a few simulations with the
help of LTSpice are shown. The simulations show
excellent  conformity  with  the theoretical
considerations in sections 2 and 3.

4.1 Variant |

Figure 19 shows the current through C1, the current
through C2, the current through the coil L, the
current through the load, the current through the
first winding N11, the current through the second
winding N12 of the autotransformer, the input
voltage, the output voltage, and the control signal.

1
0.0
1,504

‘‘‘‘‘

i ]
Fig. 19: Variant I, up to down: current through C1
(black); current through C2 (grey); current through
the coil L (dark violet), current through the load
(brown); current through N11 (red), and N12
(violet) of the autotransformer; input voltage (blue),
output voltage (green), the control signal (turquoise)
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4.2 Variant 11

Figure 20 shows the voltage across the diode D, the
voltage across the active switch S, the voltage
across N12, the voltage across N11, the input
voltage, the control signal, and the output voltage.

oult]

WUCH mirus
0
Rl I I l

-0t

o e—— i 1 ,
Fig. 20: Variant Il voltages across the components,
up to down: voltage across the diode D (dark green);
voltage across the active switch S (grey); voltage
across N12 (violet); voltage across N11 (red); input
voltage (blue), control signal (turquoise), output
voltage (green)

In Figure 21 the current through the output
capacitor C2, the current through the intermediate
capacitor C1, the current through L1, the current
through the winding N12, and the current through
winding N11 are depicted.

ez

13

454 L]
305
AR
005
A S
s T A LYY s 10 12 T W 16us

Fig. 21: Variant 1l currents through the components,
up to down: current through the output capacitor C2;
current through the intermediate capacitor C1,;
current through L1; current through the winding
N12 (violet); current through winding N11 (red)
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All simulations were done with 40 uH for the
windings N11, and N12; 47 uH for L, and 330 uF
for the capacitors.

5 Modelling
In this section, the modeling of the converter when a
tapped inductor is wused is sketched. Ideal

components and continuous mode are proposed.
Variant Il (Figure 10) is taken as an example. A
tapped inductor with the windings N11, and N12
replaces the first coil. The first state variable is now
the flux. The basic equation is the induction law:

w92 (38)
dt dt

A voltage is induced when the flux vy is
changing. When discrete coils are employed, one
can use the flux per winding ® and the number of
turns N.

During mode M1, when the active switch S is
turned on, the input voltage is across both windings

9__w (39)

With the help of KVL (Kirchhoff’s voltage law)
the voltage across the inductor L can be calculated.
The voltage across the second winding is given by
the transformer law (the voltages are proportional to
the number of turns) according to:

N1,
—u, +Ugy

du,
L : 40
dt L (40)

The changes in the voltages across the
capacitors are produced by the currents flowing
through them:

ducy _ i

, 1
_Ucx
Qe . R (42)

The state equations can be combined with the
matrix equation
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0
4 % y
d| i i
dt uL - _Ci o 0 uL i
c1 | c1
UCZ 0 0 0 7R;L: UCZ (43)
L 2|
1
Ni;+ Ny,
Ny,

’ (N11+N12)L (U1)
0
0

For mode M2, when the active switch S is off
and the diode D is conducting, the sum of the input
voltage and the negative voltages across the
capacitors C1 and C2 is across the first winding
leading to

dg U —Ucy—Ug . (44)
dt Ny,

The change of the current through L2 can be
found with the help of KVL according to

du, _—Uc,

dt L (45)

To obtain the current through the capacitor the
connection between flux and current is used. The
flux is directly proportional to the current which

produces it

w =Li (46)
or using the flux per winding ®

Ng=Li. (47)

The value of the inductor depends on the AL-
value (this value can be found in the datasheet of the
magnetic core which is used to build the coil; it
depends on the air gap) and the square of the
number of turns

L=A N2 (48)
The current can now be written as
N
I= : 49
AN (49)
The third state equation is therefore
Ve __ 0 (50)

The current through the output capacitor C2 is
the sum of the current through the first winding and
the current through the coil minus the load current
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¢ +j, —Yc2
L
dt C,(N; +N,)A
leading to (52)
0 o -t _1
¢ Nll Nlll ¢
0 0 0 -=
dih _ L I N
dt Ucq 1 0 0 Uct
Uco ClNlllA'- 1 1 Uco
[CNLA G, " RC, |
1
Nll
+ 0 (Ul)
0
0

Combined one gets ((43) is weighted by the
duty cycle d and (52) weighted by 1-d and added)
the large signal model of the converter (53)

0 0 d-1 d-1
Nip Nip
¢ 0 o 1-d d-1 ¢
df i |_ L, L, i N
dt | uc, 1-d _d 0o | Ye
ez CllN—l%JAL 1-Cé e
CNuAL G, " RC,
d L 1-d
N11+:;|12 Niq
Ny,
+ u (53)
(Nn+ N12)|- ( 1)
0
L o .

Linearization leads to the small signal model
(54). With the help of it, the transfer functions can
be calculated and so a simple controller can be
designed.

0 o Do-1 Dy-1]

A N N A
L O
LINT . LD o L Lo i |y

dt| » —Y o N
ol leNa ¢ 0 0 e (54)
Ucz 1-Dy  1-Dy 0 1 Nue2

LCNuAL G RC, |
Dy +1— Dy @+ Uczo __ NidUsg
Nig#Npp o Nipo Ny Npgo Npg(Ngg +Np)
DoNy, —Ucio+Uc0 ~ NiUsg
(Ny+ N )L L (Ny+ N )L Gl
" k)|
AN G G
0 —[ ) +'A]0
AN;C, Gy
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6 Conclusion

The application of two coupled coils instead of a
coil in a DC/DC converter changes the behavior of
the system. The voltage transformation ratio is
changed. In the first variant of the SEPIC treated
here, the voltage transformation ratio is increased,
and in the second variant, it is decreased by the
winding ratio. For the designer, this means an
additional degree of freedom for adapting the output
voltage to the input voltage. In the first variant, the
magnetic component can be interpreted as an
autotransformer, and in the second as a tapped
inductor. The method to describe the converters
shown here can be applied to other converters with a
tapped inductor or an autotransformer replacing an
inductor of the original topology. The text can be
utilized for a lecture note using tapped inductors in a
course concerning DC/DC converters.
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