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Vienna, Austria; felix.himmelstoss@technikum-wien.at

Abstract

Apart from combining two converters by connecting them in parallel at the input and the output
sides, one can connect them in parallel at the inputs and in series at the outputs of the stages to
increase the power rate and to modify the voltage transformation ratio. Four converter topologies
with limited duty cycle range are studied for their application as stages for a converter combination
which operates as an inverting two stage step-up converter. The operation of the converter
combinations is studied in the steady state, the dynamic models (for large and small signals) are
derived. The start-up of the converters is analyzed. The stress across the components is calculated,
and hints for dimensioning are given. The considerations are proved by LTSpice simulations. The
advantages and the disadvantages of the four converters are included.

Keywords: two-stage converter; limited duty cycle; floating; modelling; large signal model; small
signal model; voltage transformation ratio

1. Introduction

To increase the output power of a converter one can combine two converter stages. A common
concept is to connect the converters in parallel as is displayed in Figure la. The voltage
transformation ratio of the complete converter is equal to the one of the stages. The second concept
is to connect the inputs of the stages in parallel and the outputs of the stages in series and including
the input voltage. This is shown in Figure 1.b. The pointed line between one input terminal and one
output terminal of the converter stages shows that they are directly connected. In this second concept
the voltage transformation ratio is changed. The output voltage is now the sum of the two output
voltages of the two stages and the input voltage

Uy =Uyy +Uyy +Uy. (1)

This concept leads to a large output voltage. It can be used when a stable input voltage is
available. A sudden change at the input leads directly to a sudden change at the output. If one uses
a diode in series to the input source and a capacitor behind the diode at the input of the two-stage
converter, the direct influence can be avoided. The additional diode serves also as a reverse polarity
protection.

Small letters in this paper symbolize the time variables. For the steady state one can write capital
letters.

A third concept to combine two converters again is to connect the inputs in parallel and the
outputs directly in series. This is depicted in Figure 2a. Now it is not possible to use the same
converter type, instead one must use an inverting and a noninverting converter stage. The output
voltage is given by

This concept can also be used by input voltages which are not stiff and can change fast. The
control of the converter stages has to correct the output voltage. In the method according to Figure
1.b a change of the input voltage directly influences the output voltage.
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Figure 1. Possibilities to combine two DC/DC converters connected in parallel at the input sides: a. interleaved;

b. floating with serial outputs and input voltage included.
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Figure 2. Possibilities to combine two DC/DC converters connected in parallel at the input sides: a. floating with

series output; b. combination with serial output.

A fourth concept is shown in Figure 2b. The inputs of the converters are connected in parallel.
The converter stages have no direct connection between the input and the output sides (which is
shown by the pointed line in the other concepts). So one has to combine the outputs in series. Here
converters with isolation between input and output can be used.

Using two inverting DC/DC converters leads to a high voltage transformation ratio. In this paper
inverting limited duty cycle step-up-down converters are used to produce a floating two-stage
converter with high voltage transformation ratio. They are taken from [1], where 8 converters with
reduced duty cycle range which are grounded to the positive input terminal are presented. Two of
them are step-down, two of them are step-up and four of them are inverting step-up-down
converters. These converters can be combined with stages, where the ground is connected to the
negative input terminal.

The aim of this paper is to show four new floating two-stage converter topologies according to
Figure 1b with a high voltage transformation ratio. Two different voltage transformation ratios are
achieved. The new floating converters are studied in detail.

In the Chinese patent application [2] a converter according to Figure 1.b consisting of two Boost
converters is presented and the modes are described in detail. A more complicated converter with
the same connection at the inputs and the outputs of the stages can be found in [3]. Each stage consists
of n bidirectional Boost converters which are connected in parallel. So a large output power can be
produced. Another Chinese patent application [4] shows a floating converter consisting of Boost
converters with an additional capacitor, a diode and a winding, which is magnetically coupled with
the winding used in the Boost converter. [5] shows a modification of the Boost converter which is
used for the stages of a converter according type Figure 1.b. The advantage of this circuit is that
compared to the normal Boost converter no inrush current occurs when connected to the input
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voltage. A publication concerning the concept according Figure 2.b is [6]. A complex converter is
shown, where the active switches are working against ground and the capacitors are connected in
series. Instead of the coils used in a Boost converter, here they are replaced by transformers. The
secondary sides of the transformers are used to make an additional step-up of the output voltage. [7]
shows a two-stage converter, where the stages are constructed by tristate Boost converters. The
tristate concept applied to a step-up converter makes it possible that it becomes a phase-minimum
system, when the converter is controlled in a special way (c.f. [8].) A converter consisting of two step-
up stages, each built of one active switch, two diodes, two capacitors and two coupled coils is treated
in [9]. [10] shows several bidirectional floating and interleaved converters which are built from
bidirectional Boost converters. A quadratic Boost with two stages is treated in [11]. The circuit is very
complex. The design and the analyzes of a floating converter (type 1.b) is done in [12]. The stages
need one active switch, four diodes, two coils, and three capacitors. The extension of a floating two-
stage Boost converter by resonance circuits is explained in [13]. The main inductor of the Boost
converter is here split into two magnetically coupled windings which form a resonance circuit with
an additional capacitor.

2. Floating Two-Stage Converter Type I

2.1. Basics

Two converter stages are connected in parallel at the inputs and in series with the input at the
output side. The circuit diagram is shown in Figure 3.

s1 L11 r

—

£15
He A A
=C11 u21 u2
D1
Kt =c21
U1 L21
Typeg
|
§ R
é L22 type | (inv_g) reference plus u22
d
D2
Dt T €22
=+C12 %
| S—
131 PN
s2 L

Figure 3. Circuit diagram of the floating two-stage inverting Boost converter type L

Inspecting the loop consisting of C1, L2, C2 and L1 (this is the same whether one looks at stage
one or stage two), and keeping in mind that in the stationary case the voltage across an inductor is
zero in the mean, results in the fact that the voltages across the capacitors must be equal

Ut =Uc 3)
The voltage-time balance across the first inductor can be found according to
(Ul+U2i)d:|_UC1|(1_d):|_U2i|(l_d)' “4)
The index i stands for the number (1 or 2) of the stages of the converter leading to the output
voltage of the stage in compliance with

Uy d
M=—3=—— .
U 1-2d ©)
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The duty cycle must be lower than a half. In practice, one will limit the duty cycle to 0.4. The
output voltage of the complete converter is the sum of the output voltages of the two stages and the

input voltage. For the complete converter the output voltage results in

Y 2 d +1= with the restriction 0<d <0.5. (6)

U 1-2d 1-2d

Figure 4 shows the voltage transformation ratios of the complete converter, which is larger and

of one stage which is the lower one.
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Figure 4. Voltage transformation ratio M in dependence on the duty cycle; lower line: M of one stage and the

higher line: M of the complete converter.

2.2. Model with Included Losses
The two stages are controlled by signals which are shifted by 180 degrees. For the model we
need only one stage. Here the lower stage is used. An equivalent resistor R is used as load. Figure 5

shows the equivalent circuit of the second stage.
For the calculation we skip the 2 of the second stage. First the current through the output

capacitor is calculated with the help of KCL according to

Reyicy +ucy gy =iy, gy = Ripy +ucy %
Zcafca TR = , TR
R+Rey

R

Now the four state equations are given according to

di;, 1 . . R
—&=—JS—(R;+R¢+R//Rry)i;y —Rgi;j» + ——upy +uy ¢,
it Ll{ ( 1t Ry cz)u sir2 R+ Rey c2 1} (8)
di 1 . . . .
L2 = —fuy = R ipy +ip2) = Reigs +uer = Rpaia 9)
d L,
ducy i
@ q’ (10)
du Ri, +u
2 _ 1 tUc (1)

dt Cy(R+Rey) "

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1249.v1
http://creativecommons.org/licenses/by/4.0/

d0i:10.20944/preprints202511.1249.v1

5 of 27

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2025

type | (inv_g) reference plus
0 L22 Uu22

= C22

D2 §R

§Rc22
- c12

+
U1 RC12
iLoad

K] RS2 L12 RL12
—W AN B

RL22

Figure 5. Type I: Model with equivalent resistor, mode M1.

Combining into a matrix differential equation leads to

[ +R, +Ry+RIR:, Ry 0 R o
) L L L, (R +Rey ) ) 1
I Ry _Re R, +Rg 1 0 I L
i i 1
di 2| _ L, le L, AN — (1)) (12)
e 0 - 0 0 Uuc O2
Ucy G Ucy
R 1 0
R 0 0o - — LV
L Cy(R+Rc,) Cy(R+Rey )_
The equivalent circuit of mode M2 is depicted in Figure 6.
1 -
L22 type | (inv_g) reference plus Z&
O u22
RL22 D2 T €22
VD2
e RD2 R
l W §Rc22 §
C12
u1 RC12
X] S2 L12 RL12 iLoad
] = TN =
Figure 6. Type I: model with equivalent resistor, mode M2.
One gets for the four state equations
di 1 . . .
—£l= _{— Rpip —Rp (lLl +in )— Vp —uer = Reiipy }/ (13)
d L
dip, 1 Ripy —ucy . :
D2 oy —Rey| —2EC2 R (iyy +ipy) =V — Rynigs ¢ 14
i L { c2 cz[ R+ Re, D(Ll L2) p — Kol (14)
duc, _ip
dr [ (15)
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du Ri;, —u
c2 _ Rl “Uey (16)
dt  Cy(R+Ry)
Combining into one matrix differential equation gives
[ Ro +Ry+Ry Ry R 0 1
L L, L, . _ V_D
A _Rp Ry + R, +RIIRe, 0 - R n L
d| i |_ L, L, Ly(R+Rey) | 2 I
a - | + (17)
dt Ucy - 0 0 0 U OLI
Uco G Uco
R 1 0
0 — 0 ———
L G, (R +Rcz) Cz(R +Rey )_

The two systems can be combined by weighting the equation (12) for mode M1 by the duty cycle
and (17) by one minus the duty cycle. This results in

Ucy Ucy
d|ucy Ucy
=" =4 |+B(u)+ Const, (18)
de| iy, in

irn irs

with the state matrix A, the input matrix B and the constant vector Const

[ (R//Rcy+Rs)d+(Rey + Ry N1-d)+ Ry, _Ryd+Rp(1-d) 1-d Rd
L L L L (R +Re )
_Ryd+Rp(1-d) (Rei+Rg)d +(R//Rey + Ry N1=d)+R,, — d R(l—dﬁ (19a)
A= L, L, L, L, (R + Rcz)
1-d _4 0 0
Cl Cl
_ Rd R(l_d) 0 1
L G (R + Rcz) G (R + Rcz) G (R +Re, ),
] _Vpll-d)
Ll Ll
d Vp(l-d)
B=|— | -2Db 7
L Const L (19b)
0 0
| 0] 0

2.3. Simulation in the Steady State

Figure 7 shows the input current, the current through the second coil of the second stage, the
current through the first coil of the second stage, the current through the second coil of the first stage,
the current through the first coil of the first stage, the input voltage, the control signal of the second
stage, the control signal of the first stage, and the output voltage. The control signals are shifted by
180 degrees. The frequency of the input current therefore has double the frequency of the stages.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Type I: (a) simulation circuit, (b) top to bottom: input current (dark violet); current through second coil
of the second stage (black), current through the first coil of the second stage (grey); current through the second
coil of the first stage (violet), current through the first coil of the first stage (red); input voltage (blue), control
signal of the second stage (dark green, shifted), control signal of the first stage (turquoise), output voltage (green).

The simulation of one stage can be also executed by an equivalent resistor for the second stage.

e IRY)
& mi
i .tran 0 100m 99.98m [out_minus 200 N >
160
PULSE(0 10 5.005m 100n 100n 4u 10u)
[ [
Vi ! |
L22 o T2 [E2)
a7 va
PWL(0 0 10u 24) igma2 R1 8
D2 c22 24.55
c12_minusp———PD——————— = o]
D 330p o
R V(in,out_plus) V(in) V(sigma2,in)
c3
* sigma2 3z0p TyPeg I 1 I
E2 ol !
17T i
sz 474 Lout_plus -
BSC265N10LSF Lc12_plus type | (inv_g) reference plus Ous  2ps dus Gps Bus M0us 12us tAps 16us Bus 20s
(a) (b)

Figure 8. Steady state simulation with an equivalent resistor: (a) simulation circuit, (b) top to bottom: input
current (dark violet), load current (brown); current through second coil of the second stage (black), current
through the first coil of the second stage (grey); input voltage (blue), control signal of the second stage (dark

green), output voltage (green).

2.4. Dynamic Simulation

Figure 9 shows the simulation circuit used for the dynamic simulations. The pwm signals are
produced by the comparators Ul and U2. Triangle signals are used as carrier signals which are shifted
by 180 degrees. The floating drivers of the active switches are modelled by the voltage-controlled
voltage sources E1 and E2. They have a gain of ten to amplify the pwm signals.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. Type I: simulation circuit.

Figure 10 shows the start-up by increasing the duty cycle starting from zero, duty cycle steps,
and input voltage steps. One can see the current through the second coil of stage one, the current
through the first coil of stage one, the duty cycle (both stages are controlled by the same duty cycle),
the input voltage, and the output voltage.

SO I(L21)
45 A
% i
s 2 i
ol R R P
I(C11)
60,
15 i
30
BT SRS NP W N | O
e\ s L
15,
440mv. V(1)

220mV- /

0
An;” (out_minus,out_plus) V(in)
OV

OV

-80V: N
120V \ \o
-160V- \\/
-200V-

Oms 20ms 40ms 60ms 80ms 100ms 120ms 140ms

Figure 10. Type I: start-up, duty cycle steps, input voltage steps: simulation circuit see Figure 9, top to bottom:
current through the second coil of stage one (violet); current through the first coil of stage one (red); duty cycle

(grey); input voltage (blue), output voltage (green).

The duty cycle steps lead to a high overcurrent through the coils. Therefore, the duty cycle must
be changed by a ramp. This is shown in Figure 11. It should be mentioned that the parasitic resistor
of the coils is RL=4 mQ), and of the capacitors it is RC=10 mQ). Again the start-up, the duty cycle
changes and the steps of the input voltage are shown. The signals are the current through the second
coil of stage one, the current through the first coil of stage one, the duty cycle, the input voltage, and
the output voltage.
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Figure 11. Type I, start-up, duty cycle changes, input voltage steps: (a) simulation circuit; (b) top to bottom:
current through the second coil of stage one (violet); current through the first coil of stage one (red); duty cycle
(grey); input voltage (blue), output voltage (green).

2.5. Simulation by Solving the Differential Equation (18, 19)

This simulation is much faster than the simulation by the circuit
and displays only the mean value of the signals and not the ripple.
Figure 12 shows the circuit used. The integration is done by a current
through a capacitor of 1F. The parallel resistor of 10 MQ) serves only
for stabilizing. The derivative is written as current of an arbitrary
current source B. With the voltage controlled current sources L1 and
L2, the voltage of the integrator is transferred into a current, so currents
are seen in the result.

state space model inverting type8 step-up
IL1 current through first coil 2 output voltage

B4

V=-(2*V(UC2)+V(U1))

1=2.1277e4*(-(30e-3*V(D) + 30e-3*(1-V(D))+4e-3)*V(IL1)-(20e-3*V(D) + 20e-3*(1-V(D)))*V(IL2)-(1-V(D)) *V(UC1) + V(D)*V(UC2)+V(D)*V(U1) + (V(D)-1)*0.7)
1=4.5455e3*((1-V(D))*V(IL1)-V(D)*V(IL2))
current through second coil

l—UCZ
L2
B6
1 RS :
10Meg
~

1=4.5455e3*(-V(D)*V(IL1)+(1-V(D))*V(IL2)-V(UC2)/60)
1=2.1277e4%(-(20e-3*V(D)+20e-3*(1-V(D)))*V(IL1)-(de-3+30e-3*V(D)+30e-3*(1-V(D)))*V(IL2) + V(D )*V(UC1)-(1-V(D))*V(UC2) +V(D)*V(U1) + (V(D)-1)*0.7)

1
L L2 - L1 Vi V2 .param L1=47u C2=220u R=60
- R6 - R3 .param RL1=4m RS=20m RD=20ms RC=10m VD=0.7
1 1 1 1
.tran 0.2

PWL(0 0 1.50m 0 30m 0.4 50m 0.4 50.1m 0.42 70m 0.42 80m 0.4)
PWL(0 0 10u 24 100m 24 100.1m 22 120m 22 120.1m 26 140m 26 140.1m 24)

2

A
[P

Figure 12. Type I, simulation circuit to solve the differential matrix equation (18).

Figure 13 shows the result. The signals shown are: the current through second coil of the first
stage, the current through first coil of the first stage, the duty cycle, the input voltage, and the output
voltage. Both simulation methods lead to the same results.
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Figure 13. Type I, simulation circuit see Figure 12, start-up, duty cycle changes, input voltage steps, top to
bottom: current through the second coil of the first stage (violet), current through the first coil of the first stage

(red); duty cycle (grey); input voltage (blue), output voltage (green).

2.6. Idealized Model

Setting all parasitic resistors and the forward voltage of the diode in (18) to zero describes the

idealized model. One obtains

0 0o -1z 4 S
L L . 4
] ;Ll 0 0 Li 3 1; d ;Ll [;:1
L2 2 2 L2
il = + u ).
dt ey 1-d _i 0 0 ey L2 ( 1) (20)
C C 0
u 1 1 u
2 4 1-d . e 2 0
The linearized model around the operating point is given by
o D=l Dy ] Dy Ucio+Uen+Uu |
A L L |~ L L
i“ 0 0 Dy Dy-1 i“ Dy Ugig+Ucyn+Uyg R
dlir|_ L, L, 2 |, L, L, ui
oA 1= A A (21)
dt uct 1 DO _& 0 0 uc 0 _IL10+1L20 d
A G G A G
wer) o\ by =Dy L N Lo+l
c, G RC, | I c, |
The connections between the operating point values are for the voltages
_(I_Do)Ucm + DU g + DUy =0, (22)
DyUey — (1 - D, )Uczo + DUy =0. (23)
This leads to
U 1-D, U, D
clo _ o Y 0o (24)
For the currents one gets
Ucao
(l_Do)ILlo_Doleozor _D01L10+(1_D0)1L20_ R =0 (25)
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Tro __ Do Tp0 _ 1=Dy ‘ (26)
lioap 1-2Dy Ipoup  1-2D

Keep in mind that the results describe one stage alone.

2.7. Inrush

When the converter is connected to a stable input voltage, no inrush current occurs, an
advantage compared to the other three types treated here. This is shown in Figure 14, where the input
current, the input voltage, the output voltage of the two stages and the output voltage of the complete
converter are shown.

-(v1)

_ 51 _ A prout_minus:
s
£L
sigma o
L meea
1 =0
FWL00 10 28)
vi =
ucL ok £
o E
?: 5‘"‘" 120mA-]
v tran 100m PULSE(0 10 5 100n 100n 4 10u) . v ol (out_min:
PULSE[D 105,005 1000 1000 4u 100) g V(in) V(out_plus,in)

ioe |
. Fi
s
i
3;!5 E-2
H
1
]

-20V=

Lo s T
BsCaEsNINLSF b1z s e | fime_a) reference plus. Oms 20ms 40ms 60ms. 80ms. 100ms

() (b)

Figure 14. Type I: (a) simulation circuit; (b) up to down: input current (dark violet); input voltage (blue), voltage
across output capacitor of stage 1 (turquoise), voltage across output capacitor of stage 2 (dark green), output

voltage (turquoise).

The voltage across the load is about the same as the input voltage. A steady state current is
flowing through the load. The current flows through the loop consisting of U1, L22, D2, load R, D1
L21. A small ringing occurs, but the converter has no problem, when applied to a stable input voltage.

2.8. Dimensioning Hints for the Converter Type 1

For the dimensioning the voltage stress of the semiconductors is important. With KVL one gets
for the active switch when the diode is conducting

The same stress occurs across the diode when the transistor is on. For the coils one can choose a
current ripple Al and the switching frequency f. The signal of the voltage across both coils of one
stage is the same. So one can dimension the coils according to

I = (U +Uy ) _ (U + Uy Uy, )
l Al-f AL- f(U; +2U,)

(28)

The output capacitors have only to smooth the current ripple of the output coil and have the
value

Gy = Al
8Au- f

: (29)

This is the equation for the ideal capacitor. For the correct choice of the value one must look at
the series resistor of the capacitor. Typically, the value to achieve a desired maximum voltage ripple
is about three times of this value.
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During the on-time of the switch the first capacitor is discharged by the current through the
second coil. The mean current through the first coil is equal to the load current. For the charge balance
through Cii one obtains

_jdezlLOAD(l_d)' (30)

The mean value of the current through the second coil is therefore

< 1-d U, +Uy;
I2=1,0,p——=1,0p——2.
L2 =1104p d LOAD U, 31)
For the first capacitor one gets
I12dT U, +Uy; 1
Gy, = =4L0o4D : 2 : (32)
Aucy; Uy +2Uy; Aucy f

2.9. Interleaved Converter Type 1

A second way to combine two converters is by connecting them in parallel. The control signals
are shifted by a half period. The so realized converter again has no inrush current, when connected
to a stable input source. The capacitors can be slowly charged by increasing the duty cycle from zero
to the desired value. The voltage transformation ratio of the complete converter is only that of one
stage

U, d .
M‘E‘@ with d <0.5. (33)

The graph is shown in the lower line of Figure 3. The converter is an inverting step-up-down
converter. The output voltage is significantly lower than that of the floating converter. The reference,
however, is the same for both stages. One can also use more than one stage in parallel, when larger
output power is desired. Figure 15 shows the dynamic behavior during start-up, changes of the duty
cycle, and steps of the input voltage. The signals shown are: the currents through the coils, the duty
cycle, the input and the output voltages.

Figure 16a shows the converter in the steady state. Depicted are: the input current which has
double the frequency of the frequency of the stages, the current through the coils of both stages, the
input voltage, the control signals of the switches, and the output voltage. Figure 16b shows the start-
up, changes of the duty cycle and steps of the input voltage. The simulation is done by solving the
differential equation. One can see that it is wise to change the duty cycle by ramps and not by steps.

BSC265N10LSF [Sourcel AL21)
st |

i ur
16T o
1

PWL(D 0 10u 24 100m 24 100.1m 22 120m 22 120.1m 26 140m 26 190.1m 24) f—

102

a ” ()
330m 10,

oI82

Aran 0 150m 0 . V(d1)

200mv-]

Typeg 100mv-]

A u w
En _— -
? - —~ P
~ PWL(0 0 1.50m 0 0 i i

1
PWL(D 0 1.50m 0 30m 0.4 50m 0.4 60m 0.43 80m 043 90m 0.4)

(a) (b)

Figure 15. Type I interleaved: (a) simulation circuit; (b) top to bottom: current through second coil of the first
stage (violet), current through first coil of the first stage (red); duty cycle (grey); input voltage (blue), output

voltage (green).
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25 -I(v1) . 1(L2)

20, . ] A > 18
1 7 Pt 12
10, r// r// A
5 \s A In A
v v
0
5 " I(L1)
1(L12) 1(L22)
15 18
12, L L~ '
et P A
o~ o~~~ 1 o A | A
\,\// N M v
. V(d)
I(L11) I(L21) I(R1)
15,
12 L = ///
9 T P i P Py
P~ T — yd
V(u2) V(u1)
0 V(out_minus V(in] V(sigma1) V(sigma2)+5 oV
o ! \ f = o A\
200 \~—
-40V- Oms 20ms 40ms 60ms 80ms 100ms 120ms 140ms

Ops 2us 4ps 6us 8us 10us 12ps  14ps  16ps  18us  20ps

(a) (b)

Figure 16. type 8 interleaved: (a) in the steady state, simulation circuit, top to bottom: input current (dark violet);
current through the second coil of the second stage (black), current through the first coil of the second stage
(grey); current through second coil of the first stage (violet), current through the first coil of the first stage (red);
input voltage (blue), control signal of the switch of the second stage (dark green, shifted), control signal of the
switch of the first stage (turquoise), output voltage (green); (b) . top to bottom: current through the second coil
of the first stage (violet), current through the first coil of the first stage (red); duty cycle (grey); input voltage
(blue), output voltage (green).

3. Floating Two-Stage Converter Type 11

3.1. Basics Type 11

There exists a second circuit to obtain the same voltage transformation ratio of

U, . d o
Yr_p 4 - th d<0.5.
U, 1-2d 1-24 " (34)

M=

The diagram of the voltage transformation ratio is therefore again equal to Figure 3.
The circuit diagram is shown in Figure 17.

TEIT
L11 l Ci1 st L21 ~
i auz I NI 1 X
¥ D1 == C21 |u21 u2
u1 Typec
|
Sk
Type j (c_inv) Reference plus D2 L ¢c22 u22
L12 Ci12 L22
LTI i NV
l s2 -
I3l
—

Figure 17. Type II: circuit diagram.

In the steady state the voltage across the first capacitor is equal to the sum of the input voltage
and the output voltage of the stages

Uei =U,+Uy;. (35)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1249.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2025 d0i:10.20944/preprints202511.1249.v1

14 of 27

With the help of the charge balance at the first capacitor one gets a connection between the
currents through the coils according to

Lped =1y (1=d). (36)
The charge balance of the second capacitor is given by
(11 +110ap)-d = (U 1o =1 104p)-(1=d). (37)

The mean values of the current through the coils referred to the load current can now be

calculated according to

11 _ d 112 _ 1-d (38)
Lioap 1-2d° I, 1-2d°

3.2. Model of Type II

The model can be calculated in the same way as is shown in the previous section and leads to
state matrix A, the input matrix B, and the constant vector Const according to

(Rg + R/ Rey )d +(Rey + Ry N1=d)+ Ry, (Rg + R/ Rey)d + Ry(1-d) 1-d Rd
h L - L 7T| Ll(R+RC ) (39)
_ Ryd+Ry(1-d) (Rey+Rg)d+(Ry +RIR, N1=d)+ Ry, d R(l—dﬁ
A= L, L, L, L, (R + Rcz)
1-d _4 0 0
C G
R R(1-d) 0o L
CZ(R+RCZ) CZ(R+RCZ) CZ(R+RC2)
. _Vpl1-d)
0 Vpli-d)
B=| 0|, Const= | (40)
0 0 2
0 0

3.3. Simulation in the Steady State Type II

Figure 18 shows the currents through the stages one and two, the load current, the input voltage,
the control signals, and the output voltage.

N I(L11) 1(L21) I(R1) 1(L12) 1(L22)
94 P P
N N i i
= 7A 2 5
TN 6A yd \\v/ yd \\V/
il § 5| 5 - S Py /
. R e S I g A Vg
an’ 30 e 3 S A AR I
éﬁu T e P | ~ N ~ N <
PWL(0 0 10u 21)
v oo o tozm oo toma2vign S e Niigmay Visignaginyss Voutminis)
20
10 W | \ s |  —
0 T 1
-10
Loutpius 20
-30
-40
-50
-60
-70
-80
Ops 2us 4pus 6us 8us 10pus  12ps 14ps  16ps 18us  20ps
(a) (b)

Figure 18. Type Il duty cycle 1/3: (a) simulation circuit; (b) top to bottom: current through the second coil of stage
one (violet), current through the second coil of stage two (dark violet), current through the first coil of stage one
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(red), current through the first coil of stage two (black), load current (brown); input voltage (blue), control signal

of the second switch (dark green, shifted), control signal of the first switch (turquoise), output voltage (green).

3.4. Dynamic Simulation Type I

The used simulation circuit is depicted in Figure 19.a. It is similar to the one used in section IL
The results are shown in Figure 19.b. The currents through the coils of the first stage are shown,
in addition the duty cycle, the input voltage, the output voltage of stage one, and the output voltage
of the complete two-stage converter. The results from stage two are not shown because they are equal.
The dynamics of the two stages are similar.

) I(L21)

i)

18

V(d1)

(a)

Figure 19. Type II, dynamic simulation: (a) simulation circuit; (b) top to bottom: current through the second coil

—

400m

300m!

yd

4

100m!'

/

. V(outmi

nus.outplus

V(in)

V(outminus)

“EKQ
\

e v

20ms

40ms 60ms 80ms

(b)

100ms 120ms 140ms

of stage one (violet); current through the first coil of the first stage (red); duty cycle (grey); input voltage (blue),

output voltage of stage one, and output voltage of the complete converter.

3.5. Idealized Model Type II

By setting the parasitic resistors to zero, one gets an idealized model

o o -4 4
i L L i ] 1,
L1 d 1-d | ' - L
d|i 0 0 T, i L ()1 0 u .
dlha | _ L, L, 2,10 (”1 ( 1 J (41)
dt| uc, 1-d _d 0 0 Ucy 0 0 0 \iroap
C C
u 1 1 u 0 ——
c2 4 1-d _1 c2 0 c,
c G C,R

Linearization around the operating point leads to the small signal model and the connections
between the operating point values (for one stage)

0 Dy-1 Dy (1 Uci+Ucy |
A L L |~ L L
; éLI 0 0 % DOL‘1 %“ 0 UcmZUczo .
4 li|_ 2 2 ira |, 1 up|*
dt ;c1 1-Dy Dy 0 0 ;c1 0 T+ | 4 (42)
. G ) . 1)
uea) | _Dy =Dy __L N2 etliny
o G G,R I o
Ucio _1=Dy  Ucxn __ Dy Tr0 __ Do Ipo _ 1=Dy (43)

Upg 1-2Dy" Uy

1_21)0 ' ILOAD

I_ZDO ' ILOAD

1-2D,
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3.6. Inrush Type 11

A disadvantage of this converter type is the inrush current. This version has a significant inrush
overcurrent and ringing compared to the converter described in section II. Connecting the converter
immediately to a strong stable input source is shown in Figure 20.a. The input current, the currents
through the coils, the output voltages of the complete converter and the stages now show a
pronounced ringing and a significant overcurrent.

A way to avoid the inrush is to connect a Buck converter in front of the two-stage converter. The
voltage can now be increased by a ramp. This shown in Figure 20.b. The same signals as in Figure are
depicted. The Buck converter only has to work during the start-up. Afterwards the switch of the Buck
converter is always conducting. In case of an error this switch can be used as an electronic fuse. The
Buck converter is simplified in the simulation by a ramp of the input voltage.

(Vi)

12

I(L11)

(L)

V(outminus) V(outplus,in)

V(outplus,outminus) V(in) V(outminus) V(outplus,in)

T T T
Oms 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms

v T
Oms 10ms 20ms 30ms 40ms 50ms 60ms T0ms 80ms 90ms 100ms.

(a) (b)

Figure 20. Type II, inrush: (a) up to down: input current (dark violet); current through the first coil of stage 2
(violet); current through the first coil of stage 1 (red); output voltage of stage 1 (turquoise), output voltage (green),
output voltage of stage 2 (dark green); (b) up to down: input current (dark violet); current through the first coil
of stage 2 (violet); current through the first coil of stage 1 (red); input voltage (blue), output voltage (green),
output voltage of stage 1 (turquoise), output voltage of stage 2 (dark green).

4. Floating Two-Stage Converter Type III

4.1. Basics Type 111

Combining two (2d-1)/(1-d) converters as shown in Figure 21 leads to the voltage transformation
ratio
U, .2d-1 | 3d-1

M=—==2 +1= , with the restriction d >0.5. (44)
U, 1-d 1-d

The restriction of the duty cycle is caused by the restriction of the stages. It cannot be seen
directly in the equation.

In the steady state the voltage across the first capacitor of a stage is the sum of the input and the
output voltages

Uci =U,+Uy;. (45)

The mean value of the current through the second coil is equal to the output current. The output
capacitors of the stages have only to smooth the ripple of the current through the output coil. The
charge balance of the first inductor is again the same as for type I and is shown in (29). So the
dimensioning hints given in section II also assist in the designing of type IIL
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Figure 21. Circuit diagram of the floating two-stage converter type IIL

Figure 22 shows a diagram of the voltage transformation ratio of the complete converter (the

larger one) and of one stage.
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Figure 22. type III: voltage transformation ratio of the two-stage converter (blue) and of a single stage (brown).

4.2. Model with Equivalent Resistor Type II1

Both stages are driven by the same duty cycle. The control signals of the two stages are shifted
by 180 degrees. The load R is an equivalent resistor representing the load of one stage of the converter.
During mode M1, when the active switch is turned on, the equivalent circuit of the second stage is

given in Figure 22.

1
+
WUl lczz[]x
§RS uc22 R

+
+ RC2
1

L12 RL12 Ci2 RC12
] AN

L22

° 1
D2 [ Type f i_inv Masseplus

Figure 22. type 5: equivalent circuit during M1.
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For the calculation we skip the 2 of the second stage. The current through the output capacitor

can be found with KCL according to

iz =iy + AT 2Tt (46)
The state equations are
%=LL1{—RL11'L1 —Rgigy +ipy) v f, (47)
% - le{_ Revipy +ucy = Rglipy +ip5) = ey = Regics = Rpsigs ), (48)
fa ‘ié_f' (49)
ducy _ Rijy —ucy (50)

dt  Cy(R+Rp)’

Combination leads to the matrix differential equation

__ Ry + Ry _Rs 0 0
n Ry Rey+ Ry +Rg+R/IIR-p 1 R ‘L A
CARN L, L, L, Ly(R+Rey) | 11 + 0 ). (51)
dt| uc 0 _1 0 0 Uc 0
Uco G Ucr
R 1 0
0 B 0o -——
L G (R +Rcz) G (R +Rey )_

The equivalent circuit of one stage (the second stage is used) during mode M2 (the active switch
is off and the diode is conducting) can be seen in Figure 23.

1

: I
XVUI c22 4Xuczz
S2 + R

L22

+
1
L12 RL12 C12 RC12
o A\
VvD
B o RD

N4

Figure 23. Type III equivalent circuit during M2.

RC2

iLOAD

.
|

RL22

Type f i_inv Masseplus

The current through the output capacitor is the same as in mode M1. The state equations can be

found with Kirchhoff’s laws according to

diy _ 1

= {— Rpjipy —ucy = Reyip = Rp (iLl + iLZ)_ Vb }, (52)

di 1 . . ;
#z_{— Rpliny +i12)~ Vi~ ~tugs —RI Reiy +

at L,

dua _ lL_l

G

RCZ .
—€2 =R i,
R+ Roy c2 — g LZ} (53)

(54)
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The equation for the change of the voltage across the output capacitor is equal to the one given

of mode M1 (47).
Summarization into a matrix equation gives

[_Rei+Rp+ Ry _Rp _1 0
. L L L ) 0 _r
Ry _RptRpiRIRg o R )| L (55)
dlin | _ 1142 Ly Ly(R+Rcy) | in2 L )+ o H1-d)
dt | uc L 0 0 0 Ucy L
Ucy G R | Ucy 0
0 R 0 ——1
L Cz(R+ Rcz) G (R +Rey ),

In the continuous mode, it is easy to combine the two matrix equations (51) and (55) by
weighting the first one by the duty cycle d and the second one by 1-d. Solving the result of this
operation (called state space averaging) leads to a model which can be calculated much faster than
the circuit simulation. Only the mean values are shown. With the state vector x, the input vector u
(which is in our case only the input voltage), the state matrix A, the input matrix B, and a constant
vector which includes the constant part of the forward voltage of the diode one gets

Ucy Uc
u u
dlter|_ gtez |, B(u, )+ Const , with (56)
dt| i, i
irs i
[ Rgd+(Rey +RpN1-d)+ Ry, _ Ryd+Ry(1-d) 1-d 0 1
L L L
~ de+R]D(1—d) Ry +Rs)d+RD(l—Id)+RL2 +R//Rey i] R (57)
A= L, L, L, L, (R + Rcz)
1-d _4 0 0
G G
0 R 0 _;
L G (R + Rcz) Cz(R +Rey )J
[ d ] _Vp(1-d)
L L
1-d Vp(l—d)
B=|- , Const=| ———— (58)
L, L,
0 0
. 0 | 0

4.3. Idealized Model with Equivalent Resistor Type III

In a first step one can use the idealized model, which is obtained by setting all parasitic resistors
to zero, for calculating the transfer functions. The idealized large signal model can therefore be

written according to

0 0 —% 0 4
iry d 1 i L
ZIE N S [ NPT )
dr| uc 1-d _d 0 0 Uc L [
Uca G lcl 1 Uca 0
o — 0 -—— 0
L G, CyR |

Linearization around the operating point (marked by capital letters) leads to the small signal
model (the disturbances are marked by hatted small letters)
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_ b _
) 0 0 7‘}4 0 ) D, Uco +Usp
1L D, 1 ir1 L L
A 0 0 — -— | A Dy—1 Ugo+Uy |~
d|ip L, Ly | i ui |
Sz =) el F A L, ! (60)
dt| D D 0 Lo +110 |\ d
uet &) C i‘a ERIANREIRD
uc? 1 1 fuc2 G
0 — 0 - 0 0
L C, GR | -

The small signal model now has two input variables, the input voltage and the duty cycle. For
the connections between the operating point values of one stage one get

Ucio __Do Ucy _2Dp =1 119 __ Dy I159 -1 61)
Ug 1=Dy Ug 1=Dy  Iroap 1-Dy  Iroap

The output current is equal to the currents through the output coils of the stages.
4.4. Simulation Type III

4.4.1. Steady State

The steady state is shown in Figure 24. Depicted are: the input current, the currents through the
coils of stage 2, the load current; in the next graph: the currents through the coils of stage 1 and the
load current; and in the final graph: the absolute value of the output voltage, the voltage across the
output capacitor of stage 1, the input voltage, and the control signals of the switches.
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Figure 24. Type III: (a) simulation circuit; (b), up to down: input current (dark violet); currents through the coils
of stage 2 L12 (grey), L22 (light brown), load current (brown); currents through the coils of stage 1 L11 (red), L21
(violet), load current (brown); output voltage (absolute value, green), voltage across output capacitor of stage 1
(dark blue), input voltage (blue), control signal of S2 (dark green, shifted), control signal of S1 (turquoise).

4.4.2. Dynamic Analyzes

Figure 25 shows the start-up, changes of the duty cycle and steps of the input voltage. Depicted
are: the current through the second coil, the current through the first coil, the duty cycle, the input
voltage, the output voltage of stage 1, and the output voltage of the complete converter. The ramp of
the duty cycle should be slower to avoid the overcurrent through the first coils of the stage during
start-up.
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Figure 25. Type III: (a) simulation circuit; (b) top to bottom: current through the second coil (violet); current
through the first coil (red); duty cycle (grey); input voltage (blue), output voltage of stage 1 (turquoise), output
voltage (green).

In Figure 26 there are the same signals shown, but calculated with the differential equation (53).
The voltages show a good coincidence. The ringing of the currents is more pronounced and reaches
negative values, caused by the fact that in the circuit the diodes stop the current, but that in the model
the current can ring freely. When the duty cycle changes with a ramp, both simulation results are
equal.
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Figure 26. Type III: (a) simulation circuit; (b) top to bottom: current through the second coil (violet); current
through the first coil (red); duty cycle (grey); input voltage (blue), output voltage of stage 1 (turquoise), output

voltage (green).

4.5. Inrush Type 111

As can be seen in the figures 25 and 26, an inrush occurs. One can see the pronounced ringing
through the coils and the transients of the voltages at the output of the stages and at the output of the
complete converter.
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During inrush the output capacitors are charged to half of the input voltage; the output voltage
is therefore zero. The output voltages of the two stages are not inverted.

To avoid problems with the inrush, the input voltage can be increased linearly by a pre-stage.
This is demonstrated in Figure 27. The ramp takes 50 ms and so the input current is only small. The
voltages change without ringing in the used scale.
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Figure 27. Type III, with input voltage-ramp: (a) simulation circuit; (b) up to down: input current (dark violet);
input voltage (blue), output voltage (green), voltages across the output of the stages stage 1 (turquoise), stage
2(dark green).

5. Floating Two-Stage Converter Type IV

5.1. Basics Type IV

The second topology to achieve the voltage transformation ratio according to

yyoUs_,2d-1 . 3d-1
U< 1-d 1-d

with the restriction d >0.5 (62)

is shown in Figure 28.
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Figure 28. Circuit diagram type IV.
The graph of the voltage transformation ratio can be found in Figure 22.

5.2. Steady State Type IV

Figure 29 shows the behavior of the converter in the steady state. It works similar to type 5. The
input current is pulsating, but always flowing into the converter. One can see the large output voltage
compared to the input voltage. Shown are the input current, the currents through all coils, the output
current, the input voltage, the control signals, and the output voltage.
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Figure 29. Type IV steady state: (a) simulation circuit, (b) top to bottom: input current (grey); current through
the second coil of stage one (violet), current through the second coil of stage two (dark violet), current through
the first coil of stage one (red), current through the first coil of stage two (black), load current (brown); input
voltage (blue), control signal of the second switch (dark green, shifted), control signal of the first switch
(turquoise), output voltage (green).

5.3. Dynamic Simulation Type 1V
The dynamic simulation (Figure 30) shows the typical behavior of the here treated converters.
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Figure 30. Type IV: (a) simulation circuit; (b) top to bottom: current through the second coil (violet); current

through the first coil (red); duty cycle (grey); input voltage (blue), output voltage (green).

5.4. Model with Equivalent Resistor Type IV

The state matrix A, the input matrix B and the constant vector are given as follows:

[ (R +Rg)d+(Rp + R/ Ry N1-d)+ Ry, _ Rgd+(R,+ R/ R, J1-d) d  Rl-d) ]
L L L L(R+Re,)
_ Rgd+(Ry+ R/ R, J1-d) _ Rgd+(Rey +Ry +RIIR,N1=d)+ Ry, 1-d R(I—d() (63)
A= L, L, L, L,(R+Re,)
_d 1-d 0 0
Cl 1
R(1-d) R(1-d) 1
N 7 N 7 0 -
L Cz(R + Rcz) Cz(R + Rcz) Cz(R +Rea )_

The idealized model can easily be found by setting the parasitics to zero. From this idealized
model the transfer functions can be obtained. Figure 31 shows the currents through the coils, the duty

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202511.1249.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2025

24 of 27

cycle, the output voltage of one stage, the input voltage, and the output voltage of the complete

converter.
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Figure 31. Type IV: (a) simulation circuit; (b) top to bottom: current through the second coil (violet); current

through the first coil (red); duty cycle (grey); input voltage (blue), output voltage of one stage (turquoise), output

voltage (green).

Setting the input voltage and the duty cycle constant, one can easily draw the Bode plot for that
operating point. This is shown in Figure 32. A fourth order converter has two conjugate complex
poles which shift the phase by minus 360 degrees. The poles can be seen as the two resonances. The
transfer function has three zeroes. One of them is conjugate complex and is on the left side of the
complex plane. It shifts the phase by plus 180 degrees, and the third zero is on the right side of the
complex plane and causes a phase shift of minus 90 degrees. At high frequencies the phase of the
converter tends towards minus 270 degrees. Bode diagrams are important for the design of

controllers.
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Figure 32. Type IV, Bode diagram: (a) simulation circuit; (b) connection between the output voltage of one stage

in dependence on the duty cycle.

5.5. Inrush Type IV

The inrush can only be avoided by a damping resistor (Figure 33) that is shunted later or by
increasing the input voltage slowly (Figure 34). The second variant can also be used as an electronic

fuse.
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Figure 33. Avoiding the inrush with a damping resistor, type IV: (a) simulation circuit; (b) top to bottom: input
voltage (blue), output voltage (green); input current (dark violet).
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Figure 34. Avoiding the inrush with a ramp, type IV: (a) simulation circuit; (b) top to bottom: input voltage
(blue), output voltage (green); input current (dark violet).

5.6. Influence of the Tolerances

The influence of the tolerances is shown for type IV, but is also valid for the other three types.
Figure 35 shows the input current, the currents through the coils, the load current, the input voltage,
the control signals and the output voltage, when the values of the inductors of the second stage differ
from those of the first stage by plus/minus 10 %. The slopes of the current are changing, but the load
current and the output voltage stay constant compared to Figure 29.
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Figure 35. Type IV steady state with tolerances of the coils, (a) simulation circuit, (b) top to bottom: input current
(grey); current through the second coil of stage one (violet), current through the second coil of stage two (dark
violet), current through the first coil of stage one (red), current through the first coil of stage two (black), load
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current (brown); input voltage (blue), control signal of the second switch (dark green, shifted), control signal of

the first switch (turquoise), output voltage (green).

Figure 36 shows the same signals as before, but now the output voltages of the stages are
included and the duty cycle of the stages differs by 5 %. The stage with the larger duty cycle has the
higher output voltage. The output currents are still equal. This automatic symmetrizing is a great
advantage of these converter types. In case of the interleaved converter with parallel connections of
the stages, a large asymmetry of the output currents of the stages occurs.
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Figure 36. Type IV steady state with tolerances of the coils by plus/minus 10 % and the duty cycles of the two
stages differ by 5 %, (a) simulation circuit, (b) top to bottom: input current (grey); current through the second
coil of stage one (violet), current through the second coil of stage two (dark violet), current through the first coil
of stage one (red), current through the first coil of stage two (black), load current (brown); input voltage (blue),
control signal of the second switch (dark green, shifted), control signal of the first switch (turquoise), output

voltage of stage two (dark blue), output voltage of stage one (light brown), output voltage (green).

6. Conclusions

The methods used to study the circuits:

e Basics found by inspecting the circuits in the steady state

e Circuit simulation with the help of LTSpice for the steady state and for the transients; the
calculation time is long

e Calculating a state space averaging model and solving the differential equations again by
LTSpice; the calculation time is short and the results are correct, when the changes are so small
that the converter stays in the continuous mode

e Bode plots can be fast and easily achieved from the circuit which solves the differential equations

e An error in the state space model can be immediately found by the results of the simulation used

Interesting features of the treated converters:

e They are floating, that means one can take a terminal of the input side or of the output side as
reference.

e Higher voltage transformation ratio, because the two output voltages of the stages plus the input
voltage are added

e Two different voltage transformation ratios can be achieved

e The duty cycle of the stages is limited, it must be lower than 0.5 for the types I and II, and higher
than 0.5 for the types IIl and IV

e The voltage stress of the components of the stages is lower than the voltage across the output of
the complete converter; the stages have to be dimensioned only for half of this voltage

e The output current of the stages is equal to the load current, and symmetrizes the current through
the stages
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e The output voltage is directly influenced by the input voltage. To reduce this, a reverse polarity
protection consisting of a diode and a capacitor has to be connected between the source and the
converter

e Type I has the additional advantage that the start-up is easy when slowly increasing the duty
cycle from zero to the desired value; no inrush current occurs. All other types need a pre-stage,
when the start-up is problematic. Therefore, type I was studied more comprehensively
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